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ABSTRACT

Triticum urartu is the progenitor of the A subgenome in tetraploid and hexaploid wheat. Uncovering

the landscape of genetic variations in T. urartu will help us understand the evolutionary and polyploid

characteristics of wheat. Here, we investigated the population genomics of T. urartu by genome-wide

sequencing of 59 representative accessions collected around the world. A total of 42.2 million high-

quality single-nucleotide polymorphisms and 3 million insertions and deletions were obtained by map-

ping reads to the reference genome. The ancient T. urartu population experienced a significant reduction

in effective population size (Ne) from �3 000 000 to �140 000 and subsequently split into eastern Medi-

terranean coastal and Mesopotamian-Transcaucasian populations during the Younger Dryas period.

A map of allelic drift paths displayed splits and mixtures between different geographic groups, and a

strong genetic drift towards hexaploid wheat was also observed, indicating that the direct donor of

the A subgenome originated from northwestern Syria. Genetic changes were revealed between the

eastern Mediterranean coastal and Mesopotamian-Transcaucasian populations in genes orthologous

to those regulating plant development and stress responses. A genome-wide association study identified

two single-nucleotide polymorphisms in the exonic regions of the SEMI-DWARF 37 ortholog that corre-

sponded to the different T. urartu ecotype groups. Our study provides novel insights into the origin and

genetic legacy of the A subgenome in polyploid wheat and contributes a gene repertoire for genomics-

enabled improvements in wheat breeding.
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INTRODUCTION

Bread wheat (Triticum aestivum L.) is one of the most important

crops worldwide, providing approximately 20% of the calories

consumed globally (FAOSTAT 2018; http://faostat.fao.org/). How-

ever, the genetic diversity within wheat cultivars has been drasti-

cally reduced during the process of domestication and breeding

(Reif et al., 2005; Peng et al., 2011). Crop progenitors and their

relatives represent a large gene repository for the improvement

of desirable traits (Dempewolf et al., 2017). Thus, genomic

characterization of wheat progenitors and identification of

genes underlying phenotypic variations will provide important

resources for wheat breeding (Rasheed and Xia, 2019).

As the donor of the A subgenome in tetraploid and hexaploid

wheat, T. urartu, originating from the Fertile Crescent region, is

crucial for understanding the evolution, domestication, and ge-

netic improvement of bread wheat (Dvorák et al., 1993;

Gustafson et al., 2009; Ling et al., 2013). The natural population

of T. urartu exhibits a high level of phenotypic plasticity, e.g., in

plant architecture, heading date, grain size, and other

agronomic traits (Wang et al., 2017). Furthermore, T. urartu

populations harbor beneficial alleles for resistance to biotic and

abiotic stresses and tolerance to diverse environments (Roy

et al., 2011; Huang et al., 2016) that are likely to be the

consequence of natural selection and adaptation to diverse

habitats in the Middle East (Brunazzi et al., 2018). Recently, a

series of genes related to powdery mildew resistance (Qiu

et al., 2005), stem rust resistance (Rouse and Jin, 2011), starch

synthesis (Song et al., 2020), and seed storage proteins (Zhang

et al., 2015; Shen et al., 2020; Luo et al., 2015, 2021) were

characterized in T. urartu and subsequently deployed in

cultivated wheat (Qiu et al., 2005; Song et al., 2020). For

example, introgression of the Glu-A1 locus from T. urartu into du-

rum wheat could enhance dough strength in their hybrid amphi-

ploids (Alvarez et al., 2009). However, to facilitate more efficient

utilization of these wild progenitors, it is necessary to unravel

their genomic variations and population dynamics and further

elucidate the genetic basis of geographic adaptation in T. urartu.

Whole-genome sequencing (WGS) has been used to identify

genes responsible for geographic adaptation in crop plants such

as rice (Meyer et al., 2016), maize (Romero Navarro et al., 2017),

and barley (Russell et al., 2016). Moreover, major achievements

have been made in decoding genomes of wheat and its

progenitors, including those of bread wheat (International Wheat

Genome Sequencing Consortium, 2018), wild emmer wheat

(Avni et al., 2017), and Aegilops tauschii (Jia et al., 2013; Luo

et al., 2017). The release of the T. urartu genome sequence (Ling

et al., 2018) will provide effective tools for a wide range of

functional and evolutionary studies that can contribute to its

exploitation in wheat breeding.

In this study, 59 representative accessions of T. urartu were

sequenced to identify genetic variations and population dy-

namics, including population divergence, differentiation, and

gene introgression. The genomic regions associated with impor-

tant agronomic traits, e.g., heading date, plant height, and grain

length, were characterized. Signals conferring geographic adap-

tation were also detected, which will broaden the genetic bases

for breeding by design in wheat.
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RESULTS

Population sequencing, variant calling, and genetic
diversity

According to our previous study (Wang et al., 2017), a set of 59

representative T. urartu accessions were selected for WGS,

comprising 91.07% of the allelic variations of the germplasm

panel (minor allele frequency >0.02) and most of the origin

areas (Figure 1; Supplemental Tables 1 and 2). A total of 2.81

trillion base pairs of sequences were generated with a mean

depth of 9.173 and covering 92.26% of the T. urartu G1812

genome (Ling et al., 2018) (Supplemental Table 3). A final set

of 42 220 661 single-nucleotide polymorphisms (SNPs) and 3

013 722 insertions and deletions (indels) (shorter than 30 bp)

were filtered and retained after quality control (Figure 2A;

Supplemental Figure 1; Supplemental Tables 4 and 5; refer to

the methods section). The accuracy of the called SNPs was

further evaluated as 96.67% by PCR and Sanger sequencing

with 35 randomly selected SNPs in 12 individual accessions

(Supplemental Table 6).

An additional 162 accessions were subjected to genotyping by

sequencing (GBS), and a total of 68.56 Gb sequences were

generated. As a result, the number of SNPs for each accession

above ranged from 10 715 to 81 847 (Supplemental Table 7).

To further explore the evolutionary relationships among

different A subgenomes, four einkorn wheat accessions (one

T. monococcum and three T. boeoticum accessions) were

sequenced simultaneously, with a total of 267.30 Gb

sequences obtained. All the paired-end reads of 59 T. urartu

and four einkorn wheat accessions, together with those from

the A subgenome of bread wheat (cv. Chinese Spring), were

aligned to the T. urartu genome (Supplemental Table 8).

The distribution of SNPs and indels in the 59 resequenced

T. urartu accessions varied greatly among chromosomes

(Figure 2B; Supplemental Figure 2; Supplemental Tables 9 and

10). Of the 42.2 million high-quality SNPs, most (40 660 883

SNPs or 96.31%) were located in intergenic regions, whereas

genic regions contained 718 335 SNPs (1.70%), with 478 956

(1.13%), 17 673 (0.04%), 26 993 (0.06%), and 194 713 (0.46%)

SNPs located in introns, 50 untranslated regions, 30 untranslated
regions, and coding sequences (CDSs), respectively. There

were 80 079 synonymous and 115 436 nonsynonymous SNPs

in the CDSs, and the diversities (p) of synonymous and

nonsynonymous SNPs were 0.553 10�3 and 0.423 10�3 across

all genes, resulting in a synonymous/nonsynonymous substitution

ratio of 1.32. Both nonsynonymous and synonymous polymor-

phisms decreased as the allele frequency increased, indicating

that the low frequency of nonsynonymous and synonymous

SNPs predominantly derived from very rare mutations

(Supplemental Figure 3; Supplemental Table 9). For indels, 13

863 (0.46%) were located in coding regions, of which 1716

(12.38%) were frameshift mutations, and 2 822 821 (93.67%)

were situated in intergenic regions (Supplemental Figure 4;

Supplemental Table 10).

Nucleotide diversity (p) andWatterson’s estimator (qW) were esti-

mated to be 2.595 3 10�3 and 2.353 3 10�3, respectively,

revealing a higher level of genetic diversity in T. urartu than

in the A subgenome of domesticated hexaploid landraces
e Authors.
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Figure 1. Geographic distribution of T. urartu accessions used in this study.
Red dots represent the locations of the eastern Mediterranean coastal (EMC) population, and blue dots represent the locations of the Mesopotamian-

Transcaucasian (MT) population.

Whole-genome resequencing of Triticum urartu Plant Communications
(p = 1.263 3 10�3) (Cheng et al., 2019). Linkage disequilibrium

(LD) for the whole T. urartu panel was measured to be 90 kb

when the squared correlation coefficient (r2) between pairs of

SNPs decayed to half of its maximum value (r2 = 0.16)

(Figure 2C). This level of LD was much higher than that of wild

soybean (27 kb) (Zhou et al., 2015), wild rice (20 kb) (Xu et al.,

2012), and wild maize (22 kb) (Hufford et al., 2012).
Phylogenetic reconstruction and population structure

Phylogenetic reconstruction of the 59 resequenced T. urartu

accessions based on WGS data showed two major clades

(Supplemental Figure 5), which were designated the

eastern Mediterranean coastal (EMC) and Mesopotamian-

Transcaucasian (MT) populations. Individuals in the MT popula-

tion were mainly from Turkey, Iraq, Iran, Armenia, and northern

Syria, whereas those in the EMC population were mostly derived

from Lebanon, Jordan, and southwestern Syria (Figure 1). To

explore the evolutionary relationships among different A

subgenomes, another phylogenetic tree was also constructed

using einkorn wheat and the A subgenome of bread wheat as

the outgroups (Figure 3A). The phylogenetic tree clearly

confirmed that the divergence of T. urartu from einkorn wheat

occurred much earlier than its allopolyploidization into common

wheat (Marcussen et al., 2014).

Principal component analysis (PCA) of T. urartu populations reca-

pitulated the clear-cut genetic differentiation observed in the

phylogenetic tree, and the first two axes accounted for 22.16%

and 9.27% of the total genetic variance, respectively. PC1 clearly
Plant Commu
distinguished EMC and MT accessions, and PC2 further sepa-

rated these two populations into minor subpopulations from

different sampling sites and latitudes (Figure 3B; Supplemental

Table 2). Bayesian clustering also revealed a population

division, with the highest DK between the EMC and MT

populations at K = 2 (Figure 3C; Supplemental Figure 6). When

K = 3, northwestern Syrian accessions were separated from the

MT population, and Jordanian accessions separated from the

rest of the EMC population at K = 4. As K continued to

increase, minor subpopulations from other regions such as

Armenia, southern Syria, Turkey, Iran, and Iraq gradually

separated.

Two genetic diversity parameters, p and qW, were calculated

in different T. urartu populations (Table 1). The MT population

(p = 1.654 3 10�3, qW = 1.800 3 10�3) possessed higher

diversity than the EMC population (p = 1.103 3 10�3, qW =

1.120 3 10�3). The estimated population-differentiation statistic

(FST) between the two populations was 0.310, indicating a mod-

erate level of differentiation within the whole T. urartu population.

This result is consistent with their geographic distributions and

discrete clusters in the PCA space (Figures 1 and 3B). In

addition, significant differences in LD block number and density

across chromosomes were also observed between the MT and

EMC populations, probably due to the large variations in SNP

distribution and position in each chromosome (Figure 3D;

Supplemental Figure 7; Supplemental Table 11). There were

208 791 and 180 575 LD blocks identified in the MT and EMC

populations, respectively, accounting for 3 695 383 and 3 218

423 kb in length (Supplemental Table 12). Consequently, LD
nications 3, 100345, September 12 2022 ª 2022 The Authors. 3



Figure 2. Genomic variation map of T. urartu.
(A) Circos plot showing different features of the T. urartu genome. The chromosomes are numbered. Tracks from outer to inner are the seven chro-

mosomes (one scale label indicates 10 Mb), SNP density, insertion or deletion density, gene density (with a window size of 500 kb and a step size of

100 kb), nucleotide diversity (p), and Watterson’s theta (qW).

(B)Close-up view of chromosome Tu1 showing SNP density andp in nonoverlapping 100-kb bins. The yellow line represents SNP density, and the purple

line represents p. For other chromosomes, see Supplemental Figure 2.

(C) Decay of linkage disequilibrium in the whole T. urartu panel and the two subpopulations measured by the squared correlation coefficient (r2) against

distance.
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Figure 3. Population structure and haplotype block analysis of T. urartu accessions.
(A) A phylogenetic tree of 59 T. urartu accessions constructed based on the whole-genome SNP analysis using einkorn wheat as an outgroup. The tree

clearly reveals that all the T. urartu accessions can be divided into EMC and MT groups and that T. urartu diverged from einkorn wheat far earlier than its

hybridization into polyploid wheat. CS42-A, A subgenome of Chinese Spring.

(B) Principal component analysis of the first two components. The first and second principal components account for 22.16% and 9.27% of the total

variation, respectively.

(legend continued on next page)

Plant Communications 3, 100345, September 12 2022 ª 2022 The Authors. 5

Whole-genome resequencing of Triticum urartu Plant Communications



Group p (10�3) qW (10�3) Tajima’s D FST

EMCa 1.103 1.120 0.207 –

MTb 1.654 1.800 0.183 –

EMC/MT 0.667 0.622 1.131 –

All samples 2.595 2.353 �0.054 0.310

Table 1. Statistics of diversity levels in different Triticum urartu populations.
aEMC, eastern Mediterranean coastal.
bMT, Mesopotamian-Transcaucasian.
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decayed to its half maximum value within 236 kb in the MT group

(r2 = 0.20) and 275 kb in the EMC group (r2 = 0.22) (Figure 2C).
Evolutionary and demographic history

Investigating gene flow between different geographic origin

groups of T. urartu could provide an opportunity to understand

the evolutionary process. The divergence and migration events

among these groups were therefore examined based on a

Gaussian model of allele frequency change (Pickrell and

Pritchard, 2012). In light of the geographic distribution of origin

areas and the potential genetic boundaries among

subpopulations, 59 T. urartu accessions were divided into

seven regional groups (Supplemental Figure 8; Supplemental

Table 13). A maximum-likelihood (ML) tree was generated using

WGS data, and a primary split between western and eastern

wings of the Fertile Crescent (representing the EMC andMT pop-

ulations, respectively) was observed (Supplemental Figure 9A).

Certain patterns of the topology persisted and were robust

even if the number of migration events (m) was permitted to

change within the model. Allowing just one migration event

(m = 1), we observed an introgression from the Jordan into the

Turkey group with a migration weight of 14.07% (Supplemental

Figure 9B). Allowing two migration events (m = 2), a substantial

amount of gene flow (37.87%) was detected from the Turkey to

the northwestern Syria group (both from the MT population)

(Supplemental Figure 9C). When m = 3, a gene flow (7.39%)

was inferred from the Armenia to the Iraq group along the

abovementioned migration events (Figure 4A). Without

migration events, the TreeMix ML tree could explain 98.51% of

the variance in relatedness among groups, and inclusion of the

first three migration events increased the explained variance to

99.94%. These analyses can offer an overview of gene flow

among different T. urartu geographic accessions.

In particular, the Armenia group had a long branch in the topol-

ogy, suggesting a strong bottleneck, probably due to specific

geographic adaptation (i.e., during a glacial stage approximately

12 900 to 11 700 years before the present, named the Younger

Dryas) (Jones et al., 1998; Haldorsen et al., 2011). This group

was located in the Caucasian region, a domestication center

from which bread wheat originated (Charmet, 2011). It seemed
(C) Population structure plots with different numbers of clusters (K = 2–7). A

resented by red and dark blue colors, respectively) at K = 2. When K = 3, northw

and Jordanian accessions (light blue) were separated from the rest of the EMC

from other regions such as Armenia (brown), Iraq (yellow), and Iran (purple) g

(D)Distribution of haplotype blocks on chromosome Tu2 for the two different el

of SNP markers (red, highest). For other chromosomes, see Supplemental Fi
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that T. urartu accessions from Armenia spread into Iraq,

accompanied by bread wheat cultivation. Likewise, the

northwestern Syria group also possessed an exceptionally

long branch and more genetic drift in topology, similar to

the Armenia group (Figure 4A). Interestingly, when the A

subgenome of Chinese Spring (CS42) was used as an

outgroup, a significant genetic drift from the northwestern Syria

group (around the Karacadag mountains) to hexaploid wheat

was observed to contribute 42.85% of the DNA (Figure 4B),

which was coincident with the origin center of tetraploid wheat

(Charmet, 2011; Peng et al., 2011; Abbo and Gopher, 2017;

Zhou et al., 2020). Thus, T. urartu derived from this area was

probably one of the potential progenitors of both tetraploid and

hexaploid wheat.

Historical changes in effective population size (Ne) inT. urartuwere

reconstructed using the sequential Markov coalescent (SMC++)

model (Terhorst et al., 2017) with a mutation rate of 5.5 3 10�9

per nucleotide per year (Dvorak and Akhunov, 2005; Chao et al.,

2009). We found that the ancient T. urartu population

experienced a very large reduction in Ne from �3 000 000 to a

plateau of �140 000 and subsequently split into EMC and MT

clades approximately 12.9 kilo years ago (kya) during the famous

Younger Dryas episode (Renssen et al., 2015) (Figure 4C).

Previous studies have shown that the Fertile Crescent regions

underwent extreme climate change during this period. For

instance, the late Pleistocene climate of the EMC was

characterized as cold and dry, whereas the inland Near East

around the Karacadag mountains was a relatively moist area and

is thought to have been a refugia for wheat and many other

plants (Wright, 1976; Zeder, 2011). Thus, the potentially abrupt

historical event between the EMC and MT populations possibly

brought about their divergence. Similarly, the SMC++ profiles

also indicated a reduction in Ne for both EMC and MT

populations that commenced 12.8–13.0 kya and lasted until 1.3–

1.5 kya. Unlike that of the EMC population, however, the Ne of

the MT population briefly recovered from its nadir approximately

1.4–3.2 kya. Archaeological evidence has demonstrated that

eastern Fertile Crescent regions near the Tigris and Euphrates

rivers were going through the late Bronze Age (�1400 to 1200

BC) during the same period, during which human activities such

as settlement, grazing, and agriculture became major drivers,
major division was detected between the EMC and MT populations (rep-

estern Syrian accessions (green) were separated from theMT population,

population when K = 4. As K continued to increase, minor subpopulations

radually separated.

ite populations. Color intensity conveys the extent of linkage between pairs

gure 7.
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Figure 4. Demography of T. urartu.
(A) TreeMix analysis of 59 T. urartu samples divided into seven geographic

groups (Supplemental Figure 8). Arrows represent migration events

among different groups. The weight of the migration component is

scaled according to the color scale on the left.

(B) TreeMix analysis of T. urartu samples using the A subgenome of Chi-

nese Spring as an outgroup. The arrow of maximum-likelihood topology

indicates that T. urartu accessions from northwestern Syria have the

closest consanguinity with the A subgenome of Chinese Spring. This

finding indicates that tetraploid wheat may have originated from north-

western Syria (around the Karacadag mountains).

Plant Commu
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accounting for changes in landscape (Knapp, 1992; Klinge and

Fall, 2010; Mcgovern, 2010). This may be the reason why the MT

population had more polymorphisms and a wider distribution

than the EMC population, consistent with its expansion of

effective population size. In addition, the divergence between the

direct donor of the wheat A subgenome and T. urartu was

estimated to have occurred approximately 0.42 million years ago

using SMC++ analysis, consistent with previous studies (Ling

et al., 2013; Baidouri et al., 2017) (Supplemental Figure 10).

Geographic adaptation in the MT population

Changes in allele frequency have been utilized for identifying

footprints of geographic adaptation during evolution. Through

FST and nucleotide diversity ratio (Ln pEMC/pMT) analysis between

the MT and EMC populations (Figure 5A), genomic regions were

characterized with strong genetic differentiation using a top

5% cutoff and were considered to be putative sweep-selected

sections (Figure 5B). These genomic regions comprised

approximately 2.31% (112.10 Mb) of the genome and were

mainly located on the long-arm region of chromosome Tu2.

Compared with the EMC population, the MT population harbored

significantly lower nucleotide diversity in these genomic regions,

resulting in a long LD fragment (Supplemental Figures 11 and

12; Supplemental Table 14). The characteristics of these regions

were also confirmed by significantly lower values of Tajima’s D

(p = 2.20 3 10�16, Wilcoxon rank-sum test) and extended LD

(p = 2.20 3 10�16, Wilcoxon rank-sum test) in the MT population

(Supplemental Figure 13), in agreement with the distribution of

haplotype blocks on chromosome Tu2 (Figure 3D; Supplemental

Figure 7). Regions under sweep selection were also screened

with the XP-CLR and XP-EHH methods (Sabeti et al., 2007;

Chen et al., 2010), resulting in 229.20 (858 genes) and 170.10

Mb (1,941 genes) of putatively selected regions, respectively

(Figure 5C and 5D; Supplemental Tables 15 and 16).

In summary, a total of 2844 genes were identified from the above

three approaches, providing potential targets of geographic

adaptation in the MT population (Figure 5E; Supplemental

Table 17). Gene Ontology (GO) and KEGG enrichment

analyses were performed to explore the biological functions of

these candidate genes, and several highly enriched functional

categories were identified, including cell differentiation

(GO:0030154) and photosynthesis (GO:0009523, ko00195)

(Supplemental Figures 14 and 15; Supplemental Tables 18 and

19). These genes, especially those related to plant development

and photosynthesis, contribute to the divergence of the MT and

EMC populations.

Among these candidate genes, TuG1812G0200002519 is a ho-

molog of HD16 located in the centromeric region of chromosome

Tu2 and encodes a casein kinase I protein that phosphorylates

downstream genes (such as FT1) in the flowering pathway

(Kwon et al., 2015) (Supplemental Table 20). HD16 plays an

important role in controlling heading date in rice and

contributes to rice growth in a wide range of climates (Hori
(C) Split time when EMC and MT populations separated from their

ancestry inferred by SMC++. The dashed line indicates the split time

nearly 12 900 years ago.
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Figure 5. Genomic regions with geographic selective sweeps in the MT population.
(A) The distribution of FST and ln p-ratio (EMC/MT) along chromosomes. The genome-wide threshold is defined by the top 5% of the FST and ln

p-ratio (EMC/MT) values. Candidate genes are marked on the map.

(B) Intersection of ln p-ratio (EMC/MT) and Z(FST) values calculated in 500-kb sliding windows with 100-kb steps. Red dots represent genomic regions

under geographic adaptation in the MT population (corresponding to ln p ratios >0.44 and Z(FST) > 2.35).

(C) XP-CLR values plotted against the position on each of the seven chromosomes. The horizontal dashed lines indicate the genome-wide threshold for

selection signals. The adaptive genes identified above are mapped to genomic regions with high XP-CLR values.

(D) XP-EHH values plotted against the position on each of the seven chromosomes. The horizontal dashed lines indicate the genome-wide threshold for

selection signals. The adaptive genes identified above are mapped to genomic regions with high XP-EHH values.

(E) Venn diagram of genes under selection that were detected using the FST-p ratio, XP-CLR, and XP-EHH methods.

(legend continued on next page)
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et al., 2013). In our study, this gene had a low level of p in MT and

a high level of FST between the two populations (Figure 5F), and a

SNP in the conserved casein kinase domain introduced a

tyrosine-to-histidine substitution. Haplotype analysis also

demonstrated a clear separation between MT and EMC, in which

Hap A (TAT, Tyr124) and B (CAT, His124) were found mainly in

early- and late-heading ecotypes, respectively (Figure 5G). The

expression levels of HD16 and FT1 orthologs in the leaves

of Hap. A and Hap. B accessions were compared through

quantitative real-time PCR analysis. Transcript levels of the

HD16 ortholog (TuG1812G0200002519) were higher in Hap. B

accessions than in Hap. A accessions. By contrast, the FT1 or-

tholog (TuG1812G0300001662) showed significantly higher

expression in Hap. A than in Hap. B accessions (Figure 5H). It

seemed that the HD16 ortholog with ecotype-specific SNPs

negatively regulated FT1 transcription levels, resulting in differ-

ences in flowering time between the two populations, consistent

with the findings of previous studies (Hori et al., 2013).
Geographic adaptation in the EMC population

To examine the adaptive genome patterns of the EMC popula-

tion, genomic regions with extreme allele frequency differentia-

tion were scanned with various methods. In the top 5% of FST re-

gions, no significantp-ratio signal (LnpEMC/pMT) was observed in

the EMC population. However, XP-CLR and XP-EHH led to the

identification of 476 (1674 genes, 288.20 Mb) and 272 (1980

genes, 168.44 Mb) putatively selected regions, respectively

(Figure 6A and 6B; Supplemental Tables 21 and 22). Overall, a

total of 3505 candidate adaptation-related genes were detected

in the EMC population, and we next tested whether these genes

were associated with specific biological processes or annotation

categories by exploratory functional enrichment analysis

(Figure 6C; Supplemental Table 23). Using Fisher’s exact tests,

37 significantly enriched GO terms (p < 0.05) were identified in

the three major GO categories: oxidation–reduction process, de-

fense response, and eight other terms in the biological process

category; membrane, cell periphery, and nine other terms in the

cellular component category; and monooxygenase activity,

oxidoreductase activity, and fourteen other terms in the molecu-

lar function category (Supplemental Figure 16; Supplemental

Table 24). These 3505 genes were also enriched in 14 KEGG

pathways (p < 0.05), especially the plant hormone signal

transduction, steroid biosynthesis, and plant-pathogen interac-

tion pathways (Supplemental Figure 17; Supplemental Table 25).

All plant species survive and propagate under natural conditions,

and environmental factor–related traits, such as photoperiod,

dormancy, and stress response, contribute to their adaptation

characteristics. The candidate genes responsible for these traits,

identified through XP-CLR and XP-EHH approaches, have been

verified in wheat, rice, and other plants (Figure 6A and 6B;

Supplemental Table 20). For example, several polycomb and
(F) Example of a gene (TuG1812G0200002519) with selective sweep signals in

sliding window. Genes are shown at the bottom (exons and introns are repres

marked by a red line. Hap., haplotype.

(G) Comparisons of heading date (day) between haplotypes A and B in the w

indicates median; box limits indicate upper and lower quartiles; whiskers den

(H) Expression levels of theHD16 ortholog (TuG1812G0200002519) and FT1 or

titative real-time PCR analysis. Differences between two haplotypes were ana
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phytochrome groups clustered in the terminal regions of

chromosome 2AS, including four genes characterized as

ETR2 (TuG1812G0200000032) (Dahleen et al., 2012), EMF2

(TuG1812G0200000033) (Chen et al., 2009), CYP96B4

(TuG1812G0200000045) (Rengasamy et al., 2011; Zhang et al.,

2014; Tamiru et al., 2015), and DWARF (TuG1812G0200000103)

(Hong et al., 2002). Phytochromes, such as cytokinin and

ethylene receptors, are major mediators of red and far-red light

responses that play vital roles in plant growth, development,

and reproduction (Wang and Wang, 2015). Similarly, the

cryptochrome gene CRY1a (TuG1812G0600002035), mapped

to chromosome 6A, encodes blue-light receptors that induce

downstream light responses such as photomorphogenesis,

enhancement of cotyledon expansion, and osmotic stress toler-

ance in wheat (Xu et al., 2009). In addition, one photoperiodic

gene FTIP1 (TuG1812G0700004364), previously reported to

control FT (VRN-3) movement to the shoot apical meristem and

influence flowering time (Song et al., 2017), was identified on

chromosome 7AL.

Seed dormancy and its release is another important adaptive trait

in plants, largely shaped by photoperiod, hormones, and temper-

ature regimes (Evans et al., 2014). In our study, three conserved

orthologs that emerged in the XP-CLR and XP-EHH outliers,

namely, HUB1 (TuG1812G0300004067) (Cao et al., 2015), FIE2

(TuG1812G0700003420) (Dickinson et al., 2012; Nallamilli et al.,

2013), and PTR2 (TuG1812G0700004450) (Fang et al., 2013),

have been shown to be the major regulators of seed dormancy

in Arabidopsis, rice, and wheat. In addition, a large number of

beneficial genes that confer resistance to various abiotic and

biotic stresses, particularly drought, salinity, and pathogen

infection, were overrepresented in the putative sweep regions,

including HAK21 (TuG1812G0200003042) (Zhang et al., 2012),

SAMS1 (TuG1812G0300002441) (Bhuiyan et al., 2007; Kasim

et al., 2013), SGT1 (TuG1812G0300002657) (Wang et al., 2015),

BIHD1 (TuG1812G0400000233) (Luo et al., 2005), and MPK13

(TuG1812G0700004443) (Lian et al., 2012). Genes affecting

plant architecture, such as LSK1 (TuG1812G0200003175) (Zou

et al., 2015) and PAY1 (TuG1812G0500000051) (Zhao et al.,

2015), were also detected. The exploration of these gene alleles

can provide numerous genetic resources for wheat breeding.

To further annotate the adaptive genomic regions, we investigated

10 agronomic and grain traits of 221 T. urartu accessions in three

environments for two consecutive years (2013–2015) (Wang

et al., 2017) (Supplemental Tables 26–28). The panel of analyzed

T. urartu accessions exhibited high phenotypic diversity, with

substantial variation in most traits. Specifically, the Armenian

accessions had an extremely late heading date, a higher number

of spikelets per spike, and smaller grains than other accessions,

consistent with their genetically distinct position and greater

genetic drift in the TreeMix tree (Figure 4A; Supplemental

Figure 18). We also combined the WGS and GBS data and
the MT population. FST, p, and Tajima’s D values are plotted using a 1-kb

ented by boxes and lines, respectively). The position of the causal SNP is

hole-genome resequenced T. urartu population. In boxplots, center line

ote 1.53 interquartile range; and points show outliers.

tholog (TuG1812G0300001662) in different populations revealed by quan-

lyzed with an unpaired t test.
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Figure 6. Genome-wide screening and functional annotations of selected regions during geographic adaptation in the EMC
population.
(A) XP-CLR values plotted against the position on each of the seven chromosomes. The horizontal dashed lines indicate the genome-wide threshold for

selection signals. The adaptive genes identified above are mapped to genomic regions with high XP-CLR values.

(B) XP-EHH values plotted against the position on each of the seven chromosomes. The horizontal dashed lines indicate the genome-wide threshold for

selection signals. The adaptive genes identified above are mapped to genomic regions with high XP-EHH values.

(C) Venn diagram of genes under selection detected using the XP-CLR and XP-EHH methods.

(D and E) Genome-wide association study results for plant height and grain length that overlapped by strong selective signals. Dashed horizontal lines

indicate the significance thresholds (�log10 p = 5.92 in D, �log10 p = 6.34 in E).

(legend continued on next page)
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obtained 149,030 high-quality SNPs after filtering based on minor

allele frequency (MAF) >0.05. Afterwards, genome-wide associa-

tion study (GWAS) analyses were performed using TASSEL 5.0

software via a compressed mixed linear model (MLM) (Bradbury

et al., 2007). The p-value thresholds were adjusted by

permutation-based false discovery rate (FDR) to identify significant

loci. Finally, a GWAS signal associated with plant height was de-

tected on chromosome 2AS (chrTu2: 2,752,902), which was

located in the XP-CLR and XP-EHH outlier regions and coincided

with quantitative trait loci (QTLs) responsible for shorter stature

and lodging resistance reported in spelt wheat (Keller et al., 1999)

(Figure 6D; Supplemental Figure 19A; Supplemental Table 29).

Further LD analysis of this region (2.74–2.75 Mb; Figure 6F)

revealed that an ortholog of cytochrome P450 monooxygenase

CYP96B4 or SD37 (TuG1812G0200000045) was predicted to un-

derlie this QTL for plant height, as two causative exonic SNPs

were detected in the strong XP-CLR and XP-EHH outliers

(Figure 6G). Haplotype analysis showed that Hap. A (TCC, Ser28

and AAG, Lys386) was mainly detected in short accessions from

low latitudes, whereas Hap. B (GCC, Ala28 and ATG, Met386)

was observed in tall accessions, which tended to occur at high

latitudes (Figure 6H). Previous studies have shown that CYP96B4

is one of the semidwarf genes in rice that triggered the ‘‘green

revolution’’ and widely enhanced the harvest index and biomass

production of crops (Rengasamy et al., 2011; Zhang et al., 2014;

Tamiru et al., 2015). Our results showed that the expression

levels of CYP96B4 (TuG1812G0200000045) in stems differed

significantly between the two haplotype accessions (Figure 6H),

supporting the idea that there may be a switch in plant strategy

between height and latitude (Moles et al., 2009). In addition, we

also detected another locus on chromosome 4AS that was

associated with grain length (Figure 6E), with a linked LD extent

of 100 kb overlapping with the adaptive genomic regions

(Supplemental Figure 19B; Supplemental Table 30). These QTLs

could provide insights into factors that are crucial for the

adaptation of wheat and its relatives to specific environmental

conditions (Maccaferri et al., 2008).

DISCUSSION

As one of its wild relatives, T. urartu plays a central role in

the development and evolution of cultivated bread wheat

(Dvorák et al., 1993; Gustafson et al., 2009; Ling et al., 2013). In

this study, the comprehensive landscape of polymorphisms

in T. urartu provides novel insights into the population

characteristics, evolutionary history, and geographic adaptation

of the A subgenome progenitor and, finally, contributes to the

identification of a series of genomic regions and genes for

important traits and stress resistance.

The discovery of genome-wide patterns of genetic variationwithin

T. urartu will benefit future marker-assisted mapping and guide

breeding strategies for the behavior of the wheat A subgenome.
(F) Linkage disequilibrium heatmap of the �100-kb SD37 region (2.74–2.75 M

(G) Zoomed-in view of the candidate gene (TuG1812G0200000045) associate

(H) Comparisons of plant height (cm) between haplotypes A and B in the w

indicates median; box limits indicate upper and lower quartiles; whiskers deno

the SD37 ortholog (TuG1812G0200000045) in different haplotype accessions w

two haplotypes were analyzed with an unpaired t test.
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In this study, more than 40 million high-quality SNPs and 3million

indelswere obtained from59T. urartu representatives through the

WGS strategy. The genetic diversity of T. urartu was lower than

that of other wild crops, e.g., wild soybean (p = 2.94 3 10�3)

(Zhou et al., 2015), wild rice (p = 3.34 3 10�3) (Xu et al., 2012),

and wild barley (p = 2.97 3 10�3) (Pankin et al., 2018), but

it was much higher than that of their cultivated relatives

(p = 1.05 3 10�3, p = 2.14 3 10�3, and p = 1.53 3 10�3,

respectively). However, both wild and cultivated maize retained

greater nucleotide diversity than T. urartu, probably due to their

open pollination habit and hybrid varieties (p = 5.90 3 10�3 and

4.80 3 10�3) (Hufford et al., 2012). These findings indicated that

our results were credible and reasonable, as T. urartu is a mainly

self-pollinating wild species. On this basis, a detailed LD block

map of the A subgenome was generated, which contains highly

differentiated regions that are crucial for selection andgeographic

adaptation. In addition, the relatively rapid decay of LD in T. urartu

suggests that GWAS should enable high-resolution mapping of

genes associated with natural phenotypic variation.

Information from both genome-wide SNP data and simple-

sequence-repeat markers clearly assigned T. urartu accessions

to the EMC and MT populations (Hammer et al., 2000; Wang

et al., 2017). Through FST and p ratios, XP-CLR, and XP-EHH an-

alyses along the seven chromosomes, we successfully charac-

terized genomic regions with unusually long haplotypes that are

related to genetic differentiation between the two major groups;

these were also confirmed by significantly lower Tajima’s D and

extended LD in the MT population. Our results showed that

FST-qp and XP-CLR detected the most shared genes, whereas

XP-CLR and XP-EHH detected the lowest number of shared

genes. Combining different statistical methods can minimize

biases and false positives and is therefore considered an optimal

strategy for detecting selection signatures (Vatsiou et al., 2016).

Genes located in these selective-sweep regions were involved

in specific functions such as cell differentiation (GO:0030154)

and photosynthesis (GO:0009523, ko00195), and they may

have contributed to the divergence of these two populations.

Specifically, one candidate for geographic adaptation homolo-

gous to HD16 was identified, which was demonstrated to nega-

tively regulate flowering time in rice (Hori et al., 2013). In our

study, haplotype and expression analyses of the HD16 ortholog

in T. urartu showed that its ecotype-specific SNPs may result in

differences in flowering time between the two populations. How-

ever, given the wide nonrecombining region on chromosome

Tu2, there may also be other important candidate genes in this

large interval that contribute to the difference in flowering time be-

tween MT and EMC populations (Adamski et al., 2020). On the

other hand, the gene flow within and between subgroups of

different areas demonstrated that northwestern Syrian and

Armenian accessions were genetically distinct and showed

more genetic drift, consistent with archaeological data showing

that tetraploid and hexaploid wheat originated from these
b).

d with SNP polymorphism.

hole-genome resequenced T. urartu population. In boxplots, center line

te 1.53 interquartile range; and points show outliers. Expression levels of

ere revealed by quantitative real-time PCR analysis. Differences between
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two regions, respectively (Charmet, 2011). Furthermore, the

accessions from the northwestern Syrian subgroup were

predicted to be the progenitor of the A subgenome of tetraploid

and hexaploid wheat. Apart from these, our SMC++ analysis

also demonstrated that the direct donor of the A and B

subgenomes hybridized to form tetraploid emmer wheat

approximately 0.42 million years ago around northwestern

Syria, whereas the ancestor of the T. urartu A subgenome

proceeded to evolve naturally and subsequently split into EMC

and MT populations during the Younger Dryas period. Previous

studies have shown that the Younger Dryas event was a

boundary for wheat domestication, during which the Fertile

Crescent regions underwent extreme climate change (Jones

et al., 1998; Haldorsen et al., 2011). These results indicate that

the MT population may have undergone specific geographic

adaptation during the process of wheat domestication (Abbo

and Gopher, 2017).

Native species that are subjected to a diverse range of environ-

ments over long periods possess valuable resources for germ-

plasm improvement. In our study, we scanned the A subgenome

for selection signals using the XP-CLR and XP-EHH methods and

identified 730 sweeps that might underlie geographic adaptation

in the EMC population. These regions contained a large number

of phenological and photoperiodic genes, including those that

encode the photosynthetic apparatus (e.g., ETR2 and CRY1a) (Xu

et al., 2009; Dahleen et al., 2012) adaptable to light quality

changes and the FT-interacting protein (e.g., FTIP1) regulating

flowering time (Song et al., 2017), which significantly influence

growth capacity and reproduction. We also detected candidate

adaptive genes that are related to seed dormancy (e.g., HUB1),

which could help plants survive in harsh environments by

delaying and desynchronizing germination (Cao et al., 2015). In

addition, there are numerous beneficial genes or their alleles

in the selection outliers that cope with abiotic and biotic

stresses, such as the HAK potassium transporter (HAK21),

S-adenosyl-methionine synthase (SAMS1), and main

components of the R protein (SGT1). They are crucial for plant

resistance to salinity, drought, and pathogen infection (Luo et al.,

2005; Bhuiyan et al., 2007; Lian et al., 2012; Zhang et al., 2012;

Wang et al., 2015). The above analysis will improve our

understanding of the genetic basis of geographic adaptation in

T. urartu and other wheat species.

Taken together, the catalog of polymorphisms in T. urartu can sup-

ply a foundational resource for marker-assisted selection and the

discovery of candidate mutations associated with important agro-

nomic traits. As evidenced in this study, short stature and lodging

resistance in T. urartu and spelt wheat arose from the same QTL,

suggesting that the A subgenome may share most of its genetic

and molecular information to facilitate agronomic improvement.

The genome-wide SNPs of T. urartu, together with the growing

availability of other comparative genomic data, will unravel the na-

ture of genetic and phenotypic diversity and accelerate tailor-

designed breeding in common wheat.
METHODS

Sampling information

A total of 221 diverse T. urartu accessionswere collected from the Institute

of Genetics and Developmental Biology, Chinese Academy of Sciences
12 Plant Communications 3, 100345, September 12 2022 ª 2022 Th
(Beijing, China), the National Small Grains Collection (USDA-ARS; Pull-

man, WA, USA), and the International Center for Agricultural Research

in the Dry Areas (Beirut, Lebanon). A core germplasm collection of 59

representative accessions was used for whole-genome resequencing

(Supplemental Table 1), and the remaining 162 accessions were

subjected to GBS (Supplemental Table 6). In addition, four einkorn

wheat materials were used as outgroups, including three T. boeoticum

accessions (C0104668, PI427328, and KT001-006) and one

T. monococcum accession (KT003-004) (Supplemental Table 8).

Library construction and sequencing

Genomic DNA was extracted from young leaf tissues of 2-week-old seed-

lings (one individual per accession) using the cetyl trimethyl ammonium

bromide method as described elsewhere (Saghai-Maroof et al., 1984).

WGS libraries with insert sizes of approximately 300 or 500 bp were

constructed using a paired-end DNA sample preparation kit (Illumina,

San Diego, CA, USA). With respect to GBS, library preparations were

manipulated with the MspI and BamHI restriction enzymes following

Elshire et al. (2011), and DNA fragments with insert sizes ranging from

300 to 600 bp were selected on Invitrogen E-Gel SizeSelect 2% (Invitro-

gen, Carlsbad, CA, USA). We sequenced 100 or 150 bp at each end using

the HiSeq 2000 or HiSeq 4000 platform (Illumina).

Read alignment and variant calling

SOAPnuke software (https://github.com/BGI-flexlab/SOAPnuke) (Chen

et al., 2018) was used to remove adaptor sequences and low-quality

reads (defined as those with >50% bases with a quality score of <10).

The reads were aligned to the reference sequence of T. urartu using the

Burrows–Wheeler Aligner (v.0.7.12) with the default option (Li and

Durbin, 2009), and alignment information was stored in Sequence

Alignment Map (SAM) format. SAMtools (v.1.0) software was used to

convert SAM files to BAM files before merging them for individual

samples (Li et al., 2009). Picard-tools-1.117 (https://broadinstitute.

github.io/picard/) MarkDuplicates was used to remove duplicate reads af-

ter mapping. The Genome Analysis Toolkit (v.3.3.0) was used for global

realignment of reads around indels with the RealignerTargetCreator/

IndelRealigner option (McKenna et al., 2010). Genomic variants were

called for each accession by Genome Analysis Toolkit HaplotypeCaller

(v.3.3.0). A set of raw variants was removed upon meeting the following

filtering criteria: ‘‘DP < 200 || DP > 1000 || QD < 20.0 || FS > 10.0 ||

MQ < 40.0 || ReadPosRankSum < �8.0 || MQRankSum < �12.5’’ for

SNPs and ‘‘DP < 200 || DP > 1000 || QD < 20.0 || FS > 20.0 ||

ReadPosRankSum <�20.0’’ for indels. Captured variants were annotated

with iTools (Dinov et al., 2008).

SNP validation

We randomly selected 35 SNPs for PCR-based Sanger sequencing to

examine the accuracy of the called SNPs (Supplemental Table 6).

Amplifications were attempted in 12 accessions, including three from

Turkey, two from Lebanon, two from Jordan, two from Syria, one from

Iraq, one from Iran, and one from Armenia. Primers were designed

flanking the focal SNP; at least one sample was predicted to be

identical to the reference allele, and another sample was predicted to

be identical to the alternate allele.

Phylogenetic reconstruction and population structure analyses

To build a phylogenetic tree, we converted the called SNPs into binary bed

format and filtered them for MAF >0.05 and missing data <10% using

PLINK (v.1.90) software (Purcell et al., 2007). A subset of 1 024 432

SNPs was used to calculate pairwise genetic distances among the 59

T. urartu accessions. A neighbor-joining tree was constructed using

PHYLIP (v.3.695) (Cummings, 2004) according to the distance matrix.

MEGA7 (Kumar et al., 2016) was used to visualize the phylogenetic

trees. We also investigated the population structure using ADMIXTURE

(v.1.3.0) based on the same dataset (Alexander et al., 2009). The

program was run for several K values ranging from 2 to 7 with 10 000
e Authors.
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iterations to determine the group membership of each accession.

According to Evanno et al. (2010), K = 2 was chosen as the most likely

group number with a higher DK calculated by STRUCTURE v.2.3.4

(Falush et al., 2003). In addition, we performed PCA based on the

covariance matrix using EIGENSOFT (v.5.0.1) software (Price et al.,

2006), and the first two eigenvectors were plotted in two dimensions. To

illustrate the evolutionary history of the A subgenome, einkorn wheat

from this study and the A subgenome of bread wheat (Chinese Spring)

(Eversole, 2013) were used as outgroups for phylogenetic analysis.

Clean reads from the three Triticeae species were aligned to the

T. urartu reference genome using BWA and SAMtools, and 66 245 397

SNPs within the orthologous regions were extracted. A neighbor-joining

tree was then generated based on the same method, in which the geno-

types of einkorn wheat and bread wheat provided outgroup information

at the corresponding positions.

LD analysis

To evaluate the LD level, the correlation coefficient (r2) between SNPs was

calculated using PopLDdecay v.3.30 (Zhang et al., 2018) with -MaxDist

500 -MAF 0.01 -Miss 0.1, and the half-maximum r2 (r2 = 0.16) decay

distance was separately read as the LD length for the T. urartu

populations. Simultaneously, LD blocks were defined by PLINK (v.1.90)

software, and we divided the genome into small regions of 1 Mb in length.

The parameters were set as follows: -geno 0.1 -maf 0.05 -blocks

no-pheno-req -blocks-max-kb 500 -blocks-min-maf 0.05. The LD block

definition was compared across the two groups for each individual

chromosome.

TreeMix analysis

Admixture and gene flow among different geographic quadrants within

the T. urartu gene pool were modeled in TreeMix v.1.13 (Figure 6A)

(Pickrell and Pritchard, 2012). We divided the T. urartu accessions into

seven regional groups according to their habitat population structure

(Supplemental Figure 17; Supplemental Table 23). Segregating SNPs

across the seven chromosomes were filtered with a genotyping rate

>90% and an MAF >5%, from which 16.86 M were selected to

construct an ML tree. For each TreeMix run, 500 SNP sites corresponding

to a �100-kb genomic region were analyzed as a block to account for

possible LD effects. We considered admixture scenarios with m = 0 to

m = 5migration events, and themodel fit for eachmigration was examined

by estimating the proportion of variance between populations. If there

were migration edges in the tree, then these would be colored according

to their weight. To further investigate the origin of the A subgenome of

polyploid wheat, we also built an admixture tree using the A subgenome

of Chinese Spring as an outgroup. The bootstrap values on these trees

were set to 1000 replicates.

Demographic analysis

The sequential Markov coalescent implemented in SMC++ (v.1.14.0) was

used to infer the demographic history of the T. urartu accessions (Terhorst

et al., 2017). Compared with the multiple sequentially Markovian

coalescent and pairwise sequentially Markovian coalescent methods (Li

and Durbin, 2011; Schiffels and Durbin, 2014), SMC++ could provide

more accurate estimates, especially for recent population sizes. It

allows multiple samples to be analyzed with genome-wide SNPs and

does not require the genomes to be phased. To normalize the population

size, we randomly selected ten different samples from the MT and EMC

groups and then ran SMC++ software using default parameter settings.

For each group, every sample was set to fit the demographic model,

with all the genomic sequences used as input under the optimization

algorithm of Powell. The split time between the MT and EMC groups

was estimated with the command ‘‘SMC++ split’’. The analysis was per-

formed assuming a mutation rate of 5.5 3 10�9 per site per generation

and a constant generation time of 1 year (Dvorak and Akhunov, 2005;

Chao et al., 2009).
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Genetic diversity and FST calculation

The final high-quality variants were used to estimate nucleotide diversity

(p) and Watterson’s estimator (qW) for the whole T. urartu panel and for

populations assigned by structure analysis and geographic quadrant.

Among these, nucleotide diversity (p) was defined as the average number

of differences per site between two randomly selected sequences (Tajima,

1983). Watterson’s estimator (qW) was calculated using the equation qW =

4Nem, where Ne is the effective population size and m is the per-generation

mutation rate of the population (Watterson, 1975). The fixation index

(FST) between the EMC and MT groups was calculated using Hudson’s

estimator (Bhatia et al., 2013). A sliding window of 500 kb with a 100-kb

step size across the T. urartu genome was assigned for window calcula-

tion of p, qW, and FST, and only the windows comprising the R200-kb

effective covered region were retained for further analysis, according to

in-house Perl scripts from a previous study (Zeng et al., 2018).

Scanning for genome-wide selective sweep signals

To identify genomic regions subjected to geographic adaptation, the

nucleotide diversity ratio (Ln pEMC/pMT) was first analyzed with 500-kb

windows and 100-kb steps across the genome, where pEMC and pMT

are the p values of the EMC and MT populations, respectively. We then

calculated the genome-wide distribution of FST values between the two

populations using the same sliding-window approach. For convenience,

the FST values were Z transformed, and the p ratios were ln transformed.

Using a significance level of the top 5% for both Z(FST) and ln(p ratio)

(Z > 2.31 and p ln ratio > 0.43; Figure 5B; Supplemental Table 14), a

total of 70 potential selective sweep regions were identified (with an

average size of 1.60 Mb, ranging from 0.10 to 8.30 Mb). They

overlapped with 404 candidate genes and were used in the subsequent

analysis and discussion. We also computed Tajima’s D value (Tajima,

1989) and average r2 in each window (RRSelection, https://github.com/

BGI-shenzhen/RRSelection) for the two populations to test whether the

candidate selective-sweep regions contained an excess of singleton poly-

morphisms. Specifically, this extended LD method calculated the sliding

window mean r2 for two groups across the genome and selected candi-

date selective regions with the greatest difference according to the top

distribution of the measuredmean r2 (Z-test p value). The result confirmed

the occurrence of selective sweeps in the identified regions from another

perspective.

Two cross-population comparison statistical methods, XP-CLR and

XP-EHH, were also used to scan the genome (Sabeti et al., 2007; Chen

et al., 2010). Selection signatures under geographic adaptation were

evaluated at the whole-genome level between the two populations. The

composite likelihood approach (XP-CLR) was performed using a 0.005-

cM sliding window with a 200-kb grid size, which required a genetic

map of T. urartu (Ling et al., 2018). All individual SNPs were assigned to

a position by assuming uniform recombination between mapped

markers. We fixed 200 SNPs assayed in each window to ensure

comparability of the composite likelihood and downweighted pairs of

SNPs in high LD (r2 > 0.90) to minimize the effect of dependence.

Subsequently, the XP-CLR score was calculated, with the top 5% cutoff

threshold of the genome considered to represent adaptation-selected

regions. The XP-EHH statistic was used to confirm the selective sweeps

by assessing extended haplotype homozygosity between the two

populations.

Gene functional annotation and gene set analysis

All candidate selective genes were annotated using the Blast2GO

program (Conesa and G€otz, 2008). GO and functional classification

analyses of these genes were performed using AmiGO (The Gene

Ontology Consortium, 2015). We also uploaded the candidate genes to

the KEGG Automated Annotation Server (KAAS, http://www.genome.jp/

tools/kaas/) to obtain the KEGG pathways. The c2 method was then

used to test the statistical significance of the enrichments. The p values

were adjusted by FDR, and the cutoff was set to 0.05. The CDS of each
nications 3, 100345, September 12 2022 ª 2022 The Authors. 13
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selected gene was compared against the NCBI nr database to identify

homologous genes in A. thaliana, rice, and maize.

Phenotyping

For phenotyping, the 221 accessions were planted in two consecutive

years (2013–2014 and 2014–2015 cropping seasons) at three agricultural

experiment stations: the Institute of Genetics and Developmental Biology,

Chinese Academy of Sciences, Beijing; Henan Agricultural University,

Zhengzhou; and Dezhou Academy of Agricultural Sciences, Dezhou.

Each accession was planted in a single 2-m row with 40-cm spacing be-

tween rows. The heading date for each accession was recorded as the

days from sowing to the time when half of the spikes emerged from the

flag leaf. Plant height was measured during the stage when the maximum

height was achieved (from ground level to the apex of the spike, excluding

awns). Spike length and spikelet number per spike were determined by

measuring three spikes on each individual plant and counting individual

spikelets per spike. The grain length, grain width, and grain length/width

ratio of each accession were scanned after harvest using an electronic

digital caliper. Thousand-grain weight was obtained from the average of

two 1000-kernel weights (Supplemental Tables 26–28).

GWAS

Combining the WGS and GBS data, we obtained a final set of 455

644 SNPs. After filtering, 149 030 high-quality SNPs (MAF > 0.05 and

missing data < 40%) were used to perform a GWAS on eight agronomic

and grain traits in 221 accessions. The association analyses were

performed with TASSEL 5.0 software (Bradbury et al., 2007) via a

compressed MLM using the Q matrix and K matrix. The Q matrix was

calculated from structure analysis for the stratification control,

whereas the K matrix was calculated with the TASSEL plugin

‘‘-KinshipPlugin -method Centered_IBS’’. The parameters for GWAS

were ‘‘run_pipeline.pl -Xmx10G -fork1 -h $hmp -filterAlign -filterAlignMin-

Freq 0.05 -fork2 -r $phenotype -fork3 -q $Q_matrix -excludeLastTrait

-fork4 -k $K_matrix -combine5 -input1 -input2 -input3 -intersect

-combine6 -input5 -input4 -mlm -mlmVarCompEst P3D -mlmCompres-

sionLevel Optimum -export $output -runfork1 -runfork2 -runfork3 -run-

fork4’’. Manhattan and quantile-quantile plots were then drawn in R using

the qqman package (Turner, 2014). The genome-wide significance

threshold was determined using permutation-based, FDR-adjusted p

values, for which the permutation tests were repeated 1000 times. To

detect the candidate gene in the significantly associated region (chromo-

some Tu2: 2,752,902–2,691,906), we aligned paired-end reads containing

causative variants for the high and short accessions that were rese-

quenced against the reference genome using BWA and SAMtools. We

measured the LD level around the significant SNPs by LD block analysis

using Haploview software (Barrett et al., 2005). Candidate genes were

subsequently used for a BLAST query in NCBI to obtain the coordinates

and percentage similarity of orthologous genes.

Expression analysis

The candidate genes in T. urartu accessions were analyzed by quantitative

real-time PCR. Specifically, at the heading date, leaves for HD16 and FT1

analyses and young panicles for SD37 analysis were collected for RNA

extraction. Total RNA was extracted from the liquid nitrogen–frozen sam-

ples using TRIzol Reagent (Thermo Fisher Scientific, Waltham, MA, USA)

according to the manufacturer’s instructions. First-strand cDNA was syn-

thesized with Hifair III 1st Strand cDNA Synthesis SuperMix (Yeasen

Biotech, Shanghai, China). Gene-specific primers were designed

using Primer Premier 5.0 software (http://www.premierbiosoft.com/

primerdesign/). Quantitative real-time PCR was performed with

Hieff qPCR SYBR Green Master Mix (Yeasen Biotech) using the

QuantStudio 6 Flex Real-Time PCR System (Applied Biosystems, Foster

City, CA, USA). The primers used for the HD16 ortholog

(TuG1812G0200002519) were 50-GGCTACCAGGGAGATACCA-30 and

50-ATTCTGATGGGCCTTGACGC-30; those for the FT1 ortholog

(TuG1812G0300001662) were 50-TCGTACGGATGCATGTCCAG-30 and
14 Plant Communications 3, 100345, September 12 2022 ª 2022 Th
50-TGGCAGTTGAAGTAGACGGC-30; and those for the SD37 ortholog

(TuG1812G0200000045) were 50-TGACCTGCAACCTCGTCTTC-30 and

50-GAACCGGTCGATGGTCCTAC-30. The expression of TuActin (50-CAG
GCCGTTCTGTCCTTGTA-30 and 50-CAGGCCGTTCTGTCCTTGTA-30) was

used as an internal control. The relative expression of target genes was

calculated based on the 2�DDCt method (Livak and Schmittgen, 2001).

Three independent replicates were performed for each sample.

ACCESSION NUMBERS
All the sequencing data generated in this study have been deposited in the

public database of the China National GeneBank (https://db.cngb.org/

cnsa/) under accession numbers CNP0000699 for WGS of Triticum urartu

and einkorn wheats (https://db.cngb.org/search/?q=CNP0000699) and

CNP0000775 for GBS data of Triticum urartu (https://db.cngb.org/

search/?q=CNP0000775).

SUPPLEMENTAL INFORMATION
Supplemental information is available at Plant Communications Online.

FUNDING
This research was financially supported by the National Natural Science

Foundation of China (31871617) and the Ministry of Science and

Technology of the People’s Republic of China (2016YFD0102002 and

2011AA100104).

AUTHOR CONTRIBUTIONS
A.Z., D.L., and S.Z. conceived and designed the research. X.W., Y.L.,

W.Y., J.S., and X.L. carried out the field work and collected samples.

X.W., Y.H., W.H., C.Z., F.Z., and S.Z. carried out sequencing and data

analysis. X.W., K.Y., and D.L. prepared the manuscript. S.Z., L.K., and

H.L. revised the manuscript. All authors read and approved the final

manuscript.

ACKNOWLEDGMENTS
We thank the National Small Grain Collection (USDA-ARS) and the Inter-

national Center for Agricultural Research in the Dry Areas (ICARDA) for

providing the seed samples. The authors declare that they have no

competing interests.

Received: January 2, 2022

Revised: April 23, 2022

Accepted: May 30, 2022

Published: June 1, 2022

REFERENCES
Abbo, S., and Gopher, A. (2017). Near eastern plant domestication: a

history of thought. Trends Plant Sci. 22:491–511. https://doi.org/10.

1016/j.tplants.2017.03.010.

Adamski, N.M., Borrill, P., Brinton, J., Harrington, S.A., Marchal, C.,

Bentley, A.R., Bovill, W.D., Cattivelli, L., Cockram, J., Contreras-

Moreira, B., et al. (2020). A roadmap for gene functional

characterisation in crops with large genomes: lessons from polyploid

wheat. Elife 9:e55646. https://doi.org/10.7554/elife.55646.

Alexander, D.H., Novembre, J., and Lange, K. (2009). Fast model-based

estimation of ancestry in unrelated individuals. Genome Res. 19:1655–

1664. https://doi.org/10.1101/gr.094052.109.

Alvarez, J.B., Caballero, L., Nadal, S., Ramı́rez, M., and Martin, A.

(2009). Development and gluten strength evaluation of introgression

lines of Triticum urartu in durum wheat. Cereal Res. Commun.

37:243–248. https://doi.org/10.1556/crc.37.2009.2.11.

Avni, R., Nave, M., Barad, O., Baruch, K., Twardziok, S.O., Gundlach,

H., Hale, I., Mascher, M., Spannagl, M., Wiebe, K., et al. (2017). Wild

emmer genome architecture and diversity elucidate wheat evolution

and domestication. Science 357:93–97. https://doi.org/10.1126/

science.aan0032.
e Authors.

http://www.premierbiosoft.com/primerdesign/
http://www.premierbiosoft.com/primerdesign/
https://db.cngb.org/cnsa/
https://db.cngb.org/cnsa/
https://db.cngb.org/search/?q=CNP0000699
https://db.cngb.org/search/?q=CNP0000775
https://db.cngb.org/search/?q=CNP0000775
https://doi.org/10.1016/j.tplants.2017.03.010
https://doi.org/10.1016/j.tplants.2017.03.010
https://doi.org/10.7554/elife.55646
https://doi.org/10.1101/gr.094052.109
https://doi.org/10.1556/crc.37.2009.2.11
https://doi.org/10.1126/science.aan0032
https://doi.org/10.1126/science.aan0032


Whole-genome resequencing of Triticum urartu Plant Communications
El Baidouri, M., Murat, F., Veyssiere, M., Molinier, M., Flores, R.,

Burlot, L., Alaux, M., Quesneville, H., Pont, C., and Salse, J.

(2017). Reconciling the evolutionary origin of bread wheat (Triticum

aestivum). New Phytol. 213:1477–1486. https://doi.org/10.1111/nph.

14113.

Barrett, J.C., Fry, B., Maller, J., and Daly, M.J. (2005). Haploview:

analysis and visualization of LD and haplotype maps. Bioinformatics

21:263–265. https://doi.org/10.1093/bioinformatics/bth457.

Bhatia, G., Patterson, N., Sankararaman, S., and Price, A.L. (2013).

Estimating and interpreting FST: the impact of rare variants. Genome

Res. 23:1514–1521. https://doi.org/10.1101/gr.154831.113.

Bhuiyan, N.H., Liu, W.P., Liu, G.S., Selvaraj, G., Wei, Y.D., and King, J.

(2007). Transcriptional regulation of genes involved in the pathways of

biosynthesis and supply of methyl units in response to powderymildew

attack and abiotic stresses in wheat. Plant Mol. Biol. 64:305–318.

https://doi.org/10.1007/s11103-007-9155-x.

Bradbury, P.J., Zhang, Z.W., Kroon, D.E., Casstevens, T.M.,

Ramdoss, Y., and Buckler, E.S. (2007). TASSEL: software for

association mapping of complex traits in diverse samples.

Bioinformatics 23:2633–2635. https://doi.org/10.1093/bioinformatics/

btm308.

Brunazzi, A., Scaglione, D., Talini, R.F.,Miculan,M.,Magni, F., Poland,
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