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ABSTRACT

Wheat (Triticum aestivum, BBAADD) is an allohexaploid species that originated from two polyploidization

events. The progenitors of the A and D subgenomes have been identified as Triticum urartu and Aegilops

tauschii, respectively. Current research suggests that Aegilops speltoides is the closest but not the direct

ancestor of the B subgenome. However, whether Ae. speltoides has contributed genomically to the wheat

B subgenome and which chromosome regions are conserved between Ae. speltoides and the B subge-

nome remain unclear. Here, we assembled a high-quality reference genome for Ae. speltoides, rese-

quenced 53 accessions from seven species (Aegilops bicornis, Aegilops longissima, Aegilops searsii, Aegi-

lops sharonensis, Ae. speltoides, Aegilopsmutica [syn. Amblyopyrummuticum], and Triticum dicoccoides)

and revealed their genomic contributions to the wheat B subgenome. Our results showed that centromeric

regions were particularly conserved between Aegilops and Triticum and revealed 0.17 Gb of conserved

blocks between Ae. speltoides and the B subgenome. We classified five groups of conserved and

non-conserved genes between Aegilops and Triticum, revealing their biological characteristics, differenti-

ation in gene expression patterns, and collinear relationships between Ae. speltoides and the wheat B sub-

genome.We also identified gene families that expanded inAe. speltoides during its evolution and 789 genes

specific to Ae. speltoides. These genes can serve as genetic resources for improvement of adaptability to

biotic and abiotic stress. The newly constructed reference genome and large-scale resequencing data for

Sitopsis species will provide a valuable genomic resource for wheat genetic improvement and genomic

studies.
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INTRODUCTION

Breadwheat (Triticum aestivum) is themost important staple crop

cultivated worldwide and contributes approximately 20% of the

calories in the human diet (Shewry and Hey, 2015). T. aestivum

is an allohexaploid (BBAADD) that originated from two rounds

of recent polyploidization events. A natural interspecific hybridi-

zation occurred less than 0.8 million years ago between the two

wild diploid species that contributed the A and B subgenomes.
Plant Co
This is an open access article under the CC BY-NC-ND
A further hybridization with Aegilops tauschii contributed the

D subgenome (Tanno and Willcox, 2006; Kilian et al., 2007;

Feldman and Levy, 2012). These polyploidizations have

improved grain yields and nutrient content, thus enhancing the
mmunications 4, 100567, July 10 2023 ª 2023 The Author(s).
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adaptability of bread wheat in diverse environments. The

progenitor of the wheat A subgenome is generally believed to

be Triticum urartu, and the D subgenome reportedly derives

from goat grass, Ae. tauschii (Dvorak et al., 1993; Salamini

et al., 2002; Dubcovsky and Dvorak, 2007; Peng et al., 2011).

Although great efforts have been made to determine the origin

of the B subgenome, the exact donor species remains

unknown. Based on similarities in spikelet morphology and

karyotype structure between polyploid wheat and Sitopsis

species, the B subgenome is thought to be closely related to

the S genomes of the five Sitopsis species (Aegilops bicornis,

Aegilops longissima, Aegilops searsii, Aegilops sharonensis,

Aegilops speltoides) (Mori et al., 1995; Daud and Gustafson,

1996; Maestra and Naranjo, 1998; Haider, 2013). Molecular

phylogenetic evidence suggests that Ae. speltoides could be

the progenitor of the B subgenome (Liu et al., 2003; El Baidouri

et al., 2017; Zhang et al., 2018).

Recent genomic analyses, however, have cast doubt on whether

Ae. speltoides is the direct ancestor of the wheat B subgenome.

Analysis of several Sitopsis genome assemblies suggested that

the donor of the wheat B subgenome may have been an extinct

species that was closely related to Ae. speltoides (Avni et al.,

2022; Li et al., 2022). In addition, at the tetraploid level,

previous studies have also rejected the polyphyletic origin of

the wheat B subgenome (El Baidouri et al., 2017). Nucleotide

polymorphisms analyzed with transcriptomic data revealed that

the rate of genome evolution has varied during allopolyploid

plant evolution (Miki et al., 2019). The genome sizes of different

Ae. speltoides accessions (5.13 Gb in Avni et al., 2022; 4.11 Gb

in Li et al., 2022) in the two studies varied by more than 20%,

suggesting the presence of high genomic diversity across

Sitopsis genomes. Owing to the lack of large-scale resequencing

data for Sitopsis species in previous studies, it is still unclear

which chromosome regions are more conserved between Aegi-

lops and Triticum and how Ae. speltoides may have contributed

genetic elements during wheat improvement.

During long-term domestication and breeding, the genetic basis

of wheat has continually narrowed (Bellon, 1996; Heal et al., 2004;

Zhang et al., 2018). Wheat wild relatives have long been

considered potential sources of allelic diversity for defense

against biotic and abiotic stresses and improvements in other

agronomically important traits (Pour-Aboughadareh et al.,

2021). Distant hybridization is an efficient way to introduce

novel genes for wheat improvement (Whitford et al., 2013).

Wide crosses have been made successfully between wheat

and plants from diverse Triticeae genera, including (but not

limited to) Aegilops, Agropyron, Dasypyrum, Elymus, Hordeum,

Leymus, Psathyrostachys, Secale, and Thinopyrum, and

superior agronomic traits have been transferred to wheat

(Rasheed et al., 2018). Aegilops is the closest genus to

Triticum, and Aegilops species are considered the ancestors of

both the D and B wheat subgenomes (Wang et al., 2013). Ae.

tauschii is the donor of the D subgenome and can be readily

crossed with tetraploid and hexaploid wheat (Luo et al., 2017;

Zhao et al., 2017). Moreover, Aegilops species in the Sitopsis

section contain many useful traits for disease resistance and

abiotic stress tolerance (Anikster et al., 2005; Olivera et al.,

2007; Huang et al., 2018; Kishii, 2019). For example, several

powdery mildew resistance genes of Sitopsis have been
2 Plant Communications 4, 100567, July 10 2023 ª 2023 The Autho
successfully transferred to wheat through hybridization,

including Pm12 (Jia et al., 1996), Pm32 (Hsam et al., 2003), and

Pm53 (Petersen et al., 2015) from Ae. speltoides, Pm57 from

Ae. searsii (Liu et al., 2017), and Pm13 (Cenci et al., 1999) and

Pm66 (Li et al., 2020) from Ae. longissima. In addition, Ae.

sharonensis provided the stripe rust resistance gene Yr38

(Marais et al., 2006). However, use of superior genetic

resources from Sitopsis species depends on distant

hybridization or genetic engineering technology, which remains

a challenge for wheat genetic improvement. Identifying Sitopsis

species-specific genes and functionally diverse genes from the

B subgenome would help wheat breeders to evaluate the poten-

tial applications of S genome genes and increase detection

efficiency in breeding programs.

In this study, we aimed to discover conserved chromosome re-

gions between Sitopsis genomes and the wheat B subgenome,

to evaluate the genomic contribution of Ae. speltoides to the

B subgenome, and to characterize unique genetic resources in

Aegilops for wheat improvement. To this end, we generated a

high-quality reference genome of Ae. speltoides and resequenced

53 accessions from seven species: Ae. bicornis, Ae. longissima,

Ae. mutica, Ae. searsii, Ae. sharonensis, Ae. speltoides, and

Triticumdicoccoides.We revealed that relatively high conservation

at the centromere region was common among the Aegilops and

Triticum genera, and we discovered 0.17 Gb of conserved

regions between Ae. speltoides and the wheat B subgenome. In

addition, wedetected the genomic contribution of Sitopsis species

to the wheat B subgenome by identifying Ae. speltoides-specific

genes that have significant sequence diversity and exhibit

different expression patterns in Sitopsis species and the B subge-

nome as potential genetic resources for wheat breeding.
RESULTS

Genome sequencing of Sitopsis species

To characterize genomic resources in Aegilops, we de novo

assembled the genome of Ae. speltoides using Oxford Nanopore

long-read sequencing technology, and we resequenced 53

accessions of germplasm resources collected from the Fertile

Crescent. Forty-seven accessions were examined by whole-

exome sequencing (average sequencing depth 503 to 1843),

and the remaining six accessions were analyzed by whole-

genome sequencing (approximately 303). In addition, we

obtained resequencing data for six species from a public data-

base to broaden our analysis (Figure 1A; Supplemental

Figure 1; Supplemental Spreadsheet 1). We obtained a total of

429.24 Gb of Nanopore single-cell reads and 646.70 Gb of Illu-

mina clean reads and assembled the reads into 7059 contigs

with an N50 of 1.71 Mb, which formed the basis of a total assem-

bly of 4.68 Gb (Supplemental Table 1). The 3D proximity

information obtained from Hi-C sequencing data was used to

correct instances of mis-joining. Consequently, 96.74% of the

assembled sequences were effectively anchored, structured,

and oriented into seven pseudochromosomes (Supplemental

Figure 2). The final assembled Ae. speltoides genome was 4.88

Gb in length with a scaffold N50 of 640.45 Mb (Supplemental

Table 1). The average chromosome length was 674.06 Mb

across the whole genome (Supplemental Table 2). The

nucleotide composition of the Ae. speltoides genome was
r(s).
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Figure 1. Chromosome-level assembly and annotation of Ae. speltoides.
(A) Geographic distribution of the 12 species used in this research: Ae. bicornis, Ae. longissima, Ae. mutica, Ae. searsii, Ae. sharonensis, Ae. speltoides,

Ae. tauschii, T. aestivum, T. dicoccoides, T. dicoccum, T. durum, and T. urartu.

(B) Circos plot of genomic features of the assembled Ae. speltoides genome: (i) density of HC genes, (ii) distribution of GC content, (iii) TE density along

each chromosome, (iv) density of Copia TEs, (v) density of Gypsy elements, and (vi) links between syntenic genes.

(C) FISH results with the probes (left) Oligo-pSc119.2 (green) + Oligo-pTa71 (red) and the probe (right) Oligo-(GAA)7 (red) for the chromosomes of Ae.

speltoides (Ssp), Ae. searsii (Ss), Ae. bicornis (Sb), Ae. longissima (Sl), Ae. sharonensis (Ssh), and the wheat B subgenome (B). The numbers 1–7 represent

homoeologous chromosome groups 1–7, respectively.

(D) Phylogenetic tree constructed with data from 13 species using the neighbor-joining method; barley was used as the outgroup species.
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26.68% A, 26.69% T, 23.32% C, and 23.31% G (Supplemental

Table 3). BUSCO (Benchmarking Universal Single-Copy

Orthologs) analysis revealed that 1440 (94.1%) conserved orthol-

ogous genes could be identified in the Ae. speltoides genome.

We selected 17 different tissues of Ae. speltoides at different

developmental stages (Supplemental Spreadsheet 1) and

sequenced their whole-genome transcriptome to annotate the

protein-coding genes. A total of 46 348 high-confidence

protein-coding genes were annotated, with an average length

of 3159 bp (Figure 1B; Supplemental Tables 4 and 5).

Approximately 0.15% of the genome assembly was annotated

as noncoding RNAs, which comprised 55 853 microRNAs

(miRNAs), 2234 tRNAs, 480 rRNAs, and 1909 small nuclear

RNAs (snRNAs) (Supplemental Table 6). Combined homology-

based and de novo predictions were used to identify repetitive

sequences. A total of 3.91 Gb, representing 83.56% of the
Plant Co
Ae. speltoides genome assembly (without Ns), was annotated

as repetitive sequences, which comprised 4.08 million elements

from 4689 families (Supplemental Table 7). Among these

repetitive elements, long terminal repeats (LTRs), including

Gypsy and Copia elements, were among the most abundant,

accounting for 44.82% and 22.70%, respectively. These results

indicated that LTR-type repetitive sequences may have contrib-

uted to genome expansion in Ae. speltoides.

We also made a detailed comparison between our genome and

the other two reported genomes (Avni et al., 2022; Li et al.,

2022), including aspects of genome assembly, repetitive

sequences, and protein-coding genes (Supplemental Table 8).

Total genome size was largest in Avni et al. (2022) (5.13 Gb),

whereas our genome size was 4.88 Gb and that of Li et al.

(2022) was 4.11 Gb. The average chromosome lengths were

672.85 Mb (current study), 574.28 Mb (Avni et al., 2022), and
mmunications 4, 100567, July 10 2023 ª 2023 The Author(s). 3
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587.14 Mb (Li et al., 2022). Avni et al. (2022) had the largest

chromosome N50 (3.11 Mb) compared with the current study

(1.71 Mb) and Li et al. (2022) (1.78 Mb). There were no obvious

differences in repetitive sequence content among the three

genomes (3.91 Gb in this study, 4.04 Gb in Avni et al., 2022,

and 3.54 Gb in Li et al., 2022). The numbers of high-confidence

genes were 46 348 (current study), 36 928 (Avni et al., 2022),

and 37 607 (Li et al., 2022). We next performed a collinear gene

analysis among the three reference genomes (Supplemental

Figure 3); the numbers of collinear genes between genome

pairs were 29 168 (current study vs. Li et al., 2022), 27 942

(current study vs. Avni et al., 2022), and 27 914 (Li et al., 2022

vs. Avni et al., 2022). The three genomes were thus highly

consistent in most respects, and they differed mainly in total

genome size, single chromosome length, and numbers of

high-confidence genes. Ae. speltoides is a cross-pollinating

species, and the three genomes originated from different

geographic environments. The Ae. speltoides used in this study

was from Iraq, whereas the others were from Israel, and intraspe-

cific differences among the three genomes may have caused the

observed differences. We also discovered that the ChrUn of Avni

et al. (2022) was 1.11 Gb and was significantly larger than the

other chromosomes, suggesting that different assembly

pipelines may also have led to differences.

We used fluorescence in situ hybridization (FISH) to examine

chromosome morphological structures between the wheat

B subgenome and the five Sitopsis species (Ae. speltoides, Ae.

bicornis, Ae. longissima, Ae. searsii, and Ae. sharonensis). Ae.

speltoides and wheat displayed a similar FISH pattern of Oligo-

pTa71, which was located on the short arms of groups 1S and

6S. Oligo-pTa71 was on groups 5S and 6S in other Aegilops spe-

cies. The hybridization patterns of Oligo-pSc119.2 of Ae. spel-

toides were also similar to those of the wheat B subgenome,

whereas the Oligo-pSc119.2 signals of the other four Sitopsis

species were observed only on both ends of chromosomes.

The hybridization patterns of Oligo-(GAA)7 in the five Aegilops

species were similar to that of the wheat B subgenome and

were distributed throughout the arms, particularly around the

pericentromeric regions (Tang et al., 2014) (Figure 1C).
Phylogenetic relationships among Sitopsis species and
the wheat B subgenome

Weanalyzed 13 species to further reveal the phylogenetic relation-

ships between the Aegilops and Triticum genera. First, we con-

structed a genetic variation map of the 13 species by aligning the

resequencing data to the IWGSC RefSeq v1.0 B subgenome. The

average mapping percentage of Ae. speltoides accessions was

85.6%, which was higher than that of other Sitopsis species and

Ae. mutica (�80%) but lower than that of hexaploid and tetraploid

wheat accessions (>90%) (Supplemental Figure 4A). We obtained

5 626 275 to 27 593 890 high-quality single-nucleotide polymor-

phism (SNP) markers from whole-exome sequencing samples

(Supplemental Figure 4B), and a total of 1 333 497 SNPs were

ultimately used to build a phylogenetic tree after quality control.

Barley (Hordeum vulgare) was selected as the outgroup species.

B-lineage genomes (T. aestivum BB, Triticum durum BB, Triticum

dicoccum BB, T. dicoccoides BB, Ae. speltoides, and Ae. mutica)

were closest to barley, followed by the A-lineage genome of

T. urartu and D-lineage genomes of Ae. tauschii as well as four
4 Plant Communications 4, 100567, July 10 2023 ª 2023 The Autho
Sitopsis species (Ae. searsii, Ae. bicornis, Ae. longissima, and

Ae. sharonensis) (Figure 1D). These findings are consistent with

those of recent studies and showed that Ae. speltoides is most

closely related to the wheat B subgenome (Glemin et al., 2019;

Miki et al., 2019; Li et al., 2022). In addition, we discovered that

Ae. speltoides and Ae. mutica were separate from the rest of the

Sitopsis species, which may have implications for their

taxonomic positions in the Sitopsis section.

We next calculated the genomic nucleotide diversity (p) and pop-

ulation differentiation (FST) of seven species. Among these spe-

cies, nucleotide diversity was lowest in the B subgenome of

bread wheat (0.37 3 10�3), followed by the genome of

Ae. speltoides (1.16 3 10�3). Ae. searsii harbored the highest

genomic nucleotide diversity of 1.40 3 10�3 (Supplemental

Figure 4C). FST was used to measure population differentiation

and genetic distance with reference to the B subgenome of

bread wheat. Ae. speltoides had the lowest genomic

differentiation relative to the B subgenome with an FST value of

0.234, followed by Ae. mutica at 0.257. The Ae. searsii genome

was most distantly related to the Triticum B subgenome, with

and FST of 0.262 (Supplemental Figure 4C). These results

revealed that the genome of Ae. speltoides is closer to the

wheat B subgenome compared with other Aegilops species.
Centromeric regions are conserved between the Ae.
speltoides genome and the T. aestivum B subgenome

A conserved block analysiswas used to identify conserved regions

between Aegilops and Triticum (Brinton et al., 2020). Using

MUMmer, we performed whole-chromosome pairwise alignments

among the 13 (sub)genomes and identified conserved blocks rela-

tive to the B subgenome of T. aestivum (Figure 2A; Supplemental

Figure 5A and 5B); we assumed that the scattered blocks

derived from a common ancestor. Because non-syntenic

retrotransposons displayed a median length of 9584 bp in wheat

(Wicker et al., 2018), alignment blocks with a total length shorter

than 10 kb were excluded from subsequent analysis. In total,

109 808 and 104 013 conserved blocks were identified in

Ae. tauschii vs. T. aestivum DD and in T. urartu vs. T. aestivum

AA, whereas approximately a tenth as many were identified in

Ae. speltoides vs. T. aestivum B (11 472). The total lengths of the

conserved blocks in Ae. tauschii vs. T. aestivum DD (2.92 Gb) and

T. urartu vs. T. aestivum AA (2.13 Gb) were significantly higher

than that in Ae. speltoides vs. T. aestivum BB (0.17 Gb)

(Figure 2B). Further analysis showed that the conserved blocks

between Ae. speltoides and the wheat B subgenome were mainly

found in centromeric regions (Figure 2A). The sequence identity

of conserved blocks showed the following pattern: Ae. tauschii

vs. T. aestivum DD (99.11%) > T. urartu vs. T. aestivum

AA (97.36%) >> Ae. speltoides vs. T. aestivum BB (95.28%)

(Supplemental Figure 6; Supplemental Spreadsheet 2).

To compare the divergence times of Sitopsis species, we calcu-

lated the synonymous substitution rate (Ks) values of single-copy

genes using the genomes of T. dicoccoides and T. durum as the

foreground branches and a definite (T. urartu for the A genome

and Ae. tauschii for the D genome) or undetermined

(Ae. speltoides for the B subgenome) background to reveal their

divergence times (Figure 2C). The distribution of Ks values of

all gene pairs for the different comparisons peaked at
r(s).
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Figure 2. Conserved blocks between the Triticum B genome and Aegilops species are enriched in centromeric regions.
(A) Chromosomal distribution of conserved genomic blocks with the T. aestivum B subgenome as the background.

(B) Boxplots of conserved genomic block lengths with the T. aestivum B, A, or D subgenome as the background.

(C) Evolutionary patterns of orthologous gene pairs estimated using a Ks distribution density plot.

(D) Ks distribution in the IWGSC RefSeq v1.0 B subgenome. The figure represents the Ks distribution of an average of 50 genes. The red dotted lines

indicate chromosome boundaries.

(E) Boxplots of the variation frequency in the gene-coding regions of 12 species. The red dotted line represents the average variation frequency of Ae.

speltoides. The top figure shows SNP variation frequency in centromeric regions, and the bottom figure shows SNP variation frequency in non-

centromeric regions.

(F) SNP variation frequency of different TEs indicated by SNP density values, which ranged from 0 to 0.08. Red represents higher variation frequency, and

blue represents lower frequency.
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approximately 0.001 for T. urartu vs. T. aestivum AA, 0.013 for Ae.

speltoides vs. T. aestivum BB, and 0.001 for Ae. tauschii vs.

T. aestivum DD (Supplemental Figure 7). The average Ks values

displayed the following pattern: Ae. speltoides vs. T. aestivum

BB (0.0770) >> Ae. tauschii vs. T. aestivum DD (0.0241) z
T. urartu vs. T. aestivum AA (0.0226). These results indicated

that Ae. speltoides is highly divergent from T. aestivum BB and

may not be the direct ancestor of the wheat B subgenome.
Plant Co
Sequence similarity can reflect the degree of evolutionary related-

ness between species. Therefore, a BLAST searchwas performed

to determine the optimal target genes in different subgenomes for

theT. aestivumA,B, andDsubgenomes (Supplemental Figure8A).

The optimal pairs were classified into seven categories based on

sequence identity. We found a similar sliding-to-sliding block

pattern of sequence identity for the T. dicoccoides A subgenome,

theT.dicoccoidesBsubgenome,andAe. tauschii, suggesting that
mmunications 4, 100567, July 10 2023 ª 2023 The Author(s). 5



Plant Communications Genome sequencing of Sitopsis species
thesesubgenomesexperienced theprocess of hexaploidwheat at

a similar time (Supplemental Figure 8B). Remarkably, compared

with Ae. tauschii vs. T. aestivum D subgenome with a 99.5–100

identity region of 49.02%, the proportion between T. urartu and

T. aestivum A was 26.56% (99.5–100 identity region). These

findings are consistent with the fact that common wheat has

experienced two rounds of allopolyploidization, with T. urartu

involved in the first polyploidization event and Ae. tauschii in the

second. Compared with T. urartu vs. T. aestivum A subgenome

and Ae. tauschii vs. T. aestivum D subgenome, a significant

reduction was observed for Ae. speltoides vs. T. aestivum

B subgenome (99.5–100 identity region, 7.07%) (Supplemental

Spreadsheet 3). The discrepancy in highly conserved sequence

composition between the different comparisons again indicated

that Ae. speltoides may not be the direct ancestor of the

B subgenome of polyploid wheat.

We next evaluated which chromosome parts were conserved

between the Sitopsis and B genomes using the Ks method.

The results showed that all the species shared most of the

conserved regions around the centromere region rather than the

distal regions (Figure 2D), consistent with the distribution of

conserved blocks (Figure 2A). We also compared the SNP

variation frequency in centromeric and non-centromeric regions

between Aegilops and Triticum, including nine accessions of

Ae. speltoides, five Ae. mutica, six Ae. longissima, six Ae. sharo-

nensis, six Ae. searsii, six Ae. bicornis, ten T. dicoccoides, one

Ae. tauschii, one T. urartu, two T. dicoccum, two T. durum, and

two T. aestivum. SNP variation frequency was lower in centro-

meric regions than in non-centromeric regions, and the log2(SNP

variation frequency) was lower in Ae. speltoides accessions than

in other non-B lineage species. The log2(SNP variation frequency)

of Ae. speltoides in the centromeric region was �7.3, compared

with �6.3 in the non-centromeric region (Figure 2E).

We also compared the SNP variation frequency of different trans-

posable elements (TEs) betweenAegilops and Triticum. Hierarchi-

cal clustering of TEs showed that Ae. speltoideswas in the cluster

closest to the B lineage genomes (Figure 2F). In addition, DTC

(CACTA), DHH (Harbinger), DXX (Unclassified class 2), RLC

(Copia), and RLG (Gypsy) had lower variation, similar to findings

for the B-lineage genomes, whereas DTT (Mariner), DTX

(Unclassified with TIRs), and RIX (LINE) showed higher variation

frequencies (Figure 2F). We analyzed the degree of enrichment

of TEs in the conserved blocks. The DNA transposon DHH and

non-LTR retrotransposon SIX (SINE) were among the most

enriched TEs, whereas DTA was less likely to be enriched in

conserved blocks (Supplemental Figure 9).
Expansion of gene families in Ae. speltoides

Orthologous clustering analysis revealed a total of 35 617 gene

families, 10 454 (29.35%) ofwhichwere shared by all these subge-

nomes (Supplemental Figure 10A). A total of 4923 of the 10 454

shared gene families with one copy in each subgenome were

designated as single-copy orthologous genes and subsequently

used to construct a species phylogenetic tree (Figure 3A).

Clustering results revealed that the A, B, and D subgenomes

were grouped into three separate clades, consistent with the

results of previous studies (Zhou et al., 2020). The species with a

Triticum A subgenome and Aegilops D subgenome exhibited a
6 Plant Communications 4, 100567, July 10 2023 ª 2023 The Autho
shorter genetic distance than species with the B subgenome.

Within the phylogenetic tree, Ae. speltoides was clustered

together with the B subgenomes. The divergence time between

Ae. speltoides and the B subgenomes of polyploid wheat was

earlier than that between Ae. tauschii vs. other D subgenomes

and between T. urartu vs. other A subgenomes. These results

indicated that the divergence times between the tetraploid wheat

B subgenome vs. Ae. speltoides and the tetraploid wheat A

subgenome vs. T. urartu were not consistent.

Analysis of the expansion and contraction of the 35 617 gene fam-

ilies as indicated by the phylogenetic tree revealed 201 expanded

gene families composed of 2092 genes in Ae. speltoides. Gene

Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes

(KEGG) analyses revealed that the expanded genes were highly

enriched in various biological processes (Supplemental

Figure 10B and 10C). Notable among the expanded genes was

the heat shock protein 20 (HSP20) family. This is a major heat

shock protein family whose members respond to high

temperature stress in plants (Waters et al., 1996; Sung et al.,

2003). HSP20s are the most abundantly produced proteins in

many higher plants under heat stress and are encoded by a

polygenic family (Charng et al., 2006). In previous studies, Ae.

speltoides has been characterized as highly thermotolerant,

potentially making it an important genetic resource for wheat

improvement (Pradhan et al., 2012; Awlachew et al., 2016). The

number of HSP20 proteins in Ae. speltoides (100) was

approximately twice that in the T. aestivum B subgenome (58)

and the genomes of H. vulgare (51), Brachypodium distachyon

(45), and Oryza sativa (38) (Figure 3B). Further analysis showed

that orthologous groups (OGs) OG0272, OG0283, and OG2039

contributed greatly to the expansion of the HSP20 gene family.

With reference to the classification scheme for Arabidopsis

thaliana and O. sativa, OG0272, OG0283, and OG2039 were

assigned to the CI (Cytosol I), CP (Chloroplast), and unclassified

subfamilies (Figure 3C). HSP20 genes in the same subfamily

tended to have similar gene structures and conserved domain

distributions, whereas these patterns were highly variable

among subfamilies, which supported the phylogenetic

relationships (Supplemental Figure 11A). In addition, gene

expression data showed that OG0283, OG0272, and OG2039

had differentiated gene expression patterns (Supplemental

Figure 11B), suggesting that the expanded HSP20 genes might

be involved in the regulation of plant growth and development.

To determine whether the expression level of HSP20 genes

responded to heat stress, three genes from OG0283, OG0272,

and OG2039 were selected for RT-qPCR. Under heat stress,

the relative expression of these three genes increased signifi-

cantly compared with the control group (0 h). The highest

expression levels of OG0283 and OG0272 were found after 1 h

of heat stress, whereas OG2039 expression was highest after

0.5 h of heat stress. These results clearly demonstrated that

expression levels of HSP20 genes were upregulated under high

temperatures (Figure 3D), indicating that they might function in

heat responses.
Identification of conserved and non-conserved genes
between Aegilops and Triticum

To effectively use the genetic resources of Aegilops, we analyzed

the conserved and non-conserved gene groups between
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Figure 3. Phylogenetic relationships of genes from Aegilops/Triticum species.
(A) Comparative evolutionary relationships of Ae. speltoides and other Aegilops and Triticum genomes. The number of gene families that were expanded

(purple) or contracted (orange) in each species was estimated using CAFÉ.

(B) Statistical analysis of heat shock protein 20 (HSP20) genes in five representative species. OG, orthologous groups.

(C) Neighbor-joining phylogeny of HSP20 genes in Ae. speltoides. CI and CP represent HSP20 subfamilies.

(D) Relative expression level of three HSP20 genes under heat stress treatments of different durations measured by RT-qPCR.
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Aegilops and the Triticum B subgenome. We classified the genes

based on their SNP variation frequency compared with those of

the Triticum B subgenome using the k-means algorithm (k = 7).

In general, the B subgenome genes can be divided into five cat-

egories (Figure 4A; Supplemental Spreadsheet 4): (1) conserved

gene groups with low variation frequency in Aegilops and
Plant Co
Triticum species, which were named the B lineage:Sitopsis

conserved gene groups (B:S conserved) and included G1

(12 140 genes) and G6 (11 461 genes); (2) gene groups with

significant SNP variation between Aegilops and Triticum, which

were named B lineage:Sitopsis non-conserved gene groups

(B:S non-conserved); these included G2 (1470 genes) and G3
mmunications 4, 100567, July 10 2023 ª 2023 The Author(s). 7
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(1247 genes), which we merged into one group; (3) genes that

were uniquely similar between Ae. speltoides and B lineage spe-

cies (G4, 5732 genes), which were named B lineage:Sitopsissp

conserved genes (B:Ssp conserved); (4) B lineage:Sitopsissp

non-conserved genes (G5, 1404 genes), which were uniquely

similar between the B lineage genome and non-Ae. speltoides Si-

topsis section species (B:Ssp non-conserved); and (5) B lineage

conserved genes (G7:2066 genes), which were particularly

conserved in the wheat B lineage species (B conserved). The

B:S conserved and B conserved genes were mainly distributed

around the centromere regions compared with genes in other

groups (Figure 4B), consistent with the distribution of

conserved blocks (Figure 2A).

We performed a GO analysis of the conserved and non-

conserved genes between Aegilops and Triticum to explore

the biological processes in which they participate. The B:S

conserved gene group was mainly involved in regulation of

basic molecular mechanisms; however, the B:S non-

conserved gene group was mainly involved in tissue growth

and development, material transport, nitrogen metabolism,

and response to biotic and abiotic stresses (Supplemental

Figure 12A; Supplemental Spreadsheet 5). We then obtained

the expression patterns from the co-expression network anal-

ysis (Supplemental Figure 12B) and examined the expression

patterns of conserved and non-conserved gene groups in

seven wheat tissues (Figure 4C). The B:S conserved genes

were highly expressed in all tissues. The B:S non-conserved

and B:Ssp non-conserved genes were highly expressed in grain

tissues (days after pollination [DAP]10 grain, DAP15 grain, and

DAP20 grain), but showed lower expression in the leaf, floral

meristem (FM), DAP4 grain, and root, which may indicate that

B:S non-conserved and B:Ssp non-conserved genes are

strongly associated with grain development. In addition, the

B:Ssp conserved gene group and B conserved genes had

similar expression patterns, but the B conserved genes gener-

ally showed lower expression in all tissues compared with the

other four groups (Figure 4C).

We next calculated the distribution of genes from conserved

blocks (Ae. speltoides vs. wheat B subgenome) in the conserved

and non-conserved groups; 1091 genes (86.9%) in the conserved

blocks were in the B:S conserved group, 83 genes (6.6%) were in

the B:Ssp conserved group, and the remaining genes were in the

other three gene groups (Figure 4D). We also calculated the

distribution of collinear gene pairs in the five gene groups and

found that most of the collinear genes were in the B:S

conserved gene groups (19 988) and B:Ssp conserved gene

group (3942). By contrast, non-collinear genes were mainly in

the non-conserved gene groups (Figure 4E). In addition, we
including seven groups (G1–7) and five types of genes. G1 and G6 had simila

shows the different species.

(B) Distribution of five types of genes in the wheat B subgenome: (1) B lineag

conserved genes, (4) B:Ssp non-conserved genes, and (5) B lineage conserve

(C)Heatmap of gene expression levels of the non-conserved and conserved ge

horizontal axis shows the different types of genes: B:S conserved genes, B:S no

and B conserved genes.

(D) Distribution proportion of the five types of genes in conserved blocks.

(E) Distribution of collinear genes in the conserved and non-conserved gene

(F) Distribution of differentially expressed genes and non-differentially expres

Plant Co
calculated the number of genes that were differentially

expressed in the five groups. There were more non-differentially

expressed genes than differentially expressed genes in the B:S

conserved gene groups, but there were no significant differences

in the other groups (Figure 4F).
Identification of agronomic gene resources from the
Sitopsis group

Sitopsis species represent a secondary gene pool and germ-

plasm resources for wheat genetic improvement. To further iden-

tify genetic resources for wheat improvement, we mapped 33

reported agronomic genes cloned in wheat by forward and

homology-based strategies (Gaurav et al., 2022) (Supplemental

Spreadsheet 4) to the conserved and non-conserved gene

groups. We found that 16 reported genes were in the B:S

conserved gene groups (G1 and G6), including growth and

development-related genes such as Rht-B1, TB-B1, Vrn3-7B,

WFZP-2B, and GNI1-B1 (Supplemental Spreadsheet 4).

However, the disease resistance genes were mainly found in

the other four groups. For example, eight disease resistance

genes were found in the B:S non-conserved groups, including

the powdery mildew resistance genes Pm60, Pm5e, and Pm1A;

stripe rust resistance genes Yr5a and Yr36; leaf rust resistance

genes Lr10 and Lr14a; and septoria nodorum blotch-related

gene Snn1. Four disease-related genes (Pm17, Pm24, Yr7, and

Lr1) were in the B:Ssp conserved gene group. Three disease-

related genes (Lr21, Lr13, and Tsn1) and two disease-related

genes (Pm12 and Sr13) were found in the B conserved gene

group and B:Ssp non-conserved gene group, respectively

(Supplemental Spreadsheet 4).

We identified 789Ae. speltoides-specific genes, including 45 dis-

ease resistance genes (Figure 5A; Supplemental Spreadsheet 6).

GO enrichment analysis revealed that these 789 genes were

mainly involved in the photosynthetic reaction (GO: 0009539)

and organonitrogen compound metabolic process (GO:

1901564) (Figure 5B; Supplemental Spreadsheet 5). We

calculated the expression levels of these genes in 17 tissues of

Ae. speltoides and discovered that they showed significant

tissue specificity; a 90th percentile threshold was used to

identify highly expressed genes (Figure 5C). Sixty genes were

highly expressed in the leaf, 93 genes in the root, 47 genes in

the FM, 85 genes in the spikelet, 80 genes in the glume, 83

genes in the pistil, 109 genes in the stamen, 122 genes in DAP4

grain, 133 genes in DAP10 grain, 82 genes in DAP15 grain, 31

genes in DAP20 grain, 41 genes in the flag leaf at DAP10, 46

genes in the flag leaf at DAP15, 47 genes in the flag leaf at

DAP20, 80 genes in the stem at DAP10, 87 genes in the stem at

DAP15, and 83 genes in the stem at DAP20 (Figure 5C).
r patterns of SNP variation frequency, as did G2 and G3. The vertical axis

e:Sitopsis (B:S) conserved genes, (2) B:S non-conserved genes, (3) B:Ssp

d genes.

ne groups. The vertical axis represents different RNA-seq tissues, and the
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Figure 5. Sitopsis species provide resources for wheat improvement.
(A) Identification of Ae. speltoides-specific genes. The right column shows the different species, and the horizontal axis represents the gene coverage

rate. The region between the black dotted lines indicates the 789 Ae. speltoides-specific genes, and the remaining regions represent shared genes.

(B) GO enrichment analysis of the 789 Ae. speltoides-specific genes. The horizontal axis indicates the enrichment factor values, and the vertical axis

represents the GO terms. The circle size represents the gene numbers, and the circle colors indicate the significance of the regulatory pathway, which is

indicated by �log10(P value).

(C) Expression levels of the 789 Ae. speltoides-specific genes. The histogram above the heatmap shows the numbers of highly expressed genes, which

are marked with red rectangles in the heatmap.

(D) Co-expression networks of wheat TraesCS1B01G225000 and TraesCS7B01G091900; each node represents a gene. Red circles represent hub

genes, red triangles represent Ae. speltoides-specific genes, and darkcyan circles represent T. aestivum BB genes.
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Nitrogen is an essential element for wheat growth and develop-

ment, and nitrogen utilization significantly affects wheat yield

(Cormier et al., 2016). The Ae. speltoides-specific genes and

B:S conserved/non-conserved genes were enriched in GO terms

associated with the organonitrogen compound metabolic

process and nitrogen compound transport. A previous study

found that Ae. speltoides was tolerant of low-nitrogen environ-

ments (Gorny and Garczy�nski, 2008), and we therefore

speculated that these pathways may be associated with

adaptation to low-nitrogen conditions. In addition, previous

studies have reported that OsTCP19 (Liu et al., 2021) and

OsNRT1.1B (Zhang et al., 2019) play important roles in the

regulation of nitrogen metabolism in rice. BLAST searches
10 Plant Communications 4, 100567, July 10 2023 ª 2023 The Autho
showed that the homologs of OsTCP19 and OsNRT1.1B

in wheat are TraesCS7B01G091900 and TraesCS1B01G225000,

respectively. Co-expression network analysis showed that 111

Ae. speltoides-specific genes out of 15 940 genes were

co-expressed with OsTCP19 (Figure 5D; Supplemental

Spreadsheet 7). In addition, 8553 genes were associated

with TraesCS1B01G225000 (Supplemental Spreadsheet 7),

including 58 Ae. speltoides-specific genes. We therefore

concluded that nitrogen-related genes identified by weighted

gene co-expression network analysis (WGCNA) may be related

to adaptation to low-nitrogen conditions, and these genes

could be used to improve wheat low-nitrogen tolerance through

distant hybridization or genetic engineering.
r(s).
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DISCUSSION

The Aegilops genus is considered the diploid progenitor of

the wheat B and D subgenomes (Zhang et al., 2018). Based

on morphological similarity and molecular phylogenetic

relationships, Ae. speltoides has been considered the possible

donor of the wheat B subgenome (Petersen et al., 2006). In this

study, we assembled a high-quality Ae. speltoides genome and

resequenced 53 accessions across seven species. The total

genome size of Ae. speltoides is approximately 4.88 Gb, similar

to the size of the wheat B subgenome (Appels et al., 2018). Our

Ae. speltoides genome assembly is larger than that reported by

Li et al. (2022) (4.11 Gb) but smaller than that reported by Avni

et al. (2022) (5.13 Gb), suggesting that there may be substantial

variation in genome size among different Ae. speltoides

accessions. On the basis of similarity in identical gene

numbers, gene identity, conserved block length and counts,

and SNP density, we suggest that the Ae. speltoides genome is

the closest to the B subgenome, but it may not be the direct

donor of the B subgenome, consistent with previous studies

(Avni et al., 2022; Li et al., 2022). Few conserved blocks were

identified in the euchromatic regions of other Sitopsis species,

indicating that the conserved blocks were inherited from the

most recent common ancestor of Aegilops and Triticum rather

than arising from genetic introgressions. Therefore, these

results also reject the hypothesis of the polyphyletic origin of

the wheat B subgenome at the hexaploid level. The above

analysis also showed that there were 0.17 Gb of conserved

blocks between Ae. speltoides and the wheat B subgenome

and that the centromere regions were more conserved than

other regions (Figure 2A and 2D).

Aegilops species have been shown to contain many beneficial

traits, especially for resistance to different diseases and tolerance

of high-temperature and low-nutrient environments (Pradhan

et al., 2012; Awlachew et al., 2016; Kishii, 2019); they thus

represent important genetic resources that could be exploited

for wheat improvement. Distant hybridization is commonly used

to enhance the genetic diversity of modern wheat (Mujeeb-Kazi

et al., 2013; Alvarez and Guzman, 2018; Cui et al., 2018). In this

study, we first identified five gene groups that were conserved

or non-conserved between Aegilops and Triticum by analyzing

population resequencing data and revealed their biological

characteristics. By mapping the reported genes to conserved

and non-conserved gene groups, we revealed that most

of the disease resistance genes were found in the B:S non-

conserved, B:Ssp conserved, and B:Ssp non-conserved groups

(Supplemental Spreadsheet 4). By contrast, growth- and

development-associated genes were mainly found in the B:S

conserved gene group (Supplemental Spreadsheet 4). It is likely

that gene segments with high differentiation or variation

between Sitopsis and the B subgenome could confer disease

resistance (Kishii, 2019). We demonstrate that the strategy of

identifying conserved and non-conserved gene groups between

Sitopsis and B-lineage species could be an effective method for

discovering potentially important agronomic gene resources.

We found that the HSP20 gene family was expanded in

Ae. speltoides, indicating that Ae. speltoides could provide a ge-

netic resource for tolerance to high-temperature stress. We also

identified Ae. speltoides-specific genes and found that several of

these genes were involved in nitrogen compound metabolic
Plant Co
processes, responses to stress, and plant growth and develop-

ment pathways. We therefore suggested that these nitrogen-

related genes could be potential resources for improving

tolerance to low-nitrogen conditions.

The high-quality genome assembly of Ae. speltoides and large-

scale resequencing of Sitopsis species not only contribute

to understanding the genomic contribution of Aegilops to Triticum

but also help to reveal conserved chromosome regions

between Aegilops and the wheat B subgenome. The newly

identified conserved and non-conserved genes and Ae. spel-

toides-specific genes can be important genetic resources for

wheat improvement.

METHODS

Plant materials and data collection

We selected 47 accessions from seven species worldwide to perform

exome capture sequencing. These included eight Ae. speltoides, six Ae.

bicornis, six Ae. searsii, six Ae. longissima, six Ae. sharonensis, five Ae.

mutica, and 10 T. dicoccoides accessions. We also selected six acces-

sions to perform whole-genome resequencing, including one each of

Ae. speltoides, Ae. bicornis, Ae. searsii, Ae. longissima, Ae. sharonensis,

and Ae. mutica. To further detect the genetic variation in B-lineage spe-

cies, we downloaded whole-genome resequencing data for six species

(Ae. tauschii, H. vulgare, T. aestivum, T. dicoccoides, T. dicoccum, and

T. urartu) from a public database (Supplemental Spreadsheet 1)

(Jayakodi et al., 2020; Zhou et al., 2020).

Sequencing and assembly of the Ae. speltoides genome

Fresh leaves of Ae. speltoides ssp. speltoides (Y2032) were collected and

used to extract genomic DNA with the Qiagen Genomic DNA Extraction

Kit according to standard operating procedures. A NanoDrop One UV-

VIS spectrophotometer (Thermo Fisher Scientific, USA) was used to

detect DNA purity, and a Qubit 3.0 fluorometer (Invitrogen, USA) was

used for accurate DNA quantification. After a sample passed the quality

inspection, large DNA fragments were collected using the BluePippin sys-

tem (Sage Science, USA). After DNA damage repair and end repair using

polishing enzymes, the A nucleotide was added to the 30 end. The library

was processed using a ligation sequencing kit (SQK-LSK109, Oxford

Nanopore) according to the manufacturer’s protocol, and the sample

was quantified using the Qubit 3.0 fluorometer. Sequencing of gDNA

long reads was performed on a MinION Nanopore sequencer (Oxford

Nanopore Technologies, UK). After data quality control, 30.46 million

Nanopore reads (�429.24 Gb of data) were obtained.

For Hi-C sequencing, nuclear DNA from fresh leaves of Ae. speltoides was

cross-linked, extracted, and digested with a restriction enzyme. The sticky

ends of the digested fragments were biotinylated, diluted, and randomly

ligated. Sequencing was performed on an Illumina HiSeq 4000 platform,

and fastp (version 0.12.6) (https://github.com/OpenGene/fastp) was used

for quality control. A total of 2.91 Gb of clean paired-end reads were gener-

ated. NextDenovo (https://github.com/Nextomics/NextDenovo) was used

with default parameters to correct the Nanopore reads. After initial assem-

bly, three rounds of iterative polishingwere performed usingNextPolishwith

default parameters.

To further anchor the contigs to chromosomes, the corrected assembly

was then subjected to redundancy elimination using Hi-C technology.

The sequence contigs of the genome assembly were clustered and ori-

ented into pseudochromosomes using LACHESIS (https://github.com/

shendurelab/LACHESIS) with the following parameters: cluster min re

sites = 100, cluster max link density = 2.5, cluster noninformative ratio =

1.4, order min n res in trunk = 60, and order min n res in shreds = 60.

The Hi-C contact heatmap was used to evaluate the orientation of the
mmunications 4, 100567, July 10 2023 ª 2023 The Author(s). 11
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contigs on the pseudochromosomes. The completeness and accuracy of

the assembled genome were evaluated with BUSCO version 3.0.2 (Em-

bryophyta dataset version odb9) to identify the presence of single-copy

genes in the assembled genome.

RNA sequencing and analysis

Ae. speltoides plants were grown in a growth chamber under conditions of

16 h light, 20�C/8 h dark, 18�C. The following fresh tissues were har-

vested: leaves and roots at the three-leaf stage; stamens, pistils, and

glumes before flowering; grains at 4, 10, 15, and 20 DAP; flag leaf and

stems under spikes at 10, 15, and 20 DAP; and young spikes with initiating

spikelet meristems (SMs) and initial FMs (Supplemental Spreadsheet 1).

Harvested tissues were immediately frozen in liquid nitrogen, and the

TRIzol method was used to extract RNA. RNA sequencing (RNA-seq)

libraries were constructed following the Illumina standard pipeline, and

150-bp paired-end sequencing was performed on each sample using

the Illumina NovaSeq platform. RNA-seq data were also generated from

seven hexaploid wheat Chinese Spring tissues at the same developmental

stages as Ae. speltoides, including leaf, root, FM, and grain tissues at 4,

10, 15, and 20 DAP (Supplemental Spreadsheet 1).

RNA-seq data were first processed for quality control using Trimmomatic

(version 3) (http://www.usadellab.org/cms/?page=trimmomatic) with the

following parameters: ILLUMINACLIP:1.adapter.list:2:30:10 LEADING:10

TRAILING:10 SLIDINGWINDOW:1:10 MINLEN:50. Then, FastQC (version

0.11.5) (https://bio.tools/FastQC) was used to evaluate read quality. Prin-

cipal-component analysis (PCA) (Supplemental Figure 13A) and

correlation analysis (Supplemental Figure 13B) of different samples

confirmed that the RNA-seq data were of high quality and could be

used for subsequent analysis. Pertea’s experimental procedure was

used to perform RNA-seq analysis (Pertea et al., 2016). HISAT2 (version

2.5.3a) (http://daehwankimlab.github.io/hisat2/) was used to map the

clean paired-end data to the reference genome, StringTie (version

1.3.3b) (https://ccb.jhu.edu/software/stringtie/) was used to assemble

transcripts with default parameters, and the Ballgown R package (version

2.26) (Frazee et al., 2015) was used to estimate gene expression levels as

fragments per kilobase of exon model per million mapped fragments

(FPKM).

Repetitive sequence annotation

A combination of homology-based and de novo strategies was used to

identify and annotate repetitive sequences in the Ae. speltoides

genome. For the homology-based approach, the Repbase TE library

(version 15.02) and the TE protein database (http://www.girinst.org/

repbase) were used to query the whole genome with RepeatMasker

(version 4.0.5) and RepeatProteinMask (http://www.repeatmasker.org/),

respectively. For the de novo approach, LTR_FINDER (version 1.0.7)

(https://github.com/xzhub/LTR_Finder), Piler (version 1.06) (http://www.

drive5.com/piler/), RepeatScout (version 1.0.5) (http://www.repeatmasker.

org/), and RepeatModeler (version 1.0.11) (http://www.repeatmasker.org/

RepeatModeler/) were used to construct a de novo repetitive sequence li-

brary. RepeatMasker was then used to search against the library. Tandem

repeat sequences were identified using Tandem Repeats Finder (TRF)

(version 4.09) (http://tandem.bu.edu/trf/trf.html).

Gene annotations

Protein-coding genes were annotated using a combination of three inde-

pendent approaches: homology-based, ab initio-based, and transcrip-

tome-based prediction. The sequences of homologous proteins from

four related plant genomes (Ae. tauschii, T. dicoccoides, T. durum, and

T. aestivum) were downloaded from the EnsemblPlants database. gen-

BlastA (https://anaconda.org/bioconda/genblasta) was used to compare

protein sequences encoded in the relatedgenomeswith thoseofAe. spel-

toides. GeneWise (version 2.42.0) (http://www.ebi.ac.uk/Tools/psa/

genewise/) was used to annotate the gene structures of corresponding

genomic regions by taking their orthologous genes as queries. For
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transcriptome-based predictions, RNA-seq data were mapped onto the

reference genome using TopHat (version 2.0.8) (https://ccb.jhu.edu/

software/tophat/index.shtml), and gene models were assembled with

Cufflinks (version 2.1.1) (http://cole-trapnell-lab.github.io/cufflinks/).

The RNA-seq data were also assembled using Trinity (version 2.4)

(https://bio.tools/trinity), and the assembled sequences were directly

mapped to the Ae. speltoides genome and reconstructed with PASA

(version 2.1.0) (https://github.com/PASApipeline/PASApipeline). This

gene set was denoted the PASA Trinity set (PASA-T-set) and used to train

ab initio gene prediction programs. Five ab initio programs were used

to predict coding regions in the repeat-masked genome: Augustus

(version 3.0.2) (https://bioinf.uni-greifswald.de/augustus/), GeneScan

v1.0 (http://hollywood.mit.edu/GENSCAN.html), GlimmerHMM (version

3.0.2) (https://ccb.jhu.edu/software/glimmerhmm/), GeneID (version

1.4) (https://genome.crg.es/software/geneid/), and SNAP (version 4.0)

(https://bio.tools/snap). The gene models generated by all methods

were integrated into a non-redundant set of gene structures usingEViden-

ceModeler (EVM) (version 1.1.1) (https://github.com/EVidenceModeler/

EVidenceModelerr).

Predicted genes were functionally annotated using two integrated protein

sequence databases, Swiss-Prot and Non-redundant (nr), by BLASTP

with an e-value of 1e�5. Domains of the protein-coding genes were iden-

tified by searching against the Pfam (version 27.0) (https://pfam.xfam.org/

) and InterPro (version 5.16) (https://www.ebi.ac.uk/interpro/) databases

using HMMER (version 3.1) (http://hmmer.org/) and InterProScan, respec-

tively. GO terms were assigned to the genes on the basis of the Pfam and

InterPro entries. KEGGpathways in which the genes participated were an-

notated using BLAST searches against the KEGG dataset with an e-value

cutoff of 1e�5.

tRNAs were predicted using tRNAscan-SE (http://lowelab.ucsc.edu/

tRNAscan-SE/). rRNAs were identified by performing a BLAST search

against rRNA sequences with an e-value of 1e�10. Infernal (version

1.1.1) (http://eddylab.org/infernal/) was used to identify miRNAs and

snRNAs by searching against the Rfam database (release 9.1) (https://

rfam.org).

Whole-genome resequencing

A total of six accessions of the six species were selected for whole-

genome resequencing (Supplemental Spreadsheet 1). Seeds of these

accessions were sown in a growth chamber under conditions of 16 h

light, 20�C/8 h dark, 18�C. A total of 4 mg of genomic DNA from each

accession at the three-leaf stage was fragmented into 300-bp fragments.

The fragmented DNA was size-selected for an average insert size of

300 bp using NucleoMag technology (Macherey-Nagel, Duren, Germany)

according to the manufacturer’s instructions. Barcode libraries were

constructed using the VAHTS Universal DNA Library Prep Kit. DNA was

end-repaired with an end-repair enzyme, a deoxyadenosine was added

to the 30 ends of the fragments, and the final libraries were sequenced

on the Illumina NovaSeq platform.

Whole-exome resequencing

We selected 47 accessions of seven species (Supplemental Spreadsheet

1) for whole-exome resequencing. A total of 2 mg of genomic DNA from

each accession at the three-leaf stage was fragmented into 250-bp frag-

ments, and the total fragmented DNA was subjected to size selection with

magnetic beads according to the manufacturer’s instructions. Pre-

libraries were constructed using the VAHTS Universal DNA Library Prep

Kit for Illumina NovaSeq. Selected DNA was end-repaired with an end-

repair enzyme, and a deoxyadenosine was added to the 30 ends of the

fragments. VAHTS DNA barcodes and VAHTS indexing adapters were

ligated to the sample libraries. Pre-capture amplification was performed

using the VAHTS protocol with 5 PCR cycles. Equal amounts of products

from six libraries were pooled to obtain a total of 2 mg of DNA for hybrid-

ization. Hybridization of sample libraries was performed at 47�C for �72
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h using the SeqCap EZ library (Roche/NimbleGen, Madison, WI) and

custom-designed exome capture probes (Tcuni Technologies, Chengdu,

China). The hybridized sequences were enriched using capture beads

from the SeqCap EZ pure capture bead kit, washed, and amplified by

ligation-mediated PCR. The quality of the captured libraries was assessed

using the Agilent 4200 TapeStation. qPCR was used to quantify the li-

braries, which were then sequenced on the Illumina NovaSeq platform

to obtain 150-bp paired-end reads.
FISH analysis

Seeds of Aegilops accessions were germinated in an incubator at 22�C–
23�C.When the rootsof seedlings reached2–3cm, theywereused forchro-

mosome preparation of mitotic metaphase by the air-drop method as

described by Lang et al. (2019). The sequential nondenaturing FISH (ND-

FISH) protocol using synthesized probes was described by Fu et al.

(2015). The sequences of Oligo probes Oligo-pSc119.2, Oligo-pTa71, and

Oligo-(GAA)7 were described by Tang et al. (2014) (Supplemental

Table 9). The Oligo probes were synthesized by Shanghai Invitrogen

Biotechnology (Shanghai, China). The synthetic Oligo probe sequences

were either 50-end-labeled with 6-carboxyfluorescein (6-FAM) of Oligo-

pSc119.2 for green signals or 6-carboxytetramethylrhodamine (Tamra) of

Oligo-pTa71 and Oligo-(GAA)7 for red signals. Image collection of the ND-

FISH signals was performed with a fluorescence microscope (BX53,

Olympus) equipped with a DP-80 charge-coupled device (CCD) camera.
Variant calling and coverage analysis

All sequenced reads from the materials were mapped to the IWGSC v1.0

B subgenome to obtain SNPs. Because the materials included diploid,

tetraploid, and hexaploid accessions, we first split the IWGSC RefSeq

v1.0 sequence into three subgenomes according to their genome compo-

nents, which were named BB, AABB, and AABBDD, respectively. BWA

(version 0.7.17) (http://bio-bwa.sourceforge.net/) was used to build an in-

dex of the three-type reference genome. Clean data from the diploid,

tetraploid, and hexaploid accessions were then mapped to the BB,

AABB, and AABBDD reference genomes with default parameters. The

alignment results were saved as SAM files, and SAMtools (version 1.9)

(http://www.htslib.org/) was used to calculate the average sequencing

depth of each BAM file. We used GATK (version 4.1.8) (McKenna et al.,

2010) to perform MarkDuplicates on the BAM files. The HaplotypeCaller

function of GATK was used to detect variants in each sample, and the

raw gVCF file was filtered using VCFtools (version 0.1.16) (http://

vcftools.sourceforge.net/) with the parameters –minDP 3 -max-missing

1. Finally, high-quality variant information was obtained for subsequent

analysis.

To explore the SNP variation frequency and coverage of the gene-coding

region, we first extracted the sequence of the gene-coding region from the

IWGSC RefSeq v1.0 annotation file. We selected homozygous variation

sites (0/0, 0|0) and non-homozygous variation sites (1/1, 1|1) to calculate

the SNP variation frequency. We calculated the coverage using the

following process: (1) homozygous variation frequency + non-

homozygous variation frequency; (2) gene variation frequency was calcu-

lated as non-homozygous frequency/(homozygous frequency + non-

homozygous frequency), and, if the coverage was 0 in the coding region,

the gene variation frequency was set to NA. To further reveal which genes

were similar to the IWGSC RefSeq v1.0 B subgenome according to the

gene variation frequency, we used the k-means clustering method of

the R package Pheatmap (version 1.0.12) (https://cran.r-project.org/

web/packages/pheatmap/) to cluster genes with similar variation

patterns and the R package factoextra (https://github.com/kassambara/

factoextra) to determine the most appropriate k value for the k-means

analysis. The distribution of genes of different groups throughout the chro-

mosomes was visualized using the R package RIdeogram (https://cran.

r-project.org/web/packages/RIdeogram/).
Plant Co
Calculation of nucleotide diversity (p) and fixation index (FST)

To explore the detailed population genetic diversity changes between the

Sitopsis species and the wheat B subgenome, we selected six Ae. bicor-

nis, six Ae. longissima, five Ae. mutica, six Ae. sharonensis, six Ae. searsii,

nine Ae. speltoides, and 15 T. aestivum BB genomes for calculation of p

and FST values. We calculated p and FST using VCFtools software with

a 10-kb window size. A mean FST value in a window less than 0 was set

to 0 when FST was calculated.

Phylogenetic tree construction and divergence time estimation

To reveal the phylogenetic relationships between the genera Aegilops and

Triticum, we constructed a phylogenetic tree of 13 species with barley as

the outgroup using 1 085 451 SNPs common to the 13 species. VCF2Dis

(version 1.44) (https://github.com/BGI-shenzhen/VCF2Dis) was used to

calculate the p-distance matrix of the species, Fastme (version 2.1.6.1)

(http://www.atgc-montpellier.fr/fastme/) was used to calculate the phylo-

genetic relationships based on the neighbor-joining method, and Interac-

tive Tree of Life (iTOL) (https://itol.embl.de/) was used to visualize the tree.

We constructed another phylogenetic tree using 4923 shared single-copy

gene families. Based on the gene-family alignment data, an ultrametric

time-scaled phylogenetic tree was constructed using the penalized likeli-

hoodmethod implemented in r8s (version 1.71) (http://loco.biosci.arizona.

edu/r8s/). The time calibrations were obtained based on the divergence

times of H. vulgare vs. Ae. tauschii (10.90 MYA) and Ae. tauschii vs.

T. urartu (3.56 MYA) from fossil records available at TimeTree (http://

timetree.org).

Identification of conserved chromosome regions between Ae.
speltoides and the wheat B subgenome

To reveal the conserved gene regions between Ae. speltoides and the

wheat B subgenome, 10 species were selected and used to calculate Ks

changes in gene-coding regions (Ae. sharonensis, Ae. longissima, Ae. bi-

cornis, Ae. searsii, Ae. tauschii, T. urartu, Ae. mutica, Ae. speltoides,

T. dicoccoides BB, and T. aestivum BB). First, SnpEff (version 4.3t)

(http://pcingola.github.io/SnpEff/) was used to annotate the gVCF file of

each accession. Thenmissense and synonymous variant sites of the anno-

tated VCF file were filtered, and a custom Python script (https://github.

com/MerrimanLab/selectionTools/blob/master/extrascripts/kaks.py)

was used to calculate theKs value of each accession at thewhole-genome

level. We then extracted the Ks values of the protein-coding genes of the

IWGSC RefSeq v1.0 B subgenome, and filtered genes with abnormal Ks

values (e.g., NA or higher than 0.1). A sliding window method of 50 genes

was used to show the distribution of Ks values with the Pheatmap R

package.

Gene-family cluster, expansion, and contraction analysis

The genome sequences of eight species (T. urartu,Ae. speltoides,Ae. tau-

schii, S. cereale, H. spontaneum, H. vulgare, T. dicoccoides, and

T. aestivum) were used for orthologous gene clustering. First, the nucleo-

tide and amino acid sequences were downloaded fromMBKBASE (http://

www.mbkbase.org/Tu) (Peng et al., 2020) and the Ensembl Plants

database (http://plants.ensembl.org). The tetraploid and hexaploid

wheat genomes were manually split into diploid subgenomes, i.e., A, B,

and/or D. Only the longest transcripts were reserved for subsequent

analysis. OGs across these species were inferred using OrthoFinder

(version 2.3.1) (https://github.com/davidemms/OrthoFinder) with default

settings. Computational Analysis of Gene Family Evolution (CAFÉ)

(version 4.0.1) (De Bie et al., 2006) was used to determine gene-family

expansion and contraction patterns, and a P value of 0.05 was used to

indicate a possible expansion or contraction event.

Species tree, expansion patterns, and expression profiles of
the HSP20 gene family

The HMM profile of the HSP20 domain (PF00011) was downloaded from

the Pfam database (http://pfam.sanger.ac.uk/). HMMER (version 3.1b2)
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was used to build the HMM profile and search against all proteins in the

genome with an e-value cutoff of 0.001. Multiple sequence alignments

were constructed using ClustalW (version 2.1) (http://www.clustal.org/)

with default parameters. A neighbor-joining tree was generated using

MEGA X with the following criteria: 1000 bootstrap replicates, 95% partial

deletion, and the Poisson correction model. The Gene Structure Display

Server (GSDS) (http://gsds.cbi.pku.edu.cn/) was used to infer the gene

structure of the HSP20 genes. Conserved domains were identified using

the SMART online tool (https://smart.embl.de/).

RT-qPCR of the HSP20 gene family

Ae. speltoides seeds were placed in an incubator for normal processing

under growth conditions of 16 h light, 20�C/8 h dark, 18�C. When plants

had grown to the trilobal stage, they were placed in a heat treatment incu-

bator under the following conditions: 16 h light, 40�C/8 h dark, 40�C. Six
seedlings were separately sampled at 0 h, 5 min, 0.5 h, 1 h, 6 h, and 12

h after application of heat stress. We selected three genes from

OG0272, OG0283, and OG2039 for RT-qPCR, which was performed as

described previously (Yang et al., 2021). The primer sequences used in

this research are listed in Supplemental Table 10.

Construction of conserved blocks in Triticum and Aegilops

Chromosome-level NUCmer (NUCleotide MUMer) alignments were per-

formed to construct conserved blocks. For all 13 (sub)genomes, the com-

plete chromosome set was divided into individual chromosomes, and

pairwise chromosome alignments were performed with the T. aestivum

A, B, and D subgenomes. Alignments were performed using the NUCmer

tool embedded inMUMmer (version 4.0) (https://mummer4.github.io). The

data were filtered with the option ‘‘-l 10 000’’ (minimum length of align-

ment, 10 000 bp). The chromosome distribution of the conserved blocks

was displayed using the RIdeogram R package.

Gene identity, genomic sequence identity, and Ka/Ks
calculations

A BLASTP search with an e-value cutoff of 1e�5 and max_target_seq of 1

was performed, taking the A, B, and D subgenomes as the reference

sequence. The distribution intervals were divided into 0–80, 80–90, 90–

95, 95–98, 98–99.5, and 99.5–100 according to the percentage sequence

identity. Nonsynonymous (Ka) and Ks substitution rates were calculated

using the Codeml program embedded in PAML (version 4.9e) (http://

abacus.gene.ucl.ac.uk/software/paml.html).

Identification of collinear gene pairs between Ae. speltoides
and the hexaploid wheat B subgenome

To identify collinear genes between Ae. speltoides and the wheat B sub-

genome, the Python version of MCscan (https://github.com/tanghaibao/

mcscan) was used to perform collinear gene pair analysis using the

parameter –minspan = 30 to detect collinear gene regions.

GO enrichment analysis

The GO enrichment analysis was performed using agriGO online software

(https://systemsbiology.cpolar.cn/agriGOv2/). The GO analysis was

based on Fisher’s exact test with a false discovery rate (FDR) correction

for multiple testing. We identified significantly enriched GO terms based

on a P value of less than 0.05.

Identification of specific genes of Ae. speltoides

To identify Ae. speltoides-specific genes, we used whole-genome

resequencing data from one Ae. bicornis, one Ae. longissima, one

Ae. mutica, one Ae. searsii, one Ae. sharonensis, one Ae. speltoides, three

Ae. tauschii, three T. urartu, three T. dicoccoides, three T. dicoccum, three

T. durum, and seven T. aestivum. Clean data from these materials were

mapped to the Ae. speltoides reference genome assembled in the current

study: HISAT2 software was used to build an index of the Ae. speltoides

reference genome, the clean readsweremapped to the reference genome

with default parameters, and the mapping information was stored in a
14 Plant Communications 4, 100567, July 10 2023 ª 2023 The Autho
BAM file. We removed unmapped reads and reads with MAPQ values

less than 20 using SAMtools (version 1.9) with the parameters -bF 4 -q

20. We calculated the coverage of each BAM file with high-confidence

genes using BEDtools (version 2.29.2) (https://bedtools.readthedocs.io/

en/latest/). The coverage of Ae. speltoides was taken as the standard

with which to identify Ae. speltoides-specific genes; that is, if the gene

coverage of other materials was lower than one-fifth that of the Ae. spel-

toides gene, this gene was considered to be an Ae. speltoides-specific

gene.

Calculation of TE variation frequency

To measure changes in SNP variation frequency in noncoding regions, we

calculated the variation frequency changes in TEs. TEs can be classified

into three types: (1) DNA transposons, including CACTA (DTC), Mutator

(DTM), Unclassified with TIRs (DTX), Harbinger (DTH), Mariner (DTT),

Unclassified class 2 (DXX), hAT (DTA), and Helitrons (DHH); (2) LTR retro-

transposons, including Gypsy (RLG), Copia (RLC), and Unclassified LTR-

RT (RLX); and (3) non-LTR retrotransposons, including LINE (RIX) and

SINE (SIX). The method for calculating SNP variation frequency in TEs

was similar to that used for gene variation. First, we calculated the average

values of each accession, and then we normalized the average values by

log2 transformation. The Pheatmap R package was used to perform hier-

archical clustering. We also extracted the TEs from the conserved block

regions to determine the extent of TE enrichment using the mean variation

frequency. Pheatmap was used to perform the hierarchical clustering and

visualize the results.

Construction of the nitrogen co-expression network

In this study, we identified several nitrogen metabolic and transport

pathways that indicated that Sitopsis species can provide nitrogen-

related genetic resources; we therefore aimed to discover nitrogen-related

genes by constructing a nitrogen co-expression network using theWGCNA

R package (version 1.70–3) (Langfelder and Horvath, 2008). We

used seven common RNA-seq tissues between Ae. speltoides and

wheat to perform the co-expression network analysis. Two previously

mentioned genes, OsTCP19 (TraesCS7B01G091900) and OsNRT1.1B

(TraesCS1B01G225000), were used to build the co-expression network,

andweight valuescalculatedby theWGCNAmethodwereused tomeasure

the degree of association between pairs of genes; higher-weighted values

indicate a higher degree of association between two genes. Cytoscape

(version 3.7.2) (https://cytoscape.org/) was used to visualize the nitrogen-

related co-expression network.
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