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ABSTRACT

Common wheat (Triticum aestivum, BBAADD) is a major staple food crop worldwide. The diploid progen-
itors of the A and D subgenomes have been unequivocally identified; that of B, however, remains ambig-
uous and controversial but is suspected to be related to species of Aegilops, section Sitopsis. Here, we
report the assembly of chromosome-level genome sequences of all five Sitopsis species, namely Aegilops
bicornis, Ae. longissima, Ae. searsii, Ae. sharonensis, and Ae. speltoides, as well as the partial assembly of
the Amblyopyrum muticum (synonym Aegilops mutica) genome for phylogenetic analysis. Our results
reveal that the donor of the common wheat B subgenome is a distinct, and most probably extinct, diploid
species that diverged from an ancestral progenitor of the B lineage to which the still extant Ae. speltoides
and Am. muticum belong. In addition, we identified interspecific genetic introgressions throughout the evo-
lution of the Triticum/Aegilops species complex. The five Sitopsis species have various assembled genome
sizes (4.11-5.89 Gb) with high proportions of repetitive sequences (85.99%-89.81%); nonetheless, they
retain high collinearity with other genomes or subgenomes of species in the Triticum/Aegilops complex.
Differences in genome size were primarily due to independent post-speciation amplification of transpo-
sons. We also identified a set of Sitopsis genes pertinent to important agronomic traits that can be
harnessed for wheat breeding. These newly assembled genome resources provide a new roadmap for
evolutionary and genetic studies of the Triticum/Aegilops complex, as well as for wheat improvement.
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INTRODUCTION Triticum turgidum (BBAA) and Aegilops tauschii (DD) fewer than
10 000 years ago (Feldman et al., 1995; Nesbitt and Samuel,
The genus Triticum, which is of paramount agriculturalimportance,  {99g). The diversification of the T. turgidum lineage was initiated
contains several domesticated wheats at different ploidy levels. after the domestication of cultivated emmer wheat (ssp.
The hexaploid common or bread wheat (Triticum aestivum, 2n = djcoccon) from wild emmer wheat (ssp. dicoccoides) (Nesbitt and
6x = 42, BBAADD) is the most widely grown and largest acreage  samuel, 1996; Feldman and Kislev, 2007; Matsuoka, 2011).
crop in the world, providing about 20% of the global calories and  Gyjtivated emmer wheat has undergone considerable varietal
protein in the human diet (Shewry and Hey, 2015). Common
wheat contains three closely related subgenomes (A, B, and D)
donated by distinct diploid species, which were reunited via a  pyplished by the Molecular Plant Shanghai Editorial Office in association with
recent allohexaploid speciation event between cultivated forms of Cell Press, an imprint of Elsevier Inc., on behalf of CSPB and CEMPS, CAS.
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diversification in the process of domestication, leading to the
establishment of durum (T. turgidum ssp. durum) and several
other minor tetraploid wheats (Feldman and Kislev, 2007; Luo
et al., 2007; Matsuoka, 2011). Wild emmer wheat itself was
formed via an earlier allotetraploidization event (<0.8 million years
ago, mya) between two wild diploid species of the Triticum/
Aegilops complex, which donated the A and B subgenomes,
respectively (Gornicki et al., 2014; Marcussen et al., 2014). The
second hexaploid wheat, Triticum zhukovskyi (GGA'A'A™A™), has
evolved through the hybridization of cultivated tetraploid
Timopheevi (Triticum timopheevii, GGA'AY) and diploid einkorn
(Triticum monococcum ssp. monococcum, ATA™) wheat (Gill and
Friebe, 2002). Cultivated Timopheevi wheat was domesticated
from its wild relative Triticum araraticum (GGA'AY), which is
believed to have arisen via allotetraploidization between Aegilops
speltoides (SS) and Triticum urartu (AA) <0.4 mya (Tsunewaki
et al., 1996; Gornicki et al., 2014). It has been established that the
A and D subgenomes of common wheat are derived from the
wild diploid wheat T. urartu (AA) and the goatgrass Ae. tauschii
(DD), respectively (Kihara, 1944; Dvorak, 1976). Likewise, the
three extant wild diploid Triticum/Aegilops species, T. urartu, Ae.
speltoides, and T. monococcum, have been proposed as the
respective donors of the three subgenomes (A, G, and A™) of
T. zhukovskyi (Wagenaar, 1966; Dvorak et al., 1993; Matsuoka,
2011). Although recent molecular marker-based phylogenetic ana-
lyses also suggested that the B subgenome of common wheat had
originated from some variant accessions or cryptic subspecies
within Ae. speltoides (Kilian et al., 2007), this conclusion was
incongruent with other aspects of previous studies, rendering the
origin of the common wheat B subgenome still unclear and
controversial.

The hypothesis that the polyploid wheat B subgenome originated
from a diploid Aegilops species of the section Sitopsis was pro-
posed in the 1950s. This inference was mainly based on the close
morphological similarity of the spikelet and karyotype structure be-
tween the polyploid wheats and the five Sitopsis species (Sarkar
and Stebbins, 1956; Riley et al., 1958). Yet, comparisons of
chromosome structure and meiotic pairing behavior revealed the
almost complete absence of homologous synapsis between the
polyploid wheat B subgenome and all Sitopsis species genomes
(Kimber and Athwal, 1972; Gill and Kimber, 1974; Ruban and
Badaeva, 2018). Molecular phylogeny and population genetic
inferences showed either high genetic similarity (Miki et al., 2019)
or the closest phylogenetic relationship (Huang et al., 2002;
Petersen et al., 2006; Kilian et al., 2007; Gornicki et al., 2014) of
Ae. speltoides (rather than the other Sitopsis species) to the
wheat B subgenome. Molecular and cytological evidence has led
to the monophyletic origin hypothesis purporting that the wheat B
subgenome evolved from Ae. speltoides or a closely related
species but was modified at the polyploid level (Sarkar and
Stebbins, 1956; Salse et al., 2008). An alternative hypothesis
holds that the origin of the modern wheat B subgenome or its
diploid progenitor was polyphyletic, shaped by hybridization or
introgression of diverse genomic sequences from different
Triticum/Aegilops species (Zohary and Feldman, 1962; Natarajan
and Sarma, 1974; El Baidouri et al., 2017). This scenario
appeared to be congruent with inferences from transcriptome-
based phylogeny and exome-based population genomics that re-
vealed frequent interspecific hybridizations in the species complex
(Glémin et al., 2019; He et al., 2019). However, genome-scale evi-
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dence supporting or refuting the monophyletic or polyphyletic
origin of the polyploid wheat B subgenome is lacking.

The reference genomes of both hexaploid common/semi-wild
wheats and tetraploid wild emmer/cultivated durum wheats, as
well as their diploid progenitors Ae. tauschii and T. urartu, have
been released in recent years (Appels et al.,, 2018; Avni et al.,
2017; Guo et al.,, 2020; Ling et al., 2018; Luo et al., 2017;
Maccaferri et al., 2019; Walkowiak et al., 2020), but a high-
quality whole-genome sequence of the diploid species related to
the B subgenome of polyploid wheat is not yet available. Here,
we report chromosome-level genome assemblies of all five diploid
species of Aegilops, section Sitopsis, i.e., Ae. bicornis, Ae. longis-
sima, Ae. searsii, Ae. sharonensis, and Ae. speltoides, as well as a
partial assembly of the Amblyopyrum muticum genome. The
reference-quality genome assemblies of these diploid species,
together with those available for polyploid wheat and the A and
D subgenome diploid progenitor species, provide a comprehen-
sive repository of genome resources for deeper evolutionary
studies of the Triticum/Aegilops species complex. Our results
also shed new light on the evolution of the B lineage, confirming
that Am. muticum is the present-day species that diverged earliest
from the most common recent ancestor of the B lineage (Glémin
et al., 2019) and supporting the notion that the donor of the
polyploid wheat B subgenome was a single, distinct, and most
probably extinct diploid species most closely related to the still
extant Ae. speltoides. Likewise, we also show that Ae.
speltoides is not the direct progenitor of the G subgenome of
the tetraploid wheat T. timopheevii. In addition, we show that the
novel genomic resources of the members of the Sitopsis section
can be mined to identify new genes and natural allele variants
that can be utilized to cope with the ever-increasing global de-
mand for wheat improvement.

RESULTS

Sequence assemblies and genome features

The identities of the five diploid Sitopsis species (2n = 2x = 14) of
Aegilops were confirmed by spike morphology and fluorescence
in situ hybridization (Supplemental Figure 1). The same multi-
generation-selfed individual (bagged) of each species was used
for genome sequencing and assembly. Sizes of the assembled
genomes of the five species ranged from 4.11 to 5.89 Gb,
broadly consistent with the values (4.60-6.22 Gb) estimated by
flow cytometry (Table 1). Notably, among the five species, Ae.
speltoides (4.11 Gb) has the smallest genome, which is close in
size to those of the common wheat D subgenome (3.95 Gb)
(Appels et al., 2018) and its donor Ae. tauschii (4.30 Gb) (Luo
et al., 2017). By contrast, the remaining four Sitopsis species,
Ae. bicornis (5.64 Gb), Ae. longissima (5.80 Gb), Ae. searsii
(5.34 Gb), and Ae. sharonensis (5.89 Gb), all have much larger
genomes similar to the polyploid wheat A (4.86-4.94 Gb) and B
subgenomes (5.11-5.18 Gb) (Appels et al., 2018; Avni et al.,
2017; Maccaferri et al., 2019) and to the genome of T. urartu
(4.94 Gb) (Ling et al., 2018).

To determine the origin of the variable genome content, we an-
notated both protein-coding genes and repetitive sequences
of the five Sitopsis species and compared them with ge-
nomes/subgenomes of the other relevant wheat species,
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Ae. Ae. Ae. Ae. Ae.
Assembly parameter bicornis longissima searsii sharonensis speltoides
Genome assembly Genome size® (Gb) 5.73 6.22 5.55 6.07 4.60
Total length of contigs (Gb) 5.64 5.80 5.34 5.89 4.11
GC content (%) 46.42 46.40 46.01 46.24 46.34
N50 length (contig) (Mb) 9.16 1.05 0.56 1.01 1.78
Repetitive sequence Retrotransposons (Gb) 3.82 415 3.55 4.21 2.94
DNA transposons (Gb) 0.94 0.89 1.03 0.91 0.52
Total (Gb) 4.86 5.11 4.64 5.19 3.54
Protein-coding genes Predicted protein-coding genes 61 354 63 326 62 804 61 849 61 084
High-confidence genes 40 222 37 201 37 995 38 440 37 607
Average transcript length (bp) 1484 1657 1554 1627 1622
Average coding sequence length (bp) 1193 1293 1290 1289 1319
Average exon length (bp) 325 358 329 351 348
Average intron length (bp) 507 527 860 818 834
Functionally annotated 37 082 36 539 37 489 37 798 37 301
BUSCO integrity (%) 97.99 94.03 92.92 93.19 93.75

Table 1. Statistics of genome features of the five Sitopsis species of Aegilops.

2Genome size was estimated by flow cytometry.

including Ae. tauschii and T. urartu, wild emmer, domesticated
durum, and common wheat (cv. Chinese Spring). Our gene
annotation predicted from 37 201 to 40 222 high-confidence
protein-coding genes in the five Sitopsis genome assemblies,
with >92.2% being functionally annotated in the GO/KEGG/
KOG/NR databases (Table 1). The average transcript lengths
in the Sitopsis genomes are 1193-1319 bp, comparable to
those of the three common wheat subgenomes (1310-
1351 bp) and Ae. tauschii (1144 bp) but longer than that of
T. urartu (998 bp)>>2°. In addition, our results show that
differences in genome size among the five Sitopsis species
are mainly attributable to the variable total length of
repetitive sequences (3.54-5.19 Gb, 86.13%-88.11% of
the total), including 2.94-4.21 Gb (66.48%-71.47%) of
retrotransposons and 0.52-1.08 Gb (12.54%-19.21%) of
DNA transposons (Table 1).

Distribution patterns of GC content, protein-coding genes, and re-
petitive sequences were assessed for the five Sitopsis species
and the common wheat B subgenome. Broadly consistent with
previously published genomes of wheat species, all five Sitopsis
species show higher gene density and lower GC content in distal
compared with proximal chromosomal regions (Figures 1A-1C). A
general genomic feature of the repetitive sequences of the five
species and the common wheat B subgenome is that copia-like
long terminal repeat (LTR) retrotransposons tend to cluster at
telomeric regions of all seven chromosomes (Figure 1D),
whereas a reverse distribution pattern is observed for gypsy-like
LTR retrotransposons (Figure 1E). It is notable that Ae.
speltoides shows a distinct distribution density of copia-like
retrotransposons and CACTA DNA transposons compared with
the common wheat B subgenome and the other four Sitopsis
species across all seven chromosomes (Figures 1D and 1F).
Nevertheless, estimates of the overall unique k-mer frequency
reveal similar densities of repetitive sequence between the five
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Sitopsis species and the wheat B subgenome (Figure 1G), and
these are far lower than those of the A and D subgenomes
detailed in a previous study (Wicker et al., 2018) (Kruskal-Wallis
test, p < 0.001). We also performed genome collinearity
analyses to assess differences in genome structure. Although
these Triticum/Aegilops species contain large proportions of
repetitive sequences and differ substantially in genome size,
they still retain highly collinear genomes (Supplemental
Figure 2). Notably, two previously identified species-specific
translocation events, 4A/5A/7B in tetraploid/hexaploid wheat
(Dvorak et al., 2018) and 7S'/4S' translocation in Ae. longissima
(Ankori and Zohary, 1962; Ruban and Badaeva, 2018; Chen
et al., 2020), were confirmed in our genome collinearity
analyses, corroborating the quality of our genome assembilies.

Molecular phylogeny, divergence time, and genetic
similarity

Phylogenetic relationships of the five Sitopsis and other Triticum/
Aegilops species were reconstructed based on single-copy orthol-
ogous gene, reduced representative genomic region (RRGR), and
whole-genome single-nucleotide polymorphism (SNP) datasets.
In line with previously inferred phylogenies (Marcussen et al.,
2014; Glémin et al., 2019), the diploid species and polyploid
wheat subgenomes fall into three independent clades
corresponding to the A, B, and D lineages. Ae. speltoides is
clustered with the polyploid wheat B subgenome (B lineage), and
the remaining four Sitopsis species are grouped with the
common wheat D subgenome (D lineage) and its diploid donor,
Ae. tauschii (D lineage) (Figure 2A and Supplemental Figure 3).

Next, we estimated the time at which the Triticum/Aegilops spe-
cies diverged from each other based on the same datasets. A
genome-wide average was calculated: overall, Ae. speltoides
diverged from the wheat B-subgenome donor ca. 4.44 mya
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Figure 1. Structural, functional, and syntenic landscape of the five Sitopsis species and the common wheat B subgenome.

The lanes of the circular diagram from outside to inside are (A) species and chromosome names, with tick marks placed in 100-Mb intervals; (B) per-
centage of GC content (min 42.5% and max 48.4%); (C) density of high-confidence genes (count/Mb; min 1 and max 21); (D) copia-like retrotransposon
density (min 8.3% and max 27.6%); (E) gypsy-like retrotransposon density (min 14.9% and max 63.7%); (F) CACTA DNA transposon density (min 5.0%
and max 21.4%); and (G) distribution of unique 20-mer frequencies across physical chromosomes (count/Mb; min 4 and max 144). The color of the links is
blue between homologous chromosomes and orange in cases of large translocations. Abic, Ae. bicornis; Alon, Ae. longissima; Asea, Ae. searsii; Asha, Ae.
sharonensis; Aspe, Ae. speltoides; Taeb, B subgenome of common wheat (Chinese Spring cultivar, IWGSC reference sequence v1.0).

(95% highest posterior density [HPD] 4.26-4.62 mya) (Figure 2A).
By contrast, the common wheat A and D subgenomes diverged
from their respective diploid progenitors at much later times: A
subgenome versus T. urartu, 1.15 mya, 95% HPD 1.10-1.19
mya; D subgenome versus Ae. tauschii, <0.68 mya. Given that
wild emmer wheat formed no earlier, and probably much later,
than 0.80 mya (Marcussen et al., 2014), our results rule out the
possibility that Ae. speltoides is the direct donor of the polyploid
wheat B subgenome. Of the five D-lineage species, our
estimates suggest that Ae. tauschii evolved independently
around 5.23 mya (95% HPD 5.02-5.44 mya), probably soon
after the homoploid hybridization event(s) between the ancient
A and B lineages (~5.50 mya) (Marcussen et al., 2014). The four
Sitopsis species, Ae. bicornis, Ae. longissima, Ae. searsii, and
Ae. sharonensis, diversified more recently from a common

ancestor, <3.61 mya (95% HPD 3.47-3.76 mya). In parallel, we
also calculated the divergence times between the seven diploid
species and the wheat B subgenome along each of the seven
chromosomes (Supplemental Figure 4). We found that Ae.
speltoides showed later divergence time in centromeric regions
than in telomeric regions from the B subgenome. Likewise, the
five modern D-lineage species (Ae. bicornis, Ae. longissima, Ae.
searsii, Ae. sharonensis, and Ae. tauschii) also showed variable
divergence times along the chromosome lengths. In particular,
the four D-lineage Sitopsis species (Ae. bicornis, Ae. longissima,
Ae. searsii, and Ae. sharonensis) possessed apparently later
divergence times from the wheat B subgenome than did Ae.
speltoides in several subtelomeric regions (i.e., chromosomes 2
and 7). Nonetheless, all seven diploid species showed earlier
divergence times from the wheat B subgenome (>1.00 mya)
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Figure 2. Phylogenetic relationships, divergence times, and genetic similarities of the Triticum/Aegilops species complex.

(A) Maximum likelihood tree and divergence times of the Triticum/Aegilops species complex based on single-copy orthologous genes. The green, purple,
and orange branches represent the A, B, and D lineages, respectively. Black branches represent the common ancestor of Triticum/Aegilops species and
outgroup species. The column “95% HPD” contains the 95% highest posterior density of divergence time for each of these representative nodes.

(B) Synonymous mutation rate (Ks), genetic relatedness, and genetic distance between the common wheat B subgenome and the other diploid species
and polyploid wheat subgenomes based on collinear genes and reduced representative genomic regions. Green, purple, and orange indicate com-
parisons obtained from the A, B, and D lineages. Numbers on the x axis are the values of genetic similarity. Red dashed line indicates the median

value between Ae. speltoides and the common wheat B subgenome.

(C) Distribution of genetic relatedness between the five Sitopsis species and the common wheat B subgenome, as well as between the common wheat
A and D subgenomes and their diploid donors (T. urartu and Ae. tauschii) along the seven chromosomes of the common wheat B subgenome (IWGSC
reference sequence v1.0) based on reduced representative genomic regions. The centromere of each chromosome is highlighted in purple. Numbers on
the y axis are the values of genetic relatedness. Coordinates of each chromosome are shown on the x axis. Note that four Sitopsis species (Ae. bicornis,
Ae. searsii, Ae. longissima, and Ae. sharonensis) are almost equally divergent from the B subgenome of common wheat and therefore show similar/

overlapping patterns.

than the speciation time of wild emmer wheat (<0.80 mya) across
all seven chromosomes, indicating that none of the five Sitopsis
species is a direct progenitor of the B subgenome of polyploid
wheats.

Taking advantage of a recently assembled common wheat cultivar
(LongReach Lancer) with more than half of its chromosome 2B (ca.
450 Mb of a total length of ~800 Mb) substituted by the
T. timopheevii G subgenome (Walkowiak et al., 2020), together
with our assembled sequence contigs of Am. muticum (B lineage)
(Supplemental Dataset 1), we constructed a separate phylogeny
based on 285 RRGRs within this chromosomal segment from all
pertinent diploid Triticum/Aegilops species and polyploid wheat
subgenomes (Supplemental Figure 5A). Overall, we found that
the segment-based inferences were highly consistent with the
whole-genome molecular phylogenies and divergence times in-
ferred above (Figure 2A and Supplemental Figure 3) and in

492 Molecular Plant 15, 488-503, March 7 2022 © 2022 The Author.

previous studies (Marcussen et al., 2014; Glémin et al., 2019). For
example, Am. muticum belongs to the B lineage and diverged
from Ae. speltoides and the B subgenome at a more ancient time
(6.35 mya, 95% HPD 5.89-6.80 mya), confirming that Am.
muticum can definitely be considered the extant representative
most directly related to the B-lineage ancestor (Glémin et al,,
2019). Notably, Ae. speltoides diverged from the T. timopheevii G
subgenome ca. 2.93 mya (95% HPD 2.57-3.30 mya), i.e., after its
divergence from the B-subgenome progenitor (ca. 4.44 mya).
This makes the donor of the G subgenome substantially older
than the estimated allotetraploidization time (<0.4 mya) leading to
the speciation of T. araraticum, the wild progenitor of
T. timopheevii (Gornicki et al., 2014). From this analysis, it is clear
that Ae. speltoides is also not the direct donor of the G
subgenome of T. timopheevii, although it is more closely related
to the G subgenome than to the B subgenome. This is consistent
with earlier reports showing that Ae. speltoides shares nearly
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identical cytoplasmic genomes with T. timopheevii (donated by the
G-subgenome progenitor) but not with T. turgidum and T. aestivum
(donated by the B-subgenome progenitor) (Ogihara and
Tsunewaki, 1988). Similar relationships were also seen in gel
blotting patterns revealed by repeated nuclear sequence probes
(Dvorak and Zhang, 1990).

To gain further insight into the genome-wide genetic similarities of
these Triticum/Aegilops species, we calculated genetic related-
ness, genetic distance, and synonymous (ds) and nonsynony-
mous (dn) substitution rates based on collinear genes, single-
copy orthologous genes, and RRGRs. In accordance with the
divergence times detailed above, the wheat B subgenome is high-
ly divergent from all the extant diploid Triticum/Aegilops
species and is most closely related to Ae. speltoides (Figure 2B
and Supplemental Figure 6). It is notable that the polyploid
wheat A and D subgenomes display high genetic similarity to
their respective diploid donors, T. urartu and Ae. tauschii, across
almost the entire length of each of the seven chromosomes
(Figure 2C). However, Ae. speltoides shows higher genetic
similarity to the wheat B subgenome in centromeric regions than
in telomeric regions (Figure 2C), mirroring the pattern of
divergence time detailed above (see Supplemental Figure 4).
This grossly bipartite divergence pattern was also observed in
comparisons of the three recently split B-lineage species/
subgenomes (Ae. speltoides and the B and G subgenomes)
(Supplemental Figure 5B). By contrast, Am. muticum (B lineage)
and other Sitopsis species (D lineage) show relatively lower
genetic similarities to the wheat B subgenome (Figure 2C and
Supplemental Figure 5B). Together, these genomic features
suggest that (i) the ancestral B lineage should have contained at
least four distinct diploid species, namely Ae. speltoides, Am.
muticum, and the progenitors of the hexaploid common wheat B
subgenome and the Timopheevii wheat G subgenome; (i) the B
subgenome is of monophyletic origin, i.e., from a single distinct
diploid species, now extinct or yet to be discovered, that is
phylogenetically most close to the extant Ae. speltoides; and (iii)
it is possible that the diploid progenitor of the B subgenome
may have experienced genetic introgression with other Aegilops
species before its hybridization with T. urartu leading to the
establishment of polyploid wheat, as detailed in later sections.

Heterogeneous variation pattern and genetic
introgression

It has been proposed that interspecific hybridization occurred
frequently in many of the Triticum/Aegilops species at
various evolutionary stages (El Baidouri et al., 2017; Glémin et al.,
2019; Huynh et al.,, 2019; Bernhardt et al.,, 2020). We
therefore investigated whether hybridization/introgression also
occurred and, if so, to what extent it had shaped the genomes of
the five Sitopsis species. We found that the phylogenetic
relationship between the B-lineage Ae. speltoides and the
polyploid wheat B subgenome varied in 260 (11.3%) of the 2318
representative genomic regions, especially at the recombination-
active distal chromosome regions (Supplemental Figure 7).
Likewise, the five D-lineage species (including the remaining four
Sitopsis species) also showed distinct phylogenetic topologies,
but in a higher ratio than the B lineage, namely in >26.2% of the
total genomic regions (Supplemental Figure 7). The observed
heterogeneous patterns along all seven chromosomes suggest
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the possibility of either incomplete lineage sorting or genetic
introgression between the five Sitopsis species and their
relatives. Yet, the B-lineage donor of the ancestral homoploid
hybridization speciation remains controversial (Jiang et al., 2020),
and both Ae. speltoides and Am. muticum have been proposed
as the parental donor of the D lineage (Marcussen et al., 2014;
Glémin et al., 2019; Huynh et al., 2019; Bernhardt et al., 2020).
Our estimates based on the D statistic, fd, hybrid index (y), and
%2 goodness of fit test confirmed the homoploid hybridization
origin of the D lineage between the ancestral A and B lineages
(Figures 3A and 3B and Supplemental Figure 8).

Previous cytogenetic studies showed that karyotypes of the four
Sitopsis species (D lineage) are more similar to that of Ae. spel-
toides (B lineage) than to that of Ae. tauschii (D lineage) (Kihara,
1954). This observation was also supported by transcriptome-
based phylogenetic inference that genetic introgression probably
occurred from Ae. speltoides to the common ancestor of D-line-
age Sitopsis species after its separation from Ae. tauschii (Glémin
et al.,, 2019). We propose a different scenario in which the
introgression event was more likely to have occurred from the
last common ancestor of Ae. speltoides and the diploid donor
of the wheat B subgenome (earlier than 4.44 mya) to the four D-
lineage Sitopsis species (Figure 3B). This scenario of ancestral
genetic introgression is also confirmed by the distribution
pattern of introgressed sites (i sites) (Supplemental Figure 9A).
For example, all four D-lineage Sitopsis species possess
moderate i sites with both Ae. speltoides and the common
wheat B subgenome (1.44% of the total SNPs) (putatively
derived from their last common ancestor). However, fewer i
sites were identified between the four D-lineage Sitopsis
species and each of the two B-lineage species (0.90% and
1.04%) and the putative A-lineage donor T. urartu (1.31%). By
contrast, the same D-lineage species Ae. tauschii harbors
similar proportions of i sites with Ae. speltoides (0.26%), the B
subgenome (0.26%), and the most recent common ancestor of
the two species (0.30%), all of which are markedly lower than
the proportion of i sites with the A-lineage T. urartu (0.89%). In
line with these observations, allele frequency-based inference
of migration also confirmed the ancestral genetic introgression
from the B to the D lineage (Supplemental Figure 10). In
particular, we identified several genomic regions that show high
genetic similarity between the D-lineage Sitopsis species and
either Ae. speltoides or the common wheat B subgenome
(Supplemental Figures 11 and 12), suggesting the possibility of
genetic introgressions between the B and the D lineage. These
features together may explain why the four D-lineage Sitopsis
species have higher genetic similarity to the wheat B
subgenome in some genomic regions than to their otherwise
phylogenetically closer relative, Ae. tauschii. It is notable that
previous studies have proposed some additional post-ancestral
homoploid hybridization genetic introgressions among the A-,
B-, and D-lineage species (El Baidouri et al., 2017; Glémin
et al., 2019; Huynh et al., 2019; Bernhardt et al., 2020). Broadly
consistent with these studies, our integrated analyses also
identified genetic introgressions from the D to the B lineage,
i.e., moderate genetic introgression from Ae. tauschii (D
lineage) to Am. muticum (B lineage) (Supplemental Figure 10).

Among the four D-lineage Sitopsis species, Waines and Johnson
(Waines and Johnson, 1972) proposed that Ae. sharonensis was
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Figure 3. Estimates of genetic introgression in the Triticum/Aegilops species complex.

(A) Three typical incongruent types between the species tree and the gene tree based on reduced representative genomic regions. From top to bottom:
homoploid hybridization, genetic introgression, and incomplete lineage sorting (ILS). The three incongruent types are distinguished by the numbers of
each tree topology. Significance is determined by the 2 test with *p < 0.001. In the homoploid hybridization type, numbers of both of the “major” to-
pologies (major1 and major2, 2 > Nmajort/Nmajor1 > 1/2) are significantly higher than that of the “minor” topology. In the genetic introgression type, the
number of the major topology is significantly higher than that of the “medium” topology. Likewise, the medium topology is also significantly higher than
the minor topology. In the ILS type, numbers of both of the minor topologies (minor1 and minor2) are less than that of the major topology, but this dif-
ference is not statistically significant.

(B) Examples of the three incongruent types identified in the Triticum/Aegilops species complex, including homoploid hybridization between ancestral
A and B lineages (orange), genetic introgressions from the B lineage (ancestor of Ae. speltoides and the B subgenome) to the ancestor of the four D-
lineage Sitopsis species (red), ILS between the B and D lineages (blue), and ILS among the four D-lineage Sitopsis species (blue). In the hybridization
model, A, B, and DS represent the A-, B-, and D-lineage species (see Figure 2A), respectively. In the introgression model, S, D, and B indicate the D-
lineage Sitopsis species, Ae. tauschii, and the B lineage (either polyploid wheat B subgenome or Ae. speltoides), respectively. In the ILS model, DS
indicates the four D-lineage Sitopsis species and Ae. tauschii. Percentages of these trees are shown below the tree topology. Colors in the bar plot
represent the five D-lineage species.

(C) Evolutionary scenario of the Triticum/Aegilops species complex based on the integrated estimates of genetic introgression. The numbers @ and @
indicate the ancestral homoploid hybridization between the A and B lineages and the B- to D-lineage ancestral genetic introgression event, respectively.
The remaining three numbers (®, @, and ®) represent the allopolyploidization events that formed tetraploid T. turgidum ssp. dicoccoides, tetraploid
T. araraticum, and hexaploid T. aestivum. The A, B, and D lineages are marked as green, purple and orange, respectively.

likely to be a hybrid between Ae. longissima and Ae. bicornis based above-identified genetic introgressions have shaped the

on morphology and cytogenetic analyses. Our estimates,
however, did not find evidence of this possibility. The observed
heterogeneous pattern was more likely due to the incomplete
sorting of ancestral polymorphisms (Figure 3B). In line with this
conclusion, we found that Ae. sharonensis not only possesses a
high proportion of species-specific SNPs (8.80% of the total
SNPs) but also shares a low proportion of species-shared SNPs
with Ae. bicornis (1.27%) (Supplemental Figure 9B). It is notable
that all the extant D-lineage species were probably established
through a single ancestral homoploid hybridization event, as
reported by Marcussen et al. (Marcussen et al., 2014) and
modified by Glémin et al. (2019). We therefore asked how the
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genomes of the five extant D-lineage species (including the four
Sitopsis species). By comparing the distribution patterns of A-
and B-lineage-specific SNPs, we found that genomic regions
containing more A-lineage-specific SNPs (A dominant) are
clustered at the recombination-inert proximal regions across all
seven chromosomes (Supplemental Figure 13). By contrast,
species-specific SNPs identified in either Ae. speltoides (B lineage)
or the common wheat B subgenome (B lineage) were distributed
mainly at the recombination-active distal chromosomal regions.
In particular, the Sitopsis species (excluding Ae. speltoides) harbor
more B-lineage species-specific SNPs compared with Ae. tauschii
(D lineage), confirming the above-identified B-lineage to D-lineage
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Figure 4. Evolutionary dynamics and insertion times of transposable elements in the Triticum/Aegilops species complex.

(A) Heatmap of the lengths of the 85 transposable element (TE) subfamilies in the diploid species and polyploid wheat subgenomes. Scale bar at the top
left corner denotes the length of each TE subfamily.

(B) Intersection analysis of the TE subfamilies that are expanded specifically in the B (purple, 20 subfamilies) and D lineages (orange, 19 subfamilies), as
well as those shared between the two lineages (red, 10 subfamilies). Total length of these expanded TE subfamilies is shown in each section. The
characters S’ and B indicate the four D-lineage Sitopsis species and the common wheat B subgenome, respectively. Black arrows after S’ and B indicate
the increased genome size in these genomes compared with their close relatives. The expanded TE subfamilies are listed on the right.

(C) Insertion times of full-length long terminal repeat (FL-LTR) retrotransposons in the diploid species and polyploid wheat subgenomes. Green, purple, and
orange represent the A, B, and D lineages, respectively. The vertical line represents the inferred time of the tetraploidization speciation event (~0.8 mya).
(D and E) Proportions of the FL-LTR retrotransposons transposons in the diploid species and polyploid wheat subgenomes after (D) and before (E) the
tetraploidization speciation event (~0.8 mya). Light green, orange, and blue indicate the copia-like, gypsy-like, and unknown retrotransposons,

respectively.

introgression in the Sitopsis species. Together, our genome-scale
estimates revealed frequent post-ancestral homoploid hybridiza-
tion introgressions among the Triticum/Aegilops species
(Figure 3C), which may have shaped the genomes of extant
Sitopsis species.

Post-speciation amplification of transposable elements

The genomic features detailed above revealed differences in
genome content between the five Sitopsis species and their close
relatives (see Figure 1 and Table 1). We therefore assessed
whether the differences in genome content are due to genetic
introgressions (see Figure 3) or independent expansion/
contraction of transposable elements (TEs). At the overall level,
our analyses reveal that 2.73-3.95 Gb (77.6%-81.2%) of the
genome components of these Triticum/Aegilops species are
composed of the gypsy-like, copia-like, and CACTA TE families
(Supplemental Figures 14A and 14B). About 0.97 Gb (90.4%) of
the genome size difference between the polyploid wheat B
subgenome and Ae. speltoides can be attributed to the high

copy numbers of gypsy-like and CACTA TEs in the B subgenome
(Supplemental Figure 14C). In the D lineage, compared with Ae.
tauschii, all three types of TEs (gypsy-like, copia-like, and
CACTA) show higher copy abundance in the two earlier
established species, Ae. bicornis (1.12 Gb, accounting for 84.2%
of the genome size difference) and Ae. searsii (1.00 Gb, 89.8% of
the difference). By contrast, only gypsy-like and copia-like TEs
exhibit high copy numbers in the two more recently established
Sitopsis species, Ae. longissima (1.47 Gb, 93.6% of the
difference) and Ae. sharonensis (1.54 Gb, 92.3% of the difference).

To examine whether specific repetitive sequences have contrib-
uted to the differences in genome content, we further character-
ized 85 retrotransposon and transposon subfamilies that are
responsible for >90.0% of the genome size differences among
the Triticum/Aegilops species (Figure 4A). In line with the above
results, the differential abundance of two gypsy-like subfamilies
(RLG_famc3.1 and RLG_famc3.4) accounts for about 10.7% of
the genome size differences between the polyploid wheat B
subgenome and Ae. speltoides (Figure 4A). Likewise, different

Molecular Plant 15, 488-503, March 7 2022 © 2022 The Author. 495



Molecular Plant

copy numbers of 29 subfamilies are responsible for the different
genome contents among the five D-lineage species.
Intersection analysis showed that the 20 and 19 lineage-
specific retrotransposon and transposon subfamilies contributed
to 625.8 Mb (58.5% of B lineage) and 479.4-1027.4 Mb (43.0%—
63.0% of D lineage) of the genome size differences in the B- and
D-lineage species, respectively (Figure 4B and Supplemental
Table 1). By contrast, seven subfamilies that were shared
between the B and the D lineages account for 383.2 Mb (35.8%
of B lineage) and 466.7-502.8 Mb (29.5%-42.0% of D lineage)
of the differences in genome contents. This result suggests that
genome size differences within the B and D lineages are
primarily due to distinct proportions of specific TE subfamilies.

We next estimated the burst time of retrotransposons to reex-
amine whether they were expanded or contracted independently
in the B and D lineages. If the retrotransposons expanded in the
B and D lineages were directly derived from the above-identified
interspecific genetic introgressions (detailed in Figure 3B), we
would expect to identify a pre-introgression (>4.44 mya) burst of
retrotransposons in the two lineages. However, our estimates
identified relatively recent retrotransposon amplifications (<3.00
mya) in all the diploid species and polyploid wheat subgenomes
(Figure 4C). It is notable that both the A and the B subgenome of
the three polyploid wheats (emmer, durum, and common) have
experienced a common recent retrotransposon expansion (~0.5
mya), most likely after the allotetraploidization event ca. 0.8
mya. Consistent with this inference, their diploid donors
(T. urartu and Ae. tauschii) and the five Sitopsis species do not
share this recent retrotransposon burst. We then compared the
insertion times of these retrotransposon families relative to the
allotetraploidization event (0.8 mya). In the B lineage, about
55.6%-55.7% of the earlier expanded retrotransposons (>0.8
mya) in the polyploid wheat B subgenome can be attributed
to gypsy-like retrotransposons (Figures 4D and 4E and
Supplemental Table 2). However, Ae. speltoides possesses
more recently (<0.8 mya) amplified copia-like retrotransposons
(67.0% of the total) compared with the polyploid wheat B
subgenome (40.5%-41.2%). This may explain why Ae.
speltoides shows a distinct distribution density of copia-like
retrotransposons compared with the B subgenome and the
other Sitopsis species (see Figure 1). In the D lineage, the copia-
like families are responsible for 52.6%-59.8% of the recently
amplified retrotransposons (<0.8 mya) in the four Sitopsis
species (Figures 4D and 4E and Supplemental Table 2). By
contrast, only 37.8%-45.1% of the recently expanded
retrotransposons come from copia-like families in the polyploid
wheat D subgenome and its donor Ae. tauschii, supporting the
distinct evolutionary histories of the five modern D-lineage
species observed above. In the A lineage, slightly lower
proportions of recently expanded copia-like families were
identified in the polyploid wheat A subgenome (31.2%-31.9%)
compared with their diploid donor T. urartu (34.6%). We also
estimated the insertion times for the expansion of the above-
identified TE subfamilies in the seven diploid species and the
wheat B subgenome. All these TE subfamilies possess insertion
times <3.00 mya (Supplemental Figure 15), later than the
ancestral B- to D-lineage introgression (4.49 mya) (detailed in
Figure 2A). In particular, all four D-lineage Sitopsis species show
distinct expansion patterns of these TE subfamilies compared
with Ae. speltoides and the B subgenome, even for those that
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are expanded in both the B and the D lineages (Supplemental
Figure 15). As these retrotransposon and transposon
subfamilies are responsible for >90% of the genome size
differences, this result suggests that the increased genome
content in D-lineage Sitopsis species compared with Ae.
tauschii is more likely to be due to post-speciation expansions/
contractions of a few specific active TEs rather than to direct B-
to D-lineage genetic introgression.

Pan-genomic analyses of the Triticum/Aegilops species

Pan-genomic analyses of the Triticum/Aegilops species were per-
formed based on protein-coding genes and genome structural
variations (SVs). In 49 384 gene families among the Triticum/Aegi-
lops species, the five Sitopsis species contain 23 805-25 042
gene families, 12 197 (48.2%-51.2%) of which are shared among
all species, probably representing the core gene set of the Triti-
cum/Aegilops species complex (Figure 5A). In addition, a total
of 20 086 (40.7%) dispensable and 17 101 (34.6%) species-
specific gene families were also identified from these Triticum/Ae-
gilops species. In these orthologous gene families, from 399
(1.00%) to 967 (2.40%) species-specific genes and from 1373
(4.50%) to 1788 (4.70%) specifically expanded genes were iden-
tified in the five Sitopsis species (Figure 5A). Functional analyses
of the Sitopsis-specific and expanded genes revealed significant
enrichment in basic cellular activities, including DNA recombina-
tion, DNA integration, and metabolic processes (Figure 5B and
Supplemental Table 3). Based on the same protein-coding gene
set, we characterized evolutionarily conserved genomic regions
by identifying shared syntenic orthologous genes in the Triti-
cum/Aegilops species. Our results revealed that centromeric re-
gions of all seven chromosomes possess very few core putative
protogenes (present in all diploid species and polyploid wheat
subgenomes) (Supplemental Figure 16). This pattern can be
explained by either the uneven distribution of protein-coding
genes along the chromosomes or a low level of genetic conserva-
tion of centromeric regions in the Triticum/Aegilops species
(Brinton et al., 2020; Hao et al., 2020). In addition, we identified
several large genomic regions that are not evolutionarily
conserved in the B and D lineages. For example, two large
nonconserved genomic regions near the telomere of
chromosome 2 are potentially correlated with the evolutionary
divergence between the five Sitopsis species and their close
relatives, the wheat B subgenome (B lineage), and Ae. tauschii
(D lineage) (Supplemental Figures 16C and 16E).

Pan-genomic analyses were also performed with the genome-
wide SVs characterized from the seven diploid Triticum/Aegilops
species based on the corrected Nanopore long reads. We identi-
fied from 37 039 to 37 721 genomic SVs in the five Sitopsis spe-
cies, 18 153 of which are shared by the two diploid species, Ae.
tauschii (DD) and T. urartu (AA) (Supplemental Figure 17A).
Of these shared SVs, 16 337 monomorphic SVs that are fixed
in the seven diploid species compared with the polyploid wheat
B subgenome were excluded, leaving 1816 polymorphic
insertions/deletions in the genome-scale SV dataset. Further an-
alyses of the 1816 polymorphic SVs showed that, although these
SVs were scattered randomly along the seven chromosomes
(Supplemental Figure 18), the seven diploid species possessed
5 to 120 species-specific SVs (Figure 5C and Supplemental
Figures 17B and 17C). For example, although Ae. speltoides is
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Figure 5. Pan-genomic analyses of the Triticum/Aegilops species complex based on protein-coding genes and genome structural

variations.

(A) Intersection analysis of the protein-coding genes in the Triticum/Aegilops species. Light green, orange, and blue are the core, dispensable, and
species-specific gene families in the Triticum/Aegilops species complex. SS expansion gene families (170, 0.3% of the total) are defined as expanded
specifically in the five Sitopsis species compared with the rest of the Triticum/Aegilops species/subgenomes according to the phylANOVA test. Numbers
in the top-corner table indicate the gene numbers of Sitopsis-specific and SS expansion family groups.

(B) Functional enrichment analysis of the SS expansion genes in the Sitopsis species.

(C) Heatmap of the distribution of genome structural variations in the seven diploid species compared with the common wheat B subgenome. Orange,
blue, and white represent deletion, insertion, and identity relative to the common wheat B subgenome.

(D) Functional annotations of the structural variation-related genes in the five Sitopsis species. The full list of GO terms is shown in Supplemental Table 5.

phylogenetically close to the B subgenome, it still carries 120
(6.61% of the total polymorphic SVs) species-specific SVs
compared with the B subgenome and all the other diploid spe-
cies. Compared with the above Sitopsis-specific and expanded
genes that are mainly involved in basic cellular activities, the
SV-associated genes identified in the five Sitopsis species are
correlated with several important phenotypes, such as photo-
morphogenesis and meristem and flower development, and
genome functions, such as DNA methylation, chromatin
silencing, and topology (Figure 5D and Supplemental Table 4).

The Sitopsis genomic resource

The Aegilops species represent secondary gene and germplasm
resources for wheat genetic improvement (Feldman and Levy,
2015). We therefore examined whether the five Sitopsis species
contain homoeologous genes related to agronomic and
pathogen-resistant traits of durum and common wheat. Our
genome-wide screening of the functional nucleotide-binding site
and leucine-rich repeat (NBS-LRR) domains identified a total of
5859 genes in the 14 diploid species and polyploid wheat subge-
nomes. Further redundancy analysis revealed that the total NBS-
LRR gene pool consists of 2573 (95% identity) to 4439 (100% iden-
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tity) unique genes in the Triticum/Aegilops species, with 90% of
the NBS-LRR genes contained in 12 (95% sequence identity)
and 13 (100% sequence identity) wheat genomes, respectively
(Supplemental Figure 19A). This result suggests that the 5859
NBS-LRR genes may represent the core resistance gene set of Tri-
ticum/Aegilops species. In particular, the 5859 NBS-LRR genes
are mostly distributed at the distal chromosomal regions in all the
Triticum/Aegilops species (Supplemental Figure 19B). This is
broadly consistent with previous findings that gene families and
quantitative trait loci associated with adaptation to biotic and
abiotic stresses are mainly clustered near the subtelomeric
chromosome regions in polyploid wheats (Appels et al., 2018;
Maccaferri et al., 2019; Walkowiak et al., 2020).

We noted that the five Sitopsis species contain more NBS-LRR
genes (388-490) than do the two other diploid species, Ae. tau-
schii (350) and T. urartu (318), and the two subgenomes of wild
emmer wheat (239-286), but their NBS-LRR gene numbers are
comparable to those of domesticated durum (326-435) and com-
mon wheat (401-542) (Supplemental Figure 20A). Intersection
analysis of these NBS-LRR gene families allocated 112
(81.7%), 221 (62.6%), and 17 (5.7%) to core, dispensable, and
Sitopsis-specific gene families (Supplemental Figure 20B). The
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112 core and 221 dispensable NBS-LRR gene families are the
major components of the innate immune system in the Triticum/
Aegilops species. Thus, the 14 Sitopsis-specific NBS-LRR gene
families may provide specific genetic resources for the improve-
ment of disease resistance in domesticated durum and common
wheat. In addition, we also characterized a set of homoeologous
genes in the five Sitopsis species that are related to stripe rust
(Puccinia striiformis f. sp. tritici, Pst) and powdery mildew (Blume-
ria graminis f. sp. tritici, Bgt) resistance (Supplemental Table 5).
Because Pst and Bgt are two major fungal diseases that cause
heavy yield losses in wheat production worldwide (Zhang et al.,
2014), the novel resistance genes we identified in the Sitopsis
species may be important genetic resources for future wheat
breeding.

For agronomic traits, we checked the copy number and nucleo-
tide variation pattern of two major domestication genes related
to the nonshattering phenotype: free-threshing seed (Q/q) and
nonfragile rachis (Btr/btr) (Supplemental Table 5). The Q/q gene
encodes an AP2-like transcription factor that confers free
threshing and also has pleiotropic effects on a number of other
domestication traits, including rachis fragility, spike architecture,
and flowering time (Faris and Gill, 2002; Simons et al., 2006;
Zhang et al., 2011). The seven diploid Triticum/Aegilops species
and their attendant natural and resynthesized polyploids with
diverse genome combinations, including BBAA, SS"SSPATA™,
S's'AA, SPSPDD, and AADD, all show substantial morphological
differences in inflorescence structure (Zhang et al., 2013) and
distinct Q/q allele expression patterns (Wang et al., 2016). Here
we show that, although all five Sitopsis species harbor the wild-
type g allele (Lsog), it is different from that of the durum and
common wheat A subgenome domesticated Q allele (I39) and
from the q allele (Vszg) o their diploid donor T. urartu; it also
contains numerous unique synonymous and nonsynonymous
mutations (Supplemental Figure 21 and Dataset 2). A similar
phenomenon was observed in the two nonfragile rachis genes
(Btr1 and Btr2), many genetic variants of which are found in the
five Sitopsis species (Supplemental Table 5 and Dataset 3). It
has been documented that novel SNPs in the miRNA binding
site at the Q/g gene are correlated with changes in
transcriptional regulation and play pleiotropic roles in growth
and reproductive development (Greenwood et al., 2017). Thus,
the natural variations we identified in the Sitopsis species are
potentially valuable for breeding new wheat cultivars. In
addition, we also characterized candidate genes that are
functionally associated with other important agronomic traits
(i.e., tiller number and kernel size) and floral development (i.e.,
vernalization and photoperiod sensitivity) (Supplemental
Table 5). With the availability of high-quality genomes, these
genic and genetic resources can be efficiently tapped for future
wheat breeding or de novo domestication of new types of wheat.

DISCUSSION

We have assembled chromosome-level reference genomes of all
five Aegilops species of the Sitopsis section and performed
comparative genomic analyses both among the five species and
with the other available diploid species and polyploid wheat subge-
nomes. Our main motivation was to better understand the
evolutionary histories and trajectories of the Sitopsis species and,
especially, the origin of the polyploid wheat B subgenome, as it
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has long been and is still being debated. A long-standing hypothe-
sis posited that the wheat B subgenome was derived monophyleti-
cally from Ae. speltoides (Riley et al., 1958). This hypothesis was
formulated based on multiple lines of observational and empirical
evidence, including botanical, cytological, phylogenetic, and
biogeographical data (Feldman and Levy, 2015). This hypothesis
was already being questioned nearly 50 years ago based on the
near absence of homologous synapsis between the S- and B-
subgenome chromosomes in artificial hybrids involving both
higher- and lower-pairing types of Ae. speltoides (Kimber and
Athwal, 1972; Gill and Kimber, 1974; Natarajan and Sarma, 1974).
However, it was revitalized by an extensive molecular marker-
based population study, which concluded that a vyet-
undiscovered variant accession or cryptic subspecies of Ae.
speltoides donated the B subgenome (Kilian et al., 2007). Our
genome-scale comparative analyses show that Ae. speltoides
and the B subgenome diverged ~4.49 mya, i.e., much earlier
than the speciation of tetraploid emmer wheat, which occurred
approximately 0.8 mya (Marcussen et al., 2014). In other words, a
major divergence between Ae. speltoides and the B-subgenome
diploid donor should have occurred at the diploid level.
Moreover, the estimates of genome-wide genetic similarity be-
tween the B subgenome and Ae. speltoides are far lower than those
of the A and D subgenomes from their respective diploid donors,
T. urartu and Ae. tauschii. Together, our results lead to the unequiv-
ocal conclusion that Ae. speftoides is not the direct progenitor of the
B subgenome, which was donated by a distinct, most probably
extinct, diploid species of the B lineage.

Another hypothesis for the origin of the wheat B subgenome sug-
gested that it had formed through multiple hybridizations and in-
trogressions of diverse genomic sequences from Sitopsis species
at the tetraploid level. According to this polyphyletic scenario, the
tetraploid wild emmer wheat (T. turgidum ssp. dicoccoides) was
probably established through the intercrossing of two or more am-
phiploids with the same A-genome species (T. urartu) but different
S-genome donors (Sitopsis species) (Sarkar and Stebbins, 1956;
Zohary and Feldman, 1962). However, the observed
heterogeneous genomic patterns between the five Sitopsis
species and the wheat B subgenome are more likely to be due
to incomplete sorting of ancestral alleles and B-to-D-lineage
genetic introgressions. This refutes the polyphyletic origins of
the wheat B subgenome from diverse Sitopsis species at the
tetraploid level. Alternatively, the direct progenitor of the wheat
B subgenome itself might be of polyphyletic origin through the
hybridizations/introgressions between two or more distant
ancestral B-lineage species at the diploid level (EI Baidouri
et al., 2017). However, our comparisons clearly show that the
four extant B-lineage species/subgenomes (Ae. speltoides, Am.
muticum, the B subgenome, and the G subgenome) are
evolutionarily independent of one another. Taking these results
together, we conclude that the direct donor of the B subgenome
is a distinct diploid species that diverged from Ae. speltoides
4.49 mya but which experienced genetic introgressions with the
D-lineage Sitopsis species before its hybridization with T. urartu
leading to the formation of T. turgidum. Similarly, the ca. 450-
Mb single-segment-based analyses suggest that a similar
situation applies to T. timopheevii (GGA'AY and therefore to
T. zhukovskyi (GGA'A'A™A™), i.e., the G subgenome of these two
species was also donated by a distinct diploid species of the B
lineage rather than by Ae. speltoides (Kilian et al., 2007). Thus,
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our results raise an intriguing question for future investigation: why
did both of the diploid progenitor species of the B and G
subgenomes go extinct while their two congeneric species, Ae.
speltoides and Am. muticum, remain extant? It may be that both
diploid donors were outcompeted by their tetraploid progeny,
T. turgidum ssp. dicoccoides and T. araraticum, the wild
progenitor of T. timopheevii, or that the B and G donors remain
to be discovered. The latter is possible but very unlikely,
considering that significant effort has been devoted to finding
these species in the Levant and other relevant regions.

We also performed genomic comparisons to elucidate the evolu-
tionary dynamics of the Triticum/Aegilops species complex. Our
results reveal a highly collinear genome structure among the Si-
topsis species, although they all contain high but markedly vari-
able proportions of repetitive sequences. The differences in
genome size among the Triticum/Aegilops species are primarily
due to independent post-speciation amplification of a few spe-
cific TEs. In addition, we show how detailed comparisons be-
tween the reference-quality genome assemblies of the Sitopsis
species and the wheat subgenomes may open new avenues for
the utilization of these important genic and genetic resources
(i.e., homoeologous genes related to agronomic and pathogen-
resistant traits) for future wheat breeding. The high-quality
genome assemblies of the Sitopsis species, together with those
of other species in the Aegilops/Triticum complex, represent an
unprecedented opportunity for further evolutionary, genetic,
and breeding studies in the wheat group.

METHODS

Plant materials and DNA and RNA extraction

All plant materials used in this study were collected by Moshe Feldman
and curated at the plant germplasm resource of the Weizmann Institute
of Science, Israel. One accession was selected for each of the five Sitopsis
species, Ae. bicornis (accession TB01), Ae. longissima (accession TL05),
Ae. searsii (accession searsii), Ae. sharonensis (accession TH02), and Ae.
speltoides (accession TS01) (Supplemental Table 6). These accessions
have been preserved by strict selfing (bagging) since collection. All
plants were grown in a greenhouse under temperatures of 25°C/16°C
(day/night) and a 16/8 h (day/night) photoperiod. Species status
validation was performed by checking the spike morphology and
karyotype. Inflorescence morphology was captured with a digital single-
lens reflex camera (EOS 6D MARK lI) in a photo studio. Karyotypes of
the five species were analyzed using fluorescence in situ
hybridization according to Han et al. (2005) and Kato et al. (2004). In
brief, the repetitive DNA sequences pSc119.2 (Mclntyre et al., 1990) and
pAs1 (Rayburn and Gill, 1986) were labeled with Alexa Fluor 488-5-
dUTP (green) and Texas red-5-dCTP (red), respectively. Metaphase chro-
mosome spreads were prepared according to the protocol described in
Kato et al. (2004). Karyotypes of the five Sitopsis species were
examined with an Olympus BX61 fluorescence microscope (Olympus,
Japan). The haploid genome size was estimated by flow cytometry
using an Attune focusing analyzer (ABI, CA, USA). Propidium iodide
fluorescence was collected using a 620-nm fluorescence-2 (FL2) filter. Pa-
rameters for data acquisition were kept constant for all wheat samples,
with the genome sizes of T. urartu (accession TL38) and T. turgidum
ssp. durum (cultivar TTR19) as controls. Sample flow rate was set to
100 nuclei/s, with each of the wheat samples acuminate for >6000 nuclei.
The average of the coefficient of variation value for the G1 peak was used
to evaluate the relative genome size. Genomic DNA was isolated from
fresh leaf tissue using the CTAB method (Kidwell and Osborn, 1992).
Total RNA was extracted from root, leaf, and inflorescence tissues
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independently based on the standard TRIzol protocol specified by the
supplier (Invitrogen, CA, USA).

Genome assembly, gene annotation, and quality assessment

Chromosome-level reference genomes of the five Sitopsis species were
assembled by a combination of Oxford Nanopore Technologies (ONT)
single-molecule real-time technology and Hi-C-based scaffolding strat-
egy, followed by lllumina short read-based polishing. All the genome as-
semblies were performed by the Biomarker Company (Beijing, China). In
brief, about 740-799 Gb (~114x-178%x genome coverage) high-quality
ONT long reads were generated using the PromethlON platform, and
262-302 Gb (~39.8x-51.4 x) short reads were obtained from the lllumina
NovaSeq platform (Supplemental Table 6). The long ONT reads were
corrected using Canu (Koren et al.,, 2017) and assembled to long
contigs by wtdbg2 (Ruan and Li, 2020). The draft assemblies were then
polished using Racon (Vaser et al., 2017) and Pilon (Walker et al., 2014)
separately. The Hi-C data (~183x-256 x) were used to link the polished
contigs into seven pseudochromosomes using LACHESIS (Burton et al.,
2013).

Protein coding genes and noncoding RNAs were predicted using de novo
and homology gene blast strategies (supplemental information). All
predicted protein-coding genes were annotated based on the KOG,
KEGG, and GO databases. Repetitive elements were identified by
LTR_FINDER (Xu and Wang, 2007) and RepeatScout (Price et al.,
2005) and then annotated using RepeatMasker (http://www.repeatmasker.
org). Quality validation of the genome assemblies was performed by
estimating the completeness of the gene repertoire using CEGMA (Parra
et al., 2007) and BUSCO (Simé&o et al., 2015).

Phylogeny, divergence time, and genetic introgression

Phylogenetic topologies and divergence times of the Triticum/Aegilops
species and outgroups were estimated based on whole-genome rese-
quencing data and single-copy orthologous genes. Genome sequences
and resequencing data for the five Sitopsis species were generated in
this study. Data for the other Triticum/Aegilops and outgroup species
were obtained from previously released reference genomes
(supplemental information). Phylogenetic trees were constructed using
the maximume-likelihood method implemented in RAXML (v.8.2.12)
(Stamatakis, 2014) with the GTR-GAMMA substitution model and 1000
bootstrap replicates. Divergence times of the Triticum/Aegilops species
were estimated using BEAST (v.2.6.0) (Suchard et al., 2018). Tree
topologies were summarized using TreeAnnotator (v.2.6.0) (Suchard
et al., 2018) and visualized with ggtree (Yu et al., 2017).

Genome-wide interspecific genetic divergence was evaluated for the Tri-
ticum/Aegilops species by calculating the synonymous (ds) and nonsy-
nonymous (dy) mutation rates based on PAML (Yang, 2007). In addition,
we estimated pairwise branch length and genetic similarity using the
DendroPy module (Sukumaran and Holder, 2010) in Python. Genetic
introgression among the A, B, and D lineages was estimated using a
combination of the D statistic, fd, hybrid index (y), and %2 goodness of
fit test (Martin et al., 2015; Blischak et al., 2018; Suvorov et al., 2021).
Introgressed variants among the four D-lineage Sitopsis species were
identified based on the shared-specific SNPs for each species pair
compared with the other species.

Repetitive element classification and expansion

Full-length LTR retrotransposons in the five Sitopsis and the other Triticum/
Aegilops species were characterized using LTRharvest (Ellinghaus et al.,
2008) and LTR_FINDER (Xu and Wang, 2007). Then, the program
RepeatScout (Price et al., 2005) was used to build consensus LTR
retrotransposon sequences. DNA transposons were identified by a
homology search against the REdat_9.7_Triticeae subset of the PGSB
transposon library (Spannagl et al., 2016) using vmatch (http://www.
vmatch.de). The above-identified DNA transposons and LTR
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retrotransposons were classified into different families using RepeatMasker
(http://www.repeatmasker.org) and CLARI-TE procedures (Daron et al.,
2014). Insertion time of each LTR retrotransposon family was estimated
using the formula age = K/2r, where K is the Kimura two-parameter
distance and r is the mutation rate of 1.3 x 108 (Wicker et al., 2018). K-
mer analyses of the wheat genomes were performed by KAT (Mapleson
et al., 2017) for each genome/subgenome.

Genome collinearity and pan-genomic analyses

Genome collinearity between the five Sitopsis and the other Triticum/Ae-
gilops species was performed using MCScanX (Wang et al., 2012).
Interspecific homologous genes were characterized using BLASTP with
the default parameters. The resulting syntenic genomic regions were
used to identify orthologous genes using ColinearScan (Wang et al.,
2006). Putative protogenes were characterized for the A, B, and D
lineages according to previously published protocols (Murat et al., 2017;
Pont et al., 2019). Pan-genomic analyses were performed based on
both the protein-coding genes and the genome SVs. For the protein-cod-
ing genes, all three polyploid wheat subgenomes (A, B, and D) and their
diploid donors (Ae. tauschii and T. urartu) were mixed as a new in silico
species called “ABD.” Then, the five Sitopsis species and “ABD” were
used to identify gene families using OrthoFinder (Emms and Kelly,
2019). Gene family expansion and contraction were inferred using a
previously established phylogenomic approach (Appels et al., 2018).
Log-transformed gene family sizes among 15 genomes and/or subge-
nomes were compared using the phylANOVA function of the phytools
package (https://github.com/liamrevell/phytools) in R according to the
guidance of the phylogenetic species tree. Genome SVs of Ae. tauschii,
T. urartu, and the five Sitopsis species were characterized based on the
ONT data. The corrected ONT long reads were mapped onto the common
wheat (Chinese Spring) B subgenome IWGSC_v1.0 using minimap2 (Li,
2018) and predicted using Sniffles (Sedlazeck et al., 2018). Only the
uniquely mapped reads with mapping quality >30, depth >10, and
alternative allele ratio >0.2 were kept for subsequent analyses. GO
enrichment of the candidate protein-coding and SV-related genes was
performed using clusterProfiler (Yu et al., 2012).

Identification of resistance and agronomic trait-related genes

The nucleotide-binding and leucine-rich repeat immune receptor (NLR)
genes were identified using the NLR-Annotator pipeline (Zhang, 2020).
In brief, candidate NLR genes were predicted by searching annotated
CDS against the Pfam database (https://pfam.xfam.org). A custom
Python script was used to classify NLR genes according to the position
of the intron located inside or outside of the NB_ARC domain. The other
agronomic trait-related genes in the five Sitopsis species were identified
by searching the coding sequences of candidate genes against the
genome assemblies using BLASTN with E value <10 e—5 and hit length
>300 bp. All candidate hits were manually checked and compared with
corresponding protein annotation databases.
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Genome survey, assembly and Hi-C scaffolding

Genome features of the five Sitopsis species were surveyed by GenomeScope (Vurture et al., 2017)
based on Illlumina short reads. The Illumina DNA paired-end libraries were constructed with an insert
length of 350 bp, and 262.71-302.73 Gb (44.53-66.42x coverage) sequencing data were produced on
the lllumina Novaseq platform (Illumina, San Diego, CA, USA) according to the manufacturer's
instructions (Supplementary Fig. 22). Genome size and heterozygosity of the five species varied
from 4.49-6.60 Gb and 0.01-0.37, respectively. Reference genomes of the five species were
assembled by a combination of short-read lllumina and long-range Nanopore sequences. DNA
libraries for real-time single-molecule sequencing were prepared according to the manufacturer's
instructions, and sequenced on Nanopore PromethlON sequencer (Oxford Nanopore Technologies,
Oxford, UK). About 739.62-798.86 Gb long reads were obtained from the five species, with contig
N50 length of 28,616-34,991 bp and mean length of 23,221-27,320 bp (Supplementary Table 6). The
long sequence consensus was corrected using Canu (Koren et al., 2017) and assembled using
Wtdbg2 (Ruan and Li, 2020) and NextDenovo (https://github.com/Nextomics/NextDenovo). Genome
assemblies of the five species were polished by Racon (Vaser et al., 2017) and Pilon (Walker et al.,
2014) based on long-read and short-read data, respectively. The draft assembled genomes consist of
1,154-35,663 contigs, with contig N50 length of 563,410-8,720,942 bp (Supplementary Table 7). The
genome completeness was assessed using a terrestrial plant dataset from BUSCO (Siméo et al., 2015)
and a eukaryote dataset from CEGMA (Parra et al., 2007). All the five Sitopsis species show high level
of genome completeness (BUSCOs: 92.92-95.10%; CEGs: 95.85-99.13%) (Supplementary Table 8).
Chromosomal level reference genomes were generated by link the contigs into seven
pseudochromosomes based on the Hi-C data using LACHESIS (Burton et al., 2013). About 1,051.32-
1,234.93 Gb (179.15-280.09x genome coverage) Hi-C short reads were generated for the five species
on Illumina Novaseq platform (lllumina, San Diego, CA, USA) (Supplementary Table 9). The
construction of pseudomolecules was validated by counting the valid interaction read pairs within
each 500-kb bin. The heatmap revealed high interactions between the adjacent genomic regions of
all the seven pseudomolecules (Supplementary Fig. 23). A total of 49.06-57.68% (95.21-97.07% of
the assembled genome) of the contigs were clustered, 47.55-53.62% (90.83-93.44% of the genome)

of which were ordered on the on the seven pseudomolecules (Supplementary Table 10).

Annotation of gene and repetitive sequence

Protein-coding genes were annotated by the combination of de novo, homeolog and unigene

prediction strategies. The de novo annotation of the five species was performed using the programs
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Genscan (Burge and Karlin, 1997), Augustus (Stanke and Waack, 2003), GlimmerHMM (Majoros et
al., 2004), GenelD (Blanco et al., 2007) and SNAP (Korf, 2004). Gene homeolog was predicted using
GeMoMa (Keilwagen et al., 2016). Unigenes were identified based on the transcriptome data
generated from the leaf and root tissues of each species. The transcriptome data were mapped on
the assembled genomes using Hisat2 (Kim et al., 2019) and Stringtie (Pertea et al., 2015). Then, the

programs TransDecoder (https://github.com/TransDecoder/TransDecoder) and GeneMarkS-T (Tang

et al., 2015) were employed to predict the protein-coding genes. In addition, we also used the
program PASA (Campbell et al., 2006) to predict protein-coding genes. All the protein-coding genes
annotated by the above three strategies were combined by EVM (Haas et al., 2008). About 61,354-
63,326 protein-coding genes (37,201-40,222 of which are high confidence genes) were predicted in
the five species (Supplementary Table 11). The total length of the protein-coding genes varied from
213,009,021-319,640,000 bp, with each gene being on average 3,364-5,168 bp long in the five
species. Functions of these protein-coding gene were annotated by searching against the databases

GO (http://geneontology.org/), TrEMBL (http://www.bioinfo.pte.hu/more/TrEMBL.htm), NR

(https://www.ncbi.nlm.nih.gov/refseq/about/nonredundantproteins/) KOG (Koonin et al., 2004),

and KEGG (https://www.genome.jp/kegg/pathway.html) using BLAST

(https://blast.ncbi.nlm.nih.gov/ Blast.cgi). We annotated 56,727-60,923 (92.22-96.21% of the total)

protein-coding genes (Supplementary Table 12).

Repetitive sequences in the five species were identified using the programs LTR_FINDER (Xu and
Wang, 2007) and RepeatScout (Price et al., 2005). The identified repetitive sequences were then
classified using PASTEClassifier (Hoede et al.,, 2014) and annotated using RepeatMasker
(http://repeatmasker.org/). A total of 2,936,990,453- 4,145,555,209 bp Class | (67.56-71.47% of the

total genome) and 515,361,078- 1,025,079,256 bp Class Il (12.54-19.21% of the total genome)
repetitive sequences were characterized in the five species (Supplementary Table 13). In the Class |,
the Copia and Gypsy families consist of 16.64-22.80% and 43.72-49.58% of the assembled genome,
respectively. Likewise, the Class Il CACTA represent 11.06-19.21% of the assembled genome in the

five species.

Molecular phylogeny and divergence time

Phylogenetic inferences were performed based on single copy orthologous genes (SCOGs), reduced
representative genomic regions (RRGRs) and whole genome single nucleotide polymorphisms (SNPs).
The SCOGs were characterized from seven diploid Triticum/Aegilops species, seven polyploid wheat

subgenomes and three outgroup species, including Triticum urartu (abbreviated as Tura) (Ling et al.,
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2018), Aegilops tauschii (Atau) (Luo et al., 2017), Ae. speltoides (Aspe), Ae. bicornis (Abic), Ae.
longissima (Alon), Ae. searsii (Asea), Ae. sharonensis (Asha), AA (Emaa) and BB (Emab) subgenomes
of T. turgidum, ssp. dicoccoides (Avni et al., 2017), AA (Sveb) and BB (Emab) subgenomes of T.
turgidum, ssp. durum (Maccaferri et al., 2019), AA (Taea), BB (Taeb) and DD (Taed) subgenomes of T.
aestivum (Appels et al., 2018), Brachypodium distachyon (Bdis) (Vogel et al., 2010), Hordeum vulgare
(Hvul) (Mascher et al., 2017), Elymus elongatum (Ele) (Wang et al., 2020). Homologous proteins of
these diploid species and polyploid wheat subgenomes were identified using BLASTP

(https://blast.ncbi.nlm.nih.gov/Blast.cgi) with E-value < 10°°, The program OrthoFinder (Emms and

Kelly, 2019) was performed to cluster the homologous as gene families. In total, 62,543 gene
families were identified from these species, of which, 37,751 contain no more than one (none or one)
gene copy. We then selected 3,588 gene families (singleton) that include one copy in all these
species to performed phylogenetic inference. Coding domain sequences of the singleton genes were
aligned based on their amino acid sequences using Guidance (Sela et al., 2015). A total of 2,099 gene
families that generated alignments with MEAN_RES_PAIR_SCORE > 0.9 and MEAN_COL_Score > 0.9
were retained. Then, the program Gblocks (Castresana, 2000) was employed to further filter the low
quality alignments and concatenated the high quality alignments as a single matrix. Phylogenetic
tree was reconstructed using a maximum likelihood method implemented in RAXML (v.8.2.12)

(Stamatakis, 2014) of a GTR-GAMMA substitution model with 1,000 bootstrap replicates.

Phylogenetic relationships of the Triticum/Aegilops species were also inferred based on RRGRs
using the following procedures: (1) genic region together with 20-kb up-stream and 20-kb down-
stream genomic regions were retrieved from the diploid species and polyploid wheat subgenomes;
(2) all selected RRGRs (no overlaps) were aligned to bread wheat B-subgenome using the nucmer of
MUMmer v3.9 (Kurtz et al., 2004) with the parameters --mum -c 90 -I 40; (3) the program delta-filter
was employed to extract one-to-one query-reference alignments with parameters -1; (4) the show-
coords was used to obtain chromosome coordinates of each alignment; (5) the Intersect module of

Bedtools (https://bedtools.readthedocs.io/en/latest/) was performed to search the intersections of

alignment blocks of all query genome/subgenome regions to construct the originally conserved
representative genomic sequence for bread wheat B-subgenome; (6) the reduced reference
genome sequences were aligned against their own reference genomes to acquire the corresponding
conserved representative genomic regions using Minimap2 (v2.17) (Li, 2018) with parameter “—x
asm20”. In total, we obtained ~30 Mb conserved representative genomic regions including 24,239
alignments among all genomes/subgenomes (excepting the two outgroups Bdis and Hvul). Then,
these alignments were assigned to 2,318 genomic blocks (2-Mb in length) according to the

coordinates of bread wheat B-subgenome. Based on this sequence matrix, we further retrieved
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RRGRs from the chromosome 2B of bread wheat cultivar “LongReach Lancer”, which supposed to be
introgressed from T. timopheevii. In addition, we also reconstructed phylogenies of the
Triticum/Aegilops species based on whole genome resequencing data. The clean short reads of
seven diploid Triticum/Aegilops species were mapped onto bread wheat B-subgenome using BWA

(http://bio-bwa.sourceforge.net/). Genome-wide SNPs were reported using SAMtools

(http://www.htslib.org/). Phylogenetic tree was reconstructed using a maximum likelihood method

implemented in RAXML (v.8.2.12) (Stamatakis, 2014) of a GTR-GAMMA substitution model with

1,000 bootstrap replicates.

Divergence times among these Triticum/Aegilops species were estimated based on SCOGs,
RRGRs and genome-wide SNPs using the program BEAST (v.2.6.0) (Suchard et al., 2018) with the
following parameters, strict molecular clock, HKY + gamma nucleotide substitution model, Yule
priors and running for 100 million MCMC generations with parameters sampled every 10000
generations. The previously estimated divergence time between B. distachyon and Triticum/Aegilops
(mean 44.4 + stdev 3.53 Ma) (Marcussen et al., 2014) was used as date calibration. TreeAnnotator
(v.2.6.0) was used to summarize the output. The resulting phylogenies were visualized with ggtree

(Yuetal., 2017).

Genome-wide genetic similarity

Genome-wide similarity was estimated based on the above generated RRGRs. Pair-wise nucleotide
diversity between any two of these diploid species and polyploid wheat subgenomes were
calculated using the DendroPy module (Sukumaran and Holder, 2010) in python. Maximum
likelihood tree was reconstructed using RAXML (Stamatakis, 2014) with GTR-GAMMA model. The R
package Ape v5.1 (Paradis et al., 2004) was used to manipulate phylogenetic trees with the following
parameters: chronos function was used to make ultrametric trees from input trees;
conphenetic.phylo function computed the pairwise branch lengths between any pairs of
phylogenetic tips; keep.tip function extracted needed tips and generate local tree topologies; tree
topology was visualized with plot.phylo function. The Treedist function of R package phangorn was
employed to calculate the difference between phylogeny trees to classify tree topologies of each
reduced representative genome region. Tree topologies along each chromosome were visualized

with Rldeogram (https://github.com/TickingClock1992/RIdeogram).

Estimation of genetic introgression
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Reduced representative genomic regions of the nine diploid species and bread wheat B-subgenome
were employed to estimate introgression events. Given a quartet of three species and a constant
outgroup (Elymus elongatum) with the relationship (((P1, P2), P3), O) corresponding to
Triticum/Aegilops phylogeny topology, we performed different statistics, such as D, fd, hybrid index
(v) and x? goodness of fit test, to systematically infer the introgression/hybridization events among
the selected Triticum/Aegilops species. The statistics D and fd were calculated with

genomics_general tools (Martin et al., 2015) (https://github.com/simonhmartin/genomics_general).

We used a significance threshold of 0.001 for the Z-test. The program HyDe (Blischak et al., 2018)
was used to calculate the hybrid index (y), which quantifies the proportion of P3 contributed to P2.
In addition, y2 goodness of fit test is also applied to identify genetic introgressions based on the
counts of three different sliding-window trees, with the (((P1, P2), P3) representing the topology of
species tree and ((P2, P3), P1) and ((P1, P3), P2) representing discordant trees (Suvorov et al., 2020).
Ratios between two discordant tree topologies that are significantly deviated from 1 (p-value <

0.001) indicate the presence of introgression event.

To further identify the precise introgression among the Triticum/Aegilops species, pair-wise
alignment at the chromosome-level was performed for the available diploid species genomes and
polyploid wheat subgenomes using the nucmer of MUMmer (v3.9) (Kurtz et al., 2004) with the
parameters “--mum -c 90 -| 40”. These alignments including at least large 10 blocks (>20,000 bp) and
spanning sequence larger than 1Mb were treated as candidate introgression regions. Then, we
employed Minimap2 (v2.17) (Li, 2018) to assign Illumina short reads of query species to the
reference genome of the putative introgressed species with parameters “-ax sr -/ 10G”. Introgressed
genomic regions were then manually checked based on sequencing depth around the candidate

introgressed genomic regions.

Evolutionary history of the gene families

To obtain the core protein-coding gene set of the Triticum/Aegilops species, we clustered the
homologous into gene families using OrthoFinder (Emms and Kelly, 2019). All the three polyploid
wheats (wild emmer, durum and bread wheat) and their A- and D-subgenome donors, T. urartu and
Ae. tauschii, and five Sitopsis species were used to construct presence/absence matrix according to
the member count in each family (presence marked as “1” whereas absence marked as “0”). In total,
49,583 gene families corresponding to three categories were reconstructed, including: (1) core gene

family, present in all Triticum/Aegilops species; (2) dispensable gene family, present in either at least
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two species; (3) Species-specific gene family of species. Intersect analyses of the three gene

categories were visualized by R package Upset (https://github.com/hms-dbmi/UpSetR/).

We also evaluated the gene family expansion and contraction histories of the Triticum/Aegilops
species using a previously published phylogenomic approach (Appels et al., 2018) with the same
protein-coding gene set. Log-transformed gene family size of these Triticum/Aegilops species were
compared using the phylANOVA function (with parameters “nsim = 1000, p.adj = ‘fdr’”) of phytools

package (v0.7-90; https://github.com/liamrevell/phytools) in R. The p-value of ANOVA statistics was

corrected using FDR method. Only these gene families that possess FDR < 0.1 were applied to infer

the expansion and contraction history.

Annotation of NBS-LRR and agronomic/domestication trait-related genes

Annotation of NBS-LRR genes of the Triticum/Aegilops species were performed using NLR-Annotator

pipeline (Zhang, 2020). The program PfamScan (https://www.ebi.ac.uk/Tools/pfa/pfamscan/) was

used to search the candidate NBS-LRR genes against Pfam database (https://pfam.xfam.org/) to

validate the integrity of NB_ARC domain (PFO0931). All identified NBS-LRR genes were classified
according to the position of intron located inside or outside of NB_ARC domain. In addition, we also
employed the available coding sequences of agronomic/domestication trait-related gene (i.e., Q/q
gene) as query to search against to Triticum/Aegilops genomes and subgenomes using BLASTN with
e-value < 10% and hits > 40% identify and 60% coverage in length. All candidate hits were manually
checked and compared with annotated protein sequences. For BLAST hits that absent in annotated
protein sequences (i.e., Btr gene), DNA segments together with flanking regions of 1,000 bp were

extracted and annotated using both ORFfinder (https://www.ncbi.nlm.nih.gov/orffinder/) and

Augustus (http://bioinf.uni-greifswald.de/augustus/submission.php). Newly annotated genes were

BLAST against original gene set for validation.
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224  Supplementary Fig.1. Spike morphology (A) and fluorescence in situ hybridization (FISH) (B) of the

225 five Sitopsis species. The same accessions of the five species were used to conduct de novo assembly.
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227  Supplementary Fig. 2. Genome collinearity analysis of the Triticum/Aegilops species complex. The
228  two previously identified large genomic translocations (4A/5A/7B in bread wheat and 4S'/7S' in Ae.

229  longissima) are highlighted by red color.
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231 Supplementary Fig. 3. Maximum likelihood tree and divergence time of the Triticum/Aegilops

232 species based on whole genome SNPs (A) and reduced representative genomic regions (B).
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Supplementary Fig. 4. Divergence time between the seven diploid Triticum/Aegilops species and
polyploid wheat B-subgenome along the seven chromosomes based on single copy orthologous
genes. Note that four Sitopsis species (Ae. bicornis, Ae. searsii, Ae. longissima and Ae. sharonensis)
show highly similar divergent pattern to the B-subgenome of bread wheat. These curves are

overlapped at some genomic regions along the seven chromosomes.
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Supplementary Fig. 5. (A) Phylogeny tree of the seven diploid Triticum/Aegilops species and bread
wheat B-subgenome (cultivar Chinese Spring) and Timopheevii G-subgenome (an introgressed region
on chromosome 2B of bread wheat cultivar “LongReach Lancer”) based on the RRGRs on
chromosome 2B of Chinese Spring. (B) Distribution of the genetic relatedness among
genomes/subgenomes mentioned in (A) along chromosome 2B in Chinese Spring. The centromere of
each chromosome is highlighted by purple color. Numbers on Y-axis are the values of genetic
relatedness. Coordinates of chromosome is shown in the X-axis. Genomic region between the two
dash lines represents the introgressed region from T. timopheevii to the bread wheat cultivar

LongReach Lancer.
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250  Supplementary Fig. 6. Pair-wise nonsynonymous (dy) and synonymous (ds) substitution rates of the
251 diploid Triticum/Aegilops species and polyploid wheat subgenomes based on single copy

252  orthologous genes.
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254  Supplementary Fig. 7. Distribution of the tree topologies of the Triticum/Aegilops species based on
255 2,295 reduced representative genomic regions. (A) Only the top 11 tree topologies were shown.
256  Colors on the seven bread wheat B-subgenome chromosomes are the same as the tree topologies.
257  (B) Distribution and percentages of the incongruent gene tree between the five Sitopsis species and
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259  the species names.
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Supplementary Fig. 8. Estimates of the Patterson's D, fd, hybrid index (y) values and y2 goodness of
fit test of number tree topologies among the Triticum/Aegilops species complex based on the
representative genomic regions. At whole genome level, D and fd statistics are used to evaluated the
strengthen of the gene flow from P3 to P2 (Elymus elongatum as outgroup), and y quantifies the
proportion of P3 contributed to P2. x2 goodness of fit test is used for introgression detection based
on the counts of three different slide-window trees. The ((P1, P2), P3) represents the topology of
species tree, and ((P2, P3), P1) and ((P1, P3), P2) represent discordant trees in each triplet. For D, fd
and vy, significant introgression signals based 1,000 bootstraps (p-value < 0.001) are marked as
asterisks. For x2 goodness of fit test, the ratio between two discordant trees that is significantly
deviated from 1 (p-value < 0.001) indicates an introgression event (marked with asterisks). The black

cells represent meaningless y values (less than 0 or larger than 1).
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273  Supplementary Fig. 9. Percentages of the putative introgressed sites (A) and shared species-specific
274  SNPs (B) among the Triticum/Aegilops species. Ancestor of B and Aspe indicates the most recent

275  common ancestor of the bread wheat B-subgenome and Ae. speltoides.
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277  Supplementary Fig. 10. Allele frequency-based migration inference of the seven diploid
278 Triticum/Aegilops species and bread wheat B-subgenome using Treemix based on whole genome
279  SNPs. Arrows with color from orange to red indicate the high and low possibility migration events.
280 Only the top three migration events are shown. Bar on the bottom represents the branch length of

281 maximum likelihood tree.
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Supplementary Fig. 11. Putative introgressed genomic regions between the Ae. speltoides and the
D-lineage Sitopsis species based on the inter-specific sequence similarity through whole-genome
alignment and mapping coverage of Illumina short reads. (A) Putative introgressed genomic region
identified between both the Ae. longissima and Ae. sharonensis and Ae. speltoides. This genomic
region was identified through genome-wide inter-specific sequence alignment. X indicates the
coordinate on Ae. speltoides chromosome 2. Y axis represents the total reads of the seven diploid
species mapped onto the Ae. speltoides reference genome. Only the Ae. longissima and Ae.
sharonensis show high read coverage at this genomic region. (B) Dotplots indicate the high collinear
genomic region on chromosome 2 between Ae. speltoides and each of the Ae. longissima and Ae.
sharonensis. (C) The genomic region on chromosome 2 (green color) was translocated from
chromosome 4 (white color). The same genomic region shared in the Triticum/Aegilops species is

most likely through inter-specific genetic introgression.
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Supplementary Fig. 12. Putative introgressed genomic regions between bread wheat B-subgenome
and the four D-lineage Sitopsis species based on the inter-specific sequence similarity through
whole-genome alignment and mapping coverage of lllumina short reads. On the left, X indicates the
coordinate on B-subgenome chromosome 1. Y axis represents the total reads of the seven diploid
species mapped onto the B-subgenome reference genome. On the right, the red number 1
(highlighted by black color) represents the putative introgression event between bread wheat B-

subgenome and the four D-lineage Sitopsis species.
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305 Supplementary Fig. 13. Distribution patterns of the A- and B-lineage specific SNPs in the five D-

306 lineage species. The A-dominant genomic regions are defined as the total number of A-lineage

307 specific SNPs are >2 fold higher than B-lineage specific SNPs (or no B-lineage specific SNPs). The

308 reverse pattern is defined as B-dominant genomic region. The remaining genomic regions that are

309  neither A- nor B-lineage dominant are defined as balanced genomic regions.
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311  Supplementary Fig. 14. Genome-wide feature of the repetitive sequence in the diploid species and
312  polyploid wheat subgenomes. (A-B) Total length of each type of the repetitive sequence. (C)
313 Difference in total length of the repetitive sequence in the B-lineage (between Ae. speltoides and
314  bread wheat B-subgenome) and D-lineage (between Ae. tauschii and the four D-lineage Sitopsis

315  species).
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Supplementary Fig. 15. Insertion times of the transposon subfamilies that amplified specifically in D-
23

(orange) and B-lineages (purple) (A and C) and shared between the two lineages (red) (B).
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Supplementary Fig. 16. Distribution patterns of the core putative proto-gene (pPG) in all the
Triticum/Aegilops species complex (black) (A), A-lineage (green) (B), B-lineage (purple) (C), B-
subgenome (purple) (D), D-lineage (orange) (E), and D-lineage Sitopsis species (orange) (F).
Identification of the core pPG in the D-lineage Sitopsis species were defined based on the Ae.
longissima reference genome, all the other core pPG were defined based on the three subgenomes
of bread wheat. Non-conserved genomic regions in the B-, D- and all Triticum/Aegilops species are
shown in purple, orange and black boxes. The black triangles indicate the centromeric regions of the

bread wheat A-, B- and D-subgenomes.
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Species name SV count
Ae. bicornis 37,326
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Supplementary Fig. 17. Pan-genomic analyses of the genome structural variations (SVs) of the seven

diploid Triticum/Aegilops species. (A) Total numbers of SVs identified in the seven diploid species.

(B-C) Intersection analysis of the 18,16 polymorphic SVs among the seven diploid species.
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334  Supplementary Fig. 18. Genome-wide distribution of the 1,816 shared polymorphic SVs in the seven

335  diploid species on the seven chromosomes.
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Supplementary Fig. 19. Identification of nucleotide-binding and leucine-rich repeat (NBS-LRR) gene
in the Triticum/Aegilops species. (A) Numbers of uniqgue NBS-LRR genes identified in the
Triticum/Aegilops species based on 95%, 98% and 100% genetic identity. X and Y-axes indicate the
numbers of genomes and NBS-LRR genes. (B) Genome-wide distribution of the of the NBS-LRR genes

in the Triticum/Aegilops species.
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344  Supplementary Fig. 20. (A) Total NBS-LRR genes identified in the diploid species and polyploid wheat
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345  subgenomes. Tuiquoise, yellow, orchid and blue colors indicate the different types of NBS-LRR genes.

346  (B) Intersection analysis of the NBS-LRR genes in the Triticum/Aegilops species.
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Supplementary Fig. 21. Phylogenetic tree (A) and domestication allele (B) of the Q/q gene in in the

Triticum/Aegilops species. The red arrow indicates the physical position of the key mutation of Q (l329)

and g (Lsze and Vsy) alleles. The Q/q gene was not annotated in the public data of T. urartu (Ling et

al., 2017). We then reannotated an unknown protein that shows high sequence similarity to the Q/g

gene of the other relative diploid and polyploid wheat species (see details in Supplementary Notes).
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354  Supplementary Fig. 22. Genome survey of the five Sitopsis species based on Illlumina short reads.
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Supplementary Fig. 23. Genome-wide analysis of chromatin interactions at 500-kb resolution of the
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