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Abstract

Bread wheat (Triticum aestivum, genome BBAADD) is a young hexaploid species formed only 8500-9,000 years ago
through hybridization between a domesticated free-threshing tetraploid progenitor, genome BBAA, and Aegilops tauschii,
the diploid donor of the D subgenome. Very soon after its formation, it spread globally from its cradle in the fertile cres-
cent into new habitats and climates, to become a staple food of humanity. This extraordinary global expansion was proba-
bly enabled by allopolyploidy that accelerated genetic novelty through the acquisition of new traits, new intergenomic
interactions, and buffering of mutations, and by the attractiveness of bread wheat'’s large, tasty, and nutritious grain with
high baking quality. New genome sequences suggest that the elusive donor of the B subgenome is a distinct (unknown or
extinct) species rather than a mosaic genome. We discuss the origin of the diploid and tetraploid progenitors of bread
wheat and the conflicting genetic and archaeological evidence on where it was formed and which species was its free-
threshing tetraploid progenitor. Wheat experienced many environmental changes throughout its evolution, therefore, while
it might adapt to current climatic changes, efforts are needed to better use and conserve the vast gene pool of wheat bio-
diversity on which our food security depends.

and south to 45° S in Argentina, being mostly grown in
temperate regions and to a lesser extent also in sub-tropical
and tropical habitats (Feldman, 2001). In 2020 and 2021,
worldwide annual wheat production reached a record of
~770mt (FAO, 2021) with China and India as the top two
producers. Once considered the food of western civilizations,
wheat became one of the most important staple foods of
humanity. Therefore, the question of wheat origin and evo-
lution has fascinated humans since ancient times. Mac Key
classified T. aestivum as having five subspecies, two hulled,

Introduction

Bread wheat (Triticum aestivum L.), also known as common
wheat, is an annual, predominantly autogamous species be-
longing to the Triticeae tribe of the grasses (Poaceae) family.
It is an allohexaploid species, composed of 21 chromosome
pairs organized in three subgenomes, A, B, and D, Genome
BBAADD, 2n = 6x = 42 (Sears, 1952). Its nutritious grain con-
tributes an important fraction of the calorific daily intake in
many parts of the world, for example, 40%-50% in Egypt

and Turkey and ~20% in the UK (Shewry and Hey, 2015). It
is also an important source of protein, dietary fibers, B vita-
mins, minerals, and other phytochemicals in the human
diet. Starting with domestication in the fertile crescent, its
cultivation spread worldwide in an unrivaled range of loca-
tions as far north as 67° N in Norway, Finland, and Russia,

ssp. spelta, ssp. macha, and three free threshing, ssp. aesti-
vum, ssp. Compactum, and ssp. sphaerococcum (Mac Key,
1954). All subspecies are domesticated, except an additional
one, for one semi-wild form, ssp. tibetanum, presumably a
feral wheat that escaped cultivation in Tibet (Shao et al,
1983). Here, we focus on T. aestivum ssp. aestivum, which is

Received December 10, 2021. Accepted March 18, 2022. Advance access publication May 4, 2022
© The Author(s) 2022. Published by Oxford University Press on behalf of American Society of Plant Biologists.

Open Access

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution,

and reproduction in any medium, provided the original work is properly cited.


https://orcid.org/0000-0002-3097-1540
https://academic.oup.com/plcell
http://moshe.feldman.ac.il

2550 | THE PLANT CELL 2022: 34; 2549-2567

of global importance, the other subspecies being only locally
cultivated, and we refer to it as bread wheat. In this review,
we follow Mac Key’s classification, yet additional classifica-
tions were proposed as summarized by Sharma et al. (2021).

Despite the sequencing of its large approximately
16,000 Mbp genome (IWGS, 2018) and recent advances, ma-
jor questions regarding bread wheat evolution remain:
Which species are its progenitors? What was the impact of
hybridization and allopolyploidization on the genome struc-
ture and stability? What were the main genetic changes dur-
ing recent evolution under cultivation, domestication, and
modern breeding? We present our current understanding of
wheat evolution, starting from early discoveries to recent
achievements and we discuss open questions.

The diploid and tetraploid donors of wheat
subgenomes and cytoplasm

A major milestone in the study of wheat evolution was the
discovery of the chromosome number of the wheat species
(Sakamura, 1918; Sax, 1918), showing that the wheats com-
prise a polyploid series consisting of diploids (2n = 2x = 14),
tetraploids (2n = 4x = 28), and hexaploids including bread
wheat (2n = 6x = 42). Soon after this discovery, Kihara
(1919, 1924), Sax (1921, 1922), and others (see tribute to
Elisabeth Schiemann [Kilian et al, 2014 and references
therein]) crossed representatives of the different ploidy levels
and found that polyploid wheats are allopolyploids, that is,
having subgenomes (chromosome sets) that derived from
different species. When hexaploid bread wheat was crossed
with domesticated emmer tetraploid wheat, T. turgidum ssp.
dicoccon (genome BBAA 2n = 4x = 28), analysis of chromo-
somal pairing at meiosis of the F, pentaploid hybrids indi-
cated that hexaploid wheat, T. gestivum, contains the B and
A subgenomes of tetraploid wheat with an additional dip-
loid subgenome (Kihara, 1919; McFadden and Sears, 1944,
1946). Morphological (Kihara, 1944) and cytogenetic studies
(McFadden and Sears, 1944, 1946) showed that the third
subgenome of hexaploid wheat, designated D, was derived
from Aegilops tauschii. McFadden and Sears (1946) produced
a synthetic hexaploid from the cross of tetraploid emmer
wheat with Ae. tauschii, that resembled the hulled form of
T. aestivum, ssp. spelta in most morphological traits, had the
hexaploid number of chromosomes, and produced fertile F,
hybrids with T. aestivum exhibiting complete chromosomal
pairing at meiosis. This demonstrated unequivocally that Ae.
tauschii (formerly Ae. squarrosa), is the donor of the third
subgenome of T. aestivum. When the genome of Ae. tauschii
was sequenced, first as a draft (Jia et al, 2013), then as a high-
quality sequence (Luo et al, 2017; Zhao et al, 2017), it be-
came apparent that the origin of the D genome, derived 537
million years ago (MYA) from the D-lineage, resulted from hy-
bridization ~55 MYA (Figure 1) between the ancestral
donors of the A and B subgenomes (Marcussen et al.,, 2014).
The wild progenitor of tetraploid wheat that contributed
to the A and B subgenomes of T. aestivum had been discov-
ered in nature in 1906 by Aaronson (Aaronsohn, 1910). The
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fertile F; hybrids between ssp. durum, ssp. Dicoccon, and
wild emmer wheat (T. turgidum ssp. dicoccoides)
(Tschermak, 1914), as well as the subsequent demonstration
of the full pairing of their chromosomes (Sax, 1921, 1922
Percival, 1921; Kihara, 1924) indicated that wild emmer was
the wild progenitor of domesticated tetraploid wheat
(Figure 1) and thus of the A and B subgenomes of T. agesti-
vum. Whole-genome sequencing confirmed the high synteny
between ssp. dicoccoides (Avni et al, 2017) and ssp. durum
(Maccaferri et al, 2019).

Thus, bread wheat evolved through two rounds of allopo-
lyploidization (Figure 1). The first event led to the formation
of tetraploid wild emmer wheat approximately 800,000 years
ago following hybridization between two diploid species: the
male donor of the A subgenome, a species very similar to
Triticum urartu, but that diverged from it ~1.3 MYA, and
the female donor of the B subgenome, a species related to
Ae. speltoides, but that diverged from it ~45 MYA
(Marcussen et al., 2014; Li et al, 2022). The second allopoly-
ploidization event that produced hexaploid wheat involved
allotetraploid wheat as the female donor of the B and A
subgenomes and Ae. tauschii as the male donor of the D
subgenome. This event first formed hulled allohexaploid
wheat from which the more advanced free-threshing forms
originated by mutations (Feldman, 2001). The cytoplasm of
T. aestivum, designated B, is identical to that of its maternal
parent, T. turgidum (Tsunewaki, 2009, and references
therein).

While the identity of the diploid donors of two out of the
three subgenomes of T. aestivum, namely, T. urartu (A sub-
genome) and Ae. tauschii (D subgenome), is well established,
that of the B subgenome, the cytoplasm donor of bread
wheat, remains elusive. There is no extant diploid species
whose chromosomes have a high affinity for the B subge-
nome, suggesting that the progenitor is either extinct or
remains to be discovered, or that the B subgenome has a
polyphyletic origin and evolved at the polyploid level
through multiple hybridizations with close extant species,
for example, the five species from the Sitopsis section: Ae.
speltoides; Ae. bicornis; Ae. sharonensis; Ae. Longissima; and
Ae. searsii. Recent insight from whole-genome sequences
suggests that Ae. speltoides diverged from the B subgenome
~45 MYA (Li et al, 2022). The estimate that wild emmer
wheat (genome BBAA) was formed ~0.8 MYA (Marcussen
et al, 2014) rules out the possibility that Ae. speltoides is the
direct progenitor of the B subgenome. The results of Li et al.
(2022) support the hypothesis that the donor of the bread
wheat B subgenome is a diploid species closely related to,
but distinct from extant Ae. speltoides. Moreover, despite ev-
idence for introgressions from other Sitopsis species, the B
subgenome appears to have a mainly monophyletic origin.
According to this scenario, the B subgenome donor is either
extinct or remains to be discovered. Considering that mor-
phological differences are sometimes very subtle among
Sitopsis species, it cannot be ruled out that the B subge-
nome donor is still present in the wild. The B subgenome
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Figure 1 Phylogenetic representation of wheat evolution. Wheat evolution is shown starting ~7 MYA from a progenitor that gave rise to the (A),
(B), and (D) lineages that merged to form bread wheat. The relative timing of the major speciation events is shown in the horizontal axis and de-
scribed in the boxes above. The tree is adapted from Glémin et al. (2019); Li et al. (2022); Avni et al. (2021). The diploid species related to the D ge-
nome (asterisks) are Aegilops bicornis, Ae. longissima, Ae. searsii, Ae. sharonensis, Ae. caudata, Ae. comosa, Ae. umbellulata, and Ae. uniaristata.

donor and Ae. speltoides thus belong to the B lineage, and
both diverged from Amblyopyrum muticum (2n = 2x =14, T
genome) ~6.4 MYA (Figure1), making Am. muticum the
most ancestral extant representative of the B lineage
(Glémin et al,, 2019; Bernhardt et al, 2020; Avni et al, 2021;
Li et al,, 2022).

In summary, one could say that bread wheat was formed
from its diploid and tetraploid progenitors through a cycle
of “diverge-and-merge” speciation events. Indeed, after their
divergence ~7 MYA, the A and B genomes merged to form
a new homoploid hybrid species, Ae. tauschii (genome DD)
5.5 MYA, then, 800,000 YA, A and B reunited again, but this
time to form an allotetraploid species (ssp. dicoccoides, ge-
nome BBAA). And to close the cycle of “diverge-and-merge,”
the D genome, which is itself an ancient homoploid hybrid
between B and A, merged with the BBAA genome approxi-
mately 9,000 YA to form allohexaploid bread wheat
(Figure 1). Another insight from recent studies points to the
seminal role of A. muticum as an ancestral contributor to
both the B and D lineages (Glémin et al, 2019; Avni et al,
20271; Li et al, 2022).

Evolution under allopolyploidy

Speciation

Allopolyploidization is a biological process that played a cen-
tral role in plant speciation and evolution (Soltis and Soltis,
2009), including in wheat, which is an archetype of evolution

via polyploidization (Feldman and Levy, 2012). It constitutes
a radical and rapid mode of speciation that produces a new
species by means of inter-specific or inter-generic hybridiza-
tion of two diverging species, followed by chromosome dou-
bling of the F; hybrids. There has been much debate on the
fitness of polyploids (Stebbins, 1950, 1971; Soltis and Soltis,
1999; Mayrose et al, 2011). A recent meta-analysis of tens of
thousands of species (Rice et al, 2019) suggests that the
prominence of polyploidy depends on several factors, for ex-
ample, polyploids are relatively more abundant in cold or
dry climates with less species richness, presumably thanks to
facilitated competition with endemic diploids. Such ability
to outcompete diploid relatives can be achieved through a
diversity of mechanisms, including novel intergenomic inter-
action, rewiring of gene expression, new dosage effects, new
protein complexes, and fixed heterosis (Birchler and Veitia,
2021). Domestication, a recent event in plant evolution,
seems to have favored allopolyploids in wheat and in several
other crop species, possibly as it allowed for rapid adapta-
tion to the new cultivation environment (Dubcovsky and
Dvorak, 2007). Diploid einkorn wheat is grown on a smaller
scale than tetraploid durum, which in turn represents only
~10% of the area and production of hexaploid bread wheat.

All diploid grass species are thought to be paleopolyploids
that underwent at least one event of whole-genome dupli-
cation (Salse et al, 2008; Wang et al, 2015 Murat et al,
2017), and on the evolutionary scale, polyploidization was
followed by cytological and genetic diploidization (Bolot
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et al, 2009). Genetic diploidization can be considered as
proposed by Ohno (1970), as a regulatory process that
brings redundant or unbalanced gene systems in allopoly-
ploids toward a diploid-like mode of expression. This can be
achieved through multiple mechanisms (Conant et al,
2014), such as gene mutation, elimination, pseudogenization,
or gene dosage compensation (Galili et al, 1986). Likewise,
cytological diploidization is essential for the success of the
new allopolyploid species to achieve full fertility and to pro-
vide a stable disomic inheritance for new beneficial interac-
tions between subgenomes (Feldman and Levy, 2012).

Karyotypic evolution

The ancestral Triticeae karyotype has been proposed to
have derived from the n =12 ancestral grass karyotype as
seen in rice (Salse et al, 2008; Luo et al, 2009). Comparative
genetics showed that the reduction from n=12 to n=7,
without the loss of genes, was accomplished through four
centromeric ancestral chromosome fusions (leading to func-
tional monocentric neochromosomes), one fission, and two
telomeric ancestral chromosome fusions (Salse et al., 2008;
Luo et al, 2009). The Triticeae basic chromosome number
of n =7 evolved via the loss of five functional centromeres,
four of which correspond to those of rice chromosomes
Os4, Os5, Os6, and Os9, and the fifth to either that of Os3
or Os11 (Luo et al, 2009).

The genome of common wheat, T. agestivum, shares the
ancestral reciprocal translocation (between A4 and A5 on
the A subgenome) as well as an additional lineage-specific
translocation (between chromosomes 4A and 7B) to reach
the modern 21 chromosomes (Salse et al, 2008; Luo et al,
2009; Murat et al,, 2014). One of the most prominent large-
scale karyotypic variants that occurred in wheat is a translo-
cation between chromosomes 5B and 7B. This translocation
was found in the majority of the lines tested by Walkowiak
et al. (2020). Sequence data showed that the translocation
between chromosomes 5B and 7B, which are ~737 and
762 Mb long, respectively, gave rise to translocated chromo-
somes of 488 Mb (5BS/7BS) and 993 Mb (7BL/5BL) in length.
The translocation breakpoint was mapped to a ~5-kb GAA
microsatellite when comparing cv. ArinaLrFor and SY Mattis.

In addition to the series of rearrangements that shaped
the present-day bread wheat chromosomes, functional units,
such as centromeres or nucleolar organizers, have also rap-
idly evolved under allopolyploidy in wheat. The Triticeae
centromeres are no exception to other plants, forming
through the assembly of the CENH3 proteins with arrays of
satellite repeats and retroelements (Cheng and Murata,
2003). The primary constrictions of barley, wheat, Aegilops,
and rye chromosomes, that is, the physical locations of cen-
tromeres, harbor retroelement-like sequences (Presting et al,,
1998; Fukui et al, 2001; Cheng and Murata, 2003). In wheat,
a detailed chromatin immunoprecipitation analysis, using a
CENH3 antibody followed by sequencing of the precipitated
DNA fraction, enabled the identification of a distinct dy-
namic structure for wheat centromeres, possibly due to evo-
lution through frequent hybridization and polyploidization
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(Su et al, 2019). Unlike typical plant centromeres, which
carry a satellite of tandem repeats ranging from 150 to
180 bp, the wheat CENH3 nucleosomes were associated with
two different types of repeats much larger than other plant
centromeric repeats, namely 550 and 566 bp long, respec-
tively (Su et al, 2019). Moreover, different subgenomes
tended to contain different repeat types, and some chromo-
somes lacked satellite repeats altogether. Phylogenetic analy-
ses indicate that the repeat signals were stronger in diploids
than in polyploids and that centromere structure evolved
rapidly at the polyploid level (Su et al, 2019).

The nucleolar organizing regions (NORs) where nucleoli
form is seen as secondary constrictions on chromosomes
(McClintock, 1934). NORs contain ribosomal (rDNA) genes
that code for the ribosomal RNA (rRNA) and are organized
in a gene array of thousands of tandemly arranged copies
per NOR. The total number of rDNA units in the fully se-
quenced genome of cv. Chinese Spring was estimated at
11,160 copies corresponding to 100 Mb, 30.5% of which are
on the Nor-B1 locus (Chr. 1B), 60.9% on Nor-B2 (Chr. 6B),
and 8.6% in other NORs (Handa et al, 2018), which is con-
sistent with earlier estimates (Flavell and O’Dell, 1979
Appels and Honeycutt, 1986). In hybrids and polyploids, the
rDNA genes of one parental set are transcribed, while most
or all rDNA genes inherited from the other parent remain
silent. This phenomenon, known as nucleolar dominance
(Pikaard, 2000), is common in the allopolyploid species of
the genera Aegilops and Triticum (Feldman et al, 2012). The
diploid species of wheat, Triticum monococcum and T.
urartu, contain two nucleolar organizer regions, one on
chromosome arm 1AS and the second on 5AS (Miller et al.,
1983). In the allopolyploid wheat species, the NOR of 1AS is
inactive, while that of 5AS was lost (Miller et al., 1983; Jiang
and Gill, 1994). Newly synthesized allopolyploids exhibit ge-
netic and epigenetic changes in their rRNA-encoding genes
similar to those occurring in natural allopolyploids, indicat-
ing that these changes are rapid and reproducible and were
generated early during allopolyploid formation (Baum and
Feldman, 2010). Guo and Han (2014) conducted a detailed
molecular analysis of the fate of wheat NORs in several allo-
polyploids, including the synthetic and natural BBAADD
genomes. They concluded that the NORs from the B subge-
nome are dominant in several genomic combinations and
that the elimination of the other NORs proceeds in two
steps—first through silencing and hypermethylation in the
first generations, then through progressive elimination of the
non-B rDNA copies, starting in the fourth and ending by
the seventh generation after polyploidization (Guo and Han,
2014).

Evolution of gene order and content

Allopolyploidy involves genetic redundancy, even in an allo-
hexaploid where the different subgenomes diverged from
each other millions of years ago. This was shown in a mile-
stone study by Ernie Sears with the demonstration that
each of the seven pairs of chromosomes of a subgenome
could compensate for the absence of a specific pair of
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another subgenome (Sears, 1954, 1959). The compensating
pair was called homoeologous (with partially homology).
The wheat genome could thus be arranged into seven
homoeologous groups and three subgenomes (Sears, 1959).
From an evolutionary point of view, this study also implied
that, despite their divergence, the subgenomes maintained a
relatively high degree of similarity.

Pioneering molecular studies revealed a high level of gene
synteny and collinearity in the homoeologous chromosomes
of bread wheat (Moore et al, 1995). The nature of the diver-
gence/similarity between the hexaploid wheat subgenomes
was fully understood only after the publication of an anno-
tated high-quality sequence of bread wheat cv. Chinese
Spring, the same cultivar used by Ernie Sears in his analysis
of wheat chromosomes homoeology (IWGSC, 2018).
Annotation of CS genes identified 107,891 “high confidence”
genes distributed almost equally between the A, B, and D
subgenomes. Synteny was highly conserved in the three sub-
genomes. Synteny was more prominent, with larger syntenic
blocks, in interstitial regions compared to sub-telomeric
regions or pericentric regions (IWGS, 2018). As shown by
Akhunov et al. (2003), a higher rate of gene duplication and
deletion in the sub-telomeric regions was in part responsible
for the reduction in synteny. Only 55% of the genes had a
syntenic homoeolog in all three subgenomes, whereas 15%
had at least one missing homoeolog but had a paralog. The
percent of missing homoeologs (gene loss) was similar
(~10%) in each subgenome (IWGS, 2018).

Gene organization within the chromosome analyzed
through sequencing of single wheat BAC clones and BAC
clone contigs suggested that genes are clustered into many
small islands of 3-4 genes interspersed by retroelements
(Feuillet and Keller, 1999; Wicker et al. 2005; Choulet et al.
2010). Gene density in the distal regions of chromosome 3B
of common wheat was higher than in the rest of the ge-
nome due to a higher incidence of duplicated genes in these
regions (Dvorak and Akhunov, 2005; Luo et al. 2013). For ex-
ample, when comparing the Ae. tauschii and bread wheat D
subgenome, only 87.4% of the genes were present at the
expected orthologous position, highlighting a dynamic gene
copy-number variation that is not related to whole-genome
duplication (Zhou et al, 2021). Some gene families, such as
prolamine genes (including glutenins and gliadins) and
disease-resistance genes were among those most prone to
be nonorthologous with other grasses (Zhou et al.,, 2021).

In bread wheat, gene family expansion generally occurred
in the wild progenitor or the common ancestor of the sub-
genomes: out of 8,592 expanded families, 6,216 expanded in
all three A, B, and D subgenomes while 1,109 expanded in
only one of the subgenomes, and only 78 gene families con-
tracted (IWGS, 2018). Interestingly, there were significant dif-
ferences between subgenomes when functions were
assigned to the families that expanded: there was an over-
representation of seed-related genes (embryo and endo-
sperm) in the A subgenome and of vegetative growth and
development in the B subgenome. Families that expanded
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in all three genomes were enriched in genes that were hy-
pothesized to play an important role in wheat breeding for
trait related to yield or biotic and abiotic stress resistance
(IWGS, 2018); however, a causal relationship has not been
shown to date.

Walkowiak et al. (2020) analyzed the genomic sequence of
different bread wheat lines and found high collinearity of
gene order on homologous chromosomes and overall similar
genome sizes. Nevertheless, ~12% of the genes showed a
“Presence/Absence Variation” between the different culti-
vars. Deletions in the polyploid background can be 10 times
faster than in the diploid background (Dvorak and
Akhunov, 2005). On the other hand, the repeat-rich inter-
genic environment of genes can accelerate gene duplication
by 20-fold (Akhunov et al, 2007). Indeed, repeats, often TEs,
can promote gene duplication by unequal (Molinier et al,
2004) or ectopic crossover (Shalev and Levy, 1997), or by
gene-flanking helitrons (Morgante et al, 2005), or by captur-
ing genes in mobile structures (Jiang et al, 2004). This dy-
namic gene copy number variation might be made possible
by the buffering effect of whole-genome duplication en-
abling toleration of a broad range of genetic changes over
time.

Rapid genetic and genomic changes leading to
genetic and cytological diploidization

Genome merging in hybrids or allopolyploids generates both
cytological and genetic challenges to the nascent species.
For example, homoeologous pairing may lead to partial ste-
rility and multisomic inheritance, and genomic clashes be-
tween regulatory elements of different subgenomes can lead
to hybrid necrosis (Bomblies and Weigel, 2007). Rewiring of
gene expression (Tirosh et al, 2009) may also reduce fitness
of the nascent species. Presumably, a new allopolyploid spe-
cies unable to rapidly overcome such challenges would not
be able to establish itself and survive in nature.

Upon allopolyploidization, the immediate triggering of a
variety of cardinal genetic and epigenetic changes that affect
genome structure and gene expression might be essential to
bring about genetic and cytological diploidization. Such
rapid changes have been reported in newly formed allopoly-
ploids, including elimination of coding and noncoding DNA
sequences, transposable element (TE) and tandem repeat
elimination or amplification, and gene expression modifica-
tions (Feldman et al, 1997; Liu et al, 1998; Ozkan et al,
2001; Shaked et al, 2001; Han et al, 2003, 2005; Salina et al,,
2004; Ma and Gustafson, 2006; Baum and Feldman, 2010;
Guo and Han, 2014). Remarkably, sequence elimination is of-
ten reproducible, as is evident from the elimination of the
same sequences in synthetic and natural allopolyploids bear-
ing the same genomic combinations (Feldman et al, 1997;
Ozkan et al, 2001; Han et al, 2005). In many instances, se-
quence elimination leaves homologous-specific sequences in
the genome, instead of two or three originally present in the
parental genomes. Such differential elimination leads to
rapid divergence of the homoeologous chromosomes,
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contributing a physical basis to facilitate chromosome ho-
mology recognition, and enabling hexaploid wheat to exhibit
exclusively intra-subgenomic pairing in the form of bivalents
between fully homologous chromosomes (diploid-like mei-
otic behavior). Allopolyploid species of the wheat group con-
tain 2%-10% less DNA than the additive sum of their
parental species, and synthetic allopolyploids exhibit a similar
loss, indicating again that DNA elimination occurs soon after
allopolyploidization (Furuta et al., 1974; Eilam et al, 2008).
TEs activity can be triggered by allopolyploidization, affect-
ing gene expression and inducing many structural rearrange-
ments, including deletions or duplications (Kashkush et al,
2002, 2003; Yaakov and Kashkush, 2011; Senerchia et al,
2015; Bariah et al, 2020). Due to their high copy number,
TEs have the highest potential to differentiate between sub-
genomes. In bread wheat, TEs constitute ~80%-85% of the
total genome with ~70% long terminal-repeat retrotranspo-
sons (LTRs) and ~12% DNA transposons (Walkowiak et al,
2020). LTR elements that are “young” that is, that have
transposed recently, tend to be located in the gene-rich
recombinogenic distal part of chromosomal arms, while
“old” LTR elements tend to be conserved among wheat lines
and to be located in the pericentric heterochromatic regions
of the chromosomes (Walkowiak et al., 2020). Recent trans-
positions, therefore, contribute to subgenome divergence in
regions important for promoting homologous pairing. TEs
also have the potential to affect genome structure and func-
tion through transposition, induction of homologous recom-
bination, and epigenetic re-patterning (Shalev and Levy,
1997; Bennetzen, 2005; Slotkin and Martienssen, 2007
Fedoroff, 2012). Since the activity of TEs is governed by epi-
genetic regulation, their activation might be induced by ge-
netic and environmental perturbations (Fedoroff, 2012).
Hence, TEs may mutate genes, alter gene regulation, and
generate new genes, in response to environmental chal-
lenges, thus providing fuel for evolution (Kidwell and Lisch,
1997). TEs associated with genes can affect the transcription
of neighboring genes, as shown for retroelements, through
readout activity of their LTRs (Kashkush et al, 2002, 2003).
Interestingly, inspection of the expression of homoeologs for
which all three subgenomes were represented (triads)
showed that for ~70% of the triads, the level of expression
was balanced, that is, homoeoalleles were generally
expressed at the same level. For the ~30% remaining triads,
differential expression was often associated with the diversity
of TEs in proximity to the promoter region (Ramirez-
Gonzdlez et al, 2018). Wheat TEs can affect splicing and in-
tron retention as shown for SINEs that are enriched in
introns (Keidar et al,, 2018). Miniature inverted-repeat trans-
posable elements (MITEs) also show a strong association
with wheat genes, being near genes, or within the transcrip-
tome (Keidar-Friedman et al, 2018). All this suggests that
TEs are drivers of dynamic genomic changes and modula-
tion of gene expression and contribute massively toward
shaping genome structure, gene expression, and evolution.
However, these dynamic changes, which can lead to
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deleterious genome instability, are mitigated by several epi-
genetic genome stabilizing factors that suppress TE activities
such as cytosine methylation (Fedoroff, 2012) or small RNAs
(Kenan-Eichler et al, 2011). Nevertheless, TEs have retained
some extent of mobility throughout wheat evolution as sug-
gested from their high diversity between the subgenomes of
bread wheat and between varieties in the same subgenome
(Wicker et al., 2018) and as shown for MITEs in a newly syn-
thesized wheat allohexaploid (Yaakov and Kashkush, 2012).

Introgression was an important mechanism to increase ge-
netic diversity during wheat evolution. Indeed, there has
been extensive natural introgression from wild emmer wheat
into the background of domesticated emmer wheat or
bread wheat, leading to higher variability in these genomes
(He et al, 2019; Zhou et al, 2020). This was facilitated by
the ease of crossing between wild emmer and domesticated
subspecies of T. turgidum, having the same BBAA genome.
Moreover, the initial process of domestication might have
taken approximately 2-3,000 years (Kislev, 1984; Tanno and
Willcox, 2006) as seen from the archeological records where
fragile, partly fragile, and nonfragile spikes can be found in
the same farming sites, providing high chances to hybridize.
Consistent with these biological and archeological data, the
variation in the domesticated-emmer genome includes
~73% of that of wild emmer (Zhou et al, 2020; Keilwagen
et al, 2022; Sharma et al, 2021). Genotyping of T. aestivum
landraces has shown that a significant part of the variation
in wild or domesticated tetraploid wheat has also found its
way into the A and B subgenomes of the bread wheat ge-
nome suggesting that there was only a limited genetic bar-
rier between tetraploid and hexaploid wheat (Dvorak et al,
2006). The barrier between diploid Ae. tauschii and hexa-
ploid wheat is harder to cross because the resulting genome
ABDD tetraploid hybrid is highly sterile, which is consistent
with the finding that the variability of the D subgenome is
2-5 times lower than that of the A and B subgenomes
(Caldwell et al, 2004). Nevertheless, some degree of intro-
gression took place as seen from whole-genome sequencing
(Gaurav et al, 2021; Zhou et al, 2021). Introgressions were
found between nonhomologous genomes, seen as an incon-
gruent block of single-nucleotide polymorphisms (SNPs)
that are specific to another species and do not follow the
phylogeny of the species, mostly from the B to D lineage
and to a lesser extent from D to B lineage. However, these
introgressions were relatively rare and took place prior to
the formation of tetraploid wheat (Li et al, 2022).

Homologous and homoeologous recombination

Meiotic recombination between homologous chromosomes
is a major engine of diversity in wheat evolution and breed-
ing. Introgressions via recombination between homologous
genomes of bread wheat and wild relatives have been rela-
tively frequent for the A and B genomes as discussed above.
Dvorak (2009) reviewed data indicating that Triticeae
genomes have a steep recombination gradient along the
centromere—telomere axis following gene content which
increases from the proximal toward the distal region. In
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their detailed study of the pattern of crossovers along the
sequenced chromosome 3B of bread wheat, Saintenac et al.
(2009) also show that crossover frequency increases gradu-
ally from the centromeres to the telomeres. Moreover, they
show that small chromosome segments of high gene density
and frequent recombination interspersed with relatively
large regions of low gene density and infrequent recombina-
tion (Saintenac et al, 2009). Multiple crossovers occurred
within these gene-dense regions where the degree of recom-
bination is at least 11-fold greater than the genomic average
(Faris et al, 2000). Fine mapping of crossover in chromo-
some 3B showed that 82% of the crossovers occurred in
19% of the chromosome length in the sub-telomeric regions
which carry 60%-70% of the genes (Valenzuela et al, 2013;
Darrier et al, 2017). The remaining ~35% of the genes are
located in recombinationally poor chromosomal regions
(Erayman et al, 2004; Darrier et al, 2017), hindering the
elimination of deleterious mutations or introgression of ben-
eficial ones in these regions. Recombination tends to occur
in or near genes, often in promoter regions (Darrier et al,
2017). Most recombination events take place in hotspots
that are characterized by specific sequence motifs, such as
CCN or CTT repeats, or A-rich regions (Darrier et al., 2017)
and are associated with typical chromatin modifications (Liu
et al, 2021). A new member of the RecQ helicase gene fam-
ily was recently shown to be associated with high crossover
frequency in hexaploid wheat (Gardiner et al, 2019).
Superimposed on the divergence of the homoeologous
chromosomes is a genetic system that contributes to the
maintenance and reinforcement of the exclusive bivalent
pairing in the allopolyploid Triticum species, ensuring that
chromosome pairing is wholly restricted to homologous
chromosomes (reviewed by Sears, 1976). The most potent
suppressor of homoeologous pairing between wheat subge-
nomes and in interspecific or intergeneric hybrids is a gene
designated Pairing homoeologues1 (Ph1). First described by
Okamoto (1957), Sears and Okamoto (1958), and Riley and
Chapman (1958), Ph1 is located on chromosome arm 5BL
and suppresses homoeologous chromosome pairing without
affecting homologous chromosome pairing. A deletion of
Ph1 was induced by Sears (1977) via X-irradiation and
shown by Gill and Gill (1991) to encompass 73.5Mbp (the
ph1b locus). In the absence of Ph1, pairing occurs between
the homoeologues of the A, B, and D subgenomes of bread
wheat or between homoeologous chromosomes in hybrids
between hexaploid wheat and wild relatives (Sears, 1976;
Feldman, 1988). Later analysis of deletions in 5B enabled
restricting the size of the Ph7 locus to a 2.5-Mb region
(Griffiths et al., 2006). This region still contains several candi-
date genes that may affect chromosome synapsis and re-
combination: C-Ph1 (Bhullar et al, 2014), CDK2-like genes,
methyl transferase genes and Hyp3, now called TaZIP4-B2,
and it is possible that the Ph1 phenotypes are due to the
combined effect of several genes as proposed by Ciriffiths
et al. (2006). Recently, two mutants in TaZlP4-B2, a point
mutation induced by ethyl methanesulfonate (EMS) and a
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small deletion induced by clustered regularly interspaced
short palindromic repeats (CRISPR)-Cas9 yielded high levels
of homoeologous pairing (Rey et al, 2017) making it a
strong Ph1 candidate. Nevertheless, recovering the whole
complexity of the Ph1 phenotype might require mutations
in additional genes at the same locus. In addition to Ph1,
there are at least two other suppressors of homoeologous
pairing in T. aestivum, the 3DS and 3AS genes, designated
Ph2 and Ph3, respectively, that are less potent than Ph1
(Sears, 1982, 1984). The 3DS Ph2 locus was recently isolated
(Serra et al,, 2021) and found to encode the wheat homolog
of DNA mismatch repair gene MSH7, TaMSH7.

How homoeologous suppression evolved is still poorly un-
derstood. It seems to have existed at the diploid levels
(Attia et al, 1979). However, diploid activity seems to have
been too weak to explain homoeologous suppression as
seen in bread wheat. Riley (1960) and Sears (1976) assumed
that Ph1 evolved at the allotetraploid level, in parallel to, or
soon after, the allopolyploidization process. The evolution of
Ph1 seems to have been gradual with activity increasing with
polyploidy with diploid < tetraploid < hexaploid (Ozkan
and Feldman, 2001). Tracing the evolution of homoeologous
pairing suppression will be possible only when the molecular
mode of action of Ph1 is more fully understood but will re-
main limited in the absence of an extant B donor species.

In nature, the number of introgressions that took place by
homoeologous recombination in the bread wheat lineage
seems to have been relatively infrequent (Li et al, 2022).
Nevertheless, when it happens, as shown in a synthetic allo-
tetraploid lacking Ph1, homoeologous recombination events
were shown to occur preferentially within exons, generating
novel hybrid transcripts and proteins (Zhang et al, 2020a),
possibly due to the higher homology in these regions. This
contrasts with homologous recombination that preferen-
tially occurs in promoters (Darrier et al., 2017).

In summary, allopolyploidy in the wheat genome has en-
abled, and in some cases induced, rapid changes at many
levels, starting from providing a rapid speciation mode that
triggered massive changes in repetitive DNA such as centro-
meres, NORs, and TEs, as well as gene elimination and dupli-
cation, thus leading to divergence of homoeologous
genomes. Despite these rapid alterations, stability has been
maintained thanks to epigenetic regulation and to a genetic
system superimposed on the diverged homoeologs, namely
the Ph1 locus, that was present in diploids but further
evolved in polyploids, controlling the preferential pairing of
homologous rather than homoeologous chromosomes. It is
assumed that all these mechanisms have contributed to the
rapid genetic and cytological diploidization of the wheat ge-
nome, ensuring disomic inheritance and fertility of the na-
scent species, eliminating redundancies, and maintaining
heterotic interactions between subgenomes.

Wheat domestication

Wheat is a staple food of humanity and its evolution under
human selection is part of a never-ending endeavor to reach
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food security. Proto-humans likely fed on foraged wheat
since the Paleolithic. What induced hunter-gathers in the
Near East to start cultivation and then to domesticate
plants and become farmers? This question has inspired
myths and religions (e.g. Genesis 3: 17-23) and has fasci-
nated archeologists, anthropologists, plant geneticists, and
evolutionary biologists, including Darwin (1868). Despite var-
ious hypotheses, such as pressure on food resources due to
an increase in human population and to climate change
(see Figure 2), the “why” of wheat cultivation and domesti-
cation remains a mystery. Likewise, an important and unan-
swered question is whether domestication was an
intentional process, namely due to active selection by early
farmers (as modern breeders would do) of mutants adapted
to cultivation, such as nonfragile spike and free threshing, or
whether it was a genetic drift due to the increased fitness
under cultivation of these mutants that became fixed after
several generations. Both are plausible and not mutually ex-
clusive scenarios.

Wheat domestication: where and when?

The phases of wheat evolution under human selection are:
(1) the gatherers (also called foraging) period when wheat
was harvested from wild stands; (2) a predomestication cul-
tivation period when wild wheat was grown in small plots;
(3) the domestication of wild emmer wheat, namely, the pe-
riod when mutations in genes affecting spike morphology
appeared and became fixed. These mutations, which hin-
dered seed dispersal and facilitated threshing, suited the
farmer rather than the wild plant and turned wheat into an
organism dependent on humans for its dissemination; (4)
the formation of bread wheat under domestication; (5) the
spread of bread wheat and the accumulation of landraces;
and (6) the green revolution and modern breeding,

We know little of the predomestication period, when hu-
man were gatherers and brought grains near their dwellings,
due to a limited amount of available data. The earliest data
relevant to wheat comes from archeological records from
the upper paleolithic Last Glacial Maximum period approxi-
mately 23,000 years ago in the hunter—gatherer sedentary
camp of Ohalo Il on the shores of the lake of Galilee
(Figure 2), suggesting that there might have been a period
of cultivation of wheat that was not yet domesticated (Snir
et al, 2015). The evidence is that extensive farming-related
activity was detected at this site, as deduced from various
flints, sickle blades and stone grinding tools, fauna remains,
and large amounts of seeds (approximately 10,000 seeds
from cereals) including wild emmer wheat, wild barley, and
wild oats, in what was a human-disturbed environment con-
taining seeds from weedy species (presumably a field). If this
interpretation is correct, this would be the earliest known
site of wild wheat cultivation. Alternatively, it might be a
site where wild emmer wheat, harvested from nearby wheat
stands, was brought and processed (Piperno et al, 2004).
Ohalo Il is a singular case as there is a gap of approximately
10,000 years before other human sedentary settlements were
found during the Younger Dryas in the Late Natufian and
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early Pre-pottery Neolithic-A period throughout the fertile
crescent (Figure 2). There is a consensus among archaeobo-
tanists (not considering Ohalo Il) that the cultivation of
wild cereals predated morphological domestication by more
than 1,000 years with wild einkorn in the north Levant as
soon as 13,000 Cal-Y BP (Abu Hureyat | and Mureybit I-1Il)
and 11-12,000 Cal-Y BP, wild emmer in the south Levant in
Netiv Hagdud and Zaharat adh-Dhra (see reviews by
Nesbitt, 2001 and Willcox, 2012) and wild barley and to a
lesser extent also wild emmer in the eastern part of the fer-
tile crescent Chogha Golan site in the Zagros mountains
(Riehl et al, 2013). During these periods, there was no clear
morphological evidence for the presence of domesticated
wheat.

The morphological hallmark of domesticated cereals is the
nonbrittle rachis, marking the transition from seed dispersal
through spike fragility to dispersal by farmers (Figure 3).
Domesticated emmer wheat appears first in the archeologi-
cal record of the northern Levant (Figure 2) at Dja’de and
Abu Hureya Il in the early PPNB (starting approximately
10,000 Cal-Y BP), and briefly after that in the southern
Levant at Beidha, Jericho, Nahal Hemar, in the central fertile
crescent at Cafer Hoyuk and Navali Cori (reviewed by
Nesbitt, 2001 and Willcox, 2012) and east of the fertile cres-
cent at Chogha Golan (Riehl et al,, 2013). Early genetic stud-
ies searching for the location of emmer wheat
domestication did not provide clear answers and did not al-
ways match archaeological data, with evidence pointing to
either the upper Euphrates or the Levant (Ozkan et al,
2005; Luo et al, 2007; Civan et al, 2013). Confusion on these
points was exacerbated by the mobility of Neolithic farmers,
rapidly spreading seeds and cultivation technology and en-
abling multiple and diverse introgressions among wild in do-
mesticated wheat (Civan et al, 2013). Part of this confusion
can be clarified by looking at the fragility loci which are
more diagnostic than the rest of the genome, being the first
hallmarks of domestication (Avni et al, 2017; Nave et al,
2019). Recent genetic evidence shows that a haplotype sur-
rounding a major gene controlling spike fragility (further dis-
cussed below) that is found in all the modern tetraploid
and hexaploid wheats, originates from wild emmer wheat
from the south foothills of Mt. Hermon in the south Levant
(Nave et al, 2019). The “where” origin is thus fuzzy, span-
ning possible sites from the south Levant all the way to the
North of the fertile crescent in the upper Euphrates
(Figure 2). Nonfragile spikes were initially found together
with fragile spikes in early PPNB sites and it took 2-3 mil-
lennia for nonbrittleness to be fully dominant among culti-
vated forms of wheat suggesting that domestication was a
gradual process as proposed by Kislev (1984) for emmer
wheat and by Tanno and Willcox (2006) for einkorn. The
loss of fragility gave rise to the first known domesticated
wheat, T. turgidum ssp. dicoccon which had a hulled grain
and a nonbrittle rachis. Free-threshing tetraploid wheat
appeared soon following the nonfragile types, in the Near
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Figure 2 Archaeological evidence for wheat cultivation and domestication in the near-east. The location of the fertile crescent is shown as dashed
green lines. Its boundaries correspond to the distribution of wild progenitors of wheat, barley, and several legumes as well as to early domestica-
tion of these crops. The western part, called the Levant or levantine corridor (Bar-Yosef, 1998), goes south, around the Jordan valley between the
dashed line on the side of the Syrian desert and the Mediterranean Sea. The south Levant is the region between Beidha (#6) and Aswad (#9) and
the north Levant is north of Aswad (#10), for example, in Dja’de (#5) and Abu Hureya (#6). The northern area of the fertile crescent is also referred
to as the upper Euphrates (e.g. Cafer Hoyuk, #11), and the east of the fertile crescent, in the Zagros mountain is represented by sites such as
Chogha Golan (#4). The years on the blue horizontal axis correspond to “Calibrated years before present” (Cal BP). The bottom boxes represent
the climatic and the archeological periods when cultivation and domestication took place. Horizontal lines flanked by the location number (see
map) and names indicate the relevant period when archeological evidence of cultivation or domestication was found. Numbers in red indicate
two regions where evidence came from genomic data rather than archaeological data for the putative progenitors of domestic emmer (#13) and
for the donor of the D subgenome of bread wheat (#14). Archaeological data were gathered from Nesbitt (2001); Willcox (2012); Zeder (2011);
Riehl, et al. (2013). A blank topographic map from Wikipedia (Middle East topographic map-blank 3000bc.svg, by Fulvio314, CCBY 3.0) served as
the background on which text and data were added.

east, late Pre-Pottery Neolithic B (PPNB) (Kislev, 1980; Asia, Transcaucasia to China, confirmed earlier studies sug-

Nesbitt, 2001; Schultze-Motel, 2019).

By the middle PPNB, approximately 9,800 Cal-Y BP, do-
mesticated tetraploid wheat was already found east of the
fertile crescent (Riehl et al, 2013), and it is assumed that it
came into contact with Ae. tauschii to form hexaploid
wheat (Feldman, 2001; Zohary et al, 2012). Various bio-
chemical and molecular studies indicated that the most
likely area of origin of T. aestivum is the south-western cor-
ner of the Caspian belt (Nakai, 1979; Jaaska, 1981; Dvorak,
1998). A recent whole-genome analysis of a core collection
of 278 accessions covering the eco-geographic distribution
of Ae. tauschii, in arid and semi-arid habitats from central

gesting that the wheat D subgenome is mostly derived from
the strangulata subgroup originating from the south
Caspian Sea and further narrowing down the origin to
accessions from the Mazandaran province (Zhou et al,
2021). A recent analysis of 242 Ae. tauschii accessions
showed that a rare and distinct lineage (different from stran-
gulata) from Transcaucasia also contributed ~1% on aver-
age to the current wheat D subgenome (Gaurav et al,
2021), in accordance with earlier studies that analyzed allelic
variation of high molecular weight (HMW) glutenins (Giles
and Brown, 2006). HMW glutenins from the D subgenome
have contributed to wheat baking quality (Orth and
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Figure 3 Major mutations and morphological changes during wheat domestication. 1, The transition from ssp. dicoccoides to ssp. dicoccon in-
volved mutation in the Brittle rachis loci. Some modern emmer wheat lines might also contain mutations in some but not all loci affecting free
threshing. 2, Free-threshing tetraploid wheat, named ssp. parvicoccum, appears in the archeological record approximately 2,000 years before ssp.
durum. It is now extinct but might have resembled the tetraploid wheat (Genome BBAA) shown here as ssp. X that was extracted from hexaploid
wheat and has a compact spike and small grains. Its genotype must have been similar to durum, namely free threshing with soft glumes, with
mutants Q and tg-A1, tg-B1. 3, The hybridization of this free-threshing tetraploid wheat with the DD subgenome donor, Ae. tauschii, gave rise to a
primitive hulled hexaploid wheat, different from spelt wheat due to the Q factor, and absent from the archaeological record. It likely resembled
the picture shown from a synthetic hexaploid between ssp. durum and Ae. tauschii shown here. 4, Soon after its formation, hexaploid wheat be-
came free threshing thanks to a mutation in Tg-D1 and its rachis became thicker thanks to a mutation in Br-D2.

Bushuk, 1973; Shewry, 2009). Likewise, the Transcaucasian D
lineage contains an HMW glutenin subunit contributing to
superior baking quality (Delorean et al,, 2021). Hence, a likely
scenario is that bread wheat was formed in the south
Caspian under domestication, that a few additional intro-
gressions with strangulata lines took place such as the Ae.
tauschii lineage from Transcaucasia, and that there is no
true wild T. aestivum. Note that there is one semi-wild form
of hexaploid wheat, ssp. tibetanum, growing in Tibet, whose
spike is fragile, hulled and breeds freely with bread wheat
(Shao and Li, 1983), but it is generally considered a feral
form of bread wheat T. aestivum ssp. aestivum. A recent
study showed that Tibetan wheat became feral through
mutations in a local landrace that involved a Btr1/2 homo-
log on 3D and Q on 5A (Guo et al, 2020). Dvorak et al.
(2012) suggested, on the basis of the mapping of the tena-
cious glume (Tg) locus in several wheat species, that the
BBAA subgenomes of hexaploid wheat originated from a
free-threshing tetraploid form and therefore it could not be
T. turgidum ssp. dicoccon, the most ancient domesticated
hulled grain tetraploid wheat. This leaves us with the ques-
tion of the identity of the domesticated tetraploid parent of
hexaploid wheat. The free-threshing tetraploid macaroni
wheat T. turgidum ssp. durum is also an unlikely donor since
there is no evidence that it existed approximately 8,500 YA
when T. aestivum was formed. The domesticated free-
threshing tetraploid wheat that was cultivated approxi-
mately 9,000 YA, starting in the Levant and spreading
throughout the fertile crescent, when T. aestivum was
formed is the primitive tetraploid T. turgidum ssp. parvicoc-
cum (1980, Kislev, 2009; Schultze-Motel, 2019), making it a
candidate as donor of the BBAA genomes. This is reinforced

by the fact that the extracted tetraploids produced by
Kerber (1964), having the BBAA subgenomes from hexaploid
wheat and lacking the D subgenome (see Figure 3), were
free threshing and had similar small and oval grain shape as
ssp. parvicoccum (Kislev, 1980, 2009). While ssp. parvicoccum
was found in several archaeological sites beyond the fertile
crescent, in the Balkans and in Transcaucasia, and as late as
approximately 1,000years ago in Georgia (Schultze-Motel,
2019), it is now extinct as it was replaced during the Roman
period by the more prolific and large-grain ssp. durum
(Kislev, 2009). Therefore, the precise identity of the free-
threshing domesticated tetraploid that hybridized with Ae.
tauschii to form T. aestivum remains uncertain. Another
puzzling fact about hexaploid wheat origin is that there is
no archeological record of the hulled, spelt-like type that
should have emerged from a T. turgidum X Ae. tauschii
allohexaploid (see below). The earliest archeological findings
of hexaploid wheat are from an 8400-year-old, free-
threshing type in Cafer Hoyuk, upper Euphrates (Bilgic et al,,
2016) rather than from the location of origin predicted from
the genomic data (Zhou et al, 2021) in the south Caspian
(Figure 2). The lack of hulled, spelt-like types in the archeo-
logical record suggests that the free-threshing mutation oc-
curred very soon after hexaploid wheat formation and was
preferred, in most regions, over the original Spelt-like type.
The free-threshing hexaploid wheat settled in central
Anatolia and spread rapidly to Europe (Bogaard, 2016).

Domestication: how?

The brittle rachis phenotype in ssp. dicoccoides is controlled
by two major loci mapped on the short arm of chromo-
somes 3A and 3B (Levy and Feldman, 1989; Nalam et al,
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2006; Watanabe et al, 2006; Millet et al., 2013). Avni et al.
(2017) isolated these two genes, homologous to the barley
Brittle rachis Btr1 and Btr2 genes (Pourkheirandish et al,
2015). They show that, while a Btr2 homolog exists in wheat,
only a mutation in the Btr1 orthologs in the wild emmer
wheat loci (br-A1 and br-B1) leads to nonbrittleness
(Figure 3). The mutations are likely a loss of function: br-A1
has a 2bp deletion 290 bases from the start codon and br-
B1 contains a 4-kb TE insertion in its coding region. A muta-
tion in a single homoeoallele, (br-A1 or br-B1) led to partial
fragility while the combination of both was needed for the
full nonbrittle rachis phenotype. A panel of 113 wild emmer,
85 domestic emmer, and 9 durum lines showed that all do-
mesticated forms carried both mutations (Avni et al, 2017).
The accumulation of one mutation after another was thus
necessary to reach full nonbrittleness which is consistent
with the gradual evolution of this phenotype as seen in the
archeological record (Kislev, 1984; Tanno and Willcox, 2006).
Moreover, additional QTLs with weaker effects were mapped
to other loci (Tzarfati et al, 2014) and might have been se-
lected to further strengthen the rachis. Remarkably, the
function and mode of action of the barley Btr1 and Btr2
genes or of their wheat homologs remain unknown. In bar-
ley, mutations in these genes affect cell wall thickness in the
spikelet abscission zone, but not cell wall composition
(Pourkheirandish et al, 2015). Nave et al. (2019) investigated
the geographical birthplace of the recessive mutations in the
Brittle Rachis genes br-A1 and br-B1; mutations that deter-
mine spike nonbrittleness. They analyzed a core collection
of more than 400 lines of wild and domesticated wheat, in-
cluding hexaploid wheat. They show that mutations in br-
A1 and br-B1 are of monophyletic origin in the domestic
germplasm. They also analyzed the precursor of the domes-
ticated haplotype of br-A1 in wild accessions and found that
it is widespread throughout the Levant, from central Israel
to central Turkey. In contrast, the precursor of the domesti-
cated haplotype of br-B1 was found only in the wild acces-
sions, all from the southern Levant. Moreover, one particular
accession from the southern foothills of Mt Hermon carried
the haplotype around both br-A1 and br-B1 that is found in
all domesticated polyploid wheat with the AA and BB
genomes (Nave et al, 2019). This suggests a central role for
the southern Levant in the domestication of wheat, where
one or both mutations might have occurred as opposed to
the earlier proposal for the upper Euphrates (Ozkan et al,
2005). In this regard, genetic and archeological evidence do
not fully match because the most ancient nonfragile spikes
were found in the north Levant at Abu Hureyra and
Mureybit (Figure 2). These conflicting conclusions could be
reconciled if the eco-geographic distribution of wild wheat
drifted during the past 10,000years since domestication
started, or if the archeological record is incomplete.
Concerning hexaploid wheat, one might assume that the
hybrid between domesticated free-threshing tetraploid
wheat and Ae. tauschii that gave rise to bread wheat
would be fragile due to the wild-type (WT) fragility locus
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in 3D, Br-D2 (Figure 3). Fragility in Ae. tauschii is not tak-
ing place at the rachis node, as in ssp. dicoccoides, but the
breakage occurs below the rachis node (Zohary and Hopf,
2000) so that the spikelet falls with the rachis internode
beside it and not below it, as in wild emmer. This fragility
trait is controlled by a gene mapping to the long arm of
chromosome 3D (Li and Gill, 2006) and designated Br-D2,
while Br-A7 and Br-B1 are located on the short arm, and
its mode of action is not clear. At any rate, the spike of
the amphiploids between domesticated tetraploid wheat
and Ae. tauschii turned out to be hulled but nonfragile
(Figure 3) even though it becomes brittle upon slight
pressure indicating co-dominance of the Br1 and Br2
genes (McFadden and Sears, 1946). Had it been fragile it
might never have been domesticated.

Free threshing is another important domestication trait
that is beneficial to the farmer but reduces fitness in the
wild. The WT grain is tightly enclosed within the glumes
which are large and hard and protect it from birds and graz-
ers while the grain of free-threshing wheat can be easily sep-
arated from the glumes. Muramatsu (1986) showed that
free threshing emerged at the tetraploid level in an already
domesticated nonfragile crop, ssp. dicoccon (Figure 3), and
that all the free-threshing (or naked) forms of tetraploid
wheat carry a dominant allele, the Q factor, located on the
long arm of chromosome 5A (Sears, 1954). The Q allele has
numerous pleiotropic effects, changing the shape and thick-
ness of the glumes, and leading to a more compact spike
and to several other phenotypes (Mac Key, 2005; Simons
et al, 2006). Cloning of the Q factor showed that it encodes
an AP2-like transcription factor, which is consistent with its
effect on multiple pathways (Simons et al, 2006). The g
homoeoalleles underwent pseudogenization on 5B and neo-
functionalization on 5D (Zhang et al, 2011). The Q muta-
tion is not a duplication as previously thought (Muramatsu,
1963) but a gain-of-function mutation that is found in all
the domesticated wheat forms, tetraploid or hexaploid
(Simons et al, 2006). Although Simons et al. (2006) consid-
ered a SNP, leading to the substitution of valine by isoleu-
cine at position 329, as a possible cause for the Q mutation,
they also noted a conserved SNP in the miRNA 172 binding
site. Subsequent work by Debernardi et al. (2017) showed
that in fact, the SNP within the miRNA binding site is the
causal polymorphism for the functional difference between
the Q and g alleles. Moreover, Q is more abundantly tran-
scribed than WT g, which is consistent with its dominant
nature, as well as with the disruption of the miRNA 172
suppressive effect (Debernardi et al., 2017) and with the pos-
itive dosage effects shown by Muramatsu (1963) who found
that extra doses of g mimic the effect of Q in common
wheat. Recently, Zhang et al. (2020b) reported new insights
into Q's mode of action using transcriptomics and pheno-
typic analyses. They show that modification of cell wall
thickness and composition of glumes, for example, lignin
versus cellulose ratio, correlates with the expression of genes
involved in secondary cell wall biosynthesis.
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When free-threshing domesticated tetraploid wheat hy-
bridized with the D donor to form bread wheat (Dvorak
et al, 2012), we might have expected that the resulting allo-
hexaploid would be free threshing because the Q factor is
dominant. However, all crosses of either hulled or free-
threshing tetraploid wheat with all lines of Ae. tauschii
yielded only hulled forms resembling ssp. spelta, indicating
that this subspecies is the prototype of hexaploid wheat
(McFadden and Sears, 1946, Kerber and Rowland, 1974).
Further analyses showed that the free-threshing Q-pheno-
type was suppressed by the Tg gene from Ae. tauschii, lo-
cated on chromosome 2D (Tg-D1, Figure 3), and that a
single mutation from Tg to tg produced free-threshing forms
(Kerber and Rowland, 1974). The identity of the Tg homoeo-
alleles (Tg-A1, Tg-B1, and Tg-D1) remains unknown.
Simonetti et al. (1999), Faris et al. (2014), as well as Sharma
et al. (2019), performed fine mapping of the Tg loci and
showed that dominant homoeoalleles on chromosomes 2A
and 2B of emmer wheat (Tg-A1 and Tg-B1) contribute to-
gether with the g WT allele, to the nonfree-threshing phe-
notype (Figure 3). They also showed that fully free threshing
is achieved by mutations in all three loci and that each mu-
tation has an additive effect on threshability with Q having
the most profound effect. Free-threshing tetraploid wheats
such as T. turgidum ssp. durum, and possibly ssp. parvicoc-
cum, were formed through mutations in all three loci,
leading to a tg-ATtg-A1/tg-B1tg-B1/Q-A1Q-A1 genotype.
However, when, where, and in what order these mutations
occurred remains unknown. The hulled hexaploid wheat
formed through hybridization between free-threshing tetra-
ploid wheat and Ae. tauschii was thus expected to have the
Q/tg-A1tg-A1/tg-B1tg-B1/Tg-D1Tg-D1 genotype (Figure 3).
Such genotypes have not been found among extant hulled
wheats. Indeed, most hulled hexaploid spelt wheat lines
(T. aestivum ssp. spelta) examined so far did not have this
genotype but rather had a recessive tg-D1 allele and a domi-
nant Tg-B1 and q allele and are thus thought to be derived
from hybridization between free threshing hexaploid wheat
with tetraploid hulled emmer wheat (Dvorak et al, 2012).
The free-threshing bread wheat, ssp. aestivum, with the Q/
tg-A1tg-A1/tg-B1tg-B1/tg-D1tg-D1 genotype (Figure 3) must
have been preferred by the early farmers of the region and
the single mutation in Tg-D1 enabled the quick replacement
of the hulled forms. The isolation of the still elusive Tg
homoeoalleles will facilitate a better understanding of the
evolution of free-threshing tetraploid and hexaploid wheat
and the origin of spelt wheat.

In addition to the above-mentioned classical domestica-
tion traits, several other traits were selected during the pro-
cess of domestication. These include plant erectness versus
the prostrate grassy types, increased number of seeds per
spikelet, increased grain size, and reduced seed dormancy
(Feldman, 2001). Overall, the number of domestication-
related QTLs mapped to the A subgenome was two-fold
higher than those found on the B subgenome, that is, 24
QTL effects for domestication and domestication-related
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traits in the A subgenome, versus only 11 such QTLs in the
B subgenome (Tzarfati et al, 2014). This is in accordance
with the concept of “genome asymmetry,” implying that the
A subgenome is dedicated to the control of morphological
traits, housekeeping metabolic reactions, and yield compo-
nents (Peng et al, 2003; Feldman et al,, 2012).

All of the major evolutionary processes required to pro-
duce domesticated tetraploid and hexaploid wheat were
completed by the end of the Pre-Pottery Neolithic period in
the Near East, about 7,500 BP (Kislev, 1984), and wheat
spread away from its Near-East cradle. The appearance and
fixation of the nonfragility and free-threshing traits hap-
pened mostly within a millennium, between 9,500 and
8,500years BP for tetraploid and hexaploid wheat. The
spread of wheat westward was relatively swift. A surprising
finding was the report of wheat DNA in 8,000 years old sedi-
ments in a submarine archeological site off the isle of Wight,
in the southern UK (Smith et al, 2015). The remarkable
transformation and rapid evolution of wheat were probably
due to several factors. The allopolyploidy in wheat likely
contributed to a highly evolvable nature (Dubcovsky and
Dvorak, 2007). While some diploid species such as barley,
which has a similar domestication history as wheat, can
grow abundantly in a broad range of habitats (see Haas
et al. (2019) for a comparison of wheat and Barley domesti-
cation and evolution), the wheat diploids grow in limited
habitats where they are not the dominant species. In fact,
diploid einkorn, which was the first domesticated wheat, did
not have the same success as tetraploid wheat, which itself
is cultivated approximately 10 times less than hexaploid
bread wheat. Intergenomic interactions, described above, to-
gether with the impressive capacity of wheat to sustain high
rates of mutations (Dvorak and Akhunov, 2005; Akhunov
et al, 2007) might have enabled rapid evolution in the allo-
polyploid background. Moreover, the spread of domesti-
cated tetraploid wheat to new regions facilitated contact
between the domesticated and related species or genera,
with which they could hybridize and exchange genes. One
such encounter is of course the hybridization between do-
mesticated tetraploid wheat and Ae. Tauschii, which led to
hexaploid wheat formation. While domesticated tetraploid
wheats, in keeping with their Near Eastern origin, are
adapted to the Mediterranean-type environments (with
mild winters and warm, rainless summers), addition of the
D subgenome from the central Asiatic Ae. Tauschii greatly
extended the range of adaptation of hexaploid wheats to a
more continental climate over the continental plateaus of
Asia and the colder temperate areas in eastern, central, and
northern Europe (Feldman, 2001; Zohary et al, 2012). The D
genome also contributed resistance to several fungal diseases
(Appels and Lagudah, 1990; Yildirim et al, 1995) as well as
many desirable grain qualities (Orth and Bushuk, 1973;
Delorean et al, 2021) that promoted bread wheat spread
and global adoption as the preferred wheat type and the
preferred cereal compared to barley.
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Major milestones in wheat breeding during the past cen-
tury, including the green revolution, were recently reviewed
(Haas et al, 2019; Venske et al, 2019). The phylogeny of a
broad collection of landraces and modern bread wheat lines
shows clades that reflect the early east versus west spread of
wheat and the adaptation to different climates and in more
recent breeding the separation of two major gene pools,
one from the western block and one from the Warsaw pact
(Pont et al, 2019). Selection for mutations in vernalization
(VRN genes) that enabled growth under harsh winter condi-
tions or photoperiod sensitivity (e.g. PPD-D1) that enabled
growth under a broad range of latitude, enabled the expan-
sion of wheat to new areas. The selection of reduced height
(Rht genes) enabled the green revolution through reduction
of lodging under chemical fertilization and high yield.

The future of wheat evolution

Breeders will continue to rely on wheat biodiversity and
wild wheat will keep evolving in nature as they did for the
past million vyears, surviving multiple climatic changes.
However, it is not certain that food security can be ensured
in the face of anthropogenic activities, nor that biodiversity
won’t be affected. Indeed, climate changes, population
growth, urbanization, arable land expansion, overgrazing, soil
deterioration, etc, might lead to the extinction of several
wild wheat populations, to a reduction in biodiversity, and
to the emergence of new diseases. Biodiversity conservation
in seeds banks and in situ protection are thus essential.
Conservation of landraces is mostly taking place in seeds
banks, with notable efforts to characterize them genetically
(Kilian et al, 2011, 2021; Cavanagh et al, 2013; Dempewolf
et al,, 2017; Frankin et al, 2020) and to maintain their cul-
ture, in situ in farmer’s fields, for niche markets (Negri,
2003). In situ conservation of wild wheat is much more lim-
ited. An analysis of a long-term study of in situ conservation
of wild emmer wheat showed the resilience, for now, of the
genetic structure of a population during the past 36 years in
a protected area where temperature raised by ~1.5°C and
CO, concentration by ~70ppm (Dahan-Meir et al, 2022).
Establishing natural reserves for in situ wild wheat species
conservation is critical to ensure their survival and evolution
in the wild and to protect biodiversity. Wild emmer wheat
(Huang et al., 2016; Klymiuk et al., 2018; Faris et al,, 2020; Li
et al, 2020) and Ae. Tauschii (Bhatta et al, 2018; Gaurav
et al, 2021; Zhou et al, 2021) whose chromosomes readily
pair with their bread wheat homologs are an invaluable re-
source for breeders in particular when it comes to biotic
and abiotic resistance genes not found in the domestic
wheat gene pool. Also, the A subgenome of wild Triticum
Timopheevii and the A genome of T. rartu are homologous
to the A subgenome of bread wheat and can be used as a
source of useful genes (Badaeva et al, 2021; Zeibig et al,
2021). The gene pool for wheat breeding can be extended
to more distant relatives whose homoeologous chromo-
somes can recombine with wheat subgenomes in the ab-
sence of Phl. In this respect, sequencing the genome of
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several wheat relatives would provide an invaluable source
to facilitate broad gene transfers. The ability to increase the
rate of homoeologous recombination in a ph1 mutant back-
ground has been widely used during wheat breeding for the
transfer of genes from wild relatives of wheat to the wheat
background (Feldman and Sears, 1981). This might be fur-
ther enhanced by a premeiotic treatment with magnesium
in the ZIP4 (Ph1 candidate) mutant (Rey et al, 2018) or in
the WT background by a virus-induced gene silencing treat-
ment of Ph1 candidates (Bhullar et al, 2014). During the
20" century, wheat geneticists and breeders have transferred
genes from at least 52 species whose chromosomes do not
pair regularly with domesticated wheat chromosomes
(Aegilops, Agropyron, Ambylopyrum, Dasypyrum, Elymus,
Hordeum, Leymus, Lophopyrum, Psathyrostachys,
Pseudoroegneria, Secale, Thinopyrum, and Triticum; Wulff
and Moscou, 2014). Several contemporary introgressions
from wild relatives were precisely mapped following de novo
sequencing of multiple wheat lines (Walkowiak et al., 2020;
Keilwagen et al, 2022). The main motivation for these wide
transfers was for both resistance to diseases and tolerance
to various abiotic stresses. Improving our ability to perform
wide gene transfer precisely and effectively is thus critical.
The new technologies of genome editing, shown to work
well in wheat (Gao, 2027; Li et al, 2021), offer the promise
of inducing new targeted genetic variation in wheat in the
near future. The mapping of important QTLs in a broad
germplasm, rich datasets of genomes and transcriptome se-
quencing, future data on proteomics and metabolomics,
computational tools including Artificial Intelligence, together
with speed-breeding (Watson et al., 2018), will enable breed-
ing wheat more efficiently, including locally adapted varie-
ties, to face the challenges of climate change (Xiong et al,
2021). In summary, we can expect that breeding will acceler-
ate to create new varieties that will contain new genetic var-
iants, either induced or from wild wheat relatives.
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