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Simple Summary: Many crops including wheat have a narrow genetic base after hundreds of years
of breeding and selection. This makes it difficult to breed new varieties with increased yields to feed
the growing global population, and with stronger tolerance to the wider range of biotic and abiotic
stresses that are anticipated with climate change. Thus, there is a need to introduce new genetic
diversity into wheat breeding programs. Plant genetic resources stored in genebanks and the wild
relatives of crops are potential sources of new genetic diversity. Here, we discuss the importance
of these resources for breeding new wheat cultivars, and outline where they are currently stored
and used. We also discuss pre-breeding, where genetic regions associated with desirable traits are
identified and transferred into materials ready for use in breeding programs. Pre-breeding in wheat,
when conducted in close collaboration with breeders, farmers, and end-users, has contributed to
many outstanding varieties and novel beneficial diversity. This review addresses various genetic and
genomic considerations for the strategic transfer of this useful diversity.

Abstract: Wheat (Triticum sp.) is one of the world’s most important crops, and constantly increasing
its productivity is crucial to the livelihoods of millions of people. However, more than a century of
intensive breeding and selection processes have eroded genetic diversity in the elite genepool, making
new genetic gains difficult. Therefore, the need to introduce novel genetic diversity into modern
wheat has become increasingly important. This review provides an overview of the plant genetic
resources (PGR) available for wheat. We describe the most important taxonomic and phylogenetic
relationships of these PGR to guide their use in wheat breeding. In addition, we present the status of
the use of some of these resources in wheat breeding programs. We propose several introgression
schemes that allow the transfer of qualitative and quantitative alleles from PGR into elite germplasm.
With this in mind, we propose the use of a stage-gate approach to align the pre-breeding with main
breeding programs to meet the needs of breeders, farmers, and end-users. Overall, this review
provides a clear starting point to guide the introgression of useful alleles over the next decade.

Keywords: crop wild relatives; pre-breeding; crop improvement; germplasm enhancement; Aegilops;
Triticum; plant genetic resources; genebank
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1. Introduction

Wheat (Triticum sp.) is one of the most widely grown food grain crops, feeding about
35% of the world’s population [1]. The global production of wheat is about 766 million tons,
and it is cultivated across nearly 216 million hectares in more than 125 countries. Asia is the
largest wheat producer, followed by Europe, the Americas, Oceania, and Africa [2]. More
than 50% of the global wheat crop is produced by five countries: China, India, the Russian
Federation, the USA, and France. Wheat productivity is highest in Europe (4.2 t ha−1), due
to favorable natural conditions and intensive and innovative production systems, followed
by Asia (3.4 t ha−1) [3].

Currently, five domesticated Triticum taxa are grown on a larger scale: (i) diploid
T. monococcum (Scientific plant names are given without author in the text. For more
information see Section 3 below) (einkorn wheat, 2n = 2x = 14, Ab genome); (ii) tetraploid
T. dicoccon (emmer wheat, 2n = 4x = 28, BBAA) and T. durum (durum wheat, 2n = 4x = 28,
BBAA); and (iii) hexaploid T. aestivum (bread wheat, 2n = 6x = 42, BBAADD) and T. spelta
(dinkel wheat, 2n = 6x = 42, BBAADD) [4]. However, modern wheat production is primarily
based on bread wheat, also known as common or soft wheat, and durum or macaroni wheat,
accounting for 90–95% and 5–10% of global wheat production, respectively [5,6]. Bread
wheat is mainly used as flour for various flatbreads, sourdough breads, and other baked
goods. Durum wheat is mainly used to make semolina for pasta, couscous, and several
baked goods, or as grains for bulgur. The other three domesticated wheats mentioned
above are grown on a much smaller scale, mainly for organic or niche foods [6–9].

Since the “Green Revolution”, global wheat production (222.4 million tons in 1961 and
765.8 million tons in 2019) and productivity (1088.9 kg ha−1 in 1961 to 3546.8 kg ha−1 in
2019) have tripled, while the wheat growing area (204 million ha in 1961 and 215.8 million
ha in 2019) has remained the same [2]. These increases are due to the contribution of better
agronomic managements in combination with the efforts by breeding programs to improve
the genetic potential of cultivars in the form of response to inputs, better biotic and abiotic
stress tolerance/resistance, and more targeted phenology.

The concept of ‘genetic gain’ describes genetic improvement or breeding progress, and
is measured by the difference between a selected population and its progeny population.
The expected genetic gain per year can be defined as follows: ∆G = i r σA/t, where ∆G is
the response to selection, i is the selection intensity (mean deviation of selected individuals
in units of phenotypic standard deviation), r is the selection accuracy, σA is the standard
deviation of breeding values [10], and t is the duration of the breeding cycle.

The average annual genetic gain of wheat is ~1% [11]. To meet the food demands of the
growing global population, an increase by ~1.7% annually is needed to reach a production
of about one billion tons in 2050 [12]. Genetic gain is a critical component of productivity
increase, and it relies on the ability of breeders to deliver superior cultivars every year. All
crops have shown positive trends in genetic gains since the Green Revolution (e.g., [13–17]).
However, recent studies show that genetic gain has already plateaued in several countries,
and it seems unlikely to achieve the same progress in the coming decades. Additionally,
yields of major crops including wheat, rice, maize and soybean have stagnated or even
collapsed due to harsher climatic conditions in some parts of the world [18–20]. Positive
trends in genetic gain continue to be achieved in individual breeding programs, but at the
expense of eroding large parts of genetic diversity [11,21–23]. Will it, therefore, be possible
to increase or even maintain the rate of genetic gain in the coming decades, despite the
deteriorating climate conditions?

To help breeders achieve this goal, researchers have proposed new or revised methods
to improve selection accuracy, reduce the cycle time, and increase the selection intensity
with limited resources [24–26]. However, these approaches are mostly based on the prin-
ciple of “crossing the best with the best to get the best” [27], which has proven to be a
reliable strategy for developing new cultivars. However, this approach tends to rapidly fix
several genomic regions, thus substantially promoting the erosion of genetic diversity [28].
In turn, this influences the number of possible allelic combinations placed under selection,
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and hence reduces the “intensity of selection”, a critical factor for the genetic gain equa-
tion. This problem is exacerbated by worsening weather conditions causing the raise of
stronger disease strains and adverse climatic conditions [29,30]. Recently, Miedaner and
Juroszek [31] highlighted increasing disease risks especially for wheat rusts and Fusarium
head blight (FHB) in northwestern Europe in the future. To meet these challenges, breeders
have to continuously incorporate novel alleles from plant genetic resources (PGR) into the
breeding programs [32–40].

In the past, the use of PGR, and especially crop wild relatives (CWR), was considered
by breeders as a “last-option emergency solution” to address problems that could not be
solved using the modern elite germplasm alone. This is because more time and resources
are required to introgress desirable traits with minimal linkage drag into the cultivated
background from unadapted germplasm, such as CWR or landrace materials, than from
elite lines. A very good example of this reluctance is the resistance to FHB provided by
the Chinese spring landrace ‘Sumai-3’. This landrace and its transferred resistance have
been associated with poor agronomic performance [41,42], leading breeders to avoid its
use. Nevertheless, ‘Sumai-3’ has been used widely in North America, where FHB is more
extreme, and this has resulted in breeding more than 20 wheat lines including several
leading cultivars in the US and Canada [43].

Breeders need to permanently deliver new and better varieties in the shortest pos-
sible time, which makes it difficult to engage in the long, laborious, and costly process
of introgressing useful alleles from PGR. However, the importance of using novel alle-
les in breeding programs is now widely recognized, and many programs have begun
employing a “pre-breeder” to transfer useful PGR diversity into elite germplasm that
can be readily used as parents by the breeder [44–47]. A pre-breeder thus acts as a link
between genebanks and breeding programs and strengthens the pipeline for variety devel-
opment. Breeders, after several years of pre-breeding work, realize that some of the ‘novel’
CWR-derived germplasm lines can compete well with those developed through classical
breeding [44,48,49]. An example is the wheat research program of the Consultative Group
on International Agricultural Research (CGIAR), which used Aegilops tauschii, the wheat D
genome donor, to produce cultivars that are now grown in 10% and 34% respectively, of the
wheat cultivation area in India and China [50]. Similarly, the International Center for Agri-
cultural Research in the Dry Areas (ICARDA)’s durum wheat program has released more
than 125 cultivars in 22 countries, 38% of which included PGR in their development [11].
The most surprising finding is that a smaller number of successful hybridizations between
PGR and modern cultivars made by pre-breeders can compete with breeders’ elite × elite
germplasm obtained by carrying out hundreds of crosses each year.

Experts’ opinions still differ on the best way to exploit PGR in breeding. Most em-
phasize the need for clear trait prioritization and the use of well-characterized PGR for
germplasm enhancement [51–54], while others advocate the use of PGR without prior
information [11,45,55].

In the present review, we discuss the importance of PGR for wheat improvement, the
current status of PGR use in wheat breeding programs, and propose a way forward for the
efficient and effective use of PGR based on the needs of breeders and end-users.

2. Status of the Wheat Germplasm Conserved Ex Situ

For wheat improvement, extensive genetic diversity comprising advanced cultivars,
breeding lines, traditional cultivars and landraces, genetic stocks, introgression lines,
mutants, and CWR is conserved ex situ in genebanks worldwide. According to the
Food and Agriculture Organization (FAO) World Information and Early Warning Sys-
tem (WIEWS) [56], nearly 855,000 accessions of Triticum are conserved in 218 genebanks
located in 88 countries around the globe. An earlier overview based on a larger number of
information sources [57] reported 727,000 Triticum accessions in 223 genebanks worldwide
(Table 1). These collections differ in the amount and types of germplasm conserved. The
largest wheat collection with ca. 111,700 accessions is held by the International Maize and
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Wheat Improvement Center (CIMMYT) genebank, followed by more than 57,000 accessions
at the National Small Grains Germplasm Research Facility, United States Department of
Agriculture-Agricultural Research Service, and ca. 37,800 accessions at ICARDA, at that
time located in Syria [57]. About 67% of the total wheat germplasm conserved in ex situ
genebanks is held in 20 genebanks [57], with each genebank housing over 10,000 accessions.
About 127 genebanks hold small collections of fewer than 1000 accessions each. Most of
the wheat germplasm conserved in genebanks is landraces, while only small proportions
are CWR and genetic stocks. In addition to Triticum, about 42,300 accessions of Aegilops are
held in 63 genebanks in 40 countries worldwide [56,57]. The genebanks with the largest
collections of Triticum and Aegilops are listed in Table 1. Although wheat CWR constitute
only a relatively small proportion (~3%) of wheat PGR in genebanks, they are valuable
sources of genes [58–60]. Five wheat CWR taxa have been classified as underrepresented
in genebanks and are considered medium or high priority for conservation [61].

Table 1. Genebanks holding important Triticum and Aegilops collections, according to the historical FAO WIEWS database
(http://www.fao.org/wiews-archive/wiews.jsp accessed on 23 August 2021), and present-day information from Genesys
(https://www.genesys-pgr.org/ accessed on 23 August 2021) and EURISCO (https://eurisco.ipk-gatersleben.de accessed
on 23 August 2021).

Country Institute Institute Acronym (FAO
WIEWS Institure Code)

Number of
Accessions Information Source

Triticum
Mexico International Maize and Wheat Improvement Center CIMMYT (MEX002) 142,484 Genesys

United States of America National Small Grains Germplasm Research Facility,
USDA-ARS NSGC (USA029) 63,941 Genesys

Australia
Australian Grains Genebank, Department of

Economic Development Jobs Transport
and Resources

AGG (AUS165) 41,154 Genesys

China Institute of Crop Science, Chinese Academy of
Agricultural Sciences ICS-CAAS (CHN001) 41,030 FAO WIEWS

Lebanon International Centre for Agricultural Research in
Dry Areas ICARDA (LBN002) 38,897 Genesys

Russian Federation N.I. Vavilov All-Russian Scientific Research Institute
of Plant Genetic Resources VIR (RUS001) 38,315 Genesys

India National Bureau of Plant Genetic Resources NBPGR (IND001) 35,889 FAO WIEWS

Japan Department of Genetic Resources I, National
Institute of Agrobiological Sciences NIAS (JPN003) 34,652 FAO WIEWS

Italy Istituto di Bioscienze e Biorisorse, Consiglio
Nazionale delle Ricerche, Bari IBBR-CNR (ITA436) 29,680 https://ibbr.cnr.it/mgd

accessed on 23 August 2021

Germany Genebank, Leibniz Institute of Plant Genetics and
Crop Plant Research IPK (DEU146) 27,442 Genesys, EURISCO

Aegilops

Israel Lieberman Germplasm Bank, Institute for Cereal
Crops Improvement, Tel-Aviv University ICCI-TELAVUN (ISR003) 7520 Genesys

Lebanon International Centre for Agricultural Research in
Dry Areas ICARDA (LBN002) 5081 Genesys

Russian Federation N.I. Vavilov All-Russian Scientific Research Institute
of Plant Genetic Resources VIR (RUS001) 3362 Genesys

Islamic Republic of Iran National Plant Gene Bank of Iran, Seed and Plant
Improvement Institute NPGBI-SPII (IRN029) 2653 FAO WIEWS

Japan Department of Genetic Resources I, National
Institute of Agrobiological Sciences NIAS (JPN003) 2433 FAO WIEWS

Japan Plant Germplasm Institute, Faculty of Agriculture,
Kyoto University KYOPGI (JPN001) 2396 FAO WIEWS

United States of America National Small Grains Germplasm Research Facility,
USDA-ARS NSGC (USA029) 2245 Genesys

Mexico International Maize and Wheat Improvement Center CIMMYT (MEX002) 2203 Genesys

Access to the germplasm conserved in genebanks and to the associated data is very
important to enhance the use of germplasm in crop improvement programs. The Global In-
formation System (http://www.fao.org/plant-treaty/areas-of-work/global-information-
system accessed on 21 September 2021), which was developed by integrating and augment-
ing existing systems, serves as a global entry point to facilitate the exchange of information
related to the conservation, management, and use of plant genetic resources for food
and agriculture (PGRFA). Shaw et al. [62] advocated three major components of data
management for handling PGR collections and their associated data. The first compo-
nent enables genebanks to manage information on the germplasm collections including
passport data, phenotypic data, seed stock regeneration, and requests for germplasm.

http://www.fao.org/wiews-archive/wiews.jsp
https://www.genesys-pgr.org/
https://eurisco.ipk-gatersleben.de
https://ibbr.cnr.it/mgd
http://www.fao.org/plant-treaty/areas-of-work/global-information-system
http://www.fao.org/plant-treaty/areas-of-work/global-information-system
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Many genebanks have developed their own custom-made systems; however, GRIN-Global
(https://www.grin-global.org/ accessed on 23 August 2021), which provides a standard-
ized set of tools for managing genebank collections, is increasingly being used by many
crop genebanks. The second component includes platforms to integrate information on
accessions across collections. This allows plant breeders and scientists to explore the inter-
nationally available germplasm of their target species. Summaries of genebank holdings
are held by the FAO for the purpose of global monitoring of PGR activities. Such plat-
forms include EURISCO [63] (http://eurisco.ecpgr.org accessed on 21 September 2021) and
Genesys (https://www.genesys-pgr.org accessed on 21 September 2021), which provide
information on passport data and, where available, phenotypic data from a wide range of
national and international plant germplasm collections. The third component is platforms
that integrate genomic and phenomic data with associated passport data. Together, these
components provide query, browsing, and visualization tools that allow users to explore
the increasingly large and complex germplasm characterization data sets generated by
high-throughput omics technologies.

Such platforms include Germinate [64,65] (https://ics.hutton.ac.uk/get-germinate
accessed on 21 September 2021), Legume Information system [66] (https://legumeinfo.org
accessed on 21 September 2021), and BRIDGE [67], which provide access to detailed
experimental and trial data for subsets of germplasm that may or may not be held within
the genebank system [64]. In addition, supporting organizations (institutions, universities,
and private companies) have germplasm information that may be publicly available, even
if it is not included in the core platforms.

3. Wheat Taxonomy, Domestication, and Genepool
3.1. Taxonomical Treatment of Triticum and Aegilops Taxa

Wheat belongs to the family Poaceae, subfamily Pooideae, tribe Triticeae, and the genus
Triticum L. Several classification schemes have been proposed for wheat, e.g., based on
morphological, cytogenetic, and genomic characteristics [68–72] (Table 2). At present,
most ex situ genebanks use the classifications proposed by Dorofeev et al. [68] and van
Slageren [72]; cf. Table 2. In this article, we largely follow Dorofeev et al. [68]. It is important
to note that only four wild Triticum species have been identified to date: diploid T. urartu
and T. boeoticum, and tetraploid T. dicoccoides and T. araraticum. Authors of scientific names
in Triticum and Aegilops are given in Tables 2 and 3. No wild hexaploid Triticum species is
known (Table 2).

The genus Aegilops L. is most closely related to Triticum and comprises 23 species
with three ploidy levels [60] (Tables 3 and 4). Because of the genetic sister-group rela-
tionship between Aegilops and Triticum, some authors have proposed to merge them into
one common genus, Triticum [58,73,74]. However, this idea is not supported by most tax-
onomists [60,72,75–81]. Table 3 gives an overview of the classification systems of Aegilops.
Van Slageren [72] and Kilian et al. [60] distinguish 11 diploid and 12 polyploid species.
Seven distinct genomes have been identified in diploid Aegilops species [79,82,83], and
all of them, except for the T genome of Ae. mutica, are also present in polyploid Aegilops
species (Table 4). However, a recent study based on Diversity Arrays Technology (DArT)
markers [84] suggested that Ae. neglecta and Ae. columnaris may contain a modified version
of the T (Ae. mutica) or S genome (Ae. speltoides), and that their genome formulae should
therefore be changed to UUTsTs (Table 4).

https://www.grin-global.org/
http://eurisco.ecpgr.org
https://www.genesys-pgr.org
https://ics.hutton.ac.uk/get-germinate
https://legumeinfo.org
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Table 2. Overview of selected wheat classifications. Botanical author abbreviations are according to the International Plant Names Index (IPNI; https://www.ipni.org accessed on 21
September 2021). * cf. Hammer et al. [69].

Ploidy Level Common Name Biological Status Kernel Coverage

Genome Formula
(Haploid)

Considered in
This Review

Taxon Name
Considered in
This Review

van Slageren [72] Mac Key [70] Dorofeev et al. [68] Schiemann [71]

2n = 2x = 14

Urartu wheat, wild
Urartu einkorn Wild Hulled Au

T. urartu
Thumanjan ex

Gandil.

T. urartu
Thumanjan ex

Gandil.

T. urartu
Thumanjan ex

Gandil.

T. urartu Thumanjan
ex Gandil.

Wild einkorn Wild Hulled Ab T. boeoticum Boiss.
T. monococcum L.

subsp. aegilopoides
(Link) Thell.

T. monococcum L.
subsp. boeoticum

(Boiss.) Á. Löve et
D. Löve

T. boeoticum Boiss.
T. boeoticum
Boiss. em.
Schiem.

Einkorn, domesticated
einkorn, small spelt Domesticated Hulled Ab T. monococcum L.

T. monococcum L.
subsp.

monococcum

T. monococcum L.
subsp.

monococcum
T. monococcum L. T. monococcum

L.

Sinskaya’s wheat Domesticated Free-threshing Ab T. sinskajae A. Filat.
et Kurkiev

T. sinskajae A. Filat.
et Kurkiev

2n = 4x = 28

Wild emmer Wild Hulled BA

T. dicoccoides
(Körn. ex Asch. et

Graebn.)
Schweinf.

T. turgidum L.
subsp. dicoccoides
(Körn. ex Asch. et

Graebn.) Thell.

T. turgidum subsp.
dicoccoides (Körn.

ex Asch. et
Graebn.) Thell.

T. dicoccoides (Körn.
ex Asch. et Graebn.)

Schweinf.

T. dicoccoides
Körn.

Emmer Domesticated Hulled BA T. dicoccon
Schrank *

T. turgidum L.
subsp. dicoccum

(Schrank ex
Schübl.) Thell.

T. turgidum subsp.
dicoccum (Schrank
ex Schübl.) Thell.

T. dicoccum Schrank
ex Schübl.

T. dicoccum
Schübl.

Persian wheat, dika Domesticated Free-threshing BA T. carthlicum
Nevski

T. turgidum L.
subsp. carthlicum
(Nevski) Á. Löve

et D. Löve

T. turgidum subsp.
carthlicum (Nevski)
Á. Löve et D. Löve

T. carthlicum Nevski T. carthlicum
Nevski

Durum wheat,
macaroni wheat Domesticated Free-threshing BA T. durum Desf.

T. turgidum L.
subsp. durum
(Desf.) Husn.

T. turgidum subsp.
turgidum convar.

durum (Desf.) Mac
Key

T. durum Desf. T. durum Desf.

https://www.ipni.org
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Table 2. Cont.

Ploidy Level Common Name Biological Status Kernel Coverage

Genome Formula
(Haploid)

Considered in
This Review

Taxon Name
Considered in
This Review

van Slageren [72] Mac Key [70] Dorofeev et al. [68] Schiemann [71]

Polish wheat Domesticated Free-threshing BA T. polonicum L.
T. turgidum L.

subsp. polonicum
(L.) Thell.

T. turgidum subsp.
turgidum convar.

polonicum (L.) Mac
Key

T. polonicum L. T. polonicum L.

Khorasan wheat,
Turanian wheat Domesticated Free-threshing BA T. turanicum

Jakubz.

T. turgidum L.
subsp. turanicum
(Jakubz.) Á. Löve

et D. Löve

T. turgidum subsp.
turgidum convar.

turancium
(Jakubz.) Mac Key

T. turanicum Jakubz. T. orientale
Perciv.

Rivet, cone, English
wheat, turgid wheat,

poulard wheat
Domesticated Free-threshing BA T. turgidum L. T. turgidum L.

subsp. turgidum

T. turgidum L.
subsp. turgidum
convar. turgidum

T. turgidum L. T. turgidum L.

Georgian wheat,
Colchic emmer,

Karamyschev’s wheat
Domesticated Hulled BA T. karamyschevii

Nevski

T. turgidum L.
subsp.

palaeocolchicum Á.
Löve et D. Löve

T. turgidum subsp.
georgicum (Dekapr.
et Menabde) Mac

Key

T. karamyschevii
Nevski

Ethiopian wheat Domesticated Free-threshing BA T. aethiopicum
Jakubz.

T. aethiopicum
Jakubz.

Espahanian wheat,
Isfahanian emmer Domesticated Hulled BA T. ispahanicum

Heslot
T. ispahanicum

Heslot
T. ispahanicum

Heslot

Jakubziner’s wheat Domesticated Free-threshing BA

T. jakubzineri
(Udachin et
Schachm.)
Udachin et
Schachm.

T. jakubzineri
(Udachin et

Schachm.) Udachin
et Schachm.

Araratian wild emmer,
Armenian wild emmer Wild Hulled GAt T. araraticum

Jakubz.

T. timopheevii
subsp. armeniacum
(Jakubz.) Mac Key

ex van Slageren

T. timopheevii
subsp. armeniacum
(Jakubz.) Mac Key

T. araraticum Jakubz.

Militina’s wheat Domesticated Free-threshing GAt T. militinae Zhuk.
et Migush.

T. militinae Zhuk. et
Migush.

Timofeev’s wheat Domesticated Hulled GAt T. timopheevii
(Zhuk.) Zhuk.

T. timopheevii
(Zhuk.) Zhuk.

subsp. timopheevii

T. timopheevii
(Zhuk.) Zhuk.

subsp. timopheevii

T. timopheevii (Zhuk.)
Zhuk.

T. timopheevii
Zhuk.

2n = 6x = 42

Common wheat, bread
wheat Domesticated Free-threshing BAD T. aestivum L. T. aestivum L.

subsp. aestivum
T. aestivum L.

subsp. aestivum T. aestivum L. T. aestivum L.
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Table 2. Cont.

Ploidy Level Common Name Biological Status Kernel Coverage

Genome Formula
(Haploid)

Considered in
This Review

Taxon Name
Considered in
This Review

van Slageren [72] Mac Key [70] Dorofeev et al. [68] Schiemann [71]

Club wheat Domesticated Free-threshing BAD T. compactum Host
T. aestivum subsp.
compactum (Host)

Mac Key

T. aestivum subsp.
compactum (Host)

Mac Key
T. compactum Host T. compactum

Host

Macha wheat Domesticated Hulled BAD T. macha Dekapr.
et Menabde

T. aestivum subsp.
macha (Dekapr. et

Menabde) Mac
Key

T. aestivum subsp.
macha (Dekapr. et

Menabde) Mac
Key

T. macha Dekapr. et
Menabde

T. macha Dekapr.
et Menabde

Petropavlovsky’s
wheat Domesticated Free-threshing BAD

T. petropavlovskyi
Udachin et

Migush.

T. petropavlovskyi
Udachin et Migush.

Spelt wheat Domesticated Hulled BAD T. spelta L. T. aestivum subsp.
spelta (L.) Thell.

T. aestivum subsp.
spelta (L.) Thell. T. spelta L. T. spelta L.

Indian dwarf wheat,
shot wheat Domesticated Free-threshing BAD T. sphaerococcum

Perciv.

T. aestivum subsp.
sphaerococcum

(Perciv.) Mac Key

T. aestivum subsp.
sphaerococcum

(Perciv.) Mac Key

T. sphaerococcum
Perciv.

T. sphaerococcum
Perciv.

Vavilov’s wheat Domesticated Hulled BAD
T. vavilovii

(Thumanjan)
Jakubz.

T. vavilovii Jakubz. T. vavilovii
(Thumanjan) Jakubz.

Zhukovsky’s wheat Domesticated Hulled GAtAb
T. zhukovskyi
Menabde et

Ericzjan

T. zhukovskyi
Menabde et

Ericzjan

T. zhukovskyi
Menabde et

Ericzjan

T. zhukovskyi
Menabde et Ericzjan

Table 3. Overview of selected Aegilops classifications. Botanical author abbreviations are according to IPNI (https://www.ipni.org accessed on 21 September 2021).

Kilian et al. [60] and
This Review van Slageren [72] Kimber et Sears [74] Whitcombe [80] Hammer [77,78] Chennaveerayah [75] Kihara [79] Eig [76] Zhukovsky [81]

Subgenus Aegilops

Section Aegilops

1 Ae. biuncialis Vis. Ae. biuncialis Vis.

T. macrochaetum
(Shuttlew. et É. Huet
ex Duval-Jouve) K.

Richt.

Ae. lorentii Hochst. Ae. lorentii Hochst. Ae. biuncialis Vis. Ae. biuncialis Vis. Ae. biuncialis Vis. Ae. biuncialis Vis.

https://www.ipni.org
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Table 3. Cont.

Kilian et al. [60] and
This Review van Slageren [72] Kimber et Sears [74] Whitcombe [80] Hammer [77,78] Chennaveerayah [75] Kihara [79] Eig [76] Zhukovsky [81]

2 Ae. columnaris Zhuk. Ae. columnaris Zhuk. T. columnare (Zhuk.)
Ros. Morris et Sears

Ae. columnaris
Zhuk.

Ae. columnaris
Zhuk.

Ae. columnaris
Zhuk.

Ae. columnaris
Zhuk.

Ae. columnaris
Zhuk.

Ae. columnaris
Zhuk.

3 Ae. geniculata Roth Ae. geniculata Roth T. ovatum (L.)
Raspail Ae. ovata L. Ae. geniculata Roth Ae. ovata L. Ae. ovata L. Ae. ovata L. Ae. ovata L.

subsp. geniculata

subsp. gibberosa
(Zhuk.) K. Hammer

4 Ae. kotschyi Boiss. Ae. kotschyi Boiss. T. kotschyi (Boiss.)
Bowden Ae. kotschyi Boiss. Ae. kotschyi Boiss. Ae. kotschyi Boiss. Ae. kotschyi Boiss. Ae. kotschyi Boiss.

5 Ae. neglecta Req. ex
Bertol.

Ae. neglecta Req. ex
Bertol. (4x and 6x)

T. triaristatum
(Willd.) Godr. et
Gren. (4x and 6x)

Ae. triaristata
Willd. (4x and 6x)

Ae. neglecta Req.
ex Bertol.

Ae. triaristata
Willd.

Ae. triaristata
Willd. (4x and 6x)

Ae. triaristata
Willd. (4x and 6x)

Ae. triaristata
Willd. (4x and 6x)

subsp. neglecta (4x) subsp. neglecta
(4x)

subsp. recta (Zhuk.) K.
Hammer (6x)

subsp. recta
(Zhuk.) K.

Hammer (6x)

6 Ae. peregrina (Hack.)
Maire et Weiller

Ae. peregrina (Hack.)
Maire et Weiller

T. kotschyi (Boiss.)
Bowden

Ae. peregrina
(Hack.) Maire et

Weiller

Ae. peregrina
(Hack.) Maire et

Weiller
Ae. variabilis Eig Ae. variabilis Eig Ae. variabilis Eig

subsp. peregrina var. peregrina subsp. peregrina

var. brachyathera
(Boiss.) Maire et

Weiller

subsp.
cylindrostachys

(Eig et Feinbrun)
Maire et Weiller

7 Ae. triuncialis L. Ae. triuncialis L. T. triunciale (L.)
Raspail Ae. triuncialis L. Ae. triuncialis L. Ae. triuncialis L. Ae. triuncialis L. Ae. triuncialis L. Ae. triuncialis L.

subsp. triuncialis var. triuncialis subsp. triuncialis

subsp. persica (Boiss.)
Zhuk.

var. persica (Boiss.)
Eig

subsp. persica
(Boiss.) Zhuk. Ae. persica Boiss.

8 Ae. umbellulata Zhuk. Ae. umbellulata
Zhuk.

T. umbellulatum
(Zhuk.) Bowden

Ae. umbellulata
Zhuk.

Ae. umbellulata
Zhuk.

Ae. umbellulata
Zhuk.

Ae. umbellulata
Zhuk.

Ae. umbellulata
Zhuk.

Ae. umbellulata
Zhuk.

subsp. umbellulata

subsp. transcaucasica
Dorof. et Migush.

subsp.
transcaucasica

Dorof. et Migush.
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Table 3. Cont.

Kilian et al. [60] and
This Review van Slageren [72] Kimber et Sears [74] Whitcombe [80] Hammer [77,78] Chennaveerayah [75] Kihara [79] Eig [76] Zhukovsky [81]

Section Comopyrum

9 Ae. comosa Sibth. et
Sm.

Ae. comosa Sm. in
Sibth. et Sm.

T. comosum (Sibth. et
Sm.) K. Richt.

Ae. comosa Sibth.
et Sm.

Ae. comosa Sibth.
et Sm.

Ae. comosa Sibth.
et Sm.

Ae. comosa Sibth.
et Sm.

Ae. comosa Sibth.
et Sm.

Ae. comosa Sibth.
et Sm.

subsp. comosa var. comosa subsp. comosa subsp. comosa

subsp. heldreichii
(Boiss.) Eig (syn.: var.
subventricosa Boiss.)

var. subventricosa
Boiss.

subsp. heldreichii
(Boiss.) Eig

subsp. heldreichii
(Boiss.) Eig

subsp. heldreichii
(Holzm.) Eig

10 Ae. uniaristata Vis. Ae. uniaristata Vis. T. uniaristatum (Vis.)
K. Richt. Ae. uniaristata Vis. Ae. uniaristata Vis. Ae. uniaristata Vis. Ae. uniaristata Vis. Ae. uniaristata Vis. Ae. uniaristata Vis.

Section Cylindropyrum

11 Ae. cylindrica Host Ae. cylindrica Host T. cylindricum (Host)
Ces., Pass. Et Gibelli Ae. cylindrica Host Ae. cylindrica Host Ae. cylindrica Host Ae. cylindrica Host Ae. cylindrica Host Ae. cylindrica Host

12 Ae. markgrafii (Greuter)
K. Hammer Ae. caudata L. T. dichasians (Zhuk.)

Bowden Ae. caudata L.
Ae. markgrafii
(Greuter) K.

Hammer
Ae. caudata L. Ae. caudata L. Ae. caudata L. Ae. caudata L.

Section Sitopsis

13 Ae. bicornis (Forssk.)
Jaub. et Spach

Ae. bicornis (Forssk.)
Jaub. et Spach T. bicorne Forssk.

Ae. bicornis
(Forssk.) Jaub. et

Spach

Ae. bicornis
(Forssk.) Jaub. et

Spach
T. bicorne Forssk.

Ae. bicornis
(Forssk.) Jaub. et

Spach

Ae. bicornis
(Forssk.) Jaub. et

Spach

Ae. bicornis
(Forssk.) Jaub. et

Spach

var. bicornis

var. anathera Eig

14 Ae. longissima
Schweinf. et Muschl.

Ae. longissima
Schweinf. et Muschl.

T. longissimum
(Schweinf. et

Muschl.) Bowden

Ae. longissima
Schweinf. et

Muschl.

Ae. longissima
Schweinf. et

Muschl. emend.
Eig s.l.

T. longissimum
(Schweinf. et

Muschl.) Bowden
subsp.

longissimum

Ae. longissima
Schweinf. et

Muschl.

Ae. longissima
Schweinf. et

Muschl.

Ae. longissima
Schweinf. et

Muschl. emend.
Eig

subsp. longissima

15 Ae. sharonensis Eig Ae. sharonensis Eig Ae. sharonensis Eig subsp. sharonensis
(Eig) K. Hammer

subsp. sharonensis
(Eig) Chennav. Ae. sharonensis Eig

16 Ae. searsii Feldman et
Kislev ex K. Hammer

Ae. searsii Feldman
et Kislev ex K.

Hammer

T. searsii (Feldman et
Kislev) Feldman

Ae. searsii
Feldman et Kislev

Ae. searsii
Feldman et Kislev

ex K. Hammer

17 Ae. speltoides Tausch Ae. speltoides Tausch T. speltoides (Tausch)
Gren. ex K. Richt.

Ae. speltoides
Tausch

Ae. speltoides
Tausch T. speltoides Tausch Ae. speltoides

Tausch
Ae. speltoides

Tausch
Ae. speltoides

Tausch

subsp. speltoides var. speltoides subsp. speltoides subsp. aucheri
(Boiss.) Chennav.
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Table 3. Cont.

Kilian et al. [60] and
This Review van Slageren [72] Kimber et Sears [74] Whitcombe [80] Hammer [77,78] Chennaveerayah [75] Kihara [79] Eig [76] Zhukovsky [81]

subsp. ligustica
(Savign.) Zhuk.

var. ligustica
(Savign.) Fiori

Ae. ligustica
(Savign.) Coss.

subsp. ligustica
(Savign.) Zhuk.

subsp. ligusticum
(Savign.)
Chennav.

Ae. ligustica
(Savign.) Coss.

Section Vertebrata

18 Ae. crassa Boiss. (4x
and 6x)

Ae. crassa Boiss. (4x
and 6x)

T. crassum (Boiss.)
Aitch. et Hemsl. (4x

and 6x)

Ae. crassa Boiss.
(4x and 6x)

Ae. crassa Boiss.
(4x and 6x) Ae. crassa Boiss. Ae. crassa Boiss.

(4x and 6x)
Ae. crassa Boiss.

(4x and 6x)
Ae. crassa Boiss.

(4x and 6x)

subsp. crassa

19 Ae. vavilovii (Zhuk.)
Chennav. (6x)

Ae. vavilovii (Zhuk.)
Chennav. T. syriacum Bowden Ae. vavilovii

(Zhuk.) Chennav.
subsp. vavilovii

Zhuk. (6×)
Ae. vavilovii

(Zhuk.) Chennav.

20 Ae. juvenalis (Thell.)
Eig

Ae. juvenalis (Thell.)
Eig T. juvenale Thell. Ae. juvenalis

(Thell.) Eig
Ae. juvenalis
(Thell.) Eig

Ae. juvenalis
(Thell.) Eig

Ae. juvenalis
(Thell.) Eig

Ae. juvenalis
(Thell.) Eig

Ae. turcomanica
Roshev.

Ae. turcomanica
Roshev.

21 Ae. tauschii Coss. Ae. tauschii Coss. T. tauschii (Coss.)
Schmalh. Ae. squarrosa L. Ae. tauschii Coss. Ae. squarrosa L. Ae. squarrosa L. Ae. squarrosa L. Ae. squarrosa L.

subsp. tauschii subsp. squarrosa

subsp. strangulata (Eig)
Tzvelev

22 Ae. ventricosa Tausch Ae. ventricosa
Tausch.

T. ventricosum Ces.,
Pass. et Gibelli

Ae. ventricosa
Tausch

Ae. ventricosa
Tausch

Ae. ventricosa
Tausch

Ae. ventricosa
Tausch

Ae. ventricosa
Tausch

Ae. ventricosa
Tausch

Subgenus Amblyopyrum

23 Ae. mutica Boiss. Amblyopyrum
muticum (Boiss.) Eig

T. tripsacoides (Jaub.
et Spach) Bowden Ae. mutica Boiss. Ae. mutica Boiss.

Amblyopyrum
muticum (Boiss.)

Eig
Ae. mutica Boiss. Ae. mutica Boiss. Ae. mutica Boiss.

subsp. mutica var. muticum var. mutica subsp. muticum

subsp. loliacea (Jaub et
Spach) Zhuk.

var. loliaceum (Jaub.
et Spach) Eig

var. loliacea (Jaub.
et Spach) Eig

subsp. loliaceum
(Jaub. et Spach) Á.

Löve
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Table 4. Aegilops species and their genomic formulae (per haploid genome) considered in this review (G). Genomic formulae of tetraploids and hexaploids are cited as “female × male
parent.” Capital letters specify genome types, while superscripts indicate modifications.

Section/Subgenus Diploid Tetraploid Hexaploid

Species G Species G Species G

Section Aegilops L.

Ae. umbellulata Zhuk. U Ae. biuncialis Vis. UbMb Ae. neglecta subsp. recta
(Zhuk.) K. Hammer UnXnNn

Ae. columnaris Zhuk. UcXc

Ae. geniculata Roth UgMg

Ae. kotschyi Boiss. UkSk

Ae. neglecta Req. ex Bertol.
subsp. neglecta UnXn

Ae. peregrina (Hack.) Maire
et Weiller UpSp

Ae. triuncialis L. UtCt

Section Comopyrum (Jaub. et
Spach) Zhuk.

Ae. comosa Sibth. et Sm. M

Ae. uniaristata Vis. N

Section Cylindropyrum (Jaub.
et Spach) Zhuk.

Ae. markgrafii (Greuter)
K. Hammer C Ae. cylindrica Host DcCc

Section Sitopsis (Jaub. et
Spach) Zhuk.

Ae. bicornis (Forssk.) Jaub.
et Spach Sb

Ae. longissima Schweinf. et
Muschl. Sl

Ae. sharonensis Eig Ssh

Ae. searsii Feldman et Kislev
ex K. Hammer Ss

Ae. speltoides Tausch S

Section Vertebrata Zhuk.
emend. Kihara

Ae. tauschii Coss. D Ae. crassa Boiss. subsp.
crassa (4x) D1Xcr Ae. crassa Boiss. subsp.

crassa (6x) D1D2Xcr

Ae. ventricosa Tausch DvNv Ae. vavilovii (Zhuk.)
Chennav. D1XcrSv

Ae. juvenalis (Thell.) Eig D1XcrUj

Subgenus Amblyopyrum Ae. mutica Boiss. T
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3.2. Evolution and Domestication History

The evolutionary and domestication history of wheat is complex, and only a few
aspects are covered here. Important references are given for further details and in-depth
studies. One of the most recent reviews is that of Zeibig et al. [85].

The mechanisms of the speciation and subsequent radiation of the Triticum-Aegilops
species complex have been the subject of debate for more than a century. Based on compre-
hensive taxon sampling and genome sequencing of various cereal species, including CWR
and key varieties, a complex process involving at least one homoploid hybrid speciation
event as well as multiple rounds of introgression have been proposed as key events in the
formation of the extant Aegilops and Triticum taxa [86–91].

Ancient hybridizations between Triticum and Aegilops species, followed by allopoly-
ploidization, were key events in the evolution and domestication history of wheat [92–94].
According to comparative sequence analyses of the nuclear and chloroplast genomes, the
Triticum-Aegilops species complex arose between 2.1 and 4.5 million years ago (MYA) [89,95,96].
The progenitor of the wheat B genome radiated from the ancestor of Ae. speltoides approxi-
mately 780,000–980,000 years ago [96], and the wild diploid wheat A genome donor T. urartu
diverged from T. boeoticum about 550,000–760,000 years ago [96].

Independent hybridizations between T. urartu and an extinct or still unknown diploid
species related to Ae. speltoides (SS genome) [89,97] led to the emergence of the two tetraploid
species, T. dicoccoides (2n = 4x = 48, BBAA) and T. araraticum (2n = 4x = 28, GGAtAt) [89,95,98–100].
Of these two species, T. dicoccoides is considered to be the older species. According to various
estimates, it may have originated between 0.7–0.8 MYA [90,101] and 0.4–0.5 MYA [92,95,102],
while T. araraticum probably originated between 0.1–0.4 MYA [90,92,101].

Wild emmer wheat (T. dicoccoides) consists of two major lineages with distinct geo-
graphical origins: (i) the western or southern Levant group, and (ii) the central-eastern
group [103–106]. The domestication history of emmer wheat is complex, and pre-domestication
cultivation, hybridization between the two different lineages, and human migration have
played important roles [103,106,107]. Triticum dicoccoides was among the first cereals domes-
ticated in the Fertile Crescent; its domesticated form is known as T. dicoccon (2n = 4x = 28,
BBAA). This domestication step was the key to the subsequent evolution of durum and
bread wheat [108,109].

The origin of T. durum is still intensively debated. However, it probably originated as
a result of two successful domestication events by ancient farmers: first, from wild emmer
to domesticated emmer; and second, from cultivated, presumably naked forms of emmer
to durum [110]. The Levant (Jordan, Lebanon, Israel, Palestine, and Syria) is considered
to be the center of origin of durum wheat [4,111], which later spread along the same path
as T. dicoccon [112,113]. Several authors suggested based on recent molecular data that
T. aethiopicum, which is currently cultivated in Ethiopia, was potentially derived from a
different domestication event [112,114–116], but this remains to be verified.

The tetraploid T. araraticum, the wild progenitor of the Timopheevii wheat lineage,
potentially originated in Northern Iraq [101,117,118]. Based on analyses of nuclear and cyto-
plasmic genomes, T. araraticum can be divided into two subgroups: one subgroup (ARA-0)
is widespread, while the other (ARA-1) is found only in South-eastern Turkey and North-
western Syria [119]. Triticum timopheevii (2n = 4x = 28, GGAtAt), the domesticated form of
T. araraticum, has been cultivated only in western Georgia in the recent past. The potential
sister-group relationship between Timopheev’s wheat from Georgia (T. timopheevii s.str.)
and the much more widespread prehistoric ‘New Glume Wheat’ (T. timopheevii s.l.), of
which the oldest archaeobotanical records were found in Turkey, has been intensively
discussed in Badaeva et al. [119].

The hexaploid T. aestivum emerged as a result of allopolyploidization, i.e., hybridiza-
tion between a potentially domesticated tetraploid wheat belonging to the emmer lineage
and the wild diploid Ae. tauschii [120–122]. The results of molecular [103,123,124] and
cytogenetic [125,126] studies suggested that the wheat D genome was contributed by
Ae. tauschii subsp. strangulata. According to molecular analyses and archaeobotanical
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findings, hexaploid bread wheat originated about 8,000 years ago [92,109,127,128] in the
area of North-western Iran and the South-western Caspian Sea [103,124]. Triticum aes-
tivum may have been the result of not just one, but a few hybridization events involving
several Ae. tauschii genotypes and different tetraploid wheat parents [123].

The hexaploid T. zhukovskyi (GGAtAtAmAm) arose as a result of hybridization between
the domesticated form of tetraploid wheat in the Timopheevi lineage—T. timopheevii, and
domesticated einkorn, T. monococcum [129]. Interestingly, just one spike of T. zhukovskyi
was discovered in the 1960s by Menabde and Ericzjan among spikes of T. timopheevii and
T. monococcum harvested from one ‘Zanduri’ field in the Lechkhumi region of western
Georgia [129–131]. The Zanduri spring wheat complex, which consisted of a mixture of
T. monococcum and T. timopheevii landraces, was well adapted to Lechkhumi and Racha,
two historical provinces of Georgia. Zanduri wheat showed remarkable resistance to fungal
diseases (see Badaeva et al. [119] for more details on T. timopheevii and T. zhukovskyi). The
seeds of this single T. zhukovskyi spike gave rise to 51 accessions that are now maintained in
18 genebanks worldwide, as documented by Genesys [132], while Knüpffer [57] reported
64 T. zhukovskyi accessions in 22 genebanks worldwide.

Perhaps the most important traits that were modified and selected during the domesti-
cation of wheat were the introduction of the free-threshing character and the removal of the
brittle rachis character. Other characteristics that have been altered during domestication
and subsequent breeding include seed size, plant height, grain hardness, number of tillers,
seed dormancy, photoperiod sensitivity, and vernalization requirement [4,133–136].

3.3. The Wheat Genepool Concept

The Triticum-Aegilops species complex and related CWR harbor enormous genetic
diversity for wheat improvement. Following the genepool concept of Harlan and de
Wet [137], the Triticum and Aegilops species can be classified into three genepools based on
crossability between cultivated and wild taxa. This provides a useful framework for the
efficient use of PGR in wheat breeding programs.

According to [137], the primary genepool of bread wheat contains (i) freely crossable
taxa such as cultivars and landraces of T. aestivum; (ii) the wheat A genome donor T. urartu;
(iii) diploid wild T. boeoticum and domesticated T. monococcum; (iv) the wheat D genome
donor Ae. tauschii; (v) wild emmer T. dicoccoides; and (vi) all domesticated BBAA taxa.

The secondary genepool comprises Triticum and Aegilops species that have at least
one genome in common or partially in common with bread wheat. This genepool contains
(i) taxa of the GGAtAt lineage; and (ii) several Aegilops species, in particular, Ae. speltoides.

The tertiary genepool consists of more distantly related diploid and polyploid taxa
with chromosomes that are not homologous to those of wheat (Table 4), and includes,
for example, (i) Aegilops species including Ae. geniculata (UgUgMgMg), Ae. cylindrica
(Dc DcCcCc), Ae. biuncialis (UbUbMbMb), Ae. triuncialis (UtUtCtCt), Ae. comosa (MM), Ae.
markgrafii (CC), Ae. neglecta subsp. neglecta (UnUnXnXn) and subsp. recta (UnUnXnXnNnNn),
Ae. peregrina (UpUpSpSp), and Ae. umbellulata (UU); (ii) rye, Secale cereale L., and (iii) other
CWR such as diploid (2n = 2x = 14, EE) or tetraploid (2n = 4x = 28, EEEE) Thinopyrum
elongatum (Host) D.R. Dewey [=Agropyron elongatum (Host) P. Beauv.], Thinopyrum ponticum
(Podp.) Z.-W. Liu et R.-C. Wang (2n = 10x = 70, EEEEEEEStEStEStESt), and Dasypyrum
villosum (L.) Borbás (2n = 2x = 14, VV).

Many studies have explored the evolutionary and cytogenetic relationships between culti-
vated wheat and wild species, and have developed methods to transfer genes and genetic regions
from primary, secondary, and tertiary gene pools into wheat cultivars [60,120,136,138–146].

4. Status of PGR Use for Wheat Improvement

In the beginning of the 20th century, PGR were used to develop wheat cultivars with
improved rust resistance, early flowering and maturity, and short stems [147]. A crossing
program led by the Italian plant breeder Nazareno Strampelli used the Japanese cultivar
‘Akakomugi’ carrying the dwarfing gene Rht8 and the early maturity gene Ppd-D1 to
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develop notable wheat cultivars such as ‘Mentana’, ‘Ardito’, ‘Villa Glori’, and ‘Damiano’,
which were widely grown in Argentina and China [147]. Later, the semidwarf wheat ‘Norin
10’ was developed, carrying Rht1 and Rht2 dwarfing genes originating from either of the
Japanese landraces ‘Ojima-Wase’, ‘Shiro-Daruma’, or ‘Sōshū’; although the details are un-
known due to the loss of records [148–151]. ‘Norin 10’ changed the face of wheat cultivation.
It was used in crossing programs in Mexico to develop ‘photoperiod-insensitive’, high-
yielding, semidwarf cultivars. Those cultivars, combined with the widespread availability
of nitrogen fertilizer, triggered the Green Revolution in Mexico and Asia. Indeed, these
wheat landraces possess many useful alleles for high 1000-kernel weight, plant biomass,
and photosynthesis [152].

Many studies of landraces have their usefulness for various traits. For instance,
Mexican wheat landraces have been reported to be highly adapted to temperature and
drought stress [153,154], including the case of the cultivar ‘Aragon 03’ developed through
selection from the landrace ‘Catalan de Monte’ [155]. Additionally, the very successful
durum wheat variety ‘Senatore Cappelli’, bred by Nazareno Strampelli at the beginning
of the past century and still cultivated today by organic farmers, traces its origin to the
hybridization of two landraces [156].

PGR of other species have also been used widely. For instance, the tetraploid T. polonicum
has longer glumes and grains, and has been used to breed wheat lines with increased grain
size [157] or increased micronutrient contents [158]. It is likely that T. polonicum contributed
these traits to T. petropavlovskyi [159,160] and the Portuguese landrace group ‘Arancada’ [161].
The tetraploid wheat T. timopheevii is strongly resistant to rust [68,162]. Two genes conferring
resistance to leaf rust (Lr18 and Lr50), three genes conferring resistance to stem rust (Sr36,
Sr37, Sr40), and three genes conferring resistance to powdery mildew (Pm6, Pm27, Pm37)
have been introgressed from T. timopheevii into bread wheat [163]. Besides resistance genes,
cytoplasmic male sterility (CMS) induced by T. timopheevii cytoplasm offers great potential for
hybrid heterosis in wheat [164–166].

Wheat genepools have contributed more than single genes to crop improvement ef-
forts; entire chromosomal segments also have been introduced with noteworthy results.
Perhaps the most important of these is the 1B/1R translocation that was identified as a
simple transfer between rye and wheat in the cultivar ‘Kavkaz’, which was developed in
the former Soviet Union. The 1B/1R translocation confers resistance to various diseases
and adaptation to marginal environments [167]. This translocation has been deemed so
important that it has been incorporated into several hundred wheat varieties [168–172],
including the prominent ‘Veery’ lines that are grown across almost 50% of the wheat cultiva-
tion area in developing countries [173]. Useful alleles from polyploid wild species such as
Ae. ventricosa (DvNv genome) have been transferred into hexaploid wheat genotypes using
a tetraploid wheat genotype (i.e., T. carthlicum, BBAA) as a bridge species. For example, the
eyespot resistance gene Pch1 was transferred from Ae. ventricosa (DvDvNvNv) line ‘AP-1’
into bread wheat cultivar ‘Almatense H-10-15’ using tetraploid wheat, T. turgidum (or
T. polonicum) (BBAA) line ‘H-1-1’ as a bridge species [174]. The Ae. ventricosa 2NvS segment
has been used extensively in wheat breeding programs worldwide to reduce lodging and
improve disease resistance and crop yield [175–179].

Like other PGR, CWR of wheat carry novel alleles that control important traits [60,180,181].
CWR species are well adapted to biotic and abiotic stresses that are ubiquitous in their native
distribution range, as well as to annual inter-climate variation. In the course of evolution,
these species have accumulated a high diversity of alleles for stress tolerance and adaptation.
Important genes identified or transferred from Ae. tauschii to wheat include those conferring
resistance to diseases [rusts (leaf, stem and stripe), powdery mildew, Septoria tritici, Septoria
nodorum, tan spot] and insect pests (cyst nematode, root knot nematode, Hessian fly, greenbug,
Russian wheat aphid, wheat curl mite, and soil-borne cereal mosaic virus) [59,60,182–184].

However, the introgression of useful alleles from CWR into modern germplasm is often
limited by cross-species incompatibility, the prevention of non-homologous recombination,
and various problems related to cytoplasmic or meiotic sterility. Therefore, the successful
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production of a stable hybrid is a major achievement in itself. However, breaking of, or
compensating for negative linkages of transferred CWR genomic regions has proven to
be difficult [139]. Discovery of the Ph1 locus led to the possibility of recombining non-
homologous genomes with those of wheat. The same approach is now being followed in
many other cereals [143,185–187] and has been extended to include a wider range of CWR
in wheat [188]. Genomic analyses can reveal the translocations and rearrangements that
have been introduced, allowing for more structured and efficient screening of the huge
array of novel recombinations that can be generated. A single Ph1-deletion mutant, the
ph1b mutant, has been used for the last 40 years to introgress important alleles from wild
relatives into cultivated wheat lines through homoeologous pairing [187]. Furthermore,
Chen et al. [189] transferred the Ph1-suppressor gene from Ae. speltoides into bread wheat.
This bread wheat line is an efficient inducer of homoeologous pairing and has been used
to transfer genes conferring leaf rust and stripe rust resistance from Ae. umbellulata [190],
Ae. triuncialis, and Ae. geniculata [191] into various bread wheat lines.

Various studies have aimed to improve durum wheat and bread wheat by introgress-
ing genes from other Triticum and Aegilops species by backcrossing and/or using synthetic
hexaploids [192–194]. Durum wheat has been improved by crossing with T. polonicum,
T. carthlicum, and T. dicoccon to increase its drought tolerance [195], and by crossing with
T. araraticum [196] or T. dicoccon [197] to improve its resistance to Hessian fly. The develop-
ment of synthetic hexaploids has provided a useful strategy for the efficient and enhanced
use of diploid and tetraploid wild species for wheat improvement. Synthetic hexaploid
wheat derived from crosses between Ae. tauschii or other Aegilops species and T. monococ-
cum, T. dicoccon, or T. durum can be used to transfer useful genetic variation, including
genetic regions related to adaptive traits, into modern bread wheat cultivars [198,199].
Synthetic hexaploid wheat obtained by crossing Ae. tauschii with T. durum often serves as
a bridge to transfer useful traits into modern bread wheat cultivars. It has been reported
that diploid Ae. tauschii can increase the grain weight and improve the grain yield of
wheat, besides improving resistance to biotic stresses [200–202]. Synthetic wheat lines also
exhibit excellent drought-adaptive traits, improved tolerance to heat, water logging, and
freezing, and strong resistance to major diseases such as Fusarium head blight [203–207].
At present, synthetic hexaploid wheat lines are being deployed in breeding programs to
broaden the genetic diversity of cultivated wheat lines [192,199]. The genetic contribution
of Ae. tauschii to CIMMYT’s spring bread wheat improvement program through synthetic
hexaploid wheat is well documented [198]. The use of synthetic wheat lines derived
from crosses between T. dicoccon and Ae. tauschii has contributed several important genes
conferring resistance to Septoria nodorum leaf blotch [208,209], Russian wheat aphid [210],
and green bug [211].

With the recent advances in high-throughput screening technologies, King et al. [212,213]
and Iefimenko et al. [214] developed introgressions from Ae. mutica, Ae. speltoides, and
Thinopyrum bessarabicum (Savul. et Rayss) Á. Löve with an objective to introgress the entire
genome of these species into wheat in small chromosome segments. A total of 66 stably
inherited homozygous wheat/Ae. mutica introgression lines have been developed using a
doubled-haploid procedure for use in wheat improvement [215].

Recent studies on the genomic and cytogenetic diversity, distribution, and domestica-
tion of the tetraploid GGAtAt genepool will promote the introgression of useful variation
from this hitherto neglected genepool into common wheat [119]. Other recent studies have
explored the genomic diversity among 80,000 wheat accessions, including several lines
from global breeding programs as well as old wheat cultivars. The results of those studies
have revealed extensive structural rearrangements and identified several known and un-
known introgressions [91,124,216]. Some introgressions were detected in wheat cultivars
released in the first half of the 19th century, demonstrating that natural introgressions
were used in early breeding history and still influence elite lines today [217]. Sansaloni
et al. [216] and Kabbaj et al. [112] identified landraces with unexplored diversity. Such
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landraces can be used to introgress allelic diversity, which is lacking in current breeding
programs, to develop the next generation of modern wheat varieties.

5. PGR of Known Value to Be Incorporated in the Future: Breeders’ Needs

Because of the narrow genetic base of modern wheat cultivars, germplasm enhancement
in wheat is inadequate to achieve genetic gain. Different Aegilops species carry many useful
characteristics such as resistance/tolerance to various biotic (diseases and insect pests) and
abiotic (drought, salinity, extreme temperature, soil mineral toxicity, and deficiency) stresses,
and traits related to high nutritional content and quality [44,59,60,85,141,180]. Due to the low
genetic diversity in elite durum and bread wheat breeding programs, pre-breeding [44,52,218]
may play an important role in creating novel genetic diversity using landraces and CWR as
sources of genes and genetic regions conferring the traits outlined below.

5.1. Diversification of Resistance Genes

The emergence of new races of pathogens and the breakdown of wheat resistance loci
are common, and have led to several epidemics in the past. In bread wheat and durum
wheat, stem rust is one of the most devastating diseases. Recent epidemics in Ethiopia [219],
Europe [220–222], and Central Asia [223] indicate that the disease is re-emerging as a threat
to wheat production worldwide. High levels of resistance to virulent races, such as those
in the Ug99 race group, are not available in the breeders’ working collections. Evaluation
of Aegilops species from the tertiary genepool resulted in the identification of CWR with
resistance to three highly virulent races of Puccinia graminis f. sp. tritici: TTKSK, TRTTF,
and TTTTF [181]. Efforts are needed to transfer resistance genes from Aegilops species such
as Ae. biuncialis, Ae. markgrafii, Ae. comosa, or Ae. umbellulata that do not share common
genomes with cultivated wheat (Table 4). Recently, the breakdown of resistance to Septoria
tritici blotch (STB; a disease caused by the fungal pathogen Zymoseptoria tritici) in the winter
wheat cultivar ‘Cougar’ and its derivatives has been reported in the UK and Ireland [224].
These findings show that diverse sources of resistance need to be deployed in disease
resistance breeding programs.

Barley yellow dwarf virus is one of the most serious viral pathogens of common
wheat (T. aestivum) worldwide [225]. Resistance to the viral vectors, such as bird cherry-oat
aphid (Rhopalosiphum padi) and English grain aphid (Sitobion avenae), has been identified in
T. boeoticum, Ae. tauschii, T. araraticum, and T. dicoccoides [226].

5.2. Improved Tolerance to Drought, Heat, and Salinity

About 45% of wheat cultivated in developing countries is grown under rainfed con-
ditions. Drought is one of the major production constraints in these regions, especially
under changing climatic conditions [227–229]. Similarly, heat stress is projected to become
a major threat to wheat production; a ~4–6% reduction in the average global yield of wheat
is predicted for each ~1 ◦C increase in the global mean air temperature [29]. Salinity is
another important limiting factor of wheat production worldwide. Einkorn and emmer
wheats are better adapted to certain harsh environments. A possible approach is to use
these wheats, adapted landraces, and CWR as donors in breeding programs [230–232]. An
alternative approach would be to promote the cultivation of einkorn and emmer wheats in
harsh environments, especially in developing countries, depending on the demand and
climatic conditions [233–235]. Triticum dicoccon, T. polonicum, T. carthlicum, and T. turanicum
are sources of useful alleles for improving abiotic and biotic stress tolerance in modern
wheat cultivars [195,234,236,237].

5.3. Organic Farming

The intensive use of fertilizers and pesticides in wheat cultivation has raised concerns
about biodiversity in general, and human and soil health in particular. Therefore, there is
growing interest in low-input and organic farming. In the last decade, interest in einkorn
(T. monococcum), emmer (T. dicoccon) and dinkel (T. spelta) has increased [235,238–242].
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Due to their high nutritional value and their ability to grow in poor soils and under a
range of climatic conditions, cultivation of these wheat species is expanding in Germany,
Austria, Switzerland, Czech Republic, Italy, and Turkey. In particular, T. spelta has become
increasingly popular in Europe and is widely cultivated, especially by organic farmers [243].
Emmer and einkorn wheats are less popular than spelt, although they are all considered
“healthy cereals” and are recommended for people suffering from allergies, colitis, high
cholesterol, and diabetes [244,245].

5.4. Improved Nutritional Quality

Compared with einkorn and emmer wheats, most of the durum and bread wheat
cultivars have lower grain contents of minerals such as iron, zinc, phosphorus, magnesium,
copper, manganese and selenium. Polish wheat (T. polonicum) contains higher concen-
trations of iron, zinc, magnesium, phosphorus, sulfur, and boron than do T. durum and
T. aestivum, and can be used to improve the nutritional value of modern wheat culti-
vars [158]. Triticum polonicum may constitute valuable genetic material for breeding new
wheat cultivars with a high nutritive value and satisfactory resistance to FHB [246]. Emmer
wheat has a high fiber content, which makes it popular among consumers in Italy and
Switzerland [247]. Similarly, compared with hard red wheats, Turkish cultivated einkorn
(T. monococcum) landraces have higher protein content [248] and are consumed in the form
of soups, salads, casseroles, and sauces [249]. It is important to encourage the cultivation
and genetic improvement of diploid and tetraploid wheats, particularly T. monococcum
and T. dicoccon, because of their high nutritional value and their importance in organic
agriculture [234,235,250,251]. Wheat CWR hold great potential for biofortification. For
instance, Çakmak et al. [252] screened many CWR accessions collected from the Fertile
Crescent for their grain contents of iron, zinc, and other mineral nutrients. Wild emmer
wheat, T. dicoccoides (825 accessions), showed wide variation and the highest concentra-
tions of micronutrients, significantly exceeding those in cultivated wheat. The results
indicated that wild emmer is an important genetic resource for improving grain quality
and increasing the contents of mineral nutrients in modern cultivated wheats [253]. Com-
pared with cultivated wheat, wild emmer wheat accumulates higher contents of iron and
zinc [85,254], as do T. boeoticum and T. monococcum [255,256]. Among Aegilops species,
Ae. tauschii and Ae. kotschyi show higher grain iron and zinc contents compared with
cultivated wheat [257–259].

6. Exploitation of PGR in Breeding: A Stepwise Approach

Introgression of useful alleles from PGR into cultivars presents several challenges and
requires pre-breeding strategies [32,52,260]. Although most breeding programs focus on
elite × elite crosses, pre-breeding aims to exploit the hidden variation in PGR through
elite × PGR crosses. Pre-breeding involves the identification of desirable traits or genes
from PGR such as landraces and CWR that cannot be used directly in breeding programs,
and the transfer of these traits into well-adapted cultivars to develop an intermediate set
of materials that can be used by plant breeders in specific breeding programs to develop
new cultivars with a broad genetic base (Figure 1) [44,218]. Depending on the crop,
the complexity of the traits and PGR to be used in the crossing program, the time and
resources breeders can invest in exploiting PGR, and the expertise required to handle
difficult-to-use PGR, pre-breeding activities may be carried out by a single person in the
main breeding program or by different people. In any case, pre-breeding should not be
considered to be a separate pipeline. Pre-breeding using PGR provides new variation for
crop improvement and should always be integrated and aligned with the main breeding
programs irrespectively of who is handling it [52–54]. Systematic and targeted pre-breeding
efforts involve a deep understanding of the genetics of the crop and the related taxa,
prioritization of traits for improvement, trait discovery using high-throughput phenotyping
and molecular tools, and the introgression of traits into a cultivated background with
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minimal linkage drag. Successful pre-breeding programs ensure a continuous supply of
beneficial genetic variation for further use in breeding programs.

Figure 1. The key elements for a successful pre-breeding program are often simpler than one would expect. The key is to
interact closely with breeders to provide the ready-to-use diversity that is truly useful for breeding efforts, and in return,
receive the latest and best elite germplasm that can be used for introgressions.

Recently, the Excellence in Breeding Platform (EiB; [261]) proposed a common stage-
gate system for managing the breeding pipeline so that the right products are delivered
on time and adopted. Following this stage-gate process for better management of private
and public sector breeding programs (https://excellenceinbreeding.org/blog/applying-
stage-gates-better-manage-public-breeding-programs accessed on 23 August 2021), we
propose a similar process for the efficient management of wheat pre-breeding programs
using CWR and exotic landraces, based on the following stages [53]:

Stage 1. Trait prioritization: A list of critical traits has to be defined in collaboration
with breeders, genebank managers, farmers, and end-users. Emphasis should be given to
those traits for which genetic diversity is lacking or limited in the cultivated germplasm or
in the breeders’ working collections.

Stage 2. Validation of screening methods for trait characterization: The identification
of “novel” traits often requires a step towards determining the best screening methods to
identify them. This may involve the revision of already available methods to be applicable
to diverse PGR on a larger scale, the establishment of precise phenotypic techniques in the
field or under controlled conditions, or the use of molecular tools.

Stage 3. Screening of PGR for the trait of interest: Knowledge of the trait sought
will help guide the identification of potentially promising PGR. This is usually done in
a ranking order from the primary gene pool to the secondary to the tertiary gene pool,
if possible, and in some extreme cases even to phylogenetically unrelated (trans genesis)
species. However, it is critical to understand that Stage 2 and Stage 3 are closely connected,
as phenotyping methods are often species-specific. Collaboration with genebank managers
and the use of already available germplasm are of strategic importance. Heterogeneity
is common within and between genebank accessions [262,263] and can disrupt genotype-
phenotype connectivity when different samples from the same accession are used for
different types of characterization. To avoid this, it is important to identify diverse, stable,

https://excellenceinbreeding.org/blog/applying-stage-gates-better-manage-public-breeding-programs
https://excellenceinbreeding.org/blog/applying-stage-gates-better-manage-public-breeding-programs
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and promising donors before initiating a crossing program. This can be achieved by precise
characterization and evaluation of PGR under controlled environmental conditions and/or
in target population environments using standardized protocols for two to three cycles
following the single-seed descent method. The stable donors, referred to as trait-specific
genetic stocks (TGS), can then be used in the crossing program. The use of small subsets
such as core collections [264], mini core collections [265], reference sets [266], core reference
sets [267], and the Focused Identification of Germplasm Strategy (FIGS) [268] have been
established to facilitate the process of finding the diversity sought while screening a
minimal number of PGR.

Stage 4. Germplasm enhancement: Often, outdated cytogenetic stocks have been
used as recipient parents in pre-breeding. It is important to work with breeders to ensure
that most promising “champion” germplasm representing the best and most recent elite
breeding lines that are well-adapted to the target environment, is used as recipient parent
in the crossing program (Figure 1). In this context, a positive trend has emerged for wheat
in recent years. Old genotypes such as ‘Chinese Spring’ or ‘Opata’ for bread wheat or
‘Langdon’ for durum wheat were abandoned as parents for pre-breeding in favor of more
modern cultivars. The use of biparental, multi-parental, bridge or other crossing schemes
depends on the specificity of the PGR used as donors; this part is discussed in more detail
in the following section. The outcome of this stage is segregating generations such as F2
or backcross progenies that can be used for further inbreeding and selection as well as for
mapping studies.

Stage 5. Trait discovery: This is an optional stage where, depending upon the breeders’
objectives and availability of resources, segregating pre-breeding populations can be used
to gain knowledge about the genetics of the trait(s), and used in genomics studies to
determine marker-trait associations, etc.

Stage 6. Preliminary testing and multi-location evaluation: This stage depends on the
requirements of variation in the main breeding program and requires close collaboration
with the breeders. Pre-breeding material is included in the breeding pipeline from this stage
onwards. It may involve the evaluation and selection process until stable lines are achieved
that have been tested in the field for all major agronomic traits besides the trait of interest
so that breeders can use them directly as parents. The final product will be promising
introgression lines (ILs) that have the desired trait and minimum linkage drag. To identify
the stable sources, the trait-specific ILs can be precisely evaluated in target environments.
As mentioned above, close collaboration with breeders and farmers is required at this stage
to select the best candidates.

Stage 7: Trait deployment: The process is completed at this stage and the “novel” traits
in form of promising ILs, or entire pre-breeding populations are passed on to breeders.
These stable sources are included in the breeding pipeline and promising ILs can also be
conserved in genebanks for future use.

Systematic and targeted pre-breeding efforts will generate new diversity for use in
wheat breeding programs. Molecular markers can be used to select difficult-to-measure
traits and to increase the precision and efficiency of selection [269]. Various techniques are
available for wheat, such as doubled-haploid production by anther or microspore culture,
chromosome elimination using the wheat × maize system or the wheat × Imperata cylindrica
system, and speed-breeding platforms for rapid generation turnover [270–272]. The use of
these techniques will reduce the time required to develop a cultivar. Pre-breeding should
become an integral part of crop breeding programs, including wheat, and should follow
the proposed stage-gate approach to better manage pre-breeding pipelines.

7. Approaches to Facilitate Introgressions from PGR

Several approaches have been proposed to facilitate the transfer of beneficial alleles
from PGR. However, to determine the usefulness of these approaches, it is important to
first understand the aim of the (pre-)breeder when using PGR. The selection of accessions
and the genetic architecture of the targeted traits (i.e., simple or polygenic) determine
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which approach to use (Figure 2): (i) the introgression of a qualitative trait controlled by a
single locus or a few loci from PGR; (ii) the introgression of a quantitative trait controlled
by several loci from PGR; and (iii) the use of PGR to develop introgression lines for which
any beneficial traits and their genetic basis will be determined later. In addition, there
are several possible outputs. In some cases, the purpose of the introgression may be to
understand the “modus operandi” of a gene. In most cases, the (pre-)breeder aims to
produce materials for use as parental germplasm for further hybridizations, or in some
cases even as direct cultivar release. The different approaches use different methods for
genetic transfer, so they are described separately below.

Figure 2. Strategies for introgressing variation from plant genetic resources (PGR) into (pre-)breeding
programs to confer traits with simple (left) and polygenic (right) genetic architecture. For simple
traits, backcrosses (BC) are commonly used for trait introgression. For polygenic traits, progeny selec-
tion within segregant inbred populations from F1 crosses is a common method for trait introgression.
Each segregant inbred population is characterized by its mean (µPGR×Elite) and genetic standard
deviation (σgPGR×Elite ). The different shades of gray represent different values of trait variation at all
levels of the scheme.

7.1. Introgression of Qualitative Traits from PGR

This has been the case for many disease resistance alleles [273–276], but applies equally
to any highly heritable trait largely under the influence of one, or a few, major gene loci.
Classically, the trait is introduced by crossing and direct selection, leading to improvement
of the elite germplasm. This process is effective but often lengthy because it involves
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several cycles of recurrent crossing and selection. More recently, molecular markers linked
to traits have been used to enhance the precision and efficiency of the introgression process.
Various genomic tools and other techniques, such as rapid generation turnover, single-seed
descent and doubled-haploid methods allow the rapid development of elite germplasm
enhanced by the introgression of carefully selected loci from the PGR (Figure 2, left) [269].
The non-molecular approach requires modest initial investment followed by years of
steady progress through phenotypic selection, while the use of molecular markers requires
up-front investment but then allows acceleration of screening. The deployment of trans-
formation technologies such cis or trans genesis to introgress only the gene of interest
holds great potential. However, due to the restrictions on commercialization of genetically
modified cultivars in many countries, and high investment required, this approach is
largely of academic interest only.

7.2. Introgression of Quantitative Traits from PGR

Quantitative traits usually exhibit strong genotype × environment (g×e) interaction,
making phenotyping challenging and costly, while estimates for epistatic and non-additive
interactions between alleles are usually biased. The use of genomic selection has often
been presented as a strategic approach to facilitate introgression of quantitative traits [277].
Mathematical methods that efficiently deal with the “large p, small n” problem of modeling
thousands-to-millions of molecular markers distributed throughout the genome in limited-
sized populations were first proposed in the field of animal breeding [278,279]. These
methods are known as genomic prediction, so the selection methods based on them are
known as genomic selection. This methodology involves accurately phenotyping a sample
of genotypes (the training population) and using this to calibrate a mathematical model
made up of hundreds or thousands of genetic markers. This calibration process is key to
the success of genomic selection, and involves repeated phenotyping, preferably across
several environments and seasons, of a carefully chosen non-biased collection of ‘relevant’
genotypes. Each marker on the genotyping platform will be associated with a greater or
lesser degree with the phenotype, and the model estimates a numerical effect for each of the
markers. Thus, any genotype can be assigned a genomic-estimated breeding value (GEBV)
by summing the estimates of all the markers used. In the right circumstances, this is a very
valuable predictive tool and enables intensive selection at an early stage in the breeding
process, therefore reducing the need for exhaustive field trials. However, useful predictions
can only be made for alleles that are present in the training population. Unfortunately,
almost by definition, the alleles of interest from PGR are unique and do not feature in
existing models generated for modern lines. It is, therefore, necessary to run field trials
for CWR and modern lines side by side. This presents a logistical challenge because of the
differences in phenology and the required agronomic practices. Additionally, some risks
need to be considered, including diseases and pests, weed escape, quarantine requirements,
and wild traits such as shattering, dormancy, photoperiodism, and unfocused flowering.
In some cases, it is difficult to access a genotyping platform that captures allelic diversity
equally in PGR and elite cultivars [280,281].

Vanavermaete et al. [55] addressed these issues and proposed a multi-layer approach
called “deep scoping” that keeps PGR and modern germplasm separate when modeling
their relative contribution to GEBV, including specific factors to assess genetic diversity.
A simpler approach would be to develop two training populations; one consisting of the
PGR of interest together with other entries of the same species; and the other consisting
only of modern germplasm. In any case, two separate models would have to be developed;
one targeting the quantitative trait of interest in the PGR, and the other targeting the
favorable alleles present in the modern germplasm used for the hybridization, as a way of
performing foreground selection.

In principle, the ultimate question when attempting a PGR-introgression is: “Which
cross (parent combination) will result in the best progenies?” In quantitative genetics, this
question is essentially summarized by the “usefulness criterion” (UC) [282]. To explain
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this, the following scenario of polygenic trait introgression is assumed: the selected PGR
(among many) shall be crossed with an elite line (Elite × PGR cross) and the superior
inbred progenies will be identified (Figure 2, right). In this context, the UC can be defined
as follows [282]:

UCElite×PGR = µElite×PGR + i × h × σgElite×PGR ,

where UCElite×PGR is the UC of the particular Elite × PGR cross, µElite×PGR is the mean
of an inbred population originated from the Elite × PGR cross, i is the selection intensity,
h is the square root of the operational trait heritability according to testing capacities
within a breeding program, and σgElite×PGR is the genetic standard deviation of inbred
populations from the Elite × PGR cross. Inbred populations can be developed by recurrent
selfing, or in a single generation using doubled-haploid technology [283] or the speed-
breeding platform. Since (pre-)breeders can rarely increase selection intensity (i) without
further investment [284], and the heritability (h) of a trait is in practice determined by its
genotype × environment interaction and the trial error at the field station [285,286], only
those crosses with either high µElite×PGR, high σgElite×PGR , or ideally both, are interesting for
breeders. In the era of genomic prediction, µElite×PGR can be predicted as the average of
the GEBV of the parents [287,288]. As a linear combination of predictions, the accuracy
of µElite×PGR prediction will be directly affected by the accuracy of genomic prediction
models, and by the reliability of the individual GEBV of parents [289]. Methods have
been proposed to predict σgElite×PGR based on real parent genotypes, genomic-estimated
additive effects of markers, and simulated progeny genotypes [290,291] Alternatively,
progeny genotypes can be derived from the expected covariance between loci, which is a
function of the expected recombination rates in different selfing generations and the linkage
disequilibrium observed in the parents [287,288]. Potentially, but unexplored so far, the
accuracy of σgElite×PGR prediction could be further improved by considering genomic models
that handle epistatic interactions among markers during the estimation of effects [292–294].
Essentially, in the case of PGR-derived material, there is novelty in the genome that cannot
be fully or even partially estimated from an understanding of the elite germplasm alone
or from the native PGR accessions alone. We emphasize here that direct assessment of
quantitative traits in a PGR compared to elite material can result in several ascertainment
biases, and the same applies to genomic predictions. So far, we are not aware of any clear
examples of successful transfer of quantitative traits from PGR by genomic selection, but it
is theoretically possible.

7.3. Introgressions from PGR without Known Characteristics

As unfocused as this approach may sound, this method has some clear benefits and
merits, as described below. As it is extremely difficult to predict elite × PGR crosses based
on the available genetic value of the two parents, the use of PGR ”without known traits“
is widespread and successful. It is logistically and physiologically very challenging to
perform effective field characterization of PGR for quantitative traits. Therefore, most
of the information available for PGR is limited to qualitative traits. In addition, several
authors have reported that genes of interest from PGR can be silenced or rendered inef-
fective after transfer to modern germplasm [295]. For example, Szabó-Hever et al. [205]
showed that the resistance of synthetic bread wheat lines to Fusarium head blight could
not always be predicted based on the response of the PGR used to produce the synthetics.
Consistent with this, Merchuk-Ovnat et al. [296] transferred quantitative trait loci related
to increased productivity under drought from wild emmer wheat to durum and bread
wheat cultivars, and found that the expression of the different alleles was cultivar-specific.
The most commonly used method is therefore to cross with PGR and then select based on
performance, as it has been shown that breeding selection is ultimately the best approach
for pyramiding quantitative traits. The use of top-crosses (A/PGR//B) or backcrosses
(A/PGR//A) is considered best to reduce the total amount of PGR genome carried by the
resulting progenies [49,287]. Singh et al. [45] applied this principle and confirmed through
multi-location testing that many of the new introgressions matched the best performing
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elites. Another example is the release of the Moroccan variety ‘Nachit’ with 20% larger
seed size than the original parents through a simple top-cross involving wild emmer and
durum wheat genotypes [11,48].

8. Global Initiatives for Promoting the Use of PGR for Crop Improvement

Three of the most extensive examples of the introgression of PGR into modern wheat
germplasm are: (i) the “Wheat Improvement Strategic Programme” (WISP, http://www.
cerealsdb.uk.net/cerealgenomics/WISP/Consortium/WISP.php accessed on 21 September 2021)
funded by the Biotechnology and Biological Sciences Research Council (BBRSC); (ii) the
initiative “Adapting Agriculture to Climate Change: Collecting, Protecting and Preparing
Crop Wild Relatives” (hereafter CWR Project), which is supported by the Government of
Norway and managed by the Global Crop Diversity Trust (https://www.cwrdiversity.org/
accessed on 21 September 2021); and (iii) the “Seeds of Discovery” initiative for the produc-
tion and use of landraces and synthetics in wheat managed by CIMMYT and funded by the
government of Mexico (https://seedsofdiscovery.org accessed on 21 September 2021)).

A long-term commitment is needed to identify beneficial alleles of PGR and transfer
them into breeding pipelines. A unique example of a long-term major pre-breeding
initiative in various crops is the CWR Project, (https://www.cwrdiversity.org/project/pre-
breeding/ accessed on 21 September 2021). Under this initiative, pre-breeding projects have
been completed or are underway for 19 crops. The project involves more than 100 national
and international partners including universities, non-governmental organizations, and
seed clubs in 50 countries. The CWR Project has a strong emphasis on capacity building.
Many of the pre-breeding partnerships are well advanced and will soon (after 2021) deliver
promising CWR-derived pre-bred lines.

9. Summary and Conclusions

In the early 1960s, dwarfing genes introgressed from ‘Norin 10’ changed wheat culti-
vation worldwide. However, the deteriorating climatic conditions and other challenges
have since put an end to the rapid genetic improvement. A new need has arisen to find the
next breakthrough traits and the greatest hope is to find them in the vast PGR collections.
A better understanding of the taxonomy and phylogenetic history of wheat paves the way
for a better use of these collections. Here, we have presented several examples of successful
incorporation of PGR for wheat improvement, and discussed promising introgression
schemes. Given the heterogeneity within and between germplasm accessions stored in
genebanks, it is important to develop TGS that can be used to generate new populations.
These TGS are the immortal germplasm and are ideal for trait mapping, identification
of candidate genes and re-sequencing studies, as well as for the development of a super-
pangenome for wheat. We are also seeing a shift in the mindset of breeders, who are
moving away from the “last resource” concept that was associated with the use of PGR
and of CWR in the past. The establishment of pre-breeding pipelines has contributed to
this change, and we have proposed here an integrated approach to align pre-breeding
and breeding.

Broadening the genetic base of the elite wheat germplasm is then no longer just a
means, but a real necessity to further increase genetic gain and to especially open new
markets. Those breeding programs that succeed in integrating a strong pre-breeding
pipeline are likely to be the real game changers in the years to come, able to develop vari-
eties that are ready for the climatic challenges. Indeed, the success of these pre-breeding
efforts depends on careful planning and efficient implementation, frequent monitoring
to identify challenges at each step and measure results and impact, and strong network-
ing and collaboration between the public and private sectors. Because of the costs and
complexity associated with pre-breeding, now more than ever the role of public sector
organizations and institutions becomes critical to provide freely novel alleles ready to be
deployed. Donors have demonstrated good understanding of this need and have shown
their willingness to drive this change.

http://www.cerealsdb.uk.net/cerealgenomics/WISP/Consortium/WISP.php
http://www.cerealsdb.uk.net/cerealgenomics/WISP/Consortium/WISP.php
https://www.cwrdiversity.org/
https://seedsofdiscovery.org
https://www.cwrdiversity.org/project/pre-breeding/
https://www.cwrdiversity.org/project/pre-breeding/
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102. Dvořák, J.; Akhunov, E.D. Tempos of gene locus deletions and duplications and their relationship to recombination rate during
diploid and polyploid evolution in the Aegilops-Triticum alliance. Genetics 2005, 171, 323–332. [CrossRef] [PubMed]

103. Luo, M.C.; Yang, Z.L.; You, F.M.; Kawahara, T.; Waines, J.G.; Dvořák, J. The structure of wild and domesticated emmer wheat
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251. Keskin Şan, S.; Özbek, Ö.; Eser, V.; Göçmen Taşkin, B. Polymorphism in seed endosperm proteins (gliadins and glutenins) of

Turkish cultivated einkorn wheat [Triticum monococcum ssp. monococcum] landraces. Cereal Res. Commun. 2015, 43, 108–122.
[CrossRef]

252. Cakmak, I.; Torun, A.; Millet, E.; Feldman, M.; Fahima, T.; Korol, A.; Nevo, E.; Braun, H.J.; Özkan, H. Triticum dicoccoides: An
important genetic resource for increasing zinc and iron concentration in modern cultivated wheat. Soil Sci. Plant Nut. 2004, 50,
1047–1054. [CrossRef]

253. García, A.B.; Castellano, L.; Guzmán, C.; Alvarez, J.B. Potential use of wild einkorn wheat for wheat grain quality improvement:
Evaluation and characterization of Glu-1, Wx and Ha loci. Agronomy 2021, 11, 816. [CrossRef]

254. Liu, J.; Huang, L.; Li, T.; Liu, Y.; Yan, Z.; Tang, G.; Zheng, Y.; Liu, D.; Wu, B. Genome-wide association study for grain micronutrient
concentrations in wheat advanced lines derived from wild emmer. Front. Plant Sci. 2021, 12. [CrossRef]

255. Erba, D.; Hidalgo, A.; Bresciani, J.; Brandolini, A. Environmental and genotypic influences on trace element and mineral
concentrations in whole meal flour of einkorn (Triticum monococcum L. subsp. monococcum). J. Cereal Sci. 2011, 54, 250–254.
[CrossRef]

256. Özkan, H.; Brandolini, A.; Torun, A.; Altintas, S.; Eker, S.; Kilian, B.; Braun, H.J.; Salamini, F.; Cakmak, I. Natural variation
and identification of microelements content in seeds of einkorn wheat (Triticum monococcum). In Wheat Production in Stressed
Environments; Buck, H.T., Nisi, J.E., Salomon, N., Eds.; Springer: Dordrecht, The Netherlands, 2007; Volume 12, pp. 455–462.
[CrossRef]

257. Chhuneja, P.; Dhaliwal, H.S.; Bains, N.S.; Singh, K. Aegilops kotschyi and Aegilops tauschii as sources for higher levels of grain iron
and zinc. Plant Breed. 2006, 125, 529–531. [CrossRef]

258. Kumar, A.; Kapoor, P.; Chunduri, V.; Sharma, S.; Garg, M. Potential of Aegilops sp. for improvement of grain processing and
nutritional quality in wheat (Triticum aestivum). Front. Plant Sci. 2019, 10. [CrossRef] [PubMed]

259. Rawat, N.; Tiwari, V.K.; Singh, N.; Randhawa, G.S.; Singh, K.; Chhuneja, P.; Dhaliwal, H.S. Evaluation and utilization of Aegilops
and wild Triticum species for enhancing iron and zinc content in wheat. Genet. Resour. Crop Evol. 2009, 56. [CrossRef]

260. Leonova, I.N.; Budashkina, E.B.; Kalinina, N.P.; Röder, M.S.; Börner, A.; Salina, E.A. Triticum aestivum-Triticum timopheevii
introgression lines as a source of pathogen resistance genes. Czech J. Genet. Breed. 2011, 47, S49–S55. [CrossRef]

261. EiB. Available online: https://excellenceinbreeding.org/ (accessed on 21 September 2021).

http://doi.org/10.25081/cb.2020.v11.6100
http://doi.org/10.3390/su12041584
http://doi.org/10.1016/S0308-8146(99)00215-0
http://doi.org/10.1556/CRC.36.2008.2.11
https://www.semanticscholar.org/paper/GLYCEMIC-AND-LIPIDEMIC-RESPONSE-TO-DICOCCUM-WHEAT-Yenagi-Hanchinal/d00cd8d4bab7b02e0bfe451047aed9536cf377ad
https://www.semanticscholar.org/paper/GLYCEMIC-AND-LIPIDEMIC-RESPONSE-TO-DICOCCUM-WHEAT-Yenagi-Hanchinal/d00cd8d4bab7b02e0bfe451047aed9536cf377ad
http://doi.org/10.1002/jsfa.6382
http://www.ncbi.nlm.nih.gov/pubmed/24022812
http://doi.org/10.1007/s10722-013-0004-2
http://doi.org/10.1016/j.jtcme.2015.02.004
http://www.ncbi.nlm.nih.gov/pubmed/26151025
http://doi.org/10.1002/food.200390012
http://doi.org/10.1556/CRC.2014.0028
http://doi.org/10.1080/00380768.2004.10408573
http://doi.org/10.3390/agronomy11050816
http://doi.org/10.3389/fpls.2021.651283
http://doi.org/10.1016/j.jcs.2011.06.011
http://doi.org/10.1007/1-4020-5497-1_55
http://doi.org/10.1111/j.1439-0523.2006.01223.x
http://doi.org/10.3389/fpls.2019.00308
http://www.ncbi.nlm.nih.gov/pubmed/30936886
http://doi.org/10.1007/s10722-008-9344-8
http://doi.org/10.17221/3254-CJGPB
https://excellenceinbreeding.org/


Biology 2021, 10, 982 35 of 36

262. Jakob, S.S.; Rödder, D.; Engler, J.O.; Shaaf, S.; Özkan, H.; Blattner, F.R.; Kilian, B. Evolutionary history of wild barley (Hordeum
vulgare subsp. spontaneum) analyzed using multilocus sequence data and paleodistribution modeling. Gen. Biol. Evol. 2014, 6,
685–702. [CrossRef]

263. Singh, N.; Wu, S.; Raupp, W.J.; Sehgal, S.; Arora, S.; Tiwari, V.; Vikram, P.; Singh, S.; Chhuneja, P.; Gill, B.S.; et al. Efficient curation
of genebanks using next generation sequencing reveals substantial duplication of germplasm accessions. Sci. Rep. 2019, 9, 650.
[CrossRef]

264. Brown, A.H.D. Core collections: A practical approach to genetic resources management. Genome 1989, 31, 818–824. [CrossRef]
265. Upadhyaya, H.D.; Ortiz, R. A mini core subset for capturing diversity and promoting utilization of chickpea genetic resources in

crop improvement. Theor. Appl. Genet. 2001, 102, 1292–1298. [CrossRef]
266. Upadhyaya, H.D.; Dwivedi, S.L.; Baum, M.; Varshney, R.K.; Udupa, S.M.; Gowda, C.L.L.; Hoisington, D.; Singh, S. Genetic

structure, diversity, and allelic richness in composite collection and reference set in chickpea (Cicer arietinum L.). BMC Plant Biol.
2008, 8, 106. [CrossRef]

267. Glaszmann, J.C.; Kilian, B.; Upadhyaya, H.D.; Varshney, R.K. Accessing genetic diversity for crop improvement. Curr. Opin. Plant
Biol. 2010, 13, 167–173. [CrossRef]

268. Khazaei, H.; Street, K.; Bari, A.; Mackay, M.; Stoddard, F.L. The FIGS (Focused Identification of Germplasm Strategy) approach
identifies traits related to drought adaptation in Vicia faba genetic resources. PLoS ONE 2013, 8, e63107. [CrossRef] [PubMed]

269. Lande, R.; Thompson, R. Efficiency of marker-assisted selection in the improvement of quantitative traits. Genetics 1990, 124, 743.
[CrossRef] [PubMed]

270. Chaudhary, H.K.; Sethi, G.S.; Singh, S.; Pratap, A.; Sharma, S. Efficient haploid induction in wheat by using pollen of Imperata
cylindrica. Plant Breed. 2005, 124, 96–98. [CrossRef]

271. Ghosh, S.; Watson, A.; Gonzalez-Navarro, O.E.; Ramirez-Gonzalez, R.H.; Yanes, L.; Mendoza-Suárez, M.; Simmonds, J.; Wells, R.;
Rayner, T.; Green, P.; et al. Speed breeding in growth chambers and glasshouses for crop breeding and model plant research. Nat.
Protoc. 2018, 13, 2944–2963. [CrossRef]

272. Sharma, S.; Sethi, G.S.; Chaudhary, H.K. Influence of winter and spring wheat genetic backgrounds on haploid induction
parameters and trait correlations in the wheat × maize system. Euphytica 2005, 144, 199–205. [CrossRef]

273. Arora, S.; Steuernagel, B.; Gaurav, K.; Chandramohan, S.; Long, Y.; Matny, O.; Johnson, R.; Enk, J.; Periyannan, S.; Singh, N.; et al.
Resistance gene cloning from a wild crop relative by sequence capture and association genetics. Nat. Biotechnol. 2019, 37, 139–143.
[CrossRef]

274. Bai, G.; Kolb, F.L.; Shaner, G.; Domier, L.L. Amplified fragment length polymorphism markers linked to a major quantitative trait
locus controlling scab resistance in wheat. Phytopathology® 1999, 89, 343–348. [CrossRef]

275. Rawat, N.; Pumphrey, M.O.; Liu, S.; Zhang, X.; Tiwari, V.K.; Ando, K.; Trick, H.N.; Bockus, W.W.; Akhunov, E.; Anderson, J.A.;
et al. Wheat Fhb1 encodes a chimeric lectin with agglutinin domains and a pore-forming toxin-like domain conferring resistance
to Fusarium head blight. Nat. Genet. 2016, 48, 1576–1580. [CrossRef] [PubMed]

276. Waldron, B.; Moreno-Sevilla, B.; Anderson, J.; Stack, R.; Frohberg, R. RFLP mapping of QTL for Fusarium head blight resistance in
wheat. Crop Sci. 1999, 39, 805–811. [CrossRef]

277. Bernardo, R. Genomewide selection for rapid introgression of exotic germplasm in maize. Crop Sci. 2009, 49, 419–425. [CrossRef]
278. Meuwissen, T.H.; Hayes, B.J.; Goddard, M.E. Prediction of total genetic value using genome-wide dense marker maps. Genetics

2001, 157, 1819–1829. [CrossRef] [PubMed]
279. VanRaden, P.M. Efficient methods to compute genomic predictions. J. Dairy Sci. 2008, 91, 4414–4423. [CrossRef] [PubMed]
280. Arbelaez, J.D.; Moreno, L.T.; Singh, N.; Tung, C.-W.; Maron, L.G.; Ospina, Y.; Martinez, C.P.; Grenier, C.; Lorieux, M.; McCouch, S.

Development and GBS-genotyping of introgression lines (ILs) using two wild species of rice, O. meridionalis and O. rufipogon, in a
common recurrent parent, O. sativa cv. Curinga. Mol. Breed. 2015, 35, 81. [CrossRef] [PubMed]

281. Nyine, M.; Adhikari, E.; Clinesmith, M.; Jordan, K.W.; Fritz, A.K.; Akhunov, E. Genomic patterns of introgression in interspecific
populations created by crossing wheat with its wild relative. G3 Genes|Genomes|Genet. 2020, 10, 3651. [CrossRef] [PubMed]

282. Schnell, F.W.; Utz, H.F. F1 Leistung und Elternwahl in der Züchtung von Selbstbefruchtern. In Bericht über die Arbeitstagung
1975 der Arbeitsgemeinschaft der Saatgutleiter; Bundesversuchsanstalt für Alpenländische Landwirtschaft Gumpenstein: Irdning,
Austria, 1976; pp. 243–248.

283. Becker, H. Pflanzenzüchtung; Verlag Eugen Ulmer: Stuttgart, Germany, 2011; Volume Nr 2.
284. Endelman, J.B.; Atlin, G.N.; Beyene, Y.; Semagn, K.; Zhang, X.; Sorrells, M.E.; Jannink, J.-L. Optimal design of preliminary yield

trials with genome-wide markers. Crop Sci. 2014, 54, 48–59. [CrossRef]
285. Holland, J.B.; Nyquist, W.E.; Cervantes-Martínez, C.T. Estimating and interpreting heritability for plant breeding: An update. In

Plant Breeding Reviews; Janick, J., Ed.; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2003; Volume 22, pp. 9–111.
286. Piepho, H.-P.; Möhring, J. Computing heritability and selection response from unbalanced plant breeding trials. Genetics 2007,

177, 1881–1888. [CrossRef]
287. Allier, A.; Moreau, L.; Charcosset, A.; Teyssèdre, S.; Lehermeier, C. Usefulness criterion and post-selection parental contributions

in multi-parental crosses: Application to polygenic trait introgression. G3 2019, 9, 1469–1479. [CrossRef]
288. Lehermeier, C.; Teyssèdre, S.; Schön, C.C. Genetic gain increases by applying the usefulness criterion with improved variance

prediction in selection of crosses. Genetics 2017, 207, 1651–1661. [CrossRef]

http://doi.org/10.1093/gbe/evu047
http://doi.org/10.1038/s41598-018-37269-0
http://doi.org/10.1139/g89-144
http://doi.org/10.1007/s00122-001-0556-y
http://doi.org/10.1186/1471-2229-8-106
http://doi.org/10.1016/j.pbi.2010.01.004
http://doi.org/10.1371/journal.pone.0063107
http://www.ncbi.nlm.nih.gov/pubmed/23667581
http://doi.org/10.1093/genetics/124.3.743
http://www.ncbi.nlm.nih.gov/pubmed/1968875
http://doi.org/10.1111/j.1439-0523.2004.01034.x
http://doi.org/10.1038/s41596-018-0072-z
http://doi.org/10.1007/s10681-005-5812-9
http://doi.org/10.1038/s41587-018-0007-9
http://doi.org/10.1094/PHYTO.1999.89.4.343
http://doi.org/10.1038/ng.3706
http://www.ncbi.nlm.nih.gov/pubmed/27776114
http://doi.org/10.2135/cropsci1999.0011183X003900030032x
http://doi.org/10.2135/cropsci2008.08.0452
http://doi.org/10.1093/genetics/157.4.1819
http://www.ncbi.nlm.nih.gov/pubmed/11290733
http://doi.org/10.3168/jds.2007-0980
http://www.ncbi.nlm.nih.gov/pubmed/18946147
http://doi.org/10.1007/s11032-015-0276-7
http://www.ncbi.nlm.nih.gov/pubmed/25705117
http://doi.org/10.1534/g3.120.401479
http://www.ncbi.nlm.nih.gov/pubmed/32737066
http://doi.org/10.2135/cropsci2013.03.0154
http://doi.org/10.1534/genetics.107.074229
http://doi.org/10.1534/g3.119.400129
http://doi.org/10.1534/genetics.117.300403


Biology 2021, 10, 982 36 of 36

289. Mrode, R.; Brotherstone, S.; White, I.; Swanson, G.; Coffey, M.; Jones, H.; Thompson, R. Random regression model for the genetic
evaluation of production traits of dairy cattle in the UK. Interbull Bull. 2005, 33, 211–214.

290. Bernardo, R. Genomewide selection of parental inbreds: Classes of loci and virtual biparental populations. Crop Sci. 2014, 54,
2586–2595. [CrossRef]

291. Mohammadi, M.; Tiede, T.; Smith, K.P. PopVar: A genome-wide procedure for predicting genetic variance and correlated response
in biparental breeding populations. Crop Sci. 2015, 55, 2068–2077. [CrossRef]

292. Gianola, D.; Fernando, R.L.; Stella, A. Genomic-assisted prediction of genetic value with semiparametric procedures. Genetics
2006, 173, 1761–1776. [CrossRef] [PubMed]

293. Gianola, D.; van Kaam, J.B.C.H.M. Reproducing kernel Hilbert spaces regression methods for genomic assisted prediction of
quantitative traits. Genetics 2008, 178, 2289. [CrossRef]

294. Jiang, Y.; Reif, J.C. Modeling epistasis in genomic selection. Genetics 2015, 201, 759–768. [CrossRef]
295. Mullis, M.N.; Matsui, T.; Schell, R.; Foree, R.; Ehrenreich, I.M. The complex underpinnings of genetic background effects. Nat.

Commun. 2018, 9, 3548. [CrossRef]
296. Merchuk-Ovnat, L.; Fahima, T.; Ephrath, J.E.; Krugman, T.; Saranga, Y. Ancestral QTL alleles from wild emmer wheat enhance

root development under drought in modern wheat. Front. Plant Sci. 2017, 8. [CrossRef]

http://doi.org/10.2135/cropsci2014.01.0088
http://doi.org/10.2135/cropsci2015.01.0030
http://doi.org/10.1534/genetics.105.049510
http://www.ncbi.nlm.nih.gov/pubmed/16648593
http://doi.org/10.1534/genetics.107.084285
http://doi.org/10.1534/genetics.115.177907
http://doi.org/10.1038/s41467-018-06023-5
http://doi.org/10.3389/fpls.2017.00703

	Introduction 
	Status of the Wheat Germplasm Conserved Ex Situ 
	Wheat Taxonomy, Domestication, and Genepool 
	Taxonomical Treatment of Triticum and Aegilops Taxa 
	Evolution and Domestication History 
	The Wheat Genepool Concept 

	Status of PGR Use for Wheat Improvement 
	PGR of Known Value to Be Incorporated in the Future: Breeders’ Needs 
	Diversification of Resistance Genes 
	Improved Tolerance to Drought, Heat, and Salinity 
	Organic Farming 
	Improved Nutritional Quality 

	Exploitation of PGR in Breeding: A Stepwise Approach 
	Approaches to Facilitate Introgressions from PGR 
	Introgression of Qualitative Traits from PGR 
	Introgression of Quantitative Traits from PGR 
	Introgressions from PGR without Known Characteristics 

	Global Initiatives for Promoting the Use of PGR for Crop Improvement 
	Summary and Conclusions 
	References

