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Abstract

Wheat (Triticum spp and, particularly, T. aestivum L.) is an essential cereal with increased human and animal nutritional demand. There-
fore, there is a need to enhance wheat yield and genetic gain using modern breeding technologies alongside proven methods to achieve the
necessary increases in productivity. These modern technologies will allow breeders to develop improved wheat cultivars more quickly
and efficiently. This review aims to highlight the emerging technological trends used worldwide in wheat breeding, with a focus on
enhancing wheat yield. The key technologies for introducing variation (hybridization among the species, synthetic wheat, and hybridiza-
tion; genetically modified wheat; transgenic and gene-edited), inbreeding (double haploid (DH) and speed breeding (SB)), selection and
evaluation (marker-assisted selection (MAS), genomic selection (GS), and machine learning (ML)) and hybrid wheat are discussed to
highlight the current opportunities in wheat breeding and for the development of future wheat cultivars.
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1. Introduction
Wheat (Triticum spp.) is a vital cereal grain with a

global production of over 770 million tons [1]. Wheat plays
a crucial role in global food security, with cultivation on
more than 217 million hectares annually [2]. It was the
first domesticated crop to become a staple food globally
[3]. Presently, wheat contributes 20% of the dietary calories
and protein consumed by humans [4]. Wheat is also an im-
portant source of dietary fiber [5–7]. Globally, hunger af-
fects more than 720million people, and the lack of a healthy
diet affects more than three billion people [8]. Therefore,
wheat production, accessibility, and availability are crucial
for food security [9]. Demand for wheat is expected to in-
crease by 60% as the global population grows to a predicted
9.4 billion people who will also be wealthier and consume
more by 2050 [10,11].

However, wheat production is influenced by both bi-
otic and abiotic constraints [12]. Biotic stresses (insects, ne-
matodes, alongside fungal, viral, and bacterial diseases) and
abiotic stresses (heat, drought, cold, and salinity stresses)
are potential risks to global wheat production [13]. Climate
change, including global warming, threatens food security
and is predicted to lower wheat productivity and nutritional
value [14,15]. To cope with these food security abiotic and
biotic challenges and the predicted increase in global de-
mand, there is a need to enhance the global wheat yield [16]
by 1.4 to 1.7% annually [17]. The environment can trig-
ger phenotypic changes through biotic and abiotic stresses
(including climate change), which can significantly impact
crop yield.

The importance of the environment on production and
how wheat cultivars grow in the environment is best sum-
marized by the following equation:

P = E + G + G×E (1)
where P is the phenotype, E is the environment, G is the
genotype, and G×E is how the genotype interacts with the
environment. The phenotype is what growers harvest (plant
or grain yield), and plant breeders work with G and G×E
when they develop adapted cultivars. Specifically, plant
breeders are interested in genetic variation so that the above
equation can be expressed as the variances of the compo-
nents:

σP
2
= σE

2
+ σG

2
+ σGxE

2 (2)
The environment includes largely uncontrolled as-

pects (weather-related, temperature, moisture, and solar ra-
diation). Other controlled aspects are often called manage-
ment (M) [18], which includes grower decisions, such as
tillage, fertilizer, irrigation, and pesticide use or non-use.
Agronomic research develops improved management tech-
niques to optimize phenotype. Hence, the previous equa-
tion can be expanded to:

P = E+M+E×M+G+G×E+G×M+G×E×M (3)

where E, G, and G×E terms have been previously de-
scribed, and interactions between M, E, and G have been
added. In this equation, plant breeders work with G, G×E,
G×M, and G×E×M. Reducing the effects of G×E and
G×E×Mis often called increasing climate resiliency or sta-
bility. Subsequently, working with G×M can tailor a new
cultivar to management systems, such as irrigated produc-
tion systems.
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To increase wheat yield, different breeding strategies
have been used to evaluate G, G×E, G×M, and G×E×M;
wheat breeders have created new strategies that use a blend
of conventional and modern methods of wheat breeding.
The priorities for wheat breeding have not changed as yield
remains the major concern in a food-insecure world. How-
ever, the ways of collecting and using information through
new technologies have greatly increased our genetic under-
standing of the genes that control plant traits [19].

In a pure-line breeding program that develops inbred
cultivars, the breeder identifies and chooses the traits that
need to be improved. Then, the breeder needs to (1) intro-
duce variation for those traits; (2) allow the variation to seg-
regate through inbreeding; (3) select elite lines (improved
for the target traits) for extensive evaluation and potential
release (Fig. 1) [20]. The time from when a cross is made
to when a new wheat cultivar is released is between 6 and
13 years but often depends on the growth habit of the spe-
cific wheat (spring wheat or winter wheat, the latter requir-
ing vernalization for flowering and producing grain). This
review will consider the selection during segregating gen-
erations separate from the evaluation, which uses highly in-
bred/homozygous lines. At a segregating locus (Aa, where
A and a are alleles), in the F1 generation, the locus is 100%
heterozygous. However, through each subsequent genera-
tion of selfing, the heterozygosity is reduced by half. There-
fore, the level of heterozygosity in F2 is 50%, in F3, it is
25%, in F4, it is 12.5%, and in F6, it is 3.125%. Hence,
selection occurs during the inbreeding stage in early gen-
erations, while evaluation occurs in later generations af-
ter segregation has largely ended. This review will high-
light the emerging trends or breeding technologies and how
they augment traditional breeding methods for wheat im-
provement. This review is structured similarly to a breed-
ing program, focusing on newer methods and technologies
for wheat improvement: (1) The need to introduce new ge-
netic variation (use of wild relatives and synthetic wheat,
transgenic approaches, gene-editing); (2) inbreeding (dou-
ble haploid (DH) and speed breeding (SB)); (3) selection
and evaluation (marker-assisted selection, genomic selec-
tion (GS), and machine learning (ML) approach for selec-
tion, phenomics, and testing for evaluation). Finally, the F1
progeny of crosses between inbred lines for hybrid wheat
will be discussed. In the future, hybrid wheat may be im-
portant, and its development will depend on the progress
made in inbred cultivar development.

2. Comparing Breeding Methods
To evaluate and compare the predicted outcomes

of different breeding systems, plant breeders use “the
breeder’s equation” [21] to estimate genetic gain, which in
various breeding systems is the response to selection. There
are many forms of genetic gain equations depending upon
the breeding strategy, but a common one for phenotypic se-
lection is:

R = kh2σp (4)

Fig. 1. The phases and time for each phase of plant breeding
to create new wheat cultivars. The values under years refer to
the number of years for each phase. For example, in introducing
genetic variation, a cross would be made in the first year and ad-
ditional crosses (three-way or double crosses) in the second year.
The number of years in this phase ranges from one to two to ac-
commodate the different types of crosses that start a breeding cy-
cle. The total number of years from the cross to the cultivar release
ranges from 6 to 13 years. In this example, selection is performed
concurrently with the inbreeding phase.

where R is the genetic gain per cycle, k is the selection in-
tensity (related to the proportion of the population selected
for advancement), h2 is the heritability of the trait, and σp

is the phenotypic standard deviation [21]. To consider the
breeding cycle length, the formula becomes

Rt = kh2σp/L (5)
where Rt is the genetic gain per unit of time, and L is the
length of the breeding cycle [21]. As most breeders are try-
ing to optimize genetic gain per unit of time, Equation 5
becomes the more important equation and will be used in
this manuscript to compare breeding methods. (As can be
seen from Fig. 1), releasing a cultivar in six years instead
of in 13 years effectively doubles the genetic gain per unit
of time. The importance of genetic variation is because in-
creasing genetic variance and its components will increase
h2:

h2 = σ2
a/ σ2

p (6)
where σ2

a is the additive genetic variance (a portion of the
total genetic variance) and σ2

p is the phenotypic variance.
Additive genetic variance is the effect of a particular allele
at a genetic locus and makes up the largest portion of to-
tal genetic variation (σG

2). The allele represents the ge-
netic parental contribution to the progeny (i.e., the allele
is inherited from one parent). The allele effect also deter-
mines the genetic correlation or relationship among breed-
ing lines. The remainder of the genetic variance is due to
dominance (the interaction of two or more alleles at a locus
depending on the ploidy level) and epistasis (the interaction
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between alleles at different loci). Thus, without additive ge-
netic variation, there can be no breeding progress. Hence,
genetic diversity or variation is the basis of any crop im-
provement program [22].

3. Introducing Genetic Variation
Genetic variation in wheat can be introduced through

conventional and modern approaches. The traditional
breeding approach includes introducing improved traits
from other elite lines, but also from wild relatives and lan-
draces when the elite line parents do not have genetic vari-
ation for important or desired traits. Conversely, modern
approaches for increasing genetic variations include muta-
tion breeding, transgenic (often used synonymously as ge-
netically modified), and gene-edited wheat.

3.1 Hybridization

Genetic variation in wheat can be achieved by cross-
ing two or more distinct lines or parents. Introducing ge-
netic variation is considered critical to the overall success
of the breeding effort [23,24]. Except for random mating
populations involving genetic or cytoplasmic male steril-
ity, all crosses are biparental (Line 1 × Line 2, referred to
as single crosses). However, the initial cross can be used
in additional crosses to make three-way crosses ((Line 1 ×
Line 2) × Line 3), four-way or double crosses ((Line 1 ×
Line 2) × (Line 3 × Line 4)), or more complex crosses
for population development [20]. Genetic variation from
the wheat genome donor was lost during domestication, de-
creasing population diversity (often called a genetic bottle-
neck) [25]. These genetic bottlenecks led to domesticated
germplasm pools, which do not contain many functional or
adaptive genes of their ancestors or wild relatives [26].

In considering the origin of tetraploid wheat (T. durum
L., 2n = 4x = 28, genomes AABB) and hexaploid wheat (T.
aestivum L., 2n = 6x = 42, genomes AABBDD) wheat, the
major bottleneck is often considered to be the late addition
of the diploid D-genome (2n = 2x = 14) to the tetraploid pro-
genitor. The progenitor of tetraploid wheat is estimated to
have occurred between 0.3 to 0.8 million years ago [27–30].
However, adding the D-genome to create hexaploid wheat
occurred only 8500–9000 years ago [29,30]. Compared to
tetraploid wheat, there would be less evolutionary time for
crosses to progenitor species, intermating within the new
species, and the accumulation of mutations in hexaploid
wheat. To overcome this bottleneck and expand the di-
versity within hexaploid wheat, synthetic wheat has been
developed by artificially hybridizing the tetraploid wheat
species (AABB) with the diploid wheat species Aegilops
tauschii (DD) to recreate hexaploid wheat [31]. This tech-
nique enables the breeder to produce fertile hybrids arti-
ficially by crossing the tetraploid and diploid species of
wheat, which can also be crossed with hexaploid wheat.
Synthetic wheat is used as a bridge to transfer traits from ei-
ther progenitor parent to redevelop hexaploid wheat [31,32]

while greatly expanding the genetic diversity of wheat [33].
There are many examples of synthetic wheat being used to
improve hexaploid wheat for traits such as salt and drought
tolerance [34–37] and diseases and pests [38]. Since syn-
thetic wheat expands the diversity of hexaploid wheat, dif-
ferent mating (syn. crossing) strategies have been proposed
[39].

Hence, wild relatives are a good source of increasing
genetic variation by introducing new genes lost during do-
mestication [40]. Wild relatives arewidely used by breeders
to create new genetic combinations for disease resistance
(as the pathogen/pest and the wild relative host plant have
co-evolved over millennia), for abiotic stress resistance (the
wild relative has co-evolved in harsh environments); many
of the introduced genes are dominant and relatively easy to
select [41,42]. These traits make landraces and wild rel-
atives a valuable resource for increasing biodiversity and
sustainability that must be protected [43].

Breeders have been reluctant to use wild relatives due
to the added complexity of their ploidy level and the link-
age drag of unfavorable genes linked with favorable genes
[44]. Wild species have not been selected for agronomic
potential, so it can be difficult to identify useful genetic
variation, maintain genetic gain, and recover viable culti-
vars even when deleterious genes are not linked to the gene
of interest. When diploid and tetraploid relatives of wheat
are used as a source of genetic variation and improvement
of bread wheat, there are often wide hybridization barri-
ers [45,46] and sterility and recombination issues requiring
many backcrosses. Backcrossing is used when a donor par-
ent is crossed multiple times to a recurrent parent, and the
objective is to introgress one or a few genes into a recurrent
parent.

The genetic gain per cycle (R = kh2σp/L) by tradi-
tional breeding approaches, where one or two generations
were performed annually, can be low compared to modern
approacheswithmultiple cycles of inbreeding or backcross-
ing per year. The breeding values of backcross populations
will change after each backcross. For the above benefits
and concerns with using wild relatives and landraces, plant
breeders have developed new approaches to increasing ge-
netic variation and reducing the undesirable traits with the
desirable traits from the wild relatives [47].

3.2 Genetic Modifications
If elite germplasm lacks genetic variation for a key

trait, the breeder may generate new genetic variation using
mutation breeding [48,49] or transgenic approaches. Exam-
ples of successful mutations used in breeding include herbi-
cide resistance traits to manage weeds and nutritional value
improvements.

Transgenic or genetically modified (GM) crops are
produced by inserting one or more genes from other species
into their DNA. Wheat is a major cereal and can be genet-
ically transformed using Agrobacterium tumefaciens [50–
53]. For example, HB4 (IND-ØØ412-7) is the drought-
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tolerant GM wheat, which was recently approved for cul-
tivation in Brazil and Argentina [54,55]. Transgenic wheat
with the ZmDof1 transcription factor, derived from maize
(Zea mays L.), has enhanced nitrogen use efficiency and
yield [56]. The CspA and CspB genes for the cold shock
proteins derived from bacteria also enhanced drought toler-
ance in transgenic maize and wheat [57,58].

Transgenic wheat is an effective way to breed wheat
cultivars for resistance and tolerance to biotic and abi-
otic stresses by adding new genes, silencing host or
pathogen genes, and pyramiding/stacking genes and re-
sistance/tolerance approaches [59]. These efforts are po-
tential sources to transform agriculture by incorporating
novel genes or developing synthetic genetic variation [60].
For example, the gene Fhb7 was recently cloned [61]
and shown to be the resistance gene for Fusarium head
blight (incited by Fusarium graminearum Schwabe) from
Thinopyrum elongatum (Host) D.R. Dewey. From a breed-
ing perspective, Fhb7 bread wheat can be developed by
(1) the gene being definitively known; (2) the development
of perfect markers from the gene sequence for tracking in
breeding populations; (3) the gene being separated from
deleterious linked genes in Th. elongatum, which results
in less linkage drag, as described above.

In addition to utilizing cloned genes for transgenic use
in wheat breeding, gene stacking is an important applica-
tion of transgenic crop improvement through the biosyn-
thetic gene clustering of favorable traits [62]. The objective
is to develop linked resistance genes that segregate as one
linked group, thereby simplifying their breeding and track-
ing. Usually, when stacking multiple genes, the breeder
must consider the smallest complete population to include
every possible genotype, which is 4m, where m is the num-
ber of segregating loci [20]. For three unlinked segregat-
ing transgenic loci, the smallest complete population would
be 64 individuals; however, if the transgenes are tightly
linked, the smallest population would be four individuals.
In completely inbred generations, i.e., advanced single-seed
descent or DH populations (discussed below), the small-
est complete generation would be 2m or, in this example,
eight individuals for three unlinked segregating transgenic
loci and two individuals for three linked transgenic loci (Ta-
ble 1). Biosynthetic gene clustering has been demonstrated
in cotton (Gossypium hirsutum L.) as an efficient strategy
for stacking resistance against insect pests [63].

The major difficulty with transgenic wheat is in its
commercialization and market acceptance [64]. Public ac-
ceptance of new GM wheat remains very slow, even in
countries facing food crises [65]. In addition, for major ex-
porting countries, negative campaigns and differing views
of GM crops among importing countries continue to be ma-
jor constraints for transgenic wheat [66].

The clustered regularly interspaced short palindromic
repeat (CRISPR) system is a very powerful gene-editing
tool [67–69], which, in addition to CRISPR/Cas, is used for
crop improvement by adding, deleting, and silencing genes

[70]. The CRISPR/Cas system employs the Cas enzyme
to specifically cut the double-stranded DNA in vitro, cre-
ating double-stranded breaks in the DNA for gene-editing
[71]. The gene of interest can be added at any specific
double-stranded DNA breakpoint by homology-directed re-
pair (HDR, ligation mechanism, or repair of DNA strands).
However, if the deletion of a specific gene is desired, then
the Cas enzyme can target a specific DNA sequence and cut
the DNA precisely where the deletion is required. There-
after, the remaining DNAwill be repaired or ligated by non-
homologous end joining (NHEJ). In addition, gene families
can be targeted for editing [72], which is important for com-
plex traits, such as seed storage proteins, which affect end-
use quality and human allergies (see below) found in higher
plants, including wheat.

Gene-editing is an increasingly important tool for
enhancing genetic resistance in wheat against stresses
by knockdown mutations of susceptibility genes [73].
CRISPR/Cas technology has been used successfully to
modify the wheat genome by deletion [74,75]. For exam-
ple, CRISPR/Cas was used to develop non-transgenic re-
duced allergen or allergen-free wheat E82 through dele-
tions in the wheat genome [76]. One of the major differ-
ences between transgenic and gene-editing is that they cur-
rently have different regulatory structures. In most coun-
tries, transgenic wheat is more highly regulated, making it
more expensive to bring to market than gene-edited wheat.
The lower regulatory levels are because gene-editing of-
ten involves modifying the wheat genome instead of adding
new genes to wheat from different genera or species.

The genetic gain per cycle of GMwheat can be higher
compared to conventional crossing if the transgene is in-
serted into a cultivar, which will be released (potentially
reducing the time required compared to traditional back-
crossing), assuming government regulations do not delay
it. Moreover, the breeding values of GM wheat should be
the line value plus the added trait value, which would be
more easily predicted than evaluating lines from a segre-
gating population during inbreeding.

4. Inbreeding and the Need for Speed

Inbreeding is the need for breeding programs to de-
velop homozygous lines for cultivar release or for hybrid
parents. In self-pollinated crops, inbreeding (through self-
ing) is the normal form of generation advancement. Genetic
gain (Rt = kh2σp/L) per unit breeding time is inversely pro-
portional to the length of the breeding cycle [21]; hence,
speed is needed. A potential method of enhancing genetic
gain is through accelerating the breeding cycles, coupled
with improved selection processes [77]. Standard breed-
ing methods, such as the pedigree and bulk methods, gen-
erally have one generation per year, which is grown in a
field where natural and artificial selection can occur simul-
taneously [20]. The efficiency of genetic gain can be en-
hanced by increasing the selection intensity or decreasing
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Table 1. Comparison of the population sizes used in breeding programs to select dominant genes beginning at different
generations (F2, F6, and doubled haploid (DH, completely homozygous lines)).

Number of Segregating Loci
Generation

F2 F6 DH

Smallest complete population*
1 4 3 2
6 4096 78 64
21 4,398,046,511,104 4,084,924 2,097,152

Smallest population with one plant
containing all of the needed genes**

1 2 2 2
6 6 54 64
21 421 1,098,973 2,097,152

The generations were chosen to represent the selection occurring in the early generations (F2) and after inbreeding (F6 and
DH). The number of segregating loci was selected to represent the simplest case of one segregating locus (m=1, where m
is the number of segregating loci), the more representative case of multiple segregating loci (m=6), and the case where one
locus is segregating on each chromosome pair in Triticum aestivum L. (m = 21, 2n = 6x = 42). *The smallest complete
population is defined as the number of plants where every genotype is represented in the correct proportion. **The smallest
population where one plant has all the needed genes is defined as the number of plants where at least one plant will possess
all the genes the breeder is interested in selecting. It differs from the smallest complete population by emphasizing that
one plant can be heterozygous or homozygous for the gene of interest at the segregating loci. For example, the smallest
complete population for a single segregating locus in F2 is 4 (AA:2Aa:aa), whereas the smallest population where one plant
has the required genes would be two because three plants are AA or Aa (contain allele A), and three plants are Aa or aa
(contain allele a).

the generation time [78,79]. In wheat, genetic changes can
be enhanced by using DH and SB techniques to reduce the
length of the breeding cycle.

4.1 DH Inbreeding
A DH plant is formed by doubling the chromosomes

of a haploid cell or plant. It is an important technique for ac-
celerating the wheat breeding cycle because 100% homozy-
gous plants can be developed from an F1 plant or any other
segregating plant in a single generation [80–82]. How-
ever, haploid cells or plants must first be developed to have
double-haploids.

In plants, haploid cells are from gametophytic tis-
sues (derived from the megaspore or microspore). How-
ever, if the megaspore is used, the haploid plants gener-
ally come from a haploid embryo. After fertilization, one
set of chromosomes is eliminated, meaning only one set
remains, which is followed by embryo rescue [83]. The
most common practice today is the pollination of a wheat
ovule using maize pollen [84–86]. Shortly after fertil-
ization, the maize chromosomes are eliminated, meaning
only the wheat chromosomes remain. The technique of
wide-crossing (Hordeum vulgare × Hordeum bulbosum)
followed by chromosome elimination was first used in 1970
for haploid induction in barley (H. vulgare L.) [87,88]. In
wheat, florets were emasculated before being pollinated
by maize pollen, which led to haploid embryo formulation
due to the elimination of the maize chromosomes [89–91].
Then, the haploid embryos were transferred to the induction
media, where they germinated and developed into haploid
plants. These haploids, when treated with colchicine, result
in DH plants. Numerous DH wheat cultivars (for example,

LCS Link, PVP Certificate 2017000394) have been devel-
oped using wheat × maize wide crossing.

If the microspore is used, the haploids are developed
from anther or isolated microspore cultures [92,93]. The
use of r anther culture is another practical and cost-effective
method of producing DH [92]. In this method, immature
anthers (usually containing microspores at the late unin-
ucleate stage are cultured [93,94]. Anther cultures have
been successfully used for decades for haploid production
[95,96]. These haploids are successfully developed into
homozygous DHs again by applying colchicine [97–99].
Many wheat varieties have been developed using this DH
technique, such as “Florin” [100].

Currently, the wheat x maize DH production is more
widely used because it has less genotype specificity (some
F1 and cultivars are very difficult to create haploids in an-
ther or microspore cultures). In both the wheat x maize
system and the anther culture system, the process can in-
duce heritable genetic changes, which are usually delete-
rious [95,101]. These genetic changes may be minimal or
absent in some DHs, and either method can select excellent
cultivars. However, one use of DHs is to create recombi-
nant inbred line populations, where the gametic array needs
to be accurately represented so that these genetic changes
can significantly affect future mapping studies.

The importance of DHs is how quickly all the genetic
variation is transferred between the lines (no genetic vari-
ation within the line); moreover, the lines should be true
breeding unless the DH protocols induce heterozygous ge-
netic variation. Furthermore, since all the genes are ho-
mozygous, there will be more efficient selection for traits
controlled by recessive genes that would be masked in a
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heterozygous plant. One challenge with this approach is
that if DHs are made from F1 plants, there will be no early
generation selection to enrich the population for favorable
traits (Fig. 2) since the selection occurs after the inbreed-
ing is complete. DH lines with deleterious traits are made
in equal proportion to those with beneficial traits, thereby
increasing the number of DH lines that need to be made
(Table 1). In addition, recombination is limited, resulting
in a large linkage block and reduced potential to break neg-
ative linkage between genes. If later generations are used to
make DHs, much of the time-saving benefits are lost (see
below on the discussion of SB). Similarly, DHs are best
used in elite crosses with relatively few segregating major
alleles. In this case, the population size is 2m, meaning a
minimum of 64 DHs should be made with six major seg-
regating loci. The population size doubles with each addi-
tional segregating locus (seven segregating loci need 128
DH lines, and eight segregating loci need 256 DH lines).
Hence, DH lines are generally created from F1 crosses—
between parents that are not too genetically diverse or seg-
regate for many important genes.

Fig. 2. The phases and time for each phase of plant breed-
ing using doubled haploid (DH) lines to create new wheat cul-
tivars. The values under years refer to the number of years for
each phase. For example, in introducing genetic variation, a cross
would be made in the first year and additional crosses (three-way
or double crosses) in the second year. The number of years in this
phase ranges from one to two to accommodate the different types
of crosses that start a breeding cycle. The total number of years
from cross to cultivar release ranges from 7 to 10.

4.2 SB

A similar approach to the outcome of doubled hap-
loidy is the single seed descent plant breeding protocol.
Similar to DH plant breeding, this approach was developed
to rapidly achieve homozygosity before evaluation and of-
ten without early generation selection. The inbreeding gen-

erations could occur off-season and in unrepresentative en-
vironments for selection because the goal was rapid gen-
eration advancement. Two to three generations were con-
ducted yearly in many single-seed descent breeding pro-
grams. Therefore, SB is a technique that further reduces
the time required in the breeding cycle, meaning genera-
tions are advanced more quickly through the careful ma-
nipulation of light and temperature [102,103]. In SB, seeds
are sown under a controlled environment, using LED lights
as light sources, with 22 hours of photoperiod and 2 hours
of darkness, at temperatures of 22 °C for the photoperiod
and 17 °C for the dark period, under humid conditions (60–
70%). The LED with red, blue, and far-red is suitable for
SB environment. In SB spring wheat reaches the 2–3 leaf
stage after 10 days of sowing, the flowering stage after 4–6
weeks, early maturity stage within 8 weeks (often 52 days)
from the sowing date, heads are also placed in air forced
dehydrator for 3 days at 35 °C [104]. Then, the harvested
seeds are kept at 4 °C for 3 days to break the seed dormancy
and for sowing [105]. Hence, SB shortens the breeding
cycle and is a useful tool for accelerating genetic gains in
wheat [106–108]. Moreover, it enables breeders to advance
by 4–6 generations of spring wheat in a year by enhancing
the photoperiod under a controlled environment [105].

SB also supports various selection methods: Single
seed descent, single pod descent, single plant selection,
MAS selection, and clonal selection [109,110]. SB and
DHs are both tools for inbreeding and rapid approaches to
homozygous generation advancement. However, the meth-
ods differ in two important ways. The first difference is
the amount of recombination in each process. DHs de-
rived from F1 generations have undergone only one op-
portunity for recombination. However, in SB and single-
seed descent, the recombination opportunity occurs in ev-
ery selfing generation for pairs of heterozygous loci. The-
oretically, single-seed descent will have twice the amount
of recombination as DH breeding. Thus, if the objective of
the breeder is to maintain favorable linkage groups, DHs
are preferred. If you need to recombine genes from differ-
ent linkage groups, single-seed descent would be preferred.
The second important difference is that in SB, selection (de-
scribed next) can be performed during the advancement of
each generation. For example, in SB, early generation se-
lection can occur in the field to enrich a population for key
traits and in the middle generations (F3 or F4), SB can be
used to rapidly advance two or more generations in the off
season to obtain more homozygous lines for late-stage se-
lection and evaluation. The concept is that major genes can
be selected in earlier generations, quickly move through the
middle generations where selection is complete for major
traits, and it is difficult to select for quantitative traits and do
the final selections and evaluations on later generation lines
where the level of homozygosity is higher. DHs derived
from F1s do not have any or have very little selection at the
haploid stage because they go from completely heterozy-
gous to completely homozygous in one process [111,112].
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5. Selection and Evaluation
The selection and evaluation phases are both essen-

tial yet different components of the breeding program. Se-
lection is best performed using tools or environments that
separate lines for the traits of interest. Since there is not a
single environment that represents all the current and fu-
ture environments where a line may be grown (often re-
ferred to as a target population of environments) [113], se-
lection often occurs in multiple environments, and G×E or
G×E×Mmust be considered [18,114–119]. Selection envi-
ronments must reasonably represent the target environment
population and their diversity. Hence, evaluation is con-
ducted in environments where the selected genotypes will
(or will not) be grown [20]. The evaluation tests often oc-
cur in more locations than selection tests because in early-
generations where selection can occur, there is limited seed
and too many lines to evaluate in multiple environments.

In selection trials, the experimental design of the
early-generation material [120–122] is essential and often
uses augmented, partially-replicated, or alpha-lattice de-
signs. Removing or accounting for spatial variation in field
trials needs to be done to estimate the accurate value of
a line [123,124]. Randomized complete block designs re-
quire extensive replication, meaning they are rarely used in
early-generation selection trials due to the large number of
lines that must be evaluated with limited seed supplies. Due
to the likelihood of spatial variation within the block, ready
access to improved statistical software, and greater com-
putational capabilities, selection trials can account for and
remove spatial variation [120–122]. Many of these same
experimental designs and analysis perspectives are impor-
tant for evaluation trials (discussed below), but generally,
the seed is not limiting, and the number of lines is fewer in
advanced evaluation trials; so replication is often greater.

Selection processes often occur simultaneously with
the inbreeding process and are an important part of genetic
gain (R = kh2σp). Selection is possible for highly heri-
table traits in the early generations. For example, winter
survival is easily selected in winter environments where
spring growth habit genotypes are easily killed. Further-
more, in wheat, winter survival is primarily controlled by
recessive alleles, meaning homozygous and heterozygous
lines with spring growth habit alleles die, leaving only win-
ter growth habit lines to survive. Similarly, many disease
and insect resistance genes are highly heritable and eas-
ily selected for early generations, especially where progeny
rows are part of the breeding system. Selecting for homozy-
gous and true breeding desirable alleles in the earlier gen-
erations means there will be less segregation in the later
generations. Therefore, fewer lines will need to be eval-
uated. Thus, many lines may have the desirable alleles for
important traits, allowing the breeder to concentrate their
resources on the remaining lower heritability traits, such as
yield. For example, if a breeder has the resources to evalu-
ate only 1000 lines, they can be more effective if all or most
of those lines are resistant to an important disease compared

to having half the population be susceptible and selecting
among the 500 resistant lines. The effectiveness of early
generation selection and the number of segregating traits
and alleles determine the generation when SB and poten-
tially DH breeding begin.

There are two types of selection: natural and artificial
selection. In natural selection, “nature” selects the fittest
and most well-adapted plants, while artificial selection is
performed by the breeder. Additionally, artificial selection
can be further separated into direct and indirect selection.
In direct selection, breeders complete the selection based
on the trait of interest, e.g., screening or selection of mate-
rial in a field/laboratory based on drought stress, salt stress,
or disease tolerance. Comparatively, indirect selection is
implemented based either on a related trait, which is genet-
ically correlated to the trait of interest, or on the region of
the genome associated with the trait of interest. Molecular
selection (see the following section on marker-assisted se-
lection, MAS) is an example of indirect selection, whereby
the selection is made based on the highly heritable molecu-
lar markers in the genomic region, which is associated (cor-
related) with the trait of interest [125]. Similarly, selection
and evaluation also benefit from high-throughput phenotyp-
ing and genotyping. The breeders use various techniques
for selection and evaluation, e.g., phenotypic selection [20],
MAS, high throughput genomic and phenomic selections,
and ML. Indeed, ML is an excellent tool and can be used
for phenomics and many other aspects of plant breeding; it
will be discussed in a general sense below. ML tools are in-
creasingly being used in various aspects of plant breeding
and some aspects will also be included with the sections
discussing specific plant breeding aspects.

5.1 Marker-Assisted Selection

Molecular markers were initially protein-based, but
with advances in molecular tools, modern molecular mark-
ers are primarily small DNA fragments. Markers can de-
tect polymorphisms between different genotypes or alleles
[126]. These markers are associated with phenotypic traits
via linkage disequilibrium to reveal theDNA sequence vari-
ation that causes trait variation [127]. These marker-trait
associations (MTAs) are widely used for identifying the ge-
nomic regions responsible for the expression of the trait
of interest in crops [128]. Marker-assisted selection uses
markers and identified MTAs to select the desirable alleles
for each important trait. Marker-assisted selection is an ef-
ficient way of selecting genotypes and improving essential
traits owing to the high heritability of the markers. In con-
trast, the trait may be lower in heritability and more costly
to phenotype [129]. In the general sense, MAS is a form of
indirect selection. MAS has been progressively upgraded
from the first and second generation of markers, viz., re-
striction fragment length polymorphisms (RFLPs), random
amplified polymorphic DNA (RAPDs), simple sequence
repeats (SSRs), and amplified fragment length polymor-
phisms (AFLPs), to the third and fourth generation of mark-
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ers viz., single nucleotide polymorphism (SNPs), kompet-
itive allele specific PCR (KASP), diversity array technol-
ogy (DArT) assays and genotyping by sequencing (GBS)
[130,131], or skim sequencing [101]. SNPs have the high-
est throughput and are the most commonly used markers in
plant breeding [132].

Marker-assisted selection is used for screening geno-
types for qualitative and quantitative traits. However, it is
generally used for selecting one or a few loci that control a
similar number of traits. For example, markers have been
widely used to screen wheat genotypes for fusarium head
blight (caused by F. graminearum) [133,134], stripe rusts
(caused by P. striiformis Westendorp f. sp. tritici) [135–
137], drought tolerance [138,139], heat stress [140,141],
and salt tolerance [142,143].

Marker-assisted selection is beneficial in backcross
breeding [144], where the objective is to introgress one or
few genes into a recurrent parent. First, MAS can be per-
formed at the seedling stage, while the trait is often ex-
pressed later in the life cycle of the plant (in the adult plant
or after flowering). Second, the trait may be controlled by
recessive alleles and is hard to select for in the backcross
generation, although if the markers are co-dominant, they
can be selected easily. Third, molecular markers can iden-
tify the genetic distance between the donor and recurrent
parent lines, which may reduce the number of backcrosses
needed to recover the recurrent parent genotype [145]. Fi-
nally, molecular markers can also be used to quickly recap-
ture the recurrent parent background and reduce the number
of backcrosses needed [145–147].

Recent advances in DNA sequencing technology pro-
vide a major advantage in that thousands of markers can be
developed for individual genotypes. Hence, many genomic
regions can be identified by genome-wide association stud-
ies (GWAS) and by tracking using MAS, from one DNA
extraction and one sequencing assay [148]. These advances
greatly reduce the cost of each marker and the ability to
screen for multiple traits and a recurrent parent background
simultaneously. Since the DNA does not change, develop-
ing and mapping new markers by dense-genotype mapping
allows those markers to be added to the lines of historical
records as the DNA does not change, thereby increasing its
applications and related knowledge.

5.2 GS

GS is used to improve selection for complex traits af-
fected by many loci. This breeding approach selects the
best individuals based on predicted breeding values for each
line, which have been developed from a combination of ge-
nomic and phenotypic data [149,150], known as genomic
estimated breeding values (GEBVs) [151]. The GEBVs are
created based on the summation of the individual marker
effects on phenotypic responses. GS uses both genotypic
and phenotypic data sets of a relevant, smaller population,
known as the training population, to predict a larger popula-
tion using only genotypic information. The training popula-

tion must be relevant to the breeding population to provide
accurate predictions. The accuracy criteria are based on the
quality of the predictions, such as the correlation between
the predicted and true breeding values. Multiple statisti-
cal models are used for making predictions in the GS, viz.,
penalized regression, Bayesian method, and the Reproduc-
ing Kernel Hilbert spaces method [152–155]. The accuracy
of these models depends on the phenotypic trait being pre-
dicted, the amount of available phenotypic and genotypic
data, and the relationship between the training and breed-
ing populations.

The improvement in selection is based on the GEBVs
of the genotypic data—hence known as GS [156]. The key
advantage of GS is that it is generally less costly to genotype
lines than to phenotype them. For example, highly efficient
DH breeding programs can create hundreds or thousands of
DHs. Thus, it is more cost-effective to genotype the DHs
and phenotype a subset (the training population) than to
evaluate the remaining lines (the test populations) pheno-
typically. This process greatly reduces selection costs and
facilitates the rapid selection of useful individuals, poten-
tially shortening crop breeding cycles [157]. Another ad-
vantage of GS includes the ability to select for an “average”
year when the current selection or evaluation environments
have environmental variations that are not representative of
typical environments (for example, extreme weather condi-
tions, such as early heat, drought, or hail [158].

Compared with MAS, GS is more efficient and accu-
rate for complex traits that are often multigenic, as it uses
the data from each marker to predict the phenotype [159].
Theoretically, GS differs from linkage analysis (LA) and
GWAS because these methods emphasize the detection of
specific traits or specific QTLs. In contrast, GS empha-
sizes the use of each locus in the genome and predicts the
phenotype [160]. It performs correlation among single nu-
cleotide polymorphisms (SNPs), which is better than other
methods that analyze each SNP separately. In summary,
genome-assisted breeding is a powerful tool for improving
crops since it combines the data of GS, MAS, and mark-
ers for crop improvement [161]. Various wheat varieties,
viz., ‘Ruth’, ‘Valiant’, and ‘Epoch’ were selected and re-
leased using GSs at the University of Nebraska–Lincoln
[162–164]. In wheat, GS is also used to improve various
traits, viz., wheat blast [165,166], spot blotch [167,168],
fusarium head blight [169–171], and yield [77,172].

Since this section has described GS, it must be noted
that repeated high-throughput phenotyping can also predict
traits [173]. For some traits, the phenomic predictions were
better in maize than the genomic predictions. Hence, ge-
nomic predictions will certainly be augmented by phenomic
predictions from high-throughput phenotyping.

5.3 Recurrent Selection

In wheat breeding, some examples exist where the tra-
ditional cross, self and inbreed, and selection do not work
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well, meaning recurrent selection [144] is needed. Recur-
rent selection can be defined as repeated cycles of crossing
and selection to accumulate desirable alleles. An example
of where recurrent selection is needed is pyramiding multi-
ple minor genes [174] or whenever the number of segregat-
ing loci exceeds what can be handled conveniently in an F2
(4m, where m is the number of segregating loci) or DH/SSD
(2m) population (Table 1). In these cases, it is better to
cross, select to increase the number of favorable alleles, and
then intercross the selected lines to increase the number of
favorable alleles further. Intercrossing is often enhanced
in naturally self-pollinated crops using genetic male sterile
lines [175–177]. Finally, all breeding programs use a form
of recurrent selection, as every program begins with inter-
mating followed by inbreeding and selection, where the se-
lected lines become parents for the next cycle of intermating
and selection [178]. It is just that often, the selection is in
later generations than in the earlier generations, as is often
described in recurrent selection (half-sib, full-sib, self).

5.4 Evaluation

Evaluation is an essential and final phase of any breed-
ing program before cultivar release. In this step, the goal
is to identify lines that succeed in one or more mega-
environments, where the lines are recommended to be
grown, and to determine where the line is not recommended
to be grown. In the evaluation stage, the lines should all
have elite performance levels and have most, if not all,
the required traits. The differences among lines are of-
ten small compared to the early generation selection tri-
als because only the consistently better lines have been
advanced through phenotypic and GS. The concept of a
mega-environment is a group of environments where lines
perform similarly. Mega-environments are usually iden-
tified by some form of cluster analysis to document that
the environments are similar [179]. The value of knowing
mega-environments is that the breeder can select evalua-
tion (syn. testing) sites in different mega-environments to
obtain the most useful data to validate the value of a line
[113,179,180]. Ideally, a breeder would require one eval-
uation site within each mega-environment. However, in
practice, the breeder needs one selection trial in each mega-
environment and multiple evaluation trials in each mega-
environment. Multiple evaluation trials within a mega-
environment are needed to (1) better represent the mega-
environment due to annual climatic variation; (2) provide
additional replications to separate better line performance
where every line is an elite line (better statistical power); (3)
As part of a risk avoidance strategy when an evaluation trial
is lost due to catastrophic effects such as drought, heat, or
hail. Finally, seed purchasers like having relevant data from
nearby locations to market a line. The number of evaluation
sites within a mega-environment is determined by project
resources and the importance of the mega-environment.

Similar to clustering environments, lines can be clus-
tered by their response to the environment [119,179,181].

When breeding programs have limited resources, then, not
every line must be tested as long as the representative lines
are tested in all locations. With the advent of extensive ge-
netic/genomic data, the concept of replicating alleles rather
than lines is an important addition to the evaluation/testing
theory [119]. The traditional evaluation of genotypes and
traits was conducted using the genotype through environ-
mental interaction under multi-location yield trials [182,
183]. Understanding the G x E interaction is a critical com-
ponent during the selection and evaluation of genotypes in
multi-location yield trials [184]. The G x E interaction en-
ables the breeder to evaluate the genetic stability of various
quantitative traits and select genotypes with higher yield
potential under various growing conditions and ecological
zones [185]. The desirable genotypes are selected based
on their performance for the priority traits in their areas
of adaptation. These traditional approaches, such as clus-
ter analyses, were laborious and unable to handle big data
or large populations through multi-trait evaluations from
high throughput phenotyping [186]. Thus, the modern ap-
proaches of ML and deep learning (DL) have been applied
to facilitate breeders in evaluating various aspects of crops,
handling large populations, and determining the best statis-
tical analyses [187–190].

5.5 ML

ML is part of the broad category of cutting-edge tech-
nology called artificial intelligence, where computers can
learn from experience [191]. ML allows the machine to
learnwithout being programmed [192]. It can be used to op-
timize the integration of large phenomic datasets and make
predictions about yield, disease, and the need for crop in-
puts. Conceptually, computers are given a set of training
data in which they find patterns and from which they are
expected to develop improved models (algorithms). DL is
an advanced form of ML and a modern technique of exten-
sive data analysis and image processing [193], which again
emphasizes learning by example, often with images, as part
of phenomics. DL in agriculture often provided higher ac-
curacy in the results than traditional image processing tools
[194]. For example, in Fig. 3a, a whole breeding field can
be imaged in a single photograph. By enlarging the image
or by taking additional images (Fig. 3b and c), each plot can
be objectively scored using algorithms. In this example, we
were interested in the plot stand after the winter, which esti-
mated winter survival. The plant stage is early tillering and
represents early spring growth for additional plant devel-
opment studies. The individual plot scores, analyses, and
images can be stored for permanent records. The advan-
tage is that there is no temporal variation in these measure-
ments, which would normally occur by walking in a field
and compiling notes. Additionally, the unmanned aerial ve-
hicle (syn. drone) can image and with the correct protocol
can obtain and analyze the data more efficiently than tradi-
tional note taking, data transfer, and analysis.
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Fig. 3. Uncrewed aerial vehicle (syn. drone) photographs of
a wheat breeding nursery in Lincoln, NE, acquired on May
10, 2020, using an RGB camera. (a) A complete breeding nurs-
ery taken at once so that every plot is equally available for pro-
cessing, evaluation, and analysis. (b) and (c) are enlarged images
of specific parts of the fieldwhich can be used for image analysis
(in this case winter survival and early plot vigor). Photographs
courtesy of Mason C. Lien and included with his permission.

ML and DL can be used to develop decision-support
tools for many purposes in plant breeding, including yield
improvement [195]. For example, ML is helping breeders
record data, analyze data, and make predictions [196] using
high throughput phenotypic and genomic data that allows
computing and bioinformatic tools to identify associations
and create inferences from patterns [197]. Therefore, ML
and DL can save time and allow the use of high through-
put technology that is superior to or more efficient than the
previous ways of measuring the morphological, biochemi-
cal, and physiological traits of crop plants [149,186] while
also helping make predictions [173]. Using ML and DL
to perform large-scale phenotyping of genotypes for mul-
tiple traits under diverse environments enables the breeder
to identify and select the genotypes and phenotypes with
desirable traits to better understand G×E [173,198,199].

ML and DL are mainly used in wheat to predict yield,
biotic—often for disease—or abiotic stresses. Applications
of ML were reported for yield prediction [200–202], fusar-
ium head blight prediction [203,204], stripe rust [205,206],

and salinity stress [207,208]. ML and DL improved the
GS prediction by handling large populations with multi-
spectral traits (morphological, biochemical, and physiolog-
ical) and genomics using multi-location yields that were
better than conventional methods.

Thus, ML will become an increasingly useful ap-
proach for line evaluation. In ML, the massive data gen-
erated for each line can be recorded temporally in the form
of spectral images, temperature, moisture, or light radia-
tion and will be used to develop a model from the training
data set for a better understanding of the pattern for any
important trait and the collections of traits that is the line
per se. For example, these learning models can be used to
identify the early, medium, and late stages of development
and then identify the critical stages of any trait or disease,
which will further improve predictions. To reduce the error
or noisy predictions, it is necessary to use a large population
size (thousands of data points) to develop the input models
required to evaluate the elite lines. Hence, ML provides
efficient ways of using big data from high throughput phe-
notyping and genotyping faster and more extensive evalua-
tions that should enhance genetic gain.

The efficiency of the crop evaluations will continue
to be enhanced by coupling ML with human-based evalua-
tions. For example, while ML may consider spatial varia-
tion, it may be difficult to know what caused it without per-
forming human observations (soil, tillage, weed, drought-
related, or other factors).

6. Hybrids
6.1 Hybrid Wheat

Recently, interest in hybrid wheat (the harvested seed
from a cross between two parent lines) has been renewed by
research institutions and seed companies owing to the need
for improved abiotic and biotic stress tolerance and yield
enhancement [209,210]. Globally, the rising demand for
wheat requires breeders to consider every possible way of
unlocking the potential for wheat to mitigate the gap be-
tween yield and demand [211,212]. Currently, pure-line
wheat production is facing stagnant yield increases, mean-
ing the potential of hybrid wheat is needed for food security
and yield enhancement [211,213,214]. The second reason
for this renewed interest in hybrid wheat is the new tools
that are available to wheat breeders. The theory and un-
derstanding of hybrids and heterosis (defined below) con-
tinue to increase, as do the genomic and statistical tools re-
quired to predict heterosis [215–220]. Much of the previous
trial-and-error aspect of hybrid breeding has been replaced
by molecular markers that can be used to identify the key
genes required for hybrid seed production, improved mat-
ing systems that create heterotic pools [216], and genomic
predictions.

Wheat is a naturally self-pollinated crop that could
benefit from hybrid breeding to exploit the potential of
heterosis [221]. The success of hybrid wheat depends on
higher levels of heterosis for yield and quality traits and the
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value of the grain (i.e., as the value of the harvested grain
increases, the necessary yield increases required for farmer
adoption decreases) [222]. Heterosis can be defined as the
increased performance of the hybrids over the average par-
ents (mid-parent heterosis), the increased performance of
the hybrids over the better parent heterosis (referred to as
high parent heterosis), or the higher performance of the hy-
brids over the commercial cultivars (commercial heterosis)
[223,224]. Of the three heterosis types, geneticists are most
interested in the mid-parent heterosis, while growers are
most interested in the commercial heterosis. Nevertheless,
heterosis has been noted in numerous studies [215,225–
227], and wheat hybrids are usually more environmentally
stable than pure-line cultivars [228–230], an added advan-
tage for reducing production risks. Hybrid wheat also has
the advantage of dominant alleles, whereby either parent
can contribute the needed allele, and the trait will be ex-
pressed in the hybrid. It is expected that through careful
hybrid parent selection, hybrids should have greater biotic
and abiotic stress tolerance since combining the beneficial
dominant alleles of each parent in a hybrid is easier than
developing a pure-line cultivar that contains all the benefi-
cial alleles. For long-term success in hybrid wheat develop-
ment, heterotic groups will likely need to be developed us-
ing selective crossing plans and genomic predictions [216].
All the recent work with hybrid parents was performed by
selecting parents without heterotic groups [217] and with
little pre-existing information on their combining ability.

Self-pollinating cereals, and especially those that are
polyploids where there can be heterosis between genomes
in pure lines, have a long history of efforts for hybrid breed-
ing with generally low to moderate success [218]. Hybrid
breeding in wheat started in the 1950s with the discovery of
a cytoplasmic male-sterility (CMS) system in Japan [231].

Research on hybrid wheat has been limited to smaller-
scale studies compared to cultivar (pure-line) breeding and
lacks the establishment in global markets [218]. The future
success of hybrid wheat depends on the farmer’s increased
profits from higher and more dependable grain yield as
compared to the increased cost of hybrid seed and any addi-
tional costs for growing hybrids [232]. A hybrid wheat pro-
gram has a few requirements that can make it commercially
successful. In addition to the increased profitability of hy-
brids, compared to cultivars, there must be an efficient sys-
tem to produce hybrid seed, i.e., an efficient male sterility
system and a redesign of female traits that produce higher
out-crossing and pollination [233,234] or apomixis of het-
erozygous hybrids.

Currently, there are three different approaches for
hybrid seed production, viz., CMS, chemical hybridizing
agent (CHA), and genetic male sterile systems, such as the
blue aleurone (BLA) gene systems, which researchers in
wheat breeding are using to produce hybrids [235].

CMS is based on the interaction between cytoplasmic
and nuclear genetic factors [236,237]. An interaction be-
tween the diploid wheat (T. timopheevi) cytoplasm and the

nucleus of hexaploid wheat (T. aestivum) led to the develop-
ment of a cytoplasmic male sterile line [238]. A genotype
capable of restoring fertility was first discovered in ‘Ne-
braska 542437’ [239]. The CMS hybrid seed production
system is a three-line (ABR) system that requires cross-
pollination in two steps for hybrid seed production [236].
In the ABR system, the A-line (cytoplasmic male sterile
with no nuclear restorer genes) is male sterile, the B-line
is a male fertile maintainer line (has the normal wheat fer-
tile cytoplasm and the same nucleus as the A-line, a male
fertile alloplasmic line similar to the A-line), and the R-line
carries genes that restore fertility to the male sterile cyto-
plasm and is called a fertility restorer line. Since most re-
storer genes only partially restore fertility when used singly,
most R-lines have multiple restorer (Rf ) genes (often from
T. timopheevi). The A-line is a male sterile line that is used
as a female and is crossed with the B-line to produce large
quantities of an A-line seed, which is used in hybrid seed
production fields. Then, the A-line is crossed with the R-
line to produce a fertile hybrid seed. Cytoplasmic male
sterility is an efficient hybrid seed production system that
is used for wheat and many other crops [240]. Before mod-
ern genetic tools and an improved understanding of the ge-
netics controlling CMS and its restoration [241], breeding
using the CMS system was very cumbersome, in that some
B-lines had inhibitors of restoration genes which made the
A-line hard to restore or had partial restorer genes [242]
which made it impossible to fully sterilize the A-line. Sim-
ilarly, the R-line often had numerous unknown Rf genes it
was difficult to understand the Rf genes except through la-
borious test crosses and progeny analyses until there were
molecular markers for the Rf genes [241].

Another approach for achieving hybrid wheat is the
use of a CHA. The application of a CHA creates female
lines by inducing male sterility, thereby preventing the
CHA line from self-pollinating. The CHA-treated females
are pollinated by unsprayed males and used for hybrid
seed development [243]. Chemically inducedmale-sterility
is the forced type of cross-pollination in wheat crops to
achieve hybrid seeds [222]. When compared to CMS hy-
brids, the CHA is a simpler approach for hybrid produc-
tion. It induces male-sterility theoretically in any genotype
by suppressing the pollen formation [244] and can be polli-
nated by any normal wheat plant that sheds pollen and pol-
linates when the female is receptive. A good CHA should
not harm the female stigma receptivity [245] or female grain
yield, although the CHA is often phytotoxic to the plant and
may not sterilize every genotype [215]. A major difficulty
with the extensive use of CHAs is that their application and
efficacy are affected by weather conditions when applied
which can cause hybrid seed production failures.

The BLA gene system is another hybrid wheat system
invented by Australian researchers [235]. The blue aleu-
rone gene was translocated into T. aestivum from a wild
relative. The female (male sterile) line has a homozygous
deletion (Probus deletion) in wheat on the short arm of chro-
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mosome 4B (ms-1 gene) [246]. Though initially performed
by a deletion, a mutation in the male fertility locus can also
be used [235]. This homozygous deletion or mutation of
a single gene (ms-1) is a very reliable way to create male
sterility. However, male sterility can be reversed in hybrids
by crossing any normal wheat that carries the dominant fer-
tility gene (does not have the deletion or mutation). For
large-scale male sterile (e.g., female) seed production, the
male sterile line is crossed with male lines, which are het-
erozygous for the fertility gene and are linked to the blue
aleurone gene from a wheat relative. In the hybrid seed
progeny, any blue seed will be self-fertile, and any line that
is not blue should be homozygous and sterile. The fertile
and infertile seeds can be sorted in ideal conditions using
color grain sorters. In the early efforts, the male fertility
and blue aleurone color were on an additional chromosome
(2n = 42+1), but through elegant chromosome engineering,
a stable translocation line with tightly linked fertility and
blue aleurone genes has been developed [235]. Notably,
other nuclear genetic male sterility systems have been pro-
posed in addition to the blue aleurone production systems
[247].

Another genic male sterility system that has been used
in other crops is environmentally sensitive male sterile
genes [248]. In this case, female seeds can be produced in
environments that do not express the sterility gene, mean-
ing the line is fertile. Hybrid seeds can be produced in en-
vironments where the sterility gene(s) is expressed and the
female line is sterile, causing it to be outcrossed by the male
[249,250]. This system is known as a two-line system.

In practical hybrid wheat research, experimental hy-
brids that are used for testing are made using CHAs because
they have less genotype dependence [244] and, in theory,
can sterilize any wheat line needed for testing [243]. CHAs
can be used for large-scale productions; however, genetic-
based systems are consideredmore cost-effective, effective,
and reliable.

6.2 Synthetic Apomixis and its Relationship to Hybrid
Wheat

Apomixis is the asexual reproduction of seeds with-
out fertilization [251–253]. Apomixis has little potential for
pure-line propagation because selfing and apomixis would
provide genetically identical progeny for a homozygous
line. However, apomixis has great potential for propagat-
ing hybrids and cloning heterozygous genotypes [253,254],
thus, potentially replacing the current hybrid production
systems. Hybrid seed production could become as simple as
pure-line seed production (planting and selling seeds from
the apomictic hybrid), exactly as planting and selling seeds
from the pure line. Synthetic apomixis has been achieved in
rice (Oryza sativa L.) by inducing (MiMe) mutations in ga-
mete cells and activating a parthenogenetic trigger (BBM1)
in egg cells, which produces hybrid clonal seeds [255]. The
MiMe mutation led to the mitotic division of gametes in-

stead of the meiotic division, thereby producing clonal ga-
metes (2n) [256]. Overall, apomixis may soon become a
reality in cereals, including wheat.

7. Future Developments: Examples
We have discussed several new technologies and their

potential impact on wheat breeding. Plant breeding is a
highly flexible science, one where technology is used to fit
the objective; this section will provide examples of how
modern technology might be used in an evolving wheat
breeding program depending upon the desired predicted
outcome. Everything in plant breeding is based on re-
sources. Therefore, we have assumed a well-funded breed-
ing effort that can be scaled back if resources become lim-
ited. Here, we will emphasize pure-line cultivar develop-
ment and then highlight a few concepts for hybrid develop-
ment.

The introduction of variation will largely continue
through crossing. However, crosses will increasingly be-
come based on genomic predictions [23]. The crosses will
continue to be performed by hand emasculation or using
genetic male sterility [177]. If the breeder wants to make
numerous crosses with the same parent line, a field cross-
ing block can be used, whereby the single line is used as a
male, while the numerous other parents are used as females
that a CHA has been used to sterilize. The resultant CHA
hybrids will have sufficient seeds, meaning that the hybrids
can be tested in multiple environments in replicated trials to
help predict or validate the crosses that are the most likely
ones to advance and select within [24]. Growing the hy-
brids in the field will also advance the generations and pro-
duce F2 seeds that can be used for SB or in other breeding
methods. Genetic engineering and gene-editing are pow-
erful tools that can generate novel variation, meaning they
must continue to be used to expand the genetic resources of
wheat, similar to how they have been used in other major
crops.

For elite crosses, DH technology will be used for rapid
inbreeding. For more complex crosses involving more di-
verse parents, large breeding populations and early genera-
tion field selections are often beneficial to identify the rare
lines that possess more beneficial genes. After the selec-
tion generation(s) and once the larger breeding population
has been narrowed to contain lines with more beneficial
genes, SB [257], single seed descent, or bulk breeding are
used. Due to the segregating material and many individu-
als, repeated high throughput phenotyping [258] will sup-
plement traditional selection for early generation selection.
As lines become more inbred and less heterozygous, they
will be genotyped for GS [259,260] and utilized in GWAS
studies [148]. Having both phenomic and genomic data is
a valuable resource in removing spatial variability and av-
eraging year effects, especially in catastrophic years when
trials are lost or have become useless due to winterkilling,
hail, drought, or other calamities. In the early generations,
the selection is usually “one and done”; thus, single envi-
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ronment selection nurseries are exceptionally vulnerable to
abnormal conditions. While the predicted values may not
be as accurate as high-quality phenotypic data, they are cer-
tainly better than having no data for a selection year.

Evaluation will continue to require extensive testing
in mega-environments. The same tools used for the ge-
nomic and phenomic selections will be extended to the eval-
uation phase of plant breeding to better account for G×E
[118,190]. Better environmental models and an understand-
ing of the processes through which the genes are affected by
the environment should help better predict the lines for en-
vironments with limited testing.

As for developing hybrids, the greatest impact would
be the development of efficient and inexpensive hybrid
seed production systems and the development of heterotic
groups [217]. As our understanding develops on the genes
that restore the sterile cytoplasm, male sterile mutations or
that convey environmentally sensitive genetic male steril-
ity, it may be possible for gene-editing to increase the
restoration capabilities of single genes or link multiple re-
storer genes. This would lead to more efficient CMS-based
hybrid systems and create environmentally sensitive ge-
netic male sterile lines with higher fertilities when the gene
is not expressed and greater sterility when the gene is ex-
pressed. Increasing our knowledge of the processes in-
volved in breeding hybrids may improve parental line se-
lections for crosses and help breed pure-line cultivars.

8. Conclusions
Wheat remains an important crop that helps feed the

world. Though plant breeders and agronomists have a
proud history of developing new cultivars and tailored pro-
duction practices, the predicted demand for wheat is un-
precedented. Subsequently, every available new breeding
method and tool will be needed to meet this challenge. In
this article, we have attempted to describe the latest breed-
ing methods and tools that will be used to make future
wheat breeders more efficient and capable of meeting the
challenge. The core question remains of improving yield
and productivity and reducing the risk of biotic and abiotic
stresses while maintaining good end-use quality. However,
the technology has continuously improved. We have at-
tempted to illustrate how these methods and tools expand or
augment the foundation for plant breeding in creating new
cultivars, which will impact wheat growers and consumers.
Every phase of wheat breeding will be affected, and every
wheat breeder will adapt their breeding efforts to their cur-
rent resources and predicted technology costs.
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