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Abstract

Barley is one of the world’s most important cereal crops, with critical
roles in malting, animal feed, and human nutrition across diverse
agro-ecological regions. Over the past century, barley breeding has
evolved from phenotype-based selection to a highly data-driven
technologies enabled by genomics and precision breeding. Recent
phylogeography evidence indicated that domesticated barley
possesses a mosaic genomic ancestry derived from multiple Hordeum
vulgare ssp. spontaneum populations across the Fertile Crescent, Eastern
Iran, Central Asia, and the Tibetan Plateau, challenging earlier single-
origin domestication models. This genetic complexity highlights the
continuing importance of wild and landrace as reservoirs of alleles
for abiotic stress tolerance, disease resistance, and grain quality. It
severs as a diploid model of the Triticeae tribe with relatively small
genome (~5.3 Gb), resolved to near telomere-to-telomere continuity
through the Morex V3 reference assembly. It has accelerated gene
discovery, structural variant characterization, and the development
of molecular breeding tools. This review synthesizes current
knowledge on barley phylogeography and domestication, genomic
architecture, breeding objectives, and technological milestones,
with emphasis on modern barley improvement strategies including
genomic selection, speed breeding, and genome editing. We also
discuss future prospects for climate-resilient barley improvement
in the era of artificial intelligence-assisted breeding and CRISPR-
based precision genetics.

Key words: Hordeum vulgare, mosaic origins, Triticeae model system,
doubled haploidy, marker-assisted selection, barley
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1. Introduction

Barley (Hordeum vulgare L.) is among the earliest
domesticated cereal crops, with archaeological and genomic
evidence indicating its domestication approximately
10,000 years ago in the Fertile Crescent from its
wild progenitor H. vulgare ssp. spontaneum. Following
domestication, barley spread across Eurasia during

the early expansion of agriculture, adapting to diverse

agro-climatic conditions and farming systems (Lister ez
al., 2018). Modern molecular phylogeographic studies
support a mosaic or polyphyletic model of domestication.
This suggests that barley was not domesticated in just one
location in the Levant; instead, several wild populations
from different regions might have contributed to its
domestication (Allaby, 2015; Poets ¢t al., 2015).
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Barley is a diploid species (2n = 2x = 14) with a genome
size of about 5.1 Gb. It serves as an important model
for genetic and genomic studies within the Triticeae
tribe (Sato, 2020). The high-quality barley reference
genome assemblies, particularly those derived from the
cultivar ‘Morex’, together with advances in long-read
sequencing and pan-genome resources, has enhanced
the understanding of both gene-rich and repetitive
regions of the barley genome. These genomic resources
have facilitated the identification of structural variation,
gene presence/absence polymorphisms and regulatory
elements for phenotypic diversity. Consequently, they
are increasingly being exploited for crop improvement
and breeding applications (Mascher et al., 2016; Jayakodi
et al., 2024).

Globally, barley production has remained relatively
stable amid climatic and geopolitical fluctuations, with
production of approximately 140-150 million tonnes
(FAO, 2024). Major barley producers include the
European Union, Russia, Australia, Canada and Ukraine
reflecting the crop’s adaptability across a wide range of
environments. In India, barley is primarily cultivated as
a Rabi crop (winter season) in the North-Western plains
and adjoining regions, with production of approximately
1.69 million tonnes from about 0.55 million hectares area
and average productivity exceeding 3.0 t/ha during 2022-
23 (FAO, 2024). Main barley production states include
Rajasthan, followed by Uttar Pradesh, Haryana, Punjab
and Madhya Pradesh, where barley is valued for its low
water requirement and suitability to marginal and rain

fed conditions.

Historically, barley has been used as food source (flat
breads, porridges and soups), as a feed-grain for livestock
and as the principal raw material for malting and brewing
(Ullrich, 2011; Patial et al., 2023b). Therefore, current
breeding programmes focus on multiple objectives
that include grain yield and yield stability, resistance
to major diseases (rusts, powdery mildew, net blotch,
spot blotch, viral diseases), tolerance to abiotic stresses
(drought, salinity, heat, cold), as well as improved end
use quality for malting, feed and food markets. The wide
genetic diversity preserved in landraces, wild relatives
and specialized germplasm collections continues to
provide novel alleles for these traits and remains central

to future genetic gain (Poets ez al., 2015). Barley breeding
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has pioneered key innovations in plant improvement,
from early mutagenesis experiments by Stadler (1928)
that led to the development of radiation-induced variety
like ‘Pallas’ (Gustafsson et al., 1971); to doubled haploid
technology developed by Kasha and Kao (Kasha and
Kao, 1970), which achieves complete homozygosity in a
single generation and shortens years of breeding cycles.
Early hybrid systems, led to the development of cultivar
‘Hembar’ using balanced tertiary trisomics, demonstrated
the feasibility of exploiting heterosis in barley despite
its self-pollinating nature (Ramage and Ramage, 1965).
During the 19"-century systematic mass selection in
the development of world’s first malt barley variety
‘Chevalier’ (or ‘Chevallier’) in Great Britain, which spread
from a single farm and reached world-wide dominance —
and thus marked the shift from domestication to improved
selection programs (Hagenblad and Leino, 2022). Progress
in barley improvement accelerated during the twentieth
century with the introduction of semi-dwarf germplasm,
with lodging resistance and high harvest index that
enabled the development of cultivars adapted to diverse
agro-ecological environments. Reduced-height barley
mutants have been widely utilized in breeding programs.
For instance, the cultivars Diamant and Triumph, derived
from mutants selected in the M, generation of cv. Valticky
following X-ray treatment, served as donors for nearly
150 cultivars developed in Europe during the twentieth
century (Kuczy ska et al., 2013). At present, cultivars
carrying the sdw1/denso locus occur in the pedigree of
most modern barley cultivars bred globally (Dahleen
et al., 2005). Adding to these advances, recent decade
have witnessed the integration of modern genomic
approaches, including high-quality reference genome
assemblies such as those derived from the cultivar ‘Morex’,
quantitative trait locus (QTL) mapping, genome-wide
association studies (GWAS), genomic selection, speed
breeding and genome editing technologies for targeted
trait improvement (Ullrich, 2011; Mascher et al., 2021).
Together, these genomic developments have transformed
barley breeding into a precision-driven breeding, enabling
the precise identification and improvement of genes
underlying agronomic performance and resistance traits.
Therefore, in the current era, barley functions not only
as a significant global crop but also as a diploid model for
studying the genetics of more complex Triticeae species,

such as wheat, offering substantial potential for developing




climate-resilient agricultural systems under increasing

environmental challenges (Poets et al., 2015).

2. Phylogeography and the Mosaic Origins of
Barley Domestication

The domestication of barley from a wild grass into one
of the important cereal represents a complex interaction
between natural evolutionary processes and sustained
human selection. Its wild progenitor, Hordeum vulgare ssp.
spontaneum, is distributed across a broad geographic range
extending from the Levant (modern-day Turkey, Syria,
Jordan, and Israel) through the Zagros Mountains, the
eastern Iranian Plateau and into Central Asia (Jakob ez
al., 2014). Early “Levantine-centric” hypotheses proposed
a single domestication event in the western Fertile
Crescent approximately 10,500 years ago, supported by
archaeological findings from sites such as Abu Hureyra
and Jericho and early molecular analyses of nucleotide
diversity in barley populations (Morrell and Clegg, 2007;
Morrell et al., 2014). However, advances in molecular
phylogeography and population genomics use haplotype-
based analyses and whole-genome sequencing to trace
domestication, adaptation and genetic diversity in modern
barley. These studies now support a more complex mosaic
(polycentric) model of domestication involving multiple
wild populations across different regions (Fuller e al,

2011) (Fig 1).
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Genome-wide analyses of more than 250 domesticated
barley accessions reveal distinct genetic differentiation
between Asian landraces and those from Europe and
North Africa, indicating at least two major domestication
or introgression events (Fang et al., 2014). Evidence
suggests an initial domestication occurred in the western
Fertile Crescent followed by additional domestication
or diversification processes occurring approximately
1,500-3,000 km farther east, possibly in the Hindu Kush
or Eastern Iranian Plateau. In barley, there is a clear East—
West pattern in key domestication genes that control how
easily seeds shatter. Western barley populations mostly
carry the btr7 allele, while eastern populations tend to have
btr2 (Gao et al., 2024). This difference played a crucial
role in domestication, allowing farmers to harvest more
efficiently by minimizing seed shattering (Pourkheirandish
et al., 2015).

Additional evidence points to the Qinghai-Tibetan
Plateau as a potential secondary diversification center,
where unique wild populations were identified using
Diversity Array Technology (DArT) markers—contributed
to the evolution of hull-less (naked) barley adapted to
high-altitude environments. Transcriptomic and genomic
analyses have revealed that genomic origin of modern
cultivated barley is derived from wild-barley genotypes in
the Fertile Crescent (mainly in chromosomes 1H, 2H, and
3H) and Tibet (mainly in chromosomes 4H, 5H, 6H, and

Tibetan Plateau &
Central Asia Origin (East)

Ancestral Wild Barley:
Distinct Genetic Lineages, Including
Six-Row & Hull-less Traits

(Mosaic Genome)

Domestication (c. 10,000 BP):
Selection for Non-Brittle Rachis,
Larger Grains

»

Extensive Human Migration & Trade
(e.g., Silk Road) Led to Hybridization

Modern Varieties Carry a Patchwork of Genetic

Domestication & Adaptation:
Selection for High-Altitude,
Cold Tolerance

<

Traits from Diverse Ancestral Populations

Fig 1. Understanding the Mosaic pattern of origins and gene flow in barley domestication
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7H) (Dai et al., 2014). Archaeobotanical evidence supports
prolonged interactions between wild and cultivated
barley forms prior to full domestication. Evidences from
the archaeological site of Ohalo II (~23,000 BP) and
later domesticated remains from locations like Yoram
Cave (~6,000 BP) suggested a gradual and progressive
domestication. This transition involved recurrent genetic
contributions from wild barley populations (Kislev et
al., 1992; Fuller et al., 2011; Mascher et al., 2016). These
findings confirm that barley domestication was not a
one-time domestication occurrence but a prolonged and

geographically widespread evolution.

The mosaic origin of barley has significant relevance for
present-day breeding programmes. Germplasm derived
from the wild and geographically diverse populations
represent an important pool for promising alleles for
stress adaptation, disease resistance and grain quality
improvement. For instance, barley lineages originated
from the Eastern regions, contributed to exhibit enhanced
drought and salinity tolerance through improved
physiological regulation, as observed in genotypes
such as “Zahna’ (Alsamadany et al., 2024). In a similar
way, wild Hordeum sources have contributed resistance

loci such as Rym74" that provides resistance to barley

ERA 2. Mid-20th Century:
THE MUTATION REVOLUTION

Inducing Diversity: Using radiation
or chemical mutagens to create
random genetic variations.

Leading to dwarf varieties and
improved grain quality.

ERA 1. Early 1900s:
MODERN
SCIENTIFIC ERA

Formal scientific breeding.
Mendelian genetics, pure-line
selection, hypricization,

and identifying superior
plants for specific traits like
yield and disease resistance.

ORIGINS. ~8000-7000 BCE:
THE FOUNDATION

~8000-7000 BCE:
Domestication in the
Fertile Crescent.

GLOBAL BARLEY
BREEDING
INNOVATION

yellow mosaic viruses (BaYMV) (Pidon et al., 2021). In
addition, numerous quantitative trait loci linked to rust
and powdery mildew resistance have been identified from
these sources (Ge et al., 2021; Pan et al., 2021). Genetic
variation originated from different ancestral populations
also contributed to grain quality traits, including B-glucan
content and hull-less phenotypes which are linked to
distinct genomic regions (Elouadi et al, 2021; Geng et
al., 2022). These findings point towards the value of wild
relatives and traditional landraces as genetic resource for

maintaining long term genetic gain.
3. Historical innovations: A Global Journey

Barley occupies a distinctive position in the history of
agricultural and was among the earliest domesticated
cereals. Its wide ecological adaptability enabled cultivation
across wide range of agro-ecological environments
that includes arid regions as well as high latitudes and
elevations (Yu et al., 2024). The progression of barley
improvement reveals the overall transformation of plant
breeding i.e. from initial unconscious selection by the
farmers to later scientifically guided genetic improvement
supported by modern molecular breeding approaches and

molecular technologies (Fig 2, Table 1).

ERA 3. Late 20th Century:
MOLECULAR BREEDING

& GENOMICS
Marker-Assisted Selection (MAS):
Using DNA markers linked to
desirable traits for faster, more
precise selection of offspring,
Sequencing the first barley genes.

ERA 4. Early 21st Century:
GENOMIC PREDICTION &
REFERENCE GENOME
High-Throughput Genotyping:
Prediction of performance based
on entire genome profiles.
Release of a high-quality Barley
Reference Genome (2017)
accelerating discovery.

< Morex genome (2017):
foundation for modern

barley and naming.

an

ERA 5. Present & Future:

PRECISION GENE EDITING

CRISPR-Cas9 and beyond directly
modifying specitic genes for
resistance, nutritional value, and
environmental adaptability, plus
speed breeding deployment.

Fig 2. Conceptual illustration of the rise in global barley yield over time, highlighting key breeding milestones.
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3.1 Selection and Early Trait Domestication (10,000
BCE - 2,000 BCE)

Barley is considered to have been domesticated in the
Fertile Crescent around 10,000 years ago from its wild
ancestor Hordeum vulgare ssp. spontaneum. During the early
stages of agriculture practices, farmers gradually selected
plants with key domestication traits i.e traits favourable
for cultivation and harvesting. One of the most important
traits was the selection from brittle to non-shattering
rachis. This trait allowed mature spikelets to remain
attached to the ear, facilitating harvesting with minimal
seed loss (Pourkheirandish ez al., 2015). This selection
also favoured hull-less (naked) grain types in some
regions which results reduction in post-harvest processing
requirements for human consumption. Another important
development involves the evolution of six-rowed types
from the ancestral two-rowed form. This trait, governed
by a specific gene, increased the number of grains per
spike and ultimately contributed to higher yield potential
(Pourkheirandish and Komatsuda, 2007). In addition, traits
such as uniform germination, large seed size and improved
threshability resulted in more uniform crop stands and
better productivity. Collectively, these early selection
practices laid the genetic foundation for the widespread

cultivation of barley in ancient agricultural systems.

3.2 Global spread and advancement of Environmental
Adaptation (6,000 BCE - 1700s CE)

Barley played a crucial role in the development of early
agricultural civilization in the Near East and nearby regions.
As one of the founder crops of Neolithic agriculture, it
played a key role in the transition from hunter-gatherer
lifestyle to settled farming societies (Mascher ef al., 2016).
Its tendency to adapt varying environmental conditions
and comparatively brief growing season made it a reliable
food source for early farmers. After its domestication,
barley spread rapidly as the humans migrated beyond
the Fertile Crescent. Archaeological evidence indicates
its presence in the Indus Valley by approximately 6000
BCE, in ancient Egypt around 5000 BCE as a staple
grain for preparing both bread and beer. Between 5000
and 4000 BCE, it spread across Europe where it adapted
to diverse temperate environments. Around 3000 BCE,
barley had also reached East Asia, where it complements
the major crops such as rice and millet, especially in cold

or high-altitude regions. Over many generations, farmer

Evolution and Future of Barley Breeding

deliberately selected barley under varied environmental
conditions that resulted in regionally adapted landraces
exhibiting traits such as drought tolerance in arid
regions and cold hardiness in northern latitudes. This
diversification contributed to the development of barley

as a resilient crop, well adapted to marginal conditions.

3.3 The Dawn of Systematic Breeding: from 18th — 19th
Century

During the eighteenth to nineteenth centuries, the
application of systematic agricultural practices shifted
traditional cultivation towards more deliberate crop
improvement practices and this period marked the
beginning of formal plant breeding, through the
establishment of agricultural experiment stations and
the rediscovery of Mendel’s laws in the early twentieth
century. These advances gave rise to structured barley
breeding programs across Europe. As a result, specialized
malting barley varieties were developed in Bavaria and
other brewing regions, showing how industrial demand
has an influence on targeted trait selection (Fang ez al.,
2019; Hagenblad and Leino, 2022; Yu ez al., 2024).
The establishment of the United States Department of
Agriculture’s Office of Cereal Investigations in 1862
allowed researchers to introduce and test thousands of
barley accessions across the globe. These initiatives helped
improve traits such as winter hardiness, disease resistance,
and yield potential (Tyagi et al., 2020). Together, these
developments transformed barley from a subsistence crop
to a scientifically managed agricultural commodity with

both nutritional and industrial importance.

3.4 The Twentieth Century: Genetic advances and the
Green Revolution

The 20" century witnessed revolutionary progress in
barley breeding largely driven by the rediscovery of
Mendelian genetics, the establishment and rise of formal
breeding institutions, and the worldwide demand for
increased food production. Early scientific efforts for
barley improvement focused on systematic hybridization
and careful selection strategies, influenced by pioneering
seed breeders like the Vilmorin family (Gayon and Zallen,
1998). While the Green Revolution is commonly linked
with wheat and rice, but similar principles — including
reduced plant height, enhancing fertilizer efficiency, and
improving key agronomic traits etc. were also applied

to barley improvement from the mid-1900s onward
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(Kuczynska et al., 2013). For example the most significant
milestone was the development and application of semi-
dwarf germplasm i.e ‘sdw7/denso’ locus, derived from
mutant sources such as ‘Abed Denso’ and ‘Jotun’. This lead
to evolution of dwarf plants with lodging resistance and
increased harvest index (HI), resulting notable yield gains
under high-input agricultural conditions (Dockter and
Hansson, 2015; Braumann et al., 2018). These advances
progressed alongside the introduction of dwarfing genes
in wheat and played a key role in upgrading barley

production systems across the globe.

During this phase, breeding for disease resistance also
gained momentum, targeting major pathogens that include
powdery mildew, rusts, and scald. European breeding
programs utilized both major resistance genesi.e Mlaand
mlo for powdery mildew as well as polygenic resistance
sourced from wild germplasm. Worldwide resistance
breakdown events in the 1970s and 1980s, forced breeders
to eventually adopt gene pyramiding approaches to
enhance resistance durability (Dreiseitl, 2020, 2024). Key
leaf rust resistance loci, such as Rph7, was first identified
in the cultivar ‘Cebada Capa’. It was later incorporated
into breeding programs in North America along with
the cultivars including ‘Larker’ and ‘Morex’ functioning
as key genetic resources for research and development
(Steffenson et al, 1993). All India Coordinated Wheat
and Barley Improvement Projects (AICW&BIP), a part
of coordinated national initiatives, made significant
contributions to the development of cultivars adapted to
rain fed and stress-prone environments in India. These
efforts led to the release of various varieties i.e. ‘BL-2’,
‘RD 2035, and ‘RD 2552 for salinity tolerant; ‘Rajkiran’
for resistance to cereal cyst nematode (CCN) etc. (https://
www.raridurgapura.org/Scheme-Wheat-Barleys.htm),
thereby enhancing both adaptation and resilience under
varying agro-climatic conditions.

Improvement in malting quality progressed vis-a-vis
agronomic breeding, with key contributions from
European programs, especially the Carlsberg Research
Laboratory in Denmark. Utilizing approaches such as
pure-line selection, biochemical characterization of
trait and the development of micro-malting evaluation
systems, researchers were able to identify key genetic
factors governing kernel plumpness, enzyme activity, and

extract yield traits that laid the foundation for modern
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malting varieties. In addition, mutation breeding played a
significant role in broadening genetic variability example,
the semi-dwarf cultivar ‘Golden Promise’, derived from
gamma-irradiated ‘Maythorpe’, combined reduced plant
height due to mutation in the ari-e. GPdwarfing gene with
excellent malting quality. This cultivar was popularized
across regions in Europe during the 1970s and early
1980s (https://www.beerandbrewing.com/dictionary/
COMO4SK5Y5).

The breeding efficiency was further upgraded by the
use of technological advancements. One of the major
developments was the production of doubled haploids
(DH) through interspecific crosses between Hordeum
vulgareand Hordeum bulbosum. This innovation enabled the
speedy generation of completely homozygous lines within
a very short span of single generation. Consequently, the
duration for breeding cycles was substantially reduced and
thus accelerating genetic gain and enabling more efficient
crop improvement (Kasha and Kao, 1970; Czembor
et al., 2019). During the 1980s and 1990, advances in
molecular marker technologies, including Restriction
Fragment Length Polymorphisms (RFLPs) and Simple
Sequence Repeats (SSRs), and later Single Nucleotide
Polymorphism (SNP) markers, transformed plant breeding
approaches. These tools facilitated marker-assisted
selection for improving disease resistance, abiotic stress
tolerance and quality-related traits (Akar ez al., 2009; Liu
et al., 2010; Fang et al., 2019; Ishikawa ez al., 2022).

By the late 20™ century, barley had become dual-purpose
crop with well-defined breeding pathways: a resilient
food and feed crop suited to marginal environments and
a highly specialized raw material optimized for the global
malting and brewing industries. These developments laid
the conceptual and technological foundations for modern

genomics-assisted breeding strategies.
3.5 The Modern Era: Genomics and Precision Breeding

The development of high-quality reference genome
assemblies, especially the chromosome-scale sequence
of the cultivar ‘Morex’ produced by the International
Barley Sequencing Consortium (IBSC) switched barley
breeding towards precision based approaches. These
genomic resources offered novel understanding for
genome organization and enabled the discovery of high
density molecular markers, thereby facilitating genome-

wide association studies (GWAS) and accelerating the




identification of genes regulating important agronomic
traits (Visioni ez al., 2013; Alqudah et al., 2014; Ogrodowicz
et al., 2023). Nowadays, dense genome-wide marker
information is easily accessible that signaled a transition
from established marker-assisted selection (MAS), that
generally targets a restricted number of loci, toward
genomic selection (GS), where vast number of markers

are used simultaneously to estimate breeding values.

Therefore, early applications of genomic selection (GS) in
barley studies exhibit its potential to upgrade prediction
precision for complicated quantitative traits as compared
to MAS approaches (Crossa et al., 2017). Methodological

advancements, especially statistical models that allow

Evolution and Future of Barley Breeding

incorporating genotype X environment interactions,
further helped in improved prediction accuracy under
varying environmental conditions. As a result, more
robust selection decisions can be achieved under diverse
climatic range (Montesinos-Lopez et al., 2023). These
advancements are crucial especially for traits regulated
by polygenic inheritance like grain yield, malting quality

and abiotic stress resistance.

Simultaneously, major progress was witnessed in
phenotyping technologies where, during 2010s the
widespread adoption of high-throughput phenotyping
systems was noticed. Later includes unmanned aerial

vehicles, hyperspectral sensors and thermal imaging

Table 1. Major technological innovations accelerating genetic gain in barley breeding

Tichnolo.glcal Approximate Tmpact Reference
nnovation year

Marked the beginning of deliberate crop
Systematic Selection 19th Century improvement through phenotypic selection  Bishnoi ez al. (2022)

Semi-dwarf Genes (sdw1/

denso) 1960s-1980s

Doubled Haploidy
(Hordeum bulbosum
method)

1970s

Marker-Assisted Selection

(MAS) 1980s-1990s

Barley Reference Genome

(IBSC draft) 2012

Genomic Selection (GS) 2009-2012

Genome Editing

(CRISPR/Cas9) 2015 onward

Speed Breeding (SB) 2018

and seed purification

Reduced lodging and improved harvest
index, which enable more efficient selection

Shortened breeding duration by 4-5 years
by generating completely homozygous lines
in one generation

Early and precise selection for major
genes, reducing time spent on phenotypic
screening

Laid foundation for modern genomics,
including QTL mapping, and molecular
marker development

Improved selection for more complex traits
using genome wide marker information

Enabled precise and rapid modification
of specific genes, accelerating trait
development

Allowed multiple generations per annum
under controlled conditions, greatly speed
up breeding progress

Borner et al. (1998);
Kuczynska et al. (2013)

Kasha and Kao, (1970)

Tanksley et al. (1989);
Liu et al. (2010);
Ishikawa et al. (2022)

Mayer et al. (2012)

Lorenz et al. (2012);
Heffner et al. (2009)

Lawrenson and
Harwood (2019);
Lawrenson et al. (2024)

Watson et al. (2018)
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systems that allow large breeding populations to be
analyzed efficiently and without physical disruption of the
sample crop. Multiple imaging modalities in combination
with RGB (Red, Green, and Blue) imaging, chlorophyll
fluorescence, and canopy temperature measurements
has strengthened the capacity to characterize and
evaluate plant responses to drought and other stresses
by simultaneously capturing structural and physiological
features (Li et al., 2014; Mikolajczak et al., 2020; Leiva
et al., 2024). These advanced tools and technologies
facilitated the estimation of crop indices such as
normalized difference vegetation index and physiological

traits including stomatal conductance.

A further significant advancement in modern barley
improvement has been the adoption of speed breeding
methodologies. Controlled-environment protocols using
extended photoperiods (approximately 22 hours of light
per day) in combination with optimized LED lighting
systems allows the production of up to six generations
per year, considerably shortening crop breeding cycle
and accelerating genetic gain (Watson ez al., 2018). Speed
breeding integrated with genomic selection allowed
occurrence of recombination and selection steps more

rapidly, resulting in enhanced overall breeding efficiency.

CRISPR/Cas systems are remarkable genome editing
technologies that further strengthened the precision
breeding toolkit by allowing targeted and heritable
modifications in superior genetic backgrounds without
comprehensive backcrossing. In barley, targeted
mutagenesis of susceptibility genes such as Mlo has
successfully conferred durable resistance to powdery
mildew disease, revealing the translational potential
of gene editing for improvement of disease resistance
(Lyngkjeer et al., 2000; Miklis et al., 2007; Kusch and
Panstruga, 2017). Gene editing approaches have also been
applied to grain quality traits, for example, knockout of
lipoxygenase (LOX) genes reduces lipid oxidation and
thus improving storage stability and flavour characteristics
relevant to malting and dietary uses (Zeng ¢t al., 2025).
In recent times, modification of developmental pathways
such as Ppd-HT through genome editing tools has enabled
controlled flowering time and vegetative growth duration.
This is providing opportunities to optimize biomass
accumulation, forage production, and environmental

responsiveness (Tezuka et al., 2024).
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Opverall, the integration of genomic selection (GS), speed
breeding, high-throughput phenotyping and genome
editing in combination with sustained use of allelic
diversity from wild barley germplasm—has transformed
barley breeding into a highly data-driven and precision-
oriented field. These advances provide potential avenues
in future to develop cultivars with enhanced productivity,
improved resilience to climatic stresses, and better end-
use quality.

4. Genomic Architecture and the Triticeae
Model System

Barley has comparatively simple diploid genome (2n
= 2x = 14; ~5.3 Gb) relative to the highly complex
allohexaploid genome of bread wheat (2n = 6x = 42;
~17 Gb) due to which it occupies a central position as a
genetic model system within the Triticeae tribe, especially
for wheat and rye. Despite this apparent simplicity, the
barley genome is dominated by repetitive DNA, with
approximately 80-90% consisting of long terminal repeat
(LTR) retro-transposons. This high repeat content posed
major barriers for early sequencing efforts based on
short-read technologies, limiting assembly continuity and

resolution of genomic complex regions.

Early whole-genome shotgun sequencing efforts were
able to anchor approximately 3.9 Gb of sequence to
integrate genetic and physical maps. However, the
draft status of the assembly along with the extensive
repeat content, limited sequence contiguity and reduce
the accuracy of gene annotation (International Barley
Genome Sequencing Consortium, 2012). In subsequent
years, remarkable progress was made with the release of
the Morex V2 reference genome, which integrated short-
read sequencing with optical mapping and Hi-C-based
scaffolding through the TRITEX assembly pipeline. This
strategy generated chromosome-scale pseudo-molecules
spanning approximately 4.2-4.3 Gb and captured the
majority of the gene space, although unresolved gaps
remained in highly repetitive centromeric and telomeric
regions (Mascher ¢t al., 2016; Monat et al., 2019).

The advent of long-read sequencing technologies,
including Pacific Biosciences high-fidelity reads or
sequencing circular consensus sequencing (CCS), Oxford
Nanopore sequencing, and complementary methods such
as Bionano optical mapping, has markedly improved

genome assembly quality. These innovations have




enabled highly contiguous, chromosome-scale assemblies,
most notably the Morex V3 reference genome, which
resolved previously inaccessible repetitive regions such
as centromeres and ribosomal DNA arrays (Mascher ez
al., 2021) (Table 2). Incorporating long-range scaffolding
techniques like as Hi-C within the TRITEX assembly
framework further enhanced structural accuracy, achieving
high gene completeness (~98.4%) and minimal sequence
gaps (<0.1%) (Monat ez al., 2019). Together, these resources
provide a solid foundation for gene discovery, structural

variant analysis, and functional genomics studies.

Beyond the use of single reference genome, a pan-genome
analysis that integrates wild barley, traditional landraces
and modern superior cultivars have provided deeper
insights into genomic diversity responsible for phenotypic
variation. These comparative analyses indicate that
only about 20-30% of genes are shared across different
accessions, while a large proportion of the genome varies
considerably. This variation is reflected in the form of
presence—absence variation (PAV), copy number variation
(CNV) and structural variants (SVs) (Chapman et al.,
2026). Such studies have identified more than 15,000 PAV's
and more than 10,000 SV, including huge chromosomal
inversions on chromosome 2H. They have also revealed

expansions in gene families associated with stress-
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responsiveness particularly those involved in dehydration
tolerance in wild barley. In addition, domestication-related
deletions affecting Btrl and Btr2-genes, which are linked
to the loss of seed shattering have been well documented
(Pourkheirandish e al., 2015). These findings together
emphasize the value of wild germplasm as an important
pool of adaptive alleles for crop improvement. The
availability of high-quality genomic resources have further
accelerated the identification of genes controlling key
agronomic traits that include grain weight regulators such
as GW2 (Wang et al., 2019), cold tolerance genes within
the HVCBF (Tondelli et al., 2006) cluster and resistance
loci for yellow mosaic disease such as Rym14Hb (Pidon et
al.,2021). These advancements played a significant role in
strengthening comparative genomics and synteny analyses
across Triticeae species. A recent important reference on
the barley genome is the pangenome analysis of wild and
domesticated barley, published recently (Jayakodi ez al.,
2024). This study identified structural variation, including
differences in the copy number of the HvTB1 gene, as
well as six previously uncharacterized protein variants.
Another notable resource is the barley pan-transcriptome,
which provides insight into the functional consequences

of genotypic diversity (Guo et al., 2025).

Table 2. Major barley reference assemblies and their breeding relevance

Assembly / Timeline  Key Technologies Major Attributes Breeding Applications
Resource

IBSC Morex 2012 BAC-by-BAC Produced a ~3.9-4.8 Served as first reference

V1 approach with short- Gb draft genome, highly genome framework; enabled
reads sequencing fragmented, gene-rich early gene/QTL anchoring and

BAC contigs mapped to initiate marker development
chromosomes. though resolution was limited.

Morex V2 2017-2019  Integration of Generated Chromosome- Provided more reliable genome
Short reads, optical ~ scale pseudomolecules structure which improved QTL
mapping, Hi C (~4.3 Gb), improved gene mapping, GWAS accuracy and
(TRITEX) coverage, residual gaps in positional cloning efforts

repeats.

Morex V3 2021 PacBio HiFi long Delivered a near complete High-precision mapping of
reads combined (4.8~5.1 Gb) assembly, resistance genes (e.g., Ryd4Hb),
with optical telomere to telomere-like grain-size loci (GW2.1), and
mapping assembly; greatly improved  stress genes (HvCBF14).

repeat and LTR regions.

Ensembl / 2024-2025  Multiple assemblies, Includes more genetic Helps identify useful alleles,

Pan-genome haplotype-resolved  diversity than Morex alone,  guides introgression strategies,

resources pan-genome capturing variation from and supports the development

both cultivated and wild
relatives.

of reliable markers across
diverse germplasm.
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Barley serves as an excellent model crop as it has strong
genome collinearity with other members of Iriticeae
species. A high degree of structural similarity exists
between barley chromosomes and the wheat subgenomes
that enable efficient use of comparative genomics for gene
discovery, marker development and cross-species transfer
of genomic information (Mayer ¢t al., 2011; Poursarebani
et al., 2013). Furthermore, pan-genome analyses have
highlighted regions of the genome that are rich in
structural variant. These hotspots are particularly valuable
for gene validation and play important role in facilitating
alien introgression of beneficial traits from related species

into breeding germplasm (Jayakodi ez al., 2024).

Overall, these genomic advancements further strengthen
barley’s role not only as an important crop but also as
an experimental model crop for Triticeae genetics. The
availability of advanced genomic resources now reinforces
modern breeding strategies such as genomic prediction,
haplotype-based selection and genome editing, ultimately
shaping a more precise and efficient future of barley

improvement.
5. Core Breeding Objectives

Barley breeding efforts have largely focused on improving
grain yield by modifying key aspects in plant architecture
such as increasing tiller number, grains per spike, and
thousand-grain weight. The incorporation of “stay-green”
phenotypes have attracted considerable interest, as
prolonged photosynthetic activity during grain filling can
enhance assimilate availability and final yield potential
(Wang et al., 2019; Brunner ez al., 2024). Genetic resources
derived from landraces and wild H. spontaneum continue
to offer valuable alleles for optimizing agronomic traits.
Variation in the strigolactone signaling pathway has
been linked to the regulation of the functional balance
between tillering capacity and grain size in barley (Kelly
et al., 2025).

Enhancing resistance to biotic stresses continues to be a
major focus in barley breeding, with emphasis on durable
and broad-spectrum protection. The m/olocus represents
one of the most successful examples, which provides long-
lasting resistance to powdery mildew across a wide range
of environments (Kusch and Panstruga, 2017; Dreiseitl,
2024). Similarly, the Yd2 gene located on chromosome
3HS provides tolerance to Barley Yellow Dwarf Virus
(BYDV) (Collins et al., 1996). The pyramiding of resistance
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gene, involving Rph (leaf rust), Rpg (stem rust), and Rps
(stripe rust) loci strengthens defense against multiple
rust pathogens (Brueggeman et al., 2002). Similar efforts
are being focused on improving quantitative trait loci
resistance to other major diseases example, spot blotch
(Bipolaris sorokiniana) resistance quantitative trait loci on
chromosomes 3H and 7H (Roy et al., 2025) and net blotch
(Pyrenophora teres) resistance loci (Afanasenko et al., 2022)
are also being incorporated. These resistance sources
are increasingly being combined through coordinated

phenotypic screening and molecular strategies.

Breeding for abiotic stress tolerance in barley frequently
exploits the rich adaptive diversity found in wild
populations. Developmental escape from water stress
mediated by deeper root systems and osmotic adjustment
capacity (Nevo and Chen, 2010) are particularly valuable
under water-limited conditions. Similarly, enhanced
salinity tolerance was achieved through efficient ion
exclusion mechanisms (Gharaghanipor et al., 2022) and
improved reproductive resilience under heat stress that
preserves pollen viability during anthesis (Ejaz and von
Korff, 2017) are key target traits in breeding programs.
Cold tolerance has also been closely linked with CBF/
DREB transcriptional factors and antifreeze proteins,
both of which play a critical role in contributing winter
hardiness (Skinner ¢t al., 2005).

Quality improvement objectives in barley breeding vary
widely depending on end use, and breeding strategies are
often shaped by strict industrial requirements. Malting
barley requires relatively low grain protein concentrations
(9.5-11.5% on dry basis) to achieve high extract yield
(>80%). In addition, breeders look for plump, well-filled
kernels, highly uniform germination (>95%), and strong
diastatic power. This enzymatic strength, resulting from
a good balance between a- and B-amylase activities, is
critical for efficient starch breakdown during the brewing
process (Bettenhausen ¢t al., 2018). Genetic studies have
identified several key genes, which influence important
agronomic and quality traits in barley example: VRS7
and INTERMEDIUM-C (INT-C) play central roles in
determining spike morphology particularly row number
and spikelet fertility. These genes have been exploited to
develop varieties with characteristics desirable for specific
end uses. The VRS7 gene, in particular, regulates the two-

rowed or six-rowed phenotype, allowing breeders to select




the preferred type depending on brewing applications
(Ramsay et al., 2011). In contrast, feed barley breeding
prioritizes nutritional value and rumen digestibility,
targeting improved amino acid composition. This includes
enhancing the amino acid profile-especially lysine and
threonine along with maintaining moderate protein levels
(12-15%). This balance helps support efficient livestock
growth while minimizing excess nitrogen excretion. Food-
grade hull-less barley focuses on nutritional functionality,
especially elevated soluble B-glucan content (3—-11%).
These viscous fibers form gels in the gastrointestinal tract
that slow carbohydrate digestion, reduce postprandial
glucose responses by approximately 20-30%, and bind
bile acids, contributing to reductions in low-density
lipoprotein cholesterol of 5-10% (Bhatty, 1999).

6. Traditional Breeding: A Slow but Steady
Path

Barley improvement has been rooted in traditional
breeding practices, where the best performing plants from
each harvest were selected by farmers and saved seed
for the next growing season. In due course, this farmer
approach gradually developed into breeding efforts that
were more organized. By the early twentieth century,
European scientists, including Erich von Tschermak,
began using planned hybridization followed by careful
selection. The aim was to improve adaptation and overall
agronomic performance, particularly in winter two-row

type barley (Stockinger, 2021).

A major methodological shift came during the 1910s-1920s,
when H. V. Harlan at the United States Department of
Agriculture, developed the mass-pedigree approach.
This method involved intercrossing elite parent lines,
raising early -generation progeny in bulk, and applying
phenotypic selection for lodging resistance and yield
(Ramage, 1987). Among the early barley improvement
efforts, most of the improvements were made by selection
within existing germplasm, as documented in early studies
of barley cultivation and variety development. During the
same time, breeders started releasing improved varieties
adapted to particular environmental conditions, example-
the malting barley ‘Prior’, was developed in Australia in
1925 by Albert E. Pugsley. In the following decades, these
approaches were further refined. Harrington improved
the efficiency of Harlan’s mass-pedigree method, while

breeding programs in Northern European regions
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strengthened pedigree breeding combined with multi-
environment testing. These efforts played a crucial role
in improving winter barley performance as well as for
improving malting qualities (Ramage, 1987; Stockinger,
2021; Bishnoi et al., 2022).

During the 1920-1930s, at various research centers in
India viz. Pusa, Kanpur and Sabour, efforts for systematic
barley improvement began, where breeders developed
NP, K, BR, and C series through mass and pure-line
selection, with the major focus on adaptation to rainfed
agro-ecological conditions (ICAR-IIWBR, 2024). A
major institutional development took place in 1966 when
All India Coordinated Research Project (AICRP) on
Barley was established. This program brought together
coordinated breeding efforts across diverse agro-ecological
zones, combining pedigree and mass-pedigree strategies.
Consequently, the program led to the release of more
than 100 improved barley varieties, generally with better
yield stability, wider adaptation and end-use quality traits
(ICAR-ITWBR, 2024). At the same time, parallel progress
was made internationally. In Australia, breeding programs
supported by state agencies and the Grains Research
and Development Corporation focus on elite crosses and
multi-environment evaluation. These efforts facilitated
the selection of cultivars with traits like early maturity
for heat escape and strong malting. ‘Baudin’ is the well-
known variety developed in Western Australia which
gained wide acceptance (Paynter et al., 2004). During
this period, resistance to Barley Yellow Dwarf Virus also
emerged as an important objective, with genetic mapping
and characterization of the Yd2 locus, helps breeders its
incorporation into elite germplasm (Collins et al., 1996;
Jefferies et al., 2003).

From the 1980s till early 2000s, several dedicated
breeders contributed significantly to both cultivar
development and disease resistance. At North Dakota
State University, Jerome D. Franckowiak was closely
involved in the development of many barley cultivars
and in genetic studies on disease resistance. His work
included research on leaf rust resistance genes and the use
of Bowman backcross-derived lines for genetic analysis.
At the international level, the ICARDA-CIMMYT
barley breeding program, led by Hugo E. Vivar focused
on developing barley cultivars suited for wide range of

environments, with particular emphasis on resistance
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to multiple diseases. In India, parallel efforts led to the
release of improved feed and malting barley cultivars
such as DWRUB 52, BHS352, BHS400 and RD2552 as
part of national improvement efforts (Kumar et al., 2020;
Verma et al., 2022).

Altogether, these traditional breeding methods viz. mass

selection, pure-line development, and pedigree-based

breeding—resulted steady gains in productivity, adaptation
and grain quality, even in the absence of advanced genetic
tools (Table 3). Significantly, established the foundation
was laid by generating valuable germplasm and breeding
populations that continue to support modern molecular

and genomic breeding efforts.

Table 3. Traditional barley breeding methods used for different breeding objective

Geographical Traditional Method Primary Outcome Major Breeding Goals

Origin

India Pure-line selection, Improved varieties development  Focus on feed/food use; Malting
Introductions and from landraces (NP series); along  quality; resistance to biotic and
pedigree breeding with BHS 400, RD 2907 abiotic stresses and overall Yield

improvement

Kazakhstan Interspecific Development of donor lines with  Emphasis on Quality malt; Seed
hybridization and both desirable seed quality traits and  size and weight, protein content
simple/complex crosses  seed weight optimization

New Zealand Crossing and selection Replacement of older varieties Malt/Quality improvement; Seed
based on introduced like ‘Kenia’; with improved trait and adaptation to varying
material cultivars such as Kaniere, and rainfall conditions

Mata (derived from diverse
pedigrees)

Czech Republic Mutation breeding Development of semi-dwarf Improvement of lodging resistance,
(gamma irradiation) varieties such as Diamant yield stability, malting quality and
followed by selection control of beta-glucan content

Spain Backcross integrated Raising Cierzo-derived lines Targeted improvement for end use,
with pedigree selection from SBCC042/SBCC073 drought tolerance and adaptation to

Mediterranean heat stress

South Africa Phenotypic selection, Superior individuals for Feed/Malt; Spot blotch resistance
Mass selection resistance (biotic stress), quality

Ethiopia Mass and pure-line HB-series, Ratta Food/Feed; Drought/scald resistance
selection from landraces (biotic/abiotic), malt quality

China Hybridization and Salt-tolerant two/six-row lines Feed/Fodder; Salt/abiotic stresses,

pedigree crosses

aphid biotic resistance, fodder yield

7. Technological Frontiers in Breeding

Contemporary barley breeding is undergoing a major
transformation driven by genomics-enabled germplasm
characterization and rapidly advancing molecular
technologies. Traditional phenotype-based selection is
increasingly complemented by DNA-based approaches
that allow breeders to make more precise and informed
decisions at earlier stages of the breeding cycle. Marker-
assisted selection (MAS) relies on molecular markers
linked to genes or quantitative trait loci controlling
desirable traits, enabling efficient introgression of specific
alleles into elite genetic backgrounds. In contrast, genomic

selection (GS) evaluates genome-wide marker information
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simultaneously to predict breeding values for complex
quantitative traits such as yield, stress tolerance, and
quality, thereby accelerating selection gains compared

with conventional approaches.

Sequencing of the large barley genome, together with
high-throughput genotyping platforms and improved
computational tools, now enables genome-scale analysis of
genetic variation and prediction of trait performance with
increasing accuracy (Ganal et al., 2009). Genome-wide
association studies (GWAS) further complement these
approaches by examining diverse germplasm panels with
dense single nucleotide polymorphism (SNP) markers to

identify loci associated with important agronomic traits.




Such studies have successfully detected robust allelic
variants derived from breeding history, including genes
controlling photoperiod response, Ppd-H7 (Turner et al.,
2005); vernalization, VRN, (Yan et al., 2006); and plant
height, sdw7 (Lukina et al., 2024), which contribute to

adaptation, flowering regulation, and lodging resistance.
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Together, these technological innovations provide
powerful opportunities to integrate genetic diversity,
predictive breeding and precision trait improvement into
modern barley breeding pipelines. The major molecular

breeding tools currently applied for barley improvement

are summarized below (Table 4).

Reference

Table 4. Molecular breeding tools transforming barley improvement
Tool Key Mechanism Primary Example Applications in
Advantages Barley
Marker- . Early selection; Rph5 leaf ru.St res1stapce; m¥°
Assisted Linked markers for precise powdery mildew resistance;
. known QTL/genes . Yd2 for barley yellow dwarf;
Selection introgression .
frost, quality
Genomic Genome-wide SNP f;)l)tflglf:li:?;t Yield, drought tolerance, malt
Selection prediction models pure; rap quality, disease resistance
cycles
Bi-parental cross Preas? locfus Heading date, tillering, grain
QTL . detection in : . T
. segregation size, malting, drought, biotic
Mapping . structured
analysis . stress
populations
T Broad allelic .
GWAS A.ssoc1at10n in discovery; historical Ppd-HT, VRN-3, lodging
diverse panels 0 QTLs
recombinations

Jefferies et al. (2003);
Mammadov et al. (2003);
Akar et al. (2009); Kusch
and Panstruga (2017)

Lorenz et al. (2012); Maurer
et al. (2016); Roy et al.
(2025)

Fan ¢t al. (2015); Fang et al.
(2019); Wang et al. (2019);
Pan et al. (2021)

Alqudah et al. (2014);
Ogrodowicz et al. (2023)

7.1 Marker-Assisted Selection (MAS) and Genomic
Selection (GS)

Marker-assisted selection (MAS) has significantly
enhanced the efficiency of barley breeding by enabling
early identification of desirable genotypes for traits which
are difficult, time-consuming, or expensive to assess
phenotypically, including yield components, disease
resistance and abiotic stress tolerance. Through the
combined use of foreground selection for target loci and
background selection to minimize linkage drag, MAS
allows more rapid recovery of elite genetic backgrounds
compared with conventional phenotypic selection (Table
5). The integration of high-density SNP genotyping
platforms, such as the Illumina 9K iSelect and 50K iSelect
arrays, together with functional markers for major genes,
has accelerated marker-assisted breeding by improving
selection efficiency and enabling earlier identification of

superior genotypes (Bayer et al., 2017).

MAS have proven particularly effective for traits controlled
by major loci, including rym-mediated resistance to barley
yellow mosaic viruses and important malting quality
quantitative trait loci. In elite breeding populations, MAS
also facilitates the pyramiding of multiple resistance genes
and serves as a complementary approach to genomic
selection for complex traits through the estimation of
genomic breeding values. The development of optimized
marker panels has further improved the practicality of
molecular breeding; for example, core marker sets such
as HvCoreSet_v1, comprising 768 genome-wide markers,
provided a cost-effective framework for genomic-assisted
selection and multi-trait prediction, Japanese barley
breeding materials demonstrating substantial prediction
accuracies across agronomic and quality traits (Ishikawa

et al., 2022).
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Table 5. Key Markers in Barley Breeding for MAS

. Key Markers/ Linked s
Trait QTL Chromosome Gene/QTL Effect/ Utility References
BaYMV/BaMMV
Disease resistance; distinguishes Graner et al.
. Bmac0029 (SSR) 3H rym4/rymd ’ (1999); Pellio et
Resistance alleles for dual-pathotype
. al. (2005)
protection
Biischges et al.
mlo functional AH mio Recessive powdery (1997); Kusch
SNP mildew resistance and Panstruga,
(2017)
Yellow mosaic virus Pidon et al.
Rym14Hb KASP  4H Rym14Hb resistance (2021)
CBF cold Freezing tolerance; Francia et al.
Abiotic Stress HyCBF14SNPs  5H resbon. introgressed from winter ~ (2004; Visioni
esponse landraces et al. (2013)
= . Drought tolerance via Knipfer et al.
HvPIP2;5indel 7H Aquaporin root hydraulics (2011)
beta-amvi Thermostability for malt Folinton et al
Malting Quality Si\IaPamy @e 4H bmAmy1 extract; >80% correlation (1%3;;)011 e an
s with malt quality
Six-row vs two-row;
Yield . . ’ Komatsuda et
Components VRS1 diagnostic ~ 2H orsT naked .kernel (nud) al. (2007)
pyramid
Zombori et al.
159 i .
HoGW2SNPs  2H Grain size 10-15% TGW increase; 959

syntenic to wheat

Genomic selection (GS) represents a further advancement
by enabling the simultaneous analysis of thousands of
genome-wide markers to predict breeding performance
for quantitatively inherited traits. The feasibility of GS in
barley was first demonstrated by Lorenz et al. (2012), who
reported prediction accuracies of 0.72 for Fusarium head
blight (Lorenz et al., 2012). Genomic approaches offer a
powerful strategy for developing improved barley varieties
with enhanced traits, including better organoleptic
qualities that are preferred by end users (Sangwan ez
al., 2026).Therefore, Genomic Selection offers a more
powerful tool to accelerate the improvement of complex
traits that are challenging to enhance through conventional

selection methods alone.
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7.2 Quantitative Trait Loci (QTL) Mapping and
Genome-Wide Association Studies (GWAS)

Quantitative trait loci (QTL) mapping and genome-
wide association studies (GWAS) have become integral
approaches for understanding the genetic architecture
of complex traits in barley (Table 6). Traditional QTL
mapping typically relies on structured bi-parental
populations—such as F, generations, recombinant inbred
lines (RILs), and doubled haploid (DH) populations.
Later developed from parents that differ markedly in
key target characteristic that includes heading date, plant
height, tillering ability, grain size, and disease resistance
(Collard et al., 2005; Ajayi et al., 2023). These controlled

populations make the detection of genomic regions with
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relatively large phenotypic effects that segregate between
the two parental lines and have long served as the basis for

evaluating loci significant to crop improvement.

More recently, GWAS has broadened the scope of genetic
analysis by exploiting historical recombination and
natural variation in diverse germplasm collections. With
the help of GWAS has uncovered major loci associated
with agronomic traits using dense genome-wide marker.
These include grain yield, root system architecture,
drought tolerance, phenological development and
lodging resistance across global barley panels (Pasam ez
al., 2012; Maurer et al., 2016). Interestingly, several of
these loci detected through GWAS coincide with well-
characterized developmental genes, including Ppd-H1
(Comadran et al., 2012), VRN-3 (Muiioz-Amatriain ¢t al.,
2020), and sdwl/denso (Kuczynska ez al., 2013). GWAS
have proven valuable in identifying genetic loci associated
with complex quantitative traits, including abiotic stress
resilience, B-glucan content, malting quality and yield
components. The overlap between QTL mapping and
GWAS findings not only confirms the role of major
regulatory genes but also highlights additional minor
loci that may contribute to stability of trait and wider

adaptation to diverse environment.

Overall, QTL mapping and GWAS complement each
other, offers deeper understanding into the genetic
control over complex traits. Together they facilitate
marker development, candidate gene identification, and
thus strengthen precision breeding strategies aimed at
improving barley performance under varying growing

conditions.
7.3 CRISPR-Cas9 Gene Editing

Genome editing technologies, particularly CRISPR/
Cas9, have brought a high level of precision to barley
improvement by facilitating site specific modification of
endogenous genes without the introduction of foreign
DNA. This approach make it possible to improve traits
such as stress resilience, agronomic performance, and grain
quality traits while preserving the genetic background of
elite cultivars (Fig 3). In barley, several successful editing
applications have already demonstrated practical value
of this approach. For instance, directed disruption of the

Eukaryotic Translation Initiation Factor 4E (e/F4E) gene
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has been shown to confer resistance to potyviruses. This
highlights the value of editing host susceptibility factors
to achieve durable disease resistance (Hoffie ¢t al., 2021).
Similarly, editing of HyERF62, a transcription factor
involved in stress responses, has been shown to improve
tolerance to waterlogging by enhancing root aerenchyma
formation and facilitating better oxygen transport under
oxygen deficient conditions (Zhu et al., 2025). Recent
progress in precision gene editing has also enabled
manipulation of plant architecture traits. For instance,
targeting gene editing of the HvGA20ox2 gene led to the
identification of a novel semi-dwarf allele, sdw7.ZU9. This
gene reduces plant height and improves lodging resistance,
along with preserving overall yield potential (Xie et al.,
2024). More recently, genes associated with salinity and
drought tolerance have been identified in wild species
and are being introgressed to enhance stress resilience in

barley (Safhi, 2025).

Grain quality traits have also been targeted using genome
editing tools. For example, targeted mutations in Qsd7 and
Qsd2 have been shown to reduce pre-harvest sprouting
susceptibility while strengthening grain dormancy and
increases crop stability under field conditions (Hisano
et al., 2022). On the other hand, editing of lipoxygenase
genes (HvLOXA and HvLOXCT) responsible for lipid
oxidation has been reported to prolong grain storability
and preserves the flavor during storage and processing
(Zeng et al.,2025). Researchers have also initiated working
on genes linked to nutrient use efficiency and malting
quality. Targeted edits in HvPAPhy_a gene regulating phytic
acid metabolism and ENGaseloci governing carbohydrate
modification, have shown promising outcomes. These
efforts laid foundation for improving mineral availability
and processing performance in barley grain (Holme et al.,
2017; Kapusi et al., 2017). Zeng et al. (2020) elucidated the
vitamin E biosynthesis pathway in barley by generating
functional mutants of the Hvhpt (homogentisate phytyl
transferase) and Hvhggt (homogentisate geranylgeranyl
transferase) genes using the CRISPR/Cas9 system.
Disease resistance in barley has also been targeted using
the CRISPR/Cas9 system with engineered transgenic
barley plants with enhanced resistance to wheat dwarf
virus (WDV) by suppressing replication of the viral
genome (Kis ez al,, 2019).
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7.4. Doubled Haploid
Doubled haploid (DH) technology proved to be a key

tool in barley breeding as it allows breeders to generate
completely homozygous lines in just one generation. This
resulted in shortening breeding cycles by 4-5 years as
compared to conventional breeding that require several
generations of selfing. DH production in barley involve
both in-vitro and in-vivo strategies. Anther culture is an
in-vitro method that involves excising and culturing
immature anthers (pre-meiotic to early uninucleate
stage) on different media supplemented with auxins
and cytokinins. Under appropriate conditions, these
anthers undergo androgenesis, yielding embryogenic
calli or direct embryos that regenerate into green/albino
plantlets. This is followed by colchicine treatment for
chromosome doubling to restore fertility and stable
double haploid lines. Recovery rates are highly variable
and depend on genotype and treatment protocol. To
improve consistency and reduce somaclonal variation,
isolated microspore culture has been developed as a more
refined method of tissue culture. Microspore are removed
and cultured directly after applying stress cold/heat shock
pre-treatments in order to enhance green plants. On the
other hand, the predominant in-vivo methodology relies
on chromosome elimination technique—typically using
H. vulgare x H. bulbosum crosses. In this strategy, selective
elimination of H. bulbosum chromosomes occurs to yield
haploid barley plants followed by colchicine-induced
genome doubling of the resulting haploids. Consequently,

rough targeted modification of key functional genes

fertile and genetically uniform DH plants can be raised for

immediate selection and evaluation (Ho and Kasha, 1975).

Other advanced strategies such as parthenogenetic haploid
inducer systems and CRISPR/Cas9-mediated centromere
disruption, is promising technique for genotype-
independent, high-throughput haploid production with
minimal somaclonal variation (Kuppu ¢t al., 2020; Song
et al.,2024). These approaches, collectively allows fixation
of traits like yield, disease resistance, and malting quality.
This is more advantaging when combined with marker-
assisted and genomic selection methods. However, certain
constraints like albinism and genotype dependence still

need to be addressed.

Scientific studies have clearly shown that valuable
Double Haploid technique is very significant for barley
improvement. Early work by Kasha and Kao (1970)
introduced the H. vulgare x H. bulbosum hybridization
approach, which later became a key method for quickly
producing haploid and doubled haploid lines in breeding
programs. Since then, DH technology has been widely
adopted—almost half of modern European barley varieties
are believed to have been developed using these systems
(Forster et al., 2007).

Further studies have been undertaken to refine the process
example, Jacquard et al. (2009) found that cold/heat
shock pre-treatments of anthers can significantly improve
embryo formation and the recovery of green plants. This
helps breeders to recover fully homozygous lines more

efficiently for complex traits such as yield and malting
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quality. Likewise, Hickey ez al. (2011) successfully mapped
the adult plant resistance gene Rph200on chromosome 5HS
using a DH population along with PCR-based markers,
making it easier to incorporate this resistance into breeding
lines. Xu ez al. (2021) signified the molecular insights with
DH lines, identifying 1,027 genes that showed altered
expression in the DH line ‘DH45’ under low nitrogen
conditions, consequently, providing useful targets for

improving nutrient-use efficiency in barley.

In barley androgenesis, microspores which normally
develop into pollen can be reprogrammed to follow
embryogenic sporophytic pathway than gametophytic
route. This shift enables the production of haploid and
doubled haploid plants, which are highly useful for
genetic mapping and crop improvement (Chu et al.,
1975; Bilynska, 2020; Patial ¢t al., 2023a). Chromosome
doubling may occur spontaneously or can be induced
via chemical treatments, though the efficiency of later
process depend on genotype, culture conditions, auxin

concentration and pre-treatment steps which can

significantly affect embryo induction and subsequent
plant regeneration. For example, cultivars such as ‘Igri’
exhibit remarkably higher androgenic competence than
less responsive genotypes (van Bergen S et al., 1999;
Kruczkowska et al., 2005).

Double Haploid (DH) technology has made a significant
impact on barley breeding at the commercial level too,
leading to the worldwide release of numerous successful
cultivars (Table 7). Much of this progress has been
achieved through the H. vulgare x H. bulbosum crossing
system and androgenesis-based strategies. It may be
substantiated by a unique example from New Zealand
cultivar Mingo, which was developed through a doubled
haploid barley breeding program. Similarly, several
Australian cultivars such as Dhow, Sloop SA, Flagship,
Navigator, and Skipper, demonstrated the effectiveness
of doubled haploidy for accelerating the development of
uniform, commercially useful barley lines by shortening
breeding time (Patial et al., 2023a).

Table 7. Representative barley cultivars developed using doubled haploid

Registered Release Country . Scientist(s) /
Cultivar Name Year of origin Breeding Approach Key Features Reference
. Known for its high yield
Mingo 1979 Canada Developed using . potential and desirable Ho and Jones
bulbosum method . . (1980)
malting trait
Derived through H. A two-row malting type Campbell ez al.
Rodeo 1984 Canada bulbosum technique  with better disease resistant (1984)
Produced via Exhibits enhanced
DH45 2021 China F, microspore nltI:OgelIl lflse le fﬁC}ency, Xu et al. (2021)
brvogenesis suitable for low input
embryos conditions
8.70 Speed Breeding in shortening of generation cycles from the usual 4-6

Speed breeding has emerged as a powerful tool for
speeding up barley improvement through carefully
regulating the growing environmental conditions to
shorten crop cycle. Using extended photoperiods (up to
22 h light provided by LED systems at approximately
300-500 pmol m? s1), controlled temperature regimes
(around 22/17 °C day/night), and, in some cases,

increased CO, concentrations (~700 ppm) may result
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months under field conditions to roughly 8-10 weeks
(Watson ez al., 2018; Wanga et al., 2021). This enables up
to 5-6 generations per year, substantially increasing the
rate of genetic gain in breeding programs. The feasibility
of rapid cycling in barley was clearly demonstrated
by Watson et al. (2018), who achieved 5-6 generations
annually in spring barley under controlled environmental
conditions. Rossi et al. (2024) provided genetic insights

into photoperiod responsiveness under accelerated




growth conditions. This study highlights the key role of
PPD-HT in controlling plant development when crops
were grown under speed breeding regimes, emphasizing
its significance in governing flowering and growth under

longer photoperiods.

Speed breeding is now being effectively combined with
other modern and advanced breeding approaches to make
crop improvement even faster and more efficient. When
integrated with doubled haploid technology, it facilitates
breeders to obtain completely homozygous lines in
comparatively shorter durations, reducing the time needed
to stabilize useful recombination events. Similarly, the
integration of genomic selection allows breeders to make
early prediction-based selection within these accelerated
cycles, leading to identification of promising lines without
waiting for extensive field evaluations. Genome-editing
strategies further empower this approach by enabling
precise and targeted genetic modifications. This adds
another level of efficiency and control to modern breeding

programs (Varshney et al., 2020).

8. Challenges and Limitations in Barley
Improvement

Despite the great transformative potential of genomics-
assisted breeding, various challenges still limit the pace
of genetic improvement in barley (Fig 4). One major
constrain is the relatively narrow genetic diversity within
elite breeding material. Years of Intensive selection and
repeated use of closely related parents have narrowed
the genetic base as compared to its wild progenitors thus
it is difficult to identify novel alleles through even the
modern approaches like GWAS. To address this, breeders
increasingly rely on introgression from wild barley, land
races and other exotic germplasm to broaden the barley
genetic base. However, these donors usually lack good
agronomic performance; therefore multiple back crossing
over many generation (6-8 cycles) with elite varieties is
required to recover desirable traits. As a result, this pre-
breeding process becomes both time consuming and

resource intensive.

Genotype X environment interactions represent another
major limitation, particularly for complex quantitative
traits such as yield, stress tolerance and grain quality.
The expression and stability of QTLs often decline

substantially across contrasting environments due to

Evolution and Future of Barley Breeding

variation in climate, soil conditions and crop management
practices. This variability reduces the predictive accuracy
of genomic selection models and complicates marker
deployment across target environments. More actionable
progress will require environment-specific breeding
schemes, including multi-location phenotyping, climate-
smart genomic prediction, and selection indices that
combine yield stability with stress adaptation rather than
yield alone. Breeding for barley in climate-vulnerable
regions should therefore emphasize early flowering,
terminal heat escape, water-use efficiency, and lodging
resistance, alongside grain quality targets relevant to end

use.

The application of genome editing technologies such as
CRISPR-Cas systems also faces practical constraints.
Editing efficiencies remain highly variable across
genotypes and transformation protocols, and regeneration
capacity is strongly genotype dependent, especially in
better performing cultivars. Although next-generation
nucleases tools such as Casl2a provide precision in
targeting specific DNA regions, there are still concerns
regarding unintended off-target mutations. In addition,
unclear or still evolving regulatory policies continue to
influence how widely and quickly these genome-editing
tools are deployed in breeding programs. To improve
field impact, genome editing should be directed toward
high-priority, large-effect traits such as resistance to key
diseases, flowering-time adjustment, and abiotic stress
resilience, rather than diffuse trait modification with

uncertain gain.

Intensive integrated and multidisciplinary approach is
required to overcome these limitations. Emerging multi-
omics platforms that bring together genomics, phonemics,
transcriptomics and metabolomics are opening up better
opportunities to effectively understand and resolve
complex trait architecture. At the same time, improved
modeling of Genotype x Environment (GxE) interactions,
especially the incorporation of climate forecasting and
environmental data into genomic prediction, may enhance
accuracy and reliability of selection under variable
conditions. Furthermore, systematic pre-breeding efforts
to utilize wild germplasm, coupled with clear and science-
based regulatory frameworks for genome-edited crops
will play a key role in realizing sustainable genetic gains

in barley under intensifying climate pressures.
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10. Future Prospects and Conclusion

Barley breeding has undergone transformation, progressing
from conventional mass and pedigree selection toward an
integrated precision-breeding framework that combines
genomics, doubled haploid technology, marker-assisted
and genomic selection, speed breeding, and CRISPR/
Cas-based genome editing. The convergence of these
approaches provides unprecedented opportunities to
address persistent constraints in barley production,
including yield stagnation, climate variability, and
inefficient resource utilization, while enabling systematic
harnessing of genetic diversity from wild H. spontaneum
and landrace germplasm. Yet, despite these breakthroughs,
significant challenges persist. Climate change poses a
formidable threat, manifesting in heat stress, drought
and salinity issues that compromise yield stability.
Barley’s adaptability to marginal environments makes it
a crucial crop for food security, but breeding for resilience
requires a deeper understanding of stress physiology
and the integration of diverse genetic resources. Disease
resistance remains another pressing concern, as pathogens
continually evolve to overcome existing defenses. The arms
race between crops and pathogens necessitates durable
resistance strategies, combining conventional breeding
with molecular innovations. Genetic bottlenecks, a legacy
of domestication and selective breeding, further constrain
progress by limiting the pool of adaptive traits available.
Addressing these challenges demands a holistic approach
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that embraces diversity, innovation and sustainability.
In the near future, several trait targets show strong
translational potential. Genome editing of susceptibility
genes such as e/F4E offers promising routes to durable
resistance against potyviruses, while modification of
regulatory loci including HoERF62 may enhance tolerance
to waterlogging stress through improved root anatomical
adaptation. Similarly, alleles associated with nitrogen
use efficiency provide opportunities to reduce fertilizer
inputs substantially without compromising the yield,
thereby improving both economic and environmental
sustainability. Continued improvement of harvest index,
grain number per spike and grain weight remains central
to achieving sustained genetic gain across diverse rainfed

and marginal production environments.

Future advances in barley improvement will depend on
the development of fully integrated breeding platforms
that combine accelerated generation turnover with
predictive analytics. The integration of conventional
pedigree selection with doubled haploid production and
speed breeding protocols—enabling up to six generations
annually—can substantially shorten breeding cycles. At
the same time, genomic selection models incorporating
dynamic genotype X environment interactions, together
with systems biology approaches that integrate multi-
omics datasets and high-throughput phenotyping
technologies such as drone-based imaging, will enhance

prediction accuracy under variable climatic conditions.




Equally important are the translational considerations
beyond genetics. Strengthening pre-breeding pipelines,
improving farmer-centric seed delivery systems, and
clarifying intellectual property and regulatory frameworks
will be essential to ensure that technological innovations

are converted into measurable on-farm benefits.

Overall, barley occupies a unique position among cereal
crops as both are a globally important commodity and a
tractable genetic model for the Triticeae. Its long history
of domestication and adaptation, combined with rapidly
advancing genomic resources and breeding technologies,
positions barley as a key platform for developing climate-
resilient cropping systems. The continued integration
of diverse genetic resources with precision breeding
strategies will be critical for meeting future demands
for food, feed and industrial uses under increasingly

constrained environmental conditions.
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