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ABSTRACT: Abiotic stresses, including drought, heat, salinity, waterlogging, and acidic soils, are
increasingly inhibiting the consistency of global food production, valued at USD 3.26 trillion during the
last three decades. Although backcrossing efficiently transfers large-effect loci into elite backgrounds,
conventional pipelines remain slow and vulnerable to linkage drag and unreliable genotype-to-phenotype
translation. Here, we synthesize an operational fast backcross (FB) breeding framework that integrates (i)
rapid generation advance (speed breeding), (ii) embryo culture to shorten generation intervals and unlock
wide crosses, (ii1) marker-assisted backcrossing with coordinated foreground, recombinant, and genome-
wide background selection, and (iv) genomic selection to capture residual polygenic adaptation. We
propose practical approaches to prioritize stress-adaptive loci and to validate yield and quality neutrality
under non-stress conditions before pyramiding. Case studies in rice (SUBI, Saltol, Pupl and DROI), wheat
(Nax1/Nax2) and barley (aerenchyma formation and HvAACTI loci) illustrate how FB pipelines can
compress variety development timelines from 810 years to 3—5 years while maintaining farmer-preferred
agronomic and end-use traits; however, they also underscore the constraints of relying on whole-plant
phenotyping alone. We show that FB succeeds only when early locus prioritisation, recombinant selection
to minimise linkage drag, and pre-pyramiding neutrality testing are enforced, explaining why many
accelerated pipelines underperform despite advanced genotyping tools. Further, we propose Al-enabled
selection and targeted editing to scale FB breeding for climate-resilient agriculture.
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1. Introduction

Climate change intensifies the frequency, duration, and severity of abiotic stresses, which together
account for ~50% of global yield losses in major staple crops worldwide [1], leading to over USD$3 trillion
loss during the past three decades (FAO, 2025). Abiotic stresses affect crop physiology by multiple means.
For example, drought triggers stomatal closure, impairs mesophyll conductance, ultimately restricting
carbon assimilation, biomass accumulation, and grain filling [2], whilst heatwaves disrupt pollen viability,
destabilize membrane integrity, but accelerate phenology, leading to disruptive reproductive development
and therefore irreversible yield penalties, even after short exposure periods [3—6]. Prolonged waterlogging
induces hypoxia/anoxia, limiting mitochondrial respiration and energy availability [7,8], also causing
elemental toxicities in plants [9]. Soil salinity is arguably most complex and adversely effects plant growth
by causing Na"/K" disequilibrium and imposing osmotic and oxidative stresses [10]. Nutrient deficiencies,
particularly those for phosphorus (P) and nitrogen (N), restrict root development, nutrient acquisition, and
photosynthetic capacity [11-13]. Underscoring the urgent need for genetically resilient crop varieties that
maintain productivity across heterogeneous and stress-prone environments is therefore important [14,15].

Conventional breeding relies heavily on recurrent crossings followed by phenotypic selection across
segregating generations and environments. Despite its historical success, this breeding progress is
inherently slow, particularly in self-pollinated cereal crops, due to the cumulative duration of crossing,
segregation, multi-generation selection, and environmental validation, resulting in the lengthy time (8-10
years or longer) to release a new cultivar [16]. Under climate change, such timelines risk delivering cultivars
that are already mismatched to their target environments at the time of release. Second, phenotypic selection
for abiotic stress tolerance is intrinsically imprecise and resource intensive. Many stress tolerance traits are
quantitative, highly environment-dependent, and strongly influenced by genotype X environment X
management (G x E x M) interactions [17]. Reliable phenotyping often requires careful validations across
multiple environments and seasons, substantially increasing costs. In practice, however, current
phenotyping often relies on simplified or proxy traits that may not capture the physiological complexity of
stress tolerance under real field conditions, thereby weakening genotype-to-phenotype translation [17]. For
example, reduced shoot Na* concentration was chased as a primary selection criterion for salinity tolerance;
however, this approach inherently favours Na" exclusion mechanisms while overlooking the tolerance
mechanism induced by intracellular Na* sequestration to maintain metabolic function and yield in crops
[7,18]. Consequently, varieties with superior sequestration capacity by locking higher shoot Na" levels may
be prematurely discarded during selection, which has biased breeding outcomes and partially led to the
limited success in developing high-yielding, salt-tolerant rice cultivars despite decades of intensive
selection. Further, introgression of favourable loci through conventional backcrossing often co-transfers
undesirable genomic regions (genetic linkage) that may negatively affect yield. Introgression of the Saltol
locus to improve salinity tolerance in rice reduced yield [19]. Similarly, the mlo resistance allele for
powdery mildew resistance in barley was initially associated with yield penalties and pleiotropic effects
due to linked genomic regions [20]. These cases provide good examples of the trade-offs that can
accompany resistance or stress-tolerance breeding. This challenge is especially pronounced for traits
governed by loci located in low-recombination regions (e.g., pericentromeric regions) of the chromosome.
For example, the introgression of SR2 (for wheat rust resistance) has unintentionally fixed haplotypes in a
low-recombination region, resulting in linkage drag that constrained root system development,
necessitating additional breeding cycles/efforts to restore elite performance [21,22].

The limitations of conventional and molecular breeding approaches reveal a fundamental gap in current
crop improvement pipelines: the lack of an integrated system that simultaneously delivers speed, genetic
precision, and consistent field-level impact. A transformative breeding solution is therefore required, one
that couples molecular precision with accelerated breeding cycles, while maintaining strong alignment with
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farmer needs and target populations of environments (TPEs). Fast backcross (FB) framework seeks to
overcome the limitations by integrating marker-assisted backcrossing (MABC) for precise introgression of
major-effect loci, rapid generation advancement (RGA) to compress breeding timelines, doubled haploid
(DH) technology to fix favourable alleles rapidly, and genomic selection (GS) to capture polygenic
adaptation and improve selection accuracy for complex traits [23,24]. In this review, we synthesize recent
methodological advances, practical case studies, and emerging best practices to address these challenges.
By critically evaluating how FB pipelines have been implemented across crops and stress contexts, we aim
to identify design principles that enable rapid yet reliable delivery of climate-resilient cultivars, bridging
the long-standing divide between laboratory innovation and real-world agricultural gains.

2. The Fast Backcross Breeding Framework Targeting 3—5 Years: Four Core Components with
Optimizations

2.1. Rapid Generation Advance (RGA) and Speed Breeding

RGA is most achieved through speed breeding, which accelerates breeding cycles by shortening
generation time rather than altering genetic processes [25]. By enabling multiple rounds of crossing and
selection within a single year, speed breeding transforms traditionally sequential programs into near-
continuous breeding pipelines [26]. In long-day crops such as wheat and barley, speed breeding typically
relies on extended photoperiods (~22 h light/2 h dark) combined with controlled temperature and nutrition
to accelerate flowering and seed set. Generation time can be reduced to 6—8 weeks without compromising
plant development, fertility, or seed viability [25], and subsequent studies have shown it to be reproducible
and compatible with breeding, gene discovery, and the production of segregating, doubled-haploid, and
backcross populations [25-27].

A key operational advantage of RGA is its compatibility with single-seed descent (SSD), which enables
efficient advancement of large populations under speed breeding while minimizing labour and space
requirements and preserving genetic diversity. Watson et al. (2018) explicitly highlighted SSD as a key,
particularly when integrated with high-throughput genotyping, as central to scaling speed breeding for
practical breeding programs [25].

Effective RGA implementation emphases sufficient daily light integral and spectral coverage of
photosynthetically active radiation, rather than on rigid optimisation of specific wavelength ratios. Practical
protocols using LED-based and supplemental lighting systems in growth chambers and glasshouses have
demonstrated that flexible lighting configurations can reliably support rapid growth and early flowering
under extended photoperiods [26].

For short-day crops such as rice, RGA can be achieved through greenhouse-based rapid cycling and
nursery systems with optimised sowing density, temperature control, and early harvest, along with light-
emitting diodes (LED) systems, routinely allowing three to five generations per year. Together, these
examples illustrate that RGA principles are transferable across crop species when photoperiod sensitivity
and developmental requirements are appropriately considered [26,28,29].

2.2. Embryo Culture: Accelerating Generation Turnover and Enabling Cross Compatibility

Within fast breeding pipelines, embryo culture (EC) primarily accelerates generation turnover by
shortening the interval between successive selection and crossing steps. In cereals, EC involves isolating
and culturing young embryos (e.g., 14-20 days after flowering) on basal media, which can reduce
germination time by 2—4 weeks relative to soil-based germination. Immature embryo rescue (IER) enables
recovery of otherwise non-viable hybrids, particularly from interspecific or subspecific crosses used to
access stress-adaptive alleles [27,30], most commonly Murashige and Skoog (MS) salts supplemented with
sucrose as a carbon source [31], allowing germination and shoot emergence typically occur within 7-14
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days [27], compared with 21-30 days under conventional conditions. This time saving is particularly
valuable in backcross and selfing schemes, where delays due to seed drying, dormancy release, and field
or glasshouse establishment otherwise constrain breeding speed, while maintaining genetic fidelity and
phenotypic normality [27].

IER plays a complementary role by rescuing embryos that abort due to post-zygotic incompatibility or
incomplete endosperm development [30,32], a common limitation in introgressing stress-tolerance alleles
from landraces or wild relatives. Embryos typically excised 7-14 days after pollination (DAP),
approximately 0.5-2 mm in length, and are still developmentally plastic [27], are cultured on nutrient-rich
media to support continued development in vitro, thereby expanding the range of usable crosses without
altering genetic selection criteria [33].

2.3. Marker-Assisted Backcrossing (MABC): Theory and Practice
2.3.1. Foreground Selection (FS)

Marker-assisted backcrossing (MABC) is a core precision breeding strategy designed to introgress
defined genes or quantitative trait loci (QTLs) into elite genetic backgrounds while minimizing linkage
drag and phenotypic uncertainty [34]. Among its three operational components (e.g., foreground,
recombinant, and background selection), foreground selection (FS) represents the initial step, ensuring that
only individuals carrying the target locus are advanced through successive backcross generations [34,35].
Several general principles exist for FS. First, flanking-marker strategies are preferred over single internal
markers, as they reduce false positives arising from recombination events between the marker and the gene
[36]. Second, FS should be applied at every backcross generation to ensure the target allele is retained during
recurrent parent recovery. Third, FS is particularly powerful for large-effect loci with well-established
genotype-phenotype relations, making it an ideal entry point for fast backcross breeding pipelines.

Foreground selection relies on molecular markers tightly linked to, or embedded within, the target
genes or QTL, allowing unambiguous identification of favourable alleles regardless of environmental or
developmental variation. This is particularly important for abiotic stress tolerance traits, which are often
conditional, quantitative, and strongly influenced by G x E x M [37]. By decoupling selection from
phenotype, FS dramatically increases selection efficiency and reduces population sizes required at each
backcross generation [38]. For instance, the SUB/ region, a ~1.5 Mb on chromosome 9 containing SUBI A,
which confers submergence tolerance through elongation growth suppression and carbohydrate reserves
conservation [39]. Using flanking simple sequence repeat (SSR) markers (such as RM20584 and RM20585),
Xu et al. [39] demonstrated precise stacking of SUBIA across backcross generations, while enabling
downstream recombination to reduce donor genome segments.

2.3.2. Background Selection (BGS)

Background selection (BGS) is used to accelerate recovery of the recurrent parent genome (RPG) while
retaining the donor allele at the target locus. In a conventional backcross program without marker-assisted
background selection, the expected proportion of recurrent parent genome after ¢ backcrosses follows
Mendelian expectations:

E (RPG,%) = {1 — 27D} x 100%

resulting in approximately 75% RPG in BC1, 87.5% in BC2, 93.75% in BC3, and 96.88% in BC4 [34,35].
Therefore, traditional backcross programs typically require four or more to approach the >95-98% RPG
levels for elite cultivar development. Marker-assisted background selection uses genome-wide molecular
markers to quantify RPG directly in each backcross generation and preferentially selects individuals that
most closely resemble the recurrent parent outside the target locus. Modelling and simulation studies have
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demonstrated that genome-wide BGS can recover >95% RPG by BC3, and in some cases even by BC2,
thereby saving one or more backcross generations relative to Mendelian expectation [40,41].

The efficiency of BGS depends on marker density, genome size, recombination landscape, and
population size, parameters can be optimized through simulation. The software PLABSIM was developed
to model marker-assisted backcrossing and evaluate marker densities and selection intensities influence
RPG recovery and donor segment length [41]. These simulations showed that moderate population sizes
(typically 100-200 individuals per generation) combined with evenly distributed genome-wide markers
enable rapid RPG recovery without excessive genotyping costs. Subsequent analyses confirmed that
background selection is most effective when applied from BC1 onward, rather than being deferred to later
generations [42].

In practice, BGS involves genotyping all candidate plants that pass foreground selection using high-
density, genome-wide markers (e.g., SNP arrays, KASP markers, or genotyping-by-sequencing), followed
by estimation of recurrent parent genome content, typically based on identity-by-state similarity to the
recurrent parent. A protected window around the target locus is excluded to retain the donor haplotype, and
individuals with large residual donor segments elsewhere in the genome are deprioritised to reduce linkage
drag that can affect yield, quality, or adaptation [34,35].

Operationally, BGS provides clear stop rules for ending backcrossing and proceeding to fixation by
selfing or doubled haploids. Typical criteria include achieving >95-98% RPG genome-wide (excluding a
small, protected window around the target locus), removing large donor segments elsewhere in the genome,
and confirming that the donor interval flanking the target gene or QTL has been minimised. Once these
conditions are met, further backcrossing yields diminishing returns and delays downstream validation.

Within the FB, BGS converts temporal acceleration into genetic efficiency per unit time. When
combined with rapid generation advance and embryo culture, genome-wide BGS ensures that each
accelerated generation contributes measurably to elite genome recovery, rather than simply shortening the
calendar. This integration is a key reason FB pipelines to reliably deliver near-elite lines within three
backcross generations, compared with four or more generations under conventional schemes [35,41].

2.3.3. Marker Set Design, Sampling Intensity, and Scoring in Background Selection

Simulation and empirical studies indicate effective BGS requires well-distributed marker density rather
than maximal coverage [43]. A common guideline is to deploy approximately one informative marker per
5-10 cM across the genome [35], with higher density near the target chromosome and in low-recombination
regions such as centromeres, where donor segments are more likely to persist [36]. In compact genomes
such as rice, ~1000-2000 evenly spaced SNPs are typically sufficient, whereas in larger and more complex
genomes such as wheat or maize, 30005000 markers are often required to achieve comparable precision
[34]. Beyond these ranges, gains diminish relative to genotyping cost, making balanced placement more
important than sheer density.

Population size is the second key determinant of BGS efficiency, as it affects the likelihood of
recovering individuals with high recurrent parent genome content and favourable recombination. Both
simulation and breeding practice support a declining population strategy across backcross generations,
typically screening 200—400 individuals at BC1, 100-200 at BC2, and 50-100 at BC3, with increasing
selection stringency over time [34,41]. Larger early populations increase the likelihood of identifying
individuals with both high genome-wide RPG and minimal donor segments outside the target region,
thereby accelerating convergence toward the recurrent parent background.

Accurate scoring of RPG recovery is essential for ranking candidates within each generation. RPG is
commonly calculated as identity-by-state (IBS) similarity between each individual and the recurrent parent
across genome-wide markers, providing a quantitative estimate of background recovery [34,44]. When
ranking individuals, breeders should mask a protected window surrounding the target locus, typically
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spanning £10-20 cM in early backcross generations and shrinking thereafter. This practice prevents
inadvertent negative selection against the donor haplotype that is intentionally retained and ensures that
RPG estimates reflect background recovery rather than recombination events at the target locus [35].

Together, optimized marker density, population size, and scoring convert BGS into a predictable,
decision driven process, enabling near elite background recovery within two to three backcross generations,
an outcome that is especially critical in fast backcross pipelines where accelerated cycling magnifies both
gains and errors.

2.3.4. Where It Plugs into the Pipeline: Integration of Background and Recombinant Selection within the
Fast Backcross Pipeline

Within the fast backcross (FB) framework, whole-genome marker-assisted background selection (WG-
MABS) is most effective when initiated early and applied continuously rather than used as a late corrective
stage. Accordingly, WG-MABS is activated immediately after confirmation of the target allele, typically
at the F1 or BCi generation following foreground selection [34,35].

During Stage B (“cross and compress”), WG-MABS is combined with rapid generation advance to
maximise recurrent parent genome recovery while retaining the target locus. Initiating background selection
at BC: exploits the greatest available genetic variance, enabling large gains per generation that are
efficiently translated into gains per unit time under speed breeding conditions [34,41]. Foreground selection
ensures retention of the target haplotype, while genome-wide markers are used to rank individuals by
recurrent parent genome content [25]. As the pipeline progresses through BCz and BCs, selection intensity
increases and recombinant selection is explicitly integrated with WG-MABS using flanking markers to
progressively shorten the donor segment around the target locus, thereby minimising linkage drag while
continuing genome-wide background recovery [34]. In crops such as maize and wheat, FB pipelines often
transition to doubled haploid (DH) production once recurrent parent genome recovery exceeds ~95-98%
and the donor interval has been minimised, allowing immediate fixation of the optimized genetic
background [35].

The pipeline then enters Stage C (“fix and validate”), where target haplotypes and background recovery
are re-verified in BCsF2 families or DH lines prior to stress-specific phenotyping and multi-environment
trials (METs) aligned with the target population of environments (TPE), ensuring that accelerated genetic
gains translate into stable yield, quality, and agronomic performance under both stress and non-stress
conditions [17,45].

2.3.5. Expected Gains and Common Pitfalls

When integrated into fast backcross pipelines, whole-genome background selection typically saves one
full backcross generation, enabling >95-98% recurrent parent genome recovery by BCs rather than BCa,
without increasing linkage drag when combined with deliberate recombinant selection at the target locus
[34,35,41]. This translates to one to two years of time savings, depending on crop and generation turnover.

However, accelerated background selection carries risks. Beneficial donor alleles outside the primary
target region may be inadvertently lost, particularly when pyramiding schemes, a risk that can be mitigated
by defining additional protected genomic windows during selection [34,36]. A second pitfall is
overestimation of recurrent genome recovery due to sparse or uneven marker coverage; robust genome-
wide marker distribution and stringent quality control are therefore essential to avoid premature termination
of backcrossing [35,40,44].
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3. Case Studies: Success Stories in FB Breeding

FB frame has produced several clear translational wins where rapid generation advance and marker-
assisted backcrossing converted elite cultivars into stress-resilient versions while maintaining agronomic
performance, but it also highlights when “physiologically attractive” loci deliver limited field value. The
benchmark case is SUB! in rice: mapping and cloning resolved SUBIA as an ERF regulator conferring
submergence tolerance via a quiescence strategy [39], and field evaluations consistently showed that Subl
introgression enabled substantial yield recovery after 10—14 days of complete submergence, often restoring
50-70% of yield relative to non-submerged controls, while maintaining agronomic performance under non-
flooded conditions [46,47]. Similar FB logic has been effective for Pupl/PSTOL1 under low P (phosphorus)
[48]. Pupl was successfully incorporated into high-yielding germplasm, leading to the development of two
irrigated rice varieties and three Indonesian upland varieties [49], which retained elite agronomic
characteristics while expressing enhanced P-use efficiency. And for DRO1, Uga et al. [5S0] demonstrated
that introgression of the functional DRO! allele from the deep-rooting landrace Kinandang Patong into the
elite but shallow-rooting cultivar IR64 resulted in markedly steeper root angles and enhanced root
penetration into deeper soil layers [50], where NIL-based IR64 improved drought-season yield (up to ~30%)
without significant yield costs under well-watered conditions [50]. In contrast, wheat Nax1/Nax2 (from
Triticum monococcum) illustrate the limits of Na'-exclusion targets: it is to note that although these loci
(linked to HKT-type xylem Na" retrieval) can reduce leaf Na™ substantially [51,52], field benefits can occur
only within a narrow salinity window and remain insufficient to prevent large yield losses in many saline
environments [52,53], demonstrating partial trade-offs [54]. Collectively, these cases argue that FB
succeeds when loci deliver yield-relevant stress advantages with agronomic neutrality across representative
target environments, ideally validated via NIL contrasts and multi-site testing, and that “marker-trackable”
mechanisms alone are not adequate justification for rapid deployment.

Specifically, waterlogging and soil acidity frequently co-occur in high-rainfall environments, imposing
constraints on crop root function through hypoxia and aluminium (AI**) toxicity. Genetic studies in barley
have identified two major loci on chromosome 4H: a waterlogging-tolerance QTL (QTL AER-4H)
controlling root aerenchyma formation associated with improved internal oxygen diffusion and
performance under waterlogged conditions [55], and the acid-soil tolerance locus HvAACTI (HYMATE),
which mediates citrate efflux from root apices to alleviate AI** toxicity [S6-58]. Using the proposed fast
backcross (FB) framework, the waterlogging tolerance locus Q7L AER-4H was successfully introgressed
into a commercial variety, RGT Planet, resulting in the derived variety RGT Atlantis. Under non-
waterlogged conditions, RGT Atlantis exhibits yield and grain quality comparable to RGT Planet, while
achieving more than a 20% yield advantage under waterlogged conditions. In parallel, the acid soil
tolerance locus HvAACTI was introgressed into RGT Planet to generate the breeding line P33-1, which
displayed yields comparable to or exceeding those of RGT Planet on non-acidic soils, together with
markedly improved performance under acidic soil conditions [59]. Subsequent crossing of RGT Atlantis
with P33-1 enabled pyramiding of waterlogging tolerance (QTL AER-4H) and acid soil tolerance
(HvAACT]I). The resulting line, P80-2, combined tolerance to both stresses while maintaining the yield and
grain quality of the recurrent parent under non-stress environments (Figure 1).
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Figure 1. Pyramiding of waterlogging- and acid soil—tolerant loci into the elite cultivar RGT-Planet using the FB. (A) Schematic
of breeding pipeline enabling the sequential introgression and pyramiding of two independent stress-tolerance loci into the elite
barley cultivar RGT Planet within three years. A waterlogging-tolerant gene donor (TAM7227, wild barley) and an acid soil
(aluminium) tolerant gene donor (Brindabella) were each crossed with RGT Planet (Australian elite cultivar), followed by
repeated backcrossing (BC) combined with rapid generation advance (3—5 generations per year and whole genome selection,
resulting in one waterlogging tolerant variety, RGT Atlantis, one acid soil tolerant line, P33-1 and one line with tolerance to both
stresses. (B) Representative field performance of derived varieties under severe waterlogging conditions; (C) Representative
field performance of derived varieties under acid soil conditions (pH < 4.5).

4. Complexity of Abiotic Stress Tolerance and Genes, QTLs, and Alleles with Minimal Yield and
Quality Penalty

Abiotic stress tolerance in crops is inherently complex, reflecting the integration of multiple molecular,
physiological, and developmental processes that operate across spatial and temporal scales. Unlike
monogenic traits, tolerance to stresses such as drought, heat, salinity, nutrient deficiency, and submergence
is typically governed by polygenic loci that collectively determine plant performance [17,60].

4.1. Combined Mechanisms Underpinning Abiotic Stress Tolerance

Biological defence mechanisms underlying abiotic stress tolerance are usually mediated by osmotic
adjustment, ion and redox homeostasis, and hormonal signalling, which are tightly coupled and rarely act
independently, particularly in drought and salinity tolerance [61,62]. For example, osmotic adjustment is a
central component of tolerance to drought, salinity, and cold stress. Plants accumulate compatible solutes,
such as proline and soluble sugars (e.g., sucrose, trehalose), which help maintain cell turgor, stabilize proteins
and membranes, and protect cellular structures under water deficit or osmotic stress induced by cold [63].
Salinity tolerance depends on the plant’s capacity to limit cytosolic Na" accumulation while maintaining
adequate K" levels for enzyme activity and membrane potential regulation [7,18,64]. This balance is achieved
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through coordinated activities of ion transporters, channels, and compartmentation mechanisms, including
Na" exclusion at the root-soil interface and vacuolar sequestration in shoot tissues [7,18].

Hormonal regulation coordinates physiological, molecular, and developmental adjustments. For
instance, abscisic acid (ABA) is a key regulator of drought and salinity tolerance, mediating stomatal
closure [65,66], root system architecture [67], and stress-responsive gene expression [68]. Ethylene
signalling is central to submergence and waterlogging tolerance, particularly through its role in regulating
shoot elongation [69,70], aerenchyma formation [71], and metabolic acclimation under hypoxic conditions
[72]. Importantly, hormonal signalling pathways do not operate in isolation but interact extensively with
other regulatory networks, including reactive oxygen species (ROS), calcium signalling, and transcriptional
control, adding further layers of complexity [73]. To add more complexity to this process, ROS and Ca**
signalling are tightly interconnected by the presence of so-called NADPH-Ca “hub” at the plasma
membrane [74] that amplifies both signals to trigger a cascade of downstream responses.

Morphological and developmental adaptations provide longer-term strategies for coping with abiotic
stress. Examples include deeper or more plastic root systems to enhance water and nutrient acquisition
under drought or low-phosphorus conditions [75,76], reduced plant stature or altered phenology to escape
heat stress [77], and enhanced aerenchyma formation to facilitate oxygen diffusion under waterlogging [78].
These traits are often highly environment-specific and developmentally regulated [17], contributing
strongly to genotype by environment interactions observed in field trials. From a genetic perspective, these
molecular and physiological mechanisms are controlled by multiple quantitative trait loci (QTLs) with
small to moderate individual effects rather than single major genes [17]. Many QTLs exhibit pleiotropy or
context-dependent expression, and their effects can vary across environments, genetic backgrounds, and
developmental stages. Consequently, introgression of abiotic stress tolerance through conventional
breeding is challenging, as favourable alleles must be assembled and maintained across multiple loci while
avoiding negative impacts on yield and adaptation.

Abiotic stress tolerance ultimately arises from allelic variation at key loci, where specific alleles or
allele combinations confer superior physiological advantages under stress conditions. In contrast to simple
presence-absence of genes, natural variation in coding sequences, regulatory regions, and gene expression
dynamics often determines the magnitude and stability of stress tolerance across environments [14,79].
Classic examples illustrate the power of large-effect adaptive alleles, for instance, as in rice, the
SUBMERGENCE 14 (SUBIA) allele confers strong tolerance to transient submergence by suppressing
excessive shoot elongation, reducing carbohydrate consumption, and enhancing post-submergence
recovery [8,39]. Introgression of SUBIA into elite rice cultivars through marker-assisted backcrossing has
resulted in varieties with minimal yield penalty under non-flooded conditions [39], demonstrating the
successful translation of gene discovery into farmer impact. However, such examples remain relatively rare,
as most abiotic stress traits lack single dominant loci with comparable effect sizes. For most stresses,
including drought, heat, salinity, and nutrient deficiency, variation is distributed across multiple loci, each
contributing incrementally to the phenotype. In these cases, haplotypes, defined as specific combinations
of linked alleles across a genomic region, often provide a more accurate representation of functional genetic
variation than individual markers [80,81]. Haplotype structure captures both causal variants and their local
linkage context, enabling finer discrimination between favourable and unfavourable genetic backgrounds [81].

Emergence and application of genome-wide association studies (GWAS) have accelerated the
identification of stress-associated loci and haplotypes across diverse germplasm panels [82]. GWAS-based
analyses have revealed that favourable haplotypes often differ in frequency among landraces [83,84],
modern cultivars [83], and wild relatives, reflecting historical selection pressures and breeding bottlenecks
[85]. Importantly, haplotype-based analyses frequently explain a greater proportion of phenotypic variance
than single-SNP models, because haplotypes integrate the combined effects of multiple linked variants and
more effectively capture local linkage disequilibrium, regulatory variation, and allele interactions
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underlying complex traits, as particularly demonstrated in barley for complex traits influenced by regulatory
variation and gene-gene interactions [86]. From a breeding perspective, haplotype-based selection offers
several advantages over single-marker approaches. It improves selection precision by reducing false
positives arising from weak marker-trait associations [87,88]. Also, it facilitates the stacking of favourable
alleles within genomic regions while minimizing linkage drag, particularly when combined with
recombinant selection strategies. Third, haplotypes provide a natural interface with genomic selection,
where genome-wide marker information is used to predict breeding values that implicitly capture
favourable allele combinations across loci [88]. The effects of many haplotypes are context-dependent,
varying across environments, developmental stages, and genetic backgrounds, and are often modulated by
G x E x M interactions [37].

4.2. Energetic Costs, Pleiotropy Co-Benefits, and Trade-Offs on Yield: A Case Study for Salinity

Understanding and managing trade-offs, e.g., yield penalties, is central to the successful deployment
of stress-tolerant alleles in elite cultivars. However, when energetic costs and pleiotropic effects are well
aligned with prevailing stress conditions, such alleles can also confer co-benefits by improving yield
stability or performance under stress.

Salinity tolerance illustrates the energetic trade-offs and pleiotropic constraints associated with stress
adaptive mechanisms. Na“ exclusion from the shoot, mediated by HKT1;5-type Na* transporters, has
historically been used as a main target for improved crop survival [51,89]. However, this process is
energetically costly, as such a strategy requires plants to heavily invest in the production of compatible
organic solutes to osmotically adjust to hypersaline soil conditions—a process that requires 10-fold more
ATP than vacuolar Na" sequestration [53]. Therefore, constitutive or excessive activation of Na* exclusion
pathways imposes growth penalties under non-saline or moderately saline conditions, highlighting
important trade-offs between tolerance and productivity.

Vacuolar sequestration of Na™ represents an alternative or complementary strategy, allowing plants to
use Na" as a “cheap osmoticum”. This process is mediated by tonoplast based Na"/H" exchangers energized
by vacuolar proton pumps, such as H-ATPases and H"-pyrophosphatases (PPases) [90]. As ATP pool is
drastically reduced due to negative impact of salinity on leaf photochemistry [91] and NaCl-induced
stomata closure. The H'-PPase AVP1, however, has potential for offering a more energy-efficient means
of sustaining ion compartmentation. Field and physiological studies demonstrated that enhanced AVP1
activity can improve salinity tolerance and, in some cases, biomass production [92]. However, AVPI is a
multifunctional protein involved in growth, development, and phloem loading, and both overexpression
and misregulation have been associated with pleiotropic effects under non-stress conditions [92,93]. Recent
evidence for dynamic regulation and dual localization of AVP1 further suggests that spatial and temporal
control of activity is critical for balancing tolerance and growth [92].

Pleiotropy at the developmental level represents another major source of yield penalty. A prominent
example is the rice gene DROI, which enhances drought tolerance by promoting deeper root growth [50].
While advantageous under water-limited conditions, DRO1 introgression has been shown to reduce harvest
index and yield under well-watered environments due to altered biomass allocation [50]. Recent advances
suggest that regulated, rather than constitutive, stress tolerance mechanisms may offer a pathway to
minimizing yield penalties. For example, natural variation at regulatory loci such as TaSPL6-D, which
modulates expression of TaHKT1;5-D, allows fine-tuning of Na" exclusion capacity in wheat [94]. Such
allelic variants provide sufficient exclusion under salinity stress while avoiding excessive energetic costs
under low-salinity conditions, highlighting the importance of quantitative regulation rather than maximal
flux [95]. From a breeding perspective, these insights underscore a critical challenge: maximizing stress
tolerance without sacrificing yield stability across environments.
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Many stress-associated loci identified through mapping or transcriptomic studies fail at later breeding
stages because their effects are either context-dependent, energetically costly, pleiotropic [17], or not even
evaluated in situ within typical cropping systems [96]. We propose a structured approach centred on the
development and evaluation of near-isogenic lines (NILs) in elite genetic backgrounds, combined with distinct
phenotypic contrasts across stress and non-stress environments, allowing causal attribution of phenotypic effects
to specific loci or haplotypes, while minimizing confounding effects from background variation.

5. Genetic Validation and Agronomic Relevance of Stress Tolerance
5.1. Technical Approaches: NIL-Based Validation Using Distinct Genetic Contrasts

NILs are generated by introgressing a target gene or QTL into an elite recurrent parent through marker-
assisted backcrossing, followed by selfing or doubled haploid production [97]. Foreground markers ensure
retention of the target locus, while genome-wide background selection accelerates recovery of the recurrent
parent genome, typically achieving >95% recurrent parent genome (RPG) within two to three backcross
generations [97,98]. NILs provide a clean genetic contrast, enabling direct comparison between lines that
differ primarily at the locus of interest. This is particularly critical for abiotic stress traits, where background
genetic noise and genotype X environment interactions can otherwise obscure true allelic effects [37]. To
quantify the yield penalties, paired NILs are evaluated across multi-environment trials (METs) that
deliberately span both benign (non-stress) and stress-prone conditions (e.g., salinity, drought, heat, and
submergence), enabling rigorous quantification of the net agronomic value of a target locus by
simultaneously assessing its contribution to stress resilience and its impact on performance under normal
conditions. Assessments of both agronomic and phenological traits, including flowering time, plant height,
and tillering dynamics, which can indirectly influence yield stability, adaptability, and farmer acceptance,
should be carefully conducted [17,99]. Furthermore, stress-inducible, tissue-specific, or developmental-
stage-specific alleles may reduce unnecessary energetic expenditure under non-stress conditions and
minimize pleiotropic growth penalties [18,53]. Natural regulatory variation, such as promoter
polymorphisms or transcriptional modulators, often provides this fine-tuning and is recognised as a rich
source of breeding-relevant diversity [100,101].

5.2. Demonstrated Example of Low to No Cost Stress Tolerance

A flagship example for this case is the rice SUB1A locus, which confers submergence tolerance via a
“quiescence” strategy that restricts shoot elongation, conserves carbohydrates during flooding, and
promotes rapid recovery after de-submergence [47,102]. SUB1A4 has been introgressed into farmer adopted
varieties (e.g., IR64, Swarna) with large post-flood yield benefits, while showing little or no yield penalty
under non-submerged conditions critical for large-scale deployment [47,103].

Analogous “low-cost” exemplars are from drought stress, where rice qDTY loci controlling grain yield
under reproductive-stage drought were identified. While pyramiding strategies can be effective, several
studies show that evaluating component loci as NILs (or NIL-like contrasts) is essential, as individual
qDTY regions differ in their ability to deliver stress yield gains without compromising performance under
irrigated conditions [104,105]. This reinforces the broader principle that “no/low-cost” tolerance is most
reliably identified when stress performance is explicitly benchmarked against non-stress yield stability
across environments.

HKTI;5-mediated Na® exclusion represents one of the most mechanistically resolved and
agronomically validated tolerance mechanisms. In wheat, the major Na'-exclusion loci Nax2/Knal are
strongly associated with HKT1;5-like transporters that retrieve Na" from the xylem and reduce shoot Na®
accumulation, enabling substantial yield protection on saline soils [51,52]. However, as described above,
energetic and regulatory analyses highlight that the yield neutrality of Na* exclusion under non-saline
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conditions can be genetic background-dependent, particularly if exclusion is constitutively high rather than
stress-regulated [53,95]. Also, field trials showed that beneficial effects of Nax were reported for only one
(out of three) field sites [106]; even there the crop grain yield was ~50% of that in the non-saline control.
This aligns with broader arguments that “cost-efficient” tolerance often comes from tuned or conditional
activity of transport processes rather than maximal flux under all conditions [18,53].

Barley offers an additional example through the boron-toxicity tolerance gene HvBot1, where reduced
boron accumulation in shoots improves performance on high-boron soils; when introgression is conducted
carefully to minimize linkage drag, such ion-toxicity tolerance mechanisms can be deployed with limited
penalty under benign conditions [107]. Collectively, these examples converge on a pragmatic lesson for
FB: successful acceleration begins not with rapid cycling itself, but with prioritising loci that show a robust
stress advantage while remaining agronomically neutral under favourable conditions, ideally confirmed
through NIL contrasts and TPE-aligned multi-environment testing.

To operationalise this principle, loci can be “green-lit” for fast breeding deployment using transparent
acceptance thresholds: a >10-20% grain yield gain under the target stress, combined with <£2-3% yield
shift under non-stress environments across at least two seasons and/or representative sites. Equally, loci
should show no unacceptable movement in key quality KPIs (e.g., grain protein, test weight, malt
extract/enzymes in malting barley) and no undesirable phenology or height shifts unless these are
intentional breeding targets. Finally, for prioritisation across multiple candidates, loci can be evaluated
using a marginal trade-off framework, in which incremental gains in stress-associated yield are weighed
against corresponding marginal penalties in yield under non-stress conditions; the optimal deployment
point is reached when additional stress tolerance no longer delivers proportional yield stability or gain [53].

6. Pyramiding Complementary Mechanisms for Stable Gains
6.1. Design Rules for Pyramiding Complementary Stress-Tolerance Mechanisms

Simply stacking “stress loci” does not reliably translate into stable yield gains and can increase the risk
of yield or quality penalties under benign conditions. This is unsurprising because most stress resilience
traits are governed by complex genetic architectures, strong genotype x environment (G x E) interactions,
and frequent trade-offs that become more visible when multiple loci are combined [17,37].

A first principle is to combine orthogonal mechanisms, meaning loci that operate through distinct
physiological pathways and ideally act at different time points or tissue domains of the stress response.
Examples include combining loci that improve ion homeostasis with loci conferring stress avoidance or
quiescence (e.g., submergence quiescence strategies) and with reproductive-stage yield QTLs that stabilize
grain set and grain filling under stress [39]. Such orthogonality reduces redundancy and increases the
probability of additive or synergistic outcomes, while lowering the likelihood that the pyramid simply
amplifies the energetic costs of a single pathway [17,37].

Further, pyramiding should be built from vetted NILs rather than directly stacking loci identified only
through discovery mapping or GWAS. NIL-based validation provides cleaner causal inference and allows
breeders to quantify the stress benefit relative to non-stress neutrality before loci are combined, which is
essential for managing trade-offs and avoiding hidden penalties [17]. Operationally, this means progressing
from validated NILs to NIL pyramids (typically two to four loci) and, only then, converting the best-
performing pyramids into deployment pipelines using marker-assisted selection (MAS) and, where
appropriate, genomic selection (GS) for background recovery and polygenic performance [24,103]. This
staged approach is consistent with the broader need to align genetic gains with the target population of
environments (TPE) rather than pursuing broad but untested generality.

Lastly, because multi-locus combinations frequently generate epistasis, pyramids must be evaluated
explicitly for interaction effects on both yield and non-yield traits. Epistatic interactions can produce
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desirable synergy, but they can also lead to unexpected penalties in growth, phenology, or end-use quality
that were not apparent in single-locus lines [108]. Consequently, pyramids should be assessed not only for
yield stability across representative stress and non-stress environments, but also for quality neutrality, using
crop-relevant panels (e.g., malting quality metrics in barley; baking/breadmaking traits in wheat) and grain
ionomic analyses when the target loci are associated with ion transport or homeostasis, where unintended
changes in elemental composition can occur. This emphasis on multi-trait validation reflects a central lesson
from stress phenotyping: robust translation depends on testing the right traits, at the right developmental
stage, across the right environments [17].

6.2. Potential Stacks: Complementary Pyramids (Representative Valuable Genetic Resources for Gene
Pyramiding in Major Cereals)

Evidence from several crop systems demonstrates that carefully designed pyramids of complementary
stress-tolerance loci can deliver larger and more stable yield gains than single-locus introgressions,
provided that component loci are mechanistically orthogonal and individually validated for minimal penalty
under non-stress conditions.

In rice, some of the clearest designs come from pyramids combining submergence, salinity, and
drought tolerance mechanisms. The SUBIA locus provides tolerance to transient flooding through a
quiescence strategy that conserves carbohydrates and supports post-submergence recovery [39,47], while
the Saltol region enhances seedling-stage salinity tolerance by maintaining K/Na® homeostasis [19].
Pyramiding two loci with reproductive-stage drought yield QTLs, such as ¢DTY2.2, gDTY4.1 have shown
improved yield stability across drought [104].

In wheat, pyramiding strategies have tended to be more site-specific, reflecting strong environmental
heterogeneity and sensitivity of quality traits. A potential combination involves HKT1;5-mediated Na"
exclusion for salinity tolerance [51], together with TaALMT1 [109], which confers aluminium tolerance on acid
soils through malate exudation. This pairing targets two co-occurring constraints in many rainfed systems,
salinity and soil acidity, and has been shown to broaden adaptation when deployed in appropriate environments.

In barley, emerging evidence supports the value of pyramiding tolerance to waterlogging and acid soils,
since anaerobic soil reduces soil redox potential, leading to soil elemental toxicity [70], including Al [110],
which is also the primary toxicity from acid soils [59], stresses that frequently co-occur in high-rainfall
production zones. Representative QTL loci underlying aerenchyma development conferring to
waterlogging tolerance have been identified from a wild type of barley [55], multiple filed trials have
validated its roles in waterlogging tolerance [111]. Meanwhile, a QTL on chromosome 4, named ‘Q7L5’
has been identified [57], containing a HVACCTI [58], responsible for producing citric acid, chelating Al
alleviating acid soil toxicity. Combining these two traits will greatly alleviate both waterlogging and acid
soil effects on crop growth. Below, we present the successful practice of breeding barley cultivars with
these two traits, adopted by farmers in this timeframe.

6.3. Three Gates Validation for Stress-Tolerance Pyramids

Pyramiding amplifies both genetic gains and risks, multi-locus stacks must pass through validation
gates before being adopted in fast-breeding pipelines or considered for variety release. These gates ensure
that pyramids deliver genuine, stable agronomic value rather than short-term stress performance at the
expense of yield stability, quality, or adaptation (Figure 2).
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Figure 2. Genetic pyramiding framework for deploying validated loci for resilient cereal cultivars. Individual loci with
demonstrated stress benefits are first confirmed through near-isogenic line (NIL) based field validation to ensure yield stability
under both stress and non-stress conditions (Gate 1: neutrality of single loci). Validated loci are then combined through designed
genetic pyramiding, where compatibility among multiple loci is evaluated to avoid negative epistasis or agronomic penalties
(Gate 2: multi-locus compatibility under multiple stress scenarios). Crop-specific examples illustrate pyramiding strategies in
wheat (e.g., HKT1;5 + ALMT] for salinity and acid soils), rice (e.g., SUBI + Saltol + gDTY?2 for waterlogging, salinity, and
drought), and barley (e.g., HvACCTI + ERF'’s for acid soil and waterlogging tolerance). Only pyramids that achieve consistent
agronomic performance and trait expression across environments advance to Gate 3, culminating in cultivar adoption. This gate-
based framework operationalises genetic stacking by converting locus discovery into predictable, adoption-ready outcomes for
resilient crop breeding.

The first gate requires that each component locus demonstrate neutrality under non-stress conditions
when evaluated individually. This criterion reflects a central lesson from abiotic stress breeding: alleles that
confer stress tolerance but impose constitutive growth or quality penalties rarely translate into farmer adoption
[45], even if stress benefits are large. Validation at this stage is typically achieved using near-isogenic lines
or clean contrasts in elite backgrounds, assessed across representative benign environments [97].

The second gate focuses on pairwise combinations of loci, which serve as an early test of genetic
interaction and functional complementarity. At this stage, pyramids should demonstrate additive or
complementary effects under at least two relevant stress scenarios, such as salinity plus drought, or
waterlogging plus soil acidity. This requirement acknowledges that epistasis is common in complex traits
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and that favourable single-locus effects do not guarantee favourable multilocus outcomes [112]. Pairwise
evaluation helps identify antagonistic interactions early, before additional loci are added, and provides
mechanistic insight into whether combined pathways reinforce or interfere with one another [113].

Only pyramids that pass these initial gates should proceed to full stacking and advanced testing. The
final gate requires that the complete pyramid meet standard variety-release key performance indicators
(KPIs) across multi-environment trials aligned with the target population of environments (TPE). These
KPIs extend beyond stress yield advantage and include yield stability under non-stress conditions,
maintenance of end-use quality parameters (e.g., grain protein, malting or baking performance), and
acceptable agronomic characteristics such as plant height, lodging resistance, and phenological fit. This
holistic assessment reflects the reality that cultivar success depends on system-level performance rather
than stress tolerance in isolation [17].

Importantly, these validation gates are not intended to slow breeding progress, but to prevent the
accelerated advancement of suboptimal genetic combinations in fast-breeding pipelines. By enforcing
neutrality at the component level, additivity at the pairwise level, and agronomic completeness at the final
stack level, breeders can balance speed with reliability. This gate-based approach aligns pyramiding with
modern breeding principles, where disciplined decision-making is essential to translate molecular
innovation into durable, farmer-relevant outcomes.

7. Conclusions and Future Perspectives
7.1. Key Success Factors

Successful FB depends on three interlinked factors. First, explicit alignment with the target population
of environments (TPEs) is foundational. Defining dominant production contexts (e.g., rainfed vs. irrigated,
acidic high-rainfall soils vs. saline lowlands) constrains trait prioritisation, locus selection, and validation
strategy, and avoids selecting traits that perform in managed trials but fail in farmers’ fields. Empirical and
theoretical work show that matching selection environments to TPEs improves yield stability and adoption,
particularly for abiotic stress traits with strong genotype x environment x management interactions [14,37].
The success of SUBI, Pupl, and DROI illustrates how FB pipelines anchored to clearly defined stress
profiles can deliver robust gains under target conditions while remaining agronomically neutral elsewhere.
Second, pipeline integration, rather than any single technology, underpins FB efficiency. Rapid generation
advance (RGA) compresses time, marker-assisted backcrossing (MABC) ensures genetic precision [38],
doubled haploids (DHs) enable rapid fixation [80], and genomic selection (GS) captures residual polygenic
variation [114]. When orchestrated as a coherent system, these tools convert accelerated cycling into
predictable genetic gain per unit time, whereas isolated deployment yields only incremental benefits
[25,35,115]. Third, farmer engagement and product relevance are critical for impact at scale. Stress-tolerant
alleles are most readily adopted when introgressed into farmer-preferred backgrounds that retain established
agronomic and quality traits. Participatory testing, on-farm validation, and alignment with local
management practices markedly increase uptake, as exemplified by the widespread adoption of SUB1 rice
[17,45]. Collectively, these factors position FB breeding not as a faster version of conventional
backcrossing but as a design-driven framework integrating environmental targeting, technological
coordination, and stakeholder relevance.

7.2. Cost-Benefit Trade-Offs

The economic efficiency of FB breeding is strongly shaped by genetic architecture and deployment
scale. For traits governed by large-effect loci, FB pipelines are highly cost-effective: MABC reduces
population sizes and phenotyping demands, while RGA shortens program duration. Comparative analyses
in rice indicate that integrating MABC with RGA can reduce total breeding costs by ~30-40% relative to
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conventional backcrossing, largely by eliminating one or more backcross generations and reducing field
cycles [25,35]. These efficiencies are maximised when a validated locus is deployed across multiple elite
backgrounds. In contrast, FB breeding becomes more resource-intensive for polygenic traits, where gains
rely on GS rather than discrete loci. GS requires large training populations, extensive multi-environment
phenotyping, and repeated genotyping, increasing upfront costs before returns are realised [17,37]. While
justified for complex traits such as yield stability, GS is less efficient for narrowly defined stress traits with
major loci. A pragmatic strategy therefore emerges: deploy FB with MABC to target large-effect loci first,
and layer GS selectively where residual polygenic variation constrains performance. Strategic matching
tools to trait architecture is essential to ensure that acceleration delivers both genetic and economic returns.

7.3. Limitations and Mitigations

Despite its advantages, FB breeding requires disciplined implementation to manage key risks. Linkage
drag remains a persistent challenge, particularly when introgressing alleles from landraces or wild relatives
[21,22]. However, rigorous recombinant selection using flanking markers, combined with genome-wide
background selection (BGS), can substantially reduce donor segment size and eliminate residual donor
blocks, mitigating unintended trait introgression [22,34,35]. A second limitation arises from G x E
interactions, which are pronounced for abiotic stress tolerance traits. Gains observed under managed or
single-location trials may not translate consistently across heterogeneous production systems [17,37,42].
Consequently, FB-derived lines must be validated through multi-environment trials spanning representative
stress and non-stress conditions within the TPE, typically across 3-5 sites, to distinguish robust effects from
context-specific responses [14,23]. Finally, the effectiveness of BGS depends on adequate marker density
and genome coverage. Sparse or uneven marker sets can lead to overestimation of recurrent parent genome
recovery and premature termination of backcrossing. Advances in high-throughput genotyping platforms,
including SNP arrays and genotyping-by-sequencing, have largely alleviated this constraint by enabling
dense genome-wide coverage at declining cost. When combined with appropriate quality control and
sampling strategies, these tools enhance the reliability and predictability of FB outcomes.

7.4. Future Directions

Emerging technologies are poised to further amplify FB breeding by reducing reliance on recurrent
crossing and improving decision quality. CRISPR-based genome editing offers a direct route to recreate
favourable alleles in elite backgrounds, bypassing linkage drag and multiple backcross generations when
causal variants are well defined [39,50]. In practice, genome editing is likely to complement rather than
replace FB breeding, providing an efficient alternative where regulatory frameworks permit.

A second frontier lies in Al-assisted decision support, where machine-learning models integrate
genomic, phenotypic, and environmental data to optimise cross design, marker deployment, and
advancement strategies. Such approaches have already improved prediction accuracy for complex traits
and resource allocation, particularly when combined with GS and high-throughput phenotyping [116,117].

Finally, extending FB breeding to orphan and underutilised crops, including sorghum and millets,
offers substantial opportunities for climate resilience in semi-arid regions. The modular nature of FB
pipelines makes them well suited for deployment as genomic resources expand, provided that investment
in reference genomes, marker platforms, and participatory testing accompanies technological adoption
[118]. Together, these directions suggest that the future of FB breeding will be shaped less by incremental
acceleration and more by strategic integration, aligning genetics, analytics, and users’ needs to deliver
resilient cultivars at scale.
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7.5. Conclusions

FB framework (Figure 3) practically closes the gap between gene discovery and farmer adoption by
integrating genetic precision, accelerated generation turnover, and disciplined deployment. Across crops
and stress contexts, the cases reviewed here show that FB pipelines can convert validated loci into elite
genetic backgrounds within ~3-5 years while limiting linkage drag and preserving yield and quality under
non-stress conditions. The central conceptual advance is that FB functions as a design-driven framework
rather than a collection of acceleration tools, where genetic gain per unit time rather than generations per
year is the relevant metric of progress. This requires explicit alignment with target populations of
environments (TPEs), early and continuous application of foreground, recombinant, and genome-wide
background selection, and clear “green-light” criteria for locus prioritisation, favouring alleles that deliver
yield-relevant stress benefits while remaining agronomically neutral under favourable conditions. The
framework further shows that linkage drag is a controllable design variable, not an inevitable cost of speed,
when donor segments are proactively minimised, and that validation and adoption are integral components
of FB efficiency, achieved through TPE-aligned multi-environment testing and participatory evaluation.
Finally, FB delivers its greatest impact when validated loci are deployed across multiple farmer-preferred
backgrounds, enabling rapid scaling and cost amortisation. Together, these insights position FB breeding
as arobust, scalable strategy for delivering timely and durable genetic gains as climate variability intensifies
and demand for resilient crop varieties accelerates.
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Figure 3. The conceptional framework of the proposed fast backcross (FB) breeding strategy for developing resilient crops. Elite
loci identified through QTL mapping and genome-wide association studies (GWAS) are rapidly introgressed into elite genetic
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backgrounds using marker-assisted backcrossing, accelerated by embryo culture to enable rapid single-seed descent. The
resulting near-isogenic lines (NILs) are evaluated across multiple environments under relevant abiotic stress conditions. Breeding
success is defined by exceeding a “green lift” threshold, achieving substantial yield improvement under stress without penalties
under non-stress conditions, thereby ensuring agronomic relevance. Subsequently, deliberate genetic pyramiding integrates
complementary stress-tolerance mechanisms (e.g., waterlogging, drought, salinity, heat, and soil acidity). Multi-environment
field validation under diverse abiotic stresses provides rigorous confirmation of locus effects while minimizing linkage drag.
The framework culminates in farmer adoption and deployment of resilient cultivars, highlighting FB breeding as a systematic
pipeline that bridges gene discovery and real-world impact, rather than merely accelerating conventional backcrossing.
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