



Review Article
Revolutionizing Breeding with Doubled Haploids: 
A Transformative Tool for Precision Genetic Improvement in Wheat
----------------------------------------------------------------------------------------------------------------
Abstract
The development of fully homozygous wheat lines through chromosome doubling is pivotal for accelerating genetic improvement and enhancing breeding efficiency. The wheat × maize hybridization system effectively induces haploids via selective chromosome elimination which are subsequently doubled to restore fertility and ensure genetic stability. These homozygous lines enable precise phenotypic assessment of complex agronomic traits including yield, drought tolerance and disease resistance across diverse environmental conditions. This facilitates the construction of high-resolution genetic maps and it enhances the power of Genome-Wide Association Studies thereby improving the accuracy and efficiency of Plant Breeding Strategies. Moreover, this methodology contributes to broadening the genetic base of wheat by enabling the incorporation of novel alleles from wild relatives and exotic germplasm. Additionally, fully homozygous lines serve as an essential platform for functional genomics studies, mutagenesis, transgenic research and the validation of gene functions. These applications collectively contribute to a more comprehensive understanding of gene, trait relationships and the underlying genetic architecture of complex traits. Ultimately, the haploid induction and chromosome doubling approach significantly shortens breeding cycles, accelerates genetic gains and supports the rapid development of improved wheat cultivars. This strategy stands as a cornerstone for modern wheat breeding programs aimed at sustainable food security.
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Introduction
     Wheat (Triticum aestivum) is one of the most important staple food crops worldwide and provides a major source of nutrition for billions of people. India is the second largest producer of wheat with an average yield of 3.56 t/ha and it plays a key role in ensuring national food security. With the global population projected to reach nearly 9 billion by 2050 according to the United Nations, increasing food production has become an urgent priority to meet the growing demand11. Traditional breeding methods often require multiple generations to achieve homozygous lines
 which causes significant delays in the release of new cultivars.  In contrast, the recently developed Double Haploid 
(DH) technique provides a highly efficient approach for the rapid generation of completely homozygous plants within a single generation. This significantly shortens the breeding cycle and accelerates the development of improved cultivars. In wheat, double haploid plants are developed through intergeneric hybridization with maize. In the progeny of the wheat x maize cross, maize chromosomes are gradually eliminated without forming endosperm; so, the resulting embryos are excised and placed on MS
 medium using a standardized protocol to develop into plantlets.  Colchicine is then applied to these plantlets to induce chromosome doubling and produce homozygous lines.  This technique allows rapid production of genetically uniform lines and accelerates breeding efforts while improving the precision and effectiveness of cultivar development.   Despite its advantages, this method faces limitations such as reliance on viable maize pollen, embryo abortion and the requirement for skilled tissue culture facilities6,45
. This review provides a detailed overview of wheat × maize hybridization, explains its underlying mechanism, and highlights the potential of double haploid technology to accelerate genetic improvement in wheat breeding.

Generation of Homozygous Wheat Lines through Doubled Haploid approaches

     Doubled haploid technology involves producing haploid plants with a single set of chromosomes followed by chromosome doubling to generate genetically stable lines that support efficient trait fixation, precise selection and comprehensive genetic analysis.  Haploid production can be achieved through various methods including intergeneric hybridization with maize, pearl millet, sorghum and barley as well as in vitro approaches such as anther and microspore culture. Among the various methods, wheat × maize hybridization is the most widely used approach because of its superior efficiency in haploid induction and high success rate in generating stable homozygous lines for breeding programs.  However, other intergeneric crosses like wheat (Triticum aestivum) × pearl millet (Pennisetum glaucum) and wheat (Triticum aestivum) × sorghum (Sorghum bicolor) encounter major challenges due to cytogenetic incompatibilities and post-fertilization barriers which prevent proper embryo development and regeneration. The Triticum aestivum × Hordeum bulbosum system is similar to the wheat × maize approach but it exhibits lower haploid induction rates and cross compatibility issues; this is due to the presence of dominant (Kr1 and Kr2) alleles in wheat which restrict pollen tube growth and fertilization often causing embryo abortion and necessitating highly optimized rescue protocols.  in vitro androgenesis methods such as anther culture offer a cost-effective alternative that bypasses the need for hybridization.  However, its success is highly genotype-dependent and often limited by albinism, low embryo induction and somaclonal variation. Microspore culture, while promising, also demands precise, genotype-specific media formulations to achieve reliable outcomes13,27,20 and comparison of these approaches is presented in Table 1.
Historical perspective of wheat x maize approach

     Initial research on wide hybridization during the mid-20th century focused on evaluating reproductive compatibility between distantly related species. This work led to the discovery that pollinating wheat (Triticum aestivum) with maize (Zea mays) induces haploid embryo formation despite the absence of endosperm development. This breakthrough established an innovative approach to produce haploid wheat embryos without requiring multiple generations of pioneered haploid production by using hexaploid wheat as the female parent in crosses with maize. Wheat florets were emasculated in previous day evening and desirable maize pollen was applied over the emasculated wheat floret in the next day morning using a camel-hair brush. During embryogenesis, maize chromosomes were selectively eliminated allowing the formation of haploid wheat embryos. However, frequent endosperm failure resulting from the lack of fertilization of polar nuclei often caused embryo abortion. Despite this limitation, viable haploid embryos were successfully rescued through embryo culture creating a foundation for generating homozygous diploid lines via chromosome doubling. A key advantage of this intergeneric hybridization is the genomic instability that facilitates preferential elimination of the maize genome.  Subsequent advancements such as the application of growth regulators like 2,4-Dichlorophenoxyacetic acid shortly after pollination greatly enhanced embryo survival and stimulated cell division. Further improvements in embryo rescue protocols through optimization 
Table 1:  Comparative study of the performance of various unsuccessful methods
 used in double haploid production
	Method
	Approach
	Limitations

	Triticum aestivum × Pennisetum glaucum
	Interspecific hybridization
	Cytogenetic irregularities often lead to embryo development failure

	Triticum aestivum × Sorghum bicolor
	Interspecific hybridization
	Post-fertilization barriers and low plant regeneration rates limit practical use

	Triticum aestivum × Hordeum bulbosum
	Interspecific hybridization
	Cross-incompatibility due to Kr1 and Kr2 genes; low embryo vigor; culture challenges

	Anther Culture
	in vitro androgenesis
	Genotype-dependent response; albinism; somaclonal variation; reduced overall efficiency

	Microspore Culture
	in vitro androgenesis
	Requires highly specialized and genotype-responsive culture media


of culture media, incubation conditions and photoperiod increased the efficiency and reproducibility of the wheat × maize system across diverse genotypes. This progress led to widespread adoption of the technique in both breeding programs, genetic research and cytological studies.  Early workers36,37 improved the wheat × maize haploid induction technique by applying 75 ppm gibberellic acid two weeks after pollination. To promote embryo retention and development of embryo, 10 ppm of 2,4-dichlorophenoxyacetic acid (2,4-D) was injected into the upper internode of the wheat culm. Embryos were excised two weeks after pollination and cultured on half-strength Murashige and Skoog medium at 25OC in darkness for one to two weeks. Germinated embryos were then transferred to fresh medium and incubated under an eight-hour photoperiod at 16OC for four weeks. Chromosome doubling was induced by immersing the crown in 0.1 percent colchicine with two percent Dimethyl Sulfoxide (DMSO). The treated plantlets were transplanted and grown under a sixteen-hour photoperiod at 25OC (day) and 15OC (night) until maturity15,28.

Strategic Protocol for Doubled Haploid Induction through Wheat × Maize Interspecific Hybridization
     Wheat and maize have distinct flowering periods requiring careful scheduling to synchronize their development for successful interspecific hybridization. This is accomplished by staggered sowing or selecting maize varieties with differing maturity to ensure viable maize pollen is available when wheat stigmas are receptive. In breeding programs, donor maize plants are often grown under controlled environments such as greenhouses to ensure consistent pollen production for effective pollination of wheat. The selected female wheat plants are emasculated the evening before pollination to prevent self-fertilization and the florets are covered with butter paper to protect them from contamination by foreign pollen and the protocol involves are illustrated in Fig 1. Maize pollen is carefully collected from healthy, mature tassels and pollinated over emasculated wheat florets, preferably during the early morning when pollen shedding reaches its peak and viability is highest. Maize pollen remains viable for only 15 to 30 minutes under normal conditions so timely and accurate pollination is essential for successful fertilization.  Environmental factors such as temperature, humidity and storage duration influence pollen viability with early morning conditions providing optimal parameters for maintaining pollen function.  Any delay or improper handling greatly reduced fertilization success and hindered haploid embryo development. 
     Accurate timing of pollination is critical as wheat stigmas needed to be pollinated during their peak receptivity usually within one to three days after emasculation. The ideal stage is mid-anthesis when stigmas are was fresh and sticky allowing efficient pollen adhesion and germination. Pollination is typically performed between 7 and 10 am in the morning under optimal conditions and it is often repeated over two to three consecutive days to maximize fertilization rates. Some protocols also recommend enclosing pollinated spikes in glassine bags to maintain stigma hydration and prevent contamination, thereby enhancing fertilization efficiency and supporting embryo development22,37.
Post pollination

     In this technique, the absence of endosperm development after pollination often results in early embryo abortion. This challenge is typically addressed through the exogenous application of plant growth regulators such as 2,4-Dichlorophenoxyacetic acid (2,4-D).  This synthetic auxin plays a vital role in promoting cell division and early embryo development by creating a supportive environment that compensates for the missing endosperm, which normally nourishes the embryo. When applied within 24 to 48 hours after pollination, 2,4-D effectively mimics endogenous auxin signaling and stimulates cellular proliferation within the fertilized ovary, significantly enhancing embryo survival.  However, the effectiveness of 2,4-D treatment depends heavily on proper dosage and timing. Excess concentrations can be phytotoxic, while insufficient levels fail to yield the desired effect.

     Common application methods include injecting the hormone into the spike peduncle, foliar spraying, or immersing the spike in a hormone solution typically at concentrations ranging from 50 to 100 mg/L, dissolved in distilled water or a dilute nutrient solution. The optimal exposure period ranges from 48 to 72 hours post-pollination as prolonged exposure or higher concentrations may cause tissue necrosis or inhibit embryo development.  Following hormone treatment, pollinated wheat spikes are maintained under controlled environmental conditions to support embryo development. Temperatures are kept between 20 and 25°C, with moderate relative humidity and a 16-hour light / 8- hour dark photoperiod. These precisely regulated post-pollination conditions are essential for enhancing hybridization success and improving the recovery rate of viable haploid embryos32,17.
Embryo Rescue and in vitro Culture Techniques
     In Wheat × Maize hybridization fertilization occurs, however, the absence of endosperm a vital tissue for nourishing the developing embryo often causes early embryo abortion. This limitation requires the use of embryo rescue techniques which involve isolating immature embryos before degeneration and culturing them under in vitro conditions. This process provides an artificial environment conducive to embryo development making it a crucial component of doubled haploid technology in wheat breeding. Embryo rescue enhances the efficiency of haploid plant production by enabling the recovery and propagation of haploid embryos. The success of this method critically depends on the precise timing of embryo excision, which is generally performed 12 to 16 days after pollination (DAP). At this stage, embryos measure approximately 0.5 to 2.0 mm and exhibit a translucent to milky-white appearance, reflecting their developmental competence while remaining susceptible to desiccation and mechanical damage. Embryos excised prematurely tend to be non-viable, whereas those removed too late risk degeneration due to prolonged absence of endosperm. Therefore, microscopic evaluation is essential to determine the optimal developmental stage for transfer.
     Following excision, embryos are cultured on nutrient-enriched media such as modified Murashige and Skoog (MS) or N6 medium supplemented with 2–3% sucrose, vitamins, amino acids, and selected plant growth regulators. Initial culture media often have reduced salt concentrations to maintain osmotic balance and enhance embryo survival. Additionally, growth hormones like gibberellic acid (GA₃) or kinetin are incorporated to stimulate shoot and root differentiation. The culture medium’s pH is typically adjusted to 5.8 and solidified using gelling agents such as agar or phytagel.  The cultured embryos are incubated under carefully controlled environmental conditions with temperatures maintained between 22 and 25°C under 16-hour light/8-hour dark photoperiod and high humidity; this prevents dehydration and facilitates germination within seven to ten days resulting in the emergence of shoots and roots. Plantlets that attain a height of 2–3 cm are transferred to root-induction media for further development. Alternatively, gradual acclimatization in sterilized soil mixtures is carried out to prepare them for in vivo conditions. This transition from in vitro to in vivo environments requires meticulous management to minimize transplant shock, often supported by humidity chambers or automated misting systems. The regenerated plants are haploid, containing a single chromosome set and thus inherently sterile. Consequently, chromosome doubling is essential to restore fertility and produce doubled haploids, which are genetically stable and completely homozygous. These doubled haploids are invaluable resources for crop improvement and hybrid breeding programs due to their uniformity and genetic consistency18,3,29,38,23,41.

Role of Colchicine and Mechanism of Doubling
     Chromosome doubling in haploid wheat is typically achieved through the application of colchicine which acts as a mitotic inhibitor by preventing spindle fiber formation during cell division. This leads to endoreduplication where chromosomes replicate without cell division resulting in diploid cells that can produce fertile shoots and roots24,19.  Colchicine can be applied using various methods including root dipping shoot apex swabbing, apical meristem injection and whole seedling immersion. The root dip method involves exposing the roots of young seedlings to a colchicine solution at concentrations between 0.05 percent and 0.1 percent for a specific period usually ranging from two to six hours depending on genotype and growth stage. Shoot apex swabbing offers a localized approach that targets the growing point and minimizes toxicity to the rest of the plant. Selecting the appropriate application method and concentration is essential as colchicine can be phytotoxic at higher doses and must be carefully managed to ensure both chromosomes doubling efficiency and plant survival7,5.   While colchicine remains the primary agent for chromosome doubling alternative microtubule-disrupting chemicals such as oryzalin, trifluralin and amiprophos-methyl (APM) have gained prominence because of their lower toxicity and reduced environmental impact. The efficiency of chromosome doubling is strongly influenced by genotype, since different wheat cultivars exhibit variable responses to treatments making it necessary to optimize protocols for each genotype to maximize survival and doubling rates. Successful chromosome doubling restores fertility in diploid plants enabling their use in agronomic evaluation. The resulting doubled haploid lines provide genetic uniformity which greatly improves the reliability of phenotypic evaluations for complex traits including yield, abiotic tolerance and biotic resistance thereby accelerating genetic gains in wheat breeding programs40,25,4,34.

Mechanism of Haploid Induction via Chromosome Elimination

     Haploid induction via chromosome elimination is a pivotal technique in advanced plant breeding systems widely applied in cereal crops such as wheat. This process relies on intergeneric hybridization between genetically distant species such as wheat and maize producing hybrid embryos that initially carry complete chromosome sets from both parents. Due to genomic incompatibility, the chromosomes contributed by the pollen donor are unable to participate in normal mitotic behavior leading to their progressive elimination

                    



Fig 1. Protocol involves in wheat x maize approach

during early embryonic cell divisions. This selective removal results in haploid embryos containing only the maternal genome thereby facilitating the generation of homozygous lines for crop improvement through doubled haploid technology. Chromosome elimination in wheat × maize hybridization is initiated when maize pollen fertilizes a wheat ovule resulting in a hybrid zygote that initially contains chromosomes from both parental genomes. However, due to fundamental incompatibilities in chromosomal architecture and mitotic behavior the maize chromosomes exhibit defective alignment and segregation during early embryonic divisions leading to the progressive degradation and eventual exclusion from the dividing nuclei. This selective elimination leaves behind a genome exclusively of maternal origin producing a haploid wheat embryo. The efficiency of this process is strongly influenced by genomic divergence particularly differences in chromosome size, centromere composition and kinetochore function which disrupt spindle assembly and destabilize chromosomal integrity. The distinct structural features of maize chromosomes render them especially prone to mitotic loss within the wheat cellular environment. As these haploid embryos lack a functional endosperm their survival depends on timely in vitro rescue and culture under optimized conditions. Although the resulting haploid plants are sterile and often exhibit limited vigor, they provide a foundational platform for chromosome doubling using mitotic inhibitors such as colchicine. This step restores diploidy and fertility generating fully homozygous doubled haploid lines which are of exceptional value for precise phenotypic selection genetic mapping and rapid cultivar development in advanced wheat breeding programs33,26.

Factors Affecting Haploid Embryo Formation in Wheat × Maize Crosses

     Haploid embryo formation in wheat × maize crosses depend on multiple key factors that interact to determine overall success. Genetic compatibility between the parental lines plays a central role because wheat cultivars vary in their ability to respond to maize pollen and maize genotypes differ in their effectiveness in inducing chromosome elimination. Selecting parental combinations that demonstrate high compatibility and strong haploid induction potential is therefore crucial to improve embryo yield. Environmental conditions during pollination also have a major impact since optimal temperatures between 20-25OC, moderate humidity levels, and sufficient light intensity create favorable conditions for pollen viability, fertilization and early embryo growth. Maintaining these parameters within controlled environments such as greenhouses significantly enhances the outcomes. Pollination technique and timing require precision because fertilization is most effective when performed at the mid-anthesis stage when the stigma is most receptive. The use of fresh maize pollen in adequate amounts applied through controlled hand pollination maximizes fertilization rates and the likelihood of haploid embryo induction. Application of plant growth regulators including synthetic auxins like 2,4-D, gibberellins, and cytokinin’s supports embryo development by optimizing the hormonal environment and improving regeneration efficiency. Following fertilization, embryo rescue through in vitro culture is essential because immature embryos must be excised between 14 to 21 days post-pollination before degeneration occurs. These embryos are cultured on nutrient media formulated with balanced macronutrients and micronutrients, vitamins, and sucrose, under recommended in vitro conditions. Subculturing and gradual acclimatization steps are critical to ensure successful transfer of plantlets from in vitro culture to soil and to promote their survival and growth44,2,43.
Challenges in wheat x maize approaches

     The wheat × maize system is limited by its reliance on maize pollen which remains viable for only a few minutes to hours under normal conditions. This short lifespan requires exact timing during pollination and poses challenges for large-scale use or in areas without controlled environments. Unreliable pollen availability reduces haploid induction efficiency30,10. Embryo culture relies on advanced laboratory infrastructure, sterile environments and trained personnel which are often lacking in breeding programs within developing countries; this limits the widespread use of the technique.  Embryo rescue is a labor-intensive and time-consuming technique which leads to abnormal or uneven embryo development and highlights the need for systematic refinement and optimization of the protocols. Haploid embryos often abort before maturity, reducing viable plant numbers. Even after rescue, germination rates may remain low because the embryos are small and weak. Suboptimal media, environmental stress, or physiological imbalances contribute to this weakness, so culture conditions require continuous improvement. Haploid plants produced through chromosome elimination may show chromosomal abnormalities or genetic instability leading to abnormal growth, reduced fertility or poor agronomic traits. This necessitates careful screening to discard undesirable variants since the initial haploid stage is unstable, although doubled haploids restore genetic stability. Compared with traditional breeding or other haploid induction methods such as anther culture, wheat × maize haploid production incurs higher costs due to controlled pollination, embryo rescue and tissue culture requirements. Despite accelerating the breeding cycle, the full process from pollination to doubled haploid establishment still demands considerable time and resources1.  

Recent advances in Double Haploid: 

     Robotics for embryo isolation, automated culture handling systems and imaging technologies for embryo viability assessment are streamlining labor-intensive steps and reducing human error. These innovations are particularly important for scaling haploid production to meet commercial breeding program demands and for incorporating new germplasm into elite wheat lines more rapidly42,9. Advances in genomic sequencing and genotyping-by-sequencing (GBS) have facilitated the rapid screening of haploid lines for desired traits, enabling more precise breeding decisions.  

Applications of Wheat x Maize in wheat breeding and genetics
     The genetic uniformity of doubled haploid (DH) lines offers a key advantage in wheat breeding by providing completely homozygous material ideal for precise and consistent phenotypic evaluation across different environments and seasons. This uniformity enhances the accurate assessment of complex polygenic traits such as grain yield, biotic and abiotic stress8, 21. Double Haploid lines are also essential for constructing high-resolution genetic linkage maps, enabling the precise localization of genes and quantitative trait loci (QTLs) linked to important agronomic traits. It facilitates genome-wide association studies (GWAS) by improving correlations between molecular markers and phenotypes thereby increasing selection accuracy and accelerating the incorporation of desirable alleles into elite lines. Beyond shortening breeding cycles, this technology boosts selection efficiency, enhances gene mapping precision, supports detailed chromosomal analysis and speeds the development of superior cultivars14,7,16. Additionally, this homozygosity lines validate candidate genes from genomic and transcriptomic studies, strengthening the understanding of complex genetic networks. The wheat × maize hybridization system enhances this technology’s value by allowing rapid fixation of beneficial alleles from diverse sources, including wild and exotic relatives, enabling stable incorporation of traits like biotic and abiotic stress resistance and broadening wheat’s genetic base. Moreover, Double Haploid lines provide an invaluable platform for mutagenesis and functional genomics research, as induced mutations or transgenic modifications can be quickly stabilized in a homozygous state, facilitating clear phenotypic expression, precise gene function analysis, gene discovery, candidate gene validation and the development of novel traits through advanced biotechnological approaches 31,35,12.

Conclusion

     The wheat × maize haploid induction system is a key advancement in wheat breeding that allows rapid development of homozygous doubled haploid lines and it reduces the time required for cultivar improvement. This approach improves genetic uniformity and helps breeders select important traits such as high yield stress, tolerance and disease resistance more efficiently. The wheat × maize haploid induction system faces certain limitations such as low maize pollen viability, requirement for controlled tissue culture conditions and variation in induction response depending on the wheat genotype. However, the method still achieves high haploid production rates in several responsive genotypes and remains a practical and powerful approach for breeding programs when optimized for specific genetic backgrounds.  Advancements in protocol optimization and the application of next-generation biotechnologies will enhance efficiency of this system. As global food demands continue to rise, this technology offers a strategic pathway to develop climate-resilient high-yielding wheat cultivars and strengthens the foundation for long-term agricultural sustainability.
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     4. Embryo Rescue Technique:


Isolate immature embryos &culture on MS medium for 7–10 days.


Transfer plantlets (2–3 cm height) to sterilized soil in mist chamber.





1. Synchronization of Flowering:


Adjust sowing dates of wheat and maize to synchronize flowering.


Ensure maize pollen is available during wheat pollination.





3. Application of 2,4-D on Pollinated Wheat Spikes:


Apply 2,4-D after pollination to prevent embryo abortion.


Promotes embryo development by supporting cell division





2. Strategies for Emasculation and Pollination:


Emasculate wheat florets in the evening before pollination.


Pollinate with fresh maize pollen the next morning





            5. Chromosome Doubling:


Haploid plants are unstable without chromosome doubling.


Colchicine induces doubling to produce stable double haploids.








�This is a fundamental notion. Please provide a brief definition or refer to a reference work.


�This is a fundamental notion. Please provide a brief definition or refer to a reference work.


�Explain the abbreviation, please.


�The work does not exist in the reference list.


�It would be useful to have some sources from the literature that have exposed these unsuccessful attempts to obtain double haploid production. Can you provide them?
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