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Abstract 

Haploid and doubled haploid (DH) technologies provide powerful tools to accelerate vegetable breeding by creating completely homozygous 

lines in a single generation. Haploids are plants with a single set of chromosomes (gametophytic or monoploid number), and when their 

chromosomes are doubled, fully homozygous diploids (doubled haploids) are obtained. These methods, first demonstrated nearly a century 

ago by plant scientists like A.F. Blakeslee (Datura haploids, 1922) and S. Guha and S.C. Maheshwari (anther-culture haploids, 1964), 

significantly reduce the breeding cycle. Conventional inbreeding often requires 6-8 generations to achieve similar homozygosity, whereas 

DH techniques accomplish this in one step. In vegetables, haploid production can be achieved by several approaches (e.g. pollen or ovule 

culture, wide crosses and irradiated pollen) and is followed by chromosome doubling (commonly using agents like colchicine). This fast-

track approach has been applied to many vegetable crops worldwide (tomato, pepper, onion, Brassicas, cucurbits, carrot, potato, etc.), 

enabling rapid development of uniform inbred lines, hybrid parents, and mapping populations. DH technology brings advantages such as 

time savings, uniform progeny, and ease of fixing recessive traits, but also faces challenges (genotype dependence, specialized lab 

requirements, occasional aneuploidy). This comprehensive overview covers the definitions, historical milestones, various induction methods, 

chromosome doubling techniques, applications in vegetable breeding, and the relative merits of haploid breeding. It highlights how haploid 

and doubled haploid approaches offer a fast-track to developing improved vegetable cultivars globally. 
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Introduction 
Haploids are plants that contain a single set of chromosomes 
(n), representing the gametophytic chromosome number of a 
species [1]. When a haploid plant undergoes chromosome 
doubling, it produces a doubled haploid (DH) plant with a 
complete diploid set (2n) that is homozygous at all genetic 
loci [2]. In diploid crops (2n=2x), haploids are also called 
monoploids (x) because they carry just one genome copy. 
For example, a haploid from a diploid species with 12 
chromosomes would have 6. In polyploids (e.g. tetraploid 
potato with 4x=48), a haploid has 2x (24 chromosomes) and 
a doubled haploid restores 4x. This extreme homozygosity 
in a single step is the key feature of DH technology [3, 4]. 
The idea of using haploids in breeding dates back nearly a 
century. The first naturally occurring haploid plant was 
reported by Alfred Blakeslee and colleagues in 1922 in 
jimson weed (Datura stramonium), although that was an 
odd genetic accident [5, 6, 7]. More importantly, mid-20th 
century research established practical methods to induce 
haploids. S. Guha and S.C. Maheshwari (India, 1964) 
pioneered in vitro pollen culture (anther culture) to generate 
haploid embryos in Datura [8]. Around the same time, 

geneticists like Kasha and Kao (1970) used wide crosses 
(e.g. barley × Hordeum bulbosum) to eliminate one parental 
genome and rescue haploid embryos [9]. The concept was 
further developed by S. Jensen (1974) and others who 
formulated reliable chromosome-doubling protocols. These 
milestones by scientists such as Blakeslee, Guha, 
Maheshwari, Kasha, Kao, Jensen and more established the 
foundation of haploid breeding [10, 11]. 
Haploid and DH technologies are particularly valuable 
because they “fast-track” the breeding process. 
Conventional breeding through repeated selfing or sib-
mating typically requires 6-8 generations to approach full 
homozygosity and develop an inbred line [12]. In contrast, 
haploid induction followed by chromosome doubling 
produces instantly homozygous plants (since all alleles are 
fixed), compressing years of breeding into a single 
generation [13]. This capability allows breeders to rapidly 
generate pure lines for cultivar development or parental 
lines for hybrids, make genetic mapping populations, and 
fix desirable recessive mutations [15]. For example, a tomato 
hybrid breeding program can use DH lines to capture traits 
quickly, whereas a leafy vegetable like cabbage can achieve 
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uniform resistant cultivars without the uncertainty of 
multiple generations of selfing [14]. 
Haploid induction methods have been developed for 
hundreds of plant species, including over two hundred 
vegetable taxa [16]. Common vegetable crops such as tomato, 
pepper, eggplant, onion, carrot, cucumbers, melons, 
cabbage, broccoli, lettuce and many others have been 
successfully subjected to haploid techniques [17]. The 
methods exploit either female or male gametophyte cells. In 
vitro approaches include androgenesis (from pollen; e.g. 
anther or microspore culture) and gynogenesis (from ovules 
or ovaries). In vivo approaches include wide hybridization 
(crossing with a related species and eliminating one parental 
genome) and pollen irradiation (using irradiated pollen to 
stimulate an unfertilized egg) [18]. Once haploid plants are 
obtained, chromosome doubling (e.g. with colchicine) 
produces fertile doubled haploid lines [19]. This article 
explains these methods in detail, reviews the current status 
of DH technology in vegetable breeding, and examines its 
advantages and challenges. 
 

Haploid Induction Methods 
Haploid induction in vegetables can be broadly categorized 
into in vivo methods (performed on whole plants or crosses) 
and in vitro methods (using cultured tissues) [20]. Each 
approach varies by crop, but all share the goal of obtaining a 
plant with only one set of parental chromosomes [21]. 

 Wide Hybridization (Uniparental Genome 
Elimination): This classical method uses interspecific 
or intergeneric crosses where one parent’s 
chromosomes are selectively lost [22]. The best-known 
example is the barley-H. bulbosum cross: pollinating 
Hordeum vulgare with wild H. bulbosum results in 
hybrid embryos that initially contain both parental 
genomes, but the chromosomes of H. bulbosum are 
eliminated early, leaving a haploid barley embryo [23]. 
The embryo is then rescued in tissue culture and grown 
into a haploid plant [24]. This “bulbosum technique” has 
been exploited to produce haploids in cereals and even 
adapted to potato. In potato (Solanum tuberosum), 
crosses with diploid S. phureja lines can induce haploid 
embryos because of selective fertilization and 
subsequent parthenogenesis. Haploids obtained via 
wide crosses typically require embryo rescue and 
special culture to develop [25]. 

 Irradiated Pollen Pollination: In this in vivo approach, 
pollen is exposed to high-energy radiation (e.g. gamma 
rays) before pollinating the female parent [26]. The 
irradiated pollen is damaged and fails to contribute its 
chromosomes to the fertilized egg, but it can stimulate 
the egg cell to begin development [27]. The result is a 
maternal haploid embryo. This technique is widely used 
in cucurbit breeding. For instance, crossing cucumber 
(Cucumis sativus) or melon (C. melo) with irradiated 
pollen from related species (or irradiated pollen of the 
same species) produces haploid embryos that can be 
cultured. Similarly, in onion and some Allium crops, 
irradiated pollen from onion cultivars can induce 
haploids. The haploid embryos are typically tiny and 
require ovule culture or embryo rescue to grow [28]. 

 Androgenesis (Anther Culture): This in vitro method 
involves culturing immature anthers from flower buds 
on nutrient media. The anther wall contains numerous 

microspores (immature pollen grains), which can be 
induced to switch from gametophytic development to 
embryogenic development [29]. Under the right 
conditions (appropriate pretreatment, culture medium, 
temperature, etc.), these microspores form haploid 
embryos. The embryos develop into haploid plantlets. 
Androgenesis has been achieved in many vegetables: 
Brassica vegetables (cauliflower, broccoli, cabbage, 
Chinese cabbage), Solanaceae (tomato, pepper, 
eggplant, potato), carrot, lettuce and others have 
protocols for anther culture [30]. However, the response 
is highly genotype-dependent; some varieties respond 
well while others are recalcitrant. The technique is 
relatively simple and can produce many haploids per 
anther, but contamination by somatic (diploid) tissue or 
albino plants can occur [31].  

 Isolated Microspore Culture: A variation of 
androgenesis, microspore culture involves first isolating 
microspores (pollen precursors) from anthers and then 
culturing the naked microspores directly. This removes 
inhibiting anther tissues and can improve response [32]. 
It has become the preferred method in some crops. For 
instance, isolated microspore culture is widely used in 
Brassica vegetables and has been successful in broccoli, 
cauliflower, cabbage and Chinese cabbage breeding [33]. 
In pepper and tomato, both anther culture and isolated 
microspore culture have been experimented with. 
Techniques for isolating microspores typically involve 
macerating flower buds or using centrifugal washes [34]. 
This method also often requires specific stress 
pretreatments (cold shock, heat shock, starvation) to 
induce embryogenesis. Once induced, microspores 
develop into haploid embryos similarly to anther 
culture [35]. 

 Gynogenesis (Ovule/Ovary Culture): When male-
derived techniques fail (for example in crops with very 
recalcitrant pollen), the female gametophyte can be 
cultured. Gynogenesis refers to culturing unfertilized 
ovules, ovaries or flower buds to obtain haploid 
embryos from the egg cell [36]. This method is essential 
in Allium crops like onion, where androgenesis has not 
yielded haploids [37]. For onions (Allium cepa), ovules 
from unfertilized ovaries are excised and cultured on 
special media; haploid plants can be regenerated. 
Gynogenesis also works in some cucurbits (squash, 
pumpkin) where ovary culture can produce haploids, 
although with low efficiency [38]. Generally, 
gynogenesis yields fewer haploids than androgenesis 
and is more technically demanding, but it is the only 
route for species like onion or some lilies [39]. 

 In Planta Haploid Inducer Lines: In maize breeding, 
special “haploid inducer” lines carry mutations (e.g. in 
the gene MTL) that cause a percentage of seeds to be 
maternal haploids when crossed as pollen donors. Such 
genetic haploid inducers have revolutionized maize DH 
production [40]. In vegetables, this approach is at an 
early stage: researchers are trying to develop or 
engineer similar inducer lines in crops like tomato and 
rapeseed using gene editing, but routine haploid inducer 
varieties for vegetable species are not yet established 

[41]. The promise of this method is that it would simplify 
haploid production by seed, but currently it is mainly a 
cereal technology [42]. 

https://www.extensionjournal.com/
https://www.extensionjournal.com/


International Journal of Agriculture Extension and Social Development https://www.extensionjournal.com 

635 www.extensionjournal.com 

In practice, the choice of haploid induction method depends 

on the crop and its genetics. Some vegetables respond 

strongly to one approach and poorly to others. For example, 

onion relies almost entirely on gynogenesis, brassicas 

respond well to microspore culture, and cucurbits to 

irradiated pollen [43]. Within each method, the efficiency can 

vary widely by genotype and protocol. Extensive research 

continues to optimize media, physical treatments and culture 

techniques to improve haploid yields. Once a haploid 

embryo or plant is obtained, it is usually sterile (having only 

one chromosome set). To create a fertile doubled haploid, 

chromosome doubling is performed [44]. 

 

Chromosome Doubling (Diploidization) 

 Haploid plants are valuable as genetic tools, but most 

vegetable species require two chromosome sets for 

normal fertility [45]. Therefore, artificially doubling the 

chromosomes of a haploid cell produces a fully fertile 

doubled haploid plant. Diploidization is typically 

achieved by disrupting the normal mitotic spindle so 

that sister chromatids do not separate, leading to 

chromosome duplication within a single nucleus. This 

is accomplished using antimitotic agents or physical 

treatments [46]. 

 The most commonly used chemical for chromosome 

doubling is colchicine, a mitotic inhibitor extracted 

from Colchicum autumnale. Colchicine binds tubulin 

and prevents spindle formation, causing a cell to end up 

with twice the normal number of chromosomes [47]. 

There are many application methods for colchicine in 

plants: treating germinating seeds, immersing growing 

root or shoot tips, or culturing tissues on media 

containing colchicine. For example, seedling apices can 

be immersed in a 0.1-0.5% colchicine solution for 

several hours, or the shoot meristem can be painted 

with a colchicine paste [48]. Other methods include 

adding colchicine directly to tissue culture media 

during haploid regeneration. While effective, colchicine 

is toxic and must be handled carefully; it can also kill 

delicate tissues if overused [49]. 

 Because colchicine can be harsh, alternative agents are 

often tested. Oryzalin and trifluralin are newer 

herbicides that likewise disrupt microtubules but are 

effective at much lower concentrations and reportedly 

cause less tissue damage [50]. Oryzalin has been used for 

in vitro chromosome doubling in haploids of various 

plants. Aminoprophos-methyl (APM) and anti-

microtubule chemicals (e.g. amiprophos-methyl) are 

also used in laboratory cultures to double cells. Another 

approach is exposing haploid plants or buds to nitrous 

oxide (N₂O) gas, which can induce chromosome 

doubling in treated tissues [51]. 

 In addition to chemicals, spontaneous doubling can 

occur when a haploid plant self-pollinates; sometimes 

haploid embryos partially double on their own. 

However, this is unreliable. Therefore, deliberate 

diploidization is standard in breeding programs [52]. 

After treatment, the resulting plants must be screened 

(e.g. by flow cytometry or chromosome counting) to 

confirm successful doubling. Only those plants with the 

doubled (diploid) genome and full fertility are advanced 

as true DH lines [53]. 

Applications in Vegetable Breeding 

Haploid and DH technologies have found a wide range of 

applications in vegetable crop improvement. By producing 

completely homozygous lines rapidly, breeders gain tools 

for both basic genetics and cultivar development [54]. 

 Rapid Development of Pure Lines: A primary use of 

DH is creating pure inbred lines quickly. Instead of 

selfing a hybrid for many generations, a breeder can 

induce haploids from the F1 or other cross and then 

double them. The resulting DH lines are fixed and 

identical through seed, suitable as pure-breeding lines 
[55]. In self-pollinated vegetables like tomato or pepper, 

these DH lines can become new varieties. In cross-

pollinated vegetables like onion (where hybrid vigor is 

exploited), DH lines serve as parental lines with 

guaranteed uniformity. For example, onion breeders 

have used gynogenetic DH lines to form hybrid parent 

lines that consistently segregate 50:50 for flesh color or 

pungency [56]. 

 Hybrid Breeding and Parental Lines: Doubled 

haploids play an important role in hybrid cultivar 

programs, especially for vegetables that benefit from F1 

vigor [57]. The DH approach allows breeders to fix a 

desirable genotype immediately and then use it as a 

parent. In brassica crops (cabbage, broccoli, 

cauliflower), DH lines have been used extensively to 

create uniform hybrid parents. Similarly, stable DH 

inbred lines in pepper or eggplant are valuable for 

creating F1 hybrids with improved yield and disease 

resistance [58].  

 Accelerated Breeding of Complex Traits: Rapid 

homozygosity makes it easier to stack genes and select 

for multiple traits. For instance, breeding for combined 

disease resistance and quality traits in a vegetable can 

be accelerated by combining genetic elements into one 

DH line through crossing and immediate fixation [59]. 

Marker-assisted backcrossing is also sped up: after one 

backcross, a breeder can double the selected plant and 

recover the desired gene in a homozygous state, saving 

several generations. In mutation breeding, novel 

variants are stabilized as DH lines to evaluate their 

effects quickly [60]. 

 Genetic Mapping and Trait Analysis: Because DH 

lines are completely homozygous, they are ideal for 

genetic studies [61]. A population of DH lines derived 

from a cross serves as a permanent mapping population: 

each line has a fixed genome from one F1. This allows 

construction of high-resolution genetic maps and easy 

QTL mapping, since segregation is uniform and can be 

replicated by seed [62]. In vegetables, DH mapping 

populations have been used to identify genes for disease 

resistance, quality, and stress tolerance. For example, 

DH populations in cauliflower and cabbage have 

facilitated mapping of head size and disease resistance 

traits. The uniformity of DH lines also means that 

phenotypic evaluations can be repeated on identical 

genotypes, increasing accuracy [63]. 

 Self-Incompatibility and Reproductive Barriers: 

Many vegetable crops (onion, brassica vegetables, some 

Cucurbitaceae) exhibit self-incompatibility or suffer 

inbreeding depression, making conventional inbreeding 

difficult. DH technology bypasses these issues [64]. For 
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example, onion has a strong self-incompatibility system 

and suffers from inbreeding depression; by using 

gynogenesis to produce DH lines, breeders can create 

fully homozygous onion varieties or maintain lines that 

would never survive many generations of selfing. 

Similarly, DH techniques allow fixation of favorable 

alleles in self-incompatible or highly heterozygous 

crops [65]. 

 Hybrid Seed Production (CMS Systems): DH 

technology can produce cytoplasmic male-sterile 

(CMS) lines and maintainers more efficiently. In crops 

like cabbage and carrot, breeders exploit DH to create 

uniform CMS lines by doubling haploids that carry the 

CMS cytoplasm [66]. This allows stable production of 

hybrid seed without the complexity of traditional 

backcrossing. The use of DH lines ensures complete 

homozygosity of the line with the CMS factor intact [67]. 

 Crop Diversification and Novel Crops: Beyond major 

staples, haploid/DH methods enable breeding of minor 

or specialty vegetables. For example, doubled haploids 

have been developed in medicinal or specialty 

vegetable crops (a recent study reported DH in valerian 

for phytopharmaceutical use). Novel or underutilized 

vegetables can benefit from the rapid-line development 

that DH provides, accelerating their improvement [68]. 

 Seed Propagation of Clonally Propagated Crops: In 

vegetatively propagated vegetables (e.g. potato, 

sweetpotato, banana, though banana and sweetpotato 

are tropical starch crops), DH technology can convert 

clonal material into seed-propagated lines [69]. For 

instance, potato breeders generate dihaploids (via 

haploid induction from tetraploid potato) to quickly 

introgress traits and then convert them to stable 

tetraploids again. This creates true potato seed varieties 

that are easier to distribute [70]. 

 

Advantages and Limitations of Haploid Technology 

1. Advantages: The principal benefit of DH breeding is 

the drastic reduction in time and generations needed to 

obtain homozygous lines. A breeder can obtain a 

completely homozygous inbred line in 1-2 generations 

via haploid induction and chromosome doubling, versus 

6-8 generations by selfing. This accelerates release of 

new varieties and shortens breeding cycles [71]. DH lines 

provide 100% homozygosity, enabling consistent trait 

expression and uniform phenotypes, which is useful for 

variety certification and hybrid seed purity. Generating 

many DH lines from the same F1 cross also allows 

rapid selection of superior inbreds out of a large pool 
[72, 73]. 

2. For genetic analysis, DH populations eliminate 

background genetic noise: since each line is fixed, any 

phenotypic variation in a DH population is due to 

genotype differences without within-line variability. 

This clarity improves mapping of quantitative traits [74, 

75]. DH breeding also enables direct exploitation of 

recessive alleles: a valuable recessive mutant will 

become immediately homozygous in a DH line and can 

be evaluated or combined without additional crossing 

[76]. 

3. In crops with self-incompatibility or severe inbreeding 

depression, DH technology provides an alternative 

route to pure lines that conventional methods cannot 

achieve. For hybrid breeding, DH lines ensure highly 

uniform parental lines, improving hybrid consistency. 

DH also enables seed-propagated alternatives to 

clonally propagated crops (as mentioned for potato) [77]. 

4. Limitations and Challenges: Despite these advantages, 

DH techniques have several limitations. A major 

challenge is genotype dependency: not all varieties 

respond to haploid induction methods. For example, 

anther culture success often varies by cultivar and year. 

Some species are recalcitrant to tissue culture 

altogether. Thus, effort is required to develop and 

optimize protocols for each crop and genotype [78]. 

5. Efficiency is another issue. Haploid induction rates can 

be low in many vegetables. It may take hundreds of 

explants to obtain a few haploid plants. Techniques like 

anther culture can also produce abnormal plants 

(aneuploids, albinos, or mixoploids) that must be 

discarded. Chromosome doubling is an additional step 

that is not 100% efficient and can introduce somaclonal 

variation or damage plants if not carefully managed [79]. 

6. DH methods require specialized laboratory facilities 

and expertise in tissue culture, cytology and ploidy 

analysis. This raises costs compared to field-based 

breeding [80]. Some traditional breeders view DH as 

expensive and only justify it when it clearly speeds 

progress. There is also a concern that over-reliance on 

DH lines could reduce genetic diversity if breeders 

focus on a small number of lines. Finally, the fixed 

nature of DH lines means they cannot be further 

improved by simple selection; any improvement 

requires new crosses and haploid induction again [81]. 

7. In summary, while haploid/DH technology is a 

powerful fast-track tool, it c omplements rather than 

replaces conventional breeding. It is most effective 

when integrated strategically for example, using DH 

lines for initial inbred development and mapping, then 

using traditional crossing for combining traits or 

expanding diversity [82, 83]. 

 

Conclusion  

Haploid and doubled haploid technologies have opened a 

fast-track path for vegetable crop improvement worldwide. 

By enabling the rapid creation of completely homozygous 

lines, they greatly reduce the time, space and effort needed 

in breeding programs. Since the early discoveries by 

scientists such as Blakeslee, Guha, Kasha and Jensen, the 

methods have evolved to include anther/microspore culture, 

gynogenesis, wide crosses, and even genetic haploid 

inducers. Today, many major vegetables (tomato, pepper, 

onion, Brassica greens, cucurbits, carrot, potato and more) 

can be improved with DH approaches. These techniques are 

especially valuable for fixing complex traits, developing 

hybrid parents, and conducting genetic studies. 

Nevertheless, successful application of haploid technology 

requires substantial expertise and optimization. Every crop 

and even variety can behave differently, demanding tailored 

protocols. As research continues to improve induction rates 

and develop new inducers (for example via gene editing), 

we can expect DH methods to become more robust and 

widely accessible. Combined with modern tools like 

marker-assisted selection, DH breeding can drive faster 
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genetic gains. In the context of global agriculture, where the 

demand for improved vegetables with higher yields, 

nutrition and stress resistance is growing, DH technology 

offers a timely advantage. By fast-tracking breeding cycles, 

it helps meet production challenges more quickly. For 

students and researchers in plant science, understanding and 

applying haploid/DH methods is a key part of the toolkit for 

modern vegetable breeding. Through continued innovation, 

haploid and doubled haploid technology will remain at the 

forefront of efforts to develop superior vegetable cultivars 

that benefit farmers and consumers around the world. 
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