
 

Summary: In vitro anther culture is the most commonly-used technology for doubled haploid production in wheat 
(Triticum aestivum L.) and various cereals. The technology application allows the genetic attainment of homozygous 
pure lines from heterozygous breeding material in a single generation, and has become a rapid alternative to the 
conventional breeding methods. This technology also contributes to more accurately assess QTL × environmental 
interactions and has been applied in: genetic researches for marker-trait association study, genomics and as a target for 
transformation, genetic engineering, gene mapping, and mapping of quantitative trait loci (QTLs). This paper reviews 
the most important factors that limit the efficiency of winter wheat (Triticum aestivum L.) anther culture, such as 
genotype dependency and albinism, in addition to other affecting factors including the collection time of tillers and 
physiological growth environments of plants. Factors that improve the efficiency of wheat anther culture in mitigating 
both genotypic dependency and albinism have been included in this review, too, for example, genetic improvements 
by following a strategy to realize this purpose through using responsive breeding material for crossing, application of 
convenient stress pre-treatments (cold pre-treatments, heat shock treatment, colchicine, hormones, and chemicals) to 
induce androgenesis, and improvement of the composition of anther culture media and culture conditions. We have 
also highlighted the methods of chromosome doubling for the haploid wheat produced by anther culture 
androgenesis, such as spontaneous chromosome doubling or use of colchicine and anti-mitotic chemicals at an early 
stage of anther culture or as root immersion treatment.  
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Currently, most wheat breeding programs aim to 

attain new varieties that are characterized by high yields, 
excellent grain quality, good nutrient responses, and 
resistance to biotic and abiotic stress factors. Plant 
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breeders strive to realize this goal rapidly by inserting 
biotechnology methods with traditional breeding 
techniques, thereby saving costs and effort. 

In vitro anther culture is one of the efficient 
biotechnology methods in plant breeding of wheat to 
produce doubled haploid lines from immature pollen 
grains (microspores). However, breeders can adopt it 
only if it ensures a sufficient rate of double haploid 
plants from a wide range of wheat genotypes (Barnabás 
et al. 2001; Trigiano & Gray, 2016).  

The success of the anther culture method is 
associated with the production of a high rate of embryo-
like structures (Fig. 1B), green plantlets (Fig. 1C), and 
doubled haploid lines. Low frequency of embryo-like 
structure formation, green plantlet regeneration, and 
doubled haploid production in several wheat genotypes 
restricts the use of anther culture in wheat breeding 
programs. 

In nature, the original pathway of microspore 
development in anthers results in the formation of male 
gametes required for double fertilization. In in vitro 
anther culture, some of the microspores (Fig. 1A) 



 

existed in anthers can re-program their original 
developmental pathway under particular stress conditions 
by following a new sporophytic developmental pathway 
with continuous divisions. As a result of these divisions, 
haploid embryo-like structures or calli are induced, in a 
process known as androgenesis (Fig 1). These structures 
can be formed in various higher plants, including cereals 
(Heberle-Bors, 1985). 

During sporophytic development, embryo-like 
structures arise after symmetrical divisions of the 
microspores, while the formation of calli arises after the 
further division of the vegetative-typed cells due to the 
asymmetrical division of the microspores. This was 
demonstrated by the results of the analysis via a 
transmission electron microscope (Barnabás et al., 
1988).  

Haploid plants containing a gametic chromosome 
number (n) may arise from immature pollen grains 
(microspores) in the process of androgenesis or an egg 

cell through gynogenesis, but they may arise from a 
gametophytic cell other than the egg cell, too, in which 
case, this is called apogamy. In addition, they may arise 
from spontaneous development or the process of 
hybridization. 

The first report on the spontaneous development of 
the haploid Datura stramonium was written by Blakeslee 
et al. (1922). The first breakthrough in haploid breeding 
came in 1964 when Guha and Maheshwari performed a 
haploid embryo formation from an in vitro culture of 
Datura anthers. Shortly thereafter followed a successful 
in vitro haploid production of tobacco (Nitsch & Nitsch, 
1969). Since then, various successful trials have been 
conducted, and by 2003 more than 250 protocols 
covering almost all families in the plant kingdom were 
published, which were reviewed by Maluszynski et al. 
(2003).  

In cereal crops, the doubled haploid technology 
application allows the genetic attainment of 

Figure 1. Androgenesis induced by in vitro anther culture in wheat: microspore at uninucleate stage (A),  embryo-like structures 
induced after 5ð8 week incubation period (B), green plantlets (C), albino plantlets (D). ns ð nucleus, va ð vacuole.  Bar = 10 Ǫm 
(A), 4 mm (B), and 1 cm (C).  



 

homozygous pure lines from heterozygous breeding 
material in a generation (Yan et al., 2017). 
Improvements and the adoption of this technology have 
rendered it a rapid alternative to the conventional breeding 
methods and it has become an indispensable method to 
realize homogeneity in various studies and programs 
(Wŗdzony et al., 2009; Lantos & Pauk, 2016; Mahato & 
Chaudhary, 2019). The technology also contributes to 
more accurately assess QTL × environmental 
interactions (Yan et al., 2017) and has been applied in: 
genetic researches for marker-trait association study 
(Sorrells et al., 2011), genomics and as a target for 
transformation (Murovec & Bohanec, 2012), genetic 
engineering (Ravi & Chan, 2010), gene mapping (Hao et 
al., 2013), and mapping of quantitative trait loci (QTLs) 
(Shi et al., 2019). 

The chief methods applied in breeding to produce 
doubled haploid lines include wide hybridization, 
gynogenesis, and androgenesis (Dunwell, 2010). 
Intergeneric hybridization, e.g., crossing with maize (Zea 
mays L.) or Hordeum bulbosum (Suenaga et al., 1997); 
anther culture (Castillo et al., 2015); and isolated 
microspore culture are the best-known and most 
commonly used methods for doubled haploid 
production in wheat (Triticum aestivum L.) and various 
cereals (Lantos & Pauk, 2016). Anther culture is an 
effective and applicable method that allows the 
production of several haploid plants from a single 
anther. Other cereal crops, for which protocols for 
doubled haploid have been applied are barley, triticale, 
rice, and maize (Dunwell, 2010; Niu et al., 2014). Using 
this approach to improve the plants, breeders have 
produced registered cultivars (Kush & Virmani, 1996) 
and commercial varieties (Thomas et al., 2003). 

In winter wheat, in vitro anther culture has been 
successfully utilized in different research programs for 
the release of new varieties, e.g., Jinghua No-1 (Hu et 
al., 1986), Florin (De Buyser et al., 1987), GK Délibáb 
(Pauk et al., 1995), McKenzi (Graf et al., 2003) and AC 
Andrew (Sadasivaiah et al., 2004). 

Different factors that affect the androgenic 
production efficiency of anther culture include the 
genetic background of donor plants (Kondic-Spika et 
al., 2011); the collection timing of tillers, which reflects 
the developmental stage of microspores (He & Ouyang, 
1984); the physiological growth environments of the 
plants (El-Hennawy et al., 2011); diverse abiotic pre-
treatments (Islam & Tuteja, 2012); physical factors in 
tissue culture, such as, light and temperature; and the 
composition of the anther culture medium (Broughton, 
2008; Ƭur et al., 2015).  
 

Donor plants have an effect on the efficiency of in 
vitro anther culture androgenic induction, thus also on 

the final doubled haploid rates. Donor plants could be 
grown under controlled environments (greenhouse, 
phytotron chamber) and non-controlled ones (field, 
nursery). 

Controlled conditions of light and temperature 
allow growing of donor plants throughout the year 
(Torp et al., 2001; Pauk et al., 2003; Tuvesson et al., 
2000, 2003; Soriano et al., 2007, 2008; Broughton, 2008, 
2011; Redha & Suleman, 2011; Castillo et al., 2015; 
Rubtsova et al., 2013; Coelho et al., 2018; Orlowska et 
al., 2020; Broughton et al., 2020). Thus, the availability 
of plant material for anther culture improvements and 
applied research are not restricted to certain months.  

Under optimal growing conditions of temperature, 
light, and humidity, donor plants have healthy tillers 
and spikes that are the onset of doubled haploid 
production. 

After germination, the winter wheat genotypes 
require a vernalization period of 6ð8 weeks at 3ð4°C. 
The ideal conditions for healthy plants are adjusted at 
about 18ð21°C/day and 12ð15°C/night with 12ð18 h 
photoperiod and 70-80% humidity (Soriano et al., 2007, 
2008; Sanchez-Diaz et al., 2013; Castillo et al., 2015; 
Coelho et al., 2018; Broughton et al., 2020). Besides, a 
fertilizer solution is needed to regularly nourish the 
donor plants.  

Most of the researchers, in their studies, e.g. Pauk et 
al. (2003); Lantos et al. (2013); Weigt et al. (2016, 2019, 
2020); Lazaridou et al. (2016); Kanbar et al. (2020a, 
2020b), have used the field-grown donor plants that 
generate more tillers with large spikes, more anthers 
and microspores within anthers. This use has a positive 
effect on the androgenic number of embryo-like 
structures and green plantlets resulting in relatively high 
rates of doubled haploid plants for practical breeding 
programs and applied research. 

Donor tillers should be harvested when the 
developmental stages of the microspores in anthers 
(uninucleate vacuolated microspores) are at the narrow 
range, viz, at early, mid, or late uninucleate stages, in 
order to ensure an effective anther culture technique 
and induce in vitro wheat anther culture androgenesis. In 
anther- and isolated microspore culture of wheat, the 
microspore embryogenic process was induced and 
tracked to examine the initial cell division and embryo 
formation of microspores (Indrianto et al., 2001; Datta, 
2005; Dwivedi et al., 2015; Seldimirova et al., 2017; 
Niazian & Shariatpanahi, 2020). Depending on 
previous publications, most researchers isolated anthers 
that contain microspores at mid-to-late uninucleate 
stages (Soriano et al., 2007, 2008; Broughton, 2008, 
2011; Redha & Suleman, 2011; Rubtsova et al., 2013; 
Castillo et al., 2015; Weigt et al., 2016, 2019, 2020; 
Lazaridou et al., 2016; Broughton et al., 2020; Orlowska 
et al., 2020). However, other researchers isolated 
anthers with microspores at early- and mid-uninucleate 
stage to induce androgenesis in wheat (Triticum aestivum 



 

L.) anther culture, e.g. Pauk et al. (1995); Tuvesson et al. 
(2000, 2003); Datta (2005); Lantos et al. (2013); Lantos 
& Pauk (2016); Kanbar et al. (2020a, 2020b). Findings 
of the androgenic production of isolated anthers with 
microspores at the early- and mid-uninucleate stages 
were more effective (Pauk et al., 1995; Lantos et al., 
2013; Lantos & Pauk, 2016; Kanbar et al., 2020a, 
2020b). 
 

 However, with androgenesis, many studies have 
discovered that doubled haploid production in wheat is 
restricted by the incidence of albinism (Islam, 2010; 
Broughton, 2011; Lantos et al., 2013) (Fig 1D). 

Albinism regenerated by anther culture androgenesis is 
genetically conditioned (Zamani et al., 2000; Makowska et 
al., 2015), and occurs in the plantlets in case the proplastids 
cannot transform into chloroplasts (Makowska & 
Oleszczuk, 2014). 

Many complex factors may contribute to the occurrence 
of this incidence, such as altered transcript patterns and 
translation levels (Ankele et al., 2005), deletions and 
reorganization of the plastid genomes (Day & Ellis, 1985) 
and the maternal inheritance of plastids (Vaughn et al., 
1980).  

Albinism appears in androgenesis-derived plants in the 
majority of cereals, such as wheat, barley, rye, triticale, rice, 
and oat. Albino plantlets in cereals can range from 5% to 
100% of regenerated plantlets. Within the same species, 
there was a variation between genotypes in response to 
albinism (Makowska & Oleszczuk, 2014; Krzewska et al., 
2015). This was demonstrated in the experiment conducted 
by Weigt et al. (2016) when they compared the androgenic 
ability of solid, medium and hollow-stemmed wheat 
genotypes using an in vitro anther culture method. They 
concluded that the solid-stemmed genotypes showed a 
higher frequency of albino plantlets on the medium with 
2,4-D (2,4-dichlorophenoxyacetic acid) and kinetin, while 
the hollow-stemmed genotypes showed more albino 
plantlets on the medium with 2,4-D and dicamba. 

Various studies were carried out to overcome the 
incidence of albinism in anther culture during the induction 
of doubled haploid plants by anther culture. The use of 
copper element (Jacquard et al., 2009), n-butanol treatment 
(Soriano et al., 2008; Broughton, 2011), co-culture of 
ovaries (Broughton, 2008), and polyamine treatments 
(Redha & Suleman, 2011) had positive effects on the green 
plantlets and negative effects on the albino plantlet. 

Although many researchers have reported in their 
research that albinism in cereal plants is an inherited trait 
and that nuclear genomes control this incidence (Lantos et 
al., 2013; Hasan et al., 2014; Krzewska et al., 2015), the 
interaction between genetic factors and other influencing 
factors such as the pre-treatment of anthers, collection time 

of donor plants and physical factors could also increase 
this incidence. 

 

Genotype dependency is a major obstacle to 
doubled haploid wheat production that was developed 
via in vitro anther culture (Islam, 2010; Broughton, 2011; 
Lantos et al., 2013; Kanbar et al., 2020a, 2020b); the 
genotypic influence on the response to anther culture 
reduces the effectiveness of the anther culture method 
for breeding purposes (Tuvesson et al., 2000; Chen et 
al., 2011; Kondic-Spika et al., 2011; Dwivedi et al., 
2015).  

The response of wheat to androgenic induction by 
anther culture varies depending on genotype, species, 
and even within species. For instance, in hexaploid 
wheat, the winter genotypes have been reported to be 
more responsive than spring genotypes (Sharma et al., 
2005). In the experiment conducted by Zamani et al. 
(2000), there were somewhat different results. They also 
found namely, that the embryo-like structures induced 
by anther culture were more efficient in the winter 
wheat genotypes than in the spring genotypes, but the 
regeneration of green plantlets from spring genotypes 
was much higher than from winter genotypes. 
Chaudhary et al. (2003) studied the androgenetic 
production of nine elite winter wheat genotypes and 
two spring wheat ones via anther culture method. Their 
results showed that the spring genotypes achieved a 
higher number of embryo-like structures and green 
plantlets. Grauda et al. (2014) investigated the 
androgenetic induction of sixteen winter wheat hybrids 
and five spring hybrids by anther culture method. They 
asserted that the spring wheat hybrids produced higher 
embryogenesis than the winter wheat hybrids, but the 
winter wheat hybrids had higher green plantlet 
regeneration than the spring wheat hybrids. Holme et 
al. (1999) revealed in their studies, that the wheat 
genotypes of Northwestern Europe responded less 
than their Eastern European counterparts. Lazaridou et 
al. (2016) compared the embryo-like structures and the 
regeneration of the green plantlets of bread wheat 
AABBDD with their extracted tetraploid AABB via 
anther culture when they applied three different pre-
treatments: a cold pre-treatment for 7 and 18 days at 4°
C, and 0.3 M mannitol for 7 days at 4°C. Their results 
revealed that the androgenic response was better in the 
winter wheat genotypes than in the extracted tetraploid. 
Besides, no green plantlets were obtained from 
tetraploid wheat for any pre-treatment, and the results 
confirmed the role of the D genome in the androgenic 
response of anther culture in wheat. Accordingly, the 
hexaploid wheat (Triticum aestivum L.) is characterized as 
well-responding in anther culture and has been widely 



 

and successfully used (Kasha & Maluszynski, 2003), 
while the efficiency of anther culture in durum wheat 
(Triticum turgidum L.) was weak and almost no green 
plantlets were regenerated due to the lack of D genome 
(Cistué et al., 2009; Lazaridou et al., 2016). Possible 
interactions between the three genomes, A, B and D of 
the hexaploid wheat (Triticum aestivum L.) may stimulate 
the androgenic response in anther culture. 

 

 
The in vitro anther culture system has been effective 

only for a restricted number of responsive genotypes, 
and other genotypes still do not respond to it. 
Therefore, methods that are more efficient in 
stimulating androgenesis in a wide range of wheat 
genotypes are needed. 

Genotype dependency and albinism are the most 
limiting factors for doubled haploid production based 
on androgenesis through anther culture (Islam, 2010; 
Broughton, 2011; Lantos et al., 2013). Thereby, the 
factors that improve the efficiency of wheat anther 
culture in mitigation for genotypic dependency and the 
incidence of albinism should be identified.  

 

 
Studies have been conducted in the recent decades 

to enhance the efficiency of wheat anther culture 
through genetic improvement; Tuvesson et al. (2000), 
for example, elaborated a strategy to realize this purpose 
through using responsive breeding material for crossing. 
The success of this strategy depends on the 
precondition, that one parental plant materials in each 
crossing should previously produce at least one green 
plantlet/spike in anther culture (Tuvesson et al., 2003). 
The use of responsive plant material has also been 
proposed in other breeding programs depending on the 
anther culture (González et al., 2006; Kondic-Spika et 
al., 2011). 

Marciniak et al. (2003), Dagüstü (2008), Yildirim et 
al. (2008), and Al-Ashkar (2014) have reported that the 
embryo-like structure formation and regeneration of 
green plantlets are inherited traits in anther culture. 
Chaudhary et al. (2003), Dagüstü (2008) and Grauda et 
al. (2016) have found that an additive, dominant, and 
epistatic gene influences the control over the inheritance 
pattern of the androgenic traits in anther culture; while 
some findings have indicated that the androgenic 
response in anther culture follows a simple inheritance 
pattern and is controlled by dominant genes (El-
Hennawy et al., 2011), which can easily be transferred 
from highly responsive genotypes to low responsive 
ones through crossing process with the expected rapid 
genetic gain. 

 

In in vitro anther culture method, most studies to 
improve this method focus on the application of 
convenient stress pre-treatments, like cold pre-
treatments, heat shock treatment, colchicine, hormones, 
and chemicals to induce androgenesis in cereals 
(Labbani et al., 2007), where this stress results in the 
repeated equivalent divisions of the microspore 
nucleus, thus the microspore development converts 
from the gametophytic pathway to sporophytic one 
(Zhou & Konzak, 1997; Zheng & Konzak, 1999; 
Barnabás et al., 1991; Lazaridou et al., 2016; Broughton 
et al., 2020; Weigt et al., 2020). The application of the 
pre-treatment should be convenient in order not to lead 
to a high mortality rate of cells or impair the cellular 
function (Makowska & Oleszczuk, 2014). 

Cold pre-treatment of donor tillers is the favourite 
way to reprogram the microspores. In vitro androgenesis 
of microspores can be induced through long cold pre-
treatment of donor tillers at 2ð5°C, for 10ð28 days) 
(Pauk et al., 2003; Lantos et al., 2013; Lantos & Pauk, 
2016; Coelho et al., 2018; Kanbar et al., 2020a, 2020b). 
Short cold pre-treatment at 4ð6°C for 3ð8 days can also 
be efficient for induction of androgenesis (Broughton 
2008, 2011; Rubtsova et al., 2013; Weigt et al. 2016, 
2019; Lazaridou et al., 2016).  

Lazaridou et al. (2016) conducted a study using the 
wheat anther culture method to study the role of the D 
genome in the androgenic response and to investigate 
the interaction between the genotype and the pre-
treatments, which included 7 days of pre-treatment at 
4°C, 18 days of pre-treatment at 4°C, and 0.3 M 
mannitol for 7 days at 4°C. They concluded that the 
tetraploid wheat (Triticum turgidum L.) attained lower 
induction of embryo-like structures and no regeneration 
of green plantlets in the three pre-treatments compared 
to the hexaploid wheat (Triticum aestivum L.), and the 
genotypes responded better after 7 days of cold pre-
treatment of spikes. However, within hexaploid wheat, 
the genotypes differed in their androgenic responses to 
the three treatments, with the Canadian genotypes 
responding better at 4°C after 18 days of cold-pre-
treatment than the controls, which responded better 
after 7 days of cold pre-treatment. In addition, the 
mannitol had a negative influence on the embryo-like 
structures of some hexaploid genotypes as well as on 
the production of green plantlets in all hexaploid 
genotypes. In the study by Lazaridou et al. (2016), the 
results showed that there was a high interaction 
between the genotype and the cold pre-treatments of 
winter wheat spikes and this contradicted to Rizkalla et 
al. (2012) who emphasized that winter wheat genotypes 
achieved almost the same embryo-like structure 
induction after cold pre-treatments of spikes for 7 or 14 



 

days. In most trials, cold pre-treatment was efficiently 
applied to different cereal crops for this purpose; Trejo-
Tapia et al. (2002) discovered that the cold pre-
treatment in rice played a decisive role for the induction 
of embryo-like structures by anthers of the parental 
lines and F1 hybrids. 

Various protocols on the effect of the presence of 
mannitol during the cold pre-treatment stage in the 
androgenic induction of wheat have been proposed. In 
the efforts of Cistué et al. (2006) to improve the 
androgenic response of durum wheat (Triticum turgidum 
L.), the results revealed that the 5-day pre-treatment of 
the anthers with 0.7 M mannitol had a positive effect on 
the green plantlet number. Soriano et al. (2007) and 
Castillo et al. (2015) found that the 5-day pre-treatment 
of winter wheat (Triticum aestivum L.) anthers with 127.5 
g/L mannitol led to satisfactory results of the 
androgenic induction. Furthermore, Labbani et al. 
(2007) asserted that the interaction between the 
combination of cold and 0.3 M mannitol pre-treatments 
of anthers over 7 days was effective on the embryo-like 
structure formation and the green plantlet regeneration 
of the tetraploid wheat (Triticum turgidum L.). None of 
the results of Labbani et al. (2007), however, was 
confirmed in the findings by Lazaridou et al. (2016) due 
to the negative influence of mannitol on androgenic 
induction of durum and winter wheat. 

Heat shock treatment of isolated anthers at 32°C for 
36 h in the dark was commonly applied in anther culture 
method as a stress factor to improve androgenesis in 
winter wheat (Ouyang et al., 1983; Pauk et al., 2003; 
Lantos et al., 2013; Lantos & Pauk, 2016; Kanbar et al., 
2020a, 2020b). According to a report by Ouyang et al. 
(1983), the ideal incubation temperature of isolated 
anthers after heat treatment in cereal crops was between 
28ð30°C. Higher incubation temperatures may lead to 
an increased occurrence of albino plantlets.  

In microspore embryogenesis, Seldmirova et al. 
(2016) and Biesaga-KoƑcielniak (2001) demonstrated 
that auxin gradients play an essential role in setting up 
embryo symmetry and that the exact ratio of 
endogenous and exogenous auxins in the microspores 
controls the development pathway of the microspores 
towards embryo-like structure formation. The type and 
length of exposure to the stress factor mainly influence 
the accumulation of endogenic auxins. Based on this 
report, it is crucial to choose the convenient primary 
treatment and appropriate concentration of hormones 
applied to the induction medium in such a way that the 
total concentration of all auxins within a cell can be 
optimized. The type and concentration of the auxins 
and the type of carbon source affected the induction of 
embryo-like structures (Trejo-Tapia et al., 2002).  

The auxin herbicide 2,4-D is widely used as growth 
hormone to induce embryo-like structures (Przetakiewicz 
et al., 2003; Seldimirova et al., 2016). Previous studies 
showed that this synthetic hormone added to the 

induction medium behaved as a stress factor and had 
auxin-like effects (Fehér, 2005). Its favourable 
concentration in the induction medium was between 
0.5 and 2.0 mg/L for this purpose (Weigt et al., 2019). 
Excessive concentrations, over 2.0 mg/L, caused loss 
of the embryo-like structuresõ ability to regenerate into 
plantlets because the stress hormones accumulated and 
hindered the further development of embryos (Zheng 
& Konzak, 1999). Too low concentrations of auxin, 
below 0.5 mg/L, did not stimulate embryo-like 
structures induction at all (Gorbunova et al., 2001). 

In studies on wheat microspore embryogenesis, 
various growth hormones are included as stress factors 
in induction media, such as dicamba, kinetin, picloram 
(Chaudhary et al., 2003; Cistué et al., 2006), PAA 
(Ziauddin et al., 1992; Kim & Baenziger, 2005), and 
BAP (Cistu® et al., 2006; Ponitka & Ɛlusarkiewicz-
Jarzina, 2009). Zearalenone was also used in the 
induction medium as a stress factor for embryo-like 
structure induction; it had auxin-like effects 
(Szechyżska-Hebda et al., 2007; Weigt et al., 2019). 
Weigt et al. (2019) used anther culture method to test 
the influence of zearalenone and hormone regulators 
on microspore embryogenesis in 13 F1 hybrids of 
winter wheat and six F1 hybrids of spring genotypes. 
They studied two combinations of growth hormones: 
the auxins (2,4-D + dicamba), and auxin and cytokinin 
(2,4-D + kinetin), each with three zearalenone 
concentrations of 0 mL/L, 0.1 mL/L, 0.2 mL/L, thus 
forming six combinations of media. The results 
revealed that the media containing zearalenone caused 
an efficient increase in the number of embryo-like 
structures and green plantlets in some hybrids. 
Moreover, the increased concentration of zearalenone 
effectively improved the embryo-like structure 
induction. The induction medium of 2,4-D + dicamba 
supplemented with 0.2 mL/L zearalenone was the most 
effective. By using zearalenone together with growth 
hormones, all hybrids produced embryo-like structures, 
where the non-responsive wheat hybrids were 
stimulated, besides green plantlet regeneration was 
found in 18 of the 19 studied hybrids. Adding 
zearalenone to the induction medium did not have 
effect on the number of albino plantlets or the 
frequency of spontaneous doubled haploid plants.  

Colchicine affects the androgenic response in wheat, 
and various researchers have discovered that colchicine 
has a positive effect on embryo-like structure induction 
or/and green plantlet regeneration, and this effect 
varied depending on genotype (Barnabás et al., 1991; 
Hansen & Andersen, 1998a; Soriano et al., 2007). The 
presence of colchicine in the induction medium caused 
a significant increase of embryo-like structures in wheat 
(Barnabás et al., 1991; Barnabás & Kovács, 1992). In 
order to increase the haploid frequency in anther 
culture, it could be more efficient to apply low 
concentrations of 0.01, 0.02, and 0.04% of this 



 

chromosome-doubling agent (colchicine) supplied to 
the induction medium (Barnabás et al., 1991). 

There was a confirmation that the herbicides: 
trifluralin, oryzalin and APM (aminoprophos-methyl)
had the same effect as colchicine in stimulating 
androgenesis. The study carried out by Hansen & 
Andersen (1998b) found that trifluralin and APM 
affected the induction of embryo-like structures in 
wheat microspores. Hansen & Andersen (1996) 
reported that oryzalin, trifluralin and APM also had 
effect on the embryo-like structure induction in Brassica 
napus. In their investigation, the tested concentrations of 
herbicides were 0.1ð10 ǪM with wheat and 0.3ð30 ǪM 
with Brassica napus for 24 and 48 h exposure times. The 
appropriate herbicide concentrations for embryo-like 
structure induction and green plantlet regeneration 
ranged from 0.3ð1.0 ǪM, but the higher herbicide 
concentrations impeded the embryo-like structure 
formation and regeneration of green plantlets in both 
species. In contrast, the increased concentrations of 
these herbicides steadily enhanced the rate of plant 
fertility, and hence the doubled haploid plant 
production. Broughton et al. (2020) investigated the 
effects of trifluralin on the androgenic induction of 
wheat by anther culture method and selected 1 and 3 
ǪM trifluralin concentrations and exposure times (24, 48 
h) based on the study of Hansen & Andersen (1998b). 
The results indicated that the application of trifluralin 
did not achieve positive effect on the number of 
embryo-like structures and green plantlets even when a 
low concentration of 1 ǪM trifluralin was applied. These 
observations assert that trifluralin may only be used in 
wheat microspore method. 

Due to existence of the strong genotype dependency 
between spring and winter wheat, it is indispensable to 
select the proper pre-treatment factors, such as cold pre
-treatment, concentration, and hormone type in the 
induction medium adjusted either to the spring or the 
winter wheat. This was one of the indispensable 
solutions to increase the androgenic efficiency (Weigt et 
al., 2020). Winter wheat (Triticum aestivum L.) is more 
tolerant to low temperatures. This fact leads to 
differences in the level of endogenous hormones 
induced in cells of spring and winter wheat during cold 
stress, and thus affects the efficiency of androgenesis. 
Weigt et al. (2020) tested fifteen winter- and fifteen 
spring wheat genotypes separately using the microspore 
androgenesis method and analysed the differences 
between them in response to hormone content. They 
utilized C17 induction medium, which was 
supplemented with two combinations of growth 
hormones: Ið the auxins only (1 mg/L of 2,4-
dichlorophenoxyacetic acid (2,4-D) + 1 mg/L of 
dicamba, and IIñ auxin and cytokinin (1.5 mg/L of 2,4
-D + 0.5 mg/L of kinetin). The results revealed that the 
spring genotypes responded better to embryo-like 
structures and green plantlets in C17 with hormone I 

and C17 with hormone II compared to the winter 
genotypes. Furthermore, within the spring wheat 
genotypes, a higher androgenic rate of embryo-like 
structures and green plantlets was achieved in C17 with 
hormone I compared to C17 with hormone II; in 
contrast, the winter wheat obtained more androgenic 
production of the embryo-like structures and green 
plantlets in C17 with hormone II compared to C17 
with hormone I. Thus, selecting proper composition of 
the medium is essential for increasing the efficiency of 
anther culture application. 

Caffeine or trifluralin was applied at the beginning 
of the induction phase to enhance the early 
chromosome doubling and androgenic induction 
(Broughton et al., 2020). Caffeine can stimulate the 
formation of embryo-like structures and the 
regeneration of green plantlets and influences the 
phragmoplast microtubules during cell division and 
cytokinesis (Yasuhara, 2005). This was reported in the 
study by Broughton et al. (2020) when modest 
improvements were achieved in the regeneration of 
green plantlets in two crosses of six spring wheat using 
0.5 mM caffeine treatment for 24 h at the beginning of 
the induction phase. The increase of green plantlets was 
14% in one cross and 27% in the other. In addition, the 
cytoskeleton re-programmed the microspores towards 
androgenesis (Touraev et al., 2001; Seguí-Simarro & 
Nuez, 2008). 

Colchicine and different herbicides disturb spindle 
microtubules and prompt the microspore 
embryogenesis in various species, while n-butanol has 
influence on cortical microtubules and prompts the 
androgenesis in wheat (Soriano et al., 2008; Broughton, 
2011). 

Ding et al. (1991) demonstrated that a low dose of 
gamma ray (up to 7 Gy) could also improve the anther 
culture response in wheat.  

 

  

In recent decades, many studies have been 
conducted to improve the efficiency of the anther 
culture induction medium. P4 (Pauk et al., 2003), P2 
(Kondic-Spika et al., 2011), and W14 (Rubtsova et al., 
2013; Lantos & Pauk, 2016; Lazaridou et al., 2016) are 
the most commonly used induction media for the 
anther culture androgenesis of winter wheat (Triticum 
aestivum L.). There are also other induction media such 
as MS3M (Soriano et al., 2007; Sanchez-Diaz et al., 
2013; Castillo et al., 2015) C17 (Weigt et al., 2020) 
(Table 1), LIM (Broughton et al., 2020), and AM. These 
media contain maltose as a carbon source (Hunter, 
1987) and Ficoll as an osmotic agent (Datta & Wenzel, 
1987). Recently, W14 and MS3M media have been 
widely used in haploid experiments and wheat breeding 
programs. W14 medium has been modified to W14mf 



 

synthetic medium (Table 1), which has been effectively 
used in wheat research and breeding programs (Lantos 
et al., 2013, Lantos & Pauk, 2016; Kanbar et al., 2020a, 
2020b). Some organic components such as potato 

extract and wheat ovaries were reported to enhance the 
efficiency of in vitro anther culture (Datta & Wenzel, 
1987; Brougton, 2008, 2011; Castillo et al., 2015; 
Broughton et al., 2020).  

Media components 
Induction medium (mg/L)   Regeneration medium (mg/L) 

C17 W14 W14mf   MS 190-2 190-2CU 

Macro salts               

KNO 3 1,400 2,000 2,000   1,900 1,000 1,000 

KCl   - -   - 40 40 

K2SO4   700 700   - - - 

(NH4)2SO4   - -   - 200 200 

NH4NO3 300 - -   1,650 - - 

KH 2PO4 400 - -   170 300 300 

NH4H2PO4   380 380   - - - 

CaCl2 ẗ 2H2O 150 140 140   332.2 - - 

Ca(NO3)2 ẗ 4H2O   - -   - 100 100 

MgSO4 ẗ 7H2O 150 200 200   180.7 200 200 

Iron source               

Na2EDTA 37.8 37.3 37.3   37.2 37.3 37.3 

FeSO4 ẗ 7H2O 27.8 27.8 27.8   27.8 27.8 27.8 

Micro salts               

MnSO4 ẗ 4H2O 11.2 8 8   16.9 8 8 

ZnSO4 ẗ 7H2O 8.6 3 3   8.6 3 3 

H3BO3 6.2 3 3   6.2 3 3 

KI  0.86 0.5 0.5   0.8 0.5 0.5 

CuSO4 ẗ 5H2O 0.025 0.025 0.025   0.025 - 0.5 

CoCl2 ẗ 6H2O 0.025 0.025 0.025   0.025 - - 

Na2MoO4 ẗ 2H2O   0.005 0.005   0.25 - - 

Vitamins               

Myo-Inositol 100 500 -   100 100 100 

Thiamine HCl 1 2 2   0.1 1 1 

Pyridoxine HCl 0.5 0. 5 0. 05   0.5 0.5 0.5 

Folic acid 0.5 - -     - - 

Nicotinic acid 0.5 0. 5 0. 05   0.5 0.5 0.5 

Other components               

Glycine 2 2 -   2 2 2 

L-cysteine - 50 -   - - - 

Biotine 1 - -   - - - 

Sucrose - - -   30,000 30,000 30,000 

Maltose 90,000 90,000 90,000   - - - 

2,4-D 1.5 5 2   2.5 - - 

Kinetin 0.5 - 0.5   - 0.5 0.5 

PFA 20 - -   - - - 

BAP - 0.5 -   - - - 

Etephon - 20 -   - - - 

NAA - - -   - 0.5 0.5 

Ficoll 400 - 100,000 100,000   - - - 

Agar - - -   8,000 6,000 - 

Agarose 6,000 6,000 -   - - - 

Gelrite   - -   - 3,000 3,000 

PH 5.8 5.8 5.8   5.8 6 5.8 

Table 1. Composition of some of the different media used in wheat anther culture 



 

The most commonly used regeneration media in 
anther culture are 190-2 (Tuvesson et al., 2000; 
Lazaridou et al., 2016; Orlowska et al., 2020), J25-8 
(Soriano et al., 2007, 2008; Castillo et al., 2015) and MS 
(Rubtsova et al., 2013; Weigt et al., 2016, 2019) (Table 
1). 190-2 regeneration medium was modified to 190-
2Cu (Table 1) and proved to be efficient regeneration 
medium in wheat research and breeding programs, too 
(Pauk et al., 2003; Lantos et al., 2013; Lantos & Pauk, 
2016; Kanbar et al., 2020a, 2020b). The embryo-like 
structures are incubated in a growth chamber for a 
period of approximately two weeks at 22ð26°C with 16 
h photoperiod to regenerate green and albino plantlets 
in a diverse proportion. 
 

Although many studies have made progress in 
improving in vitro anther culture by following a specific 
protocol (Broughton et al., 2008, 2011, 2020; Soriano et 
al., 2008; Lantos et al., 2013), there is still a variation 
between wheat genotypes in response to anther culture 
method. Some studies reported a maximum production 
of green plantlet over 100 green plantlets/100 anthers 
(Broughton, 2011, 2020; Lantos et al., 2013; Castillo et 
al., 2015). The maximum values less than 25 green 
plantlets/100 anthers were reported in the studies of 
Kim & Baenziger (2005); Khiabani et al. (2008); Kondic
-Spika et al. (2008); El-Hennawy et al. (2011); Grauda et 
al. (2014); Weigt et al. (2019); Orlowska et al. (2020); 
Kanbar et al. (2020a, 2020b). Some findings recorded 
maximum values between 25ð37 green plantlets/100 
anthers (Trottier et al., 1993; NavarroAlvarez et al., 
1994; Lantos et al., 2013; Weigt et al., 2020). The total 
average of the production of green plantlets/100 
anthers, which is between 0.40 and 9.76 green 
plantlets/100 anthers depending on the used protocol 
was recorded from previous winter wheat breeding 
programs by Masojc et al. (1993); Holme et al. (1999); 
Tuvesson et al. (2000); Kondic-Spika et al. (2008); El-
Hennawy et al. (2011); Grauda et al. (2014); Weigt et al. 
(2019, 2020); Kanbar et al. (2020a, 2020b). 
 

After acclimatization, the frequency of transplanted 
plantlet losses resulted from the hardening of the 
plantlets ñ transferring them gradually from high to 
low humidity and from low light intensity to high light 
intensity, in addition to transplantation to suitable 
substrates of sand, peat, compost etc. These losses can 
be overcome by applying a suitable concentration of 
sucrose (2ð4%) or growth retardants to plantlet 
shooting and rooting medium, and also reducing the 
moisture in the culture boxes by adding oily substances 

that subsequently improve the growth of the plants in 
in vivo. Although experiments to optimize the 
circumstances for micropropagation of plantlets in in 
vivo were not fully present, studies carried out on the 
improvement of the conditions for in vitro plantlet 
micropropagation of various plants and subsequently 
improved the acclimatization of plantlets in the 
greenhouse (Pospisilova et al., 1999; Hazarika, 2003). 
Besides, the transfer of plantlets from the laboratory to 
greenhouse or field (nursery) is a critical point of this 
work and experiments. The increase in the frequency of 
in vivo plantlet is largely dependent on the 
improvements of in vitro plantlet shooting and rooting 
medium, the genetic effect, the human background, and 
the technical equipment. Among the regenerated 
plantlets, there is a low rate (5ð10%, depending on the 
season) of the chimeric and genetically changed 
individuals (monosome, trisome, etc.), which need 
special care. These individuals are not advantageous for 
breeding programs. As a rule, they degenerate and do 
not survive the greenhouse- or field (nursery) breeding 
circumstances. 
 

The haploid plants that are regenerated from diploid 
species have only one set of chromosomes and are 
characterized by being smaller, weak, and infertile 
because chromosomes cannot be doubled during 
meiosis. They could spontaneously restore their fertility 
or use stimulants so that they can be used in breeding 
programs. Chromosome doubling occurs when a factor 
is applied that prevents spindle formation during 
mitosis and thus impedes the normal segregation of 
sister chromatids towards the poles. Doubled haploid 
plants are homozygous at all loci representing a new 
variety. 

Spontaneous double haploid is normally present in 
cereal plants produced by anther culture, and it is a safe 
method because chemical treatments, such as 
colchicine, are toxic to humans. Prior to genetic 
characterization of new lines for quantitative traits, 
spontaneous doubled haploid plants produce more 
grains compared to plants treated with chemical 
compounds (colchicine) (Chaudhary et al., 2015). 
Spontaneous chromosome doubling, which restores the 
fertility in cereals, offers the chance to avoid the 
examination of regenerated plants for ploidy 
determination, the treatment of haploid plants with 
colchicine by root immersion (Jensen, 1974; Inagaki, 
2003), and also to avoid the problems of plants 
associated with mortality, ploidy chimaeras and variable 
seed set caused by this treatment (Soriano et al., 2007). 
Nuclear fusion is widely known as a mechanism for 
spontaneous chromosome doubling in microspore-
derived haploid wheat and barley (Kasha, 2005; 



 

Daghma et al., 2014). However, the spontaneous 
doubling rate for winter wheat (Triticum aestivum L.) in 
the report of Castillo et al. (2009) ranged between 25% 
and 70%. Lantos & Pauk (2016) recorded a value of 
17.65% to 60%. Weigt et al. (2019) achieved a 
spontaneous doubled haploid plant rate varying between 
27% and 43% depending on the genotype. Broughton et 
al. (2020), who treated Australian spring wheat crosses 
with caffeine or trifluralin, obtained a spontaneous rate 
between 14% and 80%. Kanbar et al. (2020b) achieved 
spontaneous doubling rates for winter wheat (Triticum 
aestivum L.) between 25% and 87.76%. Total rates of 
spontaneous doubled haploid were 49%, 47.90%, 35%, 
32.72%, and 59.74% in the studies of Kim & Baenziger 
(2005), Kondic-Spika et al. (2008), Lantos et al. (2013), 
Lantos & Pauk (2016), Kanbar et al. (2020b), 
respectively. Spontaneous doubled haploid winter wheat 
(Triticum aestivum L.), varying between 5% and 30%, 
were presented in early studies conducted by Ziegler et 
al. (1990); Masojc et al. (1993); and Navarro-Alvarez et 
al. (1994). 

Colchicine, an anti-mitotic chemical, was successfully 
added at an early stage of anther culture and microspore 
media to improve genome doubling in wheat (Soriano et 
al., 2007; Barnabás et al., 1991; Hansen & Andersen, 
1998a). Colchicine should be utilized in relatively high 
concentrations to achieve an affinity to plant 
microtubules and thus the chromosome doubling 
(Morejohn et al., 1984; Morejohn et al., 1987a), but the 
negative aspect of this use is that colchicine has a toxic 
effect on humans and a high affinity to vertebrate 
microtubules (Dhooghe et al., 2011). The 0.1% (w/v) 
(2.5 mM) concentration of colchicine is frequently 
applied for root dipping treatment in cereals (Jensen, 
1974; Inagaki, 2003), however, lower concentrations 
between 0.3 and 1.0 mM are used in in vitro anther and 
microspore cultures (Soriano et al., 2007; Hansen & 
Andersen, 1998a). In the study by Soriano et al. (2007), 
they observed that the Pavon wheat variety achieved 
fewer improvements in a chromosomal doubling when 
using colchicine in anther culture compared with 
microspore culture. It is worth mentioning that the 
0.1% (w/v) (2.5 mM) concentration of colchicine is 
mostly used for root dipping treatment in cereals (Jensen, 
1974; Inagaki, 2003). 

Many herbicides target mitosis and have a 
mechanism for doubling chromosomes, such as 
dinitroanilines (trifluralin and oryzalin), benzamides 
(pronamide), phosphorothioamidates (aminoprophos-
methyl or APM), as well as carbamates (chlorpropham 
and isopropyl N-3-chlorophenyl carbamate) (Dhooghe 
et al., 2011). Studies clarified the mechanism of oryzalin 
and APM, which included binding to tubulin proteins, 
inhibiting the polymerization of microtubules and 
stimulating the depolymerization of the anaphase 
spindle (Morejohn et al., 1987b; Murthy et al., 1994). 

Mitosis and cell division are prohibited, and affected 
cells may involve polyploid nuclei. These chemicals 
have led to diploidization in many plant species 
(Dhooghe et al., 2011). In addition to colchicine, 
trifluralin, oryzalin, and APM have also been used to 
double chromosome during androgenesis in wheat 
(Hansen & Andersen, 1998b). Since these chemicals 
have a much higher affinity to plant microtubules than 
colchicine, they can therefore be used in the micromolar 
concentrations (Morejohn et al., 1987b; Bajer & Molè-
Bajer, 1986). Additionally, these chemicals do not bind to 
animal microtubules (Morejohn et al., 1987b; Murthy et al., 
1994; Bajer & Molè-Bajer, 1986) thereby reducing the risk 
of toxicity to humans. In previous studies, relatively higher 
concentrations of oryzalin, trifluralin and APM had similar 
in vitro effects like colchicine in improving chromosome 
doubling in wheat. The highest frequency of fertile plants 
was attained by the concentration of 10 ǪM trifluralin or 
APM used for 48 h.  

In anther culture, androgenesis and early genome 
doubling can be attained when chemical herbicides, 
such as caffeine or trifluralin are used at an early stage 
in the induction medium required for embryo-like 
structure prompt, then doubled haploid and fertile 
plants are spontaneously produced (Broughton et al., 
2020). The investigation carried out by Broughton et al. 
(2020) showed that trifluralin significantly improved the 
chromosome doubling in the control genotype of wheat 
(Triticum aestivum L.) after pre-treatment of 1 ǪM and 3 
ǪM for 48 h, from 38% to 51% and 53%, respectively. 
Trifluralin, however, led to a negative effect on the 
regeneration of green plantlet/20 anthers in the same 
genotype and minimized the number from 31.8 to 9 
and 25, respectively. The use of caffeine in this 
experiment did not record significant improvements in 
the doubling of chromosome in the wheat anther 
culture, while it was not tested for in vitro microspore 
culture as an agent for the chromosome doubling 
purpose. Caffeine was tested in haploid interspecific 
(wheat × maize) crosses instead of colchicine to double 
the genome in wheat (Thomas et al., 1997), where root 
dipping treatments with the tested concentrations of 0.3
ð10 g/L and a duration of 3ð24 h were used. Caffeine 
can be used as an agent for restoring fertility in wheat 
via root dipping treatment and the best result of the 
discovered fertility was achieved with 3 g/L (15.4 mM) 
applied for 24 h, when various concentrations were 
tested (Thomas et al., 1997).  

Sugar starvation was widely-applied as stress pre-
treatment involving placing the anthers on a medium 
containing mannitol as a carbohydrate source (Caredda 
et al., 2000; Kasha et al., 2001; Cistué et al., 2006; 
Soriano et al., 2007; Castillo et al., 2015). This pre-
treatment resulted in a high rate of chromosome 
doubling in barley (Kasha et al., 2001; Shim et al., 
2006), and wheat (Hu & Kasha, 1997).  



 

In vitro anther culture is efficiently applied in research 
and breeding programs of wheat (Triticum aestivum L.) to 
realize homogeneity in a single generation. The technology 
contributes to a more accurate evaluation of QTL × 
environmental interactions and is applied in genetic 
research for marker-trait association study, genomics and 
as a target for transformation, genetic engineering, gene 
mapping, and mapping of quantitative trait loci (QTLs). 

Most of the studies indicate that the genetic 
improvement (the crossing with responsive genotypes), 
application of convenient stress pre-treatments (heat, cold 
and chemical components) and improvement in the 
composition of anther culture media and culture 
conditions are more efficient in stimulating anther culture 
androgenesis in a wide range of wheat genotypes. 
Moreover, the application of anther culture method with 
the mentioned improvements contributes to overcoming 
the problem of genotype dependency and the occurrence 
of albinism in wheat (Triticum aestivum L.).    

High rates of spontaneous doubled haploid lines could 
be obtained in wheat and cereal plants produced by anther 
culture. In addition, the use of colchicine and anti-mitotic 
chemicals at an early stage of anther culture or as root 
immersion treatment may contribute to the increase of 
genome doubling in wheat (Triticum aestivum L.). 
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