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1  | IMPORTANCE OF SORGHUM AND 
A SHORT HISTORY OF ITS HAPLOID 
INDUC TION

Sorghum [Sorghum bicolor (L.) Moench] is one of the most important 
cereal crops globally and it is ranked fifth in cultivation area after 
wheat, maize, rice and barley (Srinivasa-Rao et al., 2014). The crop is 
a staple cereal grain for many of the world's most food insecure peo-
ple (Tari et al., 2012). According to Srinivasa-Rao et al. (2014) it is the 
fifth of the most consumed food crops in the world after rice, wheat, 
maize and potatoes. USDA presented the average global productiv-
ity in 2016/2017 as 1.46 t/ha (The Odum Institute, 2017) However, 
productivity in some countries such as Argentina (4.86 t/ha), the 
USA (4.89 t/ha) and Egypt (5.36 t/ha) was well above the average. 
In the Semi-Arid Tropics (SAT) where it is a dietary staple for more 
than 500 million people, countries in the region including Burkina 
Faso, Mali, Mozambique, Nigeria, Sudan, and Tanzania to name but 
a few had meagre yields (t/ha) of 0.93, 1.12, 0.60, 1.26, 0.73 and 
1.00, respectively, which were below the global average. The low 

production in some African countries may be attributed to the fac-
tors pointed out by Mundia et al. (2019) since the crop is grown for 
subsistence, where application of agricultural inputs is largely miss-
ing owing to affordability, and production is done on marginal lands. 
Low adoption of hybrids (Mindaye et al., 2016), the inverse of which, 
as opined by Ringo et al. (2015) could lead to increased yields in this 
region has also compounded the problem. These are in contrast to 
the more resource endowed commercial oriented production sys-
tems such as in the USA. Additionally, biotic and abiotic stresses 
are major constraints influencing productivity (Kiranmayee, Kishor, 
Hash, & Deshpande, 2015; Mbuvi et al., 2017).

Research aimed at enhancing sorghum resistance to stress fac-
tors should be pursued to expand the range of its growth to marginal 
and barren soils to meet the needs of a growing population, chang-
ing diets, and biofuel production (Anami et al., 2015); and assure its 
availability as food in drought prone environments in the tropics and 
subtropics (Srinivasa-Rao et al., 2014). It can tolerate low unpredict-
able rainfall, being a drought resistant crop (Adhikari, Nejadhashemi, 
& Woznicki, 2015). Despite remarkable success, sorghum research 
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Abstract
Development of sorghum hybrids can immensely benefit from an enhanced anther 
culture protocol since the resultant doubled haploids would accelerate, as in other 
major cereal crops, the attainment of homozygosity and fixation of alleles. Production 
of the hybrids that have got high yielding, stress tolerance and other traits of indus-
trial significance in a shorter time as compared to the current trend can hence be 
realized. This review presents the advances that have been made in the development 
of such a protocol, with closer attention to androgenic induction components of pre-
treatment, culture media composition and conditions as well as ploidy determina-
tion and eventual chromosome doubling. From the findings of this review, it is clear 
that further work is desired to ensure a protocol, that to a large degree, breaks the 
genotype dependency trend that has been widely cited to impede the usability of the 
tested protocols.
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could yield fruits in a shorter period, unlike the current trend, where, 
according to the data presented by Ndjeunga et al. (2015), there had 
only been a release of 131 new varieties in the period 1970–2010, in 
five countries namely Burkina-Faso, Mali, Niger, Nigeria and Senegal. 
The challenge of the time of genotype development coupled with a 
more efficient screening of grain and the superior crop trait adoption 
can be achieved through the biotechnology tool of doubled haploid 
technology (Barkley & Chumley, 2012). The benefits of doubled hap-
loid like in other major cereals can immensely impact sorghum hybrid 
development.

As Wędzony et al. (2009) explains, progress in the doubled hap-
loid technology has been achieved through empirical, time- and 
cost-consuming testing of protocols, and as a consequence, success 
over the last few decades has been proportional to the number of 
laboratories involved. The detailed review by Wędzony et al. (2009) 
mentions the frequently studied crops whose protocols for the tech-
nology have now become routine as barley, triticale, maize, rice and 
rapeseed. Even with the immense and urgent need to accelerate sor-
ghum hybrid development, it is conspicuously missing out on this 
list and the cumulative benefits thereof. This is despite its strategic 
advantage as the grain of the future, due to its low gluten content, 
high lipid content (Pontieri et al., 2013), in addition to tolerance to 
climate change related abiotic stresses such as drought.

Some authors point out that the doubled haploid protocols for 
sorghum remain unavailable or unreproducible (Teingtham,  2017). 
This is not entirely unexpected as sorghum has been described as one 
of the most recalcitrant crops for tissue cultures (Zhao et al., 2000). 
Liang, Gu, Yue, Shi, and Kofoid (1997) opined that factors such as 
low rate of callus induction and regeneration, high level of poly-
phenols exudation from somatic tissues and appearance of albino 
plantlets among regenerants contribute to the dismal success of tis-
sue cultures in sorghum. In somatic tissue culture, Liu et al.  (2015) 
argued that success of sorghum embryogenesis is genotype depen-
dent, although factors such as the ex-plant type and different cul-
ture medium modifications have played a role in successful callus 
formation at various degrees (Teingtham, 2017). Most significantly, 
in addition to their findings that explant type plays a great role in 
suppressing polyphenols production and contributing to increased 
regeneration rates, Liu et al.  (2015) reported a drastic reduction in 
polyphenols production after their induction medium modification 
with amino acids L- proline and L- asparagine, together with KH2PO4 
and CuSO4.5H2O to MS (Murashige & Skoog, 1962) medium. Further 
to this work, Chege, Palágyi, Lantos, Kiss, and Pauk (2020) reported 
that the use of half strength MS medium together with the supple-
ments used by Liu et al. (2015) contributed to attainment of quality 
callus i.e. 60% yellow calli with 25% of them being friable. A doubled 
haploid development protocol may, however, not benefit from all the 
gains made in somatic embryogenesis, especially during callus induc-
tion, owing to the difference in the explant types involved.

Notable progress has been realized in sorghum doubled haploid 
production following recent findings in the work of Hussain and 
Franks (2019) where they report sorghum cultivars SMHI01 and 
SMHI02 as putative haploid inducer lines, although their success 

rates are very low (1%–2%). A patent has been sought for a genetic 
modification of an endogenous gene encoding patatin phospholipase 
therefore conferring haploid inducer ability or enhancing the induc-
tion performance of sorghum plants (https://paten​timag​es.stora​
ge.googl​eapis.com/64/fd/ef/5b5c0​9747d​87c2/EP336​6778A1.pdf). 
These two haploid inducer development methods may be faced with 
a common problem—early desiccation of embryos from mutants and 
wide hybridization—as described by Rizal et al. (2014). A method for 
speed breeding developed by Rizal et  al.  (2014) in which by split-
ting a panicle on a single culm, both selfed and crossed progenies 
were obtained and through embryo rescue the breeding cycle was 
reduced from 17 to 11 weeks, is a step forward in addressing the 
mentioned challenges. Some of the other speed breeding techniques 
described by Hickey et al. (2019) may be explored, to augment, com-
plement or wholly replace the need for doubled haploid technology 
in future. In this review however, the aim is to present the progress 
that has been attained in the androgenesis components of pre-treat-
ment, induction and regeneration media composition, ploidy level 
determination, chromosome duplication in comparison to that in 
other major cereal crops such as maize, wheat, triticale and rice. As 
already mentioned, and as argued by Wędzony et al. (2009), success 
may only be realized by cumulative gains of repeat testing protocols.

2  | GENER AL DESCRIPTION OF DOUBLED 
HAPLOID TECHNOLOGY

Doubled haploid lines in sorghum can reduce the time to homozy-
gosity in breeding by accelerating efficacy in selection and eliminat-
ing the need for prolonged breeding cycles (Chang & Coe, 2009; 
Wędzony et al., 2009). The technology's development has involved 
many researchers over a long period as explained by Wędzony et al. 
(2009). It requires acquisition of haploids firstly, currently achieved 
through In vitro androgenesis and gynogenesis sporophytic de-
velopment induction, wide hybridization and sometimes obtained 
spontaneously although at a very low frequency in almost every 
plant species (Hussain & Franks, 2019).

Androgenesis can be achieved through anther culture or by iso-
lated microspore culture depending on the method followed, with 
protocols now existing for more than 200 species (Bhojwani & 
Dantu, 2013; Wędzony et al., 2009). The process leads to the de-
velopment of embryos rather than pollen grains from male gametes 
thus requiring a complete reprogramming of the developmental 
plan. The induction sees to the shift from maturation of the highly 
specialized pollen cells to sporophytic development and is only pos-
sible, as Touraev et al. (2001) opines at very early developmental 
stages when the gametic cells appear to be totipotent. The technol-
ogy draws from the fact that in certain conditions, the microspores 
which are the first generation of male gametic cells and that have a 
haploid chromosome complement are amenable to androgenic in-
duction in many species, their production in plant anthers in large 
numbers providing an advantage as they are relatively easy to access 
and manipulate (Touraev et al., 2001; Wędzony et al., 2009). These 
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conditions include but are not limited to anther, inflorescence and or 
donor tiller pre-temperature shock; starvation; and or other stress 
treatment (Touraev et al., 1996; Žárský et al., 1992, 1995); media 
composition; and growth regulators (Wędzony et al., 2009).

In gynogenesis, reprogramming is not necessary as the embryo-
genic pathway just needs to be switched on in the female gamete 
without proper fertilization (Portemer et al., 2015). Wędzony et al. 
(2009) argues that compared to androgenesis, gynogenesis is not 
effective because of the far fewer eggs produced by plantlets than 
pollen grains. Nevertheless, haploids induced from unfertilized ovule 
and ovary cultures have been reported for many plant species such 
as Beta vulgaris L., Allium cepa L. and others that are recalcitrant to 
androgenesis (Keller & Korzun, 1996; Teingtham, 2017).

Wide hybridization, a technique where a genetically relatively 
distant male partner or pollinator possessing special genetic proper-
ties such as haploid inducing genes is crossed with a desirable female 
has been reported to be effective in haploid production (Hussain & 
Franks, 2019). On fertilization, the male genetic material gets elim-
inated from cells of the developing embryo at early stages of its 
growth (Wędzony et al., 2009). According to Hussain and Franks 
(2019), when an inducer line is used to pollinate a diploid plant, most 
of the embryos produced are regular hybrid embryos, but a smaller 
proportion of haploid maternal embryos are produced.

3  | ANDROGENESIS IN SORGHUM

Research geared towards the optimization of a doubled haploid de-
velopment protocol for sorghum [Sorghum bicolor (L.) Moench] by 
Rose et al. (1986) represents one of the earliest works in the crop. 
They reported the importance of incubation temperature in anther 
response rate and 33°C as the optimum, although they regenerated 
only four albino plantlets of unknown ploidy from more than 1,000 
anther-origin calli. In what was a significant improvement from 
these findings, Wen et al. (1991) regenerated 29 plantlets from one 
cultivar 'Xin White', on medium MS-d-4 (modified Murashige and 
Skoog, [1962] medium) out of an anther culture of six sorghum cul-
tivars on three induction media. While Wen et al. (1991) concluded 
that they may have developed sorghum haploids owing to the result-
ant albino plantlets among the regenerants, they identified diploid 
number of chromosomes in the regenerants, an indicator that the 
induced calli may have been from somatic tissues rather than from 
microspores. Like many other works involving sorghum tissue cul-
ture, the calli induction frequencies in this work being 4.3%, 3.2% 
and 0.1% for media C17-2, MS-t-z-2 and 85D3-2, respectively were 
low, and genotype dependence was observed (Wen et al., 1991). In 
a later experiment, Kumaravadivel and Sree Rangasamy (1994) suc-
cessfully induced calli at the rate of 40 calli per every 100 anthers in 
a culture of a hybrid line of sorghum, CSH5 (2077A × C83541). The 
anthers of the hybrid line had been cultured on N6 medium (Chu, 
Wang, Sun, Chen, & Yin, 1975) supplemented with 3.0% sucrose. 
2.0 mg/L 2,4-Dichlorophenoxyacetic Acid (2,4-D), 0.8% agar incu-
bated at 30°C. The experiment reported a regeneration frequency 

of 7.6% on modified MS medium supplemented with 3.0% sucrose, 
2.0  mg/L Benzyl Amino Purine (BAP) combined with 0.3  mg/1 
Indole-Acetic Acid (IAA) and for gelatinizing the medium, 0.8% agar 
was used (Kumaravadivel & Sree Rangasamy, 1994).

4  | PRE-TRE ATMENT OF DONOR TILLERS

As earlier mentioned, for androgenic induction, certain conditions 
(abiotic stresses) must be met for the male gametes to be repro-
grammed to sporophytic development. While Wędzony et al. (2009) 
argued that the role of abiotic stress factors in androgenic induction 
are not completely understood, and therefore not perfectly con-
trolled in most experiments, still, they provided case for two distinct 
functions in their review: synchronization of the developmen-
tal process of microspores (Hu & Kasha,  1999) and determination 
of the developmental stage of microspores (Binarova, Straatman, 
Hause, Hause, & van Lammeren, 1993; Hause, Hause, Pechan, & van 
Lammeren, 1993). Some of the stresses as earlier stipulated and as 
presented by Bhojwani and Dantu, (2013) include: starvation, tem-
perature shock, osmotic stress, colchicine, n-butanol treatment and 
others applied to whole plants in vivo, tillers, buds, or isolated an-
thers or microspore in vitro.

In their work, Rose et al. (1986), pre-treated sorghum tillers by 
wrapping them in polythene and aluminium foil and keeping them in 
darkness for 28, 35 or 42 days at 7°C; 10, 14 or 18 days at 14°C; 7, 
10 or 13 days at 20°C; 3, 4 or 5 days at 25°C; and 1, 2, 3 or 4 days at 
28°C. They further included an unpretreated control and distributed 
tillers sequentially among the treatments with seven repeats over 
the growing period to avoid the effect of donor plant environment 
on anther performance in vitro. At the ideal incubation temperature 
(33°C), Rose et al. (1986) concluded that long-temperature stress 
pre-treatments were not advantageous to callus induction. They 
argued that panicle pre-treatments at 7°C, 14°C, 20°C, 25°C and 
28°C either had no effect or significantly decreased callus yield. The 
experiment rather, found incubation temperature to have significant 
effect on yields of microspore-derived callus.

On their part, Wen et al.  (1991) did not conduct any pre-treat-
ments other than panicle sterilization in 60% ethanol, which as 
Wędzony et al. (2009) argue, could be considered a stress treatment. 
According to Wen et al.  (1991), callus induction was genotype de-
pendent for any given medium and culture conditions. In the work of 
Kumaravadivel and Sree Rangasamy (1994) a heat shock of 35°C for 
12 hr followed by an incubation temperature of 25°C was included 
in one of the treatments, however, it did not prove to have any ad-
vantage to the eventual number of calli induced. Ideal incubation 
temperature was argued to be the main causative of callus induction 
(Kumaravadivel & Sree Rangasamy, 1994). This argument corrobo-
rated that of Rose et al. (1986), although they differed on the ideal in-
cubation temperature as already pointed out earlier on in this paper.

Apart from temperature stress, whose role in influencing micro-
spore transition from gametophytic to sporophytic development 
was discussed by Touraev et al. (1997), no work on sorghum anther 
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culture has been done with other types of pre-treatment. In recent 
works, it is now quite commonplace to combine a relatively short 
low or high temperature treatment with osmotic starvation stress 
or interchange the two (Hoekstra, van Bergen, van Brouwershaven, 
Schilperoort, & Wang, 1997; Jacquard, Wojnarowiez, & Clément, 
2003; Kasha et al., 2002; Wędzony et al., 2009), such as a pre-treat-
ment of 14°C in a medium containing mannitol, that was done to 
improve androgenic efficiency in maize (Nageli et al., 1999; Zheng 
et al., 2003). In a separate experiment, when used together with 
growth regulators, starvation stress in mannitol gave satisfactory 
results in callus induction in maize (Liu et al., 2002a, 2002b). Kasha, 
Hu, Oro, Simion, and Shim (2001) in an experiment on cytology 
of barley (Hordeum vulgare L.) microspores at uni-nucleate stage 
during pre-treatment at the early culture stage concluded that spike 
pre-treatment with 0.3 M mannitol at 4°C for 4 days was preferable 
as it appeared to provide genotype independent induction and sus-
pension of nuclear division as well as regeneration of green plants 
at a shorter time compared to when the spikes were pre-treated 
with cold temperature alone, findings that are similar to those of 
Liu, Zheng, and Konzak (2002), Liu, Zheng, Polle, et al. (2002). Prior 
to this, Indrianto, Heberle-Bors, and Touraev (1999) had demon-
strated that wheat microspore embryogenesis was possible with a 
combination of high temperature shock in mannitol treatment. Zhao 
et al.  (1996) had demonstrated that colchicine could induce micro-
spore embryogenesis without requiring heat shock (at non-induc-
tive temperature of 25°C) in Brassica napus L. cv. 'Topas'. The above 
examples go to reiterate that stress is the major trigger in induc-
ing microspore embryogenesis from many monocots and dicots as 
pointed out by Touraev et al. (1997). Many of the existing protocols 
utilize one or more of the common stress inducing components: heat 
shock, cold shock, carbohydrate or nitrogen starvation and colchi-
cine pre-treatment (Indrianto et al., 1999), but rest for the work of 
Rose et al. (1986), literature for pre-treatment in sorghum anther 
culture is largely lacking. Rose et al. (1986) opined that inductive 
benefits of pre-treatment maybe partly offset by the acceleration of 
production of polyphenols in the anther wall in sorghum. According 
to them, tissue damage in sorghum tend to stimulate production of 
polyphenols, also referred to by some authors as lethal browning 
(Ko, Su, Chen, & Chao, 2008), therefore causing death to the devel-
oping microspores.

5  | CULTURE MEDIA AND CONDITIONS

Like other androgenic inductions, sorghum anther culture would re-
quire a culture medium with an organic nitrogen source, carbohy-
drates and growth regulator components as stipulated by Wędzony 
et al. (2009). Unfortunately for the crop, there hasn't been a re-
producible culture medium. Rose at al. (1986) reported a total of 
1,174 anther-derived calli induced on liquid potato extract (Chuang, 
Ouyang, Chia, Chou, & Ching, 1978) with 9% sucrose (w/v), 0.5 mg/L 
kinetin, and different concentrations of 2,4-D incubated in dark-
ness at 33°C. According to Rose et al. (1986), callus yield and anther 

response rates were highest at media containing 2–3  mg/L 2,4-D 
concentrations and that there was a marked difference in pheno-
lics production (media discolouration) between the media that had 
2,4-D and those without. On regeneration, this first sorghum anther 
culture experiment utilized half strength MS medium (Murashige & 
Skoog, 1962), modified with a range of auxins and cytokinins at dif-
ferent concentrations. They used kinetin at 0.5 mg/L which had been 
reported by Wernicke et al. (1982) to stimulate organ differentiation 
from leaf cultures of sorghum; and α-naphthalene-acetic acid (NAA) 
at 5 mg/L which Masteller and Holden (1970) had recommended for 
sorghum callus differentiation. Rose et al. (1986) additionally used a 
combination of BAP at 2 mg/L and IAA at 1 mg/L as had been used 
by Huang and Sunderland (1982) for barley anther-derived callus dif-
ferentiation. The regeneration media used in this experiment also 
comprised of 2% (w/v) sucrose and 0.8% (w/v) agar as the gelling 
agent.

It was reported, that incubation temperature had a signifi-
cant effect on anther response, with those incubated at 33°C in a 
10 hr-photoperiod giving the highest response as those incubated 
at 20°, 25° or 30°C rapidly turned black and died (Rose et al., 1986). 
At this temperature, they also reported a reduced discolouration 
of the medium and anthers. Eventually, four calli were regenerated 
into albino plantlets on a half strength MS medium containing only 
0.1 mg/L 2,4-D after a 3-stage regeneration process that entailed: 
first stage- transfer of calli to a regeneration medium containing 
2 mg/L 2,4-D on which individual calli proliferated, lost their origi-
nal structure and developed basal calli that were in contact with the 
medium surface (and were yellow, relatively loose and unstructured) 
while surface cells on the other hand either formed smooth brown 
gelatinous callus or compact white partially structured calli, which 
were sub-cultured every 7–10 days failure to which the calli disco-
loured; and a second stage- where leaf-like structures formed on the 
semi structured calli from stage one being transferred to a medium 
containing BAP and 2 mg/L 2,4-D, which were then transferred to 
the third stage after 14 days.

In their work, Wen et al. (1991) incubated 21,000 anthers over a 
period of 18 months on free media (Table. 1) namely MS-t-z-2, C17-2 
and 85D3-2 in darkness at 28±°C until calli were formed. Out of 
the 29 varieties involved in the trial, only six namely: 'Xin White', 
'Tx 403-TSB', 'DDY Sooner milo', 'Tx 2779', 'Brawley', and 'Spur 
Federal' formed calli at different frequencies, with 'Xin White' and 
'TX 403-TSB' having significantly higher callus induction frequen-
cies than the other four at 6.7% and 3.9% respectively. There were 
significantly higher callus induction frequency rates on media C17-2 
(3.6%) and MS-t-z-2 (4.1%) than on medium 85D3-2 (0.1%). Wen et al. 
(1991) concluded that addition of myo-inositol in MS-t-z-2 and biotin 
in C17-2 appeared to be beneficial to callus induction and that com-
pared to NAA, 2,4-D as the auxin provided better results.

The sorghum calli induced in the work of Wen et al. (1991) were 
regenerated on medium MS-d-4 (MS medium supplemented with 
2mg/L IAA and 2.5mg/L kinetin). Shoots began forming on the 3 mm 
calli that were transferred to the regeneration media two to three 
weeks later. Wen et al. (1991) observed that shoots formed before 
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roots in normal regeneration while calli that formed roots first never 
developed shoots. They also reported that the more the callus 

induction time, the less the calli regeneration frequency was, and it 
led to increased number of albino plantlets or regeneration of only 
roots in a callus.

The experiment by Kumaravadivel and Sree Rangasamy (1994) 
involved the culture of anthers of a sorghum hybrid CSH5 (2077A 
x C83541) on N6 medium (Chu et al., 1975) modified with 2.0 mg/L 
2,4-D, 3.0% (w/v) sucrose and 0.8% (w/v) agar at pH 5.8. In the first 
part of the trial, the anthers were incubated in the dark at 15°C, 
20°C, 25°C, 30°C and 35°C. A total of one hundred and twenty 
anthers were cultured in each treatment. The effect of different 
concentrations of 2,4-D at 0.5, 1.0, 1.5, 2.0 and 2.5  mg/L in the 
induction media were tested in the second part of the experiment 
where the same number of anthers per treatment were incubated in 
the dark, at 30°C and 85% relative humidity in media with the same 
components as in part one, but with the different 2,4-D concen-
trations (Kumaravadivel & Sree Rangasamy, 1994). In the first part, 
30°C was reported to have the highest callus induction frequency at 
40% as shown in Table 2.

In the second part of the experiment, 2,4-D at 2  mg/L was 
shown to be the most effective in callus induction (Figure 1). It was 
reported that anthers turned brown 7–10 days after incubation, but 
white to yellow compact and nodular calli began to grow by the 
15th day of subculture and proliferated on culture for 25–30 days 
(Kumaravadivel & Sree Rangasamy, 1994).

Kumaravadivel and Sree Rangasamy (1994) used MS medium 
modified with B5 vitamins, FeEDTA in double quantity with con-
centrations of BAP at 1.5, 2.0 and 2.5  mg/L and IAA at 0.3  mg/L 
to determine the optimum concentrations of BAP and IAA neces-
sary for sorghum plantlets regeneration. The embryogenic calli 
were transferred to the media and incubated at 25 ± 2°C under a 
16-hr photoperiod. They reported that on the regeneration media, 
calli formed clusters of embryoids and contrary to the findings of 
Wen et  al.  (1991), roots and shoots developed simultaneously. 
Regeneration media comprising of 2.0 mg/L BAP and 0.3 IAA gave 
the highest calli yield. A total of 1,417 plants were regenerated, 
whereby 764 were green and 653 were albinos (Kumaravadivel & 
Sree Rangasamy, 1994).

In addition, to these three studies, Can, Nakamura, Haryanto, 
and Yoshida (1998) in their work induced sorghum calli at a mean fre-
quency of 5.1% from six cultivars. MS medium containing 2.0 mg/L 
kinetin, 1.0 mg/L IAA and 2.5 mg/L 2,4-D produced the highest cal-
lus induction frequency at 6.4% with the field grown anthers and 

TA B L E  1   Components of the media used by Wen et al. (1991) 
for sorghum anther culture callus induction

Components

Media (Mg/L)

MS-t-z-2 C17-2 85D3-2

KNO3 1,900 1,400 2,830

KN2PO4 170 400 400

NH4NO4 1,650 300 —

(NH4)2SO4 — — —

CaCl2 × 2H2O 440 150 166

MgSO4 × 7H2O 370 150 185

or MgSO4 180 73.2 90.2

Na2.EDTA 37.3 37.3 37.3

FeSO4 × 7H2O 27.8 27.8 27.8

MnSO4 × 4H2O 22.3 11.2 4.4

(or MnSO4 × H2O) 17.1 8.6 3.4

ZnSO4 × 7H2O 8.6 8.6 1.5

H3BO3 6.2 6.2 1.6

KI 0.83 0.83 0.8

CuSO4 × 5H2O 0.025 0.025 —

CoCl2 × 6H2O 0.05 0.025 —

NaMoO4 × 2H2O 0.25 — —

Glycine 2 2 2

Thiamine HCl 0.1 1 1

Pyridoxine HCl 0.5 0.5 0.5

Nicotinic acid 0.5 0.5 0.5

Myo-inositol 100 — —

Casein hydrolysate — — 500

Biotin — 1.5 —

2,4-D 3 2 —

NAA — — 1

Kinetin 0.3 1 1.5

Zeatin 2.2 — —

Sucrose 20,000 20,000 30,000

Difco agar 5,000 7,000 5,000

pH 5.8 5.8 5.8

Incubation temperature (°C)

15 20 25 30 35a 

No. of anthers 
with calli (%)

10.1 ± 0.8 16.4 ± 2.2 23.7 ± 1.5 27.6 ± 2.1 20.5 ± 3.0

No. of calli/100 
anthers

12.3 ± 1.0 20.0 ± 0.7 27.1 ± 3.0 39.9 ± 1.0 23.0 ± 2.1

a35°C for 12 hr followed by incubation at 25°C. 

TA B L E  2   Effect of incubation 
temperature on callus induction on day 25 
as reported by Kumaravadivel and Sree 
Rangasamy (1994)
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3.7% with the greenhouse grown anthers after incubation in dark-
ness at 30 ± 1°C, where a total of 12,000 anthers were incubated. 
Can et al. (1998) found MS medium modified with 2.5 mg/L kinetin 
and 3.0 mg/L IAA to be the most effective for regeneration resulting 
in 27% frequency. A total of 63 plantlets were regenerated from the 
248 calli obtained, out of which 43 were green and 20 albinos (Can 
et al., 1998).

6  | PLOIDY LE VEL DETERMINATION AND 
CHROMOSOME DUPLIC ATION

According to Dunwell (2010) haploids can be distinguished from 
their diploid counterparts by their generally small appearance 
owing to their smaller cell size as cell volume in plants is directly 
proportional to their ploidy level. However, there are various meth-
ods through which the ploidy level can be confirmed. Cytological 
techniques and measurement of the DNA using flow cytometry 
are the direct methods of ploidy level determination while the use 
of guard cell and plastid dimensions comprise the indirect meth-
ods (Dunwell,  2010; Yuan et  al.,  2009). Methods utilizing DNA 
markers for ploidy determination have also been described (Diao 
et al., 2009).

In the sorghum anther culture induction work of Rose et al. 
(1986), the ploidy level of the albino regenerants was neither deter-
mined nor discussed. Wen et al. (1991) on the other hand examined 
root tips from microspore derived calli using the method described 
by Tang and Liang (1987). There were 10, 20 and 40 chromosomes 
counted from root-tip cells of the regenerated plants of 'Xin White' 
variety (Wen et  al.,  1991). They reasoned that occurrence of 20 
chromosomes from anther culture indicated that calli may have orig-
inated from somatic cells rather than from microspores. However, 
they argued that regeneration of albino plantlets suggested haploid 
plants may have been regenerated and that a few of the albino plant-
lets could have been a result of spontaneous chromosome doubling. 
Chromosome doubling was not reported for this work.

Twelve haploid and 248 doubled haploid plants were reported 
to have been regenerated in the work of Kumaravadivel and Sree 
Rangasamy (1994) from the culture of anthers from hybrid variety 
CSH5 (2077A x C83541). Similar to the work of Wen et al.  (1991), 
chromosome counting of root tip cells was the method employed 
to determine ploidy level (Kumaravadivel & Sree Rangasamy, 1994). 
It was reported that all the haploids developed and 116 of the 2n 
plants were sterile while the rest were fertile. Sterility in the 2n 
plants was thought to have been brought about by sterility induc-
ing (S) cytoplasm from one of the parents (2077A) of the hybrid 
(Kumaravadivel & Sree Rangasamy,  1994). Spontaneous chromo-
some doubling was reported to have occurred in 95.3% of the regen-
erated haploids, and therefore Kumaravadivel and Sree Rangasamy 
(1994) deemed genome doubling procedures to be unnecessary. On 
conducting field experiments that compared the regenerants with 
the original and selfed hybrid, it was observed that both quantita-
tive and qualitative traits’ variances were non-significant within 
family groups of the regenerants indicating rapid attainment of ho-
mozygosity, but significantly different when compared to those of 
the hybrid (Kumaravadivel & Sree Rangasamy, 1994). According to 
Kumaravadivel and Sree Rangasamy (1994), the field performance 
of the regenerants strongly suggested the gametophytic origin of 
the explant and indicated fixation of alleles as expected in doubled 
haploids. In their work, Can et al. (1998) observed 20 chromosomes 
(2n) in most of the regenerants and unstable chromosome numbers 
in the rest. Can et al.  (1998) used the method described by Hinata 
(1990) and modified by Can and Yoshida (1997) in determining ploidy 
level by root tip cell chromosomes observation. They concluded that 
the diploid plants observed may have been a result of spontaneous 
chromosome doubling of haploids or due to culture of somatic cells 
(Can et al., 1998).

7  | CONCLUSION

This review reiterates the observation that a well-developed pro-
tocol for sorghum anther culture remains largely unavailable or un-
reproducible. Nevertheless, the findings of the works highlighted 
point of desire to have this goal realized and are certainly positive 
strides towards this end. Like in the rest of the major cereals that 
are depended on for food security especially by the most vulnerable 
global populations, quicker release of varieties that are high yield-
ing, stress tolerant and of greater industrial significance would be 
of great value. Doubled haploid technology has been relied upon 
and utilized in realizing these varieties in these other major cereal 
crops, as research on components of the technology including pre-
treatment, culture media composition, regeneration, ploidy level 
determination and chromosome duplication is at an advanced level. 
This paper points out the gaps that exist in this endeavour for sor-
ghum anther culture and recommends efforts towards producing a 
reproducible protocol for the components of the technology pointed 
out, with special highlights on challenges that may be expected in its 
utilization.

F I G U R E  1   Adapted from Kumaravadivel and Sree Rangasamy 
(1994) shows the effect of 2,4-D on sorghum callus induction at 
30°C on day 25 in anther culture
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