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Hybrids of cauliflower are in high demand world over due to their high yield potential, earliness, better quality,
better resistance to biotic and abiotic stresses. Conventionally, hybrids are developed from the intercrossing of
two diverse inbred parental lines which are developed through continuous inbreeding for 8-10 generations and
still don't attain complete homozygosity. Doubled haploid technology on the other hand generate completely
homozygous inbred lines in a single step. Therefore, a study was undertaken at Punjab Agricultural University,
Ludhiana, to develop a protocol for the development of doubled haploid lines in cauliflower. The anthers were
excised from the flower buds of different genotypes viz. Jyoti, Pusa Sharad, Kartiki, CAUMH-2, CAUMH-10, LS-2,
LS-3, and LS-5 followed by their culture on five different callus induction media compositions. Genotypes differed
significantly in the ability to induce callus which was maximum in Jyoti followed by LS-2. Different media
compositions also varied significantly in callus induction efficiency which was maximum on MS media+1.5 mg/L
2,4-D +1.0 mg/L NAA. Maximum shoot regeneration was recorded in genotype Kartiki followed by LS-2 when
cultured on MS media+3.0 mg/L BAP+2.0 mg/L Kin. The regenerated shoots thus obtained were rooted on /2 MS
media +1.0 mg/L IBA. Ploidy analysis of root tips revealed that 22.2% of the regenerated plantlets were haploids,

27.8% were spontaneous doubled haploids, 16.7% were tetraploids and remaining 33.3% were mixoploids.

1. Introduction

The genus Brassica comprises of 39 different plant species therefore
occupies a prominent place in the Brassicaceae family [1]. Most popular
crops of the family are cauliflower, cabbage, broccoli, Knolkhol, Brussels
sprout and kale (also known as ‘cole’ crops) which are different mor-
photypes of B. oleracea [2]. The regular consumption of these vegetables
is reported to reduce the risk of chronic diseases like cancer, cardiovas-
cular diseases [3, 3, 4, 4, 5, 5]. Among the cole crops, cauliflower (B
oleracea var. botrytis L.) is one of the most economical and nutritionally
important vegetable crops worldwide grown from temperate to tropical
climatic conditions in different cropping seasons therefore available
round the year in the market [6]. Cauliflower is a self-incompatible and
cross-pollinated crop [7]. It is grown for its white tender flower buds,
called ‘curd’. China leads in the production of cauliflower followed by
India, collectively both the countries represent about 74% of the total
world production.

In cauliflower, hybrids are in high demand due to high yield, earliness,
better resistance to biotic and abiotic stresses [8]. An ideal hybrid is

produced by crossing two diverse inbred lines which are produced either
through self-pollination or doubled haploid (DH) technology. But in
cauliflower, self-pollination is restricted due to self-incompatibility and
needs a large number of generations to attain homozygosity. Thus, the
viable option to produce inbred lines is through haploid production. The
development of inbred line through DH technique will require less time
and have complete homozygosity as compared to an inbred line produced
through self-pollination. Haploid plants can either be produced from male
floral part i.e. androgenesis or female floral part i.e. gynogenesis. In
Brassica, androgenesis is preferred for haploid production [9]. Basic the-
ory behind androgenesis is to induce a sporophytic pathway of develop-
ment in immature pollen grains through different chemical and physical
shock treatments [10]. Anther culture is a relatively easy and quick
method to produce haploids and doubled haploids [11]. Anthers having
microspores at the late uninucleate to early binucleate stage are preferred
for haploid production [12]. DH lines may be straightly used as cultivars if
found suitable or used as parental lines for hybrids. In addition to inbred
development in the shortest possible time span, the DH technology has
many other practical applications in agricultural biotechnology like gene
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mapping, genomics, mutation induction, cytological studies etc. In B
oleracea, plants obtained through anther culture contain numerous ploidy
stages i.e. haploid, diploid, triploid, tetraploid, octoploid and aneuploid
[13, 14]. The reason behind different ploidy levels is spontaneous
doubling and abnormal polyploidization at the time of culture and sub-
sequent growth stages [15]. The successful production of androgenic
plantlets largely depends on the type of species, genotypes, physiology of
the donor plants, stage of development of microspores/pollen, composi-
tion of culture medium, carbon source, sucrose levels, plant growth hor-
mones and pretreatment temperatures [16]. Favorable growth conditions
of donor plants and modifications in in vitro conditions may reduce the
effect of genotype up to some extent [17, 18, 19]. Cultural media
composition influences the androgenic process in a great way. A complete
nutrient media composition containing all the mineral salts, sucrose and
vitamins are required for androgenesis. Most commonly used basal media
compositions in androgenesis are MS media [20], B5 medium [21], Nitsch
and Nitsch [22] and N6 [23]. Sucrose is being generally utilized as a
carbon and energy source in most of the culture media which also acts as a
regulator of the osmotic pressure [24]. To enhance embryogenesis anthers
are subjected to various kinds of pretreatment i.e. cold or heat shock, water
stress, high humidity, anaerobic treatment, sucrose and nitrogen starva-
tion, gamma radiation, ethanol microtubule disruptive agents,
electro-stimulation, heavy metal pre-treatments etc. [15, 25, 26]. The
pretreatments are believed to switch the gametophytic pathway of
development to sporophytic pathway in microspores. Among all the pre-
treatments, temperature is most effective to elicit embryogenesis.

In present investigation, the evaluation of callus induction potential
of eight cauliflower genotypes with respect to different cultural condi-
tions has been done.

2. Material and methods
2.1. Donor plant material

In present study, total eight genotypes of cauliflower viz. Jyoti, Pusa
Sharad, Kartiki, CAUMH-2, CAUMH-10, LS-2, LS-3, and LS-5 were eval-
uated for androgenic potentials. The source of these genotypes is given in
Table 1. These genotypes were grown in the field at the Vegetable
Research Farm, Punjab Agricultural University, Ludhiana following all
the recommended cultural practices [27].

2.2. Media used for anther culture

Murashige and Skoog media [20] was used as basal media for the
anther culture. The growth regulators were added as per the treatments
listed in Table 2. pH of the media was adjusted to 5.8 by adding 1N
NaOH/1N HCL dropwise. Agar (0.8%) was added while boiling for so-
lidification of media. Callus induction and shoot regeneration potential
of cauliflower genotypes was evaluated over five different media com-
positions while root regeneration capability was tested over four media
compositions (Table 2).

2.3. Anther culture technique

The unopened floral buds ranging from 4.0-5.0 mm in size, were
collected from the field in the icebox. The buds were surface sterilized

Table 1. The genotypes used in the study along with their source.

S. No. Genotype Source

1 Jyoti Private Seed Company
2 Kartiki Private Seed Company
3 Pusa Shard IARI

4 CAUMH-2,CAUMH-10 AICRP-ICAR

5 LS-2, LS-3, LS-5 PAU, Ludhiana
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Table 2. Different culture media used for anther culture.

Type of medium Media Code Composition of media

Callus Induction CIM1 MS + 1.5 mg/L 2,4-D + 1.0 mg/L NAA
CIM2 MS + 1.0 mg/L 2,4-D + 0.5 mg/L NAA
CIM3 MS + 0.5 mg/L 2,4-D + 1.0 mg/L NAA
CIM4 MS + 0.5 mg/L NAA
CIM5 MS + 1.5 mg/L BAP

Shoot Generation SRM1 MS + 3.0 mg/L BAP + 2.0 mg/L Kin
SRM2 MS + 2.0 mg/L BAP + 0.5 mg/L NAA
SRM3 MS + 3.0 mg/L BAP + 0.5 mg/L NAA
SRM4 MS + 2.0 mg/L Kin
SRM5 MS + 2.0 mg/L BAP

in the laminar air flow cabinet with 0.1% (w/v) HgCl, solution con-
taining 0.1 % (v/v) Tween 20 for 10 min followed by washing with the
sterile distilled water. Individual flower buds were then cut at the base
with sharp surgical sterilized scissors to free the anthers from the fila-
ments. These excised anthers were cultured on the callus induction
media and incubated in dark at 25 °C. After six to seven weeks of
inoculation, callus induction was observed in the cultured anthers and it
had attained a convenient size. These calli were further sub cultured to
new containers containing shoot regeneration media. The cultured jars
were incubated under cool white fluorescent light in dark/light condi-
tions for 16/8 h, respectively at 2542 °C. The subcultured calli differ-
entiated into shoots and attained a size of 3-4 cm in six to seven weeks.
To regenerate roots, the regenerated shoots were rescued aseptically
and again cultured in a jar which contained freshly prepared root in-
duction media and incubated under light/dark period of 16/8 h,
respectively, at 25+2 °C.

2.4. Ploidy analysis

The ploidy analysis of the root tips of regenerated plantlets was car-
ried out as per the method suggested by Schwarzacher and Heslop-
Harrison [28]. For slides preparation root tips were initially washed
with a citrate buffer (40 mM citric acid, 60 mM trisodium citrate; pH 4.8)
for 5 min followed by washing with water for 1 min. These roots were
transferred for digestion in an enzymatic solution containing 0.1 % (w/v)
cytohelicase, 0.1 % (w/v) cellulase Onozuka RS and 0.1 % pectolyase
Y23 in 10 mM citrate buffer, pH 4.8 for 90 min at 37 °C. To stop diges-
tion, the enzyme solution was replaced with a citrate buffer. These root
tips were then cleaned followed by maceration in in 60 % (v/v) acetic
acid and placed on clean glass slide. A slide containing macerated root
tip(s) was then covered with a coverslip and heated by passing it back
and forth through the gentle flame of an alcohol lamp. Following the

Table 3. Callus induction frequency and days taken to callus initiation in
different genotypes of cauliflower.

Genotype Callus Induction Frequency (CIF) Days taken to Callus Induction
(%) (CD
LS-2 50.3 b 18.2b
LS-3 40.0 ¢ 16.3 a
LS-5 26.7 e 19.8 ¢
Kartiki 32.7d 20.2 cd
Jyoti 55.6 a 18.3b
CAUMH-2 253 e 22.7 e
CAUMH-10 21.9f 22.7 e
PusaSharad 25.1e 20.9d
CD (5%) 2.4 1.01

Mean values in each column having the same lower-case letter were not signif-
icantly different (p < 0.05) according to Duncan's multiple range test.
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Table 4. Response of different media compositions for callus induction.

Media Code Media Composition CIF (%) Days taken to CI
CIM1 MS + 1.5 mg/L 2,4-D + 1.0 mg/LNAA 443 a 16.5 a

CIM2 MS + 1.0 mg/L 2,4-D + 0.5 mg/LNAA  40.0b 18.4b

CIM3 MS + 0.5 mg/L 2,4-D + 1.0 mg/L NAA  36.0c 18.0 b

CIM4 MS + 0.5 mg/L NAA 29.3d 22.2¢

CIM5 MS + 1.5 mg/L BAP 239e 24.5d

CD (5%) 1.8 0.8

Mean values in each column having the same lower-case letters were not
significantly different (p < 0.05) according to Duncan's multiple range test.

heating process, thumb pressure was applied to flatten the chromosomes.
The slide was observed in a fluorescent microscope.
2.5. Observations recorded

The observations were recorded on callus induction frequency and

shoot regeneration frequency by counting total number of cultured an-
thers which is given below.

Callus induction frequency (CIF) :

Number of anthers showing callus induction
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3.1. Callus induction

Callus induction frequency as shown in Table 3 was recorded in eight
genotypes i.e. LS-2, LS-3, LS-5, Kartiki, Jyoti, CAUMH-2, CAUMH-10 and
Pusa Sharad. Maximum percent callus induction was observed in geno-
type ‘Jyoti’ i.e. 55.6% (Plate 1 A) followed by LS-2 (50.3%) and LS-3
(40.0%) while minimum callus induction was observed in Pusa Sharad
(25.1%). Genotypes also differed statistically from each other in the days
taken to initiate callusing. Minimum days for callus initiation were taken
by genotype LS-3 (16.3 days) followed by LS-2 (18.2 days) while
maximum number of days were taken by the genotype CAU MH-2 and
CAU MH-10 i.e. 22.7 days each. Maximum callus induction was reported
in Jyoti genotype. Many studies have revealed that percent androgenesis
varied with genotypes [30, 11, 31] and in Brassica too similar reports are
available [32, 33, 34, 35].

Among 5 media combinations, maximum callus induction was
observed in CIM1 (44.3%) followed by CIM2 (40.0%) (Table 4). Mini-
mum callus induction (%) was observed in CIM5 (23.9) followed by
CIM4 (29.3). Minimum days for callus initiation were reported in CIM1
(16.5 days) followed by CIM2 (18.4 days). Maximum days for callus
initiation were reported in CIM5 (24.5 days) followed by CIM4 (22.2
days). Our results are in concurrence with the findings of Nagoo [36]

X100

Total numbers of anthers cultured

Number of calli showing regeneration

Shoot Regeneration Frequency (%) : Number of calli caltured

2.6. Statistical analysis

Analysis of variance (ANOVA) was done in a completely randomized
design (CRD) using SPSS software version 13. Duncan's multiple range
tests was carried out at P < 0.05 level of significance for the comparison
of mean values [29].

3. Results and discussions

Genotypes, media composition and their interaction had a significant
effect on the callus induction frequency and days taken to initiate callusing.

X100

who also observed a positive correlation among 2, 4-D and NAA growth
hormones for callus induction in Brassica. Shyam et al [34] also reported
maximum callus induction in Brassica juncea on MS media supplemented
with 2,4-D (3 mg/L) while Lone et al [37] reported maximum callus in-
duction upon MS media having 2,4-D (2.0-2.5 mg/L).

Among the 40 combinations of media and genotypes, 5 media x
genotype combinations performed superior than the rest of combina-
tions (Figure 1). These combinations included Jyoti x CIM1 (63.3%),
LS-2 x CIM1 (62.7%), Jyoti x CIM2 (60.0%), LS-2 x CIM2 (59.3%),
Jyoti x CIM3 (60.7%). There was also a significant difference in the
days taken for callus initiation on different media x genotype combi-

Callus Induction (%)
N w H w (o)) ~ (0]
o o o o o o o
—
—
—
—

=
o

o

Ls-2 LS-3 LS-5

mCiM1 mCIM2 mCIM3

Kartiki

CIM4 mCIM5

lyoti CAUMH-2 CAUMH-10 Pusa Sharad

Figure 1. Interactive effect of genotype and media combinations on callus induction frequency.
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Figure 2. Interactive effect of genotype and media combinations on shoot regeneration frequency.

nations. Among all the media x genotype combinations, 5 combinations
i.e. LS-2 x CIM1 (15.7 days), Jyoti x CIM1 (14.6 days), LS-5 x CIM1
(15.4 days), LS-3 x CIM1 (13.0 days), LS-3 x CIM2 (15.2 days) took
less time to initiate callusing. These five media x genotype combina-
tions were statistically at par for days taken to initiate callusing. Similar
results were reported by Reetisana [38] in which a significant effect of
genotype and media interaction was observed for days taken to initiate
callusing.

3.2. Shoot regeneration

Shoot regeneration frequency of different genotypes differed
significantly from each other (Figure 2). which was highest in geno-
type ‘Kartiki’ followed by ‘LS-2" (Plate 1 b & c). Shoot regeneration
frequency was at par for Kartiki and LS-2 genotypes (Table 5). Mini-
mum shoot regeneration frequency was observed in CAUMH-2 and
CAUMH-10. Among all the genotypes investigated in our study, min-
imum days for shoot emergence were taken by Jyoti and Kartiki (Plate
1d). Maximum days for shoot regeneration were observed in CAUMH-
2 and CAUMH-10. The results of the present investigation are in
concurrence with the findings of Romeijn and Lammeren [39], Zamani
et al [40] and Klima et al [41]. All these workers witnessed the
genotypic dependence in Brassica and other crops (barley, soyabean
etc.) for shoot regeneration, thus the shoot regeneration frequency was
controlled by genetic factors. The genetic control of shoot regeneration
frequency was also claimed by Lelu and Bollon [42] in head cabbage
and brussels sprouts.

Table 5. Response of different genotypes of cauliflower for shoot regeneration
and days taken to initiate shoot regeneration.

Genotype Shoot Regeneration Frequency Days taken to initiate shoot
(%) regeneration

LS-2 52.7 ab 243 e

LS-3 37.3d 42.2a

LS-5 35.0d 29.1c¢

Kartiki 55.3 a 22.2f

Jyoti 48.7b 23.0f

CAUMH-2 30.7 e 30.8b

CAUMH-10 27.3e 31.6b

Pusa 443 ¢ 25.8d

Sharad

CD (5%) 5.1 0.9

Highest shoot regeneration frequency was observed in SRM1 and
SRM 2 (Table 6). The performances of SRM1 and SRM2 were at par for
shoot regeneration frequency. Shoot regeneration media also differed
significantly among each other for days taken to shoot emergence.
Among the all media combinations, least time for shoot induction was
taken by SRM1 and maximum time for the same was taken by SRM3,
SRM4 and SRMS. It is evident from our study that media and growth
hormone combinations play a significant role in the shoot regeneration.
Our results are in concurrence with the findings of Rudolf et al [43], all
these workers witnessed the importance of regenerative media combi-
nations and amount and concentrations of growth hormones for shoot
regeneration. Chaudhary et al [16] also reported the maximum shoot
regeneration in broccoli with BAP (1 mg/L) + Kin (2.0 mg/L) + IAA
(0.25 ml/L) growth hormone combination. Similarly, Mousa et al [44]
also reported highest shoot regeneration in Brassica oleracea var italica
with BAP (1 mg/L) and 2,4-D (0.5 mg/L). Ravanfar et al [45] concluded
that BAP was the most effective plant growth regulator used for shoot
regeneration and multiplication for broccoli.

After sufficient shoot development, healthy green looking shoots
were cultured on rooting mediai.e. /2 MS medium supplemented with 1.0
mg/L IBA. When there was ample development of roots, plantlets were
hardened on wet cotton for a week before shifting to greenhouse (Plate
le).

3.3. Ploidy analysis

The meristematic root tips of the regenerated plantlets of different
genotypes were subjected to ploidy analysis to confirm the presence of

Table 6. Response of different media compositions for shoot regeneration and
days taken to initiate shoot regeneration.

Media Media Composition Shoot Regeneration Days

Code Frequency (%) taken

SRM1 MS + 3.0 mg/L BAP + 2.0 50.4 a 23.4a
mg/L Kin

SRM2 MS + 2.0 mg/L BAP + 0.5 49.4 a 25.9b
mg/L NAA

SRM3 MS + 3.0 mg/L BAP + 0.5 44.6 b 285¢c
mg/L NAA

SRM4 MS + 2.0 mg/L Kin 319c¢ 28.4c

SRM5 MS + 2.0 mg/L BAP 30.8 ¢ 28.1 ¢

CD (5%) 4.1 0.7

Mean values in each column followed by the same lower-case letters were not
significantly different (p < 0.05) according to Duncan's multiple range test.

Mean values in each column followed by the same lower-case letters were not
significantly different (p < 0.05) according to Duncan's multiple range test.
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Plate 1. Different stages of doubled haploid development in cauliflower genotype “Jyoti”; (a-Embryogenic callus formation, b-c: Shoot regeneration from embryo-
genic calli, d: Plantlet development, e: Hardening of plantlets, f: Doubled chromosome number in the root meristematic cells (2n=18).

Ploidy level of Regenerated Plants

® Haploid
3330% ® Doubled Haploid (DH)
Tetraploids
16.70% Mixoploids

Figure 3. Ploidy level of regenerated plants.

spontaneous doubled haploid plants. The slides were prepared from the
root tips of regenerated plantlets to count the mitotic chromosome
number. Since diploid chromosome number of cauliflower is 2n = 18, the
haploid plantlet root tips contained 9 chromosomes while doubled
haploids had exactly double of haploids i.e. 18 chromosomes (Plate 1). A
mixed population of haploids, doubled haploids, tetraploids, and mix-
oploids was obtained in genotype ‘Jyoti’ which were 22.2%, 27.8%,
16.7% and 33.3%, respectively (Figure 3). Keller and Armstrong [46] and
Prabhudesai and Bhaskaran [47] also generated haploid plants through
the anther culture technique in cauliflower. Genotypic differences were
recorded in obtaining the percent ploidy among different genotypes.
Wang et al. [14] also said that ploidy levels were genotype and species
specific. However, it is still unknown why some genotypes/species pro-
duce more haploids than others. Among other factors pollen develop-
ment stage i.e. uninucleate or binucleate, at the time of culturing also
affects ploidy level regenerants [48, 49].

4. Conclusion

Conventionally, development of homozygous inbred lines takes years
while doubled haploid technology is a single step route. But it is
dependent on many factors like genotype and media compositions.
Therefore, it has to be standardized for each genotype to be used in the
breeding programme. We found that ‘Jyoti’ gave maximum androgenic
response when cultured upon MS+ 1.5 mg/L 2,4-D+1.0 mg/L NAA.
Maximum plant regeneration frequency was observed in ‘Kartiki’ geno-
type upon MS+3.0 mg/L BAP + 2.0 mg/L Kin which indicated that cy-
tokinins played an important role in for shoot regeneration. The ploidy

analysis confirmed the presence of 22.2% haploids, 27.8% doubled
haploids, 16.7% tetraploids and 33.3% mixoploids. The protocol thus
developed will help the research community to produce inbred lines in
relatively less time.

Declarations
Author contribution statement

Ramandeep Singh: Performed the experiments; Analyzed and inter-
preted the data; Contributed reagents, materials, analysis tools or data;
Wrote the paper.

Ruma Devi: Conceived and designed the experiments; Analyzed and
interpreted the data; Contributed reagents, materials, analysis tools or
data; Wrote the paper.

Navraj Kaur Sarao: Conceived and designed the experiments;
Contributed reagents, materials, analysis tools or data.

Funding statement

This research did not receive any specific grant from funding agencies
in the public, commercial, or not-for-profit sectors.

Data availability statement

Data associated with this study has been deposited at Punjab Agri-
cultural University, Ludhiana.

Declaration of interest's statement

The authors declare no conflict of interest.

Additional information
No additional information is available for this paper.

References

[1] E. Katche, D. Quezada-Martinez, E.I. Katche, P. Vasquez-Teuber, A.S. Mason,
Interspecific hybridization for Brassica crop improvement, Crop Breed Genet.
Genom. 1 (2019), e190007.

[2] L. Maggioni, R. von Bothmer, G. Poulsen, E. Lipman, Domestication, diversity and
use of Brassica oleracea L., based on ancient Greek and Latin texts, Genet. Resour.
Crop Evol. 65 (2018) 137-159.


http://refhub.elsevier.com/S2405-8440(22)03383-7/sref19
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref19
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref19
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref28
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref28
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref28
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref28

R. Singh et al.

[3]
[4]
[5]

[6]

[71
[81

[91

[10]

[11]
[12]

[13]

[14]

[15]

[16]

[17]

[18]
[19]
[20]
[21]

[22]

[23]

[24]

[25]

[26]

1.T. Johnson, Cruciferous vegetables and risk of cancers of the gastrointestinal tract,
Mol. Nutr. Food Res. 62 (18) (2018).

L. Mandrich, E. Caputo, Brassicaceae - derived anticancer agents: towards a green
approach to beat cancer, Nutrients 12 (3) (2020) 868.

C. Sturm, A.E. Wagner, Brassica - derived plant bioactives as modulators of
chemopreventive and inflammatory signaling pathways, Int. J. Mol. Sci. 18 (9)
(2017) 1890.

A. Kalisz, A. Sekara, S. Smolen, A. Grabowska, J. Gil, S. Cebula, Mineral
composition of cauliflowers with differently coloured curds modified by the chilling
of juvenile plants, Sci. Hortic. (2018) 216-225, 232.

B. Ferdinand, Cauliflower and Broccoli, in: J. Prohens, F. Nuez (Eds.), Handbook of
Plant Breeding Vegetables I, Springer, New York, 2008, pp. 151-186.

S.R. Sharma, P.K. Singh, V. Chable, S.K. Tripathi, A Review in Hybrid Cauliflower
Development, in: P.K. Singh, S.K. Dasgupta, S.K. Tripathi (Eds.), Hybrid Vegetable
Development, The Haworth Press, New York, US, 2004, pp. 217-221.

T. Kameya, K. Hinata, Induction of haploid plants from pollen grains of Brassica,
Jpn. J. Breed. 20 (1970) 82-87.

A.M.R. Ferrie, W.A. Keller, Brassica Improvement through Microspore Culture, in:
E.C. Pua, C.J. Douglas (Eds.), Brassica. Biotechnology in Agriculture and Forestry,
Springer, Berlin, Heidelberg, 2004, pp. 149-168.

R. Chaturvedi, M.K. Razdan, S.S. Bhojwani, Production of haploids of neem
(Azadirachta indica A. Juss.) by anther culture, Plant Cell Rep. 21 (2003) 531-537.
L.S. Kott, L. Polsoni, B. Ellis, W.D. Beversdorf, Autotoxicity in isolated microspore
cultures of Brassica napus, Can. J. Bot. 66 (1988) 1665-1670.

M.W. Farnham, Doubled-haploid broccoli production using anther culture: effect of
anther source and seed set characteristics of derived lines, J. Am. Soc. Hortic. Sci.
123 (1998) 73-77.

M. Wang, M.W. Farnham, J.S.P. Nannes, Ploidy of broccoli regenerated from
microspore culture versus anther culture, Plant Breed. 118 (1999) 249-252.
A.M.R. Ferrie, C.E. Palmer, W.A. Keller, Haploid Embryogenesis, in: T.A. Thorpe
(Ed.), In Vitro Embryogenesis in Plants, Kluwer, Dordrecht, 1995, pp. 309-344,
10.1007/978-94-011-0485-2.

S. Chaudhary, V. Katoch, R.K. Kapila, A. Sharma, S. Sharma, Response of Sucrose,
PGRs and pretreatments on another culture efficiency in broccoli (Brassica oleracea
L. var. italica Plenck.), J. Pharmacogn. Phytochem. (2019) 566-573.

A.M.R. Baillie, D.J. Epp, D. Hutcheson, W.A. Keller, In vitro culture of isolated
microspores and regeneration of plants in Brassica campestris, Plant Cell Rep. 11
(1992) 234-237.

J.M. Dunwell, N. Thurling, Role of sucrose in microspore embryo production in
Brassica napus ssp. Oleifera, J. Exp. Bot. 36 (1985) 1478-1491.

R. Lichter, Induction of haploid plants from isolated pollen of Brassica napus Z
Pflanzenphysiol 105, 1982, pp. 427-434.

T. Murashige, F. Skoog, A revised medium for rapid growth and bioassays with
tobacco tissue cultures, Physiol. Plantarum 15 (1962) 473-497.

O.L. Gamborg, R.A. Miller, K. Ojima, Nutrient requirements of suspension cultures
of soybean root cells, Exp. Cell Res. 50 (1968) 151-158.

C. Nitsch, J.P. Nitsch, The induction of flowering in vitro in stem segments

of Plumbago indica L. I. The production of vegetative buds, Planta 72 (1967)
355-370.

C. Chu, The Ng Medium and its Applications to Anther Culture of Cereal Crops Proc
Symp Plant Tissue Cult Peking, Science Press, 1978, pp. 43-50.

K. Wakui, Y. Takahata, N. Kaizuma, Effect of abscisic acid and high osmoticum
concentration on the induction of desiccation tolerance in microspore derived
embryos of Chinese cabbage (Brassica campestris L.), Jpn. J. Breed. 44 (1994)
29-34.

A. Olmedilla, Microspore Embryogenesis, in: E.C. Pua, M.R. Davey (Eds.), Plant
Develop Biol Biotechnol Persp, Springer, Berlin, Heidelberg, 2010, pp. 27-44.
M.E. Shariatpanahi, K. Belogradova, L. Hessamvaziri, E. Heberle-Bors, A. Touraev,
Efficient embryogenesis and regeneration in freshly isolated and cultured wheat
(Triticum aestivum L.) microspores without stress pre-treatment, Plant Cell Rep. 25
(2006) 1294-1299.

[27]
[28]
[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]
[47]
[48]

[49]

Heliyon 8 (2022) e12095

Anonymous, Package of Practices for Cultivation of Vegetables, Punjab Agricultural
University, Ludhiana, 2020, pp. 81-82.

T. Schwarzacher, P. Heslop-Harrison, Practical in situ hybridization, Bios Scientific
Publishers Ltd, 2000.

R.G.D. Steel, J.H. Torrie, Duncan's new multiple range test, Princ. Proced. Stat.
(1980) 187-188.

F.J. Aiti, O. Benlhabib, H.C. Sharma, S.E. Jafri, I.E. Hadrami, Genotypic variation in
anther culture and effect of ovary co-culture in durum wheat, Plant Cell Tissue
Organ. Cult. 59 (1999) 71-76.

Y.D. Guo, S. Pulli, Isolated microspore culture and plant regeneration in rye (Secale
Cereal L.), Plant Cell Rep. 19 (2000) 875-880.

H.H. Gu, G.X. Tang, G.Q. Zhang, W.J. Zhou, Embryogenesis and plant regeneration
from isolated microspores of winter cauliflower (Brassica oleracea var. botrytis),
J. Zhejiang Univ. 30 (2004) 34-38.

E. Lionneton, W. Beuret, C. Delaitre, S. Ochatt, M. Rancillac, Improved microspore
culture and doubled-haploid plant regeneration in the brown condiment mustard
(Brassica juncea), Plant Cell Rep. 20 (2001) 126-130.

C. Shyam, M.K. Tripathi, S. Tiwari, A. Ahuja, N. Tripathi, N. Gupta, Plant
Regeneration in Indian Mustard [Brassica Juncea (Linn.) Czern & Coss]:
Experimental Investigation. Book: Current Topics in Agricultural Sciences,
Publisher, BP International, 2021, pp. 120-135, 2021b, 3(9).

1. Smykalova, M. Vetrovcova, M. Klima, I. Machackova, M. Griga, Efficiency of
microspore culture for doubled haploid production in the breeding project “ Czech
Winter Rape”, Czech J. Gen. Plant Breed 42 (2006) 58-71.

A.S. Nagoo, Development of Haploids through Anther Culture in Brassica Spp. Ph.D.
Dissertation, Sher-e-Kashmir University of Agricultural Sciences and Technology of
Kashmir, Srinagar, India, 2008.

J.A. Lone, S.K. Gupta, S.H. Wani, M. Sharma, R.A. Lone, A.B. Shikari, Efficient callus
induction and regeneration in Brassica juncea for environment friendly agriculture,
Int. J. Pure. App. Biosci. 5 (1) (2017) 135-141.

N. Reetisana, R. Devi, H. Devi, J.M. Laishram, A.H. Pyngrope, In vitro haploid plantlet
regeneration through anther culture in locally adapted cultivar of Indian mustard
(Brassica juncea Czern and Coss), Int. J. Curr. Microbiol. App. Sci. 7 (2018) 8-19.
G. Romeijn, A.A.M. van Lammeren, Plant regeneration through callus initiation
from anthers and ovule of Scabiosa columbaria, Plant Cell Tissue Organ Cult. 56
(1999) 169-177.

G. Zamani, E. Kovacs, D.G.R. Goulo-Vavdinoudi, B. Barnnabas, Regeneration of
fertile doubled haploid plants from colchines supplemented media in wheat anther
culture, Plant Breed 119 (2003) 461, 65.

M. Klima, M. Vyvadilova, V. Kucera, Production and utilization of doubled haploids
in Brassica oleracea vegetables, Hortic. Sci. 31 (2004) 119-123.

M.A. Lelu, H. Bollon, Cabbage (Brassica oleracea Var. Capitata) and brussels Sprout
(Brassica oleracea Var. Gemmifera): in Vitro Production of Haploids, in: Y.P.S. Bajaj
(Ed.), Haploids in Crop Improvement I, Springer, Berlin, Heidelberg, 1990, pp. 358-373.
K. Rudolf, B. Bohanec, M. Hansen, Microspore culture of white cabbage, Brassica
oleracea var. capitata L.: genetic improvement of non-responsive cultivars and
effect of genome doubling agents, Plant Breed. 118 (1999) 237-241.

M.A.A. Mousa, G.H. Ashraf, S.A. Hassan, F. Mohammed, Improved androgenesis of
broccoli (Brassica oleracea var italica) anthers using sucrose and growth regulators,
Asian J. Crop. Sci. 6 (2014) 133-141.

S.A. Ravanfar, M.A. Aziz, M.A. Kadir, A.A. Rashid, M.H.T. Sirchi, Plant regeneration
of Brassica oleracea subsp. italica cv Green Marvel as affected by plant growth
regulators, Afr. J. Biotechnol. 8 (2009) 2523-2528.

W.A. Keller, K.C. Armstrong, Production of haploid via anther culture in Brassica
oleracea var. italica, Euphytica 32 (1983) 151-159.

V. Prabhudesai, S. Bhaskaran, Heat shock response during anther culture of Broccoli
(B. oleracea var. italica), Plant Cell Rep. 12 (1993) 289-292.

W.A. Keller, T. Rajhathy, J. Lacapra, In vitro production of plants from pollen in
Brassica campestris, Can. J. Genet. Cytol. 17 (1975) 655-666.

N. Sunderland, G.B. Collin, J.M. Dunwell, The role of nuclear fusion in pollen
embryogenesis of Datura innoxia, Planta 117 (1974) 227-241.


http://refhub.elsevier.com/S2405-8440(22)03383-7/sref16
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref16
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref29
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref29
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref46
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref46
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref46
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref17
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref17
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref17
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref17
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref10
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref10
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref10
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref42
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref42
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref42
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref42
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref18
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref18
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref18
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref11
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref11
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref11
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref11
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref5
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref5
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref5
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref23
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref23
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref23
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref9
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref9
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref9
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref9
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref49
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref49
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref49
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref12
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref12
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref12
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref12
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref6
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref6
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref6
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref6
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref4
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref4
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref4
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref4
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref8
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref8
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref8
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref25
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref25
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref25
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref31
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref31
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref31
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref13
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref13
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref13
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref33
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref33
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref33
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref33
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref7
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref7
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref7
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref7
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref48
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref48
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref48
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref48
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref48
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref34
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref34
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref34
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref41
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref41
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref41
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref41
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref41
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref2
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref2
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref2
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref40
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref40
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref45
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref45
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref45
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref1
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref1
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref1
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref1
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref15
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref15
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref15
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref14
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref14
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref14
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref14
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref26
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref26
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref26
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref26
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref43
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref43
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref43
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref43
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref43
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref43
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref44
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref44
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref44
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref44
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref32
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref32
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref32
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref27
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref27
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref27
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref27
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref37
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref37
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref37
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref37
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref38
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref38
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref38
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref38
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref50
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref50
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref50
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref22
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref22
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref22
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref24
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref24
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref24
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref24
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref39
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref39
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref39
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref39
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref30
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref30
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref30
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref30
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref36
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref36
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref36
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref36
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref20
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref20
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref20
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref35
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref35
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref35
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref21
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref21
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref21
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref47
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref47
http://refhub.elsevier.com/S2405-8440(22)03383-7/sref47

	Generation of doubled haploids in cauliflower
	1. Introduction
	2. Material and methods
	2.1. Donor plant material
	2.2. Media used for anther culture
	2.3. Anther culture technique
	2.4. Ploidy analysis
	2.5. Observations recorded
	2.6. Statistical analysis

	3. Results and discussions
	3.1. Callus induction
	3.2. Shoot regeneration
	3.3. Ploidy analysis

	4. Conclusion
	Declarations
	Author contribution statement
	Funding statement
	Data availability statement
	Declaration of interest's statement
	Additional information

	References


