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Abstract: The regeneration of the high-yielding multilocular types has not been attempted, although
successful regeneration and transformation in brassica have been done. Here, we report efficient
regeneration and transformation protocols for two B. rapa genotypes; UAF11 and Toria. The B. rapa
cv UAF11 is a multilocular, non-shattering, and high-yielding genotype, while Toria is the bilocular
type. For UAF11 8 shoots and for Toria 7 shoots, explants were observed on MS supplemented
with 3 mg/L BAP + 0.4 mg/L NAA + 0.01 mg/L GA3 + 5 mg/L AgNO3 + 0.75 mg/L Potassium
Iodide (KI), MS salt supplemented with 1 mg/L IBA and 0.37 mg/L KI produced an equal number
of roots (3) in UAF11 and Toria. For the establishment of transformation protocols, Agrobacterium-
mediated floral dip transformation was attempted using different induction media, infection time,
and flower stages. The induction medium III yielded a maximum of 7.2% transformants on half-
opened flowers and 5.2% transformants on fully opened flowers in UAF11 and Toria, respectively,
with 15 min of inoculation. This study would provide the basis for the improvement of tissue culture
and transformation protocols in multilocular and bilocular Brassica genotypes.

Keywords: genetic transformation; induction media; flowers; B. rapa; Agrobacterium; in-planta;
tissue culture

1. Introduction

Oilseed Brassicas are classified into two classes, Rapeseeds (B. napus) and Mustards
(B. juncea, B. rapa, and B. carinata), and rank at third position after soybean (Glycine max) and
palm (Elaeis guineensis) in global vegetable oil production [1,2]. It is projected that Brassica
yield could increase to 101.43 MMT (Million Metric tons) in 2022–2023 which would be
10% more than the previous years’ production. However, such an increase is limited by the
genetic potential, which is still not well explored in this group. Reduction of 58.3% and
31% yield losses due to heat and drought stress highlights the need for the development of
climate-resilient Brassicas. Moreover, the adverse effects of these factors are not limited to
seed yield loss but could also lower the seed oil contents as well [3].

Brassicas are known for their genetic diversity. The genotypes with the superior phe-
notype, like multilocular types (Multiple locules in silique), could be a good addition to
high-yielding genotypes. In the past, direct association of yield with multilocular-type
siliques was identified [4–6]. Multilocular types could produce 30% more yield compared
to bilocular (Two locules per silique) genotypes [4]. Along with desirable phenotypes,
multilocular types carry some undesirable characteristics that need to be improved. These
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traits include high erucic acid and glucosinolates and low adaptability to diversified cli-
mates [7]. Conventional breeding is widely adopted to improve crop plants. However, it is
time-consuming, labor-intensive, and needs large populations to apply any breeding strat-
egy. Modern biotechnological approaches (transgenics development and genome editing),
on the other hand, are rapid and should be adopted to combat these issues efficiently [8].
Establishing a transformation protocol is a crucial and elementary step before attempting
genome editing or transgenic development. There are already some regeneration and trans-
formation protocols reported in different Brassica species, but these are restricted to specific
genotypes only due to genotypic specificity [9–13]. Furthermore, the success of plant tissue
culture is dependent on several factors, which include genotype, age of explant, type
of explant, and combinations of growth regulators [14,15]. The regeneration of Brassicas
almost always remains under question due to their different genetic backgrounds [16,17].

The Agrobacterium-mediated floral dip transformation protocol was first reported by
Clough and Bent [18] in Arabidopsis thaliana. In the past, A. thaliana floral dip transformation
efficiency was reported from 0.04 to 14% [19,20]. Nowadays, Agrobacterium-mediated
transformation protocols have gained much more importance due to their success and
efficiency in plants. This is due to their less labor intensiveness and cost-effectiveness [21,22].
In previous studies, the non-responsiveness of B. rapa to the regeneration protocol was also
reported [10,23]. To overcome this barrier, a parallel in-planta transformation approach
was evaluated.

In this study, the regeneration was attempted for multilocular and bilocular genotypes
under the Agrobacterium-mediated transformation stress. The varying BAP and IBA con-
centrations were evaluated for optimization of shooting and rooting response. In parallel
floral dip, Agrobacterium-mediated transformation was also performed to overcome the
regeneration barrier. This experiment involved the evaluation of different induction media,
flower stages, and time durations to optimize the variables for transforming multilocular
genotypes. This study would help plant scientists to understand the response of B. rapa
multilocular type genotypes against regeneration and Agrobacterium stress. Optimized ge-
netic transformation protocols could be used in the future to improve/change any desired
trait through genome editing, e.g., gene silencing and overexpression.

2. Results
2.1. In-Vitro Regeneration

The germination percentage (Figure 1a) of UAF11 and Toria was 100% and 89%, respec-
tively. Both cotyledons and hypocotyls formed calli, whereas (Figure 1) only cotyledons re-
sponded to shooting media, and hypocotyls started proliferating calli against both shooting
media and were excluded from further experiments. Shoots were regenerated from the cut
end of the petiole joined with cotyledon (Figure 1e). While separating the cotyledons from
seedlings, meristem tissues were completely removed to avoid the growth of meristematic
tissues. MS supplemented with 3 mg/L BAP + 0.4 mg/L NAA + 0.01 GA3 mg/L + 5 mg/L
AgNO3 + 0.75 mg/L KI (SM2) produced plants from 90.8% explants of Toria and 88.4% of
UAF11, whereas regenerants of MS supplemented with 2 mg/L BAP + 0.4 mg/L NAA +
0.01 mg/L GA3 + 5 mg/L AgNO3 + 0.75 mg/L KI (SM1) restricted to 69.6% in Toria and
65.8% in UAF11 (Figure 2c) (Table 1). Differences in regenerants of the same genotype for
different media showed media to genotypic specific response for regeneration. However,
shoot induction was faster on SM2 for UAF11, and the first shoot appeared after 7.2 days,
whereas the same media took 9 days to induce the first shoot in the Toria genotype. The
maximum time of shoot initiation was 13.2 days for Toria and 11 days for UAF11 (Figure 2a),
(Table S1).
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Figure 1. Regeneration and acclimatization of UAF11 and Toria. (a) In-vitro grown seedlings of 
UAF11 and Toria, (b) excised cotyledonary leaves and hypocotyls on cocultivation medium, (c) ex-
plants on the callus induction medium, (d) cotyledons on regeneration media, (e) progressive in-
crease in the swelling of the cotyledons after Agrobacterium cocultivation, (f) regenerated 

Figure 1. Regeneration and acclimatization of UAF11 and Toria. (a) In-vitro grown seedlings
of UAF11 and Toria, (b) excised cotyledonary leaves and hypocotyls on cocultivation medium,
(c) explants on the callus induction medium, (d) cotyledons on regeneration media, (e) progressive
increase in the swelling of the cotyledons after Agrobacterium cocultivation, (f) regenerated cotyledons,
(g) regenerated shoots on rooting medium, (h) rooting initiation, and (i) acclimatization of the in vitro
plants (Bars = 1 cm).

Similarly, the number of shoots per explant (NSE) also varied between media and geno-
types (Figure 2b). SM1 showed no differences in shoots per explant for both genotypes and
produced 5.8 mean shoots in UAF11, and 5.2 mean shoots in Toria. While SM2 produced
the highest 8.04 mean NSE in UAF11 followed by 7.52 NSE in Toria (Figure 2b). However,
differences were also not significant in SM2, which may be due to the less variation in
hormonal concentration or genotypic/explant response towards regeneration (Figure 2).
Although both SMs and genotypes did not show a range of results, this experiment was
focused on optimizing the regeneration protocols in genotypes higher in agronomic values
and inferior in fatty acid composition so that their genetic architecture could be altered via
genome editing to edit fatty acid profile. When shoots attained optimum length, these were
transferred to rooting media (RM) for root induction. Both RMs induced roots regardless of
genotypes (Figure 2d).
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Figure 2. Mean comparison graphs for the B. rapa cv. UAF11, and B. rapa cv. Toria.

Table 1. Growth regulators used in in-vitro regeneration experiment.

Components Sowing Medium Callus Induction
Medium Shooting Medium Shoot Proliferation

Medium Rooting Medium

MS 4.43 g/L 4.43 g/L 4.43 g/L 4.43 g/L 4.43 g/L

Sucrose 20 g/L 20 g/L 20 g/L 20 g/L 20 g/L

Phytagel 4 g/L 4 g/L 4 g/L 4 g/L 4 g/L

BAP - 0.75 mg/L Variable Variable -

NAA (1-Naphthalene
Acetic Acid) - 0.4 mg/L 0.4 mg/L - -

GA * (Gibberellic acid) - 0.01 mg/L 0.01 mg/L - -

IBA - - - - Variable

AgNO3 * 5 mg/L 5 mg/L 5 mg/L 5 mg/L -

Adenine hemisulfate - - - 40 mg/L -

PVP
(Polyvinylpyrrolidone) - - - 500 mg/L -

KI (Potassium Iodide) - 0.75 mg/L 0.75 mg/L 0.75 mg/L 0.37 mg/L

The pH was maintained at ~5.8 ± 1 with NaOH and HCL (* labels the heat-sensitive chemicals in this table).

2.2. In-Planta Transformation

Floral buds, semi-opened flowers, and fully opened flowers were selected (Figure 3b),
tagged accordingly, and treated with infection culture of transformed Agrobacterium (AGL-1)
carrying P7i-UG (Figure 3a). Seeds of each treatment were harvested separately and grown
under controlled conditions. After two weeks of germination (Figure 4a), the seedlings
were sprayed with Glufosinate-ammonium (selection pressure, as P7i-UG carries bar as a
selectable marker gene) to morphologically confirm transgenics (Figure 4b,c). Plants were
sprayed thrice to reduce the chances of selecting the false positives (Figure 4d) and let the
surviving plant grow in pots (Figure 4e). The surviving plants were further screened at the
molecular level with GUS-specific primers, and plants showing desired PCR amplification
were declared transgenic plants (Figure 5a). Among all combinations, a maximum of 7.8%
of plants were shortlisted after PCR screening and declared as transgenics. Moreover, the
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leaves of transformed plants were subjected to GUS-histochemical analysis to observe the
expression of GUS gene (Figure 5b).
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(b) flower stages attempted in Agrobacterium-mediated floral-dip transformation (Bar = 1 inch).

Plants 2023, 12, x FOR PEER REVIEW 5 of 11 
 

 

IMs and time duration (Figure 5d). IMI and IMII (Table 2) produced a maximum of 7.1%, 
and 3% transformants, respectively, by inoculating the semi-opened flowers for 15 min 
(Figure 5d). Unlike IMI and IMII, IMIII (Table 2) produced a maximum of 3.8% trans-
formants with 5 min of inoculation with fully opened flowers. Although IMIII showed 
less efficiency, its usefulness cannot be denied due to its ability of producing trans-
formants by treating fully opened flowers, which is not observed in other IMs (Figure 
5c,d). Interestingly, treating floral buds of UAF11 resulted in positive transformants, and 
floral buds treated with IMII for 15 min gave maximum 3.2% transformants (Figure 5c). 
However, in comparison to Toria, transformation efficiency was comparatively lower. In 
UAF11, 5.2% and 3.4% transformants were obtained with IMI and IMII by treating the 
fully opened flowers and flower buds for 15 min, respectively (Figure 5c) (Table S1). Both 
UAF11 and Toria genotypes have importance for genetic transformation, and methods 
cannot be used as an alternative to each other due to flower-specific response towards 
genetic transformation. 

 
Figure 3. Expression vector and different flower stages used in Agrobacterium-mediated transfor-
mation. (a) P7i-UG construct harboring GUS reporter gene and Bar gene as a selectable marker, (b) 
flower stages attempted in Agrobacterium-mediated floral-dip transformation (Bar = 1 inch). 

 
Figure 4. Transgenics selection with basta herbicide (Glufasinate-ammmonium), (a) germinated 
seeds after 14 days, (b) survived plants after 10 days of the first spray, (c) survived plants after10 Figure 4. Transgenics selection with basta herbicide (Glufasinate-ammmonium), (a) germinated seeds

after 14 days, (b) survived plants after 10 days of the first spray, (c) survived plants after10 days of
the second spray, (d) plants survived the herbicide selection, and (e) selected transgenes in earthen
pots (Bars = 1 inch).

Overall, floral buds gave minimum positive transformants in each induction media
and time duration. For Toria genotype, floral buds gave minimum transformants on each
IMs and time duration (Figure 5d). IMI and IMII (Table 2) produced a maximum of 7.1%,
and 3% transformants, respectively, by inoculating the semi-opened flowers for 15 min
(Figure 5d). Unlike IMI and IMII, IMIII (Table 2) produced a maximum of 3.8% transfor-
mants with 5 min of inoculation with fully opened flowers. Although IMIII showed less
efficiency, its usefulness cannot be denied due to its ability of producing transformants by
treating fully opened flowers, which is not observed in other IMs (Figure 5c,d). Interestingly,
treating floral buds of UAF11 resulted in positive transformants, and floral buds treated
with IMII for 15 min gave maximum 3.2% transformants (Figure 5c). However, in com-
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parison to Toria, transformation efficiency was comparatively lower. In UAF11, 5.2% and
3.4% transformants were obtained with IMI and IMII by treating the fully opened flowers
and flower buds for 15 min, respectively (Figure 5c) (Table S1). Both UAF11 and Toria
genotypes have importance for genetic transformation, and methods cannot be used as an
alternative to each other due to flower-specific response towards genetic transformation.
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Figure 5. Screening for transgenics. (a) PCR conformation of visually screened plants (Transformed
ones, -ve control, +ve control), (b) GUS histochemical assay of the identified positives (Bar = 1 inch),
and (c,d) the Bar graph comparison of the different variables (IM: Induction medium, T: Cocultivation
time, and S: Flower stage).

Table 2. Composition of the IM used in the experiment.

Components IM-I IM-II IM-III

MS Half MS MS MS

Acetosyringone - - 100 µM

Tween 20 - - 0.075%

Silwet L-77 500 µL - -

Sucrose 5% 3% 5%

BAP - 0.5 µM -

BAP = 6-benzylaminopurine, and MS (PhytoTech M254).

3. Discussion
3.1. Regeneration Response of B. rapa cv. UAF11 and Toria

Crop plants could be improved through conventional plant breeding or modern
biotechnological tools in which genome editing is popular. Successful genome editing
requires genotypic-specific regeneration protocols. The germination rate of UAF11 and
Toria was 100% and 89%, respectively, without contamination, indicating an efficient
sterilization protocol. Mainly this protocol was used to decontaminate the explants, but
here, this protocol showed its efficiency in explant sterilization well [24,25]. Fourteen days
old seedlings were used to isolate cotyledons and hypocotyls tissues after attaining 5 to
6 cm height as used in earlier studies [9,26–30] (Figure 1a). Cotyledons and hypocotyls
have extensively been used for callus induction. BAP and NAA were used to induce callus,
and both explants responded to these hormones (Figure 1c) [26]. However, concentrations
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and combinations of hormones could vary from species to species and cultivar to cultivar,
which implies genotypic and specie-specific regeneration responses. The leaf explant
of B. rapa could produce a higher percentage of callus [31] and regenerants. Variable
BAP concentrations, along with 0.5 mg/L NAA, 0.01 mg/L GA3, and 5 mg/L AgNO3
(Table 1), were used to induce shoots [32]. The cotyledons responded to both shooting
media, but the average number of shoots increased to 8 shoots against enhanced BAP
concentration (3 mg/L), whereas hypocotyls produced pseudo-callus against both shooting
media [33]. However, shooting from hypocotyls of other Brassica species, B. oleracea, and
B. carinata suggested genus and medium sensitivity towards direct regeneration [34–36].
The remaining experiment was carried out using cotyledonary leaves (Figure 1e–h).

Cotyledonary leaves have already been extensively used for regeneration in many
Brassica species due to their responsiveness toward regeneration [26,29,37,38]. The geno-
typic genetic background greatly influences the regeneration in Brassica species [16,17].
UAF11 and Toria did not produce significant differences in number of shoots, and both
genotypes produced maximum shoots from cotyledons on 3 mg/L BAP (Figure 1f) [26] but
contrary to the finding of Goswami et al. [39] and Naz et al. [40] who reported optimum
medium having 2 mg/L BAP for shoot regeneration. Several reports have shown genotype-
specific regeneration, which is not in line with our findings, as both genotypes gave good
response on the same medium [41,42]. The IBA is the widely used hormone for in-vitro
rooting [43]. Enhancing IBA concentrations to 1 mg/L from 0.5 mg/L did not affect the
number of roots and only one root (Figure 1i) [26,39].

3.2. In Planta Response of B. rapa cv. UAF11 and Toria

The Agrobacterium-mediated transformation was first attempted in B. rapa by
Radke et al. [33]. Previously, the inefficiency of B. rapa to the regeneration was also re-
ported [10,23], and complexities of the tissue culture protocols also made this technique
difficult to follow. The regeneration of both cultivars was relatively low and only a small
number of shoots were regenerated from the cotyledons. Therefore, regeneration requires
significant modifications to use in genetic transformation experiments. Further, tissue
culture needs technical and structural requirements to target a larger population size.
However, in floral dip, Agrobacterium-mediated transformation maximum (7.3%) trans-
formation percentage was observed, which was far better than the recently reported 0.1%
success rate [21]. However, this efficiency is lower than the previously reported 16.25% and
10.83% transformants acquired through tissue culture-based genetic transformation [44,45].

The co-cultivation time and the induction medium composition influence the trans-
formation efficiency [46]. The IMIII (MS + 500 µM Acetosyringone + 5 g Sucrose + 0.075%
tween 20) with 15 min of flower dipping time in both genotypes produced maximum
transformants. The addition of sucrose in IM helps to prolong the life of Agrobacterium,
while Acetosyringone increases the virulence, and tween 20 improves the Agrobacterium
attachment to the target cells. The addition of silwet in IMIII could be the reason for
higher transformation efficiency, which is not present in the other two media (Table 2).
Addition of silwet L-77 in media enhanced transformation efficiency [47,48]. The presence
of acetosyringone also affects transformation efficiency, but the use of silwet L-77 along
with acetosyringone could enhance the number of transformants.

The ovule is the main target in the Agrobacterium-mediated floral dip transformation
method [49], so access to the ovule would ultimately affect the transformation efficiency.
Fully opened flowers were the most efficient in UAF11 (5.2%), but in Toria (7.2%), half-
opened flowers produced maximum transformants (Figure 2d). Therefore, differences in
flower morphology could be the reason for different transformation efficiencies (Figure 3b).

4. Conclusions

The study aimed to optimize regeneration and transformation protocols for B. rapa
genotypes. Hypocotyls were not responsive to regeneration and cotyledonary leaves
produced regenerants but could not observe a range of results of shooting and rooting
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as well. However, this study provides the basis to improve regeneration efficiency in
bilocular and multilocular genotypes, while Agrobacterium-mediated transformation via
floral dip gave fruitful results. Maximum transformants of Toria genotype were acquired
by treating the semi and fully opened flowers for 15 and 10 min, respectively, while UAF11
proved its usefulness by producing transformants through the floral bud treatment, which
is not observed in Toria genotype. Current findings would help to understand or to
improve both regeneration and transformation protocols by altering or modifying the
current media compositions.

5. Materials and Methods
5.1. Optimization of the Regeneration Protocol
5.1.1. In-Vitro Seeds Germination

The seeds of UAF11 and Toria were sourced from the Department of Plant Breeding
and Genetics, University of Agriculture, Faisalabad, and both experiments were performed
in Transformation Lab, CAS-AFS-UAF. Mature seeds were surface-sterilized with 70%
ethanol (v/v) for 1 min, followed by 1-min washing with 0.5% mercuric chloride (v/v) [31].
Later, the seeds were washed with sterile distilled water and air-dried prior to in-vitro
sowing (Table 1). Germination was attained in the dark at 25 ± 2 ◦C for 14 days. Seeds ger-
mination was counted by dividing the germinated seeds by the total number of sown seeds.

5.1.2. Callus Induction, Shooting, and Shoot Proliferation

Fourteen days old in-vitro seedlings were excised to separate hypocotyls and cotyle-
dons and transferred to callus induction medium as described by Bhalla and Singh [26].
After 10 days, explants were shifted to media with varying concentrations of BAP (Medium
1 (2 mg/L), and Medium 2 (3 mg/L)) to evaluate the shooting response. Subsequently, the
regenerated explants were shifted to shoot proliferation media to increase the vigor of the
originated shoots for the next 14 days.

5.1.3. Rooting and Acclimatization

The regenerated shoots were excised from the base and placed on the rooting media
(Table 2) with varying IBA concentrations (0.5 mg/L and 1 mg/L IBA (Indole-3-butyric
acid)) for 4 weeks. Rooted plants were then acclimatized under ex-vivo conditions by
transplanting the plant in cups filled with compost covered with a plastic bag for about
5 weeks in the growth room to avoid sudden environmental shock.

5.1.4. Data Collection and Statistical Analysis

The experiment was performed under the Factorial CRD (Completely Randomized
Design) with five experimental replications. The days to shooting, the number of shoots,
and rooting data were collected by visually counting the number of the shoots and roots.
The data were analyzed using Gen var package of R software [50].

5.2. Optimization of the Floral Dip Transformation Protocol
5.2.1. Preparation of Agrobacterium Infection Culture

The Agrobacterium strain AGL-1 harboring P7i-UG (Figure 3) expression vector was
used to prepare the infection culture. The p7i-UG plasmid was purchased from DNA
Cloning Service, Germany. The construct had sp gene for resistance against Spectino-
mycin [51]. The plasmid was transformed in AGL-1 by preparing chemo-competent
cells using the methodology given by DNA Cloning Services (https://dnacloning.com/
agrobacteriumtransformation/, (accessed on 20 December 2022)). The transformed cells
were screened for the desired plasmid on Rifampicin and Spectinomycin YEB plates and
duly confirmed with PCR and double digestion.

https://dnacloning.com/agrobacteriumtransformation/
https://dnacloning.com/agrobacteriumtransformation/
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5.2.2. Preparation of Infection Culture

The confirmed isolated colony (AGL-1_p7i-UG) was isolated and inoculated in 10 mL
YEB and cultured for 48 h at 28 ◦C in dark at 150 RPMs. The 5 mL (1:10) primary culture
was used as a source for secondary culture for 4–6 h of incubation at 28 ◦C in the dark at
150 rpm. Bacteria were harvested in a refrigerated microcentrifuge at 5000 RPM for 5 min
until OD600 reached 0.6, and the harvested Agrobacterium was resuspended in Induction
Media (IM) (Table 1).

5.2.3. In-Planta Transformation via Floral Dip

The Agrobacterium and infection media (IMI, IMII, and IMIII) [18,52] were prepared
(Table 2). After 45 days of field sowing, B. rapa started flowering. The transformation
was performed after 60 days when the flowering was at its peak. The experiment was
performed at three stages of the flowering, green and closed buds (Stage 1), half-opened
buds with exposed corolla (Stage 2), and fully opened flowers (Stage 3) (Figure 3). During
the in-planta transformation attempt, only the target flowers were retained, while others
were removed. The flowers were dipped in the infection medium (Agrobacterium strain
AGL-1 in 3 separate IM) for the different time durations of 5 min (T1), 10 min (T2), and
15 min (T3). Subsequently, the flowers were tagged (date, time, genotype, flower stage, and
infection medium type) from the base. The flowers were then covered with butter paper
bags to limit cross-pollination.

5.2.4. Screening of Transgenics through Selectable Marker

The expected transformed seeds were sown in trays containing compost under growth
room conditions, and after 14 days of germination, plants were sprayed with basta herbicide,
(Glufosinate ammonium @150 mg/L), as P7i-UG contains bar gene, and this process was
again repeated after 10 days. Surviving plants were selected for further molecular analysis.

5.2.5. Confirmation of the Transgenic Plants with PCR

The leaves of putative transgenic plants were removed, DNA was extracted following
the protocol by Kidwell and Osborn [26], and isolated DNA was checked for quality and
quantity standards. The GUS gene-specific primers were used for PCR amplification of
the inserted cassette, F-P7i-GUS AATAACGGTTCAGGCACAGCACAT and R-P7i-GUS
GCTCGACTGGGCAGATGAACA. The PCR was performed as 35 cycles, 95 ◦C for 1 min,
58 ◦C for 30 s, 72 ◦C for 1 min and final extension at 72 ◦C for 10 min.

Finally, the plants showing desired PCR amplification (396 bp) were further tested for
observing the GUS expression in leave tissues via GUS-histochemical analysis.

The leaves of the selected plants were submerged in 10 mL X-GLUC regents (0.5 M
MES, 200 mM NaPO4, and X-GLUC Stain) overnight at 37 ◦C followed by submerging in
70% ethanol for 6 h to remove chlorophyll content.

Supplementary Materials: The supplementary data supporting the study is accessible at https:
//www.mdpi.com/article/10.3390/plants12010161/s1, Table S1: Mean data of the tissue culture
(Figure 2). Table S2: Standard errors (SE) of the Table S1. Table S3: Percentage of the transformants
observed under different treatments.

Author Contributions: U.M.K. and N.S.: Conceptualization, Performed the tissue culture, In-planta
transformation, and wrote the manuscript, A.F.: Transgenics selection and numerical figures prepara-
tion, R.M., M.T.A., S.H.K. and H.S. Proofread the manuscript, and I.A.R.: Proofread the manuscript,
and supervised the experiment. All authors have read and agreed to the published version of
the manuscript.

Funding: No external funding was availed in this study.

Data Availability Statement: Not applicable.

Acknowledgments: We acknowledge CAS-AFS and Department of the Plant Breeding and genetics
for providing us access to the lab and germplasm respectively.

https://www.mdpi.com/article/10.3390/plants12010161/s1
https://www.mdpi.com/article/10.3390/plants12010161/s1


Plants 2023, 12, 161 10 of 11

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Labana, K.S.; Banga, S.S.; Banga, S.K. Breeding Oilseed Brassicas; Springer Science & Business Media: Berlin/Heidelberg, Germany,

2013; Volume 19.
2. George, B.; Loeser, E. Oilseeds: World Markets and Trade; United States Department of Agriculture: Washington, DC, USA, 2021.
3. Elferjani, R.; Soolanayakanahally, R. Canola responses to drought, heat, and combined stress: Shared and specific effects on

carbon assimilation, seed yield, and oil composition. Front. Plant Sci. 2018, 9, 1224. [CrossRef] [PubMed]
4. Xu, P.; Wang, X.; Dai, S.; Cui, X.; Cao, X.; Liu, Z.; Shen, J. The multilocular trait of rapeseed is ideal for high-yield breeding.

Plant Breed. 2021, 140, 65–73. [CrossRef]
5. Ze-wen, L.; Ping, X.; Xiang-xiang, Z.; Bin, Y.; Chao-zhi, M.; Ting-dong, F. Primary study on anatomic and genetic characteristics of

multi-loculus in Brassica juncea. Chin. J. Oil Crop Sci. 2012, 34, 461–466.
6. Zhao, H.; Du, D.; Liu, Q.; Li, X.; Yu, Q.; Fu, Z. Performance in main characteristics of multilocular Brassica juncea. Acta Agric.

Boreali-Occident. Sin. 2003, 12, 62–64.
7. Zhao, Y.-G.; Ofori, A.; Lu, C.-M. Genetic diversity of European and Chinese oilseed Brassica rapa cultivars from different breeding

periods. Agric. Sci. China 2009, 8, 931–938. [CrossRef]
8. Gupta, S. Technological Innovations in Major World Oil Crops, Volume 1: Breeding; Springer: Berlin/Heidelberg, Germany, 2012.
9. Gerszberg, A.; Hnatuszko-Konka, K.; Kowalczyk, T. In vitro regeneration of eight cultivars of Brassica oleracea var. capitata.

Vitr. Cell. Dev. Biol. Plant 2015, 51, 80–87. [CrossRef]
10. Li, G.; Yue, L.; Li, F.; Zhang, S.; Zhang, H.; Qian, W.; Fang, Z.; Wu, J.; Wang, X.; Zhang, S. Research progress on Agrobacterium

tumefaciens-based transgenic technology in Brassica rapa. Hortic. Plant J. 2018, 4, 126–132. [CrossRef]
11. Liu, Z.; Hirani, A.H.; McVetty, P.B.; Daayf, F.; Quiros, C.F.; Li, G. Reducing progoitrin and enriching glucoraphanin in Braasica

napus seeds through silencing of the GSL-ALK gene family. Plant Mol. Biol. 2012, 79, 179–189. [CrossRef]
12. Naing, A.H.; Il Park, K.; Chung, M.Y.; Lim, K.B.; Kim, C.K. Optimization of factors affecting efficient shoot regeneration in

chrysanthemum cv. Shinma. Braz. J. Bot. 2016, 39, 975–984. [CrossRef]
13. Prasad, B.; Singh, G.; Chandra, R.; Sharma, A. Effect of explant and genotype on shoot regeneration in Indian mustard

[Brassica juncea (L.) Czern & Coss]. Pharma Innov. 2022, SP-11, 240–242.
14. Liu, W.; Yang, Y.; Liu, Q. Establishment of an efficient regeneration system using heading leaves of Chinese cabbage

(Brassica rapa L.) and its application in genetic transformation. Hortic. Environ. Biotechnol. 2018, 59, 583–596. [CrossRef]
15. Zhang, F.-L.; Takahata, Y.; Watanabe, M.; Xu, J.-B. Agrobacterium-mediated transformation of cotyledonary explants of Chinese

cabbage (Brassica campestris L. ssp. pekinensis). Plant Cell Rep. 2000, 19, 569–575. [CrossRef] [PubMed]
16. Farooq, N.; Nawaz, M.A.; Mukhtar, Z.; Ali, I.; Hundleby, P.; Ahmad, N. Investigating the in vitro regeneration potential of

commercial cultivars of Brassica. Plants 2019, 8, 558. [CrossRef] [PubMed]
17. Ono, Y.; Takahata, Y.; Kaizuma, N. Effect of genotype on shoot regeneration from cotyledonary explants of rapeseed

(Brassica napus L.). Plant Cell Rep. 1994, 14, 13–17. [CrossRef]
18. Clough, S.J.; Bent, A.F. Floral dip: A simplified method for Agrobacterium-mediated transformation of Arabidopsis thaliana.

Plant J. 1998, 16, 735–743. [CrossRef]
19. Das, P.; Joshi, N.C. Minor modifications in obtainable Arabidopsis floral dip method enhances transformation efficiency and

production of homozygous transgenic lines harboring a single copy of transgene. Adv. Biosci. Biotechnol. 2011, 2, 59. [CrossRef]
20. Davis, A.M.; Hall, A.; Millar, A.J.; Darrah, C.; Davis, S.J. Protocol: Streamlined sub-protocols for floral-dip transformation and

selection of transformants in Arabidopsis thaliana. Plant Methods 2009, 5, 3. [CrossRef]
21. Hu, D.; Bent, A.F.; Hou, X.; Li, Y. Agrobacterium-mediated vacuum infiltration and floral dip transformation of rapid-cycling

Brassica rapa. BMC Plant Biol. 2019, 19, 1–9. [CrossRef]
22. Xu, H.; Wang, X.; Zhao, H.; Liu, F. An intensive understanding of vacuum infiltration transformation of pakchoi (Brassica rapa ssp.

chinensis). Plant Cell Rep. 2008, 27, 1369–1376. [CrossRef]
23. Murata, M.; Orton, T.J. Callus initiation and regeneration capacities in Brassica species. Plant Cell Tissue Organ Cult. 1987,

11, 111–123. [CrossRef]
24. Ahmad, N.; Fazal, H.; Abbasi, B.H.; Rashid, M.; Mahmood, T.; Fatima, N. Efficient regeneration and antioxidant potential in

regenerated tissues of Piper nigrum L. Plant Cell Tissue Organ Cult. 2010, 102, 129–134. [CrossRef]
25. Bilal, H.A.; Nisar, A.; Hina, F.; Tariq, M. Conventional and modern propagation techniques in Piper nigrum. J. Med. Plants Res.

2010, 4, 7–12.
26. Bhalla, P.L.; Singh, M.B. Agrobacterium-mediated transformation of Brassica napus and Brassica oleracea. Nat. Protoc. 2008, 3, 181–189.

[CrossRef] [PubMed]
27. Amutha, S.; Ganapathi, A.; Muruganantham, M. In vitro organogenesis and plant formation in Vigna radiata (L.) Wilczek. Plant Cell

Tissue Organ Cult. 2003, 72, 203–207. [CrossRef]
28. Sunilkumar, G.; Rathore, K.S. Transgenic cotton: Factors influencing Agrobacterium-mediated transformation and regeneration.

Mol. Breed. 2001, 8, 37–52. [CrossRef]
29. Tang, G.; Zhou, W.; Li, H.; Mao, B.; He, Z.; Yoneyama, K. Medium, explant and genotype factors influencing shoot regeneration in

oilseed Brassica spp. J. Agron. Crop Sci. 2003, 189, 351–358. [CrossRef]

http://doi.org/10.3389/fpls.2018.01224
http://www.ncbi.nlm.nih.gov/pubmed/30214451
http://doi.org/10.1111/pbr.12880
http://doi.org/10.1016/S1671-2927(08)60297-7
http://doi.org/10.1007/s11627-014-9648-7
http://doi.org/10.1016/j.hpj.2018.03.006
http://doi.org/10.1007/s11103-012-9905-2
http://doi.org/10.1007/s40415-015-0143-0
http://doi.org/10.1007/s13580-018-0064-5
http://doi.org/10.1007/s002990050775
http://www.ncbi.nlm.nih.gov/pubmed/30754819
http://doi.org/10.3390/plants8120558
http://www.ncbi.nlm.nih.gov/pubmed/31795525
http://doi.org/10.1007/BF00233290
http://doi.org/10.1046/j.1365-313x.1998.00343.x
http://doi.org/10.4236/abb.2011.22010
http://doi.org/10.1186/1746-4811-5-3
http://doi.org/10.1186/s12870-019-1843-6
http://doi.org/10.1007/s00299-008-0564-3
http://doi.org/10.1007/BF00041844
http://doi.org/10.1007/s11240-010-9712-x
http://doi.org/10.1038/nprot.2007.527
http://www.ncbi.nlm.nih.gov/pubmed/18274519
http://doi.org/10.1023/A:1022266110750
http://doi.org/10.1023/A:1011906701925
http://doi.org/10.1046/j.1439-037X.2003.00060.x


Plants 2023, 12, 161 11 of 11

30. Tripathi, L.; Singh, A.K.; Singh, S.; Singh, R.; Chaudhary, S.; Sanyal, I.; Amla, D. Optimization of regeneration and Agrobacterium-
mediated transformation of immature cotyledons of chickpea (Cicer arietinum L.). Plant Cell Tissue Organ Cult. 2013, 113, 513–527.
[CrossRef]

31. Abbasi, B.H.; Khan, M.; Guo, B.; Bokhari, S.A.; Khan, M.A. Efficient regeneration and antioxidative enzyme activities in Brassica
rapa var. turnip. Plant Cell Tissue Organ Cult. 2011, 105, 337–344. [CrossRef]

32. Akasaka-Kennedy, Y.; Yoshida, H.; Takahata, Y. Efficient plant regeneration from leaves of rapeseed (Brassica napus L.): The
influence of AgNO3 and genotype. Plant Cell Rep. 2005, 24, 649–654. [CrossRef]

33. Radke, S.E.; Turner, J.C.; Facciotti, D. Transformation and regeneration of Brassica rapa using Agrobacterium tumefaciens. Plant Cell
Rep. 1992, 11, 499–505. [CrossRef]

34. Rafat, A.; Abd Aziz, M.; Abd Rashid, A.; Abdullah, S.N.A.; Kamaladini, H.; Sirchi, M.T.; Javadi, M. Optimization of Agrobacterium
tumefaciens-mediated transformation and shoot regeneration after co-cultivation of cabbage (Brassica oleracea subsp. capitata) cv.
KY Cross with AtHSP101 gene. Sci. Hortic. 2010, 124, 1–8. [CrossRef]

35. Ravanfar, S.; Aziz, M.; Kadir, M.; Rashid, A.; Sirchi, M. Plant regeneration of Brassica oleracea subsp. italica (Broccoli) CV Green
Marvel as affected by plant growth regulators. Afr. J. Biotechnol. 2009, 8, 2523–2528.

36. Yang, M.-Z.; Jia, S.-R.; Pua, E.-C. High frequency of plant regeneration from hypocotyl explants of Brassica carinata A. Br. Plant Cell
Tissue Organ Cult. 1991, 24, 79–82. [CrossRef]

37. Cogbill, S.; Faulcon, T.; Jones, G.; McDaniel, M.; Harmon, G.; Blackmon, R.; Young, M. Adventitious shoot regeneration from
cotyledonary explants of rapid-cycling fast plants of Brassica rapa L. Plant Cell Tissue Organ Cult. 2010, 101, 127–133. [CrossRef]

38. Zhao, Y.; Huang, S.; Zhang, Y.; Shi, F.; Liu, X.; Du, S.; Feng, H. Establishment of an efficient shoot regeneration system in vitro in
Brassica rapa. Vitr. Cell. Dev. Biol. Plant 2021, 57, 977–986. [CrossRef]

39. Goswami, B.; Hoque, M.; Khan, S.; Sarker, R. In vitro regeneration of three varieties of Brassica campestris L. grown in Bangladesh.
Bangladesh J. Sci. Ind. Res. 2020, 55, 181–188. [CrossRef]

40. Naz, S.; Siddiquiland, M.F.; Raza, S. Effect of different growth regulators on in vitro propagation of Brassica napus L. Pak. J. Bot.
2018, 50, 1871–1876.

41. Cardoza, V.; Stewart, C.N. Brassica biotechnology: Progress in cellular and molecular biology. Vitr. Cell. Dev. Biol. Plant 2004,
40, 542–551. [CrossRef]

42. Gambhir, G.; Kumar, P.; Srivastava, D. High frequency regeneration of plants from cotyledon and hypocotyl cultures in Brassica
oleracea cv. Pride of India. Biotechnol. Rep. 2017, 15, 107–113. [CrossRef]

43. Frick, E.M.; Strader, L.C. Roles for IBA-derived auxin in plant development. J. Exp. Bot. 2018, 69, 169–177. [CrossRef]
44. Liu, Y.; Zhang, L.; Li, C.; Yang, Y.; Duan, Y.; Yang, Y.; Sun, X. Establishment of Agrobacterium-mediated genetic transformation and

application of CRISPR/Cas9 genome-editing system to Brassica rapa var. rapa. Plant Methods 2022, 18, 98. [CrossRef] [PubMed]
45. Li, X.; Li, H.; Zhao, Y.; Zong, P.; Zhan, Z.; Piao, Z. Establishment of a simple and efficient Agrobacterium-mediated genetic

transformation system to Chinese Cabbage (Brassica rapa L. ssp. pekinensis). Hortic. Plant J. 2021, 7, 117–128. [CrossRef]
46. Niedbała, G.; Niazian, M.; Sabbatini, P. Modeling agrobacterium-mediated gene transformation of tobacco (Nicotiana tabacum)—A

model plant for gene transformation studies. Front. Plant Sci. 2021, 12, 695110. [CrossRef] [PubMed]
47. Wu, H.; Sparks, C.; Amoah, B.; Jones, H. Factors influencing successful Agrobacterium-mediated genetic transformation of wheat.

Plant Cell Rep. 2003, 21, 659–668. [CrossRef]
48. Suhandono, S.; Chahyadi, A. Optimization of genetic transformation of Artemisia annua L. Using Agrobacterium for Artemisinin

production. Pharmacogn. Mag. 2014, 10, S176.
49. Ye, G.N.; Stone, D.; Pang, S.Z.; Creely, W.; Gonzalez, K.; Hinchee, M. Arabidopsis ovule is the target for Agrobacterium in planta

vacuum infiltration transformation. Plant J. 1999, 19, 249–257. [CrossRef]
50. Chambers, J.M. Software for Data Analysis: Programming with R; Springer: Berlin/Heidelberg, Germany, 2008; Volume 2.
51. Murphy, E. Nucleotide sequence of a spectinomycin adenyltransferase AAD (9) determinant from Staphylococcus aureus and its

relationship to AAD (3”)(9). Mol. Gen. Genet. MGG 1985, 200, 33–39. [CrossRef]
52. Chhikara, S.; Chaudhary, D.; Yadav, M.; Sainger, M.; Jaiwal, P.K. A non-tissue culture approach for developing transgenic

Brassica juncea L. plants with Agrobacterium tumefaciens. Vitr. Cell. Dev. Biol. Plant 2012, 48, 7–14. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1007/s11240-013-0293-3
http://doi.org/10.1007/s11240-010-9872-8
http://doi.org/10.1007/s00299-005-0010-8
http://doi.org/10.1007/BF00236265
http://doi.org/10.1016/j.scienta.2009.11.015
http://doi.org/10.1007/BF00039734
http://doi.org/10.1007/s11240-010-9669-9
http://doi.org/10.1007/s11627-021-10175-3
http://doi.org/10.3329/bjsir.v55i3.49391
http://doi.org/10.1079/IVP2004568
http://doi.org/10.1016/j.btre.2017.02.005
http://doi.org/10.1093/jxb/erx298
http://doi.org/10.1186/s13007-022-00931-w
http://www.ncbi.nlm.nih.gov/pubmed/35933391
http://doi.org/10.1016/j.hpj.2021.01.006
http://doi.org/10.3389/fpls.2021.695110
http://www.ncbi.nlm.nih.gov/pubmed/34413865
http://doi.org/10.1007/s00299-002-0564-7
http://doi.org/10.1046/j.1365-313X.1999.00520.x
http://doi.org/10.1007/BF00383309
http://doi.org/10.1007/s11627-011-9408-x

	Introduction 
	Results 
	In-Vitro Regeneration 
	In-Planta Transformation 

	Discussion 
	Regeneration Response of B. rapa cv. UAF11 and Toria 
	In Planta Response of B. rapa cv. UAF11 and Toria 

	Conclusions 
	Materials and Methods 
	Optimization of the Regeneration Protocol 
	In-Vitro Seeds Germination 
	Callus Induction, Shooting, and Shoot Proliferation 
	Rooting and Acclimatization 
	Data Collection and Statistical Analysis 

	Optimization of the Floral Dip Transformation Protocol 
	Preparation of Agrobacterium Infection Culture 
	Preparation of Infection Culture 
	In-Planta Transformation via Floral Dip 
	Screening of Transgenics through Selectable Marker 
	Confirmation of the Transgenic Plants with PCR 


	References

