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Abstract
Radish (Raphanus sativus) is a rich source of glucosinolates (GSLs) and their hydrolytic products such as isothiocyanates 
(ITCs). GSLs and ITCs enhance plant defense responses to biotic and abiotic stresses and are health promoting effect in 
human. The branched-chain aminotransferase 4 (BCAT4) gene encode an enzyme catalyzing the deamination of methionine 
in the first step in the chain elongation of aliphatic GSL biosynthesis. Previously, plant transformation in radish has been 
successfully performed using several methods such as floral dipping, vacuum infiltration and sonic infiltration, protoplast 
transformation and microspore culture. However, the recalcitrant of regeneration in radish affects the transformation efficiency 
remain relatively low. Therefore, there is still a need to improve the transformation methods for radish. In this study, we used 
a simple method for the efficient transformation of radish using Agrobacterium tumefaciens strain GV3101 and tested it with 
the radish BCAT4 (RsBCAT4) transgene. The PCR, RT-qPCR, Southern blot, GFP fluorescence, and HPLC analyses were 
used to confirm the transgene integration. Positive correlations between the expression of RsBCAT4 and downstream genes 
(i.e., CYP79F1, CYP83A1, and GRS1) were also observed in selected T2 transgenic lines. RsBCAT4 transgenic lines exhibited 
significantly increased levels of aliphatic GSLs compared to the levels in wild type plants, particularly glucoraphasatin. This 
needle perforation technique is simple in plant transformation method significantly enhancing transformation efficiency in 
radish, which could be utilized for molecular breeding of radish to improve its traits.

Key message 
An efficient protocol for stable transformation of apical meristems of radish (Raphanus sativaL.) seedlings using a needle 
perforation and Agrobacterium tumefaciens incubation method.We developed a needle perforation and Agrobacterium 
tumefaciens incubation method for inplanta transformation

Keywords  Radish · BCAT4 · In planta transformation · Glucosinolates · Glucoraphasatin (GRH)

Introduction

Radish (Raphanus sativus) is an annual or biennial root veg-
etable crop that is a member of the Brassicaceae family. It 
is an economically important crop grown worldwide, espe-
cially in Asia. The fleshy taproot of radish is the main edible 
part of the plant with high nutritional value and reported 
health benefits (Yu et al. 2016; Sasaki et al. 2020). In gen-
eral, radishes contain vitamins (B1, B2, B3, B5, B6, B9, 
and C), minerals, and bioactive compounds. Many studies 
have reported that radish is a rich source of antioxidants and 
other vital metabolites such as glucosinolates (GSLs). GSLs 
are major secondary metabolites produced in Brassicaceae 
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family plants, and their hydrolytic products, in particular 
isothiocyanates (ITCs), possess beneficial properties such 
as the prevention of cancer development in humans (Cartea 
and Velasco 2008; Lim et al. 2020). ITCs are breakdown 
products from the enzymatic hydrolysis of GSLs by myrosi-
nase in radish (Fahey et al. 2001; Fimognari et al. 2012). 
GLSs play a positive role in enhancing plant defense systems 
against a diverse range of biotic and abiotic stresses (Burow 
and Halkier 2017; Ting et al. 2020). Interestingly, it was 
recently reported that glucoraphasatin (GRH) is the most 
abundant aliphatic GSL (60–90%) among the GSLs detected 
in radish (Yi et al. 2016; Kakizaki et al. 2017).

The biosynthesis of aliphatic GSLs can be divided into 
three phases: (1) chain elongation of amino acids, (2) 
core structure formation, and (3) side chain modification 
(Sønderby et al. 2010; Chhajed et al. 2020). First, the precur-
sor amino acid, methionine (Met) enters the chain elongation 
phase, where it is deaminated to 4-methylthio-2-oxobutyrate 
(MTOB) by the enzyme branched-chain aminotransferase 
4 (BCAT4) (Schuster et al. 2006). Since BCAT4 is the first 
enzyme involved in the biosynthesis of aliphatic GSLs, it 
will be of interest to enhance the nutrient content of radish 
plants.

Genetic transformation methods have progressed and 
provide new approaches to study gene functions and iden-
tify genes capable of improving agronomic characteristics 
(Curtis 2011; Matveeva and Lutova 2014; Liu et al. 2018). 
Among these methods, genetic transformation using Agro-
bacterium tumefaciens is considered efficient and convenient 
since it has the following characteristics: (1) A. tumefaciens 
has the ability to transfer genes from unrelated species, (2) 
these gram negative bacteria can transfer relatively large 
DNA segments, (3) the technique requires less time than 
other procedures, and (4) the technique can be targeted 
towards a particular trait (Hwang et al. 2017; Lacroix and 
Citovsky 2019; Li et al. 2020). The ability of A. tumefaciens 
to transfer transgenes into plant cells, where the transgenes 
are stably integrated into the host chromosome(s) and 
expressed, has made these bacterial strains extremely use-
ful in plant genetic engineering.

To develop efficient A. tumefaciens-mediated trans-
formation protocols for radish, several different factors, 
such as type of explant and plant age, were previously 
tested to enhance regeneration efficiency. It is known 
that the effort of producing shoot regenerated from rad-
ish has been facing challenges due to the recalcitrance of 
the cultured radish explants. Several studies reported the 
ethylene produced by cultured radish explants inhibited 
shoot regeneration. However, the combination of an eth-
ylene synthesis inhibitor [L-a-2-aminoethoxy vinyl gly-
cine (AVG)] and silver nitrate in a regeneration medium 
containing 2 mg/l of 6-benzyl adenine (BA) and 1 mg/l 
of a-naphthaleneacetic acid (NAA) significantly improved 

the regeneration of hypocotyl explants of Chinese radish 
cv. Red Coat (Pua and Lee 1995; Curtis et al. 2004). Later 
on, the application of silver nitrate in shoot regeneration 
system of seedling radish cv. Jinjudaepyung showed 60% 
significant improvement compared to the control treat-
ment (Curtis et al. 2004). However, other explants such as 
hypocotyl and cotyledon are failed for shoot regeneration 
in the screening using antibiotics (Curtis 2011). Further-
more, it is known that the frequency of shoot regeneration 
from embryogenic calli and microspores is too low for 
practical usage in Agrobacterium-mediated transformation 
(Jeong et al. 1995; Takahata et al. 1996). More recently, 
the study about radish transformation using cotyledon 
with pCAMBIA 1301 and pPTN290 shows frequency 
of transformation was 0.26 and 0.18% respectively (Mi 
et al. 2008). These studies further emphasized that the 
combined challenges by recalcitrance cell and low tissue 
regeneration have led to approach to methods using in 
planta transformation.

In planta transformation is a protocol used for in vitro 
regeneration, integrating transfer DNA (T-DNA) into the 
host genome of cells in or around the apical meristems that 
are subsequently allowed to grow and produce seeds. In 
planta transformation methods have been reported to be 
easy and inexpensive, and they substantially enhance the 
efficiency of Agrobacterium-mediated transformation. In 
Brassicaceae family plants, the first in planta method was 
a floral dipping method, which was successfully demon-
strated in Arabidopsis thaliana. Following this, a protocol 
for Agrobacterium-mediated transformation of radish cul-
tivars was also developed, resulting in genetic transfor-
mation frequencies of 1.1–1.4% (Clough and Bent 1998; 
Curtis 2011). Another in planta method for radish trans-
formation was also developed using ultrasonic and vacuum 
infiltration (Park et al. 2005). That study indicated that the 
combination of 2.5–7.5 min sonication and 2.5–7.5 min 
vacuum treatments could improve the transformation 
efficiency to 2–22%. However, these procedures are still 
challenging because the putative transgenic radish plants 
produce only 50–100 seeds per individual. The objective 
of the present study was to develop a simple and efficient 
protocol for Agrobacterium-mediated radish transforma-
tion. Our method was tested on radish seedlings using two 
plant expression cassettes in the T-DNA, the first harbor-
ing the RsBCAT4 transgene under the CaMV35S pro-
moter and the second, the bar selectable marker transgene 
under the CaMV35S promoter. We successfully obtained 
transgenic plants overexpressing RsBCAT4 and showing 
increased aliphatic GSL profiles compared to those of 
non-transgenic radish plants. Therefore, we believe that 
this protocol will be useful for the development of radish 
transgenic plants, further contributing to molecular breed-
ing to optimize the quality traits of radish plants.
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Materials and methods

Plant materials

Raphanus sativus L. cv. Jinjudaepyung, was chosen as 
material because it is a homozygous and commercial culti-
var cultivated in South Korea was used as genetic material. 
Radish seeds were sterilized by immersing in 70% ethanol 
for 3 min and washed twice with sterile distilled water. 
Then, the seeds were soaked in 2% sodium hypochlorite 
(v/v) with low agitation mixing (30 rpm) on a shaker for 
10 min, followed by briefly rinsing three times with sterile 
deionized water. The surface-sterilized seeds were trans-
ferred to sterilized filter paper for air drying. Then, the 
dried radish seeds were germinated on Murashige and 
Skoog medium (Murashige and Skoog 1962) (Duchefa 
Biochemie, Netherlands) solidified with 4 g/l phytoagar 
(Duchefa Biochemie) and incubated at 27 °C in the dark. 
The germinated seeds were then transferred and further 
incubated for 3 days at 4 °C with illumination. We had 
performed a preliminary experiment on seedling growth in 
low (4 °C) or high (28 °C) temperature growth condition. 
The result showed that seedling was elongated and the 
hypocotyl become thin and fragile in higher warm tem-
perature. Meanwhile, seedlings grown in low temperature 
had thick and stumpy hypocotyls which looked suitable for 
multiple punching (Supplementary Fig. S1).

Vector construction

Total RNA was extracted from the radish leaves using 
TRIzol reagent (Invitrogen, USA). First strand cDNAs 
were synthesized in 20 µl from 2 µg of total RNA using 
the AccuPower® RT PreMix (Bioneer, South Korea) 
with oligo-dT as a primer. Information of full-length 
sequences of RsBCAT4 was obtained from database of 
radish (http://​radish-​genome.​org/). Primers were designed 
specifically using Primer3 online software (https://​bioin​
fo.​ut.​ee/​prime​r3-0.​4.0/). Using the gene specific primer 
pair (RsBCAT4-fullF and RsBCAT4-fullR), RsBCAT4 
transgene was amplified from the cDNA radish sample. 
The PCR product was purified with Gel Purification kit 
(Qiagen, Germany) and was A-tailed with normal Taq 
polymerase for 25 min at 70 °C. The ligation product was 
then transformed into E.coli strain DH5α using heat shock 
method. The colony appeared after overnight incubation 
at 37 °C was confirmed by colony PCR using PCR-premix 
(Bioneer, Korea). The colonies showing correct insert 
were picked up and grown in liquid LB media containing 
appropriate antibiotic for overnight and the plasmid were 
isolated using Accuprep Nano plus kit (Bioneer, Korea). 

The RsBCAT4 integration in pGEM-T Easy vector was 
confirmed by DNA sequencing. For the sub-cloning, A 
1086-bp PCR product of RsBCAT4 transgene was ampli-
fied from pGEM-T Easy using Pfu enzyme polymerase 
(Bioneer product) with primers of RsBCAT4_Eco_1F and 
RsBCAT4_Bam_1086R (Supp. Table S1). The PCR pro-
gram were followed by: 95 °C pre-denaturation for 5 min 
followed by 35 cycles at 95 °C for 20 s, annealing 57 °C 
for 20 s, and extension at 72 °C for 1 min. Furthermore, the 
PCR product was purified by DNA purification kit (Sol-
Gent, Korea), then subsequently subjected to enzyme cut-
ting with EcoRI and BamHI restriction enzymes. Restric-
tion enzyme-treated and purified PCR products were 
ligated into pEGAD which contains the green fluorescent 
protein (GFP) gene and the BASTA resistance (bar) gene 
as a selectable marker (Fig. 1). The pEGAD-RsBCAT4 
vector was transformed into Agrobacterium strain GV3101 
by freeze and thaw method (Weigel and Glazebrook 2006).

Plant transformation

Seven-day-old seedlings, which have a green and thick 
stem (2–3 cm length), were chosen for transformation by a 
needle perforation and A. tumefaciens incubation method. 
The plant materials were perforated 5–10 times using a 
small needle (0.1–0.3 mm diameter) in the upper region 
of the hypocotyl, near the apical meristem (Fig. 2) and 
then transferred to a prepared flask containing Agrobacte-
rium in liquid MS media. The mixtures were cultured on 
a shaker (max. 150 rpm) for 30 min in the dark. The liquid 
MS medium was then removed, and the seedlings were 
air-dried before being transferred to co-cultivation medium 
(MS medium containing 125 mg/l acetosyringone). The 
seedlings were co-cultivated for 3 days at 25 °C in the dark 
followed by 2 days at 25 °C with illumination. After co-
cultivation, the infected plants were eventually transferred 
into soil for acclimatization (Fig. 2). The acclimatization 
condition were critical factor for plants to adjust under a 
change in the new environment. To ensure the survival rate 
of putative transgenic plants, the infected seedlings were 
removed from the culture vessels without damaging the 
roots. To prevent microbial infection, excess agar around 
the roots were washed three times in sterilized distilled 
water containing 250  mg/l cefotaxime. Healthy, well-
developed rooted seedlings were successfully transplanted 
into a plastic pot tray containing a mixture of soil and 
then incubated in 16 h/8 h (light/dark) photoperiod growth 
chamber at 24 °C. To keep the plants moist, the transparent 
plastic covers were placed over them for 5 days. The plants 
were then moved to glass house and irrigated every other 
day with regular tap water.

http://radish-genome.org/
https://bioinfo.ut.ee/primer3-0.4.0/
https://bioinfo.ut.ee/primer3-0.4.0/
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Screening for transgenic plants by spraying 
with phosphinothricin

BASTA® (Bayer Crop Science, Germany) containing 18% 
phosphinothricin (PPT) was used for assessment of the 
putative T1 and T2 transformants. As a preliminary test, 
to determine the lethal doses of BASTA, 32 plants radish 
non-transformants at the 4-leaf stage were sprayed with 
different concentrations of BASTA (0.0, 0.01, 0.03, 0.05, 
and 0.1% (v/v) (Supplementary Fig. S1). The spraying 
was repeated one more time after 2 weeks. The surviving 
plants were recorded after 2 weeks and the numbers final-
ized 4 weeks after the second spraying at 6 weeks after the 
first spray application. The minimal concentration (0.03%) 
causing death of all the non-transgenic plants was used for 
screening for the putative transgenic plants harboring the 
pEGAD-RsBCAT4 transgene.

PCR analysis

PCR analysis was performed to determine the presence of 
the pEGAD-RsBCAT4 transgene in the putative transfor-
mants. Genomic DNA from 24 putative T1 transformants 
was isolated using the urea method. Approximately 1 μg 
of genomic DNA was used as the DNA template for each 
PCR amplification. The PCR conditions were 95 °C for 
5 min as initial denaturation, followed by 30 cycles at 
95 °C for 20 s, 57 °C for 20 s, and 72 °C for 1 min, with a 
final extension of 72 °C for 5 min. The PCR products were 
subjected to 1% agarose gel electrophoresis and visual-
ized with a UV transilluminator after EtBr staining. The 
primers used in this study are described in Supplementary 
Table 1.

Fig. 1   Genetic transformation procedure in radish (Raphanus sativus 
L.) A The pEGAD-RsBCAT4 construct containing RsBCAT4 and the 
EGFP (enhanced GFP) coding sequence used for expression in radish 
plants. This vector contains the CAMV35S promoter (35S), Nopa-
line synthase (nos) gene, and BASTA® resistance (BARR) gene. B 
Schematic representation of Agrobacterium-mediated transformation 
in radish. a Seeds were sterilized and germinated in ½ MS medium 
then the germinated seeds were then transferred and further incu-
bated for 3 days at 4 °C with illumination. b Upper part of hypocotyl, 
near apical meristem of radish seedling was perforated with a 25G 

syringe needle. c Needle-perforated radish seedlings were immersed 
in the suspension of A. tumefaciens containing the transgene vec-
tor for 3  days on MS media with 125  mg/l acetosyringone in dark-
ness. d Infected seedlings were transferred on MS liquid media with 
125  mg/l acetosyringone for 2  days at 25  °C with illumination. e 
Transfer of co-cultivated seedlings in a pot tray for acclimatization. 
f All transgenic plants were grown in the greenhouse until flowering. 
Self-pollination by hand was perform in each transgenic line. g Seeds 
of T1 generation were harvested. h Putative T1 transgenic plants were 
screened by spraying with 0.03% BASTA® solution
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RT‑qPCR analysis

Total RNA was isolated from leaf tissue of the T2 lines using 
TRIzol reagent (Invitrogen, USA). Any residual DNA was 
removed with DNase I (Sigma-Aldrich, USA), and then the 
RNA was used as a template for cDNA synthesis using the 
AccuPower® RT Premix (Bioneer). Specifically, oligo-dT 
(0.5 μg) was added to 1 μg of RNA in a total volume of 
20 μl and was incubated for 5 min at 70 °C. The RNA mix-
ture was subsequently transferred into an RT-Premix tube 
and incubated for 60 min at 42 °C for reverse transcriptase 
activity and 5 min at 94 °C for enzyme deactivation. The 
expression of GSL pathway genes was analyzed using the 
AccuPower 2 × Greenstar qPCR Master Mix (Bioneer) with 
three technical replicates. According to the instructions, the 
reaction mixture was prepared by mixing 10 μl of 2 × Master 
mix, 1 μl of forward primer (10 pmol), 1 μl of reverse primer 
(10 pmol), 0.5 μl of 50 × ROX dye, 1 μl of template (cDNA), 
and 6.5 μl diethyl pyrocarbonate (DEPC)-treated water. The 
RT-qPCRs were performed in an ABI PRISM 7500 real-
time PCR system (Life Technologies, USA) with the follow-
ing program: 95 °C initial denaturation for 10 min, 40 cycles 
at 95 °C for 30 s, annealing at 60 °C for 30 s, and extension 
at 72 °C for 1 min. The RT-qPCR was repeated using three 
independent biological replicates. The relative expression of 
each gene was obtained by normalization to a reference gene 
(ACTIN). The data were analyzed using ABI PRISM 7500 
expression suite software (Life Technologies). The primers 

for RT-qPCR were designed using primer3 online software 
(http://​bioin​fo.​ut.​ee/​prime​r3-0.​4.0/) and listed in the Sup-
plementary Table S1.

Southern blot analysis

Genomic DNA was extracted from radish (wild type (WT) 
and eight BASTA-resistant T1 radish transformants). Equal 
amounts (10  µg) of genomic DNA were digested with 
EcoRI-HF (New England Biolabs, USA) and fractionated 
on a 0.8% agarose gel. The gel was washed twice with dena-
turation buffer (75 ml of 1.5 M NaCl, 12.5 ml of 0.5 NaOH, 
and purified H2O up to 250 ml) and twice with neutralization 
buffer (75 ml of 1.5 M NaCl, 62.5 mL of 0.5 Tris, 0.5 ml of 
0.001 M EDTA, and purified H2O up to 250 ml) for 20 min 
per wash. The fractionated DNA bands were transferred onto 
Amersham Hybond N+ membranes (Amersham, USA). Pre-
hybridization and hybridization were carried out at 65 °C in 
the presence of buffered salt solution, Denhardt's solution, 
and bovine serum albumin (BSA). The blotted membrane-
bound DNA bands were hybridized with the 1.96 kb bar 
gene fragment, 32P-labeled using the DECAprime™ II 
DNA Labeling System (Thermo Fisher Scientific, USA). 
The membranes were washed with the following solutions: 
50 ml of 2 × SSC, 0.1% (w/v) SDS at 65 °C for 25 min and 
0.1 × SSC and 0.1% (w/v) SDS at 65 °C for 25 min. The 
membranes were then exposed to a phosphor screen for 
4 days at − 80 °C using an intensifier screen.

Fig. 2   Screening and bud pollination of T1 putative transgenic radish 
plants. A Putative radish T1 transgenic plants that survived BASTA® 
screenings. After BASTA® treatments, the survived plants were 
transplanted into individual pots. B Non-transgenic plants in soil. C 

T1 transgenic plants. D T1 plants successfully bolted and flowered. E 
Bud-pollination of each individual plant. Red arrows indicate buds 
and flowers used for bud pollination by hand. F Picture showing suc-
cessfully pollinated buds of radish T1 transgenic plants

http://bioinfo.ut.ee/primer3-0.4.0/
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GFP transient expression

To detect GFP (Green Fluorescent Protein) expression in 
the putative transgenic plants, T1 radish transformants were 
germinated in half strength MS salt medium. Fluorescence 
images of 7 days after germination (DAG) seedlings were 
acquired with a Nikon SMZ-18 stereo microscope. GFP-L 
with a 460–500 nm excitation filter (transmitting only green 
light) was used.

Extraction and analysis of GSLs

Whole fresh plant tissues from individual transgenic plants 
were lyophilized using a vacuum freeze dryer (Ilshin 
Biobase, Korea) and ground into a fine powder for GSL 
analysis. Desulfo-glucosinolates (DS-GSLs) were extracted 
and analyzed as previously described (Nugroho et al. 2019). 
Briefly, the lyophilized samples were incubated with 70% 
methanol at 70 °C for 10 min to inactivate myrosinase activ-
ity. The methanol extract was then transferred into a polypro-
pylene column (Thermo Fisher Scientific). Sulfatase (11.25 
units, Sigma-Aldrich) was added, and the mixture was 
incubated for 12 h at 37 °C; 0.5 mg/ml of sinigrin (Sigma-
Aldrich) was used as an internal standard. Individual DS-
GSLs were analyzed with ultra-high-performance liquid 
chromatography (3000 UHPLC System, Thermo Scientific). 
Specifically, the DS-GSLs were separated on a C18 reverse 
phase column (Zorbax XDB-C18, 4.6 × 250 mm, 2.5 μm 
particle size, Agilent, USA) with a water and acetonitrile 
gradient system. The samples (20 μl) were injected, and 
the flow rate was maintained at 1.0 ml min−1. Peaks were 
identified using standard compounds (Phytoplan, Germany) 
(Supplementary Table S2), and sinigrin was used for rela-
tive quantification (Brown et al. 2003). The contents were 
analyzed independently as three replicates and presented as 
μmol kg−1 dry weight (DW).

Results

Transformation of radish seedlings with the radish 
BCAT4 gene

Using our needle perforation protocol to transform apical 
meristems of seedlings, young radish seedlings were pre-
pared and used for transformation with the pEGAD-RsB-
CAT4 plasmid (Fig. 1). We performed 4 independent trans-
formations with the pEGAD-RsBCAT4 vector (Table 1). In 
detail, non-infected radish cv Jinjudaepyong were used and 
collected separately in each transformations process for the 
control plants.

After transformation using our new method, a total of 
128 T0 transgenic plants were obtained in the greenhouse. 
After harvesting the T1 seeds of individual T0 plants, 80 T1 
lines survived the 0.03% BASTA treatment (Table 1). To 
confirm T-DNA integration into the genome of these puta-
tive transformants, the presence of the RsBCAT4 transgene 
was first verified by PCR (Fig. 3). PCR using two primer 
pairs, bar-F + bar-R and GFP-F + BCAT4-R, was performed 
to amplify DNA fragments of 400 bp and 1352 bp, respec-
tively (Fig. 3A). Sixty-one T1 transgenic radish plants were 
deemed positive in the PCR analysis (Table 1 and Fig. 3B). 
No detectable PCR products were amplified with these 
primer pairs from the genomic DNA of WT plants.

Southern blot analysis of RsBCAT4 T1 transgenic 
plants

To quantify transcript levels of RsBCAT4 transgenic lines, 
twenty-four T1 lines were primarily selected and used for 
RT-qPCR analysis. All tested 24 T1 transgenic lines showed 
significantly higher expression of RsBCAT4 compared to the 
level of WT plants (Supplementary Fig. S3A). We further 
selected eight T2 transgenic lines that exhibited substantially 
increased RsBCAT4 mRNA transcripts (Fig. 4). To verify 

Table 1   Agrobacterium-
mediated pEGAD-RsBCAT4 
vector transformation of radish

a Number of Agrobacterium-infected radish seedlings
b Number of survived T1 plants after sprayings with herbicides BASTA® (0.03%)
c Number of transgenic T1 plants identified by PCR analysis
d Transformation efficiency was calculate as the number of PCR-positive transgenic plants compare to the 
number of inoculated radish seedlings

Experiment No No. of inoculated 
seedlingsa

No. of basta 
resistantb

No. of transgenic 
plantsc

Transformation 
efficiencyd (%)

1 32 21 17 53.1
2 32 22 15 46.8
3 32 19 17 53.1
4 32 18 12 37.5
Total 128 80 61 47.6
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incorporation of the RsBCAT4 transgene into the radish 
genome, Southern blot analysis was performed (Fig. 5A). 
Genomic DNA from one WT and the eight T1 transgenic 
plants (#26, #31, #42, #46, #48, #57, #59, and #61) was 
digested and hybridized with the 32P-labeled BAR probe. The 
copy number of transgenes in the radish genome, reflected 
by the number of hybridized bands, varied from one to three. 
Six transformants (excluding #57 and #46) showed clear, 
hybridized bands, indicating that the RsBCAT4 transgene 
was integrated into the radish genome. The faint band in 
the line #57 and #46 might be caused by incomplete diges-
tion or membrane transfer due to the relatively low quality 
of genomic DNAs. In contrast, no hybridization signal was 
detected for genomic DNA of non-transgenic (WT) plants.

GFP visualization of RsBCAT4 T1 transgenic plants

GFP analyses of the eight T1 transgenic plants (#26, #31, 
#42, #46, #48, #57, #59, and #61) were performed to 
verify transgene expression in the radish transformants. 
While green fluorescence was detected in all T1 transgenic 
seedlings, none was observed in the WT plants (Fig. 5B). 
In addition, PCR analysis of transgenic lines showed the 

presence of 225 bp GFP transgene in T1 plants (Supplemen-
tary Fig. S4B). These data indicate that transgene integration 
and expression successfully occurred in these radish plants.

Effect of overexpressed RsBCAT4 on GSL profile 
in radish

GSLs are stress-responsive defense compounds uniquely 
found in Brassicaceae family crops, including radish. RsB-
CAT4 is the enzyme responsible for conversion of Met to 
MTOB, the first step in the biosynthesis of aliphatic GSLs. 
To explore the effect of overexpression of the RsBCAT4 
transgene, we first quantified the transcript level of RsB-
CAT4 transcripts from twenty-four T1 lines (Supplemen-
tary Fig. S4). All T1 transgenic lines exhibited significantly 
overexpressed level of RsBCAT4 compared to the wild 
type. Next, we measured the amounts of aliphatic GSLs 
of twenty-four T1 lines using HPLC (Supplementary Fig. 
S5). Among twenty-four lines, sixteen lines (67%) exhib-
ited higher level of aliphatic GSL compounds albeit level 
of individual lines were different. Four (#25, #44, #47, and 
#57) and other four (#14, #17, #20, and #22) T1 lines showed 
similar or even lower level of aliphatic GSL compounds. 

Fig. 3   PCR detection of 
GFP-BCAT4 and bar coding 
sequence in radish T1 transgenic 
lines. A The pEGAD-RsBCAT4 
construct showing location of 
primers used for PCR analysis. 
Each primer is indicated with 
red color arrows. B Results 
of PCR analysis using primer 
pairs for GFR-F+RsBCAT4R 
and bar-F+bar-R. Expected 
PCR fragments of 1352 bp 
(GFP-F+BCAT4-R) and 400 bp 
(bar-F+bar-R) were amplified 
from 61 putative T1 transgenic 
lines. M, marker; WT, Wild 
type; P, Plasmid DNA; and the 
61 T1 plants
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This kind of phenomenon has also been reported in several 
other studies (Zhang et al. 2015; Kumar et al. 2017). It indi-
cates that metabolic engineering by transgene expression 
might be somehow beyond our expectation because there 
are many factors are involved in the complicated metabolic 
networks in plants. Hence, it is likely that although we have 
the transgenic plants with high expression of gene interest, it 
doesn’t always guarantee the increase of metabolite product, 
thus requiring step to confirm metabolic change. For further 
analysis in next T2 generation, we selected eight T2 lines 
showing higher aliphatic GSL compounds. 4-week leaves 
of eight T2 transgenic plants were subjected to UHPLC 
analysis to measure GSL content. We compared the total 
aliphatic GSL content in one WT and eight T2 transgenic 
plants. UHPLC data showed that overexpression of RsBCA4 
substantially increased the amount of aliphatic GSL com-
pounds compared to that in WT radish plants (Figs. 6A and 
7). It was previously reported that GRH represents a large 
portion of the aliphatic GSLs produced in radish (Nugroho 
et al. 2019) We also observed that GRH was the most abun-
dant GSL compound in all tested radish plants (Figs. 6B 
and 7). Along with the elevation in GRH, the levels of other 
aliphatic GSLs significantly increased in most of the tested 
pEGAD-RsBCAT4 transgenic lines (Fig. 7). Next, we meas-
ured the level of three genes downstream of BCAT4 (i.e., 
RsCYP79F1, RsCYP83A1, and RsGRS1) in the aliphatic 

GSL pathway. The expression profiles of these three genes in 
the eight RsBCAT4-overexpressed transgenic lines displayed 
a similar pattern to that of RsBCAT4 (Fig. 8A), suggesting 
that overexpression of RsBCAT4 positively affected expres-
sion of downstream genes in GSL biosynthesis. Correlation 
coefficient analysis of the expression profiles of RsBCAT4 
and its three downstream genes also indicated significant 
positive correlations in the transgenic lines (Fig. 8B). Taken 
together, these data support that overexpression of RsBCAT4 
in radish can affect expression of biosynthetic genes in the 
aliphatic GSL pathway, resulting in increased aliphatic GSL 
compounds, particularly GSH.  

Discussion

Agrobacterium-mediated transformation has been widely 
used to transfer genes of interest (GOIs) to plant genomes. 
However, in many crop plants, it is still quite difficult to 
obtain genetic transformants. Pre-existing protocols should 
be experimentally fine-tuned to determine the optimal pro-
tocol to generate a particular transgenic crop. For suc-
cessful Agrobacterium-mediated transformation of radish, 
various issues need to be addressed, which include the 
type of explant, DNA delivery method into the genome, 
Agrobacterium inoculation and co-cultivation method, 
screening method for the transformed plants, and regenera-
tion method of the transgenic plants (Gelvin 2003; Hwang 
et al. 2017; Liu et al. 2018; Lacroix and Citovsky 2019; Li 
et al. 2020). Tissue culture is a common method used to 
generate calluses from explants, in which transgenes are 
introduced by Agrobacterium into the host plant genome. 
However, in the case of radish tissue culture, the cultured 
cells are recalcitrant to regenerating shoots (Jeong et al. 
1995; Takahata et al. 1996). Thus, hypocotyls and cotyle-
dons have been mostly used as explants because they have 
the potential to regenerate shoots. Among these tissues, 
cotyledon explants require a longer time for organogenesis 
than hypocotyl explants (Jeong et al. 1995; Bae et al. 2012; 
Xu et al. 2020).

In planta methods of gene transfer via Agrobacterium 
have been introduced, which avoid tissue culture steps and 
produce transgenic plants directly from infected seedlings 
in a shorter period of time than tissue culture-based trans-
formations (Brown et al. 2003; Yasmeen et al. 2009; Rivera 
et al. 2012; Shah et al. 2015; De Jonge et al. 2016). The 
first transgenic radish was reported in early 2001 by Curtis 
and Nam using in planta transformation, in which primary 
bolted plants were used as explants. They demonstrated the 
successful progeny inheritance of antisense GIGANTEA (GI) 
T-DNA by Southern blot analysis (Curtis and Nam 2001). 
Another method for radish transformation utilized both 
ultrasonic- and vacuum infiltration-assisted transfer to seeds 

Fig. 4   Expression of RsBCAT4 in T2 transgenic plants. A RsBCAT4 
functions to convert methionine (Met) to 4-methylthio-2-oxobutyrate 
(MTOB), the first step in aliphatic glucosinolate biosynthesis. B 
Relative transcript levels of RsBCAT4 were calculated by the nor-
malization to the level of the reference gene, RsACTIN, in eight T2 
transgenic lines. Data are shown as means of triplicate samples with 
standard errors. Student t-test was applied to calculate statistical sig-
nificance (*P < 0.05, **P < 0.01, and ***P < 0.001)
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Fig. 5   Southern blot analysis of 
T2 transgenic plants. A radiola-
beled fragment of the BASTA® 
resistance gene (bar) was used 
as a probe. Genomic DNA from 
one wild type plant and eight 
individual lines was extracted 
and digested with EcoRI. 
M, Marker; WT, Wild Type; 
#26–#61, pEGAD-BCAT4 
transgenic lines
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(Park et al. 2005). In addition, Agrobacterium-mediated 
transformation parameters such as bacterial strain, time of 
inoculation, and type of promoter sequence need to be opti-
mized for successful transformation (Beaujean et al. 1998; 
Supartana et al. 2005; Gelvin 2017). For the inoculation and 
co-cultivation of Agrobacterium cells to deliver transgenes 
into radish seedlings, 125 mg/l of acetosyringone and a long 
co-cultivation period (3 days in darkness followed by 2 days 
under light) were shown to be effective compared to the 
conditions needed for other Brassicaceae family plants (Liu 
et al. 2018).

Considering the young age of seedlings, young seedlings 
are fit materials that are easy to be manipulated in plant 
transformation due to the cell wall is not so rigid. In addi-
tion, the physiological and biochemical status of seedlings 
is also very active which can help the plant to recover fast 

after the transformation process. That is most likely why the 
majority of researchers use much older seedlings, such as 5- 
or even 10-day-old seedlings in other in planta transforma-
tion using seedlings (Barillari et al. 2007; Ciska et al. 2008; 
Baenas et al. 2015; Kitajima et al. 2020). Nevertheless, 
transformation of seedlings has a limitation. For example, it 
is usually performed in seedlings having normally a green 
and thin stem (2–3 cm length). Based on reports using Bras-
sica oleracea plants, low temperatures during germination 
affect shoot meristem growth and development in the seed-
lings (Tobeh and Jamaati-E-Somarin 2012; De Jonge et al. 
2016; Fu et al. 2017). Thus, to overcome this limitation, we 
subjected germinating seedlings to a low temperature and 
light to stimulate strong and stumpy growth. In preliminary 
test, seedling treated with low temperature (4 °C) showed a 
shorter and more stumpy hypocotyl than seedling grown at 

Fig. 6   Aliphatic GSL content in 
pEGAD-RsBCAT4 transgenic 
lines of radish. A Amount of 
total aliphatic GSLs (nM/g 
dry weight) in wild type and 
eight T2 transgenic plants. B 
Amount of glucoraphasatin 
(GRH) in wild type and eight 
T2 transgenic plants. Vertical 
red line indicates the level of 
WT. One-way ANOVA analysis 
with Duncan post-hoc test was 
applied to calculate the statisti-
cal difference. For the wild type, 
three biological replications 
were used in this analysis (n = 3)
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high temperature (28 °C) (Supplementary Fig. S5). In addi-
tion, we used a needle to generate tiny physical wounding 
to increase the delivery of bacteria to plant tissues. To avoid 
mechanical damage to the apical meristem, the side of the 
upper hypocotyl was perforated. Under the husk, the epicotyl 
or plumule (embryonic shoot above the cotyledonary node) 
gives rise to the shoot apex and, later, germ cells (Rao et al. 
2008; Foster 2016). In detail, seedlings were perforated 5–10 
times using a small needle (0.1–0.3 mm diameter) to mini-
mize the negative effect of wounding on seedlings' growth 
and development. Needle perforation is a simple and quick 
way to create wounds on the seedlings and bacteria delivery, 
however, if the perforation were done excessively the seed-
lings may be subject to physical stress and abnormal devel-
opment caused by the wounds (Trieu et al. 2000; Rivera 
et al. 2012).

Upon maturation, germ cells (egg and pollen) are pro-
duced by apical meristems. An individual germ cell contains 
a single haploid copy of the genomic DNA. Two germ cells, 
an egg and a sperm, produce a single fertilized cell, from 
which the entire body of cells of each transformant in the 
next generation is derived. Thus, transformants of the T1 and 
subsequent generations should be true transformants and not 
chimeras. On the basis of the above considerations, in most 
of our experiments, we examined the transformation and 
integration of the transgene in the genome of transformants 

using plants of the T1 and T2 generation, but not the T0 
generation. To the best of our knowledge, the successful 
transformation of radish using seedlings and the perforation 
method has not been reported previously, although the pos-
sibility that the basal parts of young seedlings are a poten-
tial explant source for regeneration and transformation has 
been noted. In that radish transformation study, the standard 
method only resulted in transformation efficiencies of 1.4% 
and 8% for floral dipping and seed Agrobacterium co-cul-
ture, respectively (Park et al. 2005; Curtis 2011). Using our 
method, we were able to achieve a much higher transforma-
tion rate (Table 1). In the last decade, there has been strong 
interest in GSL biosynthesis of Brassicaceae family plants, 
including radish. The BCAT4 gene encodes an enzyme cata-
lyzing the initial step of chain elongation of amino acids by 
converting Met to MTOB. Thus, BCAT4 might play a criti-
cal role in the biosynthesis of GSLs in radish. In this study, 
the pEGAD vector harboring the RsBCAT4 transgene driven 
by a Cauliflower Mosaic Virus 35S (CAMV35s) promoter 
was used for radish transformation. CAMV35s is a constitu-
tive promoter that is used extensively to drive the expression 
of genes in the majority of tissues throughout plant develop-
ment. Regarding transgene integration, it is generally consid-
ered that integration occurs at random positions, leading to 
unwanted side effects and unpredictable gene expression pat-
terns (Gelvin 2017). We observed significant overexpression 

Fig. 7   Pie charts showing profiles of aliphatic GSL content. Profiles 
of individual aliphatic GSL compounds from wild type and eight T2 
transgenic lines (#26-2, #31-2, #42-2, #46-2, #48-3, #57-5, #59-2, 
and #61-4) were measured using UHPLC analysis. The total amount 

of aliphatic GSLs detected in each line is shown below each pie chart. 
GRH glucoraphasatin, GER glucoerucin, GRE glucoraphanin, PGT 
progoitrin, GSL glucosinolates. For the wild type, three biological 
replications were used in this analysis (n = 3)
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of RsBCAT4 in most of the transgenic plants, although there 
was a broad range of RsBCAT4 expression among the dif-
ferent lines (Fig. 4B). Thus, we confirmed that CAMV35S 
can be used to successfully express the RsBCAT4 transgene 
in radish plants.

It is also worthy to note that even RsBCAT4 is highly 
overexpressed in all tested transgenic lines, corresponding 
metabolites (aliphatic GSLs) are not accordingly increased in 
tested T2 lines (Fig. 6). This phenomenon was also observed 
in T1 line as we mentioned above response (Supplementary 
Fig. S3). Regarding this observation, we reasoned that many 
factors are involved in the complicated metabolic network 
and metabolic flux in certain steps can somehow reduce rate 
of metabolic process. Thus, overexpression of one particu-
lar metabolic genes does not always guarantee the increase 
of target metabolite products. Thus, follow-up selection is 
essentially required to select the transgenic lines exerting 
increased production of metabolite of interest.

To date, there are the limited cultivars including Chinese 
(Pua et al. 1996), Japanese (Hegazi and Matsubara 1992; 

Park et al. 2005), and Korean ecotypes (Curtis et al. 2004, 
Cho et al. 2008) used for the genetic transformation in rad-
ish. Jinjudaepyung cultivar is a homozygous inbred radish 
line and are commercially used for the cultivation in South 
Korea. In addition, this cultivar is mainly used for genetic 
transformation in previous studies (Curtis et al. 2004; Cho 
et al. 2008; Curtis 2011). Previously, Jinudaepyung culti-
var was shown to have 1.4% transformation efficiency using 
floral dipping method (Curtis and Nam 2001), 0.28% effi-
ciency using hypocotyl explant regeneration system (Mi 
et al. 2008). Later, in plant transformation using germinat-
ing radish seeds and sonication-vacuum infiltration method 
significantly increased the transformation efficiency to 8% 
using cultivar named Kosena (Park et al. 2005). In the pre-
sent study, we succeed to better increase the transforma-
tion efficiency (average about 47%) in radish using needle 
perforation method in Jinjudaepyung cultivar. Further stud-
ies might remain to be tested whether this in planta needle 
perforation method is efficiently applicable to other radish 
cultivars.

Fig. 8   RT-qPCR quantification of downstream genes in aliphatic GSL 
pathway. A Expression of three genes (RsCYP79F1, RsCYP83A1, 
and RsGRS1) downstream of RsBCAT4 in the aliphatic GSL bio-
synthetic pathway in eight T2 plants. Relative transcript levels of 
the three downstream genes normalized to level of reference gene, 
RsACTIN, were calculated in wild type plants (WT) and eight T2 
transgenic lines. Data are shown as means of triplicate samples with 
standard errors. Asterisks indicate a significant difference between 
lines by Duncan's multiple range test (*P < 0.05, **P < 0.01, and 
***P < 0.001). B Correlations of expression between RsBCAT4 and 
each downstream gene (RsCYP9F1, RsCYP83A1, and RsGRS1). The 

R-value is the correlation coefficient between the expression of RsB-
CAT4 and RsCYP83A1, RsCYP79F1 and RsGRS1 in wild type and 
eight pEGAD-RsBCAT4 transgenic lines, which were 0.96, 0.93, and 
0.95, respectively. Therefore, overexpression of RsBCAT4 positively 
affects expression of each downstream gene in the aliphatic GSL 
pathway. X axis represents the relative expression of RsBCAT4, while 
Y axis represents the relative expression of the three downstream 
genes (RsCYP83A1, RsCYP79F1, and RsGRS1). Correlation coeffi-
cients (R-values) were analyzed using Sigma plot 12.0. GSL, glucosi-
nolate
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In summary, we report that our Agrobacterium-mediated 
transformation using a needle perforation and Agrobacte-
rium tumefaciens incubation method to transform apical 
meristems of seedlings is a viable method to generate trans-
genic radish plants. This technique should be amenable to a 
broad array of applications such as the generation of overex-
pression lines, knockdown lines using RNAi, and knockout 
mutants using CRISPR-Cas9 genome editing. In addition, 
this method could be expanded and used for the transforma-
tion of other crop plants.
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