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Abstract
To preserve and propagate valuable Chinese cabbage (Brassica rapa L.) using mature vegetative organs without seeds, we
established a high efficiency regeneration system from heading leaf explants and further explored its application in genetic
transformation. Our results showed that maximum shoot regeneration of cultivars ‘Beijing New No. 3’ (88.46 ± 1.65%)
and ‘Chengyangqing’ (73.77 ± 1.73%) were obtained in the presence of 17.76 μM 6-benzylaminopurine (BA) and 5.37 μM
α-naphthylacetic acid (NAA). The addition of silver nitrate ( AgNO3) at 11.77 μM was essential for shoot regeneration
from heading leaf explants. Genotypic differences in shoot regeneration frequencies (from 47.24 ± 3.65 to 88.46 ± 1.65%)
were observed amongst eight Chinese cabbage cultivars, in addition to the number of shoots per explant (from 1.31 ± 0.02
to 2.02 ± 0.05) in Murashige and Skoog medium containing 17.76 μM BA, 5.37 μM NAA and 11.77 μM A
 gNO3. Low
temperature (4 °C) had an effect on in vitro preservation of leafy heads with a delay in leaf wilting, and there were no significant differences in shoot induction frequency within 24 h for cultivars ‘Beijing New No. 3’ and ‘Chengyangqing’. In the
genetic transformation experiments using selection with kanamycin (17.17 μM), a transformation efficiency of 0.6–1.2%
was achieved, as assessed from PCR and Southern blot results. The above results suggested that the heading leaf explants
can not only achieve efficient seed-independent propagation of Chinese cabbage, but also provide a feasible platform for
genetic transformation.
Keywords Agrobacterium-mediated transformation · In vitro · Leaf explants · Leafy head · Shoot induction and
organogenesis

1 Introduction
Chinese cabbage (Brassica rapa L.) originating in China
is one of the most important vegetables in Asia in terms of
its large planting area and huge consumption. At present,
improving the efficiency of Chinese cabbage breeding has
become increasingly prominent in biotechnology (Zhang
et al. 1998). Tissue culture, one of the most important
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biotechnological tools, is valuable for the preservation
and rapid propagation of Chinese cabbage germplasm and
to obtain large amounts of stable transgenic plants using
genetic engineering. Chinese cabbage, which carries the A
genome, was once a recalcitrant Brassica species in regeneration experiments (Narasimhulu and Chopra 1988; Palmer
1992). To date, a number of regeneration protocols have
been developed for Chinese cabbage using various explants
and through alterations in media composition. The explants
from cotyledons with petiole (Hachey et al. 1991; Zhang
et al. 1998), and hypocotyls (Xing et al. 2003; Zhu et al.
2005; Jung et al. 2008) have obtained high adventitious
shoot frequencies with genotypic dependence, and the best
reported result reached 95% (Zhang et al. 1998). The regenerated plants can also be obtained by inducing embryos
using microspores (Han et al. 2014; Huang et al. 2016; Lu
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et al. 2016), anthers (Kuginuki et al. 1997; Choi et al. 1998)
and protoplasts (Glimelius 1984). However, regeneration
approaches using protoplasts are used less for genetic transformation due to complex manipulations involved, with low
transformation efficiency. Thereafter, cotyledons (Jun et al.
1995; Zhang et al. 2000; Vanjildorj et al. 2009; Zhao et al.
2013; Choi et al. 2016; Cui et al. 2017; Ma et al. 2017) and
hypocotyls (Lee et al. 2004; Park et al. 2005; Zang et al.
2008; Jung et al. 2012; Konagaya et al. 2013; Baskar et al.
2016) have become the most widely used explants in genetic
transformation of Chinese cabbage, for their relatively simple regeneration process.
The explants used for adventitious shoot regeneration in
the above research are all from seed-derived sterile seedlings, indicating that the regeneration methods are all seeddependent. However, for Chinese cabbage, its commodity
traits usually appear fully in the late period of the heading
stage (Inoue et al. 2015; Choi et al. 2017). If the valuable
materials can be preserved in this period, breeding of the
germplasm can be carried out in advance, without waiting
for another breeding cycle. During this late period, the heading leaves of Chinese cabbage are the most readily available
materials in the field, while the seed-dependent regeneration
could not achieve the preservation in a timely manner via
mature vegetative organs.
Chinese cabbage has large leaves, and many explants
can be obtained by dividing the external heading leaves
of one cabbage head. Furthermore, these explants have
exactly the same genetic composition. Leaf explants have
been successfully regenerated from Brassica species such as
mustard (Pua and Chi 1993), rapeseed (Akasaka-Kennedy
et al. 2005) and non-heading Chinese cabbage (Ambreen
et al. 2009). Shoot regeneration of Chinese cabbage using
leaf petiole and leaf segments from sterile seedlings have
been obtained (Cheng et al. 2001; Liu et al. 2011); however,
these approaches also belong to seed-dependent type. As for

genetic transformation, to our knowledge, none of the studies to date have involved leaf explants from mature Chinese
cabbage.
The aim of this study was to establish a rapid and efficient
protocol for shoot regeneration using leaf explants from the
heading leaves of Chinese cabbage. We evaluated the effects
of AgNO3, genotypic variations and preservation times at
low temperature on shoot regeneration. Secondly, by combining Agrobacterium-mediated transformation techniques,
a work scheme for Chinese cabbage transformation via heading leaf explants was established, which was used to obtain
transgenic Chinese cabbage plants.

2 Materials and methods
2.1 Plant material and preparation of explants
Eight cultivars were involved in leaf regeneration studies of
Chinese cabbage (Table 1). ‘Beijing New No. 3’ and ‘Chengyangqing’ were particularly used for the establishment
of the regeneration system, the former being a F1 hybrid
with a large cultivating area, the latter being a homozygous
local cultivar of Chengyang district, Qingdao city, China.
The above-mentioned cultivars were grown in the experimental farm of Horticulture College, Qingdao Agriculture
University, Qingdao, Shandong Province, China. When the
leafy heads were fully compact at harvest time, the first to
sixth heading leaves from outside to inside, were chosen as
explants. Leaves without petioles were surface-sterilized in
70% (v/v) ethanol for 30 s, followed by sodium hypochlorite
solution (2% active chlorine) for 10 min. After being rinsed
in sterilized distilled water five times (2 min each time),
the leaves were blotted thoroughly with absorbent paper.
After removing the main veins, sterilized leaves were cut
into approximately 1 cm × 1 cm segments; subsequently, the

Table 1  Description of the cultivars of Chinese cabbage used in the experiment
Cultivar

Suitable cultivation season

Growth
period
(days)

Leafy head shape

Source of cultivar

‘Beijing New No. 3’
‘Chengyangqing’

Autumn
Autumn

80–85
85

Cylindrical type
Oval

‘Xibai No. 4’

Autumn

65

Cylindrical

‘Qiangchun’
‘87-114’
‘Jujin’
‘Xiaoyiheqiu’
‘Xibai 45’

Spring
Autumn
Spring
Autumn
Summer/autumn

50
80–90
60–65
70–80
45–50

Oval
Oval
Oval
Oval
Baby cabbage/cylindrical

Jingyan Yinong (Beijing) Seed Sci-Tech Co., Ltd
Breeding Research Group of Chinese Cabbage in
Qingdao Agricultural University
Shandong Denghai Seed Industry, Ltd West seed
branch
Shouguang Syngenta Seed Co. Ltd
Qingdao International Seed Co., Ltd
Tohoku Seed Co., Ltd. In Japan
Qingdao Fenghe Seed Industry Co., Ltd
Shandong Denghai Seed Industry, Ltd West seed
branch
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leaf segments were placed with the adaxial side up on shoot
induction medium (Fig. 1A).
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MS basal medium (Murashige and Skoog 1962) containing 3% (w/v) sucrose and 0.8% (w/v) agar was used in all
experiments. All media were adjusted to pH 5.8 using 1 M
NaOH or 1 M HCl before autoclaving at 121 °C for 20 min.
The autoclaved medium (approximately 35 ml) was then
dispensed into a glass jar (6.5 cm × 9 cm) before use. In
the shoot induction stage, to the basal medium, 8.88, 17.76,
or 26.64 μM 6-benzylaminopurine (BA) and 0.54, 2.69, or

5.37 μM α-naphthylacetic acid (NAA) were added. The
different media were given codes as M1 to M12 (Table 2).
In addition, filter-sterilized silver nitrate (AgNO3) was
also added to the medium at a concentration of 23.55 μM
to promote regeneration. 4 weeks later, the explants with
adventitious shoots were transferred to MS basal medium for
further growth and elongation of regenerated shoots. When
the shoots reached the length of 2–3 cm, they were isolated
and transferred to the rooting medium containing 2.69 μM
NAA. The above cultures were incubated in light incubators at 24 ± 1 °C, under a 16 h photoperiod using cool-white
fluorescent lights at 50 μmol m−2 s−1.
Seedling adaptation was carried out by unscrewing the
lid for 4–5 days, after the shoots formed strong roots. The

Fig. 1  Plant regeneration from heading leaf explants of Chinese cabbage ‘Beijing New No. 3’ a Sterilized explants from heading leaf
were inoculated in shoot induction medium; b The callus and adventitious roots appeared on the edge of the leaf explants after 7 days of
culture in the medium containing 17.76 μM BA, 5.37 μM NAA and
23.55 μM AgNO3; c Heading leaf explants had only expanded without callus after 7 days of culture in the medium containing 17.76 μM

BA and 23.55 μM A
 gNO3; d and e Larger calli and bud primordia
formed at the base of the adventitious roots on the leaf margin after
14 days of culture; f After 22 days of culture in the shoot induction
medium, many adventitious buds were induced at the edge of leaf
segments; g The regenerated shoots cultured in MS medium with further elongation and growth; h Rooted regenerated seedling; i Plantlets
acclimatization for 2 weeks (Bar = 1 cm)

2.2 Establishment of protocol for shoot
regeneration from heading leaves

13

586

Horticulture, Environment, and Biotechnology (2018) 59:583–596

Table 2  Effects of different concentrations of BA and NAA on shoot regeneration from heading leaf explants of Chinese cabbage cultivar ‘Beijing New No. 3’ and ‘Chengyangqing’
Media code

M1
M2
M3
M4
M5
M6
M7
M8
M9
M10
M11
M12

BA (μM)

8.88
17.76
26.64
8.88
17.76
26.64
8.88
17.76
26.64
8.88
17.76
26.64

NAA (μM)

0
0
0
0.54
0.54
0.54
2.69
2.69
2.69
5.37
5.37
5.37

Frequency of shoot induction (%)z

Mean number of shoots/explant

‘Beijing New No. 3’

‘Chengyangqing’

‘Beijing New No. 3’

‘Chengyangqing’

0.0e
0.0e
0.0e
2.91 ± 0.06e
3.90 ± 0.91e
1.93 ± 0.97e
56.93 ± 4.30cd
62.86 ± 4.36c
50.39 ± 3.49d
77.14 ± 1.65b
88.46 ± 1.65a
63.81 ± 3.43c

0.0e
0.0e
0.0e
1.90 ± 0.95e
1.90 ± 0.95e
1.88 ± 0.94e
44.13 ± 3.54cd
57.17 ± 3.27b
39.41 ± 1.75d
70.63 ± 1.41a
73.77 ± 1.73a
49.52 ± 4.15c

0.0d
0.0d
0.0d
1.0 ± 0.0bc
1.33 ± 0.33b
0.67 ± 0.33c
1.19 ± 0.08b
1.32 ± 0.07b
1.13 ± 0.01b
1.16 ± 0.03b
1.80 ± 0.11a
1.16 ± 0.03b

0.0c
0.0c
0.0c
1.0 ± 0.58ab
0.67 ± 0.33bc
0.67 ± 0.33bc
1.06 ± 0.03ab
1.72 ± 0.05a
1.07 ± 0.04ab
1.46 ± 0.14a
1.64 ± 0.12a
1.13 ± 0.03ab

The explants were cultured on MS medium containing 23.55 μM AgNO3

z

Data are mean values ± S.E. of three replicates. Different letters within the same column indicate significant differences according to LSD test at
p < 0.05

rooted plantlets were washed with sterile water to remove
adhering agar and transferred to plastic pots (12 cm × 7 cm)
containing the sterilized medium (vermiculite: peat = 1:1,
v/v). The top of the pot was covered with plastic wrap to
maintain high humidity, followed by making holes on the
film to allow gradual acclimatization. After cultivation for
10 days, the film was peeled off and the regenerated plants
were cultured at room temperature. Natural light and room
temperature were used during acclimatization.
All the regeneration experiments were repeated three
times and carried out in a randomized complete block
design. Each repetition consisted of 30–40 leaf explants,
with three explants per glass jar. After 4 weeks from culture
initiation, the percentage of explants with shoots was calculated and the number of shoots per explant with independent
growth points were recorded.

2.3 Effect of AgNO3, genotype and low temperature
storage on shoot induction from heading leaves
As an ethylene inhibitor, A
 gNO3 plays an important role
in promoting the regeneration of Brassica species. Different concentrations of AgNO3 (0, 11.77, 23.55, 35.32 or
47.09 μM) were added to basal medium containing the optimal combination of BA and NAA, to ascertain the suitable
AgNO3 concentration for leaf regeneration. Thereafter, six
cultivars (‘Xibai No. 4’, ‘87-114’, ‘Xiaoyiheqiu’, ‘Qiangchun’, ‘Jujin’ and ‘Xibai 45’) were subjected to regeneration
to test the applicability of the above system. Sometimes,
plant materials collected from the field cannot be propagated
in vitro immediately, they usually need low temperature
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storage. In view of this problem, the leafy heads obtained
from the fields were wrapped with plastic wrap and placed at
4 °C for 0, 12, 24, 36, 48, or 72 h. Subsequently, the results
of regeneration of the low temperature-treated materials
were investigated.

2.4 Application of the leaf regeneration system
in genetic transformation
2.4.1 
Agrobacterium‑mediated transformation procedure
Agrobacterium tumefaciens strain EHA105 harboring the binary vector pBI121 was used for transformation. The binary vector contained an intron-containing
β-glucuronidase (uid A) as a reporter gene and neomycin
phosphotransferase II (npt II) as the kanamycin resistance
marker gene for selection. The minimum inhibitory concentration (MIC) of kanamycin was determined in the optimal
leaf regeneration medium supplied with 0, 5.15, 8.58, 13.73,
17.17, 20.60 or 25.75 μM kanamycin. In addition, the suitable Agrobacterium-eliminating antibiotic was investigated
by adding carbenicillin (0, 0.71, 1.18 or 2.37 mM) or cefotaxime (0, 0.52 or 1.05 mM) into the regeneration medium.
The transformation procedure was modified according to
the protocols of Zhang et al. (2000) and Zhao et al. (2013).
A single Agrobacterium colony was cultured in 20 mL of
LB medium containing 85.83 μM kanamycin and 60.76 μM
rifampicin at 28 °C, 200 rpm for 48 h. The Agrobacterium
was re-activated by transferring 5 mL of the culture medium
into 300 ml fresh LB medium supplied with 101.94 μM
acetosyringone (AS). The grown bacteria were collected by
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centrifugation (7000 rpm, 10 min) and re-suspended in basal
MS medium containing 101.94 μM AS. The OD600 value of
the pellet suspension was adjusted to 0.4–0.6 prior to infection of plants.
Leaf explants were pre-cultured on shoot regeneration
medium (MS basal medium with 17.76 μM BA, 5.37 μM
NAA and 11.77 μM A
 gNO3, pH 5.8) in the dark for 2 days.
The explants were immersed in the Agrobacterium suspension for 15 min, followed by blotting with absorbent paper
and transfer to co-cultured medium (MS basal medium with
17.76 μM BA, 5.37 μM NAA and 50.97 μM AS, pH 5.2).
After co-cultivation without light for 3 days, the explants
were embedded in selection medium (MS basal medium
with 17.76 μM BA, 5.37 μM NAA and 11.77 μM AgNO3,
1.18 mM carbenicillin and 17.17 μM kanamycin.). The MIC
of 17.17 μM kanamycin was determined in an earlier test.
The first week of the selection was in dark culture, and the
explants were sub-cultured into fresh selection medium at
28 day intervals to maintain kanamycin selection pressure.
The non-inoculated explants were regenerated on shoot
regeneration medium as control. Green shoots (≥ 2 cm)
regenerated on selection medium were transferred to rooting
medium (MS basal medium with 2.69 μM NAA, 17.17 μM
kanamycin and 1.18 mM carbenicillin, pH 5.8).
2.4.2 GUS histochemical analysis
Part of the infected explants after co-cultivation, and all
the kanamycin resistant shoots were subjected to GUS histochemical analysis, following the method used by Jefferson (1987) with modifications. The GUS buffer contained
50 mM phosphate buffer (pH 7.0), 50 mM potassium ferricyanide, 50 mM potassium ferrocyanide, 19.2 mM 5-bromo-4chloro-3-indolyl-β-d-glucuronide-cyclohexy (X-gluc), 0.1%
Triton X-100 and 10% methanol. Samples were incubated
overnight at 37 °C, and the chlorophyll was de-stained using
70% ethanol.
2.4.3 Extraction of genomic DNA and PCR amplification
Genomic DNA was isolated for PCR using the CTAB
method (Murray and Thompson 1980) from leaves of the
kanamycin-resistant seedlings and non-transformed plants.
The primers for the detection of the uid A gene were as
follows: 5′-TACGCCATTTGAAGCCGATG-3′ (forward)
and 5′-TACTCCACATCACCACGCTT-3′ (reverse), which
yielded a 896 bp fragment. PCR for npt II gene was performed with 5′-TTGGGTGGAGAGGCTATTCG-3′ (forward) and 5′-GTTTCGCTTGGTGGTCGAAT-3′ (reverse)
primers and yielded a 374 bp fragment. The PCR conditions
were as follows: 95 °C for 5 min, followed by 35 cycles of
94 °C for 30 s, 60 °C for 30 s, and 72 °C for 1 min, with a
final extension at 72 °C for 5 min. The PCR products were
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analyzed on a 1% agarose gel and viewed under a UV transilluminator (Bio-Rad Laboratories, Inc., Hercules, CA).
2.4.4 Southern blot analysis
About 15 μg genomic DNA isolated from fresh leaves of
PCR positive and non-transformed plantlets was digested
overnight with Hind III or Eco RI. The hydrolyzed DNA was
separated by electrophoresis on a 0.7% (w/v) agarose gel at
25 V overnight, and blotted onto Hybond N
 + membrane (GE
Amersham, Waukesha, WI). The DNA probe was produced
by PCR amplification of the npt II gene from recombinant
pBI121 plasmid with specific primers: 5′-CTCGTCAAG
AAGGCGATAGAAG-3′ (forward) and 5′-GATCTGGAC
GAAGAGCATCAG-3′ (reverse). The purified amplification product (318 bp) of the npt II gene was labeled with
Dig High Prime DNA Labeling and Detection Starter Kit
II (Roche, Basel, Switzerland). DNA transfer and fixation,
hybridization with the probe, and the immunoassay were
all performed according to the manufacturer’s instructions
of the above kit.

2.5 Statistical analysis
The regeneration data were subjected to one way Analysis of
variance (ANOVA) using SPSS statistics version 22.0 (IBM
Corporation, Somers, NY) and expressed as mean ± standard error (S.E.). The significant difference between means
were assessed by the least significant difference (LSD) test at
p < 0.05. For transformation, two independent experiments
were conducted and investigated by counting the number of
resistant shoots and the transformation rate.

3 Results
3.1 Effect of plant growth regulators (PGRs)
on shoot induction from heading leaves
Heading leaf explants of Chinese cabbage ‘Beijing New
No. 3’ and ‘Chengyangqing’ were incubated on media
with 12 different hormone combinations (Table 2). The
maximum regeneration frequency of ‘Beijing New No. 3’
(88.46 ± 1.65%) and ‘Chengyangqing’ (73.77 ± 1.73%) were
obtained in the medium supplemented with 17.76 μM BA
and 5.37 μM NAA (M11). For ‘Beijing New No. 3’, the
shoot regeneration frequency and the mean number of shoots
per explant (1.80 ± 0.11) in M11 were significantly higher
than those in other media. The mean number of shoots
per explant of ‘Chengyangqing’ (1.64 ± 0.12) in M11 was
less than that in the medium containing 17.76 μM BA and
2.69 μM NAA (M8), but the difference was not significant.
Explants cultured in the medium without NAA (M1–M3)
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did not form any regeneration shoots. Using 0.54 μM NAA,
the shoot regeneration frequencies of the two cultivars were
lower than 4%, and there was no significant difference with
the results in the absence of NAA. At 2.69 μM NAA, the
shoot regeneration frequency was greatly improved, suggesting that NAA promoted regeneration effectively in leaves.
Within the first week of culture, formation of callus and
adventitious roots were observed along the leaf segment
margins (Fig. 1B). Meanwhile, explants cultured in medium
without NAA only had expansion with delayed callus induction (Fig. 1C). During the next week, larger calli and bud
primordia formed at the base of leaf margins with adventitious roots (Fig. 1D, E). After 3 weeks, the edge of explants
had formed lots of visible adventitious buds (Fig. 1F). After
4 weeks of culture, the explants with adventitious shoots
were placed on MS medium without hormones, and showed
rapid growth without hyperhydricity (Fig. 1G). The shoots
with independent growth points were rooted (Fig. 1H) and
further acclimatized (Fig. 1I) to establish a complete heading
leaf regeneration system.

3.2 Effects of AgNO3, genotype and temperature
factors on regeneration of heading leaf
in Chinese cabbage
In this test, a combination of 17.76 μM BA and 5.37 μM
NAA was used in MS medium with different concentrations
of AgNO3. As shown in Table 3, the shoot regeneration
frequency of the explants cultured in medium containing
11.77–47.09 μM AgNO3 were over 50%. In the absence of
AgNO3, the regeneration rates of the two cultivars were both
less than 10%. The results for ‘Beijing New No. 3’ showed
that 11.77 and 23.55 μM AgNO3 were the best treatments
for shoot induction efficiency, with no significant difference
between each other. Using 11.77 μM AgNO3, ‘Beijing New
No. 3’ produced the most shoots per explant. The effect
of AgNO3 on shoot regeneration of ‘Chengyangqing’ was
similar to that of ‘Beijing New No. 3’. A
 gNO3 at 35.32 μM
also produced high shoot regeneration frequency for ‘Chengyangqing’, yet the mean number of shoots per explant was
Table 3  Effect of A
 gNO3
on shoot regeneration from
heading leaf explants of cultivar
‘Beijing New No. 3’ and
‘Chengyangqing’

AgNO3 (μM)

significantly lower than that with 11.77 or 23.55 μM AgNO3.
It was further observed that bud differentiation was initiated
slightly earlier in treatments using 11.77 μM AgNO3, compared with 23.55 μM AgNO3. In view of the above results,
11.77 μM AgNO3 was adopted for subsequent experiments.
The shoot regeneration ability of heading leaves of six
Chinese cabbage cultivars was tested in MS medium supplemented with 17.76 μM BA, 5.37 μM NAA and 11.77 μM
AgNO3. The highest shoot regeneration frequency was
observed from ‘Xibai No. 4’ (75. 56 ± 2.22%), followed by
‘Qiangchun’ (71.61 ± 1.32%), and ‘87-114’ (70.77 ± 1.31%),
with the difference amongst the three cultivars not being
significant (Table 4). The baby Chinese cabbage ‘Xibai
45’ displayed the lowest frequency of shoot regeneration,
below 50%, with the minimum number of shoots per explant
(1.31 ± 0.02). Thus, genotypic differences in shoot regeneration of Chinese cabbage were observed clearly in this
experiment.
When the leafy heads of ‘Beijing New No. 3’ and ‘Chengyangqing’ were stored at 4 °C for 24 h, the shoot regeneration frequencies were not significantly different compared
to the control (Table 5). However, for ‘Beijing New No.
3’, the number of shoots per explant under 24 h treatment
Table 4  Effect of genotypes on shoot regeneration from heading leaf
explants in six genotypes of Chinese cabbage
Genotype

75. 56 ± 2.22a
71.61 ± 1.32a
70.77 ± 1.31a
57.8 ± 2.52b
55.56 ± 2.93b
47.24 ± 3.65c

‘Xibai No. 4’
‘Qiangchun’
‘87-114’
‘Jujin’
‘Xiaoyiheqiu’
‘Xibai 45’

z
Data are mean values ± S.E. of three replicates. Different letters
within the same column indicate significant differences according to
LSD test at p < 0.05

Frequency of shoot induction (%)z

d

8.97 ± 1.03
88.34 ± 1. 67a
88.05 ± 1.90a
72.93 ± 1.74b
64.44 ± 2.22c

1.86 ± 0.03a
1.44 ± 0.04cd
1.65 ± 0.01b
1. 57 ± 0.04bc
1.53 ± 0.10bc
1.31 ± 0.02d

The explants were cultured on MS medium containing 17.76 μM BA,
5.37 μM NAA and 11.77 μM A
 gNO3

‘Beijing New No. 3’
0
11.77
23.55
35.32
47.09

Frequency of shoot induc- Mean number of
tion (%)z
shoots/explant

Mean number of shoots/explant

‘Chengyangqing’
c

7.78 ± 1.11
72.44 ± 1.77a
73.45 ± 1.18a
68.79 ± 1.06a
52.93 ± 4.20b

‘Beijing New No. 3’
d

1.0 ± 0.0
2.02 ± 0.05a
1.86 ± 0.06b
1.69 ± 0.04c
1.65 ± 0.05c

‘Chengyangqing’
1.0 ± 0.0c
1.72 ± 0.07a
1.69 ± 0.06a
1.41 ± 0.08b
1.29 ± 0.06b

The explants were cultured on MS medium containing 17.76 μM BA and 5.37 μM NAA
z

Data are mean values ± S.E. of three replicates. Different letters within the same column indicate significant differences according to LSD test at p < 0.05
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Table 5  Effect of storage time
at 4 °C on shoot regeneration
from heading leaf explants
of Chinese cabbage cultivar
‘Beijing New No. 3’ and
‘Chengyangqing’

Storage time
at 4 °C
0h
12 h
24 h
36 h
48 h
72 h

589

Frequency of shoot induction (%)z
‘Beijing New No. 3’

Mean number of shoots/explant

‘Chengyangqing’

a

a

72.44 ± 1.77
70.24 ± 3.46a
69.01 ± 1.18ab
62.22 ± 2.94bc
60.00 ± 1.92cd
52.84 ± 1.99d

88.34 ± 1.67
85.43 ± 1.67ab
86.44 ± 1.80ab
80.95 ± 2.52bc
77.53 ± 2.16c
70.90 ± 2.13d

‘Beijing New No. 3’
a

2.02 ± 0.05
1.98 ± 0.06ab
1.86 ± 0.05bc
1.81 ± 0.0bc
1.75 ± 0.02cd
1.68 ± 0.01d

‘Chengyangqing’
1.72 ± 0.07a
1.69 ± 0.08a
1.57 ± 0.02a
1.37 ± 0.09b
1.37 ± 0.03b
1.13 ± 0.03c

The explants were cultured on MS medium containing 17.76 μM BA and 5.37 μM NAA and 11.77 μM
AgNO3
z

Data are mean values ± S.E. of three replicates. Different letters within the same column indicate significant differences according to LSD test at p < 0.05

reduced significantly compared with those untreated. With
the increase in chilling time, the regeneration ability of
leaves gradually declined. After 36 h of treatment, the frequencies of shoot induction of the two cultivars and the
number of shoots per explant were significantly reduced,
compared to the untreated ones. Furthermore, treatment for
72 h showed significantly lower frequencies of shoot induction and fewer shoots per explant than treatment for 36 h.
The regeneration rates of ‘Beijing New No. 3’ and ‘Chengyangqing’ decreased by 19.74 and 27.06% respectively, after
72 h treatment at 4 °C. Therefore, we conclude that as far as
possible, leafy heads obtained from the field for preparation
of explants should be dealt with within 24 h, to ensure the
regeneration results.

3.3 Sensitivity of leaf explants to kanamycin
and Agrobacterium‑eliminating antibiotic
The effect of kanamycin on the survival of untransformed
explants was examined to determine the best concentration
for the selection of transgenic plants. The results in Table 6

indicate that the cultivar ‘Beijing New No. 3’ and ‘Chengyangqing’ were all highly sensitive to kanamycin. Compared
to the control, kanamycin treatment at 5.15 μM decreased
the shoot regeneration frequency by 69.98% (‘Beijing New
No. 3’) and 60.11% (‘Chengyangqing’), respectively. At
17.17 μM, only 1.11% (‘Beijing New No. 3’) and 3.33%
(‘Chengyangqing’) of leaf explants produced calli without
any regenerated shoots. Subsequently the calli became etiolated and died.
To investigate the Agrobacterium-eliminating antibiotic,
we observed that 0.71 mM carbenicillin did not show any
deleterious effects on the regeneration ability of leaf explants
for the two cultivars. Although the addition of 1.18 mM carbenicillin had a significant decline in the shoot regeneration frequency of ‘Beijing New No. 3’, the shoot number
per explant was not affected. For cultivar ‘Chengyangqing’,
the shoot regeneration frequency significantly decreased
when the concentration of carbenicillin reached 2.37 mM,
without a decrease in number of shoots per explant. On the
other hand, 0.52 mM cefotaxime showed a great damage
to explants of both cultivars, by reducing 67.29% (‘Beijing

Table 6  Effect of kanamycin concentration on shoot regeneration from heading leaf explants of Chinese cabbage cultivar ‘Beijing new no.3’and
‘Chengyangqing’
Kanamycin (μM) Callus formation (%)z

Frequency of shoot induction (%)z

Mean number of shoots/explants

‘Beijing New No. 3’ ‘Chengyangqing’ ‘Beijing New No. 3’ ‘Chengyangqing’ ‘Beijing New No.3’ ‘Chengyangqing’
0
5.15
8.58
13.73
17.17
20.60
25.75

100 ± 0.00a
37.22 ± 2.49b
24.44 ± 4.44c
4.44 ± 2.22d
1.11 ± 1.11d
0.00d
0.00d

100 ± 0.00a
46.67 ± 3.85b
26.67 ± 3.3 3c
9.17 ± 2.68d
3.33 ± 1.92de
0.00e
0.00e

88.34 ± 1.67a
26.52 ± 2.23b
7.78 ± 1.11c
1.11 ± 1.11d
0.00d
0.00d
0.00d

72.44 ± 1.77a
28.89 ± 4.01b
10.00 ± 1.92c
3.33 ± 1.92d
0.00d
0.00d
0.00d

2.02 ± 0.05a
1.15 ± 0.09b
1.00 ± 0.00b
0.33 ± 0.33c
0.00c
0.00c
0.00c

1.72 ± 0.07a
1.03 ± 0.03b
1.08 ± 0.08b
0.67 ± 0.33b
0.00c
0.00c
0.00c

The explants were cultured on MS medium containing 17.76 μM BA, 5.37 μM NAA and 11.77 μM AgNO3
z

Data are mean values ± SE of three replicates. Different letters within the same column indicate significant differences according to LSD test at
p < 0.05
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New No. 3’) and 63.38% (‘Chengyangqing’) of the shoot
regeneration frequency (Table 7). When the concentration
of cefotaxime was 1.05 mM, only explants from ‘Chengyangqing’ obtained less than 2% of the shoot regeneration
frequency.
Overall, cultivar ‘Beijing New No. 3’ showed the best
regeneration results, and was chosen for the following transformation experiment. To control Agrobacterium after cocultivation without affecting regeneration, 1.18 mM carbenicillin was used in further transformation experiments.

3.4 Confirmation of genetic transformation using
heading leaf explants
Histochemical analysis was first carried out to monitor the
transient expression of GUS in leaf segments after 3 days
of co-cultivation. Figure 2A shows that GUS-positive spots
were mainly located in mesophyll cells of leaf margins.
Spots varied from small patches with a faint to dark blue
stain along the leaf margins. For some leaf segments, GUSpositive spots covered the entire explant surface, and entire
callus cells differentiated at the leaf edge showed dark blue
staining (Fig. 2A). Shoot regeneration of explants on the
selection medium was significantly delayed, and obvious
regeneration of shoots was obtained after about 5 or 6 weeks.
A total of 12 kanamycin resistant seedlings were obtained
from two transformation events (Table 8). The seedlings
 0-12 according to
were numbered from T
 0-1 through to T
the order in which they were obtained, and only six of
them (T0-2, T0-5, T0-6, T0-7, T0-8 and T
 0-10) showed GUS
expression in leaves (Fig. 2B). All the kanamycin-resistant
seedlings were subjected to PCR analysis, and the results
showed expected size of PCR products for uid A (896 bp)
and npt II (374 bp) in T0-2, T0-5, T0-6, T0-7, T0-8 and T0-10
(Fig. 3A, B). The expected amplified fragments of uid A

and npt II were not detected in T
 0-1, T0-3, T0-4, T0-9, T0-11,
T0-12 and untransformed plants. According to the number
of PCR-positive plants, the transformation rates of the two
experiments were 1.29 and 1.12% (mean 1.2%). Southern
analysis was performed on PCR-positive plants (T0-5, T0-6
and T0-7) with fresh leaves. Genomic DNA from PCRpositive plants digested with Hind III or Eco RI all yielded
single hybridization signals (Fig. 4, lanes 1–6), while the
non-transformed plant DNA showed no hybridization signal
(Fig. 4, lanes C1 and C2). Southern blot analysis confirmed
that the npt II gene was integrated into the genomes of T
 0-6,
T0-7 and T0-8 plants and all of them were single-copy insertions. Together, combining the results of PCR and Southern
blot analysis, the transformation rate was estimated to be
0.6–1.2%.

4 Discussion
This study demonstrated that plant regeneration from the
heading leaf of Chinese cabbage was possible. The analysis
of variance showed significant effects on shoot regeneration frequency by placing heading leaves of the two Chinese cabbage genotypes on media containing different PGRs
(Table 2). Concentrations of 8.88 and 17.76 μM BA showed
a promoting effect on bud induction, while 26.64 μM BA
showed a less promoting effect than 8.88 μM on regeneration. The results displayed a concentration range of BA similar to those reported previously (8.88–22.20 μM) for Chinese
cabbage using other explants (Takasaki et al. 1996; Cheng
et al. 2001; Park et al. 2005; Konagaya et al. 2013; Choi
et al. 2016; Cui et al. 2017). Heading leaf explants cultured
on MS medium containing 0 μM NAA just obtained green
compact callus instead of adventitious shoots. Takasaki
et al. (1996) and Zhang et al. (1998) also reported a similar

Table 7  Effect of Agrobacterium-eliminating antibiotic on shoot regeneration from heading leaf explants of Chinese cabbage cultivar ‘Beijing
New No. 3’ and ‘Chengyangqing’
CefoCarbenicillin taxime
(mM)
(mM)

Callus formation (%)z
‘Beijing New
No. 3’

‘Chengyang qing’ ‘Beijing New
No. 3’

‘Chengyang qing’ ‘Beijing New
No. 3’

‘Chengyang qing’

0
0.71
1.18
2.37

100 ± 0.00a
98.89 ± 1.11a
100 ± 0.00a
98.89 ± 1.11a
100 ± 0.00a
66.67 ± 3.85b
43.33 ± 5.77c

100 ± 0.00a
100 ± 0.00a
100 ± 0.00a
98.89 ± 1.11a
100 ± 0.00a
70.12 ± 1.93b
52.47 ± 5.49c

72.44 ± 1.77a
71.80 ± 1.91a
69.01 ± 1.17a
58.21 ± 1.17b
72.44 ± 1.77a
26.53 ± 5.22c
1.96 ± 1.96d

1.72 ± 0.07a
1.58 ± 0.01a
1.57 ± 0.03a
1.48 ± 0.08a
1.72 ± 0.07a
1.00 ± 0.00b
0.33 ± 0.33c

0
0.52
1.05

Frequency of shoot induction (%)z

88.34 ± 1.67a
86.67 ± 1.92a
80.00 ± 1.92b
68.89 ± 4.00c
88.34 ± 1.67a
28.89 ± 1.11d
0.00 ± 0.00e

Mean number of shoots/explant

2.02 ± 0.05a
1.92 ± 0.00a
2.00 ± 0.07a
1.71 ± 0.03b
2.02 ± 0.05a
1.05 ± 0.05b
0.00 ± 0.00d

The explants were cultured on MS medium containing 17.76 μM BA and 5.37 μM NAA and 11.77 μM A
 gNO3
z

Data are mean values ± S.E. of three replicates. Different letters within the same column indicate significant differences according to LSD test at
p < 0.05
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Fig. 2  GUS assay on leaf explants and kanamycin resistant seedlings.
a Transient GUS expression in leaf explants of ‘Beijing New No. 3’
after 3 days of co-cultivation. 1: untransformed explants, 2–5: differ-

ent level of GUS expression in leaf segments; b GUS expression in
transformed plants. 1: regenerated leaves as control from non-transformed plants, 2–3: transformed plants with GUS expression

Table 8  Transformation efficiency of the heading leaf explants of the
Chinese cabbage cultivar ‘Beijing New No. 3’

a relatively high concentration of NAA. Hachey et al. (1991)
also reported that the most critical factor for enhancement
of shoot regeneration was the inclusion of NAA in the
medium; the regeneration frequency of B. campestris cotyledons increased to an optimum of 70% using 5.37 μM NAA
and 8.88 μM BA. Kakani et al. (2009) suggested that high
auxin is associated with shoot regeneration from Arabidopsis. Although it has been widely accepted that low auxin
to cytokinin ratio leads to shoot development (Murashige
and Skoog 1962), the particular ratio requirements for shoot
and root developments are species and ecotype-dependent
(Kakani et al. 2009).
The promotive effect of AgNO3 on shoot regeneration has
been widely shown in various plants (Mohiuddin et al. 2005;
Mookkan and Andy 2014; Ashwani et al. 2017; Mythili et al.
2017), including Brassica species, e.g. Chinese cabbage
(Palmer 1992; Zhang et al. 1998), cabbage (Achar 2002),
rapeseed (Uliaie et al. 2008) and canola (Khalil et al. 2015a).
In the present study, the addition of 11.77 μM A
 gNO3 and
23.55 μM AgNO3 caused more than ninefold increase in
shoot regeneration frequency for both genotypes, compared
to media without A
 gNO3. A similar huge difference between

Transformation
experiment
number

Number of
explants
infected

Number
of shoots
produced

Number of
seedlings
with GUS
and PCR
positive

Transformation
efficiency
(%)

1
2
Total

233
269
502

6
6
12

3
3
6

1.29
1.12
–

phenomenon and stated that BA and NAA were indispensable for shoot regeneration from cotyledons of Chinese
cabbage. In the present study, when the NAA concentration was 0.54 μM, the shoot regeneration frequencies of the
two genotypes were still similar to treatment without NAA.
NAA began to show a significant effect when the concentration reached 2.69 μM, and the regeneration frequency of the
heading leaf explants increased significantly by 37.5–58.9%
compared with that obtained with 0.54 μM NAA. Thus we
believe that the regeneration of heading leaf explants needed
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Fig. 3  PCR analysis of kanamycin-resistant plants. a PCR amplification of expected size for npt II (374 bp); b PCR amplification of expected
size for uid A (896 bp). M: DL2000 marker. C: negative control from non-transformed plant. Lanes 1–12: putative transformed plants

Fig. 4  Southern blot analysis of
npt II gene in the genomic DNA
of transgenic plants. Lane C1:
Hind III-digested DNA from
non-transformed plant. Lane
C2: Eco RI-digested DNA from
non-transformed plant. Lanes
1, 3 and 5: Hind III-digested
DNA from transgenic plants
T0-6, T0-7 and T0-8 as template,
respectively. Lanes 2, 4 and
6: Eco RI-digested DNA from
transgenic plants T
 0-6, T0-7 and
T0-8 as template, respectively
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the presence and absence of A
 gNO3 also appeared in previous reports (Chi et al. 1990, 1991; Uliaie et al. 2008).
Though there was no significant difference in shoot regeneration frequency between AgNO3 treatments at 11.77 and
23.55 μM (for cultivar ‘Chengyangqing’, 35.32 μM was
also involved), 11.77 μM A
 gNO3 produced more shoots
per explant than other concentrations of A
 gNO3 (Table 3).
The results were consistent with the results of Zhang et al.
(1998) on cotyledons. Besides, in the treatment of 11.77 μM
AgNO3, the formation of callus and shoot meristems were
initiated about 2 days earlier than other treatments with
higher AgNO3 concentration (data not shown). This further
demonstrated the sensitivity of the heading leaf explants
to AgNO3 despite a strong dependence on A
 gNO3 in shoot
regeneration. A similar phenomenon was observed in strawberry (Qin et al. 2005). In this study, higher concentrations
(≥ 47.09 μM) had a less promotive effect on shoot induction,
with increasing proportion of deformed buds being formed.
It suggested that this concentration had a toxic effect on
heading leaf explants. Similar results about the negative
effect of high A
 gNO3 concentration has also been observed
in some Brassica species (Chi et al. 1991), sunflower (Khalil
et al. 2015b) and Solanum nigrum (Harathi and Naidu 2016).
Although it was generally considered that A
 g+ may interrupt
the ethylene signal transduction pathway by competitively
binding to ethylene receptors (Chi et al. 1991), AgNO3, as
a heavy ionic metal, also had toxic effects on the growth
of explants. High concentrations of A
 gNO3 produce A
 g+
stress followed by promotion of ethylene production (Qin
et al. 2005; Akasaka-kennedy et al. 2005). The dual effects
of AgNO3 on shoot regeneration and growth of B. campestris should therefore be taken into account.
In the present study, eight cultivars of Chinese cabbage
(including ‘Beijing New No. 3’and ‘Chengyangqing’)
showed a relatively high shoot regeneration frequency,
which ranged from 47.24 ± 3.65 to 88.46 ± 1.65%, in light
of previous reports (Takasaki et al. 1996; Zhang et al. 1998).
Differences in regeneration ability amongst the eight cultivars were still significant and not associated with cropping
type (spring or autumn type). Zhang et al. (1998) stated that
the cylindrical type cultivars of Chinese cabbage show a
relatively higher shoot regeneration frequency (42.5–95%)
amongst the 123 cultivars tested (0–95%). Cultivars ‘Beijing New No. 3’ and ‘Xibai No. 4’ in our test were both
of a typical cylindrical type with higher shoot regeneration
ability. However the relationship between head morphology
and shoot regeneration of Chinese cabbage is not clear and
needs to be further studied. Zhao et al. (2013) suggested that
the measurable differences between regeneration capacities
of two Arabidopsis ecotypes are based on the differential
expression of genes for endogenous auxin (YUC gene) and
cytokinin (IPT gene) biosynthesis. Recently, Zhang et al.
(2017) identified a new thioredoxin DCC1 which plays a
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critical role in determining the capacity of shoot regeneration amongst natural variants of Arabidopsis. Loss-of-function of DCC1 resulted in inhibition of shoot regeneration.
Their study provides new insights into improving the capacity of plant regeneration.
In this study, the leaf explants came from the head of
Chinese cabbage which is a top bud storing nutrients. Once
the leafy heads are taken from the field, enhanced respiration and transpiration will lead to wilting of external leaves
(Kim and Klieber 1997). The good preservative effect of
low temperature has been shown in a variety of plants (AbdElhady 2014; Braidot et al. 2014; Chaudhary et al. 2017),
and in this study it also showed a certain delayed effect on
leaf senescence. Although the regeneration frequency of
the heading leaf from ‘Beijing New No. 3’ was reduced
significantly compare to the control after 72 h at 4 °C, the
regeneration rate still reached 70.90%. On the other hand,
the external leaves of the head without 4 °C storage became
soft and wilted after 24 h, and appeared water-soaked after
rinsing during sterilization (data not shown). In a previous
report, young leaves were also kept in an ice box until they
arrived to the laboratory for culture (Ambreen et al. 2009).
Thus, it seems that low temperature treatment allows more
preparation time for the in vitro propagation of heading leaf
explants.
In the genetic transformation process, 17.17 μM kanamycin and 1.18 mM carbenicillin were used for selection
and elimination of Agrobacterium tumefaciens. In previous
transformation reports on B. campestris, the range of kanamycin concentration was usually 17.17–51.50 μM (Jun et al.
1995; Xiang et al. 2000; Zhang et al. 2000; Sun et al. 2015),
while 8.58 μM was also adopted in an individual case (Ma
et al. 2017). Carbenicillin (0.47, 0.59, 0.71 or 1.18 mM; Jun
et al. 1995; Xiang et al. 2000; Jung et al. 2008; Vanjildorj
et al. 2009; Konagaya et al. 2013; Sun et al. 2015; Baskar
et al. 2016), cefotaxime (0.42, 0.52, 0.84 or 1.05 mM;
Lee et al. 2004; Dutta et al. 2008; Zhao et al. 2013; Kim
et al. 2013; Choi et al. 2016; Ma et al. 2017), ampicillin
(0.74 mM; Cao et al. 2006; Zhang et al. 2008; Qiu et al.
2013; Cui et al. 2017), timentin (0.45 mM; Cho et al. 2001;
Park et al. 2005) and lilacillin (0.44 mM or 1.09 mM; Zhang
et al. 2000; Min et al. 2007) were all applied in recent transformation research on Chinese cabbage. In the present study
we compared the effect of two most commonly used ones.
The shoot induction of ‘Beijing New No. 3’ and ‘Chengyangqing’ was extremely sensitive to 0.52 mM cefotaxime
and was less affected by 1.18 mM carbencillin. This result
may be related to the diversity in species and explants.
PCR-positive plants of cultivar ‘Beijing New No. 3’ were
produced successfully with frequencies of 1.12 and 1.29% in
two transformation experiments (Table 8), and three transgenic plants were verified by Southern blot analysis (Fig. 4).
The transformation rate would be 1.2%, if the integration
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of T-DNA were verified in all six PCR-positive plants.
Recently, a transformation efficiency of 15% was obtained
with hypocotyls of Chinese cabbage, which is probably the
highest report at present (Baskar et al. 2016). The transformation efficiency of Chinese cabbage in other research
mostly ranged from 0.4 to 9% (Zhang et al. 2000; Xiang
et al. 2000; Cho et al. 2001; Konagaya et al. 2013). Our
results were relatively low, compared with previous reports.
In fact, according to the stains from GUS transient expression (Fig. 2A), the leaf explants of ‘Beijing New No. 3’ had
a certain susceptibility to Agrobacterium strain EHA105; the
infection conditions had been optimized on the basis of previous work. Therefore, we summarize the possible reasons
for the low transformation rate of the heading leaf explants.
Firstly, sensitivity test using selection agents showed high
sensitivity of the leaf segments to kanamycin; therefore the
explants were transferred directly to the selection medium
containing kanamycin and carbencillin after co-cultivation,
which may have increased damage to the explants to a certain extent. Some researchers used delayed selection strategy in the study of Chinese cabbage transformation, which
showed the promotion of resistant shoot formation (Jung
et al. 2008; Zhao et al. 2013; Ma et al. 2017). But not all
previous studies have taken this step to improve their results.
Secondly, in some reports, after the formation of resistant
buds, the concentration of kanamycin in the sub-culture
medium was greatly improved by 1.5–4 fold (Sivankalyani
et al. 2014; Sun et al. 2015; Ma et al. 2017). In contrast,
the concentration of kanamycin was always maintained at
17.17 μM in our study, which may be the reason for the high
proportion of false positives. The above problems will be
explored and improved in subsequent research. Thirdly, the
efficiency of genetic transformation may also be associated
with the genotype, so further investigation of this genotype
is essential.
In conclusion, an efficient regeneration protocol of heading leaf explants was developed for mature Chinese cabbage,
which is particularly important for precious germplasm. Furthermore, genetic transformation via heading leaf explants
of Chinese cabbage was also successful.
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