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Abstract

High-frequency somatic embryogenesis and shoot regeneration of broccoli (Brassica oleracea var. italica) were achieved. Cotyledon and
hypocotyl explants from four varieties of broccoli were cultured on MS and modified MS media (mMS, supplemented with PG-96 organic
components) with different combinations of growth regulator. The effects of genotypes, different explants, growth regulator combinations, organic
components and AgNO; on induction of calli and shoots were evaluated. The optimal media for inducting calli/shoots and roots were mMS
medium containing 3% (w/v) sucrose and 0.8% (w/v) agar supplemented with NAA at 0.5 mg 17", 6-BA at 3.0 mg 17!, AgNO; at 4.0 mg 1~" and
MS medium containing 3% sucrose and 0.8% (w/v) agar supplemented with NAA at 0.2 mg 1™', respectively. The callus induction percentages
were over 90% in all four varieties; shoot induction percentage was 92.5% and the average number of shoot per explant was 4.1 from cotyledon
explant in variety Bishan. In this study, we established high-efficient embryogenesis and shoot regeneration system of broccoli and analyzed
genetic stability of regenerants at DNA level using RAPD molecular marker. Out of 62 arbitrary primers screened using PCR amplification, 79

polymorphic bands were amplified from 20 primers. The results demonstrated the genetic stability of regenerants from the same variety.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Broccoli (Brassica oleracea var. italica) is a vegetable cole
crop deserving great breeding attention by seed companies due to
the increasing area of production in recent years and antic-
arcinogenic properties detected in some cultivars (Wrage and
Writer, 1994). Transgenes are likely to be used widely for the
development of new plant varieties in Brassica for agriculture
(Dale et al., 1998). The genetic transformation methods have
been used to introduce new traits into commercially important
plants, thereby producing combinations of features which could
not have been achieved by traditional breeding programs
(Hansen and Wright, 1999). Genetic engineering relies on the
development of efficient methods for regeneration of viable
shoots from cultured tissues, and the successful application of

Abbreviations: 6-BA, 6-benzylaminopurine; NAA, 1-naphthaleneacetic
acid; MS, Murashige and Skoog medium; RAPD, random amplified poly-
morphic DNA
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transformation techniques (Zhang and Bhalla, 2004). For
Brassica crops, in vitro plant regeneration is essential for
developing genetic transformation technology. A variety of plant
tissues of broccoli have been used for regeneration, including
peduncle explants (Christey and Earle, 1991), hypocotyls (Metz
et al., 1995; Puddephat et al., 2001), leaf tissues (Cao and Earle,
2003), flowering stalk and hypocotyl petiole (Metz et al., 1995).
The average regeneration rates of more than 75% were obtained
from peduncle explants in a regeneration study of broccoli
(Christey and Earle, 1991). According to Sparrow (Sparrow
et al., 2004), transgenic plants were successfully obtained from
genotypes that regenerated multiple shoots via a distinct swelling
or callus phase in B. oleracea. Mode of regeneration was found to
be the most significant factor in transformation. Transgenic
shoots were obtained from genotypes that regenerated via an
indirect callus mode, even when susceptibility to Agrobacterium
was low. So extensive screening of genotypes and tissue culture
conditions has greatly improved the frequency of shoot
regeneration for most Brassica species.

However, it has been reported that in vitro cultured plantlets
might exhibit somaclonal variation. This variation is often
heritable and it therefore unwanted in somatic clones. Thus, it
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would be very important to be able to detect this variation quite
early in the life of a plant to avoid economically disastrous.
Many workers have tried to assess these variations in Brassica
species through morphological analysis, isozyme and ISSR
(King, 1995; Lazaro and Aguinagalde, 1998; Lim et al., 1998;
Leroy et al., 2000). We have employed random amplified
polymorphic DNA (RAPD) method for the analysis of genetic
stability among regenerants. RAPD is technically simple, quick
to perform, requires very little plant material, and yields true
genetic markers and have been used widely in genetic analysis
of Brassica species (Divaret and Thomas, 1998; Crockett et al.,
2000; Zhang et al., 2003; Chen et al., 2005) and have been used
in identifying broccoli and cauliflower cultivars (Hu and
Quiros, 1991; Astarini et al., 2004). Their results showed that
RAPD markers could be used to detect genetic similarities or
dissimilarities in regenerants.

The study reported here was aimed at developing an efficient
in vitro regeneration protocol for broccoli plants to enable shoot
regeneration and subsequent genetic and molecular studies
from different explants. To our knowledge, there is no report on
genetic stability studies on somatic clones of B. oleracea var.
italica, and the study presented here is the first assessment of
genetic variation at DNA level in somatic clones of B. oleracea
var. italica.

2. Materials and methods
2.1. Plant materials

Four commercial varieties of B. oleracea var. italica
including Beilu, Meilu 118, Bishan and Mantuolu were
analyzed for somatic embryogenesis and shoot regeneration.
Seeds were soaked in Tween 20-enriched tap water (two drops/
50 ml water) for 6 min, surface sterilized with 2% (w/v) sodium
hypochlorite solution for 8 min and then rinsed three times in
sterile distilled water and aseptically germinated on MS
medium containing 2% (w/v) sucrose, solidified with 0.8% (w/
v) agar (Sangon, China), at pH 5.7.

2.2. Cotyledon and hypocotyl culture

Two-week-old hypocotyls were excised into sections of
8 mm in length and cotyledons were cut into halves used as
explants for all in vitro experiments. Eight explants were
inoculated on the surface of the medium. Different
combinations of 6-BA and NAA were tested for their effects
on callus and shoot induction. The culture media were MS
medium and mMS medium which supplemented with PG-96
(Guo et al., 1999) organic components, containing 1.0, 2.0
and 3.0 mg 1" of 6-BA and combination with NAA at 0.0,
0.5 and 1.0 mg1~'. The cultured cotyledon and hypocotyl
explants were subcultured every 2-3 weeks. The experiments
were conducted at 25 °C under a 16-h photoperiod regime
of cool white fluorescent light (40 umE m 25 '). Basal
media containing 3% (w/v) sucrose, solidified with 0.8%
(w/v) agar (Sangon, China) were autoclaved (121 °C/
20 min).

2.3. Plant regeneration, vernalization and pollen viability
test

Before rooting culture, regenerated shoots were transplanted
into a growth regulator-free MS medium and cultured for 2
weeks to allow elongation of shoots and eliminate the effects of
growth regulators in the previous experiment on rooting. Shoots
with a size of more than one-centimeter were separated and
transferred to root medium containing NAA at 0.2mg1™".
Five-centimeter plantlets were then potted and placed in a
greenhouse under plastic covering in order to maintain a high
humidity. Three to 4 weeks later, well developed plants were
vernalized at 6 °C in dim light for 5 weeks. Mature pollen was
stained with aceto-carmine to examine pollen fertility.

2.4. DNA extraction and RAPD amplification

DNA extraction from young shoots (100 mg) following a
cetyltrimethylammonium bromide (CTAB) protocol was
described by Guo et al. (2003). A total of 62 arbitrary 10-
mer primers (Sangon, China) were screened for RAPD
amplification in the broccoli genome DNA. A single primer
was used in each PCR reaction, which was carried out in a total
volume of 20 ul containing 2 pl of genomic DNA (30 ng),
2.0 pl of 10x buffer, 2.0 w1 MgCl, (2.5 mM), 10 wm primer,
2 plof 100 mM dNTPs and 1.5 unit of Taq polymerase (Sbsbio,
China). PCR amplifications were performed on a TC-312
(Techne, UK) under the following conditions: a hot start at
94 °C for 5 min, followed by 40 cycles of three steps:
denaturation at 94 °C for 1 min, annealing at 36 °C for 1 min,
extension at 72 °C for 2 min, and a final extension for 10 min at
72 °C. The RAPD amplification products were mixed with
loading buffer (0.005% each of bromophenol blue, as tracking
dyes), run for 2 h on 2% agarose gels at a constant voltage
(100 V) and detected using ethidium bromide. The molecular-
weight size ladder Smartladder (Sangon, China) was used for
band sizing.

3. Results and discussion

3.1. Genotypes and different explant types effect on callus
and shoot formation

Explant response (i.e. swelling of explants) was observed
within 1 week on MS and mMS media. Callus appeared within
2 weeks in culture (Fig. 1A). Over 90% of the explants formed
callus in all four varieties (Table 1). No significant difference in
callus induction among different varieties. Shooting appeared
within 3—4 weeks of culture. In contrast to callus induction, the
percentages of explant with shoot formation varied greatly
among the varieties; the highest percentage of explant
(cotyledon) with shoot was 92.5% from variety Bishan
(Table 1; Fig. 1A and B). Beilu and Meilu 118 did not show
statistical difference in their shoot regeneration capacity.
Variety Mantuolu showed the lowest response to shoot
regeneration with both cotyledon and hypocotyl explants
(Table 1). Our results indicated that genotype plays an
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Fig. 1. Shoot differentiation from cotyledon explants and plant regeneration in broccoli var. Bishan. (A) Callus formation and shoots differentiation from a cotyledon
explant, scale bar 1.5 mm. (B) Shoots differentiated from cotyledon explants in a Petri dish, scale bar 18 mm. (C) Regenerated shoots in rooting medium. (D)

Regenerated Bishan plants in a greenhouse.

important role in callus and shoot formation. Of in vitro
regeneration of B. oleracea, genotype effect was one of the
most important factors, the shooting efficiency was genotype
dependent (Bhalla and Smith, 1998; Zhang and Bhalla, 2004).

We compared regeneration potential based on the average
shoot number per explant using cotyledon and hypocotyl
explants from four broccoli varieties, the results revealed that,
shoot formation from cotyledon explant was easier than that
from hypocotyl explant in four studied varieties (Table 1). The

average number of shoots from cotyledon explant varied from
1.6 to 4.1; the average number of shoots from hypocotyl explant
varied from 1.0 to 3.3 (Table 1). Cotyledon explants were found
to be more responsive to regeneration in current test.
Meanwhile the experiments suggested that subtype of
hypocotyls explant (upper, middle, and lower position of
hypocotyls segments) did not show any differences in shoot
regeneration (data not shown). This result was agreed with the
study of B. napus (Bhalla and Smith, 1998; Zhang and Bhalla,

Table 1

Shoot regeneration from broccoli seedling explants of four varieties on mMS medium (mMS supplemented with NAA at 0.5 mg 17!, BA at 3.0 mg 1 AgNO; at

40mgl™)

Varieties Explant type Explant no. Explant with callus Explant with shoot Total shoot no. Shoot no./

explant + S.D.*

Bishan Cot. 160 160 100.0% 148 92.5% 656 41+16A
Hyp. 160 158 98.8% 135 84.4% 527 33+13a

Beilu Cot. 160 148 92.5% 132 82.5% 512 32+£09 A
Hyp. 160 146 91.3% 124 77.5% 320 2.0 £ 0.6 ab

Meilull8 Cot. 160 152 95.0% 129 80.6% 464 29+ 1.0 AB
Hyp. 160 144 90.0% 116 72.5% 288 1.8 £0.5 ab

Mantuolu Cot. 160 145 90.6% 119 74.4% 256 1.6 +0.6B
Hyp. 160 144 90.0% 97 60.6% 160 1.0+ 04 b

# Means followed by the same letters are not significantly different according to the LSD test at the 5% level of significance. Capital letters refer to cotyledon; small

letters refer to hypocotyl.
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Fig. 2. Effect of induction medium and type of explant on broccoli shoot
differentiation. Means and standard deviation are from eight replicates.

2004), but in contrast to Khehra and Mathias (1992) who
reported that B. napus explant type accounted for 44-95% of
the regeneration response.

3.2. Medium, growth regulator and AgNO3 on callus
initiation and shoot formation

MS medium and mMS medium were used as callus
induction and shoot regeneration medium. The effects of
different media were tested in this study. The results revealed
that there is no universal calli/shoots induction culture medium
for all of varieties tested. Compared with MS, mMS gave better
results, especially in variety Bishan. The average number of
shoot per cotyledon explant was 4.1 on mMS, 2.3 on MS; the
average number of shoots per hypocotyl explant was 3.3 on
mMS, 2.5 on MS, respectively (Fig. 2).

In the present study, mMS medium supplemented with PG-
96 (Guo et al., 1999) organic components was used as the callus
and shoot induction medium. The PG-96 medium was

Table 2

composed of relatively complex organic acids, amino acids
and vitamin compounds. In previous studies, modified PG-96
induction medium promoted androgenic embryogenesis and
regeneration in timothy, rye and festulolium (Guo et al., 1999,
2005; Guo and Pulli, 2000).

Auxin and cytokinin as a whole are essential in callus
induction and shoot formation. In this broccoli somatic
embryogenesis and direct shoot regeneration study, low level
of NAA (0.0, 0.5 and 1.0 mg 17") was used in callus initiation
and shoot formation, combined with 6-BA at 1.0, 2.0 and
3.0mg1 ', When 6-BA was used alone in the induction
medium, shoots were produced from explants, but the higher
percentage of shoot formation and more shoots per explant
were achieved when combined with NAA. The highest
frequency of shoot formation was achieved on medium
containing 3.0 mg 1! 6-BA combined with 0.5 mg1~' NAA.
The number of shoots increased as the 6-BA concentration was
raised from 1.0 to 3.0 mg 17", On the other hand, increasing the
concentration of NAA did not visibly reduce the frequency of
shoot formation (Table 2) but promote the root formation (data
not shown). This result agreed with Cao and Earle (2003) in a
broccoli in vitro propagation and transformation study.

The presence of AgNO; showed a remarkable effect for
shoot regeneration in this study (Fig. 3). The frequencies of
shoot formation increased significantly when explants were
cultured on the medium containing AgNO;. The highest
percentage of shoot formation from both cotyledon and
hypocotyl explants (variety Bishan was used) were 92.5%
and 84.4%, respectively, on the mMS medium containing
AgNO; at 4.0 mg 1" (Fig. 3). There was a distinct difference in
appearance of explants grown on callus induction medium
supplemented with or without AgNO;. Explants cultured on the
medium with AgNO; remained green for 3 weeks; however,

Effect of combinations of growth regulators on differentiation of broccoli (mMS supplemented with AgNO; at 4.0 mg 1™

BA NAA Explant Explant Explant with Explant with Total shoot Shoot no./explant
(mgl1™h (mgl1™h type no. callus shoot no. +S.D.?
1.0 0.0 Cot. 80 59 73.8% 55 68.8% 160 20+05B
Hyp. 80 49 61.3% 37 46.3% 81 1.0+02¢
0.5 Cot. 80 64 80.0% 60 75.0% 176 22+0.7B
Hyp. 80 50 62.5% 42 52.5% 112 1.4+0.4 be
1.0 Cot. 80 69 86.3% 55 68.8% 168 21+04B
Hyp. 80 67 83.8% 52 65.0% 96 1.2+ 0.4 be
2.0 0.0 Cot. 80 72 90.0% 57 71.3% 256 32+0.8 AB
Hyp. 80 71 88.8% 57 71.3% 160 2.0+ 0.7 ab
0.5 Cot. 80 76 95.0% 68 85.0% 264 33+ 14 AB
Hyp. 80 74 92.5% 59 73.8% 200 2.5+0.8 ab
1.0 Cot. 80 77 96.3% 69 86.3% 267 33+ 1.2 AB
Hyp. 80 76 95.0% 57 71.3% 192 2.4+ 1.0 ab
3.0 0.0 Cot. 80 80 100.0% 72 90.0% 279 35£09A
Hyp. 80 77 96.3% 64 80.0% 288 36+10a
0.5 Cot. 80 80 100.0% 80 100 % 331 41+13A
Hyp. 80 78 97.5% 67 83.8% 279 35+14a
1.0 Cot. 80 80 100.0% 73 91.3% 294 37£1.1A
Hyp. 80 80 100.0% 65 81.3% 238 30x1.1a

# Means followed by the same letters are not significantly different according to the LSD test at the 5% level of significance. Capital letters refer to cotyledon; small
letters refer to hypocotyl (variety Bishan was used).
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Fig. 3. Effect of AgNO; concentration on shoot generation from the explants of
broccoli var. Bishan. Average values were calculated from 10 replicates.

explants on the medium without AgNO; turned brown or
yellow in color and finally died. AgNO; promoted callus
induction and shoot formation in present study. This result
agreed with that of Akasaka-Kennedy et al. (2005) reported in
rapeseed. However, when the concentration of AgNO; reached
6.0 mg 17", the frequencies of shoot formation reduced (Fig. 3).

3.3. Plant regeneration

Healthy and vigorous roots were formed directly at the based
of shoots on the rooting medium (MS containing 0.2 mg 1™’
NAA) after 2-3 weeks. The result showed that broccoli had a
high rooting ability, and there was no difference among four
varieties. Approximately 98% regenerated plantlets (Fig. 1C
and D) survived when transferred under glasshouse conditions.
There was no difference observed in the morphology of these
regenerated plants compared with seed-derived control plants
under glasshouse conditions. The plants grew normally and
developed tight curds after 5 weeks of cold treatment. Pollen
fertility of the regenerated plants was over 85% based on
acetocarmine staining.

3.4. Analysis of genetic stability by RAPD

Molecular markers are considered to be reliable in
monitoring variability in the DNA sequences of plants. The

01 02 03 04 05 06

Table 3
Primers used in RAPD analysis of genetic stability in broccoli regenerants and
number of scoreable bands for each primer

Primer Primer sequence (5'-3') Bands MW size
amplified range (bp)
S22 TGCCGAGCTG 4 350-1600
S24 AATCGGGCTG 3 400-1500
S39 CAAACGTCGG 4 350-1400
S126 GGGAATTCGG 4 500-1600
S134 TGCTGCAGGT 4 300-1600
S265 GGCGGATAAG 4 400-1700
S349 TGAGCCTCAC 5 300-1700
S350 AAGCCCGAGG 4 400-1600
S354 CACCCGGATG 4 500-1500
S362 GTCCCGTGGT 3 600-1200
S366 CACCTTTCCC 4 400-1400
S375 CTCCTGCCAA 4 450-1200
S422 ACCAGGGGCA 3 600-1500
S427 CAGCCCAGAG 4 500-1700
S435 CAGCGACTGT 5 400-1600
S440 GGTGCTCCGT 2 400-1800
S1067 CTTGGGGGAC 5 500-1600
S1069 AGGTCGGCGT 5 300-1400
S1289 GAGGTCGTAC 5 300-1700
S1300 TCATGCGCAC 3 500-1600

RAPD technique was used in purity analysis of hybrid broccoli
and found it very efficient and reliable (Crockett et al., 2002).
Munthali et al. (1996) compared the results obtained from
RAPD analysis with those obtained with restriction fragment
length polymorphism (RFLP) and isozymes and found no
difference in their results in beet study. Using the ISSR
technique, Leroy has reported the absence of genetic variation
in somatic in vitro culture of cauliflower (Leroy et al., 2000).

In our study, a total of 62 arbitrary 10-mer primers were
screened, ten random-selected regenerants from each variety
were employed in RAPD amplification. Of these 62 primers, 20
primers gave polymorphic and clearly identifiable bands and
these were therefore used further in PCRs (Table 3). These 20
primers included four primers from Stipic and Campion (1997)
that were used for genetic diversity in microspore derived
progeny in broccoli.

Three sets of PCRs were carried out for RAPD fingerprinting
of each sample. Only bands reproducible on all runs were
considered for analysis. Each primer generated a unique set of

07 08 09 10 13

250

Fig. 4. RAPD profile of plantlets regenerated from broccoli var. Bishan obtained with the primer S1069. Lanes (1-10): regenerated plantlets, (P): broccoli var. Bishan.

MW is DNA molecular size marker.
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amplification products ranging in size from 300 bp in S134,
S349, S1289 and S1069 to 1800 bp in S440. The number of
bands for each primer varied from two in S440 to five in S435,
S1067, S1069, S1289 and S1300 (Table 3). The 20 primers used
in this analysis yielded 79 scoreable bands with an average of
3.95 bands per primer. These 79 markers were monomorphic
across all shoots. Fig. 4 showed the RAPD amplification using
primer S1069 in variety Bishan, the results demonstrated the
genetic stability of regenerants from the mother plant. The
RAPD amplifications in other three varieties were also absence
of genetic variation (data not shown). However, some results in
B. oleracea pointed out that genetic variations may take place
during the callus step, such variations may, indeed, result from
changes in either the hormonal composition of the media used
or an undifferentiated cell step. Another proposed explanation
is that the plants regenerated from unorganized callus vary
more than those from organized callus, whereas no or very little
variation occurs when plants are regenerated directly without
an intermediate callus phase (Leroy et al., 2001). Ozeki et al.
(1997) reported that insertion of a transposable element is one
of the mechanisms that can cause variation of plant cell cultures
during repeated subculture.

In the present study, we have developed an effect method for
viable shoot regeneration from seeding explants of four
broccoli varieties. The cotyledon explants had higher regen-
eration potential than that of hypocotyl explants, and could be
the preferred explants for genetic transformation experiments.
Analyzed by RAPD, we conclude that high-efficient embry-
ogenesis and regeneration system for broccoli can be carried
out for a considerable length of time without much risk of
genetic instability.
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