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IN VITRO SHOOT REGENERATION FROM SEEDLING EXPLANTS IN BRASSICA VEGETABLES:
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Abstract - Brassica oleracea varieties (red cabbage, broccoli, Savoy cabbage and cauliflower) were tested for their ability
to regenerate shoots in vitro. Cotyledon, hypocotyl and root explants of 7 day-old seedlings were incubated on
Murashige and Skoog’s (MS) medium supplemented with 1 mg 1! 6-benzyladenine (BA) or 6-furfurylaminopurine
(KIN) in combination with 0, 0.1, and 0.2 mg I"! indole-3-butyric acid (IBA). Hypocotyls showed the best explants in
almost all varieties tested with a minimum regeneration potential of 75% and producing 3.5-7.4 shoots per explant. The
BA-supplemented media were optimal for both shoot regeneration and multiplication. Shoots rooted maximally (100%)
on plant growth regulator-free MS medium containing 2% or 4% sucrose. Increased sucrose content improved plant

acclimation in the greenhouse.
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INTRODUCTION

Brassica vegetables are an economically important
and highly diversified group of crops belonging to the
family Brassicaceae. Brassica oleracea is one of the
major species of this group which includes many dis-
tinct vegetable and fodder varieties, such as cabbage,
broccoli, Brussels sprouts, cauliflower, collards, Savoy
cabbage, kohlrabi, rutabaga, and turnip. They are
consumed worldwide as food of high nutritional
value. Brassica vegetables contain little fat and are a
source of vitamins, minerals, fiber, important pro-
teins, and new phytochemicals that could be beneficial
in the prevention of tumors.

Because of their significant importance Brassica
vegetables are the objects of many breeding pro-
grams with the aimed at additionally improving the
agronomic and nutritional performances of the
existing genotypes. In conventional breeding hybri-
dization with wild Brassica species was frequently
used to improve disease resistance and environ-
mental tolerance (Sretenovi¢-Raji¢i¢, 2000). The
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breeding of Brassica is complicated due to its two
year head-seed-head cycle and a problem with spo-
rophytic incompatibility.

Nowadays, many breeders attempt to improve
Brassica crops by employing the biotechnological
and genetic transformation approaches, in addition
to the classic ones (reviewed by Vinterhalter et al.,
2007). The successful application of these approa-
ches requires an efficient and reliable tissue culture
regeneration system. Plant regeneration systems for
commercial micropropagation and disease-free
plants production have been developed for many
Brassica vegetables. Shoot regeneration was achie-
ved from various tissues and organs including hy-
pocotyls, cotyledons, roots, leaves, peduncle seg-
ments, callus and cell cultures, thin cell layers and
protoplasts (reviewed by Cardoza and Stewart,
2004). Regeneration in B. oleracea has been repor-
ted from leaf and root segments (Lazzeri and Dun-
well, 1986), hypocotyls (Lillo and Shanin, 1986),
and cotyledons (Dale and Ball, 1991). However,
considerable variation has been observed by diffe-
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rent groups, even when working with the same spe-
cies or variety.

Since genotypic specificity for regeneration is
very high, the development of a suitable regene-
ration protocol for each genotype is necessary.
From the many B. oleracea varieties and lines selec-
ted in Serbia, only a few have been investigated with
respect to their tissue culture response and genetic
transformation (Sretenovi¢-Rajic¢i¢ et al., 2004,
2006, and 2007). As part of a long-term project on
improvements of B. oleracea varieties at the Insti-
tute for Vegetable Crops in Smederevska Palanka,
we found it necessary to investigate the shoot rege-
neration ability in four varieties that represent
prospective material for further breeding.

We studied the regeneration ability in red cabbage
(Brassica oleracea var. capitata), broccoli (Brassica
oleracea var. italica), Savoy cabbage (Brassica oleracea
var. sabauda) and cauliflower (Brassica oleracea var.
botrytis). The use of different explants and culture
media formulations was studied.

MATERIALS AND METHODS

Plant material

Four B. oleracea varieties were used in this study,
including red cabbage (B. oleracea var. capitata, cv.
Rubin) and cauliflower (Brassica oleracea var.
botrytis, cv. Rasa), both selected at the Institute for
Vegetable Crops in Smederevska Palanka, along
with open-pollinated cultivars of broccoli (Brassica
oleracea var. italica, cv. Korvet), and Savoy cabbage
(Brassica oleracea var. sabauda, cv. Vertus). Mature
seeds were rinsed in 70% (v/v) ethanol for 1 min,
the surface sterilized in 20% commercial bleach (8%
NaOCl) for 20 min, and then rinsed five times with
sterile distilled water. The surface-sterilized seeds
were germinated in 90 mm Petri dishes (14-17
seeds per dish) with 20 ml of a plant growth
regulator (PGR)-free MS (Murashige and Skoog,
1962) medium containing 2% (w/v) sucrose, and
0.7% (w/v) agar (Institute for Virusology, Torlak,
Belgrade, Serbia).

Media composition and culture conditions

Cotyledon, hypocotyl and root explants were
aseptically excised from 7 day-old seedlings and
cultured on a MS solid shoot regenerating medium
supplemented with 1 mg I'' 6-benzyladenine (BA,
Sigma Co., USA) or 1 mg 1" 6-furfurylaminopurine
(kinetin, KIN, Sigma Co., USA) in combination
with 0, 0.1 or 0.2 mg I indole-3-butyric acid (IBA,
Sigma Co., USA). The pH of the media was
adjusted to 5.8 prior to autoclaving at 117°C for 25
min. The cultures were maintained in a growth
room under white fluorescent tubes with a photon
flux density of 47 pmol m™ s, and a 16 h day
length, at 23 + 2 °C.

After four weeks of culture on the shoot
regenerating medium, single regenerated shoots
were transferred on a MS shoot multiplication
medium supplemented with 1.0 mg 1" BAP + 0.2
mg 1" IBA, 0.5 mg 1" BAP + 0.1 mg 1" IBA, and 0.5
mg I KIN + 0.1 mg 1" IBA.

The multiplied shoots reached 3 cm or more in
height and were cultured for four weeks on an MS
medium containing 2 or 4% sucrose and supple-
mented with 0, 1, 2 or 4 mg 1" IBA for rooting.

Rooted shoots with three to five leaves were
transplanted to pots containing soil for acclimation
and cultured in a growth chamber with high
relative humidity (80%) for 3-4 weeks before being
moved to the greenhouse for further growth.

Data recording and statistical analysis

For plant regeneration (the percentage of shoot
forming explants and the average number of shoots
per explant) 18 treatments were tested for each
variety, 3 explant types and six media formulations.
Each treatment consisted of 22-35 explants with
two replicates. The regeneration rate was recorded
after four weeks of culture on a shoot regenerating
medium. For shoot multiplication three treatments
were tested (1.0 mg I BAP + 0.2 mg 1" IBA, 0.5 mg
I"BAP + 0.1 mg1'IBA, and 0.5 mg 1" KIN + 0.1 mg
I''IBA). The multiplication index was calculated as
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Fig. 1. Different stages of Savoy cabbage during in vitro regeneration. Shoots were induced from cotyledon (A), hypocotyl (B),
and root explants (C) on MS medium with 1mg I'! BA after culture for 4 weeks. Shoot multiplication on MS medium containing
0.5 mg 1! BA + 0.1mg 1" IBA (D). Rooted shoots after 4 weeks of rooting on a medium with 1, 2, and 4 mg 1! IBA (from left to
right) and 4% sucrose (E). Growth chamber (F) and greenhouse (G) grown acclimated plants produced from shoots rooted on a
medium containing 4% sucrose.
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the mean number of shoots per explant after four
weeks of culture on the multiplication media.

We also evaluated the effect of IBA (1, 2 or 4
mgl"' IBA) and sucrose-supplemented media (2 or
4%) on rooting.

The data were subjected to standard analysis of
variance (ANOVA) and the means were separated
using the LSD test at P < 0.05.

The survival rate of the acclimated plants was
recorded for three weeks after transplantation.

RESULTS AND DISCUSSION

The seeds of all the B. oleracea varieties were germi-
nated on a solid plant growth regulator-free MS
medium. After 7 days the percentage of germi-
nation was highest in broccoli (97%), and followed
by Savoy cabbage, cauliflower and red cabbage
(88%, 84%, and 81%, respectively). Contamination
in the seeds varied from 0.5% to 3.9%. Within 7
days of germination, the seedlings reached about 3-
4 cm with expanded cotyledons and considerably
elongated hypocotyls and roots.

For regeneration the cotyledon, hypocotyl and
root segments were excised from the seedlings and
cultured on MS medium containing either BA or
KIN, alone or in combination with IBA.

On the regenerating media the explants expan-
ded in size and become swollen. After four weeks
the formation of calli and shoots was observed on
swollen cut edges and/or in the middle part of
explants (Fig. 1A-C). The shoot regeneration
pattern was the same in all the varieties tested,
occurring via adventitious shoot organogenesis.
The percentage of explants regenerating shoots and
the average number of shoots per explant on six
media formulations are presented in Table 1. The
dominant factor on the percentage of regenerating
explants was the choice of explant type. In general,
in all the B. oleracea varieties the hypocotyls sho-
wed the highest percentage of shoot formation
ranging from 75% in red cabbage to 92% in Savoy

cabbage (Table 1). The regeneration response of
cotyledonary explants varied significantly (0-85%),
depending on the variety and culture media used.
Roots were poorly regenerated in the explants of
broccoli and red cabbage. In cauliflower on the BA-
containing media as well as in Savoy cabbage these
explants displayed a satisfactory regeneration res-
ponse of about 50% (Table 1).

We also compared the regeneration potential
based on the average number of shoots per explant
(Table 1). In broccoli, the average number of shoots
from hypocotyl explants was 3.9- and 7.4-fold high-
er than from cotyledon and root explants, respec-
tively. In red cabbage, the hypocotyls regenerated
two times more shoots than the cotyledon and root
explants. There were insignificant differences bet-
ween cotyledon and hypocotyl explants cultured on
the medium containing 1.0 mg 1" BA with respect
to the number of shoots per explant in Savoy cab-
bage (5.4 and 5.2, respectively) (Table 1, Fig. 1 A
and B), while root explants produced fewer shoots
(Fig. 1C). In cauliflower, the root explants cultured
on the medium with 1.0 mg I BA and cotyledon
explants cultured on the medium containing 1.0 mg
I'" KIN displayed the highest rate of shoot forma-
tion (5.2 and 5.5, respectively).

Seedling hypocotyls were preferred for regene-
ration (Lazzeri and Dunwell, 1986; Yang et al.,
1991; Fuller et al., 1994; Cardoza and Stuart, 2004)
and transformation of Brassicas (Metz et al., 1995;
Puddephat et al., 2001).

Overall, the medium containing BA was opti-
mal for shoot regeneration and multiplication in all
the investigated varieties (Table 1). There are
significant differences in the frequencies of explants
with shoots when BA was applied alone or in
combination with IBA. The addition of 0.1 mg 1" or
0.2 mg I IBA in many cases influenced the highest
percentage of regenerating explants, except in the
case of the hypocotyl segments in red cabbage. On
the other hand, the application of BA or KIN alone
was satisfactory with respect to the number of
shoots regenerated per explant, except in the
hypocotyl explants in red cabbage, where the com
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Table 1. The effect of media and explant type on adventitious shoot regeneration in four B. oleracea varieties. *Different explants on
the same medium were compared. Values with different letters are statistically different (P < 0.05) with the LSD test, (n=22-35).

Hormones Frequency of explants with shoots (%) No. of shoots per explant
(mg 1) Cotyledon Hypocotyl Root Cotyledon Hypocotyl Root
Broccoli

BA 1.0 10 57 0 1.9 +0.1b* 7.4%0.3c 0.0a
BA1.0+1IBAO.1 5 84 0 1.8+0.1b 5.2%0.6¢c 0.0a
BA 1.0+ IBAO0.2 20 68 0 1.9£0.1b 6.3x0.1c 0.0a

KIN 1.0 32 48 0 1.3+£0.0b 2.1%0.1b 0.0a
KIN 1.0 + IBA 0.1 12 61 5 1.0£0.1a 5.0 £ 0.4b 1+0.0a
KIN 1.0 + IBA 0.2 5 50 17 1.9£0.1b 1.8+0.1b 1.0x0.1a

Red cabbage

BA 1.0 29 75 0 1.6 £0.1b 3.8+0.04c 0.0a
BA1.0+IBAO.1 41 54 14 2.0x0.1a 5.3+0.02b 2.3+0.3a
BA1.0+IBA 0.2 5 70 0 2.1%0.3b 50+0.1c 0.0a

KIN 1.0 5 38 0 2.0+0.1b 22+0.2b 0.0a
KIN 1.0 + IBA 0.1 0 67 0 0.0a 3.1+0.1b 0.0a
KIN 1.0 + IBA 0.2 15 32 47 1.7£0.3a 2.6 £0.06b 2.4 %0.1ab

Cauliflower

BA 1.0 74 59 22 34+0.1a 3.6+0.3a 52*0.1b
BA 1.0 +IBA 0.1 72 72 42 4.2+0.03b 2.1 £0.06a 43+£0.1b
BA 1.0 +IBA 0.2 47 77 57 3.4+0.1c 3.1+0.1b 2.0£0.0a

KIN 1.0 85 51 0 55%0.1c 2.1+0.1b 0.0a
KIN 1.0 + IBA 0.1 54 54 0 3.1£0.06¢c 2.9+ 0.0b 0.0a
KIN 1.0 + IBA 0.2 75 56 15 2.3+0.04a 22%0.1a 2.5+0.5a

Savoy cabbage

BA 1.0 64 71 37 54+0.1b 5.2 +0.04b 2.5%0.1a
BA 1.0 +IBA 0.1 68 92 50 2.5%0.5a 49+0.01b 29%0.1a
BA 1.0 +IBA 0.2 21 86 50 3.5+£0.04a 4.8+0.01b 3.6+0.05a

KIN 1.0 43 46 29 2.1£0.1a 1.8+0.3a 24+0.1a
KIN 1.0 + IBA 0.1 24 62 22 3.5+0.3a 32%0.1a 3.1+0.06a
KIN 1.0 + IBA 0.2 31 71 55 1.2+ 0.3ab 2.0+0.1b 1.1£0.3a

bination of BA with IBA had a positive effect on
shoot regeneration. The highest number of shoots
regenerated per explant (7.4 + 0.3) was obtained in
broccoli from hypocotyl explants cultured on the
medium with 1.0 mg 1" BA (Table 1).

The positive effects of BA on regeneration from
wide range of explants were reported in different
Brassica species. A high frequency of regenerated
shoots (100%) from hypocotyls using a BA and
NAA combination was achieved in B. carinata



342 SUZANA PAVLOVIC ET AL.

OBA 1.0+1BA 0.2
OBAOS+IBA 0.1
BKIN 0,5+ IBA 0,1

broceali redcabbage cauliflewer Savey cablbige

Fig. 2. In vitro shoot multiplication performance of four B.
oleracea varieties. Differences between media are significant at
the level of P < 0.05.
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Fig. 3. Percentages of acclimated plants rooted on a medium
with 2% and 4% sucrose.

(Yang et al., 1991). Without the addition of the
auxin NAA, 444 yM BA was the optimum
concentration for shoot regeneration in B. juncea
var. tsatsai (Guo et al, 2005). Regeneration
frequencies of up to 98% have been reported for
broccoli peduncle explants cultured on media
supplemented with 1 mg 1" BA (Christey and Earle,
1991). The presence of BA in the medium markedly
increased the number of shoots produced per
explant in rapid-cycling B. oleracea in vitro (Cheng
et al., 2001). Furthermore, in this group of plants
shoot regeneration occurred nearly 4 days earlier in
hypocotyls explants in the presence of BA.

On the other hand, we observed that the BA-
containing media caused a high percentage of
hyperhydricity in the shoots, especially in the
cauliflower and Savoy cabbage cultures (over 50%).
Several factors have been ascribed as being res-
ponsible for this hyperhydricity (Debergh et al.,

1992). Li et al., (2003) proposed that an excess of
cytokinins along with the high water potential of
the medium were the major reasons for the vitri-
fication of shoots. Vandemoortele et al., (2001) re-
ported a simple procedure of shoot propagation of
cauliflower cv. Commandeur without apparent
hyperhydric symptoms using an osmotic pretreat-
ment by soaking the explant in sucrose (- 2 MPa for
24 h) before culture on a PGR-free medium. In our
experiment this problem was overcome by the
substitution of BA with KIN in the media, which
satisfactory regeneration results in these plants, but
reduced the appearance of vitrified shoots.

The induced shoots were placed on another three
media containing BA (0.5-1.0 mg1") or KIN (0.5 mg1')
in combination with IBA (0.1-0.2 mg I"') for mul-
tiplication (Fig. 2). In this step the combinations
containing BA were also more effective. For cauliflower
and Savoy cabbage the most favorable medium for the
growth, maintenance and multiplication of developed
shoots was 1.0 mg I'" BAP + 0.2 mg I IBA (Fig. 1D),
while for red cabbage and broccoli the most favorable
medium contained the same hormone combination
but in reduced concentrations (Fig. 2). The highest
multiplication rate ranged from 8.7 in broccoli to 13.4
in Savoy cabbage.

For root establishment well-developed shoots
approximately 3 cm in height were transferred onto
a PGR-free MS medium as well as onto media with
three different concentrations of IBA (1, 2, and 4
mg 1) that contained 2% or 4% sucrose. Rooting
was 100% on the PGR-free media containing 2%
sucrose, except in cauliflower where 100% rooting
was achieved on a PGR-free medium with a higher,
4% sucrose concentration (Table 2). The addition of
IBA increased the number of roots produced per
one shoot while at the same time the average root
length was decreased (Fig. 1E, Table 2).

One of the major problems in our experiment
was the acclimation of the propagated plants. It
appears that good rooting does not always coincide
with adequate acclimation. Previous results have
shown that an important factor in acclimation
could be the sucrose content in the rooting



IN VITRO SHOOT REGENERATION FROM SEEDLING EXPLANTS IN BRASSICA VEGETABLES 343

Table 2. Frequency of rooting, number of roots per rooted shoot and average root lengths of regenerated shoots of four

B. oleracea varieties. *Value represents the mean + standard error.

Sucrose  Broccoli Red cabbage Cauliflower Savoy cabbage
%
+ . No. of Length . No. of Length . No. of Length . No. of
IBA Rooting, Foots of root Rooting, Foots of root Rooting, roots of root Rooting, Foots
mg I % L Sp +SE, % L SE + SE, % L SE + SE, % L SE
mm mm mm
0 100 12.0+6.3 35.4+3.4 100 24.0£7.0 60.5+3.5 75 18.7+4.1 35.0+1.4 100 9.4+5.2
1 100 17.8£7.1 34.2+4.1 100 26.0£2.5 36.5+6.5 100 17.0£1.2  32.0£7.7 100 4.6x1.9
2%
2 100 24.8+8.3 242438 100 12.0£1.0 24.5+2.5 100 21.5%2.5 37.0+2.3 100 10.0+5.7
4 80 25.2+9.8 19.8+7.6 50 16.0£1.0 19.5+2.5 75 10.0+4.3 38.0+2.4 80 9.0+3.9
0 100 13.8+6.1 50.0£9.3 100 28.5+4.5 485x1.5 100 16.7£2.2  26.5+6.9 83.3 8.8+3.7
1 100 17.8+6.2 32.8+8.8 100 16.0£1.0 47.0+£7.0 100 34.5+1.5 33.5+45 60 8.7+4.9
4%
2 80 19.0+4.2  39.2+99 100 9.5+£3.5 32.5%9.5 100 33.0+4.0 24.0£1.0 83.3 7.6+3.6
4 100 21.4+6.5 26.8£83 50 28.5£2.5 41.0£3.0 60 33.0+2.0 25.0£3.0 80 8.7+3.8

medium, and that it might even be more important
than the hormone content (Sretenovi¢-Rajici¢ et al.,
2002). Our results confirmed the beneficial effect of
a higher sucrose content in the rooting medium on
the acclimation of plantlets when an average of 58%
of the plants rooted on a medium with 4% sucrose
acclimated successfully (Fig. 1F and G, Fig. 3) in
comparison to 30% of survived plants rooted on a
medium with 2% sucrose. Further experiments are
required to clarify this point.

In conclusion, our results show a satisfactory
frequency of shoot regeneration from hypocotyl
explants and multiplication of shoots on media
containing 1 mg 1" BA alone or in combination with
IBA in the four investigated B. oleracea varieties. In
cauliflower and Savoy cabbage the replacement of BA
for KIN was less favorable for shoot vitrification. Using
the protocol presented here, plantlets ready for transfer
to soil were obtained in 12 weeks. An increased sucrose
content in the rooting medium can improve the
percentage of plant acclimation. An efficient in vitro
plant regeneration, rooting, and acclimation protocol
may be useful in breeding processes used in developing

new lines and cultivars for shorter time, and in genetic
improvement by using biotechnological approaches.
We are currently using this protocol for generating B.
oleracea varieties with an improved tolerance to biotic
and abiotic factors.
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VictimTtuBaHa je CIIOCOOHOCT YeTHpM BapujeTeTa
Brassica oleracea (upBeHM KyIyc, O6pOKoOmM, Keb 1
Kapduoi) fa pereHepuiy mynospke in vitro. Excra-
HTaT! KOTWIEIOHA, XUIIOKOTI/IA U KOPEHOBA, Y3eTUX
ca 7 jaHa CTapuXx KIMjaHala, cy rajeHu Ha Murashige
n Skoog (MS) XpaH/bUBOj MOMIO3N Ca [OATKOM 1
mg 1" 6-Gemswramenmua (BA) wm  6-
¢dypdypuwrammHonypuna (KIN) y komOunaumju ca
0, 0.1, m 0.2 mg 1" uugon-3-6yrupuyHe KucenmHe
(IBA). ExcnmaHTaté XMIIOKOTMIA Cy Ce IOKAa3aju
Kao HajoO/by 3a pereHepalyjy Kofi CKOpO CBUX Tec-

TUPAHMX BapyjeTeTa ca MMHMMATHUM PereHepaTuB-
HUM TIOTEHLMjaIoM of 75% u ca mpogykuujom 3.5-
7.4 mymorbaka 1o excmaanraty. Ilogmore xoje cy
cagpxxane BA cy 6ue onTuMainHe, Kako 3a pereHe-
paujy mymosbaka, TaKO U 3a HUXOBY KacHMjy MYII-
TUIUIMKaLMjy. MaKcMaraH MpoLieHaT 0XKVB/baBaiba
usgaHaka (100%) je mocturHyt Ha MS menujymy 6e3
TOJlaTUX Pery/laTopa pacTema, a KOju je cagpkao 2%
wm 4% caxaposy. IToBehan campskaj caxapose y
MeJIVjyMy 3a OXXI/baBarbe YTUIIAO je Ha MOOOJbIIaHy
aK/MMMAaTH3aIMjy OM/baKa y CTaK/IeHUKY.





