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Abstract

Brassinosteroids are steroidal plant hormones and are
known to modulate physiological and cellular response
in a wide range of plant species. Considerable insights
has been achieved of the physiological role of brassino-
steroid in Brassica species in the past few years, but
their effect on direct organogenesis has not been exten-
sively studied. In this sense, under optimal basal media
and growth conditions we tested the cellular and organ-
ogenic response of 24-epibrassinolide (EBL) in a variable
concentration (0.1 to 5.0 pM) and Zeatin (Z) (1.0 to 100
pM) and their synergic effect on hypocotyl explants of
cauliflower and broccoli. The isolated EBL accelerated
cell elongation and promotes direct organogenesis. One
micromolar EBL + 10 uM of Z was the most efficient
combination for cell elongation, cell differentiation as
well as for organogenesis. A suppressing effect on root
induction was confirmed for all the tested hormone
levels. The general results indicate a synergic effect of
EBL-Z and EBL potentates Zeatin activity, at least in
certain tissues. Besides de genetic factors, we can spe-
culate that the natural hormone concentration in the
explants might affect the responses by application of
exogenous growth regulators. Experiments with new
plant growth regulators, like brassinolide, are important
aiming to maximize or accelerate plant regeneration for
in vitro multiplication or for genetic transformation.

Key words: Brassinolide, Cell elongation, Cell growth, Callus,
Organogenesis, Shoot induction

* Corresponding author, E-mail: binsf@terra.com.br
Received Apr. 16, 2005; Accepted Sep. 26, 2005

Introduction

Steroid hormones are signaling molecules important for
normal growth, development and differentiation of multicell-
ular organisms. Brassinosteroids (BRs), which include brassi-
nolide (BL), are a relatively new group of natural plant
steroid hormones that are found in many plant species. It
is widely accepted that BRs are important regulators of
plant growth and development (Grove et al. 1979; Friedri-
chsen and Chory 2001; Sasse 2003; Kinoshita et al. 2005).
However, in comparison to the other classical plant horm-
ones, such as auxin and cytokinin, relatively little is known
about BRs as modulators and its potential role in the re-
gulation of organogenesis in the in vitro experiments.

Recent studies on BR-insensitive and BR-deficient mu-
tants have convincingly confirmed evidence for an essen-
tial role of BRs in plant growth and development (Clouse
and Sasse 1998; Sasse 2003). Physiological responses of
BRs include effects on elongation and fission, cell division,
vascular development, hormonal balance, enzyme activity
like H+-pump activation, activation of protein and nucleic
acid synthesis, stress modulation, cell cycle regulation and
effect on hormonal balance (Clouse and Sasse 1998;
Khripach et al. 2000; Sasse 2003; Bishop 2003; Symons
and Reid 2004). BRs causes pronounced elongation of
hypocotyls of dicots (Clouse 1996), but they can inhibit as
well promote primary root extension and lateral root for-
mation (Mussig et al. 2003). At molecular level, both ani-
mals and plants use steroids as signaling molecules
principally recognized by members of the nuclear receptor
superfamily of transcription factors. In plants, the kinase
receptor BRI1, localized on the plasma membrane, is a
crucial component of a receptor complex for BRs (Kinoshita
et al. 2005). Besides signaling molecules, BRs act on
transcriptional by binding directly to the promoter of hormone
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responsive genes and post-transcriptional regulation by
mRNA stabilization as well as regulation cyclin genes
(Clouse and Sasse 1998; Sasse 2003; Bishop 2003;
Kinoshita et al. 2005). .

Brassinolide used in vitro culture promote cell proliferation
in tobacco BY-2 cells (Miyazawa et al. 2003), in the presence
of auxin and cytokinin, increased in 50% the cell number in
cultured explants of Helianthus tuberosus (Clouse and Zurek
1991), increases the rate of cell division of Chinese cabbage
(Nakajima et al. 1996) and Petunia hybrida protoplasts (Oh
2003). Promote cell elongation in cell suspension cultures of
carrot (Bellincampi and Morpurgo 1988). Brassinolide promote
callus growth and regeneration in Spartina patens (Lu et al.
2003), improves embryogenic tissue initiation in conifers
(Pulmann et al. 2003) or somatic embryogenesis of Cocos
nucifera (Azpeitia et al. 2003) and promotes adventitious
shoot regeneration from cauliflower hypocotyl segments
(Sasaki 2002). In the presence of BL, explants curvature,
swelling and splitting. of the internodes, which was attributed
to increase cell division on the explants (Ho 2003). EBL
promoted cell enlargement and induces adventitious root
formation in hypocotyl segments of soybean (Sathiyamoorthy
and Nakamura 1990).

Although many BRs, such as EBL are commercially ava-
ilable and employed in some tissue culture experiments,
more accurate studies on tissue-specific and species-specific
effects, concentrations and the dual (synergic or antagonistic)
effect with growth regulators are desired. In this paper, we
report that EBL in presence or absence of Zeatin can be
effectively used to modulate celiular growth, shoot bud indu-
ction and plant regeneration of Brassica species in vitro
culture.

Materials and Methods

Plant material and chemicals

The Brassica species used in this study includes cauliflower
(Brassica oleracea var. botrytis L. cv. Piracicaba Precoce)
and broccoli (Brassica oleracea var. italica Plenck cv. Green
storm). The seeds were purchased from ISLA. The 24-
epibrassinolide (EBL) was obtained from the Institute of
Plant Molecular Physiology and Biotechnology (University
of Bonn, Germany). The MS medium with vitamins was
purchased from Duchefa Biochemical BV (Harlen, NL). The
gelling agent Agar was purchased from-Vetec Quimica
Fina Ltd, Brazil. The cytokinin, Zeatin (Z) was a product of
Riedel-deHaen (Sigma-Aldrich). A stock solution of 1 mg/
mL was prepared from EBL dissolved in absolute methanol
and Zeatin dissolved in 1N NaOH.

Seed sterilization and plant growth

Seeds of caulifiower and broccoli were surface-sterilized
by immersion in alcohol 70% (v/v) for 30 seconds, followed
by 6 min in sodium hypochlorite solution, 1% (v/v) final
concentration (with a few drops of tween 20) and finally rinsed
three times in sterile distilled water. For tissue culture assay,
the aseptic seeds were germinated and grown for 8 days on
flasks containing 1xMS medium (Murashige and Skoog
1962) + 2% (w/v) sucrose and 0.7% Agar, in a dark growth
chamber at 24 =17. For explant isolation, uniform etiolated
plants were selected and the central segments of 4-5 cm
from the etiolated hypocotyls (9-10 cm) were detached. These
segments were sliced into experimental unit explants of
5-mm-long sections.

Tissue culture assay

For cellular and organogenic response evaluation, the
sliced 5-mm-long sections of hypocotyl explants were placed
randomly onto the basal growth media. Each Petri dish (90
%20 mm, J.Prolab) represent a single treatment in which
seven segments of each species were growh in 20 ml of MS
medium with mineral salts and vitamins (Duchefa, M0222“"),
2% (w/v) sucrose, and 0.7% Agar (Vetec™). All these basal
media were adjusted to pH 5.8 0.1 before autoclaving for
15 min at 1207C. The media were supplemented with two
different plant growth regulators, EBL and Z (Table 1). The
first treatments consist of EBL in variable concentration (0,
0.1, 1.0 and 5 pM), the second treatments consist of a con-
stant concentration of EBL (1.0 uM) and variable con-
centration of Zeatin (0, 1.0, 10 and 100 uM) and the third
treatments consist of Zeatin in a variable concentration (0,
1.0, 10 and 100 uM). The experiment for cell elongation and
proliferation was conducted for 8 days in a dark growth
chamber at 24+1°C. The experiment for root and shoot
induction and plant regeneration was conducted for 8 weeks
in white fluorescent (GE, Universal) light with a photoperiod
of 16 h light (40 uE m?s™) and 8 h dark at 25+1C. Rege-

Table 1. Basal media used in the different treatments, with their
respective concentrations of 24-epibrassinolide (EBL) and Zeatin

(2), shown in micromolar (uM).

Treatments Basal Media Hormones Treatment levels (uM)
Control MS absence 0.0
First MS EBL 0.1; 1.0; 50
Second MS EBL + (Z) 1.0 + (1.0, 10.0; 1000 )

Third MS z 1.0; 10.0; 100.0
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nerated shoots after 8 weeks in culture were excised and
cultivated in hormone free MS medium for root induction.

Experiment evaluation and analysis

Each data point was replicated seven times, and each
complete experiment was repeated two times in a completely
randomized design. The explants of the experiment were
observed using a stereomicroscope (Zeiss Stemi SU11), during
the experimental period. The experiment was evaluated for
the following culture-response-variables: Cell elongation, cell-
division and proliferation, root induction and development,
shoot induction and plant regeneration. The relative growth
was calculated according to the following equation (Fw=final
weight; Iw=inoculum weight), RG= [(Fw-lw)/lw] x 100. The
data were submitted to statistical analysis and the results
presented as the average percentages with standard deviation.

Results and Discussion

In our study, the postulation was that EBL is an important
modulatortfor cellular and organogenic response of cauliflower
and broccoli explants. The experimental resuits allowed the
corroboration of this postulation for cell elongation, cell division,

vascular cell growth, root growth suppression as well as
played a key role by bud induction and shoot regeneration.
Since it is well known that EBL is involved in plant stress
control by the accumulation of heat-shock proteins (Dhaub-
hadel et al. 2002; Sasse 2003), we also attribute a positive
effect on the down regulation of tissue culiure stress by
using EBL which probably minimize the stress of the tissue
culture process.

Effect of 24-epibrassinolide on cellular response

As predicted for BRs physiological activity, EBL promotes
pronounced elongation of hypocotyl slices of cauliflower and
broccoli (Figure 1A). The general cellular response, measured
on cell elongation, cell division, cell proliferation, root growth
suppression (Figures 1B, 1C and 3) showed remarkable differ-
ences between cauliflower and broccoli for all the evaluated
variables. Since the growth conditions were strictly identical,
we attribute these differences between the species to their
genetic variability, to the physiological state of the explants
and exogenous hormone concentration. Probably the natural
hormone concentration in the explants was different, leading
to different responses by application of exogenous EBL and
Zeatin.
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Figure 1. Effects of 24-epibrassinolide (EBL) and Zeatin (Z) on cauliflower and broccoli explants. (A) Cell elongation measured on
explant length, (B) effect of EBL and Z on root growth and development, (C) relative cell growth measured on the dry matter
accumulation, (D) efficiency of shoot bud induction and regeneration on different treatments. Average values (= standard deviation) from

two independent experiments are shown.
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In both species, EBL was more active than Zeatin for cell
elongation, cell division and cell proliferation (Figure 1),
showing to be an efficient substitute for cytokinin in plant
cell growth. Early reports corroborate that EBL modulate
cellular respanse when used as a substitute for cytokinin in
protoplast culture of Petunia hybrida (Oh 2003) and in callus
culture and suspension cells of Arabidopsis and epibrass-
inolide induced a up-regulation of the cyclin gene cycD3,
resulting in cell proliferation independent of auxin presence
(Hu et al. 2000; Miyazawa et al. 2003). A constitutive over
expression of cycD3 gene affected the leaf anatomy markedly,
suggesting a central role of this gene in the transition from
cell proliferation to differentiation (Dewitte et al. 2003).

In spite of the efficient action of EBL, the most significant
results were achieved when EBL + Zeatin were combined
(Figure 1), reflecting an additive or synergistic responses for
cell elongation, proliferation and differentiation. A synergic
effect between several plant hormones has been reported
for brassinolide (Sasse 1989). Besides these synergic effects,
we also observed individual cell elongation (Figure 2A), a
strong vascular cell proliferation (Figure 28), pronounced
cell division and callus growth (Figure 2C), root curling and
suppressing effect on root differentiation and development
(Figure 2G), as well as explants swelling and splitting and
high cell proliferation related to a low cell differentiation in
the highest concentration of (5 uM) EBL + (100 uM) Zeatin
(Figure 2D). Frequently, in the highest concentration of EBL,

an explants curvature was observed (Figure 2E) this was
attributed to a local increased cell elongation (Symons and
Reid 2004). The wide range of responses allows us to
deduce that EBL is involved in signaling path that act or
modulates gene expression or biochemical processes that
change the hydralic and osmotic properties of cell membrane
and cell wall, changing cellular response according to the
intensity of the signals (Sasse 2003; Kinoshita et al. 2005).
Morillon et al. (2001) hypothesized about the role of BL in
the modification of the aquaporin activities and water-transport
properties of cell membranes. Whatever the molecular signals,
cell elongation is contingent upon transport of uncharged
osmotic ions, water across the cell and vacuolar membranes
and a plastic cell wall. Modulation of gene expression
involved in activation of the cell cycle by cyclin genes up-
regulation as well as the modulation of transcription factors
of genes for expansins, extensions and aquaporins are
mechanisms by which plant hormones, such as BRs promote
cell elongation. It is also known that many of such genes
are regulated by BRs (Kinoshita et al. 2005; Oh 2003;
Sasse 2003).

Besides its known functions in cell elongation, several
reports have also proposed that BL plays a key role in
proliferation (Figures 1C, and 2C). It has also been shown
that BL treatments enhanced the activities of RNA and DNA
polymerases and increase the protein levels in the cell
suggesting a direct action in nucleic acid and protein synthesis

Figure 2. Photomicrographs of 24-epibrassinolide-treated explants showing cellular response: (A) individual evident cell elongation, (B)
strong vascular cell proliferation, (C) pronounced cell division and callus growth, (D) cellular swelling and explant splitting in high
24-epibrassinolide concentration, (E) local cell elongation induce explant curvature in high 24-epibrassinolide concentration (F) absence
of 24-epibrassinolide in the growth medium, induce a normal root and root hair development and (G) root curling and a suppressing
or antagonistic effect on root differentiation and development was observed.
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(Kalinich et al. 1985). Exogenous application of highly purified
BL, caused not only cell elongation in the second internodes
of bean, but also curvature, swelling and splitting of the inter-
nodes, as a result of increased cell division (Grove et al.
1979). Lu et al. (2003) reported that in Spartina patens, BL
promoted cell division and callus growth at nanomolar conce-
ntrations. BL in the presence of auxin and cytokinin, caused
at least a 50% increase in the total number of cells in
cultured explants of Helianthus tuberosus after 24 h, showing
a strong synergic effect of BL on cell proliferation (Clouse
and Zurek 1991). Nakajima et al. (1996) and Oh (2003) also
found a significant enhancement of cell-division rates upon
the addition of EBL to the culture medium of Chinese cabbage
mesophyll protoplasts and Petunia hybrida protoplasts.

Organogenic process requires a strict balance between
cell proliferation and differentiation, which depends on a
balanced interaction of plant hormones. In our experiment a
synergic effect between EBL and Zeatin were beneficial for
cell elongation, proliferation and cell differentiation

Effect of 24-epibrassinolide on organogenic
response

For an efficient wide-ranging organogenic response, auxin
and cytokinin are required. However, evidence continues to
mouth that BRs may also play a significant role in cell differe-
ntiation and organogenic response. The present experimental
results corroborate that EBL plays an important role on cell
differentiation for shoot bud induction and regeneration but
showed a suppressing effect for root growth. A significant
difference between cauliflower and broccoli has been obs-
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Figure 3. Effects of 24-epibrassinolide (EBL) on root growth
suppression. Cauliflower and broccoli explants were cultured in
the presence of various concentrations of EBL (0, 0.1, 1.0 and 5
uM) and compared with the control explants (hormone free med-
ium). Average values (*standard deviation) from two independent
experiments are shown. '

erved for bud differentiation, shoot regeneration and for root
growth (Figure 1D). These differences probably have a ge-
netic and physiological background leading to different
responses by application of exogenous BRs. Gaudinova et
al. (1995) and Oh (2003) have indicated that BR treatment
altered the endogenous auxin and cytokinin levels in callus
cultures, thus impact the modulation of cell differentiation
(Mussing et al. 2003).

The EBL was effective for stimulation of bud induction
and shoot regeneration from hypocotyl explants of cauli-
flower and broccoli (Figures 4A, 4B and 4C). The highest
percentages of regeneration were obtained for 0.1 or 1.0 uM
EBL in which 78 % of explants formed shoot buds. A ma-
ximal number of shoot buds per regenerating explant was
achieved at 1.0 uM EBL, while a mean of 3.1 shoot buds
per explant. No shoot buds were obtained from untreated
explants. Zeatin was able to induce very low and isolated
shoot buds in both species (Figures 1D and 4D).

A comparative analysis of EBL and Zeatin showed that
the first was more effective for shoot bud induction and
shoot regeneration (Figure 1D), suggesting that EBL can be
applied as a substitute for cytokinin in regeneration of Bra-
ssica species which is similar to our findings for adventi-
tious shoot regeneration in cauliflower (Sasaki 2002).

In spite of the efficient EBL action, in combination with
Zeatin, the shoot bud induction and regeneration was strongly
enhanced (Figure 1D), reflecting an additive or synergistic

Figure 4. Photomicrographs of 24-epibrassinolide-treated explants
showing organogenic response: (A) overview of explants of
cauliflower (left) and broccoli (right) showing shoot bud induction,
(B) cauliflower explant showing several shoot bud differentiation,
(C) well differentiated shoot buds from explants growing in 1uM
24-epibrassinolide and 10 pM Zeatin, (D) individual shoot regen-
eration in absence of 24-epibrassinolide, (E) regenerated shoots
were transferred to MS hormone free medium for root induction
and (F) elongated and well rooted plantlets were transferred to
the soil for acclimatization.
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effect for shoot bud differentiation and regeneration. The
best results, 7.3 shoot buds and 3.6 shoots per explant,
were obtained cultivating the explants for 8 weeks in 1.0 uM
EBL + 10 uM Zeatin. The Zeatin concentration at which the
maximal effect achieved was lowered (10 pM Zeatin instead
of 100 pM; note that 100 UM Zeatin was highly supraoptimat
in the presence of EBL and no viable shoot had been
regenerated with 1.0 uM EBL + 100 yM Zeatin).

Simultaneous administration of EBL and Zeatin results in
additive effects. This synergic effect suggests that EBL makes
more cells competent and more sensitive to Zeatin (i.e., for
similar response they required less Zeatin) inducing more
shoot buds per explant. it has been reported that BR change
endogenous cytokinin levels in various plant species (Miyaz-
awa et al. 2003), and EBL promotes accumulation of endog-
enous predominant cytokinins N-6-(-2-isopentenyl) adenine
and frans-zeatin in tobacco callus tissue (Gaudinova et al.
1995). The demonstration of additive effects for shoot bud
induction is a very promising result considering that brassi-
nolide can be applied to overcome regeneration problems
for recalcitrant species, as it was reported for Malus prunifolia
(Willd.) Borkh in vitro clonal propagation (Schaefer et al.
2002).

Although BRs are known to regulate shoot growth, their
role in the regulation of root growth is less clear. According
to Mussing et al. (2003), exogenous BRs stimulate root growth
at low {nanomolar level) concentrations. When higher concen-
trations are used (at micromolar level), inhibition of root
growth can be expected, this may be the conseguence of
BR-induced ethylene synthesis. In absence of EBL, 100% of
the hypocotyl explants of cauliflower and broccoli showed a
vigorous root induction and growth, but in presence of EBL
a pronounced suppression of root growth was observed
(Figure 1B). As represented in Figure 3, the suppressing
effect was highly specific and concentration dependent. Root
suppression for caulifiower and broccoli was about 12% and
75% at 1.0 pM EBL respectively. This result makes the role
of EBL in root organogenesis unclear, and much further
investigation is required to solve this issue, including studies
of the effect of EBL on genes controlling root induction.
Shimada et al. (2003) observed that the levels of active BRs
in Arabidopsis roots were significantly lower than the levels
in shoots. This was notable in our experiment, since the
high concentrations of EBL suppressed root induction and
promote shoot bud differentiation. In the presence of Zeatin,
root induction was completely inhibited (Figure 1B). These
results are not surprising, since it is well documented that
cytokinin slow down or fully suppress root induction in
explants in vitro culiture.

The regenerated shoots were transferred to MS hormone

free medium for root induction (Figure 4E). About two weeks
later, a mean of 4 roots of approximately 2.5 cm per shoot
were observed in more than 80% of the transferred shoots,
which were transferred to the sail for acclimatization (Figure
4F). Morphologically normal plantiets have been regenerated
from hypocotyl explants of cauliffower (Sasaki, 2002). Plant
organogenesis is essentially a post-embryonic process that
requires a strict balance between cell proliferation and di-
fferentiation. This is subject to a complex regulatory network
which, in some cases, depends on the action of a variety of
ptant hormones. Of these, auxins and cytokinins are those
best documented as impinging directly on cell cycle control
(Pullman et al. 2003). However, increasing evidence indicates
that new group of hormones, like BRs also have an impact
on cell cycle control by modulating cell cycle regulators.

In conclusion, results presented here confirm that EBL is
effective for cellular and organogenic modulation in Brassica
species and extend earlier reports of interactions between
the important plant growth regulators BR and Zeatin. Although
certain of these interactions appear to be .antagonistic, the
general results indicate that EBL potentiates Zeatin activity,
at least in certain tissues. Elucidation of the molecular
mechanisms will be required to understand how EBL and
Zeatin modulate common targets involved in the control of
cell elongation and cell division as well as organogenic
response for plant regeneration. Experiments with new plant
growth regulators, like brassinolides, are important in tissue
culture aiming to maximize or accelerate plant regeneration
for in vitro multiplication or genetic transformation.
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