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ABSTRACT
A method for the isolation, culture of the callus-derived protoplasts, and
plantlet regeneration in Phellodendron amurense is described. In this
study, the highest 92.0% viability with the yield of 2.4  105 protoplast / g
fresh weight was obtained from callus, when the materials were treated for
6 hrs with Cellulase Onozuka R-10 plus Driselase. Sustained cell division
and colony formation from the protoplasts were best supported by a 0.2%
Gellan gum solidified or liquid medium containing 2.0 M BAP with 4.0
M NAA, IBA or 2,4-D, where the plating density was 4  105 to 6  105

protoplasts/ml. The highest frequency (0.33  0.02%) of colony formation
was observed, when the protoplasts were cultured on MS medium
supplemented with 2.0 M BAP and 4.0 M NAA. The protoplast-derived
colonies formed green compact calli on 0.2% Gellan gum solidified MS
medium containing 2.0 M BAP with 4.0 M NAA or IBA. Adventitious
shoots from protoplast-derived callus were induced on MS medium
supplemented with 2.0 M BAP and 1.0 M NAA or 2.5 M IBA. Shoot
multiplication and elongation occurred on MS medium containing 1.0 M
BAP. The highest 90.0% of in vitro grown shoots were rooted on MS
medium containing 2.0 M IBA. Plantlets were transferred to the Kanuma
soil and successfully established under greenhouse condition.
 2012 Trade Science Inc. - INDIA
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INTRODUCTION

Plant protoplasts have been proved to be an excel-
lent tool for in vitro manipulation, somatic hybridiza-
tion, genetic transformation, and for the induction of
somaclonal variation. These studies reflected the far-
reaching impact of protoplast alternations on agricul-
ture and forest biotechnology. However, the isolation
and culture of protoplasts in tree species are very diffi-

cult, and there are only a limited number of reports on
the successful culture of protoplasts. The isolation effi-
ciency and viability of protoplasts in woody plants are
fully depended on the initial plant materials, from which
tree protoplasts could be prepared successfully. Plant
biotechnology is an important tool for cultivar improve-
ment in conventional breeding,

Phellodendron amurense belongs to family
Rutaceae is the best known and almost widely growing
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in Far East region. The extracts from bark tissues of
this tree are used as a crude drug in Japan and in China
as an anti-stomachic, for intestinal function control, and
as an anti-inflammatory and anti-pyretic agent, chola-
gogue, and antibacterial medicine[1]. The bark extracts
mainly contain berberine derivatives as active constitu-
ents.

Most works on P. amurense have concentrated
on biochemical studies. There is only limited research
works in the tissue culture of P. amurense[12,15,17,18,20,].
So far, there is no report on shoot regeneration from
protoplast culture. In this paper a novel plant regenera-
tion system from protoplasts isolated from stem seg-
ment-derived callus is described.

MATERIALS AND METHODS

Plant materials

Plant materials for starting in vitro culture were
seedlings. Fruits of Phellodendron amurense Rupr.
were collected from a 50 years old tree growing at
the Medicinal Plant Garden of Kumamoto University,
Japan. After removing the flesh from fruits, seeds were
recovered and surface-sterilized. The sterilized seeds
were germinated on 10 ml of MS medium[27] in cul-
ture tube without any growth regulators. The cultured
seeds germinated within 3 weeks, and gave rise to
shoots which developed two to three nodes five to six
weeks later. Plants were then propagated by subcul-
turing single-node cuttings at 4-week intervals on MS
medium with 2.0 M BAP, and 2-4 cm long
microcuttings were cultured on MS medium supple-
mented with 2.0 M IBA. The stem segments were
taken from 4-5 week-old in vitro grown shoots and
used as the sources of protoplasts.

Callus induction

The stem segments (1-1.5 cm long) were incubated
on MS medium containing different concentrations (viz.
1.0, 2.0, 4.0, and 6.0 M) of NAA, IBA or 2,4-D in
combination with either 1.0, 2.0, and 4.0 M BAP,
TDZ, or CPPU for testing their effects on callus induc-
tion. The media were solidified with 0.2% Gellan gum,
and the pH adjusted to 5.7. The explants were cultured
on the surface of medium in glass Petri dishes. Each
Petri dish contained 10 explants and sealed with Parafilm

M (American National Can., USA). All cultures were
transferred to the new medium containing the same com-
position every 4 weeks for callus proliferation. The ex-
periments were repeated 4 times.

Protoplast isolation from callus

Friable calli (about 0.2 g fresh weight) induced from
stem segments were cut into small pieces with a surgi-
cal blade, and used as materials for protoplast isola-
tion. Twenty-four enzyme combinations were examined
with the duration of 24 hrs to select the best enzyme
combination. The following enzymes were used: Cellu-
lase Onozuka RS (Yakult, Tokyo, Japan), Cellulase
Onozuka R-10 (Yakult, Tokyo, Japan), Driselase
(Kyowa Hakko Kogyo, Tokyo, Japan), Hemicellulase
(Sigma, St. Louis, Missouri, USA), Macerozyme R-
10 (Yakult, Tokyo, Japan), and Pectolyase Y-23
(Seishin Pharm. Co., Tokyo, Japan). All enzymes were
dissolved in 0.6 M Mannitol solution and used at 1.0%
concentration, except for Pectolyase Y-23 at 0.5%.

Purification, yield, and viability of protoplasts

About 0.2 g fresh weight of the friable calli were
incubated with 4 ml of enzyme solution in 30 ml sample
bottle for different duration (6, 8, 10, 12, and 18 hrs)
to find out the optimum treatment duration for proto-
plast isolation. After the treatment of different duration
at room temperature, debris was filtered off with a 40
m nylon mesh, and the protoplasts were collected by
centrifugation at 100  g for 3 min, followed by 3 times
washing with 0.6 M mannitol solution. Protoplast yield
was measured with a haemocytometer slide (Nitrin,
Tokyo, Japan) under an inverted microscope
(OLYMPUS IX70-S8F) and calculated by the follow-
ing equation:
Protoplast yield (protoplasts / ml) = 5  number of proto-
plasts  104

To find out the effects of the osmotic potential of
enzyme solution on the yield and viability of protoplasts,
different concentrations (viz. 0.4, 0.6, and 0.8 M) of
mannitol were also tested. After measuring the proto-
plast yield, protoplasts were stained with 0.01% (w/v)
fluorescein diacetate (FDA)[22] in 0.6 M mannitol for 3
min to examine their viability. The protoplasts were
observed under a fluorescence microscope with the
excitation of blue light (WBV colour combination) us-
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ing the excitation filter of Olympus model BA 475. Pro-
toplast viability was calculated as the percentage of the
number of viable protoplasts to the number of total pro-
toplasts.

Protoplast culture medium and plating efficiency

Protoplasts obtained from stem segment-derived
callus were cultured in liquid or on solid MS, MMS

1

(½ strength of MS Medium) and WPM (Woody Plant

Medium) medium solidified with 0.2% Gellan gum (w /
v) containing different concentrations (viz. 1.0, 2.0, and
4.0 M) of BAP or TDZ in combination with NAA,
IBA or 2,4-D (2.0 and 4.0 M), 2.0% sucrose (w / v),
and 0.6 M mannitol. Protoplast culture media were
adjusted to pH 5.7.

In all the experiments, cell density was adjusted to
2  105, 4  105, and 6 105 protoplasts / ml by adding
2-5 l of the concentrated protoplast suspension to 50
l of the medium in a 96-well plate (FALCON, Becton
Dickinson and Co., USA). About 10 l of the sterilized
distilled water was dispensed in between the space of
every 4 wells to maintain the humidity, and the plate
was tightly sealed with Parafilm M. Protoplast suspen-
sion (1.5-2.0 ml) was also cultured on the surface of
MS solid medium in a Petri dish, where the protoplasts
density was 4  105 protoplast / ml. Protoplasts were
observed at 24 hrs intervals under an inverted micro-
scope during 3 months of culture, by this time the pro-
toplast formed cell colonies. After 2 months of culture,
the number of colonies larger than 200 m in diameter
in each well was counted twice. Frequency of colony
formation was calculated as follows:

100

sprotoplastplated
originallyofNumber

colonies of
Number

(%) formation colony

of Frequency


Proliferation of protoplast-derived callus

After 2 months of culture, the microcalli (about 2-3
mm diameter) obtained from stem segment-derived pro-
toplasts were used for callus proliferation. These
microcalli were transferred to Petri dishes or 200 ml
flasks containing MS solid medium. The medium con-
tained 1.0, 2.0, or 4.0 M BAP or TDZ in combina-
tion with 2.0 or 4.0 M NAA, IBA, or 2,4-D, and
was fortified with 3.0% sucrose (w / v) and 0.2% Gellan

gum (w / v) to promote callus proliferation. Microcalli
were subcultured every 4 weeks.

Plant regeneration from microcalli

Microcalli were transferred to a sequence of re-
generation media supplemented with various cytokinins
and auxins for plant regeneration. The calli were trans-
ferred to 200 ml conical flask containing 50 ml of MS
medium supplemented with different concentrations (viz.
0.5, 1.0, 2.0, or 4.0 M) of BAP or CPPU in combi-
nation with of NAA or IBA (0.5, 1.0, 2.0, or 4.0 M)
for shoot regeneration. For the elongation of shoots,
they were transferred to MS medium containing differ-
ent concentrations (viz. 0.5, 1.0, 1.5, or 2.0 M) of
BAP.

Culture condition

All cultures were maintained in the controlled envi-
ronment with 25  1C and16 hrs illumination per day
at 50 molm-2 s-1 provided with cool white fluorescent
tubular bulb. Humidity of the growth chamber was not
controlled for any experiment.

Rooting of in vitro regenerated shoots and ex vitro
establishment

The elongated shoots were cut into 2-4 cm long
and cultured on MS basal medium fortified with either
0.5, 1.0, 2.0, or 4.0 µM IBA, NAA, or IAA for ad-

ventitious rooting. Data were recorded on percentage
of rooting and the number and length of roots after 4
weeks of transfer onto the rooting media. Rooted plant-
lets were removed from the culture media after one
month and the roots were washed in tap water to re-
move all traces of Gellan gum. Plantlets were then trans-
ferred to plastic pots containing Kanuma soil (Kanuma
Bosai Potting Medium Co., Japan) and covered with a
small transparent plastic tent (Height 12�  × Wide 12� )

to ensure high humidity during the acclimatization pe-
riod of 20 days. They were maintained under culture
room conditions. The potted plants were irrigated with
¼ MS basal salt solutions devoid of sucrose and myo-
inositol every 4 days for 3 weeks. The plastic tents were
then removed after three weeks in order to acclimatize
plants to laboratory room condition. Acclimatized plants
were then transferred to larger pots and maintained in
greenhouse.
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Data analysis
Three replicates were used for the experiments of

colony formation. The effects of different media and
source of protoplasts were quantified, and the data were
analyzed by analysis of variance (ANOVA). Tukey�s
multiple comparison was used to distinguish differences
among treatments.

RESULTS

Induction of callus from stem segment explants

Different levels of auxin and cytokinin combinations
showed a great variation of the morphology and amount
of formed callus. Within 3 weeks of incubation, callus
was proliferated from cut margin in different media.

The media containing 2.0 M BAP, or TDZ in com-
bination with 4.0 M NAA, IBA or 2, 4-D was more
effective for callus induction. This combination produced
maximum frequency (80.0%) of callus formation (Fig-
ure 1a). Callus growth in these media was fairly active,
and the callus continued to grow for more than 3 months
without browning. In this experiment, it was observed
that low (1.0 M) and high (6.0 M) concentrations of
all auxins in combination with cytokinin gave the lowest
frequency (20.0%) of callus formation, and these calli
showed browning within 6 weeks. In the present study,
it was revealed that 2.0 M BAP + 4.0 M NAA, 2.0
M BAP + 4.0 M IBA, 2.0 M TDZ + 4.0 M
NAA, and 2.0 M TDZ + 4.0 M 2,4-D were suit-
able formulation for callus induction in P. amurense.

Isolation of protoplasts from callus

In general, selection of digesting enzymes is very
important to obtain a high viability and yield of proto-
plasts. Therefore, 24 enzyme combinations were tested
preliminary for obtaining the high viability and yield of
protoplasts. In this study, it was found that among the
24 enzyme combinations, Cellulase Onozuka R-10 plus
Driselase, Cellulase Onozuka RS plus Driselase, Cel-
lulase Onozuka RS plus Hemicellulase plus Driselase
plus Pectolyase Y-23, and Cellulase Onozuka RS plus
Pectolyase Y-23 were suitable for protoplast isolation
from stem segment-derived callus (data not shown).
On the other hand, both Macerozyme R-10 and
Hemicellulase were not effective in combination with
Cellulase Onozuka R-10 or RS for isolation of callus

protoplasts from callus. Protoplasts obtained from cal-
lus are shown in Figure 1b.

a: Callus induced from stem-segment explants. b,c: Protoplasts
from stem segment-derived-callus. d: Fluorescence micropho-
tograph of protoplasts stained with FDA. Vigorous protoplasts
showing yellow-green fluorescence. Arrowheads indicate the
damaged protoplasts. c and d indicate the same field. e: Divid-
ing cells after two weeks of culture (arrowheads) in MS me-
dium containing 2.0 M BAP and 4.0 M IBA. f: Enlarging and
non-spherical cells after two weeks of culture in MS medium
containing 2.0 M BAP and 4.0 M 2,4-D. g: Colony formation
after 5 weeks of culture in MS medium containing 2.0 M BAP
and 4.0 M IBA. h: Callus formation after 4 months of culture
in MS medium containing 2.0 M BAP and 4.0 M IBA. i:
Shoot differentiation from protoplast-derived calli on MS
medium containing 2.0 M BAP and 1.0 M NAA. j: Multipli-
cation and elongation of shoots on MS medium containing 1.0
M BAP. k: Rooting of in vitro grown shoots on MS medium
containing 2.0 M IBA. l: Plantlet growing on the Kanuma
soil under culture room conditions after 2 weeks of transfer

Figure 1 : Plant regeneration through protoplast-derived
callus

Generally, living protoplasts emit yellow-green fluo-
rescence under a fluorescence microscope, when pro-
toplasts were stained with FDA, whereas dead
protoplasts do not[22]. In the present study, protoplasts
stained with yellow-green fluorescence were judged to
be vigorous, and the viability of protoplasts was mea-
sured from the number of fluoresced protoplasts (Fig-
ures 1c, d). Figure 2 shows the influence of incubation
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time from 6 to 18 hrs on the yield and viability of proto-
plasts. The yield gradually increased as increasing the
incubation time. On the other hand, the viability consid-
erably decreased with the increase in incubationtime.
In this study, the highest 92.0% viability with the yield
of 2.4  105 protoplast / g fresh weight was obtained
when the materials were treated for 6 hrs with Cellu-
lase Onozuka R-10 plus Driselase. The highest yield of
callus protoplasts (10.0  105 protoplast / g fresh weight)
was obtained by the treatment for 18 hrs with Cellulase
Onozuka RS plus Driselase, whereas the protoplast
viability was 0%. Among the different enzyme combi-
nation and incubation time, Cellulase Onozuka R-10
plus Driselase for 8 hrs was the most suitable for pro-
toplast isolation, the yield and viability of protoplasts
were 5.5  105 protoplasts / g fresh weight and 90.0%,
respectively.

plast yield and lower osmolality resulted in more cell
burst.

Figure 2 : Effects of enzymatic treatment time on the yield
and the viability of protoplasts

Figure 3 : Effects of mannitol concentration on the yield and
viability of protoplasts

Effects of osmotic potential on the yield and vi-
ability of protoplasts

The osmotic potential in isolation mixtures also in-
fluenced the yield and viability of protoplasts from cal-
lus cultures. Generally, mannitol is used as an osmoticum.
Different concentrations (0.4, 0.6, and 0.8 M) of man-
nitol and the enzyme combination of Cellulase Onozuka
R-10 plus Driselase were used for examining the ef-
fects of osmotic potential on protoplast isolation. The
yield of protoplasts increased with increase in mannitol
concentration from 0.4 to 0.6 M, and the maximum
viability (90.0%) and yield (5.5  105 protoplasts / g
fresh weight) of protoplasts were obtained with 0.6 M
mannitol at 8 hrs enzymatic treatment (Figure 3). It was
also noted that higher osmolality induced lower proto-

Culture of protoplasts

Protoplasts were cultured in MS liquid medium
supplemented with different combinations and concen-
trations of cytokinins and auxins at three different cell
densities i.e. 2  105, 4  105, and 6  105 protoplasts
/ ml. After one week of culture in same media, there
was no change in protoplast growth. It seemed that the
cell wall regeneration had commenced only after one
week of growth. However, the first cell division was
observed after 2 weeks of culture in the media contain-
ing high concentration (4.0 M) of NAA, IBA, or 2,4-
D with 2.0 M BAP (Figure 1e), suggesting that the
time required for the cell wall regeneration was about 2
weeks. In the MS media containing BAP with NAA or
IBA, protoplasts developed spherical cells with cell di-
vision, whereas in the media containing BAP plus 2, 4-
D they showed both spherical and non-spherical cell
enlargement (Figure 1f).

The colony formation from the protoplasts was ob-
served in the MS liquid media containing 0.6 M manni-
tol in combinations of BAP or TDZ (1.0, 2.0, or 4.0
M) and NAA, IBA, or 2,4-D (2.0 or 4.0 M) after 5
weeks of culture (Figure 1g). The colonies actively pro-
liferated after one month of culture, and grew up to 1
mm in diameter. Among the different densities of proto-
plasts examined here, the plating density of 4  105

protoplasts / ml effectively induced the active growth
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and cell division of protoplasts (Figure 4). derived-protoplast culture of P. amurense, whereas MS
liquid medium was less effective.

Figure 4 : Effects of different combinations and concentrations
of cytokinin and auxin, and plating densities on colony
formation in protoplast culture

After 2 months of culture, the obtained
microcolonies developed into the microcalli larger than
2 mm in diameter, and then they were transferred to
Petri dishes containing 30 ml of MS solid medium of
the same components without mannitol. After 4 months
of culture in this medium, the microcalli 4 mm in diam-
eter and their proliferation were observed (Figure 1h).
Among the different media composition, MS media
containing 2.0 M BAP with 4.0 M NAA or IBA
were suitable for the proliferation of stem segment-de-
rived callus, when protoplasts were cultured at the den-
sity of 4  105 protoplasts / ml.

Effects of culture medium on colony formation

The effects of components and conditions of me-
dium on colony formation from cultured protoplasts
were examined. Isolated protoplasts were cultured in
liquid or solidified (0.2% Gellan gum) medium with each
of three different media, MS, MMS

1
, and WPM. The

liquid media contained 3.0% sucrose, 0.6 M mannitol,
2.0 M BAP, and 4.0 M NAA, and solidified media
had no mannitol. In this study, the plating density was 4
 105 protoplasts / ml. After one month of culture, data
were recorded and are presented in TABLE 1. Both
medium and type of culture, and their interaction had a
significant effect on colony formation. Colony forma-
tion of protoplasts induced on MS solid medium was
significantly higher (0.33%) than other media. This fact
revealed that MS solid medium was the best for callus-

Medium Type of culture Colony formation (%) 

Solidified medium 0.33  0.02a 
MS 

Liquid medium  0.26  0.01b 
Solidified medium 0.27  0.01b 

MMS1 
Liquid medium  0.20  0.01c 
Solidified medium 0.14  0.01d 

WPM 
Liquid medium  0.11  0.01d 

All media contained 2.0 M BAP and 4.0 M NAA, and plating
density was 4  105 protoplasts / ml. Values represent means 
standard errors of three replicates per treatment in three re-
peated experiments. Data were recorded after 4 weeks of cul-
ture. Means followed by the same letter are not significantly
different by Tukey�s multiple comparison test at 0.05 prob-
ability level

TABLE 1 : Effects of culture medium on colony formation
from protoplast culture

Proliferation of protoplast-derived callus

The protoplast-derived microcalli (about 2-3 mm
in diameter) were cultured on MS medium supple-
mented with different combinations and concentrations
of a cytokinin and an auxin. TABLE 1 revealed that
liquid media were less effective for colony formation or
proliferation of callus. In contrast, solid medium stimu-
lated the callus proliferation. The callus cultured on the
MS medium, solidified with Gellan gum, containing 2.0
M BAP and 4.0 M NAA or IBA exhibited active
growth for 3 months. The media containing 1.0 M
TDZ and 4.0 M NAA, IBA, or 2,4-D showed active
callus growth for 2 months, and after that, they gradu-
ally became brown. In P. amurense, BAP with NAA
or IBA seemed to be more effective for the callus pro-
liferation and culture of green callus, compared with
TDZ and 2,4-D considering that in general green callus
is physiologically active and suitable for differentiation
of shoots.

The maximum 80.0% of callus proliferation was ob-
tained from the protoplast-derived microcalli on MS
medium containing 2.0 M BAP and 4.0 M NAA or
IBA (Figure 5). BAP or TDZ in combination with 2,4-
D produced white-greenish callus with the highest pro-
liferation rate of 60.0%. The light conditions also influ-
enced the callus proliferation. In general, the dark con-
dition is effective for the growth of callus. In this experi-
ment, the callus grew actively in the light and remained
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green, whereas the dark condition inhibited the callus
proliferation and caused browning of callus after one
month. In the present study, successful proliferation of
callus through the protoplast culture was obtained.

M BAP. Among the different concentrations tested,
1.0 M BAP showed the highest length and maximum
number of shoots (Figures 1j, 6).

Figure 5 : Effects of plant growth regulator on proliferation
of protoplast-derived callus

Regeneration of plantlets from protoplast-derived
callus

For plant regeneration, protoplast-derived calli were
transferred to a sequence of regeneration media supple-
mented with various cytokinins and/or auxins. In this
study, MS solid media containing 0.5, 1.0, 2.0, and 4.0
M of BAP or CPPU in combination with 0.5, 1.0,
2.5, and 5.0 M NAA or IBA were used.

The adventitious shoots were successfully induced
from the protoplast-derived green calli (Figure 1i),
whereas root differentiation occurred from the white-
greenish calli on MS medium containing 0.5 M BAP
and 1.0 M IBA. The green calli were soft compact,
while white-greenish calli were hard compact. Among
the different plant growth regulators, 2.0-4.0 M BAP
plus 0.5-1.0 M NAA, and 2.0-4.0 M BAP plus
1.0-2.5 M IBA in MS medium produced adventi-
tious shoot regeneration from the green calli. The maxi-
mum 80.0% of shoot proliferation was obtained on MS
medium after 5 weeks of culture, when 2.0 M BAP
plus 1.0 M NAA was used as plant growth regulators
(data not shown). In this study, 1.0 M CPPU and
1.0-2.5 M NAA developed only green callus, but these
failed to produce any shoots. For the multiplication and
elongation of shoots, the proliferated shoots were trans-
ferred to MS medium containing 0.5, 1.0, 1.5, and 2.0

Figure 6 : Effects of different concentrations of BAP on
multiplication and elongation of shoots induced from
protoplast-derived callus

Rooting and establishment of in vitro proliferated
shoots

The microcuttings (2-4 cm long) were prepared
from elongated shoots induced from callus, and were
transferred to MS medium containing different concen-
trations of IBA or NAA for rooting. One week after
inoculation, root formation was noticed from the basal
cut portion of shoots. There were a satisfactory result
in rooting: 90.0% shoots, 4.2 total number of roots,
and 4.6 cm average length could be obtained on MS
medium containing 2.0 µM IBA (Figure 1k), while

80.0% root formation, 2.5 maximum number of roots,
and 3.0 cm average length were obtained with 1.0 M
NAA.

Twenty plantlets were removed from culture tubes,
and the Gellan gum was washed away from the roots
thoroughly with running tap water, then they were trans-
ferred to small plastic pot containing Kanuma soil for
hardening under diffuse light (16 hrs photoperiod).
Normal growth of the potted plants was observed after
one week of transfer. Two months later, they were
moved to another larger pot containing the same soil
and transferred to greenhouse. The in vitro grown plant-
lets were gradually acclimatized and successfully es-
tablished on the Kanuma soil under greenhouse condi-
tion with a survival rate of 90% (Figure 1l), where they
showed no morphological variation with mother plants.
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DISCUSSION

The most significant finding of this study was the
development of protocols for plant regeneration from
protoplasts of a medicinal tree P. amurense. Before
starting protoplast culture, it should be needed to find
out essential culture conditions and culture environment
of callus induction from the experimental explants. To
find out their callus induction efficiency, stem segment
explants were cultured on MS medium containing dif-
ferent combinations and concentrations of a cytokinin
and an auxin. Friable callus was formed on MS me-
dium supplemented with 2.0 M TDZ and 4.0 M 2,4-
D. Li-Chun et al.[9] reported the same results for callus
production from stem in Cinnamomum camphora.
Stem segment explants produced highly proliferating
friable callus showing green colour on the medium con-
taining 2.0 M BAP with 4.0 M NAA, IBA, or 2,4-
D. Schween and Schwenkel[8] reported the similar re-
sults for callus production in Primula spp. Ikuta et al.[1]

reported that 0.1 M Kn with 1.0 M 2,4-D was bet-
ter for callus induction from the stem segment in P.
amurense. In the present study, it was revealed that
2.0 M BAP or TDZ with 4.0 M NAA, IBA, or 2,
4-D were the best formulations, and stem segment was
a suitable explant for callus production in P. amurense.
The results are similar to those of callus induction in
Astragalus adsurgens[13]. No adventitious embryos
were induced from the subcultured callus during the
prolonged culture periods in this study.

Considering protoplast yield and viability the enzy-
matic treatment with Cellulase Onozuka R-10 and
Driselase for 6-8 hrs was relatively better among the
24 enzyme combinations used. The better yield and vi-
ability in combination enzymatic treatment might be due
to their synergetic effects. Wakita[32] reported that Cel-
lulase Onozuka R-10 with Driselase was better for high-
est yield and viability of leaf protoplasts in Betula
platyphylla and Alnus firma. So far, there is no report
on protoplast isolation of P. amurense. This study, there-
fore, is the first experiment of protoplast isolation in this
plant species.

Either mannitol or sorbitol as an osmotic stabilizer
for protoplasting of both green plant materials and cell
suspension cultures has been used generally. The os-
motic potential in isolation mixtures also influenced pro-

toplast isolation of P. amurense were used to isolate
protoplasts from stem segment-derived callus. Among
the three concentrations (0.4, 0.6, and 0.8 M) of man-
nitol the yield of protoplasts improved when mannitol
concentration was increased from 0.4 to 0.6 M, but
the yield decreased at 0.8 M. Poor yield of protoplast
at 0.4 and 0.8 M concentrations might be due shrink-
age and bursting of protoplast at lower (0.4 M) and
higher (0.8 M) concentration respectively. Similar re-
sults were reported in Prunua amygdalus[26], Ginkgo
biloba[14], Alnus firma[32], Artemisia judaica, and
Echinops spinosissimus[33].

A minimal number of protoplasts per ml is always
required to ensure cell divisions[24]. It was found in this
study that protoplasts could divide from a plating den-
sity as low as 2 × 105 protoplasts / ml, and an optimum
of 4-6 × 105 protoplasts / ml. In order to optimize colony
formation, the incubation period had to be limited to 6
hrs despite a maximal protoplast yield recorded after
12-18 hrs. Similar observation was found in Platanus
orientalis[34]. Among the different combinations and
concentrations of a cytokinin and an auxin, 2.0 M BAP
with 4.0 M NAA or IBA showed the best perfor-
mance of colony and microcallus formation, and
microcallus proliferation in MS liquid medium from cal-
lus protoplasts. This agrees with reports for other woody
species, such as Gentiana scabra[31] and Ginkgo
biloba[14].

Apparently, the enzymes frequently show some tox-
icity. Light is necessary during enzyme incubation, as
darkness is shown to increase protoplast mortality.
Therefore, light may contribute to protoplast defence
against enzyme toxicity and osmotic stress[7]. The im-
portance of light for protoplast culture was demon-
strated in the present study, since more colonies were
formed under this condition. This result is different from
the procedure reported so far[24], in which the proto-
plast culture of the first week was performed in the dark.

More colonies were produced in MS solid medium
without mannitol than in liquid medium with mannitol,
whereas MMS

1
 and WPM medium showed less per-

formance. Under these conditions, protoplasts and colo-
nies grew mainly in the upper part of the medium, where
gas and light are easily accessible. In liquid medium
containing mannitol, colonies frequently fell to the bot-
tom of the dish, where gas and light accessibility seem
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to be probably lower. The beneficial effects of solid
medium on protoplast culture have been previously re-
ported[10]. However, the beneficial effects varied with
the nature of the gelling agent[2]. For P. amurense, gellan
gum was the most efficient one. This result could be
explained either by the presence of toxic compounds in
the gelling agent[3] or by the influence on nutrients or
growth regulator availability[19].

Individual groups of 20-25 protoplast-derived
microcalli (approx. 2-3 mm in diameter) were trans-
ferred to Petri dishes or flasks including gellan gum-
solidified MS medium, without mannitol, containing 1.0-
4.0 M BAP or TDZ with 2.0-4.0 M NAA, IBA, or
2,4-D. In this study, BAP and NAA or IBA were the
most effective plant growth regulators for proliferation
of protoplast-derived callus. Same results were found
in many other woody species, such as: Gentiana
scabra[31], Ginkgo biloba[14], and Rosa hybrida[25] .

This experiment revealed that the ratio between low
concentration of auxin and high concentration of cyto-
kinin enhanced adventitious bud formation, i.e. adven-
titious buds could be induced by transferring callus from
the medium containing 0.5-1.0 M NAA or 1.0 M
IBA to the medium containing 2.0-4.0 M BAP under
16 hrs photoperiods. In addition, the nitrogen concen-
tration of the medium appeared to affect the regenera-
tion of adventitious buds from protoplast-derived calli
in P. amurense. MS medium was more effective for
adventitious bud formation than MMS

1
 or WPM me-

dium. Similar results were reported in Actinidia
deliciosa[23], Rosa species[4], and Diospyros kaki[21].

For further development of shoots, protoplast-de-
rived adventitious shoot buds were transferred to MS
medium containing different concentrations of BAP. The
subculture of the small buds on the medium supple-
mented with 1.0 M BAP gave better growth and de-
velopment of the shoots. Similar observation was found
in Solanum khasiamum[5].

In vitro rooting was achieved successfully when
the microshoots were cultured on MS media contain-
ing auxins, IBA or NAA. Success of in vitro rooting
of microshoots excised from proliferating cultures de-
pends frequently on the species and clone used, on
the media combination, and on the concentration of
the auxin used[28]. In general, low salt media stimu-
lated root number and length in Phellodendron[16]. Kim

et al.[12]  reported that 500 M IAA was best for root
induction of P. amurense microshoots, while both IBA
and NAA failed to produce any roots. In the present
study, 2.0 M IBA showed the best result for root
induction and the rooted shoots were successfully es-
tablished on the Kanuma soil and grew up gradually in
the greenhouse conditions.
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