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Abstract An efficient and reproducible protocol is de-
scribed for the regeneration of Astragalus melilotoides
protoplasts isolated from hypocotyl-derived embryogenic
calli. Maximum protoplast yield (11.74+0.6x10°/g FW)
and viability (87.07+£2.8%) were achieved using a mixture
of 2% (w/v) Cellulase Onozuka R10, 0.5% (w/v) Cellu-
lase Onozuka RS, 0.5% (w/v) Macerozyme R10, 0.5%
(w/v) Hemicellulase, and 1% (w/v) Pectinase, all dis-
solved in a cell protoplast wash (CPW) salt solution with
13% (w/v) sorbitol. First divisions occurred 3-7 days
following culture initiation. The highest division frequen-
cy (9.86+£0.68%) and plating efficiency (1.68+0.05%)
were obtained in solid-liquid medium (KMS8P) supple-
mented with 1.0 mg/l 2,4-dichlorophenoxyacetic acid,
0.5 mg/l 6-benzylaminopurine (BA), 0.2 mg/l kinetin,
0.2 M glucose, 0.3 M mannitol and 500 mg/l casein
hydrolysate. Upon transfer to MS medium with 0.5 mg/1
a-naphthaleneacetic acid and 1-2 mg/l BA, the protoplast-
derived calli produced plantlets via somatic embryogen-
esis (56.3+4.1%) and organogenesis (21.6+0.6%). Somat-
ic embryos or adventitious shoots developed into well-
rooted plantlets on MS medium without any plant growth
regulators or supplemented with 3.0 mg/l indole-3-butyric
acid, respectively. About 81% of the regenerants survived
in soil, and all were normal with respect to morphology
and growth characters.
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Introduction

Astragalus melilotoides Pall., an important perennial
forage legume, is widely cultivated in many of the arid
regions of northern China for improving pasture and in
crop rotation because of its drought-, cold- and disease
resistance, soil- and water-holding capacity, and sand-
fixation characteristics (Guo et al. 1987). Unfortunately, it
is not as palatable as some of the other legumes such as
alfalfa and sainfoin. Moreover, its long growth period and
rather late maturity give rise to poor seeds with respect to
both quality and yield. These disadvantages have hin-
dered the further exploitation of this species.

Genetic manipulations such as somatic hybridization,
direct gene transfer and mutant selection may provide
useful approaches for the improvement of this species. An
efficient system for plant regeneration from protoplasts is
a crucial prerequisite for protoplast-based biotechnolo-
gies. To the best of our knowledge, only a few successful
protoplast-to-plant regeneration systems have been estab-
lished in the genus Astragalus at present (Luo and Jia
1998), although there have been numerous reports on
plant regeneration from protoplasts in several other
leguminous species (Xu et al. 1991; Puite 1992). In vitro
regeneration of A. melilotoides from internode-segment-
derived calli has been reported by Chen et al. (2001). We
describe here a reliable system for plant regeneration of A.
melilotoides from isolated embryogenic callus protoplasts
via somatic embryogenesis and organogenesis.
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Materials and methods
Plant material and callus induction

Seeds of Astragalus melilotoides were obtained from the Ningxia
Shapotou Desert Control Center of the Chinese Academy of
Sciences. The seeds were surface-sterilized in 70% ethanol for 30 s
and then in 0.1% mercuric chloride solution for 10 min, washed
with sterile distilled water at least six times and germinated
aseptically in 100-ml glass Erlenmeyer flasks containing 30-ml
aliquots of agar-solidified MS (Murashige and Skoog 1962)
medium without plant growth regulators. For inducing callus
formation, we cut the hypocotyls from 2-week-old seedlings (2—
3 c¢m in length) into 5-mm-long segments and then inoculated these
segments on agar-solidified MS medium supplemented with
2.0 mg/l 2,4-D, 0.5 mg/l BA and 500 mg/l CH. All culture media
contained 3% (w/v) sucrose and 0.8% (w/v) agar, and the pH was
adjusted to 5.6 before autoclaving at 121°C for 20 min. Following a
3-week culture on callus induction medium, friable and yellow-
green embryogenic calli formed, which were then detached from
the explants and subcultured every 3 weeks on MS medium
supplemented with 1.0 mg/1 2,4-D, 0.25 mg/l BA, 500 mg/l CH, 3%
(w/v) sucrose, and 0.8% (w/v) agar at pH 5.6. Seed germination,
callus induction, and subculture were carried out at 25+1°C under a
16/8-h (light/dark) photoperiod with light supplied at an intensity of
30 umol m~2 per second.

Protoplast isolation

Approximately 1 g of 10-day-old friable, yellow-green embryo-
genic callus was incubated in 10 ml of enzyme solution at 25+1°C
in the dark. The five different enzyme digestion solutions tested
contained different concentrations of Cellulase Onozuka R10
(Yakult Pharmaceutical, Tokyo, Japan), Macerozyme Onozuka R10
(Kinki Yakult, Mishinomiya, Japan), Cellulase Onozuka RS (Ya-
kult Honsha, Tokyo, Japan), Pectinase (Serva), and Hemicellu-
lase H 2125 (Sigma, St. Louis, Mo.), all in a cell protoplast wash
(CPW) salt solution (Frearson et al. 1973) with 13% (w/v) sorbitol,
pH 5.6 (Table 1). The enzyme solution was filter-sterilized through
a 0.45-um Millipore filter. After incubation for 10 h, the enzyme-
protoplast mixture was gently shaken and filtered through a 45-yum
stainless steel sieve under aseptic conditions to remove large debris
and undigested tissue. The protoplasts subsequently released were
collected by centrifugation at 70 g for 5 min. The pellets were
resuspended in 3 ml of autoclaved protoplast wash solution
consisting of 0.16 M CaCl, and 0.05% (w/v) MES at pH 5.6, and
the protoplast suspension was layered on the top of 5 ml autoclaved
sucrose solution containing 16% (w/v) sucrose and 0.05% MES,
pH 5.6. Following centrifugation at 70 g for 15 min, the purified
protoplasts were concentrated on the interface between the two
solutions, while debris was pelleted to the bottom of the sucrose
solution. The protoplast band was collected using a pipette,
suspended in the wash solution described above and then washed
twice with the same solution and once with protoplast culture
medium (see below) by centrifugation at 70 g for 5 min. Protoplast
yield (protoplasts per milliliter of culture medium) was determined

according to the improved method of Hou and Jia (2002).
Protoplast viability was assessed by the FDA staining procedure
of Widholm (1972). Different lengths of incubation time were
tested to find the optimum period for protoplast isolation.

Protoplast culture

The purified protoplasts were cultured at a density of 4-5x10°
protoplasts/ml in liquid KM8P medium (Kao and Michayluk 1975)
containing 0.2 M glucose, 0.3 M mannitol, 500 mg/l CH, 1.0 mg/I
2,4-D, 0.5 mg/l BA, with or without 0.2 mg/l KIN. All media were
filter-sterilized (0.45-um pore size) and the pH adjusted to 5.6. The
protoplasts were dispersed in a 6-cm petri dish containing 2.0 ml of
KM8P medium. Liquid culture and solid-liquid double layer
cultures were used. The solid-liquid double layer culture system
consisted of 2 ml of protoplast suspension (in liquid KMS8P
medium) being layered onto 1.5 ml of the same medium solidified
with 0.4% (w/v) agarose in a 6-cm petri dish. All cultures were
incubated at 25+1°C in the dark. After 1 week of culture, the
osmotic pressure of the liquid medium was gradually reduced by
adding 0.2 ml of the initial protoplast culture medium to each dish
once per week. The composition of the supplemental medium was
the same as that of the initial culture medium, except that the
concentration of glucose and mannitol were lowered to 50% and
30%, respectively. Protoplast division frequency (number of
dividing protoplasts/total survival protoplasts x100) and plating
efficiency (the number of visible microcalli/total protoplasts plated
x100) were evaluated after the protoplasts were cultured for
2 weeks and 5 weeks, respectively. Cell divisions and the growth of
protoplast-derived microcolonies were examined under an inverted
microscope during the first 5 weeks of culture. After 5 weeks of
liquid culture, the cell colonies were transferred onto a 0.4%
agarose-solidified KM8P medium for further growth. The small
visible calli, approximately 2-3 mm in diameter, were picked up
with forceps and transferred onto a solidified MS medium
supplemented with 1.0 mg/l 2,4-D, 0.5 mg/l BA, 500 mg/l CH,
3% (w/v) sucrose, and 0.8% (w/v) agar, pH 5.6. The calli produced
were subcultured at 3-week intervals.

Plantlet regeneration

For inducing plantlet regeneration, the protoplast-derived calli were
transferred onto MS medium containing 500 mg/l CH, 3% (w/v)
sucrose, 0.8% (w/v) agar, and different combinations of NAA and
BA, pH 5.6 (Table 4). Each treatment was repeated three times, and
ten pieces of calli were used each time. After 5 weeks of culture,
data on the frequency of somatic embryo formation and adventi-
tious shoot regeneration were recorded. Cultures with embryoids
were transferred onto a hormone-free MS medium for further
development, and those with adventitious shoots were transferred
on MS medium supplemented with 3.0 mg/l IBA for rooting. All
cultures were maintained at 25+1°C under a 16/8-h (light/dark)
photoperiod with cool-white fluorescence light supplied at an
intensity of 30 umol m~ per second. The regenerated plantlets with
well-developed roots were subsequently transplanted into soil.

Table 1 Effect of concentration and enzyme combination on protoplast yield and viability

Enzyme Cellulase Cellulase Macerozyme Hemicellulase Pectinase Protoplast Protoplast
solution Onozuka R10 Onozuka RS Onozuka R10 (%) (%) yield® viability®

group (%) (%) (%) (x10%g FW) (%)

A 1 0.5 0.5 0.5 1 4.85+0.7 88.56+5.2
B 2 0.5 0.5 0.5 1 11.74+0.6 87.07+2.8
C 2 0 0.5 0.5 1 6.04+0.9 85.15+3.1
D 2 0.5 0.5 0.5 0 1.32+0.4 66.45+4.7
E 3 0.5 0.5 0.5 1 3.08+0.8 70.22+4.4

# Data represent means + standard errors of three independent experiments



Results and discussion

Establishment of embryogenic calli

The original calli that formed from the hypocotyl explants
were yellow-brown. Three weeks after inoculation soft
friable yellow-green embryogenic calli appeared on the
surface. When detached from the explants and subcul-
tured on MS medium with a lower concentration of 2,4-D
(1.0 mg/1) and BA (0.25 mg/l) for two to three passages
(3 weeks each passage), they rapidly proliferated and
were ready for protoplast isolation. The establishment of
such embryogenic calli was an excellent source of
protoplasts capable of regeneration in A. melilotoides.
Friable embryogenic calli and embryogenic suspensions
have also been found to be a good source of material for
protoplast isolation, culture and subsequent regeneration
of plants in many species, such as wheat (Triticum
aestivum L..) (Gu and Liang 1997; Li et al. 1999), rice
(Oryza sativa L.) (Tsugawa and Suzuki 2000; Tang et al.
2001), and cassava (Manihot esculenta Crantz) (Sofiari et
al. 1998).

Protoplast isolation

Protoplasts could be easily released using soft, friable,
and young embryogenic calli. The freshly isolated pro-
toplasts were bright and spherical with a densely orga-
nized cytoplasm (Fig. 1A) and showed no fluorescence
when stained with calcoflower white (data not shown). In
order to obtain large quantities of viable protoplasts, we
tested different combinations of enzymes to find the
optimum isolating conditions. It can be seen from Table 1
that culture in group B, which contained 2% (w/v)
Cellulase R10, 0.5% (w/v) Cellulase RS, 0.5% (w/v)
Macerozyme, 0.5% (w/v) Hemicellulase, and 1% (w/v)
Pectinase, resulted in the highest yield (11.74+0.6x10°/g
FW) and viability (87.07+2.8%) of A. melilotoides
protoplasts. When the concentration of Cellulase R10
was decreased to 1% or increased to 3%, the yield
(groups A, E) and viability (group E) of the protoplasts
significantly decreased. The removal of Cellulase RS
(group C) or Pectinase (group D) from the enzyme
mixture also resulted in lower quantities and/or poorer
viability of the protoplasts.

As shown in Table 2, protoplast yield and viability
increased when the duration of enzyme digestion was
increased from 8 h to 12 h—especially to 10 h. Protoplast
yield and the percentage of viable protoplasts at 10 h
reached 10.89+0.3x10%/g FW and 88.01+3.3%, respec-
tively. Thus, the source of the calli, concentration of the
enzymes, and the length of the incubation period influ-
enced protoplast yield and viability. We subsequently
concluded that the optimal protocol for A. melilotoides
protoplast yield and viability consisted of the incubation
of 1 g of fresh embryogenic callus for 10 h in 10 ml of
enzyme solution containing 2% (w/v) Cellulase R10,
0.5% (w/v) Cellulase RS, 0.5% (w/v) Macerozyme R10,
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0.5% (w/v) Hemicellulase, and 1% (w/v) Pectinase, in
CPW salts with 13% (w/v) sorbitol.

Protoplast culture

No visible changes in the shape of the cultured protoplasts
were evident during the first day. After 2 days of culture,
some protoplasts increased in volume and became elon-
gated, indicating the formation of a new cell wall. The
first divisions of the protoplasts occurred after 3-7 days in
both liquid and solid-liquid double layer media (Fig. 1B),
and the second divisions were observed after 8 days
(Fig. 1C, D). There were no differences between the two
culture methods with respect to any obvious effect on the
time course of protoplast division. As shown in Table 3,
the frequency of division after 2 weeks in solid-liquid
culture was about twofold that observed in liquid culture
under the same conditions. The highest division frequen-
cy (9.86+0.68%) was obtained in solid-liquid medium
containing 1.0 mg/1 2,4-D, 0.5 mg/l BA and 0.2 mg/l KIN.
In contrast, when the protoplasts were cultured on a
medium without KIN, the frequency of protoplast division
declined (Table 3). After 3 weeks of culture, protoplast-
derived colonies were formed (Fig. 1E, F). A gradual
reduction in the osmotic concentration of the culture
medium promoted continuous division of protoplast-
derived cell colonies. After 5 weeks, the cell colonies
were transferred onto agarose-solidified KM8P medium
and cultured further for an additional 3 weeks, after which
microcalli about 2-3 mm in diameter developed on all
media (Fig. 1G). These microcalli were transferred to MS
medium supplemented with 1.0 mg/l 2,4-D, 0.5 mg/l BA,
500 mg/l CH, 3% (w/v) sucrose and 0.8% (w/v) agar
where they grew faster and formed friable yellowish calli
within 3-6 weeks. Plating efficiency on the solid-liquid
medium with KIN reached 1.68+0.05% (Table 3). Thus,
culture in the solid-liquid culture system with KIN
resulted in both improved division frequency and plating
efficiency. In addition, the combination of 2,4-D and a
low level of KIN was beneficial for protoplast division
and microcalli formation of A. melilotoides protoplasts.
The result is similar to those observed in several other
species—goosegrass (Yemets et al. 2003) and Taxus
yunnanensis (Luo et al. 1999).

Plantlet regeneration

Plant regeneration via somatic embryogenesis and orga-
nogenesis was observed following the transfer of micro-
calli to MS medium supplemented with NAA and BA
(Table 4, Fig. 1H). The highest induction frequency of
somatic embryos (56.3+4.1%) was obtained within
3 weeks of calli being cultured on MS medium with
0.5 mg/l NAA and 1.0 mg/l BA. After an additional
2 weeks of culture, 84% of the somatic embryos devel-
oped into plantlets 0.5-2.0 cm in length (Fig. 1H, I). An
average of about 5.4 somatic embryos was formed from
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Table 2 Effect of incubation

period on protoplast yield and Incubation time (h)

Protoplast yield* (x10°/g FW)

Protoplast viability® (%)

viability of Astragalus melilo- 8
toides. The digestion solution 10
contained 2% (w/v) Cellu- 12
lase R10, 0.5% (w/v) Cellu- 16

lase RS, 0.5% (w/v) Macero- 20
zyme R10, 0.5% (w/v) Hemi-

6.73x1.2
10.89+0.3
10.95+0.8
9.67+0.5
7.03+0.7

90.22+2.4
88.01+3.3
84.51+2.4
80.43+1.8
70.50+7.1

cellulase, and 1% (w/v) Pecti-
nase in 10 ml CPW salts with
13% (w/v) sorbitol

4 Data represent means + standard errors of three independent experiments

Table 3 Effect of plant growth

regulators and culture method Culture method

Growth regulators (mg/1)

Division frequency®  Plating efficiency®

on division frequency and plat- 2,4-D BA KIN (%) (%)
ing efficiency of protoplasts —
(after 2 weeks and 5 weeks of ~ Liquid culture 1.0 0.5 2.76+0.55 0.41+0.04
culture, respectively) 1.0 0.5 0.2 4.32+0.46 1.03+0.02
Solidified liquid culture 1.0 0.5 4.95+0.32 0.65+0.01
1.0 0.5 0.2 9.86+0.68 1.68+0.05

4 Data represent means + standard errors of three independent experiments

Table 4 Effect of various NAA and BA combinations on the regeneration of somatic embryos and adventitious buds of A. melilotoides.
Each treatment was repeated three times, with ten pieces of callus each time. Each piece of callus tissue was approximately 1 g

Growth regulators (mg/l)  Calli producing

somatic embryos?* (%)

Mean number of somatic
embryos per gram callus®

Mean number of adventitious
buds per gram callus®

Calli producing
adventitious buds?® (%)

NAA BA

0.0 0.0 0.0 0.0 0.0 0.0

0.5 0.0 0.0 0.0 0.0 0.0

0.5 0.5 40.4+3.2 3.0+1.0 17.9+2.1 1.2+0.2
0.5 1.0 56.3+4.1 5.4+1.2 16.2+0.7 1.4+0.1
0.5 2.0 37.9+2.2 2.7+0.8 21.6+0.6 2.1+0.4
1.0 0.5 18.3£2.7 1.2+0.7 16.3£1.2 1.2+0.3
1.0 1.0 19.8+3.5 1.1+0.3 15.8+0.9 1.0+0.3
1.0 2.0 13.5+4.3 0.7+0.2 16.6x1.1 1.0+0.2
2.0 1.0 9.8+5.1 0.4+0.0 6.3+0.4 0.1+0.0

* Data represent means + standard errors

1 g callus on the same medium (Table 4). Following
transfer onto hormone-free MS medium, the plantlets
grew quickly (Fig. 1J), and a lower level of NAA and
relatively higher level of BA enhanced somatic embry-
ogenesis in A. melilotoides. This is in agreement with
earlier reports in several other species (Sharma and
Kumar 1994; Luo and Jia 1998). In addition, about 21.6%
of calli produced adventitious buds and subsequently 1.0-
to 1.5-cm-long shoots on the most favorable organogen-
esis medium, which contained 0.5 mg/l NAA and 2.0 mg/1

Fig. 1A-J Regeneration of plantlets from callus-derived proto-
plasts of Astragalus melilotoides. A Freshly isolated protoplasts
from callus culture (bar: 30 um), B first division of a protoplast
after 3 days of culture (bar: 40 pum), C, D second division of
protoplast-derived cells after 8 days of culture (bar: 40 um), E, F
protoplast-derived cell colony after 3 weeks of culture (bar:
50 um), G protoplast-derived microcalli on agarose-solidified
KMS8P medium after 3 weeks of culture (bar: 5 mm), H plantlets
regenerated from protoplast-derived calli via either somatic em-
bryogenesis or organogenesis (bar: 10 mm), I plantlets from
protoplast-derived calli via somatic embryogenesis in early stage
(bar: 1 mm), J a complete plantlet with well-developed roots and
shoots (bar: 15 mm)

BA (Table 4). After transfer to MS medium with 3.0 mg/I
IBA, the adventitious shoots differentiated roots, and
several plantlets were produced 2 weeks later. All well-
developed plantlets were transplanted to soil, and about
81% of them survived under greenhouse conditions and
showed no visible abnormalities with respect to morphol-
ogy and growth characteristics.

In conclusion, an efficient and reproducible system for
plant regeneration from protoplasts isolated from embry-
ogenic calli of A. melilotoides has been established. The
plantlets were regenerated from protoplast-derived calli
simultaneously through somatic embryogenesis and or-
ganogenesis. This protocol may be useful for the im-
provement of A. melilotoides by means of somatic
hybridization and protoplast-based genetic transforma-
tion.
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