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CULTURE AND REGENERATION OF PROTOPLASTS FROM SHOOTS OF ASPARAGUS CULTURES
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A reliable culture and regeneration protocol has been established for asparagus (Asparagus officinalis L.) protoplasts
isolated from shoots of in vitro plants. Studies focused on factors to maximize plating efficiency, colony formation,
and plant regeneration. The optimized protocol involved the culture of asparagus protoplasts embedded in agarose
beads through a series of defined media. Etiolated shoot cultures were a superior source for protoplasts than green
shoot cultures, and growing feeder cells were critical for high plating efficiency and colony formation. In the presence
of growing asparagus feeder cells, asparagus protoplasts initiated cell divisions within 2 d of plating in agarose with
plating efficiencies up to 20%. About 80% of the protoplasts initiating cell divisions developed into colonies of at least
25-30 cells, of which 25% initiated somatic embryos. Complete plants were regenerated from the embryos at a
frequency over 20%. Overall, ca. 0.8% of the initially isolated protoplasts regenerated into complete plants with this
protocol. Plants regenerated from protoplasts have been transferred to soil and maintained phenotypically normal
morphology for over 2 yr. Chromosome counts confirmed the diploid status (2n=20) of plants regenerated by somatic

embryogenesis.

Introduction

We have established a protocol for the reliable and
efficient isolation of protoplasts from in vitro shoot
cultures of asparagus (Chen et al. 1997). Acceptable
frequencies of cell division were not achieved using
the established procedures for the culture of asparagus
protoplasts derived from callus or cell suspensions
(Chin et al. 1988; Kong and Chin 1988; Elmer et al.
1989; Hsu et al. 1990; Kunitake and Mii 1990; Dan
and Stephens 1991; May and Sink 1995). Therefore,
the aim of this study was to establish an appropriate
culture system for protoplasts from asparagus shoot
cultures. Experiments focused on optimizing factors
important for achieving high plating efficiency, colony
formation, colony size, and plant regeneration from
protoplasts derived from shoots of asparagus cultures.
A new protocol for high frequency culture and regen-
eration of protoplasts from asparagus shoot cultures is
defined.

Materials and methods

PLANTS

The asparagus genotypes used were all micropropagated
clones under evaluation as parents of hybrid cultivars and
included five male clones: CRD 67, CRD 70, 30B (all ex
Mary Washington 500), CRD 126 (ex New Jersey 101), and
CRD 157 (ex Larac); and three female clones: CRD 74,
CRD 75 (both ex Mary Washington 500), and CRD 168 (ex
Limbras I). In vitro plant cultures were established as de-
scribed by Abernethy and Conner (1992) and grown in MS
medium (MS salts, vitamins, and sucrose; Murashige and
Skoog 1962) plus 200 mg/L glutamine and 0.1 mg/L NAA.
Following 6 wk growth at 27°C, either under cool white
fluorescent lamps (100 wmol m~2 s~!; 16 h light: 8 h dark-
ness daily) to produce green shoots, or in darkness to pro-
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duce etiolated shoots, protoplasts were isolated and purified
as previously described (Chen et al. 1997).

PROTOPLAST CULTURE

LiQuip cULTURE. Freshly isolated and purified proto-
plasts from green or etiolated shoots were cultured at 10°—
10¢ protoplasts/mL in either KMG medium (KM medium as
described by Elmer et al. [1989] without mannitol and with
0.6 M glucose) or KMM medium (KM medium as described
by Elmer et al. [1989] with 0.395 M mannitol, 0.005 M
glucose, and 0.2 M sucrose). One mL of protoplasts was
cultured in darkness at 27°C in the single well (15 mm diam
X 18 mm high, with 3.5-mL well capacity) of flat-bottom
24-well plates. At 5-d intervals, 5O pL of the culture medium
was replaced with 50 pL of fresh KMR medium (KM me-
dium as described by Elmer et al. [1989] with 0.16 M man-
nitol, 0.005 M glucose, and 0.14 M sucrose) to gradually
dilute the osmotic pressure. Different combinations of the
plant growth regulators (PGRs) NAA, 2,4-D, kinetin, BA,
and zeatin, ranging from 0.1 to 1.5 mg/L, were tested in the
liquid medium.

AGAROSE-BEAD CULTURE. Low melting temperature aga-
rose (electrophoresis grade, Gibco BRL Life Technologies)
was suspended in culture medium at 2% (w/v) and autocla-
ved at 121°C, 103 kPa for 15 min. Alternatively, the medium
was kept in a 70°C water bath for a few minutes to melt the
agarose, then filter sterilized (Minisart 0.20 wm, Sartorius).
Following autoclaving or filtering, the medium was main-
tained at 45°C in a water bath. Protoplasts were resuspended
in filter sterilized liquid culture medium at double the final
concentration (1 X 10° protoplasts/mL unless otherwise stat-
ed). One mL of agarose medium was then mixed with an
equal volume of protoplast suspension and immediately
transferred to a petri dish (6.0 cm diam X 1.5 cm high) and
allowed to gel. The petri dishes were then sealed with Par-
afilm and incubated in darkness at 27°C for 3 wk.

FEEDER CELLS

Asparagus cell suspension cultures were established from
friable callus formed at the base of cultured plants. They
were maintained by weekly subculture in liquid MS medium
supplemented with 400 mg/L glutamine, and incubated by
gyratory shaking (150 rpm) at 27°C under cool white fluo-



544 INTERNATIONAL JOURNAL OF PLANT SCIENCES

rescent lamps (70 pmol m2 s!; 16 h light: 8 h darkness dai-
ly). Four to five days before use as feeder cells, they were
transferred to medium with the sucrose concentration in-
creased to 0.24 M. When callus was used as feeder cells, it
was taken directly from the base of cultured plants. Green
or etiolated shoots, cut into ca. 2-cm segments, were used
as feeder cells in some experiments. According to experi-
mental design, 0.2-0.3 g of feeder cells were added to each
petri dish of protoplasts embedded in agarose, which was
then overlaid with 5 mL of liquid KMR medium. All feeder
cells were of genotype CRD168 unless otherwise stated.

CONDITIONED MEDIUM

Asparagus cell suspensions were cultured in KMM me-
dium for 1 wk. The medium was filtered through 80-pm
nylon mesh and then a minifilter unit (0.20 wm) to eliminate
remaining cells. It was then used in the same way as fresh
medium during agarose bead culture.

EMBRYO INDUCTION

After 3—-6 wk of culture with feeder cells, agarose-beads
with embedded colonies were cut into about 1-2-cm? pieces
and each segment was transferred into a new petri dish. Five
mL of KM or MS medium were added to each dish with
PGRs (BA, kinetin, NAA) at varying concentrations from
0.125 to 15 mg/L, with or without feeder cells according to
experimental design. Sugar concentration in the medium was
tested in the range from 3% to 12% (w/v). Cultures were
incubated at 27°C under cool white fluorescent lamps (10
pmol m? s'; 16 h light: 8 h darkness daily).

PLANT REGENERATION

After a further 4 wk of culture, embryos that developed
were immersed in 1 mg/L IBA or 1 mg/L GA, for 10 min,
transferred to MS medium supplemented with 200 mg/L glu-
tamine for plant regeneration, and cultured at 27°C under
cool white fluorescent lamps (100 pwmol m? s'; 16 h light:
8 h darkness daily). Regenerated plants were subcultured on
R3 medium and transferred to soil as previously described
(Abernethy and Conner 1992).

CHROMOSOME COUNTS

Chromosome counts followed the procedures of Morgan
et al. (1995) with minor modifications. Healthy root tips
from plants in culture or root tips that protruded through the
bottom of the polythene greenhouse bags were excised,
placed into distilled water on ice for 24 h, fixed in chloro-
form : ethanol : glacial acetic acid (6:3:1), and kept at room
temperature for at least 1 h. Fixative was removed and re-
placed with 60°C 1 N HCI for ca. 10 min. Roots were stained
with Feulgens stain, softened with 3% pectinase, and then
transferred to 45% acetic acid. Root tips were squashed in
Aceto Carmine and chromosomes observed at 1000 X mag-
nification. A minimum of four roots per plant and 5—10 mi-
totic spreads per root were analyzed.

DATA COLLECTION AND STATISTICAL ANALYSIS

Plating efficiency (PE), defined as the percentage of pro-
toplasts showing a first cell division, was determined after
three weeks of culture. Five to 15 random microscopic fields
were examined depending on initial plating density in order
to count at least 500—1000 cells. Values were averaged to
represent the mean of each replicate. Colony formation, de-
fined as the percentage of dividing protoplast-derived cells

passing through repeated cell divisions and resulting in col-
onies of least 25-30 cells, and colony size were determined
four weeks after plating. The diameter of cell colonies was
determined using image analysis as previously described
(Chen et al. 1997), with an average of 100 colonies random-
ly chosen from the culture. All experiments involved a com-
pletely randomized design with three replicates. Data were
subjected to angular (angle = arcsin (%)°°) or log,, trans-
formation when necessary (Snedecor and Cochran 1969),
and treatments were compared using analysis of variance.

Results
PRELIMINARY EXPERIMENTS

Cell divisions were rarely observed for either green
or etiolated protoplasts in liquid KMM medium. A
maximum of eight dividing cells per mL were ob-
served over all densities ranging from 10° to 10° pro-
toplasts/mL. Only a few cells in liquid medium passed
through a second division. One week after culture ini-
tiation, these cells usually aggregated into clumps, and
cell division stopped within 2 wk, irrespective of plant
growth regulators used (single applications and com-
binations of NAA, 2, 4-D, kinetin, BA and zeatin rang-
ing from 0.1 to 1.5 mg/L). The most promising re-
sponse appeared to result from the use of 0.5 mg/L
BA combined with 1 mg/L. 2,4-D. Therefore, this
combination was used in subsequent experiments.
When cultured in agarose beads in the presence of
feeder cells, asparagus protoplasts from etiolated
shoots (fig. 1A) started to divide (fig. 1B) and form
cell colonies (fig. 1C) within several days. In contrast,
protoplasts isolated from green shoots exhibited only
cell expansion or budding and no cell division. Pro-
toplasts isolated from etiolated shoots and agarose-
bead cultures were used in all subsequent experiments.

AUTOCLAVED COMPARED WITH FILTER STERILIZED
MEDIUM

Two independent experiments using CRD 67 and
CRD 168 protoplasts resulted in higher PE in filter
sterilized medium compared with autoclaved medium.
Analysis of variance established a highly significant
difference between the two treatments (P < 0.001) for
both genotypes (fig. 2). Consequently, filter sterilized
medium was used in all following experiments.

GLUCOSE COMPARED WITH MANNITOL AS OSMOTICUM

Three independent experiments were conducted us-
ing CRD 67 or CRD 168 protoplasts embedded in aga-
rose beads with either glucose (KMG medium) or
mannitol (KMM medium) as osmoticum. Analysis of
variance established a significant difference in PE be-
tween the two treatments (P < 0.05) for all three ex-
periments (fig. 3). Therefore, KMM medium was used
in all subsequent experiments.

INFLUENCE OF FEEDER CELLS ON
AGAROSE-BEAD CULTURE

No cell division was observed in agarose-embedded
protoplasts in the absence of feeder cells, irrespective
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of whether fresh medium or conditioned medium was
used. Protoplasts cultured in fresh medium did not
show any response during the culture period. In con-
trast, protoplasts cultured in conditioned medium
showed a slight swelling and the development of a
darker coloration. Cells showing this response were
those in which division could be induced by the feeder
cells.

Friable cell suspensions, callus, and in vitro shoots
of asparagus were all highly effective as feeder cells for
inducing cell division of protoplasts from genotypes
30B and CRD168 (fig. 4). Analysis of variance estab-
lished a significant difference between the feeder treat-
ments and the genotypes (both P < 0.001) with signif-
icant interaction (P < 0.05). Cell suspensions, two to
three subcultures after initiation, were the best type of
feeder cells. These cultures contained highly friable
cells with irregular shape and induced cell division and
subsequent colony formation (fig. 1C) from asparagus
protoplasts of all genotypes tested (CRD 67, CRD 70,
CRD 74, CRD 75, CRD 126, CRD 157, CRD 168, and
30B). When the cell suspension cultures were main-
tained for longer than four to five subcultures, they de-
veloped into aggregates of small compact cells, and
their ability to act as feeder cells gradually diminished.

Callus from the base of shoot cultures also had a
positive feeder cell effect on protoplasts from etiolated
shoots. The feeder effect of callus was intermediate
between cell suspension and shoots (e.g., fig. 4) and
supported cell division in isolated protoplasts from all
genotypes tested (CRD 74, CRD 75, CRD 126, CRD
168, and 30B). Both green and etiolated shoots in-
duced cell division of protoplasts without significant
difference between them (data not shown). However,
shoots were less effective than cell suspension cultures
and callus as feeder cells for asparagus protoplasts.

Cell suspensions from different genotypes (CRD 70,
CRD 74, CRD 75, CRD 168, and 30B) all had feeding
ability. A direct comparison of three genotypes (CRD
168, 30B, and CRD 70) to promote PE of CRD 168
protoplasts established a highly significant difference
(P < 0.001) between the sources of feeder cells using
analysis of variance (fig. 5). The higher capacity of
30B and CRD 168 cell suspensions to induce higher
PE’s probably reflects the high callus initiation and
growth rate in these two genotypes. A cell suspension
of CRD 168 was used as a source of feeder cells in
all subsequent experiments.

PLANT GROWTH REGULATORS

Combinations of PGRs commonly used for aspara-
gus callus culture and protoplasts derived from callus
were tested for their ability to induce cell division of
protoplasts derived from etiolated shoots. Two inde-
pendent experiments were performed with analysis of
variance establishing a significant difference between
treatments and between the two experiments (both P
< 0.001) with no significant interaction (P > 0.05)
(fig. 6). Combination V (0.5 mg/L kinetin, 0.5 mg/L
2, 4-D and 0.5 mg/LL NAA) resulted in a significantly

higher PE in both experiments (fig. 6). Analysis of
variance established a highly significant difference be-
tween the PGR treatments (P < 0.001) for colony for-
mation, as well as a significant difference (P < 0.05)
for colony size (fig. 7). Since the PGRs of combination
V also resulted in a high frequency of colony forma-
tion and a larger colony size, they were therefore
adopted for all later experiments.

PLATING EFFICIENCY AT DIFFERENT DENSITIES

The initial density at which protoplasts were plated
had a significant influence on PE. In three separate
experiments with CRD 168, analysis of variance con-
firmed a significant difference between the plating
densities (all P < 0.01) in each experiment, with PE
increasing with higher plating density (fig. 8). Gener-
ally, the PE was over 12% when the plating density
was greater than 2 X 106 protoplasts/mL. Although this
was consistent in all experiments, the overall PE’s
were higher in some experiments. Lower plating den-
sities not only resulted in lower PE, but also in lower
frequencies of colony formation. When plating density
was ca. 10* protoplasts/mL, colony formation was very
low (data not shown). Therefore, plating densities
above 1 X 10° protoplasts/mL were used in later ex-
periments.

GENOTYPE RESPONSE

In three separate experiments, CRD 67, CRD 168,
and 30B showed high PE’s, whereas CRD 74 and CRD
126 responded poorly to protoplast culture (table 1).
CRD 157 was the poorest performing genotype with
PE routinely less than 3% (data not shown).

CONTINUED DEVELOPMENT OF CELL COLONIES

Protoplasts cultured in agarose-beads with feeder
cells for 3—-6 wk usually yielded colonies 0.5-1 mm in
diam (figs 1C and 1D). At this stage, the agarose-beads
were cut into small pieces (1-2 cm?) and then trans-
ferred to a range of media for regeneration. Experiments
with genotypes 30B, CRD 67, and CRD 168 established
that feeder cells were still necessary to maintain colony
growth even when the KMR medium was supplement-
ed with a range of PGRs. Kinetin had greater effect
than BA on colony formation and colony size and also
induced a low frequency of plant regeneration via or-
ganogenesis in some instances. Although the MS me-
dium with kinetin at low concentrations also resulted in
cell death, the colonies survived much longer without
feeder cells than in KMR medium. More importantly,
when NAA was combined with low kinetin (0.2 mg/L)
in MS medium, continuous growth of colonies was ob-
served without feeder cells. The optimized level was
0.2 mg/L kinetin with 10 mg/LL NAA, and this medium
was used in subsequent experiments.

EMBRYO INDUCTION AND GERMINATION

With increasing sucrose concentration, colonies be-
came more compact with a higher capacity for em-
bryo development. The highest number of embryos
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Fig. 2 Plating efficiency of asparagus protoplasts cultured in ei-
ther autoclaved medium (front bar) or filter sterilized medium (back
bar).

was observed in MS medium containing 0.2 mg/L
kinetin, 10 mg/LL NAA, and 12% sucrose. After 4 wk
culture on this embryo induction medium, most em-
bryos usually had a globular form, although some had
developed into a torpedo form (fig. 1E). For aspara-
gus genotypes that responded well to culture of pro-
toplasts (CRD 67, 30B, and CRD 168), ca. 25% of
protoplast-derived cell colonies routinely developed
embryos. The immersion of these embryos in either
1 mg/L IBA or 1 mg/LL GA, for 10 min, followed by
their transfer to MS medium without PGRs, resulted
in a significantly higher frequency of germination
than the control (P < 0.05; fig. 9). The resulting
plants (fig. 1F) have been successfully transferred to
soil and grown under greenhouse conditions for 3 yr.
All plants maintained a phenotypically normal ap-
pearance during this time (fig. 1G).

CHROMOSOME NUMBER OF REGENERATED PLANTS

The normal chromosome number (2n=20) was
counted in all nine plants examined that resulted from
somatic embryogenesis. In contrast, the chromosome
number of two plants derived from organogenesis had
doubled to the tetraploid level (2n=40; fig. 1H).

Discussion

We report the successful culture and plant regener-
ation from protoplasts derived from in vitro asparagus
shoot cultures. The final optimized protocol is sum-
marized in table 2. Published protocols for asparagus
protoplast culture that used callus or cell suspension
cultures as the source tissue (Chin et al. 1988; Kong
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Fig. 3 Plating efficiency of asparagus protoplasts with either glu-
cose (front bars) or mannitol (back bars) as osmoticum in the culture
medium.

and Chin 1988; Elmer et al. 1989; Hsu et al. 1990;
Kunitake and Mii 1990; Dan and Stephens 1991; May
and Sink 1995) were ineffective for the culture and
regeneration of shoot-derived protoplasts in the present
study. This may result from genotype differences
and/or because protoplasts from in vitro shoots are
more difficult to regenerate. Therefore, the establish-
ment of a new system for the culture and regeneration
of asparagus protoplasts from in vitro shoot cultures
was necessary. Compared with other reports on aspar-
agus protoplast culture, the protocol reported in this
study is highly efficient. Depending on asparagus ge-
notype, PE up to 20.3% was achieved, which is higher
than most previous reports (15%, Bui-Dang-Ha and
Mackenzie 1973; 10%, Chin et al. 1988; 10%, Kong
and Chin 1988; 6.5%—-7.3%, Elmer et al. 1989; not
stated, Hsu et al. 1990; 7.2%, Kunitake and Mii 1990;
19.1%, Dan and Stephens 1991). The frequency of col-
ony formation from dividing protoplasts was 80%,
which is approximately the same as that reported by
Dan and Stephens (1991), whereas in all other publi-
cations this information is not reported.

Although other studies have recovered plants from
asparagus protoplasts, the frequency of regeneration is
often not mentioned (Bui-Dang-Ha and Mackenzie
1973; Bui-Dang-Ha et al. 1975; Chin et al. 1988; Kong
and Chin 1988; Hsu et al. 1990). Shoot organogenesis
from 35% of cell colonies has been reported by Elmer
et al. (1989) without stating the frequency of complete
plant regeneration, and by Dan and Stephens (1991)
with 79% of cell colonies regenerating complete
plants. Somatic embryogenesis from asparagus proto-

—

Fig. | The culture and regeneration to plants of asparagus protoplasts from in vitro etiolated shoots of genotype CRD 168. A, Freshly
isolated protoplasts from etiolated shoots (X 575). B, First cell division of a protoplast-derived cell after 2 d culture in the presence of cell
suspension feeder cells (X 1150). C, Small cell colony after four to five cell divisions following 10 d culture in the presence of cell suspension
feeder cells (X 425). D, Protoplast-derived cell colonies embedded in agarose-beads in the presence of feeder cells (feeder cells have developed
into embryogenic structures and are mainly visible to the right of the photograph) (X 1.9). E, Regenerated somatic embryos (X 10). F,
Plants regenerated from protoplasts by somatic embryogenesis (X 0.9). G, Protoplast-derived plants established in a greenhouse (X 0.05).
H, Chromosomes of a tetraploid plant (2n=4x=40) regenerated by organogenesis (X 3850).
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Fig. 4 Plating efficiency of asparagus protoplasts from genotypes
30B (front bars) and CRD 168 (back bars) in response to different
sources of asparagus feeder cells. Protoplasts plated at a density of
5 X 10¢ protoplasts/mL. were cultured either without feeder cells
(control, I) or with green shoots (II), callus (III) or cell suspensions
(IV) as feeder cells.

plasts has been reported at frequencies up to 40%
(Kunitake and Mii 1990; May and Sink 1995). Both
forms of regeneration were also observed in this study
with somatic embryogenesis occurring at a higher fre-
quency (25% of cell colonies). Plants arising via or-
ganogenesis were tetraploid, whereas those arising by
embryogenesis retained their diploid status. This con-
tradicts the results of Odake et al. (1993), who regen-
erated tetraploid asparagus plants via somatic embryo-
genesis. However, their source tissue was callus, so
this result is not unexpected.

PE often showed a large variation between experi-
ments, which may reflect the condition of plant cells
used for experimentation, either as sources of proto-
plasts or as feeder cells. Feeder cells are well known
to facilitate the recovery of viable cells plated at very
low densities (Horsch and Jones 1980). In this study,
the quality of asparagus feeder cells was critical for
the successful culture of asparagus protoplasts, with
vigorously growing suspension cultures of friable cells
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Fig. 5 Plating efficiency of asparagus protoplasts from CRD 168
using different asparagus genotypes (CRD 168, 30B, and CRD 70)
as the source of feeder cell suspensions.
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Fig. 6 Plating efficiency of asparagus protoplasts from CRD 168
in two independent experiments (front bars and back bars, respec-
tively) with a range of plant growth regulators. The base KMM
medium was supplemented with either I (0.5 mg/L BA + 1 mg/L
2,4-D); II (1 mg/L BA +1 mg/L 2,4-D); III (1 mg/L BA + 1.5 mg/L
2,4-D); IV (1 mg/L kinetin + 1 mg/L 2,4-D); V (0.5 mg/L kinetin
+ 0.5 mg/L 2,4-D + 0.5 mg/L NAA); or VI (1 mg/L BA + 0.5
mg/L 2,4-D + 0.5 mg/L NAA).

with irregular shape being important. All the asparagus
genotypes tested as feeder cells in this study supported
the growth and cell division of asparagus protoplasts,
although there existed significant differences in their
feeding strength. In particular, genotypes that readily
initiate callus were the more effective genotypes as
feeder cells.

Glucose was an important metabolite for cell growth
and protoplasts isolated from asparagus callus with
glucose as the osmoticum grew much faster than when
mannitol or sorbitol were used (Kong and Chin 1988).
However, in this study the use of mannitol as an os-
moticum for shoot-derived asparagus protoplasts re-
sulted in a higher PE, although the use of glucose as
an osmoticum was preferable for the enzymatic release
of the protoplasts during their isolation (Chen et al.
1997). High glucose concentrations are known to re-
press the synthesis of many enzymes involved in the
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Fig. 7 Colony size (front bars) and colony formation (back bars)
from asparagus protoplasts of CRD168 cultured in medium with
different combinations of plant growth regulators as defined in fig. 6.
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Fig. 8 Plating efficiency of asparagus genotype CRD 168 at dif-
ferent plating densities in three independent experiments. The figure
at the top of each bar represents plating density (number of proto-
plasts/mL).

production of metabolites in microbial systems (Ma-
gasanik 1961; Beck and von Meyenburg 1968). A sim-
ilar regulatory mechanism has also been observed in
asparagus cells cultured in heterotrophic conditions
(Tassi et al. 1984). In our culture system, the proto-
plasts were cultured under heterotrophic conditions,
with the concentration of glucose used as osmoticum
(0.6 M) well above that known to induce glucose ca-
tabolite-repression (Tassi et al. 1984). This provides a
metabolic basis to explain why high glucose in aspar-
agus protoplast culture medium results in low PE.
KM medium has been widely used for protoplast
culture of many species, including asparagus (Elmer
et al. 1989; Dan and Stephens 1991). In this study, it
was also beneficial for the isolation (Chen et al. 1997)
and culture of protoplasts from asparagus shoots.
However, when the cell colonies reached about 0.5-1
mm diam, MS medium was preferable over KM me-
dium. This may reflect the different nutritional require-
ment of cells at different developmental stages, be-

Table 1

PROTOPLAST PLATING EFFICIENCY OF DIFFERENT
ASPARAGUS GENOTYPES

Experiment I Experiment II Experiment III
Genotype (IPD* =6 X 10° (IPD*=5 X 10° (IPD*=1 X 10

CRD 168 ... 16.5 20.3 12.0
CRD 67 ..... 18.6 e e
CRD 74 ..... 8.4 o 5.3
CRD 75 ..... 14.8 e e
CRD 70 ..... o 125

30B .......... e 16.0 e
CRD 126 . 6.4
LSDyg, -..... 22 3.1 1.7

Note. Analysis of variance established a significant difference be-
tween genotypes for each of these experiments (all P < 0.001).
Ellipsis points (- - ) represent a genotype not included in the exper-
iment.

@ Initial plating density (protoplasts/mL).
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Fig. 9 Plant regeneration from somatic embryos originating from as-
paragus protoplasts following treatment with 1 mg/L IBA or 1 mg/L
GA,;. Each bar represents the mean of four replicates of 20 embryos.

cause the composition of KM medium differs greatly
from MS medium, especially with respect to complex
organic supplements that may help support initial
growth of protoplasts.

Table 2

PROTOCOL FOR CULTURE AND REGENERATION OF PROTOPLASTS FROM
SHOOTS OF IN VITRO ASPARAGUS CULTURES

1. Pellet protoplasts by centrifugation at 650 g for 10 min and
resuspend, at double the intended concentration (> 1 X 10°¢
protoplasts/mL), in filter sterilized liquid KMM medium (KM
medium as defined by Elmer et al. [1989] but with 0.395 M
mannitol, 0.005 M glucose, and 0.2 M sucrose), supplemented
with 0.5 mg/L kinetin, 0.5 mg/L 2,4-D and 0.5 mg/L NAA.

2. Melt 2% (w/v) LMT agarose in 1 mL KMM medium at 70°C,
filter sterilize through a minifilter unit (Minisart 0.20 wm, Sar-
torius), then maintain in a water bath at 45°C.

3. Mix 1 mL of the melted agarose with 1 mL of protoplast sus-
pension and quickly transfer to a petri dish (60 mm diam X 15
mm high) before the agarose solidifies.

4. After the protoplasts are embedded in the solidified agarose, add
0.2-0.3 g of asparagus cell suspension feeder cells and 5 mL of
liquid KMR medium (KM medium as defined by Elmer et al.
[1989] but with 0.16 M mannitol, 0.005 M glucose, and 0.14
M sucrose).

5. Seal the petri dishes with Parafilm and incubate in darkness at
27°C for 3—4 wk.

6. Remove the feeder cells and KMR medium when the protoplast-
derived cell colonies are about 0.5-1 mm diam.

7. Slice the agarose beads with embedded cell colonies into 1-2-
cm? segments, add 5 mL of liquid MS medium (MS salts and
vitamins [Murashige and Skoog 1962]), supplemented with 0.2
mg/L kinetin, 10 mg/L NAA, and 12% sucrose.

8. Incubate the cultures for 4—5 wk at 27°C under low light inten-
sity provided by cool white fluorescent lamps (10 pmol m=2s~';
16 h light: 8 h darkness photoperiod) to induce embryos.

9. Immerse developed embryos (1 mm long or diam) in 1 mg/L
GA, (filter sterilized) for 10 min, transfer to MS medium (with-
out plant growth regulators) solidified with 0.7% agar, and cul-
ture at 27°C under cool white fluorescent lamps (10 wmol m~2
s™'; 16 h light: 8 h darkness photoperiod).

10. Regenerated plants are transferred to R6 medium (MS salts and
vitamins, 200 mg/L L-glutamine, 0.1 mg/L. NAA, 0.1 mg/L an-
cymidol, 6% sucrose, and 0.7% agar) to induce storage root
development, then transplanted to soil in a greenhouse (Aber-
nethy and Conner 1992).
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The beneficial effect of NAA or IAA on embryo in-
duction was also reported in asparagus (Bui-Dang-Ha et
al. 1975). High NAA concentration (5-10 mg/L) was
essential for the development of protoplast-derived cell
colonies and the subsequent induction of somatic em-
bryos in this study. This is similar to the result reported
by Levi and Sink (1991), who found that MS medium
supplemented with 10 mg/LL. NAA enhanced embryo-
genesis and germination to normal plantlets. High su-
crose concentration was the most favorable for embryo
induction in asparagus (Levi and Sink 1990, 1992). Sim-
ilarly, the highest sucrose concentration (12%) resulted
in the highest number of embryos in this study. The high
osmotic potential induced by the high carbohydrate level
is known to promote embryonic differentiation (Grana-
tek and Cockerline 1978) but may inhibit subsequent
embryo conversion into complete plants (Lu et al. 1983).
Therefore, it is necessary to transfer embryos to a low
sugar concentration for germination. Kunitake and Mii
(1990) germinated asparagus somatic embryos by sugar
starvation or immersing embryos in water for a week.
Without this treatment, germination of embryos was rare.
In our study, germination of somatic embryos occurred
following their transfer from 12% sucrose to MS basal
medium with 3% sucrose after immersing them in 1
mg/L IBA or 1 mg/L. GA, for 10 min. This IBA or GA,
treatment was beneficial for germination of somatic em-
bryos, which was in accordance with a previous report
(Kunitake and Mii 1990).

Overall, ca. 0.8% of the original protoplasts isolated
from etiolated shoot cultures could be regenerated into
complete plants (20% PE X 80% colony formation X

25% embryo induction X 20% plant development).
This high frequency of success was achieved using in
vitro shoot cultures as the source material and was
similar to the more efficient reports using callus or cell
suspensions as the source tissue (Dan and Stephens
1991; May and Sink 1995). The genotypic effects on
asparagus protoplast culture and regeneration con-
firmed the results of May and Sink (1995) and were
achieved using a range of elite asparagus genotypes.
The key advantage of using in vitro shoot cultures as
the source tissue is that protoplasts are isolated from
differentiated cells of uniform genetic status. The dis-
advantage of using undifferentiated callus tissue is the
high incidence of somaclonal variation observed
among callus-derived asparagus plants (Malnassy and
Ellison 1970; Hirate et al. 1995; Kunitake 1995). Cy-
tofluorometric analysis has established that undiffer-
entiated cell suspension cultures have highly variable
ploidy levels compared with differentiated tissue from
shoots and roots (Galli et al. 1988). The culture system
developed in this study will be very useful for genetic
manipulation of asparagus using somatic approaches
such as cell selection, cell fusion and more important-
ly, genetic transformation via direct gene transfer.
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