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Abstract An efficient system was established for a higher
frequency of protocorm-like body (PLB) formation from
the callus of Dendrobium candidum Wall ex Lindl. The
calluses were induced from longitudinally bisected seg-
ments of protocorms and subcultured two times every 40d
on Murashige and Skoog medium with macronutrients at
half strength, micronutrients at full strength, 2% sucrose,
and with 8.8μM 6-Benzylaminopurine. PLB formation was
achieved when calluses were transferred onto the same
basal medium without any plant growth regulators. PLBs
developed into intact plantlets about 2cm in height and
with four roots when on basal medium with 2.7μM 1-
naphthaleneacetic acid. Plantlets were transplanted into
vermiculite with a 95% survival rate in a greenhouse.
Histological observations proved that globular somatic
embryos could be produced from the inside and surface of
the embryogenic callus during PLB formation.
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Introduction

Dendrobium candidum Wall ex Lindl., a sympodial
epiphytic orchid, is one of the most famous orchids
distributed in a few countries in Southeast and South Asia.
It is mainly used as a decorative plant and in Chinese
traditional medicine. However, its number is steadily
declining because of a lower rate of propagation in nature

and overexploitation. Therefore, an in vitro propagation
technique could be a useful approach for the mass scale
propagation of this orchid for commercial purposes. Tissue
culture techniques have been widely used for in vitro mass
propagation of several commercially important orchids over
the past few decades (Chung et al. 1985; Chen and Chang
2000, 2004).

Plant tissues such as shoot tips (Sagawa and Kunisaki
1982; Malabadi et al. 2004; Malabadi et al. 2005), root tips
(Kerbauy 1984; Chen and Chang 2000), floral stalks (Lim-
Ho and Lee 1987; Young et al. 2000), stem nodes (Van Le
et al. 1999; Nayak et al. 2002), apical buds (Bagde and
Sharon 1997), protocorm-like bodies (Ishii et al. 1998; Lee
and Lee 2003; Huan et al. 2004), leaves (Chen et al. 1999;
Chen and Chang 2002; Chung et al. 2005), rhizomes
(Chang and Chang 1998; Sheelavantmath et al. 2000), and
mature seeds (Shimura and Koda 2004) have been widely
used as explants to obtain protocorm-like bodies (PLBs) or
shoots and, subsequently, plantlets. In D. candidum, several
tissue culture systems using different tissues such as mature
seeds (He et al. 1982), immature seeds (Ye et al. 1988),
protocorms (Hou and Guo 2005), stem segments (Chen and
Cun 2002), shoot tips (Zhang and Fang 2005), or axenic
nodal segments (Shiau et al. 2005) as explants have been
established since the 1980s.

However, because of very limited growth and a tendency
for necrosis upon the subculturing of the callus (Kerbauy,
1984), there are only a few reports on callus culture in
orchids such as D. fimbriatium (Roy and Banerjee 2003),
Oncidium ‘Gower Ramsey’ (Chen and Chang 2000),
Cymbidium ensifolium (Chang and Chang 1998), and
Phalaenopsis Richard Shaffer ‘Santa Cruz’ (Ishii et al.
1998). Regenerated plantlets from orchid calluses are
usually achieved through PLB formation, a process thought
that involve somatic embryogenesis (Begum et al. 1994;
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Chang and Chang 1998). However, clear histological
evidence of somatic embryogenesis in orchids is limited.
In this study, the role of exogenous plant growth regulators
is examined in plant regeneration through PLB formation
from calluses using protocorms as explants to make use of
the embryogenic potential of the callus as an effective
system of micropropagation. The process of PLB formation
was elucidated by histological study.

Materials and Methods

The mature seeds in three capsules of D. candidum were
cultured for protocorm induction in three 500-ml Erlen-
meyer flasks containing 200ml MS medium supplemented
with 1.08μM 1-naphthaleneacetic acid (NAA). The proto-
corms, about 3mm in diameter, were longitudinally
bisected. These protocorm segments were used as explants
for callus induction. The explants were inoculated in
100-ml Erlenmeyer flasks containing 30ml 1/2-MS basal
medium, which has macronutrients at half strength, 2%
sucrose, supplemented with NAA (0, 0.27, 0.81, 1.08, 2.7,
5.4, 8.1, 10.8μM), BA (0, 2.2, 4.4, 6.6, 8.8, 13.2, 17.6,
22.0μM), 2,4-dichlorophenoxyacetic acid (2,4-D; 0, 2.3,
4.6, 6.9, 9.2, 13.8μM), and kinetin (Kin; 0, 2.3, 4.6, 6.9,
9.2, 13.8μM) alone or in combination. The media were
solidified with 0.6% (w/v) agar (In Vitro Diagnosticum
Sanland International Inc.–Tokyo, Japan). The pH was
adjusted to 5.8 with 1N NaOH or HCl before autoclaving at
121°C for 15min. Cultures were maintained at 25 ± 2°C in
darkness for 40d. In each treatment, 50 explants were
inoculated in five Erlenmeyer flasks (ten explants per
flask). The number of explants with calluses on different
media was recorded on the 40th day of culture, and the
percentage of the explants with calluses was calculated.

Calluses induced from explants were subcultured on the
optimum medium for callus induction for 40d. Then, the
calluses were transferred onto the same medium for further
subculturing. For PLB regeneration, the subcultured cal-
luses were transferred onto the 1/2-MS basal media with
either NAA (0, 1.08, 2.7, 5.4μM), 3-indolyl butyric acid
(IBA; 0, 2.5, 5.0, 7.5μM), or a combination of both.
Subcultured calluses were cultured in 100-ml Erlenmeyer
flasks under illumination (30–34μmol m2 s−1) with a light/
dark cycle (12/12h) at 25 ± 2°C; 12 pieces of calluses were
inoculated for each flask, and three flasks were considered
for each treatment. Cultures were examined and photo-
graphed with a stereozoom microscope (SMZ-168-TL,
Motic) and a digital camera (Nikon 5700). Calluses used
for histological observations were fixed in FAA (formalin/
acetic acid/50% ethanol, 1:1:18 v/v/v), dehydrated in an
ethanol series, and embedded in paraffin wax. The
embedded materials were sectioned at 8μm and stained

with 1% safranin-0 (Sigma, St. Loius, MO) and 0.5% fast
green (Amresco, Solon, OH). The observation and photog-
raphy were done using a light microscope (Olympus IX71).

Regenerated PLBs about 4mm in diameter with a
cotyledon were transferred onto 1/2-MS basal medium with
various concentrations of NAA (0, 1.08, 2.7, 5.4, 8.1,
10.8μM) for shoot development and root induction. Six
PLBs were inoculated in each 150-ml Erlenmeyer flask
containing 40ml medium, and three flasks were considered
for each treatment. The height of the stem and the length of
the roots were measured using a ruler, and the diameter of
the stem and roots were measured with a vernier caliper
(Chengdu–Chengdu, The People’s Republic of China). All
data were recorded after 60d of culture under illumination
(30–34μmol m2 s−1) with a light/dark cycle (12/12h) at 25
± 2°C. Plantlets with three or four roots were transplanted
into vermiculite in a greenhouse at 20 ± 2°C with a 14-
h (50μmol m−2 s−1) photoperiod and 70 ± 5% relative
humidity.

Results

Effects of plant growth regulators on callus induction.
Within 8d of culturing, white granules emerged from the
surface of explants inoculated on 1/2-MS basal medium
with different plant growth regulators and became light
yellow and granular calluses within 1mo. As shown in
Fig. 1, calluses could be induced from explants in most
treatments with different frequencies. Of the four plant
growth regulators tested, BA was found to be the most
effective in inducing calluses from explants. Callus induc-
tion was enhanced as the concentration of BA ranged from
0 to 8.8μM and reduced as the concentration of BA from
8.8 to 22.0μM. The frequency of callus induction from
explants was 82% on 1/2-MS basal medium with 8.8μM
BA. The effectiveness of NAA on callus induction from
explants was comparable to that of BA. The frequency of
callus induction increased as NAA concentrations ranged
from 0 to 1.08μM; it decreased as NAA concentrations
ranged from 1.08 to 10.8μM. The frequency of callus
induction from explants was 72% on 1/2-MS basal medium
with 1.08μM NAA. The effects of 2,4-D and Kin on callus
induction followed a similar pattern, but to a lesser degree
than BA and NAA. The highest percentage of explants
producing calluses was 32% with 6.9μM 2,4-D and 28% at
6.9μM Kin, respectively. There is a significant difference at
p = 0.05 among effects with 8.8μM BA, 1.08μM NAA,
6.9μM 2,4-D or 6.9μM Kin according to Ducan’s multiple
range test.

To further promote callus induction, NAA (0.54, 1.08,
2.7μM) and 2,4-D (4.6, 6.9, 9.2μM) were combined with
BA (4.4, 8.8, 13.2μM). The results are shown in Fig. 2.
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When cultured on 1/2-MS basal medium with 9.2μM 2,4-D
and 8.8μM BA, or with 0.54μM NAA and 8.8μM BA, the
frequency of callus formation was the highest among all
combinations of plant growth regulators tested, and the
percentage of explants with calluses was 77.8 or 77.3%.

Through Ducan’s multiple range test, these values are not
significantly different at p = 0.05 from the percentage of
explants with calluses at 8.8μM BA. So, the addition of
NAA or 2,4-D to 1/2-MS basal medium with BA was no
more effective than BA used alone. Therefore, 1/2-MS

Figure 2. Effects of plant
growth regulators combinations
on callus induction from the
protocorm explants.

Figure 1. Effects of plant
growth regulators on callus
induction from the protocorm
explants.
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basal medium supplemented with 8.8μM BA was consid-
ered as the optimal medium for callus induction.

Callus subculturing and plant regeneration from calluses
through PLB formation. After subculturing on the optimal
medium for 20d, the initial calluses from explants gradually
exhibited three different appearances: light yellow, white,
and brown. The light yellow calluses maintained initial
growth potential, grew fast, and were comprised of a
relatively compact mass of isodiametric granules on the
surface (Fig. 3a). The white calluses gradually turned
moist. The brown calluses initially proliferated lighter
colored tissue and then gradually turned brown again.

Calluses that had been subcultured twice were used for
morphogenetic and histological studies. The morphogenetic
response was related to appearance of the calluses. They
displayed different differentiation potentials on 1/2-MS
basal medium with various concentrations and combina-
tions of NAA and IBA. The light yellowish calluses
continued to proliferate after being transferred to 1/2-MS

basal medium without any plant growth regulators (Fig. 3b)
and gradually turned green (Fig. 3c). A large number of
PLBs were produced from them (Fig. 3d). There was an
average of 47.2 PLBs formation per 16mm2 of callus mass
on the 1/2-MS basal medium without any plant growth
regulators. Germination of PLBs into well-developed
plantlets readily occurred on the same medium or after
transferred to a fresh 1/2-MS basal medium without any
plant growth regulators. The PLBs first germinated with a
protrusion (Fig. 3e), and then the protrusion developed into
a cotyledon (Fig. 3f). Subsequently, the first leaf of the
foliage emerged from cotyledon (Fig. 3g). Succeeding
leaves were differentiated in an alternating sequence
(Fig. 3h).

The brownish calluses had no response on 1/2-MS basal
medium without any plant growth regulators, but when
transferred to 1/2-MS basal medium supplemented with
NAA (1.08, 2.7, 5.4μM) and IBA (2.5, 5.0μM), some new
light green granules emerged from the surface of brownish
callus. The newly produced granules gradually turned green

Figure 3. Morphogenesis in
callus culture of D. candidum.
(a) Compact, yellow callus
induced from the PLBs explants
(Bar, 1 cm). (b) The subcultured
light yellow callus (Bar, 2 mm).
(c) In light, the light yellow
callus was turning green (Bar,
2 mm). (d) Regeneration of
PLBs (Bar, 4 mm). (e) The
PLBs elongated and some
formed a protrusion (Bar,
4 mm). (f) A regenerated PLBs
with the cotyledon (Bar, 3 mm).
(g) A PLBs with the cotyledon
and the first leaf of the foliage
(Bar, 3 mm). (h) A well-
developed plantlet with roots
(Bar, 1cm). (i) The regenerated
plantlets transplanted in a pot
(Bar, 2 cm).
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and then developed into PLBs on this medium or on MS
basal medium without any plant growth regulators. The
highest frequency of PLB regeneration from the brownish
calluses was about 10% on 1/2-MS basal medium with
NAA (1.08μM) and IBA (2.5, 5.0μM). The whitish
calluses had a similar process of PLB regeneration, but
the highest frequency of PLB regeneration was only about
3%, and this process was also dependent on exogenous
NAA and IBA.

Meanwhile, exogenous auxins had different effects on
PLB regeneration from light yellowish to brownish cal-
luses. For whitish and brownish calluses, exogenous auxins
(NAA and IBA) are indispensable to the regeneration of
PLBs. For light yellowish calluses, exogenous auxins are
not essential. The results were shown in Table 1. 1/2-MS
basal medium without any plant growth regulators or 1/2-
MS basal medium with NAA (1.08, 2.7μM) or 1/2-MS
basal medium with NAA (0.54μM) and IBA (2.5μM) was
more suitable for plant regeneration from callus. The
percentage of differentiation of light yellowish calluses
was 100% on these media. PLB regeneration was promoted
at low concentrations of NAA (1.08, 2.7μM), but retarded
at high concentrations during the same culture period. The
calluses cultured on 1/2-MS basal medium with high
concentrations of NAA gradually deteriorated to a necrotic
brown color. On the medium with IBA, PLB regeneration
was first promoted and then inhibited after 40d of culture at
lower concentration (2.5, 5.0μM). For the combination of
NAA (0.54μM) and IBA (2.5μM), PLB regeneration was
significantly improved. Although PLBs could be regen-
erated on 1/2-MS basal medium with or without plant
growth regulators, PLBs regenerated on 1 basal medium

with NAA alone or combined with IBA were smaller than
those on 1/2-MS basal medium without any plant growth
regulators.

Effects of NAA on shoot development and root induction.
As newly formed PLBs with shoots were transferred to 1/
2-MS basal medium with various concentrations of NAA,
almost all of the PLBs developed into individual plantlets
under lower NAA (up to 2.7μM) concentrations (Fig. 3h).
The effects of NAA on shoot development and root
induction are shown in Table 2. Lower concentrations of
NAA (up to 5.4μM) promoted shoot development, and up
to 2.7μM promoted root induction. Higher concentrations
of NAA (5.4μM and higher) suppressed root induction. As
cultured on 1/2-MS basal medium with 2.7μM NAA,
PLBs developed into plantlets about 2.0cm in height with
about four roots after 60d. All these regenerated plantlets
were acclimated for a week and then transplanted into
vermiculite in the greenhouse. After a month, these
plantlets grew well with a 95% survival rate in greenhouse
(Fig. 3i).

Morphogenesis of PLBs. As callus differentiation proceeded,
somatic embryos were found to initiate from the inside and
the surface of the callus. They sequentially expanded to form
a globular structure comprised of cells with densely stained
cytoplasm and turned into granular somatic embryos
(Fig. 4a), which then developed into the PLBs.

The sections of calluses cultured on 1/2-MS basal
medium without any plant growth regulators showed
globular somatic embryos derived from the inside or the
surface of the callus (Fig. 4a,b). From histological

Table 1. Effects of the auxins on the differentiation of the light yellowish calluses

Plant growth regulators (μM) Percentage of the differentiation of calluses in different culturing time (%)

NAA IBA 20 d 30 d 40 d 50 d 60 d

0 0 0 d 11.1±4.8 d 38.9±4.8 cd 77.7±4.8 d 100±0 a
1.08 0 16.7±0 b 44.4±4.8 b 56.3±4.8 b 88.8±4.8 bc 100±0 a
2.7 0 14.3±4.4 bc 42.9±2.2 b 54.3±4.2 b 91.4±4.4 b 100±0 a
5.4 0 0 d 0 e 0 f 0 g 0 e
0 2.5 0 d 25.7±1.3 c 34.3±1.8 d 40±3.1 e 47.1±4.2 c
0 5.0 0 d 23.5±4.7 c 29.4±3.5 d 35.2±1.7 e 44.1±2.2 c
0 7.5 0 d 0 e 0 f 0 g 0 e
0.54 2.5 39.4±5.2 a 57.5±5.2 a 72.7±0 a 100±0 a 100±0 a
1.08 2.5 0 d 0 e 14.3±4.44 e 37.1±4.2 e 45.7±4.2 c
2.7 2.5 0 d 0 e 0 f 0 g 0 e
0.54 5.0 11.7±4.4 c 20.5±3.9 c 44.1±3.1 c 85.3±4.9 c 88.3±4.4 b
1.08 5.0 0 d 0 e 11.7±4.4 e 26.4±1.3 f 32.6±4.6 d
2.7 5.0 0 d 0 e 0 f 0 g 0 e

Means in the same column followed by different letters are significantly different (p=0.05) based on Duncan’s multiple range test.
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observations, the globular somatic embryos were composed
of cells with dense cytoplasm; no vascular connections
were observed between the globular somatic embryos and
the peripheral tissues. As the differentiation of callus
progressed, these somatic embryos developed into PLBs,
and then the PLBs developed with a shoot apex (Fig. 4c).
Most of these PLBs could further proliferate to produce
secondary PLBs (Fig. 4d) which eventually developed into
plantlets.

Discussion

As the first shoot tip culture in orchids for mass pro-
pagation was reported by Morel in 1960, plant regeneration
syste1 from various types of explants have been achieved in

a number of orchid species. Since then, about four
protocols for mass propagation have been established in
orchids. The first is adventitious buds induced from node
segments, leaf segments through direct organogenesis
(Chen and Cun 2002; Chen and Chang 2004; Shiau et al.
2005). The second is protocorm induction from seed
embryos (He et al. 1982; Ye et al. 1988), which eventually
developed into plantlets. The third is PLB regeneration
from shoot tips, root tips, stem segments through direct
embryogenesis (Chen and Chang 2000; Zhang and Fang,
2005). The fourth is the tTCL culture system established
using transverse thin cell layers of stem nodes (Zhao et al.
2007). The four protocols could be classified into two
types: bud formation via organogenesis and direct PLBs
formation through embryogenesis from explants. Either bud
formation or direct PLBs formation is related to the cultural

Table 2. Effects of NAA on shoot development and root induction

Concentration of
NAA (μM)

Height of stem
(cm)

Diameter of stem
(mm)

No. of root Diameter of root
(mm)

Length of root
(cm)

0 1.41±0.17 c 2.10±0.43 c 3.08±0.90 c 0.46±0.13 b 1.77±0.28 c
1.08 2.01±0.34 a 2.33±0.34 b 4.15±0.98 a 0.65±0.11 a 1.93±0.42 b
2.7 1.98±0.15 a 2.54±0.41 a 3.92±0.75 b 0.69±0.17 a 2.73±0.61 a
5.4 1.96±0.21 a 2.34±0.49 b 2.86±0.83 d 0.67±0.20 a 1.49±0.39 d
8.1 1.71±0.13 b 2.32±0.17 b 2.72±0.64 d 0.68±0.17 a 1.43±0.31 d
10.8 1.48±0.19 c 2.38±0.28 b 2.33±0.42 e 0.50±0.09 b 1.37±0.47 d

Mean within column followed by different letters are significantly different (p=0.05) based on Duncan’s multiple range test.

Figure 4. Histological study on
the process of PLB formation.
(a) A somatic embryo (arrow)
derived from inner cells of cal-
lus (Bar, 200 μm). (b) An
ellipsoid-shaped embryo (ar-
row) derived from outer cells of
callus (Bar, 400 μm). (c) A
regenerated PLB (arrow) with a
shoot apex (Bar, 400 μm). (d)
Secondary embryos (arrow)
formed from the surface of the
somatic embryo (Bar, 400 μm).
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conditions and types of explants. It is reported that plantlets
could be induced in about 1~2mo. through direct PLB
formation (Sheelavanthmath and Murthy 2005) or 3~5mo.
through indirect PLBs formation from callus (Lu 2004).
Less variant regenerated plants were observed in regen-
erated plantlets through direct PLB formation. As for the
number of regenerated plantlets, up to 5.3 shoots could be
directly induced from leaf explants of Paphiopedilum in
optimal conditions (Chen and Chang 2004), whereas an
average of 90.7 PLBs developed from callus of Cymbidium
(Huan et al. 2004).

Although callus exhibited great importance for mass
propagation in many species and have been induced in a
number of orchids previously, tissue cultures in orchids are
not focused on callus because of the lower growth rate and
necrosis in culture. In recent years, callus lines can be
successfully established in some orchid species (Lee and
Lee 2003; Lu 2004), and these calluses give rise to plantlets
through indirect PLBs formation for mass propagation. It is
reported that calluses could be formed from seed-derived
protocor1 at 50% frequency (Lu 2004), PLB segments at
53% (Huan et al. 2004), shoot tips at 66.7% (Roy and
Banerjee 2003), and root tips at 25% (Chen and Chang
2000). After several subcultures, all these calluses prolifer-
ated by three to fivefold within a month, and the average
number of PLBs was 90.7 per cultured callus (Lu, 2004),
134 per 0.01 g fresh weight callus (Huan et al. 2004), 32.5
per callus mass (Roy and Banerjee 2003), and 29.1 per
9 mm2 of callus mass (Chen and Chang 2000) in a month.
Thus, the mass propagation through indirect PLB formation
may be more effective than through the direct formation in
orchids. Because of the high frequency of somatic embryo
formation and efficiency of embryo conversion into plants,
somatic embryogenesis could be best accomplished through
indirect PLB formation from callus. Until now, there was
no report about plantlet regeneration from callus culture via
PLB formation in D. candidum. In the present study, a
novel regeneration system of D. candidum was established.
Calluses were induced from protocorm segments under
various conditions. Of four plant growth regulators tested in
callus induction, the explants exhibited a higher frequency
of callus formation with 8.8 μM BA. The superiority of BA
in promoting callus induction was also observed in D.
fimbriatum (Roy and Banerjee 2003).

Although the presence of plant growth regulators was
essential for callus induction, callus differentiation was
achieved on 1/2-MS basal medium without any plant
growth regulators. The process of PLB regeneration from
the callus and their subsequent germination is independent of
exogenous plant growth regulators, which is similar to the
previous reports on the other orchid species such as
Phalaenopsis Richard Shaffer ‘Santa Cruz’ (Ishii et al.
1998) and D. fimbriatum (Roy and Banerjee 2003). In

contrast, the embryogenic calluses of many other species
require continuous exposure to specific plant growth
regulators for somatic embryogenesis (Huang et al. 1999;
Luo et al. 1999; Chengalrayan et al. 2001). The dedifferen-
tiation, differentiation, and PLB regeneration in orchids may
be an interesting system suitable to study somatic embryo-
genesis. It is plausible that at the time of callus induction, the
endogenous hormonal synthesis system is triggered on and
the increased level of hormones allowed the proliferation and
differentiation of cells in the absence of exogenous plant
growth regulators (Smith and Krikorian 1990).

Plant regeneration from callus culture in orchids is usu-
ally through an intermediary PLB phase. This type of mor-
phogenetic development has been reported in a number of
species (Colli and Kerbauy 1993; Chen and Chang 2000;
Lee and Lee 2003; Roy and Banerjee 2003; Huan et al.
2004), and various investigators have suggested that the
process of somatic embryogenesis is a part of the early
steps of PLB regeneration in orchids (Steward and Mapes
1971; Kerbauy 1984; Begum et al. 1994; Chen and Chang
2000; Huan et al. 2004). However, well-defined routines of
somatic embryogenesis in orchids have not been reported.
In our result, as the differentiation of callus progressed,
globular granules emerged from the inner or outer parts of
the callus, which were composed of cells with dense
cytoplasm and small vacuoles. This is characteristic of
embryogenic cells (Eady et al. 1998; Li et al. 2001; Nikam
et al. 2003). The granules gradually could develop into
PLBs, and these PLBs could develop into plantlets under
suitable conditions. Also, most of these PLBs could further
proliferate to produce secondary PLBs, which is a common
characteristic of many orchids (Morel 1960; Wimber 1963;
Arditti and Ernst 1993). In this study, the histological
observations suggest that plantlet regeneration of D.
candidum through PLBs could be considered as a form of
somatic embryogenesis and that globular somatic embryos
originated from the inner or outer cells of the callus.
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