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Abstract

Importance of the work: Dendrocalamus sp. is a valuable Thai bamboo with high demand.
Micropropagation ensures rapid, efficient plantlet production to fulfill supply requirements.
Objectives: To optimize Dendrocalamus sp. micropropagation using temporary immersion
bioreactor (TIB) technology and plantlet acclimatization.

Materials and Methods: /n vitro techniques were used to develop a micropropagation protocol.
Various Murashige and Skoog (MS) medium treatments with different plant growth regulator
combinations were tested to determine the optimal concentrations for explant growth.

Results: Semi-solid MS medium with 3 mg/L 6-benzylaminopurine (BAP) and 2 mg/L
a-naphthalene acetic acid (NAA) produced the highest shoot induction, averaging 24.66 shoots
per explant. In addition, the TIB was used for increasing production. The method showed that
a feeding frequency of 2 hr in the same medium containing 500 mL to initiate 10 explants
produced the significantly highest number of shoots (72.33 shoots per bottle) of all the tested
conditions. The survival rate was 99% across all substrates for both the greenhouse and
field conditions. Based on morphological studies, there were no differences between the donor
mother plants and the regenerated plants. These findings highlighted the effectiveness of
this micropropagation protocol for large-scale bamboo production, making it a reliable method
for commercial propagation of Dendrocalamus sp.

Main finding: MS medium with 3 mg/L BAP and 2 mg/L NAA optimized Dendrocalamus
sp. growth, ensuring 99% survival and no morphological changes. This procedure enhanced
propagation efficiency, producing 1,382 times more plants than stem cutting for large-scale
cultivation.
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Introduction

Bamboo is a highly prized resource in Asian, African
and South American civilizations, having been utilized
traditionally for food, building materials, firewood and
small cottage industries, with its uses being expanded to
include textiles production, engineered products, pulp and
paper (Sood et al., 2002). The increasing global demand for
bamboo has rendered traditional propagation techniques
inadequate due to their slowness and low yield, resulting
in scientific propagation methods gaining prominence
(Nadgauda et al., 1997; United Nations Conference on Trade
and Development, 2022). Dendrocalamus sp., or economic
bamboo, is in the family Gramineae and it is endemic to
northern Thai provinces (Chiang Mai, Phrae, Lampang and
Lamphun), as well as other places. In Thailand, these economic
bamboo species are referred to locally as ‘sang mon bamboo’
due to their strong, dense culms. Thus, it is highly sought
after by industry, particularly for the manufacture of furniture,
parquet flooring, chopsticks and skewers (Kumar and Mandel,
2022).

Nevertheless, in industrial economies, the rising dependence
on bamboo has brought about severe over-harvesting and
rapid natural bamboo resource depletion. For example,
it is projected that a severe lack of planting material in
the future would be brought about by the current trends
unless an alternate source is pursued (Nadgauda et al., 1990;
Mustafa et al., 2023). Micropropagation via tissue culture
has become extremely popular as a sustainable approach for
solving this problem. This method is commonly termed
as overcoming most of the deficits in traditional bamboo
propagation. Large-scale propagation and field establishment
of several species of bamboo have been proven by tissue
culture techniques and some research, as is clear from
commercial exports and international practice (Gielis
and Oprins, 2002; Ramanayake et al., 2006; Cardoso et al.,
2018).

Tissue culture technology is a notable plant propagation
method, which has a considerable advantage in that it produces
a large number of plants within a limited period of time
compared to other conventional techniques such as bud
or stem cutting (Preeti and Nikita, 2018; Waraporn et al.,
2022). In recent years, it has also become a new hope for
the mass production of different plant species (Klaocheed
et al., 2024a; Klaocheed et al., 2024b; Wongchaya et al.,
2024). Temporary immersion bioreactor (TIB) technology is

one of the main advancements in this area. Through facilitating
liquid culture media to circulate effectively, TIB provides
an even contact between plant tissues and nutrients, leading
to rapid and even development (Zhang et al., 2018). With
the aim of boosting propagation efficiency, the TIB system is
suitable for commercial scale and can be tailored to be used in
commercial production (Pérez et al., 2013).

Although there are benefits with liquid culture systems,
there have been several limitations observed, including
asphyxia, hyperhydricity and other physiological disorders
caused by the permanent submersion of plant tissues
(Gao et al., 2018; Schuchovski et al., 2020). Of these,
the most common physiological disorder of in vitro plant
culture is hyperhydricity, or vitrification, commonly referred
to as glassiness (Kevers et al., 2004). Hyperhydricity manifests
in the form of waterlogged, pale leaves by lowering chlorophyll
content and an intracellular overabundance of water (Cassells
and Curry, 2001). Hyperhydricity interferes with how plants
normally function by reducing the activity of stomata and
decreasing the pressure inside their cells. Hyperhydric plantlets
thereby have catastrophic survival rates when shifted from
in vitro to ex vitro conditions and their survival may even drop
to zero in a few cases (Kei-ichiro et al., 1998).

TIB technology provides an advanced alternative to
the limitations of continuous liquid culture, specifically
in the prevention of hyperhydricity. With this technology,
plantlets are only immersed in the liquid medium for
brief, scheduled periods to take in nutrients and experience
subsequent times of aeration or drying, greatly limiting
physiological disorders such as hyperhydricity (Frometa
et al., 2017). At the immersion stage, the plants absorb
necessary nutrients and later aeration allows for the uptake of
oxygen and carbon dioxide—gases essential in respiration and
photosynthesis (Etienne and Berthouly, 2002). Contemporary
bioreactor systems with pressure and flow controllers can
also further improve gas exchange to maximize plant growth
and shoot multiplication. Proper regulation of concentrations
of oxygen and carbon dioxide are essential, since these
gases directly influence photosynthetic rates and metabolic
processes, thereby promoting overall plantlet growth (Mirzabe
etal., 2022).

Research into propagation methods needs ongoing
urgent attention to unlock the true potential of bamboo as
a renewable resource. For many years now, tissue culture
propagation has been known to be central to meeting the
world's increasing demand for bamboo plantlets (Mudoi et al.,
2013 ). Hence, background studies on bamboo tissue culture
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are necessary to provide consistent yields of quality plantlets.
Of the propagation methods available, micropropagation
continues to be the most scalable and sustainable mass
production method. It is still widely used because it is efficient
and reliable in producing multiple uniform, healthy plants
(Dar et al., 2021; Marueng et al., 2021; Wongchaya et al.,
2024).

Thus, the current research aimed to establish a method of
in vitro micropropagation of Dendrocalamus sp. Involving
the exploration of the role of different concentrations and
combinations of plant growth regulators (PGRs) on explant
growth based on greenhouse and ex vitro survival of the
plantlets formed in different substrate materials. The results
might lead to a suggested micropropagation method that
provides a rapid, efficient and affordable way to produce
Dendrocalamus sp. on a large scale, meeting the growing need
for this important bamboo species.

Materials and Methods

The Dendrocalamus species (Sang Mon bamboo) used
was obtained from the Scientific Instrument and Product
Standard Quality Inspection Center at the University of Phayao,
Thailand and served as the donor plant material. The selected
plant was confirmed to be disease-free and was maintained
in a controlled environment room, with the temperature
regulated at 25 + 2°C.

Plant material and explant preparation

Nodal segments from the donor Dendrocalamus sp.
were used to initiate tissue culture. The culture medium
was prepared using Murashige and Skoog (MS) semi-solid
medium supplemented with 30 g/L sucrose and 8 g/L agar
powder, with the pH adjusted to 5.6-5.8. The medium was
sterilized using autoclaving at 121°C for 30 min (Lee et al.,
2019). Explants were surface disinfected using 0.1% mercuric
chloride (HgCl,) for 10 min, followed by three thorough
rinses with sterile distilled water. Then, the disinfected nodal
segments were cultured on MS medium for 1 wk. Only explants
that remained free of contamination or disease symptoms were
selected for subsequent experiments.

Effect of plant growth regulators on shoot and root formation

The effects were investigated of different concentrations
and combinations of plant growth regulators (PGRs) on
in vitro shoot multiplication. Specifically, MS medium was
supplemented with 1-3 mg/L of 6-benzylaminopurine (BAP)
and 0.5-2 mg/L a-naphthalene acetic acid (NAA). In total,
20 replicates were used, with one sterile nodal segment
inoculated per culture bottle containing the prepared medium.
All cultures were maintained at 25 £ 2°C under a 16 hr/8 hr
light/darkness photoperiod, with a photosynthetic photon
flux density of 40 pumol/m?%s'. After 8 wk of cultivation,
data were recorded on the number of explants forming
multiple shoots and roots, as well as shoot and root lengths.

Study using temporary immersion bioreactor conditions

In a separate experiment, the effects were evaluated of
different medium volumes and feeding frequencies on durations
in the TIB system on the growth of the Dendrocalamus sp.
plantlets (Table 1). The explants were exposed to MS medium
supplemented with 3 mg/L BAP and 2 mg/L NAA, using feed
volumes in the range 250—1,000 mL and feeding frequencies of
the medium for 5 min every 2 hr, 3 hr or 4 hr. After cultivation
for 8 wk, growth parameters were measured (number of shoots,
shoot height, number of leaves, leaf length and leaf width).
Data were analyzed using the least significant difference test at
a 95% confidence level, with statistical significance set at p < 0.05.

Table 1 Experimental design to evaluate the effects of volume of culture
medium and feeding frequencies on duration in temporary immersion

bioreactor.
Treatment ~ Volume of culture medium (mL)  Feeding frequency
T1 250 Every 2 hr
T2 250 Every 3 hr
T3 250 Every 4 hr
T4 500 Every 2 hr
T5 500 Every 3 hr
T6 500 Every 4 hr
T7 1,000 Every 2 hr
T8 1,000 Every 3 hr
T9 1,000 Every 4 hr

T1, T2 and T3 contained 250 mL of culture medium with feeding
frequencies of every 2 hr, 3 hr and 4 hr, respectively; T4, TS and T6
consisted of 500 mL of culture medium with feeding frequencies of every
2 hr, 3 hr and 4 hr, respectively; and T7, T8 and T9 consisted of 1,000 mL
of culture medium with feeding frequencies of every 2 hr, 3 hr and 4 h,
respectively.

Each treatment was repeated three times, with each repetition using 10
explants.
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Survival rate and acclimatization of plantlets

After 1 mth of culture in the PGR-supplemented medium, the
plantlets were transferred to half-strength MS medium without
any PGRs for rooting. Plantlets that reached approximately
6 cm in height and developed well-established roots were
selected for further acclimatization. The plantlets were cleaned
gently and acclimatized following the protocol described
by Suwal et al. (2020). Then, they were transplanted into a
growing substrate composed of peat moss and coconut coir in
a 1-to-1 ratio (weight per weight). In total, 20 replicates were
maintained at room temperature (25 = 2°C) under greenhouse
conditions. After 4 wk, the survival rate of the plantlets was
recorded. Subsequently, the successfully acclimatized plantlets
were transplanted to their final planting site in the designated
area of the Wianglor Wildlife Sanctuary, Phayao Province (Fig. 1)

612000 618000 624000

Statistical analysis

Data were analyzed using analysis of variance, and means
were compared using Duncan’s new multiple range test at the
95% confidence level.

Results and Discussion

Effect of plant growth regulators on shoot and root formation

The plant growth regulators BAP (a cytokinin) and NAA
(an auxin) are essential for promoting plant development
both in natural and in vitro conditions (Dar et al., 2021).
In the current study, micropropagation of Dendrocalamus sp.
was successfully achieved on a semi-solid MS medium
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Fig . 1 Wianglor Wildlife Sanctuary in Phayao Province, with 40 ha (marked in red) allocated for bamboo cultivation
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supplemented with 30 g/L sucrose, 8 g/L agar and varying
concentrations of BAP and NAA. Based on the results, there
were significant differences in shoot multiplication depending
on the concentration of these PGRs. Combinations with higher
concentrations of BAP and NAA yielded superior shoot
induction compared to lower concentrations. Specifically, the
combination of 3 mg/L BAP and 2 mg/L NAA produced the
highest number of shoots, with an average of 24.66 shoots
per explant. In addition, this treatment resulted in an average
shoot length of 8.33 cm and 6.66 roots per explant after 8 wk
of culture (Table 2). Microscopic observations under
a stereomicroscope (SZ61; Olympus; Tokyo, Japan;
0.6x magnification) using the Epview software (EVIDENT,;
Waltham, MA, USA) further confirmed that axillary buds
cultured on MS medium with PGRs began forming multiple
shoots within 2 wk (Fig. 2A), whereas no such development
was observed in explants cultured on hormone-free MS
medium (Fig. 2B)

BAP, a cytokinin-type plant growth regulator, plays
a crucial role in promoting cell division, stimulating shoot
proliferation and enhancing shoot bud formation (Ario &
Setiawan, 2020). In bamboo micropropagation, PGRs are
commonly incorporated into MS medium to optimize shoot
induction. For example, Venkatachalam et al. (2015) reported
that a combination of 3 mg/L BAP and 0.5 mg/L IBA resulted
in an average of 24.2 shoots per explant under optimized
conditions.

Auxins are essential hormones that regulate a wide
range of developmental processes in plant tissue culture.
Unique among plant hormones, auxins exhibit polar transport,
form concentration gradients and play a central role in
determining cell fate (Pasternak and Steinmacher, 2024).

As such, they are critical for both shoot and root morphogenesis.
Local auxin biosynthesis within plant tissues has been shown
to regulate various morphogenic processes (Brumos et al.,
2018; Zhao, 2018; Lv et al., 2019). The most frequently
applied auxins commonly used in regeneration studies are
2,4-dichlorophenoxyacetic acid (2,4-D) and a-naphthalene
acetic acid (NAA) (Suboti¢ et al., 2010; Petri¢ et al., 2015;
Hazubska-Przybyt et al., 2020; Zdravkovi¢-Kora¢ et al., 2022).
Cytokinins, when used in combination with auxins, enhance
cell division and influence cell differentiation and are widely
used in tissue culture to induce morphogenesis, promote the
formation of axillary and adventitious shoots and stimulate
cell proliferation from organs and callus tissues (Sugimoto
and Meyerowitz, 2013). The most commonly used adenine-
derived cytokinins in plant tissue culture include BAP, zeatin
[6-(4-hydroxy-3-methylbut-2-enylamino) purine], kinetin
(6-furfurylaminopurine) and isopentenyl adenine (2-iP)
(Palee, 2018; Machual et al., 2024).

(A) (B)

Fig. 2 Multiple shoot development of Dendrocalamus sp. on semi-solid
Murashige and Skoog (MS) culture medium: (A) in vitro shoot formation
from axillary buds on MS medium supplemented with 3 mg/L. BAP and
2 mg/L NAA, with arrow showing multiple shoot induction after 2 wk of
culture; (B) MS medium without hormone supplementation, showing no
multiple shoot development. Scale bars = 1 mm.

Table 2 Average shoot and root numbers with treatments of Murashige and Skoog semi-solid medium supplemented with different combinations of plant

growth regulators (PGRs)

PGR concentrations (mg/L) Number of shoots per explant

Shoot length (cm)

Number of roots per explant Root length (cm)

BAP NAA

0 0 2.00 +1.00¢ 6.33+£0.35% 1.00 £ 1.00¢ 1.77+£0.57¢°
1 0.5 14.66 = 2.08 > 5.00 +1.00° 5.33+£2.30% 2.33+£0.57¢
1 1 12.33+£2.51 6.33+0.57® 6.00 £ 2.00® 3.334+0.57
1 2 10.66 £ 1.15¢ 6.66 + 1.52® 6.00 +£2.64® 3.004£2.00°
2 0.5 11.33+2.51« 733+£1.15% 5.00£0.00° 3.66+2.08%
2 1 9.33+0.57¢ 8.00 +1.00° 7.00 £1.00° 4.66+ 1.15°
2 2 12.00 £ 2.00 « 7.33+£0.57% 5.00 +1.00° 3.33+£2.08?2
3 0.5 18.00 +1.00* 7.00 + 1.00® 6.66 £ 0.57® 433+2.51¢°
3 1 1633 £ 1.15° 7.66 +2.082 8.33+£0.57* 1.66+0.57°
3 2 24.66 +2.51° 8.33 +1.52? 6.66 +2.3% 2.334+0.57¢°

Each treatment was repeated three times, with each repetition using 10 explants.

Values (mean +SD) within each column with different lowercase superscripts are significantly different (p < 0.03).
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In the current study, the micropropagation of Dendrocalamus sp.
using semi-solid MS medium resulted in high numbers
of shoot formation. The MS medium supplemented with
3 mg/L BAP induced 100% shoot formation, consistent with
other reports highlighting the effectiveness of hormone-like
substances in promoting shoot induction in Dendrocalamus sp.
(Yasamut et al., 2022). Among the tested concentrations of
BAP (1-3 mg/L) and NAA (0.5-2 mg/L), the combination
of 3 mg/L BAP and 2 mg/L NAA yielded the highest shoot
proliferation. Additionally, treatments containing PGRs
produced a significantly greater number of roots than the control
group, although no significant differences were observed in
root length. The use of BAP—either alone or in combination
with kinetin or NAA—in the basal MS medium has also been
reported to enhance shoot multiplication in various bamboo
species (Bag et al., 2000; Bag, 2001; Jimenez et al., 2006;
Mahadtanapuk et al., 2006; Putalun et al., 2010; Perez et al.,
2013).

Study of temporary immersion bioreactor conditions

Based on the results, the Dendrocalamus sp. Tissue
samples produced optimal growth when feed every 2 hr in
500 mL of MS medium supplemented with 3 mg/L BAP
and 2 mg/L NAA, using 10 explants per bioreactor bottle.
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Under these conditions, the significantly highest number of
shoots was an average of 72.33 shoots per bottle and a mean
shoot height of 18.00 cm. However, the greatest number of
leaves and roots was recorded under different conditions—
feeding with 250 mL of medium every 2 hr—which resulted
in 34.66 leaves and 35.33 roots per bottle, respectively (Fig. 3)
Frequent feeding using the TIB system allowed the explants
to be periodically immersed in liquid medium, ensuring uniform
nutrient absorption by all plant tissues, thereby enhancing
growth and multiplication (Teisson and Alvard, 1995).
This finding was consistent with the study by Singhanukunkit
(2022), who reported that feeding Dendrocalamus sp. every
6 hr in a TIB system produced the highest number of new
shoots (3.33 shoots per explant) and the tallest shoot height
(7.33 cm). Similarly, Gutiérrez et al. (2016) found that Guadua
angustifolia (Nine Star Bamboo) cultured in a RITA® TIB
system with 6 hr feeding intervals produced the greatest shoot
and leaf development per explant. The finding from these
studies suggested that optimizing the frequency and duration
of the nutrient immersion significantly enhanced bamboo
shoot proliferation. Consistent with Garcia-Ramirez et al.
(2014), who reported superior shoot multiplication in Bambusa
vulgaris (black bamboo) using TIB compared to semi-solid
medium, it can be supported that TIB systems offer a more
effective platform for large-scale bamboo propagation.
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Fig.3 Effects of culture medium volume and feeding frequency on (A) average number of shoots per bottle pair, (B) shoot height, (C) number of
leaves, and (D) number of roots in Dendrocalamus sp. after 8 wk of culture in a temporary immersion bioreactor system. Error bars indicate mean + SD.
Different lowercase letters above columns indicate significant differences (p < 0.05). Treatments T1-T3 = 250 mL medium with feeding every 2, 3,
and 4 hr, respectively; T4 —T6 = 500 mL medium with feeding every 2, 3, and 4 hr, respectively, respectively; T7-T9 = 1,000 mL medium with

feeding every 2, 3, and 4 hr, respectively.
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Survival and acclimatization of plantlets

In total, 20 plantlets cultured on semi-solid MS medium,
along with donor plants, were transferred to a nursery following
the hardening protocol described by Marulanda et al. (2005)
(Fig.4) There were no significant morphological differences
between the tissue culture-derived plantlets and the donor
plants during acclimatization. DNA-based molecular analysis
using polymerase chain reaction amplification was performed
to assess genetic uniformity. All primers produced clear bands
in the range 200-3000 bp and no polymorphic bands were
observed among the tissue culture-derived samples and donor
plant controls, including those amplified with the OPA11
primer (data not shown). These findings confirmed the genetic
stability of the regenerated plants and supported the reliability
of the micropropagation protocol used for the Dendrocalamus
sp. Furthermore, despite the influence of physiological,
morphological and environmental factors on plant growth, the
results of this study demonstrated the protocol's potential for
future large-scale propagation, achieving a 99% survival rate
under both greenhouse and field conditions (data not shown).

A ~ (B)
' 1

Fig. 4 Micropropagation and acclimatization stages of Dendrocalamus
sp.: (A) shoot multiplication on semi-solid Murashige and Skoog (MS)
medium supplemented with 3 mg/L BAP and 2 mg/L NAA (scale bar
=1 cm); (B) root induction on half-strength MS medium without plant
growth regulators (scale bar = 1 cm); (C) plantlets acclimatized under
greenhouse conditions (scale bar = 10 cm); (D) temporary immersion
bioreactor system used for in vitro propagation; (E) transplanted
Dendrocalamus sp. in field conditions at Wianglor Wildlife Sanctuary
(scale bar = 50 cm)

Other studies have reported survival rates of over 70%
for various bamboo species during the hardening phase
(Gielis and Oprins, 2002; Sharma et al., 2022). In the current
study, the Dendrocalamus sp. plantlets aged 1 yr from
all treatments were successfully transferred to field conditions
at the Wianglor Wildlife Sanctuary, under the management
of the Department of National Parks, Wildlife and Plant
Conservation in Phayao Province, Thailand. The planting site
was in a dry, degraded forest area covering approximately
287 ha, of which 40 ha have been designated specifically
for bamboo cultivation. Plant growth and wood yield were
monitored to assess the suitability of the tissue culture-derived
plantlets for reforestation purposes. Given the scale of the
reforestation effort and the need for a substantial number of
bamboo plants, the protocol developed in the current study
should have considerable practical value by offering a viable
solution for both commercial bamboo production and forest
restoration initiatives.

Based on the results the semi-solid tissue culture
method produced 1,382 times more Dendrocalamus sp.
plantlets than the conventional stem cutting technique.
In addition, the tissue culture approach required only 4 mth—
two subculture cycles less than the time needed for stem
cutting—to achieve mature, transplantable bamboo plants.
A comparison of the two propagation methods is illustrated
in Fig. 5 The stem cutting method involves the selection
of donor plants, explant preparation, root induction and
acclimatization, resulting in the production of approximately
10 bamboo plants per cycle. In contrast, the tissue culture
technique involves the surface sterilization of the seeds or
explants, shoot and root induction, shoot elongation and
acclimatization, ultimately yielding approximately 13,824
plantlets per cycle. This highlights the considerably higher
efficiency and scalability of tissue culture for bamboo propagation.

Furthermore, the coordination between in vitro culture
conditions and the environment-controlled room is critical,
as plantlets exhibiting vigor in vitro must also demonstrate
robust growth during acclimatization under controlled
ex vitro conditions (Sharma et al., 2022). For example,
the cultivation of Anubias barteri broadleaf shoots in
a TIB system significantly outperformed semi-solid medium
cultures, with notable improvements in seedling count, leaf
number, shoot height, fresh weight and dry weight. Then, upon
transfer to ex vitro environments, the plantlets derived from
the TIB system achieved a 100% survival rate, likely due to
their enhanced vigor and absence of hyperhydricity, allowing
for effective acclimatization (Teanchartsakul et al., 2019).
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COMPARISON OF STEM CUTTING
AND TISSUE CULTURE

Explant from donor plant Explant from donor plant

Use a planting area of of 4 x 4 m
spacing in field conditions; mother
plant aged > 3 yr

Explant from donor plant,
Surface sterilization
Semi-solid MS medium without PGRs

1 plant 36 mth l
Explant
Select branches with aerial roots
that are brown or yellowish-brown
in color and have a diameter of
2.5-3.8 cm. Cut the tips of
the branchlets and cut the branches

Semi-solid medium
1 explant gives about 24 shoots
MS medium supplemented
with 3 mg/L BAP
and 2 mg/L NAA

24 shoots l 2 mth

Subculture
Twice every 2 mth

. K MS medium supplemented
Root induction
with 3 mg/L BAP

Dip in root stimulator and 2 mg/L NAA
Cover the base of the cut branches l

ith rice st d d 13,824 shoots

with ri raw or dry grass an _
hem th. Sho lon on

water t thoroughly ot e gat

1/2 MS medium
13,824 shoots 1 1 mth

off the bamboo stem
10 branches l

4 mth

10 branches l 1 week

Acclimatization
Place the cutting in a seedling bag
with a loamy soil mixed with
rice husk ash or coconut coir in a

Acclimatization
Place the cutting in a seedling bag
with a loamy soil mixed with
rice husk ash or coconut coir in a
1:1 ratio Water thoroughly and provide
shade with a 50—-70% shade net. shade with a 50-70% shade net

10 plantlets 1 8 mih 13,824 shoots l 8 mih

10 13,824
plants produced plants produced

1:1 ratio Water thoroughly and provide

Fig. 5 Schematic representation of tissue culture in semi-solid medium
and stem cutting propagation, where BAP = 6-benzylaminopurine, MS
= Murashige & Skoog medium, NAA = naphthaleneacetic acid, PSG =
Penicillin—Streptomycin—Glutamine.

Furthermore, plants propagated in TIB systems have been
shown to exhibit improved physiological functions—including
enhanced photosynthesis, respiration, chlorophyll synthesis
and stomatal regulation—which contribute to their successful
adaptation during the acclimatization phase (Aragén et al.,
2014).

Bamboo plants with strong root systems and well-developed
branches can be propagated using cuttings to produce numerous
genetically identical offspring (Suwal et al., 2020). However,
TIB systems enable much faster and more efficient propagation
than conventional methods (Etienne and Berthouly, 2002).
Gomez-Cruz et al. (2024) reported that by the third production
cycle using TIB, the unit cost per CP-Jacona mother plant was
lower than that of imported Festival or Camarosa strawberry

varieties. This reduction in cost was attributed to the high
proliferation rate and the minimal loss during handling in
the TIB system, making it a more economical alternative.
Similarly, Pozoga et al. (2024) found that TIB was more
cost-effective than agar-based cultures, primarily due to
reduced labor requirements. In agar-based systems, labor
accounted for 43% of total production costs, followed by
materials and reagents, which represented 25%. These findings
supported the economic advantages of adopting TIB for
large-scale plant propagation, including bamboo.

In the TIB system, production materials and reagents
account for the largest share of total costs, followed by
labor. Despite these input costs, TIB enables considerably
faster plant multiplication compared to agar-based cultures.
In fact, plants produced during the multiplication phase
using TIB are approximately twice as cost-effective as those
generated through agar culture . While rooting contributes
a substantial portion of production costs in both systems,
TIB has demonstrated superior overall efficiency and cost-
effectiveness (Pozoga et al., 2024). In the current study,
the estimated cost of producing Dendrocalamus sp. via semi-
solid medium culture was approximately THB 5.88 per plant
(USD 1 = THB 32), compared to THB 3.02 per plant using
the TIB system. In contrast, the cost of propagation via stem
cutting was around THB 3.00 per plant (data not shown).
However, stem cutting is limited by its low propagation rate,
as a single mother plant can typically yield only 5-10 branches
(Fig. 5) Tissue culture, particularly via the TIB system, offers
a more time-efficient and scalable solution, making it highly
suitable for meeting the large-scale propagation demands
of the bamboo industry.

Conclusions

An efficient micropropagation protocol was presented
for Dendrocalamus sp., demonstrating the effectiveness
of specific PGR combinations and culture systems. Shoot
multiplication was induced successfully, with a maximum
average of 24.66 shoots per explant observed on semi-solid
MS medium supplemented with 3 mg/L BAP and 2 mg/L NAA
after 8 wk of culture. The TIB system enhanced production.
The optimal condition—feeding every 2 hr with 500 mL of MS
medium and 10 explants per bottle—resulted in a significantly
higher shoot yield, reaching 72.33 shoots per bottle pair.
Furthermore, the protocol achieved a 99% survival rate across
all substrate types under both greenhouse and field conditions.
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No morphological differences were observed between
regenerated plantlets and donor stock plants, confirming the
genetic and phenotypic stability of the propagated material.
This protocol offers a scalable, cost-effective solution for
large-scale propagation and reforestation of Dendrocalamus sp.
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