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Abstract: Grammatophyllum speciosum is an endangered wild orchid with medicinal properties. This
research propagated G. speciosum from vegetative organs grown under different NaCl-stressed
conditions. Half-strength Murashige and Skoog (2 MS) medium supplemented with a combination
of 1 mg L-1 1-naphthaleneacetic acid (NAA) and 0.5 mg L-1 6-benzylaminopurine (BAP) proved to
be a suitable medium for shoot formation (32.33 + 2.52 shoots per explant). The protocorm-like bodies
were transferred into a temporary immersion bioreactor (TIB) system. A 10-min immersion time
every 3 h enhanced the maximum number of shoots, the shoot height, and the fresh growth index
(127.00 £ 2.16, 5.00 = 0.51 cm and 4.26 + 0.52, respectively). Rooting of proliferated plantlets from the
TIB system was successfully achieved in Vacin and Went medium. The plantlets were maintained in
¥ MS medium supplemented with Sodium chloride (NaCl) (0, 50, 100 or 200 uM) under white light-
emitting diode light to induce the total phenolic content (TPC) from in vitro culture for 72 h. The TPC
was highest in the medium with 100 pM NaCl (111.06 + 2.24 mg gallic acid equivalents g-1 dry
weight). The diphenyl picrylhydrazyl antioxidant activity was 24.50 + 0.76% and ferric reducing
antioxidant power values were in the range 2,441.79 + 1.21 to 2,491.96 + 3.23 uM ascorbic acid
equivalent g-1 dry weight. The G. speciosum extracts showed antibacterial activity against acne
pathogens, with minimum inhibitory concentration and minimum bactericidal concentration values
in the ranges 6.4-12.8 mg mL-1 and 12.8-25.6 mg mL-1, respectively.

Keywords: antioxidant activity; biological activity; bioactive compounds; medicinal plant;
micropropagation; temporary immersion bioreactors

1. Introduction

Grammatophyllum speciosum is an endangered wild orchid with various medicinal properties. G.
speciosum distributes across the southern islands of the Pacific Ocean and the tropical regions of
Southeast Asia, including Thailand [1]. It is commonly known as the Giant orchid or Tiger orchid. In
Thailand, it is known as ‘waan phet cha hueng’. G. speciosum is used as a Thai traditional medicine
for the treatment of fever, insect bites, skin rashes, and as an anti-inflammatory elixir [2]. Currently,
G. speciosum pseudobulb ethanolic extract exhibits various promising pharmacological activities to
treat breast cancer [3]. In addition, this extract has been utilized in the cosmetics industry for its
antioxidant, anti-aging, and anti-collagenase activities [4], as well as for its skin-whitening efficacy
[5]. These therapeutic effects result from the biological compounds produced through the plant’s
metabolism.
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The cultivation of plant cells, tissue, and organs serves as a crucial tool for investigating the
processes associated with plant growth and development [6, 7]. Such cultivation produces disease-
free plants that are used for breeding, propagation, and the conservation of endangered plant species.
In vitro plant propagation presents a viable alternative for bioactive compound production [8]. A
temporary immersion bioreactor (TIB) is an innovative system designed for plant tissue culture using
a liquid medium. This system excels in simultaneously and efficiently producing large quantities of
plants by providing a suitable medium and controlling the timing of nutrient delivery. An essential
function of the TIB system is ensuring that plant tissues are not continuously submerged in the liquid
medium, which is especially valuable in preventing them from becoming overly succulent [9]. The
first TIB system for banana propagation was reported by Alvard [10]. Subsequently, the TIB system
has been used globally for the large-scale micropropagation of crops [11-14], medicinal plants [15-
16], and other economic plants [11, 17]. The shoot multiplication rate was significantly enhanced by
two-fold to more than ten-fold in a TIB, compared to semi-solid culture methods [18-20]. In addition,
micropropagation using the TIB system has been reported for several orchid species, such as Cattleya
tigrine [21], Dendrobium sp. [22, 23], Phalaenopsis sp. [24], Vanilla planifolia [25], and Vanda tricolor [9].

Therefore, this could be an interesting approach to cultivating G. speciosum because this plant
reproduces by seed propagation or the separation of pups (suckers). Nevertheless, the conventional
seeding method is difficult, as many seeds tend to disperse naturally, resulting in a low survival rate
due to insufficient nutrients for germination [26]. In addition, the suckers process is protracted,
requiring a substantial period to establish robust mother plants [27]. Importantly, the propagation of
G. speciosum using aseptic techniques is highly advantageous because it enables rapid production of
high-quality plants within a short timeframe. This not only ensures a sufficient supply for immediate
use but also facilitates the conservation and preservation of the mother plant for future applications
and sustainability. Consequently, the current research evaluated the efficiency of cultivating G.
speciosum from vegetative organs grown in various media for shoot and root inductions. In addition,
the study determined suitable culture conditions for enhancement of bioactive compound production
under NaCl stress and the optimal immersion time in the TIB system to efficiently stimulate shoot
multiplication. Furthermore, this research examined the biological properties of G. speciosum crude
extracts.

2. Results and Discussion
2.1. Induction of protocorm-like bodies

The shoot apex and nodal segments of G. speciosum cultivated in various media induced PLBs
(Figure 1a). The formation of PLBs visibly appeared after 21 days of culture. However, the explants
of G. speciosum showed different growth and development. Some explants formed friable calluses
that were clearly visible on the node of the explant after 14 days of culture. The friable calluses
covered the node surface and varied from white to milky white (Figure 1b). Shoot formation was
observed on the surface of the shoot apex and was clearly detected and showed good growth after 28
days of culture. The occurrence of these PLBs reached its highest point at 35 days and remained
consistent thereafter until 42 days. The PLBs displayed vigorous growth and demonstrated the
capacity to develop into mature shoots (Figure 1c-j).

The greatest number of shoots from the induction of PLBs was observed in the T2 medium
(Figure 2 and Table 1). Consequently, T2 was adopted as the suitable medium for shoot formation,
and it had the greatest number of shoots compared to the other media. The sample with the greatest
number of shoots had the highest fresh growth index. The T4 medium had the lowest shoot number;
however, the shoots appeared to be fully tillering and had large stems. Therefore, its fresh growth
index was not different from the control (T1), while the T3, T5, and T6 media formed similar shoot
numbers to T1 but had different fresh growth index values. Samala [28] investigated the PLBs
formation of G. speciosum in a conventional solid medium (¥2 MS + BA + NAA); they reported an
increase in the number of PLBs to 6.87 shoots explant? after 70 days of cultivation. Notably, the
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current work successfully induced the formation of PLBs in a liquid medium (%2 MS + 1 mg L-* BAP
+0.5 mg L' NAA), resulting in 35.00 + 3.00 shoots per explant within 42 days (Table 1).

The formation of PLBs in liquid medium with a shorter cultivation time was compared to that
in the solid medium. In addition, the optimal proportion of BAP and NAA considerably promoted
shoot generation in G. speciosum. The interaction between auxin and cytokinin regulates meristem
development, which is important in creating the whole plant body [29]. The presence of elevated
levels of cytokinin, such as BAP, exerts an influence on apical dominance by promoting the formation
of axillary and adventitious shoots; conversely, higher levels of auxin have been found to activate the
formation of adventitious roots [30, 31]. Other studies have demonstrated that optimal shoot
proliferation in different cultivars is achieved by manipulating the cytokinin-to-auxin ratio. In a study
conducted by Madhulatha [32], a pulse treatment involving a combination of 6-benzylaminopurine
(BAP) and kinetin in a 1:1 ratio increased shoot formation in banana (Musa spp.). Jafari [33] revealed
that a concentration of 33 uM BAP stimulated the multiplication of abnormal shoots in banana (Musa
acuminata cv. Berangan), while shoot elongation was supported by indole-3-acetic acid. Additionally,
Rahman [34] reported that the combination of 4.0 mg L' BAP and 1.5 g L' NAA activated shoot
formation in banana (Musa sapientum). The current study showed that the %2 MS medium
supplemented with 1 mg L' BAP and 0.5 mg L' NAA was appropriate for shoot multiplication in G.
speciosum.

42 days
35 days 21 days

28 days o
21 days

14 day A
7 days \
é M ;

Figure 1. Morphological development of G. speciosum. (a) Nodal segment of explant. (b) Formation of friable calli

3 mm

from nodal segment after culture in T2 medium. (c-d) Top view of explant showing formation of PLBs from
shoot apex after 14 days of culture in T2 medium. (e—f) PLB formations were clearly detected and showed well-
grown explant surface after 21 days of culture in T2 medium. (g—i) Shoot development at different growth stages
on explant after 28 days (g), after 35 days (h), after 42 days (i) of culture in T2 medium. (j) Shoot with different
growth stages from 7 days to 42 days after subculture. (k) Plantlet with different growth stages showing root
development in root induction medium (RT5) from 7 days to 28 days of culture. (1) Plantlets of G. speciosum after

transplantation for 3 months.
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Figure 2. Effect of plant growth regulator on shoot proliferation of G. speciosum after 42 days of culture. (a) T1
medium, 2 MS. (b) T2 medium, %2 MS supplemented with 1 mg L' NAA and 0.5 mg L' BAP. (c) T3 medium, %
MS supplemented with 1 mg L' NAA and 1 mg L' BAP. (d) T4 medium, %2 MS supplemented with 2 mg L
NAA and 0.5 mg L BAP. (e) T5 medium, %2 MS supplemented with 2 mg L' NAA and 1 mg L BAP. (f) T6
medium, ¥2 MS supplemented with 2 mg L' NAA and 2 mg L' BAP.

Table 1. Effect of PLB induction media on morphological development of G. speciosum. Values are the means of
10 replicates + SD. Different letters indicate significant difference between treatments based on Tukey’s multiple

comparisons test (p<0.05).

Hormone

Number of shoots explant! Fresh growth index
Treatment (mg/L)
BAP NAA 28 days 35 days 42 days 28 days 35 days 42 days
18.33 + 19.33 + 0.63 +
T1 - - 9.00 £1.73b 544 + 046> 6.69 +0.40°
1.53b 1.15° 0.11
16.00 = 3233+ 35.00 + 1.00 =
T2 1.0 0.5 8.78+2.09¢ 9.92+1.312
1.732 2.522 3.002 0.34
7.67 + 18.00 = 18.67 + 0.55+ 6.41 +
T3 1.0 1.0 5.14 £0.77°
0.58¢b¢ 2.00° 2.08° 0.15 0.77v¢
10.67 = 1233 + 0.23 + 444 + 4.88 +
T4 2.0 0.5 4.33 +2.31¢
1.15¢ 1.53¢ 0.07 1.07bc 0.60<d
8.00 + 12.67 + 13.67 + 0.66 + 4.89 + 583+
T5 2.0 1.0
1.00Pe 2.08¢ 1.53¢ 0.12 0.19¢¢ 0.06b¢
5.67 + 0.38 + 3.82+
T6 2.0 2.0 6.33£1.15¢  6.67 +0.584 3.17 £1.11¢
1.15b¢ 0.06 0.77¢

2.2. Effect of different immersion times and frequencies on shoot multiplication

In the TIB system, both the immersion time and frequency were identified as crucial parameters
affecting the shoot multiplication efficiency of G. speciosum (Figure 3). Notably, there were significant
differences in growth parameters between immersion times of 5 min and 10 min. Immersion for 10
min every 3 h (IF4) enhanced the maximum number of shoots per explant and greatest shoot height,
as well as the fresh growth index (127.00 + 2.16 shoots per explant, 5.00 + 0.51 cm, and 4.26 + 0.52,
respectively). According to the data in Table 2, the growth parameters of 10-min immersion decreased
significantly when the immersion times reached 6 h (IF5) and 12 h (IF6), respectively. With immersion
for 5 min, there were no observable differences in the number of shoots per explant or shoot height
between 3, 6, and 12 h (IF1, IF2, and IF3, respectively). Nevertheless, it is worth noting that the
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immersion for 5 min every 3 h (IF1) resulted in the lowest number of shoots per explant and the
lowest fresh growth index compared to all other immersion treatments. Ekmekgigil [35] conducted a
study that showcased the effectiveness of utilizing the RITA® temporary immersion bioreactor for
efficient in vitro mass propagation of Cattleya forbesii Lindl. through PLBs. Their study revealed that
immersion for 1 min every 4 h produced the highest number of shoots as 111.9 shoots per explant
from inoculum densities 20 explant in 250 mL medium [35]. Based on these findings, the optimal
system for growth and development to increase the number of shoots of G. speciosum was immersion
for 10 mins every 3 h (IF4).

Figure 3. Shoot multiplication from protocorm-like bodies under different immersion times and frequencies
within TIB system after 1 month. (a) IF1: 5 min immersion time every 3 h. (b) IF2: 5 min immersion time every 6
h. (c) IF3: 5 min immersion time every 12 h. (d) IF4: 10 min immersion time every 3 h. (e) IF5: 10 min immersion

time every 6 h. (f) IF6: 10 min immersion time every 12 h.

Table 2. Effect of different immersion times and frequencies on shoot multiplication of G. speciosum after 1 month
in TIB system. Values are the means of 6 replicates + SD. Different letters indicate significant difference between

treatments based on Tukey’s multiple comparisons test (p<0.05).

Immersion frequency

No. Shoot height Fresh growth
Treatment Time day-
Immersion shoots/explant (cmy index
1
IF1 8 5 min, every 3 h 20.00 + 0.824 2.77 £ 0.31bc 0.23 +0.02¢
1F2 4 5 min, every 6 h 38.00 +2.94¢ 1.93 +0.12bc 2.12 +0.63P
1IF3 2 5 min, every 12 h 33.00 + 3.27< 1.10 £ 0.33« 2.32 +0.50°
IF4 8 10 min, every 3 h 127.00 + 2.162 5.00 + 0.512 4.26 +0.522
IF5 4 10 min, every 6 h 95.33 + 7.59b 1.27 +0.124 3.21 +£0.592b
10 min, every 12
IF6 2 47.33 £ 5.56° 3.70 + 0.45 3.05 + 0.502b

h

2.3. Root induction

The G. speciosum multiple shoots cultured in the TIB system were subsequently transferred to
six different rooting media to induce roots (Figure 4). All media supported the growth of G. speciosum
(Figure 5). Notably, successful root germination occurred in the RT1, RT2, RT5, and RT6 media. The
RT5 medium promoted the highest root number and longest root length (Figure 1k, 8 and Table 3).
Conversely, root germination was not observed in the RT3 and RT4 media, both of which were based
on the full MS medium. Additionally, the plantlets exhibited atypical growth characterized by
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abnormal elongated stems and unhealthy plantlet, indicating possible symptoms of excessive
nutrient exposure in the G. speciosum culture. The composition of the MS medium consisted of both
macro- and micro-nutrients, as outlined by Murashige and Skoog[36]. On the other hand, the VW
medium comprised three macronutrients (potassium nitrate, ammonium sulfate, and
monopotassium phosphate) along with essential micronutrients (magnesium sulfate, manganese
sulfate, and ferric sulfate), according to the report by Vacin and Went [37]. The current results were
consistent with their findings, which indicated that the VW medium provided suitable nutrients for
promoting the root growth of G. speciosum (Figure 5d and 8e). Therefore, nutrient uptake could
potentially play a significant role in physiology [38] and morphological development. In addition,
the RT5 medium contained coconut water and bananas; another study highlighted the growth-
enhancing effects of coconut water on orchids, leading to elevated propagation rates [39].
Furthermore, the combined application of coconut water and banana additives reportedly enhanced
root regeneration in Florida’s native orchid species [40]. Therefore, supplemented coconut water and
banana in VW medium played an important role to root induction without negative effect on shoot
growth of G. speciosum.

Figure 4. Overview of G. speciosum propagation. (a) Development of PLBs for shoot induction in TIB system
(IF4) after 7 days. (b) Shooting in TIB system after 1 month. (c) Multiplication of shoots within TIB system after
3 months. (d) Plantlets on RT5 medium after 3 months.

Figure 5. Overview of G. speciosum propagation. (a) Development of PLBs for shoot induction in TIB system
(IF4) after 7 days. (b) Shooting in TIB system after 1 month. (c) Multiplication of shoots within TIB system after
3 months. (d) Plantlets on RT5 medium after 3 months.
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Table 3. Effect of root induction media on morphological characteristic of G. speciosum after 1 month. Values are
the means of 10 replicates + SD. Different letters indicate significant difference between treatments based on
Tukey’s multiple comparisons test (p<0.05). nd means ‘not detected’. " means VW medium supplemented with

150 mL L coconut water, 100 g L' banana and 50 g L potato.

Hormone No.
Medium Length Fresh Shoot Length
(mg L) No. roots Leaves
Treatment of root growth Height of leaf
/explant explant
» MS BAP NAA (cm) index (cm) . (cm)
0.40 + 117+050 235+ 4.50 + 1.25+
RT1 1.0 0.5 1.00+0.00
A MS 0.10° c 0.15 0.50 0.05
12 MS 0.50 + 0.20 = 3.45+ 3.50 + 220+
RT2 - 0.5 2.42 +0.08
0.50° 0.20° 0.35 0.50 0.30
1.75+£0.08 2.65+ 4.50 = 0.95 +
RT3 MS 1.0 0.5 nd nd
b 0.15 0.50 0.15
1.83+0.17 275 3.50 + 1.75+
RT4 MS - 0.5 nd nd
b 0.25 0.50 0.25
2.50 £ 135+ 392+025 285+ 4.50 + 225+
RT5 VW* - -
0.502 0.152 a 0.05 0.50 0.15
0.50 + 050+ 3.00£033 335z 3.50 + 0.95 +
RT6 VW* - -
0.50° 0.50® ab 0.15 0.50 0.25

2.4. Effect of NaCl stress on total phenolic content

The total phenolic content of the plantlets extracted with ethyl alcohol was determined
using the regression equation determined for gallic acid (y = 0.0034x + 0.0005; R? = 0.999). The highest
total phenolic content was in the 100 uM NaCl treatment (111.06 + 2.24 mg GAE g DW) compared
to the 0 pM NaCl treatment (control = 83.71 + 2.47 mg GAE g DW), as shown in Figure 6a. The total
phenolic contents were 92.39 + 2.86 and 82.50 + 2.63 mg mg GAE g! DW in the 50 and 200 uM of NaCl
treatments, respectively. Chowjarean [41] reported that the phenolic compounds analyzed from
naturally grown G. speciosum ethanolic extract had a total phenolic content of 48.19 + 0.39 mg EGCG
equivalent g extract. Cultivating G. speciosum using aseptic techniques can significantly reduce the
required growth period to produce high-quality biological extracts. Importantly, this method does
not reduce the total quantity of phenolic compounds. Furthermore, this approach has the potential
to regulate the increase in total phenolic content by incorporating nutrients (NaCl) into the cultivation
medium. This approach aligns with research by Nag & Kumaria [42] which indicated that NaCl can
stimulate the production of phenolic compounds in Vanda coerulea Griff. ex Lindl. Similarly, the
current findings showed a significant increase in the total phenolic content after NaCl treatment,
which is responsible for protecting the plant from the harmful influences of salt stress [43-46].
However, notably, in some plants, exposure to high salinity can lead to ion imbalances, hyper-
osmotic stress, and subsequent osmotic and oxidative stresses [47]. In addition, salinity stress
stimulates the phenylpropanoid biosynthetic pathway; accordingly, it supports phenolic
compound accumulation [48]. According to these reports, salinity acts as an elicitor to induce the
accumulation of phenolic compounds in plants. The study of environmental stress combinations is
an interesting concept that has led to high levels of secondary metabolite production in G. speciosum.

2.5. Antioxidant activity

The antioxidant activity of G. speciosum extract based on DPPH and FRAP assays is shown in
Figure 6. The G. speciosum extracts treated with 100 uM NaCl showed the highest potential DPPH
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scavenging activity compared with the untreated condition (0 uM NaCl) (24.50 + 0.76% and 3.93 +
0.36%, respectively), as shown in Figure 6b. The DPPH scavenging activity levels in 50 and 200 uM
NaCl were 14.59 + 1.04% and 16.29 + 0.84%, respectively. Previously, the percentage of DPPH
scavenging activity in Cottonia peduncularis and Dendrobium spp. orchids were 29.83% and 32.58%,
respectively [49, 50]. The FRAP assay is based on the capacity of antioxidants to reduce the
[Fe(IT)(TPTZ)2]** complexes to [Fe(Il)(TPTZ):2]**. The FRAP value was calculated using a standard
curve of ascorbic acid concentrations ranging from 0 to 1,000 pM (y = 0.0012x + 0.0022; R? = 0.999).
The G. speciosum extracts treated with 100 uM NaCl had reducing activity within the range 2441.79 +
1.21 to 2491.96 + 3.23 uM AAE g DW (Figure 6¢). The FRAP values were within the range 1129.48 +
0.57 to 1132.62 + 1.00 for the control (0 pM NaCl). The G. speciosum extracts treated with 50 and 200
uM NaCl have a reducing activity within the range 1904.17 + 3.09 to 1927.74 + 2.69 uM AAE g' DW
and 2385.85 + 3.35 to 2397.88 + 2.68 uM AAE g DW, respectively. In addition, these results presented
a positive correlation between the total phenolic content and the antioxidant capacity in the G.
speciosum plantlets treated with 100 uM NaCl. Elsewhere, the radical scavenging activity in Luisia
zeylanica [51] and Nepal wild orchids [52] had antioxidant activity levels that were correlated
positively with total polyphenolics. The results indicated that salt stress could stimulate antioxidant
activity in the plantlets of G. speciosum under TIB system.

(a) (b) (c)
150 z 30 3000
[ - a
= P = b
-2 & =
g £ ¥
= E 100 = 20 E 2000 <
fr = £
== =) -
ix £ 2y :
22 w0 w0 5 1000
2 = =
£3 & -
S & Z
=] o = 0
? "g \\\\\ _\?} ? (_‘t \Q\\ “9\\ > s‘g \Q“ '\,Q“
NaCl (M) NaCl (uM) NaCl (uM)

Figure 6. Total phenolic content and antioxidant activity levels of G. speciosum extracts under salinity treatments
for 72 h. (a) Total phenolic content. (b) Percentage of DPPH scavenging activity. (c) FRAP values. Data represent
mean + SD values of ten replications. Different lowercase letters indicate significant (p<0.05) differences among

NaCl concentrations based on Tukey's multiple comparisons test.

2.6. Antibacterial activity

From the above results, the highest total phenolic content was observed in the G. speciosum
plantlets treated with 100 uM NaCl. Consequently, they were selected for the antibacterial activity
evaluation. The G. speciosum crude extracts showed antibacterial action with the minimum inhibitory
concentration (MIC) and minimum bactericidal concentration (MBC) values (Table 4). The different
bacteria were inhibited growth and eliminated at different concentration of the extract. P. acnes (6.4
mg mL-) had the lowest MIC, followed by S.aureus (12.8 mg mL-1) and S. epidermidis (25.6 mg mL-
1). Each bacteria species died when it was treated with 2-fold extract concentration of MIC that noticed
from MBC in Table 4. Other studies reported that the bioactive compounds isolated from G. speciosum
extract included gastrodin [41, 53] and vitexin and orientin [4]. Gastrodin is a phenolic glycoside [54],
whereas vitexin and orientin are flavonoid derivatives [4] belonging to a group of phenolic
compounds that can be found in plants. Polyphenols exhibit antimicrobial activity through
interactions with bacterial cell surfaces and disruption of the membrane integrity [55, 56]. Gonzalez-
Cortazar [57] reported that gastrodin was active against S. aureus (MIC> 0.1 mg mL"). Likewise, the
MIC values of vitexin (> 1.0 mg mL-") and orientin (0.5 mg mL-') showed they have antibacterial
activity against S. aureus; however, the mechanism of action is still unknown [58]. In addition, other
orchid extracts have reported activity against acne bacteria. Irimescu [59] and Olivares [60] reported
that different parts of Phalaenopsis orchids (roots, leaves, and stems) extracts had inhibitory activity
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against different bacteria. They found that the stem and root extracts could be antimicrobial agents
for S. aureus and S. epidermidis, respectively [59]. The mixture of root and leave extracts showed the
antimicrobial activity against P. acnes [60]. The inhibitory activity could be linked to the presence of
the bioactive compound in the orchid extracts as the occurrence of phenolic in G. speciosum plantlets
revealed a potential of antimicrobial activity against pathogens causing acne.

Table 4. Antibacterial activity of G. speciosum extracts.

Bacterium MIC (mg mL1) MBC (mg mL-)
S. aureus 12.8 25.6
S. epidermidis 25.6 51.2
P. acnes 6.4 12.8

3. Materials and Methods

Plant materials and induction of protocorm-like bodies

The shoot apex and nodal segment of Grammatophyllum speciosum were cultured in half-
strength Murashige and Skoog (4 MS) liquid medium [36] supplemented with 20 g L+
sucrose and various concentrations of 6-benzylaminopurine (BAP) at 0.5, 1.0 or 2.0 mg L' and 1-
naphthaleneacetic acid (NAA) at 1.0 and 2.0 mg L.

The pH of each liquid medium was adjusted to 5.7. Then, 20 mL of each medium was dispersed
into a 250 mL tissue culture bottle. Subsequently, all media were sterilized using an autoclave
(Zealway, Germany) at 121 °C and 105 kPa pressure for 20 mins. The cultures were shaken at 110
revolutions per min at 25 + 1 °C and humidity of 51 + 2% under white light-emitting diode (LED)
light at an intensity of 37 umol m=2s for 16 h day for 42 days.

Optimization of high efficiency shoot multiplication

A sample of 0.5 cm protocorm-like bodies (PLBs) was inoculated into a 720 mL glass chamber of
a temporary immersion bioreactor (TIB). Another chamber contained 100 mL of %2 MS liquid medium
supplemented with 20 g L sucrose, 1 mg L' 6-benzylaminopurine (BAP), and 0.5 mg L 1-
naphthaleneacetic acid (NAA), as shown in Figure 7. The growth chamber was equipped with an air
compressor and a controller box programmed to regulate the frequency and duration of medium
supply (Figure 8). The immersion frequency was compared at intervals of 3, 6, or 12 h. In each case,
the PLBs were immersed for 5 or 10 min. The experimental setup allowed for the evaluation of how
different immersion intervals impacted the growth process of the PLBs. The TIB system was
maintained at 25 + 1 °C and humidity of 51 + 2% under white LED light at an intensity of 40 pmol m-
251 for 16 h day-! for 1 month.
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Root induction

The sample of 2.0 cm shoot length of G. speciosum was cultured in six different rooting media.
RT1: ¥2 MS medium supplemented with 0.5 mg L' NAA and 1 mg L' BAP, RT2: 2 MS medium
supplemented with 0.5 mg L' NAA, RT3: MS medium supplemented with 0.5 mg L' NAA and
1 mg L' BAP, RT4: MS medium supplemented with 0.5 mg L' NAA, RT5: VW medium [37]
supplemented with 150 mL L coconut water, 100 g L banana and 50 g L potato, and RT6: VW
medium. The culture media contained 20 g L' sucrose and 1 g L charcoal and was solidified using
7.2 g L1 agar. The pH of the media was adjusted to 5 using 1 M HCI and NaOH. The cultures were
maintained at 25 + 1 °C and humidity of 51 + 2% under white LED light at an intensity of 40 pmol m-
251 for 16 h day! for 1 month.

Morphological evaluation

Different stages of development in G. speciosum were observed every 7 days of culture. Fresh
explants were selected and observed under a stereo microscope with camera (Olympus SZ 40) for
morphological studies. The morphological parameters of the explant, including the number of shoots
and roots as well as the maximum length of shoots, roots, and leaves, were recorded following
cultivation in different culture media. The fresh growth index was assessed after culture using the
following equation.

Fresh Growth Index (FGI) = [Final Fresh Weight — Initial Fresh Weight] (1)
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Initial Fresh Weight

Sodium chloride stress treatments

The 1-year-old plantlets of G. speciosum were cultured in %2 MS liquid medium supplemented
with 20 g L sucrose, 1 g L activated charcoal, and sodium chloride (NaCl) at 0, 50, 100 or 200 uM to
induce the total phenolic content from in vitro culture for 72 h. The cultures were maintained at 25 +
1 °C and humidity of 51 + 2% under white LED light at an intensity of 40 pmol m- s for 16 h day!
using the TIB system (IF4, 10 min immersion time every 3 h).

Preparation of crude extract

The NaCl-treated plantlets were collected and dried in a hot-air oven at 60 °C for 2 days. The
dried samples (each 100 mg) were ground separately to a fine powder and soaked in 100 mL of ethyl
alcohol. The extracts were incubated at room temperature for 3 days and shaken occasionally. After
incubation, the extracts passed through Whatman™ No.1 qualitative filter paper (Merck, Germany)
and concentrated at 40 °C using a speed vacuum concentrator (Eppendorf, Germany). The obtained
semisolid extracts were stored at -20 °C.

Quantification of total phenolic content

The total phenolic content was determined using the Folin-Ciocalteu colorimetric method [61].
The reaction mixture was created in a 96-well plate by combining 20 pL of each extract (dissolved in
ethyl alcohol) and 100 pL of 10% (v/v) Folin-Ciocalteu reagent (VWR Chemicals, France). The reaction
mixture was incubated at room temperature for 3 min. Then, 80 pL of 1 M sodium carbonate (Na2COs)
was added and incubated at room temperature in the dark for 20 min. The absorbance was measured
at 765 nm using a microplate reader (Tecan, Switzerland). Gallic acid (Sigma-Aldrich, USA) at 0,
0.0125, 0.025, 0.05, 0.1, or 0.2 mg mL-! was used as a calibrated standard. The results were expressed
in milligrams gallic acid equivalent per gram of dry weight (mg GAE g' DW).

DPPH radical scavenging assay

The antioxidant activity of extracts was determined using 2,2-diphenyl-2-picrylhydrazyl
(DPPH), according to the method of Herald [62]. A sample (20 uL) of the extract was mixed with 200
pL of 1.5 mM DPPH solution in ethyl alcohol and incubated at room temperature in the dark for 30
min. The absorbance was measured at 517 nm using a microplate reader. Ascorbic acid (Fisher
Scientific, UK) at 0, 2.5, 5, 10, 20, 40, 80, or 160 pg mL" was used as a calibrated standard. The results
were expressed as the percentage of DPPH scavenging activity using the following equation.

DPPH scavenging activity (%) = [(AO - A1) / AO] x 100 (2)

where, A0 is the absorbance of the control and Al is the absorbance of the extract.

Ferric reducing antioxidant power assay

The ferric reducing antioxidant power (FRAP) assay was carried out using the method described
by Benzie and Strain [63], with minor modifications for use in a 96-well microplate. The FRAP reagent
was prepared by mixing 300 mM sodium acetate buffer (pH 3.6), 10 mM 2,4,6-tripyridyl-s-triazine
(TPTZ) in 40 mM hydrochloric acid, and 20 mM ferric chloride hexahydrate (FeCls-6H20) solution in
the ratio 10:1:1 at 37 °C in the dark. Then, 20 pL of each extract was mixed with 280 pL of freshly
prepared working FRAP reagent. The reaction mixture was incubated at 37 °C in the dark for 30 min.
The absorbance of the ferrous-tripyridyltriazine (Fe (II)-TPTZ) complex blue color was measured at
593 nm using a microplate reader. Ascorbic acid (at 0, 62.5, 125, 250, 500, or 1,000 uM was used to
build up a calibration curve. The FRAP value was expressed in micromoles of ascorbic acid
equivalent per gram of dry weight (uM AAE g DW).
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Antibacterial activity

Staphylococcus aureus (DMST 8840), Staphylococcus epidermidis (DMST 15505), and
Propionibacterium acnes (DMST 14916) were obtained from the Herbal and Bioactive Substances
Technology Laboratory, Kasetsart Agricultural and Agro-Industrial Product Improvement Institute
(KAPI), Bangkok, Thailand. The two aerobic bacteria (S. aureus and S. epidermidis) were cultured on
tryptone soy agar at 37 °C for 24 h. The aero-tolerant anaerobic bacterium (P. acnes) was cultured on
brain heart infusion agar at 37 °C for 72 h under anaerobic conditions. The colonies were evenly
suspended in 0.85% NaCl and diluted to a turbidity equivalent to McFarland No. 0.5 (108 colony
forming units mL1).

The minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC)
were determined using the two-fold serial microdilution method [64]. The diluted extracts (in
dimethyl sulfoxide) were prepared at concentrations in the range 0.05-102.4 mg mL- with sterile
Mueller-Hinton broth (for S. aureus and S. epidermidis) and brain heart infusion broth (for P. acnes)
before adding the bacterial suspensions (each 100 puL) into the 96-well microtiter plates. S. aureus and
S. epidermidis were incubated at 37 °C for 24 h, while P. acnes was incubated at 37 °C under anaerobic
conditions for 72 h. The bacterial suspensions were used as positive controls and the crude extracts
in broth were used as negative controls. The MIC values were defined as the lowest concentration of
the crude extracts to inhibit the growth of microorganisms. MBC was determined by inoculating a
broth with no visible bacterial growth onto agar plates. The MBC values were defined as the lowest
concentration of the extracts needed to kill each bacterium.

Statistical analysis

Comparisons of the data between the treatments were carried out based on Tukey's multiple
comparisons test, with significance tested at p<0.05 using GraphPad Prism 6 software (GraphPad
Software, Inc., USA). Results were expressed as mean + standard deviation (SD) values.

4. Conclusions

The current effectively identified an appropriate medium for both shoot and root induction. In
addition, the application of the TIB system was successful in enhancing the micro-propagation of G.
speciosum under controlled and sterile conditions. The efficient TIB technology described herein was
the first reported for cultivating G. speciosum. This methodology not only ensures heightened quality
but also offers remarkable efficiency in the production of bioactive compounds. These findings
demonstrated that NaCl stress played a role in promoting the accumulation of phenolic compounds
in G. speciosum. This intensified presence of phenolic compounds was correlated directly with
antioxidant capacity. Furthermore, the extracted compounds exhibited activity against bacteria
responsible for causing acne. In Thailand, G. speciosum extract is utilized in various treatments.
Upcoming studies will focus on evaluating the biological activities of G. speciosum extracts,
particularly their anti-skin cancer and anti-bacterial properties, aiming to promote the medical
applications of Thai medicinal herbs. Overall, this TIB process should provide a strategic advantage,
offering a promising avenue for producing high-quality secondary metabolites that hold great
potential for pharmaceutical industries.
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