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Abstract

Establishing a suitable propagation protocol is important for the conservation and potential
utilization of Kaempferia chayanii (Zingiberaceae). However, no studies have reported on
its micropropagation or phytochemical profiling. Explant initiation from rhizome buds
was carried out on Murashige and Skoog (MS) medium (1962), supplemented with various
exogenous plant growth regulators in both solid and liquid media. In addition, the phyto-
chemical profile was assessed, with particular emphasis on HPLC analysis, to evaluate the
antioxidant activity of different organs under varying growth conditions. In solid medium,
the highest mean shoot proliferation (4.90 £ 0.38 shoots/explant) was obtained with
4 mg/L BA and 2 mg/L kinetin, representing 2.93 times the control value. In liquid medium,
2 mg/L BA combined with 1 mg/L TDZ produced the highest numerical mean shoot num-
ber (6.80 £ 0.47 shoots/explant), representing 1.89 times the corresponding control value.
However, no significant differences were observed among the PGR-supplemented liquid-
medium treatments. Principal component analysis (PCA) provided a clear overview of
plant responses to plant growth regulators (PGRs). Wild leaves had the highest total pheno-
lic content (TPC) (188.27 + 3.49 mg GAE/g DW), rhizomes had the highest total flavonoid
content (TFC) (19.99 + 1.77 mg RE/g DW), while leaves from micropropagated plants
(Ms1 medium treatment) showed high TPC (186.08 & 5.94 mg GAE/g DW). Antioxidant
activity revealed strong radical scavenging capacity, particularly in micropropagated plants,
as determined by the 1,1-diphenyl-2-picrylhydrazyl (DPPH) assay and the ferric reduc-
ing antioxidant power (FRAP) assay. High-performance liquid chromatography (HPLC)
analysis revealed distinct phenolic acid and flavonoid profiles among plant samples. This
study represents the first report on the micropropagation and phytochemical profiling of K.
chayanii, providing information for its sustainable propagation and potential utilization.
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1. Introduction

Kaempferia is a large genus in the ginger family (Zingiberaceae) [1]. Several species
are recognized in Thailand for their medicinal uses and as ingredients in local cuisine. For
example, Kaempferia marginata Carey ex Roscoe and Kaempferia parviflora Wall. ex Baker
are widely acknowledged for their valuable medicinal properties and pharmaceutical
applications [2,3]. In addition, several species are valued for ornamental purposes, being
noted for their attractive flowers, exotic foliage, and distinctive growth forms, such as
Kaempferia elegans Wall. and Kaempferia roscoeana Wall. [2,4].

Kaempferia chayanii Koonterm (Figure 1) is a species native to Thailand and Laos and
is currently known from limited localities in Tak and Sukhothai provinces of Thailand,
as well as in Laos [5,6]. During fieldwork, the authors observed that this species was
sold in local markets for ornamental purposes because of its attractive foliage and purple-
pink flowers. Despite its ornamental potential, information regarding its cultivation and
utilization remains limited. Although no formal conservation assessment or species-specific
threat analysis has been reported for K. chayanii, further studies are needed to clarify its
conservation status. In parallel, the development of efficient propagation methods may
facilitate its cultivation and provide alternative planting materials, potentially reducing
dependence on wild populations. More broadly, plant diversity is increasingly affected by
habitat degradation, forest encroachment, and the collection of plants from natural habitats
for commercial purposes [7,8]. These factors emphasize the importance of sustainable
propagation strategies.

Figure 1. Kaempferia chayanii Koonterm in its natural habitat. (Photo by Prof. Dr. Surapon Saensouk).

In this context, in vitro propagation techniques, particularly micropropagation and
microrhizome induction, have been widely recognized as useful approaches for producing
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planting materials under controlled conditions [9,10]. Such approaches can support the
sustainable utilization and ex situ conservation of valuable plant species by providing an
alternative source of planting materials and reducing reliance on wild-collected popula-
tions. Although in vitro propagation protocols have been reported for several Kaempferia
species [11-19], suitable plant growth regulator combinations for shoot proliferation in
K. chayanii have not yet been established. Previous studies have also examined the phy-
tochemical composition and antioxidant activity of other Kaempferia species [12,15,18,20].
However, comparable information on the phytochemical profiles of wild and in vitro-
cultured K. chayanii remains unavailable.

Therefore, this study aimed to evaluate the effects of different plant growth regula-
tor (PGR) combinations on shoot proliferation in K. chayanii using both solid and liquid
Murashige and Skoog (MS) media. In addition, the phytochemical composition and
antioxidant activities of wild plants and in vitro-cultured leaves were investigated to pro-
vide baseline information on the phytochemical properties and antioxidant potential of
this species.

2. Materials and Methods
2.1. Initial Explants, Culture Medium, and Culture Conditions

Rhizome buds were used as initial explants for experiments. They were collected from
Sukhothai Province, Thailand. The plant material was identified by Professor Dr. Surapon
Saensouk at the Walai Rukhavej Botanical Research Institute (WRBRI), Mahasarakham
University, Thailand. The specimens were deposited at the Vascular Plant Herbarium of
Mahasarakham University (VMSU), Thailand. After decontamination with disinfectants
(following the method of Saensouk et al., 2025 [18]), the explants were cultured on basal
Murashige and Skoog (1962) (MS) medium [21] containing 2 mg/L 6-benzylaminopurine
(BA; Sigma—Aldrich, Budapest, Hungary) and 0.1 mg/L 1-naphthaleneacetic acid (NAA;
Sd Fine-Chem Limited, Mumbai, India) for 8 weeks. Culture media were prepared using
MS stock solution supplemented with a solidifying agent (0.8% w/v agar) and sucrose
(8% w/v). The pH was adjusted to approximately 5.8, and the media were sterilized by
autoclaving for 15 minutes. The cultivation control room was maintained at 25 4 2 °C with
a 16-h photoperiod. Illumination was provided by fluorescent lamps (27 pmol m 2 s~!
photosynthetic photon flux density; Philips TLD 36W /54-765 Cool Daylight, Bangkok,
Thailand).

2.2. Optimization of Shoot Proliferation

To optimize plantlet regeneration, new shoots of approximately 1.0 cm (stabilized
on MS medium without plant growth regulators (PGRs) for 4 weeks) were induced by
culturing on various combinations of PGRs at different concentrations. To establish a
comprehensive formulation, auxins and cytokinins were applied either individually or
in combination in both solid and liquid MS media. The treatments included BA, kinetin
(Sigma—-Aldrich, Buchs, Switzerland), thidiazuron (TDZ; Sigma—Aldrich, Munich, Ger-
many), NAA, and indole-3-acetic acid (IAA; Sigma-Aldrich, Buchs, Switzerland). Details
of these experiments are presented in Tables 1 and 2.

The containers used to support the medium and explants were culture jars (100 mL
glass bottles) for solid medium experiments and culture flasks (250 mL Erlenmeyer flasks)
for liquid medium experiments. In solid-medium experiments, one explant was cultured
per culture jar, and ten biological replicates were used for each treatment. In liquid-medium
experiments, three explants were cultured in each flask, with five flasks per treatment (15
explants in total). Liquid cultures were maintained on a rotary shaker at 120 rpm. After
cultivation in the culture room, shoot and root production were observed and measured
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after 8 weeks of growth. For consistency with the solid-medium experiments, ten to fifteen
explants (n = 10-15) were randomly selected from each treatment for statistical analysis.

Table 1. Combination of PGRs in solid MS medium formulation to promote shoot proliferation.

Experiment No. PGRs Combination (mg/L)
S1. (6 treatments) BA (0.5-5)
S2. (16 treatments) BA (1-4) + kinetin (1-4)

S3. (5 treatments, 5 treatments) BA (0.5-5) + NAA (0.5), kinetin (0.5-5) + NAA (0.5)
S4. (5 treatments, 5 treatments) BA (1-5) + IAA (0.5), kinetin (1-5) + IAA (0.5)
S5. (5 treatments) BA (1-5) + NAA (0.5) + IAA (0.5)

Control treatment consisted of PGR-free MS medium.

Table 2. Combination of PGRs in liquid MS medium formulation to promote shoot proliferation.

Experiment No. PGRs Combination (mg/L)

L1. (3 treatments) BA (1) + IAA (0.5), kinetin (1) + IAA (0.5), TDZ (1) + IAA (0.5)
L2. (6 treatments) TDZ (1), BA (1) + IAA (0.5), BA (2) + TDZ (1), BA (2-3)

Control treatment consisted of PGR-free MS medium.

Each experimental group included its own PGR-free MS medium control. Treatment
responses were compared with the corresponding control within each group, as variation
in shoot production was observed among the controls of different experimental series.

2.3. Plant Extraction for Bioactive Compound Evaluation

Whole wild plants were collected from Sukhothai Province, Thailand, in July 2020
during the flowering season. Fresh samples were cleaned with tap water to remove residues
and subsequently rinsed with distilled water. To compare phytochemical contents among
different plant parts, the plants were separated into leaves, pseudostems, rhizomes, and
combined roots with storage roots. For in vitro-cultured plants, plantlets cultured on solid
MS medium supplemented with 2 mg/L BA and 0.1 mg/L NAA (Msl) for 8 weeks were
compared with those grown on MS medium without PGRs (Ms0). For in vitro-cultured
plants, only leaf segments were subjected to evaluation in this study. All samples were
dried using the freeze-drying method for 48 h. The dried material was then ground into
fine powder using a blender. Samples were stored at —20 °C until use.

Bioactive compounds were extracted using the shaking-maceration method, as de-
scribed by Chumroenphat et al. (2019) [22] with some modification. In brief, dried powder
samples were mixed with 80% methanol (2% w/v) and incubated at 37 °C with continuous
shaking at 150 rpm for 15 h. After extraction, the filtrate was collected and stored in a
refrigerator at 4 °C until use in experiments. The phytochemical and antioxidant analyses
were performed in triplicate using the pooled samples.

2.4. Total Phenolic Contents (TPC) and Total Flavonoid Contents (TFC)

TPC in plant extract was determined using the Folin—-Ciocalteu assay with modifi-
cation, as described by Saensouk et al. [18]. The filtered extract was incubated with 10%
(v/v) Folin—Ciocalteu solution (Sigma—Aldrich, Munich, Germany) at a 20:100 p.L ratio in
a 96-well plate for 5 min. Then, 10% (w/v) sodium carbonate (Na,CO3) was incubated
for 2 h in a dark room, and data were recorded using a UV-Vis microplate reader (Var-
ioskan™ LUX, Thermo Fisher Scientific Inc., Marsiling, Singapore) at 750 nm. The results
are reported as mg gallic acid equivalent per gram of dry weight (mg GAE/g DW), with a
calibration curve R? of 0.9985.

For TFC analysis, an aluminum chloride colorimetric method was performed accord-
ing to Saensouk et al. [18]. 125 uL of 1:4 ratio extract dilution (diluted with deionized water)
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was incubated with 10 pL of 5% (w/v) sodium nitrite (NaNO;) in well plate for 5 min.
Subsequently, 15 puL of aluminum chloride hexahydrate (10% w/v, AlCl3-6H,0) was mixed
and incubated for 6 min. To complete the reaction, 1 M sodium hydroxide (NaOH) and
deionized water at 50 uL of each solution were added to the mixture. Absorbance of the
reacted solution was measured at 510 nm with a microplate reader, and results are reported
as mg rutin equivalent per gram of dry weight (mg RE/g DW), with a calibration curve
R? =0.9980.

2.5. Assessment of Antioxidant Activity in Plant Extracts
2.5.1. DPPH Free Radical Inhibition Assay

The 1,1-diphenyl-2-picrylhydrazyl (DPPH, Alfa Aesar, Thermo Fisher Scientific,
Waltham, MA, USA) solution was prepared to conduct the radical scavenging assay of plant
extracts. This procedure followed Saensouk et al. [18]. Each plant extract (20 uL, 20 mg/mL)
was pipetted into a well plate containing 180 uL of DPPH solution (0.15 mM, diluted in
methanol). The mixture was incubated in the dark for 30 min, after which the absorbance
was recorded at 517 nm with a microplate reader. The results are expressed as percentage
inhibition of DPPH radicals, calculated according to the following equation 1:

DPPH inhibition (%) = [(Ainitial —Afinal) / Ainitial] X 100 1

Ainitial Tepresents the absorbance of the control (DPPH solution), whereas Ag,, de-
notes the absorbance of the DPPH solution mixed with extract.

2.5.2. Ferric Reducing Antioxidant Power (FRAP) Assay

The Fe**~TPTZ complex reagent was employed to evaluate the redox-linked colori-
metric reaction, where Fe®* ions are reduced to Fe?* by antioxidants. This protocol was
previously described by Saensouk et al. [18] and Kubola and Siriamornpun [23]. The
FRAP reagent was prepared by mixing 300 mM acetate buffer (pH 3.6), 10 mM TPTZ in
40 mM HCI, and 20 mM FeCl3-6H,0 (10:1:1, v/v/v), followed by incubation at 37 °C.
Briefly, 180 uL of FRAP reagent was combined with 5 pL of plant extract (20 mg/mL). The
mixture was allowed to stand for 1 min and subsequently incubated at 37 °C for 15 min.
The absorbance was then recorded at 593 nm. Results are presented as mg ferrous sulfate
(FeSO4) equivalent per gram of plant dry weight (mg FeSO,/g DW), with a calibration
curve R? = 0.9888.

2.6. HPLC Determination of Phenolic Acids and Flavonoid Compounds
2.6.1. Plant Extraction for HPLC Analysis

This protocol was adapted from Chumroenphat et al. [24]. Dried materials obtained
from both wild and in vitro-cultured plants (Section 2.3) were subjected to extraction using
the maceration method. Briefly, 0.20 g of dried powder sample was combined with 10 mL
of methanolic hydrochloric acid solution (1% v/v) and incubated at 37 °C with continuous
shaking at 150 rpm for 15 h. Before chemical determination, the resulting extract was
passed through a 0.22 um nylon membrane filter to remove particulates.

2.6.2. HPLC-Based Determination of Phenolic Acids and Flavonoids

The chromatography was performed on a Shimadzu LC-20A series system (Shimadzu
Corp., Kyoto, Japan) fitted with a C18 column (4.6 mm x 250 mm, 5 pm; GL Sciences
Inc., Tokyo, Japan). The mobile phase consisted of 0.1% (v/v) acetic acid (solvent A) and
acetonitrile (solvent B) at a flow rate of 0.8 mL/min. The operating parameters followed
the method reported by Kubola and Siriamornpun [23]. Compounds were tentatively
identified by comparing their retention times (RTs) and UV spectra with those of reference
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standards. Quantification was performed using external calibration curves, with R? values
of approximately 0.999.

2.7. Experimental Design and Statistical Analysis

Micropropagation Experiments: Experiments in this section were performed under
a completely randomized design (CRD). Each treatment was tested with ten to fifteen
replicates, which were reported as mean value with standard error (mean + SE). To compare
the different groups of each culture medium, one-way analysis of variance (ANOVA) was
conducted, and mean separations were determined using Duncan’s multiple range test
(DMRT) as a post hoc test at a significance level of p < 0.05. Normality and homogeneity of
variance assumptions (Shapiro-Wilk and Levene’s tests) were tested and confirmed before
performing ANOVA.

Principal component analysis (PCA) was performed using treatment means from
seven experimental series (51-S5 and L1-L.2), comprising 64 observations and four growth
variables: shoot number, shoot length, root number, and root length. All variables were
Z-score standardized prior to analysis. PCA was used to explore multivariate patterns
across treatments, considering differences in experimental series and culture conditions,
rather than to determine treatment superiority. The stability of PCA components was
evaluated using leave-one-series-out sensitivity analysis, in which PCA was repeated after
excluding each experimental series in turn. Variables were re-standardized for each PCA
analysis, and the similarity between corresponding eigenvectors from the full and reduced
datasets was assessed using cosine similarity after sign alignment [25]. Data analysis was
carried out using SPSS software, version 29 (IBM Corp., Armonk, NY, USA), and OriginPro
2018 software (OriginLab Corp., Northampton, MA, USA.).

Phytochemical Profiling and Antioxidant Evaluation Experiments: Each experiment
was analyzed with three technical replicates of pooled samples, and values were presented
as mean =+ standard error (SE), with mean comparisons determined by Duncan’s multiple
range test (DMRT) at p < 0.05. Pearson correlation coefficient (r) analysis was performed
using observations (n = 18), comprising six sample groups with three technical replicates
(pooled samples) per group, to evaluate the correlation among TPC, TFC, DPPH, and FRAP.
Statistical significance was assessed using two-tailed tests at p < 0.05. PCA biplots were
used to explore patterns of variation in phytochemical content and antioxidant activity.
Statistical analyses were performed using SPSS and OriginPro 2018.

3. Results

3.1. Effect of Exogenous PGRs on Shoot and Root Regeneration in Kaempferia chayanii
3.1.1. Shoot and Root Regeneration Under Different PGR Combinations in Solid Medium

Effects of cytokinin and auxin were studied to determine the optimum level for
the induction of shoot and root regeneration in K. chayanii. The results of BA hormone
(Experiment S1) on plant development are presented in Table 3 and Figure 2. No significant
differences (p > 0.05) in shoot production were observed at BA concentrations ranging
from 0.5 to 5 mg/L. However, BA at 3 mg/L (S1-B4 medium) produced higher plant
regeneration than other concentrations, resulting in 3.60 & 0.77 shoots/explant (Figure 2e)
with an average shoot length of 2.85 &+ 0.26 cm. Root production did not differ significantly
from the control medium and remained low across treatments. Root regeneration ranged
between 2.90 £ 0.60 and 4.30 & 0.51 roots/explant, while root length varied from 1.40 &= 0.14
to 1.70 == 0.11 cm.
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Table 3. Shoot and root production on solid MS medium containing different concentrations of BA in
Kaempferia chayanii after 8 weeks of culture.

Experiment No. S1

No. of Shoot Production Shoot Length No. of Root Production
Code BA (mg/L) (Shoots/Explant) (cm) (Roots/Explant) Root Length (cm)
S1-B0O 0 1.90 + 0.27 2.90 £0.10 3.70 £ 0.47 1.70 £ 0.11
S1-B1 0.5 3.20 £0.51 2.60 £ 0.23 430 £ 0.51 1.45+0.11
S1-B2 1 2.60 £ 0.16 2.75£0.17 3.80 £ 0.51 1.60 £ 0.16
S1-B3 2 2.80 £ 0.46 2.35 £ 0.15 3.30 £ 0.49 1.45+0.20
S1-B4 3 3.60 £ 0.77 2.85£0.26 3.10 £0.34 1.65 £ 0.15
S1-B5 4 2.90 £ 0.45 2.80 £0.30 3.70 £ 0.63 140 £0.14
S1-B6 5 3.10 £0.34 2.88 £0.26 2.90 £+ 0.60 1.45+0.25
ns ns ns ns

Data are expressed as mean + SE based on biological replicates per treatment (n = 10). ANOVA
significance levels are indicated as: ns = not significant.

Figure 2. Shoot and root development of Kaempferia chayanii after 8 weeks of culture on MS medium
supplemented with different concentrations of BA. (a) MS medium without PGR; (b) 0.5 mg/L;
(c) 1 mg/L; (d) 2mg/L; (e) 3 mg/L; (f) 4 mg/L; (g) 5 mg/L. Scale bar = 2 cm.

Based on these findings from BA alone, subsequent experiments were conducted to
investigate the effects of combining BA with kinetin at different concentration levels. Results
of the BA—kinetin combination (Experiment S2) are presented in Table 4 and Figure 3. This
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experiment showed that the S2-BK14 medium (4 mg/L BA + 2 mg/L kinetin) (Figure 30)
exhibited the highest shoot production, yielding 4.90 £ 0.38 shoots/explant with an aver-
age shoot length of 2.00 + 0.27 cm. Root induction was maximized in the S2-BK5 medium
(2mg/L BA + 1 mg/L kinetin), producing 9.30 &= 1.21 roots/explant. The medium enriched
with BA and kinetin showed a positive effect on shoot proliferation. However, increasing
kinetin beyond 3 mg/L together with each concentration of BA tended to decrease shoot pro-

motion. When compared with the BA-alone medium, this BA-kinetin medium combination
enhanced root production (producing 4.22 + 0.32 to 9.30 = 1.21 roots/explant); however, root
elongation remained short.

Figure 3. Shoot proliferation of Kaempferia chayanii after 8 weeks of culture on MS medium sup-
plemented with different concentrations of BA and kinetin (Kn). (a) MS medium without PGR;
(b) 1BA + 1Kn; (c) 1BA + 2Kn; (d) 1BA + 3Kn; (e) 1BA + 4Kn; (f) 2BA + 1Kn; (g) 2BA + 2Kn; (h) 2BA
+ 3Kn; (i) 2BA + 4Kn; (j) 3BA + 1Kn; (k) 3BA + 2Kn; (1) 3BA + 3Kn; (m) 3BA + 4Kn; (n) 4BA + 1Kn;
(0) 4BA + 2Kn; (p) 4BA + 3Kn; (q) 4BA + 4Kn mg/L. Scale bar =2 cm.
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Table 4. Shoot and root production on solid MS medium containing different concentrations of BA

and kinetin in Kaempferia chayanii after 8 weeks of culture.

Experiment No. S2

No. of Shoot

No. of Root

Code (nllsg?L) I(::le/t]jl Production Shoo(tCII;le)ngth Production ROO’((CI;;)H gth
& (Shoots/Explant) (Roots/Explant)
S2-BKO 0 0 167 £029¢g 1.95 +0.18 422 +0.32d 095 +0.12f
S2-BK1 1 1 1.80 £ 0.25 fg 2.06 £ 0.12 6.70 £ 0.79 abced 219 £0.30a
S2-BK2 1 2 1.90 + 0.28 efg 2.13 +0.20 6.70 + 0.88 abcd 212+ 0.28 a
S2-BK3 1 3 2.67 £ 0.33 cdefg 2.39 +0.18 8.00 £+ 0.53 ab 1.76 4+ 0.09 abcd
S2-BK4 1 4 2.00 £ 0.26 defg 1.84 +0.12 7.50 4 0.64 abc 2.03 £ 0.17 ab
S2-BK5 2 1 3.00 £ 0.30 bedefg 2.69 + 0.13 930+ 1.21a 1.89 4+ 0.14 abc
S2-BK6 2 2 2.90 % 0.31 bedefg 2.47 £+ 0.19 7.30 + 1.18 abc 1.65 4+ 0.22 abcd
S2-BK7 2 3 3.20 =+ 0.44 bedef 2.56 + 0.22 6.90 & 0.69 abcd 1.50 £ 0.14 bedef
S2-BK8 2 4 3.60 + 0.85 abc 241 +0.22 6.90 + 0.57 abcd 1.45 4+ 0.15 cdef
S2-BK9 3 1 3.70 £ 0.76 abc 2.24 +0.33 420 +0.90d 0.95+0.20 f
S2-BK10 3 2 3.29 + 0.60 bede 2.59 + 0.28 6.43 + 1.74 abcd 1.51 £ 0.17 bedef
S2-BK11 3 3 2.80 £ 0.33 bedefg 2.00 + 0.20 5.40 + 0.91 bed 1.06 £ 0.16 f
S2-BK12 3 4 3.30 £ 0.30 bede 2.44 +0.20 7.50 + 1.28 abc 1.30 + 0.10 def
S2-BK13 4 1 3.40 + 0.31 bed 231 +0.21 6.20 + 0.53 bed 1.29 4+ 0.16 def
S2-BK14 4 2 490+ 0.38a 2.00 + 0.27 5.50 + 0.73 bed 1.08 4+ 0.14 cdef
S2-BK15 4 3 420 4+ 0.44 ab 1.87 +£0.20 5.90 + 0.89 bed 1.05 +0.14 f
S2-BK16 4 4 3.00 £ 0.49 bedefg 2.20 +0.18 4.80 + 0.79 cd 1.27 +0.14 def
p <0.001 * ns p =0.005* p <0.001 *

Data are expressed as mean =+ SE based on biological replicates per treatment (1 = 10). ANOVA
significance levels are indicated as: ns = not significant; * = p < 0.05. Significant differences (p < 0.05)
are denoted by different letters within the same column according to DMRT. Data were analyzed
separately for each group.

Because BA—kinetin treatments affected shoot and root responses differently, subse-
quent trials were conducted to assess whether the addition of auxin (NAA or IAA) could
enhance regeneration efficiency. The results are presented in Table 5 and Figure 4. The
medium supplemented with 5 mg/L BA and 0.5 mg/L NAA (S3-BN5 medium) promoted
maximum shoot induction, yielding 2.82 £ 0.24 shoots per explant with a mean shoot
length of 2.75 £ 0.21 cm (Table 5 and Figure 4f). However, varying concentrations of BA
combined with NAA did not result in significant differences in shoot production. Notably,
the S3-BN1 medium (0.5 mg/L BA + 0.5 mg/L NAA) exhibited optimal responses in
both shoot and root production, including shoot length (4.18 & 0.37 cm) and root number
(12.90 & 0.70 roots per explant). Root production in this combination resulted in short
roots (1.02 £ 0.06 to 1.27 + 0.19 cm). In addition, kinetin was also tested in combination
with NAA. The combinations of 0.5-5 mg/L kinetin with 0.5 mg/L NAA did not result in
significant differences in shoot induction and shoot length (p > 0.05). However, the medium
supplemented with 4 mg/L kinetin and 0.5 mg/L NAA resulted in high root production,
yielding 8.40 & 0.73 roots per explant.

Based on the responses observed from previous combinations, subsequent experi-
ments (S4) were conducted to evaluate the effects of BA or kinetin in combination with
IAA on shoot and root regeneration. The response data are detailed in Table 6 and Figure 5.
The S4-BA5 medium (5 mg/L BA + 0.5 mg/L IAA) gave the highest shoot promotion
(4.50 £ 0.16 shoots/explant) with a shoot length of 3.33 & 0.09 cm (Figure 5f). For root pro-
duction, 3 mg/L BA mixed with 0.5 mg/L IAA resulted in the maximum value (9.40 £ 0.64
roots/explant) compared to all other media. However, root elongation showed no statisti-
cally significant variation (p > 0.05) among treatments. When compared with the kinetin
combinations, the treatment with 54-KA2 medium (2 mg/L kinetin + 0.5 mg/L IAA) ex-
hibited the maximum shoot induction (3.10 = 0.23 shoots/explant). Remarkably, media
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containing kinetin at 1, 2, and 5 mg/L did not show significant differences in mean shoot

production. Root production in media containing kinetin at concentrations ranging from

2 to 5 mg/L with IAA increased the number of roots, but the roots remained fewer and

shorter compared with those produced in BA-IAA combinations.

Table 5. Shoot and root production on solid MS medium containing different concentrations of BA or

kinetin in combination with NAA in Kaempferia chayanii after 8 weeks of culture.

Experiment No. S3

No. of Shoot

No. of Root

Code BA (mg/L) (EA/[E) Production Shoot Length (cm) Production ROOIC];‘E)“ sth
& (Shoots/Explant) (Roots/explant)
S3-BNO 0 0 140 £022b 3.47 £ 0.36 ab 6.00 = 0.81 ¢ 1.27 £0.19
S3-BN1 0.5 0.5 2304+ 0.33a 418 +0.37a 1290 £ 0.70 a 1.24 +0.05
S3-BN2 1 0.5 230+ 0.30a 3.38 + 0.30 ab 9.10+0.70 b 1.16 £ 0.07
S3-BN3 2 0.5 2.60 = 0.26 a 2.82 + 0.25 bc 7.10 £ 1.00 bc 1.02 £ 0.06
S3-BN4 4 0.5 240+ 0.26a 250 +0.14 ¢ 590+ 0.72 ¢ 1.13 +0.14
S3-BN5 5 0.5 2.82+024a 2.75 4+ 0.21 bc 6.18 +0.62 ¢ 1.18 £0.16
p=0.040% p =0.003 * p <0.001 * ns
Kinetin NAA No. of Sl.m()t No. of R.OOt Root Length
Code (mg/L) (me/L) Production Shoot Length (cm) Production (cm)
& (Shoots/Explant) (Roots/Explant)
S3-KNO 0 0 1.30 £ 0.21 3.64 +0.23 6.00 £0.25b 1.314+023a
S3-KN1 0.5 0.5 1.56 +£0.32 3.21 +0.29 6.44 +0.53b 0.65 +0.06 b
S3-KN2 1 0.5 2.00 +0.17 3.02 £ 0.28 6.25+0.62b 0.69 = 0.06 b
S3-KN3 2 0.5 144 +£0.17 2.66 = 0.15 7.44 £+ 0.50 ab 0.76 + 0.09 b
S3-KN4 4 0.5 2.00 +0.29 294 +0.25 840+ 0.73 a 1.02+0.11ab
S3-KN5 5 0.5 2.00 £ 0.12 2.89 +0.17 7.38 +0.42 ab 1.12 + 0.24 ab
ns ns p=0.016 * p =0.006 *

Data are expressed as mean =+ SE based on biological replicates per treatment (n = 10). ANOVA
significance levels are indicated as: ns = not significant; * = p < 0.05. Significant differences (p < 0.05)
are denoted by different letters within the same column according to DMRT. Data were analyzed
separately for each group.

Figure 4. Shoot proliferation of Kaempferia chayanii after 8 weeks of culture on MS medium supple-
mented with different concentrations of BA or kinetin in combination with NAA. (a,g) MS medium
without PGR; (b) 0.5BA + 0.5NAA; (c) 1BA + 0.5NAA; (d) 2BA + 0.5NAA; (e) 4BA + 0.5NAA;
(f) SBA + 0.5NAA; (h) 0.5Kn + 0.5NAA; (i) 1Kn + 0.5NAA; (j) 2Kn + 0.5NAA; (k) 4Kn + 0.5NAA;
(1) 5Kn + 0.5NAA. Scale bar =2 cm.
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Table 6. Shoot and root production on solid MS medium containing different concentrations of BA or

kinetin in combination with IAA in Kaempferia chayanii after 8 weeks of culture.

Experiment No. S4

No. of Shoot No. of Root
Code BA (mg/L) (;Aﬁ) Production Shoot Length (cm) Production Roo:cl;:)n sth
& (Shoots/Explant) (Roots/Explant)
S4-BAO 0 0 1.10+0.10d 598 £0.34a 310+ 0.28 ¢ 1.93 £0.26
S4-BA1 1 0.5 230+ 0.15¢ 461+024D 820+£0.71a 1.79 £ 0.12
S4-BA2 2 0.5 2.70 £0.15bc 4.18 £+ 0.25bc 9.10 £ 0.60 a 1.90 £ 0.10
S4-BA3 3 0.5 310+ 0.18Db 3.59 £+ 0.30 cd 9.40 £0.64a 1.84 +0.09
S4-BA4 4 0.5 3.10£0.18b 277 £021e 510 £ 0.53b 1.45+0.15
S4-BA5 5 0.5 450+ 0.16 a 3.33 £0.09 de 790+£0.71a 1.96 +£0.20
p<0.001* p <0.001 * p<0.001* ns
Kinetin TIAA No. of SI.IOOt No. of R.OOt Root Length
Code (mg/L) (me/L) Production Shoot Length (cm) Production (cm)
& (Shoots/Explant) (Roots/Explant)
S4-KAO0 0 0 170+ 021b 5.65+£0.40a 410+ 0.50b 1.48 +0.12 bc
S4-KA1 1 0.5 2.80+0.20a 3.97 £0.18 bc 410+ 0.50b 1.29+0.09 ¢
S4-KA2 2 0.5 310+£0.23a 3.53+£0.21c 590 £0.35a 200+£0.21a
S4-KA3 3 0.5 2.40 £0.16 ab 4.06 £ 0.26 bc 6.60 £043 a 131 +£0.09¢
S4-KA4 4 0.5 2.50 £ 0.37 ab 4.86 £+ 0.39 ab 620+0.71a 1.45 %+ 0.06 bc
S4-KA5 5 0.5 3.00£0.39a 4.34 +£0.24 bc 6.70 £ 0.56 a 1.78 £ 0.07 ab
p=0.010*% p <0.001 * p=0.001* p <0.001 *

Data are expressed as mean =+ SE based on biological replicates per treatment (1 = 10). ANOVA
significance levels are indicated as: ns = not significant; * = p < 0.05. Significant differences (p < 0.05)
are denoted by different letters within the same column according to DMRT. Data were analyzed
separately for each group.

=0

Figure 5. Shoot proliferation of Kaempferia chayanii after 8 weeks of culture on MS medium
supplemented with different concentrations of BA or kinetin in combination with IAA. (a,g) MS

medium without PGR; (b) 1BA + 0.5IAA; (c) 2BA + 0.51AA; (d) 3BA + 0.5IAA; (e) 4BA + 0.5IAA;
(f) 5BA + 0.5IAA; (h) 1Kn + 0.5IAA; (i) 2Kn + 0.5IAA; (j) 3Kn + 0.5IAA; (k) 4Kn + 0.5IAA;
(1) 5Kn + 0.5IAA. Scale bar = 2 cm.
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To observe the influence of NAA and IAA in combination with BA on plantlet re-
sponses, Experiment S5 was conducted (Table 7 and Figure 6). At BA concentrations of 1
and 3 mg/L combined with 0.5 mg/L NAA and IAA, maximum mean shoot production
was observed (2.70 &+ 0.30 and 2.70 &+ 0.21 shoots/explant, respectively). Nonetheless,
the number of shoots among the treatment groups (PGR-supplemented) did not differ
significantly. Root multiplication among the treatment groups tended to decrease at higher
BA levels (more than 2 mg/L), and the highest root production was observed in the S5-BA1
medium (1 mg/L BA + 0.5 mg/L NAA + 0.5 mg/L IAA). Notably, the root length in this
experiment remained short (1.52 £ 0.19 cm to 2.13 & 0.22 cm).

Table 7. Shoot and root production on solid MS medium containing different concentrations of BA in
combination with NAA and IAA in Kaempferia chayanii after 8 weeks of culture.

Experiment No. S5

BA NAA IAA No. of Shoot Shoot Length No. of Root Root Length
Code (me/L) (mg/L) (me/L) Production (cm) Production (cm)
& & (Shoots/Explant) (Roots/Explant)
S5-BA0 0 0 0 1.10+0.10b 3.26 £0.43 6.20 £0.39b 213 £0.22
S5-BA1 1 0.5 0.5 270+ 0.30a 3.05+0.11 1210+ 1.15a 1.66 + 0.10
S5-BA2 2 0.5 0.5 220+025a 2224021 820 £0.99b 1.92 +0.19
S5-BA3 3 0.5 0.5 270+£021a 2.60 £ 0.30 7.60 £ 0.84b 1.70 £ 0.16
S5-BA4 4 0.5 0.5 230+ 0.34a 220 £0.16 6.60 £0.70 b 1.55+0.23
S5-BA5 5 0.5 0.5 211+029a 2.78 £0.25 811 +1.32b 1.52 +0.19
p <0.001 * ns p <0.001 * ns

Data are expressed as mean =+ SE based on biological replicates per treatment (1 = 10). ANOVA
significance levels are indicated as: ns = not significant; * = p < 0.05. Significant differences (p < 0.05)
are denoted by different letters within the same column according to DMRT. Data were analyzed
separately for each group.

Figure 6. Shoot proliferation of Kaempferia chayanii after 8 weeks of culture on MS medium supple-
mented with different concentrations of BA in combination with NAA and IAA. (a) MS medium
without PGR; (b) 1BA + 0.5NAA + 0.5IAA; (c) 2BA + 0.5NAA + 0.5IAA; (d) 3BA + 0.5NAA + 0.5IAA;
(e) 4BA + 0.5NAA + 0.5IAA; (f) 5BA + 0.5NAA + 0.5IAA. Scale bar = 2 cm.

3.1.2. Shoot and Root Regeneration Under Different PGR Combinations in Liquid Medium

Previous studies have indicated that liquid medium can enhance shoot and root
regeneration. To further evaluate this effect in K. chayanii, explants were cultured in
liquid media supplemented with different cytokinins (BA, kinetin, or TDZ) in combination
with 0.5 mg/L IAA. The results are presented in Table 8 and Figure 7. Among the L1
treatments, L1-C1 (1 mg/L BA + 0.5 mg/L IAA) showed the highest shoot induction
(5.27 £ 0.45 shoots/explant) with shoot length (8.98 &+ 0.41 cm) (Figure 7b). However,
shoot and root length did not differ significantly among treatments (p > 0.05). Nevertheless,
media supplemented with TDZ and IAA tended to yield shorter shoots and reduced root
formation compared with the other treatments.
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Table 8. Shoot and root production on liquid MS medium containing different concentrations of BA,
kinetin, and TDZ in combination with IAA in Kaempferia chayanii after 8 weeks of culture.

Experiment No. L1

No. of Shoot No. of Root

BA Kinetin TDZ IAA . Shoot Length . Root Length
Code (me/L) (me/L) (me/L) (me/L) Production (cm) Production (cm)
& & & & (Shoots/Explant) (Roots/Explant)
L1-CO 0 0 0 0 3.20 + 0.54 8.52 +0.40 12.00 £ 0.88 a 221 +0.45
L1-C1 1 0 0 0.5 5.27 £ 0.45 8.98 £ 0.41 13.53 £ 0.86 a 2.24 £0.17
L1-C2 0 1 0 0.5 4.50 £+ 0.60 9.73 £0.91 13.67+1.31a 2.04+0.21
L1-C3 0 0 1 0.5 5.08 &+ 0.60 7.49 +£0.31 483+047Db 1.81 £0.26
ns ns p <0.001 * ns

Data are expressed as mean + SE based on biological replicates per treatment (1 = 12-15). ANOVA
significance levels are indicated as: ns = not significant; * = p < 0.05. Significant differences (p < 0.05)
are denoted by different letters within the same column according to DMRT. Data were analyzed
separately for each group.

Figure 7. Shoot proliferation of Kaempferia chayanii after 8 weeks of culture on liquid MS medium
supplemented with different concentrations of PGRs. (a) MS medium without PGR; (b) 1BA + 0.5IAA;
(c) 1IKn + 0.5IAA; (d) 1TDZ + 0.5IAA. Scale bar = 5 cm.

In the L2 experiment, the combination of BA (2 mg/L) and TDZ (1 mg/L) (L2-D3
medium) resulted in the highest numerical mean shoot production, with 6.80 + 0.47
shoots/explant (Table 9 and Figure 8). The reported analysis indicated significant differ-
ences in shoot production among treatments, with PGR-supplemented treatments showing
higher values than the control medium. However, no significant differences were observed
among the PGR-supplemented treatments. Furthermore, shoot and root formation did
not differ significantly in PGR-supplemented treatments. Compared with solid medium
containing the same BA concentration (3 mg/L), liquid medium produced approximately
twice as many shoots, reaching 6.70 &+ 0.63 shoots/explant.

3.1.3. PCA Biplot Analysis

The first two principal components explained 73.65% of the total variance, with PC1
and PC2 accounting for 52.41% and 21.24%, respectively (Table 10 and Figure 9). PC1
was mainly associated with shoot length (eigenvector coefficient = 0.577) and root number

(0.519), whereas PC2 was primarily associated with root length (0.779) and shoot number
(—0.622).

https:/ /doi.org/10.3390/1ife16111799


https://doi.org/10.3390/life16111799

Life 2026, 16, 1799 14 of 26

Table 9. Shoot and root production on liquid MS medium containing different concentrations of BA
and TDZ in combination with IAA in Kaempferia chayanii after 8 weeks of culture.

Experiment No. L2

No. of Shoot No. of Root

Code (n?l?L) (;D%) (ILA;B Production Shoo(tcrlr.le)ngth Production Roo:cl;s)n sth
& & & (Shoots/Explant) (Roots/Explant)
L2-D0 0 0 0 3.60+0.22b 6.06 + 0.34 420+£044b 1.38 £ 0.50
L2-D1 0 1 0 580+ 0.51a 5.39 £0.29 1070+ 154 a 1.45 + 0.08
L2-D2 1 0 0.5 6.50 £ 043 a 5.73 £0.32 890+ 091a 1.23+0.13
L2-D3 2 1 0 6.80 £ 047 a 6.14 +0.42 9.80 £ 0.39a 1.97 £ 0.06
L2-D4 3 0 0 6.70 £ 0.63 a 6.81 £ 0.50 920 £ 0.65a 144 +0.14
L2-D5 4 0 0 640+ 0.34a 5.67 £ 0.32 10.20 £ 0.85a 1.81 £0.10
p <0.001* ns p <0.001 * ns

Data are expressed as mean + SE based on biological replicates per treatment (n = 10). ANOVA
significance levels are indicated as: ns = not significant; * = p < 0.05. Significant differences (p < 0.05)
are denoted by different letters within the same column according to DMRT. Data were analyzed
separately for each group.

Figure 8. Shoot proliferation of Kaempferia chayanii after 8 weeks of culture on liquid MS medium
supplemented with different concentrations of PGRs. (a) MS medium without PGR; (b) 1TDZ;
(c) 1BA + 0.5IAA; (d) 2BA + 1TDZ; (e) 3BA; (f) 4BA. Scale bar = 5 cm.

Table 10. Eigenvector coefficients of shoot and root traits on the first two principal components (PC1

and PC2).
. Principal Component 1 Principal Component 2
Loading Plot (PC1) (PC2)
No. of shoots produced 0.47291 -0.62171
Shoot length 0.57741 -0.07462
No. of roots produced 0.51925 0.02434
Root length 0.41634 0.77931

Note: PC1 (Eigenvalue = 2.0966) explained 52.41% of the variance, while PC2 (Eigenvalue = 0.8498)
accounted for 21.24%. Values represent normalized eigenvector coefficients, with larger absolute
values indicating greater contributions to the corresponding component direction.

The PCA biplot revealed distribution patterns associated with experimental series
and culture medium type (Figure 9). Most liquid-medium treatments, including the L1
(L1-CO0 to L1-C3) and L2 (L2-D1 to L2-D5) series, were located on the positive side of PC1,
whereas most solid-medium treatments were distributed on the negative side. Several L2
treatments (e.g., L2-D3, L2-D4, and L2-D5) were positioned in the lower-right quadrant,
broadly aligned with the shoot-number vector.
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Principal Component 2 (21.24%)
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Figure 9. PCA biplot of culture medium treatments and plant growth responses. Vectors represent
number of shoots, shoot length, number of roots, and root length. Circles denote solid media
(51-55 series), while rectangles denote liquid media (L1 and L2 series). Percentages in parentheses
indicate the variance explained by PC1 and PC2. Colors correspond to experimental groups, with
identical colors representing the same group.

Several BA-containing treatments (S4-BA1, S4-BA2, S4-BA3, and S4-BA5) were dis-
tributed in the upper-right region, generally in the direction of the root-length vector,
whereas S5-BA1 was positioned on the positive side of PC1. In contrast, treatments such as
52-BK9, 52-BK11, S3-KN1, and S3-KN3 were located in the lower-left quadrant.

Leave-one-series-out sensitivity analysis indicated relatively stable PC1 directions (abso-
lute cosine similarity = 0.986-1.000), whereas PC2 showed greater sensitivity (0.750-0.997),
particularly following the exclusion of S2 (0.750) and L2 (0.826) (Tables S1 and S2).

3.2. Evaluation of TPC, TFC, and Antioxidant Activity

The total phenolic content (TPC) of polyphenol compounds was determined for screening
bioactive sources using the Folin-Ciocalteu assay, and the results are presented in Table 11.
In wild plants, TPC ranged from 65.70 to 188.27 mg GAE/g DW, with the highest value
observed in leaves. Among in vitro-propagated plants, leaves cultured on PGR-supplemented
MS medium (Ms1) exhibited significantly higher TPC (186.08 & 5.94 mg GAE/g DW) than
those cultured on PGR-free MS medium (Ms0) (153.58 + 4.16 mg GAE/g DW). No significant
difference was detected between wild leaves and Msl leaves. Furthermore, Ms0 leaves
exhibited significantly higher TPC than wild pseudostems (65.70 & 2.33 mg GAE/g DW) and
rhizomes (109.42 &+ 1.71 mg GAE/g DW) but did not differ significantly from combined roots
and storage roots (157.03 + 1.03 mg GAE/g DW).
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Table 11. Determination of total phenolic and flavonoid contents and antioxidant activity in Kaempferia
chayanii extracts.

TPC TFC FRAP

Growth Conditions Plant Parts (mg GAE/ (mg RE/ % Inhibition DPPH (mg FeSO4/
g DW) g DW) g DW)

wild plants Leaves 188.27 £3.49 a 9.54 + 0.84 cd 14.84 + 045 ¢ 1.11 +£ 0.03 ¢

Pseudostems 65.70 +2.33 d 439+ 0.18e 5.92 £0.69d 1.18 £0.02 ¢

Rhizomes 10942 £1.71c¢ 19.99 +1.77 a 7.82+0.14d 0.98 +0.02 ¢

Combined roots with 157.03 + 1.03 b 11.44 + 0.67 be 13.05+1.78 ¢ 0.46 4 0.01 c

storage roots
In vitro-cultured plants Leaves (Ms0) 153.58 £ 4.16 b 13.76 £ 1.10b 30.99 £ 0.53 a 19.07 £ 1.33 a
Leaves (Ms1) 186.08 =594 a 718 +£040d 25.89 +£1.24b 13.54 + 0.59 b

Data are expressed as mean & SE based on technical replications per treatment (n = 3). Significant
differences (p < 0.05) are indicated by different letters within the same column according to DMRT.

The aluminum chloride assay was used to measure the total flavonoid content of the
extracts, facilitating the screening of flavones, flavanols, and other flavonoids within the
polyphenol group. The results are presented in Table 11. In wild plants, TFC ranged from
4.39 t0 19.99 mg RE/g DW, with the highest value observed in rhizomes. Among in vitro-
propagated plants, leaves cultured on PGR-free MS medium (Ms0) exhibited significantly
higher TFC (13.76 4= 1.10 mg RE/g DW) than those cultured on PGR-supplemented MS
medium (Ms1) (7.18 £ 0.40 mg RE/g DW). However, the TFC of both in vitro-propagated
samples was significantly lower than that of wild rhizomes.

The antioxidant activities of both wild and in vitro-cultured plants are presented in
Table 11. In this study, DPPH and FRAP assays were conducted to evaluate the antioxidant
properties of the extracts. When compared among samples, leaves derived from the Ms0
medium exhibited the highest values of DPPH inhibition and reducing power in the FRAP
assay (30.99% and 19.07 £ 1.33 mg FeSO4/g DW, respectively), followed by leaves derived
from the Ms1 medium (25.89% and 13.54 £ 0.59 mg FeSO,4/g DW, respectively). In wild
plants, the results showed that leaves (14.84%) and the combined roots and storage roots
(13.05%) exhibited higher DPPH inhibition than rhizomes (7.82%) and pseudostems (5.92%).
In contrast, FRAP values exhibited high activity in leaves (1.11 £ 0.03 mg FeSO4/g DW),
with no significant differences observed among wild plant organs.

3.3. Correlation and Principal Component Analysis (PCA) of Phytochemical Compounds and
Antioxidant Activities

Pearson correlation analysis showed a significant positive correlation between TPC
and DPPH activity (v = 0.644, p < 0.01) and a strong positive correlation between DPPH
and FRAP activities (r = 0.936, p < 0.01) (Figure 10a). TPC also showed a moderate positive
correlation with FRAP activity (r = 0.367), whereas TFC showed negligible correlations
with DPPH (r = —0.010) and FRAP (r = —0.011).

Principal component analysis (PCA) revealed variation among samples based on
phytochemical contents and antioxidant activities. PC1 and PC2 explained 58.16% and
25.07% of the total variance, respectively, accounting for 83.23% of the overall variation.
TPC, DPPH, and FRAP were positively associated with PC1, whereas TFC was more
strongly associated with PC2. The PCA biplot illustrated differences in sample distribution
(Figure 10b). MP-Rz was positioned on the positive side of PC2, whereas MP-Ps was located
on the negative sides of both PC1 and PC2. MP-Rs and MP-L were positioned near the
origin, while IP_Ms0 and IP_Ms1 were distributed mainly on the positive side of PC1.
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Figure 10. Pearson correlation and principal component analysis (PCA) of phytochemical contents
and antioxidant activities in wild and in vitro-propagated Kaempferia chayanii. (a) Pearson correlation
matrix of TPC, TFC, DPPH, and FRAP based on observations (n = 18). * indicates significance at
p < 0.01 (two-tailed). (b) PCA biplot showing the distribution of six sample groups and associations
among variables. PC1 and PC2 explained 58.16% and 25.07% of the total variance, respectively. Abbre-
viations: MP = wild plants; IP, in vitro-propagated plants; L, leaves; Ps, pseudostems; Rs, combined
roots with storage roots; Rz, rhizomes; Ms0, PGR-free medium; Ms1, PGR-supplemented medium.

3.4. Chromatographic Profiling of Bioactive Compounds in Kaempferia chayanii Using HPLC

Chromatographic profiles of phenolic acids in Kaempferia chayanii are summarized in
Table 12. Wild plants showed organ-specific differences, and leaf samples were char-
acterized by the presence of gallic acid (6.98 £ 0.34 ug/g DW), protocatechuic acid
(0.63 = 0.01 ng/g DW), p-hydroxybenzoic acid (3.35 £ 1.68 pg/g DW), vanillic acid
(15.72 + 0.48 nug/g DW), and sinapic acid (4.79 £ 0.40 ug/g DW). In pseudostem sam-
ples, phenolic acids were similarly detected, including gallic acid (5.66 & 0.48 ug/g DW),
protocatechuic acid (0.38 & 0.02 pg/g DW), p-hydroxybenzoic acid (5.07 & 0.54 pg/g DW),
vanillic acid (2.40 £ 0.44 ug/g DW), caffeic acid (0.75 £ 0.32 ug/g DW), syringic acid
(0.40 £ 0.02 ug/g DW), and sinapic acid (0.89 & 0.38 ng/g DW). Rhizomes and combined
roots with storage roots exhibited similar phenolic acid patterns; however, syringic acid
(21.86 £ 0.30 ug/g DW), p-hydroxybenzoic acid (6.59 & 0.03 pg/g DW), and vanillic acid
(2.55 £ 0.01 pg/g DW) were most abundant in the combined roots with storage roots.
In contrast, rthizome extracts contained sinapic acid (5.12 & 0.10 ng/g DW)), ferulic acid
(3.65 £ 0.21 pg/g DW), and vanillic acid (2.93 &+ 0.32 pug/g DW) as the most abundant
compounds detected.

Leaf samples from in vitro-cultured plants (Ms0 and Ms1) showed identical phenolic
acid profiles, comprising gallic acid, protocatechuic acid, p-coumaric acid, ferulic acid,
and sinapic acid, though their levels differed. In the MsO sample, protocatechuic acid
(1519 + 0.16 ng/g DW) showed the highest concentration among the analyzed phenolic
acids, followed by ferulic acid (8.47 £ 0.73 ug/g DW). Conversely, in the Ms1 sample, gallic
acid (37.44 £ 0.35 ug/g DW) was detected at the highest level within the tested compounds,
followed by protocatechuic acid (30.11 £ 0.13 ug/g DW).

Among micropropagated plants, the total amount of phenolic acid demonstrated
that leaves from the Ms1 treatment showed the highest level, yielding 74.64 & 0.26 pug/g
DW, followed by leaves from the Ms0 treatment exhibited 33.49 £ 0.39 ug/g DW. In wild
plants, the highest value was observed in combined roots with storage roots (37.59 pg/g
DW). When comparing wild plants and in vitro-cultured plants, significant differences in
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phenolic acid concentrations were observed across organs. Compounds such as vanillic
acid, caffeic acid, sinapic acid, syringic acid, and p-coumaric acid were present at higher
concentrations in wild plants compared with in vitro-cultured plants. In in vitro-cultured
plants, ferulic acid, gallic acid, and protocatechuic acid exhibited significant differences
relative to wild plant samples.

Table 12. HPLC chromatographic analysis of phenolic acids in Kaempferia chayanii.

Phenolic Acid Compounds Content (ug/g DW) Total
Explants (ug/
GA PA HA CHA VA CA SA COA FA SN D%\,%
Wild plants
6.98 + 0.63 + 3.35 + 15.72 + 479+ 3147+
Leaves 034D 0.01d 1.68b ND 048 a ND ND ND ND 040 ab 0.58
5.66 + 038 + 5.07 + 240 + 075+ 040+ 089+ 1555+
Pseudostems 048 ¢ 0.02d 054ab NP 044 b 032a 0.02b ND ND 038d 0.31
Rhi 0.86 + 1.02 + ND NDp | 293 025+ 021+ 093+ 365+ 512+ 1497+
1z0mes 044 e 0.01 ¢ 032b 0.13 ¢ 010b  047b  021b  0.10a 022
Combined roots with ~ 0.78 + 042 + 659+ L\ 255+ 0.45 + 21£86 1054+ 176+ 2134+ 3759+
storage roots 0.01e 0.01d 0.03 a 0.01b 0.01b 030a 0.01a 001d 1.27cd 0.18
In vitro-cultured plants
507+ 1519+ 057+ 847+ 419+ 3349+
Leaves (Ms0) 0.10d 0.16 b ND ND ND ND ND 010d 073a 084ab 0.39
3744+ 3011+ 072+ 327+ 310+ 7464+
Leaves (Ms1) 0.35a 0.13a ND ND ND ND ND 023¢c  057c  0.04bc 0.26

Data are expressed as mean + SE based on technical replications per treatment (n = 3). Signifi-
cant differences (p < 0.05) are indicated by different letters within the same column according to
DMRT. Abbreviations: GA = gallic acid; PA = protocatechuic acid; HA = p-hydroxybenzoic acid;
CHA = chlorogenic acid; VA = vanillic acid; CA = caffeic acid; SA = syringic acid; COA = p-coumaric
acid; FA = ferulic acid; ND = not detected; SN = sinapic acid.

Flavonoid compounds have a high ability to scavenge free radicals, acting as antioxidant
agents, and also exhibit anti-inflammatory, anticancer, antibacterial, and other biological
activities [26]. In this study, rutin, myricetin, quercetin, and apigenin were analyzed in the
samples (Table 13). Leaves from wild plants exhibited high concentrations of rutin and
myricetin, with values of 132.18 + 0.25 pg/g DW and 516.71 & 2.55 ug/g DW, respectively.
Similar to leaves, pseudostems from wild plants also exhibited rutin (23.63 + 0.20 pug/g DW)
and myricetin (23.73 £ 0.21 pg/g DW). Rhizome extracts contained rutin (5.15 4+ 0.23 ug/g
DW), myricetin (64.43 4= 0.08 pug/g DW), and apigenin (202.76 + 6.67 ug/g DW), with
apigenin noted as the highest level. In contrast, combined roots and storage roots de-
tected quercetin (94.47 £ 1.30 ng/g DW) at the highest concentration, followed by myricetin
(70.62 + 0.52 pg/g DW) and rutin (5.86 & 0.50 pg/g DW), respectively.

In vitro-cultured plants showed differences from wild plant extracts. Leaves from Ms0
revealed that apigenin (155.33 £ 2.22 pug/g DW) was the most abundant compound, followed
by quercetin (123.41 & 3.54 pg/g DW) and myricetin (118.20 £ 0.65 pug/g DW). In leaves from
the Ms1 treatment, apigenin (299.11 + 6.67 pug/g DW) and quercetin (127.17 & 1.32 pug/g DW)
were detected at the highest amounts, with myricetin (116.78 £ 6.88 pg/g DW) ranking next.
Remarkably, rutin was not detected in leaves derived from micropropagation. The total de-
tected flavonoid compounds indicated that leaves from wild plants (648.89 4= 1.40 ug/g DW)
had the highest levels, followed by leaves from the Ms1 treatment (543.06 + 4.96 ug/g
DW). Significant differences in rutin and myricetin were observed, with the highest levels in
wild plant leaves. Furthermore, myricetin and quercetin were detected in both treatments
(leaves from Ms0 and Ms1) without significant differences, whereas apigenin in Ms1 exhibited
approximately double the concentration compared to Ms0.
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Table 13. HPLC chromatographic analysis of flavonoid compounds in Kaempferia chayanii.
Explants Flavonoid Compounds Content (ug/g DW) ( 'l;otia)lw)
Rutin Myricetin Quercetin Apigenin HE'8
Wild plant
Leaves 132.18 £ 0.25a 516.71 £2.55a ND ND 648.89 + 1.40
Pseudostems 23.63+0.20b 2373 +021e ND ND 47.36 +£0.21
Rhizomes 515+£0.23¢ 64.43 +0.08d ND 202.76 + 6.67 b 272.34 £2.33
Combined
roots with 5.86 + 0.50 ¢ 70.62 £0.52 ¢ 94.47 +1.30b ND 170.95 £ 0.77
storage roots
In vitro-cultured plant
Leaves (Ms0) ND 118.20 £ 0.65b 123.41 £354a 155.33 +£2.22 ¢ 396.94 +2.14
Leaves (Msl) ND 116.78 £ 6.88 b 12717 £1.32a 299.11 £ 6.67 a 543.06 £ 4.96

Data are expressed as mean + SE based on technical replications per treatment (n = 3). Significant
differences (p < 0.05) are indicated by different letters within the same column according to DMRT.
ND = not detected.

4. Discussion

4.1. Clonal Propagation of Kaempferia chayanii Under Different Combinations of Plant Growth
Regulators and Medium Types

This study investigated the effects of various combinations of plant growth regula-
tors (PGRs) on growth responses in K. chayanii. Our findings suggest that MS medium
supplemented with appropriate PGR combinations effectively promoted shoot and root in-
duction, highlighting the importance of optimizing the balance between growth regulators
for successful micropropagation.

4.1.1. Micropropagation on Solid MS Medium

Under solid-medium conditions, BA alone promoted shoot induction, although root
development remained poor. In contrast, combining BA with kinetin enhanced both
shoot and root responses, with 4 mg/L BA supplemented with 2 mg/L kinetin achieving
the highest shoot number, while 2 mg/L BA combined with 1 mg/L kinetin resulted in
maximum root induction. Supplementation with auxins (NAA or IAA) further influenced
regeneration efficiency, particularly at lower concentrations, although root elongation
remained limited. These results indicate that cytokinin—auxin combination play a critical
role in regulating morphogenesis in K. chayanii.

The enhanced shoot proliferation observed with BA-kinetin treatment in this study
may reflect the combined effects of cytokinins, which are generally associated with pro-
moting cell division and shoot initiation [27,28]. In the present study, solid MS medium
supplemented with 4 mg/L BA and 2 mg/L kinetin produced 4.90 shoots/explant af-
ter 8 weeks. In comparison, K. marginata produced 4.90 shoots/explant on MS medium
supplemented with 2 mg/L BA and 1 mg/L TDZ after 6 weeks [11], while K. parviflora
produced 12.20 shoots/explant with 8 uM BA and 0.5 uM TDZ after 8 weeks [12]. Similarly,
K. larsenii produced 13.10 shoots/explant on solid MS medium containing 2 mg/L BA,
3 mg/L TDZ, and 0.2 mg/L NAA after 8 weeks [18]. Although these studies reported
different multiplication rates, direct comparisons should be made cautiously because of
differences in explant materials and culture conditions.

Several species in this genus have been successfully propagated in solid medium
supplemented with cytokinin-auxin combinations, including K. siamensis Sirirugsa [13],
K. koratensis Picheans. [14], K. angustifolia Roscoe [15], K. rotunda L. [16], and K. grandifolia
Saensouk & Jenjittikul [17]. On the other hand, cytokinin alone promoted the highest
shoot number in K. spoliata Sirirugsa (synonym K. sisaketensis Picheans. & Koonterm) [29].
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These differences suggest that PGR requirements for shoot proliferation may vary among
Kaempferia species, depending on explant characteristics and culture conditions. Previous
studies have shown that exogenous PGRs can influence endogenous hormone balance
in other plant species [30], although this mechanism was not examined in K. chayanii.
Therefore, optimization of PGR combinations for individual Kaempferia species is important
for improving in vitro shoot proliferation and may support future conservation efforts.

4.1.2. Micropropagation in Liquid MS Medium

Liquid medium enhances nutrient uptake and increases the contact surface between
explants and the culture medium. In the present study, shoot production in K. chayanii was
observed at higher levels in PGR-free liquid medium (3.20-3.60 shoots/explant) compared
with PGR-free solid medium (1.10-1.90 shoots/explant). Consistent with previous reports
in K. koratensis [14] and K. fallax [19], our findings suggest that liquid culture may provide
favorable conditions for shoot regeneration in Kaempferia. Furthermore, BA or kinetin-
containing media supplemented with IAA generally promoted better shoot regeneration
than TDZ-containing treatments, indicating that cytokinin—auxin combination may play
an important role in regulating morphogenesis in this species. Taken together, these
findings suggest that liquid MS medium containing 1 to 3 mg/L BA, combined with
low concentrations of a co-cytokinin or auxin, may represent a suitable option for shoot
multiplication in K. chayanii.

However, the BA-TDZ combination that produced the highest mean shoot number
did not differ significantly from other PGR-supplemented treatments. Although shoot
elongation and root development were evaluated in this study, shoot quality and plantlet
survival after acclimatization were not assessed. Therefore, shoot production alone is
insufficient to determine the most suitable propagation treatment. Furthermore, because
the formulations and other experimental factors varied (e.g., explant density and vessel
configuration), the results should be interpreted with caution. This variability is recognized
as a limitation of the present study. Clarification of the relative influence of medium type
may be achieved in future investigations through standardized factorial designs with
appropriate controls.

4.1.3. Principal Component Analysis of Growth Responses

Principal component analysis (PCA) provided an exploratory overview of plant
growth responses under different PGR combinations and culture media. PC1 was mainly
associated with shoot length and root number, whereas PC2 reflected contrasting asso-
ciations with root length and shoot number. The distribution of treatments in the PCA
biplot suggested distinct patterns associated with medium type and experimental series.
However, these patterns should be interpreted cautiously because the pooled dataset in-
cluded observations from different experimental series. Furthermore, leave-one-series-out
sensitivity analysis indicated relatively stable PC1 directions, whereas PC2 showed greater
sensitivity to the exclusion of certain experimental series, suggesting that the PCA structure
was partly influenced by dataset composition. Similar applications of PCA to explore
relationships between culture conditions and growth parameters have been reported in
Rhus coriaria L. [31]. Therefore, PCA should be considered a complementary exploratory
approach for understanding multivariate growth responses rather than independent evi-
dence of treatment effectiveness. The identification of suitable culture conditions should
primarily rely on experimental observations and appropriate statistical comparisons. These
observations highlight the value of multivariate approaches and suggest their potential
utility in refining micropropagation protocols for K. chayanii and related taxa.
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These findings suggest that the growth responses of K. chayanii varied among the
tested PGR combinations and culture conditions. The shoot proliferation observed in liquid
medium suggests its potential for propagating this species. Future research should focus
on evaluating other types of exogenous PGRs, different medium types (such as semi-solid
medium), Temporary Immersion Bioreactor (TIB) system, variations in MS salt strength,
and advanced culture systems to support large-scale propagation and potential commercial
utilization of this plant. In addition, ex vitro acclimatization should be conducted as a
subsequent step to ensure the survival and successful adaptation of clonally propagated
plantlets, followed by an assessment of genetic fidelity in comparison with wild plants.

4.2. Phytochemical Composition and Their Antioxidant Activity of Kaempferia chayanii

The bioactive constituents of this plant were first explored to assess antioxidant po-
tential and possible applications in pharmaceutical and related areas. To determine which
parts of this species accumulate phytochemicals, wild plants were specifically examined
in each organ, including leaves, pseudostems, rhizomes, and combined roots with stor-
age roots. Furthermore, the phytochemical profiles of leaves from tissue-cultured plants
were also compared with those of wild plants to examine differences between the two
sample sources.

4.2.1. Total Phenolic and Flavonoid Evaluation

Our study showed that the phytochemical content, including total phenolics (TPC)
and total flavonoids (TFC), was highly accumulated in K. chayanii. In wild plants, TPC
concentrations ranged from 65.70 to 188.27 mg GAE/g DW, while TFC concentrations
ranged from 4.39 to 19.99 mg RE/g DW, respectively. Previous studies have reported
phytochemical profiling within this genus and suggested that the content of phytochemical
compounds could be utilized for bioactive purposes. Nonthalee et al. [20] documented
that K. grandifolia presented high TPC and TFC values in 95% ethanolic extracts obtained
by Soxhlet extraction, with TPC concentrations ranging from 164.38 to 170.24 mg GAE/g
DW and TFC concentrations ranging from 22.91 to 70.24 mg RE/g DW. Furthermore, the
95% ethanolic extract of K. siamensis exhibited TPC concentrations ranging from 183.00 to
233.51 mg GAE/g DW and TFC concentrations ranging from 41.28 to 137.35 mg RE/g DW.
In addition, K. parviflora (black ginger) extracted using the Pressurized Liquid Extraction
(PLE) method exhibited TPC ranging from 72.22 to 211.13 mg GAE/g DW, and TFC ranging
from 11.29 to 155.03 mg quercetin equivalent (QE)/g DW [32]. K. larsenii also displayed high
TPC (201.88-716.03 mg GAE/g DW) and TFC (7.01-47.89 mg QE/g DW) when extracted
with 80% methanol [18]. Thus, the genus Kaempferia represents an important source of
phenolic and flavonoid compounds with high potential for diverse biological applications,
particularly as antioxidants and bioactive products. Crucially, this study highlights the
significant phytochemical potential of K. chayanii.

Different plant organs exhibited varying levels of phenolic accumulation, with wild
leaves showing the highest TPC values among the organs examined. The higher TPC
values in leaves may be partly associated with their direct exposure to environmental
stressors. Consequently, plants often accumulate phenolic compounds in leaf tissues to
protect against harmful factors such as UV radiation, temperature fluctuations, oxidative
agents, and pathogen attack [33]. Similar findings have been reported in other Kaempferia
species, including K. parviflora [32], K. larsenii [18], K. grandifolia [20], K. siamensis [20],
K. galanga L. [34], and K. pulchra Ridl. [35]. However, some studies have reported higher
accumulation of phenolic and flavonoid compounds in the rhizomes of ginger species. Such
variation may be associated with organ-specific physiological functions and environmental
conditions. For instance, methanolic extracts of K. angustifolia showed higher TPC values
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in rthizomes than in other plant parts [15]. In the present study, total flavonoid content
(TFC) was numerically higher in rhizomes and combined roots with storage roots than in
aerial organs. This pattern may be associated with the storage and protective functions of
underground organs, which play important roles in nutrient accumulation and responses
to environmental stress.

Importantly, our study showed that leaves from in vitro-cultured plants exhibited TPC
values similar to those of wild leaves and higher than those observed in certain organs of
wild plants. These findings suggest that substantial phenolic accumulation can occur under
in vitro conditions, although differences in developmental stage and growing conditions
should be considered when comparing wild and in vitro-cultured plants. Leaves, as major
sites of biosynthesis, play an important role in producing phenolic compounds, which
may partly explain the relatively high TPC values observed in in vitro-cultured plants. In
particular, samples from the Msl medium treatment exhibited higher TPC values than
those from the Ms0 medium treatment. This finding suggests that exogenous plant growth
regulators (PGRs) in the Ms1 medium may influence phenolic accumulation, potentially
through elicitor-like effects [36]. Similar effects of medium composition and elicitor treat-
ments on phenolic and flavonoid accumulation have been reported in Kaempferia [18],
Curcuma [37], and Zingiber [38—40] species. However, the Folin—Ciocalteu and aluminum
chloride assays are affected by nonphenolic reducing compounds and flavonoid structure,
respectively; thus, TPC and TFC represent assay-dependent estimates rather than absolute
concentrations. Similarly, DPPH and FRAP assays reflect in vitro antioxidant activity rather
than physiological or therapeutic effects. Further biological studies are needed to assess
potential health-related applications.

4.2.2. Antioxidant Activity and Their Relationship with Phytochemical Contents

The antioxidant activity of K. chayanii in 80% methanolic extracts from wild plants at
a concentration of 20 mg/mL was moderate. In contrast, extracts from in vitro-cultured
plants exhibited higher antioxidant activity under the conditions examined. These findings
may reflect differences in phytochemical composition, particularly phenolic and flavonoid
compounds, which are known to contribute to antioxidant activity. Our study revealed
a significant positive correlation between TPC and DPPH activity (r = 0.644), whereas
TFC showed negligible correlations with DPPH and FRAP activities. Saensouk et al. [18]
reported that 80% methanolic extracts of wild K. larsenii (100 mg DW /mL) exhibited mod-
erate to high antioxidant activity, with 45.43-59.04% radical scavenging in the DPPH assay.
Similarly, crude extracts of wild K. grandifolia at 1.0 mg/mL exhibited 24.77-29.98% DPPH
inhibition [20]. Our observations suggest a potential contribution of phenolic compounds
to radical scavenging activity, consistent with previous reports in medicinal and aromatic
plants [35,41,42]. The positive association between TPC and DPPH activity suggests that
phenolic compounds may contribute to antioxidant capacity, as samples with higher TPC
tended to exhibit greater radical scavenging activity. In contrast, no significant correla-
tion was observed between TFC and DPPH radical inhibition. Nevertheless, differences
in antioxidant activity between wild and in vitro-cultured plants should be interpreted
cautiously due to potential differences in developmental stages and growing conditions.
Furthermore, PCA revealed variation in phytochemical contents and antioxidant activities
among samples. PC1 was primarily associated with TPC, DPPH, and FRAP, whereas PC2
was more closely associated with TFC. These patterns suggest differences in phytochem-
ical and antioxidant profiles among plant organs and sample sources. However, these
associations should be interpreted as exploratory patterns rather than evidence of direct
relationships between phytochemical composition and antioxidant activity. Given the
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limited number of biological replicates, these findings should be considered preliminary
and require further confirmation using additional independent samples.

4.2.3. HPLC Profiles of Phenolic Acids and Flavonoids

HPLC analysis of K. chayanii extracts revealed several phenolic acids and flavonoids
in both wild and in vitro-cultured plants. These findings provide information on the
phytochemical composition of the species. In wild plants, gallic acid, vanillic acid, sinapic
acid, rutin, and myricetin were detected in the aerial parts. The underground organs also
contained several compounds, including vanillic acid, syringic acid, ferulic acid, sinapic
acid, quercetin, and apigenin. In contrast, leaves from in vitro-cultured plants contained
gallic acid, protocatechuic acid, ferulic acid, and sinapic acid, together with flavonoids
such as apigenin, quercetin, and myricetin. These compounds have also been reported in
various medicinal and edible plants [43,44], although their contributions to antioxidant
activity in the present study remain unclear.

The higher concentrations of gallic acid, protocatechuic acid, and apigenin in leaves
derived from Msl compared with Ms0 suggest that exogenous PGRs may influence phe-
nolic accumulation, possibly through changes in secondary metabolism. In our study, the
underlying mechanisms were not directly investigated. Previous studies in other medici-
nal plants have reported that PGR treatments can affect phenylpropanoid and flavonoid
biosynthesis, leading to changes in bioactive compound accumulation [45-47]. However,
the mechanisms underlying these changes remain unclear and require further investigation.

These HPLC findings should also be considered alongside the TPC results. Although
in vitro-cultured leaves showed high TPC values, the amounts of phenolic acids quantified
by HPLC were relatively low. This difference may reflect the distinct analytical targets
of these methods, differences in extraction procedures, and the presence of unmeasured
compounds. Therefore, the observed antioxidant activity cannot be directly attributed to
individual compounds without further evidence.

The observed differences in phytochemical composition and antioxidant activity be-
tween wild and in vitro-cultured plants should also be interpreted with caution. Differences
in plant maturity, physiological age, and growth conditions may have influenced these
results, making it difficult to determine the effects of in vitro culture alone. Future studies
should compare plants at similar growth stages under controlled conditions. In addition,
quantitative HPLC analysis was limited by incomplete method validation. Further valida-
tion and optimization are needed to improve the reliability of compound quantification for
future applications.

5. Conclusions

This study successfully propagated Kaempferia chayanii using in vitro culture tech-
niques. Our findings suggest that plantlet explants cultured on solid MS medium sup-
plemented with BA and kinetin exhibited enhanced shoot proliferation compared with
BA alone. The combination of auxins and cytokinins also influenced shoot and root de-
velopment, particularly root formation. Moreover, liquid MS medium supported shoot
proliferation, with the BA-TDZ combination producing the highest mean shoot number, al-
though this response did not differ significantly from other PGR-supplemented treatments.
The phenolic and flavonoid compositions observed in wild and in vitro-cultured plants, to-
gether with their antioxidant activities, provide baseline information on the phytochemical
properties of K. chayanii. Thus, this study may support future research on the sustainable
utilization of this species and its potential applications in bioproducts and herbal medicines.
The developed propagation protocol may also support future ex situ conservation efforts,
although further evaluation of acclimatization, ex vitro survival, genetic fidelity, microrhi-
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zome induction, and plantlet establishment is needed to determine its practical value and
potential to reduce collection pressure on wild populations.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/1ife16111799/s1, Table S1: Sensitivity of principal component 1
(PC1) directions and individual eigenvector coefficients under leave-one-series-out analysis.; Table S2:
Sensitivity of principal component 2 (PC2) directions and individual eigenvector coefficients under
leave-one-series-out analysis.
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