e S, I

oy,
"o,

'Oﬂ—v ¥

ZPARL
PAALLYYS

Ciéncia Rural, Santa Maria, v.56:1, €20240463, 2026 http://doi.org/10.1590/0103-8478¢r20240463

oA e ISSNe 1678-4596
Ciéncia
Rural BIOLOGY

Nutrition-enriched nanobubble oxygen and red-blue light spectrum enhanced plantlet
growth and in vitro Dendrobium development

Farida Yulianti'® Mitalarasati’® Abdul Karim Fanani’® Budi Winarto'
Hardiyanto'® Nirmala Friyanti Devy'® Anto Tri Sugiarto®® Fitri Rachmawati'
Sri Rianawati'®© Laela Sari*® Dita Agisimanto'

'Research Center for Horticulture, Badan riset dan inovasi nasional (BRIN), Cibinong Science Center, Cibinong, Bogor, West Java, Indonesia.
E-mail: dita.agisimanto@brin.go.id. “Corresponding author.

*Taman Arjuno Research Center, Gunungrejo, Malang, East Java, Indonesia.

3Research Center for Intelligent Mechatronics, Badan riset dan inovasi nasional (BRIN), Coblong, Dago, Bandung, West Java, Indonesia.
4Research Center for Applied Botany, Badan riset dan inovasi nasional (BRIN), Cibinong Science Center, Cibinong, Bogor, West Java, Indonesia.

ABSTRACT: An effective micropropagation system for Dendrobium is required to support seedling production. The effects of light quality
with nutrition-enriched nanobubble (NB) and oxygen on Dendrobium plantlet growth and development were evaluated. Plantlets were placed
on a growth medium (enriched or without NB oxygen) with vermiculite-perlite (1:1) and irradiated by fluorescent, red-blue spectrum ratio
of (3:1, 1:1, 1:3), and red. The NB and dissolved oxygen in liquid nutrition and red-blue spectrum enhanced Dendrobium’s morphological
and physiological characteristics in vitro sugar-free. The TF-NB-1R1B increased fresh weight and plantlet growth rate, but TF-NB-1R3B
increased pigments. The shift from heterotrophic to autotrophic micropropagation is indicated by stomatal closer and upregulated CAT,
PEPCK, and RBC genes.
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O oxigénio nanobolha enriquecido com nutricio e o espectro de luz vermelho-azul melhorou o
crescimento e desenvolvimento de plantulas de Dendrobium in vitro

RESUMO: Um sistema de micropropagacdo eficaz para o Dendrobium ¢ necessério para suportar a produgdo de plantulas. Foram avaliados
os efeitos da qualidade da luz com nanobolhas (NB) enriquecidas com nutrientes e oxigénio no crescimento e desenvolvimento de plantulas
de Dendrobium. As plantulas foram colocadas em meio de crescimento (enriquecido ou sem oxigénio NB) com vermiculite-perlite (1:1) e
irradiadas por fluorescéncia, racio do espectro vermelho-azul de (3:1, 1:1, 1:3) e vermelho. O NB e o oxigénio dissolvido em nutri¢do liquida
e espectro vermelho-azul melhoraram as caracteristicas morfoldgicas e fisiologicas do Dendrobium in vitro sem acgucar. O TF-NB-1R1B
aumentou o peso fresco e a taxa de crescimento das plantulas, mas o TF-NB-1R3B aumentou os pigmentos. A mudanga da micropropagagio
heterotrofica para a autotrofica ¢ indicada pelo fecho estomético e pelos genes CAT, PEPCK e RBC regulados positivamente.
Palavras-chave: Dendrobium, ilumina¢do LED, micropropagagao, oxigenagao por nanobolhas, fotomorfogénese.

INTRODUCTION

The micropropagation of Dendrobium
orchids plays a vital role in supporting large-scale
seedling production for the horticultural industry.
Achieving efficient and robust plantlet development
in vitro depends on carefully optimizing
both the growth medium and environmental
conditions, particularly light quality. Traditionally,
micropropagation media are formulated with
a balanced mix of macro- and micronutrients,
vitamins, sugars, growth regulators, and various
additives, all of which must be finely tuned to meet
the physiological needs of the developing plantlets.
The method of nutrient delivery—whether via
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solid or liquid media—further influences nutrient
absorption and plantlet performance (MOREIRA et
al., 2013).

Liquid media have gained attention for
their ability to provide greater dissolved oxygen and
improved contact with explants, thereby enhancing
nutrient uptake and growth compared to solid
media (AGISIMANTO et al., 2023; OSHITA et
al., 2023). Recent innovations in this area include
the use of nanobubble (NB) technology, which
introduces ultra-fine bubbles (less than 200 nm in
diameter) into liquid media. These nanobubbles
are notable for their physicochemical stability and
exceptional capacity to transport oxygen, offering
new opportunities to improve plant growth in both
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in vitro and hydroponic systems (AGARWAL et al.,
2011; TANAKA et al., 2021; AHMED et al., 2018).
The NBs have been successfully used in water
treatment (AGARWAL et al., 2011), aquaculture
(EBINA et al., 2013), seed germination (AHMED
et al., 2018), lettuce hydroponics (KOBAYASHI
et al., 2022), and barley (OSHITA et al., 2023).
Unfortunately, the provision of liquid nutrients
containing NBs and dissolved oxygen for in vitro
plantlet growth has not been reported.

Light, as a fundamental environmental
factor, not only provides the energy required for
photosynthesis but also regulates key developmental
processes in plants (GUPTA et al., 2013; NADAL
et al., 2023). Plants are particularly responsive to
light in the 400-700 nm range, which influences
both their morphology and the accumulation of
functional compounds (HANUS-FAJERSKA et al.,
2017). While fluorescent lamps have been widely
used in plant tissue culture, the advent of light-
emitting diode (LED) technology offers significant
advantages, including spectral customization, lower
heat output, greater energy efficiency, and precise
control over light intensity and quality (GUPTA
et al.,, 2013; NADAL et al., 2023), improved
plant growth and quality accumulation (GUPTA
et al., 2013; SORGATO et al., 2015), and allows
for easy control of light intensity and quality
(HANUS-FAJERSKA et al, 2017). Red light
stimulates cell division and extension, shoot and
stem elongation, plant anatomical changes, and
regulates carbohydrate mobilization (LUAN et al.,
2015; TRIVELLINI et al., 2023), whereas blue
light influences chlorophyll biosynthesis, stomatal
opening, chloroplast maturation, photosynthesis,
carotenoids, and anthocyanins accumulation (KO
et al., 2020).

Despite these advances, there is a notable
gap intheliterature regarding the combined application

of nutrition-enriched nanobubble oxygen and
tailored light spectra for in vitro micropropagation—
particularly under sugar-free conditions that
encourage autotrophic growth. This study addressed
this gap by investigating the effects of liquid nutrition
enriched with nanobubble oxygen, in combination
with various red-blue light spectra, on the growth and
physiological development of Dendrobium plantlets
cultivated in vitro without supplemental sugar. The
findings are expected to provide new insights into
optimizing micropropagation protocols for improved
plantlet quality and sustainability.

MATERIALS AND METHODS

Dendrobium-B30 (Dendrobium enobi x
Dendrobium taurinum) plantlets from Taman Arjuno
Research Center were grown on solidified Murashige
and Skoog (MS), 88 mM sugar, 12.5% coconut water,
and 10% banana extract. The uniform plantlets with
two completed leaf development were selected,
washed, and roots removed.

MS nutrients and vitamins, myo-inositol
100 mg/L, nicotinic acid 0.5 mg/L, pyridoxine HCI
0.5 mg/L, thiamine HCl 0.1 mg/L, and glycine 2
mg/L were mixed, and the pH was adjusted to 5.6 +
0.2 before autoclaving at 121 °C for 20 minutes. The
sterilized liquid medium was enriched with NBs and
dissolved oxygen at 15 mg/L, using an NBs generator
(Qwater) and an oxygen -concentrator (Yuwell
8F-3AW). Liquid nutrition was mixed evenly with
vermiculite-perlite (VP) (1:1), with a small amount
of liquid media (TF) at the bottom of the jar. Explants
were planted in a growth medium (TF-liquid nutrition
enriched or without NB-oxygen mixed with VP)
(Figure 1A) and subjected to light included FL (cool
daylight Philips LED; 16W), a single super-bright
LED lamp of red (R), and a red-blue (B) combo at
1:1, 3:1, and 1:3 for 16/8 (day/night) photoperiod.

Figure 1 - Dendrobium hybrid B30 plantlets grown in nutrition enriched NB oxygen and vermiculite-perlite (a), representative plantlet in
a TF-NB-1R1B (b), TF-NB-1R3B (c), TF-0-FL (d), leaf stomata of TF-NB-1R1B (e), tissue culture under FL (f). Bar: a-d= 1
cm, e-f=200 um (500x magnification).
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The chlorophyll from the leaf was
homogenized in 95% ethanol and centrifuged at
10,000 rpm for 15 minutes. The supernatant was
collected, diluted 10 times, and measured using a
UV-Vis spectrophotometer at 664 nm, 649 nm, and
470 nm. Chlorophyll-a concentrations (13.36 A664 -
5.19 A649), chlorophyll-b (27.43 A649 - 8.12 A664)
and carotenoid ([(1000A470 - 2.13 Chlorophyll
a - 97.64 Chlorophyll b)]/209) were determined
(LICHTENTHALER, 1987). The Ribospin™ Plant
(Gene All) procedure was used to isolate total RNA
from 100 mg of leaf tissue in each sample, which was
then quantified using agarose gel electrophoresis.
Double-stranded cDNA was created using the BioRad
iScript™ c¢DNA Synthesis Kit technique. Gene
expression was measured by PCR with 1x SYBR
Green (Taq polymerase, dANTPs, and SYBRGreen dye)
and 200 nM forward and reverse primers (SUT2-F/R
5’-TACTCAACATTTCCATCGTCATCCC-3"/5’-
AGTTAG AGCGAGAGAGCCTTGGAA-3’; CAT-
F/R 5’-GGATGATGAAGCTGTGATTGTTGG-
3’/5’-CAGGCTGAAGAGGCAGGATGTC-3’; D1-
F/R 5’-TATCATTGCCTTCATTGTT GCCC-3’/5’-
AAGTTCATAAGGACCGCCATTGTAC-3’; RBCs-
F/R 5’-TGATGATCTC ATCCGCTACCGC’-3’/5’-
CAGGGAGGTATGACAGTGTCTCAAAC-3’;
P E P C K - F
5’-GCTTCCTACCCTATCGAGTACATTCC-3’
PEPCK-R 5’-TGGCTTGCGGCTCCTTG AT—
3’) and amplified by the MiniOpticon™-RT-PCR
System programmed of 95 °C for 10 minutes, 40
cycles at 95 °C for 15 seconds, 60 °C for 1 minute
with melting curve at 65 to 95 °C, increasing of 5
°C on fluorescence measurement. Expression level

was calculated based on primer efficiency and
normalization based on housekeeping genes Ubiquitin
(Ubi) (F/R 5°>-TGAACTC CATCGCCTTCCTCTTC-
3°/5’-TGAAGCATGGCATCAATTTC-3’).

The experiment was designed in a
completely randomized design, with four replicates.
Leaf number (LN), root length (RL), number (RN),
fresh weight (FW), growth rate (GR), chlorophyll a
and b, carotenoid content, CAT, SUT2, D1, RBCs,
and PEPCK, gene expression were measured at 90
days of culture. The XLSTAT software was used to
analyze the data at a 1% probability level. The Bio-
Rad CFX Maestro software was used to measure gene
expression in RBCs, PEPCK, CAT, D1, and SUT2.

RESULTS AND DISCUSSION

Plantlet development in sugar-free in vitro
culture with nutrition-enriched NB-oxygen and a
red-blue spectrum ratio is described. The treatments
had a substantial influence on all variables except
RL (Table 1). Liquid nutrition-enriched NB-oxygen
stimulated plantlet growth and increased mean LN,
RN, RL, FW, and GR values across light sources
and spectrums. TF-NB-1R3B had considerably
higher LN and RN (3.25 leaf/plantlet and 3.06 root/
plantlet, respectively) than TF-0-FL (2.31 leaf and
2.44 root/plantlet). Interestingly, TF-NB-1R1B
produced a maximum RL of 3.82 cm, but this was
not significantly different across all treatments. TF-
NB-1R1B had a significant impact on FW and GR,
reaching 369.31 mg and 4.10 mg/day, respectively,
which was 5.10% greater than TF-0-FL (351.38
mg) but was not different from the other treatments

Table 1 - The effect of light source, red-blue light ratio, and liquid nutrition-enriched nanobubble on leave number (LN), root length
(RL), root number (RN), fresh weight (FW), and growth rate (GR) of Dendrobium B30 at 90 days of incubation.

RL FW GR Chlo-a Chlo-b Car
Treatment LN (om) RN (mg) (mgday")  (ugml)  (ugml)  (ugml’)
TF-NB-1R1B 25+02bc 38+04a 28+02ab 3693+240a 41+03a 1.5+0.1¢ 0.6+0.1ab 0.5+0.1ab
1 TF-0-1R1B 21+05¢ 36+05a 25+-8b 341.84+0.1 abc 3.8+15.5abc 1.7+0.2 abc 04+0.1b 0.6+0.1ab
i TF-NB-1R3B 33+0.8a 35+0.7a 3.1+05a 360.3+0.0ab 40+78ab 1.6+£0.1bc 0.7+£00a 0.70+0.1a
"\‘ s TF-0-1R3B 26+0.1bc 34+02a 26+02ab 3225+22.0bc 3.6+02bc 15+0.1¢ 0.5+0.0ab 05+00b
:‘s ) TF-NB-3R1B 27+04b 38+03a 29+02ab 36344194 ab 40+02ab 19+00a 0.6+0.1ab 05+00b
““‘ TF-0-3R1B 23+04bc 37+£02a 28+02ab 3599+12.5abc 4.0+0.1 abc 1.8+0.1ab 04+0.1b 0.6+0.1ab
\‘: TF-NB-R 25+02bc 38+04a 28+02ab 350.7+£16.5 abc 39+02abc 15+0.1¢ 0.6+0.1ab 0.5+0.1ab
TF-0-R 21+0.1c 36+0.1a 25+02b 3189+203¢ 35+02c¢ 1.7+£0.1abc  04+0.10b 0.6+0.1ab
TF-NB-FL 26+0.1b 36£02a 26+02ab 354.4+9.8abc 39+0.1abc 1.6+£02bc 0.5+02ab 05+0.1b
TF-0-FL 23+0.1bc 34+10a 24+02b 3514+163 abc 3.9+0.2 abc 1.7+£02abc  0.6+0.1ab 0.6+0.1ab

CV(%) 15.5 6.9 10.3 6.3 6.3 9.4 24.5 17.6
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except TF-0-R. The study reported that under red-
blue light, NB treatments increased GR more than
non-NB cells. When using NBs in nutrition, red-blue
light outperformed FL light in shoot development
(Figure 1B-D). TF conditions serve multiple
functions, including nutrient supply (AFREEN,
2008), gas management (O, and CO,), long-term NB
stability in liquid, humidity balance, and avoidance
of hyperhydricity. Specifically in VP medium,
nutrition-enriched NB-oxygen was maintained
in the porosity of VP, continuously transferring
nutrients and oxygen to the plantlets. In this static
system, the TF layer is crucial because gases can
only exist on the liquid surfaces (SILVA et al.,
2020). The phenomenon of liquid nutrition enriched
with NB oxygen, which continuously delivered
O: to plantlets to enable aerobic metabolism, was
comparable to bioreactor conditions. Bioreactor
superiority over solid culture is due to its provision of
more dissolved oxygen to plants (AGISIMANTO et
al., 2023). While NB-enriched oxygen has much more
dissolved oxygen, as their long shelf life (TANAKA
et al., 2021). Red and blue light representing sunlight
spectral of photomorphogenesis, increased shoot
elongation by 91.1-388.9% compared to the control
in ex vitro potted Paphiopedilum delenatii (LUAN et
al., 2015) and regulated photomorphogenesis (KO et
al., 2020).

Nutrition-enriched NB oxygen and red-
blue light significantly influenced chlorophyll a,
b, and carotenoid pigment contents. Chlorophyll-a
levels peaked at 1.87 pg/mL under TF-NB-3R1B,
11.94% greater than TF-0-FL (1.67 pg/mL).
However, levels decreased by 7.33% and 10.88%
under TF-NB-1R3B and TF-NB-1R 1B, respectively.
TF-NB-1R3B had a maximum mean chlorophyll-b
of 0.7 pg/mL, which was 10.83% greater than TF-0-
FL (2.40 pg/mL). The TF-NB-1R3B also produced
a greater carotenoid content than TF-0-FL with a
21.86% increase. Cluster analysis revealed that TF-
NB-3R1B, TF-NB-1R1B, and TF-NB-R stimulated
FW, GR, RL, and RN, while the dominating blue
light in TF-NB-1R3B increased chlorophyll-b,
LN, and carotenoid content (Figure 2A). Blue light
has a crucial role in plant development, including
chloroplasts, chlorophyll, stomatal opening,
photomorphogenesis (KO et al., 2020), enhancing
growth rate, and pigment content (NAZNIN et al.,
2019). Chlorophyll-b correlates strongly with LN
but not with carotenoid concentration. The RN is
highly correlated with FW and GR (Figure 2B).
KO et al. (2020) previously described physiological
alterations impacted by a red-blue spectrum and
nanobubbles in terms of leaf color expression and
stomatal characteristics. Nutrition-enriched NB
oxygen with a red-blue spectrum improved color

15

- LN RL RN PFW GR Ch-a Chb Car
TF-0-3R1B
. TF-NB-3R1B
1 RL >
EAIENE-ARTE LN -0.1210.741 0.442 0.442 -0.359 0.729 0.134
TF-NB-R
05 TF-0-1R1B Ch-a G}%‘,
. RL 0.365 0.429 0.075 -0.265 -0.218
TF-0-R ) RN
_ . TF-NB-FL
=0 RN
805 7
= Ch-b FW
= GR
TF-0-FL TF-0-1R3BO
-LS Ch-a
TF-NB-IR3B
2 Ch-b
2 15 - 0.5 0 0.5 1 15 25
F1 (45.88 %)
| = Active variables = Active observations ‘ Car
A B

Figure 2 - Distribution effect of nutrition-enriched NB oxygen and light spectrum on Dendrobium hybrid B30 plantlet variables of growth
and pigments content (A) and their correlation (B) at 90 days after culture. (NB-nanobubble; LN-leaf number; RL-root length;
RN-root number; FW-fresh weight; GR-growth rate; Ch-a-Chlorophyll a; Ch-b-Chlorophyll b, Car-total carotene, TF-liquid
nutrition enriched or without NB-oxygen mixed with VP; FL-cool daylight Philips LED; 16W, a single super-bright LED lamp
of red (R), and a red-blue (B) combo at 1:1, 3:1, and 1:3 for 16/8 (day/night) photoperiod).
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uniformity in mature leaves. According to the
data, the leaves exhibited a strong yellow-green
color range at first (143A, 143B, 144A, and 144B);
however, in 90 days of incubation, the leaf color
changed to moderate olive green, as shown in the
RHS color chart. Microscopic examinations after 5
weeks of culture demonstrated that TF-NB-3R 1B has
stomatal closeness, while TF-0-FL has none (Figure
1E-F). Chlorophyll-a absorbs light mostly at 430 nm
(blue) and 662 nm (red). Chlorophyll is necessary for
light harvesting because it absorbs light of various
wavelengths, allowing photosynthetic organisms to
grow. Carotenoids regulate light capture and serve as
important antioxidants, lowering photodamage and
photoinhibition (SIMKIN et al., 2022). TF-NB-1R3B
stimulated upregulating CAT, PEPCK, and RBCs
genes and peaked at 34.19, higher than the D1 and
SUT2 genes, indicating the importance of the CAT,
PEPCK, and RBCs genes in photosynthesis (HUANG
et al., 2015; YAMADA et al., 2019). TF-NB-1R1B,
TF-NB-3R1B, and TF-NB-Red had reduced gene
expression (Figure 3A). The clustergram analysis
separated the CAT, PEPCK, SUT2, and RBCs genes
from the D1 gene (Figure 3B).

The upregulation of CAT, PEPCK, and
RBCs genes provides compelling molecular evidence
for the establishment of functional photosynthetic
machinery in cultured plantlets. The RBCs
gene encodes the small subunit of ribulose-1,5-
bisphosphate carboxylase/oxygenase (RuBisCO),
the primary enzyme responsible for carbon
fixation in the Calvin cycle. This enzyme complex
is crucial for converting atmospheric CO, into
organic compounds, representing the fundamental
biochemical process that distinguishes autotrophic
from heterotrophic metabolism (WANG et al,
2018). PEPCK (phosphoenolpyruvate carboxylase

kinase) regulation is particularly significant in C4
photosynthetic pathways, where it modulates the
initial CO, fixation reaction through reversible
phosphorylation. The enhanced expression of this
gene suggested that the nanobubble-treated plantlets
developed more sophisticated carbon concentrating
mechanisms, potentially improving photosynthetic
efficiency under controlled culture conditions.
CAT (catalase) upregulation indicated enhanced
antioxidant capacity, which is essential for managing
reactive oxygen species generated during increased
photosynthetic activity (KO et al., 2020).

This study verified the discovery that
providing nutrition-enriched NB oxygen and red-
blue light to in vitro sugar-free plantlet development
improved plantlet growth and development, as
indicated by GR, -chlorophyll, and carotenoid
content. The growing medium contains NB oxygen,
and the light spectrum provided an appropriate
physicochemical growth medium, resulting in
enhanced organs and photosynthetic apparatus.
Plantlets grew photo autotrophically, as evidenced
by TF-NB-1R3B upregulating the CAT, PEPCK, and
RBC genes.

CONCLUSION

Nanobubbles and dissolved oxygen in
liquid nutrition combined with red blue spectrum
enhanced  morphological and  physiological
characteristics of Dendrobium grown in sugar-free in
vitro conditions. The TF-NB-1RI1B increased fresh
weight and plantlet growth rate, but TF-NB-1R3B
increased pigments. The shift from heterotrophic
to autotrophic micropropagation is indicated by
stomatal closer and upregulated CAT, PEPCK, and
RBCs genes.

e 40 T T T T T T
37 4
£ 03 §54%
Emi N
= T E R
TR l ca7 I
coil - [ I rerck
£ CAT D1 PEPCK RBCs SUT2 SuT2 ....
E‘ Target RECs ....
C— TF-NB-1RIB B TF-NB-3RIB =2 TF-NB-R @ TF-NB-1R3B - D1 ....
A B
Figure 3 - The gene expression (A) and the clustergram pattern (B) of Dendrobium hybrid B30 plantlets as a response to nutrition-
enriched NB oxygen and light spectrum (CAT-catalase; D1-D1 protein; PEPCK-Phosphoenolpyruvate Carboxykinase);
RBCs- Ribulose-1,5-bisphosphate carboxylase/oxygenase small subunit; SUT2- Sucrose Transporter 2).
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