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Abstract. Musa spp. is an essential global food crop, yet its large-scale production is
often hindered by the physiological stress that occurs during the transition from in vitro to
ex vitro conditions. We sought to overcome this critical bottleneck by developing an inte-
grated, cost-effective micropropagation protocol. The effects of paclobutrazol (PBZ) concen-
trations [0.0 (control), 0.5, and 1.0 mg-L’I] and various culture vessel types were evaluated
regarding in vitro root development and subsequent greenhouse acclimatization of ‘Grand
Nain’ bananas. Our results demonstrate that the use of round Magenta vessels with-
out PBZ (0.0 mg-L™") provided the optimal environment. This treatment enhanced
transplant quality significantly, including height (18.6 cm), stem diameter (5.2 mm),
and leaf number (n = 6.4), while achieving a superior photosynthetic efficiency
(variable fluorescence/maximum fluorescence = 0.782) and a 100% survival rate.
The novelty of this research lies in the combined analysis of vessel-induced micro-
environmental factors and PBZ-mediated growth regulation, an interaction previously
undocumented for this cultivar. This protocol offers a reliable and standardized method
for the mass production of high-quality banana transplants suitable for both local culti-
vation and international export.

Introduction

Banana (Musa spp.) is a member of the
Musaceae family and originated in Southeast
Asia. It is widely cultivated in tropical and
subtropical countries throughout the world
and is the fourth most important global stable
food crop after rice, wheat, and maize (Talla
et al. 2022; Uma et al. 2023a). It is one of the
world’s four major produced and consumed
fruit, along with oranges, grapes, and apples.
Bananas supply more than 25% of the world’s
daily carbohydrate needs (Omari et al. 2024a).
They provide food, livelihood, employment,
and income security in its main production
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areas for a significant population. Bananas are
very popular globally for their flavor; impres-
sive, high nutritional value; therapeutic benefits;
and economic potential (Saraswathi et al. 2025).
In addition to its delicious fruit, the agricultural
wastes of banana plants such as rhizomes,
leaves, peels, and pseudostem are highly used in
various sustainable applications as food, medi-
cine, bioethanol stock, biofertilizers, and fiber,
and in textile industries (Akatwijuka et al. 2024).
However, the expansion of banana-growing areas
and commercial production is hampered by
the lack of quality clonal planting materials
for the desired varieties (Saraswathi et al. 2024).
The ever-increasing demand for planting materials

and the need for greater productivity to feed the
growing population have led to the development
of advanced, cost-efficient and sustainable technol-
ogies for the production of high-quality transplants
for intensive agriculture. One of these technologies
is banana tissue culture (Ngullie and Deb 2024;
Omari et al. 2024b; Uma et al. 2023b).

As a vegetative propagated fruit, ‘Grand
Nain’ banana (Musa paradisiaca AAA) has tra-
ditionally used suckers for cultivation. However,
this method has its limitations, including trans-
mission of diseases to the new fields by soil-
borne pathogens, low productivity, a very slow
rate of sucker multiplication, and poor preser-
vation of the parent plant’s genetic material
(Justine et al. 2022). Moreover, this traditional
method of propagation is season dependent,
time-consuming, and produces nonuniform
“off-type” plants (Subrahmanyeswari et al. 2022).
Hence, the production of tissue-cultured planting
material for banana cultivars is a crucial issue.
In vitro tissue culture techniques have been es-
tablished commercially for successful large-
scale propagation for a variety of high-demand
banana cultivars. It is one of the fruits that has
been multiplied extensively through micropro-
pagation to produce millions of true-to-type, ge-
netically uniform, disease-free, superior planting
materials year-round regardless of seasonal var-
iations (Saraswathi et al. 2025; Shehu et al.
2026). This has improved crop performance in
the field and profitability (Mohanta et al. 2026).
However, there is still a dire need to improve
the micropropagation protocols for specific
high-value cultivars and economically impor-
tant plant species for disease free and large-
scale availability of quality planting materials
(Talla et al. 2022). In addition, micropropagated
banana plantlets are grown in conditions char-
acterized by high relative humidity and limited
gaseous exchange between the internal atmo-
sphere and the surrounding environment. These
conditions usually induce physiological imbal-
ances and result in the accumulation of ethylene
and reactive oxygen species (ROS). This leads
to oxidative stress, which makes the banana
plants ultimately unable to adapt when trans-
ferred to ex vitro conditions such as greenhouse
or field environments and leads to high rates
of mortality during acclimatization (Hazarika
2006a). Therefore, an efficient photosynthetic
system, improved antioxidant capacity, vigorous
vegetative growth, and well-developed roots of
in vitro raised plants are crucial for successful
acclimatization because they influence plant per-
formance and survival directly under field con-
ditions (Talla et al. 2022).

Acclimatization is the most crucial stage in
the micropropagation protocol for banana plants,
which results in banana transplants, and its suc-
cess determines the survival rate, vigor, and field
performance of the transplants (Saraswathi et al.
2025). However, during acclimatization, in vitro
plantlets still exhibit reduced functional leaves,
low nutritional reserves, limited energy, very
fragile roots, and a poorly developed cuticle, all
of which may cause a decreased survival rate
under ex vitro conditions (Sané et al. 2022).
Chemical fertilizers (Bai et al. 2025), bio-organic
fertilizers (Liu et al. 2024), plant growth—
promoting microorganisms (Sané et al. 2022;
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Sun et al. 2025), and plant growth retardants
(Shalaby et al. 2022) have been used to im-
prove the photosynthetic apparatus and enhance
root growth. The consequent development of
plants has produced high-quality seedlings
with a high survival rate. Paclobutrazol (PBZ),
a growth retardant, is a synthetic inhibitor that
restricts gibberellin biosynthesis by inhibiting
kaurene oxidase and blocking the oxidation of
ent-kaurene to ent-kaurenoic acid (Abdalla
et al. 2021; Shahzad et al. 2023). Thus, it can
decrease endogenous gibberellic acid contents,
reduce cell elongation, increase stem diameter,
decrease plant length, increase chlorophyll
content, increase the number of leaves, en-
hance photosynthesis (mainly if it added to
the shoot multiplication medium) (Zhang
et al. 2025), and stimulate root develop-
ment, resulting in thick roots and increased
root number, quality, and survival rate of
in vitro rooted plantlets (Wen et al. 2013).
The physiological modifications induced
by PBZ result in improving acclimatization
success and micropropagation efficiency di-
rectly through morphological alterations such
as compact shoots, thicker and shorter leaves,
and an increased thickness of the leaf wax
layer, reducing the overall shoot surface area
available for transpirational water loss, which
decreases water loss during transplanting (Li
et al. 2009; Plaza-Wiithrich et al. 2016; Wen
et al. 2013). It also causes anatomic shifts (en-
hancing the root architecture and creating a fa-
vorable shoot-to-root ratio necessary for ex

Received for publication 27 Apr 2026. Accepted
for publication 4 Jun 2026.

Published online 29 Jun 2026.

This work was funded by support provided from
the National Research, Development and Innovation
Fund of Hungary (financed under TKP2021-EGA,
Biotechnology.

We thank the staff members of the Physiology and
Breeding of Horticultural Crops Laboratory,
Department of Horticulture, Faculty of Agriculture,
Kafrelsheikh University, Kafr El-Sheikh, Egypt,
for supporting the completion of this work.
Author contributions are as follows: conceptualization,
M.E.E.-M.; methodology, D.M.AE., M.EE.-M,,
Y.M.H,, and N.A.; software, M.E.E.-M., DM.AE.,
and Y.M.H.; validation, M.E.E.-M., E.C.B., and
N.A.; formal analysis, M.E.E.-M. and Y.M.H.;
investigation, M.E.E.-M.; resources, M.E.E.-M.
and Y.M.H.; data curation, M.E.E.-M., DM.AE.,
N.A., and J.D.; writing (original draft preparation),
M.E.E.-M.,, J.D., and N.A.; writing (review and ed-
iting), NA, DMAE., ECB, MEE-M, and
J.D.; visualization, M.E.E-M. and N.A.; funding
acquisition, E.C.B. and J.D. All authors read and
agreed to the published version of the manuscript.
The raw data supporting the conclusions of this
article are available from the authors on request.
The authors declare no conflicts of interest.
During the preparation of this work, we did not
use any Al program, even to generate initial out-
lines and draft sections. We reviewed and edited
the content without help from AI programs to
ensure accuracy and clarity, and take full respon-
sibility for the content of this publication.

E.C.B. is the corresponding author. E-mail: eric.
brevik@siu.edu.

This is an open access article distributed under
the CC BY-NC license (https://creativecommons.
org/licenses/by-nc/4.0/).

1642

vitro survival) and alters biochemical processes
(hormonal modulation through the increase of
endogenous abscisic acid and cytokinins, which
actively induce rapid stomatal closure when
atmospheric humidity drops suddenly). Osmo-
protection is provided by the accumulation of
cellular protectants such as soluble carbohy-
drates and proline (Nagar et al. 2021), prevent-
ing excessive electrolytes or ion leakage during
acute transplant stress. Moreover, PBZ upregu-
lates protective antioxidant enzyme activities,
suppressing lipid peroxidation and keeping the
plant’s structural proteins functional while it
adapts to its new environment under ex vitro
conditions (Nagar et al. 2021).

The concern regarding how PBZ-induced
antioxidant enzyme activity upregulation trans-
lates into improved micropropagation efficiency
and acclimatization success highlights a critical
issue in plant tissue culture. This mechanism lies
in mitigating transplant-induced oxidative shock
through the activation of superoxide dismutase
(SOD), catalase (CAT), peroxidase (POX), and
polyphenol oxidase (PPO) enzymes that main-
tain cell turgor and protect chloroplasts, develop
photosynthetic apparatuses, and stabilize cellular
membranes, thereby enhancing survival and
growth quality (Chakrabarty et al. 2007; Hazarika
2006).

Although PBZ can be absorbed via stems
or leaves, its primary and most efficient phys-
iological route of uptake is through the root
system (Percival and Salim AlBalushi 2007).
The bioavailability of PBZ is highly dependent
on the medium matrix. PBZ adsorbs strongly
to organic matter and clay minerals in soil or
solid media (Vaz et al. 2015). It is a lipophilic,
moderately hydrophobic triazole compound. It
enters the root through passive apoplastic or
symplastic pathways, across the lipid bilayers
of roots and root hairs (Soumya et al., 2017).
The rate of PBZ accumulation at its active site
(the subapical meristem) is directly propor-
tional to the volume and velocity of the tran-
spirational stream (Maheshwari et al. 2022).
Environmental conditions that promote open
stomata and a high vapor pressure deficit accel-
erate the transpirational stream, effectively fa-
cilitating faster movement of PBZ from the
rooting medium up to the shoot tip. Vessel
gas exchange characteristics—specifically
the movement of air, water vapor, and dis-
solved gases—alter PBZ translocation and dis-
tribution directly. High gas exchange and low
stomatal resistance allow rapid xylem transloca-
tion of PBZ upward into the stem (Percival
and Salim AlBalushi 2007).

The physical and chemical environments of
culture vessels strongly influence the growth
rate as well as other morphological and physio-
logical features of in vitro cultured plantlets.
Optimizing the gas exchange rate of culture
vessels could prevent or reverse physiological
and morphological disorders, hence increasing
the survival rate and quality of transplants during
ex vitro acclimatization (Mohamed et al. 2023).

We aimed to enhance photosynthetic effi-
ciency and antioxidant enzymatic status while
improving vegetative growth and rooting ca-
pacity of in vitro propagated ‘Grand Nain’ ba-
nana plantlets by modifying the composition

of the rooting medium [Murashige and Skoog%
(1962) (MS) medium fortified with 1.0 mg-L~
indole-3-butyric acid (IBA)] by adding different
concentrations of PBZ.

We hypothesized that the interaction be-
tween culture vessel-induced microenviron-
mental characteristics and PBZ concentrations
would regulate the morphological and physio-
logical adaptation significantly of ‘Grand
Nain’ banana. Specifically, we expected that
optimized vessel gas exchange conditions,
combined with tailored PBZ-mediated growth
regulation, would improve in vitro root devel-
opment and ex vitro survival. Furthermore, we
hypothesized that the specific combination of
these factors would stabilize the photosynthetic
apparatus [the variable fluorescence (Fv)-to
maximum fluorescence (Fm) ratio] and miti-
gate transplant-induced stress, thereby defin-
ing an optimal micropropagation protocol for
high-quality mass banana production. Further-
more, our aims included examining the effect
of different types of culture vessels on the sub-
sequent ex vitro acclimatization rate and quality
characteristics of banana transplants. By opti-
mizing these factors, our goal was to produce
large-scale, high-quality planting material that
would enable intensive agricultural production
of this highly important banana cultivar.

Materials and Methods

This study was carried out at the Physiology
and Breeding of Horticultural Crops Laboratory,
Horticulture Department, Faculty of Agriculture,
Kafrelsheikh University, Egypt.

Plant material. Preestablished in vitro shoot
cultures of banana (Musa paradisiaca L. cv.
Grand Nain) were cultured on MS medium
containing 3% sucrose and supplemented
with 3.0 mg-L™" 6-benzylamino purine and
1.0 mg'-L™ kinetin. The culture medium
was solidified with 0.2% Gelrite (Duchefa
Biochemie Co, Haarlem, Netherlands). The
pH of the medium was adjusted to 5.8 before
autoclaving at 121 °C and 118 kPa for 15 min.
The cultures were incubated for 4 weeks at
25.0 £ 1.0°C under a 16-/8-h photoperiod
provided by cool-white fluorescent tubes at
a 25-umol'm™s~" photosynthetic photon flux
density (PPFD) for shoot multiplication. The
microshoots were used as plant material in the fol-
lowing experiments to examine the in vitro rooting
capacity of banana shoots and ex vitro acclimatiza-
tion of plantlets in response to different treatments
of PBZ and different types of culture vessels.

In vitro rooting of banana microshoots. In
vitro shoots of ‘Grand Nain’ banana were cul-
tured on MS medium solidified with 0.7%
agar containing 3% sucrose and supplemented
with 1.0 mg:'L™" IBA. The effect of three con-
centrations of PBZ (Titan Biotech LTD, Rajas-
than, India) were investigated at 0.0, 0.5, and
1.0 mg-L™", where 0.0 mg'L™" PBZ served as
the control. These concentrations of PBZ were
selected based on our previous study (Mohamed
et al. 2023) on Gypsophila paniculata L. Difter-
ent culture vessels, such as glass jars with
a 350-mL capacity; round Magenta boxes
(350 mL; Magenta LLC, Chicago, IL, USA),
and rectangular Magenta boxes (575 mL) with
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Fig. 1. The culture vessels used in our study included glass jars (A), round Magenta vessels (B) (Magenta
LLC, Chicago, IL, USA), and rectangular Magenta vessels (C) with green (top left), rose (top right),
yellow (bottom left), and white (bottom right) filters.

four different filters (Sac O,, Deinze, Belgium)
were examined for root induction as well as for
improving the quality of in vitro-raised plant-
lets and, consequently, transplants. The filters
had four different gas exchange rates [white,
7.44; yellow, 9.14; rose, 10.83; and green,
62.87 gram equivalents (GE)/d] (Figs. 1 and 2).
The culture vessels contained 75, 75, and 150 mL
medium for glass jars, round Magenta boxes,
and rectangular Magenta boxes, respectively.
The cultures were kept at 25.0 + 1.0°C in a
culture room at a 16-/8-h photoperiod at a
60 umol'mfz-s’1 PPFD. After 4 weeks of cul-
ture, plantlet length (measured in centimeters),
stem diameter (measured in millimeters), number
of leaves per plantlet, root length (measured in
centimeters), number of roots per plantlet,

plantlet fresh weight (measured in grams),
and chlorophyll content of shoots [using a soil
plant analysis development (SPAD) chlorophyll
meter (SPAD 502 Plus; Japan)] were recorded.
Analysis of antioxidant enzyme activity. To
assess the activity of the antioxidant enzymes,
0.5 g of fully expanded leaves from in vitro
rooted plantlets were homogenized using a
precooled mortar and pestle under liquid
nitrogen with 1.5 mL of extraction buffer.
The mixture was filtered and centrifuged at
22,000 rpm for 20 min at 4°C. The superna-
tant, which was recentrifuged at 22,000 rpm
for 20 min at 4°C, was used for detection of
antioxidants. CAT (EC 1.11.1.6) activity was
measured by the consumption of H,O, at
240 nm (Aebi 1984). One unit of CAT activity

* Glass jar [T1]
* Round Magenta [T2]

* Rectangular Magenta with white filter (7.44 GE/day) [T3]

| + Rectangular Magenta with yellow filter (9.14 GE/day) [T4]

* Rectangular Magenta with rose filter (10.83 GE/day) [T5]

/| * Rectangular Magenta with green filter (62.87 GE/day) [T6] Y,

.

* Glass jar [T7]
* Round Magenta [T8]

* Rectangular Magenta with white filter (7.44 GE/day) [T9]

* Rectangular Magenta with yellow filter (9.14 GE/day) [T10]

« Rectangular Magenta with rose filter (10.83 GE/day) [T11]

* Rectangular Magenta with green filter (62.87 GE/day) [T12] )

B

* Glass jar [T13]
* Round Magenta [T14]

« Rectangular Magenta with white filter (7.44 GE/day) [T15]
« Rectangular Magenta with yellow filter (9.14 GE/day) [T16]
* Rectangular Magenta with rose filter (10.83 GE/day) [T17]
* Rectangular Magenta with green filter (62.87 GE/day) [T18]

S

Fig. 2. A flowchart of the experimental design of the study, including the number for each treatment
(T). GE = gram equivalents; PBZ = paclobutrazol.
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was defined as a 0.01 decrease in absorbance
at 240 nmmg ' proteinmin ', POX (EC 1.11.1.7)
activity was determined according to the pro-
cedure proposed by Hammerschmidt et al. (1982).
Enzyme activity of POX was expressed as an
increase in absorbance per minute per gram
fresh weight. PPO (EC 1.10.3.1) activity was
determined according to the method described
by Malik and Singh (1980). PPO enzyme ac-
tivity was expressed as an increase in absor-
bance per minute per gram fresh weight.

Acclimatization of ‘Grand Nain’ banana
in vitro plantlets. ‘Grand Nain’ banana in vitro
plantlets (9-10 cm) at the five- to six-leaf stage
were collected from culture vessels, washed di-
rectly with running tap water, then dipped
for 2 min in a fungicide solution [1.0 g-L™"
double 56% wettable powder that contains
16% w/w 5-methylisoxazol-3-ol and 40% w/w
dimethyl 4,4-(o-phenylene) bis (3-thioallophanate);
(Starchem Co, El-Giza, Egypt)]. The in vitro
plantlets were transplanted in a greenhouse
into 5-cm black plastic pots filled with growing
medium consisting of peatmoss and vermicu-
lite (2:1). The in vitro plantlets were covered
with a clear plastic lid (thickness, 50 pm) in a
small tunnel. The clear plastic lid was partially re-
moved after 20 d, and then removed completely
after 25 d. The in vitro plantlets were grown
under a 50% shade net and were fertilized with
a compound fertilizer (19N-19P,05-19K,0;
Rosasol; Rosier, Moustier, Belgium) at 0.5 gL‘l
once after 30 d as 20 mL fertilizer solution per
plant. The initial environmental conditions in the
plastic greenhouse were 30 + 2°C and 70% to
80% relative humidity. This was adjusted in the
small tunnel with a mist system to 28 + 2 °C and
90% to 100% relative humidity in the first 20 d
of the experiment, then was decreased gradually
to 70% to 80% relative humidity thereafter. The
survival percentage, transplant height (measured
in centimeters), number of leaves per transplant,
stem diameter (measured in millimeters), leaf
area (measured in square centimeters), chloro-
phyll content, and photosynthesis -efficiency
(Fv/Fm) were measured after 40 d of acclimati-
zation. The equation used to measure photosyn-
thetic efficiency was

Fv _ Fm—F,
Fm

s

Fm

where Fm is the maximum chlorophyll fluo-
rescence at >3500 mol'm 2-s~' and FO is the
minimum chlorophyll fluorescence at 0 pho-
tosynthetic photon flux (PDF) observed in a
dark-adapted state.

Experimental design and statistical analyses.
The in vitro rooting and ex vitro acclimatization
experiments were organized in a completely
randomized design. They were factorial ex-
periments with two factors. The first factor
was PBZ added to the culture medium in three
concentrations; the second factor was the type
of culture vessel (six types: glass jar, round
Magenta vessel, rectangular Magenta vessels
with white, yellow, rose, and green filters).
For the in vitro rooting experiment, there were
five replicates per treatment. Each replicate
was a single culture of 10 individual shoots,
giving a total of 50 shoots per treatment. For the
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Table 1. Effect of paclobutrazol (PBZ) and vessel type on in vitro rooting, morphology, and chlorophyll content of ‘Grand Nain’ banana plantlets after
4 weeks of culture.'

Treatment
PBZ (mg'L ') and Vessel type and Plantlet length  Plantlet fresh Stem diam No. of roots/ Root length  No. of leaves/
significance interaction (cm) wt (g) (mm) plantlet (cm) plantlet SPAD
0.0 (control) Jar 13.0 £ 1.03 ab" 3.9+ 0.64 g 24+048h 133+0.75a 98+054a 40+047a 65+0.641
0.0 (control) Round Magenta 143 £133a 82=+0.17a 44+010g 127+19ab 94+025a 50%£00a 7.4 £0.17 hi
0.0 (control) White 10.7£0.288 cd 55+ 032ce 47+038fg 100+1.0ac 103+10a 43+040a 8.0+032fg
0.0 (control) Yellow 11.54037bc 55+0413c—e 43+023g 10.7+09b-d 10.7+028a 50+040a 82+041gh
0.0 (control) Rose 11.5+1.08 bc 7.6 +027ab 59+028de 113+1.6ac 108=*0.1a 47+062a 80=+027¢gh
0.0 (control) Green 105+ 1.14cd 66+082bc 42+0.13g 100+0047ce 87+040a 53+025a 11.3+0.82bc
0.5 Jar 90+£0.0de 38+036¢g 47+038fg 87+062dg 77+082a 50+040a 9.8+0.36de
0.5 Round Magenta 93 +0.62de 4.6+039e-g 52+0.17ef 80+047e-g 77+062a 47+040a 89+03%9e¢g
0.5 White 95+043de 6.0+£039cd 71+£027b 11.3+04a<c 72+0.042a 57+028a 8.6+039e-h
0.5 Yellow 87+025e¢ 45+048ceg 68+0.65bc 87+064dg 77+015a 50+047a 85+048fh
0.5 Rose 93+0.288de 43+£0204fg 62+£039cd 97+023cf 82+05la 70+£047a 9.7+020df
0.5 Green 93+0.239de 3.7+040 g 54+0.18df 7.0+081¢g 65+025a 7.0+047a 112+040c¢
1.0 Jar 63+05f 40+039¢g 46+018fg 77+040e-g 70+£008a 37+£025a 12.6+039b
1.0 Round Magenta 82 +028¢ 4.0+0.12¢g 53£0.14ef 9.0£0.0c-g 6.8+03la 47+028a 108+0.12cd
1.0 White 10.7+£025cd 42+0.06¢g 9.9+0.53 a 7.3 £0.62 fg 64+020a 50+047a 125+006Db
1.0 Yellow 9.0+0.64de 48+0.18e-g 72+008b 107+028b-d 53.£064a 53+028a 103+0.18cd
1.0 Rose 92+055de 53+£024df 62+£009cd 90+0.0cg 73+04a 57+028a 125+0.24b
1.0 Green 85+023e 47+0.62eg 57+008de 9.0+£025cg 58+03la 47+040a 143+0.062a
Signiﬁcance PBZ sksksk kK kkk kK kK kK skskosk
Significance Vessel NS HHE HoxE NS NS ok ok
Significance PBZ x vessel HrE HoAk HoHk * NS NS **

f_The values represent the mean + standard error of four replicates.
"Values followed by the same letters in the same column are not significantly different.
NS, *, **  *** Nonsignificant or significant at P = 0.05, 0.01, or 0.001, respectively, according to analysis of variance followed by Duncan’s multiple range tests.

SPAD = soil plant analysis development.

acclimatization experiment, each replicate was
five plants, with a total of 25 plants per treatment.
Data were subjected to analysis of variance
(ANOVA) using two-way ANOVA and CoS-
tat v. 6.303 (CoHort Software, Monterey, CA,
USA). The mean separations were calculated
using Duncan’s multiple range test at P <
0.05.

Results

In vitro rooting, morphology, and chlorophyll
content of ‘Grand Nain’ banana plantlets

The data presented in Table 1 indicate
that PBZ had a highly significant effect on all
recorded parameters. The effect of vessel type
was significant for all measurements except
plantlet length, number of roots per plantlets,
and root length. The interaction between PBZ
and vessel type was significant for all parame-
ters except root length and chlorophyll content.
The longest plantlet (14.3 cm) was recorded for
round Magenta vessels in the control treatment;
the shortest plantlet (6.3 cm) was recorded for
glass jars at 1.0 mg-L™' PBZ (Figs. 3-5).
Regardless of the vessel type, increasing PBZ
concentration decreased the length of plantlets
(by mean values of 11.91, 9.18, and 8.65 cm for
the control, 0.5-, and 1.0-mg-L"l PBZ treat-
ments, respectively). The maximum fresh weight
of plantlets (8.2 g) was seen in round Magenta
vessels in the control treatment. The minimum
fresh weight (3.7 g) was observed for Magenta
vessels with green filters at 0.5 mg:'L™' PBZ,
without significant differences seen in glass
jars in the control and 0.5-mg-L"' PBZ treat-
ments, and glass jars, round Magenta vessels,
and Magenta vessels with white filters in the
1.0-mg'L™" PBZ treatment. The stem diameter of
plantlets was greatest and least (9.9 and 2.4 mm,
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respectively) in the 1.0-mg-L™" PBZ treatment
for white-filter Magenta vessels and for the
control treatment in glass jars, respectively.
Contrary to plantlet length, increased concen-
trations of PBZ from control to 1.0 mg-L™"
increased the stem diameter of the plantlets
(average, 4.32, 6.20, and 6.48 mm for the
control, 0.5-, and l.O-mg-L_l PBZ treatments,
respectively). The number of roots per plant-
let was greatest (n = 13.3) with the control
treatment for glass jars and least (n = 7.0) in
the 0.5-mg-L~"' PBZ treatment for Magenta
vessels with green filters. The effect of PBZ and
vessel type was not significant on root length
or number of leaves/plantlets. The highest

chlorophyll content (SPAD index, 14.3) was
seen in a Magenta vessel with a green filter
in the 1.0-mg-L™" PBZ treatment. The lowest
value (SPAD index, 6.5) was seen in glass jars
in the control treatment. Magenta vessels used
in the control treatment enhanced plantlet
height, plantlet fresh weight, and number of
roots per plantlets significantly.

Antioxidant enzyme activity of in vitro
rooted plantlets

Antioxidant enzyme activity of CAT, POX,
and PPO were measured in in vitro rooted
‘Grand Nain’ banana plantlets directly after

Fig. 3. In vitro rooting of ‘Grand Nain’ banana microshoots with the control treatment in glass jars
(A, left), round Magenta vessels (Magenta LLC, Chicago, IL, USA) (B, left), and rectangular
Magenta vessels (C-F, left) with green, white, rose, and yellow filters. respectively. (A-F,
right) View of microshoots removed from vessels, respectively.

HortScIENCE VoL. 61(8) August 2026

10" 7/ou-Ag/sesuaal|/bi0 suowwodaAeald//:sdny (/0 1/ou-Aq/sasuadl|/B10 SuowwodaAeald//:sdiy)
asuadl| DN-AG DD 8y} Jopun pajnguisip ajoie ss80oe uado ue s| siy| "ssed0y uadQ BIA 10-20-920¢ ¥e Bio°syse s|eunol;/:sdyy wolj papeojumoq



Fig. 4. In vitro rooting of ‘Grand Nain’ banana microshoots with 0.5 mg-L ™" paclobutrazol in glass jars
(A, left), round Magenta vessels (Magenta LLC, Chicago, IL, USA) (B, left), and rectangular Magenta
vessels (C-F, left) with green, rose, yellow, and white filters; respectively. (A-F, right) View of micro-

shoots removed from vessels, respectively.

removing the plantlets from the culture vessels
and before acclimatization (Figs. 6-8). The anti-
oxidant activity of CAT was enhanced and
reached its maximum value during treatment
(T) 8, followed by T16, T7, and T12. The low-
est CAT activity was recorded for T5. In gen-
eral, 0.5 mg'L™' PBZ was the best concentration
of PBZ to increase CAT antioxidant activity; it
reflected growth, development, and the physio-
logical status of the in vitro plantlets. POX ac-
tivity was less using PBZ and vessel treatments
than that of CAT. The maximum value of POX
activity was for T13, followed by T7. PPO
activity was relatively high in the 0.5- and
1.0-mg-L™" PBZ treatments for all culture ves-
sels compared with the control. The highest
PPO activity was recorded for T11 and T13,
which had the same value of antioxidant activ-
ity, followed by T7. The lowest activity was
observed for T2.

Acclimatization of in vitro ‘Grand Nain’
banana plantlets

Effect of PBZ and culture vessels on survival
percentage. Acclimatization performance is a
critical process in the micropropagation protocol
and relies on activities of the newly developed
hairy roots to regulate some fundamental pro-
cesses such as water uptake, nutrient absorption,
photosynthesis, and gas exchange to achieve
successful ex vitro acclimatization with a high
survival rate. The 0.5 mg:'L™ PBZ treatment
demonstrated a 100% survival rate for all cul-
ture vessels used in our study (Fig. 9). The
same result was obtained at 0.0 mg-L™'
PBZ for all culture vessels except the glass
jars. PBZ at 1.0 mg'L™" showed 100% sur-
vival for Magenta vessels with white, rose,
and green filters, followed by round Magenta
vessels (98%), then by glass jars and Magenta
vessels with white filters (95% survival rates).

Fig. 5. In vitro rooting of ‘Grand Nain’ banana microshoots with 1.0 mg-L™" paclobutrazol in glass jars
(A, left), round Magenta vessels (Magenta LLC, Chicago, IL, USA) (B, left), and rectangular Ma-
genta vessels (C-F, left) with green, rose, yellow, and white filters; respectively. (A—F, right) View
of microshoots removed from vessels, respectively.
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Effect of PBZ and culture vessels on quality
of ‘Grand Nain’ banana transplants. The ef-
fects of culture vessels and PBZ treatments
(0.0, 0.5, and 1.0 mg~L71) added to in vitro
rooting media on quality characteristics of
‘Grand Nain’ banana transplants after acclima-
tization are presented in Table 2 and Fig. 10.
The double interaction of culture vessels and
PBZ concentrations showed significant differ-
ences for all parameters except the stem diameter
of the acclimatized transplants. The maximum
significant values for transplant height and
number of roots per transplant (20.9 cm and
n = 10.0, respectively) were seen in glass jars
in the control treatment. Transplant height was
only half the maximum (10.8 cm) in Magenta
vessels with yellow filters with 1.0 mgL™
PBZ. Differences in stem diameter were not
significant, but the largest (5.7 mm) was for Ma-
genta vessels with white filters at 0.5 mg'L™".
Root length was significantly longest (13.0 cm)
in Magenta vessels with rose filters in the con-
trol treatment. The minimum values for number
of roots per transplant and root length (n = 3.7
and 3.3 cm, respectively) were seen in Magenta
vessels with green filters at PBZ concentrations
of 0.5 and 1.0 mg'L™", respectively. Our results
indicate that the acclimatized plants showed no
significant variations in transplant stem diame-
ter, the most important characteristic for high-
quality transplants.

Effect of PBZ and culture vessels on pho-
tosynthetic capacity of ‘Grand Nain’ banana
transplants. Significant differences were found
by treatment on photosynthesis-related parame-
ters (Table 3). The control PBZ and round
Magenta vessels recorded the maximum val-
ues for number of leaves per transplant and
photosynthetic efficiency (n = 6.4 and 0.782,
respectivelgf). Leaf area was the maximum
(127.8 e¢m”) for the control treatment in
glass jars. Chlorophyll content was greatest in
Magenta vessels with white filters in the control
treatment. Results indicate that control PBZ
broadly resulted in improved photosynthetic ca-
pacity of the acclimatized banana transplants.
The lowest value for number of leaves per trans-
plant (n = 4.3) and chlorophyll content (SPAD
index, 22.7) was for seen in the 0.5-mg~L’1
PBZ treatment and glass jars. Leaf area and
photosynthetic efficiency were least (71.8 cm?
and 0.754, respectively) in the 1.0 mg:'L™' PBZ
treatment in glass jars and in Magenta vessels
with rose filters, respectively.

Discussion

Bananas are among the most important
food and trade fruit cultivated globally (Leonel
et al. 2024; Tegen and Mohammed 2016). To
fulfill the gap between high demand and lim-
ited supply of improved, vigorous, and high-
quality planting materials, micropropagation
techniques have been applied commercially to
banana plants (Abaci et al. 2026). Acclimati-
zation is recognized as the most frequently
critical and limiting stage in micropropagation.
Successful, optimized rooting is essential
because it determines directly the subsequent
acclimatization success (Asayesh et al. 2017,
Leite et al. 2021; Patial et al. 2024; Selvakumar
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Fig. 6. Antioxidant activity of catalase (CAT) enzyme in in vitro rooted ‘Grand Nain’ banana plantlets.
Treatment 1 (T1) through T6, 0.0 mg-L™" paclobutrazol (PBZ; control); T7 through T11, 0.5 mgL™"
PBZ; and T12 through T18) at 1.0 mg'L™" PBZ in glass jars, round Magenta vessels (Magenta LLC,
Chicago, IL, USA), and rectangular Magenta vessels with white, yellow, rose, and green filters for each

PBZ concentration. FW = fresh weight.

and Parasurama 2020). Poor acclimatization
survival hinders the commercialization of the
micropropagation protocol and reduces the eco-
nomic feasibility of tissue culture industries
(Selvaskanthan et al. 2025; Soni et al. 2021;
Thakur et al. 2006).

Environmental conditions such as light,
temperature, relative humidity, and nutrient lev-
els required for ex vitro growth under acclimati-
zation are significantly different from those in
in vitro culture under controlled conditions, so
they can affect the ex vitro acclimatization of
plants negatively (Asayesh et al. 2017; Hazarika
2006b). Plant growth retardants (i.e., PBZ, uni-
conazole, triapenthenol, triadimefon, and
hexaconazole) reduce plant height effec-
tively while promoting strong growth (re-
taining dark-green leaves and thick roots) and
enhancing antiwilting characteristics. This re-
sults in healthy plantlets and leads to better
growth and survival under ex vitro conditions
(Cha-um et al. 2009; Thakur et al. 2006).

0.035

Plant growth retardants can be used for
many applications (i.e., enhancing shoot multi-
plication and/or rooting efficiency) (Roussos
et al. 2016; Ziauka and Kuusiené, 2010), em-
bryo germination and seedling development
(Xu et al. 2022), increased survival percen-
tages under in vitro (Cha-um et al. 2009) and ex
vitro (Aziz and Al-Taweel 2019) acclimatiza-
tion, enhanced drought stress tolerance (Duan
et al. 2008; Igbal et al. 2020), and reduced dam-
age by increasing proline, glycine betaine, a-to-
copherol, and protein contents (Hajihashemi
and Ehsanpour 2013). They can also promote
waterlogging tolerance (Qiu et al. 2005), salt
tolerance (Kandil and Eleiwa 2008), and
extreme temperature tolerance (Kaneko and
Suzuki 2006); retard vegetative growth;
and induce dwarfing for the potted flower-
ing plant industry (Teto et al. 2016). Prior
investigations have demonstrated that gib-
berellins play a key role in regulating plant
height in several species, including bananas
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Fig. 7. Antioxidant activity of peroxidase (POX) enzyme in in vitro rooted ‘Grand Nain’ banana plantlets.
Treatment 1 (T1) through T6, 0.0 mg'L™" paclobutrazol (PBZ; control); T7 through T11, 0.5 mg'L™
PBZ; and T12 through T18) at 1.0 mg'L™" PBZ in glass jars, round Magenta vessels (Magenta LLC,
Chicago, IL, USA), and rectangular Magenta vessels with white, yellow, rose, and green filters for each

PBZ concentration. FW = fresh weight.
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(Tong et al. 2024). PBZ acts as a gibberellin an-
tagonist (Huang et al. 2011). It has been re-
ported to inhibit plant cell division and
elongation by blocking gibberellin biosyn-
thesis. PBZ is often used to delay plant
growth, inhibit stem elongation, shorten in-
ternodes, and decrease plant height (Luo
et al. 2018). Moreover, PBZ treatments
have produced high-quality tomato seedlings,
which were greener, more compact, and had
a better developed root system (Shalaby et al.
2022).

PBZ has been observed to induce adventi-
tious root formation in tissue culture systems
(VaiCiukyné et al. 2025), increase the scaveng-
ing of ROS to alleviate biotic and abiotic stresses
in calli culture (Hajihashemi and Ehsanpour
2014), and promote direct somatic embryo-
genesis in plants (Moradi et al. 2017). Paclo-
butrazol is a widely used and highly active
triazole-type plant growth inhibitor that ef-
fectively suppresses gibberellin biosynthesis
and reduces vegetative growth (Desta and
Amare, 2021), which causes slow growth
and decreases the number of subcultures in
plant tissue cultures, as well as increases the
period between them. Thus, PBZ could be applied
in slow-growth in vitro storage to decrease the
frequency of contamination and reduce the loss
of plant material (Benelli et al. 2022). Moreover,
PBZ has been widely applied to reduce growth
and induce early flowering in vitro (Abdalla et al.
2021). In vitro germplasm conservation of citrus
species would be easier with PBZ, which acts as
a growth reducer, thereby reducing contamina-
tion and increasing its maintenance period as
well as reducing the costs associated with labor
and materials (Mendes et al. 2021). PBZ has
been applied to_induce microbulb formation
(Topaloglu and Oztiirk 2021).

PBZ acts primarily by altering the balance of
endogenous hormones and redirecting plant nu-
trient distribution through adjusting the source—
sink balance (Huang et al. 1995). PBZ reduces
significantly the accumulation of carbohydrates
in leaves, and enhances the rapid and effective
transfer of the products of photosynthesis to the
roots, making them thicker and stronger. Many
studies have confirmed that PBZ promotes the
storage of nutrients in roots and the growth of
roots (e.g., Jie et al. 2017). PBZ has recently
been discovered to act as a multistress protectant
against challenges such as heat, chilling, drought,
waterlogging, and heavy metals (Maheshwari
et al. 2022). Paclobutrazol may mitigate envi-
ronmental stresses by influencing physiological
and biochemical pathways, such as modulating
electrolyte leakage, phytohormone levels, gluta-
thione status, and lipid peroxidation, thereby
helping plants grown in field or in vitro condi-
tions to better manage these stresses (Sasi et al.
2021). PBZ improves plant survival, especially
under drought stress, through decreased transpi-
ration rates resulting from reduced leaf area,
thicker leaves, smaller stomatal pores, less
water use, and increased antioxidant activ-
ity (Kumar et al. 2023).

PBZ is widely applied to culture media to
suppress shoot elongation and improve the
growth, development, and quality of in vitro
cultured plants. Increasing chlorophyll content
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Fig. 8. Antioxidant activity of polyphenol oxidase (PPO) enzyme in in vitro rooted ‘Grand Nain’ banana plant-
lets. Treatment 1 (T1) through T6, 0.0 mg-L™" paclobutrazol (PBZ; control); T7 through T11, 0.5 mg'L™"
PBZ; and T12 through T18) at 1.0 mg-L™' PBZ in glass jars, round Magenta vessels (Magenta LLC,
Chicago, IL, USA), and rectangular Magenta vessels with white, yellow, rose, and green filters for each

PBZ concentration.

and enhancing protein accumulation, increasing
absorption of mineral nutrients, reducing water
consumption, and increasing photosynthetic ca-
pacity are the key effects of PBZ (Mohamed
et al. 2023). Earlier studies have reported that
incorporation of PBZ in multiplication media
reduced the excessive growth of stems and
leaves of bananas significantly, induced shoot
clusters, and improved the multiplication coeffi-
cient in bananas, yams, and potatoes. In addition,
PBZ increased the survival rate during the
acclimatization stage in chrysanthemums
and philodendrons (Albany et al. 2005). PBZ
caused a significant shortening in seedling height
and stem length in cucumbers. Moreover, as the
concentration of PBZ increased, the decrease in
seedling height and stem length continued
(Aktas et al. 2024). These findings are con-
sistent with the results obtained in our study.
PBZ improved physiological (chlorophyll con-
tent and chlorophyll fluorescence ratio) and
morphological (shoot and root fresh and dry
weights) parameters significantly of cucumber
seedlings (Ramin 2009). It also ameliorated

Survival percentage

Round magenda
Round magenda

0.0 mg/l

damage caused by heat stress and increased
the heat tolerance of cucumber seedlings.
However, the application method and concen-
tration of PBZ could affect plant physiology
and performance, so these factors should be
taken into consideration (Baninasab and
Ghobadi 2011). The application of PBZ not
only reduces plant height, it also increases
stem diameter and chlorophyll content, and
affects plant growth and flowering quality
by increasing the flower diameter and fresh
weight in herbaceous peonies (Wu et al.
2022). PBZ at 1.5 mgL™ increased seedling
stem thickness, reduced its height, and led to the
highest chlorophyll (SPAD) value in Gypsophila
bicolor (Freyn & Sint.) Grossh (Parlakova Kara-
goz et al. 2023).

PBZ reduced plant height and increased
stem diameter as observed in the results of our
study. On the other hand, a reduction in root
number and root length at greater PBZ concen-
trations was also noticed. It has been reported
that the effects of PBZ on root systems are
highly dose dependent (Amien et al. 2022).

a a a a a

3 3 % 3
s 3 & §
& > 2
£
°
c
3
o
e
1.0 mg/I

Paclobutrazol Treatments

Fig. 9. Survival percentage of ‘Grand Nain’ banana in vitro plantlets during ex vitro acclimatization.
The same letters indicate the values are not statistically different.
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High concentrations often trigger significant
morphological abnormalities in the roots, caus-
ing a substantial obstacle for subsequent ex vi-
tro survival (Wen et al. 2013). When high
concentrations of PBZ severely exhaust gibber-
ellin levels, suppression in root elongation oc-
curs, leading to drastically shorter roots (Amien
et al. 2022; Wen et al. 2013). Reduction in root
number could be observed as a result of the al-
terations in the auxin-to-cytokinin ratio at high
PBZ doses (Li et al. 2023), which can also
cause radial thickening, leading roots to be-
come stubby, thick, and anatomically restricted
(Amien et al. 2022; Wen et al. 2013). A reduc-
tion in root number and length at greater PBZ
concentrations limits the plant’s overall root sur-
face area, thereby affecting water uptake nega-
tively and limiting nutrient absorption, worsening
transplant shock and leaf desiccation (Amien
et al. 2022; Hassan et al. 2014). Because
root development is a critical parameter for
successful acclimatization and efficient micro-
propagation systems, balancing a compact shoot
morphology with root quality is a crucial con-
sideration when selecting PBZ concentrations.

The production of healthy transplants that
can acclimatize efficiently to ex vitro condi-
tions is a highly needed requirement for a suc-
cessful micropropagation protocol. Therefore,
altering environmental conditions inside the
culture vessels to improve transplants without
any physiological and morphological disorders
to achieve high acclimatization rates is a high-
impact strategy in micropropagation, and it is
tremendously important for the horticulture in-
dustry (Asayesh et al. 2017). Micropropagated
plantlets are grown in a culture vessel. The type
of culture vessel can affect growth and develop-
ment of in vitro plantlets by regulating light pene-
tration, ventilation rate, humidity, and gas
exchange during the production of in vitro
plantlets (Malik et al. 2022). The most critical
physical properties of plant tissue culture vessels
are the air exchange rate (the hourly volumetric
ventilation rate of the vessel divided by the air
volume of the vessel), light transmittance, and
spectral irradiance. The most important criterion
for choosing tissue culture vessels is to ensure
the containers provide homogeneous and suffi-
cient light quality, isolate the cultures from wa-
ter loss and prevent contamination, allow gas
ventilation, and provide an adequate growing
area (Huang and Chen 2005; Naik et al. 2020).

Different in vitro methodologies have been
developed to enhance the photosynthetic capac-
ity, growth, and quality of micropropagated
plants (Bortolotti da Silva et al. 2014). The gas
exchange rate is particularly related to the flow
of carbon dioxide, oxygen, ethylene, and water
vapor in and/or out of the vessel (Vollmer et al.
2024). Gas exchange vessels (Magenta vessels;
specialized culture vessels equipped with fil-
ters with different gas exchange rates) reduce
the relative humidity within the culture vessels
(Pérez-Tornero et al. 2001), decrease water avail-
ability, increase the gas exchange rate with the
outer atmosphere, and provide optimal environ-
mental conditions to support photoautotrophic
micropropagated plants (Bortolotti da Silva et al.
2014; Kiferle et al. 2014; Mamedes-Rodrigues
etal. 2019).
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Table 2. Effect of paclobutrazol (PBZ) and vessel type on the quality characteristics of ‘Grand Nain’

banana transplants after 40 d of acclimatization.'

Treatment
PBZ (mg-L™") and Vessel type and Transplant Stem diam  No. of roots/ Root length
significance interaction ht (cm) (mm) transplant (cm)
0.0 (control) Jar 209 +1.15a" 51+044a 100+1.15a 82+ 0.16 ¢
0.0 (control) Round Magenta 18.6 + 1.7a-d 52+059a 7.0+00b 7.8 +£0.39 cd
0.0 (control) White 164+ 1.18ce 53+0.13a 6.0+057b-d 10.7+1.09b
0.0 (control) Yellow 18.0+0.72a—d 50+040a 6.0+0.57b-d 11.8+0.16ab
0.0 (control) Rose 172+ 1.60 b—e 5.1 +0.50a 6.5+£028bc 13.0+0.54a
0.0 (control) Green 199+ 1.12ab 52+04la 60+£057b-d 7.8+044d
0.5 Jar 13.1 £ 0.56 f-h 42 +038a 53+033df 50+£00e¢
0.5 Round Magenta 15.6 £ 1.01 df 5.0+045a 47+033d-g 50+00e
0.5 White 187+ 097 a—c 57+045a 6.0+£00b-d 43+033e-g
0.5 Yellow 186 +0.84a-d 3.7+035a 47+033dg 49+057¢
0.5 Rose 179 +0.82a-d 49+030a 57+033b-e 6.7+033d
0.5 Green 172+ 049 b—- 5.0+035a 3.7+033¢g 40+0.0eg
1.0 Jar 11.9+050gh 42+031a 4.0+057fg 50+£057¢
1.0 Round Magenta 12.0 £+ 0.37 gh 42+0.17a 50+057d-g 4.7+0.33ef
1.0 White 131 +£0.56 fh 55+0.12a 43+033e-g 4.7+033ef
1.0 Yellow 108 +0.61h 44+034a 60+£00b-d 3.7+£033fg
1.0 Rose 146 +048 e-g 56+027a 47+033dg 50+£00e
1.0 Green 132+£0.78fh 49+029a 47+033dg 33+033g
Significance PBZ oAk NS ok HAk
Significance Vessel NS *x *x HoHE
Significance PBZ x vessel HHE NS HHE HoHk

f_The values represent the mean + standard error of four replicates.
"Values followed by the same letters in the same column are not significantly different.
NS, **  *** Nonsignificant or significant at P =< 0.01 or 0.001, respectively, according to analysis of

variance followed by Duncan’s multiple range tests.

The type of vessel used can have significant
effects on culture growth and development.
However, vessel types vary widely, depending
on species-specific requirements (Kavanagh
et al. 1991). PBZ is widely applied to enhance
acclimatization and quality of seedlings/trans-
plants for in vitro—grown plants (Diaz-Pérez
et al. 1995; Gimenes et al. 2018; Kim et al.
2005; Kozak 2006; Kucharska and Orlikowska
2008; Wen et al. 2013). The quality characteris-
tics of banana transplants include morphologi-
cal parameters (i.e., transplant height, transplant
diameter, number of roots, number of leaves),
and physiological parameters (i.e., chlorophyll
content, photosynthetic efficiency, antioxidant
enzyme activity). All support the transplants
and allow them to transfer successfully to ex

vitro conditions with a high survival rate. In our
study, the round Magenta containers were the
best at improving the ‘Grand Nain’ banana sur-
vival rate after acclimatization, followed by
glass jars, both with the PBZ control treatment.
The glass vessels resulted in a higher multipli-
cation rate for ‘Grand Nain’ banana shoots,
whereas polycarbonate plastic vessels had an
undesirable effect on banana shoot proliferation
(Aktas et al. 2024).

Unlike the banana plant, filtered Magenta
vessels with a gas exchange rate of 62.87 GE-d ™!
are highly preferred for improved growth of
shoots and roots, reduced electrolyte leakage,
and enhanced antioxidant enzyme activity to
obtain high quality in vitro—micropropagated
Gypsophila paniculata L. (Wen et al. 2013).

¢

F‘:

Fig. 10. Acclimatization of ‘Grand Nain’ banana in vitro plantlets treated with 0.0 mg-L™" paclobutrazol
(PBZ; control) (A, B), 0.5 mg:-L™' PBZ (C, D), and 1.0 mg:L™' PBZ (E, F). (A-F, left to right)
Treatments in jars, round Magenta vessels (Magenta LLC, Chicago, IL, USA), and rectangular
Magenta vessels with white, yellow, rose, and green filters, respectively.
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In vitro tobacco plants (Nicotiana tabacum L.)
cultured in Magenta GA-7 vessels had signifi-
cantly greater chlorophyll a and b contents and
B-carotene levels than those seen in tightly
closed glass vessels (Vollmer et al. 2024). Other
plants required filtered Magenta vessels, such as
Ficus carica L. cv. Sarilop (Aktas et al. 2024).
Plastic vessels supplied with a high-efficiency
particulate air filter that allows a high gas
exchange rate increased plant height, stem
diameter, leaf area, and chlorophyll content, and
reduced water content in the tissues of in vitro
potato plants (Vollmer et al. 2024). Culture ves-
sels sealed with three-holed caps filled with a
sponge proved to be efficient for improving
morphological and physiological parameters,
especially leaf size, by eliminating excess
water and reducing ethylene accumulation,
resulting in well-developed, healthy, and
high-quality in vitro potato seedlings (Szarvas
and Dobranszki 2025).

The physical properties of culture vessels
such as material, closure type, and vessel vol-
ume have a significant influence on growth and
quality of in vitro plantlets. Vessel volume alters
the headspace microenvironment fundamentally
above the medium and affected the growth,
morphology, and physiological quality substan-
tially of in vitro plants. Smaller vessel volumes
allow accumulation of both ethylene and carbon
dioxide gases. They also increase the relative
humidity inside the vessels, causing senescence,
leaf yellowing, and hyperhydricity, limiting
photosynthetic potential. Vessels of larger vol-
ume could decrease these toxic affects. Also,
larger vessels allow a greater volume of nutri-
ent media to be used and more space for bio-
mass expansion, supporting better growth,
survival, and quality (Vollmer et al. 2024).

It is worth noting that the culture vessels
evaluated in our study differed inherently not
only in gas exchange capacities but also in phys-
ical volume and medium capacity. In plant tissue
culture, these factors collectively constitute the
vessel-induced microenvironment. Although this
structural linkage makes it challenging to isolate
the independent effects of ventilation entirely
from the headspace and nutrient availability, the
pronounced variations observed in photosyn-
thetic efficiency (Fv/Fm) and stomatal regulation
strongly indicate that gas exchange dynamics
and humidity control were primary drivers of
the physiological adaptations. Nonetheless, fu-
ture studies using uniform volumes with modi-
fied ventilation septa could further decouple
these microenvironmental components.

Crucially, the vessel-dependent gas exchange
characteristics regulated the physiological trans-
port and systemic distribution of PBZ directly
within the plantlets. In tissue culture vessels with
high ventilation and gas exchange rates, the re-
moval of excess water vapor lowers the relative
humidity in the headspace, creating a greater
vapor pressure deficit. This microenvironmental
change accelerates the transpirational stream of
the plantlets, effectively generating a stronger
acropetal “pull” that facilitates the faster trans-
location of dissolved PBZ from the rooting me-
dium up to the subapical meristems. Conversely,
in poorly ventilated vessels, the stagnant, satu-
rated atmosphere suppresses transpiration,
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Table 3. Effect of paclobutrazol (PBZ) and vessel type on photosynthesis-related parameters of ‘Grand Nain’ banana transplants after 40 d of acclimatization.’

Treatment

PBZ (mg-L™") and Vessel type and No. of leaves/ Leaf area
significance interaction transplant (cm?) SPAD Fv/Fm
0.0 (control) Jar 5.4 £0.29 b-¢" 1278 +42a 239+ 19 gh 0.759 + 0.0048 gh
0.0 (control) Round Magenta 64+£033a 1146 +5.1b 319 £ 2.1 b—e 0.782 + 0.0047 a
0.0 (control) White 5.6 £0.17 b—e 87.6 £ 2.5 ef 394+15a 0.768 + 0.0043 b—g
0.0 (control) Yellow 52+£036ce 114.4 + 1.7 be 32.6 = 1.7 be 0.768 + 0.0025 c—g
0.0 (control) Rose 53+£033b-e 86.8 £ 4.9 ef 248 + 1.8 gh 0.759 + 0.0036 gh
0.0 (control) Green 6.0 £ 0.0 ab 86.1 £ 2.7 ef 27.6 £ 1.3 e-g 0.775 + 0.0041 a—d
0.5 Jar 43+£028f 83.1 £0.89 f 227+1.1h 0.772 + 0.0027 a—f
0.5 Round Magenta 5.1 £0.11 c—e 86.9 + 1.8 ef 340+ 1.0b 0.773 £ 0.0014 a—e
0.5 White 5.8 £ 040 a—c 935+35¢ 31.7 1.9 b-f 0.776 + 0.0039 a—
0.5 Yellow 5.1£0.20 c—e 93.0£1.7¢ 313+ 1.9 b-f 0.765 + 0.0045 d-g
0.5 Rose 52+027 ce 872+ 3.0 ef 277+ 1.8 e-g 0.761 + 0.0034 gh
0.5 Green 52 +0.36 ce 89.8 +2.28 ef 32.0 + 1.8 b-f 0.762 + 0.0041 f~h
1.0 Jar 5.0 £0.16 d-f 718+16¢g 27.1 £ 1.6 £h 0.773 + 0.0046 a—¢
1.0 Round Magenta 52 +0.14 c—e 108.1 + 1.3 b-d 323+22bd 0.778 + 0.0027 ab
1.0 White 49 +0.11 ef 106.5 + 1.1 cd 25.6 + 1.2 gh 0.774 + 0.0029 a—e
1.0 Yellow 5.0 £0.0 d-f 104.1+1.8d 283+ 12cg 0.765 + 0.0036 d—g
1.0 Rose 5.7 +0.28 a—d 109.2 £ 1.6 b—d 263 + 1.1 gh 0.754 £ 0.0028 h
1.0 Green 5.6 £0.24 b—e 109.8 + 3.2 b—-d 277+ 13 d-g 0.764 + 0.0028 a—d
Significance PBZ ** HoAk * NS
Significance Vessel *E ok ok Ak

* sdesksk keksk *k

Significance PBZ x vessel

’:.The values represent the mean + standard error of nine replicates.
"Values followed by the same letters in the same column are not significantly different.
NS, *, ** *** Nonsignificant or significant at P = 0.05, 0.01, or 0.001, respectively, according to analysis of variance followed by Duncan’s multiple

range tests.

Fm = maximum fluorescence; Fv = variable fluorescence; SPAD = soil plant analysis development.

thereby restricting xylem transport and leading
to uneven or limited PBZ accumulation at its
active site. Integrating this mechanistic frame-
work explains why the interactive effects
between vessel characteristics and chemi-
cal concentrations were so pronounced in
our study, as the physical properties of the
container modulated directly the biochem-
ical efficacy of the growth regulator.

Increased antioxidant enzyme activity is
not always beneficial and does not always indi-
cate improved physiological quality or en-
hanced growth and development. It may also
indicate stress induction causing severe physio-
logical stress. If a spike in antioxidant enzyme
activity happens, the tissues are subjected to an
overproduction of destructive ROS (Kusvuran
et al. 2016; Rajput et al. 2021). In this case, the
plant will force a change in its metabolic path-
way from growth and development to produce
SOD and CAT just to survive under the oxida-
tive stress (Mishra et al. 2023). Therefore, high
enzyme activity can be a sign of a suboptimal,
stressful microenvironment rather than im-
proved acclimatization capacity. However, in-
creased antioxidant activity could be translated
directly to high survival rates and micropropa-
gation success if it prepares the in vitro—raised
plants for the next stage of development at ex
vitro acclimatization. If a treatment increases
the antioxidant slightly without stunting growth,
it would be beneficial for giving the plant a
greater survival rate during greenhouse trans-
plantation (Mishra et al. 2023).

The antioxidant status of in vitro ‘Grand
Nain’ banana plantlets was influenced signifi-
cantly by the vessel type and PBZ concentra-
tion, showing enzyme-specific responses. Our
results indicate that glass jars provide a suit-
able microenvironment for improving the
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antioxidant status of in vitro plantlets, par-
ticularly when supplemented with 0.5 and
1.0 mg-L™" PBZ. Furthermore, the higher
SPAD index observed in these treatments
suggested enhanced photosynthetic and meta-
bolic activity, which promoted superior growth
and development, ultimately leading to high-
quality banana transplants. Zero PBZ could be
recommended for local cultivation of in vitro—
propagated ‘Grand Nain’ banana transplants.
However, in the case of exporting in vitro ba-
nana transplants, PBZ should be applied. It in-
creases stem diameter, produces more compact
transplants, and reduces leaf area, which de-
creases the transpiration rate and water loss. All
these characteristics make the plantlets healthy
and strong enough to survive until arrival.
Magenta vessels are preferred for exportation
to reduce shipping costs, whereas glass jars
are fragile and not recommended in this case.

The distinctive contribution of our study
lies in successfully decoupling the complex in-
teraction between vessel-induced microenviron-
ments and PBZ-mediated growth regulation—
an approach previously undocumented for this
specific cultivar. By proving that optimal trans-
plant quality and a 100% survival rate can be
achieved entirely without chemical retardants
and simply through vessel selection, our proto-
col offers a highly original, standardized,
and cost-effective framework for mass ba-
nana production.

Conclusion

Optimization of growth regulator concentra-
tions and environmental conditions is essential
to maximize the efficiency of the micropropaga-
tion protocol and ensure successful field estab-
lishment of tissue-cultured banana plants. Our

findings demonstrate that the interaction between
culture vessel characteristics and chemical regu-
lation is decisive, with round Magenta vessels
without PBZ supplementation representing the
most favorable treatment for the in vitro rooting
stage using our experimental setup. This specific
combination successfully bypassed the potential
negative trade-offs of root suppression, support-
ing 100% survival and high-quality transplants
during subsequent acclimatization. Furthermore,
based on our results and previous investigations,
we conclude that the interactive effect of PBZ
and vessel type on morphological and physiolog-
ical parameters related to transplant quality is
highly dependent on the microenvironment and
the cultivar. The results of our study offer insight
into the cost-effective mass propagation of high-
yielding and high-quality planting material for
‘Grand Nain’ bananas to enhance agricultural
sustainability and help meet the increasing
demands of a growing population.
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