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ABSTRACT

Banana is a tropical crop cultivated in warm places. Chilling stress in Egypt is making banana crops less
productive. Abscisic acid (ABA), a key plant hormone, regulates metabolic and physiological processes and
protects plants from a variety of stresses. In vitro growing banana shoots were pre-treated with ABA at four
concentrations (0, 25, 50, and 100 mM) and chilled at 5°C for 24 h, followed by a six-day recovery period at
25°C. By comparing ABA treatments to both positive and negative controls, physiological and biochemical
changes were investigated. Chilling stress (5°C) caused a considerable increase in lipid peroxidation and ion
leakage and reduced photosynthetic pigments in cold-treated plantlets. Increasing the concentration of ABA
to 100 µM enhanced the response to chilling stress. ABA had a major effect on mitigating chilling injury in
banana shoots by keeping cell membranes stable and lowering the amount of ion leakage and lipid peroxidation.
Also, ABA significantly maintained the photosynthetic pigment concentration of banana shoots; accumulated
higher amounts of total soluble carbohydrates and proline; and increased DPPH radical scavenging activity.
Furthermore, ABA treatment enhanced cold tolerance in chilling-stressed banana shoots through the regulation
of antioxidant enzyme activity. Overall, the results show that ABA is a good choice for protecting banana shoots
from the damage caused by chilling stress.
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1 Introduction

Banana (Musa sp., Musaceae family) is a valuable fruit crop worldwide. Bananas are the most widely
grown fruit crop in the world, with an annual yield of more than 119 million tons [1]. Tropical and subtropical
species, including bananas, are highly susceptible to chilling (0°C–5°C) temperatures [2].

Low temperatures have a negative impact on banana productivity in Mediterranean climates, and
bananas are often damaged seriously by chilling during the winter season [3]. The damaging effects result
in reduced growth, yields, and fruit quality, depending on the cold intensity and exposure time [4].
Changes in the weather, like high or low temperatures, have been linked to the environmental conditions
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that crops need to grow well [5]. Crop productivity could plummet by half because of unexpected weather
conditions [6].

Recently, increasing attention has been paid to developing new agricultural practices that could prevent
the negative effects of unexpected climate change on crop growth and productivity. Numerous attempts, such
as modifying crop management practices and applying chemicals, have been made to increase chilling
tolerance and avoid chilling injury [3,7,8].

Exposure to low temperatures induces oxidative stress through the accumulation of reactive oxygen
species (ROS) [8,9]. Plants have evolved an efficient defense system against oxidative stress via
enzymatic and non-enzymatic antioxidants [8–10]. Abscisic acid (ABA) is a key regulator of many
aspects of plant growth and development in higher plants, such as the maturation of embryos, the
dormancy of seeds, the development of flowers, and the growth of roots [11]. Abscisic acid is also a
critical signal molecule in abiotic stress responses, affecting gene expression as well as physiological and
biochemical reactions [12,13]. Plants produce more ABA when they are stressed, such as by heat [14],
cold [15], or drought [16]. On the other hand, the ABA-deficient mutants of Arabidopsis were less
freezing resistant than their wild types [17].

Previous studies showed that the increase in endogenous ABA content was closely related to the
increase in chilling tolerance [18,19]. Exogenous application of ABA increased the chilling tolerance of
different plant species, including Stylosanthes guianensis [10], Cucumis melo [20], and Zea mays [21].
ABA plays a major role in the stimulation of endogenous changes relating to cold acclimation [13,22]. It
has been suggested that ABA could reduce chilling injury by suppressing ion leakage and lipid
peroxidation [18] and increasing enzymatic or non-enzymatic antioxidant activity, which would increase
ROS scavenging potential [19]. Furthermore, exogenous ABA application induces several biochemical
changes, including an increased level of proline and soluble carbohydrates [23,24], reduces lipid
peroxidation, alleviates cell membrane injury [24], and maintains photosynthetic activity [25].

In vitro-based techniques are a good approach for studying plant responses to various types of abiotic
stress because they require little space, ensure uniformity of screening factors, and minimize the effect of
environmental conditions [26–28]. In addition, in vitro evaluation is a relatively faster method compared
with ex vitro evaluation [26]. Therefore, the main objective of the current study was to investigate the
effect of different concentrations of ABA on the chilling tolerance of in vitro grown banana shoots.

2 Materials and Methods

2.1 Plant Materials and Culture Conditions
In vitro regenerated banana shoots (Musa sp., cv. Grand Naine, (AAA genome) were cultured on

Murashige and Skoog (MS) basal medium [29] supplemented with 2.5 mg L–1 benzyl amino purine
(BAP), 30 g L–1 sucrose, and 6 g L–1 agar. The pH was adjusted to 5.8 and the media were sterilized by
autoclaving for 15 min at 121°C. The cultures were incubated in a growth chamber at 25°C ± 2°C under
4000 lux light intensity for 16 h light/8 h dark photoperiods supplied by a white cool fluorescent lamp.

2.2 Abscisic Acid (ABA) Treatments
Contamination-free shoots were transferred to MS medium supplemented with four levels of filtration

sterilization (22 µ; Joanlab Equipment Co., Ltd., China) of ABA (0, 25, 50, and 100 µM) to investigate the
role of cis, trans-Abscisic acid (Caisson Laboratory, Inc., Smithfield, Utah, USA) in mitigating the adverse
effects of chilling stress on banana shoots. Each cluster with 3 shoots was sub-cultured into a 200 mL jar
containing 50 mL of semi-solid medium (each treatment consisted of 20 jars) and incubated for one week
at 25°C ± 2°C and 4000 lux light intensity (16 h light/8 h dark photoperiods) supplied by a white cool
fluorescent lamp.
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For chilling stress treatments, jars of each ABA treatment were incubated at 5°C for 24 h, followed by a
period of six days of recovery at 25°C ± 2°C in growth chambers. After the recovery period, samples of all
treatments were collected for measurements. The experiment included a comparative positive control
(untreated plantlets that were exposed to chilling stress), while the negative control included untreated
plantlets that were kept under growth chamber conditions (25°C ± 2°C) throughout the entire period of
the experiment.

2.3 Measurements

2.3.1 Ion Leakage and Membrane Stability Index
Ion leakage and membrane stability index (MSI) were determined according to Korkmaz et al. [30] with

some modifications; 0.5 g of leaf discs from randomly chosen plants were collected and washed with distilled
water to remove surface contamination with media residuals. The discs were placed in a 50 mL falcon tube
containing 20 mL of deionized water (Aquinity2 P10, MembraPure GmbH, Germany), and incubated at room
temperature for 24 h. The electrical conductivity (EC) of the solution (EC1) was determined using an
electrical conductivity meter (BALRAMA, Digital EC Meter, India). The same samples were then placed
in a boiling water bath for 20 min, and a second reading (EC2) was determined after cooling the solution
to room temperature. The ion leakage was expressed as a percent value using the following formula:

Ion Leakage %ð Þ ¼ EC1=EC2ð Þ � 100 (1)

The Membrane Stability Index (MSI) was calculated based on electrolyte leakage data and expressed as
a percent value using the following formula:

MSI %ð Þ ¼ 1� EC1=EC2ð Þ½ � � 100 (2)

2.3.2 Lipid Peroxidation
Lipid peroxidation was determined as the amount of malondialdehyde (MDA) by the thiobarbituric acid

(TBA) reaction method [31]. Leaf samples (0.5 g) were homogenized in 3 mL of 0.1% trichloroacetic acid
(TCA) (w/v) and centrifuged at 15,000 g for 20 min. The supernatant (0.2 mL) was mixed with 1 mL of 20%
TCA containing 0.5% (w/v) TBA. The mixture was heated at 95°C for 30 min before being quickly cooled on
ice. The absorbance of the supernatant was recorded at 534 nm using a spectrophotometer (Sunostk-SBA-
733PLUS).

2.3.3 Photosynthetic Pigments Concentration
Chlorophyll pigments were determined according to Lichtenthaler et al. [32]. Banana leaf samples

(0.25 g) from randomly selected three plants per replicate were homogenized in 20 mL of 80% (v/v)
acetone (LOBA Chemie PVT. Ltd., Mumbai, India). The absorbance was measured with a
spectrophotometer (JENWAY, Model 6300 Instruments, Staffordshire, UK), at 663 and 646 nm, and
chlorophyll concentrations were calculated using the following equations:

Chlorophyll a ¼ 12:21� OD663� 2:81� OD646 (3)

Chlorophyll b ¼ 20:13� OD646� 5:03� OD663 (4)

Total chlorophyll ¼ Chlorophyll a þ Chlorophyll b (5)

2.3.4 Total Soluble Sugars Concentration
Total soluble sugars concentration was determined by the phenol-sulfuric acid method [33]. A 0.25 g

leaf sample was homogenized in 20 mL of 70% ethanol (Chem-Lab., Zedelgem, Belgium). One milliliter
of ethanolic extract was treated with 1 mL of 5% (w/v) phenol (LOBA Chemie PVT. Ltd., Mumbai,
India) followed by the addition of 5 mL of 98% sulfuric acid (Adwic Pharmaceutical Co., Cairo, Egypt).
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Absorbance was read at 490 nm using a spectrophotometer (JENWAY, Model 6300, Staffordshire, UK). A
standard curve was generated using a pure glucose solution and total sugars concentration was expressed as
mg glucose equivalent g–1 of fresh weight.

2.3.5 Proline Concentration
Proline concentration was determined using Bates’s method [34]; 0.5 g of leaf sample was homogenized

in 10 mL of 3% aqueous sulfosalicylic acid (LOBAChemie PVT. Ltd., Mumbai, India). Two milliliters of the
filtrate were mixed with 2 mL of freshly prepared acid ninhydrin (Research Lab. Fine Chem. Industries,
Mumbai, India) and 2 mL of glacial acetic acid (Merck-Darmstadt, Germany) and placed in a boiling
water bath for one hour. The developed color was extracted with 4 mL toluene (Bio Basic Inc.,
Markham, Canada) and the absorbance was determined spectrophotometrically at 520 nm. The proline
concentration was determined from a standard curve using pure proline (Caisson Laboratory, Inc.,
Smithfield, Utah, USA) and calculated on a fresh weight basis as follows:

mmoles proline=g of fresh weight ¼ mg proline=mL�mL tolueneð Þ=115:5mg=mmole =� ½ g sampleð Þ=5½ � (6)

2.3.6 Total Phenolic Concentration
A fresh leaf sample (0.25 g) was homogenized with 20 mL of methanol (Chem-Lab., Zedelgem,

Belgium) and then used to determine the total phenolic concentration and DPPH scavenging capacity.
Total phenols were determined spectrophotometrically using the modified Folin–Ciocalteu colorimetric
method [35]. The methanolic extract (1 mL) was mixed with 1 mL of Folin–Ciocalteu reagent (LOBA
Chemie PVT. Ltd., Mumbai, India) and allowed to stand for 6 min, followed by the addition of 4 mL of
1 M sodium carbonate (LOBA Chemie PVT. Ltd., Mumbai, India) and 3 mL of distilled water in a test
tube. Samples were incubated for 90 min at room temperature in darkness, and absorbance was measured
spectrophotometrically at 760 nm. The results were expressed as mg gallic acid equivalent g–1 of fresh
weight.

2.3.7 DPPH Free Radical Scavenging Assay
The antioxidant activity was evaluated by the free radical scavenging method [36] using 1, 1-diphenyl-2-

picrylhydrazyl (DPPH) (Sigma-Aldrich, Darmstadt, Germany). 1.6 mL of methanolic extracts were mixed
with 2.4 mL of 0.004% DPPH (w/v in methanol). Then, the reaction mixture was vortexed and incubated
in darkness at room temperature for a period of 30 min. Finally, the optical density of all samples was
measured at 517 nm wavelength using a spectrophotometer. The DPPH radical scavenging activity was
calculated by the following equation:

DPPH radical scavenging activity ¼ A517 control� A517 sample=A517ð Þ � 100 (7)

2.3.8 Extraction and Determination of Antioxidant Enzymes Activity
The crude enzyme extracts were prepared by grinding 0.5 g of fresh leaf samples in 10 mL of phosphate

buffer pH 6.8 (0.1 M), then centrifuged at 4°C for 30 min at 12000 g in a refrigerated centrifuge. The
supernatant was used as a crude enzyme extract.

Catalase (CAT, E.C.1.11.1.6) activity was determined by monitoring the decomposition of H2O2 using
the method of Aebi [37]. The reaction mixture consisted of 1 mL of phosphate buffer (100 mM, pH 7.00),
1 mL of double-distilled water, and 0.2 mL of crude enzyme. The reaction was initiated by adding 0.1 mL of
H2O2 (500 mM). The mixture was incubated at 37°C for 10 min. The decomposition of H2O2 was followed
directly by the decrease in absorbance at 240 nm by the SBA-733PLUS (Sunostik Medical Technology Co.,
Ltd., China) spectrophotometer. The blank was made by using buffer instead of the enzyme extract. The
results of CAT activity are expressed in units (U) g–1 FW.
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Glutathione peroxidase (GPX, E.C.1.11.1.9) was assayed according to Paglia et al. [38] using a
commercial enzyme kit. The reaction mixture contained 1 mL of 50 mM phosphate buffer (pH 7.0),
24 mol glutathione, 12 units of glutathione reductase, 4.8 µmol NADPH, and 0.1 mL of enzyme extract
(dH2O as control). After incubating for 10 min at 37°C, GPX activity was measured using the SBA-
733PLUS (Sunostik Medical Technology Co., Ltd., China) spectrophotometer for 3 min at 30 s intervals
against deionized water. The results are expressed as U/g–1 FW.

Superoxide dismutase (SOD, E.C.1.15.1.1) was assayed by measuring its ability to inhibit the photo-
reduction of nitro blue tetrazolium [39]. The reaction mixture consisted of 1 mL of phosphate buffer
(50 mM, pH 8.3), 0.1 mL of phenazine methosulphate, 0.1 mL of nitroblue tetrazolium (1 mM), 0.1 mL
of NADH (1 mM), 0.1 mL of enzyme extract, and 0.1 mL ddH2O. The reaction mixture was incubated at
30°C for 90 s, then 1 mL of glacial acetic acid was added to stop the reaction. The reaction solution was
measured at 560 nm by SBA-733PLUS (Sunostik Medical Technology Co., Ltd., China)
spectrophotometer against the phosphate buffer as a control. SOD activity was expressed in units (U) g–1 FW.

2.4 Statistical Analysis
The experiment was carried out in a completely randomized design with three replications. The model

assumptions of normality were tested using Shapiro–Wilk’s test [40] before performing the analysis of
variance [41]. Analysis of variance was performed using MSTAT-C statistical package software. The
mean and standard deviation (± SD) were calculated from three replicates per treatment, and the
significant differences between treatments were assessed by means of the Duncan multiple range test at a
significance level of 0.01 [42]. A hierarchical cluster analysis between the studied variables was
performed and displayed in a heatmap using the ClustVis online tool [43].

3 Results

3.1 Ion Leakage and Membrane Stability Index
Both chilling stress and ABA treatment had a significant effect (p ≤ 0.01) on ion leakage and cellular

membrane stability of in vitro banana shoots. Chilling stress resulted in significant increases in ion
leakage and a decreased membrane stability index of the chilling-stressed plantlets (Figs. 1A, 1B); banana
shoots exposed to 5°C recorded a 3.54-fold increase in ion leakage than non-chilling-treated plants
(negative control). The application of ABA significantly reduced the ion leakage in chilling-treated plants
and maintained the membrane stability of banana shoots.

3.2 MDA Level in Banana Shoots under Chilling Stress
The data illustrated in Fig. 2 showed the effect of ABA treatment on MDA levels in banana shoots

growing under chilling stress compared to controls; the obtained results indicated that chilling stress
significantly increased MDA concentration in banana shoots. Damage to cellular membrane lipids
estimated as MDA concentration was significantly increased in response to chilling stress. The chilled
banana shoots accumulated a 4.20-fold increase in MDA compared with the negative control treatment
(Fig. 2). MDA concentration was significantly reduced with increasing ABA concentration in the growth
media.

3.3 Photosynthetic Pigments Concentration
Stable photosynthesis activity has a vital role in maintaining plant growth under stress conditions. Low-

temperature stress and ABA treatments had a significant effect on chlorophyll concentration (Fig. 3). Chilling
stress-induced degradation of chlorophyll concentration in banana shoots; chlorophyll a, b, and total
chlorophyll concentration s of the chilling stressed plants without ABA treatment were significantly lower
than those of the negative control plants (25°C).
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Figure 1: Impact of ABA concentrations on the ion leakage (A) and the membrane stability index (B) of
chilled banana shoots. All results are expressed as means ± deviation (represented by vertical bars).
Means with the same letters are not significantly different at p ≤ 0.01

Figure 2: Impact of ABA concentrations on the MDA of chilled banana shoots. All results are expressed as
means ± deviation (represented by vertical bars). Means with the same letters are not significantly different at
p ≤ 0.01
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3.4 Total Soluble Sugars Concentration
The effects of chilling stress and ABA treatments on soluble sugars concentration are summarized in

Fig. 4. Overall, total sugars concentration was higher in chilled plantlets compared to those kept at 25°C;
soluble sugars concentration increased significantly during the recovery period in shoots cultured on a
medium supplemented with ABA compared to control shoots. The total soluble sugars concentration of
ABA treatment increased significantly under chilling stress (5°C); total soluble sugars increased
approximately by 23.3%, 75.7%, and 42.7% for ABA treatment at 25, 50, and 100 µM, respectively
compared to the banana shoots kept at 25°C (Fig. 4).

3.5 Proline Concentration
The data illustrated in Fig. 5 showed that irrespective of ABA treatment, proline concentration in

chilling-stressed plants was higher than in non-treated plants. The effect of ABA treatments on proline
concentration was significant (p ≤ 0.01); banana shoots growing in media supplemented with ABA at
25 or 50 µM showed a slight but non-significant increase in proline concentration compared with chilled

Figure 3: Impact of ABA concentrations on the photosynthetic pigments (chlorophyll a, b, and total)
concentration of chilled banana shoots. All results are expressed as means ± deviation (represented by
vertical bars). Means with the same letters are not significantly different at p ≤ 0.01

Figure 4: Impact of ABA concentrations on the total soluble sugars concentration of chilled banana shoots.
All results are expressed as means ± deviation (represented by vertical bars). Means with the same letters are
not significantly different at p ≤ 0.01
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non-treated plantlets (positive control), while a marked increase in proline concentration was observed in
ABA at 100 µM, which was around 59% higher than non-ABA-treated plants (Fig. 5).

3.6 Total Phenolic Concentration
The effects of exogenous ABA on total phenolic concentration in banana shoots under low-temperature

stress are presented in Fig. 6. ABA treatment and temperature regimes had a significant effect (p ≤ 0.01) on
total phenolic concentration. Statistical analysis revealed a considerable increase in phenolic concentration in
the leaves of chilling stressed banana shoots (positive control). The application of ABA significantly reduced
the phenolic concentration in chilling-treated plants; phenolic concentration was gradually reduced with
increasing ABA concentration in the growth media. There were no significant differences in total
phenolic concentration between negative control treatment and ABA at 25 µM, while there was a sharp
decrease in the phenolic concentration of ABA treatments at 50 and 100 µM (Fig. 6).

Figure 5: Impact of ABA concentrations on the proline concentration of chilled banana shoots. All results
are expressed as means ± deviation (represented by vertical bars). Means with the same letters are not
significantly different at p ≤ 0.01

Figure 6: Impact of ABA concentrations on the total phenolic concentration of chilled banana shoots. All
results are expressed as means ± deviation (represented by vertical bars). Means with the same letters are not
significantly different at p ≤ 0.01
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3.7 DPPH Radical Scavenging Activity
Total antioxidant activity of leaf tissue, as measured by the DPPH method, was significantly affected by

cold stress and ABA treatments (Fig. 7). The lowest value was recorded for the plantlets growing at ambient
temperature (negative control). Cold treatments led to a significant increase in DPPH value. There was a
significantly higher level of DPPH-radical scavenging activity in ABA-treated plantlets compared with
the non-chilled plantlets (Fig. 7). ABA-treated banana shoots maintained a higher DPPH radical
scavenging rate compared with the control treatments.

3.8 Antioxidant Enzymes Activity
The activities of antioxidant enzymes, including SOD, CAT, and GPX, were determined to assess the

role of ABA in the regulation of enzyme activity under chilling stress (Figs. 8A–8C).

SOD activity showed a marked increase in chilling-stressed plantlets (Fig. 8A). The SOD activity of
chilling-stressed plantlets (positive control) was lower than that in ABA-treated plantlets. SOD activity in
ABA-pretreated was 6.67% (ABA 25 µM) to 11.6% (ABA 100 µM) higher than in non-treated plantlets.
Chilling stress caused a remarkable increase in CAT enzyme activities in chilling-stressed plantlets
compared with the negative control (Fig. 8B). CAT activity was significantly influenced by ABA; a sharp
increase in CAT activity was recorded for ABA-treated plantlets. Without ABA treatment, the CAT of the
chilling-stressed plantlets was much lower than that of the negative control plantlets (25°C). In contrast,
the GPX activity followed the opposite trend to that of the SOD and CAT. GPX activity was significantly
higher in non-stressed seedlings. In the absence of ABA, chilling significantly reduced the activity of
GPX (Fig. 8C). GPX activity was much higher in plantlets that had been treated with ABA than in
plantlets that had not been treated (positive control).

3.9 Hierarchical Clustering with Heatmap
The hierarchical clustering heatmap showed the trend of measured parameters under chilling and ABA

treatments. Based on the observed variations, the measured parameters were grouped into three column
clusters (Fig. 9).

Figure 7: Impact of ABA concentrations on the DPPH radical scavenging activity of chilled banana shoots.
All results are expressed as means ± deviation (represented by vertical bars). Means with the same letters are
not significantly different at p ≤ 0.01
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Cluster-A includes MDA and ion leakage; in comparison with negative control treatment, parameters of
cluster-A increased in chilling-stressed plants, while a decreasing trend was observed in ABA-treated
plantlets compared with chilling-stressed only. The total sugars, DPPH, and SOD levels were grouped in
cluster B. Compared with plantlets of both negative and positive control treatment; cluster-B parameters
showed an increasing pattern in ABA-treated plants under chilling stress. Cluster-C comprises MSI, total
phenols, proline, photosynthetic pigment (Chl. a, Chl. b, and total chl.), CAT, and GPX, which was
slightly decreased in chilling-stressed plants compared with the negative control.

Figure 8: Impact of ABA concentrations on the superoxide dismutase (A), catalase (B), and glutathione
peroxidase (C) activities of chilled banana shoots. All results are expressed as means ± deviation
(represented by vertical bars). Means with the same letters are not significantly different at p ≤ 0.01
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Moreover, these parameters showed a slight increase in ABA-treated chilling-stressed plants compared
with chilling-stressed plants; only MSI of the ABA-treated plants showed a marked increase.

4 Discussion

The application of ABA significantly reduced the ion leakage in chilling-treated plants; ABA treatment
markedly inhibited the increases in ion leakage induced by chilling stress and maintained the membrane
stability of banana shoots. The minimum ion leakage percentage was observed in the non-chilling
treatment followed by ABA at 50 and 100 µM, which was 35% less than the positive control. The
obtained results clearly indicated the protective role of ABA in maintaining membrane stability; the
higher dose of ABA (50 and 100 µM) was more efficient in mitigating the stress by reducing ion leakage.
It is well known that chilling stress induces oxidative damage, which results in cellular membrane injury
and an increase in electrolyte leakage [17,44].

The results also indicated that exogenous ABA could effectively prevent the increase in MDA
concentration under chilling stress. MDA concentration was significantly reduced with increasing ABA
concentration in the growth media. Cold stress leads to an over-accumulation of ROS in plant tissues,
which causes cellular damage [44,45]. Our investigation confirms the previous report that chilling stress
increases the levels of MDA because of oxidative damage to cellular lipids under chilling stress [44].
Exogenous ABA enhanced chilling tolerance by suppressing the accumulation of MDA in ABA-treated
plantlets under chilling stress [23].

Abscisic acid treatment had a significant effect on leaf chlorophyll concentration, as leaf chlorophyll
concentration was higher in ABA-treated shoots than in control shoots. ABA treatments reduced the
negative effect of chilling stress and maintained relatively high chlorophyll concentration in banana
shoots. The lowest value of total chlorophyll concentration was recorded with the positive control

Figure 9: Hierarchical clustering with a heatmap illustrating the ABA-variable relationships under chilling
stress. Each column represents a trait, whereas each row represents a treatment. The red color represents a
higher relative level, and the blue color represents a lower relative level. Three distinct clusters were
identified at the variable level. The variables included ion leakage, membrane stability index (MSI),
DPPH, superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPX), malondialdehyde
(MDA), chlorophyll a (Chl. a), chlorophyll b (Chl. b), total chlorophyll (total chl.), proline, total soluble
sugar (TSS), and total phenolic concentration (TPhC)
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treatment, while plantlets treated with a higher concentration of ABA recorded higher values of total
chlorophyll concentration. Chlorophyll degradation affects plant photosynthetic activity under cold stress
[46]. The obtained results agree with previously published research showing a decline in chlorophyll
concentration following exposure to chilling-stress conditions [46,47]. ABA-treated banana shoots
exhibited lower chlorophyll degradation than untreated ones, which may be explained by the higher
activities of the ROS-scavenging system and the accumulation of different osmolytes measured in the
current study (proline and soluble sugars), which protected the photosynthetic apparatus from oxidative
stress [48].

Moreover, sugar accumulation at cold temperatures has been widely documented as a cryo-protectants in
different plant species [49]. Soluble sugars act as osmo-regulators and protect cell membranes from chilling
damage through their ability to lower the freezing point of plant tissues [50,51]. The obtained results showed
that abscisic acid treatment had a significant effect on the leaf soluble sugars concentration of bananas
growing under cold stress conditions, as leaf soluble sugars concentration was greater in ABA-treated
shoots than in control shoots; previous results showed that exogenous abscisic acid application increased
soluble sugars in cucumber and chickpea seedlings growing under low temperatures [23,52]. Soluble
sugars had a positive role in membrane preservation via linking with the phospholipids and consequently
increased cell membrane stability during exposure to cold stress [53,54].

Furthermore, our results confirm that the higher proline concentration of low-temperature stressed plants
plays a vital role in conferring chilling tolerance [55]. ABA-induced proline accumulation appears to depend
on the activation of genes and/or protein synthesis [56]. It is proposed that the expression of Δ1-pyrroline-5-
carboxylate synthetase gene in A. thaliana is induced via ABA-biosynthesis-dependent and -independent
pathways [57]. ABA is intimately involved in the processes that trigger chilling resistance through the
accumulation of proline [58]. Plant cells accumulate proline under cold temperature conditions, which
regulates osmotic potential and partially protects plant cells from dehydration stresses and maintains
membrane stability [59].

Phenolic compounds are an important component of the non-enzymatic antioxidant defense system that
provides protection against oxidative stress [60]. An increase in phenolic compounds is associated with
exposure to stress conditions [54,61]. Phenolic compounds accumulation under cold stress has been
confirmed in several plant species [62,63]. It is assumed that phenolic compounds increase membrane
integrity, regulate cellular osmosis, scavenge ROS, and inhibit lipid peroxidation under stress conditions
[64,65]. The antioxidant activity of phenolic compounds is mainly due to their redox potential, which
plays an important role in decomposing free radicals and inhibiting lipid peroxidation [66].

DPPH radical scavenging activity was used to determine the total antioxidant capacity. Total antioxidant
capacity plays an important role in the plant’s defense system against stress conditions. It protects the plants
from oxidative damage by scavenging reactive oxygen species [67]. The higher levels of DPPH radical
scavenging activity have been correlated with enhanced stress tolerance in different plant species [68,69].
DPPH-radical scavenging activity represents the potential activity of the non-enzymatic antioxidants in
plants such as ascorbic acid, phenols, flavonoids, polysaccharides, proline, and glycine betaine [70]. Our
data showed that DPPH-radical scavenging was improved with ABA treatment under low-temperature
stress (Fig. 7). It may be considered that ABA increased chilling tolerance through the activation of the
DPPH-radical scavenging system. Kang et al. [69] found a link between a higher chilling tolerance and a
higher level of DPPH-radical scavenging activity.

The damage caused by chilling stress is associated with the accumulation of reactive oxygen species
(ROS) at the cellular level [44]. ROS are highly toxic and cause damage to proteins, lipids, enzymes,
DNAs, and proteins [44,71–73]. To cope with chilling stress, higher plants have evolved active ROS
scavenging systems, consisting of antioxidant enzymes, such as superoxide dismutase (SOD), ascorbate
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peroxidase (APX), glutathione peroxidase (GPX), and catalase (CAT), that protect plants against oxidative
stress damage [8,44,45,72,73]. SOD is the first detoxification enzyme and the most effective antioxidant in
the cell. It catalyzes the formation of H2O2 and O2 from superoxide anion (•O2

−). CAT is an antioxidant
enzyme found in nearly all biological tissues that use oxygen. The enzyme employs iron or manganese as
a cofactor and catalyzes the conversion or degradation of hydrogen peroxide (H2O2) to water and
molecular oxygen, completing the detoxification process started by SOD. GPx is an essential enzyme that
transforms hydrogen peroxide (H2O2) to water and lipid peroxides to their related alcohols, primarily in
the mitochondria but also occasionally in the cytosol. In most cases, selenium, a micronutrient cofactor, is
required for its function. For this reason, GPx is often considered a selenocysteine peroxidase. Also, GPx
regulate plant growth and development, as well as responses to abiotic stressors such as intense light,
high temperature, flood, and salt with an influence of both duration and intensity of the stress. As a result,
a scavenging system might be quite active [74,75]. Moreover, ABA application led to enhanced activity
of antioxidant enzymes (superoxide dismutase and catalase) in ABA-treated plants [44,76,77]. This could
be because ABA can slow the breakdown of pigments used in photosynthesis, reduce ion leakage and
lipid peroxidation, and speed up enzymes. Our research helps shed light on the problem of chilling stress,
which has become a problem in many places around the world, especially Egypt, over the past few years
and is a threat to many plants that come from tropical and subtropical areas.

5 Conclusion

In conclusion, the exogenous application of ABA effectively ameliorated the chilling injury of banana
shoots exposed to chilling stress. Generally, the enhancement in susceptibility to chilling stress improved
with increasing ABA concentration up to 100 µM. The effect of ABA treatment on chilling injury could
be due to the ability of ABA to reduce the degradation of photosynthetic pigments, reduce ion leakage
and lipid peroxidation, activate the enzymes (CAT, SOD, and GPX), DPPH scavenging capacity, and
promote the accumulation of osmolytes (total soluble sugars and proline). In conclusion, this work helps
to solve global climate change concerns, such as chilling stress, which has emerged in recent years,
particularly in Egypt.
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