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Bananas (Musa spp.), which serve millions of people
worldwide, face a serious threat from Fusarium wilt
(FW) disease caused by Fusarium oxysporum f. sp.
cubense (Foc). Developing disease-resistant varieties
particularly through breeding is challenging due to ba-
nana’s seedless nature (parthenocarpic). As an alterna-
tive, cold plasma (CP) technology, has the potential to
be used for crop improvement. Qur study demonstrates
a favourable impact of CP on the growth performance
of banana (Berangan cultivar, AAA) in terms of height,
leaf number and stem diameter. CP-treated plants also
displayed delayed disease progression as well as lower
disease severity indicated by slightly lower value of
leaf symptoms index and rhizome discoloration index
compared to the control plants. Additionally, quan-
titative real-time polymerase chain reaction analysis
revealed differential expression of several defence (PRI,
WRKY22, PAL, and CEBiP) and growth (Cytochrome
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P450, NAC68, and CAT) related genes in CP-treated
plants, particularly in conjunction with Foc infection.
These findings shed light on the potential use of CP in
managing FW in banana and offer insights into possible
mechanism behind improved traits.
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Banana (Musa spp.) is a tropical cash crop cultivated in
more than 130 countries, playing a pivotal role in ensuring
food security (Alzate Acevedo et al., 2021). Renowned as
the world’s most important fruit crop in terms of produc-
tion volume and global trade, bananas ranked as the second
most produced fruit following citrus (Dita et al., 2018).
They contribute to nearly 16% of the world’s fruit produc-
tion and it is the fourth most important food crop following
rice, wheat and corn (Alzate Acevedo et al., 2021). Despite
its prominence, banana plants are facing serious threat by a
destructive disease called Fusarium wilt (FW).

FW is a fungal disease caused by Fusarium oxysporum f.
sp. cubense (Foc). Differential host and pathogenicity de-
termine the three physiological races of Foc, namely race 1
(R1), race 2 (R2), and race 4 (R4), in which R1 and R4 are
the most important races that have led to greater yield loss.
R1 affects Gros Michel (AAA) and Silk (AAB), R2 af-
fects the hybrid triploid cultivar cooking bananas (Bluggoe,
ABB) while R4 affects all cultivars in Cavendish (AAA)
varieties in addition to R1- and R2-susceptible varieties
(Dita et al., 2018). Since its discovery in Australia in 1876,
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FW has caused significant banana yield losses (Dong et al.,
2020). By the mid-twentieth century, FW’s impact on the
Gros Michel banana industry led to the adoption of the Foc
R1-resistant Cavendish cultivar, which has since domi-
nated production and exports (Dita et al., 2018). Around
47% of global banana production relies on Cavendish,
with approximately a third for export (Viljoen et al., 2020).
However, the emergence of Foc tropical race 4 (TR4)
threatened Cavendish regardless of environmental condi-
tions (Thangavelu et al., 2020), raising concerns about pro-
duction deficits and food security.

Long-term control of FW remains a challenge for small-
holder farmers due to knowledge-intensive, laborious,
costly recommended practices (Tinzaara et al., 2018) and
limited availability of environmentally safe chemicals (Is-
maila et al., 2023). Besides, Foc-infected banana plants are
hard to detect without expressed symptoms. Thus, develop-
ing Foc-resistant cultivars is a promising strategy against
FW, but limited availability hampers public access despite
efforts in genetic engineering (Dale et al., 2017) and breed-
ing (Wang et al., 2021). Moreover, challenges like poly-
ploidy, reduced reproductive fertility, and complete sterility
significantly lower the success rate of breeding programs
(Xuetal., 2020).

An eco-friendly agricultural method called cold plasma
(CP) treatment has gained attention in scientific circles due
to its speed and convenience (Konchekov et al., 2023).
Plasma, the fourth state of matter is produced via energiz-
ing a gas mixture, leading into ionization and the forma-
tion of active components such as ultraviolet radiation. CP
shows promise in boosting plant growth and improving
disease resistance. Recent studies on Hemp (Cannabis
sativa L.) found that CP increased the expression of the
WRKYI transcription factor and genes related to cannabi-
noids production, enhancing plant defence mechanisms
(Iranbakhsh et al., 2020). CP has also been demonstrated to
increase resistance against bacterial wilt disease in tomato
(Jiang et al., 2014). Besides, CP treatment has improved
yield of oilseed rape by enhancing their permeability, wet-
tability, and capacity to uptake water (Ling et al., 2018).
Unlike traditional control methods, CP offers a quicker and
more environmentally friendly solution as an alternative to
produce superior plant materials.

However, despite its promising applications across various
crops, the utilization of CP to enhance growth and disease
tolerance against FW is not well studied especially on veg-
etatively propagated crops such as banana. Here, we aimed
to evaluate CP effect on the growth performance and toler-
ance against FW (Foc TR4) in M. acuminata cultivar (cv.)
‘Berangan’. In addition, we attempted to elucidate the mech-

anism of action underlies CP in FW disease control through
expression study of growth- and defence-related genes.

Materials and Methods

Plant material. Rooted stage of tissue culture-derived
plantlets of M. acuminata cv. ‘Berangan’ with green leaves
(~5 leaves), height and stem diameter of ~7 cm and ~0.5
cm, respectively were selected for this study. In total there
were 80 plantlets categorised into four groups (20 plants
each): (1) CP treatment followed by Foc inoculation, (2)
untreated (non-CP) followed by Foc inoculation, (3) CP
treatment without Foc, and (4) no treatment, including CP
and Foc inoculation.

CP treatment. CP treatment was carried out on the
banana plantlets within 2 days after their removal from
Murashige & Skoog media. Plantlets were rinsed prior to
CP treatment. A non-thermal plasma jet generated via a pin
electrode housed in a quartz tube and ground ring electrode
was employed for the CP treatment. The discharge was
produced under atmospheric air at 15 kV, 20 kHz for 15 s
and targeted at corm of the banana plantlets. Plantlets were
immediately placed in a closed container with some water
after the treatment to prevent dehydration.

Plantlets acclimatization. Plantlets were maintained in
hydroponic system supplied with AB medium (contain-
ing essential macro and micronutrients for plant growth,
provided by UH Agroponics, Malaysia) for 2 months to al-
low rooting and to reach minimum size suitable for further
analysis including the bioassay experiment. Rooted plants
were then transferred to polybag (10” x 10”) containing
black soil, cocopeat, and compost in the ratio of 10:5:3.
Plantlets were then acclimatized in a greenhouse with con-
trolled temperature of 25 + 2°C and 12-h photoperiod fol-
lowing average natural light exposure in Malaysia. Plants
were watered regularly every 2 to 3 days and fertilized
once a week with N:P:K (15:15:15) fertilizer Please pro-
vide manufacturer information in the format (Gardem-Well,
YMWOO Corporation, Selangor, Malaysia).

Fungal isolates. Foc TR4 isolate used in this study was
obtained from an infected M. acuminata cv. ‘Cavendish’s
inner stem in Kuala Terengganu, Terengganu, Malaysia
and was maintained as pure culture on potato dextrose
agar (PDA). Prior to bioassay, the identity of the Foc
TR4 isolate was verified by polymerase chain reaction
using Foc TR4 specific primers (Supplementary Table 1,
Supplementary Fig. 1).
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Fungal suspension preparation. Fungal suspension cul-
ture was prepared as previously described by Mohd-Yusuf
et al. (2019). The fully grown Foc TR4 mycelia on PDA
were cut into five to ten pieces of approximately 1 cm x
1 cm plug using sterile scalpel and inoculated into 1 liter
of potato dextrose broth (Oxoid, Basingstoke, UK). The
inoculated suspension culture was incubated at room tem-
perature (26 £ 2°C) and was manually swirled twice a day.
On the 7th day post-inoculation, spore concentration was
determined using haemocytometer (Weber, Teddington,
UK) under microscope (Leica, Wetzlar, Germany). Final
concentration of suspension culture was adjusted to 1 x 10°
spores/ml using sterile distilled water.

FW bioassay. FW bioassay was carried out on healthy
plants of 2 months old after CP treatment using a double
tray method as previously described (Mohd-Yusuf et al.,
2019). Plants of group 1 (treated (CP) + Foc inoculated)
and group 2 (untreated (non-CP) + Foc inoculated) were
subjected to FW bioassay. The plants were carefully up-
rooted and soil were removed without damaging their
roots. Prior to inoculation, roots of plants were rinsed
with tap water to remove any soil residues. Then, plants
were soaked into the Foc TR4 suspension culture (1 x 10°
spores/ml) for 2 h before re-planting into their original
soil and were labelled accordingly. The plants were then
transferred into a double-container apparatus containing
a smaller tray with holes (43 x 29 x 9 c¢m) that fits into a
bigger tray at the bottom (46 x 31 x 20 cm). On the other
hand, plants of groups 3 and 4 (non-Foc inoculated) were
soaked with sterile distilled water and served as controls.
All plants were continued to be watered and fertilized.

Observation of plant growth parameters. Plant height,
number of leaf, and stem diameter was observed and
recorded for plants from groups 3 and 4 (non-Foc inocu-
lated) for a duration of 3 months following CP treatment.
Data was presented as percentage of increment based on
the readings measured on day 1 (plasma treatment) and
day 90.

Disease progression observation. Response of both Foc
inoculated (groups 1 and 2) and non-inoculated plants
(groups 3 and 4), towards Foc infection was observed from
Ist until 5th week post-inoculation. The number of yellow-
ing and wilting leaves was recorded for each group and
difference in disease progression indicated by clear yellow-
ing of leaves between CP-treated and untreated plants were
recorded.

Disease scoring using leaf symptom index and rhizome
discoloration index. Severity of Foc TR4 infection on
banana plants was determined based on the final disease
score examined at the end of 5th week post-inoculation as
previously described (Mohd-Yusuf et al., 2019). Number
of wilting and yellowing leaves were observed and record-
ed. Then, all the plants were carefully uprooted from soil.
After that, vertical dissection of their rhizomes was done
for internal symptoms observation and to record the various
level of brownish discolorations. Plants’ responses against
FW were determined based on leaf symptoms index (LSI)
and rhizome discoloration index (RDI) based on LSI and
RDI scores are shown in Table 1. Then, disease severity
index (DSI) was calculated for both LSI and RDI from the
scores obtained using the formula:

DSI: Y(Number on scalexNumber of seedlings in that scale)
' Y (Number of treated seedlings)

Then, the DSI values were translated into four designa-
tions such as resistant, tolerant, susceptible, and highly
susceptible referring to guidelines (Table 1). If the LSI and
RDI is tolerant and susceptible respectively, the cultivar
will be considered susceptible. If the LSI and RDI is toler-
ant and resistant respectively, the plant will be considered
tolerant. Only when both LSI and RDI scores fall in re-
sistant category, the plant will be considered as a resistant
individual.

Gene selection and primer design. Primers for six de-
fence genes: Pathogenesis related-1 (PR1), WRKY tran-
scription factor-22 (WRKY22), WRKY transcription fac-
tor-50 (WRKY50), Phenylalanine ammonia lyase (PAL),
Chitin elicitor binding protein (CEBiIP), Putative Chitinase
(ChiH) and three growth-related genes: Cytochrome P450
protein (Cytochrome P450 714B3-like), NAC domain
containing protein 68-like (NAC68), Catalase (CAT) were
selected to study their expression profile following CP
treatment and Foc TR4 inoculation. RPS2 gene was used
as housekeeping gene (Chaurasia et al., 2016). All primers

Table 1. Translation of DSI scales

DSI scales for LSI  DSI scales for RDI  Translation

1 1 Resistant
Between 1.1 and2  Between 1.1 and3  Tolerant

Between 2.1 and3  Between 3.1 and5  Susceptible
Between 3.1 and4  Between 5.1 and 8  Highly susceptible

DSI, disease severity index; LSI, leaf symptoms index; RDI, rhi-
zome discoloration index.



466 Rajakumar et al.

were designed based on DH Pahang genome sequences
from Banana Genome Hub database (https://banana-
genome-hub.southgreen.fr) and Phytozome (https://phy-
tozome-next.jgi.doe.gov) using Primer 3 software (https://
primer3.ut.ee) and listed in Supplementary Table 2.

RNA extraction, DNase treatment, and cDNA synthesis.
Total RNA was extracted from root samples collected from
all four groups of plants at 2-, 24-, 48- and 72-hours post-
inoculation (hpi) using cetyl trimethylammonium bromide
(Kistner and Matamoros, 2005). For each time point, there
were three replicates. Total RNA extracted were then sub-
jected to DNase Treatment using DNase I (RNase-free)
kit (New England Biolabs, Ipswhich, MA, USA), accord-
ing to manufacturer’s description. Subsequently, quantity
and quality assessments of RNA were carried out using
the NanoDrop 2000 spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA) and 1% (w/v) agarose gel.
cDNAs were synthesized using Viva cDNA synthesis kit
(Vivantis, Malaysia) according to manufacturer’s descrip-
tion.

Real time - quantitative polymerase chain reaction and
data analysis. The real-time expression profiles of all the
selected defence and growth-related genes were analyzed
in all the cDNA samples using gene-specific primers of all
the target genes using Applied Biosystems ViiA 7 real time
system (Thermo Fisher Scientific). Real-time analysis was
done using the qQPCRBIO SyGreen Blue Mix Separate-
ROX kit (PCR Biosystems, Wayne, PA, USA) according
to manufacturer’s description. Gene expression analysis
was performed for three technical replicates from the pool
of three biological replicates. Relative expression levels of
all the target genes were calculated via the Ct value using
224 formula derived from Pfaffl method (Pfaffl, 2007).
Then, all the triplicated data were subjected to statisti-
cal analysis and normality test using two-way analysis of
variance (ANOVA) followed by Tukey’s test (post-hoc).
Statistical Package for Social Sciences (SPSS) software
version 20 (IBM Corp., Armonk, NY, USA) was used for
all the analysis at the level of 5%.

Results

Effect of CP on plant growth. Average percentage of
increment in terms of plant height, number of leaves, and
stem diameter in CP-treated plants was higher (128.91%,
52.08%, and 88.22%, respectively) compared to untreated
plants (72.74%, 27.86%, and 55.42%, respectively) (Fig. 1).
While it is apparent that plasma treatment had a favorable
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Fig. 1. Effect of plasma treatment on the growth of Musa acumi-
nata cv. ‘Berangan’. Percentage of increment in plant height (A),
number of leaves (B), and stem diameter (C) observed for the
duration of 3 months. Data represents the mean + standard error
(n =4). Same alphabet on top of error bars of mean represents no
significant differences as determined by T-test (P > 0.05).

effect on plant growth, the outcomes did not attain
statistical significance. Nonetheless, it's important to note
that the plasma's impact on plant growth is at least neutral
or even potentially beneficial.

CP treatment delayed disease progression. By the
end of the 5th week post-inoculation, all Foc-inoculated
plants (CP-treated and untreated) displayed severe wilting
symptoms which initially manifested as light streaking and
yellowing of lower leaves and later affected entire leaves.
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Week 4

Fig. 2. Disease progression in plasma-treated and untreated Musa acuminata cv. ‘Berangan’ plants following Foc inoculation. Images
of representative plants of untreated (non-CP) + non-Foc inoculated (A), treated (CP) + non-Foc inoculated (B), untreated (non-CP) +
Foc inoculated (C), and treated (CP) + Foc inoculated (D) groups from week 1, 2, 3, 4 and 5 post-inoculation were shown above. Foc,
Fusarium oxysporum f. sp. cubense; CP, cold plasma. Scale bars = 5 cm. Red arrows indicate the onset of the symptom.

Notably, CP-treated plants (group 1) exhibited delayed
disease progression (4th week post-inoculation) (Fig.
2D) compared to CP-untreated plants (group 2) in which
extensive streaking and yellowing symptoms progressed to
the mid-rib area a week earlier (3rd week post-inoculation)
(Fig. 2C). Non-Foc inoculated plants from both CP-treated
(group 3) and untreated (group 4) groups remained healthy
with no visible symptoms (no wilting and yellowing) at the
end of 5th week post-inoculation (Fig. 2A and B). These
observations demonstrate that plasma treatment delayed
disease symptoms in ‘Berangan’ plants inoculated with
Foc.

No rhizome discoloration was observed at the stellar re-
gions and surrounding tissues of non-Foc inoculated plants

from both CP-treated (group 3) and untreated (group 4)
plant groups (Fig. 3A and B). Following Foc inoculation,
CP-treated plants (group 1) and untreated (group 2) plants
exhibited rhizome discoloration covering 21% to 50%
(Fig. 3D) and more than 50% of stele region (Fig. 3C),
respectively. Despite demonstrating delayed disease
progression, CP-treated plants were finally evaluated as
highly susceptible to Foc infection with LSI and RDI
scores of 4.0 and 6.0, respectively. The untreated plants
showed slightly higher DSI with LSI and RDI scores of 4.2
and 6.6, respectively (Table 2) following Foc inoculation.
This observed data indicates that the application of plasma
treatment did not confer complete resistance to Foc in the
plants (Fig. 3D) but reduced the severity of disease slightly
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Non-Foc inoculated

Foc inoculated

Untreated (non-CP)
A B

Treated (CP)

Untreated (non-CP) Treated (CP)

C D

Fig. 3. Internal disease symptom observation in rhizomes of untreated (non-CP) + non-Foc inoculated (A), treated (CP) + non-Foc in-
oculated (B), untreated (non-CP) + Foc inoculated (C) and treated (CP) + Foc inoculated (D) Musa acuminata cv. ‘Berangan’ plants (n
=4). CP, cold plasma; Foc, Fusarium oxysporum f. sp. cubense. Scale bars =2 cm.

Table 2. DSI showing LSI and RDI from disease scoring of Musa acuminata cv. ‘Berangan’ plants (n = 4)

Treatment .
DSI scales for LSI DSI scales for RDI Translation
Foc Plasma
Non-inoculated Untreated 1.5 1 Tolerant
Treated 1.5 1 Tolerant
Inoculated Untreated 42 6.6 Highly susceptible
Treated 4.0 6.0 Highly susceptible

DS, disease severity index; LSI, leaf symptoms index; RDI, rhizome discoloration index; Foc, Fusarium oxysporum f. sp. cubense.

as observed in the LSI and RDI scores.

Expression analysis of growth and disease response
genes. In response to plasma treatment and Foc TR4 infec-
tion, the relative expression profiles of nine genes—PRI,
WRKY22, WRKY50, PAL, CEBiP, ChiH, Cytochrome
P450, NAC6S8, and CAT genes across the three groups,
treated (CP) + Foc inoculated (group 1), untreated (non-
CP) + Foc inoculated (group 2) and treated (CP) + non-Foc
inoculated (group 3) demonstrated differential expression
pattern within 3 days upon Foc inoculation when normal-
ized against RPS2 gene (Fig. 4, Supplementary Table 3).
Generally, CP-treated plants showed higher expression
levels in most genes, particularly PR/ and WRKY22, which
exhibited significant upregulation at 72 hpi, with a notable
63 and 18-fold change, respectively, in group 1 distin-
guishing it from the other treatment groups. PAL gene also
displayed a significant increase, exceeding 9-fold in CP-
treated plants, regardless of Foc inoculation status, notably
peaking at 24 hpi compared to a later increment at 48 hpi

in untreated plants (group 2). Furthermore, CEBiP showed
early expression at 2 hpi in CP-treated plants following Foc
inoculation (group 1). Interestingly, WRKY50 expression
did not exhibit significant differences due to CP treatment;
however, it was observed to be highest at 72 hpi in Foc-
inoculated plants (groups 1 and 2). As for growth-related
genes, Cytochrome P450 and CAT demonstrated elevated
expression in CP-treated plants post-Foc inoculation (group
1). Conversely, NAC68 displayed a later upregulation (7-
fold) at 72 hpi in CP-treated plants post-Foc inoculation
(group 1). ChiH expression remained relatively unchanged
across time points in most groups, except for significant
increase (35-fold) in untreated plants (group 2).

Discussion

Effectively managing Foc TR4 for sustainable banana pro-
duction poses a significant challenge. Prioritizing strategies
to prevent Foc entry or delay its spread is crucial (Staver et
al., 2020). This study explored CP, an eco-agricultural ap-
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Fig. 4. Relative expression value of PRI (A), WRKY22 (B), WRKY50 (C), PAL (D), CEBiP (E), ChiH (F), Cytochrome P450 (G),
NAC68 (H) and CAT (I) genes by gPCR in three different groups; treated (CP) + Foc inoculated (group 1), untreated (non-CP) + Foc
inoculated (group 2) and treated (CP) + non-Foc inoculated (group 3). Target gene expression level was normalized to RPS?2 reference
gene. Relative expression value of the target genes was calculated based on the fold change value of ‘untreated (non-CP) + non-Foc
inoculated’ (group 4) plants at 2 hpi. qPCR, quantitative polymerase chain reaction; CP, cold plasma; Foc, Fusarium oxysporum f. sp.
cubense; hpi, hours post-inoculation. The bars represent the fold changes of the expression levels. All data were subjected to two-way
ANOVA. The data shown are expressed as the mean (%) of three technical replicates from the pool of three biological replicates + stan-
dard error. Error bar represents standard error; same letter denotes not significant (P > 0.05) by Tukey’s test.

proach, showing potential to improve banana plants’ toler-
ance against Foc.

The first aspect examined was the potential tissue dam-
age caused by CP. Given the delicate nature of the tissue
culture plants used, a mild CP treatment was employed in
this study. Banana plantlets exhibited no apparent dam-
age after CP treatment and remained healthy throughout
the study demonstrating that the selected parameters are

not detrimental to the plant tissues. Furthermore, CP treat-
ment had no adverse effects on growth. Although statistical
significance was not achieved, CP-treated plants showed a
favorable impact on growth, displaying increases in height,
leaf number, and stem diameter (Fig. 1). This improved
growth performance could be attributed to enhanced water
uptake, crucial for healthy growth (Ling et al., 2018), and
possibly increased nutrient uptake (Jiang et al., 2014). Sim-
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ilar observations were reported in various plants, including
tomatoes (Adhikari et al., 2020; Jiang et al., 2014), oilseed
rape (Ling et al., 2018), and peanuts (Li et al., 2016).

The impact of CP on plant tolerance against Foc was
observed in which CP-treated plants exhibited delayed
disease progression (Fig. 2) and slightly reduced disease
severity (Fig. 3). Studies have reported that the external
and internal disease observation often do not associate with
each other, and thus inconsistent results are produced. In-
fected plants might have no rhizome discoloration but with
severe yellowing symptoms. This might be due to external
factors such as lack of nutrient and unfavorable environ-
ment but not due to pathogen infection (Czembor et al.,
2015). Thus, to overcome this misinterpretation issue, this
study correlates external and internal observations to pro-
duce a reliable disease scoring scale.

Based on these results, it was demonstrated that CP treat-
ment delayed the disease progression by one week (external
observation) (Fig. 2) and slightly reduced the FW disease
severity (internal observation) (Fig. 3) although the treat-
ment did not confer complete resistance to Foc TR4 in the
banana plants (Table 2). This finding is similar to the previ-
ously reported study on tomato where plasma-treated plants
showed slower disease progression with lesser disease se-
verity compared to untreated plants (Jiang et al., 2014).

To understand the molecular mechanisms underlying
these observations, we assessed the expression of several
pivotal genes related to defence and growth in banana plant
roots at 2-, 24-, 48-, and 72-h post Foc inoculation. These
timepoints were carefully chosen to identify early Foc-
responsive genes and investigate their expression profiles
following CP treatment, crucial for combating Fusarium
wilt. Understanding the expression of these early Foc-
responsive genes is vital as they initiate the early defence
mechanism in banana plants upon pathogen infection
through the roots. This aids banana plants in combating
Foc more effectively by limiting pathogen spread, delaying
disease progression, and reducing disease severity, as
demonstrated in our current study. Strengthening the
resilience of Foc-infected banana plants enables them
to endure until fruiting, thereby supporting farmers in
achieving better harvests.

CP treatment upregulated most of the genes analyzed in
this study, with a more pronounced effect observed in CP-
treated plants after Foc inoculation. Notably, Cytochrome
P450 and CAT exhibited a similar trend of expression and
were significantly increased in CP-treated plants following
Foc inoculation (group 1). Cytochrome P450s are known
as multifunctional heme-thiolate proteins responsible
for both growth and defence in plants (Niu et al., 2018).

Previous study by Zhang et al. (2019) has shown similar
upregulation of Cyfochrome P450 following Foc TR4
attack. Plasma treatment induces early upregulation of
this gene, starting from 24 hpi, suggesting it may enhance
the plant's ability to produce defence compounds like
lignin (Dong et al., 2020), contributing to delayed disease
progression and lower DSI.

Meanwhile, CAT encodes an antioxidant enzyme
which serves as the main reactive oxygen species (ROS)
scavenger. This enzyme involves in ROS detoxification
and helps in minimizing the host cell damage thus
improving plant health. CAT expression was reported to
be upregulated within 96 h following Foc inoculation
indicating its role in early defence response (Mohd-Yusuf
et al., 2019) which is in accordance with current study. In
this study, CAT gene expression was significantly higher
in CP-treated plants following Foc inoculation within 72
hpi, consistent with findings by Mujahid et al. (2020) in
plasma-treated grape plants. Plasma treatment alone did not
elevate CAT gene expression as effectively as the combina-
tion of plasma treatment and Foc inoculation, indicating a
synergistic effect between plasma treatment and pathogen
presence. The CAT enzyme, known for scavenging ROS,
likely plays a crucial role in enhancing plant health and re-
ducing cellular damage under these conditions.

NAC, a plant-specific transcription factor was also found
to be upregulated at later timepoint following CP and Foc
inoculation, is involved in the regulation of plant develop-
ment and stress responses (Zhang et al., 2019). In Foc-
inoculated plants without plasma treatment (group 2),
NAC68 was initially upregulated from 24 to 48 hpi, indicat-
ing its role in defence against Foc TR4. Interestingly, in the
absence of Foc inoculation, NAC68 remained elevated in
plasma-treated plants (group 1), highlighting plasma’s role
in sustaining NAC68 induction. CP-treated Foc-inoculated
plants (group 1) exhibited higher NAC68 expression com-
pared to untreated plants (group 2), suggesting that plasma
enhances NAC68 induction possibly through additional
stress factors like ROS release during Foc TR4 attack.
Early upregulation in group 3 at 2 hpi suggests plasma
treatment may initiate a stress response triggering NAC68
gene expression.

Gene expression analysis of selected defence-related
genes revealed heightened expression primarily in CP-
treated plants after Foc inoculation (except WRKY50
and ChiH), demonstrating plasma’s role in enhancing
plant defence responses and potentially improving plant
tolerance against FW. Among the genes examined, PR/
displayed the highest expression level and showed the
earliest increase in CP-treated plants after Foc inoculation.
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PRI is known for its antifungal activity and is important
for a plant’s innate immunity (Zhang et al., 2019). Foc-
inoculated plants despite CP treatment exhibited higher
PRI expression compared to non-inoculated plants over
72 hours post Foc TR4 infection. This aligns with findings
by Van den Berg et al. (2007), linking PR/ upregulation
to banana tolerance against FW through early activation
of cell wall-strengthening genes in roots. In group 2
(untreated with CP), PRI expression peaked at 24 hpi and
then decreased, consistent with findings by Li et al. (2017),
which indicate early induction followed by a decline
during Foc TR4 infection. Conversely, group 1 (CP-
treated) showed sustained upregulation of PRI, reaching
its peak at 72 hpi with a significant 63-fold increase. This
prolonged upregulation could potentially account for the
observed delayed disease progression and lower DSI in
plasma-treated plants during the bioassay experiment.
The persistent elevation of PRI expression in CP-treated
Foc-inoculated plants suggests its role in enhancing plant
tolerance against Foc infection, supported by the pivotal
function of PR proteins in plant innate immunity (Niu et
al., 2018). Overall, PR1-encoded proteins are crucial for
defending banana roots against Fusarium wilt, highlighting
their importance in plant defence mechanisms.

Another early defence gene, WRKY22, was also upregulated.
WRKY transcription factors (TFs), play crucial role in the
regulation of defence-related gene expression and disease
response pathways such as salicylate and jasmonate. WRKY
TFs were upregulated in banana plants despite genotypes
following Foc TR4 attack suggesting its participation in
general response towards Foc in banana (Niu et al., 2018).
In this study, WRKY22 exhibited upregulation with higher
expression in Foc-inoculated plants (groups 1 and 2)
compared to non-inoculated plants (group 3) starting from
24 h post Foc TR4 infection. This finding underscores the
involvement of WRKY22 in the early defence response
mechanism against Fusarium wilt. In Foc-inoculated
plants untreated with plasma (group 2), WRKY22 expres-
sion increased from 24 hpi but slightly decreased by 72
hpi. However, a significant 18-fold increase in WRKY2?2
expression was noted at 72 hpi in plasma-treated plants
inoculated with Foc (group 1) compared to other treatment
groups. This indicates that plasma treatment may similarly
influence the upregulation of WRKY22 as observed with
PRI expression during the early stages of Foc TR4 infec-
tion contributing to the improved disease severity and tol-
erance observed in CP-treated plants. In group 3, non-Foc
inoculated plants showed initial upregulation of WRKY22
at 2 hpi and 24 hpi following plasma treatment, indicating
its induction in response to stress. However, WRKY22

expression decreased at 48 hpi and 72 hpi, suggesting
that sustained upregulation of this gene may require both
plasma treatment and pathogen presence, as observed in
group 1.

Moreover, gene encoding a vital enzyme in the phenyl-
propanoid pathway, PAL, was also upregulated. PAL governs
the synthesis of phenolic compounds and phytoalexins with
antimicrobial properties. The increased production of PAL
may contribute to the better tolerance against Foc (Mohd-
Yusuf et al., 2019). In this study, PAL expression was
found to be upregulated in Foc-inoculated plants (groups
1 and 2), with earlier upregulation observed in CP-treated
plants compared to untreated ones, irrespective of Foc
inoculation. PAL expression peaked at 48 hpi in untreated,
Foc-inoculated plants (group 2), consistent with previous
findings by Mohd-Yusuf et al. (2019) and Li et al. (2013),
indicating a similar expression pattern following Foc R4
attack. CP-treated plants (groups 1 and 3) showed PAL
upregulation regardless of Foc inoculation, suggesting PAL
induction beyond pathogen attack, possibly due to plasma
treatment effects.

Furthermore, CEBiP, encoding a critical component in
the plant signaling pathway to induce pathogen-triggered
immunity (Thangavelu et al., 2020) showed interesting
expression pattern. The role of CEBIP in helping combat
disease was also demonstrated where the gene was
reported to be highly expressed in resistant banana cultivar
compared to susceptible banana cultivar following Foc
infection (Thangavelu et al., 2020). CEBiP was significantly
upregulated at an early stage of Foc inoculation (2 hpi)
in CP-treated plants (group 1), whereas untreated plants
(group 2) showed delayed upregulation of the gene at 72
hpi. No upregulation of CEBiP was observed at any time
point in non-Foc inoculated plants treated with plasma
(group 3), suggesting that CEBiP induction is primarily
dependent on Foc TR4 infection rather than plasma
treatment. This response may be attributed to the presence
of chitin oligosaccharides, which act as pathogen elicitors
triggering plant-associated molecular pattern-triggered
immunity (De Jonge et al., 2010). The late upregulation of
CEBIiP in Foc-inoculated plants untreated with CP (group 2)
at 72 hpi aligns with findings from previous study (Bai et
al., 2013), which reported similar late inductions of CEBiP
in susceptible banana cultivars at 5- and 10-days post Foc
TR4 inoculation.

It’s noteworthy that the growth observations, independent
of Foc infection, suggest plasma treatment alone could have
induced early upregulation of growth genes immediately
after CP treatment, aligning with the favourable growth
observed. This is supported by the upregulation of growth
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genes observed in non-Foc inoculated plants treated with
plasma. It’s possible these genes were initially induced
shortly after CP treatment, with their expression decreasing
later during the Foc challenge phase.

Overall, current study elucidates the intricate relationship
between growth and defence-related genes in banana
plants exposed to Foc TR4 infection and plasma treatment.
Plasma treatment synergistically enhanced the expression
of these crucial genes, which play dual roles in bolstering
both growth and defence mechanisms. Notably, plasma
treatment alone did not markedly induce the expression
of Foc-responsive genes; however, when combined with
pathogen infection, it potentiated these responses. This
suggests that plasma treatment primes plants to better
withstand pathogenic stress by activating systemic immune
responses and modifying stress-related gene expression,
like mechanisms described by Adhikari et al. (2020) in
tomato plants. This finding parallels a study on tomatoes
(Jiang et al., 2014), where plasma-treated plants showed
improved growth and better resistance to bacterial wilt
caused by Ralstonia solanacearum, likely due to increased
hydrogen peroxide (H,O,) production activating natural
defence mechanisms. Similarly, in our study on banana
plants treated with CP, this mechanism likely contributed
to enhanced tolerance against FW (Foc). CP treatment
may induce H,0, and ROS, priming plants to mount
stronger defences upon Foc infection, leading to improved
disease tolerance and delayed progression. Thus, plasma-
induced stress appears to prepare plants for future pathogen
encounters, triggering robust defence mechanisms even
before actual infection occurs. The heightened expression
of specific defence and growth-related genes under the dual
stress of plasma treatment and Foc TR4 infection likely
contributes to the observed delays in disease progression
and the potential reduction in DSI scores during phenotypic
assessments. These findings underscore the potential of
plasma treatment as a proactive approach to enhancing
plant resilience against pathogens, highlighting its role in
stimulating both growth and defence mechanisms crucial
for sustainable agriculture and food security.

In summary, the study highlights CP’s potential in im-
proving banana tolerance against Foc. The delayed disease
progression observed in this study holds promise for farm-
ers seeking to maximize their banana yields and profits,
thus addressing the pressing issue of global food security
issue and improving economic outcomes. However, our
study had certain limitations. The CP treatment (15kV
for 15 s - using plasma jet) on the plant tolerance was
limited, suggesting the need to refine parameters such as

exposure time, types of discharges, and types of plasma
treatment (e.g., plasma-activated water) which better suits
the plant materials. Extended exposure to high voltage
should be avoided as it can lead to chlorophyll degradation
and negatively impact growth (Yagual et al., 2023). Ad-
ditionally, only a small number of plants were used in this
study due to the constraint of the CP setup, which could
only accommodate one plant at a time. This required me-
ticulous manual treatment, making the process both time-
consuming and labor-intensive which limited the number
of experimental repeats. Thus, to enhance the robustness of
findings, future investigations should encompass repeated
experiments with a larger number of banana plants, thus
facilitating a more comprehensive examination of plasma
treatment effects. Additionally, exploring alternative CP
methods such as corona discharges, dielectric barrier, and
plasma-activated water could allow more plants samples
to be treated in shorter period and more significant to in-
duce tolerance against FW. It is also important to note that
this is the pioneering study that uses plantlets as starting
materials for CP treatment. Commonly, seeds were used
in many studies on plasma effects on plants and significant
increase was observed in the growth parameters tested
(Adhikari et al., 2020; Jiang et al., 2014). Since this study
used tissue culture plantlets, the influence of CP treatment
might not be the same and a lot of optimizations need to be
done to obtain a significant result. Nevertheless, this study
has shed some light on the potential use of plasma on the
banana plantlets instead of the regular use of seeds which
is not possible to obtain from cultivated banana (such as
‘Berangan’) as the cultivated banana are sterile and do not
produce seeds.

Conflicts of Interest

No potential conflict of interest relevant to this article was
reported.

Acknowledgments

The authors thank Plant Biotechnology Incubator Unit
(PBIU), Universiti Malaya, for providing tissue culture-
derived banana plantlets. We also thank Prof. Jennifer Ann
Harikrishna, Dr. Purabi Mazumdar, and Puan Zarina for
the invaluable assistance and the use of greenhouse facili-
ties for our research. This research was supported by Im-
pact Oriented Interdisciplinary Research Grant (IIRG006B-
19FNW), Universiti Malaya.



Cold Plasma for Banana Growth and Fusarium Wilt Control 473

Electronic Supplementary Material

Supplementary materials are available at The Plant Pathol-
ogy Journal website (http://www.ppjonline.org/).

References

Adhikari, B., Adhikari, M., Ghimire, B., Adhikari, B. C., Park, G.
and Choi, E. H. 2020. Cold plasma seed priming modulates
growth, redox homeostasis and stress response by inducing
reactive species in tomato (Solanum lycopersicum). Free
Radic. Biol. Med. 156:57-69.

Alzate Acevedo, S., Diaz Carrillo, A. J., Florez-Lopez, E. and
Grande-Tovar, C. D. 2021. Recovery of banana waste-loss
from production and processing: a contribution to a circular
economy. Molecules 26:5282.

Bai, T.-T., Xie, W.-B., Zhou, P.-P., Wu, Z.-L., Xiao, W.-C., Zhou,
L., Sun, J., Ruan, X.-L. and Li, H.-P. 2013. Transcriptome
and expression profile analysis of highly resistant and suscep-
tible banana roots challenged with Fusarium oxysporum f. sp.
cubense tropical race 4. PLoS ONE 8:¢73945.

Chaurasia, A. K., Patil, H. B., Azeez, A., Subramaniam, V. R.,
Krishna, B., Sane, A. P. and Sane, P. V. 2016. Molecular
characterization of CONSTANS-Like (COL) genes in banana
(Musa acuminata L. AAA Group, cv. Grand Nain). Physiol.
Mol. Biol. Plants 22:1-15.

Czembor, E., Stepien, L. and Waskiewicz, A. 2015. Effect of
environmental factors on Fusarium species and associated
mycotoxins in maize grain grown in Poland. PLoS ONE
10:e0133644.

Dale, J., James, A., Paul, J.-Y., Khanna, H., Smith, M., Peraza-
Echeverria, S., Garcia-Bastidas, F., Kema, G., Waterhouse, P.,
Mengersen, K. and Harding, R. 2017. Transgenic Cavendish
bananas with resistance to Fusarium wilt tropical race 4. Nat.
Commun. 8:1496.

De Jonge, R., Peter van Esse, H., Kombrink, A., Shinya, T., De-
saki, Y., Bours, R., Van Der Krol, S., Shibuya, N., Joosten, M.
H. A. and Thomma, B. P. H. J. 2010. Conserved fungal LysM
effector Ecp6 prevents chitin-triggered immunity in plants.
Science 329:953-955.

Dita, M., Barquero, M., Heck, D., Mizubuti, E. S. G. and Staver,
C. P. 2018. Fusarium wilt of banana: current knowledge on
epidemiology and research needs toward sustainable disease
management. Front. Plant Sci. 9:1468.

Dong, H., Ye, Y., Guo, Y. and Li, H. 2020. Comparative transcrip-
tome analysis revealed resistance differences of Cavendish
bananas to Fusarium oxysporum f. sp. cubense racel and
race4. BMC Genet. 21:122.

Iranbakhsh, A., Oraghi Ardebili, Z., Molaei, H., Oraghi Ardebili,
N. and Amini, M. 2020. Cold plasma up-regulated expres-
sions of WRKY'1 transcription factor and genes involved in
biosynthesis of cannabinoids in Hemp (Cannabis sativa L.).
Plasma Chem. Plasma Process. 40:527-537.

Ismaila, A. A., Ahmad, K., Siddique, Y., Wahab, M. A. A., Kuta-

wa, A. B., Abdullahi, A., Zobir S. A. M., Abdu. A. and Abdul-
lah, S. N. A. 2023. Fusarium wilt of banana: current update
and sustainable disease control using classical and essential
oils approaches. Hortic. Plant J. 9:1-28.

Jiang, J., Lu, Y., Li, J., Li, L., He, X., Shao, H. and Dong, Y. 2014.
Effect of seed treatment by cold plasma on the resistance
of tomato to Ralstonia solanacearum (bacterial wilt). PLoS
ONE 9:¢97753.

Kistner, C. and Matamoros, M. 2005. RNA isolation using phase
extraction and LiCl precipitation. In: Lotus japonicus hand-
book, ed. by A. J. Marquez, pp. 123-124. Springer, Dordrecht,
Netherlands.

Konchekov, E. M., Gusein-Zade, N., Burmistrov, D. E., Kolik, L.
V., Dorokhov, A. S., Izmailov, A. Y., Shokri, B. and Gudkov,
S. V. 2023. Advancements in plasma agriculture: a review of
recent studies. Int. J. Mol. Sci. 24:15093.

Li, C., Shao, J., Wang, Y., Li, W., Guo, D., Yan, B., Xia, Y. and
Peng, M. 2013. Analysis of banana transcriptome and global
gene expression profiles in banana roots in response to infec-
tion by race 1 and tropical race 4 of Fusarium oxysporum f.
sp. cubense. BMC Genomics 14:851.

Li, C., Yang, J., Li, W,, Sun, J. and Peng, M. 2017. Direct root
penetration and rhizome vascular colonization by Fusarium
oxysporum f. sp. cubense are the key steps in the successful
infection of Brazil cavendish. Plant Dis. 101:2073-2078.

Li, L., Li, J., Shen, M., Hou, J., Shao, H., Dong, Y. and Jiang, J.
2016. Improving seed germination and peanut yields by cold
plasma treatment. Plasma Sci. Technol. 18:1027.

Ling, L., Li, J., Shao, H. and Dong, Y. 2018. Effects of low-
vacuum helium cold plasma treatment on seed germination,
plant growth and yield of oilseed rape. Plasma Sci. Technol.
20:095502.

Mohd-Yusuf, Y., Khalid, N., Al-Obaidi, J. R., Baharum, N. A.,
Zaidi, K., Salleh, B., Azuddin, N. F., Abdul Aziz, F. A., Mu-
nusamy, U. and Othman, R. Y. 2019. Standardized bioassays:
an improved method for studying Fusarium oxysporum f.
sp. cubense race 4 (FocR4) pathogen stress response in musa
acuminata cv. ‘Berangan’. 4sia Pac. J. Mol. Biol. Biotechnol.
27:101-112.

Mujahid, Z., Tounekti, T. and Khemira, H. 2020. Cold plasma
treatment to release dormancy and improve growth in grape
buds: a promising alternative to natural chilling and rest
breaking chemicals. Sci. Rep. 10:2667.

Niu, Y., Hu, B., Li, X., Chen, H., Takac, T., gamaj, J. and Xu, C.
2018. Comparative digital gene expression analysis of tissue-
cultured plantlets of highly resistant and susceptible banana
cultivars in response to Fusarium oxysporum. Int. J. Mol. Sci.
19:350.

Pfaffl, M. W. 2007. Relative quantification. In: Real-time PCR,
ed. by M. Dorak, pp. 89-108. Taylor & Francis, Oxford, UK.

Staver, C., Pemsl, D. E., Scheerer, L., Perez Vicente, L. and Dita,
M. 2020. Ex ante assessment of returns on research invest-
ments to address the impact of Fusarium wilt tropical race 4
on global banana production. Front. Plant Sci. 11:844.



474 Rajakumar et al.

Thangavelu, R., Loganathan, M., Arthee, R., Prabakaran, M. and
Uma, S. 2020. Fusarium wilt: a threat to banana cultivation
and its management. CAB Rev. 15:1-24.

Tinzaara, W., Ocimati, W., Kikulwe, E., Otieno, G., Stoian, D.
and Blomme, G. 2018. Challenges and opportunities for
smallholders in banana value chains. In: Achieving sustain-
able cultivation of bananas, eds. by G. Kema and A. Drenth,
pp- 85-110. Burleigh Dodds Science Publishing, Cambridge,
UK.

Van den Berg, N., Berger, D. K., Hein, 1., Birch, P. R., Wingfield,
M. J. and Viljoen, A. 2007. Tolerance in banana to Fusarium
wilt is associated with early up-regulation of cell wall-
strengthening genes in the roots. Mol. Plant Pathol. 8:333-
341.

Viljoen, A., Ma, L.-J. and Molina, A. B. 2020. Fusarium wilt
(panama disease) and monoculture in banana production:
resurgence of a century-old disease. In: Emerging plant dis-
eases and global food security, eds. by J. B. Ristaino and A.
Records, pp. 159-184. The American Phytopathological Soci-
ety, St. Paul, MN, USA.

Wang, X., Yu, R. and Li, J. 2021. Using genetic engineering
techniques to develop banana cultivars with fusarium wilt
resistance and ideal plant architecture. Front. Plant Sci.
11:617528.

Xu, Z., Wang, M., Du, J., Huang, T., Liu, J., Dong, T. and Chen,
Y. 2020. Isolation of Burkholderia sp. HQB-1, a promising
biocontrol bacteria to protect banana against Fusarium wilt
through phenazine-1-carboxylic acid secretion. Front. Micro-
biol. 11:605152.

Yagual, D., Villavicencio-Vasquez, M., Chavez, J., Puebla, E.,
Cornejo-Franco, J., Coronel-Leon, J., Keener, K. and Yepez,
X. 2023. Control of crown rot on Cavendish banana by high
voltage atmospheric cold plasma treatment. J. Food Eng.
357:111654.

Zhang, L., Cenci, A., Rouard, M., Zhang, D., Wang, Y., Tang, W.
and Zheng, S.-J. 2019. Transcriptomic analysis of resistant
and susceptible banana corms in response to infection by
Fusarium oxysporum f. sp. cubense tropical race 4. Sci. Rep.
9:8199.



