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Essential oil (EO) have emerged as a potent natural antioxidants and antimicrobial agents due to their
predominantly non-toxic nature suggesting their potential use as alternatives to synthetic chemical. Z. armatum
have been known to possess many biological activities like antifungal, antibacterial, antioxidant, antiviral,
pesticidal/insecticidal effects. This study describes the antifungal activity, antioxidant assay and total phenolic
and flavonoid content of the EO of Zanthoxylum armatum. The EO was found to have significant antifungal
activity against Fusarium lateritum and Alternaria alternata. The half maximal inhibitory concentration (IC50)
by contact assay was 1.14 ul/ml for F. lateritium and 1.65 ul/ml for Alternaria alternata. Through volatile
assay the IC50 value was 0.15 p/cm® and 0.65 p/cm?®for F. lateritium and Alternaria alternata respectively.
The EO also exhibit good antioxidant capacity and reduced DPPH, ABTS and Fe** to 50% at IC, value of 33.66
il/ml, 55.26 il/ml and 34.02 u/ml respectively. The total phenolic content (TPC) was 241.92 mg/g GAE and total
flavonoid content (TFC) was 155.71 mg/g QE. The findings suggest that the essential oil from Z. armatum
could serve as a viable option for creating a secure and environmentally friendly natural antifungal and
antioxidant. The findings suggest that Zanthoxylum armatum essential oil exhibits significant antioxidant
properties and potent antifungal activity against Fusarium lateritium and Alternaria alternata, particularly in
vapour phase assays. With a high phenolic and flavonoid content, this oil serves as a viable, eco-friendly

candidate for natural antioxidant and antimicrobial formulations.
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INTRODUCTION

The increasing use of synthetic fungicides has
led to environmental concerns, health risks, and
the development of resistant fungal pathogens,
creating a need for safer and eco-friendly
alternatives. Plant essential oils have emerged
as promising natural products because of their
antioxidant and antimicrobial properties. Owing
to their biodegradability and diverse bioactive
compounds, essential oils are increasingly being
explored for agricultural pharmaceutical
applications (Kamau et al. 2026). Zanthoxylum
armatum DC. (family Rutaceae) is an important
medicinal and aromatic plant widely distributed
in the Himalayan region.

*Correspondence: bateimon2310@gmail.com

The fruits are particularly rich in essential oils
containing compounds such as eucalyptol,
limonene, linalool, and terpinen-4-ol, which are
known for their antioxidant and antimicrobial
activities (Vashinath et al. 2021; Liu et al. 2023).
However, the composition and biological activity
of these essential oils can vary depending on
parts of the plant, geographical location, climate
and other environmental factors (Vashisathet al.
2021; Cheng et al. 2024; Wang et al. 2025).

Several studies have highlighted the antifungal
potential of Z. armatum essential oil against
important plant pathogens. Slathia et al. (2021)
demonstrated its effectiveness in controlling
Alternaria-induced post-harvest rot in tomato
fruits. More recently, studies have shown that the
fruits essential oil inhibit fingal growth by disrupting
fungal cell membranes through the reduction of
ergosterol levels (Pasrija et al. 2024). In addition,
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comparative studies have confirmed that the fruit
essential oil possesses significant antioxidant
activity making it a potential source of natural
antioxidants (Fan et al. 2025). A recent review
further emphasized the rich phytochemical
composition and wide range of pharmacological
properties of Z. armatum, supporting its potential
for medicinal and agricultural applications (Dahiya
etal. 2025).

Despite these promising findings, studies
evaluating both the antioxidant and antifungal
properties of Z. armatum fruits essential oil from
different regions remain limited. Therefore the
present study aims to assess the antioxidant and
antifungal activities of essential oil extracted from
the fruits of Z. armatum. The findings will
contribute to the development of environmentally
friendly alternatives to synthetic fungicides and
promote the utilization of this valuable medicinal
plant.

MATERIALS AND METHODS
Sample collection

Plant materials were collected from
Mawsiatkhnam, East Khasi Hills District of
Meghalaya at 25°28.030'N and 91°58.542’E, at
an elevation of approximately 1027 m above sea
level. The study area generally experiences
temperature ranging from approximately 18°C to
28°C throughout the year. The samples were
obtained from wild plant of approximately 7 years.
Fruits were harvested at the mature stage (not
fully ripe) from one individual plant during the
month of July, 2023. The samples were labelled,
transported to the laboratory and processed under
appropriate conditions prior to essential oil
extraction.

Extraction of essential oil

1 kg of fresh fruits were subjected to
hydrodistillation using Clevenger’s apparatus for
8 hours duration at 40 °C. The collected oil were
then stored at 4 °C for further use.

The yield of the essential oil was determined using
the formula,

Percentage vyield (%) = Volume of essential oil
(g)/Volume of sample (g) *100

Functional properties of essential oil of Zanthoxylum armatum
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Total phenolic content

Total phenolic content (TPC) of the essential oil
was determined by Folin—Ciocalteu colorimetric
method described by Singleton et al. (1999) with
slight modification. 1 ml sample solution of
different concentrations was combined with 5 ml
of 10% Folin-Ciocalteu’s reagent, thoroughly
mixed and left to stand for 5 minutes at room
temperature. Subsequently, 4 ml of 7% NaHCO3
was slowly added and the reaction mixture was
allowed to stand in the dark for 30 minutes at room
temperature. Absorbance readings were then
recorded at 765 nm. The same process was
replicated for all standard Gallic Acid solution. Total
phenolic content of the essential oil was
expressed as mg gallic acid equivalents (GAE)
per gram of sample in dry weight (mg/g).

Total Flavonoid Content

Total Flavonoid Content was determined
according to aluminium chloride colorimetric
method (Zhishe et al.1999). Different
concentration (10-100 ul/ml) of essential oil of 1
ml each was mixed with 4 ml distilled water
following by the addition of 0.3 ml of 5% sodium
nitrite. After 5 minutes 3 ml of 10% Aluminium
chloride was added and allowed to stand for 6
minutes after which 2 ml of 1M sodium hydroxide
was added. The total volume was made up to 10
ml with distilled water and the solution was mixed
well and absorbance was measured using
Spectrophotometer at 510 nm. The concentration
of flavonoid compound was expressed as mg
quercetin equivalents per gram of sample in dry
weight (mg/g).

Antioxidant Activities
DPPH radical scavenging activity

DPPH scavenging ability of the essential was
determined following the protocol described by
Bozin et al. (2006). 1 ml of different concentration
(10-100 pg/ml) of essential oil was mixed with 1
ml of 90 yM DPPH solution. The total volume was
made to 4 ml with methanol and the mixture was
shaken well and kept in the dark at room
temperature for 1 hour. The absorbance was
recorded by using spectrophotometer at 517 nm.
Methanol was used to prepare the control



64(3) September, 2026]

solution. The percentage of Radical Scavenging
Activity (RSA) was calculated using the formula,

%RSA=[é%ié§)”00
(o]

A, is the absorbance of the control, A_is the
absorbance of sample. Ascorbic acid was used
as a reference and EC50 (50% inhibition of free
radical) value was calculated from the graph by
plotting % RSA against oil concentration.

ABTS radical scavenging activity

The ABTS*free radical scavenging activity of the
essential oil was determined following the protocol
given by Re et al. (1999). Production of ABTS
cations (ABTS*) was done by mixing ABTS (2,
20-azinobis-(3-ethylbenzothiazoneline-6-
sulphonic acid) (7 Mm) with potassium
persulphate (2.45 Mm) in an amber coloured
bottle. The solution was kept in the dark for 16
hours at room temperature. The ABTS working
solution was diluted with methanol till an
absorbance of 0.70 was obtained at 734 nm. 3
ml of this working solution was added to 1 ml of
each concentration of essential oil (10, 20, 40,
60, 80 and 100 ul/ml) and then allowed to stand
for 6 minutes in the dark after which the
absorbance was recorded at 734 nm. Methanol
served as the control and ascorbic acid was used
as a reference compound and the capability of
the EO to scavenged the ABTS* was calculated
using the equation,

%RSA:[éllﬁljwoo
A1

A1 is the absorbance of the control, A2 is the
absorbance of the sample. EC50 value was
determined by plotting % RSA against oil
concentration. The experiment was performed in
tri-replicate.

FRAP reducing assay

Reduction of Fe® to Fe?* was measured by the
method described by Oyaizu (1986). EO of
different concentration (10,20,40,60,80 and 100
pl/ml) were mixed with 2.5 ml of phosphate buffer
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(0.2 M, pH 6.6) and 2.5 ml of potassium
ferricyanide (1 %) and were then incubated for
20 minutes at 50 °C. After incubation 2.5 ml of
10% Trichloroacetic acid was added and
centrifuge for 10 minutes at 3000 rpm. 2.5 ml of
the supernatant was mixed with 2.5 ml of distilled
water and then 2.5 ml of ferric chloride (1%) was
added and the absorbance was measured at 700
nm using UV-VIS spectrophotometer. Increasing
colour intensity indicated increasing reducing
power. A control solution containing distilled water
was also prepared. Reducing power of the EO
was calculated using the formula,

RP%= (A —A.)*100
0 1

Where A and A,is the absorbance of the control
and sample respectively. Percentage of Inhibition
was plotted against the oil concentration and the
equation of the line was used to obtain the RP,
value and compared to that the standard ascorbic
acid.

Antifungal activity

Isolation and Identification of fungal
pathogens

Fungal pathogens from infected leaves of Z.
armatumwere isolated using Agar plate method
(Muskett and Malone, 194 1) and incubated at 28°C
for 5 days duration. Pathogens were identified
morphologically and Koch’s postulate was
performed to confirm the pathogenicity. The fungal
pathogens were molecularly identified by PCR
amplification of the internal transcribed spacer
(ITS) region of ribosomal DNA, followed by
sequencing services provided by Eurofins
Genomics, Bengaluru, India. The sequences
were deposited in NBRI Genbank database to
obtain the accession number.

Contact assay

Antifungal activity of the EO was conducted by
contact assay described by Guleria et al. (2013).
Various concentration of EO (0.1, 0.15, 0.25, 0.5,
0.75,1.0,1.25,1.5,1.75, 2.0, and 2.5 pl/ml) were
dissolved in 0.5% v/v DMSO and incorporated into
molten Potato Dextrose Agar (PDA).
Subsequently, 5 mm of the test fungus was
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inoculated at the centre of the plates, and the
incubation was carried out at 28°C for duration
of 10 days. Each treatment was performed in
triplicates. DMSO was used as the negative
control to determine the specific effect of essential
oil.

Volatile assay

Volatile activity of the EO was done following the
protocol given by Basim et al. (2000), where
different concentration of EO (0.1, 0.15, 0.25, 0.5,
0.75,1.0,1.25,1.5,1.75, 2.0, and 2.5 pl/ml) were
impregnated into sterile filter papers (Whatman
No. 1). These impregnated filter papers were then
mounted onto the inner surface of the inverted
lids of petri plates. Following this, a 5 mm sample
of the test fungus was inoculated at the centre of
the plates and the entire setup was incubated at
28°C for a period of 10 days. Three replicates
were maintained for each concentration. Distilled
water was used as the negative control to
evaluate the effect produced specifically by the
essential oil.

The antifungal activity of the EO for contact and
volatile assay was calculated using the formula:

1-Da,

% = 100

Where, Da is the diameter of treated fungi and
Db is the diameter of control.

Scanning Electron Microscopy (SEM)
Analysis

The effect of the essential oil on the pathogens
was examined using Scanning Electron
Microscopy (JEOL JSM-6360 model) at the
Sophisticated Analytical Instrument Facility, North-
Eastern Hill University, Shillong. Samples were
prepared following the protocol given by NEHU-
SAIF.

Statistical Analysis
Data analysis was conducted using SPSS

software, version 16 (Chicago, IL, USA), and MS-
Excel, v.7 (Microsoft, Washington, DC, USA).

Functional properties of essential oil of Zanthoxylum armatum
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RESULTS AND DISCUSSION

Essential oil

Based on the weight of the plant sample the yield
of essential oil from fruits was 2.3% (w/w). The
yield of essential oil was much higher compared
to that recorded by Jain et al. (2001), Tiwary et al.
(2007), Prakash et al. (2012) with 1.5, 1.3 and
1.8% respectively. Various factors such as
environmental conditions, genetic variations,
collection timing, and seasonal variations can
influence the yield of the essential oil
(Rahimmalek et al. 2009; Peng et al.2025).
Phuyal et al. (2019) demonstrated that changes
in elevation, cultivation conditions, and soil-related
factors have a substantial impact on essential oil
production.

Total Phenolic and Flavonoid Content

The total phenolic and flavonoid content of the
essential oil of Z. armatum is given in Table 1.
The total phenolic content was 241.92 mg/g GAE
and the total flavonoid content was 155.71 mg/g
QE. The result was similar with the study of
Phuyal et al. (2020) where they reported that the
phenolic content of cultivated fruits extract was
226.3 mg GAE/g and for wild fruits was 185.02
mg GAE/g and the flavonoid content for cultivated
fruits extract was 135.17 mg QE/gand 103.7 mg
QE/g for wild fruit extract. However, the TPC and
TFC of the ethanolic fruit extract reported by
Barkatullah et al. (2011) was much lower with
21.68 mg/g and 22.80 mg/g respectively. Dai and
Mumper (2010) and Jing et al. (2015) suggested
that extraction temperature, duration, pH, and
polarity of the extraction solvent could affect the
concentration of phenolic and flavonoid content
of the extract. Phenolic compounds exhibit redox
properties, serving as reducing agents, suppliers
of hydrogen and scavengers of singlet oxygen
(Chang etal. 2001).

Antioxidant activities
DPPH and ABTS radical scavenging activity:

The EO exhibit scavenging activity in proportion
to their concentrations, causing a 50% inhibition
of DPPH and ABTS radical, as indicated by their
IC50 values (Table 1). A substance qualifies as
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Table 1 : Scavenging activity and total phenolic and flavonoid content of essential oil from fruits of Z. armatum

Conc. pl/ml DPPH ABTS FRAP Total phenolic Total flavonoid content
RSA % RSA % RP % content (mg/g GAE)  (mg/g QE)

0 (control) 0.0240.0° 0.0+0.00° 0.02+0.00°

10 24.090.17' 17.1120.16° 39.050.14'

20 41.81+0.15° 29.30+0.14° 48.00+0.12°

40 62.050.15° 40.05£0.17° 54.00+0.13d

60 78.18+0.14° 59.44+0.14° 61.30+0.16°

80 89.090.13° 66.49+0.13° 63.15£0.15 241.92+0.21 155.71£0.19

100 95.23+0.12° 73.55+0.09° 68.65+0.15"

IC50 pi/ml 33.66 55.26 34.02

Ascorbic acid 28.82 pg/mi - 27.65pg/ml

Gallic acid - 29.61ug/mi -

*Values are means of three replicates + Standard Deviation. Within column values followed by different letter(s) are significantly
different by Tukey test at p < 0.05. RSA-Radical scavenging activity; RP-Reducing power; GAE-Gallic acid Equivalent; QE- Quercitin
equivalent.

Table 2 : Pearson correlation coefficients for concentrations and antioxidant activity parameters of Z. armatum essential oil

Variable r value P- value Interpretation

Conc. vs DPPH 0.960 < 0.001 Very strong positive correlation
Conc. vs ABTS 0.974 < 0.001 Very strong positive correlation
Conc. vs FRAP 0.826 < 0.001 Very strong positive correlation
DPPH vs ABTS 0.995 < 0.001 Very strong positive correlation
DPPH vs FRAP 0.933 < 0.001 Very strong positive correlation
ABTS vs FRAP 0.915 < 0.001 Very strong positive correlation

*Pearson correlation coefficients (r) were calculated using the mean values of antioxidant activity at concentration ranging from 0-

100 pl/ml.

an antioxidant if its IC50 is below 5 mg/ml (Abdillah
et al.,2015). In this study, the EO of Z. armatum
has proven its ability to scavenged free radical
with IC50 of 33.66 ul/ml for DPPH and 55.26 nl/ml
for ABTS.The bark essential oil of Z. armatum
from different altitudinal range as reported by
Dhami et al. (2018) have IC50 value of 12.58, 17.8
and 17 ul/ml. However, according to Phuyal et al.
(2020) the IC50 values of fruits extract for
cultivated and wild fruits was 40.62 and 45.62 .g/
mL respectively. Several studies of EO and
extract from different plant parts have also been
documented demonstrating significant antioxidant
activity Z. armatum (Singh et al. 2013; Guleria et

al. 2013; Karmakar et al. 2015; Mukhija et al.
2015; Dhami et al. 2018, Punniyamoorthy et al.
2025). The antioxidant properties of medicinal
plants are attributed to their phenolics and
flavonoids (Diaz et al. 2012), which help mitigate
oxidative stress-related diseases (Dragland et al.
2003) by minimizing the production of free
radicals (Ravipati et al.2012). While phenolic
compounds have traditionally been acknowledged
for their role in conferring antioxidant properties,
recent research has indicated that volatile
compounds, either independently or in
combination may also play a significant part in
overall antioxidant capabilities (Sarikurkcu et al.
2015; Martucci et al. 2015, Chen et al. 2023).
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Table 3: Inhibition of two fungi by essential oil from fruits of Z. armatum

EO Conc. Inhibition Percentage (%) +SD (Volatile assay) Inhibition Percentage (%) +SD
(ulfom® and (Direct contact assay)
i/mi) F. lateritium A. alternata F. lateritium A. alternata
0 (Control) 0.42+0.13 0.53+0.08" 0.610.11' 0.32+0.04"
0.1 38.67+0.06 9.38+0.10 6.60+0.10 4.61+0.10
0.15 50.94+0.10" 31.25+0.10' 14.150.06 11.79+0.06'
0.25 66.98+0.10° 44.79+0.06" 19.81+0.06' 15.38+0.10'
0.5 72.64+0.13 58.33+0.15° 32.07+0.10" 23.08+0.10"
0.75 79.25+0.10° 64.58+0.15' 41.51£0.06° 27.69+0.10°
1.0 83.96+0.15° 72.39x0.15° 48.1120.06' 35.380.10'
1.25 87.94+0.06™ 75.000.10° 54.72+0.10° 37.94+0.06'
1.5 90.57+0.06° 81.77+0.15° 60.38+0.10° 43.07+0.10°
1.75 95.28+0.06" 87.50+0.10° 68.87+0.10° 49.74+0.15
2.0 100+0.00° 90.63+0.10 87.74+0.06° 58.460.10°
2.25 100£0.00° 95.31+0.10%® 100£0.00° 66.15+0.10°
25 100+0.00° 100£0.00° 100£0.00° 73.84+0.10°
IC50 0.15 pl/cm® 0.65 plicm® 1.14 pliml 1.65 pl/ml

*Values are means of three replicates + standard Deviation, Within column values followed by different letter(s) are significantly
different by Tukey test at p < 0.05. RSA Redical scavenging activity; RP-reducing power; GAE-Gallic acid Equivalent; QE-Quercitin

equivalent.
FRAP reducing assay

The result of FRAP assay for the EO are shown
in Table 1. The reducing activity of the essential
oil are concentration dependenti.e., it increases
with increasing concentration. This finding aligns
with Punniyamoorthy et al. (2025) who also
observed the increasing activity of the EO with
the increase in concentration. The reducing power
of the EO with 50% inhibition (IC50) was 34.02 il/
ml. The existence of reducing agents in the
solution induces the transformation of the Fe3*
complex into its ferrous form through reduction
(Guleriaet al., 2013). Bark EO from three different
altitudes have a much higher reducing activity with
17.91ul/ml, 18.59 l/ml and 21.49 ul/ml IC50 values
as compared to the result observed in this study
(Dhami et al., 2018). Similarly, EO from seeds
of Z. armatum from two altitudes of Uttarakhand
have higher reducing capability with IC50 of 18.49

ul/mland 19.09 ul/ml (Dhami et al., 2019). Guleria
et al. (2013) reported that the IC50 value of leaf
EO of Z. armatum was 11.9 mg/ml. The
established order of reducing activity in essential
oils is evidently linked to the presence of phenolic
compounds and terpenes containing conjugated
hydrogen bonds (Dorman et al., 2003, Wojtunik-
Kulesza and Oniszczuk, 2024). According to
literature findings, the assessment of antioxidant
properties is markedly affected by the hydrogen
ion concentration within the measured solution
(Dawidowicz and Olszowy, 2010).

Pearson correlation coefficients for
concentrations and antioxidant activity
parameters of Z. armatum essential oil revealed
very strong correlation between concentrations
and activities, as well as regression plots for the
same have been shown in Table 2, Fig.1.
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Fig. 1: Scatter plot showing the fitted linear regression equation and coefficient of determination (R2) for the relationship between
concentration and antioxidant activity (%): (a) DPPH activity (b) ABTS activity (c) FRAP activity.

MEHU-SHL

Fig.2: Scanning Electron micrographs showing the effect of essential oil on hyphae of a pathogen (F. lateritium) (a) Control/

untreated fungi (b) and (c) Treated fungi

Anti-fungal activity
Identification of fungal pathogen

Using morphological and molecular identification,
isolated fungal pathogens were identified as
Alternaria alternata and Fusarium lateritium
having accession number OR921619 and

OR934537 respectively. BLAST program showed
99.82% similarity for Alternaria alternata and
100% similarity for Fusarium lateritium when
compared with the available sequences.

Reports of fungal diseases in Zanthoxylum
armatum are limited, with Alternaria alternata
being previously identified as a pathogen of
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certain Zanthoxylum species (Yang et al. 2013).
In contrast, no published reports of Fusarium
lateritium infecting Z. armatum are currently
available. Nevertheless, F. lateritium has been
widely reported as pathogen of several other crop
and woody plant species, indicating its broad
pathogenic potential (Santori et al. 2010; Jing et
al. 2016; Zhao et al. 2019).

Contact assay and Volatile assay

Antifungal activity of different concentration of
essential oil from the fruits of Z. armatum against
F. lateritium and A. alternata are shown in Table
3. Inhibitory activity of the EO by contact and
volatile method are both concentration dependent.
By contact assay 100% inhibition of F. lateritium
was achieved at 2.25 ul/ml, however for A.
alternata inhibition was only 66.15%. The IC50
(50% inhibition) for F. lateritiumby contact assay
was 1.14 pl/ml and for A. alternatait was 1.65 pl/
ml. Through volatile assay it was observed that
100% inhibition against F. lateritium was achieved
at concentration 2.0 pl/cm? and IC50 at 0.15pl/
cmiand for A. alternata100%suppressionwas
achieved at 2.5 pl/cm?® with IC50 value of 0.65 pl/
cm?. The results revealed that volatile assay was
more effective in inhibiting the mycelial growth of
both the phytopathogens. Similar findings were
reported by Feng et al. (2011), who observed that
the volatile assay exhibited greater antifungal
activity than the contact assay under in vitro
conditions. 50% mycelial inhibition of fruit EO of
Z. armatum against A. alternata was observed at
0.5 pl/ml as reported by Slathia et al. (2021).
Mycelial growth of P, capsici, Py. aphanidermatum
and Py. ultimatum was completely inhibited by
fruit essential oil of Z. armatumata concentration
of 10 pl/ml, while against P. sojae and P, parasitica
inhibition rate was 92.83% and 95.75%
respectively (Yang et al. 2022). In their 2013 study,
Guleriaet al. (2013) demonstrated the significant
antifungal potential of Z. alatum leaf essential oll
against A. alternata, A. brassicae and Curvularia
lunata. Moderate antifungal activity of fruit extract
of Z. armatum against Aspergillus flavus and
Fusarium solani was also reported by Pathak et
al. (2021) and Li et al. (2021) as well illustrates
the antifungal properties of Z. armatum EO,
particularly its effectiveness as an antifungal
agent against A. flavus.

Functional properties of essential oil of Zanthoxylum armatum
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Effect of Essential oil on fungal hyphae

The SEM observation (Fig.2) in the present study
revealed the significant morphological alterations
in the fungal hyphae when treated with essential
oil, including swelling, collapse, thinning, and
rapture of the cell wall, indicating damage to the
cell membrane and wall structure. Similar
observations have been reported in earlier
studies. Essential oil from Citrus sinensis epicarp,
rich in limonene, was found to inhibit the growth
of Aspergillus niger and caused irreversible
structural damage such as cytoplasmic loss and
budding at the hyphal tips (Gogoi et al. 2008; Tian
etal., 2011). Likewise, Iscan et al. (2016) reported
extensive damage to fungal well wall and
cytoplasmic membrane after treatment with
thymoquinone, the major constituent of black
cumin seed essential oil. According to Maurya et
al. (2022), the bioactive constituents of essential
oil can disrupt the lipid bilayer of the cell
membrane, thereby increasing membrane
permeability and causing the release of vital
intracellular components. These findings
collectively support the antifungal potential of
essential oils through disruption of fungal cell
membrane integrity and hyphal morphology.

CONCLUSION

This current study shows that Z. armatum
essential oils can be used as an effective
antifungal and antioxidant agents having the
potential in tackling the health and agricultural
issues caused by fungal pathogens. The dual
capability of these oils to hinder fungal proliferation
and combat oxidative stress not only emphasizes
their versatility but also establishes them as
valuable resources in protecting human health and
agricultural output. The continuous research and
increasing acceptance of essential oils
underscore their promising contribution to
bridging traditional knowledge with contemporary
wellness practices, promising a harmonious
synergy between the two.
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