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Abstract
Fusarium wilt, caused by Fusarium oxysporum f. sp. lycopersici, threatens global tomato production, with losses reach-
ing 80%. Although chemical fungicides are effective, their prolonged use risks resistant strains, reduces soil biodiversity, 
and causes environmental damage, highlighting the urgent need for ecofriendly alternatives. This study investigated the 
viability of Salvia officinalis (sage) methanolic extract as a biocontrol agent against Fusarium wilt (FW), employing a 
comprehensive approach that incorporates in vitro, in vivo, and molecular docking techniques. Four distinct isolates of 
F. oxysporum were identified through molecular techniques, and their virulence was assessed by examining the presence 
of tomatinase genes. The antifungal properties of S. officinalis extract were found to be compelling, with a total phenolic 
content of 64.15  mg GAE/g and a remarkable antioxidant activity of 97.04%. In laboratory tests, S. officinalis exhib-
ited potent antifungal activity, inhibiting mycelial growth by between 52.00% and 88.67% at a concentration of 20 mg/
ml. Additionally, in vivo experiments demonstrated a significant reduction in disease severity in treated tomato plants. 
Molecular docking analyses revealed strong binding affinities between key phytochemicals in the extract and target recep-
tors such as tomatinase, highlighting the potential of the extract as a sustainable and effective alternative to chemical 
fungicides for managing FW in tomato crops.
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Introduction

Fusarium wilt, caused by the soil-borne pathogen Fusarium 
oxysporum f. sp. lycopersici (FOL), represents one of the 
most formidable challenges to tomato cultivation globally 
(Gaber et al. 2022). This disease leads to significant eco-
nomic losses due to its prevalence and severe impact on 
crop yield and quality. The symptoms of Fusarium wilt 
typically include yellowing of leaves, wilting, and eventual 
plant collapse, which can devastate entire fields if not man-
aged effectively (Gordon 2017). The widespread nature of 
this pathogen and its ability to persist in soil for extended 
periods complicate management efforts, necessitating inno-
vative approaches for disease control. Historically, chemi-
cal fungicides have been the primary means of managing 
fusarium wilt (Egel and Martyn 2007). However, the exten-
sive use of these chemicals has raised concerns regarding 
their environmental impact, potential toxicity to non-tar-
get organisms, and the development of resistant strains of 
pathogens (Abdelaziz et al. 2024; Himabindu and Kumar 
2021). Salvia officinalis, commonly known as sage, has 
garnered attention for its antifungal properties, particularly 
against various fungal pathogens that affect plants. Research 
has demonstrated that the essential oil and extracts of S. offi-
cinalis exhibit significant antifungal activity against species 
such as Candida albicans, Candida glabrata, and Fusarium 
graminearum (De Oliveira et al. 2019). These antifungal 
effects are attributed to the presence of bioactive com-
pounds, including 1,8-cineole, camphor, and thujone, which 
disrupt fungal cell membranes and inhibit growth (Ghorbani 
and Esmaeilizadeh 2017; Jazo et al. 2023; Khedher et al. 
2017).

Recent studies have highlighted the potential of Salvia 
officinalis extracts in agricultural applications, particularly 
against phytopathogenic fungi. The essential oils derived 
from sage have demonstrated significant antifungal activ-
ity against a variety of pathogens, including Fusarium oxy-
sporum, Botrytis cinerea, and Alternaria solani, which are 
known to cause severe crop losses (Porte et al. 2013; Zac-
cardelli et al. 2020). These extracts contain bioactive com-
pounds such as rosmarinic acid and carnosic acid, which not 
only exhibit strong antioxidant properties but also increase 
plant resistance to diseases (Kursa et al. 2022; Youssef et 
al. 2021). Furthermore, studies have shown that sage essen-
tial oil can inhibit the growth of bacterial pathogens such 
as Escherichia coli, thereby contributing to improved food 
safety in agricultural products (De Oliveira et al. 2019; 
Lahlou et al. 2023). Biocontrol methods utilizing natu-
ral plant extracts have emerged as promising alternatives, 
offering the dual benefit of disease management while 
reducing the reliance on synthetic chemicals. Studies have 
demonstrated that extracts from S. officinalis exhibit potent 

antifungal activity against several fungal species, making 
it a potential biocontrol agent against FW (Abdelkhalek et 
al. 2022; Kursa et al. 2022; Youssef et al. 2021). Research 
indicates that these extracts can significantly reduce disease 
severity when applied to infected tomato plants, suggesting 
their practical application in agricultural settings (Krif et al. 
2024; Kumar et al. 2024).

Molecular docking studies have opened new avenues 
for understanding the interactions between phytochemicals 
and fungal targets at the molecular level. These studies can 
identify specific binding sites and elucidate the mechanisms 
by which these compounds exert their antifungal effects 
(Cheng et al. 2023; Singh et al. 2023).

This research aims to use molecular docking methods 
along with traditional biological tests by identifying and 
characterizing the phytochemical compounds in a methano-
lic extract of Salvia officinalis using gas chromatography–
mass spectrometry (GC–MS). The antifungal properties 
of the isolates of the pathogen Fusarium oxysporum f. sp. 
lycopersici (FOL) were studied through a comprehensive 
approach that included in vitro assays, in vivo trials on 
tomato plants, and molecular docking analyses. We seek 
to enhance our understanding of Salvia officinalis as a bio-
control agent and promote ecofriendly agricultural practices 
that align with global sustainability goals by providing a 
sustainable alternative to chemical fungicides, reducing 
environmental pollution and the risks associated with chem-
ical residues in food.

Materials and methods

Fungal isolates used in the study

Fungal isolates were collected from infected tomato plants 
and rhizosphere soil exhibiting wilt symptoms across vari-
ous locations across different regions in Alexandria, Egypt. 
The isolation process involved collecting root and soil 
samples from symptomatic plants, followed by isolation 
by sterilization and culture on potato dextrose agar (PDA) 
plates supplemented with aureomycin hydrochloride as an 
antibacterial agent and incubation at 27 °C for 7 days. These 
isolates were subsequently characterized morphologically 
and molecularly to confirm their identity as Fusarium oxy-
sporum f. sp. lycopersici (FOL) (López-Zapata et al. 2021; 
Srinivas et al. 2019).

DNA isolation, PCR amplification, sequence analysis, 
and phylogenetic tree construction

To identify the isolates at the molecular level, we employed 
a polymerase chain reaction (PCR) technique utilizing 
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internal transcribed spacer (ITS) regions, specifically the 
primers ITS1 and ITS4 (White et al. 1990). Additionally, 
we amplified elongation factor-1 alpha (EF-1α) via the 
primers EF1-H (5’-​A​T​G​G​G​T​A​A​G​G​A​A​G​A​C​A​A​G​A​C-3’) 
and EF2-T (5’-​G​G​A​A​G​T​A​C​C​A​G​T​G​A​T​C​A​T​G​T​T-3’) 
(O’donnell et al. 1998), as well as the beta-tubulin (TUB2) 
gene via the primers T1 (5’-​A​A​C​A​T​G​C​G​T​G​A​G​A​T​T​G​T​
A​A​G​T-3’) and T22 (5’-​T​C​T​G​G​A​T​G​T​T​G​G​G​A​A​T​C​C-3’) 
(O’donnell and Cigelnik 1997). Fungal isolates were cul-
tured on potato dextrose agar (PDA), and genomic DNA 
was extracted via a standard phenol‒chloroform method 
as described previously (Green and Sambrook 2012). PCR 
amplification was performed in a total volume of 25 µL, 
containing 1 ng of genomic DNA, 1X PCR buffer, 0.2 mM 
dNTPs, 0.2 µM of each primer (ITS1: 5′-​T​C​C​G​T​A​G​G​T​G​
A​A​C​C​T​G​C​G-3′ and ITS4: 5′-​T​C​C​T​C​C​G​C​T​T​A​T​T​G​A​T​A​T​
G​C-3′), 1.5 mM MgCl₂, and 1 U of Dream Taq polymerase 
(Thermo Fisher Scientific, U.S.A.). The thermal cycling 
conditions included initial denaturation at 95 °C for 5 min, 
followed by 35 cycles of denaturation at 95  °C for 30  s, 
annealing at 58 °C for 30 s for ITS, 60 °C for 2 min for EF-
1α and TUB2, and extension at 72 °C for 1 min, with a final 
extension at 72 °C for 10 min. The amplified products were 
analyzed via electrophoresis on a 2% agarose gel in TBE 
(0.5X) stained with 10 µg/ml ethidium bromide, revealing 
bands corresponding to the expected size of approximately 
600 bp. The PCR products were purified via a PCR prod-
uct purification kit (Thermo Fisher Scientific, U.S.A.) and 
subsequently sequenced via the Sanger sequencing method. 
The acquired sequences were compared with those avail-
able in the GenBank database via the BLAST algorithm to 
accurately identify the fungal species. Sequence alignment 
was performed via the Clustal Omega program, followed by 
the construction of a phylogenetic tree via the maximum-
likelihood method. Phylogenetic analysis was conducted 
via MEGA 5 software. This analysis of genetic sequences 
provided valuable insights into the diversity of fungi and 
facilitated the identification of distinct fungal species (Gaber 
et al. 2019; Shakam and Gaber 2024).

Molecular validation of the genes encoding 
Tomatinase

The tomatinase genes of the FOL isolates were assessed via 
polymerase chain reaction (PCR) to target specific toma-
tinase genes, which were designated tom-1, tom-2, tom-3, 
tom-4, and tom-5 (Supplementary Table 1) as described by 
(Pareja-Jaime et al. 2008a). The PCR mixture was set up in 
a total volume of 25 µL, which included 1 ng of genomic 
DNA, 0.2 µM of each primer, 1X PCR buffer, 0.2 mM 
dNTPs, 1.5 mM MgCl₂, 1 U of Taq polymerase (Thermo 
Fisher Scientific), and sterile distilled water (diH2O). The 

amplification process was performed via 35 cycles of dena-
turation at 94 °C for one minute, annealing at 58 °C for one 
minute, and extension at 72 °C for one minute, followed by 
a final extension step at 72 °C for ten minutes. The resulting 
PCR products were analyzed via gel electrophoresis on a 2% 
agarose gel (0.5X) TBE run at 100–150 V for 20–55 min to 
separate the amplified fragments, which were subsequently 
stained with Red Safe dye to visualize the bands. A DNA 
ladder (Biohelx, Korea) with increments of 100 base pairs 
was utilized as a standard for measuring molecular sizes. 
Photographs of the gel were captured via a UV transillu-
minator to document the presence and size of the amplified 
tomatinase gene fragments.

Plant material extraction

Preparation of S. officinalis extract

The aerial parts of S. officinalis were completely air-dried 
at room temperature. Then, 10 g of powdered S. officinalis 
was macerated in 100 ml of 80% methanol for 48 h at room 
temperature while being constantly shaken. Whatman No. 
1 filter paper was used to separate the extract, which was 
subsequently vacuum-dried at 40 °C and freeze-dried. The 
extract powder was stored at -20 °C until further use.

Phytochemical screening

Total phenolic content (TPC)

The total phenolic content was assessed utilizing the Folin-
Ciocalteu technique with slight modifications (Singleton 
and Rossi 1965). A total of 0.5 ml of extract solution was 
combined with 2 ml of diluted Folin-Ciocalteu reagent (1:10 
in deionized water) and incubated at ambient temperature 
(26 ± 2 °C) for 3 min. Subsequently, 1 ml of 7.5% sodium 
carbonate solution was added, and the mixture was incu-
bated at 40 °C for 30 min. The absorbance was quantified 
at 765 nm via a UV‒Vis spectrophotometer, with deionized 
water used as the reference blank. The total phenolic content 
was determined via a gallic acid calibration curve and rep-
resented as milligrams of gallic acid equivalent (GAE) per 
gram of dried extract.

Total flavonoid content

The flavonoid concentration was quantified via the alumi-
num chloride colorimetric method (Woisky and Salatino 
1998). One milliliter of extract solution in methanol was 
combined with 2  ml of 2% aluminum chloride in metha-
nol. The mixture was agitated vigorously and incubated at 
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rate of one milliliter per minute. Mass spectra were acquired 
in electron impact (EI) mode at a potential energy of 70 eV, 
covering a mass range of 50–550 m/z. A Thermo Xcalibur 
was used for data analysis and gathering. To aid in the iden-
tification of compounds, the WILEY 09 and NIST 14 mass 
spectrum databases were compared with the identified com-
pounds (Aamer et al. 2023).

In vitro antifungal activity of Salvia officinalis 
extract

Mycelial growth inhibition

The antifungal activity was evaluated via the poisoned food 
method (Grover and Moore 1962). Salvia officinalis extract 
was integrated into PDA at doses of 2.5, 5, 10, and 20 mg/ml. 
A 5 mm mycelial agar disc from an 8-day-old F. oxysporum 
colony was positioned at the center of each plate. Control 
plates devoid of extract (DMSO only) were made for each 
isolate. The plates were incubated in darkness at 25 °C, and 
radial growth was assessed when the control plates achieved 
complete coverage. The percentage of mycelial growth inhi-
bition was determined via the following formula:

Percentage growth
Inhibition (%) =

Growth in Control −
Growth in Treatment

Growth in Control
× 100

Conidia germination inhibition

Conidial germination was assessed by generating a mixture 
comprising a conidial suspension, Czapek Dox broth, and 
plant extract at doses of 2.5, 5, 10, and 20 mg/ml. The mix-
tures were maintained at 28 °C for 24 h (Rongai et al. 2012). 
Microscopic examination of conidial germination was con-
ducted, and the percentage of germination was averaged 
from triplicate experiments.

Greenhouse experiment

Tomato seeds (Solanum lycopersicum L. Cv. 023) were sur-
face sterilized with 1% sodium hypochlorite for 2 min and 
subsequently rinsed with sterile distilled water. Ten seeds 
were planted in each container in a completely randomized 
pattern.

Three weeks post-sowing, the methanolic extract of 
S. officinalis (20  mg/ml, 50  ml per plant) was applied to 
the rhizosphere. Additionally, the commercial fungicide 
Topsin-M (70% WP thiophanate-methyl) was used at the 
recommended rate as a positive control for comparison. 
Microconidia of Fusarium oxysporum f. sp. lycopersici 
(FOL) were produced as a suspension (1 × 106 spores/ml 

ambient temperature (25 ± 2 °C) in the absence of light for 
1 h. The absorbance was assessed at 420 nm, and the fla-
vonoid concentration was determined utilizing a quercetin 
calibration curve, given as milligrams of quercetin equiva-
lents (QEs) per gram of dried extract.

Antioxidant activity

DPPH radical scavenging activity  The DPPH radical scav-
enging activity was evaluated using the method established 
by (Bakar et al. 2009). Solutions were produced at concen-
trations between 2.4 and 175 µg/ml. A 40 µg/ml DPPH solu-
tion in methanol was utilized. One hundred microliters of 
extract (or ascorbic acid as a positive control) was combined 
in triplicate with 1.2 ml of DPPH solution and incubated in 
the dark at ambient temperature for 30 min. The absorbance 
was recorded at 517 nm, and the radical scavenging activity 
was determined using the following formula:

Radical Scavenging
Activity (%) =

(
Control Absorbance −
Sample Absorbance

)

Control Absorbance
× 100

Total antioxidant capacity  The total antioxidant capacity 
was assessed via the phosphomolybdenum test (Prieto et al. 
1999). A 400 µL extract solution (or ascorbic acid standard, 
20–200 µg/ml) was combined with 2.8 mL of phosphomo-
lybdate reagent (0.6 M sulfuric acid, 28 mM sodium phos-
phate, and 4 mM ammonium molybdate). The mixture was 
incubated at 95 °C for 90 min in darkness and subsequently 
cooled to room temperature. The absorbance was quantified 
at 695 nm, and the total antioxidant capacity was calculated 
as the ascorbic acid equivalent (AAE) per gram of dried 
extract.

Gas Chromatography‒Mass Spectrometry (GC‒MS) 
analysis

The methanolic extract was subjected to gas chromatogra-
phy‒mass spectrometry (GC‒MS) analysis to identify the 
volatile compounds present in the extract. We utilized a 
Trace GC-TSQ mass spectrometer produced by Thermo Sci-
entific in Austin, Texas, USA. The mass spectrometer was 
outfitted with a TG-5MS column that was 30 m in length, 
0.25 mm in diameter, and 0.25 μm thick. The column tem-
perature was initially set at 30 degrees Celsius and main-
tained for two minutes. The temperature was subsequently 
consistently elevated to 300 degrees Celsius at a pace of 30 
degrees Celsius per minute. The overall runtime was forty-
five minutes. Helium served as the carrier gas, with a flow 
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SAS software (SAS Institute Inc., Cary, NC) was used for 
statistical analysis, and significance thresholds were set at 
p < 0.05.

Results

Molecular identification of FOL isolates

Four fungal isolates were consistently obtained from the root 
tissues of tomato plants exhibiting wilt and from the soil rhi-
zosphere and cultivated on PDA. The isolates were initially 
classified at the genus level according to their morphologi-
cal traits. The colonies of Fusarium FOL exhibited a white 
to pink hue, with conidia identified as microconidia along-
side chlamydospores, as viewed under a light microscope. 
The phylogenetic relationships among the four Fusarium 
oxysporum f. sp. lycopersici isolates (FOL501, FOL502, 
FOL503, and FOL504) were analyzed via three distinct 
genes: the ITS region, elongation factor-1 alpha (EF-1α), 
and beta-tubulin (TUB2). Maximum likelihood (ML) phy-
logenetic trees were constructed for each gene to assess 
the evolutionary clustering of these isolates (Fig.  1). The 
phylogenetic tree was built using the MEGA program ver-
sion 11. The reliability of the assumed phylogeny was con-
sidered through 1,000 bootstrap replicates. The nucleotide 
sequence, along with annotations, has been uploaded to the 
GenBank database under the accession numbers PQ516909, 
PQ516910, PQ516911, and PQ516912 for the ITS region; 
PV199627, PV199628, PV199629 and PV199630 for the 
EF-1α gene; and PV199631, PV199632, PV199633 and 
PV199634 for the TUB2 gene. The nucleotide sequences of 
the four isolates exhibited comprehensive sequence cover-
age and congruence with other related species in GenBank, 
notably the South Korean Fusarium oxysporum f. sp. lyco-
persici strain (Accession No. DQ452454.1), and we used 
Fusarium solani from the group rooted as depicted in Fig. 1.

The ITS-based phylogenetic tree (Fig.  1a) placed 
FOL501, FOL502, FOL503, and FOL504 within a strongly 
supported clade along with other known F. oxysporum f. sp. 
lycopersici isolates, confirming their identity. This clade 
was distinct from other formae speciales of F. oxysporum, 
such as F. oxysporum f. sp. lactucae and F. oxysporum f. sp. 
conglutinans.

Phylogenetic analysis based on EF-1α (Fig. 1b) further 
supported the clustering of FOL501–FOL504 within F. oxy-
sporum f. sp. lycopersici, with a bootstrap value of 88, indi-
cating a close evolutionary relationship among these tomato 
pathogenic isolates.

Similarly, the TUB2-based phylogenetic tree (Fig.  1c) 
showed a consistent clustering pattern, with FOL501, 
FOL502, FOL503, and FOL504 grouping within F. 

in 0.1% Tween 80) and applied to roots 48 h after extract/
or fungicide treatment. Untreated plants served as negative 
controls.

Qualitative disease severity was assessed on the plant 
shoots four weeks post inoculation via a 0–4 scale, as 
described by (Song et al. 2004). The scale was as follows: • 
0: No infection. • 1: Mild chlorosis, stunting, or wilting • 2: 
Moderate chlorosis, stunting, or wilting • 3: Severe chloro-
sis, stunting, or wilting • 4: Mortality. The disease severity 
percentage of the disease was subsequently calculated via 
the following formula:

Disease severity% =

∑ (
number of plants
× number of degree in symptom

)

Total number of plants

× maximum degree in symptom

× 100

Additionally, disease prevention measures were performed 
via the following formula according to Song et al. (2004). 
The formula used:

Disease preventive % =

disease severity (control)
− disease severity (treatment)

disease severity (control)
× 100

Molecular docking analysis

The active ingredients of the methanolic extract were sub-
jected to active site molecular docking simulation against 
tomatinase, an endo-1,4-beta-glycosidase receptor. The 3D 
structure of the receptor was downloaded from the Alpha-
Fold Protein Structure (https://alphafold.ebi.ac.uk/) ​d​a​t​a​b​
a​s​e​; subsequent protein pretreatments, including remov-
ing water molecules and heteroatoms as well as proton-
ation and minimizing its energy via Molecular Operating 
Environment (MOE 2014.10, Chemical Computing Group, 
Montreal, QC, Canada) software, were performed. The 
3D structures of the active ingredients of the methanolic 
extract were retrieved from the PubChem database (​h​t​t​p​​s​:​
/​​/​p​u​b​​c​h​​e​m​.​​n​c​b​i​​.​n​l​​m​.​n​​i​h​.​g​o​v​/). They were also prepared by 
adding polar hydrogens and partial charges and minimiz-
ing their energy before they entered the molecular docking 
simulation. Finally, the docking process and visualization 
of the ligand‒protein interactions were performed via MOE 
software.

Statistical analysis

All experiments were carried out in triplicate, and the 
mean ± standard deviation (SD) was used to express the 
results. One-way analysis of variance (ANOVA) and 
Tukey’s post hoc test for multiple comparisons were used to 
assess the statistical significance of the differences in means. 
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Fig. 1  Phylogenetic tree of the four fungal isolates FOL501, FOL502, 
FOL503, and FOL504 constructed on the basis of three distinct identi-
fication genes: (a) ITS region sequences, (b) elongation factor-1 alpha 
(EF-1α) gene partial sequences, and (c) beta-tubulin (TUB2) gene par-

tial sequences. The tree was generated via the maximum likelihood 
method, with bootstrap values based on 1,000 replications indicated 
at the branch nodes
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flavonoid content (TFC) was measured at 54.04 ± 1.65 mg 
QE/g dry extract. The antioxidant activity, assessed via the 
DPPH assay, yielded an IC50 value of 97.04 ± 0.87, indicat-
ing its ability to scavenge free radicals. The total antioxidant 
capacity (TAC) was recorded as 108.10 ± 1.34, highlighting 
the extract’s robust antioxidant potential.

Figure  2 compares the DPPH antioxidant activity of 
ascorbic acid and the S. officinalis methanolic extract, illus-
trating their percentage inhibition across varying concentra-
tions. Ascorbic acid has significantly greater activity, with 
an IC50 value of 6.85 ± 1.01 µg/ml, indicating strong anti-
oxidant potential. In contrast, the S. officinalis extract had a 
much higher IC50 of 97.04 ± 0.87 µg/ml, reflecting a lower 
antioxidant efficiency than ascorbic acid.

GC‒MS analysis of the S. officinalis methanolic 
extract

The analysis revealed a diverse range of compounds, pre-
dominantly terpenoids, fatty acids, and phenolic com-
pounds. Among the terpenoids, eucalyptol (8.47%) and 
camphor (5.65%) were the most abundant, with notable 
contributions from caryophyllene (2.77%) and podocarpa-
1,8,11,13-tetraen (7.62%). Fatty acids such as oleic acid 
(5.8% combined across two entries), pentadecanoic acid 
(5.64%), and octadecanoic acid (1.58%) were significant. 
Phenolic compounds such as 12-O-methylcarnosol (5.42% 
and 1.37%) and isocarnosol (3.63%) were also prominent. 
Additionally, carbohydrates included α-D-glucopyranoside 
and methyl groups (15.73%), and relatively small amounts 
of anthracene derivatives, diterpenoids, carotenoids, and 
gibberellins were detected (Fig. 3; Table 3).

oxysporum f. sp. lycopersici. However, the bootstrap value 
for this clade was slightly lower (58), suggesting a relatively 
weaker but still significant phylogenetic signal from this 
marker.

Molecular analysis of the genes encoding 
tomatinase

The four isolates of FOL Saccardo infecting tomatoes were 
screened for the presence of different tomatinase genes (tom-
1, tom-2, tom-3, tom-4  and  tom-5). An amplicon length of 
~ 600 bp was detected in all the isolates for the tom-2, tom-3 
and tom-5 genes, whereas the tom-4 gene, with an ampli-
con length of ~ 700 bp, was detected in only isolates except 
for FOL503. In contrast, the tom-1 gene, with an amplicon 
of ~ 600  bp, was detected in two isolates (FOL503 and 
FOL504) (Table 1 and Supplementary Fig. S1).

In this study, five tomatinase genes (Tom1b, Tom2c, 
Tom3d, Tom4e, and Tom5f) were screened across four FOL 
isolates. The screening results revealed that FOL 501 and 
FOL 502 tested positive for Tom2c, Tom3d, Tom4e, and 
Tom5f but negative for Tom1b. In contrast, FOL 503 was 
positive for Tom1b, Tom2c, Tom3d, and Tom5f but nega-
tive for Tom4e. Notably, FOL 504 presented a complete set 
of tomatinase genes (Table  2). This pattern suggests that 
while some isolates possess a full complement of tomatin-
ase genes, others may lack specific genes that could affect 
their virulence.

Phytochemical screening analysis of S. officinalis 
methanolic extract

The phytochemical content and antioxidant properties 
of the S. officinalis methanolic extract are summarized in 
Table 1. The total phenolic content (TPC) was determined 
to be 64.15 ± 1.59 mg GAE/g dry extract, whereas the total 

Table 1  The total phenolic content (TPC), total flavonoid content 
(TFC), antioxidant activity (DPPH assay) and total antioxidant capac-
ity (TAC) of the S. officinalis extract were measured
TPC (mg GAE/g 
Dry Extract)

TFC (mg QE/g 
Dry Extract)

DPPH (IC50) TAC

64.15 ± 1.59 54.04 ± 1.65 97.04 ± 0.87 108.10 ± 1.34

Table 2  Screening of tomatinase (Tom) genes
Isolate Tom1b Tom2c Tom3d Tom4e Tom5f

FOL 501 - + + + +
FOL 502 - + + + +
FOL 503 + + + - +
FOL 504 + + + + +
+, present; -, absent; a, presence or absence of 600-bp amplicon; b, 
presence or absence of 550-bp amplicon; c, presence or absence of 
600-bp amplicon; d, presence or absence of 700-bp amplicon; e, pres-
ence or absence of 600-bp amplicon

Fig. 2  DPPH IC50 values of S. officinalis methanolic extract and ascor-
bic acid
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even in the presence of the highly virulent FOL 503 isolate. 
This highlights the potential antifungal properties of sage 
extract. However, while the sage extract showed some effi-
cacy, its performance was not as strong as that of the chemi-
cal fungicide treatment. Thiophanate-methyl treatment was 
the most effective, consistently reducing disease severity to 
less than 10% across all the isolates, demonstrating its supe-
rior ability to control FW.

The preventative effects of sage extract and a thiophan-
ate-methyl chemical fungicide on FW were evaluated 
across four FOL isolates (Fig.  4b). Thiophanate-methyl 
consistently resulted in greater disease reduction than the 
sage extract in all the isolates tested. Although the sage 
extract demonstrated some preventative effects across all 
the isolates, its efficacy varied, with the greatest reduction 
against FOL 501 and the lowest against FOC 503. While 
thiophanate-methyl consistently achieved high levels of dis-
ease reduction, the sage extract also demonstrated relatively 
consistent preventative percentages across the different 
isolates. These results indicate that while sage extract has 
potential as a natural antifungal agent, thiophanate-methyl 
remains the most effective treatment for managing Fusar-
ium wilt in tomatoes. However, the consistent performance 
of sage extract suggests its potential utility as an alternative 
or complementary treatment within eco-friendly or organic 
disease management strategies.

Molecular docking analysis

Using MOE software, the in silico docking simulation of the 
active ingredients of the rosemary methanolic extract was 
performed by selecting the first two active sites of the recep-
tor and increasing the number of active ingredients to 60. 
The molecular docking scores represented the binding affin-
ity between the active compounds and Tomatinase, an endo-
1,4-beta-glycosidase receptor. The docking scores revealed 

Antifungal activity of the S. officinalis methanolic 
extract

The data show the inhibitory effects of S. officinalis metha-
nolic extract concentrations (2.5, 5, 10, and 20 mg/ml) on 
the mycelial growth and spore germination of four isolates 
(Fol 501, Fol 502, Fol 503, and Fol 504).

For mycelial growth inhibition, Fol 501 consistently 
demonstrated the greatest inhibition, ranging from 43.67% 
at 2.5 mg/ml to 88.67% at 20 mg/ml, significantly outper-
forming the other isolates. Fol 502 followed by moderate 
inhibition (35.33–71.00%), whereas Fol 503 and Fol 504 
presented the lowest inhibition, with values ranging from 
15.67 to 52.00% and 16.67–61.00%, respectively (Table 4).

In terms of spore germination, Fol 501 again presented 
the highest inhibition rates (34.15–84.51%), followed 
closely by Fol 503, particularly at relatively high concen-
trations (24.51–87.55%). Fol 502 demonstrated moderate 
spore germination inhibition (22.30–66.54%), whereas Fol 
504 consistently presented the lowest inhibition rates, rang-
ing from 4.33 to 51.99% (Table 4).

Greenhouse experiment

The severity of disease caused by four different isolates of 
Fusarium oxysporum (FOL 501, FOL 502, FOL 503, and 
FOL 504) was evaluated in tomato plants across three treat-
ment groups: control (untreated), sage extract-treated, and 
fungicide-treated (thiophanat-methyl), as shown in Fig. 4a. 
The untreated control group presented the greatest degree of 
disease severity, with levels consistently ranging from 45 to 
75%. This finding indicates the strong pathogenicity of the 
isolates in the absence of treatment, with the highest sever-
ity observed in the FOL 503 isolate and the lowest in FOL 
501. In contrast, compared with the control treatment, the 
sage extract treatment significantly reduced disease severity, 

Fig. 3  GC–MS chromatogram of the S. officinalis methanolic extract
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Discussion

Tomato wilt disease, which is caused primarily by the soil-
borne pathogen Fusarium oxysporum f. sp. lycopersici, 
poses a significant threat to tomato production globally. 
Traditional control methods for this disease predominantly 
involve the application of fungicides. While these chemi-
cal treatments can effectively reduce disease incidence, they 
have notable drawbacks, including soil and water pollution, 
as well as health concerns related to food safety (El-Aswad 
et al. 2023). Consequently, the development of more sus-
tainable and eco-friendly approaches to combat this devas-
tating disease has become essential (Sivalingam et al. 2024).

To evaluate the effectiveness of S. officinalis methanolic 
extract, four isolates of FOL were isolated and molecularly 
identified via ITS sequencing. These isolates were desig-
nated FOL501, FOL502, FOL503, and FOL504, with the 
corresponding GenBank accession numbers PQ516909, 
PQ516910, PQ516911, and PQ516912, respectively. The 
phylogenetic analysis revealed a close relationship between 
these isolates and other Fusarium solani isolates (e.g., 
DQ4524541), supporting the morphological identification 
of the isolates as FOL (Singha et al. 2016).

The EF-1α-based phylogenetic tree (Fig. 1B) further sup-
ported the clustering of FOL501–FOL504 within F. oxys-
porum f. sp. lycopersici, with a high bootstrap value of 88. 
These findings indicate a close evolutionary relationship 

significant variations in binding affinity among the active 
ingredients (Table 5).

For the extract, oleic acid was the ingredient with the 
lowest free energy of binding (-8.69 kcal/mol, Fig. 5a), fol-
lowed by α-D-glucopyranoside (-8.35 kcal/mol, Fig. 5b) and 
then ψψ-carotene, 2-tetrahydro-1-dimethoxy (-7.90  kcal/
mol, Fig.  5c), which had H-bonding through its methoxy 
oxygen with HIS305(A).

Table 3  Chemical composition of Salvia officinalis methanolic extract 
via GC–MS analysis
RT Area % Compound Class
5.41 8.47 Eucalyptol Terpenoids
8.05 5.65 Camphor Terpenoids
8.69 1.41 Isoborneol Terpenoids
9.31 1.63 α-Terpineol Terpenoids
11.54 0.7 Bornyl acetate Terpenoids
13.14 1.65 α-Terpinyl acetate Terpenoids
14.95 2.77 Caryophyllene Terpenoids
15.41 0.23 Aromadendrene Terpenoids
15.82 0.64 α-Caryophyllene Terpenoids
18.69 0.46 Spathulenol Terpenoids
18.95 0.35 Caryophyllene oxide Terpenoids
19.09 0.94 10-Undecenoic acid Fatty Acids
19.42 1.3 Viridiflorol Terpenoids
23.82 0.28 Caryophyllene oxide Terpenoids
24.4 0.31 Fenretinide Retinoids
25.19 0.34 Neophytadiene Phytochemical
28.5 5.64 Pentadecanoic acid Fatty Acids
29.4 0.49 Palmitic acid Fatty Acids
29.51 0.28 Linolenic acid Fatty Acids
30.79 0.45 Palmitelaidic acid Fatty Acids
30.79 0.45 Phytol Phytochemical
31.4 0.34 Linoelaidic acid Fatty Acids
31.51 2.43 Oleic acid Fatty Acids
31.65 0.44 Petroselinic acid Fatty Acids
32.01 1.58 Octadecanoic acid Fatty Acids
32.85 7.62 Podocarpa-1,8,11,13-tetraen Diterpenoids
33.93 5.42 12-O-Methylcarnosol Phenolic 

Compounds
34.39 3.63 Isocarnosol Phenolic 

Compounds
35 2.98 9-Anthracenol Anthracene
35.47 1.75 9,10-Dimethoxyanthro Anthracene
35.76 1.85 Carnosol Phenolic 

Compounds
37.02 0.75 Gibberellic acid Gibberellins
37.64 15.73 α-D-Glucopyranoside, methyl Carbohydrates
38.82 0.31 ψψ-Carotene, 

2-tetrahydro-1- dimethoxy
Carotenoids

39.05 3.37 Oleic acid Fatty Acids
39.39 1.37 12-O-Methylcarnosol Phenolic 

Compounds
42.18 1.46 9-Hexadecenoic acid Fatty Acids
* RT retention time

Table 4  The antifungal effects of S. officinalis extract on the mycelial 
growth and spore germination of FOL isolates
Iso-
lates 
code

Extract Concentration (mg/ml)*
2.5 5 10 20

Mycelial growth inhibition (%)
Fol 
501

43.67 ± 2.52a 57.00 ± 2.00a 76.67 ± 2.08a 88.67 ± 3.06a

Fol 
502

35.33 ± 2.08b 45.67 ± 1.53b 54.33 ± 1.15b 71.00 ± 2.00b

Fol 
503

15.67 ± 2.08c 27.00 ± 2.00c 38.33 ± 3.06b 52.00 ± 1.00b

Fol 
504

16.67 ± 1.53c 31.00 ± 2.65c 49.00 ± 2.00c 61.00 ± 2.00c

Spore germination (%)
Fol 
501

34.15 ± 3.23a 57.04 ± 3.40a 71.13 ± 2.44a 84.51 ± 2.66a

Fol 
502

22.30 ± 2.32b 38.29 ± 3.41c 56.51 ± 3.35b 66.54 ± 2.95b

Fol 
503

24.51 ± 2.94b 48.25 ± 2.94b 71.60 ± 2.43a 87.55 ± 3.57a

Fol 
504

4.33 ± 3.31c 14.44 ± 2.87c 29.96 ± 2.73c 51.99 ± 2.25c

*Values represent the mean ± SD of three independent replicates. 
Different superscript letters (a, b, c) within the same column indi-
cate statistically significant differences between isolates at the same 
extract concentration, as determined by one-way ANOVA followed 
by Tukey’s post hoc test (p < 0.05)
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all three markers strengthens the reliability of the phyloge-
netic analysis and provides a comprehensive understanding 
of the genetic relationships among the isolates.

Furthermore, the virulence of these isolates was assessed 
on the basis of the presence or absence of tomato genes 
(Tom1, Tom2, Tom3, Tom4, and Tom5) (Pareja-Jaime et 
al. 2008b). This screening process provides some insights 
into genetic diversity. The presence or absence of specific 
tomatinase genes across different isolates influences their 
pathogenicity and interaction with tomato plants. Tomatin-
ase enzymes are crucial for the degradation of α-tomatine, 
a glycoalkaloid produced by tomato plants, as a defense 
mechanism against pathogens. The ability to metabolize 
α-tomatine allows certain pathogens to overcome this plant 
defense, facilitating infection and colonization (Gomaa et 
al. 2024). The results obtained with the four isolates sug-
gest that while some isolates possess a full complement of 
tomatinase genes, others may lack specific genes that could 

among these tomato-pathogenic isolates and underscore the 
utility of EF-1α as a reliable marker for resolving intraspe-
cific relationships within the Fusarium oxysporum species 
complex (Geiser et al. 2004). The consistency between the 
ITS and EF-1α trees reinforces the accuracy of the identi-
fication and highlights the importance of multilocus phy-
logenetic analysis for resolving complex taxonomic groups 
(O’Donnell et al. 2009). In contrast, the TUB2-based phy-
logenetic tree (Fig. 1C) revealed a slightly lower bootstrap 
value (58) for the clade containing FOL501–FOL504, sug-
gesting a weaker phylogenetic signal for this marker than 
for the ITS and EF-1α. However, the clustering pattern was 
consistent with that of the other two markers, supporting the 
classification of these isolates as F. oxysporum f. sp. lyco-
persici. The lower bootstrap value may reflect the slower 
evolutionary rate of the TUB2 gene, which can sometimes 
result in reduced resolution for closely related isolates 
(O’Donnell et al. 2009). Despite this, the congruence among 

Fig. 4  Disease severity (%) (a) and disease reduction (%) (b) of Fusarium wilt in tomato plants inoculated with four Fusarium oxysporum f. sp. 
lycopersici isolates under different treatments
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the TPC of S. officinalis ranged from 2.02 to 184 mg GAE/g 
dry weight, with specific analyses showing values close 
to 64.15  mg GAE/g, as reported in our study (Moshari-
Nasirkandi et al. 2024). Additionally, the total flavonoid 
content was found to be approximately 54.04  mg QE/g, 
which aligns with findings that emphasize the significant 
presence of flavonoids in sage extracts (Khare et al. 2021; 
Moshari-Nasirkandi et al. 2024). The antioxidant activity 
of the methanolic extract, reported in our study at 97.04%, 
is consistent with previous research that demonstrated the 
strong antioxidant properties of S. officinalis, particularly 
through various assays, such as DPPH radical scavenging 
(Khare et al. 2021; Lima et al. 2007). Furthermore, the total 
antioxidant capacity (TAC) of 108.10  mg AAE/g aligns 
with studies that have quantified the antioxidant capacity 
of sage extracts via different methodologies (Abdelkader et 
al. 2015; Khare et al. 2021). Additionally, the obtained GC-
mass analysis results are consistent with those of previous 
studies that have documented the rich chemical composi-
tion of S. officinalis, emphasizing its antimicrobial activi-
ties, such as Gad et al. (2022). Overall, these phytochemical 
analyses of S. officinalis methanolic extract emphasize its 
high phenolic and flavonoid contents, as well as its robust 
antioxidant activity, making it a valuable candidate for fur-
ther antimicrobial.

To evaluate the antifungal potency of the S. officinalis 
methanolic extract against FOL, mycelial growth inhibi-
tion (mg/ml) and spore germination (%) were examined. 
Our data demonstrate a concentration-dependent antifungal 
effect of S. officinalis extract, with significant variability 
among isolates, as Fol 501 is the most susceptible isolate, 
showing the greatest mycelium inhibition (43.67–88.67%) 
and spore germination reduction (34.15–84.51%) across all 
concentrations (2.5–20  mg/ml). Fol 502 exhibited moder-
ate susceptibility, whereas Fol 503 and Fol 504 presented 
significantly lower inhibition levels. Additionally, our in 
vivo data demonstrated that S. officinalis extract effectively 
reduces the severity of tomato wilt diseases caused by vari-
ous FOL isolates. The application of this extract resulted in 
a significant decrease in disease severity and an increase in 
the preventive percentage across the four tested FOL iso-
lates. These findings align with previous research indicat-
ing that plant extracts, particularly those from S. officinalis, 
possess antifungal properties capable of mitigating wilt dis-
eases in tomato plants (Abo-Elyousr et al. 2022; Neela et 
al. 2014).

To gain deeper insight into the mechanism underlying the 
antifungal activity of S. officinalis extract against FOL, we 
performed an in silico molecular docking analysis (Sharma 
et al. 2023). Our molecular docking analysis successfully 
identified several key phytochemicals in S. officinalis. 
These compounds include oleic acid, α-D-glucopyranoside, 

affect their virulence. The presence of multiple tomatinase 
genes in FOL 504 indicates potentially greater adaptability 
to tomato defenses than the other isolates do. This variabil-
ity in pathogenicity among the four obtained isolates made 
them suitable for further evaluation of the antifungal activ-
ity of S. officinalis extract.

Phytochemical analysis of the S. officinalis methanolic 
extract revealed important findings regarding its antioxi-
dant properties and phenolic content. Several studies have 
reported similar results, highlighting the total phenolic 
content (TPC) and total flavonoid content (TFC) in various 
extracts of S. officinalis. For example, a study indicated that 

Table 5  Prediction scores of the molecular docking of methanol 
extract compounds
Code Compound Predict score 

(Kcal/mol)
1 m Eucalyptol -3.89
2 m Camphor -3.77
3 m Isoborneol -3.84
4 m α-Terpineol -4.09
5 m Bornyl acetate -4.25
6 m α-Terpinyl acetate -4.62
7 m Caryophyllene -4.08
8 m Aromadendrene -4.1
9 m α-Caryophyllene -3.93
10 m Spathulenol -4.48
11 m Caryophyllene oxide -3.97
12 m 10-Undecenoic acid -4.58
13 m Viridiflorol -3.85
14 m Caryophyllene oxide -3.42
15 m Fenretinide -6.59
16 m Neophytadiene -5.52
17 m Pentadecanoic acid -5.63
18 m Palmitic  acid -6.43
19 m Linolenic acid -5.38
20 m Palmitelaidic acid -5.17
21 m Phytol -5.88
22 m Linoelaidic acid -6.31
23 m Oleic acid -5.59
24 m Petroselinic acid -5.31
25 m Octadecanoic acid -6.35
26 m Podocarpa-1,8,11,13-tetraen -4.68
27 m 12-O-Methylcarnosol -4.58
28 m Isocarnosol -5.1
29 m 9-Anthracenol -5.03
30 m 9,10-Dimethoxyanthro -5.14
31 m Carnosol -5.02
32 m Gibberellic acid -4.39
33 m α-D-Glucopyranoside -8.35
34 m ψψ-Carotene, 

2-tetrahydro-1-dimethoxy
-7.9

35 m Oleic acid -8.69
36 m 12-O-Methylcarnosol -6.45
37 m 9-Hexadecenoic acid -7.34
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antifungal efficacy, as evidenced by significant mycelial and 
spore germination inhibition in vitro and reduced disease 
severity in vivo for four FOL isolates of different virulence 
levels. Molecular docking further supports the poten-
tial mechanism of action, highlighting strong interactions 
between key phytochemicals detected by GC and fungal 
virulence factors. These findings underscore the potential of 
S. officinalis extract not only as an effective biocontrol agent 
but also as a sustainable approach to safeguarding tomato 
production while mitigating the environmental and ecologi-
cal drawbacks associated with synthetic fungicides.
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and ψ-carotene (2-tetrahydro-1-dimethoxy). These phy-
tochemicals strongly bind to the enzymes tomatinase and 
endo-1,4-beta-glycosidase. This is novel and has never been 
investigated previously, which can explain the antifungal 
activity of this extract against FOL.

Overall, these findings suggest that these compounds 
may play a significant role in the therapeutic potential of S. 
officinalis. These findings highlight the potential of S. offi-
cinalis as an eco-friendly alternative to synthetic fungicides 
for managing FW in tomato crops. These results suggest 
that S. officinalis methanolic extract could be a valuable 
eco-friendly solution for managing tomato wilt diseases. 
This study provides a new sustainable approach to crop 
protection.

Conclusion

In conclusion, this study demonstrated that the S. officina-
lis methanolic extract exhibited potent antifungal activity 
against F. oxysporum. Making it a promising eco-friendly 
alternative to chemical fungicides for managing Fusarium 
wilt in tomato crops. We found that the phytochemical com-
position of S. officinalis extract is rich in phenolic com-
pounds, terpenoids, and fatty acids. This contributes to its 

Fig. 5  3D and 2D results of the interaction between (a) oleic acid and 
the tomatoase endo-1, 4-beta-glycosidase receptor. (b) à-D-Glucopy-
ranoside and the Tomatinase, endo-1, 4-beta-glycosidase receptor. (c) 

ψψ-Carotene, 2-tetrahydro-1-dimethoxy and the Tomatinase,  endo-1, 
4-beta-glycosidase receptor
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