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The efficacy of nanoparticles on soil microbial
biodiversity and the prevention of Fusarium
wilt disease (Fusarium oxysporum f.sp.
lycopersici)
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Abstract

Fusarium oxysporum f.sp. lycopersici (FOL) wilt endangers Egyptian tomato productivity. Nanotechnology has
emerged as an efficient tool for managing plant diseases. This study evaluated salicylic acid nanoparticles (SA-
NPs) and glycyrrhizic acid ammonium salt nanoparticles (GAS-NPs) against £. oxysporum in vitro. SA-NPs reduced F.
oxysporum growth by 37.8%, and GAS-NPs by 18.9% at 3 ml/L, while SA-NPs at high doses significantly reduced the
bacterial count in the tomato rhizosphere. Under greenhouse conditions, high doses of SA-NPs suppressed disease
by 73%, compared to 87-93% for other treatments, coinciding with a significant decrease in the overall bacterial
count in the tomato rhizosphere. A high dose of SA-NPs reduced heterotrophic, copiotrophic, and fluorescent
pseudomonads in the tomato rhizosphere but did not affect the total number of fungi. In vitro, a high dose of
both nanoparticles did not significantly reduce bacterial growth in four tested strains: Leclercia adecarboxylata,
Pseudomonas putida, Enterobacter ludwigii, and Bacillus marcorestinctum. This suggests that while SA-NP doesn't
directly affect bacterial growth, it may interact with tomato roots, indirectly affecting the rhizosphere bacterial
population. All treatments increased the expression of ethylene-responsive transcription factor 3 (RAP), xyloglucan
endotransglucosylase 2 (XET-2), catalytic hydrolase-2 (ACS-2), phenylalanine ammonia-lyase 5 (PAL5), lipoxygenase
D (LOXD), proteinase inhibitor Il (PINII), and pathogenesis-related protein 1 (PR1). The highest gene expression
levels were obtained from 1 ml/L GAS-NPs and SA-NPs field applications. Furthermore, SA-NPs at 1 ml/L were the
most efficient in controlling tomato Fusarium wilt, followed by GAS-NPs. This study investigates the possibility of
nanotechnology-based techniques for decreasing Fusarium wilt in tomatoes. However, because of the deleterious
impact on the soil bacterial community, high dosages of NPs, particularly SA-NPs, should be applied with caution.
Future research should focus on optimizing NPs doses to maintain a balance between efficient disease control and
the maintenance of the beneficial complexity of soil microbial biodiversity.

Keywords Fusarium oxysporum f.sp. Lycopersici, Salicylic acid nanoparticles (SA-NPs), Glycyrrhizic acid nanoparticles
(GAS-NPs), Beneficial bacteria, PR genes

*Correspondence:
Sozan E. El-Abeid
sozanalabeid@arc.scieg

Full list of author information is available at the end of the article

©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://orcid.org/0000-0002-5659-7454
http://orcid.org/0000-0002-7702-5789
http://orcid.org/0000-0002-8249-4782
http://orcid.org/0000-0002-0255-0167
http://crossmark.crossref.org/dialog/?doi=10.1186/s12866-025-04022-3&domain=pdf&date_stamp=2025-5-16

Shoala et al. BMC Microbiology (2025) 25:305

Introduction

Tomato fruits (Lycopersicon esculentum Mill) are essen-
tial crops in Egypt and other countries. However, tomato
plants in Egypt face a severe threat from Fusarium wilt, a
soil-borne pathogen that can cause serious vascular dis-
eases, rot, and damping-off diseases in various crops. The
disease, first documented in Europe in 1933 [1], this dis-
ease demonstrates high adaptability and diversity. Fusar-
ium strains have high host specificity and saprophytic
features, allowing them to persist in the soil and rhizo-
sphere for extended periods [2]. Defense mechanisms
in plants involve the rapid creation of antioxidants and
changes in cell wall composition, which stimulate patho-
gen defense gene expression [3, 4]. Fusarium toxins are
the most common natural pollutants found in cereals and
grains, and their toxic qualities have been investigated for
possible health hazards [5].

Conventional approaches, such as cultural, physical,
and chemical for managing Fusarium wilt, these meth-
ods, have proven ineffectual [6], while chemical fungi-
cides raised environmental concerns. Techniques like
fumigation and the cultivation of resistant varieties have
shown limited success, as resistant types still exhibit
lower host vascular colonization compared to susceptible
plants [7, 8].

Nanotechnology emerges as a promising solution to
address these limitations. This rapidly advancing field
has numerous applications in agriculture and medicine.
In particular, Nanotechnology can save, improve, and
protect crops and livestock when integrated with natu-
ral resources. Nanoparticles (NPs) have recently sparked
widespread interest due to their biocompatibility, low
toxicity, and environmental sustainability [9]. Nanotech-
nology has shown growing potential in managing plant
diseases [10]. NPs can function as direct plant defenses
or pesticide transporters [11, 12]. Because of their size-
dependent features, high surface-to-volume ratio, and
distinct optical properties, nanomaterials hold great
promise for applications in fertilizing and plant protec-
tion. Studies have shown that nanotechnology can be
used in plants [13]. Nano-sized mineral compositions
improve the solubility, dispersion, and absorption of pre-
viously insoluble nutrients in soil. They also minimize
soil fixation and increase the bioavailability of nanostruc-
tured particles. As a result, nano-nutrient elements (non-
fertilizers) help to improve nutrient efficiency and plant
uptake [14]. For example, chitosan-lactide copolymer
nanoparticles have been found to enhance the solubility
and efficiency of low-solubility fungicides like pyraclos-
trobin [15]. However, it is important to note that much
of the study in this sector has taken place in laboratories
[16].

Natural transformation products at the nanoscale
can efficiently control phytopathogenic fungus without
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affecting the environment or human health [17]. The
nanoactivity of natural compounds against phytopatho-
gens has promised a variety of applications, including
increasing the shelf life of fruits and vegetables at room
temperature. Furthermore, it can minimize pesticide
effects and toxicity while minimizing the possible detri-
mental effects of undiscovered nanoparticles [18, 19].

Salicylic acid (SA) is an important signaling molecule
involved in a wide range of biotic and abiotic stress
responses. It is crucial to the processes of plant devel-
opment. A couple of its primary processes aid in the
adaptation to environmental stress [20]. Furthermore,
glycyrrhizic acid (GA), a bioactive molecule found in
licorice roots and rhizomes [21], has long been used as
a natural cure for fungal infections [22], and antioxidants
[23].

The most efficient method of protecting seeds and leaf-
lets may involve utilizing nanoparticles to resist invading
diseases. In this setting, nanoparticles (NPs) can perform
similarly to synthetic insecticides. However, it is critical
to evaluate the larger consequences of nanoparticle use
in soil, particularly their effects on non-target organisms.
This issue is especially concerning when non-target spe-
cies play important roles in soil ecosystems. A previous
treatment primes plant defenses, increasing resistance
to recurring pathogen infections. This is known as sys-
temic acquired resistance (SAR) [24]. Molecular genetic
studies on tomato plant resistance have significantly
advanced our understanding of the plant genetic mecha-
nisms against different pathogens [25, 26]. Even though
little is known about the molecular features of the signal-
ing mechanism [ 27]. Previous research has shown that
biotic and abiotic stressors regulate the genes protein-
ase inhibitor II (PINII), phenylalanine ammonia-lyase 5
(PAL5), lipoxygenase D (LOXD), xyloglucan endotrans-
glucosylase 2 (XET-2), catalytic hydrolase-2 (ACS-2),
ethylene-responsive transcription factor 3 (RAP), and
pathogenesis-related protein 1 (PR1). Plant SAR mecha-
nisms include the ethylene, salicylic acid, and jasmonic
acid pathways, to which these seven defense genes belong
[28-30].

There have been few investigations on the effects of
nanoparticles on soil health. AgNP exposure had a major
impact on the soil microbial community, resulting in
large microbial biomass decreases and changes in com-
munity composition. For example, populations of bacte-
rial ammonia oxidizers and beta-Proteobacteria declined,
whereas Acidobacteria, Actinobacteria, and Bacteroide-
tes grew [31]. Meanwhile, the use of SA-NPs and GAS-
NPs in agriculture is advocated. AgNPs break microbial
cell membranes and produce reactive oxygen species
(ROS) [32], but SA-NPs and GAS-NPs improve plant
defense systems and have anti-inflammatory properties.
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The purpose of this study is to determine the efficacy
of salicylic acid nanoparticles (SA-NPs) and glycyrrhi-
zic acid ammonium salt nanoparticles (GAS-NPs) in the
treatment of Fusarium oxysporum-induced fungal wilt
and on tomato plants growth and yielding. The study also
investigates the influence of these nanoparticles on soil-
culturable bacteria and fungi, as well as how they affect
the growth of some beneficial bacteria. Finally, by assess-
ing the expression of RAP, XET-2, ACS-2, PINII, PALS5,
LOXD, and PR1, the important genes of the ethylene,
jasmonate, and salicylic acid pathways, we sought to see
whether we could identify the induction of SAR-related
defence genes.

Materials and methods

Materials

SA and GA synthesis and characterization

A 0.2 mg sample of Salicylic acid (SA) (Sigma-Aldrich
Company, CAS Number: 69-72-7) according to (Amin et
al., 2008) was dissolved in 1 ml of absolute ethanol and
sonicated (XUBA3 Analogue Ultrasonic Bath, Grant
Company) with an ultrasonic power and frequency
of 50 kHz for one hour at room temperature (25 °C).
A 0.1 mg sample of Glycyrrhizic acid ammonium salt
(GAS) (Sigma-Aldrich, CAS Number: 53956-04-0) was
dissolved in 1 ml of absolute ethanol and sonicated in
an XUBA3 Analogue Ultrasonic Bath (Grant Company)
for one hour at ambient temperature (25 °C) using an
ultrasonic power of 50 kHz (Shoala 2020). To prepare
the diluted solution, 3 or 1 mL of the prepared solutions
was dissolved in one liter of distilled water. Character-
ization of nanomaterials using dynamic light scattering
(DLS) The distribution and size of nano-glycyrrhizic acid
ammonium salt nanoparticles (GAS-NPs), and salicylic
acid nanoparticles (SA-NPs) were measured at room
temperature using a dynamic light scattering method
with the Zetasizer Nano ZS (Malvern Instruments,
UK). Before measurement, 30 pl of nanoparticles were
diluted with 3 ml of water at 25 °C. Particle size data was
expressed as the Z-average of three different batches of
nanoparticles.

For Transmission Electron Microscope investiga-
tion, a drop of the solution was applied to the carbon-
coated copper grids (CCG) and allowed to evaporate at
room temperature. Electron micrographs were taken at
The Regional Center for Mycology and Biotechnology
(RCMB) Al- Azhar University using a JEOL GEM-1010
transmission electron microscope operating at 80 kV
[33].

The Fourier Transform Infrared Spectroscopy (FTIR)
analysis of GAS-NPs and salicylic acid samples were
conducted using a Thermo Scientific Nicolet iS50 FTIR
spectrometer (Thermo Fisher Scientific, USA). The
instrument was operated in attenuated total reflectance
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(ATR) mode with a diamond crystal plate. Spectra were
collected in the mid-infrared region (4000-400 cm™) at a
resolution of 4 cm™, with each spectrum being the aver-
age of 32 scans. Prior to sample analysis, a background
spectrum was collected to eliminate atmospheric inter-
ference. The samples were placed directly on the ATR
crystal and pressure was applied to ensure good contact.

X-ray Diffraction (XRD) patterns were obtained using
a Bruker D8 Advance diffractometer (Bruker AXS,
Germany) equipped with a Cu-Ka radiation source
(\=1.5406 A) operating at 40 kV and 40 mA. The sam-
ples were ground into fine powder and mounted on a
silicon zero-background holder. Diffraction patterns
were recorded in the 20 range of 5-70° with a step size
of 0.02° and a counting time of 1 s per step. The diffrac-
tometer was calibrated using a silicon standard before the
measurements.

Isolation and identification of the pathogen

Pathogen isolation

Tomato plants showing symptoms of Fusarium wilt were
obtained. The infected root and stem portions (3—5 cm
in length) were first surface-disinfected for two minutes
with a 2% chlorine solution, following thorough wash-
ing with tap water. Before adding to PDA media (Potato,
Dextrose, Agar) supplemented with 300 pg/ml strep-
tomycin sulfate, the small pieces were carefully washed
with sterile double-distilled water (ddH20O). They were
then allowed to dry on filter paper under sterile condi-
tions. The fungal cultures spent 7-10 days in an incuba-
tor maintained at 25+ 2 °C [34].

DNA extraction and PCR assay

The genomic DNA of five isolates of F oxysporum was
extracted from single spore fungal cultures growing
on a PDA medium using a DNeasy Plant Mini Kit from
Qiagen-Hilden-Germany. To determine the isolate of E
oxysporum, PCR was performed with the specific primer
sets uni-f and uni-r as described by [35]. The primers
were synthesized as shown in Table S1. The uni primer
set amplifies 670-672 bp fragments from all typical iso-
lates of E oxysporum. The PCR reaction mixture (25 pL)
contained 18 pL of Master Mix (1.25 pL of 0.2 mM each
dNTP mix, 5 pL Taq (10X), 2 puL (2.5 mM) MgCl,, 0.2 pL
(1 U) Taq DNA polymerase, 9.55 uL distilled water), 1 uL
(0.5 mM) of each primer (Uni, sp13, sp23, sprl, and ITS1-
4), and 2 pL of genomic DNA. The PCR conditions for all
primers were set at an initial denaturation temperature of
94 °C for 5 min, followed by 45 cycles of 94 °C for 1 min,
annealing at 61 °C for 1 min and elongation at 72 °C for
2 min, with a final extension at 72 °C for 10 min [35]. All
PCR reaction products were electrophoresed in a 1% aga-
rose gel, stained with ethidium bromide, and visualized
using UV light.
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Effect of different concentrations of GAS & SA
nanoparticles on the growth of Fusarium oxysporum in
vitro
A sterile disc containing a mycelial culture of the patho-
gen, aged for 7 days and measuring 4 mm in diameter,
was placed at the center of 9-cm Petri dishes containing
Potato Dextrose Agar (PDA) with a diameter of 9 cm.
The impact of nanoparticles at four distinct concen-
trations (0.5, 1, 1.5, 3 ml/L) on the in vitro growth of F
oxysporum was assessed using a PDA medium. The con-
trol plates consisted solely of pathogen mycelial plugs.
The plates were then incubated for 14 days at 25+2 °C.
Mycelial growth of the pathogen was measured (cm) on
each plate, and the growth in the PDA medium supple-
mented with nanoparticles was compared with the
growth of the pathogen in the control. Four replications
of each treatment were tested, and mean values were
calculated. The percentage reduction in colony diameter
was calculated using the formula suggested by [36] as
follows: Reduction% = [9¢] x 100

Where: Gc=growth diameter in the control set.
Gt=growth diameter in the treatment set.

Effect of GAS-NPs & SA-NPs on the growth of selected
beneficial bacterial strains in vitro

Four beneficial bacterial strains, previously isolated
from potato soils and proven to have a positive impact,
were selected: Leclercia adecarboxylata strain NM
114 (MT521702), Pseudomonas putida strain NM 115
(MT521730), Enterobacter ludwigii strain NM 2P2
(PQ349320), and Bacillus marcorestinctum strain NM31
(MT568523). L. adecarboxylata (Gram-negative) is
known for growth promotion, phosphate and potassium
solubilization, stress tolerance, and antimicrobial activi-
ties [37, 38]. P. putida (fluorescent pseudomonads) is rec-
ognized as a biocontrol agent for bioremediation and
plant growth promotion [39]. E. ludwigii, a phosphate-
solubilizing bacterium, enhances plant growth by solubi-
lizing phosphorus and potassium, protecting crops, and
improving soil health [40]. Bacillus marcorestinctum, a
Gram-positive biocontrol agent, can quench quorum-
sensing signals, reducing the severity of plant soft rot and
potentially serving as a biological control agent for plant
diseases [41].

The impact of GAS-NPs and SA-NPs on bacterial
growth was investigated using the method published
by Truong et al. [42], with adjustments. Four bacterial
strains were grown on nutritional agar (NA) medium
(Neogen NCMO110A and Agar Agar B&V) at 28 °C for
24 h. Suspensions of sterile phosphate buffer (PB 0.01) of
each strain were made, and optical densities at 600 nm
(OD600) were determined as follows: B. marcorestinctum
(0.98), E. ludwigii (0.60), L. adecarboxylata (0.72), and P
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putida (0.75). Forty-five nutrient broth tubes (10 ml each)
were sterilized and divided into three treatment groups:
one-third (15 tubes) were supplemented with SA-NPs
to achieve a final concentration of 3 ml/L, another third
with GAS-NP (3 ml/L), and the remaining third were
left without any NPs. Bacterial suspensions (100 pL)
were inoculated into three tubes representing each treat-
ment group, with three tubes serving as negative controls
(non-inoculated) for each group where the bacterial sus-
pension was replaced by sterile phosphate buffer. Tubes
were incubated at 28 °C for 24 h, and then optical densi-
ties at 600 nm (OD600) were determined for each tube,
using negative controls (non-inoculated with bacteria) as
blanks. Three blanks were considered to avoid nanopar-
ticle interference: a blank without NPs, a blank supple-
mented with SA-NPs (3 ml/L), and a third supplemented
with GAS-NPs (3 ml/L). Each inoculated treatment was
compared with its corresponding blank.

Effect of Nanoparticles on disease progress and growth
parameters

Experimental design

Beliy Naliv-241 tomato seeds were surface-sterilized
using a 0.5% sodium hypochlorite solution for 3 min, fol-
lowed by rinsing with sterile distilled water. The seeds
were then planted in seedling plug trays (3.4 x 3.4 x5 cm),
with 64 plugs per tray. These trays were maintained in
greenhouse conditions at temperatures of 23 °C to 28 °C
and relative humidity of 60-70%. After 21 days, when
the tomato plants had developed three true leaves, the
seedlings were transferred to 25-cm-diameter pots con-
taining a standardized soil-sand mixture (80:20 ratio). As
the design of the experiment (5 pots for each treatment)
the tomato seedlings were treated with 50 ml/pot of con-
centration 1 or 3 ml/L drench of each nanoparticle sepa-
rately or with 2.5 ml/L conventional fungicide (Kocide
2000) and planted in soil infested with FOL (isolate no. 2)
at a concentration of 10°. Control plants received similar
treatment with sterile distilled water and pathogen inoc-
ulation but without nanoparticles. Nanoparticles were
applied before FOL inoculation (as a preventive measure)
and seven days post-inoculation (as a curative measure),
with appropriate control treatments. The experiment was
repeated twice.

Following a period of 50 days, the extent of disease
infestation was evaluated by determining the overall
percentage of seedlings displaying symptoms associated
with Fusarium wilt. These symptoms encompassed leaf
yellowing and shedding, vascular discoloration, as well
as alterations in plant height. Disease severity was calcu-
lated according to [34] Disease severity DS % = [Z (n x
)]/ (N x I) x 100 Where: n=number of infected plants,
i=the rate of infection, N =total number of plants, and
I =the highest rate of infections.
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Microbial diversity among cultural microbial groupings
The impact of SA-NPs and GAS-NPs (1 ml/L and 3 ml/L,
each) on tomato soil cultural bacteria and fungi was com-
pared to the untreated control. Ten grams of soil follow-
ing each treatment were suspended in 90 milliliters of
sterile phosphate buffer (0.05 M), with three replications
per treatment. The mixture was stirred for two hours at
room temperature before being serially diluted. King’s
medium B was used for fluorescent bacteria, along with
other media for heterotrophic and copiotrophic bacte-
ria [43]. Additionally, PDA was used to count total fungi.
Incubation was made at 28 °C for 5-7 days.

Extracting total RNA and synthesizing cDNA

After 24 h, samples of young tomato leaves were col-
lected from plants treated with GAS and SA nanoparti-
cles at two different concentrations (1 ml/L and 3 ml/L),
as well as control plants. The collected samples were
crushed into free cells with liquid nitrogen. Using the
Qiagen RNeasy® Plant Mini kit (Cat. no. 51,304) and the
manufacturer’s instructions, total RNA was extracted
from tomato leaf samples. Following the manufacturer’s
recommendations and using the gDNA Wipeout Buf-
fer from the QuantiTect® Reverse Transcription Kit, the
gDNA contamination was eliminated from the isolated
RNA. The isolated RNA was processed using the Quan-
tiTect® Reverse Transcription Kit (Qiagen, Cat. No.
205,311) to produce complementary DNA (cDNA). To

Table 1 Gene names and sequences of quantitative real-time
polymerase chain reaction (QRT-PCR) primers for gene expression

profiling

Gene name Primer Sequence (5’ ------ 3’) Reference
RAP-F AAAGAACCATCTGTGGCGTGTGAG [26]
RAP-R CGAATCTTGTAAGCGGCTTGGTCA

XET-2-F TGGAGGAGATTCTGCTGGTGTTGT (28]
XET-2-R TCTGTCTCCTTTGCCTCCTGTGAA

ACS-2-F TTCCATCACTGCAGCTTTGCTTCG (28]
ACS-2-R TTTGTTTGGGCCAGCTTCTCTCTC

PAL5-F GACAGCAGGAAGGAATCCAA (30]
PAL5-R CAACCAAATAGGGATTCGACA

LOXD-F TTGGCACCAAGTTCAGGCCC (30]
LOXD-R TGGACTTAAGCTAGTATTAG

PRI-F TGCCAAGACCGGTGGTAATTTC [30]
PRI-R TGCCCGCTAGCACATTGGT

Actin-F (reference  TTGCCGCATGCCATTCT 28]
gene)

Actin-R (reference  TCGGTGAGGATATTCATCAGGTT

gene)

Ribosomal pro- GTCATCCTTTCAGGTACAAGCA [44]

tein L2 (RPL2)-F
(reference gene)

Ribosomal pro-
tein L2 (RPL2)-R
(reference gene)

CGTTACAAACAACAGCTCCTTC
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prepare for future studies, the cDNA samples were kept
at -20 °C.

Diferential expression analysis of the genes under
investigation

Every ¢cDNA sample underwent triplicate qRT-PCR as
well as positive and negative cDNA template controls.
For each qRT-PCR test, a final volume of 25 pl was
obtained by adding 12.5 pl of SYBR Green PCR Master
Mix (QuantiTect SYBR Green PCR Kit, Qiagen Cat. no.
204,143), 2.5 pl of cDNA, 0.3 uM of each forward and
reverse primer given in Table 1, 1 pl of RNase inhibitor,
and RNase-Free water to adjust the final volume. Follow-
ing 10 min at 95 °C, 45 cycles of 95 °C for 20 s, followed
by 60 °C for 20 s and 72 °C for 20 s, the reactions were
then analyzed using an Agilent Technologies AriaMx
Real-Time PCR System. Fluorescence was measured at
the end of each cycle, and a 15-minute hold at 95 °C was
made for the melting temperature analysis.

Fold change of gene expression ratios between treat-
ment and control groups were calculated using the for-
mula RQ=2"24¢T [44], and all experimentally induced
changes in the expression of the genes under study are
expressed as n-fold variations from the respective con-
trols. Suitable reference genes selection and validation
to confirm accurate gene expression results is an essen-
tial step. We conduct initial validation before large-scale
qPCR examination using two reference genes, Actin and
Ribosomal protein L2 (RPL2) genes [45], data not dis-
cussed. Actin was the most stable gene, so we used it as
an internal reference gene for qRT-PCR data normal-
ization of the current study. The statistical analysis was
carried out using Two-way ANOVA using SPSS, ver. 27
(IBM Corp. Released 2013). Data were treated as a com-
plete randomization design according to [46]. Multiple
comparisons were carried out applying Duncan test, the
significance level was set at <0.05.

Data analysis

All experiments were conducted in a completely ran-
domized design. All parameters were tested for normal-
ity using the Shapiro-Wilk. The variables were generally
normally distributed. Wilks’ Lambda Multivariate tests
were used to evaluate the impact of treatments on dif-
ferent tested parameters. Post hoc, Bonferroni was used
to compare the treatment groups to the control group
(a=0.05). The univariate analysis of variance was con-
ducted to examine the effect of GAS-NPs & SA-NPs on
the growth of the different bacterial strains in vitro. Dun-
nett’s t-test (two-sided) was conducted to compare dif-
ferent groups against the control group. All statistical
analyses were performed using SPSS (Statistical Package
for the Social Sciences, version 23).
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Results

SA-NPs and GAS-NPs synthesis and characterization

The Zetasizer Nano ZS (Malvern Instruments, UK) was
utilized at ambient temperature to characterize salicylic
acid and glycyrrhizic acid ammonium dispersion nano-
materials via dynamic light scattering (DLS). To measure,
30 pl of nanoparticles were mixed with 3 ml of water at
25 °C. Particle size was calculated using the Z-average
of three distinct batches of nanoparticles. The mean
size distribution was primarily 63 nm of glycyrrhizic
acid ammonium salt dispersion nanomaterials (Fig. 1A-
B) and 28 nm of salicylic acid nanoparticles, as shown
in (Fig. 2A-B). The zeta potential is a useful indicator of
colloidal dispersions’ stability. Colloids with a high zeta
potential (positive) are electrically stable for glycyrrhi-
zic acid ammonium nanoparticles (Fig. 1C). However,
the zeta potential of salicylic acid colloids is negative
(Fig. 2C). Transmission electron microscope (TEM) anal-
ysis showed that glycyrrhizic acid ammonium (Fig. 1A)
and salicylic acid nanoparticles (Fig. 2A) were widely dis-
tributed and had an average size of <100 nm. The TEM
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micrograph showed that glycyrrhizic acid ammonium
nanoparticles had a circular morphology with an aver-
age size of 45-60 nm (Fig. 1A), whereas salicylic acid
nanoparticles had a spherical shape with nano diameters
ranging from 6 to 17 nm (Fig. 2A).

XRD analysis of GAS-NPs sample
The X-ray diffraction pattern of the GAS-NPs sample
(Fig. 1D) reveals an interesting crystallographic profile
characterized by a combination of high-intensity peaks at
low 20 angles and several medium to low-intensity peaks
distributed across the measured diffraction angle range
(5-80° 26). The diffractogram is dominated by two prom-
inent peaks at very low 28 angles of 4.645° and 5.537°,
corresponding to d-spacings of 19.009 A and 15.948 A,
respectively. These peaks exhibit significantly higher
intensities (1129 and 1056 counts) compared to other
reflections in the pattern, suggesting the presence of a
layered structure with large interplanar spacing.

The X-ray diffraction pattern of GAS-NPs sam-
ple showing its complex crystallographic profile. The
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Fig. 1 TEM (A), Size Distribution (B), Zeta Potential of glycyrrhizic acid ammonium salt nanoparticles (C), and The X-ray diffraction (XRD) pattern of GAS-

NPs sample (D)
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Fig. 2 TEM (A), Size Distribution (B), and Zeta Potential of salicylic acid nanoparticles (C) and The X-ray diffraction (XRD) pattern of SA-NPs sample (D)

diffractogram is characterized by distinctive low-angle
features with a broad, intense peak centered around 5° 26
(approximately 20 counts), indicating a layered structure
with large interplanar spacing. This pattern is consistent
with the presence of glycyrrhizin and other triterpene
saponins that form lamellar arrangements. Secondary
peaks of moderate intensity appear at approximately 33°,
48°, and 55° 20. The combination of crystalline peaks
superimposed on a moderate background suggests a
mixture of crystalline components within an amorphous
matrix.

Beyond these dominant low-angle peaks, the pat-
tern displays several medium-intensity peaks at 28.206°
(d=3.161 A), 33.874° (d=2.644 A), 48.383° (d=1.880 A),
and 55.083° (d=1.666 A). The remaining peaks at higher
20 angles (59.995°, 64.648°, and 70.142°) show relatively
lower intensities. Most peaks in the diffraction pattern
appear sharp and well-defined, indicating good crystal-
linity of the constituent phases.

XRD pattern description of Salicylic acid

The X-ray diffraction pattern of the salicylic acid sample
(Fig. 2D) displays a highly crystalline profile with numer-
ous sharp, well-defined peaks across the measured 26
range (5-80°). Unlike the GAS-NPs sample, this pattern
is characterized by the absence of dominant low-angle
peaks and instead shows a distribution of high-intensity
peaks in the mid-26 range.

The X-ray diffraction pattern of salicylic acid showing
characteristic crystalline features. The diffractogram dis-
plays exceptional crystallinity with numerous sharp, well-
defined peaks across the 20 range of 5-80°. The pattern is
dominated by an extremely intense peak at approximately
25° 20 (>14,000 counts), with secondary prominent
peaks at approximately 21° (2,000 counts), 39°, 46°, and
56°. The sharp, high-intensity peaks and excellent peak-
to-background ratio indicate a highly ordered monoclinic
crystal structure with minimal amorphous content, con-
firming the high purity of the pharmaceutical-grade sali-
cylic acid sample.

The diffractogram is dominated by an exceptionally
intense peak at approximately 28° 28, which shows the



Shoala et al. BMC Microbiology (2025) 25:305

highest intensity (over 7000 counts) in the entire pat-
tern. Other prominent peaks are observed at approxi-
mately 22° (intensity ~2000 counts), 40° (~800 counts),
43° (~500 counts), 50° (~ 1200 counts), and several peaks
between 60-80° with moderate intensities (200-500
counts).

The peaks in the diffraction pattern are remarkably
sharp and well-defined, indicating excellent crystallinity
of the sample. The high peak-to-background ratio further
suggests a highly ordered crystalline structure with mini-
mal amorphous content.

FTIR spectrum of glycyrrhizic acid ammonium salt
nanoparticles

The FTIR spectrum of glycyrrhizic acid ammonium salt
nanoparticles (Figure S2) reveals a complex molecular
composition characteristic of plant-derived materials
containing multiple bioactive compounds. The spectrum
shows several distinctive absorption bands that can be
attributed to various functional groups present in the
phytochemical constituents of GAS-NPs, particularly
glycyrrhizin, flavonoids, and other phenolic compounds.

The FTIR spectrum of GAS-NPs sample shows char-
acteristic absorption bands. Key functional groups
are identified by their corresponding wavenumbers
(cm™): hydroxyl and N-H stretching region (3700-
3000 cm™) with peaks at 3666.51, 3543.27, 3391.86, and
3302.67 ¢cm™; C-H stretching at 2925.60 cm™; triple
bond region (2250-2000 cm™) with multiple medium-
intensity bands; aromatic C=C stretching at 1613.27
and 1530.47 cm™; C-H bending vibrations at 1441.66
and 1388.85 cm™; and the fingerprint region featur-
ing C-O stretching at 1243.46 cm™, C-O-C stretching at
1147.16 cm™, and aromatic C-H out-of-plane bending at
763.99 cm™'. The spectral pattern indicates the presence
of glycyrrhizin, flavonoids, and various phenolic com-
pounds characteristic of Glycyrrhiza species.

In the high-frequency region (3700-3000 cm™), mul-
tiple overlapping bands are observed. A sharp peak at
3666.51 cm™ corresponds to free hydroxyl (O-H) stretch-
ing vibrations, while broader bands at 3543.27 cm™ and
3302.67 cm™ are attributed to hydrogen-bonded O-H
stretching of alcoholic and phenolic groups, which are
abundant in glycyrrhizin and flavonoid compounds. The
presence of a peak at 3391.86 cm™ suggests N-H stretch-
ing vibrations, possibly from amino acids or peptides
present in the sample.

The C-H stretching region shows a prominent peak
at 2925.60 cm™, characteristic of asymmetric stretch-
ing vibrations in methylene (-CH,-) and methyl (-CH,)
groups, indicating the presence of aliphatic structures in
the sample components.

Interestingly, the spectrum exhibits several medium-
intensity bands in the 2250-2000 cm™ region (2216.09,
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2200.04, 2163.32, 2135.92, 2094.63, and 2052.84 cm™),
which may be attributed to various functional groups
including C=C stretching, C=N stretching, and C=0
stretching in anhydrides. These features suggest the pres-
ence of structurally diverse compounds in the GAS-NPs
sample.

The carbonyl and aromatic region (1650-1400 cm™)
displays strong absorption bands at 1613.27 and
1530.47 c¢cm™, characteristic of C=C stretching vibra-
tions in aromatic rings, which are prominent structural
features in flavonoids and other phenolic compounds in
GAS-NPs. The bands at 1441.66 and 1388.85 cm™ cor-
respond to C-H bending vibrations in methyl and methy-
lene groups, further confirming the presence of aliphatic
moieties.

The fingerprint region (1300-500 cm™) contains sev-
eral characteristic absorption bands that provide valu-
able structural information. The peak at 1243.46 cm™
is assigned to C-O stretching vibrations in phenolic
compounds, while the band at 1147.16 cm™ indicates
C-O-C stretching in ether linkages. A prominent peak at
1013.60 cm™ corresponds to C-O stretching vibrations in
alcoholic groups. The aromatic C-H out-of-plane bend-
ing vibration at 763.99 cm™ further confirms the pres-
ence of aromatic structures in the sample.

FTIR spectrum of Salicylic acid nanoparticles

The FTIR spectrum of salicylic acid (Figure S3) pres-
ents characteristic absorption bands that correspond to
its known chemical structure (2-hydroxybenzoic acid).
The spectrum shows distinct peaks that can be readily
assigned to the key functional groups in salicylic acid:
a carboxyl group (-COOH), a phenolic hydroxyl group
(-OH), and an ortho-substituted benzene ring.

The FTIR spectrum of salicylic acid (2-hydroxyben-
zoic acid) with labeled absorption bands. Distinctive
features include: free and hydrogen-bonded O-H stretch-
ing vibrations (3700-3000 cm™) with sharp peaks at
3622.93, 3399.08, 3353.18, and 3344.95 cm™'; aromatic
C-H stretching at 3081.57 and 3034.09 cm™; hydrogen-
bonded carboxylic acid O-H stretching at 2728.68 and
2655.30 cm™; C=0 stretching of carboxylic acid at
1626.43 ¢cm™; aromatic C=C stretching at 1608.26 and
1512.99 cm™; C-O stretching of carboxylic acid and
phenolic hydroxyl at 1299.42 and 1272.88 cm™, respec-
tively; and the diagnostic C-H out-of-plane bending at
758.88 cm™ characteristic of ortho-substituted benzene
rings. The spectrum confirms the chemical structure
of salicylic acid with its carboxylic acid and phenolic
hydroxyl functional groups.

The high-frequency region (3700-3000 cm™) exhib-
its multiple O-H stretching bands. A sharp peak at
3622.93 cm™ is attributed to free hydroxyl stretch-
ing, while broader bands at 3399.08, 3353.18, and
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Table 2 Three different £ oxysporum isolates amplified with
specific primers to identify formae speciales and race-specific
primers

Uni Sp13 Sp23 Sprl
2 + + - -
3 + - - +
4 + - - +

3344.95 cm™ correspond to hydrogen-bonded O-H
stretching vibrations from both the carboxylic acid and
phenolic hydroxyl groups. The position and intensity of
these bands indicate significant hydrogen bonding, which
is expected due to the intramolecular hydrogen bonding
capability of salicylic acid.

The aromatic C-H stretching vibrations are observed
at 3081.57 and 3034.09 cm™, while the aliphatic C-H
stretching bands appear at 2955.75, 2921.74, 2870.44,
and 2853.79 cm™. The characteristic O-H stretching
bands of hydrogen-bonded carboxylic acid groups are
seen at 2728.68 and 2655.30 cm™, which are typical for
carboxylic acids and confirm the presence of the -COOH
functionality. A strong absorption band at 1626.43 cm™
is assigned to C=0 stretching vibrations of the carbox-
ylic acid group, while bands at 1608.26 and 1512.99 cm™*
correspond to C=C stretching vibrations in the aro-
matic ring. The C-H bending vibrations are observed at
1476.94, 1457.45, and 1376.06 cm™.

The C-O stretching region shows multiple bands, with
peaks at 1299.42 cm™ (C-O stretching of carboxylic acid)
and 1272.88 cm™ (C-O stretching of phenolic group)
being particularly characteristic of salicylic acid. Addi-
tional C-O stretching vibrations are observed at 1241.49,
1211.13, and 1070.14 cm™.

The fingerprint region displays several distinctive
bands, including C-H in-plane bending vibrations at
1169.22, 1144.39, and 1102.99 cm™, and C-H out-of-
plane bending vibrations at 971.64, 842.50, 822.05,
803.22, 758.88, and 723.35 cm™. The band at 758.88 cm™
is particularly important as it is characteristic of
1,2-disubstituted benzene rings, confirming the ortho-
substitution pattern in salicylic acid.

Identification of Fusarium oxysporum using a polymerase
chain reaction (PCR)-based technique:

The isolated fungus samples were PCR-amplified using
uni-f and uni-r primers. This primer pair was used to
directly amplify a 670—672 bp ribosomal (r) DNA frag-
ment classified as belonging to E oxysporum, extracted
from mycelia. The effective amplification of the PCR
analyses suggests that not all isolates were from the F
oxysporum species. The DNA fragment appeared to be
identical in E oxysporum isolates 2, 3, and 4, as shown in
Figure S4A. The results show that only three of the five
examined isolates (2, 3, and 4) are genetically similar to
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Table 3 The percentage reduction in the fungal colony diameter
caused by SA and GA nanoparticles

NPs SA-NPs GAS-NPs
Concentrations Colony Inhibition%  Colony In-
diameter diameter hibi-
cm cm tion%
(Mean £ SE) (Mean %= SE)
0.5ml/L 87+0.1 33 86+0.15 44
Tml/L 86+0.1 44 85+0.12 56
1.5ml/L 8.0+0.2% 11 84+0.25 6.7
3ml/L 56+0.2%* 378 73+£0.15** 189
Control 9+0.0 0 9+0.00 0

*Significant difference as compared to the control, P=0.01
** Significant difference as compared to the control, P<0.001

Univariate analysis of variance revealed significant differences between
different treatments (F=43.8, P<0.001)

the E oxysporum species. In contrast, no distinct E oxys-
porum PCR amplicons were found in the remaining two
isolates (Isolates 1 and 5). Among the three E oxysporum
isolates, the second isolate was identified as E oxysporum
f. sp. lycopersici race 1 using specific primers sp13, sp23,
and sprl as shown in Table 2. The sequence was then
uploaded to the gene bank under the accession number
PQ578235 for Eukaryotic Nuclear rRNA/ITS/Fusarium
oxysporum and validated by Uni-r (Fig. S4A and B).

Effect of different concentrations of GAS & SA
nanoparticles on the growth of Fusarium oxysporum (FOL)
in vitro

The effects of SA-NPs and GAS-NPs on E oxysporum
(FOL), the causative agent of tomato wilt disease, are
poorly understood. The impact of nanoparticles at four
distinct concentrations (0.5, 1, 1.5, 3 ml/L) on the in vitro
growth of FOL was assessed using a PDA medium con-
taining the nanoparticles (Table 3). The growth of the
pathogen in the control was compared with the growth
in the nanoparticle-treated medium after 14 days. Uni-
variate analysis of variance revealed a significant dif-
ference among different treatments (Type III sum of
squares =26.0, mean square=3.2, F=43.8, P<0.001). The
percentage reduction of the colony diameter for SA-NPs
treatment at a 3 ml/L concentration was 37.8%. At the
same time, it was 18.9% for GAS-NPs at the same con-
centration compared to the untreated control (P<0.001).
Also, SA-NPs treatment at 1.5 ml/L showed an 11%
reduction, P=0.01, according to the Bonferroni post-
hoc test (Fig. S5). The data in Table 3 also indicated that
all other concentrations were ineffective against FOL
growth inhibition for both nanoparticles.

Effect of GAS-NPs & SA-NPs on the growth of selected
beneficial bacterial strains in vitro

Bacterial growth, as indicated by the difference in opti-
cal density (OD600), was as follows: Univariate analysis
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Fig. 3 A) Change in bacterial growth for different strains after nanoparticle treatment compared to the untreated control. The optical density was deter-
mined after 24 h of inoculation and incubation in nutritional broth, while the control was left untreated with NPs. B) SA3-NPs caused a significant increase
in P putida growth, as shown under UV illumination, with a 51% increase determined at OD600. Three replicates were considered for each treatment.
**Sterile PB: The nutrient broth (10 ml each) supplemented with 100 pL sterile PB Control: Inoculated with bacterial suspensions (100 pL) in sterile PB.
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**GAS3-NPs: Supplemented with GAS-NPs (3 ml/L) to achieve a final concentration of 3 ml/L and inoculated with bacterial suspensions (100 pL) in sterile
PB. **Three blanks were considered to avoid nanoparticle interference: a blank without NPs, a blank supplemented with SA3-NPs (3 ml/L), and a third
supplemented with GAS3-NPs (3 ml/L). Each bacterial inoculated treatment was compared with its corresponding blank
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Fig. 4 The effect of salicylic acid nanoparticles (SA-NPs) and glycyrrhizic
acid nanoparticles (GAs-NP) at concentrations of 1 and 3 ml/L, compared
to the standard fungicide Kocide 2000, on disease severity induced by Fu-
sarium oxysporum fsp. lycopersici (10° conidia /g soil) after 80 days. Nega-
tive control: non-infested soil. All other treatments were used on plants
grown in infected soil. *Univariate analysis of variance revealed a signifi-
cant difference in disease severity among different treatments (Type Il
sum of squares=7378.8, mean square=1229.8, F=14.0, P<0.001)

of variance revealed a significant difference in E. ludwi-
gii growth among different treatments (Type III sum of
squares =0.006, mean square=0.003, F=5.2, P=0.05).
GAS-NPs caused a significant decrease only in E. ludwi-
gii (17%, P=0.05). Meanwhile, significant differences in
the growth of L. adecarboxylata and P. putida among the
treatments were observed (Type III sum of squares =0.04,

mean square =0.02, F=10.9, P=0.01) and (Type III sum
of squares=0.21, mean square=0.11, F=17.0, P=0.003),
respectively. SA-NPs caused a significant increase in
L. adecarboxylata (35%, P=0.025) and P. putida (51%,
P=0.01), according to the Dunnett’s t (two-sided) post-
hoc test (Fig. 3B). No other significant effects of the NPs
were recorded (Fig. 3A).

The effect of nanoparticles on disease progression and
tomato growth metrics

Effect of the nanoparticles on tomato wilt severity
Tomato-treated plants transplanted into infected soil
exhibited severe symptoms as early as 12 days after
infection, but plants treated with NPs or Kocide showed
milder symptoms. Plants treated with 1 or 3 ml/L of NPs
fared better than infected or Kocide-treated plants. Nota-
bly, plants treated with 1 ml/L of SA or GAS nanoparti-
cles showed no significant difference from healthy plants
(Fig. 4). Furthermore, the Wilks’ Lambda multivariate test
demonstrated a substantial reduction in disease severity
for the two nanoparticles (SA-NPs and GAS-NPs) at both
doses (1 ml/L or 3 ml/L) as compared to the infected
control (P<0.001). Univariate analysis of variance
revealed a significant difference in disease severity among
different treatments (Type III sum of squares=7378.8,
mean square=1229.8, F=14.0, P<0.001). The disease
severity of the infected control group was 50%. SA-NPs
reduced disease severity by 93% (P<0.001) at the low
dose (1 ml/L) and 73% at the high dose (3 ml/L). Simi-
larly, GAS decreased 90% (P<0.001) at the low dose and
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87% (P<0.001) at the high dose. The fungicide Kocide
reduced disease severity by 97% (P<0.001) according to
the Bonferroni post-hoc test. There was no significant
difference in disease severity between the two doses of
each nanoparticle or the two nanoparticles themselves
(Fig. 4). After 80 days, the amount of disease infesta-
tion was assessed by measuring the overall percentage of
seedlings exhibiting Fusarium wilt symptoms. Symptoms
included yellowing and dropping of leaves, vascular dis-
coloration, and changes in plant height and other growth
characteristics.

Effect of Nanoparticles on tomato growth parameters

The effect of salicylic acid nanoparticles (SA-NPs) and
glycyrrhizic acid nanoparticles (GA-NPs) on tomato
plant growth metrics was studied in vivo. Tomato plants
were treated with 1 or 3 ml/L of the nanoparticles or a
conventional fungicide (Kocide 2000) and then planted in
infested soil. Growth characteristics were evaluated after
80 days (Fig. 5). Plants treated with 1 or 3 ml/L nanopar-
ticles had higher plant height, weight, fruit weight, and
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fruit number than those treated with Kocide or infected
control (Fig. 5).

The study investigated the impact of various treatments
on the vegetative parameters of tomato plants, includ-
ing plant height (in centimeters), plant weight (in grams),
fruit number, and total fruit weight (in grams). The data
represent the mean of four dependent replicates, and
the box plots were generated using IBM SPSS Statistics
version 23. Multivariate tests (General Linear Model)
revealed significant differences in plant height (Type III
sum of squares=1364.4, mean square=227.4, F=17.2,
P<0.001), plant weight (Type III sum of squares =4628.4,
mean square =771.4, F=7.1, P<0.001), fruit weight (Type
III sum of squares=1865, mean square=310.8, F=3.4,
P=0.016), fruit number (Type III sum of squares=185.4,
mean square = 30.9, F=13.3, P<0.001).

The Bonferroni post-hoc analysis revealed that plants
treated with 1 ml/L SA-NPs or GA-NPs differed sig-
nificantly from healthy plants (Fig. S1). The research
found no significant variations in vegetative param-
eters between infected and uninfected controls (Fig. 5).
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Fig. 5 Vegetative growth parameters of tomato plants treated with salicylic acid and Glycyrrhizic acid ammonium salt nanoparticles at 1 and 3 ml/L, a
standard fungicide (Kocide 2000) (infected), or untreated plants (negative) planted in infested soil
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SA-NPs, at a low dose (1 ml/L), demonstrated an 87%
increase (P<0.001) in tomato plant height and a 69%
increase (P=0.004) in weight, with a trend of significant
increase in fruit number (56%, P=0.057) compared to
the infected control. Meanwhile, at a high dose (3 ml/L),
there was a 56% increase (P=0.004) in tomato plant
height, a 60% increase (P=0.020) in weight, and a sig-
nificant increase in fruit number (63%, P=0.016). Both
examined doses had no significant impact on fruit weight
(Fig. 5).

GAS-NPs significantly increased tomato plant height
(102%, P<0.001) and weight (81%, P<0.001), as well
as fruit number (111%, P<0.001) at a low dose (1 ml/L)
compared to the infected control group. At a high
dose (3 ml/L), tomato plant height increased by 91%
(P<0.001), weight increased by 54% (P=0.037), and fruit
number and weight increased significantly (96%, P<0.001
and 28%, P=0.05, respectively) (Fig. 5). There was no sig-
nificant difference in the evaluated vegetative parameters
between the two doses of each nanoparticle or the two
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nanoparticles themselves. Meanwhile, only GAS-NPs at
high doses increased fruit weight significantly as com-
pared to the infected control (Fig. 5).

Multivariate tests (General Linear Model) revealed sig-
nificant differences in:

plant height (Type III sum of squares=1364.4, mean
square =227.4, F=17.2, P<0.001),

plant weight (Type III sum of squares=4628.4, mean
square=771.4,F=7.1, P<0.001),

fruit weight (Type III sum of squares=1865,
square =310.8, F=3.4, P=0.016),

fruit number (Type III sum of squares=185.4, mean
square =30.9, F=13.3, P<0.001).

Data in Fig. 6 summarizes the impact of different treat-
ments on the cultural microbial community in tomato
soil. There was a significant difference in the population
of heterotrophic bacteria in tomato soil following dif-
ferent treatments (Type III sum of squares=8.3, mean
square=2.1, F=43.4, P<0.001) (Fig. 6A). The Bonfer-
roni post-hoc analysis reveals a significant decrease in
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Fig. 6 The Effect of Different Nanoparticles on Cultural Microbial Communities. This image depicts the effect on heterotrophic bacteria, copiotrophic
bacteria, fluorescent pseudomonads (KB medium), and total fungi (PDA media). The nanoparticles studied were salicylic acid nanoparticles (SA-NPs) and
glycyrrhizic acid nanoparticles (GAS-NPs) at two concentrations: 1 ml/L (SAT, GAST) and 3 ml/L
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heterotrophic bacteria with SA-NPs at high concen-
trations, from (8.07+0.05) for the untreated control
to (6.08+0.25) (Logl0 CFU=*SE) (P<0.001). However,
other treatments showed no significant differences com-
pared to the control. There was also a significant dif-
ference in the population of copiotrophic bacteria in
tomato soil following different treatments (Type III sum
of squares=11.8, mean square=3.0, F=82.1, P<0.001)
(Fig. 6B). A significant decrease in copiotrophic bacteria
with SA-NPs at high concentration, from (7.96+0.06)
for the untreated control to (3.77 +1.89), (P<0.001) was
recorded. Additionally, Wilks’ Lambda multivariate test
revealed a significant difference in the population of
fluorescent pseudomonads in tomato soil following dif-
ferent treatments (Type III sum of squares=0.76, mean
square=0.19, F=9.5, P=0.002). The Bonferroni post-hoc
analysis revealed a significant decrease in the count of
fluorescent pseudomonads (Fig. 6C), from (5.76+0.06)
for the untreated control to (5.24+0.14) for SA-NPs at
high concentration (P=0.011). Meanwhile, no significant
variation in total cultural fungi or Fusarium count was
recorded (Fig. 6D).

Microbial biodiversity of the cultural microbial groups
Multivariate tests (General Linear Model) revealed sig-
nificant differences in:

heterotrophic bacteria (Type III sum of squares=38.3,
mean square =2.1, F=43.4, P<0.001).
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copiotrophic bacteria (Type III sum of squares=11.8,
mean square =3.0, F=82.1, P<0.001).

fluorescent pseudomonads (Type III sum of
squares =0.76, mean square =0.19, F=9.5, P=0.002).

Gene expression profiling
Glycyrrhizic acid ammonium salt nanoparticles (GAS)
and salicylic acid nanoparticles (SA) are systemic sig-
nal molecules that regulate the SAR of plants, accord-
ing to quantitative examination of the mRNA levels of
the defense-associated genes under study. RAP, XET-2,
ACS-2, PINII, PALS, LOXD, and PRI are tomato defense-
associated genes that exhibited varying levels of expres-
sion when elicited by the two elicitors under study. These
genes also displayed a 24-hour transcript accumulation.

After being treated for 24 h with GAS-NPs and SA-
NPs at two different concentrations (1 ml/L and 3 ml/L),
tomato plants showed an increase in the expression of
RAP-2, XET-2, and ACS-2 genes. These targeted ethylene
pathway genes (RAP-2, XET-2, and ACS-2) were upreg-
ulated in tomato plants sprayed with either GAS-NPs
or SA-NPs in the corresponding amounts (Fig. 7A-C,
respectively). For the RAP-2, XET-2, and ACS-2 genes,
treatment with 1 ml/L SA-NPs produced the largest
amounts of mRNA transcripts, increasing 8.6-, 8.9-, and
9.6-fold, respectively.

The expression of PINII, PALS5, LOXD, and PRI genes
involved in the jasmonate and salicylate pathways in
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Fig. 7 Differential expression analysis of genes linked to tomato defence mechanism. A: The RAP-2/ACTIN genes fold change, B: the XET-2/ACTIN genes
fold change, and C: the ACS-2/ACTIN genes fold change after plant treatment with GAS-NPs and SA-NPs at two different concentrations (1 ml/L and
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tomato plants was also investigated in response to the
two tested chemical inducers for SAR. According to
the current study findings, the upregulation of defense-
related genes could partially explain the improved man-
agement of tomato Fusarium wilt disease caused by
Fusarium oxysporum, hence increasing productivity.
All treatments used in this study resulted in increased
mRNA levels of PIN II, PAL 5, LOX D, and PRI genes, as
indicated in (Fig. 8A-D, respectively). As with the PINII,
PALS, LOXD, and PRI resistance genes, the highest lev-
els of their expression were observed in tomato plant
tissues treated with both GAS and SA-NPs at 1 ml/L.
The highest mRNA transcript levels (9.5-, 8.2-, 7.5-, and
8.2-fold increase, respectively) for the same genes were
observed after plant treatment with 1 ml/L SA-NPs. In
general, tomato plants treated with all the chemical elici-
tors under investigation displayed greater expression sig-
nals of these genes in comparison to the control. Field
treatment with 1 ml/L of both GAS and SA-NPs more
strongly stimulated the expression of tomato resistance
genes.

Discussion

The FTIR spectra of salicylic acid nanoparticles (SA-
NPs) and glycyrrhizic acid ammonium salt nanopar-
ticles (GAS-NPs) reveal identical functional groups but
different chemical compositions. GAS-NPs exhibit a
more complex spectral pattern, with many overlapping
bands and a wider range of absorption bands. The FTIR

spectrum data are consistent with the expected phyto-
chemical makeup of GAS-NPs. The prominent hydroxyl
(O-H) stretching bands in the 3700-3300 cm™ region
confirm the presence of multiple hydroxyl-containing
compounds, which is consistent with the polypheno-
lic nature of major bioactive components in GAS-NPs,
particularly glycyrrhizin (a triterpene glycoside) and
various flavonoids. The strong absorption bands in the
aromatic region (1613.27 and 1530.47 cm™) provide
evidence for the flavonoid content of the GAS-NPs, as
these compounds possess characteristic aromatic ring
structures. The presence of C-O stretching vibrations
at 1243.46 cm™, typical of phenolic compounds, fur-
ther supports this interpretation. The C-O-C stretching
vibration at 1147.16 cm™ is particularly significant as it
indicates glycosidic linkages, which are present in glycyr-
rhizin—the principal active compound in GAS-NPs that
consists of a triterpene aglycone (glycyrrhetinic acid)
linked to a disaccharide unit. The C-H stretching and
bending vibrations (2925.60, 1441.66, and 1388.85 cm™)
suggest the presence of the triterpene backbone, which
contains multiple methyl and methylene groups. Salicylic
acid, on the other hand, presents a more defined spec-
trum with sharper peaks, characteristic of a pure com-
pound with a specific chemical structure. The presence
of C-O-C stretching vibrations in GAS-NPs suggests
glycosidic linkages, which are absent in salicylic acid.
The carbonyl absorption in salicylic acid is more distinct
compared to GAS-NPs, where carbonyl absorptions are
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either weaker or overlap with other bands. The finger-
print region of salicylic acid shows a characteristic pat-
tern of C-H out-of-plane bending vibrations, particularly
the band at 758.88 cm™, which is diagnostic of its ortho-
substituted benzene ring structure.

The XRD patterns of GAS-NPs and SA-NPs samples
reveal significant differences in their nature and com-
position. The salicylic acid sample has higher crystallin-
ity, with sharper peaks and a better peak-to-background
ratio, indicating its pure nature. The GAS-NPs sample
contains a complex mixture of compounds with varying
degrees of crystallinity. The salicylic acid pattern has a
more uniform distribution of peaks across the 20 range,
with the most intense peaks in the mid-angle region. The
salicylic acid pattern corresponds to a single crystalline
phase, while the Glycyrrhiza pattern suggests multiple
crystalline phases. The salicylic acid sample has a larger
average crystallite size (~85-95 nm) compared to the
Glycyrrhiza sample (~45-50 nm), indicating better-
developed crystalline domains in the pharmaceutical
compound.

Fusarium oxysporum f.sp. lycopersici (FOL) wilt is one
of the most severe diseases affecting tomato productiv-
ity in Egypt, particularly FOL race 1 and FORL. Recent
advancements in nanotechnology have demonstrated sig-
nificant potential in managing plant diseases. The present
study was conducted to evaluate the efficacy of salicylic
acid nanoparticles (SA-NPs) and glycyrrhizic acid ammo-
nium salt nanoparticles (GAS-NPs) against Fusarium
oxysporum (FOL race 1) in both in vitro and in vivo con-
ditions. Additionally, the study assessed the impact of
GAS-NP & SA-NP on the growth of beneficial bacterial
strains in vitro. In this research, SA-NPs and GAS-NPs
have been proven to improve plant growth characteris-
tics considerably. While the NPs had no direct effect on
certain beneficial bacteria (such as PGPR and biocontrol
agents) in vitro. SA-NPs were shown to stimulate the
growth of some PGPR bacterial strains. These findings
emphasize the need for further research into the com-
bined impact of particular nanoparticles and selected
beneficial bacteria. Notably, combining nanoparticles
and PGPR was proven to be considerably more effec-
tive in boosting plant development than their solo appli-
cations [47]. Advanced nanotechnology attempts to
develop novel nanomaterials for specific stresses. That is
how agronomy, microbiology, and nanotechnology may
work together to significantly improve agricultural stress
management for more robust, efficient, and sustainable
farming [48].

When tested in vitro, both SA-NPs and GAS-NPs
nanoparticles revealed the ability to inhibit E oxyspo-
rum growth at increased levels (3 ml/L), with SA-NPs
outperforming GAS-NPs. In this study, increasing the
concentration of the nanoparticles used improved their
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inhibitory activity against the pathogen in vitro. This is
consistent with previous findings by [49], who reported
that increasing the concentration of both chitosan and
chitosan nanoparticles reduced radial development,
spore production, and sclerotia germination in all tested
fungi. Nanomaterials are efficient antimicrobial agents
due to their large surface area-to-volume ratio and dis-
tinct chemical and physical properties, which improve
their interaction with pathogens and capacity to infiltrate
cells.

However, in greenhouse conditions, high doses of SA-
NPs were found to be less efficient in disease suppression
when compared to all other treatments.

These findings were associated with a substantial
decline in the overall bacterial population, as seen by sig-
nificant declines in heterotrophic bacteria, copiotrophic
bacteria, and fluorescent pseudomonads following the
administration of a high dose of SA-NP. Copiotrophic
and heterotrophic bacteria, as well as fluorescent pseudo-
monads, typically contribute to the control of soil-borne
diseases through processes such as nutrient competition,
antimicrobial chemical production, and plant defense
induction. A decline in these beneficial bacteria can
weaken their antagonistic effects, making the soil more
vulnerable to Fusarium infections [50]. Fluorescent
pseudomonads are recognized for producing antibiot-
ics and siderophores that prevent diseases from grow-
ing. A reduction in their population can limit the soil’s
natural disease suppression capacity, rendering plants
more vulnerable to Fusarium wilt and other diseases
[51]. A healthy soil microbial community is diverse and
balanced, which improves soil health and plant growth.
When beneficial bacteria are reduced, the equilibrium is
disturbed, allowing diseases like Fusarium to spread [52].
Meanwhile, while the high dose of SA-NPs significantly
reduced culturable bacteria in the tomato rhizosphere,
particularly fluorescent pseudomonads, it enhanced bac-
terial growth of L. adecarboxylata and P. putida in vitro,
which suggests no direct influence on bacterial growth.
Soil is a complex and dynamic habitat, whereas in vitro
conditions are highly controlled and specific. The results
may represent the interaction between SA-NPs and the
tomato rhizosphere, potentially impacting bacterial colo-
nization indirectly. Nanoparticles may affect soil pH and
nutrient availability, interrupting the microbial commu-
nity [53, 54]. SA-NPs, for example, may modify soil pH
because salicylic acid’s acidic effect favors certain strains
over others and influences organic matter mineralization.
It has been demonstrated that salicylic acid-loaded sele-
nium nanoparticles suppress bacterial biofilm formation
by Escherichia coli, Pseudomonas aeruginosa, Bacillus
subtilis, and Staphylococcus aureus [55]. Furthermore,
even low dosages of some nanoparticles, such as AgNDPs,
applied over time caused substantial decreases in soil
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microbiota, nitrogen-fixing bacteria, and microbial activ-
ity. Some strains’ survival may promoted in the presence
of SA-NPs due to enhanced nutrient availability, sur-
face interactions, or other conditions in a more dynamic
soil environment. As a result, more research is needed
addressing the potential long-term gradual release of
nanoparticles, which might impact soil health [56]. Leb-
eis et al. [57] studied how SA alters the colonized bac-
terial population by influencing root colonization by
certain bacterial families. Seitz et al. [58] also investi-
gated the effects of root exudate composition on the soil
microbiota.

Profiling of the studied tomato resistance genes expres-
sion using qRT-PCR revealed that the studied gene
expression was more strongly induced by field treat-
ment with 1 ml/L of both GAS-NPs and SA-NPs. Tomato
plants sprayed with either GAS-NPs or SA-NPs at their
respective amounts showed upregulation of the tar-
geted ethylene pathway genes (RAP, XET-2, and ACS-2)
(Fig. 7A-C, respectively). Under field circumstances,
plant treatment with 1 ml/L SA-NPs resulted in the high-
est quantities of mRNA transcripts for RAP, XET-2, and
ACS-2 genes, increasing 8.6-, 8.9-, and 9.6-fold, respec-
tively. When compared to the control, tomato plants
treated with all the investigated chemical elicitors gener-
ally showed higher expression signals of these genes. The
results of Herman et al. [59] and El-Garhy et al. [30], who
found that SA enhanced SAR and promoted the synthesis
of secondary metabolites associated with plant defence,
were consistent with our findings of the differential
expression of the targeted defence genes. They reported
that SAR was distinct from other plant defense responses
by the indigenous and systemic stimulation of specific
pathogenesis-related genes (PR genes).

Additionally, the RAP gene’s stimulation in this study
was consistent with the findings of Phukan et al. [60]
and El-Garhy et al. [30], who showed that the ethylene
response factor gene (RAP) was a crucial component
of these signalling cascades because it controlled the
expression of numerous genes linked to development
and stress response via various mechanisms. Further-
more, this study’s XET-2 gene activation was consistent
with Catala et al. [61]’s findings, which proposed that the
XET-2 gene encoded xyloglucan endotransglycosylase.

The xyloglucan endo-cleavage polymers and the sub-
sequent transfers of the newly formed reducing ends to
other polymeric or oligomeric xyloglucan molecules are
also stimulated by this gene.

Therefore, by rearranging the load-bearing xyloglucan
cross-links between cellulose microfibrils, XET protein
action provides a possible tool to accomplish regulated
wall relaxation during turgor-driven expansion. However,
the ACS-2 gene’s regulation in this study was consistent
with Yang et al’s [62] findings, which stated that ACS-2
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was a gene involved in ethylene production. Furthermore,
the expression of genes linked to pathogenesis that are
part of the tomato plant’s defence mechanism has greatly
increased its resistance to a variety of diseases, according
to Alexandersson et al. [63].

The PINII gene’s differential expression in this study
was consistent with the findings of Turra and Lorito [64]
and El-Garhy et al. [30], who looked into how the PINII
gene was expressed in response to diverse environmental
conditions, injuries, and field applications.

Bacterial and viral infections, insect and nematode
attacks, and the use of fungal resistance elicitors can
potentially activate the PINII gene. However, aspirin
and SA can suppress PINII gene activation caused by
damage, jasmonic acid, or systemin. Furthermore, the
study’s observation of PALS5 gene stimulation was con-
sistent with Chandrasekaran and Chun’s [65] findings
that phenyl ammonia lyase (PAL) is a crucial enzyme
in the metabolism of phenylpropanoid, which results in
the synthesis of defensive compounds (lignins, couma-
rins, flavonoids, and phytoalexins). PAL is an essential
protein for both plant growth and pathogen defence.
Pathogenesis-related proteins (PR), including PR-1 pro-
tein, are elevated in the generated systemic resistance
[30]. The results of Safaie-Farahani and Taghavi [66],
who suggested that lipoxygenases (LOXs) may function
as signaling molecules involved in structural and meta-
bolic changes in plants, leading to resistance against the
pathogen, were also supported by the upregulation of the
LOXD gene seen in this study. The application potential
of the Tom LoxD gene for crop protection against insects
and pathogens was emphasized by Yan et al. [67],.

The application of these natural materials should be
undertaken with caution, and additional research is
imperative to enhance their effectiveness while mini-
mizing any adverse impact on the indigenous microbial
community.

Conclusion and future perspectives

Natural nanomaterials can efficiently manage phyto-
pathogens while remaining environmentally friendly.
However, more research is needed to improve effective
nanoparticle dosages, taking into account the balance
between successful disease control and long-term preser-
vation of the beneficial complexity of soil microbial bio-
diversity using NGS analysis.

Abbreviations
ROS Reactive Oxygen Species

SA-NPs Salicylic Acid Nanoparticles

GAS-NPs  Glycyrrhizic Acid Ammonium Salt Nanoparticles
DLS dynamic light scattering

FOL Fusarium oxysporum f.sp. Lycopersici

PINII Genes Proteinase Inhibitor Il

PALS Phenylalanine Ammonia-Lyase 5

LOXD Lipoxygenase D



Shoala et al. BMC Microbiology (2025) 25:305

XET-2 Xyloglucan Endotransglucosylase 2
ACS-2 Catalytic Hydrolase-2

RAP ethylene-responsive transcription factor 3
PR1 pathogenesis-related protein 1

PR Pathogenesis-related proteins

Supplementary Information
The online version contains supplementary material available at https://doi.or
9/10.1186/512866-025-04022-3.

[ Supplementary Material 1 ]

Acknowledgements

This work was supported by the Nanotechnology & Advanced Nano-Materials
Laboratory (NANML), ARC; Bacterial Disease Research Department, ARC,
Environmental Biotechnology Department, College of Biotechnology, Misr
University for Science and Technology and Biosafety lab (21772) at Genetics
and Genetic Engineering Dept,, Faculty of Agriculture, Benha University.

Author contributions

T.S. motivated the study’s design and performed the preparation, data
collection, and analysis of nanomaterials. N. A. S. M. designed and conducted
Microbial diversity experiments, drafted the manuscript, and analyzed the
data. S. E. E. conducted the greenhouse experiments and analysis, performed
the Molecular identification of plant pathogens, and was a major contributor
to writing the manuscript. H. A. S. E. analyzed and interpreted the data
regarding the plant disease and RNA analysis, and analysis was performed. All
authors have read and approved the final manuscript.

Funding

Open access funding provided by The Science, Technology & Innovation
Funding Authority (STDF) in cooperation with The Egyptian Knowledge Bank
(EKB).

Open access funding is provided by The Science, Technology & Innovation
Funding Authority (STDF) in cooperation with The Egyptian Knowledge Bank
(EKBY). All authors declare that “No fund was received to carry out this work!”

Data availability

The datasets generated and/or analyzed during the current study are available
in ACCESSION NUMBER TO DATASETS"The sequence was then uploaded to
the gene bank under the accession number PQ578235 for Eukaryotic Nuclear
rRNA/ITS/Fusarium oxysporum and validated by Uni-r in current manuscript
Fig S4https://www.ncbi.nlm.nih.gov/nuccore/PQ578235.1/.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'Environmental Biotechnology Department, College of Biotechnology,
Misr University for Science and Technology, Giza 12563, Egypt

’Genetics and Genetic Engineering Dept, Faculty of Agriculture, Benha
University, Qalyubia, Egypt

3Bacterial Disease Research Department, Plant Pathology Research
Institute, Agricultural Research Center (ARC), Giza, Egypt
“Nanotechnology & Advanced Nano-Materials Laboratory (NANML),
Mycology and Disease Survey Research Department, Plant Pathology
Research Institute, Agricultural Research Center (ARC), Giza 12619, Egypt

Received: 28 December 2024 / Accepted: 2 May 2025
Published online: 19 May 2025

Page 17 of 19

References

1.

20.

21.

22.

23.

Huang CC, Lindhout P. Screening Fr resistance in wild Lycopersicon Sp.cies

to Fusarium oxysporum F. Sp. lycopersici race 1 and race 2. Euphytica.
1997,93:145-53.

Fravel D, Olivain C, Alabouvette C. Fusarium oxysporum and its biocontrol.
New Phytol. 2003;157:493-502. https://doi.org/10.1046/].1469-8137.2003.007
00.x.

Heath M. Hypersensitive response related death. Plant Mol Biol.
2000;44:321-34.

Agrios GN. 2005. Plant Pathology. 5 Edition. Academic Press, San Diego, USA.
Venkataramana M, Chandranayaka S, Prakash HS, Niranjana SR. (2015).
Mycotoxins relevant to biowarfare and their detection. Biological Toxins and
Bioterrorism; Gopalakrishnakone, P, Balali-Mood, M., Llewellyn, L, Singh, BR, Eds,
295-319.

Ajilogba C, Babalola O. Integrated management strategies for tomato
fusarium wilt. Biocontrol Sci. 2013;18:117-27. https://doi.org/10.4265/bio.18.1
17.

Gaskin S, Heath L, Pisaniello D, Edwards JW, Logan M, Baxter C. Dermal
absorption of fumigant gases during HAZMAT incident exposure scenarios—
Methyl bromide, sulfuryl fluoride, and chloropicrin. Toxicol Ind Health.
2017;33(7):547-54. https.//doi.org/10.1177/0748233716689651.

McDonald MR, Collins B, duToit L, Adusei-Fosu K. 2021. Soil amendments
and fumigation for the management of fusarium wilt of bunching spinach in
Ontario, Canada, crop protection, 145,105646, ISSN 0261-2194, https://doi.or
9/10.1016/j.cropro.2021.105646

Mohammadlou M, Maghsoudi H, Jafarizadeh-Malmiri H. 2016. A review on
green silver nanoparticles based on plants: synthesis, potential applications,
and eco-friendly approach. Int Food Res J, 23(2).

Elmer WH, White JC. The use of metallic oxide nanoparticles to enhance
growth of tomatoes and eggplants in disease infested soil or soilless
medium. Environ Science: Nano. 2016;3(5):1072-9.

llk S, Saglam N, Ozgen M. Kaempferol loaded Lecithin/chitosan nanoparticles:
preparation, characterization, and their potential applications as a sustainable
antifungal agent. Artif Cells Nanomed Biotechnol. 2017;45(5):907-16.

Kumar S, Kumar D, Dilbaghi N. Preparation, characterization, and bio-efficacy
evaluation of controlled release carbendazim-loaded polymeric nanopar-
ticles. Environ Sci Pollut Res. 2017;24(1):926-37.

Duhan JS, Kumar R, Kumar N, Kaur P, Nehra K, Duhan S. Nanotechnology: the
new perspective in precision agriculture. Biotechnol Rep. 2017;15:11-23.
Singh, A, Sharma, A, Singh, O, Rajput, V. D, Movsesyan, H. S, Minkina, T.,...
Ghazaryan, K, 2024. In-depth exploration of nanoparticles for enhanced
nutrient use efficiency and abiotic stresses management: present insights
and future horizons.Plant Stress, 100576.

Xu L, Cao LD, Li FM, Wang XJ, Huang QL. Utilization of chitosan-lactide
copolymer nanoparticles as controlled release pesticide carrier for pyra-
clostrobin against Colletotrichum gossypii Southw. J Dispers Sci Technol.
2014;35(4):544-50.

Worrall EA, Hamid A, Mody KT, Mitter N, Pappu HR. Nanotechnology for plant
disease management. Agronomy. 2018;8(12):285.

Elazab NT, Younis SA, Abdelgalil SA. Biogenic synthesis of nanoparticles
mediated by Fungi. In: Rashad YM, Baka ZAM, Moussa TAA, editors. Plant
mycobiome. Cham: Springer; 2023. https://doi.org/10.1007/978-3-031-2830
7-9_10.

Shoala T. Positive impacts of nanoparticles in plant resistance against dif-
ferent stimuli. Nanobiotechnology applications in plant protection. Cham:
Springer; 2018. pp. 267-79.

Shoala T, Al-Karmalawy AA, Germoush MO, ALshamrani SM, Abdein MA,
Awad NS. Nanobiotechnological approaches to enhance potato resistance
against potato leafroll virus (PLRV) using glycyrrhizic acid ammonium salt
and Salicylic acid nanoparticles. Horticulturae. 2021;7(10):402. https://doi.org/
10.3390/horticulturae7100402.

Singh AP, Dixit G, Mishra S, Dwivedi S, Tiwari M, Mallick S, Pandey V, Trivedi
PK, Chakrabarty D, Tripathi RD. Salicylic acid modulates arsenic toxicity by
reducing its root to shoot translocation in rice (Oryza sativa L). Front Plant Sci.
2015;6:340.

IHIDMA., 2002. Pharmacopoeia; Indian herbal Indian drug manufacturers
association: Mumbai, India.

Alonso J. Tratado de Fitofdrmacos y nutracéuticos. 1st ed. Editorial Corpus
Libros: Rosario, Argentina; 2004.

FuY, Chen J, Li Y-J, Zheng YF, Li P. Antioxidant and anti-inflammatory activities
of six flavonoids separated from licorice. Food Chem. 2013;141(2):1063-71. ht
tps://doi.org/10.1016/jfoodchem.2013.03.089.


https://doi.org/10.1186/s12866-025-04022-3
https://doi.org/10.1186/s12866-025-04022-3
https://www.ncbi.nlm.nih.gov/nuccore/PQ578235.1/
https://doi.org/10.1046/j.1469-8137.2003.00700.x
https://doi.org/10.1046/j.1469-8137.2003.00700.x
https://doi.org/10.4265/bio.18.117
https://doi.org/10.4265/bio.18.117
https://doi.org/10.1177/0748233716689651
https://doi.org/10.1016/j.cropro.2021.105646
https://doi.org/10.1016/j.cropro.2021.105646
https://doi.org/10.1007/978-3-031-28307-9_10
https://doi.org/10.1007/978-3-031-28307-9_10
https://doi.org/10.3390/horticulturae7100402
https://doi.org/10.3390/horticulturae7100402
https://doi.org/10.1016/j.foodchem.2013.03.089
https://doi.org/10.1016/j.foodchem.2013.03.089

Shoala et al. BMC Microbiology

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

(2025) 25:305

Abdel-Monaim MF. Induced systemic resistance in tomato plants against
fusarium wilt disease. Int Res J Microbiol. 2012;3(1):14-23.

Kamal M, Zaied |, Abd-El-Hadi KA A. H. and, Ahmed AS. Hybrid performance
of qualitative and quantitative traits in summer squash affected by Uv- irra-
diation. Annals Agric Sci Moshtohor ISSN 1110- 0419. 2022;60(4):1185-9911.
https://assjm.journals.ekb.eg.

Sheded NM, Shehata TM, Ahmed SM, Refaat MH, Bekhit MM. 2022. Genetic
Diversity Analysis of Tomato (Solanum Lycopersicon L) Hybrids under
Drought Tolerant Stress using SSR Markers. Benha Journal of Applied Sci-
ences (BJAS) print: ISSN 2356-9751 Vol. (7) Issue (5), (219-225) online: ISSN
2356-976x http://bjasjournals.ekb.eg

Cui Z, Ito J, Dohi H, Amemiya Y, Nishida Y. Molecular design and synthesis of
novel Salicyl glycoconjugates as elicitors against plant diseases. PLoS ONE.
2014;9(9):e108338. https://doi.org/10.1371/journal.pone.0108338.

Upadhyay P, Rai A, Kumar R, Singh M, Sinha B. Differential expression of
pathogenesis related protein genes in tomato during inoculation with A.
Solani J Plant Pathol Microb. 2014;5:217. https://doi.org/10.4172/2157-7471.1
000217.

Rahman MZ, Tsujimori Y, Maeda M, Hossain MA, Ishimizu T, Kimura Y. Molecu-
lar characterization of second tomato A1, 3/4-fucosidase (a-Fuc'ase SI-2), a
member of Glycosyl hydrolase family 29 active toward the core A1, 3-fucosyl
residue in plant N-glycans. J Biochem. 2018;164(1):53-63. https://doi.org/10.1
093/jb/mvy029.

El-Garhy HAS, Abdel-Rahman FA, Shams AS, Osman GH, Moustafa MMA.
Comparative analyses of four chemicals used to control black mold disease
in tomato and its effects on defense signaling pathways, productivity and
quality traits. Plants. 2020;9:808. https://doi.org/10.3390/plants9070808.
Griin AL, Manz W, Kohl YL, et al. Impact of silver nanoparticles (AgNP) on

soil microbial community depending on functionalization, concentration,
exposure time, and soil texture. Environ Sci Eur. 2019;31:15. https://doi.org/10
.1186/512302-019-0196-y.

Rodrigues AS, Batista JGS, Rodrigues MAV, Thipe VC, Minarini LAR, Lopes PS,
Lugéo AB. Advances in silver nanoparticles: a comprehensive review on their
potential as antimicrobial agents and their mechanisms of action elucidated
by proteomics. Front Microbiol. 2024;15:1440065. https.//doi.org/10.3389/fmi
€b.2024.1440065.

Shoala T, Gehan A, Basma H. Effects of Salicylic acid in the normal and nano
form against selected fungi that infect citrus trees (Citrus sinensis). Int J
Sustain Dev Sci. 2021;4:1-14.

Imara DA, Ghebrial EW, EL-Abeid SE, Hussein EM, Elsayed MI, Yousef RS.
Reduction of oxidative damage caused by fusarium falciforme and fusarium
foetens in schefflera plants using Chitosan nanoparticles loaded with
I-proline or Indole Butyric acid. Chem Biol Technol Agric. 2024;11(1):167.
Hirano Y. PCR-based differentiation of Fusarium oxysporum F. Sp. lycopersici
and radicis-lycopersici and races of £. oxysporum F. Sp. lycopersici. ) Gen Plant
Pathol. 2006;72(5):273-83. Arie, T.

Siripornvisal S, Rungprom W, Sawatdikarn S. Antifungal activity of essential
oils derived from some medicinal plants against grey mould (Botrytis cine-
rea). Asian J Food Ag-Ind. 2009;2:5229-33.

ChenW, Wang Z, Xu W, et al. Genome sequence of Leclercia adecarboxylata
QDSMOT1 with multiple plant growth promoting properties. Plant Growth
Regul. 2024;102:445-59. https://doi.org/10.1007/510725-023-01071-4.
Kumawat KC, Sharma P, Singh |, et al. Co-existence of Leclercia adecarboxylata
(LSE-1) and Bradyrhizobium Sp. (LSBR-3) in nodule niche for multifaceted
effects and profitability in soybean production. World J Microbiol Biotechnol.
2019;35:172. https://doi.org/10.1007/511274-019-2752-4.

Weimer A, Kohlstedt M, Volke DC, Nikel PI, Wittmann C. Industrial biotech-
nology of Pseudomonas Putida: advances and prospects. Appl Microbiol
Biotechnol. 2020;104:7745-66.

Pabar SA, Kotroczé Z, Takacs T, Bird B. Evaluating the efficacy of selected plant
growth-Promoting microorganisms in optimizing plant growth and soil
health in diverse soil types. Agriculture. 2024;14(9):1586. https://doi.org/10.33
90/agriculture14091586.

Han Y, Chen F, Li N, Zhu B, Li X. Bacillus Marcorestinctum Sp. nov., a novel soil
acylhomoserine lactone Quorum-Sensing signal quenching bacterium. Int J
Mol Sci. 2010;11(2):507-20. https://doi.org/10.3390/ijms11020507.

Truong VK, Chapman J, Cozzolino D. Monitoring the bacterial response to
antibiotic and time growth using Near-infrared spectroscopy combined with
machine learning. Food Anal Methods. 2021;14:1394-140. https://doi.org/10.
1007/512161-021-01994-6.

43.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Page 18 of 19

Termorshuizen AJ, van Rijn E, van de Gaag DJ, Chen'Y, Lagerlof J, Paplomatas
EJ, Ramert B, Steinberg C, Zmora S. Disease suppression of 18 composts
against 7 pathogens. Soil Biol Biochem. 2006;38:2461-77.

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-
time quantitative PCR and the 2— AACT method. Methods. 2001;25(4):402-8.
Lovdal T, Lillo C. 2009. Reference gene selection for quantitative real-time PCR
normalization in tomato subjected to nitrogen, cold, and light stress, Analyti-
cal Biochemistry, Volume 387, Issue 2, P: 238-242, ISSN 0003-2697. https://doi
.0rg/10.1016/j.ab.2009.01.024

Steel R, Torrie J, Dickey D. Principles and procedures of statistics: A biometrical
approach. 3rd ed. New York, NY: McGraw-Hill; 1997.

Verma KK, Joshi A, Song X-P, Singh S, Kumari A, Arora J, Singh SK, Solanki MK,
Seth CS, Li Y-R. Synergistic interactions of nanoparticles and plant growth
promoting rhizobacteria enhancing soil-plant systems: a multigenerational
perspective. Front Plant Sci. 2024;15:1376214. https://doi.org/10.3389/fpls.20
24.1376214.

Sodhi GK, Wijesekara T, Kumawat KC, Adhikari P, Joshi K, Singh S, Farda B, Dje-
baili R, Sabbi E, Ramila F, Sillu D, Santoyo G, de los Santos-Villalobos S, Kumar
A, Pellegrini M, Mitra D. Nanomaterials—plants microbes interaction: plant
growth promotion and stress mitigation. Front Microbiol. 2025;15:1516794. h
ttps://doi.org/10.3389/fmich.2024.1516794.

El-Mohamedya RSR, Abd El-Aziz ME, Kamel S. Antifungal activity of Chitosan
nanoparticles against some plant pathogenic fungi in vitro. Agricultural Eng
International: CIGR J. 2019;21(4):201-9.

De Corato U. 2020. Soil microbiota manipulation and its role in suppressing
soil-borne plant pathogens in organic farming systems under the light of
microbiome-assisted strategies. Chem. Biol. Technol. Agric. 7, 17 (2020). https://
doi.org/10.1186/540538-020-00183-7

Lv N, Ravanbakhsh M, Ling S, et al. Harnessing key bacteria from suppressive
soil to mitigate banana Panama disease. Biol Fertil Soils. 2024,60:845-62. http
s://doi.org/10.1007/500374-024-01836-7.

Chauhan P, Sharma N, Tapwal A, Kumar A, Verma GS, Meena M, Seth CS,
Swapnil P. Soil microbiome: diversity, benefits and interactions with plants.
Sustainability. 2023;15(19):14643. https://doi.org/10.3390/5u151914643.
Mohanty A, Wu'Y, Cao B. Impacts of engineered nanomaterials on microbial
community structure and function in natural and engineered ecosystems.
Appl Microbiol Biotechnol. 2014;98:8457-68. https://doi.org/10.1007/50025
3-014-6000-4.

Sun G, Hu K, Mu D, Wang Z, Yu X. The widespread use of nanomaterials: the
effects on the function and diversity of environmental microbial communi-
ties. Microorganisms. 2022;10(10):2080. https://doi.org/10.3390/microorganis
ms10102080.

Bagherian MS, Zargham P, Zarharan H, et al. Antimicrobial and antibiofilm
properties of selenium-chitosan-loaded Salicylic acid nanoparticles for the
removal of emerging contaminants from bacterial pathogens. World J Micro-
biol Biotechnol. 2024,40:86. https://doi.org/10.1007/511274-024-03917-z.
Grin A, Emmerling C, Hemkemeyer M. Long-term effects of silver nanopar-
ticles on soil microbial biomass and activity under field conditions. Environ
Sci Nano. 2022,9(6):1914-27. https://doi.org/10.1039/D2EN00294A.

Lebeis SL, Paredes SH, Lundberg DS, Breakfield N, Gehring J, McDonald M,
Malfatti S, del Glavina T, Jones CD, Tringe SG, Dangl JL. Salicylic acid modu-
lates colonization of the root Microbiome by specific bacterial taxa. Science.
2015;349(6250):860-4. https://doi.org/10.1126/science.aaa8764.

Seitz VA, McGivern BB, Daly RA, Chaparro JM, Borton MA, Sheflin AM,
Kresovich S, Shields L, Schipanski ME, Wrighton KC, Prenni JE. Variation in root
exudate composition influences soil Microbiome membership and function.
Appl Environ Microbiol. 2022;88:200226-22. https://doi.org/10.1128/aem.002
26-22.

Herman MAB, Restrepo S, Smart CD. Defense gene expression patterns of
three SAR-induced tomato cultivars in the field. Physiol Mol Plant Pathol.
2007;71:192-200. [CrossRef].

Phukan UJ, Jeena GS, Tripathi V, Shukla RK. 2017. Regulation of Apetala2/Eth-
ylene Response Factors in Plants. Front. Plant Sci. 2017, 8, 150.

Catala C, Rose JKC, York WS, Albersheim P, Darvill AG, Bennett AB. Charac-
terization of a tomato Xyloglucan endotransglycosylase gene that is Down-
Regulated by auxin in etiolated hypocotyls. Plant Physiol. 2001;127:1180-92.
[CrossRef].

Yang L, Hu G, Li N, Habib S, Huang W, Li Z. Functional characterization of
SISAHH2 in tomato fruit ripening. Front Plant Sci. 2017;8:1312.

Alexandersson E, Mulugeta T, Lankinen A, Liljeroth E, Andreasson E. 2016.
Plant Resistance Inducers against Pathogens in Solanaceae Species—From
Molecular Mechanisms to Field Application. Int. J. Mol. Sci. 2016, 17, 1673.


https://assjm.journals.ekb.eg
https://assjm.journals.ekb.eg
http://bjas.journals.ekb.eg
https://doi.org/10.1371/journal.pone.0108338
https://doi.org/10.4172/2157-7471.1000217
https://doi.org/10.4172/2157-7471.1000217
https://doi.org/10.1093/jb/mvy029
https://doi.org/10.1093/jb/mvy029
https://doi.org/10.3390/plants9070808
https://doi.org/10.1186/s12302-019-0196-y
https://doi.org/10.1186/s12302-019-0196-y
https://doi.org/10.3389/fmicb.2024.1440065
https://doi.org/10.3389/fmicb.2024.1440065
https://doi.org/10.1007/s10725-023-01071-4
https://doi.org/10.1007/s11274-019-2752-4
https://doi.org/10.3390/agriculture14091586
https://doi.org/10.3390/agriculture14091586
https://doi.org/10.3390/ijms11020507
https://doi.org/10.1007/s12161-021-01994-6
https://doi.org/10.1007/s12161-021-01994-6
https://doi.org/10.1016/j.ab.2009.01.024
https://doi.org/10.1016/j.ab.2009.01.024
https://doi.org/10.3389/fpls.2024.1376214
https://doi.org/10.3389/fpls.2024.1376214
https://doi.org/10.3389/fmicb.2024.1516794
https://doi.org/10.3389/fmicb.2024.1516794
https://doi.org/10.1186/s40538-020-00183-7
https://doi.org/10.1186/s40538-020-00183-7
https://doi.org/10.1007/s00374-024-01836-7
https://doi.org/10.1007/s00374-024-01836-7
https://doi.org/10.3390/su151914643
https://doi.org/10.1007/s00253-014-6000-4
https://doi.org/10.1007/s00253-014-6000-4
https://doi.org/10.3390/microorganisms10102080
https://doi.org/10.3390/microorganisms10102080
https://doi.org/10.1007/s11274-024-03917-z
https://doi.org/10.1039/D2EN00294A
https://doi.org/10.1126/science.aaa8764
https://doi.org/10.1128/aem.00226-22
https://doi.org/10.1128/aem.00226-22

Shoala et al. BMC Microbiology (2025) 25:305

64.

65.

66.

Turra D, Lorito M. 2011. Potato type | and Il proteinase inhibitors: Modulat-
ing plant physiology and host resistance. Curr. Protein Pept. Sci. 2011, 12,
374-385.

Chandrasekaran M, Chun SC. Expression of PR-protein genes and induction
of defense-related enzymes by Bacillus subtilis CBRO5 in tomato (Solanum
lycopersicum) plants challenged with Erwinia carotovora subsp. Carotovora
Biosci Biotechnol Biochem. 2016;80:2277-83. [CrossRef] [PubMed].
Safaie-Farahani A, Taghavi SM. Transcript analysis of some defense genes of
tomato in response to host and non-host bacterial pathogens. Mol Biol Res
Commun. 2017;6:177-83.

Page 19 of 19

67. Yan L, Zhai Q WeiJ, Li S,Wang B, Huang T, Du M, Sun J, Kang L, Li C. 2013.
Role of tomato Lipoxygenase D in Wound-Induced jasmonate biosynthesis
and plantimmunity to insect herbivores. PLoS Genet 9, e1003964.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿The efficacy of nanoparticles on soil microbial biodiversity and the prevention of Fusarium wilt disease (﻿Fusarium oxysporum f.sp. lycopersici﻿)
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Materials
	﻿SA and GA synthesis and characterization


	﻿Isolation and identification of the pathogen
	﻿Pathogen isolation
	﻿DNA extraction and PCR assay

	﻿Effect of different concentrations of GAS & SA nanoparticles on the growth of ﻿Fusarium oxysporum in vitro﻿
	﻿Effect of GAS-NPs & SA-NPs on the growth of selected beneficial bacterial strains in vitro
	﻿Effect of Nanoparticles on disease progress and growth parameters
	﻿Experimental design

	﻿Microbial diversity among cultural microbial groupings
	﻿Extracting total RNA and synthesizing cDNA
	﻿Diferential expression analysis of the genes under investigation

	﻿Data analysis
	﻿Results
	﻿SA-NPs and GAS-NPs synthesis and characterization
	﻿XRD analysis of GAS-NPs sample
	﻿XRD pattern description of Salicylic acid
	﻿FTIR spectrum of glycyrrhizic acid ammonium salt nanoparticles
	﻿FTIR spectrum of Salicylic acid nanoparticles
	﻿Identification of ﻿Fusarium oxysporum﻿ using a polymerase chain reaction (PCR)-based technique:
	﻿Effect of different concentrations of GAS & SA nanoparticles on the growth of ﻿Fusarium oxysporum﻿ (FOL) in vitro



