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� Bio-FeNPs and SINCs supplement
watermelon growth.

� Soil drenching with bio-FeNPs and
SINCs restrict invasive fungal growth.

� Bio-FeNPs and SINCs modulate
oxidative signaling in watermelon.

� Bio-FeNPs and SINCs trigger defense
responses in watermelon against
Fusarium wilt.
g r a p h i c a l a b s t r a c t
a r t i c l e i n f o

Article history:
Received 28 March 2023
Revised 7 June 2023
Accepted 25 June 2023
Available online 28 June 2023

Keywords:
Fusarium wilt
Innate immunity
Iron nanocomposites
Salicylic acid
Watermelon
a b s t r a c t

Introduction: Chemo- and bio-genic metallic nanoparticles (NPs), as a novel nano-enabled strategy, have
demonstrated a great potential in crop health management.
Objective: The current study aimed to explore the efficacy of advanced nanocomposites (NCs), integrating
biogenic (bio) metallic NPs and plant immunity-regulating hormones, in crop disease control.
Methods: Iron (Fe) NPs were biosynthesized using cell-free supernatant of a Fe-resistant strains, Bacillus
marisflavi ZJ-4. Further, salicylic acid-coated bio-FeNPs (SI) NCs were prepared via co-precipitation
method under alkaline conditions. Both bio-FeNPs and SINCs were characterized using basic analytical
techniques, including Fourier transform infrared (FTIR) spectroscopy, X-ray diffraction analysis, and scan-
ning/transmission electron microscopy.
Results: Bio-FeNPs and SINCs had variable shapes with average sizes of 72.35 nm and 65.87 nm, respec-
tively. Under greenhouse conditions, bio-FeNPs and SINCs improved the agronomic traits of the water-
melon plants, and SINCs outperformed bio-FeNPs, providing the maximum growth promotion of 32.5%.
Soil-drenching with bio-FeNPs and SINCs suppressed Fusarium oxysporum f. sp. niveum-caused
Fusarium wilt in watermelon, and SINCs provided better protection than bio-FeNPs, through inhibiting
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the fungal invasive growth within host plants. SINCs improved the antioxidative capacity and primed a
systemic acquired resistance (SAR) response via activating the salicylic acid signaling pathway genes.
These findings indicate that SINCs can reduce the severity of Fusarium wilt in watermelon by modulating
antioxidative capacity and potentiating SAR to restrict in planta fungal invasive growth.
Conclusion: This study provides new insights into the potential of bio-FeNPs and SINCs as biostimulants
and bioprotectants for growth promotion and Fusarium wilt suppression, ensuring sustainable water-
melon production.
� 2024 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Fusarium wilt, caused by Fusarium oxysporum f. sp. niveum
(Fon), is a devastating threat to the watermelon (Citrullus lanatus
L.) productivity worldwide, leading to significant reductions in
yield and quality [1]. This soil-borne pathogenic fungus infects
through the roots and attacks the vascular system of its host plants,
leading to wilting, yellowing, and ultimately death of the infected
plants [2]. The infected plants generally do not exhibit any visible
disease symptom during the early stage of infection, and once dis-
ease symptoms appear, it is hard to cure the diseased plants by
applying traditional chemical pesticides. Furthermore, Fon can per-
sistently survive in the soil for many years and accumulate to a
high level of inoculum, particularly in the greenhouse mono-
cropping system, making its infection difficult to prevent [2]. An
integrated control strategy coupling the use of disease-resistant
varieties, crop rotation, and chemical pesticides has been shown
to moderately alleviate the incidence and severity of Fusarium wilt
in watermelon [3]. However, highly effective targeted control
strategies remain an ongoing challenge.

Nano-enabled strategies for crop disease management are an
emerging field of research that harnesses the unique properties,
such as size, shape, and surface area-to-volume ratio, of nanoparti-
cles (NPs) to combat plant diseases. Nanoscale materials, such as
nanopesticides, have shown great potential for the development
of effective and sustainable disease management practices [4,5].
For example, Trichoderma longibrachiatum-synthesized silver NPs
at 0.25 mM concentration suppressed Fusarium wilt in tomato,
caused by F. oxysporum f. sp. lycopersici, via direct pathogen inhibi-
tion [6]. In another study, chemical-based copper NPs reduced the
disease severity index of Fusariumwilt of chrysanthemum up to 32
%, caused by F. oxysporum f. sp. chrysanthemi [7]. Seed treatment
and foliar application of the lanthanum oxide NPs significantly
suppressed cucumber Fusarium wilt, caused by F. oxysporum f.
sp. cucumerinum [8]. Iron (Fe) is an essential micronutrient for both
plants and pathogens, playing vital roles in various physiological
processes, including respiration and DNA synthesis. Plants have
evolved sophisticated strategies to regulate Fe uptake, distribution,
and utilization to maintain their metabolic processes and restrict
its availability to pathogens [9]. Despite its key roles in plant meta-
bolism, the specific role of FeNPs in combating plant diseases
remains elusive. Recently, biogenic (bio)-FeNPs have been shown
to possess antimicrobial properties against various phy-
topathogens and their potential application in plant disease control
has recently been explored [5]. For example, microalga-stabilized
FeNPs exhibited significant antifungal activity against F. oxysporum
and Rhizoctonia solani [10]. Similarly, phytogenic FeNPs suppressed
Fusarium wilt in tomato via inhibiting pathogen growth and trig-
gering host defense response [11]. In addition to plant defense acti-
vation against pathogen [5], bio-FeNPs can also directly interact
with pathogens, disrupting their cellular integrity or essential
metabolic processes, thereby inhibiting their growth and develop-
ment. For example, bio-FeNPs showed tremendous antifungal
activity against Sclerotinia sclerotiorum, inhibiting its growth and
sclerotia germination [12]. The successful implementation of bio-
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FeNPs in plant disease management highlights that these nano-
enabled approaches can revolutionize the crop protection system
by providing highly effective, eco-friendly, and sustainable disease
management strategies [4]. Bacteria-mediated synthesis of FeNPs
is the mostly exploited green route due to its versatility, simplicity,
and high yields. Several Fe-resistant bacterial strains, including
Actinobacter spp., Geobacter metallireducens, and Bacillus aryabhat-
tai, have been reported for the synthesis of FeNPs [5,13].

The use of nanoscale delivery systems for agrochemicals, such
as nutrients and pesticides, has shown tremendous potential in
improving plant growth and defense against fungal pathogens
[14,15]; however, potential benefits of therapeutic delivery of phy-
tohormones using nano-carriers remain to be established. Salicylic
acid (SA) is one of the key phytohormones that mediates a compli-
cated signaling network to activate defense responses against bio-
tic stress, including fungal diseases [16,17]. Exogenous application
of SA and its structural analogs has become an attractive way to
induce systemic acquired resistance (SAR), a well-established form
of inducible immunity in plants. SAR provides plants with sys-
temic, broad-spectrum, and long-lasting protection against diverse
pathogens [18,19]. For example, the exogenous application of SA or
acibenzolar-S-methyl to cucumber and soybean plants activated
their defense against scab, caused by Cladosporium cucumerinum,
and damping-off, caused by Fusarium solani, respectively, through
enhancing the expression of defense-related genes and reducing
oxidative stress [20,21]. Recently, it has been reported that SA
can suppress Fusarium wilt and root-knot in watermelon via acti-
vating defense pathways and engineering the rhizosphere micro-
biome [22–25]. Given these facts, SA-loaded NPs can be used as a
novel approach to sustainably improve plant defense responses
via leveraging the unique properties of NPs and the regulation of
phytohormone signaling. However, mechanistic insights regarding
the cumulative function of SA and bio-NPs in plant disease man-
agement are still lacking.

The primary aim of this study was to reconnoiter the possibility
and efficacy of nanocomposites (NCs), integrating bio-NPs with
plant immunity-regulating hormones, in crop disease manage-
ment. To this end, we first prepared bio-FeNPs using Bacillus mar-
isflavi ZJ-4, and then encapsulated these bio-FeNPs with SA to
generate SA-loaded bio-Fe (SI) NCs. Disease assays were con-
ducted, along with a series of physiological, morphological, and
gene expression analyses, to investigate the efficacy of SINCs in
preventing Fusarium wilt in watermelon. This study provides valu-
able insights into an innovative nano-enabled approach for achiev-
ing sustainable control of crop diseases.
Materials and methods

Fe-resistant bacterial strain isolation and molecular characterization

Rhizosphere soil samples from watermelon plants grown in a
field in Hangzhou, China (29� 560 4200 N and 119� 350 5400 E)were col-
lected and subjected to serial dilution for isolating the Fe-resistant
bacterial strain B. marisflavi ZJ-4, following a previous protocol
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[26]. Briefly, 1 g of rhizosphere soil was serially diluted, and 100 lL
of twodifferent dilutions (10-3 and10-5)was spread onnutrient agar
plates, which were then incubated at 28 ± 2 �C for 2 d. The bacterial
strains with unique morphological characteristics, such as shape,
color, size, and texture, were acquired and purified through
repeated streaking. The minimum inhibitory concentration (MIC)
method was applied to identify the highly-resilient bacterial iso-
lates towards anhydrous ferrous sulfate (FeSO4�7H2O, 99% purity;
Sinopharm Chemical Reagent Ltd., Shanghai, China), following the
previous method [27]. The extraction of genetic material was per-
formed using a DNA extraction kit (Sangon Biotech, Shanghai,
China) according to the instruction manual. For taxonomic charac-
terization of the bacterial strain, the RNA polymerase subunit B (rpoB)
genewas selected alongwith16S rRNA, a commonlyused taxonomic
marker, because it is highly conserved among bacteria and contains
variable regions that can be used for species-level identification
[28]. The amplification of 16S rRNA and rpoB genes was conducted
utilizing the previously published fD1 and rD1 [29] and rpoB-F
and rpoB-R [28] primer pairs, respectively (Table S1). The amplified
sequences were purified and sequenced commercially (Zhejiang
Youkang Biotech, Hangzhou, China). Final sequences were analyzed
and compared to other homologues in the database using the online
BLASTn tool. Alignment of the sequences was executed using Clus-
talW and the phylogenetic tree was generated through the Maxi-
mum Likelihood method utilizing MEGA7 software (v7.0) with
1000-bootstrap replicates.

Synthesis of bio-FeNPs and SINCs

The extracellular production of bio-FeNPs was performed using
the culture supernatant of B. marisflavi strain ZJ-4 as described pre-
viously [30], with slight modifications. Briefly, the Fe-resistant B.
marisflavi strain ZJ-4 was grown in nutrient broth at 28 ± 2 �C with
shaking at 150 rpm for 24 h. To produce FeNPs, a mixture was pre-
pared by combining 100 mL of 10 mM FeSO4�7H2O and a similar
volume of B. marisflavi strain ZJ-4 cell-free supernatant obtained
through centrifugation at 6,000 g for 10 min. The reaction mixture
was then incubated at 28 ± 2 �C with shaking at 200 rpm for 72 h
and centrifuged at 10,000 g for 15 min, yielding a bio-FeNPs pellet.
The pellet was then freeze-dried for 6 h to remove moisture and
finely ground into a powder using a sterilized pestle and mortar,
facilitating easier handling and sample preparation for further
analyses. The fine powder was then stored in an airtight container
for subsequent analyses. Media lacking the bacterial culture filtrate
and cell-free filtrate lacking FeSO4�7H2O were utilized as blanking
controls to account for the baseline absorbance of the media com-
ponents or ionic substrate used in the experiments. The obtained
bio-FeNPs were purified by repeated washing with ddH2O, follow-
ing the previously described method [30].

The synthesis of SINCs was carried out by following an earlier
method [31]. Briefly, bio-FeNPs were mixed in 250 mL aqueous
solution of SA (99% purity, Sigma-Aldrich, St. Louis, MO, USA) with
a ratio of 2FeNPs:4SA (w/w) under vigorous shaking at 200 rpm
using an orbital shaker, ensuring thorough mixing and homogene-
ity of the components. The mixture was then precipitated under
alkaline conditions (�pH 11 and 50 �C) using potassium hydroxide.
The precipitates were subjected to multiple washing steps and
magnetic separation to remove any potential impurities originat-
ing from the uncoated bio-FeNPs, KOH and SA. These additional
steps were implemented to ensure the purity of the final SINCs
product.

Characterization of bio-FeNPs and SINCs

The presence of the bio-FeNPs in the reaction mixture was con-
firmed by scanning within 200–800 nm wavelength region using
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an ultraviolet–visible (UV–vis) spectrophotometer (Model 2550,
Shimadzu, Nakagyo-ku, Kyoto, Japan) [32]. The interfacial features
and functional groups responsible for the stability of bio-FeNPs and
SINCs were analyzed in the spectral region from 4000 to 500 cm�1

using Fourier transform infrared (FTIR) spectroscopy (Thermo Sci-
entific NICOLET iS50FT-IR, Waltham, MA, USA) [33]. The X-ray
diffraction (XRD) analysis (XPertPro diffractometer, Almelo, the
Netherlands) was performed to determine the crystallinity of
FeNPs and SINCs, which was conducted at 10-80� 2h diffraction
angle, operating at 45 KeV of working voltage and 40 mA of current
[34]. The scanning/transmission electron microscopy (SEM:
TM1000, Hitachi, Tokyo, Japan; TEM: JEOL JEM-1230, Tokyo, Japan)
techniques were utilized to determine the surface morphology and
size of the FeNPs and SINCs [35]. To prepare samples for SEM and
TEM, an aluminum stub and a carbon-coated copper grid were uti-
lized, respectively. The metallic content/fractions of the bio-FeNPs
and SINCs were evaluated by energy dispersive X-ray spectrum
(EDS; Oxford Instruments EDS Model, High Wycombe, Bucking-
hamshire, UK) analysis, with 20 KeV of working voltage.

Absorptiometric determination of Fe and SA in NPs

Spectroscopic analysis was performed to quantify Fe and SA in
bio-FeNPs and SINCs in ddH2O as described previously [5,36].
Briefly, bio-FeNPs and SINCs at 100 lg/mL were dispersed in ddH2-
O under vigorous shaking for 30 min. The suspensions were puri-
fied through Whatman no. 1 filter paper to eliminate suspended
particulate impurities, and absorption spectra were obtained at
296 nm and 305 nm to estimate SA and Fe amount, respectively,
using an UV–vis spectrophotometer. Controls were prepared con-
taining pure SA and FeSO4�7H2O.

In vitro dissolution of bio-FeNPs and SINCs

In vitro metal release rate of bio-FeNPs and SINCs at a concen-
tration of 25 lg/mL was determined using sterile ddH2O (pH 7.0)
and potting mix extract (pH 5.0), following a previously described
protocol [37]. Briefly, potting mix extract was obtained by shaking
50 g potting mix in 200 mL ddH2O at 26 �C 150 rpm for 2 h, which
was then purified by removing suspended potting mix particles
through filtration using double-layered cheesecloth. Bio-FeNPs
and SINCs were suspended in sterile ddH2O and potting mix
extract and kept at 26 ± 2 �C with shaking at 150 rpm. An aliquot
of 1 mL was taken out from each suspension at designated time
points (1, 6, 12, and 24 h). The samples were centrifuged, and
the resultant filtrates were filtered using a 0.22 lm injection filter
to remove suspended particulates. The purified filtrates were acid
digested using HClO4: HNO3 (1:3) and underwent inductively cou-
pled plasma-mass spectrometry (ICP-MS; Optima8000DV, Perkin
Elmer, Waltham, MA, USA) for Fe quantification, providing metal
release behavior of bio-FeNPs and SINCs in different media with
variable compositions (i.e., ddH2O and potting mix).

Experimental setup and plant materials

In all experiments, two-week-old watermelon (var. Zaojia)
plants, which were grown in a potting mix, containing vermiculite:
plant ash: perlite (in a volume ratio of 6:2:1, respectively), were
utilized. The watermelon plants were subjected to 5 different
treatments, including ddH2O, FeSO4�7H2O (as a Fe ions source),
SA, bio-FeNPs, and SINCs. Specifically, experimental plants were
treated with bio-FeNPs and SINCs suspensions in ddH2O (50 mL
per pot with 3 plants) via soil drenching, reaching a final concen-
tration of � 100 mg/Kg of potting mix per pot, as reported previ-
ously [38,39]. Control plants were supplied with sterile ddH2O
and similar concentrations (i.e., 100 mg/Kg) of FeSO4�7H2O or SA.
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The experiments were set in a completely randomized design. Each
treatment had three replicates, and the experimental plants were
grown for 15 d under an 8-h dark/16-h light cycle at a temperature
of 22 �C and a relative humidity of 65%.

Watermelon growth, Fe content, and physiological parameters

Watermelon plants were harvested at 15 d post-treatment with
NPs and washed to remove adhered potting mix particles, followed
by the estimation of growth characteristics, including plant height
and fresh and dry weights. The plant samples were oven-dried
overnight at 80 ℃, and their dry weight was measured. The
oven-dried roots and shoots were subjected to acid digestion using
HClO4:HNO3 (1:3) for 48 h and diluted with ddH2O to a final vol-
ume of 15 mL. The Fe content in the root and shoot tissues was
quantified using ICP-MS [40]. The translocation factor (TF), which
represents the ratio of shoot Fe concentration to root Fe concentra-
tion, was computed to assess the distribution of Fe from roots to
shoots. TF provides valuable information regarding the efficiency
of Fe translocation within the plant system.

For physiological assays, plant samples were collected at 15 d
post-treatment, frozen in liquid nitrogen, and stored at �80 �C
until downstream processing. The reactive oxygen species (ROS)
generation was measured calorimetrically using the titanium sul-
fate reagent method for hydrogen peroxide (H2O2), hydroxylamine
oxidation method for superoxide anion free radical (O2

�-), and thio-
barbituric acid method for malondialdehyde (MDA) according to
previously described protocols [41–43]. Briefly, the root and shoot
tissues (200 mg) were pulverized in 1 mL of potassium phosphate
buffer (65 mM and pH 7.8) and then centrifuged at 4 �C for 10 min
at 5,000 g. The absorbance was measured at 430 nm for H2O2,
530 nm for O2

�-, and 532 nm for MDA using an UV–vis spectropho-
tometer. The activity of enzymes in root and shoot tissues (500 mg)
was estimated by pulverizing the tissue in 1 mL of ice-cooled phos-
phate buffer (50 mM and pH 7.0), centrifuged for 10 min at 12,000
g at 4 �C, and subjected to UV–vis spectrophotometry to estimate
the activities of catalase (CAT), peroxidase (POD), and superoxide
dismutase (SOD) at 520 nm, 470 nm, and 560 nm, respectively, fol-
lowing previously described protocols [44,45].

Fon inoculum preparation, disease assays, and in planta growth
estimation

Fon inoculum was prepared by culturing 7-d-old culture in
mung bean broth (15 g mung bean boiled in 1 L of ddH2O for
20 min) at 26 �C with shaking at 200 rpm for 3 d. The concentration
of fungal spores was determined using a hemocytometer, and the
inoculum was calibrated to a concentration of 3 � 106 spores/mL
[46]. Three-week-old watermelon plants were pretreated with dif-
ferent treatments, including ionic Fe, SA (99% purity; a positive
control), bio-FeNPs, and SINCs, or ddH2O (a negative control), by
adding 50 mL suspension in ddH2O of each treatment at 100 lg/
mL concentration per pot with 3 plants. For disease assays, each
treatment had five replicates. The pretreated plants were inocu-
lated with Fon at 4 d post-treatment using the root dip method
as described previously [47]. Briefly, the roots of the plants were
dipped in the Fon spore suspension for 15 min and then re-
planted in a sterile potting mix. After inoculation, the plants were
covered with polythene films to maintain infection conducive
environment. The disease severity was recorded at 21 d post-
inoculation (dpi) using a previously reported 4-scale rating stan-
dard [46].

To estimate invasive fungal growth, watermelon plants were
hydroponically grown in Fon spore suspensions (3 � 106 spores/
mL) amended with the above-mentioned treatments under shak-
ing conditions at 95 rpm and 26 �C for a 9 d period [48]. Relative
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fungal growth was estimated using quantitative (q)PCR and
expressed as a ratio of FonOpm12 to ClRps10 [47]. The in vitro anti-
fungal potential was examined as described previously [37].
Briefly, mycelial plugs (5 mm in diameter) of a 4-d-old Fon culture
were inoculated on potato dextrose agar plates supplied with
ddH2O (CK) and different above-indicated treatments at 100 lg/
mL concentration, followed by the measurement of the radial
growth diameter at 9 d post-incubation at 26 �C.
Microscopic observations

The morphology and cellular features of NPs-treated and
untreated healthy and Fon-infected roots were examined using
SEM and TEM, following previously described protocols [37].
Briefly, healthy or infected watermelon roots were incubated with
or without bio-FeNPs and SINCs (100 lg/mL) at 26 �C with shaking
at 95 rpm for 1 d. The root tips were incised, cleansed three times
with phosphate buffer saline (100 mM and pH 7), and then pre-
pared for observations under SEM and TEM. Six samples from each
treatment group were subjected to SEM/TEM analysis, and mini-
mum 5 fields were examined per sample.
RNA extraction and reverse transcriptase-qPCR analysis

Total RNA was extracted using the standard protocol of Trizol
reagent (Vazyme Biotech, Nanjing, China), followed by cDNA syn-
thesis using HiScript II QRT SuperMix (Vazyme Biotech, Nanjing,
China), following the provided instructions. AceQ qPCR SYBR Green
Master Mix (Vazyme Biotech, Nanjing, China) was used to prepare
qPCR reactions, which were run with three technical replicates on
a qPCR system (Roche LightCycler 96, Indianapolis, IN, USA). ClTUA
was used for normalizing expression data. The relative transcript
abundance of the target genes was calculated using the 2-DDCT

method [49]. The primers used are listed in Table S1.
Data analysis

The experiments were independently performed three times,
and the results are shown as the average ± standard deviation
(SD). The data from three independent experiments were analyzed
using one-way analysis of variance (ANOVA) using the Statistix
software v8.0. Fisher’s least significant difference test was
employed to determine the statistical significance between treat-
ment means at a p-value � 0.05 [50].
Results and discussion

Isolation and molecular characterization of B. marisflavi ZJ-4

A total of 9 morphologically distinct bacterial isolates were
obtained, and strain ZJ-4 exhibited the highest tolerance level
(8 mM) against FeSO4�7H2O (Fig. 1a, and Table S2). BLASTn-based
sequence similarity searching indicated that the 16S rRNA gene
sequence of the strain ZJ-4 (accession no. OQ407476) had 100%
sequence similarity to B. marisflavi Lar22 (MN709263) and B. mar-
isflavi MI12 (MN117688), while the rpoB gene sequence (accession
no. OQ411629) exhibited 100% sequence identity to B. marisflavi
151–25 (CP047095) and B. marisflavi F17 (CP085398). In the phylo-
genetic trees of the 16S rRNA and rpoB genes, the strain ZJ-4 was
grouped with B. marisflavi Lar22 (MN709263) and B. marisflavi
151–25 (CP047095), respectively (Fig. 1b and c). These results indi-
cate the taxonomic identity of the ZJ-4 strain as B. marisflavi.



Fig. 1. Screening of Fe-resistant bacterial isolates and taxonomic characterization of B. marisflavi ZJ-4. (a) Minimum inhibitory concentrations of different isolates grown on
nutrient agar plates amended with FeSO4�7H2O for 24 h at 28 �C. (b) A phylogenetic tree of 16S rRNA gene and (c) a phylogenetic tree of rpoB gene of B. marisflavi ZJ-4 with
other Bacillus species. Phylogenetic trees were constructed using the Maximum Likelihood method. Evolutionary distances were inferred using Maximum Composite
Likelihood model using 1000-bootstrap repeats. Bootstrap values (�50%) are shown at each branch point. Escherichia coli SG4 (MN318323) and Escherichia coli DA14713
(KP670782) were used as outgroups for 16S rRNA and rpoB genes, respectively.
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Production and physio-chemical properties of bio-FeNPs and SINCs

Extracellular biosynthesis of metallic NPs using culture super-
natants of Bacillus spp. has been widely reported [5,51]. In the pre-
sent study, bio-FeNPs were extracellularly synthesized using cell-
free supernatant of B. marisflavi ZJ-4 with FeSO4�7H2O as starting
materials. UV–vis spectroscopy results confirmed the successful
synthesis of bio-FeNPs. The UV–vis spectra showed a strong
absorption peak around 305.59 nm (Fig. S1), indicating the pres-
ence of Fe-based NPs in the reaction mixture. Furthermore, the
spectra also showed an additional minor peak at 230 nm, a typical
characteristic of metal NPs with small size [52]. These features are
consistent with previous studies that synthesized magnetic FeNPs
from the culture supernatants of B. aryabhattai RNT7 and Bacillus
cereus HMH1 [5,53]. Previous studies have suggested that cell-
free extract from Bacillus species possesses strong reduction poten-
tial, converting ionic substrate into stabilized NPs [54,55]. Overall,
23
these results confirm the reduction potential of biomolecules in
the cell-free filtrate of B. marisflavi ZJ-4 to produce FeNPs from
FeSO4�7H2O.

During NPs biosynthesis, different extracellular biomolecules
have been reported to stabilize and coat metallic NPs surface
[56]. For example, various extracellular metabolites of Bacillus
megaterium NOM14, such as alcoholic, carboxylic, and organic
compounds, were previously shown to stabilize bio-manganese
NPs [37]. Similarly, in the present study, FTIR analysis indicated
the presence of the various functional groups in bio-FeNPs, such
as O–H stretching vibrations in the range of 3386 cm�1, C = C
stretching vibrations at 1648 cm�1, O–H bending vibrations at
1406 cm�1, and C-N stretching vibrations at 1054 cm�1 (Fig. 2a),
implying the presence of organic compounds, including alcohols,
alkenes, and amines. However, the FTIR spectra of SINCs showed
characteristic peaks at 3422 cm�1, 1,630 cm�1, 1076 cm�1,
888 cm�1, and 577 cm�1, which were attributed to O–H stretching



Fig. 2. Physico-morphological properties of bio-FeNPs and SINCs. FTIR spectra indicating the presence of different functional groups around the surface of (a) bio-FeNPs and
(b) SINCs. XRD spectra revealing the crystalline phase of (c) bio-FeNPs and (d) SINCs. SEM images showing the morphology of (e) bio-FeNPs and (f) SINCs. Size distribution of
bio-FeNPs and SINCs was calculated from SEM micrographs using ImageJ software. TEM images showing shapes and structure of (g) bio-FeNPs and (h) SINCs in dissolved
form. EDS spectra (left) and elemental mapping (right) showing chemical composition and fractions of (i) bio-FeNPs and (j) SINCs. The most abundant elements are displayed
by fluorescence: C - red; O - green; Si - blue; Fe - yellow. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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of alcohols, C = N stretching of oximes, C-N stretching of amines,
C = C bending of alkenes, and C-I stretching of halo compounds,
respectively (Fig. 2b). Similarly, the presence of alcoholic, car-
boxylic, and organic functional groups as surface coatings of bio-
FeNPs has been previously reported [5]. Collectively, the FTIR anal-
ysis confirms the presence of various functional groups in bio-
FeNPs and SINCs, providing insights into the chemical composition
of the synthesized NPs, and successful synthesis of NPs with hydro-
xyl/organic functional groups present in ZJ-4 culture filtrate. These
results align with previous findings that identified similar alcoholic
and organic functional groups secreted by Bacillus altitudinis WM-
2/2 for stabilizing bio-copper NPs [55].

The crystalline features of synthesized NPs were obtained using
XRD analysis. The XRD spectra of bio-FeNPs showed characteristic
peaks at 2h values of 30.8�, 36.2�, 43�, 53.9�, and 63.1�, which were
assigned to the (220), (311), (400), (422), and (440) crystal
planes of the cubic phase of Fe, respectively (Fig. 2c). These crys-
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talline features are of great significance as they provide valuable
insights into the physical state, release kinetics, and interaction
capacity of NPs with the encapsulating substrate. Similarly, SINCs
showed that diffraction peaks observed at 2h values of 18.4�,
30.8�, 36.2�, 38.5�, 43�, 53.9�, 57.6�, and 63.1� corresponded to
(111), (220), (311), (222), (311), (422), (511), and (440)
(Fig. 2d). These data confirmed that the synthesized bio-FeNPs
and SINCs were crystalline in nature and had a cubic phase, which
is consistent with previous study results [5,31,57]. The XRD results
indicate the high quality and homogeneity of the synthesized NPs.
SEM images of bio-FeNPs and SINCs showed the presence of aggre-
gated NPs with irregular shapes and average particle sizes
of �72.35 nm and �65.87 nm, respectively (Fig. 2e and f). TEM
images further confirmed the aggregation of the particles in bio-
FeNPs and SINCs, revealing the clusters of particles (Fig. 2g and
h). The aggregates were found to have a dense and homogeneous
structure, indicating the stability of the NPs, which is similar to
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previous findings reporting the production of stabilized aggregates
of manganese and copper NPs by bacterial culture filtrates [37,39].
The SEM and TEM results demonstrate the formation of aggregated
NPs (Fig. 2e-h), suggesting the need for further optimization of the
synthesis conditions to obtain monodispersed NPs. These findings
corroborate with previous results reporting the extracellular pro-
duction of aggregated copper NPs [55,58]. The aggregation might
be due to the strong tendency of particles to stick together. The
results of the EDS analysis of FeNPs and SINCs showed their ele-
mental composition. The EDS spectra of FeNPs and SINCs showed
the presence of elements, including Carbon (C), Oxygen (O), Silicon
(Si), and Iron (Fe). The relative abundance of each atomic fraction
in FeNPs and SINCs was calculated at a specific position of the
NPs, and it was observed that O constituted the major component
(54.26% and 54.07%, respectively), followed by Fe (39.21% and
38.68%, respectively), C (6.35% and 7.06%, respectively), and Si
(0.17% and 0.19%, respectively) (Fig. 2i and j). The characterization
data confirm the successful production of biomolecules-stabilized
bio-FeNPs and SINCs with variable morphology.

Stoichiometric chemical fractions and stability of bio-FeNPs and SINCs

We absorptiometrically determined the levels of SA and Fe in
100 lg of SINCs relative to the same weight of purified SA and
bio-FeNPs (Fig. S2a). The absorption spectra of 100 lg/mL of SINCs
showed a lower but insignificant level of SA than that in purified SA
powder, showing absorption values of 7.12 ± 0.30 and 8.15 ± 0.63,
respectively, at 296 nm (Fig. S2a). Similarly, absorption spectra of
bio-FeNPs and SINCs revealed that 100 lg/mL of SINCs contained
less but statistically insignificant amount of Fe than that in bio-
FeNPs (Fig. S2a). Similar absorption spectra were observed for
chemical-based acetyl-SA-coated copper oxide NCs [59]. Collec-
tively, these results indicate that SINCs have nearly identical chem-
ical fractions as in the source compounds.

The dissolution of bio-FeNPs and SINCs in ddH2O and potting
mix was evaluated to assess their stability, efficacy, and metal ions
release rate. The results of the dissolution assays in ddH2O and pot-
ting mix showed that the release of Fe ions from the bio-FeNPs and
SINCs was gradual over different time intervals, showing the max-
imum release at 24 h in both ddH2O (1.86 lg/mL and 1.53 lg/mL,
respectively) and potting mix (2.39 lg/mL and 1.81 lg/mL, respec-
tively) (Fig. S2b). The slow metal release rate of SINCs indicated
their better stability and integrity in the medium than bio-FeNPs.
Moreover, the concentration of the dissolved Fe from bio-FeNPs
and SINCs was found to be higher (22% and 15%, respectively) in
potting mix compared to the ddH2O at 24 h (Fig. S2b). This metal
release profile of biosynthesized NPs is of great significance, specif-
ically in the potting mix extract that mimics real agriculture condi-
tions, providing comprehensive insights into the active ingredient
release behavior and functional stability/integrity of bio-FeNPs and
SINCs. These results coincide with a recent study, showing a simi-
lar metal release profile for bio-chitosan-FeNCs in phosphate buffer
[5]. Overall, these results provide valuable insights into the
bioavailability of Fe ions from bio-FeNPs and SINCs in different
environments, indicating that these NPs can serve as carriers for
Fe ions in neutral to acidic soils.

Growth promotion of watermelon plants by bio-FeNPs and SINCs

The growth-promoting effects of exogenously applied FeNPs
and SA on watermelon plants have been previously reported
[60,61]. However, variable impacts of exogenous SA on plant
growth have been reported previously, with some studies indicat-
ing an inhibitory effect at a higher concentration of 100 mM, while
others showing a beneficial impact at a lower concentration of
0.3�0.4 mM [62,63]. Thus, we examined the growth performance
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of watermelon plants treated with bio-FeNPs and SINCs and found
a significant improvement in their agronomic traits compared to
the untreated and treated controls, with the SINCs supplementa-
tion showing a higher increase in the growth parameters compared
to the untreated, ionic Fe-, and SA-treated controls (Fig. 3a). The
plants grown with bio-FeNPs and SINCs showed an increase in
plant height (20% and 32%, respectively), fresh weight (32% and
43%, respectively), and dry weight (42% and 49%, respectively)
compared to the untreated plants (Fig. 3b), which correlate with
previous results demonstrating the improvement of growth and
development in bio-FeNPs-treated mung bean plants [64]. In
another study, the chitosan-coated zinc oxide NCs-treated pepper
plants showed enhanced growth and biomass compared to bare
zinc oxide NPs-treated plants [65]. Similarly, plants treated with
ionic Fe significantly enhanced the fresh weight (12%), while plants
with SA showed a significant increment in plant fresh weight (29%)
and dry weight (39%) as compared to the untreated plants (Fig. 3c
and d). The greater improvement in the growth attributes of SINCs-
treated watermelon plants was due to the cumulative effect of
nanoscale Fe and SA [66,67]. These results suggest that the Fe-
based NPs supplementation, specifically SINCs treatment,
improves the agronomic traits of the watermelon plants, which
can positively impact their overall growth and productivity.

The Fe content analysis revealed a significant increment in Fe
concentration in roots and stems of the watermelon plants
exposed to bio-FeNPs and SINCs compared to the untreated, ionic
Fe-, and SA-treated control groups (Fig. 3e). The plants treated with
bio-FeNPs showed an average increase of 21% in Fe content in roots
and 65% in stems, while the SINCs-treated plants showed even a
higher increase of 24% in Fe content in roots and 67% in stems com-
pared to untreated controls, which was statistically insignificant to
bio-FeNPs treatment (Fig. 3e). These results indicate that both bio-
FeNPs and SINCs can effectively enhance Fe uptake by watermelon
plants. The TF, which measures the Fe translocation from roots to
stems, was found to be 56% higher in bio-FeNPs- and SINCs-
treated plants compared to the untreated, ionic Fe-, and SA-
treated control plants; however, ionic Fe and SA did not show nota-
ble impact on the Fe uptake and translocation in plant tissues than
untreated controls (Fig. 3f). The better Fe content in plant tissues
exposed to nanoscale Fe might be due to its unique properties
and higher biocompatibilities as compared to chemical counter-
parts [68]. Moreover, higher bioavailability of Fe ions from FeNPs
and SINCs resulted in better in planta Fe accumulation [5]. These
findings suggest that applying bio-FeNPs and SINCs can provide
an alternative way of enhancing Fe nutrition in crops to improve
plant growth and productivity.

Suppression of watermelon Fusarium wilt by bio-FeNPs and SINCs

Although the disease suppression capability of chemical-based
NPs against various phytopathogens has been reported [1,69–71],
recent progress has been made to evaluate the disease-
suppressive potential of bio-NPs and NCs [5,55]. For example,
bio-copper NPs suppressed Fusarium wilt in musk melon by induc-
ing SAR response through activating defense-related PR genes [72].
The disease-suppressive role of exogenously applied SA via induc-
ing plant immunity against pathogen attack has been well-
established [19,73]. However, the disease-suppressive role of SA-
coated NCs remains to be established. In this study, the disease
suppression capacity of bio-FeNPs and SINCs was evaluated and
results showed that pretreatment of watermelon plants with bio-
FeNPs and SINCs effectively suppressed the incidence of Fusarium
wilt, with SINCs showing most prominent disease-suppressive
potential compared to the untreated, ionic Fe-, and SA-treated
infected plants (Fig. 4a). The disease severity was significantly
lower in the plants primed with 100 lg/mL SA, bio-FeNPs, and



Fig. 3. Soil drenching with bio-FeNPs and SINCs improved the growth performance and Fe content of watermelon plants. (a) Growth phenotype of watermelon plants at 15 d
post-treatment with ionic Fe, SA, bio-FeNPs, or SINCs. (b) Plant height, (c) fresh and (d) dry biomass at 15 d post-treatment with ionic Fe, SA, bio-FeNPs, or SINCs. (e) Fe
content in roots (left) and shoots (right) of healthy plants at 15 d post-treatment with ionic Fe, SA, bio-FeNPs, or SINCs. (f) Fe distribution from root-to-shoot, measured in
terms of TFroot-shoot, at 15 d post-treatment with ionic Fe, SA, bio-FeNPs, or SINCs. Data presented are the means ± SD from three independent experiments and different
lowercase letters above the error bars represent the significant difference among different datasets inferred by one-way ANOVA at p-value � 0.05.
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SINCs compared to the untreated control plants, with an average
reduction of 30%, 42%, and 59% in disease severity indices, respec-
tively, compared to untreated diseased plants (Fig. 4b). The pre-
treatment of SA, bio-FeNPs, and SINCs significantly suppressed
the appearance of disease symptoms in the Fon-inoculated plants,
where 27%, 40%, and 53% of the infected plants showed no or mild
disease symptoms, compared to ionic Fe-treated and untreated
diseased plants (Fig. 4c). At 21 dpi, >70% of ionic Fe-supplied and
unsupplied infected plants died, while the death rate of the SA-,
bio-FeNPs-, and SINCs-pretreated infected plants was found to be
60%, 40%, and 13%, respectively (Fig. 4c). These results are in line
with a recent study demonstrating that the soil-based application
of green-synthesized FeNPs suppressed Fusarium wilt in tomato
through direct pathogen inhibition and improving important phys-
iological processes [11]. Similarly, bio-silver NPs have been shown
to induce metabolic and antioxidative protective mechanisms to
suppress Fusarium wilt in pepper [74]. Moreover, exogenous SA
application has been shown to suppress Fusarium wilt in water-
melon by triggering phytohormone-linked protective mechanisms
and modulating the rhizobiome [24,25]. Thus, the better disease-
suppressive capability of SINCs could be due to their high stability
and slow release of active ingredients (Fig. S2), such as SA, Fe ions,
and other coated biomolecules, contributing to the overall func-
tionality of bio-NPs [58]. Collectively, these findings suggest that
the application of Fe-based NPs as a soil drench, specifically SINCs,
can be effective in controlling Fusarium wilt in watermelon.
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The invasive fungal growth in host tissues is one of the key
events of Fon infection on watermelon plants [75], leading to
obstructed water supply, wilting, and ultimately plant death. To
investigate the alterations in the infection behavior of Fon upon
bio-FeNPs and SINCs exposure, in planta fungal growth in the root
and stem tissues of diseased plants was analyzed. The results
showed a significant reduction in Fon invasive fungal growth in
watermelon roots (28%, 43%, and 53%) and stems (29%, 55%, and
69%) upon exposure to SA, bio-FeNPs, and SINCs, respectively, at
9 dpi compared to the untreated control plants (Fig. 4d and e).
SINCs treatment was found to be the most effective, which resulted
in a higher decrease of Fon invasive growth compared to the
untreated, ionic Fe-, and SA-treated controls at each time interval
(Fig. 4d and e), suggesting that reduction in the disease severity
is linked to decreased pathogen invasion into watermelon tissues.
Together with previous results demonstrating lower growth of Fon
and F. solani in bio-MnNPs-treated watermelon and SA-treated
soybean tissues, respectively [20,37], these findings highlight the
potential of SINCs as an effective tool in mitigating Fusarium wilt
development in watermelon by controlling invasive pathogen
growth in plant tissues.

Direct antifungal activity of bio-NPs against plant pathogenic
fungi has been well-established [54,76]. For example, bio-FeNPs
have been reported to exhibit tremendous antifungal activity
against Aspergillus niger, F. oxysporum, and Sclerotinia sclerotiorum
[12,77]. Thus, we investigated the in vitro antifungal activity of



Fig. 4. Soil drenching with bio-FeNPs and SINCs suppressed watermelon Fusarium wilt. (a) Phenotype of diseased plants primed with ddH2O (CK), ionic Fe, SA, bio-FeNPs, or
SINCs at 21 dpi. (b) Disease severity indices and (c) disease ratings of the Fon-inoculated plants primed with ddH2O (CK), ionic Fe, SA, bio-FeNPs, or SINCs at 21 dpi. Two-
week-old plants were pretreated with ddH2O (CK), ionic Fe, SA, bio-FeNPs, or SINCs by soil drenching and root-inoculated at 4 d post-treatment. Disease scores were recorded
by a 4-scale rating standard. Fungal growth in (d) roots and (e) stems of Fon-inoculated plants treated with ionic Fe, SA, bio-FeNPs, or SINCs at 3, 6, and 9 dpi. Two-week-old
plants were hydroponically grown in Fon spore suspension amended with indicated treatments under shaking conditions. Relative fungal biomass was represented as a ratio
of transcript level FonOpm12 to ClRps10, which was measured using qPCR. Experiments with five biological repeats (n = 5) were repeated independently three times with
similar results. Data presented are the means ± SD from three independent experiments and different lowercase letters above the error bars represent the significant
difference among different datasets inferred by one-way ANOVA at p-value � 0.05.
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bio-FeNPs and SINCs against Fon to uncover the basis for the
reduced fungal invasive growth within watermelon tissues. Sur-
prisingly, bio-FeNPs and SINCs did not show any inhibitory impact
on the mycelial growth of Fon (Fig. S3). It is, therefore, unlikely that
the reduced fungal invasive growth was due to the direct antifun-
gal activity of bio-FeNPs and SINCs against Fon. Notably, the lower
in planta growth of Fon in SINCs-pretreated watermelon plants
could be due to increased endogenous SA level, which is similar
to previous observations in F. solani-infected soybean plants [20].

Oxidative homeostasis system modulation by bio-FeNPs and SINCs

The results of the physiological and biochemical assays showed
a significant reduction in the levels of H2O2, O2

�-, and MDA, the most
common indicators of oxidative stress, in roots and stem tissues of
healthy watermelon plants upon SA, bio-FeNPs, and SINCs expo-
sure than ionic Fe-treated and untreated plants (Fig. 5a-c). The data
showed that H2O2 production was reduced in roots (41%, 54%, and
72%) and stems (37%, 44%, and 59%) of SA-, bio-FeNPs-, and SINCs-
treated plants, respectively, compared to untreated healthy plants
(Fig. 5a). Similarly, O2

�- levels were lowered in roots (14%, 29%, and
45%) and stems (17%, 30%, and 46%) of SA-, FeNPs-, and SINCs-
treated plants, respectively, than untreated healthy controls
(Fig. 5b). Further, the application of SA and bio-FeNPs reduced
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MDA levels in roots (46% and 53%, respectively) and stems (22%
and 37%, respectively) compared to the healthy controls (Fig. 5c).
The most significant reduction in MDA level, however, was
observed in the SINCs-treated plants than the untreated, ionic
Fe-, SA- and bio-FeNPs-treated plants, with an average decrease
of 78% in roots and 52% in stems compared to untreated plants
(Fig. 5c). Furthermore, the treatment with SA, bio-FeNPs, and SINCs
led to a notable increase in enzymatic antioxidants, including CAT,
POD and SOD, in roots and stems of healthy watermelon plants
than ionic Fe-treated and untreated healthy plants (Fig. 5d-f).
The highest levels of CAT, POD, and SOD were recorded in the sam-
ples treated with SINCs compared to the untreated, ionic Fe-, and
SA-treated controls (Fig. 5d-f). For example, CAT activity was
increased by 69% in the roots and 62% in the stems (Fig. 5d), while
POD level was increased by 58% in the roots and 63% in the stems
in response to SINCs treatment (Fig. 5e). Furthermore, SOD activity
was increased by 68% in the roots and 62% in the stems (Fig. 5f).
Similarly, it has been reported that chitosan-coated zinc oxide
NPs improved physiological profile by promoting enzymatic
antioxidants, including CAT and POD, in pepper [65]. In another
study, SA treatment at 0.5 mM level improved the antioxidative
capacity in tomato plants [78], indicating that better oxidative bal-
ance of SINCs-treated watermelon plants was due to the synergis-
tic impact of SINCs-released Fe and SA in inducing antioxidative



Fig. 5. Soil drenching with bio-FeNPs and SINCs modulated ROS balancing system in healthy and diseased watermelon plants. (a) H2O2 level, (b) O2
�- generation, and (c) MDA

content in roots and stems of plants treated with ddH2O (CK), ionic Fe, SA, bio-FeNPs, or SINCs. (d) CAT, (e) POD, and (f) SOD activities in roots and stems of plants treated with
ddH2O (CK), ionic Fe, SA, bio-FeNPs, or SINCs. Data presented are the means ± SD from three independent experiments and different lowercase letters above the column
represent the significant difference among different datasets inferred by one-way ANOVA at p-value � 0.05.
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machinery. The observed biological effects (Figs. 4-5) provide valu-
able insights into the enhanced efficacy of FeNPs and SINCs com-
pared to Fe and SA. Further, it has been widely reported that the
unique properties of NPs, such as enhanced biocompatibility and
uptake (Fig. 3e and f), can result in different biological responses
compared to their chemical counterparts [1,3,55], supporting the
notion that low amounts of NPs can exhibit superior effects com-
pared to higher/similar concentrations of their bulk or ionic form.

In diseased plants, application of SA, bio-FeNPs, and most
prominently SINCs resulted in a significant reduction of ROS accu-
mulation via boosting enzymatic antioxidants compared to the
untreated, ionic Fe-, and SA-treated diseased plants (Fig. 5). The
data showed that H2O2 production was reduced in roots (35%,
57%, and 69%) and stems (34%, 46%, and 54%) of the SA-, bio-
FeNPs-, and SINCs-treated plants, respectively, compared to the
untreated disease controls (Fig. 5a). Similarly, O2

�- levels were
decreased in roots (29%, 34%, and 61%) and stems (19%, 23%, and
50%) of the SA-, FeNPs-, and SINCs-treated plants, respectively,
compared to the untreated infected controls (Fig. 5b). Further,
the application of SA and FeNPs reduced MDA levels in roots
(58% and 60%, respectively) and stems (29% and 34%, respectively)
compared to the diseased controls (Fig. 5c). The most significant
reduction in MDA level, however, was observed in the SINCs-
treated plants as compared to the untreated, ionic Fe-, and SA-
treated diseased plants, with a decrease of 83% in roots and 62%
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in stems than untreated infected plants (Fig. 5c). Furthermore,
the treatment with SA, bio-FeNPs, and SINCs led to a notable
increase in enzymatic antioxidants, including CAT, POD and SOD,
in roots and stems of diseased watermelon plants than ionic Fe-
treated and untreated healthy plants (Fig. 5d-f). Compared to other
treatments, the highest levels of CAT, POD, and SOD were recorded
in the samples treated with SINCs. For example, CAT activity was
increased by 72% in the roots and 57% in the stems (Fig. 5d), while
POD level was increased by 63% in the roots and 55% in the stems
in response to SINCs treatment (Fig. 5e). Furthermore, SOD activity
was increased by 69% in the roots and 70% in the stems (Fig. 5f).
However, the diseased watermelon plants treated with ionic Fe
did not show any remarkable impact on the studied physiological
features (Fig. 5), indicating that the positive impact of synthesized
NPs on the physiological processes of watermelon plants is
strongly linked to their unique properties, including small size,
greater biocompatibility, surface properties, and capping biomole-
cules. These results coincide with a previous study reporting that
bio-FeNPs suppressed Fusarium wilt in tomato by scavenging
ROS generation through activating enzymatic antioxidants [79].
Similarly, exogenously applied 200 lM SA as a soil drench acti-
vated enzymatic antioxidants, such as POD, to mitigate oxidative
stress and suppress Fusarium wilt in tomato [80], corroborating
the fact that SA activates SAR against phytopathogens by manipu-
lating redox signaling pathways [81]. Overall, these results suggest
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that SINCs have a greater antioxidant potential than SA and FeNPs,
and thus can play a key role in maintaining the oxidative balance of
the watermelon plants. The fact that the SINCs-treated plants
showed the lowest level of ROS and highest antioxidative enzyme
activities upon Fon infection demonstrates that SINCs can effec-
tively alleviate the Fon-triggered oxidative stress damage in water-
melon plants. Based on the better growth-promoting and disease-
controlling potential under greenhouse conditions, bio-FeNPs, and
SINCs were selected to study disease-suppressive mechanisms
further.

NPs-Fon interaction on the watermelon root surface and subcellular
space

We further examined the direct interaction of Fon with FeNPs
and SINCs on the root surface and within the root tissue. SEM
images showed that roots treated with 100 lg/mL bio-FeNPs and
Fig. 6. Distribution and interaction of bio-FeNPs and SINCs with the root tissues of hea
phenotype of roots of mock-inoculated (upper) and Fon-inoculated plants (lower) treated
SINCs on the root surface, while arrows indicate the invading and restricted hyphae of F
changes in root cells of mock-inoculated (left) and Fon-inoculated plants (right) treate
labelled in red text, while accumulation of Fon and NPs are indicated in red circle and box
results and data from one representative experiment is shown. (For interpretation of the
this article.)
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SINCs maintained normal morphology (Fig. 6a), and elemental
composition through SEM-EDS analysis showed the specific ele-
mental composition of Fe on the root surfaces treated with FeNPs
and SINCs (Fig. S4). Conversely, the normal root surface was dis-
rupted upon Fon infection, with fungal hyphae penetrated the root
surface, while the application of bio-FeNPs and SINCs rescued mor-
phological defects induced by hyphal penetration in the root tis-
sues of infected plants (Fig. 6a). SINCs was found to be the most
effective treatment, showing notably less hyphal penetration and
intact root surface (Fig. 6a). Similarly, copper NPs have been shown
to protect Fusarium virguliforme-induced morphological damages
in soybean plants via forming a protective sheet over the plant sur-
face to limit pathogen invasion [70]. Additionally, a higher pres-
ence of elemental Fe was evident on the root surface of bio-
FeNPs- and SINCs-treated diseased plants than the untreated
infected plants (Fig. S4). These findings provide insights into direct
interactions between bio-NPs/NCs and Fon on plant root surface.
lthy and Fon-infected watermelon plants. (a) SEM images showing morphological
with ddH2O (CK), bio-FeNPs, or SINCs. Red boxes indicate accumulation of FeNPs or
on on the root surface in SEM micrograph. (b) TEM images showing ultrastructural
d with ddH2O (CK), bio-FeNPs, or SINCs. Subcellular structures and organelles are
es, respectively. Experiments were repeated independently three times with similar
references to color in this figure legend, the reader is referred to the web version of



Fig. 7. Application of bio-FeNPs and SINCs triggered SA-dependent defense mechanism in healthy and disease watermelon plants. Expression of SA biosynthesis, signaling,
and responsive genes in (a) roots and (b) stems of the mock-inoculated and Fon-inoculated plants pretreated with ddH2O (CK), bio-FeNPs, or SINCs at 6 dpi. Data presented are
the means ± SD from three independent experiments and different lowercase letters above the column represent the significant difference among different datasets inferred
by one-way ANOVA at p-value � 0.05.
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To study the ultrastructural organization, TEM analysis was per-
formed on healthy and Fon-infected watermelon roots exposed to
bio-FeNPs and SINCs. The TEM images revealed a clear difference
in the morphology of the root tissues between the healthy and
infected plants (Fig. 6b). In healthy plants, the root tissues showed
organized structures, including cellular membranes, nucleus and
mitochondria, with well-defined cells, while the root tissues of
the Fon-infected plants showed signs of damage and disorganiza-
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tion (Fig. 6b). Upon exposure to bio-FeNPs and SINCs, the healthy
root tissues displayed organized structures, such as nucleus and
mitochondria, with NPs accumulation in extracellular space,
whereas the infected root tissues showed a noticeable improve-
ment in their cellular structures and fewer signs of damage
(Fig. 6b). These findings corroborate the positive impact of bio-
FeNPs and SINCs in rescuing pathogen-induced morphological
damages in infected root tissues and correlate with previous
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results describing the shielding effect of bio-MnNPs against Fon-
induced morphological damages in roots of infected watermelon
plants [37]. In another recent study, bio-chitosan-Fe NCs shielded
pathogen-induced ultrastructural damages in rice plants by accu-
mulating within plant tissues [5]. The SEM and TEM results
demonstrate that bio-FeNPs and SINCs positively affect the overall
health of the roots, especially in infected plants, indicating a poten-
tial role in alleviating Fusarium wilt via restricting Fon invasion in
root cells.
Fig. 8. Schematic illustration of watermelon Fusarium wilt suppressing mechanism
of SINCs. According to the proposed model, SINCs alleviate Fusarium wilt damages
in watermelon plants via modulating antioxidative system and inducing SAR
through triggering the expression of SA signaling pathway genes, thus effectively
restricting invasive growth of Fon.
Activation of the SA-dependent defense response by bio-FeNPs and
SINCs

It has recently been established that bio-NPs/NCs can trigger the
expression of SA-responsive genes to suppress plant diseases [5,37].
Similarly, exogenous SA-mediated suppression of sudden death
syndrome, caused by F. solani, in soybean has been reported to be
linkedwith the activation of GmSID2, GmNPR1, GmPR1, and GmEDS5
[20,82]. To elucidate the molecular mechanism of the bio-FeNPs-
and SINCs-mediated Fusarium wilt suppression, the expression
levels of ClSARD1, ClICS1, and ClEDS5 (SA biosynthesis), ClNPR1 (SA
signaling), and ClPR1 and ClPR2 (SA responsive) geneswere analyzed
in roots and stems of healthy and infected watermelon plants
exposed to bio-FeNPs and SINCs (Fig. 7). The exposure to SINCs
resulted in the significantlyhighest expressionofClSARD1 in healthy
roots and ClNPR1 in healthy stems compared to untreated healthy
plants (Fig. 7a and b). Similar to SINCs treatment in healthy plants,
Fon infection significantly induced the expression of ClSARD1 in
roots compared to healthy controls (Fig. 7a), which might not be
strong enough to initiate a downstream defense response. Con-
versely, infected roots and stems showed significantly upregulated
expression of all SA biosynthesis and responsive genes upon expo-
sure to FeNPs (except ClEDS5 in roots and ClICS1 in stems) and SINCs
compared to the untreated infected plants (Fig. 7a and b). Overall,
SINCs have a better effect on the plant defense mechanisms than
bio-FeNPs, indicating a link of the better SA accumulation in plant
tissues to the SAR establishment by activating the expression of
the SA biosynthesis, signaling, and responsive genes [81]. These
results conform previous findings indicating that bio-Fe oxide and
sulfur NPs suppressed Fusarium wilt in tomato via inducing PR
genes-dependent SAR response [11,68]. Similarly, the immunomod-
ulatory impact of SA has been reported in recent studies demon-
strating the activation of defense-related genes, such as PR-2a, PR-
5,NPR, PO, and PAL, against Fusariumwilt in tomato andwatermelon
[25,83], thus providing the basis for the better plant-protecting
capacity of SINCs in Fon-infected watermelon plants. Our results
demonstrated that both FeNPs and SINCs showed pronounced bio-
logical effects by inducing cellular signaling and defense mecha-
nisms compared to their respective controls, which can be
attributed to their unique physicochemical properties as well as
greater bioavailability and uptake by watermelon plants. Therefore,
it is suggested that the activation of defense response, primed by
bio-FeNPs- and SINCs, might be responsible for the inhibition of
Fon invasive growth within watermelon plants, rather than the
direct antifungal activity of these NPs. Furthermore, SINCs have a
more obvious impact on the SA-dependent plant defense system
than bio-FeNPs, and can be useful for improving watermelon resis-
tance to Fusarium wilt.
Conclusions

The present study highlights the potential of bio-FeNPs and
SINCs in improving plant growth and suppressing Fusarium wilt
in watermelon. The analytical techniques confirmed the synthesis
of bio-FeNPs and SINCs nanocrystals with variable shapes. Green-
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house experiments demonstrated that the application of bio-
FeNPs and SINCs significantly improved the growth and overall
health of watermelon plants by suppressing the Fusarium wilt
development via restricting pathogen invasion within roots and
stems. Physiological and biochemical results revealed that SINCs
resulted in even greater benefits than bio-FeNPs alone, with a
reduction in oxidative stress markers and an improvement in enzy-
matic antioxidants in watermelon plants, suggesting their protec-
tive role against oxidative damage. Molecular profiling revealed
that bio-FeNPs and SINCs could potentiate and induce SAR in
watermelon plants by activating the expression of SA biosynthesis,
signaling, and responsive genes. Based on these findings, we pro-
posed a schematic model of the SINCs-mediated suppression of
watermelon Fusarium wilt (Fig. 8). Overall, these findings provide
new insights into the potential of bio-FeNPs and SINCs as biostim-
ulants and bioprotectants in watermelon cultivation against Fusar-
ium wilt. Further research is needed to fully understand the
mechanisms of bio-Fe-based NCs in plant disease control and to
determine their efficacy under field conditions.
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