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ABSTRACT: Tomato is an economically important crop that is susceptible to biotic and abiotic stresses, situations
that negatively affect the crop cycle. Biotic stress is caused by phytopathogens such as Fusarium oxysporum f. sp.
lycopersici (FOL), responsible for vascular wilt, a disease that causes economic losses of up to 100% in crops of interest.
Nanomaterials represent an area of opportunity for pathogen control through stimulations that modify the plant
development program, achieving greater adaptation and tolerance to stress. The aim of this study was to evaluate
the antimicrobial capacity of the nanoparticles and the concentrations used in tomato plants infected with FOL. To
this end, a two-stage experiment was conducted. In Stage 1, the effects of the nanomaterials (Graphene nanoplatelets
[GP], Zinc oxide nanoparticles [ZnO NPs], Magnesium oxide nanoparticles [MgO NPs]) were evaluated both alone
and in combination to determine the most effective method of controlling FOL-induced disease. In Stage 2, the
most effective combination of nanomaterials (ZnO+GP) was evaluated at four concentrations ranging from 100 to
400 mg L™!. To evaluate the effectiveness of the treatments, we determined the incidence and severity of the disease,
agronomic parameters, as well as the following biochemical variables: chlorophylls, p-carotene, vitamin C, phenols,
flavonoids, hydrogen peroxide, superoxide anion, and malondialdehyde. The results show various positive effects,
highlighting the efficiency of the ZnO+GP at 200 mg ™!, which reduced the severity by approximately 20%, in addition
to increasing agronomic variables and reducing reactive oxygen species. Moreover, the results show that the application
of these nanomaterials increases vegetative development and defense against biotic stress. The use of nanomaterials
such as zinc oxide, magnesium oxide and graphene can be an effective tool in the control of the severity of Fusarium
oxysporum disease.
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1 Introduction

Solanum lycopersicum L. is a crop of great economic importance as a functional food that is widely used
in cooking [1]. It is susceptible to several pathogens such as fungi, viruses, bacteria and oomycetes, which
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reduce the yield and quality of the vegetable [2]. These pathogens affect not only the morphological aspects
but also the biochemical and molecular aspects [3].

Fusarium oxysporum f. sp. lycopersici (FOL) is responsible for vascular wilt [4]. This pathogen invades
the root, degrading the basal area of the stem, restricting plant growth and development, and causing low
or zero yields [5]. It colonizes the xylem, restricting water transport and causing loss of turgor, chlorosis,
wilting, and eventually death [6]. FOL is responsible for high annual losses of up to 100% in tomato crops [7].

Global food security is under threat from resistant pathogens and climate change. To strengthen
crop resistance and achieve greener, more sustainable agriculture, we need sustainable strategies such as
nanotechnology and plant microbiome management [8]. Pathogen control requires the application of sus-
tainable, interdisciplinary tools that include plant protection, food safety, and environmental protection [9].
However, the conventional method for FOL control is of chemical origin and has several drawbacks,
such as rapid release and degradation of the active ingredient, leading to over-application that not only
induces resistance in the pathogen but also harms the environment [10]. Therefore, nanotechnology is
promising as a biostimulant that induces tolerance to inappropriate abiotic or biotic stress situations [11].
Nanoparticles (NPs) and nanomaterials (NMs) can increase agricultural production and reduce damage
caused by phytopathogens [12]. They delay the release of the active ingredient, are effective at low doses,
and protect crops from fungal or bacterial diseases at low cost [13]. The use of NMs (such as zinc oxide
and magnesium oxide) to control plant pathogens has excellent results [14]. One of the major advantages
of this technology is that far fewer metals are released into the environment than with conventional metal
fungicides. Unlike conventional chemicals, nanomaterials are more potent and effective at controlling
pathogens at much lower doses. They can also maintain or even improve crop productivity [15,16].

Zinc oxide (ZnO) nanoparticles emerge as a promising alternative to traditional pesticides, combining
antimicrobial action with nutritional benefits. However, their mechanisms of action and potential adverse
effects require further investigation [17]. ZnO NPs are effective against a wide range of pathogens [13]. It
induces the generation of reactive oxygen species (ROS), which transmit signals that activate physicochem-
ical defense responses [18]. It is an essential nutrient for metabolism, plant development, genetic expression,
biomolecular composition, in addition to participating in photosynthesis and being a cofactor of hormones
(gibberellins, auxins, cytokinins, abscisic acid) and enzymes (hydrolases, ligases) [19]. On the other hand,
MgO NPs control plant diseases by producing ROS that are toxic to microorganisms and activate signaling
pathways such as salicylicacid [20]. A hormone that triggers defense responses such as activation of pathogen
recognition (PR) genes, hypersensitive response (HR), and systemic acquired response (SAR) [21]. Finally,
graphene is a carbon allotrope with chemical and mechanical stability, high surface area, and low toxicity.
It facilitates the absorption of nutrients by acting as a carrier of essential elements [10]. It has antimicrobial
potential because it can damage the cellular structure of pathogens, resulting in their death [22].

Based on the aforementioned properties, nanoparticles of zinc oxide (ZnO) and magnesium oxide
(MgO) combined with graphene (GP) are presented as an economic opportunity with complementary
properties that provide the nutrient and also exhibit antimicrobial capacities [23]. The functionality of the
mixture is based on the ability of GP to act as a transporter of molecules such as ZnO and MgO, enhancing the
properties of both materials [24]. This is due to the chemical compatibility they exhibit, achieving interaction
with GP through the formation of covalent or non-covalent bonds between their functional groups [25].
Their nanometric size is effective in crops because they easily penetrate the cell, in addition to being efficiently
absorbed and translocated [26]. They have a larger specific surface area, which increases the points of contact
with microorganisms, cross the membrane by endocytosis, generate oxidative stress and cause cell death [27].

The NPs used in this research stimulate the immune system and positively modify the metabolic and
adaptive performance of plants [28]. They alleviate stress, promote plant survival, and reduce the use of
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agrochemicals [29]. They are also highly transportable, easy to handle, efficient, and have a long shelf life,
making them a practical technique with potential for improving food production systems [30].

Based on the above, this study aims to evaluate the effect of ZnO and MgO nanoparticles combined
with GP on tomato plants inoculated with FOL, their ability to induce tolerance to the pathogen, as well as
their effect on plant physiological behavior.

2 Materials and Methods
2.1 Experiment Setup

The tomatoes were grown in a greenhouse using ‘El Cid F1" indeterminate saladette tomato seeds from
Harris Moran (Davis, CA, USA). The plants were transplanted into 20 L black polyethylene containers filled
with a 1:1 mixture of peat moss and perlite. Steiner’s solution [31] was used to provide the plants with nutrients.
The plants were guided to a single stem.

This research was conducted in two stages. In the first stage, from March to May 2024, tomato
plants were grown for 70 days and seven treatments were applied directly to the soil at a volume of 10
mL per plant and a concentration of 100 mg L™ (where nanoparticle mixtures were evaluated, each was
50%). The treatments were as follows: 1) ZnO+GP: zinc oxide nanoparticles plus graphene inoculated with
FOL; 2) MgO+GP: magnesium oxide nanoparticles plus graphene inoculated with FOL; 3) GP: graphene
nanoparticles inoculated with FOL; 4) MgO: Magnesium oxide nanoparticles inoculated with FOL; 5)
ZnO: Zinc oxide nanoparticles inoculated with FOL; 6) T+: Positive control inoculated with FOL; and
7) TO: Absolute control (no application or inoculation with FOL). To ensure adequate dispersion of the
nanomaterials, the suspensions were sonicated for 30 min prior to treatment application. Treatment started
at the time of transplantation and was applied every two weeks for a total of five times.

In the second stage, which ran from June to October 2024, tomato plants were grown for 14 weeks. The
most effective treatment from the first stage was evaluated and applied at four different concentrations. The
treatments evaluated were: 1) ZnO+GP at 100 mg L' +FOL, 2) ZnO+GP at 200 mg L™ +FOL, 3) ZnO+GP
at 300 mg L' +FOL, 4) ZnO+GP at 400 mg L™'+FOL, 5) T+: positive control inoculated with FOL, 6) CC:
chemical control (captan at 5 g L™!) + FOL, and 7) T0: Absolute control (no application or inoculation with
FOL). The nanoparticle treatments were applied directly to the soil at a volume of 10 mL per plant; ZnO NPs
and GP were added in a 1:1 ratio, with each component representing 50%. To ensure adequate dispersion of
the nanomaterials, the suspensions were sonicated for 30 min prior to application. Treatment started at the
time of transplantation and was applied every two weeks for a total of seven times.

2.2 Characterization of Nanoparticles

Graphene nanoplatelets (GP) with a thickness of 2-8 nm (three to six layers), a purity of 95% and a
specific surface area of 500-1200 m?/ g were used (CAS number: 7782-42-5, US Research Nanomaterials, Inc.,
Houston, TX, USA). Zinc oxide nanoparticles (ZnO NPs) have a size of 10-30 nm, a purity of 99.8%, and a
specific surface area of 30-50 m*/g (CAS number: 1314-13-2, SkySpring Nanomaterials, Inc., Houston, TX,
USA). Magnesium oxide nanoparticles (MgO NPs) are 20 nm in size, 99% pure, and have a specific surface
area of >60 m?/g (CAS number: 1309-48-4, US Research Nanomaterials, Inc., Houston, TX, USA).

2.3 F. oxysporum Inoculation, Analysis of Disease Incidence and Severity

E oxysporum f. sp. lycopersici spores were propagated at 29°C for 15 days in Petri dishes containing
potato dextrose agar (PDA) medium supplemented with ampicillin (100 mg L™"). The plants corresponding
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to the FOL treatments were inoculated at transplanting time by immersing the seedling roots in a conidial
suspension at a concentration of 1 x 108 mL™!.

Disease incidence was determined visually when symptoms of FOL disease were observed. Plants
showing no symptoms were assigned a value of zero, while those showing symptoms were assigned a value
of one. Results are expressed as incidence percentages.

Disease severity was determined using a visual scale for each of the 20 plants per treatment, with the
average being reported. The visual scale was assigned a value where: 0 = no symptoms; 1 = wilting of basal
leaves; 2 = chlorosis of basal leaves and wilting of young leaves; 3 = wilting of most leaves, diffuse drying and
yellowing; and 4 = dead plant. Disease severity was calculated as a percentage.

2.4 Agronomic Parameters

Measurements were taken to evaluate the growth and development of the tomato plants. The height and
stem diameter of each plant were measured, and the number of leaves and clusters were counted.

At harvest, the fresh biomass was weighed. The dry biomass was obtained by drying the samples in a
drying oven (DHG9240A model) at a constant temperature of 90°C for 72 h. Fruit yield was calculated as
the total weight of the fruit harvested.

2.5 Sampling for Biochemical Analysis

The leaf samples used for the various biochemical analyses were collected 45 days after transplanting.
Fully expanded young leaves (third or fourth leaf) were collected for sampling and placed on ice before
being stored at —20°C. The samples were freeze-dried and ground into a fine powder, and stress biomarkers,
secondary metabolites and photosynthetic pigments were then determined.

2.6 Biochemical Variables

The content of chlorophylls (a and b) and P-carotene was determined according to the method of
Nagata and Yamashita [32]. The lyophilized sample (10 mg) was mixed with 2 mL of hexane: acetone (3:2).
Subsequently the samples were subjected to an ultrasonic bath for 5 min. They were then centrifuged at
15,000 g for 10 min at 4°C. The supernatant was removed and the absorbance was read at 645 and 663 nm
using a spectrophotometer. The obtained values were used in Eqgs. (1) and (2) to calculate the chlorophyll
content. For B-carotene, absorbances at 453, 505, 645 and 663 nm were measured and the obtained values
were used in Eq. (3).

Clorofila a = 25.38 * A663 + 3.6A645 (1)
Clorofila b =30.38 » A645 — 6.5 » A663 (2)
B — caroteno = 0.216 * A663 — 1.22 * A645 — 0.304 * A505 + 0.452 » A453 (3)

Hydrogen peroxide (H,0O,) was assessed according to the methodology described by Velikova et al. [33]
and expressed as pmol g~' DW. In total, 10 mg of lyophilized sample was homogenized with 1000 pL of
cold trichloroacetic acid (0.1%). The homogenate was centrifuged at 12,000x g for 15 min and 250 pL of the
supernatant was added to 750 uL of potassium phosphate buffer (10 mM) (pH 7.0) and 1000 uL of potassium
iodide (1 M). The absorbance of the supernatant was read at 390 nm. The content of H,O, was given on
a standard.

Superoxide anion (O,"”) production rate was measured by monitoring the nitrite formation from
hydroxylamine in the presence of O,'~ as described by Yang et al. [34] with some modifications. Lyophilized
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dried tissue (20 mg) were homogenized with 5 mg of polyvinylpyrrolidone (PVP), 1 mL of potassium
phosphate buffer (50 mM, pH 7.8), and then centrifuged at 5000x g and 4°C for 15 min. The obtained
supernatant (600 pL) was mixed with 550 pL of potassium phosphate buffer (50 mM, pH 7.8) and 60 pL
of hydroxylamine hydrochloride (10 mM), homogenized in vortex, and then incubated for 30 min at 25°C.
The incubated solution (650 pL) was added to 650 pL of 3-aminobenzenesulphonic acid (17 mM) and 1 mL
lI-naphthylamine (7 mM), and then further kept for 20 min at 25°C. The absorbance was recorded at 530
nm. A standard curve with NO, was used to calculate the O,"~ production rate from the reaction equation
of O,"~ with hydroxylamine. The O,"~ production rate was expressed as pmol 100 g~' min™! on a dry weight
basis (umol 100 ¢! DW min™).

Malondialdehyde (MDA) was determined according to the methodology described by Velikova
et al. [33] and expressed as nmol g'! DW. In total, 50 mg of lyophilized sample was homogenized in
1000 uL of thiobarbituric acid (TBA) (0.1%). The homogenate was centrifuged at 10,000x g for 20 min and
500 uL of the supernatant was added to 1000 pL of TBA (0.5%) in trichloroacetic acid (20%). The mixture
was incubated in boiling water for 30 min, and the reaction was stopped by placing the reaction tube in an ice
bath. Then, the sample was centrifuged at 10,000x g for 5 min, and the absorbance of supernatant was read
at 532 nm. The amount of MDA-TBA complex (red pigment) was calculated from the extinction coefficient
of 155 mM ™! cm™.

Total phenols (mmol 100 g~! DW) were obtained according to Yu and Dahlgren [35]. 100 mg of
lyophilized tissue was extracted with 1 mL of a water/acetone solution (1:1) and the mixture was homogenized
for 30 s. The sample tubes were centrifuged at 17,500x g for 10 min at 4°C. Then, 18 uL of the supernatant,
70 uL of the Folin-Ciocalteu reagent, and 175 pL of 20% sodium carbonate (Na,COs) were placed in a test
tube, and 1750 pL of distilled water was added. The samples were placed in a water bath at 45°C for 30
min. Finally, the reading was taken at a wavelength of 750 nm on the UV-Vis spectrophotometer (UNICO
Spectrophotometer, Model UV2150, Dayton, NJ, USA). Total phenols were expressed in mg equivalents of
gallic acid per gram of dry weight (mg g~ DW).

The flavonoid content was determined according to Arvouet-Grand et al. [36]. For extraction, 20 mg
of lyophilized tissue was placed in a test tube to which 2 mL of reactive grade methanol was added, and
this was homogenized for 30 s. The mixture was filtered using Whatman No. 1 paper. For quantification, 1
mL of the extract and 1 mL of 2% methanolic aluminum trichloride (AICl;) solution were added to a test
tube and allowed to stand for 20 min in darkness. The reading was taken at a wavelength of 415 nm on the
UV-Vis spectrophotometer (UNICO Spectrophotometer, Model UV2150, Dayton, NJ, USA). The results are
expressed in mg equivalents of quercetin per gram of dry weight (mg g”' DW).

Vitamin C (mg g~ DW) was determined by means of spectrophotometry as described by Hung and
Yen [37]. Briefly, 10 mg of lyophilized tissue was extracted with 1 mL of 1% metaphosphoric acid (HPOs)
and filtered with Whatman No. 1 filter paper. For quantification, 200 pL of extract was taken and mixed with
1800 uL of 2,6 dichlorophenol indophenol (100 mM), with absorbance measured at 515 nm on a UV-Vis
spectrophotometer (UNICO Spectrophotometer, Model UV2150, Dayton, NJ, USA).

2.7 Statistical Analysis

The experiment was conducted using a randomized complete block design with five replications. Each
experimental unit contained four plants. An analysis of variance and Fisher’s LSD means test (p < 0.05) were
performed. In addition, a multivariate analysis of variance (MANOVA) and the Hotelling test (p < 0.05) were
performed on the variables of incidence and severity of disease caused by E oxysporum. InfoStat software
version 2020 was used.
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3 Results
3.1 Incidence and Severity of Disease in the First Stage

In the first stage, significant differences were observed; two weeks after inoculation, the MgO+GP and
GP treatments showed a 16% and 50% lower incidence, respectively, compared to T+, while ZnO+GP showed
no incidence (Fig. 1A). The 100% incidence was manifested four weeks after inoculation. On the other hand,
the severity of the disease decreased significantly with the application of nanomaterials. The treatment with
the lowest severity since inoculation was ZnO+GP, which showed a 22% reduction compared to T+ at week
6. At week 7, GP, MgO, ZnO+GP, and MgO+GP decreased by 14%, 12%, 9%, and 7%, respectively, compared
to T+ (Fig. 1B).

100 { A //' o o — 0 A o] B =& A
o
o Y 4{ ....... AB
y _ Lo
S 4 <% a8
() | /‘/ t / A
o 60 | T
0 _./// —— T0 2 40 | /g - p
€ VAR T 40 7L
§ . Vil O GP o / / ° 1(\3/11)0
- AV 4 - L 777v*‘
2 g / Yo Mo ? Ly, —i— 7o
0 -/ n i B MeO+GP
£ S/, <M MgO+GP 20 | i &
20 A / —B— ZnO+GP I
e/ —— T d e
0 o o o @ eB 91 ® ° © ¢
1 2 3 4 5 & 7 8 LA R S L A

Weeks after inoculation Weeks after inoculation

Figure 1: Incidence (A) and severity (B) of E oxysporum disease in tomato plants from the second week
after inoculation. TO: absolute control; GP: graphene+FOL; MgO: magnesium oxide nanoparticles+FOL; ZnO:
zinc oxide nanoparticles+FOL; MgO+GP: magnesium oxide nanoparticles+graphene+FOL; ZnO+GP: zinc oxide
nanoparticles+graphene+FOL; T+: plants inoculated with FOL. Treatments with the same letter are not significantly
different according to Hotteling test (p < 0.05)

3.2 Agronomic Parameters of the First Stage

Significant differences were observed between the treatments. Plants in the TO treatment showed greater
height. Within the inoculated treatments, ZnO+GP exceeded the rest, increasing 41% compared to ZnO and
13.5% compared to T+ (Fig. 2A). In the case of fresh and dry biomass, TO had the highest content and among
the inoculated treatments, ZnO+GP exceeded the others (Fig. 2B,C). In the variable number of clusters,
no significant differences were found among the inoculated treatments, with TO being the best treatment
(Fig. 2D). Significant differences were observed in the number of leaves, with T0 being the best treatment,
while in the FOL treatments, ZnO+GP was the best (Fig. 2E). Significant differences were observed in stem
diameter, with TO increasing this variable compared to the rest of the treatments. However, the ZnO+GP
and MgO treatments increased it by 7% and 6%, respectively, compared to T+ (Fig. 2F).
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Figure 2: Plant height (A), fresh biomass (B), dry biomass (C), number of clusters (D), number of leaves (E), and stem
diameter (F) of tomato plants. T0: absolute control; GP: graphene+FOL; MgO: magnesium oxide nanoparticles+FOL;
ZnO: zinc oxide nanoparticles+ FOL; MgO+GP: magnesium oxide nanoparticles+graphene+FOL; ZnO+GP: zinc oxide
nanoparticles+graphene+FOL; T+: plants inoculated with FOL. Means with the same letter are not significantly
different according to Fisher’s LSD test (p < 0.05)

3.3 First-Stage Photosynthetic Pigments and Stress Biomarkers

Significant differences between treatments were observed for chlorophyll a content. ZnO, T+, MgO+GP
and ZnO+GP showed the highest values for this variable, statistically comparable to T0. ZnO+GP exceeded
GP and MgO by 14% and 16%, respectively (Fig. 3A). Significant differences were observed for chlorophyll b
content. ZnO+GP was statistically comparable to T0O and exceeded GP and MgO by 20% (I'ig. 3B). B-carotene
content did not show significant differences between treatments (Fig. 3C).

Results for hydrogen peroxide content showed no differences between treatments (Fig. 3D). Regarding
the superoxide radical content, a reduction was observed with the application of ZnO, decreasing by 17%
compared to T+; the nanoparticle treatments did not differ significantly from each other (Fig. 3E). The MDA
content increased significantly in the T+ and MgO+GP treatments, by 95% and 101%, respectively, compared
to TO. GP reduced this variable by 22% and 24% compared to T+ and MgO+GP, respectively (Fig. 3F).
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Figure 3: Chlorophyll a (A), chlorophyll b (B), p-carotene (C), hydrogen peroxide (D), superoxide radical (E), and
malondialdehyde (F) content in tomato plants. T0: absolute control; GP: graphene+FOL; MgO: magnesium oxide
nanoparticles+FOL; ZnO: zinc oxide nanoparticles+ FOL; MgO+GP: magnesium oxide nanoparticles+ graphene+FOL;
ZnO+GP: zinc oxide nanoparticles+graphene+FOL; T+: plants inoculated with FOL. Means with the same letter are

not significantly different according to Fisher’s LSD test (p < 0.05). Figures without letters in the bars do not show
significant differences (p < 0.05)

3.4 Incidence and Severity of Disease in the Second Stage

Highly significant differences were observed between treatments, with a significantly higher incidence
each week after inoculation in T+. At week 5, the 200 mg L~! treatment showed a 15% reduction in incidence
compared to T+ and a 10% reduction compared to CC. However, by week 6, the incidence reached 100% in
all treatments (Fig. 4A). Regarding disease severity, it was found that the application of ZnO+GP reduced
symptoms at low concentrations, with 200 mg L ™! being the most effective, reducing disease by 15% and 10%

compared to T+ and CC, respectively. The 100 mg L' concentration showed similar efficacy to the chemical
control (Fig. 4B).
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Figure 4: Incidence (A) and severity (B) of E oxysporum disease in tomato plants, from the second week after
inoculation. TO0: absolute control; 1) ZnO+GP-100, 2) ZnO+GP-200, 3) ZnO+GP-300, 4) ZnO+GP-400: zinc oxide
nanoparticles+graphene+FOL, applied at 4 different concentrations in mg L™!; CC: chemical control+FOL; T+: positive
control inoculated with FOL. Treatments with the same letter are not significantly different according to Hotteling test
(p < 0.05)

3.5 Agronomic Parameters of the Second Stage

Significant differences in plant height were observed among the different treatments. The application
of ZnO+GP nanoparticles at a concentration of 200 mg L™! stood out, statistically exceeding TO and the
300 mg L™ and 400 mg L ™! treatments by 16% and 8%, respectively (Fig. 5A). No significant differences were
found between treatments for stem diameter (Fig. 5B).

Regarding the number of leaves, the application of nanoparticles did not alter this variable in the
inoculated plants; however, TO showed an increase compared to the other treatments (Fig. 5C).

Regarding biomass, the trend is similar, with the 200 mg L™! concentration showing the highest content
compared to the control TO. For dry biomass, the 300 mg L™ concentration and the FOL control reduced
dry weight by 23% compared to the 200 mg L™! concentration (Fig. 5D,E).

Yield was higher in the ZnO+GP treatments at concentrations of 100 and 200 mg L™, statistically equal
to TO. However, these same treatments were not statistically different from CC and T+ (Fig. 5F).
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Figure 5: Plant height (A), stem diameter (B), number of leaves (C), fresh biomass (D), dry biomass (E), and fruit yield
(F) of tomato plants. TO: absolute control; 1) ZnO+GP-100, 2) ZnO+GP-200, 3) ZnO+GP-300, 4) ZnO+GP-400: zinc
oxide nanoparticles+graphene+FOL, applied at 4 different concentrations in mg L™!; CC: chemical control+FOL; T+:
positive control inoculated with FOL. Means with the same letter are not significantly different according to Fisher’s
LSD test (p < 0.05). Figures without letters in the bars do not show significant differences (p < 0.05)

3.6 Photosynthetic Pigments and Stress Biomarkers of the Second Stage

Chlorophyll a content increased with the application of ZnO+GP at 200 mg L™, a treatment statistically
comparable to T+ and CC, exceeding T0 by 18% (Fig. 6A). In terms of chlorophyll b content, TO had the
highest mean value (Fig. 6B). For -carotene content, the FOL inoculated treatments did not show significant
differences among themselves, but all exceeded TO (Fig. 6C).

There were no significant differences in the mean hydrogen peroxide content, so the treatments
were statistically equal (Fig. 6D). For superoxide anion, the inoculated treatments showed no significant
differences among themselves; however, the absolute control had the lowest level of this radical (Fig. 6E).
Regarding malondialdehyde content, significant differences were observed, with CC having the highest
content of this compound. While concentrations 0f 100, 300 and 400 mg L ™! of ZnO+GP reduced the content
of this compound by 27%, 37% and 23% with respect to CC (Fig. 6F).
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Figure 6: Chlorophyll a (A), chlorophyll b (B), B-carotene (C), hydrogen peroxide (D), superoxide radical (E), and
malondialdehyde (F) content in tomato plants. T0: absolute control; 1) ZnO+GP-100, 2) ZnO+GP-200, 3) ZnO+GP-
300, 4) ZnO+GP-400: zinc oxide nanoparticles+graphene+FOL, applied at 4 different concentrations in mg L™!; CC:
chemical control+FOL; T+: positive control inoculated with FOL. Means with the same letter are not significantly
different according to Fisher’s LSD test (p < 0.05). Figures without letters in the bars do not show significant differences
(p <0.05)

3.7 Second-Stage Antioxidant Compounds

No significant differences were found between treatments for phenol content (Fig. 7A). Significant
differences were observed between treatments for flavonoids; the 200 mg L! ZnO+GP treatment had the
highest concentration of flavonoids, 28% and 12% more than T0 and T+, respectively (Fig. 7B). Differences
were found between treatments for ascorbic acid content; CC had the highest average. However, the
ZnO+GP-200 mg L™! treatment had higher vitamin C contents than the other concentrations (Fig. 7C).
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Figure 7: Phenols (A), flavonoids (B), vitamin C (C) content in tomato plants. T0: absolute control; 1) ZnO+GP-100,
2) ZnO+GP-200, 3) ZnO+GP-300, 4) ZnO+GP-400: zinc oxide nanoparticles+graphene+FOL, applied at 4 different
concentrations in mg L™!; CC: chemical control+FOL; T+: positive control inoculated with FOL. Means with the same
letter are not significantly different according to Fisher’s LSD test (p < 0.05). Figures without letters in the bars do not
show significant differences (p < 0.05)
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4 Discussion
4.1 Plant Responses at the Morphological Level

FOL is an aggressive phytopathogen responsible for significant losses in the production and quality
of various crops, so strategies are needed to mitigate the effects of different types of biotic stress. The
application of nanoparticles is considered a viable, functional and economical option that has been shown
to reduce the severity of FOL in tomato plants (Fig. 1A,B). This is related to the antimicrobial capacity of
the compounds used [22]. When translocated from the root to the shoots through the xylem, it enters
by endocytosis or directly penetrates the membrane and disperses in the cytoplasm [38]. Nanomaterials
have a dual effect in controlling the development of pathogens, such as FOL. First, NMs have antimicrobial
properties [22]. Additionally, NMs activate plant defense reactions, including the hypersensitive response
and systemic acquired response, as well as the generation of secondary metabolites [39]. This in turn induces
plant tolerance to pathogens such as FOL.

Graphene acts by direct contact, which is the most relevant mechanism of action on the microbial cell,
causing rupture of the cell wall and membrane, oxidative stress, enzyme inhibition, changes in membrane
fluidity, and decreased gene transcription [40]. ZnO and MgO NPs generate ROS, which damage microbial
cell structures [20]. This results in structural damage and the loss of cell content, ultimately leading to
cell decline [41]. Furthermore, they activate signalling pathways such as salicylic acid, thereby stimulating
defence responses in plants, including the hypersensitive response, systemic acquired response and/or
secondary metabolites [20,39].

Plant response to nanoparticles varies depending on size, shape, application method, and dose [42].
Their nanometric size and shape influence penetration and mobility. In other words, they are effective in
crops because they easily penetrate cells and are absorbed and translocated efficiently [26]. Additionally,
the nanoparticles have a larger surface area, increasing their points of contact with microorganisms and
enhancing their interaction with pathogens [27].

In the first stage of this research the ZnO+GP mixture was the best (Fig. 1B). The ZnO+GP mixture
was the most efficient thanks to the antimicrobial properties of both materials [13,22]. ZnO NPs induces the
generation of reactive oxygen species (ROS), which transmit signals and activate physicochemical defense
responses [18]. On the other hand, the antimicrobial capacity of graphene is based on structural damage to the
microbial cell wall or membrane (in addition to the oxidative stress it causes), which leads to cell death [22].
Additionally, graphene’s ability to carry molecules (such as ZnO and MgO) makes them more accessible and
improves the properties of both materials [24]. In the second stage, we observed that lower concentrations
increased resistance to infection (Fig. 4B). Since NPs are compounds that act under the principle of hormesis,
a phenomenon in which low exposure to a substance stimulates it and higher concentrations damage or
inhibit it [43], the key is to find the correct concentration-response relationship [44], resulting in adaptation
and recovery to the plants inadequate situation [45].

The positive response of nanoparticles is due to the fact that they affect physiological processes by
modulating metabolism, interacting with cytoplasmic proteins, membranes and organelles that influence
gene expression and allow acclimation [46]. This has already been demonstrated in several studies. El-abeid
etal. [47], show that the severity of FOL decreased in tomato and pepper plants after application of CuO NPs
with reduced graphene oxide nanosheets (1 mg L ™! via soil). Gonzalez-Garcia et al. [48], reported a significant
reduction in the incidence of FOL in tomato plants through the application of carbon nanomaterials, in
addition to increasing other agronomic variables such as yield.

The inoculated treatment (T+) reduced growth, but the application of ZnO+GP and MgO NPs
promoted the development of stems, leaves and fruits compared to T+ (Fig. 2). This was a consequence of
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the presence of Fusarium oxysporum, a pathogen that limits plant development by blocking water transport,
resulting in minimal or even zero yields [5]. Several studies have shown that the presence of FOL affects plant
growth, causing a reduction in height, stem size, number of leaves, yield and biomass [49]. In the second stage,
ZnO+GP at 200 mg L™! was shown to be the most efficient treatment in terms of growth, development and
yield variables, while higher concentrations (300 and 400 mg L") significantly reduced plant development
and yield compared to lower concentrations (Fig. 5). That is, the results follow a hormetic pattern in which
the plant tolerates the stimulus up to a certain limit, after which the damage outweighs the benefit or no
response is generated [50]. Chahardoli et al. [51] show in their results the growth inhibition through the
use of TiO, NPs, applying 1000 mg L™! in black cumin plants (Nigella arvensis), while concentrations of
100 mg L™ managed to positively stimulate the plant. These nanomaterials have a biostimulant function,
causing morphological, biochemical, physiological, epigenomic, proteomic and transcriptomic changes that
favorably alter the metabolic and adaptive performance of plants [28]. Allowing the increase of growth, yield
and induction of tolerance to adverse situations [11]. Guo et al. [52] report an increase in auxin content when
applying 50 and 100 mg L™! graphene oxide, triggering an increase in growth of stems, roots, fruits and
biomass. Likewise, El-Abeid et al. [53] reported the most significant reduction of Fusarium solani and better
development in tomato plants by applying CuO NPs at a concentration of 250 mg L™'.

4.2 Plant Responses at the Biochemical Level

Photosynthetic pigments such as chlorophyll a, b, and B-carotene are essential for photosynthesis and
are affected by pathogen infection, affecting plant physiology and health [54]. This is because photosynthetic
efficiency is closely related to growth and yield by converting light energy into free energy needed for
life [55]. The amount of chlorophyll can be affected by biotic or abiotic stress factors, affecting the plant’s
ability to capture light or avoid harmful photooxidations [56]. Photosynthesis is reduced by the presence
of pathogens when they affect leaf tissues, reducing the photosynthetic area, and although the plant can
maintain its chlorophyll function with the remaining tissue, the overall development of the plant is affected as
the infection progresses, initially chlorosis reduces the amount of chlorophyll per chloroplast and cell death
reduces the number of photosynthetically active cells [57].

That is, the decrease in chlorophyll content is common in stressful situations, but within the group
of inoculated treatments; T+, ZnO independent and combined with graphene (at concentrations of 100
and 200 mg L) presented the highest content of photosynthetic pigments, which may be a physiological
adaptation to mitigate the stress condition (Figs. 3 and 6). As a consequence of the ability of graphene
to facilitate electron transfer and ROS scavenging in photosystem II, as observed in rice plants [58]. Rai-
Kalal and Jajoo [59] reported increases in chlorophyll content by foliar application of ZnO NPs to wheat at
concentrations of 10 mg L.

ROS can damage cells by accumulating oxygen when these compounds exceed their degradation
capacity [60]. The inoculated treatments showed higher levels of hydrogen peroxide as evidenced by the
increase in MDA, a byproduct of lipid peroxidation. However, there was a significant reduction in MDA levels
in the ZnO, GP, MgO, and ZnO+GP treatments (Fig. 3). In the second stage, the chemical control treatment
had the highest MDA levels (Fig. 6), indicating increased oxidative stress that altered the redox balance.
Research has reported an increase in H,O, and MDA levels in tomato plants due to FOL infection [61].

On the other hand, the superoxide radical is a reactive oxygen species that can cause damage to proteins
and DNA, minimizing development and productivity and even causing plant death [62]. O,"” decreased
in the treatments inoculated with the application of nanoparticles, which is closely related to the ability of
nanomaterials to activate the antioxidant defense system, increasing the reduction of this compound, so that
the healthy control was able to present relatively high levels without causing significant damage. However,
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it is normal for ROS to increase in stressful situations [63]. This was observed in the second stage, where
superoxide anion levels increased in the inoculated plants (Fig. 6B).

NMs act as elicitors by inducing defense responses in plants and stimulating the biosynthesis of
secondary metabolites [64]. Stimulate the biosynthesis of non-enzymatic antioxidants, such as phenols,
flavonoids, and vitamin C, as well as enzymatic antioxidants, such as catalase, peroxidase, and superoxide
dismutase, which eliminate excess ROS [65,66]. These compounds convert ROS into less toxic substances,
thereby reducing their harmful effects at the cellular level [67]. This is a consequence of the mild oxidative
stress induced by NMs, which acts as a signal to activate defense mechanisms [20]. Reactive oxygen species
cause an increase in the production of defense compounds in the cell in response to stress. This defense
system converts oxidizing compounds into less toxic substances, thereby reducing their harmful effects [67].

Immunity to pathogen attack requires regulation of the defense system, generation of ROS, and
production of secondary metabolites, especially polyphenolic compounds (phenols/flavonoids) that regulate
redox balance. These are defense compounds that reduce the accumulation of mycotoxins and protect the cell
from oxidative damage [68]. These compounds are part of the plant’s active response, limiting the progression
of the disease and providing tolerance to infection [69]. By recognizing the stimulus, signaling and activating
molecular and biochemical processes that protect against infection [70]. In the present work, an increase
in the levels of metabolites such as flavonoids and ascorbic acid was observed (Fig. 7B,C). Flavonoids are
bioactive compounds with antimicrobial properties that neutralize toxic or oxidizing substances, thereby
reducing the risk of cell damage [71]. Ascorbic acid induces plant growth and is also a potent antioxidant
that scavenges reactive oxygen species (H,O,) and reduces oxidative stress in plants [72]. Gonzalez-Garcia
et al. [65] reported a significant increase in ascorbic acid and flavonoid content in tomato plants after foliar
application of graphene at concentrations of 100 to 500 mg L™".

4.3 Additional Factors to Consider When Using Nanomaterials

Currently, the cost of using chemicals to control pathogens in agriculture is lower than the cost of using
nanomaterials. However, chemicals have several drawbacks, including the rapid release and degradation of
the active ingredient and the development of pathogen resistance, which requires increased doses and the
rotation of active ingredients. This results in higher economic costs and environmental risks [10,73]. In this
sense, NMs can be a viable, efficient alternative to conventional products. For instance, studies have shown
that nanofertilizers can be significantly more effective than traditional fertilizers, requiring lower doses [74].

However, excessive application of nanoparticles will inevitably impact the environment. Prolonged
applications and high concentrations increase the probability of bioaccumulation in plant tissues [75].
Although not all nanomaterials are toxic, there is a lack of bioaccumulation studies [76], so more research
is needed in this area. In this study, low concentrations were used (100-400 mg L', with 10 mL applied per
plant), which is different from other studies. The research shows that nanoparticles accumulate in corn plants
when 15,000 mg L™ of ZnO is applied. The nanoparticles are found in the intercellular spaces, vacuoles, and
cytoplasm with degenerated mitochondria. Lower concentrations do not show bioaccumulation [76].

The use of nanoparticles has grown significantly across various industries over the last decade. However,
there is no comprehensive information on how nanoparticles interact with the environment. While some
studies demonstrate the non-toxicity of these nanometric materials, others raise concerns about their poten-
tial impact on health and the environment [77]. Concerns are heightened, especially when using metallic
nanoparticles, as they have been documented to damage microbial communities due to nanotoxicity [78].
Therefore, the biocidal capacity of metallic nanoparticles may pose a significant threat to non-pathogenic
organisms [79]. Although nanotechnology has been experimented with in many areas, more research is
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needed to guarantee the safe application of these materials and understand their long-term effects and
sustainability [78].

5 Conclusions

Application of zinc oxide and graphene nanoparticles to inoculated tomato plants reduced the incidence
and severity of disease caused by FOL. It also increased agronomic variables such as plant height, stem
diameter, leaf number, and bunch number, and even increased the content of photosynthetic pigments and
reduced the content of stress biomarkers, allowing for plant growth and development.

The results confirm the effectiveness of these compounds in positively impacting agricultural crops by
mitigating damage caused by pathogens. They are a viable, cost-effective option that stimulates the plants,
activating defense responses and influencing fruit yield and quality in tomato.

In this research, different concentrations were evaluated with the aim of finding a more efficient and
reliable standard, since the application of nanoparticles is an area with great potential in agriculture. However,
itis still under development and requires research to define the optimal concentrations to achieve stimulation
and guarantee safe and sustainable application.
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Glossary/Abbreviations

FOL Fusarium oxysporum f. sp. lycopersici
NPs Nanoparticles

NMs Nanomaterials

ZnO Zinc oxide

MgO Magnesium oxide

GP Graphene

ROS Reactive oxygen species

PR Pathogen recognition genes

HR Hypersensitive response

SAR Systemic acquired response

DW Dry weight
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MDA Malondialdehyde

TBA Thiobarbituric acid

T+ Positive control inoculated with FOL
CcC Chemical control

LSD Least Signifficant Difference

MANOVA  Multivariate analysis of variance
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