horticulturae

Article

Evaluation of Nano Zinc-Copper Micronutrients and Canola
Biofumigants Against Fusarium Wilt of Tomato

Mpho T. Molobela 2*, Mapotso A. Kena 2, Kingsley K. Ayisi 3, Nkateko N. Phasha ¢ and Vafana A. Ntuli 2

Academic Editor: Liangliang Liu

Received: 21 April 2026
Revised: 4 June 2026
Accepted: 5 June 2026
Published: 30 June 2026

Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

1 Centre for Global Change, University of Limpopo, Private Bag X 1106, Sovenga 0727, South Africa;
vafanantuli@gmail.com

2 Department of Plant Production, Soil Science and Agricultural Engineering, University of Limpopo,
Private Bag X1106, Sovenga 0727, South Africa; mapotso.kena@ul.ac.za

3 DSTI-NRF SARChI Chair in Ecosystem Innovations and Society Nexus, Centre for Global Change,
Department of Plant Production, Soil Science and Agricultural Engineering, University of Limpopo,
Sovenga 0727, South Africa; kwabena.ayisi@ul.ac.za

¢ Department of Biochemistry, Microbiology and Biotechnology, University of Limpopo, Limpopo,

Private 7 Bag X1106, Sovenga 0727, South Africa; nkateko.phasha@ul.ac.za

Correspondence: 201604672@myturf.ul.ac.za

Abstract

Fusarium oxysporum f. sp. lycopersici threatens tomato production globally, resulting in
severe yield losses. Nanotechnology and organic amendments are emerging as
sustainable disease management practices to combat the drawbacks of chemical
fungicides. This study evaluated the efficacy of nano Zn-Cu micronutrient solution and
canola biofumigant on disease incidence, severity, and disease progression under field
and greenhouse conditions. Tomato plants showing wilt symptoms were collected from
two distinct agroecological locations of the Limpopo Province, South Africa.
Morphological and molecular identification confirmed the presence of the virulent isolate.
Under greenhouse conditions, weekly application of nano Zn-Cu significantly reduced
wilt severity on two tomato cultivars, with 43-86% disease suppression, while canola
biofumigant recorded disease suppression of 66-86%. The field experiment showed fewer
disease incidences (0—40%) and severity (4-35%) on tomato plants sprayed weekly with
nano Zn-Cu. This treatment maintained lower values of Area Under Disease Progress
Curve (AUDPC), suggesting slower disease development. Similarly, canola biofumigant
reduced disease development relative to the untreated control. Under both greenhouse
and field experiments, untreated plants were severely infected, recording approximately
70% disease severity. This study demonstrated the potential of nano Zn-Cu
micronutrients and canola biofumigant as sustainable solutions for managing Fusarium
wilt of tomato, thereby contributing to integrated disease management.

Keywords: Brassica; biofumigant; disease severity; nanotechnology; soil-borne

1. Introduction

Tomato (Solanum lycopersicum) is one of the most cultivated vegetable crops in South
Africa, and the Limpopo Province accounts for 70% of the country’s total production [1].
The crop is cultivated under diverse agroclimatic conditions, including open field and
protected environments such as greenhouses [2]. Tomato production is, however,
significantly compromised by diseases, with Fusarium wilt being one of the most

Horticulturae 2026, 12, 807

https://doi.org/10.3390/horticulturae12070807



Horticulturae 2026, 12, 807

2 of 20

prevalent and challenging to manage for both small-scale and large-scale farmers [3]. The
disease is caused by a soil-borne fungal pathogen, Fusarium oxysporum f.sp. lycopersici
(Fol), and contributes to approximately 80% yield loss globally, including South Africa [4].
Fusarium oxysporum {. sp. lycopersici (Fol) infects susceptible tomato plants by invading the
intercellular root cortical cells, entering and multiplying inside the vascular system
through the xylem [5]. During pathogenesis, the pathogen colonises and blocks the xylem
vessels with fungal mycelia, spores and polysaccharides, restricting water and nutrient
movement [6]. This leads to the manifestation of symptoms, including brown vascular
discolouration, and yellowing and wilting on older leaves [5]. Severely affected tomato
plants experience poor fruit formation and may die prematurely [3].

Soil fumigation with synthetic chemicals such as methyl bromide, chloropicrin and
metam sodium was previously the most common approach used to control soil-borne
diseases such as Fol [7]. However, this method has limitations, including environmental
pollution, human health risks, toxicity to non-target microorganisms and evolution of
resistance strains [7]. Several alternative approaches have been investigated to suppress
Fol, including 5-year crop rotation with non-host and sanitation [8]. However, the ability
of Fol to produce chlamydospores as specialised resting structures, which can survive in
the soil for several years, makes these management strategies less effective [9]. Other
studies report on the use of resistant cultivars; however, the loss of resistance is
continuously reported in most cultivars due to the ability of the pathogen to develop new
virulent races [10]. For example, the 12-resistance-breaking Fol race 3 (Fol R3) was first
detected in Limpopo, South Africa, in 2013 [11]. Consequently, these drawbacks then
necessitate increased research on safe alternative methods for effective soil-borne disease
control.

Nanotechnology is emerging as a promising solution to address the mentioned
limitations. Nutrient supplements in nano sizes are being explored as safe and effective
alternatives in plant disease management due to their biocompatibility, low toxicity and
environmental sustainability [12]. Micronutrients, for example, when applied as
nanoparticles (1-100 nm), directly attach to the pathogen spores due to their high
reactivity and large surface area, thus suppressing spore germination and pathogen
invasion [13]. Among these nano-micronutrients, copper (Cu) and zinc (Zn) are the most
critical for plant health, and their reduced levels or absence in soil result in plants’
susceptibility to wilt and rots [14]. These micronutrients have multiple mechanisms that
involve directly attacking the pathogen while also improving crop nutrition and growth
[12]. This includes activation of defence metabolites, distorting fungal cellular structures,
enhancing the host’s nutritional status and physiological functions [14]. Previous studies
have explored the role of zinc oxide and copper oxide (ZnO-CuO) nanoparticles against
Vicia faba Fusarium wilt, observing that these nanoparticles reduced disease incidences by
promoting antifungal activities [15]. On the other hand, ZnO and CuO nanoparticles
inhibited mycelial growth of Fusarium oxysporum by 83% and 67.3%, respectively [16,17].
The nanoparticles directly attack Fusarium, activating defence metabolites, thereby
increasing growth and reducing disease incidences and severities [18,19].

Many scientific studies have also focused on the antimicrobial properties of
Brassicaceae plants as an environmentally friendly method to suppress plant pathogenic
organisms [20-22]. This is mainly due to the high content of sulphur-containing
compounds, the glucosinolates (GSL) [22]. When applied as soil amendments, GSLs are
further degraded into isothiocyanates (ITCs) by myrosinase, which is released under high
soil temperatures and moisture [22]. ITCs employ different mechanisms in the inhibition
of pathogen growth; for example, they inhibit mitochondrial respiration by inducing
oxidative stress [23]. In Verticillium wilt management, high ITC concentrations released
during soil amendments with Brassica napus (rape) and Brassica juncea (Mustard) reduced
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Verticillium dahliae inoculum in the form of microsclerotia capacity by 60% [24]. The
suppressiveness of these Brassicae species was attributed to increased levels of sinigrin, a
parent-GSL of allyl ITC, which is found in high concentrations in the leaves of Brassica
junacea [25]. The GSL by-products in Brassicae crops reduce disease severities by causing
loss of cell membrane integrity, hyphal deformity, and inhibition of spore germination,
thereby exerting antifungal activity [26]. Additionally, crops such as canola (Brassica
napus) are selected as biofumigants because of their rapid growth in semi-arid regions and
good ground cover, playing a significant role in increasing soil organic matter and
biological functions [27]. Canola biofumigant also contains approximately 4-24 umol g
dry weight GSLs contributing to suppression of soil-borne diseases, including F.
oxysporum [27].

Research on the potential of canola as a biofumigant and combined Zn-Cu nano-
micronutrients to manage soil-borne diseases in tomato production is still limited. Given
this, the objective of this study was to determine the additive effect of canola (Brassica
napus L.) biofumigant and nano Zn-Cu micronutrients solution on Fusarium oxysporum f.
sp lycopersici.

2. Materials and Methods
2.1. Description of Study Areas

A tomato wilt survey was conducted in two planted fields representing distinct semi-
arid agroecological regions of the Limpopo Province, South Africa, during the 2023-2024
cropping season (Figure 1). The first location was the University of Limpopo Experimental
Farm (Syferkuil), located in the Capricorn district at geographical coordinates 23°50'02.7"
S and 29°41'25.5" E. The area receives annual rainfall of 350 to 500 mm with average
maximum and minimum temperatures of 15 and 30 °C, respectively. The soil at the farm
is classified as a clay loam in Hutton form [28]. The second study area was the farmers’
field Itemeleng Ba-Makhutjwa Primary Cooperative in Mopani district, Ofcolaco, located
at 24°06'38.3" S and 30°23'11.8" E. Ofcolaco receives approximately 650 to 700 mm of
rainfall per year, with average maximum and minimum temperatures of 18 and 35 °C,
respectively. The soil is classified as sandy clay loam in Hutton form [28].

LIMPOPO PROVINCE M
olaco
; Vhembe
¢
§
N <
2 B
o Capricorn - Mopani
Sy!erkuj_l
Waterberg otkolaco T | eend
& i e ! Limpopo_Districts
' :
> = Capricom
& '}/" ’ | Greater Sekhukhune
_ Greater Sekhukhune ./ Mopani
i { ‘ Vhembe
Waterberg
\ [ study areas
“'*‘@F
s
0 a5 90 180 270 =5

Figure 1. Study site map [29].
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2.2. Plant Sample Processing and Pathogen Isolation

Tomato plants were randomly sampled once at the vegetative to early fruiting stage
when yellowing and wilting symptoms were visible across the infected fields described
in Section 2.1 above. Whole plants showing yellowing and wilting symptoms were
uprooted, and roots and stems were further assessed for symptoms. A total of 20
symptomatic plants were randomly collected during the disease survey, with disease
incidence ranging from 20 to 50% at each location. Roots and stems showing brownish
discolouration were first washed under tap water to remove the soil particles. The tissues
were further cut into 5-10 mm long pieces, followed by surface sterilisation for 1 to 2 min
in 1% sodium hypochlorite solution and washed twice in sterile distilled water. These
surface-sterilised tissues were placed directly in Petri dishes on potato dextrose agar
(PDA) plates amended with chloramphenicol (100 mg/L) as an antibacterial agent and
incubated at 25 + 2 °C for five days. Subsequently, pure cultures were obtained by placing
a piece of mycelium in sterilised Petri dishes containing PDA and incubating at a
controlled laboratory temperature of 25 + 2 °C for seven days. Several pure culture isolates
were identified and maintained on PDA and stored at +4 °C for further use.

2.3. Morphological Identification of Fol

Morphologically, Fol was identified through physical observation, such as colony
diameter and pigmentation of the 7-day-old pure cultures. Microscopic evaluation was
also carried out to assess the characteristics of micro and macroconidia using an AmScope
compound microscope (AmScope, Irvine, CA, USA) at a magnification of 40x. The
morphological features were confirmed by comparing them with the published literature
[30].

2.4. Pathogenicity Test

Isolates recovered from the symptomatic tomato plants in Section 2.2 and
morphologically identified as Fol were evaluated for pathogenicity under greenhouse
conditions. The pathogenicity was tested on two commercial tomato -cultivars,
Moneymaker and Rodade, as susceptible and disease-tolerant hosts, respectively. The
pathogenicity tests were conducted in a mesh-net-protected greenhouse with a controlled
ambient temperature of 28/11 °C and humidity maintained at 60% and 70%. Then, 25 cm
pots were filled with steam-pasteurised sand and Hygromix at 3:1 (v/v). To increase
inoculum potential and ensure pathogen establishment, two inoculation methods were
used. For soil inoculation, the mycelial plug method with adjustments was followed [31],
and seedling inoculation was carried out using the standard root dip method [32].

Soil inoculation: Fol isolate was grown on PDA for 7-8 days at 25 °C, three 5 mm agar
discs were cut using a flame-sterilised scalpel and were carefully placed in small holes in
the pots. Pots inoculated with pathogen-free agar plugs served as a control. Furthermore,
the pots were left for two weeks to allow the establishment of the pathogen [31].

Seedling inoculation: Similarly, Fol isolate grown on PDA for 7-8 days at +25 °C on
potato dextrose agar (PDA) was used. Spores were harvested by flooding the Petri plates
with 10 mL sterile distilled water, followed by gentle scraping of the mycelium with a
sterile inoculation needle to dislodge spores. The collected conidia were transferred into
250 mL media bottles containing 100 mL sterile distilled water and incubated for 24 h.
This was further filtered through three layers of fleece filter, and conidial suspension was
further adjusted to a final concentration of 1 x 10¢ conidia/mL under a light microscope
using a haemocytometer. Four-week-old tomato seedlings were uprooted from the
seedling trays, and the roots were slightly cut at 2 cm to obtain a more uniform and
homogenous infection. The seedlings were further dipped in conidia suspension of Fol for
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30 min before transplanting. Seedlings dipped in sterile distilled water served as a control
[32].

After transplanting into the 25 cm pots, irrigation was applied every other day or
when plants show water stress. Fusarium wilt symptoms were evaluated 30 days after
transplanting using the 0-5 scale described by [32].

2.5. Molecular Identification of Fol and Phylogenetic Tree Analysis

Following the pathogenicity test, the virulent Fol isolate that induced typical
Fusarium wilt symptoms was selected for subsequent molecular identification and
phylogenetic analysis. Mycelia growth was scraped from the eight-day-old isolate for
genomic DNA extraction, following the manufacturer’s protocol of ZymoResearch
QuickDNA Fungal/Bacterial MiniPrep kit (Zymo Research, Freiburg, Germany). 1%
agarose gel was used to determine the concentration and quality/purity of the extracted
DNA. Polymerase chain reaction (PCR) amplification of the translation elongation factor
1-alpha (tef-1at) was performed using EF1 and EF2 primers. PCR conditions were set at: 1
cycle of 3 min at 94 C; 35 cycles of 60 s at 94 °C, 60 s at 59 °C, and 60 s at 72 °C; and one
cycle of 7 min at 72 °C and 3 min at 20 °C [33]. Amplicons were bidirectionally sequenced
with the same primer pairs as used for PCR amplification at Inqaba Biotechnical Industries
(Pty) Ltd., Pretoria, South Africa. BioEdit version 7.0.2 software was used to manually
trim, assemble and generate consensus sequences for the isolate. The generated nucleotide
sequences were compared to known reference sequences found in the National Centre for
Biotechnology Information (NCBI) database. A phylogenetic tree was constructed using
MEGA version 12.0 using the maximum likelihood method. This analysis of genetic
sequences provided a valuable determination of evolutionary relationships between the
isolate and the F. oxysporum species complex.

2.6. Greenhouse Experiments
Disease Suppression Evaluation
(a) Treatment preparation

Canola biofumigant: Canola seeds of cultivar Quartz were first planted on a subplot
field of 4 m x 4 m. Eighty (80) days after planting (DAP) during the early flowering stage,
the plant roots, shoots, and leaves were uprooted, dried, and crushed into small pieces
and kept in tightly closed glass bottles at room temperature until further use. The
biofumigant was applied at a rate of 15 g kg! of soil and integrated into the soil in a 25 cm
diameter pot before transplanting of tomato seedlings, but post-soil inoculation.

Nano zinc-copper (Zn-Cu) micronutrients: A commercially available nano
micronutrient fertiliser, which was approved by the South African Bureau of Standards
(SABS) and the South African Department of Agriculture, Forestry, and Fisheries
(Approval No. B5905A), was used in the study. The combined nano Zn and Cu
micronutrient fertiliser is a clear blue solution containing Cupric Nitrate-3H20 (54.8 g L),
Zinc Nitrate-6H20 (262 g L), and Silver Nitrate (1.66 g L). The particle size of the nano
fertiliser ranges between 1 and 100 nm and has an undiluted pH of <1.5 [32]. This was
applied as a foliar spray after transplanting the tomato at a dose of 0.2 mL L of water
using a knapsack with a flat fan nozzle. Four different application frequencies were
evaluated: control (zero application); weekly (once a week); biweekly (once every 2
weeks); and monthly application (once a month). The treatments were applied repeatedly
according to the respective schedules/frequencies throughout the experimental period.

(b) Experimental layout
The greenhouse experiment was established as a 2 x 5 factorial design with two

factors and four replications. Factor A was two tomato cultivars (Rodade and
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Moneymaker), and factor B was 5 treatments (T1 = control (inoculated but not treated), T2
= canola biofumigant, T3 = weekly Zn-Cu, T4 = biweekly Zn-Cu and T5 = monthly Zn-Cu).

(c) Planting

Tomato cultivars: Seeds of the two tomato cultivars (Rodade and Moneymaker) were
first sterilised in 1% sodium hypochlorite, rinsed in distilled water and dried on a filter
paper in a laminar flow. The dried seeds were then planted in seedling trays containing
Hygromix for four weeks before transplanting.

(d) Fol inoculum preparation and inoculation

The virulent Fol isolate identified from the pathogenicity test in Section 2.4 was used
for the greenhouse experiment. Pathogen inoculum and inoculation were prepared
following the methods by [32] and [31] as outlined in Section 2.4. Transplanted plants in
the 25 cm pots were irrigated with 250 mL of tap water once every two days.

2.7. Field Experiments
Fusarium Wilt Suppression Under Field Conditions
(a) Treatment preparation

Canola biofumigant: Before planting of tomato, canola seeds of cultivar Quartz were
sown in designated subplots during the months of May—June 2024. The crop was allowed
to grow until the onset of the reproductive stage (August 2024), at which the plants were
uprooted, chopped, incorporated into the soil at 12 t ha™, and left to decompose for one
month to allow the release of bioactive compounds.

Nano zinc-copper (Zn-Cu) micronutrients: After transplanting four weeks old
tomato seedlings, nano Zn-Cu solution was applied as described in Section 2.6 (a). Four
different application frequencies were also evaluated: control (zero application); weekly
(once a week); biweekly (once every 2 weeks); and monthly application (once a month).
The treatments were applied repeatedly according to the respective schedules/frequencies
throughout the experimental period.

(b) Experimental layout

Experimental plots with a history of Fusarium wilt, as described in Section 2.1, were
used for field trials. The field experiments were laid out as a split-plot design with four
replications. The main plot factor consisted of two Fusarium wilt-susceptible and -tolerant
tomato cultivars (Moneymaker and Rodade), which were randomly allocated within each
replication. The subplot factor consisted of five treatments, namely T1 = control, T2 =
canola biofumigant, T3 = weekly Zn-Cu, T4 = biweekly Zn-Cu and T5 = monthly Zn-Cu,
which were also randomly assigned within each main plot. Each replication comprising
133 plants per cultivar. Each subplot was a 4 m x 4 m area, comprising four rows with an
intra-row spacing of 60 cm and an inter-row spacing of 100 cm. A buffer space of 1 m and
1.5 m was maintained between plots and replications to minimise interference. At the two
locations, four-week-old tomato seedlings were transplanted in October 2024 according
to the above-mentioned plant spacing.

(c) Management practices

Each experimental unit received phosphorus in the form of superphosphate (10.5%
P) at 20 kg P ha, based on pre-plant-soil fertility analysis. Nitrogen was applied as
Limestone Ammonium Nitrate (LAN) (28% N) at a rate of 100 kg N ha™ in a split
application of 50 kg N ha™' each at planting. All fertilisers were banded along the row. The
experimental trial was irrigated using a drip irrigation system twice a week for 3 h.
Tomato plants were trellised, and other crop management practices such as weeding,
pruning, and pest control were done when necessary, during the cropping season. White
fly (Bemisia tabaci) and tomato leafminer (Tuta absoluta) infestations in the tomato trials
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were controlled using Cypermethrin 200 EC (EFEKTO (Pty) Ltd, Johannesburg, South
Africa) at a concentration of 120 mL of Cypermethrin diluted in 64 L of water and Coragen
SC (FMC Corporation, Gauteng, South Africa) insecticide at a concentration of 200 g L,
respectively.

2.8. Data Collection

Disease incidence

Disease incidence was evaluated under field conditions by counting the number of
plants showing wilting and yellowing symptoms at 20, 40, 60, and 80 days after
transplanting (DAT). Furthermore, the disease incidence percentage was calculated using
a formula described by [34] as follows.

. L Number of plant infected
Disease incidence % = - - x 100
Total number of plants investigated

Disease severity and Area Under Disease Progress Curve (AUDPC)

The 0-5 scale described by [32] was used to record the disease severity at both
greenhouse and field experiments at 20, 40, 60, and 80 days after transplanting (DAT,
were: 0 = healthy; 1 = Moderate leaf yellowing 10%; 2 = Moderate wilting 30%; 3 = Stunted
plant with yellowing 50%; 4 = Severe stunting with majority of leaves wilted 70%; 5 = Dead

plant 100%. Disease severity percentage was measured following the equation [35]:
Y. Scale X Number of plants

Highest scale X Total number of plants
The formula described by [3] was used to determine the Area Under Disease Progress

Curve (AUDPC):
n
Yipr +Yi
AUDPC = [(T) (Tip1 — Tl-)]
i=1

where Yi = Severity % of Fusarium wilt at the ith observation, Ti = time (days after

Disease severity (%) =

inoculation/transplanting) at the ith observation and # = total number of evaluations.
Disease reduction

To quantify the efficacy of each treatment in the greenhouse experiments, the disease
reduction percentage was calculated using the equation described by [35], where C =

disease severity percentage in the positive control and T = disease severity percentage in
treated plants.

Disease reduction (%) = x 100

2.9. Statistical Analysis

The collected data from the greenhouse and field experiments were subjected to a
partial analysis of variance (ANOVA) using the STATISTIX software (Version 10.0).
Where significant treatment effects were detected, mean separation was achieved using
Tukey’s HSD at a probability level of 5%.

3. Results
3.1. Morphological Characterisation of Fol Isolate

Following the pathogenicity test, one isolate consistently induced typical Fusarium
wilt symptoms on the two tomato cultivars and was selected for morphological
identification and subsequent evaluations in this paper. The Fol isolate produced a white
colony with a dark purple pigment diffusing into the agar and visible from both sides of
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the Petri plate (Figure 2A, B). The microscopic evaluation showed that the isolate
produced small, single oval-shaped microconidia, which were abundant, with a few oval-
shaped macroconidia (Figure 2C). The isolate also showed good sporulation (Figure 2C).

Figure 2. Cultural and morphological characteristics of Fusarium oxysporum f£. sp. lycopersisci (Fol)
isolate from diseased tomato plants. (A) Fol colony on agar (upper side of Petri plate), (B) Fol colony
on agar (bottom side of Petri plate), (C) microscopic view of microconidia and macroconidia.

3.2. Molecular Characterisation of the Fol

BLASTn analysis of the TEF-la gene sequences against the GenBank database
confirmed an approximately 99% match with F. oxysporum reference sequences. The
isolate was further identified as F. oxysporum f. sp. lycopersici with the accession number:
PPRI 36057, thereby validating the molecular identification. Phylogenetic analysis placed
isolate PPRI 36057 within the F. oxysporum species complex, where it clustered closely with
reference F. oxysporum sequences from the NCBI database, thus supporting its taxonomic
classification (Figure 3).

3.3. Greenhouse Experiments

The Efficacy of Nano Zn-Cu Micronutrients and Canola Biofumigant on Fusarium Wilt
Disease Severity and Disease Reduction Under Greenhouse Conditions

(a) Disease severity and AUDPC

The ability of nano Zn-Cu micronutrients and canola biofumigant to suppress
Fusarium wilt was investigated under greenhouse conditions in two tomato cultivars.
Disease severity ratings were recorded on different days after inoculation (DAI) (Figure
4). The results showed significant variation between treatments across all DAIs. Weekly
application of the nano Zn-Cu solution resulted in lower disease severity in the
Moneymaker cultivar across all DAIs, followed by canola biofumigant treatment, which
also recorded the lowest disease severity relative to the control. Similarly, biweekly and
monthly applications of nano Zn-Cu micronutrients recorded lower disease severity
values than the untreated control (Figure 4a).

https://doi.org/10.3390/horticulturae12070807



Horticulturae 2026, 12, 807

9 of 20

Similar observations occurred on Rodade cultivars, with the lowest disease severity
recorded on infected plants treated with weekly nano Zn-Cu micronutrients (Figure 4c).
Canola biofumigant also resulted in plants with lower disease severity when compared to
the other subsequent treatments and the control. Biweekly and monthly application of
nano Zn-Cu micronutrients reduced the disease severity to some extent when compared
to the control (Figure 4c).

PP983152 Fusarium anoectochili
MH484992 Fusarium contaminatum
MH484990 Fusarium veterinarium
PQ393367 Fusarium moutoniae
MH485043 Fusarium pharetrum

OM863574 Fusarium sp.
I E OM863575 Fusarium sp.
MH484978 Fusarium nirenbergiae

—: PQ393366 Fusarium landiae

PP438401 Fusarium idabrowneae
0Q626870 Fusarium coriorum
MH484984 Fusarium curvatum
MH484971 Fusarium languescens
MH485020 Fusarium hoodiae
—— LS479690 Fusarium oxysporum

L OP487297 Fusarium sangayamense
MH485035 Fusarium libertatis
MZ921896 Fusarium vanleeuwenii
{ LS479729 Fusarium oxysporum
LS479828 Fusarium oxysporum
LS479665 Fusarium oxysporum
LS479741 Fusarium oxysporum
PP438402 Fusarium nashariae
: MT011001 Fusarium foetens
MH484964 Fusarium triseptatum
MH485044 Fusarium oxysporum
LS479688 Fusarium oxysporum
— LS479744 Fusarium oxysporum
L 1.S479757 Fusarium oxysporum
MH485028 Fusarium carminascens
I—E MH485033 Fusarium glycines
PQ393368 Fusarium vaughaniae
MH484961 Fusarium elaeidis

MH485000 Fusarium gossypinum
— AF008479 Fusarium inflexum

L MH484966 Fusarium callistephi
PPRI 36057

—
L PQ613584 Fusarium oxysporum
MH485030 Fusarium fabacearum

Figure 3. Phylogenetic analysis of isolated Fusarium oxysporum from Tomato plants. The confirmed

isolate is highlighted in blue.

Assessing disease progress over time involved calculating the AUDPC, with lower
values representing less disease progression on the different tomato cultivars. Figure 4b
shows that on the Moneymaker cultivar, Fusarium wilt symptoms were less evident at 20
DA, the disease then progressed over time with higher values recorded from 40 to 80
DAL Furthermore, in terms of the treatments, weekly application of nano Zn-Cu
micronutrients consistently recorded lower AUDPC values, suggesting slower disease
progression. Canola biofumigant, biweekly and monthly applications of nano Zn-Cu,
only recorded lower AUDPC at 60 and 80 DAI, compared to the control.

Corresponding observations were made on the Rodade cultivar (Figure 4d). At 20
DAI, Fusarium wilt symptoms were less apparent; consequently, the higher AUDPC
values recorded from 40 to 80 DAI showed a rapid disease progression. The results also
show that weekly Zn-Cu constantly recorded the lowest AUDPC throughout the DAISs,
followed by canola biofumigant, which also showed less disease progression.
Consequently, disease progression was rapid in the control relative to the treated plants
(Figure 4d).
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Figure 4. Effect of nano Zn-Cu micronutrients and canola biofumigant on Fusarium wilt disease
severity and disease progression at varying days after inoculation (DAI) under greenhouse
conditions. (a) Disease severity on Moneymaker cultivar. (b) Area under disease progress curve
(AUDPC) on Moneymaker cultivar. (c) Disease severity on Rodade cultivar. (d) Area under disease
progress curve (AUDPC) on Rodade cultivar. Each value represents the mean + SE. Means followed
by different letters are significantly different across the treatments at p < 0.05 using Tukey’s HSD.

Error bars signify the standard error of the mean.

(b) Disease suppression evaluation

The cumulative disease severity mean results were used to determine the disease
reduction percentage over control on the two tomato cultivars (Table 1). The results for
the Moneymaker cultivar show that the highest disease severity percentage of 59.38% was
observed on control plants (T1), representing the least disease reduction. This cultivar had
recorded the lowest disease severity of 8.75% on plants treated with weekly nano Zn-Cu
micronutrients (T3), with a disease reduction of 85%. Canola biofumigant (T2) was the
second-best-performing treatment with disease severity and reduction percentages of 20%
and 66%, respectively. Similar observations were made on the Rodade cultivar; control
plants (T1) recorded the highest disease severity (35%) and the least disease reduction
percentage (0%). Moreover, the application of weekly nano Zn-Cu micronutrients (T3)
significantly reduced Fusarium wilt severity by 92%, followed by canola biofumigant (T2),
with 86% disease reduction. Additionally, both weekly application of nano Zn-Cu
micronutrients and canola biofumigant recorded the least disease severities of 2.5% and
5%, respectively. The results further show that between the two cultivars, Rodade plants
recorded the lowest disease severity and the highest disease reduction compared to
Moneymaker (Table 1).

Table 1. Effect of nano Zn-Cu micronutrients and canola biofumigant on Fusarium wilt severity and

reduction in severity in tomato under greenhouse conditions, 80 days post inoculation.

Cultivars Treatments Disease Severity (%) Disease Reduction (%)
Rodade T1 35.00® 0
T2 5.00 de 86
T3 25e 92
T4 19.87 ¢ 43
T5 32.50° 7
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Moneymaker T1 59.38 0
T2 20.00 « 66
T3 8.754 85
T4 25.88 ¢ 56
T5 34.81° 36
p <0.05 o

Means in a column that include the same letters are not statistically different at the 5% level using
Tukey’s HSD test. T1 = control; T2 = canola biofumigant; T3 = Weekly nano Zn-Cu micronutrient;
T4 = Biweekly nano Zn-Cu micronutrient; T5 = Monthly nano Zn-Cu micronutrient. Note: not

significant at p > 0.05, and *** significant at p < 0.000. Disease reduction = (Control-
Treatment/Control) x 100.

3.4. Field Experiment

Effect of Nano-Micronutrients and Biofumigant on Fusarium Wilt Disease Incidence,
Severity and Progress Under Two Distinct Agro-Ecological Locations
(a) Syferkuil
Disease incidence

The results in Figure 5 show the effect of canola biofumigant and application
frequencies of nano Zn-Cu micronutrient on Fusarium wilt disease incidence in two
tomato cultivars. Fusarium wilt disease incidence increased over time, with the least
disease incidence observed at 20 DAT and the highest disease incidence at 80 DAT in the
two cultivars (Figure 5a,b). Additionally, of all the treatments, the weekly application of
nano Zn-Cu micronutrients had the least disease incidence across all the DATs and
cultivars. Notably, canola biofumigant and biweekly application of Zn-Cu micronutrients
also significantly reduced disease incidence in both cultivars relative to the control (Figure
5a,b). The results further showed that between the two cultivars, disease incidence was
more prevalent on Moneymaker than on Rodade.

mControl mCanola mWeeklyZn-Cu mBiweekly Zn-Cu m Monthly Zn-Cu
(a) Rodade

®
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Disease incidence (%)
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Figure 5. Effects of nano Zn-Cu micronutrients and canola biofumigant on Fusarium wilt disease
incidence for (a) Rodade and (b) Moneymaker cultivars at varying days after transplanting (DAT)
at Syferkuil. Each value represents the mean * SE. Means followed by different letters are
significantly different across the treatments at p < 0.05 using Tukey’s HSD. Error bars signify the
standard error of the mean.
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Disease severity and AUDPC

Fusarium wilt severity in response to the application of nano Zn-Cu micronutrients
and canola biofumigant was tested on the two cultivars at varying DATs. The results on
the Moneymaker cultivar showed that the least disease severity was observed on plants
treated with weekly application of nano Zn-Cu micronutrients across all the DATs (Figure
6a). This was followed by the application of canola biofumigant, biweekly Zn-Cu and
monthly Zn-Cu, which also recorded the least disease severity at all the DATSs relative to
the control. Conversely, Rodade cultivar showed lower disease severity when treated
with canola biofumigant, followed by weekly Zn-Cu throughout the DATs (Figure 6c).
Control plants had the highest disease severity compared to the treated plants (Figure 6c).

The results on disease progression (AUDPC) on Moneymaker showed that Fusarium
wilt was less progressed at 20 DAT (Figure 6b). The disease progressed over time,
recording the highest AUDPC at 80 DAT. In terms of the treatments, AUDPC was
constantly lower with weekly Zn-Cu application and canola biofumigant across the DATs.
This suggests a lesser disease progression and efficacy of the treatments. On the contrary,
Fusarium wilt disease progressed significantly on untreated control plants relative to the
other treatments (Figure 6b). Similar observations were noticed on the Rodade cultivar;
the least AUDPC was recorded on the treated plants compared to the control, with canola
biofumigant showing the least AUDPC (Figure 6d). Moreover, the results showed that
AUDPC was relatively lower at 20 DAT but gradually increased with higher values
recorded at 80 DAT (Figure 6d). Generally, the results also show that Moneymaker
cultivars recorded the highest disease severity and AUDPC compared to Rodade (Figure
6).

Disease severity (%)

(a)Moneymaker DS%

ab
Ib b‘ib.

 Control u Canola
(b) Moneymaker AUDPC o= Caneol = Choela
mWeekly Zn-Cu u Biweekly Zn-Cu —o—Weekly Zn-Cu ~ —o=Biweekly Zn-Cu
= Monthly Zn-Cu —o—=Manthly Zn-Cu
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Figure 6. Effect of nano Zn-Cu micronutrients and canola biofumigant on Fusarium wilt disease
severity and disease progression at varying days after inoculation (DAI) under Syferkuil field
conditions. (a) Disease severity on Moneymaker cultivar, (b) Area under disease progress curve
(AUDPC) on Moneymaker cultivar, (c) Disease severity on Rodade cultivar, (d) Area under disease
progress curve (AUDPC) on Rodade cultivar. Each value represents the mean + SE. Means followed
by different letters are significantly different across the treatments at p < 0.05 using Tukey’s HSD.

Error bars signify the standard error of the mean.
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(b) Ofcolaco

Disease incidence

Similar observations were also made under Ofcolaco conditions. Fusarium wilt
disease incidence was at its peak at 80 DAT, compared to 20 DAT for both cultivars.
Additionally, both cultivars showed the lowest disease incidence when treated with a
canola biofumigant and with weekly applications of nano Zn-Cu micronutrients and
canola biofumigant. In contrast, control plants showed more wilt symptoms on both
cultivars across all the DATSs. There was also a difference between the two cultivars, with
Moneymaker exhibiting more wilt symptoms than Rodade (Figure 7a,b).

(a) Rodade mControl mCanola mWeekly Zn-Cu mBiweekly Zn-Cu  m Monthly Zn-Cu
80 -
70
Ew : b
3 c
£ 50 4
s a d d
S 40 b
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8 30 4 b 4 d
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a N d d
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0 4

(b) Moneymaker
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Disease incidence (%)

8
-
3
]
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-
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o

20 40 60 80
Days after transplanting (DAT)

Figure 7. Effects of nano Zn-Cu micronutrients and canola biofumigant on Fusarium wilt disease
incidence for (a) Rodade and (b) Moneymaker cultivars at varying days after transplanting (DAT)
at Ofcolaco. Each value represents the mean + SE. Means followed by different letters are
significantly different across the treatments at p < 0.05 using Tukey’s HSD. Error bars signify the
standard error of the mean.

Disease severity and AUDPC

The results in Figure 8a showed that Fusarium wilt severity on Moneymaker cultivar
was lower when treated with weekly Zn-Cu and canola biofumigant. The treatments
(biweekly and monthly Zn-Cu) also reduced the disease severity when compared to the
control (Figure 8a). The observations on the Rodade cultivar also showed that all the
treatments significantly reduced disease severity when compared to the control.
Additionally, weekly application of Zn-Cu was highly suppressive to the disease,
followed by canola biofumigant (Figure 8c).

The results further showed that the disease progressed over time, on both cultivars,
AUDPC was lower at 20 DAT and increased rapidly from 40 to 80 DAT (Figure 8b,d).
However, plants treated with weekly nano Zn-Cu maintained significantly lower AUDPC
levels across all the DATs (Figure 8b,d). Disease progression was more significant in the
untreated control, recording the highest AUDPC throughout.
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Figure 8. Effect of nano Zn-Cu micronutrients and canola biofumigant on Fusarium wilt disease
severity and disease progression at varying days after inoculation (DAI) under Ofcolaco field
conditions. (a) Disease severity on Moneymaker cultivar. (b) Area under disease progress curve
(AUDPC) on Moneymaker cultivar. (c) Disease severity on Rodade cultivar. (d) Area under disease
progress curve (AUDPC) on Rodade cultivar. Each value represents the mean + SE. Means followed
by different letters are significantly different across the treatments at p < 0.05 using Tukey’s HSD.

Error bars signify the standard error of the mean.

4. Discussion

Fusarium wilt is a common disease in all tomato-producing areas in South Africa.
During the 2023 cropping season, tomato plants at two production areas in Limpopo
Province exhibited high incidences of Fusarium wilt, characterised by yellowing,
brownish vascular discolouration, and premature plant death. The virulent isolate from
the symptomatic plants underwent morphological and molecular studies, which
confirmed that the isolate was Fusarium oxysporum £. sp. lycopersici (Fol). Currently, three
races of Fol are occurring in Limpopo, with the highly virulent race 3 having been
confirmed in 2013 [11]. The findings from the current study further support and confirm
the presence of virulent Fol occurring in the province, necessitating sustainable control
measures. Fusarium wilt in tomato production is difficult to manage, especially where
different strains occur simultaneously in infected soils [36]. The high incidence of
Fusarium wilt indicates that this disease is a recurrent problem and that all major local
cultivars appear to be susceptible. Accurate identification and genetic characterisation of
pathogens is necessary for the appropriate management of Fusarium wilt [37].

Soilborne fungal pathogens, particularly Fol, cause serious losses when nutrient
levels are below optimum levels in the soil [38]. Micronutrients such as Zn and Cu act as
defence inducers against fungal infections through inducing resistance, enhancing
cellular integrity, promoting antifungal activity and improving crop physiological
functions [38,39]. However, most agricultural soils are deficient in one or more of these
micronutrients due to soil degradation, monocropping and unbalanced application of
bulk macronutrient fertilisers such as NPK [39]. To address these concerns,
nanotechnology presents a great potential as antimicrobial and therapeutic compounds
because of its small size (<100 nm), high surface area and reactivity and low cost [40].

In the current study, the application of nano Zn-Cu micronutrient solution
significantly reduced Fusarium wilt incidence, severity, and disease progression
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(AUDPC) in both disease-tolerant and susceptible tomato cultivars under greenhouse and
field conditions. This suggests the potential of these nano-micronutrients in sustainable
disease management. The results revealed that treated plants exhibited reduced disease
incidence, severity and slower disease progression (AUDPC) compared to the untreated
control. Showing the efficacy of nano Zn-Cu micronutrients in enhancing Fol tolerance
and reducing disease development. Similar findings were reported by [41], who
demonstrated that the zinc oxide nanoparticles (ZnO-NPs) reduced Fusarium wilt
symptoms 28.57% in tomato plants. In another study, Kamel and co-authors [42]
demonstrated that foliar application of copper oxide (CuO) on cucumber inhibited the
soil-borne pathogen Fusarium solani. The authors attributed the observations to both the
direct and indirect roles of Zn-Cu in the activation of defence mechanisms, antifungal
activity, and the improvement of the physiological performance of the host plant [41,42].
Zn and Cu nano-micronutrients also reduce mycelium growth and deformation of the
hyphae of Fusarium oxysporum by signalling plant defence metabolites that disrupt fungal
cellular structure and membrane permeability [43]. In this study, plants treated with Zn-
Cu micronutrients showed healthy plants, evidenced by greener foliage with less
apparent or no wilt symptoms under both greenhouse and field conditions. Beyond
antimicrobial properties, Zn-Cu are essential micronutrients involved in physiological
processes, such as photosynthesis and chlorophyll synthesis, associated with tolerance to
pathogen infections and improvement of crop growth [44]. Similarly, Bougellah and
others [41] reported that nano-based Cu-Zn reduced Fol symptoms while improving stress
tolerance and enhancing the growth and performance of tomato plants. The management
of Fusarium wilt of tomato using nano-based Zn-Cu micronutrient solution involves
multiple mechanisms that directly attack the pathogen while also improving crop
nutrition and growth [41,44]. Recent studies only report on the single application of these
nano-micronutrients; however, the current study showed the efficacy of the combined
nano Zn-Cu solution in reducing development under both greenhouse and field
conditions.

Notably, a significant disease reduction was observed when Fol-infected plants were
treated with Zn-Cu nano-micronutrients at weekly application. This is attributed to the
gradual increase in nutrient concentration within the plant tissues targeting different
stages in the infection process, thus reducing the ability of the pathogen to colonise and
damage the host plant [44]. The frequent application of nano Zn-Cu significantly
maintained the availability of adequate nutrient concentrations in plant tissues needed for
the continuous activation of host defences against the pathogen infection and improved
the physiological functions of the crop. Heikal [5] reported on the antifungal efficacy of
zinc oxide (ZnO) nanoparticles against Fusarium oxyporum being more significant at
higher concentrations of 500 mg L-'. Additionally, El-Abeid and co-authors [45] also
reported that the antifungal activity of copper-based nanoparticles increased with
increasing concentration (250 mg L) against Fusarium root rot of tomato. Despite the
reduction in disease development associated with weekly application of Zn-Cu,
limitations such as phytotoxicity should be considered. Higher concentrations of nano-
micronutrients pose significant toxicity risks, particularly at field conditions, due to the
ability to aggregate and accumulate in the soil, disrupting beneficial soil microbial
populations and inducing phytotoxic effects if not regulated [46]. There is limited
information on the application frequencies of nano Zn-Cu micronutrients; this current
study serves as a baseline for further investigations.

Soil organic amendments are also widely used for suppression of soilborne
pathogens by mainly increasing the abundance of beneficial microbes and microbial
enzymes such as dehydrogenase, invertase and -galactosidase and inducing systemic
resistance in the host plant [47,48]. Among the organic amendments, biofumigation,
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which involves incorporating Brassica crops into the soil, is explored due to the release of
volatile substances (ITC) that suppress soil-borne pathogens [25]. The current study
showed that amending F. oxysporum-infected soil with canola (Brassica napus) also reduced
wilt incidence and severity under greenhouse and field conditions. The suppressive effect
of biofumigation with canola is generally attributed to the antimicrobial activity of
isothiocyanate (ITC), which is produced as a result of glucosinolate (GSL) hydrolysis upon
plant tissue disruption [25]. Another mechanism of suppression is the increase in organic
matter in the soil, which promotes soil saprophytes, thus enhancing their competition and
antagonism effects [25]. The results from the current study concur with previous reports
on biofumigant Brassica species against soil-borne pathogens. For example, Ashiq and co-
authors [25] highlighted that the incorporation of Brassica juncea (mustard) reduced
disease incidence and severity of powdery scab (Spongospora subterranea) and common
scab (Streptomyces scabies) by 40% and less than 20%, respectively. While [24] reported that
canola (Brassica napus) reduced the abundance of Verticilium dahliae, causing Verticilium
wilt of eggplant (Solanum melongena L.) by 64.74% compared to the control. Additionally,
another study by [47] showed that mustard reduced Fusarium oxysporum f. sp. cumin,
causing Fusarium wilt of cumin (Cuminum cyminum (L)). In the current study, Fusarium
wilt disease reduction percentages of 66-86% were recorded on Fol-infected tomato
cultivars treated with canola biofumigant under greenhouse conditions. The reduction in
disease severity is associated with documented mechanisms of action such as the release
of GSL byproducts (e.g., ally-ITC) that inhibit spore germination and cause hyphal
deformity [25,26]. The degree of suppression varies with Brassica species, the group and
concentration of GSL. For example, Brassica juncea with sinigrin GSL at a concentration of
164 pmol g is highly effective against F. oxysporum, while Brassica napus only contains
approximately 56 umol g [49]. It is therefore imperative to determine the group and GSL
concentration for maximising disease suppression; this then serves as the limitation of the
current study for future investigations. Even so, disease suppression with Brassica
biofumigation is also influenced by multiple interacting factors beyond GSL
concentration, such as biomass production, soil moisture, temperature, soil texture,
organic matter, myrosinase enzyme activity and pathogen sensitivity [49]. Furthermore,
other authors argue that even when GSL levels are known, the hydrolysis products are
often short-lived in the soil, persisting for only a few hours to approximately 14 days
[50,51]. Consequently, supporting several factors such as the role of Brassica residue in
enhancing soil fertility, organic matter, nutrient availability and delivery and increasing
populations of beneficial microorganisms [52,53]. Collectively, these factors indirectly
reduce the occurrence of phytopathogens, improve crop physiological functions and
growth [27,52,53].

The response of two tomato cultivars, Rodade and Moneymaker, to Fusarium wilt
was also assessed in this study. The results demonstrated that both cultivars were
susceptible to Fol; however, the Moneymaker cultivar exhibited greater susceptibility than
Rodade under both field and greenhouse conditions. Moneymaker is a disease-susceptible
cultivar with Fol spores germinating at 1-2 days post-inoculation (DPI) within the stem
[54]. Additionally, at 3 DPI, mycelia and necrotic spots began to appear in the
Moneymaker stem [54]. Notably, cultivar genome and environmental conditions
influence the response of each cultivar to Fol infection [17].

The results of the current study show the potential of nano Zn-Cu micronutrient
solution and canola biofumigants as environmentally friendly approaches to manage
Fusarium wilt of tomato. These are innovative, multi-mechanism solutions that can be
included in integrated disease management to offer maximised plant protection against
Fol. The commercially available Zn-Cu nano fertiliser offers practical application in
agricultural ecosystems. However, while significant effects on disease suppression were
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observed, the current study cannot determine if the responses were associated with
specific nanoparticle properties or the nutritional effect on Zn-Cu. Therefore, nano
micronutrient physicochemical characterisation is necessary for future investigation to
determine the intrinsic behaviour of the nano micronutrients and their interaction with
soil-borne pathogens. Additionally, other limitations, such as GSL quantification and
phytotoxicity, are imperative for future investigations.
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