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Abstract: The soil-borne fungus Fusarium oxysporum (Fo) and the nematode Meloidogyne incognita
(Mi) are destructive pathogens that cause substantial yield losses to tomato (Solanum lycopersicum
L.) crops worldwide. The present study sought to elucidate the physiological, biochemical, and
cytological responses of tomato cultivars (Gailing maofen 802 and Zhongza 09) by root invasion
of Fo (1 × 105 CFUmL−1) and Mi (1500 second-stage juveniles (J2) alone and in combination after
14 days. Results revealed that combined inoculation of Fo and Mi significantly increased disease
intensity, electrolyte leakage, and hydrogen peroxide and malondialdehyde contents; and decreased
photosynthetic capacity and enzyme activity in both cultivars as compared to their solo inoculation.
Increasing the disease intensity reduced the maximum morphological traits, such as shoot length, total
dry weight, and total chlorophyll contents, in G. maofen 802 (by 32%, 54.2%, and 52.3%, respectively)
and Zhongza 09 (by 18%, 32%, and 21%, respectively) as compared to the control. Others factors were
also reduced in G. maofen 802 and Zhongza 09, such as photosynthetic capacity (by 70% and 57%,
respectively), stomatal conductance (by 86% and 70%, respectively), photochemical quantum yield of
photosystem II (YII) (by 36.6% and 29%, respectively), and electron transport rate (by 17.7% and 10%,
respectively), after combined inoculation of Fo and Mi. Furthermore, the combined infestation of Fo
and Mi resulted in reduced activity of plant-defense-related antioxidants in G. maofen 802 compared
with their single application or control. However, these antioxidants were highly up-regulated in
Zhongza 09 (by 59%–93%), revealing the induction of tolerance against studied pathogens. The
transmission electron microscopy (TEM) results further demonstrated that root cells of Zhongza
09 had unique tetrahedral crystal-like structures in the membrane close to mitochondria under all
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treatments except control. Therefore, it is concluded that Mi caused severe root damage, suppressed
plant growth, depleted antioxidants, and caused high generation of ROS in the presence of Fo as
compared to its solo inoculation. Tolerant cultivars adopted different mechanistic strategies at the
structural and cellular levels to tolerate the Mi and Fo stresses.

Keywords: Solanum lycopersicum; Meloidogyne incognita; Fusarium oxysporum; disease intensity;
photosynthetic traits; antioxidants; cytology

1. Introduction

Continuous cropping is a common practice in intensive agricultural production, particularly for
horticultural crops. However, continuous cropping can negatively affect soil fertility, physicochemical
properties, and microbial communities, leading to a decline in crop productivity [1]. Changes in
microorganism populations in soils are critical to the sustainability of soil-based ecosystem functions [2].
Soil-borne pathogens and nematode infestations cause significant yield losses and lower the quality
of horticultural crops worldwide [3]. Among the most familiar soil-borne diseases, Fusarium wilt is
particularly challenging because of its complexity and long survival time in soil [4]. In addition, as
the soil environment is complex, this makes it difficult to detect, diagnose, and control diseases in a
timely manner [5]. The Fusarium species exhibit wide-ranging ecological functions, for example as
saprophytes, endophytes, and plant and animal pathogens [6]. By virtue of their morphology, host
interactions, and molecular characterization, it is reported that the genus Fusarium consists of about
200 species in 22 constituent species complexes [7], which are considered to be the most destructive
pathogenic plant fungi [6]. Within the genus Fusarium, Fusarium oxysporum (Fo) specifically contains
the major fungal phytopathogens [8]. It has been well-established that Fusarium oxysporum is engaged
in tomato crown and root rot diseases, causing remarkable losses in tomato fruit in both field and
greenhouse cultivation [9].

After introduction into a host plant, Fusarium oxysporum clogs the xylem vessels with mycelium,
spores, or polysaccharides, causing wilting in tomato [10]. Moreover, the perpetual nuclear cell division
in vascular bundles causes tylosis [11], thus blocking the transportation of water and nutrients to the
aerial part of the plant. Aerial symptoms of Fusarium wilt start with the chlorosis and wilting of older
leaves and progress towards the apex, eventually causing plant death.

Similarly, among the diverse groups of biotic agents that cause soil-borne diseases, plant-parasitic
nematodes are the most damaging roundworms, classified as: (i) ectoparasites, in which the nematode
remains outside of the plant and uses its stylet to feed from the plant root cells; (ii) semi-endoparasites,
in which nematodes partially penetrate the plant and feed at some point during their life cycle;
(iii) migratory endoparasites, in which nematodes spend much of their time migrating through root
tissues, destructively feeding on plant cells; and (iv) sedentary endoparasites, in which the nematode
spends the majority of its lifespan sedentary inside the plant tissue, establishing a highly specialized
parasitism [12]. Meloidogyne incognita is a species of root knot nematode (RKN) that is endoparasitic
and is well known for causing damage to a broad range of horticultural and field crops [6]. At the
onset of RKN invasion, the second-stage juveniles of Meloidogyne spp. enter into the root vascular
tissues through the elongation zone and move into the root apex through the cortex [13], establishing
a permanent feeding site. where they complete their lifecycle without killing the cells around them.
Once feeding sites are established, RKN stimulates cells to create a specialized structure composed of
multinucleate and hypertrophied giant cells, which result from the redifferentiation of vascular root
cells [14]. The continuous feeding process of RKN damages the plant’s root system and reduces the
plant’s ability to absorb water and nutrients, providing an opportunity for other plant pathogens to
invade the root, thus further weakening the plant [15]. Previously, it has been reported that Meloidogyne
spp. causes severe infection in tomato when followed by Fusarium oxysporum infestation [16–18]. It
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induces changes in developmental and morphological attributes of crops, in addition to systemic
symptoms such as wilting, dwarfing, yellowing, and susceptibility to other pathogens [19].

After pathogenic infestation, a variety of local and systemic plant responses are stimulated. In
the protective defense mechanism, the first steps are local remodeling of the cell wall constituents,
deposition of callose next to the infected cells, and then production of pathogenesis-related (PR)
proteins following the addition of reactive oxygen species (ROS) in leaves in response to pathogens [20].
Also, numerous biochemical processes linked to membrane permeability shifts, oxidative-destruction of
biopolymers, malfunctioning of mitochondrial activity, and reticence of respiration have been observed
at the sub-cellular level [21]. The ROS generation interrupts the normal redox environment of the
plant cell, particularly near the invaded cells and in the cell walls close to hypersensitive response cells.
To compensate for the ROS caused by pathogens, a resistant host plant preferably generates a higher
amount of photosynthetic pigments (such as chlorophyll) and biochemical contents (total proteins and
antioxidants enzymes) than susceptible host plants [22], hence surviving under unfavorable conditions.

Considering the adverse effects imposed by soil-borne plant diseases, it is imperative to develop
strategies in order to control and eliminate their occurrence and intensity for sustainable agricultural
production. In this regard, management of soil-borne diseases through genetic resistance in hosts can
offer a long-term and economical control strategy for Fusarium wilt in tomato, and many commercial
hybrid resistant cultivars have been developed in recent years. However, the effectiveness of resistant
cultivars is diminished by the co-infection of fungi and plant-parasitic nematodes [23]. The few studies
to date on the subject have reported on nematode–pathogen relationships and their effects on growth
and physiological traits of tomato. In addition, the cytological responses of tomato roots against
co-infection remains relatively neglected. Therefore, the present study was carried out to investigate the
influence of Meloidogyne incognita (Mi) on disease severity in the presence of Fo on two tomato cultivars.
The specific objectives of this study were to evaluate the relative physiological, biochemical, and root
cytological responses of two commercial hybrid cultivars of tomato, namely Gailing maofen 802 and
Zhongza 09, against two soil-borne pathogens, Meloidogyne incognita (Mi) and Fusarium oxysporum (Fo),
when applied individually and in combination. Both varieties used in this experiment were susceptible
to Mi and resistant to Fo.

2. Materials and Methods

2.1. Isolation of Fungal and Nematode Culture

Fusarium oxysporum (Fo) (accession number MN240928) used in this study was isolated from roots
of vascular wilt-infected tomato in Tianyang County, Baise City, Guangxi Province, China. The strain
was identified and confirmed using a polyphasic approach, involving morphological, biological, and
genetic (amplification of fungal RNA using internal transcribed spacer (ITS) primer) methods [24].
DNA was extracted by cetyl trimethylammonium bromide (CTAB) method (Supplementary Materials,
Protocol for DNA extraction of Fusarium oxysporum). For confirmation, the pathogenicity test was
also performed on tomato seedlings according to suggestions made by Koch [25]. The fungal
chlamydospores were obtained from 7-day-old potato dextrose agar (PDA) plates by abrading and
cleaning of the culture with an autoclaved distilled water. Counting of conidia was done with the
help of the hemocytometer chamber (Yancheng Cordial Medlab.Co., Ltd Jiangsu, China) under the
stereomicroscope, fixed to constant number of 1 × 105 CFU mL−1, and further used for bioassay for
35 days.

The root-knot nematode Meloidogyne incognita (Mi) was cultured in the nematology laboratory of
Guangxi University, Nanning, China, via parenting on tomato roots from a single egg mass. After
35 days, egg masses were detached from infected tomato roots using sodium hypochlorite solution
(NaOCl) (Chengdu Jinshan Chemical Reagent Co., Ltd. Chengdu, China) [26], allowed to hatch in Petri
plates filled with sterilized water, and incubated at 27 ◦C for 3 days. The newly hatched second-stage
juveniles (J2) were collected and used in this experiment.
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2.2. Screening of Tomato Cultivars

An initial screening of different tomato cultivars collected from the Chinese Academy of Agriculture
Sciences, Vegetable Seed Technology Co., Ltd., Beijing, China, was carried out against Fo and Mi
(Supplementary Table S1). Among them, two desired tomato F1 commercial hybrid lines, namely
Gailing maofen 802 (moderately resistant to Fusarium wilt and susceptible to Mi) and Zhongza
09 (highly resistant against Fusarium wilt and susceptible to Mi) were selected for this experiment
(Supplementary Table S2).

2.3. Experimental Design and Treatment Plan

The experiment was conducted from November 2018 to January 2019 using a completely
randomized design in the greenhouse of Guangxi University, China. Prior to sowing, tomato seeds
of both varieties were surface sterilized in petri dishes (1.0% NaOCl for 15 min) and sown in MC6
plastic plant cell trays containing autoclaved peat moss. In addition, a total of 240 pots (21 cm diameter,
15 cm height) were prepared by adding 1 kg of autoclaved peat soil purchased from Nanning Guiyuxin
Agricultural Technology Co., Ltd. [27]. Each treatment consisted of 40 replicates. Thirty-day-old
non-infected tomato seedlings of uniform length and density were transplanted into these pots at 27 ◦C
temperature and 50%–70% relative moisture content in a greenhouse. The experiment consisted of
four treatments: (1) CK (non-inoculated plants); (2) Mi (plants inoculated with Meloidogyne incognita);
(3) Fo (plants inoculated with Fusarium oxysporum; and (4) Fo + Mi (plants co-inoculated with
Fusarium oxysporum and Meloidogyne incognita). Three holes were made around the rhizospheric zone
of each plant and 1500 second-stage juveniles (J2) of Mi and 1 × 105 CFU mL−1 chlamydospores
of Fo were added into either Mi alone, Fo alone, or co-treatment (Fo + Mi), respectively. All plants
were irrigated with good quality water (sodium adsorption rate (SAR) = 12 meq/L, residual sodium
carbonate (RSC) = 1.5 meq/L, electrical conductivity (EC) = 400 micromhos/cm at 25 ◦C, total dissolved
solid = 300 mg/L) in equal amounts at the same intervals throughout the experiment. Observations
were conducted to determine the percentage of plants showing chlorotic symptoms at 14 days after
inoculation (DAI), while Mi population density per plant was evaluated at 35 DAI.

Moreover, a sequential application trial for Fo and Mi was also performed to check the disease
intensity and nematode multiplication, organized into two groups: FoAfter7days

→Mi (plants sequential
inoculated with Fusarium oxysporum 7 days prior to Meloidogyne incognita) and MiAfter7days

→Fo (plants
sequential inoculated with Meloidogyne incognita 7 days prior to Fusarium oxysporum). All experiments
were conducted twice under similar conditions and similar results were found.

2.4. Scoring of Chlorotic or Necrotic Symptoms and Disease Intensity

Each plant was assessed for standard disease assessment at 14 days after inoculation (DAI)
(foliage) following the disease score (0–4) for Fusarium oxysporum (Fo): 0 = asymptomatic (healthy
plants); 1 = up to 25% of leaves were chlorotic and wilted; 2 = up to 50% leaves were chlorotic and
wilted; 3 = up to 75% of leaves chlorotic and wilted; 4 = 100% of the plant chlorotic or wilted. The
disease austerity was observed from 0 days. The disease severity index was calculated by following
the formula given by [28]:

DI (%) =
(Number o f plants with ith score) × (Value o f ith score)
(Total number o f plants) × (Highest value to symptoms)

× 100

Three infected chlorotic plants from each treatment were randomly selected for Fo isolation. Small
sections of the lower stem (2 × 3 × 8 mm) were surface-sterilized with 1.0% NaOCl for 1 min, rinsed
with distilled and sterilized water twice, and placed in potato dextrose agar (PDA) medium for one
week. Emerging fungal colonies were purified and identified morphologically and molecularly to
confirm the presence of Fo.
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2.5. Disease Assessment of Root Galls

After 35 days of the experiment, plant roots were stained to calculate Mi populations in the roots
(number of females, number of eggs) and in the soil (number of second-stage juveniles) using a galling
index, as previously described in [6]. For staining, tomato roots were washed carefully with tap water
and then placed into the 0.5% NaOCl solution for 3–4 min by stirring the roots continuously with
a spatula. Afterwards, the roots were rinsed again under running tap water. The roots were then
heat-treated at 80 ◦C for 2 min in a beaker containing an acid fuchsin solution (0.35 g of acid fuchsin,
25 mL of acetic acid, and 75 mL of distilled water) [29]. Then, the roots were allowed to cool down,
taken out of the solution, and washed again with tap water. Next, roots were treated with acidified
glycerin and examined carefully under a microscope (OLYMPUS SZX2-ILLT, Tokyo Japan) to count the
number of females, number of eggs, and the size of the galls. The second-stage juvenile (J2) population
was assessed in soil by centrifugation and floating method [30], and juveniles were counted and
expressed as J2 per 250 cm3 of soil.

2.6. Assessment of Antioxidant Activities in Roots and Leaves of Tomato

The antioxidant enzyme (superoxide dismutase (SOD), catalase (CAT), polyphenol oxidase (PPO),
ascorbate peroxidase (APX), and ascorbate oxidase (AAO)) activities of roots and leaves were estimated
on the 14th day of inoculation with 4 repetitions. Fresh roots and leaves (0.1 g) were powdered in
liquid nitrogen and suspended in 0.9 mL of 10 mM chilled phosphate-buffered solution (PBS) with a
pH of 7.4. All procedures were carried out in a pre-chilled ice bath. Furthermore, the homogenate
was centrifuged at 4 ◦C and 10,000 rpm for 10 min, and the resulting supernatant was collected
for determination of antioxidant activities by using commercial assay kits purchased from Nanjing
Jiancheng Bioengineering Co., Ltd. (Nanjing, China). For all enzyme activities, the absorbance was
recorded on a microplate reader (Multiscan GO 1510, Thermo Fisher Scientific Oy, Ratastie, Finland).

The superoxide dismutase SOD (EC 1.15.1.1) activity was determined through a commercial kit
Nanjing Jiancheng Bioengineering Co., Ltd. (Nanjing, China) by using the xanthine oxidase method
and expressed in µ mg−1 protein [31]. The reaction mixture contained 50 mM sodium phosphate buffer
(pH 7.6), 0.1 mM EDTA, 50 mM sodium carbonate, 12 mM L-methionine, 50 µM nitroblue tetrazolium
(NBT), 10 µM riboflavin, and 100 µL of crude extract at a final volume of 3.0 mL. A control reaction
was performed without crude extract. The SOD reaction was carried out by exposing the reaction
mixture to white light for 15 min at room temperature. After 15 min, the reading was recorded at
the absorbance of 550 nm on a microplate reader [32]. The catalase (CAT) (EC 1.11.1.6) activity was
estimated based on the reduction of hydrogen peroxide (H2O2), which was diminished by ammonium
molybdate to form a yellow complex, with absorbance noted at 405 nm. The reaction mixture contained
100 mM sodium phosphate buffer (pH 7.0), 30 mM H2O2, and 100 µL of crude extract at a total volume
of 3.0 mL, and the reading was recorded on a microplate reader [33]. The polyphenols oxidase (PPO)
(1.14.18.1) was catalyzed by the increase of the phenol substrate via characteristic light absorption at
420 nm for 30 s at 3 min intervals. The assay was performed with 100 mM sodium phosphate buffer
(pH 7.0), 5 mM 4-methylcatechol, and 500 µL of crude extract at room temperature. The total volume
of reaction mixture was 3.0 mL. One unit (U) of enzyme activity was defined as the amount of the
enzyme that caused a change of 0.001 optical density (OD) value in absorbance per min [34]. Ascorbate
oxidase (AAO) activity was measured by calorimetrically measuring the oxidized amount of ascorbate
(AsA) at 265 nm absorbance for 10 s at 130 s intervals. The leaves and roots (approximately 50 mg)
were homogenized with 0.1 m sodium phosphate at pH 5.6, 0.5 mm ethylene diamine tetraacetic
acid (EDTA), 1 m NaCl, and 100 mL of spun extract, which was assayed rapidly at 265 nm at a final
volume of 1 mL, containing 0.1 mm ascorbate in the same phosphate buffer. The absorbance decrease at
265 nm was followed by addition of the extract. The ascorbate peroxidase (APX) (EC 1.11.1.11) activity
was measured by observing the oxidation of ascorbate with hydrogen peroxide, and absorbance was
recorded at 290 nm for 10 s and at 10 s intervals. The reaction mixture contained 1.66 mL of 0.5 mmol/L
ascorbate in phosphate buffer (pH 7.0) and 0.26 ml of 2 mmol/L H2O2 (both of which were freshly
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prepared), along with 0.8 ml of enzyme extract. One unit of APX activity was defined as 1 mg of tissue
protein catalyzed by 1 µmol ascorbate for 1 min [32]. The total soluble protein content was assessed
following instructions according to the kit from Nanjing Jiancheng Bioengineering Institute Co., Ltd.
(NJJBI), Nannjing, China. In total, 1 g of roots and leaves for each treatment was crushed in liquid
nitrogen in a pre-cooled mortar and pestle. Then, 100 g 0.05 M tris buffer was added along with 300 mg
fresh mass mL-1 buffer for extraction of protein. Additionally, 0.05 g of polypyrollidone (PVPP) was
added to each sample during the homogenization. Afterward, the homogenate was centrifuged at
14,000 rpm for 20 min at 4 ◦C. Total protein contents were expressed as mg g−1 FW (fresh weight) [35].

2.7. Determination of Oxidative Stress Indicators

The hydrogen peroxide (H2O2) contents were measured according to the protocol mentioned on
the Nanjing Jiancheng Bioengineering Co., Ltd. (NJJBI) kit (Nanjing, China) [35]. The 100 mg sample
was ground in 1.0 mL of 0.1% (w/v) trichloroacetic acid (TCA) and centrifuged at 10,000 rpm for 30 min
at 4 ◦C. The reaction mixture consisted of 0.5 mL of 0.1 M potassium phosphate buffer and 2 mL of
1 M KI reagent. The reaction was allowed to develop for 1 h in the dark, and the concentration of
H2O2 in samples was recorded at 410 nm using a microplate reader (Multiscan GO 1510, Finland)
and expressed as µmol g−1 FW. Malondialdehyde (MDA) contents were determined by the chemical
reaction of malondialdehyde with trichloroacetic acid (TCA) by thiobarbituric acid (TBA) method [35].
The homogenate was centrifuged at 10,000 rpm for 20 min with 3 mL of 0.5% (v/v) TBA in 20% TCA.
The mixture was incubated in a water bath for 30 min and then quickly cooled in an ice bath. Then, the
samples were again centrifuged at 10,000 rpm for 5 min. The absorbance was measured at 532 and
600 nm in a microplate reader (Multiscan GO 1510, Thermo Fisher Scientific Oy, Ratastie, Finland),
according to the instructions in the commercial assay kit.

2.8. Plant Biomass Accumulation

For analysis of growth parameters, plants were carefully harvested at 14 DAI, showing complete
expression of chlorotic disease symptoms. Leaves and roots were carefully washed, air-dried, and
plant fresh weight (g) and height (cm) were measured. The fresh biomass of shoots and roots were
calculated using a digital balance with 0.0001 g accuracy. The roots were examined using Delta-T Scan
(Delta-T Devices, Ltd. Cambridge, UK) and winRHIZO (Regent Instruments, Inc. Qubec, Canada) root
scanner systems to measure area, density, and diameter [36]. Afterwards, plant tissues were oven dried
(Memmert, Beschickung loading, Model 100–800, Schwabach, Germany) at 67 ◦C until they reached a
constant weight to determine dry biomass [37].

2.9. Total Chlorophyll Contents

Total Chlorophyll contents were extracted according to the protocol given in [38]. Briefly, 0.1 g
fresh leaf tissue was ground in the autoclaved mortar and pestle with 10 ml of 80% acetone. The
supernatant was extracted in Eppendorf tubes and stored in the dark for 24 h. The UV-visible
spectrophotometer (Multiscan GO 1510, Thermo Fisher Scientific Oy, Ratastie, Finland) was used
to measure the concentrations of chlorophyll at 645 nm and 663 nm, respectively, and the readings
were taken within 90 min to avoid acetone volatilization. The concentration of total chlorophyll was
calculated according to the formulae given by [39] and expressed as mg g−1 FW (fresh weight).

2.10. Proline Contents

Here, 0.1 g fresh leaves were homogenized in quartz sand and 6 mL of 3% sulfosalicylic acid was
centrifuged at 8000 rpm at 25 ◦C for 5 min. The supernatant was reacted with 1000 µL acetic acid and
1500 µL ninhydrin solution. The mixture was heated for 1 h at 100 ◦C. After this, the reaction was
further accelerated by adding 2500 µL toluene and vertexing the solution for 30 seconds. Measurement
of the absorption of chromophore was taken at 520 nm [40].
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2.11. Electrolyte Leakage

Electrolyte leakage (EL) was analyzed through the method given by [41]. For this purpose, 0.1 g
leaf tissue was cut into small pieces, placed in a tube containing 10 mL deionized water, and kept in a
water bath for 2 h at 32 ◦C. The value of initial conductance (E1) of the bathing solution after incubation
was measured using an electrical conductivity meter (Shangai Yoke Instrument Co., Ltd. Shangai,
China). The leaves samples were autoclaved at 121 ◦C for 20 min to release all the electrolytes. The
samples were cooled to 25 ◦C to measure the final conductance (E2). The final electrolyte leakage was
calculated by the following formula:

EL (%) =
E1
E2
× 100

2.12. Leaf Gas Exchange and Fluorescence Analysis

A portable gas exchange fluorescence system (GFS-3000; Heinz Walz, Effeltrich, Germany) was
used to measure gas exchange attributes, including intracellular CO2 concentration (Ci), transpiration
rate (Tr), stomatal conductance (gs), and net photosynthesis (Pn) between 08:30 and 10:30. The
average leaf temperature, photosynthetically active radiation (PAR), flow rate, and CO2 concentration
were estimated at 28 ± 0.8 ◦C, 1000 ± 14 µmol m−2 s−1, 0.5 µmol s−1, and 350 ± 3 µmol CO2 mol−1,
respectively. The readings were taken from 3 consecutive fully expanded leaves per plant from at
least five different places. Measurements of the net rate of chlorophyll fluorescence were performed
with a leaf clip holder using a convenient, portable saturation pulse fluorimeter (PAM-2100, 2030-B;
Walz, Effeltrich, Germany). Measurements of the Fo minimal level of fluorescence and Fm maximal
level of fluorescence of darkness-adjusted leaves were made between 07:00 and 08:00. Readings for
Fo were taken at a frequency of 0.6 kHz with a 0.5 µmol measurement light. For Fm, the saturating
pulse was recorded at > 8000 µmol m−2 s−1 for 0.8 s. Fv was determined as the variable fluorescence
(Fv − Fm = Fo). On the other hand, the possible potential quantum yield of PSII (Fv/Fm) was also
estimated. Finally, the following parameters were obtained: the effective PSII quantum yield (YII), the
photosynthetic electron transport rate (ETR), the non-photochemical quenching (qN), and potential
quantum yield of PSII (Fv/Fm).

2.13. Transmission Electron Microscopy

Tomato roots were prepared for transmission electron microscopy (TEM) at 14 DAI according to
Balestrini et al. [42]. Briefly, 0.5 cm root segments were obtained using an EM UC7 ultramicrotome
(Leica, Wetzlar, Germany) with a Daitome Ultra 45◦ diamond knife. The samples were fixed in 2.5%
(v/v) glutaraldehyde phosphate buffer (0.5 mM pH 7.4), followed by 1% (w/v) osmium tetroxide, and
dehydrated in ethanol series (30%, 50%, 70%, 90%, 100%) at room temperature. Sectioned samples
were then stained with uranyl acetate and lead citrate using carbon–copper mesh. Root sections were
observed using a HT7700 transmission electron microscope (Hitachi, Tokyo, Japan) operating at 80.0 kV
accelerating voltage.

2.14. Statistical Analyses

Data were analyzed using factorial analysis of variance (ANOVA), with treatments and cultivars
as the two predictor variables. The data presented were the mean of three replications. The significant
differences among treatment means were analyzed using Tukey’s test at p ≤ 0.05 using statistical
software SPSS 16.0. (IBM, Madison, NY, USA). Graphical representation was done on Origin Pro 9.1
(Origin Lab Corporation, Northampton, MA, USA).
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3. Results

3.1. Disease Assessment

The disease intensity (DI) results showed that both varieties of tomato were significantly affected
by the co-inoculation of Fo and Mi at 14 DAI. The maximum (100%) disease intensity with chlorotic
leaves was observed in tomato variety G. maofen 802 by applying combined inoculum (Fo + Mi) at 14
DAI (Supplementary Figure S1). In contrast, in Zhongza 09, 8.5% disease intensity was noticed, with
few chlorotic leaves present. The sequential smears of Fo→Mi and Mi→Fo after 7 days also showed
85.4% and 95.1% disease intensity, respectively (Table 1). The serial application of Mi→Fo showed
higher disease intensity percentage than concurrent Fo + Mi infestation. Mi and Fo solo applications on
both varieties did not show any foliar symptoms at 14 days.

Table 1. Disease intensity on two tomato cultivars (G. maofen 802 and Zhongza 09) under greenhouse
conditions at 14 days after inoculation (DAI).

Treatments
Disease Intensity (%)

G. maofen 802 Zhongza 09

Control 0.0 0.0
Meloidogyne incognita (Mi) 0.0 0.0
Fusarium oxysporum (Fo) 0.0 0.0

Meloidogyne incognita + Fusarium oxysporum 100 8.5
Fusarium oxysporum After7days

→Meloidogyne incognita 85.4 3.1

Meloidogyne incognita After7days
→Fusarium oxysporum 95.1 7.6

3.2. Interactive Effects of Fo and Mi on Biomass Accumulation

Fo and Mi interactive infestation as well as their single forms significantly reduced biomass of both
cultivars of tomato as compared to control. The combined inoculation of Mi and Fo remarkably affected
the plant growth, and significantly decreased the shoot length by 32%, total fresh biomass by 54.1%,
and total dry biomass by 54.2% as compared to control in G. maofen 802. In addition, Mi inoculum
moderately reduced the shoot length by 22% and total dry biomass by 28%, while total fresh weight
was increased by 12% as compared to control at 14 DAI. For the Zhongza 09 variety, co-inoculation
of Fo and Mi reduced the plant height by 18%, total dry mass by 32%, and total fresh weight by
19% compared with untreated plants, while plants treated with Mi or Fo alone remained similar to
control (Figure 1A–C). The root morphologies of both varieties were significantly affected by combined
inoculation of Fo and Mi. The maximum reductions in root surface area (62%) and root length density
(62.2%) were shown in G. maofen 802 variety under Fo and Mi combined treatment (Figure 1E,F).
Contrarily, a root surface area reduction of 27.5% was noted after Mi infestation in G. maofen 802 as
compared to control. In Zhongza 09, Fo and Mi co-inoculation significantly reduced the root surface
area by 29% and root length density by 39%, which was higher than the single treatment of Fo and Mi.
Under Fo treatment, both varieties showed minute differences in all traits at 14 DAI.

3.3. Interactive Effect of Fo and Mi on Chlorophyll Contents

The results revealed that significant (p ≤ 0.05) reductions in total chlorophyll contents were
observed in the leaves of both varieties under single inoculation and co-inoculation of Fo and Mi at 14
DAI. The greatest reduction in total chlorophyll content of 52.3% was noted in leaves of G. maofen 802
variety after combined application of Fo and Mi. Solo applications of Fo and Mi showed reductions
of 36% and 2.4%, respectively. Zhongza 09 showed little change in total chlorophyll content after
exposure to all treatments as compared to control (Figure 1D).
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Figure 1. Effects of Fusarium oxysporum and Meloidogyne incognita alone and in combination on the
growth (A–C) and physiological (D) and root (E,F) attributes of two tomato cultivars (G. maofen
802 and Zhongza 09) at 14 days after inoculation (DAI) under greenhouse conditions. Note: CK,
non-inoculated control; Fo, Fusarium oxysporum; Mi, Meloidogyne incognita; Fo + Mi, Fusarium oxysporum
+ Meloidogyne incognita. Bars showing dissimilar lower-case letters are statistically different from each
other at p ≤ 0.05 (Tukey–Kramer test). Values are mean ± SE.

3.4. Interactive Effect of Fo and Mi on Photosynthetic Traits

The results further showed that combined Fo and Mi application produced maximum reductions
in photosynthetic capacity (Pn), transpiration rate (Tr), and stomatal activity (gs) of 70%, 78%, and
86%, respectively, in G. maofen 802 variety as compared to control. Contrarily, internal carbon dioxide
concentration (Ci) was increased by 39% as compared to control in G. maofen 802 after combined
inoculation with Fo and Mi. In the case of solo Mi treatment, Tr and Ci were increased in both varieties
by 20% and 23%, respectively, as compared to control. The Fo application influenced the Ci levels
of G. maofen 802 and Zhongza 09 (3.5% and 1.4%, respectively) as compared to control (Figure 2).
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Chlorophyll fluorescence, electron transport rate, photosystem II (PSII), and Fv/Fm were significantly
influenced by Fo and Mi application in both varieties, except for in the control.

Figure 2. Effects of Fusarium oxysporum and Meloidogyne incognita alone and in combination on
photosynthetic parameters of two tomato cultivars (G. maofen 802 and Zhongza 09) at 14 DAI in
greenhouse conditions: (A) net photosynthesis (Pn), (B) stomatal conductance (gs), (C) intracellular
carbon dioxide (Ci), and (D) transpiration rate (Tr). Bars showing dissimilar lower-case letters are
statistically different from each other at p ≤ 0.05 (Tukey–Kramer test). Values are mean ± SE.

Both G. maofen 802 and Zhongza 09 varieties had higher chlorophyll fluorescence traits with Mi
application. In G. maofen 802 variety, the Mi treatment caused increases of 7.9%, 9.8%, 24.4%, and
13.0% in YII, Fv/Fm, qP, and ETR, respectively, compared to non-inoculated plants. The minimum
values for chlorophyll fluorescence traits, YII (55.5%), Fv/Fm (36.6%), qP (64.7%), and ETR (17.7%)
were noted in G. maofen 802 with the combined inoculation of both pathogens as compared with
control. Similarly, under Fo inoculation, considerable reductions of 15.0%, 8.4%, 11.7%, and 8.8%
were observed in YII, Fv/Fm, qP, and ETR, respectively, compared with control. Zhongza 09 showed
minimum reductions of photosynthetic parameters of 20%, 16%, 29%, and 10% for YII, Fv/Fm, qP, and
ETR, respectively, with dual inoculation of Fo and Mi as compared with control (Figure 3).



Agronomy 2020, 10, 159 11 of 25

Figure 3. Effects of Fusarium oxysporum and Meloidogyne incognita alone and in combination on
chlorophyll fluorescent parameters of two tomato cultivars (G. maofen 802 and Zhongza 09) under
greenhouse conditions at 14 DAI: (A) the electron transport rate of PSII (ETR), (B) PSII quantum yield
of light (YII), (C) potential quantum yield of photosystem II (Fv/Fm), and (D) non-photochemical
quenching coefficient (qN). Bars showing dissimilar lower-case letters are statistically different from
each other at p ≤ 0.05 (Tukey–Kramer test). Values are mean ± SE.

3.5. Interactive Effect of Fo and Mi on Oxidative Defense Mechanism in Leaves and Roots

Antioxidants were significantly influenced in both varieties with single and concomitant treatment
of Fo and Mi. Compared with control, combined application of Fo and Mi induced higher MDA (265%
and 342%, respectively) and H2O2 (189% and 194%, respectively) contents in tomato roots and leaves of
G. maofen 802 than Zhongza 09 (Figure 4). However, Mi treatment in tomato roots and leaves induced
less MDA and H2O2 contents in both cultivars than combined inoculation with Fo. Furthermore, under
the concomitant infestation of FO and Mi, relatively higher concentrations of polyphenol oxidase (PPO)
(91%), ascorbate oxidase (AAO) (15%), ascorbate peroxidase (APX) (12%), sodium dismutase (SOD)
(52.7%), catalase (CAT) (41%), and proteins (79.4%) were found in leaves of Zhongza 09 compared with
G. maofen 802. Interestingly, compared to control in G. maofen 802, Mi treatment alone increased the
contents of SOD (18% and 37%, respectively), PPO (17% and 35%, respectively), and APX (9.9% and
24%, respectively) in roots and leaves (Table 2). Contrarily, AAO and protein contents were reduced in
both varieties in roots and leaves when treated with Mi alone and in combination with Fo.
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Figure 4. Effects of Fusarium oxysporum and Meloidogyne incognita alone and in combination on oxidative
stress responses of two tomato cultivars (G. maofen 802 and Zhongza 09) under greenhouse conditions
at 14 DAI.: (A) malondialdehyde (MDA) contents in roots, (B) malondialdehyde (MDA) contents in
leaves, (C) hydrogen peroxide (H2O2) contents in roots, and (D) hydrogen peroxide (H2O2) contents in
leaves. Bars showing dissimilar lower-case letters are statistically different from each other at p ≤ 0.05
(Tukey–Kramer test). Values are mean ± SE.
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Table 2. Effects of Fusarium oxysporum and Meloidogyne incognita alone and in combination on antioxidants of two tomato cultivars (G. maofen 802 and Zhongza 09)
under greenhouse conditions after 14 days.

Plant Parts Cultivars Treatments
Superoxide
Dismutase

(Unit mg−1 Protein)

Catalase
(Unit mg−1 Protein)

Polyphenol Oxidase
(Unit mg−1 Protein)

Ascorbate
Peroxidase

(Unit mg−1 F.W)

Ascorbate Oxidase
(Unit mg-1 Protein)

Proteins
(mg g−1 F.W)

Leaves

G. maofen 802

CK 8.06 ± 0.15 e 8.93 ± 0.15 c 2.15 ± 0.04 f 9.56 ± 0.17 f 0.591 ± 0.04 d 1.61 ± 0.03 c
Mi 9.54 ± 0.17 b 6.63 ± 0.12 g 2.53 ± 0.03 d 13.3 ± 0.16 c 0.442 ± 0.05 f 1.53 ± 0.04 d
Fo 7.18 ± 0.16 f 7.45 ± 0.13 e 1.86 ± 0.03 g 12.4 ± 0.14 d 0.622 ± 0.03 b 1.5 ± 0.03 e

Fo + Mi 2.33 ± 0.12 h 2.75 ± 0.04 h 0.15 ± 0.01 h 5.083 ± 0.13 g 0.323 ± 0.01 h 0.28 ± 0.01 h

Zhongza 09

CK 8.24 ± 0.16 d 9.43 ± 0.14 b 2.25 ± 0.05 c 10.32 ± 0.18 e 0.604 ± 0.03 c 1.98 ± 0.04 b
Mi 11.34 ± 0.13 a 8.23 ± 0.13 d 3.43 ± 0.03 a 12.56 ± 0.16 d 0.535 ± 0.04 e 1.4 ± 0.03 f
Fo 8.83 ± 0.17 c 10.64 ± 0.11 a 2.83 ± 0.04 b 14.72 ± 0.13 a 0.784 ± 0.03 a 2.03 ± 0.03 a

Fo + Mi 6.73 ± 0.13 g 6.75 ± 0.17 f 2.22 ± 0.03 e 13.85 ± 0.15 b 0.422 ± 0.04 g 1.01 ± 0.02 g

Roots

G. maofen 802

CK 4.19 ± 0.16 g 6.83 ± 0.12 d 1.25 ± 0.02 e 5.66 ± 0.15 d 0.351 ± 0.03 d 1.21 ± 0.03 d
Mi 5.76 ± 0.15 e 5.67 ± 0.11 f 0.94 ± 0.03 f 4.28 ± 0.14 g 0.232 ± 0.02 f 0.85 ± 0.04 f
Fo 6.61 ± 0.16 c 6.35 ± 0.14 e 1.6 ± 0.02 c 6.23 ± 0.14 b 0.427 ± 0.04 b 0.93 ± 0.05 e

Fo + Mi 1.20 ± 0.10 h 1.87 ± 0.01 g 0.3 ± 0.04 g 1.99 ± 0.16 h 0.125 ± 0.05 h 0.03 ± 0.01 g

Zhongza 09

CK 4.85 ± 0.14 f 7.54 ± 0.12 b 1.77 ± 0.05 b 5.94 ± 0.14 c 0.406 ± 0.03 c 1.43 ± 0.02 b
Mi 7.54 ± 0.15 b 7.1 ± 0.13 c 1.43 ± 0.03 d 5.53 ± 0.12 e 0.335 ± 0.02 a 1.13 ± 0.04 c
F0 8.48 ± 0.13 a 8.25 ± 0.13 a 1.84 ± 0.04 a 6.75 ± 0.15 a 0.55 ± 0.04 e 1.82 ± 0.03 a

Fo + Mi 5.94 ± 0.11 d 5.66 ± 0.1 f 0.83 ± 0.02 f 4.73 ± 0.12 f 0.246 ± 0.02 g 0.95 ± 0.01 e

All the data presented are the mean ± SE of three replications. The different lower-case letters within a column indicate significant differences (p < 0.05) among Mi, Fo, and Fo + Mi
treatments compared with control, as assessed by Tukey–Kramer test.
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3.6. Proline Contents and Electrolyte Leakage

The combined application of Fo and Mi on both varieties significantly increased the electrolyte
leakage and proline contents in roots and leaves (Figure 5). Proline content values were higher in roots
than shoots, while maximum electrolyte leakage was observed in leaves after combined infestation of
Fo + Mi in G. maofen 802 followed by Mi infestation as compared with control. In Fo application, a
small increase of proline and electrolyte leakage was recorded.

Figure 5. Effects of Fusarium oxysporum and Meloidogyne incognita alone and in combination on proline
contents (A,B) and electrolyte leakage (C,D) of two tomato cultivars (G. maofen 802 and Zhongza 09)
under greenhouse conditions at 14 DAI. Bars showing dissimilar lower-case letters are statistically
different from each other at p ≤ 0.05 (Tukey–Kramer test). Values are mean ± SE.

3.7. Root Galls and Mi Population in Roots and Soil

Mi population (eggs and females) and galling index values demonstrated clear variations in
tomato roots. Galling index, number of eggs, females in 1 g root samples, and juveniles per 250 cm3

soil (3, 870, 66, 538 for G. maofen 802) and (2, 675, 45, 492 for Zhongza 09) respectively were assessed
by dual infestation of Mi and Fo after 35 days (Table 3). The co-inoculation of both pathogens either
concurrently or sequentially showed little or similar response for both varieties. The highest number
of eggs, highest galling index value, and highest number of females in roots were recorded with Mi
single application in both varieties. In the sequential applications, Fo infestation before Mi showed a
lower galling index value than the second-stage juveniles, while Mi application before Fo showed an
equivalent response to the concomitant application of Fo and Mi in G. maofen 802 and Zhongza 09
(Table 3). These results revealed that several females were adversely affected by combined inoculation
with Fo, either sequentially or at the same time.
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Table 3. Effects of Fusarium oxysporum and Meloidogyne incognita alone and in combination on two tomato roots of G. maofen 802 and Zhongza 09 cultivars under
greenhouse conditions after 35 days.

Varieties Treatments
No. of Females

(Per g Root)

Root Population Soil Population

No. of Eggs
(Per g Root)

Galling Index
(0–5)

Size of Galls
(mm)

No. of Juveniles
(Per 250 cm3 Soil)

G. maofen 802

CK 0.0 0.0 0.0 0.0 0.0
Mi 83 ± 3.5 a 11445 ± 10 a 5.0 3.8 ± 0.1 a 644 ± 5 a
Fo 0.0 0.0 0.0 0.00 0.0

Fo + Mi 66 ± 2.5 b 870 ± 8 c 3.0 1.8 ± 0.2 c 538 ± 13 b
FoAfter7days

→Mi 51 ± 1.5 cd 755 ± 12 d 2.0 1.6 ± 0.1 c 480 ± 8 cd

MiAfter7days
→Fo 64 ± 2.6 b 875 ± 6.5 c 3.0 1.7 ± 0.2 c 541 ± 5 b

Zhongza 09

CK 0.0 0.00 0.0 0.0 0.0
Mi 56 ± 2.0 c 957 ± 17 b 3.0 2.2 ± 0.1 b 558 ± 6 b
Fo 0.0 0.0 0.0 0.00 0.0

Fo + Mi 45 ± 2.6 d 675 ± 6 e 2.0 1.1 ± 0.1 d 492 ± 6 c
FoAfter7days

→Mi 36 ± 1.5 e 564 ± 18 f 1.0 1.0 ± 0.1 d 409 ± 5 e

MiAfter7days
→Fo 46 ± 2.5 d 683 ± 6 e 2.0 1.2 ± 0.18 d 490 ± 7 c

All the data presented are the mean ± SE of three replications. The different lower-case letters within a column indicate significant differences at p ≤ 0.05 (Tukey–Kramer test) among the
concurrent and sequential Mi and Fo treatments in greenhouse conditions compared with control at 35 DAI.
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3.8. Transmission Electron Microscopy Results

The presence of typical hyphae and ultrastructure changes were observed in the roots of tomato
plants with single and combined application of Fo and Mi as compared to control (Figure 6). We found
unique tetrahedral crystalline bodies (TCB) in root cells of Zhongza 09 cultivar after Fo and Mi single
and combined applications (Figure 6C,E,F). The mycelium of Fo were clearly observed under TEM in
entire root cells, along with new entry points in cell walls of G. maofen 802 after Fo + Mi application
(Figure 6E). In the control (Figure 6A,B) for both cultivars, no TCB bodies were found. The unique TCB
structure was enveloped within a membrane near mitochondria (Figure 6H).

Figure 6. Cont.
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Figure 6. Effects of Fusarium oxysporum and Meloidogyne incognita alone and in combination on the
anatomical structure of the roots of two tomato cultivars (G. maofen 802 and Zhongza 09) under TEM:
(A) the healthy root cells of G. maofen 802; (B) healthy root cells of Zhongza 09 as control; (C) root
cells of G. maofen 802 after Mi application; (D) root cells after Mi application in Zhongza 09 with
TCB structure; (E) roots of G. maofen 802 after Fo + Mi application with mycelium (M) inside the cell;
(F) root cells of Zhongza 09 after Fo and Mi application with TCB structure; (G) root cells of G. maofen
802 after single application with no TCB; (H) root cells of Zhongza 09 after single application of Fo
showing unique crystalline structure near mitochondria. Note: TCB, tetra hedral crystalline bodies;
M, mycelium.

4. Discussion

Plant protection measures in the past have focused predominantly on single-host–single-disease
interactions. However, in nature, plant infection often involves multiple species or genotypes. The
multiple pathogens combine as a disease complex on various crops. Moreover, tracheomycosis diseases
block the intranet system of the plant, which transports nutrients and water. The present investigation
highlights the issue of hyperparasitism, resulting in destruction of tomato seedlings after infestation of
two soil-borne disease-causing agents, Fusarium oxysporum (Fo) and Meloidogyne incognita (Mi). The
Fusarium oxysporum distorts the root system by blocking vascular bundles with tylosis and root-knot
nematodes, parasitizing roots of important crops and causing huge economic losses in agriculture
globally. In order to control plant diseases, different approaches such as resistant cultivars, biological
agents, cultural practices, and agrochemical control have been used in the field [43]. Previously,
researchers found pathogen synergy in susceptible cultivars. However, here we selected two such
commercial hybrid cultivars that are resistant against Fo but susceptible to Mi to perceive the synergism
and viability of Fo-resistant cultivars.

Disease involves a complex interplay between a host plant and a pathogen, and the
resistance–susceptibility response can involve several components, such as the plant’s defense
mechanism, the environment, and the virulence of pathogens [44]. Plant-parasitic nematodes in
the genus Meloidogyne incognita are strongly associated with wilt symptoms assumed to be caused
by the fungus F. oxysporum. According to our results, G. maofen 802 cultivar lost its potential and
showed chlorotic disease symptoms within 14 days of co-inoculation with Mi. Zhongza 09 maintained
tolerance against Fo expression but its physiological traits were significantly affected. Mi application
alone and in combination with Fo impeded all plant growth parameters in both cultivars (Figure 1A–C).
Our results are strengthened by previous findings. Fusarium wilt on tomato plants transformed into
the most devasting disease in combined infection with root-knot nematode [45]. Rhizoctonia root rot
was the more severe in the presence of Meloidogyne incognita in green beans [46]. Sever symptoms
on aerial parts of olive plants were observed when a non-defoliant strain of the fungus (SS-4) of
Verticillumdhaliae and the root-knot nematode were inoculated simultaneously [47]. The 100% severity
of chlorotic symptoms at 14 DAI on the foliage was observed after combined application of Mi and Fo
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followed by sequential application of Mi 7 days prior to Fo (95.1%) in G. maofen 802. Mallaiha et al. [48]
reported that inoculation of root lesion nematodes prior to Fusarium spp. caused maximum disease
incidence in Crossandra species. Fusarium wilt incidence drastically increased when M. incognita was
inoculated with F. oxysporum and F. spnivem, and also decreased the potential of Fusarium wilt varieties
of watermelon [49]. This may be due to the entrance of Fo with endoparasites (Mi) at the same time and
prior to Mi. Mai et al. [50] reported that root galls and giant cells induced by Mi often made suitable
sites for pathogenic and non-pathogenic soil-borne fungal species. The number and size of root galls
increased in single inoculation of Mi compared with in combination with Fo (Supplementary Figure S2).
In single inoculation, the penetration of second-stage juveniles (J2) in roots was more attainable as they
had no competition. Significant reductions in galling index and nematode populations in the soil and
roots were observed in concurrent application of Fo and Mi, followed by sequential application of Mi
prior to Fo (Table 2). These results are strengthened by the findings of Hua et al. [49], showing that
co-inoculation of M. incognita and F. oxysporum led to an early development of Fusarium wilt, and that
nematode populations were reduced in the presence of fungus. Moreover, Fo might cause cottony
growth over the lateral roots [51], leading to these roots becoming inappropriate for juvenile invasion.
These results are further substantiated by the findings of Pshibytko et al. [52].

Moreover, Fo produced several mycotoxins and fusaric acid in the xylem and phloem vessels
after successful development in roots of tomato, causing certain morphophysiological disorders, as
previously noted by Singh et al. [11]. Under such conditions, the Mi population migrates into the soil
after the enhancement of their reproduction in this hostile condition. On the other hand, Mi introduced
several compounds into the roots, such as flavonoids and proteins; and also introduced carbohydrates
into the root galls, exciting the other soil-borne pathotypes that cause disease. Similar findings were
reported by Al-Hazm et al. [46] in green beans roots.

The enhancement of wilt severity due to nematode co-infection is probably related to physiological
and anatomical changes induced by nematode infection in root cells. The plant root cells have a
dynamic structure and composition (phenolics and proteins) that can be remodeled in response to
biotic and abiotic stress [53]. The transmission electron microscopy results of tomato root cells of both
cultivars (G. maofen 802 and Zhongza 09) showed a clear difference in response to co-inoculation of Fo
and Mi (Figure 6E,F). Our results showed that novel tetrahedral crystalline bodies (TCB) appeared
in root cells of Zhongza 09 after inoculation of Fo alone, Mi alone, and combined inoculation, while
these tetra-structures were absent in G. maofen 802 in all treatments (Figure 6C,E,G). These tetrahedral
crystalline structures (which had not been reported before) might be due to the large set of modifying
proteins present in the root cells, which were activated in response to pathogens and altered cell wall
composition to show defensive responses [54]. Bleve-Zacheo et al. [55] witnessed a number of globular
crystalline bodies (proteins) together with starch accumulation in Mi-mediated gene varieties. The
root area density and length are directly related to the photosynthetic machinery (light-capturing
organ, PSII center, and efficiency of photochemical energy use) [56]. Therefore, leaf photosystems and
root systems work together to promote the growth and yield of crops by efficiently using water and
nutrients. Water deficit and nutrient shortages ultimately damage the photosynthetic pigments and
activity of PSII [57]. As a result, chlorotic lesions were observed on leaves.

In both varieties, significant changes in root morphology directly influenced the physiological
parameters after co-inoculation with Fo and Mi and with a single application of Mi. Furthermore,
the successful synergism of Fo + Mi had a negative correlation with biomass accumulation, although
root weight and diameter increased due to gall formation. More specifically, a profound reduction in
total fresh and dry biomass, photosynthetic rate, stomatal conductance, transpiration rate, chlorophyll
fluorescence, and non-photosynthetic quenching was detected in our experiment at 14 DAI by
co-inoculation of Fo and Mi in both cultivars in comparison to control and single inoculation (Figure 2,
Figure 3). Photosynthetic traits are directly proportional to plant growth and development [58].
Among them, chlorophyll contents are key components of photosynthesis, through which plants
derive their energy for metabolism and growth [59]. Chlorophyll contents are sensitive to biotic and
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abiotic stress [60] and ultimately directly affect the plant health [61]. Previous studies have shown
that infection of plants by M. incognita and F. oxysporum can result in reduced chlorophyll content
and photosynthesis [62,63]. In the current results, total chlorophyll contents were decreased in each
treatment as compared to control (Figure 1D). There is a correlation between photosynthetic efficiency
and chlorophyll pigments. The photosynthetic efficiency of photosystem II (measured by the Fv/Fm

value) is a reliable indicator of plant adaptation to stress [64]. In the present study, chlorophyll
fluorescence parameters, Fv/Fm, ETR, and YII values were seriously reduced by co-inoculation of
Fo and Mi (Figure 3). Intriguingly, all photosynthetic traits were significantly increased after Mi
inoculation in both cultivars, while the qN value increased as disease progressed. These results are
consistent with findings by Zhou et al. [65], who also reported significant reduction in Fv/Fm levels
of tomato plants due to biotic stress. Contrarily, all photosynthetic traits except gaseous exchange
were higher in Mi treatment at 14 DAI. Earlier, Ping et al. [63] determined that M. incognita did not
consistently cause damage to photosystem II in all cultivars of cotton. These effects increase with the
duration of time [66]. The plants’ lack of above-ground symptoms, along with the low degree of root
galling, may be attributed to the lower population of J2. However, over time the nematode population
density increased and above-ground symptoms appeared on the plants [67]. Furthermore, recent
studies by Ramalingam et al. [45] and Meena et al. [68] confirmed that the co-infection with Mi and
Fo significantly disturbed the photosynthetic traits of tomato and Dianthus caryophyllus, respectively,
under greenhouse conditions. In our results, the photosynthetic rate decreased even though the
internal carbon dioxide (Ci) concentration and transpiration rate increased with co-inoculation of Fo
and Mi (Figure 2A–C), indicating that the decrease in photosynthetic rate (Pn) was not caused by
reduction in transpiration rate (Tr) and internal carbon dioxide (Ci) concentration. Therefore, this
reduction in photosynthetic rate must have been caused by non-stomatal factors, such as photosynthetic
light reactions and Calvin cycle biochemistry [69]. These reductions might be attributed to disturbed
physiological functions of plants [70]. ROS generation is one of the major biotic and abiotic stress
indicators in plants. Photosystem II activity is directly related to ROS generation by the involvement
of calcium-signaling-mediated kinase cascades [71,72]. Overgeneration of ROS can produce massive
amounts of MDA in cell membranes, resulting in an oxidative burst at the subcellular level [73]. In
our study, both varieties substantially accumulated malondialdehyde (MDA), hydrogen peroxide
(H2O2), and proline contents, in addition to increased electrolyte leakage in roots and leaves after
synergistic treatment of Fo + Mi compared with single inoculation of Mi (Figure 5C,D). These findings
are in line with Kesba et al. [74]. H2O2 is the most common ROS produced in plants in response to the
invasion of nematodes, fungi, and bacteria, and affects various growth phenotypes of plants [75,76]. In
resistant varieties, several defense-related antioxidants (superoxide dismutase (SOD), catalase (CAT),
polyphenol oxidase (PPO), ascorbate peroxidase (APX), and ascorbate oxidase (AAO)) were produced
to reduce the concentration of the hydrogen peroxide (H2O2) and malondialdehyde (MDA). Moreover,
it might be due to the presence of antioxidants (SOD, PPO, CAT, APX, and AAO) that Zhongza 09 did
not show Fo expression in conjunction with Mi. Therefore, there is a negative correlation between H2O2

and defense-related enzymes in that variety (Table 3). CAT is primarily responsible for hydrolyzing
H2O2 into water (H2O) and oxygen (O2) [64]. According to our results, CAT activity was maximal
in Fo-resistant plants, while Mi application induced slightly more CAT activity than control in both
leaves and roots. In contrast, co-inoculation of Fo + Mi in both varieties reduced the catalase activity.
Previously, Molinari et al. [77] reported no effects on CAT activity in nematode-susceptible cultivars.
Contrarily, Eissa et al. [78] suggested that nematode-resistant cultivars without inoculation had a
higher concentration of CAT than susceptible cultivars. This contradiction might be due to the fact that
the nematode population did not reach a certain level where CAT activity could be highly reduced.
SOD prevents injurious effects of O2

- radicals in plant cells and converts these into hydrogen peroxide,
which is then transferred into H2O and O2 by catalase activity [79]. PPO activity is responsible for
metabolism and modifies phenols into quinone in plants to scavenge biotic stressors [80]. Higher
production of PPO may induce the production of PR proteins, which are directly involved in resistance
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mechanisms in plants by overcoming the infection of pathogens in plant tissues [81]. Our results
revealed that accumulated SOD enzymes and phenolic compounds were more alleviated in leaves of
Mi-treated plants than Fo-inoculated plants. Contrarily, in roots, SOD accumulation was more obvious
in Fo-resistant plants in both cultivars than Mi-treated and untreated plants. Combined inoculation
with Fo + Mi in G. maofen 802 induced less activity of SOD and PPO in roots and leaves than Zhongza
09 (Table 3). Our findings are supported by the results of Sharma et al. [6], who reported that PPO
activity was increased in tomato PT3 after dual inoculation of plant growth promoter rhizobacteria
(PGPR) and mycorrhiza against Mi. Awan et al. [82] reported that groups of tomatoes resistant against
Alternaria solani had higher concentrations of PPO, CAT, and POD than susceptible groups. According
to Arshad et al. [83], ascorbic acid contents of plants are directly related to resistance against pathogens.
APX and AAO are chloroplastic or cytosolic enzymes that metabolize the activity of H2O2 in different
cell compartments and are intricately involved in the homeostasis of AsA and balancing of ROS
generation [84]. The maximum value of APX was measured in leaves infested with Mi in G. maofen
802 and Zhongza 09, while the minimum concentration of APX was observed in roots and leaves of
both cultivars after co-inoculation of Fo + Mi. These findings are strengthened by the results from
Yang et al. [85], where a higher concentration of ascorbate peroxidase was found in resistant cultivars
of tomato. Proteins play a major role in cell function and structure. Protein contents were significantly
depleted in all treatments. Only untreated plants showed higher concentrations of proteins in roots
and leaves in both varieties at 14 days. Maximum depletion was found in concurrent treatment with
Fo + Mi and minimum depletion was found with Fo application. Previously, McGovern et al. [86]
observed a low quantity of proteins in tomato roots and leaves infected with Fusarium wilt.

5. Conclusions

In order to make significant progress in plant disease management, research efforts should made to
develop suitable strategies to manage multiple pathogen infestations. The role of pathogen–pathogen
interactions and their impact on plant defense systems should increasingly be recognized as having
equal importance as studying single plant–pathogen interactions. Our circumstantial evidence suggests
that Fo + Mi combined infestation in roots significantly reduced the growth, photosynthetic traits,
physiological attributes, and defense-related enzymes by exaggerating oxidative damage as compared
to control in tomato plants, ultimately leading to death in a few days, while single Mi inoculation
in plants did not significantly reduce the morphological and physiological attributes at 14 DAI. In
the current study, we found that the Fo-resistant cultivar lost its vitality after co-inoculation with Mi.
Tolerant cultivars adopt different mechanistic strategies at structural and cellular levels to sustain the
biotic stress. Furthermore, the study provides valuable results regarding the synergistic interaction
of Fo and Mi, encouraging the design of effective ameliorative strategies that can be used in future
breeding programs to produce commercial resistant varieties, as well as for the formulation of pesticides
for the effective management of these two pathogens together. However, future research is needed to
elucidate the molecular vision of interaction between Fusarium oxysporum and M. incognita.
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