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Abstract: The objective to this work was to evaluate the enzymatic activity in the culture of Solanum lycopersicum L. infected with Fusarium oxysporum after the combined application of Beauveria bassiana and plant extracts. Solanum lycopersicum plantlets were transplanted 15 days after the emergency. Five days after transplanting, Beauveria bassiana spores were applied at a concentration of 1 × 107 spores mL−1 onto soil (along with A. indica (N) and P. auritum (H) leaf extracts) where S. lycopersicum plants were planted. Eight days after transplanting, spores of F. oxysporum strain were applied at a concentration of 1 × 106 spores mL−1 to soil where S. lycopersicum plants were growing. The development of S. lycopersicum plants was monitored for 114 days, whereby a randomized complete block treatment design was used, the roots of the plants were crushed with liquid nitrogen, after which UV/VIS spectrophotometry was used to determine protein concentration, as well as the activity of β-1,3-glucanases, peroxidases (POX, EC1.11.1.7), catalase and chitinases. The treatments combining B. bassiana and A. indica and P. auritum extracts, had a significant difference in enzymatic activity levels, thus contributing to better defense mechanisms and a greater protection to S. lycopersicum plants in the presence of F. oxysporum. The application of B. bassiana and plant extracts to the ground mitigated damage caused by F. oxysporum on S. lycopersicum plants.
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1  Introduction

The Solanaceae family is attacked by different pathogens, which cause losses in production. Tomatoes are considered a very important crop worldwide due to their economic and nutritional value, as this species is a source of vitamins A and C [1,2].

Because high humidity levels are required to keep tomatoes fresh, the growth of pathogenic fungi such as Alternaria alternata, Fusarium sp., Fusarium oxysporum is promoted, among others. Fusarium is a fungus found in agricultural products and is very common in soils, which is why it is classified as a soil-borne fungus [3]. These fungi cause rot, which is one of the main diseases occurring after harvest in S. lycopersicum, causing large losses [3]. Losses in S. lycopersicum L. production range between 30% and 40%, but it can sometimes reach up to 80% [4]. Fusarium oxysporum (Fo) soil-borne fungus is one of the most devastating diseases, ranking fifth among phytopathogenic fungi, which can significantly reduce the production of S. lycopersicum L. [4]. The Fusarium oxysporum f. sp. lycopersici exists in many pathogenic forms, and because it possesses many mechanisms that help it overcome the defenses of many plants, it is a parasite in more than 100 species of gymnosperm and angiosperm plants [5].

The control of this fungus is difficult as it establishes itself as an endophyte in cells and in vascular tissues. The most employed strategies for its control are the use of fungicides (such as N-methyl dithiocarbamate or ethidium bromide), seed disinfection with 1% hydrochloric acid, and the use of resistant cultivars. However, indiscriminate use of these agrochemicals has caused soil contamination and fungal resistance to these products, which is why new effective and environment-friendly strategies are being sought.

Biological control is considered as a reasonable alternative for controlling various diseases such as wilt, which is caused by Fusarium. The application of non-pathogenic antagonistic microorganisms, that are capable of minimizing or stopping the effects caused by this pathogen has been advised [6]. Recent studies have mentioned that the biological control of pathogens such as F. oxysporum may be considered a safer method for humans and the environment [7]. Beauveria bassiana (Bals.) Vuill. (Ascomycota: Hypocreales), has been used as an alternative for both the biological control of pests and as an attempt to replace chemical products. Currently, this non-pathogenic antagonistic microorganism is the active ingredient of different commercial products that are used for the sustainable management of pests [8].

It has been reported that B. bassiana grows naturally as an endophytic microorganism in vegetative tissues throughout the plant. It is generally found in the soil and colonizes the plant by horizontal transmission [9], and it can also be artificially introduced as an endophyte by different ways such as seed coating, soil irrigation, root immersion and foliar spraying [10]. Sinno et al. [11] reported that B. bassiana may protect tomatoes from pathogens attack, such as those by R. solani Kühn, B. cinerea Pers., and F. oxysporum Schltdl. Protection from attacks by pests, such as A. gossypii Glover, B. tabaci Gennadius, E. vitis Goethe, H. zea Boddie, H. armigera Hübner, O. sulcatus Fabricius, P. ficus Signoret, S. littoralis Boisduval, S. exigua Hübner, and T. absoluta Meyrick.

B. bassiana has recently been reported as a microorganism that can be used as a dual-purpose microbial control, meaning it may be effective against pathogens and insects. Culebro-Ricaldi et al. [12] reported that B. bassiana inhibits the mycelial growth of various pathogens under in vitro conditions. Inhibited pathogens include G. graminis var. Tritici, A. mellea, N. rosellina, F. oxysporum, B. cinerea and R. solani. These same authors report that B. bassiana induces cell lysis in pathogens such as P. ultimum, P. debaryanum and S. nodorum.

Extracts obtained from of A. indica A. Juss. tree, are a natural source against a wide variety of pathogenic microorganisms. A. indica A. Juss. belongs to the Meliaceae family, and is widely cultivated in Africa, Australia, the Caribbean, Central America, and South America [13]. It is known that several crude extracts of A. indica A. Juss. have microbicidal and insecticidal activity, including the blocking of the larval metamorphosis process. The main active metabolite is nortriterpenoid, also known as azadirachtin [14]. The ethanol extracts of A. indica A. Juss. seeds inhibited the growth of Bacillus thuringiensis, Bacillus subtilis and Nocardia sp. significantly. The antimicrobial components in A. indica A. Juss. seed extracts have been identified, and it has been found that nimbolide, nimbin, and nimbidin (triterpenoids), azadirachtin, and gedunin are jointly responsible for antimicrobial activity [15].

Piper auritum Kunth is a leafy plant that lives in warm, semi-warm and semi-dry climates. Its leaves are wide and large, greenish in color and give off a pleasant smell when squeezed. This evergreen plant is known as acuyo, cordoncillo, white cordon, aniseed, cancer leaf, holy leaf, momo or holy grass. It also received the name of holy leaf by the Spanish priests, who were impressed by its medicinal properties [16]. The physicochemical properties of P. autitum have been studied and 16 compounds have been isolated from the leaves and roots to this date. These compounds have been characterized as phenylpropanoids, triterpenoids and essential oils [17]. The essential oils have been characterized in previous studies, and their antifungal activity has been proven [18]. The objective to this research was to evaluate the enzymatic activity (glucanases, chitinases, peroxidases and catalases) in response to the combined application of Beauveria bassiana and plant extracts during the culture of Solanum lycopersicum L. infected with Fusarium oxysporum.

2  Methodology

2.1 Plant Material and Preparation of Fungal Solution of B. bassiana and Solution of F. oxysporum f. sp. lycopersici

Commercial Rio Grande® S. lycopersicum Saladette seeds (Solanum lycopersicum L.) were used, which subsequently germinated in an agricultural seedbed of expanded polystyrene with 200 cavities. Compost was used as a substrate and one seed was placed in each cavity.

The F. oxysporum f. sp. lycopersici strain (Fol strain 17108, not registered) was provided by the Plant Breeding Department at the Universidad Autónoma Agraria Antonio Narro, located in Saltillo, Coahuila, México. The B. bassiana strain (Genbank number KX232465.1) was provided by the Tecnológico Nacional de México campus Tlajomulco, located in Tlajomulco de Zúñiga, Jalisco, México.

The conidial suspension was prepared in 250 mL Erlenmeyer flasks, for which 50 mL of medium were used. One liter of medium contained 0.5 gL−1 MgSO4 7H2O, 0.5 gL−1 KCl, 3 gL−1 NaNO3, 1 gL−1 K2HPO4, 0.01 gL−1 FeSO4, as well as 200 mL of V8 juice and distilled water. This was also supplemented with 1% colloidal chitin (w/v). The flasks were kept in incubation on a rotary shaker for eight days at 28°C at 180 rpm. The liquid medium was inoculated with mycelial discs with B. bassiana strain on PDA, where active growth has been reported [19]. Subsequently, under a hood with laminar flow with UV light, the supernatant was filtered through sterile gauze in a 250 mL Erlenmeyer flask to remove hyphae and to obtain the stock solution. The spore count was performed in a Neubauer chamber, and the solution was adjusted with sterile distilled water until a concentration of 1 × 107 conidia mL−1 was obtained [20].

A solution F. oxysporum f. sp. lycopersici conidia was grown in Erlenmeyer flasks with potato Dextrose liquid medium. A mycelial disc of the fungus was inoculated in an Erlenmeyer flask, which was allowed to grow for five weeks at a temperature of 28 ± 2°C. After that, the supernatant was filtered with sterile gauze in a 250 mL Erlenmeyer flask to remove hyphae and to obtain the stock solution, which was also done under a laminar flow hood with UV light. The spore count was performed in a Neubauer chamber, and the solution was adjusted with sterile distilled water until a concentration of 1 × 10−6 conidia mL−1 was obtained.

2.2 Vegetable Extracts

The study was carried out in the Biotechnology and Greenhouse Soil Laboratory of the Tecnológico Nacional de México Campus Tuxtla Gutiérrez (latitude 16.758311°, N, longitude −93.172347W). Leaves from A. indica A. Juss. (Azadirachta indica A. Juss.) and P. auritum, Kunth (Piper auritum Kunth) were collected from trees at the Instituto Tecnológico de Tuxtla Gutiérrez and within the limits of the City of Tuxtla Gutiérrez.

Subsequently, the leaves were removed from the stem and washed with water. After this came a disinfection step involving immersion in 1% commercial NaClO for 5 min, after which they were washed again with sterile distilled water to remove chlorine residues. Next step was the crushing of the fresh leaves with a blender, to obtain a particle size of 2 to 3 mm using 100 g of fresh leaf per liter of sterile water. Finally, the extraction of secondary metabolites via maceration of the leaves was carried out in an amber container for 72 h at room temperature and in the absence of light [13]. After 72 h, filtration was carried out under a hood with laminar flow and UV lights to avoid contamination. The extract was stored at a temperature of −4°C, in a freezer. Vegetable samples were prepared separately.

2.3 Inoculation of Beauveria Bassiana and Application of Plant Extracts in S. lycopersicum L. Plants

Inoculation was performed in the soil 10 days after transplantation (dat) with 10 mL of a spore suspension (1 × 107 conidia mL−1), which was inoculated every 8 days, as described previously [21]. At 5 dat, 5 mL of A. indica, A. Juss extract were applied to the soil, as well as 5 mL of P. auritum Kunth extract. This application was also performed at 8 day intervals, according to the programmed treatments.

2.4 Inoculation of Fusarium oxysporum f. sp. lycopersici in S. lycopersicum Plants

A single inoculation was performed in the soil at 26 dat with 10 mL of a spore suspension (conc. 1 × 106 conidia mL−1) containing the phytopathogenic fungus F. oxysporum f. sp. lycopersici, according to [22].

2.5 Enzymatic Extracts

The roots of S. lycopersicum plants were crushed with liquid nitrogen. The plant material was washed 3 times with cold acetone for 1 min in a 1:2 ratio (w/v). After each wash, it was centrifuged at 1,000 rpm for 5 min at 4°C and was then resuspended in 100 mM phosphate buffer (pH 6.5), where the same 1:2 ratio (w/v) was kept and was stirred on ice for 1 h. Finally, the mixture was centrifuged at 4,500 rpm for 30 min at 4°C, after which the supernatant was deposited in Eppendorf tubes. Samples were then frozen at −20°C for subsequent determinations [23].

2.6 Evaluation of the Enzymatic Activity in Roots of S. lycopersicum Plants

2.6.1 Total Protein Extraction

The roots were collected at 50, 66, 82, 98 and 114 dat. However, the samples that were analyzed were those of 114 dat, as our research team observed that the plant presents a fungicidal effect at this time. The total protein concentration was determined with the Bio-Rad kit (Bio-Rad Laboratories) based on the Bradford method [24]. The reading was performed on a UV/VIS spectrophotometer at an absorbance of 595 nm. The standard curve was made from a stock solution of bovine serum albumin (BSA, 1 mg·mL−1). Three replicates were performed for each treatment.

2.6.2 Quantification of Chitinases (E.C.3.2.1.14)

Quantification was performed according to the methodology proposed previously [25]. A colloidal chitin substrate obtained from reactive grade chitin (Sigma-Aldrich) was used, with which a stock solution was prepared at a concentration of 10 mg·mL−1 chitin in distilled water. A mixture of colloidal chitin (300 µL) and enzymatic solution (600 µL) was added to each of the test tubes, after which they were placed under stirring in a vortex for sample homogenization. Subsequently, 150 µL of a 0.8 M sodium tetraborate buffer at pH 9.1 were added and incubated in a water bath for 60 min at 37°C, and then centrifuged at 1000 rpm for 5 min at 4°C. After the centrifugation time, 600 µL were separated from the supernatant and incubated for 3 min at boiling temperature. Finally, the tubes were cooled in an ice bath, after which 1,500 µL of p-dimethylaminobenzaldehyde (Sigma-Aldrich®) were added. The vortex tubes were homogenized, then incubated in a water bath for 20 min at 38°C and the absorbance of each tube was measured at 585 nm in a spectrophotometer. The variable used to quantify chitinase activity was the specific activity and was determined by the amount of released N-acetylglucosamine [26]. The calculation of the enzymatic activity was carried out according to the following equation [27]:


Enzymatic activity=OD∗Cot∗VassayTincub∗Vm

where:

OD = Optical density

Cot = Cotangent of the angle of the standard curve

Vassay = Volume of the test (cuvette)

Tincub = Incubation time

Vm = Volume of the sample (enzyme).

The specific activity was expressed in pkat/mg protein, as reported by [27].

The specific activity was determined according to the expression:


Specific activity=Enzymatic activityTotal protein concentration (mg⋅mL−1)

2.6.3 Quantification of β-1,3-Glucanases

The production of β-1,3-glucanases (EC 3.2.1.6) was determined according to the method described in previous reports [28,29]. The laminarin substrate (β-1,3 glucan polysaccharide) (Sigma-Aldrich®) was used as a stock solution with a concentration of 2 mg·mL−1, which was dissolved in 0.5 M sodium acetate buffer at pH 5.5.

For the reaction, 150 µL of laminarin were used together with enzyme extract and Somogyi reagent, which were subsequently incubated in a water bath for 40 min at 110°C. The reaction was stopped by using ice. After that, 150 µL of the Nelson reagent were added, and 1500 µL of distilled water were added while stirring gently. The reaction rate was calculated from a reading at 610 nm.

The standard curve was prepared from a D-glucose stock solution with a concentration of 0.008 mM mL−1, where the same procedure described above was performed. The calculation of the enzymatic activity and the specific activity was performed in the same manner as described for the chitinase enzymatic activity. The results of the specific activity of the β-1,3-glucanase enzyme were provided in pkat mg protein−1.

2.6.4 Quantification of Peroxidases

The POX (EC1.11.1.7) determination was carried out by a reaction mixture consisting of 0.25% (v/v) of guaiacol at 10 mM sodium phosphate buffer (pH 6 containing 10 mM hydrogen peroxide). A volume of 100 µL of the enzyme extract was added to initiate the reaction, which was measured by UV/VIS spectrophotometry. The activity was calculated by measuring the ratio at 470 nm/min = 0.01, which is defined as 1 unit of activity. The specific activity was expressed as U mg protein−1.

2.6.5 Quantification of Catalases

The activity of CAT (EC 1.11.1.6) was determined as reported elsewhere [30]. 100 µL of enzyme extract were added to 2,900 µl of a reaction mixture containing 20 mM hydrogen peroxide and 50 mM sodium phosphate buffer at pH 7. CAT activity was measured by controlling the absorbance reduction at 240 nm as result of the consumption of H2O2. Catalase activity was expressed as U mg protein−1, where one unit of enzymatic activity was defined as the decomposition of 1 µmol of H2O2 per minute.

2.7 Morphometric Parameters

To evaluate the morphological parameters, three plants were selected from each treatment. For the chlorophyll index, a Minolta SPAD 502 Plus chlorophyll meter equipment was used, with which the intensity of chlorophyll in the leaf was measured. The length of the aerial parts and roots was measured with a flexometer. Measurements were taken from the base of the plant to the axil of the youngest leaf. Stem diameter was measured at the base of the stem at a height of 1 cm above the substrate with the help of a vernier caliper. Fresh plant weight (foliage and root) was recorded in grams with the help of an Ohaus analytical balance.

2.8 Experimental Units and Treatments

The experimental units consisted of a black polyethylene bag (35 cm high × 20 cm wide), which contained 4 kg of compost as substrate. Transplanting was performed once the seedlings had grown for 25 days. The treatments were evaluated according to Table 1.
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2.9 Statistical Analysis

For the enzymatic activity experiment, a randomized complete block experimental design was used, with 10 treatments and 3 repetitions with 5 evaluations, adding up to a total of 300 experimental units. For the enzymatic activity of peroxidases and catalases, a completely randomized design with 10 treatments and 3 repetitions with 5 evaluations was used.

For data analysis, Statgraphics Centurion XVI software was used, whereby a simple variance analysis (ANOVA) was used. Tukey tests was applied to determine significant statistical differences between treatments, with an error of 0.05%.

3  Results

3.1 Enzymatic Activity in S. lycopersicum Plant Roots

3.1.1 Activity of β-1,3-Glucanases

The activity of β-1,3-glucanases at 114 dat, the Azadirachta indica L. + Piper auritum Kunth (NH) treatment presented a significant difference (8.5 pkat mg protein−1) with respect to all treatments (Fig. 1), except for plants treated with Beauveria bassiana (Be). The treatment with B. bassiana + Fusarium oxysporum + A. indica A. Juss. + P. auritum Kunth (BeFuNH), showed a significant difference in the activity of β-1,3-glucanases with respect to all treatments, except for plants treated with B. bassiana. Also, the NH, Be and BeFuNH treatments showed significant statistical difference regarding the Q treatment.
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Figure 1: Activity of β-1,3-glucanases in roots from S. lycopersicum plants at 114 dat. Different letters indicate statistically different averages according to Tukey’s test (p ≤ 0.05)

3.1.2 Chitinase Activity

At 114 dat, it was observed that the BeFu treatment showed a significant difference in chitinase activity (0.85 pkat mg protein−1), with respect to the other treatments (Fig. 2). Also, the plants treated with the BeNH mixture presented a significant difference regards to all treatments, except for the plants treated with Fu and BeFu.
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Figure 2: Chitinase activity in roots from S. lycopersicum plants at 114 dat. Different letters indicate statistically different averages according to Tukey’s test (p ≤ 0.05)

3.1.3 Peroxidases Activity

At 114 dat, it is observed that the NH treatment showed a significant difference in the activity of peroxidases (7.06 U mg protein−1), as seen in Fig. 3. Plants treated with NH showed a significant difference as compared to the plants receiving the other treatments. NH treatment plants showed the highest peroxidase activity (7.06 U/mg protein), followed by BeNH treatment plants (1.25 U/mg protein), the Fu treatment presented a significant statistical difference as compared to the C treatment.
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Figure 3: Peroxidase activity in roots from S. lycopersicum plants at 114 dat. Different letters indicate statistically different averages according to Tukey’s test (p ≤ 0.05)

3.1.4 Catalase Activity

It was observed that the NH treatment had the highest catalase activity at 114 dat (203 U mg protein−1), showing significant differences with respect to all treatments (Fig. 4). BeFu treatment plants showed an increase in catalase enzymatic activity at the root of the plants, which is in contrasts with the observed effect in the plants of the Be and Fu treatments.
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Figure 4: Catalase activity in roots from S. lycopersicum plants at 114 dat. Different letters indicate statistically different averages according to Tukey’s test (p ≤ 0.05)

3.1.5 Morphometric Parameters

The application of the combination of B. bassiana with the plant extracts did not have a detrimental effect on the morphometric parameters of the Solanum lycopersicum plants. However, the plants that were infused with Fusarium (Fu treatment) did exhibit effects on the mentioned parameters, as seen in Table 2. Fig. 5 shows that the plants treated with Fu present senescence in the leaves and have a smaller size, compared to the plants from the other treatments.

[image: images]

[image: images]

Figure 5: S. lycopersicum plants at 114 dat. (A) Treatment Q: chemical (Captan fungicide), (B) Treatment C (water), (C) Treatment NH (Azadirachta indica A. Juss. + Piper auritum Kunth), (D) Treatment Be (Beauveria bassiana), (E) Treatment BeNH (B. bassiana + A. indica A. Juss. + P. auritum Kunth), (F) Treatment BeFuNH (B. bassiana + F. oxysporum f. sp. lycopersici + A. indica A. Juss. + P. auritum Kunth), (G) Treatment FU (Fusarium oxysporum f. sp. lycopersici), (H) Treatment FuQ (F. oxysporum f. sp. lycopersici + Chemical), (I) Treatment BeFu (B. bassiana + F. oxysporum f. sp. lycopersici) and (J) Treatment FuNH (F. oxysporum f. sp. lycopersici + A. indica A. Juss. + P. auritum Kunth). Colored flags on a stake corresponds to a height of 25 cm

4  Discussion

In this study, it was observed that treatments with A. indica A. Juss. and Piper auritum Kunth plant extracts presented a significant difference in the activity of the enzyme β-1,3-glucanases during experimentation. This behavior was observed as well when applying the entomopathogenic fungus Beauveria bassiana.

In this regard, previous studies have revealed that enzymatic activity increases as a defense mechanism against environmental stress, such as a fungal infection [31,32]. The mixture of extracts from A. indica and P. auritum potentiate the activity of β-1,3-glucanases in S. lycopersicum plants, when they are inoculated with F. oxysporum or B. bassiana. This is possibly explained by the presence of azaridachtin and safrol metabolites that are contained in these extracts, which increase the enzymatic activity of β-1,3-glucanases in the plants. Randomidachtin is the main secondary metabolite found in Azadirachta indica A. Juss. Limonoids are tetratriterpenes that have triterpene as a precursor. Plants that have limonoids, in addition to insecticidal activity, have other applications, such as antitumor, antifungal, bactericidal and antiviral, which suggests a role in the defense of the plant against certain microorganisms [33]. Azadirachtin is a tetraterpenoid that is characteristic of the Meliaceae family, especially in the A. indica A. Juss. tree. This compound is found in the bark, leaves, fruits and, mainly, in the seed of the tree [34].

Barra-Bucarei et al. [35] suggested that the action of B. bassiana as an endophyte increases the plant’s ability to resist the attack of pathogens such as B. cinerea and Fusarium ssp [36]. In tomatoes, chili peppers and maize plants, B. bassiana acts as an opportunistic parasite on various phytopathogens, as it has pathogenic and saprophytic habits. This behavior increases the plant’s activity through the production of chitinase enzymes, glucanases, proteases and lipases, which are important for the invasion and degradation of the phytopathogenic target [37,38].

In this study, it was observed that treatments with plant extracts from A. indica A. Juss. and P. auritum Kunth, as well as the entomopathogenic fungus B. bassiana, showed an increase in chitinase activity in the S. lycopersicum plant when B. bassiana + F. oxysporum (BeFu) were applied to the plants. It is possible that B. bassiana potentiates the chitinase activity in the plant when competing with F. oxysporum. When measuring chitinase activity in the other treatments (C and Be), the corresponding values are lower, and the same is observed with the enzymatic activity from the BeNH treatment (B. bassiana + A. indica + P. auritum).

B. bassiana infects the pathogenic fungus by direct penetration of the cuticle or cell wall by using different enzymes. Chitinases are important to facilitate each stage of the fungal infection, such as conidia germination, growth of the hypha and even the penetration of these structures into the affected organism [39]. B. bassiana produces numerous secondary metabolites including beauvericin, bassianine, beauverolides, bassianolides, oosporein, and bassianolone, among others [39]. Out of these compounds, beauvericin is particularly interesting due to its antimicrobial properties, and is secreted by the genera Beauveria and Isaria [40]. The induction of chitinases and glucanases was also evaluated in S. lycopersicum seedlings after inoculation with Fusarium solani, Trichoderma harzianum, or both. It was established that both microorganisms induced chitinases in the plant, albeit at different times [41].

It was observed that the treatment consisting of plant extracts from A. indica + P. auritum had the highest enzymatic peroxidases activity, compared with the other evaluated treatments. Similarly, the treatment with F. oxysporum f. sp. lycopersici presented greater activity as compared to the control treatment. In this experiment, it was observed that the A. indica + P. auritum plant extracts caused the S. lycopersicum plant to increase its peroxidase activity significantly, which enabled a protective feature for the plants.

The production and accumulation of reactive oxygen species (ROS) in plants causes damage to different cell organelles, as well as a malfunction in the cell membrane due to its peroxidation, which causes degradation of biological macromolecules, ultimately leading to cell death [42,43].

On the other hand, Tian et al. [44] performed an analysis of enzymatic activities, including peroxidase, in roots of 2 genotypes of Pisum sativum with different susceptibilities to Fusarium oxysporum and Fusarium solani, where they found an increase in activity for this enzyme in infected roots from day 2 until day 28 post-inoculation. In apples, an increase in peroxidase activity was reported, as well as in the lignin content. In turn, a decrease in the incidence of the disease caused by Penicillium expansum [45].

In our study, it was observed that applying the A. indica + P. auritum plant extracts together resulted in S. lycopersicum plants producing significant catalase activity. This is something that did not occur when these were combined with B. bassiana + F. oxysporum (BeFuNH) or with B. bassiana (BeNH) and F. oxysporum (FuNH) separately. It was found that catalase activity in S. lycopersicum plants that were treated only with distilled water (C) was low, which indicated that plant extracts can lead to a better defense in S. lycopersicum against attacks by fungal pathogens.

When aqueous extracts of neem (A. indica) and willow (Salix babylonica) were used on S. lycopersicum plants, a reduced incidence of F. oxysporum wilt disease was observed by almost 30% in S. lycopersicum seedlings. This was likely achieved by increasing the activities of the antioxidant defensive enzymes secreted by the S. lycopersicum plant, such as superoxide dismutase (SOD), catalase (CAT) and peroxidase (POX) [1]. Also, the use of A. indica + P. auritum plant extracts made it possible for the S. lycopersicum plants to significantly increase peroxidase activity, which enabled plant protection. Normally, catalase protects the plant against the oxidative stress that is exerted by reactive oxygen species [46]. CAT is one of the antioxidant enzymes whose function is to regulate the production of free radicals and their metabolites. Its role is essential in protecting to the cell from ROS, and its inhibition can cause ROS accumulation and cell damage [47].

Plants produce secondary metabolites such as tannins, flavonoids, quinones, phenols, terpenoids, and alkaloids, which protect them from attacks by herbivores and microorganisms. In this sense, extracts, or essential oils from aromatic and/or medicinal plants have been used for pest control, as they have shown efficacy in the different development stages of diverse insect pests [48]. Extracts and/or essential oils also shown antimicrobial activity against various microorganisms [44]. Bedini et al. [49] reported that plant extracts have become relevant for the control of some pests, as they are a low-cost option that is also friendly to the environment and have no residual effects. In addition, the use of organic extracts reduces pest or microorganism resistance to the active compound [49].

Organic insecticides have shown more efficiency when combined with synthetic or microbial insecticides [50]. The combination of entomopathogenic fungi and pesticides (EPF) have contributed towards investigation of new products for integrated pest management (IPM) [51]. This has resulted in improving the effect of the substances that are used to control pests because the application doses are minimized, thus decreasing the resistance of pests to the active compound, while also reducing the risks of contamination [52].

The compatibility of the plant extracts and EPF depends on the qualitative and quantitative factors that are related to the composition of the secondary metabolites that are present, which can cause a negative effect on the EPF [53]. Islam et al. [54] reported that the combination of B. bassiana and neem extracts caused a high mortality rate in B. tabaci nymphs compared to individual treatments. Halder et al. [55] evaluated the efficiency of four EPF, including B. bassiana, which was evaluated in an attempt to control different pests, where it was used by itself and in combination with neem extract at a 1:1 ratio. The combination of the extract with B. bassiana was the treatment where a higher mortality rate was noted, as compared to the other treatments. This indicates that the relationship between the plant extract and the entomopathogenic microorganism is an important factor that should be considered in IPM. Jaber et al. [56] reported that the use of B. bassiana or M. brunneum, in combination with C. procera or I. viscosa plant extracts, showed an increase in the mortality of B. tabaci Gennadius. It has been reported that eucalyptus extracts with B. bassiana had a mortality rate of 87% in B. tabaci after 5 days of treatment [57].

López-López et al. [58] reported an increase in variables such as chlorophyll content, stem diameter, as well as other morphometric variables when tomato plants were co-inoculated with B. bassiana. These parameters were similar in our study, as plants treated with BeFu and BeNH had a greater height, stem diameter and root length, as well as a higher chlorophyll content. This is likely because B. bassiana solubilizes nitrogen and phosphorus, which helps to increase biomass in shoots and roots, as well as increasing photosynthetic activity.

5  Conclusions

The treatments with the A. indica and P. auritum extracts showed a positive stimulus in the enzymatic activity of β-1,3-glucanases, peroxidases and catalases, while the combination of B. bassiana and plant extracts increased the enzymatic activity of chitinases and peroxidases. This serves as proof that plant extracts alone or in combination with B. bassiana induce defense mechanisms which confer greater protection to S. lycopersicum plants in the presence of F. oxysporum f. sp. lycopersici, which is likely related to the content of azadirachtin and safrol in the plant extracts.

Application of B. bassiana and plant extracts mitigate the damage caused by F. oxysporum f. sp. lycopersici in S. lycopersicum plants. This occurs without affecting the morphometric parameters of the plants. Thus, they could be considered for the development of tools for the biocontrol of this pathogen in tomato plants.
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Table 1: Nomenclature used for treatments

Treatment Treatment description

C Control (water)

Q Chemical (Captan Fungicide)

Be Beauveria bassiana

Fu Fusarium oxysporum f. sp. lycopersici

NH Azadirachta indica A. Juss. + Piper auritum Kunth

FuQ F. oxysporum f. sp. lycopersici + Chemical

BeFu B. bassiana + F. oxysporum {f. sp. lycopersici

BeNH B. bassiana + A. indica A. Juss. + P. auritum Kunth

FuNH F. oxysporum f. sp. lycopersici + A. indica A. Juss. + P. auritum Kunth
BeFuNH B. bassiana + F. oxysporum f. sp. lycopersici + A. indica A. Juss. + P. auritum Kunth
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Table 2: Morphometric variables at 114 dat of S. /ycopersicum L. plants with different types of treatments

Treatments Plant length  Stem Root length  Plant fresh Root fresh Chlorophyll

(cm) diameter (cm) weight (g) weight (g) index

(mm) (SPAD)

C 1448 £+39%® 57+05* 548+39%® 113.6+122* 114+20*® 452+19°
Q 1614 +11.4* 5.6+02%° 57.6+£109* 989+104* 134+09* 459+1.2°
Be 163.6 £5.7* 57+02*® 502+24*® 994+52* 10.1+£04* 434+05°
Fu 642 +275%9 37+02* 21.0+86° 32.6+829 27+1.2¢4 27.9 +7.0°
NH 152.8 £3.3?" 62 +£02* 44.8+29* 1109+102* 10.7+0.7*"¢ 448 +1.1*
FuQ 1252 £ 6.0" 48 +02° 408 +4.2*° 437+12.19 55+27°9 384+1.8%°
BeFu 138.6 £ 5.0 53 +0.3"% 436+£09%" 682+19° 7.1+£09° 353+0.6
BeNH 159.0 +7.6*° 6.1+£03* 554+3.8"™ 1000+£6.6* 114+0.7** 444+1.0*
FuNH 1274 +7.8°¢ 51 +£03P 40+42%°  600+£67° 47+1.19 385+£1.0"
BeFuNH  107.8 £5.1° 47+02% 324 +1.1°" 470+£12°9 46+049 384+0.9*
HDS 6.18 0.82 24.75 6.18 6.18 11.76

Note: Values with different letters are significantly different between treatments (p < 0.05). Each value represents the mean of three repetitions +
standard error according to the Tukev test: HDS: least significant difference.
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