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Londrina, Brazil, 3Agronomy Department, Universidade Estadual de Maringá (UEM), Maringá, Brazil,
4Microbiology Department, Universidade Estadual de Londrina, Londrina, Brazil
Root-knot nematodes (RKNs) are considered a limiting factor for tomato

production, causing substantial economic losses. Several control measures have

been used to control RKNs in infested areas, such as crop rotation or succession

with non-host species, using resistant cultivars, and applying chemical and

biological nematicides. Here, we examined the control effect of six

microbiological products (Ag109 - Bacillus velezensis, Votivo Prime - B. firmus,

Quartzo - B. subtilis and B. licheniformis, Veraneio - B. amyloliquefaciens, Nemat -

Purpureocillium lilacinum, and Rizotec - Pochonia chlamydosporia) against

different species of Meloidogyne in tomatoes cultivated in a greenhouse and

evaluated these products under field conditions to verify their impact on root-

associated nematode populations and agronomic and physicochemical traits of

fruits from grafted and non-grafted tomato plants. For the greenhouse studies,

higher pathogenicity was observed for tomato withM. javanica andM. enterolobii

compared toM. incognita. Themicrobiological nematicides weremore effective in

controlling M. javanica and M. enterolobii, while for M. incognita, the evaluated

products were ineffective. Regarding the field studies, most of the microbiological

nematicides evaluated effectively increased production per plant. However, when

analyzing the Meloidogyne population in the field, applying microbiological

nematicides showed no nematode control in plants without rootstock. On the

other hand, in the grafted plants, the Ag109, Veraneio, Rizotec, and Nemat

treatments boosted the reduction in the Meloidogyne population in the roots,

with average reductions of 68.47, 57.97, 77.29, and 56.70%, respectively. These

results indicate the effectiveness of integrated management of microbiological

nematicides and resistant rootstock in tomato. Furthermore, combining these two

control measures resulted in no change in the nutritional quality of tomato fruits.
KEYWORDS
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1 Introduction

Tomato (Solanum lycopersicum L.) is among the most

important vegetables in the world in terms of growing area,

production, commercial use, and consumption. In addition to

flavor, tomato fruits have high levels of compounds beneficial to

health, such as phenolic compounds (phenolic acids and

flavonoids), carotenoids (lycopene and a and b carotene),

vitamins (ascorbic acid and vitamin A), and glycoalkaloids

(tomatine), which act as antioxidant, antimutagenic, anti-

inflammatory, and antiatherogenic agents (Chaudhary et al., 2018;

Salehi et al., 2019). According to the FAO (2023), the estimated

world production is 187 million t with an average growth of 3.0

million t year-1 in the last ten years.

Many factors challenge tomato production. Soil-borne diseases are

a crucial limiting factor due to their strong influence on productivity

and the difficulty in eradicating some pathogens in cropping systems

(Cheng et al., 2021; Ma et al., 2023). Among these diseases, root-knot

nematodes (RKNs) are considered one of the main limiting factors for

tomato production, causing huge economic losses (Barbary et al., 2015;

Shilpa et al., 2022). RKNs are obligate sedentary endoparasites that,

upon penetrating by the second-stage juvenile (J2), migrate to the

vascular cylinder of the host roots, where they initiate a series of

changes resulting in the formation of galls and the development of

specialized feeding cells, known as “giant cells” (Milligan et al., 1998;

Castagnone-Sereno et al., 2013). These changes reduce water and

nutrient absorption by the root system, decreasing growth and crop

yield (Hofmann and Grundler, 2007). Furthermore, such plant

infections increase susceptibility to other soil pathogens and form

disease complexes with other pathogenic soil microorganisms (Oka,

2020; Back et al., 2002).

Most species of RKNs naturally infect tomato plants. However,

the predominant Meloidogyne species that infect tomato plants

worldwide are M. javanica, M. incognita, M. arenaria, M. hapla

and, more recently, M. enterolobii (El-Sappah et al., 2019; Philbrick

et al., 2020). Several control measures have been used to control

RKNs in infested areas, such as crop rotation or succession with

non-host species, using resistant cultivars, and applying chemical

and/or biological nematicides (Barbary et al., 2015). The dominant

gene Mi–1.2, introgressed from an accession of S. peruvianum L

(Smith, 1944), has been widely used as a source of resistance to

RKNs, conferring resistance to different species of Meloidogyne

(Gabriel et al., 2022). However, its phenotypic expression can be

impaired by high soil temperatures and the occurrence of virulent

populations capable of suppressing and/or overcoming the action of

this gene (El-Sappah et al., 2019; Gabriel et al., 2022; Hajihassani

et al., 2022). Additionally, resistance in tomato cultivars mediated

by Mi genes does not control M. enterolobii (Philbrick et al., 2020).

In this context, integrated measures are considered an important

control strategy.

Chemical nematicides are commonly used to control RKNs.

However, most of these products (e.g., aldicarb and methyl

bromide) have been withdrawn from the market due to their

negative impact on human health and the environment (Oka,

2020; Mwamula et al., 2022). Therefore, using biological control
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agents to manage RKNs has been gaining prominence, with

significant growth in this market (Saritha and Prasad

Tollamadugu, 2019). In Brazil, 69 microbiological nematicides

were registered with the Ministry of Agriculture, Livestock, and

Supply (MAPA), which are based on different species of Bacillus (B.

subtilis, B. amyloliquefaciens, B. firmus, B. methilotrophicus, and B.

linheniformis) and fungi, especially Pochonia chlamydosporia and

Purpureocillium lilacinum.

Bacillus spp. have different mechanisms to reduce nematodes,

such as i) regulation of nematode behavior, interfering with host

recognition; ii) competition for nutrients; iii) plant growth

promotion; iv) induced systemic resistance; and v) production of

metabolites that inhibit egg hatching, reduce juvenile survival, and/

or directly kill nematodes (Engelbrecht et al., 2018; Aloo et al., 2019;

Dimkić et al., 2022; Bhat et al., 2023). The species P. chlamydosporia

and P. lilacinum are widely studied for the control of

phytonematodes, mainly acting on the parasitism of eggs and

females, inducing resistance in plants and promoting plant

growth (Li et al., 2015; Ahmad et al., 2021).

In light of all that has been shown, the present study aimed to

evaluate the control effect of different microbiological nematicides

against different species of Meloidogyne in tomato cultivated in a

greenhouse and to assess these products under field conditions to

verify their effects on root-associated nematode populations and

agronomic and physicochemical traits of fruits from grafted and

non-grafted tomato plants.
2 Materials and methods

The experiments were carried out in two stages. The first

experiment was implemented in September 2021 in a greenhouse

located at the Universidade Estadual de Londrina (UEL) in

Londrina City, Paraná, where the population control of three

nematodes (M incognita, M. javanica, and M. enterolobii) was

based on different microbiological nematicides in tomato. The

second stage of the study was conducted in situ at two distinct

field locations, precisely location A in Uraı,́ Paraná, Brazil (23 °C,

14’ 28” S; 50 °C, 47’ 01” W) and Location B in Rolândia, Paraná,

Brazil (23 °C, 20’ 58” S; 51 °C, 27’ 04” W), both of which identified

with Meloidgyne sp. infestation. The objective was to assess the

efficacy of the microbiological nematicides in enhancing tomato

fruit yield and modifying its physicochemical attributes.

Additionally, this phase evaluated the impact of the

microbiological treatments on the biocontrol of Meloidogyne sp.,

aiming to elucidate their potential benefits for nematode

management and soil health improvement in tomato cultivation.
2.1 Greenhouse experiments

The experiment was carried out in a greenhouse at UEL in

September 2021. Six microbiological nematicides from different

companies were evaluated: Ag109 (AgBio, B. velezensis), Votivo
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Prime® (Basf, B. firmus), Quartzo® (FMC, B. subtilis and B.

licheniformis), Veraneio® (Koppert, B. amyloliquefaciens),

Nemat® (Ballagro, P. lilacinum), and Rizotec® (Stoller, P.

chlamydosporia) to control three nematode species (M. incognita,

M. javanica, andM. enterolobii). A separate experiment was carried

out for each Meloidogyne species. The concentrations and

recommendations used for the products are described in Table 1.

The experiments were conducted using a completely

randomized design with ten repetitions. The experiment was

implemented in 946-mL polystyrene pots containing sand and

soil (7:1) previously sterilized and 3 g of Osmocote® (15% N, 9%

P2O5, 12% K2O, 1% Mg, 2.3% S, 0.05% Cu, 0.45% Fe, 0.06% Mn,

0.02% Mo) per pot. Tomato seedlings of the Santa Clara cultivar

were transplanted into the pots.

The inoculum of M. javanica used in the experiment comes

from soybean plants from Londrina – Paraná, M. incognita from

coffee plants from Altônia – Paraná, and that of M. enterolobii

comes from guava plants from Carlópolis – Paraná. After

purification from a single egg mass, all inoculums were multiplied

in tomato plant cultivar Santa Clara in a greenhouse at the Institute

of Rural Development of Paraná (IDR – Paraná), Londrina.

After transplanting the tomato seedlings, the microbiological

products were applied by drenching, with 15 mL of syrup applied per

pot. The volume of syrup applied was equivalent to 50 L ha-1. This

treatment was repeated 30 days after the first application. The nematodes

were inoculated seven days after transplanting the seedlings by pipetting

1 mL of suspension containing 1000 eggs and juveniles of M. javanica

mL-1, 1000 eggs and juveniles ofM. incognita mL-1, and 500 eggs ofM.

enterolobii mL-1 (in their respective experiments), which were extracted

according to themethodology proposed by Boneti and Ferraz (1981) and

quantified in a Peters chamber under a light microscope.

Forty-five days after transplanting, the plant roots were washed

in running water, dried with absorbent paper, and weighed on a

semi-analytical scale. Subsequently, they were processed with

utmost care according to the methodology proposed by Boneti

and Ferraz (1981) to extract the nematodes. Finally, these samples

were quantified in a Peters chamber under a light microscope. For

this experiment, the nematode reproduction factor (RF = final

population of nematodes/initial population of inoculated

nematodes) and the number of nematodes per gram of root

were determined.
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2.2 Field experiments

The field experiments were set up in two properties in the city of

Uraı ́ (Experiment 1) e Rolândia (Experiment 2) - Paraná, Brazil.

Both properties adopted the organic farming system and have a

history of losses caused by nematodes. Soil samples were collected

from each location to determine the initial population of nematodes

in the experimental areas. Nematode extraction was performed

using the modified Baermann funnel method. The extracted

nematodes were quantified in a Peters chamber under a light

microscope (Eclipse Ci, Nikon).

The experiments were performed in a randomized block design,

with three replications and twenty plants per plot. For each location,

the following factors were analyzed: factor 1 (application of biological

products) and factor 2 (grafted and non-grafted seeds on resistant

rootstock). The cultivars Trinidade® (HM. Clause) and Graziani®
(Sakata) were used for locations 1 and 2, respectively. For both

experimental sites, the rootstock used was the resistant cultivar

Woodstock® (Sakata). Ten harvests were carried out. Fruits were

collected for physicochemical characterization in the fifth harvest.

Microbiological nematicides were applied at one, 30, and 60 days

after seedling transplantation, totaling three applications. The

microbiological nematicides, concentrations, and recommendations

used were the same as described above. Drench applications were

carried out with 15 mL of product solution applied per plant

(Figure 1). The volume of syrup applied was equivalent to 50 L ha-1.

The characteristics evaluated were i) production (kg plant-1), ii)

average fruit mass (AFM), iii) fruit length (FL), iv) fruit diameter

(FD), v) fruit firmness (FIRM), vi) fruit pericarp thickness (PT), vii)

total soluble solids (TSS) content, viii) reducing sugars (RS), ix)

titratable acidity (TA), x) vitamin C (VITC), xi) total phenols (TP),

and xii) antioxidant activity by the DPPH method (a, a-diphenyl-
b-picrylhydrazyl).

FIRM was determined using a digital penetrometer with a 3 mm

tip (FR-5120, Lutron, Taiwan) at two opposite points in the

equatorial zone, and the results were expressed in Newtons (N).

TSS was determined in a digital refractometer with automatic

temperature compensation at 25°C (Atagor), according to ISO

2173, and expressed in 30 ◦Brix. RS was determined by the DNS

method proposed by Maldonade et al. (2013). TA was quantified by

titration with 0.1 mol L-1 sodium hydroxide (NaOH) according to
TABLE 1 Microbiological nematicides used to control root-knot nematodes in the tomato crop.

Treatment Microorganism Product concentration
Commercial
product recommendation

AG 109 Bacillus velezensis 1 x 1010 CFU g-1 500 g ha-1

Veraneio B. amyloliquefaciens 1 x 1010 CFU g-1 500 g ha-1

Quartzo B. subtilis and
B. licheniformis

1 x 1011 and
1 x1011 CFU g-1

200 g ha-1

Rizotec Pochonia chlamydosporia 5.2 x 107 chlamydospores g-1 2 kg ha-1

Nemat Paecilomyces lilacinus 7.5 x 109 CFU g-1 200 g ha-1

Votivo Prime B. firmus 4,8 x 109 CFU mL-1 100 mL ha-1
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the Association of Official Analytical Chemists (AOAC)

method 942.15.

Vitamin C was quantified according to the standard AOAC

method modified by Benassi and Antunes (1988) and expressed in

mg ascorbic acid 100 g-1. The extract for quantifying total phenolic

compounds and antioxidant activity was prepared from 1 g of fresh

sample suspension in 10.0 mL of 70% ethanol (v/v), adapted from

Vázquez et al. (2008). The quantification of total phenolic

compounds was performed according to Swain and Hillis (1959)

using gallic acid as an analytical standard, ranging from 10 to 100

mg L-1 (r=0.9960), expressed as equivalent mg of gallic acid 100 g-1.

The antioxidant activity by the DPPH (2,2-diphenyl-1-picryl-

hydrazyl) radical scavenging assay was quantified according to

Brand-Williams et al. (1995). Trolox (6-hydroxy-2,5,7,8-

tetramethylchroman-2-carboxylic acid) was used as an analytical

standard, ranging from 0.20 to 1.00 mmol L-1 (r=0.9992).

For the field experiment, roots were collected at the end of the

experiment. For each treatment, six plants were collected per

repetition, and the roots were removed and taken to the

laboratory. Next, the roots were washed and processed according

to the methodology proposed by Boneti and Ferraz (1981) for

nematode extraction. Nematodes were then identified and

quantified in a Peters chamber under a light microscope,

calculating the number of juveniles of Meloidogyne spp. per gram

of root.
2.3 Statistical analysis

Data were subjected to the assumptions of analysis of variance

(normality of data, homogeneity of variances, and independence of

errors). However, for the number of Meloidogyne per gram of root

from the greenhouse and field experiments, these assumptions were

not met; therefore, they were analyzed via non-parametric statistics.
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ANOVA-type statistics (ATS), which have an approximate

F distribution under the null hypothesis based on asymptotic

theory, were applied to the data. The Bonferroni test

(p<0.05) was used to compare the treatments. For the other

characteristics, analysis of variance was used using the following

mathematical model: Yijk = m + r=ekj + ti + ej + teij + eijk, where m is

the mean, r=ekj is the effect of the k-th repetition within the j-th

experiment, ti is the fixed effect of the i-th treatment, ej is the fixed

effect of the j-th experiment, teij is the fixed effect of the interaction

between treatments x experiments, and eijk is the experimental error

(random, independent, and normally distributed). Tukey’s test

(p<0.05) was used to compare the treatments. Data were analyzed

by the Genes program (Cruz, 2016) and the R program using the

packages nparLD (Noguchi, 2011), agricolae (Mendiburu and

Yaseen, 2015), and agroR (Shimizu et al., 2021).
3 Results

3.1 Greenhouse experiments

By non-parametric ANOVA, a significant effect was observed

for the sources of variation, experiments (E) and experiments x

treatments (E x T), regarding reproduction factor and number of

nematodes per gram of root (RF and NGR, respectively) (Table 2).

For treatments, a significant effect was found only for the

reproduction factor. The average RF in the experiments was

23.05, 125.74, and 130.83 for M. incognita, M. javanica, and M.

enterolobii, respectively, while for NGR, it was 1790.94, 9615.08,

and 3332.27, respectively.

For the control (inoculated, without nematicide treatment),

higher RF and NGR were observed for the experiments with M.

javanica andM. enterolobii than withM. incognita (Table 3). In the

experiment with M. incognita, no control effect of microbiological
FIGURE 1

Images of the experiments carried out in the municipality of Uraı ́ e Rolândia (experiment 1 and 2, respectively), Paraná – Brazil, in the tomato crop
applying different microbiological nematicides.
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nematicides was detected. In some cases, higher values of NGR were

observed, as in the Ag109 and Nemat treatments. In the experiment

with M. javanica, the lowest RF values came from the Ag109,

Veraneio, and Rizotec treatments, with 53.12, 45.94, and 42.89%

control percentages, respectively. For NGR, the lowest values were

observed in the Ag109, Veraneio, Rizotec, and Nemat treatments,

with control percentages of 40.09, 35.62, 35.62, and 20.81%,

respectively. In the experiment with M. enterolobii, the lowest

values of RF and NGR were obtained from the Nemat, Votivo,

and Ag109 treatments; however, these treatments did not differ

from the other microbiological nematicides evaluated. Control

percentages ranged from 14.14 (Rizotec) to 29.49% (Nemat) for

RF, while for NGR, these values varied from 18.77 (Rizotec) to

44.66% (Nemat).
3.2 Field experiments

For production per plant (kg plant-1), a significant effect was

observed in all sources of variation (grafting – G, treatments – T,

and G x T) in experiment 1, while in experiment 2, this effect was

observed only for treatments (Table 4). The coefficients of variation

were 9.4 and 14.64% for experiments 1 and 2, respectively,

indicating good experimental precision. In experiment 1, plants

with rootstock showed a higher yield (3.94 kg ha-1) than those

without rootstock (2.55 kg ha-1), representing an increase

of 54.51%.

In experiment 1 - without rootstock, the treatments that stood

out were Ag109, Votivo, and Rizotec, with production of 3.25, 2.64,

and 2.63 kg plant-1, respectively (Figure 2). These treatments

provided 27.4, 3.5, and 3.1% increments in relation to the control.

In the experiment with rootstock, no significant difference was

found among treatments. In experiment 2, the highest production

was observed in the Ag109 treatment (4.57 kg plant-1); however, it

did not differ from the other microbiological treatments. The

percentage of increase in relation to the control ranged from 11.7

to 28.0% in production per plant.

For the physicochemical traits in experiment 1, a significant

effect was observed only in total phenols for grafting and DPPH for

treatments (Supplementary Table S1). For total phenols, the highest
TABLE 2 ANOVA-type statistics and means regarding different microbiological nematicides for controlling Meloidogyne incognita, M. javanica, and M.
enterolobii in a greenhouse.

Source of variation DF
RF1/ NGR

Statistic P value Statistic P value

Experiments (E) 2 824.61 <0.001 689.08 <0.001

Treatments (T) 6 26.99 <0.001 8.69 0.191

E x T 12 91.87 <0.001 73.18 <0.001

Means

M. incognita 23.05 1790.84

M. javanica 125.74 9615.08

M. enterolobii 130.83 3332.27
1/RF, reproduction factor; NGR, number of nematodes per gram of root.
TABLE 3 Bonferroni test to evaluate different microbiological
nematicides for controlling Meloidogyne incognita, M. javanica, and M.
enterolobii in a greenhouse.

Treatments RF1/ D% NGR D%

Meloidogyne incognita

Ag109 30.18 a – 2571.62 a –

Veraneio 19.88 a – 1730.33 abc –

Quartzo 22.74 a – 1585.16 abc –

Rizotec 22.53 a – 1485.07 bc –

Nemat 28.55 a – 2075.64 ab –

Votivo Prime 20.93 a – 1899.03 bc –

Control 16.55 a 1189.03 c

Meloidogyne javanica

Ag109 78.85 d 53.12 7036.63 c 40.09

Veraneio 90.94 cd 45.94 7561.42 c 35.62

Quartzo 175.14 a – 13360.04 a –

Rizotec 96.07 cd 42.89 7560.83 c 35.62

Nemat 127.43 bc 24.25 9301.11 bc 20.81

Votivo Prime 143.51 ab 14.69 10739.80 ab 8.56

Control 168.23 a 11745.70 ab

Meloidogyne enterolobii

Ag109 126.40 b 18.96 3235.37 b 22.48

Veraneio 132.71 ab 14.91 3643.69 ab 12.70

Quartzo 130.70 ab 16.20 3320.96 ab 20.43

Rizotec 133.92 ab 14.14 3390.22 ab 18.77

Nemat 109.97 b 29.49 2309.80 b 44.66

Votivo Prime 126.09 b 19.16 3251.93 b 22.08

Control 155.97 a 4173.59 a
1/RF, reproduction factor; NGR, nematodes per gram of root; D%, control percentage. 1/Means
followed by the same lowercase letter in the column, separated by nematode species, do not
differ statistically by the Bonferroni test (p<0,05).
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values were observed in treatments without rootstock. For DPPH,

no significant differences were observed between treatments by

Tukey’s test (p<0.05). In experiment 2, a significant effect of fruit

length (FL), total soluble solids content (TSS), total phenols (TP),

and DPPH was observed for grafting, while for treatments,

significant effects were observed only in DPPH (Supplementary

Table S2). For the grafting x treatment interaction, only average

fruit mass (AFM), fruit length (FL), and fruit diameter (FD) were

significant. For FL, treatments with rootstock provided the highest

values in relation to those without rootstock. In turn, for TSS, TP,

and DPPH, treatments without grafting provided the highest values,

especially for TP and DPPH.

For AFM and FL, the non-grafted treatments did not differ from

each other by Tukey’s test (p<0.05), while for the treatments with

rootstock, the highest values for these variables were observed for

Rizotec, Ag109, Veraneio, Quartzo, Control, and Votivo. The highest

FDs were obtained with Votivo, Quartzo, Veraneio, Control, Ag109,

and Nemat for plants without rootstock. For rootstock treatments,

there was no significant differentiation among them.
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By non-parametric ANOVA, a significant effect of number of

eggs +Meloidogyne juveniles per gram of root (MGR) was observed

for grafting and grafting x treatments in both experiments (Table 5).

Rootstock treatments had the lowest MGR values compared to

those without rootstock, with 90.9 and 66.4% reductions in

experiments 1 and 2, respectively. In experiments without

rootstock, no significant difference was observed between

treatments, with values varying from 267.96 (Nemat) to 523.68

(Rizotec) in experiment 1 and from 42.72 (Nemat) to 130.34

(Veraneio) in experiment 2 (Figure 3). The presence of eggs or

juveniles of Meloidogyne sp. associated with roots was not detected

in the treatment with Rizotec in experiment 1. In addition to

Rizotec, the Ag109, Nemat, Votivo, and Veraneio treatments also

differed significantly from the control treatment, presenting control

percentages of 75.77, 62.08, 56.87, and 47.38%, respectively. In

experiment 2, the treatments Veraneio, Ag109, Rizotec, and Nemat

presented the lowest MGR values, with control percentages of 68.55,

61.17, 54.57, and 51.35%, respectively. Figures 4 and 5 show the

images of roots from the two experiments with and

without rootstock.
4 Discussion

Root-knot nematodes (RKNs) are among the most

economically harmful plant parasitic nematode genera for many

crops worldwide (Jones et al., 2013; Khan et al., 2023). Global

damage from RKNs is estimated to cause an annual economic loss

of over US$100 billion, accounting for approximately 12.6% of total

crop losses (Singh et al., 2015). Therefore, several control measures

have been adopted to minimize the impact of these pathogens, with

biological control representing an important control measure for

the integrated management of this disease (Radwan et al., 2012;

Forghani and Hajihassani, 2020; Antil et al., 2023). In Brazil, several

microbiological nematicides have been registered and

commercialized, mainly based on Bacillus, P. chlamydosporia, and

P. lilacinum species. Therefore, the present study aimed to evaluate

the control effect of different microbiological nematicides for

different species of Meloidogyne in tomato cultivated in a
TABLE 4 Analysis of variance for production (kg plant-1) in tomato
plants with and without resistant rootstock, treated with different
microbiological nematicides, and evaluated in two locations.

Source of variation DF
Mean square

Exp1 Exp2

Block/Grafting 4 0.21 6.77

Grafting (G) 1 20.26** 0.39ns

Treatments (T) 1 0.40** 1.20*

G x T 6 0.30* 0.25ns

Error 24 0.09 0.37

CV(%) 9.4 14.68

Mean

Without rootstock 2.55 4.28

With rootstock 3.94 4.09
ns, not significant, **,*significant at 1 and 5% of significance by the F test, respectively.
FIGURE 2

Comparison analysis of means for production (kg plant-1) of tomato plants with and without resistant rootstock, treated with different
microbiological nematicides, and evaluated in two locations. Letters refer to separate mean comparisons for each y-axis. Means with differing letters
indicate a significant difference between cutting treatments in analysis of variance (P < 0.05). Error bars represent standard deviation.
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greenhouse. It also verified their effectiveness under field conditions

in tomato plants with and without resistant rootstock.

In the tomato crop, different species and/or populations of the

same Meloidogyne species may show different degrees of

pathogenicity in a specific tomato cultivar (Seid et al., 2015). This

study observed higher pathogenicity for M. javanica and M.

enterolobii populations compared to M. incognita. The nematode

M. enterolobii is an emerging pathogen and is considered a global

threat to tomato production due to the lack of resistance in

commercial cultivars and its aggressiveness (Philbrick et al., 2020;

Collett et al., 2024). To date, few studies have been conducted to

evaluate the efficiency of microbiological nematicides in controlling

M. enterolobii under greenhouse conditions. Silva et al. (2020)

evaluated two biological products (Serenade - B. subtilis, and

NemOut™ - B. licheniformis, B. subtilis, and Trichoderma

longibrachiatum). They observed no control effect on M.

enterolobii in the tomato crop. Likewise, Almeida et al. (2022) did

not observe a control effect of Trichoderma sp. strains on M.

enterolobii in tomato. The best control results were obtained in

the present study with the Nemat, Votivo, and Ag109 treatments.

For M. javanica and M. incognita, several studies have

demonstrated the effectiveness of controlling different

microbiological nematicides in tomato (Silva et al., 2017;

Ghahremani et al., 2019; Girardi et al., 2022); (Krif et al., 2022);

(Dıáz-Manzano et al., 2023)). ForM. javanica, the Ag109, Veraneio,

and Rizotec treatments showed good control effectiveness.
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However, for M. incognita, the evaluated nematicides were not

effective. Several factors may be related to this result, such as the

population of M. incognita used, the environmental conditions of

the experiment, the concentration of the products, and the

inoculation methodology. Most of these products were registered

to controlM. javanica andM. incognita (agrofit.agricultura.gov.br).

Redolfi (2014) found that Rizotec and Nemat products successfully

controlled M. incognita in tobacco. Bontempo et al. (2017) also

verified the effectiveness of Rizotec in controlling M. incognita in

carrot. Therefore, further studies are needed to evaluate the

efficiency of these commercial products in controlling M.

incognita in tomato.

Under field conditions, most of the microbiological nematicides

evaluated were effective for increasing production per plant,

emphasizing the Ag109, Veraneio, Rizotec, and Votivo

treatments. However, the population of Meloidogyne sp. in the

field did not decrease in plants without resistant rootstock, even

those treated with nematicides. Several factors may be related to this

outcome, such as the time of root collection, root development, and

the variation in nematode populations in the field. In the case of

root collection time and development, higher root biomass was

observed in some treatments with the application of microbiological

nematicides about the control. Therefore, these treatments may

present more nematode-feeding sites, especially at the end of the

crop cycle. Several studies have demonstrated the effect of Bacillus,

P. chlamydosporia, and P. lilacinum as root system growth
TABLE 5 ANOVA-type statistics for number of eggs + juveniles of Meloidogyne sp. per gram of root in tomato plants with and without resistant
rootstock, treated with different microbiological nematicides, and evaluated in two locations.

Source of variation DF
Experiment 1 Experiment 2

Statistic P value Statistic P value

Grafting (G) 1 17.70 <0.001 14.19 <0.001

Treatments (T) 6 2.84 0.82 4.96 0.54

G x T 6 16.31 0.012 102.27 <0.001

Mean

Without rootstock 453.07 133.90

With rootstock 40.91 45.03
FIGURE 3

Number of eggs + juveniles of Meloidogyne spp. per gram of root in tomato plants with and without resistant rootstock, treated with different
microbiological nematicides, and evaluated in two locations. 1/Letters refer to separate mean comparisons for each y-axis. Means with differing
letters indicate a significant difference between cutting treatments in Bonferroni test (p<0.05). Error bars represent standard deviation.
frontiersin.org

https://doi.org/10.3389/fagro.2024.1462323
https://www.frontiersin.org/journals/agronomy
https://www.frontiersin.org


Pontes et al. 10.3389/fagro.2024.1462323
promoters (Dallemole-Giaretta et al., 2015; Zavala‐Gonzalez et al.,

2015; Baron et al., 2020). Mian et al. (2024) evaluated the Ag109

strain and observed its action as a root growth promoter in soybean.

Through the genomic study of this strain, the authors identified

several genes/gene groups associated with growth promotion,

including volatile compounds and phytohormones.

The reduced Meloidogyne sp. population and increased

production per plant in the control treatment of grafted plants

about those without resistant rootstock indicates the effectiveness of

this management system. Using resistant rootstock in tomato under

protected cultivation systems has been widely adopted among
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farmers, allowing grafted plants to maintain high yields without

using soil chemicals (Grieneisen et al., 2018). In the present study,

the rootstock Woodstock® (Sakata seeds) was used, which, in

addition to resistance to RKNs (M. javanica and M. incognita),

also has genes that confer resistance to Verticillium dahliae,

Fusarium oxysporum f. sp. lycopersici, Fusarium oxysporum f. sp.

radicis-lycopersici, and Ralstonia solanacearum, important soil

pathogens in the tomato crop.

The Ag109, Veraneio, Rizotec, and Nemat treatments boosted

the reduction in the Meloidogyne population in the roots of grafted

tomato, with average reductions of 68.47, 57.97, 77.29, and 56.70%,
FIGURE 4

Images of the root system of tomato plants (with and without resistant rootstock) with the application of different microbiological nematicides in
experiment 1.
FIGURE 5

Images of the root system of tomato plants (with and without resistant rootstock) with the application of different microbiological nematicides in
experiment 2.
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respectively, indicating the effectiveness of integrated management

using microbiological nematicides and resistant rootstock in

tomato. Furthermore, combining these two control measures did

not change the nutritional quality of tomato fruits. Applying meta-

analyses, Grieneisen et al. (2018) found that, in general, using

rootstocks does not change fruit quality (pH, titratable acidity,

total soluble solids, lycopene, vitamin C, firmness, and flavor).
5 Conclusion

The microbiological products associated with using

Meloidogyne-resistant tomato rootstock successfully increased

production and reduced the nematode population, indicating the

effectiveness of integrated pest management.
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