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Microbial consortium can
enhance plant growth,
control leaf miners and
parasitic root nematodes
in tomato crops grown in
Mediterranean greenhouse
Giulio Flavio Rizzo1, Luca Ciccarello1, Donata Arena1*,
Vittoria Catara1, Gaetano Siscaro1, Valentin Gfeller2*,
Monika M. Messmer2 and Ferdinando Branca1

1Department of Agriculture, Food and Environment (Di3A), University of Catania, Catania, Italy,
2Department of Crop Sciences, Research Institute of Organic Agriculture (FiBL), Frick, Switzerland
Introduction: Microbial inoculants based on plant growth-promoting microbes

offer a promising alternative to chemical inputs, enhancing plant growth, crop

yield, and stress resilience without adverse environmental effects.

Methods: A commercial microbial consortium (Bacillus spp., Pseudomonas spp.,

Streptomyces spp., Trichoderma spp., Glomus spp.) was evaluated in a cold

greenhouse in Sicily (Italy), certified for organic methods. The consortium was

applied by fertigation to five tomato cultivars, including one commercial and four

Sicilian landraces. The greenhouse was naturally infested with the tomato leaf

miner Phthorimaea absoluta, which affected plant growth and yield.

Results and discussion: Despite the considerable infestation, plants treated by

the above-cited microbial consortium showed enhanced growth and yield

compared to the control plants. Furthermore, root galls caused by nematodes

(Meloidogyne spp.) were observed. Significant differences were observed among

the genotype and the treatment. Microbial DNA was extracted from tomato roots

and analyzed using amplicon sequencing to characterize the root-associated

bacterial, fungal, and nematode communities. Alpha diversity indices were largely

unaffected for bacteria. In contrast, the genotype and the soil treatment by the

microbial consortium affected the alpha diversity indices for fungi and

nematodes. Beta diversity analysis revealed significant differences in microbiota

community composition between plants grown in treated and untreated soils for

both datasets analyzed. Furthermore, we found several Operational taxonomic

units associated with the soil treatment by the microbial consortium utilized.
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Finally, the results demonstrated that the microbial consortium utilized alleviated

the damage symptoms due to biotic stresses (P. absoluta andMeloidogyne spp.).

Furthermore, the treatment significantly affected the microbial community of the

tomato roots depending on the cultivars used.
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1 Introduction

The growth rate of the world population requires an increase in

food production (Gilland, 2002), and taking into account the

climate change in progress, the estimated total global food

demand is expected to increase by up to 62% by 2050, while the

population at risk of hunger is expected to increase by up to 30%

(van Dijk et al., 2021). The use of pesticides allowed an

improvement in terms of yield and quality of the agricultural

products throughout the world (Aktar et al., 2009; Popp et al.,

2013). In vegetable crops, for instance, more than 50% of global

production would be lost to pests and diseases in the absence of

pesticide application (Keulemans et al., 2019; Tudi et al., 2021).

However, extensive and unregulated pesticide use has led to

profound and potentially irreversible environmental impacts

(Pathak et al., 2022; Sarkar et al., 2021; Zhou and Li, 2021).

Agricultural practices can strongly influence the ecological

balance of soil, water, and atmosphere, especially when chemical

pesticides are overused (Sarkar et al., 2021; Sharma et al., 2019;

Shefali et al., 2021). Such inputs pose risks to agricultural products

through toxic residues and may also threaten human health

(Lammoglia et al., 2017; Tudi et al., 2022; Upadhayay et al.,

2020). Nevertheless, not all agricultural practices are detrimental;

the adoption of sustainable methods can mitigate these adverse

effects while maintaining productivity.

The consumers, due to the negative consequences of the over-

application of chemical pesticides, are now concerned about and

prefer to consume products produced by certified organic farms

(Saleh et al., 2021). The adoption of organic farming might

contribute to decreasing the use of farm inputs as chemical

pesticides and increase soil carbon sequestration, but it might also

exacerbate the use of farm inputs and the emissions through greater

food production elsewhere to make up for lower organic yields

(Karipidis and Karypidou, 2021; Smith et al., 2019).

In recent years, alternative products based on natural bioactive

compounds (Chaudhari et al., 2021; Pacios-Michelena et al., 2021;

Picchi et al., 2020) or microorganisms (Elnahal et al., 2022; Lacava

et al., 2022; Vishwakarma et al., 2020) have gained greater interest

(Anzalone et al., 2022; Ayilara et al., 2023; Toscano et al., 2021). The

use of Plant Growth-Promoting Microorganisms (PGPMs) in
02
agricultural crops is considered an environmentally friendly

alternative to chemical fertilization in both conventional and

organic agriculture (Chouhan et al., 2021; Kumar et al., 2022;

Treccarichi et al., 2023; Zhou et al., 2022).

Microbial inoculants are primarily applied to seeds, roots and

soil to improve plant growth and development by modulating the

plant associated microbiome (Hakim et al., 2021; Paravar et al.,

2023; Rizzo et al., 2023, 2022). PGPMs, including bacteria and

fungi, contribute to enhancing nutrient availability, regulating

phytohormones such as auxins, cytokinins, and gibberellins, and

increasing plant tolerance to biotic and abiotic stresses, by also

changing the microbiome of the soil, plant roots, and the

rhizosphere (Araujo, 2022; Deng et al., 2019; Ghadamgahi et al.,

2022; Nicotra et al., 2024). However, a weak point in PGPMs

research is the often-inconsistent results (Malgioglio et al., 2022).

This may be a consequence of incorrect inoculation methods or

may be due to abiotic factors, such as soil characteristics (nutrient or

heavy metal content and pH), water availability and temperature

(Lopes et al., 2021; Malgioglio et al., 2022). Nevertheless, there are

several studies where PGPMs have proven capable of mitigating

both abiotic and biotic stress (Christakis et al., 2021; Markakis et al.,

2016; Rizzo et al., 2023, 2022). Overall, inoculation of microbial

consortia has been reported to give better results than single strain

inoculation (Liu et al., 2023).

Tomato (Solanum lycopersicum L.) is among the most valuable

vegetable crops widely cultivated around the world and it is

consumed in both fresh and processed forms (D’Esposito et al.,

2023; Padmanabhan et al., 2015). Tomato crops include several

landraces, these are especially appreciated for their organoleptic and

nutritional traits from the local market but also, they have

important genetic traits linked to adaptation to the environment

and climate change, as well as resistance to parasites and diseases

(Caramante et al., 2023; Argento et al., 2023). Landraces could

therefore be an important resource in organic agriculture, but there

is a need to verify their adaptability to the protocols and treatments

used in organic farming, as their response to the PGPM application.

Among the pests and diseases that can affect tomato cultivation,

Phthorimaea absoluta Meyrick (=Tuta absoluta) (Lepidoptera:

Gelechiidae), known as the South American tomato leaf miner, is

one of the most destructive and limiting (Silva et al., 2021).
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P. absoluta has caused severe economic losses in tomato production

across Europe, Africa, Asia, and the Mediterranean region in open

field and greenhouse conditions (Acharya et al., 2023). Yield losses

can exceed 80% under heavy infestation if not properly managed. P.

absoluta larvae can destroy tomato canopy by producing mines in

leaves, stems and shoots and burrowing into fruits, which

significantly affect tomato fruit yield and quality (Campos et al.,

2017; Tropea Garzia et al., 2012). Its adaptability and resistance

development further exacerbate its economic impact, making it a

major threat to global tomato supply chains. Several strategies have

been developed to manage P. absoluta, including chemical,

biological, biotechnical, and agronomic approaches. Chemical

control of P. absoluta is becoming increasingly ineffective due to

the feeding habits of the larvae, the high number of generations per

growing cycle, and the emergence of resistance to commonly used

insecticides (Desneux et al., 2022; Biondi et al., 2018; Campos et al.,

2017; Tropea Garzia et al., 2012). Therefore, there is a growing

demand for sustainable approaches to control this invasive pest that

includes biological control performed by predators, parasitoids and

even microorganisms, in addition to the selection of tolerant

varieties (Biondi et al., 2018; Colmenárez et al., 2022; Desneux

et al., 2010; D’Esposito et al., 2023). Biotechnical methods,

particularly those based on sex pheromones, play an important

role in monitoring, early detection, and mass trapping. The

synthetic sex pheromone (E3,Z8,Z11)-tetradecatrienyl acetate

(TDTA) is especially effective for population monitoring and

partial control (Mangrio et al., 2023; Filho et al., 2000; Jabamo

et al., 2023; Roda et al., 2015). Agronomic measures, such as crop

rotation, the use of tolerant or resistant cultivars, and optimized

irrigation, further enhance the effectiveness of integrated

pest management.

The entomopathogenic bacterium Bacillus thuringiensis is one

of the most extensively used and effective biocontrol agents against

P. absoluta (Alsaedi et al., 2017; Sandeep Kumar et al., 2020).

However, in recent years, the interest into other entomopathogenic

microbes has grown (Giannoulakis et al., 2023; Ndereyimana et al.,

2019; Silva et al., 2020; Urbaneja et al., 2012; Yüksel, 2022).

Among the PGPMs commonly employed, several genera stand

out for their different and complementary roles in enhancing plant

growth and resilience. Trichoderma spp. are well-known biocontrol

agents against nematodes and fungal pathogens (Abdelrahman

et al., 2016; Ferreira and Musumeci, 2021; Yao et al., 2023).

Recent studies have also demonstrated his efficacy also against

insect pests, such as P. absoluta expanding their biocontrol

potential beyond fungi and nematodes (Agbessenou et al., 2022,

2020; Aprile et al., 2022). Bacillus spp., and particularly Bacillus

subtilis, have been shown to promote plant growth through several

mechanisms, including improving nutrient availability, modulating

plant hormone homeostasis, enhancing plant tolerance to both

drought and salt stress, producing antimicrobial compounds, and

inducing systemic resistance (Blake et al., 2021; Araujo, 2022;

Ghadamgahi et al., 2022; Rizzo et al., 2023). Furthermore, it was

demonstrated that a microbial consortium based on Bacillus spp.
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isolated from compost, suppressed reproduction and root invasion

of Meloidogyne javanica in tomato plants, enhancing the plant

growth (Karanastasi et al., 2024). Additionally, several studies have

highlighted the strong biocontrol activity of Pseudomonas spp. as

PGPR, mainly due to their ability to produce different antimicrobial

compounds and to induce plant defense responses against

pathogens (Deng et al., 2019; Wang et al., 2024; Nicotra et al., 2024).

In addition to promoting plant growth, symbiosis with

Arbuscular Mycorrhizal Fungi (AMF), as Glomus spp., may also

increase plant tolerance or resistance to herbivorous insects. This

appears to be related to the plant’s secondary metabolism, as plants

with AMF show higher biosynthesis of plant health promoting

phytochemicals and activity of antioxidant enzymes (Wang et al.,

2023; Wu et al., 2021). Although mycorrhiza-induced plant

resistance has been studied against several pests, the effects of

AMF in the tomato plant and the priming defense against P.

absoluta are only recently investigated (Shafiei et al., 2024).

Another factor limiting tomato production is the presence of

plant parasitic nematodes, recognized as one of the major threats to

crops worldwide (Tileubayeva et al., 2021). The most commonly

reported plant parasitic nematodes belong to the genera

Meloidogyne , Heterodera, Pratylenchus and Globodera, and are

estimated to cause economic losses of up to USD 100 billion

annually (Roopa and Gadag, 2020). Root-knot nematodes

(Meloidogyne spp.) are among the most widespread and

economically damaging plant parasitic nematodes. They invade

plant roots and induce the formation of characteristic galls or knots,

which impair nutrient and water uptake, resulting in stunted

growth and significant yield losses, particularly in tomato

(Argento et al., 2019).

Even against nematodes, PGPMs are useful as environmentally

friendly biocontrol agents (Ali et al., 2023; Migunova and Sasanelli,

2021). Among biocontrol agents, there is a wide range of PGPMs

that are effective as nematode antagonists (Bhat et al., 2023).

Furthermore, these microbials not only control the parasitic

nematodes but also improve plant growth and induce systemic

resistance in plants against a variety of biotic stressors (Chouhan

et al., 2021; Dixit et al., 2022; Malgioglio et al., 2022). While current

research provides strong evidence that microbial consortia enhance

plant performance under single stress factors, their potential

benefits for organic tomato production facing simultaneous biotic

stresses remain poorly understood.

The aim of the present study is to evaluate the effects of a

commercial bioinoculant mixture, based on Plant Growth-

Promoting Rhizobacteria (PGPR) and Plant Growth-Promoting

Fungi (PGPF), on the growth performance and yield of 5

different tomato cultivars, comprising one commercial cultivar

and four Sicilian landraces. The effect of the bioinoculant as an

inducer of plant resistance to simultaneous natural infestation of

tomato leaf miner P. absoluta and root-knot nematodes was

evaluated. Furthermore, the impact of the microbial consortia on

the root microbial community was investigated in relation to the

agronomic factors evaluated.
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2 Materials and methods

2.1 Microbial consortia composition, plant
material and site description

The commercial product Maxy Soil® (Itaka srl, Milan, Italy)

consists of a microbial consortium composed of 14 different species of

known PGPR and PGPF belonging to the following genera: Bacillus,

Pseudomonas, Streptomyces, Trichoderma, Saccharomyces,Glomus, as

described in Supplementary Table 1. The selected semi-determined

tomato genotypes consisted of 1 commercial cultivar (‘UC 82’) and 4

Sicilian landraces (‘Pizzutello piccolo’, ‘Riccio’, ‘Giallo’, ‘Francavilla’),

belonging to the active gene bank of the Department of Agriculture,

Food and Environment (Di3A) of the University of Catania (UNICT)

(Supplementary Table 2). The experimental trial was conducted in a

cold greenhouse located in Comiso, Sicily, Italy (37°00’09.7”N 14°

34’45.4”E) adopting organic farming system. In order to analyze the

soil characteristics, about 1 kg of soil samples were taken from 4

different part of the experimental field at 30 cm of depth, and then the

samples were mixed together to make a bulk. The soil characteristics

were consistent across the field and belonged to the sandy-loamy

typology. These soil characteristics are typical of “Vittoria”, a specific

area in the southeast of Sicily dedicated to tomato crop production.

All evaluated soil characteristics are listed in Supplementary Table 3.

The temperatures in the greenhouse were recorded through the

weather station “Watchdog 2000 series” (Spectrum Technologies

Inc., Aurora, IL) (Supplementary Figure 1).
2.2 Experimental setup

The experimental field was designed following a split-plot

experimental design. The main plots corresponded to the

treatments, with one set receiving the microbial consortium

(Maxy Soil; treated) and the other left untreated as the control.

Each main plot was divided into 5 subplots, each containing one of

the 5 genotypes, and each plot was replicated 3 times in the

greenhouse, resulting in a total of 30 subplots with 6 plants in

each. The trial was conducted from December 2021 to June 2022.

The seeds of each genotype were sown in trays with a commercial

peat mix and then transplanted into the experimental field at 2-leaf

stage. The microbial consortia Maxy Soil was applied as

recommended by the manufacturer by fertigation (5 g/L), with 1

L of solution per square meter, three times: 7 days before

the transplanting (using the same concentration as after

transplantation), 7 days after the transplanting (DAT), and 30 DAT.
2.3 Plant characterization and yield

Several parameters were recorded to evaluate the effect of the

microbial consortia on the plant growth. At 90 DAT, at flowering

stage, the number offlowers, the number of truss and the number of

set truss (defined as fruit-bearing truss) were recorded. The data

were registered for each plant and the mean for each plot was
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calculated. At 110 DAT, at the end of the flowering stage, the plant

height, number offlowers, the number of trusses, and the number of

set truss were determined. The data were reported for each plant

and the mean for each plot was calculated. The fruit were harvested

when completely ripe and the total weight for each plot was

recorded. The yield was calculated as g per m2. At 150 DAT,

corresponding to the end of the trial, three plants per elementary

plot were randomly collected. For each plant, the following

parameters were recorded: nematode damage (0–5 scale), stem

length (cm), number of branches, epigeal fresh weight (g), root

fresh weight (g), main root length and width (mm).
2.4 Effect on the tomato leaf miner and
root-knot nematodes

A population of P. absoluta was naturally present in the

greenhouse at the beginning of the experiment, with a uniform

level of infestation in the treated and control plots. In accordance

with the weather conditions, the infestation level showed an

increasing trend during the trials, reaching the higher level at the

end of the trial; the percentage of damage was calculated at 110

DAT by counting the number of infested leaves per plant using a

visual counting method; all leaves with detectable mines of

P. absoluta were considered as infested. A total of 6 plants per

plot were evaluated.

Preliminary analysis of the soil has shown the presence of a

uniform population of root-knot nematodes in the experimental

plots. Samples were randomly collected from the field, and plot

randomization ensured a uniform distribution of nematode

infestation across treatments. The nematode damage was assessed

based on symptomatology, considering both the severity and

incidence of infestation. Root damage was visually assessed and

graded according to a severity index based on the root galls,

following the scale proposed by Barker (1985) and Seo et al.

(2019). The index was assigned on a scale from 0 to 5: 0=0–10%,

1=11–20%, 2=21–50%, 3=51–80%, 4=81–90%, and 5=91–100%

root galls. For each replicate, at 150 DAT the percentage of

damaged roots was quantified by visual counting of the roots

exhibiting nematode galls or necrosis. A total of 3 plants per plot

were evaluated.
2.5 Root sampling, DNA extraction and
sequencing

The samples for the microbiome profiling were collected at 100

DAT, when the plants have developed many fruits but were still in

flowering. From each elementary plot, the roots of three plants were

excavated with a small shovel at a depth of 20 cm near to the stem

and mixed in a sterile plastic bag to make a bulk. Each bulk is

representing a biological replication for a total of 3 replicates for

each combination of genotypes and treatment. The roots were

shaken to eliminate the soil but not washed in order to maintain

the rhizosphere. The sample were then stored at -80 °C and freeze
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dried before the DNA extraction. The lyophilized roots were

grinded with pestle and mortar, then DNA extraction was

performed with Power Soil® DNA extraction kit (Qiagen, UK)

following manufacture instructions. The microbiome profiling was

performed by Eurofins Genomics Italy srl. The 16S rRNA gene

region V3-V4 (Bukin et al., 2019) was amplified to analyze the

bacterial community using the primers f357F (Turner et al., 1999)

(TACGGGAGGCAGCAG) and 800R (Kisand et al., 2002)

(CCAGGGTATCTAATCC). The ITS1 (Yang et al., 2018) region

was amplified to investigate the fungal community using

t h e p r i m e r s 1 7 3 7 F - I T S 5 (W h i t e e t a l . , 1 9 9 0 )

(GGAAGTAAAAGTCGTAACAAGG) and 2043-ITS2 (White

et al., 1990) (GCTGCGTTCTTCATCGATGC). The raw MiSeq

paired-end reads were demultiplexed by the sequencing facility,

and bioinformatic analyses were performed by the Genetic

Diversity Centre at ETH Zurich (Switzerland). The pairs of high-

quality reads were merged after quality control and removal of

problematic sequences, and primer sites were trimmed using

USEARCH v11.0.667 (Edgar, 2010). The merged reads were

further quality filtered using PRINSEQ-lite 0.20.4 (Schmieder and

Edwards, 2011). Next, de-replicated amplicons were error-corrected

to obtain zero radius OTUs (zOTUs) utilizing UPARSE and

UNOISE3, which were then clustered at 97% sequence identity

and chimeras were removed (Edgar R, 2016). A count table was

generated for the 16S rRNA (bOTU) and ITS (fOTU) dataset by

mapping the amplicons to the OTUs. Phylogenetic trees were

constructed by Multiple-Sequence Alignment using MUSCLE

v3.8.31 (Edgar E.C., 2004). Finally, the taxonomy was assigned

using SINTAX v11.0.667 (Edgar RC, 2016) with the databases

“SILVA SSU v138” and “UNITE All Eukaryotes (V9)” database

for 16S rRNA and ITS sequences (Abarenkov et al., 2010; Quast

et al., 2013).
2.6 Statistical analysis of plant phenotypic
and microbiota profiling data

The statistical analysis of phenotypic data was performed in R

version 4.3.2 (R Core Team, 2023). Data were analyzed by type II

analysis of variance (ANOVA) using the car package (Fox and

Weisberg, 2019). The normality of the data was verified by

graphically visualizing the residuals using the qqPlot() function of

the car package and using the Shapiro-Wilk normality test

(Royston, 1995) (shapiro.test). When necessary, the data was

transformed by calculating the square root, data that did not

follow a normal distribution after transformation was analyzed by

using the Wilcoxon-Mann-Whitney and the Kruskal-Wallis test.

For the bOTUs, the OTUs unassigned at phylum level,

“Cyanobacteria” and “Mitochondria” were removed, while for the

fOTUs all the OTUs belonging to the plant material were filtered.

The packages phyloseq (McMurdie and Holmes, 2013), vegan

(Oksanen et al., 2022), microbiome (Lahti and Shetty, 2019) and

picante (Kembel et al., 2010) were used for the microbiome analysis.

The graphs were generated by the packages ggplot2 (Wickham,

2016). The taxa prevalence and the relative abundance were
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evaluated after filtering out the low abundant OTUs (less than 4

sequences in at least 3 samples). The treatment effect on the relative

abundance of different phyla was statistically tested by Wilcoxon-

Mann-Whitney and the Kruskal-Wallis test. The alpha diversity

was calculated including the low abundant OTUs on rarefied data,

the OTUs Richness and the Shannon diversity index were calculated

and statistically analyzed by ANOVA as described above. The low

abundant OTUs, for the beta diversity, were filtered and the relative

abundance was calculated. The beta diversity was analyzed

statist ical ly by PERMANOVA (adonis2() , formula “~

Treatment*Genotype”) on Bray-Curtis dissimilarities and

visualized by Constrained Analysis of Principal Coordinates

(CAP), as implemented in the phyloseq package. The differential

abundance was calculated after filtering the low abundant OTUs

and with unrarefied data. The differential abundance analysis was

performed using the DESeq() function from the packages DESeq2

(Love et al., 2014). Differentially abundant OTUs were selected

based on their p-values that were adjusted for multiple testing using

the procedure of Benjamini and Hochberg (1995).
3 Results

3.1 Plant performance and yield

The number of flowers per truss, recorded at 90 DAT, varied

significantly in relation to the cultivar (Supplementary Table 4); the

minimum value was ascertained for ‘Riccio’ (4.5) and the maximum

value for ‘Pizzutello piccolo’ (8.1). The total number of flowers per

plant recorded at the first measurement also varied significantly

based on the genotype with average value varied from 8.9 to 75.8 for

‘Riccio’ and ‘Pizzutello piccolo’, respectively (Supplementary

Table 4). The number of trusses per plant at 90 DAT was affected

by the genotype, varying significantly from the lowest value of 1.7

for ‘Riccio’ compared to the highest recorded for ‘Pizzutello piccolo’

(8.8) (Supplementary Table 4). The number of trusses at 110 DAT

was affected by the P. absoluta infestation, however significant

differences due to the treatment and among the cultivars were

recorded. Regarding the treatment, a higher number of trusses was

recorded for the treated plants (4.0) compared to the control (2.7).

These parameters varied also among the genotypes with values

varying from 0.8 to 6.1 for ‘Riccio’ and ‘Pizzutello piccolo’,

respectively (Supplementary Table 4).

The percentage of fruit set trusses (defined as fruit-bearing

truss) recorded 90 DAT showed significant differences with regards

to the treatment (Figure 1A), and the percentage of fruit-bearing

trusses was 37.2% for the control and the 87.0% for the treated

plants (Supplementary Table 4). Furthermore, a significant effect of

the cultivar was recorded, observing the highest value for ‘Pizzutello

piccolo’ (64.5%) and the lowest for ‘Riccio’ (14.4%) (Supplementary

Table 4). During the second measurement (110 DAT), the

percentage of set truss ranged from 17.9% to 34.3% for the

control and treated plants, respectively (Supplementary Table 4).

Regarding the cultivar, the highest value was recorded for

‘Francavilla’ (50.9%) followed by ‘Giallo’ (43.3%), ‘UC 82’
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(16.0%), ‘Pizzutello piccolo’ (15.9%) and ‘Riccio’ (4.2%)

(Supplementary Table 4).

The plant height recorded at 110 DAT was significantly affected

by the microbial consortia application (78.6 cm for the control and

92.7 cm for the plant grown in the inoculated soil) (Figure 1B).

Furthermore, a significant effect of the genotype was observed for
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the plant height which varied from 64.7 to 102.3 cm for ‘UC 82’ and

‘Giallo’, respectively. Several plant characteristics were also

evaluated at the end of the experimental trial (150 DAT), such as

the number of branches that varied significantly in relation to the

microbial consortium treatment (from 23.2 to 30.3 for the control

and the treated plant, respectively) (Supplementary Table 1). The
FIGURE 1

Microbial inoculation improves plant vigour across genotypes. (A) Number of fruit-bearing trusses 90 DAT and (B) plant height 110 DAT of five
tomato genotypes treated with the microbial consortium (Treated) and untreated (Control). Bar plots show the mean ± standard error of three
replicates, each representing a plot of five plants. The genotypes consist of Sicilian landraces and the tomato cultivar ‘UC 82’. The data were
analysed by ANOVA: T = Treatment; G = Genotype.
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root fresh weight varied significantly only among the cultivar (from

16.5 to 106.9 g for ‘Pizzutello piccolo’ and ‘UC 82’, respectively)

while the root length varied significantly both according to the soil

treatment with the microbial consortium (24.9 cm and 33.2 cm for

the control and for the plants grown in the inoculated soil,

respectively) and the cultivar (from 22.8 to 36.7 cm for ‘Pizzutello
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piccolo’ and ‘Riccio’, respectively) (Supplementary Table 4). For the

root width, a significant interaction (treatment x genotype) was

observed, where the benefits of the treatment were most

pronounced for ‘Pizzutello piccolo’ (Supplementary Table 4).

Treated plants were significantly more productive (1292 g m-2)

than the control (504 g m-2) (Figure 2A). In addition, a significant
FIGURE 2

A fair production was obtained under the biotic stresses, inoculated plants showed significantly higher production compared to the control plant. (A)
Yield of harvested fruits expressed as g per m2. (B) Number of fruits per m2. Bar plots show the mean ± standard error of three replicates, each
representing a plot of five plants. The genotypes consist of Sicilian landraces and the tomato cultivar ‘UC 82’. The data were analysed by ANOVA: T =
Treatment; G = Genotype.
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difference of production among the cultivars was observed with

‘Giallo’ (1568 g m-2) being the most productive followed by ‘UC 82’

(1134 g m-2), ‘Francavilla’ (940 g m-2), ‘Riccio’ (506 g m-2) and

‘Pizzutello piccolo’ (344 g m-2) (Figure 2A). Regarding the number

of fruits per m², although the difference was not significant (p-value

= 0.094), a higher number of fruits was observed in the inoculated

plants (30.8) compared to the control (18.7) (Figure 2B). The

number of fruits per m2 varied significantly also among the

cultivars: 2.8 for ‘Riccio’, 16.2 for ‘Pizzutello piccolo’, 17 for ‘UC

82’, 28.6 for ‘Francavilla’ and 49.1 for ‘Giallo’ (Figure 2).
3.2 Effect on the tomato leaf miner and
root-knot nematodes

Due to P. absoluta infestation, several trusses were lost between

the first and the second measurement (90–110 DAT;

Supplementary Table 4), as a result of the biotic stress on the

plants caused by the feeding activity of P. absoluta larvae. A

significant effect of the microbial treatment was observed between

the first and the second measurement with a lower percentage of

lost trusses in treated plots with the microbial consortium (22.6%)

compared to the control plots (50.8%) (Supplementary Table 4).

Significant differences in P. absoluta damage among cultivars and

treatments were also observed. Plants treated with the microbial

consortium showed, on average, less damage (34.3%) than the

control (55.9%) (Figure 3A). Among the cultivars, the lowest

number of infested leaves per plant was observed for ‘Giallo’

(29.1%) followed by ‘UC 82’ (37.9%), ‘Francavilla’ (41.7%),

‘Riccio’ (51.5%) and ‘Pizzutello Piccolo’ (65.0%) (Figure 3A). A

Spearman’s correlation analysis was performed to analyze the

correlations among the variables described. The correlogram

(Supplementary Figure 2A) showed that P. absoluta damage is

negatively correlated with the yield and related parameter, as the

percentage of fruited trusses (2nd measurement). Furthermore, the

correlogram also showed a negative correlation between the P.

absoluta damage and the parameters related to the plant growth, as

the plant height and the fruit weight (Supplementary Figure 2A).

Assessment of root damage by nematodes at the end of the trial

showed a marginally statistically significant effect of the microbial

treatment (p-value = 0.06), with values of 3.5 and 4.6 for the treated and

not treated plots, respectively (Figure 3B). Significant differences in root

damage among the cultivars were observed. The lowest values were

recorded for ‘Pizzutello Piccolo’ (2.5) followed by ‘Francavilla’ (4.0),

‘Riccio’ (4.0), ‘UC 82’ (4.8) and ‘Giallo’ (5.0) (Figure 3B). The nematode

root damage was found to be negatively correlated with the root width

and positively correlated with the root weight, however no significant

correlation between nematode root damage and plant performance or

productivity was determined (Supplementary Figure 2A).

Principal Component Analysis (PCA) was performed to

investigate the entire variation among the experimental factors

studied. The PC1 represent 34.2% of the variation, while the PC2

represents 22.4% (Supplementary Figure 2B). The figure showed a

clustering trend of the samples by cultivar and treatment, since

control and treated plants clearly separated within each cultivar.
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With regards to the parameters evaluated, samples associated with

higher yield and traits related to production and plant growth tend

to cluster in the upper part of the graph (Supplementary Figure 2C).

In contrast, the samples with the highest damages of P. absoluta and

nematodes were located in the lower part of the graph

(Supplementary Figure 2C).
3.3 Root DNA sequencing results and
microbiome taxonomic overview

DNA was extracted from the roots at flowering stage and the

V3-V4 region of the 16S ribosomal RNA and of the fungal ITS1

region were sequenced to investigate the effect of the microbial

consortia treatment on the root microbiome. The 16S rRNA

sequencing resulted in 1’600’513 reads which passed the quality

and length filtering. We obtained 1’244’021 sequences with an

average number of 41’467 reads per sample, varying from 30’330

to 63’409 reads, after removing reads associated with chloroplast

and mitochondria. Sequencing of the ITS1 region resulted in

1’244’182 reads which passed the quality and length filtering. It

was known that primers designed to amplify the ITS region, could

also amplify DNA of plants and other eukaryotes. However, the

proportion of reads provided by the sequencing platform that were

assigned to plants and nematodes was surprisingly high; more than

50% of reads were assigned to plants.

Considering that the forward primer (ITS5) was reported for

nematode profiling (Kuzmin et al., 2007; Langford and Janovy,

2013; Tkach et al., 2014), and that the OTUs associated with

nematodes belong to two well-known plant pathogenic genera,

Meloidogyne and Pratylenchus, we decided to analyze all

sequences belonging to Fungi and Nematodes together. The

dataset of fungi and nematodes consisted of 466’599 reads, with

an average number of 15’553 per sample, varying from 4’456 to

27’875. The high-quality reads were clustered in OTUs at >97%

sequence identity, resulting in 1’190 bacterial OTUs (bOTUs) and

356 fungi and nematode OTUs (fOTUs).

In the bacterial population, the phylum Actinobacteriota

showed the highest relative abundance (38.9%) followed by

Proteobacteriota (27.4%), Firmicutes (24.0%), Bacteroidota

(5.2%), and Myxomicoccota (1.5%). The remaining 13 phyla

showed a relative abundance lower than 1%. In the fungi and

nematode dataset, 69.6% of the reads were assigned to nematode

OTUs and the remaining 30.4% to fungal OTUs. Within the fungal

community, the phylum Ascomycota showed the highest relative

abundance (39.7%), followed by Basidiomycota (13.2%),

Mucoromycota (3.6%), Mortierellomycota (3.44%), the remaining

40.0% belonged to the Fungi Kingdom but remained unassigned at

phylum level.

For both datasets, OTUs from low abundant phyla were mostly

also found to be less prevalent across samples (Supplementary

Figure 3). Visual inspection and statistics analysis of the relative

abundance of different phyla among the samples revealed that

bacteria from the phyla Bacteroidota (p-value=0.007) and

Proteobacteria (p-value=0.006) were more abundant in roots of
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the control plants, while Actinobacteriota (p-value=0.06) and

Firmicutes (p-value=0.02) were more abundant in the roots of

treated plants (Supplementary Figure 4A). For the dataset of fungi

and nematodes, we found that in terms of relative abundance,
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relative to fungi, there were more nematodes (p-value=0.03) in the

control plants than in inoculated plants (Supplementary Figure 4B).

Further, in the inoculated plants, the Ascomycota were more

abundant (p-value=0.06) (Supplementary Figure 4B).
FIGURE 3

Microbial inoculation and tomato genotype affect resistance to pests. (A) infested leaf per plant (%) by P. absoluta and (B) damage severity index by
nematodes. Bar plots show the mean ± standard error of three replicates, each representing a plot of five plants. The genotypes consist of Sicilian
landraces and the tomato cultivar ‘UC 82’. The root damage was ranked from 0 to 5 scale (0; 0–10%, 1; 11–20%, 21–50%, 3; 51–80%, 4; 81–90%,
and 5; 91–100%). The infested leaf per plant was analysed by ANOVA while the Root damage index was analysed through “Wilcoxon-Mann-Whitney”
and “Kruskal-Wallis” test: T = Treatment; G = Genotype.
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3.3.1 Alpha diversity of fungi and nematode
The alpha diversity was evaluated by analyzing OTU richness

and Shannon diversity index. Bacterial alpha diversity did not differ

significantly depending on the inoculation (Figure 4A). However,

analysis of variance (ANOVA) revealed significant differences

among the genotypes for the Shannon index (p-value=0.038). For

the fungi and nematode dataset, overall alpha diversity was

significantly increased by the inoculation treatment (Figure 4B).
Frontiers in Horticulture 10
This was more apparent for the OTU richness (p-value=0.018) than

the Shannon index (p-value=0.05). Alpha diversity also differed

among genotype (OTU richness, p-value=0.020; Shannon index, p-

value=0.07). Further, ANOVA revealed a significant interaction

between the inoculation treatment and plant genotype (OTU

richness, p-value=0.016; Shannon index, p-value=0.063). For

example, while the treatment markedly increased alpha diversity

in ‘Francavilla’, it led to a reduction in ‘Pizzutello Piccolo’. Overall,
FIGURE 4

Microbial application and plant genotype affect the root alpha diversity of fungi and nematodes. (A) OTUs richness and Shannon diversity index are
shown for bacteria (B) and fungi plus nematodes.
frontiersin.org

https://doi.org/10.3389/fhort.2025.1679927
https://www.frontiersin.org/journals/horticulture
https://www.frontiersin.org


Rizzo et al. 10.3389/fhort.2025.1679927
the results indicate that fungal and nematode alpha diversity were

affected by the microbial consortium, plant genotype and their

interaction, while bacterial alpha diversity was mostly unaffected by

the treatment and only marginally by the plant genotypes.

3.3.2 Root microbial community composition
The beta diversity was evaluated by Permutational Multivariate

Analysis of Variance (PERMANOVA) followed by a Constrained
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Analysis of Principal Coordinates (CAP) for visualization. For

bacterial beta diversity, PERMANOVA showed significant effects

of the treatment (p-value=0.003), explaining 11.8% of the variation

found in bacterial community composition. Accordingly, the CAP

showed a differentiation between the two treatment groups

(Figure 5A). For the fungi and nematode dataset, the

PERMANOVA indicated a significant effect of the microbial

application (p-value=0.023), explaining 11.7% of the variation
FIGURE 5

The Constrained Analysis of Principal Coordinates (CAP) on Bray-Curtis distances of community profiles shows different distribution among
inoculated and control plants. (A) CAP visualizing the bacterial beta diversity. (B) CAP visualizing the Fungal and nematode beta diversity. Model for
CAP ‘~ Treatment * Genotype’.
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found in community composition. The CAP visualization exhibited

that other factors affect the ordination more strongly compared to

the treatment (Figure 5B).

3.3.3 Relative abundance of specific OTUs
We performed a differential abundance analysis using DESeq2 to

determine whether individual OTUswere associated with themicrobial

treatment. For the bacteria, a total of 40 bOTUs were found to be

differentially abundant (p-value<0.001) between treated and control

plants (Figure 6A). The identified OTUs are taxonomically diverse and

belong to the phyla Actinobacteriota, Bacteroidota, Bdellovibrionota,

Firmicutes and Proteobacteria. For fungi and nematodes, a total of 16

fOTUs (p-value<0.001) were found to be differentially abundant

between treated and control plants (Figure 6B). The identified OTUs

were fungi that are unassigned at phylum level, followed by

Ascomycota and the fOTU23 belonging to Mortierellomycota.

Interestingly, no nematode OTU was found to be differentially

abundant with the given significance threshold. However, when the

significance threshold was related to p-value<0.05, two nematode

OTUs belonging to the genus of Pratylenchus were found to be

abundant in the control plants compared to treated ones.
4 Discussion

4.1 Plant characterization and crop
performance

Although chemical pesticides improve yields and protect crops

from pests and diseases, their negative impact on the environment

and human health has convinced many farmers to use alternative

eco-friendly products as microbial inoculants based on PGPMs

(Nicolopoulou-Stamati et al., 2016; Anzalone et al., 2021; Batista

and Singh, 2021).
Frontiers in Horticulture 12
During the trial, a range of agronomic characteristics related to the

plant growth and production were evaluated (Branca and Ruggeri,

2003). Furthermore, since the greenhouse was naturally infested by P.

absoluta, we had the opportunity to evaluate the effect of the microbial

consortium and the performance of the 5 tomato cultivars under biotic

stress. Overall, a greater growth rate of the inoculated plants was

observed compared to the control, furthermore also the genotypes

showed different growth and response to the treatment. This can be

seen in particular from the greater percentage of set trusses recorded

before infestation by P. absoluta and from the greater height of the

inoculated plants (Figure 1). Furthermore, despite the plants were

affected by P. absoluta infestation, also the yield was higher in the

inoculated plants than the control (Figure 3). It is well reported in

literature that PGPMs facilitate the growth and development of plants

by producing various phytohormones such as cytokinins, abscisic acid,

gibberellins, auxins and ethylene (Mohanty et al., 2021; Mondal et al.,

2020). Another interesting observation is that the treated plants appear

to be less damaged by P. absoluta compared to the control (Figure 2).

There is also ample evidence that PGPMs induce the resistance to biotic

stress (Bhat et al., 2022), in addition, among the several PGPR and

PGPF strains utilized as biocontrol agents and resistance inductors, one

of the most effective and utilized is Trichoderma spp (Dutta et al., 2023).

Trichoderma spp. is well known as fungal biocontrol agents against

plant pathogens and nematodes, but recently also their activity against

P. absoluta was shown by T. asperellum (Agbessenou et al., 2022, 2020;

Urbaneja et al., 2012), which is present in the microbial consortia

applied together with T. harzianum and T. atroviridae (Supplementary

Table 1). However, since the treatment was applied by fertigation to the

roots rather than a direct effect on P. absoluta, our hypothesis is that the

growth promoting effect of the microbial consortium helped the plants

to react by producing more biomass and by enhancing the systemic

defenses which contrast the feeding activity of P. absoluta. Similar

results have already been obtained and reported in the literature where

plants inoculated with PGPM showed less damage by to P. absoluta and
FIGURE 6

Significant differential abundance (p-value < 0.001) calculated by DESq2 were observed for several bacterial OTUs (bOTU) and several fungal OTUs
due to the treatment. (A) Differentially abundant bacterial OTUs and (B) differentially abundant fungal OTUs (fOTU). The intensity of the colour
represents the absolute abundance of each OTUs in each sample replicated three times. The individual rows represent individual OTU, on y-axis are
indicated the OTU identity and the Phylum. On x-axis are represented the samples by a code: the first letter represents the treatment (T = Treated,
C= Control); the second letter represents the genotype (A = ‘UC 82’, B = ‘Giallo’, C = ‘Francavilla’, D = ‘Riccio’, E = ‘Pizzutello piccolo’).
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nematodes (Molinari and Leonetti, 2023). The microbial treatment

reduced the RKN root damage scores, close to significance (p-value =

0.06), suggesting a potential biocontrol efficacy. This observation aligns

with recent findings that PGPR and Bacillus spp. can suppress

Meloidogyne spp. through different mechanisms and the induction of

systemic resistance (Vasantha-Srinivasan et al., 2025; Aioub et al., 2022;

Mhatre et al., 2019). Here we found marginal effects on root width and

weight. This is consistent with previous studies that showing that

microbial amendments can modulate the plant root architecture

(Grover et al., 2021; Sharafzadeh, 2012). Notably, the root damage

showed significant differences in relation to the cultivar, with ‘Pizzutello

Piccolo’ exhibiting the lowest score, supporting evidence that the genetic

traits strongly influence RKN impact and responsiveness to biocontrol

strategies. The lack of a clear correlation between root damage and

productivity shows how complex it is to turn root scores into useful

agronomic data. This may be due to the plant’s ability to grow or adapt

when biocontrol helps reduce stress (Vinothini et al., 2024; Banora,

2023; Bavaresco et al., 2020). Further experiments are needed to

disentangle direct and indirect resistance-mediated effects of the

microbial application on plant performance and productivity.
4.2 Microbiome taxonomic overview

Microbial inoculants could modify the soil microbial community

(Jiang et al., 2023; Mawarda et al., 2020) and the microbiome of plant

roots (Akyol et al., 2019; Berg et al., 2021). The microbiome profiling

was performed to investigate the effect of the microbial treatment

evaluated on the plant root microbiome. Analysis of the bacterial

community revealed significant differences between the treated and

control plants, mainly involving phyla such as Actinobacteria,

Bacteroidota, Firmicutes and Proteobacteria. The Actinobacteria

represents one of the largest taxonomic units among the domain

Bacteria (Ludwig et al., 2012), present various and different lifestyles

including plant pathogens (Ventura et al., 2007; Wanner, 2006).

However, this phylum has been widely reported as promising

bioinoculant, as it is known to be involved in nutrient cycling, soil

quality and crop productivity as well as plant health (Boubekri et al.,

2022; Boukhatem et al., 2022; Kaari et al., 2023). This is in line with our

observation that it was more abundant in the roots of treated plants

relative to the control (Supplementary Figure 4A). The Firmicutes are

also an important phylum that includes several genera involved in

agriculturally important processes such as phosphorus solubilization

and biocontrol (Hashmi et al., 2020; Lee et al., 2021). In addition, Lee

et al. (2021) reported that the relative abundance of Gram-positive

Actinobacteria and Firmicutes was lower in diseased, Ralstonia

solanacearum infested rhizosphere soils compared to healthy ones, at

constant R. solanacearum abundance. Artificial suppression of these

Gram-positive taxa in healthy soils significantly increased bacterial wilt

incidence, indicating that disruption of these protective bacterial phyla

promotes disease (Lee et al., 2021). This finding is compatible with our

results since the relative abundance of Actinobacteria and Firmicutes

was found to be higher in treated plants than the control.

Regarding the data obtained from the ITS amplification, some

limitations should be considered. The primers adopted were specifically
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designed to amplify the fungal ITS region (Dodd et al., 2000; Hariharan

and Prasannath, 2021; Procopio et al., 2020; Toju et al., 2012; White

et al., 1990). Although some plant DNA amplification is expected for

ITS (Aslam et al., 2017; Bellemain et al., 2010; Saar et al., 2001), we did

not expect a considerable amplification of nematode DNA. However,

considering the specificity of the primers and the forward primer

(ITS5) has been reported in the literature for nematodes classification

(Langford and Janovy, 2013; Tkach et al., 2014), combined with

evidence of considerable nematode damage on the roots, we decided

to include the nematode reads together with the fungal reads in our

dataset. The analysis identified OTUs belonging to Pratylenchus spp.

and Meloidogyne spp., both of them are well known as plant parasitic

nematodes. Noteworthy, significant differences were observed in alpha

and beta diversity, with a tendency for nematode OTUs to be less

abundant in the treated plants, while fungi OTUs (mostly belonging to

Ascomycota) tended to be more abundant in the roots of treated plots

compared to the control. The Ascomycota is a huge phylum that

includes PGPFs such as mycorrhizal fungi and biocontrol agents such

as the famous Trichoderma spp. but also plant pathogens (Benıt́ez et al.,

2004; Egidi et al., 2019; Heitman, 2011; Poveda, 2021). fOTU23, which

was more abundant in the treated plants (Figure 6), was identified at

the genus level as belonging to the genera Mortierella. M. alpina has

been reported to alleviate diseases caused by Fusarium oxysporum in

Panax ginseng and to increase the nitrogen and phosphorus availability

to plants (Wang et al., 2022). Moreover,M. globalpina was reported to

be pathogenic for Meloidogyne spp. nematodes (DiLegge et al., 2019).

Sequencing did not reach the genus level for all the differentially

abundant OTUs, but since the applied microbial consortia include

PGPFs belonging to Ascomycota such as Trichoderma spp., which are

known as biocontrol agents of plant-parasitic nematodes (TariqJaveed

et al., 2021). It is therefore plausible that the fungal community of the

inoculated plants colonized the roots at the expense of nematodes.

Further experiments are needed to validate these results and

confirm the effectiveness of the microbial consortium applied under

the biotic stresses due to the root-knot nematodes and P. absoluta, in

replicated trials on different field sites. However, this study shows that

beneficial microbial inoculants can increase tomato resilience to biotic

stresses, making them a promising tool for eco-sustainable pest control

and for reducing chemical inputs in agriculture.
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