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Abstract: Arbuscular mycorrhiza and Trichoderma are well-known beneficial fungi whose plant
growth promotion and defense elicitation effects are known. However, the molecular and biochemical
processes underlying the beneficial effects of these priming microorganisms have not been fully
elucidated yet. On this basis, the present work aimed to use metabolomics to dissect comprehensively
the modulation of secondary metabolism induced by mycorrhiza and Trichoderma, using tomato
as a model plant. To this aim, either mycorrhiza or Trichoderma were applied to tomato roots at
transplanting using a commercial formulation and then harvested once the mutualistic relationship
was well established. Shoots were analyzed using an MS-based untargeted metabolomics approach,
and differential metabolites identified by multivariate statistics were subjected to pathway analysis.
Together with promoting plant growth, the treatments induced a broad molecular reprogramming
with the phenylpropanoid biosynthetic pathway (including defense phenolics like coumarins and
glycosylated anthocyanins) being strongly elicited. An accumulation of auxins, cytokinins, and
jasmonate (especially after treatment with Trichoderma) could be observed concerning phytohormone
profiles. Overall, the broad and distinctive effects triggered by mycorrhiza and Trichoderma in tomato
secondary metabolism supported both plant growth promotion and immunity.
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1. Introduction

Increasing food demand, with a growing population and mounting environmental
attention to the impact of agriculture, point to the next green revolution [1]. The purpose
of this revolution is the increase of plant yield through more sustainable approaches. The
use of biostimulants has emerged as one of the most promising eco-friendly strategies to
reach the aim. A plant biostimulant is classified, according to the EU, as any substance or
microorganism that, once applied to plants, can stimulate nutrient uptake, abiotic stress
tolerance, and improve crop quality traits [2].

Among beneficial microorganisms, arbuscular mycorrhizal fungi (AMF) and Tricho-
derma spp. are widely used as plant biostimulants [3] to increase crop production due to
their growth-stimulating effect(s) and control towards rhizospheric pathogens [4]. AMF
promotes plant growth but also enhances photosynthesis [5], and elicits increasing resis-
tance to abiotic stress, pests, and diseases [6]. Similarly, Trichoderma spp. are beneficial to
plants due to their ability to boost crop nutrition, growth, and stress response, to induce
resistance, and to produce fungal cell wall degrading enzymes [7,8]. The role of AMF and
Trichoderma as plant biostimulants has been intensively studied [9,10]. The effect of AMF
has been demonstrated to increase macronutrient (N, P, and Fe) and micronutrient (Mn and
Zn) uptake and assimilation, enhance plant growth and root apparatus development, boost
photosynthetic activity, release low-and high-molecular-weight organic compounds, and
shape phytohormone profiles [11]. However, the mechanisms by which Trichoderma spp.
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acts as biostimulant involve the production of mitogen-activated proteins, auxin, phenyl-
propanoids, and phytoalexins production, release of volatile and non-volatile substances,
molecules that act in increasing plant survival and nutrient uptake [12-14]. Different
studies have demonstrated the biostimulant activity of Trichoderma and AMF in plants
and their ability to promote acclimation to stress [15,16]. However, the molecular and
biochemical mechanisms underlying the action of these microorganisms as priming agents
have not been fully elucidated. The comprehensive characterization of the metabolomic
reprogramming these microorganisms can induce in the plant could shed light on the
molecular basis of the complex interaction between plant and AMF/ Trichoderma [17].

In fact, it is expected that the biostimulant treatments can trigger a broad molecular
reprogramming of secondary metabolism. To this aim, tomato (Solanum lycopersicum L.)
has been selected as a model plant due to its economic interest and diverse secondary
metabolism. Tomato is the second most important vegetable crop in the world after
potato [18], with a worldwide production of 180 million tons in 2019 [19]. This work focuses
on secondary metabolism as a fundamental part of plant response to the environment,
including abiotic and biotic stresses, and aims for a comparative investigation of the
elicitation processes triggered by either AMF or Trichoderma.

2. Materials and Methods
2.1. Growth Conditions, Plant Material, and Treatments

Tomato plants (Solanum lycopersicum, cultivar Heinz 1301) were supplied by a local
nursery at the three true leaves stage, devoid of chemical or microbiological treatments
and grown in the greenhouse situated at Universita Cattolica del Sacro Cuore, Piacenza,
Italy. Homogenous and healthy plants were immediately transplanted into 40 cm pots
using a commercial loam substrate (Compo star, pH = 6.1 in water, EC 0.6 dS/m, density
375 kg/m?3, and porosity 80% v/v) in the middle of April. Ten different pots per treatment,
each comprising 3 plants, were prepared with a randomized design. The plants were
grown under controlled conditions, with temperatures between 18-25 °C £ 2°C (18 °C
in dark and 25 °C during light) and the photoperiod 16 h light/8 h darkness. The pots
were watered with 2 L of water every 3—4 days. 2 L of basic nutrient solution (13 mmol/L
NO3-N, 1 mmol/L NHy4-N, 1.75 mmol/L S, 1.5 mmol/L P, 5 mmol /L K, 4.5 mmol/L Ca,
2 mmol/L Mg, 1 mmol/L Na, 1 mmol/L Cl, 20 pymol/L Fe, 9 umol/L Mn, 0.3 umol/L
Cu, 1.6 pmol/L Zn, 20 umol/L B, and 0.3 umol/L Mo), with an electrical conductivity of
2.0 dS/m, was applied at 15 days after transplantation.

At the growth stage, BBCH19 (9 leaves on the main shoot unfolded), tomato plants
were treated using either the commercial formulation Condor Shield (Trichoderma koningii
TK7,1 x 109 CFU/g) or Aegis Sym irriga (Rhizoglomus irregulare BEG72 and Funneliformis
mosseae BEG234, 700 sp/g each species), both from Atens—Agrotecnologias Naturales
SL (Tarragona, Spain). The application of the formulations was made according to label
recommendations, one application at the dosage of 1.0 and 0.1 g/plant for Trichoderma
and AMF, respectively. Tomato plants inoculated with Trichoderma koninjii were harvested
after 15 days, while plants inoculated with mycorrhiza were harvested 30 days after
treatments (DAT). Control plants were left untreated and harvested at both 15 and 30 days.
The sampling dates corresponded with the manufacturer’s recommendation to achieve a
consolidated symbiosis.

2.2. Plant Biomass and Metabolomic Analysis by UHPLC/QTOF-MS

At the scheduled sampling point, plant leaves from three pots were used for biomass
determination. To this aim, 10 randomly collected leaves from each plant were used for
biomass determination, with triplicate measurements. Dry weight (g), fresh weight (g), and
their ratio (as biomass index, %) were determined in plants treated with AME, Trichoderma,
and untreated plants. Forced ventilation was used for dry weight determination for 72 h at
80 °C, until reaching constant weight.
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The plants from six pots (not used for biomass) were quenched and homogenized in
liquid nitrogen using pestle and mortar and stored at —80 °C. Each pot represented an
experimental unit (n = 6), where the aerial parts of the three plants were pooled. Tissues
were extracted in acidified 80% methanol, as previously reported [20]. The samples were
extracted by Ultra- Turrax (Ika T-25; Staufen, Germany), centrifuged and filtered through a
0.22 um cellulose membrane into vials for analysis. A UHPLC chromatographic system
coupled to a quadrupole-time-of-flight mass spectrometer (UHPLC/QTOF-MS) was used
for the untargeted screening of metabolites [21]. A linear gradient made from acetonitrile
(from 6% to 94% organic within 33 min) in water, a flow rate of 200 pL min~!, and a
PFP column (2.0 x 100 mm, 3 pm—Agilent technologies, Santa Clara, CA) were used for
chromatography. Concerning high-resolution mass spectrometry, the QTOF operated in
SCAN mode (positive polarity, 100-1200 m/z range) and extended dynamic range mode.
To analyse quality controls (QCs), data-dependent MS/MS was adopted, selecting 12 pre-
cursors per cycle (1 Hz, 50-1200 m/z, positive polarity, active exclusion after 2 spectra),
with collision energies of 10, 20, and 40 eV for collision-induced decomposition [22].

The software Profinder B.07 (from Agilent Technologies) was required for deconvo-
lution, mass, retention time alignment, and filtering (mass accuracy < 5 ppm) [23]. The
database PlantCyc 12.6 (Plant Metabolic Network, http:/ /www.plantcyc.org; accessed on
18 April 2020) was used for compound identification, according to a level 2 of COSMOS con-
fidence in annotation [24], based on accurate mass, isotope spacing, and isotope ratio. QCs
tandem MS spectra were processed using the software MS-DIAL 4.24 [25], to strengthen
annotation. Public MS/MS experimental spectra built into the software (MoNA—Mass
Bank of North America) and in silico fragmentation patterns were used to perform the
annotation [26,27].

2.3. Statistical Analysis

To analyse biomass data, a one-way analysis of variance (ANOVA) was carried out
(p < 0.05, Duncan’s posthoc test) in IBM PASW Statistics 26.0 (SPSS, New Yosk, NY, USA). A
chemometric interpretation of metabolomics was performed using the software Mass Pro-
filer Professional 12.6 (Agilent Technologies), according to Corrato et al. [28]. Compound
filtering by abundance (area > 5000 counts), baselining to the median of each compound
and normalization at the 75th percentile, were carried out before statistics. After that,
a FC-based hierarchical cluster analysis (Euclidean distance, Ward’s linkage rule) was
carried out for unsupervised distribution to investigate relatedness/unrelatedness between
treatments. A supervised OPLS-DA modelling was next performed in SIMCA 16 (Umetrics;
Malmo, Sweden) following Hotelling’s T2 test for outliers (with 95% and 99% confidence
limits for suspect and strong outliers). CV-ANOVA (p < 0.01) cross-validation and permu-
tation testing (N = 100) for overfitting were also carried out before OPLS-DA modelling.
Thereafter, model fitness (goodness-of-fit, R%Y, and goodness-of-prediction, QZY) were
recorded, and the most discriminant compounds identified by the Variable Importance in
Projection (VIP) analysis (VIP score > 1.3) [28]. Finally, ANOVA followed by FC analysis
was carried out (p < 0.01, Bonferroni multiple testing correction; FC analysis > 1.5) to
identify differential compounds; these were later imported into the Omic Viewer Pathway
Tool of PlantCyc software (Stanford, CA, USA) [29].

3. Results
3.1. Biomass Production

Tomato leaves were collected and used for the determination of plant biomass. Dry
weight (g) and fresh weight (g) were recorded, and their ratio (biomass index, %) calculated,
to be used as a growth index (Table 1). Trichoderma promoted a significant (p < 0.05)
increase in dry biomass, whereas AMF significantly increased dry and fresh weight. The
biomass increase, in all cases, was around 1.3 fold. The biomass index of plants treated
using Trichoderma was 24.8%, compared to 17.5% of control. However, the biomass index of
plants treated with AMF was 21.4%, while control was 20.3%.
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Table 1. Biomass data for tomato plants treated with AMF and Trichoderma with statistical parameters.

Fresh Weight (g)

Dry Weight (g)

Average 95%
(Mean + Standard  Confidence

Average 95%
(Mean + Standard  Confidence

Deviation) Interval (g) Deviation) Interval (g)

Trichoderma, control 1.71 £0.04 1.61-1.81 0.30 £ 0.02 0.25-0.35

Trichoderma, treated 1.65 £+ 0.04 1.55-1.76 0.41 £ 0.02 0.36-0.46
Fold-change 0.96 1.37
p-value 0.148 0.003

AME, control 1.49 £ 0.03 1.43-1.56 0.30 £ 0.02 0.25-0.36

AMF, treated 1.86 £+ 0.05 1.73-1.98 0.40 +0.02 0.34-0.45
Fold-change 1.25 1.33
p-value 0.000 0.007

3.2. Effect of AMF and Trichoderma on Tomato Metabolism and Phytohormone Profile

Tomato leaf extracts were analyzed by liquid chromatography high-resolution mass
spectrometry (UHPLC/QTOF-MS) to unravel how the metabolic profiling was influenced
when a symbiosis was established between the tomato plant and Trichoderma or AMEF. In
total, more than 3000 molecular features were annotated. The whole dataset, including
individual abundances and composite mass spectra for all the features, is provided as
supplementary material (Table S1). The multivariate approach, hierarchical cluster analysis,
was initially used to investigate relatedness/unrelatedness between treatments in an
unsupervised manner, based on the fold-change derived heatmap (Figure 1). The clusters
produced enabled the identification of four clusters, each of which included all replications
within a treatment. This indicates that the effect of treatment on the metabolomic profile
was hierarchically stronger than the biological variability across plants. Furthermore,
both treatments demonstrated a different metabolic profile compared to the control plants.
Despite imposing a comparatively lower increase in biomass, Trichoderma application was
the most distinctive treatment in terms of secondary metabolism reprogramming.

The unsupervised clustering has been confirmed by orthogonal projection to latent
structures discriminant analysis (OPLS-DA) supervised modeling, where the samples were
separated in the score plot space (Figure 2).

Both control samples clustered together in the OPLS hyperspace, while the treatment
with Trichoderma or AMF separated apart in the score plot. This supervised modelling fur-
ther confirmed that the treatments elicited differential modulation of molecular pathways.
The OPLS-DA model was validated by regression parameters, with the goodness-of-fit
R?Y (correlation) and goodness-of-prediction Q?Y (prediction ability) being 0.99 and 0.9,
respectively. Moreover, CV- ANOVA (p < 0.001) was acceptable, and overfitting could
be excluded.

The Variable Importance in Projection (VIP) analysis was performed to identify the
compounds with the highest discrimination potential, adopting a VIP score threshold of
>1.3. This screening led to the identification of 158 marker compounds (Table S2). The most
representative biochemical classes were related to fatty acid and lipid biosynthesis, phenyl-
propanoid derivative biosynthesis, phytoalexin compounds, and hormone biosynthesis.

To unravel the biochemical reprogramming that occurred after microorganism appli-
cation, differential compounds derived from the ANOVA and fold-change (FC) analysis
were then interpreted using the Omic Viewer Pathway Tool (Table S3). Overall, more than
150 metabolites were involved in several biosynthetic pathways (Figure 3A and Table 2),
with secondary metabolism emerging as the most affected by the treatments (Figure 3B
and Table 3).
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Figure 1. Unsupervised hierarchical cluster analysis (Euclidean distance; linkage rule: Ward) of
tomato leaf chemical profiles after biostimulant treatments. Metabolites were obtained by UHPLC-
ESI/QTOF-MS untargeted analysis, and their intensities were used to create the fold-change heat
map provided here. The color range represents the fold-change values used to build the heat-map
(the color range is provided in Figure 1).
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Figure 2. Score plot in the first (x-axis) and second (y-axis) latent vector of orthogonal projection to
latent structures discriminant analysis (OPLS-DA) supervised modeling carried out on metabolomic
profiles of tomato leaves after treatment with Trichoderma, AMF, and control samples (RZY = 0.8,
Q%Y =0.99).
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Figure 3. Metabolic processes (A) and secondary metabolite biosynthesis (B) were impaired in tomato leaves as a result of
the treatments. The metabolomics dataset produced through UHPLC-ESI/QTOF-MS was subjected to ANOVA followed
by a fold-change (FC) (p < 0.05, FC > 1.5), and differential metabolites were loaded into the PlantCyc Pathway Tool
(https:/ /www.plantcyc.org/, accessed on 18 April 2020). The x-axis represents each set of metabolic subcategories, while

the y-axis corresponds to the cumulative log FC. The large dots represent the average (mean) of all FCs for the different

metabolites in the class, while the small dots represent the individual log FC.

Among others, compounds belonged to nitrogen-containing secondary metabolites,
terpenoids (geranyl-geranyl-diphosphate and farnesyl-diphosphate, following AMF treat-
ment), fatty acids and stearate (in particular following AMF treatment), phospholipids and
phenylpropanoid derivatives, as well as glucosinolates and phytoalexins (the benzoxazinoid
HBOA rather than pinosylvin and maackiain, following AMF and Trichoderma respectively).

The discriminant compounds from the phenylpropanoid derivative biosynthetic path-
way were coumarins such as 4-coumaraldehyde, 4-coumaryl-4-coumarate, bergaptol (a linear
furanocoumarin precursor), umbelliferone, and trans- caffeate. Also, bis-noryangonin (one
of the resveratrol precursors) strongly accumulated in treated plants. These pathways were
elicited after inoculation of both AMF and Tricoderma treatments; while, only in plants treated
with Trichoderma, the pathway of podophyllotoxin glucoside production, was elicited together
with an up-accumulation of anthocyanins, particularly cyanidin 3-O-(3-D-xylosyl-(1—2)-(3-

D-galactoside) and delphinidin 3-O-glucosyl-5-O-(caffeoylglucoside-3'-O-glucoside).

As for what concerns the hormonal profile in both treatments, significant changes
could be observed in the auxin group, involving (indol-3-yl)acetate, x-f3-D-glucosyl-(indol-
3-yl)acetate, and (indol-3-yl)acetyl-L-isoleucine. Moreover, jasmonate derivates such as
jasmonoyl-L-isoleucine inactivation and (-)-jasmonoyl-1-aminocyclopropane-1 carboxy-
late were highlighted among differential compounds. Of note, despite also displaying
microorganism-specific response(s), the secondary metabolisms elicited by the treatments

were largely shared between Trichoderma and AMF.
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Table 2. Metabolic processes altered in tomato leaves as a result of the treatments, expressed as the total number of

compounds, average of log fold-change (FC) and sum of log FC. The metabolomics dataset produced through UHPLC-
ESI/QTOF-MS was subjected to ANOVA followed by FC analysis (p < 0.05, FC > 1.5), and differential metabolites were
loaded into the PlantCyc Pathway Tool (https:/ /www.plantcyc.org/, accessed on 18 April 2020).

Trichoderma AMF
Pathwa Number of Average Sum Number of Average Sum
y Compounds FC FC Compounds FC FC
Amino Acid Biosynthesis 4 —0.84 —3.37 3 5.94 17.82
Nucleosu:l.es and Ngcleotldes 4 0.87 3.46 4 738 29.50
Biosynthesis
Fatty Acid and Lipid 16 1.40 2237 15 2.38 35.73
Biosynthesis
Amines and Polyamines 2 —0.66 ~131 1 ~0.08 ~0.08
Biosynthesis
Secondary Metabolites 97 3.17 307.54 98 0.68 66.79
Biosynthesis
Cofactors, Prosthetic Groups,
Electron Carriers Biosynthesis 13 300 39.07 13 0.3 4.30
Hormones Biosynthesis 6 217 13.04 5 2.01 10.06
Cell Structures Biosynthesis 8 0.58 —4.32 8 241 19.29
Other Biosynthesis 5 1.05 524 5 3.37 16.83

Table 3. Secondary metabolites altered in tomato leaves as a result of the treatments, expressed as total number of

compounds, average of log fold-change (FC), and sum of log FC. The metabolomics dataset produced through UHPLC-
ESI/QTOEF-MS was subjected to ANOVA followed by a FC analysis (p < 0.05, fold change > 1.5), and differential metabolites
were loaded into the PlantCyc Pathway Tool (https://www.plantcyc.org/, accessed on 18 April 2020).

Trichoderma AMF
Pathwa Number of Average Sum Number of Average Sum
y Compounds FC FC Compounds FC FC
DIBOA-glucoside biosynthesis 2 0.89 1.77 2 8.17 16.33
DIMBOA-glucoside 1 0.61 0.61 1 0.01 0.01
biosynthesis
Nitrogen-Containing
Secondary Compound 40 432 172.86 42 0.69 29.09
Biosynthesis
Phenylpropanoid Derivative 24 6.17 148.03 24 0.41 9.83
Biosynthesis
Phytoalexin Biosynthesis 8 5.63 45.01 8 1.68 13.40
Polyketide Biosynthesis 4 —0.40 —1.60 4 —0.24 -0.97
Sulfur-Containing Secondary 2 6.91 13.82 2 —0.14 —028
Compound Biosynthesis
Terpenoid Biosynthesis 30 0.06 1.82 30 1.01 30.39

4. Discussion

The beneficial effects of endophytic fungi like mycorrhiza (AMF) and Trichoderma in
agriculture are well known. In particular, both were found to be good modulators of root
system development, nutrient uptake, plant stress response, and production of secondary
metabolites [30].

In this work, the positive effect of endophytic fungi on tomato growth has been
confirmed by improved leaf biomass production, compared to untreated tomato plants.
Notably, this result fits with the literature, where the ability of both Trichoderma and AMF
to promote plant growth is reported [9,31-33]. The symbiotic relationship between plant
roots and AMEF/ Trichoderma may increase nutrient uptake and translocation, thus leading
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to higher biomass production [9,10,34,35]. Under our conditions, the treatment with
Trichoderma was more effective in promoting leaves biomass than the treatment with AMF.

Provided the expected effect on leaf growth, a metabolomic investigation was next
used to unravel the shaping of the secondary metabolism elicited by the symbiosis with
endophytic fungi. Despite being only partially implicated in plant growth, the modulation
of secondary metabolism may provide insights on the ability of plants to deal with abiotic
and biotic stresses and may contribute to explaining the effects on plant structure. Interest-
ingly, a profound modulation of plant secondary metabolism could be highlighted in our
experiments following colonization by endophytic fungi. To date, most of the literature
were based on genetic approaches or molecular studies [36,37]. Our metabolomics results
complement the previous information by providing chemotype information that is closer
to the phenotype. Our multivariate statistics demonstrated that most discriminant com-
pounds belong to the plant’s secondary metabolism, with significant involvement of stress
response processes that included plant immune response.

The elicitation of phenylpropanoid biosynthesis, with coumarins as a key player,
represents an example of such stress response processes. Coumarins belong to the class of
lactones characterized by a benzene ring fused to a x-pyrone ring, thus having a conjugated
electron system with good charge-transport properties [38]. Coumarins have roles in plant
defences, abiotic stress response, oxidative stress response, and likely they also impact
hormonal regulation [39]. Among phenylpropanoids, the pathway of podophyllotoxin glu-
coside metabolism was triggered by Trichoderma. Although this was unexpected, there are
121 R2R3MYB TF-related genes in tomato, regulated by MYB transcription factors, respon-
sible for activating the gene encoding for podophyllotoxin in Podophyllum species [40,41].
Nonetheless, stress conditions caused by inoculation with Trichoderma are known to lead
to the activation of genes that were normally silent in tomato [40]. Still, among phenyl-
propanoids, the anthocyanins and their glycosylated form were significantly increased in
response to AMF/Trichoderma. Together with attracting pollinators, anthocyanins protect
plants from both biotic and abiotic stresses [42]. The higher anthocyanin concentration
was directly correlated to AMF/Trichoderma colonization, likely as a consequence of the
activation of a plant’s defense response [43,44].

The systemic acquired resistance (SAR) and induced systemic resistance (ISR) defence
mechanisms were activated in plants in response to biotic stress [45]. The systemic response
involves the de novo production of phytoalexin compounds [46]. The concept of phytoalex-
ins was introduced over 70 years ago [47] and refers to a group of diverse broad-spectrum
antimicrobial compounds. Phytoalexins can be produced via the phenylpropanoid path-
way, through the mevalonic acid pathway, and the Trp pathway [48]. The knowledge of the
biosynthetic pathways of phytoalexins and the involved enzymes help to understand how
plant defense response is activated upon infection by pathogens [49]. In this work among
phytoalexins, the accumulation of bis-noryangonin, a precursor of resveratrol [50], could
be highlighted. Resveratrol has been recognized as a stilbene-type phytoalexin [51,52] and
represents a parent compound of a family of molecules expressing antifungal activity [53].
The accumulation of bis-noryangonin is consistent with the elicitation of coumarins, since
the two pathways share common metabolites. The function of phytoalexins in plant defense
is well documented in the literature [47] and their production is known to be increased
after AMF and Trichoderma treatment [30]. These compounds are part of the ISR, which is
triggered not only by pathogens but also by symbiotic microorganisms [54,55], including
AMF and Trichoderma [10,56]. The plant response to microorganisms can switch the phenyl-
propanoids biosynthetic pathway at the level of the shikimate core unit, an important
branchpoint originating from 4-coumaroyl CoA [57,58]. In the presence of stress, plants can
redirect the entire phenylpropanoid pathway towards producing phytoalexins, volatiles,
flavonoids, and anthocyanins [57].

Another interesting pathway result to be remodulated, especially after Trichoderma
treatment, is the biosynthesis of gluocosinolates. It is known that glucosinolates, both
aliphatic and indole, are involved in plant defense response, mainly against herbivores [59].
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Glucosinolates are involved in the detoxification of glutathione (GSH), a pathway essential
to mitigate the cell damage of reactive oxygen species (ROS) [60]. This result matches
with the literature; for example, in Cucurbitaceae treated with a vegetal biopolymer-
based biostimulant, the glucosinolates were the main classes of differential compounds
founded [61]. In another work, zucchini squash (Cucurbita pepo L.) was treated with
Trichoderma spp., finding the biosynthesis of glucosinolates the key player in enhancing
plant defenses [12].

AMF and Trichoderma inoculation leads also to alteration in the production of epoxysqua-
lene, fatty acids, phospholipids, sterols, and sphingolipids, indicating an evident modula-
tion of lipid [21] and terpene [62] profile. Sterols are components of the membrane lipid
bilayer, and their role ranges from regulation of growth to stress resistance [62]. Particularly,
it has been reported that the accumulation of plant sterols is a strain-dependent feature
among fungal elicitors [63]. The tomato cyclopropyl isomerase, an enzyme involved in
sterol biosynthesis interacting with the LeEix2 receptor, is an important factor in regulating
the induction of hypersensitive response, ethylene biosynthesis, and pathogenesis-related
protein expression [64,65]. The alteration of the sterol composition of plant cell membrane
leads to a reduction in the LeEix internalization, decreasing the induction of plant defense
responses [66].

Also, phospholipid and sphingolipid profiles were modified by the treatment. This
was in line with the literature [13] and their role as plasma membrane components such
as signaling, membrane trafficking, and apoptosis [67]. The sphingolipid biosynthetic
pathway was activated, especially after AMF inoculation with compounds such as 3-
dehydrosphinganine (C18) and sphinganine 1-phosphate. Sphingolipidis have a critical
role in biotic stress [68], particularly against bacterial and fungal pathogens, bringing the
cell to programmed cell death [68]. Sphingolipids are also elicitors in plant-microbe interac-
tions [69]. During the establishment of plant-microbe symbiosis, a cuticular wax is formed
on the leaf epidermis from a mixture of higher alkanes and lipids [69]. These compounds
have not only the function as physical barriers, but they are also signaling molecules or
alternatively provide elicitors (PAMP/MAMP). The PAMP/MAMP are recognized by
plasma membrane-resident pattern recognition receptors (PR), activating the plant’s de-
fenses [69]; therefore, it seems that, in this study, sphingolipids also play important roles as
signal molecules to induce a plant’s defenses.

The hypothesis is that, after inoculation of AMF/Trichoderma in tomato, plants ac-
tivated their first layer of defense mechanism, leading to up-regulation of phytosterol
biosynthetic pathways with the induction of change in the membrane lipid bilayer com-
position. Spatio-temporal changes in the membrane’s lipid profile connect the perception
of pathogens with the activation of plant immunity [70]; the changes in lipid profile also
impact the production of sphingolipid as molecular elicitors [69].

Also of note, phytohormone profiles changed upon AMF/Trichoderma inoculation,
with auxins, cytokinins (CK), and jasmonates (JA) being highlighted among discriminant
hormones. Plant hormones are implied in regulating developmental processes and a
wide range of biotic and abiotic stresses [71]. Nonetheless, plant hormones are important
signal molecules for controlling plant defense responses [72]. The modulation of CK
is involved in processes such as stem cell control, vascular differentiation, chloroplast
biogenesis, seed development, growth and branching of the root, shoot and inflorescence,
leaf senescence, nutrient balance, and stress tolerance [73]. Plant pathogens can induce
CK production in the host plant, and, in turn, CK activates the plant defense machinery
and promotes pathogen resistance by inducing immunity in the host [74]. Similarly, the
elicitation of both auxins and jasmonates pointed to the involvement of both plant growth
and defense responses [72]. In particular, JA is typically implicated in the plants’ response
against herbivore and pathogen attack [75]. Moreover, JA also represents a major player
in regulating systemic immunity conferred by beneficial microorganisms [76]. In contrast,
auxins constitute plant hormones typically related to growth and may have been involved
(together with CK) in improved biomass accumulation. In fact, auxins improve nitrogen
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metabolism [77] and root growth in interaction with other phytohormone signaling [78].
More recently, together with regulating plant growth processes and the response to abiotic
stresses, the role of auxins emerged in plant-pathogen interactions as well. The role of
auxins in plant immunity involves balancing immune responses and fitness costs [79], and
the suppression of auxin signaling is part of plant resistance to bacteria [80]. However, an
active auxin perception is required for an effective AMF and Trichoderma symbiosis [81].
Indeed, several auxin-responsive genes, such as GH3, are reported to be induced in tomato
roots following AMF colonization [82], and the coordinated increase of auxins and CK is
pivotal in the establishment of the symbiosis [83,84]. With this regard, it was reported that
ectomycorrhizal fungi trigger the expression of auxin-responsive genes, likely to suppress
a salicylate-dependent signaling cascade [85]. Moreover, it seems that the alterations in
the biosynthesis of glucosinolates led by Trichoderma treatment also have an impact on
the flux of auxin biosynthesis [86,87]. Additionally, the auxin biosynthesis has an indirect
effect on cytokinin homeostasis [86], creating a complex network of signalling; while, in
the AMF treated plant, the presence of JAs play a role in glucosinolate regulation [88].
Considering the key role of glucosinolates on cell detoxification [89], it seems that both
treatments enhanced cell resistance to ROS, even if by a differential pathway activation.

5. Conclusions

Tomato plants inoculated with either Arbuscular mycorrhizal fungi (AMF) or Tricho-
derma spp. displayed an increased leaf biomass index compared to the control, indicating
a growth-promoting effect. Notwithstanding, a broad molecular cell re-programming
was also observed to include some common responses between the beneficial fungi, to-
gether with several distinctive responses. In particular, the phenylpropanoid biosynthetic
pathway was strongly elicited, with the production of defense phenolics like coumarins,
bis-noryangonin, anthocyanins, and their glycosylated form. Another important aspect
was the remodelling of membrane lipids and the production of sphingolipids as signal
molecules. At the same time, the shaping of phytohormone profiles resulted in the accumu-
lation of auxins, cytokinins, and jasmonate (especially after treatment with Trichoderma).
To conclude, this work unraveled a specific metabolic reprogramming that takes place
in tomato plants, after inoculation with Trichoderma or AMF. Such broad modulation
of the secondary metabolism paves the way towards sustainable solutions using these
microorganisms to increase plant tolerance to adverse conditions, including biotic and
abiotic stress.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/horticulturae7100394 /s1. Table S1: The whole UHPLC-ESI/QTOF metabolomic dataset
produced from tomato leaves of plants following treatment with either mycorrhiza or Trichoderma, in-
cluding individual abundance and composite mass spectra for all the features; Table S2: Discriminant
compounds identified by OPLS-DA supervised modeling using the Variable Importance in Projection
(VIP) approach. Compounds are listed with the individual VIP score and its standard error; Table S3:
Differential metabolites derived from ANOVA followed by fold-change (FC) analysis (p < 0.01, Bon-
ferroni multiple testing correction; FC > 1.5 following UHPLC-ESI/QTOF metabolomics) of tomato
plants treated with either mycorrhiza or Trichoderma.
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