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Abstract

This study explores the effects of natural seed priming compounds (i.e. chitosan alone and in combination with salicylic acid or mela-
tonin) with the symbiosis of arbuscular mycorrhizal fungi (AMF) on the capability of two Italian tomato varieties (Principe Borghese
and San Marzano nano) to withstand water deprivation through high-throughput plant phenotyping technology. Plant responses have
been automatically evaluated by integrating physiological, morpho-biometric, and biochemical data. Under water deprivation, AMF-
inoculated plants exhibited enhanced physiological performance, by reducing oxidative damage and improving stomatal function.
Digital phenotyping provides a non-invasive approach to assess the effects of external factors, such as the impact of mycorrhizal
fungi on plant development. RGB (visible light) imaging enables the analysis of morphological traits like plant size and growth pat-
terns, and of colorimetric changes used as a proxy of physiological responses. Biochemical analyses revealed increased carotenoid
and flavonoid content in chitosan + salicylic acid-treated plants with AMF, particularly in Principe Borghese. Genotype-dependent dif-
ferences were evident in terms of fruit production, where Principe Borghese plants showed significantly more red fruits in presence
of AM fungus. The results underline the potential of combined AMF and natural compound application as a sustainable strategy for
improving tomato resilience to water stress, contributing to resource-efficient agricultural practices and climate change mitigation.

Keywords: chemical priming; arbuscular mycorrhizal symbiosis; water deficit; high-throughput plant phenotyping; target metabolite
analysis; stress adaptation

Introduction spells has been predicted to increase differently, with geograph-

Plants can be affected by different types of stress factors, in-
cluding biotic, e.g. herbivores, pests and pathogens, and abiotic
cues, e.g. drought, salinity, high irradiation, extreme tempera-
tures, anaerobiosis, heavy metal contamination, and mechanical
damage (Suzuki et al. 2014). Particularly, the occurrence of heat
waves and drought has intensified in recent years, causing re-
duced and more erratic rainfall events, and increasing yield issues
in the major agronomic crops, including tomato (Rosenzweig et
al. 2014, Horton et al. 2016). Due to climate change, the severity of
drought events in the Mediterranean basin is expected to become
more relevant in the future; moreover, the frequency of drought

ical areas that will be more challenged due to the different im-
pact of global warming (Alvarez et al. 2024). Particularly, in south-
ern Europe, significant increases in the frequency and severity of
drought and heat waves have been observed in recent years, with
the summer seasons in 2017, 2019, 2021, and 2022 breaking new
records of temperature and precipitation anomalies over the last
220 years (www.isac.cnrit/climstor/climate_news.html). Climate
change-induced stresses thereby inevitably affect the productiv-
ity of vegetables and fruit trees in the Mediterranean area. The
rate of yield reduction relying on water limitation has been pre-
dicted to increase rapidly for major crops, including tomato, by
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>50% in 2050 and by almost 90% in 2100 (Li et al. 2009, Lesk et al.
2016).

Drought can severely affect and limit the growth and yield
parameters of all the most important agricultural crops by neg-
atively impacting the main physiological and biochemical pro-
cesses, such as rates of stomatal conductance, membrane elec-
tron transport, transpiration, and photosynthesis, as well as mem-
brane functions (Farooq et al. 2009). Overall, abiotic stresses can
lead to a loss of crop productivity by >60% and currently repre-
sent a major challenge for farmers (Kopecka et al. 2023). Tomato
(Solanum lycopersicum L.) is one of the most important food crops
worldwide (Kumar et al. 2020) with a global production of 186.1
million metric tons (mT) in 2022 (FAOSTAT database, http://www.
fao.org/faostat/en/#data). Tomato is a drought-sensitive species
and in Europe is cultivated mainly in open fields where plants
are typically exposed to multiple stresses, which can have a se-
vere impact on fruit production and quality (Costa and Heuvelink
2018).

Although in recent years many research efforts have attempted
to identify stress-tolerant varieties, the complexity of the ge-
netic traits controlling abiotic stress responses has made the
development of new stress-adapted genotypes/species particu-
larly challenging (Landi et al. 2017, Costa et al. 2019). Therefore,
there is an urgent need to develop and implement breeding pro-
tocols/technologies that are able to improve tomato (and other
crops) tolerance/adaptation to extreme environments, also con-
sidering the sustainability of the specific technique itself, such
as microbial inoculation and intercropping (Khan et al. 2024,
Rehman et al. 2024; Wang et al. 2024). Breeding for stress tolerance
is often constrained by the polygenic nature of several genomic
plant traits, requiring multiple and time-consuming crossing or
back-crossing cycles (Nerva et al. 2022a). Moreover, the long-time
selection of genomic plant traits could have negatively influenced
the interactions among plants and beneficial microorganisms. In
this scenario, priming agents and arbuscular mycorrhizal fungi
(AMF) can be delivered to existing cultivars within a single grow-
ing season. In addition, as many available tolerant/resistant cul-
tivars developed through conventional breeding often exhibit re-
duced yield and compromised quality, harnessing beneficial mi-
crobes such as AMF may partially recover these traits avoiding
any genetic manipulation (Nerva et al. 2022a). Consequently, the
use of priming agents or AMF inoculation might provide a rapid
and cost-effective way to improve crop stress resilience.

Hydraulic and chemical root signals are important for orches-
trating plant responses to drought and optimising water-use effi-
clency (Davies et al. 2000, Durand et al. 2019, Brunetti et al. 2020).
Besides crop genotype, plant tolerance against abiotic stresses
could be significantly influenced by the root-associated microor-
ganisms present in the soil (Balestrini et al. 2017, Chialva et al.
2018, Calleja-Cabrera et al. 2020, Khan et al. 2021, Balestrini et al.
2024), whose interactions are mediated by root exudates (William
and de Vries 2020).

For instance, Sillo et al. (2022) demonstrated that two tomato
genotypes exhibited contrasting responses to water deficit be-
cause of diverse rhizosphere microbiota recruitment under differ-
ent irrigation treatments. Particularly, the Lungo tomato genotype
was more responsive than the Tondo one both in terms of photo-
synthesis and stomatal regulation and in terms of differential ex-
pression of key stress-related genes, such as the ABA biosynthetic
gene NCED, the dehydrin-encoding gene TAS14, and the ethylene
biosynthetic gene ACO4.

In this context, AMF represent a natural resource to mitigate
the negative effects of adverse environments on agriculture. AMF

are obligate biotrophs currently assigned to the monophyletic
subphylum Glomeromycotina (Spatafora et al. 2016), which estab-
lish mutualistic symbioses with the roots of ~80% of plant species,
including the most important food crops (Balestrini et al. 2021).
AMEF colonize plant roots, improving water and nutrient uptake,
which, in turn, obtain carbon compounds from the plant in the
form of carbohydrates and lipids (Leventis et al. 2021). The ex-
tended hyphae system created by AMF enables plants to access
nutrients from unexplored soil areas beyond the depletion zone,
contributing to alleviating the effects of abiotic and biotic stresses
(Gilovannini et al. 2020, Sandrini et al. 2022). The large volume of
soil explored by the fungal hyphae allows the host plant to gain
a better ability to acquire water and mineral nutrients (Begum
et al. 2019a, Begum et al. 2019b). In recent years, several studies
have explored the possibility of using AMF to enhance tomato tol-
erance to drought stress (Chitarra et al. 2016, Rivero et al. 2018,
Volpe et al. 2018, Duc et al. 2018, Ronga et al. 2019, Leventis et al.
2021, Orine et al. 2022, Soussani et al. 2023). However, the effects of
AMF could differ based on the type of fungal inoculum and plant
species/genotype (Ullah et al. 2024). Chialva et al. (2024), focusing
on two tomato cultivars (M82 and Moneymaker) and a panel of
wild relatives, have recently demonstrated that the limited extent
of AM fungal colonization in Solanum pennellii is correlated with its
genetics and functional traits.

Another promising application in agriculture that could help
facing the challenges posed by ongoing climate change-induced
stresses in food production is chemical priming (Sako et al. 2020).
It has been shown that, in addition to microorganisms, various
compounds of natural or synthetic origin can boost the plant’s
defence machinery, making it prompter to respond more robustly
and efficiently to stress occurrence, a condition referred to as
‘'primed’ (Adel and Carels 2023; Balestrini et al. 2018, Alagna et al.
2020). These compounds are known to activate or amplify stress
defence responses in plants and act in multiple ways, mainly en-
hancing photosynthetic activity and regulating stomatal activity
(Savvides et al. 2016).

There are three main application methods for chemical prim-
ing: root priming, leaf priming, and seed priming; the method
choice depends on the type of compound and application (Mere-
witz 2016). Seed priming is commonly applied before sowing to
improve seed vigour and germinability, but it was also shown to
improve plant stress resistance through the regulation of specific
metabolic processes during early germination and later growth
stages (Hussain et al. 2017, Marthandan et al. 2020, Johnson and
Puthur 2021, Sherin et al. 2022). Moreover, Giovannini et al. (2024)
have recently investigated the combined effect of AMF and chem-
ical seed priming in tomato plants (cu. Moneymaker) exposed to
different abiotic stresses. The authors’ achievements showed that
in the presence of chemical seed treatment and arbuscular myc-
orrhizal symbiosis, the tomato response to water deficit and salin-
ity was thoroughly reshaped at the transcriptional and metabolic
level, leading to an overall improvement of the plant’s physiolog-
ical adaptation to the specific stress condition. For example, in
the presence of priming agents and AMF, tomato leaves accumu-
lated primary and secondary antioxidant metabolites and showed
induction of reactive oxygen species (ROS)-scavenging genes (Gio-
vannini et al 2024). Nonetheless, the mechanisms underlying seed
chemical priming are far from being fully understood, and the po-
tential interaction with application of biological priming agents,
such as AMF, requires further extensive study.

Phenotyping platforms, based mainly on high-throughput
plant phenotyping (HTPP), enable rapid and non-invasive plant
monitoring through a high-throughput image analysis system
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(Petrozza et al. 2014, Laxman et al. 2018, Briglia et al. 2019, Danzi et
al. 2019, Rossi et al. 2020, Chang et al. 2021), allowing the analysis
of plant stress responses by monitoring different morphometric
and physiological parameters at once. HTPP has already been ap-
plied on tomato in open field conditions, by using an unmanned
aircraft system equipped with both RGB and multi-spectral cam-
eras, to study yield-related traits on nine different genotypes,
demonstrating that RGB imagery may represent a reliable and
effective strategy for predicting tomato yield (Chang et al. 2021).
Cardellicchio et al. (2023) applied a deep-learning YOLOVS detec-
tion algorithm toimages collected from 15 tomato genotypes in an
HTPP experiment where plants were exposed to two consecutive
drought stress and recovery cycles. The study revealed that the
adopted approach was capable of identifying fruits, flowers, and
nodes on images of tomato plants taken under different growth
and stress conditions. Marefatzadeh-Khameneh et al. (2021) anal-
ysed 589 tomato accessions of the National Plant Gene Bank of
Iran (NPGBI) via the HTPP technique intending to define the ge-
netic variation of fruit characteristics, which resulted in the mea-
surement of >150 000 phenotypic data points, ultimately allowing
the study and selection of elite accessions.

The use of such non-destructive, high-throughput phenotyp-
ing technologies, able to provide continuous, large-scale, and real-
time monitoring of the physiological and biometric parameters of
entire plant populations in response to environmental conditions,
could thus represent a promising way for evaluating the effective-
ness of different priming treatments applied alone or in combina-
tion, and speeding up the selection of the best performing solu-
tions. Recently, plant phenotyping has been used to verify the role
of diverse AMF in tomato protection against Rhizoctonia solani, al-
lowing assessment of the temporal variation in growth responses
(Weinberger et al. 2025).

This work was conceived to test the use of HTPP technologies
for monitoring the water stress responses of plants of two Italian
tomato varieties (i.e. Principe Borghese and San Marzano nano)
subjected at the seed phase to chemical priming with diverse
compounds, i.e. chitosan (CHI), chitosan + salicylic acid (CHI + SA)
and chitosan + melatonin (CHI 4+ MEL), and grown with or without
an AM fungal inoculum added to the pot at the moment of sowing.
Integration of HTPP output with tailored physiological, morpho-
biometric, and biochemical data allowed us to gain novel insights
into the potentialities of seed chemical priming and mainly AM
fungal inoculation as valuable, sustainable solutions for eliciting
endogenous stress responses in tomato.

Materials and methods

Plant growth conditions and experimental set-up

Seeds of two different Italian tomato (Solanum lycopersicum L.) va-
rieties, namely San Marzano nano (SMN) and Principe Borghese
(PB), purchased by Semiorto Sementi (Sarno, Italy), were treated
with chemical compounds at the University Jaume I (UJI; Galviz-
Fajardo et al. 2020). Particularly, CHI, CHI + MEL, and CHI + SA
were used as potential priming agents, while untreated seeds
served as control (CTRL). Specifically, SA (CAS number: 69-72-7) or
MEL (CAS 73-31-4) 500 uM stock solution was prepared by dissolv-
ing powder in 30 pl of pure ethanol before adding deionized water
(dH,0) under constant stirring for 20 min at 60°C. The working so-
lution was prepared by diluting the stock in dH,O to reach a final
concentration of 50 uM. The CHI + SA or CHI + MEL combination
was prepared by diluting 0.1 g of CHI (low molecular weight; CAS
number: 9012-76-4) in 10 mM acetic acid under stirring for 1 h. To
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obtain a 50 pM concentration of SA or MEL in the final nanocom-
posite, 10 ml of a 500 uM solution were added to the diluted CHI
solution. Then, 0.04 g of sodium tripolyphosphate (CAS number:
7758-29-4) was dissolved in 5 ml of dH,0 and added dropwise us-
ing a 2.5 ml syringe to the CHI + SA or CHI + MEL solution under
high stirring for 2 h to form CHI nanoparticles containing SA or
MEL. Seed priming was performed by soaking tomato seeds in the
three different solutions (MEL, CHI + SA, and CHI + MEL) for 12 h
at 25°C1in the dark. The seeds were subsequently placed on gauze
under laminar flow for air-drying. Once dried, the primed seeds
were ready to be sown.

Treated and untreated seeds were then germinated in the pres-
ence/absence of an AM fungal inoculum added to the pots; the
obtained plants were subsequently subjected to a water deficit
treatment followed by recovery. Thus, three different irrigation
conditions were obtained, i.e. not-stressed (NS), water stressed
(WS), and recovered (R). A commercial inoculum made of Fun-
neliformis mosseae spores, extraradical mycelium, and colonized
roots (MycAgro Lab, Breteniere, Francia), which has already been
demonstrated to colonize tomato roots successfully (Fiorilli et al.
2009, Chitarra et al. 2016, Volpe et al. 2018, Giovannini et al. 2024),
was used. This species has been already used on tomato plants
exposed to water deficit, leading to differences in stress tolerance
level with respect both to uninoculated controls and plants inoc-
ulated with another AMF species (Chitarra et al. 2026; Volpe et al.
2018). Not-inoculated (NMYC) and inoculated (MYC) plants were
grown in 3.2 L pots filled with a mixture composed of 1.8 kg of
70% sand and 30% peat. Five biological replicates were prepared
for each thesis and tomato genotype for a total of 240 plants (i.e.
2 genotypes x 3 irrigation conditions x 4 priming treatments x 2
inoculation conditions x 5 biological replicates).

Regarding inoculated plants, the inoculum was mixed with
the substrate (100 ml of inoculum with 300 ml of substrate, 1:4),
and was added to each pot as a ring containing 200 ml of the
mixture, as previously described in Giovannini et al. (2024). The
study was carried out from September 2023 to January 2024 at
the PHENO-Lab Platform of the ALSIA 'Metapontum Agrobios’
Research Centre, located in Metaponto (Matera), southern Italy
(N40°23'E16°47’; Fig. 1). Seeds of both tomato varieties were sown
on 15 September 2023, directly into the 3.2 L pots; the pots were
then located in a greenhouse under natural light and photoperiod
conditions. During the experimental period, the maximum photo-
synthetic photon flux density in the greenhouse ranged between
250 and 414 pmol photons m~2 s~!, and daily temperature and
relative humidity (RH)values averaged ~19.5°C and ~72%, respec-
tively (Supplementary Table S1). Climatic conditions were con-
stantly monitored by a standard weather station located within
the greenhouse. From bud break to the start of the experiment,
all plants were regularly irrigated to full pot capacity. Throughout
the experiment, a total of 15 fertigation events were conducted
at 2-day intervals, with each event involving the application of
100 ml of fertilizer solution (1 g/L Master 20.20.20, Valagro), as con-
ventionally done for the platform experiments involving tomato
plants. After about one month from the sowing (approximately
corresponding to the phenological growth stages 17-18 on the
BBCH-scale), a water deficit treatment was imposed on half of
the plants (WS) from each experimental group by progressively
reducing the amount of water provided by irrigation to 30% of the
pot capacity. The remaining plants (NS) were kept as controls and
maintained irrigated for the whole experiment. After a period of
~30 days, half of the WS plants per genotype (4 priming treat-
ments x 2 inoculation conditions x 5 biological replicates) were
rewatered to pot capacity and allowed to recover (R).
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Experimental set-up
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Figure 1. Schematic representation of the adopted experimental set-up (A), phenotyping platform (B), and data collection and sampling times (C).

Water deficit time-course

The water deficit time-course started on 11 October 2023 and
stopped on 7 November 2023. During the trial, once plants reached
30% of pot capacity, such a water stress level was then maintained
for one week. Starting on 7 November 2023, not-sampled plants
(five biological replicates per thesis) were rewatered and phys-
iologically monitored until full recovery (13 November 2023). R
plants were then grown until fruit maturity. The PHENO-Lab plat-
form, equipped with a scale installed on the conveyor belt of the
pots, measured the weight loss of each pot, allowing daily changes
in water loss to be monitored by gravimetric measurement of the
pot of plants (RWCp, %) exposed to water deprivation (Video 1).
Furthermore, dynamic changes in stomatal conductance (gs) rates
and transpiration rates (E) were monitored on NS, WS, and R plants
using a handled porometer/fluorometer (LI-600, LI-COR, Lincoln,
NE, USA). Gas exchange measurements were carried out in the

morning (8 a.m.~11 a.m.) on three healthy fully expanded leaves
per plant.

Furthermore, the plants subjected to water deficit were mon-
itored by measuring the water loss of the pot during the stress
period. Considering the monitoring of water loss due to evapo-
transpiration, at the end of the stress period (7 November 2023),
in both genotypes a decrease of RWC: values up to ~30% was
recorded, showing a similar trend among genotypes and treat-
ments (Supplementary Figs S1, S2).

Phenotyping measurements and data acquisition
process

Shoot phenotyping was performed using the Scanalyzer 3D (Lem-
naTec GmbH) for HTPP analysis. Four sequential cameras in-
stalled in the HTPP platform took 3D phenotyping images of the
plants (Video 1). The images captured for each plant were: two
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Video 1. Detail of the daily measurement of pot weight and irrigation of
tomato plants at the PHENO-Lab Platform of the ALSIA 'Metapontum
Agrobios’ Research Centre.

side views in near infrared and three in visible light (RGB; Basler
Scout scA1600-14gc). The plants were illuminated by halogen
lamps with a maximum level variation of 2% and a net power
of 35 W. Spectral acquisitions were performed simultaneously
with the RGB acquisitions. The collected images were subjected
to a segmentation process and retrievals were performed using
Python 3.10 with the PlantCV v3.14.3 package (https://plantcv.
danforthcenter.org/). Through images, the following parameters
(optical indices) were obtained: height above reference (HAR), pro-
jected shoot area (PSA; Brien et al. 2020), and solidity (side view,
SSV; Gehan et al. 2017). More details on the acquisition and elab-
oration of these parameters can be found in Fig. S3.

Sampling procedure

Leaves and roots of five plants per condition were sampled within
the NS and WS groups (7 November 2023; 160 plants were sampled
in total) at the end of the water deficit period. Further root samples
were collected once gas exchange recovery was complete, then R
plants were brought to maturity with fruit production (H; 25 Jan-
uary 2024; 80 plants were sampled in total). At the full ripening
stage (namely at stage 89 of the BBCH scale), fruits were collected
for each plant (five biological replicates per thesis), and the to-
tal number and weight of red ripe fruits were calculated. Total
soluble solids (TSS, °Brix) were measured on the juice obtained
from a maximum of three ripe red fruits per biological replicate,
using a digital refractometer (Hanna Instruments, HI96802). The
TSS is a refractometric index indicating the proportion (%) of dis-
solved solids in a solution. It is the sum of sugars (sucrose and
hexoses; 65%), acids (citrate and malate; 13%), and other minor
components (phenols, amino acids, soluble pectins, ascorbic acid
and minerals) in the tomato fruit pulp (Balibrea et al. 2006, Kader
2008).

Assessment of mycorrhizal colonization

Root samples for assessment of mycorrhizal colonization were
taken at the end of the water deficit period from NS and WS
plants, and at harvest from rehydrated plants (H). Three biological
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replicates were sampled for each priming treatment (CTRL, CHI,
CHI + MEL, CHI + SA) and water regime condition (NS, WS, R). Af-
terwards, roots were gently washed with tap water, and incubated
in a KOH solution (10%) for 10 min at 80°C, followed by overnight
staining at room temperature with 0.1% cotton blue in lactic acid.
The following day, the roots were washed and stored in lactic acid.
AM fungal colonization was estimated upon a stereomicroscope
(Leica S9i Stereomicroscope, Switzerland; with 9:1 zoom and with
6.1x-55x magnification) using the grid line intersection method
(Glovannetti and Mosse 1980).

Biochemical analyses

Biomarker quantification, including chlorophyll a (Chl a), chloro-
phyll b (Chl b), carotenoids, malondialdehyde (MDA), total
flavonoids (TFL), and total phenolic compounds (TPC), was per-
formed according to Lépez-Hidalgo et al. (2021), starting from
70mg of fresh leaf tissue.

Statistical analysis

Statistical analyses were performed using R software (version
4.1.1). Data were first assessed for normal distribution through
a Shapiro-Wilk test and then analysed using univariate (one-way
ANOVA) and multivariate (two- and three-way ANOVA) tests. For
colonization data, a two-way ANOVA test was conducted to eval-
uate the effect of priming treatment (T), stress condition (S), and
interaction (T x S). Regarding eco-physiological and phenotyping
data, a two-way ANOVA test was applied to determine the effect
of priming treatment (T), stress condition (S), and of their interac-
tion (T x S). Additionally, a two-way ANOVA test was conducted
to determine the effect of stress condition (S), AM fungal inocula-
tion (I), and of their interaction (S x I). Meanwhile, for the number,
weight, and TSS of ripe red fruits, a two-way ANOVA test was run
to highlight the effect of genotype (G), AM fungal inoculation (I),
and of their interaction (G x I). Moreover, a one-way ANOVA anal-
ysis was applied to evaluate the effect of AM fungal inoculation
(I) on gas exchange data (gs, E) 6 days after being rehydrated (13
November 2023) and was applied to evaluate the effect of priming
treatment (T), independently of the AM fungal inoculation, on gas
exchange data (gs, E) 6 days after being rehydrated (13 November
2023). The standard error (SE) of the mean was calculated for all
data. Significant differences between means were checked by the
Tukey HSD test (P < 0.05) and were reported in the figure panels
only when the priming treatment (T) x stress condition (S) inter-
action (T x S) or the genotype (G), AM fungal inoculation (I) and
of their interaction (G x I) was significant.

Data for biochemical analyses (pigments, MDA, TPC, TFC) were
analysed using a dual approach with the aim of describing the
whole dataset variance. Twwo-way ANOVAs were assessed to test
the effect of treatment (T), fungal inoculation (I), and their inter-
action (T x I) within each stress condition (NS, WS) in both culti-
vars, using a Bonferroni post-test method focused on MYC/NMYC
pairwise comparisons. Also, three-way ANOVAs were performed
to determine the effect of Treatment (T), fungal inoculation (I),
and stress conditions (S) and their interactions (T x I, Tx S, Sx I,
and T x S x I) within each cultivar. Graphs were generated using
Prism v.9.5.0 software (La Jolla, CA, USA).

Results

Analysis of AM fungal root colonization

Colonization by AMF was checked in root samples of the two geno-
types to inspect the presence of the AM fungal structures and the
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potential effect of the water conditions (NS, WS, R) and/or seed
priming treatments on fungal growth and development. The con-
ducted analyses indicated that a similar rate of colonization was
overall achieved in the two tomato varieties, which both showed
higher colonization values in the samples collected at the end of
the trial (i.e. at harvest; H plants; Supplementary Fig. S4A and B).
Stress (S) was the factor that most significantly influenced the
AM fungal colonization level in both genotypes, while effects of
the T x S interaction were evident only in the roots of PB. In this
genotype, in fact, upon water deficit (WS), colonization rates were
significantly higher in the roots collected from PB_MYC_CHI + SA
and PB_MYC_CHI + MEL than those taken from untreated and
CHI-treated plants, likely suggesting that this variety was in a dif-
ferent stress status and/or mounted a different stress perception
(Supplementary Fig. S4A). Conversely, SMN root samples did not
display any significant change in AM fungal colonization, inde-
pendently of the priming treatments. Furthermore, in both geno-
types, irrespective of seed chemical priming, a statistically sig-
nificant difference was observed at harvest between NS and WS
plants (Supplementary Fig. S4 and Supplementary Table S2). This
could be ascribed to the fact that AM fungal propagules were
still growing after stress imposition; nonetheless, timing effect,
which could have influenced the colonization between WS and
NS plants (26 days from sowing to the start of water deficit im-
position vs 57 days from sowing to the end of water stress treat-
ment), cannot be excluded. The microscopic observations allowed
to verify the presence of the typical intraradical fungal structures
such as hyphae, arbuscules, coils, and vesicles (Supplementary
Fig. S4C). No AM fungal colonization structures were detected in
not-inoculated roots (data not shown).

Eco-physiological parameters

Effect of the AM fungal inoculation and priming
treatments on tomato eco-physiological responses to
water deficit

The effects of seed priming on the plant tolerance to water limi-
tation were first investigated by analysing eco-physiological data
considering NMYC and MYC plants separately (Fig. 2). Under wa-
ter deprivation, both genotypes showed a statistically significant
reduction in the rates of stomatal conductance (gs) and transpira-
tion (E) in comparison with NS plants (Fig. 2 and Supplementary
Table S3). Particularly, in NMYC plants, at the end of the water
deficit imposition (7 November 2023), no statistically significant
differences in gs (Fig. 2a and b) and E (Fig. 2c and d) were observed
between plants subjected to diverse seed priming treatments,
which showed g5 and E values overlapping with those measured in
untreated plants (CTRL_WS). The same result also emerged com-
paring CTRL and primed plants in NS conditions during the whole
experimental duration (Fig. 2a-d). Looking at inoculated plants,
in both genotypes, the presence of the AM fungus influenced g
and E levels during the entire water deficit time-course, regard-
less of the seed priming treatment, leading to values closer to
those of NS plants compared with NMYC_WS plants (Fig. 2e-h).
Such a condition was particularly evident in SNM plants at the
end of the water shortage imposition both in terms of gs (Fig. 2f)
and E (Fig. 2h), with the only exception being plants treated with
CHI (SMN_MYC_CHI_WS), which displayed significantly lower g
and E values (Fig. 2f and h). In the absence of stress, PB plants
treated with CHI (PB_MYC_CHI_NS) showed the highest transpira-
tion levels (Fig. 2g). Notably, this effect did not occur in NS plants
of SMN, which all experienced similar E levels at this time point
(Fig. 2h). This finding supports the notion that the biological ac-

tivity of chemical priming treatments could be modulated based
on the plant genotype, and further confirms the importance of
testing these molecules in different crop varieties. During the re-
covery phase (grey rectangle in Fig. 2), all plants stabilized at gs
values averaging ~0.5 mol H,O m~? s~1. Notably, 6 days after re-
hydration (13 November 2023), no significant differences were ob-
served among plants subjected to the diverse priming treatments
(Fig. 2 and Supplementary Table S4).

Comparative effects between mycorrhizal and
uninoculated tomato plants on eco-physiological
responses to water deficit

The effects of the AM fungal symbiosis in tomato tolerance to
water limitation were also evaluated by analysing data collected
from all MYC and all NMYC plants, independently of seed prim-
ing. First, it is worth noting that gs and E rates were significantly
influenced by stress (S), inoculation (I) and the S x I interaction
only in SMN, and by S and S x [ in PB, therefore confirming the
establishment of specific genotype-dependent responses to inoc-
ulation (Fig. 3 and Supplementary Table S5). It also deserves atten-
tion that AM fungal inoculation overall reduced gs and E rates in
NS plants; this effect was significant and more evident in plants
of the PB variety (Fig. 3a and c). Moreover, in PB plants, gas ex-
change levels were significantly different when NMYC and MYC
plants were compared in stressed (WS) and not-stressed (NS) con-
ditions, although an inverted trend was observed based on the
water treatment (Fig. 3a and c). The major differences between
NMYC and MYC plants were overall observed upon water deficit,
as in both genotypes the inoculated plants (MYC_WS) showed
significantly higher gs and E values with respect to not inocu-
lated ones (NMYC_WS). Therefore, the effects of stress-associated
stomatal limitation on gas exchange rates were significantly less
evidentin MYC plants at the end of the stress period (Fig. 3a and b).
During the recovery period (grey rectangle in Fig. 3), the difference
between MYC and NMYC plants was less marked, as in all plants
gs values stabilized at ~0.5 mol H,O m~? s~'. Notably, 6 days after
rehydration (13 November 2023), and regardless of priming treat-
ment, MYC plants had higher g; and E values than NMYC plants,
in both genotypes, except for gs values in SMN, which showed no
significant difference between MYC and NMYC plants (Fig. 3 and
Supplementary Table S6).

High-throughput plant phenotyping

Stress (S) was the main factor explaining the investigated param-
eters (Figs 4 and 5, for Principe Borghese and San Marzano nano,
respectively). This was particularly evident for the PSA, as at the
end of water deficit, NS plants showed almost twice the area of
WS plants, both in the presence and absence of AMF (Fig. 4c and
d; Fig. 5c and d). Conversely, the effect of seed priming treatments
(T), alone or in interaction with S, did not significantly affect this
parameter in both genotypes, independently of the AM fungal
presence (Figs 4 and 5 and Supplementary Table S7).

Unlike HAR and SSV, differences between MYC_WS and
MYC_NS plants in terms of PSA were more marked in both geno-
types at the end of the water stress time-course (Fig. 4d and
Fig. 5d), in agreement with the observed eco-physiological dynam-
ics (Fig. 3).

Considering MYC and NMYC samples together, regardless of
priming agents, MYC plants displayed significant differences in
HAR compared with NMYC plants, showing lower values at the
end of the stress imposition, and particularly in SMN plants
(Fig. 6a and b and Supplementary Table S8). Conversely, the in-
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Figure 2. Effects of seed priming treatment, either in the absence (A-D) or presence (E-H) of AM fungal inoculation, on the physiological performances
of two Italian tomato genotypes (Principe Borghese, San Marzano nano) at the end of water deficit imposition. Changes in the rates of (A, B and E, F)
stomatal conductance (gs, mol H,O m~2 s7) and (C, D and G, H) leaf transpiration (E, mmol H,O m~2 s~*) in NS and WS plants. All results are reported
as mean =+ SE (n = 5 biological replicates per condition). Statistical analysis was performed using two-way ANOVA (total observations = 40, residual
degrees of freedom = 32). When present, different lower-case letters denote significant differences according to Tukey HSD test (P < 0.05) and are
reported only when the priming treatment (T) x stress condition (S) interaction (T x S) is significant. ns, *, #x*, s#k: not significant or significant at

P <0.05,P <0.01, and P < 0.001, respectively. The dashed red rectangle highlights the end of the water stress imposition, whereas the grey rectangle
indicates the period of recovery following plant rehydration. CTRL: untreated, CHI: treated with chitosan, CH 4 SA: treated with chitosan + salicylic
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Figure 3. Effects of AM fungal inoculation, independently of seed priming treatment, on the physiological performances of two Italian tomato
genotypes (Principe Borghese, San Marzano nano) at the end of water deficit imposition. Changes in the rates of (A and B) stomatal conductance (gs,
mol H,O m~2 s71) and (C and D) leaf transpiration (E, mmol H,O m~2 s71) in NS and WS plants. All results are reported as mean + SE (n = 20 biological
replicates per condition). Statistical analysis was performed using two-way ANOVA (total observations = 80, residual degrees of freedom = 76). When
present, different lower-case letters denote significant differences according to Tukey HSD test (P < 0.05) and are reported only when the stress
condition (S) x inoculation (I) interaction (S x I) is significant. ns, =, #x, #x*: not significant or significant at P < 0.05, P < 0.01, and P < 0.001, respectively.
Asterisks indicate significant differences between NMYC_WS and MYC_WS plants 6 days after rehydration (13 November 2023), according to a
one-way ANOVA test. The dashed red rectangle highlights the end of the water stress imposition, whereas the grey rectangle indicates the period of
recovery following plant rehydration. CTRL: untreated, CHI: treated with chitosan, CH + SA: treated with chitosan + salicylic acid, CHI + MEL: treated

with chitosan + melatonin, NS: not-stressed, WS: water stress.

oculation did not significantly affect the PSA parameter indepen-
dently of genotype and stress conditions (NS and WS, Fig. 6¢c and
d). Furthermore, the SSV index was significantly influenced by S,
I, and the S x I interaction in plants of the PB genotype, while in
SMN it was only affected by I (Fig. 6e and f). Notably, in both geno-

types, the AM fungal inoculation increased the SSV index upon
water deficit, leading to values comparable with those obtained
in NS plants, therefore suggesting a role of AM fungal inocula-
tion in the modulation of plant stress response (Fig. 6e and f and
Supplementary Table S8).
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Figure 4. Effects of seed priming treatment, either in the presence or absence of AM fungal inoculation, on the high-throughput phenotyping
parameters (A and B) height above reference, (C and D) projected shoot area, and (E and F) solidity side view, in an Italian tomato genotype (Principe
Borghese), at the end of water deficit imposition, making comparison between NS and WS plants. All are reported as mean + SE (n = 5 biological
replicates per condition). Statistical analysis was performed using two-way ANOVA (total observations = 40, residual degrees of freedom = 32). When
present, different lower-case letters denote significant differences according to Tukey HSD test (P < 0.05) and are reported only when the priming
treatment (T) x stress condition (S) interaction (T x S) is significant. ns, =, s, ##+: not significant or significant at P < 0.05, P < 0.01, and P < 0.001,
respectively. The dashed red rectangle highlights the end of the water stress imposition; whereas the grey rectangle indicates the period of recovery
following plant rehydration. CTRL: untreated, CHI: treated with chitosan, CH + SA: treated with chitosan + salicylic acid, CHI + MEL: treated with
chitosan + melatonin, NS: not-stressed, WS: water stress.
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Figure 5. Effects of seed priming treatment, either in the presence or absence of AM fungal inoculation, on the high-throughput phenotyping
parameters (A and B) height above reference, (C and D) projected shoot area, and (E and F) solidity side view, in an Italian tomato genotype (San
Marzano nano), at the end of water deficit imposition, making a comparison between NS and WS plants. All results are reported as mean + SE(n =5
biological replicates per condition). Statistical analysis was performed using two-way ANOVA (total observations = 40, residual degrees of

freedom = 32). When present, different lower-case letters denote significant differences according to Tukey HSD test (P < 0.05) and are reported only
when the priming treatment (T) x stress condition (S) interaction (T x S) is significant. ns, *, **, ***: not significant or significant at P < 0.05, P < 0.01,
and P < 0.001, respectively. The dashed red rectangle highlights the end of the water stress imposition, whereas the grey rectangle indicates the period
of recovery following plant rehydration. CTRL: untreated, CHI: treated with chitosan, CH + SA: treated with chitosan + salicylic acid, CHI + MEL:
treated with chitosan + melatonin, NS: not-stressed, WS: water stress.
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with and without AM fungal inoculation, at the end of the water deficit imposition in NS and WS plants. All results are reported as mean =+ SE (n = 20
biological replicates per condition). Statistical analysis was performed using two-way ANOVA (total observations = 80, residual degrees of
freedom = 76). When present, different lower-case letters denote significant differences according to Tukey HSD test (P < 0.05) and are reported only
when the stress condition (S) x inoculation (I) interaction (S x I) is significant. ns, *, **, ** °t significant or significant at P < 0.05, P < 0.01, and
P < 0.001, respectively. The dashed red rectangle highlights the end of the water stress imposition, whereas the grey rectangle indicates the period of

recovery following plant rehydration. CTRL: untreated, CHI: treated with chitosan, CH + SA: treated with chitosan + salicylic acid, CHI + MEL: treated

with chitosan + melatonin, NS: not-stress

ed, WS: water stress.
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Impact of seed priming treatments and AM
fungal inoculation on fruit production and
quality

Because the seed priming treatments did not significantly im-
pact the overall fruit production (Supplementary Fig. S5 and
Supplementary Table S9), the collected data were analysed only
considering MYC and NMYC as the source of variability (Fig. 7 and
Supplementary Table S10). The fruit yield was significantly influ-
enced by the genotype (G), the inoculation (I), and their interaction
(G x I). In detail, the average number of ripe red fruits per plant
significantly increased in PB inoculated with AMF with respect to
not-inoculated plants as well as with respect to SMN_NMYC and
SMN_MYC (Fig. 7a). Conversely, no differences were observed be-
tween NMYC and MYC plants in terms of average weight of red
fruits and total soluble solids (Fig. 7b). It is also worth noting that,
unlike PB, SMN plants showed a significant increase in the average
weight of red fruits, regardless of inoculation (Fig. 7b). Nonethe-
less, PB fruits displayed significantly higher values of total soluble
solids compared with SMN (Fig. 7c), therefore highlighting a geno-
type effect.

AM fungal inoculation influences biochemical
stress markers

Data reported in Supplementary Fig. S6 indicate that the Chl a
content was affected in some treatments due to AM fungal in-
oculation. In PB, a two-way ANOVA of well-watered samples (NS,
Supplementary Fig. S6A) indicated that only the treatment (T) ef-
fect was statistically significant. Conversely, the analysis of PB-
stressed samples (Supplementary Fig. S6B) revealed that the Chl
a content was significantly affected by treatment (T), inoculation
(I), and their interaction (T x I). However, significant changes as-
sociated with AM fungal inoculation were noticed when Chl a
concentrations were measured in CHI + SA samples. Results ob-
tained from SMN were comparable with those collected from PB
plants under control conditions (Supplementary Fig. S6C). Accord-
ingly, the treatment (T) was the factor that most significantly af-
fected the Chl a content, particularly in CHI + SA-treated plants.
Lastly, no statistically significant changes were observed in WS
SMN samples (Supplementary Fig. S6D). To better understand the
effect of AM fungal inoculation, a three-way ANOVA was per-
formed within each cultivar, PB (Supplementary Fig. S6E) and SMN
(Supplementary Fig. S6F), but no significant results emerged.

Independently of stress conditions, Chl b content in PB plants
was only affected by treatment (T) (NS, Supplementary Fig. S7A;
WS, Fig. S7B). Analysis of SMN samples underlined that Chl b con-
tent was mainly influenced by the factor interaction (T x I), both
upon NS and WS conditions (Supplementary Fig. S7C, D). Results
from a three-way ANOVA test showed that AM fungal inocula-
tion did have no impact on the Chl b content in both cultivars
(Supplementary Fig. S7E, F).

Significant changes in carotenoid content were observed in
PB under both NS and WS conditions. In not-stressed samples
(Supplementary Fig. S8A), Treatment (T) and the T x I interac-
tion exerted a significant effect, as well as it emerged from the
pairwise comparison of MYC_CHI and MYC_CHI + SA plants,
with the latter treatment reporting a significant increase in the
analysed parameter (Supplementary Fig. S8A). The same trend
was also observed in stress conditions (Supplementary Fig. S8B).
In fact, carotenoid concentrations were influenced by Treatment
(T), Inoculation (I), and their interaction, showing an increase in
MYC_CHI + SA-treated plants. Although not significant, a slight
increase in carotenoid amounts was also noticed in inoculated
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Figure 7. Effects of AM fungal inoculation, independently of seed
priming treatment, on the yield parameters of produced ripe red fruits:
(A) number of red fruits, (B) average weight of red fruits, and (C) total
soluble solids, in two different Italian genotypes (Principe Borghese, San
Marzano nano), either in the presence or absence of AM fungal
inoculation, at the end of the water deficit treatment in NS and WS
plants. All results are reported as mean =+ SE (n = 20 biological replicates
per condition). Statistical analysis was performed using two-way ANOVA
(total observations = 80, residual degrees of freedom = 76). When
present, different lower-case letters denote significant differences
according to Tukey HSD test (P < 0.05) and are reported only when the
genotype (G) x inoculation (I) interaction (G x I) is significant. ns, *, **,
***: not significant or significant at P < 0.05, P < 0.01, and P < 0.001,
respectively. CTRL: untreated, CHI: treated with chitosan, CH + SA:
treated with chitosan + salicylic acid, CHI + MEL: treated with

chitosan + melatonin, NS: not-stressed, WS: water stress, PB: Principe
Borghese, SMN: San Marzano nano.
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SMN plants upon NS conditions (Supplementary Fig. S8C). Con-
versely, in SMN plants exposed to WS, the carotenoid content sig-
nificantly increased in MYC_CHI and MYC_CHI + SA-treated sam-
ples (Supplementary Fig. S8D). Accordingly, results from a three-
way ANOVA attested that the Inoculation factor (I) was statisti-
cally significant in both cultivars (Supplementary Fig. S8E, F). Re-
garding Chl a/b data, statistically significant differences mainly
occurred in PB under stress conditions (WS) (Supplementary Fig.
S9A, B), with significant effect of Treatment (T), Inoculation (I),
and T x Iinteraction. Notably, an increase in this parameter was
particularly evident in CHI 4+ SA-treated plants following AM fun-
gal inoculation. Data collected from SMN plants did follow the
same trend, both in NS and WS conditions, and the only sig-
nificant effect on Chl a/b ratio was ascribed to the T x I inter-
action in irrigated plants (Supplementary Fig. S9C, D). Cultivar-
dependent differences were also revealed by the output of a three-
way ANOVA, which highlighted a significant effect of the Inocula-
tion (I) on the pigment ratio in PB (Supplementary Fig. S9E). Dif-
ferences between cultivars were also observed in terms of MDA
concentration, which, regardless of stress condition, were sig-
nificantly affected by both Treatment (T) and T x I interaction
(Supplementary Fig. S10A, B), while Inoculation (I) did affect MDA
content only in WS plants. Unlike PB, in SMN plants no signifi-
cant differences were noticed in MDA concentration upon irriga-
tion (NS; Supplementary Fig. S10C). Nonetheless, a significant im-
pactofboth Tand T x I on this parameter emerged from the anal-
ysis of WS plants (Supplementary Fig. S10D). Three-way ANOVA
data confirmed these changes (Supplementary Fig. S10E, F). Anal-
ysis of TFL in PB plants highlighted a significant effect of Treat-
ment (T), Inoculation (I), and of the T x I interaction upon both
irrigation and water deficit conditions (Supplementary Fig. S11A,
B). In SMN, the AM fungal inoculation did affect the TFL content
only in stressed conditions (Supplementary Fig. S11D). Notably,
a marked increase in TFL amounts was observed by comparing
NMYC and MYC SMN plants upon water deficit (Supplementary
Fig. S11D) in agreement with the results of a three-way ANOVA
(Supplementary Fig. S11E, F). Additionally, the TPC content sig-
nificantly changed in PB plants based on all tested factors (T, I,
T x I significant, Supplementary Fig. S12A), with a minor contri-
bution of Inoculation (I) in WS plants. A similar trend was noticed
by analysing NS SMN samples, in which TPC were significantly
affected by T, I, and their interaction (Supplementary Fig. S12C).
Conversely, upon WS, only Inoculation (I) and the T x I interac-
tion were responsible for quantitative changes in this parameter
(Supplementary Fig. S12D). The effect of AM fungal inoculation in
both genotypes also emerged from the three-way ANOVA results
(Supplementary Fig. S12E, F).

Discussion

In recent years, several studies dealing with the tomato response
to abiotic stress mediated by AM fungal symbiosis have been pub-
lished (e.g. Chitarra et al. 2016, Ruiz-Lozano et al. 2016, Rivero
et al. 2018, Volpe et al. 2018, Lidoy et al. 2023, Giovannini et al.
2024). Particularly, it has been recently demonstrated that chem-
ical seed treatments and AM fungal symbiosis modulated both
transcriptome and metabolome by eliciting the plant antioxidant
and osmoprotectant pathways, also improving plant adaptation
to abiotic stresses (Giovannini et al. 2024). Here, we focused on
the potential effects of chemical seed treatments (CHI, CHI + SA,
CHI 4+ MEL), both alone and in combination with AM fungal in-
oculation in pot, considering two Italian tomato varieties (San
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Marzano nano and Principe Borghese) and the use of an auto-
mated HTPP platform.

In agreement with Giovannini et al. (2024), chemical seed prim-
ing agents did not strongly affect the ability of AM fungi to col-
onize roots, at the diverse considered time points, with the ex-
ception of the Principe Borghese mycorrhizal plants treated with
CHI + SA and CHI + MEL under water stress conditions. This re-
sult aligns with the observation that plant responses to stress
and priming treatments may vary, depending on the genotype un-
der consideration. Accordingly, similar genotype-dependent vari-
ations were recorded in peanut seeds primed with melatonin and
evaluated under water deficit conditions following an HTPP ap-
proach (de Camargo Santos et al. 2024). Although the benefits of
AM fungal symbiosis are well documented in the literature, their
exploitation remains difficult due to the inconsistency of results
when applied in production systems. This variability is influenced
not only by environmental factors, affecting the development and
functioning of the symbiosis, but also by the functional diversity
due to the symbiont genotypes involved in the interactions (Hart
et al. 2018, Holland et al. 2018, Orine et al. 2022, Lidoy et al. 2023).

Impact of mycorrhizal inoculation and seed
chemical priming agent treatment on the
physiological performance of tomato

Overall, although low levels of AM fungal colonization were ob-
served, AM fungal inoculation was the main factor affecting
water-plant relations. Moreover, although the colonization lev-
els observed here were lower than those previously reported in
tomato plants (Chitarra et al. 2016, Giovannini et al. 2024), this
condition could most likely be associated with the standard cul-
tivation management adopted in the phenotyping platform (e.g.
fertilization, substrate, etc.; Berruti et al. 2013). However, micro-
scope observations confirmed the presence of typical intraradi-
cal structures of AMF symbiosis, such as intraradical hyphae, ar-
buscules, and vesicles. These structures, including the extraradi-
cal mycelium, which allows the fungus to explore the surround-
ing substrate, enhance the water uptake capacity of the root sys-
tem, facilitating the exchange of nutrients (such as phosphorus
and nitrogen) even under abiotic stress conditions (Ruiz-Lozano
et al. 2016, Chitarra et al. 2016, Begum et al. 2019a, Begum et al.
2019b). Additionally, Chialva et al. (2023) have recently demon-
strated that, even at a low level of AM fungal colonization, a
strong systemic response occurred in two different Coffea arabica
genotypes, improving eco-physiological and plant nutrition per-
formances.

At least in our experimental conditions, the priming agents
did not strongly influence the plant physiological response to the
imposed stress (30% of RWCy). This is partially in agreement
with what was previously observed in another tomato genotype
(cv. Moneymaker) by Giovannini et al. (2024). Some discrepancies
could be ascribed to the specific genotype and adopted priming
agents, but also to the severity level of the imposed stress, sug-
gesting in the present work a prevalent role for the AMF when
stress conditions are less severe (Volpe et al. 2018). Under well-
water conditions (NS) and in both varieties, AM fungal inocula-
tion reduced gas exchange levels, likely suggesting the establish-
ment of a water-saving strategy that could be beneficial for the
plant upon water deficit. In fact, during water deficit, MYC plants,
regardless of seed priming treatments, showed higher stomatal
conductance and transpiration rates than NMYC plants, suggest-
ing that AMF-colonized plants perceive the stress condition less,
consistent with previous works showing an effect of AM fungal
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inoculation on water stress tolerance in several plant species, in-
cluding tomato (Augé et al. 2015, Chitarra et al. 2016, Ruiz-Lozano
et al. 2016, Balestrini et al. 2017, Volpe et al. 2018, Rivero et al.
2018). In several crops, including tomato (Chitarra et al. 2016), it
is well known that AMF can mitigate the effects of stressful con-
ditions by reducing the ROS impact through the activation of the
antioxidant pathways. This leads to protecting the photosynthetic
apparatus avoiding electron transport disruption and energy dis-
sipation, in turn maintaining photosynthesis activity and improv-
ing plant performances upon stress conditions (Nerva et al. 2022b,
Nerva et al. 2022¢, Chitarra et al. 2016¢, Calvo et al. 2024). Here, the
inoculation with an AM fungus led to an increase in carotenoids
and TFL in CHI 4 SA-treated plants under water deficit, although
with a genotype-dependent response. The observed effect mainly
in MYC_CHI + SA plants is in agreement with a previous work,
showing a synergistic effect of CHI + SA and AM fungal coloniza-
tion on the tomato response to stress (Giovannini et al. 2024). The
role of carotenoids and flavonoids in crops under drought stress,
particularly in the context of AMF inoculation, has been exten-
sively investigated as it is critical for enhancing plant resilience to
water deficit conditions. Carotenoids are well-known compounds
for their function in protecting chlorophyll from photodamage,
preventing photoinhibition, while flavonoids play a key role in mit-
igating oxidative stress under biotic and abiotic stress, also act-
ing as signal molecules. Recent research indicates that AMF in-
oculation can significantly improve the physiological responses
of plants under drought conditions. For instance, an increase in
carotenoid content was documented in AMF-inoculated plants,
which allowed mitigating photosystem damages during a spell of
drought. Specifically, it was observed that AMF favoured the main-
tenance of chlorophyll levels alongside an increase in various
secondary metabolites, including carotenoids (Chen et al. 2020,
Huang et al. 2024). AMF inoculation also increased the content
of phenolic compounds, particularly of flavonoids, in plants expe-
riencing drought stress, thereby enhancing their ability to coun-
teract oxidative damage (Begum et al. 2019a, Begum et al. 2019b,
Akhoundnejad and Baran 2023, Yuan et al. 2024). Therefore, the
increase in carotenoid and flavonoid contents in AMF-inoculated
crops under drought conditions may significantly contribute to
the enhancement of drought tolerance through the preservation
of photosynthetic efficiency and the mitigation of oxidative stress.

Although water potential data were not measured, in terms of
biochemical stress markers and gs measurements, our results are
in line with the fact that plants were exposed to a mild water
deficit condition, as previously reported (Volpe et al. 2018). It is
worth noting that at the end of the experiment, prior to the re-
covery phase, MYC_NS plants displayed lower gs and E values,
suggesting that the presence of the fungus under not-stressed
conditions allows the host plants to preserve more water, leading
them to a priming status (Glovannini et al. 2024). Although func-
tional biological mechanisms at the basis of the correlation be-
tween priming treatments and AMF inoculation and improvement
of gas exchanges need more in-depth investigation, previous stud-
ies highlighted a direct connection between the regulation of wa-
ter transport and ABA metabolism in plants inoculated with AMF
(Chitarra et al. 2016, Kakouridis et al. 2022). Such experimental ev-
idence supports what was observed in our study in terms of phys-
lological dynamics. HTPP analysis did not show strong differences
between the two genotypes, but low values of SSV could suggest
anincreased wilting (Petrozza et al. 2023). In both cultivars, in fact,
the influence of AMF was significantly evident in terms of SSV
index, which indicates how much of the hull area is covered by
leaves and is calculated as the projected shoot area/convex hull

area from plant images. Looking at the productivity, fruit param-
eters have been checked in MYC and NMYC plants, showing a sig-
nificant effect of the inoculation only in PB plants, where the num-
ber of red fruits was higher, independent of the priming agents.
For the other parameters, the only effect is due to the considered
genotype. Overall, positive AM symbiosis-mediated effects in im-
proving tomato fruit yield have been reported in the literature,
likely due to induced physiological and metabolic changes in col-
onized plants (Subramanian et al. 2006, Fracasso et al. 2020, Alam
et al. 2023, Soussani et al. 2023). Our results are in line with the
findings reported by Bowles et al. (2016) under field conditions.
These authors suggested, in fact, that the AM symbiosis enhanced
ecosystem services, such as yield, through improved nutrient and
water uptake, and physiological performance. Additionally, it has
been already reported that colonization by AM fungi accelerates
flowering and fruit development, in turn increasing the fruit pro-
duction (Salvioli et al. 2012). Nonetheless, during the recovery
phase, the differences between MYC and NMYC SMN plants di-
minished to similar values at the end of the experiment. By con-
trast, MYC PB plants exhibited a consistently increasing trend,
which eventually aligned with NMYC plants towards the end of
the recovery period. Notably, throughout the entire experimental
period, the SSV index data for NS plants showed an increasing
trend in the presence of AMF, a pattern particularly pronounced
in plants of the SMN genotype. These findings further highlight
that AM root colonization can significantly improve the overall
plant performances even under mild water deficit conditions, ul-
timately allowing to maintain yield production and fruit quality.

In summary, our experimental setting allowed demonstrating
the possibility to successfully apply HTPP approaches to study
the effects of treatment with diverse priming agents as well as
AM fungal inoculation on plants exposed to abiotic stress (i.e.
water deficit). In detail, although the imposed water stress was
mild (up to 30% of RWCg,), the array of dataset analysed clearly
highlights the main role played by AM fungal symbiosis in al-
leviating the stress effects. The results further support the use
of AMF-based inocula as a strategy to reduce water and fertil-
izer inputs, also contributing to climate change mitigation. The
results are in agreement with those achieved by Giovannini et
al. (2024), revealing that AMF inoculation and chemical priming
influenced tomato responses to water deficit by inducing signifi-
cant changes in the transcriptome and metabolome. Particularly,
the main molecular changes were associated with the activation
of antioxidant defences and osmoprotective mechanisms, under-
lying the potential of AMF contribution in boosting the overall
plant stress resilience. This approach well aligns with the Sus-
tainable Development Goals established by the United Nations
(https://sdgs.un.org/goals).
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