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Abstract 

This study explores the effects of natural seed priming compounds (i.e . c hitosan 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 w ater de pri v ation thr ough high-thr oughput plant phenotyping technology. Plant r esponses hav e 
been automaticall y ev aluated by inte gr ating physiological, morpho-biometric, and biochemical data. Under w ater de pri v ation, AMF- 
inoculated plants exhibited enhanced physiological performance, by reducing oxidati v e dama ge and impr oving stomatal function. 
Digital phenotyping provides a non-inv asi v e appr oach to assess the effects of external factors, such as the impact of mycorrhizal 
fungi on plant dev elopment. RGB (visib le light) ima ging ena b les the anal ysis of morphological traits like plant size and gr owth 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- 
fer ences wer e evident in terms of fruit pr oduction, wher e Principe Bor ghese plants sho wed significantl y mor e r ed fruits in pr esence 
of AM fungus. The results underline the potential of combined AMF and natural compound application as a sustaina b le strategy for 
improving tomato resilience to water stress, contributing to resource-efficient agricultural practices and climate change mitigation. 

Ke yw or ds: c hemical priming; arbuscular m ycorrhizal symbiosis; water deficit; high-throughput plant phenotyping; target metabolite 
anal ysis; str ess adaptation 
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Introduction 

Plants can be affected by different types of stress factors, in- 
cluding biotic , e .g. herbivores , pests and pathogens, and abiotic 
cues , e .g. dr ought, salinity, high irr adiation, extr eme temper a- 
tur es, anaer obiosis, 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 a gr onomic cr ops, including tomato (Rosenzweig et 
al. 2014 , Horton et al. 2016 ). Due to climate change, the severity of 
dr ought e v ents in the Mediterr anean basin is expected to become 
mor e r ele v ant in the futur e; mor eov er, the fr equency of dr ought
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cal areas that will be more challenged due to the different im-
act of global warming (Alv ar ez et al. 2024 ). P articularl y, in south-
rn Europe, significant increases in the frequency and severity of
rought and heat waves have been observed in recent years, with
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 50% in 2050 and by almost 90% in 2100 (Li et al. 2009 , Lesk et al.
016 ). 

Dr ought can se v er el y affect and limit the growth and yield
arameters of all the most important a gricultur al cr ops by neg-
tiv el y impacting the main physiological and biochemical pro-
esses, suc h as r ates of stomatal conductance, membr ane elec-
r on tr ansport, tr anspir ation, and photosynthesis, as well as mem-
r ane functions (Far ooq et al. 2009 ). Ov er all, abiotic str esses can
ead to a loss of cr op pr oductivity by > 60% and curr entl y r epr e-
ent a major challenge for farmers (Kopecká et al. 2023 ). Tomato
 Solanum lycopersicum L.) is one of the most important food crops
orldwide (Kumar et al. 2020 ) with a global production of 186.1
illion metric tons (mT) in 2022 (FAOST A T database, http://www.

ao.org/ faostat/ en/ #data ). Tomato is a drought-sensitive species
nd in Europe is cultivated mainly in open fields where plants
r e typicall y exposed to m ultiple str esses, whic h can hav e a se-
 er e impact on fruit production and quality (Costa and Heuvelink
018 ). 

Although in recent years many research efforts have attempted
o identify str ess-toler ant v arieties, the complexity of the ge-
etic traits controlling abiotic stress responses has made the
e v elopment of ne w str ess-ada pted genotypes/species particu-

arl y c hallenging (Landi et al. 2017 , Costa et al. 2019 ). Ther efor e,
here is an urgent need to develop and implement breeding pro-
ocols/technologies that are able to improve tomato (and other
r ops) toler ance/ada ptation to extr eme envir onments, also con-
idering the sustainability of the specific technique itself, such
s microbial inoculation and intercropping (Khan et al. 2024 ,
ehman et al. 2024 ; Wang et al. 2024 ). Breeding for stress tolerance

s often constrained by the pol ygenic natur e of se v er al genomic
lant tr aits, r equiring m ultiple and time-consuming cr ossing or
ac k-cr ossing cycles (Nerva et al. 2022a ). Moreover, the long-time
election of genomic plant traits could have negatively influenced
he interactions among plants and beneficial micr oor ganisms. In
his scenario, priming agents and arbuscular mycorrhizal fungi
AMF) can be deliv er ed to existing cultivars within a single grow-
ng season. In addition, as many available tolerant/resistant cul-
iv ars de v eloped thr ough conv entional br eeding often exhibit r e-
uced yield and compromised quality, harnessing beneficial mi-
r obes suc h as AMF may partiall y r ecov er these tr aits avoiding
ny genetic manipulation (Nerva et al. 2022a ). Consequently, the
se of priming agents or AMF inoculation might provide a rapid
nd cost-effective way to improve crop stress resilience. 

Hydr aulic and c hemical r oot signals ar e important for orc hes-
r ating plant r esponses to dr ought and optimising water-use effi-
iency (Davies et al. 2000 , Durand et al. 2019 , Brunetti et al. 2020 ).
esides crop genotype, plant tolerance against abiotic stresses
ould be significantly influenced by the root-associated microor-
anisms present in the soil (Balestrini et al. 2017 , Chialva et al.
018 , Calleja-Cabr er a et al. 2020 , Khan et al. 2021 , Balestrini et al.
024 ), whose interactions are mediated by root exudates (William
nd de Vries 2020 ). 

For instance, Sillo et al. ( 2022 ) demonstrated that two tomato
enotypes exhibited contrasting responses to water deficit be-
ause of diverse rhizosphere microbiota recruitment under differ-
nt irrigation tr eatments. P articularl y, the Lungo tomato genotype
as mor e r esponsiv e than the Tondo one both in terms of photo-

ynthesis and stomatal regulation and in terms of differential ex-
ression of k e y str ess-r elated genes, suc h as the ABA biosynthetic
ene NCED , the dehydrin-encoding gene TAS14 , and the ethylene
iosynthetic gene ACO4 . 

In this context, AMF r epr esent a natur al r esource to mitigate
he negative effects of adverse environments on agriculture. AMF
r e obligate biotr ophs curr entl y assigned to the monophyletic
ubphylum Glomerom ycotina (Spatafor a et al. 2016 ), whic h estab-
ish mutualistic symbioses with the roots of ∼80% of plant species,
ncluding the most important food crops (Balestrini et al. 2021 ).
MF colonize plant r oots, impr oving water and nutrient uptake,
hich, in turn, obtain carbon compounds from the plant in the

orm of carbohydrates and lipids (Leventis et al. 2021 ). The ex-
ended hyphae system created by AMF enables plants to access
utrients fr om unexplor ed soil ar eas be yond the de pletion zone,
ontributing to alleviating the effects of abiotic and biotic stresses
Giovannini et al. 2020 , Sandrini et al. 2022 ). The large volume of
oil explored by the fungal hyphae allows the host plant to gain
 better ability to acquire water and mineral nutrients (Begum
t al. 2019 a, Begum et al. 2019 b). In r ecent years, se v er al studies
av e explor ed the possibility of using AMF to enhance tomato tol-
r ance to dr ought str ess (Chitarr a et al. 2016 , Riv er o et al. 2018 ,
olpe et al. 2018 , Duc et al. 2018 , Ronga et al. 2019 , Le v entis et al.
021 , Orine et al. 2022 , Soussani et al. 2023 ). Ho w e v er, the effects of
MF could differ based on the type of fungal inoculum and plant
pecies/genotype (Ullah et al. 2024 ). Chialva et al. ( 2024 ), focusing
n two tomato cultivars (M82 and Moneymaker) and a panel of
ild r elativ es , ha v e r ecentl y demonstr ated that the limited extent
f AM fungal colonization in Solanum pennellii is correlated with its
enetics and functional traits. 

Another pr omising a pplication in a gricultur e that could help
acing the challenges posed by ongoing climate change-induced
tresses in food production is chemical priming (Sako et al. 2020 ).
t has been shown that, in addition to micr oor ganisms, v arious
ompounds of natural or synthetic origin can boost the plant’s
efence machinery, making it prompter to respond more robustly
nd efficiently to stress occurrence, a condition referred to as

primed’ (Adel and Carels 2023 ; Balestrini et al. 2018 , Alagna et al.
020 ). These compounds are known to activate or amplify stress
efence responses in plants and act in multiple wa ys , mainly en-
ancing photosynthetic activity and regulating stomatal activity

Savvides et al. 2016 ). 
Ther e ar e thr ee main a pplication methods for chemical prim-

ng: root priming, leaf priming, and seed priming; the method
hoice depends on the type of compound and application (Mere-
itz 2016 ). Seed priming is commonly applied before sowing to

mpr ov e seed vigour and germinability, but it was also shown to
mpr ov e plant str ess r esistance thr ough the r egulation of specific

etabolic processes during early germination and later growth
tages (Hussain et al. 2017 , Marthandan et al. 2020 , Johnson and
uthur 2021 , Sherin et al. 2022 ). Mor eov er, Giov annini et al. ( 2024 )
av e r ecentl y inv estigated the combined effect of AMF and chem-

cal seed priming in tomato plants ( cv . Mone ymak er) exposed to
iffer ent abiotic str esses . T he authors’ ac hie v ements sho w ed that

n the presence of chemical seed treatment and arbuscular myc-
rrhizal symbiosis, the tomato response to water deficit and salin-
ty was thor oughl y r esha ped at the tr anscriptional and metabolic
e v el, leading to an ov er all impr ov ement of the plant’s physiolog-
cal adaptation to the specific stress condition. For example, in
he presence of priming agents and AMF, tomato leaves accumu-
ated primary and secondary antioxidant metabolites and sho w ed
nduction of r eactiv e oxygen species (ROS)-scavenging genes (Gio-
annini et al 2024 ). Nonetheless, the mechanisms underlying seed
hemical priming are far from being fully understood, and the po-
ential interaction with application of biological priming agents,
uch as AMF, requires further extensive study. 

Phenotyping platforms, based mainly on high-throughput
lant phenotyping (HTPP), enable r a pid and non-inv asiv e plant
onitoring through a high-throughput image analysis system

http://www.fao.org/faostat/en/#data
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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,
demonstr ating that RGB ima gery may r epr esent a r eliable and 

effectiv e str ategy for pr edicting tomato yield (Chang et al. 2021 ).
Cardellicchio et al. ( 2023 ) applied a deep-learning YOLOv5 detec- 
tion algorithm to images collected from 15 tomato genotypes in an 

HTPP experiment where plants were exposed to two consecutive 
dr ought str ess and r ecov ery cycles . T he study r e v ealed that the 
adopted a ppr oac h was ca pable of identifying fruits, flo w ers, 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 c har acteristics, whic h r esulted 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 pro vide continuous , large-scale , and real- 
time monitoring of the physiological and biometric parameters of 
entire plant populations in response to environmental conditions,
could thus r epr esent 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 w ork w as 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 . c hitosan (CHI), c hitosan + salicylic acid (CHI + SA) 
and chitosan + melatonin (CHI + MEL), and grown with or without 
an AM fungal inoculum added to the pot at the moment of sowing.
Integration of HTPP output with tailor ed physiological, mor pho- 
biometric, and biochemical data allo w ed 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), pur chased b y Semiorto Sementi (Sarno, Italy), were treated 

with chemical compounds at the University Jaume I (UJI; Galviz- 
Fajardo et al. 2020 ). P articularl y, CHI, CHI + MEL, and CHI + SA 

were used as potential priming agents, while untreated seeds 
serv ed as contr ol (CTRL). Specificall y, SA (CAS number: 69–72-7) or 
MEL (CAS 73–31-4) 500 μM stock solution was prepared by dissolv- 
ing powder in 30 μl of pure ethanol before adding deionized water 
(dH 2 O) under constant stirring for 20 min at 60 ◦C. The working so- 
lution was pr epar ed by diluting the stoc k in dH 2 O to r eac h a final
concentration of 50 μM. The CHI + SA or CHI + MEL combination 

was pr epar ed b y diluting 0.1 g of CHI (lo w molecular w eight; CAS 
number: 9012–76-4) in 10 mM acetic acid under stirring for 1 h. To 
btain a 50 μM concentration of SA or MEL in the final nanocom-
osite, 10 ml of a 500 μM solution were added to the diluted CHI
olution. Then, 0.04 g of sodium tripolyphosphate (CAS number: 
758–29-4) was dissolved in 5 ml of dH 2 O and added dropwise us-
ng a 2.5 ml syringe to the CHI + SA or CHI + MEL solution under
igh stirring for 2 h to form CHI nanoparticles containing SA or
EL. Seed priming was performed by soaking tomato seeds in the

hr ee differ ent solutions (MEL, CHI + SA, and CHI + MEL) for 12 h
t 25 ◦C in the dark. The seeds wer e subsequentl y placed on gauze
nder laminar flow for air-drying. Once dried, the primed seeds
er e r eady to be sown. 
Treated and untreated seeds were then germinated in the pres-

nce/absence of an AM fungal inoculum added to the pots; the
btained plants were subsequently subjected to a water deficit 
reatment follo w ed b y r ecov ery. Thus, thr ee differ ent irrigation
onditions were obtained , i.e. not-stressed (NS), water stressed 

WS), and r ecov er ed (R). A commercial inoculum made of Fun-
eliformis mosseae spor es, extr ar adical mycelium, and colonized
 oots (MycAgr o Lab, Br etenièr e, Fr ancia), whic h has alr eady been
emonstrated to colonize tomato roots successfully (Fiorilli et al.
009 , Chitarra et al. 2016 , Volpe et al. 2018 , Giovannini et al. 2024 ),
as used. This species has been already used on tomato plants
xposed to water deficit, leading to differences in stress tolerance 
e v el with respect both to uninoculated controls and plants inoc-
lated with another AMF species (Chitarra et al. 2026; Volpe et al.
018 ). Not-inoculated (NMYC) and inoculated (MYC) plants were 
rown in 3.2 L pots filled with a mixture composed of 1.8 kg of
0% sand and 30% peat. Five biological r eplicates wer e pr epar ed
or each thesis and tomato genotype for a total of 240 plants (i.e .
 genotypes × 3 irrigation conditions × 4 priming treatments × 2 
noculation conditions × 5 biological replicates). 

Regarding inoculated plants, the inoculum was mixed with 

he substrate (100 ml of inoculum with 300 ml of substrate, 1:4),
nd was added to each pot as a ring containing 200 ml of the
ixtur e, as pr e viousl y described in Giov annini et al. ( 2024 ). The

tudy was carried out from September 2023 to January 2024 at
he PHENO-Lab Platform of the ALSIA ’Metapontum Agrobios’ 
esearc h Centr e, located in Meta ponto (Mater a), southern Ital y

N40 ◦23 ′ E16 ◦47’; Fig. 1 ). Seeds of both tomato varieties were sown
n 15 September 2023, dir ectl y into the 3.2 L pots; the pots were
hen located in a greenhouse under natural light and photoperiod
onditions. During the experimental period, the maximum photo- 
ynthetic photon flux density in the greenhouse ranged between 

50 and 414 μmol photons m 

−2 s −1 , and dail y temper atur e and
 elativ e humidity (RH)v alues av er a ged ∼19.5 ◦C and ∼72%, respec-
iv el y ( Supplementary Table S1 ). Climatic conditions were con-
tantl y monitor ed b y a standar d w eather station located within
he gr eenhouse. Fr om bud br eak to the start of the experiment,
ll plants were regularly irrigated to full pot capacity. Throughout
he experiment, a total of 15 fertigation e v ents wer e conducted
t 2-day intervals, with each event involving the application of
00 ml of fertilizer solution (1 g/L Master 20.20.20, Vala gr o), as con-
 entionall y done for the platform experiments involving tomato 
lants. After about one month from the sowing (a ppr oximatel y
orresponding to the phenological growth stages 17–18 on the 
BCH-scale), a water deficit treatment was imposed on half of
he plants (WS) from each experimental group by progressively 
educing the amount of water provided by irrigation to 30% of the
ot capacity. The remaining plants (NS) were k e pt as controls and
aintained irrigated for the whole experiment. After a period of
30 da ys , half of the WS plants per genotype (4 priming treat-
ents × 2 inoculation conditions × 5 biological replicates) were 

 e water ed to pot capacity and allowed to r ecov er (R). 

https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf064#supplementary-data
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Figure 1. Sc hematic r epr esentation of the adopted experimental set-up (A), phenotyping platform (B), and data collection and sampling times (C). 
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ater deficit time-course 

he water deficit time-course started on 11 October 2023 and
topped on 7 November 2023. During the trial, once plants r eac hed
0% of pot ca pacity, suc h a water str ess le v el was then maintained
or one week. Starting on 7 November 2023, not-sampled plants
five biological replicates per thesis) were rewatered and phys-
ologicall y monitor ed until full r ecov ery (13 Nov ember 2023). R
lants were then grown until fruit maturity. The PHENO-Lab plat-
orm, equipped with a scale installed on the conveyor belt of the
ots, measured the weight loss of each pot, allowing daily changes

n water loss to be monitored by gravimetric measurement of the
ot of plants (RWC pot , %) exposed to water de pri vation ( Video 1 ).
urthermor e, dynamic c hanges in stomatal conductance ( g s ) r ates
nd tr anspir ation r ates ( E ) wer e monitor ed on NS , WS , and R plants
sing a handled por ometer/fluor ometer (LI-600, LI-COR, Lincoln,
E, USA). Gas exc hange measur ements wer e carried out in the
 p  
orning (8 a.m.–11 a.m.) on three healthy fully expanded leaves
er plant. 

Furthermore, the plants subjected to water deficit were mon-
tored by measuring the water loss of the pot during the stress
eriod. Considering the monitoring of water loss due to e v a po-
r anspir ation, at the end of the stress period (7 November 2023),
n both genotypes a decrease of RWC pot values up to ∼30% was
ecor ded, sho wing a similar trend among genotypes and treat-

ents ( Supplementary Figs S1 , S2 ). 

henotyping measurements and data acquisition
rocess 

hoot phenotyping was performed using the Scanalyzer 3D (Lem-
aTec GmbH) for HTPP analysis. Four sequential cameras in-
talled in the HTPP platform took 3D phenotyping images of the
lants ( Video 1 ). The ima ges ca ptur ed for eac h plant wer e: two

https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf064#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf064#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf064#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf064#supplementary-data
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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 

Agr obios’ Researc h Centr e. 
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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 po w er 
of 35 W. Spectral acquisitions were performed sim ultaneousl y 
with the RGB acquisitions . T he collected ima ges wer e subjected 

to a segmentation process and retrievals were performed using 
Python 3.10 with the PlantCV v3.14.3 pac ka ge ( https://plantcv. 
danforthcenter.or g/). Thr ough ima ges, 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 wer e br ought to maturity with fruit production (H; 25 Jan- 
uary 2024; 80 plants were sampled in total). At the full ripening 
sta ge (namel y at sta ge 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 r efr actometer (Hanna Instruments , HI96802). T he 
TSS is a r efr actometric 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 harv est fr om r ehydr ated plants (H). Thr ee biological 
 eplicates wer e sampled for each priming treatment (CTRL, CHI,
HI + MEL, CHI + SA) and water regime condition (NS , WS , R). Af-

erw ar ds, roots w ere gently w ashed with tap water, and incubated
n a KOH solution (10%) for 10 min at 80 ◦C, follo w ed b y overnight
taining at room temperature with 0.1% cotton blue in lactic acid.
 he following da y, the r oots wer e washed and stored in lactic acid.
M fungal colonization was estimated upon a ster eomicr oscope 

Leica S9i Ster eomicr oscope, Switzerland; with 9:1 zoom and with
.1x-55x magnification) using the grid line intersection method 

Giovannetti and Mosse 1980 ). 

iochemical analyses 

iomarker quantification, including c hlor ophyll a (Chl a ), c hlor o-
hyll b (Chl b ), carotenoids, malondialdehyde (MDA), total 
avonoids (TFL), and total phenolic compounds (TPC), was per- 
ormed according to López-Hidalgo et al. ( 2021 ), starting from
0 mg of fresh leaf tissue. 

ta tistical anal ysis 

tatistical analyses were performed using R software (version 

.1.1). Data were first assessed for normal distribution through 

 Sha pir o–Wilk test and then anal ysed using univ ariate (one-way
NOVA) and m ultiv ariate (two- and thr ee-wa y ANOVA) tests . For
olonization data, a tw o-w ay ANOVA test was conducted to e v al-
ate the effect of priming treatment (T), stress condition (S), and

nteraction (T × S). Regarding eco-physiological and phenotyping 
ata, a tw o-w ay ANOVA test w as applied to determine the effect
f priming treatment (T), stress condition (S), and of their interac-
ion (T × S). Additionally, a tw o-w ay ANOVA test was conducted
o determine the effect of stress condition (S), AM fungal inocula-
ion (I), and of their interaction (S × I). Meanwhile, for the number,
eight, and TSS of ripe red fruits, a tw o-w ay ANOVA test w as run

o highlight the effect of genotype (G), AM fungal inoculation (I),
nd of their interaction (G × I). Moreo ver, a one-wa y ANOVA anal-
sis was applied to evaluate the effect of AM fungal inoculation
I) on gas exchange data ( g s , E ) 6 days after being r ehydr ated (13
ovember 2023) and was applied to evaluate the effect of priming

r eatment (T), independentl y of the AM fungal inoculation, on gas
xchange data ( g s , E ) 6 days after being r ehydr ated (13 Nov ember
023). The standard error (SE) of the mean was calculated for all
ata. Significant differences between means were checked by the 
uk e y HSD test ( P ≤ 0.05) and wer e r eported in the figure panels
nly when the priming treatment (T) × stress condition (S) inter-
ction (T × S) or the genotype (G), AM fungal inoculation (I) and
f their interaction (G × I) was significant. 

Data for biochemical analyses (pigments, MD A, TPC , TFC) were
nalysed using a dual approach with the aim of describing the
hole dataset variance. Tw o-w ay ANOVAs were assessed to test

he effect of treatment (T), fungal inoculation (I), and their inter-
ction (T x I) within eac h str ess condition (NS, WS) in both culti-
 ars, using a Bonferr oni post-test method focused on MYC/NMYC
airwise comparisons . Also, three-wa y ANOVAs were performed 

o determine the effect of Treatment (T), fungal inoculation (I),
nd stress conditions (S) and their interactions (T x I, T x S, S x I,
nd T x S x I) within each cultivar. Graphs were generated using
rism v.9.5.0 software (La J olla, C A, USA). 

esults 

nalysis of AM fungal root colonization 

olonization by AMF was c hec ked in root samples of the two geno-
ypes to inspect the presence of the AM fungal structures and the

https://plantcv.danforthcenter.org/
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf064#supplementary-data


6 | FEMS Microbiology Letters , 2025, Vol. 372 

p  

p  

d  

o  

h  

t  

S  

A  

t  

g  

s  

a  

C  

f  

(  

d  

p  

t  

n  

p  

c  

s  

w  

N  

p  

m  

t  

s  

F  

n

E
E
t
w
T  

t  

c  

t  

r  

t  

T  

d  

d  

b  

w  

u  

p  

e  

i
a  

l  

t  

S  

e  

a  

C
a  

t  

t  

o  

(  

t  

o  

t  

c
 

v  

h  

s  

(

C
u
r
T  

w  

f  

i  

i  

o  

e  

u  

t  

N  

o  

c  

p  

d  

w  

N  

a  

s  

l  

s  

e  

D  

b  

g  

r  

m  

i  

s  

S

H
S  

e  

r  

e  

W  

d  

(  

p  

p
 

M  

t  

F  

i
 

p  

H  

e  

(  

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

sle/article/doi/10.1093/fem
sle/fnaf064/8175046 by guest on 29 N

ovem
ber 2025
otential effect of the water conditions (NS , WS , R) and/or seed
riming treatments on fungal growth and development. The con-
ucted analyses indicated that a similar rate of colonization was
v er all ac hie v ed in the two tomato v arieties, whic h both sho w ed
igher colonization values in the samples collected at the end of
he trial (i.e . at harvest; H plants; Supplementary Fig. S4 A and B).
tress (S) was the factor that most significantly influenced the
M fungal colonization le v el in both genotypes, while effects of

he T × S inter action wer e e vident onl y in the r oots of PB. In this
enotype, in fact, upon water deficit (WS), colonization r ates wer e
ignificantly higher in the roots collected from PB_MYC_CHI + SA
nd PB_MYC_CHI + MEL than those taken fr om untr eated and
HI-tr eated plants, likel y suggesting that this v ariety was in a dif-

er ent str ess status and/or mounted a differ ent str ess perception
 Supplementary Fig. S4 A). Conv ersel y, SMN r oot samples did not
isplay any significant change in AM fungal colonization, inde-
endently of the priming treatments . Furthermore , in both geno-
ypes, irr espectiv e of seed chemical priming, a statistically sig-
ificant difference was observed at harvest between NS and WS
lants ( Supplementary Fig. S4 and Supplementary Table S2 ). This
ould be ascribed to the fact that AM fungal pr opa gules wer e
till growing after stress imposition; nonetheless, timing effect,
hich could have influenced the colonization between WS and
S plants (26 days from sowing to the start of water deficit im-
osition vs 57 days from sowing to the end of water stress treat-
ent), cannot be excluded. The micr oscopic observ ations allo w ed

o verify the presence of the typical intraradical fungal structures
uch as hyphae , arbuscules , coils , and vesicles ( Supplementary
ig. S4 C). No AM fungal colonization structures were detected in
ot-inoculated roots (data not shown). 

co-physiological parameters 

ffect of the AM fungal inoculation and priming 

reatments on tomato eco-physiological responses to 

ater deficit 
he effects of seed priming on the plant tolerance to water limi-
ation were first investigated by analysing eco-physiological data
onsidering NMYC and MYC plants separ atel y (Fig. 2 ). Under wa-
er de pri vation, both genotypes sho w ed a statistically significant
eduction in the rates of stomatal conductance ( g s ) and tr anspir a-
ion ( E ) in comparison with NS plants (Fig. 2 and Supplementary
able S3 ). P articularl y, in NMYC plants, at the end of the water
eficit imposition (7 November 2023), no statistically significant
ifferences in g s (Fig. 2 a and b) and E (Fig. 2 c and d) were observed
etween plants subjected to diverse seed priming treatments,
hich sho w ed g s and E v alues ov erla pping with those measur ed in
ntreated plants (CTRL_WS). The same result also emerged com-
aring CTRL and primed plants in NS conditions during the whole
xperimental duration (Fig. 2 a-d). Looking at inoculated plants,
n both genotypes, the presence of the AM fungus influenced g s 
nd E le v els during the entir e water deficit time-course, r egard-
ess of the seed priming treatment, leading to values closer to
hose of NS plants compared with NMYC_WS plants (Fig. 2 e-h).
uch a condition was particularly evident in SNM plants at the
nd of the water shortage imposition both in terms of g s (Fig. 2 f)
nd E (Fig. 2 h), with the only exception being plants treated with
HI (SMN_MYC_CHI_WS), which displayed significantly lo w er g s 
nd E values (Fig. 2 f and h). In the absence of stress, PB plants
reated with CHI (PB_MYC_CHI_NS) sho w ed the highest transpira-
ion le v els (Fig. 2 g). Notabl y, this effect did not occur in NS plants
f SMN, which all experienced similar E levels at this time point
Fig. 2 h). This finding supports the notion that the biological ac-
ivity of chemical priming treatments could be modulated based
n the plant genotype, and further confirms the importance of
esting these molecules in different crop varieties. During the re-
overy phase (grey rectangle in Fig. 2 ), all plants stabilized at g s
 alues av er a ging ∼0.5 mol H 2 O m 

−2 s −1 . Notabl y, 6 days after r e-
ydr ation (13 Nov ember 2023), no significant differ ences wer e ob-
erved among plants subjected to the diverse priming treatments
Fig. 2 and Supplementary Table S4 ). 

omparati v e effects between mycorrhizal and 

ninoculated tomato plants on eco-physiological 
esponses to water deficit 
he effects of the AM fungal symbiosis in tomato tolerance to
 ater limitation w er e also e v aluated by anal ysing data collected

rom all MYC and all NMYC plants, independently of seed prim-
ng. First, it is worth noting that g s and E rates were significantly
nfluenced by stress (S), inoculation (I) and the S × I interaction
nly in SMN, and by S and S × I in PB, ther efor e confirming the
stablishment of specific genotype-dependent responses to inoc-
lation (Fig. 3 and Supplementary Table S5 ). It also deserves atten-
ion that AM fungal inoculation ov er all r educed g s and E r ates in
S plants; this effect was significant and more evident in plants
f the PB variety (Fig. 3 a and c). Moreover, in PB plants, gas ex-
 hange le v els wer e significantl y differ ent when NMYC and MYC
lants wer e compar ed in str essed (WS) and not-str essed (NS) con-
itions , although an in v erted tr end was observ ed based on the
ater treatment (Fig. 3 a and c). The major differences between
MYC and MYC plants wer e ov er all observ ed upon water deficit,
s in both genotypes the inoculated plants (MYC_WS) sho w ed
ignificantly higher g s and E values with respect to not inocu-
ated ones (NMYC_WS). Ther efor e, the effects of stress-associated
tomatal limitation on gas exc hange r ates wer e significantl y less
vident in MYC plants at the end of the stress period (Fig. 3 a and b).
uring the r ecov ery period (gr ey r ectangle in Fig. 3 ), the differ ence
etween MYC and NMYC plants was less marked, as in all plants
 s values stabilized at ∼0.5 mol H 2 O m 

−2 s −1 . Notably, 6 days after
 ehydr ation (13 Nov ember 2023), and r egardless of priming tr eat-
ent, MYC plants had higher g s and E values than NMYC plants,

n both genotypes, except for g s values in SMN, which sho w ed no
ignificant difference between MYC and NMYC plants (Fig. 3 and
upplementary Table S6 ). 

igh-throughput plant phenotyping 

tress (S) was the main factor explaining the investigated param-
ters (Figs 4 and 5 , for Principe Borghese and San Marzano nano,
 espectiv el y). This was particularl y e vident for the PSA, as at the
nd of water deficit, NS plants showed almost twice the area of
S plants, both in the presence and absence of AMF (Fig. 4 c and

; Fig. 5 c and d). Conv ersel y, the effect of seed priming treatments
T), alone or in interaction with S, did not significantly affect this
arameter in both genotypes, independently of the AM fungal
resence (Figs 4 and 5 and Supplementary Table S7 ). 

Unlike HAR and SSV, differences between MYC_WS and
YC_NS plants in terms of PSA were more marked in both geno-

ypes at the end of the water stress time-course (Fig. 4 d and
ig. 5 d), in a gr eement with the observed eco-physiological dynam-
cs (Fig. 3 ). 

Considering MYC and NMYC samples together, regardless of
riming agents , MYC plants displa yed significant differences in
AR compared with NMYC plants, showing lower values at the
nd of the stress imposition, and particularly in SMN plants
Fig. 6 a and b and Supplementary Table S8 ). Conv ersel y, the in-

https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf064#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf064#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf064#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf064#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf064#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf064#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf064#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf064#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf064#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf064#supplementary-data
https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf064#supplementary-data
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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 ( g s , mol H 2 O m 

− 2 s −1 ) and (C, D and G, H) leaf tr anspir ation ( E , mmol H 2 O m 

−2 s −1 ) 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 lo w er-case letters denote significant differences according to Tuk e y HSD test ( P ≤ 0.05) and are 
r eported onl y when the priming tr eatment (T) × str ess condition (S) inter action (T × S) is significant. ns, ∗, ∗∗, ∗∗∗: not significant or significant at 
P ≤ 0.05, P ≤ 0.01, and P ≤ 0.001, r espectiv el y. The dashed red rectangle highlights the end of the water stress imposition, whereas the grey rectangle 
indicates the period of r ecov ery following plant r ehydr ation. CTRL: untr eated, CHI: tr eated with c hitosan, CH + SA: tr eated with c hitosan + salicylic 
acid, CHI + MEL: treated with chitosan + melatonin, NS: not-stressed, WS: water stress. 
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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 ( g s , 
mol H 2 O m 

− 2 s −1 ) and ( C and D ) leaf tr anspir ation ( E , mmol H 2 O m 

−2 s −1 ) in NS and WS plants. All r esults ar e r eported 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 
pr esent, differ ent lo w er-case letters denote significant differences accor ding to Tuk e y HSD test ( P ≤ 0.05) and ar e r eported onl y when the str ess 
condition (S) x inoculation (I) interaction (S × I) is significant. ns, ∗, ∗∗, ∗∗∗: not significant or significant at P ≤ 0.05, P ≤ 0.01, and P ≤ 0.001, r espectiv el y. 
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 
r ecov ery following plant r ehydr ation. CTRL: untr eated, CHI: tr eated with c hitosan, CH + SA: tr eated with c hitosan + salicylic acid, CHI + MEL: tr eated 
with chitosan + melatonin, NS: not-stressed, WS: water stress. 
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culation did not significantly affect the PSA parameter indepen-
ently of genotype and stress conditions (NS and WS, Fig. 6 c and
). Furthermore, the SSV index was significantly influenced by S,
, and the S × I interaction in plants of the PB genotype, while in
MN it was only affected by I (Fig. 6 e and f). Notably, in both geno-
ypes, the AM fungal inoculation increased the SSV index upon
ater deficit, leading to values comparable with those obtained

n NS plants, ther efor e suggesting a r ole of AM fungal inocula-
ion in the modulation of plant stress response (Fig. 6 e and f and
upplementary Table S8 ). 

https://academic.oup.com/femsle/article-lookup/doi/10.1093/femsle/fnaf064#supplementary-data
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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 
pr esent, differ ent lo w er-case letters denote significant differences accor ding to Tuk e y HSD test ( P ≤ 0.05) and ar e r eported onl y when the priming 
treatment (T) × stress condition (S) interaction (T × S) is significant. ns, ∗, ∗∗, ∗∗∗: not significant or significant at P ≤ 0.05, P ≤ 0.01, and P ≤ 0.001, 
r espectiv el y. The dashed red rectangle highlights the end of the water stress imposition; whereas the grey rectangle indicates the period of recovery 
following plant r ehydr ation. CTRL: untr eated, CHI: tr eated with c hitosan, CH + SA: tr eated with c hitosan + salicylic acid, CHI + MEL: tr eated 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 lo w er-case letters denote significant differences according to Tuk e y HSD test ( P ≤ 0.05) and are reported only 
when the priming treatment (T) × stress condition (S) interaction (T × S) is significant. ns, ∗, ∗∗, ∗∗∗: not significant or significant at P ≤ 0.05, P ≤ 0.01, 
and P ≤ 0.001, r espectiv el y. The dashed r ed r ectangle highlights the end of the water str ess imposition, wher eas the gr ey r ectangle indicates the period 
of r ecov ery following plant r ehydr ation. CTRL: untr eated, CHI: tr eated with c hitosan, CH + SA: tr eated with c hitosan + salicylic acid, CHI + MEL: 
treated with chitosan + melatonin, NS: not-stressed, WS: water stress. 
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Figure 6. Effects of AM fungal inoculation, independently of seed priming treatment, on the high-throughput phenotyping parameters: (A and B) 
height abov e r efer ence, (C and D) pr ojected shoot ar ea, and (E and F) solidity side view, in two Italian genotypes (Principe Borghese, San Marzano nano), 
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 lo w er-case letters denote significant differences according to Tuk e y HSD test ( P ≤ 0.05) and are reported only 
when the stress condition (S) × inoculation (I) interaction (S × I) is significant. ns, ∗, ∗∗, ∗∗∗: not significant or significant at P ≤ 0.05, P ≤ 0.01, and 
P ≤ 0.001, r espectiv el y. The dashed red rectangle highlights the end of the water stress imposition, whereas the grey rectangle indicates the period of 
r ecov ery following plant r ehydr ation. CTRL: untr eated, CHI: tr eated with c hitosan, CH + SA: tr eated with c hitosan + salicylic acid, CHI + MEL: tr eated 
with chitosan + melatonin, NS: not-stressed, WS: water stress. 
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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) av er a ge 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 
pr esent, differ ent lo w er-case letters denote significant differences 
according to Tuk e y HSD test ( P ≤ 0.05) and are reported only when the 
genotype (G) × inoculation (I) interaction (G × I) is significant. ns, ∗, ∗∗, 
∗∗∗: not significant or significant at P ≤ 0.05, P ≤ 0.01, and P ≤ 0.001, 
r espectiv el y. CTRL: untr eated, CHI: tr eated with c hitosan, 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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mpact of seed priming treatments and AM 

ungal inoculation on fruit production and 

uality 

ecause the seed priming treatments did not significantly im-
act the ov er all fruit pr oduction ( Supplementary Fig. S5 and
upplementary Table S9 ), the collected data were analysed only
onsidering MYC and NMYC as the source of variability (Fig. 7 and
upplementary Table S10 ). The fruit yield was significantly influ-
nced by the genotype (G), the inoculation (I), and their interaction
G × I). In detail, the av er a ge number of ripe red fruits per plant
ignificantl y incr eased in PB inoculated with AMF with respect to
ot-inoculated plants as well as with respect to SMN_NMYC and
MN_MYC (Fig. 7 a). Conv ersel y, no differ ences wer e observ ed be-
ween NMYC and MYC plants in terms of av er a ge weight of red
ruits and total soluble solids (Fig. 7 b). It is also worth noting that,
nlike PB, SMN plants sho w ed a significant increase in the av er a ge
eight of red fruits, regardless of inoculation (Fig. 7 b). Nonethe-

ess , PB fruits displa yed significantl y higher v alues of total soluble
olids compared with SMN (Fig. 7 c), therefore highlighting a geno-
ype effect. 

M fungal inoculation influences biochemical 
tress markers 

ata reported in Supplementary Fig. S6 indicate that the Chl a
ontent was affected in some treatments due to AM fungal in-
culation. In PB, a tw o-w ay ANOVA of w ell-w atered samples (NS,
upplementary Fig. S6 A) indicated that only the treatment (T) ef-
ect was statistically significant. Conversely, the analysis of PB-
tressed samples ( Supplementary Fig. S6 B) revealed that the Chl
 content was significantly affected by treatment (T), inoculation
I), and their interaction (T × I). Ho w e v er, significant c hanges as-
ociated with AM fungal inoculation were noticed when Chl a
oncentr ations wer e measur ed in CHI + SA samples. Results ob-
ained fr om SMN wer e compar able with those collected from PB
lants under control conditions ( Supplementary Fig. S6 C). Accord-

ngl y, the tr eatment (T) was the factor that most significantly af-
ected the Chl a content, particularly in CHI + SA-treated plants.
astl y, no statisticall y significant c hanges wer e observ ed in WS
MN samples ( Supplementary Fig. S6 D). To better understand the
ffect of AM fungal inoculation, a three-w ay ANOVA w as per-
ormed within each cultivar, PB ( Supplementary Fig. S6 E) and SMN
 Supplementary Fig. S6 F), but no significant results emerged. 

Independentl y of str ess conditions, Chl b content in PB plants
as only affected by treatment (T) (NS, Supplementary Fig. S7 A;
S, Fig. S7 B). Analysis of SMN samples underlined that Chl b con-

ent was mainly influenced by the factor interaction (T × I), both
pon NS and WS conditions ( Supplementary Fig. S7 C, D). Results

rom a three-way ANOVA test showed that AM fungal inocula-
ion did have no impact on the Chl b content in both cultivars
 Supplementary Fig. S7 E, F). 

Significant changes in carotenoid content were observed in
B under both NS and WS conditions. In not-stressed samples
 Supplementary Fig. S8 A), Treatment (T) and the T × I interac-
ion exerted a significant effect, as well as it emer ged fr om the
airwise comparison of MYC_CHI and MYC_CHI + SA plants,
ith the latter treatment reporting a significant increase in the
nal ysed par ameter ( Supplementary Fig. S8 A). The same tr end
as also observed in stress conditions (Supplementary Fig. S8B).

n fact, carotenoid concentrations were influenced by Treatment
T), Inoculation (I), and their interaction, showing an increase in

YC_CHI + SA-treated plants. Although not significant, a slight
ncrease in carotenoid amounts was also noticed in inoculated
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SMN plants upon NS conditions ( Supplementary Fig. S8 C). Con- 
v ersel y, in SMN plants exposed to WS, the carotenoid content sig- 
nificantl y incr eased in MYC_CHI and MYC_CHI + SA-treated sam- 
ples ( Supplementary Fig. S8 D). Accordingl y, r esults fr om a thr ee- 
way ANOVA attested that the Inoculation factor (I) was statisti- 
cally significant in both cultivars ( Supplementary Fig. S8 E, F). Re- 
garding Chl a/b data, statistically significant differences mainly 
occurred in PB under stress conditions (WS) ( Supplementary Fig. 
S9 A, B), with significant effect of Treatment (T), Inoculation (I),
and T × I inter action. Notabl y, an incr ease in this par ameter was 
particularl y e vident in CHI + SA-tr eated 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 × I inter- 
action in irrigated plants ( Supplementary Fig. S9 C, D). Cultivar- 
dependent differ ences wer e also r e v ealed 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. S9 E). Dif- 
fer ences between cultiv ars wer e also observ ed in terms of MDA 

concentr ation, whic h, r egardless of stress condition, were sig- 
nificantly affected by both Treatment (T) and T × I interaction 

( Supplementary Fig. S10 A, 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. S10 C). Nonetheless, a significant im- 
pact of both T and T × I on this par ameter emer ged fr om the anal- 
ysis of WS plants ( Supplementary Fig. S10 D). T hree-wa y ANOVA 

data confirmed these changes ( Supplementary Fig. S10 E, F). Anal- 
ysis of TFL in PB plants highlighted a significant effect of Treat- 
ment (T), Inoculation (I), and of the T × I interaction upon both 

irrigation and water deficit conditions ( Supplementary Fig. S11 A,
B). In SMN, the AM fungal inoculation did affect the TFL content 
onl y in str essed conditions ( Supplementary Fig. S11 D). Notabl y,
a marked increase in TFL amounts was observed by comparing 
NMYC and MYC SMN plants upon water deficit ( Supplementary 
Fig. S11 D) in a gr eement with the results of a three-way ANOVA 

( Supplementary Fig. S11 E, F). Additionally, the TPC content sig- 
nificantl y c hanged in PB plants based on all tested factors (T, I,
T × I significant, Supplementary Fig. S12 A), 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. S12 C).
Conv ersel y, upon WS, onl y Inoculation (I) and the T × I interac- 
tion wer e r esponsible for quantitativ e c hanges in this parameter 
( Supplementary Fig. S12 D). The effect of AM fungal inoculation in 

both genotypes also emerged from the three-way ANOVA results 
( Supplementary Fig. S12 E, F). 

Discussion 

In r ecent years, se v er al 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 , Riv er o 
et al. 2018 , Volpe et al. 2018 , Lidoy et al. 2023 , Giovannini et al.
2024 ). P articularl y, it has been r ecentl y demonstr ated that c hem- 
ical seed treatments and AM fungal symbiosis modulated both 

transcriptome and metabolome by eliciting the plant antioxidant 
and osmoprotectant pathwa ys , also impro ving plant adaptation 

to abiotic str esses (Giov annini et al. 2024 ). Here, we focused on 

the potential effects of chemical seed treatments (CHI, CHI + SA,
CHI + MEL), both alone and in combination with AM fungal in- 
oculation in pot, considering two Italian tomato varieties (San 
arzano nano and Principe Borghese) and the use of an auto-
ated HTPP platform. 
In a gr eement with Giov annini et al. ( 2024 ), c hemical seed prim-

ng agents did not strongly affect the ability of AM fungi to col-
nize roots, at the diverse considered time points, with the ex-
eption of the Principe Borghese mycorrhizal plants treated with 

HI + SA and CHI + MEL under water stress conditions . T his re-
ult aligns with the observation that plant responses to stress
nd priming treatments may vary, depending on the genotype un-
er consider ation. Accordingl y, similar genotype-dependent v ari- 
tions wer e r ecorded in peanut seeds primed with melatonin and
 v aluated under water deficit conditions following an HTPP ap-
r oac h (de Camargo Santos et al. 2024 ). Although the benefits of
M fungal symbiosis are well documented in the liter atur e, their
xploitation remains difficult due to the inconsistency of results 
hen applied in production systems . T his variability is influenced
ot only by environmental factors, affecting the development and 

unctioning of the symbiosis, but also by the functional diversity
ue to the symbiont genotypes involved in the interactions (Hart 
t al. 2018 , Holland et al. 2018 , Orine et al. 2022 , Lidoy et al. 2023 ).

mpact of mycorrhizal inoculation and seed 

hemical priming agent treatment on the 

hysiological performance of tomato 

v er all, although low le v els of AM fungal colonization were ob-
erved, AM fungal inoculation was the main factor affecting 
ater–plant r elations. Mor eov er, although the colonization lev-
ls observ ed her e wer e lo w er than those pr e viousl y r eported in
omato plants (Chitarra et al. 2016 , Giovannini et al. 2024 ), this
ondition could most likely be associated with the standard cul-
iv ation mana gement adopted in the phenotyping platform (e.g .
ertilization, substrate, etc.; Berruti et al. 2013 ). Ho w ever, micro-
cope observations confirmed the presence of typical intraradi- 
al structures of AMF symbiosis, such as intraradical hyphae, ar- 
uscules , and vesicles . T hese structures , including the extr ar adi-
al mycelium, which allows the fungus to explore the surround-
ng substrate, enhance the water uptake capacity of the root sys-
em, facilitating the exchange of nutrients (such as phosphorus 
nd nitrogen) even under abiotic stress conditions (Ruiz-Lozano 
t al. 2016 , Chitarra et al. 2016 , Begum et al. 2019 a, Begum et al.
019 b). Additionall y, Chialv a et al. ( 2023 ) hav e r ecentl y demon-
tr ated that, e v en at a low le v el of AM fungal colonization, a
tr ong systemic r esponse occurr ed in two differ ent Coffea arabica
enotypes , impro ving eco-physiological and plant nutrition per- 
ormances. 

At least in our experimental conditions, the priming agents 
id not str ongl y influence the plant physiological r esponse to the

mposed stress (30% of RWC pot ). This is partially in agreement
ith what was pr e viousl y observ ed in another tomato genotype

 cv . Mone ymak er) by Giovannini et al. ( 2024 ). Some discrepancies
ould be ascribed to the specific genotype and adopted priming
gents, but also to the severity level of the imposed stress, sug-
esting in the present work a pr e v alent r ole for the AMF when
tress conditions are less severe (Volpe et al. 2018 ). Under well-
ater conditions (NS) and in both varieties, AM fungal inocula-

ion reduced gas exchange levels, likely suggesting the establish- 
ent of a water-saving strategy that could be beneficial for the

lant upon water deficit. In fact, during water deficit, MYC plants,
egardless of seed priming treatments, sho w ed higher stomatal 
onductance and tr anspir ation r ates than NMYC plants, suggest-
ng that AMF-colonized plants perceive the stress condition less,
onsistent with pr e vious w orks sho wing an effect of AM fungal
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noculation on water str ess toler ance in se v er al plant species, in-
luding tomato (Augé et al. 2015 , Chitarra et al. 2016 , Ruiz-Lozano
t al. 2016 , Balestrini et al. 2017 , Volpe et al. 2018 , Riv er o et al.
018 ). In se v er al cr ops, including tomato (Chitarr a et al. 2016 ), it
s w ell kno wn that AMF can mitigate the effects of stressful con-
itions by reducing the ROS impact through the activation of the
ntioxidant pathwa ys . T his leads to protecting the photosynthetic
 ppar atus avoiding electr on tr ansport disruption and ener gy dis-
ipation, in turn maintaining photosynthesis activity and improv-
ng plant performances upon stress conditions (Nerva et al. 2022b ,
erva et al. 2022c , Chitarra et al. 2016 c, Calvo et al. 2024 ). Here, the

noculation with an AM fungus led to an increase in carotenoids
nd TFL in CHI + SA-treated plants under water deficit, although
ith a genotype-dependent response . T he observed effect mainly

n MYC_CHI + SA plants is in a gr eement with a pr e vious work,
howing a synergistic effect of CHI + SA and AM fungal coloniza-
ion on the tomato response to stress (Giovannini et al. 2024 ). The
ole of carotenoids and flavonoids in crops under drought stress,
articularly in the context of AMF inoculation, has been exten-
iv el y inv estigated as it is critical for enhancing plant resilience to
ater deficit conditions. Carotenoids are w ell-kno wn compounds

or their function in protecting chlorophyll from photodamage,
r e v enting photoinhibition, while fla vonoids pla y a k e y role in mit-

gating o xidati v e str ess under biotic and abiotic str ess, also act-
ng as signal molecules. Recent r esearc h indicates that AMF in-
culation can significantly improve the physiological responses
f plants under drought conditions. For instance, an increase in
arotenoid content was documented in AMF-inoculated plants,
hich allo w ed mitigating photosystem damages during a spell of
r ought. Specificall y, it was observ ed that AMF favour ed the main-
enance of c hlor ophyll le v els alongside an incr ease in v arious
econdary metabolites, including carotenoids (Chen et al. 2020 ,
uang et al. 2024 ). AMF inoculation also increased the content
f phenolic compounds, particularly of flavonoids, in plants expe-
iencing dr ought str ess, ther eby enhancing their ability to coun-
eract o xidati ve damage (Begum et al. 2019 a, Begum et al. 2019 b,
khoundnejad and Baran 2023 , Yuan et al. 2024 ). T herefore , the

ncr ease in car otenoid and flavonoid contents in AMF-inoculated
rops under drought conditions may significantly contribute to
he enhancement of dr ought toler ance thr ough the pr eserv ation
f photosynthetic efficiency and the mitigation of o xidati v e str ess.

Although water potential data were not measured, in terms of
ioc hemical str ess markers and g s measur ements, our r esults ar e

n line with the fact that plants were exposed to a mild water
eficit condition, as pr e viousl y r eported (Volpe et al. 2018 ). It is
orth noting that at the end of the experiment, prior to the re-

o very phase , MYC_NS plants displa y ed lo w er g s and E values,
uggesting that the presence of the fungus under not-stressed
onditions allows the host plants to pr eserv e mor e water, leading
hem to a priming status (Giovannini et al. 2024 ). Although func-
ional biological mechanisms at the basis of the correlation be-
ween priming treatments and AMF inoculation and impr ov ement
f gas exchanges need more in-depth inv estigation, pr e vious stud-
es highlighted a direct connection between the regulation of wa-
er transport and ABA metabolism in plants inoculated with AMF
Chitarra et al. 2016 , Kakouridis et al. 2022 ). Such experimental ev-
dence supports what was observed in our study in terms of phys-
ological dynamics. HTPP analysis did not show strong differences
etw een the tw o genotypes, but lo w values of SSV could suggest
n increased wilting (Petrozza et al. 2023 ). In both cultivars, in fact,
he influence of AMF was significantly evident in terms of SSV
ndex, which indicates how much of the hull area is covered by
eaves and is calculated as the projected shoot ar ea/conv ex hull
r ea fr om plant ima ges. Looking at the pr oductivity, fruit par am-
ters have been checked in MYC and NMYC plants, showing a sig-
ificant effect of the inoculation only in PB plants, where the num-
er of red fruits was higher, independent of the priming agents.
or the other parameters, the only effect is due to the considered
enotype. Ov er all, positiv e AM symbiosis-mediated effects in im-
roving tomato fruit yield have been reported in the liter atur e,

ikely due to induced physiological and metabolic changes in col-
nized plants (Subramanian et al. 2006 , Fracasso et al. 2020 , Alam
t al. 2023 , Soussani et al. 2023 ). Our results are in line with the
ndings reported by Bowles et al. ( 2016 ) under field conditions.
hese authors suggested, in fact, that the AM symbiosis enhanced
cosystem services, such as yield, through improved nutrient and
ater uptake, and physiological performance. Additionally, it has
een already reported that colonization by AM fungi accelerates
o w ering and fruit de v elopment, in turn incr easing the fruit pr o-
uction (Salvioli et al. 2012 ). Nonetheless, during the r ecov ery
hase, the differences between MYC and NMYC SMN plants di-
inished to similar values at the end of the experiment. By con-

rast, MYC PB plants exhibited a consistently increasing trend,
hic h e v entuall y aligned with NMYC plants to w ar ds the end of

he r ecov ery period. Notabl y, thr oughout the entir e experimental
eriod, the SSV index data for NS plants sho w ed an increasing
rend in the presence of AMF, a pattern particularly pronounced
n plants of the SMN genotype . T hese findings further highlight
hat AM root colonization can significantly improve the overall
lant performances e v en under mild water deficit conditions, ul-
imately allowing to maintain yield production and fruit quality. 

In summary, our experimental setting allo w ed demonstrating
he possibility to successfully apply HTPP approaches to study
he effects of treatment with diverse priming agents as well as
M fungal inoculation on plants exposed to abiotic stress (i.e .
ater deficit). In detail, although the imposed water stress was
ild (up to 30% of RWC soil ), the array of dataset analysed clearly

ighlights the main role play ed b y AM fungal symbiosis in al-
e viating the str ess effects . T he results further support the use
f AMF-based inocula as a strategy to reduce water and fertil-
zer inputs, also contributing to climate change mitigation. The
 esults ar e in a gr eement with those ac hie v ed by Giov annini et
l. ( 2024 ), r e v ealing that AMF inoculation and chemical priming
nfluenced tomato responses to water deficit by inducing signifi-
ant changes in the transcriptome and metabolome. Particularly,
he main molecular c hanges wer e associated with the activation
f antioxidant defences and osmopr otectiv e mec hanisms, under-
ying the potential of AMF contribution in boosting the ov er all
lant stress resilience . T his approach well aligns with the Sus-
ainable De v elopment Goals established by the United Nations
 https:// sdgs.un.org/ goals ). 
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