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Abstract 28 

It is well known that AM symbiosis provides several ecosystem services leading to plant adaptation 29 

in different environmental conditions and positively affects physiological and production features. 30 

Although beneficial effects from grapevine and AM fungi interactions have been reported, the impact 31 

on growth-defence tradeoffs features has still to be elucidated. In this study, the potential benefits of 32 

an inoculum formed by two AM fungal species, with or without a monosaccharide addition, were 33 

evaluated on young grapevine cuttings grafted onto 1103P and SO4 rootstocks. Inoculated and non-34 

inoculated plants were maintained in potted vineyard substrate under greenhouse conditions for three 35 

months. Here, agronomic features were combined with biochemical and molecular techniques to 36 

assess the influence of the different treatments. Despite the opposite behaviour of the two selected 37 

rootstocks, in AM samples the evaluation of gene expression, agronomic traits and metabolites 38 

production, revealed an involvement of the whole root microbiome in the growth-defence tradeoffs 39 

balancing. Noteworthy, we showed that rootstock genotypes and treatments shaped the root-40 

associated microbes, stimulating plant growth and defence pathways. Progresses in this field would 41 

open new perspectives, enabling the application of AMF or their inducers to achieve a more 42 

sustainable agriculture also in light of the ongoing climate change.  43 
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Introduction 60 

Grapevine is one of the most cultivated crop worldwide since its great economic importance resulting 61 

from grape and wine production, and commercialization (Chitarra et al. 2017). For this reason, over 62 

the years viticulture industry has selected several cultivars showing different traits (i.e., flavour, 63 

yields, colour) influenced by geology, soil-scape and climate features, driving some major wine 64 

peculiarities (Priori et al. 2019). These components, and their interactions, concur to define the terroir 65 

of a particular environment (Resolution OIV/VITI 333/2010). Besides scion variety features, 66 

rootstocks are able to strongly affect scion performances by means of water transport, biochemical 67 

and molecular processes, impacting the whole plant functions and its response to biotic/abiotic stress 68 

factors (Chitarra et al. 2017). In the last decade, research on scion/rootstock interactions strongly 69 

increased, aiming to develop more sustainable practices against pests and ameliorating plant 70 

adaptability to the ongoing climate change (Lovisolo et al. 2016; Warschefsky et al. 2016; Zombardo 71 

et al. 2020). Key drivers influencing defence features and adaptive traits are thought to be the 72 

microbial communities residing in plant tissues. To date, several studies reported evidence about their 73 

influence on physiological performances (e.g., production of flavours, hormones, VOCs) in many 74 

plants, including grapevine, where residing microbiota contribute to defining the microbial terroir 75 

(Gilbert et al. 2014).  76 

According to the Intergovernmental Panel on Climate Change (IPCC 2014), an increase in the 77 

global surface temperature is expected over the next years, affecting crop production as a 78 

consequence of the predicted occurrence of biotic and abiotic stresses (Mittler and Blumwald 2010). 79 

To achieve resilience to stress, numerous efforts have been done over the years, such as the adoption 80 

of specific breeding programs and genetic engineering approaches (Cushman and Bohnert 2000). 81 

Researchers have been focusing just recently their attention on the exploitation of ‘native’ plant 82 

defence mechanisms (e.g. hormone signalling, plant immunity activation) against biotic and abiotic 83 

stressful factors (Feys and Parker 2000; Jones and Dangl 2006; Hirayama and Shinozaki 2007). The 84 

triggering of these responses can occur using chemical treatments (Balestrini et al. 2018), root-85 

associated microorganisms and RNA interference technologies (Alagna et al. 2020), leading plants 86 

in a state of alertness - ‘Primed state’ or ‘Priming’ – and enabling them to respond more quickly and 87 

robustly in case of the exposure to a stress (Beckers and Conrath 2007).  88 

Among soil beneficial microorganisms, arbuscular mycorrhizal fungi (AMF) establish 89 

symbioses with the majority of land plants showing an important role in providing nutrients, 90 

particularly phosphate and N, but also water and other elements to the host plant (Jacott et al. 2017; 91 

Balestrini and Lumini 2018). Mycorrhizal symbiosis is able to influence plant growth and 92 

productivity and enhance the tolerance to biotic and abiotic stresses as demonstrated in many crops 93 
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(Balestrini and Lumini 2018; Balestrini et al. 2018; Alagna et al. 2020). In addition, AM fungi are 94 

able to increase aggregation of soil surrounding roots, improving soil matrix stability and 95 

physicochemical characteristics (Uroz et al. 2019).  Grapevine roots are naturally colonized by native 96 

AM fungi with a great impact on growth, yield, quality and development performances (Deal et al. 97 

1972; Karagiannidis et al. 1995; Linderman and Davis 2001; Trouvelot et al. 2015). Thanks to the 98 

application of metagenomics approaches to soil and roots, new insights about the AMF living in 99 

symbiosis with grapevine have been discovered (Balestrini et al. 2010; Holland et al. 2014; Balestrini 100 

and Lumini 2018). 101 

Rootstocks-mediated adaptation to a specific environment is based on the growth-defence 102 

trade-offs-mediated mechanisms (Chitarra et al. 2017). Trade-off phenomenon was firstly observed 103 

in forestry plants-insect interaction studies and is based on the idea that the limited carbon resources 104 

produced by photosynthesis are allocated toward growth or defence processes in order to maximize 105 

the adaptation strategies and fitness costs in diverse environments (Huot et al. 2014; Chitarra et al. 106 

2017; Züst and Agrawal 2017). Stresses impair plant growth, redirecting energy and carbon sources 107 

toward defence, reducing growth and reproduction performances (Bandau et al. 2015; Züst and 108 

Agrawal 2017). Recently, it was suggested that through a meta-analysis, that the increased plant 109 

resistance promoted by Epichloë fungal endophytes does not compromise plant growth, eliminating 110 

the trade‐off between growth and defence (Bastías et al. 2021). A role in tradeoffs balance has been 111 

demonstrated also for AM symbioses, improving nutrient uptake, disease tolerance and abiotic stress 112 

resilience (Jacott et al. 2017). 113 

In this study, we aimed to evaluate if AM fungi and rootstocks can concomitantly contribute 114 

to fine-tuning growth-defence tradeoffs features in grapevine, thus enabling plants to trigger earlier 115 

and enhanced defence responses against a potential stressor. The use of specific molecules that can 116 

promote the AM fungal colonization have been proposed to improve mycorrhizal inoculum 117 

applications under practical field condition (Bedini et al. 2018). In this context, an affordable strategy 118 

is the application at low doses of oligosaccharides (i.e., glucose, fructose, and xylose) that have a 119 

stimulant effect on AM symbiosis colonization (Lucic and Mercy 2014 - Patent application 120 

EP2982241A1). These compounds, initially called as elicitors, in relation to the impact on plant 121 

defense, can promote mycorrhizal performances and, for this reason, the term “inducer” was proposed 122 

(Bedini et al. 2018). In this work, the impact of an inoculum formed by two AMF species 123 

(Funneliformis mosseae and Rhizophagus irregularis), already reported among the species present in 124 

vineyards (Berruti et al. 2018), with or without  the addition of a monosaccharide (D-glucose) at low 125 

dose (the so called inducer), has been evaluated on young grapevine cuttings cv. Glera grafted onto 126 

1103 Paulsen and SO4 rootstocks, well known to trigger an opposite growth-defence behaviour in 127 
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the scion. The effect of the several treatments on the root-associate microbiota has been also 128 

evaluated, to verify the response mediated by the AM and its recruited mycorrhizosphere. 129 

 130 

Materials and methods 131 

 132 

Biological materials and experimental set-up 133 

Two hundred one year-old dormant vines of ‘Glera’ cultivar grafted onto 1103 Paulsen (1103P) and 134 

SO4 rootstocks certified as ‘virus free’ were purchased from an Italian vine nursery (Vivai 135 

Cooperativi Rauscedo, Italy; http://www.vivairauscedo.com). Vine roots were washed with tap water 136 

and cut to about 4 cm before plantation in 2 L pot containers filled with not sterilized substrate mixture 137 

of vineyard soil/Sphagnum peat (8:2, v:v) to better simulate the field conditions. The substrate 138 

composition was a sandy-loam soil (pH 7.8; available P 10.4 mg kg-1; organic matter 1.80 %; cation 139 

exchange capacity 20.11 mew 100 g-1). 140 

Grapevine cuttings were inoculated with AMF mixed inoculum (INOQ GmbH, Germany, 141 

238,5 Million propagule per kg inoculum) at planting time by placing it in the hole and in contact 142 

with the roots following the manufacturer’s instructions. Mycorrhizal inoculum, a powder based 143 

mycorrhizal root fragment (Advantage Grade II, 2016 - INOQ GmbH) contained 50% Rhizoglomus 144 

irregulare (syn. Rhizophagus irregularis; 450 million propagules per Kg) and 50 % Funneliformis 145 

mosseae (27 million propagules per Kg). The fungal lines were produced ex vitro, on Zea mays and 146 

Plantago lanceolata (sand/vermiculite, v/v). Both AMF inoculum and D-glucose at low dose (i.e., 147 

the Inducer) were prepared by Louis Mercy (INOQ GmbH; patent EP2982241A1). The containers 148 

were prepared according to treatments as follow: i) 25 plants for each rootstock as uninoculated 149 

control plants (C); ii) 25 plants for each rootstock inoculated with 50 mg/L of AMF mixed inoculum 150 

(M); iii) 25 plants for each rootstock inoculated with 50 mg/L of AMF mixed inoculum + inducer 151 

(M+I); iv) 25 plants for each rootstock amended with 50 mg/L of inducer to stimulate the exploitation 152 

of native AMF symbiosis (I). Daily watered grapevine plants were kept under partially climate-153 

controlled greenhouse, under natural light and photoperiod conditions for three months. 154 

 After three months, at the end of the experiment, engraftment, growth index and chlorophyll 155 

content were recorded. Leaf and root samples for molecular and biochemical analysis were collected 156 

from at least three randomly selected plants and immediately stored at -80°C. A part of the root 157 

apparatus was used to estimate the level of mycorrhiza formation as described (Balestrini et al. 2017).  158 

Morphological observations in the colonized fragments of thin roots allowed to identify the presence 159 

of the typical structures of the symbiosis, regardless of the thesis. However, the patchy level of 160 

colonization, and the quality of the root segments after the staining, made morphological 161 
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quantification difficult, and therefore the AMF presence has been assessed by molecular analyses 162 

(see below). 163 

 164 

Growth index, engraftment, and chlorophyll content  165 

At the end of the experiment, phenological stages were recorded and classified according to 166 

Biologische Bundesanstalt, bundessortenamt und CHemische industrie (BBCH) scale (from 00 to 12, 167 

from dormancy to 9 or more leaves unfolded, respectively). BBCH scales have been developed for 168 

many crops, including grapevine, and it is based on a decimal code system that identify the growth 169 

stage (Lancashire et al. 1991), engraftment % (i.e. rooting %) were visually determined for each plant 170 

and treatment. Chlorophyll content was determined using a portable chlorophyll meter SPAD (Konica 171 

Minolta 502 Plus). Readings were collected from the second or third leaf from the top on at least three 172 

leaves per plant on five randomly selected vines for each experimental condition (Chitarra et al. 173 

2016).  174 

 175 

Targeted metabolite analyses  176 

Contents of trans-resveratrol, viniferin and abscisic acid (ABA) were quantified on at least three 177 

biological replicates per condition according to the protocol previously described (Pagliarani et al. 178 

2019, 2020; Mannino et al. 2020). Leaves and roots from two randomly selected plants were pooled 179 

to form a biological replicate, immediately frozen in liquid nitrogen, freeze-dried and stored at -80°C 180 

until use. Briefly, about 100 mg of freeze-dried sample (leaf or root) were transferred with 1 mL of 181 

methanol:water (1:1 v/v) acidified with 0.1 % (v/v) of formic acid in an ultrasonic bath for 1 h. 182 

Samples were centrifuged for 2 min at 4°C and 23.477 g, and the supernatant was analysed by high-183 

performance liquid chromatography (HPLC). Original standards of resveratrol (purity ≥ 99 %), 184 

viniferin (purity ≥ 95 %) and ABA (purity ≥ 98.5%, Sigma-Aldrich) were used for the identification 185 

by comparing retention time and UV spectra. The quantification was made by external calibration 186 

method. The HPLC apparatus was an Agilent 1220 Infinity LC system (Agilent R, Waldbronn, 187 

Germany) model G4290B equipped with gradient pump, auto-sampler, and column oven set at 30°C. 188 

A 170 Diode Array Detector (Gilson, Middleton, WI, United States) set at 265 nm (ABA and IAA) 189 

and 280 nm (for stilbenes) was used as detector. A Nucleodur C18 analytical column (250x4.6 mm 190 

i.d., 5 μm, Macherey Nagel) was used. The mobile phases consisted in water acidified with formic 191 

acid 0.1% (A) and acetonitrile (B), at a flow rate of 0.500 mL min-1 in gradient mode, 0-6 min: from 192 

10 to 30 % of B, 6-16 min: from 30 % to 100 % B, 16-21 min: 100% B. Twenty µL was injected for 193 

each sample. 194 

 195 
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Total N, soluble carbohydrate content in leaf and net nitrate uptake in root 196 

The Kjeldahl method was performed according to method 981.10 of the AOAC International (2016), 197 

using VELP Scientifica DKL 20 Automatic Kjeldahl Digestion Unit and UDK 159 Automatic 198 

Kjeldahl Distillation and Titration System. Approximately 0.2 g of leaf raw material was hydrolyzed 199 

with 15 mL concentrated sulfuric acid (H2SO4) containing one catalyst tablets (3.47 g K2SO4 + 0.003 200 

Se, VELP Scientifica, Italy) in a heat block (DK Heating Digester, VELP Scientifica, Italy) at 300°C 201 

for 2 h. After cooling, H2O was added to the hydrolysates before neutralization with NaOH (30%) 202 

and subsequently distilled in a current of steam. The distillate was collected in 25 mL of H3BO3 (1%) 203 

and titrated with HCl 0.1 M. The amount of total N in the raw materials were calculated. 204 

Leaf soluble carbohydrate content was quantified (Chitarra et al. 2018). 205 

At the end of the experiment, white non-lignified roots (0.5 – 1 g) were collected from four 206 

randomly selected plants for each treatment and rootstock. Root samples were washed in 0.5 mmol 207 

L-1 CaSO4 for 15 min, then transferred to a 20 mL aerated uptake solution containing 0.5 mmol L-1 208 

Ca(NO3)2 and 0.5 mmol L-1 CaSO4. Net uptake of NO3
- was measured removing samples of uptake 209 

solution (aliquot of 200 µL) for its determination every 2 min for 10 min(Tomasi et al. 2015). The 210 

aliquots were carefully mixed with 800 µL of salicylic acid (5% w/v in concentrated H2SO4) and 211 

incubated for 20 min at room temperature following the addition of 19 ml of 2 mol L-1 NaOH. After 212 

cooling, nitrate concentration was measured at the absorbance of 410 nm (Shimadzu UV Visible 213 

Spectrophotometer UVmini-1240. Kyoto, Japan) and the net nitrate uptake was expressed as µmol (g 214 

FW h-1).        215 

 216 

RNA isolation and RT-qPCR  217 

Expression changes of target transcripts were profiled on root and leaf samples (three independent 218 

biological replicate for each treatment) by quantitative real-time PCR (RT-qPCR) (Chitarra et al. 219 

2018). Total RNA was isolated from the same lyophilized samples (leaves and roots) used for HPLC-220 

DAD analysis and cDNA synthesis was performed as previously reported (Chitarra et al. 2016). The 221 

absence of genomic DNA contamination was checked before cDNA synthesis by qPCR using VvUBI 222 

specific primers of grapevine. RT-qPCR reactions were carried out in a final volume of 15 µL 223 

containing 7.5 µL of Rotor-GeneTM SYBR Green Master Mix (Qiagen), 1 µL of 3 µM specific 224 

primers and 1:10 of diluted cDNA. Reactions were run in the Rotor Gene apparatus (Qiagen) using 225 

the following program: 10 min preincubation at 95°C, followed by 40 cycles of 15 s at 95°C, and 30 226 

s at 60°C. Each amplification was followed by melting curve analysis (60–94°C) with a heating rate 227 

of 0.5°C every 15 s. All reactions were performed with at least two technical replicates. The 228 

comparative threshold cycle method was used to calculate relative expression levels using plant 229 
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(elongation factors, actin and ubiquitin, VvEF and VvUBI for root and VvACT and VvEF for leaf 230 

tissue) reference genes. While R. irregularis and F. mosseae elongation factors (RiEF1, FmEF, 231 

respectively) were used to normalized the expression of the AMF phosphate transporter (PT) genes. 232 

Oligonucleotide sequences are listed in Supplementary Table 1. Gene expression data were calculated 233 

as expression ratio (Relative Quantity, RQ) to Control 1103P plants (C 1103P). 234 

 235 

Root DNA isolation and sequencing 236 

Root samples were lyophilized prior to DNA extraction. About 30 to 40 mg of freeze-dried and 237 

homogenized material were used to extract total DNA following manufacturer instruction of 238 

plant/fungi DNA isolation kit (Norgen Biotech Corp., Thorold, ON, Canada) as previously reported 239 

(Nerva et al. 2019). Total DNA was quantified using a NanoDrop One spectrophotometer (Thermo 240 

Fisher Scientific,Waltham, MA, USA), and DNA integrity was inspected running the extracted 241 

samples on a 1% agarose electrophoretic gel. Before sending DNA to sequencing a further 242 

quantification was performed using a Qubit 4 Fluorometer (Thermo Fisher Scientific,Waltham, MA, 243 

USA). 244 

To inhibit plant material amplification, we added a mixture of peptide nucleotide acid (PNA) 245 

blockers oligos (Kaneka Eurogentec S.A., Belgium) targeted at plant mitochondrial and chloroplast 246 

16S rRNA genes (mitochondrial and plastidial) and plant 5.8S nuclear rRNA. Mitochondrial 247 

sequence was derived from (Lundberg et al. 2013) with a 1bp mismatch, mitochondrial sequence was 248 

derived from (Cregger et al. 2018). PNA was custom-designed for V. vinifera (VvpPNA: 249 

GGCTCAACCCTGGACAG; Vv-ITS-PNA: CGAGGGCACGCCTGCCTGG; Vv-mPNA: 250 

GGCAAGTGTTCTTCGGA). Thermal cycler conditions were maintained as suggested by the 251 

Illumina protocol as previously reported (Nerva et al. 2019). 252 

 Sequences were deposited in NCBI database under the BioProject PRJNA718015, 253 

BioSamples SAMN18520793 to SAMN18520808 and SRR14089924 to SRR14089939. 254 

 255 

Rhizoplane metaphylogenomic analyses, taxonomic distributions 256 

A first strict quality control on raw data was performed with PrinSeq v0.20.4 (Schmieder and 257 

Edwards 2011) and then processed with Qiime2 (Bolyen et al. 2019). A previously reported and 258 

specific pipeline was used for fungal analysis: retained reads were used to identify the start and stop 259 

sites for the ITS region using the hidden Markov models (HMMs) (Rivers et al. 2018), created for 260 

fungi and 17 other groups of eukaryotes, which enable the selection of ITS-containing sequences. 261 

Briefly, the software allows to distinguish true sequences from sequencing errors, filtering out reads 262 

with errors or reads without ITS sequences. To distinguish true sequences from those containing 263 
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errors, sequences have been sorted by abundance and then clustered in a greedy fashion at a threshold 264 

percentage of identity (97%). Trimmed sequences were analyzed with DADA2 (Callahan et al. 2016) 265 

and sequence variants were taxonomically classified through the UNITE (Abarenkov et al. 2010) 266 

database (we selected the reference database built on a dynamic use of clustering thresholds). For 267 

graphic representation, only genera with an average relative abundance higher than the settled 268 

threshold (1%) were retained. 269 

A 16S specific pipeline was used for bacteria: quality filtering was performed with DADA2 270 

which is able to perform chimera removal, error-correction and sequence variant calling with reads 271 

truncated at 260 bp and displaying a quality score above 20. Feature sequences were summarized and 272 

annotated using the RDP classifier (Cole et al. 2014) trained to the full length 16S database retrieved 273 

from the curated SILVA database (v132) (Quast et al. 2012). 274 

 275 

Statistics 276 

Metagenome analyses were performed using R version 3.6.3 (2020-02-29). Fungal and bacterial data 277 

were imported and filtered with Phyloseq package (version 1.28.0) (McMurdie and Holmes 2013),  278 

keeping only the operational taxonomic units (OTUs) with a relative abundance above 0.01 in at least 279 

a single sample. Differential abundance of taxa due to the effects of rootstock-treatment interaction 280 

was then tested using DESeq2 (version 1.24.0) (Love et al. 2014) package. 281 

For phenotypic, biochemical and RT-qPCR data, when ANOVA indicated that for either 282 

Rootstock (R, 1103P and SO4), Inducer (I, NI) and Myc inoculum (M, Myc and NMyc) factors or 283 

their interaction was significant, mean separation was performed according to Tukey’s HSD test at a 284 

probability level of P ≤ 0.05. ANOVA and Tukey’s HSD test were also used to analyze the treatments 285 

effects for each rootstock individually. The standard deviation (SD) or error (SE) of all means were 286 

calculated. 287 

 288 

Results 289 

 290 

Growth, primary metabolism and N uptake and accumulation  291 

The impact of an AM inoculum, an inducer and a combination of both was evaluated on growth 292 

parameters (both rooting % and growth stages coded by BBCH scale) in two grapevine rootstock 293 

genotypes (R, 1103P and SO4).  Four conditions for each genotype were considered: C, not inoculated 294 

plants; I, plants treated with the inducer (I); M, AM-inoculated plants; M+I, AM-inoculated plants + 295 

inducer.  296 
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Results showed a similar impact of the three treatments on the cutting growth parameters (Fig. 297 

1, Table S2), independently from the genotype. Particularly, in SO4 genotype both the rooting % and 298 

the BBCH values were higher in treated plants with respect to the control (Fig. 1a,b). Chlorophyll 299 

Content Index (CCI) has been evaluated at the end of the experiment, showing no strong differences 300 

among the genotypes and treatments (Fig. 1c), although it was significantly influenced by root 301 

colonization (M), the inducer (I) and the M x I interaction in both rootstock genotypes.  302 

Treatments generally led to slightly lower values of carbohydrates content in leaves with the 303 

exception of M, and only R and I factors significantly influenced this measurement (Fig. 1d). In detail, 304 

for each rootstock I and M+I plants showed significant lower levels of carbohydrates (Fig. 1d).  305 

 Net Nitrate uptake (NNU) was evaluated (Fig. 2a Table S2), showing that it was significantly 306 

affected by M factors and the interaction M x I with lower values in treated samples for both 307 

genotypes, particularly in M SO4 plants with respect to C SO4 ones (Fig. 2a).  308 

As for the CCI, only slight differences in total N content in leaves were evident among 309 

genotypes and treatments, although was significantly affected by the M factor and the M x I 310 

interactions (Fig. 2b).  311 

 312 

ABA Content and the Expression of ABA-related Genes 313 

To complete the physiological characterization of the two genotypes in response to treatments, the 314 

concentration of ABA was quantified in roots and leaves (Fig. 3, Table S2). ABA levels showed a 315 

complex scenario in roots where all treatments led to higher ABA levels with respect to the control 316 

with the greater significant increase recorded in M SO4. Statistical analyses showed that factors 317 

influencing its level were R and M, alone or in the interactions with I (R x I, M x I, R x M x I) (Fig. 318 

3a). ABA content in leaves was under the detection limit among the treatments (data not shown).  319 

To better understand the role of ABA in our system, the expression of ABA-related genes was 320 

analyzed in both leaves and roots. Relative expression of: i) a gene encoding for a 9-cis-321 

epoxycarotenoid dioxygenase potentially involved in ABA biosynthesis (VvNCED3, 322 

VIT_19s0093g00550 previously reported as VvNCED1); ii) a gene coding for an enzyme involved in 323 

conversion of ABA to 8′-hydroxy ABA (VvABA8OH1); iii) a β-glucosidase (BG) involved in free 324 

ABA biosynthesis via hydrolysis of ABA glucose ester to release the ABA active form (VvBG1; Jia 325 

et al. 2016); iv) a gene encoding an ABA glucosyltransferase (VvGT; Sun et al. 2010) were evaluated 326 

in leaves and roots. In leaves, VvNCED3 expression was not affected by rootstock genotype whereas 327 

M samples showed significantly higher expression levels with respect to the other samples (Fig. 3b). 328 

No significant difference was detected for VvABA8OH1 expression in leaves although 1103P 329 

generally showed higher values with respect to SO4 (Fig. 3c). By contrast, VvNCED3 expression in 330 
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roots was influenced by R, M and I factors as well as by R x I interaction, and values for each 331 

rootstock genotype were lower in all treatments when compared to C plants (Fig. 3d).  Similar to that 332 

observed in leaves, M+I treatment led to the significant lowest VvNCED3 transcripts level in root 333 

samples (Fig. 3d). Two pathways promote free ABA accumulation: (1) NCED-mediated de novo 334 

synthesis (Qin and Zeevaart 1999) and (2) BG-mediated hydroxylation (Lee et al. 2006). Looking at 335 

VvBG1 gene, its expression was significantly influenced by R and I in leaves, while the presence of 336 

the AMF was not significantly relevant. In roots all the factors and interactions, significantly affected 337 

VvBG1 expression level, with the highest level in C SO4 samples (Fig. 3e,g). Finally, VvGT showed 338 

a trend similar to VvBG1 in leaves where its expression was significantly influenced by R, I and I x 339 

M with the exception of SO4 samples where its expression was significantly higher only in M SO4 340 

with respect to C SO4 (Fig. 3f). Conversely, in roots VvGT transcript levels were significantly lower 341 

in all the conditions with respect to the C 1103P plants (Fig. 3h).  342 

Although VvABA8OH1, coding for an enzyme involved in ABA conversion, was not 343 

significantly regulated among genotypes and treatments in leaves, it results to be affected by all the 344 

considered factors and interactions in roots (Fig. 3i) where it appeared significantly upregulated in M 345 

1103P, M SO4 and M+I SO4 plants with respect to their C (Fig. 3i). It is worth noting the low 346 

expression in I root samples, suggesting that the inducer may affect ABA catabolism independently 347 

from the genotype and the presence of the AM inoculum. 348 

  349 

Defense 350 

Stilbenes are the main defense-related metabolites synthesized in grapevine. In this study trans-351 

resveratrol and viniferin levels were measured in leaves among the several conditions tested (Fig. 4, 352 

Table S2). Particularly, resveratrol was only affected by the MxI interaction, showing in parallel 353 

significantly higher levels in I and M plants, independently from genotype, with respect to M+I and 354 

C plants (Fig. 4a). Viniferin, which was not detectable in C plants, was affected by the M x I 355 

interaction and by the I factor alone. I, M and M+I treated plants presented in fact significantly higher 356 

values of viniferin than C plants in both rootstocks (Fig. 4b). To correlate biochemical data with 357 

molecular responses, expression levels of genes coding for two stilbene synthases (VvSTS1 and 358 

VvSTS48) were assessed. Results showed that in both rootstocks VvSTS1 was upregulated mainly in 359 

M 1103P whereas in SO4 plants was observed an upregulation in both I and M with respect to the 360 

other treatments (Fig. 4c). VvSTS48 expression was influenced by all the factors and their interactions, 361 

with the highest expression value in leaves of I-treated SO4 plants (Fig. 4d). Looking independently 362 

at each rootstock, in 1103P only I and M induced significant overexpression of VvSTS48 while in 363 

SO4 plants all the treatments showed enhanced gene expression compared to their controls (Fig. 4d).  364 



 12 

RT-qPCR was also applied to detect the expression levels of several target genes as markers 365 

of diverse defense response pathways (Fig. S1, Table S2). Two genes were studied both in leaves and 366 

roots (a sugar transporter, VvSPT13 and a class III chitinases, VvChitIII), three genes only in leaves 367 

(a callose synthase, VvCAS2; a lipoxygenase VvLOX, and the Enhanced Disease Susceptibility 1, 368 

VvEDS1) (Fig. S1a-g). Expression of all the considered genes were influenced by I factor, while 369 

influence by M was more variable, suggesting a different impact of the treatments on plant 370 

metabolism. Among these genes, VvSTP13, encoding a sugar transporter, in leaves of both rootstocks 371 

was significantly upregulated in all treatments with respect to their C plants (Fig. S1a) while in root 372 

only M-treated plants showed significantly higher expression values (Fig. S1). VvChitIII showed a 373 

different pattern in leaves and roots. In leaves, VvChitIII transcript was significantly induced in M- 374 

and M+I-treated plants (Fig. S1c) while in roots an upregulation was observed only in M-treated ones 375 

(Fig. S1d). VvCAS2, coding for a callose synthase (Santi et al. 2013), showed a downregulation in all 376 

the treatments, while VvLOX gene, encoding a lipoxygenase involved in the jasmonic acid 377 

biosynthesis, was upregulated in all the treatments: among them, the lowest value was observed in M 378 

SO4 plants (similar to the C 1103P leaves), suggesting a different response to symbioses in the two 379 

genotypes (Fig. S1e-f). VvEDS1, selected as marker of Systemic Acquired Responses (SAR) 380 

mediated by Salicylic Acid (SA), was influenced by I and M, showing an upregulation trend in I-381 

treated leaves. Conversely, this gene was downregulated in M-treated plants (Fig. S1g).  382 

 383 

Rhizoplane metaphylogenomic analyses 384 

Bacterial community was analyzed at both order and genus level: the number of retained sequences 385 

after chimera removal and taxonomical assignment was always above 35,000 (detailed results of 386 

sequencing are reported in Table S3). Shannon index diversity indicated that the only significant 387 

difference was observed for the I SO4 samples which show higher index values (Table S4). No 388 

significant differences were observed among samples comparing the Shannon index on the fungal 389 

community (Table S5). Similar to Shannon index, non-metric multidimensional scaling (NMDS) 390 

based on Bray-Curtis dissimilarity matrixes showed that the bacterial community (Fig. 5a) is more 391 

affected by treatments than the fungal one (Fig. S2). 392 

The bacteria community composition for each sample type at order and genus levels are 393 

reported in Table S6. Statistical results of pairwise comparisons among genera are reported in Table 394 

S7. To simplify, results are described for the orders and genera that represent at least the 1% of the 395 

bacterial community (Fig. 5b). Comparison of the bacterial community between the two rootstocks 396 

(1103P vs SO4) revealed that 1103P has a significant higher relative abundance of Pseudomonas 397 

species whereas SO4 has a significant higher relative abundance of Bacillus species. Among the 398 
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bacterial genera, which display significant differences among the treatments, M 1103P vines 399 

stimulated the presence of Bacillus species but repressed the interaction with Pseudomonas ones. In 400 

parallel, when comparing treatments on SO4 rootstock, a positive interaction between the mycorrhizal 401 

inoculation and the Pseudomonas abundance was observed, whereas the inducer treatment showed a 402 

negative impact on Flavobacterium abundance.  403 

The fungal community composition for each sample type at order and genus levels are 404 

reported in Table S6. Statistics of the pairwise comparisons among genera are reported in Table S8. 405 

Results for the fungal orders and genera that represent at least the 1% of the fungal community are 406 

reported in Fig. S3. Focusing on AMF, results confirm the presence of Rhizophagus and 407 

Funneliformis in inoculated plants. However, AMF were detected also in the I-treated plants (Fig. 408 

6a).  Despite the presence of AMF associated to these roots, gene expression analysis on fungal PT 409 

genes showed the presence of RiPT and FmPT transcripts only in M-inoculated plants. Surprisingly, 410 

absent or low expression levels were detected in I-treated plants (Fig. 6b,c; Table S2). Indeed, fungal 411 

PT genes were expressed in a different way in the two genotypes, suggesting a different symbiosis 412 

efficiency of the two rootstocks. This finding was further confirmed by a plant PT gene (VvPT1-3), 413 

which expression level was mainly affected by R and M factors, and by ‘R x I’ interaction. It was up-414 

regulated in 1103P roots, independently by treatment, with respect to C 1103P and strongly up-415 

regulated in M SO4 ones (Fig. 6d, Table S2).  416 

Comparing the fungal composition in C, 24 genera with significant differences of relative 417 

abundance were observed. Among the analyzed genera, Clonostachys displayed a significant negative 418 

correlation with all the treatment in both rootstock genotypes. Focusing on significant genera, usually 419 

involved in pathogenic interaction, such as Fusarium, Rhizoctonia and Ilyonectria (Fig. S4), the 420 

concomitant use of mycorrhizal inocula with the inducer brought to a significant reduction of 421 

Ilyonectria in both rootstocks. Conversely, Fusarium abundance was stimulated in all treatments 422 

except for the inoculation with AMF in the 1103P rootstock. Finally, Rhizoctonia genus was 423 

positively influenced by the inducer, but only in the SO4 rootstock.  424 

 425 

Discussion 426 

Treatments and genotypes differently shape the root-associated bacterial and fungal 427 

communities 428 

The importance of root-associated microbes was extensively demonstrated in several crops including 429 

grapevine, with the potential to exploit biocontrol strategies that rely on the beneficial traits of plant 430 

growth-promoting microorganisms (PGPBs) naturally associated with plants (Verbon and Liberman 431 

2016; Marasco et al. 2018; Yu et al. 2019). Among them, AMF and their impacts on diverse plant 432 
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species, including economically important crops, have been largely studied highlighting the 433 

importance of this relationship that can positively affect both growth and defense traits (Jacott et al. 434 

2017). However, despite these advantages, grapevine breeders normally focus their attention more on 435 

phenotypic or metabolic peculiarities rather than on the improvement of the interactions with root-436 

associated microbes (Marín et al. 2021).   437 

Grapevine roots are commonly colonized by different AMF taxa depending on the considered 438 

environment, season and soil management making them relevant in defining the ‘microbial terroir’ 439 

of a specific grape cultivar (Massa et al. 2020). Svenningsen et al. (2018) reported that AMF 440 

ecosystem services might be suppressed by some bacterial groups belonging to Acidobacteria, 441 

Actinobacteria, Firmicutes, Chitinophagaceae, and Proteobacteria. Our results showed an inverse 442 

correlation between the presence of some of these bacteria (i.e., Acidobacteria, genus Vicinamibacter 443 

and Actinobacteria genus Gaiella) and AMF “functionality”, although ITS sequencing showed a 444 

similar level in term AMF abundance. It is also necessary to consider that, ITS was used in the present 445 

work as universal fungal marker (Schoch et al. 2012; Lindahl et al. 2013) to better define the overall 446 

fungal population despite ribosomal large subunit (LSU) region consistently shows greater utility for 447 

taxonomic resolution for AMF (Xue et al. 2019a). Despite the latter approach can give better results, 448 

it has rarely been used in environmental studies of AMF because of sequencing and bioinformatics 449 

challenges (Delavaux et al. 2021). Similarly, for a better description of the AMF population, it was 450 

recently reported that, the use of AMF specific primers, coupled to nested PCR, can greatly help in 451 

better define the AMF population (Suzuki et al. 2020). 452 

Additionally, results obtained from the microbiome analysis confirm that the response of 453 

microbial communities to the different treatments are genotype dependent (Marasco et al. 2018). This 454 

is particularly clear for the bacterial community, where the addition of the mycorrhizal inoculum 455 

promoted the Pseudomonas genus in 1103P and the Bacillus genus in SO4. It is important to remind 456 

that both these genera were largely investigated in grapevine because of their ability to protect vine 457 

plants against several fungal pathogens. Pseudomonas genus was studied for its ability to impair 458 

Botrytis, Neofusiccocum, Ilyonectria, Aspergillus, Phaeomoniella and Phaeoacremonium genera, 459 

which are all well-known grape fungal pathogens (Andreolli et al. 2019; Niem et al. 2020). On the 460 

other hand, Bacillus species were studied for their ability to reduce the impact of black foot disease 461 

(mainly due to infection by Cylindrocarpon and Ilyonectria species) and downy mildew on grapes 462 

(Zhang et al. 2017; Russi et al. 2020). These studies well fit with our data where we observed the 463 

lower Ilyonectria abundance in M+I 1103P and concomitantly the higher abundance of Bacillus 464 

species. Looking at the fungi, all the treatments promoted the presence of different AMF species, 465 

suggesting the recruitment of native AM fungal communities by the I-treated roots, independently 466 
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from the rootstock genotypes. In detail, it is worth noting a higher diversity in AMF colonization in 467 

I 1103P with respect to I SO4 plants, independently from the presence of the AMF inoculum, 468 

confirming a diverse recruitment pattern for the two genotypes. Interestingly, Clonostachys genus 469 

negatively correlated with all the treatments. This genus was extensively studied for its promising 470 

exploitation as biological control agents against soil and root pathogens (Nygren et al. 2018; Sun et 471 

al. 2020). Considering that in all treatments the Rhizophagus genus was more abundant than in C, we 472 

can confirm that a mutual exclusion between Clonostachys and Rhizophagus genera is present. 473 

Although a full explanation for this reciprocally inhibitory interaction is still missing, the complex 474 

microbial community modulation mediated by the AM fungi could impair the ability of Clonostachys 475 

to endophytically colonize the host plant (Ravnskov et al. 2006; Akyol et al. 2018; Xue et al. 2019b). 476 

These findings, in accordance with the increase in defense-related metabolites and the expression 477 

data on defense-related genes, well fit with the concept of mycorrhizal-induce resistance (MIR) 478 

(Cameron et al. 2013) as a cumulative effect of direct and indirect (i.e. mediated by mycorrhizosphere 479 

associated microorganisms) defense responses. Recently, Emmett et al. (2021) also demonstrated that 480 

a conserved community is associated to AMF extraradical hyphae, suggesting an influence on the 481 

plant-fungal symbiosis. 482 

 483 

AM fungi and root-associated microbes balance rootstocks growth traits showing a different 484 

pattern of functional symbioses 485 

The impact of the different treatments on two different rootstock genotypes was evaluated. The 486 

selected rootstocks (i.e. 1103P and SO4) were well characterized at both agronomic and molecular 487 

level (Chitarra et al. 2017), showing opposite growth and defense attitudes. Among rootstock 488 

features, fine root development and density, imparting vigor to the scion, varied considerably with an 489 

impact on water and nutrient uptake as well as on the interaction with soil microorganisms. AM 490 

colonization showed that SO4 consistently presented higher levels of root colonization, together with 491 

Kober 5BB and Ruggieri 140, with respect to the others (Chitarra et al. 2017). This is in agreement 492 

with previous works (Bavaresco and Fogher 1996; Bavaresco et al. 2000), who showed a variation in 493 

the range of AM-colonized grape rootstocks among genotypes, which could be considered the main 494 

factor driving AM recruitment. However, functional symbiosis was strongly influenced also by scion 495 

requirements, soil fertility and soil pH (Bavaresco and Fogher 1996; Bavaresco et al. 2000). Here, 496 

both rooting and growth parameters, and partially the CCI, clearly showed a compensation effect in 497 

the less vigorous SO4 with respect to 1103P, reaching similar values in all the treatments. A role 498 

could be attributed to AMF particularly in SO4. To attest this hypothesis, considering that high-499 

affinity PTs in AM have been characterized and it has clearly been demonstrated that plants possess 500 
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a symbiotic Pi uptake pathway (Berruti et al. 2016), AM fungal PT genes (RiPT and FmPT) have 501 

been tested showing a highly expression in M SO4 for both, and also in M+I SO4 for FmPT. 502 

Similarly, the plant gene VvPT1-3, homolog of mycorrhiza-inducible inorganic phosphate 503 

transporters such as LePT4 and OsPT11 (Balestrini et al. 2017), was significantly up-regulated in M 504 

SO4. The positive effects exerted by AM symbiosis in growth and physiological features were largely 505 

documented in several plants (e.g., Chitarra et al. 2016; Balestrini et al. 2020). Surprisingly, although 506 

the ITS sequencing showed a certain abundance of AM genera in both I and M+I, the inducer seemed 507 

to lower the expression of plant and fungal genes generally involved in symbiosis functioning. This 508 

should be related to presence of bacteria reported to diminish AMF functionality (Svenningsen et al. 509 

2018). As well, an impact of the inducer on the number of fine roots, which are those colonized by 510 

AMF, cannot be excluded also considering that IAA was not detectable in I samples. Looking at the 511 

whole microbial community, in addition to a selection based on the rootstock genotype, it is worth 512 

noting that I treatment (particularly I SO4) was able to significantly increase diversity of the 513 

microbiota (Table S4). Samples treated with the inducer showed higher bacterial diversity hosting 514 

many groups of PGPBs such as Burkholderiaceae that might be linked to potassium (K) and 515 

phosphorous (P) solubilization and availability (Gu et al. 2020); Pseudomonas and Bacillus spp. able 516 

to produce siderophores, auxin, cytokinins and characterized as phosphate-solubilizing bacteria (Saad 517 

et al. 2020; Subrahmanyam et al. 2020) (Table S7). These findings could explain the bacteria-518 

mediated growth effects in I treatments particularly for the SO4 genotype. By contrast, the whole 519 

fungal diversity was not significantly affected among the treatments.  520 

Nitrogen (N) is an essential element for all grapevine processes and N transporters were found 521 

among the genes upregulated by both a single AMF and a mixed bacterial-fungal inoculum through 522 

transcriptomics in grapevine roots (Balestrini et al. 2017). However, although AMF may positively 523 

influence plant N compound uptake and transport (Balestrini et al. 2020), negative, neutral or positive 524 

AMF effects on N nutrition has been reported (Bücking and Kafle 2015).  Due to the fact that several 525 

nitrate transporters were found to be regulated by an AMF inoculum (Balestrini et al. 2017), the 526 

attention was mainly focused on nitrate uptake. Lower values of nitrate uptake with respect to controls 527 

were observed among all treatments, independently from the considered genotypes. Furthermore, any 528 

relevant effect on N accumulation in leaves was observed, suggesting that a positive correlation 529 

between N content and growth is not relevant in our system or likely due to a biomass dilution effect 530 

since the higher growth index recorded particularly in SO4-treated plants. AMF have been reported 531 

to show NH4
+ preference to be assimilated in extraradical mycelium and translocated to plant roots 532 

after completion of the GS-GOGAT cycle (Balestrini et al. 2020). In this respect, to the plants side 533 
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the lower NNU observed in M inoculated plants suggest a role of AMF in regulating root N uptake 534 

strategies helping plants in acquire N. 535 

The plant hormone ABA is a chemical signal involved in the plant response to various abiotic 536 

environmental factors, but it can also play a role in interactions with phytopathogens by modulating 537 

tissue colonization depending on microorganism type, site and time of infection (Ton et al. 2009). An 538 

impact of ABA on AMF colonization has been also reported at diverse colonization stages (Bedini et 539 

al. 2018). A role for ABA in the mechanisms by which AM symbiosis influences stomata 540 

conductance under drought stress was also suggested (Chitarra et al. 2016). Here, ABA levels were 541 

affected by both the genotype and the AMF inoculum. A significant effect of the M treatment was 542 

found on the expression of a key gene involved in the ABA synthesis in leaves (VvNCED3), showing 543 

a positive correlation with the ABA levels in roots. Our result is in accordance with the fact that ABA 544 

produced in leaves is then translocated in roots where it might act as a signal to promote root growth 545 

(McAdam et al. 2016). AMF presence led to higher ABA content in M SO4 roots, despite the fact 546 

that generally SO4 rootstock was reported to have a low endogenous content (Chitarra et al. 2017), 547 

suggesting a potential enhanced tolerance to abiotic stresses in M SO4. As already reported by 548 

(Ferrero et al. 2018), the relationship between biosynthetic and catabolic processes may be complex 549 

and diverse in the different plant organs. Our results showed a different expression pattern of most of 550 

the considered genes involved in ABA synthesis and catabolism in leaves and roots. A gene coding 551 

for an ABA 8'-hydroxylase (VvABA8OH1), belonging to the CYP707A gene family and with a 552 

primary role in ABA catabolism, showed an opposite trend in M and I root apparatus, in agreement 553 

with the ABA root accumulation. Overall, obtained data are in accordance with that reported by 554 

Martín-Rodríguez et al. (2016) showing that both ABA biosynthesis and catabolism are finely tuned 555 

in AM-colonized roots. Although with the activation of different mechanisms depending on the 556 

treatment, an impact on ABA homeostasis can be suggested particularly in SO4 genotype.   557 

 558 

AM symbiosis triggers defence-related transcripts and metabolites more in 1103P than in SO4 559 

rootstock  560 

Plants finely tune the immune system to control both pathogen infection and beneficial 561 

microorganism accommodation. Soil bacteria and fungi play a double role in promoting growth and 562 

defense response, helping in maintaining the homeostasis in the whole microbial communities 563 

associated to the roots through the Induced Systemic Resistance (ISR) pathways (Liu et al. 2020). In 564 

grapevine, stilbenes are phytoalexins with proved antifungal activities (Chalal et al. 2014). Here, 565 

resveratrol content was higher in I and M leaves with respect to untreated controls, while viniferin, 566 

that is highly toxic for grape foliar pathogens such as downy and powdery mildew (Chitarra et al. 567 
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2017), has a similar trend in all the treatments while it was not detected in C plants. These patterns 568 

clearly highlight a stimulating effect mediated by root-associated microbes (native or inoculated), 569 

with differences that might be related to the diverse microbiome composition. Among the genes 570 

involved in stilbene synthesis, VvSTS48, coding for a stilbene synthase reported as induced by downy 571 

mildew infection, showed the highest expression value in I SO4 plants, suggesting a different 572 

modulation among treatments and genotypes.  573 

Carbohydrate metabolism is also involved in plant defense responses against foliar pathogens 574 

(Sanmartín et al. 2020). In tomato, AM symbiosis was reported to be involved in Botrytis cinerea 575 

resistance through the mycorrhiza-induced resistance (MIR) mediated by callose accumulation. A 576 

tomato callose synthase gene (PMR4) was in fact upregulated by mycorrhization mainly upon biotic 577 

infection (Sanmartín et al. 2020). In the present study, attention has been focused on the homolog 578 

grape gene VvCAS2. Conversely to that previously observed, VvCAS2 showed a downregulation trend 579 

in all the treatments with respect to control plants. These findings suggest a primary role in microbe-580 

mediate stimulating of defense responses against biotic factors in grape. Since a correlation between 581 

MIR and sugar signaling pathway was reported (Sanmartín et al. 2020), the expression of a grapevine 582 

sugar transporter gene (VvSTP13), homolog to the Arabidopsis STP13, involved in intracellular 583 

glucose uptake and in B. cinerea resistance, was followed in leaves and roots. Although total soluble 584 

carbohydrates were not affected by treatments in leaves, VvSTP13 expression showed an upregulation 585 

trend in all the treatments, particularly in both I sample and M 1103P leaves, suggesting an effect of 586 

AMF inoculum in the susceptible genotype. Looking at the roots, VvSTP13 upregulation trend was 587 

observed mainly in mycorrhizal roots, in agreement with the fact that expression of genes from the 588 

STP family was revealed in arbuscule-containing cells of Medicago truncatula (Hennion et al. 2019). 589 

The same trend observed for VvSTP13 was also found for a gene coding for a class III chitinase 590 

(VvChitIII). Class III chitinases have been already reported to be markers of functional symbioses 591 

(Balestrini et al. 2017), being localized in arbuscule-containing cells (Hogekamp et al. 2011). Finally, 592 

the expression of two target genes (VvLOX and VvEDS1), respectively involved in ISR mediated by 593 

jasmonate and SAR mediated by salicylic acid, although differently modulated by the inducer and 594 

AM fungi, confirmed the role of the whole microbiome on the plant immunity system in the scion of 595 

both rootstock genotypes (Cameron et al. 2013).  596 

 597 

Conclusion 598 

Overall, our results allowed to provide new insights into growth-defense tradeoffs responses in a 599 

model fruit crop (Fig. 7). Although molecular mechanisms at the basis of plant priming are still matter 600 

of debate, several hypotheses have been proposed. In this study, a finely tune regulation of growth 601 
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and defence traits have been highlighted considering three main influencing factors, i.e., the plant 602 

genotype, an AM inoculum and an oligosaccharide described as involved in AMF colonization 603 

induction. The attention has been focused on two rootstocks characterised by opposite trade-offs. 604 

Growth traits have been improved mainly in the low vigour genotype (SO4) by all the treatments 605 

probably through the activation of diverse pathways by the root associated microbes. It is worth 606 

noting that all the treatments shaped the microbial communities associated to the roots in both the 607 

genotypes. Looking at the defence response, a positive impact on immunity system has been revealed 608 

both by the AMF inoculum and the oligosaccharide, although with the activation of different 609 

pathways. Results suggest that AM symbiosis triggers a mycorrhiza-induced resistance (MIR) also 610 

in a model woody plant such as grapevine. 611 

  612 
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Figure legends 911 

Fig. 1 Growth-related traits and metabolites. a Growth index according to BBCH scale recorded 912 

for each treatment at the end of the experiment (n = 25). Upper picture showed an overview of the 913 

cuttings’ development in response to the treatments at the end of the experiment. b Rooting % of 914 

cuttings at the end of the experiment (n = 25). c Chlorophyll Content Index (CCI) measured at the 915 

end of the experiment (n = 25). d Quantification of soluble carbohydrates contents in leaves at the 916 

end of the experiment (n = 4). All data are expressed as mean ± SD. ns, *, **, and ***: non-significant 917 

or significant at P ≤ 0.05, P ≤ 0.01, and P ≤ 0.001, respectively. Different lowercase letters above the 918 

bars indicate significant differences according to Tukey HSD test (P ≤ 0.05), considering R x I x M 919 

interaction. Analysis of variance on the single variables is reported in Table S2. Different uppercase 920 

letters above the bars indicate significant differences according to Tukey HSD test (P ≤ 0.05) 921 

considering the two rootstocks independently. C: Control plants; I: Inducer-treated plants; M: AMF 922 

mixed inoculum-treated plants; M+I AMF mixed inoculum + Inducer-treated plants for 1103P and 923 

SO4 selected rootstocks.   924 

 925 

Fig. 2 Net nitrate uptake in roots and total N in leaves.  a in vivo Net nitrate uptake. b Total N in 926 

leaves (g kg-1 DW). All data are expressed as mean ± SD (n = 3). ns, *, **, and ***: non-significant 927 

or significant at P ≤ 0.05, P ≤ 0.01, and P ≤ 0.001, respectively. Different lowercase letters above the 928 

bars indicate significant differences according to Tukey HSD test (P ≤ 0.05), considering R x I x M 929 

interaction. Analysis of variance on the single variables is reported in Table S2. Different uppercase 930 

letters above the bars indicate significant differences according to Tukey HSD test (P ≤ 0.05) 931 

considering the two rootstocks independently. C: Control plants; I: Inducer-treated plants; M: AMF 932 

mixed inoculum-treated plants; M+I AMF mixed inoculum + Inducer-treated plants for 1103P and 933 

SO4 selected rootstocks. 934 

 935 

Fig. 3 Expression changes of ABA-related genes and metabolite quantification in both root and 936 

leaf tissues. a ABA content in roots. b VvNCED3 in leaf. c VvABA8OH1 in leaf. d VvNCED3 in root. 937 

e VvBG1 in root. f VvGT in leaf. g VvBG1 in leaf. h VvGT in root. i VvABA8OH1 in root. All data are 938 

expressed as mean ± SD (n = 3). ns, *, **, and ***: non-significant or significant at P ≤ 0.05, P ≤ 939 

0.01, and P ≤ 0.001, respectively. Different lowercase letters above the bars indicate significant 940 

differences according to Tukey HSD test (P ≤ 0.05), considering R x I x M interaction. Analysis of 941 

variance on the single variables is reported in Table S2. Different uppercase letters above the bars 942 

indicate significant differences according to Tukey HSD test (P ≤ 0.05) considering the two 943 

rootstocks independently. C: Control plants; I: Inducer-treated plants; M: AMF mixed inoculum-944 
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treated plants; M+I AMF mixed inoculum + Inducer-treated plants for 1103P and SO4 selected 945 

rootstocks. 946 

 947 

Fig. 4 Expression changes of stilbenes-related genes and metabolites quantification in leaf 948 

tissues. a trans-resveratrol quantification. b Viniferin quantification. c VvSTS1 gene expression 949 

changes. d VvSTS48 gene expression changes. All data are expressed as mean ± SD (n = 3). ns, *, **, 950 

and ***: non-significant or significant at P ≤ 0.05, P ≤ 0.01, and P ≤ 0.001, respectively. Different 951 

lowercase letters above the bars indicate significant differences according to Tukey HSD test (P ≤ 952 

0.05), considering R x I x M interaction. Analysis of variance on the single variables is reported in 953 

Table S2. Different uppercase letters above the bars indicate significant differences according to 954 

Tukey HSD test (P ≤ 0.05) considering the two rootstocks independently. C: Control plants; I: 955 

Inducer-treated plants; M: AMF mixed inoculum-treated plants; M+I AMF mixed inoculum + 956 

Inducer-treated plants for 1103P and SO4 selected rootstocks. 957 

 958 

Fig. 5 Distinct root associated-bacteria community composition among treatments. NMDS 959 

algorithm based on Bray-Curtis distances matrixes was used to reduce into a bi-dimensional scaling 960 

data obtained for bacteria community (a). Relative abundance of bacterial genera (b) among 961 

treatments. Only genera representing at least the 1% over the total number of classified amplicons 962 

were retained (n = 3). C: Control plants; I: Inducer-treated plants; M: AMF mixed inoculum-treated 963 

plants; M+I AMF mixed inoculum + Inducer-treated plants for 1103P and SO4 selected rootstocks. 964 

 965 

Fig. 6 Mycorrhiza genera and expression changes of plant and fungus Phosphate Transporter 966 

(PT) genes as markers of functional symbioses. a Relative abundances of mycorrhiza genera (n = 967 

3). b RiPT. c FmPT. d VvPT1-3. Gene expression data are expressed as mean ± SD (n = 3). ns, *, **, 968 

and ***: non-significant or significant at P ≤ 0.05, P ≤ 0.01, and P ≤ 0.001, respectively. Different 969 

lowercase letters above the bars indicate significant differences according to Tukey HSD test (P ≤ 970 

0.05), considering R x I x M interaction. Analysis of variance on the single variables is reported in 971 

Table S2. Different uppercase letters above the bars indicate significant differences according to 972 

Tukey HSD test (P ≤ 0.05) considering the two rootstocks independently. C: Control plants; I: 973 

Inducer-treated plants; M: AMF mixed inoculum-treated plants; M+I AMF mixed inoculum + 974 

Inducer-treated plants for 1103P and SO4 selected rootstocks. Insets: Microscope images of typical 975 

AM symbioses structures in 1103P and SO4 M-colonized roots. 976 

 977 
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Fig. 7 Overview of phenotypic, biochemical, and molecular changes induced by the treatments. 978 

Green arrows indicate responses in 1103 Paulsen (1103P) rootstock whereas orange ones are referred 979 

to SO4 genotype. Upward arrows indicate an increase whereas downward arrows represent a decrease 980 

in content of metabolites or gene relative expression or relative abundance of microbial taxa with 981 

respect to Control (C) plants. NNU: Net Nitrate Uptake; ABA: Abscisic Acid. 982 

 983 

Supporting information           984 

Fig. S1 Gene expression changes of defense-related target genes in both leaf and root. a VvSTP13 985 

in leaf. b VvSTP13 in root. c VvChitIII in leaf. d VvChitIII in root. e VvCAS2 in leaf. f VvLOX in leaf. 986 

g VvEDS1 in leaf. h VvHNT1 in leaf. All data are expressed as mean ± SD (n = 3). ns, *, **, and ***: 987 

non-significant or significant at P ≤ 0.05, P ≤ 0.01, and P ≤ 0.001, respectively. Different lowercase 988 

letters above the bars indicate significant differences according to Tukey HSD test (P ≤ 0.05), 989 

considering R x I x M interaction. Analysis of variance on the single variables is reported in Table 990 

S2. Different uppercase letters above the bars indicate significant differences according to Tukey 991 

HSD test (P ≤ 0.05) considering the two rootstocks independently. C: Control plants; I: Inducer-992 

treated plants; M: AMF mixed inoculum-treated plants; M+I AMF mixed inoculum + Inducer-treated 993 

plants for 1103P and SO4 selected rootstocks. 994 

 995 

Fig. S2 NMDS of root-associated fungal communities. NMDS algorithm based on Bray-Curtis 996 

distances matrixes was used to reduce into a bi-dimensional scaling data obtained for and fungi 997 

community (n=3). 998 

 999 

Fig. S3 Distinct root associated-fungal community structure among treatments. Relative 1000 

abundances of bacterial class (a) and genera (b) among treatments. Only genera representing at least 1001 

the 1% over the total number of classified amplicons were retained (n = 3). C: Control plants; I: 1002 

Inducer-treated plants; M: AMF mixed inoculum-treated plants; M+I AMF mixed inoculum + 1003 

Inducer-treated plants for 1103P and SO4 selected rootstocks. 1004 

 1005 

Fig. S4 Relative abundances of fungal pathogens genera. C: Control plants; I: Inducer-treated 1006 

plants; M: AMF mixed inoculum-treated plants; M+I AMF mixed inoculum + Inducer-treated plants 1007 

for 1103P and SO4 selected rootstocks (n = 3). 1008 

 1009 

Table S1 Oligonucleotides used in this study. 1010 

 1011 
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Table S2 Analysis of variance (ANOVA) outcomes of target genes, metabolites and nitrogen content 1012 

in leaf and root tissues. Different letters within each column indicate significant differences according 1013 

to Tukey HSD test (P ≤ 0.05). Rootstock (R), Inducer (I) and Myc (M) main effects were compared 1014 

using the Student's t-test (P ≤ 0.05). 1015 

 1016 

Table S3 General feature from sequencing results of MiSeq Illumina using specific 16S or ITS 1017 

primers together with PNA. 1018 

 1019 

Table S4 Shannon index for bacterial (16S) communities sampled among the different treatments. 1020 

 1021 

Table S5 Shannon index for fungal (ITS) communities sampled among the different treatments. 1022 

 1023 

Table S6 Summary of bacterial and fungal communities composition among treatments. 1024 

 1025 

Table S7 Statistical analysis of the bacterial community among the different treatments. 1026 

 1027 

Table S8 Statistical analysis of the fungal community among the different treatments. 1028 
























