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Abstract

It is well known that AM symbiosis provides several ecosystem services leading to plant adaptation in different environmen-
tal conditions and positively affects physiological and production features. Although beneficial effects from grapevine and
AM fungi interactions have been reported, the impact on growth-defence tradeoff features has still to be elucidated. In this
study, the potential benefits of an inoculum formed by two AM fungal species, with or without a monosaccharide addition,
were evaluated on young grapevine cuttings grafted onto 1103P and SO4 rootstocks. Inoculated and non-inoculated plants
were maintained in potted vineyard substrate under greenhouse conditions for 3 months. Here, agronomic features were
combined with biochemical and molecular techniques to assess the influence of the different treatments. Despite the opposite
behaviour of the two selected rootstocks, in AM samples, the evaluation of gene expression, agronomic traits and metabolites
production revealed an involvement of the whole root microbiome in the growth-defence tradeoff balancing. Noteworthy, we
showed that rootstock genotypes and treatments shaped the root-associated microbes, stimulating plant growth and defence
pathways. Progresses in this field would open new perspectives, enabling the application of AMF or their inducers to achieve
a more sustainable agriculture also in light of the ongoing climate change.
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Introduction

Grapevine is one of the most cultivated crops worldwide
since its great economic importance resulting from grape
and wine production, and commercialization (Chitarra et al.
2017). For this reason, over the years, viticulture industry
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has selected several cultivars showing different traits (i.e.
flavour, yields, colour) influenced by geology, soil-scape
and climate features, driving some major wine peculiari-
ties (Priori et al. 2019). These components, and their inter-
actions, concur to define the ferroir of a particular envi-
ronment (Resolution OIV/VITI 333/2010). Besides scion
variety features, rootstocks are able to strongly affect scion
performances by means of water transport, biochemical and
molecular processes, impacting the whole plant functions
and its response to biotic/abiotic stress factors (Chitarra
et al. 2017). In the last decade, research on scion/rootstock
interactions strongly increased, aiming to develop more
sustainable practices against pests and ameliorating plant
adaptability to the ongoing climate change (Lovisolo et al.
2016; Warschefsky et al. 2016; Zombardo et al. 2020). Key
drivers influencing defence features and adaptive traits are
thought to be the microbial communities residing in plant
tissues. To date, several studies reported evidence about their
influence on physiological performances (e.g. production of
flavours, hormones, VOCs) in many plants, including grape-
vine, where residing microbiota contribute to defining the
microbial terroir (Gilbert et al. 2014).

According to the Intergovernmental Panel on Climate
Change (IPCC 2014), an increase in the global surface
temperature is expected over the next years, affecting crop
production as a consequence of the predicted occurrence
of biotic and abiotic stresses (Mittler and Blumwald 2010).
To achieve resilience to stress, numerous efforts have been
done over the years, such as the adoption of specific breed-
ing programs and genetic engineering approaches (Cush-
man and Bohnert 2000). Researchers have been focusing
just recently their attention on the exploitation of ‘native’
plant defence mechanisms (e.g. hormone signalling, plant
immunity activation) against biotic and abiotic stressful fac-
tors (Feys and Parker 2000; Jones and Dangl 2006; Hiray-
ama and Shinozaki 2007). The triggering of these responses
can occur using chemical treatments (Balestrini et al. 2018),
root-associated microorganisms and RNA interference tech-
nologies (Alagna et al. 2020), leading plants in a state of
alertness—‘primed state’ or ‘priming’—and enabling them
to respond more quickly and robustly in case of the exposure
to a stress (Beckers and Conrath 2007).

Among soil beneficial microorganisms, arbuscular myc-
orrhizal fungi (AMF) establish symbioses with the major-
ity of land plants showing an important role in providing
nutrients, particularly phosphate and N, but also water and
other elements to the host plant (Jacott et al. 2017; Bale-
strini and Lumini 2018). Mycorrhizal symbiosis is able to
influence plant growth and productivity and enhance the
tolerance to biotic and abiotic stresses as demonstrated in
many crops (Balestrini and Lumini 2018; Balestrini et al.
2018; Alagna et al. 2020). In addition, AM fungi are able to
increase aggregation of soil surrounding roots, improving
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soil matrix stability and physicochemical characteristics
(Uroz et al. 2019). Grapevine roots are naturally colonized
by native AM fungi with a great impact on growth, yield,
quality and development performances (Deal et al. 1972;
Karagiannidis et al. 1995; Linderman and Davis 2001; Trou-
velot et al. 2015). Thanks to the application of metagenom-
ics approaches to soil and roots, new insights about the AMF
living in symbiosis with grapevine have been discovered
(Balestrini et al. 2010; Holland et al. 2014; Balestrini and
Lumini 2018).

Rootstocks-mediated adaptation to a specific environment
is based on the growth-defence tradeoff-mediated mecha-
nisms (Chitarra et al. 2017). Tradeoff phenomenon was
firstly observed in forestry plants-insect interaction studies
and is based on the idea that the limited carbon resources
produced by photosynthesis are allocated toward growth
or defence processes in order to maximize the adaptation
strategies and fitness costs in diverse environments (Huot
et al. 2014; Chitarra et al. 2017; Ziist and Agrawal 2017).
Stresses impair plant growth, redirecting energy and carbon
sources toward defence, reducing growth and reproduction
performances (Bandau et al. 2015; Ziist and Agrawal 2017).
Recently, it was suggested that through a meta-analysis, the
increased plant resistance promoted by Epichlo¢ fungal
endophytes does not compromise plant growth, eliminat-
ing the tradeoff between growth and defence (Bastias et al.
2021). A role in tradeoff balance has been demonstrated also
for AM symbioses, improving nutrient uptake, disease toler-
ance and abiotic stress resilience (Jacott et al. 2017).

In this study, we aimed to evaluate if AM fungi and root-
stocks can concomitantly contribute to fine-tuning growth-
defence tradeoff features in grapevine, thus enabling plants
to trigger earlier and enhanced defence responses against
a potential stressor. The use of specific molecules that can
promote the AM fungal colonization has been proposed to
improve mycorrhizal inoculum applications under practi-
cal field condition (Bedini et al. 2018). In this context, an
affordable strategy is the application at low doses of oligo-
saccharides (i.e. glucose, fructose and xylose) that have a
stimulant effect on AM symbiosis colonization (Lucic and
Mercy 2014—Patent application EP2982241A1). These
compounds, initially called as elicitors, in relation to the
impact on plant defence, can promote mycorrhizal perfor-
mances and, for this reason, the term ‘inducer’ was proposed
(Bedini et al. 2018). In this work, the impact of an inocu-
lum formed by two AMEF species (Funneliformis mosseae
and Rhizophagus irregularis), already reported among the
species present in vineyards (Berruti et al. 2017), with or
without the addition of a monosaccharide (D-glucose) at low
dose (the so called inducer), has been evaluated on young
grapevine cuttings cv. Glera grafted onto 1103 Paulsen and
S04 rootstocks, well known to trigger an opposite growth-
defence behaviour in the scion. The effect of the several
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treatments on the root-associated microbiota has been also
evaluated, to verify the response mediated by the AM and
its recruited mycorrhizosphere.

Materials and methods
Biological materials and experimental setup

Two hundred 1-year-old dormant vines of ‘Glera’ cultivar
grafted onto 1103 Paulsen (1103P) and SO4 rootstocks cer-
tified as ‘virus free’ were purchased from an Italian vine
nursery (Vivai Cooperativi Rauscedo, Italy; http://www.
vivairauscedo.com). Vine roots were washed with tap water
and cut to about 4 cm before plantation in 2-L pot contain-
ers filled with not sterilized substrate mixture of vineyard
soil/Sphagnum peat (8:2, v:v) to better simulate the field
conditions. The substrate composition was a sandy loam soil
(pH 7.8; available P 10.4 mg kg™'; organic matter 1.80%;
cation exchange capacity 20.11 mew 100 g7').

Grapevine cuttings were inoculated with AMF mixed
inoculum (INOQ GmbH, Germany, 238.5 million propagule
per kg inoculum) at planting time by placing it in the hole
and in contact with the roots following the manufacturer’s
instructions. Mycorrhizal inoculum, a powder-based myc-
orrhizal root fragment (Advantage Grade II, 2016—INOQ
GmbH), contained 50% Rhizoglomus irregulare (syn.
Rhizophagus irregularis; 450 million propagules per kg)
and 50% Funneliformis mosseae (27 million propagules
per kg). The fungal lines were produced ex vitro, on Zea
mays and Plantago lanceolata (sand/vermiculite, v/v).
Both AMF inoculum and D-glucose at low dose (i.e. the
inducer) were prepared by Louis Mercy INOQ GmbH; pat-
ent EP2982241A1). The containers were prepared accord-
ing to treatments as follows: (i) 25 plants for each rootstock
as uninoculated control plants (C); (ii) 25 plants for each
rootstock inoculated with 50 mg/L of AMF mixed inocu-
lum (M); (iii) 25 plants for each rootstock inoculated with
50 mg/L of AMF mixed inoculum +inducer (M +1); (iv) 25
plants for each rootstock amended with 50 mg/L of inducer
to stimulate the exploitation of native AMF symbiosis (I).
Daily watered grapevine plants were kept under partially
climate-controlled greenhouse, under natural light and pho-
toperiod conditions for 3 months.

After 3 months, at the end of the experiment, engraft-
ment, growth index and chlorophyll content were recorded.
Leaf and root samples for molecular and biochemical anal-
ysis were collected from at least three randomly selected
plants and immediately stored at — 80 °C. A part of the root
apparatus was used to estimate the level of mycorrhiza for-
mation as described (Balestrini et al. 2017).

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

structures of the symbiosis, regardless of the thesis. How-
ever, the patchy level of colonization, and the quality of the
root segments after the staining, made morphological quan-
tification difficult, and therefore, the AMF presence has been
assessed by molecular analyses (see below).

Growth index, engraftment and chlorophyll content

At the end of the experiment, phenological stages were
recorded and classified according to Biologische Bundesan-
stalt, bundessortenamt und CHemische industrie (BBCH)
scale (from 00 to 12, from dormancy to 9 or more leaves
unfolded, respectively). BBCH scales have been developed
for many crops, including grapevine, and it is based on a
decimal code system that identifies the growth stage (Lanca-
shire et al. 1991); engraftment % (i.e. rooting %) were visu-
ally determined for each plant and treatment. Chlorophyll
content was determined using a portable chlorophyll meter
SPAD (Konica Minolta 502 Plus). Readings were collected
from the second or third leaf from the top on at least three
leaves per plant on five randomly selected vines for each
experimental condition (Chitarra et al. 2016).

Targeted metabolite analyses

Contents of trans-resveratrol, viniferin and abscisic acid
(ABA) were quantified on at least three biological replicates
per condition according to the protocol previously described
(Pagliarani et al. 2019, 2020; Mannino et al. 2020). Leaves
and roots from two randomly selected plants were pooled
to form a biological replicate, immediately frozen in lig-
uid nitrogen, freeze-dried and stored at — 80 °C until use.
Briefly, about 100 mg of freeze-dried sample (leaf or root)
was transferred with 1 mL of methanol:water (1:1 v/v) acidi-
fied with 0.1% (v/v) of formic acid in an ultrasonic bath
for 1 h. Samples were centrifuged for 2 min at 4 °C and
23.477 g, and the supernatant was analysed by high-perfor-
mance liquid chromatography (HPLC). Original standards of
resveratrol (purity >99%), viniferin (purity >95%) and ABA
(purity >98.5%, Sigma-Aldrich) were used for the identi-
fication by comparing retention time and UV spectra. The
quantification was made by external calibration method. The
HPLC apparatus was an Agilent 1220 Infinity LC system
(Agilent R, Waldbronn, Germany) model G4290B equipped
with gradient pump, auto-sampler and column oven set at
30 °C. A 170 Diode Array Detector (Gilson, Middleton, W1,
United States) set at 265 nm (ABA and IAA) and 280 nm
(for stilbenes) was used as detector. A Nucleodur C18 ana-
Iytical column (250 4.6 mm i.d., 5 pm, Macherey Nagel)
was used. The mobile phases consisted in water acidified
with formic acid 0.1% (A) and acetonitrile (B), at a flow rate
of 0.500 mL min~! in gradient mode, 0—6 min, from 10 to
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30% of B; 6-16 min, from 30 to 100% of B; and 16-21 min,
100% of B. Twenty microliters was injected for each sample.

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

The Kjeldahl method was performed according to method
981.10 of the AOAC International (2016), using VELP Sci-
entifica DKL 20 Automatic Kjeldahl Digestion Unit and UDK
159 Automatic Kjeldahl Distillation and Titration System.
Approximately 0.2 g of leaf raw material was hydrolysed with
15-mL concentrated sulfuric acid (H,SO,) containing one
catalyst tablets (3.47 g K,SO,+0.003 Se, VELP Scientifica,
Italy) in a heat block (DK Heating Digester, VELP Scientifica,
Italy) at 300 °C for 2 h. After cooling, H,O was added to the
hydrolysates before neutralization with NaOH (30%) and sub-
sequently distilled in a current of steam. The distillate was col-
lected in 25 mL of H;BO; (1%) and titrated with HC1 0.1 M.
The amount of total N in the raw materials was calculated.

Leaf soluble carbohydrate content was quantified (Chi-
tarra et al. 2018).

At the end of the experiment, white non-lignified roots
(0.5-1 g) were collected from four randomly selected plants
for each treatment and rootstock. Root samples were washed
in 0.5 mmol L~! CaSO, for 15 min, and then transferred
to a 20-mL aerated uptake solution containing 0.5 mmol
L~! Ca(NO;), and 0.5 mmol L-1 CaSO,. Net uptake of
NO;~ was measured removing samples of uptake solution
(aliquot of 200 pL) for its determination every 2 min for
10 min (Tomasi et al. 2015). The aliquots were carefully
mixed with 800 uL of salicylic acid (5% w/v in concentrated
H,S0,) and incubated for 20 min at room temperature fol-
lowing the addition of 19 mL of 2 mol L™! NaOH. After
cooling, nitrate concentration was measured at the absorb-
ance of 410 nm (Shimadzu UV Visible Spectrophotometer
UVmini-1240, Kyoto, Japan) and the net nitrate uptake was
expressed as umol (g FW h™1).

RNA isolation and RT-qPCR

Expression changes of target transcripts were profiled on root
and leaf samples (three independent biological replicate for each
treatment) by quantitative real-time PCR (RT-qPCR) (Chitarra
et al. 2018). Total RNA was isolated from the same lyophilized
samples (leaves and roots) used for HPLC-DAD analysis and
cDNA synthesis was performed as previously reported (Chitarra
et al. 2016). The absence of genomic DNA contamination was
checked before cDNA synthesis by qPCR using VvUBI specific
primers of grapevine. RT-qPCR reactions were carried out in
a final volume of 15 pL containing 7.5 pL of Rotor-Gene™
SYBR® Green Master Mix (Qiagen), 1 pL of 3 pM specific
primers and 1:10 of diluted cDNA. Reactions were run in the
Rotor Gene apparatus (Qiagen) using the following program:
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10-min preincubation at 95 °C, followed by 40 cycles of 15 s
at 95 °C and 30 s at 60 °C. Each amplification was followed by
melting curve analysis (6094 °C) with a heating rate of 0.5 °C
every 15 s. All reactions were performed with at least two tech-
nical replicates. The comparative threshold cycle method was
used to calculate relative expression levels using plant (elon-
gation factors, actin and ubiquitin, VvEF and VvUBI for root
and VWACT and VvEF for leaf tissue) reference genes, while R.
irregularis and F. mosseae elongation factors (RiEF1, FmEF,
respectively) were used to normalize the expression of the AMF
phosphate transporter (PT) genes. Oligonucleotide sequences
are listed in Supplementary Table 1. Gene expression data were
calculated as expression ratio (relative quantity, RQ) to Control
1103P plants (C 1103P).

Root DNA isolation and sequencing

Root samples were lyophilized prior to DNA extraction.
About 30 to 40 mg of freeze-dried and homogenized mate-
rial were used to extract total DNA following the manufac-
turer’s instruction of plant/fungi DNA isolation kit (Norgen
Biotech Corp., Thorold, ON, Canada) as previously reported
(Nerva et al. 2019). Total DNA was quantified using a Nan-
oDrop One spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA), and DNA integrity was inspected run-
ning the extracted samples on a 1% agarose electrophoretic
gel. Before sending DNA to sequencing, a further quantifica-
tion was performed using a Qubit 4 Fluorometer (Thermo
Fisher Scientific, Waltham, MA, USA).

To inhibit plant material amplification, we added a
mixture of peptide nucleotide acid (PNA) blockers oligos
(Kaneka Eurogentec S.A., Belgium) targeted at plant mito-
chondrial and chloroplast 16S rRNA genes (mitochondrial
and plastidial) and plant 5.8S nuclear rRNA. Mitochondrial
sequence was derived from Lundberg et al. (2013) with a
1-bp mismatch, internal transcribed sequence was derived
from Cregger et al. (2018). PNA was custom-designed for
V. vinifera (VvpPNA: GGCTCAACCCTGGACAG; Vv-ITS-
PNA: CGAGGGCACGCCTGCCTGG; Vv-mPNA: GGC
AAGTGTTCTTCGGA). Thermal cycler conditions were
maintained as suggested by the Illumina protocol as previ-
ously reported (Nerva et al. 2019).

Sequences were deposited in NCBI database under the
BioProject PRINA718015, BioSamples SAMN18520793
to SAMN18520808 and SRR14089924 to SRR14089939.

Rhizoplane metaphylogenomic analyses, taxonomic
distributions

A first strict quality control on raw data was performed with
PrinSeq v0.20.4 (Schmieder and Edwards 2011) and then pro-
cessed with Qiime2 (Bolyen et al. 2019). A previously reported
and specific pipeline was used for fungal analysis: retained
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reads were used to identify the start and stop sites for the ITS
region using the hidden Markov models (HMMs) (Rivers
et al. 2018), created for fungi and 17 other groups of eukary-
otes, which enable the selection of ITS-containing sequences.
Briefly, the software allows to distinguish true sequences from
sequencing errors, filtering out reads with errors or reads with-
out ITS sequences. To distinguish true sequences from those
containing errors, sequences have been sorted by abundance
and then clustered in a greedy fashion at a threshold percent-
age of identity (97%). Trimmed sequences were analysed with
DADAZ2 (Callahan et al. 2016) and sequence variants were
taxonomically classified through the UNITE (Abarenkov et al.
2010) database (we selected the reference database built on a
dynamic use of clustering thresholds). For graphic represen-
tation, only genera with an average relative abundance higher
than the settled threshold (1%) were retained.

A 168 specific pipeline was used for bacteria: quality fil-
tering was performed with DADA?2 which is able to perform
chimera removal, error-correction and sequence variant calling
with reads truncated at 260 bp and displaying a quality score
above 20. Feature sequences were summarized and annotated
using the RDP classifier (Cole et al. 2014) trained to the full
length 16S database retrieved from the curated SILVA data-
base (v132) (Quast et al. 2012).

Statistics

Metagenome analyses were performed using R version 3.6.3
(2020-02-29). Fungal and bacterial data were imported and fil-
tered with phyloseq package (version 1.28.0) (McMurdie and
Holmes 2013), keeping only the operational taxonomic units
(OTUs) with a relative abundance above 0.01 in at least a sin-
gle sample. Differential abundance of taxa due to the effects of
rootstock-treatment interaction was then tested using DESeq2
(version 1.24.0) (Love et al. 2014) package.

For phenotypic, biochemical and RT-qPCR data, when
ANOVA indicated that for either Rootstock (R, 1103P and
S04), Inducer (I, NI) and Myc inoculum (M, Myc and NMyc)
factors or their interaction was significant, mean separation
was performed according to Tukey’s HSD test at a probabil-
ity level of P<0.05. ANOVA and Tukey’s HSD test were
also used to analyse the treatment effects for each rootstock
individually. The standard deviation (SD) or error (SE) of all
means was calculated.

Results

Growth, primary metabolism and N uptake
and accumulation

The impact of an AM inoculum, an inducer and a combi-
nation of both was evaluated on growth parameters (both

rooting % and growth stages coded by BBCH scale) in
two grapevine rootstock genotypes (R, 1103P and SO4).
Four conditions for each genotype were considered: C,
not inoculated plants; I, plants treated with the inducer
(I); M, AM-inoculated plants; M + 1, AM-inoculated
plants + inducer.

Results showed a similar impact of the three treatments
on the cutting growth parameters (Fig. 1, Table S2), inde-
pendently from the genotype. Particularly, in SO4 genotype,
both the rooting % and the BBCH values were higher in
treated plants with respect to the control (Fig. 1a, b). Chlo-
rophyll Content Index (CCI) has been evaluated at the end
of the experiment, showing no strong differences among the
genotypes and treatments (Fig. 1c), although it was signifi-
cantly influenced by root colonization (M), the inducer (I)
and the M X I interaction in both rootstock genotypes.

Treatments generally led to slightly lower values of carbo-
hydrates content in leaves with the exception of M, and only
R and I factors significantly influenced this measurement
(Fig. 1d). In detail, for each rootstock, I and M +1 plants
showed significant lower levels of carbohydrates (Fig. 1d).

Net nitrate uptake (NNU) was evaluated (Fig. 2a
Table S2), showing that it was significantly affected by
M factors and the interaction M X I with lower values in
treated samples for both genotypes, particularly in M SO4
plants with respect to C SO4 ones (Fig. 2a).

As for the CCI, only slight differences in total N content
in leaves were evident among genotypes and treatments,
although it was significantly affected by the M factor and
the M x I interactions (Fig. 2b).

ABA content and the expression of ABA-related
genes

To complete the physiological characterization of the two
genotypes in response to treatments, the concentration of
ABA was quantified in roots and leaves (Fig. 3, Table S2).
ABA levels showed a complex scenario in roots where all
treatments led to higher ABA levels with respect to the con-
trol with the greater significant increase recorded in M SO4.
Statistical analyses showed that factors influencing its level
were R and M, alone or in the interactions with I (R X1,
MxI, RxMx]) (Fig. 3a). ABA content in leaves was under
the detection limit among the treatments (data not shown).
To better understand the role of ABA in our sys-
tem, the expression of ABA-related genes was analysed
in both leaves and roots. Relative expressions of (i) a
gene encoding for a 9-cis-epoxycarotenoid dioxygenase
potentially involved in ABA biosynthesis (VWNCED3,
VIT_19s0093g00550 previously reported as VWNCED]1);
(ii) a gene coding for an enzyme involved in conver-
sion of ABA to 8'-hydroxy ABA (VWVABAS8OH]I); (iii) a
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inoculum + inducer-treated plants for 1103P and SO4 selected root-
stocks
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B-glucosidase (BG) involved in free ABA biosynthesis via
hydrolysis of ABA glucose ester to release the ABA active
form (VvBGI; Jia et al. 2016); and (iv) a gene encoding
an ABA glucosyltransferase (VvGT; Sun et al. 2010) were
evaluated in leaves and roots. In leaves, VVNCED3 expres-
sion was not affected by rootstock genotype whereas M
samples showed significantly higher expression levels
with respect to the other samples (Fig. 3b). No signifi-
cant difference was detected for VVABASOH I expression
in leaves although 1103P generally showed higher values
with respect to SO4 (Fig. 3¢). By contrast, VVNCED3
expression in roots was influenced by R, M and I fac-
tors as well as by R XTI interaction, and values for each
rootstock genotype were lower in all treatments when
compared to C plants (Fig. 3d). Similar to that observed
in leaves, M + 1 treatment led to the significant lowest
VvNCED3 transcripts level in root samples (Fig. 3d). Two
pathways promote free ABA accumulation: (1) NCED-
mediated de novo synthesis (Qin and Zeevaart 1999) and
(2) BG-mediated hydroxylation (Lee et al. 2006). Looking
at VvBG] gene, its expression was significantly influ-
enced by R and I in leaves, while the presence of the AMF
was not significantly relevant. In roots, all the factors
and interactions significantly affected VvBG1 expression
level, with the highest level in C SO4 samples (Fig. 3e, g).
Finally, VvGT showed a trend similar to VvBG/ in leaves
where its expression was significantly influenced by R,
I and I X M with the exception of SO4 samples where its
expression was significantly higher only in M SO4 with
respect to C SO4 (Fig. 3f). Conversely, in roots, VvGT
transcript levels were significantly lower in all the condi-
tions with respect to the C 1103P plants (Fig. 3h).

Although VWABASOH 1, coding for an enzyme involved
in ABA conversion, was not significantly regulated
among genotypes and treatments in leaves, it results to be
affected by all the considered factors and interactions in
roots (Fig. 3i) where it appeared significantly upregulated
in M 1103P, M SO4 and M +1 SO4 plants with respect
to their C (Fig. 31). It is worth noting the low expression
in I root samples, suggesting that the inducer may affect
ABA catabolism independently from the genotype and the
presence of the AM inoculum.

Defence

Stilbenes are the main defence-related metabolites synthe-
sized in grapevine. In this study trans-resveratrol and vinif-
erin levels were measured in leaves among the several condi-
tions tested (Fig. 4, Table S2). Particularly, resveratrol was
only affected by the M X I interaction, showing in parallel
significantly higher levels in I and M plants, independently
from genotype, with respect to M +1I and C plants (Fig. 4a).
Viniferin, which was not detectable in C plants, was affected

by the M X I interaction and by the I factor alone. I-, M- and
M + I-treated plants presented in fact significantly higher
values of viniferin than C plants in both rootstocks (Fig. 4b).
To correlate biochemical data with molecular responses,
expression levels of gene coding for two stilbene synthases
(VwSTS1 and VvSTS48) were assessed. Results showed that
in both rootstocks, VvSTSI was upregulated mainly in M
1103P, whereas in SO4 plants, an upregulation in both I
and M with respect to the other treatments was observed
(Fig. 4c). VvSTS48 expression was influenced by all the fac-
tors and their interactions, with the highest expression value
in leaves of I-treated SO4 plants (Fig. 4d). Looking inde-
pendently at each rootstock, in 1103P, only I and M induced
significant overexpression of VvSTS48, while in SO4 plants,
all the treatments showed enhanced gene expression com-
pared to their controls (Fig. 4d).

RT-qPCR was also applied to detect the expression levels
of several target genes as markers of diverse defence response
pathways (Fig. S1, Table S2). Two genes were studied both
in leaves and roots (a sugar transporter, VvSPT13, and a class
III chitinases, VvChitlll), and three genes only in leaves (a
callose synthase, VvCAS2; a lipoxygenase VvLOX; and the
Enhanced Disease Susceptibility 1, VWEDSI) (Fig. Sla—g).
Expression of all the considered genes was influenced by I
factor, while influence by M was more variable, suggesting
a different impact of the treatments on plant metabolism.
Among these genes, VvSTPI13, encoding a sugar transporter,
in leaves of both rootstocks was significantly upregulated in
all treatments with respect to their C plants (Fig. S1a), while
in root, only M-treated plants showed significantly higher
expression values (Fig. S1). VvChitlll showed a different
pattern in leaves and roots. In leaves, VvChitlll transcript
was significantly induced in M- and M + I-treated plants
(Fig. S1c), while in roots, an upregulation was observed
only in M-treated ones (Fig. S1d). VvCAS2, coding for a
callose synthase (Santi et al. 2013), showed a downregu-
lation in all the treatments, while VvLOX gene, encoding
a lipoxygenase involved in the jasmonic acid biosynthesis,
was upregulated in all the treatments: among them, the low-
est value was observed in M SO4 plants (similar to the C
1103P leaves), suggesting a different response to symbioses
in the two genotypes (Fig. S1 e—f). VWEDSI, selected as
marker of systemic acquired responses (SAR) mediated by
salicylic acid (SA), was influenced by I and M, showing an
upregulation trend in I-treated leaves. Conversely, this gene
was downregulated in M-treated plants (Fig. S1g).

Rhizoplane metaphylogenomic analyses
Bacterial community was analysed at both order and genus
level: the number of retained sequences after chimera

removal and taxonomical assignment was always above
35,000 (detailed results of sequencing are reported in
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«Fig.3 Expression changes of ABA-related genes and metabolite
quantification in both root and leaf tissues. a ABA content in roots.
b VWNCED?3 in leaf. ¢ VvVABASOHI in leaf. d VvNCED3 in root. e
VvBG1 in root. f VvGT in leaf. g VwBGI in leaf. h VvGT in root. i
WWABASOH]I in root. All data are expressed as mean+SD (n=3).
ns, *, ** and ***: non-significant or significant at P <0.05, P<0.01
and P<0.001, respectively. Different lowercase letters above the
bars indicate significant differences according to Tukey HSD test
(P<0.05), considering RXIxM interaction. Analysis of variance on
the single variables is reported in Table S2. Different uppercase let-
ters above the bars indicate significant differences according to Tukey
HSD test (P <0.05) considering the two rootstocks independently. C,
control plants; I, inducer-treated plants; M, AMF mixed inoculum-
treated plants; M+1 AMF mixed inoculum+inducer-treated plants
for 1103P and SO4 selected rootstocks

Table S3). Shannon index diversity indicated that the only
significant difference was observed for the I SO4 samples
which show higher index values (Table S4). No significant
differences were observed among samples comparing the
Shannon index on the fungal community (Table S5). Simi-
lar to Shannon index, non-metric multidimensional scal-
ing (NMDS) based on Bray—Curtis dissimilarity matrixes
showed that the bacterial community (Fig. 5a) is more
affected by treatments than the fungal one (Fig. S2).

The bacteria community composition for each sample
type at order and genus levels is reported in Table S6. Sta-
tistical results of pairwise comparisons among genera are
reported in Table S7. To simplify, results are described for
the orders and genera that represent at least the 1% of the
bacterial community (Fig. 5b). Comparison of the bacte-
rial community between the two rootstocks (1103P vs SO4)
revealed that 1103P has a significant higher relative abun-
dance of Pseudomonas species, whereas SO4 has a signifi-
cant higher relative abundance of Bacillus species. Among
the bacterial genera, which display significant differences
among the treatments, M 1103P vines stimulated the pres-
ence of Bacillus species but repressed the interaction with
Pseudomonas ones. In parallel, when comparing treatments
on SO4 rootstock, a positive interaction between the myc-
orrhizal inoculation and the Pseudomonas abundance was
observed, whereas the inducer treatment showed a negative
impact on Flavobacterium abundance.

The fungal community composition for each sample type
at order and genus levels is reported in Table S6. Statistics
of the pairwise comparisons among genera are reported
in Table S8. Results for the fungal orders and genera that
represent at least the 1% of the fungal community are
reported in Fig. S3. Focusing on AMF, results confirm the
presence of Rhizophagus and Funneliformis in inoculated
plants. However, AMF were detected also in the I-treated
plants (Fig. 6a). Despite the presence of AMF associated
to these roots, gene expression analysis on fungal PT genes
showed the presence of RiPT and FmPT transcripts only in
M-inoculated plants. Surprisingly, absent or low expression

levels were detected in I-treated plants (Fig. 6b, c; Table S2).
Indeed, fungal PT genes were expressed in a different way
in the two genotypes, suggesting a different symbiosis effi-
ciency of the two rootstocks. This finding was further con-
firmed by a plant PT gene (VvPTI-3), which expression level
was mainly affected by R and M factors, and by ‘R X I’ inter-
action. It was upregulated in 1103P roots, independently by
treatment, with respect to C 1103P, and strongly upregulated
in M SO4 ones (Fig. 6d, Table S2).

Comparing the fungal composition in C, 24 genera with
significant differences of relative abundance were observed.
Among the analysed genera, Clonostachys displayed a sig-
nificant negative correlation with all the treatment in both
rootstock genotypes. Focusing on significant genera, usu-
ally involved in pathogenic interaction, such as Fusarium,
Rhizoctonia and Ilyonectria (Fig. S4), the concomitant use
of mycorrhizal inocula with the inducer brought to a signifi-
cant reduction of Ilyonectria in both rootstocks. Conversely,
Fusarium abundance was stimulated in all treatments except
for the inoculation with AMF in the 1103P rootstock.
Finally, Rhizoctonia genus was positively influenced by the
inducer, but only in the SO4 rootstock.

Discussion

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

The importance of root-associated microbes was exten-
sively demonstrated in several crops including grapevine,
with the potential to exploit biocontrol strategies that rely
on the beneficial traits of plant growth-promoting micro-
organisms (PGPBs) naturally associated with plants (Ver-
bon and Liberman 2016; Marasco et al. 2018; Yu et al.
2019). Among them, AMF and their impacts on diverse
plant species, including economically important crops,
have been largely studied highlighting the importance of
this relationship that can positively affect both growth and
defence traits (Jacott et al. 2017). However, despite these
advantages, grapevine breeders normally focus their atten-
tion more on phenotypic or metabolic peculiarities rather
than on the improvement of the interactions with root-
associated microbes (Marin et al. 2021).

Grapevine roots are commonly colonized by different
AMF taxa depending on the considered environment, sea-
son and soil management making them relevant in defining
the ‘microbial terroir’ of a specific grape cultivar (Massa
et al. 2020). Svenningsen et al. (2018) reported that AMF
ecosystem services might be suppressed by some bacte-
rial groups belonging to Acidobacteria, Actinobacteria,
Firmicutes, Chitinophagaceae and Proteobacteria. Our
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results showed an inverse correlation between the pres-
ence of some of these bacteria (i.e. Acidobacteria, genus
Vicinamibacter and Actinobacteria genus Gaiella) and
AMF ‘functionality’, although ITS sequencing showed a
similar level in terms of AMF abundance. It is also neces-
sary to consider that ITS was used in the present work as
universal fungal marker (Schoch et al. 2012; Lindahl et al.
2013) to better define the overall fungal population despite
ribosomal large subunit (LSU) region consistently shows
greater utility for taxonomic resolution for AMF (Xue
et al. 2019a). Despite the latter approach can give better
results, it has rarely been used in environmental studies of
AMF because of sequencing and bioinformatics challenges
(Delavaux et al. 2021). Similarly, for a better description
of the AMF population, it was recently reported that the
use of AMF specific primers, coupled to nested PCR, can
greatly help in better defining the AMF population (Suzuki
et al. 2020).

Additionally, results obtained from the microbiome analy-
sis confirm that the response of microbial communities to
the different treatments are genotype dependent (Marasco
et al. 2018). This is particularly clear for the bacterial com-
munity, where the addition of the mycorrhizal inoculum
promoted the Pseudomonas genus in 1103P and the Bacil-
lus genus in SOA4. It is important to remind that both these
genera were largely investigated in grapevine because of
their ability to protect vine plants against several fungal
pathogens. Pseudomonas genus was studied for its ability
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control plants; I, inducer-treated plants; M, AMF mixed inoculum-
treated plants; M+1 AMF mixed inoculum +inducer-treated plants
for 1103P and SO4 selected rootstocks

to impair Botrytis, Neofusiccocum, Ilyonectria, Aspergil-
lus, Phaeomoniella and Phaeoacremonium genera, which
are all well-known grape fungal pathogens (Andreolli et al.
2019; Niem et al. 2020). On the other hand, Bacillus spe-
cies were studied for their ability to reduce the impact of
black foot disease (mainly due to infection by Cylindrocar-
pon and Ilyonectria species) and downy mildew on grapes
(Zhang et al. 2017; Russi et al. 2020). These studies well
fit with our data where we observed the lower Ilyonectria
abundance in M +1 1103P and concomitantly the higher
abundance of Bacillus species. Looking at the fungi, all the
treatments promoted the presence of different AMF species,
suggesting the recruitment of native AM fungal communi-
ties by the I-treated roots, independently from the rootstock
genotypes. In detail, it is worth noting a higher diversity in
AMF colonization in I 1103P with respect to I SO4 plants,
independently from the presence of the AMF inoculum, con-
firming a diverse recruitment pattern for the two genotypes.
Interestingly, Clonostachys genus negatively correlated with
all the treatments. This genus was extensively studied for its
promising exploitation as biological control agents against
soil and root pathogens (Nygren et al. 2018; Sun et al. 2020).
Considering that in all treatments the Rhizophagus genus
was more abundant than in C, we can confirm that a mutual
exclusion between Clonostachys and Rhizophagus genera
is present. Although a full explanation for this reciprocally
inhibitory interaction is still missing, the complex microbial
community modulation mediated by the AM fungi could
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impair the ability of Clonostachys to endophytically colo-
nize the host plant (Ravnskov et al. 2006; Akyol et al. 2018;
Xue et al. 2019b). These findings, in accordance with the
increase in defence-related metabolites and the expression
data on defence-related genes, well fit with the concept of
mycorrhizal-induced resistance (MIR) (Cameron et al. 2013)
as a cumulative effect of direct and indirect (i.e. mediated
by mycorrhizosphere-associated microorganisms) defence
responses. Recently, Emmett et al. (2021) also demonstrated
that a conserved community is associated to AMF extra-
radical hyphae, suggesting an influence on the plant-fungal
symbiosis.

AM fungi and root-associated microbes balance
rootstocks growth traits showing a different pattern
of functional symbioses

The impact of the different treatments on two different root-
stock genotypes was evaluated. The selected rootstocks (i.e.
1103P and SO4) were well characterized at both agronomic
and molecular level (Chitarra et al. 2017), showing oppo-
site growth and defence attitudes. Among rootstock fea-
tures, fine root development and density, imparting vigour
to the scion, varied considerably with an impact on water
and nutrient uptake as well as on the interaction with soil
microorganisms. AM colonization showed that SO4 consist-
ently presented higher levels of root colonization, together
with Kober 5BB and Ruggieri 140, with respect to the oth-
ers (Chitarra et al. 2017). This is in agreement with previ-
ous works (Bavaresco and Fogher 1996; Bavaresco et al.
2000), who showed a variation in the range of AM-colo-
nized grape rootstocks among genotypes, which could be
considered the main factor driving AM recruitment. How-
ever, functional symbiosis was strongly influenced also by
scion requirements, soil fertility and soil pH (Bavaresco and
Fogher 1996; Bavaresco et al. 2000). Here, both rooting and
growth parameters, and partially the CCI, clearly showed a
compensation effect in the less vigorous SO4 with respect to
1103P, reaching similar values in all the treatments. A role
could be attributed to AMF particularly in SO4. To attest
this hypothesis, considering that high-affinity PTs in AM
have been characterized and it has clearly been demonstrated
that plants possess a symbiotic Pi uptake pathway (Berruti
et al. 2016), AM fungal PT genes (RiPT and FmPT) have
been tested showing a highly expression in M SO4 for both,
and also in M +1 SO4 for FmPT. Similarly, the plant gene
VwPT1-3, homolog of mycorrhiza-inducible inorganic phos-
phate transporters such as LePT4 and OsPT11 (Balestrini
et al. 2017), was significantly upregulated in M SO4. The
positive effects exerted by AM symbiosis in growth and
physiological features were largely documented in several
plants (e.g. Chitarra et al. 2016; Balestrini et al. 2020). Sur-
prisingly, although the ITS sequencing showed a certain

abundance of AM genera in both I and M + 1, the inducer
seemed to lower the expression of plant and fungal genes
generally involved in symbiosis functioning. This should
be related to the presence of bacteria reported to diminish
AMF functionality (Svenningsen et al. 2018). As well, an
impact of the inducer on the number of fine roots, which are
those colonized by AMF, cannot be excluded also consider-
ing that IAA was not detectable in I samples. Looking at the
whole microbial community, in addition to a selection based
on the rootstock genotype, it is worth noting that I treat-
ment (particularly I SO4) was able to significantly increase
diversity of the microbiota (Table S4). Samples treated with
the inducer showed higher bacterial diversity hosting many
groups of PGPBs such as Burkholderiaceae that might be
linked to potassium (K) and phosphorous (P) solubilization
and availability (Gu et al. 2020); Pseudomonas and Bacil-
lus spp. were able to produce siderophores, auxin and cyto-
kinins and characterized as phosphate-solubilizing bacteria
(Saad et al. 2020; Subrahmanyam et al. 2020) (Table S7).
These findings could explain the bacteria-mediated growth
effects in I treatments particularly for the SO4 genotype. By
contrast, the whole fungal diversity was not significantly
affected among the treatments.

Nitrogen (N) is an essential element for all grapevine
processes and N transporters were found among the genes
upregulated by both a single AMF and a mixed bacterial-
fungal inoculum through transcriptomics in grapevine
roots (Balestrini et al. 2017). However, although AMF may
positively influence plant N compound uptake and trans-
port (Balestrini et al. 2020), negative, neutral or positive
AMF effects on N nutrition have been reported (Biicking
and Kafle 2015). Due to the fact that several nitrate trans-
porters were found to be regulated by an AMF inoculum
(Balestrini et al. 2017), the attention was mainly focused
on nitrate uptake. Lower values of nitrate uptake with
respect to controls were observed among all treatments,
independently from the considered genotypes. Further-
more, any relevant effect on N accumulation in leaves was
observed, suggesting that a positive correlation between N
content and growth is not relevant in our system or likely
due to a biomass dilution effect since the higher growth
index recorded particularly in SO4-treated plants. AMF
have been reported to show NH, " preference to be assimi-
lated in extraradical mycelium and translocated to plant
roots after completion of the GS-GOGAT cycle (Balestrini
et al. 2020). In this respect, to the plants side, the lower
NNU observed in M-inoculated plants suggest a role of
AMEF in regulating root N uptake strategies helping plants
in acquiring N.

The plant hormone ABA is a chemical signal involved
in the plant response to various abiotic environmental fac-
tors, but it can also play a role in interactions with phy-
topathogens by modulating tissue colonization depending
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«Fig.5 Distinct root-associated bacteria community composition
among treatments. NMDS algorithm based on Bray—Curtis dis-
tances matrixes was used to reduce into a bi-dimensional scaling data
obtained for bacteria community (a). Relative abundance of bacte-
rial genera (b) among treatments. Only genera representing at least
the 1% over the total number of classified amplicons were retained
(n=3). C, control plants; I, inducer-treated plants; M, AMF mixed
inoculum-treated plants; M+I AMF mixed inoculum +inducer-
treated plants for 1103P and SO4 selected rootstocks

on microorganism type, site and time of infection (Ton
et al. 2009). An impact of ABA on AMF colonization has
been also reported at diverse colonization stages (Bedini
et al. 2018). A role for ABA in the mechanisms by which
AM symbiosis influences stomata conductance under
drought stress was also suggested (Chitarra et al. 2016).
Here, ABA levels were affected by both the genotype and
the AMF inoculum. A significant effect of the M treatment
was found on the expression of a key gene involved in the
ABA synthesis in leaves (VWNCED3), showing a positive
correlation with the ABA levels in roots. Our result is in
accordance with the fact that ABA produced in leaves is
then translocated in roots where it might act as a signal to
promote root growth (McAdam et al. 2016). AMF pres-
ence led to higher ABA content in M SO4 roots, despite
the fact that generally SO4 rootstock was reported to have
a low endogenous content (Chitarra et al. 2017), sug-
gesting a potential enhanced tolerance to abiotic stresses
in M SO4. As already reported by Ferrero et al. (2018),
the relationship between biosynthetic and catabolic pro-
cesses may be complex and diverse in the different plant
organs. Our results showed a different expression pattern
of most of the considered genes involved in ABA syn-
thesis and catabolism in leaves and roots. A gene cod-
ing for an ABA 8'-hydroxylase (VWVABASOH1), belonging
to the CYP707A gene family and with a primary role in
ABA catabolism, showed an opposite trend in M and I
root apparatus, in agreement with the ABA root accumu-
lation. Overall, obtained data are in accordance with that
reported by Martin-Rodriguez et al. (2016) showing that
both ABA biosynthesis and catabolism are finely tuned in
AM-colonized roots. Although with the activation of dif-
ferent mechanisms depending on the treatment, an impact
on ABA homeostasis can be suggested particularly in SO4
genotype.

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

Plants finely tune the immune system to control both patho-
gen infection and beneficial microorganism accommoda-
tion. Soil bacteria and fungi play a double role in promoting
growth and defence response, helping in maintaining the

homeostasis in the whole microbial communities associated
to the roots through the Induced Systemic Resistance (ISR)
pathways (Liu et al. 2020). In grapevine, stilbenes are phyto-
alexins with proved antifungal activities (Chalal et al. 2014).
Here, resveratrol content was higher in I and M leaves with
respect to untreated controls, while viniferin, that is highly
toxic for grape foliar pathogens such as downy and powdery
mildew (Chitarra et al. 2017), has a similar trend in all the
treatments while it was not detected in C plants. These pat-
terns clearly highlight a stimulating effect mediated by root-
associated microbes (native or inoculated), with differences
that might be related to the diverse microbiome composition.
Among the genes involved in stilbene synthesis, VvSTS48,
coding for a stilbene synthase reported as induced by downy
mildew infection, showed the highest expression value in I
S04 plants, suggesting a different modulation among treat-
ments and genotypes.

Carbohydrate metabolism is also involved in plant
defence responses against foliar pathogens (Sanmartin
et al. 2020). In tomato, AM symbiosis was reported to be
involved in Botrytis cinerea resistance through the mycor-
rhiza-induced resistance (MIR) mediated by callose accu-
mulation. A tomato callose synthase gene (PMR4) was
in fact upregulated by mycorrhization mainly upon biotic
infection (Sanmartin et al. 2020). In the present study, atten-
tion has been focused on the homolog grape gene VvCAS2.
Conversely to that previously observed, VvCAS2 showed
a downregulation trend in all the treatments with respect
to control plants. These findings suggest a primary role in
microbe-mediated stimulating of defence responses against
biotic factors in grape. Since a correlation between MIR
and sugar signalling pathway was reported (Sanmartin et al.
2020), the expression of a grapevine sugar transporter gene
(WSTP13), homolog to the Arabidopsis STP13, involved in
intracellular glucose uptake and in B. cinerea resistance, was
followed in leaves and roots. Although total soluble carbo-
hydrates were not affected by treatments in leaves, VvSTP13
expression showed an upregulation trend in all the treat-
ments, particularly in both I sample and M 1103P leaves,
suggesting an effect of AMF inoculum in the susceptible
genotype. Looking at the roots, VvSTP13 upregulation trend
was observed mainly in mycorrhizal roots, in agreement
with the fact that expression of genes from the STP fam-
ily was revealed in arbuscule-containing cells of Medicago
truncatula (Hennion et al. 2019). The same trend observed
for VvSTP13 was also found for a gene coding for a class 111
chitinase (VvChitlll). Class III chitinases have been already
reported to be markers of functional symbioses (Balestrini
et al. 2017), being localized in arbuscule-containing cells
(Hogekamp et al. 2011). Finally, the expression of two tar-
get genes (VVLOX and VVEDS]I), respectively involved in
ISR mediated by jasmonate and SAR mediated by salicylic
acid, although differently modulated by the inducer and AM
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Fig.6 Mycorrhiza genera and expression changes of plant and fun-
gus phosphate transporter (PT) genes as markers of functional sym-
bioses. a Relative abundances of mycorrhiza genera (n=3). b RiPT. ¢
FmPT. d VvPTI-3. Gene expression data are expressed as mean+SD
(n=3). ns, *, ** and ***: non-significant or significant at P <0.05,
P<0.01 and P<0.001, respectively. Different lowercase letters above
the bars indicate significant differences according to Tukey HSD test
(P<0.05), considering RXIxM interaction. Analysis of variance on

fungi, confirmed the role of the whole microbiome on the
plant immunity system in the scion of both rootstock geno-
types (Cameron et al. 2013).

Conclusion

Overall, our results allowed to provide new insights into
growth-defence tradeoff responses in a model fruit crop
(Fig. 7). Although molecular mechanisms at the basis of
plant priming are still matter of debate, several hypotheses
have been proposed. In this study, a finely tune regulation
of growth and defence traits has been highlighted consid-
ering three main influencing factors, i.e. the plant geno-
type, an AM inoculum and an oligosaccharide described as
involved in AMF colonization induction. The attention has
been focused on two rootstocks characterized by opposite
tradeoffs. Growth traits have been improved mainly in the
low vigour genotype (SO4) by all the treatments probably
through the activation of diverse pathways by the root-asso-
ciated microbes. It is worth noting that all the treatments
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the single variables is reported in Table S2. Different uppercase let-
ters above the bars indicate significant differences according to Tukey
HSD test (P <0.05) considering the two rootstocks independently. C,
control plants; I, inducer-treated plants; M, AMF mixed inoculum-
treated plants; M+1 AMF mixed inoculum + Inducer-treated plants
for 1103P and SO4 selected rootstocks. Insets: microscope images
of typical AM symbioses structures in 1103P and SO4 M-colonized
roots

shaped the microbial communities associated to the roots in
both the genotypes. Looking at the defence response, a posi-
tive impact on immunity system has been revealed both by
the AMF inoculum and the oligosaccharide, although with
the activation of different pathways. Results suggest that AM
symbiosis triggers a mycorrhiza-induced resistance (MIR)
also in a model woody plant such as grapevine.
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