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The use of microbial biostimulants in agriculture is recognized as a sustainable
approach to promoting crop productivity and quality due to improved nutrient
uptake, enhanced stress tolerance, and improved ability to cope with non-
optimal environments. The present paper aimed to comparatively investigate
the effect of seven different commercial mycorrhizal-based treatments in terms
of yield, phytochemical components, and technological traits of Malvasia di
Candia Aromatica grape (Vitis vinifera L.) plants. Metabolomic analysis and
photosynthetic performance were first investigated in leaves to point out
biochemical differences related to plant growth. Higher photosynthetic
efficiency and better PSII functioning were found in biostimulant-treated vines,
reflecting an overall decrease in photoinhibition compared to untreated plants.
Untargeted metabolomics followed by multivariate statistics highlighted a robust
reprogramming of primary (lipids) and secondary (alkaloids and terpenoids)
metabolites in treated plants. The analysis of berry yield and chemical
components exhibited significant differences depending on the biostimulant
product. Generally, berries obtained from treated plants displayed improved
contents of polyphenols and sugars, while yield remained unchanged. These
results elucidated the significant role of microbial biostimulants in determining
the quality of grape berries and eliciting biochemical changes in vines.
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1 Introduction

Despite predictions showing an increase in agricultural
production by 2050, agricultural output will not be sufficient
under exacerbated climate change (CC) conditions, natural
resource degradation, and biodiversity losses (Calicioglu et al,
2019). In this scenario, biostimulants stand out as one of the
most promising options to achieve low-input agriculture within a
sustainable food system by ensuring efficient management of
natural resources, securing yield and quality of the production,
and improving plant tolerance to abiotic stresses (Rouphael and
Colla, 2020). Defined by the European Parliament and the Council
in Regulation 2019/1009, biostimulants stimulate nutrient use
efficiency, tolerance to abiotic stresses, quality traits, and
availability of confined nutrients in soil or rhizosphere. Among
the category, microbial biostimulants represent a sub-group that
includes microorganisms like arbuscular mycorrhizal fungi (AMF)
and N-fixing bacteria belonging to the Azotobacter, Rhizobium, and
Azospirillum genera. The use of single microorganisms or consortia
has been demonstrated to increase crop productivity and quality
through enhanced nutrient uptake and abiotic stress tolerance, even
though the specific climatic conditions, plant species, and soil are
essential factors to be considered (Backer et al., 2018; Bitterlich
et al., 2018; Turrini et al., 2018; Woo and Pepe, 2018).
Notwithstanding, the advantage of AMF application may embed
systemic resistance induction, endowing plants with disease and
pest attack protection (Cameron et al., 2013).

As the effect of CC is substantial across all crops, it is striking for
specialty crops like wine grapes (Fraga et al., 2016). Altered
precipitation patterns leading to drought periods, increase in
temperature, and frequency of extreme weather events have
adverse effects on grapevine growth, berry quality, and yield
(Kuhn et al.,, 2014; Fraga et al,, 2016; Torres et al., 2018b; Fraga
et al,, 2020). Specifically, heat stress results in a modification of
phenology timing with the hastening of ripening of grapes and
lower quality of berries due to reduced sugar content, titratable
acidity, and an altered concentration of secondary metabolites with
emphasis on polyphenols (Mori et al., 2007; Sadras and Moran,
2013; Arrizabalaga et al., 2018; Torres et al., 2018¢c; Arrizabalaga-
Arriazu et al., 2020). Despite requiring relatively low water inputs,
grapevine impacted by water shortages results in lowered berry size
and decreased malic acid concentration (Matthews and Anderson,
1988; Bondada and Shutthanandan, 2012; Gambetta, 2016). While
having a positive effect on vineyard microbial networks and,
consequently, on soil quality (Torres et al., 2021) and possibly
facilitating the further colonization by other resident AMF taxa
(Nogales et al., 2021), AMF have also an impact on the overall plant
performance, including agronomical traits and biochemical
processes (Trouvelot et al., 2015; Ganugi et al., 2019). Moreover,
the application of AMF can mitigate abiotic stresses, including high
temperatures, UV-B radiation, and drought stress (Nikolaou et al.,
2003; Torres et al, 2018a; Nogales et al., 2021). However, it is
difficult to generalize the outcomes of AMF application since
different responses have been reported, likely depending on grape
genotype and fungal species applied (Linderman and Davis, 2001;

Frontiers in Plant Science

10.3389/fpls.2023.1236199

Aguin et al., 2004; Krishna et al., 2005; Bruisson et al., 2016; Torres
et al,, 2016; Torres et al., 2018b). In addition to the effects on root
volume, length, and morphology, AMF inoculation can increase the
number of leaves per vine, leaf area, and total dry weight (Aguin
et al., 2004; Derbew et al., 2007). Indeed, the effect of mycorrhizal
inoculation induces a shift in plant photosynthetic performance and
relative water content (RWC), with a positive impact on
physiological and nutritional status (Krishna et al., 2005).
Moreover, by modulating the biochemical processes, AMF
biostimulants influence the hormone metabolism, increase
chlorophyll and carotenoids, and promote the accumulation of N,
P, Mg, and Fe (Gabriele et al., 2016; Torres et al., 2018a; Torres et al.,
2018b; Antolin et al., 2020; Karoglan et al., 2021). The possible
effects of AMF on yield and nutritional parameters have been given
great importance. Mycorrhizal inoculation leads to an increase in
yield, cluster number per vine, and cluster weight, thus reducing the
berry weight (Antolin et al, 2020; Karoglan et al, 2021). The
modulation of the phytochemical composition and antioxidant
properties has been also investigated, demonstrating a variation in
polyphenols like anthocyanin, flavanols, phenolic acids, and flavan-
3-ols as well in soluble solids following AMF inoculation (Gabricle
et al., 2016; Torres et al., 2018b; Torres et al., 2018c; Antolin et al.,
2020; Karoglan et al., 2021).

Nonetheless, the cultivar and microbial strain or consortia
applied are of crucial importance in framing applicative results in
crops coming from AMF inoculation (Ganugi et al., 2021b).

Therefore, this study aimed to comparatively investigate the
effect of seven different mycorrhizal-based treatments on
photosynthetic performance and qualitative and quantitative traits
of grapevine (cultivar Malvasia di Candia Aromatica) leaves
and berries.

2 Materials and methods

2.1 Experimental site, treatments, and
plant management

The field experiment was conducted by the Universita Cattolica
del Sacro Cuore in the vineyard of the farm Res Uvae in
Castell’Arquato (Piacenza, northern Italy, 44°51'26.0"N 9°51
23.8"E), and grapevines (Vitis vinifera L.) of the white variety
Malvasia di Candia Aromatica, grafted onto Kober 5BB
rootstocks, were used. Plants were planted in 2019, spaced 1.2 m
within and 2.5 m between rows, and pruned using the Guyot
training system.

The characteristics in the top 0-30-cm soil layer were as follows:
sand 242 g/kg, silt 356 g/kg, clay 402 g/kg, pH H,O 7.5, organic
matter 8.8 g/kg, total N 0.71 g/kg, available P (Olsen) 32.07 mg/kg,
exchangeable Ca 3,819.64 g/kg, exchangeable Mg 546.91 meq/100 g,
exchangeable K 168.16 mg/kg, exchangeable Na 0.27 meq/100 g,
and cation exchange capacity 26.1 meq/100 g.

Standard vineyard floor management practices—detailed in
Table Sl—included phytosanitary treatments according to
Integrated Pest Management (IPM) principles and supported by

frontiersin.org


https://doi.org/10.3389/fpls.2023.1236199
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Ganugi et al.

DSS (vite.net from Horta s.rl) to estimate the proper timing
of interventions.

The experimental design consisted of thirty-one 85-m-long
adjacent rows of grapevines arranged to test mycorrhizal-based
treatments (listed in Table 1). In detail, seven different AMF
treatments were used: Micoflow + Radimix advance (T1),
MycoApply DR (T2), MycoUp (T3), Overground ST-Plus (T4),
Team mix (T5), Tricoveg (T6), and Vici Rhyzoteam WG (T7). A
control condition (Control) was also added to compare the no-
treatment effect. All treatments included four rows, except for T7,
which had only three. The treatment dosage and time of application
(described in Table S2) followed the label instructions. The
biostimulants were applied once per year for three consecutive
years, starting in 2019.

Weather data were collected from the Universita Cattolica del
Sacro Cuore weather station (PESSL®). The Datalogger collected
real-time data for in-field measurement of temperature, rain, flow
rate, leaf wetness, and relative humidity, among other parameters.
The data for the experimental period were downloaded from a web

user interface.

2.2 Assessment of biostimulants

In the same experimental vineyard, the study of fungal ecology has
been carried out with periodic sampling of roots and soil of the different
treatments. The samplings were carried out every February for 3 years
to determine fungal colonization. The samples were sent to the Biome
Makers laboratory (Valladolid, Spain) for molecular analysis. In order
to characterize fungal microbial communities, the internal transcribed
spacer (ITS) marker regions were selected, and libraries were prepared
following the two-step PCR Illumina protocol using custom primers
amplifying the ITS1 region described previously (Becares and
Fernandez, 2017). Then, they were sequenced by an Illumina MiSeq
device using pair-end sequencing (Illumina®, San Diego, CA, USA).
These data were used to check if the application of the different

10.3389/fpls.2023.1236199

biostimulants worked and was able to increase the abundance of
AMF in the roots of inoculated plants. Bioinformatic processing of
the reads obtained and taxonomic annotation were performed using
the Vsearch function in UCHIME and SINTAX algorithms (Edgar,
n.d; Edgar et al,, 2011; Rognes et al., 2016). The operational taxonomic
unit (OTU) tables generated for each year were used to evaluate the
relative abundance within the fungal community from the database of
sequenced species using the dplyr R package (Yarberry, 2021). Once
detected, their relative abundance was evaluated over the years for each
treatment in comparison to the relative abundance of the same genus
population detected in Control.

2.3 Photosynthetic parameters in
plant leaves

The MultispeQ 2.0 device (PhotosynQ, East Lansing, MI, USA)
was used for photosynthetic analysis of grapevines. Starting July 14,
2022, field sampling was conducted once a week. Four plants per
treatment were randomly chosen, and a lateral shoot’s fourth and
sixth fully expanded leaves were used for data acquisition. The
analyzed parameters included the quantum yield of photochemical
energy conversion in PSII (Phi2), the quantum yield of non-
regulated non-photochemical energy loss in PSII (PhiNO), and
the quantum yield of regulated non-photochemical energy loss in
PSIT (PhiNPQ), which were calculated by applying the equations
derived by Kramer et al. (2004) as modified by Tietz et al. (2017).
Accordingly, the three light-adapted parameters add up to 1 (Phi2 +
PhiNPQ + PhiNO = 1) (Kramer et al., 2004).

2.4 Untargeted metabolomic analysis
of leaves

On July 26, 2022, four replicates per each mycorrhizal treatment
were collected and freeze-dried. Specifically, each replicate was

TABLE 1 List of the eight commercial products tested on grapevines (Vitis vinifera L.) cultivar ‘Malvasia di Candia Aromatica’.

Commercial product Manufacturer Code Mycorrhizal inoculum
Micoflow Rhizophagus irregularis (labeled as Glomus intraradices) 1%
Filnova T1
Radimix advance Rhizophagus ssp. (labeled as Glomus spp.) 0.005%
R. irregularis 1%
MycoApply DR Sumitomo Chemical Italia T2 Clarm‘deoglomus luteufn,
Claroideoglomus etunicatum
Claroideoglomus claroideum
MycoUp Biogard® T3 Rhizophagus iranicus (labeled as Glomus iranicum) var. tenuihypharum 120 propagules/g
Overground ST-Plus Overtis T4 Rhizoglomus spp. (labeled as Glomus spp.) 0.004%
Team mix Hello Nature® Ts R. irregularis (labeled as G. intraradices) 500 spores/g
Funneliformis mosseae (labeled as Glomus mosseae)
Tricoveg Chemia S.p.a. T6 Rhizophagus spp. (labeled as Glomus spp.) 0.2%
Vici Rhyzoteam WG Koppert T7 Rhizophagus spp. (labeled as Glomus spp.) 4%

Manufacturer and code, respectively, indicate the corresponding producer and legend used for the manuscript. Control (T1), corresponding to non-inoculated vines, was also included in the

experimental design.
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represented by a pool of a side shoot’s fourth and sixth leaves. The
collection date (BBCH = 83) was defined on the basis of
photosynthetic data, choosing the day on which the differences
between the different treatments were most marked. Samples were
ground with mortar and pestle using liquid nitrogen, and the leaves
from the same plant were pooled. Then, extraction was performed
according to Buffagni et al. (2021). Briefly, 1 g of plant material was
extracted in 10 mL of 80% (v/v) methanol acidified with 0.1%
formic acid. Mechanical homogenization was performed using an
Ultra-Turrax (Polytron PT, Stansstad, Switzerland); then, extracts
were centrifuged (12,000 x g) for 10 min and filtered on 0.22-pum
cellulose filters into glass vials. The same extraction procedure was
replicated twice from two independent sub-samples from
each replication.

Untargeted metabolomic analysis was performed using a 1290
ultra-high pressure liquid chromatographic system coupled with a
G6550 quadrupole-time-of-flight mass spectrometry (UHPLC/
QTOE-MS) from Agilent Technologies (Santa Clara, CA, USA) as
previously reported (Buffagni et al, 2021). Reversed-phase
chromatography was performed using an Agilent Poroshell 120
PFP column (100 mm X 2.1 mm id., 1.9-um particle size) and a
mobile phase of water and acetonitrile (6%-94% acetonitrile in
33 min) both acidified with formic acid (0.1% v/v). The mass
analyzer operated in positive mode (ESI+), and the mass
spectrometer worked in full scan mode (range 100-1,200 m/z,
35,000 full width at half maximum (FWHM) nominal resolution).

The MassHunter Profinder 10.0 software (Agilent
Technologies) was used to analyze raw data for alignments and
annotation by applying the “find-by-formula” algorithm. In detail,
mass (with a 5-ppm tolerance) and retention time (0.05 min
maximum shift) alignment were combined with monoisotopic
mass, isotopic accurate spacing, and ratio for compound
annotation using the database PlantCyc 15.5, same as Hawkins
et al. (2021). A filter reduction was then applied to annotated
features, retaining compounds detected in at least 75% of
replications within at least one treatment. According to COSMOS
Metabolomics Standard Initiative (Salek et al., 2015), a Level 2
confidence in annotation, corresponding to putatively annotated
compounds, was achieved (Schymanski et al., 2014).

2.5 Polyphenol profiling of fruits at harvest

To profile phenolic compounds in grapes, five bunches from
five different plants per treatment were randomly collected at
maturity on August 25, 2022, and stored at —20°C until analysis.
Fruits of the same treatment were homogenized together, and the
resulting pool was used to select four samples (2 g). Each sample
was extracted in 20 mL of 80% methanol with 0.1% formic acid,
centrifuged, filtered, and analyzed as previously described for
leaf metabolomics.

The Agilent Profinder 10.0 software was used for data
processing, and annotation of MS compounds was accomplished
according to the Phenol-Explorer 3.6 database (Rothwell et al,
2013), using the algorithm above and achieving the same COSMOS
level of confidence in annotation.
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Finally, a semi-quantification of the phenolic compounds
annotated was carried out. Phenolic compounds were grouped
into sub-classes according to Phenol-Explorer annotations, and
then a representative compound for each sub-class was used for
semi-quantification. To this aim, a calibration curve was prepared
for each class representative, based on standards (>98% purity, from
Extrasynthése, Genay, France) solutions in methanol 80% (v/v)
analyzed under the same MS conditions. Specifically, the
representative standards chosen were as follows: cyanidin (for
anthocyanin equivalents), catechin (flavanols), quercetin
(flavonols), luteolin (flavones, flavanones, dihydrochalcones, and
isoflavonoids), sesamin (lignans), resveratrol (stilbenes), ferulic acid
(phenolic acids), and tyrosol (tyrosol and other low molecular
weight polyphenols). The results were expressed as equivalents
(E)/g dry weight (dw) starting from the cumulate abundance of
each compound within a phenolic sub-class.

2.6 Chemical and yield components of
grapes at harvest

Yield was determined at harvest (August 25). To this aim, 25
vines per treatment were randomly chosen, and all plant bunches
were weighted together to calculate the average yield component
(kg). Moreover, the weight of 50 randomly selected berries per
treatment was used for the weight component (g).

Technological parameters were evaluated at harvest by
randomly selecting three bunches of three different plants per
treatment. Bunches were put in a plastic sample bag, squeezed to
obtain juice, and filtered for analysis. The total soluble sugar (TSS; °
Brix) was determined by a digital refractometer (HHTEC). Must pH
and titratable acidity were measured with an automatic titrator
(Crison Instruments, Barcelona, Spain). Acidity was titrated with
0.1 N of NaOH to a pH 7.0 endpoint and expressed as g/L of tartaric
acid equivalents, according to International Organisation of Vine
and Wine (OIV) standard methods (OIV, 2021). The concentration
of L-(+) tartaric and 1-(-) malic were assessed using Hyperlab
analyzers (Steroglass S.r.l, Perugia, Italy) by enzymatic methods
(Baiano et al., 2015).

2.7 Statistical analysis

Statistical analysis of photosynthetic data, phenolic profiles, and
fruits’ qualitative traits was completed on RStudio software (4.2.1
version). One-way analysis of variance (ANOVA) combined with
post hoc Tukey’s honestly significant difference (HSD) test (p-value
< 0.05) was carried out to highlight differences among treatments.

The software Mass Profiler Professional 15.1 (Agilent
Technologies) was used to elaborate metabolomics data. The
abundance of compounds was Log2 transformed, normalized at
the 75th percentile, and baselined against the median in Control.
Fold change (FC)-based unsupervised hierarchical cluster analysis
(HCA) based on Ward’s linkage method and Euclidean distance
was used to naively point out metabolomic patterns. Then, ANOVA
(Benjamini multiple testing correction) was performed to establish
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statistically significant differences compared to Control (p-value <
0.05). Starting from the MS dataset, multivariate data analysis was
completed in SIMCA® 17 (Sartorius, Umed, Sweden). Therein,
metabolomics data were Pareto-scaled and log-transformed, and
then supervised modeling was carried out by orthogonal projection
to latent structures discriminant analysis (OPLS-DA). Calculation
of R2Y (goodness-of-fit) and Q2Y (goodness-of-prediction) was
performed, the model was validated through CV-ANOVA
(considering a p-value < 0.05), permutation testing was used to
exclude overfitting, and Hotelling’s T1 distance was applied to
investigate potential outliers. Thereafter, the variable importance
in projection (VIP) was used to select discriminant compounds,
using a score threshold of >1.2. Discriminant markers were finally
uploaded into the Pathway Tool of PlantCyc 15.1.0 software to
facilitate biochemical interpretations (Hawkins et al., 2021).

After that, the AMF-driven changes in qualitative and
quantitative traits of fruits were jointly evaluated using
multivariate analysis of variance (MANOVA), and the Pillai trace
test was used to calculate the p-value. Subsequently, canonical
discriminant analysis (CDA) was conducted to identify
differences among treatments and understand the relationships
among the variables measured within those groups.

3 Results

3.1 Evaluation of successful biostimulant
colonization after treatments

The presence of mycorrhiza was determined from the data
obtained by the sequencing analysis of root samples. An increase in
the population of these arbuscular symbiotic fungi has been
observed over the years (Figure S1). Despite the limitations of the
approach used, our sequencing data supported the success of the
biostimulant treatments over the 3 years. The data refer to general
AMEF colonization, not limited to the applied strains, to account for
the ecological processes driving mycorrhiza community dynamics
post-inoculation. In fact, it has been suggested that knowledge of
the past and present soil AMF community in the target field, and
the local adaptation are essential to investigate colonization
processes (Basiru and Hijiri, 2022). The whole AMF population
may better represent community dynamics, as observed by Bender
et al. (2019) in AMF-inoculated fields with highly diverse
indigenous AMF communities. This is even more relevant when
trials are performed for a long period of time following inoculation
(Paz et al, 2021). Irrespective of the dynamics of the AMF
community, improving AMF diversity and functions by
commercial inoculants can contribute to the sustainability of the
agroecosystem (van der Heyde et al,, 2017).

On this basis, the AMF community has been investigated
through ITS sequencing. Under our experimental conditions,
after 3 years of application using a commercial strain, the
abundance of AMF was double in the treated samples compared
to untreated plants (Control).
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3.2 Weather conditions and chlorophyll

The maximum and average daily temperature (°C) and the daily
precipitation (mm) were recorded for the entire duration of the
experiment. The data produced during the whole period of
investigation (July 14 to August 25, 2022) are presented in
Figure 1, together with Phi2, PhiNO, and PhiNPQ data, which
were determined on July 14, 22, and 26 and on August 2, 10, 17, and
25. Despite the hot and dry climates that characterized the entire
period, the highest temperatures were remarked in the first part of
our time frame (July 14 to August 6). In particular, July 15 and 22
and August 5 showed the highest average and maximum values,
respectively, higher than 37°C and 29°C. Contrarily, the highest
precipitation levels were observed in correspondence with sudden
temperature drops (July 27 and August 18, respectively, 35.8 mm
and 75.6 mm).

ANOVA and Tukey’s test on chlorophyll fluorescence
parameters were separately conducted for each data collection
(Figure 1). Interestingly, most of the differences between
treatments were observed under the highest temperatures
registered (July 14, 22, and 26 and August 2). The data obtained
on the hottest days (July 22 and 26) showed significant differences
in photosynthetic performance. On both dates, the recorded Phi2
values registered with T3 treatment (0.558 + 0.065 on July 22 and
0.471 + 0.141 on July 26) were statically higher than those with
Control (0.299 + 0.033 on July 22 and 0.301 + 0.031 on July 26).

3.3 UHPLC/QTOF-MS metabolic profiling
of leaves

Initially, UHPLC/QTOF-MS untargeted metabolomics
approach was carried out on grape leaves to obtain a
comprehensive view of biochemical plant response to the different
biostimulant treatments. Overall, more than 2,400 compounds were
putatively annotated and subsequently listed in Table S3, together
with their respective abundances, composite mass spectra, and
retention time.

First, the fold change-based unsupervised hierarchical cluster
analysis was performed to point out clusters on the metabolic
signatures of samples (Figure 2A). The resulting dendrogram
showed two main clusters, the first of which formed by T3 and
T6, while the second one by Control, T1, T2, T4, and T7. Within the
second cluster, two sub-groups were observed, formed by Control
and T7 and by T1, T2, and T4. Interestingly, T5 samples were not
merged with any of these clusters, highlighting a different
modulation of metabolite profile compared to the other treatments.

Subsequently, unsupervised HCA results were further
elaborated by the score plot of the OPLS-DA supervised
approach, where sample projection in a two-dimensional space
confirmed a clear separation as a function of the treatment factor
(Figure 2B). The OPLS-DA model was validated by CV-ANOVA
(p-value = 8E-21) and by inspecting the goodness-of-fit (Q2Y =
0.76) and prediction (R2Y = 0.98) parameters. At the same time,
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Graphical representation of climate trend and grapevine chlorophyll fluorescence parameters during the trial, between June 30 and August 27, 2022.
The maximum and average daily temperature (°C) are represented by the red and gray lines respectively, while the daily precipitation (mm) is
illustrated by the inverted blue histograms. Each bar represents mean values (n = 8) of energy partition for each treatment for each day of
measurement. The bars represent the three complementary PSIlI quantum yield contributions: orange = quantum yield of photochemical energy
conversion in PSIl (Phi2), blue = quantum yield of non-regulated non-photochemical energy loss in PSIl (PhiNO), and light blue = quantum yield of
regulated non-photochemical energy loss in PSIl (PhiNPQ). Letters indicate homogenous sub-classes resulting from ANOVA (p-value < 0.05, Tukey's
post hoc test). *, p-value < 0,05; **, p-value < 0,01; ***, p-value < 0,001; n.s., not significant.

permutation testing (N > 100) excluded model overfitting. Finally,
the VIP approach allowed us to select the compounds having the
highest discrimination potential (VIP score 21.2) in the prediction
model. Therein, isoprenoids—mainly diterpenoids, sesquiterpenes,
and carotenoids—and alkaloids were mostly represented. The
complete list of VIP marker compounds is provided in Table S4.
After that, ANOVA (p-value < 0.05) allowed us to annotate 246
differential compounds, which appeared significantly affected by the
biostimulant treatments, compared to Control (Table S5). These
compounds were interpreted by the PlantCyc Pathway Tool software
as provided in Figure 3. Concerning primary metabolism, lipid
biosynthesis was mainly impaired by biostimulant application,
showing enhanced concentrations of glycolipids and phospholipids
in the leaves of each treatment. Notably, this upregulation was observed
in T1 and T2, which displayed higher levels of unsaturated lipids.
Among these, markedly increased contents of 1-oleoyl-2-palmitoyl-
phosphatidylglycerol, 1-palmitoyl-2-linoleoyl-phosphatidylcholine,
and 1-18:2-2-18:2-monogalactosyldiacylglycerol were noticed.
Moreover, secondary metabolism was also affected by the treatments;
in particular, N-containing metabolites, phenylpropanoids, and terpene
compounds exhibited the most substantial modulation. Treatments T1,
T2, and T5 elicited N-containing metabolites, while T3 and T6 mainly
showed an opposite trend. Most of these compounds belonged to
alkaloids like sarpagine and norajmaline. The same accumulation trend
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was observed for terpene biosynthesis, even if the highest accumulation
of these metabolites was registered in T1-treated samples. Among
others, triterpenoids (3-methyl-1,2-didehydro-2,3-dihydrosqualene,
arabidiol, and 11-deoxoglycyrrhetinate), tetraterpenoids (3,4,3',4'-
tetradehydroisozeaxanthin, prolycopene, and canthaxanthin), and
sesquiterpenoids were up-modulated. Differently, phenylpropanoid
concentrations were markedly decreased by all treatments, except for
T2 and T4, which displayed a very slight accumulation of these
compounds. Notably, cinnamate, (3R,4R)-7,2'-dihydroxy-4’-
methoxyisoflavanol, 2-hydroxynaringenin, and apigeninidin contents
decreased following treatments. Finally, except for the T6 application, a
distinctive metabolic reprogramming of the phytohormone profile was
achieved in all the treated plants, showing high concentrations of
brassinosteroid (6-deoxoteasterone, 3-dehydroteasterone, and
campestanol), auxin ((indol-3-yl)acetate), and cytokinin (trans-zeatin
N°-dimethylallyladenine) compounds.

3.4 Phenolic profiling of fruits

The untargeted investigation of phenolic profiles in berries
highlighted 156 putatively annotated compounds, as provided in
the Supplementary Material (Table S6), with flavonoids and
phenolic acids being the most represented (43 and 42 metabolites,

frontiersin.org


https://doi.org/10.3389/fpls.2023.1236199
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Ganugi et al. 10.3389/fpls.2023.1236199
A
Legend - Herarchical Combined Tree on Treatment !
i
(11 [ A Il
il il [0
B
OPLS-DA
Colored according to classes in M1
30 [
20 g
/ - M

10+ (%® @)’ QO T
= T2
oA mn
* T4
g ko

-10 M

-30 ; : ———— : : ,

-40 -30 -20 -10 0 10 20 30 40
{11 * 1.00023
FIGURE 2

(A) Unsupervised hierarchical cluster analysis of grape leaves’ metabolomic profiles, obtained by UHPLC/QTOF-MS untargeted analysis, as a function
of the treatment with mycorrhizal-based biostimulants. A fold-change-based heatmap was built, and samples were clustered according to Ward's
algorithm and based on Euclidean distances. (B) Orthogonal projections to latent structures discriminant analysis (OPLS-DA) score plot for grape
leaves metabolomic following treatment with mycorrhizal-based biostimulants.

respectively). In detail, flavonoids mainly included anthocyanins
(cyanidin 3-O-galactoside and pelargonidin 3-O-rutinoside) and
flavonols (quercetin 3-O-glucuronide and isorhamnetin 3-O-
glucoside), while hydroxycinnamic included p-coumaroyl glycolic
acid and gallic acid 4-O-glucoside, and protocatechuic acid 4-O-
glucoside was the most represented among hydroxybenzoic acids.

Polyphenols were then quantified as phenolic class equivalents,
and the resulting values were provided as mg/g (FW). Treatment-
specific profiles could be observed; as reported in Table 2,
significant differences could be observed for all phenolic sub-class
equivalents (p-value < 0.05), except for flavanols, flavonols, and
lignans. In general, small-molecular-weight phenolics and phenolic
acids displayed the highest concentrations, ranging from 0.655 mg
eq./g to 0.232 mg eq./g and from 0.247 mg eq./g to 0.079 mg eq./g.
Overall, T6-treated samples reported the highest values for
anthocyanins (0.038 + 0.005 mg eq./g), phenolic acids (0.214 +
0.033 mg eq./g), and stilbenes (0.024 + 0.003 mg eq./g). On the
contrary, T5-treated samples showed the highest concentrations of
flavanones/flavones/isoflavonoids/dihydroflavonols (0.011 + 0.002
mg eq./g), flavanols (0.033 + 0.021 mg eq./g), flavonols (0.025
0.009 mg eq./g), and small-molecular-weight phenolics (0.527

+ H+

0.001 mg eq./g). Finally, the highest content of lignans (0.073
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0.005 mg eq./g) was registered following the T1 application. Among
phenolic profiles, it is worth emphasizing the remarkable variance
between T6 and T4 for anthocyanins and phenolic acids and
between T6 and T5 for flavanones/flavones/dihydrochalcones/
isoflavonoids and small-molecular-weight phenolics.

3.5 Fruit quality and quantity traits

Non-significant differences (p-value < 0.05) could be observed
for yield, pH, titratable acidity, malic acid, and °Brix among
treatments (Table S7), even if statistical analysis with a less
restrictive threshold (p-value < 0.10) on this last response profile
would not reject the HO hypothesis, having obtained a p-value
of 0.09.

Contrarily, weight and tartaric acid values were differently
affected after AMF-based biostimulants were applied (p-value <
0.05). Concerning tartaric acid, Tukey’s test highlighted remarkable
differences between T6 and T3 treatments, respectively revealing the
highest (3.725 + 0.365 g/L) and lowest (2.798 + 0.329 g/L) average
values. Significant differences in weight variables were assessed
between T4 (98.608 + 8.480 g) and T2 (68.823 + 4.836 g).
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FIGURE 3

Plant leaves’ metabolic processes (A) and the relative details of secondary metabolism (B) as affected by arbuscular mycorrhizal fungi (AMF)-based
biostimulants compared to Control. The 246 compounds selected by ANOVA (p-value < 0.05, Benjamini correction) were subjected to fold change
analysis (FC > 1), and the resulting values were loaded into the PlantCyc pathway tool*. The x-axis represents each set of metabolic subcategories,
while the y-axis corresponds to the cumulative log fold change (FC). The large dots represent the average (mean) of all FCs for the different
metabolites in the class, while the small dots represent the individual log FC. AA syn, amino acid biosynthesis; Nucleo syn, nucleoside and nucleotide
biosynthesis; FA/Lip syn, fatty acid and lipid biosynthesis; Sec metab, secondary metabolite biosynthesis; Cofactor syn, cofactor, carrier, and vitamin
biosynthesis; Cell-struct syn, cell structure biosynthesis; N-containing, nitrogen-containing secondary compound biosynthesis; Phenylprop derivs,
phenylpropanoid derivative biosynthesis.

TABLE 2 Semi-quantitative phenolic profile (mg/g* FW equivalents per sub-class), following identification through UHPLC/QTOF-MS untargeted
analysis in grape berries following AMF-based biostimulant treatments.

Source of = Anthocyanins = Flavanols Flavanones/ Phenolic Flavonols Lignans Stilbenes Other
variance flavones/ acids polyphenols
isoflavonoids/

dihydroflavonols

mg Eq./g DM mg Eq./g mg Eq./g DM mg Eq./g mg Eq./g mg Eq./g mg Eq./g
DM DM DM DM DM
Control 0.030 + 0.002* 0.020 + 0.016 0.010 + 0.000™ 0.092 + 0.008° = 0.020 + 0.002 = 0.067 + 0.010 = 0.004 + 0.000° | 0.444 + 0.045"
Tl 0.034 + 0.002*° 0.011 + 0.009 0.008 + 0.002* 0.152 + 0.014 + 0.005 | 0.073 + 0.005 0.010 + 0.301 + 0.018"
0.033" 0.013%
T2 0.026 + 0.002* 0.018 + 0.006 0.010 + 0.002* 0.106 + 0.021 £0.006 = 0.050 +0.020  0.003 + 0.000°  0.455 + 0.103"
0.013*
T3 0.027 + 0.010™ 0.031 +0.019 0.010 + 0.001*° 0.106 + 0.021 £0.002 | 0.067 +0.010 | 0.004 +0.001° | 0.438 + 0.069°
0.021"
T4 0.023 + 0.001° 0.020 + 0.012 0.009 + 0.000* 0.096 + 0.017° | 0.017 + 0.005 | 0.062 + 0.012 0.004 + 0.377 + 0.043%
0.001"
T5 0.029 + 0.003* 0.033 + 0.021 0.011 + 0.002* 0.109 + 0.025 +0.009 = 0052 +0.014  0.003+0.000°  0.527 + 0.068"
0.022"¢
T6 0.038 + 0.005" 0.009 + 0.004 0.007 + 0.001° 0214 +0.033* | 0.015+0.006 = 0043 +0.018 = 0.024 + 0.003*  0.278 + 0.046°
T7 0.0027 + 0.008*°  0.013 + 0.006 0.008 + 0.001*° 0.106 + 0.018 +0.007 | 0.050 + 0.023  0.003 + 0.000°  0.522 + 0.133"
0.007
Significance b n.s. b b n.s. n.s. b b

Data are presented as mean values + standard deviation (n = 4). Superscript letters within each column indicate homogenous sub-classes resulting from ANOVA (p-value < 0.05, Tukey’s post hoc
test). AMF, arbuscular mycorrhizal fungi. ***, p-value < 0,001; n.s., not significant.

1 http://www.plantcyc.org
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FIGURE 4

Canonical discriminant analysis (CDA) showing differences in the qualitative and quantitative profiles of grape berries following seven different
treatments with arbuscular mycorrhizal fungi (AMF)-based biostimulants (T1, T2, T3, T4, T5, T6, and T7) and Control. The 95% confidence interval of
each treatment is shown as a colored circle around the treatment mean. The vectors indicate the contributions of fruit qualitative and quantitative
traits to discriminating among treatments; the longer the vector, the stronger its influence in the direction shown.

Nevertheless, MANOVA showed a significant effect on the
treatment factor by assessing the multiple dependent variables
simultaneously (p-value = 9.269¢ %°). Subsequently, CDA was
performed to thoroughly examine the discriminant power of the
independent variables in distinguishing between treatment groups.
CDA graphical output provided a low-dimensional visualization of
between-group variation and vectors reflecting the weights of the fruit
qualitative and quantitative variables in a canonical space (Figure 4).
The output showed that a substantial amount of the variance (62%) of
the between-treatment mean differences was accounted for by the
first canonical variable (Canl). In comparison, the second canonical
variable (Can2), orthogonal and uncorrelated to the first one,
explained the remaining 18.5%. Eight colored circles, each
representing the 95% confidence interval around the treatment
mean, were projected on a plane that showed the largest variation
between them. The clear separation between these circles indicated
that the independent variables significantly contributed to the
prediction of grape samples membership to the treatment group
and revealed the effective power of the identified discriminant
functions for classification and prediction purposes. In contrast,
overlapping or closely clustered circles indicated lower discriminant
power and potential similarities between treatments. Interestingly,
Canl largely separated Control from T6, T7, and T2, while Can2
mainly differentiated T1 from Control. Contrarily, T4 and Control
samples were not well disjoined by canonical variables, thus
indicating similar qualitative and quantitative profiles. The seven
response variables—pH, °Brix, tartaric and malic acids, titratable
acidity, weight, and yield—were represented by vectors, whose angles
with Canl and Can2 reflected their correlations. The relative lengths
of these vectors pointed to their contribution to discrimination
among treatments. Canl was positively correlated with weight and
yield, but °Brix also separated T7 and T6 from control in the opposite
direction. Can2 largely reflected tartaric acid and pH, with T1 and T6
having higher sugar content and lower acidity than T2 and T3.
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4 Discussion

Earlier studies on grapevine have shown that AMF application
can be a reliable approach to vine resilience in wine-producing
regions (Malhi et al., 2021; Aguilera et al,, 2022). Our experiment
corroborated the previous findings, implying a different modulation
of photosynthetic energy allocation, physiological activity, and,
consequently, fruit biochemistry of grapevine plants in a hyper-
arid growing season, following the application of seven
mycorrhizal-based commercial products.

Weather data recorded during the 2022 growing season at the
test site suggested more stressful conditions for grapevines than the
average of the last 30 years”. This may explain our measurements
obtained on photosynthetic performance. Interestingly, comparing
the radiation energy partitioning between treatments, a lower
proportion of the incident radiation was allocated toward
photochemistry (Phi2) under the highest temperatures. Therefore,
a higher proportion of the energy allocated toward heat dissipation
(PhiNPQ) and other non-regulatory processes (PhiNO) was
observed. Grapevine cultivation for winemaking is highly
dependent on climate conditions, and particularly, elevated
temperatures and moderate water deficit have been associated
with severe damage in plant photosynthetic apparatus due to the
inhibition of PSII activity, which is supposed to be the most heat-
sensitive physiological system of the grapevine (Camejo et al., 2005;
Arias et al., 2022). Previous studies involving chlorophyll
fluorescence measurements in grapevine have reported a
significant decline of PSIT photochemical efficiency in response to
temperatures above 35°C, referring to this phenomenon as
photoinhibition (Maroco et al, 2002; Zulini et al, 2005; Ju
et al., 2018).

2  www.arpae.it
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In this framework, the data collected on the hottest days indicated
the ability of AMF-plant symbiosis ability to enhance the efficiency of
excitation energy captured by chloroplasts and increase the PSII
photochemical capacity in leaves, showing a general reduction in
Phi2 and an increase in PhiNO and PhiNPQ in inoculated plants.
Accordingly, extensive research over the last few years has
comprehensively investigated the effect of AMF on plant
photosynthesis under abiotic stress, showing an overall decrease in
photoinhibition following the symbiosis (Mo et al., 2016; He et al,
2017; Zai et al, 2021). A recent meta-analysis has proved that
photosynthetic rates and stomatal conductance of salt-stressed C3
and C4 plants are positively influenced by AMF (Chandrasekaran
etal, 2019). Nevertheless, only a few studies have analyzed the effect of
AMEF on the photosynthetic performance of grapevine, and far fewer
have featured field experiments. Among these studies, higher
photosynthetic rates on AMF-inoculated Crimson grapevines have
been pointed out by Nicolas et al. (2015), confirming significant
increases in net carbon assimilation (Ay), water use efficiency
(WUE), and stomatal conductance (gs) values with mycorrhizal
symbiosis. Comparable to our study, Torres et al. (2021) have
explored the photosynthetic response of young Merlot grapevines to
Rhizophagus intraradices, Funneliformis mosseae, Glomus aggregatum,
and Glomus etunicatum inoculation. Interestingly, AMF positively
influenced the photosynthetic performance of the inoculated plant,
reporting significantly higher values of Ay and WUE in leaves.

AMF inoculation improves plant photosynthesis and PSII
functioning mainly by enhancing water uptake, stabilizing membrane
structure, and upregulating antioxidant metabolism and osmolyte
accumulation (Begum et al,, 2020). Indeed, substantial evidence has
emerged for robust reprogramming of AMF-inoculated plants’
primary and secondary metabolites, implied in plant antioxidant
defense systems against stressful conditions (Kaur and Suseela, 20205
Zhao et al,, 2022). These findings support our research, where both
unsupervised and supervised multivariate statistics results highlighted
remarkable changes in the leaf metabolome of mycorrhized plants.
Concerning primary metabolism, major changes have been observed
for lipids, especially glycolipids and phospholipids, which were
increased by AMF treatments. According to recent evidence, lipids
are synthesized by plants and transferred to AMF, thus representing an
alternative carbon source to sugars (Stacey et al, 2017; Macabuhay
et al,, 2022). Moreover, they are important players in establishing
symbiosis, acting as constituents of the periarbuscular membrane,
fungal spores, and vesicles (Kameoka and Gutjahr, 2022).
Nevertheless, both glycolipids and phospholipids are plant
membrane elements, and in the presence of stress—especially in lack
of water—they are subject to hydrolysis following the activation of
specific phospholipases (Toumi et al, 2008). Thus, the increase of
unsaturated lipids and, consequently, of plant membrane stabilization
reported by our study may be related to the pivotal mycorrhizal role in
modulating plant stress tolerance. This result is consistent with the
recent study of Goddard et al. (2021) where Rhizophagus irregularis
colonization in grapevine (cv. Gewurztraminer clone 643) has resulted
in significantly higher contents in EOTE, linoleic, and linolenic acids
in leaves.

Concerning secondary metabolism, AMF inoculation mainly
enhanced the accumulation of alkaloids and terpenoids. It is well
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established that AMF induce changes in both the abundance and
the composition of different plant secondary metabolites to mediate
plant-AMF interactions and the establishment of symbiosis with
root tissues (Kaur and Suseela, 2020). According to our study,
increasing trends of both alkaloids and terpenoids have been
reported for many AMF-colonized species, including grapevine
(Goddard et al.,, 2021; Amani Machiani et al., 2022). Most
alkaloids, frequently recognized as bioactive compounds, act as
defense metabolites against plant pathogens and predators, and
several findings have stated their involvement in plant response to
drought stress tolerance (Jaleel et al., 2007; Guo et al.,, 2020).
Similarly, terpenoids have been related to many essential
biological functions in plants, including growth and development,
photosynthesis, and defense activity against biotic and abiotic
stresses. According to our results, metabolic changes induced by
Rhizoglomus irregularis inoculation in cv. Gewurztraminer involved
higher levels of terpenoids (Goddard et al., 2021). Moreover, it has
been reported that F. mosseae symbiosis with cv. Cabernet
Sauvignon strongly enhanced the monoterpene concentration,
increasing up to 113% compared when with the control plant
(Velasquez et al., 2020).

Among phytohormones, strong evidence of auxin, cytokinin,
and brassinosteroid accumulation emerged from our treatments,
confirming their pivotal role in the modulation of AMF symbiosis
(Perez-Torres et al., 2008). Research over the past few years has
focused on the involvement of phytohormones in plant-beneficial
microorganism interaction, pointing out their implication from the
early recognition/colonization events up to the final arbuscular
formation and degradation (Cosme and Wurst, 2013; Bitterlich
et al, 2018; Liao et al., 2018). Despite the scanty information
available about the effect of microbial biostimulant overall
phytohormone profile of grapevines (Torres et al., 2018b),
Goddard et al. (2021) confirmed higher levels of salicylic and
jasmonic acids in the leaves of Rhizophagus irregularis-
mycorrhized grapevines.

The elicitation of plant secondary metabolism following
inoculation of beneficial microorganisms has been found to
promote the accumulation of functional compounds in the edible
portions, highlighting the potential role of microbial biostimulants
in producing high-quality foods (Ganugi et al, 2021a). Grape
composition at harvest is a pivotal point in the wine production
chain, representing one of the most important factors determining
the future quality of the wine (Guidetti et al, 2010). Phenolic
compounds, whose composition depends on the cultivar, ripening
conditions, agronomic techniques, and winemaking methods
strongly contribute to the sensory properties, color, mouth-fell,
and antioxidant characteristics of wine (Rodriguez-Delgado et al.,
2002; Merkyte et al., 2020). Our study shows that the AMF-based
biostimulants exerted a positive effect on phenolic acids, such as
caffeic and caftaric acids, and stilbenes like resveratrol, which are
recognized for their contribution to wine color stability, protection
against oxidation, and their anti-inflammatory/cardioprotective
activity (Flamini et al., 2013). This effect was more evident in T1
and T6, both based on Rhizophagus ssp. AMF, which showed high
contents of these compounds, compared to the control. This
confirms the potential use of mycorrhizal fungi in vineyards as an
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efficient ecological tool to improve the phenolic composition of
grapes, in agreement with previous studies on tomato, saffron, and
strawberry (Ganugi et al., 2021a). Interestingly, similar studies on
Rhizophagus ssp.-mycorrhized grapevines have shown enhanced
polyphenol synthesis in fruits of cv. Tempranillo, especially
regarding anthocyanin content (Torres et al., 2016; Torres et al,
2018b; Torres et al., 2018¢).

Curiously, mycorrhization did not significantly improve the
levels of anthocyanins in our experiment. This agrees with the study
of Gabriele et al. (2016), who exhibited significantly lower levels of
anthocyanins in symbiotic wines than in conventional ones. Despite
that, a remarkable variation in anthocyanin content could be
observed for two treatments (namely T3 and T4), strengthening
how important the fungal strain may be in modulating plant
secondary metabolites (Avio et al., 2018). Notably, T3 is the only
treatment based on Rhizophagus iranicus, while the more generic
indication for T4 (Rhizophagus ssp.) does not allow us to trace the
species present in the biostimulant.

However, the reason behind the discrepancies among
biostimulant effects may be related, in addition to the inoculum
species, to the different rates and times of microbial treatments
(Bulgari et al., 2015; Nephali et al., 2020). Timing and dosage are
critical determinants, as the plant metabolomics response may difter
depending on the growth stage when the inocula are applied, as well
as higher doses might trigger a more pronounced response when
compared to lower rates.

The application of MANOVA allowed us to obtain a
comprehensive visualization of multi-faceted results, highlighting
simultaneous variations in chemical and yield components of fruits
depending on the treatment product. Interestingly, the berry weight
of T2 treatments significantly decreased compared to non-
mycorrhized plants (Control), while no statistical difference was
observed for the yield component. This can be translated into a
higher number of grapes per treated vine but of a smaller size, and
vice versa for Control. This confirms the study of Karoglan et al.
(2021), where AMF inoculation on cv. Cabernet Sauvignon
significantly decreased the berry weight but increased the number
of berries per cluster. As shown in the graphic plot, treatments with
higher yield values revealed lower TSS, where total soluble solids
(mainly glucose and fructose) were more diluted. Nonetheless, all
symbiotic grapes exhibited higher TSS than untreated samples. Like
our study, the fruit SSC of AMF-treated plants was higher in
Crimson, Tempranillo, and Cabernet Sauvignon cultivars (Nicolas
et al,, 2015; Torres et al., 2016; Karoglan et al., 2021). Indeed, the
AMF capacity to promote the uptake of mineral nutrients by roots
and stimulate photosynthetic activity, thereby hastening the
accumulation of sugars in fruits, has been established (Cao et al,
2021). However, the AMF influence on TSS concentration in grapes
varies significantly depending on the grape variety, as elucidated by
Antolin et al. (2020). In the aforementioned study, the symbiotic
association of grapevines with AMF resulted in a greater
accumulation of sugars in fruits of the Grand Noir, Pasera, and
Ambrosina varieties. Conversely, no discernible alterations were
observed in the Tinto Velasco, Vivadillo, Tinto Velasco, Graciano,
and Morate varieties. Similarly, Karagiannidis et al. (2007) discovered
no significant disparities in fruit soluble solids between mycorrhized
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and non-mycorrhized plants, specifically in the cv. Razaki.
Additionally, mycorrhizal treatments failed to induce heightened
acidity compared to the control, as stated by Torres et al. (2019).
pH levels, titratable acidity, and organic acid levels were unaffected in
the presence of AMF, according to the same study.

5 Conclusion

In conclusion, our study elucidated the crucial role played by
AMF-based biostimulant inoculation in sustaining photosynthetic
and physiological activities and modulating fruit quality in
grapevines under non-optimal growing conditions.

Interestingly, this is the first work comparing the effects of seven
different mycorrhizal-based treatments on grapevine response at both
plant and fruit levels. Biostimulant-treated vines showed higher levels
of plant photosynthesis and PSII functioning, reflecting an overall
decrease in photoinhibition following biostimulant symbiosis. In
parallel, untargeted metabolomics followed by multivariate statistics
highlighted a substantial reprogramming of metabolism (mainly
lipids, alkaloids, and terpenoids) in symbiotic plants. Additionally,
biostimulant application exhibited significant variation in chemical
and yield components, generally displaying improved contents of
polyphenols and sugars, when compared to untreated plants. Despite
some effects that were already known, it is worth mentioning the
specific role played by the different biostimulants in providing plant
resilience and in modulating the phytochemical profile of berries.
Noteworthy, future investigations are needed to confirm these
findings in other cultivars.
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