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Commercial bioinoculants improve ol

colonization but do not alter the arbuscular
mycorrhizal fungal community
of greenhouse-grown grapevine roots
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Abstract

Background Arbuscular mycorrhizal fungi (AMF) are beneficial root symbionts contributing to improved plant
growth and development and resistance to abiotic and biotic stresses. Commercial bioinoculants containing AMF are
widely considered as an alternative to agrochemicals in vineyards. However, their effects on grapevine plants grown
in soil containing native communities of AMF are still poorly understood. In a greenhouse experiment, we evalu-
ated the influence of five different bioinoculants on the composition of native AMF communities of young Cabernet
Sauvignon vines grown in a non-sterile soil. Root colonization, leaf nitrogen concentration, plant biomass and root
morphology were assessed, and AMF communities of inoculated and non-inoculated grapevine roots were profiled
using high-throughput sequencing.

Results Contrary to our predictions, no differences in the microbiome of plants exposed to native AMF communi-
ties versus commercial AMF bioinoculants + native AMF communities were detected in roots. However, inoculation
induced positive changes in root traits as well as increased AMF colonization, plant biomass, and leaf nitrogen. Most
of these desirable functional traits were positively correlated with the relative abundance of operational taxonomic
units identified as Glomus, Rhizophagus and Claroideoglomus genera.

Conclusion These results suggest synergistic interactions between commercial AMF bioinoculants and native

AMF communities of roots to promote grapevine growth. Long-term studies with further genomics, metabolomics
and physiological research are needed to provide a deeper understanding of the symbiotic interaction among grape-
vine roots, bioinoculants and natural AMF communities and their role to promote plant adaptation to current environ-
mental concerns.
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Background

Grapevine (Vitis vinifera L.) is a perennial crop well-
adapted to different environmental conditions. However,
projected climate change is expected to threaten grape
production as well as grape berry quality and wine typic-
ity, i.e. the degree to which a wine reflects its varietal
origins [1, 2]. In addition, some viticultural practices, in
particular the use of synthetic fertilizers and chemical
pesticides, have a significant impact on soil, human, and
environmental health and contribute to climate change
[3]. The use of bioinoculants containing beneficial soil
microorganisms has been proposed as an alternative to
synthetic fertilizers and pesticides [3] and as a tool to
regulate plant responses to different stresses associated
with climate change [4].

Among beneficial microorganisms, arbuscular mycor-
rhizal fungi (AMF, Glomeromycotina) are recognized as
key plant symbionts in sustainable agricultural ecosys-
tems. AMF are obligate biotrophs, forming mutualistic
symbiotic association with ~70% of land plants [5] and
abundantly present in the soil of most ecosystems [6].
In this mutualistic association the host plant supplies
carbohydrates and lipids to the fungus, which in return
provides soil minerals and water to the plant [7]. Hence,
AMEF play a critical role in plant nutrition and health by
improving soil quality and reducing the use of chemi-
cal fertilizers and pesticides [8, 9] under different envi-
ronmental conditions. Given these ecological benefits,
AMF have been harvested and applied as bioinoculants
to improve nutrient use efficiency and crop yield [10, 11].

The AMF symbiosis has increasingly been shown to
play an important role in viticulture resilience [12-14].
AMF inoculation can improve grapevine nutrition by
increasing the availability and translocation of various
nutrients, mainly phosphorus, nitrogen, potassium, cal-
cium, and magnesium [14—16], maintain soil aggregate
stability [12], and enhance resistance to various stresses
including drought [12, 13], salinity [8], heavy metals [12,
16], viruses [17], and pathogens [18, 19]. Another key
aspect of the AMF-host plant symbiosis is the effect on
the root system [20]. For the plant, root system archi-
tecture is known to play a primary role in mineral nutri-
ent acquisition [21]. Moreover, different aspects of root
morphology and architecture are main drivers for AMF
colonization and composition [22]. Recent research
under natural conditions suggests that AMF inoculation
may affect certain traits of grapevine root morphology
[14] and grape berry primary and secondary metabolism
[13, 23] in response to different environmental stresses.
However, the effectiveness of AMF bioinoculants in
promotion of plant growth and health have often been
inconsistent and differ within fungal taxa and among
plant hosts [11, 24]. Furthermore, the variable capacity
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of AMF to colonize different plant roots under different
environmental conditions in greenhouse and field experi-
ments has hindered their adoption by agronomical and
perennial crop farmers [10, 11, 25].

In natural environments, plant root systems interact
with and host multiple AMF species [24], which is associ-
ated with a diverse range of functional traits that allow
AMF to colonize and benefit the host plant [26]. Previ-
ously, it has been proposed that functional traits and
life history strategies of both AMF and host may lead to
preferential partner selection in the plant and AMF sym-
biosis [26]. Consequently, AMF with contrasting growth
and survival strategies have been classified as competi-
tors (C), stress tolerators (S) and ruderals (R) in the CSR
framework [26]. This framework was previously sug-
gested to classify plant life-history strategies [27]. In this
sense, some AMF species are more efficient at improv-
ing plant nutrient absorption, while others are better at
enhancing resistance to different stresses [26, 28]. There-
fore, the combination of multiple AMF species could
better promote plant growth and plant ability to tolerate
biotic and abiotic stresses than a single species [29, 30].

Despite the importance of AMF bioinoculants in sus-
tainable agriculture, few studies have investigated the
AMF composition of these commercial bioinoculants
[31, 32] and the prevalence of AMF bioinoculant species
in the inoculated roots [31, 33]. By performing restric-
tion fragment length polymorphism (RFLP), Berruti et al.
(2013) found that two single isolates, a Rhizophagus sp.
(OTU1) and Funneliformis mosseae BEG12, were present
in the roots of Camellia japonica L. (Theaceae, Theales)
inoculated with mixed and single inoculum, respectively.
Also, a recent study performing a molecular screening in
eleven commercial inoculants found a contrasting mis-
match between the AMF species composition indicated
in the product labels and that found by sequencing [32].
However, it is unknown whether all the AMF species
listed in mixed commercial bioinoculants colonize plant
roots or if only few AMF species dominate the host colo-
nization, and what effect competition with native species
may have on these interactions.

Using Vitis vinifera Cabernet Sauvignon cultivated in
non-sterile orchard soil and inoculated with five commer-
cial bioinoculants containing different AMF species, this
study addressed the following questions: (i) Do commer-
cial bioinoculants increase root colonization and influ-
ence grapevine growth, leaf nutrient concentration and
root morphology of inoculated plants when compared to
non-inoculated plants? (ii) Does the AMF community of
inoculated roots differ significantly from non-inoculated
roots? (iii) To what extent do commercial bioinoculants
alter the native AMF community diversity and composi-
tion of roots growing in non-sterile soil when compared
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to non-inoculated roots? Based on a previous study [14],
we hypothesized that applying commercial bioinoculants
to grapevine roots would result in greater root coloniza-
tion, and improvement of overall growth, leaf nutrient
concentration, and root architecture in grapevines. We
also anticipated that not all the AMF species listed in the
bioinoculants would colonize grapevine roots and the
AMF community in roots will differ between inoculated
and non-inoculated treatments.

Material and methods

Biological materials and experimental design

The experiment was conducted from June to December
2018, using two-year-old own-rooted Vitis vinifera L. cv.
Cabernet Sauvignon. Plants were trained to two shoots
and all lateral shoots were removed throughout the
experiment. Dormant vines were planted in excavated
(top 0-30 cm) apple orchard soil sourced from Cornell
conventional Orchards, Ithaca, NY, containing native
AMEF species. To provide a more realistic scenario with a
natural symbiotic community present in agricultural set-
tings, we did not sterilize the orchard soil. The silt loam
soil had a neutral pH and was low in available nitrogen
(N), phosphorus (P) and potassium (K), while the con-
centration of boron (B), zinc (Zn) and manganese (Mn)
were in adequate range (Supp. Table 1). The collected soil
was sieved to 4 mm to remove any roots and plant mate-
rial. The plants were grown in seven-liter pots filled with
the sieved soil under controlled conditions with 16/8h
light (high-pressure sodium lamps) and dark regime and
day/night temperatures of 25 and 21 °C, respectively.

The experiment was laid out as a randomized com-
plete block design with six treatments and four replicates
each, giving a total of twenty-four experimental units
(Supp. Figure 1). The treatments included non-inoculated
(Control) treated with five autoclaved commercial bioin-
oculants and inoculated vines treated with one of five
commercial bioinoculants, that were designated as prod-
uct 1 (four AMF species), product 2 (nine AMF species),
product 3 (nine AMF species), product 4 (nine AMF spe-
cies) and product 5 (four AMF species). Products 2 and
5 contained only AMF species, while the other products
included bacteria, ectomycorrhizal fungal species, and
abiotic amendments (Supp. Table 2). All bioinoculants
were applied directly into the root zone according to the
manufacturer’s recommended rate of 14 g of granular
bioinoculant per one vine for products 2, 4 and 5, and 14
g per two vines diluted in 1 gallon of water for products
1 and 3. To ensure adequate growth, 100 ml of a low-P
fertilizer solution (15 N: 2.1 P: 12.4 K) was provided to all
treatments weekly for the first six weeks and twice a week
for the remaining 18 weeks of the experiment. Plants
were watered two times per week. Twenty-four weeks
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after inoculation, vines were destructively harvested.
Plants were divided into four organs: leaves/petioles for
nutrient analysis, shoots, trunk, and roots for determi-
nation of biomass, as well as for root traits, mycorrhizal
colonization, and molecular analysis.

Plant phenotyping and sampling of roots

Leaf blades and petioles were combined for C and N
analyses. All leaves were collected, washed with dis-
tilled water, dried with paper towel, and analyzed by
the Cornell University Nutrient Analysis Laboratory to
determine total C and N concentration via combustion
analysis (Primacs; Skalar, Inc., Bufford, GA). The ratio of
carbon-to-nitrogen (C: N) was acquired by dividing C by
N. Shoots, trunks and roots were separated and washed
in distilled water. Fresh weight (g FW per pot) was
assessed and then samples were oven-dried at 60°C for 72
h until reaching a constant mass and weighed to record
the dry weight (g DW per pot). The ratio of root to shoot
(R: S) weight was obtained by dividing root dry weight by
shoot dry weight.

Ten grams of roots were randomly sampled from four
different quadrats of each root system, followed by care-
ful removal of soil aggregates by manual shaking. Seven
grams of each root sample was surface sterilized with
70% ethanol (v/v) for two minutes, followed by soak-
ing in 1% hypochlorite sodium solution for 1 min, and
careful rinsing with sterile milli-Q water three times to
remove chemical residues. These surface sterilized fine
roots were stored at -80°C for further DNA extraction.
The other three grams of roots were carefully rinsed
three times with distilled water and stored in 15% ethanol
(v/v) at 4°C for fine root morphology analysis and AMF
quantification. Root order was determined according to
the method of Guo et al. (2008) [34] and McCormack
et al. (2015) [35]. Roots were separated into absorptive
(first- and second-order) and transportive (third-order
and higher) fine roots. Only absorptive fine roots were
scanned for image analysis (WinRhizo; Regent Instru-
ments Inc., Québec City, QC, Canada). Root diameter
(RD; mm) and total root length (RL; cm) of each sample
were measured. The roots were then oven-dried at 60°C
for 48 h and weighed to calculate root length density
(RLD; cm cm ™2 soil) and specific root length (SRL; m g~*
root), following the formulas:

4 RL
RLD (cmcem)™> = — (1)
%4
1\ RL
SRL (mg ) = 2)
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where RL is the root length, V is the soil volume and RM
is the root dry weight.

Following measurement of root morphology, fine root
samples were rehydrated and stored in 70% (v/v), ethanol.
To visualize mycorrhizal colonization, rehydrated fine
roots were cut into 2-cm sections, cleared and stained
according to Koske and Gemma (1989) [36] with some
modifications: fragmented fine roots were cleared in 10%
(w/v) KOH (90°C, 20 min), bleached with alkaline H,O,
solution (30 min), acidified with 1% (v/v) HCL (30 min),
stained in 0.05% trypan blue (90°C, 25 min) in acidic glyc-
erol solution and de-staining in 50% (v/v) glycerol (72h).
The magnified intersections method [37] was used to
determine the proportion of total root length colonized
(RLC) by AME. Briefly, this method assessed the presence
and absence of fungal arbuscules, vesicles and hyphae in
100 intersects (per root sample), observed along the root
length.

Sample DNA extraction, amplification, and sequencing
DNA extractions of 24 frozen Cabernet Sauvignon root
samples inoculated and not inoculated with commer-
cial bioinoculants were performed using DNeasy® Plant
Mini kit (Qiagen, USA) protocol, with the exception
that polyvinylpyrrolidone (PVP40, 1% w/v final concen-
tration) was added to the initial extraction buffer (AP1)
to precipitate phenolic compounds. To monitor poten-
tial background contamination among samples, control
extractions and PCRs were also included.

After DNA extraction, all samples were prepared for
[lumina sequencing through PCR amplification, First the
SSU (18S) and internal transcribed spacer (ITS2) rRNA
gene regions were amplified separately for each sample.
The SSU (18) gene was amplified using AMF-specific
primers WANDA [38] and AML2 [39], while the ITS2
region was amplified using a mixture of fungal-specific
forward primers ITS7 and ITS70 [40, 41] and the gen-
eral eukaryotic primer ITS4 [42]. AMF specific primers
were included alongside general fungal primers because
ITS2 primers may not provide a comprehensive char-
acterization of AMF communities due to poor AMF
amplification [43]. Each primer was flanked by an Illu-
mina Nextera adapter sequence (5'- TCGTCGGCAGCG
TCAGATGTGTATAAGAGACAG-forward_primer-3 ‘)
5- GTCTCGTGGGCTCGGAGATGTGTATAAGAG
ACAG-reverse_primer-S/; [llumina, San Diego, Califor-
nia, USA).

PCR reactions were performed in 50 pL reaction vol-
umes containing 1 ng of DNA extract as template, 0.5 pM
of each primer, 10 pL 5X Phusion HF buffer, 200 pM
each dNTPs, and 0.02 U/puL Phusion High-Fidelity DNA
polymerase (Thermo Scientific, USA). Each reaction was
carried out in triplicate in a Biorad MyCycler Thermal
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Cycler (Biorad, USA) under the following conditions:
an initial denaturation at 98 °C for 3 min followed by
35 cycles at 98 °C for 10 s, 54 °C (for SSU) or 57 °C (for
ITS) for 30 s, and 72 °C for 25 s, with a final elongation
at 72 °C for 10 min. Negative and positive PCR controls
were included in all reactions. To confirm the presence of
target amplicons, all reactions were analyzed usingl.5%
agarose gel electrophoresis. Amplicons generated during
this first PCR step were diluted (to a final concentration
of 2-5 ng/pl) and used as templates in a second PCR step
to add the barcodes (i.e., indexing reactions with Illumina
Nextera barcodes). PCR2 amplicons were purified using
AMPure XP beads (Beckman Coulter Genomics, USA),
quantified by Qubit 2.0 fluorometer (Invitrogen, USA)
and pooled in equimolar concentration prior to sequenc-
ing. Sequencing was performed at the Cornell Institute
of Biotechnology (BRC, https://www.biotech.cornell.
edu/) using 2 X 300 bp paired-end (v3) run on an Illumina
MiSeq platform (Illumina Inc, CA, USA).

Bioinformatic and statistical analysis

All Mlumina data were processed using the AMPtk bio-
informatics pipeline v1.5.5 [44]. For 18S rRNA data, the
DADA?2 wrapper [45] was used for denoising and ampli-
con sequence variant identification, followed by cluster-
ing using vsearch v2.22.1 [46] at 99% similarity for 18S
OTU generation. A custom database comprising refer-
ence 18S rRNA sequences downloaded from GenBank
as well as virtual taxa (VT) from the MaarjAM database
[47] was made and installed in AMPtk to assign tax-
onomy. The final database consisted of 1,856 derepli-
cated sequences and is available at OSF (https://osf.io/
kp65c/), https://doi.org/10.17605/OSEIO/KP65C. For
ITS rRNA data, sequences were clustered at 97% using
UNOISE3 [48] and the UNITE database (v8.3 2021-11-
25) [49] was used for taxonomy assignment. For both 18S
and ITS, up to two nucleotide mismatches were allowed
in each primer, a maximum of one expected error was
allowed during demultiplexing and quality filtering and
reference-based chimera filtering was used during clus-
tering of ITS2 amplicons. OTUs detected in the negative
controls and those identified as non-AMF (18S rRNA) or
non-fungal (ITS rRNA) were removed from the datasets
prior to further analyses. The AMF community detected
by ITS rRNA was also analyzed separately from the total
fungal community. All sequencing data were uploaded
to the NCBI Sequence Read Archive accession number
PRJNA1136973.

Calculation of diversity measures and assessment of
community differences were performed with R statisti-
cal interface (v4.2.1) [50]. The phyloseq package [51] was
used to create relative abundance bar graphs by bioinoc-
ulant product type and boxplots of alpha diversity. Alpha
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diversity was calculated for the 18S data, and data were
rarefied to 25,000 sequencing depth prior to diversity
analysis (Supp. Figure 2). To analyze beta diversity, OTU
tables were first transformed into presence/absence for-
mat, and Simpson dissimilarity (Bsim) matrices were cal-
culated with the betadiver function in the vegan package
[52] using the “w” method [53]. Community level differ-
ences were assessed with the metaMDS function in vegan
and plotted using ggplot2 [54] and visualized using non-
metric multidimensional scaling (NMDS) ordinations.
To test for significant dispersion (within-group variation)
among bioinoculant product type, an ANOVA analysis
of the Pfsim distance matrices was conducted (betadisper
function in vegan R package) using centroid differences
(type="“centroid”). Statistical tests to compare the effect
of product on the fungal community were conducted
with permutational multivariate analysis of variance
(PERMANOVA) [55] of the Psim distance matrices [56]
using the adonis2 function in the vegan R package.

Upset plots to visualize intersections of data between
bioinoculant product type were created with the Com-
plex Upset R package [57, 58]. To test for differences in
plant traits by product type, ANOVA analyses followed
by Tukey tests were conducted and plotted as boxplots
using ggplot2 with the cowplot add-on. Finally, to inves-
tigate which OTUs may be linked to specific plant traits,
Spearman correlation matrices with Holm p-value adjust-
ments were calculated with the psych R package [59].
Correlation tests were also conducted for all OTUs/plant
traits, and only those with a p-value<0.05 were retained
for the analysis. Data visualization was performed using
ggcorrplot [60]. All R code is available at OSF (https://osf.
io/kp65c/), https://doi.org/10.17605/OSE.IO/KP65C.

Results

AMF root colonization and grapevine growth performance
Plants treated with commercial bioinoculants increased
the percentages of total mycorrhizal colonization (RLC)
and mycorrhizal structures associated with roots colo-
nized (vesicles, arbuscules, and hyphae) compared with
control plants, except for hyphae and RLC in plants inoc-
ulated with product 1. Plants inoculated with products 4,
5, 3 and 2 increased by 19%, 15%,12% and 10% respec-
tively (Fig. 1). Similarly, plants inoculated with products
4, 5, 3 and 2 displayed higher percentages of arbuscules,
vesicles and hyphae colonization when compared to con-
trol plants (Supp. Figure 3).

Regardless of the treatment, N concentration in leaf
blades and petioles was improved when compared with
control plants. Plants inoculated with products 4, 5,
and 3 respectively showed a higher N increase com-
pared to plants inoculated with products 1 and 2 (Supp.
Figure 4A). For all treatments, no significant effect of
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Fig. 1 Total percent of the root length colonized by arbuscular
mycorrhizal fungi (AMF) in fine roots of Vitis vinifera cv. Cabernet
Sauvignon (n=4), inoculated and non-inoculated (Control),

with five bioinoculants. The boxplots show the first and third
quartile ranges, with the line in the box representing the median.
The whiskers extend from the first and third quartiles to values

that are not within 1.5 X interquartile range from both directions.
Data beyond the whiskers are presented as individual circles. Letters
indicate differences in AMF colonization among inoculum treatments
detected using Tukey’s honest significant difference post-hoc

test derived from the linear model analysis of variance at a=0.05
and ANOVA p-values shown

bioinoculants on C concentration was observed (Supp.
Figure 4B). The increase in N but not in C concentration
significantly decreased C: N ratios for inoculated plants
(Supp. Figure 4C). Vines inoculated with products 4, 5,
and 3, respectively showed a greater reduction of C: N
ratios when compared to control plants.

Commercial bioinoculants significantly affected plant
dry biomass (g) when compared to control plants (Supp.
Figure 5). The effect on shoot and trunk was greater for
plants inoculated with products 4, 5, 3 and 2, respec-
tively, except for products 1 and 2 on shoot and product 1
on trunk biomass (Supp. Figure 5A and 5B). For instance,
root biomass increased 75%, 65%, 43% and 49% in plants
inoculated with products 4, 5, 3 and 2, respectively when
comparing with control plants (Supp. Figure 5C). No
significant effect of bioinoculants on the R: S ratio was
observed (Supp. Figure 5D).

AMF root colonization effects on root morphology

Fine root morphology was altered by inoculation (Fig. 2),
except for RL (Supp. Figure 4D). Plants inoculated with
products 4, 5, and 2 had the greater decrease in RD with
25%, 22% and 16%, respectively when compared to con-
trol plants (Fig. 2A). The greatest RLD was observed
in plants inoculated with products 4, 5, and 2, by up to


https://osf.io/kp65c/
https://osf.io/kp65c/
https://doi.org/10.17605/OSF.IO/KP65C

Berdeja et al. Environmental Microbiome (2025) 20:15

Page 6 of 15

A p =3.49¢-07 B p=0.00284

5

Root diameter (mm)

8

0.60
ﬁ

Root length density (cm/cm soil)

s
I

B? ..I:C|

c p = 8.22¢-08
a
35 a
ab
Treatment
= Control
S
@ ab Product 1
TC’”“ ® Product 2
E Product 3
< ‘| be Product 4
2 Product 5
Dos
S
o cd
£
%
o]
Q 20
7]

Fig. 2 Root morphological traits; root diameter (A), root length density (B) and specific root length (C) of Vitis vinifera cv. Cabernet Sauvignon
(n=4), inoculated and non-inoculated (Control), with five bioinoculants. The boxplots show the first and third quartile ranges, with the line

in the box representing the median. The whiskers extend from the first and third quartiles to values that are not within 1.5 x interquartile

range from both directions. Data beyond the whiskers are presented as individual circles. Letters indicate differences in root measurements
among inoculum treatments detected using Tukey’s honest significant difference post-hoc test derived from the linear model analysis of variance

at a=0.05 and ANOVA p-values shown

40, 35 and 22%, respectively when contrasted with con-
trol plants (Fig. 2B). SRL was increased by 16.6 mg™,
13.1 mg! and 8.1 mg™! for plants inoculated with prod-
ucts 4, 5, and 2, respectively (Fig. 2C).

Amplicon community data

The ITS2 dataset had a total of 9,212,112 reads, with
a range of 31,514 — 297,702 reads/sample, resulting
in 1,003 OTUs prior to filtering. The 18S dataset had
7,893,325 total reads, with a range of 3,307 - 46,332
reads/sample, and 524 OTUs prior to filtering. The fungal
community as recovered by ITS2 was largely dominated
by Ascomycota and Basidiomycota, followed by Glom-
eromycetes class with 216 AMF OTUs (Supp. Figure 6).
After filtering, the 185 community comprised 331 AMF
OTUs, with the majority classified to various unidentified
Glomus strains (Fig. 3). Significant within group disper-
sion by treatment was found for the AMF community
in both datasets, but not in the overall ITS2 fungal com-
munity. However, no significant differences by treatment
were detected in any of the fungal communities accord-
ing to PERMANOVA analyses (Supp. Table 3). Upset plot
results indicated that the majority of OTUs were shared
across treatments, with only 7 OTUs detected in the
product treatments but not in the controls (Fig. 3).

AMF community richness, diversity, and identification

The diversity (Shannon and Simpson) and rich-
ness (Chao 1) indices of the AMF communities colo-
nizing roots did not differ between inoculated and

non-inoculated control plants (Fig. 4), indicating that
AMF species from commercial bioinoculants had no
significant effect on the diversity and richness of the
AM fungal community found in the roots growing in
excavated and non-sterile orchard soil. Non-metric
multidimensional scaling (NMDS) ordination also did
not vary in the mycorrhizal community composition
found in the roots of treated and control plants (Fig. 5),
showing that inoculated and non-inoculated con-
trol plants cultivated in the excavated and non-sterile
orchard soil have similar AMF composition.

Moreover, the relative abundance of AMF OTUs
colonizing the roots did not differ among inoculated
and non-inoculated control plants (Fig. 6, Supp. Fig-
ure 7). The most abundant genera identified in roots
of inoculated and non-inoculated control plants by
metabarcoding of 18S and ITS2 rRNA regions were
Glomus, followed by Rhizophagus, and Funneliformis
(Fig. 6), while Claroideoglomus, Diversispora, Paraglo-
mus, and Septoglomus were less abundant (Supp. Fig-
ure 7). The AMF community compositions recovered
by metabarcoding were compared with the commercial
bioinoculants constituents. At the species level, only
Rhizophagus intraradices, and Funneliformis mosseae
were found in abundance in roots inoculated with com-
mercial bioinoculants. According to the manufacturer,
Rhizophagus clarus was not listed as being present in
products 1 and 5, however, we found Rhizophagus cla-
rus colonizing the roots of plants treated with products
1 and 5 (Supp. Figure 7). This result could potentially
be attributed to the presence of the genus Rhizophagus
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represent the number of AMF OTUs for each unique or overlapping combination found in the treatments marked by the colored dots

in the excavated, non-sterile orchard soil used in this
experiment.

Relationship between AMF community and plant

above and belowground metrics

Spearman correlation co-efficient analysis was used
to further explore the link between 46 key AMF OTUs
(belonging to Claroideoglomus, Funneliformis, Glomus,
Paraglomus and Rhizophagus genera) and their associa-
tion with plant physiological and morphological param-
eters (Fig. 7). Fifteen of these OTUs were positively
correlated to RLC. Arbuscule and hyphae structures

displayed positive correlation with nine Claroideoglomus
and Glomus OTUs. Vesicle structure was positively cor-
related with two Glomus OTUs, but negatively correlated
to OTU 523, identified as Funneliformis. Twelve Glo-
mus OTUs were positively correlated with root biomass.
Twenty-nine OTUs identified as Claroideoglomus, Glo-
mus, and Paraglomus were positively correlated with RL.
Four Glomus OTUs were positively correlated with RLD
but OTU 71 (Paraglomus) was negatively correlated with
RLD. Eight Claroideoglomus and Glomus OTUs were
positively correlated with SRL. However, 16 Claroideo-
glomus and Glomus OTUs and three Glomus OTUs were



Berdeja et al. Environmental Microbiome (2025) 20:15

Observed Chaot
J_‘ 3.2-’l
200 - _ﬂ
[
240 - °
GJ —]
S
a o 2.8-
©
[()] [
z180-
.-'? L 210- —
D)
-
()
= 2.4-
D oy
©
_C -
o
< 160- 180-
@
2.0-
T T T T S 1<) L T S S S :

Page 8 of 15
Shannon Simpson
- H 0.9- =2
Treatment
" Control
Product 1
e Product?2
L | 08- e Product 3
= | Product 4
Product 5
()
0.7-
[ ] 06- [ 1)

Fig. 4 Boxplots comparison for Observed richness, Chao 1, Shannon, and Simpson diversity metrics of 185 rRNA-based arbuscular mycorrhizal
fungal operational taxonomic units (OTUs) communities colonizing roots of Vitis vinifera cv. Cabernet Sauvignon inoculated and non-inoculated
(Control), with five bioinoculants. The boxplots show the first and third quartile ranges, with the line in the box representing the median.

The whiskers extend from the first and third quartiles to values that are not within 1.5 x interquartile range from both directions. Data

beyond the whiskers are presented as individual circles

negatively correlated with RD and C:N ratio, respectively.
Leaf N was positively correlated to five Claroideoglomus
and Glomus OTUs and leaf C was positively correlated
with seven Glomus and Rhizophagus OTUs but nega-
tively correlated with OTU 43 (Glomus). Shoot biomass
and R:S ratio were not correlated with the relative abun-
dance of any OTU.

Discussion

The success and benefits of commercial AMF can be
determined by a number of factors such as species com-
patibility with the selected environment and soil proper-
ties [11, 61] and spatial competition with native AMF for
root space and colonization [62]. In this study, except for
product 1, all the commercial bioinoculants increased the
percentage of mycorrhizal structures (arbuscules, vesicles
and hyphae) compared to control plants (Fig. 1, Supp.
Figure 3). Products 3, 4 and 5 resulted in the greater
root length colonization (RLC), suggesting compatibility
with the plant host and possible synergy with the AMF
community colonizing the roots. Similar to our previous
field study [14], product 1 did not significantly increase

RLC compared to control plants. Interestingly, prod-
ucts 2, 3, and 4 all included the same nine AMF species,
along with ectomycorrhizal fungi, bacterial species, and
abiotic additives (except for product 2), yielding similar
results in fungal structures. Similar to product 1, product
5 comprised four AMF species, but showed results more
comparable to those of products 2, 3, and 4. Further-
more, products 2 and 5, absent of additional additives or
microbes, exhibited performance similar to that of prod-
ucts 3 and 4. This suggest that fungal features are primar-
ily driven by AMF species rather than additives. However
other studies have observed the influence of additives
[10, 14]. The observed variations in colonization may
reflect the viability and abundance of AMF propagules
[10], differences in colonization strategies (e.g., spores vs.
root fragments) [10, 63], and/or presence and competi-
tion with the native AMF community [10, 14, 63], at least
under the soil conditions of this study.

It is well established that AMF improve nutrient
uptake of several essential nutrients in plants by rapidly
responding to nutrient availability and expanding the soil
exploration through their extraradical hyphal network
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Fig. 5 Non-metric multidimensional scaling (NMDS) ordination plot of arbuscular mycorrhizal fungal operational taxonomic units (OTUs)
communities colonizing roots of Vitis vinifera cv. Cabernet Sauvignon inoculated and non-inoculated (Control), with five bicinoculants. Different
colors represent communities from different primers sets (185 and ITS2 rRNA region), while shapes represent communities from different treatments

[7, 16]. In agreement with our previous study [14] and
other reports in leaves of grapevines [15, 16], we found
that AMF bioinoculants improved nitrogen (N) con-
centration in leaves of treated plants, especially with
products 3, 4 and 5, while product 1 did not generate a
significant effect (Supp. Figure 4). However, products 1,
3 and 5 contained other organisms and added fertilizer
that could influence N uptake. The lack of increase in leaf
N by product 1 could potentially be attributed to inhibi-
tory effects between the orchard soil microorganisms,
the additives present in the specific bioinoculant and/or
the orchard soil components [10]. Typically, the ratio of
carbon to nitrogen (C: N) is a reliable indicator of plant
growth rate and N utilization [66]. In this study the C: N
ratio significantly decreased in treated plants, support-
ing the hypothesis that AMF inoculation improves leaf N
accumulation and decreases the leaf C: N ratio [14, 65].
Two previous comprehensive meta-analyses [66, 67],
emphasized that AMF often increased plant shoot, root,
and total biomass, but decreased the ratio of root to
shoot (R: S). Our results showed that AMF bioinoculants
increased plant biomass (root, shoot and trunk), except
for product 1 in shoot and trunk biomass and product 2
in shoot biomass (Supp. Figure 5). This biomass improve-
ment, especially in root biomass, may have been pro-
moted by the AME, either via physiological changes of
roots [69] or by a greater translocation of nutrients and

water from the fungus to the plant [9]. Although not sig-
nificantly different, the R: S ratio observed for all treat-
ments may reflect that the roots of inoculated plants
had to supply mineral nutrients and water to a relatively
larger shoot [69].

The grapevine root system has been described as hav-
ing large diameter fine roots, low root density and few
root hairs [70]. Consequently, AMF play a key role in the
vineyard system in increasing the surface area available
for nutrient absorption [12—-14]. However, limited infor-
mation is available on the effects of AMF on grapevine
root system morphology [14, 71]. It was hypothesized
that plants with thinner roots and higher specific root
length (SRL) have greater branching intensity and lower
AMF colonization [72], whereas plants with thicker
roots, lower SRL and less branching are more densely
colonized by AMF [72, 73]. Both strategies allow plants
to forage for multiple soil resources [68, 72]. Our find-
ings align with previous studies in grapevine rootstocks
[71] and Vitis vinifera cv. Riesling grafted onto rootstocks
3309C and SO4 [14], showing an increase in root length
density (RLD) and SRL except for root diameter (RD),
especially in plants inoculated with products 2, 3, 4 and
5 (Fig. 2). It is possible that Cabernet Sauvignon plants
would benefit by adopting both strategies, i.e., smaller
RD with higher SRL and AMF hyphae structure that
could efficiently explore and take up nutrients and water
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Fig. 6 Taxonomic composition of the top 20 most abundant AMF operational taxonomic units (OTUs) for 18S (A) and ITS2 (B) rRNA gene regions,
associated with roots of Vitis vinifera cv. Cabernet Sauvignon, inoculated and non-inoculated (Control) with five bioinoculants. Underlined names
represent similar OTUs detected by both gene regions (less abundant OTUs not shown). Glomus Wirsel and Glomus PorrasAlfaro are based

off the MaarjAM virtual taxa (VT) sequences, included in the reference 18S database installed in the AMPtk pipeline. Stacked bars represent relative
abundance (percentage) and are colored by species identification. For full taxonomic diversity see Supp. Figures 6 and 7

Relative Abundance

Relative Abundance

from a greater soil volume. However, it is also possible  affecting native AMF and plant communities [74]. A
that these root morphological changes may disappear notable example is the co-invasion of Pinaceae trees
when adequate nutrients are available. and their ectomycorrhizal symbionts in South America

The introduction of commercial AMF in soils with  after introduction to prevent soil erosion [75]. Due to
native AMF communities may disrupt local ecosystems, their mostly generalist host associations, AMF are not
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Fig. 7 Spearman’s correlation between 46 key arbuscular mycorrhizal fungi 18S rRNA operational taxonomic units (OTUs) and physiological
and morphological parameters of Vitis vinifera cv. Cabernet Sauvignon, inoculated and non-inoculated (Control), with five bioinoculants. The
number in the boxes indicate Spearman’s rank correlation coefficient. Red boxes indicate positive correlation, and blue boxes indicate negative

correlation

typically considered an invasion risk, but AMF bioinocu-
lants can have negative [33, 76], positive [33, 77], neutral
[78, 79] or mixed [74, 80] effects on the native AMF com-
munity colonizing the plant roots. These interactions can
affect the abundance, structure and composition of native
AMF communities as well as the plant performance.
In our study, applying commercial AMF bioinoculants
to grapevines roots growing in excavated, non-sterile
orchard soil did not affect the relative abundance, com-
position, or structure of the native AMF community in
the roots (Figs. 3, 5, 6), leading us to reject our hypothesis
that inoculation would significantly alter the native AMF
community in grapevine roots. Our data showed that
most of the OTUs were shared by all treatments (Fig. 3),
indicating similarities in the AMF community composi-
tion between inoculated and non-inoculated plants. In
agreement with previous studies [78, 79] our findings
support the assumption that introducing new and mixed
commercial AMF strains to a native AMF community
does not necessarily lead to competition or partial or
total replacement of native AMF communities.

It is important to emphasize that our sequencing data,
based on DNA, may have detected dormant or dead
spores which could have contributed to the lack of treat-
ment differences. However, we found that introducing
commercial AMF strains altered grapevine root mor-
phology, improved N content, and increased biomass.
This suggests that bioinoculants may have interacted
with the native AMF community, potentially affecting the

function of native AMF and/or intraradical AMF coloni-
zation [78, 81]. Also, it is possible that inoculation did not
impact the native AMEF, likely because our bioinoculants
contained widespread species of the Glomeraceae family,
such as Funneliformis mosseae, Rhizophagus clarus, and
Rhizophagus intraradices, which are commonly present
in agricultural soils [62]. However, inoculation intro-
duced new genotypes, which may have different func-
tional traits than the native genotypes [81, 82], and may
have adapted to local niche requirements, working syner-
gistically with the native genotypes [79, 83]. Besides, our
study was only six months in duration, hence the absence
of an effect of commercial AMF on native AMF commu-
nities could reflect a lag time between the application of
the bioinoculants and their effects on native AMF com-
munities. Further long-term research is needed to deter-
mine the impact of AMF bioinoculants on the richness,
diversity, and structure of native AMF communities that
colonize grapevine roots.

Evaluating the effects of commercial AMF bioin-
oculants on native AMF is challenging because of the
significant genetic polymorphism and functional diver-
sity within AMF species [81]. The ITS, including ITS2
rRNA gene, is the standard fungal barcode [84], how-
ever, it is hypervariable within AMF and may underes-
timate Glomeromycotina diversity [84, 85]. To achieve
better outcomes, the 18S rRNA gene has been com-
monly employed to analyze AMF communities [43, 85].
In this study both molecular markers, 185 and ITS2
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rRNA genes, were employed. Unsurprisingly, the use of
both molecular signatures is associated with challenges,
including sequence variability, intragenomic variation,
limited reference databases and lack of standardized
procedures for taxonomic identification and validation
[85]. Our study found that the 18S performed better than
ITS2 in terms of recovery of a greater diversity of AMF
(as expected), but both markers indicated no significant
effect of treatment on the fungal community (Fig. 5).
However, our current sequencing strategy did not allow
us to discriminate and/or quantify the proportion of the
introduced and the native AMF species colonizing the
grapevine roots of this experiment. Further sequencing
of the commercial inoculants using the same primer pairs
employed for the sequencing of the roots would have
enabled discrimination of the commercial AMF species
from the native AMF species, but this was not included
in our study.

The commercial bioinoculants evaluated in this study
were expected to contain AMF species belonging to the
Claroideoglomeraceae (Claroideoglomus etunicatum),
Diversisporaceae (Gigaspora margarita), Glomeraceae
(Funneliformis monosporus, Funneliformis mosseae, Rhiz-
ophagus aggregatum, Rhizophagus clarus, Rhizophagus
intraradices, Septoglomus deserticola), and Paraglomer-
aceae (Paraglomus brasilianum) families. The metabar-
coding approach allowed us to establish that members
of the Glomeraceae family were the most abundant AMF
colonizing roots across all conditions, while Claroideo-
glomeraceae, Diversisporaceae, Paraglomeraceae, and
Septoglomus were less abundant. At the species level
we identified “potential species’, such as Funneliformis
mosseae, and Rhizophagus intraradices (Fig. 6). These
findings are consistent with previous studies conducted
on different agricultural lands [6], including vineyards
[86—88], which suggested that these species are regu-
larly found in vine-growing areas worldwide [12, 87, 88].
According to the AMF life history strategies, being clas-
sified by Chagnon et al. (2013) [26] as competitors (C),
stress tolerators (S) and ruderals (R) in the CSR frame-
work, species belonging to Glomeraceae have short life
cycles, are rapid colonizers with abundant production of
spores, and have more efficient hyphal healing following
disturbance [26, 64]. These phenotypic traits are charac-
teristics of “ruderal” AMF species [26] and give species
of the Glomeraceae family a competitive advantage in
viticultural settings under conventional practices. In our
study, we also identified OTUs from Claroideoglomer-
aceae and Diversisporaceae families (Supp. Figure 7),
which is consistent with the results mentioned above.
Additionally, we found taxa from the Paraglomeraceae
family (Supp. Figure 7). This family was declared by
the manufacturers to be present in products 2, 3 and 4.
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The presence of this family in vineyard soils and grape-
vine roots worldwide is still controversial. Some studies
reported their absence, and other studies reported their
presence and significantly colonized grapevine roots [88,
89].

We also noted a significant correlation between sev-
eral Claroideoglomus and Glomus OTUs and root bio-
mass, leaf N and C, and root morphological parameters
(RL, RLD, SRL), while one OTU belonging to Rhizopha-
gus was positively correlated to C (Fig. 7). The predomi-
nance of positive over negative correlations suggests a
more synergistic interaction between introduced and
native AMF communities, enhancing grapevine growth
and performance [88]. Conversely, the relative abundance
of 16 OTUs was negatively correlated with RD, suggest-
ing that the root-associated AMF affects RD and com-
plexity in the root system [14, 72, 90]. More molecular,
metabolic and physiological research is needed to under-
stand the interplay between plant root traits and AMF
communities and their role in developing stress-resilient
root systems that optimize nutrients, water uptake, and
enhance soil carbon sequestration.

Conclusion

This study demonstrates that commercial AMF bioin-
oculants applied to grapevine roots growing in a non-
sterile orchard soil can successfully colonize roots and
induce positive changes in grapevine root morphology,
improving leaf N absorption and plant biomass, with-
out necessarily altering the structure and composition of
native AMF communities, suggesting a possible synergis-
tic interaction to promote plant growth. These findings
enhance our understanding of how bioinoculants interact
with native AMF communities to affect grapevine per-
formance and increase its resilience. However, further
work to improve traceability of commercial bioinoculants
containing a mix of AMF species is needed to distinguish
between the introduced and the native AMF species
colonizing grapevine roots. Moreover, future research
should consider other types of inoculums (i.e., native
AMEF isolates), multiple combinations of grapevine scion
and rootstock, and the functional diversity within AMF
species and their life history traits to better understand
the relationships among these factors.
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