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Abstract
Arbuscular mycorrhizal fungi (AMF) communities associated to several grapevine cultivars were analyzed from 1,000 km long 
of crop area in Chile. The effect that different cultivars of Vitis vinifera L. may have on AMF communities has been scarcely 
studied, especially in non-organic managements. Our objective was to describe the AMF communities and quantify the arbus-
cular mycorrhizal root colonization associated to several grapevine cultivars in different grapevine ages along a 1,000 km long 
cropping surface and to test whether factors such as grapevine cultivar and grapevine age, as well as soil chemical factors shapes 
AMF communities. The vineyards were distributed along 1,000 km across Chile, passing through several administrative regions 
of the country. The different grapevines ranged from 1 to 41 years old. AMF identification and taxonomy was performed based 
on spore morphological analyses. AMF spores abundance, root colonization and extraradical mycelium (ERC) were also evalu-
ated. More than 94,000 AMF spores were identified in the 34 vineyards investigated. In total, 15 AMF species were identified 
in this study. The AMF community was mainly represented by species belonging to the families Acaulosporaceae, Entrophos-
poraceae and Glomeraceae, dominated by the genera Acaulospora, Claroideoglomus, Septoglomus and Simiglomus. Regardless 
of grapevine age, soil chemistry and geographic location, the AMF community structure was influenced by grapevine cultivar. 
Grapevine age, soil chemistry and geographic location no affect AMF richness, AMF spores abundance, root colonization and 
extraradical mycelium (ERC). The AMF species identified in our work could be indicators of agricultural systems exposed to 
biotic and abiotic stresses in different grapevine age, soil chemistry and geographic location, according to the transect investi-
gated. A role of vineyard cultivar in determining the structure of the AMF community was revealed. The use of AMF species 
target in regenerative vineyards management could be determining factors for the AMF community establishment.
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1  Introduction

Grapevine (Vitis vinifera L.) was one of the first domes-
ticated fruit species (Keller 2010) and nowadays are one 
the world’s most economically important fruit crops (FAO 
2023). In 2022, global grapevine production surface reached 

7.3 million ha, while world wine production and consump-
tion were estimated at 258 mhl and 232 mhl, respectively 
(OIV 2022).

However, this industry is on alert due to the current cli-
mate crisis (Calvin et al. 2023). Also, production areas face 
an increase in average temperatures and lowering water 
for irrigation, especially in regions with warm and dry cli-
mates (Keller 2023). Under climate change scenario, it is 
also predicted an increase of the incidence, severity, and 
outbreak time of V. vinifera-related pathogens (Bove et al. 
2020; Salinari et al. 2006). Thus, wine producers need to 
adopt strategies of adaptation and new sustainable culti-
vation practices to face growing constrains (OIV 2016). 
As such, it has been proposed to move grapevine crops 
to colder climate zones where water for irrigation is not 
limiting, for example.

Research Highlights   
- We detected 15 AMF species from 1,000 km of vineyards in 
Chile.
- Location, variety and age no affect AMF species richness or AM 
fungal propagules.
- AMF community structure was influenced by grapevine variety.
- We suggest a key role of AMF species target in sustainable 
vineyards.
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Pointing to sustainable agrotechnical practices, the use of 
biostimulants has been also proposed to increase the water 
use efficiency and to reduce agrochemicals and pesticides 
by crops (Aguilera et al. 2022). In this context, the use of 
arbuscular mycorrhizal fungi-based biostimulants is of par-
ticular interest. The arbuscular mycorrhizal fungi (AMF), 
belonging to the Glomeromycota phylum (Wijayawardene 
et al. 2018) are obligate symbiotic organisms which are asso-
ciated to an estimated of 78% of land plants (Brundrett and 
Tedersoo 2018). When AMF hyphae enter the root, specific 
structures such as arbuscules and vesicles are formed; this 
symbiosis is called arbuscular mycorrhiza (AM). The AMF 
symbiosis is based on the bidirectional exchange of nutrients 
(Smith and Read 2008). Moreover, several studies have also 
shown that AMF favor the tolerance of host plants exposed 
to abiotic and biotic stressors (Delavaux et al. 2017; Marro 
et al. 2022; Rasmann et al. 2017). Specifically, Marro et al. 
2022 reported that Acaulospora, Claroideoglomus, Septo-
glomus and Simiglomus genera have presented greater func-
tions related to plant performance (biomass, P and N nutri-
tion) and abiotic and biotic stressors (drought, heavy metals, 
salinity, pathogens). Finally, AMF increases soil structure, 
stability, and water retention (Rillig et al. 2002; Rillig and 
Mummey 2006).

The V. vinifera is a species that forms AM and it plays an 
important role for enhancing nutrient absorption from soils 
(Khalil 2013; Schreiner 2005; Trouvelot et al. 2015; Kuyper 
and Jansa 2023), resulting in an increase of grapevine plants 
shoot dry weight and number of leaves (Karagiannidis et al. 
2007). In this line, it has been observed that mycorrhized 
grapevines have a more efficient water use (Valentine et al. 
2006) and increased tolerance against pathogens such as Bot-
rytis cinerea (Bruisson et al. 2016), Fusarium oxysporum f. 
sp. herbemontis (Vilvert et al. 2017), Dactylonectria mac-
rodidymum (Moukarzel et al. 2022; Petit and Gubler 2006), 
Armillaria mellea (Nogales et al. 2009, 2010), Plasmopara 
viticola (Bruisson et al. 2016; Cruz-Silva et al. 2021), and 
grapevine fanleaf virus (Hao et al. 2018). Thus, the use of 
AMF as biostimulants seems a suitable biotechnological tool, 
and there are many commercial AMF-based products validat-
ing it (Hart et al. 2018). However, there are also evidence indi-
cating that some of these products are not efficient to produce 
a positive effect (Hart et al. 2018; Salomon et al. 2022). A 
possible explanation for that is the lack of adaptation of the 
AMF inoculated to conditions different that they were obtained 
(Rúa et al. 2016). It has been demonstrated the importance of 
the sympatric combinations of plants, AM fungi, and soil to 
reach enhanced plant biomass (Rúa et al. 2016).

Soil chemical factors and grapevine age are impor-
tant factors that modulate AMF communities (Betancur-
Agudelo et  al. 2021), consequently, grapevine plants 
should be studied in interaction with AMF diversity to 
identify which of the AMF species can be related to the 

soil-climatic stress condition and potentially be used as 
inoculant to face the climate crisis. Given the importance 
of the use of AMF sympatric to the plant and soil, it is 
key to first investigate AMF communities associated to 
the region where they will be used, their environmental 
drivers (mainly soil conditions), and actually quantify AM 
root colonization. Then, it can be further determined the 
key factors involved in the establishment, persistence and 
positive effects of AMF on the plants of interest (Kokkoris 
and Hart 2019). However, the effect that different grapevine 
cultivar of V. vinifera may have on AMF communities has 
been scarcely studied. In contrast, the variability of AMF 
species richness has been associated with soil chemical fac-
tors and vineyard maturity (Betancur-Agudelo et al. 2021).

Chile is an important wine producer with a vineyard 
area reaching 196,000 ha (OIV 2022). In 2022, Chile had 
the 8th highest planted area and it was the 6th largest wine 
producer country, with 12.4 million hl (OIV 2022). Over 
the last two decades, Chilean viticulture is facing seri-
ous challenges, such as an extreme mega-drought with 
30% to 45% decrease in precipitation (González et al. 
2020). For this reason, the wine production areas have 
been moves towards the southern regions where water for 
irrigation is not very limiting yet, but the progressive rise 
in temperatures has already begun. As a result, in South-
ern Chile has experienced an increase in planted areas, 
mostly using cold-climate cultivars, mainly Chardonnay 
followed by Pinot Noir. Even though plantations have been 
slowly increasing in the Southern region, viticulture there 
is facing new constraints, such as its production in Andi-
sol, soils which are very acidic, phosphorous fixing, and 
prone to induced Al toxicity. The AMF communities and 
mycorrhizal colonization associated to Chilean vineyards 
have not been extensively studied, nor the factors than 
modulate their structure. Up to now, 59 AMF species have 
been reported in Chile (17% of global biodiversity of the 
Glomeromycota Phylum) (Marín et al. 2017), documented 
mainly in agroecosystems (Aguilera et al. 2014, 2015, 
2017). Interestingly, a third of those species are shared 
between agroecosystems and native forests (Marín et al. 
2017).

Thus, to properly select AMF species for Chilean 
viticulture, it is key describe their communities and fac-
tors modulating them in vineyards. Thus, the objectives 
of this study were: 1) to describe the AMF communities 
and quantify the arbuscular mycorrhizal root colonization 
associated to different grapevine cultivar and grapevine 
ages along to 1,000 km long cropping area, including cal-
careous, neutral and acidic soils and, 2) to test whether 
factors such as grapevine cultivar and age, as well as soil 
chemical factors modifies AMF communities. Our hypoth-
esis is that AMF communities and root colonization will 
be different in grapevines of different areas, grapevines 
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cultivars and age, and the differences will be explained in 
relation with the main chemical characteristics of the soil.

2 � Materials and Methods

2.1 � Study Sites

In order to describe AMF communities, to quantify per-
centage of root mycorrhization and extraradical mycelium, 
and to test whether Vitis vinifera L. cultivar and age shape 
AMF communities, and their relation with soil chemical 
properties, 34 vineyards, hereafter designated as 1 to 34, 
were surveyed during 2021; being 1 the northernmost and 
34 the southernmost sites, respectively, from the main 
wine grapevine production valleys of Chile, The vine-
yards were distributed along 1,000 km across Chile, pass-
ing through several administrative regions of the country, 
including Coquimbo (29° 54ʹ S), Valparaíso (33° 02ʹ S), 
O´Higgins (34° 10ʹ S), Maule (35° 25ʹ S), Biobío (36° 
49ʹ S), and La Araucanía (38° 44ʹ S). Those regions have 
a mean annual rainfall ranging from (125 to 1,246 mm), 
mostly during winter months. Ten grapevine cultivars 
were considered: “Cabernet Sauvignon” (CS), “Carmé-
nère” (Ca), “Chardonnay” (Ch), “Malbec” (Ma), “Merlot” 
(Me), “Pedro Jimenez” (PJ), “Pinot noir” (PN), “Riesling” 
(Ri), “Sauvignon blanc” (SB), and “Pinot” (Pi). “Pinot” is 
defined as such by the communities and farmers of the La 
Araucanía Region, referring to the landrace cultivars that 
have been mass-selected over time. The different vineyards 
ranged from 1 to 41 years old.

2.2 � Soil and Root Sampling

To describe the AMF communities, quantify the percentage 
of AMF root colonization, and determine soil chemistry, 
bulk soil samples were taken from 30 × 30 m plots on each 
of the 34 vineyards. Each vineyard was considerably larger 
(5 – 10 ha) than the plot size so no edge effect was gener-
ated. Three subsamples were taken from each plot in order 
to generate a composite sample representative of the vine-
yard. The samples were taken diagonally across the plot, 
thus considering two edges and a central point. For each 
subsample, leaf litter and debris were removed and approx-
imately 1 kg of soil was taken at a depth of 20 cm with a 
shovel, previously washed with water and disinfected with 
70% alcohol. The three subsamples were homogenized in 
a plastic bag. From this homogenized sample, roots were 
taken to quantify the percentage of AMF colonization, to 
extract AMF spores, and for soil chemical analyses.

2.3 � AMF Identification

Spores were extracted from soils using wet sieving and sucrose 
density gradient centrifugation (Oehl et al. 2003). From each 
vineyard soil sample, a 25 g aliquot was strained though 500, 
125, and 32 μm sieves, and subsequently washed with dis-
tilled water. The fractions of the 32 and 125 μm sieves were 
poured in plastic tubes. 25 mL of the spore suspensions were 
transferred to 50 mL centrifugation tubes. 25 mL of a 70% 
sugar solution were inserted at the bottom of the tubes and 
centrifuged at 2000 rpm for 2 min. Samples were sieved after 
centrifugation, washed with distilled water, and transferred to 
Petri dishes for sorting and quantification under a dissection 
microscope (CX31, Olympus) at up to 400 × magnification. 
The number of AM fungal spores was expressed as spores 
in 100 g dry soil. Finally, spores were mounted on micro-
scope slides in polyvinyl alcohol-lactic acid glycerol (PVLG) 
medium for identification (Oehl et al. 2003; Sieverding 1991). 
The AMF species were identified under a compound micro-
scope based on morphological characteristics of the spores 
considering the Glomeromycota taxonomy sensu Błaszkowski 
et al. (2015), and Oehl et al. (2011a, b), which includes spore 
wall structures, subtending hyphae, and germination structures.

2.4 � Quantification of AMF Root Colonization 
and Extraradical Mycelium

Root colonization was determined by the gridline intersect 
method (Giovannetti and Mosse 1980) after clearing the roots 
with a 2.5% KOH solution (w/v) and staining with a solution 
of 0.05% trypan blue in lactic acid (Phillips and Hayman 
1970). The extraradical mycelium (ERC) was determined as 
hyphal length per soil gram by an adaptation of the filtration-
gridline method described by Rubio et al. (2003). Briefly, 
substrate samples (1 g) were mixed with 4 mL of a solution 
containing glycerol/12 M HCl/distilled H2O (12:1:7) and 
0.05% trypan blue. Then, the samples were shaken overnight. 
This suspension was washed thorough a 32 μm mesh and 
suspended in 20 mL distilled water. An aliquot (1 mL) was 
taken from the suspension, and transferred to a membrane 
filter of 0.45 μm pore size. To quantify the total hyphal den-
sity expressed as extraradical mycelium (ERC) the Newman 
(1966) intersect gridline method was used.

2.5 � Soil Chemical Analyses

Soil chemical analyses were done according to Marín et al. 
(2023). Briefly, soil pH was determined in a 1/2.5 0.01 M 
CaCl2 solution, while electrical conductivity (EC) and redox 
potential (Eh) were determined in a water solution (1/2.5; at 
20 °C). Total Carbon (C) and Nitrogen (N) were determined 
in a CN Elemental Analyzer. Olsen P was determined by 
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extraction with 0.5 M NaHCO3 (at pH 8.5), with the extrac-
tion diluted (1/2.5) in HNO3 at 10%, and determined using 
inductively coupled plasma–optical emission spectrometry 
(ICP-OES, VARIAN, Palo Alto, USA). The cations (Al, Ca, 
K, Mg, and Na) were extracted using 1 M NH4OAc (multi-
standards in a matrix of NH4OAc 1 M, HNO3 10%, and 
ultra-pure water), and then determined through ICP-OES.

2.6 � Statistical Analyses

The homogeneity of variances and normality of the residuals 
were checked using the Bartlett test and graphical checks, 
respectively, before ANOVAs. ANOVAs were performed 
with the R base function 'aov' in R Studio v.2022.07.1 + 554 
(RStudio Team 2022), in order to test the effects of grapevine 
cultivar, maturity (in years), and their interaction on AMF 
species richness, number of spores per 100 g of dried soil, 
root colonization, ERC, and three diversity indices (Simpson, 
Shannon, inverse Simpson). Diversity indices were calculated 
with the 'diversity' function of the vegan v.2.6–4 R package 
(Oksanen et al. 2022). The base R function 'TukeyHSD' was 
used to calculate Tukey tests to check for differences among 
cultivars regarding AMF species richness, number of spores 
per 100 g of dried soil, root colonization, and ERC.

To test if grapevine cultivar, maturity, and their interac-
tion had any effect on AMF community structure across the 
34 vineyards, a permutational analysis of variance (PER-
MANOVA) using the Bray–Curtis dissimilarities was run 
using the function adonis in the R package vegan v.2.6–4 
(Oksanen et al. 2022). Such Bray–Curtis distances (among 
sites and AMF species) were graph as a heatmap. Similarly, 
a non-metric multidimensional scaling (NMDS, Supplemen-
tary Fig. 1) analyses was done across the 34 soil samples, 
with the 'metaMDS' function in vegan. Finally, to identify 
which of the edaphic variables best predicted AMF com-
munity structure, the 'ordistep' function in vegan was used 
(forward and backward regression at the same time), with 
the community matrix as the response variable.

Because geographic distance has been shown to influence 
AMF communities (Marín et al. 2017), two different Mantel 
tests were run: one to test the effects of environmental distance 
(calculated based on the 11 soil chemical variables measured; 
Euclidian distance) on the Bray–Curtis distance among the 34 
AMF communities, and other to test the effects of geographical 
distance on the same response variable.

3 � Results

3.1 � AMF Species and Genera Richness

A total of 94,752 AMF spores were identified (Table 1) 
in the 34 vineyards investigated across Chile. In total, 15 Tr
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AMF species were identified in this study, belonging to 2 
classes, 4 orders, 6 families, and 9 genera of the Glomero-
mycota phylum (Table 1; Fig. 1). 13 AMF species could 
be unequivocally identified, whereas two others might cor-
respond to undescribed AMF species.

3.2 � Effects of Geographic Location, Grapevine 
Cultivar and Grapevine Age on AMF

When analyzing the Bray–Curtis distances among the 
AMF communities of the 34 vineyards, it is clear that 
these did not aggregate by geographic location (Fig. 2). 
No effects of grapevine cultivar, grapevine age, and their 
interaction was observed on spore abundance, AMF rich-
ness, root colonization, and ERC (Fig. 3a, b, c, d, Supple-
mentary Table 2); these factors also had no effect on the 

three diversity indices calculated (Table 2).

3.3 � Effects of Soil Chemical Parameters on Structure 
of AMF Communities

To facilitate the understanding of the investigated transect, 
zones of Chile will be divided into 3, being N: north, C: 
center and S: south. North zone (NZ) from samples 1 to 9. 
Central zone (CZ) from samples 10 to 24. South zone (SZ) 
from 25 to 34. In general, although a range between 2 to 9 
AMF species was found in all studied vineyards (Fig. 1), 
the northern and central zones showed a higher volume 
of spores expressed in N of spores per 100 g of soil. The 
main difference between the areas under study was the soil 
chemistry, where it was found a pH range between 6.4–7.8 
in the North zone, 6.0–7.7 in the Central zone, and 5.6–7.2 
in the South zone in Andisols characterized by high Al 
phytotoxic levels and low P availability. Despite this, an 
ordistep multiple regression (in both directions) indicated 

Fig. 1   Number of spores per 
100 g of dry soil of different 
species of arbuscular mycor-
rhizal fungi (AMF) across 34 
commercial vineyards in Chile. 
Grapevine cultivars indicated 
as: “Cabernet Sauvignon” (CS), 
“Carménère” (Ca), “Chardon-
nay” (Ch), “Malbec” (Ma), 
“Merlot” (Me), “Pedro Jime-
nez” (PJ), “Pinot noir” (PN), 
“Riesling” (Ri), “Sauvignon 
blanc” (SB), and “Pinot” (Pi). 
In parenthesis, the age (years) 
of each vineyard is indicated 
next to the abbreviation of each 
grapevine cultivar. Plots are rep-
resented from the northernmost 
(1) to the southernmost (34)
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that none of the soil chemical parameters affected the 
structure of AMF communities.

The AMF species that showed a higher frequency index 
(between 50 and 80%) were Acaulospora laevis, Clar-
oideoglomus etunicatum, Claroideoglomus claroideum, 
Septoglomus constrictum, and Simiglomus hoi (Fig. 2). 
Likewise, the species that showed a lower frequency rate 
(between 2 to 5%) were Acaulospora alpina, Acaulospora 
paulinae, both species of the genus Ambispora, Funneli-
formis mosseae and Diversispora eburnea (Fig. 2).

A Mantel test showed that soil chemistry (Euclidian dis-
tance based on the 11 soil chemistry variables measured) did 
not influence Bray–Curtis distance among the AMF com-
munities (Mantel statistic r: −0.08879, significance: 0.8248, 
based on 9999 permutations). Similarly, a Mantel test showed 
that the geographic distance among the 34 vineyards did not 
affect the Bray distance among the communities (Mantel sta-
tistic r: −0.04053, significance: 0.764, based on 9999 permu-
tations). However, community structure was influenced by 

grapevine cultivar (but not maturity neither their interaction), 
as shown by the PERMANOVA analysis (Table 3).

3.4 � AMF Colonization and Extraradical Mycelium

A wide range of colonization percentage was visualized 
inside the roots of the grapevine (Fig. 3c); such coloniza-
tion was determined by the presence of fungal propagules 
at a global level inside the observed roots, including arbus-
cules, vesicles, spores, and hyphae. In general, a range 
between 2 and 79% of AMF root colonization was found in 
all grapevine cultivars. The grapevine cultivars with the low-
est colonization values were Carménère and Pedro Jiménez. 
Although other grapevine cultivar showed levels above 70% 
of root colonization (Fig. 3c). The extraradical mycelium did 
not show significant differences among grapevine cultivars. 
The hyphal length had very thin thickness characteristics 
at microscopic observation and hyphae showed a length 
between 0,10 and 0,53 mg−1 of soil (Fig. 3d).

Fig. 2   Heatmap showing 
Bray–Curtis distances among 
sampling plots and arbuscular 
mycorrhizal fungal (AMF) 
species. Cultivars indicated as: 
“Cabernet Sauvignon” (CS), 
“Carménère” (Ca), “Chardon-
nay” (Ch), “Malbec” (Ma), 
“Merlot” (Me), “Pedro Jime-
nez” (PJ), “Pinot noir” (PN), 
“Riesling” (Ri), “Sauvignon 
blanc” (SB), and “Pinot” (Pi). 
In parenthesis, the age (years) 
of each vineyard is indicated 
next to the abbreviation of each 
cultivar. Genera of AMF indi-
cated as: Cl: Claroideoglomus, 
Fu: Funneliformis, Ac: Acau-
lospora, Se: Septoglomus, Si: 
Simiglomus, Gl: Glomus, Am: 
Ambispora, Di: Diversispora, 
Gi: Gigaspora. The first number 
is referred to the geographical 
location of vineyards designated 
as 1 to 34; being 1 the northern-
most and 34 the southernmost 
sites
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4 � Discussion

This study represents the first investigation into the diversity of 
AMF species associated with vineyards in Chile, spanning a 
total distance of 1,000 km. Previous research has explored AMF 
diversity in the soils of southern Chile identifying a range of 
5–19 species associated with horticulture (Castillo et al. 2016). 
According to our last findings, out of a total of 59 species found 

in Chile (Marín et al. 2017), only 20 have been reported in 
anthropogenically intervened agro-ecosystems and native forest. 
This encompasses studies conducted in cereals, grasslands and 
horticulture in Southern zone (Castillo et al. 2016). This find-
ing underscores a significant adaptation of AMF to horticultural 
practices and, consequently, highlights the potential for viticul-
ture in the southern region of the country, particularly under 
volcanic soil conditions. However, in this study, between 3 and 
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6 species were found in these acidic soils from Southern Chile. 
This raises concerns about the necessary conditions that should 
be considered to promote the proper conservation of the diver-
sity of these fungi in productive ecosystems. A similar situation 
was found in the central zone with a range between 3 to 6 AMF 
species. In the northern zone wider between 2 to 9 AMF species 

was found. Specifically, community level adaptations in AMF 
associated with Vitis vinifera L. roots under several edaphocli-
matic conditions could result in inoculation recommendation 
regarding horticultural production (Aguilera et al. 2022).

Although no significant differences were found when ana-
lyzing the grapevine cultivars or between the 3 zones, we can 
consider a general average of 30% root colonization for each 
zone. However, finding percentages over 70% in central zone 
suggests a high affinity between the fungi and the grapevine, 
their host, even across different grapevine cultivar. Addi-
tionally, it indicated a dependency on this crop to cope with 
the productive needs where mycorrhizal fungi could even 
attenuate stress conditions due to salts, presence of metals, 
nutritional deficiencies and even presence of diseases, where 
the AMF symbiosis could be a fundamental component for 
dealing with these adverse conditions.

Although in this study we did not find differences 
between the quantification of the propagules at intraradical 
level or between the extraradical mycelium, it was found 
that the symbiosis dependent on the grapevine cultivar. 
Other authors have investigated the levels of extraradical 
mycelium in cereal crops with conventional tillage manage-
ment in southern Chile, reporting values of hyphal lengths 
of approximately 3 m per g soil (Aguilera et al. 2017). In this 
case, in vineyards the values were generally less than 0.53 m 
(Fig. 3d). Diverse studies conducted on grapevine crop have 
reported low diversity of these AMF associated with the 
rhizosphere, typically ranging from one to five AMF species. 
This has been correlated with soil chemistry, specifically 
at slightly acidic pH, of around 6.0 (Sas-Paszt et al. 2020).

In this context, a few studies from Iran, Brazil, Italy, 
Germany and United States, have explored the AMF com-
munities, based on the spore bank of AMF associated to 
V. vinifera L. (Balestrini et al. 2010; Baumgartner et al. 
2005; Betancur-Agudelo et al. 2021; Chen and Baum-
gartner 2004; Danesh et al. 2022; Oehl et al. 2005; Oehl 
and Koch 2018). In general, in these studies, the species 
richness in the AMF communities has been quite variable, 
ranging from 2 to 34 species. The species genera found 
on those studies are quite diverse, such as, Acaulospora, 

Table 2   Diversity indices of arbuscular mycorrrhizal fungal commu-
nities associated to vineyard in Chile

Transect of 1,000 km across Chile
Varities indicated as: “Cabernet Sauvignon” (CS), “Carménère” (Ca), 
“Chardonnay” (Ch), “Malbec” (Ma), “Merlot” (Me), “Pedro Jime-
nez” (PJ), “Pinot noir” (PN), “Riesling” (Ri), “Sauvignon blanc” 
(SB), and “Pinot” (Pi). In parenthesis, the age (years) of each vine-
yard is indicated next to the abbreviation of each variety. Plots are 
represented from the northernmost (1) to the southernmost (34)

Plot Shannon Simpson Inverse Simpson

1(Ch;13) 1.828 0.803 5.064
2(PN;10) 2.015 0.85 6.669
3(Ch;10) 2.041 0.856 6.951
4(PJ;41) 1.358 0.693 3.26
5(PJ;7) 0.898 0.543 2.19
6(SB;28) 1.626 0.746 3.943
7(Ch;8) 0.714 0.362 1.568
8(SB;6) 1.263 0.688 3.209
9(SB;22) 0.672 0.479 1.918
10(CS;18) 1.424 0.726 3.651
11(CS;35) 1.128 0.607 2.546
12(CS;1) 1.241 0.681 3.134
13(CS;35) 1.534 0.771 4.374
14(SB;16) 1.164 0.634 2.735
15(Ch;7) 0.951 0.549 2.215
16(Ca;38) 1.001 0.607 2.543
17(Ca;5) 1.098 0.666 2.997
18(Cb;4) 1.322 0.694 3.268
19(Ch;16) 0.977 0.597 2.481
20(Ma;1) 1.639 0.791 4.778
21(Ca;29) 1.027 0.617 2.611
22(CS;4) 1.507 0.759 4.145
23(CS;7) 1.553 0.777 4.479
24(Me;21) 1.373 0.744 3.899
25(Ri;3) 1.308 0.657 2.915
26(PN;1) 1.264 0.697 3.304
27(SB;15) 1.355 0.734 3.763
28(Ch;15) 1.321 0.718 3.544
29(PN;15) 1.355 0.735 3.78
30(Pi;13) 1.395 0.71 3.452
31(Pi;8) 1.638 0.771 4.37
32(Ch;22) 1.358 0.736 3.788
33(Pi;22) 0.998 0.549 2.215
34(Ch;17) 0.981 0.592 2.453

Table 3   Permutational analysis of variance (PERMANOVA) of the 
Bray–Curtis dissimilarities of the arbuscular mycorrhizal fungal com-
munity structure in relation to grape variety, crop maturity (age), and 
their interaction

F value is given, R2 in parenthesis, and p values as asterisks: F (R2)p, 
p: * < 0.05; NS Non-significant

Variety 1.543 (0.415)*
Maturity 1.083 (0.029)ns

Variety X Maturity 0.738 (0.141)ns

Residuals (R2) (0.409)
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Rhizophagus, Funneliformis, Glomus, Septoglomus, Clar-
oideoglomus, Rhizoglomus, Scutellospora, Gigaspora, 
Paraglomus, Archaeospora, Ambispora, Entrophospora, 
Diversispora, Dominikia, Sclerocystis, Palaeospora. Stud-
ies that describe AMF communities based on the spore 
bank of the soil have shown the presence of variable AMF 
genera. This variability could be associated with the fact 
that different wine-growing regions grow different grape-
vine cultivars, and in the present study it was found the 
importance of grapevine cultivar in the structure of the 
community.

In contrast to the present study, Betancur-Agudelo et al. 
(2021) found that a young vineyard (10 years old) had a 
higher AMF species richness and spore abundance com-
pared with an older vineyard (65 years old) of the same 
grapevine cultivar, while the opposite pattern was found 
for root colonization. Besides, here it was not possible to 
observe this pattern.

In addition, same authors indicate that the most common 
species in these Polish soils corresponded to Claroideoglomus 
claroideum. They also reported the presence of the genera, 
Funneliformis, Gigaspora and several Rhizoglomus.

Furthermore, Balestrini et al. (2010) focused their study on 
the AMF cohort in two Mediterranean vineyards in Piedmont-
Italy, reporting the genera Glomus, Acaulospora and Diversis-
pora. They concluded that the diversity of AMF species depends 
on soil conditions, more than the vegetative state or management 
practices. The most frequently found AMF species in this study, 
Claroideoglomus claroideum, has also been found in the rhizos-
phere of soils cultivated with "Solaris" and "Regent" grapevines 
in Polish soils (Sas-Paszt et al. 2020) as it was found here as 
well, with other species. They also reported the presence of the 
genera, Funneliformis, Gigaspora and several Rhizoglomus.

5 � Conclusions

This study shows that there is an effect of grapevine cul-
tivar on arbuscular mycorrhizal fungi (AMF) community 
structure. Nevertheless, geographic location, grapevine 
cultivar and grapevine age no affect AMF richness, AMF 
spores abundance, root colonization and Extraradical myce-
lium (ERC). In addition, soil chemistry had no effect on 
AMF community structure. On the other hand, our results 
suggest usefulness of exploring the current state of AMF 
diversity based on the identification of species from the visu-
alization of spores as resistance propagules. To enhance the 
sustainability of viticulture management practices, it is rec-
ommended to carefully select AMF species for exogenous 
inoculation, prioritizing those that are most compatible with 
the existing community structure in relation with grape-
vine cultivar. However, more background will be needed 
to understand the role of specific AMF species that make 

up the core microbiota of grapevines grown with conven-
tional management that should incorporate environmentally 
friendly management.
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tary material available at https://​doi.​org/​10.​1007/​s42729-​024-​01787-w.

Acknowledgements  Financial Support of from Agencia Nacional de 
Investigación y Desarrollo (ANID), FONDECYT Regular 1211655 
(to P.A.), Project CORFO PI-4452 (to F.G.) and ANID Convocato-
ria Nacional Subvención a Instalación Academia Convocatoria Año 
2021+Folio SA77210019, are greatly appreciated.

Declarations 

Conflict of Interest  On behalf of all authors, the corresponding author 
states that there is no conflict of interest.

References

Aguilera P, Marín C, Oehl F, Godoy R, Borie F, Cornejo P (2017) 
Selection of aluminum tolerant cereal genotypes strongly influ-
ences the arbuscular mycorrhizal fungal communities in an acidic 
Andosol. Agric. Ecosyst. Environ 246:86–93. https://​doi.​org/​10.​
1016/j.​agee.​2017.​05.​031

Aguilera P, Ortiz N, Becerra N, Turrini A, Gaínza-Cortés F, Silva-
Flores P, Aguilar-Paredes A, Romero JK, Jorquera-Fontena E, 
Mora ML, Borie F (2022) Application of arbuscular mycorrhizal 
fungi in vineyards: water and biotic stress under a climate change 
scenario: new challenge for Chilean grapevine. Crop Front Micro-
biol 13. https://​doi.​org/​10.​3389/​fmicb.​2022.​826571

Balestrini R, Magurno F, Walker C, Lumini E, Bianciotto V (2010) 
Cohorts of arbuscular mycorrhizal fungi (AMF) in Vitis vinif-
era, a typical Mediterranean fruit crop. Environ Microbiol Rep 
2:594–604. https://​doi.​org/​10.​1111/j.​1758-​2229.​2010.​00160.x

Baumgartner K, Smith R, Bettiga L (2005) Weed control and cover 
crop management affect mycorrhizal colonization of grapevine 
roots and arbuscular mycorrhizal fungal spore populations in a 
California vineyard. Mycorrhiza 15:111–119. https://​doi.​org/​10.​
1007/​s00572-​004-​0309-2

Betancur-Agudelo M, Meyer E, Lovato PE (2021) Arbuscular mycor-
rhizal fungus richness in the soil and root colonization in vine-
yards of different ages. Rhizosphere 17:100307. https://​doi.​org/​
10.​1016/j.​rhisph.​2021.​100307

Błaszkowski J, Chwat G, Góralska A, Ryszka P, Kovács GM (2015) 
Two new genera, Dominikia and Kamienskia, and D. disticha sp. 
nov. in Glomeromycota. Nova Hedwigia 100:225–238. https://​doi.​
org/​10.​1127/​nova_​hedwi​gia/​2014/​0216

Bove F, Savary S, Willocquet L, Rossi V (2020) Simulation of potential 
epidemics of downy mildew of grapevine in different scenarios of 
disease conduciveness. Eur J Plant Pathol 158:599–614. https://​
doi.​org/​10.​1007/​s10658-​020-​02085-8

Bruisson S, Maillot P, Schellenbaum P, Walter B, Gindro K, Deglène-
Benbrahim L (2016) Arbuscular mycorrhizal symbiosis stimulates 
key genes of the phenylpropanoid biosynthesis and stilbenoid pro-
duction in grapevine leaves in response to downy mildew and grey 
mould infection. Phytochemistry 131:92–99. https://​doi.​org/​10.​
1016/j.​phyto​chem.​2016.​09.​002

Brundrett MC, Tedersoo L (2018) Evolutionary history of mycorrhizal 
symbioses and global host plant diversity. New Phytol 220:1108–
1115. https://​doi.​org/​10.​1111/​nph.​14976

Calvin K, Dasgupta D, Krinner G et al (2023) IPCC, 2023: climate 
change 2023: synthesis report. Contribution of working groups I, 

https://doi.org/10.1007/s42729-024-01787-w
https://doi.org/10.1016/j.agee.2017.05.031
https://doi.org/10.1016/j.agee.2017.05.031
https://doi.org/10.3389/fmicb.2022.826571
https://doi.org/10.1111/j.1758-2229.2010.00160.x
https://doi.org/10.1007/s00572-004-0309-2
https://doi.org/10.1007/s00572-004-0309-2
https://doi.org/10.1016/j.rhisph.2021.100307
https://doi.org/10.1016/j.rhisph.2021.100307
https://doi.org/10.1127/nova_hedwigia/2014/0216
https://doi.org/10.1127/nova_hedwigia/2014/0216
https://doi.org/10.1007/s10658-020-02085-8
https://doi.org/10.1007/s10658-020-02085-8
https://doi.org/10.1016/j.phytochem.2016.09.002
https://doi.org/10.1016/j.phytochem.2016.09.002
https://doi.org/10.1111/nph.14976


3685Journal of Soil Science and Plant Nutrition (2024) 24:3675–3686	

II and III to the sixth assessment report of the intergovernmental 
panel on climate change [Core Writing Team, Lee H, Romero J 
(eds)]. IPCC, Geneva

Castillo CG, Borie F, Oehl F, Sieverding E (2016) Arbuscular mycor-
rhizal fungi biodiversity: prospecting in Southern-Central zone of 
Chile. A review. J Soil Sci Plant Nutr 16:400–422. https://​doi.​org/​
10.​4067/​S0718-​95162​01600​50000​36

Chen X, Baumgartner K (2004) Arbuscular mycorrhizal fungi-
mediated nitrogen transfer from vineyard cover crops to grape-
vines. Biol Fertil Soils 40:406–412. https://​doi.​org/​10.​1007/​
s00374-​004-​0797-4

Cruz-Silva A, Figueiredo A, Sebastiana M (2021) First insights into 
the effect of mycorrhizae on the expression of pathogen effectors 
during the infection of grapevine with Plasmopara viticola. Sus-
tainability 13:1226. https://​doi.​org/​10.​3390/​su130​31226

Danesh YR, Kariman K, Keskin N, Najafi S (2022) Characterization 
of arbuscular mycorrhizal fungal communities associated with 
vineyards in northwestern Iran. Turk J Agric For 46:271–279. 
https://​doi.​org/​10.​55730/​1300-​011X.​3001

Delavaux CS, Smith-Ramesh LM, Kuebbing SE (2017) Beyond nutri-
ents: a meta-analysis of the diverse effects of arbuscular mycor-
rhizal fungi on plants and soils. Ecology 98:2111–2119. https://​
doi.​org/​10.​1002/​ecy.​1892

Food and Agriculture Organization. FAOSTAT (Online) (2023) https://​
www.​fao.​org/​faost​at/​es/#​data. Accesed Oct 2023

Giovannetti M, Mosse B (1980) An evaluation of techniques for meas-
uring vesicular arbuscular mycorrhizal infections in roots. New 
Phytol 84:489–500. https://​doi.​org/​10.​1111/j.​1469-​8137.​1980.​
tb045​56.x

González ME, Sapiains R, Gómez-González S, Garreaud R, Miranda 
A, Galleguillos M et al (2020) Incendios Forestales en Chile: 
Causas, Impactos y Resiliencia. Center for Climate and Resilience 
Research, Santiago

Hao Z, van Tuinen D, Fayolle L, Chatagnier O, Li X, Chen B et al 
(2018) Arbuscular mycorrhiza affects grapevine fanleaf virus 
transmission by the nematode vector Xiphinema index. Appl 
Soil Ecol 129:107–111. https://​doi.​org/​10.​1016/j.​apsoil.​2018.​
05.​007

Hart MM, Antunes PM, Chaudhary VB, Abbott LK (2018) Fungal 
inoculants in the field: is the reward greater than the risk? Funct 
Ecol 32:126–135. https://​doi.​org/​10.​1111/​1365-​2435.​12976

International Organisation of Vine and Wine [OIV] (2016) Principios 
Generales de la oiv para una Vitivinicultura Sostenible. Aspectos 
Medioambientales, Sociales, Económicos y Culturales. Interna-
tional Organisation of Vine and Wine (OIV). Resolución OIV-
CST 518–2016. International Organisation of Vine and Wine, 
Paris

International Organisation of Vine and Wine [OIV] (2022) State of the 
world vitivinicultural sector in 2022. International Organisation 
of Vine and Wine, Paris

Karagiannidis N, Nikolaou N, Ipsilantis I, Zioziou E (2007) Effects of 
different N fertilizers on the activity of Glomus mosseae and on 
grapevine nutrition and berry composition. Mycorrhiza 18:43–50. 
https://​doi.​org/​10.​1007/​s00572-​007-​0153-2

Keller M (2010) Managing grapevines to optimise fruit development in 
a challenging environment: a climate change primer for viticultur-
ists. Aust J Grape Wine Res 16:56–69. https://​doi.​org/​10.​1111/j.​
1755-​0238.​2009.​00077.x

Keller M (2023) Climate change impacts on vineyards in warm and dry 
areas: Challenges and opportunities. Am J Enol Vitic 74:0740033. 
https://​doi.​org/​10.​5344/​ajev.​2023.​23024

Khalil HA (2013) Influence of vesicular-arbuscula mycorrhizal fungi 
(Glomus spp.) on the response of grapevines rootstocks to salt 
stress. Asian J Crop Sci 5:393–404. https://​doi.​org/​10.​3923/​ajcs.​
2013.​393.​404

Kokkoris V, Hart M (2019) In vitro propagation of arbuscular mycor-
rhizal fungi may drive fungal evolution. Front Microbiol 10:2420. 
https://​doi.​org/​10.​3389/​fmicb.​2019.​02420

Kuyper T, Jansa J (2023) Arbuscular mycorrhiza: advances and retreats 
in our understanding of the ecological functioning of the mother 
of all root symbioses. Plant Soil 489:1–48. https://​doi.​org/​10.​
1007/​s11104-​023-​06045-z

Marín C, Aguilera P, Oehl F, Godoy R (2017) Factors affecting arbus-
cular mycorrhizal fungi of Chilean temperate rainforests. J Soil 
Sci Plant Nutr 17:966–984. https://​doi.​org/​10.​4067/​S0718-​95162​
01700​04000​10

Marín C, Godoy R, Boy J, Öpik M (2023) Geological history and forest 
mycorrhizal dominance effects on soil fungal diversity in Chilean 
temperate rainforests. J Soil Sci Plant Nutr 23:734–745. https://​
doi.​org/​10.​1007/​s42729-​022-​01078-2

Marro N, Grilli G, Soteras F, Caccia M, Longo S, Cofré N et al (2022) 
The effects of arbuscular mycorrhizal fungal species and taxo-
nomic groups on stressed and unstressed plants: a global meta-
analysis. New Phytol 235:320–332. https://​doi.​org/​10.​1111/​nph.​
18102

Moukarzel R, Ridgway HJ, Liu J, Guerin-Laguette A, Jones EE (2022) 
AMF community diversity promotes grapevine growth parameters 
under high black foot disease pressure. J Fungi 8:250. https://​doi.​
org/​10.​3390/​jof80​30250

Newman EI (1966) A method of estimating the total length of root 
sample. J Appl Ecol 3:139–145

Nogales A, Aguirreolea J, Santa María E, Camprubí A, Calvet C (2009) 
Response of mycorrhizal grapevine to Armillaria mellea inocula-
tion: disease development and polyamines. Plant Soil 317:177–
187. https://​doi.​org/​10.​1007/​s11104-​008-​9799-6

Nogales A, Camprubí A, Estaún V, Marfà V, Calvet C (2010) In vitro 
interaction studies between Glomus intraradices and Armillaria 
mellea in vines. Span J Agric Res 8:62–68. https://​doi.​org/​10.​
5424/​sjar/​20100​8S1-​1223

Oehl F, Koch B (2018) Diversity of arbuscular mycorrhizal fungi 
in no-till and conventionally tilled vineyards. J Appl Bot Food 
Qual 91. https://​doi.​org/​10.​5073/​JABFQ.​2018.​091.​008

Oehl F, Sieverding E, Ineichen K, Mader P, Boller T, Wiemken A 
(2003) Impact of land use intensity on the species diversity 
of arbuscular mycorrhizal fungi in agroecosystems of Central 
Europe. Appl Environ Microbiol 69:2816–2824. https://​doi.​org/​
10.​1128/​AEM.​69.5.​2816-​2824.​2003

Oehl F, Sieverding E, Ineichen K, Ris EA, Boller T, Wiemken A 
(2005) Community structure of arbuscular mycorrhizal fungi 
at different soil depths in extensively and intensively managed 
agroecosystems. New Phytol 165:273–283. https://​doi.​org/​10.​
1111/j.​1469-​8137.​2004.​01235.x

Oehl F, Sieverding E, Palenzuela J, Ineichen K, Silva GA (2011a) 
Advances in Glomeromycota taxonomy and classification. IMA 
Fungus 2:191–199. https://​doi.​org/​10.​5598/​imafu​ngus.​2011.​02.​
02.​10

Oehl F, Silva GA, Goto BT, Sieverding E (2011b) Glomeromycota: 
three new genera and glomoid species reorganized. Mycotaxon 
116:75–120. https://​doi.​org/​10.​5248/​116.​75

Oksanen J, Simpson GL, Blanchet FG et al (2022) vegan: community 
ecology package. R package version 2.6–4. https://​CRAN.R-​
proje​ct.​org/​packa​ge=​vegan. Accessed Oct 2022

Petit E, Gubler WD (2006) Influence of Glomus intraradices on 
black foot disease caused by Cylindrocarpon macrodidymum on 
Vitis rupestris under controlled conditions. Plant Dis 90:1481–
1484. https://​doi.​org/​10.​1094/​PD-​90-​1481

Phillips JM, Hayman DS (1970) Improved procedures for clearing 
roots and staining parasitic and vesicular-arbuscular mycorrhi-
zal fungi for rapid assessment of infection. Trans Br Mycol Soc 
55:158-IN18

https://doi.org/10.4067/S0718-95162016005000036
https://doi.org/10.4067/S0718-95162016005000036
https://doi.org/10.1007/s00374-004-0797-4
https://doi.org/10.1007/s00374-004-0797-4
https://doi.org/10.3390/su13031226
https://doi.org/10.55730/1300-011X.3001
https://doi.org/10.1002/ecy.1892
https://doi.org/10.1002/ecy.1892
https://www.fao.org/faostat/es/#data
https://www.fao.org/faostat/es/#data
https://doi.org/10.1111/j.1469-8137.1980.tb04556.x
https://doi.org/10.1111/j.1469-8137.1980.tb04556.x
https://doi.org/10.1016/j.apsoil.2018.05.007
https://doi.org/10.1016/j.apsoil.2018.05.007
https://doi.org/10.1111/1365-2435.12976
https://doi.org/10.1007/s00572-007-0153-2
https://doi.org/10.1111/j.1755-0238.2009.00077.x
https://doi.org/10.1111/j.1755-0238.2009.00077.x
https://doi.org/10.5344/ajev.2023.23024
https://doi.org/10.3923/ajcs.2013.393.404
https://doi.org/10.3923/ajcs.2013.393.404
https://doi.org/10.3389/fmicb.2019.02420
https://doi.org/10.1007/s11104-023-06045-z
https://doi.org/10.1007/s11104-023-06045-z
https://doi.org/10.4067/S0718-95162017000400010
https://doi.org/10.4067/S0718-95162017000400010
https://doi.org/10.1007/s42729-022-01078-2
https://doi.org/10.1007/s42729-022-01078-2
https://doi.org/10.1111/nph.18102
https://doi.org/10.1111/nph.18102
https://doi.org/10.3390/jof8030250
https://doi.org/10.3390/jof8030250
https://doi.org/10.1007/s11104-008-9799-6
https://doi.org/10.5424/sjar/201008S1-1223
https://doi.org/10.5424/sjar/201008S1-1223
https://doi.org/10.5073/JABFQ.2018.091.008
https://doi.org/10.1128/AEM.69.5.2816-2824.2003
https://doi.org/10.1128/AEM.69.5.2816-2824.2003
https://doi.org/10.1111/j.1469-8137.2004.01235.x
https://doi.org/10.1111/j.1469-8137.2004.01235.x
https://doi.org/10.5598/imafungus.2011.02.02.10
https://doi.org/10.5598/imafungus.2011.02.02.10
https://doi.org/10.5248/116.75
https://CRAN.R-project.org/package=vegan
https://CRAN.R-project.org/package=vegan
https://doi.org/10.1094/PD-90-1481


3686	 Journal of Soil Science and Plant Nutrition (2024) 24:3675–3686

RStudio Team (2022) RStudio: integrated development environ-
ment for R. RStudio, PBC, Boston. http://​www.​rstud​io.​com/. 
Accessed Jun 2022

Rasmann S, Bennett A, Biere A, Karley A, Guerrieri E (2017) Root 
symbionts: powerful drivers of plant above-and belowground 
indirect defenses. J Insect Sci 24:947–960. https://​doi.​org/​10.​
1111/​1744-​7917.​12464

Rillig MC, Mummey DL (2006) Mycorrhizas and soil structure. New 
Phytol 171:41–53. https://​doi.​org/​10.​1111/j.​1469-​8137.​2006.​01750.x

Rillig MC, Wright SF, Eviner VT (2002) The role of arbuscular 
mycorrhizal fungi and glomalin in soil aggregation: comparing 
effects of five plant species. Plant Soil 238:325–333. https://​doi.​
org/​10.​1023/A:​10144​83303​813

Rúa MA, Antoninka A, Antunes PM, Chaudhary VB, Gehring C, 
Lamit LJ, Piculell BJ, Bever JD et al (2016) Home-feld advan-
tage? Evidence of local adaptation among plants, soil, and 
arbuscular mycorrhizal fungi through meta-analysis. BMC Evol 
Biol 16:122. https://​doi.​org/​10.​1186/​s12862-​016-​0698-9

Rubio R, Borie F, Schalchli C, Castillo C, Azcón R (2003) Occur-
rence and effect of arbuscular mycorrhizal propagules in wheat 
as affected by the source and amount of phosphorus fertilizer 
and fungal inoculation. Appl Soil Ecol 23:245–255. https://​doi.​
org/​10.​1016/​S0929-​1393(03)​00045-3

Salinari F, Giosuè S, Tubiello FN, Rettori A, Rossi V, Spanna F, 
Rosenzweig C, Gullino ML (2006) Downy mildew (Plasmopara 
viticola) epidemics on grapevine under climate change. Glob 
Chang Biol 12:1299–1307. https://​doi.​org/​10.​1111/j.​1365-​2486.​
2006.​01175.x

Salomon MJ, Demarmels R, Watts-Williams SJ, McLaughlin MJ, 
Kafle A, Ketelsen C, Soupir A, Bücking H, Cavagnaro TR, 
van der Heijden MGA (2022) Global evaluation of commer-
cial arbuscular mycorrhizal inoculants under greenhouse and 
field conditions. Appl Soil Ecol 169:104225. https://​doi.​org/​
10.​1016/j.​apsoil.​2021.​104225

Sas-Paszt L, Gluszek S, Derkowska E, Sumorok B, Lisek J, Trzci-
fiski P, Lisek A, Frac M, Sitarek M, Przybyl M, Górnik K (2020) 
Diversity of arbuscular mycorrhizal fungi in the rhizosphere of 
solaris and regent grapevine plants treated with bioproducts. S 
Afr J Enol Vitic 41(1):83–89. https://​doi.​org/​10.​21548/​41-1-​3725

Schreiner RP (2005) Spatial and temporal variation of roots, arbus-
cular mycorrhizal fungi, and plant and soil nutrients in a mature 
Pinot noir (Vitis vinifera L.) vineyard in Oregon, USA. Plant Soil 
276:219–234. https://​doi.​org/​10.​1007/​s11104-​005-​4895-0

Sieverding E (1991) Vesicular-arbuscular mycorrhizal management 
in tropical agrosystems. Deutsche Gesellschaft für Technische 
Zusammenarbeit 224. Hartmut Bremer Verlag, Friedland

Smith S, Read D (2008) The roles of mycorrhizas in ecosystems. In: 
Mycorrhizal symbiosis. UK AP, London, pp 409–452

Trouvelot S, Bonneau L, Redecker D, van Tuinen D, Adrian M, Wipf D 
(2015) Arbuscular mycorrhiza symbiosis in viticulture: a review. 
Agron Sustain Dev 35:1449–1467. https://​doi.​org/​10.​1007/​
s13593-​015-​0329-7

Valentine AJ, Mortimer PE, Lintnaar M, Borge R (2006) Drought 
responses of arbuscular mycorrhizal grapevines. Symbiosis 
41(3):127–133

Vilvert E, Costa MD, Cangahuala-Inocente GC, Lovato PE (2017) 
Root proteomic analysis of grapevine rootstocks inoculated with 
Rhizophagus irregularis and Fusarium oxysporum f. sp. herbe-
montis. Rev Bras Cienc Solo 41. https://​doi.​org/​10.​1590/​18069​
657rb​cs201​60134

Wijayawardene N, Pawłowska J, Letcher P, Kirk P, Humber R, Schüßler 
A et al (2018) Notes for genera: basal clades of Fungi (includ-
ing Aphelidiomycota, Basidiobolomycota, Blastocladiomycota, 
Calcarisporiellomycota, Caulochytriomycota, Chytridiomy-
cota, Entomophthoromycota, Glomeromycota, Kickxellomycota, 
Monoblepharomycota, Mortierellomycota, Mucoromycota, Neo-
callimastigomycota, Olpidiomycota, Rozellomycota and Zoop-
agomycota). Fungal Divers 92:43–129. https://​doi.​org/​10.​1007/​
s13225-​018-​0409-5

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

Authors and Affiliations

Paula Aguilera1,2   · Patricia Silva‑Flores3,4 · Felipe Gaínza‑Cortés5 · Claudio Pastenes6 · Claudia Castillo1 · 
Fernando Borie1 · Emilio Jorquera‑Fontena1 · Claudio Inostroza‑Blancheteau1 · Javier Retamal1,2 · César Marín7,8

 *	 Paula Aguilera 
	 paguilera@uct.cl

1	 Departamento de Ciencias Agropecuarias y Acuícolas, 
Facultad de Recursos Naturales, Universidad Católica de 
Temuco, Temuco, Chile

2	 Departamento de Investigación e Innovación, spin 
off Universitaria Myconativa, Freire, Chile

3	 Centro de Investigación de Estudios Avanzados del Maule 
(CIEAM), Universidad Católica del Maule, Talca, Chile

4	 Centro del Secano, Facultad de Ciencias Agrarias y 
Forestales, Universidad Católica del Maule, Talca, Chile

5	 Centro de Investigación e Innovación, Viña Concha y Toro 
S.A., Talca, Chile

6	 Departamento de Producción Agrícola, Facultad de Ciencias 
Agronómicas, Universidad de Chile, Santiago, Chile

7	 Centro de Investigación e Innovación para el Cambio 
Climático (CiiCC), Universidad Santo Tomás, Av. Ramón 
Picarte 1130, 5090000 Valdivia, Chile

8	 Amsterdam Institute for Life and Environment (A‑LIFE), 
Section Systems Ecology, Vrije Universiteit Amsterdam, 
Amsterdam 1081 HV, the Netherlands

http://www.rstudio.com/
https://doi.org/10.1111/1744-7917.12464
https://doi.org/10.1111/1744-7917.12464
https://doi.org/10.1111/j.1469-8137.2006.01750.x
https://doi.org/10.1023/A:1014483303813
https://doi.org/10.1023/A:1014483303813
https://doi.org/10.1186/s12862-016-0698-9
https://doi.org/10.1016/S0929-1393(03)00045-3
https://doi.org/10.1016/S0929-1393(03)00045-3
https://doi.org/10.1111/j.1365-2486.2006.01175.x
https://doi.org/10.1111/j.1365-2486.2006.01175.x
https://doi.org/10.1016/j.apsoil.2021.104225
https://doi.org/10.1016/j.apsoil.2021.104225
https://doi.org/10.21548/41-1-3725
https://doi.org/10.1007/s11104-005-4895-0
https://doi.org/10.1007/s13593-015-0329-7
https://doi.org/10.1007/s13593-015-0329-7
https://doi.org/10.1590/18069657rbcs20160134
https://doi.org/10.1590/18069657rbcs20160134
https://doi.org/10.1007/s13225-018-0409-5
https://doi.org/10.1007/s13225-018-0409-5
http://orcid.org/0000-0002-8451-5014


SUPPLEMENTARY INFORMATION

Supplementary  Table  1.  Analyses  of  variance  (ANOVAs)  showing  the  effects  vine  variety, 
grapevine age, and their interaction on arbuscular mycorrhizal fungi richness, spore abundance, root 
colonization, and extra-radical mycelium (ERC).

Richness Abundance Colonization ERC

Variety 0.337ns 0.702ns 1.681ns 0.871ns
Age 0.013ns 0.089ns 1.736ns 0.302ns
Variety X Age 0.412ns 1.001ns 1.141ns 1.083ns

R2: 0.295 R2: 0.485 R2: 0.639 R2: 0.525

F value is given, with p values next: Fp, ns, non-significant.

Supplementary  Table  2.  Analyses  of  variance  (ANOVAs)  showing  the  effects  vine  variety, 
grapevine age, and their interaction on three diversity indices of arbuscular mycorrhizal fungi.

Shannon Simpson Inverse Simpson

Variety 0.411ns 0.444ns 0.479ns
Age 0.205ns 0.152ns 0.042ns
Variety X Age 0.417ns 0.613ns 0.252ns

F value is given, with p values next: Fp, ns, non-significant.

Supplementary Figure 1. Non-metric multidimensional scaling (NMDS) of arbuscular 
mycorrhizal fungal (AMF) communities from soils of different vineyard varieties across Chile.
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