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Abstract

Organic farming is a key approach to reconcile food production, biodiversity conservation and
environmental sustainability. Due to reduced inputs of agrochemicals, the success of organic
farming is heavily dependent on the ecosystem services provided by the soil microbial
community, and in particular by arbuscular mycorrhizal fungi (AMF). Numerous studies have
already shown that also grapevines (1/i#is vinifera) depend on AMF for normal growth and
development. To what extent organic agriculture benefits the AMF communities on vines at
regional scales, however, is still poorly understood. Here, we first quantified the relative
importance of organic management, soil chemical characteristics, and geography on vineyard
AMF diversity and community composition. Second, we tested whether soil nutrients
fundamentally change the host-AMF community dynamics through changing universality of
dissimilarity overlap curves. To identify AMF communities, we used high-throughput
pyrosequencing on 170 root samples from grapevines originating from 18 conventionally and
16 organically managed Belgian and Dutch vineyards. We found no differences in AMF diversity
between conventionally and organically managed vineyards. Soil phosphorus content and soil
acidity, however, was strongly negatively associated with AMF diversity. Together with
management type (organic vs. conventional), these two soil variables did also explain most of
the variation in AMF community composition. The observed accumulation of soil copper, used
to control fungal diseases, especially in organically managed vineyards, did not affect AMF
communities. We observed, however, that copper concentration in the soil increased with
vineyard age, indicating copper accumulation in the soil over time. AMF communities showed
a regularity in interactions among taxa and their host. Under high soil P availability, however,
interactions became more irregular. The potential benefits of organic vineyard management in
terms of a high diversity of AMF are highly compromised by elevated soil phosphorus levels

which may jeopardize the role of these symbionts in improving plant health and soil fertility.



41 Decreasing nutrient inputs, even organic, is a key step in developing diverse AMF communities

42 in vineyards.

43 Keywords: AMF; biodiversity; bordeaux mixture; copper; eutrophication; vitis vinifera;



44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

1 Introduction

The use of high-yielding crop varieties, chemical fertilizers and pesticides in combination with
mechanization have dramatically increased worldwide agricultural production since the 1950s.
At the same time, the application of agrochemicals has resulted in the eutrophication and
contamination of soil and water, and has severely simplified agricultural ecosystems in terms of
their species richness (Tilman ez al., 2001; Geiger ez al., 2010). As there is compelling evidence
that biodiversity benefits the provision of a range of ecosystem services (Cardinale ez /., 2012),
this simplification can be expected to jeopardize the ecosystem services delivered by agricultural
ecosystems. It is in this context that organic farming has been proposed as a key approach to
reconcile food production, biodiversity conservation and environmental sustainability. As
organic farming practices exclude the use of chemical fertilizers and pesticides, it heavily relies
on natural biological processes for both the nutrient supply and the protection of the crops
grown (Tittonell, 2014). Therefore, the soil microbial community is vital for the success of
organic farming and for the functioning of agroecosystems in general (Bowles ez al., 2016).
Particularly arbuscular mycorrhizal fungi (AMF) are important components of the soil microbial
community in agricultural ecosystems as they contribute to plant health and soil fertility (Rillig
et al., 2016). As compared to other crop species, the AMF communities that associate with
grapevine (I/2is vinifera) may be of even greater importance because they may contribute to the
microbial terroir of vines, providing distinct characteristics to the grapes and the wine produced

(Trouvelot ¢t al., 2015).

AMTF are key components in agricultural ecosystems and form a symbiosis with the majority of
the land plants. In return for plant photosynthates, AMF provide a range of benefits to the host
through their extraradical hyphal network, which acts as a living interface between the roots and
the soil. Numerous studies have already shown that also grapevines depend on AMF for normal

growth and development (reviewed in Schreiner, 2005). AMF mainly increase phosphorus (P)
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and nitrogen (N) uptake by grapevines, but increased uptake of other nutrients, such as zinc,
coppet, potassium and calcium have been reported as well (Schreiner, 2005). AMF can also
enhance grapevine tolerance to abiotic stress conditions, such as drought (Valentine ez a/., 20006),
salinity (Belew ez al, 2010) or heavy metals (Karagiannidis and Nikolaou, 2000). These effects
are thought to partly stem from systemic plant responses that are associated with marked
changes in secondary metabolite composition of tissues (Doehlemann ef a/, 2014). Furthermore,
AMF can protect grapevine from soil-borne pathogens (Hao ez a/, 2012) and stabilize the soil
through entangling soil particles with their hyphae (Rillig and Mummey, 2006). Given both their
potential importance for developing a microbial terroir and the reported beneficial effects of
AMTF on grapevine, it is crucial to understand how organic vineyard management practices and
local soil characteristics can influence AMF communities in the roots of grapevine, across larger

geographical scales.

Organic agriculture has been shown to increase the diversity of AMF in many crop species (e.g.
Verbruggen ef al., 2010). How organic agriculture affects AMF diversity in grapevine, however,
is hardly known (only from small scaled studies using microscopic analysis or genetic
fingerprinting techniques, e.g. Balestrini ¢z al, 2010; Likar ez al., 2013). Furthermore, high
fertilizer inputs have widely been recognized to negatively affect AMF abundance in a large
variety of crop and plant species (Jansa ef al, 2009). Also in grapevine, it has been shown that
high soil P levels reduce root colonization of specific AMF taxa (Karagiannidis and Nikolaou,
1999), whereas N fertilization suppressed colonization and sporulation of specific AMF taxa
(Karagiannidis ez /., 2007). How entire AMF communities in grapevine change with increasing
soil P or N levels, and to what extent the AMF community shows signs of an altered dynamic
in response to high nutrient levels, is still poorly known. Since the end of the nineteenth century,
copper sulfate (Bordeaux mixture) has been used in vineyards to control vine fungal diseases,

such as Downy mildew (Plasmopara viticola). Copper based fungicides are currently also the only
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allowed way to control plant pathogenic fungi in organically managed vineyards. The practice
has resulted in a widespread accumulation of copper in the soil. Whereas normal background
concentrations of copper range from 5-30 mg kg™, copper concentrations ranging from 100 up
to 1500 mg kg have been measured in European vineyards with a long history of copper-based
fungicide use (Flores-Vélez ez al., 1996). High soil copper concentrations have been shown to
negatively affect a wide range of soil biota in agricultural ecosystems (e.g. Van Zwieten ef al.,

2004), but to what extent copper affects AMF communities is still unknown.

Recent advances in microbiome bioinformatics have greatly increased the toolbox at our
disposal to test for patterns in metagenomic data that can inform us on underlying community
ecological processes. One such tool is the recently formulated and successfully applied
dissimilarity overlap curve (DOC) (Bashan ez 4/, 2016), which analyzes the relationship between
overlap in community composition and the dissimilarity in relative abundances of all taxa. A
negative slope in the high-overlap region of the DOC indicates a regularity in interactions
among taxa and their host, ze. ‘universality’. In contrast, the absence of this relationship indicates
that interactions are irregular, or ‘individual’ based. Applying DOC analysis to AMF
communities interacting with grapevines informs us on the universality of hosts interacting with
their AMF symbionts, which has been found to commonly occur in other host-microbe
interactions such as those between humans and gut and mouth microbiomes that display
pronounced universal dynamics (Bashan e 4/, 2016). This further allows us to assess whether
the host-AMF community interaction is resistant to the disturbance imposed by high nutrient

levels in terms of its stability across individual grapevines.

Here, we applied high-throughput pyrosequencing on 170 root samples from grapevines
originating from 18 conventionally and 16 organically managed vineyards in northern Belgium
and the southern part of The Netherlands and aimed to (i) evaluate the benefits of organic

farming on the AMF communities present; (ii) quantify the relative importance of soil chemical
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variables, including nutrients and copper, and management type (conventional #s5. organic)) on
AMTF diversity and community composition; and (iii) test whether soil nutrients fundamentally

change the host-AMF interaction through changing universality of dissimilarity overlap curves.

2 Materials and methods

2.1  Study sites and sampling

The study was conducted in Flanders, the northern part of Belgium, and the most southern part
of the Netherlands. Annual average precipitation is 785 mm and average annual temperature is
9.8°C. A total of 34 vineyards were examined within this study (average distance between
vineyards was 87.9 km, minimal 1 km, maximal 223 km) (Supporting information Fig. S1 and
Table S1). Three vineyards were located in the Netherlands, just across the Flemish border
(Vineyard 30, 31 and 32) (Supporting information Fig. S1). A stratified random sampling design,
stratified by the type of management, was used. We sampled 18 conventionally and 16
organically managed vineyards (Supporting information Fig. S1). In the organic vineyards, no
chemical fertilizers, or pesticides were used since transformation to organic management.
However, organic fertilizers and small amounts of copper-based fungicides to control Downy
mildew (Plasmopara viticola) were allowed. Planting density or plant age did not differ between
both types of vineyards. All grapevines were grafted on SO4 rootstocks, a frequently used
rootstock for commercial grapevine production. In October 2015, roots from five randomly
chosen grapevines per vineyard were excavated. Root samples were collected at three random
locations around each grapevine and were pooled afterwards to obtain one pooled root sample
per grapevine. Especially fine roots were collected, as these are known to contain AMF. A soil
sample for chemical analysis was also collected near each sampled individual. Root samples were
stored at 4 °C until further analysis. Soil samples were stored at 4 °C for maximum one week to

prevent nitrogen loss. Preservation at 4 °C slows down microbial mediated denitrification to the
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extent that virtually no nitrogen is lost in the sample in the time span of one week. In total, 170

root and 170 soil samples across the 34 vineyards were obtained.

2.2 Soil chemical analysis

Soil pH was quantified using a pH probe in a 1:10 soil/water mixture. As a measure of the plant-
available N content of the soil, ammonium and nitrate availability were quantified by shaking 10
g of soil in 200 mLL of 1 M potassium chloride solution for one hour. Extracts were analyzed
colorimetrically using a segmented flow auto analyzer (Skalar, Breda, the Netherlands). As a
measure of the plant-available P content of the soil, Olsen P values were quantified by shaking
2 g dry soil for 30 minutes with 0.5 M sodium bicarbonate at pH 8.5 and subsequent colorimetric
analysis of the extracts using the molybdenum blue method (Robertson ez /., 1999). Organic
carbon content was quantified by shaking 10 g of soil in an excess volume of 0.27 M potassium
dichromate and 18 M sulfuric acid at a temperature of 135 °C. Extracts were analyzed
colorimetrically. Copper concentration in the soil was measured by digesting 50 mg of dried and
sieved soil with 7.5 ml concentrated hydrochloric acid and 2.5 ml concentrated nitric acid. The

digested solution was diluted to 10 ml and measured with ICP-OES.

2.3 DNA extraction, PCR amplification and pyrosequencing

Root samples (which were approximately 15 cm long) were cut in 1 cm pieces and rinsed twice
with sterile distilled water. For each sample, 0.1 g root material was used to extract DNA, using
the UltraClean Plant DNA Isolation Kit (MoBio Laboratories Inc., Solana Beach, CA, USA)
according to the manufacturer’s instructions. Subsequently, the obtained DNA was diluted 10
times prior to PCR amplification. PCR amplification was performed using primer pair
AMV4.5NF-AMDGR (Sato e7 al., 2005), as this primer pair is highly AMF specific and is able
to consistently describe AMF communities using 454 pyrosequencing based on the most
variable part of the small subunit (SSU) rRNA gene region (Van Geel ¢ al, 2014). ‘Fusion’

primers, required for the 454 process, were designed according to the guidelines for 454 GS-
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FLX Titanium Lib-L sequencing containing the Roche 454 pyrosequencing adapters and a
sample-specific MID barcode in between the adapter and the forward primer. In total, 57 MID
barcodes (recommended by Roche, Mannheim, Germany) were used for sample-specific
amplicon tracking of all 170 root samples. PCR reactions were performed on a Bio-Rad T100
thermal cycler (Bio-Rad Laboratories, CA, USA) in a reaction volume of 20 ul, containing 0.15
mM of each ANTP, 0.5 uM of each primer, 1x Titanium Tag PCR buffer, 1U Titanium Tag
DNA polymerase (Clontech Laboratories, Palo Alto, CA, USA), and 1 pl genomic DNA. Before
amplification, DNA samples were denatured at 94°C for 2 min. Next, 35 cycles were run,
consisting of 45 s at 94°C, 45 s at 65°C and 45 s at 72°C, followed by a final elongation of 10
min at 72°C. After resolving the amplicons by agarose gel electrophoresis, amplicons within the
appropriate size range were cut from the gel and purified using the Qiaquick gel extraction kit
(Qiagen, Hamburg, Germany). Purified dsDNA amplicons were quantified using the Quant-iT
PicoGreen® dsDNA Assay Kit and the Qubit fluorometer (both from Invitrogen, Ghent,
Belgium), and pooled in equimolar quantities over three amplicon libraries, each representing
57 samples tagged with a unique MID barcode. The quality of the amplicon libraries was
assessed using the Agilent Bioanalyzer 2100 (Agilent Technologies, Waldbronn, Germany). The
amplicon libraties were each loaded on a 1/4™ of a 454 Pico Titer Plate and pyrosequencing was
performed using the Roche GS-FLX instrument and Titanium chemistry according to the

manufacturer’s instructions (Roche Applied Science, Mannheim, Germany).

2.4 Bioinformatics

Sequences obtained from the 454 pyrosequencing run were clustered into operational
taxonomic units (OTUs) using the UPARSE algorithm, following the recommended pipeline
(Edgar, 2013). First, quality filtering of the reads was performed with the ‘fastq_filter’ command,
allowing a maximum expected error of 0.5 for the individual sequences. In order to optimize

the number and length of retained sequences, truncation length was set to 225 bp. Next, the
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sequences were dereplicated and sorted by abundance. Subsequently, singletons, i.e. sequences
only occurring once in the entire dataset, were removed prior to clustering as this has been
shown to improve the accuracy of diversity estimates (Brown ez a/., 2015). Then, sequences were
clustered into OTUs defined at 97% sequence similarity, which is commonly used to define
SSU-based OTUs in AMF, with the ‘cluster_otus’ command. In this step, chimeric OTUs
predicted by the de 7ovo method built from more abundant reads were discarded as well.
However, as advised by Edgar (2013) all obtained OTUs were double-checked for chimeric
sequences against the MaarjAM database (Opik ez a/, 2010) using the ‘uchime_ref’ command.
OTUs were assigned to a taxonomic identity by querying the representative sequence (as
determined by the ‘cluster_otus’ command) against GenBank using the BLAST algorithm
(Altschul ez al., 1990). Taxonomic assighments were considered reliable when a 2200 BLAST
score value was found (Lumini e# a/, 2010). OTUs not belonging to the Glomeromycota or
having a BLAST score lower than 200 were discarded. To accurately identify the obtained AMF
OTUs, the representative sequence for each OTU was also queried against the MaarjAM
database (Opik et al., 2010; accessed April 13, 20106), a database that aims to provide a quality-

controlled repository for published sequence data from Glomeromycota.

2.5 Data analysis and statistics

To assess the adequacy of the sampling effort, rarefaction curves were made in MOTHUR
(Schloss et al., 2009) for all 34 vineyards, and for all conventional and organic vineyards
separately, using a re-sampling without replacement approach. AMF richness was determined
as the number of AMF OTUs present in a sample. AMF diversity was approximated by the
Shannon diversity index (H) and was calculated using the ‘summary.single’ command in
MOTHUR. Shannon diversity was exponentially transformed (Exp(H)) (Jost, 2000).
Subsequently, a set of spatial predictors were calculated from the geographical coordinates of

the vineyards by principle coordinates of neighbor matrices (PCNM), using the ‘pcnm’ function

10
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of the R-package Vegan (Borcard and Legendre, 2002). Next, we explored whether
conventionally and organically managed vineyards differed in soil chemical composition using
linear mixed models in SPSS 22.0 (SPSS Inc., Chicago, IL), with the soil variables as the
dependent variables, and management as the fixed factor. Because five samples were taken
within a vineyard, we included ‘vineyard’ as a random factor to account for pseudoreplication.
Next, we used linear mixed models with a forward selection procedure to test for relationships
between AMF richness and diversity, soil chemical variables, management and the spatial
PCNM variables. To account for sequencing depth and pseudoreplication, ‘sequencing depth’

(covariate) and ‘vineyard’ (random factor) were also included in the model.

To test for relationships between AMF community composition (i.e. presence/absence of
certain OTUs in the AMF community), soil chemical variables, management type and
geography, we performed a non-metrical multidimensional scaling (NMDS) on the sample *
OTU matrix, using Bray-Curtis distances based on presence/absence data (R- package Vegan,
Oksanen ef al., 2016). Subsequently, soil chemical variables, management type and PCNM
variables were fitted onto the ordination and tested for significance based on a permutation test

with 1000 iterations, using the function ‘envfit’ (Vegan package).

We took two further approaches to evaluate AMF community patterns in response to local
environments. First, we tested whether AMF OTUs detected in OTU-poor vineyard are a subset
of the OTUs found in OTU-rich vineyards through estimating the degree of nestedness. This
was done using BINMATNEST (Rodriguez-Girones and Santamaria, 2006) which calculates
the matrix temperature, a measure of nestedness varying between 0° (petfectly nested) and 100°
(petfectly non-nested). The significance of nestedness was tested using default input parameters
and null model 3. Almeida-Neto e a/ (2008) demonstrated that matrix temperature may be
sensitive to both matrix size and shape, and designed a new metric for nestedness analysis to

overcome these flaws. This metric is based on overlap and decreasing fill (NODF) and was

11
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calculated using the software package ANINHADO (Guimaries and Guimaraes, 2006). To test
the significance of nestedness, two different randomization models were used. In the first model
(ER) presences are randomly assigned to any cell within the matrix. In the second model (CE)
the probability of each cell being occupied depends on the number of presences in the row and
column (Almeida-Neto ez a/., 2008). The CE model allows us to test for statistical significance,
given that some vineyards have higher diversity and some taxa are more common than others.
In order to assess the relation between the nestedness of the AMF communities, management
and soil chemical variables, a Spearman rank correlation coefficient was calculated between the
position of the vineyards in the maximally stacked matrix and the soil chemical variables. A
Mann-Whitney U test was performed to test for a significant difference in position of the
vineyards in the maximally stacked matrix between both management types. Finally, to test
whether variation in sequencing depth affected the degree of nestedness (Ulrich and Almeida-
Neto, 2012), we rarefied all vineyards to the lowest sequencing depth and recalculated the

NODF metric.

Second, we applied dissimilarity-overlap curve (DOC) analysis, a novel method recently
developed by Bashan ef a/. (2016), to test for universal patterns in AMF community-host
interactions. Based on our results that soil P had a major effect on AMF community
composition, we first divided all our 170 samples in two groups: the high-P samples (P-levels >
median P) and the low-P samples (P-levels < median P) (median P = 44.01 mg/kg). For both
sample groups, we calculated the overlap and dissimilarity of all the sample pairs and plotted
each pair in the dissimilarity-overlap plane. Next, we performed non-parametric regression and
bootstrap sampling to calculate the dissimilarity-overlap curve (DOC) and its confidence
interval. To test whether the DOC displays a negative slope in the high-overlap region, one-

tailed P values are calculated as the fraction of 200 bootstrap realizations with a non-negative

12
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slope, and adjusted for multiple comparisons with the Benjamini-Hochberg procedure (for

more details see Bashan e a/, 2010).

3 Results

3.1 Pyrosequencing

For all 170 samples together, pyrosequencing resulted in a total of 450 334 filtered reads, with
a minimal length of 225 bp and containing the correct barcode and primer sequence. Further
taxonomic assignment revealed the presence of 129 782 (28.8 %) Glomeromycota reads, ranging

from 8 to 3969, and an average of 763 AMF reads per sample.

3.2 AMF diversity

In total, 123 AMF OTUs were detected. The majority of OTUs belonged to the Glomeraceae
(72.4 %, 89 OTUs, 119 472 sequences) and Claroideoglomeraceae (15.4 %, 19 OTUs, 9 443
sequences), whereas only a few OTUs belonged to the Gigasporaceae (5.7 %, 7 OTU, 406
sequences), Diversisporaceae (2.4 %, 3 OTU, 143 sequences), Acaulosporaceae (1.6 %, 2 OTU,
20 sequences), Paraglomeraceae (1.6 %, 2 OTU, 291 sequences) and Archaecosporaceae (0.8 %o,
1 OTU, 7 sequences) (Supporting information Table S2 and S3). The rarefaction curves tended
to saturate for almost all vineyards (Supporting information Fig. S2), and cumulative AMF
richness ranged from 16 to 62 OTUs per vineyard (Supporting information Table S1). In total,
119 OTUs were observed in the organic vineyards compared to 112 OTUs in the conventional

vineyards (Supporting information Fig. S3).

The relative size (highest value divided through the lowest value) of the sampled soil gradient
was 1.43 for pH (logarithmic scale), 22.08 for Soil N, 41.53 for Olsen P, 34.12 for organic carbon
content, and 29.75 for soil copper. The mixed model to test whether the soil chemical variables
differed between management types revealed no significant differences (Table 1). The mixed

model with forward selection revealed Olsen P and pH as the only variables significantly related

13
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to AMF richness and Exp(H) (Table 2) (Fig. 1 and 2). Soil copper, management type and PCNM
variables, were not selected in both models (Fig. 3). No effect of time since conversion to

organic management on AMF diversity was found.

3.3 AMF community composition

The NMDS permutation test revealed organic vineyards to harbor significantly different AMF
communities as compared to conventional vineyards (Table 3, Fig. 4). From the soil chemical
variables, only Olsen P and pH contributed significantly to AMF community composition
(Table 3). No significant relationships could be found between AMF community composition
and nitrogen, organic carbon or copper concentrations in the soil (Table 3). PCNM2 was the
only spatial variable that was significantly related to AMF community composition (Table 3,

Supporting information Fig. S4).

3.4 Nestedness

The distribution of AMF OTUs showed a nested pattern, as indicated by a matrix temperature
of 36.8, which was significantly lower than expected by chance (P < 0.001). In agreement, the
matrix NODF(Ex) was 37.85 (P < 0.001) and NODF(Ce) was 44.91 (P < 0.001), indicating that
the matrix was significantly more nested than expected by chance. The row and column
permutated presence/absence vineyard-OTU matrix closest to petfect nestedness is shown in
Fig. 5. A Mann-Whitney U test revealed no significant difference in position in the stacked
minimum temperature matrix between conventional and organic vineyards (P = 0.88). In
contrast, matrix position significantly correlated with Olsen P (Spearman’s rank, r = 0.372, P =
0.030) and not with pH, nitrogen, organic carbon and copper in the soil. Therefore, vineyards
with higher P availability harbored increasingly nested AMF communities. Finally, to test
whether variation in sequencing depth affected the degree of nestedness, we rarefied all

vineyards to the lowest sequencing depth, i.e. 1471 sequences per vineyard. Subsequently, the
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matrix NODF(Er) was 34.8 (P < 0.001) and NODF(Ce) was 39.95 (P < 0.001), indicating

sequence depth had little or no effect on the degree of nestedness.

3.5 DOC analysis

DOC analysis for both the high-P samples and the low-P samples yielded different results (Fig.
6). The DOC of the high-P samples is nearly flat in the high-overlap region and shows broad
confidence intervals (P = 0.383). In contrast, the DOC of the low-P samples displays a
pronounced negative slope in the high-overlap region (P < 0.001), consistent with ‘universal’
dynamics. In general, the DOC of the low-P samples shows higher dissimilarity levels compared

to the DOC of the high-P samples.

4 Discussion

This is the first study characterizing AMF communities in organically and conventionally
managed vineyards across a regional scale using a next-generation sequencing approach. The
few studies that have investigated management effects on AMF communities in vineyards were
either performed on a very small scale or used fingerprinting methods, which may lack sufficient
resolution to thoroughly characterize AMF communities (Balestrini e# a/., 2010; Lumini ef al.,
2010; Likar ez al., 2013). Although several studies have shown that organic farming can increase
AMF diversity in agricultural settings (e.g. Verbruggen 7 al., 2010; Van Geel et al., 2015), we
found no differences in AMF diversity between organically and conventionally managed
vineyards. Instead, plant-available P content of the soil and pH were the only variables
significantly related to AMF diversity. Soil P content and pH, however, were similar in both
organically and conventionally managed vineyards. Although no chemical fertilizers are allowed
in organically managed orchards, still high levels of available P occurred in these vineyards. The
two vineyards with the highest available P content in the soil (vineyard 26 and 34, Supporting

information Table S1) were both managed organically. Therefore, organic management is no

15
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guarantee for high AMF diversity, as organic fertilization can still lead to high plant available P
levels in the soil. This can overrule any beneficial effects of organic management, and
consequently still result in a low AMF diversity. This negative relationship between AMF
diversity and available P content in the soil was also found in apple orchards in Belgium (Van
Geel et al, 2015) and maize fields in northern China (Xiang e a/., 2014). Karagiannidis and
Nikolaou (1999) also showed that high phosphorus inputs reduced AMF root colonization in
vineyards. High P in the soil can increase the competition among AMF taxa or suppress certain
AMF taxa. Phosphorus enrichment through fertilization will reduce plant allocation to roots
and consequently the mycorrhizal symbiosis. A reduced plant allocation to AMF will increase
competition for plant photosynthates between AMF, thereby leading to reduced AMF diversity

(Johnson et al., 2013).

The DOC analysis of the low-P samples suggests that grapevine interactions with AMF
microsymbionts exhibits a universal dynamic. A given set of AMF taxa colonizing roots will
thus lead to a regular distribution of their relative abundances. Such regularity could occur
through fixed life-history strategies of AMF, fixed interactions among AMF, and/or a stable
colonization regime imposed by hosts, each determining AMF relative abundance in roots in a
predictable manner. In contrast, the DOC of the high-P samples, which were impoverished in
AMF diversity, was undistinguishable from a flat line, suggesting that the interactions among
AMF and their host that led to a predictable pattern in the low-P samples no longer hold.
Potential causes for this include loss or gain of particular keystone AMF species with strong
interactions or a reduction in the strength with which plants favour or disfavour particular AMF

taxa given their presence with increasing P.

Additionally, a positive correlation between pH and AMF diversity was found. In general, there
is a broad agreement that soil acidity can strongly affect soil microbial communities. Jansa e 4.

(2014) also showed that soil acidity was one of the most important drivers of AMF communities
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in Swiss agricultural soils. Moreover, soil acidity strongly affected AMF communities in the
roots of Arabica coffee (De Beenhouwer ez al, 2015). Therefore, our results agree with previous
studies. It is possible that N enrichment through fertilization lowered pH, as N enrichment can
acidify the soil (Vitousek ez a/, 1997). Although it has been shown that N fertilization can affect
AMF colonization (Nikolaou ez a/., 2002; Karagiannidis e /., 2007), we observed no effect of
soil N on AMF communities. Nitrogen mobilizes easily in the soil, especially under humid

conditions. Therefore, effects of N on AMF communities may be difficult to measure.

In agreement with our diversity analysis, the NMDS ordination revealed that the available P
content in the soil and pH explained most variation in AMF community composition,
suggesting that there is a regularity in which taxa are lost with increasing soil P levels. This was
confirmed by the nestedness analysis. The second spatial predictor (PCNM2) also significantly
contributed to AMF community composition. PCNM2 separates the vineyard according to their
longitude and may correlate with unmeasured environmental variables such as soil texture.
Although organic farming did not affect AMF diversity in vineyards, AMF communities
significantly differed between conventionally and organically managed vineyards. However,
management type could explain only very little variation in AMF community composition (R?

= 0.021).

We found no effects of copper concentration in the soil on AMF diversity and community
composition. This can be explained by the relatively low copper concentrations measured in the
vineyard soils, i.e. the majority of the vineyards (75%) had lower copper concentrations than
the background level (30 mg/kg). Also no differences in copper concentration were found
between conventionally and organically managed vineyards. However, we observed that copper
concentration in the soil increases with vineyard age (Fig. 7). Older vineyards (> 15 years)

showed copper concentrations above the background level (30 mg/kg), indicating coppet is
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accumulating in the soil over time. If this trend continues, the copper concentration of a

vineyard may reach 100 mg/kg after 73 years of viticulture.

The AMF communities originating from 34 vineyards across Flanders and the South of The
Netherlands were organized in a nested pattern. Therefore, poor AMF communities are a subset
of the richer AMF communities, indicating a gradual loss of specialist taxa and the occurrence
of general taxa. In a total of 170 samples, OTU_2 (identified as VIX00113) occurred in 167
samples. Therefore, this AMF taxon can be considered a generalist. VIX00113 was not only
the most frequent taxon in our dataset, but it is also the most abundant taxon in the MaarjAM
database. In some entries VIX00113 is identified as Rhigophagus intraradices, one of the most
widespread mycorrhizal fungi. It has been observed in a wide range of natural and
anthropogenic ecosystems, from forests and grasslands to orchards and arable fields. VIX0013
also occurs in high-input agricultural ecosystems, suggesting it tolerates high nutrient levels in
the soils (Hijri e a/., 2006). Indeed, Sylvia and Schenk (1983) showed that P enrichment did not
affect sporulation of R. intraradices. Still, at high plant-available P levels, R. intraradices has been
shown to reduce the growth of citrus trees (Peng ¢ a/., 1993), suggesting that the absence of its
downregulation may be detached from the provision of plant nutritional benefits. Furthermore,
we found that the degree of nestedness was positively correlated to the plant-available P in the
soil. Therefore, higher plant-available P levels in the soil were related to a gradual loss of
specialist taxa. Consequently, vineyards with high plant-available P (Olsen P > 70 mg P/kg soil)
were dominated by generalists. Conversely, vineyards with low plant-available P (Olsen P < 70

mg P/kg soil) harbored more specialist species.

5 Conclusion
Grapevine depends on AMF for normal growth and development and its AMF communities

can be expected to contribute to the microbial terroir of vines (Trouvelot ¢f al., 2015). Although
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it has been shown that organic farming may increase AMF diversity in some crops, we found
no positive effects of organic farming on the AMF diversity of vines. Instead, plant-available
phosphorus and soil pH levels strongly affected AMF diversity, AMF community composition
and nestedness in vineyards. Furthermore, high soil phosphorus levels led to a more irregular
plant-AMF community dynamic, suggesting that the interactions that led to a predictable pattern
under low soil P availability no longer hold. Especially high soil phosphorus levels seem to
overrule any potential benefit of organic farming on AMF diversity. Through impoverishing
and homogenizing AMF communities, high soil phosphorus levels may jeopardize the potential
role of these symbionts in plant nutrition, pathogen protection, stress tolerance and soil
structure provisioning. In the specific case of grapevine, homogenized AMF communities may
also jeopardize the development of a specific microbial terroir. Decreasing soil nutrient
additions, even organic ones, and increasing soil pH are the first steps in improving AMF

diversity in vineyards, and likely the ecosystem services they deliver.

Acknowledgements

We are grateful to all vineyard managers that participated in this study to allow sampling in their
vineyards. We wish to thank Kasper Van Acker and Gerrit Peeters for assistance in the
laboratory. EV acknowledges funding from ERC Synergy Grant 610028 entitled "Imbalance-

P".

19



430

431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479

5.1 References

Almeida-Neto, M., Guimaraes, P., Guimaraes, P.R., Loyola, R.D., Ulrich, W., 2008. A consistent
metric for nestedness analysis in ecological systems: reconciling concept and
measurement. Oikos 117, 1227-1239.

Altschul, S.F., Gish, W., Miller, W., Myers, E.W., Lipman, D.J., 1990. Basic local alignment search
tool. J. Mol. Biol. 215, 403-410.

Balestrini, R., Magurno, F., Walker, C., Lumini, E., Bianciotto, V., 2010. Cohorts of arbuscular
mycorrhizal fungi (AMF) in Vitis vinifera, a typical Mediterranean fruit crop. Environ.
Microbiol. Rep. 2, 594-604.

Bashan, A., Gibson, T.E., Friedman, J., Carey, V.J., Weiss, S.T., Hohmann, E.L., Liu, Y.Y., 2016.
Universality of human microbial dynamics. Nature 534, 259-262.

Belew, D., Astatkie, T., Mokashi, M.N., Getachew, Y., Patil, C.P., 2010. Effects of salinity and
mycorrhizal inoculation (Glomus fasciculatum) on growth responses of grape rootstocks
(Vitis spp.). S Afr J Enol Vitic 31, 82-88.

Borcard, D., Legendre, P., 2002. All-scale spatial analysis of ecological data by means of principal
coordinates of neighbour matrices. Ecol. Model. 153, 51-68.

Bowles, T.M., Jackson, L.E., Loeher, M., Cavagnaro, T.R., 2016. Ecological intensification and
arbuscular mycorrhizas: a meta-analysis of tillage and cover crop effects. J. Appl. Ecol.
DOI: 10.1111/1365-2664.12815.

Brown, S.P., Veach, A.M., Rigdon-Huss, A.R., Grond, K., Lickteig, S.K., Lothamer, K., Oliver, A.K,,
Jumpponen, A., 2015. Scraping the bottom of the barrel: are rare high throughput
sequences artifacts? Fungal Ecol 13, 221-225.

Cardinale, B.J., Duffy, J.E., Gonzalez, A., Hooper, D.U., Perrings, C., Venail, P., Narwani, A., Mace,
G.M., Tilman, D., Wardle, D.A., Kinzig, A.P., Daily, G.C., Loreau, M., Grace, J.B.,
Larigauderie, A., Srivastava, D.S., Naeem, S., 2012. Biodiversity loss and its impact on
humanity. Nature 486, 59-67.

De Beenhouwer, M., Van Geel, M., Ceulemans, T., Muleta, D., Lievens, B., Honnay, O., 2015.
Changing soil characteristics alter the arbuscular mycorrhizal fungi communities of
Arabica coffee (Coffea arabica) in Ethiopia across a management intensity gradient. Soil
Biol. Biochem. 91, 133-139.

Doehlemann, G., Requena, N., Schaefer, P., Brunner, F., O'Connell, R., Parker, J.E., 2014.
Reprogramming of plant cells by filamentous plant-colonizing microbes. New Phytol.
204, 803-814.

Edgar, R., 2013. UPARSE: highly accurate OTU sequences from microbial amplicon reads. Nat.
Methods 10, 996-998.

Flores-Vélez, L.M., Ducaroir, J., Jaunet, A.M., Robert, M., 1996. Study of the distribution of
copper in an acid sandy vineyard soil by three different methods. Eur. J. Soil Sci. 47, 523-
532.

Geiger, F., Bengtsson, J., Berendse, F., Weisser, W.W., Emmerson, M., Morales, M.B., Ceryngier,
P., Liira, J., Tscharntke, T., Winqvist, C., Eggers, S., Bommarco, R., Part, T., Bretagnolle,
V., Plantegenest, M., Clement, L.W., Dennis, C., Palmer, C., Onate, J.J., Guerrero, I.,
Hawro, V., Aavik, T., Thies, C., Flohre, A., Hanke, S., Fischer, C., Goedhart, P.W., Inchausti,
P., 2010. Persistent negative effects of pesticides on biodiversity and biological control
potential on European farmland. Basic Appl. Ecol. 11, 97-105.

Guimaraes, P.R., Guimaraes, P., 2006. Improving the analyses of nestedness for large sets of
matrices. Environ. Model. Software 21, 1512-1513.

Hao, Z.P., Fayolle, L., van Tuinen, D., Chatagnier, O., Li, X.L., Gianinazzi, S., Gianinazzi-Pearson, V.,
2012. Local and systemic mycorrhiza-induced protection against the ectoparasitic
nematode Xiphinema index involves priming of defence gene responses in grapevine. J.
Exp. Bot. 63, 3657-3672.

20



480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530

Hijri, I., Sykorova, Z., Oehl, F., Ineichen, K., Mader, P., Wiemken, A., Redecker, D., 2006.
Communities of arbuscular mycorrhizal fungi in arable soils are not necessarily low in
diversity. Mol. Ecol. 15, 2277-2289.

Jansa, J., Erb, A., Oberholzer, H.-R., Smilauer, P., Egli, S., 2014. Soil and geography are more
important determinants of indigenous arbuscular mycorrhizal communities than
management practices in Swiss agricultural soils. Mol. Ecol. 23, 2118-2135.

Jansa, J., Oberholzer, H.R., Egli, S., 2009. Environmental determinants of the arbuscular
mycorrhizal fungal infectivity of Swiss agricultural soils. Eur. J. Soil Biol. 45, 400-408.

Johnson, N.C., Angelard, C., Sanders, I.R., Kiers, E.T., 2013. Predicting community and ecosystem
outcomes of mycorrhizal responses to global change. Ecol. Lett. 16, 140-153.

Jost, L., 2006. Entropy and diversity. Oikos 113, 363-375.

Karagiannidis, N., Nikolaou, N., 1999. Arbuscular mycorrhizal root infection as an important
factor of grapevine nutrition status. Multivariate analysis application for evaluation and
characterization of the soil and leaf parameters. Agrochimica 43, 151-165.

Karagiannidis, N., Nikolaou, N., 2000. Influence of arbuscular mycorrhizae on heavy metal (Pb
and Cd) uptake, growth, and chemical composition of Vitis vinifera L. (cv. Razaki). Am J
Enol Viticult 51, 269-275.

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.

Likar, M., Hancevic, K., Radic, T., Regvar, M., 2013. Distribution and diversity of arbuscular
mycorrhizal fungi in grapevines from production vineyards along the eastern Adriatic
coast. Mycorrhiza 23, 209-219.

Lumini, E., Orgiazzi, A., Borriello, R., Bonfante, P., Bianciotto, V., 2010. Disclosing arbuscular
mycorrhizal fungal biodiversity in soil through a land-use gradient using a
pyrosequencing approach. Environ. Microbiol. 12, 2165-2179.

Nikolaou, N., Karagiannidis, N., Koundouras, S., Fysarakis, I., 2002. Effects of different P sources
in soil on increasing growth and mineral uptake of mycorrhizal Vitis vinifera L. (cv
Victoria) vines. J Int Sci Vigne Vin 36, 195-204.

Oksanen, J., Blanchet, G., Kindt, R., Legendre, P., Minchin, P., Simpson, G., Solymos, P., Stevens,
M., H, W., 2016. Vegan: Community Ecology Package. R package version 2.4.1.

Opik, M., Vanatoa, A., Vanatoa, E., Moora, M., Davison, J., Kalwij, J., Reier, U., Zobel, M., 2010.
The online database MaarjAM reveals global and ecosystemic distribution patterns in
arbuscular mycorrhizal fungi (Glomeromycota). New Phytol. 188, 223-241.

Peng, S.D.M., Eissenstat, S.D.M., Graham, J.H., Williams, K., Hodge, N.C., 1993. Growth
depression in mycorrhizal citrus at high phosphorus supply: analysis of carbon costs.
Plant Physiol. 101, 1063-1071.

Rillig, M., Mummey, D., 2006. Mycorrhizas and soil structure. New Phytol. 171, 41-53.

Rillig, M.C., Sosa-Hernandez, M.A., Roy, J., Aguilar-Trigueros, C.A., Valyi, K., Lehmann, A., 2016.
Towards an integrated mycorrhizal technology: harnessing mycorrhiza for sustainable
intensification in agriculture. Front Plant Sci 7.

Robertson, G., Coleman, D., Bledsoe, C., Sollins, P., 1999. Standard soil methods for long-term
ecological research,. Oxford University Press, New York, USA.

Rodriguez-Girones, M.A., Santamaria, L., 2006. A new algorithm to calculate the nestedness
temperature of presence-absence matrices. J. Biogeogr. 33, 924-935.

Sato, K., Suyama, Y., Saito, M., Sugawara, K., 2005. A new primer for discrimination of arbuscular
mycorrhizal fungi with polymerase chain reaction-denature gradient gel
electrophoresis. Grassland Science 51, 179-181.

Schloss, P.D., Westcott, S.L., Ryabin, T., Hall, J.R., Hartmann, M., Hollister, E.B., Lesniewski, R.A.,
Oakley, B.B., Parks, D.H., Robinson, C.J., Sahl, J.W., Stres, B., Thallinger, G.G., Van Horn,
D.J., Weber, C.F., 2009. Introducing mothur: open-source, platform-independent,

21



531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569

570

571

572

573

574

community-supported software for describing and comparing microbial communities.
Appl. Environ. Microbiol. 75, 7537-7541.

Schreiner, R., 2005. Mycorrhizas and mineral acquisition in grapevines. In: Christensen, Smart
(eds) Proceedings of the Soil Environment and Vine Mineral Nutrition Symposium, 49-
60.

Sylvia, D.M., Schenk, N.C., 1983. Application of superphosphate to mycorrhizal plant stimulates
sporulation of phosphorus-tolerant vesicular-arbuscular mycorrhizal fungi. New Phytol.
95, 655-661.

Tilman, D., Fargione, J., Wolff, B., D'Antonio, C., Dobson, A., Howarth, R., Schindler, D.,
Schlesinger, W., Simberloff, D., Swackhamer, D., 2001. Forecasting agriculturally driven
global environmental change. Science (New York, N.Y.) 292, 281-284.

Tittonell, P., 2014. Ecological intensification of agriculture - sustainable by nature. Curr Opin Env
Sust 8, 53-61.

Trouvelot, S., Bonneau, L., Redecker, D., van Tuinen, D., Adrian, M., Wipf, D., 2015. Arbuscular
mycorrhiza symbiosis in viticulture: a review. Agronomy for Sustainable Development
35, 1449-1467.

Ulrich, W., Almeida-Neto, M., 2012. On the meanings of nestedness: back to the basics.
Ecography 35, 865-871.

Valentine, A.J., Mortimer, P.E., Lintnaar, A., Borgo, R., 2006. Drought responses of arbuscular
mycorrhizal grapevines. Symbiosis 41, 127-133.

Van Geel, M., Busschaert, P., Honnay, O., Lievens, B., 2014. Evaluation of six primer pairs
targeting the nuclear rRNA operon for characterization of arbuscular mycorrhizal fungal
(AMF) communities using 454 pyrosequencing. J. Microbiol. Methods 106, 93-100.

Van Geel, M., Ceustermans, A., Van Hemelrijck, W., Lievens, B., Honnay, O., 2015. Decrease in
diversity and changes in community composition of arbuscular mycorrhizal fungiin roots
of apple trees with increasing orchard management intensity across a regional scale.
Mol. Ecol. 24, 941-952.

Van Zwieten, L., Rust, J., Kingston, T., Merrington, G., Morris, S., 2004. Influence of copper
fungicide residues on occurrence of earthworms in avocado orchard soils. Sci. Total
Environ. 329, 29-41.

Verbruggen, E., Réling, W., Gamper, H., Kowalchuk, G., Verhoef, H., van der Heijden, M., 2010.
Positive effects of organic farming on below-ground mutualists: large-scale comparison
of mycorrhizal fungal communities in agricultural soils. New Phytol. 186, 968-979.

Vitousek, P.M., Aber, J., Howarth, R.W.,, Likens, G.E., Matson, P.A., Schindler, D.W., Schlesinger,
W.H., Tilman, G., 1997. Human alteration of the global nitrogen cycle: causes and
consequences. Ecol. Appl. 7, 737-750.

Xiang, D., Verbruggen, E., Hu, Y., Veresoglou, S.D., Rillig, M.C., Zhou, W., Xu, T., Li, H., Hao, Z.,
Chen, Y., Chen, B., 2014. Land use influences arbuscular mycorrhizal fungal communities
in the farming-pastoral ecotone of northern China. New Phytol. 204, 968-978.

5.2 Author Contributions

MVG, BL and OH designed the study. MVG performed the field sampling, analyzed the data

and wrote the first manuscript version. MDB assisted in lab analysis, data analysis and provided

22



575  useful comments on the manuscript. EV assisted in data analysis and provided useful
576  suggestions on the manuscript. MDB, EV, BL and OH edited the manuscript. GVR provided
577  contact information of wine growers and commented on the final version of the manuscript.

578  All authors contributed critically to the drafts and gave final approval for publication.

23



579  Tables

580  Table 1 Results of the mixed model analysis to test for differences in soil chemical variables between
581  management types. To account for pseudoreplication, ‘vineyard’” was included as a random factor. Soil
582 N, Olsen P and Cu are expressed in mg/kg soil.

Conventional Organic
Mean (S.E.) Mean (S.E.) F P
pH 7.28 (0.064) 7.31 (0.068) 0.046 0.832
Soil N 14.67 (1.61) 16.82 (1.71) 0.834  0.368
Olsen P 49.17 (6.66) 49.33 (7.07) <0.001 0.988
Organic carbon 0.042 (0.0053) 0.057 (0.0056) 3.738 0.063
Cu 22.59 (2.96) 20.40 (3.13) 0.256 0.616
583
584

24



585
586
587
588
589

590

Table 2 Results of the mixed models to test for relationships between AMF diversity measures, soil
chemical variables and management. To account for pseudoreplication, ‘vineyard’ was included as a
random factor. To prevent bias due to different sequencing depth, ‘sequencing depth’ was included as a
covariate in both models. Soil N, organic carbon, management and the spatial PCNM variables were
excluded by forward selection model procedures.

Richness Exp(H)
Coefficient F P Coefficient F P
Intercept -5.205 0.24 0.633 -2.508 0.41 0.521
Sequencing depth 0.002 6.53 0.012 -0.001 9.03 0.003
Olsen P -0.081 10.86 0.002 -0.0309 13.53 0.001
pH 3.474 5.59 0.019 1.356 6.60 0.011
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591  Table 3 Results of the permutation tests of the two dimensional NMDS ordination testing for significant
592 relationships between AMF community composition, soil chemical variables, management and spatial
593  PCNM vatiables. The results are based on 1000 permutations.

R? P
Management 0.021  0.022
pH 0.053  0.017
Soil N 0.005  0.689
Olsen P 0.155 <0.001
Organic carbon 0.004  0.711
Cu 0.010  0.416
PCNM1 0.008  0.465
PCNM2 0.056  0.006
PCNM3 0.001  0.884
PCNM4 0.016  0.265
PCNM5 0.001  0.894
PCNMO6 0.002  0.825
PCNM7 0.001  0.898
PCNMS 0.013  0.339

594
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5.3 Figure legends
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Figure 1 Relationship between AMF diversity measures, soil Olsen P and pH. Lines represent marginal

models as calculated from linear mixed models containing all predictor variables (Table 2).
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600  Figure 2 The soil chemical variables selected in the forward selection procedure of the mixed model to
601  test for relationships between soil vatiables and AMF diversity measures, i.e. Olsen P and pH, did not
602  differ between management types. Box plots show 25, 50 and 75 petcentiles, and outliers.
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604  Figure 3 No differences in AMF diversity measures were found between conventionally and organically
605  managed vineyards. Box plots show 25, 50 and 75 percentiles, and outliers.
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Figure 4 NMDS ordination plot of AMF communities from 34 vineyards (5 samples per vineyard).
AMF communities between conventional (red) and organic (green) vineyard were significantly different
(Table 4). Significant relationships between ordination scores, soil chemical and PCNM variables are
shown with an arrow, representing the direction of the increasing gradient. Point size represents Olsen

P values. Stress value: 19.3.
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613

614  Figure 5 Nestedness of AMF communities across 34 vineyards as shown by the row and column
615 permutated presence/absence matrix that is closest to perfect nestedness. Columns represent vineyards
616  (sorted according to their degree of nestedness) and rows are OTUs. The average P availability (Olsen
617  P) per vineyatd is indicated on top to show that vineyards are ranked according to P availability.
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Figure 6 DOC analysis on both high-P (a) and low-P (b) sample groups. The DOC of the high-P
samples was undistinguishable from a flat line in the high-overlap region and shows broad confidence
intervals (P = 0.383), while the DOC of the low-P samples displays a pronounced negative slope in the
high-overlap region (P < 0.001). The vertical green line represents the change point from where the P
value of the slope of the DOC is calculated.
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625  Figure 7 The relation between copper concentration in the soil and vineyard age (P < 0.001). Older
626  vineyards (> 15 years) show copper concentration above the background level (30 mg/kg).
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Supporting information

Figure S1 Map of Flanders (Belgium) showing the distribution of the 34 sampled vineyards with organic
(green) and conventional (red) management.

Figure S2 Rarefaction curves of AMF richness for all 34 vineyards. For the sake of graphical
representation, the curves are shown in three separate graphs, (a), (b) and (c). Vineyards are shown in
different colors.

Figure S3 Rarefaction curves of AMF richness per management type.

Figure S4 The relationship between geographical location (latitude and longitude) and the spatial
predictor PCNM2 that significantly contributed to AMF community composition. PCNM2 separates

the sampled vineyards according to their longitude and increases with higher longitudes.

Table S1 Coordinates, soil properties, management and AMF diversity measures of all 34 vineyards
sampled.

Table S2 List of the 123 operational taxonomic units (OTUs) identified at a 3% sequence dissimilarity
cut-off. The taxonomic affiliations were obtained by BLAST analysis against the MaarjAM database.

Table S3 The sample*OTU matrix and all accompanying environmental data.
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