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Healthy soil microbiomes are crucial for achieving high productivity in combination with
crop quality, but our understanding of microbial diversity is still limited. In a large-scale
study including 116 composite samples from vineyards, orchards and other crops
from all over Styria (south-east Austria), agricultural management as well as distinct
soil parameters were identified as drivers of the indigenous microbial communities in
agricultural soils. The analysis of the soil microbiota based on microbial profiling of
prokaryotic 16S rRNA gene fragments and fungal ITS regions revealed high bacterial
and fungal diversity within Styrian agricultural soils; 206,596 prokaryotic and 53,710
fungal OTUs. Vineyards revealed a significantly higher diversity and distinct composition
of soil fungi over orchards and other agricultural soils, whereas the prokaryotic diversity
was unaffected. Soil pH was identified as one of the most important edaphic modulators
of microbial community structure in both, vineyard and orchard soils. In general,
the acid-base balance, disorders in the soil sorption complex, content and quality
of organic substance as well as individual nutrients were identified as important
drivers of the microbial community structure of Styrian vineyard and orchard soils.
However, responses to distinct parameters differed in orchards and vineyards, and
prokaryotic and fungal community responded differently to the same abiotic factor.
In comparison to orchards, the microbiome of vineyard soils maintained a higher
stability when herbicides were applied. Orchard soils exhibited drastic shifts within
community composition; herbicides seem to have a substantial impact on the bacterial
order Chthoniobacterales as well as potential plant growth promoters and antagonists
of phytopathogens (Flavobacterium, Monographella), with a decreased abundance
in herbicide-treated soils. Moreover, soils of herbicide-treated orchards revealed a
significantly higher presence of potential apple pathogenic fungi (Nectria, Thelonectria).
These findings provide the basis to adapt soil management practices in the future in
order to maintain a healthy microbiome in agricultural soils.
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INTRODUCTION

Soil is a non-renewable natural bio-resource involved in
important ecosystem functions and biogeochemical cycles on
earth. One of the most important characteristics of a soil
ecosystem is soil health, which is the result of biotic as well
as abiotic processes and connected to various interactions
within the system. These interactions have strong impact on
the microbial activity, supporting many central processes in
soil (Fra̧c et al., 2018). The cycling of carbon and other
nutrients or the promotion of plant growth are found among
a broad variety of functions ascribed to soil microorganisms
(Jansson and Hofmockel, 2018). Soil health is also fundamental
for food security and safety as well as carbon storage (FAO
and ITPS, 2015). Microbial communities as well as other
organisms which reside in soils are extremely complex and
diverse. Millions of species and billions of individual organisms
can be found in various soils ranging from microorganisms
such as bacteria, archaea, fungi, and protists to larger organism
like ants and earthworms. Moreover, 1,000s of individual taxa
including members of all three domains of life can live in
one gram of soil (Fierer, 2017). Bacterial species form the
biggest group by number and also by diversity (Gagelidze
et al., 2018). Biotic and abiotic factors, including soil pH,
temperature, soil type, geographic and climatic conditions,
shape the microbiome of bulk and rhizospheric soil (Santoyo
et al., 2017). Plant species influence soil microbial diversity
(Berg and Smalla, 2009) and vice versa (Bardgett and van
der Putten, 2014). Soils are characterized by a high degree
of spatial structuring; they are composed of micro-aggregates
(< 0.25 mm), which bind soil organic carbon and protect it
from removal by erosion, and of macro-aggregates (0.25 to
2 mm), which limit oxygen diffusion and regulate water flow;
each of the aggregates provides a unique ecological niche with
its characteristic microbiome structure (Wilpiszeski et al., 2019).
In fact, it has been suggested that soils are the ecosystems
with the most diverse composition of microbiota on earth as
a consequence of so many different niches being present at
small spatial scales (Jansson, 2011; Prosser, 2015). However,
this microbial biodiversity is largely understudied, and regional
or global overviews are rare. The first global atlas of soil
bacterial taxa revealed a region-specific composition (Delgado-
Baquerizo et al., 2018), but regional studies are barely available,
e.g., for Austria.

Styria is a region in south-east Austria and characterized
by a uniquely high diversity of soil types. Together with
the Mediterranean-influenced climate, the hilly area provides
excellent conditions for cultivation of a large variety of
grape and pome (mainly apple) cultivars, including the
indigenous ‘Schilcher’ grape and ‘Kronprinz Rudolf ’ apple.
Both crops are therefore of economic importance for the
Styrian agriculture but also world-wide (FAOSTAT, 2016, 2017;
International Organisation of Vine and Wine, 2016). Compared
to international standards, Austria has a small-scaled agriculture.
Austria counted in 2015 a total of 14,133 viticulture holdings,
of which 2,085 holdings were located in Styria. The total area
of Styrian grapevine (Vitis vinifera L.) production is 4,329.22

hectares in size, which also includes non-productive vineyards.
Most of this area (3,337.37 hectares) is attributed to the
production of white wine, while the remaining area is used
for red wine production. Apple (Malus domestica Borkh.) is
due to its climatic adaption the most planted tree fruit of
the temperate zone and one of the most cultivated in the
world (Ahmed et al., 2011; Eccher et al., 2014). Austria’s apple
production covers a total area of 7,700 hectares, managed by
3,909 commercial fruit producers. The largest part of this area
is located in the state of Styria with 5,900 hectares, which
corresponds to 77% of Austria’s total apple production area.
The quantity of harvested apples in Styria is close to 100,000
tons per year. In 2017, the Styrian area for organic apple
production amounted to 1,195 hectares, corresponding to 20%
(all data for Austria/Styria were obtained from STATISTIK
AUSTRIA1).

A recent study on the microbiome of vineyard soils in
the Italian province of Trentino highlighted the need to
characterize bacterial and fungal communities of the soil
microbiota to fully understand the factors that drive their
variability. It was found that while the bacterial component of
the microbiome had a core of conserved species that accounted
for more than 60% of the reads of each sample, and that
was shaped both by location and land use, the core fungal
microbiome was smaller and determined by geographic factors
that dominated differences due to land management (Coller
et al., 2019). The rhizospheric microbiome of grapevines is
also strongly influenced by host genetic control, namely by the
rootstock genotype. This was recently confirmed for vineyards
in Spain (Berlanas et al., 2019) and Italy (Marasco et al.,
2018). Interestingly, despite these host-related differences in the
taxonomic structure of the microbiome, Marasco et al. (2018)
observed a homeostatic effect on the distribution of plant growth-
promoting abilities. The impact of the rootstock genotype on
the microbiome structure has been reported for apple trees as
well (Liu et al., 2018). However, a greater number of significant
effects in apple orchards were observed due to different soil
management practices such as soil amendment with Brassica
seed meal (Mazzola et al., 2015) or varying manure ratios
(Zhang et al., 2013).

The focus of the present study was the detailed assessment of
the soil microbiome of vineyards and orchards in Styria/Austria
subjected to different agricultural practices. Altogether,
116 soil samples were collected in a large-scale approach
and analyzed in terms of their prokaryotic and fungal
diversity and community composition. Complementary
cultivation-independent and statistical analyses were
performed to identify prevalent taxa and characterize the
soil microbiome. In order to determine the impact of abiotic
soil parameters, physico-chemical parameters were ascertained
in detail by fractional analysis, separating water-soluble,
exchangeable, and subsequently deliverable (reserve) fractions.
Microbiome shifts resulting from the usage of herbicides
were investigated based on the treatment history of each
cultivation site.

1https://www.statistik.at
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MATERIALS AND METHODS

Sampling and Metagenomic DNA
Extraction
Soil samples were collected in early spring (March/April) 2017
in nine different regions of Styria in Austria: Feldbach (6
samples), Gleisdorf (24), Hartberg (16), Kitzeck (9), Leibnitz
(8), Leutschach (23), Südoststeiermark (14), Südsteiermark (5),
and Weststeiermark (11). Altogether, 116 composite soil samples
consisting of five sub-samples each were collected in a horizon
of 10–30 cm depth, which are assigned to three general sample
groups: vineyards (73 samples), orchards (32; 28 apple orchards,
3 pear orchards, and 1 quince orchard), and other agricultural
soils (11) of diverse usage (grassland, soy bean, rye, oat).

In order to isolate total community DNA, 5 g of soil
were mixed with 15 ml of sterile 0.85% NaCl and placed
for 10 min on a shaking platform. Subsequently, 3 ml of
the suspensions were centrifuged (20 min, 16,000 × g, 4◦C)
and the resulting pellets were stored at −70◦C until further
processing. This approach enables the usage of a greater amount
of input soil material comprising micro- and macro-aggregates.
DNA was extracted using the FastDNA SPIN Kit for Soil
(MP Biomedicals, Solon, OH, United States) and quantified
using a NanoDrop 2000c spectrophotometer (Thermo Scientific,
Waltham, MA, United States).

Edaphic Parameters and Herbicide
Usage
Physico-chemical soil parameters were assessed through
fractional analysis according to ÖNORM S 2122-1 by TB
Unterfrauner (Vienna, Austria). This analysis separates water-
soluble, exchangeable, and subsequently deliverable (reserve)
fraction by considering the different bond types of elements
in soil impacting their accessibility for plants. Water-soluble
elements define the concentrations of substances in the soil
solution, the most important source for plant nutrition. Organic
and mineral parts in soil build the sorption complex; their
negatively charged surfaces adsorb cations, which can be
exchanged to become available for roots, e.g., through root
excretion or fertilization – those elements are referred to
as exchangeable. Water-soluble and exchangeable elements
are considered as plant-available, whereas the subsequently
deliverable (reserve) fraction will become accessible to plants
by natural weathering processes within 10 to 15 years. Soil
pH was determined in water (soil–water saturation extract) as
well as in neutral salt solution (1M KCl). Soil texture (KH),
electrical conductivity (EC) and water-soluble elements were
analyzed based on soil–water saturation extracts. Exchangeable
elements were assessed from LiCl extracts and the subsequently
deliverable elements (reserve fraction) from HCl extracts. Total
contents of C, N and S were determined by dry combustion.
Lime content was calculated as CaCO3 using a Scheibler
calcimeter. More details about the fractional analysis can be
found under https://www.bodenoekologie.com/en/. Information
about treatment history was gathered from the farmers by
a questionnaire.

PCR-Based Barcoding
Microbial profiling was performed according to the standards of
the Earth Microbiome Project2. The hypervariable V4–V5 region
of the 16S rRNA gene was amplified with the primers 515F-
Y/926R (Quince et al., 2011; Parada et al., 2016), which carried
sequence pads for later extension with sample specific tags. The
reaction mixture for the first PCR (10 µl) contained 1 × Taq-
&GO (MP Biomedicals, Solon, OH, United States), 0.1 µM of
each primer, and 1 µl of template DNA (95◦C, 3 min; 35 cycles
of 95◦C, 45 s; 55◦C, 45 s; 72◦C, 90 s; and elongation at 72◦C,
5 min). Individual golay_12 barcodes (Caporaso et al., 2012)
were attached in a second PCR (30 µl) comprising 1 × Taq-
&GO, 0.2 µM of each primer, and 1 µl of the first PCR
mixtures (95◦C, 5 min; 15 cycles of 95◦C, 30 s; 53◦C, 30 s;
72◦C, 30 s; and elongation at 72◦C, 5 min). For the fungal
community, the ITS1 region was amplified with the primer pair
ITS1f/ITS2 (White et al., 1990; Gardes and Bruns, 1993) carrying
the sequence pads for later golay_12 barcode extension. The
first PCR (10 µl) consisted of 1 × Taq-&GO, 3 mM MgCl2,
0.1 µM of each primer, and 1 µl of template DNA (94◦C,
5 min; 30 cycles of 94◦C, 30 s; 58◦C, 35 s; 72◦C, 40 s; and
elongation at 72◦C, 10 min). The second PCR (30 µl) comprised
1 × Taq-&GO, 0.2 µM of each primer, and 1.8 µl of the first
PCR mixtures (95◦C, 5 min; 15 cycles of 95◦C, 30 s; 53◦C,
30 s; 72◦C, 30 s; and elongation at 72◦C, 5 min). For the
prokaryotic and for the fungal community, PCR products of three
independent reactions were pooled in equal volumes and purified
by employing the Wizard SV Gel and PCR Clean-Up System
(Promega, Madison, WI, United States). Paired-end Illumina
HiSeq sequencing (2 × 300 bp) was conducted by GATC Biotech
(Konstanz, Germany).

Data Analysis
Data analysis was performed by employing QIIME 1.9.1
(Caporaso et al., 2010a). Joined paired-end reads with more
than three consecutive low-quality base calls (Phred quality
score ≤ 25) were truncated at the position where their quality
began to drop, and only reads with > 75% consecutive high-
quality base calls, without any ambiguous characters, and longer
than 200 nucleotides in length were retained for further analyses.
Demultiplexed high-quality 16S rRNA gene fragments were de
novo clustered into operational taxonomic units (OTUs) with
uclust (Edgar, 2010), using a 97% similarity threshold. For each
OTU, the most abundant sequence was selected as representative,
and the taxonomy was assigned with the uclust-based consensus
taxonomy assigner against the Greengenes database (version
13.8). The representative sequence set was aligned with PyNAST
(Caporaso et al., 2010b), and potential chimeric sequences were
discarded based on a check with ChimeraSlayer. Joined, quality-
filtered and demultiplexed ITS reads were cleaned from chimeras
using the usearch7 algorithm and open-reference picked into
OTUs with uclust against the dynamic UNITE database (version
7.1). The taxonomy of the representative ITS sequences was
assigned with blast against the same reference database. OTU
tables were constructed and singletons, doubletons, and reads for

2http://press.igsb.anl.gov/earthmicrobiome/protocols-and-standards
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which taxonomy could not be assigned were removed from the
datasets. The prokaryotic dataset was further filtered to remove
cyanobacterial and mitochondrial sequences, and fungal dataset
was filtered to remove bacterial and archaeal reads. When joining
paired-end reads from the ITS regions, there is a bias against
species with long ITS regions which exceed the sequencing length
and are therefore discarded during the joining process (Hoggard
et al., 2018). We examined this effect by comparing the results
of merging read pairs to analysis using only the forward reads
(Supplementary Table 1).

For alpha and beta diversity analyses, OTU tables were rarefied
to the lowest number of reads per sample (all samples: 1,847 reads
for 16S rRNA genes and 7,992 reads for ITS; herbicide impact:
10,653 reads for 16S rRNA genes and 74,662 reads for ITS). For
metadata-based comparisons, only soil samples from vineyards
and orchards were considered. The impact of herbicide usage was
analyzed on a subset of samples with known treatment history (5
samples per treatment for vineyards and orchards, respectively).
Organic sites have been under this management since at least
two years. Alpha diversity was evaluated based on Shannon,
Chao1 and the observed_otus metric; significant differences
were calculated using the non-parametric two-sample t-test with
999 Monte Carlo permutations. Beta diversity was analyzed
based on Bray–Curtis dissimilarities; ANOSIM and adonis tests
with 999 permutations were used for corresponding statistics.
Significances for differences in the abundances of taxa were
determined based on the Bonferroni-corrected Kruskal–Wallis
test with 1,000 permutations. Differences in OTU abundances
between herbicide-treated and organic sites were assessed with
the non-parametric t-test with 1,000 Monte Carlo permutations.
Heat maps were visualized in Heatmapper (Babicki et al., 2016).
Fungal communities were classified according their predicted
trophic mode using FUNGuild (Nguyen et al., 2016); significant
differences between herbicide-treated and organic sites were
calculated with SPSS Statistics 26 (SPSS, Inc., Chicago, IL,
United States) using the independent samples t-test. PICRUSt
(version 1.1.1; Langille et al., 2013) analyses were performed
to predict metabolic functions of the prokaryotic communities.
Closed-reference picked (Greengenes version 13.8) rarefied OTU
tables were used as input material, and the KO (KEGG orthology)
database served as reference database. Predicted metagenome
tables were analyzed with STAMP (Statistical Analysis of
Metagenomic Profiles; version 2.1.3; Parks et al., 2014), the two-
sided Welch’s t-test was used for statistical comparisons.

RESULTS

The Soil Microbiome of Styrian Vineyards
and Orchards
The analysis of the soil microbiome based on high-throughput
amplicon sequencing of 16S rRNA gene fragments and the
fungal internal transcribed spacer (ITS) 1 region revealed high
bacterial and fungal diversity within Styrian agricultural soils.
Overall, 206,596 prokaryotic OTUs were identified with a total of
10,808,936 reads. The fungal dataset revealed 53,710 OTUs and a
total read count of 23,927,374.

Alpha diversity indicated significant differences (p ≤ 0.05) in
relation to soil usage (vineyards, orchards, and other agricultural
soils) for the fungal diversity, whereas the prokaryotic diversity
was unaffected by this factor (Figure 1A). Fungal diversity
was detected to be highest in vineyard soils. Non-metric
multidimensional scaling (NMDS) analyses based on Bray–
Curtis dissimilarity matrices revealed a clustering of vineyard and
orchard samples for the fungal community (Figure 1B; R = 0.26,
p = 0.001). The prokaryotic community showed no significant
separation of soil samples originating from vineyards and
orchards (R = 0.02, p = 0.263). Soil usage was responsible for only
1.7% (p = 0.006) of prokaryotic and 6.0% (p = 0.001) of fungal
community variation between vineyards or orchards. The sample
group with other agricultural soils revealed broad scattering
in both datasets, which reflects different agricultural usage
(grassland, soy bean, rye, oat). One outlier within agricultural
soil samples, which clearly separated from all the others in the
prokaryotic and in the fungal dataset, originated from a recently
cleared woodland currently under green manuring.

Proteobacteria were identified as the most dominant bacterial
phylum in vineyards, orchards, and other agricultural soils,
encompassing 27.7, 27.4, and 27.8%, respectively. At the class
level, they could be affiliated to Alpha-, Beta-, Gamma-, and Delta
proteobacteria (Figure 1C), whereby Alphaproteobacteria were
the most prevalent (vineyards 12.3%, orchards 12.0%, and other
agricultural soils 13.0%). Besides Proteobacteria, Acidobacteria
(classes Acidobacteria-6, Acidobacteriia, [Chloracidobacteria],
DA052 and Solibacteres), Verrucomicrobia ([Pedosphaerae]
and [Spartobacteria]), Actinobacteria (Thermoleophilia and
Actinobacteria), Bacteroidetes ([Saprospirae], Flavobacteriia
and Sphingobacteriia), Planctomycetes (Planctomycetia and
Phycisphaerae), and Chloroflexi (Anaerolineae and Chloroflexi)
were found as dominant soil inhabitants. Additionally,
Gemmatimonadetes (Gemmatimonadetes and Gemm-1),
Nitrospirae (Nitrospira), and WS3 (PRR-12) were found
in an overall relative abundance over 1%. The fungal soil
community was dominated by Ascomycota (vineyards 43.8%,
orchards 45.0%, and other agricultural soils 44.8%), which
could be divided into Sordariomycetes, Dothideomycetes,
Leotiomycetes, Eurotiomycetes and unidentified Ascomycota.
High abundances were also observed for Zygomycota
(Mortierellomycotina_cls_Incertae_sedis), Basidiomycota
(Tremellomycetes and Agaricomycetes) and unidentified
Fungi. Significant differences (p ≤ 0.05) in relation to soil
usage were observed for the bacterial class Gemmatimonadetes
(also for the phylum Gemmatimonadetes) and the fungal class
Tremellomycetes, both with highest abundances in orchard soils.

Impact of Edaphic Parameters on Soil
Microbiomes
Abiotic soil parameters were ascertained in detail by
fractional analysis, separating water-soluble, exchangeable,
and subsequently deliverable (reserve) fractions. For vineyard
soils, the parameters mostly affecting prokaryotic and fungal
community variation are highly similar, while orchard soils
revealed a generally higher complexity within their community
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FIGURE 1 | Microbial soil communities colonizing vineyards, orchards, and other agricultural soils in Styria/Austria. (A) Alpha diversity determined by Shannon,
Chao1 index, and observed OTUs in the rarefied datasets. Significant differences (non-parametric two-sample t-test, p ≤ 0.05) are indicated by asterisks.
(B) Non-metric multidimensional scaling (NMDS) plots based on Bray–Curtis dissimilarities. The corresponding 2D stress values are 0.1 and 0.2, respectively for 16S
rRNA genes and ITS regions. (C) Taxonomic composition visualizing classes with > 1% of overall relative abundance. Data are mean values ± confidences; asterisks
indicate significant differences (Bonferroni-corrected Kruskal–Wallis test, p ≤ 0.05) in relation to soil usage.

drivers with divergent importance for prokaryotes and fungi
(Figure 2). The parameter with the most significant influence
on all microbial communities was the soil pH (vineyards: 14%
for prokaryotes, 13% for fungi; orchards: 8% for prokaryotes,

8% for fungi). Vineyard communities were also affected by
calcium concentrations – within all fractions, but especially
in the sorption complex (13% for both communities) – and
consequently base saturation (13% for both communities).
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Potential acids in the sorption complex also substantially
influenced community variation in vineyard soils (13% for
both communities). The proportions of variance explained
by those parameters were in general higher for the vineyard
than for the orchard microbiomes. The prokaryotic orchard
communities were in addition to soil pH (8%) and calcium
in the sorption complex (6%) most significantly affected by
water-soluble manganese (6%), whereas the fungal variation
within orchard soils was in addition to soil pH (8%) mostly
driven by sodium concentrations – sorption complex (9%) and
exchangeable fraction (8%).

Impact of Herbicide Usage on Soil
Microbiomes
The microbial alpha diversity (Shannon index) was not
significantly impacted (p > 0.05) by recent applications of
herbicides (Figure 3A). However, for vineyards, a trend to higher
microbial soil diversity after several years of organic management
could be observed. In orchards, organic management revealed
an overall tendency to a lower diversity within the fungal
community, however with high variability within the organic
sample group and without statistical significance.

In comparison to vineyards under organic management,
herbicide-treated vineyard soils revealed significantly lower
(p ≤ 0.05) relative abundances of unclassified Lasiosphaeriaceae
(Sordariales, Ascomycota), Ilyonectria (Hypocreales, Ascomycota),
and Candidatus Solibacter (Solibacterales, Acidobacteria).
Conversely, herbicide-treated vineyards showed a significant
increase in unclassified Gemmatimonadetes (phylum
Gemmatimonadetes) and a group of unclassified Fungi
(Figure 3B). Herbicide application had a substantial impact
on the microbial community composition in orchard
soils: 19 out of 209 taxa (genus level, > 0.1% of overall
abundance) were significantly shifted. Among those, 12
taxa showed a significantly higher relative abundance in
soils of organically managed sites, while for seven taxa
the relative abundance was higher in herbicide-treated
orchards (Figure 3B).

The herbicide-related shifts at taxonomic level were further
verified by analyzing the trophic modes of the fungal community
(Supplementary Figure 1). Thereby, no statistically significant
shifts (p > 0.05) were observed, neither for the mycobiome
of vineyard soils nor for orchard soils. However, organically
managed orchards showed a trend, although not significant,
to a higher abundance of patotrophic-saphrotrophic fungi (2
versus 11% in herbicide-treated orchard soils; p = 0.1). The
trophic modes of the fungal microbiome inhabiting vineyard
soils revealed high stability to herbicide application and
remained stable also after 9 years of organic management
(maximum ± 2%). Overall, the fraction of pathotrophic fungi
was found to be higher in organically managed soils, for both
vineyards and orchards (V: 8 vs. 5%, O: 15 vs. 6%). Just for
the soils of orchards, the inferred functional composition of
the prokaryotic microbiome did show significant differences
(p ≤ 0.05) in relation to herbicide application, whereby
10 predicted functional categories (KEGG orthology level 3)

FIGURE 2 | Variance within the prokaryotic (16S rRNA gene) and fungal (ITS
region) community inhabiting Styrian vineyard and orchard soils explained by
the individual edaphic parameters. Significant variations (p ≤ 0.05) were
determined with adonis based on Bray–Curtis dissimilarities. Abiotic soil
parameters were ascertained in detail by fractional analysis, whereby the
currently not available reserve fraction was not considered in the analysis of
community impact. Basic parameters: WC = water content, KH = soil texture,
pH-KCl = pH in neutral KCl solution, pH-H2O = pH in water, CaCO3 = lime
content, EC = electrical conductivity, SOM = soil organic matter, C/N = C/N
ratio of SOM; Sorption complex: CECp = potential cation exchange capacity,
BS = base saturation, substance ratios in the sorption complex (Ca, Mg, K,
Na, Al, NH4-N, H, potA = potential acids); Mineralization potential: Nt,
Pt = total content of N and P, Corg, Norg, Porg, Sorg = organic pool of C, N,
P, S; Water-soluble elements: Ca, Mg, K, Na, NH4-N, NO3-N, H, Al, PO4,
SiO3, SO4, Cl, Fe, Mn, Cu, Zn, Co, Mo, BO3, As, Ni, Cr, Pb, Cd, V;
Exchangeable elements: Ca, Mg, K, Na, NH4-N, H, Al, PO4, SiO3, Fe, Mn,
Cu, Zn, Co, Mo, BO3, As, Ni, Cr, Pb, Cd, V.
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FIGURE 3 | Impact of herbicide application on the soil microbiome of vineyards (V) and orchards (O) in Styria/Austria. (A) Alpha diversity determined by Shannon
index. Data are mean values ± confidences. Vineyard soils which were knowingly treated organically since the last 9 years were assessed as separate group
(V_organic_9y). (B) Heat maps displaying the relative abundance of taxa at genus level (>0.1% of overall abundance) with significant difference (non-parametric
t-test, p ≤ 0.05) between herbicide-treated and organic sites. The dendrograms are based on average linkage clustering and Pearson distances.

Frontiers in Microbiology | www.frontiersin.org 7 May 2020 | Volume 11 | Article 1052

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-01052 May 21, 2020 Time: 19:44 # 8

Köberl et al. Vineyard and Orchard Microbiomes

revealed higher presence in organic soils and only four in
herbicide-treated ones (Supplementary Figure 2).

DISCUSSION

The analysis of the soil microbiota of Styrian agricultural soils
revealed an outstanding high bacterial and fungal diversity.
Today we know that microbial diversity is a key factor for soil
health and in preventing diseases (van Elsas et al., 2012; Berg
et al., 2017). Agricultural management as well as distinct soil
parameters were identified as drivers of the indigenous microbial
communities of Styrian soils, whereby the prokaryotic and fungal
community responded differently, and responses differed in
orchard and vineyard soils. A detailed understanding of these
community responses and interactions can provide the basis to
enable the management of vineyards and orchards in a more
environmentally friendly and resource-saving way.

Comparative analyses of microbial profiling of prokaryotic
16S rRNA gene fragments and fungal ITS regions revealed
several common responses regarding the microbial community
composition across all investigated sample groups, especially at
higher taxonomic levels. Proteobacteria was the most dominant
bacterial phylum in Styrian vineyards, orchards, and other
agriculturally used soils. This was previously also shown for
agricultural soils of the Mediterranean region (Bevivino et al.,
2014). Likewise, Janssen (2006) reported Proteobacteria to make
up the majority (on average 39%) of libraries derived from soil
bacterial communities with diverse origin, among those – in
accordance with the present study – also Alphaproteobacteria
were identified as the most dominant. Alphaproteobacteria
harbor several bacterial lineages that are common plant-
associated microorganisms and contribute to plant health and
productivity (Wasai and Minamisawa, 2018). Agricultural soils
are an important reservoir for these microorganisms that can
be attracted and enriched in the rhizosphere of cultivated plants
(Sessitsch et al., 2002). Acidobacteria was identified as the second
highest abundant bacterial phylum in Styrian vineyard and
orchard soils. This is as well in accordance with other studies,
where Acidobacteria were reported to own an average share of
20% of soil bacteria (Janssen, 2006; Naether et al., 2012). Third
most represented in the present study was the bacterial phylum
Verrucomicrobia, which is known as dominant phylum in many
soils across the globe (Bergmann et al., 2011). In contrary to
the results of Janssen (2006), Verrucomicrobia outnumber the
abundance of Actinobacteria in Styrian vineyard and orchard
soils. Ascomycota represented the most dominant fungal phylum
over all samples, followed by Zygomycota, and Basidiomycota.
Klaubauf et al. (2010) showed similar result for agricultural soils
from Lower Austria, whereby in their study the presence of
Ascomycota was remarkably higher (∼80%).

Vineyards revealed a significantly higher diversity of soil
fungi over orchards and other agricultural soils, whereas the
prokaryotic diversity was unaffected by soil usage. Also, the
community structure differed significantly between vineyard and
orchard mycobiomes, while there was a negligible effect for
prokaryotes. The most distinct difference was a significantly

higher abundance of the fungal class Tremellomycetes in orchard
soils. This was due to the occurrence of the genus Solicoccozyma,
a basidiomycetous yeast commonly found in soils with high salt
content (Mokhtarnejad et al., 2016; Zajc et al., 2017). Although
all investigated soils were classified as non-saline, orchard soils
revealed on average higher salinity (mean EC = 0.40 mS cm−1)
than vineyards (mean EC = 0.28 mS cm−1) and other agricultural
soils (mean EC = 0.25 mS cm−1). This is most probably a result
of the fertilization management; application rates in orchards are
generally higher.

The acid-base balance, disorders in the sorption complex,
content and quality of organic substance as well as individual
nutrients (such as zinc and manganese) were identified as
important drivers of the microbial community structure of
Styrian vineyard and orchard soils. Soil pH was one of the most
important edaphic modulators in both, vineyard and orchard
soils. In a continental-scale study, Fierer and Jackson (2006)
found that diversity and richness of soil bacterial communities
was strongly correlated with soil pH. Bacterial diversity was
highest in neutral soils and lower in acidic soils (Fierer and
Jackson, 2006). Similarly, Wu et al. (2017) reported that bacterial
diversity in arable soils is strongly related to soil pH, with lower
diversity under acidic and higher diversity under neutral pH
conditions. On an experimental farm maintaining a pH gradient
from 4.5 to 7.5, shifts were observed even at higher taxonomic
levels (phylum, class) across the gradient (Bartram et al., 2014).
The pH values (in water) from soils of vineyards ranged from
5.5 to 7.9. Soils of orchards had a slightly narrower pH range
from 5.9 to 7.6. In the same environment, soil fungi commonly
show a growth optimum of one to two pH units lower than
bacteria (Piña and Cervantes, 1996), where soil pH causes a
physiological limitation on fungal survival and growth (Zhang
et al., 2016). Both in vineyards and orchards, the acid-base
ratio and the sorption complex played a major role in shaping
microbial communities. The relationship to the quantity and
quality of organic matter seems to be stronger within the orchards
than in vineyards. Individual sampling sites with a combination
of different suboptimal edaphic factors showed a particularly
strong effect on microbial diversity and composition, this could
be referred to as soil fatigue.

The impact of herbicide application on the microbial soil
community was assessed based on the sites’ treatment history.
Soils of vineyards and orchards were analyzed based on the
information if they were treated with herbicides during the
last two years or managed organically, independent from
herbicide type, application form and period. In comparison
to orchards, the microbiome of vineyard soils maintained a
higher stability in terms of taxonomy and inferred functionality
when herbicides were applied. In contrast to vineyards, where
the application of herbicides tends to be associated with a
general reduction in microbial soil diversity, orchard soils
exhibited drastic shifts within community composition at
taxonomic and predicted functional level. For example, in
orchards, herbicides seem to have a substantial impact on the
bacterial order Chthoniobacterales (genus Chthoniobacter and
others), with a decreased abundance in herbicide-treated soils.
Chthoniobacterales are rod-shaped or pleomorphic cells, which
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are common in soil but not well-studied so far (Sangwan et al.,
2004). Hirsch et al. (2017) described them as rapid responders to
soil management changes, with highest abundance in grassland,
followed by arable soil, and least in bare fallow soil. According
to genomic data, Spartobacteria (Chthoniobacterales) contribute
to the cycling of carbon by the degradation of various complex
carbohydrates, such as cellulose and xylan (Herlemann et al.,
2013). In the microbiome of lichens, transcriptomics suggest
their involvement in the metabolism of aromatic compounds
(degradation of phenolic substances), production of various
vitamins, and defense against antibiotics (fluoroquinolones)
and oxidative stress (Cernava et al., 2017). Other identified
genera with increased abundance in herbicide-free orchard soils
comprise potential plant growth promoters and antagonists
of phytopathogens, including Flavobacterium (Soltani et al.,
2010) and Monographella (Berg et al., 2005). Moreover, soils
of herbicide-treated orchards revealed a significantly higher
presence of the potential apple pathogenic fungus Nectria, the
causal agent of apple canker, and also of the closely related genus
Thelonectria. Contrarily, vineyards revealed higher abundances
of the potentially pathogenic genus Ilyonectria (black-foot
disease) in organic soils. It was also evident from our data that
a lack of greening in the plant strip through the regular use
of herbicides led to humus degradation over years. A perceived
reduction in fruit quality and yield can potentially lead to
anthropogenic over-fertilization. However, this has generally
negative effects by inducing additional acidification. That is in
turn linked to a decrease in available carbon (Högberg et al.,
2007) and microbial, in particular bacterial, diversity (Fierer and
Jackson, 2006; Wu et al., 2017) – a downward spiral of which it is
difficult to re-escape.

In the end, the limitations of marker gene-based approaches,
as applied in the present study, should be briefly discussed. In
particularly mentioned should be a possible bias toward certain
microbial groups incorporated with the initial amplification step
(Caporaso et al., 2012; Klindworth et al., 2013). In order to
minimize this bias and for comparability reasons, the protocol
applied in the present study was following the latest guidelines
recommended by the Earth Microbiome Project (Gilbert et al.,
2014, 2018). A critical point in the analysis of fungi is that
ITS regions can vary drastically in length for different taxa.
In some cases they may be longer than the possible merged
read length of paired-end reads and will be discarded in the
data analysis workflow (Hoggard et al., 2018). To rule this
out as far as possible, in the present study, longest possible
paired-end reads were sequenced (2 × 300 bp). However, also
this length can far be exceeded by the ITS1 region of some
taxa. Therefore, an additional comparison of the data using
merged paired-end reads vs. analyzing only forward reads was
performed, whereby a momentous bias resulting from exceeding
the ITS1 read length could be excluded (Supplementary Table 1).
In general, microbial profiling based on rRNA genes or ITS
regions is limited to measurements of taxonomy and diversity
and allows no direct inference to the metabolic potential of a
microbial community (White et al., 2017). Tools like PICRUSt
(Langille et al., 2013) predict functional profiles of microbial
communities by linking marker genes with the nearest organism

for which a whole genome sequence is available. This can be
problematic, especially when studying microbiomes containing
large proportions of not well-characterized taxa. FUNGuild
(Nguyen et al., 2016) classifies fungal taxa by their probable
ecological guild. An important caution about the accuracy of this
assignment is the fact that some fungi do not fall exclusively into
a single guild. Taxonomy-based functional predictions should
therefore be interpreted cautiously.

The overall findings of our large-scale study indicate that
certain agricultural management practices as well as distinct soil
parameters have a substantial effect on indigenous microbial
communities in agricultural soils. Moreover, we could show
that responses to distinct parameters differed in orchards and
vineyards as well as that bacterial and fungal community
showed different responses to the same abiotic factor. These
findings provide the basis to adapt soil management practices
in the future in order to maintain a healthy microbiome in
agricultural soils.
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