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Abstract Anthropogenic effects on soil fungi have been
poorly investigated in peaty soils, where they have a crucial
role in the maintenance of soil fertility and in the regulation of
nutrient cycles. In this study, we assessed the effects of land-
use intensification on the composition of fungal communities
in Mediterranean peaty soils drained for agricultural purposes.
To this end, a continuous maize cropping system was com-
pared with an extensive grassland and an agricultural soil left
abandoned for 15 years. Molecular diversity and community
composition of total soil fungi and arbuscular mycorrhizal
fungi (AMF) were assessed, as well as soil chemical proper-
ties potentially responsible for fungal shifts. The relative roles
of intensification and soil chemical properties were also quan-
tified by applying variation partitioning analysis. Multivariate
analyses show that: (i) land-use intensification shapes the
composition of the community of total soil fungi and AMF
in soil and roots; (ii) base saturation (Bas Sat) and exchange-
able calcium (ExchCa) in soil are the significant soil chemical
drivers of the composition of the total soil fungal community;
(ii1) Bas Sat is the only significant chemical parameter shaping
the soil AMF community; and (iv) no soil chemical properties
affect root AMF. Based on variation partitioning, which high-
lights a large overlap between land-use intensification and
Bas Sat, we can assert that land-use intensification is
well-correlated with Bas Sat in shaping the total soil fungal
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community composition, as well as the AMF. By contrast,
intensification acts as a major driver with respect to
ExchCa in shaping the composition of the total soil fungal
communities.

Keywords Peatsoil - Land-use change - Arbuscular
mycorrhizal fungi (AMF) - Total soil fungi - Molecular
diversity - Soil quality

Introduction

Soil microorganisms play a crucial role in maintaining eco-
system soil fertility due to their influence on regulation of
nutrient cycles (Nannipieri et al. 2003). Among these, soil
fungi represent the majority of soil microflora in many habi-
tats (Joergensen and Wichern 2008). They have key direct and
indirect functions in lignin and soil organic matter (SOM)
decomposition, carbon (C) sequestration, soil aggregation,
and in nutrient mineralization and immobilization (Gadd
2006). It has been widely suggested that fungi are more im-
portant than bacteria in decomposing organic matter, especial-
ly in acidic ecosystems such as peatlands (Thormann 2006).
Fungi metabolize C with higher assimilation efficiency than
bacteria, which means that C is mainly retained in fungal
biomass instead of respired as CO,. Fungal decomposers,
such as white-rot fungi belonging to Basidiomycota, have
developed unique pathways to degrade lignin, cellulose, and
hemicellulose (Bahri et al. 2006). Among fungi, arbuscular
mycorrhizal fungi (AMF; phylum Glomeromycota;
Schuessler et al. 2001) form a root symbiosis with up to
80 % of land plant species and agricultural crops (Smith and
Read 2008). AMF enhance plant mineral nutrient uptake,
mainly phosphorus (P), in exchange for photosynthetically
fixed C (Bago et al. 2000; Hodge et al. 2001) and protection
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against root fungal pathogens and drought stress (Newsham
etal. 1995; Augé 2001). AMF may stimulate SOM decompo-
sition in AMF-active zones (Cheng et al. 2012) and play im-
portant roles in limiting the uptake of heavy metals (Leyval
et al. 1997). In addition, AMF drive the diversity of plant
communities (van der Heijden et al. 1998) and ameliorate soil
aggregate stability and macroaggregate formation both
through the extraradical hyphal development and the produc-
tion of coagulating substances, such as glomalin, thereby lim-
iting soil erosion (Rillig 2004; Bedini et al. 2009).

Several studies have shown that soil fungal community
composition and functionality are affected by soil environ-
ment changes due to land-use intensifications and by edaphic
factors (Bardgett et al. 2005). Soil fungal abundances and
communities are sensitive to the intensification of the man-
agement practices, such as tillage, herbicide application
(Garcia-Orenes et al. 2013), mineral fertilization (Bardgett
et al. 1996), and manure addition (Bittman et al. 2005), with
negative effects on fungal agroecosystem functions and ser-
vices (Bardgett et al. 2005). Regarding edaphic factors, fungal
community compositions are more strongly related to changes
in soil nutrient availability, namely, nitrogen (N) and P, than in
soil pH and texture (Lauber et al. 2008; Rousk et al. 2010).

As regards AMF, land-use intensification through tillage,
fertilizers, biocides, and crop rotations (i.e., monocropping or
rotations with nonmycorrhizal crops) negatively modify AMF
richness and community composition promoting the unique
occurrence of members of Glomeraceae (i.e., Helgason et al.
1998; Jansa et al. 2002; Oehl et al. 2003; Fitter et al. 2005;
Gosling et al. 2006). Specifically, AMF richness is adversely
affected by an increasing of land-use intensity both in soil
(Lumini et al. 2010; Verbruggen et al. 2012) and roots
(Helgason et al. 1998; Hijri et al. 2006; Schnoor et al. 2011),
although no changes have been observed by other studies
(Jansa et al. 2002; Mathimaran et al. 2007; Galvan et al.
2009; Dai et al. 2013; Moora et al. 2014).

As regards AMF community composition, with the
application of high-throughput sequencing techniques,
it has recently been observed that in tilled habitats also mem-
bers of Archaecosporaceae, Claroideoglomeraceae and
Diversisporaceae largely occurred (Lumini et al. 2010;
Moora et al. 2014; Xiang et al. 2014). Concerning edaphic
factors, soil pH, P, texture, and C:N ratio were shown, together
with host identity, to be key drivers of the AMF colonizing
roots in grassland, woodland and agricultural soils (Dumbrell
et al. 2009; Torrecillas et al. 2012; Holland et al. 2014; Jansa
et al. 2014).

Among management practices, grazing can generally in-
crease soil fungal abundance (Bardgett et al. 1996; Ford
et al. 2013), while an increased mowing frequency did not
alter soil fungal abundance or functionality (Denef et al.
2009). As regards AMF, a decrease in root colonization due
to grazing was observed (Barto and Rillig 2010), while as
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regards mowing, contrasting effects were reported, from any
effect on AMF extraradical mycelium (Eom et al. 1999) to a
stimulation of soil AMF biomass and species richness
(Antonsen and Olsson 2005).

Peaty soils are widely known for high fertility due to their
high C content and for their fundamental role as C sink
(Verhoeven and Setter 2010). In the past, most peatlands were
reclaimed for agricultural purposes with consequences on
their ecological functions. To date, the effect of anthropogenic
influences, such as the impact of land-use intensification on
the composition of the fungal communities, has been poorly
investigated in peaty soils (Andersen et al. 2013). In particular,
a unique study focusing on AMF and CO, emissions was
conducted on peaty soils located in Mediterranean areas
(Pellegrino et al. 2014).

In this study, we assessed for the first time the effects of
land-use intensification on the composition of fungal commu-
nities in Mediterranean peaty soils drained for agricultural
purposes. To this end, an intensively cultivated peaty soil rep-
resented by a continuous maize (Zea mays L.) cropping sys-
tem was compared with an extensive grassland and an agri-
cultural soil left abandoned for 15 years. We monitored soil
chemical properties and total soil fungal and AMF molecular
composition. We hypothesized that in peaty soils, the intensi-
fication of land-use would negatively affect the composition
of fungal communities in soil and of AMF in soil and roots.
We also hypothesized that soil properties are important drivers
influencing the community of both fungi and AMF although
less powerful respect to land-use intensification in determin-
ing their shifts. Our results may have important implications
for the management of soil fertility in peaty soils aiming to
achieve cropping systems improving or preserving soil
services.

Materials and methods
Field site and experimental setup

The experimental site is located in the southern portion of the
Massaciuccoli Lake basin (43° 49" N-10° 19" E; Pisa, Italy;
Pistocchi et al. 2012). The soil is classified as Histosol, ac-
cording to the USDA system (Soil Survey Staff 1975), and
defined as peaty soil (IPCC 2006). The climate is
Mediterranean (Csa), according to Koppen classification.
The long-term experiment (15 years long) was a complete-
ly randomized design with land-use intensification as the
treatment and three replicates (n=3; field replicates of
0.7 ha). The land-use types were: (i) a maize monoculture
(high intensity, HI), (ii) an extensive grassland (low intensity,
LI), and (iii) an agricultural soil left abandoned (zero intensity,
Z1). In HI, field replicates were ploughed (30-35 cm),
harrowed, and sown with maize at the beginning of June.
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Crops were harvested in late September. Chemical and me-
chanical postemergence weed control was also applied. No
pest management was applied. Details of the sowing and fer-
tilization are found in Pellegrino et al. (2014). In LI natural
vegetation was mainly composed of Portulaca oleraceae L.,
Capsella bursa-pastoris (L.) Med., Juncus bufonius L.,
Polygonum persicaria L., Sorghum halepense (L.) Pers.,
Cynodon dactylon (L.) Pers., Datura stramonium L., Rumex
crispus L., Echinochloa crus-galli (L.) Beauv., Calystegia sp.,
and Amaranthus retroflexus L. Vegetation was mowed and
removed twice a year with no further fertilization or pest man-
agement application. In ZI, natural succession vegetation was
left to develop and no fertilizers or other agricultural practices
were applied. The most abundant plant species was
Phragmites australis (Cav.) Trin. ex Steud (common reed).
A detailed list of the plant species composition is given by
Pellegrino et al. (2014). Further details on soil parameters and
climate conditions are provided in Online Resource 1.

Sampling and analyses

In late July 2011, one soil sample resulting from pooling seven
soil bulk cores was collected (0—30 cm in depth) from each of
the three field replicates per treatment (a total of nine soil bulk
samples) to cover chemical and fungal spatial variability.
Sampling was carried out only once in July since mid-
summer is the best choice, because soil sampling should not
be close to soil treatments and because the variability in chem-
ical parameters changes slightly during the year (Pellegrino
et al. 2011, 2014). These facts along with the fact that fungi
and AMF consistently maintain the same patterns of variabil-
ity in differently managed systems, although with seasonal
changes due to abiotic conditions (soil moisture and tempera-
ture), were taken into account when choosing July as a single
sampling time (Vandenkoornhuyse et al. 2002; Oehl et al.
2010; Hannula et al. 2012; Di Bene et al. 2013). In the labo-
ratory, from each of the nine soil samples, roots were carefully
plucked with forceps, washed, and stored at 4 °C for root
genomic DNA extraction. Then, from each of the nine soil
samples, a subsample was oven dried at 60 °C and sieved at
2 mm for chemical parameter determinations, and a subsam-
ple was sieved at 2 mm and stored at 4 °C for soil genomic
DNA extraction and clones library construction. The chemical
properties of soil under the three land-use treatments are
shown in Table S1 (Online Resource 2).

Soil DNA was extracted from 0.5 g of soil using the
PowerSoil® MO BIO kit (MO BIO Laboratories Inc.,
Carlsbad, CA, USA), while root DNA was extracted from
100-mg fresh root samples using the DNeasy® Plant Mini
Kit (QIAGEN, Germantown, MD, USA). The fungal small
subunit ribosomal RNA (SSU rRNA) region was amplified
by the primer pair NS1 and EF3 for the first PCR (=1,750 bp)

and by the primer pair NS1 and FR1 for the second PCR
(=1,650 bp), following Hoshino and Morimoto (2010).

Although the internal transcribed spacer (ITS) region is
commonly used as barcode for determining fungal diversity
due to its resolution power till species separation (Schoch et al.
2012; Herr et al. 2015), its variability is too high to address the
phylogeny of higher ranks (Lindahl et al. 2013). For this rea-
son, the SSU rRNA region is considered more suitable for
comparing and for discerning the highest fungal phylogenetic
ranks (i.e., phyla and orders), and therefore, it is useful for
an initial assessment of the total soil fungal community
(Hunt et al. 2004) also when using the most recent
high-throughput sequencing techniques (Kuramae et al.
2013; Lienhard et al. 2014). Moreover, the SSU rRNA region
is known to be a successful marker for Chytridiomycota iden-
tification (Freeman et al. 2009), and it generally has a higher
discriminatory power for basal fungi (including Zygomycota)
compared to both the ITS region and the nuclear ribosomal
large subunit (LSU; Schoch et al. 2012). Finally, another rea-
son to target the SSU rRNA region is the availability of the
SILVA database, which is a well-curated, and annotated data-
base for such a gene (Kuramae et al. 2013).

Regarding AMF in both soil and root samples, PCR am-
plification was performed using the primer pair NS31 and
AMI1 (=550 bp; Simon et al. 1992; Helgason et al. 1998).
Although longer and more highly discriminating regions are
available (Kriiger et al. 2012; Pellegrino et al. 2012), the
NS31/AM1 SSU rRNA region was targeted because most
Glomeromycota diversity is obtained using this region (Opik
etal. 2010, 2014).

After quality checking, the PCR amplicons were ligated
into the pGem®-T Easy vector (Promega Corporation,
Madison, WI, USA) and used to transform XL10-Gold®
Ultracompetent Escherichia coli cells (Stratagene®, La Jolla,
CA, USA). At least 25 recombinant clones per library were
screened (9 and 18 libraries for total soil fungi and AMF,
respectively). For each library, all colonies containing inserts
of'the correct size were sequenced using the NS1/FR1 primers
and AM1 primer for total soil fungi and AMF, respectively.
Details on the quality check of extracted DNA and PCR
amplicons, PCR protocols, and the Sanger sequencer are
available in Online Resource 1.

Phylogenetic analysis

The sequences’ affiliation with fungi was verified using the
BLAST tool in GenBank (Table S2). BLAST searches were
performed separately, with the sequences corresponding to the
forward fragment (NS1; 645 bp) and with the sequences cor-
responding to the reverse fragment (FR1; 640 bp). The
GenBank sequences most similar (>97 %) to our fungal se-
quences were included in the alignment to construct the phy-
logenetic tree. First, the two alignments were performed
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separately and then concatenated and trimmed to the length of
ca. 1,265 bp in SeaView version 4.2.5. The concatenated
alignment consisted of 178 fungal sequences (143 newly
generated sequences, 34 from GenBank and Meristolohmannia
meristacaroides as the outgroup). Regarding AMF, after a
BLAST check for the sequences’ affiliation with
Glomeromycota, they were aligned with an updated AMF
reference dataset (Online Resource 1). An alignment of 339
AMF sequences (139 newly generated sequences, 160
sequences retrieved from Pellegrino et al. 2014, 27 from the
reference dataset, 12 from GenBank and Corallochytrium
limacisporum as the outgroup) was trimmed to the same
length (ca. 490 bp). All alignments were performed using
the online version of MAFFT 7.

Phylogenetic analyses were conducted using MEGA ver-
sion 5.1 and the Kimura two-parameter model. Neighbor-
joining (NJ) trees were constructed with 1,000 replicates to
produce bootstrap values. We used Mothur to assign se-
quences to molecular operational taxonomic units (MOTUs)
after calculating the Jukes—Kantor pairwise distances by
PHYLIP. Similar sequences of total soil fungi and AMF were
clustered into MOTUs using 99 and 97 % identity thresholds,
respectively.

MOTU richness, Shannon index (H"), and Pielou evenness
(/') were calculated using Primer v6. Community sampling
effort was verified by Coleman rarefaction curves in
EstimateS version 9.1 (Online Resource 1). All newly gener-
ated nucleotide sequences were submitted to the EMBL nu-
cleotide sequence database, and the accession numbers
assigned are LN555148-LN555522 and LN555530-
LN555579. References of the software used are reported in
Online Resource 1.

Statistical analyses

Dependent variables were analyzed by analysis of covariance
(ANCOVA) with land-use intensification as a fixed factor and
the spatial coordinates of the plots (latitude/longitude) as
covariables. All data were transformed when necessary to ful-
fil assumptions of the ANCOVA. LSD significant difference
tests were used for comparisons. All analyses were performed
in SPSS version 21.0 (SPSS Inc., Chicago, IL, USA). When
assumptions for the ANCOVA were not fulfilled, data were
analyzed using the Kruskal-Wallis nonparametric test, follow-
ed by Mann—Whitney U post hoc tests.

Multivariate analyses based on constrained ordination [par-
tial redundancy analysis (pRDA) and partial canonical corre-
spondence analysis (pCCA)] were used to investigate the in-
fluence of land uses or soil chemical properties (used as ex-
planatory variables) on the community composition (relative
abundance of MOTUs) of total soil fungi and AMF commu-
nities (used as response variables). Further details are provid-
ed in Online Resource 1. The variation partitioning test
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(VarPart) was performed to assess the unique and shared con-
tribution of land-use intensification and of each soil chemical
property in explaining the community composition of
total soil fungi and AMF. For the VarPart, we used
the approach described in Legendre (2008). Monte Carlo per-
mutation tests were used to determine statistical significance.
Cocorrespondence analyses (CoCa) were applied to explore
relations between AMF community composition in the roots
and the soil (ter Braak and Schaffers 2004). All multivariate
analyses were performed in CANOCO 5 (ter Braak and
Smilauer 2012).

Results

Effect of land-use intensification on phylogenetic diversity
and abundance of total soil fungi

We screened and sequenced approximately 200 clones obtain-
ed from the clone libraries (69, 88, and 43 clones from HI, LI,
and ZI, respectively). Total soil fungal sequences were
grouped into 16 MOTUs (Fig. 1; Fig. S1, Online Resource
3; Online Resource 4). A total of 10, 13, and 9 MOTUs were
retrieved in the HI, LI, and ZI, respectively (Fig. 1). The orders
retrieved exclusively in each land use were Gomphales (11) in
HI, Pleosporales (7) and Dothideomycetes (8) in LI, and
Xylariales (4) and Corticiales (12) in ZI (Fig. 1). Rarefaction
curves (Fig. S2; Online Resource 5) revealed that the sam-
pling effort was sufficient.

Although no differences were found among land uses, at
the phylum level, Ascomycota, with a mean relative abun-
dance of 49.7+5.7 %, was the most abundant phylum
(P<0.001), followed by Basidiomycota (29.9+5.4 %) and
then Zygomycota and Chytridiomycota (mean of 10.2+
2.8 %; Fig. 2a). At the class level, only Eurotiomycetes
(Ascomycota) was significantly different among land uses,
with higher abundance in ZI (5§7.4 %) than in HI/LI (mean
0f26.0 %; P=0.04; Fig. 2b).

Relative abundance of the fungal MOTUs is reported in
Table S3 (Online Resource 6). MOTU richness ranged from
6.3 t0 9.0 and A’ from 1.57 to 2.02 in HI and LI, respectively
(Table S4; Online Resource 7). J' was significantly affected by
land use, with lower values observed in HI (0.85) compared to
other land uses (mean of 0.95). Mean richness based on fungal
classes was 5.3+0.3 for each land use.

Effect of land-use intensification on phylogenetic diversity
and abundance of AMF

From the clone libraries obtained from soil and root DNA,
approximately 166 (49, 94, and 46 clones from HI, LI, and
Z1I) and 100 clones (14, 60, and 26 from HI, LI, and ZI) were
sequenced, respectively. AMF sequences were grouped into
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Fig. 1 Neighbor-joining (NJ) tree of total soil fungal sequences derived
from soil under three levels of intensification of land use: high intensity
(HI; maize monoculture), low intensity (LI; extensive grassland), and
zero intensity (ZI; agricultural soil left abandoned). NJ is based on the
fungal 18S rRNA gene (=1,650 bp; NS1/FR1 fragment) and involved 143
newly detected nucleotide sequences plus 25 reference sequences
retrieved from the NCBI database. The tree is rooted with
Meristolohmannia meristacaroides. In the collapsed NJ tree, black
triangles represent the 16 fungal molecular operational taxonomic units
(MOTUs) retrieved in the study. The sequences obtained were affiliated

14 and 10 different MOTUs in soil and roots, respectively
(Fig. 3; Online Resource 8; Online Resource 9; Online
Resource 10). MOTUs were affiliated with Funneliformis
sp. (12, 13), Rhizophagus sp. (5, 6, 7), Sclerocystis sp. (4),
Scutellospora sp. (15), Glomus spp. (1, 2, 3, 8,9, 10, 11, 14),
and uncultured Glomeromycota (16, 17). Rarefaction curves
showed that the sampling effort was sufficient (Online
Resource 5). Mean MOTU richness was 5.1£0.6 and 3.0+
0.8 in soil and roots, respectively (Online Resource 9).

The AMF MOTU s retrieved exclusively in the soil of each
land use were one AMF MOTU affiliated with Glomus sp.
(14) in HI; four MOTUs affiliated with Glomus sp. (1),
Rhizophagus sp. (7) and Funneliformis sp. (12, 13) in ZI;
and three MOTUs affiliated with Glomus spp. (8, 10, 11) in
LI (Fig. 3). Regarding roots, four MOTUs affiliated with
Glomus sp. (9), Scutellospora sp. (15), and uncultured
Glomeromycota (16, 17) were exclusively retrieved in ZI,
while three unique MOTUs affiliated with Glomus sp. (1,

lia meristacaroides 18S_AY620905

with the orders Hypocreales (/ and 2), Sordariales (3), Xylariales (4),
Chaetothyriales (9), Eurotiales (6), Pleosporales (7), Dothideomycetes
(8), Helotiales (9), Agaricales (/0), Gomphales (/7), Corticiales
(12), Filobasidiales (/3), Tremellales (/4), and to two classes
Chytridiomycota (/5), and Zygomycota (/6). For each MOTU,
the proportions of sequences from each land-use type (HI, red; LI,
yellow; Z1, green) are shown in pie charts. Accession numbers of
sequences obtained in the present study are shown in Online Resource
2. Bootstrap values (based on 1,000 replicates) are shown at the nodes.
The scale bar indicates substitutions per site

14) and Sclerocystis sp. (4) were found in LI. As shown by
relative abundance (Figs. S3 and S4; Online Resource 11),
Glo2 AMASS (3) was statistically more abundant in the
soil of HI (17.0 %) than in that of LI (3.2 %), as was
Sclerol AMASS (HI=41.1 % and LI=29.2 %). In the
root matrix, Glol.b_ AMASS (2) was more abundant in LI
(52.0 %) than in ZI (6.0 %). With regard to the matrix, we
observed only in HI significantly higher values (P<0.05) of
the AMF richness and diversity in the soil compared to the
roots (Online Resource 9).

Effect of land-use intensification and soil chemical
properties on the community composition of total soil
fungi

Partial RDA showed that land-use intensity affected the com-

position of total soil fungal communities (P=0.02; Fig. 4a).
The first two axes explained 37.6 % of total variance. The
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Fig. 2 Soil fungal community diversity shown as relative abundances of
16 molecular operational taxonomic units (MOTUs) retrieved in the soil
under three levels of intensification of land use: high intensity (HI; maize

Monte Carlo permutation test highlighted that the soil
fungal community under ZI was significantly different
from those under other land uses. Cortica AMASS (12)
(Basidiomycota), Xyla AMASS (4), and Eurotia. AMASS
(6) (Ascomycota) showed preferential presence in ZI, while
Unc Zygo AMASS (Zygomycota) and Gompha AMASS
(11) and Tremella AMASS (14) showed preferential presence
in LI and in HI, respectively. Partial RDA based on soil chem-
ical properties showed that they explained 44.4 % (axes I and
IT) of total variance (Fig. 4c). Bas Sat and ExchCa were
significant soil chemical drivers in the total fungal com-
munity (bold arrows, Fig. 4c). Variation partitioning de-
termined that with Bas Sat, most of the contribution
was shared with land-use intensification, while with
ExchCa, the contribution of land-use intensification alone
was greatest (Table 1).

Effect of land-use intensification and soil chemical
properties on the community composition of AMF

Partial RDA showed that land-use intensity affected compo-
sition of soil AMF communities (P=0.02; Fig. 4b). The first
two axes explained 49.5 % of total variance. The Monte Carlo
permutation test highlighted that the soil AMF community
under ZI was significantly different from those under other
land uses. Regarding roots, pCCA highlighted that intensifi-
cation significantly affected the composition of AMF commu-
nity (P=0.002). The first two axes explained 46.1 % of total
variance (Fig. 5a). Each land-use type had a different AMF
community composition (Monte Carlo permutation test, P=
0.002). The arrows in the biplot (Fig. 4b; Fig. 5a) confirmed
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B Eurotiomycetes

B Sordariomycetes

monoculture), low intensity (LI; extensive grassland), and zero intensity
(Z1; agricultural soil left abandoned). Relative abundances were
calculated for a fungi, b Ascomycota, and ¢ Basidiomycota

that the AMF community composition was driven by the
MOTUs retrieved exclusively in each land use. Regarding
the effect of the matrix, pCCA showed that the AMF commu-
nity composition in roots was significantly different from that
observed in soil (P=0.002). The first two axes accounted for
42.1 % of the total variance (Fig. 5b). Partial RDA showed
that soil chemical properties explained 58.6 % (axes I and II)
of'total variance of the AMF composition observed in the soil
(Fig. 4d), whereas no effect was observed in the roots. Bas Sat
was the only soil chemical parameter that significantly shaped
soil AMF composition (Monte Carlo permutational test and
stepwise selection, P=0.006). Variation partitioning deter-
mined that most of the contribution was shared between
land-use intensification and Bas Sat (Table 1). In addition,
CoCA did not detect any relation between the AMF compo-
sitions in soil and roots (P=0.758).

Discussion

Despite the primary role of peatlands as a major sink of C and
the role of fungi in such habitats as principal microbial decom-
posers, we still know little about the community composition
of fungi in peatlands, above all, in Mediterranean peaty soils
drained for agricultural purposes. In this study, we provided
for the first time insights into the contribution of land-use
intensification and soil properties in shaping the composition
of soil fungal communities in Mediterranean agricultural
peaty soils. A continuous maize cropping system was com-
pared to an extensive grassland and an agricultural soil left
abandoned for 15 years. Multivariate analyses show that (i)
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Fig. 3 Neighbor-joining (NJ) tree of arbuscular mycorrhizal fungal
(AMF) sequences derived from roots and soil under three levels of
intensification of land use: high intensity (HI; maize monoculture), low
intensity (LI; extensive grassland), and zero intensity (ZI; agricultural soil
left abandoned). NJ is based on SSU rRNA gene sequences (SSU=
550 bp; NS31/AMI1 fragment) and involved 339 sequences (139 newly
detected nucleotide sequences, 160 sequences retrieved from Pellegrino
et al. 2014, 27 from the reference dataset, and 12 from GenBank). In
detail, HI and ZI sequences are those from Pellegrino et al. (2014). The
tree is rooted with Corallochytrium limacisporum. In the collapsed NJ
tree, black triangles represent the 17 AMF molecular operational

459  land-use intensification shapes the composition of the total
460  soil fungal community and AMF in soil and roots, (ii) base
461  saturation and exchangeable calcium in the soil are the signif-
462  icant chemical drivers of the composition of the total fungal
463  community, (iii) base saturation is the only chemical parame-
464  ter that significantly shapes the soil AMF community, and (iv)
465  no soil properties affect the AMF that inhabit roots.

limacisporum 142528

taxonomic units (MOTUs) retrieved in the study. The sequences
obtained were affiliated with Funneliformis sp. (12 and 13),
Rhizophagus sp. (5, 6, and 7), Sclerocystis sp. (4), Scutellospora sp.
(15), Glomus spp. (1, 2, 3, 8, 9, 10, 11, and /4) and uncultured
Glomeromycota (/6 and /7). For each MOTU, the proportions of
sequences from each land-use type (HI, red; LI, yellow; ZI, green) and
matrix (soil: left column; roots: right column) are shown in pie charts.
Accession numbers of sequences obtained in the present study are shown
in Online Resource 6. Bootstrap values (based on 1,000 replicates) are
shown at the nodes. The scale bar indicates substitutions per site

Effect of land-use intensification and soil properties
on phylogenetic diversity and abundance of total soil fungi

Although many studies have thoroughly investigated soil fun-
gal diversity in different natural habitats (e.g., Anderson and
Cairney 2004; Buee et al. 2009), our study was enhanced by
the awareness that their diversity had been studied less in
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Fig. 4 Partial redundancy analysis (pRDA) biplots based on relative
abundances of molecular operational taxonomic units (MOTUs) of a
total soil fungi and b arbuscular mycorrhizal fungi (AMF), used as
response variables, and three levels of intensification of land use, used
as environmental variables. Land-use types were high intensity (HI;
maize monoculture), low intensity (LI; extensive grassland), and zero
intensity (ZI; agricultural soil left abandoned). The sum of the variance
explained by 1st and 2nd axes accounted for 37.6 and 49.5 % of the total
variance for (a) and (b), respectively. The Monte Carlo permutational
tests showed that AMF and total fungal assemblages were significantly
different between the soil under ZI compared to soils under Hl and LI (P=
0.02). pRDA biplots at the bottom show the influence of soil chemical
properties (used as explanatory variables) on the relative abundances of

agricultural soils (Stromberger 2005; Lynch and Thorn 2006),
especially peaty soils (Artz et al. 2007; Tavi et al. 2010). In
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MOTUs of ¢ total soil fungi and d AMF (used as response variables). The
sum of the variance explained by 1st and 2nd axes accounted for 44.4 and
58.6 % of the total variance for (¢) and (d), respectively. Red arrows in
bold show the significant soil chemical parameters selected after the
Monte Carlo permutational test and stepwise selection (P<0.01).
Significant soil chemical drivers were base saturation (Bas Sat) and
exchangeable calcium (ExchCa) in the total fungal community and Bas
Sat in the AMF community. Spatial coordinates of the plots (latitude/
longitude) were used as covariables.The affiliation of the MOTUs
shown in the biplots are listed in Online Resources 3 and 7. Relative
abundances of AMF from HI and ZI land-use types are from Pellegrino
etal. (2014)

agreement with previous peatland studies (Thormann 2006;
Artz et al. 2007), we found an abundance of Ascomycota
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Fig.5 Partial canonical correspondence analysis (p)CCA) biplot based on
relative abundances of molecular operational taxonomic units (MOTUs)
of arbuscular mycorrhizal fungi (AMF) retrieved in roots used as
response variables and three levels of intensification of land use used as
environmental variables (a). Land-use types were high intensity (HI;
maize monoculture), low intensity (LI; extensive grassland), and zero
intensity (ZI; agricultural soil left abandoned). Spatial coordinates of the
plots (latitude/longitude) were used as covariables. The 1st and 2nd axes
accounted for 46.1 % of the total variance. The Monte Carlo
permutational tests showed that AMF assemblages were significantly

regardless of agricultural intensification. Similar dominance
was also reported in arable soils, grasslands, and woodlands
with high soil N mineral concentration and a C:N ratio (8—12)
characteristic of well-humified organic matter (Lauber et al.
2008; Orgiazzi et al. 2012). Accordingly, Allison et al. (2007)
and Nemergut et al. (2008) reported that N mineral fertiliza-
tion significantly increased the abundance of Ascomycota
compared to Basidiomycota.

Chytridiomycota were absent in the abandoned soils (ZI),
whereas they were highly prevalent in the maize monoculture
(HI). Our results are consistent with the description of
lower abundance of Chytridiomycota by Lienhard
et al. (2014) under no-till system as compared to con-
ventional tillage, according to the ability of this phylum
to have resistant structures that permit survival through
periodic drying and high summer temperatures typically
occurring under tilled soils (Gleason et al. 2004).
Similarly, Artz et al. (2007) detected no Chytridiomycota se-
quences in peatlands abandoned for more than 5 years, where-
as Kuramae et al. (2013) observed Chytridiomycota in buried
maize leaves. Therefore, our data support the hypothesis that
this phylum contributes to the decomposition of crop residues
with a high C:N ratio. Zygomycota were detected in all land

different among all three land-use types (P<0.05). pCCA biplot based
on the relative abundances of the MOTUs of AMF retrieved in soil and
roots of all treatments used as response variables, and the matrixes, soil,
and roots used as environmental variables (b). Land-use intensities (HI,
LI, and ZI) were used as covariables. The 1st and 2nd axes accounted for
42.1 % of the total variance. The Monte Carlo permutational tests showed
that AMF assemblages were significantly different between the two
matrixes (P<0.002). Relative abundances from HI and ZI land-use
types are from Pellegrino et al. (2014)

uses, which confirms their common occurrence in peaty soils
(Thormann 2006).

Within Ascomycota, the dominance of Sordariomycetes
and Leotiomycetes in HI (more than 70 % of sequences) is
consistent with previous data on arable soils (Lauber et al.
2008; Klaubauf et al. 2010). In contrast, Dothideomycetes,
largely observed in cultivated soils (Lauber et al. 2008), were
found in grasslands (LI) but not in HI. Interestingly,
Eurotiomycetes, a taxon associated with cellulose decompo-
sition (Schneider et al. 2012), were more abundant in ZI than
in the more intensively managed land uses.

Regarding Basidiomycota, in agreement with Lauber et al.
(2008), Agaricomycetes abundance was higher in ZI than
in HI and LI due to the abundance of Cortica AMASS.
Corticiales are usually observed in forest soils as decomposers
of dead woody substrates (i.e., saprotrophs; Allison et al.
2007). The mycoparasites Tremellales were mostly found in
HI, according to Kuramae et al. (2013) who found this taxon
as one of the groups involved in litter decomposition of maize
leaves.

Total soil fungal diversity was not significantly depleted by
land-use intensification, as indicated by MOTU richness and
H' index values, which fell into ranges similar to those in
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previous work (Lauber et al. 2008; Klaubauf et al. 2010). In
the less intensively managed areas, the higher values of the
Piclou evenness index (J) showed that the MOTUs of the total
soil fungi are more uniformly distributed respect to those in
HL

Effect of land-use intensification and soil properties
on phylogenetic diversity and abundance of AMF

Root and soil MOTU richness, H’, and J' were similar to
values observed previously (Helgason et al. 1998; Franke-
Snyder et al. 2001; Pellegrino et al. 2011) but lower than those
reported by others (Jansa et al. 2002; Oehl et al. 2010). These
inconsistencies might be due to differences in pedo-climatic
conditions or in detection methodology. Our results showed
that AMF diversity in roots was lower than that in soil
(Table S6) and that land-use intensification did not modify
the diversity and richness of AMF, but greatly altered their
compositions. This is consistent with findings of other authors
(Jansa et al. 2002; Pellegrino et al. 2011, 2014; Moora et al.
2014).

The study of a wider range of land-use intensifications,
with respect to Pellegrino et al. (2014), strengthened the fact
that AMF richness in roots and in soil is not depleted by
agricultural intensification (Daniell et al. 2001; Johnson
et al. 2004; Hijri et al. 2006). Focusing on the differences
between soil and root, the significantly higher values of
AMF MOTU richness and diversity already observed by
Pellegrino et al. (2014) in soil under HI compared to roots
was not more detected in the lower intensive land uses.

Glomeraceae was the family found in soil and roots
regardless of land-use intensification, whereas Gigasporaceae
was only found in roots of ZI. These data are in agreement
with previous findings showing that the propagation of
Gigasporaceae is negatively affected by the soil tillage disrup-
tion of extra radical mycelium (Helgason et al. 1998; Jansa
et al. 2002).

Effect of land-use intensification and soil properties
on the community composition of total soil fungi and AMF

Our study showed that land-use intensification shaped the
composition of community of both total fungi and AMF in
the soil. Specifically, both fungal community compositions in
Z1 were different from those in the more intensively managed
systems. This agrees well with previous findings, which indi-
cate that undisturbed habitats are highly distinct from anthro-
pogenic areas regardless of the type of disturbance (Lauber
et al. 2008; Lumini et al. 2010; Orgiazzi et al. 2012). In con-
trast, AMF root communities also differed between HI and LI,
which were characterized by mowing and vegetation removal.
Thus, AMF-inhabiting roots are greatly influenced by both the
aboveground composition of the plant species and the type of
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disturbance. Tillage and fertilization, as well as the removal of
aboveground biomass, whether by grazing or mowing, have
already been shown to greatly affect these symbionts in the
roots (Titus and Leps 2000; Barto and Rillig 2010).

Bas Sat was found to be a significant driver in shaping
fungal community composition, which is in agreement with
previous studies (Da Silva et al. 2014; Jansa et al. 2014).
Similar to observations by Grayston et al. (2004), we found
that ExchCa was an additional driver of the composition of the
total soil fungal community that may affect microbes through
changes in pH and influences on soil aggregation (Muneer and
Oades 1989). It is notable that soil pH had no effect on struc-
turing either of the two fungal communities. These findings
support that total soil fungal abundance and diversity are un-
affected by soil pH (Rousk et al. 2010), whereas recent obser-
vations (Da Silva et al. 2014) do not confirm pH as a major
driver of soil AMF composition (Jansa et al. 2014).

On the basis of the variation partitioning results, which
highlight a large overlap between land-use intensification
and Bas Sat, we assert that these drivers are well-correlated
and commonly shape soil fungal community composition.
Since land-use intensification had a large individual effect
and did not overlap with ExchCa, we argue that intensification
drives the composition of total soil fungi without correlating
with ExchCa.

Overall, our results demonstrated that land-use intensifica-
tion significantly shaped the community composition of soil
fungi in Mediterranean peaty soils, although it did not modify
their diversity and richness. We quantified the role of soil
properties by highlighting the significant and synergistic effect
of base saturation with land-use intensification.
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