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This work pictures the biodiversity of fungal consortia inhabiting real agroecosystems, sampled in one
production farm in two seasons (spring, autumn), coinciding with climate gradients and key moments of
the agricultural cycle. Soil was sampled from three plots differently managed in terms of fertilization,
pesticide and tillage application: conventional, organic, no-tillage. Metagenomic analyses on ITS1
amplicons depicted the highest indexes of richness for organic. No-tillage resulted in inhabitation by the
most divergent communities, with their own composition, prevalence and seasonal trends. Ascomycota
always predominated, with the exception of conventional, that had high abundance of a single basidiomycete species. Our results showed evidence that agricultural soils under organic and no-tillage systems harbour distinct mycobiota, even in neighbouring ﬁelds. From our results, fungal consortia altered
even in the ﬁrst year after the management change.
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1. Introduction
Fungal communities (mycobiota) fulﬁl major ecological functions in many environments, among which are soils. Here, they
seem to dominate the microbial biomass (Joergensen and Wichern,
2008) and participate in nutrient cycling, including natural carbon,
nitrogen and phosphorus cycles (Christensen, 2013). Fungi are also
involved in a range of other processes, integral for the ecological
functioning of all soils: decomposition of organic matter, soil stabilization, plant productivity and protection against pathogens, and
composition of the plant community (van der Heijden et al., 2008).
Clearly they contribute to soil fertility and quality, and with
* Corresponding author. Department of Earth and Environmental Sciences, University of Pavia, Via Taramelli 24, 27100, Pavia, Italy.
E-mail address: enrica.capelli@unipv.it (E. Capelli).
http://dx.doi.org/10.1016/j.funeco.2017.07.005
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resident bacterial communities, are considered crucial bioindicators (Schloter et al., 2003; Sharma et al., 2010).
The impact of soil bacteria and fungi is so deep that the ambitious Earth Microbiome Project has been launched, aiming to
analyse 200,000 soil samples and construct a Gene Atlas of uncultured microbial diversity for all biomes on Earth (Gilbert et al.,
2014). Also, the International Decade of Soils was launched in
2015 by the International Union of Soils Sciences, for addressing the
complex relations between the exacerbated exploitation of soils
and many compelling health, environmental and social issues (iuss.
org).
These concepts apply a fortiori to agroecosystems. A solid understanding of microbiota and mycobiota dynamics and diversity is
of pivotal importance in agroecosystems, together with a clear
elucidation of its responses to natural ﬂuctuations and
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management decisions. Management considerations include the
diverging possibilities offered by conventional fertilization and
pesticide application vs. low-input organic farming, or conventional tillage vs. low-disturbance no-tillage practices. The large
increase in agricultural productivity has led to ecosystem and soil
degradation, accumulation of pesticides, diminished availability
and quality of water (Alvarez et al., 1995; Tilman et al., 2002; Foley
et al., 2005), and is perceived as a main threat for global biodiversity
(Convention on Biological Diversity, 2010). Another important
point is that a deep understanding of soil bacterial and fungal
communities constitutes the premise for managing them in terms
of presence of beneﬁcial species and absence of detrimental ones
(Chaparro et al., 2012), and for understanding processes that affect
fertility (Carbonetto et al., 2014).
The effects of farming management on soil mycobiota and
microbiota are complex and appear variable (Bunemann et al.,
2006; Carbonetto et al., 2014). It is usually reported that organic
farming favours an higher abundance and diversity of macrobiota,
but data on microbial communities, especially on fungi, are less
complete (Postma-Blaauw et al., 2010) and often do not refer to
‘real’ ﬁelds under production. The adoption of limited tillage systems, less disturbing for soils, is known to augment soil organic
matter, water content, and crop yields (Alvarez and Steinback,
2009), but again effects on mycobiota are still scarcely understood.
This work aims at picturing a broad spectrum of the biodiversity
of fungal communities inhabiting different agroecosystems located
in the same production farm. To our knowledge, this has been done
only a few times so far, in completely different agricultural realities
and with other experimental approaches (see for example
Moeskops et al., 2010). The farm sampled in our study produces
crops and is located in the Padan Plain area (Pavia province, Lombardy, Italy), one of the main European agricultural sites. The
sampled plots are subjected to differential management practices
that are applied in parallel in an effort to ﬁnd which one better
combines productivity, environmental sustainability and the
addition of minor amounts of additives. These management protocols differ for the use of fertilization, pesticides and tillage. A
second important objective of this work is to describe the inﬂuence
of seasonality (e.g., climate ﬂuctuations, but also seasonal agricultural treatments in key moments of the production cycle) on the
structure of the mycobiota. These goals will be reached by high
throughput deep sequencing using an Illumina MiSeq-based
amplicon sequencing of the ribosomal internal transcribed
spacer-1 (ITS1) region.
2. Methods
2.1. Management protocols applied to the plots: fertilization,
pesticide application and tillage
Samples were collected from three ﬁelds belonging to the production farm ‘La Calvenzana’ (Rivanazzano Terme, Pavia, Italy). The
ﬁrst one, ‘Pomocotogno’, spans 5 hectares (ha) and will be hereafter
referred to as ‘conv’ because it receives fertilizer and plant protection schemes based on conventional, high-throughput systems.
Nitrogen fertilizer (urea, 58 kg ha1) is applied once a year (normally around mid-April) and plant protection is achieved using
herbicides (3 treatments per year) employing the recommendations and thresholds of the EU Regulation (EC) No 1107/2009.
Conventional tillage is applied. During recent years, this ﬁeld has
had a rotation of annual crops, with chickpea (harvested in 2015)
and grain sorghum (harvested in 2016) most recently.
The ‘Vallone 2’ plot, spanning 4 ha, has been managed since
2010 following the EU Council Regulation No 834/2007 on organic
agriculture. After the prescribed 5-year cultivation of alfalfa to

enrich soil especially for nitrogen, this ﬁeld (hereafter ‘org’) yielded
its ﬁrst certiﬁed organic production (barley, variety ‘bio arda’) in
2016. Plant protection is achieved here by using mechanical strategies. Conventional tillage is applied and no additional fertilization
is given.
The ‘Valloncino 3’ plot (3 ha) has been subjected to conservational no-tillage (or sod-seeding) practices i.e., minimum soil
disturbance combined with rotations, since 2015. It will be referred
to as ‘sod’. This plot receives two herbicide treatments per year and
nitrogen fertilizer (58 kg ha1) as speciﬁed above for conv. The last
crop rotation before sampling was sorghum-barley (Manara
variety).
2.2. Sample collection
Soils were sampled during autumn (A, end of November 2015)
and spring (S, end of April 2016). Three soil samples were collected
from each plot to trace a triangle, with vertices placed as far apart as
possible, but at least 10 m away from ﬁeld edges. Soil samples
(500 g each) were aseptically taken at 3 cm depth with a sterile
spoon, after removal of vegetation cover, stones and other debris,
and put in sterile polyethylene bags. Samples were returned to the
laboratory in coolers and were kept at 20  C (for the metagenomic
analyses) or þ4  C (for the other analyses) for 24e48 h before
processing. For metagenomics, samples referring to each plot were
pooled before freezing.
2.3. Soil chemical analyses
Chemical properties of soils were determined by Minoprio
Analisi e Certiﬁcazioni, Como, Italy, according to the Italian standard protocols (DM 13/09/99). The following parameters were
evaluated: pH, organic matter, total nitrogen (NTOT), organic carbon
(CORG), C/N ratio, plant-available phosphorous (P), calcium (Ca),
magnesium (Mg), potassium (K), soil composition in sand, silt, clay
and soil texture.
2.4. DNA extraction, ITS1 ampliﬁcation and Illumina sequencing
Total DNA was extracted from 350 mg of ‘A’ (autumn) and ‘S’
(spring) samplings of conv, org and sod plots, using the NucleoSpin
Soil kit (Macherey-Nagel, Düren, Germany) following the manufacturer's speciﬁcations. The extraction buffer SL1 was used, supplemented with 70 ml of SX enhancer. DNA was then quantiﬁed on a
Qubit ﬂuorometer (ThermoFisher Scientiﬁc, Waltham, MA). For
amplicon production, the ribosomal ITS1 region was targeted, by
using primers BITS and B58S3 (Bokulich and Mills, 2013) linked to
Illumina adapters. PCR was performed in a 50 ml volume containing
5e10 ng template DNA, 1x HiFi HotStart ReadyMix (Kapa Biosystems, Wilmington, MA), 0.5 mM of each primer. The cycling
program, performed on a MJ Mini thermal cycler (Promega corp.,
Madison, WI), included an initial denaturation (95  C for 3 min),
followed by 25 cycles at 94  C for 30 s, 55 or 60  C for 30s, 72  C for
30 s, and ﬁnal extension (72  C for 5 min). Amplicons obtained
using the two annealing temperatures were pooled as suggested by
Schmidt et al. (2013). Clean-up of amplicons was performed using
Agencourt AMPure XP SPRI magnetic beads (ThermoFisher Scientiﬁc). Illumina sequencing libraries were ﬁnally constructed
through the link of indexes (Nextera XT Index Kit, Illumina, San
Diego, CA), quantiﬁed using a Qubit 2.0 Fluorometer (ThermoFisher
Scientiﬁc), normalized and pooled. Libraries were subjected to
paired-end sequencing (2  250 bp, nano format) on an Illumina
MiSeq sequencer at BMR Genomics (Padova, Italy).
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2.5. Data analysis: deﬁnition of operational taxonomic units (OTUs)
and community analyses
Data analysis was performed using the pipeline PIPITS (Gweon
et al., 2015). In brief: raw data were demultiplexed based on the
unique barcode assigned to each sample. Barcodes and primers
were then trimmed off. Sequencing quality ﬁlters were applied,
including a minimum length threshold (100 bp) and removal of
singletons. High-quality reads were then clustered into operational
taxonomic units (OTUs) at 97% similarity using VSEARCH (Rognes
et al., 2016) and chimeras excluded using UCHIME (Edgar et al.,
2011). OTUs were ﬁnally annotated using the UNITE fungal ITS
reference data set within RDP classiﬁer (http://rdp.cme.msu.edu)
and the Worcup ITS reference as training dataset.
Species assignation on selected OTUs was manually resolved
through BLAST searching against mycobank (mycobank.org), RDP
(https://rdp.cme.msu.edu/) and using the specialized fungal pages
within GenBank. Relative abundances of microbial taxa in each
sample were calculated and compared.
The richness of each sample (a-diversity) was assessed by
computing Chao 1, Abundance Coverage Estimator (ACE) and
Shannon indexes at the taxonomic rank of orders, using the R library Vegan (Oksanen et al., 2017). Diversity in composition among
samples (b-diversity) was compared, always considering orders,
through: (i) bootstrap-based clustering analysis, using the R function pvclust (Suzuki and Shimodaira, 2006); (ii) double clustering
analysis, through the R function heatmap.2 of the R library Gplots
(Warnes et al., 2016), setting the pvclust output as sample
dendrogram; (iii) Principal Coordinates Analysis (PCoA) analysis
based on Bray-Curtis dissimilarity matrix, performed using the R
library Vegan (Oksanen et al., 2017).
3. Results
3.1. Structure of fungal communities over seasons and in relation to
different agricultural land use and to soil chemical properties
The mycobiota was evaluated through ITS1 deep sequencing,

3

Table 1
Biodiversity and richness estimators calculated at the taxonomy rank of orders.
Number of observed orders (N), Shannon's index of biodiversity (Shannon), Chao 1
richness estimator (Chao1) and associated standard error (SE.Chao1), Abundance
Coverage Estimator (ACE) and corresponding standard error (SE.ACE).

convA
convS
orgA
orgS
sodA
sodS

N

Shannon

Chao1

SE.Chao1

ACE

SE.ACE

22
27
27
26
18
26

2.22
2.05
2.21
2.02
2.04
2.23

23.5
27
27.2
26
19.5
36

2.22
0.12
0.61
0
2.57
10.34

28.88
27.35
28.38
26
20.41
31.95

2.55
2.51
2.38
2.48
1.88
2.30

that produced a total of 792,174 raw reads on the Illumina MiSeq
platform; of these, 753,419 passed quality ﬁltering. After removing
redundant sequences, 27,161 were recognized and extracted as ITS1
by the ITSx software against the UNITE ITS reference dataset. The
97% similarity level was ﬁnally established for the operational
taxonomic units (OTU): PIPITS wrapper (Gweon et al., 2015), after
removing chimeras, returned 1194 OTUs. The amount of unassigned and unidentiﬁed OTUs was within a range of 35%e70%, with
the lowest values in the conv treatment and the highest for sod.
Diversity and richness indexes, investigated at the taxonomic
level of orders, depicted a quite homogeneous situation among the
different soils and seasons, especially with respect to the Shannon
diversity estimator (Table 1). SodA was the sample characterized by
the lowest number of observed orders and Chao1 estimated richness. Conversely, the org couple resulted, on the whole, the richest.
Next, samples were compared and clustered with respect to
their composition in fungal orders. From the bootstrap-based
clustering analysis (Fig. 1A), it clearly emerged that samples were
divided into two macro-clusters. The ﬁrst one included the sod
couple, supported by a highly signiﬁcant bootstrap value (>95%).
The second cluster covered the remaining samples. The convS soil
was intermediate between the sod couple and the other three
samples (the org couple and convA), that clustered together more
closely. Clustering was mainly dictated by the differential abundance of a limited number of fungal orders: Pleosporales, Hypocreales, Agaricales, Xylariales, Eurotiales, Helotiales, Capnodiales,

Fig. 1. Clustering of samples with respect to their composition in fungal orders. A. Bootstrap-based clustering analysis. B. Heatmap analysis based on the Euclidean distance of
orders and on the dendrogram produced by the clustering analysis. ‘conv’¼ conventional management; ‘org’ ¼ organic; ‘sod’¼ sod-seeding (no-tillage). ‘A’¼ autumn; ‘S’ ¼ spring,
AU: approximately unbiased; BP: bootstrap probability.
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Mortierellales, Tremellales, Sordariales. Important peaks corresponded to Pleosporales in sodA, Hypocreales in orgS, and Agaricales in convS (Fig. 1B). The Bray-Curtis dissimilarity index, and
associated Principal Component Analysis (PcoA), conﬁrmed the
general picture outlined above with respect to between-soil distances and clustering (Fig. 2A and B).
Soil chemistry, though relatively homogeneous among plots,
showed the most pronounced differences between the sod plot and
the conv/org couple (Table 2).
3.2. Taxonomic picture of fungal communities
Taxonomy was assigned to the 1194 OTUs returned by PIPITS
and sequences attributed to six fungal phyla. Ascomycota was
generally the dominant phylum, with a range between 27.7%
(convS) and 59.8 (sodS) and comparable abundances in spring (S)
and autumn (A) samples. convS constituted a notable exception,
with a strong prevalence of Basidiomycota, accounting for 45.7% of
fungal diversity, vs. 31% of the companion convA sample. By comparison, Basidiomycota made up 6.9e9.2% of sod (S and A respectively) and 14.2e14.3% of org (S and A). Zygomycota was also wellrepresented with around 9% in the two conv samples, 12.5e18.5% in
org (A and S respectively), and 4.6e10.2% in sod (A and S). Phyla
with abundances <1%, include Chytridiomycota (exclusively in the
org couple), Glomeromycota (in conv and org samples) and
Rozellomycota (org and sod).
Among Ascomycota, Sordariomycetes were the most abundant
class, especially in org (33% orgS). The Ascomycota class Dothideomycetes was particularly abundant in the sod system, especially

in autumn, with about 20% prevalence (vs. 1.8e9% in the other
samples). The most abundant Basidiomycota class was Agaricomycetes, reaching 40% in convS, the sample characterized a high
abundance of Basidiomycota.
At the rank of orders, the most represented Sordariomycetes
were Hypocreales (especially for org, with a peak of 21% in spring)
and Pleosporales (around 5% in conv, 8e15% in orgA and -S, 4e8% in
sodA and -S). With regard to Basidiomycota, the order Agaricales
dominated in convS (37.2%) with less in other soils (17% in convA,
6.6% in orgA and around 1e2% in the others). For Zygomycota, the
order Mortierellales accounted for about 9% of fungal diversity in
the conv couple, 18% in orgS and 4e10% in the remaining samples.
At the taxonomic level of families, Psathyrellaceae (Basodiomycota: Agaricomycetes) were especially abundant in conv soils
(Fig. 3): 37% in convS and 16% in convA, trough only 5% in orgA vs.
0.5% in orgS, and 0.3% in the sod system. Another well-represented
family was Mortierellaceae (Zygomycota), with abundances around
10% in conv and org, almost equally distributed among seasons, and
less represented (around 4%) in sod. In Ascomycota, Nectriaceae
constituted around 2e4% of all samples, without any clear seasonal
trends. In contrast, a seasonal gradient characterized another Sordariomycete family, Hypocreaceae in org soil (9% in orgS but only
1.9 in orgA). There was also a marked seasonal trend in the Sordariomycete family Lasiosphaeriaceae, with peaks in autumn for all
soils. The opposite pattern was observed in Mycosphaerellaceae
(class: Dothideomycetes) and Helotiaceae (class: Leotiomycetes)
with peaks in spring for conv and sod systems.
At the genus level, Psathyrella predominated in convS (36%),
together with Cryptococcus, to a lesser extent, though it was

Fig. 2. Bray-Curtis metrics calculated for the taxonomic rank of orders. A. Dissimilarity index among samples B. PcoA of mycobiomes of conv, org and sod. Standard error ellipses
show 95% conﬁdence areas.

Table 2
Chemical properties of soils. Abbreviations: NTOT: total nitrogen; CORG: organic carbon, meq/100 g: milliequivalents in 100 g.

conv
org
sod

pH

Organic matter
(g/kg)

NTOT
(g/kg)

CORG
(g/kg)

C/N ratio

P
(mg/kg)

Ca
(meq/100 g)

Mg
(meq/100 g)

K
(meq/100 g)

Sand
(g/kg)

Silt
(g/kg)

Clay
(g/kg)

Texture

7.76
8.67
8.53

17
19
13

1.3
1.4
1

10
11
8

7.7
7.9
8

63
23
57

21.99
23.45
19.43

2.57
1.44
1.23

0.41
0.38
0.39

128
188
188

455
525
515

417
287
297

Clayish-loamy
loamy
loamy
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Fig. 3. Structure of soil mycobiota in different agroecosystems, across seasons. The histogram shows the relative distribution of the most abundant families.

virtually absent from all other samples (Fig. 4). Coprinellus, also in
Psathyrellaceae, accounted for 16% of the OTUs in convA, 4% in orgA
but was nearly absent from other samples. Cryptococcus (Basidiomycota: Tremellomycetes), a polyphyletic genus now largely
reclassiﬁed as better speciﬁed below for the species level,
accounted for 10% in convS, but only 4e6% in the other samples,
without a clear seasonal trend. In Zygomycota, Mortierella had an
abundance of 7e10% in conv and org, 3e4% in sod and no clear
seasonal trends. In Ascomycota, Acremonium (Sordariomycetes)
reached similar abundances (around 9.5%) in orgS and orgA, while
in the other soil systems it was generally more prevalent in autumn.
Mycosphaerella was retrieved uniquely in sodS (2.8%), while
Aspergillus was most abundant (1.3%) in orgS.
In general, from the community analyses and taxonomic picture
presented above, the sod system was the most different: its taxonomic picture appeared peculiar and tended to have different
species composition, abundances and seasonal trends from other
systems. Among the other samples, convS stood out due to its high
Basidiomycota content, almost exclusively ascribable to the Psathyrella genus.

3.3. Species composition
A ﬁner, manual, bioinformatic analysis of the most abundant
OTUs (i.e., representing >1% of total diversity in at least one sample)
allowed resolution to species level (Table 3). OTUs 100% homologous to Psathyrella pseudogracilis had 35% prevalence in convS. Two
different Basidiomycota OTUs strictly related to Coprinellus verrucispermus together had 16% abundance in convA. Overall, in the
conv system, these two species showed opposite seasonal trends.
C. verrucispermus showed similar trends, though lower abundance,
in org. Two species of Cryptococcus were recognized: Cryptococcus
stepposus (current name: Filobasidium stepposum, Family Filobasidiaceae) and Cryptococcus aerius (currently reassigned as Solicoccozyma aeria, Family Piskurozymaceae), the former only in the

conv soils, the latter in all samples, with highest prevalences and
autumn peaks in org and conv. The Zygomycota Mortierella genus
resolved in several species, the most represented of which were
Mortierella elongata, especially in conv soils, and Mortierella alpina,
in org. Several species of Ascomycota, were particularly abundant in
sod soils, e.g., Alternaria alternata, Leptosphaerulina chartarum,
Cladosporium herbarum. The Sordariomycetes genus Fusarium
contained various species, including ubiquitous species (e.g.,
Fusarium oxysporum) and others that were mostly restricted to a
speciﬁc agricultural management (e.g., Fusarium incarnatum-equiseti species complex in sod). Similarly, Chaetomium globosum was
strongly linked to the autumn sampling in the organic soil. Other
Ascomycota identiﬁable to the species level were particularly
abundant in the sod-seeding plot: Aspergillus heyangensis (Eurotiomycetes), Idriella lunata (Leotiomycetes), and Tetracladium setigerum (Leotiomycetes), all with strong seasonal speciﬁcity.

4. Discussion
Our work evidences a response of microbial communities to
different agricultural management practices, as also seen in other
studies (van der Heijden and Hartmann, 2016 for a review). Also,
our work considers organic and no-tillage plots that have been
recently changed from conventional management, allowing us to
highlight fungal diversity at early phases. This complements previous studies on long-established agroecosystems and ﬁeld experiments (e.g., Klaubauf et al., 2010; Carbonetto et al., 2014;
Hartmann et al., 2015).
In agreement with published data, we found that the plot conducted under organic agriculture had the highest ecological indexes of richness and the highest observed number of fungal orders
(Hartmann et al., 2015). The same has been extensively reported for
the better-characterized bacterial communities (Sugiyama et al.,
2010; Chaundry et al., 2012; Hartmann et al., 2015). The differences in ecological estimators under recently altered management
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Fig. 4. Structure of soil mycobiota in different agroecosystems, across seasons. The histogram shows the relative distribution of the most abundant fungal genera.

were not dramatic, but it is likely that they will alter further with
time. Indeed, for bacteria under organic farming, indexes of a-diversity increase after the ﬁrst few years, but then tend to decrease
in the long term (van Diepeningen et al., 2006).
Clustering analysis of mycobiota composition revealed a situation where the two most divergent consortia, with a signiﬁcant
statistical support, were those inhabiting the conservational notillage (sod) plots. The same pattern also emerged from PcoA
analysis on Bray-Curtis dissimilarity index. On one hand, these
ﬁndings could be at least in part related to the soil chemical
properties: even in a rather homogeneous context, sod seems to
slightly diverge from conv and org in relation to the organic matter
and the NTOT. On the other hand, these observations conﬁrm previous data on bacterial communities (Carbonetto et al., 2014),
indicating that tillage is a main agent of soil disturbance (Langdale
et al., 1992). Finally, another difference emerges when looking at
the seasonal responses of fungal communities observed in conv and
org soils: they are less pronounced in sod, which often displays
unique seasonal trends.
As in all other studies (e.g., Klaubauf et al., 2010; Urbina et al.,
2016; Xu et al., 2016), Ascomycota were the predominant fungal
phylum in soil, representing around 50% of fungal OTUs in org and
nearly 60% in sod. Peculiarly, we observed only a few Glomeromycota, even in the organic management, where they would be
expected to be higher (see Oehl et al., 2004). This may be due to a
limited coverage and biases exerted by the primers, as reported by
other authors (Kohout et al., 2014; Hartmann et al., 2015).
On the whole, the conv system was characterized by the highest
Basidiomycota content. Sample convS was dominated by a large
increase, in spring, of P. pseudogracilis, absent from all the other
samples; clustering and Bray-Curtis analyses placed this sample
between the sod couple (characterized by the lowest Basidiomycota prevalence) and the remaining three samples (org couple and
convA). Psathyrellaceae were also prevalent in the autumn sample,
and represented by C. verrucispermus. These genera, together with
Mortierella (a zygomycete retrieved, in our system, especially in

conv and org, with species-dependent distributions) were among
the main management-sensitive taxa, i.e., taxa that most signiﬁcantly responded to the management regimes and were responsible for the observed shifts in the community structure. In a
previous study (Hartmann et al., 2015) the interpretation was that
these are coprophilous genera that were uniformly responding to
the application of organic fertilizers (farmyard manure and slurry).
Even if these fertilizers are not used in the farm sampled in the
present study, a wider effect of nitrogen (urea) fertilization, performed around mid-April, may partly explain the P. pseudogracilis
prevalence in convS. However, the fact that a comparable phenomenon is not observed in sod (subjected to the same fertilization
regimen) and that the related genus Coprinellus is found (always in
conv and not in sod) almost totally in autumn, implies that other
factors are probably at work. These saprotrophic genera are able to
grow not only on dung, but also on straw, leaf litters and wood
(Larsson and Orstadius, 2008). The natural habitat of P. pseudogracilis is along forest borders, parks and lawns, usually on rotten
plant debris, while C. verrucispermus is often found in potting
compost (Osono, 2007). It thus seems reasonable to assume that
these two species are acting as litter decomposers in conv, but that
the situation is different in sod.
Another point is that both genera have known bioremediation
properties linked to the degradation of either lignin or organic
pollutants (Ikehata et al., 2004; Tortella et al., 2005). Their strong
increase in conv could be, at least in part, related to the stress status
of the soil and to the fact that this is the plot receiving the most
‘intense’ herbicide treatment. A ﬁnal point is the reported antagonistic effect of Psathyrella against the phytopathogen F. oxysporum
(Reinoso et al., 2013). Indeed, the prevalences of the two appear
inversely correlated from our results.
There are several factors that could contribute to effects of
management on communities. First, the ‘legacy’ effect of the preceding crop in the rotation, leading to divergent soil fungal consortia e.g., through the link to soil N dynamics (Detheridge et al.,
2016). Even if the ‘crop history’ of the three soils is very similar,
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bacterial and fungal diversity, with variable conclusions because of
differences in experimental systems and management deﬁnitions.
Reports on the effects of tillage on fungi are scarce (e.g. Mathew
et al., 2012; Avio et al., 2013), especially those using metagenomics (Clifton et al., 2015). For sod soils our results pictured the

sod is the one with the lowest content of N and organic matter. This
is unexpected for a no-tillage plot, even after only one year, but this
is the only plot that did not host nitrogen-ﬁxating crops in the last
rotations.
Many reports have addressed the effects of organic farming on

Table 3
OTU analysis and identiﬁcation: Fungal species identiﬁed in the plots, ordered following their taxonomy. Comparative abundance (%) per season is shown.
Identiﬁcations have been performed against the GenBank, Mycobank and RDP classiﬁer databases.
Species

Autumn vs. Spring (%)
CONV

Phylum: Ascomycota
Class: Dothideomycetes; Order: Pleosporales; Family: Pleosporaceae
Alternaria alternataa
2.15 vs 2.74
Pyrenophora avenae
0 vs 1
Order: Pleosporales; Family: Didymellaceae
Epicoccum nigrum
0.08 vs 3.44
Leptosphaerulina chartarum
1.68 vs 0.03
Order: Capnodiales; Family: Cladosporiaceae
0 vs 3.27
Cladosporium herbarumb
Family: Mycosphaerellaceae
Septoria stellariae
0 vs 1
Class: Sordariomycetes; Order: Hypocreales; Family: Stachybotryaceae
Stachybotrys chartarum
0.98 vs 0.20
Family: Nectriaceae
Fusarium oxysporum
3.43 vs 0.83
Fusarium oxysporumc
0.62 vs 0.50
Fusarium incarnatum-equiseti species complex
1.13 vs 1.43
Fusarium tricinctumd
0 vs 0.07
Fusarium brachygibbosum
0.47 vs 0.27
Cylindrocarpon olidum
0.3 vs 0.51
e
Neocosmospora striata
1.64 vs 0.28
Family: Bionectriaceae
Clonostachys rosea
0.07 vs 0.03
Family: Hypocreaceae
Acrostalagmus luteoalbus
4.1 vs 0.06
Order: Sordariales; Family: Chaetomiaceae
f
Chaetomium murorum
0.04 vs 0.25
Chaetomium globosum
2.8 vs 1.20
g
Chaetomium grande
1.91 vs 0.60
Cladosporium macrocarpum
0.2 vs 0
Family: Lasiosphaeriaceae
Schizothecium inaequale
0.59 vs 0.23
Order: Amphisphaeriales; Family: Phlogicylindriaceae
Microdochium nivale
0 vs 0.93
Order: Microascales; Family: Microascaceae
Doratomyces asperulus
0.07 vs 0
Order: Incertae sedis; Family: Plectosphaerellaceae
Gibellulopsis nigrescens
2.69 vs 0.8
Class: Eurotiomycetes; Order: Eurotiales; Family: Trichocomaceae
Aspergillus heyangensis
0.04 vs 0
Class: Leotiomycetes; Order: Helotiales; Family: Helotiaceae
Idriella lunata
e
Family: Incertae sedis
Tetracladium furcatum
0.23 vs 0.10
Tetracladium setigerum
0.16 vs 0.35
Unclassiﬁed Ascomycota
Tricellula aquatica
0 vs 1.62
Phylum: Basidiomycota
Class: Agaromycetes; Order: Agaricales; Family: Psathyrellaceae
Psathyrella pseudogracilis
0 vs 35
Coprinellus verrucispermus (A)
14 vs 0.02
Coprinellus verrucispermus (B)
1.7 vs 0
Family: Pluteaceae
e
Volvopluteus gloiocephalus voucher
LOU18619
Order: Cantharellales; Family: Incertae sedis
Minimedusa polyspora
0.59 vs 0
Class: Tremellomycetes; Order: Tremellales; Family: Tremellaceae
Cryptococcus stepposusi
0 vs 1.38
Cryptococcus aeriusl
10.1 vs 2.67

GenBank ID

% Homology

11.35 vs 9.83
e

KF944489.1
FJ907537.1

100
100

0.11vs 0.04
2.8 vs 0.36

2.38 vs 2.32
6.8 vs 0.14

FJ426997
EU529996

100
100

0.07 vs 0.56

1.35 vs 4.65

KU856614.1

100

e

e

KF215741

1.04 vs 0.56

0.56 vs 0.1

KP269001.1

100

2.44 vs 2.59
0.2 vs 0.09
0.81 vs 0.55
5 vs 0.24
0.3 vs 0.07
0.53 vs 0.96
1.39 vs 0.85

2.94 vs 0.48
0.23 vs 0.7
6.11 vs 7.10
1 vs 1.34
2.8 vs 0.33
0.24 vs 0.04
0.32 vs 0.23

KX610393.1
KX610393.1
GQ505761
JX241657
KX550915.1
KC427019.1
JQ954885

100
100
100
100
100
99
100

0.44 vs 0.9

0.08 vs 0.02

KT007105.1

100

1.92 vs 9.6

0.71 vs 0.23

KC461515.1

100

0.2 vs 0.15
6.7 vs 0.43
0.79 vs 1.41
0.89 vs 0.54

0 vs 0.23
0.16 vs 0.35
0.48 vs 0.23
0.08 vs 0

KT347318.1
JX241646.1
KC461515
KX664406.1h

98
99
100
99

0.30 vs 0.17

0.56 vs 0.1

AY999117.1

99

0.39 vs 0

e

AM502260.1

100

0.5 vs 0.09

0.08 vs 0.12

KX858629.1

100

3.7 vs 4

1.83 vs 0.3

EF543857

100

e

4.8 vs 0

FJ491520

98

e

0 vs 4

h

98

0.11 vs 0.11
0.14 vs 0.13

0.48 vs 0.10
0 vs 4.68

GU586842.1
KX858629.1

96
100

e

0 vs 0.04

h

99

e
1.8 vs 0
2.3 vs 0

e
e
e

KC992853.1
AY521250
AY521250

100
98
99

0.33 vs 0.06

e

HM562207.1

100

0 vs 0.90

e

KC176294.1

100

e
6.68 vs 5.94

e
3.4 vs 3.94

JX188129
AB032666

100
100

ORG

SOD

1.87 vs 0.15
e

(continued on next page)
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Table 3 (continued )
Species

Autumn vs. Spring (%)
CONV

Phylum: Zygomycota
undetermined class; Order: Mortierellales; Family: Mortierellaceae
Mortierella elongata
5.19 vs 3.87
Mortierella elongata voucher MT146
1.52 vs 0.53
Mortierella alpina (A)
0.20 vs 1.94
Mortierella alpina (B)
1.33 vs 1.64
Mortierella globulifera
e
Mortierella exigua
0.3 vs 0.71
Mortierella gamsii
0.27 vs 0.1
a
b
c
d
e
f
g
h
i
l

ORG

SOD

2.29 vs 1.28
2.40 vs 1.58
2 vs 2.90
2.87 vs 5.53
0.42 vs 0
0.6 vs 0.19
1.2 vs 0.64

0.79 vs 1.02
0.56 vs 2.13
0.79 vs 0.65
2.14 vs 1
e
0.08 vs 0.19
0 vs 0.49

GenBank ID

% Homology

LC125298.1
FJ161922
KF385306
KX058068.1
NR_077211.1
JX975863
HQ630307

100
100
100
100
100
99
100

A. citri (KU375628.1) is equiprobable.
C. macrocarpum seminudum (CBS 779.71) is equiprobable.
F. solani (JX435185) is equiprobable.
F. heterosporum (KR909451) is equiprobable.
N. vasinfecta (JX997932.1) is equiprobable.
C. piluliferum (KF915989) is equiprobable.
C. megalocarpum (NR144832.1) is equiprobable.
CBS strain database knawl.nl Idriella lunata: CBS681.92; Tricellula aquatica: CBS383.58)
Current name: Filobasidium stepposum (Family: Filobasidiaceae).
Current classiﬁcation: Solicoccozyma aeria (Family: Piskurozymaceae).

most divergent fungal communities, with peculiar seasonal trends
and species composition. The most abundant species in sod are
generally ascomycetes belonging to the orders Pleosporales (e.g., A.
alternata and the grass parasite L. chartarum sp.nov.), Hypocreales
(e.g., some species of Fusarium), Eurotiales (e.g., A. heyangensis),
Helotiales (e.g., the root pathogen I. lunata, T. setigerum). Among
these orders, Hypocreales are of vast economic importance as they
include many plant pathogens (e.g., Fusarium sp.) as well as potential biocontrol agents (Castella and Cabanez, 2014). In our
experiment, species within the genus Fusarium are among those
that most signiﬁcantly respond to the changing of seasons and
agricultural managements, in accord with Hartmann et al. (2015).
Fusarium incarnatum, particularly abundant in sod soil, F. oxysporum (in conv), Fusarium tricintum (in org) are all crop pests and
mycotoxin producers (Castella and Cabanez, 2014). On the whole,
the Fusarium genus appears more abundant in the sod plot, in
accord with Miller et al. (1998) that reported an increased seed
infection rate linked to no-tillage protocols.
In conclusion, agricultural soils under short-term organic and
no-tillage systems harbour distinct and speciﬁc fungal communities, here characterized to the species level. These consortia are
responding to seasons mainly in a tillage-dependent way. Our data
contribute to pose the bases for evaluating the success of individual
soil managements, also in terms of promotion/suppression of
beneﬁcial or pathogenic taxa and, in perspective, to acquire
knowledge for managing their mycobiota content.
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