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Arbuscular mycorrhizal fungal communities and Rhizophagus
irregularis populations shift in response to short-term
ploughing and fertilisation in a buffer strip
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Abstract Short-term effects of soil physical disturbance by
ploughing and nitrogen and phosphate fertilisation on
arbuscular mycorrhizal fungal (AMF) communities and on
intraspecific populations of Rhizophagus irregularis in a buff-
er strip surrounded by arable fields were studied. Pre-grown
Plantago lanceolata plantlets were transplanted into fertilised
and/or ploughed experimental plots. After 3 months, the
glomeromycotan communities in the roots of these trap plants
were analysed using 454 pyrosequencing of a fragment of the
RNA polymerase II gene (RPB1). Intraspecific populations of
R. irregularis were studied by restriction fragment length
polymorphism (RFLP) analysis of the mitochondrial large ri-
bosomal subunit (mtLSU) gene. Soil disturbance significantly
increased the diversity of species-level molecular taxa (MTs)
and altered community structure, whilst fertilisation alone
had no significant effect, unless coupled with ploughing.
At the population level, the expected shift from genotypes
of R. irregularis typically found in grasslands to those
usually found in arable sites was only partially observed.
In conclusion, in the short-term, physical soil disturbance,
as well as nitrogen fertilisation when coupled with physical

soil disturbance, affected AMF community and to a smaller
extent population composition.
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Introduction

Arbuscular mycorrhiza is a mutualistic interaction known to
be instrumental for plant growth under a wide range of envi-
ronmental conditions as it is able to improve uptake of mineral
nutrients, especially phosphorus and nitrogen. It makes
arbuscular mycorrhizal fungi (AMF), obligate biotrophs
placed in the phylum Glomeromycota, prime candidates for
a major role in future sustainable agriculture (Harrison et al.
2002; Jeffries et al. 2003; Barrios 2007; Gianinazzi et al. 2010;
Fitter et al. 2011). In order to manage AMF communities in
agroecosystems and their benefits in agriculture, a better un-
derstanding of factors influencing AMF diversity and compo-
sition in agroecosystems is needed. The intensity of agricul-
tural management seems to have a large influence on the com-
munity diversity of Glomeromycota (Oehl et al. 2003), and
species-level diversity has been shown to be reduced in agri-
cultural soils (Helgason et al. 2002; Öpik et al. 2006) but it is
not necessarily low (Hijri et al. 2006). The effect of two com-
mon agricultural practices used in conventional and intensive
farming, namely physical soil disturbance and the application
of fertilisers, has been studied separately in long-term experi-
ments in agroecosystems (e.g. Jansa et al. 2002, 2003; Oehl
et al. 2003; Lin et al. 2012; Liu et al. 2012; Thian et al. 2013;
Stockinger et al. 2014).

Disturbance in the form of tillage seems to play a major
role in AMF community assembly, as it necessitates continu-
ous healing or regrowth of the mycelial network which
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favours species able to persist under tillage, fertilisation or
fungicide treatments (Verbruggen and Kiers 2010). Hence,
shifts in AMF communities have been reported in a long-
term field experiment in Switzerland (Jansa et al. 2002;
Thonar et al. 2012; Stockinger et al. 2014). On the other hand,
Lekberg et al. (2012) applied local disturbance to plots in a
Danish coastal grassland and did not detect any modification
on AMF community structure, which was attributed to a high
resilience of the mycorrhizal network. With regard to the ef-
fects of fertilisation, it is well established that fungal coloni-
sation levels are reduced in high-nutrient systems (Mäder et al.
2000) and that long-term fertilisation induces shifts in com-
munity composition (Toljander et al. 2008; Kim et al. 2014).
The latter may involve increased incidence of species having
an r-type life history strategy, i.e. low investment in external
mycelium and rapid spore production (Verbruggen et al.
2010). However, studies on nitrogen fertilisation effects on
AMF community have revealed either positive, neutral or
negative effects on AMF diversity (Eom et al. 1999;
Egerton-Warburton and Allen 2000; Lin et al. 2012; Liu
et al. 2012; Kim et al. 2014), and changes in diversity level
do not necessarily imply quantitative shifts of species abun-
dances in the AMF community. For example, Santos et al.
(2006) analysed AMF community composition along a nitro-
gen fertilisation gradient using DGGE and SSU sequencing
and found a less diverse community at high N levels but no
straightforward qualitative effects.

Evidence shows that AMF taxa can differ in their life his-
tory strategies (Sýkorová et al. 2007a). For some, their toler-
ance to agricultural practices allows to have a broad geograph-
ical distribution (Öpik et al. 2006). Differences among species
and isolates in the capacity to transport nutrients have been
documented (Munkvold et al. 2004; Jansa et al. 2005, 2008).
The model fungus Rhizophagus irregularis is currently the
only glomeromycotan species for which molecular markers
allow the analysis of population structure in colonised roots
in the field (Börstler et al. 2008). Its intraspecific diversity has
also been studied using molecular markers, which require iso-
lates in root organ culture (Koch et al. 2004). This species has
been reported to be ubiquitous, occurring in an extremely
wide range of environments, which may be due to ecotypes
adapted to different sets of environmental conditions (see
Börstler et al. 2010). For example, undisturbed low-nutrient
grassland sites were shown to preferentially inhabit a distinct
set of mitochondrial large ribosomal subunit (mtLSU) geno-
types of R. irregularis, which are very rarely found in arable
fields (Börstler et al. 2010). Thus, it could be interesting to
link the distribution of this species with that of its populations.

The objective of the study was to better understand the
influence of physical soil disturbance and N or/and P
fertilisation in the short-term on (i) AMF communities and
(ii)R. irregularis populations. A field experiment manipulating
these parameters was set up in a buffer strip in a landscape

dominated by arable fields to identify relevant factors to com-
munity and population assembly. In agricultural landscapes,
buffer strips fulfil important functions, e.g. to limit erosion, or
as possible diversity reservoir for plants or refuge for the fauna
(Vickery et al. 2004), and have therefore been actively support-
ed by the EU regulations since the Common Agricultural
Policy (CAP) reform in 2003 (in France, the BGrenelle 2^,
law no. 2010-788). It could be hypothesised that they equally
constitute reservoirs for AMF. As AMF communities in arable
soils are known to be relatively species-poor (Daniell et al.
2001) compared to grasslands (Helgason et al. 1998;
Boddington and Dodd 2000), it is useful to understand the
transition between the two in order to be able to manage
AMF functional diversity and thus optimise their ecosystem
services in agroecosystems.

The present approach is unique in its concurrent analysis of
two different levels of diversity (population and community).
To our knowledge, this is the first direct study of an experi-
mental manipulation of a glomeromycotan population in the
field, in which both community and population levels were
studied, and the second study using RPB1 gene as community
marker gene for AMF. It was hypothesised that the two levels
of diversity are both impacted by the manipulations but that
they may not respond to all factors in the same manner.
Based on previous studies in arable soils, it was expected
that the community diversity would decrease and that
known disturbance-adapted species such as Funneliformis
mosseae would increase in abundance. On the population
level, it was expected that mtLSU genotypes of R. irregularis
of the type typically found in grasslands would be replaced by
types commonly found in arable soils. Previous studies
have shown a reduction of AMF richness after fertilisation,
however over longer periods of time (Camenzind et al.
2014), and therefore, it was unclear whether our system
would respond in a similar way.

Material and methods

Field site and experimental design

The study was conducted in an 8-year-old buffer strip on the
experimental site of Epoisses, at Bretenières in the Burgundy
region of France. Twenty-four plots (1.5 m×1.5 m) were
delimited within an area of 26 m×3.5 m. This buffer strip
was surrounded by arable lands where no fertiliser, fungicide
nor pesticide was applied. The soil of this grassland had the
following characteristics: pH (H2O) 7.78, organic carbon con-
tent 34.9 g kg−1, total nitrogen 2.68 g kg−1, organic matter
60.3 g kg−1 and phosphorus content (Olsen) 0.121 g kg−1.
The experimental set-up corresponded to a split plot design
with disturbance as main factor and four levels of fertilisation
within each soil disturbance treatment (schematically depicted
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in Online Resource 1a). Physical soil disturbance consisted of
ploughing to a depth of 15 cm using a motor cultivator,
resulting in destruction of the grass cover. Fertilisation
treatments consisted of local application of either nitro-
gen alone as NH4NO3 (+N, 100 kg ha−1), phosphorus
alone as triple superphosphate (+P, 30 kg ha−1) or in
combinations (+N+P), including a non-treated fertilised
control (C). Each treatment was replicated three times.
In each plot (Online Resource 1b), eight Plantago
lanceolata plantlets, pre-grown under controlled condi-
tions in a climate chamber during 1 month, were
planted manually in four points (two plantlets by point),
each 50 cm inside the plot margins. P. lanceolata was
chosen because it occurs naturally in the studied area
and is known as an excellent host for AMF.

Plant harvest and DNA extraction

Three months after transplantation, plants in all treatments
were harvested in July 2012. Plants were identified to species
level where possible. The absence of flowers in several cases
necessitated a preliminary classification according to vegeta-
tive characters. Plants and rhizosphere soils from each plot
were dug out, placed in plastic bags and stored at 4 °C.
Shoots were dried and weighed. Roots were washed and
weighed, then cut into 1-cm pieces, which were thoroughly
mixed within a sample. A small subsample was stained in
Trypan blue for quantification of AMF colonisation using
the method of Trouvelot et al. (1986). The remaining roots
were frozen and stored at −80 °C for subsequent DNA extrac-
tion. Seventy milligrammes of fresh roots was ground in a
1.5-mL tube using a pestle in liquid nitrogen and extracted
according to the manufacturer’s protocol of the DNeasy
Plant Mini Kit (Qiagen, Hilden, Germany). DNA was eluted
in 70 and 50 μL AE buffer and stored at −80 °C.

Amplification of mtLSU and restriction fragment length
polymorphism analyses

For studying R. irregularis populations, the mtLSU gene was
used, which is currently the sole marker gene allowing to
genotype this species in colonised roots (Börstler et al.
2008). A first PCR was performed using 0.02 U/μL Phusion
polymerase, 1 μL genomic DNA, ×1 Phusion HF Buffer,
0.5 μM of each primer (RNL-28a and RNL-5, Börstler et al.
2008), 0.2 mM of each dNTPs, 0.4 μg/μL BSA and 3 %
DMSO in a total volume of 25 μL. Cycling parameters were
30 s at 98 °C, 33 cycles of 10 s at 98 °C, 30 s at 55 °C and
1 min 40 s at 72 °C, followed by 10 min at 72 °C on an
Eppendorf Mastercycler epGradient S (Eppendorf,
Hamburg, Germany). Success of amplification was checked
on 1 % agarose gels. Products of the first PCR were diluted
1:100 and used as templates for the second reaction using the

primer pair RNL-29 and RNL-30 (Börstler et al. 2008). One
microlitre of diluted PCR product from the first reaction was
used together with 0.02 U/μL Phusion polymerase, ×1
Phusion HF Buffer, 0.4 μM of each primer, 0.15 mM of
dNTPs, ×4 BSA and 3 % DMSO in a volume of 50 μL.
Cycling parameters were 30 s at 98 °C, 36 cycles of 10 s at
98 °C, 20 s at 60 °C and 1 min 40 s at 72 °C, followed by
10 min at 72 °C.

Positive amplifications were cloned according to the in-
structions of the Strataclone PCR Cloning Kit (Agilent
Technology, Courtaboeuf, France). At least 19 clones of each
sample were re-amplified using the nested primers. These
amplicons were digested using three different enzymes
(BsaJI, DraIII, HindIII), according to the method described
by Börstler et al. (2008). Digestion products were loaded on a
1.5 % gel (1 % agarose+0.5 % NuSieve). The combined pat-
terns of the three digestions defined a restriction fragment
length polymorphism (RFLP) profile. Each RFLP profile
was compared to a reference database of RFLP types
(Börstler et al. 2008, 2010) and assigned to known types.
For RFLP profiles that were not yet present in the database,
the respective amplicons were sequenced by Sanger sequenc-
ing (GATC, Mulhouse, France). Maximum likelihood phylo-
genetic trees were obtained using the RAxML software.

Amplification of the RPB1 gene and 454 pyrosequencing

We chose the gene RPB1 to analyse the AMF community
level. This gene was previously identified as a useful marker
for phylogenetic analysis of fungi in addition to ribosomal
gene regions (James et al. 2006) and especially for the
Glomeromycota (Redecker and Raab 2006). In addition, it
has been proposed as a secondary DNA barcode for fungi
(Schoch et al. 2012). It has the advantage to be generally
present as a single copy in the genome, and primers with high
specificity for Glomeromycota (>99 %) are available
(Stockinger et al. 2014).

Samples were prepared for 454 pyrosequencing using a
two-step PCR approach. A first PCR was performed using
0.02 U/μL Phusion polymerase (Thermo-Scientific, Illkirch,
France), 1 μL genomic DNA, ×1 Phusion HF Buffer, 0.5 μM
of each primer (RPB1-HSm375-mix7 and RPB1-1210r,
Stockinger et al. 2014) 0.2 mM of each dNTPs, 0.4 μg/μL
BSA and 3 % DMSO in a total volume of 20 μL. Cycling
parameters were 30 s at 98 °C, 35 cycles of 10 s at 98 °C, 30 s
at 61 °C and 30 s at 72 °C, followed by 10 min at 72 °C on an
Eppendorf Mastercycler epGradient S. Amplification success
was checked on 1 % agarose gels. Each DNA extract was
separately amplified three times. The three PCR products,
with a size around 1100 bp, were pooled for each sample
and purified using a High Pure PCR Kit (Roche, Basel,
Switzerland). Purified PCR products were diluted 1:10 in
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sterile filtered water (Eurobio, Courtaboeuf, France) and
then used as template in the second step of the nested PCR.

In order to add molecular identifiers (MIDs, 10-bp
barcodes for post-sequencing sample identification), a short
nested PCR was performed using 0.02 U/μL Phusion poly-
merase, 1 μL of diluted purified PCR product, ×1 Phusion HF
Buffer, 0.5 μM of each primer (RPB1-DR160f+mix10 and
RPB1-1210+MID), 0.2 mM of each dNTPs, 0.4 μg/μL
BSA and 3 % DMSO in a total volume of 20 μL. Cycling
parameters were 30 s at 98 °C, 10 cycles of 10 s at 98 °C, 30 s
at 64 °C, 30 s at 72 °C, followed by 10 min at 72 °C. Again,
PCR products were purified as described above. Final
amplicons (≈700 bp) were quantified using the Quant-iTTM

Picogreen® dsDNA Assay Kit (Invitrogen, Life Technologies,
Saint-Aubin, France) and mixed equimolarly in one library of
24 MIDs. 454-pyrosequencing was performed on a one-fourth
plate by Beckman Coulter Genomics (Grenoble, France) on a
454 GS FLX Roche instrument. Raw data were submitted to
the European Nucleotide Archive under the reference ID
PRJEB9130.

RPB1 reference database

The glomeromycotan classification follows that of Redecker
et al. (2013). Three new sequences of Scutellospora calospora
(LK985317–LK985319) were added to the 56 sequences al-
ready available in our RPB1 reference database (Stockinger
et al. 2014). Sequences were obtained from isolates of the
International Bank of Glomeromycota (IBG/BEG) located in
Dijon (France) (for details see Online Resource 2 and Online
Resource 3). DNA of single or multiple spores was extracted
in 5 μL of 5X GoTaq Flexi Buffer (Promega, Charbonnières,
France). Gene sequences were amplified as described in the
previous paragraph, and amplicons were sequenced by the
Sanger method (GATC, Mulhouse, France). Sequences were
edited using the Staden package 4 version 1.5 (Bonfield et al.
1995) and aligned in ARB (Ludwig et al. 2004). Phylogenetic
relationships were inferred in RAxML using the maximum
likelihood method with bootstraps. The two species chosen
as outgroup for the reference tree were Mucor hiemalis and
Mortierella verticillata.

Sequence analyses and operational taxonomic unit
delimitation

Sequence reads were separated based on the MIDs in the li-
brary using the Quantitative Insights Into Microbial Ecology
(QIIME) pipeline (Caporaso et al. 2010b). Then, primer and
MID sequences were removed. Sequences were filtered by
quality (25) and length thresholds (200 bp). Sequences having
ambiguous bases were removed. Unaligned sequences at 60 %
similarity with the reference alignment using PyNAST
(Caporaso et al. 2010a) were discarded. Sequences were

clustered at 99.7 % similarity using USEARCH (Edgar
2010) in order to perform a UCHIME de novo chimera search
on clusters by barcode (Edgar et al. 2011). MACSE (Ranwez
et al. 2011) was used to denoise sequences at the codon level.
Sequences were classified both based on sequence similarity
(operational taxonomic unit—OTUs) and on phylogenetic
clustering (molecular taxa). We used both approaches to better
support our conclusions for the following reasons: on one
hand, using cutoff-based measures as OTUs can be problem-
atic as sequence variation of RPB1 and other marker genes
differ between glomeromycotan lineages (Stockinger et al.
2014), resulting in an overestimation of diversity. On the other
hand, molecular taxa can be difficult to define in groups
with few described species. Using CROP (Hao et al.
2011), an OTU search with a cutoff at 99.2 % sequence
identity was performed (Stockinger et al. 2014). OTUs
were assigned to a reference tree (Online Resource 3),
firstly in QIIME using the RDP-naïve Bayesian classifier
method (Wang et al. 2007); secondly the EPA algorithm of
RAxML (Berger and Stamatakis 2011) was used for con-
firmation. According to these phylogenetic assignments,
OTUs were grouped in molecular taxa (MTs) at the species
level. If the two phylogenetic assignments were not con-
gruent, OTUs were assigned to a higher MT level (genus
or family). Before further analysis, singletons and non-
glomeromycotan clusters were removed.

Statistical analysis of pyrosequencing reads and RFLPs

To determine whether sequence depth was sufficient, OTU
accumulation curves were generated using the QIIME pipe-
line. Prior to statistical analyses, the number of sequence reads
per sample was standardised by OTU subsampling to a 1400-
sequences threshold, which was determined by OTU accumu-
lation analysis. Three samples were removed from analyses as
their sequence numbers were too low: In these cases (dis-
turbed and undisturbed controls and +N/+P/undisturbed con-
dition), the remaining two replicates were used (see Online
Resource 5). Representative OTU sequences were aligned in
order to obtain a tree used in unweighted (based on phyloge-
netic structure) and weighted (based on phylogenetic structure
and weighted by OTU abundances) UniFrac distance matrices
(Lozupone and Knight 2005) were visualised by principal
coordinates analyses (PCoAs) using QIIME. In addition,
non-phylogenetic Bray-Curtis dissimilarity distance matrices
were calculated based on OTU abundance, MTabundances at
species, genus and family levels for ordination analyses based
by non-metric multidimensional scaling (NMDS) using the
vegan package (Oksanen et al. 2013) of the software (R de-
velopment core team 2013), and only the most informative is
shown.

Treatment effects (physical soil disturbance, nitrogen and
phosphorus fertilisation) as well as block effects (experimental
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design) on AMF community were statistically tested by
nested permutation multivariate analysis of variance
(PERMANOVA) with 2000 permutations in QIIME based
on Bray-Curtis distances using MTs. Alpha diversity was
evaluated using the Shannon index per sample on abundance
matrices. As the design was unbalanced, linear mixed models
were performed, using the nlme package (Pinheiro et al. 2014)
of R software, to compare across treatments the mean
Shannon diversity both on species-level and genus-level MT
abundances. Those models were randomised by block, and
comparisons among fertilisation treatments (both nitrogen
and phosphorus) were tested within each disturbance treat-
ment, as they were nested factors. Indicator species for treat-
ments were identified using the indicspecies package of R
software (De Caceres and Legendre 2009), and only species
having both sensitivity and specificity values higher than 0.75
were retained. Significant results are shown only for species
with more than 100 sequences over the whole experiment to
avoid overestimating the influence of rare species.

Prior to analyses of the RFLP data, clone numbers per sam-
ple were standardised by random subsampling to 19 clones, the
lowest number of analysed clones per sample. The vegan pack-
age of R was used to compare mtLSU RFLP-type abundances
by performing a nested mixed model of variance, as described
above in the community analysis part.

Results

Sequences, operational taxonomic units and molecular
taxa

A total of 51,106 sequence reads were recovered after filtering
and removal of chimeric sequences, which overall generated
62 OTUs at 99.2 % nucleotide sequence identity, ranging from
12 to 33 OTUs per sample. Based onOTU accumulation curve
analysis, a subsampling to 1400 sequences per sample (Online
Resource 4) was performed, as the curves indicated that the
great majority of AMF OTUs was obtained using this thresh-
old. Twenty-one samples of 1400 sequences each were used
for downstream analysis, with OTU numbers per sample rang-
ing from 10 to 30. Overall, representatives of five out of the 11
families of the phylum Glomeromycota were detected as the
OTU assignation to the reference tree generated 25 species-
level molecular taxa (see Online Resource 5) which belonged
to 13 genus-level MTs. In all samples, Glomerales accounted
formore than 85% of the sequence reads. Often, one species in
a genus was highly overrepresented (see Online Resource 5).

Plant diversity, biomass and root colonisation

Alpha diversity, expressed by the Shannon index, was in-
creased significantly in disturbed plots (F=32.986; P<0.001)

and under nitrogen fertilisation within the disturbance treat-
ment (F=6.559; P=0.013), whereas no effect of phosphorus
fertilisation within disturbance treatments was found according
to nested linear mixed model analysis (Fig. 1, Table 1). An
increase of P. lanceolata root and shoot biomass was found
in disturbed plots (F=35.805 andF=52.715,P<0.001, respec-
tively). Moreover, the increase of shoot biomass within dis-
turbed plots was larger under nitrogen fertilisation (F=4.650;
P=0.034, data in Online Resource 6). P. lanceolata plantlets
showed a reduction of the intensity of mycorrhization by dis-
turbance (F=11.729, P=0.005) and among non-disturbed
plots by phosphorus fertilisation (F=8.881, P=0.005, data in
Online Resource 6). A positive effect of physical soil distur-
bance was observed on plant richness (F=91.769, P<0.001,
data in Online Resource 6).

Shifts in glomeromycotan community composition

In this study, statistical analysis by nested PERMANOVA
(Table 2) showed that physical soil disturbance (R2=0.364,
P: 0.001) had a significant effect on AMF community com-
position and that nitrogen fertilisation had a significant effect
within the soil disturbance treatment (R2=0.194, P=0.022).
The NMDS ordination of Bray-Curtis dissimilarity distance
matrix on species-level MTs revealed differences of the sym-
biotic AMF communities from physically disturbed and
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Fig. 1 Mean Shannon diversity index based on species-level molecular
taxa (MTs) across treatments of physical soil disturbance (ND non dis-
turbed, D disturbed), and fertilisation treatments within the physical soil
disturbance treatment (+N nitrogen, +P phosphorus, +N+P nitrogen and
phosphorus, C no fertilisation). Different letters indicate significant dif-
ferences of variance (P<0.05) between treatments according to the nested
linear mixed model randomised by block. Error bars represent standard
error
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undisturbed plots (grey polygons, Fig. 2). Both fresh root and
dry shoot biomasses (blue arrows) were negatively correlated
(P<0.05) with the axis NMDS1 that segregated physical soil
disturbance treatments. Abundances of R. irregularis and
Claroideoglomus sp1were positively correlatedwith this axis,
whereas F. mosseae and Septoglomus viscosum were nega-
tively correlated (red crosses in Fig. 2).

Using the De Caceres-Jansen index after 2000 iterations,
five species were identified as indicator species for physical
soil disturbance (Online Resource 7, Fig. 3), i.e. F. mosseae,
Funneliformis sp3, Glomeraceae sp6, Septoglomus sp3
and S. viscosum-like, whereas none of the species was
identified as indicator of non-disturbance. Concerning
F. mosseae, a positive effect of phosphorus fertilisation
in interaction with soil disturbance was observed. In
addition, a negative effect of physical soil disturbance
and nitrogen fertilisation was observed for R. irregularis
(Online Resource 8). The abundance of the species
Claroideoglomus sp2 was reduced in disturbed plots,
where its abundance increased when nitrogen fertiliser
was applied. The abundance of Paraglomus sp2 was
generally higher in disturbed plots, especially under nitrogen
fertilisation (Online Resource 8). The same tendencies were
found at the genus level (data not shown).

Thus, soil disturbance was a strong factor influencing MT
relative abundance (at genus and species levels), but it seems

to be largely modulated by fertilisation, especially nitrogen.
No spatial (block) effect was identified in any of the per-
formed diversity analyses.

R. irregularis population study

Overall, 24 differentmtLSURFLP profiles were detected. The
corresponding sequences fall into the two intraspecific clades
(Online Resource 9) of genotypes typically found in arable
fields and in grasslands, respectively (Börstler et al. 2008),
and a third more basal clade related to the isolate BEG 141.
The RFLP profiles were classified into these three groups
(Fig. 4). In the three replicates of the non-disturbed and non-
fertilised treatments, exclusively, RFLP profiles correspond-
ing to the Bgrassland clade^ were found. The same was the
case under N fertilisation combined with soil disturbance. In
the other treatments, at least half of all RFLP profiles were
also of this type; in addition, arable field genotypes were de-
tected to varying extents in the remaining disturbed and/or
fertilised treatments, but the effects of the treatments were
not statistically significant (P>0.05). No clear distribution
pattern was found for RFLP types corresponding to the BEG
141 clade. Overall, R. irregularis mtLSU genotypes were rel-
atively patchily distributed with different replicates of the
same treatment strongly varying.

Table 1 Variance of alpha
diversity expressed by the
Shannon index based on species-
level molecular taxa (MTs), using
a nested linear mixed model
showing effects of nitrogen and
phosphorus fertilisation within
the physical soil disturbance
treatments randomised by block

df F value P value

Disturbance 1 32.986 <0.001

Disturbance: nitrogen fertilisation 2 6.559 0.013

Disturbance: phosphorus fertilisation 2 0.066 0.936

Disturbance: nitrogen fertilisation: phosphorus fertilisation 2 0.339 0.719

T value P value

Disturbance 5.521 <0.001

Disturbed: nitrogen fertilisation 3.427 0.005

Undisturbed: nitrogen fertilisation −1.101 0.294

Disturbed: phosphorus fertilisation 0.343 0.737

Undisturbed: phosphorus fertilisation 0.081 0.936

Disturbed: nitrogen fertilisation: phosphorus fertilisation 0.088 0.931

Undisturbed: nitrogen fertilisation: phosphorus fertilisation −0.819 0.430

Significant results (P< 0.05) are in italics

Table 2 Multivariate analysis of
variance (MANOVA) with 2000
permutations, performed on a
Bray-Curtis distance matrix of
species-level molecular taxa (MT)

df R2 P value

Disturbance 1 0.364 0.001

Disturbance: nitrogen fertilisation 2 0.194 0.022

Disturbance: phosphorus fertilisation 2 0.045 0.620

Disturbance: nitrogen fertilisation: phosphorus fertilisation 2 0.008 0.984

In this analysis, physical soil disturbance and fertilisation treatments are nested within the soil disturbance
treatments and randomised by block. Significant results (P<0.05) are in italics
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Discussion

The usefulness of the protein-encoding gene RPB1 as molec-
ular marker, proposed as secondary fungal DNA barcode
(Schoch et al. 2012), has been previously demonstrated in an
AMF community analysis of an agroecosystem (Stockinger
et al. 2014). In the present study, molecular taxon richness is in
the same range as expected from previous spore- or rDNA
sequence-based studies (Oehl et al. 2003; Öpik et al. 2006),
and all expected lineages of glomeromycotan fungi were de-
tected. Considering the major known disadvantage of the mul-
titude of rDNA-based systems for AMF diversity analysis,
namely the strong sequence polymorphism within the organ-
ism; RPB1 therefore offers an interesting new alternative.

The present study revealed strong effects by physical soil
disturbance on AMF community composition and diversity
and by nitrogen fertilisation within the soil disturbance treat-
ment. Soil disturbance has previously been identified as a
factor influencing AMF communities’ composition in natural
plant communities (Husband et al. 2002; Sýkorová et al.
2007b; Schnoor and Olsson 2010), as well as in
agroecosystems in long-term experiments (Jansa et al. 2002;
Rosendahl 2008; Borriello et al. 2012; Stockinger et al. 2014).
The negative effect of physical soil disturbance on plant root
colonisation found here has been previously reported in heath-
land and forest, but not in an annual pasture (Jasper et al.
1991). In contrast to the present findings, no significant
change in AMF communities was observed in a recent study
of a soil disturbance experiment over 4.5 months in a Danish
coastal grassland (Lekberg et al. 2012). The authors explained

this finding by a high resilience of local AMF communities.
These authors also used P. lanceolata as a bait plant and 454
sequencing to analyse the AMF community. Other studies
have been conducted in agriculturally used fields subjected
to different tillage treatments and are therefore more difficult
to compare. For example, Stockinger et al. (2014) detected
significant shifts in AMF community composition according
to tillage treatments. Nevertheless, the present results are in
agreement with studies which have revealed an influence of
nitrogen fertilisation on AMF community composition in
long-term experiments, both in agroecosystems (Avio et al.
2013; Lin et al. 2012) and in a semiarid grassland (Porras-
Alfaro et al. 2007). Borriello et al. (2012) concluded that
AMF communities are more strongly structured by nitrogen
fertilisation than by soil disturbance. However, it was not pos-
sible to strictly test this hypothesis in the present study, due to
the nested experimental design.

A significant increase in AMF diversity, as expressed by
the Shannon index, was detected in the disturbed plots, which
could come as a surprise because some other studies have
shown that agricultural practices, and especially soil distur-
bance in the form of tillage, negatively affect AMF OTU
richness, as for example in a 2-year experiment in a grassland
(Schnoor et al. 2011). It seems quite possible that diversity
increases initially after disturbance before decreasing in the
long-term. It would therefore be interesting to further monitor
the kinetics of this kind of system under repeated disturbance
and/or long-term fertilisation.

Increased phosphorus fertilisation levels have long
been known to reduce AMF root colonisation levels
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(see e.g. Gianinazzi et al. 2002), which is what was found also
in this study in undisturbed plots. Changes in AMF commu-
nity structure or diversity could also be expected in this situ-
ation, as previously reported in some studies (e.g. Alguacil
et al. 2010). However, this was not the case, in line with other
studies (Smilauer 2001; Jansa et al. 2014), which could indi-
cate that downregulation of colonisation affects AMF taxa
rather globally, not in a specific manner. This hypothesis
would be interesting to verify by analyses of artificial com-
munities under phosphorus fertilisation under controlled
conditions.

The present study detected shifts in AMF community com-
position and diversity in the short-term, which are driven by
soil physical disturbance and intensified by nitrogen
fertilisation. A simultaneous increase root and shoot biomass
of the studied plantlets was found, which could in turn have
had an influence on the AMF community composition. Soil
disturbance also affects abiotic properties of the soil like

nutrient availability (Fraterrigo et al. 2005) or soil moisture
(Robertson et al. 1993). Soil disturbance is also known to
decrease plant species competition in grasslands (Wilson and
Tilman 1993), creating new patches for plant colonisation
(Grubb 1977) and for competition for light (De Cauwer
et al. 2006), resulting in an increase in plant biodiversity
(Schnoor and Olsson 2010). Specific interactions have been
reported between pairs of plant and fungal symbionts
(Vandenkoornhuyse et al. 2003; Scheublin et al. 2007), and
a decisive influence of AMF on plant communities was dem-
onstrated (van der Heijden et al. 1998, 2003, 2008). It might
be therefore an interesting hypothesis to address the possible
effects that an AMF community modified by disturbance has
on plant diversity.

The types of treatments applied may involve direct and
plant-mediated effects. By disturbing and fertilising the plots
at the small scale, the opportunity was left open for intact
hyphal networks to recolonize the bait plants from

Fig. 3 Mean relative abundance as percentage of the different species-,
genus- and family level molecular taxa (MTs) in the community after
subsampling to a 1400 sequence threshold across treatments of disturbance
(ND non-disturbed plots, D disturbed plots) and fertilisations (+N

nitrogen, +P phosphorus, +N+P nitrogen and phosphorus, C no
fertilisation). Dollar symbols show indicator species identified by the De
Caceres-Jansen index using 2000 permutations
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surrounding host plants, which led to an increase in plant
species richness in the disturbed plots. Disturbance has a di-
rect impact on the fungal network by disrupting it, thereby
interacting directly with fungal traits of mycelium architecture
and the ability to restore hyphal connections and homogenise
within plot the inoculum potential. Correlations between plant
species and AMF richness have been reported as positive
(Landis et al. 2004; Hiiesalu et al. 2014) and negative (Öpik
et al. 2008; Lekberg et al. 2013). On the other hand, the space
liberated by disturbance alters plant growth by competitive
release, which could again directly affect fungal symbionts.
Fertilisation is likely to have complex plant-mediated effects,
as the community of symbiotic fungi may be altered when the
plant downregulates its root colonisation level. This could
lead to altered competition between the fungi or to preferential
nutrient allocation to selected fungal species by the plant
(Kiers and van der Heijden 2006). As the grass cover was
destroyed in our disturbed plots, this obviously allowed dor-
mant components of the soil seed bank to establish and may
have had an effect on AMF assemblages by competitive re-
lease. Equally, we assume that the observed effects on shoot
and root biomass are resulting from soil physical disturbance
and fertilisation treatments.

The root samples of P. lanceolata were strongly dominated
firstly by Glomeraceae, with at least 45 % of sequences per
sample and a total number of 15 species-level MTs, followed
by Claroideoglomeraceae (representing 7 to 33 % of se-
quences per sample, with a total number of fiveMTs at species
level). The dominance of Glomeraceae has been reported in
numerous studies, whereas a dominance of these two families
together has only been reported in grasslands (Dai et al. 2013).

What is notable is the almost complete absence of
Gigasporaceae and Acaulosporaceae. However, those two
families have often been described to be relatively rare in
grasslands (Sýkorová et al. 2007a; Dumbrell et al. 2010), with
few exceptions (Lin et al. 2012), and have also been
shown to have slow root colonisation rates. In addition,
the Gigasporaceae are known to form extensive myce-
lium in the soil rather than in the roots (Hart and
Reader 2002). Previous studies have paid little attention
to Claroideoglomeraceae, which was relatively recently
split off from the Glomeraceae, possibly because the
family was less prominent in many molecular studies
due to mismatches with the frequently used primer AM1
(Alguacil et al. 2008; Dai et al. 2013). Generally, PCR primer
biases have been shown to influence detected community pat-
terns (Kohout et al. 2014).

Overall, few qualitative differences among treatments were
observed here. As analysis depth of the high-throughput se-
quencing method increased, compared to cloning/sequencing
approaches, a pronounced presence/absence pattern is less
likely to be expected. The use of pyrosequencing data as a
semi-quantitative measure of taxon/OTU abundance has been
demonstrated in some studies but has also been disputed
(Amend et al. 2010; Harris et al. 2010). We nevertheless
choose to carefully discuss some quantitative shifts in the
proportions ofMTs/OTUs across treatments, for the following
reasons: even if the inherent PCR biases leading to high
or low sequence numbers are difficult to control, they are
likely to remain the same across treatments, leaving differ-
ences in sequence read abundance as a valid working
proxy of fungal abundances. Nevertheless, the necessity
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for true quantitative analysis such as qPCR to analyse
glomeromycotan communities should be underlined, but
this would require extensive knowledge of the taxa present
to be able to design qPCR primers.

Among the shifts in community composition observed in
the present study, some were in accordance with previous
studies, which were mostly long-term experiments, whilst
others concerned taxa that have never been studied before in
this context. Soil disturbance causes hyphal network disrup-
tion, which favours species with r-type life history strategies,
having large capacities to quickly sporulate and to colonise
soil and roots, e.g. F. mosseae (Sýkorová et al. 2007a;
Rosendahl 2008). In the present study, the abundance of the
MT F. mosseae was indeed highly correlated with the soil
disturbance treatment for which it was identified as indicator
species. Also, the relative abundance of Septoglomus and
especially the species S. viscosum increased significantly
in disturbed plots, which identified it as an indicator spe-
cies for physical soil disturbance. To our knowledge, this
is the first time that such a response has been reported for
this species. In some previous studies, Paraglomus has
been reported to be relatively rare in agricultural soils
compared to pasture soil (Lumini et al. 2010) and was
shown to increase with plant growth (Yu et al. 2012). In
spore-based studies, this genus was likely to be
overlooked because of its small, colourless spores (Oehl
et al. 2003, 2005). In other studies, it might have been
missed because of primer mismatches as mentioned by
Stockinger et al. (2009, 2010). Interestingly, the genus
Paraglomus seems to be more easily detected in soil than
in roots (Hempel et al. 2007). It seems to be widespread
in agricultural soils in England (Gosling et al. 2014)
where it responded to organic management and phosphorus
fertilisation. Dai et al. (2013) reported the genus Paraglomus
to be a dominant OTU in the maritime ecozone of Canada and
to be rare in grasslands. In the field situation studied here, the
genus Paraglomus (especially the molecular species
Paraglomus sp2) was significantly more frequent in disturbed
plots. These results suggest that the distribution of this genus
in agricultural systems and its response to environmental fac-
tors merit further study.

The present study indicates a global decrease of the genus
Claroideoglomus and of Claroideoglomus sp1 upon soil dis-
turbance, an effect, however, that appears to be reversed by
nitrogen fertilisation. This species was one of the most prom-
inent species in terms of explaining the variability of the com-
munity composition of samples. Interestingly, according to
treatments, contrasting trends were observed in relative abun-
dance of the genera Claroideoglomus and Rhizophagus (i.e.
R. irregularis). One possible explanation would be that the
members of these two genera act in a complementary fashion,
as demonstrated between Claroideoglomus claroideum and
R. irregularis (Jansa et al. 2008). As R. irregularis has been

frequently discussed as a generalist (Sýkorová et al. 2007a),
the shift of R. irregularis relative abundance is somewhat
surprising but has to be discussed with regard to the popula-
tion structure of this species, which was analysed for the first
time in parallel in the present study.

About half of the mtLSU genotypes of R. irregularis de-
tected here are new to science. Genotypes typically found in
grasslands have been distinguished from those characteristic
of arable fields (Börstler et al. 2008). It has not been clear
which cultural practices are mainly responsible for the divi-
sion between the two population subsets, arable fields vs.
grassland types, and what may trigger a transition between
them. As intraspecific diversity in the Glomeromycota may
account for a fair proportion of functional diversity (Leake
et al. 2004; Koch et al. 2006; Angelard et al. 2010), and this
phenomenon could be relevant for plant growth in agricultural
systems. We therefore hypothesised that arable genotypes
of R. irregularis would replace the grassland types under
agricultural practices. Contrary to this expectation, a clear
shift was not observed from grassland to arable RFLP
types under the present conditions. Also, the experimental
replicates showed large variation in their population com-
position. Such a pattern might reflect tolerance of grass-
land RFLP types to soil disturbance/fertilisation, perhaps
favoured by the fact that the experiment was relatively
small-scaled and allowed ingrowth of mycelia from the
surrounding grasslands. It could however also be a possi-
ble consequence of the low quantity of inoculum of
arable-type R. irregularis in the initial grassland, which
may also partly explain the surprising decrease of the
species-level MT R. irregularis in the physical soil distur-
bance treatment. Confirmation of the link between popu-
lation and species distributions of a generalist species such
as R. irregularis to understand their widespread distribu-
tion will be an interesting question to assess in further
studies from both an ecological and an agricultural point
of view.

In conclusion, physical soil disturbance and fertilisation of
a buffer strip, even within less than a season, resulted in clear
shifts in the structure of AMF communities. Physical soil
disturbance was the dominant factor although it was clearly
modulated by nitrogen fertilisation. Changes in the popula-
tion structure of R. irregularis were less pronounced. These
results will contribute to a better understanding of the dy-
namics of AMF communities and populations in
agroecosystems. Future studies will have to show whether
these effects are reversible and/or whether over longer pe-
riods of time these patterns will even become more pro-
nounced, consisting in a reduced AMF species diversity
and a clear shift of arable genotypes of R. irregularis.
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