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Abstract Arbuscular mycorrhizal (AM) fungi play key roles
in plant nutrition and plant productivity. AM fungal responses
to either plant identity or fertilization have been investigated.
However, the interactive effects of different plant species and
fertilizer types on these symbiotic fungi remain poorly under-
stood. We evaluated the effects of the factorial combinations
of plant identity (grasses Avena sativa and Elymus nutans and
legume Vicia sativa) and fertilization (urea and sheep manure)
onAM fungi following 2-yearmonocultures in a sown pasture
field study. AM fungal extraradical hyphal density was signif-
icantly higher in E. nutans than that in A. sativa and V. sativa
in the unfertilized control and was significantly increased by
urea and manure in A. sativa and bymanure only in E. nutans,
but not by either fertilizers in V. sativa. AM fungal spore
density was not significantly affected by plant identity or fer-
tilization. Forty-eight operational taxonomic units (OTUs) of
AM fungi were obtained through 454 pyrosequencing of 18S
rDNA. TheOTU richness and Shannon diversity index of AM
fungi were significantly higher in E. nutans than those in

V. sativa and/or A. sativa, but not significantly affected by
any fertilizer in all of the three plant species. AM fungal com-
munity composition was significantly structured directly by
plant identity only and indirectly by both urea addition and
plant identity through soil total nitrogen content. Our findings
highlight that plant identity has stronger influence than fertil-
ization on belowground AM fungal community in this con-
verted pastureland from an alpine meadow.

Keywords 454 pyrosequencing . AM fungi . Community
composition . Fertilization . Plant identity . Sown pasture

Introduction

Arbuscular mycorrhizal (AM) fungi belong to Glomeromycota
and form symbiotic associations with most terrestrial plant spe-
cies [1]. In AM associations, plants provide photosynthates for
the growth and function of AM fungi; as such, plant perfor-
mance can affect AM fungal community [2]. In return, AM
fungi improve plant nutrient uptake and resistance to biotic
and abiotic stresses; therefore, these fungi can greatly affect
plant productivity, diversity, and ecosystem processes [3–5].
AM associations, which function as vital links between above-
ground and belowground communities in ecosystems, are in-
fluenced by plant [6] and anthropogenic activities [7, 8].

It is suggested that AM fungi may exhibit low host plant
specificity, because relatively low numbers of AM fungal spe-
cies (ca. 250 species) can colonize high numbers of their plant
partners (ca. 200,000 species) [1, 9]. However, there is a
growing body of evidence consistently suggesting that AM
fungal community in roots is strongly shaped by plant identity
[10–12]. For example, the AM fungal community colonizing
Trifolium repens differs from the fungal community coloniz-
ing Agrostis capillaris [10]. Likewise, the AM fungal
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community associated with Taraxacum officinale varies from
the fungal communities related to Polemonium viscosum and
Taraxacum ceratophorum [11]. The AM fungal communities
that colonize three leguminous plants, namely, Lotus
corniculatus, Ononis repens, and T. repens, are also distinctly
different from those that thrive in non-leguminous plants, such
as Festuca ovina, Hieracium pilosella, and Plantago
lanceolata [13].

In contrast to root-associated AM fungi, soil-dwelling AM
fungal extraradical hyphal (ERH) density, spore density, and
community composition are inconsistently affected by plant
identity [14–21]. For example, the AM fungal ERH density is
slightly affected by Calamovilfa longifolia and Deschampsia
flexuosa [14]. The AM fungal spore density is also slightly
affected by Andropogon gerardii, Sorghastrum nutans, and
Schizachyrium scoparium [15]. Likewise, the AM fungal
community composition in soil is weakly affected by three
crops, namely, pea, lentil, and wheat [16] and by Stipa grandis
and Agropyron cristatum, which are dominant plant species in
a grassland [17]. Conversely, the AM fungal spore density in
Baptisia bracteata is significantly higher than that in Panicum
virgatum, Poa pratensis, and Solidago missouriensis [19].
Varela-Cervero et al. [21] found that AM fungi belonging to
Diversispora are exclusively detected in soil planted with
Genista cinerea and Lavandula latifolia rather than with other
species, such as Rosmarinus officinalis, Thymus mastichina,
and Thymus zygis. Taken together, although the determinants
of plant identity on root-associated AM fungal communities
have been increasingly confirmed, the inconsistent depen-
dence of soil-dwelling AM fungi on plant identity has yet to
be fully elucidated.

As a key anthropogenic activity in agricultural and
natural ecosystems, fertilization elicits various effects
on AM fungi [22, 23]. For instance, nitrogen (N) fertil-
ization has negatively [23, 24] and neutrally [23, 25]
affected the ERH density and spore density of AM fungi,
respectively. Under N addition conditions, the diversity
of soil-inhabiting AM fungi in grassland ecosystems can
be increased [26], decreased [27, 28], and unaffected
[23]. N fertilization has also significantly influenced the
AM fungal community compositions in temperate steppe
[23, 28] but not in alpine meadow [26] ecosystems.
Therefore, the discrepant effects of N fertilization on
AM fungi should be confirmed through further investi-
gations. Manure is another important soil input to en-
hance plant productivity because of the large forage re-
quirement of livestock, as in the Tibetan plateau region,
and a huge area previously converted from native mead-
ow to pastureland [29]. Given that manure application
has affected soil properties, respiration intensity, and
plant community on the Tibetan plateau [29–31], the re-
sponse of AM fungal community to sheep manure
amendment remains poorly understood.

Although the effect of either plant identity or fertilization
on AM fungi has been widely explored in various ecosystems,
the response of soil-dwelling AM fungi to combined plant
identity and fertilization and their interaction has yet to be
elucidated. On the basis of a 2-year urea and sheep manure
fertilization, we examined the ERH density and spore density
of AM fungi in a sown pastureland converted from native
meadow by conducting a monoculture experiment with three
plants: Avena sativa, Elymus nutans, and Vicia sativa, which
are widely used as forage production in the Tibetan alpine
meadow region. The AM fungal community composition in
soil was further examined by subjecting 18S rDNA to 454
pyrosequencing. Considering previous findings on the effect
of plant identity and fertilization on AM fungi, in this study
we tested the following two hypotheses: (H1) plant identity
likely influences the ERH density, spore density, diversity, and
community composition of AM fungi and (H2) fertilization
possibly elicits a greater effect on soil AM fungi in grasses
(A. sativa and E. nutans) than that in legume (V. sativa) be-
cause of the latter N-fixing capacity.

Materials and Methods

Study Site

This study was conducted at the Haibei Alpine Meadow
Ecosystem Research Station (HAMERS) of Chinese
Academy of Sciences in the Tibetan plateau, China (37° 36′
N, 101° 12′ E; 3250 m above sea level). The HAMERS ex-
periences a typical plateau continental climate, with a mean
annual temperature of −1.7 °C and a mean annual precipita-
tion of 580 mm; more than 80 % of precipitation occurs in the
plant growing season fromMay to September [31]. The soil is
classified as cambisol [32], and the local plant community is
dominated by Kobresia humilis, E. nutans, Stipa aliena,
Gentiana straminea, Potentilla nivea, and F. ovina [31].

Experimental Design and Sampling

The field experiment was established at the HAMERS in ac-
cordance with previously described methods [29]. In brief, the
study site had been planted with barley for ca. 20 years until
the 1980s and with E. nutans pasture in the 1990s. Since then,
the study site had been abandoned and allowed to regenerate
naturally with grazing in the winter season for 8 years until
2007. An experimental site of 100 m × 100 m was fenced in
early May 2007. We conducted a randomized complete block
design experiment involving plant monoculture and fertiliza-
tion with four replicate plots (4 m × 4.5 m in size and with a
buffer zone of 2 m in width among plots) for each treatment in
2009. Three main forages in a local region, two grasses
(A. sativa and E. nutans), and a legume (V. sativa) were
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selected and planted in this pasture ecosystem. Fertilization
treatments were prepared as follows: urea addition
(69 kg N ha−1 year−1), sheep manure addition (1687 kg carbon
[C] ha−1, 93 kg N ha−1, and 45 kg phosphorus [P] ha−1) and
unfertilized control. The urea and sheep manures have been
annually applied in early May and in mid-July since 2009,
respectively [29].

In late August 2011, five soil cores (3 cm in diameter;
15 cm in depth) were randomly collected from each plot and
then homogenized to form a composite sample. During soil
sampling, two manure amendment plots (one for A. sativa and
one for V. sativa) were unavailable because of incorrect plant-
ing. Therefore, 34 soil samples were collected and analyzed in
our study. The soil samples were immediately packed in an ice
box and transported to our laboratory. After coarse stones,
plant roots, and visible organic debris were removed, the soil
samples were sieved through a 2 mm mesh and divided into
two portions. One portion of the subsamples was stored at
−80 °C until DNA extraction and AM fungal hyphal length
measurement. The other subsamples were air dried for AM
fungal spore density and soil variable measurement.

Soil Physicochemical Analysis

The following parameters were measured using the corre-
sponding methods: soil pH with a glass electrode at a 1:2.5
(w/v) soil-to-water ratio; soil moisture with gravimetric meth-
od at 105 °C for 24 h; soil organic matter (SOM) with
K2Cr2O7 oxidation-reduction titration method; soil total N
with Kjeldahl method; and soil available P with Murphy–
Riley method. Soil NH4

+-N and NO3
−-N were extracted with

2 M KCl solution and determined using a continuous flow
analyzer (SAN++, Skalar, Holland).

AM Fungal ERH and Spore Densities

Fungal hyphae were extracted from 4.0 g of frozen soil by
using a membrane filter [33] and separated into AM and
non-AM fungal hyphae on the basis of their morphological
characteristics and staining color [34]. The ERH length of AM
fungi was measured via a grid line intersect method by ob-
serving 135 view fields for each filter under a microscope
(Nikon 80i, Tokyo, Japan) at 200× magnification. AM fungal
spores were extracted from 20 g of air-dried soil with distilled
water via wet sieving and decanting methods [35] and then
counted under the microscope (Nikon 80i, Tokyo, Japan) at
40× magnification.

DNA Extraction, PCR, and Pyrosequencing

DNA was extracted from 0.25 g of frozen soil by using a
PowerSoil® DNA isolation kit (MOBIO Laboratories, Inc.,
Carlsbad, USA) in accordance with the manufacturer’s

instructions. The DNA concentration was measured with a
TBS 380 fluorescence spectrophotometer (Promega,
Madison, WI, USA). A two-step PCR was performed. In the
first PCR, a primer set comprising GeoA2 [36] and NS4 [37]
was used. The PCR cocktail with a final volume of 25 μL
consisted of 2.5 μL of 10× PCR buffer (Mg2+ plus), 2 μL of
deoxyribonucleoside triphosphate mixture (each 2.5 mM),
0.5 μL of each primer (10 μM), 1.5 U Taq polymerase
(TaKaRa, Dalian, China), and ca. 10 ng of template DNA
combined with sterile deionized H2O. PCR was carried out
under the following thermocycling conditions: initial setting at
94 °C for 5 min; followed by 30 cycles at 94 °C for 45 s, 54 °C
for 1 min, and 72 °C for 1.5 min; and final setting at 72 °C for
10 min. The obtained PCR products were diluted 50 times,
and 1 μL of the resulting solution was used as the template for
the second PCR amplifications with the primers NS31 [38]
and AML2 [39]. A 10-base barcode sequence was taggedwith
NS31 (Table S1). The thermocycling conditions for the sec-
ond PCR were similar to those of the first PCR except that the
annealing temperature was set at 58 °C. The PCR products
were purified with a PCR product gel purification kit
(Axygen, Union City, CA, USA) and then quantified with
the TBS 380 fluorescence spectrophotometer (Promega,
Madison, WI, USA). The purified DNA (50 ng) from each
sample was pooled and adjusted to 10 ng μL−1. The pooled
product was subjected to pyrosequencing on Roche Genome
Sequencer FLX Titanium (454 Life Sciences, Branford, CT,
USA). The representative 18S rDNA sequences obtained in
this study have been submitted to the European Molecular
Biology Laboratory (EMBL) nucleotide sequence database
with the accession numbers LN907232–LN907279.

Bioinformatics Analysis

The raw sequences were re-assigned to the samples in Mothur
1.32.2 [40] on the basis of barcodes and then trimmed in
accordance with the following parameters to exclude short-
and low-quality sequences: minlength = 300, maxambigs = 0,
maxhomop = 8, qaverage = 25, and pdiffs = 1. Thus, high-
quality sequences were obtained. Potential chimeras in the
sampled sequences were de tec ted by us ing the
Bchimera.uchime^ command in Mothur. Non-chimeric se-
quences were clustered into operational taxonomic units
(OTUs) at a 97% sequence similarity level in accordance with
previous studies [7, 24, 26, 41] after dereplication was con-
ducted and singleton was discarded via UPARSE pipeline in
version 8.0.1623_win32 [42]. The representative sequence of
each OTU was identified by a basic local alignment search
tool (BLAST; [43]) search against the National Center for
Biotechnology Information (NCBI) nt database. All non-AM
fungal OTUs identified on the basis of the closest BLAST hit
not annotated as Bglomeromycota^ were removed from the
dataset. Furthermore, the representative sequences of AM
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fungal OTUs were blasted against the MaarjAM database [41]
and excluded from the dataset when E values > e−100. The
number of sequence per sample was normalized to the
smallest sample size by using the Bsub.sample^ command in
Mothur to account for the influence of different read numbers
on the analysis of AM fungal community. A neighbor-joining
tree of the representative OTU sequences obtained in this
study and the reference sequences from GenBank were con-
structed by using the p distance model with 1000 replicates to
produce bootstrap values and thus identify the taxonomic po-
sition of the obtained AM fungal OTUs.

Data Analysis

The cumulative number of AM fungal OTUs was calculated
using the Bspecaccum^ function in Vegan [44] in an R plat-
form. The frequency of a specific AM fungal OTU is defined
as the percentage of the number of samples where OTU was
detected to the number of all samples. The abundance of a
given AM fungal OTU or family is defined as the number of
reads of that OTU or family in a sample. The richness of AM
fungal OTUs is defined as the number of OTUs in a sample or
in each family. Shannon diversity index calculated from the
relative abundance of OTU was considered to estimate the
AM fungal diversity for each sample [45]. A two-way analysis
of variance (ANOVA) was conducted to evaluate the effect of
plant identity, fertilization, and their interaction on the ERH
density, spore density, OTU richness, Shannon diversity in-
dex, and abundance of AM fungi. Significant differences be-
tween treatments were compared through post hoc Tukey’s
honest significant difference (HSD) tests at P < 0.05. Data
were also examined to determine the normality of distribution
and homogeneity of variance before two-way ANOVA was
conducted. Among the obtained data, the abundance of
OTU10, OTU12, OTU46, OTU50, Archaeosporaceae, and
Gigasporaceae and the richness of Archaeosporaceae did not
satisfy the homogeneity of variance before and after relevant
transformation was carried out. Non-parametric Kruskal–
Wallis test was applied to examine the effects of plant identity
and fertilization. Significant differences between treatments
were then detected through pairwise comparisons at
P < 0.05. When AM fungal variables did not significantly dif-
fer among the fertilization treatments within each plant spe-
cies, data were pooled in accordance with plant identity and
then subjected to Tukey’s HSD tests (homogeneity of vari-
ance) or pairwise comparisons (heterogeneity of variance) at
P < 0.05 to reveal the difference among plant species.

Permutational multivariate analysis of variance
(PerMANOVA) with distance matrices was conducted using
the Badonis^ function in Vegan with 999 permutations to eval-
uate the effect of plant identity, fertilization, and their interaction
on AM fungal community composition (Hellinger-transformed
OTU read numbers) [44]. Non-metric multidimensional scaling

(NMDS) was employed on the basis of Bray–Curtis dissimilar-
ities to visualize the compositional differences in AM fungal
communities among the treatments. Furthermore, soil variables
were fitted as vectors onto the ordination NMDS plot by using
the Benvfit^ function based on 999 permutations in Vegan [44]
to examine the relationship between AM fungal community
composition and soil properties at P < 0.05.

A structural equation model (SEM) was used to detect the
causal relationships among plant identity, fertilization, soil, and
AM fungi by using the AMOS 22.0.0 (Amos Development
Corporation, Meadville, PA, USA). Before establishing the
SEM, we examined the interrelationships among treatments
(plant identity, urea addition, and manure addition), soil vari-
ables (pH, moisture, SOM, total N, NH4

+-N, NO3
−-N, and

available P), and AM fungal variables (ERH density, spore
density, and community composition) by conducting a Mantel
test with the Bmantel^ function in Ecodist [46]. The R values
derived from the Mantel tests were considered as input data to
create the SEMmodel. On the basis of fundamental knowledge,
we assumed a conceptual model showing that both plant iden-
tity and fertilization likely alter soil variables; as a consequence,
this alteration affected the AM fungal variables. Maximum like-
lihood estimation was applied to compare the SEMmodel with
the observation. Model adequacy was determined through χ2

tests, goodness-of-fit index (GFI), Akaike information criteria
(AIC), and root mean square error of approximation (RMSEA).
Adequate model fits were indicated by a non-significant χ2 test
(P ≥ 0.05), high GFI (> 0.90), low AIC, and low RMSEA
(< 0.05). Statistical analyses were carried out in R 3.0.2 [47].

Results

Soil Properties

Compared with the unfertilized control treatment, soil pH was
significantly decreased by manure in E. nutans but not by
either fertilizers in A. sativa and V. sativa (Table 1). Soil mois-
ture was not significantly different in the fertilization treat-
ments within each plant species, except for significantly lower
soil moisture in V. sativa than that in A. sativa and E. nutans
under manure treatment (Table 1). Soil total N was significant-
ly decreased by urea and manure addition in A. sativa but
significantly increased by manure in E. nutans and by both
fertilizers in V. sativa, compared with the unfertilized control
treatment (Table 1). Moreover, soil NH4

+-N was significantly
increased in A. sativa with urea and manure additions but not
in E. nutans and V. sativa. Compared with the unfertilized
control treatment, soil NO3

−-N was significantly increased in
the three plant species with urea addition rather than
manure addition (Table 1). SOM and available P were
not significantly changed by both fertilizers in all of the
three plant species (Table 1).
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AM Fungal ERH and Spore Densities

AM fungal ERH density ranged from 0.65 to 1.97, with a
mean of 1.19 m g−1 dry soil. Two-way ANOVA revealed that
AM fungal ERH density was significantly influenced by plant
identity, fertilization, and their interaction (Fig. 1a). For exam-
ple, the ERH density was significantly higher in E. nutans
than that in A. sativa and V. sativa, but no significant differ-
ence was observed between A. sativa and V. sativa in the
control and manure treatments, respectively (Fig. 1a). In urea
addition treatment, the AM fungal ERH density was signifi-
cantly higher in A. sativa than that in V. sativa, but no signif-
icant difference was observed between E. nutans and A. sativa
and between E. nutans and V. sativa (Fig. 1a). Compared with
the unfertilized control treatment, the AM fungal ERH density
was significantly increased by both urea and manure in
A. sativa and by manure only in E. nutans, but not by either
fertilizer in V. sativa (Fig. 1a). The AM fungal spore density
ranged from 26.6 to 39.4, with a mean of 32.5 spores g−1 dry
soil. Two-way ANOVA indicated that plant identity and fer-
tilization did not significantly affect the spore density, while a
significantly interactive effect was observed (Fig. 1b).

454 Pyrosequencing Analysis and Identification of AM
Fungi

A total of 82,080 reads were retained from 132,209 raw reads
after a denoising step was completed. Subsequently, 5627
potential chimeras were excluded from the dataset. Thus,
76,453 non-chimeric reads were obtained and clustered into
162 OTUs at 97 % sequence similarity. Of these OTUs, 52
(45,471 reads) belonged to AM fungi, 39 (23,846 reads) to
metazoa, 36 (2099 reads) to non-AM fungi, 14 (127 reads) to
plants, 4 (149 reads) to alveolata, 3 (24 reads) to
stramenopiles, 2 (5 reads) to centroheliozoa, 2 (5 reads) to
cercozoa, 1 (2 reads) to amoebozoa, and 9 (95 reads) to

unknown taxonomic eukaryotes. The AM fungal read numbers
were further normalized to 612 (612 to 2311 in all of the soil

Table 1 Soil properties related to Avena sativa, Elymus nutans, and Vicia sativa in the unfertilized control, urea addition, and sheep manure addition
treatments

Plant species Treatment pH Moisture (%) SOM (%) TN (g kg−1) NH4
+-N (mg kg−1) NO3

−-N (mg kg−1) AP (mg kg−1)

Avena sativa Control 7.94 ± 0.03ab 28.59 ± 0.94ab 6.36 ± 0.36a 5.16 ± 0.03d 50.6 ± 0.8d 5.20 ± 0.54b 6.70 ± 0.83a

Urea 8.02 ± 0.02ab 29.53 ± 1.37ab 6.46 ± 0.33a 4.94 ± 0.02e 72.1 ± 1.5a 47.24 ± 6.04a 5.73 ± 0.56a

Manure 8.11 ± 0.02a 31.66 ± 1.55a 6.69 ± 0.17a 4.94 ± 0.04e 72.6 ± 1.2a 5.08 ± 1.18b 7.65 ± 0.41a

Elymus nutans Control 8.10 ± 0.01a 28.35 ± 0.82ab 6.39 ± 0.24a 5.20 ± 0.03 cd 63.5 ± 1.3bc 8.56 ± 1.18b 7.68 ± 0.63a

Urea 8.06 ± 0.02ab 31.23 ± 0.85a 6.77 ± 0.22a 5.27 ± 0.02 cd 62.9 ± 0.7bc 40.47 ± 5.29a 5.98 ± 0.65a

Manure 7.84 ± 0.11b 30.90 ± 0.79a 7.26 ± 0.32a 5.52 ± 0.03b 60.3 ± 1.7c 9.44 ± 1.42b 5.94 ± 0.40a

Vicia sativa Control 8.12 ± 0.04a 27.13 ± 0.78ab 6.78 ± 0.46a 5.17 ± 0.01d 65.2 ± 1.5abc 10.73 ± 0.78b 6.46 ± 1.06a

Urea 8.06 ± 0.03ab 26.71 ± 0.97ab 6.50 ± 0.40a 6.24 ± 0.01a 65.1 ± 1.7abc 34.46 ± 4.54a 6.54 ± 0.74a

Manure 8.02 ± 0.03ab 24.76 ± 0.25b 6.99 ± 0.27a 5.34 ± 0.01c 69.2 ± 0.2ab 10.63 ± 1.40b 6.10 ± 0.58a

Values (mean ± SE) in the same column without shared letters denote significant difference at P < 0.05, as indicated by Tukey’s HSD test

SOM soil organic matter, TN total nitrogen, AP available phosphorus

Fig. 1 Extraradical hyphal (ERH) density (a) and spore density (b) of
arbuscular mycorrhizal (AM) fungi in different fertilization treatments of
three plant species. Two-way ANOVA showed the effect of plant identity
(PI), fertilization (F), and their interactions (PI × F) on AM fungal
variables (ns, P ≥ 0.05; **P < 0.01; ***P < 0.001). Data are means ±
SE. Shared letters above bars (lowercase) and lines (uppercase) denote
no significant difference among nine treatments and three plant species,
respectively, as indicated by Tukey’s HSD test at P < 0.05
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samples). As a result, a normalized dataset containing 48 AM
fungal OTUs (20,804 reads) was obtained. AM fungal OTUs
ranged from 18 to 35, with a mean of 28.0 ± 1.7 in the nine
treatments (Fig. 2a). Of these 48 AM fungal OTUs, 37 OTUs
(99.7 % of total reads) were detected in at least three samples
(frequency ≥ 8.8 %) and the 11 other OTUs (0.3 % of total
reads) were found in ≤ 2 samples (Fig. 2b). In addition, the 15
most abundant OTUs (reads ≥ 100) accounted for 96.0% of the
total AM fungal reads and the 33 remaining OTUs accounted
for 4.0% (Fig. 2c). Of these 48AM fungal OTUs, the following
classifications were observed (Fig. 3): 3 in Acaulosporaceae (3
Acaulospora OTUs); 3 in Ambisporaceae (3 Ambispora
OTUs); 4 in Archaeosporaceae (4 Archaeospora OTUs); 9 in

Claroideoglomeraceae (9 Claroideoglomus OTUs); 4 in
Divers i sporaceae (4 Divers i spora OTUs) ; 1 in
Entrophosporaceae (1 Entrophospora OTU); 4 in
Gigasporaceae (4 Scutellospora OTUs); 18 in Glomeraceae (1
Funneliformis OTU, 10 Glomus OTUs, 3 Rhizophagus OTUs,
2 Septoglomus OTUs, and 2 genus-unassigned OTUs); 1 in
Pacisporaceae (1 Pacispora OTU); and 1 in Paraglomeraceae
(1 Paraglomus OTU).

AM Fungal Community

Plant identity rather than fertilization significantly affected the
abundance of OTU10, OTU12, OTU25, OTU39, OTU46, and
OTU50 (Fig. S1). Likewise, plant identity significantly
inf luenced the abundance of Archaeosporaceae ,
Claroideoglomeraceae, and Gigasporaceae (Figs.S2a, b, d).
By contrast, plant identity and fertilization elicited a significant
effect on the abundance of Diversisporaceae (Fig. S2c). For
instance, the abundances of OTU10, OTU12, OTU39,
OTU50, Archaeosporaceae, and Gigasporaceae were signifi-
cantly higher in E. nutans than those in A. sativa and/or
V. sativa (Fig. S1a, b, d, f; Fig. S2a, d). The abundances of
OTU25 and Claroideoglomeraceae were significantly lower in
V. sativa than those in A. sativa and E. nutans (Fig. S1c;
Fig. S2b). By comparison, the abundance of Diversisporaceae
was significantly higher in V. sativa than that in E. nutans
(Fig. S2c). The abundance of OTU46 was significantly higher
in E. nutans than that in A. sativa under the control treatment,
whereas no significant differencewas observed among the three
plant species under either urea or manure treatment (Fig. S1e).

Plant identity, not fertilization, significantly affected the
OTU richness and Shannon diversity index of AM fungi
(Fig. 4). For example, OTU richness was significantly higher
in E. nutans than that in V. sativa. By contrast, OTU richness
did not significantly differ between A. sativa and E. nutans and
between A. sativa and V. sativa (Fig. 4a). Shannon diversity
index was significantly higher in E. nutans than that in
A. sativa and V. sativa, but no significant difference between
A. sativa andV. sativawas observed (Fig. 4b). Plant identity, not
fertilization, significantly influenced the OTU richness of
Archaeosporaceae, Diversisporaceae, and Glomeraceae
(Figs. S2e, f, g). For example, the OTU richness of
Archaeosporaceae and Glomeraceae was significantly
higher in E. nutans than that in A. sativa and/or V. sativa
(Figs. S2e, g). By comparison, the OTU richness of
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�Fig. 3 Neighbor-joining tree was constructed based on ca. 400 bp
fragment of the 18S rDNA sequences of the 48 OTUs (bold) obtained
in this study and the reference sequences downloaded fromGenBank (the
corresponding accession numbers are indicated in parentheses).
Bootstrap values were calculated on the basis of 1000 data resampling
(> 50 % of the values are shown). Paraglomeraceae was used as an
outgroup. Scale bar represents 1 % sequence divergence
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Diversisporaceae was significantly lower in E. nutans than that
in V. sativa (Figs. S2f).

PerMANOVA analysis revealed that the AM fungal com-
munity composition was significantly affected by plant identity
(R2 = 0.258, P = 0.001) but not by fertilization (R2 = 0.054,
P = 0.320) or their interaction (R2 = 0.082, P = 0.710).
Similarly, NMDS indicated that the AM fungal community
composition was significantly separated by three plant species,
but not by urea or manure fertilization (Fig. 5). In addition, the
AM fungal community composition was significantly related to
soil moisture (R2 = 0.381, P = 0.001), SOM (R2 = 0.321,
P = 0.004), and soil total N (R2 = 0.222, P = 0.022) (Fig. 5).

Relationships Among Plant Identity, Fertilization, Soil,
and AM Fungal Variables

Mantel tests showed that the AM fungal ERH density was
significantly related to plant identity, manure addition, SOM,

and soil moisture (Table S2). The AM fungal community
composition was significantly related to plant identity and soil
total N (Table S2). Significant relationships were found be-
tween plant identity, soil moisture, soil total N, or urea addi-
tion (Table S2). Subsequently, the final SEM model with
Mantel r values (relation coefficients) as input adequately
fitted the data describing the interaction pathways among soil
parameters, ERH density, and community composition in re-
sponse to plant identity and fertilization (χ2 = 6.542, df = 6,
P = 0.365, GFI = 0.997, AIC = 66.542, RMSEA = 0.013;
Fig. 6). The final SEM model explained 12.3 and 12.4 % of
the variation in the ERH density and community composition
of AM fungi, respectively (Fig. 6a). The AM fungal ERH
density was significantly influenced directly by plant identity
(λ = 0.152), manure addition (0.242), and SOM (0.145)
(Fig. 6a). The AM fungal community composition was signif-
icantly affected directly by plant identity (0.206) and indirect-
ly by urea addition (0.059) and plant identity (0.040) via soil
total N (0.246) (Fig. 6a, b).

Discussion

Effects of Plant Identity and Fertilization on AM Fungal
ERH Density and Spore Density

The AM fungal ERH density was significantly affected by
plant identity in this study, and this finding partly supported
H1. Radić et al. [48] also found that the AM fungal ERH
density is significantly different among P. lanceolata,
Tanacetum cinerariifolium, and Vitis vinifera in a pot experi-
ment. This phenomenon indicated that different plants provide

Fig. 4 The OTU richness (a) and Shannon diversity index (b) of
arbuscular mycorrhizal (AM) fungi in different fertilization treatments
of three plant species. Two-way ANOVA revealed the effect of plant
identity (PI), fertilization (F), and their interactions (PI × F) on AM
fungal variables (ns, P ≥ 0.05; *P < 0.05; **P < 0.01). Data are means
± SE. Shared letters above bars (lowercase) and lines (uppercase)
denote no significant difference among nine treatments and three plant
species, respectively, as shown by Tukey’s HSD test at P < 0.05
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Fig. 5 Non-metric multidimensional scaling (NMDS) of the community
composition of arbuscular mycorrhizal fungi among nine treatments
(stress = 0.122). Small dots represent the ordination data of 34 samples
belonging to nine treatments, and large dots correspond to the weighted
average of NMDS scores and their standard errors within each treatment
(mean ± SE). Significant variables of soil moisture (R2 = 0.381,
P = 0.001), soil organic matter (SOM, R2 = 0.321, P = 0.004), and total
nitrogen (TN, R2 = 0.222, P = 0.022) are fitted onto the NMDS graph
based on the results of Benvfit^ function analysis
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photosynthetic products differentially for their fungal partners
[49]. As a result, the hyphal growth of AM fungi varies. We
also found that urea and/or manure fertilization significantly
increased the AM fungal ERH densities in A. sativa and
E. nutans but not in V. sativa. This finding supported H2.
Fertilization positively affects the AM fungal ERH densities
in A. sativa and E. nutans possibly because fertilization in-
creases soil nutrient availability for plant growth; in return,
plants provide more photosynthetic resources for fungal part-
ners and simultaneously promote the ERH growth of AM
fungi. However, fertilization unlikely affects the AM fungal
ERH density in V. sativa probably because leguminous plants
exhibit N-fixing capacity, which slightly depends on AM fun-
gi for their N absorption. As a consequence, AM fungal hy-
phae are not increased by fertilization. In addition, we ob-
served that urea application significantly increased the AM
fungal ERH density in A. sativa rather than that in E. nutans.
These two grasses may exhibit different uptake capacities for
soil N because the accumulated soil NH4

+-N in A. sativa was
distinctly higher than that in E. nutans under urea fertilization
(Table 1). Therefore, A. sativa depended more on AM fungal
hyphae for N uptake than E. nutans did. We also found an
interactive effect of plant identity and fertilization on AM

fungal ERH density. This finding suggested that the effect of
fertilization likely relied on plant species. Furthermore, the
AM fungal ERH density was much lower in our study area
(a mean of 1.19 m g−1 dry soil) than that in an undisturbed
natural grassland in the same site (3.55 m g−1 dry soil; [26]).
This phenomenon could occur because AM fungal hyphal
growth is highly disturbed by land use changes, such asmono-
culture and tillage in the current study compared with natural
conditions [26].

We found that neither plant identity nor fertilization signif-
icantly affected AM fungal spore density. However, this find-
ing did not partly confirm H1 and H2. Similarly, the spore
density of AM fungi is unaffected by plant species
(A. gerardii, S. nutans, and S. scoparium) in a serpentine
grassland [15] and unaffected by N addition in two temperate
grassland ecosystems [23, 25]. Nevertheless, the spore density
of AM fungi is significantly affected by host plant species,
such as Crotalaria grahamiana, Allium porrum, Zea mays,
and Helianthus annuus, in an agricultural ecosystem in
Switzerland [20] and by Caragana korshinskii, Artemisia
sphaerocephala, and Salix psammophila in a farming-
pastoral zone in China [50]. This discrepancy could be obtain-
ed because plants and ecosystem heterogeneity, especially soil

Direct path Indirect path Total effects
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identity 

Urea 
addition 

Manure 
addition 

Plant 
identity 

Urea 
addition 

Manure 
addition 

Plant 
identity 

Urea 
addition 

Manure 
addition 

Soil moisture 0.216 -0.011 0.127 0.216 -0.011 0.127

SOM -0.012 -0.034 0.011 -0.012 -0.034 0.011

TN 0.200 0.249 -0.020 0 0

0 0 0

0 0 0

0 0.200 0.249 -0.020

AM fungal ERH density 0.152 -0.077 0.242 -0.010 -0.006 0.010 0.142 -0.083 0.252

AM fungal community 
composition

0.206 -0.026 0.000 0.040 0.059 -0.009 0.246 0.033 -0.009

Urea 
addition SOM

AM fungal ERH 
density

Plant identity

AM fungal community 
composition

R2 = 0.124

R2 = 0.123

-0.101

Manure 
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Soil moisture
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-0.034

(a)

(b)

Fig. 6 a Structural equation model (SEM) showing the causal
relationships among plant identity, fertilization, soil, arbuscular
mycorrhizal (AM) fungal extraradical hyphal (ERH) density, and
community composition. The final model fits the data well: maximum
likelihood, χ2 = 6.542, df = 6, P = 0.365, goodness-of-fit index = 0.997,
Akaike information criteria = 66.542, and root mean square error of
approximation = 0.013. Solid lines and dashed lines indicate significant

and non-significant pathways, respectively. The width of the solid lines
indicates the strength of the causal effect. R2 represents the proportion of
variance explained for each variable. b Direct, indirect, and total effect
coefficients (λ) of plant identity, urea, and manure additions on soil and
AM fungal variables in this SEM. SOM soil organic matter, TN total
nitrogen, AP available phosphorus
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factors, such as moisture, organic carbon, and available N,
critically influence AM fungal sporulation [26, 51, 52].
Furthermore, AM fungal spore densities are decreased by N
fertilization in grassland in Minnesota, USA [53] and in sim-
ilar alpine meadows [24, 26]. We manipulated a sown pasture
experiment by using three plant species monocultures, and our
procedures completely differed from those focusing on natural
plant communities [24, 26]. Therefore, the outcome of N (urea
used in our study) application is inconsistent. Plant identity
and fertilization also interactively affected AM fungal spore
density, suggesting that the potential effects of fertilization
relied on plant species. Overall, the response of the spore
density of AM fungi to plant identity and fertilization may
depend on multiple factors, such as soil context, plant species,
ecosystem type, and land use pattern [14, 53–55].

Effects of Plant Identity and Fertilization on Diversity
and Community Composition of AM Fungi

Plant identity significantly affected the diversity and communi-
ty composition of soil AM fungi in this study, as expected partly
(H1). Plant identity also influences the richness, genetic diver-
sity, and community composition of AM fungi in various eco-
systems [e.g., [12, 13, 19, 56, 57]. This phenomenon occurred
because different plant species may allocate various qualitative
and quantitative carbon resources to their AM fungal partners
[49, 58] or supply various root exudates; as a consequence,
distinct rhizospheric aspects in terms of physical, chemical, or
biological conditions are observed [59]. Thus, the diversity and
community composition of AM fungi are altered [60, 61].

In this study, some AM fungi of Archaeosporaceae
(OTU50), Gigasporaceae (OTU12 and OTU39), and
Glomeraceae (OTU10) were abundant in E. nutans. By con-
trast, Diversisporaceae seemed to prefer V. sativa. In a previous
study, seven groups (Glomus numbered as G14, G16, G19,
G22, G23, G25, and G26) of Glomeraceae can be found in
Anagallis arvensis; conversely, Glomus G20 likely exists more
frequently in Carduus tenuiflorus and Hieracium vulgare [62].
Some of Diversispora-related members are exclusively detect-
ed in soil-dwelling fractions of G. cinerea and L. latifolia; like-
wise,Glomus-related members are found in the root and hyphal
compartments of G. cinerea and T. zygis [21]. Combining pre-
vious findings and our results from the sown pasture, we sug-
gested that some AM fungi may exhibit host plant preference.

Fertilization changes soil properties, such as nutrient avail-
ability [e.g., [28, 63], which can influence soil microbes directly
and indirectly by supplying more carbon resources via in-
creased plant growth and plant residue returns [64]. As such,
fertilization may affect the diversity and community composi-
tion of soil AM fungi. For example, N ormanure addition elicits
directly significant effects on the diversity and community com-
position of AM fungi in different ecosystems [23, 65].
However, we found that fertilization did not directly affect

AM fungal diversity and community composition in grasses
A. sativa and E. nutans and legume V. sativa (Fig. 5). This
finding did not confirm H2. These contradictory results were
obtained possibly because fertilization was conducted for
2 years, which was shorter than that in previous studies (5–
21 years) [23, 65]. Furthermore, soil total N in the background
(average 5.18 g kg−1, Table 1) in our study site wasmuch higher
than that described in previous studies (0.40–1.72 g kg−1 [23,
65]). Therefore, AM fungi were slightly sensitive to fertilization
in the present study. We also found that the AM fungal com-
munity composition was significantly affected by soil total N as
a result of urea addition. Similar findings were reported in the
same site [26] and in a temperate steppe in northern China [17].
Indeed, the community composition of AM fungi can be struc-
tured on the basis of soil variables, such as pH, moisture, tex-
ture, N content, and C:N in various ecosystems [54, 63, 66–68].

Conclusions

The response of AM fungal community to combined plant
identity and fertilization was investigated in a sown pasture
on the Tibetan plateau. The AM fungal ERH density, but not
spore density, was significantly affected by both plant identity
and fertilization. The effect of urea and sheep manure on the
ERH density of AM fungi was dependent on plant identity. The
AM fungal diversity was significantly influenced by plant iden-
tity rather than fertilization. The community composition of
AM fungi was significantly structured directly by plant identity
and indirectly by urea addition and plant identity via soil total N
content. Our results suggested that, compared with fertilization,
plant identity exerted stronger effect on soil AM fungal com-
munity in this converted pastureland from an alpine meadow.
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