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Abstract Arbuscular mycorrhizal (AM) symbiosis plays an
important role in ecosystem functioning, particularly in fragile
environments. Little is known, however, about how AM
fungus community composition responds to slope aspect.
Our objective was to compare the AM fungus communities
between sunny and shady slopes and to detect factors that
influenced the distributions of AM fungi in arid ecosystems
of the Daqingshan Mountains, Inner Mongolia, North China.
AM fungus communities were evaluated based on small
subunit ribosomal RNA genes (SSUs) using Illumina MiSeq
sequencing. AM fungus community composition differed
significantly between slope aspects, and sunny slopes had
significantly higher AM fungus diversity and richness as well
as spore density, total root colonization, arbuscule abundance,
vesicle abundance, and hyphal colonization than shady slopes.
Structural equation modeling (SEM) illustrated that the effects
of slope aspect on AM fungus richness likely were mediated
by available phosphorus, soil organic carbon, plant cover, and
plant diversity. Available phosphorus was the principal factor
that influenced AM fungus species richness, and soil organic
carbon was the principal factor influencing spore density and
total root colonization, suggesting that these factors especially

might be responsible for differences between the AM fungus
communities of different slope aspects. These findings
elucidate the influence of slope aspect on AM fungus
communities and may inform use of AM fungi in protection
and restoration of vegetation with different slope aspects in
arid ecosystems.
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Introduction

The Daqingshan Mountains of Inner Mongolia are an
important ecological barrier in northern China, where climate
change and human activities cause considerable damage to
vegetation resources, and severely soil-eroded and degraded
regions are found. Arbuscular mycorrhizal (AM) fungi help
plants to survive in the arid conditions that prevail there
(Caravaca et al. 2005; Caravaca et al. 2003) by increasing
uptake of water and nutrients (Smith and Read 2008) and
improving soil structure (Caravaca et al. 2005). In addition,
AM fungus diversity may affect the diversity and productivity
of plants and the stability and sustainability of the ecosystems
(Van Der Heijden et al. 2006; Vogelsang et al. 2006). Recent
research has suggested that AM fungus communities together
with indigenous plant species are an excellent approach to
initiate and promote the re-vegetation of arid ecosystems
(Barea et al. 2011; Graf and Frei 2013). Because of the
significant roles played by AM fungus communities in plant
growth and in the function of ecosystems in arid environ-
ments, it is essential to evaluate AM fungus diversity and
community composition.
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Although a few reports have focused on the ectomycorrhizal
fungi associated with several tree species of the Daqingshan
Mountains (Bai et al. 2006; Bai et al. 2011), little information
is available concerning AM fungi associated with plant
communities in this region. In general, however, abiotic and
biotic factors affect AM fungus diversity and community
composition, such as soil pH (Dumbrell et al. 2010), available
phosphate (Xiang et al. 2014), available nitrogen (Camenzind
et al. 2014), soil organic carbon (Wu et al. 2012), host plants
(Mao et al. 2014; Veresoglou and Rillig 2014), plant diversity
(Antoninka et al. 2011), and plant cover (Liu et al. 2011). Apart
from these factors, in manymountainous areas, altitude also has
been suggested as a primary determinant of AM fungus diver-
sity and community composition (Bonfim et al. 2016; Gai et al.
2012; Senés-Guerrero et al. 2014). Moreover, previous studies
have reported that slope aspect can strongly affect soil pH,
moisture content, soil organic carbon, total nitrogen, available
nitrogen, and available phosphorus (Begum et al. 2013; Kutiel
1992; Sidari et al. 2008) as well as plant diversity and cover in
many natural ecosystems (Kutiel 1992; Nadal-Romero et al.
2014). Until now, only one study evaluated the influence of
slope aspect on AM fungus communities in forested environ-
ments of the Greater Khingan Mountains of China (Chu et al.
2016). We have found no such study of arid ecosystems; while
it is well established that AM fungus communities in different
habitats can be quite different (Brundrett and Ashwath 2013;
Öpik et al. 2013), it is of interest to know the driving factors and
potential differences in AM fungus diversity and communities
from different slope aspects in an arid environment.

Structural equation modeling (SEM) is a generalization of
simultaneous equation procedures originating from path
analysis, and SEM is used widely in the general ecological
literature to develop causal understanding from observational
data (Eisenhauer et al. 2015; Laliberté et al. 2013). Recently,
the direct and indirect causal effects of experimental warming,
land use, carbon dioxide enrichment, nitrogen fertilization,
plant diversity, and host plants on AM fungus communities
were evaluated through SEM (Antoninka et al. 2011; Wilson
et al. 2016; Xiang et al. 2014; Yang et al. 2012; Zheng et al.
2014). So, SEM will be a useful tool to examine AM fungus
communities and their potential mediation by slope aspect,
abiotic, and biotic factors in the Daqingshan Mountains.

Additionally, high-throughput sequencing technologies
have been recognized as powerful tools for studying
environmental microbial diversity. Recently, Illumina MiSeq
sequencing has been applied to investigate AM fungus diver-
sity to great success (Cui et al. 2016). Importantly, this method
is best with respect to throughput per run and minimizing the
number of consensus errors (Jünemann et al. 2013). DNA
fragments of 300 bp amplified with the primers AMV4.5NF/
AMDGR (Sato et al. 2005) are suitable for the IlluminaMiSeq
platform (Mahé et al. 2014). These primers produce a higher
proportion of AM fungus sequences, a broader spectrum of

Glomeromycota, and more high-quality AM fungus
sequences than other primer pairs (Lumini et al. 2010; Van
Geel et al. 2014). So to study the fungus communities of the
Daqingshan Mountains, we will employ Illumina MiSeq se-
quencing combined with the AMV4.5NF/AMDGR primers.

In this study, we characterize the AM fungus communities
of sunny slopes (south facing) and shady slopes (north facing)
to investigate two questions: (1) whether slope aspect has an
effect on AM fungus diversity and community composition in
this region and (2) what soil characteristics and plant commu-
nity associated with slope aspect are driving factors that shape
the AM fungus communities. By addressing these questions,
we intend to increase knowledge concerning the effects of
slope aspect on the distributions of AM fungus communities
in arid environments.

Materials and methods

Study area

The study area is located in the Daqingshan Mountains of
Inner Mongolia, North China (40° 34′ N–41° 18′ N, 109°
46′ E–113° 04′ E). This region has an altitude range of 1000
to 2000 m and is characterized by a typical temperate
continental climate with an average annual temperature range
of 3 to 5 °C, average annual rainfall range of 320 to 450 mm,
and average annual evaporation range of 1800 to 2300 mm.

Sampling

Sampling was conducted in August 2014. In the Hohhot area of
the Daqingshan Mountains, three hills in nearly pristine condi-
tion comprising similar altitudes, similar slope angles of the
sunny and shady slopes, and similar hill breadths (the
straight-line distance from the bottom of the shady slopes to
the bottom of the sunny slopes on the opposite side of the hill)
were selected (Table 1). The distance between any pair of these
hills exceeded 10 km. The shady slopes of the three hills were
invariably north facing, and the sunny slopes were south facing.
The most common plant species on the sunny slopes were
Clematis fruticosa, Prunus pedunculate, Rosa xanthina,
Heteropappus altaicus, Lespedeza davurica, Iris dichotoma,
Artemisia spp., and Poaceae plants; along the shady slopes,
Spiraea pubescens, Ostryopsis davidiana, Quercus mongolica,
Rhamnus parvifolia, Prunus sibirica, Pinus tabulaeformis, and
Artemisia spp. were common. Among these plants, there were
three ectomycorrhizal species, Q. mongolica (Bai et al. 2006),
P. tabulaeformis, and O. davidiana (Bai et al. 2009), but the
other plants all associated with AM fungi. For each hill, three
sampling locations were selected at altitudes of 1200, 1400, and
1600 m on each slope aspect, and at each location, three 5 × 5-
m2 quadrats were arranged in a horizontal line. The distance
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between quadrats within a location was 20 m. Before sampling,
the percentage plant cover, plant species identities, and total
number of individuals per plant species were assessed in each
quadrat. The plant cover was estimated visually for each
quadrat, and the Shannon-Wiener index was used to quantify
plant diversity. The three ectomycorrhizal species were found
only on shady slopes, and we were especially interested in the
effects of the AM plants, so we calculated diversity and cover
with exclusion of the ectomycorrhizal species. Inclusion of the
ectomycorrhizal species (data not shown) made no qualitative
difference in our results.

Five soil cores (diameter, 3 cm; depth, 25 cm) were
collected from each quadrat based on a quincunx sampling
method, and subsequently were mixed well to provide a single
representative sample per quadrat, for a total of 54 samples
across all three hills. Approximately 20-g soil from each
sample was immediately placed in an aluminum container,
sealed, and subsequently used to determine the gravimetric
soil moisture content. The remaining soil was stored in a
sealed bag, transported in an ice box to the laboratory, and
divided into two parts. One part was air dried, passed through
a 2-mm sieve, and then used to analyze the physicochemical
soil properties and spore density of AM fungi, and the other
part was stored at −20 °C for using in the molecular analysis.
Fine live roots were separated carefully from each soil sample,
rinsed with distilled water, and placed in FAA solution (form-
aldehyde 5 mL, glacial acetic acid 5 mL, and 70 % ethanol
90 mL) before storage at 4 °C and subsequent determination
of AM fungus colonization.

Soil physical and chemical analyses

Soil physical and chemical analyses were performed in
triplicate for all 54 soil samples. Soil moisture content was
measured using the drying method, soil pH was determined
with a glass electrode in a ratio of soil to distilled water of
1:2.5, soil organic carbon was evaluated with the potassium
dichromate oxidation method (Walkley 1947), total nitrogen
content was evaluated using the Kjeldahl procedure (Nelson
and Sommers 1982), and total phosphorus was assessed with
the sodium hydroxide fusion and Mo-Sb spectrophotometry
method (Schmidt et al. 1982). Available phosphorus was

extracted with 0.5 mol/L of sodium bicarbonate and
determined using the Mo-Sb spectrophotometry method
(Olsen 1954), and available nitrogen was determined with
the alkali N-proliferation method (Cornfield 1960).

AM fungus spore extraction and root colonization

Approximately 10-g air-dried soil randomly removed from the
mixed samples was used to isolate spores by wet sieving,
decanting, and centrifugation using sucrose (Li et al. 1991).
The number of spores was counted using a stereomicroscope.

The root samples, which represented mixtures of plant
species, were washed with distilled water two to three times
and then cut into approximately 1-cm pieces, and a random
sampling of these roots (>100 pieces) was subjected to
staining. The roots were placed into 10 % KOH (w/v) in a
90 °C water bath for approximately 1 h, rinsed with distilled
water, and then soaked in a 1 %HCl solution for 3 min, before
being stained with 0.05 % trypan-blue in lactoglycerol in a
90 °C water bath for approximately 3 h, and finally destained
with a solution of lactic acid and glycerol (1:1). Thirty root
segments of each sample were selected randomly and placed
onto a slide, and the total root colonization, arbuscule
abundance, vesicle abundance, and hyphal colonization were
estimated using the magnified intersection method
(McGonigle et al. 1990) at ×200 magnification.

Soil DNA extraction, PCR amplification, and sequencing

Approximately a 0.5-g soil sample was used to extract
DNA using the FastDNA® SPIN Kit (MP Biomedicals,
Santa Ana, CA) according to the manufacturer’s instruc-
tions. The extracted soil DNA was first detected by aga-
rose gel electrophoresis (1.0 % agarose in 0.5× TAE) to
examine its integrity and approximate concentration, and
then, it was quantified using a Qubit2.0® Fluorometer
(Life Technologies, New York, USA) to determine the
quantity of DNA to be amplified. In the current study,
the primers MV4.5NF/AMDG (Sato et al. 2005) were
used to amplify the most variable part of the small subunit
(SSU) rRNA gene region. The mixed primers contained
Illumina MiSeq sequencing adapters that were designed

Table 1 Location and characteristics of the three sampled hills in the Daqingshan Mountains, Inner Mongolia, North China

Sampling sites Location Elevation (m) Slope angles of the
sunny slopes (deg)

Slope angles of the
shady slopes (deg)

Distance (m)

S 40° 58′ 55″ N, 111° 51′ 34″ E 1195–1701 45° 52° 900

X 40° 52′ 25″ N, 111° 50′ 44″ E 1200–1705 44° 53° 900

B 40° 47′ 37″ N, 111° 26′ 47″ E 1197–1699 45° 54° 880

Distance straight-line distance from the bottoms of shady slopes to the bottoms of the sunny slopes (i.e., the width of the base of the hill)
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for use with the Illumina MiSeq platform and a 7-bp
sample-specific molecular identifier barcode capable of
identifying reads originating from different samples
between the adapters and the forward primer. The PCR
was conducted with a mixture containing 5 μL PCR buff-
er, 0.1 μL dNTP (10 mM), 0.5 μL primers (50 μM of
each), 0.5 μL Taq DNA polymerase (Thermo Fisher
Scientific, Waltham, MA, USA), 50 ng genomic DNA,
and double-distilled H2O to a total volume of 50 μL.
The PCR program was as follows: initial denaturing at
94 °C for 2 min; 35 cycles of 45 s at 94 °C, 45 s at
65 °C, and 45 s at 72 °C; and a final elongation of
10 min at 72 °C. The PCR products were separated and
purified by gel electrophoresis (1.5 % agarose in 0.5×
TAE) using the SanPrep Column DNA Gel Extraction
Kit (Sangon Biotech, Shanghai, China). The amount of
DNA in the purified PCR products was measured using
the Qubit2.0® DNA Detection Kit. The PCR products
from all of the samples were mixed at equimolar
concentrations and then subjected to sequencing on an
Illumina MiSeq™ System platform.

According to the relationships between the paired-end
reads and overlapping region, pairs of reads from the original
DNA fragments were merged using FLASH 1.2.3 (Magoč
and Salzberg 2011), and the sequences were subjected to qual-
ity control using Prinseq 0.20.4 (Schmieder and Edwards
2011). Sequences with a quality score < 20 and short reads
were removed and excluded from further analysis. Chimeras
were detected using the Bchimeras.seqs^ commanded in
BMothur^ (Schloss et al. 2009), and then, the sequences were
binned into operational taxonomic units (OTUs) with 97 %
similarity using the unsupervised Bayesian clustering algo-
rithm CROP (Hao et al. 2011). The most abundant sequence
from each OTU was selected as the representative sequence,
and a Basic Local Alignment Search Tool (BLAST) search
against the GenBank database at the National Center for
Biotechnology Information (NCBI) was used to detect non-
Glomeromycota sequences. To accurately identify the obtain-
ed AM fungus OTUs, representative sequences of each OTU
were further queried against the MaarjAM database (Öpik
et al. 2010) by BLAST. Representative sequences of each
OTU in this study were deposited in GenBank and are acces-
sible using the following accession numbers: KX058691–
KX058876.

Data analysis

To determine whether the numbers of samples were adequate,
species accumulation curves were generated using the vegan
package (Oksanen et al. 2007) in R 3.2. To compare the
diversity (Shannon-Wiener index) and richness (Chao 1 index
and observed species) between different slope aspects, rarefac-
tion curves of these indicators were generated inMothur 1.30.1.

Percentage data (including the total root colonization, arbuscule
abundance, vesicle abundance, hyphal colonization, moisture
content, and plant cover) were arcsine-square root transformed
for normalization, while the others (including richness and di-
versity indices of AM fungi, soil pH, soil organic carbon, total
nitrogen, total phosphorus, available phosphorus, available ni-
trogen, and the Shannon-Wiener index of plants) were log-
transformed. Comparisons between sunny slopes and shady
slopes regarding spore density, mycorrhizal colonization rate,
richness and diversity indices of AM fungi, and soil and plant
factors were conducted using paired t tests with SPSS 20.0
software.

Based on the relative abundances of the OTUs per sample
and Bray-Curtis distances (unless otherwise stated), a series of
AM fungus community-related analyses were performed. To
test whether the AM fungus community composition between
sunny and shady slopes differed significantly, a principal co-
ordinate analysis (PCoA)was conducted using CANOCO 5.0,
and a PERMANOVAwas conducted using the vegan package
in R 3.2. An indicator species analysis was conducted to ex-
amine whether particular OTUsweremore abundant along the
sunny slopes or shady slopes, and the significance of the
values was determined using Monte Carlo tests in PCORD
5.0 (Dufrêne and Legendre 1997). If an indicator value was
≥ 40 and P < 0.05 (da Silva et al. 2014), the OTUs were
considered to be good indicators for a particular slope aspect.

All of the environmental factors were standardized (range
0–1), and Mantel tests based on Euclidean distances were
performed to evaluate the relationships between the AM fun-
gus communities and the environmental factors using the
ecodist package (Goslee and Urban 2007) of R 3.2. Because
a total of 10 environmental factors were tested, a Bonferroni
correction was implemented to test for significance that effects
were considered not significant if P values were higher than
0.005 (0.05/10).

To determine the direct and indirect effects of the slope
aspect on the AM fungi, we used LISERL 8.72 (Du Toit
et al. 2001) to construct a structural equation model. Those
environmental variables (among soil pH, soil organic carbon,
available phosphorus, available nitrogen, moisture content,
plant cover, and the Shannon-Wiener index of plants) that
were significantly associated with slope aspect by a correla-
tion analysis were considered for inclusion in the model. A
principle component analysis (PCA) among these factors was
conducted, and the explanatory variables were assessed
according to their scores on the first component of the PCA,
which explained 83.9 % of the total variance. On those bases,
for inclusion in the SEM, we selected the available phospho-
rus, soil organic carbon, plant cover, and the Shannon-Wiener
index of plants. We tested how well the SEM model fit the
data using the following criteria: χ2/df < 2, P > 0.05, root-
mean-square error of approximation (RMSEA) < 0.05, and
goodness of fit index (GFI) > 0.9 (Hooper et al. 2008).
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Results

Overall sequencing information

A total of 478,439 sequences (ranging from 2637 to 20,214
reads per sample) were obtained from all 54 soil samples with
Illumina MiSeq sequencing combined with the AMV4.5NF/
AMDGR primers after quality control. Based on a 97 %
similarity level, a total of 260 OTUs were detected. Most of
the sequences and OTUs belonged to Glomeromycota (364,927
sequences, 76.27 %; 186 OTUs, 71.54 %); the second group
was Chytridiomycota (91,498 sequences, 19.12 %; 53 OTUs,
20.38 %); and the remaining groups were Basidiomycota
(15 ,380 sequences , 3 .21 %; 9 OTUs, 3 .46 %),
Entomophthoromycota (3392 sequences, 0.71 %; 7 OTUs,
2.69 %), and Chlorophyta (3242 sequences, 0.68 %; 5 OTUs,
1.92 %), except for unidentified microorganisms.

AM fungus community composition

Among the 364,927 sequences and 186 OTUs of
Glomeromycota, the majority of sequences belonged to
Glomus at 187,794 sequences (51.46 %); followed by
Diversispora at 72,544 sequences (19.88 %), Rhizophagus
at 39,078 sequences (10.71 %), uncultured Glomeromycota
at 31,916 sequences (8.75 %), and Scutellospora at 24,114
sequences (6.61 %); and the remaining sequences presented
low values (Fig. 1). For 186 of the Glomeromycota OTUs,
Glomus was the dominant genus (105 OTUs, 56.45 %),
uncultured Glomeromycota was the second largest (31
OTUs, 16.67 %), and Diversispora was the third largest (20
OTUs, 10.75 %; Fig. 1).

Species accumulation curve and rarefaction curve
analyses of the AM fungi on different slope aspects

The species accumulation curves (Fig. 2a) tended to approach
the saturation plateau with increasing sample numbers, which
indicated that the sampling intensity was sufficient. The rare-
faction curves of the Shannon-Wiener index (Fig. 2b), the Chao
1 index (Fig. 2c), and observed species (Fig. 2d) were used to
estimate and compare the AM fungus diversity and richness
between different slope aspects. All of the rarefaction curves
reached a plateau when the sequences were over 60,000, which
indicated that the sequence-derived diversity and richness in
this study were sufficient to characterize the AM fungus species
in each sample. In addition, the Shannon-Wiener index, the
Chao 1 index, and observed species were significantly higher
on the sunny slopes than on the shady slopes (paired t tests,
P < 0.05). Specifically, values of the Shannon-Wiener index,
Chao 1 index, and observed species significantly decreased
from 3.76, 175.28, and 168 for the sunny slopes to 3.06,
151.39, and 145 for the shady slopes, respectively (Fig. 2b–d).

AM fungus colonization and community composition
from different slope aspects

Spore density, total root colonization, arbuscule abundance,
vesicle abundance, and hyphal colonization were significantly
higher on the sunny slopes than on the shady slopes (Fig. 3).

A total of 207,708 AM fungus sequences were obtained from
the sunny slopes andwere assigned to 168OTUs, whereas a total
of 168,987 sequences were obtained from the shady slopes and
were assigned to 145 OTUs. PCoA resulted in a clear separation
of the AM fungus community composition of the sunny slopes
and shady slopes (Fig. 4). This observation was further
confirmed by the PERMANOVA (F = 2.069, P = 0.007). In
total, the following 10 taxa of AM fungi were shared between
the two slope aspects: Glomus, uncultured Glomeromycota,
Diversispora, Scutellospora, Claroideoglomus, Rhizophagus,
Funneliformis, Archaeospora, Paraglomus, and Ambispora
(Fig. 1). Glomus was the most dominant genus on both sunny
and shady slopes, while Septoglomus was detected only on the
sunny slopes. In addition, a distinct AM fungus assembly was
observed for the different slope aspects, with a significantly
elevated proportion of Glomus and Diversispora observed on
the sunny slopes and a significantly elevated proportion of
Archaeospora observed on the shady slopes (paired t tests,
P < 0.05). Of the total 186 OTUs from both slope aspects, 13
were significant indicator species of the sunny slopes or shady
slopes according to the indicator species analysis (Table 2). The
sunny slopes contained 10 indicator species that belonged to
Glomus, uncultured Glomeromycota, andDiversispora, whereas
the shady slopes contained 3 indicator species that belonged to
Scutellospora and Rhizophagus.

Relationships among AM fungus parameters and soil
and plant factors

The PERMANOVA indicated that the soil characteristics
(F = 12.88, P = 0.0001) and plant parameters (F = 14.99,
P = 0.0001) were significantly different between sunny and
shady slopes. The paired t tests further showed that soil organ-
ic carbon, available phosphorus, available nitrogen, moisture
content, plant cover, and the Shannon-Wiener index of plants
were significantly higher on the shady slopes than on the
sunny slopes. The soil on the sunny slopes, however, had a
significantly higher pH than that of the shady slopes. There
were no significant differences in total nitrogen and total
phosphorus between the two slope aspects (Table 3).

We used SEM to quantify the relative effects of the slope
aspect, available phosphorus, soil organic carbon, plant cover,
and the Shannon-Wiener index of plants on AM fungus
richness, spore density, and total root colonization (Fig. 5).
The model fitted the data well (χ2 = 9.92, df = 6, P = 0.128,
RMSEA = 0.012, GFI = 0.94). Our SEM results revealed that
the slope aspect had significant direct effects on soil available
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phosphorus, soil organic carbon, plant cover, and the
Shannon-Wiener index of plants but showed no significant
direct effects on AM fungus richness, spore density, and total
root colonization. AM fungus richness was significantly
affected by available phosphorus, soil organic carbon, plant
cover, and the Shannon-Wiener index of plants. Moreover,
available phosphorus, soil organic carbon, and plant cover
significantly influenced spore density and total root coloniza-
tion. Available phosphorus was the primary factor that

influenced AM fungus richness, presenting a path coefficient
of −0.69. Soil organic carbon was the driving factor on spore
density and total root colonization, with path coefficients of
−0.57 and −0.61, respectively. In addition, the effects of plant
cover on AM fungus richness, spore density, and total root
colonization were always stronger than effects of the
Shannon-Wiener index of plants.

Mantel tests were used to compare the effects of variables
on the AM fungus community composition (Table 4). The

a b

c d

Fig. 2 Species accumulation
curves (a) and rarefaction curves
for the Shannon-Wiener index
(b), Chao 1 index (c), and
observed species (d) of arbuscular
mycorrhizal (AM) fungi
colonizing sunny slopes and
shady slopes of the Daqingshan
Mountains, Inner Mongolia,
North China. The number of
detected operational taxonomic
units (OTUs) is presented by
observed species; the estimated
asymptotic AM fungus taxon
richness is presented by the Chao
1 index

Fig. 1 Proportional distributions
of the sequences and operational
taxonomic units (OTUs) in the
Glomeromycota phylum among
the samples of total, sunny slopes,
and shady slopes from the
Daqingshan Mountains, Inner
Mongolia, North China
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results showed that available phosphorus had the strongest
effect on AM fungus community composition, and plant
cover, soil organic carbon, and the Shannon-Wiener index of
plants also significantly influenced AM fungus community
composition. The other factors, especially slope aspect, had
no significant influence on AM fungus community com-
position (Table 4).

Discussion

The present study was the first to compare AM fungus
communities between different slope aspects in arid ecosystems

of the Daqingshan Mountains, Inner Mongolia, North China.
The results indicated that the AM fungus community composi-
tion clearly differed between the two slope aspects, and AM
fungus diversity and richness were significantly higher on the
sunny slopes than on the shady slopes, which might be
explained in several ways. First, AM fungi may be drought
tolerant and increase the drought tolerance of their host plants
(Caravaca et al. 2005; Caravaca et al. 2003) by increasing the
supply of mineral nutrients and water (Smith and Read 2008)
and improving soil structure (Caravaca et al. 2002). Therefore,
in poor water and nutrient conditions, such as sunny slopes,
plants may be most dependent on AM fungi to meet their
demands for growth, leading to a stronger association between
AM fungi and plants to overcome the harsh conditions. In the
relatively rich water and nutrient conditions of shady slopes,
however, plants may take up sufficient mineral nutrients from
the soil without the help of AM fungi, leading to a gradual
reduction of the dependency of plants on AM fungi. Second,
there are some ectomycorrhizal plants on the shady slopes
potentially suppressing AM fungus diversity (Tyndall 2005)
and AM fungus root colonization (Becklin et al. 2011). Third,
the shady slopes have reduced light levels and understory plants
have less opportunity to obtain light because of the presence of
some ectomycorrhizal trees. Therefore, low light availability
may decrease photosynthesis and carbon translocation to roots,
thereby limiting carbon availability to AM fungi (Bennett and
Bever 2009). In contrast, on the sunny slopes, there are higher
light levels and longer light duration than on the shady slopes
and no overstory trees are present. Although the diversity and
richness of plants on the sunny slopes are lower than on
the shady slopes, because of high light levels, the plants
on sunny slopes might produce abundant carbohydrates to
support a diverse AM fungus community. Nevertheless,
further studies are needed to confirm our explanations
by simulating natural environments in the laboratory to
investigate the effects of the ectomycorrhizal plants and
different availabilities of light, soil water, and mineral
nutrient contents on AM fungus communities.

This study was inconsistent with the only research
concerning the influence of slope aspect on AM fungus
communities that we found in the literature (Chu et al.
2016), which reported that AM fungus diversity and com-
munity composition did not differ significantly between
north facing (shady) slopes and south facing (sunny)
slopes in the forest ecosystems of North China. Previous
studies have demonstrated that slope aspect leads to the
differences in biotic and abiotic factors, but those differ-
ences usually differ among ecosystems (Begum et al.
2013; Nadal-Romero et al. 2014; Sidari et al. 2008), in-
cluding forest versus arid ecosystems, which may partly
explain the different results. In addition, methodological
differences are likely another reason contributing to the
disparate findings. Recent studies have indicated that

Fig. 3 Arbuscular mycorrhizal (AM) fungus root colonization and spore
density from sunny slopes and shady slopes of the Daqingshan
Mountains, Inner Mongolia, North China. Comparisons between the
two slope aspects were performed with paired t tests. The double
asterisks indicate that the differences are significant at P < 0.01; the
error bars indicate SE. SD spore density, TRC total root colonization, A
arbuscule abundance, V vesicle abundance, HC hyphal colonization

Fig. 4 Principal coordinate analysis (PCoA) of the arbuscular
mycorrhizal (AM) fungus communities from sunny slopes (closed
squares) and shady slopes (closed circles) of the Daqingshan
Mountains, Inner Mongolia, North China
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Illumina MiSeq sequencing has higher sequencing depth
and throughput, higher-quality read cover, and lower rate
of erroneous sequences compared with 454 pyrosequenc-
ing. Therefore, the Illumina MiSeq sequencing that we
used can collect a tremendous amount of amplicon data
and obtain an accurate depiction of AM fungus diversity
within samples.

At the genus level, Glomus is dominant genus, in agree-
ment with the results of other studies in arid areas
(Alguacil et al. 2011; da Silva et al. 2014; Torrecillas
et al. 2012). Glomus includes a wide range of genetic di-
versity and shows a broad ecological amplitude (Öpik et al.
2013), and it has the ability to colonize via pieces of my-
celium or mycorrhizal root fragments so that it survives
and propagates easily (Brenda and Linderman 1983).
These factors partially explain the dominance of Glomus
in arid ecosystems. In addition, Septoglomus was detected
only from sunny slopes. It is tempting to speculate that
adaptations to aridity might exist within this genus, while
further studies are needed to explore this issue.

Slope aspect had no significant direct effects on AM
fungus diversity and communities, but instead, effects on
the latter were mediated by aspect-induced changes in soil
characteristics and plant communities, in accordance with
the study by Chu et al. (2016). Soil pH, soil organic car-
bon, available phosphorus, available nitrogen, moisture
content, plant cover, and the Shannon-Wiener index of
plants differed significantly between sunny and shady
slopes in the Daqingshan Mountains, and these factors
similarly have been shown to be vital in shaping AM
fungus communities in different natural ecosystems
(Antoninka et al. 2011; Dumbrell et al. 2010; Lin et al.
2012; Liu et al. 2011; Xiang et al. 2014). An important
question is which factors principally contribute to the

Table 3 Soil and plant parameters of the sunny slopes and shady slopes
of the Daqingshan Mountains, Inner Mongolia, North China

Variables Sunny slopes Shady slopes

pH 7.57 ± 0.06* 7.27 ± 0.06

Soil organic carbon (g kg−1) 29.56 ± 1.17 54.18 ± 2.03*

Total nitrogen (g kg−1) 2.61 ± 0.12 2.77 ± 0.15

Total phosphorus (g kg−1) 1.12 ± 0.08 1.00 ± 0.07

Available phosphorus (mg kg−1) 3.43 ± 0.15 6.72 ± 0.41*

Available nitrogen (mg kg−1) 176.02 ± 4.91 240.26 ± 12.80*

Moisture content (%) 8.83 ± 0.32 15.47 ± 0.81*

Plant cover (%) 64.32 ± 2.01 77.78 ± 0.49*

Shannon-Wiener index of plants 1.50 ± 0.08 1.76 ± 0.05*

Date are means ± SE (n = 27). All physicochemical and plant parameters
were compared between the sunny slopes and the shady slopes using
paired t tests

*The differences are significant at P < 0.001
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Table 2 Results of an indicator species analysis showing the arbuscular mycorrhizal (AM) fungus species and virtual taxon (VT) characteristic of
sunny and shady slopes of the Daqingshan Mountains, Inner Mongolia, North China

Slope aspect OTU ID FO (%) RA (%) IV Genus GenBank (best hit) Similarity MarrjAM
(best hit)

Similarity

Sunny slopes OTU76 13.46 0.20 40.8 Glomus Uncultured Glomus (AB698590) 99 % VTX00063 99 %

OTU118 26.92 0.30 41.0 Glomus Uncultured Glomus (JQ218162) 99 % VTX00063 98 %

OTU119 38.46 0.65 48.8 Glomus Uncultured Glomus (AB695020) 98 % VTX00130 97 %

OTU132 61.54 1.07 42.7 Glomus Uncultured Glomus (JQ218161) 100 % VTX00214 98 %

OTU154 38.46 0.90 44.6 Uncultured
Glomeromycota

Uncultured Glomeromycota
(KM522147.1)

100 % VTX00122 99 %

OTU155 25.00 1.00 49.0 Uncultured
Glomeromycota

Uncultured Glomeromycota
(KT947647)

100 % VTX000319 100 %

OTU169 73.08 10.15 50.0 Diversispora Uncultured Diversispora
(LN617130)

100 % VTX00356 100 %

OTU185 63.46 2.78 41.8 Glomus Uncultured Glomus (LN622503) 100 % VTX00140 100 %

OTU197 90.38 12.99 42.1 Glomus Uncultured Glomus (LN662902) 100 % VTX00172 100 %

OTU205 46.15 0.07 44.9 Glomus Uncultured Glomus (KT762264) 97 % VTX00130 96 %

Shady slopes OTU153 57.69 4.94 55.6 Scutellospoa Uncultured Scutellospoa
(KJ942504)

99 % VTX00049 99 %

OTU160 36.53 0.09 40.7 Scutellospoa Uncultured Scutellospoa
(LN616827)

96 % VTX00049 96 %

OTU204 88.46 9.95 61.3 Rhizophagus Uncultured Rhizophagus
(LN906519)

100 % VTX00113 100 %

OTU operational taxonomic unit, FO frequency of occurrence (percentage of samples containing a particular OTU), RA relative abundance (the number
of individuals of a particular OTU as a percentage of the total number of individuals of all OTUs), IV indicator value (Monte Carlo test of significance
using 9999 permutations)



differences in AM fungus communities on different slope
aspects. We revealed that available phosphorus was the
major driving factor of the AM fungus communities
between different slope aspects, having found a significant
negative correlation between AM fungus richness and
available phosphorus. Phosphorus uptake is considered
the main role of AM fungal symbiosis, but high
phosphorus availability can reduce the dependency of
plants on AM fungi (Lin et al. 2012), which may decrease

carbohydrate supply from plants for AM fungi in roots and
lead to a decline of the fungus community. In addition, soil
organic carbon had a significant negative relationship with
AM fungus richness. In previous studies, Oehl et al. (2010)
found no relationship between soil organic carbon in soil
and richness of AM fungus genera or spore populations,
Xiang et al. (2014) detected a significant positive correla-
tion between soil organic carbon and AM fungus richness,
while Lin et al. (2012) reported that organic matter addi-
tion significantly decreased AM fungus diversity in arable
soil in North China, indicating that the responses of AM
fungi to soil organic carbon can be highly variable. We did
not detect significant relationships between AM fungus
communities and soil pH, total nitrogen, total phosphorus,
available nitrogen, and moisture content, suggesting that
they were not important factors in the assembly of the
AM fungus communities in our study.

We detected a negative relationship between plant diversity
and AM fungus richness in the present study. It is interesting
that data about the relationships between plant communities
and AM fungus communities in natural ecosystems still is
scarce. Studies from natural ecosystems revealed positive re-
lationships between plant diversity and AM fungus richness
(Hiiesalu et al. 2014; Liu et al. 2011; Vogelsang et al. 2006), in
agreement with the Bplant diversity hypothesis^, which sug-
gests that the higher the plant diversity, the greater of the range
of niches or habitats available for AM fungi, thereby enhanc-
ing their opportunities to find a suitable host. The plant
diversity hypothesis, however, is not generally supported.

Fig. 5 A structural equation model (SEM) showing causal relationships
among the slope aspect, available phosphorus, soil organic carbon, plant
cover, the Shannon-Wiener index of plants, AM fungus richness, spore
density, and total root colonization. The width of the arrows indicates the
strength of the causal effects, and the numbers near the arrows indicate

the standardized path coefficients (*correlation is significant at P < 0.05,
**correlation is significant at P < 0.01, ***correlation is significant at
P < 0.001). χ2 chi-squared test, df degrees of freedom, RMSEA root-
mean-square error of approximation, e the values of residuals

Table 4 Mantel tests of relationships of arbuscular mycorrhizal (AM)
fungus community composition with slope aspect, soil characteristics,
and plant factors in the Daqingshan Mountains, Inner Mongolia, North
China

Variable AM fungus community

Mantel r P value

pH −0.1055 0.0400

Soil organic carbon 0.3087 0.0001

Total nitrogen 0.1414 0.0146

Total phosphorus −0.0991 0.0211

Available phosphorus 0.4390 0.0001

Available nitrogen 0.0521 0.1314

Moisture content (%) −0.0376 0.2856

Plant cover (%) 0.3179 0.0001

Shannon-Wiener index of plants 0.2043 0.0004

Slope aspect 0.1524 0.0096

Values in italic indicate significant correlations (P < 0.005)
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Some studies have indicated that plant and AM fungus rich-
ness were not interrelated (Lekberg et al. 2013; Öpik et al.
2010; Xiang et al. 2014), but similar to our study, Antoninka
et al. (2011) also detected a negative relationship between AM
fungus richness and plant diversity. Therefore, the relation-
ships between the richness of AM fungi and their plant hosts
lacked consistency, and the inconsistency might be related to
soil mineral nutrient content (Yang et al. 2014; Zangaro et al.
2012), host plant species (Martínez-García et al. 2011), and
the functional traits of AM fungi and plants (Chagnon et al.
2013) in different ecosystems.

Conclusions

This paper is the first report to reveal differences in AM
fungus communities between sunny and shady slopes in the
Daqingshan Mountains, Inner Mongolia, North China. Slope
aspects have no significant direct effects on AM fungus
richness and communities, but the latter are mediated by
aspect-induced changes in soil characteristics and plant
communities, such as soil available phosphorus, soil organic
carbon, plant cover, and the Shannon-Wiener index of plants.
Our results deepen insight into the impacts of slope aspect on
AM fungus communities in arid ecosystems, but further in-
vestigation should be performed to explore the influences of
AM fungi on the survival of plants on different slope aspects.
By building upon the present work, we hope to find especially
appropriate AM fungi for protecting and restoring vegetation
on different slope aspects in this arid region in the future.
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