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Introduction

Abstract

Elucidating the responses of soil microbial abundance and community compo-
sition to nitrogen (N) addition is important for predicting ecosystem function
under increased atmospheric N deposition. We examined the arbuscular
mycorrhizal (AM) fungal community under three N forms (NH;-N, NO; -N,
and NH,NO;5-N) and two N rates (1.5 and 7.5 g N m 2 yearfl) in an alpine
meadow of the Qinghai-Tibetan Plateau. AM fungal extraradical hyphal den-
sity was significantly decreased by NH; -N in May, but was not affected by N
form nor N rate in August. N rate, but not N form, significantly affected AM
fungal spore density; high N rate decreased spore density. No direct N addition
effect was observed on AM fungal community; however, soil available phos-
phorus, pH, and NOj3 -N were considered as important factors that influenced
AM fungal community composition. Structural equation model results showed
that N rate, not N form, strongly affected soil characteristics, which directly
influenced community compositions of plants and AM fungi, as well as spore
density. Therefore, AM fungal community was influenced by N addition, pri-
marily because of altered soil characteristics, and partially by a modified plant
community, but not or just slightly by direct N addition effects in this alpine
meadow ecosystem.

position to simulated environmental pressure is critical in
assessing the effect of anthropogenic disturbance on bio-

Arbuscular mycorrhizal (AM) fungi, belonging to the
phylum Glomeromycota (Schifller et al., 2001), form
mutualistic associations with most land plant species and
obtain carbon (C) from their plant partners in exchange
for mineral nutrients (Smith & Read, 2008; Kiers et al.,
2011). Given that AM fungi are fundamental soil micro-
bial components, they have been postulated to be the
most crucial plant-derived C consumers (Staddon, 2005;
Drigo et al., 2010) and comprise c. 1.4 Pg (Pg = 10" g)
of dry biomass within roots globally (Treseder & Cross,
2006). AM associations functioning as vital links between
above-ground and below-ground biotic communities are
influenced by environmental changes in ecosystems (Stad-
don et al., 2003; Antoninka et al., 2011; van Diepen et al.,
2011; Liu et al, 2012). Therefore, elucidating the
responses of AM fungal abundance and community com-
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diversity and ecosystem functioning.

Nitrogen (N) addition alters plant community compo-
sition, diversity, productivity, and ecosystem functioning
(Magnani et al., 2007; Treseder, 2008; Bobbink et al.,
2010; Fornara & Tilman, 2012). Simultaneously, changes
in N availability may affect soil microbial community that
regulates many fundamental N transformation processes
in terrestrial ecosystems (Veresoglou et al., 2012). N addi-
tion affects AM fungal abundance, community composi-
tion, and diversity in agricultural (Antunes et al., 2012;
Lin et al., 2012; Tian et al., 2013), forest (Treseder et al.,
2007; Garcia et al., 2008; van Diepen et al., 2010, 2011),
and grassland (Johnson et al, 2003; Bradley et al., 2006;
Antoninka et al., 2011; Chen et al., 2014) soils.

AM fungal extraradical hyphae (ERH) assimilate N
mainly in the form of NH] and possibly NO;, but the
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latter is not rapidly delivered to the plant (Tanaka &
Yano, 2005; Veresoglou et al., 2012; Ngwene et al., 2013).
Compared with NO5, NH4+ form exhibits lower diffusion
in soils; a preference for one of the two available N forms
may indicate conformation to a particular adaptation
strategy of a plant (Veresoglou et al., 2011b), and AM
fungal activity can be decreased under NH; supply con-
dition (Ngwene et al, 2010). Given that AM fungal
growth can be influenced by host plants and even more
by soil nutrient conditions (Sikes et al., 2014), application
of NH; and NO; may result in altered AM fungal
abundance and community composition. Although N
addition shows negative, positive, and neutral effects on
AM fungal abundance, community composition, and
diversity under different amounts of N inputs in various
ecosystems (Eom et al., 1999; Egerton-Warburton et al.,
2007; Antoninka et al., 2011; Liu ef al, 2012), high N
fertilization (e.g. 27.2 ¢ N m * year ') can weaken and
even disrupt the relationship between AM fungi and
plants, as well as alter AM functioning in semi-arid grass-
lands (Corkidi et al., 2002; Bradley et al., 2006; Wei et al.,
2013). However, information on the response of root-
associated AM fungi to N addition in the alpine meadow
ecosystem is limited.

Alpine meadow is the main vegetation type in the
Qinghai-Tibetan Plateau, which occupies an area of
c. 2.5 million km? with an average altitude of more than
4000 m above sea level, and is sensitive to climate change
and anthropogenic activities (Zhang et al., 2009; Tian
et al., 2014; Zheng et al., 2014). Alpine meadow remains
relatively undisturbed by humans because it is far from
the main industrial areas. Qinghai-Tibetan Plateau
atmospheric N deposition
(c. 0.46 ¢ N m 2 year ') than heavily developed regions
in China (c. 2.2-2.4 g N m 2 yearfl, Liu et al, 2013).
Therefore, the alpine meadow on this area is an ideal and
important region to examine the consequences of spatio-
temporal variation in available N quality and quantity, in
relation to changing atmospheric N deposition using N
addition experiments, on ecosystem stability and func-

receives lesser

tioning. In 2005, a controlled N addition experiment that
included three N forms (NH; -N, NO; -N, and NH4NO;-
N) and two N supply rates (1.5 and 7.5 ¢ N m~? year™ ")
was established to investigate the effect of simulated N
deposition on the alpine meadow ecosystem of the Qing-
hai-Tibetan Plateau. The result showed that N rate, but
not N form, changes plant community composition
(Song et al., 2012), soil microbial biomass, and the abun-
dance of N-cycling microorganisms, such as ammonia-
oxidizers (Tian et al., 2014). However, the influence of N
form and N rate on AM fungal abundance and commu-
nity composition in this alpine meadow ecosystem
remains unknown.
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In this study, we examined AM fungal abundance
(ERH and spore density) and community composition
in a 6-year N addition experiment as previously out-
lined. Our hypotheses were as follows: (1) experimental
N addition decreases AM fungal abundance (i.e. hyphal
length and/or spore density); (2) compared with the N
form, the N supply rate will strongly alter the AM
fungal community composition; and (3) soil factors,
such as N availability, will have a substantial effect on
AM fungal variables. We expect that this study will
provide insights into the function of AM fungi under
future increased N deposition in natural alpine meadow
ecosystems.

Materials and methods

Experimental site and design

The experiment was carried out in an alpine meadow at
the Haibei Alpine Meadow Ecosystem Research Station
(HAMERS) of the Chinese Academy of Sciences
(37°37'N, 101°12'E, 3 200 m a.s.l.). This area is located
in the northeast of the Qinghai-Tibetan Plateau in Qing-
hai Province, China (Zheng et al., 2012), with mean
annual temperature of —2 °C and annual precipitation of
500 mm. The plant community at the experimental site is
dominated by Elymus nutans, Poa pratensis, Carex scabri-
rostris, Scirpus distigmaticus, Gentiana straminea, Gentiana
farreri, Blysmus sinocompressus, and Potentilla nivea (Yang
et al., 2013). The soil is classified as a Cambisol (IUSS
Working Group WRB, 2007).

In 2005, an area of 80 m x 60 m was marked out and
half of the area was used for a controlled N addition
experimental regime to investigate the effect of simulated
N deposition on the alpine meadow ecosystem in the
HAMERS. In this experimental platform, six N addition
treatments and an unfertilized control were utilized; each
had three replicate plots of 2 m x 2 m (Tian et al,
2014). The six N treatments were arranged in a factorial
combination of three chemical N forms and two rates of
N application. Ammonium-N (NH;-N), nitrate-N
(NO5-N), and a combination of NH;[—N and NOj-N,
coded as Am, Ni, and AN, respectively, were the three N
forms. (NH,4),SO,4, NaNOsj, and NH,NO; were used for
the Am, Ni, and AN treatments, respectively. The two
rates of N addition were 1.5 and 7.5 g N m™* year ',
designated as rate 1 (N1) and rate 2 (N2), respectively,
which were medium N addition rates compared with
other similar studies on grassland (e.g. Zhang et al., 2008;
Stevens et al., 2010). The seven treatments were Aml,
Am?2, Nil, Ni2, AN1, AN2, and control (Ctrl., without N
addition). Nitrogen fertilizers were added only once with
the total amount on July 10, 2005 and then supplied
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twice a year during the vigorous plant-growing season
(July and August) of 2006-2011, with half of the total
annual N added for each N amendment episode. N was
applied in aqueous solution, and 5 L of solution was
evenly sprayed into each plot. For the control plot, 5 L of
water was supplied (Song et al., 2012).

Soil sampling and plant variables

Plant-growing season ranges from May to September
(Song et al., 2012); thus, the soil samples were collected
on May 16 and August 29, 2011, representing the early
and late plant-growing seasons, respectively. Five soil
cores (3.0 cm in diameter; 15 cm in depth) were collected
randomly from each plot and mixed as a composite sam-
ple. A total of 42 soil samples (seven treatments x three
replicates x two sampling times) were obtained, which
were immediately packed on ice after collection and
transported to the laboratory. After removing fine roots
and visible organic debris (< 2 mm), soil samples were
divided into two parts, with one part stored at —80 °C
for DNA extraction (only samples collected in August)
and AM fungal hypha measurement; the other part was
air-dried for analysis of AM fungal spore density and soil
properties. Soil characteristics were determined using the
methods of Tian et al. (2014) and shown in Supporting
Information, Table S1. Table S2 presents the plant com-
munity data.

AM fungal ERH and spore densities

ERH were extracted from 4.0 g of soil from each sample
using the membrane filter method (Rillig et al, 1999)
and separated into AM and non-AM fungal hyphae based
on their morphology and staining color (Miller et al,
1995). AM hyphal length was measured using a grid-line
intersect method by observing 135 fields of view for each
filter under 200x magnification using a Nikon Eclipse 801
microscope (Nikon, Tokyo, Japan). AM fungal spores
were extracted from 20.0 g of air-dried soil from each
sample with distilled water using the wet-sieving and
decanting method (Daniels & Skipper, 1982) and counted
under 40x magnification (Nikon 80i).

DNA extraction and 454 pyrosequencing

Soil DNA was extracted from 0.25 g of samples using the
PowerSoil® DNA Isolation Kit (MoBio Laboratories, Inc.,
Carlsbad, CA) according to the instructions of the manu-
facturer. The quality and quantity of the extracted DNA
were determined by electrophoresis on a 1.0% agarose gel
and spectroscopic analysis (NanoDrop Technologies, Wil-
mington, DE). The possible inhibitory effects of humic
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substances were tested by PCR, and then, 10-fold diluted
DNA (c. 10 ng pL™") was used in all subsequent PCRs
(Tian et al., 2014).

Soil genomic DNA extracts for 454 pyrosequencing
were amplified using a two-step PCR procedure. In the
first PCR, GeoA-2 (Schwarzott & Schiifiler, 2001) and
NS4 (White et al., 1990) were the primer sets used. The
PCR mixture consisting of 2.5 pL of 10x PCR buffer
(Mg** plus), 2 uL of deoxyribonucleoside triphosphate
mixture (each 2.5 mM), 0.5 pL of each primer (10 pM),
1 pL of template, 1.5 U Taq DNA polymerase (TaKaRa,
Dalian, China), and 1 pL of template DNA was combined
with sterile deionized H,O to a total volume of 25 pL.
The thermal cycling condition was followed by initial
denaturation at 94 °C for 5 min, 30 cycles of denatur-
ation at 94 °C for 45 s, annealing at 54 °C for 1 min,
and extension at 72 °C for 1.5 min, and then a final
extension at 72 °C for 10 min. PCR products obtained in
the first amplification were diluted 50 times, and 1 pL of
the resulting solution was used as the template for the
second PCR amplifications using the primers of NS31
(Simon et al., 1992) and AML2 (Lee et al., 2008), which
were linked to the sequencing adaptors A (5'-ATCTCAT
CCCTGCGTGTCTCCGACGACT-3') and B (5-CCTATC
CCCTGTGTGCCTTGGCAGTCGACT-3'), respectively. A
10-base pair (bp) barcode sequence was inserted between
the A adaptor and the NS31 primer (Table S3). The PCR
condition for the second PCR was similar to the first
PCR, except for an annealing temperature of 58 °C. The
PCR products were purified using PCR Product Gel
Purification Kit (Axygen, Union City, CA) and then mea-
sured using a TBS 380 fluorescence spectrophotometer
(Promega, Madison, WI). A total of 50 ng of DNA from
each sample was pooled and adjusted to 10 ng pL ™.
The pooled products were subjected to pyrosequencing
on a Roche Genome Sequencer FLX Titanium (454 Life
Sciences, Branford, CT). The raw sequence data were sub-
mitted to the Sequence Read Archive of the National
Center for Biotechnology Information, USA (No.
PRJNA238405).

Bioinformatic analysis

The noise generated during the sequencing process was
removed using the ‘shhh.flow’ command in MoTHUR
1.31.2 (Schloss et al., 2009). The sequences that con-
tained invalid primer sequence or DNA tag, ambiguous
bases, homopolymers with > 8 bases, or with an average
quality score < 25 were removed using the ‘trim.seqs’
command in MoTHUR. As the average read quality score
dropped below 25 after the 420th bp, the remaining
long sequences were cut to 400 bp to ensure read
quality (Schloss et al, 2009). Potential chimeras were
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checked for the sampled sequences using the ‘chi-
mera.uchime’ command in MotHUR. The remaining
sequences were clustered into different operational taxo-
nomic units (OTUs) at a 97% similarity level (Lumini
et al., 2010) using the CD-HIT-EST (Li & Godzik,
2006). Representative sequences (the most abundant
one) for each OTU were blasted against the NCBI nt
database (Altschul et al., 1990), and all non-AM fungal
OTUs (identified based on the closest BLasT hit not
annotated as ‘glomeromycota’) were removed from the
data set. To account for the influences of the different
read numbers on the analyses of AM fungal community
diversity and composition, the number of sequences per
sample was normalized to the smallest sample size using
without-replacement method by the ‘normalized.shared’
command in MotHur (Schloss et al., 2009). OTUs
occurring as singletons (OTUs only observed once) were
excluded from the data to reduce the effects of rare spe-
cies and less-representative OTUs (Zhou et al, 2011).
To identify the obtained AM fungal OTUs, a neighbor-
joining tree of all the representative OTU sequences
obtained in this study and reference sequences from
GenBank was constructed using the p-distance model
with 1000 replicates to produce bootstrap values. The
cumulative number of AM fungal OTUs was calculated
using the ‘specaccum’ function in the Vegan package in
R version 3.0.2 (Oksanen et al., 2013).

Data analysis

The abundance of a given AM fungal OTU is defined as
the number of reads of that OTU in a sample. The fre-
quency of a given AM fungal OTU is defined as the
occurrence of that OTU in all samples. AM fungal OTU
richness is defined as the number of OTUs in a sample.
The Shannon diversity index calculated from OTU rela-
tive abundance was used to estimate AM fungal diversity
for each sample (Fierer et al., 2012).

A three-way repeated-measure aNova with the form
and rate of N addition as between-subject effects and
plant-growing season (i.e. sampling time) as within-sub-
ject effect was used to analyze the effects of N form, N
rate, plant-growing season, and their interaction on the
AM fungal ERH and spore densities. A two-way ANOVA
was used to analyze the effects of N form, N rate, and
their interaction on the AM fungal OTU richness and
Shannon diversity index. Multiple comparisons of group
means among treatments were carried out with Tukey’s
HSD test at P < 0.05 after one-way anova indicated sig-
nificant effect of treatment on AM fungal ERH density,
spore density, OTU richness, and Shannon diversity
index. Response ratios were used to indicate the response
sensitivity of AM fungal ERH density, spore density, and
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soil N availability to N addition (Tian et al., 2014). For
example, the response ratio of spore density (Rs) was cal-
culated as the ratio of spore density in the N addition
plots (Sxy) to that in the Ctrl. (Sy_, mean value of three
Ctrl. plots), that is Rg = Sn4/Sn_. To test the relationship
between AM fungal ERH density or spore density vari-
ables and the soil N (NH;-N and NO;-N) availability,
Pearson’s correlations between all these variables (i.e.
response ratios) were performed.

Prior to the following analysis on AM fungal commu-
nity composition, the abundance of every OTUs was Hel-
linger-transformed to down-weight the influence of rare
OTUs. To evaluate the effects of N form, N rate, and
their interaction on AM fungal community composition,
permutational multivariate analysis of variance (PERMANO-
va) using distance matrices was carried out using ‘adonis’
function in the Vegan package with 999 permutations
(Oksanen et al., 2013). Based on the calculated dissimilar-
ities using the Bray—Curtis method (Clarke et al., 2006),
the distance matrices of AM fungal community and envi-
ronmental (plant and soil) factors were subjected to mul-
tivariate analysis performed by redundancy analysis
(RDA; length of gradient < 3), in which the Monte Carlo
999 permutation test was used to examine the relation-
ship of AM fungal community composition and environ-
mental factors at P < 0.05 level.

Structural equation model (SEM) was constructed to
investigate the causal relationships among N form and N
rate, plant community, soil, AM fungal community com-
position, and spore density. Prior to the SEM procedure,
we investigated the interrelationships among the afore-
mentioned variables by the Mantel test with the Bray—
Curtis dissimilarity measurement using ‘mantel’ function
in the Ecodist package (Goslee & Urban, 2007). Variables
significantly related to at least one other variable in the
Mantel test were retained for the following SEM con-
struction. The R values derived from the Mantel test were
used as input data to construct SEM. Based on a priori
and theoretical knowledge, we assumed a conceptual
model that N addition altered plant community and soil
nutrient content, which in return affected AM fungal
community composition and spore density. Maximum-
likelihood estimation method was used to compare the
SEM with the observation. Model adequacy was deter-
mined by chi-square tests, goodness-of-fit index (GFI),
Akaike information criteria (AIC), and root square mean
errors of approximation (RMSEA). Adequate model fits
were indicated by a nonsignificant chi-square test
(P > 0.05), high GFI (> 0.90), low AIC, and low RMSEA
(< 0.05) (Grace, 2006). All statistical analyses were carried
out in R 3.0.2 (R Core Team, 2013). SEM analyses were
performed using amos 22.0.0 (Amos Development Corpo-
ration, Meadville, PA).
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Results

AM fungal ERH density and spore density

Significant differences were observed in AM fungal ERH
density and spore density between May and August
(P <0.001, Table 1). N form affected the ERH density
(P < 0.001), and the effect depended on the N supply rate
and plant-growing season (Table 1). N form did not affect
ERH density in August, but significantly affected ERH den-
sity in May, with higher values in treatments of Nil and
Ni2, followed by AN1 and AN2, Ctrl, Aml and Am2
(Fig. 1a). No effect of N form was observed on AM fungal
spore density, whereas significant interaction was detected
between the N form and plant-growing season (P = 0.003,
Table 1). Thus, higher spore density occurred in AN1 than
the other treatments in August, but not in May (Fig. 1b).
N supply rate did not affect ERH density (Table 1 and
Fig. 1a), but significantly affected the spore density
(P <0.001, Table 1). Compared with the N1 rate, N2
seemed to decrease the spore density, independent of
plant-growing season (Fig. 1b). Correlation analyses
showed that the response ratio of spore density positively
correlated with soil NH;-N availability (R* = 0.178,
P =0.010, Fig. 2a), but negatively correlated with soil
NO; -N availability (R* = 0.299, P = 0.001, Fig. 2b). No
significant correlation relationships were found between
AM fungal ERH and soil N availabilities (data not shown).

454 pyrosequencing analysis and identification
of AM fungi

A total of 68 809 reads were retained from 92 554 raw
reads after the denoising step, and 4550 reads were subse-
quently removed after the trimming step. Among the
remaining 64 259 reads, 2904 potential chimeras were
excluded from the data set. Thus, a total of 61 355 good
(nonchimeric) reads were obtained and clustered into 645
OTUs at a 97% sequence similarity. Among these OTUs,

Y. Zheng et al.

180 (22 914 reads) belonged to AM fungi, 26 (209 reads)
to plants, 252 (37 805 reads) to animals, 70 (145 reads) to
non-AM fungi, 52 (160 reads) to protozoa, and 45 (122
reads) to unidentified eukaryotes. For these 22 914 AM
fungal reads, 83 singletons were removed and 97 AM
fungal OTUs were obtained from 22 831 reads under
non-normalization condition. However, to determine the
influences of the different read numbers on the analysis of
AM fungal community, AM fungal read numbers were
further normalized to 241 when the number of AM fungal
reads ranged from 241 to 2478 across all soil samples,
resulting in a normalized data set containing 72 AM fungal
OTUs (5023 reads). Among the 72 AM fungal OTUs, 18
singletons were removed from the data set. Finally, 54 AM
fungal OTUs with more than two reads (5005 reads) were
obtained. A total of 14.57 (& 0.76) OTUs existed, with a
range of 8-22 OTUs recovered from the 21 soil samples.

Among the 54 AM fungal OTUs, 27 (713 reads), 27
(713), 24 (716), 26 (714), 20 (716), 27 (717), and 23
(716) were recovered from the treatments of Aml, Am2,
Nil, Ni2, AN1, AN2, and Ctrl., respectively (Fig. 3a). For
these 54 OTUs, 29 (95.9% of total reads) occurred in > 3
samples (frequency > 14.3%), defined as common OTUs,
whereas the other 25 OTUs (4.1% of total reads)
occurred in < 2 samples (Fig. 3b). The nine most abun-
dant OTUs (reads > 100) accounted for 86.5% of the
total AM fungal reads; the remaining 45 OTUs only
accounted for 13.5% (Fig. 3c). Across all the 54 AM fun-
gal OTUs obtained, 30 belonged to Glomeraceae, six to
Claroideoglomeraceae, three to Diversisporaceae, 10 to
Gigasporaceae, one to Acaulosporaceae, three to Archaeos-
poraceae, and one to Ambisporaceae (Fig. S1).

Response of AM fungal community to N
addition

N rate, but not N form, showed significant effect on AM
fungal OTU richness (Table 1). Compared with the Ctrl,,
N amendment treatments potentially increased the OTU

Table 1. Summary of anovas results indicating the effects of the forms and rates of nitrogen (N) addition and plant-growing season (within-
subject effect) on arbuscular mycorrhizal fungal extraradical hyphal (ERH) density, spore density, OTU richness, and Shannon diversity index

ERH density

Source of variation d.f. F P

N form 2,15 22.6 < 0.001
N rate 1,16 0.298 0.744
N form x N rate 2,12 6.89 < 0.001
Season 1, 34 5.07 < 0.001
Season x N form 2,30 18.1 < 0.001
Season x N rate 1, 32 0.082 0.921
Season x N form x N rate 2,24 4.75 0.004

na, the data are not available; OTU, operational taxonomic unit.

© 2014 Federation of European Microbiological Societies.
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Spore density

OTU richness
(August data)

Shannon diversity
index (August data)

P F P F P
1.25 0.298 2.231 0.150 1.974 0.181
30.6 < 0.001 7.259 0.020 4.196 0.063
1.19 0.332 0.176 0.841 0.547 0.592
85.8 < 0.001 na na na na
6.68 0.003 na na na na
1.03 0.368 na na na na
3.573 0.015 na na na na
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richness, and lower rate N1 (i.e. Am1, Nil, and AN1) sig-
nificantly enhanced the OTU richness (Fig. 4a). No signifi-
cant effects of N form and N rate were observed on the
Shannon diversity index of AM fungi by two-way aNova
analyses (Table 1). However, compared with the Ctrl., N
additions at N1 (Aml, Nil, and AN1) could significantly
increase the AM fungal Shannon diversity index as revealed
by the multiple comparisons (Fig. 4b).

PERMANOVA analysis showed that the AM fungal com-
munity composition was neither affected by N form
(F=1.24, P =0.255) nor N rate (F= 0.95, P = 0.528),
except for a significant interaction between N form and
N rate (F = 1.95, P = 0.020). In addition, RDA indicated
that the AM fungal community composition did not
show noticeable difference among treatments (R? = 0.094,
P = 0.380). However, the AM fungal community compo-
sition was related to soil available phosphorus (P)
(R* = 0.419, P = 0.009), pH (R* = 0.308, P = 0.035), and
NO3 -N content (R? = 0.294, P = 0.039; Fig. 5).

Relationships among N addition, plant, soil,
and AM fungal variables

Mantel test results showed that the AM fungal commu-
nity composition was related to plant community compo-
sition (r = 0.202, P = 0.029) and soil factors (r = 0.275,
P =0.022), and AM fungal spore density was related to
N supply rate (r=0.271, P =0.002) and soil factors
(r=0.333, P =0.012; Table S4). Subsequently, the final
SEM using Mantel r values (relation coefficients) as input

© 2014 Federation of European Microbiological Societies.
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Fig. 3. Rarefaction curves for observed AM fungal OTUs among the
different treatments (a); rank of frequency (b) and of reads (c)
occurred in all obtained 54 AM fungal OTUs. The 29 common OTUs
and nine most abundant OTUs were highlighted by dashed line in (b)
and (o), respectively. Am1, NHj-N, 1.5gNm~2year ', Am2,
NHZ-N, 7.5 g N m~2 year™"; Ni1, NO3-N, 1.5 g N m~? year™"; Ni2,
NO3-N, 7.5 g N-m~2 year '; AN1, NH;NOs-N, 1.5 g N m~? year ";
AN2, NH4NOs-N, 7.5 g N m~2 year~"; Ctrl., no N addition.

adequately fitted the data describing the interaction path-
ways among plant community composition, soil, AM fun-
gal community composition, and spore density in
response to N form and/or N rate (x2 = 6.867, d.f. = 6,
P =0.333, GFI = 0.989, AIC = 36.87, RMSEA = 0.026;
Fig. 6a). The final SEM explained 9.2% and 13.5% of the
variation in AM fungal community composition and
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Fig. 4. AM fungal OTU richness (a) and Shannon diversity index (b),
under different N addition treatments. Bars (mean + SE) without
shared letters indicate significant differences at P < 0.05 level. Am1,
NH;-N, 1.5 g N m~2 year '; Am2, NH;-N, 7.5 g N m~2 year"; Ni1,
NO3-N, 1.5 g N m~2 year"; Ni2, NO3-N, 7.5 g N m~2 year '; AN1,
NH4sNOs-N, 1.5 g N m~2year ; AN2, NH4NOs-N, 7.5g N m~2
year™"; Ctrl., no N addition.

spore density, respectively (Fig. 6a). N form showed an
influence on plant community composition (A = 0.201,
P =0.002), but not on soil properties, AM fungal com-
munity composition, or spore density (all P > 0.05). By
contrast, N rate showed direct influences on plant com-
munity (A = —0.360, P <0.001), soil (A = 0.426,
P <0.001), and AM fungal spore density (A = 0.158,
P =0.027), but not on AM fungal community composi-
tion. Strong influences of soil properties were also
detected on plant community composition (A = 0.493,
P <0.001), AM fungal community composition
(A =0.234, P <0.001), and spore density (A = 0.266,
P < 0.001, Fig. 6a). Overall, compared with N form, N
rate was more likely to strongly affect soil characteristics,
which subsequently influenced plant community compo-
sition, AM fungal community composition, and spore
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Fig. 6. (a) SEM showing the causal relationships among N addition,
plant community composition, soil, AM fungal community
composition, and spore density. The final model fit the data well:
maximum likelihood, y* = 6.867, d.f. =6, P=0.333; GFl = 0.989;
AIC = 36.87; RMSEA = 0.026. Bold and dashed lines indicate
significant and nonsignificant pathways, respectively. Width of the
bold line indicates the strength of the relationships. R* values
represent the proportion of variance explained for each variable. (b)
Direct, indirect, and total effect coefficients of N form and N rate on
soil, plant, and AM fungal variables in this SEM.
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density. In addition, plant community composition
affected AM fungal community composition (A = 0.124,
P = 0.038), but not spore density (Fig. 6a). These results
showed that the effect of N rate on soil properties was
mainly by direct path (Fig. 6b). The effect of N form on
plant community composition was also by direct path,
and N rate effect was both by direct and by indirect
paths. Furthermore, the N rate effect on AM fungal spore
density was through direct and indirect paths (Fig. 6b).
No strong total N addition effect on AM fungal commu-
nity composition, except for a relatively apparent N rate
effect by indirect path, was observed (Fig. 6b).

Discussion

Influence of N addition on AM fungal ERH and
spore densities

A significant effect of N form was observed on AM fungal
ERH density (P < 0.001, Table 1), and distinctly lower
ERH values were found in Am treatments vs. Ni treatments
in the early plant-growing season (May), but not in the late
growing season (August; Fig. 1a). Similarly, Ngwene et al.
(2013) reported that the growth of AM fungal ERH is
decreased by the supply of NHJ-N. This result may be
attributed NHI—N, which exhibits lower diffusion in soils
compared with NO;-N (Sigunga et al., 2002) and may
result in a lagged and/or more sustainable N nutrition to
plant, decreasing the mutualistic relationship between AM
fungi and plants. Therefore, AM fungi will obtain less C
allocation from the host and subsequently show lower ERH
density. Lower values of ERH density were detected in the
NH] treatments (5.31 m g~ ') compared with the control
treatment (7.55 m g~ ') in May (Fig. 1a). In August, more
N (especially NH}-N; Tian et al., 2014) is available for
plant growth compared with May. This phenomenon
results in a higher C demand in N-fed plant roots that leads
to the reduction of C allocation for fungal growth (Tresed-
er et al., 2007; Ngwene et al., 2013) and thus lower ERH
density than those in May. Ngwene et al. (2013) proposed
that N export from the AM fungal hyphae to the plant root
and shoot may be greater following NO5 -N uptake. The
host plants, in return, will provide more C to AM fungi
and thus increase the ERH density under Ni treatment
compared with Am treatment (Fig. 1a). This finding sup-
ports that the reciprocal reward strategies by plant and fun-
gal partners guarantee a ‘fair trade’ of N against C
(Fellbaum et al., 2012).

N supply rate did not show significant effects on AM
fungal ERH density both in May and August (Table 1 and
Fig. 1a). Our results are not unprecedented because inves-
tigations of N addition on AM fungal ERH show negative,
neutral, and even positive effects according to the summa-
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rization by van Diepen et al. (2010). The neutral effect
observed in this study may be due to the AM fungi, which
altered their C allocation patterns to favor intraradical
structures rather than external hyphae (Treseder et al,
2007). No clear effect of N form on AM fungal spore den-
sity was observed in the present study (Table 1), which is
supported by a previous study, in which the spore density
was not significantly affected by different N fertilization
forms (i.e. NH} and NOJ'; Ngwene et al., 2013). However,
the higher N supply rate (N2) was more likely to decrease
spore density compared with the lower N supply rate (N1),
regardless of the plant-growing season (Fig. 1b). Decreased
AM spore abundance by N fertilization has been docu-
mented in other ecosystems (Egerton-Warburton & Allen,
2000; Bhadalung et al., 2005; Antoninka et al., 2011).
Given that the higher available N : P ratios were detected
in N2 relative to N1 (Table S1), our results corroborated
the previous finding, which illustrated that AM fungal
spore densities were altered by soil N : P (Egerton-Warbur-
ton et al, 2007). Moreover, the significantly different NO5 -N
content between N1 and N2 treatments mainly accounted for
their distinct N : P (Table S1), and higher NO3 -N will result
in lower spore density in this study (Fig. 2b).

N addition effects on AM fungal richness and
diversity index

In this study, AM fungal OTU richness was significantly
affected by N rate, but not N form (Table 1). Specifically,
the N additions (except for Ni2 and AN2) significantly
increased the AM fungal richness and Shannon diversity
index (Fig. 4a and b). Our results clearly indicated that N
addition showed positive effects on the AM fungal richness
and diversity. A moderate N addition (6.4 g N m ™~ year ')
increased AM fungal OTU richness compared with the con-
trol treatment and high N addition in another alpine mea-
dow ecosystem (Liu et al., 2012). However, Eom et al.
(1999) observed a neutral N addition (10 g N m 2 yearfl)
effect on AM fungal richness and diversity in a tallgrass prai-
rie ecosystem. A medium N addition can support a higher
soil microbial diversity as opposed to reduction in microbial
diversity under high N input (Zhang et al., 2008). Although
intrinsic differences (e.g. mean annual temperature and pre-
cipitation) are observed among different ecosystems, our
results further confirmed that AM fungal richness could be
increased by adding moderate N (1.5-7.5 N m™* year ') in
alpine meadow ecosystems.

Factors influencing the AM fungal community
composition

The RDA results demonstrated that the AM fungal com-
munity composition was not significantly directly influ-
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enced by N form and/or N rate, which also supported by
the result of PERMANOVA analysis (P > 0.05). The soil
properties of available P, pH, and NO; -N contents were
important factors influencing AM fungal community
composition (Fig. 5). AM fungal community composition
was structured by soil pH and N availability by Egerton-
Warburton et al. (2007). Alterations in cation/anion
balance, as influenced by N addition, clearly have the
potential to directly affect soil pH (despite nonsignifi-
cance found in this study) and inorganic N availability
(Table S1). Therefore, the effects of N addition on AM
fungal spore density, richness, and community composi-
tion were likely indirect, predominantly mediated through
soil, and possibly secondarily by plants (Fig. 6). By con-
trast, Liu et al. (2012) previously reported that N inputs
can affect AM fungal community composition mainly by
an indirect plant-mediated path. This finding may be due
to the concomitant addition of P fertilizer; the N : P
ratios in the N addition treatments were much lower
(0.3-0.5) in their study than in our study site (7.9-14), as
well as in a typical southern European grassland (8.7-11;
Mamolos et al., 2005). A strong P limitation will result in
the path we observed of N-soil-AM fungi that has a
stronger function than the path of N—plant-AM fungi
observed by Liu et al. (2012). In the absence of P addi-
tion, soil microbial communities are independent from
plant species, but no such distinction can be observed
under P fertilization (Veresoglou et al., 2011a). Therefore,
our results will strengthen the importance of soil proper-
ties as determinants of AM fungal community (Jansa
et al., 2014). In addition, our results agree with a recent
study, which proposed that adding N weakens plant—
microorganism interactions by a downregulating effect
resulting from the nutrient availability in soil (Wei et al,
2013).

In summary, our results showed that N form affected
AM fungal ERH density only in the early plant-growing
season. The higher rate of N addition (N2,
7.5 g N m * year ') tended to decrease spore density
compared with the lower N rate (N1, 1.5 g N m™? year ')
regardless of N form, and the spore density correlated well
with soil available N. Compared with the control treat-
ment, the lower rate of N addition (N1) significantly
increased AM fungal richness and Shannon diversity index.
Furthermore, the AM fungal community composition was
not directly influenced by N form or N rate, and the effects
were predominantly indirectly mediated through soil and
also partially by plants. Soil properties, including available
P, pH, and soil NO;5 -N concentrations, were the key fac-
tors influencing AM fungal community composition. We
suggest that AM fungal abundance and community com-
position can be influenced by increasing N addition,
mainly due to altered soil characteristics and possibly by
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changes in the plant community, but not or only slightly by
the direct effects of N addition in the Qinghai-Tibetan Pla-
teau alpine meadow ecosystem.
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Fig. S1. A neighbour-joining tree constructed based on a
400-bp fragment of arbuscular mycorrhizal (AM) fungal
18S rRNA gene sequences.

Table S1. Selected soil basic characteristics.

Table S3. Barcode sequence in each sample of different
treatments in the raw sequence data used in this study.
Table S4. Mantel tests among distance matrices of N
addition, plant community composition, soil, and AM
fungal properties.

Table S2. Aboveground biomass (kg m %) of 20 plant
species in nitrogen addition plots of an alpine meadow
on the Qinghai-Tibetan Plateau.

© 2014 Federation of European Microbiological Societies.
Published by John Wiley & Sons Ltd. All rights reserved



