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Summary

� Elucidating the temporal dynamics of arbuscular mycorrhizal (AM) fungi is critical for under-

standing their functions. Furthermore, research investigating the temporal dynamics of AM

fungi in response to agricultural practices remains in its infancy.
� We investigated the effect of nitrogen fertilisation and watering reduction on the temporal

dynamics of AM fungi, across the lifespan of wheat.
� Nitrogen fertilisation decreased AM fungal spore density (SD), extraradical hyphal density

(ERHD), and intraradical colonisation rate (IRCR) in both watering conditions. Nitrogen fertili-

sation affected AM fungal community composition in soil but not in roots, regardless of

watering conditions. The temporal analysis revealed that AM fungal ERHD and IRCR were

higher under conventional watering and lower under reduced watering in March than in other

growth stages at low (≤ 70 kg N ha�1 yr�1) but not at high (≥ 140) nitrogen fertilisation levels.

AM fungal SD was lower in June than in other growth stages and community composition

varied with plant development at all nitrogen fertilisation levels, regardless of watering condi-

tions.
� This study demonstrates that high nitrogen fertilisation levels disrupt the temporal dynamics

of AM fungal hyphal growth but not sporulation and community composition.

Introduction

The Anthropocene, the current geological epoch marked by foot-
prints of human activities, has resulted in major environmental
disturbances that threaten the world’s food supply (Thirkell et al.,
2017). Conventional, large-scale farming practices often rely
heavily on the inputs of water and chemical fertiliser, whereas the
role of microbiomes in promoting plant’s absorption of soil water
and nutrients is overlooked (Aug�e, 2001; Hartmann et al., 2015;
Ruiz-Lozano et al., 2016; D’Hondt et al., 2021). In consideration
of the current economic and ecological burden of watering and
chemical fertilisation, modern agriculture should harness micro-
biomes to maximise output and minimise input under future
anticipated environmental disturbances (van der Heijden &

Wagg, 2013; Bender et al., 2016; de Vries et al., 2020; D’Hondt
et al., 2021).

Within the plant microbiome, arbuscular mycorrhizal (AM)
fungi represent a key group of root-associated mutualists, which
form mutualistic relationships with upwards of 80% of terrestrial
plant species (Smith & Read, 2008). In this association, AM
fungi exchange soil-derived nutrients for host plant photosyn-
thates (Smith & Read, 2008). In addition, AM fungi can also
confer enhanced resistance to pathogens and abiotic stress, such
as drought (Aug�e, 2001; Sikes et al., 2010; Ruiz-Lozano et al.,
2016). Arbuscular mycorrhizal (AM) fungal vegetative structures
are important to this symbiosis in which extraradical hyphae are
responsible for accessing critical inorganic nutrients from the soil
matrix and intraradical hyphae (e.g. arbuscules) form the inter-
face for the exchange of these inorganic nutrients and plant pho-
tosynthates (Smith & Read, 2008). Arbuscular mycorrhizal fungi
also form dormant asexual spores that are important propagules*These authors contributed equally to this work.
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for fungal colonisation and dispersal that represent an important
survival strategy under adverse environmental conditions
(Chagnon et al., 2013; Aguilar-Trigueros et al., 2019). Therefore,
the relative allocation of resources from the host plant to AM
fungi reflects trade-offs in response to environmental perturba-
tions, such as drought and shifts in nitrogen (N) availability
(Chagnon et al., 2013).

Previous studies have shown that drought and N fertilisation
have positive, negative or neutral effects on AM fungal intraradi-
cal colonisation rate (IRCR), extraradical hyphal density
(ERHD) and spore density (SD) (Supporting Information
Table S1). For example, recent meta-analyses have indicated that
N fertilisation significantly decreases AM fungal IRCR, but not
ERHD and SD, suggesting that the directionality of these
responses is context dependent and factors, such as soil N : phos-
phorus (P) ratio, pH, root biomass, and duration of fertilisation
may play an important role in modifying these responses (Han
et al., 2020; Ma et al., 2020). Therefore, important questions
remain about how AM fungal strategies of growth investment
might differ in response to both N deposition and drought. As
mycorrhizal relationships function along a continuum from
mutualism to parasitism based on environmental and species-
specific contexts (Johnson et al., 1997), the relative investment of
AM fungi into vegetative growth and reproduction could act as
an important lever in tipping these relationships towards more
mutualistic or more parasitic interactions.

The effect of drought and N fertilisation on AM fungal com-
munity diversity and composition remains inconclusive
(Table S1). For example, some studies have found that the
response of AM fungal taxa in relative abundance to N fertilisa-
tion depends on environmental factors, such as soil P availability
(Johnson et al., 2003; Cotton, 2018; Treseder et al., 2018;
Lilleskov et al., 2019). A recent meta-analysis indicates that N
fertilisation significantly reduces the relative abundance of Glom-
eraceae and Claroideoglomeraceae, increases that of Archaeospo-
raceae and does not impact that of Gigasporaceae,
Diversisporaceae and Paraglomeraceae (Han et al., 2020). In
addition, water availability may affect AM fungi directly or indi-
rectly through changes in plant photosynthetic rate, root turnover
and soil nutrients (Gao et al., 2016; Chen et al., 2017). While the
separate effects of N fertilisation and watering reduction on AM
fungi have received considerable attention in natural ecosystems
(Table S1), to our knowledge, their combined effects on AM
fungi have been poorly documented, especially from semiarid
agroecosystems.

The temporal dynamics of microbes have been used to deter-
mine the factors that affect community structure and ecosystem
processes (Bardgett et al., 2005; Carini et al., 2020; Broadbent
et al., 2021). AM fungi exhibit dynamic patterns over time due
to the temporal development of host plants, shifts in habitat, sea-
sonal climate fluctuations, time-dependent dispersal and interac-
tions between AM fungal species (Werner & Kiers, 2015a;
Garc�ıa de Le�on et al., 2016; Chaudhary et al., 2020). While pat-
terns of the temporal dynamics of AM fungal growth investment
(IRCR, ERHD and SD) and community (richness and composi-
tion) have been extensively documented and compiled by

Bahram et al. (2015) and Gao et al. (2019), important questions
remain about how environmental perturbation might influence
these temporal dynamics. At its most extreme, warming can lead
to dysbiosis or the disruption of ‘normal’ symbiotic relationships
(Greenspan et al., 2020). Within the rhizosphere, recent studies
have indicated that temporal dynamics of many bacterial associa-
tions with plant hosts are indeed disrupted by drought and
warming (Naylor et al., 2017; Xu et al., 2018; Greenspan et al.,
2020; Broadbent et al., 2021). However, to our knowledge, the
temporal dynamics of AM fungi in response to agricultural prac-
tices, such as watering reduction and N fertilisation, remain
largely unexplored.

Here, we investigated patterns of AM fungal growth and com-
munity dynamics throughout the growing period (four stages) in
a wheat field subjected to treatments of watering (two levels) and
N fertilisation (five levels) with three replicates (Fig. 1). Root and
soil samples were collected to determine the impact of these
important agricultural management practices on AM fungal
IRCR, ERHD and SD. AM fungal communities in roots and soil
were examined using Illumina MiSeq sequencing of 18S rDNA.
We tested three hypotheses: H1, that N fertilisation and watering
reduction reduce AM fungal IRCR, ERHD and SD; H2, that N
fertilisation and watering reduction alter AM fungal community
composition by decreasing the relative abundance of Glomer-
aceae and Claroideoglomeraceae and increasing that of
Archaeosporaceae based on the meta-analysis of Han et al.
(2020), and H3, that N fertilisation and watering reduction dis-
rupt the temporal dynamics of AM fungi.

Materials and Methods

Study site

This study was conducted at the Yucheng Comprehensive Exper-
imental Station of the Chinese Academy of Sciences, Shandong
Province in China (36°570N, 116°360E, 20 m above sea level).
The site is in a typical temperate semiarid zone with a mean
annual temperature of 13.3°C and annual precipitation of
559.8 mm according to long-term observations (1998–2015)
(Zhao et al., 2018). At the start of the experiment, the original
soil had a pH of 8.3 and contained 0.5 g kg�1 of total N,
12.2 g kg�1 of organic matter, 12.9% sand, 65.1% silt and
22.0% clay, and is classified as a Calcaric Fluvisol according to
the FAO-Uneson system (Zheng et al., 2019).

Experimental design

The experiment was established in 2005 with a split-block design
of watering reduction and N fertilisation. To keep soil field mois-
ture capacity at 80%, one block (20 m9 40 m) received conven-
tional watering according to the typical application of irrigation
used by local farmers; the other block (20 m9 40 m) received
reduced watering, to keep soil field moisture capacity at 60%.
Each block contained 15 plots (each 5 m9 10 m), each of which
included five N fertilisation levels consisting of 0 (N0), 70 (N1),
140 (N2), 210 (N3) and 280 (N4) kg N ha�1 yr�1, in the form
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of urea. Each N fertilisation level had three replicates (plots), ran-
domly distributed in the block (Fig. 1a). The highest N fertilisa-
tion level (N4) was set according to the typical application used
by local farmers. Nitrogen was applied in two doses, first before
wheat sowing on 1 October and then at the jointing stage on 20
March of the following year. Before sowing, to ensure plants were
not limited by P or potassium (K), in total 80 kg ha�1 K2O (as
K2SO4) and 120 kg ha�1 P2O5 (as Ca(H2PO4)2) were applied in
each plot. To prevent movement of water and N between the
individual plots, each plot was separated by a cement wall (20 cm
thick) extending downward to a depth of 60 cm in the soil
(Fig. 1b).

Soil and plant root sampling

In 2018, root and soil samples were collected on 7 March (tiller-
ing stage), 9 April (jointing stage), 7 May (flowering stage), and 3
June (harvesting stage) (Fig. 1c). Briefly, five soil cores (3.5 cm in
diameter and 20 cm in depth) were randomly collected from the
point immediately adjacent to plant roots in each plot and com-
bined to generate one composite sample. The samples were
immediately packed in an ice box and transported to the labora-
tory. Soil samples were sifted through a 1-mm mesh sieve, the
recovered roots were washed with distilled water, and fine roots
(< 2 mm in diameter) were cut into c. 1 cm fragments. Root sam-
ples and soil subsamples were stored at �80°C for DNA extrac-
tion and measurements of AM IRCR and ERHD (Tian et al.,
2013). Fresh soil subsamples were used for measurements of
exchangeable NH4

+–N and NO3
�–N and moisture, and the

remaining subsamples were air dried and stored at room tempera-
ture for measurements of AM fungal SD and other soil

properties. In total, 240 samples (two watering conditions9 five
N fertilisation levels9 four sampling growth stages9 two sample
types9 three replicates) were collected.

Soil physicochemical and plant biomass analysis

Soil samples were dried at 105°C for 24 h to determine gravimet-
ric moisture. Soil pH (soil to water = 2 : 5, w/v) was determined
with a glass electrode (Thermo Orion T20, Columbia, MD,
USA). Total soil carbon (C) and N were measured by direct com-
bustion using a C/N Elemental Analyzer (Vario EL III; Elemen-
tar Analysensysteme GmbH, Hanau, Germany). Total soil P,
calcium (Ca), magnesium (Mg), iron (Fe) and K were measured
using an inductively coupled plasma-atomic emission spectrome-
ter (ICP-AES) (iCAP 6300; Thermo Jarrell Ash Co., Waltham,
MA, USA). Soil exchangeable NH4

+–N and NO3
�–N were

extracted with a 2M KCl solution (soil to water = 1 : 5, w/v) and
determined using a continuous flow analyser (SAN++; Skalar,
Breda, the Netherlands). The information on soil properties is
summarised in Table S2. The dry weights of aboveground plant
biomass and grains in each plot at the harvesting stage were deter-
mined after oven drying at 60°C for 48 h.

AM fungal hyphal and spore measurement

Fungal hyphae were extracted from 4.0 g of frozen soil using the
membrane filter method (Rillig et al., 1999). Arbuscular mycor-
rhizal fungal hyphae were separated from non-AM fungal hyphae
based on their morphology and staining colour (Miller et al.,
1995). The lengths of AM fungal hyphae were measured using a
gridline intersect method by observing 135 fields of view for each

(a)

(c)

(b)

Fig. 1 Experimental design. (a) Aerial layout
of the 30 plots (109 5m2 each) in a split-
block design of two watering levels
(conventional and reduced), each composed
of five nitrogen (N) fertilisation levels (N0,
N1, N2, N3, N4) with three plot replicates.
N0, N1, N2, N3 and N4 indicate 0, 70, 140,
210 and 280 kg N ha�1 yr�1, respectively.
(b) To prevent movement of water and N
between plots, plots are separated from each
other by cement walls (20 cm thick and
60 cm deep in the soil). (c) Soil and root
samples were collected at four growth stages
along wheat development: 7 March (tillering
stage), 9 April (jointing stage), 7 May
(flowering stage) and 3 June (maturing
stage) in 2018.
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filter under a microscope (Nikon 80i, Osaka, Japan) and under
9200 magnification (Miller et al., 1995). AM fungal spores were
extracted from 20.0 g of air-dried soil using a wet sieving (bottom
38 lm mesh) and decanting method (Daniels & Skipper, 1982),
and were counted under 940 magnification (Nikon 80i). For
AM fungal IRCR measurement, fine root segments (c. 1 cm long)
were treated with 10% KOH solution at 92°C for 25 min, neu-
tralised using 2% HCl solution and stained with lactic acid
fuchsin dye at 92°C for 20 min (modified from McGonigle et al.,
1990). Fifty root segments were randomly selected from each
sample and examined to quantify the IRCR using a magnified
intersection method by observing 450 fields of view under 9200
magnification (McGonigle et al., 1990).

Molecular analysis

Detailed description of DNA extraction, two-step PCR amplifi-
cation and sequencing can be found in Maitra et al. (2019).
Briefly, genomic DNA was extracted from 0.3 g frozen soil and
roots using a PowerSoil® DNA Isolation Kit (MoBio Labs Inc.,
Carlsbad, CA, USA). The DNA concentration of each sample
was measured using a NanoDrop spectrophotometer (Thermo
Scientific, Wilmington, DE, USA). For Illumina MiSeq sequenc-
ing, amplicons of 18S rDNA were generated by a two-step PCR
procedure respectively using GeoA-2 and AML2 primers (Sch-
warzott & Sch€ußler, 2001; Lee et al., 2008) and NS31 and
AMDGR primers (Simon et al., 1992; Sato et al., 2005). In the
second round of PCR, the AMDGR primer was linked with 12-
base barcode sequences for sample distinction (Table S3). The
final PCR products were c. 300 base pairs (bp) in length and
purified using an E.Z.N.A Gel Extraction Kit (Omega Bio-Tek,
Norcross, GA, USA). The purified PCR products were pooled
together with the same molar amount (100 ng) from each sample
and adjusted to 10 ng ll�1. Furthermore, a sequencing library
was constructed by the addition of an Illumina sequencing adap-
tor (50-GATCGGAAGAGCACACGTCTGAACTCCAGTCA
CATCACGATCTCGTATGCCGTCTTCTGCTTG-30) to the
product using the Illumina TruSeq DNA PCR-Free LT Library
Prep Kit (Illumina, San Diego, CA, USA) following the manu-
facturer’s instructions. The constructed library was submitted to
an Illumina MiSeq PE250 platform for sequencing using the
paired end (29 250 bp) option at the Environmental Genome
Platform in the Chengdu Institute of Biology, Chinese Academy
of Sciences, China.

Bioinformatics analysis

The raw sequences were filtered using Quantitative Insights into
Microbial Ecology (QIIME) v.1.7.0 (Caporaso et al., 2010). Quality
control was conducted by excluding low-quality sequences con-
taining either ambiguous bases, no valid primer sequence or bar-
code sequence, read length < 200 bp, or an average quality score
< 20. The potential chimeras were subsequently checked using the
CHIMERA.UCHIME command in MOTHUR v.1.31.2 (Schloss
et al., 2009) against the MaarjAM 18S rRNA gene database (€Opik
et al., 2010). The nonchimeric sequences were clustered into

different operational taxonomic units (OTUs) at a 97% sequence
similarity level based on the UPARSE pipeline using USEARCH v.8.0
after dereplication and singleton discarding (Edgar, 2013). Using a
basic local alignment search tool (Altschul et al., 1990), the repre-
sentative sequence of each OTU, that is the most abundant, was
selected and searched against the National Center for Biotechnol-
ogy Information (NCBI) nucleotide database and MaarjAM 18S
rRNA gene database. AM fungal OTUs were identified based on
the closest BLAST hit annotated as ‘Glomeromycotina’ and E
value < e�100. The number of considered sequences per sample
was normalised to the smallest sample size by using the
SUB.SAMPLE command in MOTHUR to account for the influence
of different sequence numbers on the analysis of AM fungal com-
munity.

Statistical analysis

All statistical analyses were performed in R v.3.5.1 (R Develop-
ment Core Team, 2018). Any significant differences in soil total
N, C, P, Mg, K, Fe, Ca, moisture, pH and exchangeable NH4

+–N
and NO3

�–N among N fertilisation levels in conventional water-
ing or reduced watering in each growth stage were compared
using Tukey’s honestly significant difference (HSD) test at
P < 0.05. Rarefaction curves of the number of observed AM fun-
gal OTUs in root and soil samples and sequences in each sample
were calculated, using the SPECACCUM and RARECURVE
commands respectively, in the VEGAN package (Oksanen et al.,
2017). Two-way analysis of variance (ANOVA) was used to
examine the effect of N fertilisation, watering reduction and their
interactions on the aboveground plant biomass and yield. Three-
way ANOVA was used to examine the effect of N fertilisation,
watering reduction, growth stage and their interactions on the
SD, ERHD, IRCR, OTU richness and the relative abundance of
abundant OTUs (relative abundance > 1%) and families of AM
fungi, if these data satisfied the normality of distribution and
homogeneity of variance before and after square root and loga-
rithmic transformation. Then significant differences among N
fertilisation treatments were compared using Tukey’s HSD test at
P < 0.05. Significant differences between watering conditions and
among growth stages were then compared through pairwise com-
parison at P < 0.05. If these data did not satisfy the homogeneity
of variance before and after square root and logarithmic transfor-
mation, a nonparametric Kruskal–Wallis test was carried out,
then significant differences among N fertilisation levels, watering
conditions and growth stages were compared by Conover’s test
using the ‘post-hoc.kruskal.conover.test’ function with Bonfer-
roni correction in the PMCMR package (Pohlert, 2014).

The distance matrix for the AM fungal community (Hellinger
transformation of the read counts of OTUs) was constructed by
calculating dissimilarity using the Bray–Curtis method (Clarke
et al., 2006). To evaluate the effect of N fertilisation, watering
reduction, growth stage and their interactions on AM fungal
community composition, permutational multivariate analysis of
variance (PerMANOVA) was carried out using the ADONIS
command in the VEGAN package with 9999 permutations. In
addition, the AM fungal community composition was subjected
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to nonmetric multidimensional scaling (NMDS) using the
METAMDS command in the VEGAN package. Using the ‘envfit’
function with 999 permutations, compartment (root and soil),
five N fertilisation levels (N0, N1, N2, N3 and N4), four growth
stages (March, April, May and June) and two watering conditions
(conventional and reduced) were fitted as centroids, and soil pH,
N, C, P, Mg, K, Fe, Ca, moisture, and exchangeable NH4

+–N
and NO3

�–N were fitted as vectors onto the NMDS ordination
plots to examine how AM fungal community composition was
related to these variables.

Furthermore, biomarkers (from class to genus) of AM fungi
with significantly different relative abundance between roots and
soil and between no N fertilisation (N0) and different N fertilisa-
tion (N1, N2, N3, N4) levels were revealed using linear discrimi-
nant analysis (LDA) effect size (LEfSe) (Segata et al., 2011), with
a logarithmic LDA score of 2.0 as the threshold; this analysis was
performed with default parameters on the GALAXY web-based
interface (http://huttenhower.sph.harvard.edu/galaxy/).

Structural equation models (SEMs) were performed to exam-
ine the direct and indirect effects of N fertilisation, watering
reduction, growth stage and soil variables on the AM fungal SD,
ERHD, IRCR, OTU richness and community composition
using the multilevel SEM (Shipley, 2009) implemented in the
PIECEWISESEM package (Lefcheck, 2016), as described by Ji et al.
(2019).

Results

Aboveground plant biomass and yield

The average aboveground plant biomass was 4.04� 1.49 (t ha�1)
and ranged from 1.11� 0.23 to 5.99� 0.31 and plant yield was
3.41� 1.35 (t ha�1) and ranged from 0.89� 0.09 to
4.85� 0.26 (mean� SD, n = 3). Two-way ANOVA showed
that N fertilisation, but not watering reduction and their interac-
tions, significantly influenced aboveground plant biomass and
yield (Table 1). All N fertilisation levels significantly increased
aboveground plant biomass and yield under both reduced and
conventional watering conditions (Fig. 2a,b).

AM fungal SD, ERHD and IRCR

The average AM fungal SD was 8.96� 3.59 and ranged from
3.40� 0.25 to 18.63� 0.88 (spores g�1 dry soil), ERHD was

2.78� 0.12 and ranged from 1.59� 0.17 to 4.79� 0.20 (m g�1

dry soil), and IRCR was 76.43� 1.39% and ranged from
60.22� 3.96% to 97.42� 1.06% (mean� SD, n = 3) (Fig. 3a–c).
The three-way ANOVA revealed that AM fungal SD, ERHD,
IRCR and the ERHD : IRCR ratio showed significant relationships
with N fertilisation, watering reduction, growth stage and their
interactions (Table 2).

Compared with the N0 treatment, AM fungal SD declined
significantly at all N fertilisation levels in each growth stage,
under both reduced and conventional watering conditions,
except for a nonsignificance in April of N1 treatment under con-
ventional watering condition (Fig. 3a). In addition, AM fungal
SD was significantly higher in reduced watering compared with
the conventional watering conditions in all growth stages for the
N0 treatment and in March at the N1 treatment, but signifi-
cantly lower in reduced watering conditions than in conventional
watering conditions for the N1 treatment in April and May
(Fig. 3a). The temporal analysis revealed that AM fungal SD
decreased in June at all N fertilisation treatments under both
watering conditions (Fig. 3a). This pattern suggests that the tem-
poral dynamics of AM fungal SD were not influenced by N fertil-
isation and watering reduction.

Compared with the N0 treatment, under both the reduced
and conventional watering conditions, AM fungal ERHD was
significantly lower at all N fertilisation levels in each growth
stage, except for March and June of the N1 treatment (Fig. 3b).
AM fungal ERHD was significantly lower in reduced watering
conditions than in conventional watering conditions in March
for the N0, N1 and N2 treatments (Fig. 3b). The temporal analy-
sis revealed that AM fungal ERHD was significantly higher in
March than at other growth stages under conventional watering,
but was lower in March than at other growth stages under
reduced watering at the N0 and N1 fertilisation levels (≤N1),
but not for high N fertilisation levels (≥N2) (Fig. 3b). This pat-
tern suggests that the temporal dynamics of AM fungal ERHD
were disrupted by high N fertilisation but not by watering reduc-
tion.

Under the reduced and conventional watering conditions, AM
fungal IRCR was significantly lower for the N2, N3 and N4
treatments than for the N0 and N1 treatments in all growth
stages (Fig. 3c). AM fungal IRCR was significantly higher in con-
ventional watering than in reduced watering conditions in March
for the N0 and N1 treatments (Fig. 3c). In addition, the ratio of
AM fungal ERHD to IRCR was significantly decreased with N
fertilisation (Fig. 3d). The temporal analysis revealed that AM
fungal IRCR was significantly higher in March than in other
growth stages under conventional watering, but was lower in
March than in other growth stages under reduced watering at no
and low N fertilisation levels (≤N1), but not at high N fertilisa-
tion levels (≥N2) (Fig. 3c). This pattern suggests that the tempo-
ral dynamics of AM fungal IRCR were disrupted by high N
fertilisation but not by watering reduction.

The SEM revealed that the AM fungal SD, ERHD and IRCR
were directly influenced by N fertilisation, growth stage and
watering reduction (Fig. S1a). Furthermore, N fertilisation and
watering reduction had indirect effects on the AM fungal SD,

Table 1 Two-way ANOVA showing the effect of nitrogen fertilisation,
watering reduction and their interactions on aboveground plant biomass
and yield.

Source of variation df

Aboveground
plant biomass Plant yield

F P F P

Nitrogen fertilisation (NF) 4 94.98 < 0.001 138.41 < 0.001
Watering reduction (WR) 1 0.09 0.756 0.33 0.572
NF9WR 4 1.19 0.342 0.54 0.707
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ERHD, and IRCR through soil moisture and/or total N
(Fig. S1a).

Illumina MiSeq sequencing analysis and identification of
AM fungi

In total, 12 588 267 high-quality 18S rDNA sequences were fil-
tered from 12 895 818 raw sequences and clustered into 977
OTUs at a 97% sequence similarity level. Of these OTUs, 169
(10 293 271 sequences) were identified as AM fungal. As AM
fungal sequences varied from 1428 to 113 847 across all 240
samples (Table S4), the sequence number was normalised to
1428 per sample, resulting in a normalised dataset containing
132 AM fungal OTUs (342 720 sequences) (Table S5). The 16
relatively abundant OTUs (relative abundance > 1%) accounted
for 91.8% of the total AM fungal sequences, and the remaining
116 OTUs accounted for 8.2% (Fig. S2). Among these OTUs,
four were exclusively recovered from roots, 41 were exclusively
from soil and 87 were shared between roots and soil (Fig. S3;
Table S6). Across all 132 AM fungal OTUs obtained, 78
belonged to the Glomeraceae (relative abundance 44.6%), 18 to
the Diversisporaceae (32.8%), 19 to the Claroideoglomeraceae
(10.95%), 14 to the Paraglomeraceae (10.86%), 1 to the

Archaeosporaceae (0.72%), 1 to the Acaulosporaceae (0.06%),
and 1 to the Gigasporaceae (0.01%) (Fig. S4). In addition, the
rarefaction analyses revealed that the number of samples and
sequences in each sample did not reach a plateau, suggesting that
more samples and deeper sequencing would recover more OTUs
in roots and soil (Fig. S5).

AM fungal OTU richness

The average observed AM fungal OTU richness was
29.03� 4.14 and ranged from 24� 4.00 to 36.33� 7.37 in
roots, while in soil the average was 48.76� 6.44 and ranged from
40.67� 9.29 to 60.67� 5.69 (mean� SD, n = 3) (Fig. 3e,f).
Three-way ANOVA revealed that the AM fungal OTU richness
in roots was significantly affected by N fertilisation, growth stage,
the interaction between N fertilisation and growth stage, and the
interaction between watering reduction and growth stage
(Table 2). In soil, AM fungal OTU richness was significantly
affected by N fertilisation, growth stage and the interaction
between N fertilisation and watering reduction (Table 2). The
temporal analysis revealed that AM fungal OTU richness in soil
and roots differed significantly in some of the no fertilisation and
N fertilisation levels under conventional or reduced watering

(a)

(b)

Fig. 2 Aboveground plant biomass (a) and
yield (b) at different nitrogen (N) fertilisation
levels and watering conditions at the
harvesting stage. Two-way ANOVA showing
the effect of N fertilisation, watering
reduction and their interactions on
aboveground plant biomass and yield. Data
are means� SD (n = 3). Bars without shared
letters indicate significant difference at
different N fertilisation levels in reduced and
conventional watering conditions
respectively according to Tukey’s honestly
significant difference (HSD) test. ns, P > 0.05;
***, P < 0.001. N0, N1, N2, N3 and N4
indicate 0, 70, 140, 210 and
280 kg N ha�1 yr�1, respectively.
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Fig. 3 Arbuscular mycorrhizal (AM) fungal (a) spore density, (b) extraradical hyphal density, (c) intraradical colonisation rate, (d) ratio of extraradical
hyphal density to intraradical colonisation rate (ERHD : IRCR) and operational taxonomic unit (OTU) richness in (e) roots and (f) soil at different nitrogen
(N) fertilisation levels, watering conditions and growth stages. Three-way ANOVA showing the effect of N fertilisation, watering reduction, growth stage
and their interactions on AM fungal spore density, extraradical hyphal density, intraradical colonisation rate, ERHD : IRCR and OTU richness in roots and
soil. Data are means� SD (n = 3). Asterisks on the left horizontal columns indicate significantly higher values in reduced watering than in conventional
watering, and asterisks on the right horizontal columns indicate significantly lower values in reduced watering than in conventional watering conditions.
Bars with asterisks represent significant difference in different growth stages at the same N fertilisation level. Bars without shared uppercase, lowercase,
italic uppercase and italic lowercase letters respectively indicate significant difference at different N fertilisation levels in March, April, May and June in
reduced and conventional watering conditions according to Tukey’s HSD test. ns, P > 0.05; *, P < 0.05; **, P < 0.01; ***, P < 0.001. N0, N1, N2, N3 and N4
indicate 0, 70, 140, 210 and 280 kg N ha�1 yr�1, respectively.

Table 2 Three-way ANOVA showing the effect of nitrogen fertilisation, watering reduction, growth stage and their interactions on arbuscular mycorrhizal
fungal spore density, extraradical hyphal (ERH) density, intraradical colonisation (IRC) rate, ratio of ERH density to IRC rate and operational taxonomic unit
(OTU) richness in roots and soil.

Source of variation df

Spore density ERH density IRC rate
ERH
density : IRC rate

Root OTU
richness

Soil OTU
richness

F P F P F P F P F P F P

Nitrogen fertilisation (NF) 4 427.2 < 0.001 82.81 < 0.001 451.65 < 0.001 14.84 < 0.001 2.99 0.021 3.52 0.028
Watering reduction (WR) 1 152.91 < 0.001 10.95 0.002 4.61 0.01 6.45 0.01 0.43 0.522 1.21 0.072
Growth stage (GS) 3 767.41 < 0.001 2.41 0.04 61.92 < 0.001 3.25 0.03 17.28 < 0.001 2.4 0.01
NF9WR 4 61.75 < 0.001 2.58 0.03 7.74 < 0.001 3.31 0.02 1.61 0.181 2.78 0.02
NF9GS 12 17.64 < 0.001 3.49 < 0.001 41.69 < 0.001 5.67 < 0.001 3.04 0.042 0.93 0.525
WR9GS 3 38.12 0.02 9.27 < 0.001 8.02 < 0.001 11.16 < 0.001 2.21 0.031 0.16 0.922
NF9WR9GS 12 12.11 < 0.001 4.03 < 0.001 18.61 < 0.001 4.24 < 0.001 0.73 0.712 1.09 0.37
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conditions (Fig. 3e,f). Therefore, we could not conclude if the
temporal dynamics of AM fungal OTU richness were influenced
by N fertilisation or watering reduction.

The SEM revealed that the AM fungal OTU richness in roots
and soil was directly influenced by N fertilisation and growth
stage, but not by watering reduction. In addition, N fertilisation
and growth stage had indirect effects on AM fungal OTU rich-
ness in soil but not in roots through soil exchangeable NH4

+–N
(Fig. S1b).

AM fungal community composition

Three-way ANOVA and Kruskal–Wallis tests revealed that the
relative abundance of eight abundant root OTUs and 12 abun-
dant soil OTUs was significantly affected by growth stage and/or
N fertilisation, but not by watering reduction (Figs 4a,b, S6, S7).
The relative abundance of the Glomeraceae, Diversisporaceae,
Claroideoglomeraceae, Paraglomeraceae and Archaeosporaceae
was significantly affected by growth stage and/or N fertilisation
in roots and soil (except for Paraglomeraceae in roots), but not
by watering reduction (Figs 4c,d, S8a,b). For example, N fertili-
sation decreased the relative abundance of Claroideoglomeraceae
and Paraglomeraceae, increased that of Diversisporaceae and
Archaeosporaceae, and did not impact that of Glomeraceae in
soil, but not in roots (Fig. 4c,d).

Regardless of N fertilisation treatments, LEfSe analysis
showed that the relative abundances of the Paraglomeraceae,

Claroideoglomeraceae, Acaulosporaceae and Archaeosporaceae
were higher in soil, whereas Gigasporaceae, Diversisporaceae and
Glomeraceae were more abundant in roots (Fig. 5a). In addition,
the relative abundance of the Paraglomus, Glomus, Claroideoglo-
mus, Acaulospora and Archaeospora was higher in soil, whereas
Rhizophagus, Scutellospora, Diversispora and Funneliformis were
more abundant in roots (Fig. 5a). The relative abundance of
Archaeosporaceae (Archaeospora) and/or Diversisporaceae (Diver-
sispora) was significantly higher at the N1, N2, N3 and/or N4
treatments than at the N0 treatment in soil but not in roots,
while the reverse was observed for Paraglomeraceae (Paraglomus)
and/or Claroideoglomeraceae (Claroideoglomus) (Fig. 5b–e).

PerMANOVA showed that the AM fungal community com-
position was significantly affected by compartment (root vs soil;
R2 = 0.1999, P < 0.001), growth stage (R2 = 0.098, P < 0.001),
N fertilisation (R2 = 0.046, P < 0.001), watering reduction
(R2 = 0.008, P = 0.020), and the interaction between N fertilisa-
tion and watering reduction (soil only: R2 = 0.039, P = 0.012)
(Fig. 6a). The ‘envfit’ on the NMDS plot indicated that the AM
fungal community composition in roots and soil significantly
correlated with soil pH, NH4

+–N, NO3
�–N, moisture, N, P, K,

N : P or C : N ratio (Fig. S9). Furthermore, AM fungal commu-
nity composition in roots and soil was not significantly affected
by watering reduction in each growth stage under different N fer-
tilisation levels (Fig. 6b). By contrast, AM fungal community
composition was significantly affected by N fertilisation in each
growth stage in soil, but not in roots (except for June) (Fig. 6c).

(a)

(b)

(c)

(d)

Fig. 4 Relative abundance of arbuscular mycorrhizal (AM) fungi in roots and soil at different nitrogen (N) fertilisation levels and growth stages. (a, b) The
relative abundance of abundant (relative abundance > 1%) AM fungal operational taxonomic units (OTUs) in roots and soil. (c, d) The relative abundance
of AM fungal families in roots and soil. Data are means� SD (n = 6). Data for different watering treatments are merged because neither ANOVA nor
Kruskal–Wallis tests showed any significant differences. (a, b) Others include the abundant AM fungal OTUs that were not significantly affected by N
fertilisation (NF) and growth stage (GS) and the rare OTUs (relative abundance < 1%). ns, P > 0.05; *, P < 0.05; **, P < 0.01; ***, P < 0.001. N0, N1, N2,
N3 and N4 indicate 0, 70, 140, 210 and 280 kg N ha�1 yr�1, respectively.
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AM fungal community composition in roots and soil was signifi-
cantly affected by growth stage at each N fertilisation level
(Fig. 6d). Taken together, the temporal dynamics of AM fungal
community composition in roots and soil were not influenced by
N fertilisation and watering reduction.

The SEM revealed that the AM fungal community composi-
tion was directly influenced by N fertilisation and growth stage in
soil and by growth stage in roots. Furthermore, N fertilisation and
growth stage indirectly affected AM fungal community composition
in soil but not in roots via soil exchangeable NH4

+�N (Fig. S1c).

(a)

(b)

(c)

(d)

(e)

Fig. 5 Linear discriminant analysis (LDA)
effect size analysis showing bias distribution
of the relative abundance of arbuscular
mycorrhizal (AM) fungal taxa. (a) The
distribution of the relative abundance of AM
fungal taxa in roots and soil. (b–e) The
distribution of the relative abundance of soil
AM fungal taxa between no nitrogen (N)
fertilisation (N0) and different N fertilisation
(N1, N2, N3, N4) levels. Significantly
(P < 0.05) abundant AM fungal taxa are
represented by red or green. Circles
represent AM fungal phylogenetic levels
from class to genus from the inside outwards.
The AM fungal taxa with LDA values greater
than 2.0 are displayed.
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(a)

(b)

(c) (d)

×

Fig. 6 Nonmetric multidimensional scaling (NMDS) of root and soil arbuscular mycorrhizal (AM) fungal community compositions at different nitrogen (N)
fertilisation levels, watering conditions and plant growth stages. (a) Permutational analysis of variance (PerMANOVA) showing that AM fungal community
composition was significantly affected by compartment (root vs soil), growth stage, N fertilisation, watering reduction and their interactions. (b)
PerMANOVA showing that root and soil AM fungal community compositions at each growth stage and N fertilisation level were not significantly altered
by watering reduction (all P > 0.05). (c) PerMANOVA showing that AM fungal community composition at each growth stage responded more strongly to
N fertilisation in soil than in roots. (d) PerMANOVA showing that root and soil AM fungal community compositions at each N fertilisation level were
significantly affected by growth stage. ns, P > 0.05; *, P < 0.05; **, P < 0.01; ***, P < 0.001. N0, N1, N2, N3 and N4 indicate 0, 70, 140, 210 and
280 kg N ha�1 yr�1.

Discussion

Testing H1: Nitrogen fertilisation and watering reduction
reduce AM fungal IRCR, ERHD and SD

The H1 is partially supported by our findings that N fertilisation
reduced AM fungal ERHD, IRCR and SD. These results are
consistent with previous studies (Table S1), as well as several
extensive meta-analyses (Treseder, 2004; Zhou et al., 2017;
Zhang et al., 2018; Han et al., 2020; Ma et al., 2020). The nega-
tive effect of N fertilisation on AM fungal biomass may be
explained by the functional equilibrium model (Johnson, 2010),
which describes how plants that experience less N limitation will
invest less C in AM fungi as P is in luxury supply in our study
site, thereby shifting the relationship between AM fungi and host
towards a less mutualistic interaction (Fig. 7). In addition, we
found that watering reduction reduced AM fungal ERHD and
IRCR in early growth stage (March), but not in other growth
stages at low N fertilisation levels (Fig. 3b,c). This may be
because the precipitation was lower in March than in other grow-
ing stages (Fig. S10), which are likely to cause the suppression of
photosynthetic activity and subsequent decline in nonstructural
carbohydrates that might sustain AM fungal growth when soil

water and N are less available in early plant development (Sapes
et al., 2021). Moreover, the adaptation of morphological root
traits to watering reduction may alter the quality and quantity of
root exudates, as demonstrated by Williams & de Vries (2020),
and this may account for the observed decrease in the ratio of
ERHD to IRCR in early plant development.

In addition, watering reduction increased AM fungal SD in all
four growth stages at the N0 treatment and in March of the N1
treatment. However, for the N1 treatment, this initial increase in
AM fungal SD in March was followed by a decrease with water-
ing reduction in other growth stages (Fig. 3a). Our findings sug-
gest how AM fungal sporulation has more complex cues
associated with water availability and seasonality than was
observed for N fertilisation, these are likely to be related to the
complexities of C storage and investment by plants throughout
the growing season when water becomes limiting. Whereas AM
fungal SD is generally thought to decrease or be unaffected by
watering reduction in previous studies (Table S1), our findings
are consistent with recent findings from Tanzania–Serengeti
where both historical water and N availability are low, and a sig-
nificant increase of AM fungal SD was observed with increasing
aridity (Stevens et al., 2020). Therefore, the formation of a large
number of spores might reflect the AM fungal strategy to survive

New Phytologist (2022) 234: 2057–2072
www.newphytologist.com

� 2022 The Authors

New Phytologist� 2022 New Phytologist Foundation

Research

New
Phytologist2066

 14698137, 2022, 6, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.18043 by U

niv of C
alifornia L

aw
rence B

erkeley N
ational L

ab, W
iley O

nline L
ibrary on [26/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



the contemporary harsh environment colimited by water and N
availability. In addition, we acknowledge that the observed effect
of watering reduction may be confounded with the potential nat-
ural gradient of soil conditions and water availability, while our
experiment was carried out in a relatively homogenous agricul-
tural field.

Furthermore, we detected significant interactive effects of N
fertilisation, watering reduction and growth stage on AM fungal
SD, ERHD and IRCR. For example, although N fertilisation
decreased AM fungal SD, ERHD and IRCR, watering reduction
had positive or negative effects on these AM fungal parameters at
low, but not at high, N fertilisation levels in some growth stages.
These findings suggest that the interactive effects of N fertilisa-
tion, watering reduction and growth stage on AM fungal SD,
ERHD and IRCR are highly variable and context dependent,
and are likely to be associated with host C allocation, fungal life-
history trade-off and ecological stoichiometry (Johnson et al.,
2003; Kiers et al., 2011; Hawkes & Keitt, 2015; Varela-Cervero
et al., 2016a,b; Chen et al., 2017; Treseder et al., 2018; Stevens
et al., 2020).

Testing H2: Nitrogen fertilisation and watering reduction
alter AM fungal community composition by decreasing the
relative abundance of Glomeraceae and
Claroideoglomeraceae and increasing that of
Archaeosporaceae

The H2 is partially supported by our finding that AM fungal
community composition in soil was affected by N fertilisation
but not by watering reduction. Indeed, we found that N fertilisa-
tion reduced the relative abundance of Claroideoglomeraceae
and increased that of Archaeosporaceae, as the meta-analysis of

Han et al. (2020). Although N fertilisation did not affect the rela-
tive abundance of Diversisporaceae and Paraglomeraceae (Han
et al., 2020), we found that the relative abundance of Diversispo-
raceae was increased and that of Paraglomeraceae was decreased
by N fertilisation, as reported in previous studies (Borriello et al.,
2012; Liu et al., 2012, 2015; Zhang et al., 2020). In addition,
Glomeraceae in relative abundance showed a neutral response to
N fertilisation in our study, which was inconsistent with previous
findings (Cotton, 2018; Treseder et al., 2018; Lilleskov et al.,
2019; Han et al., 2020). These different responses of AM fungal
families to N fertilisation suggest that the ecological function,
life-history strategy and species interaction may be different and
context dependent, and are likely to be associated with host–AM
fungi reciprocal regulation, ecological stoichiometry (N : P ratio),
mycorrhizal dependence, plant C allocation and changes in soil
environment (Figs 7, S1) (Johnson, 2010; Kiers et al., 2011;
Cotton, 2018; Treseder et al., 2018; Lilleskov et al., 2019; Han
et al., 2020).

Contrary to our second hypothesis, we found that AM fungal
community composition in roots was generally not affected by N
fertilisation and watering reduction. Our original prediction was
that the benefit of AM associations for plants would decline when
N became less limiting as a result of increased fertilisation.
Instead, we observed that the host plant ‘irrationally’ maintained
a relatively stable AM fungal community in roots. The relatively
stable root AM fungal community may be attributed to the more
stable root niche compared with the soil niche that is directly
strongly affected by N fertilisation (Fig. S1c), resulting in the root
AM fungal community mainly selected by the host rather than
by N fertilisation (Werner & Kiers, 2015b). Furthermore, the
AM fungi in roots are most likely to be alive, but soil could con-
tain active, inactive or even dead AM fungi that cannot be

Fig. 7 A framework of the response of arbuscular mycorrhizal (AM) fungi to nitrogen (N) fertilisation. Our reports of AM fungal results are marked in
purple text. Red up arrows ( ) represent an increase in response to N fertilisation, blue down arrows ( ) represent a decrease. Note the potential complex
plant responses to N fertilisation, such as relieved plant N limitation, reduced plant dependence on AM fungi, reduced plant carbon allocation to AM fungi,
stimulated plant growth and potential plant insurance. Subsequently, N fertilisation reduced the ratio of soil : root AM fungal biomass, extraradical hyphae,
intraradical colonisation rate, spore density and the relative abundances of Claroideoglomeraceae and Paraglomeraceae, but increased that of
Diversisporaceae and Archaeosporaceae in soil but not in roots. Nitrogen fertilisation may also reduce the availability of phosphorus and other soil
resources, therefore increasing plant dependence on AM fungi, but this is not likely to be relevant in our case study in which phosphorus and other soil
nutrients were added. Nitrogen fertilisation may also increase soil acidity, but it showed no significant influence on AM fungal community in our study with
saline–alkaline soil. We cannot discount alternative causal pathways; it is also possible that N fertilisation may directly affect AM fungal communities, but
these direct effects are not shown in the figure. The background photograph shows the overview of our study field. Photograph credit: Jing Li.
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distinguished by DNA-based sequencing methods (Hempel
et al., 2007; Bainard et al., 2014; Gao et al., 2019). Therefore, it
is likely that ecological and evolutionary factors shaping AM
fungal community in soil are different from those shaping the
root AM fungal community (Liu et al., 2012). Similarly, N fer-
tilisation was also found to correspond to shifts in the soil, but
not root AM fungal community compositions in a lowland
tropical forest (Sheldrake et al., 2018), and soil properties did
not correlate with AM fungal community composition in Tan-
zania–Serengeti (Stevens et al., 2020). By contrast, N fertilisa-
tion caused shifts in both the root and soil AM fungal
community compositions in environments typically presumed
to be more nutrient rich, such as undeveloped grasslands (Liu
et al., 2012; Chen et al., 2014) and a recently developed farm-
land (Zhang et al., 2020).

In addition, the no effect of watering reduction on AM fun-
gal community composition in soil and roots may be because
soil field moisture capacity was maintained at 80% and 60% in
conventional and reduced watering conditions in our particular
study site. We postulate that these differences in watering reduc-
tion are likely to be inadequate to cause the expected shifts in
AM fungal community composition. Moreover, this study was
conducted in a semiarid site (559.8 mm mean annual precipita-
tion), where historical contingency predicts that the AM fungal
species existing at this site are likely to be already adapted to rel-
atively low water availability (Compant et al., 2010; Hawkes &
Keitt, 2015).

Arbuscular mycorrhizal fungal families have been previously
parsed into different functional groups based on spore morphol-
ogy (Douds & Millner, 1999; Allen et al., 2003; Oehl et al.,
2003). Alternatively, Weber et al. (2019) proposed to designate
Glomeraceae, Claroideoglomeraceae and Paraglomeraceae as a
rhizophilic guild that allocates more AM biomass to roots than
soil, and to designate the Gigasporaceae and Diversisporaceae as
an edaphophilic guild that allocates more AM biomass to soil
than roots, based on the observations of a few studies (Hart &
Reader, 2002; Varela-Cervero et al., 2015, 2016a,b). However,
we found that the relative abundances of Gigasporaceae, Diversis-
poraceae and Glomeraceae were higher in roots than in soil,
whereas Paraglomeraceae and Claroideoglomeraceae were more
abundant in soil than in roots (Fig. 5a). This divergence may be
due to the differences in PCR primer usage, host plants and
ecosystems in these studies (Table S7). Therefore, caution should
be taken when classifying AM fungal families into ‘edaphophilic’
and ‘rhizophilic’ groups.

Testing H3: Nitrogen fertilisation and watering reduction
disrupt the temporal dynamics of AM fungi

The H3 is partially supported by our findings that the temporal
dynamics of AM fungal ERHD and IRCR were disrupted by
high N fertilisation levels, but not by watering reduction
throughout the host plant growth cycle. AM fungal intraradical
and extraradical hyphal structures play a key role in exchanging
the photosynthate and soil nutrients between the host and the
fungus, which is reciprocally regulated in response to plant

development and environmental fluctuations (Kiers et al., 2011,
2016; Verbruggen et al., 2012; Walder et al., 2012; Walder &
van der Heijden, 2015; Arg€uello et al., 2016; van der Heijden &
Walder, 2016). This disruption of the temporal dynamics by N
fertilisation suggests that AM fungal extraradical and intraradical
hyphae are less sensitive to plant development under N fertilisa-
tion. This decreased sensitivity can be attributed to the reduced
dependence of the plant on the resources provided by AM fungi,
thereby reducing plant C allocation to AM fungi, as well as
reducing the soil versus root allocation of AM fungal biomass,
which persists throughout the lifespan of the host plant. There-
fore, the altered temporal viability of AM hyphal growth by N
fertilisation may lead to potential dysbiosis that has an important
ramification for plant nutrient acquisition from AM fungi in
future environmental disturbances.

The H3 is not supported by our findings that the temporal
patterns of AM fungal SD and community composition were
not impacted by N fertilisation and watering reduction. While
AM fungal SD was reduced by N fertilisation, there may be
strong evolutionary constraints on the reproductive phenology
of AM fungi (Pau et al., 2020). Additionally, the overall patterns
of temporal dynamics of AM fungal community composition
appeared resistant to N fertilisation and watering reduction.
Traits that enable early colonisation of host plants, such as pro-
duction of greater number of AM fungal spores may have
important trade-offs with competitive ability (Aguilar-Trigueros
et al., 2019). Alternatively, host plants may selectively distribute
rewards (in the form of greater allocation of photosynthate) to
more beneficial partners that, over time, may result in changes
in temporal dynamics in AM fungal communities (Kiers et al.,
2011). While patterns of succession have been observed for AM
fungal communities in prior studies (Gao et al., 2019), we found
that neither N fertilisation nor watering reduction disrupted the
temporal dynamics of the AM fungal community composition.
These results imply that there are likely to be complex evolu-
tionary constraints on AM fungal interactions within the rhizo-
sphere that appear unaffected by these two important
agricultural practices.

Conclusions

As common agricultural practice continues to impact agricultural
sustainability, our research indicates how watering reduction and
N fertilisation impact AM fungi that associate with wheat.
Namely, AM fungal ERHD, IRCR and SD were significantly
influenced by N fertilisation, watering reduction, growth stage
and their interactions. In addition, AM fungal community com-
position had a stronger response to N fertilisation in soil than in
roots throughout the growth cycle of plant irrespective of water-
ing reduction. Interestingly, higher N fertilisation levels disrupted
the temporal dynamics of AM fungal IRCR and ERHD, but not
that of SD and community composition. The disruption of tem-
poral dynamics of AM fungal hyphae implies a compromise of
temporal functional trait trade-off of AM mutualism when the
host plant is less dependent on AM fungi for soil-derived
resources.

New Phytologist (2022) 234: 2057–2072
www.newphytologist.com

� 2022 The Authors

New Phytologist� 2022 New Phytologist Foundation

Research

New
Phytologist2068

 14698137, 2022, 6, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.18043 by U

niv of C
alifornia L

aw
rence B

erkeley N
ational L

ab, W
iley O

nline L
ibrary on [26/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Acknowledgements

We thank Xiang Sun, Niu Niu Ji, Pulak Maitra, Yue Zhang, Hui
Yao, Peng-Peng L€u and Zhongfeng Li and the entire staff of
Yucheng Comprehensive Experimental Station for their assis-
tance during the field and laboratory work. We also acknowledge
the valuable comments and feedback provided by the editor and
three anonymous referees. This study was financially supported
by the National Key Research and Development Program of
China (2017YFD0200605), National Natural Science Founda-
tion of China (nos. 32170129, 31470545, 31470228), Strategic
Priority Research Program of the Chinese Academy of Sciences
(XDA26050202) and CAS-TWAS President’s fellowship 2017
(no. 2017A8011315002).

Author contributions

L-DG, YZ, JL and BJB conceived and designed the study. BJB,
JL, YZ and Y-LW, conducted fieldwork and BJB performed
laboratory work. BJB and CG analysed and interpreted the
data with vital contributions from L-DG, CEW, CAA, Y-LW,
H-YG, X-CL and CW. BJB wrote the manuscript and L-DG,
CG, CEW and CAA gave critical revisions. L-DG revised and
approved the final manuscript. BJB and JL contributed equally
to this work.

ORCID

Catharine A. Adams https://orcid.org/0000-0002-0914-0806
Busayo Joshua Babalola https://orcid.org/0000-0002-7331-
8154
Hui-Yun Gan https://orcid.org/0000-0001-5428-9346
Cheng Gao https://orcid.org/0000-0003-2522-7909
Liang-Dong Guo https://orcid.org/0000-0002-5203-3192
Jing Li https://orcid.org/0000-0003-0662-4781
Xing-Chun Li https://orcid.org/0000-0003-3679-8520
Cong Wang https://orcid.org/0000-0002-3408-2118
Yong-Long Wang https://orcid.org/0000-0001-9539-1793
Claire Elizabeth Willing https://orcid.org/0000-0002-7563-
242X
Yong Zheng https://orcid.org/0000-0001-5239-9824

Data availability

The representative sequence of each AM fungal OTU has been
submitted to the European Molecular Biology Laboratory
(EMBL) database (https://www.ebi.ac.uk/ena) (accession nos.
LR792839–LR792970).

References

Aguilar-Trigueros CA, Hempel S, Powell JR, Cornwell WK, Rillig MC. 2019.

Bridging reproductive and microbial ecology: a case study in arbuscular

mycorrhizal fungi. The ISME Journal 13: 873–884.
Allen EB, Allen MF, Egerton-Warburton L, Corkidi L, G�omez-Pompa A. 2003.

Impacts of early- and late-seral mycorrhizae during restoration in seasonal

tropical forest, Mexico. Ecological Applications 13: 1701–1717.

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. 1990. Basic local

alignment search tool. Journal of Molecular Biology 215: 403–410.
Arg€uello A, O’Brien MJ, van der Heijden MG, Wiemken A, Schmid B, Niklaus

PA. 2016.Options of partners improve carbon for phosphorus trade in the

arbuscular mycorrhizal mutualism. Ecology Letters 19: 648–656.
Aug�e RM. 2001.Water relations, drought and vesicular-arbuscular mycorrhizal

symbiosis.Mycorrhiza 11: 3–42.
Bahram M, Peay KG, Tedersoo L. 2015. Local-scale biogeography and

spatiotemporal variability in communities of mycorrhizal fungi. New Phytologist
205: 1454–1463.

Bainard LD, Bainard JD, Hamel C, Gan Y. 2014. Spatial and temporal

structuring of arbuscular mycorrhizal communities is differentially influenced

by abiotic factors and host crop in a semi arid prairie agroecosystem. FEMS
Microbiology Ecology 88: 333–344.

Bardgett RD, Bowman WD, Kaufmann R, Schmidt SK. 2005. A temporal

approach to linking aboveground and belowground ecology. Trends in Ecology
and Evolution 20: 634–641.

Bender SF, Wagg C, van der Heijden MGA. 2016. An underground revolution:

biodiversity and soil ecological engineering for agricultural sustainability.

Trends in Ecology and Evolution 31: 440–452.
Borriello R, Lumini E, Girlanda M, Bonfante P, Bianciotto V. 2012. Effects of

different management practices on arbuscular mycorrhizal fungal diversity in

maize fields by a molecular approach. Biology and Fertility of Soils 48:
911–922.

Broadbent AAD, Snell HSK, Michas A, Pritchard WJ, Newbold L, Cordero I,

Goodall T, Schallhart N, Kaufmann R, Griffiths RI et al. 2021. Climate

change alters temporal dynamics of alpine soil microbial functioning and

biogeochemical cycling via earlier snowmelt. The ISME Journal 15:
2264–2275.

Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello

EK, Fierer N, Pe~na AG, Goodrich JK, Gordon JI et al. 2010.QIIME allows

analysis of high-throughput community sequencing data. Nature Methods 7:
335–336.

Carini P, Delgado-Baquerizo M, Hinckley E-LS, Holland-Moritz H, Brewer

TE, Rue G, Vanderburgh C, McKnight D, Fierer N. 2020. Effects of spatial

variability and relic DNA removal on the detection of temporal dynamics in

soil microbial communities. mBio 11: e02776-19.
Chagnon PL, Bradley RL, Maherali H, Klironomos JN. 2013. A trait-based

framework to understand life history of mycorrhizal fungi. Trends in Plant
Science 18: 484–491.

Chaudhary VB, Nolimal S, Sosa-Hern�andez MA, Egan C, Kastens J. 2020.

Trait-based aerial dispersal of arbuscular mycorrhizal fungi. New Phytologist
228: 238–252.

Chen Y-L, Xu Z-W, Xu T-L, Veresoglou SD, Yang G-W, Chen B-D. 2017.

Nitrogen deposition and precipitation induced phylogenetic clustering of

arbuscular mycorrhizal fungal communities. Soil Biology and Biochemistry 115:
233–242.

Chen Y-L, Zhang X, Ye J-S, Han H-Y, Wan S-Q, Chen B-D. 2014. Six-year

fertilization modifies the biodiversity of arbuscular mycorrhizal fungi in a

temperate steppe in Inner Mongolia. Soil Biology and Biochemistry 69:
371–381.

Clarke KR, Somerfield PJ, Chapman MG. 2006.On resemblance measures for

ecological studies, including taxonomic dissimilarities and a zero-adjusted Bray-

Curtis coefficient for denuded assemblages. Journal of Experimental Marine
Biology and Ecology 330: 55–80.

Compant S, Van Der Heijden MGA, Sessitsch A. 2010. Climate change effects

on beneficial plant–microorganism interactions. FEMS Microbiology Ecology 73:
197–214.

Cotton TEA. 2018. Arbuscular mycorrhizal fungal communities and global

change: an uncertain future. FEMS Microbiology Ecology 94: fiy179.
Daniels BA, Skipper HD. 1982.Methods for the recovery and quantitative

estimation of propagules from soil. In: Schenck NC, ed.Methods and principles
of mycorrhizal research. St Paul, MN, USA: The American Phytopathological

Society, 20–45.
D’Hondt K, Kostic T, McDowell R, Eudes F, Singh BK, Sarkar S, Markakis M,

Schelkle B, Maguin E, Sessitsch A. 2021.Microbiome innovations for a

sustainable future. Nature Microbiology 6: 138–142.

� 2022 The Authors

New Phytologist� 2022 New Phytologist Foundation

New Phytologist (2022) 234: 2057–2072
www.newphytologist.com

New
Phytologist Research 2069

 14698137, 2022, 6, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.18043 by U

niv of C
alifornia L

aw
rence B

erkeley N
ational L

ab, W
iley O

nline L
ibrary on [26/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0002-0914-0806
https://orcid.org/0000-0002-0914-0806
https://orcid.org/0000-0002-0914-0806
https://orcid.org/0000-0002-7331-8154
https://orcid.org/0000-0002-7331-8154
https://orcid.org/0000-0002-7331-8154
https://orcid.org/0000-0001-5428-9346
https://orcid.org/0000-0001-5428-9346
https://orcid.org/0000-0001-5428-9346
https://orcid.org/0000-0003-2522-7909
https://orcid.org/0000-0003-2522-7909
https://orcid.org/0000-0003-2522-7909
https://orcid.org/0000-0002-5203-3192
https://orcid.org/0000-0002-5203-3192
https://orcid.org/0000-0002-5203-3192
https://orcid.org/0000-0003-0662-4781
https://orcid.org/0000-0003-0662-4781
https://orcid.org/0000-0003-0662-4781
https://orcid.org/0000-0003-3679-8520
https://orcid.org/0000-0003-3679-8520
https://orcid.org/0000-0003-3679-8520
https://orcid.org/0000-0002-3408-2118
https://orcid.org/0000-0002-3408-2118
https://orcid.org/0000-0002-3408-2118
https://orcid.org/0000-0001-9539-1793
https://orcid.org/0000-0001-9539-1793
https://orcid.org/0000-0001-9539-1793
https://orcid.org/0000-0002-7563-242X
https://orcid.org/0000-0002-7563-242X
https://orcid.org/0000-0002-7563-242X
https://orcid.org/0000-0001-5239-9824
https://orcid.org/0000-0001-5239-9824
https://orcid.org/0000-0001-5239-9824
https://www.ebi.ac.uk/ena


Douds DD, Millner PD. 1999. Biodiversity of arbuscular mycorrhizal fungi in

agroecosystems. Agriculture, Ecosystems and Environment 74: 77–93.
Edgar RC. 2013. UPARSE: highly accurate OTU sequences from microbial

amplicon reads. Nature Methods 10: 996–998.
Gao C, Kim Y-C, Zheng Y, Yang W, Chen L, Ji N, Wan S, Guo L-D. 2016.

Increased precipitation, rather than warming, exerts a strong influence on

arbuscular mycorrhizal fungal community in a semiarid steppe ecosystem.

Botany-Botanique 94: 459–469.
Gao C, Montoya L, Xu L, Madera M, Hollingsworth J, Purdom E, Hutmacher

RB, Dahlberg JA, Coleman-Derr D, Lemaux PG et al. 2019. Strong
succession in arbuscular mycorrhizal fungal communities. The ISME Journal
13: 214–226.

Garc�ıa de Le�on D, Moora M, €Opik M, Jairus T, Neuenkamp L, Vasar M,

Bueno CG, Gerz M, Davison J, Zobel M. 2016. Dispersal of arbuscular

mycorrhizal fungi and plants during succession. Acta Oecologica 77: 128–135.
Greenspan SE, Migliorini GH, Lyra ML, Pontes MR, Carvalho T, Ribeiro LP,

Moura-Campos D, Haddad CFB, Toledo LF, Romero GQ et al. 2020.
Warming drives ecological community changes linked to host-associated

microbiome dysbiosis. Nature Climate Change 10: 1057–1061.
Han Y, Feng J, Han M, Zhu B. 2020. Responses of arbuscular mycorrhizal

fungi to nitrogen addition: a meta-analysis. Global Change Biology 26:

7229–7241.
Hart MM, Reader RJ. 2002. Does percent root length colonization and soil

hyphal length reflect the extent of colonization for all AMF?Mycorrhiza 12:
297–301.

Hartmann M, Frey B, Mayer J, M€ader P, Widmer F. 2015. Distinct soil

microbial diversity under long-term organic and conventional farming. The
ISME Journal 9: 1177–1194.

Hawkes CV, Keitt TH. 2015. Resilience vs. historical contingency in microbial

responses to environmental change. Ecology Letters 18: 612–625.
van der Heijden MGA, Wagg C. 2013. Soil microbial diversity and agro-

ecosystem functioning. Plant and Soil 363: 1–5.
van der Heijden MGA, Walder F. 2016. Reply to ‘Misconceptions on the

application of biological market theory to the mycorrhizal symbiosis’. Nature
Plants 2: 16062.

Hempel S, Renker C, Buscot F. 2007. Differences in the species composition of

arbuscular mycorrhizal fungi in spore, root and soil communities in a grassland

ecosystem. Environmental Microbiology 9: 1930–1938.
Ji NN, Gao C, Sandel B, Zheng Y, Chen L, Wu BW, Li XC, Wang YL, L€u PP,

Sun X et al. 2019. Late quaternary climate change explains soil fungal

community composition rather than fungal richness in forest ecosystems.

Ecology and Evolution 9: 6678–6692.
Johnson NC. 2010. Resource stoichiometry elucidates the structure and function

of arbuscular mycorrhizas across scales. New Phytologist 185: 631–647.
Johnson NC, Graham JH, Smith FA. 1997. Functioning of mycorrhizal

associations along the mutualism-parasitism continuum. New Phytologist 135:
575–585.

Johnson NC, Rowland DL, Corkidi L, Egerton-Warburton LM, Allen EB.

2003. Nitrogen enrichment alters mycorrhizal allocation at five mesic to

semiarid grasslands. Ecology 84: 1895–1908.
Kiers ET, Duhamel M, Beesetty Y, Mensah JA, Franken O, Verbruggen E,

Fellbaum CR, Kowalchuk GA, Hart MM, Bago A et al. 2011. Reciprocal
rewards stabilize cooperation in the mycorrhizal symbiosis. Science 333: 880–
882.

Kiers ET, West SA, Wyatt GA, Gardner A, B€ucking H, Werner GD. 2016.

Misconceptions on the application of biological market theory to the

mycorrhizal symbiosis. Nature Plants 2: 16063.
Lee J, Lee S, Young JP. 2008. Improved PCR primers for the detection and

identification of arbuscular mycorrhizal fungi. FEMS Microbiology Ecology 65:
339–349.

Lefcheck J. 2016. PIECEWISESEM: piecewise structural equation modelling in R for

ecology, evolution, and systematics.Methods in Ecology and Evolution 7: 573–
579.

Lilleskov EA, Kuyper TW, Bidartondo MI, Hobbie EA. 2019. Atmospheric

nitrogen deposition impacts on the structure and function of forest mycorrhizal

communities: a review. Environmental Pollution 246: 148–162.

Liu Y, Johnson NC, Mao L, Shi G, Jiang S, Ma X, Du G, An L, Feng H. 2015.

Phylogenetic structure of arbuscular mycorrhizal community shifts in response

to increasing soil fertility. Soil Biology and Biochemistry 89: 196–205.
Liu Y, Shi G, Mao L, Cheng G, Jiang S, Ma X, An L, Du G, Johnson NC, Feng

H. 2012. Direct and indirect influences of 8 yr of nitrogen and phosphorus

fertilization on Glomeromycota in an alpine meadow ecosystem. New
Phytologist 194: 523–535.

Ma X, Geng Q, Zhang H, Bian C, Chen HYH, Jiang D, Xu X. 2020. Global

negative effects of nutrient enrichment on arbuscular mycorrhizal fungi, plant

diversity and ecosystem multifunctionality. New Phytologist 229: 2957–2969.
Maitra P, Zheng Y, Chen L, Wang Y-L, Ji N-N, L€u P-P, Gan H-Y, Li X-C, Sun

X, Zhou X-H et al. 2019. Effect of drought and season on arbuscular

mycorrhizal fungi in a subtropical secondary forest. Fungal Ecology 41: 107–
115.

McGonigle TP, Miller MH, Evans DG, Fairchild GL, Swan JA. 1990. A new

method which gives an objective measure of colonization of roots by vesicular-

arbuscular mycorrhizal fungi. New Phytologist 115: 495–501.
Miller RM, Jastrow JD, Reinhardt DR. 1995. External hyphal production of

vesicular-arbuscular mycorrhizal fungi in pasture and tallgrass prairie

communities. Oecologia 103: 17–23.
Naylor D, DeGraaf S, Purdom E, Coleman-Derr D. 2017. Drought and host

selection influence bacterial community dynamics in the grass root

microbiome. The ISME Journal 11: 2691–2704.
Oehl F, Sieverding E, Ineichen K, M€ader P, Boller T, Wiemken A. 2003.

Impact of land use intensity on the species diversity of arbuscular mycorrhizal

fungi in agroecosystems of central Europe. Applied and Environmental
Microbiology 69: 2816–2824.

Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P, McGlinn D,

Minchin PR, O’Hara BR, Simpson GL, Solymos P et al. 2017. VEGAN:
community ecology package. R package v.2.4-5. [WWW document] URL

https://cran.r-project.org/web/packages/vegan/vegan.pdf [accessed 24 August

2018].
€Opik M, Vanatoa A, Vanatoa E, Moora M, Davison J, Kalwij JM, Reier U,

Zobel M. 2010. The online database MaarjAM reveals global and ecosystemic

distribution patterns in arbuscular mycorrhizal fungi (Glomeromycota). New
Phytologist 188: 223–241.

Pau S, Cordell S, Ostertag R, Inman F, Sack L. 2020. Climatic sensitivity of

species’ vegetative and reproductive phenology in a Hawaiian montane wet

forest. Biotropica 52: 825–835.
Pohlert T. 2014. The pairwise multiple comparison of mean ranks package (PMCMR).
R package v.4.3. [WWW document] URL https://cran.r-project.org/package=

PMCMR [accessed 24 August 2018].

R Development Core Team. 2018. R: a language and environment for statistical
computing. Vienna, Austria: R Foundation for Statistical Computing, 1: 409.

Rillig MC, Field CB, Allen MF. 1999. Soil biota responses to long-term

atmospheric CO2 enrichment in two California annual grasslands. Oecologia
119: 572–577.

Ruiz-Lozano JM, Aroca R, Zamarre~no �AM, Molina S, Andreo-Jim�enez B,

Porcel R, Garc�ıa-Mina JM, Ruyter-Spira C, L�opez-R�aez JA. 2016. Arbuscular

mycorrhizal symbiosis induces strigolactone biosynthesis under drought and

improves drought tolerance in lettuce and tomato. Plant, Cell & Environment
39: 441–452.

Sapes G, Demaree P, Lekberg Y, Sala A. 2021. Plant carbohydrate depletion

impairs water relations and spreads via ectomycorrhizal networks. New
Phytologist 229: 3172–3183.

Sato K, Suyama Y, Saito M, Sugawara K. 2005. A new primer for discrimination

of arbuscular mycorrhizal fungi with polymerase chain reaction-denature

gradient gel electrophoresis. Grassland Science 51: 179–181.
Schloss PD, Westcott SL, Ryabin T, Hall JR, Hartmann M, Hollister EB,

Lesniewski RA, Oakley BB, Parks DH, Robinson CJ et al. 2009. Introducing
MOTHUR: open-source, platform-independent, community-supported software

for describing and comparing microbial communities. Applied and
Environmental Microbiology 75: 7537–7541.

Schwarzott D, Sch€ußler A. 2001. A simple and reliable method for SSU rRNA

gene dna extraction, amplification, and cloning from single AM fungal spores.

Mycorrhiza 10: 203–207.

New Phytologist (2022) 234: 2057–2072
www.newphytologist.com

� 2022 The Authors

New Phytologist� 2022 New Phytologist Foundation

Research

New
Phytologist2070

 14698137, 2022, 6, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.18043 by U

niv of C
alifornia L

aw
rence B

erkeley N
ational L

ab, W
iley O

nline L
ibrary on [26/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://cran.r-project.org/web/packages/vegan/vegan.pdf
https://cran.r-project.org/package=PMCMR
https://cran.r-project.org/package=PMCMR


Segata N, Izard J, Waldron L, Gevers D, Miropolsky L, Garrett WS,

Huttenhower C. 2011.Metagenomic biomarker discovery and explanation.

Genome Biology 12: R60.
Sheldrake M, Rosenstock NP, Mangan S, Revillini D, Sayer EJ,

Olsson PA, Verbruggen E, Tanner E, Turner BL, Wright SJ. 2018.

Responses of arbuscular mycorrhizal fungi to long-term inorganic and organic

nutrient addition in a lowland tropical forest. The ISME Journal 12:
2433–2445.

Shipley B. 2009. Confirmatory path analysis in a generalized multilevel context.

Ecology 90: 363–368.
Sikes BA, Powell JR, Rillig MC. 2010. Deciphering the relative

contributions of multiple functions within plant-microbe symbioses.

Ecology 91: 1591–1597.
Simon L, Lalonde M, Bruns TD. 1992. Specific amplification of 18S fungal

ribosomal genes from vesicular-arbuscular endomycorrhizal fungi colonizing

roots. Applied and Environmental Microbiology 58: 291–295.
Smith SE, Read DJ. 2008.Mycorrhizal symbiosis, 3rd edn. Amsterdam, the

Netherlands: Elsevier/Academic Press. OCLC: 552510587.

Stevens BM, Propster JR, €Opik M, Wilson GWT, Alloway SL, Mayemba

E, Johnson NC. 2020. Arbuscular mycorrhizal fungi in roots and soil

respond differently to biotic and abiotic factors in the Serengeti.

Mycorrhiza 30: 79–95.
Thirkell TJ, Charters MD, Elliott AJ, Sait SM, Field KJ. 2017. Are mycorrhizal

fungi our sustainable saviours? Considerations for achieving food security.

Journal of Ecology 105: 921–929.
Tian H, Drijber RA, Zhang JL, Li XL. 2013. Impact of long-term nitrogen

fertilization and rotation with soybean on the diversity and phosphorus

metabolism of indigenous arbuscular mycorrhizal fungi within the roots of

maize (Zea mays L.). Agriculture, Ecosystems and Environment 164: 53–61.
Treseder KK. 2004. A meta-analysis of mycorrhizal responses to nitrogen,

phosphorus, and atmospheric CO2 in field studies. New Phytologist 164:
347–355.

Treseder KK, Allen EB, Egerton-Warburton LM, Hart MM, Klironomos JN,

Maherali H, Tedersoo L, Wurzburger N. 2018. Arbuscular mycorrhizal fungi

as mediators of ecosystem responses to nitrogen deposition: a trait-based

predictive framework. Journal of Ecology 106: 480–489.
Varela-Cervero S, L�opez-Garc�ıa �A, Barea JM, Azc�on-Aguilar C. 2016a.

Differences in the composition of arbuscular mycorrhizal fungal communities

promoted by different propagule forms from a Mediterranean shrubland.

Mycorrhiza 26: 489–496.
Varela-Cervero S, L�opez-Garc�ıa �A, Barea JM, Azc�on-Aguilar C. 2016b. Spring

to autumn changes in the arbuscular mycorrhizal fungal community

composition in the different propagule types associated to a Mediterranean

shrubland. Plant and Soil 408: 107–120.
Varela-Cervero S, Vasar M, Davison J, Barea JM, €Opik M, Azc�on-Aguilar C.

2015. The composition of arbuscular mycorrhizal fungal communities

differs among the roots, spores and extraradical mycelia associated with

five Mediterranean plant species. Environmental Microbiology 17:
2882–2895.

Verbruggen E, El Mouden C, Jansa J, Akkermans G, B€ucking H, West SA,

Kiers ET. 2012. Spatial structure and interspecific cooperation: theory and an

empirical test using the mycorrhizal mutualism. The American Naturalist 179:
E133–E146.

de Vries FT, Griffiths RI, Knight CG, Nicolitch O, Williams A. 2020.

Harnessing rhizosphere microbiomes for drought-resilient crop production.

Science 368: 270–274.
Walder F, van der Heijden MG. 2015. Regulation of resource exchange in the

arbuscular mycorrhizal symbiosis. Nature Plants 1: 15159.
Walder F, Niemann H, Natarajan M, Lehmann MF, Boller T, Wiemken A.

2012.Mycorrhizal networks: common goods of plants shared under unequal

terms of trade. Plant Physiology 159: 789–797.
Weber SE, Diez JM, Andrews LV, Goulden ML, Aronson EL, Allen MF. 2019.

Responses of arbuscular mycorrhizal fungi to multiple coinciding global change

drivers. Fungal Ecology 40: 62–71.
Werner GDA, Kiers ET. 2015a. Order of arrival structures arbuscular

mycorrhizal colonization of plants. New Phytologist 205: 1515–1524.

Werner GDA, Kiers ET. 2015b. Partner selection in the mycorrhizal mutualism.

New Phytologist 205: 1437–1442.
Williams A, de Vries FT. 2020. Plant root exudation under drought: implications

for ecosystem functioning. New Phytologist 225: 1899–1905.
Xu L, Naylor D, Dong Z, Simmons T, Pierroz G, Hixson KK, Kim YM,

Zink EM, Engbrecht KM, Wang Y et al. 2018. Drought delays

development of the sorghum root microbiome and enriches for

monoderm bacteria. Proceedings of the National Academy of Sciences, USA
115: E4284–E4293.

Zhang R, Mu Y, Li X, Li S, Sang P, Wang X, Wu H, Xu N. 2020. Response of

the arbuscular mycorrhizal fungi diversity and community in maize and

soybean rhizosphere soil and roots to intercropping systems with different

nitrogen application rates. Science of the Total Environment 740: 139810.
Zhang TA, Chen HYH, Ruan H. 2018. Global negative effects of nitrogen

deposition on soil microbes. The ISME Journal 12: 1817–1825.
Zhao X, Li F, Ai Z, Li J, Gu C. 2018. Stable isotope evidences for identifying

crop water uptake in a typical winter wheat-summer maize rotation field in the

North China Plain. Science of the Total Environment 618: 121–131.
Zheng C, Ouyang F, Liu X, Ma J, Zhao F, Ouyang Z, Ge F. 2019. Effect of

coupled reduced irrigation and nitrogen fertilizer on soil mite community

composition in a wheat field. Ecology and Evolution 9: 11367–11378.
Zhou Z, Wang C, Zheng M, Jiang L, Luo Y. 2017. Patterns and mechanisms of

responses by soil microbial communities to nitrogen addition. Soil Biology and
Biochemistry 115: 433–441.

Supporting Information

Additional Supporting Information may be found online in the
Supporting Information section at the end of the article.

Fig. S1 SEM on the effects of nitrogen, water and time on AM
fungal SD, ERHD, IRCR, richness and composition.

Fig. S2 Rank of the AM fungal OTUs by abundance.

Fig. S3 Venn diagram showing AM fungal OTUs shared and
unique in roots and soil.

Fig. S4 Pie chart of the relative abundance of AM fungal fami-
lies.

Fig. S5 Rarefaction curves with 95% confidence intervals for
observed AM fungal OTUs.

Fig. S6 Temporal dynamics of AM fungal taxa in roots and soil.

Fig. S7 AM fungal OTUs in terms of compartment, nitrogen,
water and time.

Fig. S8 AM fungal families in terms of compartment, nitrogen,
water and time.

Fig. S9 NMDS of AM fungal community composition.

Fig. S10Mean precipitation in March, April, May and June.

Table S1 A list of studies investigating the effect of nitrogen and
water on AM fungal SD, ERHD, IRCR, richness and composi-
tion.

� 2022 The Authors

New Phytologist� 2022 New Phytologist Foundation

New Phytologist (2022) 234: 2057–2072
www.newphytologist.com

New
Phytologist Research 2071

 14698137, 2022, 6, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.18043 by U

niv of C
alifornia L

aw
rence B

erkeley N
ational L

ab, W
iley O

nline L
ibrary on [26/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Table S2 Soil parameters in different nitrogen fertilisation treat-
ments in reduced and conventional watering in March, April,
May and June.

Table S3 Barcode sequences for each sample used in this study.

Table S4 AM fungal read counts per sample.

Table S5 Molecular identification of arbuscular mycorrhizal
fungi.

Table S6 AM fungal OTUs shared and unique in root and soil.

Table S7 PCR primer usage, host plants and ecosystems in differ-
ent studies.

Please note: Wiley Blackwell are not responsible for the content
or functionality of any Supporting Information supplied by the
authors. Any queries (other than missing material) should be
directed to the New Phytologist Central Office.

New Phytologist (2022) 234: 2057–2072
www.newphytologist.com

� 2022 The Authors

New Phytologist� 2022 New Phytologist Foundation

Research

New
Phytologist2072

 14698137, 2022, 6, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.18043 by U

niv of C
alifornia L

aw
rence B

erkeley N
ational L

ab, W
iley O

nline L
ibrary on [26/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense


	 Sum�mary
	 Intro�duc�tion
	 Mate�ri�als and Meth�ods
	 Study site
	 Exper�i�men�tal design
	 Soil and plant root sam�pling
	 Soil physic�o�chem�i�cal and plant biomass anal�y�sis
	 AM fun�gal hyphal and spore mea�sure�ment
	nph18043-fig-0001
	 Molec�u�lar anal�y�sis
	 Bioin�for�mat�ics anal�y�sis
	 Sta�tis�ti�cal anal�y�sis

	 Results
	 Above�ground plant biomass and yield
	 AM fun�gal SD, ERHD and IRCR
	 Illu�mina MiSeq sequenc�ing anal�y�sis and iden�ti�fi�ca�tion of AM fungi
	 AM fun�gal OTU rich�ness
	nph18043-fig-0002
	nph18043-fig-0003
	 AM fun�gal com�mu�nity com�po�si�tion
	nph18043-fig-0004
	nph18043-fig-0005

	 Dis�cus�sion
	 Test�ing H1: Nitro�gen fer�til�i�sa�tion and water�ing reduc�tion reduce AM fun�gal IRCR, ERHD and SD
	nph18043-fig-0006
	 Test�ing H2: Nitro�gen fer�til�i�sa�tion and water�ing reduc�tion alter AM fun�gal com�mu�nity com�po�si�tion by decreas�ing the rel�a�tive abun�dance of Glom�er�aceae and Claroideoglom�er�aceae and increas�ing that of Archaeospo�raceae
	nph18043-fig-0007
	 Test�ing H3: Nitro�gen fer�til�i�sa�tion and water�ing reduc�tion dis�rupt the tem�po�ral dynam�ics of AM fungi
	 Con�clu�sions

	 Acknowl�edge�ments
	 Author con�tri�bu�tions
	 The rep�re�sen�ta�tive sequence of each AM fun�gal OTU has been sub�mit�ted to the Euro�pean Molec�u�lar Biol�ogy Lab�o�ra�tory (EMBL) database (https://www.ebi.ac.uk/ena) (ac�ces�sion nos. LR792839-LR792970).

	 Ref�er�ences
	nph18043-bib-0001
	nph18043-bib-0002
	nph18043-bib-0003
	nph18043-bib-0004
	nph18043-bib-0005
	nph18043-bib-0006
	nph18043-bib-0007
	nph18043-bib-0008
	nph18043-bib-0009
	nph18043-bib-0010
	nph18043-bib-0011
	nph18043-bib-0012
	nph18043-bib-0013
	nph18043-bib-0014
	nph18043-bib-0015
	nph18043-bib-0016
	nph18043-bib-0017
	nph18043-bib-0018
	nph18043-bib-0019
	nph18043-bib-0020
	nph18043-bib-0021
	nph18043-bib-0022
	nph18043-bib-0023
	nph18043-bib-0024
	nph18043-bib-0025
	nph18043-bib-0026
	nph18043-bib-0027
	nph18043-bib-0028
	nph18043-bib-0029
	nph18043-bib-0030
	nph18043-bib-0031
	nph18043-bib-0032
	nph18043-bib-0033
	nph18043-bib-0034
	nph18043-bib-0035
	nph18043-bib-0036
	nph18043-bib-0037
	nph18043-bib-0038
	nph18043-bib-0039
	nph18043-bib-0041
	nph18043-bib-0042
	nph18043-bib-0043
	nph18043-bib-0044
	nph18043-bib-0045
	nph18043-bib-0047
	nph18043-bib-0048
	nph18043-bib-0049
	nph18043-bib-0050
	nph18043-bib-0051
	nph18043-bib-0052
	nph18043-bib-0053
	nph18043-bib-0054
	nph18043-bib-0055
	nph18043-bib-0056
	nph18043-bib-0057
	nph18043-bib-0058
	nph18043-bib-0059
	nph18043-bib-0060
	nph18043-bib-0061
	nph18043-bib-0062
	nph18043-bib-0063
	nph18043-bib-0064
	nph18043-bib-0065
	nph18043-bib-0066
	nph18043-bib-0067
	nph18043-bib-0068
	nph18043-bib-0069
	nph18043-bib-0070
	nph18043-bib-0071
	nph18043-bib-0072
	nph18043-bib-0073
	nph18043-bib-0074
	nph18043-bib-0075
	nph18043-bib-0076
	nph18043-bib-0077
	nph18043-bib-0078
	nph18043-bib-0079
	nph18043-bib-0080
	nph18043-bib-0081
	nph18043-bib-0082
	nph18043-bib-0083
	nph18043-bib-0084
	nph18043-bib-0085
	nph18043-bib-0086
	nph18043-bib-0087
	nph18043-bib-0088
	nph18043-bib-0089
	nph18043-bib-0090
	nph18043-bib-0091
	nph18043-bib-0092
	nph18043-bib-0093




