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combined with 15 N labelling techniques to quantify 
the relative contribution of AMF to plant N uptake 
under high and low levels of available soil N.
Results AMF contributed more to N uptake in L. 
chinensis than that in C. squarrosa. For L. chinensis, 
AM symbiosis suppressed plant growth under low soil 
N conditions but improved plant growth under high 
soil N conditions, contributing c. 23% and 20% of the 
total plant N, respectively. For C. squarrosa, AM sym-
biosis consistently inhibited plant growth under both 
low and high soil N conditions, contributing only 9% 
and 7% of the plant N uptake, respectively.
Conclusions AMF contributed significantly to N 
uptake in the  C3 grass of L. chinensis but not in the 
 C4 grass of C. squarrosa. Our findings indicate that 
AMF may modify the relative fitness of the two dom-
inant grass species on the Mongolian Plateau through 
their influence on plant growth and N uptake in the 
face of increasing global N deposition.

Keywords Microcosm · Root and hyphal 
compartment (RHC) · Hyphal compartment 
(HC) · Arbuscular mycorrhizal fungi · N-uptake · 
15 N labelling · Photosynthetic type · Host plant 
dependence

Introduction

Arbuscular mycorrhizal fungi (AMF) are among the 
most widespread soil microbes and form symbiotic 

Abstract 
Background and aims The acquisition of nitrogen 
(N) captured via arbuscular mycorrhizal (AM) hyphal 
networks is a major pathway in the N uptake of host 
plants. However, the relative contribution of arbuscu-
lar mycorrhizal fungi (AMF) to N uptake in different 
species has not been well quantified.
Methods Two dominant plant species in semi-
arid steppes, i.e., Leymus chinensis (a  C3 grass) and 
Cleistogenes squarrosa (a  C4 grass), were selected. 
We conducted a greenhouse manipulation experi-
ment that involved specifically designed microcosms 
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associations with approximately 72% terrestrial plant 
species (Brundrett and Tedersoo 2018). Arbuscular 
mycorrhizal (AM) symbiosis allows host plants to 
obtain essential nutrients, and in turn, the host plants 
invest part of their photosynthates to their fungal part-
ners (Jakobsen and Rosendahl 1990; Johnson et  al. 
2002; van der Heijden et al. 2015). Among the mineral 
nutrients with improved uptake in mycorrhizal plants, 
inorganic phosphorus (P) is by far the most recog-
nized and studied, with the AMF contribution to plant 
P uptake reaching up to 90% (Smith and Smith 2011; 
Smith et al. 2004). Indeed, the regulatory mechanisms 
underlying the delivery of P from AMF to plants have 
been elucidated by numerous physiological and molec-
ular studies (van der Heijden et  al. 2015; Wipf et  al. 
2019). In contrast to P acquisition, the contribution of 
AMF to host plant nitrogen (N) uptake is thought to 
be much lower, as the inorganic N ions  (NO3

−,  NH4
+) 

in soil are more mobile than that inorganic P (Hodge 
and Storer 2015). Recently, this view has been chal-
lenged by an increasing number of studies suggesting 
that AM symbiosis may play a significant role in plant 
N uptake (Henneron et al. 2020; Jakobsen et al. 1992; 
Mäder et al. 2000; Walder et al. 2012). Plant N uptake 
via the AMF generally refers to the N taken up from 
the soil by extraradical mycelia and transported to the 
root cells (i.e., mycorrhizal or indirect pathway) in con-
trast to N taken up directly from the soil solution via 
rhizodermis cells or root hairs – so called root or direct 
pathway (Smith and Smith 2011; Wipf et  al. 2019). 
However, the accurate contribution of and underlying 
mechanisms involved in N uptake to host plants via 
AMF remain poorly understood (Wipf et al. 2019).

It is well established that mycorrhizal associations 
often improve host plant growth; however, it is not 
always the case (Johnson et  al. 1997). Recent studies 
have suggested that plant–AMF interactions depend on 
the environmental conditions and host plant genotypes 
(Hoeksema et al. 2010; Riley et al. 2019; van der Hei-
jden et al. 2015). For example, fertilization may reduce 
the benefits of plants from AMF, thus generating para-
sitic associations (Johnson et  al. 1997). In contrast, 
plants often exhibit positive responses to AM symbio-
sis in experiments in which no N fertilizer is applied 
(Hoeksema et al. 2010). A common explanation is that 
when the availability of soil nutrients is high, plants 
may reduce their dependence on AMF and obtain 
minerals through the root system directly (Smith and 
Smith 2011). For example, a long-term manipulative 

experiment on a temperate steppe reported that N addi-
tion significantly reduced AMF colonization of roots 
(Zheng et al. 2018). However, a quantitative evaluation 
in terms of the proportion of N take up via mycorrhizal 
symbiosis under different soil N conditions is lacking. 
Thus, whether the contribution of AMF to N uptake is 
affected by soil N availability is not known yet (Smith 
and Smith 2011). Since N constitutes 1–5% of plant 
biomass, it is crucial to study AMF-mediated N uptake 
to predict the response and adaptation mechanism of 
AMF plant symbionts with increasing N deposition 
(Averill et  al. 2018; Courty et  al. 2015). Among ter-
restrial ecosystems, grasslands are the most favourable 
habitat for AMF (Davison et al. 2015). In natural grass-
lands, most plants are continuously exposed to N lim-
ited conditions (Elser et al. 2007). AMF play a major 
role in N acquisition and thus plant growth, the mainte-
nance of plant community structure and the productiv-
ity of grasslands (Lin et al. 2015; Tedersoo et al. 2020; 
Vogelsang et al. 2006).

During the past decades, the relative abundance of 
 C4 species in grasslands has increased dramatically. 
For example,  C4 plants in Inner Mongolia grasslands 
have spread towards northern latitudes, even by 1°, i.e. 
more than 100 km (Wittmer et al. 2010). The invasion 
potential of alien  C4 grasses will continue to increase in 
the future (Chuine et al. 2012). The competitive inter-
actions between  C3 and  C4 grasses is critical for grass-
land carbon cycling, as  C4 plants account for approxi-
mately 25% terrestrial photosynthesis (Still et  al. 
2003). However, previous studies on this issue have 
mainly focused on the direct effects of global change 
drivers (e.g., increasing temperature,  CO2 concentra-
tion, and N deposition) on the performances of  C3 vs. 
 C4 species (Ehleringer JR 1997; Wittmer et al. 2010). 
However, the difference in AMF-mediated growth per-
formance and the underlying mechanisms between  C3 
and  C4 grasses under low and high N conditions have 
not been thoroughly studied. Global patterns of root 
functional traits suggests that plant species with thick 
roots are more dependent on AMF for nutrients uptake 
soil (Ma et al. 2018). A 2000-km transect study inves-
tigating plant functional traits showed that the  C3 grass 
Leymus chinensis has thicker roots than the  C4 grass 
Cleistogenes squarrosa in the Inner Mongolia grass-
land (Cheng et al. 2016). Therefore, the dependence on 
AMF for N acquisition of the two widely distributed 
dominant species may be different. However, relevant 
research on this topic is lacking.

Plant Soil (2022) 475:395–410396



1 3
Vol.: (0123456789)

To date, very few greenhouse experiments have 
focused on the influence of indigenous AMF commu-
nities on plant growth, instead, most of these related 
experiments involved the inoculation of only one or 
two AMF species at a time, which is very rare situ-
ation in nature, as different plants mostly associate 
with multispecies AMF communities under field con-
ditions (Davison et  al. 2020). Here, we conducted a 
greenhouse manipulation experiment in which an 
indigenous AMF inoculum was used in combina-
tion with 15  N labelling approach and specifically 
designed microcosms consisting of root and hyphal 
compartments (RHC) and hyphal compartments 
(HC). Specifically, we address two questions: First, 
how do AMF affect the growth of L. chinensis and 
C. squarrosa grasses under high and low soil N con-
ditions in a semiarid steppe? Second, to what extent 
does AM symbiosis affect host plant N uptake in 

these two species as affected by N availability? We 
hypothesized that: (1) Compared with non-mycor-
rhizal (NM) plants, mycorrhizal plants would show 
enhanced plant growth when soil N is limited, and 
reduced plant growth when soil N is sufficient; and 
(2) the contribution of AMF to plant N uptake would 
be greater for the  C3 grass L. chinensis than that in the 
 C4 grass C. squarrosa.

Materials and Methods

Compartmented microcosms and growth media

The microcosms used in this study contained two 
parts (Fig. 1). The root + hyphal compartment (RHC) 
was a plastic pot (inner diameter of 15.0  cm and 
height of 16.0  cm), while the hyphal compartment 

Fig. 1  Schematic diagram of the microcosms used in this 
study. Each microcosm was subdivided into root and hyphal 
compartment (RHC) and hyphal compartment (HC) by a PVC 
pipe (with a diameter of 10.3 cm) with four windows covered 
by nylon mesh screens (25 μm). The length and width of each 

window were 12 cm and 6 cm, respectively. The screens of the 
HC allowed fungal hyphae, but not for roots to penetrate. Four 
plants of Leymus chinensis or Cleistogenes squarrosa were 
monocultured in the RHCs. 15  N was evenly applied in the 
eight spots at the edge and the center of the HCs
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(HC) was formed by a polyvinyl chloride (PVC) pipe 
with four windows (6.0  cm × 12.0  cm) covered with 
a 25  μm nylon mesh, which allowed fungal hyphae 
but not roots to penetrate from the RHC to the HC. 
The bottom of the HC was sealed with a plastic cover, 
and the top was left open. The HC was placed in the 
center, and its top was aligned with that of the RHC.

The growth medium in both RHC and HC was a 
1/1/1 (v/v/v) mixture of sand, vermiculite, and rhizo-
sphere soil collected from the grassland (see below). 
The mixture had a pH of 6.8 and contained 12.95 and 
7.38  mg  N   kg−1 dry soil as  NO3

− and  NH4
+, respec-

tively. The RHC and HC contained 1400 and 1500  g 
(dry weight) of growth media, respectively. All the 
mixed growth media were sterilized by 60 Co-γ rays 
(25 kGy) for 72 h before the experiment.

Plants and AMF inoculation

The two host plant species used in this study were 
L. chinensis and C. squarrosa, which represent typi-
cal  C3 and  C4 grasses on a temperate semiarid steppe 
of the Mongolian Plateau. The seeds were collected 
from a steppe ecosystem at the Inner Mongolia Grass-
land Ecosystem Research Station (IMGERS) of the 
Chinese Academy of Sciences, which is located in the 
Inner Mongolia Autonomous Region, China (43°38′ 
N, 116°42′ E, and 1,250 m above sea level), in Sep-
tember 2016. Before sowing, the seeds were steri-
lized with 5% NaClO solution for 10 min and washed 
with sterile water three times. Considering that roots 
are prone to damage during transplanting, the seed-
lings were established by sowing excessive number 
of seeds accompanied by thinning (approximately 
1  week later). After thinning, four individual plants 
were kept per pot, and these plants were maintained 
in the greenhouse of the Institute of Botany, Chinese 
Academy of Sciences, Beijing, China (39°9′ N, 116°4′ 
E). The cultivation conditions were 16 h of light (nat-
ural light on sunny days and 400 μmol  m−2  s−1 artifi-
cial light on other days) and eight hour of dark cycle 
at 25–32/18–25 °C, respectively. The relative humid-
ity of the potting media was between 40 and 60%. The 
positions of the pots were randomly changed every 
week to minimize the impacts of the microenviron-
ment. Each pot was watered with a measured amount 
of deionized water every week to keep soil water con-
tent of 60% field capacity by weighing the pots.

Considering the host specificity between plants 
and AMF, inoculation with a few fungal types may 
not reflect actual field conditions (Riley et al. 2019). 
Indeed, a pot experiment has demonstrated that inoc-
ulation with indigenous AMF resulted in a higher 
transfer of arsenic from soil to roots than inocula-
tion with just one AMF species (Orlowska et  al. 
2012). Therefore, in situ fresh soil collected from the 
steppe at the IMGERS in August 2016 was chosen 
as mycorrhizal inoculum in this study. Specifically, 
the 0–20 cm soil columns were excavated from plots 
abundantly colonized by both L. chinensis and C. 
squarrosa sieved through a 2 mm sieve, with the fine 
root segments retained in the soil. The fresh soil used 
for inoculum was transferred to a 4  °C environment 
for storage within two hours. It was stored for about 
five months before the experiment was carried out. 
Before inoculating, the directions of the four windows 
in the HC were marked, so the inocula added and 
the four seedlings retained were all along the direc-
tions of the four windows. Each direction of the win-
dow was inoculated with 50 g of fresh soil deposited 
1.5–2  cm below the surface of the growth medium 
in the RHC. In total, 200 g fresh soil was added for 
each pot. The NM treated pots were inoculated with 
sterilized field soil (60 Co-γ rays, 25 kGy, for 72 h). 
There were no inocula in the HCs. In addition, each 
RHC received 20  ml of microbial wash to equalize 
the microbial communities (Koide and Elliott 1989). 
This wash was prepared by wet-sieving 2 L of field 
soil with 4 L deionized water through a 30 μm sieve, 
diluting and yielding a final volume of 4 L.

Experimental design

The 15 N-labelling experiment was set up using a full 
factorial design, including two plant species, two 
levels of N fertilization rate, and two mycorrhizal 
inoculation treatments (32 pots). In addition, addi-
tional 16 nonmycorrhizal pots were established that 
were subjected to the same treatments (2 plants, 2 N 
fertilization levels), but were not labelled with 15  N 
and served for measuring 15 N natural abundance of 
the different samples. Thus, the experiment included 
three fungal and labelling treatments: one involving 
inoculation with fresh rhizosphere soil in combina-
tion with 15 N labelling (AMF), the other two involv-
ing sterilized inocula and either with (NM) or without 
(NM −) 15 N labelling. There were four replicates for 
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each treatment. Therefore, a total of 48 microcosms 
were used in the experiment. Both L. chinensis and C. 
squarrosa were mono-cultivated with four plants per 
pot (Fig.  1). The two levels of N fertilization treat-
ments were 1 and 8 g N   m−2  y−1, designated as N1 
and N8, respectively. The total N amount applied was 
8.164 and 65.312 mg per pot in the RHC (5.831 and 
46.651  mg  N   kg−1 soil), and 2.041 and 16.328  mg 
per plant, respectively. N was added as  NH4NO3 at 
one-week intervals beginning in the third week after 
thinning and lasted for four weeks. Other macro- and 
micronutrients were applied in the form of 1/2 N-free 
Hoagland nutrient solution to the RHC (Hoagland 
and Arnon 1950). Among these nutrients, P was 
applied in the form of  KH2PO4 into the RHC with 
4.963  mg per pot (3.545  mg P  kg−1 soil). After the 
N fertilizer was added since the ninth week, to mini-
mize diffusion and mass flow from the HC to the 
RHC, two days before 15 N labelling, 7.5 mg nitrapy-
rin (2-chloro-6-trichloromethyl pyridine), a nitrifica-
tion inhibitor, was dissolved in ethanol and injected 
evenly into each HC at the eight spots and the center 
(10 ml per pot) to prevent the conversion of  NH4

+ to 
 NO3

− (Mäder et al. 2000; Burzaco et al. 2013). Then, 
10 atom % (15NH4)2SO4 was applied to the HCs, as 
 NH4

+ is less mobile in the soil than  NO3
− is. For each 

HC, 45  mg of N, containing 4.5  mg of 15  N, in the 
form of (15NH4)2SO4 (210.96  mg) was added three 
times at intervals of 1  day. After labelling, the HCs 
were wrapped tightly with aluminium foil to avoid the 
transfer of 15 N from the HC to the RHC through air.

Harvesting and sampling analyses

Plants were harvested 11  weeks after planting (i.e., at 
10  weeks after thinning). C. squarrosa was separated 
into shoots and roots, while L. chinensis was separated 
into shoots, roots, and rhizomes. For each microcosm, 
one of the four plants was randomly chosen to quantify 
mycorrhizal colonization after the roots were washed 
thoroughly, stained with trypan blue (Phillips and Hay-
man 1970), and scored using the gridline intersection 
method (McGonigle et al. 1990). External hyphal length 
density (HLD) in the HCs and RHCs was determined 
according to the method of Jakobsen et al. (1992). The 
hyphae were aqueously extracted from well-mixed soil, 
followed by membrane filtration, trypan blue stain-
ing, and counting hyphal intersections. The modified 

Newman formula was then used to calculate the hyphal 
length (HL) on each filter (Shen et  al. 2016; Tennant 
1975).

The shoot, root, and rhizome samples of the remain-
ing three plants were dried for 72  h at 65  °C and 
weighed separately. The dried shoots, roots, and rhi-
zomes were then mixed separately for each microcosm 
and ground for elemental analyses. The N concentra-
tion in the plant samples was determined using an ele-
mental analyser (Vario EL III, CHNOS Elemental Ana-
lyzer, Elementar Analysensysteme GmbH, Germany). 
The soil  NH4

+ and  NO3
− compounds were extracted 

with 50 ml of 2 mol  L−1 KCl from 10 g soil subsample 
and filtered, and then measured colorimetrically via a 
2300 Kjeltec Analyzer Unit (FOSS, Höganäs, Sweden). 
The atom % 15  N was determined using isotope ratio 
mass spectrometry (EA-DELTA plus XP). The plant 
P concentration was measured using the molybdate 
colorimetry method (Murphy and Riley 1962). Phos-
phates were extracted by digesting a 0.25  g subsam-
ple with 3 ml 1.84 g/ml  H2SO4 and 10 drops of 60% 
 HClO4. Then, the neutralized extracts were transferred 
and added with 5 ml molybdenum antimony anti indi-
cator. The P concentration was measured at 700 nm via 
automated molybdate colorimetry using a Shimadzu 
UV-1240 ultraviolet spectrophotometer.

Contribution of AMF to N uptake

The percent contribution of the AMF pathway to total 
N uptake was calculated as follows:

(1)

NcontributionbyAMFpathway(%) =
NAMF+NMtransport − NNMtransport

Nplant

× 100%

(2)
NAMF+NMtransport =

15NAMFcontentperplant

atom15N%inHC × HLratioinHCtototal

(3)
HLratioinHCtototal

=
HLDHC

× d.wt
medium

HC

HLDHC × BiomassmediumHC+HLDRHC × BiomassmediumRHC

(4)NNMtransport =
15NNMcontentperplant

atom15N%inHC

(5)atom15N%inHC =
15Nadded

Nadded + Ningrowthmedium
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For L. chinensis, the total N content of the plant 
was obtained by summing the corresponding values 
in the shoot, root, and rhizome. In general, the amount 
of N absorbed by AMF in the HC combined with the 
passive pathway was calculated according to the 15 N 
recovered in plants divided by the atom% of 15 N in 
the HC. The actual atom% of 15 N in the HC was cal-
culated via the 15  N added and the N in the growth 
media. The N taken up by NM plants from the HC 
represents the N transported passively via diffusion 
and mass flow (Mäder et al. 2000). The atom % 15 N 
of plants not supplied with 15 N (NM −) served as a 
natural abundance control. The atom %15  N excess 
in the AMF and NM groups was calculated by sub-
tracting the atom %15 N from that of the NM − group, 
which corrected for the soil background. We assumed 
that the N uptake capacity of hyphae in the HC and 
RHC was equal, so the ratio of total N absorbed by 
hyphae in the HC and RHC was equal to that of the 
total hyphae in these two compartments. The total 
amount of N absorbed by AMF in both the HC and 
RHC was equal to the amount of N absorbed by 
the AMF from the HC divided by the proportion of 
hyphae in the HC of the hyphae in the whole micro-
cosm. The HL ratio in HCs refers to that in the AMF 
group. The mycorrhizal growth response (MGR) of 
the host plant to AMF inoculation was calculated as 
follows (Bowles et al. 2018):

Statistical analyses

Two-way ANOVA and Tukey’s tests were performed 
to determine whether AMF inoculation and N level, 
alone or in interaction, significantly influenced the 
response variables (AMF colonization, HLD, plant 
biomass, N concentration, and plant atom %15  N 

(6)
15Ncontentperplant = Ncontent(shoot + root)

× atom%15Nexcess

(7)
Nplant(shoot + root) = Biomassplant × Nconcentration

(8)
atom%15Nexcess = atom%15NinAMF(ortheNMgroup)

− atom%15NintheNM−group

(9)MGR =
BiomassAMF − BiomassNM

BiomassNM
× 100%

excess). Differences were considered significant when 
P values were below 0.05. The results are expressed 
as the means ± SEs (n = 4). All statistical analyses 
were performed using R version 4.0.2 (R Develop-
ment Core Team 2017).

Results

AMF colonization and external HLD

High soil N availability significantly reduced AMF 
colonization in both L. chinensis and C. squarrosa 
from in situ rhizosphere inocula. For L. chinensis, the 
average AMF root colonization rate was 61% under 
low N conditions, significantly higher than that of 
43% under high soil N conditions. For C. squarrosa, 
the average root colonization rate was 38% under low 
soil N conditions and 26% under high soil N condi-
tions, and there were no significant differences in 
root colonization rates between the two N treatments. 
There was no mycorrhizal formation in the presence 
of sterilized inocula (Table 1). For both species, the 
HLD in the RHC was marginally higher than that in 
the HC under the same N conditions, and the HLD 
was also marginally higher under low N conditions 
than that under high N conditions in the same com-
partments. However, there were no significant differ-
ences in HLD among the N treatments and compart-
ments (Table 1).

Plant biomass

For L. chinensis, AMF inoculation reduced the bio-
mass of rhizomes, shoots, roots, and total plants 
under the N1 treatment (Fig.  2a, b, f, all P > 0.05; 
Fig.  2d, P < 0.05), but not under the N8 treatment 
(Fig. 2a, b, f, all P < 0.05; Fig. 2d, P > 0.05). For the 
NM group, the biomass of rhizomes, shoots, roots, 
and total plants decreased under the N8 conditions 
compared with the N1 conditions (Fig.  2a, d, f, 
all P < 0.05; Fig.  2b, P > 0.05). In contrast, for the 
AMF group, the biomass of all the parts increased 
under the N8 conditions compared with the N1 con-
ditions (Fig. 2a, b, d, all P > 0.05; Fig. 2f, P < 0.05). 
There were significant interactions between the 
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AMF and N treatments on the biomass of rhi-
zomes, shoots and roots and the total plant bio-
mass (Fig.  2a, b, d, f, P <0.05). The root to shoot 
(R/S) ratio was not significantly affected by AMF 
treatment under either N1 or N8, and AMF and N 
had no significant effect on the R/S ratio (Fig.  2h, 
P > 0.05). The MGRs were -2.1% and 54.3% under 
the N1 and N8 conditions, respectively. There were 
significant interactions between host plant species 
and N conditions (Fig. 3, P < 0.05).

For C. squarrosa, the shoot, root, and total plant 
biomass decreased with AMF treatment under both 
N1 and N8 conditions (Fig. 2c, e, g, P < 0.05). For 
the NM groups, the shoot, root, and total plant bio-
mass increased under the N8 conditions compared 
with the N1 conditions (Fig. 2c, e, g, all P < 0.05). 
In contrast, for the AMF groups, the biomass of all 
the plant parts decreased slightly under the N8 con-
ditions compared with the N1 conditions (Fig. 2c, e, 
g, all P > 0.05). There were significant interactions 
between the AMF and soil N treatments on plant 
biomass (Fig.  2c, e, g, P < 0.05). The R/S ratio 
significantly decreased in response to AMF treat-
ment under the N1 conditions (Fig. 2i, P < 0.05) but 
was not affected under the N8 conditions (Fig.  2i, 
P > 0.05). The MGRs were − 12.1% and − 53.0% 
under the N1 and N8 conditions, respectively 
(Fig. 3).

N concentration and atom % 15 N excess

For L. chinensis, the N concentrations in the rhi-
zomes, shoots, and roots strongly increased in the 
presence of AMF under both N1 and N8 conditions 

(Fig. 4a, b, d, all P < 0.05). The N concentrations in 
the rhizomes and roots of the NM or AMF plants 
were not significantly affected by N treatment 
(Fig.  4a, d, both P > 0.05). In contrast, the N con-
centration in shoots was significantly higher under 
the N8 conditions than that under the N1 conditions 
(Fig. 4b, P < 0.05). For C. squarrosa, the N concen-
trations in the shoots and roots were not affected by 
AMF, N treatment or their interaction (Fig. 4c, e, all 
P > 0.05). The atom % 15 N excess in all the organs 
was significantly higher in the presence of AMF for 
both L. chinensis and C. squarrosa compared to that 
of NM plants (Fig.  5, P < 0.05). Moreover, for both 
species, N treatment did not significantly affect the 
atom % 15 N excess (Fig. 5, P > 0.05).

AMF contribution to plant N uptake and P 
concentration

For L. chinensis, the average percent contributions 
of the roots, AMF, and passive (diffusion and mass 
flow) pathways to N uptake were 75.5%, 23.1%, and 
1.4%, respectively, under the N1 conditions, and 
79.6%, 20.0%, and 0.4%, respectively, under the N8 
conditions (Fig.  6a). For C. squarrosa, the average 
percent contributions of the roots, AMF, and passive 
(diffusion and mass flow) pathways to N uptake were 
91.3%, 8.5%, and 0.2% respectively, under the N1 
conditions, and 92.3%, 7.4%, and 0.4%, respectively, 
under the N8 conditions (Fig. 6b).

For L. chinensis, the P concentrations in the rhi-
zomes, shoots, and roots were significantly higher in 
the AMF group than in the NM group under both N1 

Table 1  Arbuscular mycorrhizal fungi (AMF) colonization rate in roots, and soil hyphal length density (HLD) under Leymus chin-
ensis and Cleistogenes squarrosa 

Values (means of four replicates) with different letters differed significantly by Tukey’s test. Plants were fertilized at two N concen-
trations: N1 and N8 (for details, see the Materials and Methods section). Plants inoculated with sterilized or fresh rhizosphere soil 
were recorded as the non-mycorrhizal (NM) and AMF groups. HLD, hyphal length density; RHC, root and hyphal compartment; 
HC, hyphal compartment. *, Zero colonization values of the NM treatments were excluded from the Tukey’s test

Leymus chinensis Cleistogenes squarrosa

AMF coloniza-
tion (%)

HLD-RHC
(m  g−1)

HLD-HC
(m  g−1)

AMF coloniza-
tion (%)

HLD-RHC
(m  g−1)

HLD-HC
(m  g−1)

N1 NM 0* 0 0 0 0 0
AMF 61a 3.88a 2.56a 38a 3.05a 2.15a

N8 NM 0 0 0 0 0 0
AMF 43b 2.88a 1.98a 26a 2.31a 1.52a
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and N8 conditions (Fig. 7a, b, d, all P < 0.05). The P 
concentration in the roots of the plants in the AMF 
group increased under the N8 conditions compared 
with the N1 condition for AMF group (Fig.  7d, P 

< 0.05). Similarly, for C. squarrosa, the AMF infec-
tion treatment also had significant effects on shoot 
and root P concentrations under both N1 and N8 con-
ditions (Fig. 7c, e, all P < 0.05). The P concentration 

Fig. 2  Effects of AMF 
colonization (AMF) and N 
addition rate (N) on the bio-
mass of Leymus chinensis 
and Cleistogenes squarrosa. 
a Rhizomes, b–c shoots, 
d–e roots, f–g total plant 
and (h–i) the R/S ratio. The 
bar groups with different 
uppercase letters indicate 
significant differences 
(P < 0.05) between the two 
N levels under the NM 
treatment. The bar groups 
with different lowercase let-
ters indicate significant dif-
ferences (P < 0.05) between 
the two N levels under the 
mycorrhizal treatment. 
Data are mean ± SE (n = 4). 
*P < 0.05; **P < 0.01; 
***P < 0.001; ns P > 0.05. 
NM denotes the treatment 
with sterilized mycorrhizal 
inoculation. Details of the 
statistical results are given 
in Table 2
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in the roots of plants in the AMF group increased 
under the N8 conditions compared with the N1 condi-
tions (Fig. 7e, P < 0.05). In addition, AMF infection 
significantly decreased the N:P mass ratio in both L. 

chinensis and C. squarrosa under the N1 and N8 con-
ditions (Fig. S1, all P < 0.05; Table S1).

Discussion

Effects of mycorrhizal associations on plant growth 
depend on host species and soil N conditions

Our results show that the effects of mycorrhizal asso-
ciations on plant growth are host species-specific, and 
the effects may change with soil N availability, sup-
porting previous findings from field measurements 
(Zheng et  al. 2018), pot experiments (Mäder et  al. 
2000; Walder et  al. 2012), and meta-analysis (Lin 
et al. 2015). Specifically, for L. chinensis, AMF colo-
nization slightly inhibited its growth under low soil 
N conditions (MGR =  − 2.1%), and strongly facili-
tated its growth (MGR = 51.4%) under high soil N 
conditions, which contrasts with our first hypothesis. 
Interestingly, the average root colonization rate and 
HLD were somehow higher under low N conditions 
than under high N conditions. Taken together, these 
results imply that symbiotic AMF act as competi-
tors and exert a negative effect on plant growth under 
N-limitation conditions (Johnson 2010; Johnson et al. 
1997, 2015). In contrast, with the increase in soil N 
availability, the competition between AMF and host 
plants shifted to mutualism, confirming that the func-
tions of mycorrhizal associations are associated with 

Table 2  Two-way 
ANOVA for the effects 
of N fertilization (N) and 
AMF inoculation (AMF) 
and their interactions on 
different plant variables

Effects were considered 
significant when P < 0.05 
(printed in bold, n = 4). 
Biomass of rhizomes was 
included in the root biomass 
when calculating the R/S 
ratio

Item Leymus chinensis Cleistogenes squarrosa

AMF N AMF × N AMF N AMF × N

Biomass (g) Rhizome 0.262 0.368 0.004 – – –
Shoot 0.459 0.964 0.022  < 0.001 0.003  < 0.001
Root 0.110 0.303 0.008  < 0.001 0.001  < 0.001
Total 0.458 0.421 0.002  < 0.001  < 0.001  < 0.001
R/S 0.643 0.348 0.348 0.024 0.973 0.986

Plant N concentration
(%)

Rhizome 0.002 0.345 0.056 – – –
Shoot  < 0.001 0.023 0.170 0.088 0.285 0.192
Root  < 0.001 0.083 0.004 0.422 0.826 0.846

Plant P concentration
(%)

Rhizome  < 0.001 0.198 0.241 – – –
Shoot  < 0.001 0.086 0.494  < 0.001 0.154 0.074
Root  < 0.001 0.049 0.003 0.012 0.044 0.020

Atom 15 N excess (%) Rhizome  < 0.001 0.832 0.724 – – –
Shoot  < 0.001 0.013 0.047  < 0.001 0.529 0.521
Root  < 0.001 0.479 0.526  < 0.001 0.158 0.201

Fig. 3  Mycorrhizal growth responses (MGR) of Leymus 
chinensis and Cleistogenes squarrosa under low and high lev-
els of soil available N. The data are the means ± SEs (n = 4). 
***P < 0.001; ns P > 0.05

Plant Soil (2022) 475:395–410 403



1 3
Vol:. (1234567890)

a mutualism-to-parasitism continuum (Johnson et al. 
1997; Wipf et  al. 2019). A possible mechanism for 
the positive MGR under high N conditions may be 
that AMF could significantly alleviate the P limitation 
by reducing plant N:P ratios (Fig.  S1), and thereby 
promoting growth. We also found that the biomass of 
L. chinensis in the NM group was lower in the high-
N treatment than it was in the low-N treatment. This 
result may be due to the P limitation resulting from 
the high plant N:P ratio, particularly in the shoots, 
under the high N conditions. Our results were consist-
ent with the previous field study which suggested that 
N supply increased plant N:P ratios, thereby leading 
to P limitation, and AMF infection could alleviate this 
limitation (Mei et al. 2019). The decrease in root col-
onization rate and HLD under high N conditions is in 
line with the findings of previous study documenting 
that inorganic N fertilization above a certain threshold 
reduces root colonization by AMF (Ma et al. 2020). 

This suppression of high N on AMF may be derived 
from N-induced acidification (Pan et  al. 2020). For 
C. squarrosa, symbiotic AMF consistently acted as 
“parasites”, and the MGR was − 13.7% under the low 
N conditions and − 53.5% under the high soil N con-
ditions, only partly in support of our first hypothesis. 
These results are consistent with previous field trials 
and pot experiments showing that AMF negatively 
affect the grain yield of  C4 maize plants (Wang et al. 
2018). The consistent negative MGRs of C. squar-
rosa may be attribute to their less dependence on 
mycorrhizal pathway for N uptake, particularly under 
the high N conditions, and the net C cost exceeds the 
nutrient benefits of the fungus (Bowles et  al. 2018). 
Our results also suggest that not all AM symbiosis is 
beneficial for the host plant. Notably, the biomass of 
C. squarrosa increased in response to N addition in 
the NM treatment, but slightly decreased in the AMF 
treatment. This suggests that the primary productivity 

Fig. 4  Effects of AMF 
colonization (AMF) and N 
addition rate (N) on the N 
concentration in Leymus 
chinensis and Cleistogenes 
squarrosa. a Rhizomes; b–c 
shoots; and d–e roots. The 
bar groups with different 
uppercase letters indicate 
significant differences 
(P < 0.05) between the two 
N levels under the NM 
treatment. The bar groups 
with different lowercase let-
ters indicate significant dif-
ferences (P < 0.05) between 
the two N levels under the 
mycorrhizal treatment. Data 
are means ± SEs (n = 4). 
*P < 0.05; **P < 0.01; 
***P < 0.001; ns P > 0.05. 
Details of the statistical 
results are given in Table 2
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of C. squarrosa was N-limited in this study, and AMF 
colonization may not alleviate or even strengthen the 
N limitation for the growth of C. squarrosa under 
both the low and high soil N conditions. The N:P 
ratios were lower in the AMF group than that in the 
NM group can also confirm this speculation (Fig S1). 
Therefore, the negative performances of C. squarrosa 
to AMF infection may render these plants resistant to 
high levels of N deposition.

Although AMF may have negative effects on plant 
growth, particularly for C. squarrosa in this study, 
plants have not evolved mechanisms to completely 
eliminate them as the colonization rate and HLD are 
still maintained at certain levels. This may be because 
plants need to rely on AMF for P uptake (Chu et al. 
2020; Smith et  al. 2004). We quantified the P con-
centration in both plant species and found that the 
P concentration was much higher and the N:P ratio 
was lower in the AM plants than in the NM plants, 

indicating that AMF can contribute to plant P uptake 
to alleviate P limitation, especially under the high N 
conditions (Mei et  al., 2019). A possible underlying 
mechanism is that P transporters in the epidermis and 
root hairs of host plants are suppressed in response to 
AMF colonization; thus, P uptake relies on the myc-
orrhizal pathway (Smith and Smith 2011; Smith et al. 
2004). In addition to biomass, the improvement of P 
concentration may be another essential plant perfor-
mance that should not be neglected. Previous studies 
have demonstrated that plants allocate 50–60% of P to 
their reproductive organs (Fujita et  al. 2014); there-
fore, increased P concentrations and decreased N: P 
ratios may benefit plant reproduction. Naturally, the 
improvement of reproductive success is the foun-
dation for plant-AMF associations (Johnson et  al. 
1997). In this case, although mycorrhizal associa-
tions may induce a reduction in plant biomass, plants 
do not eliminate these associations (Smith and Smith 

Fig. 5  Effects of AMF 
infection (AMF) and N 
addition rate (N) on the 
atom % 15 N excess of 
Leymus chinensis and 
Cleistogenes squarrosa. a 
Rhizomes; b–c shoots; and 
d–e roots. The bar groups 
with different uppercase let-
ters indicate significant dif-
ferences (P < 0.05) between 
the two N levels under the 
NM treatment. Bar groups 
with different lowercase let-
ters indicate significant dif-
ferences (P < 0.05) between 
the two N levels under the 
mycorrhizal treatment. Data 
are means ± SEs (n = 4). 
*P < 0.05; **P < 0.01; 
***P < 0.001; ns P > 0.05. 
Details of the statistical 
results are given in Table 2
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2011) because, from a P-uptake perspective, AMF are 
benefical.

Contribution of the mycorrhizal pathway to plant N 
uptake

In general, AMF-colonized plants use two pathways 
for nutrient uptake. The direct pathway involves the 
root epidermis and root hairs, and the mycorrhizal 
pathway involve the extraradical mycelium (van der 
Heijden et al. 2015; Wipf et al. 2019). For L. chin-
ensis, AMF contributed 23.1% and 20.0% of plant N 
under low and high N conditions, respectively. For 
C. squarrosa, AMF contributed only 8.5% and 7.4% 
of plant N uptake under low and high N conditions, 
respectively. Compared with previously reported 

AMF contributions to plant P uptake (Chu et  al. 
2020; Smith et al. 2004), those to N uptake were rel-
atively low in in the current study, particularly for C. 
squarrosa. This low contribution is hard to quantify 
without the use of the 15 N isotope tracing technique 
(Thirkell et  al. 2019, 2016), which also be partly 
responsible for the prevailing situation that the 
contribution of AMF to plant N nutrition is not fre-
quently measured and thus not well known (Hodge 
and Storer 2015; Read 1991; Reynolds et al. 2005). 
Although N ions  (NO3

− and  NH4
+) are more mobile 

and accessible to roots in the soil than P ions, and 
although plants are less dependent on mycorrhi-
zal pathway than the direct pathway for N uptake 
(Smith and Smith 2011), a zone of N-depletion may 
still form around the roots (Brackin et  al. 2017). 
Indeed, the mycorrhizal N uptake pathway was dem-
onstrated to be pronounced in this study and should 
not be ignored in future research. Furthermore, 
the N assimilated by AM fungi and embedded into 
chitin in the fungal cell walls (in the RFC) could 
be taken up by roots after the death of extraradical 
mycelium in the rhizosphere. As a result, the mycor-
rhizal N uptake we quantified by 15 N labelling may 
also have included this component, although the 
short interval between labelling and harvest mini-
mized this confounding effect.

Unlike the previous field trial suggesting that N 
fertilization rates would influence mycorrhizal con-
tribution to N uptake for host plant (Thirkell et  al. 
2019), in this study, we found that the percent contri-
bution to plant N uptake by mycorrhizal pathway did 
not significantly change under high soil N conditions, 
and this phenomenon was observed for both the two 
studied plant species. One potential possibility may 
be that plants need to invest considerable amounts of 
C to maintain AMF partners to obtain poorly-mobile 
P and the mycorrhizal pathway maintain active (Wipf 
et al. 2019). Therefore, although the root colonization 
rate and HLD were reduced under high soil N condi-
tions, the amount of N delivered by mycorrhizal path-
way was not significantly affected.

C. squarrosa is less dependent on AMF for N uptake 
than L. chinensis

Our results show that the contributions to N uptake 
of the mycorrhizal pathway were lower in C. squar-
rosa  (C4) than those in L. chinensis  (C3) under both 

Fig. 6  Percent contribution to plant N uptake by roots, AMF 
and passive transport from HC of Leymus chinensis (a) and 
Cleistogenes squarrosa (b)
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low and high N conditions. In addition, the root col-
onization rate and HLD were substantially lower in 
the C. squarrosa than those in the L. chinensis. These 
results indicate that C. squarrosa is less dependent 
on AMF for N uptake than L. chinensis is, which is in 
accordance with the results of previous field experi-
ments that have shown that mycorrhizal dependency 
is significantly different between  C3 and  C4 grasses 
(Li et al. 2019; Zheng et al. 2018). The most likely 
mechanism responsible for this pattern is that, unlike 
the L. chinensis, the C. squarrosa has relatively thin 
absorptive roots, which has been documented in pre-
vious field investigation in Inner Mongolia grass-
lands (Cheng et al. 2016), enabling C. squarrosa to 
have superior N use efficiency (Li et al. 2019; Taylor 
et  al. 2010). A synthesis on the global organization 
of root functional traits has suggested that plants tend 
to evolve thin roots, which enable them to improve 
their nutrient exploration efficiency and to reduce 

their dependence on the mycorrhizal fungi (Ma et al. 
2018).  C4 plants have evolved from  C3 plants and 
constitute a relatively young plant functional type 
(Edwards et al. 2010; Sage 2004). Therefore, as a late 
evolving plant functional type with thinner roots, the 
 C4 plant C. squarrosa in this study tended to rely on 
its own roots to take up nutrients and water. In addi-
tion, controlled screening experiments have demon-
strated that  C4 species typically exhibit higher net 
 CO2 assimilation rates than  C3 species do, and thus 
present greater N use efficiency (Taylor et al. 2010). 
In terms of resource trade, the benefits from mycor-
rhizal N uptake may not outweigh the carbon invest-
ment of  C4 plants, and these plants thus benefit less 
from their AMF partners; this imbalance was particu-
larly severe under low soil N conditions in our study. 
In contrast, the  C3 plants, which have coarser roots 
and a low N use efficiency, need to rely more on AM 
symbiosis to obtain mineral nutrients efficiently and 

Fig. 7  Effects of AMF 
colonization (AMF) and 
soil available N (N) on the 
P concentration of Leymus 
chinensis and Cleistogenes 
squarrosa. a Rhizomes; 
b–c shoots; and d–e roots. 
Bar groups with different 
uppercase letters indicate 
significant differences 
(P < 0.05) between the two 
N levels under the NM 
treatment. The bar groups 
with different lowercase let-
ters indicate significant dif-
ferences (P < 0.05) between 
the two N levels under the 
mycorrhizal treatment. Data 
are means ± SEs (n = 4). 
*P < 0.05; **P < 0.01; 
***P < 0.001; ns P > 0.05. 
Details of the statistical 
results are given in Table 2
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therefore also exhibit a positive MGR. This phenom-
enon is also in line with pot experiment results show-
ing that  C4 plants (sorghum) invest massive amounts 
of C but benefit relatively little from mycorrhizal 
networks, while  C3 plants (flax) gain more profit 
(Walder et  al. 2012). Previous studies have demon-
strated that  C3 grasses benefit more than  C4 grasses, 
or even replace  C4 grasses in N-fertilized soils (Clark 
and Tilman 2008; Wedin and Tilman 1996). In this 
study, the reduced dependence of the  C4 grass (C. 
squarrosa) on AMF for N uptake and the negative 
MGR under high soil N conditions may contribute 
to its competitive disadvantage under increasing N 
deposition. Although our results suggest that plant 
functional type (i.e.,  C3 and  C4 grasses) may influ-
ence mycorrhizal contributions to N uptake and the 
growth response of host plants, we are aware that 
only one species of each type was used and that there 
was no independent replication of plant functional 
type. Previous studies have suggested that  C4 grasses 
usually have coarse roots than  C3 grasses (Hetrick 
et al. 1988; Hetrick & Wilson, 1990). In contrast, the 
pair of  C3 and  C4 grasses in this study exhibited an 
opposite trend in root diameter than in many other 
 C3 and  C4 plants. These limitations indicate that we 
should be cautious when generalizing these results 
and applying them to other ecosystems, and more 
species need to be tested to advance our understand-
ing in the future.

Conclusions

In this study, we established a greenhouse cultiva-
tion experiment in which a compartmented micro-
cosms combined with 15  N labelling were used to 
explore the influence of AMF on the N uptake and 
growth of  C3 (L. chinensis) and  C4 (C. squarrosa) 
grasses under different soil N conditions. Our results 
indicate that the symbiosis enhanced growth of L. 
chinensis under high soil N conditions, whereas the 
effect was much weaker under low soil N conditions. 
AMF colonization reduced the growth of C. squar-
rosa, and this suppression was greater under high 
soil N conditions. The contribution of the mycor-
rhizal pathway to plant N uptake was approximately 
20% for L. chinensis and only 8% for C. squarrosa, 
the contributions slightly increased under low N con-
ditions. The function of AMF–plant symbiosis on 

plant performance is thus both species- and nutrient 
availability-dependent. Compared with the  L. chin-
ensis, the C. squarrosa  is less dependent on AMF 
to take up mineral nutrients, and benefits less from 
the symbiotic partners tested here, particularly under 
high soil N conditions. These findings shed new light 
on the important role of AMF in potentially regulat-
ing the plant community composition by improving 
the fitness of  L. chinensis  and reducing that of  C. 
squarrosa  under high N conditions. Our study thus 
has important implications for improving global N 
cycling models in the face of increasing global N 
deposition.
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