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(RCs), and the third compartment was a hyphal com-
partment (HC). One RC was inoculated with the 
AMF Rhizophagus irregularis and the plant in this 
compartment was referred to as CMNs donor, and the 
plant in the other RC compartment as CMNs receiver.
Results  Maize biomass was twice that of soybean. 
Nitrogen (N) and phosphorus (P) content of both 
maize and soybean were higher in the presence of 
CMNs compared with the treatment without AMF. 
When maize was the CMNs donor, shoot biomass, 
N and P content of the maize/soybean mixture were 
higher than the expected biomass, N and P content 
based on monocultures, suggesting overyielding. 
However, the overyielding was not observed when 
soybean was the CMNs donor.
Conclusion  Overyielding in a maize/soybean mix-
ture depends on the initiator of CMNs. With maize 
as CMNs donor, both species in the mixture benefited 
from CMNs compared with monocultures.

Keywords  Common mycorrhizal networks · Maize/
soybean mixture · Nitrogen and phosphorus content · 
Overyielding

Introduction

Intercropping is cultivating two or more crop species 
simultaneously in the same field (Willey 1990). It 
is a sustainable agricultural practice, widely used in 
developing countries such as China (Li et  al. 2021), 

Abstract 
Aims  Cereal/legume intercropping has advantages 
in yield and nutrient uptake. However, how common 
mycorrhizal networks (CMNs), formed by arbuscular 
mycorrhizal fungi (AMF) play a role in those bene-
fits has not been fully clarified. This study aimed to 
explore how CMNs initiated by different host plants 
affected plant performance and nutrient acquisition in 
a maize/soybean mixture.
Methods  Microcosms with three compartments 
were used; these were separated by 30-µm nylon 
mesh. Two compartments were root compartments 
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Malawi (Njira et  al. 2020), and Tanzania (Myaka 
et  al. 2006), and developed countries. Intercrop-
ping aims at overyielding with lower external inputs 
(Renard and Tilman 2021). Although the manage-
ments of intercropping cost labor, intercropping has 
advantages in pest control (Iqbal et  al. 2019), weed 
suppression (Hauggaard-Nielsen et al. 2001; Gu et al. 
2021), and the acquisition of nutrients such as nitro-
gen (N), phosphorus (P), etc. (Wang et  al. 2011). 
Previous studies have shown that aboveground and 
belowground interspecific interactions play critical 
roles in causing intercropping advantages (Hinsinger 
et al. 2011; Brooker et al. 2015). Belowground, inter-
specific interactions are influenced by soil biota such 
as bacteria and fungi (Zhang et  al. 2020; Hu et  al. 
2021). Currently, the role of arbuscular mycorrhizal 
fungi (AMF) mediating interspecific interactions and 
causing overyielding is drawing increasing attention 
(Li et al. 2022b; Qiao et al. 2022).

AMF build mutualistic relationships with over 
72% of plant species in terrestrial systems (Brundrett 
and Tedersoo 2018). AMF extends the volume of the 
nutrient depletion zone beyond the roots through their 
extraradical mycelium, and thereby acquire nutri-
ents that are not accessed by plants. The host plants, 
in return for these nutrients, provide the AMF with 
a certain amount of carbon fixed through photosyn-
thesis (Walder et al. 2012; Weremijewicz et al. 2016). 
Co-existing plant species are often interconnected by 
mycelial networks of AMF individuals called com-
mon mycorrhizal networks (CMNs) (Smith and Read 
2008). CMNs can influence several ecosystem ser-
vices (Alaux et al. 2021) by enhancing plant nutrient 
uptake (He et  al. 2003) and improving plant resist-
ance to abiotic (drought etc.) (Püschel et al. 2021) and 
biotic stresses (pests, pathogens) (Kadam et al. 2020).

Overyielding is the productivity benefit of 
multispecies cultures compared with monocul-
tures, which can be generated by niche differentia-
tion, complementary resource use, among species 
(Loreau and Hector 2001). Previous studies found 
that the presence of CMNs contributed to overyield-
ing caused by enhanced N and P uptake in inter-
crops (Wang et  al. 2019; Liu et  al. 2021). Studies 
on pigeon pea/millet and chickpea/millet intercrops 
have shown that AMF symbioses with legumes play 
critical roles in producing intercropping benefits 
(Li et  al. 2022a; Schütz et  al. 2022). Two mecha-
nisms can account for this. First, the hyphosphere 

recruits phosphate-solubilizing bacteria to mobilize 
P (Zhang et al. 2016, 2018) although AMF symbi-
oses reduce the carboxylate exudation (Ryan et  al. 
2012). Second, legumes have a great demand for P 
for N2 fixation, and symbiosis with AMF increases 
P acquisition and N2 fixation, thereby alleviat-
ing competition for N between intercrops (Li et al. 
2007, 2022a; Qiao et al. 2015; Wang et al. 2021b). 
To date, experimental results have shown contrast-
ing results. The benefits of CMNs were affected by 
the size inequality of the interconnected partners. 
For instance, Walder et al. (2012) showed for a mix-
ture of flax (Linum usitasissimum L.) and sorghum 
(Sorghum bicolor (L.) Moench) that the small-sized 
flax benefited more from the CMNs than the large-
sized sorghum both in relative and absolute terms 
compared with monoculture. For N, flax acquired 
N at the expense of sorghum in the mixture. The 
CMNs therefore equalized to some extent the com-
petitive inequality between both plants. However, 
a study by Weremijewicz and Janos (2013) with 
Andropogon gerardi Vitman implied that CMNs 
amplified competitive inequalities between different 
individuals, and the plant with large size benefited 
most from the CMNs.

Maize/soybean intercropping is prevalent in China 
and across the world due to the higher land use effi-
ciency, N and P use efficiency, and economic profits 
compared with expected yields based on monocul-
tured maize and soybean (Yang et  al. 2017; Iqbal 
et  al. 2019). Studies on maize/soybean intercrop-
ping have shown that dual inoculation of rhizobia and 
AMF increased AMF colonization of both maize and 
soybean and enhanced both N2 fixation of soybean 
and N transfer from soybean to maize (Meng et  al. 
2015). A further study indicated increased photosyn-
thesis by soybean but not by maize when inoculated 
with AMF and rhizobia in maize/soybean intercrops 
(Wang et  al. 2016). Previous studies, investigating 
the effects of CMNs on nutrient uptake by intercrops, 
were always carried out by inoculating both species 
simultaneously. Under such conditions, we do not 
know for sure whether the roots of two species were 
actually connected by CMNs. Only in experimental 
designs where one species is inoculated and the com-
panion species can only become mycorrhizal through 
that donor, can we know for sure that CMNs have 
built up between two neighboring species. In such 
designs we can also determine the extent to which the 



Plant Soil	

Vol.: (0123456789)

nature of the donor (and of the receiver) determines 
symmetrical or asymmetrical benefits.

We conducted a greenhouse experiment to address 
the knowledge gaps mentioned above by using a 
maize/soybean mixture where either species acted as 
donor or receiver of the CMNs. We hypothesized that 
(1) maize/soybean mixture shows larger overyielding 
in biomass and N and P acquisition when mycorrhizal 
than in the absence of AMF; (2) CMNs initiated by 
maize cause more overyielding in biomass and N and 
P acquisition compared with CMNs initiated by soy-
bean because maize forms more biomass and could 
invest more carbon to CMNs than soybean; (3) CMNs 
initiated by maize allow more N2 fixation by soybean 
compared with CMNs initiated by soybean because 
the symbiosis with AMF of maize benefits N uptake 
by maize, which subsequently stimulates N2 fixation 
by soybean.

Materials and methods

Growth substrate and microcosm setup

The soil was collected from Shangzhuang experi-
mental station, Beijing, China (40°140′ N, 116°190′ 
E) with the following properties: soil pH 8.2 (soil: 
water, 1:5), 11.5 g kg−1 organic carbon, 2.6 mg kg−1 
Olsen-P, 0.72  g  kg−1 total N, 8.5  mg  kg−1 available 
N (NH4

+  + NO3
−) and 32.3 mg kg−1 exchangeable K 

(Wang et al. 2021a). Texture was a silt loam. The soil 
was air-dried and sieved through a 2  mm sieve and 
then the soil was sterilized by γ-radiation (> 25 kGy) 
to eliminate indigenous microorganisms. The growth 
substrate was prepared by mixing sterilized soil and 
sand (w/w, 2:1).

A three-compartment growth microcosm (leng
th × width × height = 20 × 13 × 10  cm) was used in 
the experiment (Fig. S1). The microcosm was made 
of polyvinyl chloride sheet sandwiched by 30-μm 
nylon mesh between the three compartments (two 
root compartments: RCs, and one hyphal compart-
ment: HC) to allow fungal hyphae but not plant roots 
to enter the other compartments. Each RC contained 
700 g growth substrate with another 20 g inoculum, 
while the HC contained 1600 g of growth substrate. 
The HC was set up to collect mycelium and measure 
the 13C content of the CMNs mycelium to quantify 
the carbon investment by the intercropped maize and 

soybean to the CMNs. However, we did not man-
age to collect enough mycelium to analyze the 13C 
content.

For ensuring the initial growth of maize and 
soybean, nutrient solutions were added in RCs 
and HC with the following concentration (mg 
kg−1 soil): 100 P as KH2PO4; 113  K as K2SO4; 
43  Mg as MgSO4·7H2O; 5.9 Fe as Fe-EDTA; 6.7 
Mn as MnSO4·H2O; 10 Zn as ZnSO4·7H2O; 2 Cu 
as CuSO4·5H2O; 0.67 B as H3BO3; 0.17 Mo as 
Na2MoO4·5H2O. In addition, 100  mg  kg−1 N as 
Ca(NO3)2·4H2O was supplied only in the RCs. In 
other words, 70  mg P and 70  mg N were added in 
the RCs with maize and soybean, respectively, while 
160 mg P was added in the HC.

Experimental design

The experiment was conducted from Novem-
ber 15th, 2021 to February 21st, 2022 (13  weeks) 
in a greenhouse at China Agricultural University 
(40°1′29"N,116°16′33"E) where both tempera-
ture and light are controlled. Light intensity was 
400 ~ 1000 μmol photons m−2 s−1 with a time period 
from 8 am to 6 pm every day. The RCs were irrigated 
by deionized water every second day by weighting the 
whole microcosm to maintain soil moisture content of 
each compartment at about 75% of field capacity to 
ensure sufficient water supply for plant growth.

Maize (Zea mays L. cv. Zhengdan 958) and soy-
bean (Glycine max (L.) Merrill cv. Jidou 12) were 
used to establish microcosms with monoculture 
(maize or soybean was grown in the two chambers of 
RC) and mixture (maize was grown in one chamber 
of RC and soybean in the other). Seeds were surface-
sterilized with 10% H2O2 for 30  min, rinsed thor-
oughly in sterile distilled water and pre-germinated 
on filter paper. Then two pre-germinated seeds of uni-
form size were placed in each RC. Maize seedlings 
were thinned to one seedling in each RC 5 days after 
sowing, while soybean seedlings were thinned to one 
seedling 7 days after sowing.

One of the RCs was inoculated with the AM fun-
gus Rhizophagus irregularis (R. irregularis, BGC 
JX04B; the model AM fungal strain (Stockinger 
et  al. 2009)), or sterilized inoculum, yielding seven 
treatments (Fig.  1). R. irregularis was provided by 
the Beijing Academy of Agriculture and Forestry 
Sciences and further propagated by using maize as 
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host for four months to obtain enough AMF inocu-
lum for our study. The seedings in the RC with AMF 
inoculation were inoculated with 25  g AMF inocu-
lum (350 spores kg−1 soil). The seedlings in the RC 
without AMF inoculation were inoculated with 25 g 
inoculum sterilized at 121 °C for 30 min and received 
20 mL of filtrate without AM fungal propagules fil-
tered through a 30  μm nylon mesh sieve to balance 
the initial microbial communities (Singh et al. 2019; 
Liu et  al. 2021). All treatments with soybean were 
inoculated with rhizobia (Sinorhizobium fredii; strain 
CCBAU 45436). The germinated soybean seeds were 
immersed in the rhizobium suspension (OD value = 1) 
for 30  min before sowing and 5  mL rhizobium sus-
pension was added after sowing to each soybean com-
partment (Li et  al. 2022a). The seedlings inoculated 
with AMF (+ AMF) were defined as donor plants 
and the neighbor seedlings with sterilized inoculum 
(-AMF) as receivers. The treatments with two RCs 
supplied with sterilized inoculum were non-mycor-
rhizal treatments. Each treatment was replicated four 
times and a total of 28 microcosms were established 
and randomly arranged (Fig. 1).

Harvest and sample analysis

Maize (tasseling period) and soybean (pod-forming 
stage) were harvested from all RCs in the four rep-
licates of each treatment. Each plant was separated 
into shoot and root. Roots in the four replicates 
were washed with deionized water, and 50 root seg-
ments with a length of 1 cm were randomly selected 
for the determination of AMF colonization. Sub-
sequently, the soybean root nodules were removed 

by cutting and stored in a 10 mL centrifuge tube for 
counting. After counting, the root nodules, remain-
ing roots and shoots were dried at 105℃ for 30 min, 
and then at 70℃ for two days to constant weight 
before weighing.

Dry ashing method was used to determine shoot 
P concentration (Thomas et  al. 1967). Briefly, 0.2 g 
of well-ground maize or soybean shoot samples were 
placed in a 25 mL porcelain crucible and placed in a 
muffle furnace for dry ashing. During dry ashing, the 
samples were heated to 180 °C, kept for half an hour 
to facilitate carbonization of the sample, then kept for 
4 h in a muffle furnace at 450 °C. Two mL nitric acid 
with a concentration of 2 mol L−1 was added to the 
ash for digestion first, then 18  mL deionized water 
was added to dilute the solution to a total volume 
of 20 mL. After the above procedures, the solutions 
were filtered with P-free filter paper, then 1  mL fil-
trate was taken from the solution of each sample and 
diluted 10 times and vanadium molybdenum yellow 
colorimetric method was used for determination.

We assessed AMF colonization using the method 
from McGonigle et al. (1990) and Wang et al. (2022). 
Briefly, root clippings were immersed in 10% KOH, 
kept in 90℃ water bath for 30 min, then acidified in 
2% HCl for 10 min and finally soaked in a plastic box 
containing 0.05% trypan blue in lacto-glycerol (lactic 
acid: glycerol: deionized water = 1:1:1) for 30 min in 
a 90℃ water bath. We then destained with lacto-glyc-
erol at room temperature for 2 days and cut the root 
into 1 cm pieces. Fifteen pieces were placed on each 
microscope slide, and 10 visual fields were observed 
in each root piece, a total of 150 visual fields were 
scored for mycorrhizal colonization.

Fig. 1   Treatments of the root hyphal compartments (RCs). + AMF: one of the RCs was inoculated with AMF inoculum, -AMF: one 
of the RCs was inoculated with sterilized inoculum. Light orange and dark orange represent maize and soybean, respectively
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The mycorrhizal growth response (MGR) of plant 
shoot biomass, mycorrhizal N content response 
(MNR) and mycorrhizal P content response (MPR) 
were calculated as:

where AM is plant shoot biomass, N content and P 
content in the mycorrhizal treatments and NM is plant 
shoot biomass, N content and P content, which are 
mean values of the corresponding non-mycorrhizal 
treatments (control treatments). Here we calculated 
the MGR, MNR and MPR of maize and soybean in 
each RC separately instead of taking the average of 
two RCs with AMF because we distinguished donor 
and receiver plant in the experiment i.e., we calcu-
lated the MGR, MNR and MPR of receiver or donor 
maize and receiver or donor soybean.

To assess the overyielding, the expected biomass 
and N, P content of maize/soybean mixture were cal-
culated. With maize as donor, the expected value was 
calculated by maize as donor in monoculture + soy-
bean as receiver in monoculture; When soybean as 
donor, the expected value was calculated by soy-
bean as donor in monoculture + maize as receiver in 
monoculture.

Statistical analysis

We first tested, through two-way analysis of vari-
ance (ANOVA), for general effects of the mycorrhi-
zal treatment (df = 2 for mycorrhiza, three levels of 
AMF inoculation: -AMF, donor, receiver; two levels 
of cropping system: monoculture and mixture). A 
second ANOVA tested for specific effects of being 
a donor or receiver of CMNs by omitting the -AMF 
treatments (df = 1, two levels of AMF inoculation: 
donor, receiver; two levels of cropping system: mono-
culture and mixture). These tests were carried out for 
maize and soybean separately. The first ANOVA was 
conducted for shoot biomass, N and P concentration, 
N and P content, N:P, nodule number and nodule 
weight, while the second ANOVA was conducted for 
the same parameters and additionally for AMF colo-
nization, MGR, MNR and MPR. Before ANOVAs, 
the data were checked for homogeneity of variances 
with Levene’s test and normality with Shapiro–Wilk 
test.

MGR (MNR, MPR) = ln(
AM

NM
)

After ANOVAs, significant differences among 
treatments were tested by Tukey’s honestly significant 
difference post-hoc test (Tukey HSD test). All statis-
tical analyses were performed with SPSS 20.0 (IBM 
SPSS software), and figures were made with Sigma-
Plot 12.5 (Systat).

Results

AMF colonization

Regardless which crop was the CMNs donor, AMF 
colonization was observed in the roots of its neigh-
bor, indicating that CMNs had been formed. The 
non-mycorrhizal treatments remained free of colo-
nization. AMF colonization of maize was impacted 
by the interaction of CMNs and cropping system 
(P = 0.002), but not CMNs (P = 0.068) or cropping 
system (P = 0.119). Monocultured maize had simi-
lar colonization levels regardless whether maize was 
donor or receiver. The colonization of intercropped 
maize as donor was higher than that of intercropped 
maize as receiver. The colonization of soybean was 
not affected by CMNs (P = 0.581), cropping system 
(P = 0.218) or their interaction (P = 0.393) (Fig.  2; 
Table S2).

Shoot biomass, N content and P content

The first two-way ANOVA showed that maize 
shoot biomass was increased by CMNs (P = 0.023), 
cropping system (P < 0.001) and their interaction 
(P = 0.036) (Fig. S2a; Table S1). Soybean shoot bio-
mass was only affected by the interaction of the crop-
ping system and CMNs (P = 0.017), but not by crop-
ping system (P = 0.081) or CMNs alone (P = 0.130) 
(Fig. S2b; Table S1). Mixing maize and soybean sig-
nificantly increased maize biomass but not soybean 
compared with monoculture regardless of inoculat-
ing AMF, suggesting that maize was facilitated by 
the presence of soybean independent of mycorrhizal 
colonization or the identity of the donor (Fig. S2a, b; 
Table S1).

Shoot N concentration and N content of maize 
were affected by cropping system (P = 0.041 and 
0.001, respectively) and the interaction of CMNs and 
cropping system (P = 0.002 and 0.001, respectively), 
but not CMNs (P = 0.238 and 0.082, respectively) 
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(Fig. S2c, d; Fig. S3c, d; Table S1). However, shoot N 
concentration and N content of soybean was affected 
by CMNs (both P < 0.001) and interaction between 
CMNs and cropping system (P = 0.007 and 0.008, 
respectively), but cropping system had no significant 
effect on N concentration or N content (P = 0.382 and 
0.706, respectively) (Fig. S3c; Table S1). N contents 
of both maize and soybean were increased in mix-
ture compared with that in monoculture with maize 
as donor. However, N contents of maize and soybean 
were similar in the mixture compared with that in the 
monoculture when plants were without CMNs or with 
soybean as donor.

The existence of CMNs and crop mixture 
increased P concentration of maize (P < 0.001), while 
soybean shoot P concentration was affected by CMNs 
(P < 0.001) and the interaction of CMNs and crop-
ping system (P = 0.012), but not by cropping system 
(P = 0.809) (Fig. S3a, b; Table S1). Shoot P content 
of maize was enhanced by CMNs and cropping sys-
tem (both P < 0.001), but not affected by their interac-
tion (P = 0.073), and shoot P content of soybean was 
enhanced by CMNs (P < 0.001) and the interaction of 
CMNs and cropping system (P = 0.013), but not crop-
ping system (P = 0.397) (Fig. S2e, f; Table S1).

The second two-way ANOVA showed that the 
biomass, N and P content of maize and soybean 
(except the biomass of soybean) were significantly 
increased in maize/soybean mixture compared with 
monoculture with maize as donor (Fig. 3). However, 

the biomass, N and P content of maize and soybean 
(except the biomass of maize) were similar in maize/
soybean mixture compared with monoculture with 
soybean as donor (Fig.  3). These results indicated 
that the enhanced N and P content of mixed maize 
and soybean compared with monocultures were 
dependent on the crop species that formed the CMNs 
(Fig. S2a, b).

N:P ratio

The first ANOVA showed that the presence of CMNs 
decreased the N:P ratio of maize regardless of mono-
culture or mixture (P < 0.001, Fig. S4a, Table S1), but 
the presence of CMNs had no effect on the N:P ratio 
of soybean (Figs.  S4b; S5b). The second ANOVA 
showed that the N:P ratios of maize and soybean were 
independent of the identity of donor or cropping sys-
tem (Fig.  S5). N:P ratios of maize were well below 
10, indicating N-limitation and those of soybean were 
above 15, indicating P-limitation (Fig. S5a).

Mycorrhizal growth responses of biomass, N content 
and P content

The MGR of maize was affected by CMNs 
(P = 0.034), cropping system (P = 0.003) but not their 
interaction (P = 0.316) (Fig. 4a; Table S2). The MNR 
of maize was affected by cropping system (P = 0.012) 
and the interaction between cropping system and 

Fig. 2   AMF colonization 
of maize and soybean. 
Seedlings inoculated with 
AMF were defined as donor 
and neighboring seedlings 
with sterilized inoculum as 
receiver. Letters indicate 
significant differences 
among treatments for 
maize or soybean (Tukey 
HSD test, P < 0.05). Bars 
represent mean value 
(%) ± standard error
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Fig. 3   Shoot biomass (a, b), N content (c, d) and P content (e, 
f) of maize and soybean in treatments with AMF inoculation. 
The seedlings inoculated with AMF were defined as donors 
while the neighboring seedlings with sterilized inoculum as 

receivers. Letters indicate significant differences among treat-
ments for maize or soybean (Tukey HSD test, P < 0.05). Bars 
represent mean value (%) ± standard error
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CMNs (P = 0.004) (Fig.  4b; Table  S2). However, 
the MPR of maize was only affected by the pres-
ence of CMNs (P = 0.007) (Fig.  4c; Table  S2). The 
MGR of soybean biomass was affected by CMNs 
(P = 0.036), cropping system (P = 0.005) and their 
interaction (P = 0.009) (Fig.  4a; Table  S2), but the 
MNR and MPR of soybean were affected by crop-
ping system (P = 0.003 and P < 0.001, respectively) 
and the interaction between CMNs and cropping sys-
tem (P = 0.011 and 0.047, respectively) (Fig.  4b, c; 
Table S2).

There was no significant difference in MGR, MNR 
and MPR of maize either as donor or receiver. Soy-
bean had similar results in monoculture treatments 
(Fig.  4a, b, c). In mixtures, the MNR and MPR of 
maize and the MGR of soybean were significantly 

higher with maize as donor (soybean as receiver) 
compared with soybean as donor. It should be noted 
that although the MNR and MPR of soybean was 
not significantly different with soybean as donor or 
receiver in mixture, soybean as receiver had higher 
MNR and MPR in mixtures than in monocultures. In 
addition, the MNR and MPR were usually positive 
(especially for soybean), but the MGR was often neg-
ative, suggesting a disconnect between nutrient acqui-
sition and its translation in enhanced biomass.

Overyielding of shoot biomass, N content and P 
content

Overyielding in mixtures was asymmetrical. There 
was significant biomass overyielding in mixtures 

Fig. 4   Mycorrhizal growth response (MGR) of biomass 
(a), mycorrhizal N content response (MNR) (b) and P con-
tent response (MPR) (c) of maize and soybean in treatments 
with AMF inoculation. The seedling inoculated with AMF 
was defined as donors while the neighboring seedling with 

sterilized inoculum as receivers. Different letters indicate 
significant differences among treatments for maize or soy-
bean (Tukey HSD test, P < 0.05). Bars represent mean value 
(%) ± standard error

Fig. 5   Shoot biomass (a), N content (b) and P content (c) of 
maize and soybean at system level in treatments with AMF 
inoculation. The seedlings inoculated with AMF were defined 

as donors. Different letters indicate significant differences 
among treatments (Tukey HSD test, P < 0.05). Bars represent 
mean value (%) ± standard error
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without CMNs and with maize as donor, but no 
overyielding was observed with soybean as donor 
(Fig.  5a, Fig.  S6a). For N content, there was ove-
ryielding in maize/soybean mixture with CMNs 
with maize as donor, but there was no overyielding 
without CMNs and with soybean as donor (Fig.  5b, 
Fig.  S6b). For P content, there was overyielding in 
maize/soybean mixture with CMNs with maize as 
donor (Fig. 5c, Fig. S6c).

Nodule number and nodule weight of soybean

The nodule number of soybean was not significantly 
different among treatments regardless of CMNs or 
neighboring plant (Fig.  S7a; Table  S2), while nod-
ule weight was increased when mixed soybean was 
receiver in the mixture compared with sole soybean 
(Fig. S7b; Table S2).

Discussion

Our study showed that CMNs formed by maize 
(CMNs donor) increased the biomass, N and P con-
tent of maize/soybean mixture compared with that 

expected based on monocultures. This overyielding 
in N and P content was caused by the higher N and 
P content of both mixed maize and mixed soybean 
compared with monocultures when maize was the 
CMNs donor. The N and P content of mixed soybean 
was enhanced by CMNs presence compared with the 
treatments without CMNs regardless of the CMNs 
donor; However, the N and P content of mixed soy-
bean was similar with monocultured soybean when 
soybean was donor. Maize biomass was twice that of 
soybean in this study. The results showed that donor 
identity of CMNs unequally benefitted the N and P 
acquisition and content of crop species in the mixture. 
Both crop species benefitted in N and P content when 
the crop species with larger size (maize) was a CMNs 
donor but no benefits for both species when the crop 
species with smaller size (soybean) was a CMNs 
donor (Fig. 6).

Our results showed that the N and P content 
(Fig.  S2) of maize/soybean mixture in the presence 
of CMNs were higher than in the treatments without 
CMNs, consistent with previous results that the pres-
ence of AMF in crop mixtures has positive effects on 
nutrient uptake compared with the treatments with-
out AMF inoculation (Wang et al. 2016; Schütz et al. 

Fig. 6   Conceptual model to show how the common mycorrhi-
zal networks (CMNs) initiated by maize (left panel) or soybean 
(right panel) mediated the accumulation of biomass, nitrogen 
(N) and phosphorus (P) in maize/soybean mixture compared 
with monocultures. The length of arrows represent the time 

of the AMF colonization in the crop species. The width of the 
yellow arrows represent the amount of carbon (C) input of crop 
species to the CMNs, and the width of the green arrows repre-
sent the amount of nutrient (N, P) acquisition
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2022). However, we found that maize/soybean mix-
ture showed overyielding in biomass but no overy-
ielding in N and P content without CMNs, and maize/
soybean mixture showed overyielding in biomass, 
N and P content with maize as donor. The explana-
tion for this disconnect between nutrient acquisition 
and C gain could be that maize was co-limited by N 
and P without AMF (the average N:P of maize was 
10.4), and maize became N-limited with AMF (the 
average N:P of maize was 6.25). That means that the 
additional P uptake could be luxury uptake, and the 
P uptake was not translated into biomass. In addition, 
the space limitation caused by the size of the micro-
cosms could additionally limit the further growth of 
plants and potentially contribute to the observed lack 
of translation of improved P to growth.

Our second hypothesis was fully confirmed. The 
maize/soybean mixture with CMNs initiated by maize 
showed overyielding in biomass, N and P content 
but there was no overyielding with CMNs initiated 
by soybean in mixture. The overyielding of maize/
soybean mixture with CMNs initiated by maize was 
caused by the higher N and P content by both mixed 
maize and mixed soybean compared with monocul-
tured maize and monocultured soybean, respectively. 
Previous studies have shown that in symbiotic sys-
tems formed by CMNs, host plants with larger size 
generally exhibit stronger competitive ability than 
host plants with smaller size (Weremijewicz and 
Janos 2013; Weremijewicz et al. 2016) because larger 
host plants could provide more carbon to AMF, and 
reciprocally receive higher nutrients rewards from 
their fungal partner (Fellbaum et al. 2014; Walder and 
van der Heijden 2015). In the maize/soybean mixture, 
the average biomass of maize was about twice of soy-
bean, and maize could maintain a more extensive and 
beneficial, hyphal network than soybean. Lower part-
ner quality of soybean could also explain reduced root 
colonization of maize when soybean was the donor 
of CMNs (Fig. 2). Our results are consistent with Li 
et  al. (2022a), who showed that the CMNs initiated 
by the species with higher biomass (chickpea in that 
study) than the other species (millet) promoted overy-
ielding in nutrient uptake in millet/chickpea mixture. 
However, the causes could also be related to the dif-
ferent functional traits between maize and soybean 
since maize, a C4 plant, has stronger photosynthetic 
capacity than C3 soybean (Hatch 1987; Qiao et  al. 
2017), which allows maize to allocate large amount 

of carbon as the form of root exudates to mobilize 
sparingly soluble nutrients (Ma et al. 2022). Further 
studies on the causes related to functional traits such 
as root morphology or root exudates should be con-
ducted to understand the host identity effect on the 
beneficial CMNs effect. Moreover, our results showed 
that the MNR and MPR content of mixed maize was 
higher when the CMNs were initiated by maize than 
when initiated by soybean, while the MNR and MPR 
of mixed soybean were not affected by donor species, 
indicating that the role of CMNs in promoting nutri-
ent uptake is closely related to the initial host plant 
that has different plant functional traits (Toro et  al. 
2023). Together these data show that CMNs initiated 
by larger-biomass plants have a greater advantage 
in growth performance than the other species in the 
mixture, thereby exacerbating competition.

Our third hypothesis was supported by the 
increased nodule weight of mixed soybean in treat-
ments with CMNs initiated by maize than without 
CMNs, indicating that the N2 fixation capacity was 
enhanced with the dual inoculation of AMF and 
rhizobia, a result consistent with previous studies 
(Meng et al. 2015; Wang et al. 2016). Maize had a 
stronger ability to use soil available N than soybean, 
which reduced the amount of soil available N for 
soybean, and thus promoted soybean to rely more 
on N2 fixation. In the maize/soybean mixture, the 
enhanced N2 fixation of soybean reduced competi-
tion with maize for soil available N (Hauggaard-
Nielsen and Jensen 2001; Raza et al. 2019; Du et al. 
2020). The N:P of soybean with AMF was slightly 
lower compared with that without AMF. That sug-
gests that the addition of AMF did to some extent 
alleviate P limitation of soybean, which enhanced 
the N fixation of soybean. However, the N:P ratios 
above 15 indicated that P remained the limiting 
nutrient for soybean, again emphasizing the need for 
balanced fertilization in intercropping. The results 
were consistent with previous studies that cereals in 
crop mixtures successfully compete for available N 
and thereby enhance N2 fixation by soybean espe-
cially when mycorrhizal fungal activity supplies P 
to ensure N2 fixation (Unger et  al. 2016; Awaydul 
et al. 2019; Wipf et al. 2019). However, the N2 fixa-
tion should be quantified using 15N isotope labeling 
methods in further research to verify the enhance-
ment of N2 fixation caused by the CMNs initiated 
by maize.
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Our study demonstrated that the N and P content 
and overyielding were influenced by the host iden-
tity that formed the CMNs in maize/soybean mix-
ture. The mesh between root compartment and hyphal 
compartment could have reduced the access to nutri-
ents in the non-mycorrhizal treatments (apart from 
mass flow from hyphal compartment to root compart-
ment). This could have resulted in overestimating the 
mycorrhizal effect (the first ANOVA) but would not 
have impacted the mycorrhizal treatments (the sec-
ond ANOVA to test the for specific effects of being 
a donor or receiver of CMNs), which was the main 
focus of our study. Future research should focus on 
to what extent overyielding in crop mixtures caused 
by CMNs is determined by plant identity or also by 
fungal identity (Walder et al. 2012) because field soils 
contain a diversity of AMF species. Further research 
should also focus on the difference in time for donor 
and receiver to become mycorrhizal, since the ear-
lier the plant becomes mycorrhizal the more benefits 
could be derived from the CMNs. Our study increases 
understanding how root-microbe interactions con-
tribute to overyielding in maize/soybean intercrop-
ping, which is now widely practiced in China. How-
ever, field studies are needed to understand the role 
of CMNs in the overyielding in nutrient uptake in 
intercropping. Additionally, it should be noted that 
although intercropping has advantages in yield and 
nutrient uptake compared with monoculture, mecha-
nized production of intercropping remains a chal-
lenge, meaning that these advantages may come at 
the cost of more laborious management/harvesting.

Conclusion

In maize/soybean mixture, when maize, biomass of 
which was twice that of soybean, was the donor of 
the CMNs, N and P content of both maize and soy-
bean was increased compared with monocultures, and 
overyielding in N and P content was observed. Thus, 
overyielding in a maize/soybean mixture depends on 
the initiator of CMNs. With maize, a C4 species that 
has larger biomass than soybean, as CMNs donor, 
both species in the mixture benefited from CMNs 
compared with monocultures.

Acknowledgements  We acknowledge the financial sup-
port from the National Natural Science Foundation of China 

(32002127) and the National  Key R&D Program of China 
(2022YFD1900200), China Scholarship Council (201913043) 
and Hainan University. We also express our respect to the 
anonymous reviewers.

Author contributions  Y.L, L.Z and C.L designed the experi-
ment, Y.L, T.W.K, L.Z and C.L carried out data analysis and 
interpretation of results. All the authors reviewed the manu-
script and contributed to the interpretation and manuscript 
revisions.

Declarations 

Conflicts of interest  The authors declare no competing inter-
ests.

References

Alaux PL, Zhang Y, Gilbert L, Johnson D (2021) Can common 
mycorrhizal fungal networks be managed to enhance eco-
system functionality? Plants, People, Planet 3:433–444. 
https://​doi.​org/​10.​1002/​ppp3.​10178

Awaydul A, Zhu W, Yuan Y, Xiao J, Hu H, Chen X, Koide RT, 
Cheng L (2019) Common mycorrhizal networks influence 
the distribution of mineral nutrients between an invasive 
plant, Solidago canadensis, and a native plant, Kumme-
rowa striata. Mycorrhiza 29:29–38. https://​doi.​org/​10.​
1007/​s00572-​018-​0873-5

Brooker RW, Bennett AE, Cong WF, Daniell TJ, George TS, 
Hallett PD, Hawes C, Iannetta PPM, Jones HG, Karley 
AJ, Li L, McKenzie BM, Pakeman RJ, Paterson E, Schob 
C, Shen JB, Squire G, Watson CA, Zhang CC, Zhang FS, 
Zhang JL, White PJ (2015) Improving intercropping: a 
synthesis of research in agronomy, plant physiology and 
ecology. New Phytol 206:107–117. https://​doi.​org/​10.​
1111/​nph.​13132

Brundrett MC, Tedersoo L (2018) Evolutionary history of 
mycorrhizal symbioses and global host plant diversity. 
New Phytol 220:1108–1115. https://​doi.​org/​10.​1111/​nph.​
14976

Du Q, Zhou L, Chen P, Liu X, Song C, Yang F, Wang X, Liu 
W, Sun X, Du J, Liu J, Shu K, Yang W, Yong T (2020) 
Relay-intercropping soybean with maize maintains soil 
fertility and increases nitrogen recovery efficiency by 
reducing nitrogen input. Crop J 8:140–152. https://​doi.​org/​
10.​1016/j.​cj.​2019.​06.​010

Fellbaum CR, Mensah JA, Cloos AJ, Strahan GE, Pfeffer PE, 
Kiers ET, Bucking H (2014) Fungal nutrient allocation 
in common mycorrhizal networks is regulated by the car-
bon source strength of individual host plants. New Phytol 
203:646–656. https://​doi.​org/​10.​1111/​nph.​12827

Gu CF, Bastiaans L, Anten NPR, Makowski D, van der Werf 
W (2021) Annual intercropping suppresses weeds: a 
meta-analysis. Agric Ecosyst Environ 322:107658. https://​
doi.​org/​10.​1016/j.​agee.​2021.​107658

Hatch MD (1987) C4 photosynthesis: a unique elend of modi-
fied biochemistry, anatomy and ultrastructure. Biochim 
Biophys Acta Rev Bioenerg 895:81–106. https://​doi.​org/​
10.​1016/​S0304-​4173(87)​80009-5

https://doi.org/10.1002/ppp3.10178
https://doi.org/10.1007/s00572-018-0873-5
https://doi.org/10.1007/s00572-018-0873-5
https://doi.org/10.1111/nph.13132
https://doi.org/10.1111/nph.13132
https://doi.org/10.1111/nph.14976
https://doi.org/10.1111/nph.14976
https://doi.org/10.1016/j.cj.2019.06.010
https://doi.org/10.1016/j.cj.2019.06.010
https://doi.org/10.1111/nph.12827
https://doi.org/10.1016/j.agee.2021.107658
https://doi.org/10.1016/j.agee.2021.107658
https://doi.org/10.1016/S0304-4173(87)80009-5
https://doi.org/10.1016/S0304-4173(87)80009-5


	 Plant Soil

Vol:. (1234567890)

Hauggaard-Nielsen H, Jensen ES (2001) Evaluating pea and 
barley cultivars for complementarity in intercropping 
at different levels of soil N availability. Field Crops Res 
72:185–196. https://​doi.​org/​10.​1016/​S0378-​4290(01)​
00176-9

Hauggaard-Nielsen H, Ambus P, Jensen ES (2001) Interspe-
cific competition, N use and interference with weeds in 
pea-barley intercropping. Field Crops Res 70:101–109. 
https://​doi.​org/​10.​1016/​S0378-​4290(01)​00126-5

He XH, Critchley C, Bledsoe C (2003) Nitrogen transfer within 
and between plants through common mycorrhizal net-
works (CMNs). Crit Rev Plant Sci 22:531–567. https://​
doi.​org/​10.​1080/​71360​8315

Hinsinger P, Betencourt E, Bernard L, Brauman A, Plassard C, 
Shen JB, Tang XY, Zhang FS (2011) P for two, sharing a 
scarce resource: soil phosphorus acquisition in the rhizo-
sphere of intercropped species. Plant Physiol 156:1078–
1086. https://​doi.​org/​10.​1104/​pp.​111.​175331

Hu H, Li H, Hao M, Ren Y, Zhang M, Liu R, Zhang Y, Li G, 
Chen J, Ning T, Kuzyakov Y (2021) Nitrogen fixation and 
crop productivity enhancements co-driven by intercrop 
root exudates and key rhizosphere bacteria. J Appl Ecol 
58:2243–2255. https://​doi.​org/​10.​1111/​1365-​2664.​13964

Iqbal N, Hussain S, Ahmed Z, Yang F, Wang X, Liu W, Yong 
T, Du J, Shu K, Yang W, Liu J (2019) Comparative 
analysis of maize-soybean strip intercropping systems: 
a review. Plant Prod Sci 22:131–142. https://​doi.​org/​10.​
1080/​13439​43X.​2018.​15411​37

Kadam SB, Pable AA, Barvkar VT (2020) Mycorrhiza induced 
resistance (MIR): a defence developed through synergistic 
engagement of phytohormones, metabolites and rhizos-
phere. Funct Plant Biol 47:880–890. https://​doi.​org/​10.​
1071/​FP200​35

Li L, Li SM, Sun JH, Zhou LL, Bao XG, Zhang HG, Zhang 
FS (2007) Diversity enhances agricultural productivity 
via rhizosphere phosphorus facilitation on phosphorus-
deficient soils. P Natl Acad Sci USA 104:11192–11196. 
https://​doi.​org/​10.​1073/​pnas.​07045​91104

Li X, Wang Z, Bao X, Sun J, Yang S, Wang P, Wang C, Wu 
J, Liu X, Tian X, Wang Y, Li J, Wang Y, Xia H, Mei P, 
Wang X, Zhao J, Yu R, Zhang W, Che Z, Gui L, Callaway 
RM, Tilman D, Li L (2021) Long-term increased grain 
yield and soil fertility from intercropping. Nat Sustain 
4:943–950. https://​doi.​org/​10.​1038/​s41893-​021-​00767-7

Li C, Li H, Hoffland E, Zhang F, Zhang J, Kuyper TW (2022a) 
Common mycorrhizal networks asymmetrically improve 
chickpea N and P acquisition and cause overyielding by a 
millet/chickpea mixture. Plant Soil 472:279–293. https://​
doi.​org/​10.​1007/​s11104-​021-​05232-0

Li MH, Hu JL, Lin XG (2022b) The roles and performance 
of arbuscular mycorrhizal fungi in intercropping sys-
tems. Soil Ecol Lett 4:319–327. https://​doi.​org/​10.​1007/​
s42832-​021-​0107-1

Liu H, Wu Y, Xu H, Ai Z, Zhang J, Liu G, Xue S (2021) N 
enrichment affects the arbuscular mycorrhizal fungi-medi-
ated relationship between a C4 grass and a legume. Plant 
Physiol 187:1519–1533. https://​doi.​org/​10.​1093/​plphys/​
kiab3​28

Loreau M, Hector A (2001) Partitioning selection and comple-
mentarity in biodiversity experiments. Nature 412:72–76. 
https://​doi.​org/​10.​1038/​35083​573

Ma J, Wang W, Yang J, Qin S, Yang Y, Sun C, Pei G, Zee-
shan M, Liao H, Liu L, Huang J (2022) Mycorrhizal 
symbiosis promotes the nutrient content accumulation 
and affects the root exudates in maize. BMC Plant Biol 
22:64. https://​doi.​org/​10.​1186/​s12870-​021-​03370-2

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 Phytol 115:495–501. https://​
doi.​org/​10.​1111/j.​1469-​8137.​1990.​tb004​76.x

Meng LB, Zhang AY, Wang F, Han XG, Wang DJ, Li SM 
(2015) Arbuscular mycorrhizal fungi and rhizobium 
facilitate nitrogen uptake and transfer in soybean/maize 
intercropping system. Front Plant Sci 6:135939. https://​
doi.​org/​10.​3389/​fpls.​2015.​00339

Myaka FM, Sakala WD, Adu-Gyamfi JJ, Kamalongo D, 
Ngwira A, Odgaard R, Nielsen NE, Hogh-Jensen H 
(2006) Yields and accumulations of N and P in farmer-
managed intercrops of maize-pigeonpea in semi-arid 
Africa. Plant Soil 285:207–220. https://​doi.​org/​10.​1007/​
s11104-​006-​9006-6

Njira KOW, Semu E, Mrema JP, Nalivata PC (2020) Produc-
tivity of pigeon pea, cowpea and maize under sole crop-
ping, legume-legume and legume-cereal intercrops on 
Alfisols in Central Malawi. Agroforest Syst 95:279–291. 
https://​doi.​org/​10.​1007/​s10457-​020-​00589-0

Püschel D, Bitterlich M, Rydlová J, Jansa J (2021) Drought 
accentuates the role of mycorrhiza in phosphorus 
uptake. Soil Biol Biochem 157:108243. https://​doi.​org/​
10.​1016/j.​soilb​io.​2021.​108243

Qiao X, Bei SK, Li CJ, Dong Y, Li HG, Christie P, Zhang 
FS, Zhang JL (2015) Enhancement of faba bean com-
petitive ability by arbuscular mycorrhizal fungi is highly 
correlated with dynamic nutrient acquisition by com-
peting wheat. Sci Rep 5:8122. https://​doi.​org/​10.​1038/​
srep0​8122

Qiao Y, Miao S, Han X, Yue S, Tang C (2017) Improving soil 
nutrient availability increases carbon rhizodeposition 
under maize and soybean in Mollisols. Sci Total Envi-
ron 603–604:416–424. https://​doi.​org/​10.​1016/j.​scito​tenv.​
2017.​06.​090

Qiao X, Bei S, Wang G, Li C, Li H, Zhang J, Zhang F (2022) 
Soil biota is decisive for overyielding in intercropping 
under low phosphorus conditions. J Appl Ecol 59:1804–
1814. https://​doi.​org/​10.​1111/​1365-​2664.​14187

Raza MA, Feng LY, van der Werf W, Iqbal N, Khan I, Has-
san MJ, Ansar M, Chen YK, Xi ZJ, Shi JY, Ahmed M, 
Yang F, Yang W (2019) Optimum leaf defoliation: a new 
agronomic approach for increasing nutrient uptake and 
land equivalent ratio of maize soybean relay intercropping 
system. Field Crops Res 244:107647. https://​doi.​org/​10.​
1016/j.​fcr.​2019.​107647

Renard D, Tilman D (2021) Cultivate biodiversity to harvest 
food security and sustainability. Curr Biol 31:R1154–
R1158. https://​doi.​org/​10.​1016/j.​cub.​2021.​06.​082

Ryan MH, Tibbett M, Edmonds-Tibbett T, Suriyagoda LDB, 
Lambers H, Cawthray GR, Pang J (2012) Carbon trading 
for phosphorus gain: the balance between rhizosphere car-
boxylates and arbuscular mycorrhizal symbiosis in plant 
phosphorus acquisition. Plant, Cell Environ 35:2170–
2180. https://​doi.​org/​10.​1111/j.​1365-​3040.​2012.​02547.x

https://doi.org/10.1016/S0378-4290(01)00176-9
https://doi.org/10.1016/S0378-4290(01)00176-9
https://doi.org/10.1016/S0378-4290(01)00126-5
https://doi.org/10.1080/713608315
https://doi.org/10.1080/713608315
https://doi.org/10.1104/pp.111.175331
https://doi.org/10.1111/1365-2664.13964
https://doi.org/10.1080/1343943X.2018.1541137
https://doi.org/10.1080/1343943X.2018.1541137
https://doi.org/10.1071/FP20035
https://doi.org/10.1071/FP20035
https://doi.org/10.1073/pnas.0704591104
https://doi.org/10.1038/s41893-021-00767-7
https://doi.org/10.1007/s11104-021-05232-0
https://doi.org/10.1007/s11104-021-05232-0
https://doi.org/10.1007/s42832-021-0107-1
https://doi.org/10.1007/s42832-021-0107-1
https://doi.org/10.1093/plphys/kiab328
https://doi.org/10.1093/plphys/kiab328
https://doi.org/10.1038/35083573
https://doi.org/10.1186/s12870-021-03370-2
https://doi.org/10.1111/j.1469-8137.1990.tb00476.x
https://doi.org/10.1111/j.1469-8137.1990.tb00476.x
https://doi.org/10.3389/fpls.2015.00339
https://doi.org/10.3389/fpls.2015.00339
https://doi.org/10.1007/s11104-006-9006-6
https://doi.org/10.1007/s11104-006-9006-6
https://doi.org/10.1007/s10457-020-00589-0
https://doi.org/10.1016/j.soilbio.2021.108243
https://doi.org/10.1016/j.soilbio.2021.108243
https://doi.org/10.1038/srep08122
https://doi.org/10.1038/srep08122
https://doi.org/10.1016/j.scitotenv.2017.06.090
https://doi.org/10.1016/j.scitotenv.2017.06.090
https://doi.org/10.1111/1365-2664.14187
https://doi.org/10.1016/j.fcr.2019.107647
https://doi.org/10.1016/j.fcr.2019.107647
https://doi.org/10.1016/j.cub.2021.06.082
https://doi.org/10.1111/j.1365-3040.2012.02547.x


Plant Soil	

Vol.: (0123456789)

Schütz L, Saharan K, Mäder P, Boller T, Mathimaran N (2022) 
Rate of hyphal spread of arbuscular mycorrhizal fungi from 
pigeon pea to finger millet and their contribution to plant 
growth and nutrient uptake in experimental microcosms. 
Appl Soil Ecol 169:104156. https://​doi.​org/​10.​1016/j.​apsoil.​
2021.​104156

Singh D, Mathimaran N, Boller T, Kahmen A (2019) Bioirriga-
tion: a common mycorrhizal network facilitates the water 
transfer from deep-rooted pigeon pea to shallow-rooted fin-
ger millet under drought. Plant Soil 440:277–292. https://​
doi.​org/​10.​1007/​s11104-​019-​04082-1

Smith SE, Read D (2008) 1 - The symbionts forming arbuscular 
mycorrhizas. In: Smith SE, Read D (eds) Mycorrhizal Sym-
biosis, 3rd edn. Academic Press, London, pp 13–41

Stockinger H, Walker C, Schüßler A (2009) ‘Glomus intraradices 
DAOM197198’, a model fungus in arbuscular mycorrhiza 
research, is not Glomus intraradices. New Phytol 183:1176–
1187. https://​doi.​org/​10.​1111/j.​1469-​8137.​2009.​02874.x

Thomas RL, Sheard RW, Moyer JR (1967) Comparison of con-
ventional and automated procedures for nitrogen, phospho-
rus, and potassium analysis of plant material using a single 
digestion. Agron J 59:240–243. https://​doi.​org/​10.​2134/​
agron​j1967.​00021​96200​59000​30010x

Toro L, Pereira-Arias D, Perez-Aviles D, Vargas GG, Soper FM, 
Gutknecht J, Powers JS (2023) Phosphorus limitation of 
early growth differs between nitrogen-fixing and nonfixing 
dry tropical forest tree species. New Phytol 237:766–779. 
https://​doi.​org/​10.​1111/​nph.​18612

Unger S, Friede M, Hundacker J, Volkmar K, Beyschlag W 
(2016) Allocation trade-off between root and mycorrhizal 
surface defines nitrogen and phosphorus relations in 13 
grassland species. Plant Soil 407:279–292. https://​doi.​org/​
10.​1007/​s11104-​016-​2994-y

Walder F, van der Heijden MG (2015) Regulation of resource 
exchange in the arbuscular mycorrhizal symbiosis. Nat 
Plants 1:15159. https://​doi.​org/​10.​1038/​nplan​ts.​2015.​159

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 Physiol 
159:789–797. https://​doi.​org/​10.​1104/​pp.​112.​195727

Wang X, Pan Q, Chen F, Yan X, Liao H (2011) Effects of co-
inoculation with arbuscular mycorrhizal fungi and rhizobia 
on soybean growth as related to root architecture and avail-
ability of N and P. Mycorrhiza 21:173–181. https://​doi.​org/​
10.​1007/​s00572-​010-​0319-1

Wang GH, Sheng LC, Zhao D, Sheng JD, Wang XR, Liao H 
(2016) Allocation of nitrogen and carbon is regulated by 
nodulation and mycorrhizal networks in soybean/maize 
intercropping system. Front Plant Sci 7:1901. https://​doi.​
org/​10.​3389/​fpls.​2016.​01901

Wang GZ, Ye CC, Zhang JL, Koziol L, Bever JD, Li XL (2019) 
Asymmetric facilitation induced by inoculation with arbus-
cular mycorrhizal fungi leads to overyielding in maize/faba 
bean intercropping. J Plant Interact 14:10–20. https://​doi.​
org/​10.​1080/​17429​145.​2018.​15502​18

Wang L, Li X, Mang M, Ludewig U, Shen J (2021a) Heteroge-
neous nutrient supply promotes maize growth and phospho-
rus acquisition: additive and compensatory effects of lateral 
roots and root hairs. Ann Bot 128:431–440. https://​doi.​org/​
10.​1093/​aob/​mcab0​97

Wang X, Feng H, Wang Y, Wang M, Xie X, Chang H, Wang L, 
Qu J, Sun K, He W, Wang C, Dai C, Chu Z, Tian C, Yu N, 
Zhang X, Liu H, Wang E (2021b) Mycorrhizal symbiosis 
modulates the rhizosphere microbiota to promote rhizobia-
legume symbiosis. Mol Plant 14:503–516. https://​doi.​org/​
10.​1016/j.​molp.​2020.​12.​002

Wang S, Wei H, Chen K, Dong Q, Ji J, Zhang J (2022) Practi-
cal methods for arbuscular mycorrhizal fungal spore density, 
hyphal density and colonization rate of AMF. Bio-Protocol 
101:e2104253. https://​doi.​org/​10.​21769/​BioPr​otoc.​21042​53

Weremijewicz J, Janos DP (2013) Common mycorrhizal net-
works amplify size inequality in Andropogon gerardii 
monocultures. New Phytol 198:203–213. https://​doi.​org/​10.​
1111/​nph.​12125

Weremijewicz J, Sternberg LDSLOR, Janos DP (2016) Common 
mycorrhizal networks amplify competition by preferential 
mineral nutrient allocation to large host plants. New Phytol 
212:461–471. https://​doi.​org/​10.​1111/​nph.​14041

Willey RW (1990) Resource use in intercropping systems. Agric 
Water Manage 17:215–231. https://​doi.​org/​10.​1016/​0378-​
3774(90)​90069-B

Wipf D, Krajinski F, van Tuinen D, Recorbet G, Courty PE 
(2019) Trading on the arbuscular mycorrhiza market: from 
arbuscules to common mycorrhizal networks. New Phytol 
223:1127–1142. https://​doi.​org/​10.​1111/​nph.​15775

Yang F, Liao D, Fan Y, Gao R, Wu X, Rahman T, Yong T, Liu 
W, Liu J, Du J, Shu K, Wang X, Yang W (2017) Effect of 
narrow-row planting patterns on crop competitive and eco-
nomic advantage in maize-soybean relay strip intercropping 
system. Plant Prod Sci 20:1–11. https://​doi.​org/​10.​1080/​
13439​43X.​2016.​12245​53

Zhang L, Xu M, Liu Y, Zhang F, Hodge A, Feng G (2016) Car-
bon and phosphorus exchange may enable cooperation 
between an arbuscular mycorrhizal fungus and a phosphate-
solubilizing bacterium. New Phytol 210:1022–1032. https://​
doi.​org/​10.​1111/​nph.​13838

Zhang L, Feng G, Declerck S (2018) Signal beyond nutrient, 
fructose, exuded by an arbuscular mycorrhizal fungus trig-
gers phytate mineralization by a phosphate solubilizing 
bacterium. ISME J 12:2339–2351. https://​doi.​org/​10.​1038/​
s41396-​018-​0171-4

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 applica-
tion rates. Sci Total Environ 740:139810. https://​doi.​org/​10.​
1016/j.​scito​tenv.​2020.​139810

Publisher’s Note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

Springer Nature or its licensor (e.g. a society or other partner) 
holds exclusive rights to this article under a publishing agreement 
with the author(s) or other rightsholder(s); author self-archiving of 
the accepted manuscript version of this article is solely governed 
by the terms of such publishing agreement and applicable law.

https://doi.org/10.1016/j.apsoil.2021.104156
https://doi.org/10.1016/j.apsoil.2021.104156
https://doi.org/10.1007/s11104-019-04082-1
https://doi.org/10.1007/s11104-019-04082-1
https://doi.org/10.1111/j.1469-8137.2009.02874.x
https://doi.org/10.2134/agronj1967.00021962005900030010x
https://doi.org/10.2134/agronj1967.00021962005900030010x
https://doi.org/10.1111/nph.18612
https://doi.org/10.1007/s11104-016-2994-y
https://doi.org/10.1007/s11104-016-2994-y
https://doi.org/10.1038/nplants.2015.159
https://doi.org/10.1104/pp.112.195727
https://doi.org/10.1007/s00572-010-0319-1
https://doi.org/10.1007/s00572-010-0319-1
https://doi.org/10.3389/fpls.2016.01901
https://doi.org/10.3389/fpls.2016.01901
https://doi.org/10.1080/17429145.2018.1550218
https://doi.org/10.1080/17429145.2018.1550218
https://doi.org/10.1093/aob/mcab097
https://doi.org/10.1093/aob/mcab097
https://doi.org/10.1016/j.molp.2020.12.002
https://doi.org/10.1016/j.molp.2020.12.002
https://doi.org/10.21769/BioProtoc.2104253
https://doi.org/10.1111/nph.12125
https://doi.org/10.1111/nph.12125
https://doi.org/10.1111/nph.14041
https://doi.org/10.1016/0378-3774(90)90069-B
https://doi.org/10.1016/0378-3774(90)90069-B
https://doi.org/10.1111/nph.15775
https://doi.org/10.1080/1343943X.2016.1224553
https://doi.org/10.1080/1343943X.2016.1224553
https://doi.org/10.1111/nph.13838
https://doi.org/10.1111/nph.13838
https://doi.org/10.1038/s41396-018-0171-4
https://doi.org/10.1038/s41396-018-0171-4
https://doi.org/10.1016/j.scitotenv.2020.139810
https://doi.org/10.1016/j.scitotenv.2020.139810

	Partner quality matters—overyielding in a maizesoybean mixture depends on the initiator of common mycorrhizal networks
	Abstract 
	Aims 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Growth substrate and microcosm setup
	Experimental design
	Harvest and sample analysis
	Statistical analysis

	Results
	AMF colonization
	Shoot biomass, N content and P content
	N:P ratio
	Mycorrhizal growth responses of biomass, N content and P content
	Overyielding of shoot biomass, N content and P content
	Nodule number and nodule weight of soybean

	Discussion
	Conclusion
	Acknowledgements 
	References


