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Abstract
The inoculation response of single arbuscular mycorrhiza fungi (AMF) or rhizobia (Rh) in relation to nitrogen (N) acquisition 
of plants is well established, while the combined effect of both AMF and Rh is poorly known with regard to N assimilation 
for changes in amino acids of white clover (Trifolium repens). A pot study was carried out to evaluate the effect of single 
versus dual inoculation of AMF (Rhizophagus intraradices) and rhizobium (Rhizobium trifolii) on plant growth, leaf and 
root N contents, root amino acid contents, and root N-related enzyme activities in white clover. One hundred days after 
inoculations, Rh inoculation significantly stimulated the root colonization by R. intraradices. A single inoculation of AMF 
or Rh improved the plant growth (biomass production, root projected area, and root volume), root N acquisition, and dual 
inoculation of AMF and Rh further expanded some of these positive effects on root projected area and root N contents than 
single inoculation. All the inoculations notably increased activities of root asparagines synthase, nitrate reductase, and 
glutamate synthase, whilst dual inoculation displayed a much stronger effect in asparagine synthase activity than single 
inoculation. Single Rh treatment increased root glutamate and proline content, single AMF inoculation induced an increase 
in glutamate, aspartate, arginine, and ornithine content, while dual inoculation stimulated the accumulation of aspartate and 
proline. These results suggested the cooperation between the AMF and Rh inoculations, which magnified the positive effect 
on partly N metabolites and N-assimilation relevant enzymes of white clover.
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Introduction

Plant growth is dependent on many external and internal 
factors, like water, temperature, mineral nutrition, and 
microbes, whilst plant nitrogen (N) levels are closely associ-
ated with growth rates. Changes in stable N-related products 
such as amino acids have proven to affect the N-assimilation 
of plants (Wild et al. 2018).

Arbuscular mycorrhizal fungi (AMF), one of the most 
widely distributed microorganisms in soil ecosystems, can 
form a beneficial symbiosis with roots of up to 80% of 
terrestrial plants for improved water and nutrient acquisi-
tion (Tuo et al. 2017; Wu et al. 2019; Zhang et al. 2019, 
2020; Zou et al. 2020). AMF enables host plants to absorb 
and transport more N (organic and inorganic forms of N) 
through greater interception of mycorrhizal mycelium within 
the mycorrhizosphere, whilst ammonium ion (NH4

+) is the 
preferred form of N for absorption by AMF (Jin et al. 2005; 
Yang et al. 2021). In addition, mycorrhizal fungi released 
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glomalin into the soil, which also contributes to soil nutri-
ents including N (He et al. 2020; Meng et al. 2020). The 
increase in N acquisition by mycorrhizas has been reported 
up to 74% in maize (Tanaka and Yano 2005) and 8.54% in 
chickpea (Akhtar and Siddiqui 2008).

Rhizobia (Rh) are gram-negative bacteria from soil, 
which colonize root hairs to form nodules for the N-fixation 
of atmospheric N by nitrogenase. Rh contributes 40–48 mil-
lion tons of N annually through various forms of symbiosis 
with legumes (Neumann et al. 2011). AMF and Rh collec-
tively form two different symbionts with legumes to increase 
N acquisition, whereas there is less information about the 
dual inoculations with AMF and Rh on N-assimilation of 
legumes. The plants co-inoculated with AMF and Rh could 
fix more N2 and thus have an improved N content, com-
pared with single inoculation (Lakshman and Patil 2004). 
A symbiotic association of Sesbania rostrata, Azorhizo-
bium caulinodans, and Glomus etunicatum exhibited the 
highest uranium removal rates than non-inoculation, single 
Rh inoculation, and single AMF inoculation, indicating an 
improved phytoremediation efficiency of uranium by the 
triple symbiosis (Ren et al. 2019). Mycorrhizal symbiosis 
is, therefore, an established strategy of plants to accelerate 
symbiotic N acquisition in P-deficit soil (Bulgarelli et al. 
2017). In addition to these positive effects on N uptake, no or 
negative effects of dual inoculation with AMF and Rh have 
been found in pea and green gram (Saxena et al. 1997; Blilou 
et al. 1999). Franzini et al. (2010) reported the deleterious 
effect of co-inoculation with AMF and Rh on the growth of 
Phaseolus vulgaris, depending on the plant variety and the 
symbionts. In subtropical grassland soils, AMF inoculation 
did not change the N content and biological N-fixation of 
Melilotus alba by Rhizobium meliloti when soil P level was 
dramatically low (Hack et al. 2019). These results indicated 
the complex relationships in the triple symbionts of legume-
AMF-Rh, and therefore, more work needs to be explored in 
diverse legume-AMF-Rh systems.

In the process of N-assimilation, nitrate assimilation in 
the roots occurs by a nitrate reduction to nitrite and then to 
ammonia, which is incorporated into the glutamine amide-
N and then to glutamic acid (Glu) and other amino acids 
(Yoneyama and Suzuki 2019). Evidence has shown that soil 
inhabited symbiotic microbes play important roles in the 
N-assimilation of legumes (Martin et al. 2001), whereas the 
question of whether or not AMF and Rh have a cooperative 
effect on N assimilation of a legume plant, white clover, 
was poorly known. White clover (Trifolium repens L.) is a 
superior perennial leguminous pasture with high feed qual-
ity and is used as green manure to increase soil fertility, a 
strategy to improve the protein content of the coarse fodder 
and, thereby, facilitate the reduction of industrial N fertiliz-
ers application (Lüscher et al. 2014). The present study was 
aimed to evaluate the effect of inoculation with AMF and 

Rh on plant growth, leaf and root N levels, root enzyme 
activities associated with N-assimilation, and root amino 
acid levels in white clover, further analyzing the relation-
ship between AMF and Rh in N-assimilation of white clover.

Materials and methods

Microbial materials

The Rhizobium trifolii (Rh) strain was obtained from the 
Agricultural Culture Collection of China (Beijing; No: 
ACCC 18,017) and isolated from white clover. The Rh strain 
was activated on yeast mannitol, and a single colony was 
cultured on yeast mannitol liquid medium at 28 °C for 18 h 
to logarithmic growth phase, and centrifuged at 8000×g for 
5 min to get the precipitation, which was diluted by ddH2O 
for the bacterial suspension (approximately 4.29 × 108 
cells/mL). An arbuscular mycorrhizal fungus, Rhizophagus 
intraradices (N.C. Schenck & G.S. Sm.) C. Walker & A. 
Schüßler, was provided by the Bank of Glomeromycota in 
China (No: BGC JX04B), and propagated in pot culture with 
white clover. Mycorrhizal inoculum contained colonized 
root segments, spores (18 spores/g), and hyphae.

Experimental design

The experiment was carried out in a completely randomized 
design with four treatments, as shown in Supplementary 
materials 1. The four treatments included single inocula-
tion with Rhizophagus intraradices (+ AMF−Rh), single 
inoculation with Rhizobium trifolii (− AMF + Rh), dual 
inoculation with Rhizophagus intraradices and Rhizobium 
trifolii (+ AMF + Rh), and inoculation with autoclaved 
(121 °C, 0.11 MPa, 2 h) mycorrhizal inoculums and ddH2O 
(− AMF − Rh). Each treatment had six replicates (corre-
sponding to six pots), with a total of 24 pots (12 seedlings 
per pot).

Plant culture

Seeds of white clover were surface-sterilized with 75% alco-
hol solution for 5 min and with 0.525% of sodium hypochlo-
rite solution for 5 min, then rinsed with ddH2O three times. 
Subsequently, the seeds were soaked in the bacterial suspen-
sion of Rhizobium trifolii (Rh) for 1 h as the Rh-inoculated 
treatment, and the non-Rh-inoculated seeds were soaked in 
ddH2O for 1 h. Afterward, these seeds were sown in plastic 
pots (15 cm top diameter × 10 cm bottom diameter × 12 cm 
height) filled with 2.5 kg of autoclaved (121 °C, 0.11 MPa, 
2 h) soils and sand (4: 1, v/v) as the growing medium. The 
soil chemical properties were pH 6.2, Bray-P 16.4 mg/kg, 
and soil organic carbon 10.5 mg/g.
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At the time of sowing, 100  g mycorrhizal inoculum 
was applied to the growth medium of the pot. Non-AMF 
treatment also received the same amount of autoclaved 
(0.11 MPa, 121  °C, 2 h) mycorrhizal inoculums. After 
1 week of seed sowing, each pot was thinned to contain 
only 12 seedlings evenly distributed on the pot. Plants 
from four different treatments were watered every two 
days with 100 mL distilled water, and 20 mL full-strength 
Hoagland solutions (5  mM KNO3, 1  mM NH4H2PO4, 
0.5  mM Ca(NO3)2, 0.5  mM MgSO4, 60  μM Fe-citrate, 
92 μM H3BO3, 18 μM MnCl2⋅4H2O, 1.6 μM ZnSO4⋅7H2O, 
0.6 μM CuSO4⋅5H2O, and 0.7 μM (NH4)6Mo7O24⋅4H2O) 
were weekly applied into each pot. All the pots were placed 
in a greenhouse with growing conditions characterized 
by 768  μmol/m2/s photosynthetic photon flux density, 
30 °C/25 °C day/night temperature, and 68% relative humid-
ity for 100 days. All the pots were weekly re-set, to eliminate 
the effect of pot location.

Observations on plant growth responses

The treated white clover plants were harvested 100 days 
after inoculation. To avoid plant enzyme inactivation, we 
randomly selected six plants per pot to analyze changes 
in plant growth, root morphology, root mycorrhizal colo-
nization, and N contents, and the other six plants per pot 
were frozen in liquid nitrogen and stored at -80 °C for later 
analysis of amino acid content and N-assimilation relevant 
enzyme activities. Plants were divided into shoots and roots, 
whose fresh biomass was weighed and recorded. The root 
growth responses in terms of root total length, projected 
area, and volume were measured by the Epson Flatbed Scan-
ner (J221A, Jakarta Selatan, Indonesia) and professional 
WinRHIZO software (Regent Instruments Inc., Quebec, 
Canada).

Determination of root mycorrhizal colonization

Five 1-cm long root segments per seedling were used for 
the analysis of root mycorrhizal colonization, resulting in a 
total of 180 root segments per treatment. The root samples 
from lateral roots were cleared by 10% of KOH solution 
for 10 min, bleached by 10% H2O2 for 10 min, incubated 
by 0.2 mol/L HCl for 8 min, and stained by 0.05% (w/v) 
of trypan blue for 5 min (Phillips and Hayman 1970). The 
mycorrhiza in the root was observed by a light microscope. 
Root mycorrhizal colonization was calculated as the percent-
age of AMF-colonized root lengths versus total root lengths.

Determination of leaf chlorophyll concentrations

A 0.2-g leaf sample was ground with 80% acetone solu-
tions, filtered, and metered a constant volume of 25 mL. The 

absorbance of the filtrate was determined by a spectropho-
tometer at 663 nm and 646 nm. Chlorophyll a and b con-
centrations were calculated as per the formula described by 
Lichtenthaler and Wellburn (1983). Total chlorophyll con-
centration was the sum of chlorophyll a and chlorophyll b.

Determination of N and amino acid content

A 0.1-g fresh root sample was extracted with 1 mL 5.7 mol/L 
HCl for 22 h and centrifuged at 10,000×g for 5 min. The 
sample injected volume was 1 μL for the analysis of the 
LC–MS system (A Shimadzu LC-20ADXR HPLC sys-
tem with an applied biosystems sciex Q-trap 5500 mass 
spectrometer). The sample vials were maintained at 4 °C, 
and the chromatographic separation was achieved using a 
gradient elution at 40 °C on an ACQUITY UPLC® BEH 
Amide column (100 mm × 2.1 mm, 1.7 μm, Waters, USA) 
with a VanGuard column (5 mm × 2.1 mm, 1.7 μm, Waters, 
USA). Mobile phase A was water containing 0.1% formic 
acid, and phase B was acetonitrile/water (95: 5, v/v) contain-
ing 2.5 mmol/L ammonium formate and 0.1% formic acid. 
The mobile phase gradient was followed by a flow rate of 
0.3 mL/min. The process of the gradient elution included 
100% B for 1 min, 100% B to 50% B for 5 min, 40% B for 
3 min, and an equilibration time was 3 min (Liyanaarachchi 
et al. 2018).

Leaf and root N contents were determined following the 
method suggested by Zhao et al. (2012) with an electro-
chemical analyzer (Smartchem 200, Scientific Instruments 
Limited, Weston, USA).

Determination of N‑assimilation relevant enzyme 
activities

The 0.2-g fresh root samples were extracted with 3 mL 
50 mmol/L Tris–HCl buffer solutions (pH 7.5) containing 
0.1 mol/L Tris, 2 mmol/L MgSO4, 2 mmol/L dithiothreitol, 
and 40 mmol/L sucrose, and then centrifuged at 10,000×g 
for 15 min at 4 °C. The supernatant was used for glutamine 
synthase (GS) and glutamate synthase (GOGAT) activity 
assays. The GS activity was assayed according to Husted 
et al. (2002) with minor modification, based on measur-
ing the formation of γ-glutamyl hydroxamate. The 0.7 mL 
supernatants were added in 1.6 mL of reaction solution con-
taining 80 mmol/L MgSO4, 20 mmol/L l -Na-glutamate, 
20 mmol/L l-cysteine, and ATP at 37 °C for 30 min. The 
1 mL of chromogenic reagent containing 0.2 mol/L trichlo-
roacetic acid, 0.37 mol/L FeCl3 and 0. 6 mol/L HCl was 
added, and the absorbance was measured at 540 nm after 
10 min. The GOGAT activity was measured as per the pro-
tocol described by Singh and Srivastava (1986) with minor 
modifications. The 0.3 mL supernatants were incubated with 
2.7 mL mixed solutions containing 50 mmol/L Tris–HCl, 
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20 mmol/L l-glutamine, 20 mmol/L 2-oxoglutarate, and 
0.3 mmol/L NADH at 30 °C for 30 min. The absorbance 
was measured at 340 nm.

Asparagine synthetase (AS) activity in roots was moni-
tored as per the method as described by Joy et al. (1983). 
Nitrate reductase (NR) activity in roots was analyzed accord-
ing to Foyer et al. (1998).

Statistical analysis

Data were analyzed by one-way analysis of variation 
(ANOVA) with SAS® software (9.1.3v) (SAS Institute 
Inc., Cary, NC, USA). The significant difference between 
the treatments was analyzed by the Tukey’s Honestly Sig-
nificant difference at the 5% level. The Pearson’s correlation 
coefficients between N-assimilation relevant enzyme activi-
ties and amino acid contents in the root of white clover were 
performed using the Proc Corr’s procedure in SAS.

Results

Changes in root mycorrhizal colonization and plant 
growth responses

No mycorrhizal structures were observed in the non-AMF-
inoculated white clover plants. The root mycorrhizal colo-
nization of + AMF–Rh and + AMF + Rh treated plants was 
observed as 85.75% and 94.25%, respectively (Table 1). 
Therefore, Rh significantly increased root AMF coloniza-
tion. Compared with the non-inoculated plant, single and 
dual inoculations displayed significantly higher shoot, root 
and total biomass, total root length, root projected area, and 
root volume (Table 1). The positive effect on the root pro-
jected area was considerably higher with + AMF + Rh treat-
ment conditions than with either AMF or Rh inoculation 
treatment.

Changes in leaf chlorophyll levels

Compared with non-inoculated treatment, leaf chloro-
phyll a, chlorophyll b, and total chlorophyll levels were 
increased by sole AMF inoculation, single Rh inocula-
tion, and dual inoculation, respectively (Supplementary 
materials 2). Dual inoculation with both AMF and Rh 
represented a significantly higher concentration of leaf 
chlorophyll a and total chlorophyll than sole inoculation 
with either AMF or Rh.

Changes in leaf and root N content and root amino 
acid contents

In white clover, root N content was considerably higher in 
roots than in leaves (Fig. 1a). Compared to – AMF − Rh 
treatment, treatments with –  AMF + Rh, + AMF–Rh, 
and + AMF + Rh significantly increased leaf N content 
(Fig. 1a). Single Rh treatment also showed significantly 
higher leaf N content than single AMF inoculation 
and co-inoculation. Compared to –  AMF  −  Rh treat-
ment, + AMF − Rh, and − AMF + Rh treatments dra-
matically increased root Glu contents by 32.41% and 
18.42%, respectively, without any significant change with 
+ AMF + Rh treatment (Fig. 1b). The seedlings treated 
with + AMF − Rh and + AMF + Rh recorded 17.96% and 
37.16% significantly higher Asp, 14.53% and 20.72% sig-
nificantly higher Arg, and 14.94% and 33.15% significantly 
higher Orn in root, as compared with the seedlings with 
– AMF − Rh (Fig. 1b). However, no significant change 
in root Asp, Arg, and Orn levels was observed between 
− AMF + Rh treatment and – AMF − Rh treatment. The 
treatment with − AMF + Rh and + AMF + Rh observed 
an increase in root Pro contents by 22.94% and 42.56%, 
respectively, as compared with – AMF − Rh treatment.

Table 1   Effects of arbuscular mycorrhizal fungi (Rhizophagus intraradices) and rhizobia (Rhizobium trifolii) on plant growth performance of 
white clover

Data (means ± SD, n = 6) followed by different letters in same column indicated significant (P < 0.05) differences between treat-
ments.–  AMF  –  Rh: inoculation with autoclaved mycorrhizal inoculums and ddH2O; –  AMF + Rh: single inoculation with Rhizobium trifo-
lii; + AMF  –  Rh: single inoculation with Rhizophagus intraradices; + AMF + Rh: dual inoculation with both Rhizophagus intraradices and 
Rhizobium trifolii; FW fresh weight

Treatments Root AMF 
colonization 
(%)

Shoot biomass 
(g FW/plant)

Root biomass 
(g FW/plant)

Total biomass 
(g FW/plant)

Total root 
length (cm/
plant)

Root projected area
(cm2/plant)

Root volume 
(cm3/plant)

– AMF–Rh 0c 9.82 ± 0.76c 3.05 ± 0.62b 12.87 ± 1.26c 67.91 ± 4.92b 4.92 ± 0.13c 0.34 ± 0.04b
– AMF + Rh 0c 16.08 ± 1.37a 6.80 ± 0.63a 22.88 ± 1.55a 92.63 ± 7.55a 5.84 ± 0.44b 0.50 ± 0.04a
 + AMF–Rh 85.75 ± 3.77b 13.37 ± 1.19b 7.12 ± 0.73a 20.49 ± 1.36b 76.41 ± 3.55b 5.63 ± 0.28b 0.45 ± 0.03a
 + AMF + Rh 94.25 ± 4.11a 16.11 ± 1.58a 7.16 ± 0.97a 23.27 ± 2.25a 96.27 ± 5.48a 6.54 ± 0.69a 0.52 ± 0.07a
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Changes in enzyme activities relevant 
for N‑assimilation in roots

Compared to the non-inoculated seedlings, the seedlings 
treated by single Rh, single AMF, and dual AMF and Rh 
inoculation represented 41.64%, 48.40%, and 43.45% signifi-
cantly higher root GOGAT activities; 49.52%, 11.09%, and 
61.23% significantly higher root AS activities; and 33.41%, 
52.96%, and 66.67% significantly higher root NR activi-
ties, respectively (Table 2). However, different inoculation 
treatments displayed diverse responses on root GS activi-
ties: increase with dual inoculation; reduction with single 
Rh inoculation; and no changes with single AMF treatment.

Pearson’s correlation studies

Root Glu levels were significantly positively correlated 
with GOGAT activity and negatively correlated with GS 
activity (Table 2). Likewise, root Asp, Pro, and Orn con-
tents were significantly and positively correlated with 
GS, GOGAT, AS, and NR activity. Additionally, root Arg 
content was significantly and positively correlated with 
individual root GS activity.

Fig. 1   Effects of arbuscular mycorrhizal fungi (Rhizophagus intrara-
dices) and rhizobia (Rhizobium trifolii) on N contents in leaves and 
roots (a) and glutamate, aspartate, arginine, proline, and ornithine 
contents (b) in roots of white clover. Data (means ± SD, n = 6) fol-

lowed by different letters above bars showed significant (P < 0.05) 
differences between treatments in the same tissue. * indicates the sig-
nificant difference of N contents between leaf and root

Table 2   Effects of arbuscular 
mycorrhizal fungi (Rhizophagus 
intraradices) and rhizobia 
(Rhizobium trifolii) on 
N-assimilation relevant enzyme 
activities and the Pearson’s 
correlation coefficients between 
N-assimilation relevant enzyme 
activities and amino acid 
contents

Data (means ± SD, n = 6) followed by different letters in same column indicated significant (P < 0.05) dif-
ferences between treatments. *P < 0.05; **P < 0.01. Abbreviations: same as for Table 1
Arg arginine, Asp aspartate, AS asparagine synthetase, Glu glutamate, GOGAT​ glutamate synthase, GS glu-
tamine synthase, NR nitrate reductase, Orn ornithine, Pro proline

Treatments NR
(nmol/h/g FW)

GS
(µmol/h/g FW)

GOGAT​
(nmol/h/g FW)

AS
(nmol/h/g FW)

– AMF – Rh 1.29 ± 0.09c 0.19 ± 0.02b 53.82 ± 3.51b 117.22 ± 5.89d
– AMF + Rh 1.72 ± 0.14b 0.16 ± 0.02c 76.23 ± 3.45a 175.27 ± 5.25b
+ AMF – Rh 1.95 ± 0.11a 0.18 ± 0.02bc 79.87 ± 3.04a 130.22 ± 4.90c
+ AMF + Rh 2.14 ± 0.21a 0.26 ± 0.02a 77.20 ± 3.14a 189.00 ± 8.14a
Pearson’s correlation coefficients
 Glu 0.21 − 0.60* 0.54* 0.33
 Asp 0.83** 0.66** 0.60* 0.61*
 Arg 0.28 0.65** 0.03 − 0.09
 Pro 0.66** 0.52* 0.57* 0.81**
 Orn 0.79** 0.61* 0.60* 0.50*
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Discussion

In this study, we evaluated the single or combined effect 
of AMF and Rh on plant growth and root N acquisition 
and assimilation in a leguminous plant, white clover. The 
results showed that single inoculation with AMF or Rh 
exhibited a positive effect on root N acquisition, amino 
acid contents, and N-related enzyme activities, and dual 
inoculation of AMF and Rh further magnified some of 
these responses, as evidenced by increased part N-assimi-
lation enzyme activities and accumulation of some amino 
acids in roots. As a consequence, the two microbes had a 
cooperative effect on N acquisition and N assimilation, to 
some extent.

In our study, inoculation with Rhizobium trifolii consid-
erably stimulated the colonization of Rhizophagus intrara-
dices in roots of white clover, which is in agreement with 
the observations made earlier in Acacia senegal (Ndoye 
et al. 2015), It is well documented that AMF maintained 
a comparatively higher P-supply level in the mycorrhizo-
sphere to meet the demand for elevated N2 fixation by Rh, 
which eventually aided in promoting higher mycorrhizal 
colonization of roots (Xavier and Germida 2003). Sin-
gle Rh inoculation promoted the N level of white clover. 
Meanwhile, to maintain a stoichiometric balance between 
N and P in the plant, P becomes the more important nutri-
ent element in the plant. As a result, more carbon sources 
would be assigned to AMF for exchanging more P, thereby, 
potentially increasing root mycorrhizal colonization (Liu 
et al. 2020). High AMF colonization also means high fun-
gal biomass and carbon influx towards the fungus (Bulgar-
elli et al. 2017). Besides, the growth performance of white 
clover was observably promoted by inoculation with Rh, 
AMF, and dual Rh + AMF treatments. The earlier studies 
carried out in Pisum sativum (Yaseen 2016) and Amorpha 
canescens (Larimer et al. 2014) also reported similar find-
ings. The improvement in plant biomass by co-inoculation 
is associated with changes in root morphology. Interest-
ingly, co-inoculation did not show a dramatical advantage 
over single inoculation in improving biomass, which may 
be due to the fact that more energy materials (e.g. carbon) 
were consumed by the two microorganisms than by sin-
gle microorganism, as seen with high root mycorrhizal 
colonization in co-inoculated white clover plants in our 
study and co-inoculated soybean plants with Bradyrhizo-
bium elkanii and Glomus macrocarpum (Bulgarelli et al. 
2017). More studies could be done around the change in 
biomass by single or dual inoculation.

The present study indicated increases in chlorophyll 
a, chlorophyll b, and total chlorophyll levels by different 
inoculation treatments, whereas dual AMF and Rh treat-
ment further strengthened the magnitude of the positive 

effect on chlorophyll a and total chlorophyll levels. This 
suggested that co-inoculated plants produce more pho-
tosynthates in leaves than single inoculated plants and 
transfer them to the root, providing the substrate for the 
growth of mycorrhizal fungi and rhizobia. Thus, there was 
no obvious difference in biomass between the double and 
single inoculation treatments, as a result of changes in 
carbohydrate expenditure.

Inoculation of AMF or Rh improved the N accumulation 
in leaves and roots of white clover, but without any signifi-
cant difference between single AMF treatment and single Rh 
inoculation on root N content. In leaves, single Rh treatment 
supported a significantly higher N content than single AMF 
inoculation. These observations suggested that mycorrhizal 
contribution to N accumulation is equivalent to the Rh con-
tribution in roots, while Rh contribution to N accumulation 
is relatively higher than AMF in leaves. Dual inoculation 
of AMF and Rh showed a similar leaf and root N content, 
compared with single AMF treatment, while recorded a pro-
portionately higher root N content and a lower leaf N content 
than single Rh treatment, implying that dual inoculation and 
AMF only altered N distribution in leaf and root. Analogous 
results were earlier reported by Hack et al (2019), who found 
that Melilotus alba plants co-inoculated with AMF and Rh 
represented lower leaf N content and higher root N content 
than single inoculation. Mycorrhizal hyphae are said to con-
tribute as much as 30% N accumulated in plants. Moreover, 
the enhancement in N accumulation upon mycorrhization 
is strongly linked with an improvement of root architecture 
(Guo et al. 2017), mycorrhizal hyphal network (Clark and 
Zeto 2000), and changes in enzyme activities related to N 
metabolism (Hajong et al. 2013).

The enzyme NR plays a major role in N-assimilation by 
participating in the transformation of NO3

− into NH4
+ for 

plant’s utilization. In this study, Rh, AMF, and their com-
bination collectively increased root NR activities of white 
clover, whereas dual inoculation of AMF and Rh had rela-
tively greater effects than single Rh treatment. Mycorrhi-
zal plants usually require higher NR activities to meet the 
requirement of accelerated N assimilation (Bago et al. 1996). 
GS/GOGAT can utilize ammonia as a substrate to synthe-
size glutamine and Glu for ammonia assimilation in plants. 
In our study, only dual inoculation of AMF and Rh stimu-
lated GS activities in roots. Mycorrhizal extraradical hyphae 
can absorb and transport NH4

+ for ammonium assimilation 
(Jin et al. 2005), a rather mandatory step to enhance the 
activity of GS/GOGAT. Our study also indicated the trend 
of the increase in root AS activities listed as + AMF + Rh 
treatment > −  AMF + Rh treatment >  + AMF-Rh treat-
ment > − AMF − Rh treatment in the decreasing order, fur-
ther suggesting a synergistic role of both AMF and Rh.

Glu is generally required for ammonium assimilation 
in AMF and bacteria by the GS/GOGAT pathway (Martin 
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et al. 2001; Dunn 2015). In this study, single AMF or Rh 
treatment was beneficial for Glu accumulation in leaves 
and roots, while dual treatment of both AMF and Rh sig-
nificantly decreased the Glu content, because Glu is con-
sidered as a precursor to synthesize other amino acids, as 
evidenced for higher Arg and Pro levels in dual-inoculated 
plants. Besides, Glu was significantly negatively correlated 
with GS activity while positively correlated with GOGAT 
activity in our study, since GS catalyzes Glu into Gln utiliz-
ing ammonia as a substrate, and GOGAT catalyses Gln into 
Glu (Yoneyama and Suzuki 2019). On the other hand, myc-
orrhizal fungal GS participated in ammonia assimilation into 
amino acids (Martin et al. 2001), and thus, legume plants 
do not need more GS involvement in N assimilation. The 
relationship between Glu and GS/GOGAT further indicated 
that in white clover, symbionts trigger the GOGAT activity 
to produce Glu in the process of ammonium assimilation.

AMF-inoculated plants, but not Rh-inoculated plants, had 
higher root Asp, Arg, and Orn contents than – AMF − Rh-
treated plants, and dual inoculation of AMF and Rh further 
strengthened the accumulation of Asp. Asp has been pro-
posed as an amino acid to link micro- and macro-symbiont C 
and N metabolism (Dunn 2015). Arg is the principal amino 
acid for N transfer into mycelia of AMF (Cruz et al. 2007), 
and as much as 50.4% N-assimilation in roots was reported 
as a contribution from the AMF (Jin et al. 2005). Arg was 
significantly and positively correlated with only root GS 
activity, as reported by Cruz et al. (2007) in the mycorrhi-
zal mycelium. Hence, the relatively higher root mycorrhi-
zal colonization as a result of dual inoculation of AMF and 
Rh further accelerated the rate of N absorption and their 
onwards assimilation. On the other hand, Orn is generated 
by Arg degradation in the intraradical mycelium of AMF and 
transferred into the glucose as a donor of carbon for mycor-
rhizal development (Wagemaker et al. 2007). The increase 
in Orn is, therefore, considered beneficial to N remobiliza-
tion in Quercus ilex (Majumdar et al. 2016). Our study also 
revealed the significant positive correlation of root Asp, Pro, 
and Orn contents with NR, GS, GOGAT, and AS activities. 
Asp serves as a N-metabolic precursor and a N-transport 
compound in plants. Pro is derived from the deamination 
of Orn, and the Pro accumulation is responded to the devel-
opmental processes, photosynthesis, and protein synthesis 
(Armengaud et al. 2004). It was, therefore, concluded that 
dual inoculation with AMF and Rh operated through a coop-
erative/synergistic relationship to stimulate root Asp and Pro 
accumulation for essential metabolites of symbiosis in white 
clover, as well as an accelerated N-assimilation.
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