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Abstract: The present work aimed to analyse whether and how single or dual inoculation with arbuscular mycorrhizal
fungi (Funneliformis mosseae, Paraglomus occultum, and Rhizophagus intraradices) and rhizobia (Rhizobium trifolii)
improved plant growth and stimulated nitrogen (N) acquisition of white clover. AMF inoculation significantly (P < 0.05)
increased root nodule number by 117-173%, and additional Rh considerably stimulated mycorrhizal growth. Single
AMEF or Rh treatment dramatically increased shoot by 36-281% and root biomass by 16-36% than non-inoculated
control, and dual inoculation of Rh and P. occultum or R. intraradices further magnified the positive effect. Leaf and
root N content, root total soluble protein content, root nitrogenase activity, and amino acid (e.g., alanine, arginine,
asparagine, aspartate, phenylalanine, proline, and tryptophan) concentrations were significantly increased by single
or dual inoculation, while dual inoculation of AMF and Rh had significantly superior roles than single corresponding
AMEF or Rh inoculation. These results suggested that AMF and Rh represented synergetic effects on accelerating
N acquisition of white clover to some extent, while the combination of P. occultum and Rh was the best.
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Soil microbes are the important driving force on
stimulating crop productivity for sustainable agricul-
ture (Bever et al. 2010, He et al. 2019, 2020, Zhang et
al. 2020). Soil arbuscular mycorrhizal fungi (AMF)
and rhizobia (Rh) are the beneficial microflora to
establish symbiosis with host plants. Mycorrhiza
or root nodule promotes the nutrient acquisition of
plants, including nitrogen (N), and has interactive
effects on regulating the allocation of N resource
(Larimer et al. 2010, Wu et al. 2019a). As reported by
De Oliveira Janior et al. (2017) in Piptadenia gono-
acantha plants, AMF stimulated the N, fixation of Rh

and Rh inoculation increased root AMF colonisation,
further hinting the synergy effect. AMF or Rh have
a positive effect on legume plants, while whether
the dual microbial inoculation confers a synergetic
effect on legume plants is unknown.

In soil, the underground mycelium network of mycor-
rhizas plays an important role in N transfer and distribu-
tion of host plants (Hodge 2014). AMF with a great deal
of biomass and high N demand represents a significant
N pool. AMF extraradical hyphae preferentially utilise
ammonium ions (NH;) for the assimilation, as well as
a small number of amino acids like asparagine and
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arginine (Jin et al. 2011). These N-metabolites from
mycorrhizas would be further transferred to plants
for its growth and development. Rh is a gram-negative
bacteria that act on biological N, fixation with legume
plants, about 40 million t per year worldwide (Herridge
et al. 2008). Rh colonise in root hairs of legume plants
to form nodules, in which Rh synthesize a large amount
of nitrogenase and balance the exchange of carbon and
N with host plants (Masson-Boivin and Sachs 2018).
Each of the two microbes promotes plant N acquisition,
while it is not clear whether the dual combination has
a synergistic effect on N acquisition. As observed by
Hack et al. (2019), in P-deficit soils, AMF did not ex-
hibit any effects on plant nutrition, while in P-sufficient
soils, mycorrhizal symbiosis stimulated N acquisition
of plants, accompanied by an enhancement of biologi-
cal N, fixation.

White clover (Trifolium repens L.) is a high-quality
legume plant that produces ~400 kg N/ha/year with
biological N, fixation (Ledgard et al. 2001). In white
clover, AMF and Rh jointly exist in roots, while the
relationship between AMF and Rh is unknown. The
purpose of the present study was to evaluate the effect
of single or dual inoculation with AMF and Rh on plant
biomass, soluble protein and N levels, nitrogenase
activity, and amino acid concentrations of white clover.

MATERIAL AND METHODS

Culture of AMF and Rh strains. Three AMF species,
including Funneliformis mosseae (T. H. Nicolson &
Gerd.) C. Walker & A. Schifiler, Paraglomus occul-
tum (C. Walker) J. B. Morton & D. Redecker, and
Rhizophagus intraradices (N. C. Schenck & G. S.
Sm.) C. Walker & A. Schiifiler were provided by the
Bank of Glomeromycota in China, Beijing, China. The
AMEF strains were propagated with isolated spores in
pots for three months, and the inocula comprised of
AME-colonised root segments, spores (18 spores/g),
and AMF extraradical hyphae.

A rhizobium strain Rhizobium trifolii that was
provided from the Agricultural Culture Collection
of China, Beijing, China, was isolated from white
clover. The rhizobium was activated on yeast extract
mannitol agar at 28 °C for three days. Subsequently,
the growth response of bacterial isolate was assessed
using a spectrophotometer at 600 nm, and the bacte-
rial solution was approximately 10 cells/mL.

Plant culture. Seeds of white clover were surface-
sterilised by alcohol solution (75%) for 5 min and NaOCl
solution (5.25%) for 3 min rinsed in sterile water for
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5 times, and sown in plastic pots (15 cm top diameter x
10 cm bottom diameter x 12 ¢cm height) containing
1.3 kg autoclaved (0.11 MPa, 121 °C, 2 h) soil and sand
mixture (3:1, v/v). The characteristics of soil were
pH 6.2, available nitrogen 230.78 mg/kg, available
phosphorus 26.78 mg/kg, and available potassium
130.36 mg/kg. At sowing, 100 g mycorrhizal inoculants
were mixed in autoclaved substrates as the AMF treat-
ment, and the non-AMF treatment received autoclaved
mycorrhizal inoculants. The 10 mL bacterium solution
of Rh was applied into pots as the Rh treatment, and
the non-Rh treatment was applied with 10 mL sterile
water. After one week, seedlings were thinned to
12 seedlings/pot. All the treated plants were grown in
a controlled environment for 100 days with 7000 Lux,
28 °C/23 °C day/night temperature, and 68% relative
air humidity. The pots have weekly changed the posi-
tion to avoid the environmental effect.

Experimental design. The experiment was con-
ducted in a completely randomised blocked de-
sign with two factors: inoculations with F. mosseae,
P.occultum, R. intraradices, and non-AMF; inocula-
tions with and without Rh. A total of eight treatments
were arranged, and each treatment replicated six
times, leading to 48 pots.

Variable determinations. At harvest, the plants
were divided into shoot and root, which was dried
at 80 °C for 48 h and weighted.

The root segment with 1.5 cm length was cleared
with a 10% (w/v) KOH solution at 75 °C for 2 h and
stained with 0.05% (w/v) trypan solution for 1 min
(Phillips and Hayman 1970). Root AMF colonisation
(%) was expressed as the percentage of AMF-colonised
root lengths versus total root lengths (Wu et al.
2019b). Soil mycorrhizal hyphal length was deter-
mined by the protocol described by Bethlenfalvay
and Ames (1987).

Leaf and root soluble protein concentrations were
measured by Bradford (1976). N contents of leaf and
root were assayed by the Electrochemical Analyser
(Smart Chem 200, Scientific Instruments Limited,
Weston, USA).

A 0.20-g fresh root sample was ultrasonically ex-
tracted with acetonitrile-water for 1 h and centrifuged
at 10 000 g/min for 5 min. The 1 pL supernatant was
analysed by LC-MS system (an LC-20ADXR HPLC
system (Shimadzu, Kyoto, Japan) and Q-trap 5500
MASS (Concord, Ontario, Canada)) for amino acid
concentrations outlined by Liyanaarachchi et al.
(2018), while the standard solution of phenylalanine,
alanine, glycine, glutamate, glutamine, arginine,
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proline, aspartate, asparagine, leucine, isoleucine,
cystine, methionine, tryptophan, threonine, norva-
line, histidine, and ornithine was referred.

A 1-g fresh root sample (20 + 3 nodules) was in-
cubated with 2 mL acetylene gas in a closed bottle
at 30 °C for 30 min, and a 0.5 mL gas from the bot-
tle was collected for analysis of nitrogenase activity
with a gas chromatograph (Agilent 7890, Aglient
Technologies Inc., Santa Clara, USA). Nitrogenase
activity (C,H, mL/g/h) was determined according to
the protocol described by Abd-Alla (2014).

Statistical analysis. Data were analysed by one-way
analysis of variation, and the significant difference
between treatments was compared with Duncan’s
multiple range test at the 5% level.

RESULTS AND DISCUSSION

Changes in root mycorrhizal colonisation, soil
hyphal length, and root nodules. Mycorrhizas
were found in roots of white clover inoculated
with single AMF and dual AMF and Rh inoculation
(Figure 1). We also observed vesicles in root nodules
(Figure 1B), indicating the colonisation of AMF in
nodules. Root AMF colonisation varied from 78.27%
to 97.11% (Figure 2A), and soil mycorrhizal hyphal
length was 20.75 to 50.51 cm/g soil (Figure 2B).
Rh supplement heavily (P < 0.05) promoted root AMF
colonisation and soil mycorrhizal hyphal length, ir-
respectively of AMF species used. Under the condi-

tion of the uninoculated and single AMF treatment,
white clover still formed root nodules (Figure 1C). It
is documented that air and water have a small quan-
tity of Rh (Métha et al. 2018). Some Rh exists in the
seeds of leguminous plants, and they mainly exist in
the seed coat and are seldom distributed in cotyledon
and embryo (Zhang et al. 2009). Another possibil-
ity is that native Rh survived in the autoclaved soil.
Compared with the control, single AMF or Rh treat-
ment significantly increased root nodules, and root
nodules were significantly higher under single AMF
treatment than under single Rh treatment, dependent
on AMEF species (Figure 2C). In fact, we also found
that root biomass was significantly higher in single
AMF-inoculated plants than in single Rh-treated plants
(Figure 3), indicating that mycorrhizal plants have
more developed roots, providing more possibilities
for the colonisation of Rh to form nodules. In addi-
tion, dual inoculation of AMF and Rh represented
significantly (P < 0.05) higher root nodule number
than single inoculation of AMF or Rh, regardless of
AMEF species. A similar result was observed in faba
bean plants (Abd-Alla et al. 2014). The best mycor-
rhizal growth and root nodulation were observed by
dual inoculation of P. occultum and Rh. This result
indicated the synergistic effect between AMF and Rh
on the symbiotic association of white clover. AMF has
no strict compatibility with host plants, whereas the
symbiotic system of legume-AME-Rh has obviously
mutual selectivity (Shockley et al. 2004). The positive

Figure 1. Root mycorrhizal colonisation of white clover plants by (A) single arbuscular mycorrhizal fungi

(AMF)-inoculation and (B) dual inoculation of AMF and rhizobia. (A) internal and external mycorrhizal hyphae;

(B) internal mycorrhizal hyphae in roots and vesicles in root nodules
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Figure 2. (A) Effects of single or dual inoculation with
arbuscular mycorrhizal fungi (AMF) and rhizobia (Rh)
on root mycorrhizal colonisation; (B) soil mycorrhizal
hyphal length, and (C) root nodule number of white
clover. Data (means + standard deviation, n = 6) with
the different letters above bars indicated significant
differences between treatments at the 5% level. Control —
inoculation without AMF or Rh; Rh — inoculation with
Rhizobium trifolii; Fm — inoculation with Funneliformis
mosseae; Po — inoculation with Paraglomus occultum;
Ri — inoculation with Rhizophagus intraradices; Fm +
Rh — inoculation with Funneliformis mosseae and Rhizo-
bium trifolii; Po + Rh — inoculation with Paraglomus
occultum and Rhizobium trifolii; Ri + Rh — inoculation
with Rhizophagus intraradices and Rhizobium trifolii
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higher shoot and root biomass than corresponding
Rh or AMF inoculation. This is in agreement with
the findings of Oruru and Njeru (2016) in faba bean.
The treatment by both P. occultum and Rh repre-
sented the best positive effect on biomass production
than other treatments, suggesting that the effect
was dependent on the combination of AMF and Rh.
Inoculated AMF or Rh can significantly increase the
biomass of host plants due to enhance P or N uptake
(Aliasgharzad et al. 2006).

Changes in soluble protein content. Total soluble
protein usually accounts for about 50% of total N in
plants, thus, improving nodule function and stimulat-
ing symbiosis formation between legume, AMF, and
Rh (Cheng et al. 2010). Single or dual inoculation
of AMF and Rh collectively increased total soluble
protein contents in leaves and roots, compared with
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Figure 3. Effects of single or dual inoculation with
arbuscular mycorrhizal fungi and rhizobia on the dry
weight of white clover. Data (means + standard deviation,
n = 6) with the different letters above bars indicated
significant differences between treatments at the 5%
level. The abbreviations are the same as in Figure 2
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Figure 4. Effects of single or dual inoculation with
arbuscular mycorrhizal fungi and rhizobia on total
soluble protein levels in leaf and root of white clover.
Data (means * standard deviation, n = 6) with the differ-
ent letters above bars indicated significant differences
between treatments at the 5% level. The abbreviations
are the same as in Figure 2; FW — fresh weight

the control treatment (Figure 4). Interestingly, in
roots, dual inoculation with Rh and AMF gave mark-
edly higher total soluble protein content than single
inoculation with Rh or AMF, irrespective of AMF
species. However, in leaves, a significant increase
of total soluble protein content was observed in
the plants treated by dual P. occultum and R. trifolii
versus by single P. occultum. These results indicated
that AMF or Rh were easier to stimulate root protein
synthesis than dual inoculation. The abundant free
amino acids that exist in hyphae of AMF were trans-
ferred to root for increasing substrates of protein
synthesis (Jin et al. 2011). Furthermore, Rh addition
to AMF-inoculated plants further stimulated protein
accumulation, indicating more amino acids to be
re-used in nodule metabolism (Cheng et al. 2010).

Changes in plant N content. Single or dual in-
oculation with AMF and Rh collectively increased
leaf and root N concentrations, irrespective of AMF
species (Figure 5). Moreover, compared with single
AMTF treatment, dual inoculation with AMF and
Rh exhibited higher leaf and root N levels, except
for no significant difference of leaf N between
dual R. intraradical and R. trifolii and R. intrara-
dices. Improvement of N acquisition in plants by
single or dual inoculation played a crucial role in
increasing plant growth. An analogous result was
reported in green grams (Musyoka et al. 2020) and
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Figure 5. Effects of single or dual inoculation with ar-
buscular mycorrhizal fungi and rhizobia on nitrogen
(N) concentrations in leaf and root of white clover. Data
(means + standard deviation, # = 6) with the different
letters above bars indicated significant differences
between treatments at the 5% level. The abbreviations
are the same as in Figure 2; FW — fresh weight

soybean (Aliasgharzad et al. 2006). AMF-released
glomalin-related soil proteins had shown the im-
portant contribution of plant and soil N levels
(Meng et al. 2020). These results clarify that the
effective association between AMF and Rh affects
N accumulation to increase plant production and
N, fixation (Herridge et al. 2008). N accumulation
in host plants is influenced by various factors, in-
cluding plants, symbiotic genotypes, and symbiotic
efficiency. The highest N concentration of leaf and
root was observed in the plants treated by dual
inoculation with P. occultum and Rh, suggesting
more accumulation of N compounds in the dual-
inoculated plants, like amino acids and soluble
proteins (Matsubara et al. 2014).

Changes in amino acid content. Amino acids
provide nutrient sources for root bacteria. In this
work, treatments by single or dual inoculation of
AMEF and Rh collectively increased root phenylala-
nine, alanine, glycine, glutamate, arginine, proline,
aspartate, asparagine, leucine, isoleucine, cystine,
methionine, tryptophan, threonine, norvaline, and
histidine content, compared with the non-inoculated
control (Table 1). Hereinto, the treatment with both
P. occulum and Rh gave the highest effect on phe-
nylalanine, alanine, glycine, glutamate, arginine,
proline, aspartate, asparagine, leucine, isoleucine,
cystine, norvaline, and total amino acid content.
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Table 1. Effect of single or dual inoculation with arbuscular mycorrhizal fungi (AMF) and rhizobia (Rh) on root

amino acid levels (pg/g fresh weight) of white clover

Control Rh Fm Po Ri Fm + Rh Po + Rh Ri + Rh

Alanine 2216+ 2733+ 41.15+ 4328+ 3063+ 4781+  48.69+  33.04 %
1.188 1.10f 1.02¢ 1.97P 0.53¢ 1.252 1.092 1.114

Arginine 7.36 + 8.89 + 9.03 + 8.20 + 8.42 + 11.33 + 11.83 +  10.02 +
g 0.25f 0.344 0.204 0.58¢ 0.16¢ 0.34b 0.312 0.13¢

Asparagine 199.85 + 216.65+ 206.57 + 262.60+ 260.01 + 23454+ 37222+ 277.83 %
parag 3.70f 7.44° 1.69¢ 5.62¢ 3.39¢ 5.074 6.75% 9.82b
Aspartate 36.67+ 5733+ 7885+ 7127+ 60.87+ 9275+  96.65+  79.89 +
P 1.678 1.22f 2.80¢ 1.404 1.45¢ 1.6P 2.662 2.53¢
Cvstine 0.29 + 0.33 + 0.35 + 0.40 + 0.33 + 0.39 + 0.45 + 0.35 +
Y 0.02¢ 0.024 0.02¢d 0.03b 0.044 0.01bc 0.03? 0.03¢d
Glutamate 50.86 + 51.07+ 57.67+ 6997+ 6848+ 4931+ 75.89+  75.15%
1.73d 1.074 0.93¢ 1.94b 1.45b 1.31d 1.902 0.262

Glutamine 18.69 +  13.67 + 12.10 + 9.64 + 6.60 + 9.65 + 10.96 + 8.98 +
1.20? 0.71b 0.53¢ 1.02¢ 0.33f 0.43¢ 0.544 0.23¢

Glvcine 4.34 + 6.28 + 7.20 + 7.51 + 6.16 + 8.65 + 9.11 + 6.41 +
Y 0.194 0.23¢ 0.66P 0.38P 0.18¢ 0.272 0.252 0.54¢
Histidine 5.77 + 6.24 + 11.01 + 7.09 + 7.84 + 8.23 + 8.59 + 10.60 +
0.09¢ 0.33¢ 0.572 0.444 0.51¢ 0.39bc 0.33b 0.242

Isoleucine 12.72+ 18.14+ 28.09+ 27.65+ 2547+ 3048+ 3239+  27.63 %
0.21f 0.46¢ 0.75¢ 1.41¢ 0.654 0.72b 1.252 0.95¢

Leucine 9.38 + 14.88+ 3567+ 3245+ 2898+ 3690+ 40.84+  30.07 *
0.33f 0.23¢ 0.69P 1.14¢ 0.824 1.26° 0.86% 1.764

Methionine 3.37 6.20 + 8.31 + 5.89 + 5.20 + 9.46 + 8.88 + 4.37 +
0.178 0.294 0.36¢ 0.384 0.29¢ 0.23? 0.31b 0.18f

Norvaline 9.35 + 13.52+ 2152+ 1849+ 17.44 +  20.51+  24.83 + 17.89 +
0.418 0.23f 0.15b 1.054 0.34¢ 0.10¢ 0.61° 0.48de

Ornithine 1.49 + 1.53 + 1.27 + 0.72 + 0.52 + 0.75 + 0.67 + 0.94 +
0.152 0.072 0.06P 0.104 0.06¢ 0.094 0.074 0.08¢

Phenvlalanine 5.20 + 8.25 + 21.07 £  19.17 + 15.33+ 21.86+ 2488+ 17.76 +
Y 0.14h 0.238 0.48¢ 0.814 0.23f 0.60P 0.792 0.40¢
Proline 6.47 + 8.11 + 1254+ 1173 + 10.36 +  13.82 1576 +  11.24 +
0.25h 0.078 0.50¢ 0.334 0.25f 0.14b 0.392 0.08¢

Threonine 8.98 + 14.64+ 2291+ 2246+ 2142+ 2913+ 2771+ 2214+
0.33f 0.60¢ 0.60°¢ 0.99¢d 0.604 1.08? 0.89P 0.31¢d

Trvotophan 5.37 + 9.61 + 19.82+  16.83 + 17.22+ 2139+ 2006+ 21.07
yptop 0.15f 0.23¢ 0.52¢ 1.094 0.924 0.882 1.10b¢ 0.932b

Total 408.32 + 482.66+ 595.15+ 63537+ 591.28+ 646.96+ 830.43+ 65538+
6.11f 6.34¢ 5.414 9.09¢ 10.064 8.30bc 15.612 10.71b

Data (means + standard deviation, n = 6) followed by different letters indicated significant differences at the 5% level.

The abbreviations are the same as in Figure 2

Glutamate accelerates the metabolism of amino acids
because glutamate is a vital precursor to synthesize
other amino acids. Glutamate was often elevated in
spore and hyphae of AMF (Jin et al. 2011). Arginine
accounts for more than 90% of total amino acids in
hyphae by AMEF, and it is an organic N carrier synthe-
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sised by AMF after utilisation of N (Craz et al. 2007).
Asparagine is the main formation of N transported
from nodules to host plants and plays the central
role in spore germination of AMF (Jin et al. 2011).
Earlier studies indicated that AMF increased gluta-
mate, glycine, alanine, and leucine levels in tomato
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Figure 6. Effects of single or dual inoculation with
arbuscular mycorrhizal fungi and rhizobia on root
nitrogenase activity of white clover. Data (means +
standard deviation, n = 6) with the different letters
above bars indicated significant differences between
treatments at the 5% level. The abbreviations are the
same as in Figure 2

(Sood 2003); glutamate and serine concentrations
in sorghum (Abdel-Fattah and Mohamedin 2000);
and glutamine, arginine, aspartate, alanine, and gly-
cine contents in asparagus (Matsubara et al. 2014).
Abdel-Fattah and Mohamedin (2000) reported that
the degree of increase in amino acids was positively
correlated with the level of mycorrhizal colonisation.

Changes in root nitrogenase activity. Nitrogenase,
one of the important components in nodulation
formation, can use the energy produced by pho-
tosynthesis to stimulate N, into ammonia. Root
nitrogenase activity was notably stimulated by single
or dual inoculation with AMF or Rh, irrespective
of AMF species (Figure 6). Moreover, compared
with single Rh treatment, treatments with single
F. mosseae, P. occultum, and R. intraradices showed
higher root nitrogenase activity. Similarly, plants
with dual inoculation of AMF and Rh had higher
root nitrogenase activity than plants with single
AMEF inoculation. Nitrogenase activity was closely
associated with Fe levels, and AMF or Rh inoculation
increased Fe contents of plants (Ibiang et al. 2017),
thereby, stimulating nitrogenase activity.
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