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Abstract Intercropping of upland rice with short-
duration grain legumes has major advantages in
increasing crop yields and soil productivity. However,
the contribution of arbuscular mycorrhizas, the com-
mon mutualistic symbiosis between most crops and
mycorrhizal fungi, is not fully understood in inter-
cropping systems. We assayed the contribution of
inoculation of the arbuscular mycorrhizal fungus
(AMF) Glomus caledonium on nutrient acquisition
and biomass yield. Using the method of plastic film
and nylon net partition and tracing 15N transferred
between the intercropped upland rice (Oryza sativa
ssp. Japonica Nipponbare) and mung bean (Vigna
radiata L. Chuanyuan), we compared the intercrop-
ping, with separation of the whole root systems by a
plastic film, with and without a barrier of nylon net to
allow penetration of the fungal hyphae. Intercropping
significantly improved the formation of arbuscular
mycorrhizas, particularly in the upland rice roots. The
improved formation of mycorrhizas by the intercrop-
ping increased total P uptake by 57% in rice, total P
and N acquisition by 65% and 64% respectively in
mung bean, and nodulation by 54% in mung bean.
The percentage of total 15N transfer from mung bean

to rice leaves was increased from 5.4% to 15.7% by
inoculation with AMF. In contrast, there was only
2.7% of 15N transfer from rice to mung bean and no
AMF effect on N transfer. It is concluded that cereal
and legume crop intercropping increase mycorrhiza
formation, which in turn improves nodulation, N and
P acquisition and N transfer in the legumes.
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Introduction

Cereal–legume intercropping is a widely used agri-
cultural system with significant advantage in yield
and a high rate of resource utilization, and is
considered now as an important practice in sustain-
able agriculture development (Ghosh et al. 2007;
Kwabiah 2005; Laxminarayana and Munda 2004;
Sarkar and Sanyal 2000; Sarr et al. 2008; Toomsan et
al. 2000). Rice (Oryza sativa L.) and mung bean
(Vigna radiata L.) are important food crops, especial-
ly in tropical and subtropical regions. Traditional
waterlogged rice cultivation consumes huge amounts
of fresh water (Bouman et al. 2007; Mikkelsen and
DeDatta 1991) and is claimed to be a main source of
methane emission (Allen et al. 2003; Chakraborty et
al. 2000; Fumoto et al. 2008). Aerobic upland rice is
now being considered as a good water-saving model
in agriculture (Bouman et al. 2007). Therefore,
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studies on aerobic rice and legume intercropping
systems are important for sustainable development of
agriculture and global climate change.

Arbuscular mycorrhizal fungi (AMF) can form
symbioses (arbuscular mycorrhizas) with the majority
of land plants (Smith and Read 1997). When in
symbiosis, AMF promote plant water and nutrient
uptake, especially of insoluble soil phosphate (Pi)
fraction (Clark and Zeto 2000; Marschner and Dell
1994). The fungi in return benefit from the supply of
carbohydrates derived from photosynthesis (Barker et
al. 1998; Harrison 1999; Johnson et al. 1997).
Inoculation of mycorrhizal fungi to rice grown under
upland condition could improve both growth and
nutrient acquisition (Gao et al. 2007; Herdler et al.
2008; Purakayastha and Chhonkar 2001; Zhang et al.
2005), as well as regulate the expression of many
relevant genes (Güimil et al. 2005; Paszkowski et al.
2002; Sawers et al. 2008). It is therefore imperative to
investigate the effect of intercropping on mycorrhizal
colonization and the effect of mycorrhizas on rice and
mung bean intercropping.

Legumes can transfer fixed N to intercropped
cereals during their joint growing period and this N is
an important resource for the cereals (Af Geijersstam
and Mårtensson 2006; Bethlenfalvay et al. 1991; Chalk
1998; Hamel et al. 1992; Jensen 1996; Shen and Chu
2004). Intercropping with legumes was found to
increase protein content in cereal grains or shoots
(Lauk and Lauk 2008; Lithourgidis et al. 2007; Martin
et al. 1998). Some studies have indicated that N is
being transferred from legumes to cereals via hyphal
linkage (Johansen and Jensen 1996; Martins and Cruz
1998). Others have claimed that there was no obvious
effect of hyphal linkage on N transfer (Hamel et al.
1991; Ikram et al. 1994; Reeves 1992). Plant growth
and N transfer for AMF inoculated intercropped rice
and mung bean may differ from the earlier report
without AMF inoculation that the possible transfer of
N from mung bean to rice did not increase total N
uptake of rice (Aggarwal et al. 1992).

To evaluate the contribution of AMF in a rice and
mung bean intercropping system, we inoculated AMF
to intercropped rice and mung bean. By utilizing the
15N isotope, the interactions among AMF, rice and
mung bean were studied to test the hypothesis that
AMF could improve the efficiency of biological N
fixation by the legume plants, and utilization of N and
P and total plant yield for the two crops.

Materials and methods

Plant growth medium

A mixture of river sand, laboratory quartz sand and peat
at the proportion 7:2:1 (w/w) was used in the experi-
ments. The culture medium contained 36.4 g kg−1 of
organic matter, 0.38 g kg−1 of total N, 0.13 g kg−1 of
total P, 10.6 mg kg−1 of Olsen-P and pH of 6.78 (1:2.5
soil-to-water). The mixture was steam-sterilized at
121°C for 2 h, and 3.5 kg of the mixture was then
put into each plastic pot (21 cm in diameter and 25 cm
in depth) for the greenhouse experiment.

Seeding, transplanting and inoculation

Seeds of rice (Oryza sativa L. ssp. Japonica
Nipponbare) and mung bean (Vigna radiata L.
Chuanyuan) were sterilized by immersion in 10%
H2O2 for 30 minutes before germination. Rice
seedlings were transplanted at the three leaf stage,
while mung beans were directly sown in the pots
after inoculation of the growth medium with 100 ml
suspension containing 106 CFU of Rhizobium legu-
minosarum (kindly supplied by Jiangsu Academy of
Agricultural Sciences, China) and with 350 g of
inoculum of the AM fungus Glomus caledonium
90036 containing 5,000–6,000 spores (courtesy of
Prof. Xiangui Lin, Nanjing Soil Science Institution,
CSA). Because the inoculum consisted of the AM
fungal spores, sand and colonized root fragments,
the non-AM inoculation control was amended with
steam-sterilized inoculum.

In each pot, two holes (4 cm in diameter and 15 cm
in depth) for rice seedlings and two holes for mung
bean seeds were arranged. Each hole was planted with
four seedlings of rice or four seeds of mung beans in a
glasshouse. The pots were regularly watered to
maintain soil moisture at 70% of field water holding
capacity. One week after germination two relative
uniform seedlings were kept in each hole for further
growth.

Experimental design

In the experiment, three separation arrangements of
the rice compartments from mung bean compartment
were designed, i.e., (Fig. 1) (1) plastic-film separa-
tion, which was a total separation not allowing any
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material to cross, (2) a 30 μm aperture nylon net
separation, which allowed only the hyphae to cross
(Li et al. 1991), and (3) no separation, allowing
contact between roots of the two plant species. Each
arrangement had an AM fungus treatment and a
control with steam-sterilized inoculum. Each treat-
ment and control had six replicates. All the pots were
placed randomly. Pots were watered from below and
fed weekly with 20 ml of a half-strength Hoagland
solution without phosphate (Hoagland and Arnon
1950).

Isotopic tracing

One month after planting, an isotopic labeling
experiment was conducted utilizing (15NH4)2SO4,
enriched with 42.11 atom % of 15N and produced by
Shanghai Chemical Engineering Academy. Before
labeling, mung beans in each pot were placed in a
PVC cylindrical membrane, and a plastic film with
three layers of filter paper on it was set on the surface
of the growth medium to prevent pollution from
isotopic N. Mung bean leaves were then labeled with
10 ml of 1.5% (15NH4)2SO4 solution. The shoots of
the mung beans were sealed until the labeling solution
dried, one day after labeling. Contamination of other
plants and of the growth medium by the 15N fertilizer
was prevented by this process. Rice leaves were also
labeled three times with the same amount of the
solution as described above. Each labeling was
replicated three times. Monocultured rice or mung
bean was planted at the same time as the controls to
examine the natural 15N abundance.

Sampling and analysis

Plants were harvested 20 days after labeling in total
50 days after inoculation. Shoots were firstly cut off
at ground level and the whole culture medium in the
pot was taken out and placed on a sieve with 0.2 mm
mesh. The medium attached on the roots was
removed gently by running tap water. The roots of
rice and mung bean were immersed in tap water and
separated phenologically by their different colors and
rooting patterns. The fresh root fractions of each
sample were weighed immediately after separation.
All the root nodules in each pot were removed from
the mung bean roots and weighed as fresh weight
immediately after numbers were being counted. Fresh
roots were cut into segments about 1 cm long and
mixed thoroughly. A randomly selected 0.5-g sample
of fresh root samples per pot was used to detect
mycorrhizal root colonization (Phillip and Hayman
1970; Trouvelot et al. 1986). The computer program
MYCOCALC (www.dijon.inra.fr/mychintec/Mycocalc-
prg/download.html) was used to calculate the percent-
age of root length colonized by AMF.

The shoots and remaining fresh roots were dried at
70°C for 48 h to a constant weight after killing
enzymatic activity at 105°C for 0.5 h. Plant samples
were digested with H2SO4·H2O2 methods for N and P
analysis. Total N and P in plant digests were
determined by the micro-Kjeldahl procedure
(Bremner 1965) and the molybdenum blue colorimet-
ric method (John 1970), respectively. The 15N
abundance of shoots was determined using a MAT-
251 isotope mass spectrometer.

a  PFS b  NNS c  NS

Fig. 1 Schematic diagram of
the root separation in pot. a
PFS plastic-film separation;
b NNS nylon-net
separation; c NS no
separation
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N transfer was calculated as described by Hardarson
et al. (1988) and Ofosu-Budu et al. (1995):

NT% ¼ NR� 100= NRþ NDð Þ;
where NT% indicates N transfer rate, NR indicates
atom% 15N excess in recipient crop, and ND indicates
atom% 15N excess in donor crop;

The content of 15N in the plant mgð Þ
¼ NE� NC� DW;

where NE indicates atom% 15N excess, NC indicates N
content, and DW indicates crop dry weight;

ANT ¼ NT%� NCD= 100� NT%ð Þ ;
where ANT indicates amount of N transferred and
NCD indicates N content of donor plant;

NTFD% ¼ ANT=TNCR� 100 ;

where NTFD% indicates the N percentage transferred
from donor crop to recipient plant and TNCR indicates
the total N content in recipient crop;

NNT ¼ ANTM� ANTR ;

where NNT indicates net N transferred, ANTM
indicates amount of N transferred with mung bean as
15N donor plant and ANTR indicates amount of N
transferred with rice as 15N donor plant.

Statistical analysis

Statistical analysis was carried out using SPSS11.5
software. Data were analyzed by ANOVA (GLM-

procedure) for a completely randomized factorial
design model. If required, data were %-transformed
to maintain homogeneity of variance. The difference
of the treatments was compared using least significant
difference (LSD) test at the 0.05 probability level.

Results

AM fungus colonization

Intercropping significantly increased AM fungal
colonization of roots (Fig. 2). When rice and mung
bean plants were separated by a plastic film, no more
than 4% of the rice roots were colonized by the AM
fungus, while about 48.6% of mung bean roots were
colonized. When the separation was absent or
replaced by the nylon-net with 30 μm diameter
apertures (that prevented root crossover), about 33%
of the rice and 65% of the mung bean roots were
colonized. The significant increase in total AM fungal
colonization resulted in a significant increase of
formation of arbuscules (Fig. 2).

No difference in colonization was found between
the nylon-net separation and no separation treatments
(Fig. 2).

Biomass yield

The biomass of mung bean shoots with AM fungal
inoculation intercropped with plastic-film separation,
nylon-net separation, and no separation, increased by
56%, 76% and 82%, respectively, as compared to
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Fig. 2 AM fungal colonization of rice (a) and mung bean (b)
roots after inoculation with Glomus caledonium: plastic-film
separation (PFS), nylon-net separation (NNS) and no separation
(NS). The white columns represent total AM fungal coloniza-
tion; the black columns represent arbuscular colonization. AM

fungal colonization in plants was determined 50 days after
inoculation. Different letters on the columns of different separa-
tion arrangements either for arbuscular or total AM infection
indicate significant difference at P<0.05 level. Means±SD of
three replicates
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non-inoculation treatments (Fig. 3). The biomass of
rice shoots (Fig. 3) was not significantly different
among all the treatments, either in the inoculation of
the AM fungus or in intercropping with mung bean
plants. Separating rice from mung bean by a plastic
film, significantly decreased the biomass of mung
bean plants, but not that of rice plants treated with
AM inoculation (Fig. 3b). No significant difference of
mung bean biomass between treatments of the nylon-
net separation and no separation was found (Fig. 3a,
b). There were small but not significant increases of
total root biomass weight of both the rice and mung
bean in the whole pot by either intercropping or AMF
colonization (Fig. 3c,d).

P and N uptake

Intercropping of rice and mung bean with AMF
inoculation significantly increased P concentrations in
rice shoots, while no difference was observed in rice N
concentrations (Fig. 4). The intercropping and AMF
inoculation did not significantly affect either N or P

concentrations in mung bean (Fig. 4). Intercropping
with AM fungal inoculation significantly enhanced the
content of N and P in mung bean shoots (Fig. 5).

Nodulation of mung bean

In comparison with the non-inoculated treatments, the
AM fungal inoculation increased the total root nodule
numbers per pot by 20%, 62% and 54% in the
intercropping with plastic-film separation, nylon-net
separation, and no separation treatments, respectively
(Fig. 6a). It also increased the total fresh weight of the
nodules by 80%, 107% and 130%, respectively
(Fig. 6b). The AMF colonization and intercropping
with rice also significantly increased the root nodule
number, particularly the root nodule fresh weight of
the unit weight of fresh roots (Fig. 6c,d).

N transfer

The results of 15N labeling (Table 1) show that
inoculation of the AM fungus in intercropping
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Fig. 3 Biomass of rice (a and c) and mung bean (b and d) with
and without inoculation with Glomus caledonium: plastic-film
separation (PFS), nylon-net separation (NNS) and no separation
(NS). Both rice and mung bean were four plants per pot.
Biomass in plants was determined 50 days after inoculation.

Different letters above columns within an inoculation treatment
indicate significant difference at P<0.05 level. The white
column represents −AMF, the black column represents +AMF.
Means±SD of three replicates
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enhanced the net nitrogen transfer from mung bean to
rice. The amounts of N transferred from mung bean to
rice exceeded that from rice to mung bean (Table 1).
However, there was no significant difference in N
transfer between nylon-net separation and no separa-
tion treatments.

Discussion

The beneficial effects of intercropping systems have
been well reported (Hamel et al. 1991; Hauggaard-
Nielsen and Jensen 2005; Mårtensson et al. 1998;
Reeves 1992; Sieverding and Leihner 1984). In the
present study, we demonstrated that rice grown under
upland conditions acquired more P and also improved
intercropped mung bean N and P acquisition, root
nodulation and growth. We present evidence that the
beneficial effects of intercropping are, at least in part,
due to the contribution of AM fungal hyphae.

Intercropping with legume improved mycorrhizal
fungal colonization of roots of both upland rice
and mung bean

Although most legume crops, e.g. mung bean, are
known as excellent hosts of many AM fungi (Haugen
and Smith 1992; Kasiamdari et al. 2002; Khasa et al.
1992; Lin. et al. 2001; Sprent and James 2007),
mycorrhizal colonization on rice roots, and hence
promotion of the rice growth, might depend on the
rice cultivar, growth conditions and fungal strains.
Some positive results with rice (Gao et al. 2007;
Purakayastha and Chhonkar 2001; Solaiman and
Hirata 1997; Zhang et al. 2005), are being challenged
by reports that show no influence on rice growth
when only AMF were inoculated (Herdler et al. 2008;
Raimam et al. 2007). The combination of AM fungal
with bacterial inoculants was suggested to have the
best effect on plant growth (Dhillion 1992; Raimam et
al. 2007).
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Fig. 4 N and P concentrations in shoots of rice (a and c) and
mung bean (b and d) with and without inoculation with Glomus
caledonium: plastic-film separation (PFS), nylon-net separation
(NNS) and no separation (NS). The white column represents
−AMF, the black column represents +AMF. N and P concen-

trations in shoots were determined 50 days after inoculation.
Different letters above columns within an inoculation treatment
indicate significant difference at P<0.05 level. Means±SD of
three replicates
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In a previous unpublished study, we inoculated
five different species of AMF on rice roots grown
alone under aerobic conditions. In both pot and field
experiments, we observed that the total AMF coloni-
zation was commonly less than 20% of root length,
much lower than that of legume and Solanaceae
plants. However, we observed that when rice was
intercropped with legume crops such as mung bean
(Vigna radiata L.), peanut (Arachis hypogaea L.) or
white clover (Trifolium repens L.), the AMF coloni-
zation on rice roots could reach 30–80%. The results
in this paper show that intercropping upland rice with
mung bean could promote colonization on the roots of
both rice and mung bean by Glomus caledonium
(Fig. 2). In general, many factors such as root density,
root exudates and nutrient status of the rhizosphere,
contribute to regulate colonization by AMF (Smith
and Read 1997). The intercropping system did not
significantly increase root density in this study
(Fig. 3c,d), however, the diffusion of root exudates
to the adjacent root compartment was relative free
both in the nylon-net separation and no separation

treatments. Since root exudates govern signaling
between AMF and their host plants (Harrison 1999;
Hause and Fester 2005), the additional exudates from
intercropped roots would stimulate the establishment
of AMF symbiosis. In addition, the intercropping
enhanced depletion of N, particularly P in the culture
medium due to increase of total uptake by the two
plants (Fig. 5b–d). It is commonly observed that the
inoculation rate of AMF on the plant roots is
negatively related to the status of P availability in
the rhizosphere (Smith and Read 1997; Sawers et al.
2008). Moreover, the small difference in colonization
between the nylon-net separation treatment and the no
separation treatment in this study suggests that
traversed AM hyphae could possibly multiply the
infection rates in the intercropping system.

The significant increase of mycorrhizal mung bean
biomass (Fig. 3), which was about two fold more than
that of the rice biomass, indicates that the mung bean
may be an important route for the colonization
process of the intercropping system. There might be
competition between rice and mung bean during their

a
a a

a
a a

0

10

20

30

40

50

60

70

80

90

PFS NNS NS

N
 c

on
te

nt
 (

m
g 

po
t-1

)

c c c

b
a a

0

20

40

60

80

100

120

140

160

PFS NNS NS

N
 c

on
te

nt
 (

m
gp

ot
-1

)

c c c
b

a a

0

1

2

3

4

5

6

PFS NNS NS

P 
co

nt
en

t (
m

g 
po

t-1
)

c c c

b
a a

0

5

10

15

20

25

30

PFS NNS NS
P 

co
nt

en
t (

m
g 

po
t-1

)

a b

dc

Fig. 5 N and P content of shoots of rice (a and c) and mung
bean (b and d) after inoculation with Glomus caledonium:
plastic-film separation (PFS), nylon-net separation (NNS) and
no separation (NS). The white columns represent −AMF, the
black columns represent +AMF. N and P concentrations in

shoots were determined 50 days after inoculation. Different
letters above columns within an inoculation treatment indicate
significant difference at P<0.05 level. Means±SD of three
replicates
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Table 1 Bi-directional N transfer in the rice and mung bean intercropping system after inoculation with Glomus caledonium: plastic-
film separation (PFS), nylon-net separation (NNS) and no separation (NS)

AMF inoculation Cultivation 15N-ANT (mg pot−1) ANT (mg pot−1) NTR (%) %NTFD NNT (mg pot−1)

Mung bean as 15N donor plant
+AMF PFS 0 0 0 0

NNS 0.07±0.01a 11.57±0.13a 7.92±0.09a 16.13±1.11a 7.97±0.93a
NS 0.07±0.01a 11.66±0.77a 8.09±0.04a 15.72±0.43a 7.42±0.72a

−AMF PFS 0 0 0 0
NNS 0.03±0.01b 3.79±0.70b 4.41±0.16b 5.36±0.67b 1.61±0.23b
NS 0.03±0.00b 3.91±0.46b 4.69±0.08b 5.47±0.69b 2.06±0.25b

Rice as 15N donor plant
+AMF PFS 0 0 0 0

NNS 0.03±0.00a 3.60±0. 31a 4.78±0.41a 2.69±0.39a
NS 0.03±0.00a 4.25±0. 60a 5.42±0.43a 3.21±0.82a

−AMF PFS 0 0 0 0
NNS 0.02±0.00a 2.17±0.36b 2.98±0.36b 2.65±0.67a
NS 0.02±0.00a 1.85±0.45b 2.52±0.25b 2.33±0.29a

Data expressed as means±SD of three replications. Different letters in the same column indicate significant difference at P<0.05 level.

The 15 N abundance in the shoots was determined 20 days after labeling
15 N-ANT amount of 15 N transferred, ANT amount of N transferred, NTR N transfer rate, %NTFD the N percentage transferred from
donor crop to recipient plant, NNT net N transferred
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Fig. 6 Nodulation in mung bean intercropped with rice, with
or without inoculation with Glomus caledonium: Plastic-film
separation (PFS), nylon-net separation (NNS) and no separation
(NS). a and c Numbers of root nodules; b and d Fresh weight

(FW) of root nodules. The white columns represent −AMF; the
black columns represent +AMF. Different letters above columns
within an inoculation treatment indicate a significant difference
at the P<0.05 level. Means±SD of three replicates
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common growth stage in the intercropping system for
water and nutrients in the rhizosphere, and possible
adverse effect on their photosynthesis rate due to
shading. However, intercropping of upland rice with
mung bean, a short-duration grain legume, has major
advantages. Early stage rice offers the potential to
better utilize space and nutritional resources to mung
bean. During the mung bean growth stage, its ability
to fix N2 led directly to a competitive advantage under
N limiting condition. After mung bean was harvested,
extricated space and nutritional resources, particularly
N released by legume roots, could in turn improve the
development of rice at the late growth stage.

Mycorrhizal hyphae play an important role not
only in P acquisition, but also in transferring N
in intercropping root system from mung bean to rice

It has been reported that AM fungal hyphae are the
dominant routes of inorganic P acquisition from soil
(or culture medium) whether the plant growth or total
P uptake have been improved or not (Li et al. 2006;
Smith et al. 2003, 2004). In the intercropping systems
of this study, the P concentrations were significantly
increased in shoots of the mycorrhizal rice, while
there was no change in the shoots of the mycorrhizal
mung bean (Fig. 4). The intercropping significantly
enhanced P accumulation in shoots of both mycorrhi-
zal rice and mung bean (Fig. 5).

The arbuscular mycorrhizal symbiosis can effec-
tively transfer large amounts of nitrogen from soil to
plant roots (Ames et al. 1983; Govindarajulu et al.
2005; He et al. 2003; Johansen et al. 1993). However,
some earlier studies by labeling 15N in the culture
medium showed that AMF colonization did not result
directly in the transfer of fixed N or soil N from
legume to non-legume plants, despite an AMF-
stimulated increase in N fixation in legume crops
(Hamel et al. 1992; Ikram et al. 1994; Reeves 1992).
Hence more accurate experiments are needed to prove
whether N is transferred directly or indirectly through
the soil by common mycorrhizal networks (He et al.
2003; Johansen and Jensen 1996). The present study
used two-way 15N-transfer through 15N shoot labeling
and compartments with three different separation
methods to explore the mycorrhizal function in N
transfer. We showed that N-transfer in the root
systems of mung bean and rice intercropping is by a
two-way mechanism: from the legume to the non-

legume and from the non-legume to the legume plants
but with a net flux from the legume to the non-legume
plant (Table 1).

In intercropping with mycorrhizal plants, N-trans-
fer is likely to occur via re-absorption of the donor
plant root released N by the roots and mycorrhizal
hyphae of N-receiver plant, and via acquisition and
translocation of N by a common mycorrhizal network
(Johansen and Jensen 1996; He et al. 2003). In this
study, the separation in the pot by 30 µm nylon-net
basically prevented the direct contact of the roots but
allowed hyphae penetration and linkages between the
two plant species. With no AMF present, separation
of the root system by the nylon-net still resulted in
transfer of about 5.4% and 2.3% of 15N fed to the
leaves of mung bean and rice to their intercropped
counterpart, respectively (Table 1). This showed that
there was N released from the both plant roots and
decomposition of dead nodules and roots in the
present intercropping system. The donor-released
15N diffused across the nylon net and was taken up
by intercropped receiver roots. Inoculation of AMF in
the rice roots did not give a significant increase of the
15N transfer from rice to mung bean, however, the
mycorrhizal symbioses in the mung bean resulted in a
four-fold increase of net 15N transfer from mung bean
to rice (Table 1). The lack of a significant difference
of N transfer between the no separation and nylon-net
separation treatments (Table 1) indicates that the
increased amount of N transfer resulted from AM
fungus hyphal links rather than direct root-to-root
connections in the intercropping system. The contri-
bution of the N released from mung bean roots to be
taken up by intercropped rice roots needs to be
clarified in future by monitoring changes of labeled
15N in the root exudates. In addition, the intercrop-
ping with rice increased the total N uptake by
mycorrhizal mung bean (Fig. 5b). This increase might
be due to the improved N fixation by the increased
numbers and nodule weight (Fig. 6).

Why did the intercropping improved growth of mung
bean, but not of rice?

In the present study, AMF stimulated the growth of
mung bean more than that of rice under the same
cultivation condition (Fig. 3). This result coincides
with the results of a recent study that showed that
cowpea was the dominant crop in a rice-cowpea
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intercrop (Oroka and Omoregie 2007). In leguminous
plants, the efficiency of N-fixation depends on root-
nodule development. P has specific roles in nodule
initiation, growth, and functioning (Israel 1987; Israel
1993; Olivera et al. 2004). The higher P requirement
for symbiotic N fixation is internal rather than being
associated with differences in the ability of roots to
regulate nodule number and mass (Israel 1987).
Transport of P into host plants and its release to root
cells is an important function of AMF (Ryan et al.
2007; Smith et al. 2001). Previous studies showed
inoculation of AMF increased nodule number, nodule
weight and acetylene reduction activity of nodules
and N fixation (Kawai and Yamamoto 1986; New-
bould and Rangeley 1984). Our results also showed
that the number of root-nodule and fresh weight in
mycorrhizal mung bean were much higher than in
non-mycorrhizal mung bean (Fig. 6). This shows that
the formation of mycorrhizas is beneficial to forma-
tion of nodules. Growth promotion of AMF to mung
bean might be ascribed to the improved plant nutrition
by increasing uptake of soil P and enhancing the
activity of N fixation.

In the mung bean–rice intercropping system, AM
fungal inoculation increased the biomass of mung
bean at the expense of rice, reducing the rice/legume
dry mass ratio. This phenomenon may suggest that
the establishment of AMF mycelia needs a sequestra-
tion of carbon of leaf photosynthates relatively more
from rice than from mung bean (Johnson et al. 2002a;
Johnson et al. 2002b). Since mung bean is a fast-
growing short-life crop that last about 60–75 days and
is easily colonized by AMF, the intercropping system
with AM inoculation may play important roles in
sequestration of elevated atmospheric CO2, activation
of inactive soil P and biosynthesis of N especially in
tropical and subtropical regions of the world (Gavito
et al. 2000). The integrated effects of AMF inocula-
tion in the mung bean–rice intercropping system on
the yields of grains and acquisition of nutrients other
than N and P need to be further clarified for
continuous planting in the field.
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