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a b s t r a c t

Arbuscular mycorrhizal (AM) fungi play a key role in the nutrition of many land plants. AM roots have
two pathways for nutrient uptake, directly through the root epidermis and root hairs and via AM fungal
hyphae into root cortical cells, where arbuscules or hyphal coils provide symbiotic interfaces. Recent
studies demonstrated that the AM symbiosis modifies the expression of plant transporter genes and that
NHþ

4 is the main form of N transported in the symbiosis. The aim of the present work was to get insights
into the mycorrhizal N uptake pathway in Oryza sativa by analysing the expression of genes encoding
ammonium transporters (AMTs), glutamine synthase (GS) and glutamate synthase (GOGAT) in roots
colonized by the AM fungus Rhizophagus irregularis and grown under two N regimes. We found that the
AM symbiosis down-regulated OsAMT1;1 and OsAMT1;3 expression at low-N, but not at high-N condi-
tions, and induced, independently of the N status of the plant, a strong up-regulation of OsAMT3;1
expression. The AM-inducible NHþ

4 transporter OsAMT3;1 belongs to the family 2 of plant AMTs and is
phylogenetically related to the AM-inducible AMTs of other plant species. Moreover, for the first time we
provide evidence of the specific induction of a GOGAT gene upon colonization with an AM fungus. These
data suggest that OsAMT3;1 is likely involved in the mycorrhizal N uptake pathway in rice roots and that
OsGOGAT2 plays a role in the assimilation of the NHþ

4 supplied via the OsAMT3;1 AM-inducible
transporter.

� 2013 Elsevier Masson SAS. All rights reserved.
1. Introduction

Plants are completely dependent on N availability in the soil
solution for their growth and productivity. In most soils, NHþ

4 and
NO�

3 are the predominant sources of nitrogen (N) available for plant
nutrition. Because the concentration of these two ions in the soil
solution is generally low and fluctuant, N is often themajor limiting
macronutrient of plant growth, especially during the production of
cereal crops. Plants can be supplied with N fertilizers, but N is one
of the most expensive nutrients to supply and commercial fertil-
izers represent one of the major costs in plant production.
Furthermore, there is serious concern regarding N losses in the
field, giving rise to soil and water pollution (Good et al., 2004).

Plants have evolved N uptake systems to cope with the het-
erogeneous N availability in the soil. For nitrate (Crawford and
Glass, 1998) and ammonium (Ludewig et al., 2007), two types of
T, ammonium transporter;
e; MGR, mycorrhizal growth
e real-time RT-PCR.
þ34 958 129600.
.

son SAS. All rights reserved.
uptake system have been described: low-affinity transport systems
(LATS), which operate at high nutrient concentrations (>1mM) and
high-affinity transport systems (HATS) that predominate in the
micromolar range. Modulation of HATS and LATS function in co-
ordinationwith changes in the pattern of growth and development
allows plants to cope with heterogeneous N availability in the soil
(Kraiser et al., 2011).

In natural environments, plants interact and associate with
many and functionally diverse microorganisms that can also
contribute to an adequate N supply (Richardson et al., 2009).
Nutritionally beneficial plantebacteria interactions can increase
nutrient accessibility, uptake, or both. The best known example of a
beneficial plantebacteria association for N nutrition is the symbi-
otic association established between bacteria of the Rhizobiaceae
family e collectively called rhizobia e and legumes (Sprent and
James, 2007). Besides bacteria, other microorganisms, such as
arbuscular mycorrhizal (AM) fungi, can modify root system archi-
tecture and increase the absorbing surface in contact with the soil,
contributing to better nutrient acquisition (Smith and Read, 2008).

Arbuscular mycorrhizal symbioses are arguably the most com-
mon type of underground mutualistic relationship, with around
80% of terrestrial plant species potentially able to establish them.
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The mutualistic nature of the association between plants and AM
fungi is based largely on the exchange of nutrients: the plant re-
ceives soil-derived mineral nutrients (P, N and trace elements such
as Cu and Zn) from the fungus, while providing organic compounds
to the fungus (Smith and Read, 2008; Ferrol and Pérez-Tienda,
2009). The crosstalk with the AM fungus and the increased
amount of available nutrients triggers consequently a series of
events in the plant, such as the activation of specific mycorrhizal
nutrient uptake pathways and the induction of already expressed
transporters in the root to increase the exchange and reallocation of
nutrients (Smith and Smith, 2011).

Previous works have focused primarily on the transport of
phosphorus (P). Those studies showed that AM plants have two
pathways that can contribute to phosphorus uptake from the soil:
1) the direct uptake pathway from the rhizosphere by root
epidermal cells (including root hairs, when present) and 2) the AM
uptake pathway by root cortical cells via the fungi. Non-
mycorrhizal (NM) plants (non-colonized potential hosts of AM
fungi or non-hosts) take up P only through the direct pathway, via
Pi transporters expressed in the epidermis, but both pathways may
operate in mycorrhizal plants. All AM plants investigated so far
possess Pi transporters that are specifically or preferentially
expressed in arbuscule-containing cortical cells (for review see
Bucher, 2007).

As in the case of P, both pathways could act for N uptake from
the soil. However, the highmobility of N in the soil (especially NO�

3 )
has raised the question of whether AM fungi can contribute
significantly to the N nutrition of the host (Smith and Smith, 2011).
It has been suggested that an improved N status of AM plants may
be simply a consequence of an improved P nutrition (Reynolds
et al., 2005). Other studies, however, have demonstrated that AM
fungi can deliver substantial amounts of N to the host plant, with an
estimated 21% of total N taken up by the fungal extraradical
mycelium in root organ cultures (Govindarajulu et al., 2005) and
75% of the total N in the leaves of Zea mays coming from the fungal
partner (Tanaka and Yano, 2005).

The extraradical mycelium of AM fungi is able to take up NHþ
4 ,

NO�
3 and organic N from the soil (for review see Ferrol and Pérez-

Tienda, 2009; Smith and Smith, 2011). Nitrogen is then trans-
located to the intraradical mycelium as arginine and, seemingly,
transferred to the plant in the form of NHþ

4 (Govindarajulu et al.,
2005; Tian et al., 2010). Recently, plant NHþ

4 transporters (AMTs)
that are specifically expressed in arbuscule-containing cortical cells
and that are likely involved in the transport of the NHþ

4 delivered by
the fungus across the periarbuscular membrane have been identi-
fied in Medicago truncatula, Lotus japonicus, Glycine max and Sor-
ghum bicolor (Gomez et al., 2009; Guether et al., 2009; Kobae et al.,
2010; Koegel et al., 2013). It has been proposed that this mycor-
rhizal N uptake pathway is similar to the well characterized
mycorrhizal Pi uptake pathway. However, much less is known
about the effects of the N supplied by AM fungi on plant N assim-
ilation. Increased activity of glutamine synthase (GS) has been re-
ported in AM roots from pot experiments (Subramanian and
Charest, 1998) and increased accumulation of GS, glutamate de-
hydrogenase and asparagine synthase transcripts has been
observed in mycorrhizal tomato roots grown in the field under low
external N concentrations (Ruzicka et al., 2012).

Rice (Oryza sativa) is one of the most important and popular
cereal crop used as human food. A crucial factor affecting rice
growth and yield is N fertilization, although the amount of N fer-
tilizers supplied generally exceeds its requirements, resulting in a
negative effect on the global N cycle (Ju et al., 2009). Themajor form
of nitrogen that is available for growth of rice plants in paddy fields
is NHþ

4 . However, since excessive NHþ
4 uptake into plants can be

toxic, NHþ
4 uptake and metabolism must be tightly regulated. In
rice, 12 genes are predicted to encode AMT proteins (Li et al., 2009),
three the cytosolic GS and two the NADH-GOGAT (Zhao and Shi,
2006). Members of these gene families have been shown to pre-
sent organ-specific expression patterns and been differentially
regulated by the external N status (Kumar et al., 2003; Ishiyama
et al., 2004; Zhao and Shi, 2006; Li and Shi, 2006; Tabuchi et al.,
2007; Li et al., 2009; Gaur et al., 2012). As a mycorrhizal crop, rice
can obtain benefits from the AM symbiosis. Yang et al. (2012)
revealed that AM rice can receive more than 70% of its P via the
symbiotic uptake pathway and a beneficial effect of the AM fungus
Glomus mosseae on rice N nutrition has been recently shown (Liu
et al., 2013). The aim of the present work was to get some in-
sights into the mycorrhizal N uptake pathway in rice by analysing
the expression of genes encoding AMTs, and of those involved in
the GS/GOGAT NHþ

4 assimilatory pathway e glutamine synthase
(GS)and glutamate synthase (GOGAT) e in roots colonized by the
AM fungus Rhizophagus irregularis and grown at two different N
regimes.

2. Materials and methods

2.1. Biological materials and growth conditions

Rice seeds (Oryza sativa L. cv. Nipponbare) were surface steril-
ized with 70% ethanol for 1 min, sodium hypochlorite (5% v/v) for
30 min, washed repeatedly with sterile water (2e3 times) and
maintained in sterile water for 10 min. Afterwards seeds were
germinated in autoclaved vermiculite. When the first true leaf was
expanded, two uniform rice seedlings were transplanted into each
pot. Each pot contained a 300 ml of sterile mixture of soil:sand:-
vermiculite (1:2:6, v:v:v). Plants were grown in a growth chamber
with 23/20 �C day/night temperature, 60% relative humidity and
16/8 h light/dark photoperiod. The pots were watered every other
day with modified half-strength (0.5�) Hoagland nutrient solution,
having different N contents and 125 mM KH2PO4 to create an
insufficient condition of P for AM fungal colonization. Ca2þ and Kþ

losses, resulting from the reduction of NO�
3 salts, were compen-

sated by the addition of the corresponding Cl� and SO2�
4 salts,

respectively. Mycorrhizal inoculation was performed as described
by García-Rodríguez et al. (2007) using a sepiolite-vermiculite-
based inoculum of the AM fungus R. irregularis DAOM 197198
(Biosystematic Research Center, Ottawa, Canada) (10%, v/v), con-
taining spores, hyphae and fragments of AM roots. Mock-inoculated
control plants (or NM plants) received the same proportion of the
inoculum substrate and an aliquot of a filtrate (<20 mm) of the AM
inoculum to provide the microbial populations accompanying
R. irregularis but free from AM propagules.

Two different N treatments were applied to the control (NM)
plants and those inoculated with R. irregularis (AM): Standard or
high-N (100% of the Hoagland nutrient solution, 7.5 mM NO�

3 ) or
low-N (25%, 1.875 mMNO�

3 ). Five replicates (5 pots) were set up for
each treatment. After 8 weeks plants were harvested, weighed,
separated into shoots and roots, frozen quickly in liquid N and
stored at �80 �C until used.

2.2. Analysis of AM establishment and plant growth responses

Mycorrhizal colonization was estimated in an aliquot of the root
system of each plant root sample after trypan blue staining ac-
cording to the grid-line intersect method using a stereomicroscope
(Giovannetti and Mosse, 1980). The abundance of the AM fungus in
the roots was also estimated by using molecular markers, namely
the expression level of the R. irregularis elongation factor 1a
(RiEF1a). In addition, as reference for the symbiotic status of the
rice roots we also measured the gene expression of the mycorrhiza-



J. Pérez-Tienda et al. / Plant Physiology and Biochemistry 75 (2014) 1e8 3
specific phosphate transporter OsPT11 (Yang et al., 2012), which is
considered to be one of the best indicators of a functional AM as-
sociation in rice plants.

Shoot and root weights of plants were determined. Plant re-
sponses to AM colonizationwere estimated by calculating the MGR
using the equation of Hetrick et al. (1992),
MGR ¼ 100 � (AM � NM)/NM, where AM and NM refer to biomass
(dry weight) of AM and NM plants, respectively.

2.3. Nutrient analyses

Nutrient content of leaves was performed by the Analysis Ser-
vice of the Centro de Edafología y Biología Aplicada del Segura
(CEBAS-CSIC, Spain). Leaves were briefly rinsed with deionised
water, oven-dried at 65 �C for 48 h, and ground to a fine powder.
The samples were digested by a microwave technique, using a
Milestone Ethos I microwave digestion instrument. A standard
aliquot (0.1 g) of dry, finely ground plantmaterial was digestedwith
concentrated nitric acid (HNO3) (8 ml) and hydrogen peroxide
(H2O2) (2 ml). Subsequently, plant N and P content were analysed
using a Flash 1112 series EA carbon/nitrogen analyser or ICP (Iris
intrepid II XD2 Thermo), respectively.

2.4. Identification of the rice AMT, GS and GOGAT sequences

The O. sativa genome database (http://www.plantgdb.org/
OsGDB/) was searched for genes encoding AMT, GS and GOGAT
by using BLAST and keyword searches. Sequences retrieved from
the rice database were confirmed by BLAST searches in NCBI
(http://blast.ncbi.nlm.nih.gov/).

2.5. Phylogenetic analysis of the rice AMT sequences

Protein alignment was performed from the amino acid se-
quences of all members of the rice AMT gene family and other
available model plant AMT sequences, using the ClustalW algo-
rithm. To estimate phylogenetic relationships, the alignment was
analyzed using the Neighbour-Joining method implemented in
MEGA5, with the pairwise deletion option for handling alignment
gaps, based on the Poisson model amino acid substitution. In order
to evaluate the number of replicate trees in which the associated
taxa clustered together a bootstrap analysis (1000 replicates) was
performed.

2.6. RNA isolation and cDNA synthesis

Total RNA was isolated from whole roots of the different treat-
ments using the phenol/SDS method followed by LiCl precipitation
as described by García-Rodríguez et al. (2007). For each treatment,
roots from three independent biological samples (each one con-
sisting of a pool of two root systems) were extracted. The first cDNA
was synthesized from DNase-treated total RNA (1 mg) with 200
units of Super-Script III Reverse Transcriptase (Invitrogen) and
50 pmol oligo(dT)20 (Invitrogen), according to the manufacturer’s
instructions. The resulting RT reaction product was used as tem-
plate for real-time PCR analysis.

2.7. Gene expression analyses

Quantitative real-time RT-PCR (qRT-PCR) experiments were run
on an iQ�5 Multicolor Real-Time PCR Detection System (Bio-Rad).
Gene-specific primers were used to amplify the different AMTs, GS
and GOGAT genes in the synthesized cDNAs (for gene-specific
primer sequences, see Supplementary Table 2). Because RNA
extracted from AM roots contains plant and fungal RNAs, the
specificity of the primer pairs was also analyzed by PCR amplification
of the R. irregularis genomic DNA. qRT-PCR reactions were carried
out in a final volume of 20 ml containing 10 ml of iQ� SYBR Green
Supermix 2� (Bio-Rad), 0.2 mMof each gene-specific primer and 1 ml
of cDNA template. The PCR program consisted of an initial incubation
at 95 �C for 3 min, followed by 38 cycles of 95 �C for 30 s, 60 �C for
30 s and 72 �C for 30 s, where the fluorescence signal wasmeasured,
and an additionalfinal cycle of dissociation curves to ensure a unique
amplification. qRT-PCR determinations were performed on three
independent biological samples with three technical replications
and the threshold cycle (Ct) determined in triplicate. Only Ct values
leading to a Ct mean with a standard deviation below 0.3 were
considered. The Ct values obtained for each samplewere normalized
with OsEF1a (Os03g08020) as internal control. The relative levels of
transcription were calculated by using the 2�DCT method
(Schmittgen and Livak, 2008), and the standard error was computed
from the average of the DCT values for each biological sample.

2.8. Statistical analyses

SPSS21 was used for the statistical analysis of the means and
standard deviation determinations. ANOVA, followed by a Duncan
or Fischer’s LSD test (p < 0.05) when possible, was used for the
comparison of the treatments based on at least 3 biological repli-
cates for each treatment (n � 3).

3. Results

3.1. Mycorrhizal colonization and plant growth

Eight weeks after transplanting, all characteristic fungal struc-
tures were present in the colonized roots. AM colonization levels
were significantly lower in plants fed with the Hoagland nutrient
solution having the high-N concentration (Fig. 1A). This result was
confirmed by analysing the expression of the R. irregularis elonga-
tion factor 1a (RiEF1a) gene by qRT-PCR in AM root samples
(Fig. 1B). The expression level of RiEF1a in roots of plants fed with
the high-N nutrient solution was significantly lower than in those
of the low-N treatment, which correlates with the estimated
colonization rates determined by histochemical staining. Expres-
sion analysis of the mycorrhiza-specific phosphate transporter
gene OsPT11 showed that mycorrhizal activity was higher in plants
grown with low-N than in those developed with high-N levels
(Fig. 1C).

The mycorrhizal growth response (MGR) of the rice plants was
dependent on the N level. A negative shoot and root MGR was
observed when the plants were fertilized with a low-N nutrient
solution, while a positive shoot MGR was observed in the high-N
fertilized plants (Fig. 2A). These MGR mean that total plant
biomass was significantly reduced by mycorrhiza formation in the
plants grown with low-N but increased in those with high-N.
However, at both N levels the shoot/root ratio of the AM plants
was higher than in the NM plants (Fig. 2B).

3.2. Effect of the AM symbiosis on N and P leaf concentrations

Leaf P concentration was higher in AM than in NM plants
regardless of whether they were fertilized with the high- or low-N
nutrient solution. However, N concentration was only increased in
the leaves of the AM plants fed with the low-N solution (Table 1).

3.3. Expression analysis of AMT genes in AM rice roots

Quantitative real-time RT-PCR was used to determine the
transcript levels of the 10 members of the rice AMT gene family in

http://www.plantgdb.org/OsGDB/
http://www.plantgdb.org/OsGDB/
http://blast.ncbi.nlm.nih.gov/
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roots of control and AM rice plants. The rice AMTs are divided in
two families, OsAMT1 and OsAMT2, the later comprised of sub-
families OsAMT2, OsAMT3 and OsAMT4 (Kumar et al., 2003)
(Fig. 4). Except for the OsAMT4 subfamily, which contains only one
member, each of the other three families are comprised of three
members.
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or low-N nutrient solution. Values are means � S.E. (n ¼ 5). Asterisks represent sig-
nificant differences between AM and NM plants within the same N treatment at
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Transcripts of the three AMT1 family members were detected in
roots of plants of all treatments. Development of the symbiosis
down-regulated OsAMT1;1 and OsAMT1;3 expression at low-N, but
not at high-N conditions. In the roots of NM plants, OsAMT1;1 and
OsAMT1;3 expression decreased when plants were grown in high-N
conditions. Transcript levels of OsAMT1;2 where not significantly
affected by either the symbiosis or the N-treatment, though this
gene displayed a slightly significant lower expression level when
the plants were grown with high-N specially in the mycorrhizal
plants (Fig. 3A).

None of the members of the AMT2 and AMT4 subfamilies were
expressed in our experimental conditions or their expression levels
were below the detection limit. Of the three members of the AMT3
subfamily were detected only OsAMT3;1 and OsAMT3;3 (Fig. 3B).
OsAMT3;3 displayed a similar expression pattern to OsAMT1;1 and
OsAMT1;3, i.e., down-regulation by mycorrhization and up-
regulation under low-N conditions. OsAMT3;1 was highly
expressed in AM roots of both N treatments (38e52 fold induction
compared to the control plants), which suggests that OsAMT3;1 is
the rice orthologous of the Lotus and soybean mycorrhiza-specific
NHþ

4 transporters LjAMT2;2 and GmAMT4;1, respectively.
3.4. Phylogenetic relationship of OsAMT3;1 and other mycorrhiza-
inducible AMTs

To estimate the phylogenetic relationship between the AM-
responsive AMT genes of rice and other plant NHþ

4 transporter
proteins, a Neighbour-Joining phylogenetic tree was constructed
based on the alignment of the corresponding deduced amino acid
sequences (Fig. 4). As expected, three of the AMTs identified in the
rice genome (OsAMT1;1, OsAMT1;2 and OsAMT1;3) are members
of the AMT1 family, a well-defined group in both monocots and
dicots. All the other rice AMTs belong to a separate cluster, the
AMT2 family, comprising three subfamilies, AMT2 (OsAMT2;1,
Table 1
N and P leaf concentrations of AM andNM rice plants grown at low- and high-N for 8
weeks. Values are means � S.E. (n ¼ 5). Means in the same column followed by the
same letter are not significantly different (p < 0.05) according to the Duncan’s test.

Treatment N (mg g�1 dry weight) P (mg g�1 dry weight)

Low-N
NM 13.60 � 0.77 a 1.04 � 0.03 a
AM 19.37 � 0.70 b 2.06 � 0.06 c

High-N
NM 24.59 � 0.72 c 0.92 � 0.03 a
AM 23.09 � 0.46 c 1.87 � 0.04 b
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OsAMT2;2 and OsAMT2;3), AMT3 (OsAMT3;1; OsAMT3;2 and
OsAMT3;3) and AMT4 (OsAMT4), with each subfamily also
conserved between monocots and dicots. All the AM-inducible
AMT genes identified so far, except the soybean GmAMT1;4 gene,
belong to the AMT2 family, whose members contain some introns
in their gene sequence with a highly conserved second exon
structure and the conserved AMT2 signature (data not shown). The
mycorrhiza-induced OsAMT3;1 is more closely related to the AM-
inducible S. bicolor and G. max AMT3;1 genes.

3.5. Regulation of the GS/GOGAT pathway in AM rice roots

As a first step to investigate the role of the plant GS/GOGAT
pathway in the primary assimilation of the NHþ

4 released by the AM
fungus, the rice genome databasewas searched for genes putatively
encoding GS and GOGAT isozymes. This search allowed the iden-
tification of four GS and GOGAT genes in rice. Three out of the four
GS genes encode cytosolic GS isoforms (OsGS1;1, OsGS1;2 and
OsGS1;3), while OsGS2 encodes the chloroplastic GS isoform.
OsGOGAT1 and OsGOGAT2 encode GOGAT isozymes that use NADH
as electron donor (NADH-GOGAT) while OsGOGAT3 and OsGOGAT4
encode chloroplastidic isozymes that use ferredoxin (Fd-GOGAT) as
reducing agent.

Expression of the non-plastidic isoforms, that is OsGS1;1,
OsGS1;2, OsGS1;3, OsGOGAT1 and OsGOGAT2, was determined in
roots of all plants. In our experimental conditions, OsGS1;3
transcript levels were below the detection limit and OsGS1;2
transcripts were more abundant than those of OsGS1;1. In the roots
of NM plants both genes were up-regulated by low-N conditions.
Expression of OsGS1;1 and OsGS1;2 was not affected by the devel-
opment of the symbiosis in the high-N plants. However, when the
plants were grown under low-N conditions, OsGS1;1 and OsGS1;2
expression was down-regulated in AM plants, reaching expression
levels similar to those observed in plants supplied with high-N
nutrient solution (Fig. 5A).

OsGOGAT1 transcripts were more abundant than OsGOGAT2
transcripts in the roots of plants of all treatments, being the
OsGOGAT2 transcript levels in NM roots very close to the detection
limit. OsGOGAT1 expressionwas not affected by the development of
the symbiosis. However, it was significantly induced in roots of
both NM and AM plants grown under low-N conditions. Expression
of OsGOGAT2 was strongly induced in roots of the low- and high-N
supplied AM plants (20e70 fold induction, depending on the bio-
logical sample, compared to the control plants) (Fig. 5B), suggesting
a role for this isozyme in the mycorrhizal NHþ

4 assimilatory
pathway.

4. Discussion

The importance of AM fungi for plant N nutrition is a topic of
controversy (Smith and Smith, 2011). In the present study it has
been shown that the AM fungus R. irregularis contributes to shoot N
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nutrition of rice plants when they are grownwith low-N supply and
that colonization by R. irregularis strongly induces the expression of
an NHþ

4 transporter (OsAMT3;1) and a NADH-GOGAT isozyme
(OsGOGAT2) in roots of rice plants grown both under low and high
N supplies. Mycorrhizal colonization did also result in an advantage
in terms of P nutrition, with low- and high-N supplied AM plants
having higher shoot P concentrations.

The strong induction of OsAMT3;1 gene expression in mycor-
rhizal roots adds to the growing body of evidence that AM host
plants have NHþ

4 transporters that are up-regulated when they are
colonized by AM fungi. Specific expression of these up-regulated
AMT genes in arbuscule-colonized cortical root cells has been
shown in M. truncatula (Gomez et al., 2009), L. japonicus (Guether
et al., 2009), G. max (Kobae et al., 2010) and S. bicolor (Koegel
et al., 2013). Our phylogenetic analysis revealed that the AM-
inducible rice NHþ

4 transporter OsAMT3;1 belongs to the family 2
of plant AMTs, more specifically to the subfamily AMT3, and that its
closest homologue is the arbuscule-localized S. bicolor AMT3;1
transporter. These results suggest that OsAMT3;1 is the orthologue
of SbAMT3;1 and that they are the orthologs most responsible for
NHþ

4 uptake in monocot AM symbiosis. Similarly to L. japonicus
(Guether et al., 2009) and M. truncatula (Gomez et al., 2009), only
one AM-inducible gene has been found to date in rice. This is in
contrast to soybean, tomato and sorghum, in which four, two and
two, respectively, AM-inducible genes have been found in mycor-
rhizal roots (Kobae et al., 2010; Ruzicka et al., 2012; Koegel et al.,
2013). OsAMT3;1 induction in AM roots did not seem to depend
on the plant N supply. This is in accordance with what was found in
tomato and S. bicolor where the AM-inducible AMT4 and AMT5
(Ruzicka et al., 2012) and SbAMT3;1 and SbAMT4 (Koegel et al.,
2013), were similarly expressed under different N conditions.
However, this is in contrast with what has been observed for the
AM-inducible phosphate transporters which are down-regulated at
high plant P status (Nagy et al., 2009).

Different authors have suggested that the AMT1 family genes in
rice may be crucial for NHþ

4 uptake from the soil (Kumar et al.,
2003; Li and Shi, 2006; Gaur et al., 2012). Transcriptional regula-
tion of the AMT1 family genes in the roots of NM plants by N
availability, with higher expression of OsAMT1;1 and OsAMT1;3
under N limiting conditions, confirms those suggestions. These data
suggest that the gene products of OsAMT1;1 and OsAMT1;3 may
make a major contribution to root NHþ

4 uptake under N limiting
conditions. Down-regulation of these two genes in the roots of AM
plants grown with a low-N supply suggests that these transporters
are not so important when the mycorrhizal N uptake pathway is
activated. Down-regulation of some members of the AMT1 family
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in mycorrhizal roots has been also reported in soybean and tomato
(Kobae et al., 2010; Ruzicka et al., 2012).

These data show a parallelismwith the mechanisms of P uptake
by AM roots and support the existence of a mycorrhiza-specific N
uptake pathway and the hypothesis that the direct nutrient uptake
pathway can be “switched off” and substituted by the mycorrhizal
uptake pathway (Bucher, 2007; Smith and Smith, 2011). Evidences
for AM pathways for other nutrients have emerged from the recent
identification of sulphate transporter genes, which are also spe-
cifically expressed in AM roots (Casieri et al., 2012).

The GS/GOGAT cycle plays an important role in NHþ
4 assimila-

tion. Independently of the N supply, the highest abundance of
OsGS1;2 and OsGOGAT1 transcripts compared to those of OsGS1;1
and OsGOGAT2, respectively, suggests that OsGS1;2 and OsGOGAT1
isoforms are the main responsible for the primary assimilation of N
in rice roots, which agrees with previous reports (Tabuchi et al.,
2007). Up-regulation of OsGS1;1 and OsGS1;2 gene expression
when NM plants were grown at low-N supply agrees with previous
observations in hydroponic cultures (Zhao and Shi, 2006). Kinetic
analyses of the OsGS1;1 and OsGS1;2 gene products showing that
both enzymes have a high affinity for NHþ

4 and transcript accu-
mulation at the surface cell layers at low-N support the importance
of these enzymes in promoting rapid conversion of NHþ

4 to gluta-
mine at the cell layers that are in contact with the soil, particularly
under low N conditions (Ishiyama et al., 2004). Contrary to what
was expected, transcriptional activation of GS genes in AM roots
was not observed. However, there is now a growing body of evi-
dence that GS activity is not only regulated at the level of gene
expression but also by post-translational modifications (Finnemann
and Schjoerring, 2000). Since GS activity seems to increase in AM
roots (Liu et al., 2013), it is possible that these enzymes are post-
translationally regulated by the symbiosis. Further studies in
other plant species are needed to confirm this hypothesis.

Our data show for the first time specific induction of a GOGAT
gene in AM roots. Under both N conditions, OsGOGAT2 expression
was strongly induced (at least 20-fold) in AM roots compared to
NM roots. In spite of the high induction, transcript abundance of
OsGOGAT2was low. This could be explained by a dilution effect as a
consequence of localized expression, possibly in arbuscule-
colonized cortical cells. The physiological role of OsGOGAT2 in
rice is not yet known. It has been reported that OsGOGAT2 is mainly
expressed in fully expanded leaf blades and leaf sheaths, but
expressed at low and constant levels in roots (Tabuchi et al., 2007).
More recently a role for OsGOGAT2 in the process of senescence
and remobilization of leaf N has been suggested (Tamura et al.,
2011). Our data suggest that in AM roots OsGOGAT2 may play a
key role in the assimilation of NHþ

4 derived from the AM fungus
through the mycorrhizal N uptake pathway. Similarly, in the sym-
biotic interaction of rhizobia with Medicago sativa (Trepp et al.,
1999) and Phaseolus vulgaris (Blanco et al., 2008), a NADH-GOGAT
is strongly expressed in nodules and has been shown to play a
key role in the assimilation of the NHþ

4 derived from symbiotic N2
fixation. Specific induction of OsGOGAT2 expression in AM roots
indicates a participation of the GS/GOGAT pathway in the primary
assimilation of the mycorrhizal derived NHþ

4 .
In conclusion, we have identified a mycorrhiza-inducible NHþ

4
transporter and mycorrhiza-inducible NADH-GOGAT gene in rice
roots. This work represents the first report on the specific activation
of a GOGAT isozyme in AM roots. The high induction of OsAMT3;1
and OsGOGAT2 expression in AM roots suggests that this trans-
porter is likely involved in the mycorrhizal N uptake pathway and
that OsGOGAT2 plays a role in the assimilation of the NHþ

4 supplied
via the OsAMT3;1 mycorrhiza-inducible transporter. Further
biochemical and metabolomic studies will provide a greater un-
derstanding of the mechanisms of N transfer in AM.
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