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Abstract

We report the cloning and characterization of the first NH," transporter gene (GintAMTI) in an arbuscular mycorrhizal fungus.
GintAMTI encodes a polypeptide of 479 amino acids sharing high sequence similarity with previously characterized NH,* transporters
from other fungi. Heterologous expression of GintAMT1 in the yeast triple mep mutant complemented the defect of this strain to grow in
the presence of less than 1 mM NH,*. As revealed by ['*C]methylammonium uptake experiments carried out in yeast, GintAMTI encodes
a high-affinity NH," transporter. In mycelia developed in the presence of 0.9 mM NO;~, GintAMT]I transcription was increased after the
addition of 30 uM NH," but decreased after the addition of 3mM NH,*. However, in mycelia grown in the presence of higher N concen-
trations, GintAMTI transcripts decreased after the addition of NH,", irrespective of the concentration used. These data suggest that
GintAMTI is involved in NH,* uptake by the extraradical mycelia from the surrounding media when it is present at micromolar concen-

trations.
O 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The roots of most plant species are colonized by arbus-
cular mycorrhizal (AM) fungi to form mutually beneficial
symbiotic associations called mycorrhizas. AM fungi,
belonging to the fungal phylum Glomeromycota (Schii8ler
et al., 2001), are obligate biotrophs which depend entirely
on the plant for their carbon supply (Bago and Bécard,
2002). The fungus in return provides the plant with essen-
tial mineral nutrients that are taken up from the soil by the
extraradical mycelium and translocated to the plant (Smith
and Read, 1997). Within the cortical cells of the root the
fungus forms finely branched hyphal structures, the arbus-
cules, which are surrounded by a specialized plant mem-
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brane and which are believed to be the site of bi-directional
nutrient transfer (Ferrol et al., 2002).

The main benefit of the AM association is an improved
P status of the mycorrhizal plant, but there is increasing
evidence that AM fungi also contribute to the N-budget of
the plant. Different authors have shown the ability of the
extraradical mycelium of AM fungi to deplete the inorganic
5N, added as 'NH," to the soil of a root-free compart-
ment (Frey and Schiiepp, 1993; Johansen et al., 1992, 1993)
and that AM extraradical hyphae were able to transport
this N-isotope to a plant which was growing several centi-
metres away from the nitrogen source. The capability of
AM extraradical hyphae to take up (Bago et al., 1996) and
transport 1’NO;~ to the host plant has also been reported
(Tobar et al, 1994a,b). Much less is known about the
uptake of organic nitrogen, but Hawkins et al. (2000)
showed that AM hyphae are able to take up glycine and
glutamic acid and transport nitrogen from these sources
to the plant roots in a form that is presently unknown.
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Moreover, Hodge et al. (2001) reported that the AM symbi-
osis can both enhance decomposition of and increase
nitrogen capture from complex organic material in soil.

Although AM fungi are able to take up both NO;~ and
NH,", a clear preference for NH," has been demonstrated
(Hawkins et al., 2000; Toussaint et al., 2004; Villegas et al.,
1996), which is explained, at least in part, by the extra
energy the fungus must expend in reducing NO;~ to NH,"
before it can be incorporated into organic compounds
(Marzluf, 1996). Ammonium is a ubiquitous intermediate
in nitrogen metabolism and one of the major nutrients for
plants and microorganisms. The whole process of NH,"
assimilation in the AM symbiosis involves NH," uptake
and assimilation by the AM fungus and transfer to the
plant. Several lines of evidence indicate that the glutamine
synthetase/glutamate synthase (GS/GOGAT) cycle is
responsible for NH," assimilation in AM extraradical
hyphae (Breuninger et al, 2004; Johansen etal, 1996),
although the involvement of glutamate dehydrogenase has
not been experimentally excluded. Recently, Govindarajulu
et al. (2005) have shown that inorganic nitrogen taken up
by the external mycelium is incorporated into amino acids,
translocated from the extraradical to the intraradical myce-
lium as arginine, but transferred to the plant as NH,".

In most organisms, ammonium uptake is mediated by
members of the NH,* transporter family (AMT/MEP). The
first of the genes involved in NH," transport were cloned
from yeast (Marini et al, 1994) and Arabidopsis (Ninne-
mann et al., 1994). Since then, these genes have been found
in a variety of bacteria (Thomas et al., 2000), fungi (Javelle
et al.,, 2001, 2003b; Montanini et al., 2002) and homologues
have been found in humans (Marini et al., 2000). Aside from
their role in NH, " uptake, NH," transporters can also act as
NH," sensors. In yeast, the high-affinity transporter MEP2
has been considered to act as the sensor for low NH,* avail-
ability and evidence suggests that it is associated with the
signal transduction cascades leading to filamentous growth
(Lorenz and Heitman, 1998). The objective of the present
work was to characterize an NH," transporter of Glomus
intraradices in order to get some insights into the mecha-
nisms of nitrogen acquisition and sensing in AM fungi.

2. Materials and methods

2.1. Arbuscular mycorrhizal monoxenic cultures and N
treatments

Arbuscular mycorrhizal monoxenic cultures were estab-
lished as described by St-Arnaud et al. (1996). Briefly, clone
DC2 of carrot (Daucus carota L.) Ri-T DNA transformed
roots were cultured with the AM fungus G. intraradices
Smith & Schenck (DAOM 197198, Biosystematic Research
Center, Ottawa, Canada) in two-compartment Petri dishes.
Cultures were initiated in one compartment (“root compart-
ment”) of each plate, which contained M medium (Chabot
et al., 1992). Fungal hyphae, but not roots, were allowed to
grow over to the second compartment (“hyphal compart-

ment”), which contained M medium without sucrose and
modified to provide different NO;™ concentrations (0.9, 1.8,
or 3.6mM). Ca®* and K™ losses, resulting from the reduction
of NO;™ salts, were compensated by the addition of the cor-
responding Cl~ and SO,>~ salts, respectively. Plates were
incubated in the dark at 24°C until the transition from
absorptive to sporulative phase was initiated (approximately
2-3 months from the establishment of the cultures). At this
stage, 0, 30 UM, or 3mM (NH,),SO, pulses were applied to
the hyphal compartment of the plates of the different NO;~
treatments by placing 500 uL. of stock solutions in droplets
dispersed throughout the compartment, allowing diffusion
to distribute the added solution evenly. The time of
(NH,),SO, addition was referred as time 0 and mycelia were
harvested 24 and 48 h after the pulse.

2.2. Isolation of the GintAMTI cDNA

The 3’ end of GintAMTI was obtained by chance while
trying to isolate the 3’ end of a different G. intraradices gene
by rapid amplification of cDNA ends (RACE). The 5’
end of GintAMTI] was obtained by RACE by using
the SMART RACE cDNA Amplification kit (Clontech,
Palo Alto, CA, USA) and the GintAMT]I specific primer
AMT!1 (5-CTAAGAGCAGCAGCACCAGAAGAAA
TG-3’) following the manufacturer’s instructions. 5" RACE
reactions were performed using 1pg total RNA extracted
from G. intraradices extraradical mycelium grown in MC
plates at the standard nitrate concentration (3.6 mM). PCR
products were subcloned into pGEM-T Easy vector
(Promega, Madison, WI, USA) and sequenced. The full-
length clone was obtained by ligating the 3’ and 5’ frag-
ments in a Sacll/Mefl-digested pPGEM-T Easy vector.

2.3. Sequence analyses

Nucleotide sequences were determined by Tag polymerase
cycle sequencing and using an automated DNA sequencer
(Perkin-Elmer ABI Prism 373). Computer database compari-
sons were performed using BLAST algorithm (Altschul et al.,
1990) and computer translation by using the Translate tool
from EXPASY Molecular Biology Server. Amino acid
sequence comparisons were made with the BESTFIT pro-
gram of the Genetics Computer Group (Madison, WI,
USA), and multiple sequence alignments of translated gene
sequences were carried out with the program CLUSTALW
(version 1.5; Thompson et al., 1994). Genetic distances were
estimated by using the Kimura’s two-parameter method
employed by PHYLIP (Felstein, 1993). The tree was dis-
played with the help of the TREEVIEW program (Page,
1996). Transmembrane domains of GintAMT1 were pre-
dicted by using SOSUI (Hirokawa et al., 1998).

2.4. Functional complementation assays

The full-length of GintAMTI was cloned into the Notl
site of the yeast expression vector pFL61 (Minet et al., 1992).
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The Saccharomyces cerevisiae strain  31019b  (meplA
mep2 A::LEU2 mep3A4::KanM X2 ura3; Marini et al., 1997)
was transformed with pFL61-GintAMT]1 or with the empty
vector, using a lithium acetate-based method (Schiestl and
Gietz, 1989). Yeast transformants were first selected in SD
medium by autotrophy to uracil and subsequently trans-
ferred to yeast nitrogen base without ammonium sulphate
and amino acids (YNB-N)-glucose medium supplemented
with various (NH,),SO, concentrations as the sole nitrogen
source (20, 5, 1, 0.5, and 0.1 mM).

2.5. [MC] Methylammonium uptake assays

Initial rates of ['*C]methylammonium (Amersham Bio-
sciences, Piscataway, NJ, USA) uptake were measured as
described by Marini etal. (1994). Briefly, pFL61-Gin-
tAMTI and pFL61 transformed mepA cells were grown to
the logarithmic phase in YNB-N medium supplemented
with 2% glucose and 500 pg/mL L-proline. Cells were har-
vested at ODgyg ,m of 0.5-0.7, washed, and resuspended in
20 mM sodium phosphate buffer, pH 7, to a final ODgq
of 8. Five minutes before the uptake measurements, cells
were supplemented with 100 mM glucose and incubated at
30°C. To start the reaction, 100 uL of this cell suspension
was added to 100 uL of the same buffer containing differ-
ent concentrations (3-400 pM) of ['*C]Jmethylamine-HCl
(57mCi/mmol; Amersham Biosciences, Piscataway, NJ,
USA), and after 0.5, 1, 2, and 4 min, aliquots were with-
drawn, diluted in 4mL of ice-cold sodium phosphate
buffer containing 100 mM unlabeled methylammonium,
and filtered through glass fibre filters (GF/C; Whatman
International, Maidstone, UK). Filters were washed twice
with 4 mL of distilled water and counted in a liquid scin-
tillation spectrometer (TRI CARB 1500, Packard). For
inhibition studies, different concentrations of (NH,),SO,
or 200 uM N,N’-dicyclohexylcarbodiimide (CCCP) were
added to standard uptake assay mixtures containing
25 uM ["*C]methylammonium, which were then processed
and counted as described above.

2.6. Pseudohyphal tests

Pseudohyphal growth test was performed as previously
described by Gimeno etal. (1992). Diploid mep24
(ZAM37) cells were transformed with pFL61 or pFL61-
GintAMT!1 and transformants were tested on YNB-N
medium containing 100 uM NH,*, and grown for 4 days at
29°C. The diploid wild-type strain X1278b was used as a
positive control.

2.7. RNA extractions and gene expression analysis

Extraradical mycelium grown under the different condi-
tions tested was recovered from the hyphal compartment
by blending (5s high speed, 5Smin with occasional low-
speed pulses) the phytagel in 10 mM sodium citrate (pH 6)
and collecting the extracted mycelium with a 50 pum sieve

under sterile conditions. The extraradical mycelium was
immediately liquid nitrogen-frozen and stored at —80°C
until used. RNAs were extracted using the RNeasy Plant
Mini Kit (Qiagen, Maryland, USA) following the manufac-
turer’s instructions.

GintAMTI expression was studied by real-time RT-
PCR Dby using iCycler i1Q (Bio-Rad, Hercules, CA, USA).
cDNAs were obtained from 1 pg of total DNase-treated
RNA in a 20 puL reaction containing 200 units of Super-
Script II Reverse Transcriptase (Gibco, BRL), according
to the manufacturer’s protocol. The primer set used to
amplify a coding region of GintAMTI in the synthesized
cDNAs were AMT2 (5'-TGTGTCAGCATTGTCTTCA
GT-3") and AMT3 (5'-GGCAAGTGCGGGTGTAATA
G-3’). Each 25 uL reaction contained 1 uL of a 1:10 dilu-
tion of the cDNA, 200 uM dNTPs, 200 nM each primer,
3mM MgCl,, 2.5 1L 1x SyBR Green (Molecular Probes,
Eugene, OR, USA), and 0.5 U Platinum 7Tag DNA Poly-
merase (Invitrogen, Carlsbad, CA, USA) in 1x PCR
buffer (20 mM Tris—HCI pH 8.4, 50 mM KCI).

The PCR program consisted in a 5-min incubation at
95°C to activate the hot-start recombinant Tag DNA poly-
merase, followed by 35 cycles of 30s at 95°C, 45s at 55°C,
and 45s at 70°C, where the fluorescence signal was mea-
sured. The specificity of the PCR amplification procedure
was checked with a heat-dissociation protocol (from 70 to
100 °C) after the final cycle of the PCR. The efficiency of the
primer set was evaluated by performing real-time PCR on
several dilutions of plasmid DNA. The results obtained for
the different treatments were standardized to the 18S rRNA
levels, which were amplified with the following primers:
RMF (5'-TGTTAATAAAAATCGGTGCGTTGC-3")
and RMR (5-AAAACGCAAATGATCAACCGGAC-
3’). Real-time PCR experiments were carried out three
times, with the threshold cycle (Cr) determined in triplicate.
The average for the triplicate of one representative experi-
ment was used in all subsequent analysis. The relative levels
of transcription were calculated by using the 274ACT
method (Livak and Schmittgen, 2001).

3. Results
3.1. Sequence analysis of GintAMTI

The full-length GintAMTI cDNA contains a 1437
nucleotide-long open reading frame with 142 nucleotides
before the putative ATG start codon and a tail of 46 bp.
The translation product of this open reading frame was
479 amino acids long, with a predicted molecular weight
of 50kDa. The alignment shown in Fig. 1A indicates that
the predicted sequence from cDNA shows high homology
to the functionally characterized NH," transporter
AMT]1 of Tuber borchii (61% identity) and to the Hebe-
loma cylindrosporum AMT]1 and AMT2 proteins (60%
identity). Analysis of the hydrophilicity shows that the
predicted protein is highly hydrophobic and contains 11
putative membrane spanning regions (Fig. 1B), which is in
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A AMT1Hebeloma MVN---VTYDDSGSLVAYTPDGT-~~-~-~-~ PIVYNLGDMAWIAASMALVWIMIPGVGL
AMT2Hebeloma MVN---VTYDASQPLVWTDAAGN-~~-~--~-~~ TGVYSPGDIAWVLASTALVWIMVPGVGF
AMT1Tuber MNDPDHLNYVPLVPFNGTKPFGGDS - -LTQDLNIWYESGNVAWVMTSTALVLLMIPGVGF
GintAMT1 MSAPAAAPAAEPNPFDGVNITELIANVSALSSVNDIDQGHTAWIMMSTALVFIMIPGVGY
* L . *' ‘k*: L :*:****
AMT1Hebeloma FYSGLLRRKNALSMIWTSLASIAVVSFQWFFWGYSLAFSETGNAFIGDLKYFGLKGVLDQ
AMT2Hebeloma FYSGLLRRKNALSMIYLSMMTVAVVSFQWFFWGF SLAFSDGASLFIGDLKYFGMKGVLEE
AMT1Tuber FYSGLARRKSALSLIWLSMMATAVVSFQWFLWGYSLAFSHTGGRF IGNLDNFGFKGLLGY
GintAMT1 FYSGMARSKNALSLIMLSVLSLAVVSIQWWAIGFSLAFGPGTSGY IGNLNYAFFMGVGTE
*'k**: * *.***:* *: . ****:**: *:***‘k. . :**:*. . *:
AMT1Hebeloma PSIGSSRIPAILFCIYQLMFAAITAALAVGAIAERGRLGPLLVFIFVWSTIVYDPIANWT
AMT2Hebeloma PSIGSTRIPAIVFSVYQLMFAAITPMIAVGGFAERAHLGPLLFFVFVWSTLVYDPIACWT
AMT1Tuber PSIGSEKIPDLLFALYQGMFSAITVALAIGAAAERGRMLPCVVFMFVWATLIYDPIACWT
GintAMT1 PLNGAVKIPGIVFAMYQCMFAATITPALAIGSAAERGRIFPSIVFIFIWSTIVYDPIAYWT
* *: :‘k* ::*_:‘k* *‘k:‘k‘k‘k :*:‘k' ‘k‘k‘k':: * :_*k:*:*:‘k::*‘k‘k‘k* * x
AMT1Hebeloma WNTNGWSFILGGLDFAGGTPVHISSGTAALATSIFLGKRRGYGTERLAYKPHNTTYVILG
AMT2Hebeloma WNSKGWSFVHGSYDFAGGTPVHISSGTAALAISIYLGKRRGYGTEVLTYKPHNTTYVILG
AMT1Tuber WNSSGWSFRMGGLDFAGGTPVHISSGSAALAY SLMLGKRRGHGTHELNYRPHNVTHIVLG
GintAMT1 WNLNGWSAKMGGLDFAGGTPVHISSGAAALAYCLILGKRTSHGTD - -EFKPHNIANVVLG
* * .*** *. ************‘k:**** . * Kk ok ok .:**. ::*** : ::**
AMT1Hebeloma TVFLWFGWFGFNGGSALSANLRATQACTIVTNLAASVGGLTWMLWDYRIERKWSAVGFCSG
AMT2Hebeloma TIFLWFGWFGFNGGSALAANLRAAQACIVTINLAASVGGLTWMLWDYRIEKKWSAVGFCSG
AMT1Tuber TVFLWVGWFGFNGGSALSGNMRAVMACVVTNLAASVGGITWCLLDYRLEQKWSTVGFCSG
GintAMT1 TVLLWFGWFGFNGGSALNSTSRAAMATAVTNLSAAVGGLTWCLLDYRLEKKLSALAFCSG
*::**.*********** .. * * * ****:*:***:** * **‘k:*:* *::.****
AMT1Hebeloma AVSGLVAITPASGFVGAPAAVAFGVLGGTACNFATQLKFVLGYDDALDIFATHATIGGIVG
AMT2Hebeloma ATIAGLVAITPGSGFVGSPAAVLFGFMAGTVCNFATQLKFFAGYDDSLDIFASHAVGGVVG
AMT1Tuber VIAGLVAITPGSGYVPSWAAVIYGVVGGAACNYATKLKFVIGVDDALDIFAEHGVGGIVG
GintAMT1 AVAGLVAITPGSGYVGTPAAVAFGFIAGICCNLAVKLKHIFDFDDALDVFAVHGVGGVIG
::*‘k*****'**:* : * k k :‘k.:.‘k * * ‘k.:*k*.~ . *‘k:‘k*:*‘k *.:**::*
AMT1Hebeloma NLLTGLFAQASVAGFDGITEI PGGWLDRHYIQLAHQLADSVAGFAYSFVMTTIILWVMHI
AMT2Hebeloma NLLTALFAQASVAGFDGFTVIPGGWLDRHY IQLAWHVADSAAGLSYSFVVTTIILWVMHF
AMT1Tuber NILTAFFAADYIAHLDGSTEINGGWLNGHYKQLGYQVADSVAGFAYSFGGTCIILFIMNL
GintAMT1 NILTAIFAEQKIVALD-ETVLPGGWLNQHWIQMGHQLADSVTGVAYSFVVTYLILFIMDK
*:**.:** s, :* * . ***‘k: *: *:. ::***.:*':*** * :**::*.
AMT1Hebeloma IPGLTLRTTEEAEILGVDDAEMGEFAYDYVGIDQEIGHTLDTGLTATGG--GREPDHAKA
AMT2Hebeloma IPGLRLRVPEETEIIGIDEADMGEFAYDYVGLETELKPHVYVRSTGTAYDSGRN- -~~~
AMT1Tuber IPGLSLRATEEAEILGIDDAELGEFAYDYVELTREVISDDDTVPKMSSE - - -NN---ASV
GintAMT1 IPGLSLRADPESEAKGLDETELGELAYYHVDRLVAVNTRTGETKPVKEETI PQQ-~ -~~~
* %k k k **. *:* *:*::::**:** :* : . .
AMT1Hebeloma VSTSSVEEKSA-
AMT2Hebeloma ---SELKERSSA
AMT1Tuber ELPAERAEKSA-
GintAMT1 ---NDANATIV-
B PRIMARY HELIX

SECONMNRY HELIC

3@wdﬁ@

Fig. 1. (A) Alignment of the deduced amino acid sequence of the AMTI gene of Glomus intraradices with the high-affinity ammonium transporters of the
ectomycorrhizal fungi Tuber borchii and Hebeloma cylindrosporum. (B) Predicted topology of GintAMT]1, as defined by SOSUL

good agreement with predictions made for AMT polypep- MEP transporter family and the first one identified in an
tides from other fungi. These results suggest that Gin- AM fungus. Phylogenetic analysis of the AMT/MEP
tAMT]1 can be considered as a new member of the AMT/  fungal transporters shows that GintAMT1 is most closely
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Synechocystis

S cerevisiae MEP2

U. maydis MEP1

M. violaceum MEPa

H. cylindrosporum AMT1

H. cylindrosporum AMT2

G.intraradicesAMT1 MEP2-like

S. pombe

N. crassa

T. borchi AMT1

E. nidulans MEPA
H. cylindrosporum AMT3

E. nidulans MEAA

S cerevisiae MEP3

T 59

S cerevisiae MEP1

Fig. 2. Neighbour-joining phylogenetic tree of fungal AMT/MEP pro-
teins. Sequences were obtained from the GenBank database with the fol-
lowing accession numbers: Emericella nidulans (MEPA: AAL73118,
MEAA: AY049706), Glomus intraradices (AMT1: AJ880327), Hebeloma
cylindrosporum (AMT1: AAM21926, AMT2: AAKS82416, AMT3:
AAKS82417), Microbotryum violaceum (MEPa: AAD40955), Neurospora
crassa (CAD21326), Saccharomyces cerevisiae (MEP1: P40260, MEP2:
P41948, MEP3: P53390), Schizosaccharomyces pombe (CAC36934, proba-
ble ammonium transporter: T50244), Synechocystis sp. (PCC6803), Tuber
borchii (AMT1: AY050276), and Ustilago maydis (MEP1: AF187870).
The MEP2-like proteins are indicated.

related to the high-affinity NH,* transporter and sensor
Mep2-like proteins (Fig. 2).

3.2. GintAMTI encodes an NH,* transporter

To further characterize this protein and to establish
whether it has any NH," transporting capacity, the Gin-
tAMTI cDNA was expressed in the yeast triple mep mutant
31019b carrying a deletion of the two high-affinity NH,"
transporters, MEPI and MEP2, and of the low-affinity
NH," transporter, MEP3. This strain is unable to grow in a
medium containing less than 5mM NH," as the sole nitro-
gen source (Marini et al., 1997). GintA MTI-expressing cells
were able to grow on ImM NH," as the sole N source
(Fig. 3), indicating that GintAMTI encodes a functional
NH," transporter. To quantify ammonium transport by
GintAMT], uptake assays of [“CJmethylammonium as a
substrate analogue were performed in the transformed
yeasts. Cells transformed with the empty vector showed a
very low level of ['*C]-methylammonium accumulation and
concentration-dependent uptake rates in the GintAMTI
transformants followed a saturable kinetic (Fig. 4A). The
transport kinetic parameters, K, and V,,,, were deter-
mined from Lineweaver and Burk data transformations
(Fig. 4B) and were estimated as 26 uM and 4 nmol/min per
108 cells, respectively. Because the affinity for methylammo-
nium does not necessarily reflect the affinity for NH,",

pFL61 @
pFL61 @

pFL61-GintAMT1 %ﬁ.

PFL61-GintAMT1 ﬁ,

20 1
[NH,'] (mM)

Fig. 3. Yeast complementation of the mutant defective in ammonium
uptake by GintAMT]1. Growth test on minimal medium containing either
20mM (left) or I mM (right) NH," as sole nitrogen source. Yeast strain
31019b (meplA mep2A::LEU2 mep3A::KanM X2 ura3) was transformed
with the yeast expression vector pFL61 or pFL61 harboring the coding
sequence of GintAMTI.
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Fig. 4. Kinetic analysis of GintAMT! in transformed yeasts. (A) Concen-
tration-dependent ['*CJmethylammonium uptake into the yeast strain
31019b transformed with the plasmid pFL61-GintAMT1 (M) or with the
empty vector (V). Cells were incubated under linear uptake conditions in
the presence of the indicated concentrations of ['*CJmethylammonium.
The datapoints shown correspond to the slope values derived from uptake
assays conducted for 0.5, 1, 2, and 4 min at each of the indicated concen-
trations. (B) Lineweaver—Burk plot of ['*CJmethylammonium uptake into
cells transformed with pFL61-GintAMT]1. Experiments were conducted
three times on two independent transformants. Results shown are from
one representative experiment.

competition studies with varying NH," concentrations at
26uM ["*CJmethylammonium were performed. Ammo-
nium strongly inhibited methylammonium uptake by
pFL61-GintAMT1 transformed mepA cells (data not
shown). Moreover, methylammonium accumulation was
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nearly completely abolished by the proton gradient uncou-
pler CCCP (94% inhibition).

3.3. GintAMT!I does not induce pseudohyphal differentiation
in S. cerevisiae

To test whether the GintAMTI protein can act in the
transduction pathway of pseudohyphal differentiation,
the ability of this protein to restore the pseudohyphal
growth defect of the diploid strain ZAM37 (mep24) was
assayed. Although the expression of GintAMTI did not
allow the production by the mutant strain of pseudohyp-
hae, the surface of the colonies produced by the Gin-
tAMTI-expressing cells was rougher than the surface of
the colonies produced by cells transformed with the empty
vector (Fig. 5).

3.4. Regulation of GintAMTI gene expression

Assessment of NH,* regulation of GintAMTI gene
expression was performed in G. intraradices extraradical
mycelium developed monoxenically in MC medium con-
taining different NO;™ concentrations and then exposed to
low and high NH,* concentrations for 24 and 48h. The
rational behind this experimental set-up was that growth of

Fig. 5. Pseudohyphal yeast growth tests. Diploid mep24 (ZAM37) cells
defective in pseudohyphal differentiation were transformed with pFL61
(A) or pFL61-GintAMT]1 (B) and grown for 4 days at 29 °C on YNB-N
medium containing 100 uM NH,". The diploid wild-type strain 1278b
(C) was used as a positive control.

1,8 4
1,6 1
1,41
1,2 4
14
0,8 1
0,6 1
0,4 1
0,2 1

Fold change in GintAMT1 expression

the extraradical mycelium is considerably altered in media
containing NH," as the sole nitrogen source (Bago et al.,
2004). When mycelia were grown in media containing 3.6 or
1.8mM NO; ™, expression of GintAMT]I remained high but
dropped at 0.9 mM NO;~ (Fig. 6). Addition of either 30 uM
or 3mM NH," to mycelia grown in the presence of the two
highest NO;™ concentrations, provoked a clear inhibition
of GintAMTI gene expression at the two time points ana-
lysed, being this inhibition higher after the addition of
3mM NH,". However, GintAMTI transcript levels
increased after the addition of 30uM NH," to mycelia
grown in 0.9 mM NO;~, but decreased after the addition of
3mM NH,".

4. Discussion

We have identified the first NH," transporter in an AM
fungus. The identification has been based on homology to
members of the MEP/AMT protein family and on the func-
tional complementation of the yeast triple mutant strain
31019b (meplA mep24 mep3A). MEP/AMT proteins have
now been identified and characterized from a range of
organisms and a number of similarities and conserved
properties have been observed for these important proteins.
Members of the MEP/AMT family are predicted to exist as
integral membrane proteins containing 10-12 transmem-
brane helices, and they range in length from 400 to 450
amino acids, though a few have C-terminal extensions,
bringing their overall length to as much as 600 amino acids
(Thomas et al., 2000). Similarities in predicted amino acid
sequence and protein structure between GintAMTI1 and
other members of the MEP/AMT family suggest that
GintAMT1 is an integral membrane protein that
mediates NH,* transport across the plasma membrane of
G. intraradices.

The ability of GintAMT]1 to support NH," uptake was
demonstrated by the observation that this protein was

Oh 24h 48h 24h 48h Oh 24h 48h 24h 48h Oh 24h 48h 24h 48h

30 uM NH,* 3mM NH,*

30 UM NH,* 3mM NH,*

30 uM NH,* 3mM NH,*

3.6mM NO,

1.8mM NO,

0.9mM NO;

Fig. 6. GintAMTI gene expression in the extraradical mycelium of Glomus intraradices grown monoxenically. Total RNAs were extracted from extraradi-
cal mycelia of G. intraradices cultured in MC medium containing either 0.9, 1.8, or 3.6 (control treatment) mM NO;~ and then exposed for 24 or 48 h to 0,
30 uM, or 3 mM (NH,),SO,. RNAs were reverse transcribed and expression was assayed by quantitative real-time RT-PCR using gene-specific primers for
GintAMTI and 18S rRNA. The fold change in GintAMTI gene expression induced by the nitrogen treatments was calculated using the Z"AACT method.
Data represent the means of three replicates from a representative experiment. Error bars represent SD.
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able to suppress the severe growth defect on low NH,* of
the S. cerevisiae meplA mep24 mep3A mutant. Kinetic
analysis of the GintAMTI gene product in yeast indicates
that GintAMTI encodes an NH," transporter that
behaves as a high-affinity, low-capacity transporter. Inhi-
bition of GintAMT1 transport capacity by CCCP, a com-
pound that collapses the proton motive force established
largely by a P-type H*-ATPase across the plasma mem-
brane, indicates that GintAMT1 is dependent on the H*
electrochemical gradient for its activity. Although the
mechanism of transport mediated by GintAMT]1 remains
to be elucidated, an ATP-dependent NH," uniport is the
most likely mechanism, as it has been demonstrated for
the tomato NH," transporter LeAMT1;1 (Ludewig et al.,
2002).

Even though the main physiological function of the
MEP proteins is to scavenge NH," from the medium for
use as nitrogen source, they are also required for NH,"
retention inside cells during growth on at least some nitro-
gen sources other than NH," (Marini et al., 1997). Tran-
scription of GintAMTI in mycelia developed in the
presence of NO;~ suggests a role of this transporter in the
retrieval of NHj; that has leaked out of the mycelia by diffu-
sion during the amino acid catabolism.

Differential regulation of GintAMTI by NH," in myce-
lia grown in the presence of different nitrogen concentra-
tions indicates that this gene is under the control of the
nitrogen status of the fungus. GintAMTI up-regulation by
30uM NH,* in mycelia grown in media containing
0.9mM NO;™ and down-regulation in mycelia developed
in media containing 3.6 or 1.8mM NO;™ are in good
agreement with the kinetic parameters of a high-affinity
NH," transport system. The regulation pattern of
GintAMTI by N parallels with that of the tomato trans-
porter LeAMTI;2 (Becker et al., 2002). Up-regulation of
GintAMTI after the addition of 30 uM NH,* to mycelia
grown in the presence of 0.9 mM NO;~ indicates that this
transporter is substrate-inducible, as it has been shown for
other ion transporters such as LeAMT1;2 (von Wirén
et al., 2000). Down-regulation of GintAMTI after the
addition of NH," to the mycelia grown in the presence of
higher N levels suggests that this transporter is regulated
by the N status of the fungus. Although the kinetics of
NH," uptake by AM fungi have not been yet determined,
it is likely that NH," uptake would be suppressed in
N-replete mycelia (Morgan and Jackson, 1989) All these
data together suggest that both the nitrogen status and
the nitrogen availability in the medium control NH,"
transport at the transcriptional level. In yeast, the high-
affinity NH," transporters MEP1 and MEP2 are subject
to nitrogen catabolite repression (Magasanik and Kaiser,
2002) and it has been shown that N-regulated transcrip-
tion is mediated by at least two general positive GATA
family transcription factors (Coffman et al., 1996; Mitch-
ell and Magasanik, 1984). Isolation and characterization
of the GintAMTI promoter as well as of these transcrip-
tion factors in G. intraradices will allow determining the

mechanisms involved in the N-regulated transcription of
GintAMTI.

Our data also suggest that GintAMT]1 plays a role in
mycelial NH," uptake from the growth medium when it is
present at low concentrations. In nature, NH," concentra-
tions in the soil can vary over several orders of magnitude,
from micromolar to hundred millimolar (Marschner, 1995).
Cells have evolved a large number of transporters that
enable them to efficiently import NH," over a wide range of
concentrations (Howitt and Udvardi, 2000). Therefore,
down-regulation of GintAMTI by 3mM NH," indicates
that at high concentrations, NH," uptake is probably
occurring via a low-affinity NH,* transport system, such as
the ones identified in yeast (Marini et al., 1997) and in the
ectomycorrhizal fungus H. cylindrosporum (Javelle et al.,
2001).

The isolation of NH,* transporter genes from AM fungi
is of particular interest since these genes may play a strate-
gic role in the process of nitrogen acquisition by mycorrhi-
zal roots, which is the predominant situation for plants in
natural ecosystems. AM fungi, by exploring soil microhabi-
tats not accessible to the plant, may indeed access nitrogen
sources not available to the plant (Smith and Read, 1997).
Soil NH," concentrations are often 10-1000 times lower
than those of NO;~, and the low mobility of NH," in soil
restricts mass flow and determines that diffusion is the
dominant mechanism for NH," transport to the root sur-
face (Marschner, 1995). This leads to the formation of
NH," deficient zones around the roots, similar to those
developed for phosphorus. In spite of this, NH," nutrition
plays an essential role to maintain cellular pH homeostasis
and cation/anion balance during nutrient uptake. More-
over, NH," seems to be the preferential form of nitrogen
taken up when plants are subjected to nitrogen deficiency
(Gazzarrini et al., 1999; Lee and Rudge, 1986) and the main
nitrogen source in water-logged or acid soils (Marschner,
1995). Previous studies have reported the capability of AM
hyphae to take up NH," and translocate it to the plant
(Frey and Schiiepp, 1993; Johansen et al., 1992, 1996). The
fact that GintAMTI is expressed in extraradical mycelia
suggests a potential role in covering plant nitrogen demand
through the uptake of the slow-diffusing soil NH,". The
NH," taken up by the AM fungus would be assimilated for
its own metabolism (Breuninger et al., 2004; Johansen et al.,
1996) or translocated to the plant.

Apart from a pivotal role in nutrient uptake, it has been
proposed that AMT proteins may act as NH," sensors to
regulate different pathways activated in nitrogen starvation
conditions in S. cerevisiae (Lorenz and Heitman, 1998),
Ustilago maydis (Smith et al., 2003), and ectomycorrhizal
fungi (Javelle et al., 2003a,b). In S. cerevisiae, low nitrogen
in the presence of abundant fermentable carbon source
leads diploid cells to grow as pseudohyphae (Gimeno et al.,
1992) and it has been considered that the NH,* transporter
MEP2 acts as the sensor for low NH," availability (Lorenz
and Heitman, 1998). This developmental pathway has
been proposed to be a scavenging mechanism under
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nutrient-limiting conditions (Gimeno et al., 1992). In this
sense, Bago et al. (2004) reported that extraradical G. intra-
radices hyphae when growing with little nitrogen or no
nutrients exhibited a developmental pattern, probably
designed to maximize exploration and exploitation of the
medium, based on the formation of massive runner hyphae,
which radially extend the fungal colony and from which
small compact branched absorbing structures develop at
irregular intervals. To test whether GintAMT1 could also
act as a sensor for low NH," availability, GintAMTI was
expressed in a diploid S. cerevisiae strain lacking MEP2.
Even though GintAMT]1 was not able to completely sup-
press the pseudohyphal growth defect of this S. cerevisiae
strain, expression of GintAMTI in the external mycelium as
well as the reported high affinity and its phylogenetic posi-
tion could be consistent with a role as a sensor of the N-
limiting conditions. However, further studies need to be
carried out to determine whether this gene could play a role
in nutrient sensing required for mycelial growth.

In conclusion, data presented in this paper indicate that
GintAMTI encodes a high-affinity NH," transporter that is
expressed in the extraradical mycelium of G. intraradices.
Based on these data, we hypothesize that GintAMT]1 could be
mainly responsible for NH," acquisition by the extraradical
mycelium from the surrounding environment when it is pres-
ent at low concentrations, a process potentially very impor-
tant from an ecological point of view, especially in acid soils.
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