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Abstract To identify genes that encode plasma mem-
brane H+-ATPases in the arbuscular mycorrhizal fun-
gus Glomus mosseae two sets of degenerate primers
matching highly conserved motifs present in all plant
and fungal ATPases were designed. Nested PCR-am-
pli®cation of G. mosseae genomic DNA using the de-
signed degenerate primers was carried out. Sequence
analysis of the cloned PCR products identi®ed ®ve dif-
ferent clones (GmHA1, GmHA2, GmHA3, GmHA4
and GmHA5) encoding putative plasma membrane H+-
ATPases. Comparison of the deduced amino-acid se-
quences of GmHA1±GmHA5 indicate that GmHA1,
GmHA3 and GmHA4 are highly identical, while
GmHA2 and GmHA5 are more divergent. The evolu-
tionary and functional signi®cance of the divergence
found among the di�erent members of the H+-ATPase
gene family in G. mosseae is discussed.
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Introduction

The plasma membrane H+-ATPase is an electrogenic
proton pump which plays important energetic and reg-
ulatory roles in the cells of plants and fungi. The activity
of this enzyme generates an electrochemical gradient of
H+ across the cell plasma membrane that drives a
number of secondary transport systems, including those

responsible for the translocation of cations, anions,
amino acids and sugars (Tanner and Caspari 1996). The
plasma membrane H+-ATPase also contributes to the
maintenance of the extracellular and intracellular pH
(Smith and Raven 1979), and it has been proposed that
regulation of the plasma membrane H+-ATPase may
mediate a broad range of physiological responses which
play a central role in growth and development (Serrano
1984).

Plasma membrane H+-ATPases belong to the evo-
lutionary related family of P-type cation-translocating
ATPases, which are characterized by the formation of a
phosphorylated intermediate during the catalytic cycle,
inhibition by vanadate, and structural similarity in sev-
eral conserved domains (Serrano 1989). Other members
included in this family are the plasma membrane Na+-
ATPase of fungi, the Ca2+-ATPases of plants, animals
and fungi, and the H+/K+- and Na+/K+-ATPases of
animals (Palmgren and Axelsen 1998). Molecular studies
of plasma membrane H+-ATPases have revealed that in
plants such as Arabidopsis (Harper et al. 1990), tomato
(Ewing and Bennett 1994) and tobacco (Perez et al.
1992; Moriau et al. 1993), and in the yeasts Saccharo-
myces cerevisiae (Serrano et al. 1986; Schelesser et al.
1988) and Schizosaccharomyces pombe (Ghislain et al.
1987; Ghislain and Go�eau 1991), these enzymes are
coded by several genes. While numerous biochemical
and molecular studies on H+-ATPases have been car-
ried out in higher plants and yeasts, the information
about the structure and function of plasma membrane
H+-ATPases in other fungi is scarce. There is a report of
the molecular characterization of the plasma membrane
H+-ATPase of the parasitic rust fungus Uromyces fabae
(Struck et al. 1998), but nothing is known about these
genes in the mutualistic fungi forming arbuscular my-
corrhizas.

Arbuscular mycorrhizal (AM) fungi, belonging to the
Zygomycota, are obligate biotrophs that form mu-
tualistic symbioses with most plant species. The bene®ts
of mycorrhizal symbiosis to plant development depends
mainly on the ability of the fungal mycelium to take up
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nutrients from the soil and to transfer them to the
symbiotic roots in exchange for carbon compounds
(AzcoÂ n-Aguilar and Bago 1994). Because the transport
of many solutes into and out of the cells requires the
action of the plasma membrane H+-ATPase, it is likely
that in the AM symbiosis the fungal plasma membrane
H+-ATPase plays an important role in the absorption of
nutrients by the AM fungus. A positive correlation has
been observed between the ATPase activity and 32P
uptake in hyphae from germinated spores of the AM
fungus Gigaspora margarita (Lei et al. 1991). Moreover,
cloning of a high-a�nity phosphate transporter of the
AM fungus Glomus versiforme that is operated by H+

symport (Harrison and van Buuren 1995) supports this
hypothesis. Cytochemical studies of mycorrhizal roots
have also shown the presence of ATPase activity in the
plasma membrane of the intercellular fungal hyphae
(Gianinazzi-Pearson et al. 1991). In spite of the impor-
tance of the fungal plasma membrane H+-ATPase in the
functioning of the AM symbiosis, nothing is known
about the genes coding for this enzyme. This is due to
the fact that molecular studies of AM fungi are di�cult
because of their obligate, biotrophic nature. In the
present work by using a PCR-based approach we have
identi®ed ®ve partial genomic clones encoding P-type
ATPases that potentially represent ®ve isoforms of the
plasma membrane H+-ATPase in the AM fungus Glo-
mus mosseae.

Materials and methods

Biological material

Sporocarps of G. mosseae (Nicol. & Gerd.) Gerd. & Trappe (BEG
119) were obtained from pot cultures of Medicago sativa L. grown
in a soil/sand/vermiculite (1/1/1, v/v/v) mixture. They were col-
lected by soil wet-sieving (Gerdemann and Trappe 1963) and
sporocarps were sorted out with a ®ne forceps under a dissecting
microscope, transferred into a Petri dish containing wet ®lter paper
and broken with a needle. Spores released from the sporocarps
were hand-picked with ultra-®ne forceps under a dissecting
microscope, placed in a sterile Eppendorf tube containing 200 ll of
sterile ultra-pure water and rinsed four times with fresh sterile ul-
tra-pure water.

The extra-radical mycelium of G. mosseae was collected from
mycorrhizal plants by scraping the roots placed in sterile water and
passing this water through a 50 lm-mesh sieve. The mycelium was
hand-picked with a forceps under a dissecting microscope, imme-
diately frozen in liquid nitrogen and stored at )80 °C.

DNA extraction

To extract genomic DNA from G. mosseae spores, about 1000
spores were crushed with a sterile disposable pestle in a lysis bu�er
containing 50 mM Tris pH 8.0, 25 mM EDTA, 0.5% N-lauryl
sarcosinate, 2% SDS, 1 mg/ml of proteinase K and 2% 2-mer-
captoethanol. After incubation for 45 min at 65 °C, 0.25 vol of
5 M NaCl were added and the mixture was incubated for 30 min
on ice. Nucleic acids were extracted and precipitated following
standard procedures (Sambrook et al. 1989).

Genomic DNA of the extra-radical mycelium of G. mosseae was
extracted according to the method of Murray and Thompson
(1980).

PCR-ampli®cation and DNA sequencing

Two 20-mer degenerate oligonucleotides, designated as P1 (sense):
TG(C/T)(T/A)(C/G)(T/C)GA(T/C)AA(A/G)AC(T/C)GGIAC and
P2 (antisense): TT(G/A/C)AC(A/C/T)CC(G/A)TC(A/C/
T)CCIGTCAT (I = Inosine) were synthesized (Boehringer,
Mannheim, Germany) and used for PCR-ampli®cation of genomic
DNA. These primers were designed to match two highly conserved
motifs present in all sequenced fungal H+-ATPases (Serrano 1989).
Ampli®cations were carried out in a ®nal volume of 50 ll con-
taining 1 ´ PCR bu�er (10 mM TrisHCl pH 9.0, 50 mM KCl,
1.5 mMMgCl2, 0.1% Triton X-100, 0.2 mg/ml of gelatin), 10 ng of
genomic DNA, 0.2 mM of each dNTP, 100 pmol of each primer
and 1 unit of Taq DNA polymerase (Appligene, Oncor, USA).
PCR was performed in an automated thermal cycler (Gene Amp
PCR system 2400, Perkin Elmer, Foster City, Calif.) with an initial
denaturation for 5 min at 94 °C, followed by 35 cycles with de-
naturation for 1 min at 94 °C, annealing for 2 min at 55 °C and
extension for 2.5 min at 72 °C, followed by a 7-min ®nal extension
at 72 °C. The P1-P2 PCR product was subjected to a nested PCR.
For this puspose, two degenerate 20-mer primers, P3 (sense):
GT(C/T)AA(A/G)GG(A/T)GC(T/C)CC(A/T)(C/T)T(T/G/A)TT
and P4 (antisense): GC(G/A)TC(A/G)CC(A/G)CTIA(G/A/
T)CAT(T/C)TT (I = Inosine), were designed. Nested PCR was
carried out under the conditions described above, but using 0.5 ll
of the initial PCR product and the following pairs of primers: P1/
P4 and P3/P2.

The ampli®cation products were separated electrophoretically
on 1.6% agarose, stained with ethidium bromide and the expected
bands were excised with a scalpel. DNA fragments were isolated
from the gel with the Wizard PCR Prep DNA Puri®cation System
(Promega, Madison, USA) and cloned into the pGEM-T vector
(Promega, Madison, USA), following the manufacturer's proto-
cols. Nucleotide sequences were determined by using Taq poly-
merase cycle sequencing and an automated DNA sequencer
(Perkin-Elmer ABI Prism 373). All clones were sequenced in both
strands using universal and reverse primers.

Sequence analyses

The sequences were analyzed using the Genetics Computer Group
(Madison, Wis.) package (version 9.0). The sequence data were
compared to gene libraries (EMBL and GenBank) with BLAST
(Altschul et al. 1990) and FASTA (Pearson and Lipman 1988)
programs. Amino-acid sequence comparisons were made with the
BESTFIT program. Multiple sequence alignments of translated
gene sequences were carried out with the program CLUSTALW
(version 1.5; Thompson et al. 1994). Genetic distances were esti-
mated by using the Kimura two-parameter method employed by
PHYLIP (Felstein 1993). Phylogenetic analyses were performed by
the neighbor-joining and evolutive parsimony methods by using
PHYLIP (Felstein 1993). The relative support for groups was
determined based upon 100 bootstrap trees.

Southern hybridization

G. mosseae genomic DNA was digested with EcoRI, fractionated
on a 0.8% agarose gel, and blotted onto nylon membranes as
described by Southern (1975). The P1±P4 region of GmHA1 to
GmHA5 were labelled with DIG-11-dUTP by PCR and used as
probes. Hybridizations were performed overnight at 42 °C in 50%
formamide, 5 ´ SSC, 2% blocking reagent (Boehringer, Man-
nheim, Germany), 0.1% N-laurylsarkosine, and 0.02% sodium
dodecyl sulphate (SDS). Membranes were washed twice for 5 min
at room temperature with 2 ´ SSC plus 0.1% SDS and twice for
15 min at 68 °C with 0.1 ´ SSC and 0.1% SDS. Blots were de-
veloped by following the manufacturer's instructions for the
chemiluminescent detection of digoxigenin-labelled probes with
alkaline phosphatase-antibody conjugates (Boehringer Man-
nheim).
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Nucleotide sequence accession numbers

The sequences of the GmHA genes were deposited in the EMBL
database under accession no. AJ133839 through AJ133843.

Results

Cloning and characterization of genes encoding
plasma membrane H+-ATPases in G. mosseae

As a ®rst step to identify genes that encode plasma
membrane H+-ATPases in G. mosseae, two degenerate
oligonucleotides (P1 and P2) were designed to match
two highly conserved motifs (CSDKTG and
MTGDGV) found at the catalytic site contained within
the large central hydrophilic loop present in all plant and
fungal H+-ATPases (Serrano 1989). In all characterized
fungal H+-ATPases, these primers ¯ank a 790-bp region
that does not include any intron. This primer pair was
used to prime PCR-ampli®cation of genomic DNA
isolated from spores of G. mosseae. Ampli®ed DNA
fragments approximately 800 bp in length were sub-
cloned into a plasmid vector and ten of the resulting
clones were partially sequenced. However, sequence
analysis revealed that these clones all contained DNA
fragments that did not show signi®cant homology with
any gene present in the sequence databases.

To increase the speci®city of the PCR, a new set of
degenerate oligonucleotides (P3 and P4) was designed to
perform a nested PCR using the P1-P2 PCR product as
a DNA template. These primers were based on the DNA
sequence encoding two conserved motifs (KGAPLF and

KMLTGD) within the P1/P2 domain in all fungal H+-
ATPases (Serrano 1989). When the P1-P4 and P3-P2
primer pairs were used to prime PCR-ampli®cation of
the P1-P2 PCR product, bands of approximately 550
and 500 bp, respectively, were obtained. These ampli®ed
DNA fragments were subcloned and 20 of the resulting
clones of each reaction were sequenced. Sequence anal-
ysis showed that there were representatives of ®ve dif-
ferent genes, designated as GmHA1, GmHA2, GmHA3,
GmHA4 and GmHA5 (Fig. 1). Over the P1-P4 region,
four identical subclones were found to correspond to
GmHA1, three to GmHA2, four to GmHA3, four to
GmHA4 and ®ve to GmHA5. Over the P3/P2 region,
the sequenced clones overlap the ®ve di�erent genes
identi®ed with the P1-P4 primer set. Four of them were
found to correspond to GmHA1, three to GmHA2, six
to GmHA3, four to GmHA4 and three to GmHA5. It
appeared that a high level of ®delity was achieved in the
ampli®cations, since all the subclones matching each
gene from GmHA1 through to GmHA5 were at least
99% identical.

Comparisons of the deduced amino-acid sequences of
GmHA1±GmHA5 over the region P1-P2 indicates that
GmHA1, GmHA3 and GmHA4 show close similarity,
while GmHA2 and GmHA5 are more divergent
(Table 1). Additionally, the G+C content of GmHA5
(40%) was low in comparison to the G+C contents of
the other GmHA genes (53, 54, 60 and 57% for GmHA1
to GmHA4, respectively). The deduced amino-acid se-
quences of the ampli®ed region of GmHA1 through
GmHA5 showed the highest identity with fungal and
plant plasma membrane H+-ATPases (Table 2).

Fig. 1 Alignment of the de-
duced amino-acid sequences of
GmHA1, GmHA2, GmHA3,
GmHA4 and GmHA5. Dashes
represent gaps introduced into
the alignment, ``*'' indicates
identical amino-acids and ``:''
indicates similar amino-acids
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GmHA1, GmHA3 and GmHA4 had highest homology
with the plasma membrane H+-ATPase of Neurospora
crassa (91, 94 and 85% identity, respectively) and Ajel-
lomyces capsulata (91, 92 and 85%, respectively); high
identity levels were also found with plasma membrane
H+-ATPases from yeasts (74±85%), but lower levels
were found with algae (<47%) and plant (<44%) H+-
ATPases. GmHA2 showed the highest sequence ho-
mology to the plasma membrane H+-ATPase of the
®lamentous fungus Emericella nidulans (76% identity)
and lower to yeast (<55%) and plant (<46%) H+-
ATPases. The highest homology of GmHA5 was ob-
tained with the plasma membrane H+-ATPases of algae
and plants (47 and 45% identity, respectively), sharing
only about 40% identity with the fungal genes. Identity
of GmHA1 through GmHA5 to other P-ATPases was
lower than 24%. These data suggest that the ®ve cloned
partial genes encode ®ve putative plasma membrane
H+-ATPase isozymes in G. mosseae.

To verify if each PCR clone represented a gene from
G. mosseae, blots of G. mosseae genomic DNA were
probed with the P1-P4 region of each clone at high
stringency conditions. Although the PCRwas carried out

with genomic DNA isolated from spores, Southern-blot
analyses were performed using genomic DNA isolated
from external hyphae because of the di�culty in col-
lecting enough DNA from spores to do these analyses.
As external hyphae could be contaminated with plant
tissue, genomic plant DNA was also tested for hybrid-
ization with the GmHA probes. Plant DNA did not
cross-hybridize with any of the fungal genes (data not
shown). Figure 2 shows that under these conditions
GmHA1, GmHA2, GmHA3 and GmHA5 hybridized to
a single genomic fragment and that GmHA4 hybridized
to two bands of almost the same intensity, which sug-
gests that there may exist an additional related gene in
the G. mosseae genome.

Molecular evolution of GmHA genes

To examine the evolutionary relationships among
members of the ATPase gene family, phylogenetic trees
were generated from multiple aligned sequences by using
evolutionary parsimony and neighbor-joining methods.
As the results obtained from both methods are highly
congruent, only results obtained from the neighbor-
joining method are shown. The phylogenetic tree was
constructed by using the H+-ATPase gene of the archea
Methanococcus jannaschii as an outgroup. The molecu-
lar cladogram shows that the GmHA genes are members
of a large gene family that includes the H+-ATPases of
fungi, plants and algae, and that the GmHA genes fall
into three di�erent gene subgroups (Fig. 3). This tree
also shows that the primary divergence among H+-
ATPases appears to divide the fungal genes, with the
exception of GmHA5 and the gene of a biotrophic

Table 1 Percentage of identity between the deduced amino-acid
sequences of GmHA1, GmHA2, GmHA3, GmHA4 and GmHA5.
Identities were calculated using the Best®t Program in the GCG
software package

Amino acid GmHA2 GmHA3 GmHA4 GmHA5

GmHA1 52 91 83 38
GmHA2 54 53 38
GmHA3 86 39
GmHA4 37

Table 2 Percentage of identity between the deduced amino-acid sequences of GmHA1, GmHA2, GmHA3, GmHA4 and GmHA5 and
plasma membrane H+-ATPases from di�erent organisms. Identities have been calculated using the Best®t Program in the GCG software
package

Organism Gene Acc. no. GmHA1 GmHA2 GmHA3 GmHA4 GmHA5

Neurospora crassa PMA1 P07038 91 54 94 85 39
Ajellomyces capsulata PMA1 Q07421 91 55 92 85 40
Zygosaccharomyces rouxii PMA1 P24545 85 53 85 77 40
Kluyveromyces lactis PMA1 P49380 85 55 85 77 39
Saccharomyces cerevisiae PMA1 P05030 84 55 84 77 40
Saccharomyces cerevisiae PMA2 J04421 84 53 84 78 40
Candida albicans PMA1 P28877 82 51 82 75 38
Pneumocystis carinii PCA1 U65004 81 52 80 77 39
Schizosaccharomyces pombe PMA1 P09627 77 51 78 74 42
Schizosaccharomyces pombe PMA2 P28876 77 53 78 77 42
Emericella nidulans PMA1 AF036763 54 76 52 54 35
Uromyces fabae PMA1 AJ003067 35 44 35 37 40
Cyanidium caldarium ± D88424 45 45 47 43 47
Dunaliella acido®la DHA1 U54690 41 44 42 43 44
Dunaliella bioculata PMA1 X73901 38 41 38 40 41
Nicotiana plumbaginifolia PMA1 Q08435 40 42 38 41 44
Nicotiana plumbaginifolia PMA3 Q08436 40 42 39 41 44
Nicotiana plumbaginifolia PMA4 Q03194 42 46 41 40 45
Lycopersicon esculentum LHA1 P22180 40 44 38 41 45
Lycopersicon esculentum LHA2 P23980 41 45 38 42 45
Arabidopsis thaliana AHA1 P20649 41 45 38 42 45
Arabidopsis thaliana AHA2 P19456 40 45 41 44 45
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fungus (U. fabae), from the H+-ATPase genes of plants
and algae. The GmHA1, GmHA2, GmHA3 and
GmHA4 sequences are grouped with a very high level of
con®dence (100% of bootstrap trees) in the fungal clade
clustering the H+-ATPase genes of yeasts and ®lamen-
tous ascomycetes, with the GmHA genes placed closer
to the genes of the ®lamentous ascomycetes. Separation
of the clade containing GmHA2 and the gene of
E. nidulans from the clade containing the other fungal
genes was also strongly supported. The sequence

GmHA5 is clustered in the clade grouping the H+-
ATPase genes of the biotrophic fungus U. fabae, algae
and plants, although this topology was only supported
by 65% of the bootstrap trees.

Discussion

Genetic characterization of AM fungi has been ham-
pered by the inability to grow them in pure culture.
Recently, molecular approaches based on the use of
PCR have allowed the identi®cation of ribosomal
sequences in several AM species (Simon et al. 1993;
Harney et al. 1997; Redecker et al. 1997), a nitrate re-
ductase gene in two Glomus species (Kaldfor et al. 1994,
1998) and genes encoding glycerol-3-phosphate dehy-
drogenase, b-tubulin and two types of ATPases involved
in transmembrane Ca2+ and Li+/Na+ transport in
Gigaspora rosea (Franken et al. 1997). In the present
report, by using a PCR-cloning approach based on the
use of highly degenerate primers, we have isolated ®ve
partial genomic clones encoding P-type ATPases that
potentially represent ®ve isoforms of the plasma mem-
brane H+-ATPase in the AM fungus G. mosseae.

Analysis of the nucleotide and deduced amino-acid
sequences of the ®ve isoforms indicates that these genes
display the highest homology to plasma membrane H+-
ATPases from other organisms. However, identities to
genes encoding P-type ATPases involved in transmem-
brane Ca2+ and Li+/Na+ transport in the AM fungus
G. rosea (Franken et al. 1997) was very weak (lower than
10%). This is not surprising because evolutionary stud-
ies of the P-type ATPase superfamily revealed that the
various P-ATPases group together in a phylogenetic tree

Fig. 2 Genomic Southern blots of G. mosseae genomic DNA
hybridized at high strigency with the P1-P4 region of GmHA1 (lane
1), GmHA2 (lane 2), GmHA3 (lane 3), GmHA4 (lane 4) and GmHA5
(lane 5)

Fig. 3 Phylogenetic tree of the
plasma-membrane H+-ATPase
genes represented in Table 2.
The tree was constructed by
using the neighbor-joining
method, and the archea Met-
hanococcus jannischii as an out-
group. Numbers represent the
relative support for subgroup-
ings based upon 100 bootstrap
trees
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according to substrate speci®city, irrespective of the
evolutionary distance between the parental species
(Axelsen and Palmgren 1998).

The genes obtained in this study are divergent and
fall into three di�erent subgroups. The divergence found
between the GmHA genes is much greater than the
divergence observed between the di�erent members of
the ATPase gene family in other organisms. Although
the gene tree was carried out with partial sequences, the
evolutionary relationships found in this study are in
agreement with those previously obtained using the full-
length proteins (Sussman 1994; Rao and Slayman 1996).
The phylogenetic analysis shows that the GmHA gene
family has emerged from di�erent duplication events.
The close homology between GmHA1, GmHA3 and
GmHA4 suggests that they could have arisen from two
relatively recent gene-duplication events. The gene tree
also indicates that GmHA5 and the ATPase gene of the
biotrophic fungus U. fabae are more closely related to
H+-ATPase sequences from plants and algae than from
fungi. This contrasts with what would be predicted from
taxonomic criteria. Although the evolutionary signi®-
cance of the divergency of GmHA5 has to be elucidated,
it could be the result of the close association and long
period of co-evolution of AM fungi and plants.

Molecular analysis of small-subunit rRNA sequences
of AM fungi has dated their origin at 353±462 million
years ago (Simon et al. 1993) while fossil records indi-
cate that mycorrhizal symbioses were established more
than 400 million years ago (Remy et al. 1994; Taylor
et al. 1995). These ®ndings are consistent with the hy-
pothesis that arbuscular mycorrhizas facilitated the
colonization of land by ancient plants by establishing a
mutualistic symbiosis (Pirozynski and DalpeÂ 1989).
Since then the AM fungi have probably coevolved with
plants and the results of this long period of coevolution
is re¯ected in the complex interactions taking place be-
tween both in extant AM symbiosis. Coevolutionary
changes in the gene pools of both symbionts might ac-
count for overall accomodation and coadaptation of
AM fungi and plants during the course of evolution.
Coevolution between symbionts can result from either
vertical transmission of novel inheritable traits acquired
as a consequence of coadaptation or from horizontal
gene transfer between partners (Pirozynski and Hawks-
worth 1988). Contradictory phylogenetic relationships
or an anomalous G+C content in the gene of interest
can provide evidence suggestive of horizontal gene
transfer between distantly related species (Nielsen et al.
1998). Since the topology of the molecular cladogram
suggests that GmHA5 has a di�erent evolutionary origin
from the other GmHA genes, but the same as the plant
H+-ATPase genes, we hypothesize that GmHA5 could
have been horizontally transferred from the host plant
to the AM fungus during the course of evolution. This
hypothesis is supported by the observation that the
G+C content of GmHA5 (40%) is de®nitively lower
than in the other GmHA genes (53±60%) but is within
the range of the plant H+-ATPase genes (40±44%).

Although a transfer of genetic material from plants to
organisms other than plants has been claimed to be
absent (Liberman et al. 1996), Ho�man et al. (1994)
have recently reported the transfer of genetic material
from plants to plant-associated fungi.

The divergence found between the GmHA genes
highlights the variety of specialized physiological func-
tions for which ATPases have evolved in AM fungi. As
stated for the plant ATPase genes (Sussman 1994), the
small sequence di�erences in amino-acids among the
di�erent isozymes may be important for generating
proton pumps with unique catalytic properties tailored
to the speci®c transport functions of the di�erent fungal
structures. Alternatively, the divergence among the dif-
ferent GmHA genes may indicate key di�erences in their
regulatory properties. For Arabidopsis, whose plasma
membrane H+-ATPase is encoded in a multigene family
composed of three subfamilies, it has been found that
the isozymes that have been studied are expressed in a
very speci®c way, which depends on the cell type, de-
velopmental stage and environmental conditions (Ho-
ulneÂ and Boutry 1994; Sussman 1994; De Witt and
Sussman 1995). Similarly, it could be hypothesized that
members of the plasma membrane H+-ATPase gene
family of G. mosseae can be di�erentially expressed in
the di�erent fungal structures (spore germ tubes, ap-
pressoria, extra- or intra-radical hyphae, or arbuscules,
etc.), depending on the physiological stage of the AM
symbiosis. Based on the divergence found between
GmHA5 and the genes of the free-living fungi, and the
relatively closer similarity of GmHA5 to the genes of a
biothrophic fungus and plants, it is tempting to specu-
late that this gene could be expressed in the symbiotic
fungal structures. However, expression studies of the
di�erent GmHA genes are necessary to understand the
physiological role of the di�erent H+-ATPase isozymes
of G. mosseae.
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