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Abstract RNA was isolated from spores of different
arbuscular mycorrhizal (AM) fungi and used for RT-PCR
with degenerate primers for S-tubulin genes. PCR prod-
ucts were cloned and the sequence of several clones was
analysed for each fragment. Comparison of sequences
identified two loci for B-tubulin genes with different GC
content and codon usage. Brubl sequences were most
similar to S-tubulin genes from the Oomycota, while
Btub2 sequences showed highest similarity to sequences
from the Zygomycota. RT-PCR experiments were carried
out to monitor RNA accumulation patterns of Btubl and
Btub?2 in asymbiotic germinating spores and in symbiotic
extraradical hyphae of three different AM fungi. This
indicated that Brubl is constitutively expressed in Gigas-
pora rosea, but down-regulated during symbiosis in
Glomus mosseae and Glomus intraradices. In contrast,
Btub2 showed constitutive expression in the two Glomus
species, but down-regulation in G. rosea. Further analysis
of different fungi indicated that Brub2 primers could be
used to specifically monitor RNA accumulation of AM
fungi in environmental samples.

Keywords Gene family - Gigaspora rosea - Glomus
mosseae - Glomus intraradices - RNA accumulation

Introduction

Arbuscular mycorrhizal (AM) fungi are obligate biotroph-
ic root symbionts of many land plants and therefore
important components of nearly all terrestrial ecosystems
(Read et al. 1992). Due to their function as biofertilisers,
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bioregulators and bioprotectors, they influence population
structures of plant communities (Van der Heijden et al.
1998) and represent potential tools for sustainable plant
production (Gianinazzi et al. 1995; Lovato et al. 1996;
Azcon-Aguilar and Barea 1997). Despite the fact that it is
not possible to keep AM fungi in pure culture, molecular
analyses have been carried out for several years in order
to gain insight into their phylogenetic relationships
(Simon et al. 1993), biodiversity (Franken 1998) and
functioning during interaction with the host root (Franken
and Requena 2000). Most sequence information has been
obtained from the ribosomal RNA gene cluster, but
protein-encoding genes have also been studied, because it
was expected that they be regulated during mycorrhiza
formation. One copy of a single gene has usually been
detected, but gene families were identified in two cases,
encoding H*-ATPases (Ferrol et al. 2000) and chitin
synthases (Lanfranco et al. 1999a, b; Ubalijoro et al.
2001). These genes were chosen for analysis, because H*-
ATPase activity was predominantly localised in intercel-
lular hyphae (Gianinazzi-Pearson et al. 1991), while
chitin has been shown to be unevenly distributed during
AM fungal development (Bonfante-Fasolo et al. 1990). In
addition to this, changes in the cytoskeleton also seem to
play a role in the development of the symbiosis. Such
changes were first detected on the plant side (Genre and
Bonfante 1997, 1998), mirrored on the molecular level by
the induction of a maize a-tubulin promoter in tobacco
plants after mycorrhization (Bonfante et al. 1996). On the
fungal side, a B-tubulin gene was identified and its RNA
accumulation monitored (Franken et al. 1997; Biitehorn et
al. 1999). However, these experiments did not distinguish
between different members of a putative gene family, and
therefore changes in the expression levels could probably
not be detected, as one might expect from the highly
dynamic microtubule development in the fungal hyphae
during formation of the symbiosis (Blancaflor et al. 2001;
Timonen et al. 2001).

In the present report, PCR cloning was used to identify
more fB-tubulin genes in AM fungi. Alignment of the
sequences indicated the presence of at least two members
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of a p-tubulin gene family, and RT-PCR experiments
showed differential RNA accumulation of the two gene
transcripts. The primer pair for the Bfub2 gene was tested
to see if it could be used to specifically monitor RNA
accumulation in glomalean fungi.

Materials and methods

Allium porrum L. pot cultures of the AM fungi Gigaspora rosea
BEG9, Gigaspora margarita BEG34, Scutellospora castanea
BEGI, Glomus coronatum BEG22, Glomus geosporum BEGI1,
Glomus mosseae BEG12, Glomus clarum BEG142, Acaulospora
laevis BEG13 and Acaulospora scrobiculata BEG33 were obtained
from the Banque Européenne des Glomales (INRA Dijon, France).
After wet sieving (Gerdemann and Nicolson 1963) and purification
on Percoll gradients (Hosny et al. 1996), spores were collected in
sterile water and surface sterilised in 2% chloramine T/0.03%
streptomycin for 20 min. After incubation for 1 week at 4°C in
sterile water, RNA of 500 spores was extracted and subsequently
treated with DNase using spin columns (Qiagen, Hilden, Germany)
following the protocol of Requena et al. (1999). RNA amount and
quality was measured as described (Stommel et al. 2001). cDNA
was synthesised from 100 ng total RNA in a volume of 25 ul with
0.5 pg oligo(dT);s using MMLV-RT transcriptase following the
supplier’s protocol (Promega, Madison, Wis.). One microlitre of
the resulting single-stranded cDNA was used for amplification of
B-tubulin gene fragments as described (Franken et al. 1997).
Because it was not possible to derive amplification products from
genomic DNA with the primer pair used, it was highly probable
that the PCR fragments obtained were from cDNA. Amplification
products were excised from 2% agarose gels, purified using the
Geneclean system (BIO101, Vista, Calif.) and cloned into the
pGEM-Teasy vector (Promega). Escherichia coli XL1-Blue elec-
trocompetent cells were transformed (Sambrook et al. 1989) and
clones screened by PCR (Giissow and Clackson 1989). Six clones
from two independent biological samples for each isolate were
sequenced twice in both directions. The nucleotide sequences were
aligned to each other and with additional B-tubulin genes from the
EMBL database using ClustalW (Thompson et al. 1994). Based on
the alignment, phylogenetic analyses were carried out using the
programs Segboot, Dnapars and CONSENSUS from the PHYLIP
package (version 3.573c; Felsenstein 1993). Based on the results,
distance trees were constructed using the program TREEVIEW
(version 1.5.3; Page 1996).

Glomus intraradices DAOM 181602 carrot root organ cultures
were cultured in a two-compartment system (St-Arnaud et al. 1996)
and used for harvesting spores (Doner and Bécard 1991).
Extraradical hyphae from G. intraradices were obtained from the
two-compartment system after cutting off the old mycelium and
allowing new hyphae to grow into the second compartment for
2 weeks (Sawaki and Saito 2001). Germination of spores and
harvesting of extraradical hyphae from G. mosseae and G. rosea
were carried out as described (Biitehorn et al. 1999). The other
fungi were cultivated in a liquid malt extract medium (Difco,
Detroit, Mich.), except Aspergillus nidulans and Piriformospora
indica, which were grown on a complete medium (Pontecorvo et al.
1953), and Ustilago maydis on potato dextrose (Difco). Pisum
sativum was inoculated with G. mosseae BEG 12 (Biorize, Dijon,
France) and grown under low phosphate conditions (Dumas-Gaudot
et al. 1994). Total RNA was extracted as described above, and
double-stranded cDNA was synthesised from 100 ng RNA using
the PCR-based SMART system in 100 ul volume (BD Bioscience
Clontech, Palo Alto, Calif.). Quality and quantity was analysed by
agarose gel electrophoresis. cDNA samples for RNA accumulation
analyses of f-tubulin genes were additionally tested by PCR in a
20 pl reaction volume with 10 uM of a primer pair for fungal Tef
genes (Wendland and Kothe 1997) using 1 pl of the double-
stranded cDNA as template and 0.5 U recombinant 7ag polymerase
(Gibco-BRL, Karlsruhe, Germany). Conditions for amplification

were as described (Biitehorn et al. 2000). In parallel, cDNA from
all samples was used for PCR with a primer pair for cluster 1 genes
(TubLfor: TTC CGA TGA GCA TGG TGT CGA CC; TublLrev:
AGG TTG TGA TAC CGC TCA TAG C; AT: 55°C), for cluster 2
(TubllLfor: GAC CTT ATC AGT ACA TCA GTT G; TublLrev:
GGC AAA TCC GAC CAT AAA GAA A; AT: 58°C) or for cluster
3 (TubllLfor: ACG GHT CCG GWG GTM TAC AAT GG;
TubllL.revl: ABG GGT TGK WSA GCT TNA RTG TNC;
TubllL.rev2: WGC CTC GTT RTC RAT RCA GAA DGT C;
AT: 52°C). PCR conditions were the same as for the Tef gene.
Amplification products were separated by 2% agarose gel electro-
phoresis, cloned and sequenced as described above or analysed by
Southern blot under standard conditions (Sambrook et al. 1989).
Cluster 1 and cluster 2 B-tubulin sequences of G. mosseae were
labelled with digoxigenin according to the supplier’s protocol of
(Roche, Mannheim, Germany) and served as hybridisation probes.
Detection was carried out by chemiluminescense using the alkaline
phosphatase-coupled digoxigenin antibody and the substrate CDP-
Star (Roche).

Results

To identify B-tubulin genes expressed in AM fungi, RT-
PCR cloning experiments were carried out with different
isolates. Sequences of 802 bp were obtained in each case
as previously described for Gigaspora rosea (Franken et
al. 1997) and Glomus mosseae (Biitehorn et al. 1999) and
compared with B-tubulin genes from fungi belonging to
the Ascomycota, the Basidiomycota, the Zygomycta and
the Oomycota. An animal sequence was taken as an
outgroup. The phylogenetic analysis of the alignment
showed that most AM fungal sequences could be grouped
into two different clusters (Fig. 1). Two sequences from S.
castanea and from A. laevis were placed in cluster 1. This
cluster showed highest similarity to Oomycota S-tubulin
genes. In contrast, Glomus geosporum, Glomus corona-
tum and Gigaspora margarita sequences were grouped in
a different cluster (cluster 2). In the distance tree, this
cluster was located close to the Zygomycota. Sequences
from Gigaspora rosea and Glomus mosseae were found in
both clusters. For one fungus, Glomus clarum, two
sequences grouped neither in cluster 1 nor in cluster 2,
but showed highest similarity to S-tubulin genes from the
Ascomycota. The three clusters differed in their GC
content. While cluster 1 and cluster 3 sequences showed
around 53% or 58% GC, respectively, the value was for
cluster 2 sequences between 42% and 44%. This was also
mirrored by the codon usage. Most obviously, the
approximately 25 leucine residues found in cluster 2
gene fragments were encoded by the codon TTA in seven
to nine cases; this codon was never used in cluster 1 and
cluster 3 genes.

In addition to the data obtained from this study, four
cDNA fragments with similarity to S-tubulin genes from
Glomus intraradices extraradical hyphae were found to be
deposited in the database. Two of them partially over-
lapped the sequences presented here and showed closest
similarity to S-tubulin genes from cluster 2. An additional
sequence was detected in a cDNA library from Medicago
truncatula-G. intraradices mycorrhiza. This sequence
was highly similar to cluster 1 sequences. In order to
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Fig. 1 Distance tree of J-tubulin gene sequences. Nucleotide
sequences of fB-tubulin genes derived by RT-PCR from different
arbuscular mycorrhizal (AM) fungi were compared with the S-
tubulin genes of other fungi belonging to the Oomycota, the
Zygomycota, the Ascomycota and the Basidiomycota using the
program ClustalW. The A-tubulin gene of Xenopus laevis was
added as an outgroup. After bootstrap analysis of the data, the
consensus of most parsimonious trees was calculated and is shown
in the figure. Values of 500 bootstrap resamplings are indicated

identify B-tubulin cDNA belonging to the three identified
clusters in G. intraradices in vitro-produced spores, PCR
cloning using cluster-specific primer pairs was carried
out. Amplification products of the correct size were
obtained only with cluster 1 and cluster 2 primers, but
never with the cluster 3-specific primer pair, although
different tissues and conditions were tested (data not
shown). Sequences of G. intraradices could not be
included in the distance tree, because they covered a
different region of the gene.

In order to analyse if genes of the two clusters are
expressed not only in activated spores, but also in other
stages of the AM fungal life cycle, RNA was extracted
from germinated spores and from extraradical hyphae of
Glomus mosseae, Gigaspora rosea and Glomus in-
traradices. cDNA was synthesised and its quality and
quantity confirmed to be similar in all samples using a
primer pair specific for fungal Tef genes encoding the
translation elongation factor EF-1a (Fig. 2). This cDNA
was used for PCR experiments with S-tubulin cluster-
specific primer pairs, and amplification products were
hybridised in Southern blot analysis to probes corre-
sponding to either cluster 1 or cluster 2 (Fig. 2). These
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Fig. 2 RT-PCR analysis of SB-tubulin genes. RNA was extracted
from germinating spores (gs) and extraradical hyphae (eh) from
Glomus mosseae (G.m.), Gigaspora rosea (G.r.) and Glomus
intraradices (G.i.) and used for RT-PCR with primer pairs specific
for the f-tubulin genes Brubl and Btub?2 or for the Tef gene. In the
case of Brubl and Btub2, PCR products were hybridised in
Southern blot analyses to the corresponding probes from G.
mosseae. Plasmid DNA of the Brubl and Btub2 cDNA clones (+)
or of the Brub2 genomic clone (+*) of G. mosseae were used as
positive controls

tef

experiments indicated differential transcript accumulation
of the two B-tubulin genes. Using Bfub1 primers, higher
amounts of RT-PCR products were obtained from
germinated spores than from extraradical hyphae. This,
however, was only the case in Glomus mosseae and
Glomus intraradices; in Gigaspora rosea the amounts did
not differ significantly between the two tissues. The
opposite situation was observed for Brub2. This gene copy
shows differential RNA accumulation in G. rosea. When
RNA from asymbiotic and symbiotic tissues from the two
Glomus species was used, Btub2 amplification and
hybridisation resulted in similar signal intensities. Com-
parable results were obtained in two repetitions using
independent biological samples.

In some experiments, a second band was detected in
some of the samples from the three isolates used for the
repetitions. Sequencing of this fragment showed that it
originated from a contamination with genomic DNA
because it contained a small intron (the sequence is not
shown, but included in the database under the AC number
AJ459248). The corresponding samples were not used for
analysis of RNA accumulation.

In order to test if the primer pair for the Brub2 genes
could also be used for analysing AM fungal transcript
accumulation in environmental samples, RNA was ex-
tracted from the mycelium of a number of different fungi
including five Zygomycetes. As a positive control, spores
from A. scrobiculata were included, which were not the
subject of the initial analysis, as well as Pisum sativum-G.
mosseae mycorrhiza and the corresponding control root.
RT-PCR fragments were obtained only from the AM
fungus and from mycorrhizal roots (Table 1), indicating
that the Brub2 primer pair may be specific for glomalean
fungi.
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Table 1 Results of RT-PCR with a primer pair specific for the
Btub2 gene

Species Btub2 PCR fragment
Acaulospora scrobiculata Yes
Aspergillus nidulans No
Aphanomyces euteiches No
Piriformospora indica No
Ustilago maydis No
Phycomyces blakesleanus No
Mortirella vinacea No
Mycotypha microspora No
Basidiobolus ranarum No
Mucor mucedo No
Pisum sativum control roots No
P. sativum colonised by G. mosseae Yes

Discussion

B-Tubulin gene fragments were obtained from a number
of AM fungal isolates and their comparison grouped them
into three different types of sequences. Using specific
primers and RNA from sterile cultivated G. intraradices
spores, the presence of type 1 and type 2 sequences was
verified, but a cluster 3-type sequence could not be
isolated. Because such sequences were obtained only
from G. clarum spores of one-pot culture, these fragments
might be derived from a fungal contaminant, which would
— according to the similarity — belong to the Ascomycota.
Such contaminants are often found in AM fungal spores
from field sites (Lee and Koske 1994) and might also
occasionally occur in pot cultures. Sequences from a
putative Ascomycete have already been detected in DNA
extracts from AM fungi (Redecker et al. 1999). Fragments
with similarity to type 1 and type 2 sequences were,
however, isolated from in vitro-produced G. intraradices
spores, and RNA accumulation of the corresponding
genes could be detected in growing hyphae, where
contaminants are normally observable. This confirms
the presence of Brubl and Btub2 in the genomes of AM
fungi. Since no experiments were carried out with single
spores or single nuclei, it cannot be concluded without
doubt that they represent two loci at different chromo-
somal positions. They might also correspond to groups of
alleles at one locus existing in parallel as has been shown
for rRNA sequences (Sanders et al. 1995; Hijri et al.
1999; Trouvelot et al. 1999; Kuhn et al. 2001). However,
this is not likely in the case of the two SB-tubulin genes
because they are differentially expressed. Two sequences
with slight differences for cluster 1 or cluster 2 S-tubulin
genes were obtained from most isolates (Tubla and
Tublb or Tub2a and Tub2b in Fig. 1). These might
represent different alleles of the two putative loci, as in
the case of a binding protein gene in different nuclei of
one AM fungal spore (Kuhn et al. 2001).

Although the significance of the precise locations in
the distance tree was low, the difference in the GC content
and in the codon usage suggests a divergent origin of the
two types of Bfub genes. Based on the similarity, the
closest relatives of the cluster 2 sequences were found

among the Zygomycota. This correlates with the phylo-
genetic analysis based on 18S rRNA sequences as
recently presented by Schiiiler et al. (2001). In contrast,
cluster 1 sequences were located among the S-tubulin
genes of the other true fungi with closest similarity to
those of the Oomycota. The origin of the cluster 1 genes
remains open. One possibility could be horizontal gene
transfer, which has been discussed to occur not only in
bacteria, but also in fungi (Rosewich and Kistler 2000).
DNA transfer during interaction has been demonstrated,
for example in the case of the mycoparasite Parasitella
parasitica and its host Absidia glauca (Kellner et al.
1993). Because AM fungi are colonised by a large
number of different fungi (Lee and Koske 1994),
mycoparasitism could have been the mechanism for the
transfer of the cluster 1 sequence into the AM fungal
genome. DNA transfer from a plant to a fungus has also
been shown experimentally. After co-cultivation of
Aspergillus niger with different transgenic plants, the
fungus received hygromycin resistance and, in one case,
this could be clearly correlated with the transfer of the
corresponding hph gene (Hoffmann et al. 1994). Such an
event is not unlikely as AM fungi and their hosts form a
very close symbiosis, which includes the penetration of
the plant cell wall and intracellular colonisation during
arbuscule development. The cluster 1 sequences might
therefore also be derived from a plant, as plants and
Oomycetes are closely related and show sequence sim-
ilarities among their S-tubulin genes (Mu et al. 1999).

Differential gene expression of B-tubulin genes has
been detected in animals (Hoyle et al. 1995) and in plants
(Artlip et al. 1995; Vassilevskaia et al. 1996), but the
present study is the first time that such a phenomenon has
been shown in fungi. While Btubl is repressed in
extraradical hyphae of Glomus mosseae and G. in-
traradices, when compared with germinating spores,
Btub? is constitutively expressed. The microtubule cyto-
skeleton of AM fungi is highly dynamic (Blancaflor et al.
2001; Timonen et al. 2001) and it could be speculated that
the predicted two isotypes are involved in different
cellular needs during asymbiotic germination or symbi-
otic extraradical hyphal growth. Surprisingly, the opposite
expression pattern was detected in the AM fungus
Gigaspora rosea. Instead of Btubl, which seemed to be
constitutively transcribed, the second copy Brub2 was
repressed in the symbiotic mycelium of this isolate. The
expression of different copies of a gene family in two AM
fungi was also detected in the case of the chitin synthase
genes. While two class II chitin synthase genes were
expressed in the extraradical mycelium of Glomus
intraradices (Ubalijoro et al. 2001), RNA accumulation
of a similar class II gene could not be detected in the same
tissue of Gigaspora margarita (Lanfranco et al. 1999b).
This shows that the different biology of various AM fungi
is reflected not only in their morphology (Walker 1995;
Cavagnaro et al. 2001) and physiology (Boddington and
Dodd 1999; Smith et al. 2000), but also in gene
expression patterns.



The distribution of AM fungi in the soil or in plant
roots has been analysed by molecular methods using PCR
on DNA extracts with primer pairs mainly directed
towards the TRNA gene cluster (Franken 1998). In this
way, the absence or presence of different isolates in
mycorrhiza of field sites (Helgason et al. 1998) or
microcosms (Van Tuinen et al. 1998) could be deter-
mined. However, the application of different staining
techniques has shown that not all the hyphae in a
mycorrhiza are active (Smith and Dickson 1991; Tisserant
et al. 1993). Therefore, instead of DNA, it might be useful
to analyse the occurrence of fungal RNA, which would
reflect activity rather than simply the presence of
organisms. Such an approach has already been carried
out to assess the physiological activity of Phanerochaete
chrysosporium in organo-polluted soil samples, where
accumulation of (among others) B-tubulin RNAs could be
detected (Lamar et al. 1995). Because the present study
indicates that Brub2 PCR is specific for Glomales and the
source of template can be distinguished due to the
presence of a small intron, this primer pair could be used
to estimate AM fungal RNA accumulation in complex
root or soil samples. Bfub2 RNA accumulation in
mycorrhiza has been shown at least for the two Glomus
species (data not shown). Future experiments will reveal
if cDNA fragments of Brub2 genes from different AM
fungi can be separated, e.g. by denaturing gradient gel
electrophoresis as has been used to analyse expression
levels of different transgene copies (Ringel et al. 1998).
This would allow RNA transcripts of a certain gene to be
assigned to a specific isolate and, in this way, to relate
symbiotic functions with the population structure of AM
fungi.

Acknowledgements We would like to thank Guillaume Bécard
(University Toulouse) for providing root organ cultures with
Glomus intraradices, M’Barek Tamasloukht (MPI fiir terrestrische
Mikrobiologie) for setting up the in vitro system and Karl-Heinz
Rexer for providing us with cultures of different zygomycetes. The
work was supported by the BEG-Net EU Concerted Action
(Contract no. B104-CT97-2225) and the EU project GENOMYCA
(QLRT-2000-01319).

References

Artlip TS, Setter TL, Madison JT (1995) Tubulin isotypes in maize
endosperm — alterations during development and water deficit.
Physiol Plant 94:158-163

Azcon-Aguilar C, Barea JM (1997) Applying mycorrhiza biotech-
nology to horticulture — significance and potential. Sci Hortic
68:1-24

Blancaflor EB, Zhao LM, Harrison MJ (2001) Microtubule
organization in root cells of Medicago truncatula during
development of an arbuscular mycorrhizal symbiosis with
Glomus versiforme. Protoplasma 217:154-165

Boddington CL, Dodd JC (1999) Evidence that differences in
phosphate metabolism in mycorrhizas formed by species of
Glomus and Gigaspora might be related to their life-cycle
strategies. New Phytol 142:531-538

Bonfante P, Bergero R, Uribe X, Romera C, Rigau J, Puig-
domenech P (1996) Transcriptional activation of a maize a-

141

tubulin gene in mycorrhizal maize and transgenic tobacco
plants. Plant J 9:737-743

Bonfante-Fasolo P, Faccio A, Perotto S, Schubert A (1990)
Correlation between chitin distribution and cell wall morphol-
ogy in the mycorrhizal fungus Glomus versiforme. Mycol Res
94:157-165

Biitehorn B, Gianinazzi-Pearson V, Franken P (1999) Quantifica-
tion of S-tubulin RNA expression during asymbiotic and
symbiotic development of the arbuscular mycorrhizal Glomus
mosseae. Mycol Res 103:360-364

Biitehorn B, Rhody D, Franken P (2000) Isolation and character-
isation of Pirefl encoding the translation elongation factor EF-
la of the root endophyte Piriformospora indica. Plant Biol
49:687-692

Cavagnaro TR, Gao LL, Smith FA, Smith SE (2001) Morphology
of arbuscular mycorrhizas is influenced by fungal identity. New
Phytol 151:469-475

Doner LW, Bécard G (1991) Solubilization of gellan gels by
chelation of cations. Biotechnol Tech 5:25-28

Dumas-Gaudot E, Asselin A, Gianinazzi-Pearson V, Gollotte A,
Gianinazzi S (1994) Chitinase isoforms in roots of various pea
genotypes infected with arbuscular mycorrhizal fungi. Plant Sci
99:27-37

Felsenstein J (1993) PHYLIP (Phylogeny inference package),
version 3.5c. University of Washington, Seattle, Wash.

Ferrol N, Barea JM, Azcon-Aguilar C (2000) The plasma
membrane H*-ATPase gene family in the arbuscular mycor-
rhizal fungus Glomus mosseae. Curr Genet 37:112-118

Franken P (1998) Trends in molecular studies of AM fungi. In:
Varma A, Hock B (eds) Mycorrhiza, 2nd edn. Springer, Berlin
Heidelberg New York, pp 3749

Franken P, Requena N (2000) Molecular approaches to arbuscular
mycorrhiza functioning. In: Hock B (ed) The Mycota IX.
Springer, Berlin Heidelberg New York, pp 19-28

Franken P, Lapopin L, Meyer-Gauen G, Gianinazzi-Pearson V
(1997) RNA accumulation and genes expressed in spores of the
arbuscular mycorrhizal fungus Gigaspora rosea. Mycologia
89:295-299

Genre A, Bonfante P (1997) A mycorrhizal fungus changes
microtubules orientation in tobacco root cells. Protoplasma
199:30-38

Genre A, Bonfante P (1998) Actin versus tubulin configuration in
arbuscule-containing cells from mycorrhizal tobacco roots.
New Phytol 140:745-752

Gerdemann JW, Nicolson TH (1963) Spores of mycorrhizal
Endogone species extracted from soil by wet sieving and
decanting. Trans Br Mycol Soc 46:235-244

Gianinazzi S, Trouvelot A, Lovato P, Van Tuinen D, Franken P,
Gianinazzi-Pearson V (1995) Arbuscular mycorrhizal fungi in
plant production of temperate agroecosystems. Crit Rev
Biotechnol 15:305-311

Gianinazzi-Pearson V, Smith SE, Gianinazzi S, Smith FA (1991)
Enzymatic studies on the metabolism of vesicular-arbuscular
mycorrhizas V. Is H*-ATPase a component of ATP-hydrolys-
ing enzyme activities in plant-fungus interfaces? New Phytol
117:61-74

Giissow D, Clackson T (1989) Direct clone characterization from
plaques and colonies by the polymerase chain reaction. Nucleic
Acids Res 17:4000

Helgason T, Daniell TJ, Husband R, Fitter AH, Young JPW (1998)
Ploughing up the wood-wide web. Nature 394:431

Hijri M, Hosny M, van Tuinen D, Dulieu H (1999) Intraspecific
ITS polymorphism in Scutellospora castanea (Glomales,
Zygomycota) is structured within multinucleate spores. Fungal
Genet Biol 26:141-151

Hoffmann T, Golz C, Schieder O (1994) Foreign DNA sequences
are received by a wild-type strain of Aspergillus niger after co-
culture with transgenic higher plants. Curr Genet 27:70-76

Hosny M, Dulieu H, Gianinazzi-Pearson V (1996) A simple and
rapid method for collecting Glomales spores from soil. In:
Azcon-Aguilar C, Barea JM (eds) Mycorrhizas in integrated



142

systems. From genes to plant development. European Com-
mission, EUR 16 728, Luxembourg, pp 541-542

Hoyle HD, Hutchens JA, Turner FR, Raff EC (1995) Regulation of
SB-tubulin function and expression in Drosophila spermatogen-
esis. Dev Genet 16:148-170

Kellner M, Burmester A, Wostemeyer A, Wostemeyer J (1993)
Transfer of genetic information from the mycoparasite Para-
sitella parasitica to its host Absidia glauca. Curr Genet 23:334—
337

Kuhn G, Hijri M, Sanders IR (2001) Evidence for the evolution of
multiple genomes in arbuscular mycorrhizal fungi. Nature
414:745-748

Lamar RT, Schoenike B, Van den Wymelenberg A, Stewart P,
Dietrich DM, Cullen D (1995) Quantitation of fungal mRNAs
in complex substrates by reverse transcription PCR and its
application to Phanerochaete chrysosporium-colonized soil.
Appl Environ Microbiol 61:2122-2126

Lanfranco L, Garnero L, Bonfante P (1999a) Chitin synthase genes
in the arbuscular mycorrhizal fungus Glomus versiforme: full
sequence of a gene encoding a class IV chitin synthase. FEMS
Microbiol Let 170:59-67

Lanfranco L, Vallino M, Bonfante P (1999b) Expression of chitin
synthase genes in the arbuscular mycorrhizal fungus Gigaspora
margarita. New Phytol 142:347-354

Lee P-J, Koske RE (1994) Gigaspora gigantea: parasitism of
spores by fungi and actinomycetes. Mycol Res 98:458-466

Lovato P, Gianinazzi-Pearson V, Trouvelot A, Gianinazzi S (1996)
The state of art of mycorrhiza and micropropagation. Adv
Hortic Sci 10:46-52

Mu JH, Bollon AP, Sidhu RS (1999) Analysis of S-tubulin cDNAs
from taxol-resistant Pestalotiopsis microspora and taxol-sensi-
tive Pythium ultimum and comparison of the taxol-binding
properties of their products. Mol Gen Genet 262:857-868

Page RDM (1996) TREEVIEW: an application to display phylo-
genetic trees on personal computers. Comp Appl Biosci
12:357-358

Pontecorvo G, Roper JA, Hemmons LM, MacDonald KD, Bufton
AW]J (1953) The genetics of Aspergillus nidulans. Adv Genet
5:141-238

Read DJ, Lewis DH, Fitter AH, Alexander 1J (1992) Mycorrhizas in
ecosystems. CAB International, Oxford

Redecker D, Hijri M, Dulieu H, Sanders IR (1999) Phylogenetic
analysis of a dataset of fungal 5.8S rDNA sequences shows that
highly divergent copies of internal transcribed spacers reported
from Scutellospora castanea are of ascomycete origin. Fungal
Genet Biol 28:238-244

Requena N, Fiiller P, Franken P (1999) Molecular characterisation
of GmFOX2, an evolutionary highly conserved gene from the
mycorrhizal fungus Glomus mosseae, down-regulated during
interaction with rhizobacteria. Mol Plant Microbe Interact
12:934-942

Ringel MD, Schwindinger WF, Saji M, Zeiger MA, Levine MA
(1998) Determination of transgene copy number and expression
level using denaturing gradient gel electrophoresis. Biotech-
niques 24:126-128

Rosewich UL, Kistler HC (2000) Role of horizontal gene transfer in
the evolution of fungi. Annu Rev Phytopathol 38:325-363

Sambrook J, Fritsch EF, Maniatis T (1989) Molecular cloning, a
laboratory manual. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, N.Y.

Sanders IR, Alt M, Groppe K, Boller T, Wiemken A (1995)
Identification of ribosomal DNA polymorphisms among and
within spores of the Glomales: application to studies on the
genetic diversity of arbuscular mycorrhizal fungal communi-
ties. New Phytol 130:419-427

Sawaki H, Saito M (2001) Expressed genes in the extraradical
hyphae of an arbuscular mycorrhizal fungus, Glomus in-
traradices, in the symbiotic phase. FEMS Microbiol Lett
195:109-113

SchiiBler A, Schwarzott D, Walker C (2001) A new fungal phylum,
the Glomeromycota: phylogeny and evolution. Mycol Res
105:1413-1421

Simon L, Bousquet J, Lévesque RC, Lalonde M (1993) Origin and
diversification of endomycorrhizal fungi and coincidence with
vascular land plants. Nature 363:67-69

Smith FA, Jakobsen I, Smith SE (2000) Spatial differences in
acquisition of soil phosphate between two arbuscular mycor-
rhizal fungi in symbiosis with Medicago truncatula. New
Phytol 147:357-366

Smith SE, Dickson S (1991) Quantification of active vesicular-
arbuscular mycorrhizal infection using image analysis and other
techniques. Aust J Plant Physiol 18:637-648

St-Arnaud M, Hamel C, Vimard B, Caron M, Fortin JA (1996)
Enhanced hyphal growth and spore production of the arbuscular
mycorrhizal fungus Glomus intraradices in an in vitro system
in the absence of host roots. Mycol Res 100:328-332

Stommel M, Mann P, Franken P (2001) Construction and analysis
of an EST library using RNA from activated spores of the
arbuscular mycorrhizal fungus Gigaspora rosea. Mycorrhiza
10:281-285

Thompson JD, Higgins DG, Gibson TJ (1994) CLUSTAL W:
improving the sensitivity of progressive multiple sequence
alignment through sequence weighting, position-specific gap
penalties and weight matrix choice. Nucleic Acids Res
22:4673-4680

Timonen S, Smith FA, Smith SE (2001) Microtubules of the
mycorrhizal fungus Glomus intraradices in symbiosis with
tomato roots. Can J Bot 79:307-313

Tisserant B, Gianinazzi-Pearson V, Gianinazzi S, Gollote A (1993)
In planta histochemical staining of fungal alkaline phosphatase
activity for analysis of efficient arbuscular endomycorrhizal
infections. Mycol Res 97:245-250

Trouvelot S, Hijri M, van Tuinen D, Dulieu H, Gianinazzi-
Pearson V (1999) Visualisation of ribosomal DNA loci in spore
interphasic nuclei of glomalean fungi by fluorescence in situ
hybridization. Mycorrhiza 8:203-206

Ubalijjoro E, Hamel C, McClung CR, Smith DL (2001) Detection of
chitin synthase class I and II type sequences in six different
arbuscular mycorrhizal fungi and gene expression in Glomus
intraradices. Mycol Res 105:470-476

Van der Heijden MGA, Klironomos JN, Ursic M, Moutoglis P,
Streitwolf-Engel R, Boller T, Wiemken A, Sanders IR (1998)
Mycorrhizal fungal diversity determines plant biodiversity,
ecosystem variability and productivity. Nature 396:69-72

Van Tuinen D, Jacquot E, Zhao B, Gollotte A, Gianinazzi-
Pearson V (1998) Characterization of root colonization profiles
by a microcosm community of arbuscular mycorrhizal fungi
using 25S rDNA-targeted nested PCR. Mol Ecol 7:879-887

Vassilevskaia TD, Bekman E, Jackson P, Ricardo CP, Rodrigues-
Pousada C (1996) Developmental expression and regulation by
light of two closely related S-tubulin genes in Lupinus albus.
Plant Mol Biol 32:1185-1189

Walker C (1995) AM or VAM: what’s in a word? In: Varma A,
Hock B (eds) Mycorrhiza: structure, function, molecular
biology and biotechnology. Springer, Berlin Heidelberg New
York, pp 25-26

Wendland J, Kothe E (1997) Isolation of 7efl encoding translation
elongation factor Efl-a from the Homobasidiomycete Schizo-
phyllum commune. Mycol Res 101:798-802



