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Abstract Genomic phage libraries of arbuscular my-
corrhizal fungi were constructed for the first time, and
clones containing ribosomal RNA (rRNA) genes iso-
lated for Glomus mosseae and Scutellospora castanea.
The number of rDNA clones per library indicates that
these libraries can be also used to isolate genes with
low copy numbers. Sequences of the 18S rRNA gene,
of the internal transcribed spacer and of the 5.8S rRNA
gene were analysed and compared. Differences be-
tween the 18S and the 5.8S rRNA genes were few and
in the range of variation found for other fungi. In con-
trast, the internal transcribed spacers of G. mosseae and
S. castanea were highly variable, showing the potential
of this region for the identification of different species
or isolates. Interestingly, nucleotide exchanges were
found in this region when the sequence for G. mosseae
was compared to those of two other clones of the same
isolate.

Key words Glomales - rRNA genes - ITS region -
Genomic libraries - PCR

Introduction

Arbuscular mycorrhizal fungi (AMF) belonging to the
Glomales represent a phylogenetic group that probably
became specialized very early in evolution. It has been
deduced from fossil and molecular data that these or-
ganisms originated in the Devonian together with the
first land plants, about 415 million years ago (Pirozyns-
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ki and Dalpé 1989; Simon et al. 1993a; Remy et al.
1994). The ancestral nature of these fungi and their
evolution within a specific ecological niche, the root,
makes the study of the organization and structure of
their genome particularly interesting in comparison
with other organisms. However, this requires the estab-
lishment of large genomic libraries, and this has posed
problems because AMF are biotrophic obligate sym-
bionts and cannot be grown in pure culture. Therefore,
DNA must be extracted from spores in order to ex-
clude contamination by plant DNA. This has yielded
DNA that can be used for PCR analysis (Burggraaf and
Beringer 1989; Simon et al. 1992; Waterman and Dales
1993; Wyss and Bonfante 1993; Lanfranco et al. 1995)
but is not suitable for digestion by restriction enzymes.
It was only recently that Zézé et al. (1994) developed a
method for extracting restrictable DNA from AMF
spores and obtained the first AMF plasmid library.
Whilst such plasmid libraries are useful for the nontar-
geted isolation of specific and nonspecific DNA frag-
ments that can be used to generate probes for analysing
AMF genomes (Zéz¢€ et al. 1994), their size limits their
use for targeted isolation of complete genes.

In this paper, we describe for the first time the estab-
lishment of phage genomic libraries for Glomus mos-
seae (Nicol. and Gerd.) Gerd. and Trappe and Scutel-
lospora castanea Walker. Clones containing rRNA
genes were isolated and analysed in order to show that
these libraries are sufficiently large for the isolation of
low copy genes and are free of DNA from contaminat-
ing organisms. Sequencing of the rRNA clones re-
vealed a high similarity between the 18S and 5.8S
rRNA genes and a high variability in the internal tran-
scribed spacers of different AM fungal species.

Material and methods

Spores of G. mosseae (isolate BEG 12) and S. castanea (isolate
BEG 1) were collected from pot cultures grown on Allium por-
rum L. Genomic DNA was isolated following the method of Zézé
et al. (1994) except that instead of normal phenol/chloroform ex-
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traction after RNase treatment, samples were boiled with one vol-
ume of phenol followed by chloroform extraction. The amount of
extracted DNA was estimated by gel electrophoresis using A
DNA as standard. The quality was tested by restriction enzyme
digestion of 200 ng DNA by BamHI, Hindlll, EcoRI and Sau3Al
and subsequent electrophoresis in minigels (slot size 4 mm).

The expression vector AZAP (Stratagene) was used for clon-
ing. Genomic DNA was ligated with the phage arms and pack-
aged (Gigapack II, Stratagene). The Escherichia coli strain
XL1Blue was infected with the phages and plated onto NZY me-
dium (Stratagene protocol). Phage clones were transferred onto
Nylon membranes (NY 13 N, Schleicher and Schiill) and screened
with digoxygenin-labelled probes (Boehringer protocol). Positive
clones were prepared for further analysis by isolating the pSK
plasmid with the cloned insert from the phage (Stratagene proto-
col). Clones were mapped by restriction enzyme digestion and
Southern blot hybridization with digoxygenin-labelled probes
(Boehringer protocol).

PCR was conducted in a 50 pl volume using 0.5 units Taq po-
lymerase (Appligene), 1 ng plasmid DNA as template, 200 pM
dNTPs, 1 uM of each primer and the buffer of the enzyme sup-

Fig.1 A A schematic representation of the rRNA genes. The
large subunit (LSU) and the small subunit (SSU) of the rRNA
gene cluster are shown as well as the internal transcribed spacer
(ITS) with the 5.8S RNA gene. The fragments are indicated that
were used for screening of the genomic libraries (probe I, normal
line) or for the analysis of the isolated clones shown in Fig. 1B
(probe II, bold line). In addition, the positions of the primers
used for PCR or for sequencing are marked as arrows.
(1: VANST; 2:NS3; 3:1TS1; 4:NS2; 5:NS6; 6:1TS4). B Restric-
tion maps of the isolated EcoRI clones. Plasmid clones isolated
from the genomic libraries of Glomus mosseae (pRibGm) or Scu-
tellospora castanea (pRibSc) were digested with EcoRI (R), Hin-
dlIl (H), Sall (Sa), Xbal (Xb) and Xhol (Xh). Restriction frag-
ments which hybridize to probe II are drawn as a bold line. The
position of the clones in the scheme corresponds to the position
of the rRNA genes in A, according to the PCR experiments with
rDNA- and vector-specific primers. In addition, the regions 1 and
2 which were sequenced are shown

plier. For PCR labelling, 2 uM digoxygenin-dUTP was included
in the reaction. After incubation for 2 min at 95 °C, 30 cycles were
performed with 1 min at 93°C, 45 s at 56°C and 1 min at 72°C,
followed by 5 min extension at 72 °C. Primers were synthesized by
Eurogen.

Plasmid DNA was isolated (Birnboim and Doly 1979) and
cleaned on a Quiagen column. Sequence analysis (one strand for
region 1 and both strands in region 2 in Fig. 1B) was conducted
by the Euro Séquences Genes Services (Montigny le Bretonneux,
France). Complete sequences will appear in the EMBL/Gene-
bank nucleotide sequence database under the accession numbers
U31995 (18S rRNA gene of pRibGm), U31997 (18S rRNA gene
of pRibSc), U31996 (ITS of pRibGm) and U31998 (ITS of
pRibSc).

Results

Genomic DNA extraction from 1000 spores of G. mos-
seae and S. castanea yielded on average 600 ng. DNA of
each species was of good quality, since it could be easily
digested with various restriction enzymes. Aliquots of
100 ng EcoRI-digested DNA of each fungal species
were used for cloning, and 500 000 plaque-forming
units were obtained. Random analysis of 10 clones re-
vealed a range of insert sizes of 2-7 kb.

Sixty thousand clones were screened with an rDNA
probe of Populus fremonte L. (Faivre Rampant 1992)
to isolate ribosomal RNA genes. This DNA fragment
contains part of the large and the small subunit (LSU
and SSU) as well as the internal transcribed spacer
(ITS) region of the ribosomal RNA gene cluster (probe
I; Fig. 1A). Positive signals were detected in 20 clones
of each library, of which five were further analysed and
found to be all the same size (6 kb for G. mosseae and
3 kb for S. castanea). PCR with the AMF specific prim-
er VANS1 (Simon et al. 1992) and the primer NS2
(White et al. 1990), using Aspergillus nidulans genomic
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DNA as a negative control, confirmed that these clones
were of AMF origin (data not shown).

One clone of each library (pRibGm for G. mosseae
and pRibSc for S. castanea) was characterized in more
detail by cutting with different restriction enzymes and
Southern blot analysis. Hybridization of the restriction
fragments was conducted with the rDNA probe used
for screening the library, and a new probe synthesized
by PCR with the primer pair NS3/NS6 (White et al.
1990; probe II, Fig. 1A). To determine the orientation
of the two clones corresponding to the different regions
of the rRNA genes, PCR analyses were conducted us-
ing the rDNA-specific primers NS2 and I'TS1 in combi-
nation with universal and reversal sequencing primers.
The restriction maps for both clones deduced from
these experiments are given in Fig. 1B.

Two regions of the 18S rRNA gene in clones
pRibGm and pRibSc were sequenced. Primer NS2 was
used for region 1 (Fig. 1B), and the primers ITS1 and
ITS4 (White et al. 1990) for region 2 (Fig. 1B). When
compared with sequences of other 18S rRNA genes in
the EMBL database, region 1 of the analysed clones
showed the highest similarity to those of AMF. The G.
mosseae sequence (isolate BEG 12) was identical to
that of G. mosseae (isolate FL156B of the INVAM col-
lection) analysed by Simon et al. (1993a; accession
number Z14007), although the isolates are of totally
different origin. In contrast, the S. castanea sequence
showed small differences to those of other Scutellospo-
ra species or isolates (98% similarity) (accession num-
bers 714012 and Z14013; Clapp et al. 1995), as shown
in Fig. 2A. The S. castanea sequence was as similar to
Glomus spp. sequences (about 92%, not shown) as to
those of other fungi such as Taphrina deformans (M. L.
Berbee and J. W. Taylor; accession number U00971),
Schizosaccharomyces pombe (B. Lapeyre and J. Feliu;
accession number Z19578) and Ambrosiozyma platy-
podis (Spatafora and Blackwell 1993). Region 2 in-
cludes the ITS with the 5.8S RNA gene (Fig.2B). Al-
ignment of the sequences of the two AMF species out-
side the 5.8S RNA was very difficult because of the
high degree of variability between them, whilst the 5.8S
RNA sequence itself showed 85% identical nucleo-
tides. This was in the same range of similarity (80-90%)
as found with 5.8S RNA from other fungi such as Can-
dida albicans (Mercure et al. 1993), Nematospora coryli
(R. Messner, unpublished; accession number U09326)
or Saccharomyces cerevisiae (Rubin 1973). Comparison
of the 5.8S RNA region with organisms other than fun-
gi revealed 60-70% identical nucleotides: those of Sac-
charomyces cerevisiae, Arabidopsis thaliana (Unfried
and Gruendler 1990) and Homo sapiens (Nazar et al.
1976) are given as examples in Fig. 2B. Comparison of
the ITS region cloned from G. mosseae (BEG 12) with
the the two ITS sequences of the same isolate pub-
lished by Sanders et al. (1995) showed some small dif-
ferences (Fig. 2B).
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Discussion

This is the first report of the cloning of AMF genomic
DNA into phages. A similar approach has since been
used to establish a genomic library for the AMF Gigas-
pora rosea Nicolson and Schenck (isolate BEG 9) (un-
published). The strategy (cloning into AZAP) does not
need a large quantity of DNA, which is of particular
advantage for cloning AMF DNA. In addition, further
analysis is facilitated since purification of phage DNA
and subcloning into plasmids is not required. However,
the disadvantage of AZAP is that it cannot take up in-
serts larger than 10 kb; therefore, certain EcoRI frag-
ments may not be cloned using this approach.

The number of tDNA clones in both the G. mosseae
and S. castanea libraries can be estimated from the
number of positive hybridization signals obtained using
the rDNA-specific probe (20 out of 60 000); since the
total number of clones was 500 000, the libraries proba-
bly contain about 160-170 rRNA gene copies. TDNA is
moderately repetitive in fungi (100-400 copies; Long
and Dawid 1980), and preliminary results (Passerieux
1994) indicate that there could be at least 90 copies for
S. castanea. Thus both libraries may be useful for the
isolation of genes occurring in lower copy numbers.
They are presently being further screened using other
heterologous probes and antisera to isolate different
genes encoding actin, tubulin and glyceraldehyde phos-
phate dehydrogenase.

Phage clones with rRNA genes of the two AMF G.
mosseae and S. castanea have been isolated, and in the
case of G. mosseae the clone contains the complete 18S
rRNA gene, the ITS with the 5.8S RNA gene and a
major portion (2.8 of about 3.6 kb) of the 25S rRNA
gene. In the case of S. castanea, the 18S and the ITS
regions have been isolated but not the 25S RNA re-
gion, which might be located on an EcoRI fragment too
large for this library. It will be possible to overcome
this problem by establishing a new library using a re-
striction enzyme giving fragments of this region small
enough to be cloned into AZAP. The fact that there is
an EcoRlI site in the clone is probably due to partial
digestion of the genomic DNA.

Analysis of the 18S sequence of the ribosomal gene
cluster of the two AMF confirmed that the isolated
clones are of AMF origin and not derived from con-
taminating organisms, such as bacteria (Scannerini and
Bonfante 1991) or other fungi (Lee and Koske 1994)
which can be associated with AMF spores. It seems
likely that the library obtained for each fungus is free of
such contamination, since all the isolated clones with
ribosomal DNA gave a PCR amplification product with
the AMF-specific primer VANSI. In addition, analysis
of the 18S revealed that, although there are slight dif-
ferences between the sequences of S. castanea and the
other Gigasporineae, the taxon-specific primer VAGI-
GA designed by Simon et al. (1993b) for Gigaspora
species can also be used for specific amplification of S.
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Fig. 2 A Sequence comparison of 18S rRNA genes. The analysed
part of S. castanea is compared with those of S. pellucida and S.
dipapillosa, as well as two nondefined Scutellospora isolates (se-
quenced until nucleotide 159). Identical nucleotides are shown as
dots. The region of the genus-specific primer VAGIGA is under-
lined. B Sequence comparison of the ITS including the 5.8S RNA
gene. The ITS 1 and the ITS 2 regions (lower-case) of G. mosseae
(1-109/267-491) and of S. castanea (1-82/240-420), as well as the
5.8S RNA gene sequences (capital letters) of G. mosseae
(110-266), S. castanea (83-239), Saccharomyces cerevisiae, Arabi-
dopsis thaliana and Homo sapiens, are compared. Nucleotides
which are identical to the sequence of G. mosseae are represented
as dots. Dashes indicate gaps in the sequences which where intro-
duced for a better alignment. In addition, the differences from the
two PCR clones from G. mosseae (same isolate) analysed by San-
ders et al. (1995) are shown below the sequences

castanea, because the corresponding region is identical
(Fig. 2A). It is also evident that the two Scutellospora
sequences obtained from bluebell mycorrhiza (Clapp et
al. 1995) suggest the presence of species or isolates that
are different from S. castanea BEG 1, while the G. mos-
seae isolate BEG 12 is more closely related to the iso-
late FL156B of the INVAM collection analysed by Si-
mon et al. (1993a).

Analysis and comparison of the ITS region showed
the typical pattern observed in other organisms: the
5.8S DNA of the ITS region is similar in G. mosseae
and S. castanea, especially in the 5’ part, whilst the
flanking regions show no alignment. This makes the
ITS region extremely interesting for studies of biodiv-
ersity in AMF or for their identification, for example,
by PCR-RFLP or PCR with species-specific primers, an
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approach already applied to the analysis of ectomycorr-
hizal fungi (Gardes et al. 1991; Henrion et al. 1992;
Gardes and Bruns 1993; Henrion et al. 1994). ITS re-
gions seem to be highly variable. Sanders et al. (1995),
using a different approach, showed that at least two se-
quences exist in one spore of G. mosseae BEG 12, and
the ITS sequence published here for this fungus is again
different. At least two different rRNA clusters have
also been detected for S. castanea (Passerieux 1994).
Whether these differences are due to a heterozygous
genome in one nucleus or to heterogeneous nuclei in
one spore is not clear.

Another interesting result comes from the compari-
son of sequences from the 18S regions of G. mosseae
(Glomineae) and S. castanea (Gigasporineae). The sim-
ilarity between the two is as high as in comparisons
with other fungi. This is also true for other AMF 18S
sequences deposited in the EMBL Genebank database
(Simon et al. 1993a). Fungi with high similarity belong
not only to the Zygomycetes, but also to other groups
like the Ascomycetes (Taphrina). This is supported by
the high phylogenetic divergency found between differ-
ent Zygomycetes based on 18S rRNA data (Nagahama
et al. 1995). The ITS region, on the contrary, could not
be compared to other Zygomycetes, since other se-
quences from G. mosseae and S. castanea have not yet
been deposited in the EMBL Genebank database.
However, the wide variation between the two AMF ob-
served here supports divergence of the two suborders
in the Glomales as defined by Morton and Benny
(1990) and as suggested on the basis of cell wall compo-
sition (Gianinazzi-Pearson et al. 1994). It also under-
lines the importance, in establishing phylogeny, of not
only looking at one region of the genome, but also tak-
ing other sequences (e.g. coding regions of single copy
genes), as well as isoenzyme data or morphological fea-
tures, into account.
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