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Phylogenetic position of an arbuscular mycorrhizal fungus, 
Acaulospora gerdemannii, and its synanamorph Glomus 
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We examined the phylogenetic position of an arbuscular mycorrhizal fungus which produces two types of spore, 
Acaulospora gerdemannii and Glomus leptotichum, based upon the DNA sequence of the 18S rRNA gene. DNA was 
extracted separately from both Glomus-like or Acaulospora-like spores and partial 5'-terminus segments of 18S rRNA 
gene were amplified by the PCR method. Several clones derived from each spore type were sequenced and compared. 
The sequences from both spore types agreed well, confirming that these morphologically different spores were formed 
by the same fungus. Nucleotide substitutions were found among several clones, suggesting polymorphism of the rRNA 
gene in glomalean fungi. Further phylogenetic analysis based upon the whole sequence of the 18S rRNA gene showed 
that A. gerdemannii may be within the order Glomales but is far from the fungi that have been analyzed and probably 
should be in a new family. 
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Arbuscular mycorrhizal fungi belonging to the order GIo- 
males are symbiotic fungi co-existing wi th various terres- 
trial plant roots. Since teleomorphs of glomalean fungi 
are not known, the taxonomy of this group is based upon 
morphology of presumably asexual spores. Glomales is 
divided into three families, each of which is comprised of 
two  genera (Morton and Benny, 1990). Early phylo- 
genetic analysis of the nuclear 18S rRNA gene sequence 
supported the taxonomy, at least to the family level 
(Simon et al., 1993). Although more than 100 species 
were reported in Glomales (Walker and Trappe, 1993), 
only a few species have been examined for their rRNA 
gene sequences. A more thorough analysis should 
result in a revised taxonomy based upon morphology and 
phylogeny. 

Acaulospora gerdemannfi Schenck & Nicolson, a 
synanamorph of Glomus leptotichum Schenck & Smith, 
is a glomalean fungus with dimorphic spores (Walker, 
1992; Morton et al., 1997). This species was isolated 
from a semi-natural grassland in Japan and was 
confirmed to be conspecific wi th G. leptotichum by isola- 
tion of single-spore cultures that produced spores of both 
A. gerdemannii and G. leptotichum morphs (Murakoshi et 
al., 1998). The genera Glomus and Acaulospora are 
presently placed in different families, the Glomaceae and 
Acaulosporaceae, respectively, but it is unusual for two 
different morphs of the same species to belong to differ- 
ent families. Morton et al. (1997) suggested this spe- 
cies may be transferred to Glomaceae or Acaulospora- 
ceae, but the creation of a new monospecific taxon was 

not discussed. To clarify the phylogenetic position of 
this species, therefore, we examined its 18S rRNA gene 
sequence. 
Fungal species and culture conditions Acaulospora 
gerdemannii (G. leptotichum) MAFF520055, a culture 
first established as a soil trap culture from a semi-natural 
grassland in Japan, was used for several single-spore iso- 
lations with Sorghum bicolor Pers. (Murakoshi et al., 
1998). Resultant spores of both Acaulospora and GIo- 
mus morphs were extracted from one of these (voucher 
specimen no. 96-24)  and a further single-spore ramet 
was grown wi th Trifolium repens L. (voucher specimen 
no. 97-33). The isolate and their herbarium vouchers 
are deposited in the Laboratory of Soil Microbiology, the 
National Grassland Research Institute. 
DNA extraction Ten spores from each morph represent- 
ed by voucher specimen 96-24 and 10 Acaulospora 
morph spores (Voucher 97-33) were collected from 
sieved pot culture substrata wi th fine forceps and were 
washed several times with sterile water by ultrason- 
ication. The spores were crushed in 20/f l  of InstaGene 
matrix (BIO-RAD) wi th a micropipette tip under a dissect- 
ing microscope. DNA was extracted according to the 
manufacture's protocol. The extracted DNA was fur- 
ther purified by ethanol precipitation and used as a tem- 
plate for the polymerase chain reaction (PCR). 
PCR amplification and nucleotide sequencing DNA am- 
plification was executed with Takara ExTaq polymerase 
and specific primer pairs for partial segments of the 18S 
rRNA gene: NS1/NS21 for the specimen 96-24,  
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NS3/NS5, NS4/NS8, and NS3/NS6 for the specimen 
97-33  (White et al., 1990; Simon et al., 1992). The 
reactions were performed in a MJ Research PTC-IO0 
thermal cycler programmed as fol lows: initial step for 
denaturation of DNA fragments, 85 s at 94~ first 14 of 
40 cycles, 35 s at 95~ for denaturation, 55 s at 55~ 
for annealing, and 45 s at 72~ for polymerization; fol- 
lowing 11 cycles, polymerization prolonged to 2 min; 
remaining 15 cycles, polymerization further extended to 
3rain; final elongation step, 10min at 72~ The am- 
plified fragments were directly ligated wi th pT7BlueT 
vector (Novagen) using Ligation-kit No. 2 (Takara). The 
plasmids were cloned in competent Escherichia coil cells 
of strain NovaBlue (Novagen) and sequenced with 
AmpliTaq DNA polymerase and universal and reversal 
M13 sequence primers using an automated DNA se- 
quencer model 373A (Applied Biosystems). The se- 
quences of partial segments amplified with each primer 
pair adjoined the near full-size 18S rRNA gene of 
1785 bps. 
DNA sequence and phylogenetic analysis The nucleo- 
tide sequences of fragments of about 590 bps derived 
from spores of both G/omus and Acau/ospora morphs us- 
ing the NS1/NS21 primer pair were manually aligned and 
compared. The adjoining 1785bps nucleotide se- 
quence of A. gerdemannii (G. /eptotichum) 18S rRNA 
gene was aligned manually with the fol lowing published 
sequences of glomalean and non-glomalean fungi from 
the nucleotide sequence databases: Acaulospora rugosa 
Morton (accession number Z14005), Acaulospora spi- 
nosa Walker & Trappe (Z14004), Entrophospora sp. 
(Z14011 ), Gigaspora albida Schenck & Smith (Z14009), 
Gigaspora margarita Becker & Hall (X58726), Scutello- 
spora dipapillosa (Walker & Koske) Walker & Sanders 
(Z14013), Glomus etunicatum Becker & Gerdemann 
(Z14008), and Glomus vers/forme (Karsten) Berch 
(X86687); and Basidiobolus ranarum Eidam (D29946) 
(Zygomycetes) and Saccharomyces cerevisiae Meyen ex 
E.C. Hansen (Z75578) (Ascomycetes). In the multi- 
aligned sequences, deletions and insertions were re- 
moved to prevent overestimation of gaps in the fol lowing 
phylogenetic analyses. A data set of 1,500 sites was 
taken for analyses using the PHYLIP program package, 
version 3.572 (Felsenstein, 1996). Bootstrap analyses 
were performed for evaluation of the robustness of 

phylogenetic topology, wi th 1,000 random resamplings 
each for the neighbor-joining (N J) and UPGMA methods, 
and 100 resamptings for the maximumAikelihood (ML) 
method. The data set used for phylogenetic analyses in 
this study is obtainable from the corresponding author. 
Nucleotide Sequences Accession Number The deter- 
mined nucleotide sequences of the A. gerdemannii 18S 
rRNA gene were deposited in the DDBJ/EMBL/GenBank 
nucleotide sequence databases under the accession num- 
bers, AB015052,  AB015711,  AB015712, AB015713, 
AB015714, AB015715,  AB015716, and AB015717. 
Comparison of partial sequence of 1BS rRNA from 
Glomus and Acaulospora morph spores , The NS 1/NS21 
primer pair amplified DNA fragments of 587-594 bps. 
Four clones (G1, G2, G3 and G4) from the G/omus morph 
and three clones (A1, A2, and A3) from the Acau/ospora 
morph were sequenced, and the determined nucleotide 
sequences were aligned. Whole sequences of these 
clones were not shown in this paper, and the sequences 
will appear in the nucleotide sequence databases. Clone 
G1 was completely identical to clone A1. In comparison 
with G1, all other clones contained base substitutions at 
two to eight sites or a 7 bps insertion at one site in clone 
A3. Two parts of the sequences are shown in Fig. 1, 
where dots indicate identical bases with counterpart site 
of clone A1. The same substitutions from T to C, at 
sites 213, 222, and 305 bps from the 5'-terminal in clone 
G1, were found among the independent clones. These 
substitutions are probably intrinsic, although other sub- 
stitutions might be artificial mutations caused by PCR 
amplification. 

Some glomalean fungi form their spores inside dead 
spores of other glomalean fungi (Koske et al., 1986), and 
there is thus a possibility that, even with single-spore cul- 
tures, a spore that is apparently of one species may 
produce a culture of something different. However, this 
event is unlikely wi th our method, since spores were 
freshly removed from pot cultures, and two generations 
of single-spore isolation produced the same result. In 
addition, the sequences obtained from both Glomus and 
Acaulospora morphs from our isolate agreed well wi th 
each other, confirming that these morphologically differ- 
ent spores were genetically identical and part of the same 
genet. Nucleotide substitutions were found among the 
DNA clones, reinforcing previous evidence for polymor- 
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Fig. 1. Partial sequences of rRNA genes independently cloned from Glornus leptotichum and Acaulospora gerdemanniispores from a 
single-spore isolate of this dimorphic fungus. 
Clones G1, G2, G3, and G4 were from the Glernus morph. Clones A1, A2 and A3 were from the Acautospora morph. Shadowed 
areas indicate that substitution occurred in independent clones. 
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phism in the rRNA gene of a single species of glomalean 
fungi (Sanders et al., 1995; Lloyd-Macgilp et al., 1996). 
Phylogenetic analysis based on 18S rRNA gene Figure 2 
shows phylogenetic trees constructed from 1,500 sites of 
almost the complete sequence of the 18S rRNA gene. 
Acau/ospora gerdemannii (G. /eptotichum) and other se- 
quence members of the Glomales formed a monophyletic 
cluster by all methods, reinforcing the view that these 
fungi all fall within the same ordinal clades. However, 
the position of A. gerdemannii (G. /eptot/chum) was 
separated from all other glomalean clades. Phylogenetic 
analysis by all methods indicated that the A. gerdemann/i 
(G. /eptotichum) branch was separated from other GIo- 
males with comparatively high bootstrap percentages: 
82.6~ in NJ and 79.2~ in UPGMA, each with 1,000 
replicates, and 76~ in ML with 100 replicates. Recently 
Geosiphon pyriforme F. v. Wettstein was found to be an 
ancestor of the Glomales (Gehrig et al., 1996). We 
could not clarify the phylogenetic relationship between 
G. pyriforme and A. gerdemannii (G. leptotichum), be- 
cause the position of G. pyriforme changed depending on 
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Fig. 2. Phylogenetic relationships among glomalean fungi, 

Acaulospora gerdemannii (Glomus leptotichum), Basidiobo- 
lus ranarum (Zygomycetes), and Saccharomyces cerevisiae 
(Ascomycetes), inferred from 1,500 aligned sites of 18S 
rRNA gene sequence. 
A. Neighbor-joining and UPGMA tree; bootstrap percen- 
tages from 1,000 replicates are shown on the respective in- 
ternal nodes (above percentages by NJ and below by 
UPGMA). B. Maximum likelihood tree (100 replicates). 

the method used. Much more nucleotide information 
about these organisms is needed to make a strong 
phylogenetic tree. 

The taxonomy of A, gerdemannii and G. leptotichum 
has been confused, because of the formation of two 
different spores morphs (Walker, 1992; Morton et al., 
1997). Other than the dimorphic nature in spore produc- 
tion, this fungus has morphological characteristics found 
in few other known glomalean fungi. For example, the 
pedicel in the Acaulospora-like spore is known only from 
Acaulospora nicolsonfi Walker, Reed & Sanders (Walker 
et al., 1984), but not in any other described Acaulospora 
sp. Thus, both the molecular phylogeny and the mor- 
phology of this species suggest that it should be placed in 
a new family in Glomales. Although Glomales has been 
classified in Zygomycetes, recent phylogenetic studies 
showed that this order lies between Zygomycetes and 
the higher fungi, Ascomycetes and Basidiomycetes 
(Nagahama et al., 1995; Gehrig et al., 1996; Sugiyama 
et al., 1996). Sugiyama (1996) suggested that GIo- 
males may be a turning point toward higher fungi from 
Zygomycetes. Since A. gerdemannii (G. leptotichum) 
shows a more complex life cycle than most other 
glomalean fungi, this and further studies on this species 
may shed light on the lineage of Glomales with higher 
fungi. 
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