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edecker, Dirk, Hijri, Mohamed, Dulieu, Hubert, and
anders, Ian R. 1999. Phylogenetic analysis of a
ataset of fungal 5.8S rDNA sequences shows that
ighly divergent copies of internal transcribed spacers
eported from Scutellospora castanea are of ascomy-
ete origin. Fungal Genetics and Biology 28, 238–244.
sing a dataset comprising 5.8S rDNA sequences

rom a wide range of fungi, we show that some
equences reported recently from the arbuscular mycor-
hizal (AM) fungus Scutellospora castanea most likely
riginate from Ascomycetes. Other ITS and 5.8S se-
uences which were previously reported are confirmed
s being clearly of mycorrhizal origin and are variable
ithin one isolate of S. castanea. However, these

esults mean that previous conclusions which were
rawn regarding the heterokaryotic status of AM fungal
pores remain unproven. We provide an enlarged 5.8S
DNA dataset that can be used to check ITS sequences
or conflicts with well-established phylogenies of the
rganisms that they were obtained from. r 1999 Academic

ress

ndex Descriptors: Scutellospora castanea; Glomales;
rbuscular mycorrhiza; AM fungi; internal transcribed

1 Abbreviations used: AM, arbuscular mycorrhiza; ITS, internal tran-

scribed spacer.

238
pacers; ribosomal DNA; phylogeny; internuclear poly-
orphism; Ascomycete.

Arbuscular mycorrhiza (AM)1 is an extremely wide-
pread symbiosis between plant roots and zygomycetous
ungi from the order Glomales. The vast majority of land
lants take advantage of this association. It is of great
gricultural and ecological importance, exerting strong
nfluences on the species diversity of plant ecosystems
Smith and Read, 1997; van der Heijden et al., 1998).

olecular and fossil data indicate that AM fungi are
ncient and that AM-like fungi were present in the roots of
he first land plants (Simon et al., 1993; Remy et al., 1994)
pproximately 500 million years ago and they may, there-
ore, have played a key role in the colonization of land by
lants.
The only fungal structures of the Glomales which can be

istinguished as individuals are their large (40 to 800 µm)
pores that can contain several thousand nuclei (Bécard
nd Pfeffer, 1993). Several authors reported that a consid-
rable degree of variation can be detected among the
opies of ribosomal DNA within single spores of the
lomales (Sanders et al., 1995; Lloyd MacGilp et al., 1996;
edecker et al., 1997). The occurrence of varying copies of

DNA within a genome alone is not unusual, as it was also

hown for plants (Buckler et al., 1997). A recent study
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Origin of ITS from Scutellospora castanea 239
laimed that extremely divergent internal transcribed spacer
ITS) sequences are located on different nuclei within
ingle spores of the AM fungus Scutellospora castanea
Glomales; Zygomycetes) (Hijri et al., 1999). A second
ublication concerning the same isolate of the fungus
eported that 18S ribosomal subunit genes are so variable
hat they phylogenetically group into different genera of
he Glomales (Hosny et al., 1999). Such high heterokary-
tic diversity in these coenocytic organisms would have
ar-reaching consequences for population genetics and
volutionary biology of these fungi (Sanders, 1999). The
TS1 and ITS2 regions are too variable to allow alignments
mong organisms that are not very closely related and,
herefore, are not sufficiently useful to produce robust
esults in phylogenetic analyses. Embedded in between
he ITS1 and 2 regions is the more conserved gene for the
.8S rRNA. Using phylogenetic analyses of a comprehen-
ive dataset of these sequences from all known subgroups
f the Glomales, we show that some of the rDNA
equences Hijri et al. (1999) and Hosny et al. (1999)
resented as variants of ITS from the AM fungus S.
astanea appear to be of Ascomycete origin. Therefore the
volutionary and phylogenetic conclusions drawn from
hese data can no longer be substantiated. As ITS have
ecome popular in studies of the Glomales, our 5.8S
ataset will also constitute a necessary tool to elucidate the
rigin of ITS amplified from AM fungal spores and
olonized roots.

ATERIALS AND METHODS

Sequences of the ITS and 5.8S rDNA were obtained by
.R. from spores of the AM fungi given in Table 1 and
ere used to supplement the data in the GenBank and
MBL databases for phylogenetic analyses: The se-
uences were amplified by PCR followed by cloning and
equencing. PCR was conducted on genomic DNA from
ingle AMF spores using the primers ITS1F (Bruns and
ardes, 1993) and ITS4 (White et al., 1990) as previously
escribed (Redecker et al., 1997). PCR products were
loned into pCR 2.1 with the Invitrogen TA Cloning Kit
Invitrogen, San Diego, CA) and then sequenced. A
RISM Ready Reaction Dye Deoxy Terminator Cycle
equencing Kit (Perkin–Elmer, Foster City, CA) was used.
lectrophoresis and data collection were carried out on an
BI Model 377 DNA sequencer (Perkin–Elmer). DNA
equencing Analysis (version 2.01) and Sequence Naviga-

or (version 1.01) were used for processing the raw data. 4
NA sequences were submitted to the EMBL database
nder the accession numbers given in Table 1.
The 5.8S subunit gene embedded in between these and

ther glomalean ITS sequences was included in a dataset
riginally compiled by Cullings and Vogler (1998). 5.8S
equences of plants and animals from this dataset were
mitted to facilitate display of trees. Another reason was
hat some taxa from those groups show extremely long
ranches that could interfere with phylogenetic analyses
ithin the fungi. Sequences were aligned by hand and no
haracters were excluded from phylogenetic analysis. Thus,
he 5.8S dataset we used consisted of sequences of 46
scomycetes, 18 Basidiomycetes, and 31 glomalean fungi.
rees were rooted with three variant sequences from a
train of the zygomycete Endogone pisiformis.

For analysis of 18S rDNA sequences, an alignment
ased on a dataset of Berbee and Taylor (1999) that
omprised 60 species from fungi, choanoflagellates, and
nimals was used. One thousand five hundred thirty-three
haracters that could be aligned with confidence were used
or the analyses.

Phylogenetic analyses were conducted with PAUP*

ABLE 1

solates of Arbuscular Mycorrhizal Fungi Used in This Study and
equence Accession Numbers

Species Isolate Source
Accession

no.

caulospora laevis AU211-3 INVAM AJ242499
caulospora morrowiae BR226-1 INVAM AJ242500
caulospora denticulata CL139-3 INVAM AJ239115
caulospora mellea BR983-4 INVAM AJ239116
ntrophospora colombiana C18-3 CIAT AJ239117
igaspora albida BR205-1 CIAT AJ239118
igaspora decipiens AU102-3 CIAT AJ239119
cutellospora heterogama BR154 CIAT AJ245961
cutellospora pellucida C-139-3A CIAT AJ239121
lomus geosporum BEG11 BEG AJ239122
lomus clarum CL883A INVAM AJ243275/AJ239123
lomus etunicatum UT316 INVAM AJ239125
lomus spec. S329 Sylvia AJ239124
caulospora trappei AU219 INVAM AJ243419
caulospora gerdemannii/
Glomus leptotichum NC176 INVAM AJ012109
lomus occultum HA771 INVAM AJ012113
lomus brasilianum WV219 INVAM AJ012112

Note. INVAM, International Collection of Vesicular–Arbuscular and
rbuscular Mycorrhizal Fungi, Morgantown, WV; CIAT, Centro Interna-
ional de Agricultura Tropical, Cali, Colombia; BEG, Banque Euro-
eenne de Glomales; Sylvia, Dr. D. M. Sylvia, University of Florida,
ainesville.
.0b2 (Swofford, 1999). Neighbor joining (Kimura two-
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Origin of ITS from Scutellospora castanea 241
arameter method, g 5 0.5) was the preferred method
ith the 5.8S dataset because parsimony analysis produced

arge numbers of equally parsimonious trees. To conduct a
euristic search under the parsimony criterion, the num-
er of trees in memory was restricted to 5000. Alternative
ree topologies of distance trees were assessed by the
ishino–Hasegawa test (Kishino and Hasegawa, 1989) as

mplemented in PAUP*. Manually edited tree files that
orced certain taxa into the branch containing the Gigaspo-
aceae were loaded as ‘‘backbone constraints.’’ The result-
ng constrained neighbor joining trees were compared to
he unconstrained original by the Kishino–Hasegawa test
nder the maximum likelihood criterion.

ESULTS AND DISCUSSION

Analysis of newly acquired sequences confirmed that
ingle glomalean spores of several species showed a
onsiderable degree of variation with respect to their ITS
nd 5.8S rDNA as shown by other authors (Sanders et al.,
995; Lloyd MacGilp et al., 1996). For instance, 34
ariable positions from a total of 510 were found between
wo cloned sequences (clones 4.8 and 4.9) from a single
pore of Glomus clarum. The ITS themselves cannot be
ligned across the Glomales but only within certain groups
f species that correspond to the phylogenetic lineages
upported by the 5.8S data. Phylogenetic analysis of the
.8S subunit that is embedded between the ITS always put
lones from the same spore and sequences from the same
pecies on one major branch of the tree (Fig. 1). Cullings
nd Vogler (1998) already stated that the phylogenetic
ignal in the relatively short (170 bp) 5.8S subunit is limited
ut sufficient to assign the sequences with acceptable
ootstrap values to already defined taxonomic groups. One
uch group comprises the Gigasporaceae, which are sup-
orted by the high bootstrap value of 94%. S. castanea
elongs to this group. Divergent ITS from single spores of
igaspora margarita (Lanfranco et al., 1999) also clus-

ered closely together on this clade.
The grouping of taxa within the Glomales, though only

IG. 1. Five of the ITS sequences reported to originate from S. castan
hree group within the Glomales. Phylogenetic tree of 5.8S rDNA seque
isiformis was used as outgroup. Branches supported by bootstrap values
0% are shown. *Sequences that were not previously published. Names o

oldface. A similar tree topology was obtained by parsimony analysis.
n the major groupings supported by bootstrap, is in
oncordance with results from better supported 18S rDNA
tudies, including the position of Acaulospora gerdemannii
nd Acaulospora trappei as deeply divergent glomalean
ineages (Redecker et al., 1999). A notable exception is the

lomus occultum group, which is a very deeply branching
ineage according to 18S rDNA analyses (Redecker et al.,
000). While the 18S phylogenetic analysis shows clearly
hat this group belongs to the Glomales (Redecker et al.,
000), in the 5.8S tree, the group does not cluster with the
lomales but groups with a deep branch of Basidiomyce-

es (Uredinales, Septobasidiales, and Tremellales). This
rouping is clearly due to long branch effects (Carmean
nd Crespie, 1995), because the G. occultum group
onsistently associates with the longest branch present in
he dataset: the basal Basidiomycetes or, if present, plants
r animals (not shown). Nevertheless, all included se-
uences of the G. occultum group, independently deter-
ined in different laboratories, form a common cluster.
e sequenced a clone containing both the ITS and the 38

nd of the 18S rDNA from Glomus brasilianum, which
learly shows that the ITS are of glomalean origin. This
xample illustrates the limitations of the phylogenetic
ignal in the 5.8S subunit, which does not allow the
stablishment of phylogenetic relationships between very
eeply divergent clades and analyses and should be used
trictly as a diagnostic tool to assign ITS sequences to
lades already present.

Three of the sequences (T2, T4, and ITSSc3) published
y Hijri et al. (1999) and Hosny et al. (1999) group closely
o the 5.8S rDNA sequence previously reported for S.
astanea. As these sequences are deeply nested within the
ell-supported Gigasporaceae clade, there is no reason to
ssume that these sequences do not originate from S.
astanea. The sequences also indicate that there is indeed
equence heterogeneity in the ITS from this isolate, but
ot to the extent of variation previously reported. How-
ver, all other sequences that were reported to be ITS
ariants of this AM fungus (T1, T3, T5, T6, and ITSc1) do
ot belong to that clade. T1 and T3 are in a group within
he Ascomycetes with Phoma wasabiae and Leptosphaeria
aculans as closest relatives. The 5.8S rDNA sequences of

ijri et al. (1999) and Hosny et al. (1999) group with the Ascomycetes and
tained by distance analysis with the neighbor joining method. Endogone
00 replications higher than 50% are shown in bold, bootstrap values over
nces reported by Hijri et al. (1999) and Hosny et al. (1999) are shown in
ea by H
nces ob
from 10
f seque
Copyright r 1999 by Academic Press
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homa, Leptosphaeria, and T1 are completely identical.
he similarities between the highly variable ITS sequences
f T1/T3 and Phoma/Leptosphaeria are strong (Fig. 3). T5
nd T6 group in another part of the Ascomycetes with
eak bootstrap support.

IG. 2. Phylogenetic analysis of the 18S subunit (rUSc1) confirms the
lacement of ITSc1 in the Ascomycetes. Depicted is the Euascomycete/
emiascomycete branch of a phylogenetic tree obtained from parsimony

nalysis of 18S rDNA sequences that yielded 12 equally parsimonious
rees. Bootstrap values over 50% from 200 replications are shown on the
ranches.

IG. 3. ITS sequences T1 and T3 show strong homology to Phoma w

etail of an ITS sequence alignment is shown, with bases from the 5.8S rDNA in

opyright r 1999 by Academic Press
ll rights of reproduction in any form reserved.
The closest match in the dataset for ITSc1 is Morchella.
TSc1 and ITSc3 were sequenced from clones that also
ontained the respective 18S ribosomal small subunit
equences (rUSc1 and rUSc3). Because it is nearly 10
imes as long as the 5.8S rDNA gene, the small subunit
sually is superior for phylogenetic analysis. The place-
ent of rUSc1 close to Morchella (Fig. 2) confirmed with

ood bootstrap support (74%) the analysis of the 5.8S
DNA from ITSc1.

The phylogenetic placements of T1/T3, T5/T6, and
TSc1 in the 5.8S rDNA tree were assessed by the
ishino–Hasegawa test. When these sequences were forced

nto the Gigasporaceae two of the trees were significantly
orse than the unconstrained tree at P , 0.05 (Table 2).
The phylogenetic analysis by Hijri et al. (1999) included

o sequences outside the Glomales as an outgroup. Given
his insufficient taxon sampling, no other result was pos-
ible than the grouping of the putative S. castanea se-
uences on a common branch, i.e., within the Glomales.
ur results clearly show that the root of that tree has to be
ut between the branches containing Glomus/Scutellospora/
2/T4 and ITSc1/T1/T3/T5/T6. A similar mistake occurred

n the trees presented by Hosny et al. (1999). What
emains unclear is the true origin of these sequences.
here are three possibilities: (1) An Ascomycete contami-
ant from the surface of the spores was present. (2)
scomycete fungi are living inside a high proportion of S.

and Leptosphaeria maculans and not to Scutellospora. A representative
asabiae

boldface. Note that ITS cannot be aligned across the two groups.
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Origin of ITS from Scutellospora castanea 243
astanea spores. (3) These sequences really form part of
he glomalean genome. AM fungi can be cultivated only
ogether with a plant host, usually in open pot cultures.
herefore, the presence of contaminating microorganisms

s not unexpected and contamination remains the most
arsimonious explanation for our findings. The other two
ossibilities are considerably less likely at present and
arrant further investigation. The fact that different copies
f rDNA occur within single spores of AMF is undisputed.
his variation begs the question of whether those variant

DNA sequences are found within single nuclei or among
he different nuclei in single spores of the Glomales, but as
et this remains an exciting, but open question.

As completely sterile AM spores can hardly ever be
btained (Walley and Germida, 1996), there is always a
igh probability of amplifying non-glomalean DNA by
CR with universal primers as our own experience has
hown. In this situation we suggest that, where possible,
equences obtained from glomalean spores by universal or
onspecific primers should be subjected to phylogenetic
nalyses to assess their origin. However, many regions of
he genome other than rDNA will not allow such analysis.

good example of this was given by Clapp et al. (1999),
ho did not assign short sequences from the 18S subunit

rom spores and colonized roots to the Glomales unless
ubstantiated by phylogenetic analyses. The 5.8S dataset
e present should be a helpful tool to check ITS sequences

rom AM fungi. The alignment will be available in the
orld Wide Web (http://plantbio.berkeley.edu/,bruns/ftp/

lomales58S.nex).
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