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Abstract A molecular survey of basidiomycete ectomy-
corrhizal fungi colonising root tips at a site in Eucalyptus
marginata (jarrah) forest revealed the presence of many
fungal species which could not be identified from a dat-
abase of ITS-PCR-RFLP profiles from morphologically
identified species. Three of these unidentified taxa were
among the six most frequently encountered profiles.
Phylogenetic analyses of ITS and nuclear LSU sequences
revealed a close relationship among the three fungi and
that they belong to the family Sebacinaceae (sensu Weif3
and Oberwinkler 2001). The possibility that DNA of
non-ectomycorrhizal rhizosphere or endophytic fungi had
been amplified selectively by the basidiomycete-specific
primers was tested by amplification with fungal-specific
primers. A single PCR fragment was amplified in all but
two of the 24 samples tested and digestion with two re-
striction enzymes produced RFLP profiles which matched
those from the Sebacinoid sequence. We conclude, there-
fore, that at least three species of Sebacinaceae are com-
mon ectomycorrhizal associates of E. marginata.

Keywords nLSU sequence - Phylogenetic analysis -
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Introduction

Molecular techniques have enabled significant advances
in knowledge of ectomycorrhizal ecology (Horton and
Bruns 2001). Molecular studies have expanded estimates
of the degree of species richness in this component of the
soil nutrient-cycling system. They have also revealed the
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discrepancy between fungal species that fruit abundantly
and those that occupy a significant proportion of root tips
(Gardes and Bruns 1996; Horton and Bruns 2001; Peter
et al. 2001a, b). Molecular as well as morphotyping stud-
ies have demonstrated the prevalence on root tips of spe-
cies with insignificant or easily overlooked fruitbodies,
such as members of the Thelephoraceae (Kdljalg et al.
2000). All molecular studies to date have uncovered at
least as many unrecognised PCR-RFLP profiles as the
number of fungal species found fruiting at the site(s) in-
vestigated (Gardes and Bruns 1996; Gehring et al. 1998;
Jonsson et al. 1999a, b, 2000; Stendell et al. 1999; Taylor
and Bruns 1999; Peter et al. 2001a, b).

A PCR-RFLP survey of basidiomycete fungi occupy-
ing root tips at a 3-ha site in a Eucalyptus marginata
(jarrah) forest produced 135 unmatched profiles after
comparison with a database of 128 local fungal species
(Glen et al. 2001a, b). Many of these profiles occurred in
only one soil core and at low abundance. However, three
profiles, designated ERF1 (Eucalypt Root-associated
Fungus), ERF2 and ERF3 were among the six most fre-
quent and abundant basidiomycete fungi from ectomy-
corrhiza. Each type was found in 5-7% of soil cores.
Each ectomycorrhizal root apex was pinnately branched
and had an open, pyramidal form. Samples had 5-200
root tips in each cluster. Each of the three ERFs occurred
at least once on the root system arising from the tap root
or lignotuber of a young jarrah tree. All other samples
were from roots of jarrah or marri (Calophylla corymbia,
a co-occurring eucalypt).

Assistance in the identification of these three ERFs
was sought by DNA sequencing. Phylogenetic analysis of
DNA sequences has been useful in identifying fungi to
genus or family level. Bruns et al. (1998) established a
database of mt rDNA sequences for the identification of
unknown basidiomycetes from ectomycorrhiza. Kdljalg
et al. (2000) used phylogenetic analysis of ITS sequences
to identify species of resupinate fungi as widespread ecto-
mycorrhizal symbionts in Europe. We used a fragment of
nuclear LSU rDNA as there were no sufficiently similar
ITS sequences publicly available. Weifs and Oberwinkler
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(2001) examined phylogenetic relationships in Auricu-
lariales and related groups using nuclear LSU rDNA
sequences. They included several species of Sebacina
in their analysis, which produced a strongly supported
Sebacinaceae clade distinct from the Tremellales or
Auriculariales.

Materials and methods

Root samples

Site details are given in Glen et al. (2001b). Soil cores were taken
from July to October 1996 and stored at 4°C for a maximum of
3 weeks before processing. Root samples consisting of 5-15 apices
were removed under a dissecting microscope and stored at —80°C.

DNA extraction

Each sample was ground with a plastic pestle and a Kontes mo-
torised pellet mixer in a 1.5-ml microcentrifuge tube. A total of
250 ul extraction buffer (Raeder and Broda 1985) was added and
the tubes incubated at 65°C for 1 h. Tubes were centrifuged at
14,000 rpm for 15 min and the supernatant removed. DNA was
purified by binding to glassmilk (http://bionet.hgmp.mrc.ac.uk/hy-
permail/methods/methods.199209/1493.html). Briefly, 600 ul of
100% Nal and 7 pl glass milk (silica) was added to 200 ul of the
supernatant and vortexed briefly. The mixture was incubated on
ice for 15 min with occasional shaking. Tubes were centrifuged
for 5 s at 14,000 rpm, the supernatant removed, and the pellet re-
suspended in 600 ul of wash buffer (100 mM NaCl, 10 mM Tris
HClI pH 7.5, 1 mM EDTA in 50% ethanol). Following centrifuga-
tion for 5 s at 14,000 rpm, the supernatant was removed, the pellet
resuspended in 600 pl 100% ethanol and centrifuged as before. Fi-
nally, the supernatant was removed and the pellet dried. DNA was
eluted by adding 20 pl of TE buffer (10 mM Tris HCIl pH 8, 1 mM
EDTA), vortexing briefly and incubating at 37°C for 5 min. Super-
natant containing DNA was removed following centrifugation for
2 min at 14,000 rpm and stored at —20°C.

PCR and PCR-RFLP

DNA was diluted 1/10 in TE and 1 or 2.5 pl of diluted DNA was
used as template in a 25-pl PCR. The rDNA ITS region was am-
plified with the primer pair ITSF/ITSR as described in Glen et al.
(2001a) with the addition of 200 ng/ul BSA to reduce enzyme in-
hibition by plant or humic substances (Kreader 1996). Amplifica-
tion with ITS1-F (Gardes and Bruns 1993) and ITS4 (White et al.
1990) was also performed under the same thermocycler conditions
and reagent concentrations. A fragment of the nuclear rDNA LSU
was amplified with the primer pair NLSmun/NL6Bmun according
to Egger (1995), again with the addition of BSA. The ITS PCR
product was digested and electrophoresed as described in Glen et
al. (2001a).

DNA sequencing

PCR products were purified with a Wizard PCR DNA Purification
System (Promega). Sequences were determined with an ABI
Prism Dye Terminator Cycle Sequencing kit on a Bio-Rad 373 XL
sequencer with stretch upgrade. Sequences were obtained in both
directions using primers ITS1-F and ITS4-B (Gardes and Bruns
1993) for the ITS region and NL5Smun/NL6Bmun (Egger 1995)
for the LSU. Where necessary, the internal primers ITS2 and ITS3
(White et al. 1990) were also used. Sequences overlapped between
the ITS and LSU fragments and confirmed that the two fragments
had been amplified from the same organism.

Phylogenetic analyses

Maximum likelihood and maximum parsimony analyses were per-
formed with DNAML and DNAPARS of the PHYLIP package
and SEQBOOT and CONSENSE were used to determine boot-
strap support for parsimony trees (Felsenstein 1993).

Results
PCR-RFLP

To verify that the ITSF/ITSR PCR (basidiomycete) prod-
uct was from the ectomycorrhizal fungus and not a con-
taminant, restriction digestion was carried out on the
product of the fungal-specific primers ITS1-F/ITS4. One
sample from each soil core (24 samples) was tested and
all samples produced a profile consistent with the
ITSF/ITSR profile and DNA sequence data. Two samples
produced two fragments in the PCR, with an RFLP pro-
file consisting of the expected profile plus additional fain-
ter fragments, which were the same in the two samples.

DNA sequencing

One root sample representative of each of the three ERFs
was amplified with ITSF/ITSR and the PCR product
sequenced (GenBank accession numbers AY(093436-
AY093438). The three ITS sequences had a high degree
of similarity (86—-89%) to each other, but a search of
GenBank and EMBL as well as private (U Koljalg,
Estonian Agricultural University, personal communica-
tion) databases revealed no close matches. A fragment
of rDNA LSU was, therefore, sequenced. Database
searches revealed high similarity to Sebacina spp. and
some unidentified fungi from the roots of an ericoid
plant, Gaultheria shallon. GenBank accession numbers
for the LSU sequences are given in Fig. 1.

Phylogenetic analyses

Phylogenetic analyses were performed using the LSU se-
quences, first with a broad selection of basidiomycete
taxa to confirm the basic grouping, then with a more tar-
geted selection of Sebacina species, Auriculariales and
Tremellales. Most of the sequences, apart from those de-
termined here, are from Weill and Oberwinkler (2001).
In addition, three sequences from salal root-associated
fungi (Berch et al. 2001) were retrieved from GenBank
and included in the analysis. The initial analysis con-
firmed that the unknown fungi grouped with Sebacina
spp. (results available on request). The result of the
second analysis, including a higher number of Tremell-
ales and Auriculariales and fewer Agaricales is shown in
Fig. 1. This confirmed the Sebacina affinity and demon-
strated intrageneric groupings. The three ERF-derived
sequences are in the Sebacina clade, which also includes
other genera placed in Sebacinaceae by Weil3 and Ober-
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Fig. 1 Maximum likelihood
analysis of nuclear rDNA LSU
sequences. GenBank accession
numbers are given next to the
fungal species. For the Sebac-
inaceae clade, an asterisk above
a branch signifies a branch
length greater than zero
(P<0.01), numbers above
branches are the parsimony
bootstrap support (100 repli-
cates, only given if greater than
50%). Branch lengths are
scaled to the expected number
of nucleotide substitutions per
site
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Ustilago cynodontis af009881
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Sebacina sp. af291367
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Sarcodon imbricatus af291362
Agaricus augustus af291286

Cortinarius percomis af291307

Russula cyanoxantha af291361
Tricholoma vaccinum af291378

Protodontia subgelatinosa af291357

Ductifera pululahuana af291315

Basidiodendron grandinioides af291297
Pseudohydnum gelatinosum af291360

Myxarium mesonucleatum af291350
Basidiodendron rimosum af291298

Protodontia piceicola af291266
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| | Filobasidiella neoformans 114068
Tremella encephala af291372

Auricularia delicata af291290
Auricularia mesenterica af291292
Exidia glandulosa af291319

winkler (2001): Efibulobasidium, Craterocolla, Tremel-
loscyphus. ERF3 and ERF1 group with S. epigaea and
S. aff. epigaea, and ERF2 with S. dimitica, though the
statistical support for these groupings is low. These three
species are of European origin. Interestingly, the salal
root-associated fungi from North America cluster with
the S. vermifera isolate from Australia and this branch
has strong statistical support.

In both analyses, the Sebacinaceae form a well-sup-
ported clade, including the three ERFs and the three se-
quences from salal root-associated fungi. This clade has
82% bootstrap support in MP analysis as well as ML sig-
nificance at the P 0.01 level.

The three ERF ITS sequences were compared to ITS
sequences from Weill and Oberwinkler’s Sebacinaceae
collections. ERF1 and ERF3 are most similar to
Tremelloscypha gelatinosa, with 83% similarity in ITS1
and 76-84% similarity in ITS2. ERF2 is 94% similar to

S. dimitica in ITS1 and ITS2 (M. WeiB}, University of
Tiibingen, personal communication); ERF2 is also
91-96% similar to Tremellodendron pallidum (GenBank
af384862).

Discussion

That the three ectomycorrhizal fungal species belong to
the Sebacinaceae (sensu Weill and Oberwinkler 2001) is
ecologically consistent with previous work in myrtace-
ous plant communities or soils that previously supported
some of those communities (Warcup 1988). However,
Sebacina has not been widely recognised as an ectomy-
corrhizal genus, despite early work demonstrating the
formation of ectomycorrhiza on Melaleuca uncinata by
isolates cultured from eucalypt ectomycorrhiza. The for-
mation of orchid mycorrhiza and ectomycorrhiza by a
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single isolate was also confirmed, raising the possibility
of a tripartite mycorrhizal association, as shown for the
achlorophyllous orchid Rhizanthella gardneri with Mela-
leuca uncinata and a Rhizoctonia endophyte (Warcup
1985). Germination of Microtis unifolia seeds and main-
tenance of albino Microtis plants by an isolate of S. ver-
mifera ectomycorrhizal on Melaleuca uncinata support-
ed this hypothesis (Warcup 1988). S. vermifera has been
shown to germinate orchid seeds of a restricted range of
species in the genera Acianthus, Caladenia, Eriochilus,
Glossodia and Microtis (Warcup 1988). The species
stimulated varies with the isolate. Many orchid species
occur in the jarrah forest in which our ectomycorrhizal
samples were taken (Marchant et al. 1987; Hoffman and
Brown 1998). These include species of the genus Calad-
enia, as well as genera such as Diuris, for which germi-
nation by S. vermifera has not been shown. On the basis
of LSU and ITS sequences, however, the three ERFs ap-
pear more closely related to other Sebacinaceae species
and these have not been tested for orchid germination.

We have found that PCR of eucalyptus ectomycorrhi-
zal DNA using fungal-specific or ascomycete-specific
primers often results in the amplification of more than
one fragment, which increases the difficulty of matching
the PCR-RFLP profile. To avoid this problem, we rou-
tinely use basidiomycete-specific primers; however, this
could result in false identification of a contaminating
soil-inhabiting basidiomycete as the ectomycorrhizal
symbiont if the root symbiont is, for example, an asco-
mycete. To ascertain that no other fungus was present in
the root samples, we also used the fungal-specific primer
pair ITS1-F/ITS4. We detected the presence of other fun-
gi in only two of the 24 samples checked. The identity of
the other fungi in these two samples was not determined
and, thus, their mycorrhizal status remains unknown.
PCR-RFLP profiles matching the three sebacinoid fungi
discussed here were amplified from ectomycorrhizal
clusters taken from naturally occurring young jarrah,
which may be suppressed trees more than 6 years old
(Abbott and Loneragan 1984), present in the soil cores.
Thus, it is apparent, whatever other functions these fungi
may perform in the roots and rhizosphere of other plants,
that they are relatively common and abundant ectomy-
corrhizal associates of eucalypts. Sebacinoid sequences
have also been amplified from ectomycorriza of Picea
(M. Gardes, CNRS Université Toulouse, personal com-
munication).

The mycorrhizal capacity of this genus may not be
confined to orchid and ectomycorrhiza. Multinucleate
Rhizoctonia cultures isolated from vesicles of arbuscular
mycorrhizal fungi in white clover roots have also stimu-
lated germination of Microtis orchids (Williams 1985).
In addition, dual infections of several non-orchid plant
species by Glomus tenue and one of these multinucleate
Rhizoctonia isolates produced earlier and greater plant
growth than colonisation by G. fenue alone (Williams
and Thilo 1989). The teleomorph of some of these multi-
nucleate Rhizoctonia was S. vermifera (Milligan and
Williams 1987). Some of the isolates matched descrip-

tions of Rhizoctonia globularis, a fungus isolated from
pine seedlings (Milligan and Williams 1987).

DNA sequences similar to those of Sebacina spp. have
been obtained from roots of the ericoid plant Gaultheria
shallon (Berch et al. 2001). The mycorrhizal status has not
been confirmed, as the fungi have proved resistant to isola-
tion and culturing; however, close relationships between
ericoid and ecto- mycorrhizal fungi have been demonstrat-
ed in other genera, for example, the ericoid mycobiont
Hymenoscyphus ericae and fungal symbionts of the com-
mon and widespread ectomycorrhizal morphotype Picei-
rhiza bicolorata (Vrilstad et al. 2000). Sen et al. (1999)
demonstrated a close genetic relationship between binucle-
ate Rhizoctonia isolates endophytic in pine roots and or-
chid mycorrhizal isolates. In addition, non-photosynthetic
orchids and monotropoid plants associate very specifically
with fungal species of Rhizopogon and Russula, which are
ectomycorrhizal on various hosts (Taylor and Bruns 1997;
Kretzer et al. 2000). These examples all indicate that sym-
biotic fungi are not neatly divided among ecto-, ectendo-,
ericoid and orchid mycorrhiza, and that some root-associ-
ating fungi are flexible in their associations with plants and
do not conform to rigid conceptual boundaries.

The repeated evolution of the ectomycorrhizal symbi-
osis has been demonstrated by phylogenetic analysis
(Hibbett et al. 2000). It is, therefore, possible that some
species of Sebacina are ectomycorrhizal while others are
not, or that the association is not obligatory for the fun-
gus. Inclusion of Craterocolla, Efibulobasidium and
Tremelloscyphus in the Sebacinaceae clade in our study
concurs with the results of Weill and Oberwinkler (2001)
and is concordant with lack of clamp connections in
these genera. These authors also discussed the discrepan-
cy between the original description of S. vermifera
(Oberwinkler 1964), which had sub-basidial clamp con-
nections, and S. vermifera sensu Warcup and Talbot
(1967), which did not. They concluded that S. vermifera
in its original sense is not a member of the Sebacinaceae
and that S. vermifera sensu Warcup and Talbot is.

The phylogenetic analysis of the nuclear LSU se-
quences appears to group the ERFs with European spe-
cies S. dimitica and S. epigaea, but the statistical support
for these groupings is low. Sebacina has not been exten-
sively studied in Australia and herbarium collections are
few. Phylogenetic analyses of ITS sequences is only pos-
sible for subgroups within Sebacinaceae because of the
high sequence variation (Selosse et al 2002).

This new molecular information from a natural forest
ecosystem emphasises the need to investigate further the
role played by these fungi in nutrient cycling, both be-
tween plants and soil and among plant species. The oc-
currence of at least three species of Sebacinaceae as
ectomycorrhiza in a 3-ha jarrah forest site, combined
with the occurrence of related fungal species in roots
from other eucalypt ecosystems from the other side of
the Australian continent (Warcup 1988) and vastly dif-
ferent ecosystems on the other side of the planet (Sen et
al. 1999; Berch et al. 2001; Selosse et al 2002), indicates
that this role may be greater than previously considered.
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