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Abstract We investigated the species identity of mat-
forming ectomycorrhizal (EM) fungi associated with old-
and second-growth Douglas-fir stands. Using molecular
analyses of rthizomorphs and EM root tips, we characterized
28 unique internal transcribed spacer sequences and consid-
ered them proxies for mat-forming EM species. In both stand
age classes, one Athelioid species in the genus Piloderma
dominated our sample of the mat-forming fungal commu-
nity. In second-growth stands, the second most frequently
encountered mat-forming EM species belonged to the genus
Hysterangium. In old-growth stands, several Ramaria
species were associated with a frequently encountered mat
morphology but no species dominated the community.
After using rarefaction analysis to standardize sampling
effort, the total species richness did not differ statistically
between old- and second-growth habitats. Both an abun-
dance of infrequently encountered species and incomplete
sampling of the mat-forming EM community may have
limited our ability to detect potential differences in species
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richness. Several frequently encountered Piloderma species
appear to have broad (holarctic) distributions and diverse
host associations and their potential importance in forest
ecosystems warrants further study.
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Introduction

Ectomycorrhizal (EM) fungi play an influential role in forest
community dynamics because they form beneficial symbi-
oses with many dominate trees and augment nutrient uptake
by their host plants (Smith and Read 1997). Prominent
within several forest ecosystems are subsets of EM fungi
that colonize soil and litter layers with dense, perennial
mats (Griffiths et al. 1991a; Agerer 2001). Research within
small forest plots (e.g., 25 m?x 10 cm depth) has shown that
individual EM species can colonize up to 16% of the local
soil volume (Hintikka and Naykki 1967; Cromack et al.
1979; Griffiths et al. 1996) with hyphal and rhizomorphic
mats that constitute up to 50% of the dry weight of asso-
ciated soils (Ingham et al. 1991). Because of their ability to
dominate soils locally, mat-forming EM fungi are hypoth-
esized to be important participants in forest soil nutrient
cycles wherever they are abundant.

Mats formed by EM fungi aggregate soil and alter its
appearance in a variety of ways. The resulting mat-associated
soil morphologies are thought to signify different soil
exploration strategies (Agerer 2001) and have been linked
to various soil processes (Griffiths et al. 1996). For example,
soil morphologies commonly produced by mats in Pacific
Northwest (PNW) Douglas-fir (Pseudotsuga menziesii)
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forests include pale, hydrophobic, powdery soils associated
with EM fungi that dominate mineral horizons and organic
soil horizons and litter tightly aggregated by rhizomorphs of
EM species (Griffiths et al. 1991a, 1996). Past research has
demonstrated that these morphologies are associated with
physical and chemical variation in soil properties (Cromack
et al. 1979; Griffiths et al. 1990, 1991b, 1994) that have
significant impacts on soil microbial diversity (Cromack
et al. 1988). Fungi that form mats are physiologically
capable of using protein bound nitrogen and polyphenol-
complexed protein as nitrogen sources (Griffiths and
Caldwell 1992) allowing access to otherwise recalcitrant
nitrogen pools (Perez-Moreno and Read 2000) and providing
nitrogen to host trees without the need of microbial
mineralization (Nasholm et al. 1998). Fungal mats also
produce high concentrations of oxalic acid (Griffiths et al.
1994), leading to increased soil and rock weathering (Blum
et al. 2002). The abundance, discrete composition, easy
detection, and biological properties of mats make them
attractive subjects for experimental research on the roles
EM fungi play in soil ecosystems (Griffiths and Caldwell
1992; Griffiths et al. 1996). Identifying the species that
compose this interesting assemblage of fungi is fundamental
to the design and interpretation of research into their
ecological functions.

Genera known to contain mat-forming EM species in-
clude Bankera, Boletopsis, Gautieria, Geastrum, Gomphus,
Hydnellum, Hysterangium, Phellodon, Piloderma, Ramaria,
and Sarcodon (Agerer 2001 and references therein). In the
PNW, mat-forming EM fungi have commonly been asso-
ciated with two genera, Gautieria (Griffiths et al. 1991a)
and Hysterangium (Cromack et al. 1979) that represent two
independent lineages within the Phallales/Gomphales clade
(Castellano 1988; Hibbett et al. 1997; Humpert et al. 2001).
Past identification of PNW mat-forming EM species was
based on mat morphology coupled with associated hypo-
geous fruit bodies. However, Griffiths et al. (1996) observed
that mat morphologies commonly associated with the genus
Hysterangium likely are produced by a more diverse set
of EM taxa. Similarly, Nouhra et al. (2005) have observed
dense, hydrophobic mats similar to those attributed to
Gautieria species beneath the fruit bodies of several
Ramaria species. Phylogenetic studies have shown that
Gautieria is derived from within the genus Ramaria
(Humpert et al. 2001) and these similarities in mat mor-
phologies may be a function of their shared evolutionary
history. Overall, these observations imply that the phylo-
genetic diversity of mat-forming EM species in Douglas-fir
forests is likely higher than previously documented and
that mat morphology and fruit body associations alone are
insufficient to characterize the taxa involved.

Recent advances in molecular methods and the use of
DNA sequence databases now allow efficient and accurate
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identification of fungi from soil (Horton and Bruns 2001;
O’Brien et al. 2005). The primary objective of this study
was to use sequence data from the nrDNA internal tran-
scribed spacer (ITS) to characterize the richness and
encounter rates of EM species that form mats in forests
dominated by Douglas-fir. Past watershed-scale studies
based both on fruit body collections of EM species (Luoma
et al. 1991; Hunt and Trappe 1987) and mat sampling
(Griffiths et al. 1996) have shown that the distributions of
mat-forming EM fungi can be influenced by stand age.
Because of this, a second objective was to compare the
mat-forming EM species assemblages in forest stands that
represent early and late seral time points typical of
Douglas-fir forest succession in the PNW. Characterizing
the diversity of mat-forming EM fungi will facilitate
sound design of future research into their impacts on soil
nutrient cycles and microbial communities.

Materials and methods
Study area

This study was conducted at the HJ Andrews Experimental
Forest (HJA), which is part of the National Science
Foundation Long-Term Ecological Research (LTER) net-
work. The HJA (lat. 44°15'N, long. 122°10'W) is a 6,400 ha
watershed administered as an LTER site on the Willamette
National Forest since 1948 (Franklin et al. 1990). About
90% of the area’s annual precipitation falls from October
to April with the wettest period in December and peak
drought conditions occurring in July. Elevations within the
HJA range from 420 to 1,630 m, and the area is typical of
the central portion of the western Cascade Mountains in
Oregon (Franklin et al. 1990).

Site selection

Within the HJA, we sampled 17 old-growth sites (350+
years) and 14 second-growth sites (clear cut in 1950—-1960)
selected from a larger set of 183 sites previously character-
ized during an NSF-REU research project on soil charac-
teristics across the HJA (Griffiths, unpublished data). To
improve our sampling of the EM mat morphologic diversity
previously described from the PNW (Cromack et al. 1979;
Griffiths et al. 1991a), we intentionally selected sites
characterized as having high EM mat encounter rates
(Griffiths, unpublished data). We also sampled one additional
second-growth site in the Mill Creek area that lies along the
southeast boundary of the HJA. The stands included in this
study ranged from 420 to 1,192 m in elevation, had aspects
representing all cardinal directions, and ranged from 20% to
35% in average slope (Fig. 1). Because most of our potential
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study sites were dominated by Douglas-fir, we narrowed the
focus of our diversity estimations by sampling only stands
dominated by Douglas-fir and western hemlock (7suga
heterophylla) and avoiding other EM hosts (e.g., Pacific sil-
ver fir, Abies amabilis) that typically occur at higher
elevations. All stands fall within the western hemlock
community types of Franklin (1979) with understory vas-
cular plants including Polystichum munitum/Oxalis oregana
in wet sites, Berberis nervosa/Rhododendron macrophyllum
in mesic sites, Berberis nervosa/Gautheria shallon in drier
sites, and Linnaea borealis in cooler, drier sites.

Site sampling

Collecting was initiated 2 weeks after the first substantial
rain (October) of the 2004 and 2005 fall seasons and con-
tinued through mid-November of each year. Within each
stand a 900 m®> (30x30 m) study plot was delineated
(Fig. 1). To minimize variability in disturbance due to edge
effects, plots were centered on a randomly selected point
such that the plot boundary was at least 40 m from any road
or other abrupt edge. Substantial patches of fungal mycelia
are visible to the naked eye throughout many PNW forest
soils, but not all exhibit the rhizomorph densities and mor-
phologies associated with mat formation (Agerer 2001).
EM mats as recognized in other studies, and defined here,
are dense profusions of rhizomorphs associated with obvi-
ous EM root tips that aggregate soil and alter its appearance
and are uniform in structure and appearance for an area at

least 0.5 m in diameter. This definition characterizes the
specific structural characteristics we targeted during field
sampling of mat-forming EM fungi. We developed this
sampling concept with the guidance of others (Cromack
and Caldwell, personal communication) who have substan-
tial experience working on EM mats in the PNW (Cromack
et al. 1979, 1988; Griffiths and Caldwell 1992; Griffiths
et al. 1990, 1991a, b; Ingham et al. 1991).

During the 2004 field season, all plots were searched for
mats by gently removing the upper layers of moss and litter
and using a four-pronged rake to explore both organic and
mineral soil horizons. Each 900-m? plot was systematically
searched by 2 individuals until 30 mats were located and
flagged or the plot had been searched for 30 min, which-
ever came first. Individual soil explorations (i.e., searches
for individual mats) covered areas up to 1 m in diameter
and included examination of both organic and mineral
horizons up to total depths of 20 cm (depending on depths
of individual horizons). Our primary interest was in mat-
forming EM fungi that colonize and aggregate forest soils,
so large patches of coarse wood (which is often buried)
were avoided during sampling.

From the population of flagged mats on each plot, three
to five mats were selected randomly for further excavation
and closer visual examination. We were primarily interested
in characterizing individual mat-forming EM fungi capable
of locally dominating forest soils over areas >0.5 m in
diameter (see mat definition given above). As a result, mats
that lacked obvious ectomycorrhizae, mats <0.5 m diameter

Fig. 1 A relief map showing
the locations and relative distri-
bution of old-growth and second-
growth plots sampled in this
study with an inset showing a
schematic of plot sampling
methodology. The solid line
represents the boarder of the HJ
Andrews experimental forest
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or mats composed of several visually distinct rhizomorph
and root tip morphologies were excluded from further
consideration. When, based on these visual criteria, a mat
was eliminated, a new mat was randomly selected as a
replacement. Mats that met these visual criteria were sam-
pled by removing a 10-cm’ soil sample from a central
location within the mat perimeter. This evaluation and
sampling procedure was repeated until three to five mats
were selected and sampled for molecular identification of
the dominant EM fungus.

All plots were sampled during the 2004 field season and
additional, independent mats were sampled from a subset of
plots in 2005 to finalize a more complete sampling. In the
PNW, many mats formed by EM fungi are believed to be
perennial (Griffiths et al. 1991a, 1994) and the persistence
of individual mats is likely longer than 2 years (Dunham,
personal observation). As a result, data from 2004 and 2005
were pooled for old-growth/second-growth species assem-
blage comparisons.

Molecular characterization

Using a dissection scope, EM root tip and rhizomorph
structures that formed the mat colonizing each soil sample
were visually evaluated for uniformity of color, size,
texture, and ramification pattern. Entire soil samples were
dissected and several EM root tip and rhizomorph struc-
tures from the visually dominant EM fungus were removed
from several locations throughout the soil core. Selected
root tips and rhizomorphs were cleaned by repeated washes
with distilled water and approximately one to three EM root
tips and three to six rhizomorphs were combined and stored
in 300 pl filter sterilized, 2X cetyltrimethylammonium
(CTAB) buffer (100 mM Tris—HCI (pH 8.0), 1.4 M NacCl,
20 mM EDTA, 2% CTAB) at —20°C before DNA extrac-
tion. Most mats yielded a single collection of EM root tips
and rhizomorphs with highly similar (identical) morpholo-
gies. When this was not the case, distinct morphologies
were prepared separately for DNA extraction.

Genomic DNA was extracted using a modified CTAB
method. Tissue was homogenized in 300 ul 2X CTAB and
incubated for 1.5 h at 65°C. Following the addition of one
volume (300 ul) chloroform, each sample was briefly
vortexed then centrifuged for 15 min at room temperature.
Finally, DNA was purified from the upper aqueous phase of
each sample using the GENECLEAN® extraction kit
(Qbiogene, Irvine, CA). DNA samples were diluted 10- to
1,000-fold before use, and the polymerase chain reaction
(PCR) was attempted on successive tenfold dilutions until
successful amplification of the internally transcribed spacer
of the nuclear rDNA repeat unit (ITS) was achieved. The
fungal specific primer ITS1-F (Gardes and Bruns 1993) and
general primer ITS4 (White et al. 1990) were used in all
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PCRs. PCR volumes were 30 ul, contained 3 ul of diluted
template, and consisted of the following PCR mix com-
ponents: 1X assay buffer A (Fisher Scientific); 200 uM
dNTPs each; 0.2 uM of each primer; 0.75 U Taq DNA
polymerase (Fisher Scientific). Cycling conditions included
an initial denaturation at 95°C for 3 min followed by 35 PCR
cycles (95°C, 45 s; 52°C, 55 s; 72°C, 90 s), and a 10-min
72°C extension applied in a PTC-100 Programmable Ther-
mal Controller (MJ Research).

Before sequencing, PCR products were purified and
diluted twofold using QIAquick PCR purification kit
(Qiagen, Chatsworth, CA). Following standard direct dye-
terminator automated florescence methods (Applied Bio-
systems), the ITS region was directly sequenced from both
primers employed in PCR reactions. Using the program
Bioedit (v. 7.0.5; Hall 1999), sequences were edited and
grouped manually into alignments of sequences types with
90-100% sequence similarity. When we identified a group
of sequences with similarity values that fell within the
range where species boundaries were in question (97-99%),
we explored the distinctiveness of sequence types within
these groups using phylogenetic analyses (see description of
Piloderma analysis below). All differentiated sequence
types, considered proxies for EM species, were identified
to genus or species level by querying the GenBank database
using the nucleotide—nucleotide (blastn) BLAST search
option available through NCBI (Altschul et al. 1997). Se-
quences that did not yield conclusive BLAST results in
GenBank were similarly compared to a personal database
of ITS sequences generated from Ramaria and Hysterangium
fruit body collections deposited in the mycological collec-
tion of the Oregon State University herbarium (OSC). This
sequence database is deposited in GenBank under accession
numbers DQ365559-DQ365631. Names were assigned to
taxa according to the best BLAST matches. Remaining
unidentified sequences were compared to the collection of
ITS sequences held by the mycology group in the
department of Plant and Environmental Sciences, Goteborg
University, Sweden. GenBank accession numbers for
sequences that had high similarity to those from EM mats
are reported in this study (Table 1).

Data analysis

The composition of EM species assemblages were quali-
tatively compared using frequency histogram plots. For
species richness comparisons, the frequency of mat-forming
EM species was defined as the number of plots from which
a sequence type (species) was encountered. Plots, rather
than individual mats, were treated as the replicated unit
because genet sizes have not been characterized for any
mat-forming EM species. Consequently, sample indepen-
dence within plots cannot be assured unless the mats are
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Table 1 Source information for collections included in the maximum parsimony analysis of Piloderma ITS sequences

GenBank accession no. Region, state Country EM host Reference
Clade 1
DQ365653-DQ365674 HJA, Oregon USA DF/WH This study (P. cf. fallax sp. 1)
AF476982 Nyénget Sweden NS/SP Rosling et al. 2003
AY822743 YNP, Wyoming USA LP Douglas et al. 2005
AY969795 Duke Forest, North Carolina USA LO/MH O’Brien et al. 2005
AY010281; AY010282 Kenai Peninsula, Alaska USA WS Lilleskov et al. 2002
DQ233768; DQ233801 Not reported Finland NS Unpublished
Clade 2
DQ365675; DQ365676; DQ365684 HJA, Oregon USA DF/WH This study (P. cf. fallax sp. 2)
AY 010280 Kenai Peninsula, Alaska USA WS Lilleskov et al. 2002
Clade 3
DQ365677-DQ365681 HJA, Oregon USA DF/WH This study (P. cf. Byssinum sp. 3)
AY010279 Kenai Peninsula, Alaska USA WS Lilleskov et al. 2002
DQ469281 Modum, Buskerud Norway UK Larsson, in preparation
DQ469279 Lerback, Narke Sweden UK Larsson, in preparation
DQ469283 Rodene, Vistergotland Sweden UK Larsson, in preparation
DQ469280 Nore og Uvdal, Buskerud Norway UK Larsson, in preparation
DQ469282 Horla, Vistergétland Sweden UK Larsson, in preparation
DQ469284 Roédene, Vistergotland Sweden UK Larsson, in preparation
Clade 4
DQ365682; DQ365683 HJA, Oregon USA DF/WH This study (P. cf. byssinum sp. 4)
DQ371931 (0SC63458)* Fort Lewis, Washington USA DF This study
Clade 5
AY969723; AY969761 Duke Forest, North Carolina USA LO/MH O’Brien et al. 2005
DQ233782; DQ233783 Not reported Finland NS Unpublished
AJ630022; AJ633115 HFRS Finland SP Unpublished
AJ438982 Siegenburg, Bavaria Germany NS Schubert et al. 2003
DQ469290 Modum, Buskerud Norway UK Larsson, in preparation
DQ469289 Odalétsi, Saaremaa Estonia UK Larsson, in preparation
DQ469291 Fiby, Uppland Sweden UK Larsson, in preparation
Clade 6
DQ371932 (0SC60233)* Red Pond RNA, Oregon USA DF/WH This study
DQ371933 HJA, Oregon USA DF/WH This study
AJ534904 Jéarvselja Estonia TC Tedersoo et al. 2003
AJ534903 Jéarvselja Estonia NS Tedersoo et al. 2003
DQ179125 Not reported Sweden Not reported Unpublished
AY534198 MP and HJA, Oregon USA DF/WH Horton et al. 2005
AF481388 Nyénget Sweden NS/SP Rosling et al. 2003
AF494443 Nyénget Sweden NS/SP Rosling et al. 2003
DQ469285 Alingsas, Vistergotland Sweden UK Larsson, in preparation
DQ469286 Sogndal, Sogn og Fjordane Norway UK Larsson, in preparation
Outgroup (P. lanatum)
DQ469288 Stokke, Vestfold Norway UK Larsson, in preparation

Collections from this study represent one of each of the sequence types present per site.

HJA: H] Andrews Experimental Forest, YNP: Yellowstone National Park, MP: Mary Peak Recreation Area, RNA: Research Natural Area, HFRS:
Hyytiaelae Forest Research Station, DF: Douglas-fir (Pseudotsuga menziesii), WH: western hemlock (Tsuga heterophylla), NS: Norway spruce
(Picea abies), WS: white spruce (Picea glauca), SP: Scots pine (Pinus sylvestris), LP: lodgepole pine (Pinus contorta), LO: loblolly pine (Pinus
taeda), TC: littleleaf linden (7ilia cordata), MH: mixed hardwoods, UK: unknown.

#Sequences generated from Piloderma fruit bodies deposited in the OSC herbarium at Oregon State University.

formed by different taxa. This incidence (presence/absence)
data and the program EstimateS (v. 7.5; Colwell 2005) were
used to generate expected species accumulation curves
(Colwell et al. 2004) and associated 95% confidence inter-
vals for three sample sets: all sites combined, old-growth

sites, and second-growth sites. Species accumulation curves
(defined as sample-based rarefaction; Gotelli and Colwell
2001) model the expected number of species detected in 1,
2, ... up to the total number of sites. To compare species
richness at similar levels of sampling effort, the number of
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expected species was plotted against the accumulated
number of individuals (Gotelli and Colwell 2001).

More detailed characterization of several Piloderma taxa
was achieved by phylogenetic analyses including ITS
sequences from our EM mats, sequences generated from
Piloderma fruit bodies, and highly similar environmental
sequences identified in the NCBI sequence database. The
program Bioedit (v. 7.0.5; Hall 1999) was used to create the
alignment and convert it to the nexus format for analysis in
PAUP* (v. 4.0b10; Swofford 2002). The sequence align-
ment minimized the number of inferred gaps and was
recoded from the DNA format to the symbols format to use
extended gaps as single informative characters (sensu Bruns
et al. 1992). Phylogenetic trees were constructed using the
maximum parsimony method implemented in PAUP*.
Gaps were treated as a fifth character. Heuristic searches
used 100 random taxon addition replicates and TBR branch
swapping. Due to dense sampling of terminal clades with
many nearly identical sequences (i.e., ITS terminals),
finding all most parsimonious trees was not possible;
therefore, a maximum of 100 trees of shortest length were
retained for each replicate. Relative robustness of nodes
was estimated through nonparametric bootstrapping.
Settings used were 200 bootstrap replicates with 5 random
addition sequences per replicate, TBR branch swapping and
MulTrees off.

Results

Richness and encounter frequency of mat-forming
EM fungi

Rhizomorph and EM root tip material were collected from
122 mats during the 2004 and 2005 field seasons. Of these
samples, 117 (70 from 17 old-growth stands; 47 from 14
second-growth stands) yielded sufficient sequence data
for molecular identification of the dominant EM fungus.
ITS sequence similarity generally was greater than 99.5%
within groups and less than 98% among groups considered
unique. Phylogenetic analyses were employed to further
explore the distinctiveness of only one variable sequence
group (Piloderma, see below). Overall, 28 unique sequence
types (EM species) were identified, 24 of which were
encountered in old-growth and 13 in second-growth
(Fig. 2a and b). Representative sequences for each ITS
type were deposited in GenBank under accession numbers
DQ365632-DQ365684.

The 28 mat-forming EM species we detected belonged
to 10 genera within 6 major homobasidiomycete lineages
(Hibbett et al. 1997; Binder and Hibbett 2002; Larsson
et al. 2004; Binder et al. 2005) including the Athelioid
clade (Piloderma, 4 species), Gomphoid—Phalloid clade
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(Ramaria, 11 species; Gautieria, 3 species; Gomphus, 1
species; Hysterangium, 2 species), the Euagarics clade
(Hebeloma, 1 species; Cortinarius, 3 species), the Trechis-
poroid clade (Trechispora, 1 species), the Cantharelloid
clade (Sistotrema, 1 species), and the Bolete clade (Suillus,
1 species). Unfortunately, many BLAST searches did not
yield exact matches to well-described taxa (e.g., Piloderma
sequences) and in some cases searches yielded exact
matches with two or more identical sequences deposited
under different taxon names (e.g., Ramaria sequences).
Hence, the specific epithets applied to the mat-forming
EM species identified in this study are tentative (Fig. 2a
and b) and should be interpreted carefully.

Of the 28 mat-forming EM species, 16 were encountered
in only 1 plot (Fig. 2a; 12 in old-growth; 4 in second-growth).
The abundance of infrequently encountered species resulted
in expected species accumulation curves (Fig. 3) that did
not plateau. After using rarefaction to standardize sampling
effort (Gotelli and Colwell 2001), consistently fewer species
were accumulated across second-growth plots compared to
old-growth plots (Fig. 3). Although visually striking, these
differences are not statistically significant as the 95%
confidence intervals (not shown to improve figure clarity)
bracketing the old-growth and second-growth species accu-
mulation estimates overlap substantially at all comparable
levels of sampling effort. These broad confidence intervals
are likely due to both the large number of species, par-
ticularly in old-growth, that were encountered only once
and our incomplete sampling of the community of mat-
forming EM fungi (Fig. 3). These results do not change
when the presence/absence data used to generate expected
accumulation curves (data shown in Fig. 2a) is converted to
abundance data (data shown in Fig. 2b; accumulation
curves not shown).

Nine species were shared between old-growth and
second-growth habitats leaving 15 species (62.5%) unique
to old-growth and 4 (30.8%) unique to second-growth
(Fig. 2a and b). In both habitats, the most frequently
encountered species was a taxon in the genus Piloderma
(Fig. 2a; Table 1; Fig. 4) followed by three Ramaria species
in old-growth and two Hysterangium species in second-
growth. Mats formed by Piloderma cf. fallax sp. 1 (Fig. 4)
were found on 76.5% of old-growth and 84.6% of second-
growth plots (Fig. 2a), and constituted 34.3% and 40.4%
of the total mats sampled (Fig. 2b) in each respective
habitat. In old-growth plots, mats formed by Ramaria
species were frequently encountered but the number of
associated ITS sequence types was large compared to all
other genera detected and no single species dominated. In
second-growth, Hysterangium setchellii and H. crassirhachis
each formed mats in 53.8% of the plots (Fig. 2a) and
represented 17.0% and 19.1% of the respective mats
sampled (Fig. 2b).
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Piloderma diversity

The four distinct but closely related ITS sequence types
identified from Piloderma mats in our study area permitted
exploration of the species boundaries and diversity within
this genus. We aligned 32 mat-associated ITS sequences
with 14 Piloderma fruit body sequences and 22 environ-
mental sequences from GenBank. We also included one
sequence from a fifth Piloderma species found at the HJA
that produces bright yellow rhizomorphs and colonizes
coarse wood (Table 1). This sequence set exhibited little

length variation but proper alignment required the intro-
duction of gaps 1 to 6 nucleotides long resulting in a total
of 545 characters that were included in the maximum
parsimony analysis. Six positions were excluded from the
analyses. Of the remaining characters, 385 were constant,
71 were variable but parsimony uninformative and 83 were
parsimony informative. The analysis yielded 200 trees 238
steps long (CI=0.8235, RI=0.9574).

Phylogenetic analysis of this alignment identified five
clades with moderate to strong bootstrap support (clades 2—
6; Fig. 4) and one unsupported clade (clade 1; Fig. 4).
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Fig. 3 Expected species accu-
mulation curves for old-growth,
second-growth, and all plots
combined sample sets. Visual
differences in expected species
richness between old-growth
and second-growth curves are
not statistically different. The
95% confidence intervals (not
shown for figure clarity)
bracketing each curve overlap
for all relevant levels of sam-
pling effort. The degree of 95%
confidence interval overlap is on
the order of 3—4 species for each
level of sampling effort
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While many sequence types fell into well-supported clades,
the relationships among these clades was not well-resolved
in this analysis. Sequences associated with the EM mats
sampled in this study were included in clades 1-4 (Table 1).
Levels of sequence divergence ranged from 0.0% to 0.30%
within clades and averaged 5.00% across all in-group
comparisons. The lowest between-clade divergence value
was 2.3%, (clades 1 and 2; Fig. 4), which is within the
range of ITS sequence differentiation observed for biolog-
ical species EM fungi (e.g., Dunham et al. 2003) and
phylogenetic species (e.g., Horton 2002 and references
therein). Between-clade divergences ranged up to 8.6%
between clades 4 and 5 and 8.4% between clades 3 and 5.
Given the magnitude of between-clade sequence diver-
gences, we infer that the well-supported clades identified in
this analysis represent Piloderma species or closely related
species complexes.

This analysis (Fig. 4) showed that two mat-forming
species (clades 1 and 2) were similar to but not conspecific
with Piloderma fallax and P. olivaceum. A third clade
(clade 3) appears to be conspecific with P. byssinum, while
the fourth (clade 4) was allied to but not conspecific with P
byssinum. Clade 4 (Fig. 4) contained a sequence generated
from a Piloderma fruit body deposited in the OSC under
the name P. fallax highlighting the taxonomic difficulties
with this group of fungi. Because fruit bodies sequences
were members of only two clades (3 and 4) and one of
these (clade 4) contains a sequence from fruit body that
perhaps was misidentified, and because we were not able to
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sample well-characterized type collections for Piloderma
taxa, the specific identity of three mat-forming taxa that
occur at the HJA remains unclear. Thus, at the HJA exper-
imental forest the genus Piloderma is likely characterized
by species that either fruit rarely or have gone uncollected,
and may represent undescribed species.

Most of the clades containing mat-forming Piloderma
species (except clade 4; Fig. 4) also included environmental
sequences deposited in the NCBI GenBank database that
come from a diverse set of localities and are associated with
several EM host trees (Fig. 4; Table 1). This indicates that
at least three of the four Piloderma species detected in this
study have broad geographic distributions within North
America and/or the Holarctic and show broad EM host
specificity within the Pinaceae.

Discussion

The hyphal and rhizomorphic mats formed by some EM
fungi perform several ecological functions in PNW forests.
Central among these are organic matter decomposition and
mineral soil weathering hypothesized to increase nutrient
availability to host trees and increase survival of Douglas-
fir seedlings under closed canopies (Griffiths et al. 1991a, b,
1994). The presence of mats also creates spatial heteroge-
neity in the chemical and physical properties of forest soils,
which increases the biodiversity of soil-associated organ-
isms (Cromack et al. 1988; Griffiths et al. 1994). This study
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Fig. 4 A maximum parsimony
tree generated from ITS se-
quence generated from EM mats
formed by Piloderma species,
fruit body collections, and envi-
ronmental samples deposited in
the NCBI GenBank database.
All accession numbers preceded
by an asterisk are from this
study and were collected from
stands of pure Douglas-fir and
western hemlock. Accession
numbers shown in red represent
sequences generated from Pilo-
derma fruit bodies
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represents the first application of molecular tools in the
identification of mat-forming EM fungi in forests domi-
nated by Douglas-fir.

Richness and encounter frequency of mat-forming
EM fungi

The richness of EM species involved in mat formation was
much higher than previously documented in PNW Douglas-
fir forests (Cromack et al. 1979; Griffiths et al. 1991a, 1996).
With the exception of a few mats formed by Hebeloma,
Cortinarius, Trechispora, Sistotrema, and Suillus species,
the EM species detected in this study belong to genera
already known or thought to contain mat-forming species
(Griffiths et al. 1996; Agerer 2001; Nouhra et al. 2005). It
is interesting to note that we did not encounter any mats
formed by EM species in the Thelephoroid clade even

DQ469288 - Norway

though several genera from this clade have been found to
contain mat-forming species (Agerer 2001) and EM root
tips formed by Thelephoroid species were previously
detected within the study area (e.g., Horton et al. 2005).
Expected species accumulation curves (Fig. 3) indicated
that our sampling effort was not sufficient to fully
document the total richness that exists within this special-
ized group of fungi. Many belowground studies of EM
fungal communities have documented high variability in
species frequency of occurrence (Horton and Bruns 2001),
which can limit species richness comparisons across treat-
ments. Our study was not an exception as the abundance of
infrequently encountered species likely influenced the
width 95% confidence intervals around species accumula-
tion estimates making differences between old-growth and
second-growth habitats (if they exist) difficult to quantify.
ITS sequence divergence values across the entire data set
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were similar to what we observed within (<0.5%) and
between (>2.0%) Piloderma ITS clades (Fig. 4), suggesting
that the number of species detected was not artificially
inflated by our sequence divergence criteria. In fact, because
our sampling was focused primarily on larger (>0.5 m
diameter), homogeneous, soil-associated mats that could be
visually detected, our species richness estimates likely are
conservative. Mat-forming EM species that are restricted to
coarse wood comprise another source of diversity that was
not sampled in this study. It also is possible that soil-
associated EM fungi with darkly pigmented hyphae and
rhizomorphs form mats that would easily be missed with the
raking methods we employed in our sampling.

These results suggest that within EM genera, the species
exhibiting mat soil exploration morphologies (e.g., mat-
formers) are more diverse than currently documented
(Agerer 2001 and references therein). Several of the new
mat-forming taxa identified here are from large, species-
diverse genera (e.g., Cortinarius) that exhibit considerable
morphological and phylogenetic diversity; therefore encoun-
tering new ecological traits (mat-forming) is not unexpected.
For some EM genera (e.g., Hysterangium), mat formation
likely is a common life-history strategy, but even within
these groups not all species form mats. In other EM genera,
mat formation is likely an infrequent life-history strategy,
thus mat formation by EM genera likely is not an all-or-
nothing phenomenon at higher taxonomic levels, i.e., genera.
This would partially account for our characterization of this
EM mat-forming community as containing many infrequent-
ly encountered species and only a few dominant mat-
formers. This community structure (few dominants; many
infrequently encountered species) is almost universal in
belowground studies of EM fungi (Horton and Bruns 2001),
thus it was not surprising to find such a pattern in a sampling
of a specialized group, such as mat-formers.

In terms of community composition, the mat-forming
EM species detected in second-growth may be a subset of
those found in old-growth (Fig. 2a and b), suggesting that
as with other EM fungi (Dighton and Mason 1985; Kranabetter
etal. 2005), the diversity of mat-formers increases as habitat
characteristics associated with old-growth develop. Only
four EM species from three genera were encountered in
more than five plots with the remaining species detected in
five or fewer plots (Fig. 2a). One of the four mat-forming
Piloderma species was, by far, the most frequently encoun-
tered species in both old-growth and second-growth hab-
itats. It is possible that this taxon has not been formally
described, but appears to be closely related to P. fallax (Lib.)
Stalp. (clade 6; Fig. 4), an organism thought to be old-
growth-associated and that colonizes coarse wood with
characteristically bright yellow mycelia and rhizomorphs
(Smith et al. 2000; Tedersoo et al. 2003). P. fallax (clade 6,
Fig. 4) is common on the HJA but did not form any of the
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soil-associated mats that we sampled. With respect to stand
age, the four Piloderma species we found forming mats
appear more broadly distributed than P. fallax possibly
because they are not associated with coarse wood, which is
more common in old-growth forests (Smith et al. 2000).

In second-growth stands, Hysterangium setchellii and
H. crassirhachis were encountered with equally high fre-
quency. This was not surprising given that past research on
mats has been heavily focused on these species because of
their abundance (Cromack et al. 1979, 1988; Griffiths and
Caldwell 1992; Griffiths et al. 1994, 1996). Contrary to our
expectations, mats formed by Gautieria species constituted
only a minor component of the overall richness. Instead,
many of the mats exhibiting the powdery, hydrophobic
morphology in upper mineral soils thought to be character-
istic of Gautieria species (e.g., Griffiths et al. 1995, 1996)
were formed by several Ramaria species. In retrospect,
given the close phylogenetic relationship between Gautieria
and Ramaria (Humpert et al. 2001) commonalities in mat
morphologies between these two taxa are consistent with
their phylogeny. In total, 11 of the species encountered
(39%) belonged to Ramaria and 7 of these were encoun-
tered only once. Thus, Ramaria species strongly influenced
the high species richness we detected, particularly in old-
growth. Of these, R. cf. celerivirescens was the most fre-
quently encountered. The association between increased
mat area and encounter frequency for ‘Gautieria-like’ (i.e.,
Ramaria) mats and old-growth habitats has been quantified
previously (Griffiths et al. 1996) and is consistent with the
documented strong association between Ramaria species
richness and old-growth habitats (US Department of
Agriculture and US Department of the Interior 1994; Epsy
and Babbitt 1994).

Ectomycorriza formation in Sistotrema and Trechispora

Sistotrema is a polyphyletic genus composed primarily of
species that form corticioid fruiting bodies (Larsson et al.
2004; Moncalvo et al. 2006). The genus belongs to the
cantharelloid clade where several members are known to be
EM (Hibbett et al. 2000). The single species detected in this
study is most similar to S. muscicola (Eriksson et al. 1984).
EM formation for S. muscicola has recently been demon-
strated (Nilsson et al. 2006). Trechispora, another genus
with predominantly corticioid members, falls within a
homobasidiomycete lineage referred to as the trechisporoid
clade (Larsson et al. 2004). To date, EM formation has
not been reported for any fungi known from this clade.
However, Trechispora species show several traits that
usually characterize EM species including occurrence on
strongly decayed wood or other debris on the forest floor,
loosely attached basidiomata and rhizomorphs, and diffi-
culty germinating spores on common malt agar.
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Diversity and dominance of Piloderma

Piloderma species dominated the community of mat-
forming fungi in our study area both in terms of the
number of plots where they were detected (Fig. 2a) and the
high encounter rate of Piloderma mats within plots
(Fig. 2b). Our study is not the first to document a number
of frequent and probably undescribed Piloderma species
in the EM fungal communities associated with coniferous
forests (Lilleskov et al. 2002, 2004; Landeweert et al. 2003;
Rosling et al. 2003; Douglas et al. 2005). Results from
these recent studies indicate that this genus likely houses
many undescribed and little-known species of potential
ecological importance. We attempted to better characterize
the sequence diversity from our study by expanding the
context to include the set of environmental Piloderma
sequences currently available in GenBank. The taxonomy
of this genus is difficult and the names we apply in this
study are provisional and should be interpreted with
caution. Our primary goal is to document the diversity
and interesting biogeographic distribution demonstrated in
these data.

We detected five Piloderma species (clades 1-4 and 6;
Fig. 4) within our study plots on the HJA, four of which
formed mats (clades 1-4). The total diversity of Piloderma
in Douglas-fir forests may be even higher as some species
have been shown to colonize deeper soil horizons not
frequently sampled in EM community studies (Landeweert
et al. 2003; Rosling et al. 2003). When compared to fruit
body sequences, one environmental sequence (not mat-
associated) from the HJA (clade 6; DQ371933) is associated
with P. fallax and two of our mat-forming clades appear
closely related to P. fallax (clades 1 and 2). However, no
fruit body sequences fall into clades 1 and 2 so they remain
identified to genus only. Several P. byssinum fruit body
sequences were embedded within clade 3 indicating that the
EM mats falling within this clade were formed by this
species. Clade 4 comprised two mat-associated sequences
and one fruit body sequence (DQ371931; Table 1) that was
deposited in OSC under P. fallax. This fruit body perhaps
was misidentified and exemplifies the taxonomic difficulty
associated with fruit body identification for this genus.
Given that the ITS sequences within clades 3 and 4 are
strongly differentiated from each other (3.4% sequence
divergence), clade 4 likely represents a distinct Piloderma
species closely related to P byssinum.

Comparison of the Piloderma sequences from recent
studies (Table 1) with those we detected at the HJA
demonstrates that several species (e.g., clades 1, 3, 5, and
6) have holarctic distributions, whereas others (clades 2
and 4) are at a minimum broadly distributed in the PNW
(Table 1). Our results also indicate that the distribution
of Piloderma is likely not restricted by EM host tree

specificities. The recent studies from which we drew
sequence data documented EM associations with up to
nine host tree species that, with one exception, were conifers
(Table 1). Because the aim of past research has primarily
been to characterize various aspects of EM fungal commu-
nity structure using root tip data, the soil colonization
patterns of individual fungi were not recorded. Consequent-
ly, we do not know if the Piloderma species detected on the
HJA form mats in the diverse set of forest types they
inhabit (Table 1).

The dominance of Piloderma species detected in this
study is comparable to the characterization of this genus in
many forest ecosystems (Erland and Taylor 1999; Table 1).
Given the high encounter frequency of Piloderma mats on
the HJA, the species in this genus potentially play a critical
role in nutrient availability to Douglas-fir and other EM
host trees. Lilleskov et al. (2002) found that Piloderma
species dominated low nitrogen (N) soils along an N-
gradient and declined in frequency as atmospheric N inputs
increased. Karén (1997) found similar results for P. croceum
in a fertilized stand of Scotch pine (Pinus sylvestris) in
northern Sweden. In addition, soils colonized by the hyphae
of Piloderma croceum on Norway spruce seedlings have
been shown to have lower NH, concentrations than
immediately surrounding soils (Arocena et al. 2004).
Piloderma species are typically associated with late seral
forests (Visser 1995; Smith et al. 2000, 2002; Horton et al.
2005) with low availability of readily accessible N (Van
Cleve and Vierech 1981). While the actual functions of
these mat-forming EM fungi are unknown, in vitro studies
of Piloderma species have shown the ability to use protein
(Hutchinson 1990; Eaton and Ayres 2002) and the presence
of N-acetylhexosaminidase genes (Lindahl and Taylor
2004), suggesting the capacity to use two of the major
forms of organic N that occur in mature forests, protein, and
chitin. Nutrient uptake studies (Mahmood et al. 2003) and
direct measurements of element concentrations within
rhizomorphs (Hagerberg et al. 2005) suggest that Piloderma
species may also play a role in potassium and calcium
transport to EM host trees. Taken together, these observa-
tions imply that Piloderma species may be involved in N
transport to EM host trees. Our results show that at least
some species are also important components of young
Douglas-fir forests, indicating a possible role for this genus
in forest succession (Cline et al. 2005; Smith et al. 2005).
Given their broad geographic distribution, diverse EM host
tree associations and dominance, species in this genus are
likely critical components of forest ecosystems and warrant
further study.
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