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Abstract

We have collected sporocarps and tuberculate ectomycorrhizae of both Rhizopogon vini-
color and Rhizopogon vesiculosus from three 50 x 100 m plots located at Mary’s Peak in the
Oregon Coast Range (USA); linear map distances between plots ranged from c. 1 km to c.
5.5 km. Six and seven previously developed microsatellite markers were used to map the
approximate size and distribution of R. vinicolor and R. vesiculosus genets, respectively.
Genetic structure within plots was analysed using spatial autocorrelation analyses. No sig-
nificant clustering of similar genotypes was detected in either species when redundant
samples from the same genets were culled from the data sets. In contrast, strong clustering
was detected in R. vesiculosus when all samples were analysed, but not in R. vinicolor.
These results demonstrate that isolation by distance does not occur in either species at the
intraplot sampling scale and that clonal propagation (vegetative growth) is significantly
more prevalent in R. vesiculosus than in R. vinicolor. Significant genetic differentiation
was detected between some of the plots and appeared greater in the more clonal species
R. vesiculosus with ®¢; values ranging from 0.010 to 0.078*** than in R, vinicolor with @g.
values ranging from -0.002 to 0.022** (*P < 0.05, **P < 0.01, ***P < 0.001). When tested
against the null hypothesis of no relationship between individuals, parentage analysis
detected seven likely parent/offspring pairs in R. vinicolor and four in R. vesiculosus
(0 = 0.001). Of these 11 possible parent/offspring pairs, only two R. vinicolor pairs were still
supported as parent/offspring when tested against the alternative hypothesis of being full
siblings (a. = 0.05). In the latter two cases, parent and offspring were located at approxi-
mately 45 m and 28 m from each other. Challenges to parentage analysis in ectomycorrhizal
fungi are discussed.
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(mitotic) spores, genets are propagated entirely by vegetative,

Introduction hyphal growth and thus form fairly coherent localized

Genetic studies of ectomycorrhizal fungal populations
have so far been primarily concerned with characterizing
the size and distribution of genets. Genets (clones) are
generally identified as ‘repeatedly sampled, multilocus
genotypes that are unlikely to arise by chance in sexual
reproduction’ (Anderson & Kohn 1998). Because ecto-
mycorrhizal fungi do not generally produce asexual
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units. The traditional approach to delineating genet size
has been to sample macroscopic structures (typically
sporocarps) and use either mycelial interactions (somatic
incompatibility) or molecular markers for genet differen-
tiation; the distance between the outermost samples of a
genet is used as an estimate of genet size (see references
in Kretzer etal. 2004). However, because the sampled
structures are not necessarily located at the periphery
of an actual genet, this approach likely underestimates
genet size. Despite these and other limitations, valuable
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comparative data have been gained. Genets of ecto-
mycorrhizal fungi have been found to range in size from
less than 1 m2 (e.g. Gherbi et al. 1999) to 300 m2 or more
(e.g. Bonello et al. 1998). In Suillus bovinus and Suillus
variegatus, genet size increases with forest age presumably
due to continued vegetative growth (Dahlberg & Stenlid
1994; Dahlberg 1997). In contrast, Laccaria amethystina
forms small and apparently short-lived genets in a 150-
year-old forest (Gherbi et al. 1999). Ectomycorrhizal fungi
such as S. bovinus and S. variegatus on the one hand and
L. amethystina on the other seem to represent two extremes
in a spectrum of life history traits that are dominated
either by long-lived mycelia and abundant vegetative
growth (clonal propagation) or by short-lived mycelia
and frequent spore establishment (sexual reproduction).
Both strategies have sometimes been likened to K- and r-
selection strategies, respectively (Deacon & Fleming 1992).
It has initially been assumed that the former strategists
should be more prevalent with mature trees in stable
environments, while the latter should be more prevalent
with young trees and in early successional settings, but
recent work has shown that a number of ectomycorrhizal
fungi form small genets in fairly mature (Redecker et al.
2001) to very mature forests (Gherbi et al. 1999; Fiore-
Donno & Martin 2001); it is possible that these fungi take
advantage of microdisturbances for spore establishment.
The genetic structure of ectomycorrhizal fungal popula-
tions is additionally shaped by short- and long-distance
gene flow, which is a function of spore dispersal followed
by successful establishment. Two common spore-dispersal
strategies are either wind dispersal or animal dispersal
(mycophagy). While many fungi may use a mix of both dis-
persal strategies, the general belief is that wind dispersal
dominates in fungi with epigeous (mushroom-like) sporo-
carps and animal-dispersal dominates in fungi with hypo-
geous (truffle-like) sporocarps (e.g. Bruns ef al. 1989). Gene
flow cannot be measured directly in ectomycorrhizal
fungi, and indirect, genetic methods are required, but
literature in this area continues to be sparse. Both Zhou
et al. (2001) and Liang et al. (2004) found some fine-scale
clustering of similar genotypes in Suillus grevillei and
Russula vinosa, respectively. Beyond that, Zhou et al. (2001)
found little genetic differentiation (Fgr =0.024) between
two populations of Suillus grevillei that were separated by
700 m. At larger spatial scales, Bergemann & Miller (2002)
found strong genetic differentiation (Fgy = 0.434) between
populations of Russula brevipes from California and Wyo-
ming, but based on the almost complete absence of shared
alleles, these populations may actually represent distinct
species. Similarly, LoBuglio & Taylor (2002) detected
strong differentiation (Fg; = 0.256) between populations
of Cenococcum geophilum from New York State and Alberta,
as did Jany efal. (2002) along a 250 km transect across
northeastern France. Cenococcum geophilum is, however, an

unusual ectomycorrhizal fungus in that it is not known to
form any type of spores and is thought to disperse exclu-
sively via sclerotia. Recently, Murat et al. (2004) detected a
strong subdivision (Fg =0.20) between populations of
Tuber melanosporum from France, northern Italy and north-
eastern Spain; population structure within France strongly
mirrored known routs of postglacial recolonization for
ectomycorrhizal host tree species. Also, Grubisha et al.
(private communication) recently found that mainland
and island populations of Rhizopogon vulgaris from Califor-
nia are heavily structured with pairwise Fg; values up to
0.45 (Grubisha et al., personal communication). Given the
overall sparseness of literature on ectomycorrhizal fungi,
relevant information may also be gained from work on
other nonmitosporic forest fungi, mostly wood decay and
saprotrophic fungi. Most of these studies have been
done at intracontinental scales and have revealed very
little (e.g. Saville ef al. 1996; Hogberg et al. 1999; Kauserud
& Schumacher 2002) to moderate (Hogberg & Stenlid 1999)
interpopulation differentiation.

We are interested in the population genetics of two
ectomycorrhizal sister species, Rhizopogon vinicolor and
Rhizopogon vesiculosus (Boletales, Basidiomycota). Both species
form hypogeous sporocarps, and their spores are thought
to be dispersed primarily by small mammal mycophagy.
Rhizopogon vinicolor is well known as a predominant ecto-
mycorrhizal fungus on Douglas-fir (Pseudotsuga menziesii)
roots (Molina et al. 1999) and forms distinctive, large,
tuberculate ectomycorrhizae (Zak 1971; Massicotte et al.
1992). Recently, however, we reported that its sister spe-
cies, R. vesiculosus (sensu Kretzer et al. 2003), is commonly
mistaken for R. vinicolor and also forms tuberculate ecto-
mycorrhizae on Douglas-fir. Tuberculate ectomycorrhizae
are relatively easy to sample because of their size (up to
several centimetres across) and distinctive morphology
and they provide ample material for genetic analysis;
they are also more common and less seasonal than the
associated sporocarps. Rhizopogon vinicolor and R. vesiculosus
thus constitute ideal model systems to (i) study population
genetics of ectomycorrhizal fungi with hypogeous sporo-
carps and to (ii) improve fine-scale sampling by including
ectomycorrhizae in addition to sporocarp collections. Finally,
previous studies on the phylogeny of the genus Rhizopogon
(Grubisha et al. 2001, 2002; Kretzer et al. 2003) put compar-
ative analyses of genetic structure into a broader phylogenetic
context.

We have recently developed moderately polymorphic
microsatellite markers for both R. vinicolor and R. vesiculo-
sus and have demonstrated their utility in differentiating
genets from both sporocarp and ectomycorrhizal samples
(Kretzer et al. 2000, 2004). In short it was found that 11 pre-
viously mapped genets had multilocus genotypes with
very low frequencies under Hardy-Weinberg expectations
(< 4 x 10-3) making it unlikely for two samples to possess
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identical multilocus genotypes by chance rather than by
clonal descent. Furthermore it was found that when the
number of genets resolved was plotted over the number of
loci analysed, it only increased up to the fifth locus in both
species. Adding a sixth or seventh locus did not increase
the number of genets resolved in either species (Kretzer
et al. 2004). Here we use previously developed microsatel-
lite markers to analyse genetic structure in both R. vinicolor
and R. vesiculosus. We use spatial autocorrelation analysis
for comparative analysis of genet size, and results demon-
strate that clonal reproduction (hyphal growth) is much
more prevalent in R. vesiculosus than in R. vinicolor. We were
further able to detect small but significant differentiation
between plots at 5-5.5 km scales. Finally we conduct parent-
age analysis, which to our knowledge has not been done
in ectomycorrhizal fungi before. Limitations of parentage
analysis for ectomycorrhizal fungi are discussed.

Materials and methods

Plots and Sampling

Three 50 x 100 m plots were established on the slopes
of Mary’s Peak in the Oregon Coast Range (USA) and
designated as plots MP1, MP3, and MP4. Plots MP1
and MP3 are located on the north side of the peak
at approximately 44°31.8'N, 123°32.9°'W and 44°32.1'N,
123°32.1'W, respectively; MP4 is located on the south
side of the peak at approximately 44°28.6'N, 123°29.8'W.
Because of the canopy cover over the plots, GPS readings
are affected with an approximately +0.1" error. Plots are
within 40- to 80-year-old second-growth forests; MP1 is
dominated by Douglas-fir (Pseudotsuga menziesii), western
hemlock (Tsuga heterophylla) and western red cedar (Thuja
plicata), while the overstory in MP3 and MP4 is mostly
dominated by Douglas-fir with some western hemlock
present. According to the pollen record, Douglas-fir
which is the only known host for both Rhizopogon vinicolor
and Rkhizopogon vesiculosus does not appear to have been
common in the Pacific Northwest until about 10 000 sp
(Whitlock 1992). Pre-logging, wildfire and wind were the major
natural disturbances in the forests of the Pacific Northwest
with infrequent catastrophic fires occurring at intervals
of several hundred years (Franklin 1988; Agee 1993).
Plots were sampled between mid-May and mid-July
2000 as follows. In each plot, eleven 50 m transects were run
in parallel spaced 10 m apart. In western Oregon, tuberculate
ectomycorrhizae of Douglas-fir have been reported to be
particularly common in coarse woody debris (Zak 1971).
Hence at locations with coarse woody debris within 5 m
distance of a transect, the litter was removed with a rake
from an approximately 0.25 m2 large area, and roots were
examined for the presence of tuberculate ectomycorrhizae.
When tuberculate ectomycorrhizae were found, the centre
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of the raked area was mapped relative to the closest
transect at a resolution of 0.5 m. Tuberculate ectomycor-
rhizae were removed, cleaned and freeze dried within
a week from sampling. Because both R. vinicolor and
R. vesiculosus sensu Kretzer et al. (2003) are spring fruiters,
the previously described sampling strategy did also yield a
few sporocarp collections, which were treated the same as
tuberculate ectomycorrhizal samples. If multiple collec-
tions were made within the same c. 0.25 m2 sampling area,
only one representative was subjected to genetic analyses,
except when morphological examinations suggested the
presence of both R. vinicolor and R. vesiculosus; in the latter
case, one representative per species was subjected to
genetic analysis. Finally, samples from a previous study
that had been retrieved from within the MP1 plot were also
included in this study (Kretzer et al. 2004).

Molecular typing

Although subtle morphological differences exist between
tuberculate ectomycorrhizae and sporocarps of R. vinicolor
and R. vesiculosus (see Kretzer et al. 2003), species identifica-
tion of all samples was confirmed using restriction fragment
length polymorphisms of the internal transcribe spacer
region (ITS-RFLPs) as described in Kretzer ef al. (2003,
2004). Rhizopogon vinicolor samples were subsequently
genotyped at microsatellite loci Rv15, Rv46, Rv53, Rvel .34,
Rve2.77, Rve3.21, and R. vesiculosus samples were geno-
typed at loci Rv02, Rvel.21, Rvel 34, Rve2.10, Rve2.14, Rve2 44,
Rue2.74; development of these markers and genotyping
techniques including PCR primer sequences have been
described in Kretzer et al. (2000, 2004).

Statistical analyses

Spatial autocorrelation analysis based on the multivariate
approach of Smouse & Peakall (1999) was completed using
GENALEX version 5.1 (available at http:/ /www.anu.edu.au/
BoZo/GenAlEx/). This approach is suitable for the
simultaneous analysis of multiallelic, multilocus data, and
thus reduces allele to allele noise and enhances the
signal from existing spatial patterns. Linear genetic and
geographical distances were calculated for all pairwise
sample comparisons, and values were binned into
user-defined geographical distance classes. Geographic
distance classes were chosen to yield even numbers of
comparisons across distance classes. For each distance
class, a correlation coefficient (r; range —1 to +1) between
genetic and geographical distances was calculated. Statistical
significance of r was determined using 999 permutations
that randomized samples across distance classes and
created a null distribution of r values for each distance
class. The null distributions of r values were used to define
95% confidence intervals. Observed r values above the
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interval indicate significant positive spatial autocorrelation
and r values below the interval indicate significant negative
autocorrelation (Smouse & Peakall 1999). Spatial
autocorrelation analyses were performed first on data
sets including all samples (‘complete’ data sets) and
subsequently on data sets using only one randomly chosen
sample per genet (‘culled’ data sets).

The following tests were all conducted using only
one sample per genet (culled data sets): Heterozygote
deficiency and heterozygote excess were tested for
independently and for each plot separately according to
Rousset & Raymond (1995). The null hypothesis of no dif-
ference in the distribution of alleles between plots was
tested by the method of Raymond & Rousset (1995a). Both
tests were conducted in the web-based version of GENEPOP
version 3.1c (http://wbiomed.curtin.edu.au/genepop/
index.html; Raymond & Rousset 1995b). Fg-analogues
(®gp) were calculated based on the molecular variance
approach of Excoffier et al. (1992) and Michalakis & Excof-
fier (1996), and significance of ®g;, values was tested using
the randomization test of Excoffier et al. (1992). All Oy~
related analyses were conducted in ARLEQUIN version 2.0
(http:/ /1gb.unige.ch/arlequin/ Schneider et al. 1999), and
10 000 permutations were used for significance testing.

Parentage analyses were conducted in KINSHIP ver-
sion 1.3.1 (http:/ /www.gsoftnet.us/GSoft.html) using the
likelihood ratio test of Goodnight & Queller (1999). For
every pairwise sample comparison, KINSHIP calculates the
likelihood of the samples to be related in a user-specified
manner (primary hypothesis). Because likelihood values in
themselves are not very meaningful, a likelihood-ratio
approach is used for significance testing, which uses the
likelihood of two samples to be related via the primary
hypothesis over a secondary or null hypothesis. Computer
simulations are used to generate pairs of individuals
related under the null hypothesis, and the P value reflects
the fraction of simulated pairs with larger likelihood ratios
than the sample pair. We used 200 000 simulated pairs for
each test.

Results

Sampling and molecular typing

In total, we examined 248 samples collected across all
three plots. Species-level identification, achieved by ITS-
RFLP analysis, assigned 103 and 145 samples to Rhizopogon
vinicolor and Rhizopogon vesiculosus, respectively (Fig. 1).
Samples were subsequently genotyped at six (for
R. vinicolor) or seven (for R. vesiculosus) microsatellite loci
(see methods). Although a previous, smaller study showed
that these microsatellite loci resolve genets with great
confidence (Kretzer et al. 2004), it was found in this larger
study that three multilocus genotypes in R. vinicolor and
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Fig. 1 Distribution of samples across plots MP1, MP3, and MP4.
Open circles represent Rhizopogon vinicolor, solid circles represent
Rhizopogon vesiculosus, and grey fillings indicate situations
where ectomycorrhizae of both species were found within the
same c. 0.25 m? sampling area. The 10 x 10 m area nested within
plot MP1 indicates the smaller plot sampled in the Kretzer et al.
(2004) study. Muitiple samples sharing the same multilocus
genotype are surrounded by dashed lines, while single points
Tepresent unique multilocus genotypes. Letters indicate pairs of
genets that are likely to constitute parent/offspring pairs when
tested against the alternative hypothesis of being unrelated
(P < 0.001).

one multilocus genotype in R. vesiculosus encompassed
two genets each. We know this in part because samples
were initially screened with additional markers that were
subsequently dropped from the analyses because of
scoring irregularities such as small allele dominance and
possibly null alleles and in part because they were located
on different plots; given that Rhizopogon does not form
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mitotic spores, clonal propagation over such distances
is extremely unlikely. One of the unresolved genets had
missing data at one locus, the others had multilocus
genotype frequencies ranging from 4.7 x 10-4 to 3.5 x 10-3.
Lack of resolution is thus a combination of larger sample
size and missing data in one case. Nevertheless, the
number of unresolved genets is very small compared to the
total number of samples analysed; it is further reduced to
only one genet, when samples from different plots are not
analysed together. In total, 181 genets were identified.
Thirty-four, 16 and 47 genets were characterized for
R. vinicolor from MP1, MP3 and MP4, respectively. Thirty-
nine, 29 and 16 genets were characterized for R. vesiculosus
from MP1, MP3 and MP4, respectively. Genets of both
species were not evenly distributed across the three plots
(2 =17.89,d.f. = 2, P < 0.001) with R. vinicolor genets over-
represented on MP4 and under represented on MP3 com-
pared to R. vesiculosus genets (Fig. 1).

Statistical analyses

Spatial autocorrelation analyses were not performed on
data sets with fewer than 20 samples. These were both the

MP1 R. vesiculosus

complete and culled MP3 data sets for R. vinicolor and the
culled MP4 data set for R. vesiculosus. For all other data sets,
multiple analyses were performed using various distance
class sizes. Regardless of distance class size, the number
of pairwise comparisons was always kept even across
all distance classes. In no instance did the number or size
of distance classes affect the detection of significant auto-
correlation at short distances. Spatial autocorrelation
analyses of the complete MP1 or MP4 data sets did not
show any significant autocorrelation in R. vinicolor (data
not shown). In contrast, strong positive autocorrelation in
small distance classes was observed in the complete
R. vesiculosus data sets from all three plots (Fig. 2); the
first x-axis intercepts of the r values varied slightly
between analyses and ranged from 17.5 m to 23.8 m (MP1),
24.3 m to 25.9 m (MP3), and 22.6 m to 25.2 m (MP4). No
significant autocorrelation was observed in either species
when only one sample per genet was analysed (data not
shown).

Within each plot, both R. vinicolor and R. vesiculosus
appeared to be largely in Hardy-Weinberg equilibrium.
No significant deviations from Hardy—Weinberg expectations
were detected in R. vinicolor (o = 0.05). In R. vesiculosus, a

Fig. 2 Correlograms summarizing the results

from spatial autocorrelation analyses of
the complete MP1, MP3, and MP4 data sets
for Rhizopogon vesiculosus. Distance values
reflect the upper boundaries of each distance
class analysed.
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significant heterozygote deficiency was detected only at
locus Rvel.21 and only in plot MP4 (P = 0.004). MP4,
however, had a small sample size for R. vesiculosus (n = 16),
and no significant heterozygote deficiency was detected at
any other plot or locus. There was a weak heterozygote
excess at locus Rvel.21 in plot MP3 (P = 0.025). General
agreement with Hardy-Weinberg expectations was reported
earlier for samples from the MP1 plot only (Kretzer et al.
2004).

Tests for genetic differentiation between pairs of plots
are summarized in Fig,. 3. In brief, tests for uneven distri-
bution of alleles and Fg; analogues (dg;) produced largely
the same results; but tests for uneven distribution of alleles
produced a few more significant results (o = 0.05) reflect-
ing the greater statistical power of these tests. There was
little (R. vesiculosus) to no (R. vinicolor) structure between
plots MP1 and MP3, which were only approximately 1 km
apart from each other. There was significant structure in
both species between plots MP1 and MP4, which were
approximately 5 km apart, and structure appeared greater
in R. vesiculosus (®g; = 0.078) than in R. vinicolor (®g; =
0.022). In R. vesiculosus, similar structure (®g = 0.066) was
found between plots MP3 and MP4, which are approxi-
mately 5.5 km apart. In contrast, no structure was detected
in R. vinicolor between plots MP3 and MP4. Significant dif-
ferences in both species were, however, generally driven
by only a subset of loci. In addition, results may have been
impacted by small sample size for R. vinicolor at plot MP3
and for R. vesiculosus at plot MP4 (Fig. 3).

Because KINSHIP uses simulations based on allele
frequencies derived from the data to assess significance
of likelihood ratios, and because many allele frequencies
were significantly different between plots, parentage ana-
lyses were carried out separately for each species and each
plot, with one exception: R. vinicolor samples from plots
MP1 and MP3 were lumped, because there were no sig-
nificant allele frequency differences and because sample size
for MP3 was very small (n = 16). In the absence of addi-
tional information on the age of individuals, parentage
analysis can only identify likely parent/offspring pairs,
but cannot in itself differentiate between parent and
offspring. In R. vinicolor, a total of 1012 pairs of genets
could not be excluded as possible parent/offspring pairs.
Of these, however, only seven pairs had a significantly
(o = 0.001) higher likelihood of being related as parent and
offspring than being unrelated and simply be sharing one
allele per locus by chance. These seven pairs are indicated
with letters A through G in Fig. 1. However, when the like-
lihood of these pairs to be related as parent and offspring
was tested against the alternative hypothesis of being full
siblings, only pairs B and G were still supported at the
o =0.05 and o = 0.01 levels, respectively. Genets of those
latter parent/offspring pairs were located approximately
45 m and 28 m apart from each other (Fig. 1). Similarly,

568 pairs of R. vesiculosus genets could not be excluded as
possible parent/offspring pairs, but only four had a sig-
nificantly (o = 0.001) higher likelihood of being related as
parent and offspring than being unrelated. These are
indicated with letters H through K in Fig. 1. None of the
latter was still supported when tested against the alternative
hypothesis of being full siblings.

Discussion

Spatial autocorrelation analyses and genet size

Spatial autocorrelation analysis detects nonrandom
distributions of genotypes that can result from local
adaptation, restricted gene flow or clonal reproduction
(repeated sampling of the same genet). The first two causes
can only be detected after the contribution from clonal
propagation has been assessed and removed from the
sample (Milgroom & Lipari 1995; Montalvo et al. 1997;
Reusch et al. 1999). Results from spatial autocorrelation
analyses are commonly shown as correlograms, in which
the calculated spatial statistic (in this case r) is plotted
against distance. Positive correlations at small distances
necessarily lead to negative correlations at greater distances
(Smouse & Peakall 1999). The distance, at which the
correlation measure first intersects the x-axis (r =0),
provides a measure of the scale, at which spatial clustering
of similar genotypes occurs. If clustering is due to repeated
sampling of the same genets, it provides an upper estimate
of genet diameter (Montalvo etal. 1997; Diniz-Filho &
Telles 2002). On the other hand, if vegetative growth is
negligible, the x-axis intercept delineates the scale at which
gene flow becomes restricted (Epperson & Clegg 1986).
Minor fluctuations of r within the confidence limits can
lead to additional x-axis intercepts, which are, however,
not indicative of any spatial clustering.

No significant r values were detected in any of the
spatial autocorrelation analyses from which replicate
samples of the same genet were removed (data not shown)
indicating that genetic clustering due to restricted gene
flow (isolation by distance) is negligible at the within-
plot scale. This is probably not surprising given that spore
dispersal in Rhizopogon spp. is thought to be facilitated
by small mammal mycophagy (Molina et al. 1999) and that
the major dispersers in western, Douglas-fir-dominated
forest habitats are the northern flying squirrel (Glaucomys
sabrinus) with a home range of 3.4-4.9 ha (Witt 1992),
Townsend’s chipmunk (Eutamias townsendii) with a home
range of 0.6-0.96 ha (Trombulak 1985), and the western
red-backed vole (Clethrionomys californicus) with a home
range of 0.06—0.34 ha (Tallmon & Mills 1994). We hypo-
thesize that gene flow in Rhizopogon vinicolor and Rhizopogon
vesiculosus is fairly unrestricted within these home ranges
and that clustering of similar genotypes due to restricted
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, . c.1km
R. vinicolor
Locus  Allelic differentiation Dgy
(P)
Rvi5s 0.320 -0.011
Rv46 0.594 -0.007
MP1 RvV53 0.219 0023 [—» MP3
n=34 Rve134 0616 -0.012 n=16

Rve277 0.349 0.016

Rve321 0.506 -0.014

6 loci nd 0001

¢.5km c. 5.5 km
Locus Allelic differentiation Dg; Locus Allelic differentiation Dgy
(P) (P)
Rvi1s 0.202 -0.002 Rvi15 0.181 0.003
Rv46 0.044* 0.023 Rv46 0.220 -0.009
Rv53 0.000*** 0.065** Rv53 0.190 -0.002
Rveil34 0.569 -0.009 Rvei134 1.000 -0.019
Rve277 0.018* 0.005 Rve277 0.144 0.032
Rve321 0.033* 0.013 Rve321 0.603 -0.013
6 loci nd 0.022** 6 loci nd -0.002
\l MP4
n=47
c.1km
R. vesiculosus . -
Locus Allelic differentiation O,
(P}

Rv02 0.179 0.009

Rvei21 0.523 -0.002

Rve134 0.757 -0.012

MPl 1 Rve210 0.692 -0014 —» MP3
n=39 Rve214 0.018* 0.076* n=29

Rve244 0.387 0.007

Rve274 1.000 -0.015

7 loci nd 0.010

¢. 5 km c. 5.5 km
Locus  Allelic differentiation Pgr Locus Allelic differentiation Qg
(P (P)

Rv02 0.001** 0.041 Rv02 0.089 0.004
Rvei21 0.315 -0.002 Rve121 0.159 0.003
Rve134 0.001™** 0.242*** Rve134 0.000** 0.267***
Rve 210 0.039* 0.075* Rve 210 0.015* 0.072
Rve214 0.000™** 0.231*** Rve 214 0.089 0.066
Rve 244 0.370 0.002 Rve 244 0.089 0.062*
Rve274 0.671 -0.005 Rve 274 0.651 -0.010
7 loci nd 0.078** 7 loci nd 0.062***

n=16

\MP4 /

Fig. 3 Analyses of genetic differentiation between plots (*P < 0.05; **P < 0.01; ***P < 0.001; nd, not determined).
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gene flow should occur at larger spatial scales. The scale at
which gene flow becomes restricted can be determined by
spatial autocorrelation analyses as the x-axis intercept after
exclusion of repeatedly sampled genets and is often
referred to as patch size. However modelling studies have
shown that an area at least four times the patch size should
be sampled to achieve sufficient statistical power (Epperson
1997). It is likely that our plots were too small (0.5 ha) to
detect patch size in R. vinicolor and R. vesiculosus. Dunham
(unpublished data) recently measured patch size in Pacific
golden chanterelles (Cantharellus formosus) and found it to
be approximately 400 m; chanterelles, however, are thought
to disperse their spores primarily by wind and results are
hence not directly comparable to this study.

In contrast, strong genetic structure was detected in
R. vesiculosus at small distance classes when multiple
samples of the same genets were included in the analysis,
and this structure is interpreted as the result of clonal pro-
pagation (Fig. 2). Depending on the choice of distance classes,
the x-axis intercept occurs at 17.5-23.8 m (MP1), 24.3-25.9
m (MP3), and 22.6-25.2 m (MP4), and theses values reflect
the upper boundaries of observed genet sizes. In contrast,
no significant spatial structure was detected in R. vinicolor
when all samples were included in the analysis indicating
that genet size in R. vinicolor is generally smaller than
the smallest distance class analysed (14 m and 11 m for
MP1 and MP4, respectively; data not shown). Spatial auto-
correlation techniques thus provide an elegant statistical
framework for comparing genet size between taxa (or
treatments), and results presented here demonstrate that
R. vesiculosus forms significantly larger genets in the same
plots than does R. vinicolor.

Hardy—Weinberg equilibrium

Within each plot, both species seem to be largely in Hardy-
Weinberg equilibrium. It has been discussed before that
this seems somewhat surprising given that the aggregated
deposition of spores in hypogeous sporocarps would
seem to create mating conditions that are prone for selfing
(Kretzer et al. 2004; but see also next section). Nothing is
known to date about the mating system of Rhizopogon spp.,
but our data suggest that selfing is not a significant life
history component of these species.

D and allelic differentiation

In both R. vinicolor and R. vesiculosus, there was no genetic
structure between plots MP1 and MP3 located at the north
side of Mary’s Peak. Structure between these and MP4
located at the south side was small in R. vinicolor and
moderate in the more clonal species R. vesiculosus (Fig. 3).
Significant differences in both species were, however,
driven by only a subset of loci. This could be the result of

effects introduced by small sample size at plots MP3
(R. vinicolor) and MP4 (R. vesiculosus). Alternatively, inconsis-
tent results across loci can sometimes be interpreted as
evidence for local adaptation at selected loci (Slatkin 1987).
Finally, scoring irregularities such as null alleles can create
abnormal results at individual loci, but the loci used in this
study were chosen carefully on the basis that they did not
exhibit scoring irregularities (Kretzer et al. 2004).

We are aware of only one other study that has looked
at interpopulation differentiation in a nonmitosporic
forest fungus at an equally small scale; that is the pre-
viously cited work by Zhou et al. (2001), in which they
measured an Fg; value of 0.024 between two populations
of Suillus grevillei that were approximately 700 m apart.
Suillus, however, is an ectomycorrhizal genus with epigeous
sporocarps and results are hence not directly comparable
to our study. As outlined in the introduction, studies on
ectomycorrhizal fungi with wind-dispersed spores are
sparse, but work on various wood-decay fungi suggests
little differentiation at the intracontinental scale. In
contrast, fungi with hypogeous sporocarps studied so far
(Tuber melanosporum, Rhizopogon vulgaris) appear to be
fairly strongly structured (Murat et al. 2004; Grubisha, per-
sonal communication).

Parentage analysis

To our knowledge, this is the first study to use parent-
age analysis in an ectomycorrhizal fungus. The mapping
of likely parent/offspring pairs indicates that (except
for genet pair K) progeny does not typically establish
immediately adjacent to the parent. The latter implies
that spore dispersal (presumably by small mammals) is
important for spore establishment, which is consistent
with the observation of Hardy-Weinberg equilibrium and
spatial autocorrelation analyses. A possible explanation
might be that animal dispersal enhances spore germination.
Colgan & Claridge (2002) did not find that passage through
the digestive tract of three different small mammals
significantly enhanced the ability of R. vinicolor (sensu lato)
spores to form ectomycorrhizae on Douglas-fir; how-
ever, spore metabolic activity was increased in some cases.
Alternatively, spores may establish briefly adjacent to a
parent but do not persist possibly due to competition from
the parent. In Hebeloma cylindrosporum, two large genets
were observed to occasionally produce inbred progeny
apparently by selfing. While the two parent genets per-
sisted and spread vegetatively over 4 years of study, inbred
progeny genets were always small and apparently short-
lived (Gryta et al. 2000).

Parentage analysis has become a popular tool for
many plant and animal studies (e.g. Jones & Ardren 2003;
references therein), but has so far been rarely used in
fungal systems (Guidot et al. 2003). One of the powerful
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promises that parentage analysis holds for fungi is that it
can trace paths of spore dispersal and establishment, even
if the direction of the path cannot readily be determined in
most basidiomycetes (but see Guidot e al. 2003 for an ele-
gant ascomycete example). Parentage analysis, however,
also holds its special challenges in fungal systems: (i) For
one, it is virtually impossible to exhaustively sample an
entire fungal population. This is not only because the
fungal mycelium leads for the most part a very cryptic life
in the soil or substrate, but also because many fungi are
distributed fairly continuously across large stretches of
landscape. As a result, even closely adjacent parents can
easily be missed. Furthermore, individual fungal spores
can travel many kilometres though the air (Rishbeth 1959;
Kallio 1970; James & Vilgalys 2001) meaning that offspring
may occasionally establish at very great distance from
their parent. (ii) Although parentage analysis can identify
parent/offspring pairs, it cannot actually differentiate
between parent and offspring, something that in most
fungi cannot simply be determined by the age of the
candidates. Similarly, the statistical power of detecting
parents hinges strongly on the alternative hypothesis that
parentage is tested against. For example differentiating
a parent or offspring from a full sibling requires much
greater statistical power than either of these from an un-
related individual. Again, knowing the age structure of a
population can in many other systems aid the distinctions.
(iii) Lastly, the most powerful type of parentage analysis
is when one parent (typically the mother) is known and
the goal is to determine the second parent from a pool of
candidates, a scenario that may be encountered in certain
ascomycetes (Guidot et al. 2003), but not in basidiomycetes.
Because of these limitations, parentage analysis in most
fungi requires intensive and in many cases also extensive
sampling strategies as well as large numbers of highly
polymorphic markers. Future studies should use either more
markers or markers with a higher level of polymorphism
than were used in this study to increase the statistical
power; greater statistical power is needed among other
things to differentiate parent/offspring pairs from full
siblings.
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