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Abstract Tricholoma matsutake, a wild edible ectomy-

corrhizal mushroom, is revered for its distinguished flavor

and iconic significance. Here, we test for landscape effects

on T. matsutake gene flow and population structure in the

Eastern Himalayas. Using single-nucleotide polymorphic

(SNP) DNA markers, isolation by distance patterns were

tested on eight populations within and between watersheds.

We find that high, treeless ridgelines are effective barriers to

gene flow, even at distances less than 65 km, whereas

populations located within watersheds are structured at

greater distances. Mantel tests demonstrated a significant

positive correlation between Fst and a ‘‘landscape distance’’

measured as the shortest distance between population pairs

below treeline r = 0.574, P = 0.002, whereas strict

euclidian distances do not correlate. AMOVA analysis

revealed significant partitioning with 91% of the genetic

variance found within populations and 7% found between

watersheds, indicative of sexually recombining populations

with limited gene flow between watersheds. We show that

landscape is an important determinant of air-dispersed

ectomycorrhizal species population structure in heteroge-

neous landscapes.

Keywords Matsutake � Population structure �
Isolation by distance � Ectomycorrhiza � Eastern Himalaya �
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Introduction

Gene flow is one of the factors involved in the maintenance

of genetic diversity of populations and is among the major

determinants of the genetic structure of a species. An

increasing body of literature has demonstrated that mush-

room-forming basdiomycete fungi vary in the spatial extent

of population structure, as would be expected in a group of

organisms including species characterized by different life

histories and dispersal syndromes. Much less understood

are the processes involved in population structuring of

these fungi, and at what spatial scales populations begin to

diverge. These data are crucial not only to fully understand

the evolutionary processes and the biology of these

organisms but also to identify the best ways to maintain

diverse assemblages of economic and ecologically impor-

tant symbiotic fungi.

Isolation by distance, (IBD) first proposed by Wright

(1943), is the clinal genetic dissimilarity pattern that

emerges when gene flow among populations (or gamete

dispersal among individuals) is spatially constrained. The

spatial scale at which genetic distance and spatial distance

correlate, therefore, depends on dispersal distance. In

general, ectomycorrhizal mushrooms (EM) with hypogeous

fruit bodies producing meiospores that are largely animal-

dispersed show population structure at small scales relative
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to those with epigeous, wind-dispersed meiospores (Roy

et al. 2008). Previous studies of epigeous EM systems have

shown little to no population structure at scales from 0.045

to 1,090 m (Gherbi et al. 1999; Zhou et al. 1999; Berge-

mann et al. 2006; Lian et al. 2006). Conversely, studies at a

larger geographic scale include examples of structure:

Bergemann and Miller (2002) found Fst values as high as

0.434 in populations of Russula brevipes separated by over

1,500 km, although they raised the possibility that these

populations may represent separate cryptic species. Like-

wise a study of Tricholoma matsutake by Xu et al. (2008)

found Fst values ranging from 0.016 to 0.232 in seventeen

populations (which partially overlap this study) separated

by \50 km–[1,100 km.

Factors other than distance may account for restricted

gene flow among populations, however. Landscape genet-

ics, an emerging field which characterizes how landscape

features interact with population structure (see Manel et al.

2003; Storfer et al. 2007 for a review of methods and

studies), has been used in a diversity of biota and habitats

to characterize gene flow patterns. A study by Grubisha

et al. (2007) examined populations of two species of the

truffle-like ectomycorrhizal genus Rhizopogon in the

Channel islands off of Southern California. Their study

found that both ocean channels and a non-forested water-

shed served as barriers to gene-flow. As Rhizopogon spp.

are thought to be predominantly mammal-dispersed, it

remains unclear whether landscape heterogeneity would

have similar effects on air-borne meiospore-producing

mushroom population structure. In mushroom species in

which gamete dispersal is potentially in the range of

thousands of kilometers, is gene flow at distances\500 km

less constrained by distance per se than by landscape

barriers?

Patchy host distribution may also affect population

structure. Gene flow in populations of fungi associated with

plant hosts, such as mycorrhizal fungi, is tightly linked to

those plants’ distributions, as evidenced by relatively weak

structure in fungi without host preference, and relatively

strong structure in fungi whose host preference is narrow.

In a study of the generalist wood rotting fungus, Fomitopsis

pinicola in Europe, Hoegberg et al. (1999) found uniformly

high genetic diversity across populations with little evi-

dence for population structure, even across relatively large

distances (Russia to Switzerland). This study is consistent

with numerous others showing little to no geographic

effects on population structure in host-generalist pathogens

(i.e. Heterobasidion annosum (Stenlid 1985) and Armil-

laria gallica (Saville et al. 1996)). These run counter to

studies of fungi with narrow host-preference. Thrall et al.

(2002), suggest that the host-specificity of Melampsora

lini, and the patchy distribution of the host Linum mar-

ginale explain restricted gene flow in that system.

Similarly, Parrent et al. (2004) found significant structure

in populations of the wood decaying fungus Datronia

caperata, a mangrove specialist, in fragmented patches of

its Laguncularia racemosa host.

We use Tricholoma matsutake, an edible and medici-

nal mushroom as our study species. This mushroom has

been revered in Japan for centuries for its distinguished

flavor, medicinal properties and iconic significance

(Hosford et al. 1997; Redhead 1997). The last century

saw dramatic declines in Matsutake fruiting bodies in

Japan, and by the early 1980’s Matsutake productivity

had declined to less than 20% of its pre WWII levels

(Redhead 1997). The reasons for this decline may be

found in the deforestation of many parts of Japan linked

to increasing urbanization and the aggressive attacks on

P. densiflora by the pine wood nematode (Hosford et al.

1997). Furthermore, efforts to cultivate this species have

not been successful. Scarcity combined with an unflag-

ging demand by Japanese consumers has made Matsutake

among the most sought after and expensive mushrooms

in the world: in the 1990’s, at the start of the mushroom

season, wholesale prices in Japan reached as high as

US$1,275/kg (Yun et al. 1997). As the mushroom harvest

declined in Japan, imports of T. matsutake soared. By

1986, Yunnan province began to export fresh Matsutake

to Japan and is now among the largest exporters in China

(He 2003).

Previous studies have examined IBD patterns of this

Asian species, at both larger and smaller spatial scales.

Chapela and Garbelotto (2004) demonstrate a significant

IBD pattern at a continental scale, whereas Xu et al. (2008)

find a positive correlation between genetic and geographic

distance in populations separated by up to 1,100 km. While

the latter study examined possible divergence correlated

with elevation, no significant pattern emerged. A study by

Lian et al. (2006) of seven T. matsutake fairy rings located

within 500 m found no correlation between geographic

distance and relatedness.

The main goal of our study was to determine what role

landscape features play in T. matsutake population struc-

ture at distances not likely to be constrained by meiospore

dispersal potential. Specifically, we test whether a high

treeless mountain ridgeline is equal or more significant

barrier to gene flow as distance. High ridgelines may rep-

resent a barrier to gene flow of this host-dependent fungus

for several reasons including the lack of any possible tree

hosts and adverse environmental conditions, such as

increased UV radiation shown to reduce the viability of its

air-dispersed propagules (Rotem and Aust 1991; Smits

et al. 1996). In order to test our hypothesis, we study the

genetic structure of EM populations within and between

adjacent watersheds separated by treeless high mountain

ridges.
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Materials and methods

Site description

The dramatic topography of northwest Yunnan was caused

by the latest and most substantial uplifting event of the

Tibetan plateau 1.1–0.6 Ma, concurrent with increased

moisture and watercourse diversification (Zhang and Wu

2000). The resulting gorges create habitat islands in low-

lying watersheds nestled among Himalayan ridgelines.

While this region of China boasts the highest tree line in

the Northern hemisphere at 4,900 m (Miehe et al. 2007),

tree line within the study area generally ends at 3,900 m

with an abrupt shift from Quercus spp. shrubs (which are

potential T. matsutake hosts) to alpine meadows and scree

(Salick et al. 2004). Short East–West geographic distances

are punctuated by substantial physical vicariances and

habitat discontinuities as in the mountain slope where

Yubeng and Yemen are located (Fig. 1), which rises

4,740 m from river to glacial mountain peak in only

10 km. We sampled two groups of populations, one located

within the Mekong River watershed and one located within

the Yangtze River watershed: the first one comprises three

populations, while five populations were sampled in the

latter. Study sites are located in Weixi, Deqin and Shangri-

la counties, NW Yunnan province, and were purposely

selected for known high productivity of T. matsutake

mushrooms.

Whereas vegetation type and plant community assem-

blage are profoundly affected by elevation and aspect

(Salick et al. 2004), there are no major differences in forest

environments between the river watersheds sampled, which

are separated by less than 100 km.

Sporocarp samples

Two hundred nine mushrooms, (nine to thirty-nine per site;

Table 1) were collected for this study. Sporocarps were

found in mixed conifer deciduous forests predominated by

Pinus spp. and Quercus spp. in the overstory. Each

mushroom was identified based on morphological charac-

ters. Species identification for a subset of samples was also

verified by sequencing a portion of the nuclear ribosomal

operon called the internal transciber spacer (ITS) using

primers pair ITS1f and ITS4 (White et al. 1990) and by

comparing the resulting DNA sequences with sequences

deposited in GenBank through the BLAST algorithm on

the NCBI GenBank website (www.ncbi.nlm.nih.gov).

Mushrooms were cut into thin strips and dried in silica gel

in vacuum chambers. Voucher specimens were deposited

with the Kunming Institute of Botany herbarium (KIB). We

attempted to sample comparable distances within and

between watersheds, and sites were chosen at the Northern

and Southern limits of T. matsutake distribution within

each watershed.

DNA isolation

Approximately 10 mg of dry mushroom material was

removed from the stipe and incubated in 50 ll of Extrac-

tion Solution from the Extract-N-Amp Plant PCR Kit

(Sigma Aldrich) for 10 min at 65�C followed by 15 min at

Fig. 1 Diqing Prefecture in NW. Yunnan Province, China: 27.6�N,

99.5�E. Broken lines are rivers. Major watersheds are (left to right)
the Salween, Mekong and Yangtze Rivers. Closed circles denote sites

where mushrooms were collected: Jidi,1; Nixi, 2; Xiao Zhongdian

(XZD), 3; Puja, 4; Pan Tien Ge (PTG), 5; Yubeng, 6; Yemen, 7;

Louji, 8. Dark grey is above the 3,900 elevation contour which

roughly corresponds with treeline. Black arrows model the shortest

route between populations below treeline (3,900 m): denoting ‘‘land-

scape distance’’

Table 1 Synopsis of within-population statistics

Population n Loci out

of HWE

H(e) H(o) Genotype

diversity

IA

Jidi 34 2 0.36 0.30 0.76 0.08

Nixi 35 0 0.34 0.33 0.86 0.23

Puja 24 2 0.34 0.32 0.80 0.04

XZD 29 1 0.39 0.40 0.76 0.49

PTG 39 0 0.39 0.44 0.90 0.61

Yemen 19 1 0.50 0.42 0.74 0.68

Yubeng 18 1 0.46 0.42 0.56 0.40

Louji 9 0 0.56 0.41 0.95 0.08

Mean 25.8 0.87 0.42 0.38 0.79 0.33

n number of individuals sampled, HWE Hardy Weinberg equalibrium,

H(e) heterozygosity expected under HWE, H(o) heterozygosity

observed, IA index of association
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95�C. Fifty ll of Dilution Solution was added and vortexed

briefly. Genomic extracts were diluted fivefold in 0.19 TE

buffer (10 mM Tris pH 8.0, 1 mM EDTA–Na) and stored

at -20�C for subsequent PCR.

Genotyping

Six variable single nucleotide polymorphism (SNP) mark-

ers were designed based either on the shotgun clone library

sequence published by Xu et al. (2007), or on a clone library

sequence contig from a microsatellite enrichment described

below. TmRC 4 and TmRC 17 are respectively, 455 and

429 bp long (Xu et al. 2007) while TmSNP 8, is 346 base

pair fragment located adjacent to a microsatellite sequence

identified in this study. TmSNP 8 was amplified using the

primer pair TmSNP 8 forward: (TGGGTTGGGTTGT

ATCCATTTAT) and TmSNP 8 reverse: (AAAGTGCTC

AGACTACCCCTCTT) with conditions as follows: 1 ll

DNA was added to a PCR reaction containing 1 lM each

primer, 1.5 mM MgCl2, 200 lM of each dNTP. 0.75 units

of Taq DNA polymerase was added to a total volume of

30 ll for TmRC 4, and 0.25 units of Taq was added to a

final volume of 10 ll for TmSNP 8. PCR reactions were

initially denatured at 95�C for 30 s followed by 35 cycles

of 10 s at 95�C, 30 s at 55�C, 30 s at 72�C and a final

extension of 5 min at 72�C. Restriction enzymes compli-

mentary to a single SNP allele and nowhere else on the

DNA fragment were selected for PCR-RFLP genotyping

assay. TmRC 4 was digested with AciI, AleI, EcoRI and

SphI restriction enzymes, and TmSNP 8 was digested with

BstBI restriction enzyme (New England Biolabs, Ipswich,

USA). Eight ll of PCR product were added to two units of

restriction enzyme and 2 ll of 109 reaction buffer, and

reactions were incubated for 6 h at 37�C. Reactions were

electrophoresed in 2% agarose in 19 TAE and scored as

codominant markers.

A SNP located on the fragment TmRC 17 (Xu et al.

2007) which was not compatible with PCR RFLP analysis

was assayed via Tetra-primer ARMS-PCR (Ye et al. 2001),

a protocol in which four primers are used to differentiate

codominant genotypes. Two ‘‘outer’’ primers flank a T/C

transition mutation site, TMSP17forward: (GCTCGTCTC

AAGCTTTGTTGTGATTTAA), and TMSNP17reverse:

(CTGCAGTGATTTATCATCCTCCAAGAGA), produc-

ing a 429 bp fragment. Each overlapping hemi-nested

primer amplifies only in the presence of a specific allele.

TMSNP17_C: CTCAGACATTGTCAATCTTGAATTT

CCTG produces a 292 bp fragment in the presence of a

‘‘C’’ allele, whereas TMSNP17_T: CAGCTCACTATCC

AGACTTCAAACTTCCAT produces a 196 bp fragment

in the presence of a ‘‘T’’ allele. One ll genomic DNA was

added to a 10 ll PCR reaction containing 1 lM of each

inner primer, 0.1 lM of each outer primer, 2.5 mM MgCl2,

200 lM of each dNTP, and 0.25 u Taq DNA polymerase to

a total volume of 10 ll. PCR reactions were amplified

using the following touchdown thermocycling protocol:

initial denature at 95�C for 30 s followed by 10 cycles of

10 s at 95�C, 30 s at 69�C (-1�C each cycle), 30 s at 72�C,

95�C for 30 s followed by 25 cycles of 10 s at 95�C, 30 s

at 59�C, 30 s at 72�C and a final extension of 5 min at

72�C. PCR products were electrophoresed and scored as

above. Amplicon sequences from a subset of these geno-

types were compared with sequence data to confirm that

this tetra-primer ARMS-PCR was robust and consistent.

Prior to genotyping using methods outlined above,

several different molecular markers were assayed for var-

iation among samples from this study. Ten microsatellite

markers described by Lian et al. (2003) for a Japanese

population of T. matsutake were tested on a large subset of

isolates. Of those loci, only one: TM16, showed variation

in a mono-nucleotide repeat motif. These loci were not

used for subsequent analyses.

A microsatellite enrichment library was constructed in

the Glenn Laboratory (University of Georgia) and screened

following the protocols of Glenn and Schable (2005).

Thirty-five primer pairs were used to amplify genomic

DNA from one mushroom isolate from the eight sampling

locations. None of these microsatellites showed polymor-

phism, and were not used in subsequent analyses.

Data analysis

Multilocus genotypes were compiled, and chi-square tests

comparing observed and expected heterozygosities were

conducted in GenAleX 6 (Peakall and Smouse 2006)

(Table 1) to determine conformance to Hardy Weinberg

equilibrium.

The analysis of molecular variance (AMOVA) was used

to determine where molecular variance is partitioned

within a hierarchical framework. Because we were inter-

ested in determining the role of topography on population

substructure, our hierarchy was constructed to test variance

among populations as well as among watersheds. This

series of analyses was conducted in GenAleX 6 with 9,999

permutations.

Statistical independence of loci was examined by testing

linkage disequilibrium between pairs of SNP markers in

GENEPOP on the Web (Rousset and Raymond 1995).

A second test of linkage disequilibrium: the index of associ-

ation (IA) was calculated using the program MULTILOCUS

(Agapow and Burt 2001). The IA tests the independence of

alleles across multiple loci within individuals, with confi-

dence statistics computed by comparing observed frequencies

against a randomized data set. The IA statistic may be used to

infer reproductive strategies, since significant multi-locus

linkage may be the result of clonal populations.
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Pairwise population differentiation was calculated using

two methods. Fisher’s exact test for genotypic differenti-

ation compares multilocus allele frequencies between

populations using a chi-square test of significance. Because

this test accounts for allele identities in the analysis, we

prefer it for SNP analyses where only two alleles are

possible. The second test of pairwise population differen-

tiation used was Fst, which uses homozygosity levels to

infer rates of dissimilarity between pairs of populations.

This test is more common, and was used here to enable

direct comparisons with other studies.

A topographical model of hypothetical dispersal paths

within Matsutake habitat was calculated as the ‘‘landscape

distance’’ between populations below the 3,900 m treeline

(Fig. 1). Distances were calculated using a 30 m digital

elevation model in ArcGIS 9.2 (ESRI, Redlands, CA,

USA). Paths between populations at elevations higher than

3,900 m were excluded using Cost Distance in ArcGIS 9.2

Spatial Analyst. Resulting distances, in these cases, fol-

lowed the 3,900 m elevation contour around high ridges

(see Fig. 1 for simplified landscape distance routes, and

Table 2a for distances). Euclidian distance was measured

as horizontal distance between populations.

We examine the correlation between these distance

measurements and population genetic dissimilarity via a

Mantel’s test. These were calculated with 10,000 permu-

tations using the online version of GENEPOP with log-

transformed pairwise Fst (Rousset 1997), with 100 batches,

1,000 iterations per batch as described in Goudet et al.

(1996).

Results

Within-population genetic data

All loci were found to be polymorphic across populations.

The locus at EcoRI was located on fragment TmRC 4

within 200 bp of loci at AleI and AciI and found to be in

linkage disequilibrium with those two loci in the majority

of the populations, therefore subsequent population genetic

analyses used only the TmRC 4 fragment SNP loci located

at the SphI, AleI, and AciI restriction sites. Sample size per

population and within-population statistics are presented in

Table 1.

Population structure

Significant pairwise population genotypic differentiation

(Fisher’s exact test) was detected among some populations

located in different watersheds (Table 2b). Populations

within watersheds showed no differentiation regardless of

distance except in one pairwise comparison of the two most

distant populations in the Mekong river watershed: Pan

Tien Ge and Yubeng. The two sites were 125.8 km apart,

characterized by an Fst of 0.03 and significant genotypic

differentiation (v2 23.76, DF 10, P = 0.01). Between all

populations, Fst values ranged from 0.001 to a maximum of

0.112.

Landscape distances were comparable to geographic

distances within watersheds, but were higher for between-

watershed comparisons (maximum 256 km, Fig. 1;

Table 2a). Mantel test showed significant positive correla-

tion between genetic dissimilarity (Fst/(1-Fst)) and

landscape distance (Log km) between populations r = 0.57,

P = 0.002, slope = 0.19 (Fig. 2). Euclidian distance,

however, did not significantly correlate with genetic distance

r = 0.41, P = 0.12, slope = 0.18 (Fig. 2).

Variance partitioning as determined by AMOVA anal-

ysis determined that most (91%) genetic variation was

found within populations. Less, though significant, varia-

tion (7%) was also found among watersheds. A small

amount (2%) of molecular variance was detected among

populations in general (Table 3).

Table 2 Pairwise comparisons of T. matsutake populations

a, Pairwise Distance (k)
Jidi Nixi XZD Puja Louji PTG Yemen Yubeng

Jidi X 15.5 50.9 18.5 59.2 79.1 70.2 95.5
Nixi 15.5 X 65.6 26.6 77.2 84.6 59.4 79.9
XZD 50.9 65.6 X 58.1 75.4 64.6 106.1 141
Puja 18.5 26.6 58.1 X 66.5 96.5 85.1 103.7
Louji 62.7 77.2 75.4 66.5 X 110.4 130 152.7
PTG 142.7 140 72.5 130.1 130.6 X 82.3 125.8
Yemen 225 223.2 155.6 213.2 212 82.3 X 43
Yubeng 268.5 266.5 197 256.5 256 125.8 43 X

b, Genetic/Genotypic Dissimilarity
Jidi Nixi XZD Puja Louji PTG Yemen Yubeng

Jidi X 0.008 0.043 0.001 0.007 0.075 0.02 0.112
Nixi 0.33 X 0.002 0.001 0.016 0.025 0.013 0.095
XZD 0.54 0.61 X 0.006 0.04 0.01 0.026 0.101
Puja 0.23 0.98 0.27 X 0.005 0.037 0.008 0.092
Louji 0.43 0.9 0.33 0.43 X 0.03 0.003 0.051
PTG 0 0.13 0 0.21 0.53 X 0.01 0.03
Yemen 0.3 0.15 0.02 0.16 0.73 0.26 X 0.025
Yubeng 0 0 0.04 0 0.07 0.01 0.13 X

Comparisons of populations located within the same watershed are

shaded in grey, comparisons in different watersheds are in white.

Distances between population pairs (a) are depicted as follows: above

the diagonal, geographic distances between pairs; below the diagonal,

landscape distance, the shortest route between population below the

3,900 m treeline. Population genetic/genotypic dissimilarity (b) is

depicted as follows: above the diagonal, Fst values are listed; below

the diagonal p values of Fisher’s exact test of pairwise population

genotypic differentiation. Comparisons significant at P B 0.05 are

shaded black. Pan Tien Ge and Yubeng were the only populations

located in the same watershed to show significant genotypic

dissimilarity
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Discussion

In this study, we show that the relationship between land-

scape and genetic affinity is an important determinant of

ectomycorrhizal (EM) population structure in heteroge-

neous landscapes. Low Fst values, insignificant Fisher tests

of genotypic differentiation, and ‘‘among-populations’’

AMOVA results provide evidence of close genetic affinity

among populations within watersheds. Only slight variance

(2%) was partitioned among populations within water-

sheds, a relatively small value compared to measures of

variance among the other hierarchical categories. Pairwise

genotypic differentiation was only found between two

populations within the Mekong watershed located 125 km

apart. These findings, in conjunction with positive (though

statistically insignificant) Mantel’s correlations suggest

detectable isolation-by-distance patterns manifest in the

absence of topographical boundaries, albeit at greater dis-

tances. It is probable that had we increased either our

sample size or the maximum pair-wise distance within

watersheds we may have found such a relationship.

This study is among the first to specifically address the

role played by topographic features in determining the

genetic structure of populations of a fungal species. Pair-

wise Fst values as high as 0.112 as well as significant tests of

genotypic differentiation among pairwise comparisons of

populations in different watersheds provides evidence that a

high ridgeline (elevation [ 4,500 m) may be an effective

barrier to gene flow among populations. This conclusion is

also supported by results of the AMOVA analysis indicating

that a significant, percentage of molecular variance was

partitioned between watersheds. A relatively low differen-

tiation between watersheds would be expected of

populations, such as the ones studied here, that would have

parted from a common founding population only recently,

as post ice-age warming allowed for the recolonization of

high altitude watersheds from lower areas (Hewitt 1996).

This would also result in relatively low levels of genetic

diversity within Yunnan province. Our difficulty obtaining

polymorphic microsatellite markers for this study, and the

low allelic variation of ribosomal-coding sequences in

Yunnan T. matsutake reported by Sha et al. (2007) might fit

this model. These results, however, are somewhat contra-

dictory to the relatively abundant SNP diversity found in

this study and in that of Xu et al. (2008). This discrepancy

might be further investigated as more is understood of the

T. matsutake and related genomes.

Using Mantel correlations, we tested two dispersal

scenarios: a strict IBD model in which spore dispersal is

not constrained by landscape features, and an isolation by

landscape model in which Matsutake spore dispersal is

constrained to stepwise dispersal within the geographic

range of its host. Although the slopes of these correlations

do not differ dramatically, we found that landscape dis-

tances better predict genetic dissimilarity than do euclidian

distance measurements. It should be noted that despite our

best efforts, replication between and within watersheds was

imperfect. Our results are consistent with previous studies

of host-dependent microbes that have found correlations

between habitat discontinuities and population structure

where host gaps may restrict gene flow (Thrall et al. 2002;

Parrent et al. 2004). Although basidiospore production in

mushrooms is both prolific and potentially far-ranging,

most spore dispersal studies demonstrate steeply declining

densities over short distances (Morkkynen et al. 1997;

James and Vilgalys 2001). The rarity of long-distance

dispersal is exacerbated by low probability of subsequent

Fig. 2 Mantel tests demonstrate a positive correlation between

geographic distance (X axis Log distance km) and population

dissimilarity Fst/(1 - Fst) values (Y axis). The slope of the correlation

between population comparisons measured using landscape distance

(a, see text for details) was significant, P = 0.002, and had a higher

correlation coefficient: r = 0.57 than did Euclidian geographic

distances between populations r = 0.41, which was not significant

P = 0.12

Table 3 AMOVA (Analysis of

molecular variance) results

within and among watersheds

and populations of T. matsutake
in Diqing prefecture

Source df Sum of

squares

Variance

components

Percent Stat Value P-value

Between watersheds 1 5.550 0.047 7 URT 0.067 0.012

Among populations 6 0.963 0.013 2 UPR 0.020 0.051

Within populations 199 0.637 0.637 91 UPT 0.086 0.010
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establishment. Because habitat and elevation are inextri-

cably correlated in NW Yunnan, we were unable to isolate

the biological from the environmental determinants. It is

equally possible that landscape distance correlates better

with genetic dissimilarity because viable spores are less

likely to disperse across high topographical features

regardless of whether or not suitable habitat is present.

Mycophagous mamalls (including Rhinopithecus bieti, the

Yunnan snub-nosed monkey, acording to local observers)

and human harvesters may also play some role in medium

and long distance T. matsutake dispersal, respectively.

High rates of heterozygozity and recombination in

T. matsutake at small spatial scales, and the fact that 91%

of molecular variance was partitioned within populations

are consistent with dispersal via sexually-produced basi-

diospores. This dispersal scenario concurs with the results

of Murata et al. (2005), who found no correlation between

T. matsutake genetic similarity and distance at spatial scales

\500 m using inter-retrotransposon amplified polymor-

phism analysis. Furthermore, our IA analysis (Table 1)

showed lack of any significant linkage between loci, a

pattern consistent with a mode of reproduction favoring

sexual recombination. Five populations did have at least

one locus with an excess of homozygotes, however. This

pattern could be explained by markers that are not selec-

tively neutral or non-random mating including inbreeding.

Recognizing patterns of gene flow is essential to pre-

serving biodiversity at many levels. We use population

structure measurements as a proxy for measuring gene

flow, although population structure may result from several

other factors aside from gene flow per se. Our results

indicate that watersheds separated by treeless ridge tops in

NW Yunnan province may contain genetically distinct

populations of Matsutake, each of which contributes novel

genetic variation to a larger metapopulation. Furthermore,

our understanding of disperal in mycorrhizal fungi is fun-

damental to understanding spatial-temporal patterns in

recolonization of degraded habitats and tree plantations.

This study identifies a scale at which fungal recolonization

may occur by propagules originating from different loca-

tions: a scale correlated with the dispersal ability of the

studied organism, and with the topographic features of an

area. We find population genetic affinity is better predicted

by distances within watersheds compared to distances

across ridgetops, suggesting gene-flow is less restricted

among fungal populations with intervening and continuous

host plant range. Although the within-watershed results

need to be replicated, this study showed that the IBD model

may apply to T. matsutake for distances over 125 km, and

provided some of the first evidence that the isolation by

landscape model applies to fungi. Whether high ridges are

a barrier to fungal dispersal because of lack of the host or

because of unfavorable environmental conditions could not

be studied here and warrants further consideration.

Finally, our results also enrich the literature on what

constitutes an effective gene-flow barrier for a microbe. It

appears that for a host-dependant microbial symbiont like

T. matsutake, barriers for host dispersal may also represent

barriers for the microbe. This finding has important

implications for the understanding of evolutionary pro-

cesses in microbes like the fungi, and provides some fodder

for the ongoing debate as to whether or not ‘‘Everything is

everywhere’’ in microbial biogeography (Baas-Becking

1934).
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