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Abstract

The dry rot fungus Serpula lacrymans is a devastating basidiomycete occurring in

wooden constructions in temperate regions worldwide. In this study, we compare the

genetic structures of two invasive populations from Europe and Japan. Microsatellite

data from 14 loci and DNA sequences from four loci demonstrated that the two

populations were highly differentiated. Significant isolation by distance effect was

observed in Europe and Japan. Higher genetic variation was observed within the

Japanese population than within the European population, corresponding with the

observed higher richness of vegetative compatibility types in Japan, indicating that there

has been a higher level of gene flow from the Asian source populations to Japan than to

Europe. The European population is genetically more homogenous with only six detected

vegetative compatibility types. Various tests indicate that both the European and the

Japanese populations have gone through population bottlenecks prior to population

expansion. No identical multi-locus genotypes were observed within Japan and very few

within Europe, indicating limited clonal dispersal. Deviations from Hardy Weinberg

expectations were observed both in Europe and Japan and heterozygote excess were

observed at several loci, especially in Europe. Possible explanations for this pattern are

discussed.
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Introduction

The dry rot fungus Serpula lacrymans (Wulfen: Fr.)

Schroeter apud Cohn is a severe destroyer of wooden

building materials in temperate regions worldwide

(Harmsen 1960; Jennings & Bravery 1991; Schmidt

2006). It has an outcrossing (heterothallic) reproductive

mode (Harmsen 1960; Schmidt 2006) and is able to pro-

duce and spread an enormous amount of basidiospores.

It is also capable of local vegetative colonization by rhi-
nce: Ingeborg Bjorvand Engh, Fax: 22 85 47 26;

bj@bio.uio.no
zomorphs (i.e. aggregated hyphal structures). Being a

widespread aggressive indoor biodeterioration agent, it

has only been found a few times in natural environ-

ments (Kotlaba 1992; White et al. 1997). It is still not

known when the fungus established in buildings, but it

was probably in connection with the establishment of

more permanent human settlements with wooden con-

structions and thus the dry rot fungus probably has a

short evolutionary history in indoor habitats (Kauserud

et al. 2007).

Genetic studies of S. lacrymans have shown that main-

land Asia holds a higher level of genetic variation com-

pared to other regions, indicating that the fungus
� 2010 Blackwell Publishing Ltd
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probably originated and spread out from mainland Asia

and colonized suitable indoor habitats in other parts of

the world rapidly, influenced by human activities (Ka-

userud et al. 2007). This study also showed that the

European and Japanese populations probably represent

independent colonization events from the source popu-

lations and that specimens from other temperate

regions such as Australia and North America are genet-

ically of the European type. By using multi-locus

sequencing, AFLPs and SSRs it has been shown that

there is very little genetic variation in the European

population (Kauserud 2004; Kauserud et al. 2004, 2007).

In correspondence with the low level of genetic varia-

tion, only six vegetative compatibility (VC) types have

been detected (Kauserud et al. 2006). A low level of

genetic variation has also been reported from the Japa-

nese population by using ITS sequences and RAPD

analysis (Horisawa et al. 2004), but the richness of VC

types in the Japanese population is unknown.

In fungi, the vegetative incompatibility system regu-

lates self ⁄ nonself recognition (Rayner et al. 1984) and

vegetative incompatibility is associated with genetic dis-

similarity in the vegetative incompatibility (vic) loci

(Malik & Vilgalys 1999). Vegetative incompatibility is

thought to provide a protective mechanism to prevent

transmission of infectious cytoplasmic elements, such as

mycoviruses and senescence plasmids and avoid exploi-

tation by ‘aggressive’ genotypes (Hartl et al. 1975; Worr-

all 1997; Milgroom & Cortesi 1999). A limited number

of mating (MAT) alleles might also have been intro-

duced to Europe (Schmidt & Moreth-Kebernik 1991),

implying that only a fraction of the occurring matings

results in the establishment of new dikaryotic mycelia.

Serpula lacrymans has not been found in nature in

Japan and only a few times in Europe. These findings

probably represent re-naturalization events from build-

ings (Kauserud et al. 2007). Hence, both populations can

probably be regarded as genuine invasive and usually

associated with building environments. Also in other

fungal taxa, such as Mycosphaerella graminicola (Stuken-

brock et al. 2007) and Paracoccidioides brasiliensis (Fisher

et al. 2001) it has been demonstrated that population

divergence probably coincided with the emergence of

human civilizations and could have been promoted by

human activity.

In the present study we aimed to analyse and com-

pare the level of genetic variation and structure in the

European and the Japanese invasive populations of S.

lacrymans in order to answer the following questions: (i)

To what degree are the two populations genetically dif-

ferentiated from each other? (ii) Can any genetic sub-

structure be observed within the two populations? (iii)

Is the Japanese population, which is geographically clo-

ser to the presumed source populations, genetically
� 2010 Blackwell Publishing Ltd
more variable? (iv) Is this reflected in a higher number

of VC types in Japan? (v) Are the two populations in

genetic equilibrium? (vi) What is the extent of clonal

dispersal in the two populations?
Materials and methods

We investigated 77 isolates of S. lacrymans from Japan

and 67 from Europe (Table S1, Supporting Information)

which includes all specimens from Kauserud et al.

(2006) and Horisawa et al. (2004). All the analysed iso-

lates were dikaryotic, which was checked by observing

clamp connections using microscopy.

We confronted six European and 68 Japanese isolates

on Petri dishes with malt extract agar in all combina-

tions to determine their VC type. The VC types of all

European isolates were known from an earlier study

(Kauserud et al. 2006). European tester strains, one rep-

resenting each of the six different VC types, were con-

fronted with the Japanese isolates. In Kauserud et al.

(2006) it was hypothesized that two bi-allelic vic loci

accounts for the VC type diversity observed in S. lacry-

mans in Europe and the genotype for each VC type was

inferred. This made us able to investigate whether link-

age occurs between any of the analysed microsatellite

loci and the two putative vic loci.
Molecular analyses

DNA was extracted from all cultures following a 2%

CTAB (cetyl trimethylammonium bromide) miniprep

method described by Murray & Thompson (1980) with

minor modifications: DNA was resuspended in 100 lL

distilled sterilized H2O at the final step of extraction.

The internal transcribed spacer (ITS) nrDNA region

and parts of the beta tubulin (tub), glyceraldehyde-3-

phosphate dehygrogenase (gpd) and translation elonga-

tion factor 1a (tef) regions were PCR amplified from all

the Japanese isolates and from six of the European iso-

lates, as specified in Kauserud et al. (2007). Only six

European isolates were sequenced in this study since

European isolates analysed earlier have been shown to

be genetically highly homogeneous at various

sequenced loci (Kauserud et al. 2007).

Fourteen microsatellites, developed by Högberg et al.

(2006) for S. lacrymans, were PCR amplified in reac-

tions containing 2 lL of 100X diluted template DNA,

0.2–0.6 lL each of forward and reverse primers (5 lM

stocks), 0.2 lL of dNTPs (10 lM stock), 1 lL of 0.4%

bovine serum albumin, 1 lL of tetramethylammonium

chloride, 1 lL of Dynazyme II Hotstart 10x reaction

buffer, 1.0 U Dynazyme II Hotstart polymerase and

milli-Q water to 10 lL total volume. Although all pri-

mer pairs amplified sufficient product for detection
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using 1.5 mM MgCl2 per reaction, 1.0 mM was found

to result in reduced stutter in peaks for the primers

amplifying microsatellites 9 and 14. These microsatel-

lites were therefore amplified with Dynazyme II, Mg-

free buffer and MgCl2 supplied by the manufacturer.

All samples were amplified using the following PCR

protocol: 10 min at 94 �C; followed by 35 cycles of 20

s at 94 �C, 20 s at 55 �C, and 20 s at 72 �C; followed

by a 20 min extension at 72 �C and an indefinite hold

at 4 �C. The microsatellite amplicons were run with a

combination of two to four primer pairs labelled with

different fluorescent tags (FAM, VIC, PET, NED). Elec-

trophoresis of the PCR products was done on an ABI

3730 (Applied Biosystems) sequencer. The samples

were loaded together with 0.3 lL of GeneScan 500 LIZ

(Applied Biosystems) size standard and 5.7 lL HiDi

formamide (Applied Biosystems) to a total volume of

10 lL. Injection time was set to 15 s. All results were

scored using GENEMAPPER version 4.0 (Applied Bio-

systems).
Phylogenetic and statistical analyses

A Bayesian clustering approach implemented in the

program STRUCTURE version 2.2.3 (Pritchard et al. 2000),

employing the computer cluster at the Bioportal at the

University of Oslo, was used to infer population struc-

ture in the microsatellite dataset. The number of popu-

lations was estimated using 106 iterations and a burn-in

period of 105 iterations. The number of populations (K)

was estimated performing ten replicates of each compu-

tation of K, from K = 1 to K = 18. STRUCTURE was set up

with a model assuming no admixture between the Japa-

nese and European individuals. A hierarchical structure

analysis was run on groups detected after the first run

to identify further sub-structure within these groups,

using the same parameters as for the first runs, but

restricting K to 1–9. The statistical package R version

2.8.0 was used to summarise outputs of STRUCTURE using

a collection of R functions, STRUCTURE-SUM as described in

Ehrich et al. (2007).

Population genetic analyses of the microsatellite data

set were performed using ARLEQUIN 3.11 (Excoffier et al.

2005). To test for differentiation between European and

Japanese isolates AMOVA analysis was performed and

FST was computed for all loci for the two geographic

groups. Genotypic linkage disequilibrium was com-

puted for all pairs of loci. Deviation from Hardy-Wein-

berg equilibrium was estimated with GENEPOP (Raymond

& Rousset 1995) using tests for heterozygote deficit and

heterozygote excess. In the program POPULATIONS 1.20.30

(Langella 1999), a neighbour joining tree was computed

from the microsatellite data based on allele-sharing dis-

tances between all isolates.
From the microsatellite data, we calculated the M-

ratio, i.e. the ratio of the number of alleles to range in

allele size (Garza & Williamson 2001) using the soft-

ware M_P_VALUE. An equilibrium distribution of M is

simulated, according to the method described in Garza

& Williamson (2001) with assumed values for the three

parameters of the two-phase mutation model: theta = 4

· effective population size · mutation rate, ps = mean

percentage of mutations that add or delete only one

repeat unit (the program uses ps-1) and deltag = mean

size of larger mutations. We used theta = 4, but our

results were stable for different values. Furthermore,

we used ps = 0.88 and deltag = 2.8 as input parameters

based on a survey of empirical mutation data from the

literature (Garza & Williamson 2001). The calculated

value is then ranked relative to the equilibrium distri-

bution. According to Garza & Williamson (2001), there

is evidence of a significant reduction in population size

if less than 5% of the replicates are below the observed

value.

Due to the dikaryotic stage of the isolates, heterozy-

gous sites (with two nucleotides in same position)

appeared in many sequences obtained from Japanese

isolates. In order to use the information in the heterozy-

gous sequence sites and thus calculate more accurate

estimates of molecular variation, haplotype datasets

were constructed for both DNA regions following the

procedure given in Kauserud et al. (2007). Descriptive

statistics of the level of polymorphism (such as p and

k), as well as tests of neutrality (Tajima’s D and Fu &

Li’s F* and D* tests) will not be affected as these statis-

tics are based on polymorphic sites per se and not hapl-

otypes. Nucleotide diversity p (average number of

nucleotide differences per site) and k (average number

of nucleotide differences per sequence) were calculated

for each of the four sequenced loci using the program

DNASP version 4.50.2 (Rozas et al. 2003). To test for devi-

ation from neutral evolution, we performed Fu and Li’s

D, Fu and Li’s F and Tajima’s D tests for all four loci

using DNASP.

The presence of multiple heterozygous positions in

the diplophase sequences makes it problematic to con-

duct phylogenetic analyses. For example, in parsimony

analyses, a high level of heterozygous sites in a dataset

(leading to a high level of homoplasious characters)

results in a high number of trees and most branches

collapse in the resulting strict consensus tree. Due to

the nature of the data (i.e. polymorphic intraspecific

molecular variation), we found it appropriate to per-

form distance-based NJ analysis. In this analysis, a dip-

lophase sequence including heterozygous sites (e.g.

‘AYR’) will be placed intermediately between the corre-

sponding homozygous sequences (‘ACA’ and ‘ATG’),

which better illustrates the intraspecific molecular
� 2010 Blackwell Publishing Ltd
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variation. NJ trees were constructed from diplophase

sequences using PAUP* (Swofford 2000).

We constructed a data set of SNPs using the vari-

able sequence sites where the rarer allele had a fre-

quency above 0.1 (representing all four sequenced

gene fragments). The nucleotides were recoded (11, 12,

22) and deviation from Hardy–Weinberg equilibrium

and linkage disequilibrium was computed employing

GENEPOP.

All new sequences have been deposited in GenBank

under the accession nos. GU196372–GU196684 (see

Table S1 for details, Supporting Information). A few

sequences (approximately 10%) were adopted from Ka-

userud et al. (2007) while all microsatellite data were

generated for this study.
Results

Genetic differentiation and variation

The European and Japanese isolates of S. lacrymans

were clearly genetically differentiated. In an AMOVA

analysis, 47.6% of the microsatellite variation was

ascribed to between sample variation, while 52.4%

occurred within samples and an FST of 0.48, averaged

across all loci, was calculated (P < 0.0001). Based on

allele sharing indices between all isolates, a NJ tree was

constructed from the microsatellite data, demonstrating

that the isolates from the two regions clustered into two

separate groups (Fig. 1). A population genetic analysis

of the microsatellite variation using the program Struc-

ture gave K = 2, where all isolates from Japan were

clearly assigned to one group and all European to

another group, with no admixed isolates. No distinct

geographic sub-structuring of the microsatellite varia-

tion was observed within Europe or Japan in separate

STRUCTURE analyses. However, we found weak but sig-

nificant relationships between geographic and genetic

distances between isolates both within Europe and

Japan (linear regressions, P < 0.001) (Fig. 2). Within

Japan, a stronger relationship was observed, even at

more limited geographic scales.

We obtained 164 sequences of 570 base pair length

from the ITS region, 162 sequences from both the genes

encoding tub (436 bp long) and gpd (815 bp) and 140

sequences from part of the gene encoding tef (506 bp).

The European isolates had identical genotypes at both

ITS, tub and gpd but some variation was present in tef.

The European isolate SL249 had a divergent tef

sequence including nine heterozygote sites. NJ trees

were calculated from the four sequenced loci (Fig. 3),

also demonstrating a separation between the European

and Japanese populations and visualising higher degree

of variation in the Japanese sample.
� 2010 Blackwell Publishing Ltd
Higher genetic variation was observed in the Japanese

population compared to the European, both in microsat-

ellites and in the four sequenced loci (Table 1) and two

microsatellites loci were fixed in the European popula-

tion. The average gene diversity over the fourteen micro-

satellite loci were calculated to 0.44 ± 0.25 for Japan and

0.31 ± 0.17 for Europe and the average number of alleles

per locus was 3.86 ± 2.64 for Japan and 2.39 ± 2.13 for

Europe. The neutrality tests of the sequence variation

returned mainly negative values (Table 1).

The observed distribution of microsatellite allele fre-

quencies differed between the two populations

(Fig. 4a). The allele frequencies in the Japanese popula-

tion showed a typical L-shaped distribution with a long

tail of infrequent alleles, while the European population

had a smaller proportion of infrequent alleles. The cal-

culated M-ratio for the European population was 0.56

and for Japan 0.68, and none of the 10 000 simulations

in either population returned a smaller ratio.
Population genetic equilibrium

Results from calculations of population genetic equilib-

rium in the European and Japanese populations are

shown in Table 2. In the European population, two mi-

crosatellite loci showed significant heterozygote deficits

relative to Hardy–Weinberg expectations (P < 0.01),

while heterozygote excesses were observed in 10 loci,

significantly so at six loci. In the Japanese population,

seven out of 13 microsatellite loci showed heterozygote

deficit (six of them significantly so, P < 0.01), while six

loci showed heterozygote excess, five with significant

deviations (P < 0.001). One locus was fixed for one

allele in Japan. For the Japanese population, genetic

equilibrium was also investigated at six SNP markers

obtained from the four sequence datasets (three of them

occurring linked in the gpd region). Heterozygote deficit

was observed in five of the SNPs, four significantly so,

and significant heterozygote excess was found in one

(Table 2).

Significant deviations from linkage equilibrium was

observed in 9.9% of all pairs of loci in the European

population and 7.7% in the Japanese population

(P < 0.05), i.e. most alleles associate independently or

segregate independently. Concerning the SNPs, only

the three SNPs all occurring in the gpd region showed

significant linkage disequilibrium (P < 0.05).
Clonality

All isolates in the Japanese population and 70.1% of the

isolates in the European population had unique multi-

locus microsatellite genotypes. As indicated in Fig. 1,

most of the European isolates with identical multi-locus



Fig. 1 Neighbour joining tree constructed from microsatellite data based on allele-sharing distances, where the European and Japa-

nese isolates groups into two separate clusters. The isolates VC types are shown in dark squares (letters A–F for Europe and num-

bers 1–39 for Japan). The isolate names are coloured according to geographic origin (for Europe; Fennoscandia = blue, Continental

Europe = red, British Isles = green, and for Japan; Honshu = purple, Hokkaido = green).
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Fig. 2 Plots showing pairwise geographic and genetic distances in Europe and Japan, respectively and their least square regression

lines and equations. The genetic distances represent allele sharing distances calculated from microsatellite data.

Fig. 3 Unrooted neighbour joining trees

representing ITS, tub, gpd and tef

sequence data sets. European genotypes

are represented by red squares and

Japanese by blue circles. The numbers

indicate number of isolates (from the

same geographic region) with identical

sequences.
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genotypes had different VC types. Four isolates, SL210

and SL214 from Germany and SL216 and SL217 from

Norway, had both identical multi-locus microsatellite

genotypes and VC types and could hypothetically rep-

resent clones.
VC types

Based on vegetative compatibility analyses, the 68 Japa-

nese isolates could be ascribed to 38 VC types

(Table S1). None of the 38 Japanese VC types corre-

sponded to any of the six European types previously

detected (Kauserud et al. 2006). The frequency distribu-

tion of the VC types of the European and Japanese iso-

lates are shown in Fig. 4b, indicating that the majority
� 2010 Blackwell Publishing Ltd
of the Japanese isolates belongs to unique VC types,

while a few frequent VC types occur in Europe. Fig. 1

demonstrates that the VC types clustered independently

of microsatellite variation both in Europe and Japan.

Isolates sharing the same VC types had different micro-

satellite multi-locus genotypes and the few European

isolates that shared the same multi locus genotypes

belonged to different VC types, except for the four iso-

lates mentioned above.

In a test for linkage disequilibrium between the two

inferred vic loci, accounting for the VC type diversity in

the European population (see Kauserud et al. 2006) and

the 12 nonfixated European microsatellite loci, signifi-

cant deviations from equilibrium were found between

two microsatellite loci and one vic locus (vic1).



(a) (b)

Fig. 4 (a) Frequency distribution of microsatellite alleles in Europe (red bars) and Japan (blue bars). (b) Frequency distribution of

VC types in Europe (red bars) and Japan (blue bars).

Table 1 Genetic variation and neutrality tests performed for sequenced loci

Locus Region

Polymorphic

sites k p
Theta W per

sequence

Tajima’s

D

Fu and

Li’s D*

Fu and

Li’s F*

ITS Japan 6 0.63 0.0011 1.07 )0.88 0.08 )0.29

Europe 0 0 0 0 — — —

tub Japan 7 0.54 0.0013 1.25 )1.25 )1.25 )1.05

Europe 0 0 0 0 — — —

gpd Japan 25 1.91 0.0037 4.48 )1.69 )4.59* )4.12*

Europe 0 0 0 0 — — —

tef Japan 15 0.59 0.0012 2.77 )2.11* )5.23* )4.87*

Europe 10 1.67 0.0034 3.31 )2.04** )2.53* )2.73*

k = average number of polymorphic nucleotide positions per site.

p = average number of nucleotide differences per site between all pairs of haplotypes in the sample.

Theta from segregating sites (Watterson 1975).

Tajima’s D test statistic according to Tajima (1989).

Fu and Li’s D* and F* test statistics according to Fu & Li (1997).

*P < 0.05, **P < 0.01.
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Discussion

We found strong genetic differentiation between the

European and the Japanese populations of S. lacrymans.

Earlier records provided evidence for separate origins

of the two populations that represent independent dis-

persal events from the source populations in mainland

Asia (Kauserud et al. 2007). Our results demonstrate

that there has been no or little gene flow between the

two investigated regions, corresponding with the earlier

observations (Kauserud et al. 2007). We observed a very

weak but significant isolation by distance effect within

Europe, indicating that there are some limitations on

long-range dispersal within Europe. However, there has

probably only been limited time for genetic differentia-

tion to occur within Europe (Kauserud et al. 2007). A

more pronounced genetic sub-structuring was observed
at more limited geographic scales in Japan compared to

Europe, which could be due to an earlier colonization

of Japan and hence, that there has been more time for

differentiation to occur. Lack of genetic sub-structuring

has commonly been observed at comparable regional

scales in fungi spread by aerial spores (Högberg et al.

1999; Kauserud et al. 2004), but these observations may

partly arise because the utilized genetic markers have

low resolution.

We observed higher levels of genetic variation in the

Japanese population compared to the European. This

may be due to a higher rate of dispersal and gene flow

from the source populations to Japan compared to Eur-

ope. This pattern corresponds with the higher richness

of VC types observed in Japan compared to Europe.

Whilst a large proportion of European S. lacrymans gen-

ets not are able to recognize self from non-self due to
� 2010 Blackwell Publishing Ltd



Table 2 Expected and observed levels of homo- and heterozygosity in Japan and Europe for the analysed microsatellite loci

Locus

# Analysed

isolates

Japan ⁄
Europe

Japan Europe

Expected

homo-

zygosity

Observed

homo-

zygosity

Expected

hetero-

zygosity

Observed

hetero-

zygosity

Expected

homo-

zygosity

Observed

homo-

zygosity

Expected

hetero-

zygosity

Observed

hetero-

zygosity

1 67 ⁄ 64 0.63 0.76* 0.37 0.24 — — — —

2 76 ⁄ 67 0.53 0.66* 0.47 0.34 0.91 0.91 0.09 0.09

4 76 ⁄ 66 0.51 0.14 0.49 0.86* 0.77 0.74 0.23 0.26

5 71 ⁄ 67 0.26 0.01 0.72 0.99* 0.51 0.19 0.49 0.81*

6 64 ⁄ 67 0.50 0.02 0.50 0.98* 0.50 0.15 0.50 0.85*

7 76 ⁄ 65 1.14 0.96 0.04 0.04 0.48 0.12 0.54 0.88*

8 68 ⁄ 67 0.63 0.56 0.37 0.44* 0.50 0.12 0.50 0.88*

9 76 ⁄ 66 0.55 0.59* 0.50 0.41 — — — —

10 76 ⁄ 55 0.31 0.68* 0.69 0.32 0.95 0.98* 0.05 0.02

11 76 ⁄ 67 — — — — 0.97 1.00* 0.03 0.00

12 57 ⁄ 64 0.46 0.75* 0.54 0.25 0.83 0.81 0.17 0.19

13 75 ⁄ 67 0.33 0.31 0.75 0.69 0.61 0.52 0.39 0.48*

14 76 ⁄ 66 0.37 0.46* 0.63 0.54 0.66 0.64 0.34 0.36

15 70 ⁄ 67 0.46 0.04 0.50 0.96* 0.50 0.18 0.50 0.82*

*Significant deviation from Hardy–Weinberg expectations (P < 0.05).
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the limited number of vic alleles introduced to this

region (Kauserud et al. 2006), there is a far higher con-

sistency between genetic uniqueness and vegetative

incompatibility in the Japanese population. In general it

was straight forward to score the vegetative confronta-

tions as compatible or not among European isolates of

S. lacrymans, but not so with the Japanese isolates,

where a more gradual transition from compatible to

incompatible reactions was observed. This is probably

because more vic loci ⁄ alleles are involved in the vegeta-

tive incompatibility response among Japanese isolates

compared to the European isolates, putatively making

the phenotypic reaction more variable. It has been

hypothesized that only two bi-allelic vic loci govern the

vegetative incompatibility response among European

isolates (Kauserud et al. 2006). Our findings mirror the

observations of VC type richness in the plant pathogen

Cryphonectria parasitica, where a high diversity was doc-

umented from China and Japan (Liu & Milgroom 2007),

while fewer types are present in founder populations in

Europe (Liu et al. 1996; Sotirovski et al. 2004). One inter-

esting further task would be to see whether the differ-

ent richness of VC types in the two regions, thought to

be important for hindering transmission of viruses (Cor-

tesi et al. 2001), are correlated with the amount of fun-

gal viruses. As far as we know, nothing is yet known

about the prevalence of viruses (or double stranded

RNA) in mycelia of S. lacrymans.

The frequency distribution of the microsatellite

alleles differed between the two regions, with a more

long-tailed distribution of infrequent alleles in Japan
� 2010 Blackwell Publishing Ltd
compared to Europe. Non-bottlenecked populations

that are near mutation-drift equilibrium for selectively

neutral loci are expected to have a large proportion of

alleles at low frequency, while the frequency distribu-

tion in the European population, with a few dominat-

ing alleles, is more representative of a bottlenecked

population (Luikart et al. 1998). A similar pattern was

observed in the frequency distribution of VC types,

with a few dominating VC types in Europe and a

longer tail of infrequent VC types in Japan. The calcu-

lated M-ratios indicated that both populations had

experienced significant reductions in population size.

The comparatively higher M-ratio in Japan compared

to Europe is consistent with the higher variation of mi-

crosatellites and VC types in the Japanese population.

The mainly negative values from the neutrality tests

(Tajimas’s D, Fu and Li’s D and F) also support recent

population expansions following bottlenecks in both

populations.

Our data indicate that clonal dispersal is rather rare

in S. lacrymans. All the Japanese isolates had unique

multi-locus genotypes and only four European isolates,

two from Norway and two from Germany, were geneti-

cally identical when taking information about VC type

into consideration. Correspondingly, low levels of sig-

nificant deviations from linkage equilibrium were

observed. Hence, our data indicate that dispersal by

sexual basidiospores is predominant in the indoor pop-

ulations of S. lacrymans. This may also suggest that

human mediated dispersal, by e.g. infected wood mate-

rials, plays an insignificant role, since a higher occur-
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rence of widespread clonal lineages then would have

been expected.

In both populations, we found large and significant

deviations from Hardy-Weinberg expectation in the

genotype distributions of the analysed microsatellite

loci. Whereas heterozygote excess and deficits were

about equally common in the Japanese population

across the investigated loci, there was a clear skew

towards heterozygote excess in the European popula-

tion. There could be different explanations for this

peculiar observation. During the development process

of the microsatellite markers, which was mainly based

on European isolates (Högberg et al. 2006), there were

large difficulties in finding polymorphic microsatellites

due to the genetic homogeneity among European iso-

lates. In some genomic regions, including the MAT and

vic loci, genetic variation is probably maintained

through frequency dependent selection (May et al. 1999;

Muirhead et al. 2002). In a genetically depleted popula-

tion like the European with few MAT and vic alleles

(Kauserud et al. 2006), both these loci are in theory

influenced by strong frequency dependent selection.

Only primary mycelia with different MAT alleles are

able to form dikaryons and, in theory, dikaryotic myc-

elia including rare vic alleles and therefore to a greater

extent able to recognise self from nonself and hinder

transmission of, e.g. mycoviruses, are favoured. Some

of the obtained microsatellite markers could in theory

be physically linked to these regions, which could

explain the observed excess of heterozygotes. However,

in the European population, significant deviations from

linkage disequilibrium were only detected between two

of the microsatellite loci and one of the vic loci. Since

the MAT genotypes are unknown for the investigated

isolates, we are not able to analyse the degree of linkage

between the microsatellites and the two MAT loci. The

availability of the genome sequence of S. lacrymans will

confirm whether this hypothesis holds true. In compari-

son, in the pathogen Cryphonectria parasitica low levels

of polymorphism was observed across most of the gen-

ome, but the linkage group containing the MAT locus

appeared to harbour a high level of genetic variation

(Kubisiak & Milgroom 2006).

Another explanation to the high number of heterozy-

gote excesses observed could in theory be that more

than two different nuclei exist in some of the analysed

isolates, a phenomenon observed in other basidiomycete

fungi (Johannesson & Stenlid 2004). However, more

than two microsatellite alleles would then be expected

in some of the isolates, but this was not observed.

This study has uncovered that there are differences in

the genetic composition between the two well-differen-

tiated invasive populations of S. lacrymans and that

there is a higher level of genetic variation, including VC
type richness, present in Japan. One interesting further

task would be to analyse the effect of genetic variation

on fitness parameters in the two populations.
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Extremely low AFLP variation in the European dry rot

fungus (Serpula lacrymans): implications for self ⁄ nonself-

recognition. Mycological Research, 108, 1264–1270.

Kauserud H, Svegården IB, Saetre G-P et al. (2007) Asian origin

and rapid global spread of the destructive dry rot fungus

Serpula lacrymans. Molecular Ecology, 16, 3350–3360.

Kauserud H, Sætre G-P, Schmidt O, Decock C, Schumacher T

(2006) Genetics of self ⁄ nonself recognition in Serpula

lacrymans. Fungal Genetics and Biology, 43, 503.

Kotlaba F (1992) Nalezy drevomorky domaci—Serpula

lacrymans v prirode. Ceska Mykologie, 46, 143–147.

Kubisiak TL, Milgroom MG (2006) Markers linked to

vegetative incompatibility (vic) genes and a region of high

heterogeneity and reduced recombination near the mating

type locus (MAT) in Cryphonectria parasitica. Fungal Genetics

and Biology, 43, 453–463.

Langella O (1999) Populations 1.2.30. http://www.

bioinformatics.org/�tryphon/populations/.

Liu Y-C, Cortesi P, Double ML, MacDonald WL, Milgroom

MG (1996) Diversity and multilocus genetic structure in

populations of Chryphonectria parasitica. Phytopathology, 86,

1344–1351.

Liu YJ, Milgroom MG (2007) High diversity of vegetative

compatibility types in Cryphonectria parasitica in Japan and

China. Mycologia, 99, 279–284.

Luikart G, Allendorf FW, Cornuet J-M, Sherwin WB (1998)

Distortion of allele frequency distributions provides a test

for recent population bottlenecks. Heredity, 89, 238–247.

Malik M, Vilgalys R (1999) Somatic incompatibility in fungi. In:

Structure and Dynamics of Fungal Populations (ed. Worrall JJ).

Kluwer Academic Publishers, Dordrecht, The Netherlands.

May G, Shaw F, Badrane H, Vekemans X (1999) The signature

of balancing selection: Fungal mating compatibility gene

evolution. Proceedings of the National Academy of Sciences of the

United States of America, 96, 9172–9177.

Milgroom MG, Cortesi P (1999) Analysis of population

structure of the chestnut blight fungus based on vegetative

incompatibility genotypes. Proceedings of the National

Academy of Sciences of the United States of America, 96, 10518–

10523.

Muirhead CA, Glass NL, Slatkin M (2002) Multilocus self-

recognition systems in fungi as a cause of trans-species

polymorphism. Genetics, 161, 633–641.

Murray MG, Thompson WF (1980) Rapid isolation of high

molecular weight plant DNA. Nucleic Acids Research, 8, 4321–

4325.

Pritchard JK, Stephens M, Donnelly P (2000) Inference of

population structure using multilocus genotype data.

Genetics, 155, 945–959.

Raymond M, Rousset F (1995) GENEPOP (version 1.2):

population genetics software for exact tests and

ecumenicism. Heredity, 86, 248–249.

Rayner ADM, Ainsworth AM, Coates D et al. (1984) The

biological consequences of the individualistic mycelium. In:
� 2010 Blackwell Publishing Ltd
The Ecology and Physiology of the Fungal Mycelium (eds

Jennings DH, Rayner ADM), pp. 509–540. Cambridge

University Press, Cambridge.

Rozas J, Sánchez-DelBarrio JC, Messeguer X, Rozas R (2003)

DNA SP, DNA polymorphism analyses by coalescent and

other methods. Bioinformatics, 19, 2496–2497.

Schmidt O (2006) Wood and Tree Fungi. Springer Verlag,

Berlin ⁄ Heidelberg, Germany.

Schmidt O, Moreth-Kebernik U (1991) Monokaryon pairings of

the dry rot fungus Serpula lacrymans. Mycological Research, 95,

1382–1386.

Sotirovski K, Papazova-Anakieva I, Grunwald NJ, Milgroom

MG (2004) Low diversity of vegetative compatibility types

and mating type of Cryphonectria parasitica in the southern

Balkans. Plant Pathology, 53, 325–333.

Stukenbrock EH, Banke S, Javan-Nikkhah M, McDonald BA

(2007) Origin and domestication of the fungal wheat

pathogen Mycosphaerella graminicola via sympatric speciation.

Molecular Biology and Evolution, 24, 398–411.

Tajima F (1989) Statistical method for testing the neutral

mutation hypothesis by DNA polymorphism. Genetics, 123,

585–595.

Watterson GA (1975) On the number of segregating sites in

genetical models without recombination. Theoretical

Population Biology, 7, 256–276.

White NA, Low GA, Singh J, Staines H, Palfreyman JW (1997)

Isolation and environmental study of ‘‘wild’’ Serpula

lacrymans and Serpula himantioides from Himalayan Forests.

Mycological Research, 101, 580–584.

Worrall JJ (1997) Somatic incompatibility in basidiomycetes.

Mycologia, 89, 24–36

This study constitutes a part of Ingeborg B. Engh’s PhD thesis

dealing with phylogeography and population genetics of

Serpula lacrymans. Tor Carlsen is a post doc focusing mainly

on fungal speciation and phylogeography. Glenn-Peter Sætre

works with evolutionary biology, including population genetics

and speciation. Shuichi Doi carries out research on indoor bio-

deterioration agents, including S. lacrymans. Håvard Kauserud
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