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Abstract

The dry rot fungus 

 

Serpula lacrymans

 

 (Basidiomycota) is the most damaging destroyer of
wood construction materials in temperate regions. While being a widespread aggressive
indoor biodeterioration agent, it is only found in a few natural environments. The geo-
graphical source of spread and colonization by this fungus in human environments is thus
somewhat of an enigma. Employing genetic markers (amplified fragment length polymor-
phisms, DNA sequences and microsatellites) on a worldwide sample of specimens, we
show that the dry rot fungus is divided into two main lineages; one nonaggressive residing
naturally in North America and Asia (var. 

 

shastensis

 

), and another aggressive lineage
including specimens from all continents, both from natural environments and buildings (var.

 

lacrymans

 

). Our genetic analyses indicate that the two lineages represent well-differentiated
cryptic species. Genetic analyses pinpoint mainland Asia as the origin of the aggressive
form var. 

 

lacrymans

 

. A few aggressive genotypes have migrated worldwide from Asia to
Europe, North and South America and Oceania followed by local population expansions.
The very low genetic variation in the founder populations indicate that they have established
through recent founder events, for example by infected wood materials transported over
land or sea. A separate colonization has happened from mainland Asia to Japan. Our data also
indicate that independent immigration events have happened to Oceania from different
continents followed by admixture.
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Introduction

 

Microbial damage of buildings has followed man since
early civilization and is for example well described in the
Bible (Leviticus) as ‘leprosy on houses’. In contrast to plant
and animal pathogens, little attention has been paid to
the population biology of fungi that infest construction
materials. The dry rot fungus 

 

Serpula lacrymans

 

 (Wulfen:
Fr.) Schroeter apud Cohn (Basidiomycota) is the most

damaging destroyer of indoor wood construction materials
in temperate regions (Jennings & Bravery 1991; Schmidt
2006). It was originally described in 1781 as 

 

Boletus lacrymans

 

Wulfen, at that time being a well-known problem in
European buildings and on sailing ships where it caused
severe brown rot (Ramsbottom 1937). Today, it has a
widespread distribution in buildings in temperate regions
of Asia, Europe, North America and Oceania (Harmsen
1960; Jennings & Bravery 1991; Schmidt 2006). It has a
maximum growth at 19–21 

 

°

 

C and does not tolerate high
temperatures (Jennings & Bravery 1991), which probably
explain its absence from the tropics and regions with high

 

Correspondence: Håvard Kauserud, Fax: 

 

+

 

47 22854726; E-mail:
haavarka@bio.uio.no



 

UNCORRECTED P
ROOF

 

2

 

H .  K A U S E R U D  

 

E T  A L .

 

© 2007 The Authors
Journal compilation © 2007 Blackwell Publishing Ltd

 

summer temperatures. 

 

Serpula lacrymans

 

 forms pancake-
like fruit bodies (basidiocarps) that produce billions of
wind-spread basidiospores (Fig. 1a). It has an outcrossing
(heterothallic) reproductive mode (Harmsen 1960; Schmidt
2006) and the typical life cycle of basidiomycetes, including
a short-lived monokaryotic phase succeeded by the dikaryotic
stage. The dikaryotic mycelium represents the dominant
stage that can attack large parts of buildings (Fig. 1a), and
after some time of expansion produce basidiocarps. The
dry rot fungus is also capable of vegetative local spread via
mycelial strands (rhizomorphs) with the potential to grow
several meters across inorganic material (Jennings & Bravery
1991; Schmidt 2006).

While being a widespread aggressive indoor biodeterio-
ration agent, it has only been found in a few natural environ-
ments, namely in the Himalayas (Bagchee 1954; White

 

et al

 

. 2001) and Northern California (Cook 1955; Harmsen
1960) and more recently in the Czech Republic (Kotlaba
1992) and in East Asia (Kauserud 

 

et al

 

. 2004). This paradox
has generated a lot of speculations as to its origin (Bagchee

1954; White 

 

et al

 

. 2001; Palfreyman 

 

et al

 

. 2003; Kauserud

 

et al

 

. 2004). The Himalayas has often been favoured as the
most likely origin (Bagchee 1954; White 

 

et al

 

. 2001), since it
was first detected in natural environments in this region.

Judged mainly from nuclear ribosomal DNA (nrDNA)
internal transcribed spacer (ITS) sequences, it has previously
been suggested that 

 

S. lacrymans

 

 has low genetic diversity
(White 

 

et al

 

. 2001; Palfreyman 

 

et al

 

. 2003). However, in a
recent study, it was shown that specimens from Northern
California possessed divergent ITS sequences (Kauserud

 

et al

 

. 2004), indicating that some genetic substructure could
exist within 

 

S. lacrymans

 

. Specimens from California have
been ascribed to the variety var. 

 

shastensis

 

 (Harmsen 1960).
The fruit bodies produced by var. 

 

shastensis

 

 are slightly
thinner than those produced by var. 

 

lacrymans

 

 (Fig. 1a, b).
As far as we know, all known collections of var. 

 

shastensis

 

are from high elevations in nature (over 3000 m above sea
level), while most collections of var. 

 

lacrymans

 

 are from
buildings, except the few collections from natural environ-
ments in the Czech Republic, the Himalayas and East Asia.

In this study, we have investigated the evolutionary
origin and spread of this destructive species by means of
population genetic and phylogeographical analyses of a
comprehensive collection of isolates and dried specimens
from man-made and natural habitats, covering basically its
entire known worldwide distribution. Recently collected
specimens from natural environments in Czech Republic,
California and East Asia gave us the opportunity to analyse
the evolutionary origin of the dry rot fungus more exhaus-
tive than earlier (White 

 

et al

 

. 2001; Palfreyman 

 

et al

 

. 2003;
Kauserud 

 

et al

 

. 2004). Three independent DNA data sets
were obtained; DNA sequences (haplotypes) from three
nuclear loci (ITS, 

 

gpd

 

 and 

 

tub

 

), microsatellite data from 15
recently characterized markers (Högberg 

 

et al

 

. 2006), and 160
polymorphic amplified fragment length polymorphism
(AFLP) markers.

 

Materials and methods

 

Materials

 

DNA was extracted from 106 isolates and 45 dried
specimens of 

 

Serpula lacrymans

 

 (see Supplementary material)
using a cetyltrimethyl ammonium bromide (CTAB) extraction
protocol (Murray & Thompson 1980).

 

AFLP analysis

 

A subset of 91 

 

S. lacrymans

 

 isolates were analysed by AFLP
analysis (see Supplementary material). Because of high
contamination risks, only DNA extracted from living auxenic
isolates were used in AFLP analysis. The AFLP analysis
was performed essentially as described by Vos 

 

et al

 

. (1995).
The restriction-ligation samples consisted of 5.5 

 

µ

 

L undiluted

Fig. 1 Fruit bodies of Serpula lacrymans. (a) The aggressive
form var. lacrymans that predominantly occurs in buildings in
temperate regions worldwide. (b) The nonaggressive form var.
shastensis that only has been detected in mountainous regions in
California and the Caucasus. (c) Section of a dikaryotic var.
lacrymans × var. shastensis isolate producing minute fruit bodies
(basidiocarps). No living monokaryotic progeny were obtained
from the fruit bodies.
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DNA extract and 5.5 

 

µ

 

L restriction-ligation master mix:
0.405 

 

µ

 

L milliQ-H

 

2

 

O, 1.100 

 

µ

 

L NaCl (0.5 

 

m

 

), 1.000 

 

µ

 

L 

 

Eco

 

RI
adaptor pair (10 

 

µ

 

m

 

), 1.000 

 

µ

 

L 

 

Mse

 

I adaptor pair (10 

 

µ

 

m

 

),
0.020 

 

µ

 

L 

 

Mse

 

I (50 U/

 

µ

 

L), 0.125 

 

µ

 

L 

 

Eco

 

RI (40 U/

 

µ

 

L),
1.100 

 

µ

 

L T4 DNA buffer 10

 

×

 

, 0.550 

 

µ

 

L BSA (0.1%), 0.200 T4
DNA ligase (primers from MWG-Biotech; 

 

Mse

 

I from New
England Biolabs, other reagents from Roche). The samples
were incubated for 3 h at 37 

 

°

 

C on an ABI 9700 (Applied
Biosystems) thermocycler, and thereafter diluted 10 times
in milliQ-H

 

2

 

O and mixed thoroughly.
The preselective amplification reactions were performed

in 25-

 

µ

 

L reaction volumes, consisting of 3-

 

µ

 

L dilutions
from the restriction-ligation step, 14.9 

 

µ

 

L milliQ-H

 

2

 

O, 0.5 

 

µ

 

L

 

Eco

 

RI preselective primer (10 

 

µ

 

m

 

), 0.5 

 

µ

 

L 

 

Mse

 

I preselective
primer (10 

 

µ

 

m

 

), 2.0 

 

µ

 

L dNTPs solution (10 m

 

m

 

), 2.5 

 

µ

 

L

 

Taq

 

 buffer, 1.5 

 

µ

 

L MgCl

 

2

 

 (25 m

 

m

 

), and 0.1 µL AmpliTaq
(primers from MWG-Biotech; other reagents from Applied
Biosystems). Only the core EcoRI/MseI primer sequences
were used during the preselective amplifications. The
preselective amplifications were run under the following
conditions on an ABI 9700 thermocycler: 2 min at 94 °C fol-
lowed by 30 cycles of 30 s at 94 °C, 30 s at 56 °C, and 60 s at
72 °C, and with a final 10-min elongation step at 72 °C.
Aliquots of 10 µL of the pre-amplification products were
tested for visible smears on a 1.0% agarose gel in 1× TBE
buffer. The gel was stained with ethidium bromide, and
examinated under UV light. Smear product in the 100–
1500-bp range indicated successful amplifications. The
remaining pre-amplification products were diluted 20 times
in milliQ-H2O and mixed thoroughly.

The selective amplifications were conducted with EcoRI-
and MseI-primers with two additional nucleotides. Initially,
36 different primer combinations were tested on four
S. lacrymans isolates for selective amplification. Five primer
combinations, giving high quality chromatograms, were
chosen for further analyses (EcoRI-AT + MseI-TA/GT/
GC/GA/CA). The EcoRI-primer were 5′-labelled with the
fluorescent dye 6-FAM. The selective amplification reac-
tions were performed in 10-µL reaction volumes, consisting
of 2-µL dilutions from the preselective amplification step,
4.64 µL milliQ-H2O, 0.20 µL EcoRI-AN selective primer
(10 µm), 0.20 µL MseI-CN selective primer (10 µm), 0.08 µL
BSA (0.1%), 0.80 µL dNTPs solution (10 mm), 1.00 µL Taq
buffer, 1.00 µL MgCl2 (25 mm), and 0.08 µL AmpliTaq
(primers from MWG-Biotech; BSA from Roche; other
reagents from Applied Biosystems). The selective ampli-
fications were run under the following conditions on an
ABI 9700 thermocycler: 10 min at 95 °C followed by 13 cycles
of 30 s at 94 °C, 60 s at 65–56 °C (temperature decreased by
0.7 °C for each of the 13 cycles), and 60 s at 72 °C, followed
by 23 cycles of 30 s at 94 °C, 60 s at 56 °C, and 60 s at 72 °C,
and with a final 10-min elongation step at 72 °C.

The AFLP products were prepared for electrophoresis as
follows: 11.8 µL of sample loading solution (HiDi formamide)

was mixed with 1.5 µL 6-FAM-labelled AFLP products
and 0.2 µL of a GeneScan ROX-500 size standard kit
(Applied Biosystems). The samples were denatured for
5 min at 95 °C, and thereafter placed on ice. After a 1-min
centrifugation of the reaction plate at 800 r.p.m., electro-
phoresis was performed using an ABI 3100 genetic analyser
(Applied Biosystems) with POP4 polymer, default settings,
and a 35-s injection time. The peak profiles were first checked
and aligned using ABI genescan analysis software version
3.7 (Applied Biosystems) and then viewed and scored as
binary characters in genographer 1.6.0 (http://hordeum.
oscs.montana.edu/genographer). A total of 160 polymor-
phic AFLP markers were obtained. In the four isolates that
were run twice as controls, between 0 and 3 differences
were obtained between the replicates. Thus, a very high
reproducibility occurred in the AFLP analysis.

DNA sequencing and cloning

DNA sequences were obtained from both dried specimens
and living isolates (see Supplementary material) from the
ITS nrDNA region and from parts of the beta tubulin (tub)
and glyceraldehyde-3-phosphate dehydrogenase (gpd) genes.
The three DNA regions were amplified and sequenced
using the primers ITS4 and ITS5 for the ITS region (White
et al. 1990), B36F and B12R for the partial tub region (Thon
& Royse 1999) and CTK-052 and CTK-03223 for the gpd
gene (Kreuzinger et al. 1996). Polymerase chain reac-
tion (PCR) was performed in 30-µL reactions containing
17.5 µL 50× diluted template DNA and 12.3-µL reaction mix
[final concentrations: 4× 250 mm dNTPs, 0.625 mm of each
primer, 2 mm MgCl2 and 1 U DyNazymeTM II DNA
polymerase (Finnzymes Oy) on an Eppendorf thermocycler].
The PCR amplification program was as follows: 4 min at
94 °C, followed by 37 cycles of 25 s at 94 °C, 30 s at 54 °C
(and 51 °C for gpd), 72 °C for 35 s, and a final extension step
at 72 °C for 10 min before storage at 4 °C. PCR products
were sequenced in both directions by MWG-Biotech.

Some of the sequences included heterozygous sites
(e.g. C/T = Y). In order to obtain haplotype phases of all
sequences, all sequences having two or more heterozygous
sites were cloned. All these sequences were re-amplified
with the high fidelity enzyme Phusion (Finnzymes) and
purified with QIAquick PCR-purification Kit (QIAGEN)
according to the manufacturers’ instructions. Fragments
were cloned with the TOPO TA Cloning kit (Invitrogen)
using blue/white screening according to the manufac-
turer’s manual. Positive colonies were subjected to direct
PCR with the M13R/T7 primers. The number of colonies
sequenced from each isolate varied from four to eight,
depending on the level of recombinant sequences obtained.
The cloned sequences were compared with the original
heterozygous sequence and two haplophase sequences
were obtained from each heterozygous sequence, thus

2
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representing the two different nuclei in the dikaryotic
isolates. Correspondingly, all sequences derived directly
from dikaryotic tissue without or with only one hetero-
zygous site were represented as duplicates in the align-
ments. In this way, 123 haplophase sequences (825 bp)
were obtained from the gpd region representing 62
specimens/isolates, 199 from the ITS region (572 bp)
representing 101 specimens/isolates and 158 from the tub
region (438 bp) representing 81 specimens/isolates. Each
unique haplotype have been deposited in GenBank under
the accession numbers given in the Supplementary material.

Microsatellite analysis

Microsatellite data were obtained from 15 recently devel-
oped markers as described in Högberg et al. (2006) from
both dried specimens and living isolates (Supplementary
material). Only four of the primer pairs worked properly
for var. shastensis and therefore, the microsatellite data set
only included var. lacrymans. Most of the data included in
this study, with the exception of a subset of the ITS and tub
sequences (cf. Kauserud et al. 2004), are presented here for
the first time.

Statistical analyses

Analysis of molecular variance (amova) and calculations
of genetic differentiation (FST), molecular variation (by
AFLPs), and haplotype networks were performed in the
program arlequin (Schneider et al. 2000) and DNA sequence
variation was analysed using dnasp (Rozas et al. 2003).
Population structure was inferred using a clustering method
based on Bayesian statistics, as implemented in the software
structure (Pritchard et al. 2000). We first estimated K,
the number of populations, as described by the authors
(Pritchard et al. 2000) and found that our data set could best
be explained by consisting of three populations. Assuming
K = 3, we then used the admixture model, without pre-
assigning individuals to geographical region to assign
individuals to the three populations. We used a burn-in
time of 50 000 and simulation length of 50 000 steps. A few
individuals received low assignment probabilities to any
population, suggesting admixed genotypes. Mixed ancestry
was confirmed in a separate run where individuals were
allowed also to be classified as ‘hybrids’ or ‘backcrosses’
between any of the three populations. Individuals were
classified as admixed when the assignment probability to
any pure population was less than 50%, hence being more
likely to be a hybrid or backcross.

Neighbour-joining analysis of the AFLP data was con-
ducted in paup* version 4.02b (Swofford 1999), using the
‘total character difference’ distance measurement.

In order to detect whether recombination occurs
between S. lacrymans var. lacrymans and var. shastensis, the

phylogenetic tree length permutation test (PTLPT) was
conducted as implemented in paup (Swofford 1999). We
used a heuristic search with 1000 replicates under the
parsimony optimality criterion. Only parsimony-informative
characters were used in the analysis and gaps were treated
as a fifth base. Starting trees were obtained via stepwise
addition with tree-bisection–reconnection as the branch-
swapping algorithm.

The ratio of the microsatellite allele numbers to the allele
size range (M value) (Garza & Williamson 2001) was used
to detect population bottlenecks as computed in the pro-
gram m_p_val. m_p_val calculates the value of M for a
microsatellite data set. It will then simulate an equilibrium
distribution of M, according to the method described in
Garza & Williamson (2001), and given assumed values for
the three parameters of the two-phase mutation model,
and rank the calculated value relative to the equilibrium
distribution. Using conventional criteria, there is evidence
of a significant reduction in population size if less than 5%
of the replicates are below the observed value (Garza &
Williamson 2001). Significance was assessed by compari-
son with 10 000 simulations of a population at equilibrium.
We used a mixed mutation model with 95% one-step
mutations and 5% of the mutations having an exponential
distribution of step numbers with an average of 3.5 steps.
Our data was robust over a range of different values for the
three parameters used (data not shown).

Populations which have experienced a recent redu-
ction of their effective population size exhibit a correlative
reduction of the allele numbers and heterozygosities at poly-
morphic loci. However, the allelic diversity is reduced faster
than the heterozygosity. We tested if the observed hetero-
zygosity levels deviated from the expectations under the
assumption of a population at mutation–drift equilibrium
(Cornuet & Luikart 1997), as implemented in the program
bottleneck. The results obtained for each locus were com-
bined using the Wilcoxon test. A mixed mutation model
was used under the assumption of 5% multistep mutations
with 30% variance in the repeat length. Our results were
robust under a range of higher proportions of multistep
mutations with a higher range of variance in repeat lengths
under a mixed mutation model, but the reported settings
were used for the comparison with default settings of the
m_p_val program. M values and deviations from expected
heterozygosity values were based on the population struc-
ture inferred using assignment based on Bayesian statistics,
as described above (Pritchard et al. 2000). The isolates from
Oceania were excluded because here admixture was found
as a possible result of mixed ancestry (see results).

Culturing experiments

A mating test was carried out between one var. shastensis
monokaryon (SHA26-1.3) and one var. lacrymans monokaryon
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(SL3.1). The monokaryons were inoculated 2 cm apart in
9 cm Petri dishes on 2% malt extract agar (MEA), incubated
at 25 °C, and examined after 4 weeks. The mating reaction
was judged as sexually compatible based on presence of
clamp connections. Fruit body formation was induced as
in Schmidt & Moreth-Kebernik (1991).

Results

AFLP analysis

Neighbour-joining analysis of the 160 polymorphic AFLP
markers revealed that the 91 analysed Serpula lacrymans
isolates grouped into two distantly related main groups
(Fig. 2a), one including all the isolates obtained from
natural environments in California (corresponding to var.
shastensis) and the other group including isolates from
buildings in Japan, Europe, northeast North America and
Oceania (corresponding to var. lacrymans). In amova,
80.6% of the genetic variation fell between these two main
groups. Within var. lacrymans, the seven Japanese isolates

were clearly separated from the isolates from Europe,
North America and Oceania and in amova 14.0% of the
overall genetic variation fell between these two groups.
The isolates from Europe, North America and Oceania
made up a genetically highly homogeneous group (Fig. 2a).
Judged from the AFLP data, the genetic composition of the
isolates from North America (1) and Oceania (3) fell within
the range of the European isolates. Most genetic variation
appeared within the Californian and the Japanese populations
(Table 1). Levels of genetic differentiation between vari-
ous regions, measured as FST, are presented in Table 2.
Noteworthy, no living isolates from mainland Asia were
available for the AFLP analysis.

Sequence analysis

Three haplophase sequence data sets were obtained from
the ITS, gpd and tub regions, including 199, 123 and 158
sequences, respectively. Most sequence variation, measured
as nucleotide diversity (π), appeared in the tub data set
(π = 0.02372) followed by gpd (π = 0.01052) and ITS (π =

Fig. 2 The genetic structure in Serpula
lacrymans. (a) Neighbour-joining tree cal-
culated from the AFLP data. Similar
colour coding as in (b) is used. Bootstrap
support values (1000 replicates) are indicated.
Noteworthy, only DNA derived from living
isolates were included in the AFLP analysis
(and therefore, the mainland Asian population
is not represented in the AFLP analysis).
(b) Haplotype networks of ITS, gpd and
tub sequences. Each circle represents one
mutational step and the size of the circles
reflects the haplotype frequencies. White
and black edge lines indicate sequences
derived from natural environments and
buildings, respectively. Small circles represent
hypothetical haplotypes. The sister taxon
Serpula himantioides was used as an outgroup.

Table 1 Genetic variation in different geographical regions measured with DNA sequences, AFLPs and microsatellites. Microsatellite data
were not obtained from the Californian material (var. shastensis) and AFLP data were not obtained from mainland Asia

DNA sequences AFLP Microsatellites

Segregating 
sites

Nucleotide 
diversity (π)

Pairwise 
differences

Pairwise 
differences

Gene 
diversity

California 15 0.0022 17.44 no data no data
Mainland Asia 14 0.0020 no data 4.88 0.61
Japan 7 0.0011 12.75 5.04 0.39
Europe 1 0.00002 3.20 0.81 0.05
North America 0 0 no data* 0.83 0.07
Oceania 3 0.0006 1.33 1.91 0.21

*Only one isolate was analysed from this region in the AFLP analysis.
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0.00541). Haplotype networks were constructed from each
data set (Fig. 2b) including one isolate from the sister taxon
Serpula himantioides as outgroup. The haplotypes derived
from the Californian collections (var. shastensis) were
consistently separated from var. lacrymans haplotypes in
all three networks and no shared haplotypes occurred
between var. shastensis and var. lacrymans (Fig. 2b). In the
ITS and tub networks, the Californian haplotypes occurred
highly separated from the var. lacrymans haplotypes by
eight and 25 mutational steps, respectively. Most genetic
variation occurred in the Californian sample in all three
data sets (Fig. 2b). Noteworthy, in the ITS data set, one
collection from a natural forest in Caucasus grouped with
the Californian haplotypes (only the ITS region was
successfully amplified from this collection). The outgroup
sequence (S. himantioides) rooted in the var. shastensis part
of the network in both ITS and tub and equally parsimonious
with both var. shastensis and var. lacrymans in gpd. In
Fig. 3(a)–(c), the worldwide geographical distributions of
the ITS, gpd and tub haplotypes are shown.

Among the var. lacrymans collections, most genetic
variation appeared in mainland Asia and Japan (Table 1).
In var. lacrymans, only a single gpd and tub haplotype and
two ITS haplotypes were found in Europe and North America.
Interestingly, the haplotypes derived from the Czech spe-
cimens from natural environments were identical to the
haplotypes derived from building isolates in Europe.

Mainland Asia, represented with collections both from
nature and buildings, shared haplotypes both with Europe/
North America and Japan, and thus seems to represent a
genetic connectivity between these predominantly indoor
var. lacrymans populations. In ITS and gpd, the Japanese
isolates shared no haplotypes with Europe/North America,
except from the ITS haplotype occurring in a single European

specimen. Two ITS haplotypes, separated by two muta-
tional steps, were obtained from Oceania. Noteworthy,
one of these haplotypes was shared only with Japan. Two
different tub haplotypes appeared in Oceania as well, one
of them being unique to this region. From a Peruvian
indoor collection, we were also able to demonstrate the
occurrence of var. lacrymans in South America (Fig. 3c).

When informative characters from the three sequence
data sets were permuted among var. shastensis and var.
lacrymans in a PTLPT test (Burt et al. 1996), the resulting
trees were significantly longer than the unpermuted data
set (P = 0.001), but this was not the case when characters
were permuted only within the two groups (P > 0.12),
which is in agreement with recombination within the line-
ages but not among them.

Microsatellite analysis

The program structure (Pritchard et al. 2000) was used to
analyse the microsatellite data obtained from 84 collections
of var. lacrymans and further explore the population structure
within the aggressive form var. lacrymans. This analysis
revealed a worldwide genetic structure of three main groups;
one largely including specimens from mainland Asia
(depicted in red in Fig. 4), a second including mainly Japanese
specimens (depicted in yellow), and a third including predo-
minantly specimens from Europe, North America and Oceania
(depicted in blue), hereafter referred to as the Cosmopolitan
group. Some genotypes were classified as admixed in the
structure analysis, including genetic components from
two or three of the main groups (Fig. 4). In Fig. 3(d), the
geographical distribution of the groups inferred in the
structure analysis are shown, where individuals classified
as admixed are depicted in mixed colours.

Table 2 Levels of differentiation between geographical regions, measured as FST. Significant values are indicated as * at the 0.05 level, ** at
0.01 level and *** at the 0.001 level

Comparison gpd n = 123 ITS n = 199 tub n = 161 AFLP n = 91 Microsat n = 85

California — Asia mainland 0.64** 0.88** 0.97** no data no data
California — Japan 0.64** 0.95** 0.97** 0.86*** no data
California — Europe 0.87** 0.97** 0.98** 0.95*** no data
California — Oceania 0.74** 0.94** 0.96** 0.87*** no data
California — North America 0.73** 0.96** 0.97** no data no data
Asia mainland — Japan 0.35** 0.17** –0.04 no data 0.21***
Asia mainland — Europe 0.58** 0.48*** 0.29* no data 0.48***
Asia mainland — Oceania 0.11 0.22*** 0.14* no data 0.20***
Asia mainland — North America 0.08 0.32*** 0.13 no data 0.27***
Japan — Europe 0.80** 0.87** 0.23** 0.84*** 0.69***
Japan — Oceania 0.65** 0.66** 0.15 0.65** 0.19***
Japan — North America 0.64** 0.80** 0.12 no data 0.52***
Europe — Oceania 0.00 0.13 0.42** 0.08 0.22***
Europe — North America 0.00 0.00 0.00 no data 0.06
Oceania — North America 0.00 0.06 0.17** no data 0.13*
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Individuals from mainland Asia were assigned both to
the Cosmopolitan, Japanese and the Asia mainland groups
(Fig. 4). Correspondingly, high genetic variation occurred
in this geographical region (Table 1). Noteworthy, two
specimens from natural Himalayan forests were assigned
to the Cosmopolitan group. Most collections from Japan
were assigned to the Japanese structure group, except for
two isolates that were assigned to the Asia mainland group
(Fig. 4). Also high levels of genetic variation occurred among

the Japanese collections (Table 1). With high likelihood, all
the European and North American collections, both from
buildings and from the natural Czech population, were
assigned to the Cosmopolitan group. Very low levels of
genetic variation were observed in Europe and North
America (Table 1). Although all collections from Oceania
were assigned to the Cosmopolitan group, some speci-
mens also included genetic components from both main-
land Asia and Japan and three individuals from Oceania
were correspondingly classified as admixed in the struc-
ture analysis. Because of the admixture, higher genetic
variation appeared in Oceania compared to Europe and
North America (Table 1).

The calculated ratios of number of microsatellite alleles
to range in allele size (M ratio) for the populations from
Japan (0.64), mainland Asia (0.59) and the Cosmopolitan
group (0.36) indicated that these populations have experi-
enced population bottlenecks (Table 3). The observed
heterozygosity deficit in the Cosmopolitan group (Table 3),

Fig. 3 Geographical distribution of genetic variants in Serpula
lacrymans. (a–c) Worldwide distribution of ITS, gpd and tub
haplotypes. Each haplotype has a specific colour. White and black
edge lines indicate sequences derived from natural habitats and
buildings, respectively. Var. shastensis and var. lacrymans had no
shared haplotypes. (d) The distribution of three populations
(primary colours) inferred from the structure analysis (Pritchard
et al. 2000) of microsatellite data with admixed genotypes rep-
resented with mixed colours. Squares and circles represent
collections from buildings and nature, respectively.

Fig. 4 Schematic representation of the structure analysis of the
microsatellite data derived from var. lacrymans. Each bar shows
the assignment probabilities of the individual to each of the three
inferred populations. Asterisks indicate individuals classified as
admixed in structure (Pritchard et al. 2000) and open dots
individuals derived from natural habitats (otherwise from
buildings).
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compared to the expectation under mutation–drift equilib-
rium (Wilcoxon signed-rank test P < 0.001), is in agreement
with a scenario of a recently expanded population (Cornuet
& Luikart 1997). Corresponding heterozygosity deficits were
not found in mainland Asia or in Japan.

Mating test

A dikaryotic isolate was obtained through a mating between
monokaryotic isolates from California (var. shastensis) and
Europe (var. lacrymans). By regulating the temperature
conditions, fruit body formation was induced (Fig. 1c). We
were not able to obtain any living monokaryotic progenies
from the fruit bodies although basidiospores were produced.

Discussion

Two cryptic species in Serpula lacrymans?

Employing sequence and AFLP markers, we demonstrated
that Serpula lacrymans consists of two highly differentiated
lineages, one occurring naturally in Northern California in
addition to one single collection from the Caucasus (var.
shastensis), and another lineage including isolates from all
continents, from both natural environments and buildings
(var. lacrymans). All three sequence data sets and the AFLP
markers consistently divided the material into two groups.
Numerous recent studies have shown, using phylogenetic
species recognition (Taylor et al. 2000), that cryptic speciation
is a highly common phenomenon in fungi (e.g. Koufopanou
& Taylor 1997; Dettman et al. 2003; Kauserud et al. 2006).

Var. shastensis has exclusively been found in high-
altitude mountainous regions close to the tree line. The single
occurrence of var. shastensis in the Caucasus is puzzling,
but indicates that it may have a wide, but patchy natural
distribution in mountainous regions in the Northern
Hemisphere, but more collections are necessary to conclude
about the distribution of var. shastensis. Var. shastensis has,
in contrast to var. lacrymans, never been detected in build-

ings. An ecological transition has apparently occurred
between the two lineages, enabling the switch to a largely
indoor lifestyle for var. lacrymans. In addition to fleshier
fruit bodies (Fig. 1a), var. lacrymans produces thicker
hyphal strands than var. shastensis (Harmsen 1960), which
we speculate could be a pre-adaptation for the indoor
environment. The large genetic difference between the
two lineages, the significant morphological differentiation
between them and the absence of hybrids or introgressed
genotypes in our material, suggest that var. shastensis and
var. lacrymans are reproductively isolated species. On the
other hand, mating compatibility in terms of prezygotic
clamp connection formation between haploid mycelia has
been observed between the two lineages (Harmsen 1960).
We were also able to produce a dikaryotic var. lacrymans
× var. shastensis mycelium, but no viable monokaryotic
mycelia were obtained from the fruit bodies that were
formed (Fig. 1c). We tentatively suggest that some un-
recognized pre– and postzygotic barriers exist between the
two forms. Further studies are needed to test this hypothesis.
The results are in agreement with the observation from
the Heterobasidion annosum P-group, where allopatric and
phylogenetically divergent North American and European
populations are interfertile with respect to mating com-
patibility (Korhonen & Stenlid 1998).

Origin of the aggressive form var. lacrymans

Our studied material, including new findings of var.
lacrymans from natural environments in East Asia, showed
that var. lacrymans has a hitherto unrecognized widespread
natural distribution in this region (Fig. 3d). The level
of genetic variation was highest in the mainland Asian
population. The genetic variation in the Cosmopolitan group
(Europe, North America and Oceania) only included a small
fraction of the genetic variation present in mainland Asia,
which places the latter region as the likely source popula-
tion. Genetic variation was found both among specimens
from natural environments and buildings in the mainland
Asian population, indicating high gene flow from natural
populations to buildings in this region. The Japanese
indoor population also included high levels of genetic
variation, suggesting that multiple individuals founded
this population. The Japanese population was found to
be significantly differentiated from the mainland Asian
population (Table 2), which could indicate that the Japanese
population established naturally by migration over Pleistocene
land bridges and has since been differentiated genetically
from the mainland population. However, in the structure
analysis, two Japanese isolates were assigned to the mainland
Asian group, suggesting that some gene flow occurs.
Interestingly, the ratios of number of microsatellite alleles to
range in allele size (M ratio) (Garza & Williamson 2001)
showed that both the Japanese and the mainland Asian

Table 3 Results from M ratio tests for the identification of
population bottlenecks. P value for the heterozygote deficiency is
indicated and the M-ratio values with statistical significance. The
assumed mutation models for the calculations are given in the
Materials and Methods section

Population
Heterozygote 
deficiency

M-ratio tests

M value P value
θ = 0.4

Cosmopolitan group < 0.001 0.36 0.00
Japan  0.08 0.64 0.00
Asia  0.08 0.59 0.00

3
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populations have experienced population bottlenecks, possibly
linked to the niche expansion into the human environment.

In recent years, the evolutionary origin of various
domesticated animals and plants have been unraveled, but
few fungi have hitherto been investigated. One of the
exceptions is the plant pathogenic fungus Mycosphaerella
graminicola, whose centre of origin was pinpointed as the
Middle East (Banke et al. 2004). In a recent study, it was
demonstrated that this species probably originated as
a side effect of the domestication of wheat in the
Fertile Crescent, through a sympatric speciation event
(Stukenbrock et al. 2007). Similar to S. lacrymans, it was
shown that the pathogen Ustilago scitaminea probably has
an Asian origin and has dispersed worldwide to various
continents through recent founder events (Raboin et al. 2006).

Worldwide dispersal of var. lacrymans

From mainland Asia, a few var. lacrymans genotypes have
apparently migrated worldwide to Europe, North America
and Oceania followed by local population expansions. All
specimens from these founder regions were assigned
to the Cosmopolitan group (Fig. 4). Thus, the significant
differentiation observed between the mainland Asian
population and the Cosmopolitan group (Table 2) is mainly
due to loss of alleles in the latter group. In the structure
analysis, two individuals from natural environments in
the Himalayas were assigned to the Cosmopolitan group
(Fig. 3a) and thus, apparently represent a link between
Asia and the Cosmopolitan group. This result is consistent
with the previous ‘out of the Himalayas’ hypothesis
(Bagchee 1954; White et al. 2001). On the other hand, the
few alleles present at each locus in the Cosmopolitan group
are common all over mainland Asia. Hence, by chance, some
Asian individuals are expected to have similar genotypes
as the Cosmopolitan group and therefore be assigned to
this group. Accordingly, we argue that it is premature to
pinpoint any specific location in mainland Asia as the
ultimate source for the global expansion of the aggressive
form of the dry rot fungus. To determine the source of origin
on a finer scale, a more comprehensive sampling in regions
that are difficult to access in Asia would be necessary.

With the exception of a few collections from the Czech
Republic, var. lacrymans has only been recorded from indoor
environments in Europe, North America and Oceania. The
natural Czech population and the indoor European popu-
lation were genetically highly similar, suggesting a common
origin (Figs 2–4). Possibly, the natural Czech population
represents recolonization(s) from buildings since a higher
genetic variation might be expected for a naturally estab-
lished population.

The very low genetic variation in the European, North
American and Oceania populations (Table 1) indicate that
they established through founder events. In fact, the intro-

duction of three individuals is sufficient to explain the
genetic variation observed in Europe, North America and
Oceania, with respect to microsatellite and sequence vari-
ation. The calculated M ratio (Garza & Williamson 2001)
supports the idea that the Cosmopolitan population
has gone through a genetic bottleneck and the observed
heterozygosity deficit, compared to the expectation under
mutation–drift equilibrium (Wilcoxon signed-rank test
P < 0.001), is in agreement with a scenario of a recently
expanded population (Cornuet & Luikart 1997). The strik-
ing genetic homogeneity also indicates that the introduc-
tion of S. lacrymans to Europe, North America and Oceania
occurred recently, since more genetic variation would
be expected to have accumulated in populations that
have been prevalent for longer time periods. Thus, our data
suggest that the Cosmopolitan populations established
concurrently with human activity, for example through
transportation of infected wood materials over land or sea,
originally from Asia. It is known that the dry rot fungus
caused damage to wooden ships in colonial times
(Ramsbottom 1937) and in this way it may have been dis-
persed between continents. For example, one of the ships
in the Mayflower fleet was forced to return to England
because of dry rot damage (Ramsbottom 1937). Several
studies have demonstrated that humans may serve as
vectors for fungal dispersal. Using microsatellite data,
Fisher et al. (2001) characterized the range expansion of the
human pathogenic Coccidioides immitis into South America.
Coetzee et al. (2001) pinpointed that an Armillaria mellea
clone was introduced into Cape Town from Europe, prob-
ably on potted plants by Dutch settlers.

In the structure analysis, individuals from buildings in
Oceania were assigned to the Cosmopolitan group, indi-
cating mainly a European or North American origin. How-
ever, in a few admixed specimens, typical Asian microsatellite
alleles appeared as well (Fig. 4), supporting a scenario of
multiple origins of the Oceania population. This hypothesis
is also supported by a shared ITS haplotype between Japan
and Oceania (Fig. 3b). For the first time, from a Peruvian
indoor collection, we were also able to demonstrate the
occurrence of var. lacrymans in South America. This indi-
vidual had the same tub haplotype as other individuals of
the Cosmopolitan group (Fig. 3d), thus, we also consider
human-mediated long-distance dispersal as the most likely
cause of this occurrence.

Conclusions

The natural niche requirements of Serpula lacrymans var.
lacrymans have been recreated in building environments,
paving the way for its success as a global invasive
organism. By way of contrast, the closely related var.
shastensis lineage resides in natural environments, apparently
due to different niche requirements. Overall, the phylogeo-
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graphical pattern unraveled is in agreement with a
scenario of an initial expansion of var. lacrymans connected
to the transition from a nomadic to a more permanent
sedentary human lifestyle in mainland Asia, with later
dispersals to the European and North American civilizations.
On a more recent timescale, intercontinental dispersal and
admixture of populations has possibly been linked to the
worldwide shipping activity with wooden sea vessels. The
population structure of var. lacrymans has features similar
to other recently dispersed fungi (Raboin et al. 2006),
animals (Savolainen et al. 2002), plants (Londo et al. 2006),
and viruses (Keele et al. 2006), including intercontinental
human-mediated dispersal events, founder events, recent
population expansions, and admixture in founder populations.
Finally, we note that the limited genetic variation of var.
lacrymans in parts of the world may have consequences for
combating or preventing attacks from this species.
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