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Summary

The blue-stain fungus and vascular stain pathogen Ceratocystis polonica and its associated bark beetle
vectors, particularly Ips typographus and I. typographus japonicus, cause significant losses to several
spruce species in Eurasia. Nothing is, however, known about the population genetics of this conifer
pathogen. In this study, a set of smgle sequence repeat (SSR) markers were developed to determine the
population structure and genetic diversity of C. polonica in Europe and Japan. ISSR-PCR primers were
used to target SSR-rich regions and specific primers were designed flanking the SSR regions found in
these amplicons. The SSR primers developed for C. polonica were found to be transferable to six other
Ceratocystis species from conifers, residing in the Ceratocystis coerulescens complex. Ninety-eight
isolates representing four populations of C. polonica (Austria, Norway, Poland and Japan) were tested
using 10 selected polymorphic SSR markers. A high level of gene diversity was found in C. polonica as
a whole (H = 0.53). Analysis of G statistics showed a low degree of population structure in Europe
and a high level of gene flow between populations (Gst = 0.05, Nm = 8.5). In contrast, the Japanese
and the European populations of C. polonica displayed strong genetic separation, which is likely
caused by geographic isolation. The low level of population structure of C. polonica in Europe and the
differentiation between the European and the Japanese fungal populations mirror previous findings for
I typographus and 1. typographus japonicus, the main insect vectors of this fungus. These results
support the view that the fungus and the insect have closely co-evolved together. This study also
suggests that movement of C. polonica and its vectors between Europe and Asia pose a threat to
forestry on both continents and this should clearly be avoided.

1 Introduction

Ceratocystis polonica (Siemaszko) C. Moreau is an economically important blue-stain
fungus and vascular stain pathogen of various spruce species (Picea spp.) in Eurasia. This
fungus is associated with the bark beetles Ips typographus L., Ips amitinus Eichh. and Ips
duplicatus Sahlb. on Norway spruce (Picea abies [L.] Karst.) in Europe (SoLHEIM 1986;
KROKENE and SOLHEIM 1996; K1risrTs 2004; JaANKOWIAK 2005) and with 7. typogmpbus L.
japonicus Niijima on Yezo spruce (Picea jezoensis [Sieb. & Zucc.] Carr) in Japan
(Yamaoxka et al. 1997). The 1. typographus/ C. polonica complex represents a serious threat
to Norway spruce in FEurope, where it has caused immense losses to forestry
(CuristiansEN and BAKKE 1988). Large-scale outbreaks of I. typographus, where millions
of spruce trees are killed, are well-known in Northern and Central Europe (POSTNER 1974;
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CHRISTIANSEN and BAKKE 1988; FUHRER 1996). Furthermore, C. polonica causes intensive
and extensive blue-stain in the sapwood of bark beetle-infested spruce trees and logs,
resulting in substantial economic losses, because of the downgraded blue-stained lumber
(CHrisTIANSEN and BAKKE 1988).

Ceratocystis polonica was first isolated in Poland and described by Stemaszko (1939) as
Ophiostoma polonicum Siemaszko. Considerable confusion has surrounded its generic
placement (e.g. UraDHYAY 1981; SorLHEIM 1986). This has hinged largely on disputes
relating to differences between the genera Ophiostoma and Ceratocystis (DE Hoog and
ScHEFFER 1984; WINGFIELD et al. 1993). It has subsequently been shown based on DNA
sequence comparisons that despite their morphological similarities, these genera are
phylogenetically unrelated (HAusNER et al. 1993a,b; SpaTaFORA and BrLackwirL 1994).
They can also be easily separated based on morphology, where Ophiostoma spp. have
anamorphs in genera such as Leptographium, Pesotum and Sporothrix, and Ceratocystis
spp. have anamorphs in Thielaviopsis (DE HooG and ScHEFFER 1984; WINGFIELD et al.
1993; Jacoss and WiINGFIELD 2001; PauLIN-MaHADY et al. 2002). The taxonomic
confusion surrounding C. polonica emerged when this taxon was first described having a
Leprographium state (SIEMaszKO 1939) and the species was thus treated in Ophiostoma for
a long period of time (e.g. SOLHEIM 1986). VissiRr et al. (1995), however, reported the
presence of a Chalara (now Thielaviopsis, PAULIN-MAHADY et al. 2002) state in cultures of
O. polonicum and this character, together with DNA sequence comparisons was used to
show that it is a species of Ceratocystis sensu stricto.

Ceratocystis polonica forms part of the Ceratocystis coerulescens species complex. This
group of fungi occurs predominantly on conifers and most species have ascospores
surrounded by relatively uniform sheaths (HARRINGTON and WINGFIELD 1998). Cerato-
cystis polonica, Ceratocystis laricicola Redfern & Minter and C. rufipenni M.J. Wingf., T.C.
Harr. & H. Solheim are unusual species in that they are closely associated with specific
bark beetle (Coleoptera, Scolytinae) vectors (SOLHEIM 1986; REDFERN et al. 1987;
WiINGFIELD et al. 1997; Kirisits 2004). This is unlike other Ceratocystis spp. that are
vectored by non-specific insects such as flies (Diptera) and nitidulid beetles (Coleoptera,
Nitidulidae) (CHaNG and JenseN 1974; Juzwik and Frencu 1983). The bark beetle-
associated species of Ceratocystis do not produce intensive fruity aromas and their
relationship with insects is debated to be mutualistic (PAINE et al. 1997; HARRINGTON and
WiNGFIELD 1998; Kirisrts 2004).

Ips typographus and its Asian relative, I. typographus japonicus, carry a wide array of
fungi, most of which contribute to blue-stain (SoLHEIM 1986; Yamaoka et al. 1997;
KirisiTs 2004; Jankowriak 2005). Amongst these, C. polonica is a common species in some
areas of Europe and in Japan (SoLHEIM 1986; YamaOKa et al. 1997; Kirisits 2004). It is
also the most virulent fungus associated with 1. typographus and I. typographus japonicus
(SorHEIM 1988; KirisrTs 1998; Yamaoxa et al. 2000; Kirisrrs and OFFENTHALER 2002).
Considerable debate has surrounded the importance of blue-stain fungi that are vectored
by bark beetles (HARRINGTON 1993; PAINE et al. 1997; Kirisits 2004). In the case of
C. polonica, there is substantial evidence that it is a pathogenic fungus contributing to the
death of spruce trees infested by its insect vectors (CHRISTIANSEN 1985; SOLHEIM 1988;
Kirisrts 1998; Yamaoxka et al. 2000; Kirisits and OFFENTHALER 2002).

Despite its importance and intriguing relationships with 1. trypographus and other Ips
bark beetles, nothing is known regarding the population biology of C. polonica. In
contrast, the phylogeography of I. typographus has been reasonably studied (STAUFFER
etal. 1999; Staurrer and LakaTos 2000; SALLE et al. 2007). Isolates of C. polonica
associated with 1. typographus in Europe and I. typographus japonicus in Japan are
morphologically indistinguishable (Yamaoxa etal. 1997), interfertile with each other
(HARRINGTON et al. 2002) and phylogenetically closely related (HARRINGTON et al. 2002;
MARIN et al. 2005). This clearly indicates that European and Japanese isolates of the fungus
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belong to the same species. It would, however, be intriguing to know how close different
populations of C. polonica are genetically related and whether the population structure of
the fungus parallels that of its principal insect vector, 1. typographus.

Different DNA-based techniques have been used to study populations of various
Ceratocystis species (MORIN et al. 2004; BARNES et al. 2005; ENGELBRECHT et al. 2007).
Single sequence repeat (SSR) markers have been developed for various fungi and applied in
population studies (e.g. BURGEss et al. 2001; BarNES et al. 2001b; STEIMEL et al. 2004).
They would thus provide useful tools to consider questions relating to the population
biology of C. polonica. In contrast to other techniques, they hold the advantage of being
highly polymorphic, robust in PCR amplification, abundant and dispersed throughout
most eukaryotic genomes (HAYDEN and SHARP 2001).

The aim of this study was to develop SSR markers to consider the population structure
and genetic diversity of three populations of C. polonica from Europe and one from Japan.
Microsatellite regions were sequenced to establish the source of polymorphisms between
isolates. In addition, SSR primers developed for C. polonica were tested for amplification in
10 other species in the C. coerulescens complex.

2 Materials and methods

2.1 Isolates

Ninety-eight isolates representing four populations of C. polonica (Austria, Poland,
Norway and Japan) and one isolate each from France and the Czech Republic were used in
this study. These isolates originated from our own collections and those from various
colleagues (Table 1). Most isolates of C. polonica from Europe were from Norway spruce
infested by I typographus; however, three isolates were obtained from Norway
spruce infested by 1. amitinus and a single isolate came from Scots pine (Pinus sylvestris
L.) infested by the bark beetle Tomicus minor Hartig. The isolates from Japan were
obtained from ascospores taken from perithecia occurring in the galleries of 1. rypographus
japonicus on Yezo spruce in Hokkaido. Isolates from Austria, Poland and Norway
originated from several localities at various parts of the respective countries (Table 1).

In addition to strains of C. polonica, 13 isolates representing species in the C. coerulescens
complex (Table 2) were used to test the utility of SSR markers beyond C. polonica, for
which these markers were developed. A single isolate of Ceratocystis radicicola (Bliss)
C. Moreau was included as outgroup for testing primer amplification (Table 2). All isolates
used in this study are maintained in the culture collection (CMW) of the Forestry and
Agricultural Biotechnology Institute (FABI), University of Pretoria.

2.2 Microsatellite screening

DNA extractions were performed as described by BarnEes et al. (2001a). DNA from
C. polonica isolate CMW7148 was amplified using the ISSR primers: NDV (CT)g, DBD
(CCA)s, HV (GT)sG, DBD (CAC)s, HBDB (GACA),, HVH (GTG)s, NDB (CAC),C
and DHB (CGA)s. PCR amplification reactions were undertaken with single primers and
with different primer pair combinations. PCR amplifications were conducted as described
by BARNES et al. (2001b), but using an annealing temperature of 45°C.

The amplified products were purified with the High Pure PCR product purification kit
(Roche Molecular Biochemicals, Mannheim, Germany) and cloned using the pGEM-T
Easy Vector following the manufacturer’s protocols (Promega Corp, Madison, W1, USA).
Clones were grown overnight in Luria-Bertani broth medium containing 100 ug ml™" of
ampicillin (Sigma Chemicals Co, St Louis, MO, USA) for plasmid DNA extraction
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Table 1. TIsolates of Ceratocystis polonica used in this study. If not otherwise indicated, isolates
were obtained from Picea abies infested by Ips typographus.

Isolate (CMW)'2 Country Province/locality  Collector/s
7149, 8813 Austria Carinthia®* R. Grubelnik
T. Kirisits
5002, 5075, 5102, 5112, 5119, 7133, 7134,  Austria Lower Austria>  T. Kirisits
7135, 7144, 7145, 7146, 7148, 7754, 8812, R. Grubelnik
8792, 8818, 8829, 8844"°
5026, 7143, 7147, 8821, 8825, 88274, Austria Tyrol** T. Kirisits
8828'*, 10838
5011, 7140, 7141, 7749, 7753 Austria Upper Austria®  R. Grubelnik
T. Kirisits
7750 Austria Styria® R. Grubelnik
T. Kirisits
8817 Austria Burgenland® R. Grubelnik
T. Kirisits
7152 Austria Salzburg’ R. Grubelnik
T. Kirisits
10522 Poland Unknown W. Siemaszko
8291, 8293, 8295, 8296, 8297, 8298, 8299, Poland Fopuszna® R. Jankowiak
8300, 8302, 8303
8287, 8288, 8289, 8290 Poland Kopciowa® R. Jankowiak
8304, 8306, 8307 Poland Brenna® R. Jankowiak
11092, 11094, 11105, 11112, 11114, 11120, Poland Bialowieza’ T. Kirisits
11125, 11127, 11129, 11136
2210, 2272, 2273, 2284, 2285, 2286 8276,  Japan Hokkaido Y. Yamaoka
8277, 8278"
8085, 8088, 8089, 8091, 8092, 8830, 8874, Norway Akershus'® H. Solheim
8875, 11074, 11075, 11078, 11081, 11082,
11083, 11084, 11085, 11086, 11087
8873, 11079, 11080 Norway Nord-Trendelag''  H. Solheim
8872, 11076, 11077 Norway Telemark'? H. Solheim
1165 Norway Unknown H. Solheim
7748 Czech Republic  Sumava T. Kirisits
R. Jakus
8831 France Alsace F. Lieutier

'CMW: Culture collection of the Forestry and Agricultural Biotechnology Institute (FABI),
University of Pretoria, South Africa.

%A portion of the isolates was investigated by MARIN et al. (2005), where further collection information
can be found.

®Austrian province.

*Tsolates originated from two localities.

*Tsolates originated from nine localities.

“Tsolates originated from three localities.

"Tsolates originated from one locality.

SLocalities in the Beskids mountain range in Southern Poland (see JANKOWIAK 2005).

Locality in North-Eastern Poland.

Province in South-Eastern Norway.

"Province in North-Central Norway.

2Province in Southern Norway.

“Tsolate obtained from Pinus sylvestris infested by Tomicus minor.

Isolates obtained from Picea abies infested by Ips amitinus.

Plsolates obtained from galleries of Ips typographus japonicus on Picea jezoensis in Hokkaido (see
YAMAOKA et al. 1997).
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Table 2. Ceratocystis species tested with the Ceratocystis polonica SSR markers developed in this

study.
Isolate Species Country Host Collector/s
CMW3185, Ceratocystis USA Unknown C. Moreau
CBS146.59 radicicola
CMW3230, C. coerulescens ~ Germany Picea abies Unknown
CBS 140.37, C313
CMW10523 C. virescens USA Acer saccharum D. Houston
CMW1323, C490 C. pinicola England Pinus sp. J. Gibbs
CMW3273, C708 C. pinicola Norway Picea abies H. Solheim
CMW3255, C639 C. eucalypti Australia Eucalyptus sieberi  G. Kile
CMW3229, C278 C. resinifera Norway Picea abies H. Solheim
CMW2332 Thielaviopsis Australia Nothofagus M. Hall
australis cunninghamii
CMW3270, C694 T. neocaledoniae  New Caledonia  Coffea robusta E. Kiffer
CMW10524 C. rufipenni Prince George  Picea glanca H. Solheim
CMW10525 C. douglasii USA Pseudtsuga R.W. Davidson
CBS556.97, C324 menziesii
CMW4546 C. laricicola Scotland Larix decidna T.Kirisits
M.J. Wingfield
D.B. Redfern
CMW7760 C. laricicola Austria Larix decidua T. Kirisits
CBS109260
IF SA/11/2/1/5SHT
CMW8842 C. laricicola Austria Larix decidua T. Kirisits

IF SA/1/3/3/7

!CMW, Culture collection of the Forestry and Agricultural Biotechnology Institute (FABI),
University of Pretoria, South Africa; CBS, Centraalbureau voor Schimmelcultures, Utrecht, The
Netherlands; C, Culture collection of T.C. Harrington, Iowa State University, USA; IF, Culture
collection of the Institute of Forest Entomology, Forest Pathology and Forest Protection (IFFF),
Department of Forest and Soil Sciences, University of Natural Resources and Applied Life
Sciences, Vienna (BOKU), Vienna, Austria.

(SaMBROOK et al. 1989). Purified plasmid DNA was digested with the restriction enzyme
EcoRI (Roche Molecular Biochemicals) to screen for positive clones.

Plasmid insert sizes were determined using agarose gel electrophore51s and those larger
than 500 bp were sequenced with the T7 and Spé universal primers using an ABI PRISM
Big DYE Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems, Foster
City, CA, USA). DNA sequences were determined with an ABI PRISM 377 DNA
automated sequencer (Applied Biosystems).

2.3 SSR primer design and testing

Sequences were analysed for SSR regions using the program Sequence Navigator version
1.0.1 (Applied Biosystems). Specific primer pairs were designed to flank these regions
and to amplify PCR fragments between 200 and 500 bp facilitating the GENESCAN
analysis. When microsatellite regions were located at one of the ends of the insert, it
was necessary to use the ‘genome walking’ technique described by SieBerT et al. (1995)
and Burcess et al. (2001) to obtain sequences from both sides of the microsatellite
region.

All the primers designed were tested for the amplification of DNA from four
C. polonica isolates (CMW2210, CMW7133, CMW7148 and CMW10522). PCR
reactions were conducted as described by BarnEs et al. (2001b) using annealing
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temperatures between 56 and 66°C (Table 3). PCR products were purified and
sequenced using both specific primers in separate reactions as described above.
Sequences were aligned manually and analysed using paur (Phylogenetic Analysis
Using Parsimony) version 4.0b (SworrorD 1998). Where polymorphisms between
isolate sequences were found in the number of repeats of microsatellite motifs, one
primer of each pair was labeled with either FAM or HEX fluorescent dye (MWG,
Ebersberg, Germany) and these were used in analyses of the fungal populations.

2.4 Population biology

PCR amplifications using DNA from all the fungal isolates were conducted with each of
10 selected SSR primer pairs (Table 3). Fluorescent-labelled PCR products (approxi-
mately 2 ng of DNA) were mixed with 0.5 ul of the internal standard GENESCAN-
TAMRA (Applied Biosystems), 1.5 ul of loading buffer and then separated by PAGE
using an ABI Prism 377 DNA sequencer (Applied Biosystems). Allele size was
determined using the software packages GENESCAN 2.1 and GENOTYPER 3.0
(Applied Biosystems).

Allele size was scored at each locus as present (1) or absent (0) for all isolates.
Unweighted pair-group mean arithmetic (UPGMA) was used for cluster analysis using
PAUP software (SworrorRD 1998). The computer program POPGENE version 1.32
(YEr et al. 1999) was used to analyse the population data. Genetic diversity was
quantified using measures of the number of polymorphic loci, allele frequencies and
NEr's (1973) gene diversity. Population genetic differentiation was quantified by the Gst
coefficient [Gst = (Ht — Hs)/Ht, where Hs is the average heterozygosity among
organisms within random mating subpopulations and Ht is the average heterozygosity
among organisms within the total area] (NEI 1987). Gene flow between populations was
calculated by estimating the number of migrants (Nm) [Nm = 0.5(1 — Gst)/Gst]
(McDermotT and McDonaLp 1993). Distance and similarity measurements were
calculated between population pairs according to NEr (1972). Mode of reproduction
within each population was estimated through the gametic linkage disequilibrium (LD)
between pairs of SSR loci (chi-squared test, p < 0.05) (WEIR 1979).

2.5 Utility of SSR primers on other species of Ceratocystis

The 12 SSR primer pairs developed for C. polonica were tested for PCR amplification
in species belonging to the C. coerulescens complex and in C. radicicola, which
was used as the outgroup species (Table 2). DNA extraction and PCR conditions were
as described above. PCR products of both C. laricicola (CMW4546 or CMW7760)
and C. pinicola (CMW3273) were also sequenced with SSR primers P4A-B, P5A-B,
P6A-B, P10A-B and P11A-B and manually aligned with sequences obtained for
C. polonica.

3 Results

3.1 Microsatellite screening

A total of 61 plasmid clones containing potential SSRs were sequenced. Twenty-two of
these contained SSR regions, representing a success rate of 36%. Twelve of these regions
were selected to design specific primers (Table 3). In six SSR regions, the microsatellite was
found either at the beginning or end of the cloned PCR product. In these cases, it was
necessary to amplify the adjacent DNA by genome walking.
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3.2 SSR primer design and testing

Amplified loci contained SSR motifs with 2-7 nucleotides, and 4-12 repeats (Table 3).
Some regions were rich in a specific nucleotide and were usually interrupted by short
sequences of other nucleotides (Table 3). Such regions were selected because they showed
high variability in the number of mononucleotides between isolates (Fig. 1). Six loci
contained more than one SSR region, and these usually had higher numbers of alleles
(Table 3).

Sixty-five alleles were obtained from the 10 selected SSR loci. The primer pair P6A-B
amplified the most variable locus, for which 10 alleles were found. The primer pairs, P7A-B
and P11A-B, amplified nine different alleles. The markers P1, P8 and P12 were the least
variable, with four alleles present in all C. polonica isolates tested (Table 3).

3.3 Population biology

A high level of genetic diversity was found in C. polonica as a whole (H = 0.53), with the
Austrian population being most genetically diverse (H =0.51) and the Norwegian
population least diverse (H = 0.39) (Table 4). All the loci studied were polymorphic across
the four populations (Table 4). Allele frequency analyses showed that 14 alleles were
amplified across all the populations (Austria, Norway, Poland and Japan), while 25 alleles
were equally amplified in the three European populations. The Norwegian population did
not contain unique alleles, while eight alleles were exclusively amplified in the Polish
populations and six each in the Austrian and the Japanese populations.

G statistic analysis showed a low degree of population sub-structure in Europe
(Gst = 0.05) and a high level of gene flow between populations (Nm = 8.5). The highest
number of migrants per generation was found between the Austrian and the Polish
populations (Nm = 13.6). In contrast, high population sub-division was found between the
Japanese and the European populations, with Gst values equal to or higher than 0.2 and
Nm lower than 2 in all cases (Table 4).

The UPGMA dendrogram (Fig. 2) illustrates the high level of genetic diversity for
C. polonica and a low level of differentiation between the European populations, with most
of the clusters occupied by isolates recovered from different countries. Most of the
Japanese isolates grouped together in a separate clade. One of the Japanese isolates
(CMW8278) was not present in this clade and grouped with isolates from Poland and
Austria. Isolates CM'W2286 from Japan and CMW7152 from Austria did not group in any
of the two main clades.

Pairwise distance measures between populations indicated high similarity between the
Austrian, Norwegian and the Polish populations (I > 0.92) (Table 4). Distance data clearly
illustrated the isolation of the Japanese population from the European populations, as the
genetic identity index between these populations ranged between only 0.45 and 0.52
(Table 4). The largest genetic distance was found between the Norwegian and the Japanese
populations (D = 0.79). The percentage of loci in disequilibrium ranged from 4.4% in the
Polish population to 13% in the Japanese population (Table 4).

3.4 Utility of SSR primers on other species of Ceratocystis

Most of the SSR primer pairs developed for C. polonica amplified DNA from six other
Ceratocystis spp. from conifers and belonging to C. coerulescens complex (Table 5). All 12
primer pairs amplified DNA from C. laricicola. Eleven primer pairs amplified DNA from
C. pinicola T.C. Harr. & M.]. Wingf., C. coerulescens (Miinch) Bakshi, C. douglasii (R.W.
Davidson) M.J. Wingf. & T.C. Harr. and C. rufipenni and nine from C. resinifera T.C.
Harr. & M.J. Wingf. Four primer pairs amplified DNA from Ceratocystis eucalypti 7.Q.
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Fig. 2. UPGMA dendrogram generated with 10 SSR loci for 100 isolates of Ceratocytsis polonica.

Numbers refer to the culture collection (CMW) of the Forestry and Agricultural Biotechnology

Institute (FABI), University of Pretoria, South Africa.
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Table 5. PCR amplification of DNA from different Ceratocystis species using SSR primer pairs
developed for Ceratocystis polonica in this study.

Species Pl P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 Total
Ceratocystis + + o+ + + + + - M + + + 11
coerulescens
C. pinicola + O+ o+ o+ o+ o+ o+ - M o+ + + 11
C. resinifera -+ o+ 4+ - o+ o+ - M + + + 9
C. rufipenni + 0+ o+ o+ o+ o+ o+ -+ + + + 11
C. laricicola + 0+ o+ o+ o+ o+ o+ o+ o+ + + + 12
C. donglasii + 0+ + o+ o+ o+ o+ - M o+ + + 11
C. polonica + 0+ o+ 4+ o+ o+ + o+ 4+ + + + 12
Thielaviopsis - - - - - - - - - - M 2
australis
T. neocaledoniae - - - - - — - = - - 4 4 2
C. virescens - - - = 4+ - - - - - - M 2
C. eucalypti -+ - - 4 - - _ _ - 4 + 4
C. radicicola - - - - - - - - - - _ 1
+, successful PCR amplification; —, no PCR amplification; M, amplification of multiple bands.
"Total represents the number out of the 12 SSR primer pairs that amplified DNA from each
Ceratocystis species tested.

Yuan & Kile and two from Thielaviopsis australis (J. Walker & Kile) A.E. Paulin, T.C.
Harr. & McNew, T. neocaledoniae (Kiffer & Delon) A.E. Paulin, T.C. Harr. & McNew
and C. virescens (R.W. Davidson) C. Moreau. Only primer pair P13A-B was able to
amplify DNA from all the tested species including C. radicicola. It, however, produced
multiple bands in C. virescens and T. australis, even at raised annealing temperatures
(66-68°C). Nine primer pairs (P1A-B, P3A-B, P4A-B, P5A-B, P6A-B, P7A-B, P8A-B,
P10A-B, P13A-B) had optimum annealing temperatures between 58 and 60°C across all the
species for which they amplified DNA, while primer pairs P9A-B, P11A-B and P12A-B
amplified at temperatures between 54 and 56°C.

4 Discussion

In this study, we have shown that populations of C. polonica associated with the Eurasian
spruce bark beetle 7. typographus in Europe and its Asian form I. typographus japonicus in
Japan have high levels of genetic diversity. Ceratocystis polonica and other species in the
C. coerulescens complex are homothallic but also possess unidirectional mating type
switching, in which one of the mating types (MAT-2) is capable of selfing to produce self-
sterile (MAT-1) or self-fertile (MAT-2) progeny. MAT-1 and MAT-2 isolates can cross
with each other, but the MAT-1 progeny is always self-sterile (HARRINGTON and McNEW
1997, 1998). The high levels of genetic diversity that we have shown in C. polonica, are
comparable with values obtained for fungal species with predominantly sexual reproduc-
tion such as Mycosphaerella fijiensis (H = 0.59) (BRYGOO et al. 1998) or Venturia inaequalis
(H = 0.46) (TEnzER et al. 1999). Thus, despite the fact that it is homothallic, genetic
diversity data suggest frequent occurrence of sexual outcrossing in C. polonica. Tests for
non-random association between alleles at all SSR loci support our hypothesis, because low
levels of gametic disequilibrium were found in all the populations, as would be expected for
random mating populations. In contrast to C. polonica, low levels of genetic diversity were
found in the main vector of the fungus, I. typographus, reflected both by results of isozyme
analyses, mitochondrial DNA sequencing and microsatellite analyses (STAUFFER et al.
1999; STAUFFER and LAakaTOSs 2000; SALLE et al. 2007).
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A low level of geographic substructure was found in the European populations of
C. polonica, with a high level of gene flow between populations. Migration is an
important force acting against genetic divergence among subpopulations. Results of this
investigation indicated that the C. polonica population of Europe could be treated as a
single unit. This was supported by Nm values higher than 9.9 for the three European
populations sampled. Ceratocystis polonica is exclusively disseminated by a few bark
beetle species, mainly Ips spp. (Kirisrts 2004). Spores of C. polonica are carried on the
body surfaces or in the guts of I typogmp/ms individuals (Furniss et al. 1990) and
ecological studies have suggested migration of I. typographus over distances up to 30—
40 km (NiLssEN 1984; Griks 1985). We, therefore, think that active migration and passive
long-distance wind-dispersal (Forsse and SoLBREck 1985) of bark beetle individuals
carrying C. polonica, together with the trade of timber between European countries,
represent the principal factors associated with the high gene flow between populations on
this continent.

In I. typographus, isozyme and microsatellite analyses revealed a lack of genetic structure
across Europe and a high level of gene flow amongst populations (STAUFFER et al. 1999;
SALLE et al. 2007). In contrast, the phylogeography of the insect based on mitochondrial
DNA sequence analyses suggested genetic differentiation between populations, as one
haplotype was restricted to Russia and Lithuania and only one haplotype was detected in
Northern Europe, while the highest numbers of haplotypes were found in Central and
Southern Europe (STaureer et al. 1999). The isozyme and microsatellite data for
L. typographus (STAUFFER et al. 1999; SALLE et al. 2007) are in agreement with our results
found for C. polonica. This is consistent with the close association of C. polonica with its
insect vector and suggests close co-evolution on their common host tree, P. abies. Our
results and those of STAUFFER et al. (1999) and SALLE et al. (2007) also reinforce the view
that management measures should be directed to control both organisms, as they represent
a natural biological complex.

Our results and those of Staurrer et al. (1999) and SALLE et al. (2007) are also
consistent, in that the nuclear genetic structures of 1. typographus and its fungal associate,
C. polonica in Europe are incongruent with that of their host, P. abies. While low levels of
geographic substructure were found in populations of 1. typogmpbm and C. polonica,
populations of Norway spruce are, based on several genetic markers, geographically
differentiated, reflecting the post-glacial colonization of Europe from refuge areas located
in Russia, the Balkans and the Carpathians (LAGERCRANTZ and RymMAN 1990; VENDRAMIN
et al. 2000; GUGERLI et al. 2001; TOLLEFSRUD et al. 2008).

An effect of geographic isolation was strongly reflected by genetic differences observed
for C. polonica populations from Japan and Europe. Thus, the low levels of gene flow and
the elevated Gst values indicate high levels of genetic isolation between fungal populations
from the two continents. In a recent phylogenetic study, isolates of C. polonica obtained
from Ips typographus japonicus in Hokkaido (Japan) had virtually the same ITS, f-tubulin
and MAT-2 HMG sequences as those recovered from 1. rypographus in various European
countries (MARIN et al. 2005). Thus, the fungi associated with geographically disparate
populations of this insect are phylogenetically related and conspecific. However, the
European and Japanese populations are genetically isolated, as shown in the present
population study. The genetic isolation between Furopean and Japanese isolates of
C. polonica is in agreement with the degree of differentiation found for the main insect
vector of this fungus in Europe and Asia. STAUFFER and Lakatos (2000) studied the
phylogenetic relationships between European (1. typographus) and Asian (I. typographus
japonicus) eight-spined spruce bark beetles, using the mitochondrial cytochrome oxidase I
(COI) gene. They determined that despite the low sequence divergence (1.71%) found
between the European and the Japanese and Chinese populations of this insect, these
populations contained geographically isolated haplotypes. Fairly strong genetic
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differentiation between European and Asian populations of 1. typographus was also shown
in a recent microsatellite study (SALLE et al. 2007).

A surprising result of this study was that one isolate of C. polonica from Japan grouped
with Austrian and Polish isolates and it was unrelated to those in the Japanese clade. Based
on this result, we suspect that European genotypes of C. polonica have been introduced
into Japan. This finding also provides indirect evidence that I. typographus from Europe
might have been introduced into Japan and possibly has established there. The introduction
of C. polomm and . typogmphm could have occurred through the international trade in
timber, in which Japan is a major participant. Substantially larger collections of isolates
would be needed to evaluate this situation more fully. This finding highlights the need for
caution in the export of coniferous lumber, where fungi such as C. polonica that invade the
wood, are ideally suited to be transferred between countries and continents.

Analysis of allele frequencies revealed a moderate number of unique alleles among the
Polish and the Austrian populations. However, those alleles were present in very low
frequencies in both populations (<0.1 in all cases) and it is possible that their absence in
other populations sampled in this study was because of the small size of the populations
evaluated. A different situation occurs in the Japanese population, because some exclusive
alleles had frequencies as high as 0.66 and none of the six unique alleles had frequency
values lower than 0.1. These results provide additional evidence for genetic isolation of the
Japanese population. However, a larger and geographically more diverse collection of
C. polonica isolates from Asia would be necessary to conclusively determine the origin and
geographical occurrence of these alleles.

The SSR markers developed for C. polonica in this study were able to amplify DNA for six
species from conifers belonging to the C. coerulescens complex. They will certainly be useful
in studies aimed at comparing populations of these fungi, particularly of the more important
tree pathogens in this group. Of particular interest to us is C. laricicola, which is native in
central Europe, but has been introduced into new areas such as Scotland and Denmark
(REDFERN et al. 1987; STAUFFER et al. 2001). The ability of most C. polonica SSR primers to
amplify DNA in the Ceratocystis species occurring on conifers but not in those affecting
hardwood trees, supports the monophyletic origin of these species on conifers, as shown by
WriTTHUHN et al. (1998, 2000) using I'TS and MAT-2 DNA sequence comparisons.

The results of this study provide strong evidence that quarantine strategies in Europe
should consider the entire range of genetic diversity of C. polonica and its vectors on this
continent. The high levels of recombination found in C. polonica in Europe and Japan may
lead to development of new genotypes of the pathogen over a short period of time.
Consequently, continuous genotyping of isolates in these populations would be advan-
tageous to detect new virulent forms of the fungus. Moreover, every effort should be made
to avoid the transfer of C. polonica and its vectors between Europe and Japan. Even though
these organisms can be considered the same species they do not belong to the same
population, have been separate for some time and are possibly in the process of speciation.
Introduction of 1. typographus and its fungal associates into North America, where they do
not occur naturally represents an even greater threat. The increased understanding of the
population biology of this important blue-stain fungus and vascular stain pathogen on
spruce derived from this study, should contribute to improved pest and pathogen
management. It should also result in a reduction in the impact of this biological complex on
forestry and the wood industry in the Northern hemisphere.

Acknowledgements

We are grateful to many colleagues listed in Tables 1 and 2 who provided the fungal cultures without
which this study woulcf, not have been possible. In this regard, we particularly thank Halvor Solheim,
Robert Jankowiak and Tadeusz Kowalski as well as Yuichi Yamaoka for sharing populations of



Population structure and genetic diversity of Ceratocystis polonica 263

isolates from their respective countries with us. Collection of isolates of C. polonica by T. Kirisits and
R. Grubelnik receivej) financial support from the foundation ‘120 Jahre Universiit fiir Bodenkultur’
and the Special Research Program ‘Forest Ecosystem Restoration (SF008)’, funded by the Austrian
Science Foundation and the Austrian Ministry of Agriculture and Forestry. The National Research
Foundation (NRF), members of the Tree Protection Co-operative Programme (TPCP) and the
THRIP initiative of the Department of Trade and Industry (DTI) South Africa provided financial
support for this study. Irene Barnes provided technical advice for which we are most grateful.

References

Barngs, I; Roux, J; WingrieLp, M. J.; Corrzeg, M. P. A,; WincrieLp, B. D., 2001a:
Characterization of Seiridium spp. associated with cypress canker based on fi-tubulin and Histone
sequences. Plant Dis. 85, 317-321.

Barnes, I; Gaur, A.; Burcess, T.; Roux, J; WinGrieLp, B. D.; WinGrieLD, M. ]., 2001b:
Microsatellite markers reflect intra-specific relationships between isolates of the vascular wilt
pathogen Ceratocystis fimbriata. Mol. Plant Pathol. 2, 319-325.

Barngs, I.; NakaBONGE, G.; Roux, J.; WiNGriELD, B. D.; WiNGFIELD, M. J., 2005: Comparison of
populations of the wilt pathogen Ceratocystis albifundus in South Africa and Uganda. Plant Pathol.
54, 189-195.

BrYGOO, Y.; CAFFIER, V.; CARLIER, J.; FABRE, J. V.; FERNANDEZ, D.; GiraUD, T.; MOURICHON, X
NEeema, C.; NOTTEGHEM, J. L; Porg, C.; THARREAU, D.; LEBRUN, M. H., 1998: Reproduction and
population structure in phytopathogenic fungi. In: Molecular Variability of Fungal Pathogens. Ed.
by BriDGE, P.; COUTEAUDIER, Y.; CLARKSON, J. New York: CAB International, pp. 133-148.

Burcess, T.; WINGFIELD, M. J.; WINGFIELD, B. D., 2001: Simple sequence repeat markers distinguish
among morphotypes of Sphaeropsis sapinea. Appl. Environ. Microbiol. 67, 354-362.

CHANG, V. C. S;; JENSEN, L., 1974: Transmission of the pineapple disease organism of sugarcane by
nitidulid beetles in Hawaii. J. Econ. Entomol. 67, 190-192.

CHRISTIANSEN, E., 1985: Ceratocystis polonica inoculated in Norway spruce: blue-staining in relation
to inoculum density, resinosis and tree growth. Eur. J. Forest Pathol. 15, 160-167.

CHRISTIANSEN, E.; BAKKE, A., 1988: The spruce bark beetle of Eurasia. In: Dynamics of Forest Insect
Populations. Pattern, Causes, Implications. Ed. by BErrymaN, A. A. New York/London: Plenum
Press, pp. 479-503.

Dt Hoog, G. S.; SCHEFFER, R. J., 1984: Ceratocystis versus Ophiostoma: a reappraisal. Mycologia 76,
292-299.

EncersrecHT, C. J. B.; HarRrINGTON, T. C.; ALFENAS, A. C.; Suarez, C., 2007: Genetic variation in
populations of the cacao wilt pathogen, Ceratocystis cacaofunesta. Plant Pathol. 56, 923-933.

Fogrssk, E.; SOLBRECK, C., 1985: Migration in the bark beetle Ips typographus L.: duration, timing and
height of flight. J. Appl. Entomol. 100, 47-57.

FOHRER, E., 1996: Entomologische Aspekte der Umwandlung montaner Fichtenforste in Mitteleu-
ropa. Entomol. Gen. 21, 1-15.

Furniss, M. M.; SoruEemv, H.; CHRISTIANSEN, E., 1990: Transmission of blue-stain fungi by Ips
typographus (Coleoptera: Scolytidae) in Norway spruce. Ann. Entomol. Soc. Am. 83, 712-716.
Grizs, G., 1985: Zur Frage der Dispersion des Buchdruckers Ips rypographus. J. Appl. Entomol. 99,

12-20.

GugerLl, F.; SperiseN, C.; BUCHLER, U.; Macni, F.; GeEBUREK, T.; JEANDROZ, S.; SENN, ]., 2001:
Haplotype variation in a mitochondrial tandem repeat of Norway spruce (Picea abies) populations
suggests a serious founder effect during postglacial re-colonization of the western Alps. Mol. Ecol.
10, 1255-1263.

HarrinGTON, T. C., 1993: Biology and taxonomy of fungi associated with bark beetles. In: Beetle-
Pathogen Interactions in Conifer Forests. Ed. by ScHOWALTER, T. D.; FiLip, G. M. San Diego, CA:
Academic Press, pp. 37-58.

HAaRrINGTON, T. C; McNEW, D. L., 1997: Self-fertility and uni-directional mating-type switching in
Ceratocystis coerulescens, a filamentous ascomycete. Curr. Genet. 32, 52-59.

HarringTON, T. C; McNEwW, D. L., 1998: Partial interfertility among the Ceratocystis species on
conifers. Fungal Genet. Biol. 25, 44-53.

HARRINGTON, T. C.; WINGFIELD, M. J., 1998: The Ceratocystis species on conifers. Can. J. Bot. 76,
1446-1457.

HarringTON, T. C.; PasaEnova, N. V.; McNEew, D. L.; StEiMeL, J.; KonstanTinov, M. Yu., 2002:
Species delimitation and host specialization of Ceratocystis laricicola and C. polonica to larch and
spruce. Plant Dis. 86, 428-422.



264 M. Marin, O. Preisig, B. D. Wingfield et al.

HausNER, G.; ReID, J.; Krassen, G. R., 1993a: On the subdivision of Ceratocystis s.1., based on partial
ribosomal DNA sequences. Can. J. Bot. 71, 52-63.

HAUSNER, G.; REID, J.; Krassen, G. R., 1993b: On the phylogeny of Ophiostoma, Ceratocystis s.s. and
Microascus, and relationships within Ophiostoma based on partial ribosomal DNA sequences. Can.
J. Bot. 71, 1249-1265.

Haypen, M. J.; SHARP, P. J., 2001: Targeted development of informative microsatellite (SSR) markers.
Nucleic Acids Res. 29, 1-6.

Jacoss, K.; WINGFIELD, M. J., 2001: Leptographinm Species: Tree Pathogens, Insect Associates, and
Agents of Blue-Stain. St Paul, MN: APS Press, 207 pp.

Jankowiak, R., 2005: Fungi associated with Ips rypographus on Picea abies in southern Poland and
their succession into the phloem and sapwood of beetle-infested trees and logs. For. Pathol. 35, 37—
55.

Juzwix, J.; FReENcH, D. W., 1983: Ceratocystis fagacearum and C. piceae on the surfaces of free-flying
and fungus-mat-inhabiting nitidulids. Phytopathology 73, 1164-1168.

Kirisrts, T., 1998: Pathogenicity of three blue-stain fungi associated with the bark beetle Ips
typographus to Norway spruce in Austria. Osterr. Z. Pilzk. 7, 191-201.

Kirisits, T., 2004: Fungal associates of European bark beetles with special emphasis on the
ophiostomatoid fungi. In: Bark and Wood Boring Insects in Living Trees in Europe, a Synthesis.
Ed. by Ligutier, F; Day, K. Ry Barristi, A; GrEGoIrg, J. C.; Evans, H. Dordrecht, The
Netherlands: Kluwer Academic Publishers, pp. 181-235.

Kirisits, T.; OFFENTHALER, L., 2002: Xylem sap flow of Norway spruce after inoculation with the
blue-stain fungus Ceratocystis polonica. Plant Pathol. 51, 359-364.

KROKENE, P.; SoLrEM, H., 1996: Fungal associates of five bark beetle species colonizing Norway
spruce. Can. J. For. Res. 26, 2115-2122.

LAGERCRANTZ, U.; Ryman, N., 1990: Genetic structure of Norway spruce (Picea abies): concordance
of morphological and allozyme variation. Evolution 44, 38-53.

MariN, M,; Preisig, O.; WiNGrELD, B. D.; Kiristrs, T.; Yamaoxa, Y.; WiNGFIELD, M. J., 2005:
Phenotypic and DNA sequence data comparisons reveal three discrete species in the Ceratocystis
polonica species complex. Mycol. Res. 109, 1137-1148.

McDEerMOTT, J. M; McDonNALD, B., 1993: Gene flow in plant pathosystems. Annu. Rev. Phytopathol.
31, 353-373.

Morin, C.; BrReuir, C.; BERNIER, L., 2004: Genetic variability and structure of Canadian populations
of the sapstain fungus Ceratocystis resinifera. Phytopathology 94, 1323-1330.

NEr, M., 1972: Genetic distance between populations. Am. Nat. 106, 283-292.

Ner, M., 1973: Estimation of gene diversity in subdivided populations. Proc. Natl Acad. Sci. U.S.A. 70,
3321-3323.

NE1, M., 1987: Molecular Evolutionary Genetics. New York: Columbia University Press, 512 pp.

Nicssen, A. C., 1984: Long-range aerial dispersal of bark beetles and bark weevils (Coleoptera,
Scolytidae and Curculionidae) in northern Finland. Ann. Ent. Fenn. 50, 37-42.

Paing, T. D.; Rarra, K. F.; HarriNGTON, T. C., 1997: Interactions among scolytid bark beetles, their
associated fungi, and live host conifers. Annu. Rev. Entomol. 42, 179-206.

PauLiN-MaHADY, A. E,; HarringTON, T. C; McNEwW, D., 2002: Phylogenetic and taxonomic
evaluation of Chalara, Chalaropsis, and Thielaviopsis anamorphs associated with Ceratocystis.
Mycologia 94, 62-72.

PosTNER, M., 1974: Scolytidae (Ipidae), Borkenkifer. In: Die Forstschidlinge Europas. Ed. by
ScuweNckE, W. Berlin, Germany: Paul Parey Verlag, pp. 334-482.

ReDFERN, D. B.; STOAKLEY, J. T.; STEELE, H.; MINTER, D. W., 1987: Dieback and death of larch caused
by Ceratocystis laricicola sp. nov. following attack by Ips cembrae. Plant Pathol. 36, 467—480.
SaLLE, A.; ARTHOFER, W.; LIEUTIER, F.; STAUFFER, C.; KERDELHUE, C., 2007: Phylogeography of a
host-specific insect: genetic structure of Ips typographus in Europe does not reflect past

fragmentation of its host. Biol. J. Linn. Soc. 90, 239-246.

SAMBROOK, J.; FritscH, T.; ManiaTis, T., 1989: Molecular Cloning — A Laboratory Manual. New
York: Cold Spring Harbour Laboratory Press, 1659 pp.

SieBerT, P. D.; CHENCHIK, A.; KELLoG, D. E.; Lukyanov, K. A.; Lukyanov, S. A., 1995: An
improved PCR method for walking in uncloned genomic DNA. Nucleic Acids Res. 23, 1087-1088.

Stemaszko, W., 1939: Zespoly grzybéw towarzyszacych kornikom polskim [Fungi associated with
bark beetles in Poland]. Planta Pol. 7, 1-54 + plates.

SorHEM, H., 1986: Species of Ophiostomataceae isolated from Picea abies infested by the bark beetle
Ips typographus. Nord. J. Bot. 6, 199-207.



Population structure and genetic diversity of Ceratocystis polonica 265

SoruemM, H., 1988: Pathogenicity of some Ips rypographus-associated blue-stain fungi to Norway
spruce. Medd. Nor. Inst. Skogforsk. 40, 1-11.

SPATAFORA, J. W.; BLackweLr, M., 1994: The polyphyletic origins of ophiostomatoid fungi. Mycol.
Res. 98, 1-9.

Staurrer, C.; Lakaros, F., 2000: Ips typographus f. japonicus Niijima (Col., Scolytidae): a genetic
analysis by allozymes and mitochondrial sequence data. In: Forests and Society: The Role of
Research. XXI IUFRO World Congress, August 7-12, 2000. Ed. by Janpr, R.; Devarr, M,;
KuorcHIDI, M.; ScHIMPE, E.; WoLrrUM, G.; Krisunapiray, K. B. Kuala Lumpur, Malaysia:
Pramaju Sdn. Bhd, Vol. 3, Poster abstracts. 397 pp.

STAUFFER, C.; LakaTos, F.; HEwrrt, M., 1999: Phylogeography and postglacial colonization routes of
Ips typographus L. (Coleoptera, Scolytidae). Mol. Ecol. 8, 763-773.

Staurrer, C.; Kirisrrs, T.; NussBauMER, C.; Paviin, R.; WinGrieLp, M. J., 2001: Phylogenetic
relationships between the European and Asian eight spined larch bark beetle populations
(Coleoptera, Scolytidae) inferred from DNA sequences and fungal associates. Eur. J. Entomol. 98,
99-105.

STEIMEL, J.; ENGELBRECHT, J. B. C.; HarrINGTON, T. C., 2004: Development and characterization of
microsatellite markers for the fungus Ceratocystis fimbriata. Mol. Ecol. Notes 4, 215-218.

Sworrorp, D. L., 1998: PAUP*: Phylogenetic Analysis Using Parsimony (* and other methods).
Version 4 Sunderland, MA: Sinauer Associates.

TENZER, 1.; IvanissevicH, S.; MORGANTE, M.; GEssLER, C., 1999: Identification of microsatellite
markers and their application to population genetics of Venturia inaequalis. Phytopathology 89,
748-753.

TorrLersruD, M. M.; KissLing, R.; GuGerL, F.; JouNsEN, O.; SkroPPA, T.; CHEDDADI, R.; VAN DER
Knaar, W. O.; Laraaowa, M.; TEraURNE-BErsON, R.; Lirt, T.; GEBUREK, T.; BRocHMANN, C.;
SPERISEN, C., 2008: Genetic consequences of glacial survival and postglacial colonization in
Norway spruce: combined analysis of mitochondrial DNA and fossil pollen. Mol. Ecol. 17, 4134
4150.

UrapHYAY, H. P., 1981: A monograph of Ceratocystis and Ceratocystiopsis. Athens, OH: University of
Georgia Press, 176 pp.

VeNDRAMIN, G. G.; Anzipel, M.; MapaGHIELE, A.; SperisEN, C.; Buccr, G., 2000: Chloroplast
microsatellite analysis reveals the presence of population subdivision in Norway spruce (Picea abies
K.). Genome 43, 68-78.

VisseRr, C.; WINGFIELD, M. J.; WINGFIELD, B. D; Yamaoka, Y., 1995: Ophiostoma polonicum is a
species of Ceratocystis sensu stricto. Syst. Appl. Microbiol. 18, 403—409.

WEIR, B. S., 1979: Inferences about linkage disequilibrium. Biometrics 35, 235-254.

WiNGFIELD, M. J.; SEIFERT, K. A.; WEBBER, J. F. (eds.) 1993: Ophiostoma and Ceratocystis: Taxonomy,
Ecology and Pathogenicity. St Paul, MN: APS Press, 293 pp.

WiNGrELD, M. J.; HarrinGTON, T. C.; SorHEM, H., 1997: Two new species in the Ceratocystis
coerulescens complex from conifers in western North America. Can. J. Bot. 75, 827-834.

WrrtHUHN, R. C.; WINGFIELD, B. D.; WINGFIELD, M. J.; WoLFAARDT, M.; HaRRINGTON, T. C., 1998:
Monophyly of the conifer species in the Ceratocystis coerulescens complex based on DNA sequence
data. Mycologia 90, 96-101.

WrrraunNn, R. C; HarringTON, T. C.; STEIMEL, J. P.; WinGFIELD, B. D.; WinGriELD, M. J., 2000:
Comparison of isozymes, rRNA spacer regions and MAT-2 DNA sequences as phylogenetic
characters in the analysis of the Ceratocystis coerulescens complex. Mycologia 92, 447-452.

YAaMAOKA, Y.; WINGFIELD, M. J.; TakaHAsHI, I; SoLHEmM, H., 1997: Ophiostomatoid fungi associated
with the spruce bark beetle Ips typographus f. japonicus in Japan. Mycol. Res. 101, 1215-1227.

Yamaoxka, Y.; TakanasHr, L; Igushr, K., 2000: Virulence of ophiostomatoid fungi associated with the
spruce bark beetle Ips typographus f. japonicus in Yezo spruce. J. For. Res. 5, 87-94.

YEeH, F. C; Yang, R;; Boyig, T., 1999: POPGENE Version 1.32. Available at: http://www.ualberta.ca/
~fyeh/index.htm.



