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The ascomycetous fungus Cryphonectria parasitica (Murr.) is one of the
most important fungal pathogens of chestnut (Castanea sativa Mill.), causing chest-
nut blight. It is originated from Eastern Asia and was introduced into North Ameri-
ca, and later into Europe. Almost 100 C. parasitica isolates were collected mainly
from the Carpathian Basin to study their diversity and phylogenetic relationships.
Three nuclear molecular markers were tested: (i) internal transcribed spacers (ITS),
(i1) translation elongation factor 1 subunit alpha (tef7), and (iii) six microsatellite
loci. The ITS region proved to be highly polymorphic but this kind of variability did
not reflect the geographical regions of the isolates, while the fef] sequences were
identical in all isolates. Microsatellite haplotype diversity was relatively high
(0.923-0.984) calculated for the fungal populations of the Carpathian Basin. This
may have resulted from the multiple introductions from diverse origins of the popu-
lations, close to the first site of observation in Northern Italy. The BAPS analysis of
the microsatellite markers occasionally grouped together samples from remote geo-
graphical origin, suggesting human assistance in the introduction of new C. para-
sitica haplotypes from distinct areas.

Keywords: Cryphonectria parasitica, population structure, phylogenic mark-
ers, microsatellite, BAPS analysis

Introduction

The causal agent of chestnut blight, a heterothallic ascomycetous fungus,
Cryphonectria parasitica (Murr.) Barr (syn. Endothia parasitica [Murr.] And.) is
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one of the most important fungal pathogens of chestnut (Castanea sativa Mill.) in
Europe and North America. It originated from Eastern Asia and was introduced
into North America at the beginning of the 20™ century where it devastated the
American chestnut (Castanea dentata, Fagaceae, Fagales) causing serious dam-
age in orchards and in forests [1]. In the middle of the last century, the pathogen
was introduced into Europe, firstly reported in Italy [2] and has infested the Eu-
ropean chestnut (Castanea sativa Mill) populations. In Central Europe, the path-
ogen was firstly identified in Austria by Donaubauer [3]. In Hungary, the first
symptoms of the disease were reported by Kortvély in 1969 [4], then in Slovakia
by Juhasova [5], in Romania by Florea and Popa [6] and in Ukraine by Raddocz
[7]. Nowadays the chestnut blight became an important and widespread disease
in Hungary. The disease kills the infected tree branches and causes a rapid death
of the entire tree resulting in environmental and economic concerns.

In this study, we investigated phylogenetic relationships of C. parasitica
isolates collected from different European growing sites mainly from the Car-
pathian Basin.

Many studies using different molecular markers and other traits such as
vegetative compatibility were published to assess population genetic parameters
and genetic diversity among isolates from different geographical regions [8—15].
Translation elongation factor 1 subunit alpha (EFla) is part of the cytosolic EF1
complex, whose primary function is to promote the binding of aminoacyl-tRNA
to the ribosome in a GTP-dependent process [16]. Its coding gene, tefl is well
suited for determining phylogenetic relationships [17], due to its universal occur-
rence and its presence as a single copy within the genome [18]. It has been proven
to be a useful gene to resolve phylogenetic relationships at species level as well as
in deeper divergences where amino acid substitutions provide phylogenetic reso-
lution. Here, we used a primer pair which facilitates the PCR amplification of the
large intron of tef1 gene [19]. So far, the translation elongation factor has not been
used to investigate phylogenetic relationships among C. parasitica.

Ribosomal DNA (rDNA) has long been used as a potential marker for phy-
logenetic studies (reviewed by Avise, [20]). The rRNA genes are organized in
clusters of tandemly repeated units, each of which consists of coding regions
(188, 5.8S, and 28S) [21] and 2 internal transcribed spacers (ITS) and intergenic
spacer (formerly called the “Non-Transcibed Spacer”, NTS) region. While the
coding regions are evolutionarily conserved and have been utilized for phyloge-
netic inferences for major phyla (reviewed by Hillis and Dixon [22]), the two ITS
regions are appropriate for detecting differences between co-specific individuals
and are hence potentially useful markers to study the relationships of populations
and closely related species in fungal, plant, and animal taxa due to their rela-
tively rapid evolutionary rates [23—29]. In this study, we used the complete inter-
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nal transcribed spacer regions since many studies were published using ITS se-
quences for phylogenetic analysis in the Cryphonectria genus [30, 31].

Microsatellite loci, also called simple sequence repeats (SSR), are widely
used as genetic markers because of their ubiquity, ease to score, co-dominance,
reproducibility, assumed neutrality and high level of polymorphism [32]. Micro-
satellites are tandemly repeated specific DNA sequences of 1 to 10 bases up to
about 100 times [33]. The lengths of microsatellites tend to be highly polymor-
phic between individuals due to variation in the number of repeat units of differ-
ent alleles. Like all genetic loci, SSRs are subject to point mutations but slipped-
strand mispairing at meiosis or during DNA replication also may occur and can
change the number of repeat units [34, 35]. Microsatellites are powerful markers
for genetics and population biology analyses because they have co-dominant al-
leles and are amplified by specific primers. They are more polymorphic than
other amplifiable markers [36]. Their mutation rates are thought to vary from 10°
to 10° per locus per gamete per generation depending on organism and locus [37,
38]. Microsatellites have been evaluated extensively in many fields of biology
including the population genetic studies of C. parasitica. Breuillin et al. [10]
identified high genetic diversity in C. parasitica populations of different geo-
graphical regions of France using microsatellite loci. Kubisiak et al. [39] re-
ported 53 polymorphic microsatellite loci for population genetic studies of
C. parasitica. Other studies used different molecular methods such as DNA fin-
gerprinting and RFLP for genetic population studies mostly to retrace the
C. parasitica’s history of invasion into North America and Europe during the
twentieth century [9, 40, 41].

Materials and Methods
Isolates

Almost 100 C. parasitica isolates were studied from different parts of
European countries but mainly from the Middle-Europe and the Carpathian Ba-
sin (Table I and Fig. 1). Bark samples were collected from chestnut trees located
in geographically different areas. In each site, bark samples were collected from
the margin of cankers from at least 10 evenly distributed, blighted trunks. Only
one bark sample was collected from each trunk to avoid sampling clones. Indi-
vidual samples were surface disinfected in 70% ethanol, rinsed in sterile water
then placed on PDA (40 g potato dextrose agar, Scharlau, in 1 1 distilled water).
Plates were incubated at 24 °C in the dark for 7 days and all cultures were checked
for typical C. parasitica characteristics.
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Table I. Origin of Cryphonectria parasitica isolates

GORCSOS et al.

Sample Location* Country Collection Population BAPS Accession number of
name' date? ID? Group* | of1 ITS

AGF 2 Agfalva Hungary 9 May 2012 1 1 KC844291
AGF 4 Agfalva Hungary 9 May 2012 1 1 KC844292
DOBR 1 Débroce Hungary 10 May 2012 1 1 KC879169 K(C844303
DOBR 3 Débroce Hungary 10 May 2012 1 1 KC879170 KC844304
DOBR 5 Débroce Hungary 10 May 2012 1 1 KC879171 KC844305
IHB 1 Tharosberény Hungary 10 May 2012 1 1

IHB 3 Tharosberény Hungary 10 May 2012 1 1

KAD 1 Kadarkut Hungary 7 August 2012 1 1 KC879176

KAD 3 Kadarkut Hungary 7 August 2012 1 1 KC879177

PECS 1 Pécs Hungary 22 September 2012 1 2 KC879194 KC844335
PECS 3 Pécs Hungary 22 September 2012 1 2 KC879195 K(C844336
BF 1 Sopron Hungary 9 May 2012 1 1 KC844316
BF 3 Sopron Hungary 9 May 2012 1 1 KC844317
FBR 1 Sopron Hungary 9 May 2012 1 1 KC844310
FBR 3 Sopron Hungary 9 May 2012 1 1 KC844311
PRINC 1 Sopron Hungary 9 May 2012 1 1 KC844341
PRINC 3 Sopron Hungary 9 May 2012 1 1 KC844342
ZENG 2 ZengGvarkony — Hungary 22 September 2012 1 4 KC879218

ZENG 3 Zengbvarkony  Hungary 22 September 2012 1 4 KC879219

BRAT 1 Bratislava Slovakia 18 January 2012 1 6 KC879166 KC844300
BRAT 3 Bratislava Slovakia 18 January 2012 1 6 KC879167 KC844301
MOD 1 Modra Slovakia 18 January 2012 1 3 KC844324
MOD 4 Modra Slovakia 18 January 2012 1 3 KC879183 K(C844325
PAR 1 Parovské Haje  Slovakia 18 January 2012 1 9 KC879191 K(C844332
PAR 3 Parovské Haje  Slovakia 18 January 2012 1 9 KC879192 KC844333
PAR S Parovské Haje  Slovakia 18 January 2012 1 9 KC879193 K(C844334
SVE 1 Svity Jur Slovakia 18 January 2012 1 5 KC844347
SVE 3 Svity Jur Slovakia 18 January 2012 1 5 KC844348
ERSEK 1 Ersekvadkert ~ Hungary 13 May 2011 2 6 KC879173  K(844307
ERSEK 3 Ersekvadkert — Hungary 13 May 2011 2 6 KC879174 KC844308
B1 Nagymaros Hungary 13 May 2011 2 7 KC844290 KC800708
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Table I. (cont.)

251

Sample Location? Country Collection Population BAPS Accession number of
name' date? 1D? Group* tefl ITS

Cl1 Nagymaros Hungary 13 May 2011 2 7 KC879168 KC844302
E3 Nagymaros Hungary 13 May 2011 2 7 KC879172 K(C844306
F4 Nagymaros Hungary 13 May 2011 2 7 KC844309
J2 Nagymaros Hungary 13 May 2011 2 7 KC879175 KC844314
MV 1/4 Nagymaros Hungary 13 May 2011 2 7 KC879184 KC851950
MV 1/6 Nagymaros Hungary 13 May 2011 2 7 KC879185 KC851951
N2 Nagymaros Hungary 13 May 2011 2 7 KC879186 KC844315
KRNA 1 Krna Slovakia 3 August 2012 2 8

KRNA 5 Krna Slovakia 3 August 2012 2 8

MDK 1 Modry Kamen  Slovakia 8 December 2011 2 8 KC844320
MDK 2 Modry Kameni ~ Slovakia 8 December 2011 2 8 KC844321
MDK 4 Modry Kamen  Slovakia 8 December 2011 2 8 KC879180 K(C844322
MDK 6 Modry Kamen ~ Slovakia 8 December 2011 2 8 KC844323
PAL2 Palhaza Hungary 18 May 2012 3 1 KC844330
PAL 3 Palhaza Hungary 18 May 2012 3 1 KC844331
PETROVCE I  Petrovce Slovakia 19 September 2012 3 9 KC879198 K(C844339
PETROVCE 3  Petrovce Slovakia 19 September 2012 3 9 KC879199 KC844340
BOB 1-1 Bobovyshche  Ukraine 23 April 2011 3 10 KC851936 KC844294
BOB 1-3 Bobovyshche  Ukraine 23 April 2011 3 10 KC879161 KC844295
BOB 2-2T Bobovyshche  Ukraine 23 April 2011 3 10 KC879162 KC844296
BOB 2-4T Bobovyshche  Ukraine 23 April 2011 3 10 KC879163 K(C844297
BOB 3-1 Bobovyshche  Ukraine 23 April 2011 3 10 KC879164 KC844298
BOB 3-3 Bobovyshche  Ukraine 23 April 2011 3 10 KC879165 KC844299
RO 4 Rostovjatica Ukraine 23 April 2011 3 14 KC879203 K(C844345
RO 6 Rostovjatica Ukraine 23 April 2011 3 14 KC879204 KCB844346
SER 1 Serednje Ukraine 23 April 2011 3 11 KC879220

SER 3 Serednje Ukraine 23 April 2011 3 11 KC879221

FEL 1T Nagybanya Romania 7 September 2011 4 12 KC844312
FEL 4 Nagybanya Romania 7 September 2011 4 12 KC844313
KOBA 2 Nagybanya Romania 7 September 2011 4 12 KC879178 K(CB844318
KOBA 4T Nagybanya Romania 7 September 2011 4 12 KC879179 K(C844319
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Table I. (cont.)

Sample Location? Country Collection Population BAPS Accession number of
name' date’ 1D? Group* tefl ITS

TG 1 Nagybanya Romania 7 September 2011 4 12 KC879207 KC844351
TG2 Nagybanya Romania 7 September 2011 4 12 KC879208 K(C844352
TG 4T Nagybanya Romania 7 September 2011 4 12 KC879209 KC844353
VEVI 1 Nagybanya Romania 7 September 2011 4 12 KC879212 KC844356
VEVI2 Nagybanya Romania 7 September 2011 4 12 KC879213 K(C844357
TIS 3 Tismana Romania 2 September 2012 4 2 KC879210 KC844354
TIS 5 Tismana Romania 2 September 2012 4 2 KC879211 KC844355
PET | Petrich Bulgaria 5 October 2011 5 14 KC879196 K(C844337
PET 3 Petrich Bulgaria 5 October 2011 5 14 KC879197 KC844338
0S0J 2 0s0j Macedonia 4 October 2011 5 13 KC879187 K(C844328
0S0J 7 Osoj Macedonia 4 October 2011 5 13 KC844329
RAD 1 Radolishta Macedonia 5 October 2011 5 12 KC879201 KC844343
RAD S5 Radolishta Macedonia 5 October 2011 5 12 KC879202 K(C844344
TET 3 Tetovo Macedonia 4 October 2011 5 12 KC879205 KC844349
TET 9 Tetovo Macedonia 4 October 2011 5 12 KC879206 KC844350
VOL 1 Volino Macedonia 4 October 2011 5 12 KC879214 KC844326
VOL 4 Volino Macedonia 4 October 2011 5 12 KC879215 KC844327
VRUT 1 Vrutok Macedonia 4 October 2011 5 12 KC879216 KC844358
VRUT 3 Vrutok Macedonia 4 October 2011 5 12 KC879217 KC844359
ARK 14 n.a. Greece n.a. 6 15 KC844293
HOR 10 hpv n.a. Greece n.a. 6 15 KC851945
KAV 5 hpv n.a. Greece n.a. 6 15 KC851944
ME48-1 n.a. Greece n.a 6 15 KC879181 KC851948
ME48-2 n.a. Greece n.a 6 15 KC879182 KC851949
P73 n.a. Greece n.a 6 15 KC879190 KC851943
P5-1 n.a Greece n.a 6 15 KC879188 KC851946
P5-2 n.a Greece n.a 6 15 KC879189 KC851947
PIR 1 n.a Greece n.a 6 15 KC879200 KC851942
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Sample Location® Country Collection Population BAPS Accession number of
name' date’ 1D? Group* tefl ITS
C0006 Alentejo Portugal n.a 7 16 KC851938
C0009 Madeira Portugal n.a 7 16 KC851940
C0008 Terceira Portugal n.a 7 16 KC851939
C0722 Terceira Portugal n.a 7 16 KC851941
C0003 Tras os Portugal n.a 7 16 KC851937
Montes

"Host of the isolates were Castanea sativa except the ones with a “T” ending
(BOB 2-2T, BOB 2—4T, TG 4T, FEL 1T, KOBA 4T). Those were isolated from Quercus petraea.

n.a.: not available.
SNumber of population: geographical locations are indicated in Fig. 1.
“BAPS Group: according to the results of the BAPS analysis.
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Figure 1. Geographical location of the Cryphonectria parasitica populations sampled in the
Carpathian Basin and in Europe. Each isolate is represented by one dot. I-V indicates population
numbers of the isolates (Table I). The colours of the dots correspond with the result of BAPS analysis
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Culture morphology and growth

Isolates were grown on PDA (40 g 1", Scharlab) in 90 mm diameter Petri
dishes incubated at 25 °C in the dark for one week. The cultures were then ex-
posed to diffuse daylight at room temperature on the laboratory bench, and cul-
ture morphology was recorded once a week for a period of four weeks.

DNA extraction

For molecular works, the cultures were grown in 100 ml of malt broth (MB,
containing 2% malt extract, Scharlab) for 48 hours at room temperature in the
dark on a rotary shaker (125 rpm). Mycelium from each culture was transferred
to 100 ml Erlenmeyer flasks containing 50ml MB. The cultures were grown at
room temperature for 48 hours in the dark on a rotary shaker (125 rpm). Mycelia
were harvested by vacuum filtration. Total genomic DNA was extracted from
freeze-dried mycelium and isolated using NucleoSpin Plant I (Macherey-Nagel,
740770) according to the protocol, followed the manufacturer’s instructions.
DNA concentrations were measured by NanoDrop (Thermo Scientific).

Amplification and sequencing of ITS and tefl sequences

Amplifications of 50 pul PCR reaction containing 25 pl 2xPCR Master
Mix (ImmoMix, Bioline, 25020), 40—40 pmol of each primer, 20-40 ng of
genomic DNA and nuclease free water were run. SRO6R and LR1 primer pair [42]
(Integrated DNA Technologies, Inc.) were used to amplify the full length of ITS
region, with the following amplification protocol: 3 min initial denaturing at
95 °C, followed by 5 cycles of 1 min at 95 °C, 1 min annealing at 50 °C, 1 min at
72 °C and 25 cycles of 1 min at 90 °C, 1 min annealing at 50 °C, 1 min at 72 °C
and 15 min final extension at 72 °C. The large intron of the zef/ gene was ampli-
fied by the EF1-728F and EF1-986R primer pair [19] according to the previously
described protocol with a temperature of 56 °C rather than 50 °C. PCR was per-
formed in a Primus (MWG Biotech) thermocycler. Amplification products were
subjected to electrophoresis in a 0.7% agarose gel containing EtBr and visualized
by UV illumination. The PCR products were purified by using NucleoSpin Gel
and PCR Clean-up (Macherey-Nagel, 740609). Purified amplification products
were sequenced by MWG Biotech Company in Germany.
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Data analysis

The DNA sequences obtained were aligned first with ClustalX [43] auto-
matically then manually checked for ambiguities and adjusted when necessary
using GeneDoc [44]. Single gaps were treated as missing data and multistate
characters as uncertain. In the phylogenetic analyses, fefl and ITS fragments of
other C. parasitica isolates downloaded from GenBank (NCBI) were also in-
cluded. Parsimony analyses [45—-47] were performed using PAUP 4.0 [48] and
consisted of heuristic searches with 1000 random addition sequences and tree
bisection-reconnection (TBR) branch swapping. All characters were equally
weighted and alignment gaps were treated as missing data. The stability of clades
was assessed with 1000 bootstrap replications. Phylogenetic trees were drawn by
TreeView [49].

Microsatellite amplification and analysis

In this study, six microsatellites (Table II) were selected as previously de-
scribed by Breuillin et al. [10] and Kubisiak et al. [39]. Amplifications were car-
ried out in 50 pl reactions, which contained 25 ul 2X PCR Master Mix (Immo-
Mizx, Bioline, 25020), 40—40 pmol each primer, 20—40 ng of genomic DNA and
nuclease free water were run out. Microsatellites were amplified in a Primus
(MWG Biotech) thermocycler using the following thermal profile: 3 min initial

Table I1. List of microsatellite loci with primer sequences and annealing temperatures used
for the amplification

Locus Primers Annealing temperature

CpSI085 Forward 5> AGGCCTGCTTCTTTTTGGAT 3’ 55°C
Reverse 5> CGGGTCTATATGGTGGCTTC 3’

CpSI102 Forward 5> GCTCCGAGGACTTTGATGAG 3’ 55°C
Reverse 5 TCATCACCACCAACACCATT 3’

CpSI108 Forward 5> CGGAACTACCTGCTCTTTGC 3’ 56 °C
Reverse 5> GCGATCCGCATTCCTGTAT 3’

CPG6 Forward 5> ATCATCACGACGCAATGGTA 3’ 53°C
Reverse 5> TCCGGGCATTCAGCAMAT 3’

CPES Forward 5 TGTCAACAACGGTCAACACC 3’ 56 °C
Reverse 57 CGGAGAGGAGAACTCTGAGAC 3’

CpSI014 Forward 5> TCGGAGGCTTTATTGTCGTT 3’ 53°C
Reverse 5 TGGGTGTATTTGCTCGGTAA 3’
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denaturing at 95 °C, followed by 5 cycles of 1 min at 95 °C, 1 min annealing
(Table IT) 1 min at 53-56 °C (depending on the primer sequences) and 25 cycles
of 1 min at 90 °C, 1 min annealing at 53—56 °C, 1 min at 72 °C and 15 min final
extension at 72 °C. Fragment analyses were completed by Origins electrophoresis
system produced by Elchrom Scientific AG (Switzerland). Each PCR product was
analyzed on Spreadex EL 500 Gel (Elchrom Scientific AG, Switzerland), run at
55 °C for 240 min in a 1 X TAE buffer. The gel was stained with EtBr (Sigma,
USA) for 45 min, and photographed under UV light (k = 250 nm) using Bio-Rad
gel documentation system.

Microsatellite fragment length analysis

The Popgene version 1.31 software [50] was used to compute basic popula-
tion parameters such as “observed number of alleles” (n), “effective number of
alleles” (n ), and “Nei’s gene diversity” (h) in the total sample and in each popula-
tion. Nei’s [51] genetic identity is the normalized identity of genes between two
populations and varies between 0 (the compared populations are different), and 1
(the compared populations are identical). Multilocus 1.3b was used to calculate
the number of different multilocus genotypes (MLG) and the standardized ver-
sion of the index of association r, [52]. The r_index was calculated to test for
genetic recombination. This index is a measure of multilocus linkage disequilib-
rium, which gives information on whether two different individuals sharing the
same allele at one locus are more likely to share an allele at another locus. The
null hypothesis of complete panmixia (r, = 0) was tested by comparing the ob-
served data set to 100 randomized data sets in which infinite recombination was
simulated upon randomly shuffling the alleles among individuals, independently
for each locus.

Population differentiation was tested by comparing allele frequencies
among the six populations using Weir and Cockerham’s 0 (F,) value [53]. The
0-value was estimated under the null hypothesis of non-differentiation among
subpopulations, when 6 = 0. Statistical analysis was performed by comparing the
calculated 0-values to those of data sets in which the isolates have been rand-
omized across populations 10,000 times using the Multilocus 1.3b (Multi Locus
Sequence Typing) [52]. Gene flow (N —equivalent to the number of migrants per
generation) was determined using the equation N_ = 0.5(1 — 6)/ 6 [54].

The structure of the populations were analyzed with BAPS 6.16 (Bayesian
Analysis of Population Structure) program (http:/www.helsinki.fi/bsg/software/
BAPS/), applying Bayesian approach. This program was used to determine the
most probable number of groups of C. parasitica isolates, based on posterior
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probability, and to define the group for each isolate [55, 56]. The most probable
cluster number was tested in 10 repetitions between 1 and 50 values. The allele
frequencies of the isolates were tested on the defined cluster number with 100
repetitions.

Results
Phylogenetic analyses of tefl and ITS sequences

PCR amplifications resulted in single fragments for both zef1 (~350 bp) and
ITS region (~560 bp). No size variation was observed among the amplified fef1
and ITS fragments of the different isolates. The parsimony analysis of the ITS
fragment revealed 299 constant sites, with 172 parsimony-informative sites, and
76 parsimony-uninformative sites among all isolates. The C. parasitica was
clearly separated from other species in the Cryphonectriaceae family and the
isolates were grouped in several clades which indicated the high variability in the
ITS region (Fig. 2). However, no correlation was found between the clades and
the geographical regions. The isolates of the same regions were not grouped in
the same clade. Moreover, isolates with different geographical origins were ran-
domly mixed in the same clade (Fig. 2, Table I). The ITS sequences downloaded
from the GenBank were also found in different clades, sometimes together with
isolates from Hungary. The robustness of the tree was supported by relatively
high bootstrap values. Tef] sequences were edited to 320 bp for the alignment.
The tef1 sequences of all studied isolates proved to be perfectly identical, includ-
ing the two tefl sequences from South Africa (AY308953, AY308954). No se-
quence variation was found in the tefl sequences of C. parasitica isolates col-
lected from Europe.

Microsatellite analysis

Microsatellite fragment length analysis included 82 samples collected from
the Carpathian Basin, especially from southern Romania, Macedonia and Bul-
garia. Further 14 isolates were provided by different European laboratories. Six
microsatellites of a total of 96 isolates were amplified and their lengths were de-
termined. Seven different populations with similar geographical origin were
grouped together for further analysis. Isolates from the Carpathian Basin were
divided into four populations: (I) Western, (II) Central-Northern, (IIT) North-
Eastern, and (IV) Eastern (Fig. 1). All populations contained more than one mul-
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Figure 2. One of the most parsimonious trees of ITS sequences of Cryphonectria parasitica isolates
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Table I11. Genetic diversity indexes of Cryphonectria parasitica populations

Population® n® nf n! he No. Max. no. Genotypic 1"
of distinct  of repeated diversity
MLG" MLG#
1 28  4.00 2.38 0.52 23 3 0.984 0.073%*
(1.55)  (0.88)  (0.20)
2 16 333 2.58 0.49 13 2 0.975 0.134%*
(1.63)  (1.40) (0.29)
3 14 3.50 2.92 0.61 8 3 0.923 0.130*
0.84) (0.94) (0.19)
4 11 3.00 2.29 0.55 9 2 0.963 0.085%*
0.63)  (0.38)  (0.07)
5 12 2.66 2.00 0.44 9 2 0.954 0.067
0.81)  (0.83)  (0.17)
6 9 2.00 1.50 0.29 7 2 0.944 0
0.63)  (0.19)  (0.20)
7 5 150 1.37 0.17 4 2 0.900 0

0.83)  (0.58) (0.27)

Total 95 567 325 067 71 2 0999  0.038%*
(1.63)  (0.83) (0.12)

“Population numbers according to Fig. 1.

"Sample size.

‘Observed number of alleles.

dEffective number of alleles.

‘Nei’s gene diversity.

Number of distinct multilocus genotypes.
¢Maximum number of repeated multilocus genotypes.
"Standardized index of association (clone corrected).
Standard deviation between brackets.

*p<0.01

*#p<0.001

tilocus genotype (MLG) (Table I11). The studied alleles proved to be suitable to
measure genetic diversity among the isolates since the genetic diversity did not
change significantly including more than three alleles in the analysis (data not
shown). Fragment size analysis of the six microsatellite loci produced 71 haplo-
types among 95 isolates (Table III). The effective number of alleles (n_: 2.00—
2.58) and Nei’s gene diversity (h: 0.44—0.61) were similar in the populations with
more than 10 isolates (Table III).

The genotypic diversity calculated both for the total samples (0.999) and
for the individual populations (0.900—0.984) was similar, independently of the
population size (Table III).
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Table IV. F statistics of Cryphonectria parasitica populations. Weirand Cockerham’s 6 (F,) (rows),
and N (columns) were calculated with Multilocus 1.3b; N = 0.5 (1 - 0)/0.
Light grey background indicates moderate (6: 0.05-0.15), dark grey big (8: 0.15-0.25),
black very big (0: > 0.25) differences between populations

6 1 2. 3 4. 5. 6. 7

[\ population  population  population  population  population  population  population

0.124%* 0.293* 0.282** 0.387**

1. population

0.167** 0.403** 0.341

2. population  0.156
3. population  0.353 0.263 0.350

4. population  0.191 0.444
5. population  0.120 0.074 ‘ 0.336 0.561
6. population  0.127 0.160 0.090 ‘ 0.619
7. population  0.028 0.096 0.092 0.062 0.039 0.030
*p<0.01
#¥p<0.001
Pop 1 Pop 2 Pop 3 Pop 4 Pop5 Pop6 Pop7

Figure 3. Bayesian assignment of individuals into different clusters assigned by BAPS program
(http://www.helsinki.fi/bsg/software/BAPS/). The bar-plot with different colours shows the assignment
of individuals into different clusters

The clone-corrected standardized index of association (r,), computed on
the total sample was significantly different from zero (r, = 0.038, p < 0.01, Table
IIT), indicating genetic differentiation between populations. The estimate of link-
age disequilibrium varied between 0.073 and 0.134 at p < 0.01. This may suggest
the possible differentiation within the populations (Table III).

The F statistics (Weirand Cockerham’s 0), and gene flow (N values) indi-
cated very high (0: >0.25), high (8: 0.15-0.25) and moderate (6: 0.05-0.15) dif-
ferentiation between populations with significant differences in populations with
many isolates (Table 1V). C. parasitica isolates from Portugal (population 7)
markedly differed from all the other isolates from the Balkans and Central Eu-
rope. However, only a moderate difference (0: 0.124—-0.167) could be observed
between populations from the northern part (populations 2 and 3) or eastern part
(populations 3 and 4) of the Carpathian Basin. Similar moderate differences were
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also calculated between geographically distinct populations (populations 4 and 6,
Fig. 1).

The BAPS analysis created 16 groups with 0.9131 probability (Fig. 3) based
on the microsatellite diversity of the samples originated from twenty-three differ-
ent sampling sites. Samples from Portugal and Greece markedly separated from
other isolates. However, C. parasitica samples from the Carpathian Basin formed
several groups, but there was no connection between the groups and the geo-
graphical regions (Fig. 1). Occasionally samples from remote geographical origin
grouped together (in populations I and 111, I and IV, IV and V). However, samples
from different hosts (Castanea sativa and Quercus petraea) always grouped to-
gether on the same sampling sites (Table I and Figs 1 and 3).

Discussion

The nuclear ribosomal DNA has long been used as a potential genetic
marker for phylogenetic studies [20, 57]. In many fungal taxonomy studies, the
ITS region was suitable for resolving relationships at genus and species level
[58—64]. In this study, ITS sequences were used to estimate the phylogenetic re-
lationships at intraspecies level among C. parasitica isolates collected from dif-
ferent geographical regions of Europe. The ITS region proved to be highly poly-
morphic but this kind of variability did not reflect the geographical regions of the
isolates. The translation elongation factor coding gene proved to be a useful gene
to resolve phylogenetic relationships at species level, as well as in deeper diver-
gences in many fungi [17, 19, 65]. However, in this study, the tef7 sequences were
identical in all isolates supporting that these sequences remained conservative
within C. parasitica species. The tef] sequence was not suitable for investigating
phylogenetic relationships within C. parasitica isolates collected from different
regions of Europe.

The diversity of C. parasitica populations has been investigated exten-
sively. It was reported to be higher in its native range, in eastern Asia, than in
recently established populations in Europe and North America [66]. High vegeta-
tive compatibility diversity was found in northern Italy, where chestnut blight
was first reported in Europe in 1938 [67], moreover in the neighbouring southern
part of Switzerland [68], in Bosnia-Herzegovina [69] and in the southern part of
France [70]. However lower diversity was observed in the newly infected areas
e.g. in Germany [71], Portugal and northern Switzerland [8]. The diversity of the
C. parasitica populations in the Carpathian Basin populations (h = 0.49-0.61)
was higher, than calculated for the populations in North America (H_ = 0.41), but
lower than in Asia (H, = 0.73) [72]. Microsatellite haplotypes were found to be
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highly diverse in Hungary [7], France [10], Slovenia and Croatia [73] which cor-
responds well with the relatively high diversity of vegetative compatibility type
in that area. This may have resulted from the multiple introductions from diverse
origins of the European populations, close to the first site of observation in North-
ern Italy [66]. We calculated moderate differences between geographically dis-
tinct populations of Romania and Greece. Moreover the BAPS analysis occasion-
ally grouped together samples from remote geographical origin, suggesting
human assistance in the introduction of new C. parasitica haplotypes from dis-
tinct areas (e.g. by infected propagation materials).
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