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Abstract: Cryphonectria parasitica, which causes chestnut blight, is one of the most important pathogens
of forest trees. In Europe, mycovirus-mediated biocontrol is the most efficient method to control
the disease but can be impeded by the lack of information about the population structure of the
fungus within a region. In particular, sexual reproduction and the new introduction of the pathogen
can complicate biocontrol strategies. For this reason, this study aimed to determine the population
structure of C. parasitica, which causes chestnut blight, in the northern Italian region of South Tyrol,
using eleven multilocus microsatellite markers. Fifty-one haplotypes were found across South Tyrol,
belonging to three divergent clusters. Recombinant genotypes demonstrated that sexual reproduction
occurs across the different clusters. The most dominant genotypes in the region were also the most
dominant in neighboring areas, such as Switzerland, northern Italy and France. All of the clusters
from South Tyrol were related to the Italian genotype pool and are thought to have been introduced
from northern Italian and other European populations due to naturally occurring gene flow or
human-mediated introduction. At least three separate introduction events of C. parasitica might have
happened in South Tyrol that could be separated by time. This study demonstrated a high genetic
diversity of C. parasitica in South Tyrol and helped to shed light on the sexual reproduction and
introduction events in the local populations.

Keywords: simple sequence repeats (SSRs); microsatellite loci; Cryphonectria parasitica; population
genetics; fungal plant pathogen; introduction events; sexual reproduction; invasive fungal species

1. Introduction

Fungal pathogens have been causing severe damage to forests, resulting in ecolog-
ical and socio-economic losses. Driven by globalization, the number of invasive fungal
pathogen species that cause emerging diseases of forest trees has significantly increased
over recent decades [1,2]. Despite the severe impact of biological invasions, many questions
remain open about how such events occur and what makes them successful [3]. Ash
dieback, chestnut blight and Dutch elm disease are chief examples of invasive fungal
diseases in forest ecosystems [4].

Cryphonectria parasitica (Murr.) Barr, the causal agent of chestnut blight, is an as-
comycete fungus that provokes considerable losses in European and American chestnut
tree species [5]. The pathogen induces perennial lesions in the form of bark cankers, which
lead to wilting and the death of plant parts above the infection point. The disease was
responsible for the loss of approximately four billion chestnut trees in North America,
making American chestnut (Castanea dentata) an endangered species. Consequently, the epi-
demic of chestnut blight significantly affected the vegetation pattern in the areas that were
hit by the disease [4]. For example, C. dentata had been a major species in the mountains
of North Carolina but was largely replaced by other species. In Europe, the pathogen is
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thought to have been introduced from North America in the 1930s near the port of Genoa
(Italy) and it rapidly became established in different European chestnut tree (Castanea sativa)
populations [6]. The fungus is now present in all chestnut-growing countries in Europe
and remains one of the biggest threats to this species of tree. Shortly after the introduction
of chestnut blight to Europe, it was discovered that infected trees could recover due to the
spread of hypovirulent pathogen strains. The phenomenon of hypovirulence is character-
ized by the infection of the fungus with a mycovirus, Cryphonectria hypovirus 1 (CHV-1),
which reduces its ability to cause disease. Consequently, hypovirulent strains of C. parasitica
have been exploited as a successful biocontrol agent [7,8].

Studying the population genetics of invasive pathogens has helped to reconstruct
their introduction routes [9]. It has also contributed to the understanding of the patterns
of pathogen migration, both worldwide and within countries or regions [9-12]. Studying
the population genetics of C. parasitica could have ecological and practical implications
because the knowledge of the genetic structure of the populations could aid in adopting
control measures based on hypovirulence within a region [13]. The determination of
vegetative compatibility (VC) phenotypes, through both the visual inspection of hyphal
anastomosis in co-culturing assays or the direct genotyping of six unlinked bi-allelic vic loci,
has been widely used to determine the genetic structure of C. parasitica populations [14-34].
VC-type markers appear to be particularly useful for practical biocontrol applications
because CHV-1 is primarily transmitted between the same VC-type strains. However,
these markers have several drawbacks in the estimation of the genetic structure of the
populations. Firstly, co-culturing assays are laborious because they involve 64 tester
strains [35]. Each fungal isolate to be tested must be co-cultured with each of the 64 tester
strains to visually observe compatibility or incompatibility. Therefore, this approach is
less suitable for the analysis of a larger number of samples. Phenotyping is also prone
to human error, especially in the case of VC, because visual assessment is not always
straightforward and some studies have found more than 64 VC types [21,22]. This problem
was solved after the implementation of a genotyping protocol that was based on several
multiplex polymerase chain reactions (PCR) that directly target vegetative incompatibility
loci (vic) [23]. Still, it needs to be considered that the mycoviruses that decrease the virulence
of the fungus are primarily transmitted between the same VC strains [13]. Rare VC types
within a population have a selective advantage over others because they have a lower
probability of being infected by mycoviruses than the dominant VC types [36]. Due to the
selection pressure, VC-type markers are less suitable for estimating the genetic diversity and
variability of the fungus compared to neutral markers. On the other hand, microsatellite
loci are very useful in studying population structures and understanding epidemiological
processes because of their co-dominance, neutrality and reproducibility and their high
level of polymorphism [37-39]. In the study of fungi, microsatellites contribute to a better
understanding of sexual reproduction processes versus clonality or parasexual events
(such as hyphal anastomosis) in natural populations [40]. Furthermore, microsatellite loci
are also considered robust markers for studying the migration history of invasive fungal
pathogens, including introduction events [9,11,37].

Cryphonectria parasitica populations in South Tyrol (Autonomous Province of Bozen-
Bolzano, Italy) were recently characterized based on the genotyping of vic loci, the mating-
type locus and DNA sequencing of the internal transcribed spacer (ITS) region [41]. A high
degree of VC-type diversity was found in South Tyrol with a mating-type ratio of close to
1:1 that indicated the high potential for sexual reproduction in the region. ITS sequence
analysis further pointed to at least two introduction events of the fungus in the region.
Therefore, this study tested the hypothesis of the multiple introductions and frequent
sexual reproduction of C. parasitica in South Tyrol. The aim of this work was to study
the molecular genetic diversity of C. parasitica based on multilocus microsatellite loci to
determine the genetic structure of the subpopulations. Particular focus was placed on
studying the recombination in the local populations of C. parasitica and on reconstructing
the introduction of the fungus to South Tyrol.
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2. Materials and Methods
2.1. Sampling and Isolation of C. parasitica

Bark samples from chestnut blight cankers were collected from 35 chestnut stands and
one forest population in South Tyrol (northern Italy) in spring 2017 and in the winters of
2017/2018 and 2018/2019 (Supplementary Table S1). In the laboratory, the fungus was
isolated on a potato dextrose agar (PDA) medium. A total of 276 isolates of C. parasitica
belonging to all chestnut-growing areas of South Tyrol were included in this study. Detailed
information on the study area, sampling procedure and the fungal isolation protocol can be
found in [41].

2.2. DNA Extraction and Polymerase Chain Reaction (PCR)

DNA was extracted according to the protocol developed by Cassago et al. [42] with mi-
nor modifications. Both genomic microsatellite (CPG3, CPG4, CPG6, CPG14 and 107-650)
and expressed sequence tag microsatellite (EST) (CPE1, CPE3, CPE5, CPES, CPSI006 and
CPSI009) markers were used to investigate the molecular genetic composition of the
C. parasitica that was present in South Tyrol [37,43,44]. Three multiplex PCR reactions
of two to four loci (reaction 1: CPE3 and CPG6; reaction 2: CPE8, CPG3 and 107-650;
reaction 3: CPE1, CPE5, CPG4 and CPG14) and two reactions with single primer sets
(CPS1006 and CPS1009) were performed (Table 1). All forward primers were labeled at
the 5’ end with a fluorescent dye (either 6-FAM or HEX). PCR amplification was carried
out in a total volume of 20 pL, which contained 10 uL of 2X PCRBIO HS Taq Mix (PCR
Biosystems, London, United Kingdom), varied concentrations of primers (Table 1), 1 uL
of DNA and nuclease-free water to adjust the final volume. The PCR conditions were the
following: an initial denaturation step of 95 °C for 10 min followed by 27 cycles of 94 °C for
30s, 58 °C for 1 min 30 s and 72 °C for 1 min 30 s. The final extension step was performed
at 72 °C for 30 min. The PCR product of CPSI006 was added to reaction 1, whereas the
amplicon of CPSI009 was added to reaction 2 (Table 1). All PCR products were diluted
tenfold in nuclease-free water. The capillary electrophoresis of the amplified PCR products
was performed by Ecogenics GmbH (Balgach, Switzerland) on a DNA analyzer (Applied
Biosystems 3730XL) with an internal size standard, ILS600-CXR (Promega). The conditions
of the electrophoretic separation were the following: injection time, 10 s; injection voltage,
1.6 kV; run time, 35 min; run voltage, 15 kV; capillary length, 50 cm; polymer, POP7; filter,
Dye Set Powerplex 4C Matrix Standard (Promega).

2.3. Data Analysis

The raw fragment data obtained from capillary electrophoresis were imported to
Geneious Prime, version 2021.0.3 (Biomatters Ltd., Auckland, New Zealand) with the
microsatellite plugin installed. Each peak was manually checked and the peak calls were
edited in case of incorrect assignment by the software. Peaks were binned using the same
software and allele call data were exported in a comma-separated value (.csv) file. The allele
calls were re-checked to confirm the correct assignment of the fragments. Additionally,
5% of the data was randomly selected to be re-examined by another operator to ensure the
correct assignments of alleles.

For each district, the total number of alleles and their frequencies were estimated
using the Excel add-in GenAIEXx, version 6.502 [45]. Distinct multilocus genotypes (haplo-
types) at 11 microsatellite loci were determined with the Excel add-in Haplotype analysis,
version 1.05 [46], by excluding samples with missing data. The program assigned each
distinct multilocus haplotype with a consecutive number, which was preceded by the
code “MSH” (microsatellite haplotype: for example, MSH1). The genetic diversity indices
(Shannon diversity index (H’), evenness index (E) and Simpson index (D)) were calculated
using GenClone, version 2.0 [47].
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Table 1. A list of the microsatellite primers used for the molecular genetic characterization of Cryphonectria parasitica and their amplicon size range found in

South Tyrol.

Primer Name Sequence (5 to 3') Conc. [uM] P Size Range (bp) ¢ Ny Nucleotide Motif Multiplex Reaction Reference
CPE1-F 6-FAM-GTCTCACCACACATCGCAAG 04 127-145 2 (GT)n 3 [37]
CPE1-R TCATCACGACAAAAGAAGACG 04
CPE3-F 6-FAM-CAACTCGTCACCCACCTTG 0.2 188-190 2 (GT)n 1 [37]
CPE3-R ATAGGCATTCTCCGCTCTTG 0.2
CPE5-F HEX-TGTCAACAACGGTCAACACC 0.2 248-257 3 (AAQ), 3 [37]
CPE5-R CGGAGAGGAGAACTCTGAGAC 0.2
CPES8-F 6-FAM-GCGAGCAAGCGTGATTCC 0.4 109-115 2 (AAC)y 2 [37]
CPE8-R GCTCGTCCTGGTCCTCCT 0.4
CPG3-F HEX-CGTAAGGCAGAGGCAGAGAC 0.2 194-212 3 (GT)n 2 [37]
CPG3-R TCCCTATGCCCAAGACACTC 0.2
CPG4-F 6-FAM-ATGCTCCGAAGGTTTGTCAC 0.2 186-206 3 (GA)n 3 [37]
CPG4-R CAACCGCAATCTGTTTCCTC 0.2
CPG6-F 6-FAM-ATCATCACGACGCAATGGTA 0.2 240-262 3 (GA)n 1 [43]
CPG6-R TCCGGGCATTCAGCAMAT 0.2

CPG14-F 6-FAM-TTCTGAAGGTGGTTGTGGTG 0.2 252-264 2 (AGGAAG)y 3 [43]
CPG14-R GGTCCGAACCATCAAAAGAC 0.2
CPSI006-F HEX-ATGTCGAGTTTACCCGATGG 0.2 133-139 3 (AC)p 1¢€ [43]
CPSI006-R GAGATGTGTGGAATGCAACG 0.2
CPSI009-F 6-FAM-ATCATCCATCCTGTCCGAGT 0.2 138-156 4 (AT)n 2¢ [43]
CPSI009-R TGGGGTTGGCATAATCTTCT 0.2
107-650-F 6-FAM-CATGCGAGAAATGCAGGAGTGTTG 0.2 270-290 3 (AC)n 2 [44]
107-650-R GGGCTCCAGGATATCGAAGACATT 0.2

2 The fluorescent dyes used to label the forward primers at the 5" end are provided in italics; ® the final concentration of each primer used in the polymerase chain reaction; ¢ the range of
fragment lengths determined in South Tyrol; dN A, the number of alleles of each microsatellite locus found in South Tyrol; ¢ the amplification in a singleplex reaction and the addition of

the PCR product to multiplex reaction prior to fragment analysis.
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The contribution of sexual reproduction to the haplotypic diversity was studied by
calculating (Pgen) and (Psex) values for all haplotypes that were found more than once,
as described by Wang et al. [48]. Pgen is the probability that a multilocus genotype was
obtained through sexual reproduction, whereas Pgeyx is the probability that the second
occurrence of the haplotype was due to sexual reproduction. Pgen and Psex were calculated
using GenClone [47]. The Pareto distribution and its coefficient (C), which better describe
the distribution of genotypes, their diversity, evenness and clonality, were also calculated
using GenClone [47]. The occurrence of random sexual reproduction was assessed by calcu-
lating the index of multilocus linkage disequilibrium (rq) using Multilocus, version 1.3 [49].
The absence of linkage disequilibrium, r4 = 0 (departure from the null hypothesis), was as-
sessed by permuting alleles between individuals independently for each locus [50] through
Multilocus [49].

The existence of divergent genetic pools of C. parasitica present in South Tyrol was
tested using a model-based Bayesian clustering method, as implemented in Structure,
version 2.3 [51,52]. The probability of the admixture model was tested for one to eight
clusters (i.e., K = 1 to K = 8). Each model was simulated five times, with a burn-in of
100,000 iterations and a run length of 100,000 iterations after the burn-in. The results from
the Structure software were uploaded to Structure Harvester (http://taylor(0.biology.ucla.
edu/structureHarvester, accessed on 1 October 2021) [53] to assess the delta K values, as
described by Evanno et al. (2005) [54]. The number of groups (K) best represented by
the data was determined based on the delta K values and the mean probability of the
data [54]. Genetic distances within and among the clusters were also calculated in Structure.
A Principal Coordinate Analysis (PCoA) based on genetic distances was performed in
GenAlEx. A median-joining haplotype network of all genotypes of C. parasitica present in
South Tyrol was drawn using Network, version 10.2 [55]. The cluster information obtained
from the Structure analysis was also indicated in the PCoA plots and the haplotype network.

The multilocus microsatellite data of the C. parasitica from South Tyrol were compared
to data from other regions, such as Switzerland [56], France [11], northern Italy [57] and
other countries [12]. In order to compare data obtained in different laboratories, the allele
lengths of the datasets had to be aligned, which was carried out by following the procedure
described by Baric et al. [58]. Conversion values were determined by comparing the
most dominant genotypes found in our study to the genotypes found in the other regions
(Table 2). The dataset consisted of eight loci that were common in all previous studies and
included a total of 810 isolates from different countries. EDENetwork [59] was used to
construct a minimum spanning network and a PCoA analysis was performed with the
global dataset.

Table 2. The conversion values used to adjust the allele sizes at different microsatellite loci of
Cryphonectria parasitica to compare the data from previous studies to the data obtained in this study.

SSR Locus Switzerland [56] France [11] Northern Italy [57] China, Japan and USA [12]
CPE1 -3 -2 -2 -2
CPE3 —4 —4 —4 —4
CPE5 —4 -3 -3 -3
CPE8 -2 -3 -3 -3
CPG3 —4 -2 -2 -2
CPG4 -3 -1 -1 -1
CPG6 -3 -2 -2 -2

CPG14 —4 -3 -3 -3
107-650 —4 - - -
CPSI006 - - -3 -
CPSI009 - - —4 -

3. Results

3.1. Genotypic Diversity and Population Structure

All microsatellite loci in South Tyrol were found to be polymorphic. Four microsatellite
loci (CPE1, CPE3, CPE8 and CPG14) had two alleles, six loci (CPE5, CPG3, CPG4, CPG®6,
107-650 and CPS1006) had three alleles and one locus (CPS1009) had four different alleles
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(Table 1). Out of 276 isolates, 29 isolates had missing data on more than one locus and
were excluded from all analyses, whereas twelve isolates with one missing locus were
included whenever the analysis programs allowed (Structure, Multilocus and GenClone)
(Supplementary Table S2). Among the 235 isolates with complete genotypic information,
a total of 51 multilocus genotypes (haplotypes) of C. parasitica were found in South Tyrol,
based on the allelic information of eleven genomic and EST microsatellite loci. The most
dominant haplotype in the region was microsatellite haplotype 14 (MSH14), which was
found in 108 isolates (45.9%), and the second most widely distributed haplotype was
MSH21, which was present in 25 isolates (10.6%). MSH40 and MSH46 were found in
11 samples each, and shared third place for the most dominant haplotypes in the region
(4.7% each). The remaining haplotypes were associated with less than ten isolates and
were considered rare; for example, 37 haplotypes were found only once. Considering the
complete dataset, a Shannon diversity index of 2.45 and an evenness index of 0.63 were
found, whereas the Simpson index was 0.77.

The microsatellite loci were generally polymorphic in all districts of South Tyrol, except
for CPES that was only polymorphic in Salto-Sciliar. Instead, in the Isarco Valley, the four
loci CPE3, CPES8, CPG3 and CPS1009 were monomorphic. The number of haplotypes found
in the different districts of South Tyrol varied from 18 in Salto-Sciliar to 7 in the Isarco
Valley, with an overall mean of 13.0 & 4.7. A geographical pattern of haplotype distribution
was observed within South Tyrol; for example, MSH14 was the dominant haplotype in the
northern districts, such as the Venosta Valley (Val Venosta) (68%), Burgraviato (50%) and the
Isarco Valley (Valle Isarco) (61%), compared to southern districts, such as Oltradige-Bassa
Atesina (31%) or Salto-Sciliar (33%). The Monticolo forest population was different from
the chestnut stands; for example, MSH14 only made up 9% of the total isolates. Out of
35 chestnut stands, 26 had more than one haplotype whereas nine had a single haplotype
(Table 3). Among the nine stands, four had only one sample, so it is evident that they had
isolates of a single haplotype. In most chestnut stands, C. parasitica isolates were found with
the dominant MSH14 combined with some additional haplotypes, whereas C. parasitica
from two chestnut stands showed MSH21 as being dominant and one showed MSH40 as
being dominant. In the Monticolo forest, MSH11 was the most dominant haplotype.

Based on the mean probability of data under the admixture model obtained with
Structure and the delta K values calculated with Structure Harvester, the most probable
number of groups to represent our data was K = 3 (Figure 1). A small peak was also
observed at K = 6, based on the delta K value, which could indicate the secondary struc-
ture within the region due to geographical distances between isolates (five districts and
one forest population).

Based on the admixture values (g-values) for each cluster that were determined by
Structure, the isolates were assigned to one of the three groups. If the g-value of an
isolate for a particular cluster was equal to or higher than 0.8, it was assigned to that
cluster. Accordingly, isolates with lower q-values were classified as recombinants. Out
of 247 isolates, 53, 120 and 48 isolates were assigned to clusters ST-1, ST-2 and ST-3,
respectively (Figure 1), and 26 isolates belonged to the recombinant group. In each district,
the haplotypes of all three clusters (ST-1, ST-2 and ST-3) were present but varied in their
frequency; for example, genotypes from the Venosta Valley and the Isarco Valley mainly
belonged to the cluster ST-2 (>0.75). In contrast, genotypes from Oltradige-Bassa Atesina
mainly belonged to cluster ST-3 (0.42) and genotypes from the Monticolo forest primarily
belonged to cluster ST-1 (0.58). In total, 15 chestnut stands were found to have isolates that
belonged to only one cluster, whereas 20 chestnut stands had isolates belonging to more
than one cluster (Figure 1c).

The median-joining network (MJN) also confirmed the presence of the three clusters of
C. parasitica multilocus microsatellite haplotypes in the region, which were clearly separated
from each other (Figure 2). ST-1 was the most variable cluster, as isolates belonging to
25 different haplotypes were assigned to it. In this particular cluster, haplotype MSH40
was the most dominant, whereas the other haplotypes could be defined as rare as they
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were found in less than five isolates. Cluster ST-2 included the highest number of isolates
from South Tyrol, belonging to seven different haplotypes. The most frequent haplotype
in this cluster was MSH14. Cluster ST-3 included nine different haplotypes, including
MSH21 and MSH46. Isolates belonging to ten microsatellite haplotypes were assigned
to the recombinant group, as they appeared to represent hybrid genotypes among the
three clusters (ST-1 x ST-2, ST2 x ST3 or ST1 x ST3) (Figure 2). The divergence of
allele frequencies among the clusters (net nucleotide distance) in South Tyrol, which were
computed with the software Structure using point estimates of P, were the following: ST-1
compared to ST-2, 0.3936; ST-2 compared to ST-3, 0.2087; ST-3 compared to ST-1, 0.3338.
The genetic distances (net nucleotide distances) within each cluster were the following:
ST-1, 0.3058; ST-2, 0.0063; ST-3, 0.2325.

Table 3. The occurrence of the different multilocus microsatellite haplotypes of Cryphonectria parasitica
in the chestnut stands of South Tyrol.

District 2 Chestnut Stand ? N. Isolates N. Haplotypes Dominant Haplotype €
Val Venosta—Vinschgau TAP 4 1 -
WIN 4 2 -
GOG 14 7 MSH14
VET 12 4 MSH14
KGK 5 2 MSH14
AUF 5 3 MSH14
ALTO 3 3 -
WEIR 5 3 *
Burgraviato-Burggrafenamt ALAL 7 4 MSH14
BRUG 5 1 MSH14
MOAR 10 6 *
CRIS 7 2 MSH21
WIB 7 5 *
KAL 6 5 *
BLAS 1 1 -
OBER 2 2 -
BRUN 10 1 MSH14
Valle Isarco-FEisacktal 1SC 7 4 MSH14
OBG 14 4 *
OBK 4 1 MSH14
SPR 5 2 MSH14
TSB 1 1 -
Salto-Sciliar-Salten-Schlern FLK 4 3 -
GRU 7 4 MSH14
JOG 3 2 -
TES 1 1 -
KLS 4 3 -
NOP 13 3 *
PIE 3 2 -
NOC 4 2 -
PLA 9 4 MSH40
Oltradige-Bassa
Atesina-Uberetsch-Unterland HOAN 10 3 MSH21
UNT 8 1 MSH14
RUTT 7 4 *
MUL 1 1 -
Monticolo Forest Mont 23 12 MSH11

2 South Tyrol is a bilingual region and in this table, the names of the districts are provided in the official languages
Italian and German, whereas in the text, only Italian names are used for simplicity reasons; b The names of the
municipalities in which the chestnut stands are located can be found in Supplementary Table S1; € the dominant
(>50%) multilocus microsatellite haplotype; * no haplotype exceeded the frequency threshold of 50%; - stands
with less than five isolates were not assigned a dominant haplotype.
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Figure 1. The results of the Structure analysis, showing the delta K values (a) and the mean probability
of the data (b) for each tested K value. The bar plot (c) shows the assignment of individual isolates of
Cryphonectria parasitica from each chestnut stand to one of the three (K = 3) groups (ST-1, blue; ST-2,
orange; ST-3, green). The labels on the bottom indicate the chestnut stands (for the localities, see
Supplementary Table S1), which are separated with thin black vertical lines. The labels above the bar
represent the district names, which are separated by bold vertical lines.
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Figure 2. The median-joining network of Cryphonectria parasitica multilocus haplotypes from South
Tyrol obtained with Network [55]. The lengths of the lines roughly visualize the genetic distances.
Each number next to the node represents a microsatellite haplotype (MSH), whereas each group
represents the genetic clusters found in South Tyrol through Structure analysis (ST-1, blue; ST-2,
orange; ST-3, green). Each node is a haplotype, whereas the node area corresponds to the haplotype
frequency that was found. Microsatellite genotypes assigned to the recombinant group are indicated
in yellow.
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The Principal Coordinate Analysis again confirmed the presence of three genetic
clusters in South Tyrol, which were separated from each other on the axes (Figure 3a).
The PCoA of C. parasitica genotypes from the different regions showed the relationship

between the microsatellite haplotypes found in South Tyrol and those found in other
countries (Figure 3b).
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Figure 3. The Principal Coordinate Analysis (PCoA) of Cryphonectria parasitica genotypes found in
South Tyrol (a) and globally (b). Each genotype found in South Tyrol was assigned to a genetic cluster
(ST-1, ST-2 or ST-3) or to the recommbinant group (F1), based on the Structure analysis (a).
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3.2. Selfing and Clonality

The decreasing straight line plot shows that the distribution of clonal membership
conforms to Pareto distribution (Figure 4). Simultaneously, the shallow slope of the Pareto
distribution shows the skewed distribution of genotypes, with a few large clonal lineages
(such as MSH14 and MSH?21) and many minor lineages. The Pareto coefficient was 1.16,
which also demonstrates the low diversity and low evenness in the region for a sexually
reproducing population.

*— p —
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Figure 4. The straight line and decreasing slope of the Pareto distribution reveals that the population
of Cryphonectria parasitica in South Tyrol is mainly clonal, with a few dominant lineages and many
rare genotypes.

The index of multilocus linkage association (r4) was 0.27 when all isolates were
considered, whereas it amounted to 0.26 when only one sample per genotype was included.
This index (both with and without the repeated genotypes) was significantly different from
zero (p-value < 0.01), which led to the rejection of the null hypothesis of recombination.
On the other hand, Pgen was significant for all haplotypes, except MSH14, which shows that
almost all of the haplotypes present in South Tyrol have a high probability of resulting from
random sexual reproduction (Figure 5). In contrast, Psex values were not significant for most
haplotypes (14 out of 21), demonstrating that the second occurrence of these haplotypes is
more probably from asexual reproduction and less likely from random sexual events.

3.3. Relationship with Other Genetic Markers

When the microsatellite data were combined with the data from other genetic markers
(VC-type, mating-type locus and internal transcribed spacer region) of C. parasitica from
South Tyrol that were obtained in a previous study [41], a strong association was found.
For example, the MSH14 haplotype was mainly associated with VC type EU-2, mating type
MAT-1 and internal transcribed spacer region haplotype ITS-H2. In contrast, the MSH21
haplotype was mainly associated with EU-13, MAT-2 and ITS-H1 (Table 4). Isolates with
VC types EU-2 and EU-13 were associated with only two and one different microsatellite
haplotype, respectively, whereas isolates carrying VC type EU-1 (the second most common
VC type in South Tyrol) were associated with 14 different microsatellite haplotypes. It is
worth mentioning that EU-1 was only the predominant VC type in the Monticolo forest
(>50%).
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Figure 5. The probability of the first (Pgen) and second (Psex) occurrences of multilocus genotypes
(haplotypes) of Cryphonectria parasitica resulting from random sexual reproduction that were found
more than once in South Tyrol. A significant p-value (p < 0.5) demonstrates the high probability
that these haplotypes occurred for the first time (Pgen) or the second time (Psex) through random
sexual reproduction.

Table 4. The association of the five most dominant microsatellite haplotypes of Cryphonectria parasitica
with the results obtained for other molecular genetic markers from a previous study [41].

Haplotype ITS
Microsatellite Haplotype n Cca MAT-1" MAT-2 b Dominant VC Type ¢ % of Dominant VC Type d 1 H2 H3
MSH14 108 ST-2 68 35 EU-2 84.1 1 16 1
MSH21 25 ST-3 3 22 EU-13 80.0 3 0 0
MSH40 11 ST-1 3 7 EU-5 54.6 1 0 1
MSH46 11 ST-3 7 4 EU-17 90.9 1 0 0
MSHS8 7 ST-1x2* 1 5 EU-2 83.3 0 2 0

2 The assignment to one of three groups or to recombinants among them (*) was based on the Structure analysis;
P the number of isolates that belong to a particular mating type; ¢ the most dominant vegetative compatibility type
associated with a multilocus microsatellite haplotype; 4 the percentage of the most dominant VC type associated
with a multilocus microsatellite haplotype.

4. Discussion

Knowledge about population genetics could help to manage invasive forest pathogens
by providing critical insights into their migration pathways and demographic history [60].
In addition, through the application of variable microsatellite markers, insights could
be gained into whether populations are driven by clonal or sexual reproduction. This
information is essential for the development of successful management strategies for
invasive pathogens. There was no information available about the genetic structure of
the C. parasitica populations in South Tyrol, which could have an adverse impact on the
control of the disease in the region and lead to considerable economic losses and damage
to the local ecosystem. In the present study, multilocus microsatellite markers were utilized
to investigate the molecular genetic variation of C. parasitica in South Tyrol and assess
its prevailing mode of reproduction. Finally, the molecular genetic data were used to
reconstruct the possible introduction events of C. parasitica to South Tyrol from other
regions and countries.

The most remarkable result from our data is the presence of 51 different microsatellite
haplotypes of C. parasitica in a geographic region as small as South Tyrol. This diversity
is considerably higher than in many other European populations, for example, 57 haplo-
types were found collectively in Switzerland, Croatia and Macedonia [33]. In addition,
we found three genetic clusters in the region, whereas two different clusters were found
in a multinational study; one in Switzerland and Croatia and another in Macedonia [33].
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Two main reasons for this high diversity of C. parasitica in South Tyrol could be (i) the mul-
tiple introductions of diverse genotypes to the region (by natural gene flow and/or human
activities) and (ii) the high rates of sexual reproduction, which are critically addressed in
the following sections.

It was hypothesized previously [41] that C. parasitica reproduces sexually in this
region, and the microsatellite data present evidence of this. Sexual reproduction could
have played an essential role in increasing the genetic diversity, as all of the genotypes
found were significantly likely to have resulted from random sexual reproduction, except
for one. Within chestnut stands, the presence of different genotypes also indicated a high
rate of sexual reproduction. Genotypes belonging to different genetic clusters were also
found to reproduce sexually among each other, as ten multilocus microsatellite haplotypes
appeared to be recombinant between two clusters. Most of them were private genotypes
and were only found once, which led us to hypothesize that they may have developed
locally from sexual reproduction events. Isolates belonging to these genotypes also had
VC types that were private and were found only a few times. These VC types could have
arisen from crosses between EU-1 and EU-13 or EU-2 and EU-13, further confirming the
recombination hypothesis. The high VC-type diversity already indicated frequent sexual
reproduction in the region [41]. In all chestnut-growing areas of South Tyrol and several
chestnut stands, both mating types were present, signifying that sexual reproduction is
possible in the region.

Although sexual reproduction was frequent in the region, clonality/asexual repro-
duction was more common than sexual reproduction, as evidenced by the Pareto distri-
bution. Only a few haplotypes were found to be widespread and dominant in the region.
The three most common haplotypes, which represented more than 65% of the isolates, were
found to have a single dominant mating type (either MAT-1 or MAT-2), which further
corroborates their clonality. The microsatellite multilocus genotypes corresponded well
with the VC-type diversity and showed the dominance of few genotypes in the region.
High Psex values demonstrated the low possibility of the second occurrence of a genotype
from sexual reproduction and further confirmed that the second occurrence was due to
clonality and not independent, random sexual events. For introduced pathogens, such as
C. parasitica in Europe, asexual reproduction may provide reproductive assurance at the
beginning of an invasion, when the other mating type is not available, and promote a rapid
population expansion [56]. Considering the small size and patchy distribution of chestnut
stands in South Tyrol, which are isolated between villages, apple orchards and vineyards,
limited rates of gene flow can be assumed. This is in contrast to the forest ecosystem,
where hundreds and thousands of trees grow together. Landscape limitations in the region,
such as the Alps, could be another barrier to the fungus finding a mate and reproducing
sexually. The low value of multilocus linkage disequilibrium supported the assumption
that asexual reproduction may be the most common way that the fungus colonized and
established itself in South Tyrol. Previous studies have identified several clonal lineages of
C. parasitica that spread throughout Europe and have also suggested that asexuality was the
primary mode of reproduction during colonization [11,12,37,56,61,62]. Since C. parasitica is
an introduced pathogen in South Tyrol that was first detected in 1958, the clonal spread
of the fungus probably made it a successful pathogen in a non-native range where the
availability of opposite mating type and overall genetic diversity was relatively low [63,64].

In the majority of chestnut stands in South Tyrol, more than two multilocus microsatel-
lite haplotypes of C. parasitica were found, which was possible due to either separate
introductions to the stands (either natural or human-mediated) or sexual reproduction. Our
data showed that both of these processes could have contributed to the high variability of
the fungus in the chestnut stands. Nevertheless, the dominance of a few haplotypes in the re-
gion points to the importance of clonal processes in the major proportion of chestnut stands.
One reason for the clonal reproduction of the fungus, even in the case of the availability of
a sexual mate, could be the suppressive effect of the mycovirus, which infects C. parasitica,
decreases its fertility and forces the fungus to reproduce mainly asexually [65]. CHV-1 is
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frequently detected in Italy and other western European populations [13,20,21,27,66—68]
and its presence could strongly limit the sexual reproduction of C. parasitica. Low sexual
reproduction causes clonality, leading to a better spread of the mycovirus among the host
populations. In South Tyrol, mycovirus-infected C. parasitica strains were artificially intro-
duced in the 1990s to control the pathogen, which could have increased the viral infections
within the chestnut stands [63]. Another reason for the clonal distribution of some geno-
types among the chestnut stands could be their higher fitness rates, determined by a higher
virulence and dissemination potential and a beneficial relationship with the mycovirus; as
variable degrees of fitness of different fungal-viral combinations were observed in other
European C. parasitica populations [69]. On the other hand, many private genotypes were
also found in several chestnut stands in South Tyrol, demonstrating the contribution of
sexual reproduction to the high genetic diversity. For example, if MSH14 and MSH 21 were
reproducing sexually, we would expect to find 32 different recombinants of five different
alleles. However, the sample size from each chestnut stand was considerably smaller due
to the limited number of trees per stand, not all of which were infected with chestnut
blight [41]. Consequently, the small sample size made it harder to interpret the results
correctly at the chestnut stand level. Data about the infection rates of C. parasitica with
CHV-1 and the variability of the fungus-mycovirus combinations in South Tyrol are still
outstanding and will be addressed in a future study. Furthermore, studying local C. parasit-
ica genotypes with different combinations of the mycovirus would be required to identify
the hypovirulent strains of C. parasitica with the best potential for biocontrol applications.

Other European populations of C. parasitica were also found to mainly reproduce
asexually and have a higher degree of clonality [11,37,61] compared to the native popu-
lations of Asia and America [12]. However, a whole-genome sequencing study revealed
the frequent recombination between the clonal lineages of C. parasitica and suggested that
a clonal population does not necessarily involve the absence of sexual reproduction [70],
as was observed in other fungal species [71,72]. Prospero and Rigling [56] also stated that
sexual reproduction could have been underestimated in Europe because a high genetic
similarity among the individuals of an introduced pathogen is usually observed, which
can only lead to a few new haplotypes through sexual reproduction. As our study was
based on the investigation of microsatellite data to infer the importance of sexual repro-
duction, it cannot be ruled out that the sexual reproduction rate is even higher, especially
in the chestnut stands where both mating types were detected. A study of the population
genomics would be required to determine the exact rate of the sexual reproduction of the
fungus. Nevertheless, recombination in neutral markers, such as microsatellite loci, is a
good indicator of variability, especially for practical purposes, such as biocontrol.

The forest population of Monticolo showed the highest haplotypic richness, genetic
diversity and mean genetic distances between individuals compared to the other districts
(data not shown). Every other isolate from the forest population belonged to a different
genotype, as the number of multilocus microsatellite haplotypes found was approximately
half the number of isolates. While the Monticolo forest represents the only natural popula-
tion of chestnut trees in South Tyrol, the administrative districts comprise isolated chestnut
stands. This evidence confirms that the overall clonality in the region was probably due
to the isolation of the chestnut stands, while a high sexual reproduction was observed in
the forest population. The genetic makeup of the forest population was also very different
compared to the other districts, as it was dominated by genotypes grouped in a cluster that
are relatively rare in other areas of South Tyrol. These differences led us to hypothesize
that the human-mediated spread of some genotypes could have contributed to fungal
dissemination and establishment in the chestnut stands.

Our data raise another question: what are the possible reasons for the high VC-type,
microsatellite and ITS haplotype diversity in the region compared to other European
populations? Different introduction events from different populations of C. parasitica could
have occurred in South Tyrol, mainly because of its geographical location and proximity to
the VC-type-rich neighboring regions of Switzerland and Lombardy (northern Italy) [35].
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In France, three different genetic clusters of C. parasitica were found, which points to
at least three different introduction events [11]. French Cluster 1 (C1) was most likely
introduced from northern Italy, whereas C2 and C3 were unrelated to the Italian clusters
and represented separate introduction events, probably from Asia and North America [11].
A comparison of C. parasitica in the different regions showed that the most dominant
haplotype in South Tyrol (MSH14) was also the most prevalent in Switzerland and eastern
France, which was referred to as CPMG15 and RE019, respectively [11,56]. MSH14 and
MSH40 were frequently found in northern Italy, southeastern France and Switzerland,
where they are primarily associated with EU-2 and EU-5, respectively [11,56,57]. Our data
showed that these two genotypes probably founded the populations of C. parasitica in
South Tyrol. MSH46, however, was similar to the French genotype RE019 and was not
detected in Switzerland. All of these haplotypes are thought to have originated from other
northern Italian populations because of their high similarity to French Cluster 1, which
probably originated from northern Italy [11]. A close relationship between the genotypes
found in South Tyrol and those found in neighboring regions, such as northern Italy and
Switzerland, was depicted in the PCoA, which also indicates that the direct introduction
of genotypes to South Tyrol from China or Japan is unlikely as both clusters were clearly
separated. A recent study also found that most of the central-western European populations
of C. parasitica could be related to the first introduction event to Italy in the 1930s [33]. The
high VC-type and microsatellite haplotype diversity in the region led us to hypothesize
that the neighboring populations may have actively played a role in increasing local genetic
diversity through natural dissemination or human-mediated transmission. For example,
MSH21 was not found in France or northern Italy but was found in southern Switzerland
and South Tyrol. Another piece of evidence to support the multiple introduction hypothesis
is all genetic clusters belonging to a particular VC type that is consistent in different
populations, such as France, Switzerland and northern Italy. As South Tyrol is located
close to northern Italian populations of C. sativa, natural dissemination could have been
responsible for its initial introduction to the region. Dutech et al. (2012) found that
C. parasitica in Italy was introduced from North America and from there, it spread to other
western European regions. However, human-mediated activities, such as the import of
chestnut-planting materials from other regions, could have introduced more genotypes [73].
For example, a French cultivar, Bouche de Bétizac, was introduced to South Tyrol because
it is resistant to the chestnut gall wasp Dryocosmus kuriphilus, which invaded South Tyrol
in 2008 [74,75]. It is possible that the import of plant material could also have introduced
some French genotypes of C. parasitica to the region. The PCoA demonstrated that at least
three genotypes found in South Tyrol were similar to the French genotypes and showed
that a direct introduction from France to South Tyrol could have occurred.

Nevertheless, the finding of three genetic clusters indicates that at least three different
introduction events could have happened in South Tyrol. The presence of three divergent
genetic clusters in South Tyrol was confirmed using three different analyses: Structure
analysis, PCoA and MJN. We also found evidence that these introductions could have
separated temporally; ST-1 could have been introduced earlier and had more time to evolve
into several microsatellite haplotypes and VC types. For example, the number of genotypes
that belong to cluster ST-1 was more than three times higher than the more dominant cluster,
ST-2. The genetic distances within each cluster also showed considerable differences and
indicate that ST-2 is the least diverse and was probably introduced later. However, it is
also possible that ST-1 is more sexually active and hence, more diverse than ST-2, which
appears to be more successful due to asexual reproduction. The fact that ST-1 was primarily
found in the forest population could have provided an advantage for sexual reproduction
compared to ST-2, which was predominant in chestnut stands that are usually isolated.

It is poorly understood why some genotypes are better at colonizing and establishing
themselves in different European chestnut tree populations. One interesting question could
be whether this is related to the human-mediated application of hypovirulence. In South
Tyrol, some hypovirulent fungal genotypes were used as biocontrol strains, which could
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have changed the genetic structure of the local C. parasitica populations and helped some
genotypes to establish themselves [63,64]. In contrast, some genotypes could also be better
adapted to local climatic conditions and hence, more ecologically fit. An investigation
into these genotypes, their virulence and dissemination potential, and the associated
hypovirus could help us understand their successful establishment in European chestnut
tree populations.

5. Conclusions

A high genetic diversity of C. parasitica was found in South Tyrol, showing that the
fungus is well established in the region and well adapted to local climatic conditions.
The primary reason for this high diversity is a high rate of sexual reproduction, especially
in the forest population that could serve as a source of diversity for the chestnut stands.
Introduction events to South Tyrol could also have increased the genetic diversity of the
fungus. Our data suggest that C. parasitica was probably introduced to South Tyrol from the
neighboring populations of northern Italy through natural dissemination and/or human-
related activities. Anthropogenic introductions from other European regions, such as France
and Switzerland, could also have occurred. However, all the genotype clusters appear to
be the result of the first introduction event to Genoa, Italy, in the 1930s. The evidence from
this study suggests that the dissemination of C. parasitica in South Tyrol results mainly from
asexual reproduction, due to the isolated chestnut stands. A low recombination rate was
observed between the genotype clusters. Nevertheless, the low recombination rate and
high clonality of the C. parasitica isolates in South Tyrol compared to the native popula-
tions signify favorable conditions for the application of biocontrol through hypovirulence.
The presence of sexual reproduction, on the other hand, represents a potential threat to local
chestnut trees and illustrates the need to reinforce control strategies against the disease.
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(ST) is provided.
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