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districts of South Tyrol was performed based on the 
analysis of vegetative incompatibility loci, the mat-
ing type locus, and the internal transcribed spacer 
(ITS) region. In this study, a total of 23 different vc 
types were found all over South Tyrol with a Shan-
non diversity index of 1.86. EU-2, EU-1, and EU-13 
were the most widespread vc types comprising 51%, 
13%, and 9% of the fungal isolates, respectively. Both 
mating types were present in the region with a ratio 
close to 1:1. Three different haplotypes were identi-
fied based on ITS sequence analysis, which pointed 
to two introduction events of the fungus to the region 
and allowed placing C. parasitica from South Tyrol 
into a larger phylogeographic context.

Keywords Population genetics · Chestnut blight · 
Mating types · Vegetative compatibility · Internal 
transcribed spacer region

Introduction

European or sweet chestnut (Castanea sativa) covers 
an estimated area of 2.5 million hectares in several 
European countries, including Italy, Spain, France, 
Greece, and Portugal (EU Science Hub, 2019). While 
Mediterranean climate particularly favors its growth, 
chestnut can also be found in other temperate climate 
regions of Europe and Asia Minor. In Italy, chest-
nut plantations cover about 52,000 hectares (Castel-
lotti & Doria, 2016). In the Autonomous Province of 
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Bozen-Bolzano (South Tyrol), chestnut stands occur 
on an area of approximately 123 hectares that are 
managed by 262 farms, in addition to the forest trees 
(ASTAT, 2016). Chestnut stands in this region show 
a fragmented distribution in mid-mountain locations, 
with an average of 23 trees per owner, while the over-
all annual production of chestnuts amounts to around 
400 tons (Bender, 2002). In the past, chestnuts played 
an important role as a staple food, especially in 
mountainous areas (Bellini, 2005). Nowadays, chest-
nut trees represent an essential element of the local 
landscape and forests, and provide additional income 
to farmers. Finally, chestnut stands provide valu-
able ecosystem services and enhance recreational and 
touristic activities in the region.

Chestnut trees are susceptible to different diseases 
and pests. The most widespread and economically 
important disease is chestnut blight caused by Cry-
phonectria parasitica (Murrill) Barr (Rigling & Pros-
pero, 2018). Cryphonectria parasitica induces bark 
lesions (so-called cankers), which may cause tree 
death above the infection point (Rigling & Prospero, 
2018). The ascomycete fungus C. parasitica origi-
nates from Eastern Asia and was accidentally intro-
duced to North America in the early 1900s and to 
Europe in the 1930s. In Europe, it was first detected 
in 1938 near the city of Genova, Italy (Biraghi, 1950), 
and arrived in South Tyrol in 1958, where it subse-
quently spread to all chestnut growing areas (Wind-
egger, 1994). In the 1950s, a decline in the European 
chestnut blight epidemic was observed, which was 
due the appearance of hypovirulence (Biraghi, 1953). 
However, in recent years, chestnut trees in Europe 
and South Tyrol have been displaying various degrees 
of crown dieback, sometimes resulting in complete 
death of the trees (Waldboth & Oberhuber, 2009). 
One reason for this increased mortality of chestnut 
trees could be a synergistic effect of infection with 
C. parasitica and climatic stress, i.e., high tempera-
tures in summer and spring, and low precipitation 
in winter (Waldboth & Oberhuber, 2009). Climatic 
stress is positively associated with an increase of fun-
gal infections of trees (Desprez-Loustau et al., 2006); 
especially water stress seems to promote blight devel-
opment in C. sativa (Gao & Shain, 1995). Another 
reason could be the establishment of the chestnut gall 
wasp (Dryocosmus kuriphilus) in South Tyrol (Mair, 
2009). As a recent study showed, abandoned galls of 

these insects could serve as entry points for C. para-
sitica (Meyer et al., 2015).

Vegetative compatibility (vc) is the ability of fun-
gal mycelia to fuse with other mycelia of the same 
species through hyphal anastomosis and to exchange 
cellular materials (Anagnostakis, 1977). It can be 
determined either phenotypically by co-culturing the 
fungi on nutrient media or genotypically by determin-
ing the alleles at vegetative incompatibility loci (vic) 
(Short et al., 2015). Vc was also found to represent an 
important mechanism to transfer mycoviruses from 
hypovirulent to virulent strains. Some of the mycovi-
ruses of C. parasitica (i.e. Cryphonectria hypovirus 1 
[CHV1]) are known to reduce the pathogenicity of the 
fungus, so they act as biocontrol agents (Milgroom & 
Cortesi, 2004). The use of mycoviruses as biocontrol 
agents led to extensive studies of the occurrence of vc 
types of C. parasitica in several countries, as high vc 
type diversity may hinder the successful implemen-
tation of biocontrol strategies in a region (Bryner & 
Rigling, 2012; Cortesi et  al., 1996; Mlinarec et  al., 
2018; Myteberi et al., 2013; Robin et al., 2009; Short 
et al., 2015; Trestic et al., 2001; Zamora et al., 2012). 
In Italy, for example, the diversity of vc types of C. 
parasitica was shown to be higher in northern popu-
lations than in southern populations (Cortesi et  al., 
1998; Pennisi et al., 2005). The analysis of vc types 
can help to identify new genetic variants of the fun-
gus in a particular area, while an increasing number 
of vc types is considered a good indicator of genetic 
diversity within a population (Glass & Kuldau, 1992). 
Studying vc type diversity also has practical applica-
tions because of its connection with hypovirulence 
and biocontrol potential (Glass & Kuldau, 1992).

Sexual compatibility in ascomycetes is controlled 
by a single di-allelic (MAT-1, MAT-2) mating type 
locus (Coppin et  al., 1997). In heterothallic species, 
sexual reproduction is only possible between myce-
lia of the opposite mating type (Kronstad & Staben, 
1997). The presence of both mating types in a popu-
lation indicates the potential for sexual reproduction 
(Milgroom et al., 2008). A population with allele fre-
quencies close to 1:1 has a high potential of sexual 
reproduction, which contributes to increased genetic 
diversity, including vc type diversity (Mangil & Erin-
cik, 2018; Milgroom & Cortesi, 2004). Consequently, 
data about the distribution and diversity of mat-
ing types in a region is essential to apply biological 
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control sustainably (Cortesi et al., 1998; Heiniger & 
Rigling, 1994).

In South Tyrol, a high chestnut tree mortality due 
to infection with C. parasitica was observed in the 
1980s, which led to the artificial inoculation of more 
than 6,000 chestnut trees, distributed all over the ter-
ritory, with four hypovirulent isolates of the fungus 
(Maresi et al., 1993). The inoculation campaign was 
preceded by a study in which the vegetative compati-
bility of C. parasitica isolates from different localities 
was tested against ten vc tester strains. In this inves-
tigation, seven different vc types were determined 
(Maresi et al., 1993). Over the course of 25 years, no 
follow-up study was performed to assess the devel-
opment of C. parasitica populations in this region. 
Such investigations would help to assess the effective-
ness of a biological control program based on hypo-
virulence and the potential for disease development 
(Montenegro et  al., 2008). Therefore, the present 
study aimed to determine the genetic diversity of C. 
parasitica and its potential for sexual reproduction in 
South Tyrol by analyzing six vic loci and the mating 
type locus. Furthermore, DNA sequence analysis of 
the internal transcribed spacer (ITS) region was per-
formed to place C. parasitica from South Tyrol into a 
larger phylogeographic context.

Materials and methods

Sampling and isolation of C. parasitica

Bark samples of C. parasitica cankers from 394 chest-
nut trees showing characteristic symptoms of chestnut 
blight were collected in the Autonomous Province 
of Bozen-Bolzano in spring 2017 and in winters of 
2017/2018 and 2018/2019. The diseased portions of 
branches were initially removed through hand prun-
ing and/or with chain saws by professional tree care 
specialists. Small branches with disease symptoms 
were collected from these removed tree parts. When 
the size of a branch was large, bark portions were 
cut by a chisel at the border between healthy and 
necrotic tissue. Up to three cankered branches and/
or bark portions per tree were taken, whenever pos-
sible. Thirty-five chestnut stands located in five chest-
nut growing districts of South Tyrol and one forest 
population were sampled (Fig. 1). Due to the patchy 
distribution of chestnut stands with small numbers 

of trees and the fact that not all trees were infected, 
extensive sampling of trees with chestnut blight per 
site was not possible. South Tyrol is a bilingual ter-
ritory with German and Italian as official languages, 
also applying to geographic names. Nevertheless, for 
the sake of clarity, only the Italian names are used in 
the text, while the names in both languages are pro-
vided in the figures and tables. The collected sympto-
matic plant material was incubated in moist chambers 
at room temperature for 7–20  days. Pycnidia grown 
on the bark of the samples were removed with a sharp 
razor and inoculated on Potato Dextrose Agar (PDA) 
medium manufactured by VWR (Leuven, Belgium) 
at room temperature in the dark. A total of 274 pure 
cultures were obtained from the collected samples. 
Cultures were transferred to slant PDA at room tem-
perature for one week and maintained at 4 °C.

DNA isolation and molecular genetic analysis

DNA was extracted following the procedure described 
by Cassago et  al. (2002) with some minor changes 
such as centrifugation at 4  °C after adding isopro-
panol to increase the efficiency of DNA precipitation. 
After washing with 70% ethanol, the DNA pellet was 
left to dry at room temperature overnight. DNA was 
suspended in TE-buffer (pH 8), kept at 4 °C for short-
term storage, and finally stored at -20 °C.

Characterization of C. parasitica isolates based 
on vegetative compatibility alleles was done 
using a PCR protocol developed by Short et  al. 
(2015) and adapted by Mlinarec et al. (2018), with 
minor changes of reagents and PCR conditions as 
explained below. The amplification of the MAT 
locus was done following a PCR protocol developed 
by Marra and Milgroom (1999) and McGuire et al. 
(2001). The PCR reaction was prepared with 10 µl 
of 2X PCRBIO HS Taq Mix (PCR Biosystems, 
London, United Kingdom), 1 µl of DNA extract, the 
appropriate concentration of each primer (Supple-
mentary Table 1), and nuclease-free water to adjust 
the final volume to 20  µl. The PCR conditions 
were the following: 95 °C for 2 min followed by 40 
cycles of 95 °C for 30 s, the locus-specific anneal-
ing temperature for 30  s (vic), or 45  s (MAT) (see 
Supplementary Table  1), and 72  °C for 1  min and 
45 s. The final extension was performed at 72 °C for 
10  min. Amplified allele products were visualized 
on 1.5% agarose gels after 60 min of electrophoretic 
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separation at 80  V. Isolates were assigned to EU 
types (vc types) according to the vic allelic data 
defined by Cortesi and Milgroom (1998).

ITS amplification was performed for 41 isolates 
from different sampling localities. PCR reactions 
consisted of 7.5  µl of 2X PCRBIO HS Taq Mix, 
0.3 µM of each primer (Lévesque & De Cock, 2004; 
Supplementary Table 1), 1  µl of DNA extract, and 
nuclease-free water to adjust the final reaction volume 
to 15 µl. PCR conditions used for the amplification of 
ITS were as follows: 95 °C for 2 min followed by 35 
cycles of 95 °C for 30 s, 60 °C for 45 s, and 72 °C for 
1 min. The final extension was accomplished at 72 °C 
for 5 min.

After separating and visualizing the PCR products 
of the ITS region on agarose gels, the amplicons were 

purified using the enzymatic PCR cleanup A’SAP 
(ArcticZymes, Tromsø, Norway) following the stand-
ard protocol of the manufacturer. Sanger sequenc-
ing of the ITS region was done by the company 
Microsynth Seqlab GmbH (Göttingen, Germany) 
using the forward and reverse amplification prim-
ers. It was not always possible to obtain a complete 
sequence of the ITS region with the external primers 
due to the presence of repetitive poly(C) and poly(T) 
stretches approximately 150 bp and 100 bp from the 
forward and reverse primer binding sites, respectively, 
which led to premature termination of the sequenc-
ing reaction. To sequence the entire ITS region, 
two internal primers (ITS-INT-F and ITS-INT-
R2) were designed by using the software Geneious 
Prime, version 2019.0.4 (Biomatters Ltd., Auckland, 

Val Venosta/
Vinschgau

Burgraviato/
Burggrafenamt

Oltradige-Bassa Atesina/
Überetsch-Unterland

Valle Isarco/
Eisacktal

Salto-Sciliar/
Salten-Schlern

1,2
3,4

5
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7,8
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10 11
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Fig. 1  Map of Italy on the left with the borders of provinces 
indicated in grey, while the area of the Autonomous Prov-
ince of Bozen-Bolzano (South Tyrol) is highlighted in black. 
Enlarged representation of the territory of South Tyrol on 
the right indicating the districts where chestnut is grown and 
where sampling was performed. Black triangles show the loca-
tions of the chestnut stands that were sampled, while the white 
triangle in Oltradige-Bassa Atesina shows the location of the 
Monticolo forest. Each sampling site is represented by a num-
ber on the map: Vinschgau/Val Venosta: 1, TAP (Kortsch/
Corces); 2, WIN (Kortsch/Corces); 3, GOG (Schlanders/
Silandro); 4, VET (Schlanders/Silandro); 5, KGK (Kastelbell/
Ciardes); 6, AUF (Naturns/Naturno); 7, ALTO (Töll/Tel); 8, 
WEIR (Töll/Tel); Burggrafenamt/Burgraviato: 9, ALAL (Alt 
Algund/Lagundo); 10, BRUG (Dorf Tirol/Tirolo); 11, MOAR 
(Schenna/Scena); 12, CRIS (Meran/Merano); 13, WIB (Burg-

stall/Postal); 14, KAL (Lana); 15, BLAS (Völlan/Foiana); 16, 
OBER (Völlan/Foiana); 17, BRUN (Saltaus/Saltusio); Eisack-
tal/Valle Isarco:18, ISC (Lajen/Laion); 19, OBG (Barbian/
Barbiano); 20, OBK (Barbian/Barbiano); 21, SPR (Barbian/
Barbiano); 22, TSB (Barbian/Barbiano); Salten-Schlern/Salto-
Sciliar: 23, FLK (St. Oswald – Seis/Sant’Osvaldo – Siusi); 24, 
GRU (Rotwand – Ritten/Pietrarossa – Renon); 25, NOP (Leng-
stein – Ritten/Longostano – Renon); 26, PIE (Lengstein – Rit-
ten/Longostano – Renon); 27, JOG (Siffian – Ritten/Siffiano – 
Renon); 28, TES (Unterinn – Ritten/Auna di Sotto – Renon); 
29, KLS (Signat –  Ritten/Signato – Renon); 30, NOC (Sill 
– Ritten/Sill – Renon); 31, PLA (Sill – Ritten/Sill – Renon); 
Überetsch-Unterland/Oltradige-Bassa Atesina: 32, HOAN 
(Leifers/Laives); 33, UNT (Leifers/Laives); 34, MUL (Stein-
mannwald/Pineta); 35, RUTT (Steinmannwald/Pineta); 36, 
MON (Montiggler Wald/Bosco di Monticolo)
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New Zealand). These internal primers were used as 
sequencing primers for those samples, for which the 
external primers did not provide complete sequence 
information (Supplementary Fig.  1; Supplementary 
Table 1).

Co-culturing assay

Few C. parasitica isolates could not be assigned to 
a particular vc type by molecular analysis because 
allelic information at one or two vic loci was missing 
and as repeated PCRs did not result in any product. 
Such isolates were subjected to co-culturing with pos-
sible vc types to assign them to a particular vc type. 
This co-culturing with two or four possible vc types 
was done by using the method described by Anag-
nostakis (1977).

Data analysis

To compare the data obtained in the present study 
with other findings, the mean number of vc types 
determined in populations of different countries was 
calculated by dividing the sum of vc types found in 
all populations by the count of populations in each 
country. To determine the diversity of vc types 
for each geographic area or district, the Shannon 
diversity index (H’) was calculated according to 
the formula: H’ =—∑(pi x ln  (pi)), where “Pi” is 
the frequency of ith vc type (Tramer, 1969). The 
evenness index (E) is a way to measure the distri-
bution of genotypes within a region (Pielou, 1966). 
For a given number of vc types, the evenness index 
is maximum when the individuals are distributed 
among the genotypes as evenly as possible. If only a 
few of the genotypes contain a large majority of the 
individuals, the index is low. It was calculated with 
the formula: E = H’/ln(S) (Pielou, 1966), where 
“S” refers to the total count of vc types found in a 
region (Tuomisto, 2010). Allele diversity for each 
locus was calculated according to Nei (1973) with 
the software POPGENE version 1.32 and the mean 
diversity (Ĥ) of each district was calculated as the 
average of allele diversities across all six loci. The 
software POPGENE version 1.32 (Yeh et al., 1999) 
was used to obtain an UPGMA dendrogram based 
on Nei’s genetic distances in order to represent the 
relationships among C. parasitica subpopulations 

from different chestnut stands in South Tyrol con-
sidering the frequencies of vc types. Mating type 
ratios were tested in all districts for deviation from 
1:1 using chi-squared statistics in Microsoft Excel 
2016. A t-test as implemented in the software Sig-
maPlot version 14.5 was performed in order to 
check whether chestnut stands with both mating 
types displayed a higher number of vc types than 
those with a single mating type. The same software 
was employed for the construction of some of the 
graphical representation of data.

All electropherograms of DNA sequences of the 
ITS region obtained with different primers were vis-
ually inspected for their quality using the software 
Geneious Prime. For each isolate, an alignment 
comprising the sequences obtained with different 
primers was obtained using the de-novo assem-
ble function in Geneious Prime. The consensus 
sequence of each isolate was exported as a separate 
FASTA file. To construct a global haplotype net-
work, 142 ITS sequences of C. parasitica present 
in GenBank (NCBI) from different regions of the 
world were downloaded and aligned with the 41 
DNA sequences obtained in the present study using 
the MUSCLE alignment online tool (https:// www. 
ebi. ac. uk/ Tools/ msa/ muscle). Alignments were 
checked visually for any ambiguities and manually 
edited if necessary. Since insertion–deletion muta-
tions (indels) are not considered variable sites by 
the algorithm selected to construct the haplotype 
network but are regarded informative for phyloge-
netic studies (Nagy et al., 2012), indels were coded 
as substitutions to increase the resolution of the hap-
lotype network. Sequence analysis was done using 
DnaSP (version 6) to calculate the amount of mono-
morphic and polymorphic sites. The FASTA file 
obtained from MUSCLE was changed to NEXUS 
format using the software Mesquite (version 3.6). 
The NEXUS file was imported to the software Pop-
ART, version 1.7 (Leigh & Bryant, 2015) along 
with the information about the country or region 
of origin of each sequence to construct a haplotype 
network. The haplotype network was constructed 
using the Median-joining network algorithm (Ban-
delt et al., 1999), with the parameter epsilon set to 
zero in PopART (Leigh & Bryant, 2015). Nucleo-
tide diversity was also calculated using the default 
settings of PopART.
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Results

The multilocus PCR assay produced clear and distin-
guishable specific amplicons of expected sizes for all 
vic loci. Among 274 isolates, 261 were successfully 
genotyped for the complete set of vic loci, whereas 13 
had missing allelic information at one or two loci due 
to non-amplification. However, the 13 isolates with 
missing allelic information were assigned to vc types 
through a co-culturing assay and were considered in 
the data analysis. The investigated isolates of C. para-
sitica from South Tyrol displayed allelic polymor-
phism at five vic loci (vic1a, vic2, vic4, vic6, vic7), 
whereas one locus (vic3a) was monomorphic in all 
the isolates and only allele vic3a-1 was found. Allelic 
frequencies of each locus are shown in Table  1. 
Twenty-three different vc types of C. parasitica were 
found in South Tyrol (Fig.  2) with a mean of 9.17 
per district (Supplementary Fig.  2). EU-2 was the 
most frequent vc type in the region with a frequency 
of 51.1% among all the isolates. EU-1 (12.8%) and 
EU-13 (8.8%) were the second and third most com-
mon vc types found in South Tyrol, respectively, fol-
lowed by EU-5 and EU-17, both with a frequency of 
5.8% (Fig. 2; Table 2). A total of 84.3% of the isolates 
analyzed were assigned to one of the five most com-
mon vc types. EU-2 was dominant in the major part of 
districts, Val Venosta (67.2%), Burgraviato (63.9%), 
Valle Isarco (75.7%), and Salto-Sciliar (36.4%). In 
the Monticolo forest population, EU-1 was dominant 
(50%), whereas in Oltradige-Bassa Atesina, three vc 
types, EU-1 (25%), EU-2 (25%), and EU-13 (25%) 
were found at the same frequency. Among 35 chest-
nut stands, 30 carried C. parasitica with more than 
one vc type (ranging from 2 to 7 vc types), while C. 
parasitica from five chestnut stands had a single vc 

type. On average, each chestnut stand had 2.9 ± 1.4 
(standard deviation, SD) different vc types (excluding 
chestnut stands BLAS, OBER, and TES, from which 
only one or two isolates of C. parasitica could be 
obtained), whereas the forest population of Monticolo 
had seven different vc types of C. parasitica.

In the Salto-Sciliar district, the highest vc type 
diversity of C. parasitica in terms of number of vc 
types and the Shannon diversity index was found. 
Valle Isarco, in contrast, showed the lowest degree 
of diversity, both based on the number of different vc 
types and the Shannon diversity index (see Table 2). 
Oltradige-Bassa Atesina had the highest evenness 
index, whereas it was lowest in Val Venosta. The 
mean allele diversity was also the highest in Oltra-
dige-Bassa Atesina and the lowest in Valle Isarco. 
The mean values of the number of vc types found per 
district in South Tyrol were higher when compared 
with other European populations except those of Bos-
nia-Herzegovina and Switzerland (Supplementary 
Fig. 2).

Out of 274 isolates, 249 were successfully geno-
typed and assigned to mating type idiomorphs (either 
MAT-1 or MAT-2). For 25 isolates, it was not pos-
sible to obtain any result as 10 isolates amplified for 
both mating types and showed double bands whereas 

Table 1  Allelic frequencies of different vic loci present in the 
isolates of Cryphonectria parasitica in South Tyrol

Locus Frequency 
of allele 1

Frequency of 
allele 2

vic1a 0.17 0.83
vic2 0.66 0.34
vic3a 1.00 0.00
vic4 0.22 0.78
vic6 0.21 0.79
vic7 0.22 0.78
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Fig. 2  Different vc types of Cryphonectria parasitica and 
their total numbers found in the chestnut growing districts of 
South Tyrol
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15 isolates showed no band on the agarose gel. Out 
of 249 isolates, 126 (50.6%) were identified as MAT-
1, whereas 123 (49.4%) were MAT-2. In South Tyrol, 
mating type ratios were not significantly different 
from 1:1  (X2 = 0.004; P value from the  X2 test for 
deviation from 1:1 ratio > 0.05). Within South Tyrol, 
21 out of 35 chestnut stands had C. parasitica with 
both mating types. Fourteen stands from all districts, 
except Salto-Sciliar, had C. parasitica with a sin-
gle mating type (either MAT-1 or MAT-2). In Val 
Venosta and Valle Isarco, MAT-1 was the dominant 
(78.8% and 67.6%, respectively) mating type, whereas 
in Burgraviato the dominant mating type was MAT-2 
(80.0%). Oltradige-Bassa Atesina, Salto-Sciliar, and 
Monticolo forest had C. parasitica with both mating 
types in a more or less equal frequency (Fig. 3).

In South Tyrol, C. parasitica isolates of five vc 
types were found to be associated with a particu-
lar mating type (significant deviation from 1:1) 
i.e., EU-2 isolates had dominant MAT-1 whereas 
EU-4, EU-5, EU-13 and EU-15 isolates had domi-
nant MAT-2 (Supplementary Fig.  3). Isolates of the 
remaining vc types had mating type ratios that did not 
significantly deviate from 1:1. Rare vc types, such as 
EU-7, EU-14, EU-15, EU-16, EU-18, EU-20, EU-22, 

EU-24, EU-25, EU-26, EU-27, EU-28, EU-31 and 
EU-42, were found to have a single mating type. Six 
vc types were isolated only once, so it was obvious 
that they had a single mating type. On average, chest-
nut stands with one mating type had 1.9 ± 0.7 (SD) 
vc types, while those with both mating types had 
3.3 ± 1.2 (SD). The t-test showed that the difference 
in the mean values of the two groups were greater 
than would be expected by chance (P < 0.001). The 
chestnut stands BLAS, OBER and TES were not con-
sidered in this statistic as was the forest population 
Monticolo, in order to compare groups with similar 
sample sizes.

The PCR products of the ITS region of C. para-
sitica showed a clear band of approximately 650 bp 
on the agarose gel. Ten isolates were sequenced 
with external primers only, whereas 31 isolates 
were sequenced using four primers (two external 
and two internal primers) because external prim-
ers alone did not allow to sequence the ITS region 
completely. After alignment and trimming at either 
end, sequences with a length from 557 to 561  bp 
were obtained. Among 41 isolates sequenced, three 
different haplotypes (referred to as H1, H2 and H3) 
were found in South Tyrol (Fig. 4). H2 was the most 

Table 2  Vc types of Cryphonectria parasitica present in different districts of South Tyrol along with the diversity and evenness 
index of vc types

a  Ratio of the number of isolates obtained and the number of vc types identified
b  Allele diversity for each locus was calculated according to Nei (1973). Mean diversity (Ĥ) is the average of allele diversities over 
all six loci

Sampling district N isolates N vc types Sample size 
 ratioa

Top 3 vc types 
(frequency)

Shannon diver-
sity index (H’)

Evenness 
index (E)

Ĥb

Vinschgau/Val Venosta 61 13 4.7 EU-2 (0.67), EU-1 (0.07), 
EU-17 (0.07)

1.39 0.54 0.19

Burggrafenamt/Burgraviato 61 8 7.6 EU-2 (0.64), EU-13 
(0.16), EU-1 (0.05)

1.25 0.60 0.30

Eisacktal/Valle Isarco 37 6 6.2 EU-2 (0.76), EU-1 (0.05), 
EU-5 (0.05), EU-6 
(0.05), EU-13 (0.05)

0.94 0.52 0.15

Salten-Schlern/Salto-Sciliar 55 13 4.2 EU-2 (0.36), EU-5 (0.20), 
EU-1 (0.07)

2.03 0.79 0.33

Überetsch-Unterland/Oltra-
dige-Bassa Atesina

32 8 4.0 EU-1 (0.25), EU-2 (0.25), 
EU-13 (0.25)

1.76 0.85 0.39

Montiggler Wald/Bosco 
di Monticolo (Monticolo 
forest)

28 7 4.0 EU-1 (0.50), EU-17 
(0.21), EU-2 (0.14)

1.43 0.74 0.23

Total (South Tyrol) 274 23 11.9 EU-2 (0.51), EU-1 (0.13), 
EU-13 (0.09)

1.86 0.59 0.29
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common haplotype in South Tyrol, followed by H1. 
Haplotypes H1 and H2 were found in all districts 
except Valle Isarco and the Monticolo forest, respec-
tively (Fig. 4b). The least common haplotype H3 was 
only found in Burgraviato, Salto-Sciliar and Monti-
colo forest. Sequence comparison based on an align-
ment of 563  bp showed nine variable sites, eight of 
which were indels. One substitution (transition) was 
found at position 503 of the alignment of the three 
haplotypes, where H1 showed a cytosine, while H2 
and H3 showed a thymine. The sequences of the 
three haplotypes were deposited in GenBank under 

the accession numbers MW759487, MW759488 and 
MW759489.

One hundred and forty-two sequences of the ITS 
region downloaded from GenBank were aligned 
with sequences of 41 isolates from South Tyrol that 
made a total of 183 sequences. After trimming, the 
alignment had a length of 519 bp with 96 polymor-
phic sites, comprising 82 substitutions and 14 posi-
tions with indels. Forty-one different haplotypes 
were found based on ITS sequences of C. parasitica 
originating from different regions of the world using 
the sequence analysis feature of DnaSP. The median-
joining network pointed to a geographical clustering 
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Fig. 3  Frequencies of vc types (left) and mating type  (right) 
of Cryphonectria parasitica found in different sampling areas 
(districts) of South Tyrol (bold) as well as in each chestnut 
stand. The three- or four-letter codes of chestnut stands can 

be looked up in legend of Fig. 1. The numbers in parentheses 
following the codes on the left indicate the number of isolates 
obtained from different cankers
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of some haplotypes from America, Asia or Europe 
(Fig. 4a). Haplotype H1 was not only found in South 
Tyrol but is the most common genotype of C. para-
sitica globally. In contrast, haplotypes H2 and H3 
were found to be unique to this region. The latter hap-
lotypes only differed in a single indel and showed the 
highest similarity to a haplotype from Asia. While C. 
parasitica isolates with haplotype H1 were linked to 
seven different vc types, those with haplotypes H2 
and H3 were associated with two or three different vc 
types, respectively (Fig. 4c).

Discussion

Following apple and grapevine, chestnut represents 
the third frequent permanent culture in South Tyrol, 
which usually grows on steeper slopes at the edge 
of the Adige and Isarco river valleys at elevations 
between 400 and 700 m above sea level. Although the 
direct economic role of chestnut cultivation in South 
Tyrol is rather minor, it can represent an important 
additional income (Bossi Fedrigotti & Fischer, 2015). 
In South Tyrol, chestnut blight was first noticed in 
1958 and since the 1990s, a disease control program 
has been implemented by official authorities. Genetic 
diversity of C. parasitica was investigated in differ-
ent European regions, but so far, no such study was 
performed in South Tyrol, even though it could con-
siderably support the implementation of disease man-
agement strategies. The analysis of the vic loci, the 
mating type locus, and sequences of the ITS region 
performed in the present study point to a consider-
able degree of genetic variability of the pathogen in 
this region. In a study conducted in the 1990s, seven 
different vc types were identified by applying a tra-
ditional co-culturing assay (Maresi et  al., 1993). In 
comparison, 23 different vc types could be identi-
fied in the present investigation based on genotypic 
information at six vic loci. Thus, the number of dif-
ferent vc types seems to have at least triplicated in the 
past 25  years. Nevertheless, a direct comparison of 
the data needs to be taken with caution, as: (1) dif-
ferent laboratory techniques were employed, which 
could have an impact on the resolution, and (2) the 
present study included a considerably higher num-
ber of samples as compared to the previous one 
(Maresi et al., 1993). An increase in the number of vc 
types over time was observed in different European 

countries. For instance, in Croatia, 18 different vc 
types were found in the 2000s (Krstin et  al., 2008), 
which increased to 26 in 2015 (Mlinarec et al., 2018). 
In Western Spain, six vc types were found in 2008 
(Montenegro et al., 2008), whereas eleven were iden-
tified in 2012 (Zamora et  al., 2012). In Southwest-
ern Germany, five vc types were detected in 2010 
(Peters et al., 2012), but the number increased to 13 
in 2014 (Peters et al., 2014). The increase in vc type 
and genetic diversity of C. parasitica populations can 
be driven by different factors that will be discussed in 
the following sections.

Vc type diversity of C. parasitica in a geographic 
area may increase for different reasons. For example, 
fungal spores can be transported over longer distances 
by birds, insects, and wind. Anagnostakis (1987) 
reported that in Italy, virulent strains of C. para-
sitica could travel at an approximate rate of 30  km/
year. Consequently, it is possible that new vc types 
arrived in South Tyrol from more diverse neighboring 
populations, such as those in northern Italy (Robin & 
Heiniger, 2001). Prospero and Rigling (2012) found 
that the migration of C. parasitica from divergent 
genetic pools might have increased the genetic diver-
sity (including vc type diversity) in Switzerland. In 
addition to natural processes, human-mediated activi-
ties, such as the import of planting material from 
other countries or regions, might have contributed 
to the increase of vc type diversity in South Tyrol 
(Pérez‐Sierra et al. 2019).

Sexual reproduction in C. parasitica may fur-
ther increase vc type diversity (Mangil & Erincik, 
2018; Milgroom & Cortesi, 2004). Our study reveals 
the presence of both mating types in all geographic 
areas of South Tyrol that would point to a high poten-
tial for sexual reproduction in the region. Indeed, 
sexual recombination between the most dominant 
vc types found in the region, i.e., EU-1 (2212–22) 
with EU-13 (1211–11) and EU-2 (2112–22) with 
EU-13 (1211–11), can theoretically produce 16 and 
32 different vc types, respectively (Cortesi & Milg-
room, 1998). All vc types found in South Tyrol could 
have formed by the recombination between EU-2 
and EU-13, whereas nine vc types could have origi-
nated from the cross between EU-1 and EU-13. In 
some districts, such as Oltradige-Bassa Atesina and 
Salto-Sciliar as well as in the Monticolo forest, the 
distribution of mating type idiomorphs was not sig-
nificantly different from the 1:1 ratio. Populations of 
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C. parasitica in these districts should theoretically 
have a higher rate of sexual reproduction and, hence, 
a higher vc type diversity than populations in which 

one mating type is dominant. This hypothesis is well 
supported in Salto-Sciliar, which had the highest vc 
type diversity and Shannon diversity index, but not in 
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Oltradige-Bassa Atesina and Monticolo forest. A pos-
sible explanation for this finding could be the lower 
number of samples obtained from Oltradige-Bassa 
Atesina and Monticolo forest than from other dis-
tricts. However, the presence of both mating types in 
a region does not automatically result in sexual repro-
duction. In Turkish and Macedonian populations, for 
example, both mating types were present, but no sex-
ual structures (perithecia) were found (Daldal et  al., 
2018; Sotirovski et al., 2004). To sexually reproduce, 
it is important for both mating type strains to be phys-
ically close to each other. Considering the patchy dis-
tribution of chestnut stands in South Tyrol, it appears 
more likely that sexual reproduction would take place 
within chestnut stands but less likely among them. 
In fact, the patterns of distribution and frequency of 
vc types in different chestnut stands display a high 
degree of variability and a lack of geographic clus-
tering (see also Supplementary Fig.  4). This is par-
ticularly evident in the district of Oltradige-Bassa 
Atesina, where samples were taken from four chest-
nut stands in a linear distance of maximally 4.5 km. 
Cryphonectria parasitica populations from these 
sites, however, differed in the composition of vc and 
mating types, pointing to an isolated occurrence of 
fungal populations on a small geographic scale. Simi-
larly, in southern Italy, the spatial isolation between 
fungal strains was thought to be responsible for a 
low rate of recombination (Liu et  al., 1996). There-
fore, stochastic processes, such as genetic drift, may 
play a major role in shaping the variability of fungal 
genotypes at different sites (Milgroom et  al., 1996). 
In our study, chestnut stands with a single mating 

type generally showed a lower number of vc types 
than chestnut stands with both mating types, indicat-
ing that sexual reproduction may occur in the latter. 
Hence, the assessment of the presence of perithecia in 
the field would be helpful to verify the occurrence of 
sexual reproduction, whereas the analysis of micro-
satellite loci could give a better estimate about the 
actual rate of sexual reproduction in a region (Dutech 
et al., 2010).

Hypovirulent strains belonging to four different 
vc types, which identity is unknown, were artificially 
introduced to South Tyrol in the 1990s to control 
chestnut blight (Maresi et  al., 1993) and might have 
influenced the population structure of the fungus. 
Although it is not possible to compare the vc type 
data with the results of Maresi et al. (1993), we spec-
ulate that some of these strains may still be present in 
the region, as some hypovirulent strains were shown 
to be better able to disseminate and become estab-
lished in a population (Morozov et  al., 2007; Robin 
et al., 2010). For example, in France subtypes F1 and 
F2 strongly decreased the growth and sporulation of 
the fungus and were not able to disperse and establish 
in a fungal population. In contrast, the lower viru-
lence of subtype I against the fungal host resulted in 
greater ecological fitness and a higher potential for 
dissemination and establishment (Robin et al., 2010). 
Apart from hypovirulence, other reasons influencing 
the fitness and consequently the pre-dominance of 
some vc types of C. parasitica may exist. Arabi and 
Jawhar (2007) demonstrated that in the ascomycete 
Cochliobolus sativus, vc type is correlated with viru-
lence, i.e., the pre-dominant vc types were found to 
be more virulent than rare vc types. It could be worth 
determining if the fungal virulence is correlated with 
vc types in C. parasitica. Furthermore, data on the 
relative virulence of each vc type and the diversity of 
viruses present in the region associated with C. para-
sitica would enable a more precise evaluation of the 
potential damage and to adjust the control measures.

The ITS region has been widely used to study 
the phylogenetic relationships at the interspecific 
and intraspecific levels in fungi (Gottlieb & Licht-
wardt, 2001; Poczai & Hyvönen, 2010; Takamatsu 
et  al., 1999). Although the population genetics of 
C. parasitica was extensively studied based on vic 
and microsatellite loci, there was only one study 
based on ITS sequence analysis that was performed 
in Eastern Europe, where a considerable degree of 

Fig. 4  Median-joining network of ITS haplotypes of Cryph-
onectria parasitica constructed using PopART (Leigh & Bry-
ant, 2015). In addition to the ITS sequences obtained from iso-
lates collected in South Tyrol, sequences of this species from 
other countries and continents that could be found in GenBank 
were included in the analysis. The haplotypes are represented 
by circles and their size reflects the haplotype frequency in 
the dataset of 183 isolates. Different colors represent the geo-
graphic origin of the haplotypes. The labels H1, H2 and H3 
denote the three haplotypes found in South Tyrol, while the 
other haplotypes are represented by a GenBank accession num-
ber. Each cross-section line indicates a mutational step. Black 
small dots represent the theoretical median vectors determined 
by the software (a). Occurrence of the three ITS haplotypes 
H1, H2 and H3 in different districts of South Tyrol (b) and the 
association of ITS haplotypes of C. parasitica with vc types in 
South Tyrol. Each color represents a different vc type (c)

◂
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ITS sequence variation was found (Görcsös et  al., 
2015). In addition, Görcsös et al. (2015) found that 
the variability of ITS sequences of C. parasitica 
was not related to geographical distribution and 
suggested that human-mediated introductions (such 
as infected propagation material) might be responsi-
ble for the observed patterns. In South Tyrol, three 
different ITS haplotypes were identified and their 
phylogeographic relationship was assessed in a 
global context. Finding different haplotypes in the 
study area could be explained by two hypotheses: 
the ITS sequence diversity of C. parasitica evolved 
locally or the different haplotypes were introduced 
from other geographic areas. Since C. parasitica is 
a relatively recently introduced pathogen in Europe, 
it seems highly unlikely that haplotypes differing 
at nine variable sites are a result of local evolution, 
especially when considering the mutation rates of 
ITS (Kasuga et  al., 2002). The central European 
population of C. parasitica was established after 
the fungus was accidentally introduced from North 
America to the area close to Genoa in northwestern 
Italy, from where it spread to other European chest-
nut growing regions (Milgroom et al., 1996, 2008). 
As ITS haplotype H1 was found to be widespread 
not only in South Tyrol but also in other European 
regions and on other continents, including Asia and 
America (Fig. 4), it is probable that this haplotype 
was initially introduced to this region. This assump-
tion is further supported by the fact that haplotype 
H1 was associated with seven different vc types in 
South Tyrol. Haplotypes H2 and H3, instead, were 
unique to South Tyrol and were associated with 
only two and three vc types, respectively, which 
indicates that these haplotypes may have arrived 
later in this region and did not have enough time to 
evolve into different vc types. Evidence for at least 
two independent introduction events of C. para-
sitica from North America and Asia was found in 
France based on the analysis of vic loci and micros-
atellite loci (Dutech et al., 2010, 2012; Robin et al., 
2009). In the case of South Tyrol, it is not possi-
ble to determine the origin from which haplotypes 
H2 and H3 could have been introduced. From the 
median-joining network, they appear to be closer 
related to haplotypes found up to now in Asia and 
Eastern Europe. However, these haplotypes may 
also be present in Central European or Italian 

populations, for  which ITS sequence data are still 
under-represented in GenBank (NCBI). Neverthe-
less, in addition to other molecular genetic mark-
ers, ITS sequence analysis of C. parasitica could 
contribute to a better understanding of the phylo-
geography of this pathogen. Therefore, we suggest 
a more extensive ITS sequence analysis from geo-
graphic areas that are so far under-represented, such 
as Western and Central Europe, America, and Asia.

The present study provides a first insight into the 
occurrence of different vc types and mating types of 
C. parasitica in South Tyrol and contributes towards 
improved disease management of chestnut blight in 
the region. Although a total of 23 different vc types 
were found, 73% of the isolates belonged to three 
dominant vc types, namely EU-2, EU-1, and EU-13, 
which were present in most chestnut stands. Conse-
quently, an effective spread of the hypovirus among 
chestnut blight affected trees is expected to occur. 
Nevertheless, the patchy distribution of chestnut 
stands seems to affect the composition of the fun-
gal populations, which should be considered before 
applying biocontrol measures. In addition, mating 
type information should be considered to prevent 
introducing different mating type strains into chest-
nut stands where they are not present, as this could 
promote sexual reproduction and reduce the success 
of biocontrol of the disease.
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