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Abstract

Various fungal species together with Cryphonectria parasitica (Murr.) Barr. have been isolated from chestnut tissues
with blight symptoms. Microfungi remain in cankers during tissue healing, which occurs by transmitting hypovirulence
by Cryphonectria hypovirus 1 (CHV1) compatible strains. However, studies focused on the diversity and ecology of the
non-C. parasitica taxa on chestnut bark are lacking. This work evaluated the composition and richness of microfungi
species associated with healthy chestnut trees, those with cankers healed by natural hypovirulence and those treated with
hypovirulent strains (artificially introduced hypovirulence). Microfungi from diseased trees were isolated from six ran-
domly selected points in the inner and external areas of the healed canker. In healthy trees, tissue samples were collected
from 12 random locations on each tree’s trunk. Fungal species were identified based on morphological characteristics and
ITS region sequencing using the universal primers ITS1 and ITS4. Four hundred thirty-one fungal isolates were obtained
from which 38 operational taxonomic units (OTUs) were identified. The fungal communities varied from tree to tree and
did not display similar patterns. The endophyte Biscogniauxia mediterranea and epiphyte Cytospora eucalypticola fungi
were detected in all study locations and tree health conditions. Notably, C. parasitica (virulent and hypovirulent strains)
was dominant in the inner area of healed cankers, accounting for 64.3% of the isolates, and the saprobe fungi Penicil-
lium glabrum was dominant among non-C. parasitica microfungi species. Dissimilarity analyses showed low similarity
between the microfungi communities found in the inner and external areas of the healed cankers. The study reveals the
long-life span of C. parasitica in healed cankers and the therapeutic effect of natural and introduced hypovirulence.
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Introduction

Cryphonectria parasitica (Murr.) Barr., an A2 EPPO quar-
antine pathogenic fungus of Asian origin, was accidentally
introduced to America and Europe through infected chestnut
plants. In Europe, the disease was first reported in Northern
Italy, in 1938, and caused great concern since the parasite
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showed a high aggressiveness in the European chestnut tree
(Castanea sativa Mill) (Anagnostakis 1987; Rigling and
Prospero 2018). The parasite progressively invaded neigh-
boring countries, where it developed in an epidemic way,
being present at the end of the 90s, in almost all European
countries with chestnut stands (Robin and Heiniger, 2001),
including Portugal (Abreu 1992). Notably, chestnut blight
is present in all main chestnut-growing areas in continental
Europe. This virulent fungus is a biotic factor that can infect
and kill American (Castanea dentata (Marsh.) Borkh) and
European (Castanea sativa Mill) chestnut trees. Infection
is typically associated with the development of extensive
necrosis (cankers) in the bark of the branches and trunk
(Heiniger and Rigling 1994; Prospero et al. 2013). Can-
kers can rapidly increase, resulting in tree death (Prospero
et al. 2013), causing severe environmental and economic
damages.
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Hypovirulence is a natural phenomenon in which the
aggressiveness of C. parasitica in the chestnut tree is
reduced by the presence of Cryphonectria hypovirus 1
(CHV1), which promotes canker healing and chestnut
recovery (Heiniger and Rigling 1994; Hoegger et al. 2003;
Milgroom and Cortesi 2004; Robin et al. 2010). It has been
proposed that CHV1 is introduced with its fungal host and
naturally spreads throughout the entire area where C. para-
sitica is distributed (Bryner et al. 2012). However, in some
areas of Europe where the presence of CHV1 has not been
detected or its presence has been low, hypovirulence has
been introduced following experimental programs defined
by official entities (Zamora et al. 2014; Chira et al. 2017;
Krstin et al. 2017; Diamandis 2018).

In chestnut bark infected by C. parasitica, the presence
of other non-C. parasitica fungi has been reported (Robbins
1997; Akilli etal. 2009,2011; Double et al. 2014; Kolp 2018;
Kolp et al. 2020). It was also observed that the occurrence
of other fungal species in cankers increases over time while
C. parasitica decreases (Double et al. 2014). According to
Kolp (2018), some fungal species, especially antagonists,
may outcompete C. parasitica, reducing the pathogen’s
growth and, after some time, becoming the dominant fungi
in cankers on surviving chestnut trees.

Biological control of chestnut blight by applying hypo-
virulent strains of C. parasitica results from the transmis-
sion of the hypovirus CHV1 by hyphal anastomosis between
hypovirulent and virulent strains belonging to the same vc
type (Grente 1965). After infection by CHV1, the virulent
fungus weakens, and the treated canker stops expanding and
becomes passive (Rigling and Prospero 2018). However,
when the successful transmission of hypoviruses controls
canker expansion, older portions of cankers can still har-
bor virulent C. parasitica (Jones 2008) since only actively
growing mycelium is colonized by the hypovirus. Indeed,
following hypovirulence transmission, the oldest areas of
the dead bark may harbor virulent C. parasitica and fast-
growing saprophytes (Double et al. 2014). In long-term
assessments of treated cankers, Double et al. (2014) found
that surviving trees exhibited diverse canker communities,
often containing more non-C. parasitica overall than C.
parasitica or hypovirulent C. parasitica.

The diversity and ecology of the non-C. parasitica taxa
in the bark tissues of C. sativa are not very well known. Fur-
thermore, studies are needed to evaluate microfungal com-
munity diversity and identify the most represented taxon
within these communities and their biological behavior.
A broader approach to the biodiversity of the microfungal
biome will reveal interactions between C. parasitica and
non-C. parasitica fungi, including endophytes and potential
antagonists. In this sense, the objective of this work was
to evaluate the composition of microfungi communities
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associated with chestnut bark in blighted trees that recov-
ered by natural hypovirulence (NH) or introduced hypoviru-
lence (IH) and compare the results with healthy trees (HT).
This information may be beneficial to understand plant-
microorganism interactions, and accurate knowledge of
the composition of microorganisms on healed cankers may
be essential to develop effective biological disease control
strategies.

Materials and methods
Study sites and sample collection

For this study, three stands were selected in the North region
of Portugal. One stand was located in Braganca (41°38°31”
N, 6°46°53”W; 887 m.a.s.l.) and the other in Valpagos
(41°33°48” N, 7°28°43” W; 855 m.a.s.l.), both in the Tras-
os-Montes region. In Valpagos, only healthy trees (HT) were
sampled. Braganca is a field assay where the introduction of
hypovirulent strains (IH) has occurred since 2015. The other
stand was located in Felgueiras (Douro Litoral) (41°22°47”
N 8°10°56” W; 369 m.a.s.l.), where a natural hypovirulence
spread (NH) has occurred since 2013 (Ibafiez, 2015).

The Braganca stand has an area of 3 ha with approxi-
mately 20-year-old trees belonging to the cv. Longal and
spaced 10x 10 m apart. The Valpagos stand covers an area
of 1 ha with trees of approximately 25 years old belonging
to cv. Judia and spaced 10X 10 m apart, and in Felgueiras
stand covers about 1 hectare with hybrid plants (Castanea
sativa X Castanea crenata) resistant to ink disease spaced
5X5 m apart. In Felgueiras, hybrid chestnut rootstocks
resistant to ink disease were grafted mainly onto the Longal
and Martainha varieties. The Judia and Longal varieties are
the most cultivated in the NE of Portugal, on Tras-os-Mon-
tes and the Martainha variety is characteristic of Soutos da
Lapa, in the districts of Viseu and Guarda (region of Beira
Alta). Longal is the oldest variety, and is considered the best
variety for the industry. The Judia and Martainha varieties
are usually preferred to sell fresh fruit due to their greater
size (Costa et al. 2008).

Sampling was performed in Braganca (IH) and Valpagos
(HT) in 20 selected chestnuts trees and 16 trees in Felgueiras
(NH). The tissues were collected at six random points in the
inner area of healed cankers and at six random points in the
external area of each healed canker (a total of 12 samples
in each tree) using a T Lok™ puncture biopsy needle (Jor-
gensen Laboratories, Inc.) to obtain microfungi. In healthy
trees, tissue samples were taken from 12 randomly chosen
locations on the trunk of each tree. The samples were identi-
fied and promptly processed.
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Fungal isolation

In the laboratory, samples obtained from healed cankers
(inner and external) and healthy trees were disinfected by
immersion in 50% (v/v) ethanol for 3 min. The samples
were then placed on absorbent paper and transferred to Petri
dishes (90 mm in diameter) with PDA (Potato Dextrose
Agar - Difco, 39 gr/L) culture medium. Plates were incu-
bated at 25+ 2°C in the dark and were observed daily for
mycelial growth. A single plug was transferred to new PDA
plates to obtain pure isolates for subsequent identification.
The pure cultures of each fungus were preserved in PDA,
kept at 4°C, and then deposited in the fungal collection of
the Laboratory of Plant Protection at Instituto Politécnico de
Braganga (Portugal).

Identification of fungal species

The identification of the different species of fungi was based
on morphological characteristics (Dugan 2006) and ampli-
fication and sequencing of the ITS (ITS1, 5.8 S, ITS2),
ribosomal DNA (rDNA) region using the ITS1 (5'-TCCG-
TAGGTGAACCTGCGG-3') and ITS4 (5’-TCCTCCGCT-
TATTGATATGC-3’) universal primers (White et al. 1990)
and compared to sequences published in the GenBank data-
bases, BLAST (https://blast.ncbi.nlm.nih.gov/). Amplifi-
cation via polymerase chain reaction (PCR) of DNA was
executed in a 20 pL reaction volume containing REDEx-
tract-N-Amp™ PCR Reaction Mix. PCR was carried out
following the thermal cycling program: 4 min initial dena-
turation at 94 °C, followed by 40 cycles of 30 s denatur-
ing at 94 °C, 1 min of primer annealing at 50 °C, 1 min of
extension at 72 °C, and a final extension at 72 °C for 10 min.
PCR products (6 puL per well) were separated by electro-
phoresis at 80 V for 50 min on 1.5% agarose gels that were
pre-stained with GelRed® Nucleic Acid Gel Stain (Biotium,
Inc) in 1X TAE buffer and viewed under ultraviolet light.
Amplified region sequencing was performed by Stabvida
Laboratories (Caparica, Portugal). Each species was taxo-
nomically identified according to the MycoBank Database
(www.mycobank.org).

Incidence of C. parasitica virulent and hypovirulent
strains in healed cankers

Identification of virulent and hypovirulent strains of C.
parasitica was based on the morphological characteriza-
tion of the isolates. For detection of hypovirulent strains,
the isolates were incubated at 25+2 °C for 7 days in the
dark, followed by 5 days of incubation at room temperature

with diffuse light. C. parasitica isolates were described as
white, intermediate or orange according to the criteria cited
by Hogan and Griffin (2008). Isolates that remained white at
the end of this period were considered C. parasitica hypo-
virulent strains or C. parasitica white isolates. Isolates hav-
ing more than 70% orange pigmentation were described as
virulent C. parasitica (or orange isolates), and isolates that
showed a slight orange color (between 30 and 70% orange
pigmentation) were considered intermediate-pigmented iso-
lates. The hypovirus CHV1 was confirmed in some white
isolates by RT-PCR.

Diversity and composition of microfungi
communities

The relative abundance of each fungal taxon at each sam-
pling site was calculated as the total number of isolates of
a taxon divided by the total number of isolates of all taxa.

The microfungi community in each sampling site was
evaluated at the level of their richness (number of species)
and abundance (number of isolates of each species). The
diversity of microfungi at each study site was calculated
using the Shannon & Wiener diversity index (H’) using the
following the equation: H’ = -)p,Inp,, where p; is the fre-
quency of i microfungi in each population.

The Simpson’s Diversity Index (1/D) was calculated at
the inner and external areas of the healed cankers. Simp-
son’s index (D) was calculated following the equation: D
= Yp/?, where p; is the frequency of i microfungi in each
population. Species evenness at the inner and external area
of the healed cankers was estimated by calculating the
Shannon equitability index (J) as indicated in the follow-
ing equation: J=H /InS, where A is the Shannon & Wiener
diversity index and S is the number of species in the sample.
Bray-Curtis distances were computed based on square root
transformed abundance data using function vegdist of pack-
age vegan in R-environment (R Core Team 2021; RStudio
team 2021).

Data analysis

Statistical analyses of microfungi abundance in differ-
ent sampling sites and healed cankers (inner and external
areas) were performed using a one-way analysis of variance
(ANOVA) or Kruskal-Wallis test after verifying the normal-
ity assumption using normal quantile-quantile plots and
Shappiro-Wilk test, and homoscedasticy assumption using
Levene test. All statistical analyses were performed using
the Statistica 12 software (StatSoft Inc., Tulsa, OK).
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Results
Description of microfungi community

In this study 672 samples were collected, 240 in Braganca
(IH), 192 in Felgueiras (NH) and 240 in Valpagos (HT).
Concerning abundance, 431 fungal isolates were obtained
from all surveyed stands, with 190 in Braganga (IH), 118
in Felgueiras (NH) and 123 in Valpagos (HT). Braganga
(IH) had the highest average of number of isolates per tree
(mean of 9.50 with standard deviation of 1.99) and Felguei-
ras (NH) had the lowest value (mean of 7.38 with standard
deviation of 1.67). In Braganca (IH) and Valpagos (HT) 19
different taxa (each) were identified and 11 different taxa
were found in Felgueiras. Regarding microfungi diversity
indexes, Valpagos (HT) had the highest Simpson Diversity
Index (1.06) followed by Braganga (IH) (0.73) and Felguei-
ras (NH) (0.44) (Table 1).

In Table 1, we observe that the total number of taxa is
higher in the external area of the cankers. Despite the aver-
age number of taxa being higher in the external area no
significant differences were detected between the inner and
external areas of cankers (Felgueiras, XZkW: 3.5, P=0.059;
Braganga, X%, =3.9, P=0.048).

Overall, the isolation of microfungi identified 38 opera-
tional taxonomic units (OTUs), 30 of which were identi-
fied up to the species level and eight to the genera (Table 2).
Three isolates could not be identified because the sequenc-
ing of the PCR product failed. Many OTUs were represented
by only one or two isolates (55.3% of the total OTUs). The
OTUs described in this study belonged to the phylum Asco-
mycota and Mucoromycota. Ascomycota was the most
represented phylum with 98.4% of isolates, and the Mucoro-
mycota only accounted for 0.93%. The Class Sordariomy-
cetes showed the highest percentage of OTUs (75.9% of the
total OTUs), including 16 families: Chaetomiaceae, Conio-
chaetaceae, Coryneaceae, Cytosporaceae, Diaporthaceae,
Gnomoniaceae,  Graphostromataceae,  Hypoxylaceae,
Lasiosphaeriaceae, Melanommataceae, Nectriaceae, Ophi-
ocordycipitaceae, Sordariaceae, Sporocadaceae, Valsaceae
and Xylariaceae, followed by the Class Leotiomycetes with
10.0% of OTUs from two families: Dermateaceae and
Helotiaceae. The most abundant families were Valsaceae
(45.9% of the total isolates), Graphostromataceae (9.7%)
and Dermateaceae (9.7%).

The genus Cytospora was represented by five species,
Cytospora cedri Syd., P. Syd. & E.J. Butler, Cytospora
diatrypelloidea G.C. Adams & M.J. Wingf., Cytospora
eucalypticola Van der Westh., Cytospora ribis Ehrenb.,
and Cytospora unilocularis Thambug., Camporesi & K.D.
Hyde. Among these species, C. eucalypticola represented
3.0% (of the total isolates), C. diatrypelloidea represented

External area of cankers

2.06+0.93a
0.44

Healthy trees

240
123
7.69+2.89

19
1.06

Inner area of canker

1.50+0.63a
0.33

Natural hypovirulence

7.38+1.67

11
0.44

Natural hypovirulence
192
118

External area of cankers

17
2.55+1.32b

0.93

Introduced hypovirulence

Inner area of canker
11

1.80+0.77a

0.41

Introduced hypovirulence
240
190
9.50+1.99
0.73

Table 1 Abundance and diversity of fungal isolated from healed cankers in the study locations: Braganca (introduced hypovirulence), Felgueiras (natural hypovirulence) and Valpagos (healthy
19

trees)

Parameters

Number of samples

Total n° of isolates
Average isolate per tree
Total n® of taxa
Shannon-Wiener Index (H)
Total n° of taxa

Average n° of taxa
Shannon-Wiener Index (H)
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2.8%, and C. cedri represented 2.3%. C. parasitica was the
most represented species, with 198 isolates representing
45% of the total isolates.

Among non-Cryphonectria parasitica fungi isolates,
Biscogniauxia mediterranea (De Not.) Kuntze (9.7% of the
total isolates) was the most frequently isolated, followed by
Pezicula ericae (Sigler) P.R. Johnst. (9.0%), Penicillium
sp. (5.6%) and Penicillium glabrum (Wehmer) Westling
(3.2%). B. mediterranea was the most frequent species in
Braganca (IH) (21 isolates), Valpagos (12 isolates) and Fel-
gueiras (NH) (nine isolates). P. ericae was the most frequent
species in Valpacos (HT), with 38 identified isolates. This
fungus was isolated from 10 trees (62.5% of total trees in
Valpagos). B. mediterranea and C. eucalypticola were pres-
ent in all situations, and P. glabrum was present in all healed
cankers by natural or introduced hypovirulence.

The Venn diagram in Fig. 1 illustrates the relationships of
OTUs across studied places and sanitary conditions. Only
two OTUs are present in all studied situations, the endo-
phytic B. mediterranea and the epiphyte fungi Cytospora
eucalypticola. Few OTUs were shared between healthy trees
(HT), introduced hypovirulent (IH) and natural hypoviru-
lence (NH). Moreover, great dissimilarities are evidenced
between the Tras-os-Montes region [Braganca (IH) and Val-
pacos (HT)] and Douro Litoral, Felgueiras (NH) stands.

Each OTU was also classified by its biological behav-
ior (epiphyte/endophytes or saprotroph) by bibliographic
research. Most OTUs on chestnut bark (18 out of 30) were
classified as endophytes. Three OTUs were classified as epi-
phytes and the behavior of 16 OTUs is unknown. All OTUs
were deposited in GenBank, and the accession numbers and
percentage of nucleotide identity are presented in Supple-
mentary Table 1.

Cryphonectria parasitica isolates

By visual observation of the morphological characteristics of
the C. parasitica isolates, they were classified into virulent
(white isolates) and hypovirulent (intermediate and orange
isolates). Across all healed canker samples, approximately
64.3% of the isolates were C. parasitica (virulent and hypo-
virulent strains), and 35.7% were non-C. parasitica fungi.
However, this percentage differed between locations. The
percentage of C. parasitica and non-C. parasitica isolates
obtained in Braganga (IH) Felgueiras (NH) and Valpagos
(HT) are shown in Fig. 2A. The isolates of C. parasitica
were higher than non-C. parasitica isolates in Braganca
(IH) (56.3%) and in Felgueiras (NH) (77.1%). As expected,
in Valpagos (HT), where no cankers exist, no isolates of C.
parasitica were observed.

In total, 198 isolates of C. parasitica were recovered. In
Bragancga (IH) and Felgueiras (NH), 107 and 91 isolates of

C. parasitica were recorded,. The isolates of C. parasitica
were characterized as white isolates, intermediate isolates
and orange isolates by the Hogan and Griffin (2008) criteria
as described in the Material and Methods section (Fig. 2B).
C. parasitica white isolates were dominant in Braganca
(IH) (67.3%) while in Felgueiras (NH) C. parasitica orange
isolates were dominant (68.1%). Intermediate-pigmented
isolates accounted for 25.3% of C. parasitica isolates in
Felgueiras (NH) and 14.0% of C. parasitica isolates in Bra-
ganca (IH).

Microfungi diversity in the inner and external areas
of healed cankers

Significant differences were detected for the microfungi
abundance in the different sampling sites (inner and external
areas) in cankers with introduced hypovirulence (Braganga)
(X% =8.4, P=0.003) and cankers with natural hypoviru-
lence (Felgueiras) (F=13.89, P=0.0008). The microfungi
abundance for Felgueiras (NH) was higher in the external
area of healed cankers than in the inner area. In Braganca
(IH), the microfungi abundance was higher in the inner area
of healed cankers. Microfungi diversity varied between the
sampling places (inner and external areas of healed can-
kers). Interestingly, in Braganga (IH) and Felgueiras (NH),
and based on the Shannon-Wiener index, the inner area
of healed cankers has less diversity than the external area
(Table 3).

When comparing the two situations (i.e., introduced ver-
sus natural hypovirulence), it appears that the community of
microfungi is less diverse in the cankers area where natu-
ral hypovirulence occurs. For example, in Felgueiras (NH),
C. parasitica is dominant in the sampling area (inner and
external areas), as indicated by Simpson’s diversity index.
Evenness varied between 0.18 and 0.20 in the healed can-
kers where there is a situation of natural hypovirulence
and between 0.17 and 0.32 in the healed cankers treated by
introduced hypovirulence. In both cases, there is no unifor-
mity in the species distribution in the sampled cankers.

B. mediterranea was the most frequently isolated micro-
fungi in the external area of healed cankers in both orchards
(38.9% of total non-C. parasitica isolates in Felgueiras and
33.3% in Braganca) (Supplementary Fig. 1). In the inner
area of healed cankers, the most frequently isolated species
was P. glabrum, both in Felgueiras (44.4%) and Braganca
(26.1%).

The dissimilarity values varied from 0.463 to 0.921
(Table 4). In Braganga (IH), there is approximately 50%
similarity in the microfungi community between the inner
and external areas of healed cankers. Moreover, the low-
est similarity was found between the inner area of healed
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Table 2 Cumulative number of fungi species isolated in Braganga (introduced hypovirulence) (n=240), Felgueiras (natural hypovirulence)
(n=192) and Valpagos (healthy trees) (n=240)

Taxa (Phylum: Class: Family: Species)* Braganga Felgueiras Valpagos Total
Ascomycota
Sordariomycetes
Chaetomiaceae

Arcopilus aureus 1 0 0 1
Coniochaetaceae

Coniochaeta hoffimannii 0 0 1

Coniochaeta boothii 0 0 1 1
Coryneaceae

Coryneum modonium 0 0 1 1
Cytosporaceae

Cytospora cedri 7 0 3 10

Cytospora diatrypelloidea 6 0 12

Cytospora eucalypticola 1 1 11 13

Cytospora ribis 1 0 0 1

Cytospora unilocularis 3 0 0
Diaporthaceae

Phomopsis sp. 0 1 0 1
Gnomoniaceae

Gnomoniopsis castaneae 0 4 0 4
Graphostromataceae

Biscogniauxia mediterranea 21 9 12 42
Hypoxylaceae

Daldinia loculata 0 0 3 3
Lasiosphaeriaceae

Fimetariella rabenhorstii 0 1 8

Fimetariella sp. 1 0 0 1
Melanommataceae

Melanomma sanguinarium 0 0 4 4
Nectriaceae

Fusarium solani 1 0 0

Fusarium sp. 1 0 0 1
Ophiocordycipitaceae

Purpureocillium lilacinum 0 0 10 10
Sordariaceae

Sordaria sp. 0 0 7 7
Sporocadaceae

Pestalotiopsis cocculi 0 1 0 1
Valsaceae

Cryphonectria parasitica 107 91 0 198
Xylariaceae

Nemania serpens 0 2 0 2
Dothideomycetes
Cladosporiaceae

Cladosporium ramotenellum 2 0 0 2
Dothioraceae

Aureobasidium pullulans 1 0 0 1
Montagnulaceae

Paraconiothyrium brasiliense 0 0 5 5
Pleosporaceae

Alternaria alternata 1 0 0 1

Phoma sp. 0 0 5
Eurotiomycetes

Aspergillaceae

Penicillium glabrum 10 4 0 14
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Table 2 (continued)

Taxa (Phylum: Class: Family: Species)* Braganga Felgueiras Valpagos Total
Ascomycota
Penicillium sp. 20 0 4 24
Leotiomycetes
Dermateaceae
Pezicula ericae 1 0 38 39
Pezicula sporulosa 0 2 0 2
Pezicula neocinnamomea 0 1 0 1
Helotiaceae
Helotiales sp. 0 0 1 1
Pezizomycetes
Pezizaceae
Peziza varia 0 0 1 1
Plicaria endocarpoides 0 0 1 1
Mucoromycota
Mucoromycetes
Mucoraceae
Mucor plumbeus 2 0 0 2
Rhizopus sp. 2 0 0 2
Others 1 1 1 3

n=number of samples, * According to Mycobank

Fig. 1 Venn diagram depict-
ing the distribution of Opera-
tional Taxonomic Units (HT

— healthy trees, NH — natural
hypovirulence, IH — introduced
hypovirulence)
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Fig.2 A — Average percentage
of Cryphonectria parasitica and
non-Cryphonectria parasitica
isolates in Braganga (introduced
hypovirulence) (n=20), Fel-
gueiras (natural hypovirulence)
(n=16) and Valpagos (healthy
trees) (n=20), (vertical bars
means standard error, #=num-
ber of trees). B — Percentage of
Cryphonectria parasitica isolates
(orange isolates — o, intermedi-
ate-pigmented isolates — i, white
isolates — w) in Braganca (intro-
duced hypovirulence), Felgueiras
(natural hypovirulence) and
Valpagos (healthy trees)

A
100
L 80
o
s
2 60
2
o
2 40
<
5
o 20
(0]
=¥
0
introduce natural hypovirulence healthy trees
hypovirulence .
m C. parasitica non-C. parasitica
B C. parasiticaisolates

hcalthy trees

natural hypovirulence

introduce hypovirulence

white

0%

80%

20% 40% 60% 100%

W intcrmediate orangc

Table 3 Fungal isolates (Fi), Shannon & Wiener diversity index (H’), Simpson’s diversity index (1/D) and Evenness (J) in the inner and external
areas of healed cankers from Felgueiras (natural hypovirulence) and Braganga (introduced hypovirulence)

Natural hypovirulence (Felgueiras)

Artificial hypovirulence (Braganga)

Inner area
External area

Fi H’

47 0.33
0.44

71

Fi H 1D J AIT
109 0.41 1.59 0.17 5.45+0.87a
093 580 032 4.05+1.32b

1D J AIT
1.51 0.18 294+1.12a
1.75 020 4.44+1.15b 81

Fi — fungal isolates, H’— Shannon & Wiener diversity index, 1/D — Simpson’s diversity index, J — Evenness. AIT — average of isolates per tree.
Different letters in the column indicate significant differences

Table 4 Matrix of Bray and Curtis dissimilarity index values for
microfungi community isolated from healed cankers in two sites (inner
and external areas) in Braganga and Felgueiras. Axes are labeled with
sampling sites

Braganga Braganca Felgueiras Felguei-
IAC EAC IAC ras EAC
Braganga IAC 0.000
Braganca EAC 0.463 0.000
Felgueiras IAC 0.708 0.794 0.000
Felgueiras EAC 0.921 0.754 0.724 0.000

IAC — inner area of cankers, EAC — external area of cankers
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cankers in Braganca (IH) and the external area of healed
cankers in Felgueiras (NH) (0.921).

Discussion and conclusion

In this study, we described the microfungi communities
associated with healed cankers in natural or introduced
hypovirulence and the microfungi communities associated
with healthy chestnut trees.
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The abundance and diversity of microfungi vary between
groves and sampling chestnut trees. The diversity was
greater in healthy trees (Valpagos), and C. parasitica is the
dominant species in groves with healed cankers by natural
or introduced hypovirulence (Braganga and Felgueiras).
When the sites with healed cankers (natural and intro-
duced hypovirulence) are compared, the statistical analysis
showed differences in the abundance of microfungi between
the external and inner areas of healed cankers. The highest
diversity was found in the inner area of healed cankers for
introduced hypovirulence and the external area of the healed
cankers for natural hypovirulence. This study showed a low
similarity between sample areas (inner and external area)
and between study sites (Braganca and Felgueiras). The
greater distance between fungal communities observed
between Braganca (Tras-os-Montes region) and Felgueiras
(Douro Litoral region) may be associated with ecological
and geographic conditions but also the genetic background
of trees and applied practices to manage the hybrid (C. cre-
nata X C. sativa) stand where natural hypovirulence was
evidenced.

C. parasitica was the most frequently isolated spe-
cies from healed cankers (by natural spread or introduced
hypovirulence), and P. ericae was dominant in healthy
trees. Natural dissemination and introduced hypovirulent
strains have led to a high prevalence of hypovirulence in
many areas in Europe (Heiniger and Rigling 1994). After
infection by the hypovirus CHV1, the active canker even-
tually stops expanding and becomes passive (Rigling and
Prospero 2018). According to Jezi¢ et al. (2019), the cal-
lus tissue formation around a canker generally begins in
the first growing season after acquiring a hypovirus by the
virulent C. parasitica isolate but may take several years for
significant callus tissue to develop. During this time or even
several years after complete healing of the cankers, active
mycelium from virulent and hypovirulent C. parasitica has
been isolated (Bryner et al. 2014; Double et al. 2014; Jezi¢
et al. 2019; Coelho et al. 2021).

The white culture morphology is generally an indicator
of hypovirus infection (Grente 1978; Hogan and Griffin
2008). Since, the detection of CHV1 by molecular methods
was not performed in our study, these isolates were con-
sidered putatively hypovirulent. In this study, the presence
of C. parasitica hypovirulent strains varied with the sam-
pling site. In Braganca (IH), where hypovirulence has been
introduced since 2015, 67.3% of C. parasitica hypovirulent
strains were observed, while in Felgueiras (NH) the number
of C. parasitica white isolates was lower with only 6.6%.
One of the reasons for the higher number of C. parasitica
white isolates in Braganga could be due to the introduced
application of the hypovirulent strains by scaring over the
whole cankers area. Despite the introduced hypovirulence

in Braganga, isolates obtained 5 years after the application
showed 18.7% of the C. parasitica isolates with orange
morphology. Jones (2008) also observed older portions of
cankers that still harbor virulent C. parasitica even when
the successful transmission of hypoviruses controls canker
expansion.

In both locations, many C. parasitica intermediate-
pigmented isolates were also present. The percentage of
intermediate-pigmented isolates was higher in Felgueiras
(NH) stand (25.3% of C. parasitica isolates), with natural
hypovirulence. It was worth mentioning that others have
reported the presence of intermediate-pigmented isolates
from healed cankers (Coskun et al. 1999; Hogan and Griffin
2002, 2008). Additionally, Hogan and Griffin (2008) found
that some intermediate-pigmented isolates tested positive
for the presence of CHV1 and that isolates may perform
an essential function in the biological control of chestnut
blight.

P. ericae was the most abundant species in healthy trees
(Valpagos), and one single isolate was recovered from
healed cankers in Braganca. In a review on endophytic fungi
in chestnut trees, Nicoletti et al. (2021) refer to the fungus
P. ericae isolated from chestnut (C. dentata) branches with
canker. Moreover, Ibafiez (2015) isolated the endophyte
fungi Cryptosporiopsis ericae Sigler, the anamorph form of
P. ericae, from active cankers on chestnuts, and in labora-
tory studies found that the fungus had no antagonistic activ-
ity against C. parasitica.

B. mediterranea was the most representative species in
Bragancga (IH) and Felgueiras (NH), and it was the second
most frequent species in healthy trees (9.8% of the total
isolates). B. mediterranea is a fungus frequently associated
with active or healed cankers in northern Portugal (Gouveia
etal. 2017; Coelho et al. 2021). The fungus B. mediterranea
was first detected in Portugal in 1930 and has been associ-
ated with several forest species’ early stages of decay. This
species has a strong incidence on Quercus species, including
the cork oak, and has also been isolated from chestnut trees
(Henriques et al. 2015). This fungus can live as an endo-
phyte in the plant and act as an opportunistic parasite when
trees show symptoms of decline (Henriques et al. 2014).

Cytospora was the most represented genus, with 9.0%
of total isolates recovered in this study. Cytospora species
are fungi that cause most common cankers, and tree decline
(Fotouhifar et al. 2010), and some species of this genus are
described as pathogenic to chestnut trees (Suarez 1989; Dar
and Rai 2014; Jiang et al. 2020). In recent studies performed
in the north of Portugal, C. eucalypticola was found in active
(Ibanez 2015) and healed cankers (Coelho et al. 2021)d dia-
trypelloidea was reported to be one of the most abundant
species recovered from healed cankers (Coelho et al. 2021).
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For the other Cytospora species detected in this study, there
are no references to these species in chestnut trees.

Penicillium was also largely represented in this study.
For example, in Braganga (IH), Penicillium sp. and P. gla-
brum were abundant in this stand. The genus Penicillium is
a cosmopolitan fungus, present in various environments and
composed of about 300 species (Thom 1930). This fungus
is prevalent in chestnut nuts (Rodrigues et al. 2013) and is
one of the primary contaminants in post-harvest conditions.
Double et al. (2014) reported a large number of isolates of
Penicillium spp., including the species P. glabrum isolated
from hypovirulent cankers in American chestnut. Addition-
ally, studies in the north of Portugal (Coelho et al. 2021)
confirmed the presence of Penicillium in healed cankers on
European chestnut trees.

Purpureocillium lilacinum (Thom) Luangsa-ard, Hou-
braken, Hywel-Jones & Samson represented 2.32% of the
total species (10 isolates). P. lilacinum is a species of fila-
mentous fungus in the family Ophiocordycipitaceae (Spata-
fora et al. 2015), and it has been isolated from a wide range
of habitats and has potential as a biocontrol agent. This
species is considered a parasitic fungus on eggs, female
adults, and larvae of insects and nematodes (Schapovaloff
et al. 2014; Barra et al. 2015). In recent laboratory stud-
ies, Toksoz et al. (2018) showed virulence of P. lilacinum
against adults of ambrosia beetles (Xylosandrus germanus
and Xyleborus dispar), pests of many forest species includ-
ing chestnut trees.

Other species were underrepresented in the present study.
Among these species, endophyte species, including Gnomo-
niopsis castaneae Tamietti and Arcopilus (= Chaetomium)
aureum Chivers stand out. G. castaneae an emerging patho-
gen in chestnut cultivation worldwide, can exist on chest-
nut trees as an endophyte without causing any symptoms
(Pasche et al. 2016; Lione et al. 2019; Dobry and Camp-
bell 2022). This species was found only in Felgueiras (NH)
with four isolates (representing 0.9% of the total isolates).
Arcopilus. aureum had only one isolate in Braganca (IH).
Many species of the genus Chaetomium are described as
antagonists of plant fungi, and the secondary metabolites
of these species exhibit antifungal activity (Kabbaj et al.
2015). Recently, in vitro studies have shown that A. aureum
can inhibit the mycelial growth of virulent C. parasitica by
37% (Coelho et al. 2022).

Endophytes represent a vital group of the fungal com-
munities identified, with some species, such as B. mediter-
ranea, P. ericae and Penicillium sp., highly represented in
terms of abundance. It was also observed that some of them
can turn pathogenic under unfavorable environmental con-
ditions (Lo Presti et al. 2015; De Silva et al. 2019), which
may compromise their potential as biocontrol agents. For
example, B. mediterranea was reported as an endophyte in
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oak plants that acts as an opportunistic pathogen when the
hosts suffer prolonged periods of stress (Henriques et al.
2014). P. ericae was the most abundant species in healthy
trees. Pezicula are fungal genera containing tree pathogens
within the Fagaceae (Kolp et al. 2020). Some species of
this genus, including Pezicula neocinnamomea Chen Chen,
Verkley & Crous or Pezicula sporulosa Verkley (Chandelier
et al. 2019), are known to be endophytes of bark or stems
of chestnut trees. In comparison, C. ericae, the anamorphic
form of the P. ericae, was isolated from diseased chestnut
trees (Ibafiez 2015). Some species of Penicillium are typi-
cal saprotrophs on generic substrates and were previously
recorded in different geographic areas and hosts (Farr and
Rossman 2019).

The productivity of the chestnut tree is influenced by
the multiple interactions established with different types
of microorganisms, with the microfungi being the primary
group of microbes associated with chestnut fitness (Nicoletti
et al. 2021). Endophytic microorganisms are recognized as
a promising group in terms of diversity and pharmaceutical
potential (Wagenaar and Clardy 2001). Endophytes grow
inter- or intracellularly, systemically or locally within their
hosts without causing visible manifestations of infection or
disease (Clay et al. 2016; Solis et al. 2016) and are thus
considered potential candidates for biocontrol applications
(Yue et al. 2000; Ek-Ramos et al. 2013; Oono et al. 2015;
Potshangbam et al. 2017). Notably, in the present study, a
high number (14 out of 38) of endophytic fungi co-occur
with C. parasitica on healed cankers. B. mediterranea was
more abundant in the external area of healed cankers in Bra-
ganca (IH) and Felgueiras (NH), and P. glabrum was more
abundant in the inner area of healed cankers. The reason
why P, glabrum was found in great abundance in the healed
cankers’ inner area may be due to its saprophytic behavior.

We characterized the chestnut bark fungi communities
from three distinct regions of Portugal: Valpacos (HT), Bra-
ganca (IH) and Felgueiras (NH). Richness and composition
of the fungal were analyzed in each stand following a sys-
tematic sampling approach distinguishing between healthy
trees in Valpacos (HT) and recovered blighted trees with
healed cankers (inner and external areas) by introduced or
natural spread or hypovirulence in Braganga (IH) and Fel-
gueiras (NH), respectively. The diversity in healthy trees
was greater than in trees that recovered from blight, and the
genus Cytospora was the most represented, with five spe-
cies identified. Among the 38 OTUs, only B. mediteranea
and C. eucalyptica are shared between all studied places
and sanitary conditions. Richness is lower on the Douro
Litoral stand, where a natural and massive spread of natu-
ral hypovirulence occurred. On the flip side, C. parasitica
(virulent and hypovirulent strains) are dominant in healed
cankers, and greater dissimilarity is found between the inner
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and external areas. The external area was similar to healthy
trees, which explains its greater fungal diversity. Due to
the great abundance of C. parasitica isolates (virulent and
hypovirulent strains), this study revealed the long-life span
of C. parasitica (virulent and hypovirulent strains) in healed
cankers and the therapeutic effect of natural or introduced
hypovirulence.
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