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Abstract Chestnut blight, Cryphonectria parasitica
(Murrill) Barr, was reported in Portugal in 1989. The
disease rapidly spread within the chestnut region of the
Tras-os-Montes (the Northeast of Portugal). Eradication
and mechanical/burning exclusion failed to control the
disease and natural hypovirulence is still absent or of
very low incidence. The introduction of human-assisted
therapeutic hypovirulence is therefore required to con-
trol the disease. We presente here the efficacy of field
applications (short and long term) of a locally charac-
terized hypovirulent strain (CHV1-RBB111), by the
punch method in two chestnut orchards (Valpacos and
Vinhais). The Valpagos disease incidence was 68% (65
out 0f 96 trees) and in Vinhais it was 46% (78 out of 169
trees). In both locations, diversity of vegetative incom-
patibility (vc type) was low and largely dominated (>
85%) by a single vc type (EUL1). In Valpagos, all
cankers of the orchard were treated (63 cankers) and in
Vinhais 31 trees (cankers) were treated. One year after
application, field efficacy was very high with 93.8% of
healed cankers in Valpagos and 90.3% in Vinhais, these
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values increased to 100% and 93.5% (respectively) after
four years. The persistence of the introduced CHV1-
RBB 111 strain was high and present in almost all
treated cankers and it was dominant both inwards and
on the application site revealing an endophytic behavior.
The non-C. parasitica microfungi were abundant with
14 different species. Biscogniauxia mediterranea (De
Not.) Kuntze was the most abundant in both orchards.
Treatment with the introduced hypovirulent strain
(CHVI1-RBB111) was found to be effective in control-
ling chestnut blight with regeneration of cortical tissues
and recovery of treated trees.

Keywords Chestnut blight - Cryphonectria parasitica
(Murr.) Barr. - Human-assisted therapeutic
hypovirulence - Hypovirulent strain CHV1-RBB111

Introduction

Despite a first report of Cryphonectria parasitica
(Murr.) Barr. in Portugal as long ago as 1922, obtained
from bark samples of Castanea dentata (Sieb. & Zucc.)
(Camara 1929), no further evidence occurred until 1989
when the disease was found in new plantations in
Valpagos and Braganga and almost at the same time in
Vinhais (Abreu 1992). The disease rapidly spread af-
fecting the fruit and wood production of the Trés-os-
Montes (northeastern Portugal) where 80% of chestnut
production occurs. In the 1990s, eradication and
mechanical/burning of diseased tissues was applied to
control the disease. The methods generally failed, and

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10658-021-02200-3&domain=pdf
https://orcid.org/0000-0001-5829-7669
https://orcid.org/0000-0002-8913-785X
https://orcid.org/0000-0002-2550-9108

Eur J Plant Pathol

the disease has continued to spread over time. In the
2000s the disease was present throughout the country,
including Madeira and the Azores islands (Braganca
et al. 2007).

The serious phytosanitary situation of the chest-
nut tree in Portugal demands effective means to
control the disease. Hypovirulence is a biological
process, mediated by the presence of
Cryphonectria hypovirus 1 (CHV1) that reduces
the virulence of the fungus C. parasitica, which
promotes canker healing and chestnut recovery
(Heiniger and Rigling 1994; Hoegger et al. 2003;
Robin et al. 2010). This biological control method
is very effective when the population structure of
the vic genes of the parasitic fungus is known, and
the compatible hypovirulent strains are applied
(Anagnostakis et al. 1986; Heiniger and Rigling
1994). In Portugal, the population of
C. parasitica is essentially clonal and dominated
by vc type EU11, although other vc types, namely,
EUO1, EU02, EU12 and EU66 are also present
and sometimes represented by a few or single
isolates (Braganca et al. 2007; Gouveia et al.
2016). Hypovirulence is not frequent in the initial
phases of the disease (Robin and Heiniger 2001),
and in Portugal, the introduction of hypovirulence
was detected only after 18 years of chestnut blight.
The white morphology of C. parasitica grown on
PDA was obtained in 2005 in one single isolate
out of 617 studied isolates (Braganca et al. 2007).
In 2010, more cases of healed cankers were re-
ported by farmers and the CHV1 hypovirus was
isolated and characterized (Gouveia et al. 2010).
The isolation, identification, and molecular charac-
terization of C. parasitica hypovirulent strains ob-
tained in the region, which are compatible with
current vc types, makes hypovirulence a preferen-
tial strategy for controlling chestnut blight in Por-
tugal. Hypovirulent strains can only be applied as
plant protection products if they are first assessed
for adverse effects on human health and the envi-
ronment. For that, a large set of data is required to
evaluate whether or not the biocontrol agent or its
metabolites pose any acceptable toxicological and/
or ecotoxicological risks as defined by Regulation
(EC) No 1107/2009. Field applications of
hypovirulent strains are a necessary step therefore
to studying their behavior under natural conditions
in controlled field trials. Extended programs have
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been applied in many European countries, to study
efficacy, survival, and the non-target effects of
hypovirulent strains (Robin et al. 2000; Milgroom
and Cortesi 2004; Heiniger and Rigling 2009;
Zamora et al. 2014; Chira et al. 2017; Krstin
et al. 2017; Diamandis 2018); new formulations
and delivery methods have also been tested
(Kunova et al. 2016).

In Portugal, due to the failure of the eradication
approach and the absence or very low incidence of
natural hypovirulence, more adequate and efficient con-
trol measures are required to avoid the spread of the
disease in the chestnut ecosystem. In this regard, a
biological control plan for canker treatment, based on
compatible hypovirulent strains, has been authorized by
the competent authorities in Portugal, for experimental
field applications.

The success of canker treatment was evaluated fol-
lowing the introduction of the hypovirulent strains by
the morphological evaluation of treated cankers (pres-
ence of healing tissue), the re-isolation of C. parasitica
hypovirulent strain, and the identification of
Cryphonectria hypovirus 1 (CHV1). Additionally, we
also recorded and analyzed a complex mixture of
microfungi, frequently unnoticed, but which are present
in the majority of cankers despite their unclear role in
disease recovery or maintenance.

The objective of this study was to monitor and eval-
uate the efficacy of treatments and obtain epidemiolog-
ical parameters to obtain comprehensive and consistent
information on the broader introduction of the CHV1
hypovirulent strain in the chestnut ecosystems. We also
set out to monitor the cankers healing processes, the
frequency of virulent and hypovirulent C. parasitica
and the non-C. parasitica microfungi species associated
with treated cankers, to expand our understanding of the
hypovirulence process in the field and to formulate
adequate disease management strategies.

Material and methods
Field study sites and biological control treatments

The study was conducted in two chestnut orchards
located in the region of Tras-os-Montes (Northeast Por-
tugal), namely in Rio Bom (County of Valpagos) and
Vilar de Peregrinos (County of Vinhais). On both sites,
the trees were georeferenced and mapped using GIS



Eur J Plant Pathol

analysis tools and ArcView® 10.1 software (Environ-
mental Systems Research Institute, Inc.). In Valpacos
(41°33'48” N, 7°28'43”W; 855 m.a.s.l.), the orchard
covers an area of 1 ha with trees approximately 25 years
old belonging to cv. Judia and spaced 10 x 10 m apart.
In 2014, about 68% (65 out 0of 96 trees) of the trees were
reported to have chestnut blight symptoms. In the
Vinhais (41°39'32 “N, 6°50°32”W; 873 m.a.s.l.) or-
chard, a plot of 3 ha was selected, with trees approxi-
mately 25 years old of the cv. Longal and spaced 10 x
10 m apart. In this plot, about 46% of the chestnut trees
presented chestnut blight symptoms.

The vc types of the C. parasitica isolates were iden-
tified at both sites before commencement of the
hypovirulence treatment and belong mostly to vc type
EU11-90.8% (59 out of 65 isolates) in Valpacos and
85.7% (30 out of 35) isolates) in Vinhais. The vc type
EU66 represented 6.2% (four out of 65 isolates) in
Valpacos and 2.9% (one out of 35 isolates) in Vinhais.
In Valpacos, 3.0% (two out of 65 isolates) were vc type
EU12 while in Vinhais 11.4% (four out of 35 isolates)
were EU12. White mycelium and the production of few
or no spores, being the first step in detecting the
hypovirulent phenotype, were not observed in the stud-
ied C. parasitica population.

All trees showing infection by C. parasitica, and
presenting the vc type EUL1 and EU66, were treated
with the same hypovirulent strain in both selected plots
(in previous laboratory studies, it had been verified that
CHVI1 is transmitted from the hypovirulent strain
CHV1-RBBI111 to virulent isolates of vc type EU11
and EU66 (data not shown). The trees with cankers of
ve type EU12 were not treated by this method. In these
trees, the inoculum was removed, and canker wounds
were coated with cupric products.

The hypovirulent strain was applied during the
months of June and July 2014 by the margin punch
method. In Valpacos 65 diseased trees were treated,
and in Vinhais, 31.

The CHV1 used for treatment was the strain CHV1-
RBBI111 preserved in the fungal collection of the
Instituto Politécnico de Braganga (IPB-RBB111) and
in the international collection of the Micoteca of the
University of Minho (MUM 14.70). This strain was
obtained in 2011 in the Valpagos region and it had been
used in previous studies (Pereira et al. 2015). The strain
is characterized by having a white morphology in PDA
culture medium and reduced conidiation. This strain
when inoculated in active cankers, had the ability to

heal them quickly. In this isolate the presence of
CHV1 Of the Italian subtype (CHV 1-1) was identified.

Evaluation of canker treatment efficacy

To evaluate the efficacy of treatments, the cankers were
assessed after one and four years following treatment, to
measure the performance of the application method. The
evaluation was made by visual observations of the mor-
phological characteristics of the cankers. All cankers
which did not show expansion of disease beyond the
site of application, with healing tissue in the diseased
area, were considered to have been healed. Data were
expressed as a percentage of treatment efficacy in each
canker.

Canker sampling and isolation of Cryphonectria
parasitica (virulent and hypovirulent strains)
and non-Cryphonectria parasitica microfungi

In order to assess the presence of C. parasitica (virulent
and hypovirulent strains) and non-C. parasitica
microfungi seven healed cankers were randomly chosen
at each site. Sampling was performed in February 2018,
4 years after initial treatment. To obtain C. parasitica
isolates from the healed cankers, small sections of plant
tissue were removed using a T Lok™ puncture biopsy
needle of 4.18 mm of diameter (Jorgensen Laboratories,
Inc.). The tissues were removed at the four cardinal
points in each healed canker and at three levels: one
on the application site (margin of canker), 3 cm inwards,
and 3 cm outwards (total of 12 samples per canker). A
total of 168 bark samples were collected from both sites.
In each canker the percentage of virulent and
hypovirulent isolates of C. parasitica and other
microfungi was calculated.

In the laboratory, samples were immersed in 50% (v/
v) ethanol for 3 min. The samples were then passed
through the flame to remove excess ethanol and placed
in Petri dishes (90 mm of diameter) with PDA (Potato
Dextrose Agar - Difco, 39 g/L). Plates were incubated at
25+2 °C in the dark and were daily observed for
microbial growth. Single colonies were transferred to
new PDA plates to obtain pure isolates for subsequent
identification.

The pure cultures of each fungus were preserved in
agar-containing tubes and kept at 4 °C, and then depos-
ited in the fungal collection of the Laboratory of Plant
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Protection at the Instituto Politécnico de Braganca
(Portugal).

Incidence of hypovirulent strains in healed cankers

Identification of hypovirulent strains of C. parasitica
was firstly based on the morphological characterization
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 incubation at room tempera-
ture with diffuse light. Isolates that remained white at
the end of this period were considered C. parasitica
hypovirulent strains (isolates infected with hypovirus).

Vegetative compatibility of orange phenotype iso-
lates was assessed at 7 days of incubation in the dark
and then at 5 days of incubation in diffuse light, accord-
ing to the “barrage”/fusion response (Bissegger et al.
1997), in which fusion of the two colonies means com-
patibility, and “barrage” between two colonies means
strains of different compatibility.

CHV1 hypovirus detection

The presence of CHV1 (Cryphonectria hypovirus 1)
was checked in strains that presented morphological
characteristics of hypovirulence (white morphology)
and virulent strains (orange morphology) through mo-
lecular methods. For the extraction of RNA, isolates
were grown in Petri dishes with PDA medium covered
with cellophane for 7 days at 25 °C in the dark. The
mycelium was stripped from cellophane and macerated
using liquid nitrogen. Total RNA extraction was done
using a lysis buffer, precipitated with 100% ethanol, and
washed in columns with a wash solution. The RNA was
dissolved in an elution buffer and stored at —20 °C.

The cDNA was synthesized by diluting 3 uL of total
RNA in 11 pL of RNase-free water and incubated at
100 °C for 2 min. The dilution of RNA was mixed with
4 uL of 5X Reaction Mix (Sigma) and 2 puL. Maxima
Enzyme Mix (Sigma) and incubated in the following
conditions: 10 min at 25 °C, 30 min at 50 °C, and 5 min
at 85 °C.

The ORF-A region was amplified using the primers
hvep-1F (5- TGACACGGAAGCTGAGTGTC - 3')
(Gobbin et al. 2003) and EP-721-4 (5'- GGAAGTCG
GACATGCCCTG - 3') (Bryner et al. 2012). For the
ORF-B region, the primers orfB-12aF (5'-
AGACCTCAATCGGGTCTCCCT - 3') and orfB-
12aR (5'- TTCAACCACACGACGAGTTCG - 3')

@ Springer

were used (Rigling, D. personal communication). PCR
amplification was performed using 1 pL of cDNA in a
total of 50 uL reaction volume consisting of 10 uL of
2X Jump Start (Sigma) and 1 puL of each primer
(20 pmol/uL). Thermocycling conditions were set up
with an initial denaturation at 94 °C for 2 min, followed
by 33 cycles consisting of 94 °C denaturation for 1 min,
annealing at 55 °C for 1.5 min, and elongation at 72 °C
for 2 min, with a final prolongation at 72 °C for 8 min.
The PCR products were visualized by agarose gel elec-
trophoresis on 1.5% gel stained with GelRed® Nucleic
Acid Gel Stain (Biotium, Inc) under UV illumination.

For CHV1 identification, sequencing of PCR prod-
ucts was performed by StabVida laboratories (Caparica,
Portugal). Alignment and phylogenetic analysis for the
ORF-B region were performed using the function
“build” of ETE3 v3.1.1 (Huerta-Cepas et al. 2016) as
implemented on the GenomeNet (https://www.genome.
jp/tools/ete/). The user provided the multiple sequence
alignment. ML tree was inferred using PhyML
v20160115 ran with model and parameters: —alpha e -f
m -o tlr —nclasses 4 —pinv e —bootstrap 100 (Guindon
et al. 2010). Branch supports were computed out of 100
bootstrapped trees.

Sequences of previously reported subtypes I
(GeneBank accession no. AF082191), F1 (M57938.1),
D (KY002082) and E (KY002083), and hypovirulent
isolate RBB 111 (isolate used for canker treatment),
were used for comparison with re-isolates.

Identification of non-Cryphonectria parasitica
microfungi species

Identification of non-C. parasitica microfungi was
based on morphological characteristics, but mainly on
molecular methods by amplification and sequencing of
the ITS (ITS1, 5.8S, ITS2), ribosomal DNA (rDNA)
region using the ITS1 and ITS4 universal primers
(White et al. 1990) and BLAST comparing sequences
published in the GenBank databases (https://blast.ncbi.
nlm.nih.gov/). DNA extraction from the microfungi was
performed using the DNeasy Plant Mini Kit (QIAGEN)
and REDExtract-N-Amp™ Plant PCR Kit (Sigma-Al-
drich), and amplified region sequencing was performed
by StabVida Laboratories (Caparica, Portugal).

Each species was taxonomically classified according
to the Index Fungorum Database (www.
indexfungorum.org).
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Richness and abundance of non-Cryphonectria
parasitica microfungi species

Rank-abundance plots of the species identified in each
location were obtained using functions rankabundance
and rankabundplot from package BiodiversityR Version
3.6.1 of R software was used.

The species were classified according to their biolog-
ical behavior by bibliographic research (saprophyte,
endophyte, parasitic).

Statistical analysis

Statistical analyses of C. parasitica isolates in different
places (application site, 3 cm inward, 3 cm outward)
were performed using one-way analysis of variance
(ANOVA) followed by a post hoc LSD test with
Statistica 12 software (StatSoft Inc., Tulsa, OK).

Results
Efficacy of canker treatment

In Valpagos, one year after application (2015), 93.8% of
the cankers were healed and there was no visible growth
of the mycelial parasitic fungus outside the treatment
margin. In this sampling site, four cankers remained
partially active in 2015 and they were promptly rectified
(by a new partial treatment). In 2018, all treated cankers
were healed and presented healed tissue throughout the
diseased area.

In Vinhais, 31 cankers were treated with the
hypovirulent strain CHV1-RBB111. In 2015, three of
the 31 treated cankers remained partially active and they

were promptly rectified. Four years after application of
the hypovirulent strain, it was observed that 29 trees
presented healed cankers, and only in two chestnut trees
the canker remained active. In both sites, the efficacy of
the treatment, evaluated one year after the application,
was very high, showing an efficacy of 93.8% in
Valpagos and 90.3% in Vinhais. Four years after appli-
cation of the hypovirulent strain, the efficacy of treat-
ments was 100% in Valpagos and 93.5% in Vinhais
(Table 1).

Incidence of Cryphonectria parasitica (virulent
and hypovirulent strains), and non-Cryphonectria
parasitica microfungi in healed cankers

From the 168 bark samples collected in both sampling
areas, 134 purified isolates were obtained. From the total
purified isolates, 77 isolates of C. parasitica were ob-
tained from both orchards; 11 isolates showed orange
pigmentation, characteristic of virulent isolates, and 66
isolates were white or with reduced sporulation
(hypovirulent isolates) when grown on a PDA medium.
From the C. parasitica isolates obtained, 88.9% and
82.9% (strains with white morphology) were
hypovirulent in Valpagos and Vinhais, respectively. In
the bark samples, where C. parasitica was not isolated,
38.1% of the isolates in Valpagos, and 51.1% of the
isolates in Vinhais, were non-C. parasitica microfungi.

The percentage of C. parasitica (virulent and
hypovirulent) and non-C. parasitica isolates obtained
in Valpacos and Vinhais are shown in Table 2. The
number of hypovirulent isolates obtained was signifi-
cantly higher than the virulent isolates, both in Valpagos
(P=0.04) and in Vinhais (P=0.01). The highest per-
centage of hypovirulent isolates was obtained inwards

Table 1 Healed cankers, active cankers and efficacy of treatment (%) in the orchards of Valpacos and Vinhais

Valpagos (n=65)

Healed cankers
1st assessment (2015) 61
2nd assessment (2018) 65
Vinhais (n=31)
Healed cankers
1st assessment (2015) 28
2nd assessment (2018) 29

Active cankers Efficacy
4 93.8%
0 100.0%
Active cankers Efficacy
3 90.3%
2 93.5%

n — number of treated trees
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Table 2 Number of Cryphonectria parasitica isolates (virulent and hypovirulent) and non-C. parasitica isolates obtained in Valpagos and
Vinhais from application site (AS), 3 cm inward (3I) and 3 cm outward (3E)

Valpagos Vinhais

C. parasitica C. parasitica non-C. parasitica C. parasitica C. parasitica non-C. parasitica

Virulent Hipovirulent Virulent Hipovirulent
Cankers AS 31 3E  AS 31 3E AS 31 3E AS 31 3E  AS 31 3E AS 31 3E
1 174 04 04 3/4 4/4 3/4 04 04 04 04 04 04 2/4 3/4 1/4 2/4  1/4 3/4
2 04 04 04 144 0/4 0/4 2/4 04 44 14 04 04 24 3/4 2/4 /4 14 2/4
3 04 04 04 4/4 4/4 3/4 04 04 04 04 04 04 3/4 3/4 1/4 /4 14 3/4
4 04 04 04 04 2/4 0/4 4/4 2/4 3/4 04 2/4 04 4/4 1/4 3/4 04 1/4 1/4
5 04 04 04 144 0/4 0/4 3/4 4/4 04 2/4 14 14 04 0/4 0/4 2/4  3/4 3/4
6 1/4 04 2/4 3/4 2/4 2/4 04 2/4 04 04 04 04 04 0/4 1/4 4/4  4/4 3/
7 04 04 04 04 0/4 0/4 4/4 4/4 0/4 04 04 04 2/4 0/4 3/4 2/4  4/4  1/4
(%)* 71 00 7.1 429 429 286 464 429 250 107 107 3.6 464 357 393 429 536 57.1

# percentage of positive isolations in each sampled location (AS, 31, 3E)

of the punch margin and at the application site (42.9%
and 46.4% in Valpacos and Vinhais, respectively). The
lowest number of hypovirulent isolates was obtained
outwards of the application margin (3.6%) which
showed a weak colonization of healthy stem tissues. In
Valpagos, C. parasitica virulent isolates were not ob-
tained from the inside of the punch margin. On the other
hand, in Vinhais only three virulent isolates were ob-
tained from the inside of the inoculated margin that had
been obtained from larger extended cankers which had
been treated. In treated cankers, in Valpacos,
C. parasitica was not found in six samples where non-
C. parasitica microfungi were abundantly isolated (two
at the application site, two inwards and two outwards).
In Vinhais, C. parasitica was not found in three sample
places (one at the application site and two inwards).

Cryphonectria hypovirus 1 (CHV1) detection

Total RNA was extracted from 30 C. parasitica re-
isolates (five virulent (orange isolates) and 25
hypovirulent (white isolates), randomly selected and
used to generate cDNA. The CHV1 virus was detected
in 21 re-isolates with hypovirulent characteristics, in
nine re-isolates at the application site, seven re-isolates
at 3 cm inwards, and in five re-isolates at 3 cm outwards.
In all re-isolates showing orange pigmentation (virulent
phenotypic), the virus was not detected. The presence of
the Cryphonectria hypovirus 1 (CHV1) was verified in

@ Springer

21 isolates by PCR using the published primer pairs for
the virus ORF-A and ORF-B as indicated in Fig. 1.

The studied hypovirulent strains where chosen from
five aleatory cankers, both in Valpagos and Vinhais. In
Valpagos, CHV1 was detected in four cankers. In one
canker, where only one white strain was isolated, it was
not possible to detect CHV1 by PCR. In Vinhais, the
presence of CHV1 was detected in all studied cankers.

Phylogenetic analysis for the ORF-B region repre-
sented in Fig. 2, grouped the re-isolated hypovirus into
one cluster together with the applied hypovirulent strain
and the reference isolates of the CHV1 subtype I
(CHV1-]) introduced into the analysis.

Non-Cryphonectria parasitica microfungi species
in healed cankers

From 75 isolates of microfungi, 14 different species
were identified. Vinhais had a greater species richness
with 10 different identified microfungi species com-
pared to Valpagos where seven different species were
identified as represented in Fig. 3.

Biscogniauxia mediterranea (De Not.) Kuntze was
the most abundant species in the two studied orchards,
with 24 isolates, followed by Penicillium glabrum
(Wehmer) Westling with 15 isolates and Cyfospora
diatrypelloidea G.C. Adams & M.J. Wingf. with 14
isolates. B. mediterranea was isolated in both Valpacos
and Vinhais from four chestnut trees. P. glabrum was
isolated from five trees in Vinhais, and
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Hypovirulent isolates

Virulent isolates

O

Number of Virus CHV-1 Number Virus CHV-1
isolates detection Subtype ofisolates detection  Subtype
Application site 10 9+ I 2 2-
1-
3 ¢cm outward 9 7+ I 2 2-
2.
3 ¢cm inward 6 5+ I 1 1-
1-

Fig. 1 a - Gel electrophoresis with amplified fragments from
Cryphonectria parasitica isolates using primer pair hvep-1F and
EP-721-4 for a region in ORF-A of the hypovirus genome and
orfB-12aF and orfB-12aR for a region in ORF-B of the hypovirus

C. diatrypelloidea was isolated from five trees in
Valpacos.

In accordance with the species’ biological behavior
(saprophyte, endophytes, pathogenic) eight species
were classified as endophytes, four classified as patho-
genic and three classified as saprophytes. Some species
have more than one biological behavior and may be
endophytes/pathogenic, endophytes/saprophytes,
saprophytes/pathogenic and saprophytes/endophytes/
pathogenic.

Endophytic fungi were observed in a larger number
of trees where C. parasitica (virulent and hypovirulent)
was less represented. In Vinhais, conversely, the species
P. glabrum, also considered endophytic in Castanea,
was isolated from trees where a large number of
C. parastica hypovirulent isolates were obtained
(Fig. 4).

The endophytes were the most abundant functional
group of fungi inhabiting healed cankers with 60.0% of
isolates (53.1% in Valpagos and 65.1% in Vinhais),
followed by the group of pathogenic fungi with 22.7%
of isolates (25.0% in Valpacos and 20.9% in Vinhais),

genome. b - Virus detection and CHV 1 subtype of re-isolates from
application site, 3 cm inward and 3 cm outward (+ presence of
virus; — no virus detected; I — Italian subtype I)

and the group of saprophytes fungi with 12.0% of
isolates (12.5% in Valpagos and 11.6% in Vinhais).

Discussion

Hypovirulence (natural or human-assisted) is the most
promising approach to reduce the impact of
C. parasitica where chestnut blight is established
(Jeger et al. 2016). Natural hypovirulence is currently
considered to have the advantage by its rapid and effi-
cient spread in chestnut stands. On the other hand,
human-assisted hypovirulence is an ecosystem ap-
proach using field applications of compatible
hypovirulent strains of C. parasitica, previously inves-
tigated in the laboratory. The method includes the anal-
ysis of virulent populations of C. parasitica to study the
diversity of vegetative compatibility (vc types), the oc-
currence of natural hypovirulence in the region, labora-
tory production/formulation of hypovirulent strains, and
finally studies for field evaluation. This study was done
in two commercial chestnut orchards after the official
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Fig. 2 Phylogenetic tree of a partial nucleotide sequence from
ORF-B of Cryphonectria hypovirus 1 (CHVI) isolates from
Valpagos (RB40.5 31.2, RB40.5 Ap.2, RB40.5 Ap.3,
RB83.5 3E.1) and Vinhais (VP13 31.1, VP13 _Ap.4,

permit was obtained from the Portuguese Ministry of
Agriculture. Therapeutic treatment of cankers by
hypovirulence was found to be a successful control of
chestnut blight in the two commercial orchards. The
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VP63 3E.2, VP123 3E.2, VP41 31.2), and the hypovirulent iso-
late used for canker treatment (RBB 111). CHV 1-1 is the reference
sequence for Italian subtype. CHV1-F, CHVI-E B, CHVI-D B
are reference sequences for the different CHV1 subtypes

efficacy was very high, and four years after treatment
all cankers were healed or healing. All treated chestnut
trees recovered their vitality and maintained regular fruit
production. The results are as expected and in line with
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Fig. 3 Rank-Abundance curve of the Cryphonectria parasitica (virulent and hypovirulent) and non-C. parasitica species isolated in

Valpagos and Vinhais
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Fig. 4 a — Presence of fungi
species per tree and non-

C. parasitica fungi grouped by
functional group (Endophyte,
Pathogen, Saprophyte), b —
Number of isolates of each func-
tional group in Valpagos and
Vinhais. (v — virulent, hv —
hypovirulent)

Number of trees

not

Fungal functional group

the treatments carried out in France (Robin et al. 2000),
Switzerland (Heiniger and Rigling 2009) and Greece
(Diamandis 2018).

The introduced hypovirulent strain of C. parasitica
was re-isolated in almost all treated trees. The white
hypovirulent strain was detected in high numbers, both
on the application site and also on the inside and outside
of the treated cankers, indicating that the hypovirulent
strain had remained in the canker areas from its appli-
cation in 2014 until 2018. The success rate of isolation
of the C. parasitica hypovirulent strains on the treated
canker may vary between sampling sites and be the
result of the eventual presence of other fungi in the bark.
In our study, monitoring of the healed cankers per-
formed four years after the application of the
hypovirulent strain, revealed a percentage of
C. parasitica hypovirulent isolates obtained from healed
cankers between 43 and 46% of the overall 134 isolates
of micro fungi. C. parasitica virulent isolates were also
isolated in a reduced percentage (0—11%), as well as a
considerable percentage, of other non-C. parasitica spe-
cies. Studies performed by Jezi¢ et al. (2019) to assess
the abundance of hypovirulent C. parasitica strains
from callused cankers revealed that the percentage of
hypovirulent C. parasitica isolates recovered from
healed cankers on C. sativa from different European
countries, ranged from 9.47% to 51.6% where natural
hypovirulence was established. The same authors

Endophyte Pathogen Saprophye
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reported 47.3% of C. parasitica hypovirulent isolates
recovered in West Salem (USA) where hypovirulence
had been artificially introduced. However, considering
only all isolates of C. parasitica, the percentage of
hypovirulent isolates in our study ranged from 88.9%
in Valpacos to 82.9% in Vinhais, while the study of
Jezi¢ et al. (2019) recorded on average more virulent
isolates (64.7%) than hypovirulent isolates (35.3%).
Studies performed by Shain and Miller (1992), where
natural hypovirulence was established, show that CHV1
moves about 7.2 cm per week through the mycelium on
the periphery of a virulent canker when the same vc type
is present; however, it does not move extensively to the
older parts in the centre of cankers. The number, al-
though low, of C. parasitica virulent isolates recovered
in our study, allows us to conclude that CHV1 is still
spreading throughout the area of the canker, having not
yet colonized all the diseased tissue. It is important to
note that some treated cankers are very large, and the
inoculation was only applied at the outer limit of the
canker and not applied throughout the whole diseased
area.

The hypovirus CHV1 is an unencapsidated positive
strand (ssRNA) virus of the family Hypoviridae (Suzuki
et al. 2018) that is present in Japan, China, and Europe
(Allemann et al. 1999), which acts as a natural biocon-
trol agent of C. parasitica. The CHV 1 introduced by the
application of hypovirulent strains is transmitted
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horizontally by anastomosis of the hyphae, expanding
throughout the diseased area (Rigling and Prospero
2018). Highlighting the fact that in some cankers in
Vinhais virulent isolates were isolated within the healed
cankers, may indicate that the transmission of the virus
by anastomosis of the hyphae may take longer than
expected, and some time is required for the CHV1 to
spread throughout the infected canker. This justifies the
practical recommendation of visual monitoring and rec-
tification of treatments during the first year of
hypovirulent strain applications. Treating the whole area
of the canker is also a new application method to im-
prove efficacy.

PCR detection of CHV1 was obtained in all studied
cankers in the Vinhais orchard and in four out of five
cankers in the Valpagos orchard. The canker is consid-
ered CHVI positive when ORFA, ORFB or both re-
gions are PCR amplified. In the canker where CHV1
was not detected, many non-C. parasitica microfungi
were isolated. However, in four white re-isolates (out of
25 studied isolates) the PCR amplification failed. The
non-detection of CHV1 in these four strains may be due
to the incomplete spread of CHV1 within the healed
cankers, since within the cankers orange strains were
also found; alternatively, the virus concentration may
have been below the detection limit.

Sequence analysis for the ORF-B region indicated
that all re-isolated hypoviruses are Cryphonectria
hypovirus 1 (CHV1) of the Italian subtype group
CHV1-1, the same group of the hypovirulent strain
introduced as a biological control agent. In this study
area, hypovirulence is rare which makes healing a direct
effect of hypovirulence introduction as has been verified
by the re-isolation of the same type of hypovirus. Robin
et al. (2010), reported a different situation in southern
France were the CHV1 subtype F1 used for biological
control did not become established, and the CHV1
subtype I was the dominant type; and only one isolate
of the French subtype CHV1-F2 was detected. The
natural dissemination of hypovirulence is an evident
natural event, but not a well-known process, and many
factors related to the hypovirus, the fungus, and the
environment, may be involved. In the Minho region of
Portugal, 200 km from the Tras-os-Montes region, nat-
ural hypovirulence with rapid dissemination has recent-
ly been reported in some orchards of hybrid plants
resistant to ink disease. Despite some efforts, the driving
forces of the process are not yet established (Moura et al.
2015).
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The Italian subtype (CHV1-I) has been found in
several areas of Europe (Sotirovski et al. 2004; Robin
etal. 2010; Akilli et al. 2013; Feau et al. 2014) and in the
Iberian Peninsula (Homs et al. 2001; Pereira et al. 2015).
Although hypovirulence was detected in Castilla y Léon
(Zamora et al. 2012), a region geographically close to
northern Portugal, it was observed that the hypovirus
subtypes found there were different and are included in
the French subtype CHV1-F1.

This work validates the establishment and mainte-
nance of the hypovirulent strain and confirm the great
efficacy of treatments in natural conditions. The spread
of the CHV1 hypovirus cannot be evaluated because all
cankers were treated in the Valpagos orchards, and in
the Vinhais orchard, the chestnut producers also treated
the cankers on the remaining area of the orchard. Direct
participation of farmers in these permanent plots is of
great importance for the dissemination of new ap-
proaches to the control of chestnut blight.

The assessment of the cankers allows us to verify a
high percentage of non-C. parasitica isolates (about
50% of recovered isolates in both places) from different
species. According to Kolp et al. (2017), the non-
C. parasitica usually represent 57% of the fungal com-
munity within a canker. The values for the non-
C. parasitica described in our work are close to these
values.

Generally, other fungi (non-C. parasitica) are isolat-
ed when C. parasitica is recovered from cankers (Akilli
et al. 2009; Double et al. 2014; Curkovi¢-Perica et al.
2017; Kolp et al. 2017) and, according to Double et al.
(2014) the occurrence of other fungal species in cankers
on surviving trees increases over time. Kolp (2018)
reported that non-C. parasitica fungi may antagonize
hypovirulent C. parasitica to a larger degree than the
virulent form of the pathogen. This may cause
hypovirulent C. parasitica never to become the domi-
nant fungus of a chestnut blight canker, which can
hinder or delay the recovery of cankers after treatment.
Therefore, it is necessary to study the modification of
the microbiome in the healed cankers after the introduc-
tion of the hypovirulent strains, and to monitor the close
interaction with other microfungi present in the tree and
in the chestnut ecosystem.

The composition of obtained fungi communities in
treated cankers with hypovirulent strains varied between
locations. Fungal endophytes were the best represented
among the identified taxa. B. mediterranea was the most
representative species in both sites studied. This species
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has a strong incidence on Quercus species, including the
cork oak and has also been isolated from chestnut trees
(Henriques et al. 2015; Potter 2017). This fungus can
live as an endophyte in the plant and can act as an
opportunistic parasite when trees have symptoms of
decline (Henriques et al. 2014).

Fungal endophytes represent a significant group, still
misunderstood, in the chestnut ecosystem and the inter-
actions with the introduced hypovirulent strain in the
tree are poorly known. Currently, the use of antagonistic
endophytes as biocontrol agents is considered an attrac-
tive option for the management of some plant diseases
(Potter 2017; Murolo et al. 2019; Gonzalez and
Estefania 2020). In this study, we found a high number
of endophytic fungi present in healed cankers. It should
be noted that samples of cortical cankers associated with
virulent C. parasitica have revealed different species of
microfungi such as B. mediterranea, Valsa fabianae,
Bionectria ochroleuca and Cytospora sp. that co-occur
with C. parasitica, and have a dominant parasitic be-
havior (Gouveia et al. 2017). However, further studies
are necessary to characterize the non-C. parasitica fungi
species either in diseased or healthy trees. This is par-
ticularly necessary for the endophytic fungi to assess the
dynamics of their presence and the process of how these
fungi are acquired by the tree. In this context, the
microbioma (parasitic, endophytic, and saprophytic mi-
croorganisms) in treated cankers, through their close
proximity, and contact over time with the hypovirulent
strain, need further evaluation, on a case-by-case basis,
to understand better the synergic or other potential
effects.
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