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Abstract: In Italy, after the first report in Friuli-Venezia Giulia along the border with Slovenia in
2009, ash dieback has successively been reported in Veneto, Tuscany and Trentino-Alto Adige. Given
its alarming expansion in European ash formations along the sub-montane belt of north-eastern
Italy and the limited information about the associated fungal microorganisms; since 2017, a study
has been conducted in order to isolate and characterize the fungal species involved in the aetiology
of the disease. The surveys were conducted in six ash–maple forests distributed along the Veneto
and Friuli-Venezia Giulia pre-Alpine regions (Italy). In each site, the health status of ash trees was
assessed and a sample (shoot or branch) with the typical symptoms of the disease was taken from
ten trees to isolate the associated pathogens. The fungal colonies developed were identified using
morphological features and DNA sequences. The 60 samples processed yielded a total of 109 fungal
isolates belonging to 9 families including: Botryosphaeriaceae (62 isolates), Diaporthaceae (18), Nectriaceae
(10), Didymellaceae (9), Helotiaceae (5), Diatrypaceae (2), Didymosphaeriaceae (1), Phaeosphaeriaceae (1)
and Valsaceae (1). In particular, three species—Diplodia subglobosa, Diplodia fraxini and Diaporthe
eres—were isolated with high frequency, while Hymenoscyphus fraxineus was isolated from only five
plants distributed in four sites. The pathogenicity tests, conducted on 3-year-old seedlings, detached
branches (3–4 cm diameter), and leaves of Fraxinus excelsior, showed that Diplodia fraxini is the most
virulent species and the only one able to reproduce the symptoms observed in nature. Overall,
the results obtained emphasize that several fungal pathogens are involved in the aetiology of the
disease, many of which belong to the Botryosphaeriaceae family.
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1. Introduction

Since the early 1990s, European ash (Fraxinus excelsior L.) has been impacted by a severe disease
commonly known as ash dieback [1–3]. The disease was observed for the first time in north-eastern
Poland [4], and has now become widespread in forest ecosystems and nurseries in over 20 European
countries [5,6]. In Italy, the disease was detected in 2009 in Friuli-Venezia Giulia along the border with
Slovenia and in a few years, it spread quickly to the Alpine valleys of Veneto and Trentino, and in ash
formations of the Apennines [7–9].

Affected trees show a broad range of symptoms such as leaf necrosis, shoot blight, inner bark
discolorations, sunken canker and epicormic shoots [3,5]. This range of symptoms is generally
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attributed to infections by the ascomycetous fungus Hymenoscyphus fraxineus [10,11], an invasive
species initially described in 2006 as Chalara fraxinea [1]. Since the discovery of this pathogen in Europe
several researches have focused on its biology, ecology and genetics to understand the pattern and
process of infections and its ecological impact [12–14].

Hymenoscyphus fraxineus is considered a hemibiotroph with an initial intracellular infection
phase and late necrotrophic stage [15]. It is well-known for its ability to produce a broad array
of secondary metabolites in vitro, including the phytotoxin hyfraxinic acid [16] and furanosteroid
viridiol, a non-specific toxin with a wide spectrum of biological activities spanning from antifungal
to antibacterial also produced by some saprotrophs, such as Trichoderma virens and Hymenoscyphus
albidus [17–19].

Hymenoscyphus is a large genus within Helotiaceae, which includes principally saprophytic species
able to colonize dead plant material such as leaves, petioles, twigs, fruits and wood in the litter [20].
To date, Hymenoscyphus fraxineus seems to be the only member of this genus reported as an aggressive
plant pathogen. The fungus is probably native to East Asia, where it occurs as an endophyte or latent
pathogen on Fraxinus spp. [21,22].

In addition to H. fraxineus, various studies have demonstrated that other fungal species are
potentially involved in the aetiology of ash dieback [4,23]. In particular, the plurivorous pathogens
Diaporthe eres and Diplodia mutila have consistently been isolated from symptomatic ash trees in
different countries and their pathogenicity towards European ash has been demonstrated [24,25].
Furthermore, another species Diplodia fraxini has been isolated in Italy, Portugal and Spain from
declining narrow-leaved ash (Fraxinus angustifolia Vahl) trees showing the same symptoms reported
on European ash [26,27]. The name D. fraxini was recently re-instated to accommodate several
D. mutila-like isolates from Fraxinus spp. It is an aggressive pathogen known to produce host-specific
phytotoxins towards ash [28].

Therefore, given the growing expansion of ash dieback in several forests in north-eastern Italy [29],
and the still limited information available about the pathogens involved, a study was conducted to
isolate, identify and characterize the main pathogens associated with the disease.

2. Materials and Methods

2.1. Study Sites, Field Surveys and Sampling Procedure

Field surveys were conducted in six mixed ash–maple forests distributed along the pre-Alps of
two regions—Veneto and Friuli-Venezia Giulia in north-eastern Italy—where ash dieback symptoms
were previously observed (Table 1) [29].

From spring 2017 to spring 2018 in each site, a circular monitoring plot (MP) of 10 m in diameter
was established and geographical coordinates recorded with a portable GPS. At each MP, the number
of European ash trees present was detected and their health status assessed based on the presence of
typical ash dieback symptoms such as shoot blight, branch cankers and epicormic shoots (Figure 1).
Disease incidence (DI = n/N × 100) was estimated as the number of symptomatic trees (n) out of the
total number of trees (N), whereas mortality (M = d/N × 100) was estimated as the number of dead
trees (d) out of the total number of trees (N).

In order to ascertain the causing agents of the main symptoms observed on European ash (shoot
blight, brown inner bark discolorations and sunken cankers), at each MP, ten symptomatic trees were
randomly chosen for sampling. From each tree, a single symptomatic sample of twig or branch was
taken to be processed in the laboratory within 24 h (Table 1). Basically, three types of samples were
examined: shoots with dieback, branches with inner bark discolorations and branches with sunken
cankers that in cross-section showed a wedge-shaped necrotic sector (Table 1).
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Figure 1. Main disease symptoms detected on European ash trees: extensive canopy dieback (a), shoot 
blight (b,c); branches with inner bark discolorations (d,e); active sunken cankers on branches with 
Diplodia fraxini pycnidia (arrow) (f–i); cross-section of branches showing wedge-shaped necrotic 
sectors (j,k); epicormics shoots below a branch canker (l). 

2.2. Fungal Isolation and Identification 

Fungal isolation was performed from 60 symptomatic samples (Table 1). Samples were taken to 
the laboratory, carefully checked for the presence of pycnidia or ascomata and then used for fungal 
isolation. For each sample, the outer bark was cut away with a sterile scalpel and longitudinal and 
transversal sections were made to observe any disease symptom. Isolations were performed from ten 
chips (5 mm2) of inner bark and xylem tissues cut aseptically from the margin of the necrotic lesions. 
In particular, the branch samples with inner bark discoloration chips were taken from the underlying 
xylem. All chips were placed on 90 mm Petri dishes containing potato dextrose agar (PDA, Oxoid 
Ltd., Basingstoke, UK). After incubation at 20 ± 1 °C for 5–7 days in the dark, hyphal tips from the 
emerging fungal colonies were sub-cultured onto half-strength PDA and kept on the laboratory 
bench at 20–25 °C, where they received indirect sunlight to enhance sporulation. Fungal isolates were 
initially grouped in morphotypes on the basis of colony growth characteristics including surface and 
reverse colony appearance observed after 7 days of incubation on PDA at 25 °C in the dark and morpho-
biometric data of conidia. Measurements of conidia were taken with the software Motic Images Plus 
3.0 paired with a Moticam 10+ camera connected to a Motic BA410E microscope (Motic, Wetzlar, 
Germania). 

Figure 1. Main disease symptoms detected on European ash trees: extensive canopy dieback (a), shoot
blight (b,c); branches with inner bark discolorations (d,e); active sunken cankers on branches with
Diplodia fraxini pycnidia (arrow) (f–i); cross-section of branches showing wedge-shaped necrotic sectors
(j,k); epicormics shoots below a branch canker (l).

2.2. Fungal Isolation and Identification

Fungal isolation was performed from 60 symptomatic samples (Table 1). Samples were taken to
the laboratory, carefully checked for the presence of pycnidia or ascomata and then used for fungal
isolation. For each sample, the outer bark was cut away with a sterile scalpel and longitudinal and
transversal sections were made to observe any disease symptom. Isolations were performed from ten
chips (5 mm2) of inner bark and xylem tissues cut aseptically from the margin of the necrotic lesions.
In particular, the branch samples with inner bark discoloration chips were taken from the underlying
xylem. All chips were placed on 90 mm Petri dishes containing potato dextrose agar (PDA, Oxoid Ltd.,
Basingstoke, UK). After incubation at 20 ± 1 ◦C for 5–7 days in the dark, hyphal tips from the emerging
fungal colonies were sub-cultured onto half-strength PDA and kept on the laboratory bench at 20–25 ◦C,
where they received indirect sunlight to enhance sporulation. Fungal isolates were initially grouped
in morphotypes on the basis of colony growth characteristics including surface and reverse colony
appearance observed after 7 days of incubation on PDA at 25 ◦C in the dark and morpho-biometric
data of conidia. Measurements of conidia were taken with the software Motic Images Plus 3.0 paired
with a Moticam 10+ camera connected to a Motic BA410E microscope (Motic, Wetzlar, Germania).

Representative isolates of each species were stored on PDA slants under oil at 10 ◦C in the dark in
the culture collection of the Dipartimento Territorio e Sistemi Agro-Forestali, Università degli Studi
di Padova.
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Table 1. Study sites information and number of symptomatic shoots (S), branches with brown inner
bark discolorations (B) and branches with sunken cankers (C) used for fungal isolation.

Study Sites Elevation
(m a.s.l.) Geographic Coordinates Number of

Samples

1 217 45◦50′30” N 11◦58′47” E 3 (S), 2 (B), 5 (C)
2 247 45◦50′19” N 11◦58′23” E 5 (S), 1 (B), 4 (C)
3 508 46◦06′29” N 12◦21′36” E 7 (S), 0 (B), 3 (C)
4 457 46◦12′54”N 12◦43′10” E 3 (S), 4 (B), 3 (C)
5 381 46◦02′09” N 12◦02′51” E 3 (S), 2 (B), 5 (C)
6 744 46◦04′51” N 12◦12′20” E 4 (S), 1 (B), 5 (C)

2.3. DNA Extraction, PCR Amplification and Sequencing

Molecular analysis was used to confirm identification of all isolates at species level. Instagene
Matrix (BioRad Laboratories, Hercules, CA, USA) was used to extract genomic DNA from mycelium of
5-day-old cultures grown on PDA and incubated at 25 ◦C in the dark. The primers ITS1 and ITS4 [30]
were used to amplify and sequence the internal transcribed spacer regions (ITS), including the complete
5.8S gene. Polymerase chain reaction (PCR) mixtures and amplification conditions were as described
by Linaldeddu et al. [31]. The PCR products were purified using a EUROGOLD gel extraction kit
(EuroClone S.p.A., Pero, Italy) following the manufacturer’s instructions. ITS regions were sequenced
in both directions with the primers used for amplification by the BMR Genomics DNA sequencing
service (BMR Genomics, Padova, Italy). The nucleotide sequences were read and edited with FinchTV
1.4.0 (Geospiza, Inc., Seattle, WA, USA) and then compared with reference sequences (ex-type culture
or representative strains) retrieved in GenBank using the BLAST search function [32]. Isolates were
assigned to a species when their sequences were at least 99.8% identical to the sequence of type material
or representative isolates (Table 2). ITS sequences from representative isolates obtained in this study
were deposited at GenBank (Table 2).

Table 2. Accession numbers deposited in GenBank and number of isolates of each species obtained
from shoots (S), branches with brown inner bark discolorations (B) and branches with sunken canker
(C). The number of branches with pycnidia or ascomata is reported in the last column.

Fungal Species (Strain Number) Accession
Number

Type of Samples Number of
Sites

Pycnidia/Ascomata
(S) (B) (C)

Botryosphaeria dothidea (FB4) MT757773 2 0 0 1 -
Diaporthe eres (FB5) MT757774 10 2 3 5 -

Diaporthe foeniculina (FB34) MT757787 1 0 0 1 -
Diaporthe sp. 1 (FB12) MT757776 0 0 1 1 -
Diaporthe sp. 2 (FB18) MT757780 1 0 0 1 -
Diatrypella sp. (FB62) MT757790 1 0 1 1 -
Diplodia fraxini (FB1) MT757771 4 3 9 5 8
Diplodia mutila (FB29) MT757785 3 3 5 5 -
Diplodia seriata (FB21) MT757782 0 0 2 2 3

Diplodia subglobosa (FB2) MT757772 7 3 9 6 -
Dothiorella omnivora (FB32) MT757786 1 0 0 1 -

Dothiorella parva (FB69) MT757791 0 0 1 1 -
Dothiorella sempervirentis (F39) MT757788 1 2 1 1 -

Epicoccum nigrum (FB20) MT757781 6 0 3 3 -
Fusarium avenaceum (FB47) MT757789 2 1 3 5 -
Fusarium lateritium (FB16) MT757778 1 0 1 1 -

Hymenoscyphus fraxineus (CHA1) MN428071 1 3 1 4 -
Neofusicoccum parvum (FB7) MT757775 2 0 4 2 -

Neonectria sp. (FB26) MT757784 0 0 2 2 -
Phaeosphaeriopsis glaucopunctata (FB14) MT757777 1 0 0 1 -

Pseudopithomyces sp. (FB23) MT757783 0 0 1 1 -
Valsa sp. (FB17) MT757779 1 0 0 1 -
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2.4. Pathogenicity Test

The pathogenicity of the main species obtained in this study was tested using three different
assays. In the first assay one isolate of each species was tested on 3-year-old European ash seedlings
grown in plastic pots (10 cm diameter, 1 L volume). Nine seedlings were inoculated with each isolate,
and 5 seedlings were used as controls. The inoculated region of the stem was surface-disinfected
with 90% ethanol and a small piece of outer bark (3 × 3 mm) was removed with a flamed scalpel and
inoculated with an agar-mycelium plug, of the same size, taken from the margin of an actively growing
colony on PDA. The inoculation site was covered with cotton wool soaked in sterile water and wrapped
in a piece of aluminium foil. Controls were inoculated with a sterile PDA plug applied as described
above. All inoculated seedlings were kept in an unheated greenhouse from November 2017 to April
2018. During the experimental period temperature ranged from −1 to 32 ◦C. At the end of this period,
seedlings were checked for the presence of disease symptoms; the outer bark was carefully removed
with a scalpel and the length of necrotic lesion surrounding each inoculation point was measured.

The second assay was conducted on detached branches (50 cm long and 3–4 cm diameter)
taken from asymptomatic European ash trees in a natural forest in spring 2018. The branches were
immediately transferred to the laboratory, marked and the bottom and top ends sealed with a synthetic
grafting resin to prevent drying and contamination. The bark surface was initially disinfected with
90% ethanol and then inoculated on the wound (3 × 8 mm) made with a sterile scalpel on the middle
of each branch. In the wound was placed an agar-mycelium plug of the same size, taken from the
margin of a 5-day-old colony growing actively on PDA with the aerial mycelium facing the inner bark.
The inoculation site was covered with cotton wool soaked in sterile water and wrapped with a piece
of aluminium foil. Five branches per isolate were used, whereas five were inoculated with a sterile
PDA plug and used as controls. The branches were enclosed in plastic bags for 21 days, and kept in
thermostats at 20 ◦C. At the end of the experiment, the length of necrotic lesions caused by each tested
isolate was measured after removal of the outer bark.

Finally, the third assay was conducted on young leaves. This bioassay was performed using
healthy leaves detached from asymptomatic 3-year-old seedlings in May 2018. Before inoculation,
leaves were gently disinfected with 70% ethanol for 5 s, rinsed in sterile distilled water and placed onto
140 mm Petri dish containing a sterile wet paper. The bioassay was performed on wounded leaves
gently punctured on the adaxial side with a sterile needle. Leaves were inoculated on the middle of
the wound with an agar-mycelium plug (5 mm diameter) taken from the margin of a 5-day-old colony
growing actively on PDA with the aerial mycelium facing the leaf surface. Control leaves were treated
with a sterile PDA plug. Five leaves were used per isolate and five leaves as controls. The test was
repeated twice. The Petri dishes were placed inside sterile sealed bags and incubated at 20 ◦C. After
7 days, the occurrence of a necrotic lesion was assessed, and the size of necrotic area measured using
Assess v. 2.0 [33].

For each bioassay, the re-isolation of fungal species was attempted by transferring 10 pieces of
inner bark or leaf tissues taken around the margin of the necrotic lesions onto PDA. Growing colonies
were sub-cultured onto PDA, incubated in the dark at 20 ◦C and identified by morphological and
molecular analysis (ITS region).

2.5. Data Analysis

Pathogenicity assay data were checked for normality, then subjected to analysis of variance
(ANOVA). Significant differences among mean values were determined using Fisher’s least significant
differences multiple range test (p = 0.05) after one-way ANOVA using XLSTAT 2008 software (Addinsoft,
Paris, France).
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3. Results

3.1. Symptomatology and Disease Incidence

Field surveys conducted in six mixed ash–maple forests along the pre-Alps in north-eastern Italy
showed the widespread presence of typical ash dieback symptoms in all sites (Figure 1). Disease
incidence (estimated as number of symptomatic plants out of the total number of plants in each MP)
ranged from 33 (site 5) to 82% (site 1) and mortality rate from 0 (site 5) to 23% (site 3). Both young and
old European ash trees showed shoot blight, brown discoloration, extensive dieback, sunken cankers
and epicormic shoots on the stem and branches (Figure 1).

Shoot blight symptoms were very frequent on young plants (Figure 1b,c). In some cases, the bark
necrotic lesions on twigs and branches were superficial, and developed from the inner bark to the
xylem (Figure 1d,e), whereas more often they spread to the woody tissues (Figure 1f,i). On this type of
lesion, the bark was collapsed and the canker appeared with a typical sunken lesion. When examined
in cross-section, these cankers showed a characteristic “V” shaped sector (Figure 1k). Epicormic shoots
near sunken cankers progressively died during the growing season. Furthermore, along the margin
of some sunken cankers several pycnidia and ascomata belonging to Botryosphaeriaceae species were
observed (Figure 1i and Table 2).

3.2. Fungal Isolation and Identification

Isolation performed from 60 symptomatic shoot and branch samples yielded a total of 109 fungal
colonies belonging to ascomycetous fungi. A total of 13 genera belonging to 9 families were
identified; in particular, Botryosphaeriaceae and Diaporthaceae were the most abundant taxonomic
groups, with 62 and 18 isolates, respectively.

A total of 22 fungal species were identified based on DNA sequence data and morphological
features, of which 17 were from shoot blight symptoms, 7 were from inner bark discolorations on
branches, and 16 were from woody tissues taken from sunken cankers (Table 2). The most frequently
isolated fungal species were Diplodia subglobosa and Diplodia fraxini, followed by Diaporthe eres and
Diplodia mutila (Table 2). They were isolated from all three types of symptoms examined. Diaporthe
eres preferentially from shoot blight, while D. subglobosa, D. fraxini and D. mutila especially from
sunken cankers.

Diplodia subglobosa was isolated at every site sampled, whereas the other dominant species were
isolated from five sites. The other 18 taxa, represented by a limited number of isolates, were often
obtained from few sites. Hymenoscyphus fraxineus was isolated from only five plants distributed in four
sites—particularly from branch samples with inner bark discolorations.

On branches with sunken cankers, the presence of several pycnidia belonging to D. fraxini was
detected near the margin of the necrotic lesion (Figure 1). Ascomata of Diplodia seriata were also
observed on three branches.

Botryosphaeriaceous fungi were the largest taxonomic group with four genera (Botryosphaeria,
Diplodia, Dothiorella and Neofusicoccum) and nine species. BLAST searches in GenBank showed
100% identity with reference sequences of representative isolates including those of ex-type cultures.
For D. mutila, the comparison of the GenBank sequences of some strains isolated from Fraxinus spp.
revealed some incorrect species name assignments (Table 3). A re-evaluation of these sequences
indicated that in recent years, many reports attributed to D. mutila on Fraxinus spp. should have
actually been attributed to D. fraxini (Table 3).
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Table 3. Re-evaluation of ITS rDNA sequences erroneously associated with Diplodia mutila in GenBank.

Species Name in
GenBank

Accession
no. Host Country Reference Revised

Species Name

Diplodia mutila MH137758, Fraxinus angustifolia Croatia [34] Diplodia fraxini
D. mutila KX618487, Fraxinus excelsior Poland [35] D. fraxini
D. mutila LC171705 Fraxinus chinensis Denmark [36] D. fraxini

D. mutila LC171694 Fraxinus
pennsylvanica Denmark [36] D. fraxini

D. mutila KU712211 F. excelsior Germany [37] D. fraxini
D. mutila KT004548 F. excelsior Poland [38] D. fraxini
D. mutila JQ765661 F. excelsior Latvia [39] D. fraxini
D. mutila KF225519 F. excelsior Poland [40] D. fraxini
D. mutila FJ228165 F. excelsior Sweden [23] D. fraxini

3.3. Pathogenicity

In artificial inoculation trials, representative isolates from the five species were shown to be
pathogenic to European ash but they had marked differences in aggressiveness. At the end of the
experimental period, all seedlings inoculated with D. eres, D. fraxini, D. mutila, D. subglobosa and
H. fraxineus displayed dark brown inner bark lesions that spread up and down from the inoculation
site (Figure 2). The average lesion length differed significantly among species (Table 4). The lesions
caused by D. fraxini were significantly larger than those caused by other species. In addition, lesions
caused by D. fraxini, D. subglobosa and D. mutila were characterized by the collapse of bark tissues,
a symptom congruent with field observations. Control seedlings inoculated with sterile PDA plugs
remained symptomless. Five months after inoculation, all species, except H. fraxineus, were successfully
re-isolated from the margin of necrotic inner bark lesions on ash seedlings, thus fulfilling Koch’s
postulates (Table 4).

In the detached branch inoculation tests, necrotic lesions in the inner bark and xylem tissues of
European ash caused by D. fraxini were consistently larger compared with those of other fungal species
and controls, confirming its aggressiveness to this host (Figure 2 and Table 4). Diplodia subglobosa was
similarly aggressive, producing similar lesions to those produced by D. fraxini. The other three species
caused only a small lesion restricted to the inoculation point. The results obtained with the detached
branches were in accordance with those obtained with ash seedlings. In this test, H. fraxineus was
successfully re-isolated from three of the five branches inoculated (Table 4).

Finally, all fungi tested induced a dark-brown necrosis with an irregular margin on the
inoculated ash leaves. Necrosis usually appeared beneath the inoculum within 24 h after inoculation,
and spread radially into leaf tissues. Symptoms induced by the different species tested were visibly
indistinguishable, although on leaves inoculated with D. fraxini the necrosis stretched along the leaf
petiole (Figure 2). Furthermore, in this bioassay, significant variation in lesion sizes was detected
among the species tested. In particular, D. fraxini proved to be the most aggressive species (Table 4).
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Figure 2. From top to bottom symptoms observed on seedlings, detached branches and leaves after
inoculation with Diaporthe eres (a–c), Diplodia fraxini (d–f), Diplodia mutila (g–i), Diplodia subglobosa (j–l),
Hymenoscyphus fraxineus (m–o). Controls (p–r).

Table 4. Lesion sizes ± standard deviation caused by the five fungal species on European ash and
number of positive re-isolations from seedlings (S), detached branches (B) and leaves (L).

Fungal Species Mean Lesion Length (cm) * Leaf Lesion
Size (mm2) *

Positive
Re-Isolation

Seedlings Detached Branches S B L

Diaporthe eres (FB5) 0.7 ± 0.4 b 3.4 ± 2.2 bc 31.8 ± 19.7 b (8/9) (5/5) (4/5)
Diplodia fraxini (FB1) 1.3 ± 0.4 a 5.9 ± 3.8 a 137.6 ± 62.6 a (9/9) (5/5) (5/5)
Diplodia mutila (FB29) 0.7 ± 0.3 b 2.7 ± 1.5 bc 10.0 ± 7.3 b (9/9) (5/5) (4/5)

Diplodia subglobosa (FB2) 0.7 ± 0.3 b 3.6 ± 2.0 ab 9.5 ± 8.9 b (9/9) (5/5) (4/5)
Hymenoscyphus fraxineus (CHA1) 0.7 ± 0.2 b 2.1 ± 1.4 bc 49.5 ± 42.1 b (0/9) (3/5) (4/5)

Control - 1.3 ± 0.1 c - - - -

* Values with the same letter do not differ significantly at p = 0.05, according to LSD multiple range test.
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4. Discussion

The findings obtained in this study allowed us to characterize the fungal pathogens associated
with ash dieback in Italy, contributing to expand knowledge on the aetiology of this emerging disease
in Europe.

A total of 22 fungal species were isolated from six different sites located across the pre-Alpine
forests in north-eastern Italy. The fungal community associated with symptomatic plant tissues was
characterized by a few dominant species and several sporadic species usually present on a single
type of symptom or survey site. This fungal assemblage is similar to that found in other studies
conducted on common ash trees with dieback symptoms [4,23,25,38]. Many of the sporadic species
such as Epicoccum nigrum and Diaporthe foeniculina are well known endophytes of various forest trees.

In this study, D. subglobosa and D. fraxini were detected as the main fungal species associated with
sunken canker samples of European ash. Additionally, both species were isolated from branches with
inner bark discolorations and symptomatic shoots.

Diplodia subglobosa is a recently described species and for which, prior to this study, only four
isolates were known to occur worldwide [26]. In our study, it was isolated at every site showing a
wide geographical distribution in north-eastern Italy. Diplodia subglobosa proved to be a pathogen of
European ash, although less aggressive than D. fraxini. In a previous study, its pathogenicity was
demonstrated on manna ash, although it was identified as D. mutila [41].

In 2014, the name D. fraxini was re-instated to accommodate several Diplodia isolates from sunken
cankers of declining narrow-leaved ash in Italy and Portugal and an isolate from European ash in the
Netherlands (strain CBS 431.82), and a neotype was designated for this species [26]. Diplodia fraxini is
a heterothallic species and, until now, only the MAT1-1-1 idiomorph was known [42]. Currently, an
extensive study is in progress to establish occurrence, frequency ratio and pathogenicity of idiomorphs
of this pathogen in Italy (Linaldeddu, unpublished).

The results obtained in this study (field survey and re-evaluation of GenBank sequences) indicate
that D. fraxini has a much broader host range than previously reported and that the geographic
distribution encompasses several European countries where ash dieback symptoms have been reported
during the last few decades (Table 3). In particular, sequence comparison showed that D. fraxini has
been long confused with D. mutila. This error in the identification of D. fraxini could also explain the
contradictory results regarding the pathogenicity of D. mutila on Fraxinus spp. reported by various
authors [23,24]. In this regard, the results of the pathogenicity test conducted in our study clear
demonstrate that D. fraxini is more aggressive than D. mutila on European ash. An interesting issue in
this study is related to the nature of symptoms from which this pathogen was preferentially isolated—the
sunken cankers with a characteristic wedge-shaped necrotic sector in the wood. This symptom is
usually associated with infection of several Botryosphaeriaceae species on woody hosts [43–46]. In the
pathogenicity assay conducted on 3-year-old seedlings, it was reproduced only by the three Diplodia
species tested.

Results obtained confirm D. mutila as one of the most commonly occurring fungi on twigs and
branches of European ash with dieback symptoms. This fungus occurred on all types of necrotic lesions
examined, often in co-habitation with D. subglobosa or D. fraxini, suggesting a possible synergistic
interaction. Diplodia mutila is the type species of the genus Diplodia [47,48]; silver poplar was type
host of anamorph, whereas manna ash was type host of the sexual morph of D. mutila. Unfortunately,
no live cultures linked to the holotypes of D. mutila are extant and an epitype specimen with an
associated ex-epitype culture was established only recently [26]. Over the last few decades, the name
D. mutila has been applied to a number of cryptic species, including D. corticola, D. subglobosa and also,
as demonstrated in this study, D. fraxini.

Diaporthe eres has emerged as an opportunistic and potentially invasive fungal pathogen in Europe,
Asia and North America [49–51]. The frequency of its attacks on woody hosts of forests and agriculture
has increased significantly over recent decades [50]. In this study, D. eres was the most abundant
species obtained from shoots, which agrees with a recent report where this pathogen was consistently
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isolated from necrotic bark lesions on declining one-year-old European ash plants in a forest stand in
Montenegro [25].

Hymenoscyphus fraxineus is well-known to occur in many organs and tissues of European ash trees; it
was recorded on leaves, buds, shoots, stems and roots, but also on rachises in the litter, demonstrating a
high adaptability to different ecological niches [12,21,38]. In this study, it was isolated only sporadically
and preferentially from branches with inner bark discolorations. Low isolation frequency of H. fraxineus
from declining European ash trees was also obtained in several other studies [4,23,25,35]. In the
pathogenicity assays, it proved to be less aggressive than D. fraxini, although a strain selected for
its virulence and ability to produce phytotoxic metabolites was used [16]. This result agrees with
the observation of Kowalski et al. [24], who reported an average length of necrotic lesions caused
by D. mutila that was slightly greater than those caused by H. fraxineus. Similarly to what was also
reported in other researches [24,25], the re-isolation frequency of this pathogen from artificially infected
tissues was very low in this study. The pathogenicity test on seedlings was conducted in the period
November–April, precisely to evaluate its ability to persist in the host’s tissues during the winter, but it
was not possible to re-isolate this pathogen from any of the inoculated seedlings.

Among the sporadic species obtained in this study, several belonged to the genus Dothiorella.
Dothiorella species are considered weak pathogens or endophytes of different woody plants
worldwide [50]; however, some species, such as Dothiorella iberica and D. omnivora can cause branch
cankers and dieback [44,52]. In this study, D. omnivora, D. parva and D. sempervirentis are reported for
the first time on European ash.

5. Conclusions

The findings obtained in this study highlight that D. subglobosa and D. fraxini play an important
role in the aetiology of ash dieback, and in particular that D. fraxini is the main species involved in the
aetiology of sunken cankers. Therefore, in addition to H. fraxineus, other species, many of which belong
to the Botryosphaeriaceae family, could contribute to the onset of this complex disease characterized
by different symptoms. Whether the fungal species isolated in this study can act in a synergic way
remains to be clarified.

Finally, the co-occurrence of multiple pathogens in the onset of European ash dieback suggests
that management strategies to preserve these important and vulnerable ecosystems in the future should
take this aetiological complexity into due consideration.
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