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Abstract: Large-scale ash (Fraxinus spp.) dieback caused by the fungus Hymenoscyphus fraxineus has
been a major concern throughout Europe for more than two decades. Most of the related research has
been focused on Fraxinus excelsior L., and there is still little information on fungal involvement in the
dieback of Fraxinus angustifolia Vahl, especially in roots and stem bases, which play an important
role in decline progress and tree stability. The objectives of this study were to identify fungi present
in visually healthy and symptomatic wood tissues in basal parts of narrow-leaved ash trees in
different decline phases, in order to determine the possible role of these fungi and their importance
in the dieback process. The stem bases and roots of 90 trees in three different health categories,
determined based on crown defoliation, were sampled in natural stands affected by ash dieback.
Isolated fungal cultures were identified based on the rDNA ITS (Internal transcribed spacer) region
and their association with tree health status was analyzed. In total, 68 different fungal taxa were
confirmed, including Hymenoscyphus fraxineus and Armillaria spp., which were mainly present in roots,
although overall in lower frequencies than on common ash in other studies. Most frequently isolated
fungal taxa, which encompassed 51% of all obtained isolates, were Trichoderma spp., Ilyonectria robusta,
Fusarium solani, Cladosporium cladosporioides, and Diaporthe cotoneastri. Their associations with tree
health categories and presence in both symptomatic and visually healthy wood indicate that they act
as opportunistic pathogens and early colonizers of weakened ash tissues. Research also revealed that,
although the extent of crown defoliation and presence of root and stem necroses were associated,
basal symptoms occurred on a number of trees with healthy looking crowns, meaning they can
develop independently.
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1. Introduction

Narrow-leaved ash (Fraxinus angustifolia Vahl) is a species of great ecological and economical value
in lowland and riparian forests of central Europe, the Pannonian Basin, and the Balkans [1], as well as
in Croatia where it grows in single-species or mixed stands as the second most abundant floodplain
tree species after pedunculate oak (Quercus robur L.), with growth stock of 17,619,000 m® (3.19% of
total stock), occupying 72,690 ha (3.06% of total forest area) [2]. In these habitats, this ash is significant
as a pioneer tree species, being able to outstand longer flood periods and grow in areas unfavorable
for pedunculate oak. It is thus concerning that narrow-leaved ash has been one of the most damaged
forest tree species in Croatia since 2014, when the number of trees with crown defoliation greater than
25% increased rapidly in comparison with previous years and reached 75% of trees in 2017 [3].

The causative agent to which this phenomenon is mostly attributed is the known fungal pathogen
of ash (Fraxinus spp.), Hymenoscyphus fraxineus (T. Kowalski) Baral, Queloz & Hosoya, responsible for
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large-scale dieback of common (Fraxinus excelsior L.) and narrow-leaved ash throughout Europe [4—6].
In Croatia, the fungus was first reported on common ash in 2009 [7], whereas on narrow-leaved ash
it was not found until 2011, when typical symptoms of the disease (brown to orange bark necroses
and cankers, foliage necroses, wilting, and premature shedding) were observed in trees” crowns
and the presence of the pathogen was confirmed in shoots and twigs. However, the pathogen was
not found in all analyzed declining forest stands, although the same methods and materials were
used [8-10]. A similar situation with Hymenoscyphus fraxineus being absent or not frequently isolated
from symptomatic crown tissue of common ash was reported by several authors [11-14], and can be
attributed to its slow growth and to antagonistic activity of other opportunistic fungi present in the
same tissue [15], or sampling during high temperatures unfavorable for the pathogen [5,16-18]. In spite
of possible explanations, the absence of H. fraxineus in parts of analyzed declining narrow-leaved ash
trees in Croatia raised the question of the role of other fungi in the dieback process, as this theory
had already been introduced in similar research conducted mainly on common ash, where various
known pathogenic and opportunistic fungi were found in symptomatic tissues. Some of these species
(Alternaria alternata (Fr.) Keissl., Cytospora pruinosa (Fr.) Sacc., Diaporthe eres Nitschke, Diplodia mutila
(Fr.) Mont., Epicoccum nigrum Link, Fusarium avenaceum (Fr.) Sacc., F. lateritium Nees, F. oxysporum
Schltdl., F. solani (Mart.) Sacc., Illyonectria destructans (Zinssm.) Rossman, L. Lombard & Crous,
Phomopsis sp.) may be considered as independent colonizers since they were able to cause wood and
bark discolorations or necroses on stems of common ash seedlings in pathogenicity tests [11,12,19,20].
However, most of the research, in which parasitic fungi were found in symptomatic ash tissues,
indicates that these might accelerate or contribute to ash dieback as accompanying or successive
species to Hymenoscyphus fraxineus [13,15,21-23], or act opportunistically after tree weakening under
the influence of abiotic factors [14].

In addition to crown symptoms, stem base and root rot were reported from multiple locations
of narrow-leaved ash in Croatian lowland forests (unpublished data), which is in accordance with
findings on declining common ash trees in several countries, where the occurrence of butt rot or collar
necroses was frequently reported and attributed to Hymenoscyphus fraxineus and other opportunistic
fungi [24-28], mostly Armillaria cepistipes Velen. and A. gallica Marxm. & Romagn. as important
secondary pathogens [29-32]. The occurrence of collar rots associated with Hymenoscyphus fraxineus
and Armillaria spp. was also confirmed on narrow-leaved ash in Slovenia by Hauptman et al. [33].
Some research suggested fungus-like organisms from the genus Phytophthora as causative agents of root
and collar necroses on common ash [34] and as pathogenic to narrow-leaved ash [35], although many
other studies have so far revealed no evidence of Phytophthora spp. involvement in ash dieback [23,28,36].
Regardless of fungal organisms causing them, root and stem base necroses and rot are considered to
play a major role in the faster progression of ash dieback and loss of tree stability [24,25,32], obstructing
forest management practices due to the higher risk of tree failure.

The majority of research on ash dieback has so far been conducted on Fraxinus excelsior as the
most abundant ash species in Europe. Additionally, there is scarce information on fungal species
involvement in narrow-leaved ash decline, especially regarding fungal communities in roots, collars,
and stems, which seem to be crucial accelerating factors for tree dieback. The aim of this research was
to identify fungi in roots and stem bases of narrow-leaved ash trees of different health status in order
to do the following: (1) determine the presence and the frequency of confirmed causal agents of ash
dieback, Hymenoscyphus fraxineus and Armillaria spp., in these tissues; and (2) determine the occurrence
of other potentially pathogenic and opportunistic fungi in symptomatic and healthy tissues of trees in
different decline phases and their possible role in the process of narrow-leaved ash dieback.
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2. Materials and Methods

2.1. Field Sampling

Research was conducted in lowland forests at the Sava river basin, where narrow-leaved ash
occurs naturally and occupies the largest continuous forest area (28,000 ha) in Croatia [37], and where
H. fraxineus was confirmed in crowns of declining trees in 2015 [9,10]. Sampling was carried out in the
period from April to September 2016 in narrow-leaved ash forest stands (both single-species stands
and mixed with Quercus robur and Alnus glutinosa) exhibiting symptoms of ash dieback (increased
crown transparency and tree mortality), located in the area of three forest management units, namely
Crnovscak (45°45’' N, 16°18’ E), Josip Kozarac (45°23" N, 16°48’ E), and Trstika (45°18’ N, 16°55" E)
(Figure 1). Trees selected for sampling were categorized in three health groups according to crown
defoliation (H1 = crown defoliation < 25%; H2 = crown defoliation 26—-60%; H3 = crown defoliation
61-99%), which was assessed in accordance with the methodology of the International Co-operative
Programme on Assessment and Monitoring of Air Pollution Effects on Forests, known as ICP-Forests
(Figure 2) [38]. Dead trees with 100% crown defoliation were not considered in this research. In each
health category, 30 trees were randomly chosen for sampling. The average diameter at breast height
(DBH) of selected trees was 21.29 cm (SD = 6.51 cm). Differences between average DBH of trees among
categories were not statistically significant (F (2, 87) = 0.34, p = 0.71).

Management unit Management unit Management unit
rnovséak Josip Kozarac Trstika
Forestry office Dugo Forestry office Forestry office Novska

Selo Lipovljani Croatian Forests Ltd.
Croatian Forests Ltd. | Croatian Forests Ltd.

Fraxinus angustifolia | Fraxinus angustifolia | Fraxinus angustifolia

growing in mixed growing in single- growing in single-
stand with Alnus species stand species stands and
glutinosa with Quercus robur in

mixed stands

Approximate age of | Approximate age of | Approximate age of
trees = 30 years trees = 24-45 years trees = 25

-

Figure 2. Three health groups according to crown defoliation (H1 = crown defoliation < 25%; H2 = crown
defoliation 26-60%; H3 = crown defoliation 61-99%).
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Root and stem base were sampled from a total of 90 selected trees. Two stem base samples (up to
20 cm height from the ground) were taken from each tree by extracting 10-15 cm long bore cores with
an increment borer (5.15 mm diameter, Haglof, Langsele, Sweden) at the edge of symptomatic tissue
visible as discoloration or necrosis or at two opposite sites around the stem base circumference from
visually healthy trees. The borer was sterilized between every sample. The root system of each tree
was superficially excavated at approximately 1 m radius from a stem base, and root branches were
checked for signs of discoloration, necrosis, or rot. One root branch was taken per tree, with or without
the aforementioned symptoms, depending on the health status of the particular tree.

2.2. Isolation of Fungi from Tissue Samples

Roots were washed under running water and three cross-sections with bark, approximately 2-3 cm
thick, exhibiting xylem discoloration or necrosis, were taken from each where possible. In visually
healthy roots, cross-sections were taken at three randomly selected and mutually distant points along
the root. These sections were surface sterilized by immersing in a solution of sodium hypochlorite
(0.5% v/v) for three minutes and subsequently in ethanol (70% v/v) for one minute, followed by rinsing
three times in sterile distilled water and drying on sterile filter paper in a laminar flow hood (Iskra Pio,
Sentjernej, Slovenia) [39]. From each section, four xylem subsamples (wood chips) were aseptically
taken at the edge of advancing discoloration or necrosis and plated on agar medium. Each of the two
stem base samples taken per tree was debarked and cut in two or three sections that were 3-5 cm
long (depending on the total length, which varied between 10 and 15 cm). Xylem tissue was surface
sterilized using a different method for each of the two bore cores per tree. The first method included
soaking samples for five seconds in a solution of hydrogen chloride (0.5% v/v) and washing in sterile
distilled water, and second one included dipping the bore cores for two seconds in ethanol (70% v/v)
and exposing them shortly to flame [40]. As the xylem in the stem samples was more exposed to the
sterilizing agent due to its smaller size and lack of bark, the time of exposure was empirically reduced
to two and five seconds, in order to obtain fungal growth. Both root and stem base subsamples were
plated onto potato dextrose agar (PDA, Oxoid, Basingstoke, UK) supplemented with streptomycin
sulphate (200 mg/L, Sigma-Aldrich, St. Louis, MO, USA) in 90 mm Petri dishes that were incubated in
the dark at 19-20 °C for four weeks. Petri dishes were checked daily for fungal growth and emerging
mycelia were subcultured on fresh PDA.

2.3. Identification of Isolated Fungal Taxa

The obtained pure cultures were grouped into morphotypes based on mycelium color, structure
and growth speed, coloration of agar, and sporulation. At least one isolate of each morphotype group
was used for molecular identification. Extraction of DNA was performed using the phenol-chloroform
method according to JeZi¢ et al. [41] with modifications [42]. PCR amplification was conducted with
primers ITS 1 and ITS 4 [43] in 50 ul reactions containing 200 M deoxyribonucleoside triphosphates,
0.4 uM of each primer, 1 U of Taq DNA polymerase with reaction buffer (Sigma-Aldrich, St. Louis,
MO, USA), 1.5 mM MgCly, and 1 pl of 100-fold diluted DNA template. Cycling conditions were as
follows: an initial denaturation at 95 °C for 5 min, 35 cycles of denaturation at 95 °C for 30 s, annealing
at 50 °C for 45 s, extension at 72 °C for 90 s, and a final extension step at 72 °C for 5 min. The resulting
PCR products were sequenced using primer ITS 4 at the DNA sequencing facility of Macrogen Europe
(Amsterdam, Netherlands). After processing the raw data using the BioEdit Sequence Alignment
Editor v.7.2.5 software (Raleigh, NC, USA) [44], sequences were identified by comparison with reference
sequences in National Center for Biotechnology Information (NCBI) GenBank using the Basic Local
Alignment Search Tool (BLAST) tool [45]. Sequences with 98-100% similarity were assigned to the
species level and with 94-97% similarity to the genus level [30].
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2.4. Statistical Analysis

Similarity between fungal communities in trees from different health categories was analyzed
using qualitative Sorensen indices [46], which were calculated with EstimateS 9.1.0. software (Boulder,
CO, USA) [47]. A Venn diagram of shared and unique fungal taxa among the health categories was
constructed using eulerAPE [48]. Associations of fungal taxa with health categories were explored using
correspondence analysis (CA), where the graphical display of data is based on Pearson’s chi-squared
distance. In order to fulfill the conditions of a minimum number of observations required for the
calculation of the chi-squared value, CA was performed on the 13 most frequent fungal taxa and
Hymenoscyphus fraxineus. Analysis was performed in the Statistica 10 software package (StaSoft Inc.
2011, Tulsa, OK, USA).

3. Results

Out of 270 root cross-sections (three sections per each of 90 roots) used for isolation, 231 (86%)
resulted in growth of one to seven different mycelia. Out of 180 stem base samples (two per each of 90
trees), 153 (85%) showed growth of one to six different mycelia. In total, 907 pure mycelium cultures
were obtained, belonging to 68 taxa (Figure 3, Table 1). Of those, 49 taxa were identified to species
level, 17 to genus level, one to family level and one to order level. The majority of taxa belonged to
the phylum Ascomycota (58), whereas Basidiomycota (8) and Zygomycota (2) were less abundant.
At least one fungal taxon was obtained from each root and stem base of the analyzed trees, with an
average number of six taxa per tree. The most frequently isolated taxa regarding both the number of
obtained cultures and number of colonized trees were Trichoderma spp., Ilyonectria robusta, Fusarium
solani, Cladosporium cladosporioides, and Diaporthe cotoneastri. These five taxa encompassed 51% of all
isolates, while the remaining 63 taxa represented 49% of isolated cultures. Of the latter, 23 taxa were
found just on one tree and most of them (22) were represented with only one obtained isolate (Figure 3).

H2'\ (H1 U H3)

A Colletotrichum truncatum
KY 977567
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Figure 3. Venn diagram showing numbers of common and unique fungal taxa among different health
categories with list of fungal taxa (and their GenBank sequence accession numbers) present on Fraxinus
angustifolia trees in only one health category, mainly found on one tree, and represented by one isolate,
with the exception of Neobulgaria sp. (two isolates on one tree), Pholiota adiposa (two isolates on two
trees), and Tolypocladium cylindrosporum (five isolates on two trees). A = Ascomycota; B = Basidiomycota;
Z = Zygomycota.
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Table 1. Number of colonized Fraxinus angustifolia trees and obtained isolates (in brackets) in three

health categories for each fungal taxon found in more than one category (H1 = crown defoliation < 25%,

H2 = crown defoliation 26-60%, H3 = crown defoliation 61-99%. A = Ascomycota, B = Basidiomycota,

Z = Zygomycota).

No.  Phylum Fungal Taxon GenBank Accession No. H1 H2 H3 Total
1 A Alternaria sp. KY977546 7 (8) 2(2) 3(4) 12 (14)
2 A Aspergillus ruber KY977532 4 (5) 3 (4) 1(2) 8 (11)
3 A Beauveria bassiana KY977586 4 (4) 1(1) 1(1) 6 (6)
4 A Cladosporium cladosporioides KY977538 18(36) 11 (19) 8 (18) 37 (73)
5 A Clonostachys rosea KY977607 6 (6) 6 (6) 5(8) 17 (20)
6 A Diaporthe cotoneastri KY977583 18 (26) 13 (20) 9 (13) 40 (59)
7 A Epicoccum nigrum KY977575 4 (5) 3(3) 1(1) 8(9)
8 A Fusarium solani KY977568 10 (15) 16(42) 10(27) 36 (84)
9 A Fusarium sporotrichioides KY977588 3(3) 2(2) 44 9(9)
10 A Fusarium verticillioides KY977579 3(3) 4(4) 1(1) 8 (8)
11 A Hymenoscyphus fraxineus KY977559 1(1) 4(7) 3 (16) 8 (24)
12 A Ilyonectria robusta KY977528 20(39) 18(34) 18(39) 56 (112)
13 A Nemania serpens KY977591 2(3) 1(1) 2(4) 5(8)
14 A Neonectria punicea KY977529 2(2) 1(1) 5(5) 8 (8)
15 A Penicillium ochrochloron KY977590 5(5) 6 (8) 3(4) 14 (17)
16 A Penicillium sp. 1 KY977530 3(3) 34) 3(3) 9 (10)
17 A Pezicula melanigena KY977594 4(8) 6 (8) 2(2) 12 (18)
18 A Pseudeurotium bakeri KY977542 4 (6) 1(2) 5(6) 10 (14)
19 A Talaromyces ohiensis KY977604 10 (18) 5(6) 5(9) 20 (33)
20 A Talaromyces verruculosus KY977539 6(7) 9(11) 4 (6) 19 (24)
21 A Trichoderma spp. - 20(28) 22(49) 19(57) 61 (134)
22 A Dichotomopilus funicola KY977574 1(1) 2(2) - 3(3)
23 A Penicillium sp. 2 KY977557 1(1) 1(1) - 2(2)
24 A Podospora sp. KY977549 1(1) 1(1) - 2(2)
25 A Cadophora sp. KY977578 1(1) - 1(8) 2(9)
26 A Nemania sp. KY977540 1(1) - 2 (3) 3(4)
27 A Paraphaeosphaeria neglecta KY977541 1(2) - 1(1) 2(3)
28 A Pleosporales sp. KY977606 1(1) - 1(2) 2(3)
29 A Tolypocladium album KY977572 1(1) - 1(1) 2(2)
30 A Xylaria polymorpha KY977564 1(1) - 1(1) 2(2)
31 A Cordyceps confragosa KY977592 - 2(2) 2(3) 4 (5)
32 A Dactylonectria vitis KY977595 - 1(1) 2 (3) 3(4)
33 A Dimorphospora foliicola KY977582 - 1(1) 1(2) 2(3)
34 A Gliomastix murorum KY977531 - 1(1) 1(1) 2(2)
35 A Microdiplodia sp. KY977605 - 1(1) 1(4) 2 (5)
36 A Neonectria sp. KY977537 - 2(2) 1(1) 3(3)
37 A Penicillium manginii KY977551 - 3(3) 1(2) 4 (5)
38 B Armillaria spp. KY977587 1(5) 5(8) 7 (22) 13 (35)
39 B Coprinellus micaceus KY977600 3(8) 5 (11) 5(9) 13 (28)
40 B Ganoderma adspersum KY977553 3(3) 7 (12) 3(5) 13 (20)
41 B Coprinellus disseminatus KY977599 5(5) 2 (5) - 7 (10)
42 B Psathyrella candolleana KY977573 2(2) 2(8) - 4 (10)
43 VA Absidia sp. KY977569 5(6) 7(7) 7 (8) 19 (21)
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Besides fungal taxa represented with one isolate, which were consequently present in only one
sample type, two other taxa were present just in stem bases (Cordyceps confragosa and Talaromyces ohiensis)
and four other taxa isolated only from roots (Cadophora sp., Dimorphospora foliicola, Neobulgaria sp., and
Tolypocladium cylindrosporum), while the rest of the isolated fungi colonized both roots and stems of the
analyzed trees.

Trees classified into health category H1 yielded 281 fungal cultures belonging to 47 different taxa
(3-11 per tree), trees in category H2 gave growth to 312 isolates appointed to 44 taxa (2-9 per tree),
and trees in category H3 resulted in growth of 314 fungal mycelia corresponding to 45 taxa (1-9 per
tree). Trees from all health categories shared 25 common taxa, while another 25 taxa were found in
just one (Figure 3). Serensen similarity indices between categories were moderate to high (H1 vs.
H2 = 0.659; H1 vs. H3 = 0.673; H2 vs. H3 = 0.719). The most frequent taxon on trees from category
H1 was Ilyonectria robusta, followed by Trichoderma spp. and Cladosporium cladosporioides. Trees in
categories H2 and H3 shared the three most frequent taxa, with the most present being Trichoderma
spp., followed by Ilyonectria robusta and Fusarium solani.

Hymenoscyphus fraxineus was confirmed on only 8.9% of the analyzed trees, almost exclusively in
health categories H2 and H3 with the exception of one isolate obtained from the symptomatic root
tissue of a tree in category H1. It was mostly isolated from roots (87% of obtained cultures) and not
found in both root and stem base of the same tree. Armillaria spp. colonized 14.4% of trees in all
three health categories and were not detected on the same trees with Hymenoscyphus fraxineus in this
research. They were isolated from trees in two management units, with isolates from Trstika being
successfully identified to species level as Armillaria cepistipes, while isolates from Crnovitak could not
be unambiguously identified because the ITS region sequences showed 99.66% similarity with three
species, namely A. cepistipes, A. gallica, and A. sinapina. For this reason, all isolates belonging to genus
Armillaria were grouped into one fungal taxon, Armillaria spp. They were also isolated mainly from
roots (74% of obtained cultures). White mycelial fans characteristic for Armillaria spp. were observed
only in roots, in 10 out of 13 trees where they were confirmed by isolation, and not on the other trees
sampled in this research. The number of colonized trees and obtained isolates in different health
categories for taxa present in more than one category is shown in Table 1.

Association of the 13 most frequent taxa and Hymenoscyphus fraxineus with different health
categories was explored using correspondence analysis and is shown in Figure 4. Chi-squared testing
revealed that differences between the observed and the expected frequencies were not statistically
significant (total chi-squared = 21.49; df = 26; p = 0.7162). Dimensions 1 and 2 explained 76.42% and
23.58% of the inertia, respectively. The correspondence analysis map revealed that healthy trees in
category H1 were most associated with Cladosporium cladosporioides, declining trees in category H2
with Fusarium solani, and most affected trees in category H3 with Coprinellus micaceus and Absidia sp.
Out of 14 fungal taxa taken in consideration for correspondence analysis, only Hymenoscyphus fraxineus
and Armillaria spp. were found exclusively in symptomatic wood tissues in both roots and stem bases,
while other fungi colonized both visually healthy and symptomatic wood tissue.

Out of 30 trees classified in health category H1, 13 displayed some kind of symptoms (discoloration
or necrosis) in the wood of root or stem base, whereas the remaining 17 trees showed no visible fungal
disease symptoms in those tissues. In category H2, only three out of 30 trees had no visible symptoms
in analyzed wood tissues of both root and stem base. There were no trees without symptomatic roots
or stem bases in health category H3.
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Figure 4. Correspondence analysis map showing association of the 13 most frequent fungal taxa
and Hymenoscyphus fraxineus with tree health categories (H1 = crown defoliation < 25%, H2 = crown
defoliation 26-60%, H3 = crown defoliation 61-99%).

4. Discussion

Dieback of common and narrow-leaved ash has been a concerning issue throughout Europe for
more than two decades [49-52], including Croatia where both tree species occur naturally. Most of
the research indicating the important roles played by Hymenoscyphus fraxineus and other fungi in
this phenomenon has been conducted on Fraxinus excelsior, whereas information on fungal species
present on F. angustifolia are still less abundant. Out of 68 different fungal taxa found in this
research in roots and stems of narrow-leaved ash, 20 were also found on declining common ash
in similar studies, including already confirmed and well-known ash pathogens Hymenoscyphus
fraxineus and Armillaria spp., but also Coprinellus micaceus, Diaporthe cotoneastri, Ilyonectria robusta,
Metapochonia bulbillosa (Pochonia bulbillosa), Neonectria punicea, Psathyrella candolleana, Pseudeurotium
bakeri, Trametes versicolor, and Xylaria polymorpha in roots and stem bases [25,30,31,53]; Cladosporium
cladosporioides, Clonostachys rosea (Bionectria ochroleuca), Nemania serpens, Paraphaeosphaeria neglecta,
and Penicillium glabrum in shoots or branches [11-14,23,54,55]; and Coprinellus disseminatus, Epicoccum
nigrum, Fusarium lateritium, and Fusarium solani in both basal parts and crowns [11-15,19,25,30,31,53-56].
Considering only those taxa identified to species level, the majority (30 of 49) was not detected on
common ash in previous studies and vice versa. Several species isolated from F. excelsior roots and
collars considered as possible ash pathogens, such as Botryosphaeria stevensii, Cylindrocarpon destructans,
and Diaporthe eres [19-21,25,30,31,53], were not found in this research, indicating that endophytic and
opportunistic fungi contributing to dieback are not equal for common and narrow-leaved ash.

Although Hymenoscyphus fraxineus was confirmed in roots and stem bases of narrow-leaved ash in
this research, it was not as frequently isolated (only 8 of 90 trees) as from root and stem collar lesions on
common ash in several other studies [24,26-28,53,57]. The possibility that the pathogen was successively
replaced by rapidly developing opportunistic fungi with the aging of necroses [5,15] is questionable in
this case, because sampling was conducted only one year after H. fraxineus was detected in trees’ crowns
in the researched area [9,10]. Although necroses were expanding deeper into the xylem, indicating they
might be older, opinion is that a longer period of time is needed for the buildup of H. fraxineus inoculum
pressure in leaf litter and the infection of trees’ basal parts [24,26]. This could mean that the pathogen
was able to infect narrow-leaved ash roots and stems and progress rapidly through tissue even in
the early stage of decline, where it was eventually replaced by other microorganisms. Knowing that
increased soil moisture favors the development of basal lesions [27,28,32,58], and that narrow-leaved



Forests 2020, 11, 607 9of 14

ash in Croatia occupies floodplain areas, this hypothesis should not be discarded. Other possibilities
are that necroses were formed by other pathogenic fungi or that H. fraxineus was present in researched
stands before official confirmation, which is rather unlikely since extensive studies were conducted
during this period in the same area [59]. Applied stem tissue sampling with an increment borer could
also have affected the lower H. fraxineus isolation frequency in this research given that, in some studies
that report it to be more numerous, isolations were made from multiple points at the edge of stem
necrosis [25,53]. Nevertheless, CA revealed the strongest association of the pathogen with trees in
category H2, which are declining but still have not reached the final phase of dieback where secondary
pathogens are expected to take over. An interesting finding was the prevalence of H. fraxineus in roots
rather than in stem bases of affected trees, and never in both on the same tree. This could be again a
consequence of applied methods, where a greater portion of roots was sampled and analyzed, or could
point to the possibility that H. fraxineus infects trees via roots, as postulated by Meyn et al. [53], which
should be determined in future studies with more detailed analysis of tree roots and stems.

Other confirmed pathogens in this study, Armillaria spp., were also more present in roots (74%
of obtained isolates) than in stem bases of analyzed narrow-leaved ash, which is not surprising,
since these species are known as root infecting pathogens [60,61]. Although Armillaria spp. were more
frequent than Hymenoscyphus fraxineus, they were still isolated from a lower number of trees (13 of 90)
in comparison with the 10 most frequent fungal taxa in this research. This finding was unexpected, as
it is in disagreement with those on common ash and those of Hauptman et al. [33] on narrow-leaved
ash, where authors found Armillaria spp. to be an important secondary damaging agent in roots
and stem collars, often together with Hymenoscyphus fraxineus [24,26-28,30,31]. However, research
in northwest Germany on F. excelsior also revealed quite low isolation frequency of these pathogens
from stem collars [25]. One of the reasons for such a result could be the prevalence of other fungal
species with reported abilities to cause bark and wood necroses (Diaporthe cotoneastri, Fusarium solani,
Ilyonectria robusta), which might be more aggressive than originally thought. Another reason could
be the sampling method used, where mostly necrotic and not rotten wood (xylem) from the edges
of advancing discolorations/necroses was analyzed, from only two bore cores in stem samples, not
encompassing bark samples, lesion centers, nor as much tissue as in some other studies which reported
a high isolation frequency of Armillaria spp. [24,26,32]. Even so, CA showed that Armillaria spp. were
most strongly associated with severely affected trees in category H3, indicating their important role in
a final stage of tree dieback and failure once they colonize the xylem tissue.

Since two common ash pathogens, H. fraxineus and Armillaria spp., were not as numerous as some
other taxa in necrotic narrow-leaved ash tissue, the question is raised as to whether some other fungi
have the ability of causing symptoms in roots and stems of declining trees and whether their role has
been underestimated. The most frequently isolated fungal genus in this research, Trichoderma spp.,
are usually reported as ubiquitous saprotrophs and endophytes in plants [62] and, in some cases, as
antagonists of fungal pathogens [63]. In this study, they were abundant in all health categories, with
no distinct association to a particular one according to CA. Without additional studies on exact species
composition in trees of different health, it is difficult to conclude whether they could contribute to
dieback or act antagonistically to other fungi involved in this process. Other more frequent fungal
species isolated in this research, i.e., Cladosporium cladosporioides, Diaporthe cotoneastri, Fusarium solani,
and Ilyonectria robusta, were also present in all tree health categories, in both symptomatic (discolored
or necrotic) and visually healthy tissue. It is interesting that CA revealed they are more associated with
trees in category H1, with the exception of Fusarium solani, which is most strongly linked to category H2.
It supports the hypothesis that these fungal species act as endophytes and early colonizers of weakened
root and stem tissue. Besides C. cladosporioides, which is a ubiquitous colonizer of both healthy and
symptomatic tissue in different plant organs and species [12-15,23,64-67], the aforementioned fungi
are reported as pathogenic on several wooden hosts. Fusarium solani, termed as the Fusarium solani
species complex as it comprises at least 45 phylogenetically distinct species [68], is associated with
box elder (Acer negundo L.) dieback [69] and stem cankers of English walnut (Juglans regia L.) [70].
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Diaporthe cotoneastri is associated with the trunk canker of apple trees (Malus domestica Borkh.) [71] and
Ilyonectria robusta with root diseases of kiwifruit (Actinidia chinensis Planch.), avocado (Persea Americana
Mill.), and apple trees (Malus spp.) [72-74]. It is possible that these fungi contribute to enlarging the
damage on ash roots and stem bases in interaction as a complex of several pathogens, as indicated by
Margais et al. [75] for pedunculate oak root rot.

Another species that was isolated less frequently, but which could have a more important role in
contributing to dieback, is Neonectria punicea, identified on eight trees, five of them in category H3.
This species was the second most frequently isolated fungus from stem collar lesions on common ash
in Germany [25]. Several authors report that it is endophytic with the ability to become pathogenic
and spread in weakened tissue [76-78]. In this research, it was isolated from both visually healthy and
symptomatic tissue in all tree health categories confirming the aforementioned reports.

A number of fungal taxa did not differentiate much between different health categories in this
study, likewise the composition of fungal communities as shown by the Venn diagram of common
taxa and Serensen indices values, which were moderate to high. This is in accordance with some of
the previous research conducted on common ash [11,55] and it indicates that fungal species already
present in the visually healthy trees are the ones which might contribute to narrow-leaved ash decline.

A number of trees displaying root or stem base discoloration or necrosis rapidly increased from
category HI to H2 and H3, revealing the association of crown defoliation and symptoms in basal parts of
ash trees affected by dieback and confirming the results of previous research on common ash [24,28,29].
However, even 43% of trees in category H1 considered as healthy or in the initial stages of crown decline
also revealed discolorations and necrosis in basal parts, indicating that these symptoms developed
independently of crown infections as postulated by Husson et al. [28]. These findings also point out
that good crown condition should not be used as a sole indicator for the absence of basal necroses,
which can make forest management practices even more challenging, due to the fact that it is often
difficult to observe these symptoms, especially on trees with more ridged bark.

5. Conclusions

This study revealed 68 different fungal taxa present in roots and stem bases of narrow-leaved
ash trees in different phases of decline, including previously reported and well-known pathogens,
Hymenoscyphus fraxineus and Armillaria spp. The majority of other isolated fungi was not found in
similar research on common ash, revealing differences in communities of opportunistic pathogens
contributing to dieback of these related tree species.

Although confirmed in symptomatic root and stem tissues, Hymenoscyphus fraxineus was not
frequently isolated from basal parts of declining narrow-leaved ash trees, indicating that it was already
replaced by faster developing opportunistic fungi at the time of sampling, or that necroses were formed
by other pathogens triggered by a decrease in the trees’ vitality due to crown defoliation caused by
H. fraxineus. In this sense, the most frequent opportunistic fungi in this research, Ilyonectria robusta,
Fusarium solani, and Diaporthe cotoneastri, could be considered as endophytes that act as early colonizers
of weakened root and stem tissue, while Armillaria spp., although less frequent than other fungal
pathogens, plays the most important role in the loss of tree vitality, which leads to a fast crown decline.

Association of crown damage and root and stem necroses was confirmed in this study, although a
relatively high number of trees with good crown condition (defoliation < 25%) and presence of root
and stem necroses indicates that these symptoms can develop independently of crown decline. This
implies that visual tree inspections conducted as part of usual forest management practices addressing
the problem of ash dieback should be even more thorough, as there is no assurance that trees with a
seemingly undamaged crown are not affected in their basal parts.

Because the enlargement of root and basal necroses and the acceleration of decline could be
attributed to the interaction of several fungal species, opportunistic pathogens found in this study
should be taken into consideration as factors contributing to narrow-leaved ash dieback. Further
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studies are needed to gain more insight into their pathogenicity towards narrow-leaved ash and the
possibility of causing root and stem necroses individually or in combination.

The impaired health status of roots and stem bases determined in this research, as well as
the presence of several opportunistic pathogens in these tissues, emphasize the need for focusing
future forest management practices in narrow-leaved ash stands on mitigating the risks for disease
development in basal parts of trees, as these usually accelerate the dieback process and enlarge the risk
of tree failure.
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