
Citation: Simeto, S.; Held, B.W.;

Blanchette, R.A. Wood Decay Fungi

Associated with Galleries of the

Emerald Ash Borer. Forests 2023, 14,

576. https://doi.org/10.3390/

f14030576

Academic Editor: Miha Humar

Received: 19 January 2023

Revised: 2 March 2023

Accepted: 8 March 2023

Published: 14 March 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Wood Decay Fungi Associated with Galleries of the Emerald
Ash Borer
Sofía Simeto 1,2,* , Benjamin W. Held 1 and Robert A. Blanchette 1

1 Department of Plant Pathology, University of Minnesota, 495 Borlaug Hall 1991 Upper Buford Circle,
St. Paul, MN 55108, USA

2 Programa Nacional de Investigación en Producción Forestal, Instituto Nacional de Investigación
Agropecuaria (INIA), Estación Experimental INIA Tacuarembó, Ruta 5 km 386, Tacuarembó 45000, Uruguay

* Correspondence: ssimeto@inia.org.uy

Abstract: The emerald ash borer is causing dramatic losses following its introduction into North
America, with hundreds of millions of ash trees killed. Attacked trees lose wood integrity rapidly
after infestation and are prone to failure. The aim of this study was to investigate the wood degrading
potential of Basidiomycota fungi previously found associated with EAB galleries. Laboratory soil and
agar microcosm experiments showed that many of the white-rot fungi isolated were aggressive wood
degraders. Trametes versicolor, Phlebia radiata and Phlebia acerina were among the top decomposers
from the 13 tested fungi, resulting in as much as 70%, 72% and 64% weight loss, respectively, after
6 months of incubation. Micromorphological observations documented the significant wood cell wall
degradation that had taken place. The decay capacity of these fungi confirms their contributing role
to the loss of wood integrity in ash trees after EAB attack.
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1. Introduction

The emerald ash borer (EAB), Agrilus planipennis Fairmaire, is a serious invasive
pest causing the extensive mortality of mature ash trees (Fraxinus L.) throughout North
America, and is considered to have the potential to decimate ash as a component of natural
forests. Since its first detection in 2002, it has killed hundreds of millions of ash trees
in urban and rural areas, landscapes and forests in North America [1], with significant
economic and ecological impact [2–7]. The limited resistance observed among native North
American ash species [8–10] results in nearly 100% tree mortality within 3 to 6 years after
establishment [11]. Integrated control strategies, such as biological control, monitoring and
chemical control, have been used to slow EAB spread and reduce its impact, but efforts to
eradicate it have failed. Among the important management efforts that are used to slow
the spread of EAB is the prioritized removal of affected trees in urban management plans,
as highly infested trees suffer a rapid loss of wood strength and have a higher risk of tree
failure, becoming extremely hazardous to people and properties [12].

The EAB life cycle occurs mostly under the bark, where four different larval instars
develop while tunnelling characteristic serpentine galleries during one (univoltine) or two
(semivoltine) growing seasons [13–15]. This is followed by an overwintering J-shaped
prepupa stage that enters diapause until spring, when it molts into a pupa before adult
emergence [14–16]. Although EAB adults feed on ash leaves for about two weeks before
females start laying eggs [5,10,13], this feeding stage represents no serious damage to the
trees. Larvae are the most damaging stage, as they excavate galleries under the bark feeding
on the inner phloem, cambium and outer xylem [5,17]. This attack usually begins at canopy
level, and canopy decline, dieback and death of branches becomes evident approximately
3–4 years after the initial establishment [5]. During subsequent years, the tree starts to
weaken, larval densities increase, and as the tree accumulates galleries on the main trunk
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and limbs, water and nutrient transport are critically disrupted and the tree dies [5]. Bark
cracks and wounds on branches and stems occur due to larval feeding habits and adults
produce exit holes during emergence from the tree. Before tree death takes place, many
larval galleries become exposed and subsequent lesions produced by canker, causing fungi
associated with EAB attack to be open to the environment [18,19]. Woodpeckers also
contribute to exposing galleries, by making holes through the bark when feeding on larvae.
All of these wounds and lesions have been hypothesized to potentially act as points of
access for fungal spores belonging to several fungal guilds found associated with EAB
galleries, such as decay, canker, entomopathogenic and saprotrophic fungi, as reported by
Held et al. [18]. It is also possible that some fungi could previously be present as latent
endophytes [18,20]. Some of the fungal species associated with EAB galleries, reported by
Held et al. [18], were later confirmed as being able to produce canker lesions on healthy
young ash trees [19].

The decay fungi reported by Held et al. [18] belong to the Basidiomycota and most of
them have been classified as white-rot fungi [18]. Wood decay types traditionally classified
as white rot degrade all components of the plant cell wall, including lignin. In contrast,
brown-rot fungi depolymerize and degrade cellulose, leaving lignin somewhat altered, but
not degraded [21]; whereas, soft-rot fungi produce cavities in the S2 layer of secondary cell
walls or may cause secondary cell wall erosion, but little to no degradation of the middle
lamella [21–24].

White ash (Fraxinus americana L.), black ash (Fraxinus nigra Marsh.) and green ash
(Fraxinus pennsylvanica Marsh.) are considered very sensitive to EAB attack, with green
ash regarded as the most susceptible species [25–27]. Additionally, in many localities of
the Midwest and Eastern United States, ash trees represent a high percentage of the local
tree inventory [6,28]. In Minnesota, although variable among communities, urban ash
tree resources average 20% [29,30]. According to Persad et al. [12], green ash is ranked
as intermediate in terms of susceptibility to breakage, but there is a significant increased
risk of tree and branch failure for ash trees infested by EAB [12]. This poses an additional
challenge to EAB management, as EAB-infested trees become very dangerous and must
be removed with additional equipment, thus increasing the costs of tree removal and the
hazards associated with it. Even though Persad et al. [12] confirmed a higher risk of failure
on EAB-attacked trees, the authors did not identify a specific cause to explain the observed
loss of structural strength.

Although most of the research on EAB has focused on its biology, impact and man-
agement, only a few studies have been published with focus on the fungal community
associated with the beetle or its galleries, and the role these fungi have on ash mortality and
structural failure of wood [18,19]. Among the decay fungi associated with EAB galleries
found by Held et al. (2021) [18], some taxa, such as Irpex, Peniophora and Phlebia, are
considered aggressive pioneer white-rot genera, and some other taxa, such as Ganoderma
and Trametes, have been reported as the causal agent of root rot and dieback of woody
plants [18,31–33]. However, the ash wood degrading potential of those taxa, including the
most abundant strains isolated from ash infested with EAB, has not been determined. The
aim of this study was to evaluate the wood degrading potential of thirteen decay fungi
isolated from EAB galleries and to evaluate their contributing role in causing hazardous
tree conditions following EAB attack on ash trees.

2. Materials and Methods

Decay studies were performed with 13 fungal strains belonging to Basidiomycota,
previously obtained and identified by Held et al. (2020) [18] (Table 1). Their wood degrading
potential was evaluated in two types of ash wood substrates: ash wood blocks and ash
sapwood discs, using two different experimental settings: soil and agar microcosms. Soil-
block and agar-block microcosm experiments are the two main methods for studying
fungal biodegradation of woody materials under laboratory conditions and both have
been originally developed for testing the efficacy of wood preservatives [34–37]. While a



Forests 2023, 14, 576 3 of 18

soil-block-standardized protocol has been adopted by the American Society for Testing and
Materials in the US, a standardized agar-block protocol is commonly used in Europe for
fungal decay testing [35,36]. In our study, we wanted to explore both methods to better
allow the tested fungi to express their full decay potential on ash wood, as many of the
fungal species have not been tested on this wood type.

Table 1. Fungal species and strains used for decay studies and their NCBI GenBank accession
numbers.

Strain ID Species GenBank

EAB 8-34 Sistotrema brinkmannii (Bres.) J. Erikss. MT777396
EAB 26-1 Hyphodermella rosae (Bres.) Nakasone MT777404
EAB 37-10 Stereum complicatum (Fr.) Fr. MT777419
EAB 43-3 Trametes versicolor (L.) Lloyd MT777401
EAB 49-10 Phlebia acerina Peck MT777416
EAB 49-12 Irpex lacteus (Fr.) Fr. MT777397
EAB 49-16 Peniophora cinerea (Pers.) Cooke MT777398
EAB 56-6 Ganoderma applanatum (Pers.) Pat. MT777403
EAB 57-12 Irpex lacteus (Fr.) Fr. MT777397
EAB 58-20 Peniophora gilbertsonii Boidin MT777400
EAB 60-6 Phlebia radiata Fr. MT777402

EAB 67-16 Phlebia tremellosa (Schrad.) Nakasone & Burds. MT777399
EAB 57-8 Peniophora pseudoversicolor Boidin MT777405

2.1. Inoculum Preparation

Fungal cultures were transferred from slant tubes to fresh malt yeast agar (MYA): 15 g
Oxoid malt extract, 15 g of Difco Bacto agar, 2 g of Oxoid yeast extract and 1 L of deionized
water. After 2 weeks, mycelial plugs were cut with a sterile 0.4 mm diameter metal borer
from the border of the colony, to obtain active mycelium. Two mycelium plugs were used
as inoculum per replicate.

2.2. Ash Wood Substrate

Blocks of 2.5 × 2.5 × 1.25 cm were cut out from a sound ash (Fraxinus sp.) board,
numbered, and dried in an oven (90 ◦C) for 48 h, and the dry weight was determined
for each block. Blocks were then rehydrated to 70%–80% hydration, by keeping blocks
under water for 24 h and then autoclaving them inside glass Petri dishes filled with 10 mL
deionized water. Two autoclave cycles were run for 45 min at 121 ◦C (with the cycles 24 h
apart). Twelve blocks (replicates) with consecutive numbers were randomly assigned to a
treatment. Achieved hydration percentage was evaluated by comparing the dry weight to
post-hydration weight for 10 sample blocks not included in the study.

Small sapwood discs (1.0–2.0 cm diam, 0.5–0.8 cm thickness) were obtained by slicing
freshly cut healthy green ash branches into discs with a wood saw. Bark was completely
removed from discs after a brief autoclave cycle that facilitated the manual procedure.
Discs were numbered, dried in an oven (90 ◦C) for 48 h and the dry weight was determined
for each disc. Sapwood discs were rehydrated to 70%–80% hydration, by keeping discs
under water for 24 h and then autoclaving them in glass Petri dishes filled with 10 mL of
deionized water. Two autoclave cycles were run for 45 min at 121 ◦C (with the cycles 24 h
apart). Twelve autoclaved discs (replicates) were randomly assigned to a treatment.

2.3. Microcosm Preparation

For the soil microcosms, wide-mouth, glass mason jars (473 mL, metal lid) were filled
with 100 mL of a homogeneous mix of soil composed of two parts of loam soil, two parts of
vermiculite and one part of peat moss, which was moistened with 45 mL of deionized water.
Filled, lidded jars were autoclaved twice for 45 min at 121 ◦C (with the cycles 24 h apart).
Twelve jars (replicates) were randomly assigned to each treatment (a combination of fungal
strain and ash wood substrate). Jars were opened in a sterile biosafety cabinet and one
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autoclaved wood block or sapwood disc was placed on the sterile substrate using sterilized
forceps. Two mycelium plugs were transferred from growing cultures and placed on the
side of the block or sapwood disc in contact with the soil and the ash substrate (Figure 1A),
and jars were closed and sealed with Parafilm®. For negative controls, twelve blocks or
sapwood discs were inoculated with two non-inoculated agar plugs (no mycelium). Jars
were labeled indicating the treatment (fungal strain) and block or disc number, as well as
the date, and kept in clear, plastic bins at room temperature (21 ◦C–23 ◦C) for 27 weeks.
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Figure 1. Ash blocks and sapwood discs were used in two studies with soil or agar microcosms. (A)
Inoculated ash block in soil microcosm; (B) inoculated ash sapwood disc on plastic mesh in agar
microcosm. White arrowheads indicate agar plugs.

For the agar microcosm, an adaptation of methods used by Shilling and Jacobson [38]
was used. Extra-deep Petri dishes (10 cm diameter, 2.5 cm deep) were filled with 15 mL of
MYA. Pieces of plastic grid mesh (gutter guard, 35 × 35 mm, 2 mm thick) of approximately
3 × 3 cm were cut, thoroughly washed, and autoclaved in glass Petri dishes for 30 min at
121 ◦C. The agar microcosm was assembled as follows: in a sterile biosafety cabinet one
piece of autoclaved plastic mesh grid was placed directly on the media by using sterilized
forceps. Then, one autoclaved wood block or sapwood disc was placed on the plastic
mesh grid. Two mycelial plugs were transferred from growing cultures and placed on the
side of the block or sapwood disc, in contact with the media and the wooden substrate
(Figure 1B), and the plate was then closed and sealed with Parafilm®. For negative controls,
twelve blocks or sapwood discs were inoculated with two non-inoculated agar plugs (no
mycelium). Plates were labeled indicating the treatment (fungal strain) and block or disc
number, as well as date, and kept in clear, plastic bins at room temperature for 27 weeks.

After incubation, both the soil and agar microcosms were disassembled. Growing
mycelium was carefully removed from blocks and sapwood discs, with special attention to
avoid removing any of the wood. All twelve replicates of each treatment were individually
placed in small paper envelopes and labelled indicating treatment (fungal strain), experi-
mental setting and block or disc number. Ten replicates of each treatment were then dried
(90 ◦C) for 48 h and weighed. Two replicates of each treatment were stored at −20 ◦C until
preparation for micromorphological studies.

2.4. Loss of Weight Evaluation and Data Analysis

Percentage of weight loss was determined for each replicate from each treatment
by comparing the initial dry weight (DW1) with the post-inoculation dry weight (DW2),
as follows:

(DW1 − DW2) ∗ 100
DW1

To compare the percentage of weight loss among the different treatments and the
controls, an analysis of variance (ANOVA) was conducted. When the ANOVA was signif-
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icant, a Tukey’s post hoc multiple comparisons analysis was run to evaluate differences
between the different treatments. Statistical analysis and data visualization were perfomed
using the R statistical software (R core team, v.4.22) [39], R packages multcompView [40]
and dyplr [41] for data analysis, and tidyverse [42] and ggplot2 [43] for data visualization.
Assumptions of linear models, such as normality and homoscedasticity of residuals, were
examined through visual examination of residual plots. Weight loss data were expressed as
a percentage of the initial weight and data were transformed with the angular transforma-
tion (arcsine (square root (weight loss/100)) prior to the ANOVA analysis, to fulfill linearity
requirements if needed.

To compare the weight loss produced under the different experimental settings, data
from each fungal strain or control, corresponding to either the same microcosm or the same
wood substrate, were grouped and a multiple t-test comparison was performed simultane-
ously with the R package rstatix [44] for data analysis, and tidyverse [42] and ggpubr [45]
for data visualization. False discovery rate during the multiple t-test comparison was
accounted for by selecting the “BH” p correction method. Weight loss comparisons for each
fungal strain were as follows: blocks vs. sapwood discs substrate under soil microcosm,
blocks vs. sapwood discs substrate under agar microcosm, soil vs. agar microcosm for the
block substrate and soil vs. agar microcosm for the sapwood disc substrate.

2.5. Micromorphological Studies

For micromorphological observations of fungal decay, the samples kept at −20 ◦C
were cut into smaller segments (wedge shape, approximately 0.2 × 0.5 × 0.6 cm) and
prepared for scanning electron microscopy, following previous methods used by Held
et al. [46]. Wooden samples were placed in 24-well plates and infiltrated with 25% Tissue-
Freezing Medium (Cat. # TFM-5, General Data, Cincinnati, OH, USA) under vacuum, for
1–2 min. Samples were then mounted on brass stubs, frozen at −20 ◦C and sectioned in
a cryostat freezing microtome. A transverse cut was made to obtain a clean surface for
examination with scanning electron microscopy. Cut samples were then thawed, rinsed
several times in water and air-dried, before mounting them on aluminum stubs with carbon
adhesive tape followed by coating with gold/palladium (3 nm thickness), using a sputter
coater (Cressington 108auto, Ted Pella INC., Redding, CA, USA). Observations of fungal
colonization and cell wall degradation were completed with a Hitachi S35N scanning
electron microscope.

3. Results

All tested fungal strains showed substrate colonization in microcosms and no mycelium
was observed on any of the control treatments. (Figure 2A,E). After 6 months of incuba-
tion, several fungal strains showed advanced decay and a significant weight loss under
the different experimental settings. The experimental methods used included two wood
substrates (blocks or sapwood discs) and two types of microcosms (soil or agar microcosm)
(Figures 3–6, Table 2). Trametes versicolor (EAB 43-3), Pe. cinerea (EAB 49-16), I. lacteus (EAB
49-12 and EAB 57-12), Ph. acerina (EAB 49-10), Ph. radiata (EAB 60-6), Ph. tremellosa (EAB
67-16) and Pe. pseudoversicolor (EAB 57-8) were among the tested fungi that produced
the greatest weight losses. Results from the Tukey’s test are shown as box plots, with
statistical results on top of the boxes (Figures 3–6). Mean percentage of weight loss and
standard deviation for all fungal strains and controls under each experimental setting are
presented in Table 2. One replicate of the strain Si. brinkmannii (EAB 8-34) in the block-soil
microcosm study had to be eliminated, as a small fragment of wood was accidentally
removed as mycelia was being removed from the block and was thus, not suitable for
weight loss evaluation.
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Figure 2. Control and inoculated wood blocks after 6 months of incubation. (A) Control treatment
of a wood block from soil microcosm. (B) Growth of Peniophora cinerea (EAB 49-16) mycelium on a
wood block from a soil microcosm. (C) Removal of mycelium of Trametes versicolor (EAB 43-3) from
decayed block. (D) Advanced decay of a wood block inoculated with Peniophora cinerea (EAB 49-16).
(E) Control treatment of sapwood disc in agar microcosm. (F) Growth of Phlebia radiata (EAB 60-6)
mycelium on sapwood disc in agar microcosm. (G) Advanced decay on sapwood disc inoculated
with Irpex lacteus (EAB 49-12). (H) Advanced decay of sapwood disc by Peniophora pseudoversicolor
(EAB 57-8).
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Table 2. Mean percentage of weight loss ± standard deviation, for all treatments under each experi-
mental setting.

Treatment Experimental Setting
Strain ID Species Block Soil Block Agar Disc Soil Disc Agar

— Control 1.1 ± 0.7 0.5 ± 0.3 10.5 ± 3.2 1.2 ± 1.2
EAB 8-34 Sistotrema brinkmannii 1.1 ± 0.7 1.9 ± 0.8 17.4 ± 2.5 11.5 ± 2.5
EAB 26-1 Hyphodermella rosae 14.3 ± 2.5 19.8 ± 2.7 33.5 ± 8.5 25 ± 6.3



Forests 2023, 14, 576 9 of 18

Table 2. Cont.

Treatment Experimental Setting
Strain ID Species Block Soil Block Agar Disc Soil Disc Agar

EAB 37-10 Stereum complicatum 1.5 ± 0.9 1.1 ± 11.2 8.4 ± 3.3 6.9 ± 1.8
EAB 43-3 Trametes versicolor 29.6 ± 2.2 37.7 ± 0 70.1 ± 11 63.2 ± 18.4

EAB 49-10 Phlebia acerina 23.2 ± 1.8 21.5 ± 2.1 63.7 ± 7.9 29.3 ± 3.8
EAB 49-12 Irpex lacteus 12.2 ± 2.1 22.3 ± 3.5 51 ± 9.6 34.1 ± 7.4
EAB 49-16 Peniophora cinerea 20.5 ± 3.6 23.9 ± 4.2 52.7 ± 6.3 35.4 ± 10.9
EAB 56-6 Ganoderma applanatum 1.9 ± 2.2 3.1 ± 3.7 9.3 ± 2.2 7.5 ± 1.2

EAB 57-12 Irpex lacteus 22.9 ± 5 26.9 ± 5.1 56.2 ± 5.9 27.2 ± 3.5
EAB 57-8 Peniophora pseudoversicolor 22.8 ± 2.7 23.7 ± 2.9 49 ± 7.8 23.7 ± 5.3

EAB 58-20 Peniophora gilbertsoni 14.5 ± 1.5 16.9 ± 3.2 39.1 ± 7.6 23 ± 8.4
EAB 60-6 Phlebia radiata 28.2 ± 3 17 ± 3.4 72.2 ± 9.9 22.1 ± 4.2

EAB 67-16 Phlebia tremellosa 22.7 ± 2.9 27.8 ± 8.7 58.9 ± 9.9 16.3 ± 7.8

3.1. Weight Loss under Different Experimental Settings

Wood block substrate, soil microcosm: the ANOVA analysis for the wood blocks using
the soil microcosm showed significant differences among treatments (ANOVA, F = 205.8,
with 13 and 125 df, p < 0.01). The Tukey’s test showed that 10 fungal strains significantly
differed from the controls (Figure 3). Among the fungal strains that achieved levels of
weight loss significantly greater than the control, the percentage of weight loss ranged
from 12.2% and 29.6%. Stereum complicatum (EAB 37-10), G. applanatum (EAB 56-6) and Si.
brinkmannii (EAB 8-34) did not differ significantly from the control. Trametes versicolor (EAB
43-3), Ph. radiata (EAB 60-6), Ph. acerina (EAB 49-10) and I. lacteus (EAB 57-12) achieved the
highest weight loss values (29.6%, 28.2%, 23.2% and 22.9%, respectively).

Wood block substrate, agar microcosm: there were significant differences among
treatments in the study using wood blocks under the agar microcosm, according to the
ANOVA (ANOVA, F = 104.1, with 13 and 126 df, p < 0.01). A post hoc Tukey’s test showed
that 10 fungal strains significantly differed from the controls (Figure 4). The percentage
of weight loss ranged from 3.1% to 37.7 % among the fungal strains with weight loss
significantly greater than the control. Stereum complicatum (EAB 37-10) and Si. brinkmannii
(EAB 8-34) did not differ significantly from the control. Trametes versicolor (EAB 43-3), Ph.
tremellosa (EAB 67-16), I. lacteus (EAB 57-12) and Pe. cinerea (EAB 49-16) achieved the highest
weight loss values (37.7%, 27.8%, 26.9% and 23.9%, respectively).

Sapwood discs substrate, soil microcosm: in the case of the sapwood discs using
the soil microcosm, the ANOVA analysis also showed significant differences between
treatments (ANOVA, F = 99.41, with 13 and 126 df, p < 0.01). According to the Tukey’s
test, 10 fungal strains significantly differed from the controls (Figure 5) and among those,
the percentage of weight loss ranged from 17.4% to 72.2%. Si. brinkmannii (EAB 8-34)
and G. applanatum (EAB 56-6) did not differ significantly from the control. Phlebia radiata
(EAB 60-6), T. versicolor (EAB 43-3), Ph. acerina (EAB 49-10) and Ph. tremellosa (EAB 67-16)
achieved the highest weight loss values (72.2%, 70.1%, 63.7 % and 58.9 %, respectively).

Sapwood discs substrate, agar microcosm: the ANOVA analysis for the sapwood
discs using the agar microcosm showed that some of the treatments significantly differed
between each other (ANOVA, F = 48.98, with 13 and 126 df, p < 0.01). Thirteen fungal
strains were significantly different from the control according to the Tukey’s test (Figure 6),
with a percentage weight loss ranging from 6.9% to 63.2%. Trametes versicolor (EAB 43-3), Pe.
cinerea (EAB 49-16), I. lacteus (EAB 49-12) and Ph. acerina (EAB 49-10) achieved the highest
weight loss values (63.2%, 35.4%, 34.1% and 29.3%, respectively).

When comparing the experimental settings, significantly greater weight loss was
observed among the sapwood discs vs. wood blocks under the soil microcosm for all
13 fungal strains (Figure S1). Under the agar microcosm, nine fungal strains showed
significantly more decay among the sapwood discs compared to the wood blocks, and only
one showed greater decay for the blocks (Figure S2). When comparing substrates, for the
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experiments that used wood blocks, two fungal strains showed significantly more decay
under the agar microcosm and only one showed higher decay under the soil microcosm
(Figure S3). For the experiments that used sapwood discs as the substrate, ten fungal strains
showed significantly more decay under the soil microcosm (Figure S4, Supplementary
Materials).

Micromorphological Studies

Scanning electron microscopy (SEM) images from transverse sections of non-decayed
wood from the controls showed the typical morphology of sound wood cells. The wood
of Fraxinus is ring-porous, with earlywood characterized by wide vessels, vasicentric
parenchyma, fibers and a few smaller vessels in the summer to latewood cells [47–49]
(Figure 7A,B).
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indicates mycelium. (A,B) Non-inoculated control showing unaltered fibers and vessels, and the
typical morphology of ash sound wood cells (bar = 125 µm). (C) Sample inoculated with Hyphodermella
rosae (EAB 26-1), showing simultaneous degradation and eroded fibers, with cell walls that were
eroded and thinned from the lumen towards the middle lamella. Parenchyma cells, rays and
vessels are still recognizable (bar = 50 µm). (D) Simultaneous degradation produced by Peniophora
gilbertsoni (EAB 58-20), showing thinned walls of fibers, cell wall erosion and loss of fiber structure
in some areas, creating localized voids. Mycelia inside the lumen of some high-diameter vessels
(bar = 50 µm). (E) Advanced erosion of cell wall from fibers and vessels, produced by simultaneous
degradation by Peniophora pseudoversicolor (EAB 57-8). Extended voids produced by complete cell wall
degradation, parenchyma rays, although somewhat eroded, are still distinguishable (bar = 25 µm). (F)
Simultaneous degradation produced by Irpex lacteus (EAB 49-12). Advanced localized fiber cell wall
erosion causing voids that coalesced, producing holes. Ray parenchyma cells are still distinguishable
in areas with coalesced voids (bar = 50 µm).

Samples that had a significant weight loss showed varying degrees of degradation,
with areas of extensive decay and almost complete loss of some fiber cell walls for treat-
ments that had over 30% of weight loss (Figures 7 and 8). Wood inoculated with H.
rosae (EAB 26-1) (Figure 7C), Pe. gilbertsoni (58-20) (Figure 7D), Pe. pseudoversicolor (57-8)
(Figure 7E) or I. lacteus (EAB 49-12) (Figure 7F) showed simultaneous degradation of all cell
wall components. Phlebia tremellosa and Pe. cinerea also presented simultaneous degradation
of all cell components (not shown). Cell wall erosion occurred with fiber cell walls thinning
from the lumen towards the middle lamella. In some areas, all cell walls were degraded,
forming voids in the wood. Occasionally, removal of both the secondary walls and the
middle lamella, caused voids to coalesce, creating localized holes. In advanced stages of de-
cay, such as those observed on wood inoculated with T. versicolor (EAB 43-3) (Figure 8A,B),
Ph. radiata (EAB 60-6) (Figure 8C) or Ph. acerina (EAB 49-10) (Figure 8D–F), the areas
that had been extensively attacked created voids that were filled with mycelia. Some ray
parenchyma and vessels resisted degradation and were still distinguishable among areas
where fibers were completely degraded. Remnants of adjacent fiber and parenchyma cells
attached to the vessels could be observed (Figure 8A–F). The significant loss of biomass
that occurred in the wood samples inoculated with these white-rot fungi was also evident
by the average percentage of weight loss shown in Table 2.
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Figure 8. Scanning electron micrographs of transverse sections of ash sapwood disc samples inocu-
lated with white-rot fungi. Arrow indicates fibers, arrowhead indicates ray parenchyma, diamond
shape indicates vessels and star shape indicates mycelium. (A,B) Complete loss of fiber cell walls
produced by simultaneous degradation by Trametes versicolor (EAB 43-3). Coalescence of void-created
holes, where remnants of adjacent fiber and parenchyma cells attached to the vessels, can be ob-
served. Ray parenchyma cells were eroded, but still distinguishable. Voids filled with mycelia ((A)
bar = 100 µm, (B) bar = 50 µm). (C) Extended erosion and thinning of fiber cell walls produced by
Phlebia radiata (EAB 60-6), and a simultaneous degradation of all cell wall components. Localized
collapse of fiber structure and holes produced by coalescing voids. Ray parenchyma cells, vessels
and fibers showing erosion are still distinguishable at the center of the image (bar = 100 µm). (D–F)
Extensive decay produced by Phlebia acerina (EAB 49-10), showing voids filled with mycelia. Ray
parenchyma are eroded, but still distinguishable, and for some remaining vessels, remnants of
adjacent fiber and parenchyma cells attached to the vessels can be observed (bar = 100 µm).
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4. Discussion

Highly significant biomass loss and cell wall degradation was observed in the wood
samples treated with white-rot fungi associated with EAB galleries, and the decay potential
of these species was assessed. Loss of biomass occurred on both types of tested ash wood
substrates and for most of the tested fungal strains. This included blocks cut from ash
boards and fresh sapwood discs, using two types of microcosms: soil and agar. The strains
that produced greater weight loss, such as T. versicolor (EAB 43-3), Pe. cinerea (EAB 49-16),
I. lacteus (EAB 49-12 and EAB 57-12), Ph. acerina (EAB 49-10), Ph. radiata (EAB 60-6), Ph.
tremellosa (EAB 67-16) and Pe. pseudoversicolor (EAB 57-8), also produced significant wood
cell wall degradation, which was evident from the micromorphological studies. The more
advanced stages of decay produced by T. versicolor (EAB 43-3), Ph. radiata (EAB 60-6) and
Ph. acerina (EAB 49-10), had degraded wood cells and extensive voids filled with hyphae. In
these treatments only some ray parenchyma cells and vessels resisted degradation. Decay
resistance of vessel elements to white-rot fungi has been reported for some hardwood
species [50,51]. This has been explained by a combination of different vessel wall structure,
as well as a different chemical composition of vessel cell walls. More lignin with a higher
guaiacyl lignin type content in vessel walls appears to be a major factor in the resistance of
vessels to decay by some white-rot fungi [50,51].

When comparing the different decay experiments, most strains had higher wood
degrading capacity on sapwood discs, as compared to the wood blocks. The high pro-
portion or even exclusivity of sapwood tissue in young branch anatomy [52], the low
resistance to decay of sapwood compared to heartwood [53,54] and more earlywood cells
vs. latewood [55] could explain the higher weight loss on sapwood discs used as substrate
during this study. Since sapwood contains simple sugars and other compounds that could
be leached out during autoclaving, this is likely the reason that a small weight loss was
observed in the untreated sapwood controls, but not in the wood blocks. The sapwood discs
used during this study were obtained from young freshly cut healthy branches, whereas
the wood blocks were obtained from an ash board commercially available with heartwood.
Comparison of the two microcosm experiments showed significant differences in weight
loss, with more decay on the agar microcosm when using wood blocks as a substrate. In
contrast, most strains showed more decay using the soil microcosm and sapwood discs
as the substrate. Both microcosm experiments were equally effective in providing the
necessary conditions for the fungal strains to express their decay potential.

After EAB invasion, a significant increase of green ash branch and tree failure was
reported by Persad et al. on EAB-infested trees [12]. Despite the species being ranked as
intermediate in terms of susceptibility to breakage, EAB-affected trees as early as two years
after initial infestation significantly increase their risk of failure and had an increased loss
of wood integrity [12]. Ash tree failure associated with EAB infestation has raised great
concern because of the risk it poses to tree workers and the public in general. Although
the cause of wood strength loss was not determined by Persad et al. [12], the authors
observed a significant reduction in the moisture content of EAB wood samples from trees
with high infestations compared to those with low or no infestation. A decrease in the
high water content of functional sapwood, as well as an increase in oxygen availability, has
been identified as a key factor for the colonization of sapwood by decay fungi [51,54,56].
Physical disruption of functional sapwood, due to the serpentine galleries produced by
EAB larvae [5], could contribute to the moisture content reduction on the affected area [57],
thus providing a suitable microenvironment for decay fungi to develop.

According to Zabel et al. [53], the tree species is an important factor affecting the
development of decay. Fraxinus spp. and F. pennsylvanica in particular, have been clas-
sified as having moderate to low resistance to decay [53,58,59]. Held et al. [18] found a
community of decay fungi associated with EAB galleries, dominated by white-rot fungi.
The dominance of white rot in angiosperms instead of brown-rot fungi has been previously
documented [21,60–62]. Among the fungi found by Held et al. (2022) [18], genera such as
Irpex, Peniophora and Phlebia appear to be aggressive pioneer colonizers. Species within
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those taxa, such as Pe. pseudoversicolor, Ph. acerina, Ph. radiata and Ph. tremellosa, were
ranked among the top decomposers during this study. Although T. versicolor has been
previously reported as a pathogen causing dieback and decay on other tree hosts [33,63,64],
it was also a very aggressive colonizer, with among the highest loss of biomass in the differ-
ent experimental settings we report here. Simultaneous removal of all cell wall components
(simultaneous white rot) has been previously reported for T. versicolor [21,60,63–66] and
was observed during this study, as well as with H. rosae, Pe. gilbertsoni, Pe. pseudoversicolor,
Pe. cinerea, I. lacteus, Ph. radiata, Ph. acerina and Ph. tremellosa. Although some of those taxa
have been reported as selective white-rotting fungi with preferential lignin removal [67–69],
all white-rot fungi that produce a selective lignin removal are likely to also produce a
simultaneous rot under certain growth conditions [60,67]. Sistotrema brinkmannii, the most
abundant decay fungus associated with EAB galleries found by Held et al. [18], did not
produce significant weight loss. Although few decay studies have been conducted with
Sistotrema, it appears to be a poor wood degrader, with very low mass loss [70]. This fungus
may just remove nonstructural wood components, such as starch, proteins, triglycerides,
etc., or utilize degradation products liberated from wood by other decay fungi. The decay
type produced by S. brinkmannii remains unclear, with some authors categorizing it as
a brown-rot fungus [71,72] and other authors describing it as having an unclear decay
type [73]. Ganoderma applanatum and S. complicatum did not produce significant decay
compared to the control, despite G. applanatum being reported as a highly efficient white-rot
decomposer [61]. This fungus may have a greater role in wood decomposition later in the
successional sequence of ash wood decay.

Decay fungi on standing trees may gain access through different strategies: pathogenic
mechanisms, reaching the sapwood or heartwood through wounds, or by establishing
themselves as endophytic propagules (presumably through natural openings and wounds)
which are present within functional sapwood [54]. In their work, Held et al. [18] hypothe-
sized that the lesions produced by EAB larval feeding habits might provide access points
for the fungal community observed during their study. Nonetheless, the authors also
acknowledge a possible endophytic origin of the fungi, as several of the species were
previously reported as endophytes [18,19]. The latent endophytic nature of some decay
fungi on standing trees has been widely documented [20,54,74–76] and their ecological role
as priority colonizers initiating wood decomposition on the onset of tissue senescence, and
thus their effect on community assembly has also been a matter of discussion [20,54,76–78].

To the best of our knowledge, this is the first study to evaluate the decay potential
on ash wood samples using Basidiomycota previously isolated from emerald ash-borer-
attacked trees, and the first study to identify the cause of the rapid loss of wood strength
observed on hazardous EAB-attacked trees. Although the studies were performed under a
controlled laboratory environment, they clearly demonstrate the decay capacity of these
fungi and their ability to cause significant wood cell wall degradation in a relatively short
time if conditions are conducive for decay. Several of the top-ranked decomposers in this
study likely play an important role in the loss of wood strength and integrity of EAB-
attacked trees. Although A. planipennis lacks specialized structures to carry fungal spores
such as mycangia, it has been reported that other wood borers that do not have mycangia
are able to facilitate the entrance of wood decay fungi by the wounds they produce [79,80].

5. Conclusions

Trees infested with EAB undergo a rapid loss of strength that leads to very hazardous
conditions because of their risk of branch and bole failure. Although a drastic reduction of
wood moisture has been observed on EAB-attacked trees, a biotic factor has not yet been
identified. During this study, several decay fungi associated with EAB galleries inoculated
on ash wood in laboratory microcosms achieved high levels of degradation in a relatively
short period of time indicating that they can produce an important loss of wood structural
strength.
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This study provides new information about the degradative ability of several fungal
species on ash wood and states the important role that the aggressive pioneer fungi likely
play in the observed loss of wood integrity of trees that leads to hazardous tree conditions
after EAB infestation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f14030576/s1. Figure S1: Block vs. sapwood disc substrate, soil
microcosm boxplot; Figure S2: Block vs. sapwood disc substrate, agar microcosm boxplot; Figure S3:
Soil vs. agar microcosm, block substrate boxplot; Figure S4: Soil vs. agar microcosm, disc substrate
boxplot.
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