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The emerald ash borer (EAB) is an exotic forest pest that has killed millions of ash trees in the United
States and Canada, resulting in an ecological disaster and billions of dollars in economic losses of urban
landscape and forest trees. The beetle was first detected in Michigan in 2002 and has spread through
much of the Eastern and Midwestern U.S., reaching Minnesota in 2009. Since then, it has spread across
the state and poses a great risk to the more than 1 billion ash trees in Minnesota. The larval stage of EAB
creates wounds on trees as they feed on the inner bark, causing disruption of water and sap flow that
results in tree death. The fungal community associated with EAB larval galleries is poorly understood and
the role these fungi may play in tree death is not known. This study describes fungi isolated from EAB
larval galleries sampled throughout the main geographic areas of Minnesota where ash is affected by
EAB. Fungal cultures were identified by extracting genomic DNA and sequencing the ITS region of the
rDNA. Results from 1126 isolates reveal a diverse assemblage of fungi and three functional guilds
comprised of canker pathogens, wood decay, and entomopathogenic fungi. The most common canker-
associated genera were Cytospora followed by Phaeoacremonium, Paraconiothyrium, Coniothyrium, Nec-
tria, Diplodia, and Botryosphaeria. Fungi in the Basidiomycota were nearly all wood decay causing fungi
and many were species of pioneer colonizing genera including Sistotrema, Irpex, Peniophora, Phlebia and
Ganoderma. Some of these fungi seriously affect urban trees, having the potential to cause rapid wood
decay resulting in hazardous tree situations. Several entomopathogenic genera with the potential for
biological control of EAB were also isolated from galleries. Purpureocillium was the most commonly
isolated genus, followed by Beauveria, Clonostachys, Lecanicillium, Akanthomyces, Cordyceps, Microcera,
Tolypocladium, and Pochonia. The results identify important fungal functional guilds that are occupying a
new niche in ash trees resulting from EAB and include fungi that may accelerate decline in tree health,
increase hazard tree situations, or may provide options for biological control of this destructive invasive
insect.
© 2021 The Author(s). Published by Elsevier Ltd on behalf of British Mycological Society. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The introduction and invasion of the emerald ash borer (EAB;
Agrilus planipennis Fairmaire) has been devastating for ash (Frax-
inus spp.) in the United States and Canada. Since it was first
detected in 2002 in southeast Michigan, it has killed hundreds of
millions of trees (Herms and McCullough, 2014; Poland and
McCullough, 2006) and continues to spread. It has already
reached all northeastern states andmost midwestern and southern
states, as well as five Canadian provinces. Due to its low genetic
ier Ltd on behalf of British Mycolo
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diversity, invasion by EAB is thought to result from a single intro-
duction from China (Bray et al., 2011). In its native forest ecosystem
of northeastern China, the Korean peninsula and eastern Russia,
EAB normally attacks native Asian ash species that are stressed,
declining, or dying (Baranchikov et al., 2008; Liu et al., 2007; Wei
et al., 2004). However, EAB will also attack healthy trees of North
American ash species planted in its native range, as well as in its
invaded ranges in North America (Cappaert et al., 2005; Duan et al.,
2015; Wang et al., 2010). Mortality in ash stands in Michigan and
Ohio have exceeded 99% and strategies for controlling EAB are
limited and currently under study. Recent research has shown
limited resistance in the endemic ash species in North America
(Cipollini et al., 2011; Koch et al., 2015; Rebek et al., 2008; Rigsby
et al., 2015). The disruption of vascular tissue from the larval
gical Society. This is an open access article under the CC BY-NC-ND license (http://
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stage feeding in a serpentine pattern on the phloemexylem inter-
face, leaves wounds on branches and stems (Fig. 1.). Shortly
thereafter, canopy decline takes place as the density of larvae and
subsequent damage increases and branch and stem dieback occurs
(Cappaert et al., 2005; Herms and McCullough, 2014), followed by
tree mortality in a 2e4 year period (Herms and McCullough, 2013).
In between initial feeding and tree death, many of the larval gal-
leries become exposed and canker lesions adjacent to the larval
galleries can occur in affected trees. Woodpeckers commonly feed
on larvae and aid in exposing larval galleries. Often these cankered
sites become visibly discolored as vascular tissue is disrupted and
as a result, dieback and tree mortality occurs (Chamorro et al.,
2015). Currently, nothing is known about fungi associated with
EAB larval galleries andwhether they play a role in treemortality or
structural failure of wood. Unlike bark beetles and ambrosia bee-
tles, which carry fungi on their exoskeleton or have specialized
body structures (mycangia) that carry fungal symbionts that often
cause tree diseases (e.g. Dutch elm disease and Laurel wilt), wood
borers (including Agrilus sp.) do not have mycangia and are not
currently known to vector plant-pathogenic fungal associates.
However, it has been shown that EAB may harbor gut symbionts
that potentially degrade lignocellulose (Vasanthakumar et al.,
2008), and it is possible that some of these fungi may enter gal-
leries through larval excrement (e.g. frass). Although several
entomopathogenic fungi have previously been isolated from
mycosed EAB larvae and adults their prevalence and role in EAB
galleries remains unknown and many species have not been fully
explored for biological control (Bauer et al., 2004; Castrillo et al.,
2010a; Johny et al, 2012a, 2012b). The objective of this study was
to describe the fungal diversity associated with EAB galleries from
trees sampled in several diverse locations in Minnesota, to better
understand the functional role(s) of this fungal community, and to
determine if exotic fungal species are associated with the infesta-
tion of EAB.
Fig. 1. (A) The main stem of green ash showing woodpecker damage from feeding on larv
galleries (C) EAB larvae feeding on phloem/outer sapwood interface in a serpentine patte
sapwood tissue leading to a disruption of vascular function and discoloration and necrosis
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2. Materials and methods

Log samples of green ash (Fraxinus pennsylvanicaMarshall) were
obtained from three different regions in Minnesota: South
(Rochester and Winona), Central (Minneapolis/St. Paul), and North
(Duluth) where EAB was causing ash mortality. Most samples were
obtained from city forestry departments that were removing
infested ash trees. Samples from infested trees were taken from
sections of themain stem and larger branches (sizes ranged from10
to 40 cm). Logs were stored at �20 �C until processed. Samples
from asymptomatic ash were collected from 10 trees in Afton State
Park, MN. A sterilized hatchet was used to remove the outer bark
after which the blade was sterilized again with 70% ETOH and a
section of inner bark/phloem from themain stemwas cut, placed in
a sterile bag and kept cool while transported to the laboratory and
aseptically isolated with the same media that was used for infested
samples. Infested logs were processed by using a draw knife ster-
ilized with 70% ETOH to strip the bark and expose larval galleries.
Larval galleries included zones of discolored xylem and, unstained
wood surrounding galleries. A sterile chisel was used to obtain
small segments of wood tissue beneath the cleared off xylem. On
average, two areas from each log were sampled if multiple galleries
were present. Wood chips were sampled from each area and plated
in groups of four to five segments on three different media: 1.5%
malt extract agar amended with lindane (M þ L) for mite control
(15 g of Difco Bacto-agar, 15 g of Difco Bacto malt extract, 0.01 g of
Aldrich lindane per L of deinonized water with 0.1 g streptomycin
sulphate added after autoclaving); modified Sabourad Dextrose
Agar (adapted from Harrington, 1981) amended with lindane
(SDA þ L) (15 g of Difco Bacto-agar, 15 g of Difco Bacto malt extract,
0.01 g of Aldrich lindane per L of deinonized water, with 0.1 g
Aldrich cycloheximide, 0.1 g streptomycin sulphate added after
autoclaving), and Basidiomycota Selective Agar (adapted from
Worrall, 1991) amendedwith lindane (BSAþ L) (15 g of Difco Bacto-
ae under the bark (B) Bark removed around woodpecker damage showing EAB larval
rn and has not yet caused phloem necrosis (D) An older EAB gallery showing killed
.



Fig. 2. List of fungi in the Ascomycota isolated from EAB galleries, their taxonomic
placement, and abundance.
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agar, 15 g of Difco Bacto malt extract, 2 g of Difco yeast extract,
0.06 g, Aldrich benomyl, 0.03 g of Aldrich lindane per L of dei-
nonized water, and 0.1 g streptomycin sulphate, 2 ml lactic acid
added after autoclaving). Plates were sealed with Parafilm® and
incubated at room temperature for one to two weeks. After initial
inoculation and incubation on M þ L, SDA þ L and BSA þ L pure
cultures were obtained from samples that showed fungal growth
by subculturing colonies to malt extract agar (MEA) (15 g Difco
Bacto malt extract, 15 g Difco Bacto agar and 1 L deinonized water)
plates and were incubated at room temperature for one to two
weeks. DNA extraction was performed using mycelia from pure
cultures using a CTAB procedure according to Blanchette et al.
(2016), or a NaOH protocol according to Osmundson et al. (2013).
Polymerase chain reaction (PCR) was performed to amplify the
rDNA internal transcribed spacer region (ITS) using ITS1F and ITS4
primers (Gardes and Bruns, 1993) according to Blanchette et al.
(2016). Amplicons were visualized via 1% agarose gel electropho-
resis with SYBR green I pre-stain and visualized with trans-
illumination on a Dark Reader DR45. Sanger sequencing was done
with PCR primers on an ABI 3730xl DNA sequencer (Applied Bio-
systems e Foster City, CA. Consensus sequences were assembled
using Geneious 9.0 (Kearse et al., 2012) and were subjected to the
BLASTn algorithm (Zhang et al., 2000) using the megablast option
in NCBI GenBank. Identification of cultures was based on the
highest BLAST score matching a species level accession from a
published study or type specimen. Sequences representative of
each taxa were deposited in GenBank and given genera or higher
level classification. Values of less than 97% best BLAST match to a
verified species (originating from type species or published study)
were considered as possible new species (noted with a “*” in
Table S1) (K~oljalg et al., 2013; Schoch et al., 2012).

Rarefaction and extrapolation sampling curves of all pooled
samples were computed and plotted to estimate sample
completeness (sample coverage) based on abundance (individual-
based ¼ isolates) in the R iNEXT package (Chao et al, 2014, 2020;
Hsieh et al., 2016). A 95% confidence interval was generated by
applying 1000 bootstrap iterations. Diversity order q ¼ 0 (species
richness) was set for the analysis. Due to uneven sampling at the
three different geographic areas, diversity indices to compare sites
were not calculated.

3. Results

Wood adjacent to EAB galleries at the time of initial gallery
formation was usually not discolored but became brown or black
with necrosis as feeding from larvae continues (Fig. 1). After several
years, galleries became exposed as more phloem and xylem tissue
was affected and woodpecker feeding took place. As trees declined,
phloem tissue sometimes became stained by fungi and lesions
extended out from the galleries.

A total of 1126 fungal cultures were isolated from EAB galleries
from three geographical areas of infestation in Minnesota (North,
Central, and South). The total number of isolates comprised of 173
taxa identified to the genus or species level; 138 taxa belonging to
84 genera in 23 different orders in Ascomycota (90%), 25 taxa
belonging to 17 genera from five orders in Basidiomycota (9%) and
eight taxa belonging to four genera in two orders in the Mucor-
omycota (2%), and two taxa from 7 isolates belonging toMortierella
in the Mortierellomycota (1%) (Figs. 2e4; Table S1). Thirty-two taxa
had less than a 97% match to previously described taxa in GenBank
and may represent new species. Some of the most abundant
Ascomycota species included Alternaria sp. (161 isolates), Cytospora
pruinosa (114), Epicoccum nigrum (64), Paraconiothryium brasiliense
(51), Purpureocillium lilacinum (47), Phaeoacremonium croatiense
(46) (Table S1). Sistotrema brinkmannii (30) and Irpex lacteus (17)
3



Fig. 3. List of fungi in the Basidiomycota isolated from EAB galleries, their taxonomic placement, and abundance.

Fig. 4. List of fungi in the Mucoromycota and Mortierellomycota isolated from EAB galleries, their taxonomic placement, and abundance.
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were the most abundant in the Basidiomycota and Mucor circi-
nelloides (10) and Mortierella camargensis (6) were the most prev-
alent in the Mucoromycota and Mortierellomycota, respectively
(Table S1).

Three ecological guilds were identified: canker pathogens (30%
of total isolates), decay (8%) and entomopathogens (8%), and other
(54%), for fungi that did not fit into a specific guild (Fig. 5) (Nguyen
et al., 2016). Within each functional guild, there were taxa that
were isolated more frequently. The canker guild had the highest
frequency of fungi associated with it (403 isolates) represented by
the genera: Cytospora (30% out of all canker fungi), Phaeoacremo-
nium (26%), Paraconiothyrium (13%), Coniothyrium (7%), Thyronec-
tria (7%), Nectria (6%), Botryosphaeria (6%), Diplodia (species in this
genera may also be considered stain fungi) (3%), Cadophora, (<1%),
Lasiodiplodia (<1%), and Neonectria (<1%) (Fig. 2). These genera
belong to six orders within the phylum Ascomycota: Botryos-
phaeriales (Botryosphaeria, Diplodia, and Lasiodiplodia within
Botryosphaeriaceae), Diaporthales (Cytospora within Cytospor-
aceae), Hypocreales (Nectria, Neonectria and Thyronectria within
4

Nectriaceae), Leotiomycetidae (Cadophora within Helotiales), Pleo-
sporales (Paraconiothyrium within Didymosphaeriaceae and Con-
iothyrium within Leptosphaeriaceae), and Togniniales
(Phaeoacremonium within Togniniaceae) (Fig. 2).

The second functional guild was composed of entomopatho-
genic fungi (93 isolates) represented by the genera: Purpureocillium
(48% of all entomopathogenic fungal isolates), Beauveria (23%),
Clonostachys (13%), Lecanicillium (4%), Akanthomyces (3%), Cordy-
ceps (2%), Microcera (3%), Tolypocladium (2%), and Pochonia (1%).
These genera belong to only one order within the phylum Asco-
mycota: Hypocreales (Akanthomyces, Beauveria, Cordyceps and
Lecanicillium within the Cordicypitaceae, Pochonia within Clav-
icipitaceae, Clonostachys within Bionectriaceae, Microcera within
Nectriaceae, Purpureocillium and Tolypocladium within Ophiocordy-
cipitaceae) (Fig. 2).

The third functional guild identified was represented by genera
of decay fungi within the Basidiomycota: Sistotrema (34% out of all
decay fungi), Irpex (19%), Peniophora (14%), Phlebia (11%), Trametes
(6%), Ganoderma (3%), Hyphodermella (2%), Antrodia (Resinoporia)



Fig. 5. Graph showing functional guild distribution of fungi isolated from EAB galleries.
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(2%), Acanthopysellum (Aleurodiscus) (1%), Bjerkandera (1%), Cer-
iporiopsis (1%), Ischnoderma (1%), Lentinus (1%), Meruliopsis (1%),
Plicatura (1%), Stereum (1%), and most abundant in the orders;
Cantharellales (Sistotrema), Polyporales (Irpex) (Fig. 3).

Fungi isolated from healthy ash samples included the following
12 taxa Anthostomelloides leucospermi, Camarographium carpini,
Camarosporium brabeji, Cladosporium sp., Coniothyrium pyrinum,
Microcera larvarum, Nigrograna fuscidula, Peniophora cinerea,
Phaeobotryon cupressi, Pithomyces chartarum, Pleospora igbalii, and
Thydridaria broussonetiae (Table S2). Six of these taxa; Camar-
ographium brabeji, Cladoporium sp., Coniothyrium pyrinum, Micro-
cera larvum, P. chartarum, and Peniophora cinereal, were also
isolated from EAB galleries. A. leucospermi, C. carpini and P. igbalii
had low best BLAST matches of 83%, 85%, and 85%, respectively.

Rarefaction curves based on abundance (individual-based)
show a steep increase initially that did not reach an asymptote
(Fig. 6). The estimated sample coverage reached 93% and extrapo-
lation of the curve show that by doubling the number of samples a
97% of sample coverage would have been reached.

4. Discussion

The results of this study show a diverse group of fungi are
associated with the new ecological niche resulting from EAB attack
of ash in North America and identifies early fungal colonizers. Most
importantly, three functional guilds of fungi were recognized;
canker, decay, and entomopathogenic fungi (Fig. 5). Canker path-
ogenswere themost abundant and likely invade areaswhere larvae
have wounded phloem and xylem tissue and potentially enlarge
the affected area surrounding EAB galleries causing additional ne-
crosis. Cytospora was the most abundant genus of the canker fungi
(30% of all canker fungi) and has awide host range onwoody plants
and some species within the genus are host-specific (Sinclair et al.,
1987). Kepley and Jacobi (2000) showed that C. pruinosa was host
specific to green ash (F. pennsylvanica) and also attributed canker
formation by this fungus to stress and environmental factors.
Phaeoacremonium species (26%) were also frequently isolated and
are considered plant pathogens with a wide range of woody hosts,
including Fraxinus latifola, have been also associated with larvae of
bark beetles (Di Marco et al., 2004; Kub�atov�a et al., 2004; Mostert
et al., 2006b). Of particular interest, Phaeoacremonium species are
5

known to cause brown wood staining associated with larval gal-
leries of bark beetles of F. pennsylvanica in North Dakota and
Fraxinus excelsior in Sweden (Hausner et al., 1992; Mostert et al.,
2006a). Species in the genera Paraconiothyrium and its anamorph
Coniothyrium (20%) are important plant pathogens and similar to
the other genera, they commonly colonize many woody plants and
are found associated with pruning cuts, mechanical damage or
dieback/decline on hosts (Damm et al., 2008; Elena et al., 2018;
McTavish et al., 2018; Schulz et al., 2018). However, this fungus has
not yet been reported colonizing Fraxinus species (Verkley et al.,
2004). Drought stress in trees can result in greater growth of can-
ker causing fungi (Blodgett et al., 1997; Li et al., 2019) and the stress
imposed by the larval galleries of EAB likely influences the growth,
composition, and effect of these associated fungi in the tree. The
association between fungi recovered in this study and adult beetles
or larvae remains unclear. However, a recent microbiome study of
adult EAB beetles in Montreal, Canada showed Ascomycota domi-
nated the fungal community and two of the most abundant genera
were, Kabatiella and Pyrenochatea (Mogouong et al., 2020). Many
species in these genera are plant pathogens. In this study, 12 iso-
lates of Pyrenochatea corni, most often found as an endophyte or
saprobe, and one isolate of Kabatiella microsticta, which causes
daylily leaf streak, were found. This may indicate that adult EAB
beetles vector some plant pathogenic fungi as well as saprophytes.

Among the entomopathogenic fungi guild, P. lilacinum was the
most abundant species (48% out of all entomopathogenic fungal
isolates). This is a ubiquitous species found in the environment,
usually isolated from soil, nematodes, and insects (Luangsa-Ard
et al., 2011). P. lilacinum may also function as a plant endophyte
and has been reported as pathogen of broad insect groups (Lopez
et al., 2014; Toledo-Hern�andez et al., 2019). Further, it is
commonly used as a biological control agent against parasitic
nematode eggs (Atkins et al., 2005). Additionally, in a study by,
Johny et al. (2012b), 2012a, P. lilacinum was isolated from mycosed
larva and adults of A. planipennis and was considered to be estab-
lished in EAB populations in Canada due to its isolation frequency.
The second most frequent entomopathogenic genus was Beauveria
(22%). Beauveria bassiana, the predominant species isolated within
the genus, is a cosmopolitan facultative pathogen of a broad range
of arthropods (Rehner et al., 2011). It also occurs as a plant endo-
phyte and saprotroph (Mascarin and Jaronski, 2016; McKinnon



Fig. 6. Sample based rarefaction (solid line) and extrapolation (dashed line) up to double the sample size (top) and coverage based rarefaction (solid line) and extrapolation (dashed
line) up to double the sample size (bottom).
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et al., 2017; Vega et al., 2008). Its broad host range and in vitro
growth characteristics have made Beauveria one of the entomo-
pathogenic genera most widely used for commercially produced
mycoinsecticides worldwide (Lacey et al., 2015; Mascarin and
Jaronski, 2016) and it has been investigated for biological control
against EAB (Castrillo et al., 2010a, 2010b; Liu and Bauer, 2008).
Clonostachys rosea was also a relatively abundant species among
the isolated entomopathogenic fungi (13%). This species colonizes
living plants as an endophyte and has also been isolated from soil. It
has beenwidely described as a parasite of fungi and nematodes, but
has also been reported as an entomopathogen (Anwar et al., 2018;
Toledo et al., 2006; Vega et al., 2008). Although recovered in very
low frequency in our study, Cordyceps farinosa was also previously
isolated from EAB as the anamorph Isaria farinosa (Johny et al.,
2012a, 2012b). While previous studies have isolated entomopa-
thogenic genera such as Purpureocillium, Beauveria and Cordyceps
frommycosed larvae and adults of EAB, in this study we report that
entomopathogenic species were also isolated from wood sur-
rounding the galleries of EAB, indicating their capacity for colo-
nizing wood.

Fungi isolated that belonged to the wood decay guild included
aggressive pioneer white rot genera such as Irpex, Peniophora and
Phlebia. While others, such as Trametes and Ganoderma, have also
been reported as causing dieback of woody plants above ground as
well as causing root rot on many tree species (Coetzee et al., 2015;
Paterson, 2007). Most of the genera in this guild are white rot fungi
with the exception of Antrodia and Sistotrema, which have been
6

associated with brown rot (Lombard, 1990; Potvin et al., 2012;
Spirin et al., 2015). S. brinkmannii was the most abundant species
(33%) among the decay fungi isolated from EAB galleries. This
species has been previously reported to be associated with soil,
mosses and wood of gymnosperms and angiosperms and was
suggested to produce brown-rot in natural environments and forest
products (Ginns and Lefebvre, 1993; Potvin et al., 2012; Zabel and
Morrell, 1992). Although S. brinkmannii was one of the most
abundant taxa, it was only one of two brown rot fungi recovered
among the majority of white rot fungi in this guild. Since this
fungus does not produce a large macroscopic fruiting body, it likely
has been underrepresented in similar environments based on the
detection of basidiocarps. This fungus also produces basidiospores
directly on mycelium which may also aid in dissemination and
explain its high abundance (Hao et al., 2010). Decay fungi cause
significant loss of wood strength during the decay process, weak-
ening the affected wood in early stages of decay, posing a potential
of hazardous tree situations (Eriksson et al., 1990). Although green
ash (F. pennsylvanica) is considered intermediate in terms of sus-
ceptibility of breakage, EAB infested ash trees have shown a higher
risk of tree failure and pose a threat to tree care workers as they
remove dead or dying ash (Persad et al., 2013). Future studies on the
decay potential of the most prevalent species of Basidiomycota
isolated from EAB galleries are necessary to determine their role in
rapid decay of EAB infested trees.

The canker pathogen Coniothyrium pyrinum and decay fungus
P. cinerea that were isolated from healthy ash tissue were also
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isolated from EAB galleries and may indicate a possible endophytic
lifestyle (Wang et al., 2005; Yuan et al., 2011), although additional
sampling of healthy ash is needed to determine how prevalent
these fungi are in healthy sapwood. While sampling of healthy ash
was limited, fewer fungi were recovered than expected compared
to other studies of healthy ash (Bakys et al., 2009; Kosawang et al.,
2018).

Apart from the functional guilds identified, cosmopolitan genera
such as Alternaria, Epicoccum and Cladosporium were among the
most commonly isolated. Conversely, there were also many taxa
that were isolated infrequently. Of all the taxa, 118 (78%) were
isolated five times or less and 66 taxa (42%) were isolated only once
(Table S1), indicating these taxa are not widely associated with EAB
galleries or amenable to isolation. Species diversity in many fungal
communities, such as wood-inhabiting, endophytic, insect
galleries-associated, and ectomycorrhizal, are often represented by
a few highly abundant taxa and a long “tail” of rare species (with
low abundance) (Abrego et al., 2014; Arnold and Lutzoni, 2007;
Dickie et al., 2020; Gazis et al., 2018; Taylor, 2002). The abundance -
based rarefaction curves in our study show that while the numbers
of detected species did not reach an asymptote, sampling was
nearing saturation as sampling coverage (sample completeness)
reached 93% for the total of 174 species (Fig. 6). This means that the
estimated undetected proportion of species is only 9%. Extrapola-
tion indicates that by adding approximately 1000 samples, sample
completeness would only increase completeness to 97%. According
to Chao et al. (2020, 2014), rarefaction estimation based on abun-
dance (individual-based) with a diversity order q¼ 0 represents the
species richness of an assemblage. Species richness refers to the
number of (different) species present in an assemblage or sample
(Gotelli and Chao, 2013). When considering species richness, all
species are weighted equally, thus rare species are weighted the
same as common ones (Chao et al., 2014), and species relative
abundance does not factor in at all (Gotelli and Chao, 2013). Thus,
the estimate of species richness is highly sensitive to rare species
that might not be detected, even in relatively large samples (Gotelli
and Chao, 2013). This may be the casewith the data presented here,
due to the high number of rare species and the weight these have
on the construction of abundance-based rarefaction curves, satu-
ration of the curves was not reached.

The fungal functional guilds identified give insight into the
fungal community and possible functions as the wood resource is
made available by EAB. Infection may occur from spores entering
through wounds, or they may be already be present as latent en-
dophytes and perform their associated functions once insect attack
has taken place (Parfitt et al., 2010). Canker fungi likely invade areas
where larvae have wounded phloem and xylem tissue. These fungi
may have the potential to attack healthy tissue, potentially
enlarging the affected area by the EAB galleries and causing addi-
tional necrosis. Some decay fungi are early colonizers of wood and
rapidly colonizewounded tissue and cause degradation (Boddy and
Heilmann-Clausen, 2008). Entomopathogens, either entering with
newly emerged larvae, as spores, or having previously established
as endophytes, may survive in galleries as saprotrophs, but also
infect larvae and adult beetles. While entomopathogens, primarily
Beauveria species, have been studied for application as biocontrol
agents, additional studies are needed to establish details of their
interactions throughout the different stages of EAB attack and
gallery formation.

We conclude from our results that a wide range of fungi are
associated with EAB larval galleries and many have the potential to
cause lesions that expand the necrotic area around EAB galleries,
decay ash wood or be pathogenic to the insect. None of the fungi
isolated appear to be exotic plant-pathogenic species. The three
identified functional guilds of fungi are capturing the resources of
7

the new niche that EAB has created in ash. This first look into the
fungal diversity of EAB galleries identifies the major taxa present
and raises questions about the priority effects that shape the fungal
community and processes of succession of functional groups.
Studying other Agrilus species, both invasive and native, would aid
in understanding these communities across larger scales. Although
B. bassiana has been shown to be a potential biocontrol agent for
EAB (Castrillo et al., 2010a; Liu and Bauer, 2008) the other ento-
mopathogenic species found in this study deserve additional
research. Further studies are alsowarranted on the pathogenicity of
canker fungi and the potential of decay fungi to increase hazardous
tree conditions in EAB infested trees, as well as to better under-
stand how they influence EAB induced tree mortality.
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