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Abstract: Thousand Cankers Disease (TCD) is a disease complex wherein the fungus
(Geosmithia morbida) is vectored by the walnut twig beetle (WTB, Pityophthorus juglandis). The disease
causes mortality primarily of eastern black walnut (Juglans nigra), although other walnut and wingnut
(Pterocarya) species are also susceptible. Black walnut is native to the Eastern and Midwestern U.S.
but is widely planted in western states. Total standing volume in both urban and forested settings
is approximately 96 million cubic meters, and is valued at $539 billion. Although native to the
Southwestern U.S., the range of WTB has expanded considerably. The spread of G. morbida coincides
with that of WTB. TCD was introduced into Tennessee in 2010, and has spread to seven eastern states.
Trees infected with TCD exhibit drought-like symptoms, making field detection difficult without
molecular and/or morphological methods. The recently sequenced G. morbida genome will provide
valuable research tools focused on understanding gene interactions between organisms involved
in TCD and mechanisms of pathogenicity. With no chemical treatments available, quarantine and
sanitation are preeminent options for slowing the spread of TCD, although biological control agents
have been discovered. High levels of black walnut mortality due to TCD will have far-reaching
implications for both eastern and western states.

Keywords: eastern black walnut; walnut twig beetle; fungal pathogen; Geosmithia morbida;
Juglans nigra; Pterocarya spp.; Pityophthorus juglandis; insect vector; forest health

1. Introduction

Currently, Juglans spp. and Pterocarya spp. (Fagales: Juglandaceae) trees across the United States
(U.S.) and Europe are threatened by an insect-fungal disease complex known as Thousand Cankers
Disease (TCD). The pathogen associated with TCD is a filamentous ascomycete, Geosmithia morbida
M. Kolafik, E. Freeland, C. Utley, & N. Tisserat (Hypocreales: Bionectriaceae) [1]. The pathogen is
vectored primarily by the walnut twig beetle (WTB) Pityophthorus juglandis Blackman (Coleoptera:
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Curculionidae) [1-3]. Another beetle species, Stenomimus pallidus (Boheman) (Coleoptera: Curculionidae),
has also been identified as a potential vector of G. morbida in Indiana and Ohio [4,5].

2. The Thousand Cankers Disease Complex

Although decline in Juglans spp. was observed in the mid-1990s in the Willamette Valley of
Oregon, the first published record and indication of high mortality of ]. nigra L. associated with WTB
was in the Espanola Valley in New Mexico in 2001 [6]. By 2008, WTB and a then-unknown species of
Geosmithia were suspected to cause widespread walnut decline in Colorado, and the term “Thousand
Cankers Disease” was proposed to describe the numerous coalescing cankers that form in the phloem
area around WTB entrance holes and galleries [2]. In 2011, the fungal pathogen associated with TCD
was designated G. morbida [1]. Currently, TCD has become widely distributed among J. nigra and
other walnut species across the western U.S. [7]. In 2010, the disease complex was first confirmed
within the native range of eastern black walnut in Tennessee [8], followed by Pennsylvania and
Virginia in 2011 [9,10], North Carolina in 2012 [11], Ohio in 2013 [12,13], and Maryland and Indiana in
2014 [4,14,15]. The spread of the disease has continued with the first confirmed case of TCD infection
in Europe in 2013, found on transplanted eastern black walnut and native English walnut (J. regia L.)
in Italy [16,17].

Typical symptoms of TCD include wilting and yellowing of leaves, branch dieback, and canopy
loss. Geosmithia morbida spores germinate and reproduce in WTB galleries, forming numerous cankers
underneath the bark (Figure 1) [2]. Over time these small dark brown to black cankers coalesce to girdle
the tree [1,2,18]. Recent research has uncovered a potential relationship between water availability and
expression of TCD symptoms, further confounding the detection process [19]. High-stress, low water
potential conditions were more likely to coincide with high TCD incidence, while low-stress, high
water potential conditions (e.g., a well-drained bottomland site) was more likely to coincide with tree
improvement and production of new growth [19]. Because TCD symptoms mimic those of drought,
field detection can be difficult if cankers are concealed or have not yet formed (Figure 1). Disease
detection is often challenging because of absence of symptoms or signs on the bark surface or due
to signs being confused with other abiotic or biotic agents that cause similar symptoms. However,
molecular detection of TCD can be confirmed using G. morbida or WTB microsatellite loci while trees
are asymptomatic [20,21], thus increasing efficacy and response time to potential epidemic outbreaks.

Figure 1. Thousand Cankers Disease symptoms, gallery formation, and canker development. Later
stage crown and branch dieback symptoms of Thousand Cankers Disease on Juglans nigra trees
(white arrows). Trees exhibit symptoms similar to drought, including flagging and yellowing of
leaves, branch dieback, and canopy loss (A); Pityophthorus juglandis galleries and exit holes in the
phloem of J. regia branch. Multiple coalescing cankers on J. hindsii have girdled the branch resulting in
rapid tree mortality (B); Characteristic elliptical canker associated with Geosmithia morbida infection in
J. nigra branch. The cankers are visible only after the outer bark is removed (C); Adult walnut twig
beetles create entrance and emergence holes about the size of a pinhead (0.64-0.75 mm), with galleries
approximately 2.5-5 cm long (D).
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3. The Host Plant Species

The tree genus Juglans (walnuts) is considered a north temperate group that contains 16 species of
walnuts (Juglans sect. Rhysocaryon) that are endemic to the Americas [22]. Five of those species have a
range and distribution in the U.S. (southern California walnut (J. californica S. Wats.; northern California
walnut (J. hindsii (Jeps.) Jeps. ex R.E. Sm.), Arizona walnut (J. major (Torr.) A. Heller), Texas walnut
(J. microcarpa Berlandier), and eastern black walnut (J. nigra)) [22]. All but Arizona walnut exhibit high
sensitivity to pathogen infections [23]. Although all Juglans species are susceptible to TCD infection,
eastern black walnut is the most affected by this disease [7]. In the case of severe infection, TCD can
result in tree mortality within two to three years after initial symptoms have been observed [2,23].
Eastern black walnut is native to the Eastern and Midwestern U.S. Trees grow singly or in small clusters
within forests and at forest edges from Minnesota to Florida, and from the Atlantic coast to central
Texas, excluding the Mississippi River Valley [24]. The species is not evenly distributed across its range,
with greatest densities of eastern black walnut occurring in Missouri, Ohio, and Kentucky [25]. Site
conditions most suitable for eastern black walnut growth include deep, well-drained soils, an average
annual temperature of around 13 °C, and average annual precipitation above 890 mm [24].

Using species specific microsatellite loci, Victory et al. [26] found high genetic diversity and
homogeneity among eastern black walnut populations from the central hardwood region of the U.S.
They hypothesized that evidence of a single Bayesian group can be explained by recolonization
of eastern black walnut from a single glacial refugium and high levels of gene flow and gene
dispersal across wide geographical ranges [26]. Boraks and Broders found similar pattern of low
genetic differentiation and high diversity in butternut (J. cinerea L.) populations [27]. They found
that despite wide-range population collapse due to introduced fungal pathogen Ophiognomonia
clavigignenti-juglandacearum (V.M.G. Nair, Kostichka & J.E. Kuntz) Broders & Boland (Diaporthales:
Gnomoniaceae), significant historical gene flow exists among butternut stands [27,28]. On the other
hand, major shifts in population demography resulting from a rapid population decline can result in
substantial loss of genetic diversity and increased genetic differentiation [29,30]. It is currently unclear
to what extent these changes are occurring in Juglans spp. as a result of different ecological processes,
including various disease pressures and anthropogenic activities. Regardless, greater understanding
about existing genetic diversity within Juglans species is expected to provide a baseline from which
pathogen virulence can be assessed against walnut host species and clonal germplasm within species
with a long-term goal of exploiting disease resistance in future tree breeding efforts.

Eastern black walnut has also been introduced to the western U.S., where it is planted as an
ornamental tree and used as root-stock for grafting scions of English walnut. These grafted trees of
English walnut are resistant to soil-borne pathogens that would kill English walnut trees growing from
their own roots [31]. Juglans nigra is an important wildlife resource across the various ecoregions and
habitats in which it occurs [8]. The species provides a food resource for animals, and a source of nuts
and timber for humans, and loss of this tree species would have a significant ecological, economic,
and aesthetic impact in production sectors such as timber harvest, furniture manufacturing, nut crops,
and nursery stock production [3,8]. It has been estimated that the net volume of eastern black walnut
growing stock on timberland is between 96 and 112 million cubic meters [25,31]. This figure accounts
only for eastern black walnut trees growing within the native range, and does not include transplanted
trees grown in the Western U.S. In general, eastern black walnut that are categorized as growing
stock are eventually harvested for lumber and veneer. For these reasons, volume measurements are
considered most appropriate. As of 2009, this growing stock had an estimated standing value of
approximately $539 billion [31], and the wood is among the most highly prized for its physical and
mechanical properties, as well as its ease of use in woodworking applications [32]. In addition to the
economic value of wood products, walnut oils and extracts are used in a variety of areas benefiting
society such as in food products, medicine, and the industrial complex [24]. Expanded incidence
of TCD into the native range of eastern black walnut is also expected to result in substantial costs
associated with tree removal for those homeowners who have black walnuts on their properties.
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Although Juglans species are the principal host plant under threat, wingnut species (Pterocarya spp.)
are also recognized as host plants that are challenged by this disease complex in California, and could
threaten trees in Louisiana, Missouri, and North Carolina where the principally Asian and Caucasian
(native to Iran, Turkey, and Syria) species in the genus may occasionally be found as a street and
landscape shade tree species [33].

4. The Plant Pathogen

Geosmithia morbida is a slow-growing pathogenic, filamentous ascomycete fungus (Figure 2). This
species was previously thought to be the only pathogenic species in the genus, until G. pallida (G. Sm.)
M. Kolarik, Kubatova & Paotova was discovered to cause Foamy Bark Canker on Coast Live Oak
(Quercus agrifolia Nee) (Fagales: Fagaceae) [34]. Most Geosmithia spp. are bark beetle symbionts and
have not been reported as significant plant pathogens [3]. When G. morbida was first characterized,
fungal isolates from seven western states were used. Arizona, California, Colorado, Idaho, Oregon,
Utah, and Washington were already experiencing mortality of walnut trees by the time the pathogen
was identified [1].

The G. morbida genome (26.5 Mbp) has recently been sequenced, revealing less than 1% repetition
within its more than 6000 genes [35]. A genome-enabled research approach focused on G. morbida can
provide a better understanding of the biology of the pathogen involved in TCD and identify candidate
genes and functions required for pathogenesis. In other plant pathogen systems, whole genome
sequencing revealed a number of highly polymorphic regions which allowed the pathogen to quickly
adapt to new hosts or environments [36], decrease host disease resistance [37], and allowed researchers
to manipulate certain gene clusters that could alter the virulence of the pathogen [38]. Without an
insight into the pathogenicity and mechanisms by which G. morbida overcomes walnut defenses, our
ability to predict, prevent, and manage TCD epidemics will be extremely limited. Thus, additional
genomic research based on Schuelke et al. will serve as a valuable tool for further investigation into
the pathogenesis of G. morbida and related forest diseases [35].

Figure 2. The fungal pathogen of Thousand Cankers Disease, Geosmithia morbida. Light micrograph

image of G. morbida conidiophores (A) and conidia (B); G. morbida isolate grown in 10% potato dextrose
agar plate (C).

Geosmithia morbida has a wide host range that includes other Juglans species, although eastern
black walnut is the most susceptible host plant [7]. Three Carya spp. (Carya illinoinensis (Wangenh.)
K. Koch, C. aquatica (FMichx.) Nutt. and C. ovata (Mill.) K. Koch) (Fagales: Juglandaceae) were tested
for susceptibility to TCD, but were found to be immune to G. morbida infection [7]. Additionally,
three species of wingnut in California have recently been shown to express symptoms of TCD:
Pterocarya fraxinifolia (Lam.) Spach, P. rhoifolia Siebold & Zucc.; and P. stenoptera C. DC [33]. It should
be noted that none of the Pterocarya spp. are found in forested settings in the U.S. Recently, English
walnut, an important species for California walnut production, has also exhibited serious TCD disease
symptoms [39].
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The origin of G. morbida is currently unknown, but its spread has been widely documented to
coincide with the range and spread of WTB [2,3,8,12,16,40]. Two different hypotheses were provided
by Zerillo et al. [3] regarding G. morbida point of origin that coincide with native range and distribution
of either Arizona or California walnut trees. Although research progress has been made in elucidating
these questions and additional work remains in progress, high genetic diversity and the complexity of
the pathogen suggest that G. morbida has been in association with at least one the walnut species and its
vector for a long period of time [3,40]. Indeed, these latter studies both examined population structure
and genetic diversity of the pathogen, and their results indicate high genetic diversity and the presence
of between two [40] and four [3] genetic clusters, which corresponded to geographical distribution
among G. morbida isolates in the U.S. Zerillo et al. [3] found no evidence of sexual reproduction, and
described strong evidential support to indicate that G. morbida has evolved in close association with
WTB and at least one walnut species. In a related study by Freeland [41], twelve distinct haplotypes
were identified from walnut samples collected from nine states. The virulence and canker forming
abilities of these haplotypes were determined to be similar enough that specific G. morbida isolates are
not necessary for epidemiological or genetic research [41]. This report further indicated high genetic
diversity of the pathogen, thus confirming the hypothesis of multiple introductions from multiple
sources [3,39]. Both Zerillo et al. [3] and Hadziabdic et al. [40] proposed that anthropogenic movement
of timber from multiple TCD infested areas, coupled with high susceptibility of eastern black walnut
to disease pressures [7] would support the hypothesis that the pathogen has been recently introduced
into the eastern U.S.—the native range of eastern black walnut. This scenario has been observed in
other forest pathogen systems, particularly the expansion of non-native pathogens into native forest
communities [42,43]. These novel introductions pose a major risk due to absence of co-evolutionary
encounters and evolutionary potential of the pathogen, and lack of detection due to cryptic symptoms,
thus allowing migration and admixture of populations to occur and therefore potentially increase
genetic diversity [3,40,44,45].

5. The Principle Vector

Currently known to be the most prolific vector of G. morbida [1-3,23], WTB, Pityophthorus juglandis
is a small (1.5-1.9 mm) light brown beetle that for a long time was found only in the Southwestern
U.S. (Figure 3). The species was originally described from specimens collected in Lone Mountain,
New Mexico and Arizona, on eastern black walnut in 1928 [46]. This beetle is native to Chihuahua
(Mexico), Arizona, California, and New Mexico [2,31,47,48]. Although the initial distribution of WTB
was limited to Mexico and the southwestern U.S. [46], in the past decade it’s range expanded to include
Colorado, Idaho, Nevada, Oregon, Utah, and Washington in the western U.S. [23,49]. In the eastern
U.S., WTB was first found in Knoxville, Tennessee in July 2010 [8,50]. As of 2015, WTB has been
confirmed in an additional seven states: Indiana, Maryland, North Carolina, Ohio, Pennsylvania,
Tennessee, and Virginia [14,23].

Within the native range of WTB, the primary host is Arizona walnut J. major, whereas southern
California walnut (J. californica) may serve as host where distributions of host species overlap [49,51].
At the Unites States Department of Agriculture-Agricultural Research Service (USDA-ARS) germplasm
collection in Davis, California, WTB have been collected from several Juglans species, including
southern California walnut (/. californica), northern California walnut (J. hindsii), eastern black walnut
(J. nigra), and English walnut (J. regia), as well as the exotic nogal criollo (J. australis Griseb.) and J. mollis
Engelm. [52]. Rugman-Jones et al. argued that the most likely scenario explaining WTB expansion
occurred from California, either by beetle spreading or human mediated movement to other western
U.S. states [23]. High levels of genetic diversity and evidence of two genetic lineages among WTB in the
U.S. have been found, prompting the authors to suggest that the evidence may support presence of two
morphologically indistinguishable species within P. juglandis [23]. High diversity levels are expected
at an organism’s point of geographical origin; validation of this expectation provides additional
support for the hypothesis of co-evolution of the beetle with native Arizona walnut or California
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walnut hosts [3,23]. According to Rugman-Jones et al., two major haplotypes within one of those two
lineages are responsible for the increasing range, yet hybridization that occurs among the haplotypes is
predicted to be a relatively recent evolutionary event [23]. Though the recent hybridization postulated
by Rugman-Jones et al. is between two highly divergent lineages, “hybridization” between individuals
possessing different mitochondrial haplotypes within each of those divergent lineages (i.e., sex) has
probably been going on for some time. Regardless, WTB was first documented in relation to eastern
black walnut mortality in Colorado in 2001 [2] and described as the primary vector of the TCD complex
in 2011 [1].

Figure 3. Thousand Cankers Disease vector, Pityophthorus juglandis. Teneral P. juglandis adult gallery
formation in Juglans nigra branch. Adult galleries are horizontal (a), larval galleries are vertical (b) (A);
Closer examination of P. juglandis gallery. Note Geosmithia morbida mycelium surrounding P. juglandis
gallery (arrows) (B); Scanning electron microscope image of P. juglandis with G. morbida conidia
(arrow) (C).

Adult male WTB larvae and adults overwinter within host trees [53,54]. Emergence generally
occurs between January and March, followed by a primary flight phase between May and July,
and a secondary flight phase from September to October. Male WTB scout for suitable host trees
by identifying volatile organic compounds (VOCs), which are host-specific odors that WIB can
detect [23,55]. Once they find an appropriate host plant, the males release pheromones to attract other
WTB to initiate mass attack and mating. Females lay eggs in the phloem of host trees. Larvae tunnel
through the phloem and form vertical galleries along the wood grain, while adults create galleries
horizontally along the cambial layer (Figure 2). Adult WTB create entrance and emergence holes about
the size of a pinhead (0.64-0.75 mm), with galleries approximately 2.5-5 cm long (Figure 2) [56,57].
The holes and galleries created by a WTB infestation produce myriad infection courts for G. morbida.
WTB do not possess mycangia, which are internal organs adapted for the transport of fungi. Instead,
fungi are carried externally or potentially internally, and beetles deposit G. morbida spores on host
plant tissues as adults bore through the bark into the phloem of the tree (Figure 2) [51].

A better understanding of the olfactory relationship between host and vector has resulted in a
number of effective trapping systems. WTB can be trapped using pheromones, VOCs, or a combination
of both. Hadziabdic et al. [11] used a system of trapping that combined a pheromone-baited funnel
trap with a bundle of eastern black walnut branches hanging nearby. Girdling eastern black walnut
branches to instigate the release of VOCs is another effective lure for WTB. According to Ginzel, adult
WTB are also attracted to the VOCs of G. morbida [55].



Forests 2016, 7, 260 7 of 15

Diurnal flight is bimodal, but the majority of flight activity (more than 75%) occurs near dusk.
Crepuscular flight is influenced by multiple abiotic factors including temperature, light intensity,
barometric pressure, and wind speed [58]. In a study of the effects of temperature on WTB survival,
Luna et al. established three temperature thresholds for adult WTB and larvae [59]. The super-cooling
point (SCP) of WTB is the temperature at which spontaneous intracellular freezing occurs, between
—14.4 °C and —19.7 °C depending on the season. The lower median lethal temperature (LTs5),
the median temperature at which WTB will die from cold, was —16.7 °C for adults and —16.9 °C
for larvae. The upper median LT5, the median temperature at which WTB will die from heat, was
established at 47.9 °C for adults and 47.3 °C for larvae [59]. Extreme low air temperatures were
observed in conjunction with the low-pressure polar vortex conditions experienced starting January
2014 and lasting into March. If temperatures below the LT5y threshold were sustained beneath the bark
of eastern black walnut trees in the eastern U.S., cold-induced WTB mortality, perhaps paired with
interactions with natural enemy arthropods, may help explain declines in WTB subsequently captured
in aggregation pheromone-baited traps. In Tennessee, population levels of WTB were lower for 2014
across locations that beetles had been continuously monitored and trap yields for WIB have continued
to decline into 2016 (W. Klingeman, P. Lambdin, and G. Wiggins) [60].

6. Alternative and Secondary Pathogens and Pathogen Vectors

Although G. morbida has been determined to be the primary pathogen of the TCD complex,
there is limited research regarding secondary or opportunistic pathogens associated with TCD. Other
fungi found to be associated with this disease complex, such as Fusarium solani (Mart.) Sacc., (Order:
Family) are known to cause cankers in eastern black walnut [61] as well as other tree species, including
English walnut, red oak (Quercus rubra L.), and cottonwood (Populus deltoides W. Bartram ex Humphry
Marshall) (Malpighiales: Salicaceae) [62-64]. The first report of F. solani on eastern black walnut
was given by Tisserat et al. [61]. Previous assertions were made that F. solani attacked weakened
trees during the later stages of TCD infection [65]. More recent findings indicate that F. solani may
act instead as an early colonizer and a contributing pathogen of TCD-infected walnut trees in the
early stages of disease development [17]. Current knowledge regarding a F. solani and G. morbida
synergistic pathosystem is limited and should be more closely characterized to elucidate the range of
host-pathogen interactions occurring within this disease complex.

Other Coleopteran species also attack eastern black walnut, including ambrosia beetles such
as Xylosandrus germanus (Blandford) and Xylosandrus crassiusculus (Motschulsky) (Coleoptera:
Curculionidae), bark beetles including Dryoxylon onoharaensum (Murayama) and Pityophthorus lautus
Eichhoff (Coleoptera: Curculionidae), and weevils such as Himatium errans LeConte and
Sitophilus zeamais Motschulsky (Coleoptera: Curculionidae) [55]. Fourteen species of ambrosia beetles
were found in eastern black walnut samples collected from Indiana and Missouri, as well as four bark
beetle species, and four weevil species [55]. Among the weevils found, S. pallidus has been associated
with G. morbida at a number of sites in Indiana [5]. A more complete characterization of arthropods
that may potentially play a role in vectoring G. morbida, and sustaining some degree of transmission
into walnut is ongoing.

7. Impact/Influence of Natural Enemies

Lambdin et al. [57] investigated natural enemies of WTB in an attempt to establish one or
more species as a potential biological control agent. They discovered fourteen predatory insects
and two parasitoid wasp species in eastern black walnut samples collected from East Tennessee.
In addition, they assessed feeding capabilities of two Cleridae species, Madoniella dislocatus (Say) and
Pyticeroides laticornis (Say) (Coleoptera: Cleridae). Madoniella dislocatus is a generalist predator, while
P. laticornis primarily feeds on bark beetles. These clerid beetle species are widely distributed within the
eastern U.S., with M. dislocatus also found in Colorado [66,67]. In laboratory feeding assays, both beetle
species showed a strong preference for live WTB, and preferred WTB over other potential prey species
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Xylosandrus crassiusculus and Tribolium confusum Jacquelin du Val (Coleoptera: Tenebrionidae) [57].
The authors concluded that M. dislocatus may make a more effective predator than P. laticornis due
to its preference for smaller prey, and its calm disposition that would lend itself to easier population
rearing in a laboratory setting [57].

8. Forest Health Implications

Eastern black walnut confers a limited yet important role in sustaining the health and diversity
of eastern deciduous forest ecosystems. This species is an important hardwood timber tree and has
served as a valued ornamental and root stock species in western states. The standing density of eastern
black walnut trees occurring across the native range is highly variable, from somewhat high density in
Midwestern forests (accounting for 35% of all living eastern black walnut trees within the native range)
to very low density in Southern forests [25]. Even with variable densities, the loss of eastern black
walnut would have a serious and immediate biological impact on forest communities, and an economic
impact on arboricultural and agricultural communities [31]. While most research on TCD-infected
eastern black walnut focuses on trees in urban or forest edge environments, it is important to address
TCD as it relates to eastern black walnut within forests. In one study, sixteen pheromone-baited funnel
traps were deployed on or near eastern black walnuts in forested areas to assess the impact of TCD
near locations where the disease had been detected. WTB were collected from four traps [68]. In an
earlier study, G. morbida was found at the forest edge and WTB were later collected nearby, in the
wooded interior [11].

Three factors make TCD potentially devastating to eastern black walnut populations across the
U.S.: high susceptibility of all Juglans species to TCD, the apparent ease with which fungus and
vector can be transported via natural or anthropomorphic means, and the variety of geographic and
climatic conditions in which G. morbida can survive. In addition to these three factors, wildlife relies on
annual walnut production, particularly in years when acorn production is low [8]. The loss of eastern
black walnut in forests would also impact species richness. Further, eastern black walnut mortality
would be detrimental to the walnut log market, impacting export and domestic commerce in furniture
manufacturing, very-high value lumber, and veneer production [31].

9. Control Measures

The first line of regulatory defense for prevention of TCD movement into new areas is to
quarantine eastern black walnut wood from leaving areas of TCD infection. Within a quarantined area,
unprocessed walnut wood, such as firewood or wood that has not yet been processed into lumber, may
not be transported outside the quarantine zone. In many, but not all quarantined areas, once walnut
wood has been processed, it may be exported out of the quarantine zone. Processing can consist of
heat treatment, chemical treatment, kiln-drying, or cutting the wood into lumber [69]. In the case of
TCD quarantines, the danger in transporting unprocessed wood lies within the bark of the tree, where
WTB construct their galleries. Treated wood with intact bark may still be at risk for WTB attack [70,71],
so additional safeguards should be considered when transporting treated eastern black walnut wood
with intact bark [71,72]. If processing is unsuccessful in removing WTB, eastern black walnut should
be destroyed within the quarantine area.

Nine Tennessee counties with confirmed TCD infection have been quarantined [73]. Ohio, Virginia,
North Carolina, and Pennsylvania have subsequently enacted their own quarantines [9,74-76]. Other
states without infestations of WTB or confirmation of G. morbida infected wood, such as Minnesota,
have banned the import of walnut material from infected states [77]. Despite quarantine efforts, TCD
has continued to spread. Maryland is the most recent state to find both WTB and G. morbida, and has
enacted a quarantine in the affected county [14].

Chemical treatment with insecticides has demonstrated only limited efficacy, and is suitable only
for high-value trees [78], including cut logs [72]. Because eastern black walnut trees produce nuts
that are consumed by humans, the available chemical control options for living trees are severely
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limited. Imidacloprid and dinotefuran, both broad-spectrum insecticides currently used in bark beetle
management, can arrest the spread of TCD by eliminating the vector [54]. However, neither chemical
is approved for use on eastern black walnut due to its classification as a food-producing tree [79].
Residual concentrations of imidacloprid were found throughout various tree tissues, including in the
nuts and husks. In an identical test, dinotefuran was found in very small concentrations in some parts
of the tree, but was absent in nut meat [80]. However, these two chemicals are not without controversy.
Imidacloprid and dinotefuran are both neonicotinoid-class chemicals [81,82]. Neonicotinoids are
controversial for use in forest and agricultural settings due to high toxicity to bees. This class of
chemicals has additionally been implicated in bee colony collapse disorder [83].

Another possible TCD control agent could come in the form of entomopathogenic fungi,
fungi that cause disease or mortality in insects. Two fungal species are likely candidates for control:
Beauveria bassiana (Bals.-Criv.) Vuill. (Hypocreales: Cordycipitaceae) and Metarhizium anisopliae
(Metschn.) Sorokin (Hypocreales: Clavicipitaceae) [84]. These fungi have historically been used in the
control of soil inhabiting insects, yet recent studies have also looked to B. bassiana and M. anisopliae
for biological control of Coleopteran species [83-87]. These entomopathogens are also endophytes,
fungi that live within the tissues of plants [88,89]. The existence of beneficial or neutral endophytes
within a plant may also prevent pathogenic fungi from causing damage [88-92]. The combination of
insect-killing plus pathogen protection makes these entomopathogenic fungi particularly interesting
in the light of the complicated TCD disease complex.

Successful mitigation of TCD might be best accomplished using a combination of approaches
that include:

1.  Increased training, both for Extension agents who can inform and encourage citizen participation
in eastern black walnut protection, and for professional foresters/arborists who can take steps to
protect eastern black walnut in their managed forest communities;

2. Increased industry and government oversight that includes directed enforcement of quarantines
to limit walnut wood movement outside of containment areas;

3.  Additional research, with emphases focusing on optimized trapping protocols for P. juglandis
and exploitation and enhancement of natural enemy predators and parasitoids across the range
of J. nigra;

4.  Greater understanding of the synergistic pathosystem between F. solani and G. morbida elucidating
host-pathogen interactions occurring via this disease complex;

5. Genome-enabled research approaches focused on G. morbida that are expected to provide a better
understanding of the biology of the pathogens involved in TCD and will help identify candidate
genes and functions required in pathogenesis.

The loss of eastern black walnut will have significant environmental and economic impacts on
both forest and urban settings throughout the U.S. Species richness and wildlife forage in forests
will be impacted, especially in areas where density of eastern black walnut populations is higher.
In addition, the loss of this very high-value species will lead to economic distress, as well as negative
social and cultural effects in impacted areas. Within the native range and possibly in western states as
well, water availability and stress have a discernable impact on overall survival of individual trees [19].
Identification and mitigation of TCD infection is paramount given anticipated hydrologic climate
change, wherein incidence of TCD expression is predicted to increase alongside drought conditions
in the U.S. [93,94]. Setting up quarantine zones is the first step to slow the extent of transmission.
Sanitation of diseased trees can also stop the spread of TCD. Treatment of TCD-infected trees with
established insecticides is effective against WTB, but some compounds are not permitted due to use
of eastern black walnut as a food crop. Without a concerted effort to understand all of the biotic
and abiotic conditions that contribute to TCD, the detection methods outlined above will only be
marginally effective in the prevention and mitigation of this economically significant plant disease.
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