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Thousand cankers disease (TCD) of walnut is a result of feeding in the
phloem by the walnut twig beetle (WTB), Pityophthorus juglandis, and
subsequent canker formation caused by Geosmithia morbida around
galleries. TCD has caused extensive morbidity and mortality to Juglans
nigra in the western United States and, in 2010, was discovered in the
eastern United States, where the tree is a highly valuable timber resource.
WTB and G. morbida also have been found in J. regia orchards
throughout major production areas in California, and the numbers of
damaged trees are increasing. We tested the susceptibility of walnut
and hickory species to G. morbida in greenhouse and field studies.
Carya illinoinensis, C. aquatica, and C. ovata were immune. All wal-

nut species tested, including J. ailantifolia, J. californica, J. cinerea, J.
hindsii, J. major, J. mandshurica, J. microcarpa, J. nigra, and J. regia,
developed cankers following inoculation with G. morbida. J. nigra was
the most susceptible, whereas J. major, a native host of the WTB and,
presumably, G. morbida, had smaller and more superficial cankers.
Canker formation differed among maternal half-sibling families of J.
nigra and J. cinerea, indicating genetic variability in resistance to G.
morbida. Our inoculation studies with G. morbida have corroborated
many of the field observations on susceptibility of walnut and hickory
species to TCD, although the ability of the WTB to successfully attack
and breed in walnut is also an important component in TCD resistance.

Juglans nigra, commonly called black walnut or eastern black
walnut, is one of the most highly valued timber species in North
America. The wood is prized for use in cabinetry, gunstocks, and
other finished wood products; the nuts are an important nutritional
source for wildlife; and the nut shells are used for a variety of
industrial applications (17,26). The greatest volume of black wal-
nut growing stock on timberland is found in Missouri, Ohio, Iowa,
Indiana, Illinois, Tennessee, West Virginia, Kansas, Pennsylvania,
Virginia, and Michigan (18,26). In addition to the multimillion
dollar U.S. market for walnut wood, walnut lumber and logs are
exported internationally to over 45 countries (31,33).

J. nigra is not native to the western United States but it has been
widely planted there as an ornamental and nut-bearing tree and, to
a limited extent, for wood products. In the early 1990s, J. nigra
mortality was observed in Oregon and Utah but the cause was not
determined (22,30). Subsequent death of J. nigra in the late 1990s
in Utah (22) and in 2001 in New Mexico (32) was attributed to
drought and attack by the walnut twig beetle (WTB), Pity-
ophthorus juglandis (32). In 2008, J. nigra death in Colorado was
determined to be the result of aggressive feeding by the WTB on
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large branches and even the trunk and subsequent canker de-
velopment around beetle galleries caused by a newly described
fungal symbiont of the beetle, Geosmithia morbida (15,29).
Fusarium solani may also contribute to tree mortality during the
latter stages of TCD by forming cankers on the main trunk (29).
The disease was given the common name of thousand cankers
disease (TCD) because of the enormous number of coalescing
cankers that are formed in the bark of severely affected trees (29).
The WTB (5,24) and TCD (30) are now widespread in J. nigra in
the western United States and have caused extensive mortality. The
disease recently has become established in the native range of this
species in Tennessee, Virginia, and Pennsylvania (9,13,20,36) and
poses a potential threat to J. nigra in those states.

Sixteen walnut species are native to the Americas and six of
these, including J. californica (southern California black walnut),
J. cinerea (butternut), J. hindsii (northern California black walnut),
J. major (Arizona walnut), J. microcarpa (little walnut), and J.
nigra have ranges in the United States (16,28) and are potentially
at risk from TCD. The WTB is native to J. major in Arizona and
New Mexico (2) and, perhaps, to J. californica in California (3) but
has expanded its range to include 90 U.S. counties (71 in the west
and 19 in the east) in 12 states (24). G. morbida has been consist-
ently isolated from small, superficial cankers surrounding the bee-
tle galleries in J. major throughout its range in Arizona and New
Mexico (N. Tisserat, unpublished data) but the fungus has not
caused widespread dieback or mortality in this species (5,11) as it
has with J. nigra. Similarly, G. morbida has been isolated from
WTB galleries in declining J. californica and J. hindsii in
California (6,25) but the relative susceptibility of these species to
the fungus from controlled experiments has not been reported
previously. TCD has recently been reported in a single J. cinerea
tree in Oregon (23). The J. cinerea population throughout the
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eastern United States and Canada has been decimated by butternut
canker caused by Ophiognomonia clavigignenti-juglandacearum
(1,4,19) and further damage or mortality caused by TCD could be
serious. Other walnut species exotic to the United States also may
be impacted by TCD. J. regia (Persian or English walnut), native to
Eurasia, is widely planted in North America and is a commercially
important orchard crop in California. G. morbida has been isolated
from individual J. regia trees exhibiting cankers in California
orchards but the potential impact of TCD on this crop is still
unknown (6,12). J. ailantifolia (Japanese walnut), introduced into
North America from Asia, has become naturalized in areas of the
eastern United States and, in some locations, has hybridized with
J. cinerea (14).

Numerous hickory species (Carya spp.), also members of the
family Juglandaceae, are native to North America and are im-
portant ecologically and commercially. For example, Carya illinoi-
nensis (pecan) is native to the southern United States but is widely
planted for nuts outside its natural range. In 2011, over 251 million
pounds of pecan nuts (in shell) were harvested (30). TCD has not
been reported in any hickory species, although the ability of WTB
and G. morbida to colonize hickory species without causing
significant damage could have important epidemiological con-
sequences (e.g., serving as an inoculum reservoir) because many of
their ranges overlap with those of J. nigra and J. cinerea. The
objective of this study was to determine the relative susceptibility
of selected walnut and hickory species to G. morbida. A
preliminary assessment of some species was published (34).

Materials and Methods

Greenhouse inoculations. For all greenhouse experiments, 1- to
2-year-old dormant trees were planted between February and April
in each year in 3.8- or 7.6-liter plastic pots containing a soilless
mix (P4, Conrad Fafard, Inc.). Trees were placed on a greenhouse
bench at 20 to 25°C and allowed to resume growth for at least 1
month prior to inoculation.

G. morbida isolates 1217 (CBS 124663) and 1218 (CBS
124664), originally isolated from J. nigra in Colorado, were used
as inocula in all experiments in Colorado. Isolates were grown on
half-strength potato dextrose agar (Y2 PDA) for approximately 7
days prior to use. For inoculations in all greenhouse experiments,
wounds were made in the bark as deep as the xylem in the main
stem of each tree by using a 3-mm-diameter metal punch. Wounds
were spaced approximately 10 to 15 cm apart, with the lowest
wound on the stem approximately 15 cm from the tree base. The
number of wounds varied with the experiment. Following wound-
ing, bark inside the wound was removed and replaced with Y2 PDA
or ¥2 PDA colonized by one of the G. morbida isolates. Wounds

were sealed with Parafilm and trees were placed on the greenhouse
bench in a randomized complete block design. Parafilm was re-
moved 3 weeks after inoculation. After 6 weeks, stems were har-
vested and the outer bark was removed to expose phloem necrosis
associated with wounding or canker development. Discolored areas
were determined from digital images by using the Java software
ImageJ 1.42 (http://rsb.info.nih.gov/ij/index.html). Canker areas
that developed following inoculations with G. morbida were com-
pared by paired ¢ tests to areas of discoloration associated with
wounds in which 2 PDA was inserted. Canker area differences
among tree species resulting from G. morbida inoculations were
compared by analysis of variance (MINITAB 14) (http://www.
minitab.com/en-US/).

In May 2009, walnut and hickory species were obtained from
various sources (Table 1). In some cases, the set of trees represent-
ing certain species (e.g., C. illinoinensis and J. nigra) were grown
from pools of open-pollinated seeds, and, therefore, were not
necessarily related to one another. In other species (e.g., J.
californica), replicate trees were grown from nuts collected from a
single parent tree. The set of maternal half-sibling trees
representing these species were designated as families. Four
wounds were made in the stems of five C. ovata (shagbark
hickory) trees and six trees each of the other species. Stem
diameters were 4 to 11 mm. Bark plugs in wounds second and
third from the bottom were removed and replaced with plugs of %2
PDA or ¥2 PDA colonized by Aspergillus niger, respectively. This
fungus, commonly found in WTB galleries, was included as a
control to compare wound discoloration associated with a
nonpathogenic fungus to that of G. morbida. Holes at the other two
wound sites were filled with 2 PDA colonized by one of the two
G. morbida isolates, such that each isolate was placed in the top
hole on three replicate trees and the bottom hole on three others. In
September 2009, a second set of open-pollinated or maternal half-
sibling trees representing the same species and collected from the
same sources were inoculated and incubated in the same manner.

In May 2010, stems from six arbitrarily selected trees represent-
ing six maternal half-sibling J. nigra families supplied by the
Hardwood Tree Improvement and Regeneration Center (HTIRC;
United States Department of Agriculture [USDA] Forest Service,
Purdue University), were wounded in three places. A V2 PDA plug
was inserted in the bottom wound of each tree and ¥2 PDA plugs
colonized by the two G. morbida isolates were randomly placed in
the other two wounds. The experiment was repeated in September
2010 by inoculating six additional trees from the same families. In
a separate September experiment, but using the same methods,
three trees each of C. illinoinensis ‘Peruque’ and ‘Riverside’ and
six trees of C. aquatica (water hickory), obtained from the USDA

Table 1. Canker development in hickory and walnut species 6 weeks after inoculation with Geosmithia morbida in the greenhouse in June and September

2009
Canker area (mm?)Y

Species Genotype* Source June September
Carya ovata Open pollinated Cold Stream Farm, MI 43a
C. illinoinensis Open pollinated Kansas State Forest Nursery 12.8 a 8.6a
Juglans major Open pollinated Walnut Creek, AZ 109 a 283 a
J. hindsii Multiple families National Clonal Germplasm Repository, Davis, CA 189 a 40.4 ab
J. californica Family DJUG15.13 National Clonal Germplasm Repository, Davis, CA 192 a 111.0c

Family DJUG20.7 37.2 ab

Family DJUG23.3 72.8 be
J. microcarpa Open pollinated Concord, NE 30.0a 199 a
J. regia Open pollinated and multiple families Cold Stream Nursery, TN, University of California, Davis 36.0a 26.0a
J. ailantifolia Multiple families University of Tennessee 66.0b 79.7 ¢
J. cinerea Multiple families University of Tennessee 82.2 be 304 a
J. nigra Open pollinated Kansas State Forest Service 1213 ¢ 191.2¢

Y Means in same columns not followed by the same letter are different (P = 0.05) by Fisher’s least significant difference test. The area of phloem
discoloration caused by G. morbida was greater (P < 0.05) in all species except C. ovata in June and C. illinoinensis in June and September than
discoloration surrounding wounds in which half-strength potato dextrose agar was inserted.

“ Maternal half-sibling trees within a family were grown from nuts collected from a single tree. In the case where only two or three individuals of a family
were obtained, trees from multiple families were arbitrarily selected for each experiment. Trees were 1 to 2 years old (4 to 11 mm in stem diameter) at the

time of inoculation.
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Agricultural Research Service (ARS) Pecan Breeding & Genetics
collection, and six trees in each of nine maternal half-sibling J.
nigra families, obtained from the University of Missouri, were
inoculated with G. morbida. The experiment was not repeated.

Six trees each in nine J. cinerea and three hybrid (J. cinerea x
ailantifolia) families obtained from HTIRC were inoculated in
May 2011 and evaluated as previously described, except that only
one G. morbida isolate (1217) was used. The experiment was not
repeated.

Field inoculations. Colorado. In June 2008, two 3-mm-diame-
ter wounds, spaced approximately 15 cm apart, were made with a
metal punch on each of four to six branches of a single J. cinerea,
J. mandshurica (Manchurian walnut), and J. microcarpa tree lo-
cated in the Colorado State University arboretum in Fort Collins).
Trees were approximately 20 years old and the diameters of inocu-
lated branches were 7 to 15 mm. The 2 PDA or 2 PDA colonized
by G. morbida isolate 1217 was randomly inserted into a wound on
each branch; wounds were wrapped with Parafilm and the film was
removed after 3 weeks. Inoculated branches were cut from the
trees after 8 weeks and canker areas were determined as previously
described.

Utah and Idaho. Field inoculations of walnut and hickory spe-
cies were conducted in June 2009 at two plantings near Richmond,
UT and one planting near Dayton, ID maintained by Improving
Perennial Plants for Food and Bioenergy, Inc. IPPFBE), a 501.c.3
nonprofit corporation. Trees were 1 to 6 years old (field age) and
had been planted in blocks (half-sibling families) at one location or
were arbitrarily scattered (individual species) at the three locations.
The number of trees representing each species or half-sibling
family within a species that were inoculated varied from 1 to 5.
Three 3-mm-diameter wounds spaced 10 to 15 cm apart were made
on three branches on each tree using a metal punch. Tree branches
were approximately the same size (10 to 20 mm in diameter) and at
the same tree height (1 to 2 m). The Y2 PDA was inserted into the
center wound and %2 PDA colonized with G. morbida isolates 1222
and 1223, originally isolated from J. regia and J. nigra, respec-
tively, at the IPPFBE, were randomly placed in either the top or
bottom wound. Following inoculation, wounds were wrapped with
Parafilm; the film was removed after 3 weeks. After 5 weeks, all
inoculated branches were removed from the trees and canker areas
were determined as previously described. No differences (P >
0.10) in canker size between the two isolates on each tree species
or family were detected. Therefore, canker areas formed in
response to the two isolates were averaged first for each branch,
then for all branches on the same tree. Mean canker area for each
tree was then used to determine mean canker sizes for each tree
species and family, except where only one tree of a species was
inoculated. In those cases, mean canker size was determined by
averaging canker areas from the three inoculated branches.
Inoculations were repeated in June 2011 on some but not all of the
same trees. The number of trees representing each species or half-
sibling family within a species that were inoculated varied from 1
to 6. The experiment was modified from 2009, such that one
branch on each tree (two branches for an individual tree
representing a species) was inoculated at three locations with G.
morbida isolate 1222 as described. The Y2 PDA was placed in a
fourth wound located at the base of each branch. Branches were
harvested in November and canker areas for each species were
analyzed as previously described. Cankered areas that formed in
response to G. morbida on branches within a species or half-
sibling family in both years were compared in paired ¢ tests to
areas of discoloration in response to wounds treated with ¥2 PDA.
Canker sizes among species were not directly compared by
analysis of variance because the number of tree replicates for each
species and family was variable and trees were scattered across
three locations.

California. In 2010, five walnut species (J. ailantifolia, J.
californica, J. major, J. microcarpa, and J. regia) from the Juglans
Collection of the USDA-ARS National Clonal Germplasm Reposi-
tory (NCGR), established in 1984 at Winters, CA, were evaluated

for susceptibility to G. morbida. On 8 July, three 5-mm-diameter
wounds spaced 10 to 15 cm apart were made with a cork borer into
the bark to the xylem on two branches in each of five trees of each
walnut species. Branches were 2 to 4 cm in diameter and 2 to 4 m
above the ground. The ¥2 PDA was inserted into the center wound
on each branch, and Y2 PDA colonized with G. morbida isolates
GM-1 and GM-3, originally isolated from J. hindsii and J. regia,
respectively, in California were randomly placed in one of the two
outer wounds. Wounds were covered with Parafilm for the duration
of the experiment. On 19 August, inoculated branches were excised
and canker lengths were determined. A second trial on a set of five
different trees representing each species was conducted from 21
July to 1 September 2010. Two additional trials were conducted
from 8 July to 19 August and 26 July to 8 September in 2011 in a
similar manner, except that five trees representing J. hindsii and J.
mandshurica were also included at each date. To the extent possi-
ble, the same groups of trees representing each species were used
in both years. In all trials, the length of discoloration associated
with wounds filled with ¥2 PDA was subtracted from bark necrosis
associated with G. morbida inoculations. Lesion length data were
logy, transformed to establish a normal distribution and then ana-
lyzed as a mixed model with PROC MIXED (SAS ver. 9.1; SAS
Institute). Walnut species was treated as a fixed effect, while year,
trial, isolate, and replicate tree were treated as random effects.

Results

Greenhouse inoculations. Canker formation in walnut and
hickory species in the 2009 experiment was not influenced (P >
0.10) by G. morbida isolate or by the position of inoculation on the
stem; therefore, data were pooled for analysis in both experiments
(Table 1). However, differences in canker development in some
species were observed between the two experiments and those
results are presented separately. No cankers developed in C. illi-
noinensis and C. ovata following inoculation with G. morbida.
After 6 weeks, wounds had sealed and the fungus could not be
isolated from the callus. In contrast, cankers developed in all
inoculated J. nigra trees. Cankers, sometimes reaching 12 cm in
length, often were irregular in shape with small, finger-like streaks
of necrotic phloem radiating from their margins. These cankers
were similar to those observed in naturally infected branches. G.
morbida was consistently isolated from canker margins in these
trials. Reactions of other walnut species to inoculations with G.
morbida were variable. J. californica, J. hindsii, J. major, J. micro-
carpa, and J. regia developed small cankers in both experiments
and they were larger (P < 0.05) than the area of discoloration
associated with wounds in which Y2 PDA had been inserted. G.
morbida was consistently isolated from discolored tissue in these
species. In general, J. cinerea (except in the second experiment)
and J. ailantifolia developed larger cankers than the other walnut
species, except J. nigra. Inoculation of trees with A. niger, a com-
mon nonpathogenic inhabitant of necrotic J. nigra bark, did not
result in greater phloem discoloration (P > 0.10) than wounds in
which Y2 PDA had been inserted.

There were no isolate or experiment interaction effects (P >
0.10) on canker development following inoculation of J. nigra
trees representing maternal half-sibling families from the HTIRC
in 2010; therefore, data from these experiments were combined for
analysis. Cankers formed in all trees and differences (P < 0.05)
among maternal half-sibling families were observed. Canker areas
in the most susceptible family were approximately 50% larger, on
average, than the least susceptible family (Fig. 1). In a similar ex-
periment in the same year, J. nigra families from the University of
Missouri exhibited variation in mean canker size (Fig. 2). No can-
kers developed in C. aquatica or two varieties of C. illinoinensis in
this experiment. In the experiment conducted in 2011, J. cinerea
and its hybrids with J. ailantifolia also exhibited variation in can-
ker development (Fig. 3). Cankers in OS 60R were only slightly
larger (P < 0.05) than wound discoloration alone. Trees in other
maternal half-sibling families had larger cankers, especially those
representing J. cinerea hybrids.
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Field inoculations. Colorado. Cankers formed on branches of J.
microcarpa (169 mm?), J. cinerea (206 mm?), and J. mandshurica
(564 mm?) 8 weeks after inoculation with G. morbida. Bark necro-
sis surrounding branch wounds inoculated with G. morbida in each
tree was greater (P < 0.05) than wounds in which Y2 PDA had been
inserted. G. morbida was consistently isolated from canker mar-
gins on each tree in this trial.

Utah. Juglans and Carya spp. planted at the IPPFBE sites exhib-
ited variable susceptibility to G. morbida in 2009 (Fig. 4). C. illi-
noinensis, C. ovata, and J. ailantifolia did not develop cankers;
wounds had sealed with callus after 5 weeks and G. morbida could
not be isolated. J. major and J. nigra x regia had small necrotic
lesions surrounding inoculation sites but these were not larger (P >
0.10) than discoloration associated with the wounding process.
Nevertheless, G. morbida was isolated from canker margins in
each species. Similarly, J. hindsii and J. regia developed small
cankers from which G. morbida could be isolated. Successively
larger cankers were found in J. microcarpa and in maternal half-
sibling families of J. nigra.
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Fig. 1. Canker development in Juglans nigra trees representing maternal half-
sibling families 6 weeks after inoculation with Geosmithia morbida in the green-
house in 2010. Column means not followed by the same letter are different (P =
0.05) by Fisher’s least significant difference test and represent canker areas aver-
aged across two G. morbida isolates and two experiments. Bars indicate standard
errors.
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Fig. 2. Canker development in Carya aquatica, C. illinoinensis, and Juglans nigra
trees representing maternal half-sibling families 6 weeks after inoculation with Geo-
smithia morbida in the greenhouse in 2010. Column means not followed by the
same letter are different (P = 0.05) by Fisher’s least significant difference test and
represent canker areas averaged for two G. morbida isolates. Bars indicate
standard errors.
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Results from the 2011 Utah inoculations were similar to 2009
(Fig. 5), except that canker areas tended to be larger in most spe-
cies as a result of the longer period between inoculation and canker
assessment (June to November). No or very little canker formation
was observed in C. illinoinensis, C. ovata, or J. major. Small but
significant (P < 0.05) areas of necrotic phloem developed at inoc-
ulation sites in J. regia, J. hindsii, and J. nigra x regia and G. mor-
bida was isolated from canker margins in this trial. Cankers devel-
oped in all J. microcarpa and J. nigra trees and variation in canker
area was observed among the J. nigra families representing the
different nut cultivars.

California. All walnut species tested at the NCGR developed
cankers and G. morbida was consistently isolated from canker
margins in these trials. There was no effect (P > 0.10) of experi-

hybrids
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Fig. 3. Canker development in Juglans cinerea and J. cinerea x ailantifolia hybrid
(shaded columns) trees representing maternal half-sibling families 6 weeks after in-
oculation with Geosmithia morbida in the greenhouse in 2011. Column means not
followed by the same letter are different (P = 0.05) by Fisher’s least significant dif-
ference test and represent canker areas averaged for two fungal isolates. Bars indi-
cate standard errors.
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Fig. 4. Canker development in branches of hickory and walnut species 5 weeks
after inoculation with Geosmithia morbida at the Improving Perennial Plants for
Food and Bioenergy, Inc. field planting, Utah, in May 2009. Bars represent standard
errors; * (P < 0.05) = significant and NS (P > 0.10) = nonsignificant differences in
bark necrosis around wounds inoculated with G. morbida compared with wounds
amended with half-strength potato dextrose agar. Numbers in parentheses
following species or family name represent the number of replicate trees inoculated.



mental trial, year, or their interactions with canker formation.
J. californica and J. microcarpa had the longest cankers; J. hindsii,
J. major, and J. regia were intermediate; and J. ailantifolia and
J. mandshurica with the shortest cankers (P < 0.05; Fig. 6). There
was a small difference (P = 0.005) in canker lengths between the
two G. morbida isolates, with GM-3 (27.6 £ 1.1 mm) more viru-
lent than GM-1(23.2 = 1.1 mm).

Discussion

TCD is an emerging tree disease in North America that is capa-
ble of damaging multiple walnut species. In this study, we provide
an initial comparison of a number of native and introduced walnut
species as well as several hickory species for the reaction of their
phloem to infection by G. morbida. A number of these species and
their hybrids are important for rootstock development in commer-
cial walnut production. Because effective disease management will
most likely include deployment of resistant host material, identi-
fication of the potential variation in this regard among species and
breeding lines is important.

Susceptibility to G. morbida among species of Juglans and
Carya was assessed by lesion length (California) or lesion area
(Colorado and Utah) following controlled inoculation of defined
isolates of G. morbida. All J. nigra tested developed cankers fol-
lowing inoculation with G. morbida and it was the most suscepti-
ble of the walnut species. However, differences in canker sizes
among maternal half-sibling families in both greenhouse and field
trials were identified. In most families, cankers extended from the
phloem to the cambium and exhibited irregular margins, with no
indication of a host defense response (e.g., callus formation). Can-
kers in a few families (e.g., 280) were small and superficial, with
uniform margins that were bordered by suberized tissue, indicating
an induced host defense response. These results support previously
observed differences in canker formation among J. nigra families
following inoculation with G. morbida (7,8). J. nigra families in-
cluded in our studies represented maternal half-siblings from trees
with superior nut, growth, or tree form characteristics; they were
not selected based on empirical knowledge of their reaction to G.
morbida. Thus, variation in canker development among these fami-
lies was unexpected. Healthy J. nigra free of WTB galleries or
cankers have been found in Colorado and Utah in areas severely
impacted by TCD (30). Although these surviving trees have not yet
been tested for resistance, their presence, along with results of our
inoculation trials, suggest that there may be even greater genetic
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Fig. 5. Canker development in branches of hickory and walnut species 5 months
after inoculation with Geosmithia morbida at the Improving Perennial Plants for
Food and Bioenergy, Inc. field planting, Utah, in June 2011. Bars represent stan-
dard errors; * (P < 0.05) = significant and NS (P > 0.10) = nonsignificant differences
in bark necrosis around wounds inoculated with G. morbida compared with wounds
amended with half-strength potato dextrose agar. Numbers in parentheses fol-
lowing species or family name represent the number of replicate trees inoculated.

differences in J. nigra to canker formation caused by G. morbida.
J. nigra is an open-pollinated species with high genetic diversity
(35). Its range overlaps or is at least contiguous with that of J. ma-
Jjor and J. microcarpa in the southwestern United States (10). J.
major is a native host of the WTB (2) and is less susceptible to G.
morbida based on our inoculations and field observations. Intro-
gression of resistance genes from J. major to J. nigra or from J.
major to J. microcarpa and then to J. nigra via hybridization in this
region is plausible. For example, natural hybrids between J. major
and J. nigra have been observed in Texas (10). Further testing of
these hybrids as well as other J. nigra accessions from Texas and
throughout eastern North America will provide insights as to possi-
ble sources of resistance to G. morbida.

The WTB and G. morbida have not been detected in the native
range of J. microcarpa in eastern New Mexico (11), even though
the beetle and fungus are widely distributed on J. major in the
western part of that state. Exploratory surveys in Texas have also
yielded no evidence of either organism on J. microcarpa. This was
surprising because J. microcarpa is susceptible to G. morbida.
Furthermore, WTB galleries and natural cankers caused by G.
morbida have been observed in J. microcarpa at the NCGR plant-
ing at Winters, CA, and this species proved to be among the most
susceptible of the seven species tested there (Fig. 6). It is possible
that J. microcarpa is isolated geographically from the native range
of WTB and, hence, G. morbida in New Mexico, although both the
beetle and G. morbida were collected from a J. major tree located
in Lincoln County, NM and within the native range of J. micro-
carpa (A. D. Graves, unpublished data). Alternatively, in native
habitats, the WTB may have difficulty locating and colonizing J.
microcarpa or the beetle may be unable to complete its life cycle
on this host. In any case, further surveys for the presence of WTB
and G. morbida throughout the native range of J. microcarpa,
including Texas, Oklahoma, and Kansas, are needed.

TCD was recently confirmed in a naturally infected J. cinerea in
Oregon (23) and, therefore, poses a potential threat to this species
in its native range. Our results support the general susceptibility of
this species to G. morbida, although some half-sibling families
were resistant. There was a trend for half-siblings of J. cinerea
hybridized with J. ailantifolia to be more susceptible to G. mor-
bida and further testing is needed to verify this observation. If true,
this could be important because J. ailantifolia is being used in
butternut breeding programs as a potential source of resistance to
the butternut canker pathogen (37).

In greenhouse trials, trees of both J. californica and J. hindsii
developed cankers following inoculation by G. morbida but not to
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Fig. 6. Canker development in branches of seven walnut species 6 weeks after
inoculation with Geosmithia morbida at the United States Department of Agri-
culture-Agricultural Research Service National Clonal Germplasm Repository, Cali-
fornia, in the summers of 2010 and 2011. Column means not followed by the same
letter are different (P = 0.05) by Fisher’s least significant difference test and repre-
sent canker lengths averaged for two fungal isolates. Bars indicate standard errors.
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the same extent as J. nigra. The WTB was first collected in Cali-
fornia from J. californica in Los Angeles County in 1959 (3) and,
since 2008, the insect and G. morbida have been widely collected
on this species in southern California (6,24,25). Thus, G. morbida
may have always been associated with J. californica, causing can-
kers and contributing to branch dieback of stressed trees attacked
by the WTB much in the same manner it does on J. major. The
WTB and G. morbida are also widespread on declining J. hindsii
in the lower Sacramento Valley (6,24,25), although other factors,
including mistletoe and drought, may be contributing to the general
dieback in this region. Rapid mortality in J. hindsii, similar to what
is occurring in J. nigra, has not been observed, perhaps due, in
part, to the lower aggressiveness of G. morbida on this host. None-
theless, among the species tested, both J. californica and J. hindsii
were relatively susceptible to G. morbida in branch inoculation
trials at the NCGR (Fig. 6).

J. regia developed cankers following inoculation with G. mor-
bida but its susceptibility varied depending on experiment. These
results are consistent with field observations. For example, two J.
regia trees naturally infected with TCD were killed in Colorado in
2010 but healthy J. regia were found adjacent to J. nigra killed by
TCD in Richmond, UT in the same year. The WTB and G. mor-
bida also have been found in J. regia trees in orchards throughout
the major production areas of California’s Sacramento and San
Joaquin Valleys, and the numbers of damaged trees that have been
identified are increasing. Nevertheless, widespread mortality of J.
regia in California has not yet occurred and the potential threat of
TCD in commercial orchards is still being assessed. J. regia trees
often are grafted onto a walnut hybrid root stock called ‘Paradox’.
Paradox is commonly defined as a hybrid between J. hindsii and J.
regia but may also include hybrids between J. nigra or J. califor-
nica and J. regia (21). We tested only a few J. nigra x regia hy-
brids in Utah and their reaction varied from not forming cankers in
one year to formation of small cankers in the next. It is likely that
Paradox rootstocks will show substantial variation in susceptibility
to G. morbida depending on parentage, especially if J. nigra is
used as one of the parents. Further screening of commercial hybrid
rootstocks is warranted.

We did not exhaustively test hickory species for susceptibility to
G. morbida; however, C. illinoinensis, C. aquatica, and C. ovata
did not develop cankers following inoculation, nor were we able to
isolate G. morbida from the callus surrounding wounds. These
results are consistent with field observations in Colorado and Cali-
fornia, where mature C. ovata and C. illinoinensis appeared
healthy, with no evidence of WTB galleries or cankers even though
they were growing next to J. nigra (Colorado) and J. hindsii (Cali-
fornia), respectively, with advanced symptoms of TCD. This indi-
cates that these species and, perhaps, all hickory species will not be
susceptible to G. morbida or likely to serve as an inoculum reser-
voir as certain oak species do for the chestnut blight fungus (27).

Our inoculation studies with G. morbida have corroborated
many of the field observations on susceptibility of walnut and
hickory species to TCD. One caveat is that G. morbida is incapable
of killing walnut species, even the highly susceptible J. nigra, on
its own. In nature, individual cankers caused by G. morbida rarely
exceed 20 cm in length and, even though the fungus produces enor-
mous numbers of dry conidia that could be airborne, there is no
direct evidence that infection occurs anywhere on trees except at
WTB feeding sites or in and around galleries. Thousands of coa-
lescing cankers resulting from inoculations by the WTB are neces-
sary to kill a mature tree. Therefore, the ability of the WTB to suc-
cessfully find, colonize, and breed in walnut trees is also an
important component in TCD resistance in Juglans spp. or geno-
types. Ongoing research at the NCGR is documenting the potential
for differential host selection behavior by the WTB on many wal-
nut species.
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