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Thousand cankers disease (TCD) is caused by the walnut twig beetle (Pityophthorus
juglandis) vectoring the fungal canker pathogen Geosmithia morbida, which can result
in severe dieback and eventual death to species of walnut (Juglans spp.) and wingnut
(Pterocarya spp.). This disease is most devastating to the highly valued species J. nigra
(black walnut). This species is primarily grown and harvested for timber production in
the Central Hardwood Region of the United States, which comprises part of its native
range. Management options for TCD are limited; therefore, finding resistant genotypes
is needed. Initial studies on black walnut susceptibility to G. morbida documented
some genetic variation and suggested potential resistance. Furthermore, G. morbida is
thought to be native to the United States, which may have allowed for co-evolution. To
capture the representative genetic diversity and screen for resistance to G. morbida,
J. nigra families were collected from across the native range. These wild trees, in
conjunction with seedlings developed in a black walnut timber improvement program,
were planted in a common garden in Fort Collins, Colorado and repeatedly inoculated
with G. morbida over the course of four years and three growing seasons. Improved
seedlings exhibited larger cankered areas than wild J. nigra of the same provenance.
Cankers induced by G. morbida in wild germplasm were smaller on J. nigra collected
from the western and central portions of the native range compared to those collected
from the eastern portion. Although trees from the western and central part of the
range still incurred cankers, our findings indicate that variation in genetic resistance
to G. morbida is present in black walnut. This study was performed with G. morbida
independent of the walnut twig beetle, but our results suggest the limited G. morbida
resistance observed in J. nigra will prevent the full compromise of black walnut to
TCD. Results from this study should be taken into consideration in future black walnut
breeding programs.
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INTRODUCTION

Juglans nigra L., commonly referred to as black walnut, is an
ecologically and economically important tree species in the
United States, valued for its timber and edible nuts (Michler
et al., 2007; Newton et al., 2009). The native range of J. nigra
encompasses parts of the midwestern and eastern United States
and landscape plantings occur widely throughout the western
United States. However, instances of J. nigra mortality were
documented in western states in the late 1990s and early 2000s.
In 2007, a comprehensive investigation attributed the dieback
to the walnut twig beetle (Pityophthorus juglandis Blackman,
Coleoptera: Scolytidae) and its fungal associate Geosmithia
morbida (Ascomycota: Hypocreales) (Tisserat et al., 2009; Kolařík
et al., 2011). This disease was named thousand cankers disease
(TCD) for the multitude of fungal cankers that form at beetle
wound sites. Beetles mass attack trees while vectoring G. morbida
and ultimately, this impedes the flow of resources throughout the
tree. TCD impacts all walnut species (Juglans L.) and wingnut
(Pterocarya Kunth), but J. nigra is the most susceptible host
species (Serdani et al., 2013; Utley et al., 2013; Hishinuma
et al., 2016; Hishinuma, 2017; Hefty et al., 2018). Without
effective management tools available, TCD has become more
widespread and most problematic to planted trees (Yaghmour
et al., 2015; Seybold et al., 2019), but also threatening to the $500
million resource of standing J. nigra timber in the United States
(Newton et al., 2009).

Management and detection of forest tree diseases are
complicated. For example, the first indication of TCD is flagging
and dieback in the upper crown, and trees are typically heavily
infested when these symptoms appear. In severe cases, trees die
within several years (Tisserat et al., 2009). Chemical controls
(i.e., insecticides and fungicides) may be effective against TCD
(Mayfield et al., 2019) but are impractical in the forest and
chemical controls are not viable management options for nut
production due to pesticides restrictions (Nix et al., 2013;
OFR, 2016). Semiochemical treatments may be effective in an
orchard-type setting (Audley et al., 2020) but management is
largely focused on quarantine efforts (Daniels et al., 2016) and
techniques to sanitize felled trees to prevent the transport of
infected logs (Sitz, 2013; Mayfield et al., 2014; Audley et al., 2015;
Audley et al., 2016; Elisa et al., 2019; Seabright et al., 2019).
Exploration of biological control agents is in the initial stages and
may be an option to augment other control tactics in the future
(Lambdin et al., 2015; Castrillo et al., 2017; Mayfield et al., 2019).
With these limitations, finding naturally resistant genotypes is an
important step forward in TCD management (Sniezko and Koch,
2017; Lauritzen, 2018) and ultimately, the most practical solution.

Thousand cankers disease was documented throughout most
of the western United States by 2009 (Arizona, California,
Colorado, Idaho, New Mexico, Nevada, Oregon, Utah, and
Washington) attacking native and planted walnut species
(Tisserat et al., 2009, 2011). The initial occurrence of TCD in
the western United States is spatially relevant because it overlaps
with the native range of the walnut twig beetle. This beetle was
described in the southwestern United States, New Mexico and
Arizona (Blackman, 1928; Bright, 1981; Wood and Bright, 1992),

where Arizona walnut (J. major Torr.) commonly occurs.
Historic range expansions show walnut twig beetle in proximity
to J. nigra and southern California walnut (J. californica S.
Watson) (Cranshaw, 2011), and likely allowed for host shifts
(Ploetz et al., 2013). The first record of TCD in the native range of
J. nigra, occurred in Tennessee in 2010 (Grant et al., 2011). Since
the initial accounts, consistent reports were made throughout the
eastern United States (PDA, 2012; VDACS, 2011; ODNR/ODA,
2012; Seybold et al., 2012; NCDACS, 2013; Reed et al., 2013;
MDA, 2015; Moore et al., 2019), and abroad (Italy) (Montecchio
and Faccoli, 2014; Moricca et al., 2019).

Some genetic continuity exists between the fungal genotypes
found in western and eastern United States (Hadziabdic et al.,
2014; Zerillo et al., 2014). Therefore, it is possible that TCD has
been repeatedly introduced into the eastern United States (Haun
et al., 2010); and/or the fungus may be endemic nationwide as
suggested by the widespread presence of Geosmithia spp. in other
parts of the United States (Huang et al., 2019).

Genetic variability in resistance to the fungal component of
TCD has been shown among J. nigra families (i.e., seedlings
collected from the same parent tree) under greenhouse screening
(Utley et al., 2013), where inoculated branches consistently and
repeatedly differed in canker sizes despite similar virulence in
G. morbida genetic clades (Sitz et al., 2017). This suggests that
resistance to G. morbida is naturally present in black walnut,
although to a lesser degree than in J. major, a historical host
of the walnut twig beetle (Utley et al., 2013; Hishinuma, 2017).
As genetic diversity exists in black walnut, we predicted that
resistance should be greatest in J. nigra from the southwestern
portion of the range where trees have historically been in closest
proximity to TCD where natural selection for resistance would
presumably be most intense and also where families are adapted
to drought conditions. In the present study, we screened a
collection of J. nigra families from across the native range of
J. nigra and associated climate factors in order to determine if
resistance to G. morbida is present in J. nigra and if locality and
connected environmental factors were associated with resistance.
A common garden plantation in Fort Collins, CO was used
to (1) determine if any J. nigra families exhibited resistance to
G. morbida and (2) to assess regional adaptability of any resistant
J. nigra families that might aid in future TCD resistance breeding
or conservation programs.

MATERIALS AND METHODS

Plant Materials and Plantings
Walnut seeds were collected in the fall of 2012 from wild
J. nigra, and each family consisted of open pollinated half-sibling
seedlings. Trees included in the study were native, had at least
50 nuts, and harvested from a single tree (Zobel and Talbert,
1984). An emphasis was placed on collecting germplasm from
the four corners and the center of the native range (Figure 1).
In this study, the geographical provenances were grouped as:
northeast (NE), northwest (NW), southeast (SE), southwest
(SW), and central (CTR). A mix of several select walnut families
that originated from the central provenance and developed
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FIGURE 1 | Map of Juglans nigra nut collection locations. Circles represent the location of a parent tree, or the origin of a family and the star indicates the common
garden location.

by the Hardwood Tree Improvement and regeneration Center
(HTIRC), were also included as two provenances [indicated
as Forestry and Natural Resources (FNR) and Hardwood Tree
Improvement (HTI)]. A number of HTI families were collected in
previous years and had been tested in previous screening studies
(Utley et al., 2013). Some of the HTI families had been harvested
in 2010 and 2011, dried to 8% moisture content, and stored in
a freezer at −2.8◦C. All seed was fall sown in October of 2012
and seedlings germinated and grew at the Indiana Department
of Natural Resources Division of Forestry nursery in Vallonia,
IN in 2013. Seedlings were tagged and lifted in January of 2014
before shipment.

For the TCD resistance screening, the dormant 1-year-old
seedlings were shipped to the Colorado State Forest Service
Nursery, Fort Collins, CO, on April 23, 2014. The common
garden was planted “blind” as each tree was tagged with an
arbitrary family code number. Provenance information was
not received until the screen was completed. The screening
experiment was planted as a completely randomized block
design that consisted of nine rows with one tree per family
per row because the amount of sunlight varied depending on
the proximity to the shelterbelts. In total, 640 trees from 83
families were planted using a 3 ft planting scheme. Although
the experimental design strived for 9 trees per family, several of
the families had either 6 or 3 saplings due to mortality during
storage and/or damaged roots. After planting and during the 2014
growing season, the walnut plot was treated for weed control
at the label rate with pendimethalin (BASF Corp., Research
Triangle Park, NC), a pre-emergent herbicide, and the plot was
irrigated as needed throughout the season to encourage seedling
establishment. In other years, the walnut trees did not receive

any irrigation and the plot was mechanically weeded. Sapling
mortality was recorded at the end of the experiment.

Fungal Isolates
Single-spore isolates of two G. morbida strains were grown on
half-strength potato dextrose agar (1/2 PDA) for 10–14 days
at 25◦C in 100-mm-diameter × 15-mm-deep Petri dishes.
Sterile 1/2 PDA was included as a control and G. morbida
isolates originally obtained from diseased J. nigra in Colorado
G1217 (CBS 124663; haplotype H03, genetic cluster 1) and
G2071 (collected from Larimer, County, Fort Collins in 2014)
were chosen as inoculum. Methods described by Zerillo et al.
(2014) were used to determine haplotype and genetic cluster
information for isolate G2071. Mycelium was harvested and
lyophilized after 5 days of continual shaking at 70 rpm and
25◦C in 1/2 potato dextrose broth. DNA extraction, PCR reaction
mixtures, and PCR programs, as described in Zerillo et al. (2014),
were used to amplify DNA from the b-tubulin (BT) gene and
methionine aminopeptidase (MAP) gene of isolate G2071. DNA
was amplified in a thermocycler (MJ Research Inc., Waltham,
MA), confirmed by using a Sub-Cell GT Wide Mini (Bio-
Rad, Hercules, CA) electrophoresis system, and PCR products
were cleaned using a High Pure PCR Product Purification Kit
(Roche Life Science). Ten nanograms of DNA per 100 base
pairs and 25 pmol of primer were sequenced at Genewiz1, and
chromatograms were visualized using Sequence Viewer Software
7.7.1 from Applied Biosystems2. Quality nucleotide sequences

1https://www.genewiz.com
2https://www.qiagenbioinformatics.com/
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were compared to the G. morbida polymorphisms that determine
haplotype and cluster as determined by Zerillo et al. (2014).

Inoculations
A total of 640 trees were inoculated on July 7 and 8, 2014,
July 5 and 6, 2016, and June 27 and 28, 2017 by creating three
wounds with a 5 mm metal punch. Trees were not inoculated in
2015 because stems were cut in 2014 and there was insufficient
regrowth. Wounds were made ten centimeters apart on the main
stem. The bark layer was removed and a control 1/2 PDA plug
was placed onto the bottom wound with a scalpel, then a plug of
1/2 PDA with isolate G1217 into the middle wound, and a plug
of 1/2 PDA with G2071 into the top wound. The inoculated area
was wrapped with Parafilm for 6 weeks. Stems were harvested on
August 18, 2014, August 16, 2016, and August 10 and 11, 2017
and stored at 4◦C until processing. The bark was peeled back to
expose cankers which were then photographed (Supplementary
Figure 1). All cankers were measured within 6 weeks of the
harvest date. In 2016, G. morbida was re-isolated from inoculated
stems planted in each row, fulfilling Koch’s postulates.

Quantification of Canker Area and
Statistics
Cankered areas (cm2) were quantified using image-processing
software (Rasband, 1997-2016). Data were log transformed to
better approximate assumptions of normality, then analyzed
using JMP software v13.1.0 (Sas Institute, 2012). Mixed effects
models were fit using log canker area as the response. Branch
diameter, G. morbida strain, and provenance were included
as fixed effects. To account for blocking in the experimental
design, random effects included row, and nested terms. Nested
terms included family within provenance. The analysis was
run separately for each year. Pairwise comparisons between
isolates were considered using a Fisher’s LSD method. Outliers
were identified as data points that were outside the 3rd
quartile + (1.5∗interquartile range).

Environmental Variables
To account for climatic variation given the broad range of
J. nigra in the present study and possible intrinsic adaptive
differences among the families, a principal component analysis
was performed. Bioclimatic variables, n = 19, were obtained for
each seed source location (WorldClim Database v1.4; Hijmans
et al., 2005) and analyzed in R v3.5.0 (R Core Team, 2013) using
raster, rgdal, foreach, and sp. packages (Dupin et al., 2011; Endriss
et al., 2018). In addition, yearly precipitation measurements
were obtained from records at the Colorado State University
station approximately 1500 m from the common garden site for
comparative purposes.

RESULTS

Fungal Isolates
Comparisons of isolates G1217 and G2071 revealed genetic
differences. Isolate G1217 was typed as an individual of haplotype

3 within cluster 1 (Zerillo et al., 2014), and we determined
that G2071 falls within haplotype 40 within cluster 3. GenBank
numbers are MW468403 (BT) and MW468404 (MAP). G1217
produced significantly larger cankers than G2071 in all three
years (P < 0.001, df = 1, F = 100.4; 2014 P = 0.0151, df = 1,
F = 5.95; 2016 P < 0.001, df = 1, F = 187.21; and 2017 P = 0.0134,
df = 1, F = 6.16).

Family Differences
Cankered areas differed by family when analyzed over all 3 years
(P < 0.001, df = 2, F = 615.65) and varied each year (2014
P = 0.4441, df = 6, F = 0.98; 2016 P = 0.0117, df = 6, F = 2.99;
and 2017 P = 0.1074, df = 6, F = 1.81). In 2014, the establishment
year, no significant differences were found either among families
or provenances. Furthermore, cankered areas did not exhibit
trends similar to those in 2016 and 2017 and were consistently
smaller (Table 1). It is likely that the data obtained in 2014 are
not indicative of host resistance; not only were the seedlings
recently transplanted, but they also received supplementary water
throughout the season. Therefore, the data obtained from 2014
were excluded from further analyses.

Mean cankered areas of J. nigra families ranged from 0.81 to
7.88 cm2 in 2016 and from 0.98 to 3.83 cm2 in 2017. Additionally,
individuals within a single family had differing responses to
inoculation with G. morbida. For example, 2017 canker areas on
individual trees from Family 49 (NW provenance) differed by as
much as 10.6 cm2.

Provenance Differences
Despite canker areas being largest in 2016, some similarities
between provenances were observed when comparing 2016 and
2017. In 2016 and 2017, cankered areas were smaller on trees
from the western and central provenances when compared
to eastern provenances (Figure 2 and Table 1). On average,
the combined cankered areas on trees from the western and
central provenances were 14% smaller than those from eastern
provenances in 2016 and 8% smaller in 2017. The groups of
walnuts in the breeding improvement program that originated

TABLE 1 | Mean and standard error of cankered areas on seedling Juglans nigra
selected for enhanced growth and timber quality at the Hardwood Tree
Improvement Center.

Provenance 2014 2016 2017

FNR 1.22 ± 0.07 A 4.45 ± 0.37 A 1.76 ± 0.11 A

HTI 1.08 ± 0.05 A 4.52 ± 0.30 A 1.79 ± 0.09 A

NE 0.98 ± 0.07 A 4.32 ± 0.39 AB 1.72 ± 0.11 A

NW 1.07 ± 0.05 A 3.19 ± 0.28 BC 1.53 ± 0.08 AB

CTR 0.95 ± 0.04 A 3.33 ± 0.23 C 1.42 ± 0.07 B

SE 0.88 ± 0.08 A 4.06 ± 0.45 ABC 1.70 ± 0.14 A

SW 0.95 ± 0.07 A 2.90 ± 0.40 BC 1.41 ± 0.12 AB

FNR (Forestry and Natural Resources), HTI (Hardwood Tree Improvement) or
grown from seeds that originated from native wild trees in the northeast (NE),
northwest (NW), central (CTR), southeast (SE), and southwest (SW) portions of the
native range. Letters indicate significant differences within each year, as calculated
by Fisher’s LSD.
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FIGURE 2 | Size of cankered areas (cm2) on Juglans nigra seedlings bred for timber qualities (FNR, HTI) or grown from seed collected from trees that originated from
the northeast, northwest, central, southeast, and southwest portion of the native range (NE, NW, CTR, SE, and SW provenances, respectively) planted in a common
garden in Fort Collins, CO and inoculated with Geosmithia morbida. The boxes represent the 25th and 75th percentiles, the horizontal line in each box indicates the
median. The whiskers signify maximum and minimum values, and circles indicate outliers. Outliers were identified as data points that were outside the 3rd
quartile + (1.5 × interquartile range). The numbers above each box plot represent the number of trees tested from the given provenance.

from the central provenance (FNR and HTI), both had larger
cankered areas than did wild trees from the central provenance
(Table 1). In fact, the HTI region included one family (#14-008),
previously screened as resistant (Utley et al., 2013), which had
substantial cankers and large variation in this study (averaging
3.30 ± 1.69 and 1.02 ± 0.98 cm2 in 2016 and 2017, respectively).

Environmental Variables
Temperature and precipitation in the warmest quarter and in the
driest month from seed source locations accounted for 87% of the
variation in J. nigra performance (seedling health), as predicted
by the seed source location and suitability of the common
garden environment. Linear components PC1: temperature
accounted for 62% of the variation; PC2: precipitation in the
warmest quarter accounted for 17% of the variation; and PC3:

precipitation in the driest month accounted for 8% of the
variation (Supplementary Figure 2).

Effects of environmental variables associated with temperature
and precipitation were also observed in the field. Trees from
the southern provenances had higher mortality than trees from
the central and northern provenances (Table 2). Over the study
period, annual rainfall ranged from 98 to 109% of normal,
however 2016 had below normal rainfall, 13–15% less than the
other years (Table 3).

DISCUSSION

Despite significant differences in canker sizes and hence disease
resistance in J. nigra, the cankered areas were substantial on
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TABLE 2 | Survival by provenance, including the number of trees planted, the
number of trees that survived the duration of the experiment, and the
percent mortality.

Provenance No. trees planted No. trees survived % Mortality

FNR 69 65 6

HTI 106 100 6

NE 59 54 8

NW 125 113 10

CTR 196 162 17

SE 50 30 40

SW 93 56 40

TABLE 3 | Precipitation at the common garden site located at the Colorado State
Forest Nursery over the length of the experiment, and the percent precipitation
relative to the normal amount (40.8 cm).

Year Total (cm) % Relative to normal

2014 42.47 104

2015 44.50 109

2016 37.29 91

2017 40.08 98

Data obtained from Colorado State University’s Mesonet (CoAgMET, 2017).

all trees. Importantly, the improved J. nigra selections for
enhanced growth and timber quality (Beineke, 1989; McKenna
and Coggeshall, 2018) appeared to have been selected against
G. morbida resistance, and consistently produced the largest
cankers. This phenomenon is most clear when comparing
the cankered areas on wild unselected trees from the central
provenance. These findings emphasize the need for future
breeding programs to consider the trade-offs between TCD
resistance and growth rate, as is described by the growth
differentiation balance hypothesis. This framework examines the
allocation of available resources and the tradeoff between growth
and cell differentiation, like those needed for defense mechanisms
(Stamp, 2004). Trees in breeding programs selected for growth
may inadvertently select against resistance, as observed in our
study. Utilizing surviving J. nigra in areas that sustained TCD
over many years may be a better breeding approach, as is the
case for other systems, such as ash (Fraxinus spp.) and emerald
ash borer (Agrilus planipennis). Future TCD screening programs
should identify potential mechanisms of resistance, determine
if the observed resistance is heritable (Telford et al., 2014), and
allow a year or more for seedling establishment before screening,
as demonstrated by our 2014 screening data.

Overall, cankered areas on wild J. nigra originating from
the western and central provenances were smaller than those
from eastern provenances, indicating there is some regional
resistance to G. morbida. Underscoring this point, TCD has still
not been documented in the western portions of the J. nigra
native range. Furthermore, TCD has been seen in the eastern
portion of the J. nigra native range (states such as Tennessee,
North Carolina, and Pennsylvania, in particular with just several
small occurrences in Ohio, and Indiana) causing some mortality,
especially following drought (Griffin, 2014).

Outside of the native range, TCD has devastated J. nigra
planted in urban landscapes throughout the western
United States (Tisserat et al., 2009; Seybold et al., 2019). In
contrast, within the native range, TCD has progressed very
differently. For example, G. morbida has been detected on a
variety of ambrosia beetles, other bark beetles, and weevils in the
central and eastern part of J. nigra’s native range (Juzwik et al.,
2015; Moore et al., 2019), yet mortality has not been documented
with these non-walnut twig beetle associations nor have many
species of Pityophthorus been documented.

These observed differences in TCD dynamics between the
western United States and the eastern United States, might mean
that TCD has not yet spread to the western part of J. nigra’s
native range. On the other hand, these differences could also
reflect heightened genetic resistance in western J. nigra reflecting
co-evolution with G. morbida. Alternatively, co-evolution with
a related pathogen species (exaptation) sometime in the past
could confer resistance to G. morbida (Budde et al., 2016). Several
studies have examined the genetic diversity of populations and
examined genomic structure to assess whether G. morbida is
native to the southwest or whether this a newly emerged pathogen
(Hadziabdic et al., 2014; Schuelke et al., 2017). High genetic
diversity and complexity of the pathogen suggests that G. morbida
is native and has co-evolved with some Juglans spp. in the
past (Daniels et al., 2016). Our results support that the higher
resistance of western populations reflects co-evolution of J. nigra
and G. morbida which would further support that G. morbida is
likely a native organism.

It is not yet well understood if differences in susceptibility to
P. juglandis exist in in J. nigra families. This knowledge, however,
will be an integral part of understanding TCD epidemiology.
Therefore, to more fully understand the impact of TCD, J. nigra
identified to exhibit more resistance in this study should be
challenged against high populations of P. juglandis naturally
vectoring G. morbida. P. juglandis adaptation to the southwestern
portion of the United States likely impacted disease progression,
but the presence of G. morbida on additional insects (Warmund
and van Sambeek, 2014; Juzwik et al., 2015; Chahal et al.,
2019; Moore et al., 2019) could complicate TCD epidemiology,
especially in areas where P. juglandis is maladapted.

Large variation in J. nigra cankers occurred in all families,
similar to what was observed at the provenance level illustrated
by numerous outliers in Figure 2. In some other host-
pathogen systems such as Dutch Elm Disease and Chestnut
Blight, host genetics has shown little variation in pathogen
resistance (Gibbs, 1978; Anagnostakis, 1987; Budde et al., 2016).
This suggests that J. nigra, and likely other North American
black walnut species, may have co-evolved with this fungal
pathogen. The host variation we detected, when coupled with
the high genetic diversity of G. morbida (Zerillo et al., 2014;
Hadziabdic et al., 2014) and P. juglandis (Rugman-Jones et al.,
2015) in the western United States, provides further evidence
that TCD is native to the United States. This has significant
implications since native diseases are not known to have
devastating impacts on their hosts. Rather they usually display
moderate levels of damage consistent with endemism. The
observed disease progression supports this idea, where TCD has
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been repeatedly found in the east yet mortality has occurred
only in landscape trees and not progressed into native eastern
forests. Such non-forest sites in the east have behaved much
like J. nigra planted outside of the native range in the West
(Seybold et al., 2019).

Prior to this screening study, a number of families within
the HTI provenance were challenged with G. morbida in the
greenhouse (Utley et al., 2013). One family, #14-008, previously
recorded as resistant (Utley et al., 2013), incurred large cankers
and therefore was not identified as resistant in our field trial.
This is not uncommon, and discrepancies between screenings
performed in the greenhouse and field have been previously
documented (Telford et al., 2014) and show the importance of
validating greenhouse trials in the field.

The most important bioclimatic variables obtained from
J. nigra seed source locations were associated with temperature
and precipitation in the warm or dry months. Winter hardiness
is known to correlate to seed source location in J. nigra
(Bey, 1979; Bresnan et al., 1993). In this study, it is likely
that seedlings from the southern portion of the native range
had the highest rates of mortality because they experienced
cold temperatures associated with the 2014 polar vortex. The
J. nigra common garden site received the least amount of
precipitation in 2016, and cankered areas were the largest
that year. Thus, drier conditions may have contributed to
increased canker sizes in this study and were noted by
Griffin (2014), but the correlation between drought and
J. nigra susceptibility to G. morbida is a topic that needs
further investigation.

G. morbida isolate G1217 produced larger cankered areas
in this study and may be slightly more virulent than isolate
G2071. Isolate G2071 was consistently used to inoculate the
distal end of the main stem, and therefore smaller diameter
branches which are known to exhibit larger cankered areas
(Sitz et al., 2017), yet G2071 consistently resulted in smaller
cankered areas among provenances and from year-to-year. The
differences in cankered area between the two fungal isolates
was biologically significant due to our robust sample size and
replicate years.

This study investigated the relative susceptibility of J. nigra
to G. morbida. Importantly, we found that J. nigra seedlings
bred for improved growth rate and timber form were the
least resistant to G. morbida. Walnuts originating from the
northwest and southwest United States edges of the native range
of J. nigra exhibited the smallest cankers and were therefore more
resistant to G. morbida compared those originating in the eastern
United States. The enhanced resistance was consistently exhibited
in trees from the western portion of the J. nigra native range.
This, coupled with the large variation in cankered areas, provides
further evidence that G. morbida is native to the United States,
and likely co-evolved with Juglans spp.

Overall, the environmental conditions at the common garden
site were drier, and in some cases colder, than those found
across the native range of J. nigra. As a result, susceptibility
to G. morbida may have been coupled with stress responses of
the families. Disease screening studies that include wide-ranging
genotypes will have other genetic adaptations that are difficult to

control and need to be considered when interpreting data. Results
from this study should be taken into consideration in future
J. nigra breeding programs, especially since traits ideal for timber
production can reduce TCD resistance and may alter resistance
to other diseases.
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Supplementary Figure 1 | Inoculation of Geosmithia morbida caused cankers on
Juglans nigra.

Supplementary Figure 2 | Principal component biplot of bioclimatic variables to
account for the climatic variation in the native range of Juglans nigra. The following
19 bioclimatic variables were obtained for each J. nigra seed source location.
Linear components PC1: temperature accounted for 62.5% of the variation, PC2:
precipitation in the warmest quarter accounted for 16.7% of the variation, and

PC3: precipitation in the driest month accounted for 8% of the variation. The

legend indicates the climate range, or GPS location, for each family. Each blue dot
represents a family. BIO1 = Annual Mean Temperature; BIO2 = Mean Diurnal
Range (Mean of monthly (max temp – min temp)); BIO3 = Isothermality
(BIO2/BIO7) (×100); BIO4 = Temperature Seasonality (standard deviation × 100);
BIO5 = Max Temperature of Warmest Month; BIO6 = Min Temperature of Coldest
Month; BIO7 = Temperature Annual Range (BIO5-BIO6); BIO8 = Mean
Temperature of Wettest Quarter; BIO9 = Mean Temperature of Driest Quarter;
BIO10 = Mean Temperature of Warmest Quarter; BIO11 = Mean Temperature of

Coldest Quarter; BIO12 = Annual Precipitation; BIO13 = Precipitation of
Wettest Month; BIO14 = Precipitation of Driest Month; BIO15 = Precipitation
Seasonality (Coefficient of Variation); BIO16 = Precipitation of Wettest Quarter;

BIO17 = Precipitation of Driest Quarter; BIO18 = Precipitation of Warmest Quarter;
BIO19 = Precipitation of Coldest Quarter.
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