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Abstract
The emerald ash borer (EAB) (Agrilus planipennis Fairmaire) (Coleoptera: Buprestidae), native to East Asia and discovered in Michigan in 2002, has been a devastating pest of
North American ash trees (Fraxinus spp.). Along with native ecosystems in Eastern North
America, a large percentage of urban canopies in many North American cities consist of
ash trees, and many of these areas have lost or risk losing these valuable trees. As part
of a multi-faceted management strategy, it is important to develop and plant cultivars of
ash with resistance to this damaging insect. Given that EAB is not considered a pest in
its native range of East Asia, we suspect that Asian ash taxa may have some resistance
based on their co-evolutionary relationship to the beetle. To test for possible resistance in a
range of Fraxinus and Ulmus taxa, a series of no-choice adult EAB maturation laboratory
feeding bioassays and larval phloem utilization and suitability bolt studies were performed
with 19 different Asian, European, and North American Fraxinus and 16 different Ulmus
taxa. Adult leaf-feeding susceptibility was variable among the Asian ash taxa. Fraxinus
chinensis, F. chinensis subsp. rhynchophylla, and F. mandshurica were found to be the least
susceptible. Larval phloem utilization studies revealed that F. chinensis and F. chinensis
subsp. rhynchophylla were less suitable compared with F. mandshurica, F. angustifolia
subsp. angustifolia, and the highly suitable F. pennsylvanica. None of the Ulmus taxa
tested were susceptible to adult feeding or suitable for larval development. This study has
revealed potential Fraxinus species to be used in future breeding programs and plantings.
Keywords: Emerald Ash Borer, Fraxinus, Ulmus, Host Plant Resistance

Since its discovery in 2002 in Michigan, the emerald ash borer (EAB) (Agrilus
planipennis Fairmaire) (Coleoptera: Buprestidae) has killed millions of North American
ash trees (Fraxinus spp.) throughout the
trees’ natural range (Haack et al. 2002, Cappaert et al. 2005, Poland and McCullough
2006). Both rural and urban forests have
been heavily impacted by this invasive,
non-native wood-boring insect (www.emeraldashborer.info). The use of systemic chemical insecticides for the protection of urban
and landscape trees has been shown to be
effective in protecting trees from feeding by
EAB but is not sustainable long-term, while
in rural forests, chemical management is not
feasible or economical. In some cases, the use
of classical biological control (i.e., the release
of non-native egg and larval parasitoids)
shows promise (Duan et al. 2013, Bauer et al.
2015). Host plant resistance can potentially
offer a long term, sustainable approach for
managing EAB, and has been used to breed
and select cultivars of other tree and shrub
species, including the American Chestnut
(Castanea dentata) and American Elm (Ul-
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mus americana), with resistance to serious
pests and diseases (Ware 1992, Smalley
and Guries 1993, Miller 2000, Herms 2002,
Anagnostakis 2012).
Although all North American Fraxinus
species are susceptible to EAB, they vary
in their susceptibility. Research has shown
that green ash (Fraxinus pennsylvanica) and
black ash (F. nigra) are highly susceptible
to EAB, followed by less susceptible white
ash (F. americana), and the least susceptible blue ash (F. quadrangulata) (Cappaert
et al. 2005; Poland and McCullough 2006;
Anulewicz et al. 2007, 2008; Pureswaran
and Poland 2009; Tanis and McCullough
2012, 2015). In its native range, EAB feeds
on F. mandshurica and F. chinensis (Chinese
Academy of Sciences 1986, Yu 1992, Haack et
al. 2002), but is considered a secondary pest
that attacks stressed trees and rarely causes
tree mortality. Recent studies have shown
that F. mandshurica is much less susceptible
to EAB, however, when hybridized with the
North American F. nigra ‘Northern Treasure’, EAB susceptibility greatly increased
(Rebek et al. 2008, Pureswaran and Poland
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2009, Tanis and McCullough 2015). Due to
its inherent resistance to EAB, F. mandshurica has been studied extensively in an
attempt to elucidate mechanisms of resistance (Eyles et al. 2007; Cipollini et al. 2011;
Rivera Vega 2011; Whitehill 2011, 2012;
Chakraborty et al. 2014). In their native
range, F. chinensis, and F. chinensis subsp.
rhynchophylla have also shown resistance
to EAB, suggesting that there are additional
taxa yet to be examined that could contribute
to a better understanding of resistance in
Fraxinus (Liu et al. 2007). Of the 43 known
species of Fraxinus, 20 are of Asian origin
(Wallander 2008), but to the best of our
knowledge, only a few studies have examined
adult EAB feeding susceptibility and larval
suitability on Asian or European taxa other
than F. mandshurica (Siegert et al. 2014,
Koch 2015, Poland et al. 2015, Kelly et al.
2020). Asian or European Fraxinus taxa
with greater resistance could be selected for
urban plantings in North America or used
in breeding programs to confer resistance
genes to cultivars of North American ash for
reforestation efforts. This breeding strategy
has proven successful in the development
of a chestnut blight resistant American
Chestnut, which was created by backcrossing
with the more resistant Chinese Chestnut
(Castanea mollissima) (Anagnostakis 2012,
Westbrook et al. 2019) and could potentially
be utilized in the creation of resistant North
American ash.
Studies from Japan have reported
EAB feeding on Asian species of Ulmus and
other genera (Kurosawa 1956; Akiyama and
Ohmomo 1997, 2000; Sugiura 1999), A later
study found that EAB larvae were unable to
feed or develop on the phloem of American
elm trees (Anulewicz et al. 2008) but they
did not record leaf feeding activity on Ulmus
by adult EABs or examine other Asian and
North American Ulmus species.
Adult EABs require a 10 to 14-day
leaf-feeding maturation period in order to
mate and reproduce, therefore leaf quality
and chemistry can be very important in host
susceptibility and suitability (Lelito et al.
2007, Rodriguez-Saona et al. 2007, Herms
and McCullough 2014, Chen et al. 2011b,
Poland et al. 2015). Additionally, once the
eggs hatch and the larvae bore into the host
tree, phloem chemistry and host response
play a critical role in larval establishment
and development (Chen and Poland 2009,
2010; Chen et al. 2011a, 2012; Poland et
al. 2015). In some cases, ash species, even
those considered susceptible, are actually
able to ‘wall off” or callous over EAB larvae
resulting in larval starvation and death
(Duan et al. 2010).
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In an attempt to determine the relative resistance of Asian, European, and
North American Fraxinus and Ulmus taxa
to EAB, we conducted a series of adult maturation feeding bioassays and larval phloem
utilization studies in both laboratory and
field settings. Objectives of this study were
to determine the relative susceptibility
of Asian, European, and North American
Fraxinus and Ulmus taxa to adult feeding,
and the relative suitability of these taxa for
adult survival, and larval establishment,
development, and survival. Results from this
study will hopefully contribute to a greater
understanding of Fraxinus resistance to EAB
and the development of EAB resistant ash
trees for use in the developed landscape in
areas impacted by the insect.
Materials and Methods
Plant Material: Fraxinus and
Ulmus. Three of the taxa evaluated in this
study were obtained from seed collected
during a 2008 joint expedition to Shaanxi
Province, China (Bachtell and Siegel 2010).
These seeds, along with seeds of 16 other
taxa obtained from botanic gardens and
arboreta around the world, were propagated and planted at The Morton Arboretum
(TMA) in Lisle, Illinois in the Arboretum
tree breeding nursery and main Arboretum
collections. Two of the trees were grafted (F.
platypoda and F. angustifolia subsp. syriaca
(syn. F. syriaca)) and only one was a clone
(F. angustifolia subsp. syriaca (syn. F. sogdiana)). Taxonomic groupings determined by
Wallander (2008, 2012) were used to confirm
species designation. With the exception
of the F. pennsylvanica and F. americana
standards, which had been growing at the
arboretum for at least 50 years at the beginning of the leaf-feeding and bolt studies,
the remaining candidate Fraxinus taxa were
four to 20 years old, approximately 5–30 cm
(2–12 in) DBH, and 1.5–6 m (5–20 ft) tall.
Ulmus americana, U. procera, and U. pumila
were large mature trees over 50 years old
with DBHs > 60 cm, and approximately 15
m (50 ft) tall. The remaining Ulmus taxa
were 6 to 37 years old, approximately 7.5 to
50 cm (3 to 20 in) DBH, and 3–9 m (11–34
ft) tall. See Tables 1 and 2 for a complete
list of all Fraxinus and Ulmus taxa evaluated in this study. Leaves and bolts of the
highly preferred F. pennsylvanica served as
a standard and were collected from trees in
TMA collections and the Greene Valley Forest Preserve in Woodridge, Illinois (DuPage
County). Ulmus foliage and bolts were harvested from Ulmus taxa, and the susceptible
standard, F. americana trees growing in the
collections at The Morton Arboretum (TMA).
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16
16
12
12

15–20
15–20
10–15
10–15

F. angoxy
F. angsyr
F. excel
F. mand

4
16

2.5–5
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China

F. spaethiana

1SW=Southwest; 2S=Southern; 3C=Central; 4N=Northern; 5E=Eastern

F. platy

7.5-12
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Section Incertae sedis
F. platypoda

1

Tree Age
(yrs)

F. angang 15–20

F. anom

Code		
Assigned DBH (cm)

2022

Section Melioides
F. americana
E USA and E Canada		
F. amer
20–25
20
F. pennsylvanica
C and E USA, Canada
F. lanceolata, F. pubescens, F. tomentosa
F. . penn
20–25
20
							
Section Ornus
F. apertisquamifera
Japan		
F. aper
2.5–5
4
F. baroniana
China		
F. bar
2.5–5
4
F. bungeana
China		
F. bun
15–20
16
F. chinensis subsp. chinensis
China, Korea
F. caudata, F. lingelsheimii,
F. chi
10–15
12
		
Vietman, Thailand
F. medicinalis
			
F. rhynchophylla var. huashanensis,
			
F. sargentiana, F. szaboana, F. yunnanensis
F. chinensis subsp. rhynchophylla N China, Korea
F. japonica, F. rhynchophylla
F. chirhy 10–15
12
		
Japan, SE Russia
F. floribunda
Himalaya, E Asia
F. insularis, F. stylosa, F. retusa,
F. flor
5–7.5
6
			
F. odontocalyx, F. fallax
F. lanuginosa
Japan		
F. lanu
2.5–5
4
F. longicuspis
Japan
F. borealis
F. long
2.5–5
4
F. ornus
C and E Mediterranean, SW Asia		
F. orn
10–15
12
F. paxiana
Himalaya, China
F. sikkimensis,
F. pax
10–15
12
			
F. suaveolens, F. depauperata

Section Fraxinus
F. angustifolia
SW Europe,		
subsp. angustifolia
NW Africa
F. angustifolia
S2 and C3 Europe
F. oxycarpa,
subsp. oxycarpa
to Central Asia
F. oxyphylla, F. pallisiae
F. angustifolia.
Turkey to Central Asia
F. syriaca,
subsp. syriaca 		
F. potamophila F. sogdiana
			
F. turkestanica
F. excelsior
N4 and C Europe
F. coriariifolia.
		
to W Russia
F. mandshurica
China, Japan
F. nigra.
		
Korea, E5 Russia
subsp. Mandshurica

Section Dipetalae			
F. anomala
SW1 USA
F. lowelli, F. potosina

				
Section and species
Geographic origin1
Synonyms.

Table 1. Fraxinus taxa evaluated by taxonomic section, geographic origin, synonyms, code assigned, DBH, and tree age (after Wallander
2012).
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Table 2. Ulmus taxa, evaluated by geographic origin, DBH, and tree age.
Ulmus taxa

Geographic origin

U. alata
U. americana
U. bergmanniana
U. castaneifolia
U. chenmoui
U. crassifolia
U. davidiana
U. laevis
U. lamellosa
U. macrocarpa
U. parvifolia
U. procera
U. pumila
U. szechuanica
U. thomasii
U. Morton Glossy ‘Triumph’

North America
North America
Asia
Asia
Asia
North America
Asia
Europe
Asia
Asia
Asia
Europe
Eurasia
Asia
North America
Asia

Emerald Ash Borers (EABs). Beetles used in the leaf-feeding and bolt studies
were reared from infested green (F. pennsylvanica) and white ash (F. americana) trees
from the greater Chicago metropolitan area.
The EAB ash rearing logs were placed in
an outdoor screened rearing cage (8 × 6 × 8
feet) and the beetles were allowed to emerge.
Adult EABs were collected daily as they
emerged and placed on F. pennsylvanica
foliage until used in the feeding bioassays. In
2017 and 2018, due to a decrease in EAB populations in the local area, beetles and eggs
were also obtained from the USDA-APHIS
EAB Biocontrol Rearing Facility (Brighton,
Michigan).
Fraxinus Larval Phloem Utilization Bioassays. Depending on availability,
three to four individual ash trees per taxon
were selected for study. In the summers of
2017 and 2018, three to four healthy ash
branches 6.5 to 10 cm in diameter were
collected from trees of F. floribunda (syn.
F. stylosa), F. mandshurica, F. chinensis,
F. chinensis subsp. rhynchophylla, and F.
angustifolia subsp. angustifolia growing in
TMA tree breeding nursery, brought to the
laboratory, and cut into ~17 cm-long bolts.
Bolts of the susceptible F. pennsylvanica
standard were collected from the Greene
Valley Forest Preserve, since no untreated
F. pennsylvanica survived onsite at TMA.
All cut ends were sealed with Parafilm™
and bolts were placed into zip-sealed plastic
bags to prevent desiccation and stored in a
walk-in cooler at ~ 4 °C until needed. At the
beginning of each study, bolts were surface
sterilized with a 30-minute soak in a 10%
bleach solution, rinsed thoroughly with
running tap water, and allowed to dry at
room temperature.

https://scholar.valpo.edu/tgle/vol55/iss1/6

DBH (cm)
20–25
75–100
7.5–10
7.5–10
7.5–10
25–30
30–35
45–50
25–28
20–25
35–40
63–68
63–68
28–33
28–33
25–30

Tree age (Yrs.)
20
75
6
6
6
25
27
37
21
16
35
50
50
27
27
20

Methods for phloem assays were
informed by methods used by the USDA-APHIS EAB Biocontrol Rearing Facility
(Brighton, Michigan). Filter paper discs containing eggs laid by adult female EABs were
cut into small sections containing 2–6 eggs
each. A total of 10 eggs from a randomized
combination of several different discs were
placed on each of six bolts for each taxon
tested. The filter paper containing the eggs
was pinned with the eggs next to the bark
and gently wrapped with Parafilm™ to prevent desiccation. The bolts were then placed
in a shallow plastic tray with ~ 1.5 cm of tap
water and held in an incubator at a L:D 16:8,
28 °C, and 60–70% relative humidity. Fungal contamination was managed by wiping
the bolt surface with a 10% bleach solution
once the larvae had bored into the cambium region. The bolts were left undisturbed
for approximately 60 days, after which the
bolts were removed from the incubator and
examined for evidence of larval feeding
and development, and pupal development.
Gallery lengths were measured, after which
larvae in pre-pupal chambers were removed.
The number and instar of surviving larvae
were recorded (with the “J” prepupal stage
considered instar five for calculating means).
In 2017, the total gallery area was quantified
by measuring the length of each gallery,
calculating the average of the largest and
smallest gallery widths and multiplying to
obtain the approximately total gallery area.
In 2018, gallery area was determined by
marking galleries with a black permanent
marker, photographing the galleries, and
then using ImageJ software (Rasband 1997)
to measure total gallery area. Gallery density on each bolt was equal to total gallery area
(cm2)/ total bolt surface area (cm2).
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Ulmus Larval Phloem Utilization
Field Studies. In summer of 2014, larval
phloem utilization studies were conducted
on three Asian Ulmus taxa: U. szechuanica,
U. macrocarpa, and U. davidiana. Fraxinus
americana served as the standard. Depending on availability, on 1 and 2 June, four to
five branches were taken from each of three
elm trees per taxon, and from the white
ash standard from trees growing in the elm
collection at TMA. The branches were cut
into bolts 3.8 to 7.6 cm (1.5–3 in) in diameter and 30 to 38 cm (12–15 in) long, the cut
ends were waxed, and the bolts were held in
a cooler (4 °C) until placed in the field on 3
June 2014. One bolt set included one bolt of
each of the three elm taxa and the white ash
standard. One bolt set was then positioned
in one of each of nine different EAB-infested
F. pennsylvanica parkway trees in the towns
of Woodridge and Downers Grove (DuPage
County, IL). There were nine single bolt
replicates for each of the three elm taxon and
the white ash standard. Where possible, the
four bolts in each bolt set were attached to
a vertical branch, using cable ties, in one of
the four cardinal directions within the tree
canopy approximately 3.7–4.6 m (12–15 feet)
off the ground. The arrangement of an individual bolt, on a given branch, within a bolt
set, was randomized, and the ends of each
bolt within a set, were slightly overlapped
with the bolt immediately above and immediately below. Each bolt was labeled with a
black waterproof marker for species identification. Bolts were removed in mid-August,
peeled, and examined for EAB life stages,
number and size of galleries, and number
of adult exit holes.
In 2015, a similar study to the one
described above was conducted using
EAB-infested green ash trees growing in
the Greene Valley Forest Preserve (GVFP)
(DuPage County, IL). Bolts were prepared
and arranged within the tree canopy as
described previously on 8 June 2015. Four
commercially available newly released elm
hybrids growing in the elm collection at
TMA were evaluated, including ‘Accolade’,
‘Triumph’, ‘Danada Charm’, and ‘Commendation’. Fraxinus pennsylvanica served as
the standard. In mid-August, bolts were
removed then peeled to determine EAB life
stages present, number and size of larval
galleries, and number of adult exit holes. For
2014 and 2015, total phloem surface area and
total phloem utilization area were calculated
as described above for Fraxinus trials.
Adult EAB Maturation Feeding
Laboratory Bioassays for Fraxinus and
Ulmus taxa. Maturation leaf feeding laboratory bioassays were conducted from 2011
through 2017 on 19 different Fraxinus taxa,
and in 2013 on 16 different Ulmus taxa.
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Mature leaves were collected from untreated
trees growing on the grounds of TMA from
three single tree replicates for each taxon
tested to increase genetic diversity. Leaves
were collected from the terminal end of
branches and sampled from all four cardinal
directions (N, S, E, W) at approximately
mid-canopy. Once collected, the leaves were
placed in clear plastic zip-sealed bags and
stored in a walk-in cooler (4 °C) until needed. Leaves were gently washed in distilled
water to remove debris and detached from
the stem. Leaf petioles were placed in a floral
water pick filled with distilled water. Fraxinus and Ulmus leaves were then placed in
a 1-liter plastic yogurt cup with a vented lid
with three to four adult EABs. Each yogurt
cup served as a single experimental unit
(i.e. feeding trial). Experimental units were
maintained in a growth chamber at 28 °C,
~60% RH, and a 16:8 L:D photoperiod for
EAB feeding. The number of ash and elm
experimental units (i.e. feeding trials) in
a given year was a function of the number
of available adult EABs. Refer to Tables 3
and 4 for a list of the Fraxinus and Ulmus
taxa evaluated, and the total number of
experimental units (i.e. feeding trials) conducted from 2011 to 2017. The containers
were checked every one-to-two days and the
number of dead beetles was recorded. Leaves
were replaced as needed to ensure palatability. The amount of leaf tissue consumed
(nearest 5%) was visually estimated by two
independent assessors using a defoliation
template. Once all of the beetles within a
given cup had died, the study was terminated
and the frass was collected, air dried, and
weighed (nearest mg). Frass per beetle per
day (FBD) was calculated by dividing frass
weight by the number of beetles in a cup, by
the number of days of feeding before death.
Average percent of foliage consumed was
divided by the number of beetles in each cup
to standardize data.
Leaf thickness and toughness.
Prior to the no-choice laboratory adult
feeding trials, leaves of each Fraxinus and
Ulmus taxon tested were measured for leaf
thickness. For each ash taxon evaluated,
five leaflets from each of five ash leaves were
randomly selected and for each elm taxon
evaluated, ten leaves were measured. Leaves
were measured for leaf thickness (nearest
µm) at a point on the leaf approximately
one-half the distance from the leaf margin
to the mid-rib using a Vernier caliper. Elm
leaves for each taxon were also measured for
inner and outer leaf toughness. Inner and
outer leaf toughness was determined to the
nearest gram using a ChatillonTM digital
force meter (Greensboro, N.C.) (penetrometer) applied within 0.5 cm from the edge of
the leaf for measuring outer toughness, and
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Figure 1. Bolt larval gallery density (cm2 consumed/cm2 total phloem area) (mean ± SEM, N = 6) for
each tested Fraxinus taxon in 2017 (black bars) and 2018 (gray bars). F. penn. = F. pennsylvanica, F.
angang. = F. angustifolia subsp. angustifolia, F. mand. = F. mandshurica, F. chi. = F. chinensis, F.
flor. = F. floribunda (syn. F. insularis, F. stylosa), F. chirhy. = F. chinensis subsp. rhynchophylla. F.
angustifolia subsp. angustifolia was only used in 2018. Bars topped with different uppercase (2017)
or lowercase (2018) letters are significantly different, Tukey’s HSD, P < 0.05.

in the center of the leaf adjoining the mid-rib
for measuring inner toughness.
Statistical Analysis
Phloem utilization larval bolt
studies. All Fraxinus data were analyzed in
R Studio version 3.5.2 (R Core Team 2018).
2017 and 2018 data could not be pooled; thus,
years were analyzed separately. The mean
area of phloem utilized, number of EAB at
each life stage, and larval survival were analyzed using a one-way ANOVA with taxon
as a fixed effect. Means of significance were
analyzed using Tukey’s HSD post-hoc test.
In some cases, a square root transformation
was used to normalize data. If data was not
normally distributed, a Kruskal-Wallis Rank
Sum test was carried out followed by Dunn’s
test if significant differences were seen.
Adult maturation feeding laboratory bioassays. Statistics were carried out
using Sigma Stat (Jandel Scientific 1992).
Percent leaf tissue consumed per beetle and
frass per beetle per day (FBD) were averaged
across all years of the study, and an ANOVA
was used to compare averages among ash

https://scholar.valpo.edu/tgle/vol55/iss1/6

and among elm taxa. Data was not normal,
so the Holm-Sidak method was used for
pairwise comparisons.
Leaf Feeding Metric Correlations.
R values were calculated using the cor()
function in R and a linear model was used
to calculate significance of the correlation.
Results
Fraxinus: Phloem utilization
and EAB larval development. In 2017,
EAB larvae feeding on F. chinensis subsp.
rhynchophylla and F. floribunda consumed
significantly less phloem per cm2 compared
to larvae feeding on the F. pennsylvanica
standard and F. mandshurica (F = 16.2; df
= 5; P < 0.0001). Larval phloem utilization
on F. chinensis was intermediate (Fig. 1).
Phloem utilization in 2018 mostly paralleled
2017, with the larvae feeding on F. chinensis subsp. rhynchophylla and F. chinensis
utilizing significantly less phloem compared
to larvae feeding on F. pennsylvanica, the
European species F. angustifolia subsp. angustifolia, and F. mandshurica (F = 17.0; df
= 5; P < 0.0001). Contrary to 2017, phloem
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Figure 2. Percent of larvae (mean ± SEM, N = 6) establishing feeding galleries and surviving ~60
days in bolts of each Fraxinus taxon tested in 2017 (black bars) and 2018 (gray bars). F. penn. = F.
pennsylvanica, F. angang. = F. angustifolia subsp. angustifolia, F. mand. = F. mandshurica, F. chi.
= F. chinensis, F. flor. = F. floribunda (syn. F. insularis, F. stylosa), F. chirhy. = F. chinensis subsp.
rhynchophylla. F. angustifolia subsp. angustifolia was only used in 2018. Bars topped with different
uppercase (2017) or lowercase (2018) letters are significantly different, Tukey’s HSD (2017), Dunn’s
Test (2018), P < 0.05.

utilization for larvae feeding on F. floribunda
was intermediate in 2018 (Fig. 1).
In 2017, a similar pattern was observed for larval establishment and survival
on these same hosts, with significantly fewer
larvae establishing on F. chinensis subsp.
rhynchophylla, and F. floribunda (8% and
10% survival, respectively) compared to F.
pennsylvanica and F. mandshurica with 55%
and 40% survival, respectively (F = 13.2; df
= 5; P < 0.0001). Larval establishment was
intermediate (17%) for larvae feeding on F.
chinensis (Fig. 2). In 2018, larval establishment was similar to 2017 with significantly
fewer larvae creating feeding galleries on F.
chinensis (3%) and F. chinensis subsp. rhynchophylla (4%) compared to F. pennsylvanica
(44%) (X2 = 20.307; df = 5; P = 0.001). Intermediate survival was seen for larvae feeding
on F. angustifolia subsp. angustifolia (28%),
F. mandshurica (18%), and F. stylosa (17%)
(Fig. 2). Notably, in 2018, while larvae were
able to establish in F. chinensis (3%) and F.
chinensis subsp. rhynchophylla, by the time
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they reached 2nd instar, they were callused
over and killed by the cut bolt.
In 2017, the percentage of EAB larvae
reaching the pre-pupal (J-larvae) stage reflected trends of larval survival, with fewer
than 3% of larvae reaching the pre-pupal
stage when feeding on F. chinensis subsp.
rhynchophylla and F. floribunda. Survival to
pre-pupa was significantly higher (F = 15.8;
df = 5; P < 0.003) on F. pennsylvanica (53%)
and was intermediate for larvae developing
on F. mandshurica (35%) and F. chinensis
(10%) (Fig. 3). In 2018, none of the larvae
feeding on F. chinensis, F. chinensis subsp.
rhynchophylla, or F. floribunda survived to
the pre-pupal stage and F. mandshurica only
had 5% survival which was not significantly
higher than the other Asian taxa. F. pennsylvanica and F. angustifolia subsp. angustifolia had significantly higher survival rates,
with 32% and 22% of initial larvae reaching
the pre-pupal stage, respectively (F = 24.1;
df = 5; P < 0.0001) (Fig. 3).
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Figure 3. Percent of larvae (mean ± SEM, N = 6) reaching pre-pupae by ~60 days in bolts of each
Fraxinus taxon tested in 2017 (black bars) and 2018 (gray bars). F. penn. = F. pennsylvanica, F. angang.
= F. angustifolia subsp. angustifolia, F. mand. = F. mandshurica, F. chi. = F. chinensis, F. flor. = F.
floribunda (syn. F. insularis, F. stylosa), F. chirhy. = F. chinensis subsp. rhynchophylla. F. angustifolia
subsp. angustifolia was only used in 2018. Bars topped with different uppercase (2017) or lowercase
(2018) letters are significantly different, (Dunn’s Test, P < 0.05).

In 2017, larvae feeding on F. floribunda and F. chinensis subsp. rhynchophylla
had significantly slower larval development
after 60 days, on average reaching the 4th
instar (mean instar = 3.75) and 3rd instar
respectively, compared to larvae developing
on F. pennsylvanica and F. mandshurica
which reached the 5th instar. (F = 21.6; df =
5; P < 0.001). Larvae feeding on F. chinensis
reached the fourth instar on average and
did not differ significantly from other taxa
(Fig. 4). In 2018, EAB larvae feeding on F.
mandshurica, F. chinensis, F. floribunda,
and F. chinensis subsp. rhynchophylla had
significantly slower larval development (two
to four instars) compared to larvae feeding on
F. pennsylvanica and F. angustifolia subsp.
angustifolia, on average reaching the 5th
instar with five instars on average (X2 =
37.9; df = 5; P < 0.0001) (Fig. 4).
Ulmus: Phloem utilization and
EAB larval development (2014 - 2015). In
the 2014 field study, larvae did not establish
or construct any galleries when feeding on
the Asian elms U. szechuanica, U. macrocarpa, and U. davidiana. A single replicate out

https://scholar.valpo.edu/tgle/vol55/iss1/6

of 24 F. americana standards was infested,
with the larva utilizing 13% of the phloem.
In the 2015 field study, larvae established
on bolts of Accolade®, Triumph™, Danada
Charm™, and Commendation™, but used
less than 1% of available phloem while larvae feeding on the standard, F. angustifolia
subsp. syriaca (syn. F. syriaca) consumed 2%
of available phloem.
Fraxinus: Adult no-choice maturation feeding bioassays. Results of the
Fraxinus maturation feeding bioassays are
presented in Table 3. Although there was a
significant difference in leaf tissue consumed
(F = 6.54; df = 18; P < 0.001), leaf feeding was
minimal, ranging from 1.69% (F. anomala)
to 5.68% (F. baroniana) of leaf tissue consumed per adult beetle. F. baroniana had
significantly higher feeding damage than
any other taxa except for F. longicuspis or
F. pennsylvanica, the susceptible standard.
As a general trend, Asian species had the
lowest mean leaf tissue consumed and
European taxa had a moderate amount of
feeding, with the exception of F. excelsior,
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Figure 4. Larval instar (mean ± SEM, N = 6) after ~60 days of feeding on bolts of each Fraxinus taxon
tested in 2017 (black bars) and 2018 (gray bars). F. penn. = F. pennsylvanica, F. angang. = F. angustifolia subsp. angustifolia, F. mand. = F. mandshurica, F. chi. = F. chinensis, F. flor. = F. floribunda
(syn. F. insularis, F. stylosa), F. chirhy. = F. chinensis subsp. rhynchophylla. F. angustifolia subsp.
angustifolia was only used in 2018. Bars topped with different uppercase (2017) or lowercase (2018)
letters are significantly different, (Dunn’s Test, P < 0.05).

which had nearly the least amount of leaf
tissue consumed per beetle.
Frass production per beetle per day
was also significantly different (F = 6.15; df
= 18; P < 0.001) across all taxa evaluated
across all years, ranging from 1.52 mg/day
(F. paxiana) to 5.43 mg/day (F. pennsylvanica) and showed similar trends to leaf feeding
damage among taxa. Two of the susceptible
North American taxa, F. pennsylvanica
and F. americana, had among the highest
amount of frass produced, along with the
Asian taxa F. longicuspis, F. bungeana, F.
baroniana, and F. apertisquamifera. The
remaining Asian and European taxa had
significantly lower frass weights. F. anomala
had both lower frass production and feeding
damage than other taxa. On the other hand,
although beetles feeding on F. chinensis subsp. rhynchophylla produced high quantities
of frass they exhibited relatively low leaf
feeding. Overall, leaf tissue removed per
beetle and dry frass weight per beetle per
day were correlated (R = 0.66; P = 0.002).
Among geographic groupings of Fraxinus taxa (i.e., Asia, Europe, North America)
there was no significant difference in the
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percent of leaf tissue consumed (F = 2.61;
df = 2; P = 0.12) or frass production (F =
2.18; df = 2; P = 0.15). However, there were
significant differences in frass production
among taxonomic sections (per Wallander
2012) with feeding on the sections Ornus
and Melioides producing significantly more
frass than Fraxinus (F = 3.5; df = 4; P <
0.001) (Fig. 5).
Ulmus: Adult no-choice maturation feeding bioassays. A summary of the
findings for the 16 Ulmus taxa evaluated
is presented in Table 4. All Ulmus species
had < 1% of leaf tissue consumed per adult
EAB, with the exception of U. pumila, which
had 2% leaf tissue consumed per adult EAB,
but this difference was not significant (P <
0.05). The percent leaf tissue consumed per
adult EABs feeding on the preferred ash
hosts (standards) of F. pennsylvanica and F.
floribunda (syn. F. stylosa) was significantly
higher with 3.2%, and 5.5%, respectively (F
= 75.3; df = 15; P < 0.0001). There was no
significant difference in frass production for
adult EABs per day when feeding on Ulmus
taxa (< 2.2 mg/day). Frass production was
significantly higher for adult EABs per day
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Figure 5. Percent of frass per beetle per day (mg) (mean ± SEM, N = 364) compared across taxonomic
groups (per Wallander 2012). F. platypoda is the only taxa listed as Incertae sedis. Bars topped with
different lowercase letters are significantly different, ANOVA, P < 0.05.

when feeding on F. pennsylvanica (4.88 mg/
day)and F. floribunda (syn. F. stylosa) (8.99
mg/day) (F = 27.1; df = 15; P < 0.0001) (Table
4). Adult EABs lived significantly longer on
the highly preferred standards of F. pennsylvanica (mean = 31 days) and F. floribunda
(syn. F. stylosa) (mean = 42 days) compared
with the Ulmus taxa (mean = 5 days).
Leaf Characteristics. A summary
of Fraxinus and Ulmus leaf thickness and
toughness is summarized in Table 5. Fraxinus lanuginosa had thinner leaves (0.07
mm) than any of the other Fraxinus taxa in
this study, but was only significantly thinner
than F. platypoda, F. mandshurica, F. chinensis, and F. bungeana. Fraxinus bungeana
had significantly thicker leaves than all
other taxa (0.24 mm) (F = 207.4; df = 12; P
< 0.0001). Leaf thickness was not correlated
with the percentage of leaf tissue consumed
(R = 0.33; P = 0.25), frass production per
beetle per day (R = 0.10; P = 0.70), or adult
longevity (R = 0.26; P = 0.45).
Leaves of selected Ulmus taxa differed
significantly in their thickness (mm), and
inner and outer toughness (g) (Table 5).
Ulmus castaneifolia had the thickest leaves
while U. alata, U. americana, U. pumila,
U. szechuanica, and U. thomasii had the
thinnest leaves (F = 44.2; df = 13; P < 0.001).
Ulmus lamellosa, U. macrocarpa, U. Morton
Glossy ‘Triumph’, and U. parvifolia had the

https://scholar.valpo.edu/tgle/vol55/iss1/6

toughest leaves and U. bergmaniana, U.
procera, and U. pumila had the most tender
leaves (inner toughness: F = 30.6; df = 13; P
< 0.001; outer: F = 4.9; df = 13; P < 0.001).
Asian and European elm species had significantly thicker leaves compared with North
American elms (F = 70.0; df = 2; P < 0.001)
and Asian elms had tougher leaves than
European and North American elms (inner:
F = 31.1; df = 2; P < 0.001; outer: F = 39.1; df
= 2; P < 0.001) (Table 6). However, as with
ash, leaf thickness and outer leaf toughness
was not correlated with insect performance
metrics (i.e. leaf feeding, frass production,
or mortality), but inner leaf toughness and
frass production were weakly correlated (R
= 0.48; P = 0.07).
Discussion
This study evaluated a number of
Asian, European, and North American Fraxinus and Ulmus taxa for their susceptibility
to adult EAB maturation leaf feeding, and
suitability for adult EAB survival, and larval
phloem utilization, development and survival. It is hoped that results from this study
will contribute to a better understanding of
host plant resistance in Fraxinus and Ulmus
taxa and provide new insights into the potential use of these taxa in future tree breeding
programs as well as urban reforestation and
landscape efforts following EAB.
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Table 3. Mean (±SEM) percent leaf tissue consumed per adult EAB, and frass produced
per beetle per day for adult emerald ash borers feeding on Asian, European, and North
American ash (Fraxinus spp.) foliage
			
			
Taxa
N1

%Leaf tissue
consumed
per adult EAB

Frass produced
per beetle
per day (FBD) (mg)2

Asian Taxa
F. apertisquamifera
27
F. baroniana
22
F. bungeana
10
F. chinensis	  5
F. chinensis-rhyn.
12
F. floribunda
31
F. lanuginosa
15
F. longicuspis
29
F. mandshurica
24
F. paxiana
10
F. platypoda
16

3.82 ± 0.27ab
5.68 ± 0.69c
2.46 ± 0.15a
2.58 ± 0.23a
2.02 ± 0.19a
2.60 ± 0.30a
2.59 ± 0.53a
4.45 ± 0.48bc
2.16 ± 0.25a
2.62 ± 0.36a
2.32 ± 0.23a

4.482 ± 0.47bc
4.540 ± 0.38bc
4.377 ± 0.28bc
2.272 ± 0.53a
3.403 ± 0.29ab
2.886 ± 0.35a
2.539 ± 1.27a
4.019 ± 0.43bc
1.827 ± 0.19a
1.518 ± 0.27a
2.893 ± 0.23a

European Taxa
F. angustifolia-ang
F. angustifolia-oxy
F. angustifolia-syr
F. excelsior
F. ornus

3.55 ± 0.22ab
3.62 ± 0.22ab
3.17 ± 0.22ab
1.84 ± 0.31a
3.37 ± 0.31ab

2.840 ± 0.17a
2.878 ± 0.13a
1.980 ± 0.080a
1.921 ± 0.20a
3.855 ± 0.37ab

2.78 ± 0.54a
1.69 ± 0.02a
4.74 ± 0.57bc
F=6.54, P<0.001

4.447 ± 0.99bc
1.867 ± 0.33a
5.426 ± 0.62c
F=6.15, P<0.001

34
44
28
10
17

North American
F. americana 	  4
F. anomala	   2
F. pennsylvanica
31
			
1N=Total

number of individual experimental units (i.e. feeding trials) with three to four adult EABs
per feeding trial from 2011 to 2017
2Values with columns with the same letter are not significantly different (Holm-Sidak method, P <
0.05)

Plants defend themselves from herbivores using 1) physical defenses, including
lignification and/or suberization of cell walls,
2) chemical defenses, which consist of secondary metabolites that may act as feeding
deterrents, detriments to insect growth and
development, or lethal toxins, or 3) a combination of both, which is the likely case with
the taxa assessed here (Hoxie et al. 1975;
Meredith and Schuster 1979; Johnson et
al. 1980a,b; Ryan et al. 1982; Matsuda and
Senbo 1986; Southwood 1986; Tingey and
Laubengayer 1986; Doss et al. 1987; Potter
and Kimmerer 1989; Ranney and Walgenbach 1992; Patton et al. 1997; Fulcher et
al. 1998; Rowe and Potter 2000; Dalin and
Bjorkman 2003; Dalin et al. 2008; War et
al. 2012).The expression of these secondary
metabolites may be constitutive (occurring
pre-attack) or inducible (produced in response to attack) (Karban and Myers 1989;
Agrawal and Fishbein 2006; Agrawal 2007,
2011; Eyles et al. 2010; Villari et al. 2015).
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Evaluating differences in the chemical
profiles of leaf and phloem tissues among
the taxa examined in this study was beyond
the scope of this research and was not analyzed. However, physical characteristics of
leaves were examined, and we will discuss
the possible physical plant traits (i.e., leaf
thickness, toughness, and pubescence) of
selected Fraxinus and Ulmus taxa, and
their possible role in host susceptibility and
suitability for maturation feeding by EAB
adults. We will also relate our research to
previous studies examining the effects of
ash phloem chemistry, abiotic factors, EAB
population dynamics, host plant response,
and biological control on larval development,
colonization, and survival.
Fraxinus: Larval phloem utilization bolt bioassays. Although phloem
chemistry was not examined, there appears
to be a strong relationship between certain
Asian Fraxinus taxa and host suitability.
Results from our laboratory larval feeding
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Table 4. Mean (+SEM) percent leaf tissue consumed and frass produced per beetle per
day for adult EABs feeding on Asian, European, and North American Ulmus taxa
			
			
Taxa
N1

%Leaf tissue
consumed
per adult EAB2

U. alata
5
0.0 ± 0.0a
U. americana
5
0.0 ± 0.0a
U. bergmaniana
5
0.1 ± 0.0a
U. castaniefolia
5
0.0 ± 0.0a
U. chenmoui
5
0.1 ± 0.1a
U. crassifolia
5
0.0 ± 0.0a
U. davidiana
5
0.0 ± 0.1a
U. laevis
5
0.0 ± 0.0a
U. lamellosa
5
0.1 ± 0.0a
U. macrocarpa
5
0.0 ± 0.0a
U. parvifolia
5
0.1 ± 0.0a
U. procera
5
0.2 ± 0.1a
U. pumila
5
1.2 ± 0.2ab
U. szechuanica
5
0.0 ± 0.0a
U. thomasii
5
0.1 ± 0.1a
U. Morton ‘Triumph’
5
0.0 ± 0.0a
F. pennsylvanica (Std.)
5
3.2 ± 1.2b
F. floribunda (Std.)
5
5.5 ± 1.7c
(syn. F. stylosa)		
F=75.3, P<0.001

Frass produced
per beetle
per day (FBD) (mg)2
0.649 ± 0.35a
0.442 ± 0.23a
0.640 ± 0.34a
0.409 ± 0.41a
0.442 ± 0.37a
0.600 ± 0.45a
0.009 ± 0.02a
0.640 ± 0.37a
0.400 ± 0.32a
0.442 ± 0.28a
0.468 ± 0.44a
0.566 ± 0.43a
2.132 ± 0.76ab
0.572 ± 0.57a
0.580 ± 0.48a
0.574 ± 0.39a
4.876 ± 0.62b
8.990 ± 1.08c
F=27.1, P<0.001

1Represents five experimental units (i.e. feeding trials) per taxon with three to four beetles per
experimental unit
2Values within columns with the same letter are not significantly different (Dunn’s Test, P<0.05)

bioassays revealed lower host suitability
in the Asian taxa F. chinensis, F. chinensis
subsp. rhynchophylla, and F. floribunda
as demonstrated by significantly lower
phloem utilization, lower larval survival,
fewer larvae reaching the pre-pupal stage,
and slower larval development compared
to larvae feeding on the highly preferred F.
pennsylvanica. In the 2018 trials, no larvae
reached pre-pupal stage when feeding on F.
chinensis, F. chinensis subsp. rhynchophylla,
or F. floribunda. Fraxinus mandshurica,
commonly considered to have some level
of resistance to EAB, was intermediate in
suitability, but was still consistent with
other studies which found F. mandshurica
to be more resistant than F. pennsylvanica,
as well as the other North American taxa F.
americana and F. nigra (Eyles et al. 2007,
Rebek et al. 2008, Tanis and McCullough
2015). The larval suitability of the Asian
taxon F. floribunda was not as consistent
as other taxa across the years of the study
but was less suitable than F. pennsylvanica
in both years. Similarly, larval feeding bioassays by Poland et al. (2015) reported that
EAB larvae feeding on F. chinensis, F. floribunda, and F. mandshurica developed more
slowly and had higher mortality compared
to larvae feeding on the F. pennsylvanica. A
larval phloem utilization study by Siegert et
al. (2014) also found that EAB larvae fed and
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developed on all North American, European,
and Asian ash taxa tested, but survivorship
was higher on North American taxa.
Previous studies that focused on the
susceptibility of North American ash (i.e.,
green, white, black and blue) compared with
the more resistant F. mandshurica have
shown that resistance in F. mandshurica to
EAB larvae probably involves a wide variety
of chemicals including specialized metabolites and phenolics (i.e., phenolic acids, glycosides, lignins, and monolignols) (Eyles et al.
2007, Kostova and Iossifova 2007, Cipollini
et al. 2011, Chakraborty et al. 2014, Villari
et al. 2015). Some of these chemicals can be
found in the phloem of F. mandshurica, but
not in F. pennsylvanica or F. americana (Villari et al. 2015) and may act as antifeedants,
inhibit larval molting and growth, increase
larval stress, reduce or enhance the ability
to metabolize phenolic compounds, alleviate
stressors that predispose plant hosts to colonization, serve as key components in the
structure of wound-induced periderm tissue
browning, and possess insecticidal properties (Ryan 1990, Cabral et al. 1999, Garcia
et al. 2000, Zhu-Salzman et al. 2008, Hill
et al. 2012, Rajarapu and Mittapalli 2013,
Scully et al. 2014, Cipollini and Rigsby 2015,
Rigsby et al. 2015, Villari et al. 2015). Our
phloem utilization and larval development
and survival studies were performed on bolts
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Table 5. Ash (Fraxinus) and elm (Ulmus) leaf thickness (microns) and inner and outer
toughness (g).
Mean leaf
Inner toughness
thickness (microns)1
(g)1

Taxa

Outer toughness
(g)1

Fraxinus
F. bungeana
F. longicuspis
F. longicuspis (field)
F. mandshurica
F. chinensis
F. apertisquamifera
F. floribunda (syn. F. stylosa)
F. lanuginosa
F. pennsylvanica
F. chinensis subsp. rhynchophylla
F. floribunda (syn. F. insularis)
F. platypoda
F. paxiana

		
0.24 ± 0.02c
—
0.15 ± 0.03ab
—
0.17 ± 0.02ab
—
0.16 ± 0.02b
—
0.22 ± 0.05b
—
0.10 ± 0.01ab
—
0.11 ± 0.01ab
—
0.07 ± 0.0a
—
0.14 ± 0.03ab
—
0.16 ± 0.03ab
—
0.13 ± 0.02ab
—
0.21 ± 0.04b
—
0.17 ± 0.02ab
—
F=35.1, P<0.001

Ulmus
U. alata
U. americana
U. bergmanniana
U. castaneifolia
U. chenmoui
U. crassifolia
U. lamellosa
U. macrocarpa
U. Morton Glossy ‘Triumph’
U. parvifolia
U. procera
U. pumila
U. szechuanica
U. thomasii

		
0.22 ± 0.03a
26.44 ± 0.50b
23.63 ± 0.52b
0.18 ± 0.03a
24.40 ± 0.01b
18.55 ± 0.56a
0.33 ± 0.06bc
11.61 ± 0.02a
11.61 ± 0.22a
0.41 ± 0.03c
30.98 ± 0.40c
28.85 ± 0.29d
0.37 ± 0.06bc
28.17 ± 0.40c
24.04 ± 0.33c
0.24 ± 0.02a
25.31 ± 0.47b
21.95 ± 0.46b
0.38 ± 0.05bc
58.97 ± 1.30g
59.88 ± 0.13h
0.37 ± 0.07bc
37.83 ± 0.06e
44.72 ± 0.67g
0.31 ± 0.03b
47.63 ± 0.06f
48.99 ± 0.73g
0.27 ± 0.03b
38.65 ± 0.08e
30.35 ± 0.67e
0.35 ± 0.03b
21.23 ± 0.21a
17.42 ± 0.27a
0.20 ± 0.03a
14.92 ± 0.02a
14.42 ± 0.21a
0.22 ± 0.02a
23.68 ± 0.03b
24.63 ± 0.34b
0.16 ± 0.02a
25.17 ± 0.43b
17.15 ± 0.26a
F=44.2, P<0.001
F=30.6, P<0.001
F=4.9, P<0.001

1Values

—
—
—
—
—
—
—
—
—
—
—
—
—

within columns with the same letter are not significantly different (Dunn’s Test, P<0.05)

instead of live trees, which may reduce the
production of protective and/or defensive
chemicals, however, many of the bolts began
to produce leaves and new shoots over the
course of the study which indicates some
level of physiological activity. It is possible
that some of the same chemical defenses
affording resistance in F. mandshurica may
also be present in the other Asian taxa tested
and require further investigation and study
(Poland et al. 2015).
Outside of the lab, other factors besides
host plant resistance may be responsible for
differential larval survival and development,
including temperature, timing of oviposition, and tree health (Cappaert et al. 2005,
Poland et al. 2015). Ash susceptibility and
EAB establishment is affected by EAB population densities as well as artificial control
measures such as protective insecticides,
ash tree population reduction and sanitation
(i.e. tree removals), biological control, and
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combinations of the above (Anulewicz et
al. 2008; McCullough and Mercader 2012;
Marshall 2013; Duan et al. 2014, 2018;
Bauer et al. 2015; Lewis and Turcotte 2015;
Wang et al. 2016; Rutkowski and Mitz 2017;
McCullough 2019; Miller and Mueller 2020;
Bick et al. 2018; Herms et al. 2019; Miller
and Gould 2020).
In this study, larvae feeding on F.
pennsylvanica and the European F. angustifolia subsp. angustifolia had a higher
proportion of larvae reaching the pre-pupal
(“J”) stage which suggests higher suitability
than the other Asian taxa tested. This may
also have other implications for larval survival in the field since pre-pupae are found
deeper in the sapwood than earlier instars,
which may provide better protection from
predators and parasitoids. For example, the
recently introduced non-native parasitoid
Tetrastichus planipennisi Yang (Hymenoptera: Eulophidae) can only oviposit through
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Table 6. Mean (+SEM) leaf thickness (microns), and inner and outer leaf toughness (g) by
geographic origin for Asian, European, and North American Ulmus taxa
		
Taxa

Thickness1
(microns)

Inner (g)

Asian2
European2
North American

0.282 ± 0.02b
0.325 ± 0.04b
0.198 ± 0.02a

30.71 ± 0.03b
24.90 ± 0.03a
25.31 ± 0.04a

29.71 ± 0.28b
23.32 ± 0.26a
20.73 ± 0.24a

F=70.0
P<0.001

F=31.1
P<0.001

F=39.1
P<0.001

Significance:
		

Toughness

Outer (g)

1Values

within a column followed by the same letter are not significantly different (P<0.05; Dunn’s
Test).
2Includes simple and complex Eurasian hybrids
Table 7. Leaf characteristics of selected ash (Fraxinus) taxa (as per Dirr 2009)
Taxon

Leaf characteristics

Asian
F. baroniana
barbate along base of midrib
F. bungeana
glabrous on both surfaces
F. longicuspis
rachis hairy, hairy underneath
F. chinensis spp. rhynchophylla1	
sandpapery rough surface, glabrous above, downy midrib,
papery, rachis pubescent, densely tomentose
F. paxiana
glabrous on both surfaces
F. floribunda (syn. F. stylosa)
glabrous above, midrib and main veins, downy
F. lanuginosa
leaves pubescent
F. platypoda
glabrous above, papillose beneath, down at base of midrib
F. chinensis
glabrous or small hairs
F. mandshurica
scattered bristles above, bristly on midrib and veins
European
F. angustifolia
F. excelsior
F. ornus
F. oxycarpa

glabrous
hairy on midvein (villous)
pubescent on lower base of midrib
hairs at base of midrib

North American
F. anomala
F. americana
F. pennsylvanica

glabrous on both surfaces
hairs on veins (Farrar), glabrous
dense hairs on underneath

1Fraxinus

13).

chinensis var. rhynchophylla (Hance) Hemsi. Trees and shrubs online (Assessed 2021-02-

bark up to 0.32 cm thick whereas EAB
pre-pupae can be found up to a depth of 1.25
cm (Abell et al. 2012). EAB can have a one- or
two- year lifecycle, depending on climate and
host vigor (Cappaert et al. 2005) and with a
slower development time, insects may spend
a second year in the more vulnerable larval
stage, exposed to predation, parasitism, and
tree defenses for longer.
Additionally, this slower development
time leads to more time spent as an early
instar, which makes the EAB larvae more
susceptible to physical tree defenses. Studies
by Duan et al. (2010) have shown that even
F. pennsylvanica has the ability to kill early
instar EAB larvae by encapsulating them

https://scholar.valpo.edu/tgle/vol55/iss1/6

with callus tissue, and this tree defense
mechanism can be a major source of larval
mortality. Poland et al. (2015) reported that,
in most resistant ash taxa, a majority of EAB
larvae are killed by physical host defenses.
The authors of this study have also observed
evidence of larvae killed by encapsulation
in branch samples of mature F. pennsylvanica and F. americana trees in unrelated
research. In our larval phloem utilization
bioassays, we observed that larvae feeding
on F. chinensis and F. chinensis subsp. rhynchophylla began constructing galleries, but
the bolts were able to encapsulate and kill
them in the first 1–2 instars. This was less
commonly observed in F. mandshurica. How-
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ever, Duan et al. (2010) found that as EAB
density increased, the ability of the tree to
defend itself decreased and larvae survived,
so this defense may only be effective at low
EAB infestation levels.
Ulmus larval phloem utilization
field studies. A few studies have reported
Ulmus spp. as a possible host for EAB in
Japan (Sugiura 1999, Haack et al. 2002),
however, in our study, we found that Asian
and hybrids of Asian and European Ulmus
taxa do not appear to be suitable hosts for
EAB larvae. In our elm bolt field studies,
larval establishment was very low overall
with a single ash replicate (F. americana)
and no Ulmus infested in 2014 and very
little infestation in 2015. This could be due
to several factors, but it is likely that by the
time the elm bolt studies were started, EAB
populations had already diminished significantly in northern Illinois due to the lack
of surviving untreated ash in the area. Any
elm bolt that was infested had <1% damage
compared with 2–13% damage that was
recorded in infested ash, and these results
are consistent with studies by Anulewicz et
al. (2006, 2007, 2008) that found that while
adult EABs laid eggs on non-ash species (i.e.,
black walnut, elm, hackberry), larvae either
initiated galleries and then died or did not
establish on these species.
Fraxinus adult no-choice laboratory maturation feeding bioassays.
The nutritional quality of plants is central
to understanding interactions between insects and their hosts, and different species
produce different chemicals that may inhibit
or promote feeding (Berenbaum 1995). Adult
female EAB require a pre-ovipositional
maturation feeding period of 10 to 14 days
after emergence, so foliar nutritional quality and/or chemical defenses could impact
female survival and fecundity (Herms and
McCullough 2014). Studies by Chen et al.
(2011b) have shown chemical differences
between the foliage of green ash versus other
taxa which may partially explain its higher
susceptibility to EAB. This includes both
elevated levels of certain volatile compounds
induced by foliar feeding and lower levels
of other induced chemical compounds (i.e.,
phenolics and protease inhibitors).
It is recognized that the variation
in the size and age of the ash elm trees
evaluated in this study may have had some
effect on the susceptibility to adult EAB
maturation leaf feeding, and suitability
for adult EAB survival, and larval phloem
utilization, development and survival for a
given taxon. This variation is based on the
ash and elm trees available at TMA, which
included recently planted new taxa and more
established mature taxa. Tree age can have
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an impact on the nutritional quality of the
tree as well as the relative levels of secondary
metabolites present. Many plants secrete
stored phenolic or terpenoid resins over
newly expanding foliage (Curtis and Lersten 1974; Rhoades 1977; Dell and McComb
1978; Johnson et al. 1980a,b, 1984; Shain
and Miller 1982; Williams et al. 1983; Fahn
1988; Zobel and Brown 1990a,b). Several
studies show concentrations of secondary
metabolites to be highest in buds (or at bud
break) and then to decline as leaves expand
(Crankshaw and Langenheim 1981, Palo
1984, Horner 1988, Mauffette and Oechel
1989, Hatcher 1990, Hermes and Mattson
1992). To help standardize our feeding studies, we sampled only fully expanded mature
leaves. all leaves from a similar point in the
season each year. Based on our observations,
the age of the tree from which leaves were
sampled did not appear to correlate with leaf
tissue consumed. Of all of the Fraxinus taxa
evaluated, adult EABs consumed significantly less leaf tissue when feeding on both
the younger F. anomala trees as well as on
the foliage of older more mature F. angustifolia and F. platypoda trees. Conversely,
adult EABs removed significantly more leaf
tissue when feeding on foliage taken from
the younger F. baroniana and F. longicuspis trees as well as the more preferred and
mature F. pennsylvanica. Additionally, the
mean amount of frass produced per beetle
per day (FBD) was significantly higher on
the younger trees of F. apertisquamifera, F.
baroniana and F. longicuspis, as well as the
mature trees of F. bungeana, F. pennsylvanica and F. americana.
In our multi-year no-choice laboratory maturation feeding studies, there were
significant differences among taxa in both
amount of leaf tissue removed and frass produced. Additionally, the percentage of leaf
tissue removed was correlated with frass production. Overall, F. pennsylvanica and the
Asian taxa F. baroniana and F. longicuspis
had the highest levels of both leaf utilization
and frass production. Few of the differences
among other taxa were significant and although the Asian taxa are generally thought
to be more resistant to larval phloem feeding,
this may not be the case in adult leaf feeding
preferences for all Asian taxa. The Asian
species that exhibited the most resistance
in our phloem feeding studies, F. chinensis,
F. chinensis subsp. rhynchophylla, and F.
floribunda, also had less adult leaf feeding
than F. pennsylvanica. Fraxinus anomala, a
taxon native to the southwestern US, had the
lowest feeding damage and frass production,
however very few replicates of this taxon
were available for this study, so further
research is necessary. In general, although
feeding damage to Fraxinus leaves by adults
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is minor, adult maturation and oviposition
may be impacted.
Previous studies have shown that EAB
adults may prefer different host species for
maturation feeding versus oviposition, and
that a single Fraxinus species may not necessarily be the optimal host for maturation
feeding, oviposition preference, and larval
performance (Pureswaran and Poland 2009,
Villari et al. 2015). For example, Pureswaran
and Poland (2009) found that adults preferred to feed on green, black, and white
ash foliage compared to Mandshurian, blue,
and European ash (F. excelsior). This feeding preference pattern broadly corresponds
with ash mortality in the field (Anulewicz
et al. 2007, Rebek et al. 2008, Tanis and
McCullough 2012, Klooster et al. 2014),
however, F. excelsior has high mortality rates
in forests and common garden plantings
(Pureswaran and Poland 2009, Orlova-Bienkowskaja 2014, Herms 2015). European ash
taxa growing in TMA tree breeding nursery,
including F. excelsior, also suffered much
higher levels of EAB infestation and lower
survival rates compared to Asian ash taxa
(authors’ observations). Thus, leaf feeding
suitability does not necessarily correspond to
larval phloem suitability, and further studies
comparing larval phloem feeding with adult
leaf utilization would be useful.
Ulmus adult no-choice laboratory
maturation feeding bioassays. The foliage of Asian, European, and North American
elm species evaluated in this study do not
appear to be susceptible to or suitable for
adult maturation feeding. With the exception of U. pumila, the amount of leaf tissue
consumed was less than 1% across all taxa
evaluated compared with 3.2% and 5.5% leaf
tissue consumed for F. pennsylvanica and F.
floribunda (syn. F. stylosa), respectively. The
outer part of the leaf where EAB are more
likely to feed was less tough for U. pumila
than other Ulmus taxa tested, which may
explain its slightly higher consumption by
the beetles. Our results are consistent with
a field study by Anulewicz et al. (2008) which
found no evidence of adult EABs feeding on
elm taxa.
Leaf thickness and toughness.
In addition to chemical properties, plants
employ physical defenses against herbivory, such as leaf toughness and thickness,
and trichome production. Leaf toughness
and thickness generally correlate with
leaf lignin and fiber content and can play
a significant role in deterring invertebrate
herbivory (Graça and Zimmer 2005). For
example, Raupp (1985) found that leaf beetle
feeding was significantly lower on tougher
willow (Salix) leaves and attributed this to
increased mandibular wear.
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On average, the Asian Fraxinus leaves
evaluated in this study were approximately
45% thinner than Ulmus leaves, and within
the Fraxinus and Ulmus tested, taxa differed
significantly in their leaf thickness (Fraxinus and Ulmus) and toughness (Ulmus).
However, these leaf characteristics were not
correlated with reduced feeding, frass production, or longevity. Previous studies have
found that thinner leaves are more attractive
for some herbivorous insects, and that the
thicker and tougher leaves of certain Asian
Ulmus species were less susceptible to feeding by adult elm leaf beetles (Xanthogaleruca
luteola Müller) and Japanese beetles (Popilla japonica Newman). (Miller et al. 1999,
2001; Miller and Ware 1999a,b, 2001; Miller
2000; Condra et al. 2010). Conversely, other
studies have found that leaf thickness and
toughness were not reliable measures of
feeding susceptibility or suitability for adult
Japanese beetles when feeding on Carpinus
taxa (Miller and Wiegrefe 2021).
Although U. pumila was thinner
and had slightly higher percent leaf tissue
removed than other Ulmus, overall, adult
EAB maturation feeding on Ulmus does
not appear to be affected by leaf thickness
or toughness. Of the elm taxa evaluated in
this study, Asian and European elms had
significantly thicker leaves than North
American elms and Asian elms had tougher
leaves than European and North American
taxa. However, regardless of geographic
origin, adult EAB barely fed on elm hosts,
produced much less frass, and lived for a
shorter time (less than one week) compared
with preferred Fraxinus hosts.
Leaf Pubescence. Along with leaf
toughness and thickness, leaf trichomes also
help protect plants from insect herbivores
by impacting feeding, growth, survival, and
oviposition (Levin 1973, Pillemer and Tingey 1976, Ramalho et al. 1984, Agrawal and
Fishbein 2006). Although trichomes are generally considered a less potent plant defense
compared to other plant traits, feeding can be
negatively correlated with trichome density
(Levin 1973; Potter et al. 1998; Miller and
Ware 1999a,b, 2001; Miller et al. 1999; Miller
2000; Miller et al. 2001; Dalin and Bjorkman,
2003; Dalin et al. 2008). Plants have the
ability to produce glandular (chemical-producing) and non-glandular trichomes which
may vary in morphology even within an
individual plant species (MacLean and Byers
1983; Southwood 1986; Agrawal 1999, 2000;
Werker 2000; Dalin and Bjorkman 2003;
Loe et al. 2007). Non-glandular trichomes
function in structural defense and have low
nutritional value while glandular trichomes
provide both structural and chemical defense
and may contain terpenes and alkaloids that
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act as feeding deterrents or toxins (Levin
1973, Rautio et al. 2002, War et al. 2012).
Descriptions of the leaf characteristics
of selected ash taxa tested in this study are
presented in Table 7 (based on Dirr 2009)
and illustrates that the leaves of the ash
species tested here differ in their degree and
type of pubescence. Leaves of some species
are highly pubescent, mainly along the midvein, leaf base, or at the base of the petiole,
while others lack trichomes. However, leaf
pubescence does not appear to influence
host preference for adult EAB, and no clear
trend was observed between pubescence and
feeding damage. For example, the leaves of
F. longicuspis, F. lanuginosa and F. pennsylvanica are described as having trichomes on
the undersides of leaves, and F. longicuspis
and F. pennsylvanica had significantly
higher amounts of leaf tissue consumed. In
contrast, F. lanuginosa sustained the least
amount of leaf tissue removed. Conversely,
the non-pubescent leaves of F. baroniana
sustained the highest levels of feeding despite being barbate along the midrib. The
leaves of the remaining taxa are either
glabrous, or display hairs at the base of, or
along the length of leaf midrib (Dirr 2009).
This lack of a feeding trend may be partially
due to the feeding habits of adult EAB which
feeds along the leaf margins as opposed to
other leaf-feeding insects, such as Japanese
beetle and elm leaf beetle that skeletonize
or window pane the leaf. As a result, the
latter are more likely to be affected by leaf
trichomes than EAB.
Similarly, leaf pubescence does not
appear to play a role in Ulmus host susceptibility in contrast to other insect herbivores,
possibly for the reason described above.
Some of the elm hosts tested here have
pubescent leaves and are not as preferred
as non-pubescent hosts as found in feeding
studies for elm leaf beetle and Japanese
beetle (Potter et al. 1998; Miller and Ware
1999 a,b; Miller 2000; Miller et al. 2001; Held
2004; Condra et al. 2010). However, these
trends did not hold across all taxa tested,
and very little feeding damage occurred on
elm leaves overall. Our findings suggest that
there are probably other factors such as leaf
chemistry that may be affecting the host
suitability of Fraxinus and Ulmus taxa for
adult EAB selection and maturation feeding
(Ladd 1986, 1987, 1989; Ranney and Walgenbach 1992; Spicer et al. 1995; Patton et al.
1997; Fulcher et al. 1998; Rowe and Potter
2000; Potter and Held 2002; Keathley and
Potter 2008; Paluch et al. 2008).
Progress has been made in determining the mechanisms of resistance in ash,
and different taxa have been found to have
different levels of phenolics, volatiles, nu-
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tritional quality and proteins (Eyles et al.
2007; Pureswaran and Poland 2009; Chen
et al. 2011a; Whitehill et al. 2011,2012;
Poland et al. 2015). Analyzing a broader
range of the more resistant Asian taxa for
these same qualities may help discern how
these compounds contribute to resistance in
Fraxinus. Measuring the phloem chemistry
of these other taxa is an important next step
in this process.
Despite these advances, it is still unknown where resistance lies in the Fraxinus
genome. The F. nigra × F. mandshurica
‘Northern Treasure’ hybrid did not appear
to have inherited the resistance gene from
its Asian parent. The specialized metabolism of Fraxinus is very complex (Kostova
and Iossifova 2007) and analysis of traits
contributing to interspecific variation in
larval performance has primarily focused on
phenolics and defensive proteins of ash bark
including the vascular components. However, these interspecific vascular comparisons
are further complicated by genetic variation
in unrelated traits. While green, white, blue
and black ash are sympatric, they are also
phylogenetically divergent. Phylogenetic
studies place blue ash in section Dipetalae,
green and white ash in the section Melioides,
and Manchurian, European, and black ash
in section Fraxinus (Wallander 2008, 2012).
Due to their phylogenetic relationship, most
antibiosis studies have focused on comparing
the resistant Manchurian ash with black ash
to identify defensive traits (Whitehill et al.
2011, 2012).
Interestingly, our adult leaf feeding
study found that while average frass production per beetle per day (FBD) and the
percent of leaf tissue consumed did not
vary significantly among ash from different
geographic locations (i.e., Asian, European
and North American ash). Overall, EAB
adults feeding on taxa in the group Fraxinus
produced significantly less frass per beetle
per day (FBD) than adult EABs feeding on
members of Melioides or Ornus, suggesting
that taxonomic relatedness may play a large
role in resistance. However, including the
more susceptible F. nigra (also section Fraxinus) in our leaf feeding study, could possibly
impact this finding. With our smaller subset
of Asian taxa tested for larval suitability,
differences in phloem feeding could not be
compared among sections.
This research has demonstrated that
there may be other Asian ash taxa that
exhibit useful resistance to EAB, and these
should be considered when developing
further breeding objectives and designing
EAB resistant planting trials. The use of
these plants in breeding programs will require careful consideration of differences in

17

The Great Lakes Entomologist, Vol. 55, No. 1 [2022], Art. 6

38

THE GREAT LAKES ENTOMOLOGIST

breeding strategies and ploidy among groups
and species. Other characteristics of these
species should be considered, such as cold
hardiness, heat tolerance, and disease and
insect pest resistance. Given the diversity of
ash in East Asia, it is important to test many
more species in the search for potentially
useful resistance.
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