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Nutritional and Defensive Chemistry of Three North American
Ash Species: Possible Roles in Host Performance and
Preference by Emerald Ash Borer Adults

Yigen Chen' and Therese M. Poland?

Abstract

Black ash (Fraxinus nigra), green ash (F. pennsylvanica), and white ash
(F. americana) are the three most abundant ash species in the northeastern
USA. We compared emerald ash borer (EAB), Agrilus planipennis Fairmaire
(Coleoptera: Buprestidae), adult performance and preference among seedlings
of the three ash species, and then related performance and preference to foli-
age nutritional quality and defensive compounds. Longevity of EAB adults
reared on green and white ash was found to be greater than on black ash.
EAB adult females also seemed to show feeding preference among the three
species of ash trees because the total foliage area consumption was greater on
green ash and white ash compared to black ash in dual-choice tests; however,
the total mass of foliage consumed did not differ. The foliage of all ash species
was high in nitrogen and in most macro- and micro-nutrients studied. The
patterns of EAB performance and preference did not correspond to any of the
individual chemical compounds tested (nitrogen, proteins, most macro- and
micro-nutrients, or putative defensive compounds of ash seedlings). Never-
theless, greater longevity of EAB adults on green and white ash compared to
black ash was probably related to unbalanced nutrients (total nitrogen/total
non-structural carbohydrate ratio) of black ash. Putative defensive compounds
(i.e., phenolics and protease inhibitors) did not contribute to EAB longevity
in this study, probably because (1) EAB adults were able to excrete most of
these compounds and (2) their effects were alleviated by high nitrogen levels.
More research is needed to elucidate the interactions of nitrogen and carbo-
hydrate levels, and the interactions of nutrient balance and defensive plant
allelochemicals on EAB performance and preference.

The exotic emerald ash borer (EAB), Agrilus planipennis Fairmaire (Cole-
optera: Buprestidae), has killed tens of millions of ash trees (Fraxinus spp.) in the
Great Lakes Region of North America since its discovery near Detroit Michigan,
USA and Windsor Ontario, Canada in 2002 (Haack et al. 2002, Poland and Mec-
Cullough 2006). All major eastern North American ash species are susceptible
to emerald ash borer, including green (F. pennsylvanica Marshall), white (F.
americana L.), black (F. nigra Marshall), and blue ash (F. quadrangulata Mich-
aux) (Cappaert et al. 2005, Poland and McCullough 2006). An Asian ash species,
Manchurian ash (F. mandshurica Ruprecht), was found to be more resistant than
several cultivars of white and green ash (Rebek et al. 2008). Surprisingly, a hybrid
cultivar of North American black ash x Manchurian ash was highly susceptible to
EAB indicating that this cultivar was more similar to its North American parent
in susceptibility to EAB. Efforts have been directed to elucidate mechanisms of
resistance by Asian ash species to EAB, aiming to develop resistant ash varieties
or hybrids (Eyles et al. 2007, Koch et al. 2008, Chen and Poland 2009a, b).
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Roles of nutritional quality and plant secondary compounds in plant re-
sistance to insect herbivores have widely been implied or documented (Panzuto
et al. 2001, Despland and Noseworthy 2006, Chen et al. 2008). Inter-specific
differences among Manchurian ash, green ash, and white ash may contribute
to Manchurian ash’s relatively higher resistance to EAB infestation (Rebek
et al. 2008) because some phenolic compounds (i.e., hydroxycoumarins, calce-
loariosides A and B) were only found in Manchurian ash phloem (Eyles et al.
2007). Green ash nutrients, defensive compounds, or their combination were
suggested to be responsible for EAB adults’ preference for mature leaves over
young leaves (Chen and Poland 2009b). EAB adults were also found to prefer
green ash foliage from seedlings that were grown in the sun or were stressed
(girdled on the stem) to foliage from seedlings that were grown in the shade
or were previously un-girdled, respectively (Chen and Poland 2009b). Levels
of total non-structural carbohydrate (TNC) were found to be greater in foliage
from seedlings grown in the sun or that were girdled, compared to seedlings
grown in shade or ungirdled.

Black, green, and white ash trees are the three most abundant ash species
in the northeastern USA (USGS 2009). Regarding EAB infestation (or female
oviposition preference), Anulewicz et al. (2007) found that EAB preferred green
over white ash, with blue ash being least preferred. However, Smith et al.
(2006) found that green and white ash trees were killed with equal frequency
in southeast Michigan forests, and black ash experienced the highest mortal-
ity during initial stages of invasion. In a comparison of feeding preference of
EAB adults on leaves from six ash species in the laboratory conducted in metal
screen cages, black ash, green ash, and white ash were preferred over Manchu-
rian ash, blue ash, and European ash (F. excelsior L.), while no preference was
detected among black ash, green ash, and white ash (Pureswaran and Poland
2009). In this study we compared the longevity of EAB adults reared on green,
white or black ash and EAB feeding preference among these ash species. We
then compared nutritional quality and defensive compounds among these ash
species to investigate the underlying mechanisms for observed differences in
longevity and feeding preference.

Methods and Materials

Ash seedlings and insects. Green ash, white ash, and black ash
seedlings (2-yr-old and ca. 30-50cm tall) were purchased from Lawyer Nursery
Inc. (West Plains, MT, USA) in February, 2009, and stored in a dark room
at 4°C until potting. Seedlings were potted with TPOT2 tree pots (Width:
15cm; Height: 41cm; Volume: 6.23 L; Stuewe & Sons, Inc., Corvallis, OR, USA)
using Fafard #52 soil (BFG Supply Co., Burton, OH, USA) as the planting
medium. They were grown during April-May, 2009 (ca. 14L:10D, 25 + 2°C)
in a greenhouse located at the Tree Research Center at Michigan State Uni-
versity, East Lansing, MI, USA. Seedlings were fertilized once every 3-4 days
with approximately 2 L of nutrient solution containing 200 ppm nitrogen, 60
ppm phosphorus, 150 ppm potassium, 80 ppm calcium, 40 ppm magnesium,
60 ppm sulfur, 0.15 ppm copper, 4 ppm iron, 0.8 ppm manganese, and 0.32
ppm zinc.

Ash trees naturally infested with EAB were felled at the end of 2008 and
early 2009 in Ingham County, MI, cut into 90-cm long logs, and held in cold
storage at 4°C. As beetles were required for experiments, logs were removed
from cold storage to allow beetles to emerge in rearing tubes at 25°C. They
were separated by sex and kept in 295 ml plastic beverage containers with an
evergreen ash, F. uhdei (Wenzig) Linglesh, leaf in a vial of water for feeding.
Containers with beetles were kept in growth chambers at 25°C with a photope-
riod of 14L.:10D, and > 70% relative humidity with fresh food that was replaced
twice a week, until they were used in experiments.
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EAB adult longevity in response to three ash species. In order
to evaluate effects of three ash species on adult EAB longevity, three newly
emerged EAB adults were placed in a sealed 295-ml plastic drinking cup where
they were fed with excised leaves from either black, green, or white ash. A 5
X 7 cm area on the side of the cup was cut away and sealed with 1 X 1 mesh
for ventilation. The experiment was a 3 (ash species) X 2 (EAB sex) factorial
design. Three EAB adults of the same sex were placed in each cup. The peti-
oles of excised compound leaves were placed into 20-ml glass vials filled with
water before being placed into cups. Leaves were replaced with fresh leaves of
the same ash species every 2-3 days. The leaves of different ash species were
mature (approximately 2-3 weeks after full expansion) and matched for age
and size at the time of foliage change to minimize foliage age effects on EAB
longevity (Chen and Poland 2009b). Survival of EAB was monitored daily until
all EAB were dead. Each treatment combination was replicated 5 times (cups).
Cups were kept in chambers set at 25 + 2°C and 70% relative humidity with a
photoperiod of 14L:10D.

EAB adult feeding preference in response to three ash species.
Dual-choice tests were conducted to determine EAB feeding preferences for
different ash species. Tests were conducted in 17 x 6 x 12 cm (L x W x H)
plastic cages (Pioneer Plastics, Inc., Dixon, KY, USA). Small holes (diam. =
0.2 cm) were punched in the cage lids for air circulation. The stems of excised
leaves of the paired treatments (as described below) were inserted into 15 ml
glass bottles filled with water and placed at opposite sides of the cage. Position
of the treatments was randomly assigned. Five 3- to 4-d-old satiated virgin
females were then released into the center of the cage and allowed to feed for
48 h. Three dual-choice preference experiments were conducted: (1) Black ash
vs. White ash; (2) Black ash vs. Green ash; and (3) Green ash vs. White ash.
As in the previous experiment, the leaves used in each assay were mature and
matched for age and size. Foliage area consumed was quantified with a digital
camera and a digital imaging software — Image Processing and Analysis in
Java (Imaged, version 1.34s, available in public domain http://rsbweb.nih.gov/
ij/) by subtracting foliage area at the end of the experiment from initial foliage
area. Fresh mass of foliage consumed during the experiment was calculated
from separate linear equations between foliage area and foliage mass for each
ash species. The specific leaf weight (SLW), which is an index of foliage density,
was expressed as total fresh mass divided by total foliage area, g/cm?). Each
preference experiment was repeated 8 times in chambers set at 25 + 1 °C and
a photoperiod of 14L:10D.

Foliar macro- and micro-nutrients of three ash species. To investi-
gate nutritional composition of black, green, and white ash foliage, macro- and
micro-nutrients of the three ash species were determined. Because EAB adults
prefer to feed on mature leaves, fully matured foliage was collected for assay
approximately 5 wk after seedling potting. Freshly excised compound leaves
were immediately dipped into liquid nitrogen for 2-3 seconds and brought to the
laboratory in a cooler filled with ice. Leaves were then oven-dried at 60-70°C
for 48 h. Dried foliage was later sent to A & L. Great Lakes Laboratories, Inc.
(Fort Wayne, IN, USA) for macro- (nitrogen, phosphorus, potassium, calc1um
magnesium, sulfur and sodium) and micro-nutrient (boron, zinc, manganese,
iron, and copper) analyses n = 6 replicate per ash species.

Total proteins and carbohydrates of three ash species. Methods
of sample collection, and protein and carbohydrate (glucose, fructose, sucrose,
starch) extraction and determination were described in detail in Chen and Po-
land (2009b). Briefly, mature leaves were cut and flash frozen in liquid nitrogen
approximately 5 wk after seedling potting. Samples were then ground to fine
powder with mortar and pestle in liquid nitrogen, and approximately 40-80
mg of ground plant tissue was used for protein and carbohydrate extraction.
Total protein content was determined following the Bradford protein assay
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and calculated with a standard curve established using bovine serum albumin.
Glucose, fructose and sucrose content was determined using a glucose assay
kit (Sigma-Aldrich, St. Louis, MO, USA) and calculated from a standard curve
generated using D-glucose as a standard. The starch content was estimated in
glucose equivalents. Total non-structural carbohydrate (TNC) was expressed
as the sum of glucose and starch, because the amounts of fructose and sucrose
determined following this method were negligible. Each treatment (species) was
repeated 10 times, except for green ash which had 9 replicates. All chemicals
used in this experiment and the following were purchased from Sigma-Aldrich
(St. Louis, MO, USA), or Fisher Scientific (Pittsburgh, PA, USA).

Defensive chemistry of three ash species and EAB frass. Foliage
samples were collected and prepared as in the preceding experiment. Methods of
total phenolics, protease inhibitor extraction and determination were described
elsewhere (Chen and Poland 2009b). Briefly, ground and weighed plant tissue
was extracted for phenolics 3 times with 70% acetone at 4°C in the dark for 30
min. The supernatant after each centrifugation was pooled and the concentration
[umol g fresh weight (FW)] determined using a modified Prussian blue assay
(Graham 1992). An external standard curve with gallic acid within the linear
range was constructed to calculate sample concentration.

Trypsin and chymotrypsin inhibitors were extracted with a Tris-HCI buf-
fer (pH 7.8) containing 7% polyvinylpolypyrrolidone, 1.67 mM phenylthiourea,
0.3 mM KCI, and 0.4 mM ascorbic acid (Stout et al. 1998). The mixture was
centrifuged at 10,000xg for 10 min. The supernatant was used for assay. The
trypsin and chymotrypsin inhibitor assays followed Walsh and Wilcox (1970),
and Broadway (1993) using NU-p-tosyl-L-arginine methyl ester (TAME) and
N-benzoyl-L-tyrosine ethyl ester (BTEE) as substrates for trypsin and chy-
motrypsin determination, respectively.

In order to examine EAB adults’ ability to dispose of phenolics by direct
excretion, frass of EAB adults in the longevity experiment was collected for
phenolic determination. The experimental design was a 3 (ash species) X 2 (EAB
sex) factorial with n = 5 replicates per treatment combination.

Statistical analysis. EAB longevity was analyzed by 3 (ash species)
x 2 (EAB sex) ANOVA. The longevity of the 3 individuals in each treatment
combination (cup) was averaged before being subject to the analysis. Fresh
mass of foliage consumed and foliage area consumed were analyzed by paired
t-test, separately for each dual-choice test. SLW among species were analyzed
by one-way ANOVA. Foliar macro- and micro-nutrients, total proteins, glucose,
starch, TNC, protein:TNC ratio, ash foliage and EAB fecal phenolics, trypsin
and chymotrypsin inhibitors were individually analyzed by one-way ANOVA.
Protein:TNC ratio data were log transformed before analysis. Means of one- and
two-way ANOVA were separated by student ¢-test at [ = 0.05. Comparisons of
phenolics between ash foliage and EAB frass were conducted by paired ¢-tests,
separately for ash species.

Results

EAB adult longevity in response to three ash species. Ash species
significantly affected EAB adult longevity (F = 3.39; df = 2, 24; P=0.05; Fig. 1).
Data for male and female EAB adult longevity were pooled because EAB sex
and the interaction between ash species and EAB sex did not affect EAB adult
longevity. Longevity of EAB adults fed on white ash was about 30% greater than
for EAB reared on green ash, which in turn was approximately 18% higher than
for EAB reared on black ash.

EAB adult feeding preference in response to three ash species.
The relationships between foliage area (Y) and foliage mass (X) for black, green,
and white ash could be well expressed as linear, Y =a + bX. The regression lines
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Figure 1. Longevity (mean + SEM) of EAB adults reared on three North American ash
species in no-choice tests. Different lower-case letters above the bars denote significant
difference at [1 = 0.05. No significant difference between EAB sexes was found and as a
result data over sex were pooled. n = 30 (15 males and 15 females) for each ash species.

for black ash, green ash, and white ash were Yy asn = - 0.3127 + 0.0253 X (adj.

R*=0.80; P, >005 P <001) Ygreenash_ 0.1328 + 0.0176 X (adj. R*=0.76; P,

> 0.05; P, <'0.01), and Yypie oo = - 0.0151 +0.0117 X (adj. R? = 0.74; P, > 0.05

P <o0. 013 respectively. EAB females consumed a similar mass of fohage from
each treatment during the 48 h assay in all the three dual-choice tests (Fig.

2A), although EAB adults ate significantly more white ash foliage in terms of
foliage area compared to black ash foliage in the Black ash vs. White ash trial
(Fig. 2B) and more green ash foliage was consumed than black ash foliage in the
Black ash vs. Green ash trial (Fig. 2B) because the average specific leaf weight
(SLW) of black ash (0.0218 + 0.0007 g/cm?) was significantly greater than that
of green ash (0.0165 + 0.0005 g/cm?), which is in turn greater than that of white
ash (0.0116 = 0.0004 g/cm?) (F' = 85.57; df = 2, 45; P < 0.0001). The green ash
and white ash foliage areas eaten in the Green ash vs. White ash trial did not
differ (Fig. 2B).

Foliar macro- and micro-nutrients of three ash species. Foliar
macro- and micro-nutrients of the three ash species are shown in Table 1. Re-
garding macro-nutrients, nitrogen content of the three ash species differed, with
black ash the highest, green ash the intermediate, and white ash the lowest.
Phosphorus of green ash foliage was the highest among the three. Magnesium
levels were highest in black ash, which was followed by white ash and green
ash in descending order. Sulfur amounts were highest in black ash, followed
by green and white ash. No significant differences in potassium, calcium, and
sodium among the three ash species were observed. For the 5 micro-nutrients,
amounts of boron, zinc and copper differed among the ash species, those of
manganese and iron did not.



2010 THE GREAT LAKES ENTOMOLOGIST 25

0.25

0.20 -

0.151

0.10 T

0.05

Fresh weight of leaf consumed (g)

0.00
14
B
—~ 12
€
)
= 10 -
e .
= 8 -
(72
c
o
(3] 6_
o
o
S 4
5+
(]
-
2_
0

Black White Black Green Green White
ash ash ash ash ash ash

2-Choice tests

Figure 2. Fresh mass of foliage (A) and foliage area (B) (mean = SEM) consumed by
EAB during dual-choice tests among three North American ash species over 48 h. Dual-
choice tests: Black ash vs. White ash; Black ash vs. Green ash; and Green ash vs. White
ash. * denotes significant difference at [1 = 0.05. n = 8 replicates.
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Total proteins and carbohydrates of three ash species. Total soluble
proteins and carbohydrates of the three ash species are presented in Table 2.
Total proteins of white ash were significantly greater than those of black and
green ash (F = 3.50; df = 2, 27; P < 0.05). Glucose levels did not differ among
ash species (F'=1.71; df = 2, 27; P> 0.05). Starch levels in green and white ash
were marginally higher than in black ash (F'=2.99; df =2, 26; P=0.07). Green
ash foliage contained higher TNC than white ash (F'=4.34; df = 2, 26; P < 0.05).
Although statistically the difference in TNC between black ash and white ash
was not significant, TNC levels were nearly 20% higher in white ash than in
black ash. White ash had the highest protein:TNC ratio, followed by black and
green ash (F' = 3.47; df = 2, 26; P < 0.05).

Defensive chemistry of three ash species and EAB frass. Ash species
differed in constitutive foliage phenolic levels (Fig. 3A). Phenolic levels in green
ash were greater than in black or white ash (F = 13.77; df = 2, 27; P < 0.01).
Black and white ash did not differ in total phenolics. The phenolic content in
EAB frass ranged from nearly twice to over 2-fold higher than total phenolics
in the foliage of ash species they fed upon (Fig. 3A). Frass from EAB adults
reared on black ash foliage contained the greatest amount of total phenolics,
followed by green and white ash. EAB males and females differed in their abil-
ity to excrete total phenolics, and female frass had higher amount of phenolics
than male frass (F' = 4.83; df = 1, 24; P < 0.05; Fig. 3B).

Green ash foliage had almost 70% higher levels of trypsin inhibitors than
white ash, which in turn contained 3-fold higher levels of trypsin inhibitors than
black ash (Fig. 4). The levels of chymotrypsin inhibitors in black and white ash
were greater than in green ash (Fig. 4).

Discussion

EAB adults lived longer when they fed on green and white ash foliage than
when they fed on black ash, and they also seemed to prefer green and white ash
over black ash in this study. Although most of the macro-nutrients (i.e., nitrogen,
phosphorus, magnesium, and sulfur) differed among black, green, and white
ash, the better performance and preference of EAB on green ash and white ash
over black ash might not be caused by any of the macro-nutrients alone, because
the amounts of all these nutrients in black ash foliage were generally either
the highest (i.e., total nitrogen, potassium, magnesium, and sulfur) among the
three ash species or not statistically different (i.e., sodium) from those of the
other two species (Table 1). Phosphorus levels in white ash and green ash foliage
were the lowest and the highest, respectively. However, the performance and
preference of EAB on these two species did not differ. Ash species also differed
in most of the micro-nutrients (i.e., boron, zinc, and copper). The patterns of
EAB performance and preference did not parallel those of micro-nutrients, and
the micro-nutrients levels in black ash foliage were never the lowest.

Proteins are generally considered the main source of nitrogen. High total
soluble protein level in white ash might in part contribute to the greater per-
formance and preference of EAB. However, nutrient balance, in particular, the
protein:TNC ratio might be a more important determinant in insect feeding pref-
erence on artificial diets (Bede et al. 2007, Behmer 2009). Most insects studied
in the laboratory, in particular generalist insects, chose diets with protein:TNC
ratios greater than 1 over those less than 1 (Bede et al. 2007). The protein:TNC
ratios of black ash and white ash in this study were greater than 1, while the
ratio of green ash was lower than 1. Additionally, protein:TNC ratio of white
ash foliage was significantly higher than that of green ash, and no significant
differences were detected between white ash and black ash, or between black
ash and green ash. Therefore, the protein:TNC ratio alone can not explain the
lower performance of EAB adults reared on black ash foliage. Furthermore,
the reliability of the protein:TNC ratio as an indicator of nutrient balance in
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Figure 3. Total phenolics (mean = SEM) of three North American ash species and EAB
adult frass. (A) Phenolics of ash species and EAB adult frass (n = 10); (B) Phenolics of
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Figure 4. Trypsin and chymotrypsin inhibitors (mean + SEM) of three North Ameri-
can ash species. Different lower- and upper-case letters denote significant differences
among three ash species in trypsin and chymotrypsin inhibitors at [] = 0.05, respec-
tively. n = 10 replicates for black, green, and white ash.

studies involving live plants may need to be further examined. Proteins in live
plants may include defensive enzymes and non-defensive proteins. Almost
all diet self-selection studies so far were conducted with artificial diets in the
laboratory and the proteins used were completely non-defensive proteins (e.g.,
casein; Waldbauer and Friedman 1991, Woods 1999). Many defensive proteins
and enzymes are induced by insect herbivore feeding (Chen et al. 2009a, b), and
are included in the total protein determination.

The shorter longevity of EAB adults on black ash might be caused by more
unbalanced nutrients (total protein/TNC) of black ash than green and white ash.
At first glance, the worse performance of EAB adults on black ash foliage seems
contradictory to the general belief that nitrogen is a limiting factor for plant and
animal growth (Mattson, Jr. 1980, White 1993) and the importance of nutri-
ent balance in insect feeding preference (Behmer 2009). However, as shown in
Table 1, the foliar total nitrogen of all three species in this study was very high
(i.e., nearly or over 2-fold the levels of normal ranges of ash trees and higher
than many of the naturally grown tree species). Furthermore, black ash had the
highest contents of total protein while it had the lowest levels of TNC (Tables
1 and 2). Therefore, under conditions where nitrogen is not limiting, the more
unbalanced nutrients of black ash foliage might impair EAB performance.

Phenolics were suggested to be involved in Manchurian ash’s relatively
higher resistance to EAB infestation because some phenolic compounds (i.e.,
hydroxycoumarins, calceloariosides A and B) were only found in Manchurian
ash phloem (Eyles et al. 2007), compared to green ash and white ash. Phenolics
and protease inhibitors might also partially contribute to EAB adults’ shorter
longevity on young green ash leaves and preference for mature foliage (Chen and
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Poland 2009b). Neither phenolics nor protease inhibitors seemed to contribute
to EAB adult longevity in this study. The following two reasons may support
the claim. First, most of the phenolics and protease inhibitors might be directly
excreted or detoxified by EAB detoxification enzymes. As shown in Fig. 3, EAB
frass contained approximately 2-fold or more phenolics compared to ash foli-
age, regardless of ash species. Furthermore, EAB females are more capable of
excreting phenolics than males. Many phytophagous insects are also known to
possess well-developed detoxification systems that help insects reduce or elimi-
nate toxicity of plant allelochemicals (Ahmad et al. 1986). Second, the defensive
roles of phenolics might be alleviated by high nitrogen availability or optimal
nutrient balance. An excellent example is the strong interaction of nutrients with
plant allelochemicals found by Simpson and Raubenheimer (2001). When the
migratory locusts, Locusta migratoria L. (Orthoptera: Acrididae), were fed upon
diets with optimal protein to carbohydrate ratio, the otherwise negative effects
of tannic acid (a carbon-based polyphenol) on their performance disappeared.

In summary, EAB adults in this study performed better on and preferred
green ash and white ash than black ash. The better performance and preference
on green and white ash might be due to relatively more balanced nutrients of
green and white ash foliage. The negative effects of the putative defensive com-
pounds (phenolics and protease inhibitors) of ash seedlings might be alleviated
by high nitrogen levels. As a result, the patterns of these plant allelochemicals
did not parallel with EAB performance and preference.

Acknowledgments

We thank Tina Ciaramitaro and Deborah Miller for maintenance of the
EAB colony and trees in the greenhouse. We also thank Drs. Mike Ulyshen
(Department of Entomology, Ohio State University) and Xinzhi Ni (USDA-ARS,
Tifton, GA) for comments on an early draft of the manuscript. The research was
supported by the USDA Forest Service, NA FHP.

Literature Cited

Ahmad, S., L. B. Brattsten, C. A. Mullin, and S. J. Yu. 1986. Enzymes involved in the
metabolism of plant allelochemicals, pp. 73-151. In L.B. Brattsten and S. Ahmad (eds),
Molecular aspects of insect-plant associations. Plenum Press, New York, USA.

Anulewicz, A. C., D. G. McCullough, and D. L. Cappaert. 2007. Emerald ash borer
(Agrilus planipennis) density and canopy dieback in three North American ash spe-
cies. Arboric. Urban For. 33: 338-349.

Bede, dJ. C.,J.N.McNeil, and S. S. Tobe. 2007. The role of neuropeptides in caterpillar
nutritional ecology. Peptides 28: 185-196.

Behmer, S. T. 2009. Insect herbivore nutrient regulation. Annu. Rev. Entomol. 54:
165-187.

Broadway, R. M. 1993. Purification and partial characterization of trypsin/chymotrypsin
inhibitors from cabbage foliage. Phytochemistry 33: 21-27.

Cappaert, D., D. G. McCullough, T. M. Poland , and N. W. Siegert. 2005. Emerald
ash borer in North America: A research and regulatory challenge. Am. Entomol.
51: 152-165.

Chen, Y., X. Ni, and G. D. Buntin. 2009a. Physiological, nutritional, and biochemical
bases of corn resistance to foliage-feeding fall armyworm. J. Chem. Ecol. 35: 297-
306.

Chen, Y., X. Nj, T. E. Cottrell, B. W. Wood, and G. D. Buntin. 2009b. Changes
of oxidase and hydrolase activities in pecan leaves elicited by black pecan aphid
(Hemiptera: Aphididae) feeding. J. Econ. Entomol. 102: 1262-1269.



32 THE GREAT LAKES ENTOMOLOGIST Vol. 43, Nos. 1 -4

Chen, Y., and T. M. Poland. 2009a. Biotic and abiotic factors affect green ash (Fraxinus
pennsylvanica) volatile production and emerald ash borer (Agrilus planipennis) adult
feeding preference. Environ. Entomol. 38: 1756-1764.

Chen, Y., and T. M. Poland. 2009b. Interactive influence of leaf age, light intensity,
and girdling on green ash foliar chemistry and emerald ash borer development. dJ.
Chem. Ecol. 35: 806-815.

Chen, Y., Schmelz, E.A., Wickers, F., and Ruberson, J.R. 2008. Cotton plant, Gos-
sypium hirsutum L., defense in response to nitrogen fertilization. J. Chem. Ecol.
34: 1553-1564.

Despland, E., and M. Noseworthy. 2006. How well do specialist feeders regulate
nutrient intakes? Evidence from a gregarious tree-feeding caterpillar. J. Exp. Biol.
209: 1301-1309.

Eyles, A.,, W. Jones, K. Riedl, D. Cipollini, S. Schwartz, K. Chan, D. A. Herms, and
P. Bonello. 2007. Comparative phloem chemistry of Manchurian (Fraxinus mand-
shurica) and two North American ash species (Fraxinus americana and Fraxinus
pennsylvanica). J. Chem. Ecol. 33: 1430-1448.

Graham, H. D. 1992. Stabilization of the Prussian blue color in the determination of
polyphenols. J. Agric. Food Chem. 40: 801-805.

Haack, R. A., E. Jendek, H. P. Liu, K. R. Marchant, T. R. Petrice, T. M. Poland, and
H. Ye. 2002. The emerald ash borer: a new exotic pest in North America. Newsletter
Mich. Entomol. Soc. 47:1-5.

Koch, J. L., D. W. Carey, and M. E. Mason. 2008. Development of novel ash hybrids
to introgress resistance to emerald ash borer into north American ash species, pp.
36-37. In V. Mastro, D. Lance, R. Reardon and G. Parra (comps.). Emerald Ash
Borer Research and Technology Development Meeting. USDA Forest Service.
FHTET-2008-07. Pittsburgh, PA.

Mattson, W. J. Jr. 1980. Herbivory in relation to plant nitrogen content. Annu. Rev.
Ecol. Syst.11: 119-161.

Panzuto, M., F. Lorenzetti, Y. Mauffette, and P. J. Albert. 2001. Perception of aspen
and sun/shade sugar maple leaf soluble extracts by larvae of Malacosoma disstria.
J. Chem. Ecol. 27: 1963-1978.

Poland, T. M., and D. G. McCullough. 2006. Emerald ash borer: invasion of the urban
forest and the threat to North America’s ash resources. J. Forestry 104: 118-124.

Pureswaran, D. S., and T. M. Poland. 2009. Host selection and feeding preference
of Agrilus planipennis (Coleoptera: Buprestidae) on ash (Fraxinus spp.). Environ.
Entomol. 38: 757-765.

Rebek, E. J.,D. A. Herms, and D. R. Smitley. 2008. Interspecific variation in resistance
to emerald ash borer (Coleoptera: Buprestidae) among North American and Asian
ash (Fraxinus spp.). Environ. Entomol. 37: 242-246.

Simpson, S. J., and D. Raubenheimer. 2001. The geometric analysis of nutrient-
allelochemical interactions: a case study using locusts. Ecology 82: 422-439.

Smith, A., D. A. Herms, and R. P. Long. 2006. Does community structure influence for-
est susceptibility and response to emerald ash borer? p. 76. In K. Gottschalk (comps).
Proceedings 16" U.S. Department of Agriculture Interagency Research Forum on
Gypsy Moth and Other Invasive Species 2005. Annapolis, Maryland.

Stout, M. J., K. V. Workman, R. M. Bostock, S. S. Duffey. 1998. Specificity of induced
resistance in the tomato, Lycopersicon esculentum. Oecologia 113: 74-81.

(USGS) United States Geological Survey. 2009. Digital Representations of Tree Species
Range Maps from “Atlas of United States Trees” by Elbert L. Little, Jr. (and other
publications). (http://esp.cr.usgs.gov/data/atlas/little/).



2010 THE GREAT LAKES ENTOMOLOGIST 33

Waldbauer, G. P., and S. Friedman. 1991. Self-selection of optimal diets by insects.
Annu. Rev. Entomol. 36: 43-63.

Walsh, K. A., and P. E. Wilcox. 1970. Serine proteases, pp. 31-34.. In G. E. Perlmann,
and L. Lorand (eds), Methods in Enzymology, vol XIX Academic Press, New York.

White, T. C. R. 1993. The inadequate environment: nitrogen and abundance of animals.
Springer-verlag: Berlin, Heidelberg, New York.

Woods, H. A. 1999. Patterns and mechanisms of growth of fifth-instar Manduca sexta
caterpillars following exposure to low- or high-protein food during early instars.
Physiol. Biochem. Zool. 72: 445-454.



