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Abstract
The total phenolic content of foliage from 11 elm species and 2 cultivars was measured, and the relationship to gypsy moth developmental 
studies was determined. The 13 elms, Ulmus wilsoniana (Schneid.), U. japonica (Rehd.), U. glaucesens (Franch), ‘Accolade’, ‘Triumph’, 
U. davidiana (Planch), U. parvifolia (Jacq.), U. szechuanica (Fang), U. macrocarpa (Hance), U. chenmoui (Cheng), U. lamellosa (C. 
Wang et S.L. Chang, ex L.K. Fu), U. castaneifolia (Hemsl.), and U. gaussenii (Cheng), were grown at the Morton Arboretum, Lisle, 
IL and analyzed at the Pesticide Toxicology Laboratory, Iowa State University, Ames, IA. Signifi cant differences were found in the 
phenolic content of the 13 elms surveyed. No signifi cant differences were identifi ed between gypsy moth larval longevity, pupal fresh 
weight, or percentage adult emergence with respect to total leaf phenolic content.
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Species used in this study: Wilson elm (Ulmus wilsoniana Schneid.); Japanese elm (U. japonica Rehd.); Glaucescent elm (U. 
glaucesens Franch); Accolade (U. japonica-wilsoniana); Triumph (U. japonica-wilsoniana × U. japonica-pumilia); David elm (U. 
davidiana Planch); Chinese elm and Lacebark elm (U. parvifolia Jacq.); Szechuan elm (U. szechuanica Fang); Bigfruit elm (U. 
macrocarpa Hance); Langya mountain elm (U. chenmoui Cheng); Lacebark elm (U. lamellosa C. Wang et S.L. Chang, ex L.K. Fu); 
Multinerved elm (U. castaneifolia Hemsl.); Gaussen elm (U. gaussenii Cheng); gypsy moth (Lymantria dispar L.).
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Signifi cance to the Nursery Industry
Elm trees (Ulmaceae) are one of the most highly valued 

shade trees in North America. Even after the invasion of 
Dutch elm disease that fi rst plagued North America in the 
1930s, homeowners still take great pride and pleasure in 
the elm. A survey conducted in an elm leaf beetle-infested 
neighborhood in Sacramento, CA, found the public report-
ing major benefi ts, such as shade and visual aesthetics of the 
trees, to offset the negative aspects of the insect pests (27). 
Still, there is intensive effort to develop new hybrids that are 
not susceptible to Dutch elm disease, elm yellows, verticil-
lium wilt, or insect herbivory. Initial feedback from nursery 
growers indicate that the new Asian cultivars ‘Accolade’ and 
‘Triumph’, with good resistance to Dutch elm disease, are 
performing well and have great potential for use in arboricul-
ture, urban and community forestry, and landscaping. How 
these hybrids will respond to insect damage is still unclear. 
There are currently many insects that cause damage to elms, 
but there is signifi cant concern for controlling the gypsy 
moth. Research has shown that different elms exhibit various 
levels of resistance to numerous insect pests (6, 7, 13–19). A 
basic understanding of the general foliar chemistry and the 
effects of specifi c compounds on herbivore resistance will 
serve a valuable function in breeding programs.

Introduction
Today, there are many new elm cultivars available in the 

nursery trade, with European and Asian heritage, offering 
a variety of natural defenses to disease and insect pests. 
There have been immense efforts in exploring their natural 
resistance, and plant breeders are developing new cultivars 
that are not susceptible to Dutch elm disease, elm yellows, 
verticillium wilt, or insect herbivory.

Some of the most common insect pests on elm include fall 
cankerworm, Alsophila pometaria (Harris), spring canker-
worm, Paleacrita vernata (Peck), elm leaf beetle, Pyrrhalta 
luteola (Mueller), elm leaf miner, Fenusa ulmi (Sundevall), 
and Japanese beetle, Popillia japonica (Newman). More 
recently, invasive species including generalist feeders like 
the gypsy moth, Lymantria dispar (L.) have raised con-
cern for determining host plant suitability and identifying 
mechanisms of insect resistance. Elms have various levels 
of resistance to numerous insect pests (7, 13, 14, 15, 16, 18, 
19). More recent work has indicated that plant responses to 
these insect-herbivore interactions involve plant secondary 
compounds. There are a wide variety of secondary com-
pounds isolated from plants and include large groups such as 
alkaloids, glycosides, terpenoids, iridoids, and phenolics.

Phenolic compounds have long been identifi ed as a group 
of chemicals closely tied to insect-plant interactions (4, 5, 
23), but they can also function in protection from UV light, 
regulation of nutrient cycling within the ecosystem, pollina-
tor attraction, seed dispersal, fungal defense, and allelopathy 
(30, 12). This large class of compounds can be identifi ed by 
the presence of a hydroxy-substitued aromatic ring. Some of 
the more common plant phenolics are grouped as fl avonoids, 
lignins, tannins, and hydroxy-quinones, all of which have 
been reported in numerous insect-plant relationships. Nishida 
et al. (21) reported four fl avonoids to stimulate oviposition 
by a citrus-feeding swallowtail, and Harborne (8) noted 
several fl avonoids to be feeding stimulants. For Bootettix 
argentatus (Bruner), a specialist feeder, a surface lignin 
serves as a feeding stimulant, but it deters other generalist 
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herbivores (3). Tannins in Betula resinifera (Britton) were 
found to possess high antiherbivore activity (1).

There is a diversity of insect responses to phenolics, and 
the responses can depend upon the environment, specifi c 
concentrations of phenolics that are present, or the physi-
ological state of the receiving insect (26). Past studies have 
most commonly exhibited a negative feeding response to 
higher phenolic content (11, 20, 24, 31). However, this is not 
always the case. Insect attraction to phenolic compounds has 
also been described (9).

The purpose of this study was to evaluate the host plant 
suitability of Asian elms for the gypsy moth and compare 
foliar total phenolic content. Determining total phenolic 
content is often times one of the preliminary steps in inves-
tigating biochemical resistance among other shade trees (2, 
10, 28) and could be valuable in comparing the elms. Previous 
studies have shown that Ulmus davidiana, U. japonica, U. 
wilsoniana, and U. propinqua, elms belonging to the David 
complex, and the Szechuan elm (U. szechuanica) all show 
moderate to high levels of susceptibility to the generalist 
insect herbivore, the Japanese beetle (14, 15) suggesting that 
elm parentage might have an important infl uence on host 
plant resistance. The importance of elm parentage is also seen 
with host plant suitability of the elm leaf beetle, where Asian 
elms have low levels of suitability for both larval and adult 
stages (17); however suitability for this insect herbivore is 
largely infl uenced by Siberian elm, U. pumila, parentage.

Knowledge of certain leaf properties that govern generalist 
herbivore host plant suitability would be a valuable guide for 
future elm breeding programs.

Materials and Methods
Measurement of leaf total phenolic content. Thirteen dif-

ferent elms were evaluated in this study: Ulmus wilsoniana 
(Schneid), U. japonica (Rehd), U. glaucesens (Franch), 
‘Accolade’, ‘Triumph’, U. davidiana (Planch), U. parvifolia 
(Jacq.), U. szechuanica (Fang), U. macrocarpa (Hance), U. 
chenmoui (Cheng), U. lamellosa (C. Wang et S.L. Chang, 
ex L.K. Fu) (6), U. castaneifolia (Hemsl.), and U. gaussenii 
(Cheng). Elm leaves from 11 different species and 2 cultivars, 
with three trees sampled per elm type, were obtained from 
the Morton Arboretum, Lisle, IL, in July of 2002 and shipped 
overnight to Iowa State University, Ames, IA, where they 
were stored at –5C (23F). Before extraction, the leaves were 

ground to a powder in liquid nitrogen with a chilled mortar 
and pestle. A 100-mg sample of each was stirred at room 
temperature for 2 hr in a 20-ml volume of 100% methanol 
(Fisher Scientifi c, Pittsburgh, PA). The methanol samples 
were then fi ltered and washed with 20 ml of hexane six times 
before fi nal fi ltration through a 0.45-μm syringe fi lter. Each 
remaining methanol solution was adjusted to a 10-ml volume 
for total phenolic content measurements by a modifi ed Folin-
Ciocalteau procedure described by Torres et al. (29). Samples 
were analyzed for total phenolic content by mixing 0.1 ml of 
the methanol sample with 6 ml water. A 0.5-ml volume of 
Folin-Ciocalteau Reagent (Sigma-Aldrich, St. Louis, MO), 
was added to the mixture and allowed to stand for at least 1 
minute. Next, 1.5 ml of 20% (wt/vol) sodium carbonate solu-
tion was added, and the fi nal reaction mixture was brought to 
a 10-ml fi nal volume with water. Each sample was maintained 
at 50C (122F) for 2 hours in 25-ml test tubes. The absorbance 
was measured on a spectrophotometer MV 21 at 765 nm. For 
comparison, known concentrations of gallic acid (Aldrich) 
were used to develop a calibration curve.

Leaf toughness and thickness was recorded with the use 
of a model Digital Force Meter leaf penetrometer (Chatil-
lon, Greensboro, NC). Data were collected on freshly picked 
leaves from trees at the Morton Arboretum.

Signifi cant differences among the 13 elms were detected 
by a nested ANOVA using SAS (25). Total phenolic content 
was analyzed with gypsy moth no-choice growth and devel-
opmental studies. A multivariate analysis with PROC GLM 
(SAS Version 9.1), followed by a univariate analysis was 
used to search for trends in gypsy moth duration of larval 
stage (larval longevity), pupal fresh weight, and percentage 
adult emergence compared with leaf total phenolic content, 
toughness, and thickness. A correlation matrix was used 
to equalize the variances between different units of mea-
surement. P-values for variables that showed high levels 
of correlation were obtained by using PROC CORR, with 
consideration of parametric and nonparametric methods for 
estimation (25).

Gypsy moth developmental study. Gypsy moth develop-
ment on Asian elms (Morton Arboretum, Lisle, IL) was 
assessed in a laboratory no-choice feeding assay in July of 
2001 and previously reported (22). To summarize, individual 
neonate gypsy moth larvae were placed into a 60-mL (2.5 × 
6.5 cm) plastic tube with a snap cap lid and monitored daily 
for larval mortality, pupation, and adult emergence. The 
larvae were provided with fresh leaf material every two days 
and were maintained in an incubator under a photoperiod 
of 16:8 (L:D) h at 25C (77F). Foliage was collected from 
three trees for each of the 13 elm types tested to account for 
within-species/cultivar variability (30 larvae for each elm). 
Ten larvae were tested for each of three trees for each of the 
13 elms evaluated. Measures of elm suitability for gypsy 
larvae were defi ned by larval longevity, pupal fresh weight, 
and percentage adult emergence. Pupae were weighed within 
24 hours of pupation for pupal fresh weight. Natural log 
transformations were performed on pupal fresh weight and 
percentage of adult emergence for analysis.

Results and Discussion
Measurement of leaf total phenolic content. Analysis of 

variance of the total phenolic content of the 13 elms showed 
signifi cance in the overall model with P < 0.0001 (Fig. 1). The 

Fig. 1. Total phenolic content of the 11 elm species and 2 cultivars 
surveyed.
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Gaussen elm (U. gaussenii) had the highest phenolic content 
and ‘Accolade’ (U. japonica-wilsoniana) was the lowest.

Gypsy moth developmental study. Table 1 reports the 
summary of gypsy moth growth and development from a 
2008 paper. Larvae were only able to complete development 
on 5 of the 13 elms tested, including U. szechuanica, U. 
gaussenii, U. lamellosa, ‘Accolade’, and ‘Triumph,. How-
ever, there were no signifi cant differences between elms 
in larval longevity, pupal fresh weight, or percentage adult 
emergence (Table 1).

The 11 elm species and 2 cultivars surveyed are signifi -
cantly different in total phenolic content. Two of the elms 
sampled had foliage containing the highest amount of total 

phenolic content, U. szechunica and U. gaussenii, were not 
found signifi cantly suitable for gypsy moth growth and 
development among the Asian elms sampled in this study. 
However, these data are representative of leaf samples col-
lected from trees at two time points in 2001 and 2002, and 
thus, the results do not account for variability between years. 
Neither of the remaining leaf variables tested (i.e. leaf tough-
ness and thickness) (Table 2) were signifi cantly related to elm 
host plant susceptibility to the gypsy moth. Other chemical or 
physical factors may be responsible for mediating generalist 
insect feeding behavior (22).

Qualitative and quantitative data on elm foliar phenolics 
would be benefi cial to identify differential activities among 
the common phenolic groups including fl avonoids, lignins, 
tannins, phenolic glycosides, etc. as they relate to gypsy 
moth growth and development on elm. Other studies have 
reported an inverse relationship between phenolic glyco-
side content and gypsy moth larval development (32, 33). 
Feeding trials with tremulacin, which signifi cantly reduced 
gypsy moth feeding rates and effi ciency with ingested food 
(34) as well as the fl avonoid quercetin (35), highlight the 
negative impacts of specifi c phenolics on gypsy moth larval 
development. However, there are also accounts of positive 
associations between levels of condensed tannins and gypsy 
moth performance (34, 36). These data provide examples of 
how foliar phenolics can impact the gypsy moth larval stage 
in different systems. Further work comparing the phenolic 
composition of elm leaves with respect to parentage and 
susceptibility to the gypsy moth would aid in identifying 
key chemical factors. Gypsy moths feed on numerous other 
types of plants, and there are most likely different biological, 
chemical, and physical variables for each host that determine 
the insects’ preferences. Our current study highlights differ-
ences in generalist insect feeding behaviors, which will lead 
to a more effective pest management strategies incorporating 
host-plant resistance.
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