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Quaking aspen (Populus tremuloides) is a foundation tree species in North American forests,
as well as a valuable source of wood and paper products. Quaking aspen exhibits
substantial genetic variation within and among natural populations in phytochemical
compounds that inﬂuence both interactions with herbivores and ecosystem dynamics. The
potential association of these phytochemicals with disease resistance, however, is
unknown. Here we present the results of a ‘‘natural experiment’’ in a common garden of
quaking aspen genotypes infected with shoot blight (Venturia moreletii). We found that the
incidence of shoot blight varied by 10-fold among aspen genotypes, and was strongly and
negatively correlated with constitutive foliar concentrations of condensed tannins. Selection factors that shape the genetic and phytochemical architecture of aspen populations
may thus simultaneously inﬂuence aspen resistance to pathogen attack, with consequences for individual tree ﬁtness as well as community organization, via ‘‘extended
phenotype’’ effects.
Ó 2009 Elsevier Ltd. All rights reserved.
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1. Introduction
Quaking aspen (Populus tremuloides Michx.) is the most widely distributed tree species in North America, with corresponding ecological and economic signiﬁcance. This rapidly growing tree is a foundation species, playing prominent roles in
the community and ecosystem dynamics of early successional forests throughout western and north-temperate North
America (Alban and Perala, 1992; Pastor and Naiman, 1992; Romme et al., 1995; Hogg et al., 2005). Quaking aspen is dioecious
and frequently reproduces asexually, creating clones that can persist for thousands of years (Perala, 1990; Mitton and Grant,
1996). In part because of its rapid growth, quaking aspen is commonly grown for commercial harvest of lumber and wood
pulp, and is a promising biofuel feedstock (Chen and Wayman, 1989; Kauter et al., 2003).
Substantial variation exists among quaking aspen clones within and among natural populations for constitutive
concentrations of two major classes of secondary compounds: phenolic glycosides (salicylates) and condensed tannins
(Lindroth and Hwang, 1996; Donaldson et al., 2006). This variation can be attributed to developmental, genetic, and
environmental (e.g., resource availability) factors, as well as to G  E interactions (Osier and Lindroth, 2001, 2004, 2006;
Stevens and Lindroth, 2005; Donaldson et al., 2006). Moreover, phytochemical variation in an ecologically dominant
species can have substantial effects on community members and ecosystem processes. In aspen, genetic variation
in phenolic glycoside and/or condensed tannin production is known to affect insect preference and performance
(Hemming and Lindroth, 1995; Hwang and Lindroth, 1997; Osier and Lindroth, 2001, 2006; Donaldson and Lindroth, 2007),
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inﬂuence mammalian browsing (Wooley et al., 2008), and alter nutrient cycling and litter decomposition rates
(Madritch et al., 2006).
Despite the well-documented ability of phytochemicals such as phenolic glycosides and tannins to provide resistance
against herbivores, much less is known about their potential to affect fungal pathogens. Quaking aspen is susceptible to
a large number of pathogens, which can cause substantial damage, crown dieback, and/or widespread tree mortality
(Hiratsuka, 1987; Webb, 1989; Brandt et al., 2003; Frey et al., 2004; Worrall et al., 2008). Pathogen infection has been the most
frequent cause of mortality in some quaking aspen stands (Hill et al., 2005), and is thought to be partially responsible
(via interactions with abiotic, climate-related variables) for widespread aspen dieback and reduced aspen forest growth in
North America over the past two decades (Hogg et al., 2005).
Among the most common diseases affecting quaking aspen is shoot blight, caused by the fungus Venturia moreletii (syn.
Venturia macularis, Venturia tremulae var. grandidentatae). This pathogen infects aspen leaves and stems on elongating
terminal or lateral shoots in the spring. Symptoms include dark lesions that expand rapidly on shoots that whither and droop
as they die and eventually become brittle. Within a few days after infection, a layer of conidiophores and conidia of the
asexual anamorph of V. moreletii, known as Fusicladium radiosum var. lethiferum (syn. Pollaccia radiosa), develop on colonized
tissues. Shoot blight is most damaging to young growth and the major effect of disease is reduction in height growth of the
affected trees. In wet years V. moreletii may kill large numbers of the terminal shoots in aspen stands (Sinclair and Lyon, 2005;
Blenis, 2007).
In July 2003, a young plantation of quaking aspen near Madison, WI, U.S.A., was subject to a major outbreak of V. moreletii.
We took advantage of this ‘‘natural experiment’’ to address: 1) whether aspen exhibits genetic variation in resistance to
V. moreletii, and 2) whether variation in resistance is associated with variation in constitutive phytochemistry.
2. Materials and methods
2.1. Study site and pathogen characterization
A common garden of quaking aspen was established at the Arlington Agricultural Research Station (University of Wisconsin–Madison), near Madison, Wisconsin (U.S.A.), in April of 2002. The garden contained replicates of multiple aspen
genotypes, originating from several locations in south-central Wisconsin. Microsatellite analyses (C.T. Cole and R.L. Lindroth,
unpubl. data) conﬁrmed the unique genetic identity of each genotype. Trees were micropropagated in early 2001, then grown
outside in pots (5 L) containing a 40–40–20 sand/ﬁeld soil/perlite mix. In April 2002, aspens were transplanted to a plowed
and disked common garden. The garden site was formerly an agricultural ﬁeld, and the soil type is chieﬂy Plano Silt Loam. The
common garden was established for long-term monitoring of aspen growth and foliar chemistry.
In mid-June, 2003, as part of our annual phytochemical survey, we collected healthy leaves from throughout the canopy of
ﬁve individual trees from each of eleven aspen genotypes. Leaves were excised at the base of the lamina, and placed on ice
until transferred to the laboratory. Leaves were then ﬂash-frozen in liquid nitrogen, freeze-dried, and stored (20  C) until
chemically analyzed.
In July 2003, numerous trees throughout the common garden exhibited symptoms of aspen shoot blight. In late July, we
surveyed ﬁve trees within each of 11 genotypes (the same 55 individual trees that had leaves harvested for chemistry) for the
incidence of shoots damaged by aspen shoot blight (expressed as a proportion and calculated for each individual tree as
the number of symptomatic shoots/total number of shoots). These trees were randomly distributed within a portion of the
common garden that had a relatively uniform distribution of blight symptoms. We also collected branch tips from 2 to 3 trees
per genotype for culturing and identiﬁcation of the fungal pathogen. The pathogen was identiﬁed on the basis of presence of
mycelium and conidia of the anamorph, F. radiosum var. lethiferum, on leaves or shoot tips (Sivanesan, 1974). Of 25 trees
assayed, 24 tested positive for F. radiosum.
2.2. Chemical analysis
The dried leaves were ground with a Wiley mill (40-mesh screen). We quantiﬁed aspen phenolic glycosides, including
salicortin and tremulacin, using high-performance thin-layer chromatography methods described by Lindroth et al. (1993),
with puriﬁed aspen phenolic glycosides as standards. Total phenolic glycoside concentrations were calculated as the sum of
salicortin and tremulacin concentrations. We quantiﬁed condensed tannins using the acid butanol assay described by Porter
et al. (1986), with puriﬁed aspen condensed tannins as a standard. Total nitrogen content was determined with a LECO
elemental analyzer (St. Joseph, Michigan) using glycine p-toluenesulfonate as a standard.
2.3. Statistical analysis
The data for condensed tannins and nitrogen, as well as the proportion of blighted shoots per tree, were transformed
(arcsine square root function) to meet normality assumptions prior to statistical analysis.
To ascertain whether genetic variation exists for concentrations of phenolic glycosides, condensed tannins, or nitrogen,
we performed one-way analyses of variance (ANOVAs), each with genotype as a ﬁxed factor and phytochemical concentration as the response variable. A Pearson product-moment test was performed to characterize the relationship between
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total phenolic glycosides and condensed tannins across genotypes and genotype replicates. To assess the functional
relationship between individual tree chemistry and the incidence of shoot blight, we regressed the proportion of blighted
shoots per tree on each chemical parameter (salicortin, tremulacin, total phenolic glycosides, condensed tannin, and
nitrogen, respectively).
To determine whether genotypes differed in their susceptibility to shoot blight, we performed a one-way ANOVA with
genotype as a ﬁxed factor and the proportion of blighted shoots per tree as a response variable. Ideally, an ANCOVA would also
have been performed to determine the effects of genotype on blight susceptibility when variation in phytochemistry was
taken into account. However, concentrations of phenolic glycosides, condensed tannins, and nitrogen were closely associated
with genotype, thus precluding the opportunity to perform an ANCOVA with genotype and chemistry as factors and
proportion of blighted shoots per tree as a response (Sokal and Rohlf, 1995). All data analyses were performed using Minitab
14.0 (State College, PA, USA).
3. Results
We found considerable genetic variation in total phenolic glycoside production, with genotype means that ranged from
w6 to 22% of leaf dry weight (F10,42 ¼ 9.50; p < 0.001; Fig. 1). Similarly, substantial genetic variation existed in condensed
tannin concentration, with genotype means that ranged from w6 to 20% (F10,42 ¼ 28.49; p < 0.001; Fig. 1). Genetic variation
also existed for nitrogen concentrations (F10,42 ¼ 12.81; p < 0.001; Fig. 1), although the range of variation (2.6–3.3%) was
considerably less than for the secondary metabolites. We found signiﬁcant variation associated with the natural source
population from which the genets were derived for total phenolic glycoside concentrations (F4,48 ¼ 6.11; p < 0.001), but not
for condensed tannin or nitrogen concentrations (F4,48 ¼ 1.71 and 1.54; p ¼ 0.163 and 0.205, respectively). Total phenolic
glycoside and condensed tannin concentrations were negatively correlated (r ¼ 0.547; p < 0.001). The concentrations of
phenolic glycosides, tannins, and nitrogen in this study were consistent with patterns found in phytochemical surveys in later
years (with no blight damage and minimal herbivory), supporting our contention that the data presented here represent
constitutive levels of phytochemistry (Lindroth et al., unpublished data).
Substantial variation existed among genotypes in the incidence of shoot blight, with some genotypes experiencing up to
10 times higher rates of blight damage than others (F10,42 ¼ 3.08; p ¼ 0.005; Fig. 2). The incidence of blighted shoots per tree
was also strongly functionally related to several chemical parameters. Fungal infection rates were positively related to total
phenolic glycoside levels (p ¼ 0.009; r ¼ 0.356; Fig. 3A) but negatively related to condensed tannin concentrations (p ¼ 0.001;
r ¼ 0.443; Fig. 3B). Blight incidence had no clear relationship with foliar nitrogen concentrations (p ¼ 0.778; r ¼ 0.04). We
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Fig. 1. Genetic variation in phytochemical composition of aspen genotypes (means þ/1 standard error (SE); N ¼ 5 trees per genotype).
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Fig. 2. Genotype means for the incidence of blighted shoots per tree (transformed). Bars represent 1 SE from the mean.

found no signiﬁcant relationship between the natural source population of the common garden genotypes and the incidence
of shoot blight (F4,48 ¼ 0.91; p ¼ 0.466).
4. Discussion
This study documents that quaking aspen genotypes are differentially resistant to V. moreletii (Fig. 2), and that resistance is
positively related to constitutive condensed tannin concentration (Fig. 3). Genetic variation in resistance to V. moreletii has not
previously been shown to exist in this host species (Sinclair and Lyon, 2005). In an analagous system (hybrid poplars),
substantial genetic variation in resistance to other Venturia species was found, but no speciﬁc resistance traits were suggested
(Newcombe and van Oosten, 1997).
4.1. Role of condensed tannins in resistance

Proportion of
blighted shoots

No empirical evidence prior to this study has suggested that V. moreletti incidence is negatively associated with the
constitutive concentration of condensed tannins in woody plants. In general, evidence in the literature that constitutive levels
of phenolic compounds play a role in plant resistance to pathogens is rare (Witzell and Martin, 2008). However, previous
studies of Populus species have shown that 1) condensed tannin production is induced following pathogen infection (Miranda
et al., 2007), and 2) the concentration of condensed tannins in cells post-infection is negatively correlated with spread of
a pathogen at the cellular level. Bloomberg and Farris (1963) assayed cells of Populus trichocarpa and Populus canadensis after
the trees were inoculated at wound sites with Cytospora chrysosperma and found that growth of the canker was inversely
related to the post-infection condensed tannin concentration. Przybyl (1984) assayed cells of Populus nigra, P. trichocarpa, and
P. maximowiczii after they were inoculated with Ceratocystis ﬁmbriata fungi, and found that cells resistant to the spread of
fungal hyphae produced higher levels of condensed tannins more rapidly following inoculation than did the susceptible cells.
Both of these studies suggest a mechanistic relationship between pathogen infection and levels of condensed tannins, but
more research is needed to identify the speciﬁc processes involved.
Our previous work with aspen has shown that, with the possible exception of chrysomelid beetles (Donaldson and Lindroth, 2004), condensed tannins are ineffective as defenses against leaf-feeding insects (Lindroth, 2001). Results from this
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study support conclusions from studies of hybrid cottonwood, which suggest that in addition to their putative role as defenses
against salicylate-adapted beetles, tannins may play important roles as resistance factors against fungal pathogens (Bailey
et al., 2006; Schweitzer et al., 2008).
Our results also show that blight incidence is positively related to foliar phenolic glycoside concentrations. This result
contrasts with those of several analogous studies (Hubbes, 1966; Kruger and Manion, 1994), which implicated phenolic
glycosides as inhibitors of Hypoxylon infection in quaking aspen. We suggest that the positive association identiﬁed in this
study is simply a spurious relationship, due to the negative correlation of condensed tannin and phenolic glycoside
concentrations observed in this and other research with quaking aspen (Hwang et al., 1995; Lindroth and Hwang, 1996;
Donaldson and Lindroth, 2007). While the two phytochemicals are both produced via the shikimic acid pathway, and
are inﬂuenced by both genetic and the environmental factors, the extent to which the observed negative correlation
between them is due to these inﬂuences and/or allocation of resources is unknown (Hemming and Lindroth, 1995; Osier and
Lindroth, 2006).
4.2. Other potential mechanisms of resistance
Results of other investigations suggest involvement of speciﬁc mechanisms of disease resistance in: 1) poplars to
pathogens other than Venturia, and 2) other tree hosts to Venturia pathogens. The draft genome of the black cottonwood
(P. trichocarpa Torr. & Gray) includes numerous genes and gene domains associated with plant disease resistance (Tuskan
et al., 2006). These include, for example, ß-1,3-glucanase and chitinase genes and also putative orthologs of genes known to
control disease resistance signaling (through a mechanism other than tannin production) in Arabidopsis. The potential
relationship between the activity of speciﬁc genetic mechanisms of fungal disease resistance and the inﬂuence of particular
secondary metabolites on infection and colonization is a promising area for future research.
4.3. Larger implications
4.3.1. Commercial production
In both aspens and hybrid poplars, genetic variation in resistance to V. moreletii may be an important consideration when
planning the composition of plantations used for commercial harvesting. Commercial plantations are often grown as shortrotation, intensive cultures, where juvenile resprout tissue following harvest is particularly susceptible to damage from
pathogens such as Venturia. Genetic variation in resistance allows breeders to select clones that are less susceptible to blight,
and to artiﬁcially select and breed trees with increased resistance. Understanding of putative mechanisms of resistance (i.e.,
condensed tannins) could guide selection efforts. Because condensed tannins are negatively correlated with phenolic
glycosides, which provide trees with resistance to some insect herbivores (e.g. Hwang and Lindroth, 1997), our ﬁndings also
serve as an example regarding the risks of selection on a single trait. Selection for increased phenolic glycoside concentration,
for example, could result in corresponding decreases in condensed tannin concentrations and impaired resistance to
V. moreletii.
4.3.2. The extended phenotype
This research identiﬁed V. moreletii as a community member whose distribution is likely inﬂuenced by foliar chemistry.
Thus, this work complements previous studies with aspen and related Populus species that have implicated phytochemistry
as the key intermediary between tree genetics and herbivore resistance (Osier and Lindroth, 2001; Bailey et al., 2004;
Donaldson and Lindroth, 2007; Wooley et al., 2008), multi-trophic interactions (Bailey et al., 2006; Müller et al., 2006), insect
community organization (Bangert et al., 2006), and ecosystem processes (Madritch et al., 2006; Schweitzer et al., 2008).
Selection factors that shape the genetic and phytochemical architecture of aspen and related Populus populations can thus
simultaneously inﬂuence resistance to pathogen attack, with potential consequences for individual tree ﬁtness as well as
community organization. For example, browsing by mammals can alter the genetic and chemical composition of aspen
(Bailey et al., 2007) and cottonwood (Bailey et al., 2004) populations and may thereby modify resistance to pathogen attack.
Moreover, because aspen shoot blight infects terminal meristems, trees that survive infection exhibit subsequent changes in
branch architecture and canopy structure (Sinclair and Lyon, 2005; Blenis, 2007). Differential incidence of blight among aspen
genotypes may thus have cascading effects on community members via alterations in tree architecture. Elk browsing on
terminal growth in quaking aspen results in analogous shifts in tree structure, and has been demonstrated to affect insect
herbivores and their avian predators (Bailey and Whitham, 2003). Studies with several other tree species have demonstrated
that changes in tree architecture can markedly affect species richness and diversity of associated plant, insect, avian, and
mammalian community members (Jennins, 1999; Liira et al., 2002; Hirose, 2005).
In conclusion, this natural experiment has demonstrated that quaking aspen exhibits constitutive genetic variation in
resistance to the fungal pathogen V. morelletii, and that differential resistance is correlated with foliar chemistry. Genotypes
with higher constitutive levels of condensed tannins are less susceptible to damage than genotypes with lower levels of the
compounds. Genotypic variation in concentrations of condensed tannins could affect Populus-pathogen interactions and
selection pressures in both natural populations and commercial plantations. More broadly, our results suggest that the
selection factors that shape the genetic and phytochemical composition of an aspen population may have substantial,
multifaceted consequences for Populus community dynamics, ecosystem processes, and evolutionary trajectories.
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