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ABSTRACT 

 

Poison ivy (Toxicodendron radicans (L.) Kuntze) is a native perennial liana widely 

recognized for the production of urushiol, and the associated contact dermatitis it causes in 

humans. Poison ivy is predicted to become both more prevalent and more noxious in 

response to projected patterns of global change. Moreover, poison ivy is an important food 

source for avian species, and urushiol has numerous applications as a high-value 

engineering material. Thus, this curious weed has many avenues for future concern, and 

promise. Here, I address gaps in knowledge about poison ivy ecology and physiology so 

that we may better understand its weediness and utilize its benefits. I address three core 

areas: poison ivy establishment patterns; biotic interactions with multiple taxa; and the 

development of molecular tools for use in poison ivy. I found that the early life stage of 

seedling emergence is a critical linchpin in poison ivy establishment due largely to 

herbivore pressure from large grazers. I also describe the multifaceted relationship between 

poison ivy and avian frugivores that not only disperse the drupes of poison ivy but also aid 

in reduction of fungal endophytic phytopathogens. A survey of poison ivy urushiols yielded 

that while variation in urushiol congeners was high across individuals, relative congener 

levels were stable within individuals over a two month period. Lastly I demonstrate best 

practices for introducing and transiently expressing recombinant DNA in poison ivy as a 

step towards future reverse genetic procedures. 
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GENERAL AUDIENCE ABSTRACT 

Poison ivy is a native plant best known for its capacity to cause allergenic skin 

reactions in humans due to the chemical urushiol, which is found in all parts of the plant. 

While most people prefer to avoid this plant, poison ivy is an important food source for 

birds. In addition, urushiol has numerous applications as an engineered material. Despite 

these positive aspects, poison ivy is among those plants that are responding well to global 

change, such as increasing CO2 levels and habitat fragmentation. Poison ivy has been 

shown to increase in size and produce more allergenic forms of urushiol under elevated 

CO2 levels and there are concerns that poison ivy prefers the disturbed areas created by 

habitat fragmentation. These attributes suggest that poison ivy will become more prevalent 

and more noxious in the coming years. Thus, this curious weed has many avenues for both 

future concern and promise. To aid in our ability to manage poison ivy in the future, I used 

a combination of field, greenhouse, and laboratory studies to study the ecology of poison 

ivy. I investigated the early stages of the poison ivy life cycle, and the relationship between 

poison ivy and the animals that interact with it. I found that the earliest life stages of poison 

ivy are a critical linchpin for poison ivy survival due largely to large animals like deer 

eating the seedlings. I also describe the multifaceted relationship between poison ivy and 

birds, which not only disperse the seeds of poison ivy but also aid in reducing pathogens 

associated with the seeds. I surveyed the amounts and types of urushiols that poison ivy 

produces and found them to be highly variable from plant to plant, but relatively stable 

over time within a plant. Lastly, I demonstrate best practices for transient transgene 



expression in poison ivy leaves as a step towards future genetic studies. These studies help 

expand our understanding of a problematic weed, and pave the way for future studies in 

weed ecology and in the utilization of urushiol in positive applications, showing that even 

poison ivy can be of benefit to the environment and humans.  
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Chapter 1. Literature Review 

The Anacardiaceae family is filled with members that cause allergenic contact dermatitis 

(Gladman 2006). The more common allergenic species of this family include Toxicodendron 

radicans (L.) Kuntze, eastern poison ivy, along with Rydberg poison ivy (T. rydbergii (Small ex 

Rydb.) Greene), poison oak (T. diversilobum (Torr. & A. Gray) Greene), poison sumac (T. vernix 

(L.) Kuntze), cashew (Anacardium occidentale L.), mango (Magnifera indica L.), and the Japanese 

lacquer tree (T. vernicifluum (Stokes) F. Barkley) (Kuntze 1891, Barkley 1937, Gillis 1971). 

Mango can cause contact dermatitis through the production of alkylresorcinols (Calvert et al. 1996, 

Oka et al. 2004). Cashew is capable of producing a similar reaction through the production of the 

related compound, anacardic acid (Rosen and Fordice 1994, Paramashivappa et al. 2001). The 

genus Toxicodendron, comprises plants that produce urushiol, which is responsible for millions of 

cases of allergenic dermatitis per year in the United States alone (Pariser et al. 2003). 

Within Toxicodendron, five species are native to the United States: poison sumac (T. 

vernix), two species of poison oak (T. diversilobum and T. toxicarium), and two species of poison 

ivy (T. rydbergii and T. radicans). The poison ivy species are the most common, with T. radicans 

considered by some to be the most widespread member of the Anacardiacea family in the United 

States (Guin et al. 1981, Habeck 1988). Toxicodendron radicans, can be differentiated from T. 

rydbergii partially due to differences in range. While T. radicans is a liana found throughout the 

eastern US, T. rydbergii exists primarily north of the 44th parallel, though it can persist on mountain 

tops as far south as Mexico (Gillis 1971, Guin et al. 1981, Crosby 2004). Toxicodendron radicans, 

here within referred to simply as poison ivy except when comparing subspecies, encompasses nine 

subspecies; seven being native to North America, one to China, and one to Japan (Gillis 1971, 

Guin et al. 1981). 
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Poison ivy is distributed along most of the Eastern and Midwestern United States (Guin et 

al. 1981), and is the poison ivy most familiar to the public (Crosby 2004). Poison ivy has 

deciduous, pinnately trifoliate compound leaves (Figure 1.1). However, leaf shape can vary 

substantially both within and between subspecies. Leaves may be notched/lobed or have smooth 

margins, a trait that may vary on a single branch depending on leaf age. Leaves can have 

hairs/trichromes present ranging from pubescent in T. radicans ssp. pubens, to nearly glabrous 

such as in T. radicans ssp. verrucosum (Guin et al. 1981). Commonly the plant is found as a woody 

climbing vine, or liana, using aerial roots to climb into the canopy, although ground creeping and 

shrub-like growth habitats may occur, especially in cases where there is no structure for support 

(Gillis 1971). 

Poison ivy is dioecious, with males and females that are often challenging to sex in the 

field. Both sexes produce a paniculate inflorescence that develops into 2-4mm diameter yellow, 

green, or white flowers (Gillis 1971, see Figure 1.2). Males tend to flower first, with females 

following approximately one week later. The flowering period lasts approximately three weeks 

(personal observations). The exact age at which plants will begin producing flowers is not well 

characterized. Once pollinated, each female flower will develop into a singular drupe.  

The mature drupes of poison ivy comprise a brittle yellow exocarp surrounding a cream 

waxy mesocarp with black striations, speculated to be resin ducts/canals. The endocarp is tan and 

hard, allowing it to survive the digestion of avian species (Gillis 1971). The lipid content of the 

fruits is quite high at 47%, although the small size, 0.25-0.7cm diameter and a mean weight of 

0.891g (Gillis 1971), translates into a low caloric yield (0.13KJ) on a per drupe basis (Stiles and 

White 1986). Poison ivy is reported to be bird dispersed, which could lead to both changes in seed 

viability and dispersal patterns. Yellow-rumped warblers and grey catbirds will preferentially feed 
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on poison ivy seeds, especially in the winter months (Suthers et al. 2000). In addition, there are 

over 50 observed avian associates of poison ivy that consume the fruits (Martin et al. 1951, 

Senchina 2008). Other known dispersal agents include squirrels. While typically the squirrels act 

as seed predators, cutting the endocarp and eating the embryo, any drupes collected by the squirrels 

only to be dropped on the way to their destination would be free to germinate (Penner et al. 1999). 

Rodents have also been noted to eat poison ivy seed, but likely function more exclusively as 

granivores due to their feeding habits (Martin et al. 1961).  

The viability of seeds following avian digestion remains poorly characterized, and how that 

viability compares to seeds that do not pass through a bird—both of which are important for 

dispersal and establishment. The closest system that has been studied is the digestion of 

Toxicodendron rydbergii seeds by roughed grouse done by Penner et al (1999). This investigation 

found no significant difference in germination rate between drupes where mesocarp was 

mechanically removed and those digested by roughed grouse. Importantly, both samples were cold 

stratified by storing outside during the winter months of Manitoba, Canada (Penner et al. 1999). 

The necessity of cold stratification follows closely with early investigations of poison ivy where it 

was found that drupes needed some degree of cold treatment in order to break dormancy. In these 

germination tests, seeds collected from various populations were placed in a petri plate containing 

wet filter paper for six weeks at 1°C, followed by four weeks at room temperature (Gillis 1971). 

One additional study found success with a cold treatment for the purpose of poison ivy seed 

germination (Talley et al. 1996).  

However, the necessity of a cold treatment has been brought into question by a recent study 

of poison ivy germination under laboratory conditions. In this study, investigations using poison 

ivy drupes collected from Virginia analyzed the efficacy of numerous combinations of seed 
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treatments to elicit germination. Cold treatment at 4°C was shown to be ineffective (<10%), 

whether seeds were stored for 2, 4, or 6 weeks prior to returning to room temperature. The 

germination rate of seeds simply treated by a water rinse with no subsequent cold treatment were 

not significantly different to any of the various durations of cold storage tested. Benhase and 

Jelesko (2013) were able to show that a combination of mechanical scarification, sulfuric acid 

scarification and bleach surface sterilization yielded the highest germination rates in the laboratory, 

up to 67% (Benhase and Jelesko 2013).  

The drupes of poison ivy are suspected to have endophytic fungi that are closely associated 

with the mesocarp layer. Work done by Benhase and Jelesko showed that treatments of mechanical 

removal of the exocarp and part of the mesocarp layer, followed by sulfuric acid and a 50% bleach 

treatment only yielded a 25% drupe sterility rate, meaning some microbes may be present within 

the remaining drupe mesocarp tissues (Benhase and Jelesko 2013). Further, one fungal endophyte 

left after this bleach treatment will cause blighting on germinated seedlings if left unchecked. The 

source of this seedling blighting was determined to be a fungal phytopathogen of poison ivy 

seedlings Colletotrichum fioriniae. Koch’s postulates were established for C. fioriniae isolated 

from the drupes of poison ivy causing wilt and blight symptoms in as little as three weeks post 

inoculation of axenic poison ivy seedlings (Kasson et al. 2014a). These results, coupled with lower 

fungal colony forming units isolated from seeds passing through the digestive tract of birds 

compared to their untreated counterparts (Jelesko Lab, unpublished data) suggests an additional 

benefit of avian frugivory of poison ivy past their apparent benefits to dispersal. 

Poison ivy is palatable to a wide range of herbivores. Urushiol seemingly has no effect on 

North American mammal species. Goats, deer and cattle feed on poison ivy. In fact, goats can be 

used as a biocontrol for poison ivy, although not very selective or practical (Senchina 2008). 
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Known arthropod herbivores of poison ivy are abundant (Habeck 1988), and in fact some insects 

such as the poison-ivy sawfly (Arge humeralis) show characteristics that could make them 

candidates for poison ivy biocontrol (Regas-Williams and Habeck 1979). Although there has been 

some sporadic interest in using herbivores as biocontrol agents of poison ivy, there is no reported 

quantitative measure of the impact that herbivory has on poison ivy establishment. 

While reproduction of poison ivy can occur vegetatively through rhizomatous growth, 

seeds are of course necessary for colonization of distant habitats. To this author’s knowledge, no 

study exists where poison ivy seeds have been deliberately planted and habitat preferences 

investigated. As such, all evidence of poison ivy’s proclivity to one habitat or another is the result 

of observations of resident populations. Poison ivy is capable of readily colonizing areas after fire 

disturbance, can persist in a wide range of soil types (Gillis 1971, Catling et al. 2002), and has a 

broad selection of suitable tree hosts on which it can climb (Talley et al. 1996). An observational 

study conducted by Gillis did not find higher incidence of poison ivy in forest edge habitats (Gillis 

1971). However, other surveys contradict this (Fraver 1994, Londré and Schnitzer 2006), 

especially in instances when disturbance creates edge habitats (Mulligan and Junkins 1977, Buron 

et al. 1998, Allen et al. 2005). Ultimately, all evidence of poison ivy capacity to colonize specific 

habitats is purely post facto observational, though understanding habitat preferences would 

facilitate invasion risk assessment.  

Poison ivy is among those vines responding positively to climate change. As part of the 

Duke Free-Air CO2 Enrichment (FACE) experiment, resident lianas of poison ivy were subjected 

to elevated levels of atmospheric carbon dioxide. The average biomass of lianas in CO2 treated 

plots (200µmol CO2/mol over ambient levels) was 75% greater and water use efficiency 51% 

higher than those in control plots. Further, CO2 enrichment affected urushiol metabolism. Plants 
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in CO2 enriched plots saw a 153% increase in the more allergenic forms of urushiol compared to 

control plants (Mohan 2006, Ziska et al. 2007).  Thus, as global change continues to augment both 

medical and ecological impacts of poison ivy, we need a better understanding of its ecology, 

particularly the potential for poison ivy to spread to new habitats. 

Urushiol is a mixture of various alk(en)yl-catechol congeners, a class of alkylphenols 

(Symes and Dawson 1953). Urushiols can exist either as a 3-pentadecyl catechol or as a 3-

heptadecyl catechol (Figure 1.3). The hydrocarbon tail can be unsaturated or consist of one to three 

double bonds (Markiewitz and Dawson 1965a). The relative abundance of urushiol congeners 

differs between the members of Toxicodendron genus. In poison ivy, the 3-pentadecyl mono, di 

and triolefins are most common, while in poison oak the 3-heptadecyl mono, di and triolefins are 

most common. The double bonds of the olefins are found in the same locations in both the 3-

pentadecyl and 3-heptadecyl species at the 8, 11, 13 positions of the hydrocarbon tail (Sunthankar 

and Dawson 1954, Markiewitz and Dawson 1965a). 

The Japanese lac tree (Toxicodendron vernicifluum), has a long history in the production 

of lacquerware products in Asian cultures (Lu et al. 2013). Lacquerware production is based upon 

the sap from the Japanese lac tree (the Japanese word for this sap is “urushi”) that is spread over 

wooden objects to form a high luster waterproof natural polymeric coating. The sap is largely 

comprised of urushiol and lesser amounts of polysaccharides and proteins. One of these proteins 

is the enzyme laccase that is responsible for oxidation-activated urushiol polymerization through 

semi- and ortho-quinone intermediates that undergo Michael addition reactions (Kumanotani 

1978). The black staining caused by the oxidative polymerization of urushiol can also be used to 

color textiles (Senchina 2006).  
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Research into the lacquerware curing processes and the chemical structure of urushiol 

shows promise as an advanced bio-produced engineering material (Xia et al. 2009, Zheng et al. 

2009, Zheng et al. 2014). The chemistry of the ortho-hydroxyls enables the chelation of various 

metals, and the production of urushiol-copper–co-polymers with anticorrosive properties (Xia et 

al. 2009). In other applications, urushiol was used to produce super-hydrophobic films fabricated 

through layer-by-layer assembly (Zheng et al. 2009). These inherent chemical properties hold 

enormous opportunities for a variety of high performance material science applications.   

 Of course, the most widely known consequence of human interaction with urushiol is 

allergenic delayed contact dermatitis resulting from contact with poison ivy/oak/sumac plant 

material (Howell 1944, Johnson et al. 1972, Epstein 1987, Kawai et al. 1991, Pariser et al. 2003). 

Interestingly, the allergenic dermatitis reaction is largely restricted to humans. Domesticated 

animals such as dogs and cats not only show no allergenicity, they may also serve as vectors 

spreading the oily urushiol to their owners (Crosby 2004). In a few studies, it has been shown that 

sensitization, and subsequent desensitization to urushiol is possible in guinea pigs, and to a lesser 

degree in mice and rats, although these results were only attainable after consistent and repeated 

high exposure (Watson et al. 1981, Dunn et al. 1982a, Murphy et al. 1983b, Watson 1986).  

Despite this clinical information and largely anecdotal information on other animals, the 

ecological function of urushiol in natural habitats is largely unknown (Landsteiner and Jacobs 

1936, Gillis 1971, Crosby 2004). Urushiol is found in all poison ivy tissues (Billets et al. 1976, 

Craig et al. 1978), suggesting it is constitutively produced. The allergenic response in humans at 

first suggests that urushiol is an anti-herbivory compound, though the lack of a comparable 

allergenic response in extant wild vertebrate animals questions that hypothesis (Senchina 2005, 
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2008). Similarly, we have commonly observed signs of apparent insect herbivory in wild poison 

ivy populations—also questioning the assertion that urushiol an effective antiherbivory defense.  

Herbivory also results in tissue damage manifesting as wounds. Thus, another hypothesis 

is that urushiol is a critical component in a generalized wound response resulting from either 

herbivory or abiotic mechanical damage (broken limbs due to windstorms, or falling objects). 

Urushiol polymerizes into a water-proof polymer matrix in the presence of the enzyme laccase, 

thus sealing an open wound (Kumanotani 1978). Further, urushiol possesses anti-microbial 

properties (Suk et al. 2011). It is formally possible that urushiol could act as a sealant of wounded 

plant tissues effectively closing open plant tissues by providing an antibiotic-coating to exposed 

damaged tissues. Understanding the ecological role of urushiol remains an open area of research.  

Dewick (1997) proposed that urushiol synthesis begins with a starter palmitoyl-CoA that 

is then extended with three malonyl-CoA units by a polyketide synthase (PKS) activity (Dewick 

1997, Figure 1.4). Through subsequent keto-reduction, aldol condensation cyclization, 

dehydroxylation, and aromatization, these starters could yield anacardic acid, which Dewick 

presumed to be the immediate precursor to urushiol.  In a similar fashion, an octadec(en)yl-CoA 

fatty acid starter would yield urushiols of C17 chain lengths. The extension of a fatty acid- CoA 

starter into a presumed tetraketide intermediate is proposed to be accomplishable by a PKS 

enzyme. There are three classes of PKS’s; Type I, II, and III. Plant type III PKS enzymes are 

responsible for the catalysis of many complex assemblies of secondary metabolites. In plants, the 

archetypal type III PKS enzyme functions as chalcone synthase (CHS) in the biosynthesis of 

flavonoids (Austin and Noel 2003, Abe et al. 2004a).  

There are several lines of evidence that support Dewick’s proposal that the first step in 

alkyl-phenol biosynthesis is comprised of a type III PKS. Indeed, in rice a type III PKS enzyme 
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called alkyresorcinol synthase, utilizes a fatty acid (FA)-CoA starter to both condense and then 

aromatize a tetraketide intermediate into alkyl-resorcyclic acid (Matsuzawa et al. 2010), which 

then undergoes an energetically favorable decarboxylation step to yield alkyl-resorcinol. Similar 

chemistries have been observed in stilbene and chalcone synthases (Schröder 1997, Austin and 

Noel 2003). The potential for type III PKS-like enzymes to utilize FA-CoA starter molecules and 

then undergo cyclization and aromatization was confirmed by feeding FA-CoA molecules together 

with malonyl-CoA to a recombinant CHS enzyme that resulted in both FA-tetraketides and alkyl-

pyrones (Abe et al. 2004b).  Along similar lines, two plant type III PKS-like enzymes utilize a FA-

CoA starter molecule, but require an additional a polyketide cyclase (PKC) (Gagne et al. 2012) 

enzyme to complete the cyclization/aromatization step(s), resulting in alkyl-di-hydroxy-phenols 

(Taura et al. 2009, Taura et al. 2016). Thus, the formation of alkyl-phenols likely originate from 

FA-CoA starters that are elongated by type III PKS-like enzymes to form a FA-tetraketide 

intermediate that is subsequently cyclized and aromatized by either of two potential pathways (see 

Figure 1.4). 

One possibility for cyclization of the FA-tetraketide is directly by the type III PKS to form 

alkylresorcyclic acid. However, this reaction would yield a product with meta-hydroxyl groups 

rather than ortho-hydroxyls. Removal of the 5-hydroxyl may be possible through an 

hydroxybenzoyl-CoA reductase (HBCR)-like enzyme found in certain Pseudomonas strains that 

reductively dehydroxylates a benzoate molecule. It is unknown whether this chemistry is possible 

in plants, as the reaction requires a high activation energy that is only met under anaerobic 

conditions and require conjugation with a Coenzyme A molecule to lower the activation energy 

for the reaction to occur (Glöckler et al. 1989, Brackmann and Fuchs 1993). If this reaction occurs 

in plants, then a thioesterase would be required to remove the CoA portion to yield anacardic acid.  
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As mentioned above, an alternative pathway for cyclization and aromatization of the FA-

tetraketide intermediate is via the subsequent action of a polyketide cyclase (PKC) enzyme. Such 

is the case for Cannabis sativa, in which reactions catalyzed by a type III PKS and a polyketide 

cyclase (PKC) results in the formation olivatolic acid from a hexanol-CoA starter (Gagne et al. 

2012). Similarly, in Rhododendron orsellinic acid is formed by the concerted action of the PKS 

orcinol synthase extending acetyl-CoA into a tetraketide which is cyclized and aromatized by a 

PKC enzyme to form orsellinic acid (Taura et al. 2016). If this is the case in poison ivy, then 

removal of the 5-hydroxyl group would occur by the presumed action of a polyketide reductase 

(PKR) to reduce the 3-keto group in the FA-tetraketide to a hydroxyl, prior to aromatization. Plant 

polyketide reductase (PKR) enzymes capable of reducing a polyketide to a hydroxyl group have 

been characterized in Medicago sativa and Papaver somniferum (Sallaud et al. 1995, Unterlinner 

et al. 1999).  

Regardless of which pathway leads to cyclization and aromatization, both pathways predict 

the formation of anacardic acid as an intermediate in urushiol biosynthesis (Giessman 1967, 

Dewick 1997). The pathway from anacardic acid to urushiol remains enigmatic. The 

decarboxylation of anacardic acid to cardinol is energetically favorable but would require 

stereochemical specific hydroxylation at the 2-position of cardinol. Alternatively, it is also 

formally possible that anacardic acid could be concertedly decarboxylated and hydroxylated by a 

single enzyme analogous to the bacterial NahG-like hydroxylase (Zhang et al. 2013). However, 

NahG is a category of enzyme that is not known to be present in plants, although it is possible that 

an analogous enzyme activity arose independently by convergent evolutionary processes that 

would not show protein sequence similarity. Thus, our understanding of the biochemical steps 
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between anacardic acid and urushiol are the most poorly understood, largely because there is little 

precedent for these reactions in the literature.  
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Figures: 

 
 

Figure 1.1: Poison ivy seedling, 3 months after germination. 
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Figure 1.2: Male flowers. Picture taken in the summer of 2016 at the Virginia Tech Golf 

Course.   
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Figure 1.3:  Urushiol congeners found in poison ivy.   Double bonds may either be cis or trans, 

resulting in slight retention time variation in GC-MS analysis. 
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Figure 1.4:  Putative urushiol biosynthetic pathways proposed by Dewick (1997).  
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Chapter 2. Investigating the benefits of avian digestion for poison ivy drupes. 

Christopher C. Dickinson1, Deepak Poudel2, Dana Hawley3, Jacob N. Barney1, John G. 

Jelesko1 

 

Abstract:  

 

Poison ivy (Toxicodendron radicans (L.) Kuntz) is a native weed known for the contact 

dermatitis symptoms its product urushiol can cause in humans. However, poison ivy drupes also 

represent an important winter food source for many birds that inhabit or migrate through its 

range. While it is clear that poison ivy drupes are bird-dispersed, other potential benefits of avian-

digestion of the drupes such as priming for germination or phytosanitation are not known, which 

we explore here.  We demonstrated that avian digestion results in reduced fungal colony forming 

units, thus likely reducing fungal pathogen pressure from the phytopathogen Colletotrichum 

fioriniae, which is known to cause seedling blight in poison ivy. Likely, this is the result of 

removal of the mesocarp layer of the drupes during avian digestion. The effects of avian 

digestion on poison ivy drupe germination remains unclear as digestion by some birds, such as 

grey cat birds and cardinals, were associated with higher germination rates than untreated drupes, 

but still unable to surpass more than 10% germination under laboratory and greenhouse 

conditions. Overall, avian frugivory appears to play an additional, although probably small, role 

in poison ivy establishment beyond drupe dispersal. 
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Introduction: 

Poison ivy (Toxicodendron radicans (L.) Kuntze) is a native weed best known for the 

allergenic contact dermatitis experienced by those unfortunate enough to be exposed to the 

urushiol present in this plant species. Urushiol is the generic term for a collection of alk(en)yl-

catechol congeners that can have either a C15 or C17 alk(en)yl chain (Majima and Cho 1907, 

Majima 1922, Hill et al. 1934b, Symes and Dawson 1953, Markiewitz and Dawson 1965b). 

While urushiol is an effective deterrent for humans, there is a dearth of reports of native wildlife 

or domesticated animals showing any urushiol-induced/associated allergenic contact dermatitis 

symptoms. By way of example, goats are effective at eating undesired poison ivy but do not 

show any aversion or adverse effects of eating poison ivy (Popay and Field 1996). Dogs and cats 

can brush against poison ivy transferring urushiol to their fur without evidence of allergenic 

contact dermatitis, but then transfer the urushiol from their fur to their human companions where 

it results in allergenic dermatitis (Epstein 1994, Crosby 2004). Whether herbivores of poison ivy 

are somehow able to inactivate the allergen or they are otherwise insensitive to its allergenic 

effects remains very poorly understood.  

Attempts to develop laboratory animal models for human urushiol allergenic dermatitis 

focused mostly on Guinea pigs and to a lesser degree mice (Rackemann 1934, Dunn, 1982). 

Guinea pigs display urushiol-specific sensitization resulting in substantial allergenic dermatitis 

symptoms (Rackemann and Simon 1934). However, unlike humans that show long term 

immunological memory to urushiol exposure, Guinea pig immunological sensitivity to urushiol 

greatly diminishes beginning at six months of age (Baer and Bowser 1963, Bowser and Baer 

1963). Mice can be sensitized to urushiol, but the allergenic dermatitis symptoms are 

dramatically less than those observed in either humans or Guinea pigs (Dunn et al. 1982b). 
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Interestingly, Rhesus macaques are about 1,000-fold less sensitive to urushiol-induced contact 

dermatitis compared to humans (Bowser et al. 1964).  

However, the applicability of these laboratory animal studies to native fauna in natural 

settings is unclear, and it appears that many native species are able to interact with the plant with 

no ill effects. Upwards of 50 avian associates of poison ivy have been observed interacting with 

the plant for either food or nesting material (Martin et al. 1951, Senchina 2008). Goats, deer, 

squirrels, insects of various orders, and dogs among many other animals show no ill effects to 

direct exposure to urushiol/poison ivy (Popay and Field 1996, Penner et al. 1999, Senchina 

2005). The varied and numerous classes of animals observed interacting, either through 

herbivory or simply physical contact, suggests that urushiol is not a potent or broadly effective 

defensive compound against native herbivores. 

The drupes of poison ivy may be an important food source for some bird species (Suthers 

2000, Stiles 1986). Poison ivy drupes are bird dispersed, and the drupes can survive the digestion 

by birds (Gillis 1971). The drupes are composed of three layers; a brittle yellow exocarp, waxy 

mesocarp with black striations and a dense hard endocarp that protects the embryo within. Due 

to the mesocarp, the lipid content of the fruits is quite high at 47% (Gillis 1971) and the caloric 

yield has been estimated to be 0.13KJ (Stiles and White 1986). This is somewhat offset by their 

small size with an average diameter of 0.25-0.7cm and a mean weight of 0.891g (Gillis 1971). 

Yellow-rumped warblers and grey catbirds will preferentially feed on poison ivy seeds especially 

in the winter months (Suthers et al. 2000). Squirrels may also disperse drupes but typically act 

as seed predators with some accidental dropping of the fruits (Penner et al. 1999).  

While these observations suggest birds as a primary dispersal vector, only a single study, 

done on the closely related species, Rydberg’s poison ivy (T. rydbergii), specifically focused on 
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the effect of avian digestion on the viability of drupes post-dispersal, in which roughed grouse 

were the primary avian frugivores. No difference in germination rates resulted between drupes 

where mesocarp was removed and those digested by roughed grouse (Penner et al. 1999). This 

may suggest that avian frugivory serves solely as a dispersal mechanism and not as a mechanism 

to break the dormancy of the drupes of T. rydbergii. Past this example, the viability of poison 

ivy drupes following avian digestion remains largely unknown, and how that viability compares 

to drupes that do not pass through a bird—both of which are important for poison ivy dispersal 

and establishment.  

Importantly, the study by Penner involved the cold stratification of T. rydbergii drupes 

by storing them outside during the entire winter months of Manitoba, Canada (Penner et al. 

1999). The necessity of cold stratification was demonstrated in another study done on T. radicans 

(Gillis 1971). Despite this, the most recent inquiry into poison ivy germination found that cold 

treatment at 4°C was ineffective (<10% germination) whether drupes were stored for two, four, 

or six weeks prior to germination (Benhase and Jelesko 2013). Benhase and Jelesko (2013) found 

that a combination of mechanical and sulfuric acid scarification yielded the highest laboratory 

germination rate of nearly 45%. Importantly, this study also noted that physical removal of the 

mesocarp prior to sulfuric acid treatment led to greater dissolution of the outer layers of the 

endocarp. They proposed that acid-induced pitting of the brachysclereid and osteosclereid cell 

layers of the endocarp stimulated embryo imbibition, breaking the physical dormancy of the 

drupes and allowing them to germinate (Benhase and Jelesko 2013). Together, these studies 

suggest that poison ivy drupes may require a combination of stratification and dissolution of the 

mesocarp with subsequent pitting of the endocarp to promote germination. The latter two 

processes suggest that passage of poison ivy drupes through the avian digestion tract may provide 
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manifold benefits towards promoting poison ivy seedling germination.  However, this hypothesis 

was previously untested.  

One last possible benefit poison ivy drupes may receive through avian digestion is the 

reduction or change of the drupe microbiome. An additional component of the germination 

protocol developed by Benhase and Jelesko included a 50% bleach treatment. This rather harsh 

sterilization procedure was only able to yield a 25% drupe sterility rate. The authors postulated 

that some microbes may be present within drupe tissues as endophytes (Benhase and Jelesko 

2013). The drupes that were not effectively sterilized were contaminated with a common fungal 

species. This fungal species, Colletotrichum fioriniae, was later isolated from the drupes of 

poison ivy and found to be the source of wilt and blight symptoms in the germinating poison ivy 

seedlings (Kasson et al. 2014). Therefore, avian digestion may reduce fungal pathogen pressure 

by removal of fungal infected mesocarp tissue similar to the in vitro acid scarification used by 

Benhase and Jelesko to stimulate in vitro seedling germination.  

This study seeks to test several hypotheses arising from the proposed mutualism between 

poison ivy and its avian dispersal agents. The present study serves to evaluate three key areas 

relating only to the plant member of the proposed mutualism: 1) how does the removal of the 

exocarp and mesocarp layers affect the numbers of culturable fungi and bacteria associated with 

the drupes? 2) to what degree does avian digestion remove the exocarp and mesocarp layers of 

the drupes?  3) does avian digestion prime the drupes for germination under lab conditions and 

in soil?   

Methods: 

Extraction of culturable microbes from drupes: 
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Drupes were placed into sterilized 1.2mL library tubes along with three 3mm glass beads 

and 0.5mL of sterile DI water. These tubes were agitated using a Mini-Beadbeater-96 (Biospec 

Products Inc., Bartlesville, OK) for 2 min. The liquid was allowed to settle for 5 min so that 

removed mesocarp and exocarp tissue would settle out from the supernatant. The liquid portion 

was transferred to a sterile 1.5mL centrifuge tube from which eight ten-fold serial dilutions were 

preformed. Using either LBA media for assessing bacteria or PDA media (Kasson et al. 2014) 

for fungi, 100µL of each dilution was plated. The drupe was removed from the library tube and 

placed on 0.5x MS media and incubated in the dark at room temperature to assess seedling 

germination.  

Exocarp removal: 

To assess the effect of the presence or removal of the exocarp effect on total colony 

forming units (CFU), the previously described culturable microbe extraction method was used. 

Drupes were assessed visually for the presence of the exocarp. Drupes used were collected from 

the Virginia Tech Golf Course (37.227841, -80.432291) in 2014 and another collection from 

2015, with 25 drupes per treatment. Originally, bacteria CFU counts were conducted 2 days post 

inoculation (dpi), however in some cases, bacteria were growing quite slowly, resulting in no 

visible colonies on the plate. Thus bacterial and fungal CFU’s were counted 4dpi after incubating 

at room temperature, however this change was made after some bacterial plates were past 4dpi. 

Data from these drupes were therefore excluded from analysis (n=20, approximately 5 per 

treatment). Observations of fungal colony morphology were assessed visually, however we did 

not characterize beyond the presence or absence of Colletotrichum sps. Fungal and bacterial 

CFU data was natural log transformed and fit using a two-way ANOVA with exocarp presence 
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and collection year as predictors in JMP 13 (SAS Institute Inc., Cary NC). Germination, defined 

as the emergence of the radicle from the endocarp, was assessed for each drupe.  

Digestion by captive house finches: 

Poison ivy drupes were offered to captive house finches (Haemorhous mexicanus) by 

placing the drupes within feeding dishes available to 11 birds. Drupes were offered once per day 

for a period of 120 min. The drupes that passed through the birds were collected from paper 

placed beneath each cage after each feeding session. These drupes were scored visually using a 

dissecting scope for the remaining mesocarp cover and placed into three bins of 0-25% 

remaining, 25-50%, and 50-100% remaining. Drupe culturable fungi load and germination was 

assessed for 45 digested drupes as previously described. These were compared to 25 drupes that 

did not pass through birds. CFU data was natural log transformed and fit against the predictor of 

bird digestion using a one way ANOVA. Alternatively, remaining mesocarp cover was fit as the 

predictor. Undigested drupes were assigned to another mesocarp cover class in addition to the 

three previously described. Analysis was performed in JMP 13 (SAS Institute Inc., Cary NC).  

Feeding of drupes to wild birds: 

Wooden perches were constructed at the Glade Road Research Facility in Blacksburg, 

VA. Perches were approximately 1.8m tall with a 0.6m cross member at the top to which intact 

whole poison ivy panicles were secured to bent wires to approximate a branch. Two perches 

were constructed 17m apart to encourage birds to fly from one perch to the other, and thus 

increasing their overall time spent on the perches. To collect digested drupes, an elevated net 

was placed inside an 86cm x 50cm plastic tub installed below each perch. Poison ivy panicles 

were collected from the Virginia Tech Golf Course (37.227841, -80.432291) in 2015. Capture 

efficiency, defined as the percentage of drupes that were retrieved, and remaining drupes left on 
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attached panicles were tracked. Video data from camcorders (Sony, model DCR-SR47) used 

during daylight hours (approximately from 9AM to 6PM) served to identify which bird species 

were feeding on the drupes. Video data was collected at least twice per month. Drupes collected 

from the perches were dried in open petri plates and stored at room temperature.  

Germination of drupes post-avian digestion: 

Drupes were either left untreated, acid scarified (Benhase and Jelesko 2013), or randomly 

chosen from the pool of wild avian digested drupes prior to plating on 0.5x MS media petri 

plates. As analysis of the culturable fungal loads of these drupes was not preformed, there was 

no need to subject these drupes to bead beating. Avian digested drupes were collected from the 

feeding perches available to wild birds. One modification was made to the Benhase and Jelesko 

protocol. Instead of water washes following treatment with bleach, the drupes were removed 

from the bleach and immediately plated. This resulted in a much higher sterility rate, typically 

>95%. Twenty-five seeds were plated on a numbered grid to allow for identification of individual 

seeds. There were eight replications per treatment (N=600). Once plated, each drupe was scored 

in terms of the mesocarp cover present by using a dissecting microscope (Figure 2.1) according 

to the following scale: 1) No mesocarp cover present; 2) >5% coverage; 3) 5-25% coverage; 4) 

25-50% coverage; 5) 50-75% coverage; 6) 75-100% coverage. This scale was generated using 

the reference seeds shown Figure 2.1, and was used only to assess mesocarp cover visible on one 

side of the drupe. Plated drupes were stored in the dark at room temperature. After four days of 

incubation drupes were scored for the presence or absence of fungal growth. Germination was 

assessed daily from July 2nd to August 2nd of 2016. Germination data was modeled using a 

logistic regression containing treatment as the predictor. For the acid-scarified drupes only, 

germination was fitted against mesocarp cover using a logistic regression, as germination rate 
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was too low to assess this for the other treatments. Statistical analyses were performed using 

JMP 13 Pro (SAS Institute Inc., Cary NC). 

Effects of soil microbial community on germination: 

Soil from Kentland Research Farm (37°11'49.6"N 80°34'54.9"W) was collected and 

dried. Once dried, soil was sieved in 0.625cm hardware cloth to remove rocks and larger organic 

material before sifting in 2mm sieve. Half of this soil was sterilized by autoclaving for 60 minutes 

on two consecutive days. Additionally, sand was autoclaved in the same fashion. Soil and sand 

were mixed in a 1:1 ratio before filling 5cm3 pots. Fifty untreated, acid-scarified or avian digested 

drupes, collected from the feeding perches, were planted and assigned to trays in a complete 

random design. Drupes were planted on August 15th, 2016 in a greenhouse. Pots were watered 

three times a day for 10 min with a 16/8 light hour day and a mean ambient temperature of 21°C. 

Seedling emergence was tracked on a weekly basis. Weeds were hand-removed, and trays were 

shifted on the growth tables when emergence data was collected. Emergence data was modeled 

using a logistic regression containing seed treatment and soil sterilization as fixed effects as well 

as the interaction between the two main effects. The interaction term was not significant (P-value 

>0.05) and was removed from the final model. All analyses were performed using JMP 13 Pro 

(SAS Institute Inc., Cary NC).  

Results: 

Exocarp removal reduced total culturable microbe load: 

Removal of the exocarp layer reduced bacterial and fungal CFUs by approximately 1.8 

and 2.7-fold respectively (Table 2.1, Figure 2.2). Fungal counts were generally much lower than 

bacterial counts but were much closer in the collection of drupes from 2015 compared to 2014. 

Drupes from the 2014 collection had bacterial counts on average 32-fold higher than the 2015 
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collection. Fungal CFUs were diametric to this with an approximately 19-fold reduction in 2014 

to 2015. This may suggest that there is some inhibitory effect between the two classes of 

microbes. Colony morphology resembling Colletotrichum fioriniae (Kasson et. al., 2014) was 

observed on all fungal growth plates. None of the drupes in this study germinated in the 

germination assays. This might have been a consequence of the bead beating procedure used to 

extract the microbes from the drupes. The bead beating of drupes was a rather violent procedure, 

so it is possible that the embryos of these drupes may have been inadvertently rendered inviable, 

resulting in the observed lack of germination.  

 Avian drupe digestion by captive house finches reduced both mesocarp cover and fungal CFU: 

Digestion by birds reduced fungal CFUs by an average of 164-fold (Table 2.2, Figure 

2.3) compared to the untreated drupes. Fungal colony morphology resembling Colletotrichum 

fioriniae was observed as the dominant colony morphology from inoculation derived from both 

avian digested drupes and untreated controls. When evaluated by remaining mesocarp cover over 

the endocarp rather than simply avian digestion, reduction in remaining mesocarp translated to 

lower fungal counts (Table 2.2, Figure 2.3). Drupes that passed through the house finches 

generally resembled those that are mechanically and chemically scarified according the Benhase 

and Jelesko protocol with some key distinctions. Firstly, while treatment by either method will 

ubiquitously result in the removal of the readily friable exocarp layer, the artificial acid 

scarification appeared to be more effective at removing the mesocarp layer. The exact degree to 

which avian digestion resulted in removal of the mesocarp was evaluated in more detail with the 

drupes that passed through wild birds. Drupes treated with concentrated sulfuric acid incur 

pitting of the endocarp brachysclereid and osteosclereid endocarp layers which allows water to 
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reach the embryo thus triggering germination (Benhase and Jelesko 2013). Such brachysclereid 

and osteosclereid pitting was not readily observed on the avian digested drupes.  

Observations of wild birds feeding on poison ivy drupes: 

Drupes were removed quickly from the panicles (upwards of 250 drupes per day) by 

birds during the summer months, but the drupe removal rate decreased significantly by 

November and remained low throughout winter (Table 2.3). Grey catbirds (Dumetella 

carolinensis) were the most frequent visitors (64% of all avian visitors), followed by northern 

cardinals (Cardinalis cardinalis, 29%) and rarely by other species in the winter months (Table 

2.3). Drupe capture efficiency remained high through November (average of 18.5%), but 

dramatically reduced along with bird visits from November to February (Table 2.3). Drupes were 

still removed during the late winter months but it was unclear what animal species were 

responsible for drupe removal. Additionally, in the winter months cracked endocarps lacking 

embryos were found frequently and made up the majority of the recovered drupes during this 

period. Generally, time spent feeding at the perches lasted less than one minute though this time 

increased in instances where more than one individual was visiting the perch. Grey catbirds 

almost exclusively swallowed drupes quickly after removal from the panicle, and fed on multiple 

drupes, and spent an average of 45s at the perch per visit. Cardinals were slower eaters, taking 

an average of 67s and typically only fed on one drupe per visit. 

Germination of drupes post wild bird digestion:  

Almost 10% (18 drupes of 200) of the drupes germinated after digestion by wild birds 

visiting the feeders. In contrast, 70% of acid-scarified drupes (n=200) germinated, while only 

one untreated drupe germinated (n=200) (Table 2.4). Fungal contamination was nearly 
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ubiquitous in both untreated and wild avian-digested drupes (~99%), while only a single drupe 

was contaminated after acid scarification with bleach treatment. Remaining mesocarp cover was 

correlated with drupe treatment (R2 = 0.45, P-value = <0.0001). Untreated drupes retained their 

full mesocarp layer however no drupes with exocarp intact were used. Acid-scarified drupes and 

avian digested treatments were both successful in removing some, but generally not all of the 

mesocarp layer. However, avian digestion was less efficient with ~20% of drupes retaining an 

intact mesocarp layer (Figure 2.4). Acid-scarified drupes with less intact mesocarp layers were 

more likely to germinate (Table 2.4).  

Effects of soil microbial community germination: 

  Emergence rate across all treatments was low and did not vary with soil sterilization 

(Table 2.5). Acid-scarified drupes preformed best with 27 of 100 drupes producing germinated 

seedlings, followed by avian-digested drupes with 9 seedlings. No untreated drupes produced 

germinated seedlings. No evidence of poison ivy seedling blight caused by C. fioriniae was 

observed.   

Discussion: 

Despite the interest in poison ivy and it’s avian associates (see Senchina, 2008), the only 

prior study to look at the effect of avian digestion on a poison ivy species was conducted on the 

closely related Rydberg’s poison ivy, Toxicodendron rydbergii (Penner et al. 1999). The 

germination results from our T. radicans drupes that were eaten by visiting wild birds were more 

or less in line with the germination rates that Penner (1999) observed with T. rydbergii drupes 

that passed through ruffed grouse. Penner (1999) observed a mean germination rate of 15% (to 

our 10%) though drupes were treated differently after collection from the bird feces. In the 

present study, drupes were collected, dried, and stored at room temperature until germination 
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assays were conducted. In the Penner study, drupes were stored outside during the winter 

months, thus undergoing cold stratification. Whether this had any effect on germination rate is 

questionable (see Benhase and Jelesko, 2013).  

Penner’s control drupes preformed quite differently to ours. Across all of our assays, only 

a single untreated drupe out of 325 germinated compared to the ~14% success rate observed by 

Penner. This led to the conclusion by Penner that digestion by rough grouse was not successful 

in priming poison ivy drupes for germination. Our results may appear to be suggesting the same 

conclusion, but both studies are limited in that they are not exact representations of what may be 

occurring in nature. Results from another study conducted by Dickinson et al. (see Chapter 3) 

demonstrated that untreated poison ivy drupes were capable of producing seedlings at a 25% 

success rate when planted in a Virginia forest in May. In that same study, acid-scarified drupes 

were also planted but produced seedling on average two weeks earlier. We suspect this was due 

to a combination of removal of the mesocarp and pitting of the endocarp speeding up the 

germination of the acid-scarified drupes. Presumably, the mesocarp and endocarp layers of 

poison ivy drupes are likely degraded in the soil, which avian digestion may contribute towards 

by removing some during digestion as we have demonstrated here with both wild birds and house 

finches. Drupes become available to the birds in the fall. Thus if avian-digestion immediately 

primes the drupes for germination, the newly germinated seedlings would likely die due to frost 

and freezing over the winter. Possibly there are other germination cues outside of physical 

dormancy such as temperature that prevent this from occurring that have not yet been elucidated 

for poison ivy drupes. 

In contrast to the drupes passed through wild birds, germination attempts on drupes that 

passed through house finches were completely unsuccessful. This could be due to a variety of 
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reasons. Primarily, drupes that passed through house finches received a secondary treatment of 

bead beating to extract the culturable microbes from the mesocarp. This process may have killed 

the embryo in the drupes, but we did not evaluate this possibility. Secondly, drupes that passed 

through the wild birds were exposed to the elements, including some rain. Further, we are not 

sure if wild house finches normally feed on poison ivy (see Senchina 2008 for a review of known 

avian associated of poison ivy), thus captive house finches may not have been the best candidate 

for studies on avian frugivore-induced poison ivy germination. In contrast, grey catbirds are 

known to feed on poison ivy drupes (Martin et al. 1961). To our knowledge, northern cardinals 

have not previously been observed feeding on poison ivy. They were absent from our observation 

in the winter months, so it is unclear if poison ivy represents a normal cardinal food source, or 

whether they were simply opportunistic in feeding on a novel food source during the summer. 

Lastly, while our observations show that only cardinals and grey catbirds fed on poison ivy 

during the periods where we collected the avian-digested drupes for germination assays, we do 

not know which drupes passed through which bird species. Further investigations interested in 

the interaction between specific frugivores and poison ivy would necessitate more direct feeding 

approaches such as capturing the birds.  

Our approach to feeding wild birds had some inherent limitations. Not all bird species 

will feed on perches. To mitigate this, we attached intact panicles to bent wires to approximate 

a branch. This would still not be appropriate for ground feeders that may be primarily feeding 

on drupes that dropped from the panicles or on creeping-habit poison ivy plants. Observations 

of birds feeding on poison ivy are already numerous, though scattered in the literature (see 

Senchina 2008 for a review). The results of our observations of feeding primarily serve to 

identify which birds fed on the poison ivy drupes we collected for our germination assays. 
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However, we did notice some interesting patterns over the 9-month period feeding was 

occurring. Feeding was very high in the summer months when poison ivy drupes would not 

normally be available. The exact cause of this is not clear, though two possibilities seem likely. 

One possibility may have been the novelty of that type of food source during summer, especially 

to grey catbirds which will preferentially eat poison ivy drupes during winter (Suthers et al. 

2000). Further, feeding during the winter months may have slowed simply because there were 

other sources of poison ivy drupes available from the poison ivy lianas common in our study 

area.  

We demonstrated that avian digestion can approximate the levels of mesocarp removal 

achieved by acid-scarification and that removal of this layer is associated with lower numbers of 

fungi. While the pathogen C. fioriniae was not fully removed from the drupes, the 164-fold 

reduction in overall fungal CFU’s suggests a substantial reduction in overall culturable fungal 

loads, including fungal pathogen pressure. If the exocarp is not already removed prior to avian 

digestion, it would certainly not be present post digestion. Removal of this layer was also 

associated with reduced total fungal CFU’s. We did not observe any seedling blight in either 

sterilized on non-sterilized soil in any of our drupe treatments. This evaluation was limited by 

assessing seedling emergence rather than germination directly. An approach that would allow 

for scoring germination, in as close to natural soil conditions with control over the microbiome 

may be logistically impossible. Our two-pronged approach with the control of laboratory 

conditions followed by our greenhouse approach resulted in very similar germination/emergence 

rates for drupes digested by wild birds.  

This series of experiments demonstrates the multifaceted benefits poison ivy receives due 

to digestion of its drupes by avian frugivores. In addition to their role as dispersers (Martin et al. 
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1961, Penner et al. 1999, Suthers et al. 2000), avian frugivores reduce the total culturable fungi 

present within the mesocarp and exocarp of the fruits. This is accomplished by the removal of 

the exocarp and mesocarp layers. Whether or not avian digestion primes poison ivy drupes for 

germination remains an open question. Poison ivy drupes that passed through wild birds (mostly 

catbirds and cardinals) did show an increase in poison ivy seedling germination over a longer 

incubation time of 31 days, albeit to a much lesser degree that acid scarification methods, 

suggesting that avian digestion alone incompletely breaks the physical dormancy of the drupes.  

In exchange, birds receive food high in lipid content and no apparent negative effects from 

urushiol (Gillis 1971, Stiles and White 1986). Thus, while poison ivy weed management may be 

of interest to reduce human allergenic dermatitis, poison ivy remains an important native food 

source for many animals.  
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Tables:  

Table 2.1: Summary statistics for endocarp removal and drupe collection year on bacterial 

and fungal CFU counts.  
 Log Bacterial CFUs (Exocarp)  Log Fungal CFUs (Exocarp) 

  SS F P   SS F P 

Exocarp Removal 10.23 7.4 < 0.001  41.23 37.01 < 0.001 

Collection Year 276.94 200.23 < 0.001   150.14 134.78 < 0.001 

 

Table 2.2: Summary statistics for mesocarp removal and avian digestion on fungal CFU 

counts.  

 Log Fungal CFUs (Avian Digestion) 

 SS F P 

Mesocarp Cover 631.89 161.81 < 0.001 

Digestion 577.18 271.13 < 0.001 
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Table 2.4: Summary statistics for drupe treatment on germination of drupes. Additionally, 

summary statistics for mesocarp cover on germination of acid-scarified drupes only. 

Excluded terms denoted by (-).  

  Germination (All Drupes)   Germination (Acid-Scarified) 

 X2 P   X2 P 

Drupe Treatment 304.690 < 0.001  - - 

Mesocarp Cover - -   15.93 0.007 

 

Table 2.5: Summary statistics for drupe treatment and soil sterilization on germination of 

drupes.  

  Germination  

 X2 P 

Soil Sterilization 0.110 0.742 

Drupe Treatment 41.980 < 0.001 
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Figures: 

 

Figure 2.1: Poison ivy drupes post-avian digestion. The digestion removes variable amounts 

of mesocarp. These seeds were used as a reference for developing a scale for determining 

mesocarp cover left after digestion. A) No mesocarp cover present B) >5% coverage C) 5-25% 

coverage D) 25-50% coverage E) 50-75% coverage F) 75-100% coverage.  
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Figure 2.2: Removal of the exocarp drastically reduced the amount of bacterial and fungal 

CFUs. A) Natural log (Ln) fungal LS mean CFUs cultured from drupes with (+) and without (-

) exocarp from both collection years with 95% CI. B) Ln bacterial LS mean CFUs cultured from 

drupes with and without exocarp from both collection years with 95% CI. 
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Figure 2.3: Natural log (Ln) fungal LS mean CFUs cultured from drupes either digested by 

house finches or untreated from both collection years with 95% CI.  
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Figure 2.4: Histograms of mesocarp cover classes for avian-digested and acid-scarified 

poison ivy drupes. Avian-digestion was generally less effective than acid-scarification at 

removing the mesocarp layer.
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Chapter 3. Habitat predictions and establishment limitations of a problematic native liana. 

Christopher C. Dickinson1, John G. Jelesko1, Jacob N. Barney1 

 

Abstract: 

Poison ivy (Toxicodendron radicans (L.) Kuntze) is a North American perennial liana best 

known for its capacity to cause contact allergenic dermatitis in humans due to the natural product 

urushiol. Like many lianas, poison ivy seems to respond favorably to several patterns of global 

change including increased atmospheric CO2 and habitat disturbance. Further, while a native weed, 

poison ivy displays some characteristics of an invasive species. The present study aimed to 

facilitate a better understanding of poison ivy’s invasible habitat, population demography, and 

biotic interactions. Through the lens of invasion stages, we evaluated the colonization and 

establishment patterns of poison ivy in forest interior and edge habitats. Contrary to previous 

evaluations on poison ivy germination, we found that untreated drupes established at higher rates 

than those that underwent simulated avian digestion. While poison ivy initially colonized forest 

interiors at a higher rate than edge habitats, these seedlings were less likely to survive. This was 

attributed to higher herbivory pressure; however once established poison ivy was tolerant of most 

herbivory, except that of large grazers such as deer. Thus, the early life stage of seedling emergence 

is a critical linchpin in poison ivy establishment. Reduced herbivory pressure of emergent liana 

seedlings may represent a potentially overlooked mechanism of the rapid increased abundance of 

lianas in recent decades.  

 

 

1. School of Plant and Environmental Sciences, Virginia Tech 
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Introduction:  

Lianas, or woody vines, play an important role in forests as competitors of their tree hosts 

(Schnitzer and Bongers 2011, van der Heijden 2015). As structural parasites, lianas are able to 

allocate more resources towards the production of leaves, leading to a myriad of advantages, 

including increased competition for light and structural damage to their host’s branches (Putz 

1995). Those lianas that can also creep along the ground with offshoots or stolons from a main 

vine can compete for physical space by smothering slower growing tree seedlings (Schnitzer and 

Carson 2010). These advantages are further facilitated by increased atmospheric CO2 levels, as 

lianas accumulate relatively more biomass than other woody plants (Condon 1992, Mohan 2006, 

Zotz et al. 2006). Additionally, increased forest fragmentation and management practices are 

increasing disturbance and forest edges, both of which benefit liana recruitment and establishment 

(Laurance et al. 2014).  

At an ecosystem level, lianas can have dramatic impacts. The invasive kudzu (Pueraria 

lobata) is capable of producing vast dense mats covering many hectares comprising tens of 

thousands of individual kudzu plants (Mitich 2000). Uncontrolled for a century, a single hectare 

of kudzu is predicted to spread to 5,250 hectares in the habitat of the Deep South of the United 

States (Shurtleff and Aoyagi 1977). Thousands of trees are killed annually due to its spread and in 

Mississippi alone, kudzu accounts for an estimated 54 million dollars per year in timber losses 

(Weaver et al. 2015). In tropical forests, native lianas are associated with reductions in net forest 

primary-production (Malhi 2012, van der Heijden 2013). A recent study found that due to 

increased tree mortality attributed to lianas, tropical forests may be capturing up to 76% less carbon 

per year than possible (van der Heijden 2015).  
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Increasingly, we are seeing evidence that some native lianas are responding favorably to 

human-mediated environmental change. These so-called native invaders exhibit similar ecological 

and economic impacts as well as the spread and abundance associated with non-native invaders 

(Carey et al. 2012, Simberloff et al. 2012). For example, the term native invader has been used to 

describe Vitis spp. in the US due to their ability to alter community structure and fire regimes in 

temperate forests. However, we currently lack basic ecological and population demographic 

information on most lianas, in particular for temperate lianas. This information will become 

increasingly important to understand shifting species geographic distributions and how recipient 

plant communities respond to global change. 

Toxicodendron radicans (L) Kuntze (poison ivy) is a perennial liana native to the Eastern 

US that is best known for its capacity to cause contact dermatitis in humans due to the chemical 

urushiol found throughout the plant (Epstein 1987, 1994). Evident of poison ivy’s emerging role 

as a weedy species, it is a regulated noxious weed in Minnesota, where it must be managed on any 

lands open to the public for business or commerce (USDA 2017). Poison ivy is also a listed noxious 

weed list in Ontario, Quebec, and Manitoba (OMAFRA 1999). Following introduction to 

Bermuda, the University of Florida and the Commonwealth Institute of Biological Control of 

Bermuda briefly pursued a biocontrol program in the 1970-1980s (Regas-Williams and Habeck 

1979, Habeck 1988). 

Like other lianas, poison ivy has been shown to have enhanced performance under elevated 

CO2 —though poison ivy stands out for multiple reasons. First, after five years at elevated CO2 

levels, poison ivy accumulated biomass 5-fold more quickly than other woody plants (Mohan 

2006). Further, under these conditions poison ivy produced more allergenic forms of urushiol, 

suggesting that the clinical severity of the dermatological rashes will likely worsen with climate 
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change (Mohan 2006, Ziska 2007). Additionally, poison ivy appears to favor anthropogenically 

disturbed and edge habitats (Allen et al. 2005, Londré and Schnitzer 2006), which are also likely 

to continue to expand with urbanization and habitat fragmentation (Murcia 1995). Poison ivy may 

also be particularly adept at capitalizing on instances where tree canopy coverage is compromised. 

Allen et al. (2005) found evidence that poison ivy grew more rapidly on trees with severe limb 

damage, likely a result of decreased shading. Thus, as global change continues to augment both 

medical and ecological impacts of poison ivy, a better understanding of its invasible habitat, 

population demography, and biotic interactions are needed.  

Here we aim to facilitate more accurate predictions of the population dynamics and 

potential expansion, and limitations, of poison ivy to new habitats. Specifically, we will address 

four key questions: 1) do drupes that pass through a simulated animal gut establish at higher rates 

than untreated drupes; 2) do seedling establishment rates vary between forest edge and interior 

habitats?; 3) do specific habitat characteristics predict establishment rates?; and 4) what impacts 

do seed predation and herbivory have on poison ivy establishment? This work aims to not only 

provide key insights into the life history of a problematic and expanding native invader, but also 

to  serve as a foundation to understanding the establishment of lianas. Further, we also aim to 

demonstrate the utility of applying the fundamentals of invasion biology to evaluating native 

invaders. 

Methods: 

Establishment of poison ivy in forest interior and edge habitats  

Plant material: Drupes for this experiment were collected from the Virginia Tech Golf Course 

(37.227841, -80.432291) in fall 2015, and were either left untreated (“Untreated”) or mechanically 

and chemically scarified (“Treated”) (Benhase and Jelesko 2013). One modification was made to 
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the Benhase protocol: rather than washing the residual bleach from the drupes with water, the 

drupes were instead immediately plated onto 0.5x MS media plates, ensuring higher sterility. The 

“treated” drupes were included to simulate a drupe that was bird dispersed, having the exocarp and 

mesocarp partially removed (Penner et al. 1999, Benhase and Jelesko 2013). Thus, we were testing 

whether recruitment varied among drupes that were gravity (“untreated”) or bird (“treated”) 

dispersed. 

Planting: In addition to testing for drupe conditions effects as outlined above, we were also 

interested in testing whether poison ivy emergence and establishment varied among edge and 

interior forest habitats. This study was conducted at the Kentland Research Farm (37°11'49.6"N 

80°34'54.9"W) where five replicate sites were chosen that had both an interior and edge habitat. 

Within each habitat, we used a stratified random design of 10 1m2 plots, with five receiving 

untreated and five receiving treated drupes. In each plot, 25 drupes were gently depressed into the 

soil in a 5x5 grid spaced 20cm apart, with a 20cm long bamboo skewer marking the placement of 

each drupe. In total, 2500 drupes (5 sites x 2 habitats x 10 plots x 25 drupes) were planted on May 

18-20th, 2016. 

Data Collection: Seedling emergence and survival was tracked weekly from May-August and then 

biweekly from September-October, 2016. In following years (2017-2018), data collection began 

once plants broke dormancy (~April) and concluded in October, or until leaves senesced. In July-

August of each year, percent light transmittance using an AccuPAR model LP-80 ceptometer, soil 

moisture using a Dynamax TH300 probe, and percent bare ground was collected per plot. Soil 

samples were collected on August 26th 2016 for each habitat and analyzed by the Virginia Tech 

Soil Testing Lab.  At the end of the third growing season (2018), we recorded plant height and leaf 
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number, and cut all aboveground biomass at the soil surface, dried, and weighed for final biomass 

of all remaining plants.  

Analysis: Emergence data from 2016 was modeled using a logistic regression with habitat, 

treatment, site, and the interaction between habitat and treatment as fixed effects. Additionally, to 

evaluate the effect of plot-level abiotic factors, emergence data was converted to a percentage at 

the plot scale, followed by a reverse stepwise linear regression model selection. The initial full 

model included the following fixed effects: treatment, percent bare ground, percent soil moisture, 

soil pH, and their full factorial interactions, and site. Percent emergence was arcsine square root 

transformed to meet model assumptions. Percent bare ground and percent light transmittance were 

correlated (correlation 0.698, P-value = <0.0001), so only the metric of bare ground was included. 

High order non-significant effects were removed step-wise until no non-significant interactions 

remained. Survival data was modeled using a logistic regression containing habitat, treatment, and 

site as fixed effects as well as the interaction between habitat and treatment. Few remaining plants 

at the end of the study (n=18) necessitated that Firth bias-adjusted estimates be used. All analyses 

were performed using JMP 13 Pro (SAS Institute Inc., Cary NC).  

Herbivore Exclusion 

Field Sites: This study was designed to isolate the effects of various herbivores on poison ivy 

seedlings. The herbivore exclusion plots were constructed at three of the sites described above, at 

least 25m from the interior forest establishment plots. Each site contained three replicate blocks in 

which transplanted poison ivy seedlings were protected from herbivores of various sizes. Each 

block consisted of four 1.5m2 plots, within which poison ivy seedling were transplanted into the 

central 1m2. The plots were randomly assigned to one of four treatments: 1) no exclusion, or all 

herbivores allowed; 2) exclusion of large vertebrates; 3) exclusion of large and small vertebrates; 
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and 4) exclusion of all vertebrate herbivores and insects. Treatment 1 was outside all fencing thus 

available to all herbivores. Surrounding treatments 2-4 was 2.13m tall deer fencing with a 1.27cm 

mesh size, in order to exclude deer and other large mammals. For treatment 2 we cut 25.4cm holes 

at ground level, allowing for smaller animals such as rabbits and rodents to enter, while keeping 

large animals out. For treatments 3-4, a secondary fence of hardware cloth with a 0.635cm mesh 

size was buried 30cm, to exclude all vertebrates, but allow insects (Matthew J. Kauffman and 

John L. Maron 2006). Lastly, treatment 4 was treated monthly with the insecticide Sevin, mixed 

120mL per liter of water (TechPac LLC, Atlanta, Georgia) to prevent insect herbivory.  

Planting: Drupes from the same collection as above were propagated in growth chambers as 

previously described (Benhase and Jelesko 2013). After approximately seven weeks, plants were 

transferred to a greenhouse for one week to reduce transplant shock, and then planted in the field 

July 10th, 2017, with five seedlings transplanted per plot. Transplants were organized with one at 

each of the four corners with the fifth in the center. Transplants that died within five days of 

planting were replaced.  

Data Collection: Prior to planting, we recorded height and leaf number of each poison ivy seedling 

to account for size asymmetries at planting. Survival was recorded weekly for each individual, and 

any noticeable leaf damage recorded. Damage was initially classified as caused by either disease 

or herbivores, and then the extent of that damage was recorded either as a percentage of a single 

compound leaf, or in the case of full removal, a count of missing leaves. This was conducted on 

the same schedule as the establishment study and culminated in October 2018. At the conclusion 

of the experiment, 65 weeks after transplanting, height and leaf number were recorded before 

aboveground plant material was collected, dried, and weighed for biomass. Game cameras were 

utilized to identify any key herbivores of poison ivy.  
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Analysis: Survival was modeled using a logistic regression with initial height as a covariate, 

exclusion treatment, and block nested within site as main effects. To evaluate the effect of 

herbivory exclusion on plant fitness, final plant height and natural log transformed aboveground 

biomass were modeled using least squares regression with main effects of exclusion treatment and 

block nested within site. To account for differences in plant size at planting, initial height was 

included as a covariate. In both models, a student’s T-test was applied to evaluate differences in 

means between the levels of herbivore exclusion. Some plants experienced disease, possibly as a 

result of herbivory. As our primary concern for the preceding models was to test whether the 

exclusion treatment affected plant fitness, plants experiencing disease were included. However, 

disease incidence was still evaluated using a logistic regression with firth adjusted maximum 

likelihood. Exclusion treatment and block nested within site were included as main effects with 

initial height included as a covariate. 

The incidence of herbivory occurring in 2018 was fit using a logistic regression to test 

whether plants that had experienced herbivory in 2017 were more or less likely to experience 

herbivory in the following year, which was included as a binomial predictor. Further, exclusion 

treatment, initial height, and block nested within site were included as fixed effects. This model 

did not include plants that suffered from disease as our focus was strictly to evaluate whether 

herbivory occurred. All analyses were performed using JMP 13 Pro (SAS Institute Inc., Cary NC). 

Additionally, herbivory extent in 2018 was classified into seven levels according to the 

following: 0) no herbivory, 1) very low, classified as 1-25% of a leaf removed; 2) low, as 25-50% 

of a leaf removed; 3) moderate, as 50-99% of a leaf removed, 4) high, as 1 full leaf removed, 5) 

very high, as 2 or more full leaves removed, or 6) death of the plant. Herbivory extent was treated 

as an ordinal response and fitted using a cumulative link model using a logit link, with exclusion 
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treatment and block nested within site as fixed effects. This model did not include plants that 

suffered from disease. This analysis was conducted in R (3.4.3: R Core Team, 2017) using the 

ordinal package.  

Post-dispersal drupe predation  

This study was designed to identify the fate of poison ivy drupes to predation in order to better 

evaluate the emergence rates of the establishment study. On August 7th 2018, drupes from the same 

collection above were placed in 9.5cm2 plates constructed of 0.635cm mesh hardware cloth and 

lined with shade cloth. Plates buried in the ground up to the lip of the plates, with 25 drupes per 

plate. One plate of drupes were placed either within a fencing of 0.625cm mesh hardware cloth, to 

exclude small and large vertebrates, or in open plots. This was repeated in three blocks at three of 

the sites from the above study (3 sites x 3 blocks x 2 treatments 18 dishes). After one week, plates 

were collected and remaining drupes counted.  

Analysis: A generalized linear model with a Poisson distribution and log link function with site 

and exclusion and their interaction as fixed effects was used to analyze the numerical count data 

of missing drupes using JMP 13 Pro (SAS Institute Inc., Cary NC).  

Results: 

Establishment of poison ivy in forest interior and edge habitats  

Seedling emergence from treated drupes began in early to mid-June, with an average of 26 

days after planting. Untreated drupes typically did not emerge until the beginning of July, with an 

average of 41 days after planting. Despite the later start, untreated drupes resulted in twice as many 

seedlings as treated drupes (Figure 3.1, Table 3.1). Nearly twice as many poison ivy seedlings 

emerged in the forest interior habitat than the edge habitat (Figure 3.1). Additionally, more plants 



Christopher C. Dickinson          Chapter 3. Habitat predictions and establishment… 68 

 

emerged in plots with more bare ground and acidic soils (Table 3.1). Seedling emergence past the 

first year was exceedingly rare (n=11, 1.8%). 

While 608 seedlings resulted from 2500 drupes (24%), only 3% (18 total plants) survived 

until the end of the study (29 months). Most seedlings died within two months after emergence, 

with 53 plants (8.8 %) remaining at the beginning of the first winter with another 17 plants not 

surviving the first winter. In most cases, plants that died in the first year did not show evidence of 

abiotic stress such as wilting or nutrient deficiency. Rather, seedlings, particularly at the cotyledon 

stage, were simply missing entirely, likely a result of herbivory, as was apparent on some seedlings 

that did survive. Plants in edge habitats were much more likely to survive in each year of the study 

(Figure 3.1). This resulted in more surviving plants in the edge habitat despite the 2:1 advantage 

interior plants had in initial emergence. The chances of survival did improve in the second and 

third years, with a 64% survival rate in the second year and a 49% survival rate in the third. 

Remaining plants were 12.5cm (3.6) tall, had 2.6 (1.9) leaves, and 0.325g (0.17) aboveground 

biomass, however there was not enough data to evaluate differences between drupe treatments or 

habitat. 

Seedling herbivore exclusion 

Seedling survival across all treatments was high (82.5%), and did not vary across 

treatments (Table 3.3).  Final biomass varied among exclusion treatments (P-value = 0.055), with 

plants open to all herbivores accumulating an average of 32% less biomass than herbivore 

excluded plants. Plants in the open plots were also shorter by 2.6cm (27%, Figure 3.2, Table 3.4). 

The incidence of disease did not vary by exclusion treatment with the largest difference between 

treatments being six diseased plants in the full exclusion treatment versus nine plants in both the 

no exclusion and small vertebrate exclusion treatments. The incidence of herbivory was also even 
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across the exclusion treatments (Table 3.3, min. 15 events, max 19 events). After accounting for 

the influence of disease, twice as many plants died from herbivory in the open plots (n=8) 

compared to the plants in the full exclusion treatment (n=4). Further, the full exclusion treatment 

had nearly double the amount of plants with no herbivory compared to those in the open plots 

(Figure 3.3, Table 3.5.), though overall exclusion treatment was not a strong predictor for 

herbivory extent (Table 3.6). 

Post-dispersal drupe predation  

 Generally, few drupes were removed regardless of treatment. In one instance, 19 of 25 

drupes were removed, and occurred to an unprotected seed holder thus may have been a rare 

instance of seed predation. After removal of this outlier, there were no differences in drupe 

predation among treatments (Table 3.2). After excluding this outlier, the next highest amount was 

the removal of 7 drupes, with an average of 3.2 (2.3).   

Discussion:  

Invasion is classically considered to occur in four stages: transportation, colonization, 

establishment, and spread (Theoharides and Dukes 2007). Analogues of each of these stages can 

be attributed to native invaders. Colonization, defined here as the initiation of new plants from 

propagules, and establishment, defined here as the long-term survival of new plants, are directly 

applicable to native species. Unlike introduced non-native plants which are typically transported 

across large distances, native plants are already present and have experienced the local conditions 

for many generations. Thus for native species, transport and spread are inherently coupled and 

occur over shorter distances than those associated with non-native invasive species. Native species 

may either expand their range into novel landscapes, or become locally abundant, as a result of 

disturbances or other anthropogenic changes (Simberloff et al. 2012). However, we lack 
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information on the conditions likely to facilitate spread and establishment of most native species 

in response to these changes. 

Dispersion, or transport/spread, of poison ivy propagules can occur either clonally over 

short distances or through avian endozoochory of the drupes (Suthers et al. 2000, Senchina 2008). 

Recent work suggests mechanical and chemical drupe scarification leads to higher germination 

rates (Benhase and Jelesko 2013), though drupe viability following bird digestion has not been 

examined thoroughly to date. However, our study demonstrates that neither (approximated) avian 

endozoochory, nor cold stratification suggested by earlier reports, are prerequisites for germination 

and subsequent seedling emergence (Gillis 1971). We found that untreated (raw) drupes produced 

seedlings at higher rates than those that were mechanically and chemically scarified, which 

contradicts previous laboratory studies that found enhanced germination of “treated” versus “raw” 

drupes (Benhase and Jelesko 2013). In a laboratory study, Benhase and Jelesko (2013) observed 

that drupe treatment with sulfuric acid lead to pitting of the endocarp, which they suspected 

allowed the embryo to imbibe water and subsequently germinate. This pitting may have led to 

germination under less favorable conditions in our field experiment, leading to failed seedling 

emergence. Alternatively, the treated drupes may have been compromised due to decreased 

defenses in the soil (Angelo and Ory 1983, Schafer and Kotanen 2003). However, we also found 

a higher seedling emergence rate in more acidic soils, possibly due to more complete or faster 

degradation of the mesocarp and endocarp. Further, we found essentially no long-term dormancy 

in poison ivy drupes as demonstrated by the relative lack of emergence of new seedlings in the 

study’s second and third years. Our work provides only initial information on poison ivy drupe-

soil dynamics, but at a minimum suggests that bird dispersal is not required for successful 

recruitment. 
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Once drupes have been dispersed, successful establishment is contingent on both abiotic 

and biotic interactions (Theoharides and Dukes 2007). Aside from microbial degradation, seed 

predation is the most common biotic filter limiting germination (Boman and Casper 1995). For 

example, Penner et al. (1999) noted that squirrels act as seed predators of T. rydbergii, crushing 

the drupes in their teeth and extracting the embryos, rendering them non-viable. Other rodents may 

be serving similar roles (Martin et al. 1961). Our evaluation of post-dispersal seed predation 

suggests squirrels, and other small rodents, that could climb over our exclusion fences, or birds are 

predating poison ivy drupes. However, we observed low seed predation (~12%), suggesting that 

under our conditions poison ivy drupes experienced little biotic resistance following dispersal. 

Further, secondary dispersal may result from attempted seed predation as observed previously with 

squirrels and T. rydbergii (Penner et al. 1999), and well documented in other systems (Vander 

Wall et al. 2005), offsetting the perceived loss in propagule pressure. 

We expected to observe some seedling blight, especially in our untreated drupes due to the 

fungal pathogen Colletotrichum fioriniae. This pathogen has been isolated from the mesocarp of 

poison ivy drupes and readily causes blight and wilt symptoms on poison ivy seedlings in the 

laboratory (Benhase and Jelesko 2013, Kasson et al. 2014). No plants in our study demonstrated 

such symptoms. There are a few possibilities that may explain this. Firstly, our study design 

necessitated that we could only evaluate seedling emergence and not germination. It is possible 

that some drupes did germinate, but subsequently died from infection. Another possibility is that 

in soil the extant microbial community sufficiently lowers the pathogen pressure from C. fioriniae 

by posing competition and restriction of its growth.  

Once propagules are dispersed to a new location, fruits have persisted following predation, 

and the conditions for germination have been met, colonization is the next stage in the invasion 
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process. Poison ivy is cable of readily colonizing areas after fire disturbance and can persist in a 

wide range of soil types (Gillis 1971), and has broad host tree suitability (Talley et al. 1996). An 

observational study conducted by Gillis did not find higher incidence of poison ivy in forest edge 

habitats (Gillis 1971). However, other surveys contradict this (Fraver 1994, Londré and Schnitzer 

2006), especially in instances when disturbance creates edge habitats (Mulligan and Junkins 1977, 

Buron et al. 1998, Allen et al. 2005). Ultimately, all evidence of larger abundances of poison ivy 

in edge habitats has been purely observational, thus our work represents the first manipulative 

empirical investigation.  

We found that poison ivy colonization was highest in habitats where resident competition 

was lowest, using percent bare ground as a proxy. In our study system, this coincided with the 

forest interior habitats. However, while emergence rate was higher in the forest interior, survival 

was highest in edge habitats where plant cover was higher. The low survival in the more open 

interior habitats did not appear to be due to apparent disease or abiotic stress; rather the low 

survival was most likely due to herbivory. Thus, while barren ground with less competition was 

beneficial for emergence, being hidden within other plants may have been beneficial for long-term 

survival, eluding herbivores. While our study did not explicitly evaluate disturbance, edge habitats 

often occur as the result of disturbance such as canopy gaps following tree death. This pattern is 

observed in many native invasive plants, which typically only become invasive after disturbances 

such as changes in fire regimes (Simberloff et al. 2012). Poison ivy has demonstrated higher 

abundances following both canopy collapse (Allen et al. 2005), and post-fire recolonization (Gillis 

1971).  

Surprisingly few plants survived until the end of the study. Of the 2500 drupes planted and 

subsequent 608 seedlings that were found, only 18 survived. However, this could be offset in 
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several ways. Firstly, poison ivy is capable of reproducing clonally through either rhizomes or 

stolons. The capacity for poison ivy to reproduce in this manner has not been evaluated, though 

our personal observations of the sheer number of plantlets found under or near an older liana 

suggests this could be a major reproductive strategy. An older poison ivy liana is also capable of 

producing many drupes over its lifespan (Gillis 1971). Thus, a second method to overcome the 

observed low establishment rate is through the production of many drupes. In other words, like 

many plants, poison ivy hedges against seedling mortality through other life history strategies. 

The establishment phase of invasion is primarily limited by biotic interactions 

(Theoharides and Dukes 2007). Herbivory of poison ivy can be significant, especially in winter 

months when other food sources are scarce (Gillis 1971, Penner et al. 1999, Senchina 2008). 

Urushiol has no apparent effect on non-human mammalian species; with goats, deer, and cattle 

observed feeding on poison ivy (Senchina 2008). Several arthropods are known to feed on the 

leaves of poison ivy (Habeck 1988), and in fact some insects such as the poison-ivy sawfly (Arge 

humeralis) show specificity that could make them candidates for biocontrol (Regas-Williams and 

Habeck 1979). This level of vertebrate and insect herbivory suggests that urushiol is not involved 

in herbivory defense, at least not as a general defense. Work done to establish an animal model for 

the observed dermatitis in humans has largely been unsuccessful with severity of reactions 

dramatically less than those in humans (Bowser et al. 1964, Dunn et al. 1982a), or no long term 

sensitivity (Baer and Bowser 1963). Thus, the applicability of these animal models to natural 

settings is lacking and there remains numerous cases of native fauna interacting with poison ivy 

without demonstrable urushiol sensitivity.  

Despite observational reports of various herbivores of poison ivy, there exists no empirical 

evidence of the identity and impact of herbivores on poison ivy establishment (Senchina 2008). In 
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contrast to our establishment study, survival in our herbivore exclusion study was quite high at 

~80%, even in the unprotected plots. This, compounded with higher survival rates in the later years 

of the establishment study, suggests that seedlings are most susceptible to herbivory in the first 

few months following germination. Poison ivy is woody, and our plants that experienced herbivory 

were usually able to recover and survive. The transplants used in the herbivore exclusion study 

were approximately two months post germination but because they were grown under ideal 

laboratory and greenhouse conditions, perhaps they were able to lignify more quickly. For these 

same reasons, it is unlikely that chemical defenses were higher in our transplants, due to being 

grown axenically for the first 5 weeks.  

While most plants survived, plants open to all herbivores accumulated less biomass than 

plants with even minimal protection. Our observations recorded some large herbivores in our study 

area such as bears, turkeys, and raccoons, though these animals showed no interest in the poison 

ivy seedlings. However, deer were also quite numerous and we suspect them to be the primary 

herbivores responsible for the herbivory of the unprotected plants. Deer would also be capable of 

completely removing seedlings as was observed in the establishment study, though we did not 

confirm this. We suspect that insect herbivores of poison ivy must have been prevalent due to the 

abundance of herbivory events that resulted in very little removal of leaf material. Insect herbivores 

of poison ivy are numerous and span many families (Senchina 2005, 2008). This may explain why 

our insecticide treatment did not fully control insect herbivory.  

Our results suggest that the early life stage of seedling emergence and establishment are 

critical linchpins in poison ivy population demography, and once established appear to be tolerant 

of most vertebrate herbivory. With many lianas able to outgrow other woody plants under elevated 

CO2 levels (Mohan 2006), we might expect an increase in their abundance as more individuals are 
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able to escape herbivore pressure by climbing into the canopy. As demonstrated by lianas in 

tropical forests, these plant species are quite capable of competing with their tree hosts, resulting 

in tree deaths (van der Heijden 2013). Native lianas like poison ivy represent a relatively under-

studied threat to forest and human health. We have demonstrated how poison ivy, and likely other 

lianas, are able to colonize disturbed habitats while also being hindered by large mammals such as 

deer at early life stages. Liana abundance has dramatically increased in recent decades, presumably 

through habitat fragmentation, land use changes, and elevated atmospheric CO2 (Schnitzer and 

Bongers 2011). Reduced herbivory pressure may also be contributing towards their rapid 

expansion, representing a potentially overlooked mechanism that warrants further evaluation in 

other problematic lianas.  
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Tables: 

Table 3.1: Summary statistics for each treatment on seedling emergence in the first year and 

survival over the course of the study. Additionally, summary statistics for site characteristics 

on percent seedling emergence per plot in the first year. F-statistics are shown for general 

linear models and Χ2-statistic for logistic regressions. Excluded terms denoted by (-).  

  Emergence   Survival   Percent Emergence 

 X2 P   X2 P   SS F P 

Habitat 105.3 < 0.001  11.5 < 0.001  - - - 

Treatment 90.4 < 0.001  3.2 0.076  1.03 31.24 < 0.001 

Site 60.2 < 0.001  17 0.002  0.53 4.05 0.005 

Habitat x Treatment 2.5 0.116  0.6 0.446  - - - 

% Bare Ground - -  - -  0.4 12.04 < 0.001 

% Soil Moisture - -  - -  0.06 1.71 0.194 

Soil pH - -   - -   0.23 7.02 0.01 

 

Table 3.2: Summary statistics for site and protection treatment on the count of missing drupes 

from petri dishes.  

  Missing Drupes 

 X2 P 

Protection 0.106 0.745 

Site 0.179 0.914 

 

Table 3.3: Summary statistics for each treatment on the incidence of herbivory and disease, 

and survival over the course of the study. Excluded terms denoted by (-).  

  Incidence of Herbivory   Incidence of Disease   Survival 

 X2 P   X2 P   X2 P 

Treatment 1.13 0.770  0.71 0.871  3.59 0.309 

Block[Site] 6.83 0.337  14.49 0.025  8.55 0.200 

Site 27.26 < 0.001  5.29 0.071  5.84 0.054 

Initial Height 9.80 0.002  0.57 0.450  0.54 0.461 

Herbivory in 2017 0.14 0.706   - -   - - 

 

Table 3.4: Summary statistics for exclusion treatment on log plant above ground biomass and 

plant height.  

  Log Biomass   Height 

  SS F P   SS F P 

Treatment 4.41 2.6 0.055  213.7 4.59 0.004 

Site 1.9 1.68 0.191  154.53 4.97 0.008 

Initial Height 9.09 16.04 < 0.001  702.76 45.21 < 0.001 

Block[Site] 3.75 1.1 0.363   141.81 1.52 0.176 
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Table 3.5: Contrasts showing effects of exclusion treatments on herbivory extent. A positive 

contrast indicates that plants in this treatment experienced more severe herbivory than those in 

the full exclusion treatment. 

  Herbivory Extent 

  B± se z P 

No Exclusion 1.019 ± 0.442 2.31 0.021 

Large Vertebrate 0.562 ± 0.437 1.29 0.198 

Small Vertebrate 0.350 ± 0.440 0.8 0.426 

 

Table 3.6: Summary statistics for site, block nested within site and protection treatment on the 

extent of herbivory damage experienced by plants.  

  Herbivory Extent 

 X2 P 

Treatment 5.367 0.147 

Block[Site] 4.650 0.199 

Site 0.687 0.709 
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Figures: 

 

 

Figure 3.1: Distribution of seedling fates represented as (A) percentage within treatment and (B) 

raw counts. Drupes that did not produced seedlings were excluded. Plants that survived to the third 

season (*) were collected and height, biomass, and leaves produced were recorded. A (†) indicates 

that there were no plants whose fate placed them within that category.  
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Figure 3.2: A) Log biomass LS means across exclusion treatments with 95% CI’s. B) LS mean 

plant height across exclusion treatments with 95% CI’s. In both growth metrics, performance of 

plants receiving no protection from herbivores was hindered.  
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Figure 3.3: Distribution of herbivory extent classification for each event recorded for our four 

herbivore exclusion treatments. Herbivory severity was classified according to the scale: 0) no 

herbivory, 1) very low, classified as 1-25% of a leaf removed; 2) low, as 25-50% of a leaf removed; 

3) moderate, as 50-99% of a leaf removed, 4) high, as 1 full leaf removed, 5) very high, as 2 or 

more full leaves removed, or 6) death of the plant. Increased protection led to a reduction in the 

most severe classifications. 
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Chapter 4. Chemical Diversity of Poison Ivy Leaf and Floral Volatiles as well as Urushiol 

Congeners 

Christopher C. Dickinson1, Jason Lancaster2, Eva Collakova1, Dorothea Tholl2, John G Jelesko1 

Abstract:  

Poison ivy (Toxicodendron radicans (L.) Kuntze) is a North American dioecious perennial 

liana best known for its capacity to cause contact allergenic dermatitis in humans due to the natural 

product urushiol. Poison ivy seems to respond favorably to several patterns of global change 

indicting that it will become both more abundant and more noxious in the future. As global change 

continues to augment both medical and ecological impacts of poison ivy, further investigations 

into its chemical ecology are warranted. To gain a better understanding of the chemical ecology of 

poison ivy, a series of investigations into poison ivy leaf and flower volatile and urushiol profiles 

were conducted. Through GC-MS analysis, we surveyed poison ivy floral and leaf volatiles as well 

as urushiols. In contrast to previous reports, the relative composition of C15 vs. C17 urushiols in 

leaves was quite varied, with some plants showing dramatically higher C17 accumulation levels 

relative to C15 urushiols in leaves, and these differences were stable over a two-month period. 

Female flowers produced higher C15:C17 urushiol ratio compared to leaves. Female plants 

showed wider variation of floral volatile composition compared to male counterparts. Ultimately 

this work demonstrates a more complex composition of urushiols within poison ivy, suggesting 

the necessity for more thorough investigations of other members in the Toxicodendron genus.  
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Introduction: 

Poison ivy is a dioecious, North American plant best known for its capacity to cause 

allergenic contact dermatitis on humans (aka poison ivy rash). Upwards of 50 million people 

annually come into contact with poison ivy and display the dreaded rash symptoms that can last 

for two to six weeks (Gayer and Burnett 1988, Epstein 1994, Pariser et al. 2003). The natural 

product responsible for causing the allergenic dermatitis is generically called urushiol. Urushiol is 

composed of alk(en)yl-catechol congeners that can have either a C15 or C17 carbon alkyl chain 

containing either zero to three double bonds (Majima and Cho 1907, Majima 1922, Hill et al. 

1934b, Symes and Dawson 1953, Markiewitz and Dawson 1965b). Increasing degrees of 

unsaturation corresponds with increasing severity of poison ivy rash symptoms (Johnson et al. 

1972). Urushiol is produced by a small number of Toxicodendron (Latin for “poison tree”) species 

in North America, such as poison ivy (T. radicans (L.)), western poison oak (T. diversilobum), and 

poison sumac (T. vernix) (Gillis 1971). Poison ivy and poison sumac are reported to produce 

mostly C15 urushiols, whereas poison oak is reported to produce predominately C17 urushiols 

(Gross et al. 1975).  Poison ivy urushiol congener composition is altered by elevated atmospheric 

CO2 levels resulting in increased proportions of more unsaturated urushiol congeners (Mohan 

2006, Ziska 2007) and thus is expected to become more allergenic with current patterns of global 

change.  

While urushiol is an effective deterrent for human contact with poison ivy, the chemical 

ecology of poison ivy in natural habitats with resident animal species is poorly understood. There 

are a substantial number of vertebrate and arthropod herbivores or pollinators reported to associate 

with poison ivy leaves, drupes, and flowers (Martin et al. 1961, Popay and Field 1996, Penner et 

al. 1999, Senchina 2008), none of which show any demonstrable adverse reactions to touching or 
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ingesting plant material. There is a notable dearth of specific reports about any negative impacts 

(aversion to future feeding, allergenic dermatitis, etc.) on the herbivores after consuming the 

poison ivy plant material. Some work has been done to develop animal models for human urushiol 

allergenic dermatitis (i.e. Guinea pigs, Baer and Bowser 1963), though the applicability of this 

knowledge to natural settings remains lacking.  

One approach to gain insight into possible herbivores is to evaluate whether there is 

differential defensive chemical accumulation in particular plant organs or tissues. To this end, most 

published sampling of urushiol in poison ivy is haphazard and typically lacked replication 

(Markiewitz and Dawson 1965b, Corbett and Billets 1975, Gross et al. 1975, Billets et al. 1976, 

Craig et al. 1978, Baer et al. 1980, Ma et al. 1980, ElSohly et al. 1982). Thus, the degree of urushiol 

variability in any given organ is poorly characterized. The goal of the current study was to evaluate 

this variability in poison ivy leaves and flowers more systematically by evaluating twenty 

individuals at two time points. Further, while urushiols have been found in both leaves and flowers 

previously, other metabolites, namely volatile compounds have not been evaluated. Poison ivy is 

a dioecious plant, and thus an obligate out-crosser. Identification of any flower specific volatiles 

may help lead further investigations in identifying which insect associates of poison ivy may be 

pollinators or possible herbivores.  

Methods: 

Tissue sample collection and preparation: 

Seedlings were germinated from drupes collected in fall 2015 from the VARoaCo-1 liana 

in Catawba, Virginia (Benhase and Jelesko, 2014). Germinated seedlings were grown on 0.5X 

Murashige and Skoog media at 28°C and a 16h light cycle days. Seedlings were grown to the first 

true leaf stage, approximately two weeks post drupe emergence, and leaves were assessed for 
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volatiles. These seedlings were not sexed as flower morphology or the presence of seed panicles 

is necessary (Gillis 1971).  

 Inflorescence and leaf material from mature wild lianas were collected in the summer of 

2017. These plants were predominately located on the Virginia Tech Campus in Montgomery 

County Virginia (37.2284° N, 80.4234° W), with VARoaCo-1 included as well (Benhase and 

Jelesko, 2014). Flowers were used to identify the sex of individual plants (Gillis 1971). A total of 

eight plants, four of each sex, were chosen for inflorescence volatile analysis. Two inflorescences 

were collected from each plant. To evaluate leaf urushiols, 10 representatives of each sex were 

sampled, resulting in 12 additional plants. Inflorescences and leaves were collected from May 24th 

to June 2nd 2017. This duration ensured that male and females flowers were open, as male plants 

tended to flower one week prior to females. A second leaf sampling, taken from the immediate 

proximal leaf from the first sampling, from each of these plants was performed on August 3rd, 

except for three plants that died prior to this date. Inflorescence and leaf materials were transported 

on ice from the collection site to the lab where inflorescences were immediately weighed and the 

open flowers counted prior to volatile analysis. Leaves and replicate inflorescences were stored at 

-80°C until processed for urushiol GC-MS analysis. Herbarium leaf presses were prepared for each 

individual plant and stored with the Virginia Tech Massey Herbarium (Table 4.2).  

Volatile collection: 

 Leaf volatiles were measured from single compound leaves (14-66 mg fresh weight) in a 

20 ml glass vial (Supelco, Bellefonte, PA) with screw cap and incubating in the presence of a 100 

μm polydimethylsiloxane (PDMS) solid phase microextraction (SPME) fiber (Supelco, Bellefonte, 

PA) for 1 hour at room temperature. Inflorescence volatiles were similarly measured as leaf 

volatiles using a single panicle per sample, comprising 22-110 flowers per inflorescence. 
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Gas Chromatography-Mass Spectrometry Analysis: 

GC-MS analysis of floral and leaf volatiles was performed by thermal desorption from the 

SPME fiber at 240°C in splitless mode and separated on a GC-2010 gas chromatograph (Shimadzu, 

Kyoto, Japan) using a 30 m x 0.25 mm i.d. x 0.25 µm film Zebron ZB-XLB column coupled with 

a QP2010S mass spectrometer (Shimadzu). The GC conditions were as follows: 40°C with 2 min 

hold, then raised to 220°C at 5°C/min, then raised to 240°C at 70°C/min followed by a 2 min hold 

time. Mass spectrometry was performed with an ion source temperature of 240°C, interface 

temperature of 280°C, electron ionization (EI) potential of 70 eV and scan range of 50 to 400 

atomic mass units. Helium was used as a carrier gas at 1.9 mL/min. GC-MS analysis of 

inflorescence and leaf urushiols was preformed according to the methods described in Aziz et al. 

(2017). 

Compound Identification: 

All volatile compounds were identified by comparison of retention times and mass spectra 

to reference standards or by mass spectral comparison to entries in the NIST/Wiley libraries.  (E)-

β-Caryophyllene, α-humulene, ocimene, 𝛿-cadinene, and germacrene D were identified with 

authentic standards. Alpha (Z,E)-Farnesene and (E,E)-farnesene were identified by referring to a 

farnescene mix sourced from green apple (Malus domestica “Granny Smith”). Copaene was 

identified by library suggestion (Wiley 7N). The distinct isomer of ocimene could not be identified. 

Urushiols were identified through diagnostic parent and fragmentation ions along with expected 

retention times as described in Aziz et al. (2017).  

Data Analysis:  

Leaf volatiles were measured in triplicate, and inflorescence volatiles were measured 

without replication from separate plants. Volatile abundance was measured as normalized peak 
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area in the total ion chromatogram (TIC) mode. High abundance of some compounds (peak area 

1x108, see Table 4.1) in certain inflorescence samples caused temporary saturation of the gas 

chromatogram detector resulting in an underestimation of total peak area. The peak area for such 

incomplete peaks was estimated by dividing the left inflection point height (TIC) of the incomplete 

peak by the left inflection point height  of an intact peak (a sample from the same sex and similar 

gas chromatogram profile) then multiplying by the area under the curve of the intact peak. Fresh 

weight (mg) was used to normalize peak area.  

The effects of sex of the plant and collection time on total urushiols were estimated using 

multifactorial ANOVA. Similarly, the same treatment effects were estimated for the ratio of 

C15:C17 urushiols. In both models, plant ID was run as a random effect to account for non-

independence of multiple collections from the same plant and a natural log transformation was 

necessary for C15:C17 response variables. As floral samples and leaf samples were normalized to 

separate alkylresorcinol curves, total urushiols were not compared between tissue types. Further, 

inflorescences were only collected at the beginning of the season as by the second collection point 

inflorescences had senesced in males or developed into fruits in females. However, as the 

extraction efficiency of C15 to C17 urushiols should not change, the ratio of these two species can 

be compared between the two tissue types. This was accomplished with a two way ANOVA testing 

the treatment effects of sex and tissue type as well as their interaction. Similar to the previous 

models, individual was run as a random factor to maintain independence of the residuals. All 

statistical analysis was performed in JMP 13 (SAS Institute Inc., Cary NC).  

Results: 

Urushiol Abundance in Male and Female Plants:  
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For the urushiols present in the leaves, sex of the individual was not a strong predictor of 

total urushiol accumulation (P-value = 0.74) in expanded poison ivy leaves. Further, total urushiols 

were not significantly different between samples from the same plants collected two months apart 

(P-value=0.92), and the interaction term between sex and time was not significant (P-value = 0.26, 

Figure 4.3a). The ratio of total C15 urushiols to total C17 (C15:C17) urushiols did not show a 

strong response to either sex (P-value = 0.52), collection time (P-value = 0.61), or their interaction 

(P-value = 0.63, Figure 4.3b).  

While the mean C15:C17 ratio was 3.3, the median value was 1.1, indicating that C15 

urushiols reached greater abundance in only 11 of 20 individuals. Notably, 9 of 20 individuals 

accumulated much higher C17 urushiols, with the highest being 5.5x greater than the C15 urushiol 

levels. In the most extreme two cases, this ratio differed by 64-fold (max, 11.52; min, 0.18).  

Urushiol congeners varied across individuals but some patterns were found. Generally, our leaf 

samples contained very little C15:3 urushiols (Figure 4.4). Other congeners, in particular C15:2, 

were more varied, but interestingly the makeup of congeners within an individual was consistent 

within the two-month span.  

Comparing urushiol levels in leaves to inflorescences, a significant interaction between 

tissue and sex was observed (P-value = 0.031, Figure 4.5), and the main effect of sex was 

significant (P-value = 0.032). Female inflorescences were biased towards accumulating C15 (mean 

C15:C17 ratio of 13.9) urushiols compared to male inflorescences (mean C15:C17 ratio of 0.283).  

Survey of Floral and Leaf Volatiles:  

Flowers from four male and four female poison ivy lianas were characterized for their 

volatile profiles and yielded 119 unique volatile compounds. However, just eight terpenoid 

compounds comprised 83% of total peak area across all samples. These compounds were 1, 
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copaene; 2, (E)-β-caryophyllene; 3, germacrene D; 4, α-humulene; 5, (Z,E)-farnesene; 6, (E,E)-

farnesene; 7, azulene; and 8, 𝛿-cadinene. The abundance of these eight compounds in each sample 

is reported in Table 4.1. Other identifiable compounds were primarily terpenes followed by a 

limited number of fatty acid derivatives (<1% total peak area). While male and female panicles 

did not differ greatly in the compounds that comprised their profiles, when normalized to panicle 

biomass, female tissues showed overall higher abundances of volatile compounds with average 

headspace levels being 1.4-fold higher than those in males.  

Volatile profiles from leaves were quite different from those of inflorescences. Leaves 

showed only 66 unique compounds. In some replicates, as few as five compounds were identified. 

Across all samples, the top eight most abundant compounds were 1, copaene; 2, (E)-β-

caryophyllene; 3, α-humulene; 5, azulene; 6, an unidentified hydrocarbon; α-longipinene; 8, α-

cubebene. These eight compounds comprised 85% of total volatiles collected across all leaf 

samples (Table 4.2). However, while these were the most abundant compounds, some samples did 

not contain the full set. Leaves had much lower abundances of volatiles than inflorescence with 

14-fold lower average headspace levels. Representative spectra for male and female inflorescence 

and leaf samples are shown in Figure 4.1.  

Discussion:  

As sessile organisms, plants have developed an incredible diversity of secondary 

metabolites that aid them in responding to both abiotic and biotic stress. These secondary 

metabolites can function to deter herbivores, prevent and respond to microbial infections, induce 

the production of other secondary metabolites, and attract pollinators (Savatin et al. 2014). There 

is an innate need for plants to balance the production of these chemicals in response to their 

metabolic costs (e.g., allocation of resources from primary metabolites associated with growth and 
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development) and ecological costs (e.g., decrease in fitness as a result of lowered herbivory 

defense) (Neilson et al. 2013, Kessler 2015). Therefore, the selection pressures for maintaining the 

production of secondary metabolites are presumed to be high (Agrawal 2011).  

The poison ivy inflorescences predominately released volatile terpenes, with 

sesquiterpenes being the major compounds. Other chemical classes represent less than 1% of the 

total volatile fraction. Among the most predominant volatiles were alpha- (Z,E)-farnesene and 

(E,E)-farnesene, notable for their very low levels in the leaf volatile profiles. Germacrene D was 

also absent in the leaf volatile profile, and has been shown to attract both wasps and moths 

(Bengtsson et al. 2001, Cornille et al. 2011). Specificity of these two chemicals in the inflorescence 

may suggest their role in the attraction of certain insect pollinators for poison ivy, and the repulsion 

of those that would be herbivores. However, insect pollinators of poison ivy are numerous and 

broadly distributed across taxa, including coleopterans, dipterans, hemipterans, hymenopterans, 

and lepidopterans (Senchina and Summerville 2018). Thus, whether inflorescence specific 

volatiles play any role in attraction of specific pollinator types may be unlikely and would require 

extensive testing, though other roles such as antimicrobial activity of beta-caryophyllene have been 

demonstrated (Huang et al. 2012). 

The ecological selection pressures responsible for shaping urushiol levels and congener 

composition in the Toxicodendron genus have not been elucidated. Little work has been shown to 

demonstrate the potential anti-microbial effects of urushiol in reducing sporulation rates of 

Cladisporium herbarum (Kim 1997) , and inhibition of Helicobacter pylori (Suk 2011). Other 

bacterial species such as E. coli, staphylococcus aureusa, and Bacillus subtilis show no sensitivity 

to urushiols (Kim 1997). Ultimately, more thorough investigations into fungal and bacterial 

inhibition by urushiol is warranted.  
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Herbivory could be another such selection pressure, though studies identifying herbivores 

of poison ivy have been largely limited to observational reports of particular animal species 

consuming poison ivy leaves (Martin et al. 1951). Attempts to develop animal models for human 

urushiol allergenic dermatitis were largely restricted to Guinea pig and mouse models. Guinea pigs 

can be sensitized to both poison ivy extract (Rackemann and Simon 1934) and synthetic 

pentadecyl-catechol (PDC, i.e. C15 urushiol (Baer and Bowser 1963) and show repeated allergenic 

dermatitis symptoms with subsequent skin exposure that approximate human poison ivy rash 

symptoms. However, these responses were restricted to Guinea pigs less than six months old (Baer 

and Bowser 1963). Mice are rapidly sensitized by urushiol components placed on the skin; 

however, instead of subsequent dermal challenge the murine system comprised subsequent 

treatment of the ears with PDC, resulting in ear thickening that is used as an index of dermatitis 

severity (Dunn et al. 1982). Rabbits can also be sensitized to urushiol, though the intensity of 

subsequent allergenic dermatitis was not quantified (Murphy et al. 1983). Relatively few Rhesus 

macaques showed sensitivity to urushiol-induced allergenic dermatitis, and these atypical 

responses were 50 – 100 times less severe than either humans or Guinea pigs (Bowser et al. 1964).  

Most germane to the possibility that herbivores may serve as selection pressures for 

urushiol production, Guinea pigs previously sensitized to PDC were hyposensitized after oral 

ingestion of urushiol from poison ivy or poison oak (Watson et al. 1983). However, overall the 

potential incidence and relevance of oral hyposensitization of wild fauna feeding on poison ivy is 

currently unknown. Goats can be used to reduce poison ivy infestations, and these animals do not 

show any evidence of either allergenic dermatitis or gastric distress (Popay and Field 1996). While 

many insects have also been observed feeding on poison ivy, whether these insects are simply 
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unaffected by urushiol or have some mechanism to deactivate the urushiol molecule (by esterifying 

the hydroxyl groups) has not been explored. 

While these examples demonstrate that small mammals can show urushiol-induced 

allergenic dermatitis, the presumed native fauna targets of a hypothesized urushiol chemical 

defense are currently an enigma. One approach to evaluating a chemical defense role is assessing 

preferential accumulation of the plant chemical defense. While limited in sample size, this study 

suggests that intraspecific variation in both total urushiol and the relative abundance of C15 and 

C17 urushiol congeners’ accumulation, was quite high. In addition, variation in both total urushiol 

accumulation levels and the ratio of C15:C17 congeners were similar across a two-month time 

interval. Thus, variation in urushiol levels were not likely an individual plant’s response to an 

immediate biotic or abiotic stressor.  More experimentation is needed in order to definitively rule 

out various stresses such as herbivory. Another possibility is that urushiol accumulation and/or the 

ratio of C15:C17 urushiol congeners is a stable genetic trait in this population. This is consistent 

with work being done in the genus Populus, where sexual homomorphism is observed in non-

reproductive traits (McKown et al. 2017).  

The present study identified poison ivy plant leaves with C17 urushiols that were equal or 

greater than C15 urushiol levels. Early reports of urushiols in poison ivy suggested that the species 

only accumulated C15 urushiols (Markiewitz and Dawson 1965). However, soon after work in 

poison ivy and poison oak showed the presence of both C15 and C17 urushiols in both species, 

with poison ivy predominately accumulating C15 urushiols and poison oak accumulating C17 

urushiols (Corbett and Billets 1975, Gross et al. 1975, Billets et al. 1976, Craig et al. 1978). These 

reports lacked clear description of what comprised their samples, leading to uncertainty of how 

many individual plants were used to prepare extracts, a trend that continued in reports that followed 
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(Ma et al. 1980, ElSohly et al. 1982). While more care has been taken to address this concern in 

reports focused on poison oak (Gartner et al. 1993), to our knowledge only one study (Baer et al. 

1980) was specific in the preparation of extracts from singular poison ivy plants, and was limited 

to only two individuals which accumulated no C17 urushiols. This is especially pertinent to the 

current study, which shows the high variation of urushiol constituents between individuals. Thus, 

whether previous reports concluded that poison ivy predominately produces C15 urushiols, rather 

than a variable mixture of C15 and C17 urushiols as we show, was due to poor sample size or 

another reason is unclear. Further, at least in hypocotyl and internode tissues, C15 and C17 

urushiols accumulate in different cell types (Aziz, et al. 2017) that are perhaps responding to 

different signals of plant stress. Identification of the cues that drive the accumulation of one set of 

congeners over another may lead to the elucidation for the role, or perhaps the lack thereof, 

urushiols play in plant defense.  
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Tables: 

Table 4.1: Peak areas for eight most abundant floral compounds by sample. Values are 

based on relative abundances calculated from total ion chromatograms (TIC) normalized to 

sample weight. 
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Table 4.2: Peak area for eight most abundant leaf compounds by sample. Values are based 

on total ion chromatograms (TIC) normalized to sample weight. 
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Table 4.3: Mature poison ivy sample documentation. (*) Denotes plants that died between the 

first and second collections. (**) Indicates unsuccessful extraction of urushiols from the later time 

point leaf sample.  
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Figures: 

Figure 4.1. Volatile organic compounds from inflorescence and leaf of T. radicans. 

Representative GC-MS chromatograms of volatile compounds collected by SPME from male and 

female inflorescences and leaf tissue. ‘Male’ is male sample 1 and ‘female’ is female sample 1. 1, 

copaene; 2, (E)-β-caryophyllene; 3, germacrene D; 4, α-humulene; 5, (Z,E)-farnesene; 6, (E,E)-

farnesene; 7, azulene; 8, 𝛿-cadinene.  
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Figure 4.2: Floral volatile abundance by sex. Abundance of the eight predominant floral 

volatiles for each sample after adjusting for detector saturation (see Methods and Table 4.1). F/M 

1-4 = female or male inflorescence samples 1-4.  
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Figure 4.3: GC-MS quantification of total urushiols in mature poison ivy leaves. Mean total 

urushiols are selected ion counts normalized to an internal standard of alkylresorcinol. While 

variation between individual plants was high, neither sex of the plants nor the course of the 

growing season explained this variance.  

 

  

Total Urushiols 
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Figure 4.4: GC-MS quantification of urushiol congeners in mature poison ivy leaves. Mean 

totals of urushiol congeners are selected ion counts normalized to an internal standard of 

alkylresorcinol.  
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Figure 4.5: GC-MS quantification of urushiol congener ratio in mature poison ivy leaves and 

flowers. Ratios of urushiol congeners are selected ion counts normalized to an internal standard 

of alkylresorcinol. (*) Denotes a statistically significant (P-value = <0.05) treatment. 
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Chapter 5: Transient Heterologous Gene Expression Methods for Poison Ivy Leaf and 

Cotyledon Tissues.* 

Christopher C. Dickinson1, Alexandra J. Weisberg2, John G. Jelesko1 

Abstract:  

Poison ivy (Toxicodendron radicans (L.) Kuntze) is a widely recognized native plant 

species because of its production of urushiol which is responsible for delayed contact dermatitis 

symptoms in humans. Poison ivy is predicted to become both more prevalent and more noxious in 

response to projected patterns of climate change. Future studies on poison ivy chemical ecology 

will require reverse genetics to investigate urushiol metabolism. A prerequisite for reverse genetic 

procedures is the introduction and expression of recombinant DNA into poison ivy tissues. Poison 

ivy leaves and cotyledons were marginally susceptible to vacuum- and syringe-Agroinfiltration 

and expression of two firefly luciferase (LUC)-based reporter genes. The efficacy of 

Agroinfiltration and transient LUC expression was dependent upon leaf age and plant growth 

environmental conditions, with young leaves grown in magenta boxes showing highest transient 

LUC expression levels. Agroinfiltrated leaves showed an Agrobacterium-dependent accumulation 

of brown-colored pigments.  Biolistic transformation of a LUC reporter gene did not show brown 

pigment accumulation and readily displayed transient luciferase bioluminescence in both leaves 

and cotyledon tissues. These studies establish best practices for introducing and transiently 

expressing recombinant DNA into poison ivy leaf and cotyledon tissues, upon which future reverse 

genetic procedures can be developed.  

1. School of Plant and Environmental Sciences, Virginia Tech 

2. Department of Botany and Plant Pathology, Oregon State University 

* Republished with permission. (HORTSCIENCE 53(2):242–246. 2018) 
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Introduction: 

Poison ivy (Toxicodendron radicans (L.) Kuntz) is a native North American species best 

known for its capacity to induce allergenic dermatitis symptoms after contact with human skin.  

The natural product responsible for the dreaded skin rashes are alk(en)yl-catechol congeners 

generically called urushiol, which is found in all members of the Toxicodendron genus (Majima 

1922, Hill et al. 1934a, Symes and Dawson 1953, 1954, Markiewitz and Dawson 1965a, Kurtz and 

Dawson 1971, Gross et al. 1975).  Urushiol chemical ecology is largely enigmatic because humans 

appear to be uniquely sensitive to the allergenic effects of urushiol, whereas wild and domesticated 

animals appear to be largely unaffected upon contact with poison ivy.  In fact, deer (Martin et al. 

1951) and goats (Popay and Field 1996) eat poison ivy foliage with no apparent ill effects.  There 

are few studies focused on poison ivy physiology and/or ecology. Two studies are noteworthy as 

they establish that poison ivy responds to elevated atmospheric CO2 levels by growing faster, 

accumulating more biomass, and shifting urushiol congener levels toward more allergenic forms 

of urushiol (Mohan et al. 2006, Ziska et al. 2007).  Given the current pattern of increasing 

anthropogenic CO2 emissions, poison ivy is poised to become more prevalent and more noxious, 

yet most aspects of urushiol metabolism and ecology are largely unexplored. For example, Dewick 

(1997) postulated that urushiol is derived from fatty acid biosynthesis beginning with a C16 fatty 

acid-CoA starter molecule that is extended by a presumed polyketide synthase activity into a 

tetraketide, that is subsequently modified to form alk(en)yl-catechol (urushiol) congeners. With 

that said, none of these proposed urushiol metabolites, enzyme activities, enzymes, or genes have 

been empirically validated to date. Dewick’s hypothesized formation of a fatty acid tetraketide that 

is cyclized into an alkyl-phenol by a polyketide synthase activity is likely because a number of 

plant polyketide synthases use fatty acid-CoA starting molecules in the production of alkyl-
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phenols (Abe et al. 2004a, Taura et al. 2009, Kim et al. 2010, Matsuzawa et al. 2010, Kim et al. 

2013, Taura et al. 2016).  The capacity to investigate this hypothesis was recently advanced with 

the publication of the poison ivy (Toxicodendron radicans) leaf and root transcriptome (Weisberg 

et al. 2017).   

The capacity to express recombinant DNA molecules in plants enables detailed 

investigations of the role of both endogenous and foreign genes. Recombinant genes in plants can 

be expressed either as transient unintegrated transgenes or as transgenes that are stably integrated 

into the plant nuclear or plastid genomes. Understanding the molecular basis for urushiol 

biosynthesis and urushiol chemical ecology will require a variety of molecular genetic methods, 

all of which require the introduction and expression of recombinant DNA in poison ivy plant cells 

and tissues.  The principle methods of introducing recombinant DNA constructs into plant cells 

are biolistic and Agrobacterium-based transformation procedures.  

Agrobacterium tumefaciens was initially investigated as a soil-borne phytopathogen 

responsible for crown gall tumor formation. The etiology of pathology requires segments of 

bacterial tumor inducing (Ti) plasmid DNA transfer, stable integration, and expression of these 

bacterial DNA sequences within the plant cell nucleus (Drummond et al. 1977). This inherent plant 

gene transformation capability of Agrobacterium tumefaciens was re-engineered to replace the 

tumor formation regions on the Ti plasmid (i.e. disarmed binary Ti-plasmids) with recombinant 

“genes of interest”. The potential utility of Agrobacterium-mediated transient transformation was 

first demonstrated by expressing high levels of transient GUS reporter gene activity in bean, 

tobacco, and poplar leaves by simply infiltrating Agrobacterium tumefaciens harboring a GUS 

reporter gene on a binary T-DNA plasmid directly into the leaf mesophyll interstitial space (Kapila 

et al. 1997). The general applicability of the technique is shown by transient reporter gene 
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expression in the leaves of diverse plant species such as switchgrass (VanderGheynst et al. 2008), 

habanero pepper (Arcos-Ortega et al. 2010), cowpea epicotyl (Bakshi et al. 2011), rice (Andrieu 

et al. 2012), soybean (King et al. 2015), and persimmon (Mo et al. 2015), to name a few.  

Biolistic transformation is often used when Agrobacterium-mediated transformation 

proves problematic.  Biolistic transformation is the acceleration of nucleic acid-coated micro 

particles to high velocity (using a so-called gene gun) resulting in entry into the plant cell 

cytoplasm, where the nucleic acid subsequently uncoats from the micro particle, and is either 

transiently expressed or stably integrates into the plant nuclear genome (Klein et al. 1987).  

Alternatively, if combined with appropriate plastid DNA sequences the transgene can integrate 

into, and be expressed from, the plastid genome (Daniell et al. 1990).  Biolistic transformation is 

the method of choice for stable transformation of major cereal crops (Klein et al. 1988, Wang et 

al. 1988) that are otherwise recalcitrant to Agrobacterium-mediated stable transformation.  

Development of reverse genetic methods in poison ivy will enable molecular-genetic 

investigations of poison ivy ecophysiology and chemical ecology, as well as provide foundational 

molecular genetic approaches in other members of the Toxicodendron genus (e.g. poison oak and 

poison sumac). As an initial step toward the implementation of such molecular genetic studies, the 

present report describes the introduction and transient expression of recombinant firefly luciferase 

(LUC) reporter gene constructs in poison ivy cells and tissues through Agroinfiltration and biolistic 

transformation.  

Methods: 

Plant Material: 

Poison ivy (Toxicodendron radicans subsp. radicans) drupes were sourced from the 

RoaCo-1 liana located in Catawba VA (Benhase and Jelesko 2013). Drupes were mechanically 
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and chemically scarified (Benhase and Jelesko 2013). Axenic seedlings were germinated on Petri 

plates of 0.5X MS basal salts media (Plant Natural, Bozeman, MT), in the dark for four nights. 

Germinating seedlings were then transferred to either sterile 0.5X MS media in magenta boxes or 

pots containing non-sterile Sunshine Mix 1 (Plant Natural, Bozeman, MT). The plants were grown 

at 28°C under 16 hour light/day cycle. Poison ivy leaves were typically Agroinfiltrated with a 

syringe at the 3-4 true leaf stage. Nicotiana benthamiana plants were directly germinated and 

grown in pots containing Sunshine Mix, under the same environmental conditions as the poison 

ivy seedlings. N. benthamiana plants were syringe Agroinfiltrated four weeks post germination.  

Agroinfiltration Transformation: 

Three luciferase containing plasmids were used in this study.  Plasmid pJGJ204 contains 

an Arabidopsis RBCS1B-LUC gene fusion comprised of the RBCS1B promoter-exon 3, resulting 

in an in-frame RBCS1B-LUC chimeric fusion protein (Jelesko et al. 1999).The Firefly luciferase 

LUC was PCR amplified from pJGJ102 (Jelesko et al. 1999) using oligonucleotide primers 

(oJGJ234 5’-

GGGGAGAAGTTTGTACAAAAAAGCAGGCTATGGAAGACGCCAAAAACATA-3’; and 

oJGJ235 5’-GGGGACCACTTTGTACAAGAAAGCTGGGTATTTTACAATTTGGACTTTC-

3’) that incorporated 5’-attB1 and 3’-attB2 sequences.  The resulting LUC PCR fragment was BP 

subcloned into pDONR221 using BP ClonaseII (Thermofisher, Waltham, MA) to yield plasmid 

pJGJ404. The LUC gene from pJGJ404 was subcloned into pMCD32 (Curtis and Grossniklaus 

2003) using LR ClonaseII (Invitrogen) to yield plasmid pJGJ410 expressing the LUC gene from a 

double CaMV35S promoter.  Plasmid pJGJ411 containing a LUC-INT gene was similarly 

subcloned, except using pLUK07 (Mankin et al. 1997) as the template in the initial PCR reaction.  

Plasmid p19 (Voinnet et al. 2003) was utilized for enhancing transient expression levels of the 
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transgenes in plant cells. Agrobacterium tumefaciens strain GV3101 containing either p19 

(Voinnet et al. 2003), pJGJ204, pJGJ410, or pJGJ411 were grown overnight (16 hrs) in 5 mL LB 

medium supplemented with 50 µg/mL kanamycin and 50 µg/mL gentamycin. The culture OD600 

was estimated from a 1:10 culture dilution prior to initial centrifugation (15mins. at 4°C, 3000Xg). 

Cultures were resuspended in MMA buffer (10mM MES, 10 mM MgCl2, 20 µM acetosyringone) 

by vortexing for either final OD600 of 4 or 0.4. The Agrobacterium strains containing a LUC-

containing plasmid (pJGJ204, pJGJ410, or pJGJ411) were mixed with GV3101/p19 at equivalent 

concentration and incubated at 22°C for 1 hr prior to Agroinfiltration (Kapila et al. 1997). Leaf 

tissues were either vacuum-Agroinfiltrated or syringe-Agroinfiltrated using a 3mL Luer Lok 

syringe (Becton Dickinson, Franklin Lakes, NJ ), on the leaf underside  (Kapila et al. 1997). Plants 

were returned to a 28°C growth chamber for 24 hrs before assay of luciferase activity.  

Biolistic-Mediated Transformation: 

Plasmid pJGJ411 was isolated from Escherichia coli OmniMax strain first by large scale 

alkaline lysis (Ausubel et al. 2006), followed by purification using a QIAprep Miniprep kit 

(Qiagen, Valencia, CA). Purified pJGJ411 plasmid DNA was coated on (0.6 µm) gold particles, 

accelerated using a 1100 psi rupture disk (Analytical Scientific Instruments US Inc., Richmond, 

CA) in a BIO-RAD (Richmond, CA) Biolistic PDS-1000 He Particle Delivery System.  Poison 

ivy cotyledon/1st true leaf-stage seedlings in magenta boxes were subjected to particle 

bombardment at a distance of approximately 13cm. After bombardment, plants were returned to a 

28°C growth chamber for 24hrs before assay of luciferase activity.  

Luciferase Assay 

Prior to luciferase imaging, transformed poison ivy tissues were placed onto water agar 

plates and then sprayed with luciferin and subjected to in vivo luciferase imaging, as previously 



Christopher C. Dickinson            Chapter 5. Transient Heterologous Gene… 117 

 

described (Jelesko et al. 1999). Qualitative photon emission imaging was obtained from “slice” 

images.  Quantification of vacuum-Agroinfiltration and biolistic transformed poison ivy cotyledon 

and 1st true leaf in vivo luciferase activity (photon emission) was estimated using “gravity” images.  

A fixed area defined by the area that encompassed either the largest cotyledon (6,358 pixels2) or 

largest 1st true leaf (30,458 pixels2) was used to measure the number of emitted photons for each 

subsequent cotyledon, leaf, and background.  The background heat photon emission was estimated 

for each specified tissue by randomly measuring the apparent gravity photon emission in ten 

regions corresponding to the absence of poison ivy tissue in the reflected light images, and the 

upper 95% confidence interval value was calculated.  The upper 95% confidence interval value 

established the upper boundary of background heat photon emission levels corresponding to 

cotyledon and leaves, respectively.  The respective upper background photon emission value was 

subtracted from the value of the respective tissue’s highest photon emission level, and the resulting 

difference was equally divided into five bins, thereby providing a rough distribution of photon 

emission levels for each transformed tissue. 

Results: 

Transient LUC-INT gene expression in poison ivy leaves using syringe Agroinfiltration: 

 Poison ivy leaves were subjected to syringe-Agroinfiltration using Agrobacterium 

tumefaciens strain GV3101 harboring plasmid pJGJ411 containing a double CaMV promoter 

driving the expression of firefly luciferase gene containing an artificial intron (LUC-INT).  The 

intron in the LUC-INT gene abolished low expression levels in Agrobacterium cells relative to the 

continuous LUC open reading frame in pJGJ410 (Figure 5.4), and thus all luciferase activity was 

derived from transient luciferase expression in poison ivy cells.  Poison ivy leaves from potting 

soil grown plants subjected to syringe-Agroinfiltration generally did not display luciferase activity 
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above background heat photon emission levels in qualitative pseudo-color superimposed slice 

photon emission images (Figure 5.1 A).  On very few occasions weak photon emission above 

background levels of syringe-Agroinfiltrated leaves was observed.  In contrast, syringe-

Agroinfiltrated leaves on poison ivy plants grown axenically in magenta boxes displayed small 

patches of consistent photon emission over regions that were syringe-Agroinfiltrated (Figure 5.1 

A).  Thus, magenta box grown poison ivy leaves were more susceptible to syringe-

Agroinfiltration-mediated transient DNA transformation.  However, not all leaves from magenta 

box grown poison ivy plants were equally susceptible to syringe-Agroinfiltration.  Older leaves of 

magenta box grown plants were less susceptible to syringe-Agroinfiltration transient LUC-INT 

expression compared to younger leaves (Figure 5.1 B).  Younger leaves more readily took up the 

Agrobacterium-infiltration solution delivered from the blunt syringe.  Consequently, young poison 

ivy leaves in magenta box grown plants consistently showed higher transient luciferase expression 

levels than older leaves from the same plants, whereas changing the bacterial concentration ten-

fold had little effect on transient luciferase expression levels (Figure 5.7).  With that said, even the 

best poison ivy transient luciferase expression levels were dramatically lower than Nicotiana 

benthamiana leaves syringe-Agroinfiltrated with pJGJ411 (Fig. 5.1 C).  The poison ivy leaves did 

not take up as much of the Agrobacterium solution as the N. benthamiana leaves with each syringe-

Agroinfiltration attempt.  However, these differences in relative infiltration volumes were far less 

than the difference in magnitude of photon emission between poison ivy and N. benthamiana 

(Figure 5.1 A and 5.1 C).  

Syringe-Agroinfiltrated poison ivy leaves displayed brown discoloration within the regions 

that were effectively infiltrated with bacteria (Figure 5.1 D).  This brown discoloration was 

dependent upon the presence of the Agrobacterium, because syringe infiltration with just the MMA 
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media lacking Agrobacterium tumefaciens did not acquire the brown pigmentation.  When plants 

are infiltrated with bacteria, many plant species induce the synthesis and accumulation of 

phytoalexin compounds as part of a plant defense response (Hammerschmidt 1999).  Thus, the 

overall low transient luciferase expression levels may have been a consequence of reduced 

Agrobacterium vigor in response to a biotic stress response, however this possibility was not 

further investigated in this study.  

Transient AtRBCS1B-LUC gene expression in poison ivy leaves using vacuum-Agroinfiltration: 

 Vacuum-Agroinfiltration was investigated as alternative method for transient 

heterologous plant gene expression in poison ivy.  An Arabidopsis chimeric AtRBCS1B-LUC 

chimeric gene fusion (pJGJ204 comprised of the AtRBCS1B promoter, exons I, intron I, exon II, 

intron II, and partial exon III fused in-frame to the Firefly LUC open reading frame), was used to 

vacuum-Agroinfiltrate excised poison ivy leaves and cotyledons from plants grown in magenta 

boxes.  Vacuum-Agroinfiltrated leaves were placed on 0.5 X MS media plates, sprayed with 

luciferin at 24 hours post infiltration, and then imaged for three sequential one hour imaging 

sessions beginning at approximately 48 hrs post Agroinfiltration.  The AtRBCS1B-LUC chimeric 

gene produces a low rate of photon emission in transgenic Arabidopsis plants.  Superimposed 

“slice” images with complete subtraction of background photons displayed a few blue spots over 

leaves/cotyledons (Figure 5.5 A), whereas superimposed “slice” imaging that retained some 

background photons displayed higher qualitative photon accumulation over leaves vacuum-

Agroinfiltrated with the plasmid containing the AtRBCS1B-LUC chimeric gene, relative to 

vacuum-Agroinfiltrations with the vector control plasmid pSLK7292 (Figure 5.5 B) indicating low 

but demonstrable AtRBCS1B-LUC recombinant protein expression over background heat photons. 

Photon emission levels were significantly higher in pJGJ204 (AtRBCS1B-LUC) vacuum-
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Agroinfiltrated leaves and cotyledons compared to pSLK7292 vacuum-Agroinfiltrated leaves and 

cotyledons (P-value < 0.05), during the first two of three sequential one hour imaging sessions 

quantified using “gravity” imaging (Figure 5.2).  There was a consistent trend of gradually lower 

total photon emission levels over the course of three hours suggesting that luciferin substrate levels 

were a limiting factor during the imaging session.  The vacuum-Agroinfiltrated leaves and 

cotyledons also showed browning of infiltrated tissues similar to the syringe Agroinfiltrated leaves.  

This was particularly apparent in cases where the cotyledon or leaf segments were not fully 

vacuum-Agroinfiltrated, and showed a lighter green color (see arrows in Figure 5.5 C) typical of 

uninfiltrated leaves.  These results demonstrate that a heterologous Arabidopsis genomic RBCS1B 

promoter and intron containing RBCS1B-LUC gene fusion was expressed in poison ivy leaves and 

cotyledons. 

Biolistic transient LUC gene expression in poison ivy leaves and cotyledon: 

The induction of an apparent biotic stress response (i.e. accumulation of brown 

pigmentation) in Agroinfiltrated poison ivy leaf tissue might limit the efficiency of Agroinfiltration 

transient DNA transformation.  To avoid such a possibility, biolistic transformation of isolated 

pJGJ411 (LUC-INT) plasmid DNA directly into poison ivy leaves and cotyledons was 

investigated.  Using superimposed slice photon imaging, punctuate foci of photon emission were 

observed on both cotyledons and leaves (Figure 5.6).  The distribution of luciferase expression 

was not uniform, both across tissue type and between replicated tissues on the same targeting field.  

Likewise, quantification of gravity images demonstrated that the amount of photon emission from 

any given leaf or cotyledon was variable, ranging from background heat photons to quite intense 

photon emission (Figure 5.3).  This variability is likely a consequence of the uneven and 

unpredictable spreading of plasmid-coated gold particles during particle acceleration.  Unlike all 
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poison ivy tissues transformed by Agroinfiltration, the biolistic transformed poison ivy cotyledons 

and leaf tissues did not produce demonstrable brown pigmentation.   

Discussion: 

These studies lay the foundation for future transgenic reverse genetic approaches to 

investigate various poison ivy physiologies by demonstrating that exogenous DNA can be 

effectively introduced and expressed in poison ivy cotyledon and leaf tissues.  Because the 

CaMV35S promoter is weakly active in Agrobacterium tumefaciens (Figure 5.4, and (Mankin et 

al. 1997) it was essential to use intron-containing firefly luciferase gene constructs (CaMV35S-

LUC-INT, and AtRBCS1B-LUC) to validate poison ivy-specific transient luciferase activity.  This 

was particularly germane in the case of the AtRBCS1B-LUC construct used in the vacuum-

Agroinfiltrated leaves and cotyledons because this reporter gene construct is expressed at relatively 

low levels in plant cells (Jelesko et al. 1999, Jelesko et al. 2004).  The two introns in the AtRBCS1B-

LUC gene ensured that all luciferase activity was due to expression in transiently transformed 

poison ivy cells and not within the Agrobacterium tumefaciens strain GV3101.   

The age of poison ivy leaves was an important factor for the relative susceptibility of 

syringe Agroinfiltration transient transformation.  Leaves from potting soil-grown poison ivy 

plants were mostly recalcitrant to syringe-Agroinfiltration transient transformation.  On the other 

hand, young poison ivy leaves from plants grown in magenta boxes showed consistent syringe-

Agroinfiltration transient LUC-INT expression.  Moreover, overall plant age was not the critical 

determinant, but rather the relative age of target leaves.  As shown in Figure 5.1 B, the fifth 

emerged leaf (young leaf) showed greater syringe-Agroinfiltration transient luciferase expression 

levels than that of the second emerged leaf (older leaf) on the same plant.  The qualitative levels 

of LUC-INT expression levels in poison ivy leaves were dramatically lower than the levels 
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observed in Nicotiana benthamiana leaves syringe-Agroinfiltrated with the same reporter gene 

construct.  Poison ivy cotyledons and leaves were also susceptible to vacuum-Agroinfiltration 

transient transformation using a chimeric AtRBCS1B-LUC transgene.  Leaves infiltrated with 

Agrobacterium tumefaciens strain GV3101 displayed discoloration consistent with an inducible 

plant biotic stress response.  Both syringe- and vacuum-Agroinfiltrated leaves demonstrated the 

accumulation of uncharacterized brown pigments (Figure 5.1 D, Figure 5.5 C).  This pigment 

accumulation was not observed for leaves infiltrated with MMA buffer lacking Agrobacteria 

(Figure 5.1 D).  The relative LUC expression levels in the brightest poison ivy leaves was 

dramatically less that that observed in control N. benthamiana leaves syringe Agroinfiltrated with 

the same construct.  This difference could have been due to a variety of parameters including the 

quantity of Agrobacteria penetrating into the apoplastic space of leaves, and/or a biotic stress 

response that inhibited bacterial vigor or T-DNA transfer into the plant cells.  Nevertheless, poison 

ivy leaves and cotyledons showed significant transient LUC-INT and AtRBCS1B-LUC luciferase 

expression levels over controls indicating the feasibility of using Agroinfiltration transient poison 

ivy transformation.   

As expected, poison ivy cotyledons and leaves were readily transiently transformed using 

a biolistic method.  Biolistically transformed poison ivy leaves and cotyledons did not produce 

brown pigmented regions and thus averted a poison ivy biotic stress response against bacterial 

pathogen associated molecular patterns (PAMPs).  As is typical of biolistic transformation of plant 

tissues, the transient LUC-INT expression levels were highly variable amongst both leaf and 

cotyledon tissues.  This is in large part to previously recognized inconsistencies in both plasmid 

DNA coating of gold microparticles (Sanford et al. 1993) and heterogeneous particle spread on the 
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macro carrier disk, resulting in heterogeneous distribution during particle acceleration towards the 

target tissue. 

These results demonstrate the feasibility of poison ivy leaf and cotyledon transient 

transformation with recombinant reporter gene constructs using either Agroinfiltration or biolistic 

methods. Both poison ivy DNA transformation methods are important technical advancements 

enabling the introduction of recombinant DNA constructs designed for a variety of reverse genetic 

(e.g. RNA interference or viral induced gene silencing) and genome editing methods (e.g. zinc 

finger, TALEN, or CRISPR-CAS9) to enable molecular genetic investigations of poison ivy 

ecophysiology and metabolism. 
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Figures: 

 

Figure 5.1: Imaging of Agroinfiltrated leaves.  Panels A-C single photon pseudocolor images 

(panel A insert is pseudocolor step gradient with high photon emission shown as red to low photon 

emission as dark blue) superimposed on reflected light image (gray-scale). Panel D, digital color 

image of poison ivy leaves infiltrated with either MMA buffer or MMA buffer with Agrobacterium 

containing the Firefly luciferase construct.  Arrows indicate browning at site of Agroinfiltration.  

A-B, composite pseudocolor single photon imaging on reflected light image of poison ivy leaves 

Agroinfiltrated with Firefly luciferase construct. C, Nicotiana benthamiana leaf similarly 

Agroinfiltrated and imaged. 
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Figure 5.2: Transient AtRBCS1B-LUC expression in vacuum-infiltrated poison ivy cotyledons and 

leaves. Leaves were imaged at 48 hours post vacuum-Agroinfiltration for three consecutive one 

hour imaging sessions.  The experiment was replicated two times.  The mean photon emission 

values were plotted with standard error and asterisks indicated P-value ≤ 0.05 in two-sample T-

test comparing vector control (pSLK7292) with AtRBCS1B-LUC binary plasmid pJGJ204. 
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Figure 5.3: The number of cotyledons or leaves with a specified range of photons emitted on a 

per leaf or per cotyledon basis. The dagger (†) indicates the background photon emission bin for 

cotyledons (panel A) and leaves (panel B), see Materials and Methods section for calculation of 

background photon emission levels. 
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Figure 5.4: Superimposed photon emission images of Agrobacterium tumefaciens strains 

GV3103/pJGJ411 (LUC-INT reporter gene, wells C5-6) and GV3101/pJGJ410 (LUC reporter 

gene, wells E5-6) duplicate cultures placed in 96-well microtiter plate. Pseudocolor step gradient 

is the same as Fig. 1A. 
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Figure 5.5: Poison ivy cotyledons and leaves 

vacuum-infiltrated with A. tumefaciens 

harboring either empty vector (pSLK7292) or 

AtRBCS1B::LUC (pJGJ204). A, composite 

pseudocolor photon image with background 

heat photon levels subtracted.  Pseudocolor 

step gradient is the same as Fig. 1A.    B, 

composite pseudocolor photon image with 

background heat photon levels displayed.  C, 

digital color image displaying mostly water-

soaked infiltrated tissues and non-infiltrated 

tissues (indicated by arrows pointing towards 

lighter-green non-infiltrated tissues).  
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Figure 5.6: Superimposed photon emission of cotyledons (A-B) and true leaves (C-D). 

Pseudocolor step gradient same as Fig. 1A. 
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Figure 5.7:  Box plots of photon emission levels from poison ivy leaves of different age and 

Agrobacterium inoculum concentrations.  Leaves were from Magenta box grown poison ivy 

plants.  Three leaves were independently imaged for each treatment combination.  The line 

bisecting each box is the median value.  Agrobacterium inoculum concentration was either 0.2 OD 

or 2.0 OD at 600nm.  
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Appendix: Investigation of the urushiol biosynthetic gene pathway in poison ivy using viral 

induced gene silencing. 

Urushiol is a mixture of various alk(en)yl-catechol congeners, a class of alkylphenols 

(Symes and Dawson, 1953). Urushiols can exist either as 3-pentadecyl catechols or as 3-heptadecyl 

catechols. The hydrocarbon tail can be unsaturated or consist of one to three carbon-to-carbon 

double bonds (Markiewitz and Dawson, 1965). Urushiol is produced by the members of the 

Toxicodendron genus of plants which include poison ivy (Toxicodendron radicans), poison oak 

(Toxicodendron. diversilobum), and the Japanese lac tree (Toxicodendron. vernicifluum), among 

others. The relative abundance of the urushiol congeners differs between the members of 

Toxicodendron genus. For instance, in poison ivy, the 3-pentadecyl mono, di and triolefins are 

most common (though see Chapter 4) while in poison oak the 3-heptadecyl mono, di and triolefins 

are most common. The double bonds of the olefins are found in the same locations in both the 3-

pentadecyl and 3-heptadecyl species at the 8, 11, 13 positions of the hydrocarbon tail (Sunthankar 

and Dawson, 1954, Markiewitz and Dawson, 1965). 

Urushiol sourced from the sap of the Japanese lac tree (Toxicodendron vernicifluum) has a 

long history as a useful and highly valued natural product in Asian cultures (Lu et al., 2013). 

Lacquerware production is nearly entirely based upon the sap from the Japanese lac tree (Japanese 

word for this sap is “urushi”) that is spread over wooden objects to form a high luster waterproof 

polymeric coating. The sap is largely composed of urushiol and small amounts of the enzyme 

laccase that is responsible for oxidation activated urushiol polymerization through semi- and ortho-

quinone intermediates that can undergo Michael addition reactions (Kumanotani, 1978). Research 

into lacquerware curing processes and the chemical structure of urushiol also shows promise of 

the natural product as an engineering material (Zheng et al., 2014, Xia et al., 2009, Zheng et al., 
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2009). Moreover, the ortho-hydroxyls have the ability to chelate various metals, allowing for 

applications such as the potential for urushiol-copper chelate polymers as an anticorrosive coating 

(Xia et al., 2009). In other applications, urushiol can produce super-hydrophobic films fabricated 

through layer-by-layer assembly (Zheng et al., 2009). These inherent chemical properties hold 

enormous opportunities for a variety of high performance material science applications.   

While research on urushiol as a high performance material continues to develop, there is a 

lack of research on how to source urushiol in a controlled and sustainable manner. Current 

cultivation of the Japanese lac tree relies on existing wild populations that are tapped by scoring 

the bark of the lac tree and collecting “urushi” on a drip-by-drip basis.  The current reliance on sap 

harvesting from the Japanese lac tree will be unable to supply urushiol on an industrial scale. This 

presents a distinct need to either produce urushiol by chemical synthesis, or produce urushiol using 

a synthetic biology approach. Attempts to produce urushiol by organic synthesis show marginal 

success, largely because of the innate reactivity of the catechol moiety to oxidation, and thus 

currently impractical for large scale sourcing (ElSohly et al., 1986, Kurtz and Dawson, 1971, 

Miyakoshi et al., 1991a, Miyakoshi et al., 1991b, Byck and Dawson, 1967). A synthetic biology-

oriented urushiol production platform utilizing an organic feedstock from industrial waste streams 

would be a key innovation before urushiol can be implemented in broader material science 

applications.  

The early and intermediate steps in urushiol biosynthesis are based upon precedents in 

known plant biochemistry/enzymology. The initial biosynthetic step is likely a type III PKS-like 

enzyme activity that utilizes a fatty acid (FA) FA-CoA starter and elongates it to a FA-tetraketide 

(Dewick, 1997). As the initial step, the bulk of our investigations were focused on three type III 

PKS-like genes identified from the poison ivy transcriptome (Weisberg, 2014). Viral induced gene 
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silencing (VIGS) was the initial approach of choice taken to suppress the expression of the 

endogenous putative urushiol biosynthesis genes based on preliminary success with the technique. 

Compared to other transgenic methods, VIGS is an attractive alternative where forward genetics 

and/or the development of transgenic lines is difficult or not yet available (Liu et al., 2002). A 

suitable VIGS vector that can infect and replicate in poison ivy has not been previously reported. 

However, the tobacco rattle virus (TRV) is effective in many hosts such as tobacco, tomato, 

pepper, Arabidopsis, and strawberry (Burch-Smith et al., 2004, Liu et al., 2002, Tian et al., 2014), 

representing an initial candidate vector for use in poison ivy. The phytoene desaturase (PDS) gene 

is generally targeted as a proof-of-concept target gene, because suppression of PDS mRNA levels 

results in a leaf bleaching phenotype in various plant tissues as PDS is necessary for the production 

of carotenoids (Qin et al., 2007). This approach was used to optimize VIGS in a number of plant 

species with a high level of success (Fu et al., 2006, Liu et al., 2002, Dinesh-Kumar et al., 2003) 

and as such was the approach that we took. 

Preliminary experiments of TRV-induced VIGS of the poison ivy TrPDS gene resulted in 

the expected leaf bleaching phenotype associated with silencing of the PDS gene (Figure A1) at 

low frequency.  Thus, in principle VIGS in poison was possible, but it was necessary to increase 

the efficiency and frequency of VIGS in poison ivy to a level where reproducibility could be 

assured. Numerous attempts to optimize this procedure were unsuccessful (Table A1) at improving 

the efficiency or reproducibility of the TrPDS VIGS phenotype. No combination of changes in 

growth conditions, target tissues, nor method of viral introduction improved upon our baseline 

results. After a period of time, further attempts to replicate the conditions of our initial success in 

silencing TrPDS expression were entirely unsuccessful. We were not able to determine the exact 

cause of why we were unable to replicate our initial success. It is possible that poison ivy might 
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have effective disease resistance mechanisms that restrict TRV viral replication. If this were the 

case, our initial success with TrPDS VIGS could have been due to natural variation in our wild-

collected poison ivy seed that were permissive to TRV replication and thus TrPDS VIGS.  

However, subsequent poison ivy seed collections did not contain TRV replication permissive 

genotypes.  Alternative viruses have been developed for VIGS such as the Apple Latent Spherical 

Virus which has been shown to infect woody plant species (Igarashi et al., 2009), however our 

attempts to use this virus on 25 seedlings were also unsuccessful. Ultimately, we could not 

determine why we were not able to replicate our initial success with VIGS. 

Thus, another approach was attempted. For this line of inquiry, Agrobacterium harboring 

TrPKS genes were infiltrated into the leaves of Nicotiana benthamiana (Wydro et al., 2006). Quick 

transient expression of heterologous proteins has been developed using the pEAQ vectors, leading 

to high expression of recombinant proteins in as few as three days (Sainsbury et al., 2009, Peyret 

and Lomonossoff, 2013). TrPKS cDNAs were subcloned into the appropriate pEAQ vector and 

Agroinfiltrated into N. benthamiana leaves.  These presumed TrPKS protein expressing leaf 

extracts were assessed for accumulation of novel metabolites through GC-MS analysis (Aziz et 

al., 2017). This approach aimed to build additional support that the putative urushiol biosynthesis 

genes are capable of performing the proposed catalytic reactions in other plant species. Moreover, 

coinfiltration of Agrobacterium lines containing cDNAs encoding sequential steps in the 

biosynthesis of a secondary metabolic pathway have been used to reconstitute the entire 

biosynthetic pathway in Nicotiana benthamiana (Lau and Sattely, 2015). We limited this approach 

to the same three type III PKS-like genes. After 12 attempts, this approach was not successful in 

demonstrating reproducible novel metabolite production. Despite validating protein accumulation 

through SDS-PAGE gels and western blot analysis, we rarely saw any novel metabolites compared 
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to our mock infiltrated tobacco plants. In cases where a novel peak was found, typically occurring 

in tobacco plants expressing the gene we named TrPKS1, the fragmentation of the compound did 

not match any of our expected urushiol intermediates. Further, mass spectral comparison to entries 

in the NIST library did not match any submitted compounds. The metabolite analysis procedure 

had a polar metabolite extraction requirement (specifically it required the metabolite to be readily 

soluble in chloroform). However, if a TrPKS-produced metabolite was present as a Co-enzyme A 

conjugate or another amphiphilic metabolite, it is very likely that it would not readily fractionate 

into the polar extraction phase and thus elude detection by our standard urushiol extraction 

procedure.  

One final approach was attempted, in which we identified poison ivy leaf tissues that 

accumulated relatively high and low amounts of urushiol and assess these tissue for differential 

gene expression of our type III PKS-like genes. This was accomplished through dissecting leaves 

into veins, the petiole, and the interveinal leaf tissues. We were able to demonstrate high 

accumulation of urushiols in the veins and petiole relative to the interveinal leaf tissue (Figure A2).  

With one of our type III PKS-like genes, so called TrPKS1, we were able to demonstrate a 

reproducible trend of higher steady state TrPKS1 mRNA levels, assessed through qRT-PCR, in 

vein tissues (Figure A3). Similar trends were not observed for our other genes of interest, TrPKS2 

and TrPKS3. Thus, only steady state TrPKS1 mRNA levels were positively correlated with tissues 

that accumulated higher steady state urushiol levels. These results suggest that the TrPKS1 may 

be involved in urushiol biosynthesis. However, definitive proof that TrPKS1 is an urushiol 

biosynthetic gene will require subsequent validation using either a biochemical approach or some 

as yet to be developed reverse genetic procedure in poison ivy.   
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Figures: 

 

Figure A1: Viral induced phytoene desaturase (PDS) suppression phenotypes. (Left) Plants 

that showed strong suppression phenotypes were quite rare and resulted in inhibiting plant growth. 

(Right) The spread of the virus though the plant tissues appeared to be limited. In most cases, 

symptoms were limited to the vasculature of only a single leaf with no subsequent spread to leaves 

that emerged after the initiation of these symptoms.  
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Figure A2: Accumulation of total urushiols in leaf tissues. Veins and petioles accumulated 

higher levels of total urushiols relative to intraveinal leaf tissue (P-value = <0.0001). Mean total 

urushiols are selected ion counts normalized to an internal standard of alkylresorcinol (Aziz et al., 

2017). 
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Figure A3: TrPKS1 mRNA steady-state levels in dissected poison ivy intraveinal leaf and vein 

tissues. We saw a consistent trend where tissues high in urushiol accumulation as had high mRNA 

steady state levels of TrPKS1. No differential trend was observed for TrPKS2 or TrPKS3.  
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