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Abstract

The availability of a poplar (Populus trichocarpa Torr & A. Gray, bLack cottonwood) genome

sequence is enabling new research approaches in angiosperm tree biology. Much of the recent

genomics research in popLars has been on wood formation, growth and deveLopment, and abiotic stress

tolerance, motivated, at Least in part, by the fact that popLars provide an important system for Large

scale, short-rotation pLantation forestry in the Northern Hemisphere. Given their widespread

distribution and long lifespan, poplar trees are threatened by a Large variety of insect herbivore pests,

and must deal with their attacks with a successfuL defense response. To sustain productivity and

ecosystem health of natural and planted poplar forests, it is of critical importance to develop a better

understanding of the molecular mechanisms of defense and resistance of poplars against insect pests.

Previous research has established a soLid foundation of the chemical ecology of poplar defense against

insects. In this study, I buiLd on this base with Large-scaLe profiling of transcriptome responses of

popLar trees to insect herbivory. A 15,496-clone cDNA microarray was developed and used to anaLyse

transcriptome responses through time to a variety of insect, mechanicaL, and chemicaL eLicitor

treatments in treated source leaves, as well as in undamaged systemic source and sink leaves of hybrid

poplar (Populus trichocarpa x deltoides).

Comparing mechanical wounding with insect feeding and chemical eLicitor treatment with

methyl jasmonate demonstrated that qualitatively similar profiles of transcriptome response were

eLicited with differences in the timing of induction. Transcriptome anaLysis in undamaged systemic

(eaves of treated trees uncovered distinct early changes in primary metabolism (e.g. sugar metabolism)

and general stress responses (e.g. heat shock proteins) prior to the activation of insect herbivory

response genes (e.g. Kunitz-type protease inhibitors). Source-sink reLationships are maintained and

strengthened by insect damage on source Leaves, emphasizing changes in resource aLlocation patterns

as being important for poplar defense. OveraLl, a model of popLar defense begins to emerge where a

cascade of transcriptome profiLes through space and time Lead to reorganization of metabolism for

tolerance and induction of defense.
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1. Introduction to the Thesis Work

1.1 THESIS GOAL

The avaiLabiLity of a poplar (Populus trichocarpa Torr & A. Gray, black cottonwood) genome

sequence is enabLing new research approaches in angiosperm tree biology. Much of the recent

genomics research in poplars has been on wood formation, growth and development, resistance to

abiotic stress and pathogens, motivated, at least in part, by the fact that poplars provide an important

system for Large-scaLe, short-rotation plantation forestry in the Northern Hemisphere. To sustain

productivity and ecosystem health of naturaL and pLanted popLar forests, it is of critical importance to

aLso deveLop a better understanding of the moLecuLar mechanisms of defense of poplars against insect

pests. Previous research has established a solid foundation of the chemicaL ecoLogy of poplar defense

against insects. This thesis seeks to buiLd on this foundation by advancing our knowLedge of the

genomics of popLar-insect herbivore interactions and induced defense responses.

1.2 THESIS OBJECTIVES

1.2.1 Objective #1: To establish a comprehensive literature review of poplar-insect interactions

Our current understanding of the molecular biology of poplar defense to insect pests is the

result of several decades of research, incLuding such early Landmarks as the profiLing of constitutive

chemicaL-based phenoLic defenses in popLar (Palo 1984) as weLL as the initial expLoration of popLar

induced defense responses (Parsons et at. 1989). Since then, a weaLth of information on the chemical

ecoLogy of popLar, its interactions with insect pests, and induced response to insect herbivory has been

produced. Previous reviews of poplar defenses against insect herbivores have focused on the variety of

insects that attack poplar (Mattson et al. 2001) or on the moLecuLar biology of induced responses

(ConstabeL and Major 2005). In recent times, the information in these reviews has been expanded upon

with a proLiferation of studies producing and making use of poplar genomics resources. The successfuL

design of experiments that produce bioLogicaLLy reLevant resuLts requires cLear understanding of the

bioLogicaL system. In order to gain a cLearer understanding of popLar-insect interactions and popLar

defense responses, especially as it pertains to rapidly emerging genomics resources and techniques, a

comprehensive overview of the fieLd of poplar defense to insect herbivores needed to be produced.

The resuLts of the Literature review are presented in Chapter 2.

1.2.2 Objective #2: To develop, validate, and use essential poplar genomics resources

This thesis research project was begun alongside, and contributed to, the popLar genome

sequencing effort (Tuskan et aL. 2006). Many genomics resources have been produced for popLar,

including genetic maps (Cervera et at. 2005; WooLbright et al. 2008; Yin et al. 2004; Zhang et al. 2004)

and a physicaL map (Ketteher et at. 2007), Large EST resources (BhaLerao et at. 2003; Brosche et al.

1



2005; Christopher et at. 2004; Kohter et at. 2003; Lawrence et aL. 2006; Nanjo et at. 2004; Ranjan et at.

2004; Rishi et at. 2004; Schrader et at. 2004a; Sterky et at. 2004; Sterky et aL. 1998), high-quaLity fuLl

length cDNA resources (Ralph et at. 2008), and platforms for transcriptome analysis (Andersson et at.

2004; Brosche et aL. 2005; Harding et at. 2005; Schrader et at. 2004b), though most of these resources

were devetoped with a focus on wood formation and pLant deveLopment (Brunner and NiLsson 2004;

Joshi et aL. 2004; PiLate et at. 2004). In order to study the genomic-leveL patterns of response in popLar

to biotic stresses, Large and relevant sequence resources emphasizing popLar interactions with insects

and pathogens needed to be developed to perform experiments on popLar defense. Results from some

of these resource developments are described in Chapter 3.

1.2.3 Objective #3: To profile transcriptome response in damaged popLar leaves on a large scale

Insect-induced defense responses identified by microarray transcriptome profiling have been

described for a few herbaceous species, such as tobacco (Nicotiana spp.) (e.g. Hatitschke et at. 2003;

Heidel and BaLdwin 2004; Hui et al. 2003; Voetckel and Baldwin 2004) and thate cress (Arabidopsis

thaliana) (e.g. Cheong et aL. 2002; Ehlting et at. 2008; Reymond et at. 2004; Reymond et at. 2000).

These studies have compared transcriptome responses to a variety of insect pests as well as to

mechanicaL wounding. Some experiments show that most transcripts that respond to insect herbivore

feeding damage - though not aLL - are also responsive to physical wounding aLone (Mithofer et at. 2005;

Reymond et at. 2004; Reymond et at. 2000), white others have demonstrated significant differences

between the two treatments (Mozoruk et at. 2006). Further, the addition of insect oral secretions (OS)

to mechanically wounded plant tissue can result in a response profile even more similar to insect

herbivory than to that generated by wounding alone (Mattiacci et at. 1995; Atborn et at. 1997;

Halitschke et at. 2001, 2003; Schmelz et at. 2001).

Much of our understanding of the genomics of plant-insect interactions has been informed by

results from microarray studies on annual plants. In contrast, previous studies of insect-induced

responses in poplar, a tong-lived woody perennial, have been focused on a small number of genes

(Parsons et at. 1989), such as chitinases (CLarke et at. 1998; Davis et at. 1991a; Lawrence and Novak

2006), vegetative storage proteins (Davis et at. 1993a; Davis et at. 1993b; Lawrence et at. 2001;

Lawrence et at. 1997), protease inhibitors (Davis et at. 1991b; Haruta et aL. 2001a; Lawrence and

Novak 2001; Miranda et at. 2004), or poLyphenot oxidase (Constabet et at. 2000; Haruta et at. 2001b;

Wang and Constabet 2003, 2004a, b), white studies examining the poplar transcriptome response to

wounding, herbivory, and insect OS (Christopher et at. 2004; Lawrence et at. 2006; Major and

Constabet 2006) have been limited to smaller-scale experiments profiLing a few hundred genes at once.

A Large-scale microarray analysis examining transcriptome responses to insect herbivory was needed in

order to generate a more comprehensive transcriptome profile of poplar response to insect herbivory.

Results from Large-scale transcriptome analysis of poplar treated with insect herbivory, mechanical

wounds, insect OS, and methyl jasmonate are described in Chapter 4.
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1.2.4 Objective #4: To profile a gene family involved in defense response

The sequencing and assembly of the poplar genome has reveaLed a pattern of gene family

expansion in poplar relative to Arabidopsis thaliana for gene families putativeLy involved in insect

defense responses (Tuskan et aL. 2006). It has been proposed that this pattern of expansion is an

adaptation of Long-lived woody perenniaLs. Over its Long Lifespan, a perenniaL such as popLar is exposed

to more potential insect pests than an annual pLant, and a broad array of defense mechanisms with

activities against diverse insect processes wouLd seem advantageous. As outLined in Objective #3,

muLtiple genes have been impLicated in poplar defense, incLuding a few members of the Kunitz-type

protease inhibitor (KPI) famiLy (Bradshaw et al. 1990; Haruta et al. 2001a; Hollick and Gordon 1993;

Major and Contabel 2008). KPIs are thought to inhibit digestive proteases in the insect gut and thereby

negatively affect insect growth and development. P. trichocarpa is the first pLant species capabLe of

producing KPI defense proteins for which a complete genome sequence is availabLe, and thus provides

an excellent opportunity to explore in depth the evolution and genome organization of the KPI gene

family. In order to obtain better understanding of the evolution of poplar defenses, characterization of

a complete defense gene family such as KPIs from the popLar genome is required. Comparison of this

KPI famiLy to the complete Arabidopsis thaUana genome is required to help uncover evoLutionary

relationships. The results of a genomic characterization for a defense gene family in popLar are

presented in Chapter 4.

1.2.5 Objective #5: To profile systemic transcriptome defense responses in source and sink leaves

Though our knowledge of popLar defense responses in treated Leaves is expanding rapidly, our

knowledge of the large-scale transcriptional responses in undamaged systemic tissues is comparatively

Lacking. This is perhaps surprising, given that work by Arnold and colleagues (ArnoLd et al. 2004;

Arnold and Schultz 2002) has cLearLy impLicated source-sink responses in the effective induction of

chemicaL defenses in popLar. While Major and Constabel (2006) used their 580-clone macroarray to

examine transcriptome responses in undamaged systemic source (SSo) leaves, a profiLe of

transcriptional response in untreated systemic sink leaves (SSi) at the developing crown of a poplar

tree has not yet been estabLished. In order to obtain a first glimpse of the genomic responses to insect

herbivory in undamaged Leaves on a popLar tree, both in mature SSo Leaves and still developing juvenile

SSi Leaves, a comprehensive profiling experiment using a 15,496-cLone cDNA microarray examining

transcriptome response in both treated and untreated Leaves on a time course of 24hrs was called for.

Results from work under this objective are described in Chapter 5.
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1.3 THESIS SUMMARY

The following manuscript-based thesis is divided into this brief introductory chapter, four

manuscript chapters of original work, and a finaL discussion chapter.

Chapter One serves to introduce the thesis dissertation and the thesis goal, and describes the

thesis objectives.

Chapter Two was written as a Literature review on the interactions of popLar and its insect

herbivores, providing a summary of knowLedge of poplar insect pests and the constitutive and induced

defenses pop(ar uses against their attacks. Included is a synopsis of recent deveLopments in popLar

defense research emphasizing emerging genomics work.

Chapter Three describes the development of a large poplar EST collection and cDNA microarray

genomics pLatform with an emphasis on poplar stress responses, and its appLication in a large-scale

profiLing study of the transcriptome responses induced in mature poplar source (eaves by insect

herbivory. Results show that whiLe a Large variety of secondary metaboLism genes are invoLved in

induced defense responses, even greater response is observed in genes with functions in primary

metabolism.

Chapter Four explores the evoLution and dynamics of a large gene family involved in popLar

defense, the Kunitz-type protease inhibitors (KPIs). Their invoLvement in defense was highLighted by

microarray experiments in Chapter Three, and is further extended in this chapter with profiLing of

large-scale poplar transcriptome response over a time course of 2hrs to 24hrs after a variety of physicaL

and elicitor treatments. KPIs are found to be constitutiveLy expressed and strongly inducible, and abLe

to survive intact in the gut of lepidopteran insects.

Chapter Five profiles the transcriptome responses to insect feeding in popLar that are activated

in a systemic fashion, producing an induced response throughout the entire plant with unique responses

observed between source and sink tissues. Responses in sugar metaboLism genes highLight the

predominance of primary metabolism in these early defense responses in sink leaves. These responses

add to the growing understanding in pLant biology of the mechanisms that aLlow interaction between

so-called primary and secondary metabolism for effective growth and defense.

Chapter Six provides a synthesis of new information from Chapters Two to Five and previous

knowledge of the field, highLights the significance of this research, and presents some prospects for

future work.
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1.4 A NOTE ON THE SEMANTICS OF ‘DEFENSE’

Resistance and tolerance are two principaL forms of pLant defense against insect herbivores.

PLant resistance reduces the amount or rate of herbivore damage, while tolerance serves to Lessen the

negative consequences of damage. With regard to resistance traits, poplars produce Large quantities of

secondary metaboLites, particuLarLy phenolic glycosides and condensed tannins. Poplar phenolic

glycosides negatively impact insect performance (Hemming and Lindroth 1995, 1999, 2000; Hwang and

Lindroth 1997, 1998; Lindroth et aL. 1988; Osier et at. 2000; Osier and Lindroth 2001). Fewer studies

support the roLe of condensed tannins as anti-insect compounds (Ayres et at. 1997), but they do reduce

the incidence of herbivory by mammals (BaiLey et al. 2004). Induced proteins such as polyphenol

oxidase and protease inhibitors have aLso been implicated in poplar resistance (Major and Constabel

2008; Wang and Constabel 2004a). Poplars should be able to tolerate as weLl as resist herbivory for

several reasons. First, their rapid growth rates allow for compensatory growth after damage. Second,

poplars have been shown to alter carbon allocation patterns when treated with defense elicitors such

as methyl jasmonate (MeJa) (Babst et at. 2005) and divert carbon resources to the stem when attacked

by insect herbivores (Stevens et al. 2008). Stored resources in stems and roots could be mobilized to

allow regrowth after insect damage. Finally, poplars can be subjected to nearly 100% defoliation by

insect feeding, such that resistance responses in Leaves are no longer present to negatively affect the

herbivores. Such conditions might promote strong selection for tolerance: Current evidence suggests

that resistance and toLerance are complementary, rather than mutually exclusive, defenses in poplars

(Stevens et al. 2007).

In this work, I refer to all induced responses examined and profiled as ‘defense responses’.

This is with the understanding that successful defense against insect herbivores requires that the plant

not only induce responses aimed at affecting the insect pests (resistance), but aLso induce responses

aimed at reorganizing resource acquisition and aLlocation (‘primary metabolism’) in order to produce

these induced ‘secondary metabolism’ responses. Whether this reconfiguration of primary metaboLism

is in itself a tolerance response, or is required for successful resistance and thus falLs under its

conceptual umbrelLa, is an open question.
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2. Poplar Defense against Insect Herbivores1

The avaiLability of a popLar (Populus trichocarpa Torr & A. Gray, bLack cottonwood) genome sequence

is enabLing new research approaches in angiosperm tree bioLogy. Much of the recent genomics research

in poplars has been on wood formation, growth and development, resistance to abiotic stress and

pathogens, motivated, at [east in part, by the fact that poplars provide an important system for large-

scale, short-rotation plantation forestry in the Northern Hemisphere. To sustain productivity and

ecosystem health of natural and pLanted popLar forests it is of criticaL importance to aLso deveLop a

better understanding of the moLecuLar mechanisms of defense and resistance of popLars against insect

pests. Previous research has established a soLid foundation of the chemical ecoLogy of popLar defense

against insects. This review summarizes some of the reLevant Literature on defense against insect

herbivores in popLars with an emphasis on moLecular, biochemical, and emerging genomic research in

this important fieLd within forest biotechnology and chemicaL ecoLogy. FoLLowing a generaL introduction,

we provide a brief overview of some of the most relevant insect pests of popLars; we then describe

some of the generaL defense strategies of poplars along with selected exampLes of their activities. We

concLude with a summary of emerging results and perspectives from recent advances in genomics

research on poplar defense against insects.

2.1 INTRODUCTION

The genus Populus includes the poplars, aspens, and cottonwoods (coLlectiveLy referred to as

popLars in this thesis, unless otherwise specified), which can be found throughout the Northern

Hemisphere. Individual species can have extensive natural ranges, such as Populus tremuloides Michx.

(trembling aspen), which extends through western North America from ALaska to Mexico, or

Populus nigra L., which is found across Europe as far as Northern Asia. Many members of the genus

Populus are fast-growing, wind-pollinated, early successionaL species that can rapidly colonize

disturbed sites, often owing to the ability for asexual reproduction or production of massive numbers of

seeds. Poptars are one of the most productive components of riparian ecosystems in the Northern

Hemisphere, shaping the ecology of these sensitive environments (Whitham et at. 1996). Poptars also

make up the Largest fraction of intensively managed hardwood forest acreage in North America (CoyLe

et aL. 2005). Owing to their Long life spans, large sizes, sessiLe lifestyles, and ecoLogical dominance,

popLars are subject to interactions with a wide variety of insect herbivores throughout their natural

range (Whitham et al. 1996). The ability of poplars to cope over many years with a Large and dynamic

community of potential insect herbivores is refLected in a diverse set of constitutive and inducibLe

defenses. These defense systems involve chemical defenses (i.e., specialized metabolites also known as

secondary metaboLites or natural products), biochemicaL defenses (i.e., proteins or enzymes with

1 A version of this chapter has been pubLished. Philippe RN, and Bohlmann J (2007) Poplar defense
against insect herbivores. Canadian JournaL of Botany 85(12): 1111-1126
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direct effects on the herbivore), physical defenses (i.e., protective anatomical structures), and

ecological or indirect defenses (e.g., attraction of predators or parasitoids of the herbivores). Selected

aspects of these defense systems wiLL be highLighted in the first part of this review chapter after a brief

introduction of some of the most relevant insect pests of poplars.

The genomic information, resources, and technoLogies deveLoped in concert with the

sequencing and physicaL mapping of the poplar genome (Tuskan et aL. 2006; KeLLeher et aL. 2007),

combined with their interesting biology, make popLars a unique system for genomic studies of

interactions of Long-Lived trees with their biotic environment. Research on interactions of popLars with

insect pests is advancing rapidLy as a result of the implementation of genomics approaches (e.g.,

Lawrence et aL. 2006; Major and Constabel 2006; RaLph et aL. 2006a; Miranda et aL. 2007). Such

research is of criticaL importance for a fundamentaL understanding of the dynamic defenses in Long-

lived trees and the further deveLopment and sustainability of popLar as a system for plantation forestry

with applications for biomass production and carbon sequestration.

There is no doubt that pLantation forestry wiLL eventually face many of the same probLems as

modern agriculture with regard to pest management. However, many of the tooLs that are commonly

used for pest controL in agricuLture are not available in forestry or are not suitabLe for appLication in

forestry. Specifically, Large-scaLe pesticide application (owing to the negative ecologicaL impact) and

rapid crop rotation on annuaL or semi-annuaL cycles (owing to the perenniaL biology of trees) are not

options in forestry, even under conditions of pLantation forestry. In addition, despite the many

opportunities and potentiaL benefits of genetic engineering of pest resistance in trees, forestry has

faced considerable obstacLes that have so far prevented the deployment of transgenic trees in most

jurisdictions (for review, see Lida et aL. 2004 and references therein). Therefore, sustainabLe

management of insect pests in pLanted and naturaL forests wiLL rely on the further development of

knowLedge of the naturaL defense and resistance mechanisms of forest trees and on the integration of

such knowLedge across muLtipLe scaLes from the molecular leveL to the ecoLogical and Landscape LeveLs

(Raffa et aL. 2005) and its appLication in tree breeding. For popLars, a Large foundation of knowLedge

aLready exists with regard to their chemicaL, biochemical, and ecoLogical defenses against insects (see

following sections for details and references). In addition, recent advances in forestry genomics and

proteomics have substantially acceLerated the rate of discovery and functionaL identification of genes

for defense and resistance against insects, as welt as the anaLysis of genome-wide patterns of gene and

protein expression in response to insect herbivory in angiosperm and in gymnosperm trees (e.g., Huber

et aL. 2004; KeeLing and Bohlmann 2006a; Lawrence et aL. 2006; Major and Constabel 2006; RaLph et aL.

2006a, 2006b; Lippert et at. 2007; Miranda et at. 2007). In the second part of this review, we

summarize results from the recent research on defense-gene discovery and genomics of popLars

interacting with insect pests, concLuding with a perspective for future research.

Given the large voLume of Literature on the ecology of poplars interacting with insects, this

review is not meant to be comprehensive in aLL its parts. The paper builds to some extent on the
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foundation provided by a recent review by Constabel and Major (2005) deaLing with the molecuLar

biology and biochemistry of induced defenses in popLar. Throughout the paper, we aLso reference

seLected pertinent information from studies in other plant systems; however, a comprehensive

comparison of plant defenses against insects in popLars with that in other species is beyond the scope

of this paper.

2.2 INSECT PESTS IN POPLAR

In the foLlowing section, we provide a brief overview of some the most important insect

herbivores that feed on poptars. For further information, the reader is referred to book chapters and

reviews on insect pests of poplar (Mattson et al. 2001; Coyte et aL. 2005). Poptars are preyed upon by a

large variety of herbivorous insect pests, with at [east 300 species of insects and mites commonly found

on the various species in the genus Populus in North America and aLmost doubLe that with

approximateLy 525 species in Europe (Mattson et at. 2001). Amongst these numbers are a wide variety

of defoLiators, shoot feeders, and stem borers, and yet onLy a few species are responsible for

substantial leveLs of damage in natural forests.

Even though defoliators form the Largest proportion of insect pests on poplars, most defoLiators

are not considered a great threat to tree survival because poplars can tolerate the Loss of Large

amounts of their leaves (Robison and Raffa 1994; Reichenbacker et al. 1996; Kosota et aL. 2001).

However, widespread defoliation is known to substantialLy decrease biomass production of popLar trees

(Reichenbacker et at. 1996). DefoLiators that can be responsible for substantial damage incLude the

cottonwood Leaf beetLe (Chrysomela scripta Fabricius), a major insect pest of natural and pLanted

poplar throughout most of North America (Mattson et aL. 2001; CoyLe et at. 2005) and the most

important poplar defoLiator in the eastern USA (Burkot and Benjamin 1979). Both the Larvae and adults

feed on leaves, causing growth Loss and destruction of Leaders and shoots (CaLdbeck et at. 1978;

Bassman et at. 1982; Coyle et at. 2002). The forest tent caterpiLlar (FTC) (Malacosoma disstria Hübner)

is another major defoLiator of poplars in North America (Prentice 1963; Stehr and Cook 1968). FTC are

capabLe of causing widespread or complete defoliation during outbreaks, which recur approximateLy

every 10 years and Last 2-5 years, and yet seldom cause mortaLity of trees; however, repeated exposure

to FTC defoliation can result in reduced growth (Hindahl and Reeks 1960) and can make individual trees

more susceptible to the impact from other forms of stress (Churchill et al. 1964). In the extreme, when

repeated defoliation is combined with poor climatic conditions, large-scale dieback of poplar forests

can occur (Gregory and Wargo 1986; Hogg et al. 2002). The large aspen tortrix (Choristoneura

conflictana WaLker) feeds primarily on aspen forests north of the range of FTC (Mattson et al. 2001),

whiLe the white-marked tussock moth (Orgyia leucostigma Smith) (Baker 1972) and the gypsy moth

caterpiLLar (Lymantria dispar L.) (McManus and McIntyre 1981) feed on a range of trees including

poplars. Poplar stem boring insects incLude such pests as the poplar borer (Saperda calcarata Say)

(Solomon 1995), the poplar gaLl saperda (Saperda inornata Say) (Nord et aL. 1972a), the poplar branch
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borer (Oberia schaumii LeConte) (Nord et at. 1 972b), and the poplar and wiLLow borer (Cryptorhynchus

lapathi L.) (Schoene 1907; Harris and Coppel 1967). These insects lay their eggs under the bark, where

the Larvae hatch and tunnel into the wood, decreasing wood quality, creating wounds for pathogen

infections, and increasing the chance of wind breakage of the weakened stems. PopLar shoot feeders

such as the spotted poplar aphid (Aphis maculatae Oestlund) and the cottonwood twig borer

(Gypsonoma haimbachiana Kearfott) prey on the tips of growing shoots and often cause dieback of

infested tips, resuLting in muLtiple Leaders, which Leads to stunted trees with maLformed stems

(Mattson et al. 2001).

While these insect herbivores in natural settings rarely cause Lasting devastation of poplar or

aspen forests, unLess combined with other deLetenous biotic or abiotic environmental factors (Hogg et

aL. 2002), damage from these pests can be responsible for widespread economic Loss in popLar

plantations (HarreLl et al. 1981; Coyle et aL. 2002) and can also increase the risk of infestation by

fungal pathogens (Klepzig et al. 1997). Densely packed popLar pLantations, which are often of very

limited genetic diversity or even represent cLonat populations, can create the spatiaLly uniform, Low

biodiversity environments amenabLe to devastating insect outbreaks (Neuvonen and Niemela 1983;

NiemeLa and Neuvonen 1983; Mattson et aL. 1991; Haack and Mattson 1993). In addition to the pests

mentioned above, a variety of other insects can proLiferate in the resource-rich conditions presented

by high-density poplar plantations (Coyle et aL. 2005). TraditionaL techniques of chemicaL and bio

rational control for crop pests have proven somewhat effective in poplar plantations (Abrahamson et aL.

1977; CoyLe et al. 2000). A detailed knowledge of the interactions of poplars with their insect pests,

including a better understanding of the molecular mechanisms of these interactions, is necessary to

guide pest control efforts that are compatible with the ecosystems of naturaL forests and pLantation

forests.

2.3 GENERAL ASPECTS OF POPLAR DEFENSE AGAINST INSECTS

Plant defenses against insect herbivores are costly (BaLdwin 1998; Mauricio 1998; Koricheva

2002; Strauss et al. 2002) and invoLve a fine balance of resource aLlocation between growth,

deveLopment, reproduction, and defense. While plants that alLocate resources primarily towards

growth and development may be limited in their ability to defend against insect herbivores or

pathogens (Simms and Rausher 1987; Herms and Mattson 1992), constitutive deployment of defenses

may cause faster-evolving insects to deveLop strategies to tolerate or overcome host defenses. The

presence or absence of defenses can effectively shape communities of herbivores that can cope with

various degrees of host defenses (Kessler et al. 2004; PaschoLd et al. 2007). Defense systems against

insects that are multigenic and flexible may aLlow plants to cope with dynamic communities of

herbivores, and muLtiLayered defenses appear to be of particuLar importance in long-lived trees that

cannot escape their herbivore environments with short vegetative periods or short generation times

(BohLmann 2008). In general, many plant species, including popLar, rely on combinations of a variety of
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Figure 2.1: Overview of defenses against insect herbivores in poplars.
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constitutive and induced defenses against insects to cope with the possible trade-offs between pLant

growth and defense and the possible adaptation of herbivore communities to pLant defenses (Figure

2.1). Induced defenses may be Locally restricted to the site of the herbivore’s actual attack (Local

defense), or they can be activated systemicaLly in distant parts of the pLant or throughout the entire

plant (systemic defense). Some of the constitutive and induced defenses act directLy against the

herbivore (direct defenses) or invoLve the ecological interactions with other organisms such as

attraction of predators of the herbivore (indirect or muttitrophic defenses). The defenses of popLars

involve chemical defenses in the form of specialized metabotites (mainly phenolics), biochemical

defenses with proteins, or enzymes that directly effect the herbivore (e.g., anti-digestive proteins),

and physical defenses in form of protective anatomical structures.

Even in the absence of an insect infestation, poptars devote energy to a suite of physical and

chemical defense systems to provide a primary Level of constitutive protection against insect pests. In

addition to a group of weLl-characterized phenolic defenses (see below), poplars have some obvious

physical means of protection, such as thick bark tissues, as a first barrier against stem-boring insects

and leaf trichomes, which may protect against foliage feeding insects. Work with other plants has

demonstrated that trichomes can be involved in insect defense as physicaL barriers to attack or by

accumulating high LeveLs of toxic compounds (Wagner 1991; Mauricio 1998; Simmons and Gurr 2005).

WhiLe a defensive function has yet to be demonstrated for trichomes in poptars, Leaf trichome density

has been correlated to insect avoidance and mortality in the wilLow (Salix) and alder (Alnus) (Soetens

et at. 1991; Gange 1995). Current research into the potential rote of trichomes in poplar defense uses

activation-tagged mutant lines (Regan 2007). Unlike the combined physical and chemical protection of

many conifer trees (Keeling and Bohlmann 2006a, 2006b), the bark of poplars lacks massive terpenoid

oLeoresin chemicaL defenses, but may contain phenolic chemical defenses (Thamarus and Fumier 1998).

Induced defenses divert resources away from primary processes such as growth and

development only when chattenged by the presence of insect pests (Mattson and Palmer 1988; CLausen

et at. 1989; Robison and Raffa 1997; HavitI and Raffa 1999). Induced defenses in poplars are effective

in protecting the pLant from insect damage from FTC (Robison and Raffa 1997), gypsy moth larvae

(HaviLt and Raffa 1999), and white-marked tussock moth (GLynn et at. 2003). The signaLs that activate

Locally or systemically induced defenses against insects are not welL characterized in popLars, but based

on studies with other plant systems they are likeLy to invoLve octadecanoids, ethylene, or smalL

peptides (Ryan and Pearce 2003; Howe 2004; KessLer et at. 2004; SchiLmitLer and Howe 2005) and couLd

potentially also involve airborne votatiles (Frost et al. 2007; Heit and SiLva Bueno 2007). The induction

of local and systemic defense gene expression in poptars foLLowing external application of methyl

jasmonate (MeJa) supports the notion that octadecanoids are involved in defense signalling in popLars

(Havill and Raffa 1999; Constabel et at. 2000; Haruta et at. 2001a, 2001b; Arimura et at. 2004) and in

the activation of induced resistance as shown with protection against gypsy moth (Havitl and Raffa

1999). Wounding or herbivore feeding of popLar Leaves also elicits systemic up-regulation of transcripts
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for genes coding for enzymes in the octadecanoid pathway such as Lipoxygenases, attene oxide synthase,

and atlene oxide cyctase (Arimura et at. 2004; Lawrence et aL. 2006; Major and ConstabeL 2006; see

Chapter 3 and Chapter 5).

In the context of activation of systemicaLly induced defenses, the importance of physiologicaL

source-sink relationships in poplar Leaves has been highlighted. Sink strength can be induced by insect

feeding or jasmonic acid treatment, which resuLts in an increase in the aLLocation and rate of resource

import and effects an increase in Levels of phenoLic defense compounds (ArnoLd and SchuLtz 2002;

ArnoLd et at. 2004; Babst et aL. 2005). Induced sink strength is aLso elicited by simuLated insect attack,

specifically the application of FTC oral secretions to mechanicaLLy wounded poplar Leaves (see Chapter

4 and Chapter 5). Using the Leaf plastochron index (LPI) deveLoped by Larson and Isebrands (1971) as a

reference system to standardize physioLogicaL characterization of popLar (eaves (the youngest Leaf with

a Lamina length of 2 cm is designated LPI 0), a transition between sink status (net importer of

resources) and source status (net exporter of resources) occurs in poplar Leaves between LPI 5 and LPI

7 under noninduced conditions. Based on the vascuLar architecture of phtoem connections in poptars,

each leaf is serviced by three vascular bundLes, and the degree of connectivity of any given pair of two

Leaves is determined by their reLative position aLong and around the stem axis (Larson 1979). Each leaf

shares a direct phtoem connection with the fifth Leaf over (e.g., LPI 2 and LPI 7), which is the

orthostichous Leaf found directLy above or beLow it on the stem. The fact that vascuLar connectivity,

aLong with assimilate movement, pLays a key role in determining patterns of systemic induction of

defenses in poplars has been demonstrated by Davis et at. (1991a), with maximum systemic up-

regulation of the win3 protease inhibitor gene in the Leaves directLy connected to the treated Leaf.

Poplar vascuLar architecture has aLso been Linked to induction of phenolic defenses (Arnold et at. 2004).

The impact of vascuLar architecture on induction of systemic defenses is aLso observed in other plant

species such as tomato (Lycopersicon esculentum MiLL) (Orians et at. 2000), tobacco (Nicotiana

attenuata Torr. ex S. Wats.) (Schittko and BaLdwin 2003), and bittersweet nightshade (Solanum

dulcamara L.) (Viswanathan and ThaLer 2004) and has recentLy been reviewed by Orians (2005).

2.4 CHEMICAL DEFENSES IN POPLARS

Phenotics are the major cLass of specialized metabolites (traditionally referred to as secondary

metabolites or naturaL products) in the Salicaceae (Palo 1984; Tsai et at. 2006). The topic of phenolics

in poplar defense has been comprehensively treated by Tsai et at. (2006) in the context of a recent

genome anaLysis, and the reader is referred to this paper for an annotation of the gene content and

transcriptome of popLar devoted to phenotic defenses. Plant phenoLics are products of the

phenyLpropanoid pathway that gives rise to thousands of known chemicaL structures incLuding simpLe

phenolics, ftavonoids, stilbenes, coumarins, Lignans, and the structural poLymer, Lignin (HahLbrock and

ScheeL 1989; Dixon and Paiva 1995; Boerjan et at. 2003). Phenotics with known or putative roLes in

poplar defense incLude the phenoLic gtycosides, hydroxycinnamate derivatives, and condensed tannins
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(Tsai et at. 2006). Highlighting the importance of the compLex phenytpropanoid pathway in Populus,

the genomic anaLysis of genes for phenotic defenses by Tsai et at. (2006) provided evidence for

expanded gene famiLies for ftavonoid metaboLism in Populus trichocarpa (Torr. & Gray.) reLative to

Arabidopsis thaliana ((L.) Heynh.). As for other specialized metaboLites in popLar defense, votatiLes in

the form of Low moLecuLar weight phenotics, benzene cyanide, and various mono-, sesqui- and homo

terpenoids may aLso contribute to direct or indirect defense in popLars (Arimura et aL. 2004). The

nitrogen-containing alkaLoids do not appear to have a roLe in popLar defense.

2.4.1 Phenolic glycosides

The biochemistry of phenolic glycosides has been reviewed by Pierpoint (1994), and the genes

for their biosynthesis in popLar are described in Tsai et at. (2006). Phenotic glycosides have been weLl

studied in P. tremuloides and incLude four major compounds, saticin, saticortin, tremutoidin, and

tremutacin (Figure 2.2), adding to a totaL of at Least 20 of such compounds identified in the Salicaceae

(Tsai et aL. 2006). The amounts of these compounds found in aspen bark and foLiage are highly

geneticaLly variabLe, as weLt as differentiaLLy responsive to resource avaiLabiLity and feeding damage

(Osier and Lindroth 2004, 2006; Stevens and Lindroth 2005). PhenoLic gtycosides are known to deter

generalist herbivores, and have been shown to negatively impact Larval growth and development in a

variety of insects (Tahvanainen et at. 1985; Lindroth et at. 1988; Ctausen et at. 1989; Lindroth and

Hwang 1996; Lindroth and Kinney 1998; Osier et at. 2000; Osier and Lindroth 2001; Osier and Lindroth

2004). Different phenoLic glycosides vary in bioLogicaL activity (Figure 2.2) (Lindroth et at. 1988). Upon

ingestion by insects, some phenotic gtycosides may be metaboLized to more reactive products (CLausen

et at. 1990) that have the potential to induce oxidative stress or bind covatentty with proteins,

potentiaLly disrupting effective digestions (Fetton et at. 1992; AppeL 1993; Summers and FeLton 1994).

Phenolic glycosides appear to play a rote in shaping the community of insect herbivores of aspens. For

example, the performance of both FTC and gypsy moth larvae is influenced by variations in LeveLs of

phenoLic gLycosides (Lindroth and Hemming 1990; Lindroth and BLoomer 1991; Lindroth and Weisbrod

1991; Hemming and Lindroth 1995; Hwang and Lindroth 1997; DonaLdson and Lindroth 2007) and

differences in Levels of phenolic gtycoside can account for a greater amount of variation in

performance in gypsy moth Larvae than in FTC (Hemming and Lindroth 1995; Hwang and Lindroth 1997).

In contrast to gypsy moth, performance of FTC appears to be affected more by fotiar nitrogen

(Hemming and Lindroth 1995; Hemming and Lindroth 1999).

Phenolic gtycosides are formed as constitutive defenses in aspen. Whether or not they aLso

function as induced defenses or in a delayed induced resistance has been more difficult to establish.

Ctausen et at. (1989) and Lindroth and Kinney (1998) reported modest induction of phenotic gtycosides

foLLowing insect feeding or artificiaL wounding, but subsequent experiments did not support an

immediate induction of phenoLic glycosides (Osier and Lindroth 2001; Kao et at. 2002). NevertheLess,

when Stevens and Lindroth (2005) examined aspen trees affected by insect damage at a Late time point
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(after 8 weeks) during the same growing season, they found that previousLy damaged trees had

accumulated increased Loads of phenotic gtycosides in their Leaf tissues. With these findings in mind, it

is cLear that induced defenses and their possibLe contributions to resistance in Long-Lived trees have to

be tested over much Longer periods of time (i.e., over the entire growing season and ideaLly over

multiple growing periods) than what is commonly done with short-Lived pLants in moLecuLar anaLyses

under Laboratory conditions.

2.4.2 Condensed tannins

Condensed tannins are oligomeric or polymeric fLavonoids, aLso known as proanthocyanidins,

with diverse structures and ecological functions (Bavage et aL. 1997; MarLes et aL. 2003). The

biosynthesis of condensed tannins and related compounds in poplars has been thoroughLy treated by

Tsai et at. (2006) in the context of a genome annotation and expression analysis of the relevant genes.

Condensed tannins are widespread in the pLant kingdom (Porter et at. 1986), and their LeveLs are known

to be highly variabLe in different poplar species and in different genotypes of the same species

(Greenaway et at. 1991, 1992), ranging from 0.5% up to 20% Leaf dry mass (Swain 1979; SaLminen et aL.

2004). The bioLogicaL activities of condensed tannins depend Largely on the nature and ratio of the

flavonoid subunits and on their degree of polymerization and configuration in the polymers, as weLL as

on the biochemical conditions found in different insect digestive systems (Zucker 1983; Appel 1993;

Barbehenn and Martin 1994; Ayres et at. 1997). LeveLs of condensed tannins have been correLated with

negative impacts on the performance of gypsy moth Larvae and FTC (Hemming and Lindroth 1995;

Hwang and Lindroth 1997). In addition to functions as feeding deterrents and protein-complexing anti-

nutrients, they aLso function as antimicrobial agents, protectants against ultravioLet Light, and possibLy

toxins (Swain 1979; Hagerman and ButLer 1991; McALLister et at. 2005). ALong with their effects on

forage quaLity and Litter digestibiLity of poplar Leaves, condensed tannins pLay a substantiaL roLe in

nutrient cycLing in ecosystems dominated by popLars (SchimeL et aL. 1996; Schweitzer et aL. 2004;

Madritch et aL. 2006). The formation of condensed tannins is induced by insect attack and severaL

enzymes invoLved in poplar ftavonoid and condensed tannin biosynthesis are induced by wounding and

herbivory (Osier and Lindroth 2001; Kao et at. 2002; Peters and ConstabeL 2002; Tsai et at. 2006).

2.5 BIOCHEMICAL DEFENSES IN POPLARS

The constitutive and induced formation of chemicaL defenses invoLves the activity of many

enzymes aLong the corresponding biosynthetic pathways. In addition, popLars use proteins or enzymes

with direct defense activities against insect herbivores. The Kunitz protease inhibitors (KPI),

endochitinases, and poLyphenot oxidases (PPO) are well-studied defense-related proteins in poplar with

possible anti-digestive functions. Reduced digestion of Leaf forage owing to anti-digestive proteins may

result in starvation of insect Larvae or may slow down insect deveLopment and thereby increase the

time of exposure to natural enemies, which may be attracted by the simultaneous herbivore-induced
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local or systemic emission of volatile organic compounds (VOCs). Other popLar proteins that have not

yet been studied in the context of defense could aLso function directly against insects, once ingested

by the herbivore.

2.5.1 Kunitz protease inhibitors

Protease inhibitors (PIs) are a group of small proteins that function in herbivore defense by

binding to digestive enzymes in the insect gut and inhibiting their activity. With the reduced

effectiveness of protein digestion, the insect can experience a shortage of amino acids Leading to

sLowed deveLopment or starvation (Broadway and Duffey 1986; Ryan 1990). KPIs are encoded by a Large

gene famiLy in popLars and they are among the most strongly up-regulated defense genes in response to

wounding or herbivore feeding (Bradshaw et at. 1990; Haruta et at. 2001a; Christopher et aL. 2004;

Lawrence et at. 2006; Major and ConstabeL 2006; Ratph et at. 2006a; Miranda et at. 2007). WhiLe the

effectiveness of KPIs against poptar pests has yet to be demonstrated, the win3-encoded poplar KPI

protein, when produced in tobacco and tomato, ted to decreased Larval mass of feeding tobacco

budworm (Heliothis virescens Fabricius) (Lawrence and Novak 2001). In some cases, as a resuLt of an

arms race between insects and plant defenses, insects have adapted to Pis by up-regulating alternative

digestive enzymes that are tess sensitive to inhibition (Jongsma et at. 1995). FolLowing earLier work in

poptar that identified a smalt famiLy of five different KPI genes (Haruta et at. 2001 a; Christopher et at.

2004), our recent anaLysis of the poplar genome sequence, as wett as the avaitabLe poplar EST and fuLl

Length cDNA sequences, revealed a substantialty larger gene famity of nearly 30 different KPI5 in the

poplar genome (see Chapter 4). Atthough most of the poptar KPIs are up-reguLated in response to

wounding or insect herbivory, their degree of induction varies as determined by quantitative reaL-time

PCR (QRT-PCR). The large suite of KPIs may allow poplar trees to deal with muLtiple evolving

generations of insects by providing a genetic storehouse of varied Pis. Indeed, Ingvarsson (2005a,

2005b) and Tatyzina and Ingvarsson (2006) found some evidence for rapid evolution in this gene family

in poplar.

2.5.2 Endochitinases

Chitinases were among the first putative defense genes identified in poplar, when win6 and

win8, two distinct genes sharing about 50% amino acid sequence identity and having similarities to

basic endochitinases, were identified as strongly and systemically up-regulated in popLar leaves in

response to wounding (Parsons et al. 1989; Davis et at. 1991b; CLarke et at. 1998). These two genes

represent a small fraction of this Large gene family, which contains seven different classes in plants

(Graham and Sticklen 1994; Kasprzewska 2003). These chitin-degrading enzymes may have a variety of

functions in poplar, such as invoLvement in deveLopment and growth, wound repair, nonspecific stress

responses, or defense against fungal pathogens or insect pests. In addition, work by Davis et at. (2002)

with inducible chitinases and chitinase-like genes in pine suggests that some of these genes may in fact
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have functions that do not invoLve chitinase activity. Exploring the currently avaiLabLe poplar EST, full

Length cDNA, and genome sequence information we found win8 represented as a single-copy gene,

while winó is part of a multi-gene family (R.N. Philippe and J. Bohlmann, unpublished resuLts). Two

other chitinase-like genes, both unreLated to win6 or win8, were identified in hybrid popLar. At least

one of these chitinase-Like genes is wound-inducible (Christopher et at. 2004).

Chitinases can function in pLant defense against pathogens (Cotlinge et at. 1993; Neuhaus 1999),

and transgenic poplar expressing a fungal endochitinase has been shown to possess enhanced resistance

to leaf rust pathogen (Noel et al. 2005). Induced poplar chitinases may also have a function against

insect herbivores. For example, Colorado potato beetle (Leptinotarsa decemlineata Say) feeding on

tomato plants producing the win6 encoded endochitinase from P. trichocarpa x deltoides Bartr.

experienced slowed development (Lawrence and Novak 2006). The strong up-regulation of win6 and

win8 in both local and systemic leaves of poplar saplings treated by mechanical wounding and

application of FTC oral secretions support a rote in insect defense (see Chapter 3 and Chapter 5). A

potential target for plant chitinases in defense against insects is the peritrophic membrane, which

contains chitin and forms a protective barrier around the ingested food contents of the gut lumen

(Richards and Richards 1977; Chapman 1985).

2.5.3 PoLyphenol oxidases

Much of the Literature dealing with polyphenol oxidase (PPO) has previously been reviewed by

Steffens et al. (1994) and more recently by Mayer (2006) and by Marusek et al. (2006). PPOs catalyze

the oxidation of ortho-diphenolic compounds to quinones, and are found throughout the plant kingdom

(Vaughn and Duke 1984). The quinones produced by PPOs upon tissue damage are highly reactive and

rapidly cross-link proteins leading to characteristic tissue browning (Duffey and Felton 1991). A variety

of physiological roles are proposed for PPOs (Steffens et al. 1994; Mayer 2006) which, in poplars, have

been shown to play a role in defense against insect herbivores (Wang and Constabel 2004a). In hybrid

poplar and aspen, wounding or insect herbivory of leaves induces systemic expression of PPO genes and

PPO enzyme activity (ConstabeL et al. 2000; Haruta et al. 2001b). Three PPOs have previously been

cloned in hybrid poplar, and two are wound-responsive in leaf, stem, or root tissues, while the third is

constitutively expressed in roots (Constabel et at. 2000; Wang and Constabel 2003, 2004b). PPOs are

proposed to possess anti-herbivore activity in the gut of insects, where PPO-generated quinones can

cross-link proteins and amino acids during feeding, resulting in decreased absorption of amino acids

(Felton et al. 1989; Felton et al. 1992). Using transgenic plants, Wang and Constabel (2004a) have

shown that PPO-overexpressing poplar trees reduce larval mass gain. Given that these results were

obtained with FTC egg masses stored in the laboratory at -2 °C for more than 6 months past spring

hatching, the biological relevance of this possible PPO-based defense in nature remains to be

determined. However, consistent with a possible anti-insect function, Wang and Constabel (2004a) also

showed that PPO not only resists proteolysis in the FTC gut, but the protein is activated beyond its
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Latent form found in Leaves (Constabel et aL. 2000), suggesting that Limited proteoLysis in the insect gut

is responsibLe for activating PPO. This process may resemble the activation of tomato threonine

deaminase in the midgut of Manduca sexta L., which has its regulatory domain proteoLyticaLLy cLeaved

from the catalytic domain during ingestion or partiaL digestion in the insect gut (Chen et aL. 2005).

Activation in the insect gut of anti-insect proteins perhaps provides a mechanism whereby the pLant

protects its tissues from the catalytic activities of defensive proteins until they are ingested by the

insect.

2.5.4 Other putative defense proteins arid proteins that respond to insect attack

Recent proteomics work by Gregg Howe and co-workers in the tomato - Manduca sexta system

has beautifulLy ilLustrated that proteins known for their role in primary pLant metabolic processes may

also have direct defense activities once ingested by an insect (Chen et aL. 2005, 2007). Genome and

proteome expression profiLing of popLar defense responses upon insect attack (RaLph et al. 2006a;

Miranda et al. 2007; S. RaLph, D. Lippert, R. PhiLippe, and J. Bohlmann, unpublished resuLts) have

identified a myriad of proteins that should be tested further for their stabiLity, immediate activity, or

proteoLytic activation in the environment of an insect gut. For example, at Least some of the KPI

proteins mentioned above appear to be resistant to digestion in the insect gut of some popLar

herbivores (see Chapter 5).

On the other hand, not every gene or protein that shows an increase in abundance upon

herbivore attack has an effect on the herbivore, be it through the formation of chemical defenses or as

a protein with anti-insect activity. A Large number of genes and proteins that may be annotated as

defense-related based on patterns of induced abundance may be part of an overall metabolic

rearrangement in the plant under biotic stress. For example, substantiaL down-regulation has been

found for transcripts of photosynthetic processes in FTC attacked popLar leaves (Ralph et at. 2006a) and

these changes may in turn effect up- and down-reguLation of compensatory processes. Also, earLier

studies have shown a strong, wound- and insect-induced increase of win4-encoded vegetative storage

protein (VSP) in poplar leaves both Locally and systemically (Parsons et at. 1989; Davis et aL. 1993), but

no direct or indirect role in defense has been identified. The win4 gene is expressed at Low Levels in

the growing shoot apex and increases in response to nitrogen fertilization (van CLeve and ApeL 1993;

Coleman et at. 1994; Lawrence et at. 1997; Lawrence et at. 2001; Cooke and Weih 2005), in agreement

with a roLe in nitrogen storage. Re-allocation of nitrogen reserves could weLl be the primary roLe of up

regulation of win4 in poplar defense.

2.6 VOLATILE EMISSION AND INDIRECT DEFENSE IN POPL&RS

The herbivore-induced response of poplars includes the Local and systemic formation and

emission of VOCs, including mono-, sesqui-, and homo-terpenoids, simple phenoLics, and benzene

cyanide (Arimura et aL. 2004). Herbivore-induced VOCs in poplar may directLy act as repettents of the
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insect pests and (or) act indirectLy as attractants of predators and parasitoids of the insect herbivore in

multitrophic ecological defense (Mondor and RoLand 1997, 1998; Havill and Raffa 2000). WhiLe VOC

emissions may serve as semiochemicaL cues for indirect defense, such as in the attraction of parasitic

wasps to gypsy moth-damaged poplar Leaves (Havilt and Raffa 2000), they may aLso serve as host

Location cues in the attraction of insect herbivores (Kendrick and Raffa 2006). There is aLso evidence

that induced airborne VOCs may act in plant-pLant signalling in poplar (Baldwin and Schultz 1983),

where the eavesdropping on the defense of neighboring plants may activate or prime defenses before

an insect infestation is acute. The topic of pLant-plant defense signalling with airborne voLatiles has

recently been reviewed (Baldwin et aL. 2006 and references therein), and the concept has been

extended to include the possibility of within-plant defense signalling mediated by VOCs (Frost et aL.

2007; HeiL and Silva Bueno 2007). Although popLars were among the first plants for which the idea of

VOC defense signaling was tested, most of the research on emission of VOCs in poplars of the Last 10 or

15 years has focused on the emission of the hemiterpene isoprene for its ecophysiologicat role in

abiotic stress tolerance (i.e., thermotolerance or protection against oxidative stress) (e.g., Behnke et

al. 2007 and references therein). Whether the massive emission of isoprene by poplars also has an

effect on defense against insects is not known.

At the biochemicaL and molecular levels, Arimura et al. (2004) identified an insect-induced,

rhythmic diurnal and systemic emission of VOCs from leaves of poplar saplings attacked by FTC larvae.

The sesquiterpenoid (—)-germacrene D is a major component of these FTC-induced VOCs in hybrid

poplar and its emission is controlled by systemic expression of the corresponding terpenoid synthase

gene that was biochemically characterized (Arimura et al. 2004). The systemic induction of the

terpenoid synthase gene expression proceeds in an acropetal direction from the base to the tip of

young trees in a source-sink fashion, but apparently not in the opposite direction. The (—)-germacrene

D synthase was also identified as one of the strongest up-reguLated genes in the systemic response of

hybrid poplar upon reaL and simulated feeding by FTC as detected by microarray gene expression

profiling (see Chapter 5), but is only one of more than 50 terpenoid synthase genes identified in the

popLar genome (Tuskan et al. 2006). Similar to the comprehensive genome analysis of phenyLpropanoid

pathway genes in poplar defense (Tsai et al. 2006), the avaiLable poplar genome resources can now

afford a detaiLed anaLysis of genes of terpenoid VOC metabolism in poplar defense.

2.7 MOLECULAR AND GENOMIC APPROACHES TO POPLAR DEFENSE AGAINSTS INSECTS

A series of pioneering studies in the early 1990s led by MiLton Gordon and co-workers

estabLished that poplars possess a diverse suite of LocaLLy and systemicalLy wound- and insect

responsive genes. These studies Led to the cloning and moLecular characterization, for example, of the

KPI and endochitinase defense proteins (e.g., Parsons et al. 1989; Bradshaw et aL. 1991; Davis et aL.

1993); as welL, they provided the basis for the targeted molecuLar characterization of poplar defense

against insects in the following years. Clearly, this foundation also provides much of the background for
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ongoing genomics research of popLar defense against insects, which has been acceLerated with the

sequencing, assembly and annotation, and physical mapping of the popLar genome (Tuskan et aL. 2006;

KetLeher et at. 2007) and with the development of other Large-scaLe functional genomic resources such

as ESTs, full-Length cDNAs, and microarrays more specificaLLy aimed at research on popLar interactions

with herbivores (Ralph et aL. 2006a).

Prior to the pubLication of many of the large-scaLe poplar EST, fuLL-Length cDNA, and genome

sequences, Christopher et at. (2004) developed a 5’-EST database containing several hundred

nonredundant genes from a cDNA library that was made from (eaves of hybrid popLar treated by

mechanicaL wounding (Constabel et at. 2000). This library, enriched for wound-responsive transcripts,

confirmed the induced expression of genes identified by Gordon and co-workers, whiLe aLso uncovering

new genes invoLved in the popLar wound response. In a similar vein, Lawrence et at. (2006) used

differential display of RNA to identify popLar genes that respond within a few hours after gypsy moth-

infestation or wounding. They identified 57 insect- and wound-responsive defense genes, incLuding

many genes not previousLy associated with poplar defense responses; they demonstrated wounding-

induced up-regulation for transcripts of the octadecanoid pathway; and they analyzed the 5’ upstream

putative promoter region of 15 wound-induced poplar genes, noting that these regions are enriched for

DRE box, W box, and H box motifs. Considering that Lawrence et at. (2006) compared transcript

abundance in wounded tissues and untreated control tissues from the same tree, and given that popLar

trees can respond systemicaLLy to wounding, it is possible that this screening method may have

favoured the discovery of LocaLLy as opposed to systemicaLLy responding genes.

The first array-based gene expression anaLysis of poplar defense induced by insects was

reported by Major and Constabet (2006), who used a 580-clone cDNA macroarray to profile the Leaf

transcriptome response 24hrs after wounding and treatment with FTC oral secretions, both in treated

and systemic tissues. As observed with gypsy moth oraL secretions (Havitl and Raffa 1999), FTC oraL

secretion was found to induce a strong defense response in poplar Leaves, probably owing to the

presence of elicitors that are simiLar or identicaL to the volicitin fatty acid - amino acid conjugate

(ALborn et at. 1997; Major and Constabel 2006). Most of the genes responsive to oraL secretion are

included in the set of wound-responsive genes, highLighting that whiLe there are differences in the

magnitude of induction, the transcriptional response to the two treatments is quaLitativeLy simiLar.

OveralL, Major and ConstabeL (2006) found very simiLar sets of genes in the LocaL and systemic tissues.

Among the strongly induced genes, they found candidate DNA binding proteins containing the ZIM (or

JAZ) motif (Major and ConstabeL 2006), which couLd be involved in transcriptionaL reguLation of the

herbivore-induced and jasmonate-mediated defense response (Chini et at. 2007; Thines et at. 2007).

To aLLow for the first large-scale transcriptome anaLysis of the popLar response to insect feeding,

Ralph et at. (2006a) deveLoped a database of more than 139,000 high-quaLity popLar ESTs representing

over 35,000 putativeLy unique transcripts from cDNA libraries incLuding herbivore-, wound-, and

eLicitor-induced tissues. This resource was used to produce a 15,496 cLone (15.5 k) cDNA microarray,

26



encompassing approximately 25% of the annotated popLar genome, and to profile defense responses in

Local source Leaves that had been fed upon by FTC (Ralph et al. 2006a). After 24hrs of FTC feeding,

1,191 genes were found to be up-regulated (77% of the transcriptome monitored) and 537 were down-

regulated (3.6%), demonstrating a substantiaL impact of insect feeding on the popLar Leaf transcriptome.

The responding transcripts were categorized by function and formed a large set of induced genes with

known function in pLant defense (e.g., KPI and endochitinases), aLong with a variety of genes invoLved

in defense signaLLing (octadecanoid and ethylene signaLLing), transport, secondary metaboLism, and

transcriptional reguLation (Ralph et al. 2006a). Many differentially expressed poplar genes are

annotated with functions in primary metabolism (many of them being down-reguLated in response to

FTC feeding) with no previous function in defense ascribed to them. In addition, a diverse group of 40

different transcription factors were shown to be responsive to FTC feeding at 24hrs, including members

of the zinc finger C3H type, AP2-EREBP ethylene-responsive, MYB or WRKY transcription factor famiLies

(Ralph et aL. 2006a).

2.7.1 Emerging results from new genomic research on poplar defense against insects

Large amounts of new data are currentLy emerging from ongoing work on the genomics and

proteomics of poplar defense against insects. In the folLowing section we briefly summarize

unpublished results from our Laboratory (R.N. Philippe, S. Ralph, and J. Bohlmann, unpublished resuLts,

2007). There is no doubt that more data will also arise from the work of others. In general, our current

research objectives in genomics and proteomics of poplar defense against insects are to delineate the

temporal and spatial patterns of insect-induced transcripts and proteins in poplar Leaves, to test which

genes and proteins respond specificaLLy to herbivory, and to test induced poplar proteins for activity in

insects. Our work on temporal and spatiaL patterns of expression considers the effect of herbivory on

Local and systemic responses, and the effect of source-sink relationships in locaL and systemic Leaves.

To test the specificity of herbivore response genes, we reLy on comparative analyses of leaves treated

with FTC feeding, mechanicaL wounding, mechanical wounding combined with the appLication of FTC

oral secretions, and treatment with MeJa. In addition, with regard to the specificity of the response to

herbivory, we have compared the transcriptome of poplar leaves affected by FTC feeding with that of a

pathogen-induced transcriptome response (Miranda et aL. 2007). Proteomic work on induced defenses is

making use of iTRAQ proteome profiling and the tracking of target proteins in insect guts using

multipLe-reaction-monitoring (MRM) tools.

To develop temporaL and spatial profiles of transcriptional response to insect herbivory, we

subjected hybrid popLar sapLings to FTC feeding, mechanical wounding, or mechanical wounding

combined with the application of FTC oral secretions, and collected Leaves at 2, 6, and 24hrs after

treatment. We collected the treated source leaves, the adjacent untreated source Leaves, and the

developing untreated sink leaves and profiled gene expression using the 15.5 k cDNA microarray

platform described in Ralph et aL. (2006a). When profiling the transcriptome response to MeJa, we
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found substantial overlap with the response to FTC feeding, but also many additional transcripts that

were not induced by FTC in our experiments. The strong response of popLar Leaves to external MeJa

application compared with FTC feeding might refLect a dose-response effect, but it couLd also be due

to Lack of fine-tuning of the defense response after MeJa treatment or to a possible lack of suppression

of gene expression as may be caused by a real insect attack. In the response to FTC oraL secretions, a

number of leucine-rich repeat (LRR) receptor kinases were strongly induced both in LocaL and systemic

tissues. While LRR receptor proteins are best known for their role in pathogen recognition and disease

resistance (Dangl and Jones 2001), such proteins can also be invoLved in the binding of small peptide

signal moLecuLes in plants, such as the binding of systemin by the LRR receptor-Like protein SRi 60 in

Lycopersicon peruvianum (L.) Miller (Scheer and Ryan 1999; Scheer and Ryan 2002), the binding of

AtPepl in Arabidopsis in signalLing of an ampLified defense response against pathogen attack

(Yamaguchi et aL. 2006), or the roLe of WPKI in jasmonate-mediated signaLling in corn (He et al. 2005).

The poplar LRR receptor-Like proteins induced by FTC oral secretions couLd potentialLy function in the

recognition of herbivore-induced defense signaLs.

Our analysis of the spatial distribution of the differentiaLLy expressed transcriptome in treated

local (eaves and in untreated systemic (eaves identified many of the same genes responding in the LocaL

source Leaves, systemic source Leaves, and systemic sink Leaves, aLthough with different temporaL

patterns in these different Locations, which became apparent when comparing the response at 24hrs

after treatment. At the earLy time points (i.e., 2hrs and 6hrs), we observed rapid changes in transcript

abundance associated with primary metaboLism in systemic sink tissues, which may suggest reaL(ocation

of resources for defense. SpecificalLy, transcripts annotated with sugar metabolism and phLoem

transport are among the most strongly up-regulated in systemic sink Leaves 2hrs after treatment,

correLating with rapid changes in the sugar profiLes of sink and source leaves. Systemic source leaves,

on the other hand, were slower to respond, peaking at 24hrs with a weaker reflection of the 24hrs

transcriptional response observed in the treated source (eaves and the systemic sink (eaves.

OveralL, the large-scale transcriptome profi(ing is reveaLing unexpected compLexities in the

defense response of poplar Leaves involving a cascade of responses in source and sink transcriptome

profiles that are rapidly changing over time after treatment. Beyond the expected response of

previous(y known defense genes, the gene expression profiles obtained in our experiments highlighted

substantial changes of a portion of the transcriptome that is most Likely associated with an induced

change of resource allocation, which may be essential for long-Lived, sessite trees to tolerate periodic

attack by insects.
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3. EST Resource and Microarray Platform Development and
their use in a Preliminary Study of Poplar Transcriptome
Responses to Insect Herbivory2

As part of a genomics strategy to characterize inducible defenses against insect herbivory in poplar, we

developed a comprehensive suite of functional genomics resources including cDNA Libraries, expressed

sequence tags (ESTs) and a cDNA microarray platform. These resources are designed to complement

the existing popLar genome sequence and Poputus ESTs by focusing on herbivore- and eLicitor-treated

tissues and incorporating normalization methods to capture rare transcripts. From a set of 15

standard, normaLized or full-Length Libraries we generated 139,007 3’- or 5’-end sequenced ESTs,

representing more than one-third of the ca. 385,000 pubLicLy available Populus ESTs. Clustering and

assembly of 107,519 3’-end ESTs resulted in 14,451 contigs and 20,560 singLetons, altogether

representing 35,011 putative unique transcripts, or potentially more than three-quarters of the

predicted Ca. 45,000 genes in the poplar genome. Using this EST resource we developed a cDNA

microarray containing 15,496 unique genes, which was utilized to monitor gene expression in poplar

leaves in response to herbivory by forest tent caterpillars (FTC, Malacosoma disstria Hübner). After

24hrs of feeding, 1,191 genes were cLassified as up-regulated, compared to onLy 537 down-reguLated.

Functional classification of this induced gene set reveaLed genes with roles in plant defense (e.g.

endochitinases, Kunitz protease inhibitors), octadecanoid and ethylene signaling (e.g. Lipoxygenase,

allene oxide synthase, 1 -aminocycLopropane-1 -carboxyLate oxidase), transport (e.g. ABC proteins,

catreticutin), secondary metabolism (e.g. poLyphenot oxidase, isoflavone reductase, (—)-germacrene D

synthase) and transcriptional regulation [e.g. Leucine-rich repeat transmembrane kinase, severaL

transcription factor classes (zinc finger C3H type, AP2/EREBP, WRKY, bHLH)]. This study provides the

first genome-scale approach to characterize insect-induced defenses in a woody perennial providing a

soLid platform for functional investigation of pLant-insect interactions in popLar.

3.1 INTRODUCTION

The genus Populus, consisting of Ca. 40 species of poplars and aspen distributed in diverse

habitats throughout the northern hemisphere, has been firmLy established as a system for genomic

research of angiosperm tree biology (TayLor 2002; BhaLerao et aL. 2003; Brunner et aL. 2004). With an

estimated size of 485+10Mb, the genome of Populus is only 4. 5x Larger than the Arabidopsis genome,

2 A version of this chapter has been published. Ralph S, Oddy C, Cooper D, Yueh H, Jancsik S, Kolosova
N, Philippe RN, Aesch(iman D, White R, Huber D, Rittand CE, Benoit F, Rigby T, NanteL A, Butterfield
YSN, Kirkpatrick R, Chun E, Liu J, PaLmquist D, Wynhoven B, Stott J, Yang G, Barber 5, HoLt RA,
Siddiqui A, Jones SJM, Marra MA, Ellis BE, DougLas CJ, RitLand K and Bohlmann J (2006) Genomics of
hybrid poplar (Populus trichocarpa x deltoides) interacting with forest tent caterpiLlars (Malacosoma
disstria): normalized and fuLL-length cDNA Libraries, expressed sequence tags, and a cDNA microarray
for the study of insect-induced defences in popLar. Molecular Ecology 15(5): 1275-1297
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and is roughly 40x smaLler than genomes of members of the pine family (Pinaceae), which includes

many of the economically important gymnosperm tree species. The genome of a femaLe Populus

trichocarpa tree (NisquaLty-1) has recentLy been shotgun sequenced to a depth of 7.5x coverage

(http: / /genome.jgi-psf.org/Poptrl /Poptrl . home. htmt), with the assembly and annotation, and

generation of supporting physical and genetic maps, being contributed by members of the InternationaL

Poplar Genome Consortium (www.ornl.gov/ipgc/).

CompLementary to complete genome sequencing, the large-scale sequencing of expressed

genes permits analysis of the transcriptome of an organism. Sampling of the transcriptome can be

performed using high-throughput singLe pass sequencing of cDNA libraries constructed from different

tissues and developmental stages, or from plants subjected to different environmentaL conditions or

stress treatments to generate expressed sequence tags (ESTs; Adams et at. 1993). The application of

normalization techniques to reduce the frequency of highly expressed genes can increase the rate of

gene discovery, permitting the identification of rare transcripts (Soares et al. 1994; Bonaldo et at.

1996). When our poplar EST project was initiated in the spring of 2002, other large-scale poplar EST

sequencing efforts were aLready established that focused primarily on wood formation, dormancy and

floral development (Sterky et at. 1998; Bhaterao et at. 2003; Schrader et at. 2004; Sterky et at. 2004).

In addition, other small-scate gene discovery activities have devetoped poplar cDNA Libraries and EST

sequences focusing on wood formation (Dejardin et al. 2004), root development (Kohler et at. 2003),

and stress response (Christopher et al. 2004; Nanjo et at. 2004; Rishi et al. 2004). In order to maximize

gene discovery both within the large-scale EST program described here, and relative to the Ca. 247,000

Populus ESTs in the public domain (May 27th, 2005 dbEST retease of GenBank) we have focused our

efforts on normalized cDNA libraries and inctuded a variety of insect-induced and biotic eticitor

induced tissues with the goat to comptement previous large-scate poptar EST activities.

ESTs are also the starting reagents for the construction of cDNA microarrays for transcriptome

profiling studies (Schena et al. 1995). A major emphasis of our program in forest heatth genomics is to

generate and utilize genomics resources to investigate how tree genomes respond to attack by

herbivorous insects, which is relatively poorly understood in contrast to plant responses to abiotic

stress or pathogens. Insect-induced defense responses identified by microarray transcript profiting

have recently been described for a few herbaceous species, such as the wild tobacco Nicotiana

attenuata (Hui et at. 2003; Heidet and Baldwin 2004; Kessler and Baldwin 2004; Voelckel and Batdwin

2004), Arabidopsis thaliana (Reymond et al. 2000, 2004), and Sorghum bicolor (Zhu-Satzman et al.

2004). In contrast, insect-induced responses in poplar, which provides a unique system to study

genomics of plant-insect interactions in a tong-lived woody perenniat, have onty been studied for a

small number of genes. The newty devetoped poptar genomics resources now provide the first

opportunity for genome-wide transcriptome anatysis of insect-induced defense systems in an

angiosperm tree.
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Forest insect pests pose a chaLLenge to the sustainabiLity of both naturaL and pLanted forests.

The risk of forest insect pest epidemics, which cannot be addressed with short-term crop rotation or

pesticide appLication, as is possibLe in agricuLture, is increasing with the introduction of exotic pest

species and with global cLimate changes. The Larvae of several insect herbivores [forest tent caterpillar

(Malacosoma disstria), gypsy moth (Lymantria dispar), aspen blotch Leafminer (PhyUonorycter

tremuloidiella), large aspen tortrix (Choristoneura conflictana)] can cause extensive defoliation to

stands of Populus species, particuLarLy trembling aspen (P. tremuloides), during outbreak periods.

Other insects, such as the Larvae of the wiLLow weevil (Cryptorhynchus lapathi) affect stem tissues of

popLar trees. Forest tent caterpillars (FTCs) are distributed throughout North America and Eurasia.

Larvae hatch in earLy spring and immediately begin to feed on the Leaves of their hosts. By their finaL

instar, Larvae grow to over 1,000 times their mass at hatching and consume more than 15,000 times

their initiaL body weight in leaf tissue (FitzgeraLd 1995). During population outbreaks, FTCs commonLy

defoLiate trees occurring over miLLions of hectares, with a density as high as 20,000 caterpilLars per

tree (Stairs 1972; FitzgeraLd 1995). Defoliated trees have reduced photosynthetic capacity and may

produce Less wood, but onLy in extreme cases are trees kiLled directLy due to repeated episodes of

defoLiation by FTC Larvae (Gregory and Wargo 1986). However, repeated and proLonged attack by FTCs

may result in an increased incidence of fungal disease and infestation by other insects (ChurchiLL et aL.

1964; Hogg et al. 2002).

The first Lines of defense against insect herbivores are constitutive chemicaL and physicaL

barriers; however, if these barriers are breached, active, inducible defenses are of centraL importance

in reducing herbivory (AgrawaL 1998; Karban and BaLdwin 1997). In popLar trees, the new foLiage that

FTCs feed upon undergoes profound physicaL and chemicaL changes that render maturing Leaves

increasingLy less acceptabLe to the caterpilLars. Slow growth, and even population coLLapse, may resuLt

if caterpillars faiL to synchronize their deveLopment with that of the host tree (FitzgeraLd 1995; Parry

et aL. 1998). Compared to young, emerging poplar leaves, mature Leaves contain Lower water and

nitrogen content, a higher content of non-nutritive fiber, possess increased toughness, and increased

LeveLs of phenoLic compounds, which combined deters caterpiLLar feeding, reduces the digestibiLity of

Leaf protein, and Leads to reduced caterpiLLar growth (Fitzgerald 1995). Constitutive LeveLs of phenotic

compounds in aspen Leaves, incLuding phenolic glucosides such as saLicortin and tremuLacin, and to a

lesser extent condensed tannins, are strongLy influenced by genotype and nutrient avaiLabiLity, and

have been demonstrated to negatively impact growth and performance of FTCs and other herbivores

(Hwang and Lindroth 1997; Osier and Lindroth 2001, 2004).

In addition to constitutive defenses, herbivores trigger at least two types of inducibLe defense

responses in poplars: direct defenses that can result in the inhibition of insect growth or deveLopment

and indirect defenses consisting of voLatiLes emitted from pLants that can serve as airborne signals that

deter herbivores or attract predators and parasites of herbivores. Inducible direct defenses in popLars

invoLve a broad range of proteins (e.g. protease inhibitors, oxidative enzymes) and phytochemicals (e.g.
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phenolics) (ConstabeL 1999; Huber et at. 2004). In herbaceous plant-herbivore defense systems,

constitutive and induced defense mechanisms appear to be tightLy regulated, permitting economy

when active defense is not required, and presenting a shifting defense profiLe when herbivores are

present (Karban and BaLdwin 1997; Kessler and Baldwin 2002). It is therefore a priority to identify the

signaling systems and the transcriptional and other insect-induced changes that regulate defense

responses. Relatively few studies of the induced defense response have been conducted in Populus

species at the moLecular leveL. To date, targeted studies have identified induced genes encoding

trypsin protease inhibitors (Bradshaw et aL. 1990; Holtick and Gordon 1993; Haruta et at. 2001a),

endochitinases (Parsons et aL. 1989; Davis et at. 1991), vegetative storage proteins (Davis et aL. 1993),

polyphenol oxidases (ConstabeL et aL. 2000; Haruta et aL. 2001 b), dihydrofLavonoL reductase (Peters and

Constabel, 2002) and genes of terpenoid metaboLism, including a sesquiterpene synthase involved in

FTC-induced systemic volatiLe emissions (Arimura et al. 2004). In addition, a small-scale array

consisting of 569 cDNA clones identified a set of 85 cDNAs that were differentiaLLy and systemicalLy

expressed in Leaves 24 hours after appLying mechanical wounding (Christopher et al. 2004).

We have recently established a program targeted at genome-wide discovery and expression

profiling of insect-induced defense genes in poplar. We describe here resuLts from the deveLopment of

15 standard, normaLized and full-length cDNA (FLcDNA) libraries that were sequenced from the 5’ and

3’ ends of cDNA clones to generate 139,007 ESTs from poplar. AssembLy of high-quality (hq) 3’-end

sequences has identified 35,011 putative unique transcripts. We demonstrate greatly enhanced gene

discovery by focusing on normaLized, rather than standard cDNA libraries. Using this EST resource we

have constructed a cDNA microarray consisting of 15,496 non-redundant ESTs, which has been applied

to an initial study of the transcriptional response in poplar Leaves to feeding by FTC Larvae.

3.2 MATERIALS AND METHODS

3.2.1 Plant material and insects

Popu(us trichocarpa Torr. & Gray x P. deltoides Bartr. (Salicaceae), Hi 1-11 genotype, was

grown on the University of British Columbia South Campus farm. Cuttings of 30-100 cm were taken in

February of 2003 from previous year shoots, placed in soiL (35% peat, 15% perlite, 50% pasteurized

mineral soil, 250 gm3 OsmocoteTM 13-13-13 plus micronutrients) in two-gal. pots (Stuewe and Sons

Inc.), and watered daily. Trees were maintained in a greenhouse under constant summer conditions

where a constant 16/8-hour photoperiod was provided by high-pressure sodium lamps. Trees of 150 to

170 cm in height were used in experiments in August 2003. Average greenhouse temperature during

the month was 23.8°C (21.3°C minimum and 28.9°C maximum), with an average relative humidity of

62.7%. Forest tent caterpillars, Malacosoma disstria Hübner (Lepidoptera: Lasiocampidae), were from

the Great Lakes Forestry Centre (NRCan, SauLt Ste. Marie, Canada). FTC were reared and maintained

on artificiaL diet (Addy, 1969) at 27°C, 50 to 60% reLative humidity, 16/8-hour photoperiod.
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3.2.2 cDNA libraries

For a description of pLant materiaLs used in the construction of cDNA Libraries pLease see TabLe

3.1. TotaL RNA was isoLated according to the protocol of Kotosova et at. (2004), folLowed by poLy(A)

RNA purification with oLigo d(T) ceLLulose using the PoLy(A) Pure kit (Ambion), foLLowing manufacturer’s

instructions. TotaL RNA was quantified and quality checked by spectrophotometer and agarose get.

RNA was aLso evaluated for integrity and the presence of contaminants using reverse-transcription with

Superscript II reverse transcriptase (Invitrogen) with an oligo d(T18) primer and aP32 dGTP

incorporation. After removal of unincorporated nucLeotides using get fiLtration coLumns (Microspin S

300 HR coLumns, Amersham Pharmacia Biotech) the resuLting cDNA smear was resoLved using a verticaL

1% agarose aLkaLine get and visuaLized using a Storm 860 phosphorimager (Amersham Pharmacia

Biotech). Standard cDNA Libraries were directionaLly constructed (5’ EcoRl and 3’ XhoI) using 5pg of

poty(A) RNA and the pBtuescript II XR cDNA Library construction kit, foLLowing manufacturer’s

instructions (Stratagene) with modifications. BriefLy, first strand synthesis was performed using

Superscript II reverse transcriptase (Invitrogen) and an anchored oLigo d(T) primer (5’-

GAGAGAGAGAGAGAGAGAGAACTAGTCTCGAGTTmTTTrTTrTmTrvN-3’). Size fractionation was

performed on XhoI-digested cDNA immediately prior to Ligation into the vector using a 1% NuSieve GTG

Low meLting point agarose get (BioWhittaker MoLecuLar Applications) and B-agarase (New England

BioLabs) to isoLate cDNAs ranging from 300 bp to 5 kb. Select cDNA Libraries were normaLized to Cot = 5

by using the Soares method (Soares et at. 1994; BonaLdo et at. 1996). The average insert size of cDNA

Libraries was routineLy determined by performing coLony PCR on 48 randomLy seLected bacteriaL

coLonies from the amplified Library using -21M13 forward (5’-TGTAAAACGACGGCCAGT-3’) and M13

reverse (5’-CAGGAAACAGCTATGAC-3’) primers. PCR ampLicons were resoLved on 1% agarose geLs and

visually compared to DNA size markers HindlII and I kb Ladder (Invitrogen). FLcDNA Libraries were

constructed according to the methods of Carninci et aL. (1996), with modifications, and wilL be

described in detaiL elsewhere. UnLess otherwise mentioned, aLL other reagents and soLvents were from

Fischer Scientific, Sigma-ALdrich, EM Science or Invitrogen.

3.2.3 Transformation and colony picking

A 1 pL aLiquot of Ligation mix from each cDNA Library was transformed by eLectroporation into

4OpL of E. coil DH1OB Ti resistant ceLls (Invitrogen). Transformed celLs were recovered using imL of

SOC medium (Invitrogen) and pLated onto 22cm x 22cm agar pLates (Genetix) containing 2xYT agar and

lOOpg/pL AmpiciLlin. Agar plates were incubated overnight at 37°C for 16h. BacteriaL coLonies were

picked from the agar pLates and arrayed into 384-weLl microtiter pLates (Genetix) containing 6OpL of

2xYT medium + 7.5% gLycerol (made in house) using the Genetix QPIX automated colony picker

(Genetix). Plates were incubated at 37°C for 1 8h then each microtiter plate was inspected for weLLs

that contained no growth.
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Table 3.1. Libraries, tissue sources and species for sequences described in this study
cDNA Library Tissue/Developmental Stage Species (genotype)

c d Populus trichocarpaPT-X-FL-A-1 Outer xylem

(Nqualiy-1)

c d P. trichocarpaPT-P-FL-A-2 Phloem and cambium
..._____

Young and mature leaves, along with green shoot P. trichocarpa

.___,.._RL_..._..__.___._._.__________
Local and systemic (above region of feeding) mature
leaves harvested after continuous feeding by forest P. trichocarpa x

PTxDlLFLA4c tent caterpillars, Malacosoma disstria. Local tissue deltoides
was collected 4,8 and 24hrs post-treatment and (Hil-il)
systemic tissue 4, 12 and 48hrs posttreatmente.
Local mature leaves harvested after continuous P. trichocarpa x

pTXDILA5a feeding by M. disstria. Tissue was collected 2, 12 and deltoides
-______

Bark (with phloem and cambium attached) harvested

p1XNlBA6a after continuous feeding by willow weevil, P. trichocarpa x nigra
Cryptorhynchus lapathi. Tissue was collected 2, 6 (NxM6)
and 48hrspptreatmente.

PT DX A 7a Outer xylem harvested bi-weekly between April and P. trichocarpa

.ZZ____ .JY1.-125)
Three month old sapling trees grown in aerated
hydroponic media in growth chambers. Roots were P. trichocarpa x

PTxD-NR-A-82 harvested from trees grown in media without a deltoides
nitrogen source for 24 and 48hrs, as well as trees (Hil-Il)
grown in regula med

—

Local mature leaves harvested after continuous P. trichocarpa x
PTxDlLNA9b feeding by M. disstria. Tissue was collected 2, 12 and deltoides

24i rs p0st:treatmen (H 1.1 :1

PT DX N A 10b Outer xylem harvested bi-weekly between April and P. trichocarpa

Z ctob•e r•2oO?L.. (VLI 2•5)
Bark (with phloem and cambium attached) harvested a x ni ra

PTxN-IB-N-A-1 1b after continuous feeding by C. Iapatht Tissue was
xM6collected 2, 6 a hrpostmen

Cultured cells grown in media supplemented with p trichocarpa x
PTxDlCCA12a salicylic acid, benzothiadiazole, methyl jasmonate,

dItoides
chitosan or PoIIacia radiosa extract. Cells harvested

HI 1-11

3hrpost-treatrnent,

along with untreated control cells.
a g P. trichocarpa

PT-MB-A-I 3 Terminal vegetative bud
(w d genotype)

Cultured cells grown in media supplemented with a x
PT D ICC N A 14b salicylic acid, benzothiadiazole, methyl jasmonate, deltoidesX - - -

- chitosan or Pollacia radiosa extract. Cells harvested
HI I-Il

3hrs

post-treatmen gi •ntred ç.oro
b . g P. trichocarpa

PT-MB-N-A-15 Terminal vegetative buds
(wild genotype)

Standard cDNA library.
bNormalized cDNA iibrary.
cFuIiiength cDNA iibrary.
dHarvted May 15th, 2001 from eight year oid trees within the Boise Cascade region of Washington state.
eOne or two year old sapiings grown in potted soli under greenhouse conditions at the University of British Columbia.
Five year oid trees grown outdoors under naturai conditions at the University of British Coiumbia south campus farm.
GHarvested September 19th, 2001 from 20 year old trees near Corvallis, Oregon.
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3.2.4 Culturing and DNA purification of plasmid clones

2pL of bacteriaL culture was transferred from the 384-well microtiter pLate into a 240pL 384-

deep well diamond plate (Axygen) containing 601JL of 2xYT medium and lOOpg/mL AmpiciLlin or a 96-

well Beckman plate (Beckman Coutter) containing l200pL 2xYT and lOOpg/mL Ampicillin using a 384-

welt or 96-well slotted inocuLator (V&P Scientific). Inoculated plates were sealed with AirPoreTM tape

(Qiagen) and pLaced into a 37°C shaking incubator (New Brunswick Scientific C25 Incubator Shaker) at

350rpm for 18 h (384-well) or 20 h (96-well). After the incubation period, cultures were removed and

each pLate inspected for growth and contamination, all “no-grows” and observations were recorded.

96-weLl cultures were centrifuged to pelLet ceLls, the media was decanted and peLlets dried and frozen

until ready for use. Plasmid DNA was isoLated from cuLtures using aLkaLine Lysis with the folLowing

modifications that have been implemented for the standard GSC tempLate production pipeline (384-

well). Culture blocks from both replicates were removed from the 4°C refrigerator and vortexed using a

multi-tube floor vortexer (VWR) for 5 mm at maximum speed (or untiL all cells appeared resuspended).

A titertek MapC2 (Titertek) liquid handling device was used to dispense 6OpL of Lysis Buffer (Qiagen

Buffer P2). After 5 mm of lysis 6OpL of Neutralization Buffer (Qiagen Buffer P3) was added. Plates

were tape sealed (Edge Biosystems clear tape) and vortexed on a multi-tube vortexer at maximum

speed for 2 miii prior to centrifugation at 4250 x g for 45 miii in a Jouan KR422 centrifuge. 120iL of

lysate were transferred from pelLeted culture bLocks into daughter 240pL 384-deep weLl diamond plates

containing 9OpL per well 100% isopropanol using a 384-weLL hydra (Robbins Scientific). Destination

plates were sealed (Edge Biosystems clear tape) and mixed by inversion, followed by centrifugation at

2830 x g for 15 mm in an Eppendorf 5810R centrifuge (Brinkmann Instruments). After centrifugation

the isopropanot was decanted, the DNA peLlet washed with 5OpL 80% ethanoL using a Robbins 384-well

Hydra, and the plates left to dry upright for three hours on the benchtop. DNA pelLets were

resuspended in 10mM Tris-HCL pH8 (in house) containing lOpg/mL RNase A (Qiagen) and vortexed for I

mm at maximum speed on a multi-tube vortexer. Plates were briefLy centrifuged at low speed before

storage at 4°C overnight then transferred to a -20°C freezer untiL required for DNA evaluation and

sequencing reactions.

3.2.5 DNA evaluation

DNA preparations were evaluated by agarose geL electrophoresis. A I .5pL aliquot of prepared

and purified total DNA was combined with 1 .5pL of 5x Bromophenot blue loading buffer (0.21%

BromophenoL bLue; 12.5% ficotL) and 2pL was loaded onto a IxTAE (Tris/Acetate/EDTA) 1.2% agarose

gel. SampLes were Loaded using a 12-channel Loader (HamiLton, Reno, USA) along with 3ng of I kb plus

DNA marker (Invitrogen). Gets were run at 120 volts for 90 mm in 1xTAE buffer followed by staining for

35 minutes in lx SybrGreen Nucleic Acid stain (Cambrex). Gels were scanned using a Fluorimager 595

(Amersham Biosciences) scanner. The image was visually examined for genomic DNA, presence and

quality of DNA, as welL as contamination.
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3.2.6 DNA sequencing

DNA Sequencing reactions were set up in 384-well clear optical reaction plates (Applied

Biosystems) using the Biomek FX workstation (Beckman Coulter) for Liquid transfers. In each 5pL total

voLume reaction the folLowing were added: 3pL of purified plasmid DNA (—45ng/pL), 0.26pL of

sequencing primer (5pmol/pL, Invitrogen), 0.43pL of 5x reaction buffer (Applied Biosystems Big Dye

Terminator 5X Sequencing Buffer), 0.77pL of Ultrapure water (Invitrogen), and 0.54pL of BigDye v.3.1

ready reaction mix (Applied Biosystems). Sequence data were obtained using -21M13 forward (5-

TGTAAAACGACGGCCAGT-3) and Ml 3 reverse (5-CAGGAAACAGCTATGAC-3’) primers on each set of

replicate plates. Thermal cycling was performed on PTC-225 thermal cycLers (Bio-Rad) with parameters

of 35 cycles at 96°C for 10 s, 52°C for 5 s using -21M13 forward primer [or 43°C for M13 reverse], 60°C

for 3 mm, followed by incubation at 4°C. Reaction products were precipitated by adding 2pL of 125mM

EDTA (pH 8) and 1 8pL of 95% ethanol per well followed by centrifugation at 2750 x g for 30 mm in an

Eppendorf 5810R centrifuge. The EDTA/ethanol was immediately decanted and reaction products

washed with 70% ethanol. The 384-well cycle plates were allowed to dry inverted on bench top for 15

minutes. Samples were resuspended in lOpL of Ultrapure water and analyzed using a 3730XL DNA

analyzer (AppLied Biosystems).

DNA sequence chromatograms were processed using the PHRED software (versions 0.000925.c

and 0.020425.c) (Ewing and Green 1998; Ewing et aL. 1998). Sequences were quality-trimmed

according to the high quality contiguous region determined by PHRED and then vector-trimmed using

CROSS_MATCH software (http://www.phrap.org). Sequences with Less than 100 quality bases (Phred

20 or better) after trimming were discarded. Sequences having po[yA tails of 100 bases or more were

eliminated from analysis. These sequences consistently resolve as poor quality sequences resulting

from taq polymerase slippage across a low-complexity region. EST sequences representing

contamination from bacterial, yeast or fungal sources were identified using BLAST (Attschul et aL. 1990,

1997) and removed from analysis. The E.cofl K12 DNA sequence (GI: 6626251) was used for bacterial

contamination monitoring. The TIGR Gene Index database for AspergiUus nidulans (ANGI.060302), a

Genbank Saccharomyces cerevisiae database (ftp: I/ftp. ncbi . nLm. nih. gov/ btast/db/ FASTA/yeast. nt. gz)

(Nov. 26, 2003) and a custom database of Agrobacterium tumefaciens generated using SRS (Lion

Biosciences) were used to monitor and filter out additional contamination. Sequences were also

compared to the Genbank nr database using BLASTX. BLAST hits with E values < 10.10 and a top rank

among scores relative to a range of other plant sequence databases classified ESTs as contamination

and these were removed prior to EST assembly. CAP3 (Huang and Madan 1999) was used to assemble

ESTs into contigs using the parameters of 40 bp overlap and 95% identity.

3.2.7 Treatment of trees with FTC

For insect treatments, groups of third to fifth instar Larvae were used in experiments. Prior to

being placed on plants, FTC were starved for 40 h on moist filter paper. Five FTC were added to each
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of five trees under mesh bags on individuaL trees. Insects were caged on the five Lowest, fully-

expanded, heaLthy Leaves of each tree. An additionaL set of five trees was covered with mesh bags, but

were otherwise Left untreated. Leaves with petioLes removed were individuaLLy harvested from each

FTC-treated and untreated controL tree 24 hours after the onset of FTC feeding, and separateLy fLash

frozen in Liquid nitrogen and stored at -80°C prior to RNA isoLation foLLowing the protocoL of Kotosova

et al. (2004). RNA quaLity and quantity were evaluated as described above.

3.2.8 Microarray fabrication and quality control

The 15,496 clones from 14 poplar cDNA Libraries (see Table 3.4) were seLected based on a CAP3

assembLy of Ca. 37,000 high-quality 3’ ESTs (i.e. longest available EST sequence from each putative

unique transcript). CLones were roboticaLLy rearrayed from daughter gLyceroL stock 384-weLL pLates into

96-weLl pLates prefiLled with 7% gLyceroL in LB + ampicillin, incubated overnight at 37°C, and checked

for uniform opticaL density. Prior to PCR, 5 pL of overnight cuLture was Lysed in 100 pL nucLease-free

H20 (Invitrogen) for 10 mm at 95°C. Plasmid inserts were PCR ampLified in a GeneAmp PCR System

9700 (AppLied Biosystems) by using 2.5 pL of lysed cuLture, 0.2 pM M13 reverse, 0.2 l.IM -21M13 forward,

15 mM MgCL2, 100 mM Tris-HCL, 500 mM KCL, 250 pM dNTPs, 9U AmpLiTaq (AppLied Biosystems), and

nucLease-free H20 (Invitrogen) to 100 pL. PCR conditions were as foLLows: 5 mm at 94°C denaturation;

31 cycLes of 30 sec at 94°C, 30 sec at 50°C, and 2 mm at 72°C; and 7 mm at 72°C. Three microLiters of

each PCR product were run on a 1.2% agarose geL (E-GeL® Pre-cast Agarose ELectrophoresis System,

Invitrogen) to assess quaLity and yieLd was determined at 260 nm with a SpectraMax plus (MoLecuLar

Device). Out of 15,496 cLones, more than 92% of ampticons consisted of a single product of sufficient

intensity and of the expected size. PCR products were roboticaLLy cleaned (Mittipore) and consoLidated

into 384-weLL plates, LyophiLized by speed-Vac, and resuspended in 20 pL 50% DMSO.

cDNAs were printed on Corning ULtraGaps sLides with the Chipwriter Pro microarray printer

(Bio-Rad). SMP3 Microspot quiLL pins (TeleChem) in a 48-pin tool were used to deposit —7 nL (-0.2 ng

cDNA) per spot onto the slide. The resulting microarrays have a 4 x 12 subgrid Layout with 360 spots

per subgrid, each spot having approximate diameter and pitch of 100 pm and 200 pm, respectiveLy. A

280 bp green fLuorescent protein (GFP) cDNA was ampLified from a GFP-containing pLasmid (BD

Biosciences) using the primers (5’ -AGACAAGTTGGTAATGGTAGCGA..3’) and (5’..

ACAGGAAACAGCTATGACCA-3”), and printed in subgrid corners (five spots per subgrid) as an orientation

marker. A set of five E. coil cDNAs (fus-A, iLv, inf-C, met-E and rps-A) were ampLified from genomic

DNA using the E. coil ORFmer PCR primer set (Sigma-Genosys) and spotted 24 times each throughout

the array. A set of five human cDNAs (I.M.A.G.E IDs 5320247, 5785983, 7260066, 7483277 and 8683)

were amplified from pLasmid DNA using -21M13 forward and M13 reverse primers and spotted 24 times

each throughout the array. Other negative controLs incLuded pBluescript II SK(+) vector DNA spotted 24

times (Stratagene), poLydeoxyadenyLic acid DNA spotted 24 times (Amersham Pharmacia Biotech), 50%

DM50 spotted 296 times and 240 empty spots. An additional set of three human cDNAs (GenBank IDs
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BC001473, BCOOI 146 and BC007231) were also amplified from pLasmid DNA as described above and

spotted five times per subgrid. Using these templates, in vitro transcribed products (MEGAscript SP6

kit, Ambion) were generated according to manufacturer’s instructions and spiked into our hybridization

reactions to serve as positive controls for 1st strand synthesis and slide hybridization. The slides were

crosslinked in a UV Stratalinker 2400 (Stratagene) at 120 mJ. Spot morphology was assessed on all

slides by visual inspection, and a representative slide from each print batch was aLso evaluated using

the Paragon DNA Microarray QC Stain Kit (Invitrogen) according to manufacturer’s instructions. To

check clone tracking, high-quality sequences were obtained from 50 randomly selected wells of each

purified, consolidated 384-weLL pLate used for microarray printing, as weLL as 164 randomly seLected re

arrayed glycerol stocks, and more than 96% of these templates had BLAST identifiers matching gene

identifications predicted from the rearray spreadsheet, indicating highLy accurate cLone tracking

throughout the process of microarray fabrication.

3.2.9 Microarray hybridization and analysis

Hybridizations were performed using the Genisphere Array35O kit (Genisphere) folLowing

manufacturer’s instructions. Forty pg total RNA was reverse transcribed using Superscript II reverse

transcriptase (Invitrogen) and oLigo d(T18) primers with a 5’ unique sequence overhang specific to

either the Cy3 or Cy5 labeling reactions. The RNA strand of the resuLting cDNA:RNA hybrid was

hydrolyzed in 0.075 M NaOH / 0.0075 M EDTA at 65°C for 15 mm followed by neutralization in 0.175 M

Tris-HCI (pH 8.0). FoLlowing pooLing of the appropriate cDNAs, sampLes were precipitated with Linear

acrylamide and resuspended in a 45 pL hybridization solution consisting of 25% formamide, 4x SSC, 0.5%

SDS, 2x Denhardt’s solution, 1 mM EDTA, 4.0 pL LNA d(T) bLocker, 2 pg sheared salmon testes DNA

(Invitrogen) and 0.75 pL of Cy5-labeled GFP cDNA (Cy5-dUTP and Ready-To-Go LabeLing beads,

Amersham Pharmacia Biotech). Immediately prior to use, arrays were pre-washed 3x in 0.1% SDS at

room temperature for 5 mm each, followed by two washes in MilliQ-I-120for 2 mm each, 3 mm at 95°C

in MilliQ-H20, and dried by centrifugation (3 minutes at 2000 rpm in an IEC Centra CL2 centrifuge with

rotor IEC 2367-00 in 50 mL conicaL tube). The cDNA probe was heat denatured at 80°C for 10 mm, then

maintained at 65°C prior to adding to a microarray slide heated to 55°C, covered with a 22 x 60 x 1.5

mm glass coverslip (Fisher Scientific), and incubated for 16 h at 48°C. Arrays were washed in 2x SSC,

0.2% SDS at room temperature for 5 mm to remove the coverstip, followed by 15 mm at 65°C in the

same solution, then three washes of 5 mm in 2x SSC at room temperature, and three washes of 5 mm

in 0.2x SSC at room temperature, and dried by centrifugation. The Cy3 and Cy5 3DNA capture reagent

(Genisphere) were then hybridized to the bound cDNA on the microarray in a 45 pL volume consisting of

25% formamide, 4x SSC, 0.5% SDS, 2x Denhardt’s soLution, 1 mM EDTA,, 2.5 pL Cy3 capture reagent and

2.5 pL Cy5 capture reagent. The 3DNA capture reagent is bound to its complementary cDNA capture

sequence on the Cy3 or Cy5 oLigo d(T) primers. The second hybridization was performed for 3 h at

48°C, then washed and dried as before. Fluorescent images of hybridized arrays were acquired by
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using ScanArray Express (Perkin Elmer). The Cy3 and Cy5 cyanine fLuors were excited at 543 nm and

633 nm, respectively. ALL scans were performed at the same Laser power (90%), but with the

photomuLtiplier tube settings for the two channeLs adjusted such that the ratio of the mean signal

intensities was -1, and the percentage of saturated array elements was < 0.5% but > 0%, whiLe

minimizing background fluorescence. Fluorescent intensity data were extracted by using the ImaGene

5.5 software (Biodiscovery).

ALL microarray experiments were designed to compLy with MIAME guideLines (Brazma et aL.

2001). ALl scanned microarray TIF images, an ImaGene grid, the gene identification file and Imagene

quantified data files are availabLe at the Gene Expression Omnibus (www.ncbi.nLm.nih.gov/geo/). Ten

hybridizations were performed comparing FTC-treated popLar Leaves after 24hrs of continuous feeding

and untreated controL Leaves harvested at the same time. RNA isoLated from each of the five individuaL

FTC-treated trees was compared directly against the five individual untreated controL trees using two

hybridizations with a dye flip for each tree pair. SimiLarly, totaL RNA from a singLe pooL of untreated

controL Leaves was compared in self-self hybridizations with the same RNA in each channeL,

independentLy converted to cDNA. Before data normaLization, the Lowest 10% of median foreground

intensities was subtracted from the median foreground intensities to correct for background intensity.

After quantification of the signal intensities, data were normaLized to compensate for non-linearity of

intensity distributions using the vsn method (Huber et aL. 2002). In order to assess performance of the

poplar 15.5K microarray, a modeL containing a dye effect and a treatment effect for untreated controL

(C) minus C’ was fit using data from four microarray sLides. The C minus C’ effect was computed by

assigning two of the self-hybridized arrays to be Cy5-Cy3 and two to be Cy3-Cy5. Three anaLyses were

done such that each seLf-hybridized array was paired with each other seLf-hybridized array onLy once,

either as a Cy5-Cy3 or a Cy3-Cy5 combination. Expression variance was derived from technicaL

variance between sLides. The ratio of the C minus C’ parameter estimate to the standard error was used

to calculate a t statistic, from which a P vaLue was obtained. In order to assess the bioLogicaL response

to FTC herbivory (H), a mixed effects modeL containing a dye effect and a treatment effect for H minus

C was fit using data from ten microarray sLides derived from five pairs of H versus C trees with a dye

fLip for each pair. Expression variance was obtained from two sources, biologicaL and technicaL. The

variance between hybridizations from the same H versus C tree pair is soLeLy technicaL, whereas the

variance between hybridizations in different tree pairs is a combination of bioLogicaL and technical.

Dye and H minus C effects, as welL as biologicaL and technicaL variation were estimated using a mixed

effects modeL where the error term for the H minus C and dye effects was computed by pooling the

bioLogical and technical variation. Since alL 10 sLides contained technical variation but onLy 5 pairs have

bioLogicaL variation, the biological term was given twice the weight of the technicaL term in the pooLed

estimate. Next, the ratio of the H minus C parameter estimate to the standard error was used to

caLculate a t statistic and P vaLue. The Q value for each effect and gene was calcuLated for each of the
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two modeLs to adjust for the faLse discovery rate (Storey and Tibshirani 2003). ALL statistical anaLyses

were performed within the R statisticaL package (www.r-project.org/).

3.2.10 Quantitative reaL-time PCR (QRT-PCR)

Prior to reverse transcription, 1 5pg totaL RNA per tree was treated with DNasel (Invitrogen)

digestion according to the manufacturer’s instructions to remove genomic DNA. The resulting RNA was

divided into three atiquots of 5pg and independent cDNA synthesis reactions were performed using

Superscript II reverse transcriptase (Invitrogen) with an oLigo d(T18) primer according to manufacturer’s

instructions. The efficiency of cDNA synthesis was assessed by geL eLectrophoresis prior to pooLing of

the three reactions per tree. Gene-specific primers were designed (TabLe 3.2) using a stringent set of

criteria, including predicted meLting temperature of 64 ± 2°C, primer Lengths of 20-24 nucleotides,

guanine-cytosine contents of 40-60% and PCR amplicon Lengths of 100-350 bp. In addition, when

possible, at least one primer of a pair was designed to cover an exon-exon junction according to the

gene structure models at http://genome.jgi-psf.org/Poptrl /Poptrl .home.htmL. Primer specificity

(singLe product of expected Length) was confirmed by analysis on a 2% agarose gel, by meLting curve

anaLysis and for at Least one PCR reaction per gene, by sequence verification of PCR ampLicons (data

not shown). Primers for popLar translation initiation factor 5A (TIF5A) were designed (GenBank

accession number CV251 327; poplar EST W50116_J23) and served as a quantification controL. QRT-PCR

was conducted on a DNA Engine Opticon 2 in an opticaL 96-weLL pLate (MJ Research) using the DyNAmo

HS SYBR green kit (Finnzymes) according to manufacturer’s instructions. Reaction mixtures contained

lOng cDNA as template, 0.3pM of each primer and lOiiL of DyNAmo master mix in a finaL

Table 3.2: Primer sequences used for QRT-PCR (5’ to 3’ orientation).
Clone ID Forward primer

WS0143_A03 GCAACTGTTACAAGMCCAGAAC
PPOI TGCCCAGGTCTAATAGTGTTAG
WSOI 81_F07 TATGACCTCAGGATCTATGGC
WSO1 34_Gi 4 TTTCGTGTGGTCAATGCGAC
WSO1 21 2_B20 CTATGGCTCTGGTGAAGCTAAG
WSO1 45_B07 CCTGAGACAGAGAAGCCAAC
WS0231_E05 AGGACATCCTGAGGCAGATC’
TPS1 GTGCCAATGTGATCAGCTAG
WSOI 55_D02 TTGTGCCCACCMAGCATCG
WSO1 14D04 AAATTCAGCMCAAGGATCAGAC
WSO2OI_G1 3 AATACCGTTTCCTGACGAGCAG
WSOI 56_Ol 3 GACATCAGCCAATCCMTTGTTC
WSOI I I0_A05 CCACGAGATTCTTCTGGTCAG
WSOI 68_K06 GGAGATAGAACTAATAGCTCGTG
WS0145_F03 GGATAGCTAATCAACTCACCAAC
WSO2OI 1_I 02 TGCCGACATATGTGCATGTGTG
WSO1 1 6_J23 GACGGTATTTrAGCTATGGAATTG

Reverse primer
CAAGAGTCCAATTCCAAGGTC
GACCTACATCGATCTCCTGMG

CACCAGCATTCCACCATGC
AATCAAAGTTCCTTCGCGGAT
GCCTCCAAGTCATCCTCTC
GACTTGCCAACCTCTATCTC
CTAGAAGGAAAGTGGCTTCC
CGGTTGAATCAGCATCACAG

GCTTTCTGGCTCAA’kCGMGA
GCCAGTTTGCTTCTCCACATTG
ATTCTTAGGTATGGCAGCAACG

GCACCTGTTGATGAGATATCTAG
CATTTAG1TCTCAGGTGGAGTG
TCAAGGGTTCTGTAGGTCTGG
TCGTAGTCGTTAACTTCAATAGC
GATCCCTATGAGTTGCTCAATC
CTGATCACAAGTTCCCTGC

voLume of 2OjiL. Reactions with the cDNA template repLaced by nucLease-free H20 or lOng of non

reverse transcribed RNA were run with each primer pair as a control. To further evaluate the

efficiency and ampLification performance of each primer pair a 10-fold diLution series of corresponding

DNA pLasmids (10.2 to 106 ng tempLate) was anaLysed with a minimum of three independent technicaL
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repLicates per dilution (data not shown). The program for aLL PCR reactions was: 95°C for 15 mm; 40

cycles of 10 s at 95°C, 30 s at 60°C, and 30 s at 72°C. Data were anaLyzed using the Opticon Monitor 2

version 2.02 software (MJ Research). For each primer pair and tree a minimum of three independent

technical replicates were performed. To generate a baseLine-subtracted plot of the logarithmic

increase in fluorescence signaL (R) versus cycle number, baseLine data were collected between cycles

3 and 10. ALl amplification plots were analyzed with an R threshoLd of 0.003 to obtain C (threshoLd

cycLe) values. Transcript abundance for each FTC-induced gene was normaLized to TIF5A by

subtracting the C value of TIF5A from the C value of each FTC-induced transcript, where =

Cttranscnpt - CtTjA. Transcript abundance of FTC-induced genes in control and FTC-treated sampLes

were obtained from the equation (1 + E)t, where E is the PCR efficiency, as described by Ramakers et

al. (2003). A transcript with a reLative abundance of one is equivalent to the abundance of TIF5A in

the same tissue. In order to assess the bioLogical response to FTC herbivory (H), a mixed effects model

for each gene containing a treatment effect for H minus untreated controL (C) was fit using data from

at least three independent technicaL repLicates derived from each of the five FTC-treated and five

untreated control trees. H minus C effects, as well as bioLogicaL and technical variation were

estimated using a mixed effects modeL where the error term for the H minus C and dye effects was

computed by pooling the biological and technical variation. The ratio of the H minus C parameter

estimate to the standard error was used to caLculate a t statistic and P value.
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3.3 RESULTS AND DISCUSSION

3.3.1 Sequencing and assembly of poplar ESTs

Large-scaLe cDNA sequencing has proven to be an efficient approach to capture much of the

expressed gene cataLogue of an organism. The aims of this project were to advance gene discovery and

transcript profiLing for poplar tissues with an emphasis on biotic stress response. We obtained ESTs

from a set of 15 unidirectional standard, normalized or FLcDNA libraries generated from tissues at

various deveLopmentaL stages and treatments sampled from five Populus genotypes (P. trichocarpa,

NisquaLLy-1; P. trichocarpa, VT-125; P. trichocarpa, wild genotype; P. trichocarpa x deltoides, Hil-Il;

and P. trichocarpa x nigra, NxM6; TabLe 3.1). Libraries were constructed using trees grown in the wiLd,

in the greenhouse, under hydroponic conditions, or as cuLtured celLs. Tissues incLuded in Libraries were

subjected to a variety of stress treatments including: nitrogen deprivation; elicitors such as saLicytic

acid, benzothiadiazoLe, methyL jasmonate, chitosan or Pollacia radiosa fungaL extract; and herbivory by

stem-boring wiLLow weevils or defoLiating FTC Larvae.

A totaL of 139,007 sequences were generated consisting of 107,519 3’-end reads and 31,488 5’-

end reads (Table 3.3). Trimming Low-quaLity (see Table 3.3 for quality criteria) and vector sequences,

and removing contaminant bacteriaL, yeast or fungal sequences provided a data set of 90,368 high-

quality (hq) 3’ ESTs with a

___________________________________________________________________

Table 3.3. Poplar EST sum marya
minimum length of 100 bp Total sequences 139,007

Number of 5’ sequences 31,488
(TabLe 3.3). The 84.0% Numberof3’sequences 107,519

Average assembled EST length (bp)b 643
success rate of hq 3 -ESTs Number of high-quality 3’ sequencesC 90,368

f urhI AIjfh
Numberofcontigsd 14,451
Number of singletons 20,560

other recent Large-scaLe Number of putative unique transcriptse 35,011
Average number of contig members 4.83

tree EST projects [e.g. Number of contigs containing
5632

Loblolly pine 79.6% (Kirst et 3-5 ESTs 5:693
6-10 EST5 2,062

al. 2003); poplar 72.8% 11-2OESTs 775
21-5OEST5 252

(Sterky et al. 2004)]. We >50 ESTs 37

f d •. IL n 3’ nd
aAssembled from the March 18th, 2005 version of the poplar EST database using CAP3.ocuse mi ia y o e bHighquality (hq) sequences only.

sequencing to minimize CA sequence is considered hq if !ts trimmed PHRED 20 length is >100 bases after vector
only, low-quality and contaminating yeast, bacterial or fungal sequences are removed.

separating EST sequences dA contig (contiguous sequence) contains two or more ESTs; 3’ sequences only.
eNumber of putative unique transcripts among assembled 3’ ESTs equals the number of

representing the same contigs plus the number of singletons.

transcript into different contigs, which often occurs with 5’ ESTs from standard cDNA libraries due to

variable truncation positions at the 5’ end of cDNAs. The average read length of these hq 3’-ESTs was

643 bp (TabLe 3.3), which is substantiaLLy Longer than other Large-scale tree EST sequencing programs

(364bp; Kirst et aL. 2003; 470bp; Sterky et al. 2004). In addition to EST sequencing, we have aLso

obtained high accuracy compLete insert sequences for Ca. 4,600 putative popLar FLcDNAs that have

been reported in detaiL eLsewhere (RaLph et al. 2008).
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The 90,368 hq 3’-end ESTs were assembLed using the CAP3 program. Among these ESTs, 69,808

assembLed into a totaL of 14,451 contigs, and the remaining 20,560 ESTs were cLassified as singletons,

suggesting a combined totaL of 35,011 putative unique transcripts (TabLe 3.3). These sequences

represent a substantiaL portion of the complete gene content in poplar, which is estimated at ca.

45,000 proteins from a first draft of the poplar genome sequence. Contigs contained an average of

4.83 assembled EST sequences. Only 37 contigs consist of greater than 50 ESTs (Table 3.3) and the five

Largest contigs contain 591 (unknown function), 437 (metaLlothionein), 283 (ribuLose biphosphate

carboxylase small subunit), 198 (metaLLothionein) and 167 (metatLothionein) EST5, respectiveLy.

Mitochondrial and chLoropLast RNA sequences were not fiLtered, but they contribute 126 (0.14%) and

367 (0.41%) ESTs to the entire data set, respectively. All high-quaLity sequences have been deposited

in the dbEST division of GenBank (accession numbers DT4691 72-DT526799; CV225307-CV284047).

3.3.2 Quality and complexity of cDNA libraries and gene discovery

Sequences from each cDNA Library were closely monitored to assess Library complexity and

sequence quality to gauge overall suitabiLity for further sequencing. From each cDNA library, between

1,536 and 18,432 cLones were 3’-end sequenced, and from selected libraries between 1,536 and 8,448

of these same clones were aLso sequenced from the 5’-end (Table 3.4). The rate of hq 3’ ESTs

obtained from cDNA libraries ranged from 59.5% to 96.8%, with the Lower pass rates resulting from

FLcDNA Libraries due to the frequent occurrence of Long poLyA tails. The average length of hq 3’-end

ESTs among cDNA Libraries ranged from 540bp to 711 bp.

EST sequencing is a powerfuL method for gene discovery, but there are limitations to this

approach. In particular, the redundant generation of ESTs derived from the most common transcripts

that can reduce the overall efficiency of gene discovery that relies soLeLy on the generation of ESTs

from standard (i.e. non-normaLized) cDNA libraries. Accordingly, the appLication of normalization

strategies to equaLize the abundance of aLL transcripts (Soares et al. 1994; BonaLdo et al. 1996) has

proven to be advantageous (Marra et aL. 1999; Scheetz et aL. 2004). We assessed the rate of gene

discovery for each poplar Library by calculating the number of unique transcripts within the set of ESTs

derived from each Library, the average number of contig members, the percentage of ESTs with no

BLASTN match to public Populus ESTs, the percentage of singLeton ESTs, and the percentage of library

specific unique transcripts (TabLe 3.4). By using any of these five metrics, four of our five normaLized

Libraries are of higher complexity (and higher rates of gene discovery) than the corresponding non

normaLized libraries (Table 3.4). The one exception is Library PTxD-IL-N-A-9 for which normalization

was Likely ineffective due to insufficient hybridization stringency (Cot = 5).
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Among the four successfuLLy normalized Libraries, the percentage of unique transcripts

identified within the first 1,000 hq 3’ sequences averaged 94.5% and ranged from 93.0% to 96.4%,

whereas among the corresponding standard Libraries constructed from the same RNA sources the

average was onLy 85.2% and ranged from 83.2% to 86.9% (TabLe 3.4). SimilarLy, the percentage of

singLetons within the first 1,000 hq 3’ sequences averaged 89.9% from the four normaLized Libraries

(range of 87.2% to 93.2%) compared to onLy 76.2% (range of 74.1% to 78.3%) among corresponding

standard Libraries. The average number of contig members was the same for standard Libraries (2.89

average) and normaLized Libraries (2.88 average), even though a considerabLy larger number of

ESTsequences were generated from normaLized Libraries (Table 3.4). Likewise, within the set of ESTs

derived from each Library, the percentage of 3’ ESTs with no BLASTN similarity to a coLLection of

247,353 Populus ESTs in the pubLic domain (i.e. dbEST division of GenBank, excluding the ESTs

described in this paper) at both [ow (E vaLue < 1e20) and high (E value < Ie25) stringency was higher

for normaLized Libraries (8.1% and 19.4% average, respectiveLy) than standard Libraries (5.3% and 14.0%

average, respectively; TabLe 3.4). In addition, the percentage of Library specific transcripts was

considerably higher for the four normalized Libraries (80.5% average) compared to standard Libraries

(52.7% average; TabLe 3.4).

CoLlectively, these results indicate that the preparation of

_______________________________

normaLized cDNA Libraries has greatLy improved the compLexity and in

rate of gene discovery within our popLar EST project. With 71% of Libraries Number of Unique
Represented Transcripts

hq 3 ESTs derived from normaLized cDNA Libraries it is not 15 0

surprising that no unique transcripts were identified that contained

ESTs obtained from alL 15 cDNA Libraries sequenced, and only three

transcripts were present in 14 of 15 Libraries, which LikeLy

represent “housekeeping” genes (Table 3.5). Among this set, the

most abundant housekeeping gene was identified as cycLophiLin 6 326

(152 ESTs), foLlowed by eLongation factor Ia (64 EST5), and eLongation factor lB - a subunit (42 ESTs).

3.3.3 Comparison against public Populus ESTs, the popLar genome, and Arabidopsis thaliana

In order to minimize redundant EST development reLative to other popLar EST projects (KohLer

et aL. 2003; Sterky et at. 2004) and to support a genomics pLatform for the study of poplar-insect

interactions, we deveLoped normaLized cDNA Libraries to capture rare genes missed in other EST

coLLections, and included tissues subjected to herbivory, elicitor, or pathogen treatment. OveraLL,

among the 79,338 hq 3’ ESTs of more than 400bp in Length analyzed in this project, there are 73,863

(93.0%) with simiLarity at low stringency (E value < 1e20) to public Populus ESTs, and 66,589 (83.9%)

with simiLarity at high stringency (E vaLue < 1e25) (Figure 3.1, paneL A). These vaLues increase to

93.7% (Low stringency) and 87.4% (high stringency) when only hq 3’ ESTs >800bp in Length (22,515) are

59



A.

C
C

o

z

0
0

B.
0
C -

Populus genome sequence

04

C
U

04

Populus genome
protein models

0
e -

‘0

C
0-

0
C

C

C.
C
e

og
U C
C., —

t-.
CO

04

Counts

S
5-
S
S
S
5,
S
S
S
S

S
S
S
0,

.1

j

A

I

-r0
0

S
S
S
5,
S
S
S
S
S
S
S
S
S
S
S
5-,
0,

Arabidopsis CDS

0

Arabidopsis peptide
DowOs

Su

Sn,u
•00

‘no
•0

oss

04

0
0
Cl)

F-
Cl)

04

Counts

S.
S
S50

S.
S
S
S
S
S
S
S.
5-
S

0,
0 -4

EST Length (bp)

200 400 600 800 1000

EST Length (bp)

Figure 3.1: ReLationship between sequence Length of high-quality poplar 3’ ESTs and similarity to the
best scoring match to: (A) nucLeotide sequences from partially redundant Populus ESTs in GenBank
(247,353 sequences; May 2005 version of dbEST) by BLASTN; (B) the popLar genome nucteotide
sequence (assembLy version 1.0; http: I /genome.jgi-psf.org/Poptrl /Poptrl . home. htmL) by BLASTN; (C)
the popLar genome predicted protein modeLs (Ca. 45,000 sequences; assembLy version 1.0;
http: / /genome.jgi-psf.org/Poptrl /Poptrl .home. htmL) by BLASTX; (D) nucLeotide sequences in The
Arabidopsis Information Resource (TAIR) non-redundant Arabidopsis CDS set (28,952 sequences;
www.arabidopsis.org) by BLASTN; and (E) amino acid sequences in the non-redundant TAIR Arabidopsis
peptide set (28,952 sequences; www.arabidopsis.org) by BLASTX. The grayscaLe shading of each
hexagon represents popLar EST abundance.
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considered. This suggests that Ca. 16% of the newly generated poplar ESTs are unique relative to any

Populus EST previousLy in the pubLic domain.

We then compared the new hq poplar 3’ EST sequences against the recently completed draft

version of the poplar genome sequence and predicted genomic ORFs by BLASTN and BLASTX,

respectively (Figure 3.1). As expected, the similarity between ESTs and the poplar genome sequence is

high, with 98.5% (89,081) of aLL hq 3’ ESTs having a BLASTN E value < 1e5 (score > 25), and this

increases only slightLy to 98.7% (22,243) when only ESTs > 800bp are considered (Figure 3.1, panel B).

When analyzing similarity between ESTs and predicted genome ORFs, we observed 87.0% (78,662) of hq

3’ ESTs with blastx E vaLues < 1e5 (score> 110), compared to 95.9% (21,604) for ESTs> 800 bp (Figure

3.1, paneL C). The lack of sequence similarity between a small percentage of our ESTs and the popLar

genome sequence and predicted genome ORFs could be due to contaminating species in cDNA libraries

not removed through in silico screens (e.g. insects, yeast, bacteria, fungi, etc.), artifacts of

annotation, and/or the different methodological limitations of either EST or genomic sequencing and

assembly (e.g. Long 3’ UTRs in EST sequences, ESTs representing organeLLe genes not represented in the

nucLear genome sequence, gaps in the genomic DNA sequence assembly, incorrectly predicted genomic

ORFs, alternate splice forms, etc.).

We aLso compared hq poplar 3 ESTs generated in this project against The Arabidopsis

Information Resource (TAIR) Arabidopsis CDS and peptide sets (28,952 sequences,

http://www.arabidopsis.org; Figure 3.1) by bLastn and blastx, respectiveLy. OveralL, the simiLarity

between popLar ESTs and Arabidopsis CDS sequences is reLativeLy Low with only 49.3% (44,600) of aLL hq

3 ESTs having a bLastn E value < 1e5 (score > 25; Figure 3.1, paneL D). This value increases to 64.5%

(14,539) when only poplar ESTs of more than 800 bp are considered (Figure 3.1, paneL D). The vast

majority of ESTs Less than 300 bp in Length have low similarity to Arabidopsis peptides, whereas for

ESTs more than 300 bp there is a positive correlation between EST Length and blastx score (Figure 3.1,

panel E). OveralL, 76.6% (69,258) of hq 3 ESTs have blastx E values < 1e5 (score > 110) vs. Arabidopsis

peptides, compared to 91 .0% (20,508) for ESTs> 800 bp. This analysis identifies 2007 hq poplar ESTs in

the sequences described here with bLastx E values > 1 e5 and length > 800 bp (Supplemental Table

S.3.1; see Appendix I) that may represent genes Lost during Arabidopsis evolution, gained during popLar

evoLution, or otherwise sufficiently diverged in sequence to no Longer be recognizable as simiLar

sequences since Arabidopsis and Populus diverged c. 100 milLion years ago. In a comparable analysis

performed by Sterky et a!. (2004) using Populus contig sequences derived from ESTs, they found 97.9%

of contigs> 1,000 bp (1089 of 1112) had a blastx score> 100 vs. Arabidopsis peptides.

3.3.4 Development of a poplar cDNA microarray

Based on the generation of poplar ESTs, we have developed a poplar cDNA microarray

composed of 15,496 cDNA eLements seLected from 14 cDNA Libraries representing Leaves, buds, phLoem,

xyLem, bark and root tissues, as welL as cultured ceLLs (Table 3.4). Clones on the array were selected
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from a CAP3 assembly of Ca. 37,000 3’-end ESTs and are enriched for EST sequences from elicitor- or

herbivore-treated Libraries (i.e. 6,322 ESTs of 40.7%). FunctionaL annotation of array eLements has

been assigned according to the TAIR Arabidopsis protein set using BLASTX, as well as using BLASTX

versus the set of ca. 45,000 protein models predicted from the draft version of the popLar genome

sequence. OveralL, 11,418 (73.6%) of 15,496 spotted cDNAs have simiLanty to the TAIR Arabidopsis

protein set by BLASTX (E <1e5), compared to 12,947 (83.6%) cDNAs with simiLarity to predicted popLar

genome ORFs by BLASTX (E <1e5).

To perform an initiaL vaLidation of the popLar 15.5K cDNA microarray performance, totaL RNA

was isoLated from five fuLLy developed Leaves from each of five one-year oLd popLar trees, pooLed, and

used to evaLuate the faLse change rate. Four technicaL replicate hybridizations were performed using

this same RNA source, independentLy converted to cDNA, and LabeLed with dendrimer 350 Cy3 or Cy5

fluorescent Labels. Among the four hybridizations, the median foreground signaL intensity for bLank

elements (Cy3 73.8; Cy5 112.7), DMSO buffer-onLy eLements (Cy3 174.3; Cy5 279.4) and DNA-based

negative controL elements (Cy3 156.1; Cy5 241.7) was low compared to that of EST elements (Cy3

4,371 .4; Cy5 3,759.3), indicating a Low Level of non-specific hybridization. Among the three possibLe

combinations for randomly assigning RNA in each channeL to treatment groups when comparing the four

slides in seLf-seLf hybridizations, the number of differentialLy expressed (fold-change > I .5x; p vaLue <

0.05) EST array elements was 94 (0.60%), 130 (0.83%) and 131 (0.84%) of 15,496 total. Differential

expression in this case is due to technical variation between hybridizations. To estimate the faLse

discovery rate (FDR), we caLcuLated q vaLues (Storey and Tibshirani 2003) and found the FDR for the

three possible self-self combinations was 100.0%, 86.2% and 56.2% at p = 0.05, and 100%, 86.2% and

48.9% at p = 0.001, respectiveLy, suggesting there are no genes appearing as reliably differentially

expressed when seLf-seLf hybridizations are performed (Supplemental Table S.3.2; see Appendix I).

3.3.5 Microarray transcriptome profiling of FTC herbivory of poplar leaves

We utiLized the popLar 15.5K cDNA microarray to examine globaL changes in gene expression in

poplar in response to insect herbivory. Clonal hybrid popLar (P. trichocarpa x deltoides, Hil-li

genotype) saplings were subjected to feeding by FTC Larvae caged on trees using mesh bags (Figure

3.2). Differentially expressed genes were seLected using two criteria: foLd-change between FTC

herbivory and untreated controL >1.5x and Student’s t-test p value < 0.05. For a complete List of

expression data for alL genes represented on the microarray see SuppLemental TabLe S.3.2 (Appendix I).

Using these criteria, after 24hrs of FTC feeding 1,191 microarray elements were classified as up-

regulated, compared to 557 down-reguLated elements. We determined the FDR to be 7.5% at p = 0.05,

diminishing to 0.3% at p = 0.001 (SupplementaL Table 5.3.2; see Appendix I). As demonstrated by the

boxplots in Figure 3.3, the majority of variation in our microarray experiments is derived from

technical sources rather than biologicaL, with the ANOVA estimate of technicaL variation being greater

than biologicaL variation for 91.1% of array elements (Supplemental TabLe 5.3.2; see Appendix I). This
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Figure 3.2: Herbivory experiment set-up under greenhouse conditions. Insects were caged under
mesh bags placed on the Lowest five healthy mature leaves of six month old poplar trees (A).
CaterpiLLars infLict damage to leaf tissue by feeding from the outer edges (B). Representative image of
leaf damage inflicted after 24hrs of caterpillar feeding (C). Scale bars indicate approximate size.
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Figure 3.3: BoxpLots showing the distribution of technicaL and bioLogicaL variation among the 15,496
array eLements using ten microarray sLides to assess the bioLogicaL response to forest tent caterpiLLar
herbivory, and a mixed effects modeL to estimate variance (see MateriaLs and Methods).
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likely reflects the use of genetically identical plants that were treated uniformLy under controlled

greenhouse conditions. As illustrated in Figure 3.4, representative scatter plots for self-self

hybridizations (left panel) and the response to FTC herbivory after Z4hrs of feeding (right panel)

demonstrate the broad dynamic range of the popLar 15.5K microarray in the detection of differentially

expressed transcripts.

FTC-induced genes identified in this analysis were classified into ten functional groups based on

annotation to Arabidopsis. The most prominent FTC-induced genes of these ten groups and alt

differentially expressed transcription factors are shown in TabLes 3.6 and 3.7, respectively. Viewed

broadly, the FTC-induced genes include genes invoLved in general metabolism, photosynthesis,

transport, transcriptional regulation and signaling, octadecanoid and ethylene signaling, response to

stress, secondary metabolism, detoxification and redox processes, as welt as cDNAs with no significant

match to Arabidopsis and genes of unknown biologicaL processes. The data provided in Tables 3.6 and

3.7 and Supplemental Table 5.3.2 (Appendix I) provide a first insight into large-scale transcriptional

changes in popLar (eaves in response to insect feeding.

3.3.6 Genes of unknown functions affected by FTC

Examples of microarray cDNA elements with no similarity to Arabidopsis that represent FTC-

induced or FTC-repressed poplar genes include ESTs W50151_C13 and W50192_L21 (TabLe 3.6). These

ESTs have high similarity to other poplar ESTs in our collection, as well as to other angiosperm EST

sequences in the public domain, confirming they are Legitimate expressed sequences (data not shown).

Even among ESTs with similarity to Arabidopsis genes, many of these genes are of unknown function.

Examples of such poplar genes induced after FTC feeding include genes with similarities to Arabidopsis

expressed protein (poplar EST WS0156_N20), senescence-associated protein (WSO2OIO_G16), and a

protein induced upon wounding (WS0153_M02) (TabLe 3.6).

3.3.7 Genes of general metabolism affected by FTC

Several array elements for genes involved in general metabolism revealed induced transcript

levels in poplar leaves upon FTC feeding (Table 3.6). These include an apyrase (WS0124_K08),

thymidylate kinase (WSO1 56_L05), aminopeptidase M (WSO21 2_121), an acid phosphatase

(WSO1 24_G 12), a phosphorylase family protein (WSO1 46_L23), a tipase (WSO1 32_Al 5), lycopene beta

cyclase (WS01223_F23), phytoene synthase (W50145_F03), carbonic anhydrase (WSO1 54_DOl) and an

expansin (WSO1 11 6_COo). Both apyrases and thymidylate kinase are involved in energy metabolism.

The former hydrolyzes nucLeotide tn- and diphosphates to nucleomonophosphates and in plants are

postulated to function in nodulation and energy metabolism (Cohn et at. 2001). The latter catalyzes

the phosphorylation of dTMP to form dTDP in both the de novo and salvage pathways of dTTP synthesis.

Aminopeptidases are a diverse family of proteases that hydrolyze the amino-terminal residues of

peptides or proteins and have been shown to perform important roles in protein synthesis and turnover.
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Figure 3.4: Experiments conducted to assess the performance of the popLar 15.5K cDNA microarray.
Left paneL; scatter plot iLLustrating the technicaL reproducibility and dynamic range of the popLar 15.5K
microarray. Total RNA from untreated mature popLar Leaves was Labeled with either Cy3 or Cy5 fLuors
and directly compared on the same slide in four separate hybridizations (representative slide shown).
Right panel; scatter plot illustrating the detection of genes differentialLy expressed between total RNA
from untreated mature Leaves and Leaves exposed to caterpillar feeding for 24hrs (four hybridizations
performed, with dye-flip; representative slide shown). Two-, three-, five- and ten-fold-changes in
gene expression are indicated by the paralleL Lines that flank the probe set data. Genes differing by
greater than three-foLd between treatments are indicated by green open circles.
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Table 3.6: Selected forest tent caterpillar-responsive array elements.
A complete list of array elements is given in Supplemental Table S.3.2 (see Appendix I). Abbreviations: FC, fold-change; P, p
value; Q, q value; LRR, leucine-rich repeat. Color scale from dark green to dark red correlates with fold-change expression.
*Also analyzed by QRT-PCR (see Table 3.8 and Figure 3.5). Fold-change at least

•:
-12 -6 -3 -1.5 — ÷1.5 ÷3 +6 +12

Clone ID BLASTX vs. Arabidopsis AGI Code E Value BLASTX vs. poplar protein model E-value FTC @ 24hrs
FC P 0

0.001
<0.001
<0.001

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

)<0.001
3.65 0.001
0.52 0.003

<0.001
<0.001
<0.001

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.001
0.002

<0.001
0.006
0.012

5e-44 estExt_Genewisel_vl .C_LG_V0741 4e-64
7e-92 grail3.0012036701 le-119
7e-22 gwl.VIlI.1629.1 le-40

0.59 0.001 0.006
0.64 0.006 0.017
0.64 <0.001 0.002

estExt_fgenesh4_pg.C_1 470038 1 e-1 07
fgenesh4_pg.C_LG_1X000872 7e-65
gwl.179.28.1 3e-36
estExt_fgenesh4_pg.C_LC_X1 886 2e-97
estExt_Genewisel _vl .C_LG_Xl110635 1 e-1 12
estExt_fgenesh4_pg.C_LG_XIV1 163 1 e-1 10
grail3.0136006501 le-77

No significant match to Arabiciopsis
WSO151_C13 No significant match n.a. na. estExt_fgenesh4_pg.C_LG_X0093 2e-64 <0.001 <0.001
WSO1 92_L21 No significant match na. na. estExt_Genewisel_vl .C_LG_VIII1 172 le-1 1 <0.001 0.001
Biological process unknown
WSO1 56_N20 Expressed protein At5g58990 2e-41 estExt_Genewisel_vl .C_LG_l1 066 2e-61
WSO2O1 0_Cl 6 Senescence-associated protein Ati g53885 9e-25 gwi .158.158.1 1 e-51
WSO1 53_M02 Induced upon wounding At4g24220 8e-30 grail3.0040028802 5e-48
General metabolism
WS0212_121 Aminopeptidase M At4g33090 3e-66 gwl .VI.1 753.1 8e-84
WS0124_K08 Apyrase AtSgl 8280 6e-20 eugene3.00190357 6e-38
WS0146_L23 Phosphorylase family protein At4g24340 3e-29 eugene3.00870003 4e-99
WSO1 24_Cl 2 Acid phosphatase At4g251 50 3e-53 estExt_Genewisel_vl .C_LG_10436 2e-98
WSO1 56_LOS Thymidylate kinase At5g59440 le-58 gwl .1.2892.1 5e-8O
WSO1 223_F23 Lycopene beta cyclase At3gl 0230 1 e-64 eugene3.000901 04 1 e-l 10
WSO1 32_Al 5 Lipase At2g3l 100 3e-42 estExt_Genewisel_vl .C_LG_1V2794 4e-87
WSO145_FO3* Phytoene synthase At5g17230 8e-77 fgenesh4_pg.C_LG_11000533 5e-88
WSO1 1 16_C06 Expansin At4g382l 0 2e-56 estExt_fgenesh4_pg.C_LG_IXOO1 4 8e-77
WSOl 54_DOl Carbonic anhydrase At3gOl 500 7e-23 grail3.000501 0201 3e-49
WS0231_Kl 9 Galactinol synthase Atl g56600 7e-51 estExt_fgenesh4_pm.C_LG_XIIIOO25 4e-63
Photosynthesis
WSO2O1 l_K12 Photosystem II protein AtlgO3600
WS0142_N19 Chlorophyll A-B binding protein Atlg6l52O
WS01224_M03 Ferredoxin reductase At5g23440
Transport
WSO21 2_005 ATPase At2g2452O 3e-97
WS0156_A09 Metal transporter At2g30080 9e-51
WS0156_0l3* ABC transporter family protein Atl 965410 8e-32
WSO1 14_Hi 2 Major intrinsic protein At4gO 1470 2e-85
WSO114_D04* Caireticulin AtigO92lO 6e-95
WS0142_JO5 Sec23A transport protein At4g14160 2e-8l
WSO144_M07 Lipid transfer protein At2g44300 2e-i6
Transcriptional regulation & signaling (also see Table 3.7)
WSO2O5_I02 LRR transmembrane protein kinase At5g5i56O
WSO1 223_DO 1 Choline kinase Atl g7432O
Octadecanoid and ethylene signaling
WSO1 21 2_LO5 Lipoxygenase Ati g72520 1 e-51
WSO1 55_D02* Allene oxide cyclase Ati gi 3280 3e-69
WSO14S_BO7 Allene oxide synthase At5g42650 ie-25
WSO1 23_G08 S-adenosylmethionine synthase Ati g02500 9e-30
WSO2O1 1 1 -amimocyclopropane-1 -carboxylate oxidase Atl g0501 0 3e-34
Response to stress
WSO134_Gl4* Kunitztrypsin inhibitor At1g17860 2e-05
WS0205_PO8 Glycosyl hydrolase At4g38650 2e-46
WS0143_A03* Basic endochitinase At3g12500 4e-75
WS0144_M15 Stable protein 1 At3gi 7210 6e-36
WSO2O4_Dl6 Jacalin/lectin family protein Atlgl 9715 3e-21
Secondary metabolism
WSO1212_M19 CytochromeP45o At1g33730 le-41
WSOI2I2_B20* Isoflavonereductase At4g3923O 4e-37
TPS1* (-)-germacrerie D synthase (GB# AAR99061) At5g23960 le-l25
PPOI* Polyphenol oxidase PPO1 (GB#AAG21983) na. n.a.
WS01214_G1 9 3-deoxy-D-arabino-heptulosonate 7-phosphate synthase At4g39980 5e-16
WSO2O1_G13 4-coumarate C0A ligase At1g20510 3e-53
WSO2O1 l_F21 Laccase/diphenol oxidase At5g09360 1 e-56
WSOI68_K06* Chorismate synthase Ati 948850 8e-l 5
WSO1 11 O_A05* 5-enoylpywvylshilcimate 3-phosphate synthase Ati g48860 3e-l 9
WSO1 54_H05 Phenylalanine ammonia-lyase At2g37040 8e-57
WSO1 224_J04 Chalcone synthase AtSgl 3930 2e-70
Detoxification, redox processes
WSO1 45_IOI Superoxide dismutase copper chaperone Ati gi 2520
WSO1 78_N24 Glutathione S-transferase At2g29420
WS0162_C15 Thioredoxin At2gOl27O
W5O144_C22 Peroxidase At5g05340

<0.001
<0.001
<0.001
<0.001

5.09 <0.00 1
4.36 <0.001
0.63 0.001

2e-57 grail3.O03302960l
2e-8O gwl.III.525.1

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.006

3e-95 <0.001 <0.001
le-lO4 <0.001 <0.001

fgenesh4_pg.C_LG_l000375 le-142
gwl .IV.4073.1 4e-97
grail3.004001570l 2e-34
estExt_Genewisel_vl .C_LG_XIIlO4892e-34
eugene3.00002047 2e-45

I<0.001
<0.001
<0.001

2.02 <0.001
2.41 <0.001

<0.001
<0.001
<0.001
<0.001
0.001

estExt_fgenesh4_pg.C_LG_X0O93
gwl .IX.l264.1
grail3.000i 024001
estExt_fgenesh4_pm.C_LG_XO585
estExt_Genewisel _vl .C_64O646

Se-40
2e-39
1 e-l 21
2e-58
7e-89 I

<0.001
<0.001
<0.001
<0.001
<0.001

<0.001
<0.001
<0.001
<0.001
<0.001

estExt_fgenesh4_pg.C_1 580005 7e-64
eugene3.22230002 2e-99
eugene3.OOl 30815 0
gwl.XI.3509.1 0
gwl V.2753.1 2e-24
fgenesh4_pg.C_LG_VOOl 627 1 e-61
estExt_Genewisel_vl .C_LG_XIX22281e-l 01
grail3.0049006403 9e-23
eugene3.00021350 2e-22
estExt_Genewisel_vl .C_280658 3e-67
eugene3.0O140920 3e-78

<O.OOl

<0.001
<0.001
<0.001

.33 <0.001
447 <0.001
.26 0.004

<0.001
<0.001

3.O0 0.011
2.99 0.003

0.002
<0.001
<0.001
<0.001
0.001

<0.001
0.013

<0.001
<0.001
0.027
0.010

Se-36 gwl.III.445.i 6e-53
4e-27 eugene3.00161127 2e-78
2e-41 estExt_fgenesh4_pm.C_LG_V1110540 3e-69
6e-82 estExt Genewisel vl.C LG X1110228le-114 !<0.00l

<0.001
<0.001 <0.001
<0.001 0.001

11.25 <0.001 <0.001
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With regard to plant defense, two Leucine aminopeptidases have been demonstrated to be induced

LocaLly or systemicaLly in tomato in response to insect feeding, pathogen infection, wounding, methyL

jasmonate, abscisic acid, ethyLene and severaL abiotic treatments (Pautot et at. 1993; Chao et at.

1999). It has been proposed that aminopeptidases may moduLate induced defenses as activators of

peptide hormones in plant defense signating, or may facititate turnover of proteins damaged during

wounding, or may directLy inactivate digestive enzymes and gut peptide hormones within insect guts,

possibty in conjunction with pLant protease inhibitors (Pautot et at. 1993). Both phytoene synthase and

lycopene beta cyctase are part of the carotenoid biosynthesis pathway, the former being the first

committed, and potentiatty rate-timiting step invotving the condensation of two geranyLgeranyL

diphosphate moLecules to produce I 5-cis phytoene, and the tatter catalyzes a two-step reaction that

creates 13-carotene and its derivative xanthophylts (Hirschberg 2001). Although the direct connection to

ptant defense is not immediateLy evident for xanthophylls, whose primary rote is photoprotection via

energy dissipation from photosynthesis through non-photochemical quenching; another possibte product

of this biosynthesis pathway is the hormone abscisic acid, which together with the jasmonate and

ethylene signating pathways modutates defense gene expression (Anderson et aL. 2004). During

photosynthesis in C4 plants, carbonic anhydrase is invoLved in converting CO2 into bicarbonate for

fixation by the primary carboxylating enzyme phosphoenoLypyruvate carboxyLase. Recentty a carbonic

anhydrase in tobacco was shown to bind saticytic acid in chtoropLasts, have antioxidant activity and

function in the hypersensitive response in plant disease resistance (Slaymaker et aL. 2002). Expansins

are key reguLators of ceLL wait extension during growth via disruption of hydrogen bonds between

cetLutose microfibriLs and cross-Linking gtycans in the ceLl watt (Li et at. 2003), and tikety contribute to

the strengthening and/or repair of damaged ceLt waLLs during pathogen and insect attack. Among

general metabotism genes down-reguLated after FTC feeding we identified a gatactinoL synthase

(WS0231_K19), which is responsible for raffinose famity oligosaccharide production (Table 3.6).

3.3.8 Photosynthesis genes affected by FTC

In general, many genes associated with photosynthesis were down-regulated by FTC feeding

incLuding a photosystem II protein (WSO2OII_K12), a chlorophyll A-B binding protein (WS0142_N19) and

a ferredoxin reductase (WS01224_M03) (TabLe 3.6). The inverse correLation between photosynthesis-

and defense-retated gene reguLation has atso been observed in other targe-scale studies of the response

to insect herbivory in angiosperms (Hermsmeier et at. 2001; Zhu-Satzman et aL. 2004). This response

presumabLy altows resource realtocation to defense responses, with reduced resource commitment to

less important functions.

3.3.9 Transport genes affected by FTC

Among genes that were induced by FTC feeding and associated with transport functions (Tabte

3.6), we identified severat ATPases (e.g. WSO21 2_005), a metaL transporter (WSOI 56_A09); severat ABC
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proteins (e.g. WSO1 56_013), caireticulin (WS0114_D04), a sec23A transport protein (WS0142_J05), and

a major intrinsic protein (WSOI14_H12). Predicting a possibLe bioLogicaL roLe for putative transport

proteins in pLant defense is particularLy chaLLenging due to the broad range of potentiaL substrates. For

exampLe, ATPases activeLy transport a range of ions (e.g. H, Ca2, Nat, K*, C1, Mg2) into or out of

vacuoLes and/or ceLLs to support innumerabLe bioLogicaL functions. In addition to their traditionaL role

in detoxification processes, ABC proteins in pLants have been demonstrated to participate in

chLorophyll biosynthesis, formation of Fe/S cLusters, stomatal movement and ion fluxes (Martinoia et

aL. 2002). ABC proteins may also be directly invoLved in pLant defense via transport of signaling

molecules such as jasmonate (TheodouLou et al. 2005), or transport of phytochemicaLs as has been

shown for aLkaloid (Shitan et aL. 2003) and tepernoid (Jasiiiski et aL. 2001) defense compounds, or

reinforcement of cuticuLar waxes (Pighin et aL. 2004).

Catreticutin is a highLy conserved muLtifunctiona[ protein, mainLy LocaLized to the endopLasmic

reticulum, that has been suggested to be involved in many biologicaL processes, chief among these

being caLcium binding, caLcium signaLing and as a chaperone. Plant catreticutins have been

demonstrated to be up-reguLated in response to pathogen-related signaling molecuLes incLuding ceLL

waLL degrading enzymes of pLant pathogenic bacteria and salicylic acid (Denecke et aL. 1995), and after

nematode infection of plant roots (Jaubert et aL. 2002). Sec23A transport proteins are part of the coat

protein compLex II (COPII) that seLectiveLy incorporates cargo moLecuLes and vesicte-targeting

machinery into transport vesicles budding from the endoplasmic reticuLum in the initiaL step of the

secretory pathway (Movafeghi et aL. 1999; Bickford et al. 2004); however, the direct connection to

plant defense is uncLear. Major intrinsic proteins facilitate the passive transport of smaLL poLar

molecules such as water or gLyceroL across ceLL membranes (Johanson et at. 2001), and presumabLy are

contributing to the redistribution of gLyceroL stores during the defense response.

One of the more abundant cLasses of genes represented on the popLar 15.5K microarray

involved in transport or generaL metaboLism is the Lipid transfer proteins (LTP). We observed most LTP

genes not to be responsive to FTC feeding; however, several genes within this Large family were either

induced or repressed after FTC attack (e.g. WS0144_M07). LTPs are smaLl, basic proteins synthesized

as precursors that transfer phosphotipids between membranes and bind fatty acids in vitro and have

been proposed to be invoLved in severaL processes potentiaLly associated with pLant-insect interactions

incLuding cutin biosynthesis (Kader et aL. 1997), pathogen-defense reactions (Garcia-OLmedo et aL.

1995), and the recognition of intruders in plants and in systemic resistance signaLing (BLein et aL. 2002;

MaLdonado et aL. 2002). The interpretation of function is compLicated by the fact that LTPs are

represented by a Large number of genes with severaL sub-families, and as of yet no systematic

characterization of LTPs has been performed in any pLant species.
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3.3.10 Transcriptional regulation and signaling affected by FTC

Transcriptional reguLation and intracelLuLar signaLing cascades for plant defense in generaL, and
secondary metaboLism in particular, are poorly understood. Among genes associated with signaLing

that were induced by FTC feeding we identified a leucine-rich repeat transmembrane protein kinase

(WS0205j02) and a choline kinase (WSO1 223_DOl). Leucine-rich repeat containing

transmembrane/receptor-Like kinases (LRR-RLK) are represented by Large gene famiLies in plants and

are able to perceive external signaLs at the pLasma membrane and initiate signaLing cascades via their
cytopLasmic protein kinase domains (Diévart and Clark 2004). Thus far few LRR-RLKs have known

functions, and there is LittLe information concerning their ligands and which downstream signaling

pathways are affected. In tomato, a LRR-RLK has been demonstrated to bind the systemic defense
signaling peptide hormone systemin (Scheer and Ryan 2002); however, a systemin-Like peptide hormone

has yet to be identified in poplar. A novel rote is emerging for phospholipids as second messengers in

plant ceLls that are rapidLy formed in response to a variety of stimuLi via the activation of Lipid kinases

and phosphatases (Meijer and Munnik 2003). Phosphatidytchotine is a major phosphotipid of eukaryotic

membranes, which among other functions serves as a reservoir for Lipid second messengers. ChoLine
kinase is part of the biosynthesis pathway for phosphatidylchotine and has previously been

demonstrated to be induced in response to saLt stress in Arabidopsis (Tasseva et al. 2004).

Utilizing a set of 1,618 transcription factors identified in Arabidopsis (Arabidopsis Gene

ReguLatory Information Server at the Ohio State University; http: / /arabidopsis. med. ohio

state.edu/AtTFDB/; May 9th, 2005 download; Davuluri et aL. 2003) we screened the BLASTX annotation

to Arabidopsis to classify 458 ESTs on the poplar 15.5K array as putative transcription factors. Among

this set, 56 transcription factors from 20 different famiLies were differentialLy expressed in response to
FTC feeding, with 40 transcription factors induced and only 16 repressed (Table 3.7). Among the more

commonly induced transcription factor families were zinc finger C3H type, APETELA (APZ)/ethyLene

responsive-eLement binding (EREBP), basic helix-Loop-helix (bHLH), WRKY, and no apical mersitem

(NAM/NAC) classes. Each of these transcription factor cLasses are represented by large gene families in

Arabidopsis (i.e. zinc finger C3H, 33 genes; AP2/EREBP, 144 genes; bHLH, 139 genes; WRKY, 72 genes;

NAM/NAC, 109 genes; Riechmann et aL. 2000). To date most transcription factors Linked to pLant stress

responses have been derived from the AP2/EREBP, WRKY, MYB and bZIP famiLies (Stracke et at. 2001;

Singh et at. 2002). The List of transcription factors in Table 3.7, especialLy those from transcription

factor cLasses previously associated with plant defense, provide an interesting set of targets for further

characterization in poplar insect defense.
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Table 3.7: Selected forest tent caterpillar-responsive transcription factors.
A complete list of array elements is given in Supplemental Table S.3.2 (see Appendix I). Abbreviations: FC, fold-
change; P, p value; Q, q value. Color scale from dark green to dark red correlates with fold-change expression.
*Also analyzed by QRT-PCR (see Table 3.8 and Figure 3.5). FoId-geatIea

-12 -6 -3 -1.5 — +1.5 +3 6 +12

WSO171_K21
WS0144_119
WS0232_C14
WSO1119_005
WS0168_El 1
WS01218_M01
WS0206_N03
WS0223_023
WS0205_P06
WS0183_E12
WS0193_E15
WS0205_O1 0
WS0204_K1 0
PXOO11_G13
WS0148_l15
WSO161_N01
WSO1 81_F07*
WS0232_N20
WSO1 58_M20
WS0168_N18
WS0233_M05
WS0178_A09
WSO131_P03
WSO2O1_118
WS0231_E05*
WSO21 4_A24
WSOI 83_109
WSO1 25_Al 7
WSO181_A04
WS0221_Pl 1
WS0206_Kl 7
WSO1 51_G22
WSO151_P20
WS0206_Nl5
WS0202_B20
WS0205_L05
WS0224_B09
WSO214_L1 3
WSO1 22_J23
WS023422
WS0212_H16
WS0175_N24
WS0222_C23
WS0183_C14
WSO1 67_E22
WSO1 74_BOl
WS0214_F06
WSO1 62_N 05
WSO1214_J05
WS0204_107
WSO1 66_El 0
WS0126_P16
WS0232_G07
WS0234_L03
WSO1 24_104
WSO14I N18

At3g58030 6e.-19
At1g19310 5e-19
At5g48655 8e-l6
At5g59000 le-41
At3g55530 le-48
Atlg77200 3e-43
At3g23240 4e-35
At1g78080 4e-33
At2g28550 2e-07
At5g14540 2e-29
At4g17880 3e-29
At1g05710 6e-39
At2g46510 8e-21
At1g69010 4e-15
At2g46510 3e-25
At3g47640 7e-42
At4g37260 2e-40
At2g37630 2e-23
At5g62000 9e-43
At3g54810 2e-36
At3g54810 4e-34
At4g24470 2e-67
At5g56860 3e-06
Atl 980840 4e-38
At5gl 3080 le-38
At3g56400 3e-30
At4g22070 2e.-44
AtI 980840 3e-26
At5g28770 6e-30
At2g40950 2e-51
At3g62420 2e-18
At1g75390 2e-39
At5g28770 4e-40
At1g75390 2e-37
At2g46410 le-12
At4g27410 4e-07
At1g01720 2e-96
At1g01720 le-14
At2g02450 5e-15
At5g08790 le-69
AtlgOl 720 6e-14
At3g57150 2e-14
At5gl 31 80 6e-57
At2g45190 4e-14
At2g25180 4e-06
Ati 907530 6e-83
At4g00730 Se-14
At4g37790 Se-17
At4g16780 3e-22
At4g16780 le-18
At2g47900 3e-53
At5g60850 2e-07
At3g20910 4e-16
At5g12330 6e-19
At3g02380 5e-49
At3q02380 7e-44

estExt_Genewisel_vl .C_LG_XVI1 842
eugene3.00021 229
fgenesh4_pg.C_LG_IIl00l 250
gwl.l.1077.l
estExt_fgenesh4_pm.C_LG_lX0591
gwl .XVIII.2541 .1
gwl.V.1199.1
fgenesh4_pm.C_LG_ll000437
gwl .X.2501 .1
fgenesh4_pm.C_LG_l000853
estExt_fgenesh4_pm.C_l 180004
eugene3.0l420061
fgenesh4_pg.C_LG_Il001 585
eugene3.001 50276
fgenesh4_pg.C_LG_II00l 585
grall3.0005058901
gWl .11.3970.1
gwl.123.183.l
eugene3.001 50845
eugerle3.00080330
estExt_fgenesh4_pg.C_LG_X201 5
eugene3.00050602
grail3.001 3019801
eugene3.00061 944
grail3.0005030601
grail3.0023037401
estExt_Genewisel_vl .C_LG_X1V3374
estExt_fgenesh4_pm.C_LG_11l0624
gwl .70.190.1
grail3.0024020901
eugene3.00080995
estExt_Genewisel _vl .C_LG_V1 456
estExt_Genewisel_vl .C_LG_X1l11499
estExt_fgenesh4_pg.C_LG_IV1 320
eugene3.00070231
estExt_Genewisel _vl .C_LG_X13994
grail3.0003068301
eugene3.00050086
estExt_Genewisel_vl .C_LG_IV1 433
grail3.00l 1008901
grail3.0003068301
gwl .VI.2308.l
estExt_Genewisel _vl .C_LG_17833
grail3.0033028501
fgenesh4_pg.C_LG_Vl00l 883
fgenesh4_pm.C_LG_1X000604
estExt_fgenesh4_pg.C_LG_1110408
estExt_fgenesh4_pg.C_LG_Il1 036
fgenesh4_pm.C_LG_lll0001 87
fgenesh4_pm.C_LG_llI0001 87
estExt_fgenesh4_pg.C_LG_VlII1 741
No match
eugene3.0001 1755
grail3.0074009801
gwl .123.49.1
estExt_fqenesh4_pm.C_LG_1V0339

E-value FTC @ Z4hrs
FC P Q

7e-64 <0.001 <0.001
3e 40 4 <0001 <0001
le-94 2.28 <0.001 0.001
3e-88 1.82 <0.001 0,001
2e-74 0.65 0.002 0.008
5e-52 3.83 <0.001 0.003
2e-50 2.11 <0.001 <0.001
4e-49 2.07 <0.001 <0.001
5e-07 1.51 0.041 0.066
3e-71 327 <0.001 0.003
le-47 3.17 <0.001 <0.001
5e-61 2.12 0.002 0.010
le-40 2.06 <0.001 0.002
3e-97 1.66 <0.001 0.001
9e-59 1.59 0.001 0.005
le-105 0.62 <0.001 0.001
4e-49 2.89 0.010 0.025
8e-63 0.66 0.005 0.016
3e-84 2.69 <0.001 0.001
le-74 2.66 <0.001 <0.001
2e-58 2.05 <0.001 <0.001
le-125 0.60 0.003 0.010
2e-29 0.36 <0.001 0.001
le-65 2.46 <0.001 0.003
7e-56 2.44 0.008 0.021
le-137 2.19 <0.001 0.001
4e-72 1.70 0.001 0.006
le-41 1.63 0.003 0.010
4e-80 2.34 0.002 0.009
le-95 2.02 0.001 0.004
2e-69 1.67 0.002 0.008
4e-75 0.61 0.005 0.016
le-l21 0.57 <0.001 0.001
7e-73 0.55 <0.001 <0.001
5e-25 2.24 <0.001 0.002
le-81 2.23 0.019 0.038
le-136 1.96 <0.001 0.002
5e-55 1.82 0.002 0.009
3e-33 1.66 0.007 0.018
le-85 1.61 0.002 0.007
8e-33 1.61 0.006 0.018
7e-21 1.51 <0.001 0.002
le-llO 0.61 <0.001 <0.001
3e-23 1.94 0.006 0.017
7e-21 1.91 0.002 0.008
le-130 1.69 0.003 0.012
8e-25 1.63 0.003 0.012
5e-34 1.54 0.001 0.004
9e-65 0.50 0.001 0004
2e-40 0.48 0.001 0.006
le-64 1.51 0.001 0.005
n.a. 0.64 0.004 0.012
7e-72 0.63 0.001 0.006
6e-63 0.59 0.028 0.050
le-98 0.56 0.001 0.005
le-99 0.54 <0.001 0.003

clone ID BLASTX vs. Arabidopsis AGI code E value BLASTX vs. poplar protein model

Zinc finger C3H type
Zinc finger C3H type
Zinc finger C3H type
Zinc finger C3H type
Zinc finger C3H type
AP2-EREBP
AP2-EREBP
AP2-EREBP
AP2-EREBP
Trihelix
Basic helix-loop-helix
Basic helix-loop-helix
Basic helix-loop-helix
Basic helix-loop-helix
Basic helix-loop-helix
Basic helix-loop-helix
Myb
Myb
Auxin response factor
Zinc finger C2C2-GATA
Zinc finger C2C2-GATA
Zinc finger C2C2-GATA
Zinc finger C2C2-GATA
WRKY
WRKY
WRKY
WRKY
WRKY
bZlP
bZIP
bZIP
bZIP
bZIP
bZIP
Myb-related
No apical meristem (NAM/NAC)
No apical meristem (NAM/NAC)
No apical meristem (NAM/NAC)
No apical meristem (NAM/NAC)
No apical meristem (NAM/NAC)
No apical meristem (NAM/NAC)
No apical meristem (NAMINAC)
No apical meristem (NAM/NAC)
C2C2-YABBY
ARR-B
GRASlscarecrow-like
Homeobox leucine zipper
Homeobox leucine zipper
Homeobox lecuine zipper
Homeobox leucine zipper
TUB
Zing finger C2C2-Dof
CCAAT-HAP2
Zinc finger C2H2
Zinc finger C2C2-CO-like
Zinc finqer C2C2-CO-like
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3.3.11 Octadecanoid and ethylene pathway genes affected by FTC

PLant responses to biotic and abiotic stresses are regulated LocaLly and systemically by a

compLex network of signaLing cascades including peptide signals (e.g. systemin), salicyLic acid,

ethyLene, H202, and fatty acid-derived oxyLipins. Within this Latter cLass, we observed several genes

within the octadecanoid biosynthesis pathway to be strongly induced in poplar Leaves in response to

FTC feeding incLuding a Lipoxygenase (LOX; WS01212_L05), an alLene oxide cyctase (AOC; WS0155_D02)

and an aLLene oxide synthase (AOS; WS0145_B07), as welL as two key genes invoLved in ethyLene

biosynthesis, S-adenosytmethionine synthase (SAM synthase; WSO1 23_G08) and 1 -aminocycLopropane-1 -

carboxyLate oxidase (ACC oxidase; WSO2O1 i_102) (Table 3.6).

A rote for jasmonates in pLant defense was proposed by Farmer and Ryan (1992) who

demonstrated that wounding ted to the formation of jasmonates and the subsequent induction of genes

for proteinase inhibitors that deter insect feeding. Since then a tremendous amount of work has

substantiated the importance of octadecanoid- /oxyLipin-signaLing in plant-insect defense responses

(Howe 2004; Hatitschke and BaLdwin 2005). The first biosynthesis step in oxylipin formation is

cataLyzed by LOX enzymes, which introduces moLecuLar oxygen at the C-i 3 position of Linotenic acid,

and which comprise a muttigene famiLy with specificity for production of either jasmonates or green

Leaf votatites, the tatter via the action of hydroperoxide tyase. In Laboratory studies, plants deficient

in the expression of jasmonates derived from LOX genes are impaired in their abiLity to produce

chemical defenses (e.g. protease inhibitors and nicotine) and are more susceptible to herbivore attack

(Royo et al. 1999; Halitschke and BaLdwin 2003). Moreover, in field studies comparing tobacco

(Nicotiana attenuate) pLants transformed with anti-sense LOX, hydroperoxide Lyase (HPL) or AOS genes,

only the LOX-deficient pLants were more vulnerable to N. attentuata’s adapted herbivores, as welt as

noveL herbivore species (Kessler et al. 2004). FoLlowing the action of LOX enzymes, the next steps in

jasmonate biosynthesis are the formation of an epoxide by AOS, ring formation by AOC, followed by a

reduction step and three rounds of B-oxidation. An Arabidopsis knock-out mutant defective in AOS was

unable to make endogenous jasmonates, even after wounding, and was defective in wound signal

transduction for both vegetative storage protein and LOX genes, which are inducible by wounding and

jasmonate treatment in wild-type plants (Park et aL. 2002). In tomato, anti-sense AOC plants are also

defective in wound signaL transduction for protease inhibitors and are defective in jasmonic acid

biosynthesis (StenzeL et at. 2003). CoLlectiveLy, these studies imply that depending on the plant

system, disruption of LOX, AOS and/or AOC activity can significantly reduce jasmonate production and

impair wounding- and herbivory-responsive signal transduction in plant defense. The induction of LOX,

AOS and AOC transcripts in popLar in response to FTC feeding suggests the importance of these

enzymes, and jasmonates in general, in activating and/or modulating the poplar defense response.

Both SAM synthase and ACC oxidase are part of the ethylene biosynthesis pathway. Ethylene is

an important modulator in defense signal transduction (Feys and Parker 2000) that has been

demonstrated to be induced in response to insect herbivory in several plant systems (Arimura et al.
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2000; Winz and BaLdwin 2001) and has been demonstrated to regulate defense-oriented genes such as

protease inhibitors (O’DonneLl et at. 1996), defensin (Penninckx et aL. 1998) and pathogenesis-related

proteins (Diaz et aL. 2002).

3.3.12 Stress response genes affected by FTC

Among genes involved directLy in pLant defense against insects, we identified several popLar

transcripts induced by FTC feeding incLuding basic endochitinases (e.g. WS0143_A03), Kunitz trypsin

protease inhibitors (e.g. WSO1 34_G14), gtycosyt hydrotases (e.g. WS0205_P08), a stable protein 1

(WSO14&.M1 5), and Lectin proteins (e.g. W50204_D16) (TabLe 3.6). Endochitinases represent a Large

and diverse group of enzymes that catalyze the cLeavage of internal B-1,4-glycoside bonds present in

the biopolymers of N-acetyLgLucosamine found in chitin, a major component of fungaL, bacterial and

invertebrate cell waLLs. Plant chitinases are classified as pathogenesis-reLated (PR) proteins and have

been demonstrated in many plant systems, including popLar (CLarke et aL. 1994), to be transcriptionatly

induced in response to both biotic (e.g. viruses, bacteria, fungi, insect pests etc.) and abiotic (e.g.

drought, saLinity, wounding, pLant hormones etc.) stress (Kasprzewska 2003). Kunitz protease

inhibitors (Pis) are smaLl proteins present at high concentrations in storage tissues that are aLso

inducible in poplar Leaves in response to attack by insects and pathogenic organisms (Bradshaw et at.

1990; Hollick and Gordon 1993; Haruta et at. 2001a). Pis are postuLated to contribute to pLant defense

by forming a stable compLex with protease enzymes in the insect gut, inhibiting protease activity and

thereby reducing absorption of amino acids from consumed Leaves, causing a reduction in insect

growth. In a separate study we identified Ca. 30 Kunitz PIs in the poplar genome, organized in gene

cLusters, and demonstrated that the majority of these transcripts are inducibLe in Leaves in response to

wounding, caterpiLLar feeding, and methyL jasmonate; aLthough a direct impact on insect performance

remains to be determined (RaLph 5, Lippert D and BohLmann J, unpubLished resuLts). GtycosyL

hydrolases have previously been identified as PR proteins because they are rapidLy induced during

fungaL attack and are proposed to contribute to plant defense by digesting waLL components of the

fungaL pathogen. Furthermore, gLycosyl hydrolases can be involved in the reLease of agtycons and

possible activation of a wide array of smalL molecules. Lectins are carbohydrate-binding proteins, many

of which have insecticidal activity (Peumans and Van Damme 1995) and are frequentLy induced after

wounding.

3.3.13 Secondary metabolism genes affected by FTC

We observed the activation in FTC treated poplar [eaves of several genes involved in phenolic

and terpenoid secondary metabolism including polyphenol oxidase (PPO1), several cytochrome P450

genes (e.g. W501212_M19), isofLavone reductase (WS01212_B20), severaL terpene synthases [e.g. (—)-
germacrene D synthase TPS1 1 3-deoxy-D-arabino-heptulosonate 7-phosphate (DAHP) synthase

(WS01214_G19), chorismate synthase (WS0168_K06), 4-coumarate CoA ligase (4CL) (WSO2O1_G13),
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severaL laccases (e.g. WSO2OI1_F21), 5-enoyLpyruvylshikimate 3-phosphate (EPSP) synthase

(WSO1 11 0_A05), phenytalanine ammonia-Lyase (PAL) (WSOI 54_H05), and chaLcone synthase

(WS01224_J04) (TabLe 3.6).

Phenotic secondary metaboLites have been proposed to play a variety of roLes in defense as

phytoaLexins, radicaL scavengers or structural barriers. PhenyLpropanoid metabolism builds on the

shikimate pathway which (inks the metabolism of carbohydrates to the biosynthesis of aromatic

compounds. In a series of seven metabolic steps, phosphoenolpyruvate (PEP) and erythrose 4-

phosphate (E4P) are converted to chorismate, which is the precursor of the aromatic amino acids

tryptophan, phenyLaLanine and tyrosine (Herrmann, 1999). Genes representing several enzymatic steps

within the pathway were induced by FTC feeding including: DAHP synthase, the first step invoLving

condensation of PEP and E4P; EPSP synthase, which is the sixth step of the pathway that catalyzes the

condensation of PEP and shikimate 3-phosphate to produce 5-enoyLpyruvylshikimate 3-phosphate; and

chorismate synthase, the final step eliminating phosphate from EPSP to produce chorismate. The most

abundant classes of secondary phenoLic compounds are subsequently derived from phenylaLanine,

which is converted to a variety of phenotic defense compounds including fLavonoids, stilbenoids,

condensed tannins and other poLyphenolics, aLong with the structural poLymer Lignin, via the action of a

complex metabolic grid of different enzyme activities (Dixon et at. 2001). Among this group of

enzymes we observed both PAL and 4CL to be induced after insect feeding, whereas other steps in the

metabolic grid were generally unresponsive to insect attack (Supplemental Table 5.3.2; see Appendix

I). This is in agreement with earlier studies using hybrid poplar suspension-cultures that showed

induction of PAL and 4CL mRNAs in response to fungal elicitor treatment (Moniz de Sá et aL 1992).

Among genes encoding enzymes of branch pathways of phenylpropanoid metaboLism, we

observed severaL laccases/diphenoL oxidases and PPOs to be induced after FTC feeding. Laccases are

proposed to be involved in the poLymerization of monolignoLs to produce Lignin and Lignans based on

their ability to oxidize monoLignoLs and their close spatial and temporal correlation with lignin

deposition, and they are organized as a multigene famiLy in poplar (Ranocha et at. 1999). Increased

gene expression of Laccases could lead to strengthening of ceLL waLls during insect attack via increased

lignin deposition and/or increased production of toxic Lignans. PPOs cataLyze the oxidation of o

diphenols to o-diquinones, which are highLy reactive with phenoLic substrates and are proposed to

cross-link with dietary proteins of feeding insects, resulting in decreased amino acid assimilation

(FeLton et al. 1992). In poplar, it has been demonstrated that a PPO mRNA is inducible by herbivores,

wounding and methyl jasmonate (Constabel et aL. 2000), and that over-expression in transgenic poplar

reduces FTC performance (Wang and Constabel 2004). Another important branch of phenytpropanoid

metabolism for plant defense is the production of flavonoids, the first step of which is catalyzed by

chaLcone synthase, which is frequently induced at the transcript level in plant species in response to a

variety of stresses (Dixon and Paiva 1995). SimiLarly, isoflavonoid phytoalexins are low molecular
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weight antimicrobial compounds synthesized in response to abiotic and biotic stress, invoLving among

other enzymes the activity of isofLavone reductase, which is induced after FTC feeding.

In addition to phenolic metabolites, the isoprenoid biosynthesis pathway leads to the

production of possibly thousands of terpenoid compounds that are important components in many pLant

defense systems (Huber et aL. 2004). SpecificaLly in poplar, recent work has demonstrated the systemic

induction of terpenoid voLatile emission from trees under FTC attack (Arimura et aL. 2004). Such

volatiLes can serve as signaLs to attract predators and parasites of herbivores. The sequiterpene

synthase germacrene D was induced both localLy and systemicaLLy upon FTC feeding on popLar Leaves

resulting in systemic diurnaL emission profiles of (—)-germacrene D (Arimura et aL. 2004). FTC-induced

terpene synthases identified in the new poplar EST resources could contribute to additionaL

components of the FTC-induced bLend of terpenoid emissions (Arimura et aL. 2004).

3.3.14 Oxidative stress genes affected by FTC

Oxidative stress is known to be caused by the damage imposed by herbivore feeding and

therefore, it is not surprising that the transcript abundance of severaL proteins that contribute to

ceLLuLar survival after oxidative damage was increased. These incLuded thioredoxin (WSO1 62_Cl 5),

severaL gLutathione S-transferases (e.g. WS0178_N24), a superoxide dismutase copper chaperone

(WS0145_I01) and severaL peroxidases (e.g. WS0144_C22).

3.3.15 Refined gene-specific expression using QRT-PCR

In order to vaLidate our microarray results and obtain more refined gene expression data we

designed gene-specific primers for 16 transcripts seLected from TabLes 3.5 and 3.6 and analyzed their

expression using QRTPCR (TabLe 3.8 and Figure 3.5). These genes were chosen to represent a variety

of functionaL
Table 3.8. Fold-change differences measured using QRT-PCR between five trees subjected to

classifications and FTC herbivory for 24hrs and five untreated control trees.

Abbreviations: FC, fold-change; LLCI, lower limit 95% confidence interval; ULCI, upper limit 95%
confidence interval; EPSP synthase, 5-enoylpyruvyishikimate 3-phosphate synthase. For further
details see Materials and Methods and Figure 3.5.

range from 2.41-fold

(i.e. ACC oxidase;

WSO2OII_102) to 32.31-

fold (i.e. Kunitz

protease inhibitor;

WSO1 34_G14) induction

according to

microarray anaLysis

(Table 3.6). Among

these 16 transcripts, 14

were induced (fold-

change >1.5x, p vaLue

Clone ID BLASTX vs. Arabidopsis FTC @ 24hrs
FC LLCI ULCI P value

WS0143_A03 Basic endochitinase 239.98 103.58 555.98 <0.001
PPO1 Polyphenol oxidase PPOI 129.83 68.74 245.19 <0.001
WSO18I_F07 Myb transcription factor 72.13 27.39 189.96 <0.001
WS0134_G14 Kunitztrypsin inhibitor 54.66 17.44 171.32 <0.001
WS01212_B20 Isoflavone reductase 30.90 17.13 55.75 <0.001
WS0145_B07 Allene oxide synthase 16.98 8.42 33.92 <0.001
WS0231_E05 WRKY transcription factor 15.91 7.21 35.08 <0.001
TPS1 (-)-germacrene D synthase 11.32 5.09 25.13 <0.001
WS0155D02 Allene oxide cyclase 10.22 5.83 17.89 <0.001
WSOII4_D04 Calreticulin 5.86 3.48 9.84 <0.001
WSO2O1_G13 4-coumarate CoA ligase 4.39 3.12 6.16 <0.001
WS0156_013 ABC transporter family 4.30 1.76 10.49 0.005
WSO1I1O_A05 EPSP synthase 4.01 1.58 10.16 0.008
WS0168_K06 Chorismate synthase 2.13 1.18 3.84 0.017
WS0145F03 Phytoene synthase 1.65 0.95 2.86 0.069
WSO2OII_102 ACCoxidase 1.07 0.59 1.95 0.779
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<0.05) in response to FTC feeding, in agreement with resuLts obtained using microarrays. In generaL,

we observed Larger changes in gene expression using QRT-PCR, LikeLy reflecting the greater dynamic

range of detection and sensitivity of this method compared to cDNA microarrays. Significant FTC-

induced gene expression ranged from 2.1 3-foLd for chorismate synthase (WS01 68_K06) to 239.98-foLd

for a basic endochitinase (WS0143_A03). Phytoene synthase was aLso weakLy induced (1 .65-foLd), but

lacked significant statisticaL support. ALthough ACC oxidase was weakly induced according to our

microarray resuLts, QRT-PCR anaLysis indicates this transcript is not induced after FTC feeding. Since

ACC oxidase is represented by a muLti-gene famiLy in many plant species the induced gene expression

obtained using cDNA microarrays may refLect induction of a cLoseLy reLated gene famiLy member. In

agreement with the reLatively Low biologicaL variation observed in our microarray analysis (Figure 3.3),

very consistent Levels of expression were observed for each transcript among untreated controL trees,

and gene induction in response to FTC feeding was also very similar among trees (Figure 3.5).

3.3.16 Conclusions

In summary, we have deveLoped and appLied a comprehensive set of functional genomics

resources that form the foundation for functionaL characterization of defense mechanisms against

insect herbivory in popLar. The Large scaLe of our EST sequencing program, combined with the

application of normaLization strategies during library construction, and a focus on herbivore- and

eLicitor-treated cDNA Libraries has enabLed us to capture potentiaLLy three-quarters of the Ca. 45,000

genes in the popLar genome and compLement existing public Populus ESTs. Based on our EST resources

we have developed the popLar 15.5K cDNA microarray, which when appLied to the study of FTC-treated

Leaves reveaLed more than 1,700 differentialLy expressed genes. This set of defense response genes

contains severaL genes previousLy identified as components of the induced defense response to

defoliating insects in popLar (e.g. endochitinases, Kunitz protease inhibitors, polyphenol oxidases). In

addition, our transcriptome profiting reveaLed many genes not previously associated with induced

popLar defense (e.g. ABC proteins, calreticuLin, carotenoid biosynthesis, LRR-RLK, choLine kinase) and

emphasizes the potential importance of jasmonates in popLar defense signaling. Of speciaL interest

among this defense gene set are the 40 transcription factors induced after FTC feeding that potentiaLLy

represent master switches for regulating the induced defense profiLe of popLar in response to

defoliating insects.
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Figure 3.5: QRT-PCR analysis of gene expression in response to forest tent caterpiLLar herbivory (FTC).
Values were determined using QRT-PCR and represent fold-change differences between five trees
subjected to FTC herbivory (HI to H5) for Z4hrs and five trees Left untreated as a control (CI to C5).
Gene expression was determined in each tree using at least three independent technical repLicates.
Transcript abundance for each gene was normaLized to translation initiation factor 5A (TIF5A;
WSO116_J23) by subtracting the Ct value of each transcript, where tCt = Cttranscnpt - CtTwA.
Transcript abundance of genes in control and FTC samples were obtained from the equation (1 + E)t,
where E is the PCR efficiency, as described by Ramakers et al. (2003). A transcript with a relative
abundance of one is equivalent to the abundance of TIF5A in the same tissue. Statistical significance
of expression differences was determined using a mixed effects model (see Materials and Methods).
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4. FLcDNA Cloning and Genome Mining of Poplar Kunitz-type
Protease Inhibitors Reveals a Rapidly Diverging Gene Family
of Insect Gut-Resistant Proteins with Tissue-Specific Stress
Inducible Expression3

Kunitz-type protease inhibitors (KPIs) in poplars form a large gene famiLy containing at Least 31

members with evidence for tandem duplications playing a rote in its evolutionary history. IndividuaL

members group into six subfamilies. The specific patterns of the poplar KPI gene famiLy structure are

different from those found in other pLant genomes such as Arabidopsis thaliana. AnaLysis of gene

expression using microarrays and quantitative real-time PCR (QRT-PCR) demonstrates that KPIs are

constitutively expressed throughout the pLant at varying LeveLs in different tissues, and strongly

induced by mechanical wounding, herbivory by forest tent caterpillar (FTC, Malacosoma disstria

Hübner), and methyl jasmonate (MeJa) in treated leaves. Insect oraL secretions added to mechanically

wounded Leaves seem to suppress KPI expression. We provide evidence of intact popLar KPIs being

found in the gut of obLique-banded Leaf rolLers (Choristoneura rosaceanae Harris) after feeding on

popLar Leaves. This work uncovers the diversity of KPIs found in poplar and provides support for their

function in popLar defense against insect herbivores.

4.1 INTRODUCTION

Inhibitors of proteolytic enzymes are widely distributed in plants (Richardson 1977; Ryan 1973).

Suggested bioLogical functions incLude acting as reguLators of endogenous protease activity, as storage

proteins, and protecting plants against insect herbivores and pathogenic microorganisms. A muLtitude

of diverse protease inhibitors (Pis) have been isolated and identified from plants and have been

grouped into at least 10 classes (Laskowski and Kato 1980; Rawlings et al. 2004; Richardson 1991). PIs

function by competing with substrates for the proteases’ active sites, though different Pt classes vary

in the proteases targeted and particuLar mechanisms of inhibition (Bode and Huber 1992). One such

class of Pis is the Kunitz-type family, whose first member was isolated from soybean (Glycine max (L.)

Merr.) (Kunitz 1945, 1946, 1947). Kunitz-type Pis (KPIs) are smaLl proteins of approximateLy 20-25 kDa,

usualLy monomeric with one reactive site responsibLe for inhibition of targeted proteases. However,

exampLes of dimeric KPIs have been recorded (Pouvreau et at. 2001). KPIs possess a 13-trefoiL foLd with

10 to 12 antiparallel 13-strands connected by Long Loops (Song and Suh 1998). On one of these loops is a

reactive region which protrudes out of the globular P1’s tertiary conformation and interacts with the

protease’s active site to form an enzyme-inhibitor complex, thereby preventing enzyme activity

through competitive inhibition (Bode and Huber 1992). Most KPI proteins have four conserved cysteine

A version of this chapter wilL be submitted for pubLication. PhiLippe RN, Ralph SG, Kulheim C, Jancsik
S, White R and Bohlmann J (2008) PopLar Kunitz protease inhibitors form an expanded gene family with
stress-inducible expression and enhanced protein stability in the gut of Choristoneura roseceana.

88



residues that form two disulfide bridges, though KPIs with only one or no disutfide bridges exist (Araujo

et aL. 2005; CavaLcanti et at. 2002; Macedo et at. 2007). The first disulfide bridge in the primary amino

acid sequence is the most conserved and helps form the reactive region Loop in the tertiary protein

conformation, and is thought to be necessary for P1 activity (CavaLcanti et aL. 2002; DibeLLa and Liener

1969).

Work by Green and Ryan (1973) recognized that Pis play a rote in protecting plants from insect

herbivores. Pis are able to inhibit digestive proteases found in the insect gut, negativeLy affecting

insect growth and development by potentially inducing over-secretion of digestive proteases (Broadway

and Duffey 1986). Insects can respond to plant KPIs in their diet by up-regulating production of

proteases that are Less susceptible to inhibition (Broadway 1995; Jongsma et aL. 1995; Mazumdar

Leighton and Broadway 2001b, a) or by producing more proteases (Bown et at. 1997, 2004; Broadway

1997; Gatehouse et at. 1997). This tight bioLogical interaction between digestive proteases from the

insect and Pis from the plant can result in seLective pressures promoting gene evolution. Indeed, there

is evidence that poplar KPIs are under strong selective pressure and are rapidly evolving (Ingvarsson

2005; Miranda et at. 2004; Talyzina and Ingvarsson 2006).

KPIs comprise part of the induced defense response in poplars activated by insect feeding

(Philippe and Bohlmann 2007). KPIs were implicated in poplar defense against herbivores by Bradshaw

et at. (1990) and in related willows (Salix viminalis L.) by Saarikoski et at. (1996). The upstream

promoter region that controls expression of a poplar KPI gene results in systemic expression in tobacco

(Nicotiana tabacum c.v. Xanthi) in response to wounding and insect feeding and during seed

development (Hollick and Gordon 1993, 1995). Individual KPI genes have been cloned in a few poplar

species demonstrating Local and systemic response to wounding, herbivory, and methyL jasmonate

(MeJa) (Bradshaw et at. 1990; Haruta et at. 2001). While soybean KPIs showed in vitro inhibition of gut

proteases of the poplar pests Lymantria dispar L. and Clostera anastomosis L., transformation and in

vivo expression in Populus nigra L. did not impact insect development (Confalonieri et at. 1998).

However, tobacco (N. benthamiana) plants producing poplar KPI proteins negatively impact tobacco

budworm (Heliothis virescens Fabricius) growth (Lawrence and Novak 2001), and recent work has

demonstrated that poplar KPIs inhibit proteases in vitro and in forest tent caterpillar (FTC, Malacosoma

disstria Hübner) gut extracts (Major and Constabet 2008). In addition, microarray profiling experiments

of insect defense responses in poplar showed strong up-regulation in source Leaves of many KPI genes

due to feeding (Major and ConstabeL 2006; Ralph et at. 2006). These data indicate the existence of a

large KPI gene family in poplar. To obtain a better understanding of the poplar KPI family and its

evolution, characterization of the complete poplar KPI gene family was necessary. The sequenced

poplar genome (Tuskan et at. 2006) and other emerging poplar genomics resources (Ralph et aL. 2006,

2008) provide unique opportunities for genomic Level characterization of the evolution of poplar KPIs

and their involvement in induced poplar defense responses.
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4.2 MATERIALS AND METHODS

4.2.1 Plant material, insects and rearing, and oral secretion collection

Populus trichocarpa Torr. a Gray x P. deltoides Bartr. (Sa[icaceae), cLone Hil-il, was grown

on the University of British Columbia South Campus farm in Vancouver, BC, Canada. Cuttings of 30-100

cm were taken in February 2003 from the previous year’s shoots, pLaced in soft (35% peat, 15% perLite,

50% pasteurized mineral soil, 250 gm3 OsmocoteTM 13-13-13 plus micronutrients) in two-gallon pots

(Stuewe a sons Inc., CorvaLLis, USA), and watered daiLy. Trees were maintained in a greenhouse under

constant summer conditions where a constant 16-hour photoperiod was provided by high-pressure

sodium Lamps. Tissues for the study of stress-inducibLe gene expression were coLLected from trees of

150 cm to 170 cm in height in August 2003. Average greenhouse temperature during the month was

23.8°C (21.3°C minimum and 28.9°C maximum), with an average reLative humidity of 62.7%. Tissues

for constitutive gene expression anaLysis were coLLected from trees of 170 to 200 cm in height on

September 8th, 2004. Tissues colLected incLuded juveniLe sink Leaves (LPI 0-5; (Larson and Isebrands

1971), intermediate source Leaves (LPI 6-9), mature source Leaves (LPI 10+), petioLes from the above

Leaves, bark peeLed from the stem, phLoem scraped from the inside surface of the peeLed bark, xylem

scraped from the exposed stem surface, and primary and secondary roots.

Forest tent caterpillars (FTC), Malacosoma disstria Hübner (Lepidoptera: Lasiocampidae), were

from the Great Lakes Forestry Centre (NRCan, Sault Ste. Marie, Canada). FTC were reared and

maintained on artificiaL diet (Addy 1969) at 27°C, 50-60% RH, 16-hour photoperiod. For coLLection of

FTC oraL secretions (OS), groups of 3d 4th instar FTC larvae were fed on P. trichocarpa x deltoides

Hi 1-11 trees for one day and the regurgitated contents of their foregut (oraL secretions, OS) were

coLLected by vacuum. BriefLy, the coLLection apparatus consisted of a vacuum flask pLugged with a

rubber stopper, through which a 50 L microcapiLLary was threaded and held in pLace with ParafiLm M.

A 1.5 mL microcentrifuge tube was hung inside the flask so that the microcapiLLary end touched the

inside surface. With a vacuum appLied to the fLask, individuaL FTC were picked up with fingers just

behind the head and mandibLes and pLaced next to the upright microcapiLLary, the head even with the

hoLe. With a gentLe pinching/massaging motion, FTC were induced to empty their mouth and foregut

contents into the tube for a single donation. A tube accumuLating -400 1.iL of OS was immediately

seaLed and placed at -80° C. MuLtipLe coLLections were pooled and divided into aLiquots for storage and

use. UnLess otherwise mentioned, aLL other reagents and soLvents were from Fischer Scientific

(Pittsburgh, USA), Sigma-ALdrich (St. Louis, USA), EM Science (Darmstadt, Germany) or Invitrogen

(CarLsbad, USA).

Eggs for oblique-banded Leaf roLLers (Choristoneura roseceana Harris (Lepidoptera: Tortidae))

(Agriculture and Agri-Food Canada, Pacific Agri-Food Research Centre, SummerLand, British Columbia,

Canada) were raised on artificiaL diet (multipurpose lepidopteran diet, Bio-Serv, Frenchtown, NJ, USA)

containing 0.36% choLine chloride and 500 mg U1 Oreomycin (Bio-Serv, Frenchtown, NJ, USA) in a
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growth chamber with 18-hour photoperiod and 23 /20°C day/night temperature cycLe. Leaves from a

year-oLd sapLing (approximateLy 150 cm talL) were used for feeding obLique-banded Leaf rolLers for gut

content coLLection in Late June 2006. Four Larvae were pLaced on each of four P. trichocarpa x

deltoides Hi 1-li sapLings and were alLowed to feed for seven days, then colLected and immediateLy

frozen on dry ice with subsequent storage at -80°C untiL gut content coLLection.

4.2.2 Herbivory/Wounding/OS/MeJa treatments and tissue harvest

For the herbivory, mechanicaL wounding, OS and untreated controL treatments, the five Lowest,

fuLLy-expanded, heaLthy Leaves of each tree were caged in mesh bags secured at the stem (Figure 4.1).

Treated Leaves had a surface area of approximateLy 425 cm2. For insect treatments, groups of five 3rd

to 5th instar M. disstria Larvae were caged on Leaves after being starved for 40hrs on moist fiLter paper.

For mechanicaL wounding treatments, four 10 cm strips were punctured paralleL to the midrib on each

of the five caged Leaves with a pattern wheel. The OS treatment was identicaL to mechanical

wounding except that 20 L of FTC OS was aLso appLied to the wound sites. An additionaL set of five

control trees were covered with mesh bags, but were otherwise Left untreated. MeJa treatment

consisted of covering aLL but the five Lowest, fuLLy-expanded, heaLthy Leaves of each tree with a Light

weight plastic bag and then spraying the uncovered treatment Leaves with 25 mL of a 0.01% v/v MeJa in

0.1% v/v Tween 20 soLution. Spraying was performed in a room separate from other treatments, and

the plastic bags were removed after 1 hour. ControL trees for the MeJa experiment were treated in the

same manner except that they were sprayed with 25 mL of a 0.1% v/v Tween 20 soLution. ALL

treatments and time points consisted of five bioLogicaL replicate trees. Leaves with petiotes removed

were harvested from each treated and controL tree after 2, 6, and 24 hours, separateLy fLash frozen in

Liquid nitrogen and stored at -80° C.

4.2.3 RNA isolation, microarray hybridization and analysis

TotaL RNA was isolated, quantified, and checked for integrity and purity by spectrophotometer,

agarose geL, and reverse-transcription with Superscript II reverse transcriptase (Invitrogen) with an

oLigo d(T18) primer and oP32 dGTP (Amersham-Pharmacia Biotech, Buckinghamshire, UK) incorporation

according to KoLosova et aL. (2004). For each treatment and time point, equal amounts of totaL RNA

were combined from each of the five bioLogicaL repLicate trees prior to cDNA microarray anaLysis.

SampLes were indirectLy LabeLled with Cy5 and Cy3 fluorescent dyes using the 3DNA Array 350 kit

(Genisphere, HatfieLd, PA, USA). ALL microarray experiments were designed to comply with MIAME

guideLines (Brazma et aL. 2001). ALL scanned microarray TIF images, the gene identification file, and

ImaGene quantified data fiLes are available at the Gene Expression Ombibus (GEO) database of the

National Center for Biotechnology Information. CompLete descriptions of the 15.5K popLar cDNA

microarray pLatform (GEO pLatform number GPL5921), hybridization protocoL, image capture and

processing, and data anaLysis are described eLsewhere (RaLph et al. 2006). For the herbivory,
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Figure 4.1: Treatment conditions for the LocaL defense profiLing experiment. The five Lowest, fuLLy
expanded, non-senescing source Leaves from untreated controL trees were encLosed in a mesh bag (a).
The same cLass of Leaves were subjected to physicaL damage treatments as foLLows: (b) fed upon by five
FTC (Malacosoma disstria) caterpiLLars, (c) damaged with 4 x 10 cm Leaf punctures made with a fabric
wheeL, or (d) damaged as in (c) but with the addition of 20 jL M. disstria OS. An additionaL treatment
was performed using a spray of 0.01% v/v MeJa compared to a 0.1% v/v Tween20 controL (e), in which
untreated Leaves above the spray region were bagged in pLastic for 1 hour during spray appLication to
prevent exposure to MeJa.

a Untreated Control
(Bagged)

b Caterpillar Feeding e MeJa Treatment
& Tween Control
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Figure 4.2: Summary of the hybridization design for the LocaL defense profiLing microarray
experiments. A total of 92 sLides were used for three separate hybridization designs (paneLs A-C).
Arrows indicate hybridization between two sampLes, with the Cy5- and Cy3-LabeLLed sampLe at the head
and tail, respectiveLy. Numbers above arrows indicate muLtipLe sLides for that comparison. Black
arrows designate comparisons between a treatment and its respective control and red arrows designate
comparisons within a treatment over time. C, untreated control; H, FTC herbivory; M, mechanicaL
wounding; 0, wounding plus FTC oraL secretions; T, Tween control; J, MeJa; 2, 6, or 24 hours after the
initiation of treatment.

A

C

93



mechanical wounding and OS treatments, total RNA from treated and untreated controL leaves was

compared using a baLanced Loop consisting of direct and indirect comparisons across treatments and

time points, with dye balance, using a total of 54 hybridizations (Figure 4.2, paneL A). For the MeJa

experiment, a total of 18 hybridizations were performed to directly compare total RNA from MeJa

treated and Tween control Leaves at each time point, as well as among MeJa-treated Leaves across

time points, with dye balance (Figure 4.2, paneL B). We chose to use RNA pools of five bioLogical

replicates because of the size of the overall experiment consisting of 90 trees and 18 treatments and

time points. Although it wouLd have been preferable to use independent bioLogical replicates

throughout array anaLyses, we have previously shown that technical variation exceeds biological

variation when geneticaLly identical trees derived from clonat propagation are used under greenhouse

conditions in a microarray analysis of plant herbivore responses (Ralph et al., 2006). In this previous

study, nearly identicaL resuLts were obtained with technical or biologicaL replicates. To validate our

findings with pooled biological repLicates, we also performed 20 additional hybridizations using five

independent biological replicates for each treatment to examine differential gene expression at the

peak response time point for each treatment (i.e., MeJa 2hrs, OS 2hrs, mechanical wounding 6hrs and

herbivory 24hrs) (Figure 4.2, panel C).

Before data normaLization, the lowest 10% of median foreground intensities was subtracted

from the median foreground intensities to correct for background intensity. After quantification of the

signaL intensities, data were normalized to compensate for nonlinearity of intensity distributions using

the variance stabilizing normalization (vsn) method (Huber et al. 2002). To assess the transcriptional

response to stress treatments, a Linear mixed-effects modeL was fitted to the normalized intensities in

the Cy3 and Cy5 channels of each experiment using 54 (pooLed biological repLicates; herbivory,

mechanical wounding and OS treatments), 18 (pooled bioLogical replicates; MeJa treatment) or 20

(independent biological repLicates; aLl treatments) microarray sLides, respectively. The model

contained an adjustment for dye effect, an array effect indicating which Cy5/Cy3 pair was on each

array, and a treatment effect indicating treatment and time point. Expression variance was obtained

from technical variance among slides or from a combination of technical and biologicaL variance for the

pooled bioLogical replicate and independent biological replicate experiments, respectively. Next, the

ratio of the treatment minus untreated or tween control parameter estimate to the standard error was

used to calculate a t statistic and P vaLue. The Q value for each effect and gene was calculated for

each of the modeLs to adjust for the false discovery rate (Storey and Tibshirani et aL., 2003). ALl

statistical analyses were performed within the R statistical package (version 2.5.1; http: / Iwww.r

proiect.org/). Differentially expressed transcripts were defined as having fold-change ratios >1.5,

P<0.05, and Q<0.05. Analysis of the entire microarray dataset and temporal patterns of source leaf

response wilt be presented elsewhere (Ralph, Lippert, Philippe and Bohlmann, in preparation).
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4.2.4 Isolation of poplar full-length KPI cDNA clones

A TBLASTN search of the Treenomix poplar EST database (www.treenomix.ca; Ralph et at. 2006,

2008) containing 90,368 ESTs derived from 3’-end sequencing was performed using plant KPI protein

sequences available from GenBank to identify a set of 365 putative KPI ESTs from poplar. CAP3

sequence assembly software (Huang and Madan 1999) was used to group ESTs into singletons and

contigs (40 bp overlap, 95% identity). KPI clones in the pBluescript II SK(+) vector were identified in our

cDNA Library glyceroL stocks, insert sizes were determined using PCR with -21 M13 forward (5’-

TGTAAAACGACGGCCAGT-3’) and Ml 3 reverse (5’-CAGGAAACAGCTATGAC-3’) primers, and cDNA inserts

were sequenced to high accuracy using the same primers. cDNA clones were selected for complete

insert sequencing in order to capture all available unique full-length (FL) cDNA sequences from as many

poplar genotypes as possible. In total, 79 cDNA inserts were sequenced to high accuracy, resulting in

the identification of 57 poplar KPI FLcDNAs that corresponded to 41 unique FLcDNAs based on in silico

comparisons and genotype origin.

4.2.5 Sequence and phylogenetic analyses

The complete inventory of poplar KPI proteins in the P. trichocarpa Nisqually-1 genome

(http: / /genome.jgi-psf.org/Poptrl _1 /Poptrl _1 . home. html) was identified in a comprehensive search

using BLASTP analyses against the 45,555 protein-coding gene loci predicted from the poplar genome

sequence. As query sequences, we used publicly available plant KPI proteins, as well as the 41 KPI

proteins identified in the Treenomix poplar EST collection (see above). BLASTP analyses were repeated

with each newly identified KPI protein from the poplar genome until no further sequences with

significant similarity were identified. Predictions for p1 and molecular mass were made using the

entire ORF and the p1/Mw tool at Expasy (www.expasy.org/tools/pi_tool.html). Amino acid multiple

sequence alignments of all identified poplar KPI proteins (see Figure 4.5) were performed using

ClustaIW (www. ebi . ac. uk/clustalw/) and Boxshade

(bioweb.pasteur.fr/seqanal/interfaces/boxshade.html). All poplar KPI sequences were aLigned using

Dialign (threshold=0) (Morgenstern et al., 1998; http: //bioweb.pasteur.fr/seqanal/interfaces/dialign2-

simple.html). These multiple sequence alignments were manually adjusted prior to maximum

likelihood analysis using Phyml v2.4.1 (Guindon and Gascuel, 2003) with the JTT (Jones et at., 1992)

amino acid substitution matrix. The proportion of invariant sites as welt as the alpha shape parameter

were estimated by Phyml. Trees were generated using BIONJ (Gascuet, 1997), a modified neighbor

joining algorithm. SEQBOOT of the Phylip v3.62 package (Felsenstein, 1993;

http: / /evolution . genetics.washington.edu/phylip. html) was used to generate 500 bootstrap replicates,

which were then analyzed using Phyml and the previously estimated parameters. CONSENSE, also from

Phylip, was used to create a consensus tree. Treeview (Page, 1996) was used to visualize all trees.

Bootstrap values for nodes above 67% were indicated on the maximum likelihood tree generated from

the original data set. For the phylogenetic analysis of poplar KPI in relation to other plant KPIs, NCBI
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Genbank was searched using keyword ‘pLant Kunitz’. Forty-five mRNA sequences and 11 protein

sequences (see Figure 4.6) for non-popLar pLant species annotated as trypsin or Kunitz protease

inhibitors were colLected. Predicted or actual protein sequences were aligned with the 31 popLar KPI

genome modeLs using CLustaLW, and a phyLogenetic tree was generated using the CLustaLW guide tree.

4.2.6 Quantitative real-time PCR analyses

QRT-PCR was performed as described in RaLph et at. (2006). For the analysis of stress-induced

gene expression in samples from individuaL trees (independent biologicaL replicates), 15 pg totaL RNA

per tree was treated with DNaseI (Invitrogen) digestion according to the manufacturer’s instructions to

remove genomic DNA. The resuLting RNA was divided into three aLiquots of 5 pg and independent cDNA

synthesis reactions were performed using Superscript II reverse transcriptase (Invitrogen) with an oLigo

d(T18) primer according to manufacturer’s instructions. The efficiency of cDNA synthesis was assessed

by gel etectrophoresis prior to pooling of the three reactions per tree. For the analysis of constitutive

and induced gene expression in pooled sampLes, 15 pg total RNA from each of five trees was pooLed

prior to DNaseI (Invitrogen) digestion according to the manufacturer’s instructions to remove genomic

DNA. Three aLiquots of 5 pg of the resulting RNA were prepared and independent cDNA synthesis

reactions were performed using Superscript II reverse transcriptase (Invitrogen) with an oLigo d(T18)

primer according to manufacturer’s instructions. The efficiency of cDNA synthesis was assessed by gel

eLectrophoresis prior to pooling of the three reactions per sample pool.

Gene-specific primers (Table 4.1) were designed using a stringent set of criteria incLuding

predicted melting temperature of 64 ± 2CC, primer Lengths of 20-24 nucLeotides, guanine-cytosine

contents of 40-60% and PCR ampLicon Lengths of 73-298 bp. The absence of introns in most KPI genes

did not aLLow us to design primers to cover an exon-exon junction. Primer specificity (single product of

expected Length) was confirmed by anaLysis on a 2% agarose geL, by melting curve anaLysis and, for at

Least one PCR reaction per gene, by sequence verification of PCR ampLicons (data not shown). Primers

for poplar translation initiation factor 5A (TIF5A) were designed (GenBank accession number CV251327;

poplar EST WSO116_J23) and served as a quantification control (forward primer 5’-

GACGGTATTTTAGCTATGGAATTG-3’, reverse primer 5’-CTGATAACACAAGTTCCCTGC-3, as in Ralph et aL.

2006). QRT-PCR was conducted on a DNA Engine Opticon 2 in an optical 96-well plate (MJ Research)

using the DyNAmo HS SYBR green kit (Finnzymes) according to manufacturer’s instructions. Reaction

mixtures contained 10 ng cDNA as tempLate, 0.3 pM of each primer and 10 pL of DyNAmo master mix in

a final voLume of 20 pL. Reactions with the cDNA tempLate replaced by nucLease-free H20 or 10 ng of

non-reverse transcribed RNA were run with each primer pair as a controL. The program for aLL PCR

reactions was: 95°C for 15 mm; 40 cycles of lOs at 95CC, 30s at 60°C, and 30 sat 72°C. Fluorescence

signal was captured at the end of each cycLe and melting curve analysis was performed from 65°C to

95°C with data capture every 0.2°C during a 1 s hoLd. Data were anaLyzed using the Opticon Monitor 2

version 2.02 software (MJ Research). For each primer pair a minimum of three independent (different

96-welL plates) technical repLicates was performed. To generate a baseline-subtracted plot of the
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Logarithmic increase in fluorescence signal (R) versus cycle number, baseLine data were coLLected

between cycLes 3 and 10. AlL amplification plots were analyzed with an R threshold of 0.005 to obtain

C (threshold cycle) values. Transcript abundance was normalized to TIF5A by subtracting the C value

of TIF5A from the C value of each transcript, where = Cttranscript - CtTIF5A. TIF5A had an average

abundance of C=18.98 +1- 0.10 (SE) in stress-induced Leaves and C= 18.39 +1- 0.26 (SE) across

constitutive tissues. Transcript abundance was obtained from the equation (1 + where E is the

PCR efficiency, as described by Ramakers et al. (2003), which is derived from the Log slope of the

fluorescence versus cycLe number in the exponentiaL phase of each amplification plot and the equation

(1 ÷ E) = 10stope• A transcript with a reLative abundance of one is equivalent to the abundance of TIF5A

in the same tissue.

Table 4.1: Oligonucleotide primers used in KPI QRT-PCR experiments
KPI Name Primer name Sequence Description1 Amplicon (bp) PCR efficiency
KPI-35.2 WS0182.J1 5.Fi 5’-GGAAATCCTGGTATTGATACC-3 -227 to -206 154 1.60

WSOI 82.J1 5.R1 5-ATTCTACGTCCATCATTCTCG-3 -94 to -73
KPI-39.2 WS0134.G14.F2 5-TTtCGTGTGGTCAATGCGAC-3’ -469 to -449 137 1.86

WS0134.G14.R2 5-AATCAAAGTTCCTTCGCGGAT-3 -353 to -332
KPI-52 WSO1 33.J 1 9.F1 5’-GGTGGTCGTTATATCATCGC-3’ -483 to -463 75 1.83

WSOI 33.J 1 9.R1 5’-CATCTGAATTGCATATGATACG-3’ -430 to -408
KPI-58 WS0144.M05.F2 5’-CTGAGCTTCTGACAATTGGTG-3’ -257 to -236 198 1.94

WS0144.M05.R2 5’-GGTTCAGTCAAAGCCAGGTA-3’ -79 to -59
KPI-59 WS0206.A21 .F2 5-TTTCTCT1TGCCTTCGCAGC-3’ -591 to 571 115 1.93

WS0206.A21.R2 5’-ACGATTAAATAGCTTGCACCAG-3’ -498 to -476
KPI-60 WSO2OIO.K09.F1 5’-TTGGCTCCCAGTACCATCTC-3 -71 to -51 110 1.80

WSO2O1 0.K09.R1 5-CCCAACACATGATCATAGCG-3 +18 to +38
KPI-62 WSOI 33.H03.F1 5-TTGATGCAAGCACATGTACTG-3’ -323 to -302 298 1.85

WSO1 33.H03.R1 5’-TTATGTGCTCTGATCCCTGG-3’ -45 to -25
KPI-63 WSOI4I .P05.F1 5’-GTAAGMTGATATAGATCAGTGC-3 -ito +22 82 1.78

WSOI4I .P05.R1 5’-TATTGATGCCCAACACATGAC-3’ +59 to +80
KPI-67 WSOI 32.F23.F3 5’-TACMCMCAAAAGGATTCATTG-3’ -260 to -237 73 1.88

WSO1 32.F23.R2 5’-GGACTTGGTGATCACATACC-3 -207 to -187
KPI-69 WSO1 33.E08.F1 5’-GTGTCATCCGCGAAGGAACC-3’ -317 to -297 78 1.82

WS0133.E08.R1 5’-GGTGTCACGCCTGCCATTG-3’ -258 to -239
KPI-70.2 WSOI 76.F22.F2 5’-CAGTTTGCGATTGCGGAGCC-3’ -140 to 120 177 1.95

WS0176.F22.R2 5’-TGCTCCCATCACTGCCCTAG-3 +16 to +36
KPI-76 WS0176.C10.F1 5’-GTGTGTCAACACTGCAAAGTT-3’ -115 to -94 183 1.92

WS0176.C10.R1 5’-CCTACAGAAGCACATGGCGT-3’ +47 to +67
KPI-80 WS0177.M03.F1 5-GCTTGGCACTTCAACATCGT-3 -181 to -161 200 1.91

WSO1 77.M03.R1 5’-GGCTATTACATACTATTCAAGC-3 -3 to +19
1 Denotes position from stop codon
2 average PCR efficiency over all samples

To assess the biological response to various stress treatments when using pooled RNA from

multiple biologicaL replicates, a mixed effects model for each gene containing a treatment effect (Ta)

minus untreated (or Tween 20) control (Ca) was fit using data from at Least three independent

technicaL repLicates derived from pooLed RNA samples of five individuaL trees. T minus C effects, as

well as technical variation were estimated using a mixed effects model where the error term for the T

minus C,-, and dye effects was computed from the technicaL variance. The ratio of the T minus C,

parameter estimate to the standard error was used to calcuLate a t statistic and P vaLue. To assess the

biologicaL response to FTC herbivory (H) when using RNA from individual trees, a mixed effects model

for each gene containing a treatment effect for H minus untreated control (C) was fit using data from
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at Least three independent technicaL repLicates derived from each of the five FTC-treated and five

untreated controL trees. H minus C effects, as weLL as bioLogicaL and technical variation were

estimated using a mixed effects modeL where the error term for the H minus C and dye effects was

computed by pooLing the biologicaL and technicaL variation. The t statistics and P vaLues were

caLculated as above.

4.2.7 Liquid chromatography - tandem mass spectrometry (LC-MS/MS) analysis of protein in insect

gut contents

Dissected C. rosaceana caterpiLLars had their midgut content between abdominaL segments I

and 5 removed and immediateLy frozen in Liquid nitrogen. To extract protein, five voLumes of

extraction buffer (100 mM TRIS pH 7.5, 1 mM EDTA, 100 mM DTT and a proteinase inhibitor cocktaiL,

containing 50 pM TPCK, 50 pM TLCK, 2 pM Leupeptin, 1 pM E64, 1pM Pepstatin, 10 mM 1,10

phenanthroline and 500 pM AEBSF) were added, vigorousLy mixed and centrifuged at 20,000 x g for 10

minutes. The supernatant was precipitated with 4 voLumes -20°C coLd acetone, and then resoLved in 10

mM TRIS (pH8) and 0.5% SOS. We reduced the proteins with 1/100 volume of 0.5 M DTT, incubated at

37° for 20 minutes, then aLkyLated by adding 1/20 vol. 0.25 M iodoacetamide and sitting for 20

minutes at room temperature, and stopped the reaction by adding 1/20 voL of 0.5 M DTT and resting

for 20 minutes at room temperature. Chromatographic separation of the complex gut protein mixture

was done with approximately 330 pg of protein on a FPLC (AKTApurifier 10, GE Healthcare,

Buckinghamshir, EngLand) equipped with a cation exchange column (MonoS) with sodium chloride

concentration increasing up to 1 M. PartialLy purified fractions of protein extracts were then separated

by standard SDS-PAGE (LaemmLi 1970), and proteins were stained with Coomassie BrilLiant Blue. Protein

bands were excised from the geL for anaLysis by Liquid chromatography coupled to tandem mass

spectrometry (LC-MS/MS). GeL sLices were processed as described previousLy (Lippert et aL. 2007;

Lippert et at. 2005). FolLowing trypsin digestion, peptides extracted from the get sLices were appLied to

a nanofLow capilLary C18 reverse phase coLumn. Chromatography was performed using an Ultimate LC

system (LC Packings, Amsterdam, Netherlands) coupled to QStar PuLsar i (AppLied Biosystems, Foster

City, CA) which was used for tandem MS anaLysis. MS data were interpreted with Mascot (Perkins et aL.

1999) by searching against a popLar protein database containing (1) a six-frame translation of a popLar

EST assembLy consisting of 78,652 sequences (derived from 369,674 EST sequences avaiLable through

NCBI) and (2) 58,036 gene modeLs from vl.1 of the JGI poplar genome (http://genome.jgi

psf.org/Poptrl_l /Poptrl_1 .home.htmL). Subsequent searches were aLso performed against a six-frame

translation of the siLkworm (Bombyx mon L.) genome (http://silkworm.genomics.org.cn) and the NCBI

nr database to identify contaminating caterpillar proteins. Standard search options were seLected for

the Mascot search incLuding a 0.3 Da toLerance for both parent and fragment masses, carbamidomethyL

cysteine was seLected as a fixed modification, and oxidized methionine as a variable modification. A

second tandem MS anaLysis was performed on the sample derived from the 20-25 kDa moLecular weight
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region of the geL. A list of tryptic peptide masses was caLcuLated for aLL of the known KPI sequences

from popLar. The List of caLcuLated peptide masses was then incorporated into the tandem MS method

as an incLusion List in an attempt to force the detection of peptides derived from KPI sequences.
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4.3 RESULTS

4.3.1 Populus trichocarpa Nisqua(ly-1 KPI genome analysis

Previous expression profiling experiments had highlighted the involvement of KPIs in poplar

defense responses to insect herbivory (Ralph et al. 2006). To identify the complete set of KPI genes in

the recentLy published Populus trichocarpa genome sequence (http://genome.jgi

psf.org/Poptr1_1/Poptr1_1.home.htmL), we performed comprehensive BLASTP searches of the 45,555

predicted protein-coding gene Loci using publicly available poplar KPI proteins, as well as the KPI

sequences from the Treenomix database (www.treenomix.ca). This effort resulted in the identification

of 31 putative KPI genes (TabLe 4.2). In Table 4.2 we present an inventory of the entire poplar KPI

family that includes the P. trichocarpa genome sequences (KPI-1 to KPI-31), poplar KPI described

previously in the literature (KPI-32 to KPI-51), and KPI cDNA cloned in the present study (KPI-52 to KPI

82).

Of the 31 KPIs identified in the poplar genome sequence, 19 of these gene models are localized

to linkage groups (LGs) (i.e., chromosomes), while the remaining 12 models are located on partially

assembled contiguous sequence scaffolds (Table 4.2). The majority of gene models mapped to LGs are

organized as gene clusters ranging in size from two to seven KPIs (Figure 4.3). Gene clusters are

Located on LG IV (KPIs 3.1, 4.1 and 5), LG VII (KPI5 6-9), LG X (KPIs 10, 11, 12.1, 13.1, and 14-16), and

LG XIX (KPIs 17 and 18), while the remaining KPI are found as singletons in the genome (i.e., KPI-1 on

LG I, KPI-2 on LG III, and KPI-19 on LG XIX; Figure 4.3). Careful inspection of the predicted KPI gene

models suggests that several are either incorrect (e.g., due to a sequencing error introducing a mis

placed stop codon) or that these loci indeed code for truncated, and likely non-functional KPI proteins.

Suspicious or truncated gene models incLude KPI-12.1, KPI-15, KPI-16, KPI-20, KPI-22, KPI-26 and KPI-31

(Table 4.2). To identify potential KPI pseudogenes within the poplar genome, the 31 KPI gene model

sequences were compared by BLASTN to Populus ESTs in GenBank. Predicted KPI genes were

considered to not be expressed if they did not match at least one EST at 95% identity with a BLASTN

match length of 400 nts. Gene models representing potential pseudogenes include KPI-1, KPI-5, KPI

16, KPI-21, KPI-22, KPI-24, KPI-26, KPI-27, KPI-29 and KPI-30 (Table 4.2). Although the lack of EST

support suggests these gene models represent pseudogenes, it is also possible that these genes are

expressed in specialized tissues or cell types, or under select environmental conditions, that are

currently not well represented within the public Populus EST resource. It is notable that 9 of the 12

gene models mapped to sequence scaffolds appear to be pseudogenes and/or code for truncated

proteins.
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Figure 4.3: Genome organization of the Kunitz protease inhibitor (KPI) famiLy in popLar. KPI-1 to KPI
19 are locaLized to six different Linkage groups (i.e., chromosomes). KPI-20 to KPI-31 are located on
scaffolds not yet mapped to the genome assembLy and are therefore not included in this anaLysis.
Gene models predicted in popLar genome assembLy version 1 .1 are indicated by block arrows (not to
scaLe), with the arrow direction corresponding to the direction of transcription reLative to the +

reference strand. Gene modeL color coding is as foLLows: green, complete KPI; yelLow, partiaL ORF KPI;
red, pseudogene KPI; bLack, adjacent non-KPI protein. AlL KPI are organized as a single exon; the
intron-exon structure of adjacent proteins is not provided. For each gene model found adjacent to a
KPI (here numbered 1 to 31) in the Linkage groups above, the gene model name, predicted function,
and best BLAST match in Arabidopsis are provided. The lines under LGX indicate reLated pairs of
unknown genes, as outLined in the text.
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4.3.2 The poplar KPI inventory

To validate the in silico analysis of KPI genes in the genome sequence and extend the discovery
of KPI genes in popLar, we performed TBLASTN searches of the Treenomix EST database and identified
365 putative KPI ESTs. In silico comparison of these sequences and compLete insert sequencing of 79
cDNA clones revealed 41 unique full Length KPI cDNAs (Table 4.2). In TabLe 4.2, these new FLcDNAs are
Listed as KPI-52 to KPI-82. Due to the rapid evolution of the KPI family (Ingvarsson 2005; Miranda et al.
2004; Talyzina and lngvarsson 2006) and the diversity of Populus species from which KPI genes have
been cLoned, any KPI gene with a unique amino acid sequence has been assigned a gene number (i.e.,
KPI-1 to KPI-82) in our inventory. Sequences that are 100% amino acid identicaL and are derived from
different genotypes or different sources (i.e., genome sequence versus a full-Length cDNA) retain the
same gene number with the additional designation .1, .2 or .3. Thus, in addition to the 82 unique KPI
proteins described above, we aLso identified ten gene sequences belonging to the KPI family from
multiple sources (Table 4.2).

Across the entire poplar KPI family, the predicted open reading frames (ORF5) range in size
from 193 (KPI-1) to 219 (KPI-47) amino acids (Table 4.2). The predicted p1 vaLues range from 3.98 (KPI
36, KPI-58 and KPI-66) to 9.72 (KPI-76), and molecuLar masses range from 20.7 (KPI.8) to 23.8 (KPI-51)
kDa (TabLe 4.2). Not incLuded in this analysis are seven KPI genes identified in the poplar genome
sequence for which the gene models appear to incorrectly predict truncated proteins (e.g., KPI-12.1,
KPI-15, KPI-16, KPI-20, KPI-22, KPI-26 and KPI-31). FLcDNA sequences for these genes remain to be
cLoned to determine the correct genome annotation. There are severaL examples of closeLy reLated
proteins sharing amino acid identity greater than 98% that may represent within-species or species-
specific aLLeles of the same genes (Table 4.3). For example, the FLcDNA KPI-3.2, obtained from the P.
trichocarpa Nisqualty-1 genotype, is identical at the amino acid Level with KPI-3.1 from the poplar
genome, but these transcripts are Less than 100% identicaL at the nucleotide Level, suggesting that KPI
3.2 is a NisquaL[y-1 alLeLic variant (Table 4.2). SimiLarLy, among other KPI sequences derived from the
same pop[ar genotypes, we identified five potentiaL atLeLic clusters that share greater than 98% amino
acid identity: a) KPI-32, KPI-52 and KPI-53 (P. trichocarpa x deltoides H11-11); b) KPI-36 and KPI-58
(Hil-li); c) KPI-42 and KPI-43 (P. nigra varietaL itatica); d) KIP-56 and KPI-59 (P. trichocarpa x nigra
NxM6); and e) KPI-60 and KPI-78 (NxM6). In addition, the following ten groups of KPI genes were
obtained from two different species and may represent species-specific alLeles (i.e., share greater than
98% amino acid identity) of the same genes: a) KPI-3.1 /3.2 (Nisquatly-1), KPI-70.1 (P. trichocarpa) and
KPI-70.2 (H11-11); b) KPI-10 (Nisqually-1), KPI-74 (H11-11) and KPI-75 (NxM6); c) KPI-12.2 (NisquaLly-1),
KPI-68 (H11-11) and KPI-82 (NxM6); d) KPI-13.1 (Nisqua[[y-1), KPI-13.2 (Hil-il) and KPI 13.3 (NxM6); e)
KPI-18 (NisquaLly-1), KPI-54.1 (NxM6), KPI-54.2 (P. trichocarpa), KPI-63 (H11-11), and KPI-71 (P.
trichocarpa); f) KPI-19 (Nisquatty-1) and KPI-66 (Hil-li); g) KPI-23 (NisquaLty-1), KPI-81.1 (H11-11) and
KPI-81.2 (NxM6); h) KPI-17 (Nisqualty-1), KPI-57 and KPI-65 (both Hil-lI); i) KPI-39.1 (P. trichocarpa)
and KPI-39.2 (Hil-il); and j) KPI-55 (HIl-li) and KPI-64 (NisquaLLy-1). We also identified three
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FLcDNAs in this project that are 100% identicaL at the nucLeotide LeveL with protein-coding Loci in the

genome (KPI-4.1 and KPI-4.2; KPI-12.1 and KPI-12.2) or a previousLy identified KPI gene (KPI-35.1 and

KPI-35.2) and thus represent the same aLLeLe (TabLe 4.2).
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Table 4.2: Poplar Kunitz-type protease inhibitor (KPI) inventory. Gene name, species, gene model, genomic location,
protein and transcript features of poplar KPI genes.

Gene Species and genotype Gene model, clone ID, or GenBank Genome location ORF p1 MWname accession length (kDa)
(aa)

KPI-1 P. trichocarpa Nisqually-l eugene3.00012306 LG_I:25845883-25846464 193 8.74 20.9KPI-2 P. trichocarpa Nisqually-1 eugene3.00030705 LG_III:9719054-9719859 203 5.65 22.7KPI-3.1 P. trichocarpa Nisqually-1 estExt_Genewise1_v1.C_LGIV2423 LG_IV:2724028-2725240 215 5.48 23.3KPI-3.2 P. trichocarpa Nisqually-1 WSOI 125_N23 na. 215 5.48 23.3KPI-4.1 P. trichocarpa Nisqually-1 eugene3.00040289 LG_IV:2728647-2729797 212 5.08 23.3KPI-4.2 P. trichocarpa Nisqually-1 WS0126_N22 na. 212 5.08 23.3KP15a P. trichocarpa Nisquaily-1 eugene3.00040291 LG_IV:2742024-2742656 210 8.40 23.1KPI-6 P. trichocarpa Nisqually-1 eugene3.00070344 LG_VII:2106468-2107163 204 5.24 22.5KPI-7 P. frichocarpa Nisqually-i eugene3.00070345 LG_VII:2109007-2109664 197 4.99 21.1KPI-8 P. trichocarpa Nisqually-l eugene3.00070346 LG_VII:21 11689-2112380 196 4.58 20.7KPI-9 P. trichocarpa Nisqually-1 eugene3.00070347 LG_VII:21 14646-2115458 203 5.06 22.4KPI-10 P. trichocarpa Nisqually-l estExt_Genewisel_vl.C_LG_X3770 LG_X:777476-782181 202 4.89 21.8KPI-1 I P. trichocarpa Nisqualiy-1 estExt_Genewisel_vl.C_LG_X3784 LG_X:868438-871930 202 4.93 21.7KPI-l2.l’ P. trichocarpaNisqualiy-1 eugene3.00100091 LG_X:891212-892575 106 4.76 11.3KPI-12.2 P. trichocarpa Nisqually-1 WS01216_H12 n.a. 202 4.99 21.7KPI-13.i P. trichocarpa Nisqually-I eugene3.00100092 LG_X:902552-903294 197 4.67 21.3KPI-13.2 P. trichocarpaxdettoide.sHll-11 WS0133_N23 na. 197 4.67 21.3KPI-13.3 P. trichocarpaxnigraNxM6 WS02018_P06 n.a. 197 4.67 21.3KPI-14 P. trichocarpa Nisqually-l estExt_fgenesh4_pg.C_LG_X0093 LG_X:9043 15-905317 197 4.67 21.3KPI-1 5b p trichocarpa Nisquaily-I grail3.0102007401 LG_X:927923-928331 118 1.56 12.5KPII6u P. trichocarpa Nisqually-1 eugene3.00100096 LG_X:971484-971642 52 9.10 5.86KPI-17 P. trichocarpa Nisqually-1 estExt_Genewisei_vI .C_LG_X1X2761 LG_XIX:1 1397765-11398699 207 4.64 22.2KPI-18 P. trichocarpa Nisqually-1 estExt_fgenesh4_pg.C_LG_X1X0984 LG_XIX:1 1401465-11402551 202 5.39 22.1KPI-19 P. trichocarpaNisqually-1 gwl.XIX.2223.1 LG_XIX:9729907-9730682 214 4.11 22.9KPI-20 b P. trichocarpa Nisqualiy-1 estExt_Genewisel_vl .C_14340008 scaffold_1434:4101 -4622 132 4.40 14.2KPI-2 1 a P. trichocarpa Nisqually-1 fgenesh4_pg.C_scaffold_1498000001 scaffold_I 498:2849-3329 147 4.69 16.0KPI-22’’ P. trichocarpaNisqually-1 eugene3.153750001 scaffold_15375:562-1257 63 4.63 6.53KPI-23 P. trichocarpa Nisqually-I eugene3.0I 660079 scaffoid_l 66:468793-469747 199 4.51 21.6KPI-24 a P. frichocarpa Nisqually-1 fgenesh4_pg.C_scaffold_1729000001 scaffold_1729:8755-10026 116 5.10 12.6K.PI-25 P. trichocarpa Nisqually-I estExt_Genewisel_vl .C_l 840054 scaffold_i 84:257197-258486 209 8.97 22.8KPI-26 a,b P. frichocarpa Nisqually-1 fgenesh4_pg.C_scaffold_1 84000027 scaffold_1 84:280479-281138 180 8.55 20.0KPI-27 a P. trichocarpa Nisqually-1 eugene3.01 840028 scaffold_I 84:286925-287548 207 9.55 23.1KPI-28 P. trichocarpa Nisqually-1 estExt_fgenesh4j,g.C_2010041 scaffold_201:356900-357773 200 4.89 21.9KPI-29 a P. trichocarpa Nisqually-i eugene3.02010035 scaffold_201 :359482-360196 196 4.52 20.9KPI-30 a P. frichocarpa Nisqually-1 fgenesh4_pg.C_scaffold_3358000001 scaffold_3358:95-718 207 9.55 23.1KPI-31 b P. trichocarpa Nisqually-1 eugene3.47770001 scaffold_4777:2932-3358 123 4.56 12.9KPI-32 P. trichocarpaxdeltoides Hil-il AAQ84216(T13) na. 202 6.11 22.0KPI-33 P. tremula CAH59150 (T13) na. 203 5.14 22.0KPI-34 P. tremuloides AAK32691 (T13) na. 203 4.97 22.0KP1-35.1 P. trichocarpa x deltoides HI i-li AAQ84217 (T14) n.a. 212 4.96 23.1KPI-35.2 P. trichocarpaxdeltoides H1l-il WS0182_J15 n.a. 212 4.96 23.1KPI-36 P. trichocarpa x deltoides Hi 1-11 AAQ84218 (T15) n.a. 214 3.98 22.9KPI-37 P. tremuloides AAK32689 (TIl) n.a. 215 4.62 23.4KPI-38 P. tremuloides AAK32690 (T12) na. 213 4.46 23.1KPI-39.1 P. trichocarpa P16335 (gwin3) na. 200 4.56 21.6KPI-39.2 P. trichocarpaxdeltoides Hil-li WSO141_119 na. 200 4.56 21.6KPI-40 P. nigra var. italica BAB85995(PnTIH1.1) na. 200 4.89 21.7KPI-41 P. trichocarpaxdeltoidesHll-i1 AAA02863(win3.i2) na. 201 4.76 21.9KPI-42 P. nigra var. italica BAB85999 (PnTIH2.3) na. 202 4.70 21.7KPI-43 P. nigra var. italica BAB85998 (PnTIH2.2) n.a. 202 4.70 21.7KPI-44 P. nigra var. itaiica BAB85997 (PnTII-12.1) na. 202 4.77 21.6KPI-45 P. nigra var. italica BAB85996 (PnTIHI.2) na. 203 4.71 22.1KPI-46 P. alba CAJ21339 (T12) na. 213 4.39 23.1KPI-47 P. tremula CA177735 (T12) n.a. 219 4.42 23.7KPI-48 P. nigra CAJ21341 (T17) na. 197 4.67 21.2KPI-49 P. tremula CAJ21344 (T16) n.a. 202 5.16 21.5KPI-50 P. alba CAJ21340 (T13) n.a. 198 5.12 21.3
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Table 4.2 (continued)
Gene Species and genotype Gene model/Clone ID/GenBank Genome location ORF p1 MW
name accession length (kDa)

(aa)
KPI-51 P. iremula CA177898 (TIl) n.a. 217 4.85 23.8
KPI-52 P. trichocarpaxdeltoides HIl-li WS0133_J19 n.a. 202 6.29 22.0
KPI-53 P. lrichocarpaxdeltoides HIl-li WS0132_Kl0 n.a. 202 5.37 21.9
KPI-54.l P. trichocarpa x nigra NxM6 WS0152_B04 n.a. 202 6.11 22.0
KPI-54.2 P. trichocarpa WS0252_M14 n.a. 202 6.11 22.0
KPI-55 P. trichocarpaxdelloides HIl-li WS0146_E05 n.a. 202 6.28 22.0
KPI-56 P. trichocarpa x nigra NxM6 WS0I 57_D04 n.a. 208 4.79 22.7
KPI-57 P. trichocarpa x delloides HI 1-11 WS0I 73_C20 n.a. 207 4.74 22.3
KPI-58 P. trichocarpaxdeltoides HIl-li W50144_M05 n.a. 214 3.98 22.8
KPI-59 P. trichocarpa x nigra NxM6 WS0206_A21 n.a. 208 4.79 22.7
KPI-60 P. trichocdrpa x nigra NxM6 WSO2O1O_K09 n.a. 202 5.39 22.1
KPI-61 P. trichocarpaxnigraNxM6 WSO2O11_G16 n.a. 211 5.27 23.2
KPI-62 P. trichocarpaxdelloides Hil-li WS0133_Iii n.a. 210 5.09 22.9
KPI-63 P. trichocarpaxdeltoides Hli-li WSOI41_P05 n.a. 202 6.11 22.0
KPI-64 P. trichocarpa Nisqually-i WS01231 115 n.a. 202 6.28 22.0
KPI-65 P. trichocarpaxdeltoides Hil-il WS0174_Bl0 n.a. 207 4.64 22.2
KPI-66 P. trichocarpaxdeltoides Ru-il WS0143_G20 n.a. 214 3.98 22.8
KPI-67 P. trichocarpaxdeltoides Hil-li WS0132_F23 n.a. 202 4.99 21.6
KPI-68 P. trichocarpa x deltoides Hi 1-il WS0132_G08 n.a. 202 4.99 21.7
KPI-69 P. trichocarpaxdeltoides Hil-il WS0133_E08 n.a. 202 5.36 21.8
KPI-70.i P. trichocarpa WS02525_I01 n.a. 215 5.48 23.3
KPI-70.2 P. trichocarpaxdeltoides Hul-Il WS0176_F22 n.a. 215 5.48 23.3
KPI-7i P. trichocarpa W50232_005 n.a. 202 6.11 22.1
KPI-72 P. trichocarpa x nigra NxM6 WS02025_M15 n.a. 202 5.69 22.0
KPI-73 P. trichocarpaxdeltoides Hil-li WSOI3I4_J13 n.a. 197 4.64 21.2
KPI-74 P. lrichocarpaxdeltoides Hli-li WSO1313_L02 n.a. 202 4.89 21.7
KPI-75 P. trichocarpaxnigraNxM6 WS02024_P12 n.a. 202 4.89 21.7
KPI-76 P. trichocarpa x deltoides HI i-Il WSOI 76_Cl 0 n.a. 206 9.72 22.8
KYI-77 P. trichocarpaxdeltoides Hli-ii WSO138_A05 n.a. 212 5.06 23.3
KPI-78 P. trichocarpaxnigraNxM6 WS02034_Kl2 n.a. 202 5.39 22.0
KPI-79 P. trichocarpaxnigraNxM6 W502045_F15 n.a. 211 5.09 23.2
KPI-80 P. trichocarpa x deltoides Hl i-il WSOI77_M03 n.a. 202 8.27 22.3
KPI-81.I P. trichocarpaxdeltoides Hli-ui WSOI72_GOl n.a. 199 4.51 21.6
KPI-8i.2 P. trichocarpaxnigraNxM6 WSO2O19_1l2 n.a. 199 4.51 21.6
KPI-82 P. trichocarpaxnigraNxM6 WSO151_Mi3 n.a. 202 4.85 21.6
Predicted pseudogene. Poplar gene models were compared by BLASTN to sequences in the dbEST database of GenBank to evaluate gene expression.
Gene models that did not match at least one public expressed sequence tag (EST) at 95% identity with a match length of 400 nt were considered as not
expressed.
bGene model represents a partial ORF.
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4.3.3 Phylogenetic analysis of poplar KPI gene family

In order to decipher the evolutionary relationships within the popLar KPI family, we performed

a maximum LikeLihood anaLysis using the compLete inventory of poplar KPI proteins plus a welt

characterized outgroup KPI from soybean (Figure 4.4). MuLtiple protein sequence alignments were

performed using complete ORF sequences and the DiaLign software (Morgenstern et at. 1998). A

phytogenetic tree was constructed using the neighbour joining algorithm, which shows the presence of

six subfamiLies: A-F (Figure 4.4).

OveraLl, the sequence identity among subfamities is relativeLy Low (Table 4.3); however, the

presence of the conserved Kunitz motif supports the inclusion of all 82 proteins in the poplar KPI family.

Sequence conservation is strongest among subfamiLies A, B and C. These subfamilies contain sequences

derived from several poplar species and include protein-coding loci from the popLar genome and the

majority (26/41) of the FLcDNAs identified in this study. The strong representation of FLcDNAs in these

subfamilies Likely reflects that many of these KPI genes are constitutively expressed at high abundance

and/or inducible foLlowing tissue damage and thus are overexpressed in cDNA Libraries used for

screening. Subfamily A contains 20 members that group into two smatter clusters, both of which

contain representatives from the P. trichocarpa genome sequence (Figure 4.4). Subfamily A is the

most conserved of the six subfamiLies with overall amino acid sequence identity ranging from 76.4% to

100% (TabLe 4.3). The two proteins with identical amino acid sequences, KPI-13.1 and KPI-14, are

predicted gene models from the poplar genome that are located adjacent to each other on Linkage

group X and are Likely the product of a Localized tandem duplication event. Subfamily B contains 15

members that group into two smalLer cLusters and overaLl sequence identity ranges from 37.6% to 99.5%.

It is notable that the smaLLer cLuster containing KPIs 37, 38, 46, 47 and 51 does not include a

representative from the P. trichocarpa genome sequence, but only from P. tremula, P. tremuloides

and P. alba cDNA libraries. Subfamily C contains 20 members organized into one large and one smalL

cluster, both of which contain representatives from the P. trichocarpa genome. The overall amino acid

sequence identity within subfamily C ranges from 41.7% to 99.5% (Table 4.3). Within the Larger cluster

there is only a singLe KPI identified within the P. trichocarpa genome, KPI-18, yet four unique KPI

FLcDNAs were identified in both the Hil-Il (KPIs 52, 53, 55 and 63) and NxM6 (KPIs 54, 60, 72 and 78)

genotypes, suggesting that KPI-18 has been duplicated multiple times within these lineages. This could

also suggest, however, that we have obtained multiple aLlelic variants of KPI-18 from those genotypes.

There are two notabLe features of subfamiLies D, E and F. First, the KPI proteins within these

subfamiLies from models in the poplar genome sequence are in general less conserved than those from

KPI gene models found in subfamiLies A, B and C (Table 4.3); and second, relatively few FLcDNA

representatives exist for subfamilies D, E and F (Figure 4.4). For example, subfamily D contains 17

members, including 7 of the 31 predicted KPI gene models in the P. trichocarpa genome. These KPI

proteins LooseLy cLuster into three subgroups with overall amino acid sequence identity that ranges

from 31.3% to 99.5% (Table 4.3). Subfamily E consists of seven members clustered in two subgroups,
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incLuding four representatives from the P. trichocarpa genome sequence. These KPI proteins dispLay

amino acid identity ranging from onLy 8.4% to 99.5%. Outside of the Kunitz motif there is very low

sequence conservation between KPI proteins of subfamily E and the other subfamities (TabLe 4.3). It is

aLso notable that no FLcDNAs have been identified for the subfamiLy E members KPIs 21, 22 and 24,

suggesting these Loci may represent pseudogenes or genes expressed at Low abundance. SubfamiLy F

contains 11 members with sequence conservation that ranges from 45.4% to 99.5% amino acid identity

(TabLe 4.3). Eight of the 31 KPI predicted in the P. trichocarpa genome belong to subfamily F, with

onLy three supporting KPI FLcDNAs identified, again suggesting that the predicted protein-coding Loci in

the genome may represent pseudogenes, or genes expressed at Low abundance or onLy in seLect tissues

or cell types. In addition to the KPI proteins cLustered within subfamilies A-F, we aLso identified two

KPI predicted from the P. trichocarpa genome, KPI-2 and KPI-16, that could not be pLaced within any

subfamily with confidence (Figure 4.4). The gene model for KPI-16 encodes for a truncated protein

with no supporting FLcDNA, whereas the gene modeL for KPI-2 LikeLy encodes for a fuLL-Length protein

that has diverged considerably in sequence from other members of the popLar KPI family. ALthough no

supporting FLcDNA for KPI-2 has been identified, a BLASTN anaLysis versus pubLic sequence databases

identified two ESTs (GenBank IDs CV263669 and CV261 21 8) with > 99% nucLeotide sequence identity,

confirming that KPI-2 is an expressed gene.

112



Figure 4.4: PhyLogenetic tree of popLar Kunitz P1 sequences. Amino acid sequences of the entire open
reading frames from 82 popLar KPI proteins were anaLyzed by maximum LikeLihood using Phyml. Nodes
with greater than 67% support are indicated with an asterisk. Maximum LikeLihood values represent
percentages of 500 gamma-corrected repLicates (Log L = -10478). SubfamiLies are indicated by gray
shading. A KPI protein from soybean (Glycine max; accession number CAA5777) is provided as an
outgroup. For additional detaiLs see Table 4.2.
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4.3.4 Poplar KPI sequence alignment

A multiple sequence alignment of aLL 82 individuaL popLar KPI protein sequences using
CLUSTALW indicates the presence of several conserved features (Figure 4.5). First, the Kunitz motif
[(L, l,V,M)-X-D-(X2)-G-(X2)-(L, I,V,M)-(X5)-Y-X- (L, I,V,M)] is strongly conserved across all sequences in the
aLignment (amino acids 27 to 43 of KPI-1). The only exceptions are two sequences derived from gene
models predicted from the genome sequence that appear to represent truncated proteins (i.e., KPI-16
and KPI-24). Second, signal peptides were identified in alt KPI proteins except KPI-21, KPI-22 and KPI
24, with cLeavage sites positioned between 16 and 29 amino acids from the N-terminus. This signal
peptide is cleaved off to form the mature and active protease inhibitor protein (Song and Suh, 1998).
Third, there are four cysteine residues that are conserved across most KPI sequences (amino acids 63,
110, 153, and 165 of KPI-1), although the exact position of the cysteine has shifted sLightLy between
subfamities (Figure 4.5). The four cysteine residues function to form two disutfide bridges that act to
stabilize the mature protein (Richardson 1977). These cysteine residues were less conserved within
subfamiLy E where only a few subfamiLy members possess the first cysteine residue, and alt proteins in
this subfamily lack the third and fourth residues. Fourth, a reactive region situated on an externaL Loop
was highly conserved across aLL subfamiLies (amino acids 82 to 91 of KPI-1), with some sequence
divergence observed in the reactive region among subfamily E proteins (Figure 4.5). The composition
of amino acids at the reactive Loop is known to strongly infLuence the inhibitory function of protease
inhibitors (Song and Suh, 1998; Ravichandran et al., 1999). Within this loop, the P1 and P1’ residues
(amino acids 87 and 88 of KPI-1) are considered the most critical for mediating the protease inhibitory
function (Song and Suh, 1998; De Meester et at., 1998). The P1 and P1’ residues appear to be more
strongty conserved across subfamiLies A, B and C, where a limited number of amino acids are utilized,
compared to subfamiLies D, E and F where the choice of amino acids at these criticaL positions seems
Less restrictive (Figure 4.5).
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Figure 4.5: Sequence alignment of poplar KPI genes. Amino acid sequence aLignment of predicted KPIproteins from Poputus trichocarpa NisquaLty-i genome modeLs (KPI 1-31), previousLy published poplarKPI proteins (KPI 32-51), or hybrid poplar Hi 1-11 (Populus trichocarpa x deltoides) full-Length cDNAclones (KPI 52-82) generated using CLUSTALW (BLOSUM matrix, gap open, and gap extension penalitiesof 5.0 and 1.0, respectively), and BOXSHADE. Conserved similarity shading is based on 50% identity(black) and 50% simiLarity (grey). The conserved cysteine residues required for protease inhibitoryfunction are marked with * Predicted targeting sequences are underlined in red. The characteristicKunitz P1 motif (L, I,V,M)-X-D-(X2)-G-(X2)-(L, I,V,M)-(X5)-Y-X- (L, I,V,M) is indicated by red bar abovealignment. Putative reactive site (with P and P’ residues) is indicated by black bar above alignment.Nomenclature and gene model/clone ID/GenBank accession identifiers for all sequences shown in thisalignment are provided in Table 4.2. Poplar KPI subfamily Letter designation on right of alignmentcorresponds to Figure 4.4.
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Figure 4.5
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4.3.5 Poplar KPI evolution

P. trichocarpa is the first pLant species capabLe of producing KPI proteins for which a complete

genome sequence is available, and thus provides an excellent opportunity to explore in depth the

evolution and genome organization of the KPI gene famiLy. Previous research suggests that KPI genes in

poplar are rapidLy evolving with considerable sequence diversity among genotypes that are spread

across geographic dines (Ingvarsson, 2005; Talyzina and Ingvarsson, 2006). This capacity for rapid

evoLution LikeLy reftects the importance of KPI proteins in the defense against defoLiating insects, which

have short life cycles and thus the potential for rapid adaptation within their arsenaL of digestive

proteases. To understand how poplar KPI proteins have evolved at the level of genome organization,

we searched for patterns of tandem duplications among the 31 KPI proteins. The three KPIs cLustered

on LG IV all group within subfamily D in the phylogenetic analysis presented above (Figure 4.4), with

highest amino acid identity observed between KPI-3.1 and KPI-4.1 (60%; Table 4.3), suggesting an

ancient tandem duplication event. The third member of the LG IV gene cLuster, KPI-5, appears to be a

pseudogene and shares low sequence identity with KPI-3.1 and KPI-4.1 (44% and 38%, respectiveLy).

The four KPIs clustered on LG VII alL belong to subfamily F according to phytogenetic analysis (Figure

4.4). These proteins share pairwise amino acid identities of less than 50%, except for KPI-6 and KPI-9,

which dispLay 92% identity, suggesting KPI-6 and KPI-9 are paralogous genes resulting from a recent

tandem duplication event (Table 4.3). Among the seven KPIs located on LG X, KPIs 10-14 group with

subfamily A in the phylogenetic tree of poplar KPIs, whereas KPI-15 groups in subfamily B and KPI-16, a

predicted pseudogene, does not cluster within any subfamiLy (Figure 4.4). Pairwise amino acid identity

between KPI5 10, 11 and 12.2 (the gene model 12.1 is Likely incorrect) range from 91% to 96%,

suggesting these three loci are recent paratogs of a single ancestral KPI, whereas KPI-13.1 and KPI-14

are 100% identical at the nucleotide LeveL and thus represent a very recent tandem duplication event

(Table 4.3). The two gene models located on LG XIX, KPI-17 and KPI-18, both cluster within subfamiLy

C (Figure 4.4) and share only 72% amino acid identity (Table 4.3), suggesting they may represent an

ancient paralogous tandem duplication event. Examination of gene models located immediately

upstream and downstream of each KPI gene cluster revealed no clear pattern of evolutionary

significance or of relevance to plant defense based on predicted bioLogical function (Figure 4.3). LG X

represents an interesting exception in that the six gene models Located adjacent to this Large cLuster of

KPI genes alL code for proteins with no similarity to sequences in GenBank. CLUSTALW aLignment of

these proteins indicates that two gene model pairs share reLatively high amino acid identity, 18 and 22

(72%) and 20 and 21 (72%) (data not shown), providing further support for the occurrence of Localized

gene duplications and rearrangements at this Locus. In addition to these likely tandem duplications of

KPI within linkage groups, there are aLso several examples of high sequence similarity between KPI

proteins mapped to Linkage groups and sequence scaffolds. These include: KPI-8 and KPI-29 (77% amino

acid identity); KPI-1 5 and KPI-31 (96% amino acid identity), KPI-21 and KPI-24 (77% amino acid identity;
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both mapped to different scaffoLds), and KPI-27 and KPI-30 (100% amino acid and 99% nucleotide

identity; both mapped to different scaffoLds).

In addition to tandem duplication events, we also searched for evidence of segmental

duplications, as it is known that poplar underwent a whole genome dupLication Ca. 60-65 mya (Tuskan

et at., 2006). Comparisons among the four Linkage groups with two or more KPI (i.e., LG IV, LG VII, LG

XIX and LG X) indicate the overalL amino acid identity among gene clusters ranges from 15% to 25%,

with sequence homology confined to the Kunitz motif and reactive loop regions (Table 4.3 and Figure

4.5). One exception is the pair of KPI gene clusters on LG X and LG XIX, which share Ca. 50% amino

acid identity (TabLe 4.3); however, an analysis by Tuskan et aL. (2006) of chromosomat rearrangements

associated with the whole duplication did not identify any segmental duplications between these

linkage groups.

In order to uncover evolutionary relationship of poplar KPIs to other potential plant KPIs, the

amino acid sequences of 31 P. triChocarpa KPI genes identified in the genome sequence (KPI-1 to -31)

were aligned with a set of 56 KPI-Like sequences from 25 other species coLLected from the NCBI

Genbank nr database. A phytogenetic tree showing relationships between putative plant KPIs was

generated from the alignment (Figure 4.6). This tree demonstrates that genus- or species-specific

subfamily expansion has occurred for different plants. Poplar KPI subfamiLies cLustered independentLy

of other plant KPI Lineages, as do the two Kunitz-Like and patatin families from potato (Solanum

tuberosum), the sporamin family from sweet potato (ipomoea batatas), the Theobroma genus

expansion, and the soybean-specific (Glycine max) family encompassed in the larger peas and beans

group. Poplar KPIs do not group with any of the genes obtained from the fully-sequenced Arabidopsis

tha(iana genome which are scattered across the tree, further supporting the concept of independent

gene family expansion in different plant lineages. Given that popLar is the first woody plant species

producing KPIs for which a complete genome sequence is available, this analysis may be refined in the

future as other relevant pLant genomes will be sequenced.

In summary, the available data suggest that the expansion and evoLution of the KPI family in

popLar has been driven by tandem duplications on multipLe linkage groups followed by sequence

divergence.
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Figure 4.6: PLant KPI phyLogeny. Tree generated from CLustalW amino acid sequence alignment of 31
poplar KPI gene modeLs and 56 known and putative KPI-Like proteins from 25 other plant species.
Clusters of sequences are indicated by coloured triangLes. Species incLuded in clusters are Listed
followed by number of sequences in brackets. Letters A-F in orange Populus trichocarpa cLusters
represent subfamiLy designations, from Figure 4.4. Arabidopsis thaliana Kunitz-Like gene modeLs are
Listed by AGI number. NCBI Genbank accession numbers for sequences from other plant species are as
follows: Alocasia macrorrhiza (upright eLephant ears): X79606; Atropa beUadonaa (deadLy nightshade):
AG309386; Brassica rapa: EF110970; Brassica oleracea var. botrytis (brocoLti, cauLifLower): ABA39633;
Cicer arietinum (chickpea): AAT45474; Ficus carica (fig): AF479622; Glycine max (soybean): AB112033,
ABI 12032, ABI 12031, AF3 14823, AB070269, AF233296, 545092, X80039; lpomoea batatas (sweet
potato): EU250004, DQ1 95758; lpomoea leucantha: ABG262228; Ipomoea trifida: ABG26238;
Lycopersicon esculentum (tomato): U70076, U20592; Medicago truncatula (barreL medic): ABE93862;
Nicotiana tabacum (tobacco): U66263; Nicotiana glutinosa: AF208020; Pisum sativum (pea): Q41 01 5.2,
082711; Psophocarpus tetragonolobus (winged bean): DQ363437; Sesbania rostrata: AJ441 323; Solanum
tuberosum Kunitz-type Pis (potato): AY594178, AF495585, AF495584, AF495583, AF495582, AF495581,
AF492769, AF490593, AY083348, AF460237, AY166690, U30814; Solanum tuberosum Patatins (potato):
DQI 14415, DQ1 14417, DQ1 14421; Solanum palustre: AY945740, AY945741, AY945742, AY945743,
AY945744; Theobroma bicolour (mocambo): AAV41233; Theobroma cacao (cocoa plant): AAV41231;
Theobroma grandiflorum (cupuacu): AAV4I 232; Theobroma microcarpum: AAV41234.
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4.3.6 Microarray profiling highlights up-regulation of KPIs in poplar defense response

Induction of a Large number of poplar KPIs at 24hrs in response to FTC feeding was observed in

a previous microarray study (Ralph et at. 2006). Building on this analysis, we performed a detaiLed

microarray analysis of the KPI transcriptome response in popLar Leaves over a time course of 2hrs to

Z4hrs. Poplar [eaves were treated by FTC feeding, mechanical wounding, application of FTC OS to

mechanically-generated wounds, and treatment with MeJa (Figure 4.1 and Figure 4.2). Twenty-nine

microarray elements with homoLogy to known poplar KPIs are on the Treenomix PopLar 15.5K cDNA

microarray (Ralph et aL. 2006) used in this study (TabLe 4.4). Transcripts hybridzing to these eLements

fall into three groups with different magnitudes and temporal patterns of response. First, there are

the most responsive genes (TabLe 4.4), showing strong up-regulation in response to all treatments,

though the strongest and fastest induction is observed in response to MeJa treatment with expression

levels reaching more than 20-foLd induction over untreated controL levels by 6hrs. Most of these genes

are members of subfamilies A and B, as weLL as some members of subfamilies C and D. Interestingly,

this most responsive group also shows evidence of initial suppression or temporary down-reguLation of

KPI transcript abundance at 2hrs in response to true insect feeding by forest tent caterpillars (Table

4.4). The second group of array elements incLudes more moderately induced KPI genes (i.e. most of

Subfamily C), showing about 8-fold induction with similar temporal patterns as the first group, though

this group shows greater induction by 2hrs or, alternatively, is not initially repressed (Table 4.4).

Finally, the third group contains elements that showed no (or only weak) response to any treatment in

this experiment (i.e. most of Subfamily D, Subfamily E and F) (Table 4.4).

Elements that did demonstrate induction generally showed response to all treatments with the

response to treatments that involved insect feeding or mechanical wounding reaching an observed

maximum at 24hrs (Table 4.4). MeJa response was noticeably faster, with the peak of response for

most genes observed around 6hrs. The response to mechanical wounding was faster and generally

reached a greater magnitude of expression change than the response to FTC herbivory, probably due to

differences between a single strong wounding treatment at the start of the experiment and an insect

feeding treatment with its relatively small initial feeding damage which is then sustained and

compounded throughout the experiment’s duration. The addition of FTC OS to mechanical damage

accelerated the response even further, with stronger up-regulation occurring at 2hrs in OS compared to

mechanical wounding alone. The 24hrs expression levels in response to OS are Lower than for

mechanical wounding atone, perhaps indicating that response to OS is already winding down back by

24hrs as is also observed for MeJa treatment.
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4.3.7 AnaLysis of the response in individual trees confirms validity of results obtained with pooled

replicates

To vaLidate our findings from microarray analysis with pooLed bioLogical replicates, we aLso

performed 20 additionaL hybridizations using five independent bioLogicaL repLicates for each treatment

to examine differentiaL gene expression at the peak response timepoint for each treatment (i.e., MeJa

2hrs, OS 2hrs, mechanical wounding 6hrs and FTC Z4hrs) (Figure 4.2, paneL C). ResuLts from this

experiment confirm those of the microarray analysis with pooLed replicates (TabLe 4.5). KPI response

between the pooled repLicate and independent replicate experiments is qualitatively the same for aLL

four comparisons, with the independent replicate experiment generally showing quantitatively greater

induction.

Prior to a comprehensive validation of microarray resuLts by QRT-PCR, we tested in a similar

fashion the performance of QRT-PCR with individual biologicaL repLicates versus pooLed replicates. For

this purpose, we seLected a subset of three KPI genes incLuding one each of low-, mid-, and highy

induced transcripts (i.e. KPI-63, KP-52, and KPI-39.2, respectively) and used QRT-PCR to quantify

transcript abundance in each of the five individual trees from the OS treated and untreated controL

groups. Results shown in Figure 4.7

and TabLe 4.6 demonstrate that for Table 4.6: Fold-change differences measured using QRT-PCR between five
trees subjected to mechanical wounding plus FTC OS after 24hrs & five

these three KPIs, aLL individuaL trees untreated control trees.

Oral Secretion (OS) @ 24hrs
showed a consistently strong induction

KPI Name FC LLCI ULCI P value
in response to OS reLative to all

KPI-39.2 68.69 17.48 269.90 <0.001

individual untreated control samples. KPl-52 11.02 5.00 24.31 <0.001

In each case the magnitude of KP163 6.96 4.12 11.76 <0.001

Abbreviations: FC, fold-change; LLCI, lower limit 95% confidence interval;
observed response was comparable to ULCI, upper limit 95% confidence interval. For further details see Materials

and Methods and Figure 4.7.
that observed with pooled cDNA (see

Figure 4.8 and Table 4.7). Statistical significance of the observed induction as determined with

Student’s t test exceeded the 99.999% significance threshold for all three genes.

Though it wouLd have been preferable to use independent biological replicates instead of

pooled biological repLicates for the large-scale microarray analysis of popLar transcriptome response

over a timecourse after treatments, the scale of the analysis required the use of pooled samples;

however, these two tests of comparisons of pooled bioLogical samples vs. independent biological

samples both confirm that our results with pooled repLicates are accurate representations of those

results with independent replicates.
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KPI Number
L

Table 4.5: Comparison of Microarray Experiments Using Pooled vs. Individual Replicates. Fold-change differences of
Kunitz-type protease inhibitor (KPI) gene expression in mature poplar leaves measured using cDNA microarray
hybridization between one of FTC Herbivory/Mechanical Wounding/Oral Secretion treatments and Untreated Controls,
or between Methyl Jasmonate and Tween 20 Control, at one of 2hrs, 6hrs, or 24hrs post-treatment. Fold-change up-
or down- is indicated by increasing red or green colour, respectively, as shown on the scale.

I Herbivory 24hrs Wounding 6hrs
Pooled Individual

FC P FC
Pooled Ii
Oral Secretions 2hrs I

P FC P
0.494
0.037
0.618
0.009
0.031

3.77
2.95
2.40
3.77i
2.89

1.13
0.001 1.34
0.001 1.07

1001 1.57
I<o.ooi 0.69

F0.001
-<0.001

0.011
0.007
0.061
0.019
0.042

KPI-82
KPI-13.2
KPI-67
KPI-69
KPI-69

KPI-62
KPI-56
KPI-56

KPI-39.2
KPI-41

KPI-78
KPI-53
KPI-60

KPI-54.1
KPI-52
KPI-63
KPI-65

nla
KPI-57

KPI-61
KPI-4.2

KPI-35.2
KPI-35.2
KPI-70.2
KPI-76

KPI-58
KPI-58

KPI-80
KPI-81 .1

A
A
A
A
A

B
B
B
B
B

C
C
C
C
C
C
C
C
C

D
D
D
D
D
D

E
E

F
F

1.84 0.002 ,.,...J:<0.0..
1.85 <0.001 5.40 <0.001
1.99 <0.001 <0.001
1.50 0.017 10.30 <0.001
1.81 0.001 10.38<0.001

2.19 <0.001 <0.001
1.76 0.001 <0.001
1.44 0.018 3.23 <0.001
1.87 <o.ooi!Eio <0.001
1.58 0.022 4.35 <0001

2.88 <0.001 11.62 <0.001
3.34 <0 001 6.16 <0.001
3.66 <0.001 6.69 <0.001
3.16 <0.001 7.74 <0001
4.73 <0.001 4.96 <0.001
1.48 0.175 <0.001
1.11 0.391 1.64 0.007
1.42 <0.001: 1.10 0.506
1.06 0.563 0.86 - 0.150

2.76 <0.001 10.01 <0.001
2.50 <0.00110.88 <0.001
0.88 0.369 0.67 :0.013
0.83 0.128 0.89 0.541
0.98 0.876 1.09 0.497
0.90 0.508 1.00 0.983

0.84 0.076 1.13 0.401
0.61 <0.001 0.58 <0.001

0.96 0.764 1.41 0.042
0.91 0.495 0.98 0.874

6

<0.001 0.001
<0.001 .48 <0.001

7.36 0.001 5.38 <0.001
6.64 0.001 6.84 <0.001

.85 0.001 6.16 <0.001
<0.001 <0.001

1.24 0.089 1.02 0.892
1.02 0.761 1.08 0.567
0,69 0.001 0.91 0.341:0.001 0.001

0.001 0.001
1.00 0.990 0.75 0.060
0.92 0.469 0.90 0.560
1.00 0.960 0.83 0.154
0.76 0.063 1.17 0.284

0.89 0.408
0.86 0.165

0.358
- 0.373

1.87 <0.001 4.18 0.006
1.78 0.001 2.82 0.007
1.71 0.001 2.67 0.008
1.77 <0.001 3.74 0.008
1.92 0.001 2.20 0.007

2.46 <0.001 4.19 <0001
4.31 <0.001 4.56 <0001
3.33 <0.001 4.00 <0 001
4.09 <0.001 4.66 <0001
5.31 <0.001 4.15 <0.001
2.34 0.004 <0.001
1.42 0.007 1.47 0.031
1.58 <0.001. 1.09 0.563
0.68 0.001 0.89 0.248

2.14 <0.001 4.12 <0.001
2.32 <0.001 4.21 <0.001
1.04 0.766 0.92 0.572
1.13 0.256 0.81 0.272
1.07 0.458 1.34 0.027
0.93 0.632 0.94 0.690

0.95 0.610 0.92 0.544
0.70 <0.001 0.64 <0.001

0.97 0.826 1.08 0.634
1.08 0.552 0.89 0.405

• .., <0.0..
8.96 <0.001 0.001

<0.001 <0.001
7.87 <0.00 <0.001
<o.ooi I<o.oo
9.68 <0.001 <0.001
7.40 <0.001 <0.001
7.79 <0.001. <0.001
9.99 <0.001: <0.001
<0.001: 11.26<0001

U78 <0.001<0.001
3.81 <0.001- 4.57 -<0.001
2.38 0.003 4.78 <0.001
2.70 3.41 <0.001
3.38 <0.001 7.36 <0.001
3.19 0.001 <0.001
1.90 <0.001: 1.62 .0.008
0.88 0.213: 0.79 0.102
0.85 0.227 0.90 0.311

<0.001 0.001
11.91<0.001 0.001
1.07 0.635 1.10 . 0.516
0.87 0.311 0.96 0.827
0.77 0.021 - 0.45 <0.001
1.23 0.213 1.50 0.011

1.10 0.366 1.19 0.227
0.51 <0.001 0.45 <0.001

0.87 0.284 0.96 0.821
1.03 0.799 1.09 0.509

1.03 0.734
0.79 <0.001

1.23 0.059
0.73 0.021

1.16
1.13

Abbreviations: FTC, forest tent caterpillar; MeJa, methyl
jasmonate; FC, fold-change; P, value of P-statistic;
n/a, no FLcDNA version of this microarray element is
available. For further details see Materials and Methods
and Figures 4.1 and 4.2.

Fold change
II

-12 -6 -3 -1.5 --+1.5+3 +6+12
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KPI-39.2
100.0

LThIhi
KPI-52

> 10.0
0

c 8.0 FC = 11.02

6.0 p <0.001

4.0 ii
0.0 liii

KPI-63
2.5

2.0 FC = 6.96
p <0.001

Fir:9IhIi
Cl C2 C3 C4 C5 01 02 03 04 05

Q Control • Os

Figure 4.7: Microarray vaLidation via real-time PCR analysis of gene expression in individuaL trees in response to

mechanicaL wounding plus forest tent caterpiLlar oral secretions. Values were determined using reaL-time PCR and
represent five untreated controL trees (Cl to C5) and five trees 24hrs after application of FTC oraL secretions to
mechanical wounds (01 to 05). Gene expression was determined in each tree using at least three independent
technical repLicates. Transcript abundance of each gene was normaLized to translation initiation factor 5A (TIF5A;
WSO1 1 6_J23) by subtracting the Ct value of TIF5A from the Ct value of each KPI gene, where ACt = ACt1 isoform -

ACtTIF5A. Transcript abundance of the KPI genes in each control and treated sample was obtained from the equation
(I + E)Ct, where E is the PCR efficiency, as described by Ramakers et aL. (2003). A transcript with a reLative
abundance of one is equivalent to the abundance of TIF5A in the same tissue. Fold-change values and statistical
significance of expression differences between controL and treated sampLes was determined using a mixed-effects
modeL (see MateriaLs and Methods and Table 4.6).
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4.3.8 Validation of microarray resuLts and refined gene expression analysis

In order to vaLidate resuLts obtained by microarray anaLysis and to obtain a more refined

anaLysis of transcript abundance of the KPI famiLy, primers were designed to 12 KPIs from hybrid popLar

(Populus trichocarpa x deltoides Hi 1-11) (Table 4.1) and were used to analyze expression in treated

leaves using QRT-PCR. The desire for gene-specific primers, as verified by ampLicon sequencing,

limited us to these 12 KPIs. ALL tested KPIs responded in one way or another to physicaL damage, insect

feeding, and/or MeJa treatment, though not aLL KPIs were induced in aLL treatments (Figure 4.8 and

TabLe 4.7). Response to insect feeding, mechanicaL wounding, and OS usuaLLy reached the observed

maximum at the 24hrs timepoint with induction ranging between 8-foLd (KPI-70.2; Z4hrs; mechanicaL

wounding) and 480-fold-change (KPI-58; 24hrs; mechanicaL wounding) over controLs. Peak response to

MeJa occured by approximateLy 6hrs with expression dropping off, yet was stiLl significantLy induced,

by 24hrs. Maximum induction in response to MeJa ranged from about 5-foLd (KPI-80; 24hrs) to 320-fold

change (KPI-62; 6hrs). Members of subfamiLy B (KPI5-39.2, -59, -62) showed the strongest induction of

those KPIs studied. In generaL, the response to mechanical wounding seemed to exceed that observed

to both OS and FTC feeding, though KPI-62 and KPI-69 both demonstrated strongest response to Z4hrs

of FTC feeding. Since the OS treatment consisted of the addition of OS to the same damage as the

mechanical wounding treatment, this result indicates suppression of KPI induced expression by

components found in FTC OS. The greater sensitivity and detection range of QRT-PCR for detecting

transcript abundance LeveLs when compared to spotted cDNA aLLowed for more sensitive quantitative

observations of suppression of earLy KPI response by insect feeding. As shown in TabLe 4.7, as much as

five-fold down-regulation is possible (KPI-58; 2hrs; FTC herbivory). FTC feeding resulted in early (2hrs)

suppression of KPI genes, in some instances continuing through to 6hrs. The suppression effect is

apparently due to compounds in FTC OS, since KPI-58 and KPI-67 show suppression in response to OS

treatment but not to mechanicaL wounding atone. In addition, KPI-35.2 demonstrates significant early

down-reguLation to OS treatment, even though the down-reguLation of this gene observed during FTC

feeding was not significant. InterestingLy, whiLe KPI-39.2 and KPI-59 (both from subfamily B) are

initiaLLy down-reguLated by FTC feeding, they do not demonstrate a significant down-reguLation pattern

in response to OS treatment. FinaLly, KPI-58 (subfamiLy E) is unique in demonstrating down-reguLation

at Zhrs in response to mechanical wounding aLone.
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Figure 4.8: QRT-PCR analysis of transcript abundance for eleven poplar KPI genes in response to FTC feeding,
mechanical wounding, OS and MeJa treatment. W50176_C10 was not detectable in leaves (see Figure 4.9). FTC
herbivory, wounding, and oraL secretions treatments are compared to untreated controls, while MeJa sampLes are
compared to Tween2o control. Gene expression was determined in each tissue using at Least three independent
technicaL repLicates. Transcript abundance of each gene was normalized to transLation initiation factor 5A (TIF5A;
W50116_J23) by subtracting the Ct vaLue of TIF5A from the Ct vaLue of each KPI gene, where ACt = ACtKpI isoform -

ACtTIF5A. Transcript abundance of the KPI genes in each control and treated sampLe was obtained from the &juation
(1 + E)\ct, where E is the PCR efficiency, as described by Ramakers et aL. (2003). A transcript with a reLative
abundance of one is equivaLent to the abundance of TIF5A in the same tissue. Student’s t test (two-sampLe,
unpaired, one-sided) was performed to test significance of up- or down-regulation of each KPI between treated and
controL tissues (*, P < 0.05; **, P < 0.01; ***, P < 0.001). For further details see MateriaLs and Methods and TabLe 4.7.
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4.3.9 Constitutive KPI expression Levels in different organs of poplar

The Large number of KPI genes in poplar couLd possess different spatiaL expression patterns. In

order to uncover possibLe organ- and tissue-specific spatiaL patterns of KPI expression, gene-specific

primers were used for 12 hybrid poplar KPI genes (Table 4.1) to profile, via QRT-PCR, constitutive

expression LeveLs in Leaves at different stages of development (mature sources, Leaf pLastochron index

(LPI) 9+; intermediate, LPI 6-9; juveniLe sinks, LPI 0-5 (Larson and Isebrands 1971)), as welL as from

petioLes, bark, phLoem, xylem, and primary and secondary roots from one-year old saplings (Figure 4.9).

We found that constitutive KPI expression Levels for a given gene varied on the order of 10,000-foLd

between tissues. Most KPIs were expressed at varying LeveLs throughout aLl the tissues examined,

though KPI-76 dispLayed root-specific activity and KPI-67 couLd only be detected with very Low Levels in

juvenile sink Leaves. There were aLso a few cases of absence of expression in one tissue, such as no

expression in petioles for KPI-62, or absence of expression in xylem with Low expression in phLoem for

KPI-80. The majority of KPIs were expressed most abundantLy in Leaf tissues and Less so in stem and

root tissues. Some genes, such as KPI-39.2, KPI-58, KPI-59, KPI-62, and KPI-67 were clearly

preferentialLy expressed in Leaves, with abundances approximately 10- to 1 000-foLd greater than in

other tissues (though KPI-58 expression drops off approximateLy 1000-fold in mature Leaves compared

to intermediate and juveniLe leaves). The difference in transcript abundance observed in Leaf tissues

versus stem and root tissues was Less evident in others, such as KPI-60 and KPI-69. As opposed to KPI

58 expression, which drops off as Leaves mature, KPI-35.2 and KPI-52 possessed more abundant

expression in oLder Leaf tissue; however, some KPIs were more abundantLy expressed in root tissues

when compared to stem and Leaf tissues, such as KPI-80, KPI-70.2, KPI-76, and, to a Lesser extent, KP1-

63. Constitutive expression patterns across tissues varied between individuaL KPI genes of the same

subfamily, and few patterns couLd be observed, though the two members of subfamily A were found to

be weakly or not expressed in the tissues observed relative to the rest of the KPI family.
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Figure 4.9: Quantitative real-time PCR anaLysis of constitutive gene expression for tweLve KPI genes in poplar.
Tissues collected from 1 year old trees incLude mature, intermediate, and juveniLe Leaves (LPI 9+, 6-9, and 0-5,
respectiveLy (Larson and Isebrands 1971)), petioLes, bark, phloem, xyLem, and mature and juveniLe roots, and are
represented aLong the x-axis. Transcript abundance of each gene was normaLized to transLation initiation factor 5A
(TIF5A; WSO116_J23) by subtracting the Ct vaLue of TIF5A from the Ct vaLue of each KPI gene, where zCt =

ACtKPI isoform - ACtTF5A. Transcript abundance of the KPl genes in each controL and treated sample was obtained from
the ecEjuation (1 + E)t, where E is the PCR efficiency, as described by Ramakers et aL. (2003). A transcript with a
reLative abundance of one is equivalent to the abundance of TIF5A in the same tissue. nd, not detected.
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4.3.10 KPI proteins are found in the insect gut

In order for KPIs to successfulLy inhibit digestive proteases as demonstrated by Major and

ConstabeL (2008) and, thereby, affect insect pests, it may be necessary for KPI proteins to survive the

passage through the insect digestive system. To assess the stability of KPI in the insect gut, obLique

banded leafroLLer (Choristoneura roseceana) Larvae were aLLowed to feed on Leaves of intact hybrid

poplar sapLings (Populus trichocarpa x deltoides Hil -11) for seven days to ensure that the popLar trees

had induced defense responses and were expressing KPI genes in Leaves. The contents of the LeafrolLer

midgut were isolated and protein was extracted (Figure 4.10, Panel A). TotaL isolated protein from the

insect gut was fractionated by FPLC ion exchange chromatography. Fractions were further separated

by SDS-page gel eLectrophoresis. A gel-excised region corresponding to 20-25 kDa (the approximate

size of intact KPIs; see Table 4.2) was purified and proteoLyticaLLy cleaved. The resuLting peptides

were anaLyzed by LC-MS/MS revealing peptides for KPI-63 with nearLy 30% totaL protein coverage

(Figure 4.10, PaneL B). The italicized G in the first peptide positively identifies KPI-63 (see Figure 4.5).

When the observed peptides are mapped back onto the fulL predicted amino acid sequence for KPI-63

(Figure 4.10, PaneL C), the sequence between the most N-terminal and the most C-terminal peptides

incLudes over 73% (149 of 202) of the fuLL amino acid sequence, including the region of KPI-63 invoLved

in the production of the reactive-site loop (Figure 4.5). Since these peptides were obtained from

proteins of approximately 20-25 kDa, it is Likely that the peptides measured by LC-MS/MS represent

intact or near-intact KPI protein from the midgut of leafroLLer larvae.
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A

Total protein content from leaf roller midgut

FPLC separation of complex gut protein mixture
Fractions collected
SDS-PAGE separation of each fraction
Excised bands from gel

Purified protein samples from leaf roller midgut

In-gel protein digestions
Peptides run through LC-MS/MS analysis

run: General Scan
2 run: With inclusion lists

Compared peptides to databases
Data analyzed

Peptide sequences

B
Sequence Peptide Ion
Covered Sequence Score

56-71 YIIGAASNDFAVTSSR 106

119-127 MAGVSTMWK 42

136-149 GFVVTTGGVAGLNR 101

188-204 LAPSTVPFPWFVPSDR 57

27.7% Total % Protein Coverage

C
>KPI-63

MKlTNFLVLSFLLFAFTATSlFPRAVHAEAVlDVFGDEVRTGDRiij
AASNDFAVTSSRIICNSDWFSPMSDGLPVIFSPWESNDSVIHED
SNLNVDFDAATCRMAGVSTMWKIELRPTARGFVVTTGGVAGLNR
FKITKYEGGNNLYQLSYCPISEPICKCSCVPLGKVVNRLAPSTVPF
PWFVPSDRASKIEYKMM

Figure 4.10: Analysis of poplar KPI proteins in midgut of oblique-banded Leaf roller (Choristoneura rosaceana).
(a) Experimental outline. (b) Peptide sequences with ion scores for each peptide; scores > 30 are considered
significant. (c) Protein sequence of KPI-63 with peptides identified by LC-MS/MS and their reLative position on the
parent sequence. The peptides were generated from a gel-isolated protein band of 20 to 25 kDa, the molecular
weight range of poplar KPIs.

Larvae dissected
Contents of midgut isolated
Protein extracted
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4.4 DISCUSSION

4.4.1 Status of the poplar genome sequence assembly informed from genome and FLcDNA analysis

of the KPI family

Kunitz protease inhibitors have been studied in many different pLants and contexts, often with

a focus on their potential for biotechnology-based pest control for agricuLture (Haq et aL. 2004);

however, the diversity of KPIs within a particuLar pLant species has only been explored in potato

(Heibges et aL. 2003a; Heibges et aL. 2003b). The Large number of KPIs in the poplar genome

represents a unique opportunity to explore the variation and function of these proteins. ALthough 31

KPI genes and pseudogenes have been predicted in the P. trichocarpa Nisqually-i genome, this number

may increase with improved genome sequence coverage and assembly. The fact that nearLy haLf of the

identified poplar KPI gene modeLs are stilL Localized only to scaffoLds and not to complete Linkage

groups highLights the potentially incomplete and preliminary nature of the Populus trichocarpa vi .1

genome sequence assembly.

4.4.2 Poplar KPI diversity

Analyses of the poplar genome sequence data revealed that this perennial has Larger gene

families known to be or potentiaLLy involved in defense relative to the annuaL plant Arabidopsis

thaliana (Tuskan et al. 2006). Given that poplar’s long lifespan relative to A. thaliana should result in

many more interactions for an individuaL plant with potential insect pests, possessing a more diverse

array of defense-related genes could be advantageous. Here we showed that the KPI gene famiLy in

poplar is large and extensive expansion LikeLy involved repeated tandem duplications. Lepidopteran

pests express compLex mixtures of digestive proteases in their guts, and these are often differentiaLLy

expressed in response to the presence of KPIs in ingested food (Jongsma et aL. 1995; Mazumdar

Leighton and Broadway 2001a, b; Volpicella et aL. 2003). Some insect digestive proteases are Less

susceptible to KPIs (BoLter and Jongsma 1995; Broadway 1995; Jongsma et al. 1995), ensuring that

digestion and growth of the herbivore can continue. Exposure to variabLe mixtures of muLtiple KPIs

may provide a muLtitude of seLective pressures on the insects, providing a mechanism that counters

rapid adaptation by the insect to this plant defense mechanism. In addition, expression of multipLe

KPIs during induced defense responses might reduce the effectiveness of the changing profiles of insect

gut proteases by providing a variety of other KPIs which might still have an effect on the up-regulated

compensatory gut protease. Possessing a variety of KPIs could also be advantageous when dealing with

different insect pests and their suites of digestive proteases, as diverging KPIs could possess

differential inhibitory activities in diiferent insect species. Indeed, Major and Constabel (2008) showed

that different poplar KPIs possess varying inhibitory activity for different proteases in vitro. Feeding

on transgenic tobacco expressing a poplar KPI results in reduced growth of tobacco budworm (Lawrence

and Novak 2001). Thus, at Least one popLar KPI gene has been shown to have an effect against insects,
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and it is LikeLy that many of the others do the same. We therefore suggest that the observed diversity

of the KPI gene family may provide fitness benefits to popLars.

The interaction of poplar KPIs with a diversity of pest proteases should be reflected in strong

selective pressure on the KPI genes. This would leave traces of positive selection and rapid molecular

evolution in KPI genes in different popLar species and populations. Previous work has shown that the

poplar KPI gene famiLy is evolving rapidly, with some KPIs showing signs of positive seLection

(Ingvarsson 2005; Talyzina and Ingvarsson 2006). The origins of selection pressures on the KPI famiLy

are difficuLt to demonstrate directly, but couLd involve pressure from a diversity of herbivore pests

with multipLe digestive proteases. We provided evidence that tandem gene duplication, perhaps

folLowed by positive seLection from herbivore pressures, has Led to the genetic diversity we observed in

the KPI inventory. The pattern of tandem duplications may have resuLted in pairs of popLar KPIs that

were subsequentLy free to evolve independentLy. Perhaps possessing two sLightLy different copies of a

gene is advantageous to the tree when deaLing with insect digestive proteases, which can be reLativeLy

more rapidly evolving given the shorter generation time in insects relative to poplars. In essence,

these similar KPIs allow the poplar tree to ‘cover their bets’ with respect to evolution of digestive

proteases in insects.

In summary, Large and diverse famiLies of defense genes may be cruciaL for long-lived trees to

successfully defend against a muLtitude of insect pest species with short generation times. Perhaps

poplar trees possess these Large defensive gene famiLies as ‘genetic storage’, to be abLe to deaL with

the multipLe generations of rapidLy evolving insects occurring within a single tree’s lifetime.

4.4.3 Insect-related initial suppression of KPI genes

An interesting pattern of earLy suppression of KPI defense gene expression was observed at

early timepoints (i.e. 2hrs) in response to FTC feeding, perhaps due to presence of insect-specific

elicitors. The lower magnitude of induction of most KPI genes in response to FTC OS pLus mechanical

wounding when compared to mechanicaL wounding alone further supports the hypothesis that a

compound (or compounds) present in insect OS is responsible for the initiaL suppression of KPI

transcript accumuLation. Since not all KPIs respond in the same manner, there may be interpLay of

muLtiple signals produced at the local wound site and different KPI promoters responsible for patterns

of initiaL down-regulation followed by strong up-reguLation of KPI defense genes. Since the early

suppression of KPI induction is not observed in response to MeJa treatment, it is possible that the

suppression is controlled by signaLs that are, at Least in part, independent of and possibly acting

antagonistic to those that control the subsequent up-regulation. A pattern of initiaL down-regulation of

a variety of putative defense genes in response to insect feeding has been observed in other pLants

such as tomato (Lawrence et aL. 2007) and tobacco (Schittko et al. 2001). These and other studies

have implicated certain OS compounds, such as the enzyme glucose oxidase, in the suppression

response (Musser et aL. 2005; Musser et al. 2002). Recent work in tobacco has demonstrated that smalL
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RNAs play a central role in regulating these OS-elicited changes in defense induction (Pandey et al.

2008); however, more work is required to establish if this initial down-regulation of defense genes such

as KPIs in poplars is regulated by a simiLar mechanism involving stress-responsive microRNAs (Lu et aL.

2008), or if some other mechanism is responsible.

4.4.4 KPI proteins may be intact in the insect gut

For a defense protein to carry out its anti-insect function, its structure and sequence may have

to endure the stresses of the feeding process and the voyage through the insect digestive system. The

anti-herbivore enzymes poplar polyphenoL oxidase and tomato threonine deaminase were shown to be

stabLe in the guts of lepidopteran insects (Chen et at. 2007; Chen et al. 2005; Wang and Constabet

2004). Some plant KPIs are exceptionalLy resistant to reducing agents, boiling, and pH extremes, while

others are more sensitive (Garcia et at. 2004; Macedo et at. 2004; Macedo et al. 2007). Major and

ConstabeL (2008) found substantiaL variation in biochemical stability of severaL KPI proteins in in vitro

stability assays, with subfamiLy E members being the most stabLe and best at retaining activity at high

levels of DTT and high temperature, while members from subfamily B - the most strongLy induced in

our experiments - were the most sensitive to these stress conditions. Our resuLts provide evidence that

at least one poplar KPI from subfamily C is found in the insect gut (Figure 4.10). Considering that these

peptides were generated by proteolytic cLeavage of proteins purified via FPLC followed by isoLation

from a gel region of 20-25 kDa, we provide evidence that intact popLar KPIs are found in the gut of

lepidopteran herbivores. Our results suggest that poplar KPIs are stable and resist digestion within the

gut of the [epidopteran leaf-eating insect Choristoneura rosaceana and perhaps other herbivores.
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5. Induced Systemic Defense in Poplar to Simulated Herbivory
Involves a Cascade of Transcriptional and Metabolic Responses
with Changes in Source-Sink Relationships and Resource
Allocation Patterns4

The availability of a poplar (Populus trichocarpa L.) genome sequence is enabling new research

approaches in angiosperm tree biology. Much of the recent genomics research in poplars has been on

wood formation, growth and development, resistance to abiotic stress and pathogens. In this study,

recently developed genomics resources were used for Large-scale profiling of defense responses of

poplar trees to insect herbivory. Using cDNA microarrays, we profited spatial and temporal patterns of

transcriptome responses in both source and sink Leaves in response to oral secretions from forest tent

caterpillar (FTC, Malacosoma disstria Hübner). Large-scale transcriptome profiling indicated that

induced responses in treated source leaves were rapid (by 6hrs) and involved varied physiological

processes from both primary and secondary metabolism. Untreated systemic source leaves also

developed a simiLar transcriptome profiLe by 24hrs, though induction was sLower than in treated source

leaves. However, transcriptome response in untreated juvenile systemic sink leaves at the crown of

poplar saplings was very different when compared to source leaves, involving a cascade through time

of expression profiles found only in sink leaves. Strong transcriptome up-regulation was observed by

2hrs at over 1.5 m from damage sites, mainly of genes involved in primary metabolism, transport, and

general stress response. Isoprene synthase expression increased in systemic [eaves whiLe it decreased

in treated Leaves. Galactinol synthase FLcDNAs, involved in production of raffinose, were cloned and

shown to be induced by damage with source- and sink-specific patterns of expression. GaLactinot and

raffinose metaboLite levels also increased systemically in response to herbivory. A defense profile

involving response in secondary metabolism and genes involved in poplar defense is observed by 24hrs

in sink Leaves. Overall, a model of poplar defense responses to insect herbivory begins to emerge,

whereby a cascade of changes in the transcriptome of treated and untreated [eaves may lead to the

rearrangement of metabolism and the induction of genes for successful systemic defense.

5.1 INTRODUCTION

Poplars (Populus spp.) are ecologically-dominant keystone species found throughout the

northern hemisphere, often in riparian or plains environments (Whitham et at. 1996). They also make

up the largest fraction of intensively managed hardwood forest acreage in North America (Coyle et al.

2005). They are a genus capable of hybridization and rapid propagation, renowned for their prodigious

growth and biomass-forming abiLities (Jansson and Douglas 2007). With the recent release of a

A version of this chapter wilL be submitted for publication. Philippe RN, Ralph SG, Jancsik S, White R,
Mansfield S and Bohtmann J (2008) Systemic herbivore defense in poplar involves multiple
transcriptional cascades and changes in source-sink resource allocation patterns.
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sequenced genome (Tuskan et aL. 2006), the genus has rapidLy become estabLished as an exceLLent

modeL system for bioLogicaL studies invoLving the physioLogy, adaptation, and evoLution of Long-Lived

woody perenniaLs.

When chalLenged by insect pests, pLants rely on a variety of active defenses invoLving secondary

metabolites and proteins to keep the infestation under controL (Baldwin et aL. 2001; Gatehouse 2002;

KessLer and BaLdwin 2002; WaLLing 2000). These defenses can act as toxins, antifeedants, or

antinutrients (Duffey and Stout 1996), serving to affect the insect directLy or in muLtitrophic

communication to attract predators of insect pests. Poplar defenses have recentLy been reviewed by

PhiLippe and BohLmann (2007). The abiLity to induce defenses aLLows Limiting resources to be conserved

and utilized more efficiently for growth when not under herbivore stress, which is of demonstrated

benefit for the plant (Baldwin 1998; Mauricio 1998; Strauss et al. 2002). PopLars and many other plants

can induce defense responses systemicaLLy throughout the plant (Green and Ryan 1972; Arimura et aL.

2004), thus providing unwounded Leaves with induced defenses and significant resistance to herbivory

even though no direct damage has occurred (HaviLL and Raffa 1999).

Recent work on induced popLar defense responses at the genomic LeveL have greatLy expanded

our knowLedge of transcriptionaL responses in wounded Leaves and, to a Lesser extent, in undamaged

systemic leaves (Lawrence et aL. 2006; Major and ConstabeL 2006; Ralph et aL. 2006). However, most

studies have focused on profiling responses in fuLLy deveLoped source Leaves and have ignored

deveLoping sink leaves. A recent profiling of hybrid popLar defense responses (Major and ConstabeL

2006) compared damaged source Leaves to undamaged systemic source Leaves of similar development

and showed extensive overLap in expression profiLes in treated and systemic Leaves. Previous work in

popLar demonstrated the importance of source-sink reLationships for induced defense and the

heterogeneity of responses between the metaboLicalLy distinct leaf groups (Arnold et aL. 2004; Arnold

and Schultz 2002), highLighting the need for analysis of transcriptionaL defense responses in both source

and sink leaves.

Insect-derived defense eLicitors have been isoLated from insect oral secretions (OS) and

identified as fatty acid-amino acid conjugates (FAC5), and are now known to be widespread in OS of

Lepidopteran Larvae (ALborn et aL. 1997; HaLitschke et aL. 2001; Mon et al. 2001; Mon et aL. 2003;

Pohnert et aL. 1999; TumLinson and Lait 2005). These OS eLicitors trigger various defense responses,

incLuding transcriptionaL changes, defense metabolite production, and volatile reLease (Atborn et aL.

2003; Alborn et aL. 1997; Engelberth et aL. 2007; Gomez et aL. 2005; Halitschke et aL. 2003; HaLitschke

et aL. 2001; Roda et al. 2004). FACs in forest tent caterpiLLar (FTC, Malacosoma disstria Hübner) OS

induce gene expression in popLar and function as faithfuL qualitative mimics of insect herbivory when

added to mechanicaL wounds (Major and Constabel 2006).

Here we report on the patterns of transcriptome changes observed over a time course in popLar

leaves of varying age and source/sink status in response to simulated herbivory by FTC via the addition

of FTC OS to mechanicalLy-produced wounds. We report results from a large-scaLe cDNA microarray
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profiling into spatiaL and temporal patterns of transcriptional defense responses, along with vaLidation

and additional characterization of primary metaboLism genes with potential function in insect

herbivore defense, as identified from microarray results. This paper provides a first view of a large

scale transcriptome profile of responses in poplar sink [eaves to insect challenge on source leaves, as

well as highLighting the importance of source-sink relationships and controL of primary metaboLism for

defense activation in poplar leaves, white providing a number of candidate genes with potential

involvement in systemic defense responses for future characterization. A modeL of the systemic

defense cascade in poplar inclusive of primary and secondary metabolism is presented.
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5.2 MATERIALS AND METHODS

5.2.1 Plant material and insects

Populus trichocarpa Torr. & Gray x P. deltoides Bartr. (Salicaceae), HI 1-11 genotype, was

grown on the University of British Columbia South Campus farm in Vancouver, BC, Canada. Cuttings of

30-100 cm were taken in February of 2003 from previous year shoots, pLaced in soil (35% peat, 15%

perLite, 50% pasteurized mineraL soiL, 250 gm3 OsmocoteTM 13-13-13 pLus micronutrients) in two-gaL.

pots (Stuewe & Sons Inc.), and watered daily. Trees were maintained in a greenhouse under constant

summer conditions where a constant 16-hour photoperiod was provided by high-pressure sodium Lamps.

Trees of 170 cm to 200 cm in height were used in experiments in August 2003. Average greenhouse

temperature during the month was 23.8°C (21.3°C minimum and 28.9°C maximum), with an average

relative humidity of 62.7%. Forest tent caterpilLars (FTC), Malacosoma disstria Hübner (Lepidoptera:

Lasiocampidae), were from the Great Lakes Forestry Centre (NRCan, SauLt Ste. Marie, Canada). FTC

were reared and maintained on artificiaL diet (BioServ EntomoLogicaL Division, NJ) at 25°C, 60 to 70%

relative humidity, 16-hour photoperiod. Unless otherwise mentioned, alL other reagents and soLvents

were from Fischer Scientific (Pittsburgh, USA), Sigma-Aldrich (St. Louis, USA), or Invitrogen (CarLsbad,

USA).

5.2.2 CoLlection of oral secretions and treatment of trees

Groups of 3d & 4th instar FTC Larvae were aLLowed to feed on 1-year oLd popLar sapLings for one

day and then used for the collection of the orally secreted contents of their foregut (Figure 5.1, panel

C). The coLlection apparatus consisted of a vacuum flask plugged with a rubber stopper, through which

a 50 iL microcapitLary tube was threaded and sealed in place with ParafiLm (ALcan Packaging). A 1.5

mL microcentrifuge tube was hung inside the flask with ParafiLm so that the bottom end of the

microcapiLlary tube touched the inside surface. With a vacuum applied to the fLask, individuaL FTC

were picked up with fingers just behind the head and mandibLes and pLaced next to the upper end of

the upright microcapiLLary tube. With a gentLe pinching/massaging motion, the FTC were induced to

empty their mouth and foregut contents into the tube, and were then discarded. Tubes were seaLed

when —400 tL of oral secretions (OS) had accumulated and placed at -80°C. MultipLe aLiquots were

thawed, briefly vortexed, and pooled before use. OS treatments consisted of leaves with 4 x 10 cm

wound tracks running paraLLeL to the petioLe, made with a fabric wheel, onto which 20 j.tL of OS was

spread with a paintbrush (Figure 5.1, paneL A). The five Lowest, fully-expanded, heaLthy Leaves were

treated in each tree. From each OS-treated and untreated controL tree the five Lowest heaLthy Leaves

(source Leaves), the five immediately adjacent fuLly-expanded systemic Leaves (source Leaves), and the

uppermost rapidLy expanding systemic juvenile Leaves with a midvein Length between 1 and 6 cm (sink

Leaves) were coLlected with petioLes removed at 2, 6, and 24 hours after treatment (Figure 5.1, paneL

B), flash frozen in Liquid nitrogen and stored at -80° C.
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Figure 5.1: Treated and untreated systemic source and sink Leaves were profiLed in this study. (A)
ILlustration of treatment and groups of Leaves sampled. The five Lowermost fuLLy-expanded, non
senescing mature source Leaves (LS0) were treated with mechanicaL wounding and forest tent
caterpiLLar oraL secretions (OS) and subsequentLy coLLected after 2hrs, 6hrs, or 24hrs. In addition, the
five acropetaLLy adjacent systemic mature source leaves (SSo) and the uppermost crown of 5-6 juveniLe
sink Leaves (SS1) were aLso collected. (B) Photograph of the sampLed Leaf groups for comparison. The
Leaves are arranged in the same vertical order as found on the tree, (though SSo Leaves are not
immediately adjacent to SSi Leaves). The white bar at the bottom right of the image serves as a size
standard at 10cm. (C) Photograph of FTC OS collection, showing regurgitant coLLecting on the Larvae’s
mouth near the vacuum tube opening. The bLack bar serves as size standard at 1cm.
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5.2.3 Invertase assay

Sucrose cleavage by acid invertases was assayed colourimetrically by measuring the generation

of gLucose monomers using a protocol adapted from Arnold & SchuLtz (2002). Two-hundred mg fresh

weight (FW) Leaves were ground in Liquid nitrogen and then extracted in 5 voLumes of extraction buffer

(pH 7.5) containing 150mM Tris-HCL, 2mM EDTA, 10mM ascorbic acid, 5% (w/v) PVPP, 10mM DTT and

2.5mM benzamidine in Nanopure water. FolLowing 15 mm centrifugation at 18,000 x g, supernatant

containing solubLe acid invertase activities was removed and saved. PelLet containing the ceLL waLL

bound acid invertase was washed three times and resuspended with 1 mL extraction Buffer (without

PVPP). 600 pL 100mM NaOAc (pH 4.5) and 200 jit 100mM sucrose were added to 200 jiL of the celL waLl

fraction, and incubated 30 mm at 37°C. Reducing sugars formed in the assay were detected with 3,5-

dinitrosaLicylic acid (DNS) according to MiLLer (1959), modified with the addition of 15 mm incubation at

100°C prior to cooLing to room temperature. Absorbance was measured at 560nm. Acid invertase

activities are reported as tmol sucrose cleaved/gram of tissue FW/min.

5.2.4 RNA isolation

RNA isoLation was performed foLlowing the protocol of KoLosova et a!. (2004). TotaL RNA was

quantified and quaLity checked by spectrophotometer and agarose gel. RNA was also evaluated for

integrity and the presence of contaminants using reverse-transcription with Superscript II reverse

transcriptase (Invitrogen, CarLsbad, CA) with an oLigo-d(T18)primer and uP32 dGTP incorporation. After

removaL of unincorporated nucleotides using geL fiLtration columns (Microspin 5-300 HR coLumns,

Amersham Pharmacia Biotech) the resuLting cDNA was resoLved using a vertical 1% (w/v) agarose

aLkaline geL and visuaLized using a Storm 860 phosphorimager (Amersham Pharmacia Biotech). For each

treatment, Leaf type, and timepoint, equaL quantities of totaL RNA were combined from each of five

independent repLicate trees prior to cDNA microarray analysis.

5.2.5 Microarray hybridization and gene expression data analysis

Details of the hybridization protocol for the 15.5K poplar microarray, aLong with fabrication

and quaLity control detaiLs, have been reported in Ralph et al. (2006). For each treatment, leaf group,

and timepoint, equaL amounts of total RNA were combined from each of the five biologicaL repLicate

trees prior to cDNA microarray anaLysis. Samples were indirectly Labelled with Cy5 and Cy3 fluorescent

dyes using the 3DNA Array 350 kit (Genisphere, HatfieLd, PA, USA). ALL microarray experiments were

designed to comply with MIAME guidelines (Brazma et al. 2001). All scanned microarray TIF images, an

ImaGene grid, the gene identification file and Imagene quantified data fiLes have been submitted to

GEO (www.ncbi.nlm.nih.gov/geo/). A total of fifty-four hybridizations were performed using the

hybridization scheme shown in Figure 5.2. TotaL RNA samples from OS-treated Leaves 2hrs, 6hrs, and

24hrs after treatment from all three Leaf types were each compared with total RNA from the

corresponding leaf types in controL trees harvested at the same timepoint, using two slides each with a
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Untreated Control

OS-Treated Balanced loop

Figure 5.2: Microarray hybridization pLan to study temporal and spatiaL patterns of poplar herbivore
defense response. Each circLe indicates a separate Leaf type and timepoint. BLue circLes indicate
controL Leaves, white orange circles denote OS-treated Leaves. Each arrow represents one microarray
sLide; soLid arrows indicate dye-flipped direct comparisons between treated and respective controL
leaves and dashed arrows indicated baLanced Loops between Leaf types or timepoints for either treated
or untreated sampLes. LSo, LocaL treated source Leaves; SSo, systemic mature source Leaves; SSi,
systemic juveniLe sink Leaves; 2hrs, 6hrs, or 24hrs timepoints.

Circles = Samples Arrows = Slides used for:

Direct comparison
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dye-flip [2 x (3x3) = 18 sLides]. BaLanced Loops were aLso incorporated to compare both OS-treated or

controL trees, each either to the other two timepoints for a singLe Leaf type, or to the other two Leaf

types at a singLe timepoint [2 x (3+3) = 12 Loops @ 3 sLides/loop => 36 sLides].

To vaLidate our findings with pooled bioLogical repLicates, we aLso performed additionaL

hybridizations using independent bioLogical replicates to examine differential gene expression in SSi

leaves at 2hrs in response to OS-treatment. TotaL RNA from four individual OS-treated trees was

compared directLy against four individuaL untreated controL trees using four hybridizations, baLanced to

have each sampLe type LabelLed twice with each dye. Similarly, totaL RNA from a single POOL of OS-

treated Leaves from each of five independent bioLogical repLicate trees (described above) was

compared to untreated controL Leaves from five independent bioLogicaL repLicate trees using four

hybridizations, again baLanced to have each sampLe type LabeLLed twice with each dye. These variance

comparisons aLL used systemic juveniLe sink Leaves coLLected 2hrs after treatment.

In order to assess the bioLogicaL response to mechanical damage pLus FTC OS (OS), in LocaL

source (LS0), systemic source (SSo), and systemic sink Leaves (SSi), and through time (2hrs, 6hrs, 24hrs),

a mixed-effects modeL containing a dye effect and a treatment effect for OS minus controL (C) was fit

using data from 54 microarray sLides. In order to assess the differences in variance between microarray

experiments invoLving pooLed or individual tree sampLes, models containing a dye effect and a

treatment effect for OS minus C were fit using data from four microarray sLides for the individuaL

replicate anaLysis, and four microarray sLides for the pooled replicate anaLysis. Before data

normalization, the Lowest 10% of median foreground intensities was subtracted from the median

foreground intensities to correct for background intensity. After quantification of the signal intensities,

data were normalized to compensate for non-Linearity of intensity distributions using the variance

stabiLizing normaLization (VSN) method (Huber et al. 2002). To assess the transcriptionaL response to

stress treatments, a Linear mixed-effects modeL was fitted to the normalized intensities in the Cy3 and

Cy5 channeLs. The model contained an adjustment for dye effect, an array effect indicating which

Cy5/Cy3 pair was on each array, and a treatment effect indicating treatment and time point. For both

microarray experiments, expression variance was derived from technicaL variance among sLides. The

ratio of each treatment parameter estimate to the standard error was used to caLcuLate a t statistic,

from which a P-value was obtained. The Q vaLue for each effect and gene was calcuLated for each of

the modeLs to adjust for the false discovery rate (Storey and Tibshirani 2003). DifferentiaLLy expressed

transcripts were defined as having foLd-change ratios >1.5, P<0.05, and Q<0.05. CLuster analysis was

performed on a set of 6,472 array eLements showing significant differential expression in at least one

sample (i.e., foLd-change between treated and controL Leaves > 1 .5x, P < 0.05, and Q < 0.05) using the

divisive DIANA aLgorithm (Bryan 2004), and the first eight clusters formed were examined in detaiL. ALL

statisticaL anaLyses were performed within the R statistical package (www.r-project.org/), save for

two-way ANOVAs and subsequent Tukey tests, which were performed with SYSTAT 11 (Systat Software

150



Incorporated). SupplementaL TabLe 5.5.1 (Appendix I) provides a compLete List of microarray expression

data for aLL genes represented on the microarray.

5.2.6 Quantitative real-time PCR (QRT-PCR) and gene expression data analysis

QRT-PCR was done as previousLy described in Ralph et aL. (2006). Prior to reverse transcription,

15 pg totaL RNA per tree was treated with DNaseI (Invitrogen) according to the manufacturer’s

instructions to remove genomic DNA. The resulting RNA was divided into three aLiquots of 5 pg and

independent cDNA synthesis reactions were performed using Superscript II reverse transcriptase

(Invitrogen) with an oligo d(T18) primer according to manufacturer’s instructions. The efficiency of

cDNA synthesis was assessed by geL eLectrophoresis prior to pooLing of the three reactions per tree.

Gene-specific primers were designed for microarray vaLidation, for isoprene synthase expression

verification, and for gaLactinol synthase expression anaLysis (Table 5.1) using a stringent set of criteria

including predicted meLting temperature of 64 ± 2°C, primer Lengths of 20-24 nucLeotides, guanine

cytosine contents of 40-60% and PCR ampLicon lengths of 100-350 bp. Primer specificity (single product

of expected Length) was confirmed by anaLysis on a 2% (wfv) agarose gel, by meLting curve anaLysis and,

for at Least one PCR reaction per gene, by sequence verification of PCR amplicons (data not shown).

Primers for poplar translation initiation factor 5A (TIF5A) were designed (GenBank accession number

CV251327; popLar EST W50116_J23) and served as a quantification controL (forward primer 5’-

GACGGTAI ii IAGCTATGGAATTG-3’, reverse primer 5’-CTGATAACACAAGTTCCCTGC-3, as in RaLph et aL.

2006).

Table 5.1: Primer sequences for QRT-PCR microarray validation (5’ to 3’ orientation).

Clone ID Forward Primer Reverse Primer

Microarray validation

WSOI 58_D14 GAGGGTATGTCTCTTGATGAAG CCflGTCACAGGAUTGCG

WS0147_P1 6 CGTGTACGCAGCAATTGGTG CCCTGGTGATTTTGCATCCAT

WSOI 24_D1 6 CATATGTTACCACCAAGAAGGG GCGAACACATGGTGATTACATG

WS0205_102 CCTTCGTTGCACTAATGAATC CTCTTCTTGTCCGAMATTGG

WSO21 2121 CTTGGATAAAGTTAATGTGGAAC GGTCAAAGATTGCTGACGAGC

WS0214_H20 GAACCAGATCTTTTTGATTGGAA GTTCACTGTAGTCACCGCAAC

WSOI 43_A03 GTAGGGAAACAA.ATTGTCTAGAT GCTGTGGTGTCATCCAAAACC

WSOI 34_G14 TTTCGTGTGGTCAATGCGAC AATCAAAGTTCCTTCGCGGAT

PPO TGCCCAGGTCTAATAGTGTTAG GACCTACATCGATCTCCTGAAG

TPSI GTGCCAATGTGATCAGCTAG CGGTTGAATCAGCATCACAG

Isoprene synthase expression analysis

WSO1 23_G1 7 CAGATtTATGCAATGCATTCCTA GATGTtTTGAACTACGGCAAAG

Galactinol synthase expression analysis

PtdGOLS1 .2 CGTCCCTGCACCAACTGCT CGAAGTAGCCTGAAAMGGTAT

PtdGOLS2.1 CATTGTCGAGGTCATCCATCT GGATGGGATTACACCAGTT I FT

PtdGOLS6.1 AGCCAGTGAACTTACATCCATT GTGCTTTGATCCTrC1TrCTTC

PtGOLS3. 1 CTGAGGCTGGTGTTGTCCAC TCCTAGAAMTrCAAAAGAGCAA.T

QRT-PCR was conducted on a DNA Engine Opticon 2 in an opticaL 96-weLL pLate (MJ Research)

using the DyNAmo HS SYBR green kit (Finnzymes) according to manufacturer’s instructions. Reaction

151



mixtures contained 10 ng cDNA as tempLate, 0.3 pM of each primer and 10 pL of DyNAmo master mix in

a final volume of 20 pL. Reactions with the cDNA template replaced by nuclease-free H20 or 10 ng of

non-reverse transcribed RNA were run with each primer pair as a controL. The program for aLL PCR

reactions was: 95°C for 15 mm; 40 cycles of 10 s at 95°C, 30 s at 60°C, and 30 5 at 72°C. Data were

anaLyzed using the Opticon Monitor 2 version 2.02 software (MJ Research). For each primer pair a

minimum of three independent technicaL replicates was performed. To generate a baseline-subtracted

pLot of the logarithmic increase in fLuorescence signaL (R) versus cycLe number, baseline data were

collected between cycLes 3 and 10. AlL amplification plots were anaLyzed with an R threshoLd of 0.005

to obtain C (threshold cycle) vaLues. Transcript abundance for each OS-induced gene was normalized

to TIF5A by subtracting the C value of TIF5A from the C value of each OS-induced transcript, where

= Cttranscnpt - CtTIF5A. Transcript abundance of OS-induced genes in controL and OS-treated

samples were obtained from the equation (1 + E)t, where E is the PCR efficiency, as described by

Ramakers et a!. (2003). A transcript with a relative abundance of one is equivaLent to the abundance

of TIF5A in the same tissue. In order to assess the biologicaL foLd-change response to OS treatment, a

mixed effects model for each gene containing a treatment effect for OS minus untreated control (C)

was fit using data from at least three independent technical repLicates for each of the three leaf

groups in OS-treated and untreated control cDNA pools. The ratio of the OS minus C parameter

estimate to the standard error was used to caLculate a t statistic and P vaLue.

5.2.7 Isolation of poplar full-length gaLactmnol synthase (GOLS) cDNA clones

A TBLASTN search of the Treenomix poplar EST database (build 13; www.treenomix.ca)

containing 90,368 3’-end sequences was performed using all characterized and putative Arabdiopsis

thaliana gaLactinoL synthase (GOLS) sequences obtained from GenBank to identify the compLement of

popLar GOLS cDNAs (singLetons and contigs - 40 bp overLap, 95% identity). GOLS clones in the

pBLuescript II SK(+) vector were identified in our cDNA library gLyceroL stocks, insert sizes determined

using PCR with -21 M13 forward (5’-TGTAAAACGACGGCCAGT-3’) and M13 reverse (5’-

CAGGAAACAGCTATGAC-3’) primers, and sequenced from both ends using the same primers. In this

manner, 7 unique popLar GOLS fuLl-length cDNAs were obtained. These sequences were deposited in

GenBank under accession numbers EU30571 8 to EU305724.

5.2.8 GOLS sequence and phylogenetic analysis

The cLoned full-length popLar sequences and the EST unigene sequences were used to perform a

TBLASTN search of the Populus trichocarpa NisqualLy-1 V1.1 genome (genome.jgi

psf.org/Poptrl_1 /Poptrl_1 .home.html). This process was repeated with the identified poplar GOLS

genome models, yielding a set of ten GOLS gene models in the genome. PLant GOLS protein sequences

were obtained from GenBank using a keyword search for ‘plant galactinoL synthase’ in the protein

database. Amino acid muLtipLe aLignments were made with CLustaLW (www.ebi.ac.uk/ctustaw) and
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Boxshade (v3.3.1, written by K. Hoffman and M. Baron, modified by H. Schirmer), and run through

maximum LikeLihood anaLysis using Phyml, version 2.4.4 (Guindon and Gascuet 2003) with the JTT

(Jones et aL. 1992) amino acid substitution matrix. The proportion of invariant sites as weLL as the a-

shape parameter were estimated by Phymt. Trees were generated using BIONJ (GascueL 1997), a

modified neighbour-joining aLgorithm. SEQBOOT of the Phytip, version 3.66 package (FeLsenstein J.,

1993; distributed by the author, Department of Genetics, University of Washington, SeattLe;

evoLution. genetics.washington . edu/ phylip. html) was used to generate 100 bootstrap replicates, which

were then anaLyzed using PhymL and the previously estimated parameters. CONSENSE, aLso from PhyLip,

was used to create a consensus tree. Treeview (Page 1996) was used to visualize aLL trees. Bootstrap

vaLues above 70% were added to the maximum LikeLihood tree generated from the originaL dataset.

5.2.9 SolubLe sugars and starch analyses

To quantify galactinoL and raffinose sugar LeveLs in different (eaves from OS-treated popLar

trees, the Leaf tissues coLLected as described above were freeze-dried for 48 hours. Leaf materiaL (-50

mg) was finely ground with a mortar and pestLe in Liquid nitrogen, and extracted for 24hrs at -20°C with

4 mL of methanoL:chLoroform:water (12:5:3). SampLes were centrifuged for 10 mm at 6,000 rpm and

4°C, and the supernatant was coLLected. The pellet was washed with 8 mL of

methanoL:chloroform:water (12:5:3), centrifuged for an additional 10 mm at 6,000 rpm and 4°C, and

the supernatants were pooled. An aLiquot of 5 mL of distiLled water was added to the pooLed

supernatants and phase partitioned, and I mL of the resuLting aqueous phase containing the soLubLe

sugars was dried in a speedvac at 40°C. The pelLet was re-suspended in 1 mL of Nanopure water and

fiLtered through a 4 mm nyLon fiLter (0.45 pm). The soLubLe carbohydrates were separated and

quantified by HPLC on a DX-600 ion chromatography system equipped with an AS5O autosampLer and an

ED5O eLectrochemicaL detector with goLd electrode (Dionex, Sunnyvale, CA). Monomeric sugars were

isocraticalty separated with a 10 tL injection volume on a Carbopac PA-i (Dionex) anion-exchange

coLumn (4 x 250 mm) with distilled, deionized water at room temperature at a flow rate of 1 mL/min,

with a postcolumn addition of 100mM NaOH prior to detection. OLigomeric sugars were isocraticaLLy

separated with a 10 jiL injection volume on a Carbopac MA-i (Dionex) anion-exchange coLumn (4 x 250

mm) with 300mM NaOH at 0.3 mL/min. ResuLts were measured and described in terms of reLative peak

area abundance caLculated against a fucose sugar internal standard. ALL carbohydrate concentrations

were determined using regression equations from calibration curves that were derived from known

standard soLutions of sucrose, glucose, gaLactose, gaLactinoL, and raffinose.
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5.3 RESULTS

5.3.1 Invertase activity demonstrates source-sink relationship between leaf groups

In order to create a temporal profile of local and systemic transcriptome responses to

simulated insect feeding in poplar, we colLected groups of locally-treated, fully-developed LSo Leaves

for comparison by microarray analysis to groups of both immediately-adjacent untreated SSo (eaves

and untreated SSi Leaves at the developing crown (Figure 5.1, panel A). By coLLecting five (eaves for

each sampLe, we ensured that orthostichous phtoem connections existed between groups of treated

and untreated (eaves (Larson 1979). Phtoem connectivity has been shown to infLuence the magnitude

of poplar systemic defense induction (Davis et aL. 1991). Though phenotypic differences between

putative source and sink Leaves are fairly obvious, with sink (eaves being much smaLler than source

Leaves (Figure 5.1, panel B), cell-waLL invertase (CWI) activity was measured in untreated samples of all

three leaf groups in order to determine if a source-sink relationship truly existed between local or

systemic source Leaves and systemic sink (eaves. The CWI activity was approximately twice as high in

sink leaves as in source Leaves (Figure 5.3), confirming a source-sink relationship exists (Tukey HSD: LSo

vs. SSo, P = 0.999; LSo vs. SSi, P = 0.035; SS0 vs. SS1, P = 0.047). When LSo Leaves are treated with FTC

OS, CWI activity is approximately doubled after 2hrs in LSo, as well as in untreated SSo and SSi (eaves

(Figure 5.3) (Tukey HSD: LSo vs. SSo, P = 0.992; LSo vs. SSi, P < 0.001; SSo vs. 551, P < 0.001), Leaving

the source-sink relationship intact but with increased phloem Loading/unloading capabilities with

treatment. Two-way ANOVA indicated that CWI activity was influenced by leaf type (P < 0.001) and by

OS treatment (P < 0.001), though the interaction term was not significant (P = 0.140).
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Figure 5.3: InsoLubLe ceLL-waLL invertase activity in source and sink Leaves of untreated controL and
FTC-OS-treated popLar trees 2hrs after treatment. Activities of ceLL-waLL invertase in treated LocaL
source (LS0), systemic source (SS0) and systemic sink (SSi) Leaves in controL (open bars) and OS-treated
trees (cLosed bars). VaLuesare represented as means ± SD (n=5). Data were anaLyzed using two-factor
ANOVAs and Tukey muLtipLe comparison tests. Bars with different Letters above them are significantLy
different at the P = 0.050 LeveL; Letters are independent such that ‘ac’ is not significantLy different
from either ‘a’ or ‘c’ (though ‘a’ and ‘c’ are from each other).
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5.3.2 Individual trees confirm validity of resuLts using pooled repLicates

We used the popLar 15.5K cDNA microarray (RaLph et at. 2006) to examine large-scale changes

in transcript abundance in LSo, SSo, and SSi [eaves of hybrid poplar in response to simulated insect

herbivory. SuppLemental Table 5.5.1 (Appendix I) shows a complete List of data for aLL genes

represented on the microarray. Genes that showed changes in transcript abundance [i.e. are

differentially expressed (DE)] were identified using three criteria: At [east 1.5-fold change between

treated sampLes and untreated controls, Student’s t-test P value < 0.05, and Q vaLue < 0.05. Using

these statisticaL criteria, approximateLy 40% of eLements on the array were DE in treated trees, though

about 20% were DE in onLy one Leaf group, indicating potentiaLly Leaf-specific transcriptionaL responses.

Ralph et at. (2006) previousLy demonstrated, in a microarray experiment characterizing the

response to insect herbivory in clonatty propagated hybrid poplar Hi 1-11 grown in a greenhouse, that

aLmost aLL observed variation in microarray signaLs was due to technical rather than bioLogicaL

variation. A microarray experiment comparing resuLts generated with repLicates pooled from five trees

versus individuaL repLicates for the response at 2hrs in systemic sink tissues (Figure 5.4, paneL A)

confirms that the variances in gene expression as detected with microarrays are nearLy identicaL

between pooLed and non-pooled samples. In addition, comparing the overaLL DE profiLes of genes in the

two different experiments (Figure 5.4, panel B) shows the data clustering around the 45 degree Line,

indicating that both experiments produced a very similar transcriptome response. When ranking array

eLements by response to treatment in the experiment with individual repLicates and comparing these

rankings to the experiment with pooled replicates, we find substantial overLap in the elements that

responded in the two experiments. WhiLe the magnitude of response varied, 19 of the 20 most highLy-

up-regulated elements in the experiment with singLe trees were also the most highLy up-reguLated in

the experiment with pooled trees (data not shown). Though prohibitive in terms of time, space and

cost, it would have been preferabLe to use independent biological repLicates throughout the array

analysis, instead of technical repLicates with pooled samples from multiple biological replicates;

however, the similarity in expression changes and variances observed between the two experiments

indicates that the expression results obtained with pooled samples are nearLy identicaL to the results

potentially obtainabLe with individuaL trees, and we can be confident in the biological validity of the

results.

156



Number of
Elements

493
462
432
401
370
339
308
278
247
216
186
155
124
93
62
32

A B
C
0

_________________________

o

____ ____

I 2

_____

I
—

_____ _____

w c c I

0(0 o_
0.>

Individual Pooled
Trees Trees Response observed with

Pooled Replicates
ln(RSink2ICSink2)

Figure 5.4: Comparison of variation in results between microarray analysis experiments involving
individuaL tree replicates versus pooLed repLicates from five trees. (A) When comparing totaL variation
in microarray element intensity from an experiment involving individual trees (bioLogicaL and technicaL
variation) to the large pooled-tree experiment (technical variation), the variances are essentiaLLy
identicaL. (B) PLot of differential expression of genes in 2hrs OS-treated samples from experiments
with pooled-tree samples (the main experiment) compared to a verification experiment done with
individuaL tree sampLes. Number/Count scaLe from light grey to bLack correlates with an increasing
number of genes in that category.
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5.3.3 Large-scaLe patterns of systemic transcriptome responses to FTC OS treatment in hybrid

popLar reveal common late-response profiles across leaf types, contrasted with varying early-

response profiles

To gain insight into the systemic response to simulated FTC herbivory, we examined the spatial

and temporal patterns of up- and down-regulated transcript abundance (Figure 5.5). The nine plots

shown in Figure 5.5 provide a summary of the complete set of transcriptome changes in response to

treatment in each leaf group/timepoint examined. In this iLlustration, aLl microarray elements are

divided into bins along the x-axis, with distance from the origin indicating the magnitude of change in

transcript abundance (differential expression, DE). The solid vertical lines indicate the maximum

down- and up-regulation observed, while the space between the solid and dotted vertical lines

indicates the 5% most down- or up-regulated transcripts. Three features can be ascertained from these

plots: (1) the wider the bin curve, the more elements responded in that sample; (2) the space

between the two 5% dotted Lines represents 90% of the eLements on the array, so that the wider the

space between them, the more genes are responding in this sampLe; (3) the farther the black Lines are

from the centre, the greater the observed magnitude of expression changes. The number of array

elements showing significant changes in transcript abundance for each sample is shown above each

pLot.

Using the previously stated criteria for significant change (at least I .5-foLd up- or down-

regulated with P and Q statistics < 0.05), there were 1,997 up-reguLated and 1,632 down-regulated

genes in SSi leaves at 2hrs after OS treatment, making this the largest and fastest response of aLL leaf

types and timepoints in our comparisons. At 6hrs, the SS1 leaves experienced a substantial drop in

responding eLements, with 178 up- and 38 down-reguLated, and ended up with 130 up- and 38 down

regulated elements at 24hrs. When compared to LSo leaves, which responded at 2hrs with 1,568 up-

regulated elements and 938 down-regulated elements, simiLar numbers were seen at 6hrs (1,624 up-

and 900 down-regulated). At Z4hrs, LSo leaves are the intermediate of the three Leaf groups, with 360

up- and 58 down-regulated elements. Finally, the response in SSo Leaves was the slowest of the three

leaf types. At 2hrs, SSo leaves had only 34 up-regulated and 3 down-regulated elements, increasing

through 6hrs (118 up- and 92 down-regulated) to the strongest observed transcriptome profile at 24hrs

(411 up- and 74 down-reguLated).

Overall, these results highlight some general spatial and temporal patterns of gene expression

changes due to OS treatment in the three Leaf types examined. The LSo response to OS peaked around

2 to 6hrs after treatment. The number of responding array elements stayed fairly steady from Zhrs to

óhrs, but then began to decrease until 24hs with fewer responding elements yet still a strong

magnitude of response in up-regulation. In SSo leaves, a much slower and weaker response was

activated. The maximum SSo response was reached sometime around 24hrs and the magnitude of

response was slow to increase, being comparably weaker than the other two leaf types at 2hrs and

6hrs. In contrast, the SSi Leaves had the Largest number of up- and down-regulated genes at Zhrs of the
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three Leaf types, with magnitude of DE on par with or possibly exceeding LSo Leaves. By 24hrs, the

maximum magnitude change and number of genes differentiaLLy expressed in SSi Leaves were simiLar to

SSo Leaves, but the number of up-regulated genes was much less (130 in 551 vs. 411 in SSo). On the

other hand, the number of down-reguLated genes at 24hrs was simiLar in alL Leaf types.

In summary, LSo leaves responded rapidLy and strongLy and peaked around 6 hrs; SSo Leaves

responded very slowLy and much Less intenseLy, reaching a maximum around 24hrs; and 551 Leaves

responded with a very dramatic response peak around Zhrs. Despite the Large number of induced

genes, there was very LittLe overlap in the change of specific transcript species across all Leaf types and

timeponts upon OS treatment, indicating that distinct sets of genes are affected by FTC OS in different

Leaf types, and that these gene sets are activated in temporaLly distinct cascades (see Figure 5.5,

Figure 5.6, TabLe 5.3).
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Figure 5.5: ProfiLes of differentialLy expressed (DE) genes from microarray anaLysis of 15,496 array
elements in poplar systemic response to FTC OS through time. Genes were classified as DE between
treated (T) and controL (C) Leaves using a threshold of fold-change > 1.5, P < 0.050, Q < 0.050. The
changes in expression levels for aLL eLements on the array in each Leaf type of OS-treated trees (LS0,
SSo, and SSi) at every timepoint (2, 6, Z4hrs) reLative to their respective controLs are displayed above.
DE LeveLs are shown on the x-axis, while the number of elements corresponding to that expression
LeveL is shown on the y-axis. The 5% most up- or down-regulated genes are outside of the dotted Lines,
whiLe the solid Lines mark the minimum and maximum DE. The number of genes significantLy up- and
down-regulated is shown above each sampLe point.
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5.3.4 Clustering analysis demonstrates source/sink and treated/untreated distinctions in

transcriptome response to OS treatment

Global trends and patterns of co-expressed genes in response to simulated FTC herbivory were

identified using the divisive DIANA algorithm (Bryan 2004) for cLuster analysis. Transcripts

corresponding to 7,231 microarray elements with a fold-change > 1.5, p < 0.05, Q < 0.05 (Figure 5.6;

Supplemental Table 5.5.2; see Appendix I) in at (east one Leaf group and timepoint in response to OS-

treatment were collected and grouped into eight unique clusters showing distinct patterns of

expression.

The first four clusters contained a total of 6,841 genes, or 95% of all DE genes. Cluster 1

contained genes that were up-reguLated early (2-6hrs) in response to OS mainly in LSo leaves. This LSo

specific pattern was contrasted with Cluster 3, which contained genes that were up-reguLated earLy

(Zhrs) mainly in SSi Leaves and CLuster 4 which contains genes that were down-regulated early (2hrs)

mainly in SSi (eaves. WhiLe these three clusters demonstrated leaf-group-specific expression response,

Cluster 2 contained genes with early (2-6hrs) up-regulation in SS1 Leaves and down-regulation in LSo

leaves. Up-regulated eLements in LSo shown in CLuster 1 (1,631, or 23%) included mainly genes

annotated as being involved in signaling, general stress response, or primary metabolism, as well as

many unknown genes. Clusters 2, 3, and 4 demonstrated that the transcriptional response in SSi leaves

comprises a major portion of the total transcriptome changes observed (5,210, or 72%). These three

clusters contain mainly eLements annotated as functioning in primary metabolism or general stress

responses.

Cluster 5 contained genes that were expressed throughout the plant, though most rapidly in

LSo leaves (peaking by 2hrs). This cluster contained many array elements that are annotated in

primary metabolism, transport, signaling, redox reactions, fLavonoid metabolism, or volatile organic

compound synthesis, as well as many unknown genes. The octadecanoid pathway had a few notable

representatives in this cluster with an atlene oxide cylase (WSO1 55_D02) expressed in LSo and SSo, and

jasmonic acid carboxymethyltransferase (WSO1 21 4_G05) that responded only in LSo leaves. Cluster 6

also contained elements that responded throughout the plant, and more quickly in LSo leaves (6hrs)

than in SSo or SSi leaves (24hrs), though all responded later than those elements found in Cluster 5.

This cluster had representatives from the gene families found in cluster 5, though an increase in

elements with putative calcium binding or calcium signaling functions was observed in this cluster.

Cluster 7 contained Late- or sustained-response elements whose up-regulation was highest at 24hrs

throughout the plant, annotated as genes possessing (or putatively possessing) function in poplar

defense against insect herbivores, such as polyphenoUc oxidase, Kunitz protease inhibitors,

endochitinases, or octadecanoid signaling, along with several apyrases, and essentially represented the

24hr herbivory response timepoint previously profiled by Ralph et al. (2006). The small cluster 8 was

distinct in that the elements it contained, while responding in all three leaf types, were rapidly up

regulated and were back to basal levels by 24hrs in both LSo and SSo leaves, while peaking later at 6hrs
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Cluster I Cluster 2 Cluster 3 Cluster 4

Figure 5.6: CLuster analysis of expression profiles of genes differentiaLLy expressed (DE) foLLowing
simuLated herbivory with forest tent caterpilLar OS of popLar Leaves. A set of 7,231 genes were
identified as DE (foLd-change> 1 .5x for treated/controL Leaves; Q. < 0.05) in the three Leaf groups for at
Least one timepoint and then cLustered using the divisive DIANA aLgorithm (Bryan 2004). For each paneL,
foLd-change expression ratios are pLotted for 2, 6, and 24hrs post-treatment for each of LSo, SSo, and
SSi sampLes. Grey dotted Lines in the background represent the expression profiLes of individuaL array
eLements and soLid red Lines represent the median expression ratio for the cLuster of the grey Lines.
For each leaf group, boxpLot representations of the expression profiLe for the 7,231 array eLements
incLuded in this anaLysis are provided for reference. Each boxpLot shows the median vaLue as a Line
dissecting the box, upper (75%) and Lower (25%) quartiles at the top and bottom box edges, the non
outLier minimum and maximum vaLues as whiskers outside the box (1.5x the interquartiLe range), and
outLier vaLues (beyond the whiskers) as open circLes.
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in SSi (eaves - the major difference was between source/sink, not treated/systemic. These rapidLy up

reguLated elements were annotated as glutathione-S transferase (WSOI31_A16), a peptidyl-prolyL cis

trans isomerase (WS0192_G05), and various heat shock proteins.

We conclude that cluster analysis supports the above noted spatial and temporal patterns in

gLobaL expression, demonstrating (1) strong responses in LSo [eaves, (2) very strong earLy responses

unique to SSi leaves, and (3) the generalLy weaker and later response in SSo leaves. It also uncovers

the (4) temporaL patterns of transcriptome profile changes between treated and systemic Leaves, and

between source and sink leaves.

5.3.5 QRT-PCR validation of systemic microarray experiment

To validate microarray resuLts, we designed gene-specific primers (Table 5.1) for ten DE genes

and quantified their expression using QRT-PCR (Figure 5.7 and Table 5.2). These genes covered a range

in maximum expression changes from 3.39-fold (i.e. histone deacetylase; WS0158_D14) up to 24.01-fold

(i.e. unknown protein; WS0123_C21) according to microarray analysis. Among these ten transcripts,

eight were confirmed by QRT-PCR. The two non-confirmed eLements were from multi-gene families, so

the induced expression observed in microarray anaLysis could be due to induction of a closely related

family member. We generalLy observed greater changes in transcript abundance using QRT-PCR,

probably due to the greater sensitivity and detection range of this technique compared to cDNA

microarrays. Additionally, induced genes from larger families could potentialLy cross-hybridize to other

family members on the microarray, diluting the actuaL intensity of response. Significant FTC OS-

induced gene expression ranged from 50-fold down-reguLation in 24hrs SSi for a putative leucine-rich

repeat (LRR) transmembrane protein kinase (WS0205_102), up to 2,235-fold up-regulation for

potyphenoL oxidase (PPO) in 24hrs SSi. However, the strongest down-regulated element at 2hrs in SSi

Leaves (15-foLd down; LRR transmembrane protein kinase WS0205j02) experienced a 1,300-fold up-

regulation in SSo [eaves, highlighting the differences in transcript response of the same gene between

source and sink leaves. Indeed, for some of the transcripts shown in Figure 5.7, we observed up

reguLation in source leaves and down-regulation in sink Leaves (e.g. histone deacetlyase WS01 58_D14,

LRR transmembrane protein kinase WS0205_102), or vice-versa (e.g. 9-cis-epoxycarotenoid dioxygenase

WS0147_P16). Some transcripts were most strongly up-regulated in sink [eaves (e.g. universal stress

protein WS0124_D16), whiLe others responded most in source Leaves (e.g. aminopeptidase M,

WS0212_121). We aLso found a pattern of generaL up-reguLation across the whole pLant for some genes,

peaking at around Z4hrs in every leaf group (e.g. serine carboxypeptidase S28 WS0214_H20,

endochitinase WS0143_A03, Kunitz protease inhibitor (KPI) WS0134_G14, polyphenol oxidase PPO, and

(—)-germacrene-D synthase TPS1). In addition to the select QRT-PCR validation across different types

of genes presented here, a more comprehensive QRT-PCR analysis of KPI genes is described in Chapter

4 of this thesis.
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Figure 5.7: QRT-PCR analysis for vaLidation of systemic gene expression of seLected genes in popLar
Leaves in response to simulated FTC herbivory. Values were determined using QRT-PCR and represent
fold-change differences between untreated controL Leaves and Leaves from trees treated with
mechanicaL wounding pLus FTC OS. Expression changes were examined in LSo, SSo, and SSi Leaves at 2,
6, and Z4hrs foLLowing treatment. Gene expression was determined in each pooLed sampLe of five
trees using at Least three independent technical repLicates. Transcript abundance for each gene was
normaLized to eukaryotic transLation initiation factor 5 A (eIF5A; WSO116_J23) by subtracting the Ct
vaLue of each transcript, where Ct = Cttranscript - CteIF5A. Transcript abundance of genes in controL
(open bars) and OS-treated (cLosed bars) sampLes were obtained from the equation (1 +E)t, where E is
the PCR efficiency, as described by Ramakers et at. (2003). A transcript with a reLative abundance of
one is equivaLent to the abundance of eIF5A in the same tissue. Error bars show standard error.
StatisticaL significance of expression differences reLative to untreated pLants was determined using a
Linear model (see MateriaLs and Methods and Table 5.2). Significance threshoLds were set at *

< 0.05; **

<0.01; *** <0.001.
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5.3.6 Systemic sink leaves have a unique pattern of earLy response to FTC OS

The contrast in expression profiles between LSo and SSi leaves shown by cLuster anaLysis (Figure

5.6) highlights sink/source and local/systemic distinctions in the transcriptome response. TabLe 5.3

shows the foLd-change values for the top twenty highest-expressing DE genes (some representing gene

families) in SS1 leaves at 2hrs, 6hrs, and 24hrs. For DE genes that are members of gene families where

several members were among the most strongLy responding genes, only a single representative member

is listed in TabLe 5.3. For example, WS0133j11 represents seven different KPIs that were found

amoung the most strongLy up-regulated in SSi at 24hrs. For comparison, the corresponding FC values

found in LSo and SSo leaves are shown, and all three timepoints are included to illustrate temporal

patterns.

The most responsive genes in SSi Leaves at 2hrs were not changed in SSo Leaves, and many were

substantially down-regulated in LSo Leaves at Zhrs (TabLe 5.3, part A). Transcripts involved in carbon

metabolism were highly represented in the SSi up-regulated genes at this early timepoint (galactinoL

synthases WSOI 213_LI 0 (Table 5.3), WSO1 11 _P1 8, WSO1 21 O_107, WS0i 41_Hi 5; fructose-6-phosphate 2-

kinase WS0147_D12; sucrose synthase WS0162_M12), as were transcripts implicated in calcium signaling

(polcalcin WS0133_F02 (Table 5.3); calmodulin WS0152_B13 (Table 5.3); calmodulin-binding protein

W50142_H05) and abscisic acid synthesis (9-cis-epoxycarotenoid dioxygenase WS0147_P16 (TabLe 5.3)).

Down-regulated elements in SSi leaves at 2hrs included numerous eLements annotated as histone

elements or as lipid transfer proteins, amongst a variety of many primary metabolism functions, though

the general down-reguLation of photosynthesis seen in treated LSo Leaves was not observed in the early

response in SSi leaves (Supplementary TabLe 5.5.1).

A distinct fingerprint of strongly up-regulated genes in SSi leaves was also seen at óhrs (Table

5.3, part B), aLthough some of the same geneswere also up-regulated earLier, albeit with Lower FC, at

2hrs in LSo and SSo leaves. The strongest up-regulated transcripts in 551 Leaves at óhrs grouped into a

variety of heat shock protein and expressed protein families with representatives shown in TabLe 5.3

(panel B) (17.6 kDa Class I HSPs, WSOI9I_J03; 23.6 kDa mitochondrial smaLl heat shock protein,

WS0202_P22; DNAJ heat shock protein, W50211_C17; 15.7 kDa cLass I-related smalL heat shock protein,

WS0208_H18; heat shock protein 81-1, WSO2OIO_D03; heat shock protein 81-2, WS0155_A15,

WSO1 55_L21; heat shock protein 70, WSO1 32_E12; heat shock cognate 70-1, W50207_H24; heat shock

cognate 70-3, WSOI 22_G07).

By 24hrs, the strongest responding 551 genes were also highly up-reguLated in LSo and SSo

Leaves (Table 5.3, part C), providing us with a snapshot of some of the genes that are responsive

throughout the whole plant. These genes made up a substantial part of the proteinaceous systemic

defense response (e.g., endochitinases WS01 46_J02, WS0202_J1 5, WS01 43_A03; KPIs WSOI 33_Ill,

W50133_N23, WSO151_M13), or jasmonic acid signaling (e.g., allene oxide synthase WS0145_B07;

Lipoxygenases WSO1 212_LOS, WSO1 48_I22, WSO1 57_H08; 1 2-oxophytodienoate reductase (OPR1)

W50183_120). In contrast to the distinct transcriptome fingerprint seen in 551 Leaves at 2hrs, many of
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the responding elements in LSo and SSo leaves had simiLar patterns of response at 6hrs and 24hrs, with

SSo leaves seemingly lagging behind the treated LSo (eaves in defense activation (TabLe 5.3). The

unique pattern of transcriptional response observed in SSi Leaves was explored in more detail with

further characterization of isoprene synthase and gaLactinoL synthase.

168



A 2hrs
1’ WS0123_C21 ri/a

WS0124_D16 At3g62550

WSO121 3_Li 0 Ati g60470
WSO13I_120 n/a
WS0162_F09 At4g23740
WSOI21O_A07 At5g53550
WSO1 32_B08 At2g2421 0
WSO1 21 3_014 At5g04530

WS0152_B13 n/a
WS0162_D09 At5g60020
WSOI 33_F02 Ati g24620

WSO1 I 17_C04 At1g76180
WS0134_L09 ri/a
WSO1 78_N22 At5g421 90
WS0147_P16 At4g19170

WSO21 1_D07 At5g05340

WS0162_A24 At2g37090
WS0143_H20 At3g21 890
WS0143_D1 1 At2g3041 0
WS0162_F08 Ati g71 900

B 6h
WSOI 91_J03 At2g29500

WSO2OI 0_D03 At5g52640

WS0202_P22 At4g25200

WS0231_D08 At2g34070
WS0172_K21 At3g51130

WSO1 92_G05 At5g48570
WSO1 78_C21 At2gl 4880
WS0162_E1 1 At4g02830
WSO21 1_Ci7 Atlg56300
WSO13I_A16 At1g17180

WSO1 1 17_M09 At1g16040
WS0222_K1 8 At2g27080
WS0208_H18 At5g37670

WSO1 32_li 0 At3g07090

PXOOI 5_F02 At4g36600
WSOI 95_Fl 8 At3g50770
WS0204_K06 At5g07330
WSO1 32_El 2 At3gl 2580

WSO1 63_C23 At2g30700

WSO1 45_Ki 6 AtSgl 8600

24hrs
WS0146_J02 At3g12500

WSO1 62_Cl 5 At2gOl 270

WSO21 2_O05 At2g24520
WSO21 2_l21 At4g33090
WSO1 33_Ill AtigI 7860
PPO na
WSO21 2_O0i At4g36980
TPS1 n/a
WS0214_H20 At5g22860

WSO141_119 n/a

WSOI 52_K23 At4g29905
WSO1 I 20_024 At4g07960
WSO1I2O_K16 n/a
WSO141_A03 At5g39410

WSO21 2_Cl 5 At5gi 2950

WS0144_M15 At3g17210

WSO1 56_A09 At2g30080
WSO12I l_J20 At5g10780

WSO1 I 18_E0l At1g04240
WS0178 N24 At2o29420

Baaic endochitinaae

Thioredoxin

ATPase, plasma-membrane-type
Aminopeptidaae M
Kunitz protease inhibitor
Polyphenolic oxidaae
Expressed protein

(-)-germacrene-D synthase
Serine carboxypeptidase $28
No significant hit
Expreaaed protein
Glycosyl transferase family 2 protein
No significant hit
Expressed protein
Secreted protein SCF4I.30c
Stable protein 1

Metal transporter ZIP6
Expressed protein HSPC184
Auxiri-responsive protein

Glutathione S-transferase

1.72

0.95
1.46
0.94
1.28

1.63
1.15
1.50
1.10
1.24

0.96
1.41

1.21
1.67
0.92
1.53
1.13
1.07

1.20
1.26

0.92 0.47
1.19 1.93 3.86
0.79 0.84 6.88
1.16 0.70 11.79
0.97 0.61 10.29
0.94 1.17 194
1.20 0.71

_______

1.10 3.26 2.68
1.21 1.35 148
0.95 0.71 7.28
1.15 0.59 6.56

1.19 0.76 7.19
1.19 2.13 —_
1.05 075
1.06 062
1.16 1.33 aa
086 0.82 2.10

0.80 0.84 2.74

1.17 0.71 3.03
1.32 1.91

1
1.72 1.37

1.35 0.97
1.32 1 25
2.18 1.17
1.94 1.03
1.93 1.21

1:I.i 1.31 1.03
11.2 1.53 1.15
10. 1.81 0.97

10. 1.26 1.36
9.84 1.49 1.04
8.59 1.02 1.06
8.31 2.08 1.05

8.26 1.71 1.42

7.80 1.79 1.44
7.02 0.92 1.42

7.00 1.64 1.64

6.75 0.92 1.10
7 1.24 1.18

1.16 2.11

1.63 1.07

1.14 12.81 1.20
0.93 12.40 1.49
2.49 12.30 1.08
1.44 10.49 0.85
0.76 8.19 1.17
1.16 8.06 1.01
0.74 6.93 0.68
2.79 0.85
1.80 5.11 1.16
2.22 5.08 0.58
1.97 4.93 1.21

0.53 4.49 1.04
1.28 3.90 1.19
1.11 3.72 1.57
2.56 3.49 0.87
1.34 3.48 0.92

0.70 3.47 0.98
1.33 3.38 0.88
0.72 3.36 0.71

3.i2 2.35

0.80 1.64
2.32 1.34 10.71
1.88 1.67 9.27
1.71 1.64 8.65
1.40 1.38 8.15
1.78 1.50 7.34

1ê 1.20 6.86
1.61 1.18 6.65
1.47 1.17 6.39
1.10 1.05 5.42

1.08 1.04 5.00
0.88 1.76 4.79
1.31 1.47 4.60
0.82 0.83 4.43
0.79 1.30 3.83
1 40 1.09 3.45

0.91 0.95 3.44
1.00 1.81 3.42
0.79 1.95 3.24

Table 5.3: Top 20 strongest up-regulated microarray elements in systemic sink poplar leaves in response to mechanical wounding
plus forest tent caterpillar (FTC, Malacosoma disstria) Os at 2hrs, 6hrs, and 24hrs, with corresponding expression levels in treated
local source and systemic source leaves*.

E-value
Local Treated (LSo) Systemic Source (SS0) Systemic Sink (SSi)

clone ID Match AGI# Annotation 2hrs 6hrs 24hrs 2hrs Ghrs 24hrs 2hrs 6hrs 24hrs

No significant hit

Universal stress protein

Galactinol synthase
No significant hit
Leucine-rich repeat transmembrane protein kinase
Oligopeptide transporter
[Isoprene synthase] Terpene synthase TPS1 0
KCS1 fatty acid elongase (3-ketoacyl-C0A synthase I)
No significant hit
Laccase / diphenol oxidase
Polcalcin / calcium-binding pollen allergen

Dehydrin (ERD14)
No significant hit
E3 ubiquitin ligase SCF complex subunit SKPI/ASKI
9-cis-epoxycarotenoid dioxygenase
Peroxidase

Glycosyl transferase family 43 protein
Zinc finger (B-box type) family protein
Tubulin folding cofactor A (KIESEL)
Expressed protein

17.6 kDa class I small heat shock protein

Heat shock protein 81-1
23.6 kDa mitochondrial small heat shock protein

Expressed protein
Expressed protein
Peptidyl-prolyl cis-trans isomerase

SWIB complex BAF6Ob domain-containing protein
Expressed protein
DNAJ heat shock protein
Glutathione S-transferase
Phosphatidylinositol-glycan biosynthesis

Harpin-induced protein-related
15.7 kDa class I-related small heat shock protein
Expressed protein

LEA domain-containing protein
Calmodulin-related protein
Expressed protein
Heat shock protein 70
Expressed protein
Glutaredoxin family protein

n/a 1.16 0.93
9e-37 0.93 0.51
3e-28 0.54 0.57

n/a 0.92 0.57
2e-79 0.94 0.58
2e-79 0.75 0.60
le-8 0.58 1.06

le-38 0.82 1.08
na 0.37 0.40

3e-8 0.71 0.44

2e-22 0.62 0.44
6e-l0 0.70 0.50

n/a 0.46 0.60
le-64 0.88 0.58
le-28 0.54 0.35
3e-31 14.25 3.08
5e-68 1.05 0.79
5e-23 1.17 2.20
9e-18 0.85 0.56
7e-15 1.01 1 37

2e-53 2.70

le-31 324 204
la-Si 445 247
2e-43 175 131
le-84 5.89 242

8e-21 3.11 2.04
3e-23 2 40 1 85
2e-14 1.56 2.25
le-19 2.05 1.77
ie-58 2.14 2.48

3e-68 0.99 1.28
2e-60 1.71 1.37
5e-44 1.70 1.43
le-32 2.14 1.86

le-lO 1.68 1.27
7e-17 2.85 1.63
le-29 1.15 1.04
3e-78 2.07 2.58
6e-23 1.08 1.32

2e-38 1.41 1.45

0.95

0.76
0.75
0.80
0.75
0.71
0.77

1.34
0.89

1.04
0.75
0.80
0.60
0.60

0.57
1.34
0.99
1.25

0.87
0.72

1.14
1.01

1.07
1.06
1.21

1.14
0.90
1.02
0.90
1.04

0.99
1.09
1.19

0.89
1.01
1.12
0.82
0.80
1.12

1.03

1.10 1.01 0.91

1.13 0.83 0.68
0.97 1.00 0.91
1.14 1.20 0.75
1.54 0.90 0.78
0.68 0.92 0.63

0.81 0.94 0.75
0.87 0.75 0.58
0.85 0.74 0.79

1.28 0.85 0.80
0.79 0.61 0.69
1.01 0.78 0.76
1.14 0.78 0.65
1.13 1.07 0.63

1.14 1.22 0.90
1.31 2.38 0.77
0.84 1.02 1.01
1.24 1.72 1.14

0.91 1.21 0.84
0.90 1.21 0.80

362 120

2.80 0.99
ais 098
1.63 1.02

2.93 0.88

ii 1.03
2.09 1.16
1.21 1.12
1.99 1.33
2.21 2.78

1.24 0.91
2.53 2.65
2.21 0.91
1.83 1.99
2.58 2.82
1.22 1.41
1.32 0.83
1.29 2.62
1.27 1.02

1.30 1.25

6e-25 0.70 1.26

2e-41 139 5B0 321

3e-97 2.06 2.47 11.21
3e-66 2.09 2.77 10.28
3e-6 2.42 2.38 7.82
n/a 1.66 6. 3.38

2e-19 1.94 3.69
nia 1.94 3.04

ie-38 2.30 3,95; 1.72
n/a 1.80 2.25 9.47

3e-10 2.18 2.33 .47

4e-13 1.88 2.39 5.95
n/a . 7 1211

3e-42 2.51 2.42 1.93
2e-38 1.81 2.35 10.82;
6e-36 2.09 2.76 3.67
9e-51 1.48 2.39 6.18
7e-13 1.35 1.97 8.37
3e-35 2.84 l1 9.52
4e-27 3.27 4.76 L 7.60

* Microarray elements ranked by fold-change (FC) induction of response in SSi leaves to mechanical
wounding plus FTC OS vs. untreated control at 2hrs, 6hrs, and 24hrs, with FC values for those elements from
LS0 and SSo leaves also included for comparison. Subsequent redundant examples of a gene family at each
time point are removed to improve the diversity of different families included. Only FC values with statistical
significance (P < 0.05, Q < 0.05) are coloured as different from ‘---‘ (no change) according to the colour scale -12 -6

shown at right, where dark green to dark red correlates with the listed fold-change in expression.
Abbreviations: AGI, Arabidopsis gerome initiative; E, E-value; OS, oral secretions.

Fold change

-3 -1.5 -_ 1-1.5 +3 +6 +12
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5.3.7 Isoprene synthase (ISPS) expression burst in systemic leaves contrasts suppression in

wounded Leaves

Gene-specific primers (TabLe 5.1) were used to quantify ISPS expression via QRT-PCR (Figure

5.8). The microarray eLement that showed up-reguLation in response to OS treatment in previous

experiments (Table 5.3) had 98% amino acid sequence identity with Populus albo ISPS (NCBI Genbank

accession# BAD98243). Treatment with FTC OS resulted in a rapid approximately 100-foLd increase in

ISPS transcript abundance in both SSo and SSI systemic leaves by 2hrs, compared to a 5-foLd down-

regulation in LSo Leaves. By Z4hrs, ISPS expression had returned to uninduced Levels in systemic SSo

and SSi Leaves, but suppression increased in LSo Leaves to 45-fold down-reguLation. OveraLl, we

observed a rapid burst of ISPS expression in systemic tissues in response to OS treatment, contrasting

with a slower and more sustained suppression of ISPS expression in LSo leaves, providing a specific

example for differentiaL patterns of transcript response in local systemic Leaves upon simuLated

herbivory.
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100

80

60

40

20
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b-20

-40

c)
-80

-100

Time (h) 2 6 24 2 6 24 2 6 24

Leaf Type LSo SSo SS1

Figure 5.8: Local suppression of isoprene synthase transcript LeveLs is contrasted with a rapid burst in
systemic Leaves. VaLues were determined using QRT-PCR and represent fold-change differences
between untreated controL Leaves and Leaves from trees treated with mechanicaL wounding pLus FTC OS.
Expression changes were examined in LSo, SSo, and 551 Leaves at 2, 6, and 24hrs foLLowing treatment.
Transcript abundance far each gene was normalized to eukaryotic transLation initiation factor 5 A
(eIF5A; WSOII6_J23) by subtracting the Ct value of each transcript, where ACt = Cttranscript - CteIF5A.

Transcript abundance of genes were obtained from the equation (1 +E)t, where E is the PCR efficiency,
as described by Ramakers et at. (2003). Fold-change of isoprene synthase gene expression was
calcuLated as a treatment/controL ratio of relative expression levels. StatisticaL significance of foLd
change differences was determined using a Linear model (see MateriaLs and Methods). Significance
threshoLds were set at *

< 0.05; **
< 0.01; < 0.001.

*** *** *** **
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5.3.8 Poplar gaLactinol synthase (GOLS) gene family

Given the observed induction of severaL GOLS genes in SSi leaves in response to OS-treatment,

we chose to further characterize the gene family in poplar to explore the invoLvement of carbon

metabolism in insect-induced defense responses. Nine unique gene predictions with sequence

relatedness to functionalLy-characterized plant GOLS were identified in the P. trichocarpa genome

sequence (vi .1; http: / /genome.jgi-psf.org/Poptri _i /Poptrl _i . home. html). An additionaL PtGOLS

predicted gene (estExt_fgenesh4_pg.C_66530001) is truncated and shares 100% amino acid identity

with another PtGOLS (graiL3.0009037801); therefore, it is LikeLy that these two gene predictions in the

current annotation of the P. trichocarpa genome sequence data are redundant models of the same

gene locus.

The Linkage-group-LeveL organization of the P. trichocarpa GOLS gene models is shown in Figure

5.9. Based on sequence similarity (Table 5.4), the nine predicted poplar GOLS genes appear to have

evoLved from four ancestraL genes through genome duplication. PtGOLS6g and PtGOLS7g appear to be

dupLicated genes on Linkage groups II and XIV, respectiveLy (93% amino acid sequence identity), as are

PtGOLSIg/PtGOLS8g and PtGOLS9g/PtGOLS2g on VIII and X (89%/89% identity), though apparently there

has been an inversion in one of these Latter two GOLS gene pairs. PtGOLS5g is probably a dupLicate of

PtGOLS3g (92% identity), and PtGOLS4g seems to have arisen as a result of tandem duplication within

Linkage group XIII (92% identity with PtGOLS3g). These observations of duplicated GOLS on different

LGs were in agreement with the large-scale genome dupLication and chromosome rearrangement

patterns identified by Tuskan et aL. (2006).
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II I
Ii PtGOLS6g

viiii I
PtGOLS1g <PtGOLS89

xi -I
PtGOLS9g> II PtGOLS2g

xl” Ii

xlvi

PtGOLS4gZPtGOLS3g

PtGOLS7g

131::
4 PtGOLSSg

Figure 5.9: Chromosome-LeveL organization of Populus trichocarpa galactinoL synthase (GOLS) gene
famiLy. ‘g’ at end of gene name indicates these are gene model predicted from the genome sequence.
Arrows of a common coLour next to a locus refer to gene pairs that arose apparentLy by dupLication
from a common ancestor. An asterisk indicates tandem dupLication. Gene orientation is indicated by
the arrowhead. Chromosomes are indicated by their Linkage group number in Roman numeraLs, white a
scaffold not associated with any Linkage group is indicated with Arabic numeraLs (i.e. ScaffoLd 131).
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5.3.9 GalactirioL synthases form a well-conserved gene family in angiosperms

In order to verify the GOLS gene models predicted in the P. trichocarpa genome sequence

(Figure 5.9), we isoLated full-Length cDNAs (FLcDNAs) of poplar GOLS genes. Seven FLcDNAs were

cLoned, with three from P. trichocarpa and four from P. trichocarpa x deltoides. These FLcDNAs have

been associated with the GOLS gene model predicted from the genome sharing >95% amino acid

identity, and have been LabeLed accordingLy, with the added .1/.2 indicating alLeLes from the same

poplar species (Table 5.4). Amino acid alignment of twenty-six known pLant GOLS with the nine

putative poplar GOLS genes and the seven GOLS FLcDNA demonstrated that GOLS form a weLL-

conserved gene famiLy in angiosperm plants (Figures 5.10 and 5.11). The poplar GOLS genes shared

between 66% to 93% predicted amino acid identity with the lowest level of identity between PtGOLS2g

and PtGOLS3g, and the highest Level of identity between PtGOLS6g and PtGOLS7g (Table 5.4). This

Level of sequence divergence among popLar GOLS was very similar to the overall divergence observed in

all availabLe pLant GOLS sequences. A carboxyl terminal pentapeptide motif APSAA (Sprenger and

KelLer 2000) was not completely conserved in poplar, with PtGOLS1g possessing an APTAA sequence (as

confirmed by three independent FLcDNA clones) and PtGOLS8g and PtGOLS9g possessing an LPSAA

sequence in this position. The drasticalLy different carboxyl end of PtGOLS2g (FIINPFSG) is probably

due to an error in gene prediction, since the FLcDNAs PtGOLS2.1 and PtdGOLS2.1 were both predicted

to code a protein ending in APSAA (Figure 5.10). AdditionaLLy, the putative manganese-binding motif

DXD believed to be conserved in most GOLS (Breton et aL. 1998; Busch et al. 1998; Wiggins and Munro

1998) was found in all poplar GOLS gene models, though the serine phosphoryLation site was absent

from two predicted poplar GOLS (PtGOLS8g and PtGOLS9g), as is the case with Arabidopsis thaliana

AtGolS2 and AtGolS3.

174



-4QEKLGF

DADDEVW&AXXF - -

CLAN- -RPTPrERWRRCFRSRFARFWRNP - -

-EEEDNADEANQPMR F

____________________________________ _______________________

.QGTVEAN- RLRGASFSDTNI - - -

241 .250 .260.270.280.290.300.310.320.330.340.350...

-
- -MAPGVFIDG4LGTGKVSTVNTG

-
- -84APGVFIDQ4LGItKVSTVNTC

-
- -MAPGVF2DGt4LGTGKVSTVNTO

-
- -MAPc3VFIDG4FGTGKVSTVN7O

-- -MAFc3VFND-45CTGKVSTAS’Ot
-- -MAPCVFMD-SCrGKV5TAS2t
-- -MAFGvFND-vSCTQKv5TAS1’0

MGPVV4EIPRSASKISi1L
MAFflQmflSYE

MFE2naTVFVKSATGG
baPEE.vRsALAGrrnAsIk.
FI8PELVRS8LKPAGFEKE,ASLP:
IPELVQLAGFEKFA0

MAPGLTQTADflISTVTXTKPSLPEVQ
M?PRIn4ANSTNSLVKQAO
MAPHITP4ANSTNOLVKQAS
MAPDITA4ANNTNOLVKQAE

CISPSTSIIEFTTDL
MSFNAIIEPTSNE

MSPEL0t4AAXAAAAAAAV1CF
-MIiPELJffAKMTANAAAAAAAAAAAICFA

NNGFNVSSEKKSLAA
MAPEFEOGTKNAflIQ

1 10 20 5 45 55 55 IS 44 94 155 110

SK0AYVTFLAGNGDYVKGVVGLAKGLNEVK0AYPLVVAILPDVPEH7:YcoccovNEoEp Y PENC QpAo9AyyvoNysELR:1FE

4SKEAYVTPLAGNQDflEGWG1AKGLEflK0AyP1VVA0LPDVpEE

.:Zr.:jC0v5EJEp N PEN 000.IAYYVINYSKLIC1I El

37::pEoEp N PEN FANAYYVONYSELRIII E1IE

SKEAYVTFLACNCIYVECVVQLAEGLNKVKSAYPLVVAILPDVPE::. :::;E:. 1:. PEN FAPIAYYVINYSKLRI1I ElSE

EKEAvELAGN3DyVE3VVGLAXG1NEVKEAYpLVVA’LpDVpEEE:-. -. NECINREOEP N PEN PWNYV0NNSELE0N
EEA4NTFLAGNGDYVEGV\’GLAJ(GLREVKSAYPLVV LPDVPEE0 ..;:::011E1 NP PEN PANANYV0NYNKLE0IIJEl

,, N3IVTFLAGN3DNKGVVGLAKG1RKVK0ANPLVVAgLPDVPEEH : .VNEIE? NP PEN PAPIANYVINYNELE

a YYVF1AGNGDriKGVVGLAXGLRKVK0ANPLVVAILPDVPEEH 4 -. fl’EOEP NP iNON FAIJANNVINY::E:jiI:

• AfllTFLA1GDYVEGVVGLAXG10EIKSYPLVV1LPDVPH •EPVYP E:;c:Ar

$0AYVTF0AN1NVECVVGhAXG1RK2KEYPLVVALPDVPN C j,EIEPVNE VINE:EZIEI:;EEz

EANVTF1AO.GlYVKGVVG1AXGLNEV1jANPL ALPDVPEENE.34‘l.J;7IVREIEPVI L.A7c•:AiJONcsEL,RIEPEE

OAYVTPIAOLGDYVKGVV3LAXGLNEVKItNPL 1LPDVPEEH IlL I..NCIVEEIEP. 1: E.)iJ._.AiiV.1 ESELELEEPE.

• EANVTPLACNllDYVKGVVCLAEGLEKVE,ANPL AWLPDVPEEH •ILSNQCCIVNE0EPVI ETJpcEA1l::iEELE:EEEE

rRANVTPLAGNGDYVKGYVGLAKGLEKVENANP1VVA’LPIVPEEN

IL •QGCIVREIEPVN: ftEI.EAEY’ IEEEKLEIIEEi
S NVTPLAGTGDSEGVVGLAEG1EEFb NPLVVAILPDVPEEN IL SQGCIVEEIEPVlP :J.ELEAE :;EI::LSKLSONEPVE

S NVTFLAGGDNKGVVG1A0CGLEKiES YPLVVAILPDVPEEE IL SQCCIVEEIEP P PLNQEPAN YYVINNEELEIWEFVE

S NVTFLA@IGDNEGVVG1AxGLNE — VPLVVAILPDVPEEN ILSQGCOV0EIEP P PESQTQPANAYYVINYSKLSIOIEFVP

ANVTFLAGl&GDNKGVVGLAKGLEES NPLVVAILPDVPEE0 IL SQGC 0VEE 0 EPVP PENcPNl:YNvINNsKLEIwSFvE
•EAYVFLAGNGDYVKGVVCZAYGLEEVKSAYPLVVAOLPDVPEEH IL SSQGCIE0EOEPFINP PENQTQPIEAYYVINYSELSIESPVI

K0ANvTPLAGNGDNVKGvEE.XELNEKsZNPL2vAo1PovPEEo IL eSQCCIV0E 0 EPVYP PINQTQFAISIYYVINNSELNIWSPV.
RAYVTPLACNEEE;::.

EKELEKVSAYPLVVILPDVPFr
;-oEc0SsIEPvSP PENQTQFANANYVINY0ELEINEPVE

RANVTPLAIPV .1:: -EEEL5LAEGLSEVISAYPLVV LPEEEI r . - I I - VIP PENQTQPAIIIAYYVONYSFILRIWEFVF

.EANVTFLAo!.L’:::EEEGLAKoLSS-0ANPLVVALPPELI E1 EEI: P PEOTOFA0IAVYVISYSIILVIESFLE

...!NF! EEIrIEYvEEv.IcLSxciI.E:::YPLvvAoLP1vPrEEI: [ I . I:. I AYEElSYSELSISSEvE

FEGOLS1.1
PLGOLS1g
FtdGOLN1 .1
FENGOLO1 .2
F1GOLS2 .1
PEGOL02g
PEdGOLS2 .1
ArGolol

AtGolS3
AEGo1E2

FLdGOLO6 .1
FtGOLS69
FtGOLE79
AtGolSl

FEGOLO3. 1
FtGOLS3g
FEGOL0S4
FtGOLS49
PtGOLS8g
FtGIDLSO9
ZniGolSl

ZnlGolS2

OsGolSi

LeGo151

FLGOLS1.1
FIGOLE15
FISGOLE1 .1
FEdGOLS1 .2
FEGOLE2 .1
FEGOLN25
FtGGOLE2 .1
ArGolEl

AtGolS3

AEGo1E2
FtdGOLS6 .1
FEGOLS65
FLGOLS75
AtGolSl

FEGCLS3 .1
F1GOLE39
FLGOLS09
FLGIDLS4Q
FIGCLE89
FIGOLE99
Z4IG01EL

ZnlGolE2

OsGolEl

LeGolEl

FLGOLE1 .1
FIGOLSL9
FENGOLS1 .1
PtSGOLS1 .2
FEGOLS2.2
FLGOLS2g
FtSGOLS2 .1
ArG01SL

AtGolE3
AtGolS2

FESGOLS6 .1
FtGOLE69
FtGOLE79
AtGolSl

FtGOLN3 .1
FtGOLN3g

FtGOLS5g
FEGOLE49
FEGOLS89
FEGOLS99
ZmGolEl

ZmGo1E2

OsGolEl
LeGolEl

LEEr-I I EL: .IQEL LIiIiIIiLPLEiiYFYAVNDCFLtNLEIIESEPQ I GSCQQCPK LIP

EEIElE EIQVFENILIILPE •LIGYPYAVNDCFCEKTWLSSPQ GYCQQCP NP

I ELLJHDIQVFENIDHLPLI I GYPYAVNDCFCEETW000PQS EYCQQCPli i-iP

ELFIN IELDIDIQVFENIDHLPD I GYPNAVNDCFCEKTWONEPQ GyCQQEP L-iP

LEEE7ILD-DIQvPENIrnILFD I GYPNAVPIDCPCEKTWENEPQI IGECQQCPINILMLI
ISENNL1i1IQVPEN0lI4LPD I GYPYAVIIDCPCEKTWENEPCI IGYCQQCPIIKI1:l

IEPI’ ‘NLlSDIQVPENIIHLFII • GYPNAVNDCPCEKTWOHOPQI 0CYCQQCEELjIil

YSKPIUNL1a1 0QVEE 0DHLD PDCYPNAVNDCPCEKTW0HSQ IIEEQQEPKltiI
YEIOVL1G100VPENIDHLFDI PDcIZFNAV2DcPcEKTwsHPQ lIIGYCQQCPLDKL1IIPI

NZKMIYL1G1 0QVPN01HLFDPGI FYAVOIDCPCEKTwSNSPQNflIIIYEQQCPPKEclIP1:

Y5KN0VLflGflIQV5IDfILpJpfl5PVAVNDCPCEKTWS P311 IGYCQQCPDEE1III

NEK04INLDGDIQVNIIIHLFDiPDCPNAVNDCFCEKTNS PQNI

NSENINLDGDIQVNIDHLPDPDGlPNAVNDCPCEETWS PONmI . -

NSEP,INLD3DIQVENIDHLFflPflGNAVN1CPCEETWS PQSlI EL:]::

VSEPIINLPGDIQVF’. ODHLPD’PDGNPNAVPIlCFCEETNSI SPQNiI . - :L IL

VSENINLDGDIQVFII IIJIILFD PDGNPNAVNDCPCEETWV SPQ IPIGYELIL --

YEIOPIINL0001QVP’I IDNLPD PDGNPiAMDCPCEETWi, EPcflIIGYCQQE:

NOE141YLDGDIQVPII 104LPD PEGPNAVNDCPCEPiTIIEjPQEElIEEEQQCPL: _
EPI0IL0001QVPII IDIILPP IP NPNAVN1CFCElITSEgPQlLYEQQEPjK. ....

EIIIYL0000QVPII 100LPD4PI NPNAVMlCPCEENIiI1PQlIGNEQQCPKlrI_

KMTNLDD0QVPENIDLPl 4GNPVSEi4DCPCEENIiShjPQYlllIIYEQCCPDKI El

NL130QVPEN01LLF
r •GNEYSViEPCEKTlIS PQNiIGNEQQEPDKl -El-

I NL110QVPI0DHLFDl I . .YANmlIEPEEPITIIS PQEIONEQQPNm$EI

E.EEIjNLPCDQVPENIDHLPI E] -ilISIEIj.)66!f .fl.rlI. I .11

121 130 140 150 160 170 180

x
ElI YSLVLAPILWENPENVPr’EVEVE,,, lJ:L:,P:’: . .ELELE:EELfi, .- -1.1

IPLI NNLVLAPILWENPENVE IKVEVVSE:IJ:LIEEI’.:Er iIE:L.rIEELIl ILL] 1.

IPLI VNLVLAPiLWNNFENVP ‘KVEVVHL.E1,- lILEE: -IL EL LEE LEE: -

PLtNLVLANLWNNPENVE NEVEINPIN ,Ll...EIEEEE.LIL .E:. 1E
- FL E - el:- .1

:PLNNLVLANLW4HPENVE I.EVEVV}IVAEIEEPLELE LEE -EEEEELIEEEE I
-

• I.. 11

IPL1NN1VLAPiLWRHPENVE ,EVKVVIIN;JLIIEEpLIEIYEE-EE1L:ELEEE-:EEEL - -

.

IPZ’INLVLAPILwEHPENVEEVKVVHNlEEAE-lEPIll.EEEEE -.EE]lElZEEllj -. .
- CII. 11

IPLVNNLVLANLWRHPENVELlIEVtVVHNE.LI:EilEPiiLEE-L] ‘EEL ELELEEL. L]

IPVNNLVLAN1WEHPSSEL .EVVHNCL.AErnEPIIIjELLtEE:IEL:EEL-.1IE- - ttlr 1

IPCVNNLVLAIILWRHPENEELFI • iKVVHNCAALI].PIlEdE!LELEEEFlEZ.$
IPLVNNLVLAPILWRHPPSVEL.;JEVVHNCAAGLEPIILEEIEEI: :VLL IEEE 7 7

IPLVYNLVLAPILWRPIPP.NVEI.; EVVHNCAAGSEPWNYEEE.El:.::EEEIEELL • -

IPLVNNLVLANLw4HPVEII.EVKVVHNcAAGSEPNNYElE: !EiI EEE.-
- s -

IPLVNNLVLAPILWN4PENVELEVEVVHNCAAGSEPWEYELEE: EEEIIEEEE,’E b:.7 - -

I IN71LVLANLWRNPE LEVEVoNcAAGSEPwE:lEE:zE.LE.:EEIE.iL::J

I INNLVLANLWRNPEL LEVEVvHNcAAcSEPwVIJILE:1:::EEz::cL:E.:EE:I7LL :

- P IINLVLA2LWRHPEP LlKVEVVHNCAAGSEPWEEL IEI_ .EEIIIELE1EEI]L lEt -.

II7ILVLAPILWNHPEE . -

:1
wNSLVAPILWR4PI .L:EVEVVHNCAAGnKPwEYE LEE:.- -z-EEDIL-.EEL7:E;zL LI1I - -

.‘YNLIAPILNNHPEII SLaKVKVVHNCAAC2EPWEEE lEEl:-.-ZESDICLLl.EII.l: Ill

IV SNNLVL1LW44PENSILl4KVKVVHNCAAGSEPPiIE-LEliEEEPLll LE. IIIIIILIEELILIE1ECI

IPVNNLVLliLwRHPENVLEVEVVNNcAAGEKPEElLKE:---:ESSD:l
.l-:.ID1y.1LSE.Lk

j1IYNLAP1LNSllPEi-

SRS

EENPEPSI

SRS

SSMPEIE

SRS

SP1FEF2

F
ooepspmto • - - -

SRS SKFEPSX 2

SRS ESEPEPSE

FSMPSFI ELFE4V

mQQELQQ

ItSINLKP •

It P

Figure 5.10: Sequence alignment of poplar and other plant galactinol synthase (GOLS) proteins. Amino acid
sequence alignment of GOLS family from hybrid poplar, Arabidopsis thaliana, and selected functionally
characterized proteins from rice, corn, tomato and Ajuga reptans generated using CLustaIW (BLOSUM matrix, gap
open penalty = 50, gap extension penalty = 0.5) and Boxshade. Conserved similarity shading was based on 50%
identity (black) and 50% similarity (grey). A black bar above the alignment indicates the carboxyL terminal
pentapeptide. The hypothetical manganese-binding motif DXD is indicated with The serine phosphorylation
site is indicated with ‘X’. GOLS nomenclature is as follows: Pt, Populus trichocarpa; Ptd, Populus trichocarpa x
dettoides; At, Arabidopsis thaliana; Ar, Ajuga reptans; Le, Lycospersicon esculentum; Os, Oryza sativa; Zm, Zea
mays. The sequences with identifiers ending with ‘g’ are predicted gene models from the P. trichocarpa V1.1
genome (genome.jgi-psf.org/ Poptrl _1 / Poptrl _1 . home. html), while corresponding full-length cDNA versions end
with a ‘period-number’ designation. Accession numbers are listed in Table 5.4. The truncated poplar gene model
‘estExt_fgenesh4_pg.C_66530001’ was not included due to its incomplete predicted open reading frame.
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Figure 5.11: Phylogenetic tree of popLar and other plant members of the gatactinoL synthase (GOLS)
gene famiLy. Amino acid sequences of 42 proteins were analyzed by maximum Likelihood using PHYML.
Bootstrap vaLues are indicated only for nodes with greater than 80% support. Maximum LikeLihood
vaLues with 80 or more out of 100 y-corrected replicates (log L = -10,275) are indicated with an asterisk
(*)• The bold sequences represent fulL-Length popLar cDNAs, whiLe the itaLicized sequences with
identifiers ending with ‘g’ are predicted gene modeLs from the P. trichocarpa V1.1 genome
(genome.jgi-psf.org/Poptrl_1 /Poptrl_1 .home.htmL). GOLS nomencLature and accession numbers are
listed in TabLe 5.4.
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5.3.10 Galactinol synthase expression demonstrates source- or sink-specific induction in response

to simulated herbivory

For a more detaiLed anaLysis of expression of GOLS in source and sink Leaves in response to OS

treatment, we designed gene-specific primers (TabLe 5.1) for four OS-responsive GOLS and quantified

their expression using QRT-PCR (Figure 5.12 and TabLe 5.5). We used these four GOLS as we were onLy

abLe to confirm target specificity by sequencing for these primers. QRT-PCR resuLts indicated that

GOLS transcripts were constitutively present at very Low Levels in SSi leaves, but were expressed at

higher Levels in source Leaves (data not shown). Leaf-type-specific induction patterns were observed

for three different GOLS (Figure 5.12). The two GOLS transcripts possessing high constitutive

expression in source leaves (data not shown), PtdGOLS1.2 and PtdGOLS2.1, exhibited the greatest

increase in transcript abundance at Zhrs in SSi leaves (ca. 250-foLd). In contrast, PtGOLS3.1 expression

was induced only in undamaged SSo leaves whiLe being repressed in damaged LSo and undamaged SSi

Leaves (Ca. 400-foLd up versus I 5000-foLd and 10-fold down, respectiveLy). InterestingLy, the up

reguLation of PtGOLS3.1 in SSo peaked around 2hrs, whereas the suppression in LSo and SSi reached a

maximum much Later, around 24hrs in our experiment. FinalLy, transcripts of the fourth GOLS tested

(PtdGOLS6.1) were increased ca. 10-foLd in aLL three Leaf types, though peaking around 2hrs in source

(LS0 and SSo) Leaves and around 6hrs in the distant sink (SS1) Leaves

5.3.11 SimuLated herbivory induces galactinol and raffinose biosynthesis in poplar leaves

In order to test whether Levels of the sugar galactinol changed during induced systemic poplar

defense responses, changes in solubLe sugar concentrations in Leaves in response to FTC OS treatment

were measured. Figure 5.13 shows that galactinol Levels were significantLy increased in systemic

leaves 2hrs after OS treatment, though more so in SSi Leaves (SSo 2-foLd, P = 0.034; SS1 1 .2-foLd, P =

0.048). GaLactinol LeveLs did aLso increase in LSo Leaves, but not to a significant degree (P = 0.304).

Raffinose (a trisaccharide formed from gaLactinoL and sucrose) aLso increased significantLy in

concentration throughout the pLant, again more so in systemic sink [eaves (LS0 1 .3-foLd, P = 0.030; SSo

1.3-foLd, P = 0.016; SSi 2-foLd, P <0.001).
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Figure 5.12: QRT-PCR anaLysis of systemic gene expression of GOLS in popLar Leaves in response to
simulated FTC herbivory. Values were determined using QRT-PCR and represent fold-change
differences between Leaves from untreated controL trees and Leaves from trees treated with
mechanical wounding pLus FTC OS. Expression changes were examined in LSo, SSo, and SSi Leaves at 2,
6, and Z4hrs foLLowing treatment. Transcript abundance for each gene was normaLized to eukaryotic
translation initiation factor 5 A (eIF5A; WSO116_J23) by subtracting the Ct vaLue of each transcript,
where ACt = Cttranscnpt - CteIF5A. Transcript abundance of genes were obtained from the equation (1 +Er
ACt, where E is the PCR efficiency, as described by Ramakers et at. (2003). FoLd-change of GOLS gene
expression was calcuLated as a treatment/control ratio of reLative expression Levels. StatisticaL
significance of fold-change differences was determined using a linear model (see Materials and Methods
and Table 5.5). Significance threshoLds were set at *

< 0.05; **
< 0.01; ***

< 0.001.
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Figure 5.13: GaLactinoL and raffinose metabolite Levels increase foLlowing simuLated herbivory. HPLC
analysis of (A) gaLactinol and (B) raffinose content in treated and systemic poplar Leaves Zhrs after
simulated FTC herbivory. Carbohydrates were isolated and HPLC anaLysis was performed on LSo, SSo,
and SSi leaves from OS-treated trees (Zhrs post-treatment) (cLosed bars) and untreated control trees
(open bars). Values are represented as mean ± SD (n=5 individual trees). Data were anaLyzed
separately using two-way ANOVA and Tukey multipLe comparison tests. Bars with different letters
above them are significantly different at the P = 0.050 LeveL; letters are independent such that ‘ac’ is
not significantly different from either ‘a’ or ‘c’ (though ‘a’ and ‘c’ are from each other).
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5.4 DISCUSSION

5.4.1 Simulated insect feeding results in enhanced source-sink relationships in poplar

In assessing source and sink status of the leaf groups used in this experiment, we observed that

simulated FTC herbivory via mechanicaL wounding plus FTC OS resulted in a significant increase in ceLL

waLL invertase (CWI) activity in both SSo and SSi Leaves, similar to the pattern of induction of CWI

activity by jasmonic acid treatment and gypsy moth (Lymantria dispar) feeding in hybrid popLar

(Populus trichocarpa x nigra) previously observed by Arnold & SchuLtz (2002). Though CWI activity

increased in both systemic sources and sinks, the reLationship between source and sink Leaves was stiLL

maintained. These results agree with the hypothesis that these source-sink responses support elevated

resource demand in undamaged sink (eaves for the systemic production of carbon-based defenses,

while providing evidence for an overaLL increase in source-sink transLocation rates that aLLow a switch in

resource alLocation from a growth-dominated program to an induced defense program.

5.4.2 Expression profiling reveals unique responses in systemic sink tissues

Previous work has demonstrated that FTC OS can be used as a faithfuL mimic of insect

herbivory in poplar (Major and ConstabeL 2006). Our work confirms that FTC OS elicits much of the

same transcriptome responses as FTC herbivory (Ralph et aL. 2006; Chapter 3; Chapter 4), though their

induction varies temporaLly, with OS treatment achieving a peak of transcriptionaL response much more

rapidly than FTC feeding, probabLy due to the strong one-time initiaL treatment with OS versus the

initially minimaL but sustained feeding of an FTC popuLation. Previous expression profiLing experiments

in popLar in response to wounding or herbivory have identified genes responding Locally in treated

Leaves (Lawrence et aL. 2006; Major and Constabel 2006; RaLph et al. 2006). The present study

confirms the invoLvement of many of these previousLy identified genes in the defense response of

poplar, whiLe providing a profiLe of increased resoLution of the transcriptome response in treated

Leaves. The resuLts of the timecourse anaLysis provide evidence for a separation in LSo leaves of early

induction of oxidative stress response and jasmonic acid signaLling (e.g. aLLene oxide cycLase

WSOI 55_D02, peaking at 2hrs and mainly expressed in Local source Leaves) and later induction of known

or putative defense genes (e.g. Kunitz protease inhibitor WSO151_M13 reaching a maximum at 24hrs,

not only in LSo but throughout the pLant).

The induced response in SSo Leaves is much weaker and sLower than seen in LSo Leaves, though

the response profiLes are quaLitatively very simiLar, containing many of the same genes, though with a

notable decrease in genes invoLved in oxidative stress, celL structure, and protein degradation. The

differences between the LSo and SSo Leaves may highlight genes that are wound-specific, since

treatment or absence thereof is the major difference between these two Leaf groups. Interestingly,

though Arnold and SchuLtz (2002) observed Little or no induction of phenyLpropanoid defense in mature

source Leaves in response to jasmonic acid treatment, our resuLts demonstrate an induced
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transcriptome response of phenyLpropanoid metabolism upon simuLated herbivory in mature source

leaves (SuppLementaL Table 5.5.1; see Appendix I).

Our results also highLight the rapid and distinct transcriptional responses activated in SSi (eaves,

presumably for increased resource allocation and import into sink leaves for the metaboLicaLLy costLy

production of induced defenses. SSi leaves may Lack the in-Leaf resources to produce these defenses at

the Levels required (Jones et aL. 1993), so importing resources from source Leaves may be necessary to

provide substrate for the suite of induced defense genes seen throughout the plant at 24hrs. The

prevalence of primary-/carbon-metabolism genes in the transcriptome response profiLe of 551 Leaves at

2hrs highLights processes that mobilize carbon resources and enhance source-sink reLationships between

mature and developing Leaves. The sink response profiLe at óhrs represents a transition between the

rapid resource reaLLocation program seen at 2hrs and the induced defense program seen at 24hrs, with

its array of known or putative defense genes. The heat shock proteins (HSP) prevalent in SSi Leaves at

6hrs are implicated in dealing with temperature and other abiotic stresses, and potentialLy protein

production in generaL whiLe under stress (Wang et aL. 2004). It is uncLear why popLar SSi Leaves produce

so many transcript species for heat shock proteins at this intermediate response stage - perhaps the

presence of chaperone-type proteins is required for successful production of functioning defense

proteins in the environment of a sink leaf operating at very high metabolic capacity.

5.4.3 Isoprene synthase gene expression differs between treated local and untreated systemic

leaves

We provide evidence that ISPS transcripts rapidLy respond in popLar in response to simuLated

herbivory with different and somewhat opposing responses between LocalLy-treated and systemic Leaves.

The rapid up-regulation of ISPS transcripts in SSo and SSi Leaves is mirrored by a sLower, sustained

suppression of expression in LSo leaves, highlighting differences between treated/untreated rather

than source/sink situations. Previous experiments had found evidence of suppressed 1SPS expression

(Funk et aL. 1999; Loreto and Sharkey 1993) and decreased ISPS protein LeveLs (D. Lippert, S. RaLph, J.

Bohlmann, unpubLished resuLts) in wounded or defoLiated popLar. Though isoprene has been shown to

pLay a role in thermotolerance in poplar (Behnke et aL. 2007; Sharkey et aL. 2001; Sharkey and Singsaas

1995; Singsaas et aL. 1997; Singsaas and Sharkey 1998, 2000; VeLikova and Loreto 2005; VeLikova et aL.

2006), future work shouLd also dissect the roLe of isoprene synthase and possible isoprene in the

defense response to insect herbivory.

5.4.4 Galactinol and galactinol synthase are involved in systemic induced insect defense

The raffinose famiLy of oLigosaccharides (RFOs) serve a variety of roLes in plants incLuding

functioning in the transport and storage of carbon resources and acting as osmoprotectants for deaLing

with abiotic stresses (Bachmann et aL. 1994; Dey 1985; Haritatos et aL. 1996; Sprenger and KeLLer 2000;

Taji et al. 2002). They are produced by the sequential addition of galactinol units to sucrose.
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GalactinoL is synthesized from UDP-gaLactose and myo-inositoL by galactinot synthase (GOLS; inositoL 3-

a-gaLactosyttransferase; EC 2.4.1.123) (Keller and Pharr 1996). The addition of one gaLactinot unit to

sucrose yields the trisaccharide raffinose, while a second addition of gaLactinoL yieLds the

tetrasaccharide stachyose, by raffinose and stachyose synthase, respectiveLy (Peterbauer and Richter

2001). Various isoform of GOLS are expressed during drought, heat, and coLd stress in Arabidopsis

thaliana (Cunningham et aL. 2003; Liu et aL. 1998; Panikutangara et at. 2004; Taji et at. 2002) and

transgenic, GOLS-overexpressing A. thaliana demonstrated enhanced drought tolerance (Taji et aL.

2002). White high LeveLs of raffinose are often associated with periods of abiotic stress, raffinose was

shown to be neither sufficient nor necessary for freezing tolerance in A. thaliana (Zuther et at. 2004).

In this study we demonstrate source- or sink-specific induction patterns for some of the predicted GOLS

genes in popLar in response to simuLated herbivore feeding. Our microarray (SupplementaL TabLe 5.5.1;

see Appendix I) and QRT-PCR (Figure 5.12) resuLts agree with the down-regulation of GOLS at 24hrs in

Local, herbivore-attacked (eaves (Ralph et at. 2006). The involvement of GOLS in both abiotic and

biotic stress responses perhaps points to a more generaL rote for gatactinot or RFOs in carbon resource

aLlocation and storage. Indeed, white saLt stress strongly induces GOLS isoforms in Popu(us euphratica,

the galactinoL produced does not itseLf pLay a direct rote as compatible solute in osmoregulation in this

species (Ottow et at. 2005). Our results support a role of gaLactinoL and perhaps raffinose in systemic

responses to insect herbivore defense, a biotic stress. Different GOLS genes were induced with source-

and sink-specific expression patterns, presenting a means by which poplar may reallocate carbon

resources to juvenile tissues foLlowing insect attack.

5.4.5 Multiple signals potentiaLly involved in activation of systemic defense response in poplar

SimuLated FTC herbivory via OS-treatment elicited a variety of transcriptome response

cascades in local and systemic and in source and sink leaves that vary in the genes invoLved as well as

in their temporaL and spatial patterns of expression and overall magnitude of change. SeveraL genes

from different signalLing pathways were aLtered in expression throughout the plant, though some were

Leaf-type specific. For instance, genes involved in jasmonic acid signaLling were upreguLated

throughout the pLant, though more strongly and rapidly in LSo than in SSo and SSi leaves. SimiLarLy,

genes invoLved in ethylene signalLing were upregulated most strongLy in LSo Leaves. On the other hand

9-cis-epoxycarotenoid dioxygenase, involved in abscisic acid (ABA) synthesis, was strongLy up-regulated

in SSi leaves (200-fold) transiently at the Zhrs timepoint (confirmed via QRT-PCR; Figure 5.7 and Table

5.2). This finding indicated that ABA may play a role in SSi leaf defense response. AdditionalLy, there

are severaL genes involved in caLcium signalling that are strongly responding at 2hrs in SSi leaves,

supporting previous evidence for OS-induced calcium signalling in the rapid initial responses to insect

herbivory (Maffei et aL. 2004). It is possibLe that the heat shock proteins, up-regulated strongly in the

SSi 6hrs response, are induced in response to calcium signaLling (Kiang et aL. 1994; Li et al. 2004; Liu et

aL. 2003; Liu et at. 2005; Sun et aL. 2000), which in turn would support a signalling connection between
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the 2hrs and 6hrs SSi profile. There are also many genes responding in SSi Leaves that are known or

proposed to be transcriptionaLly controlLed by solubLe sugar concentrations (Rolland et aL. 2002).

The rapid response in SSi leaves requires a signal that moves at a rate simiLar to that measured

for phLoem transport (50-100 cm h1; Canny 1975) in order to eLicit transcriptionaL changes of the

magnitude observed by 2hrs in SSi Leaves that are ca. 150 cm away in an acropetaL direction from LSo

Leaves. Such a signal could invoLve jasmonates (Howe 2004), though it couLd also involve sugar sensing

(Ehness et al. 1997; RoLLand et aL. 2002), smalL-RNAs (Pandey et al. 2008), or fast electrical signals

(Lautner et al. 2005; Maffei et al. 2007). The nature of this signalling system remains to be identified

in future work. It is possibLe that the different transcriptome responses observed in SSi leaves at 2hrs,

6hrs, and 24hrs are activated by a combination of signaLs such as caLcium or jasmonates, acting in

sequential cascades to produce a metaboLic rearrangement in resource aLLocation that cuLminates in

the defense response seen locaLly and systemicaLLy in an induced poplar tree.

5.4.6 Conclusions

Using OS-treated poplar, we found distinct spatial and temporaL fingerprints of source and sink

transcriptome response profiLes, the activation of transcriptome cascades, the induction of CWI and

enhancement of source-sink reLationships, effects on ISPS that were different in LocaL and systemic

Leaves, and the source- or sink-specific induction of GOLS with the concomitant increase in raffinose

concentrations throughout the plant. These findings indicate that metaboLic rearrangement, carbon

allocation, and source-sink differentiation alL play major roles in the spatiaL and temporal patterns of

insect-induced defense responses in popLar. OveraLl, a model of poplar defense responses to insect

herbivory begins to emerge, whereby a cascade of changes in the transcriptome of treated and

untreated Leaves may Lead to the rearrangement of metaboLism and the induction of resistance genes

for successful systemic defense (Figure 5.14).
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Figure 5.14: Speculative modeL of systemic defense response in poplar sink leaves. An initial up-
regulation of genes specific to sink (eaves at 2hrs rapidly returns to constitutive Levels by óhrs.
Following this transcriptional burst, a general stress response invoLving a variety of abiotic stress genes
such as heat shock proteins occurs, slightLy Later than in source leaves. FinalLy, strong up-reguLation of
genes with putative direct and indirect defense functions, many previously identified as part of poplar
defense responses, is observed in sink leaves, again somewhat delayed temporally compared to source
Leaves.
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6. General Discussion

Each resuLts-based chapter (i.e. Chapter 2-5) has its own discussion. Here, I wiLL summarize the thesis

work, discuss impLications of the thesis research on the field of pLant-insect interactions, and discuss

possible directions for future research based on this thesis.

6.1 ON THE SYSTEMIC DEFENSE RESPONSE IN POPLAR

6.1 .1 Brief summary of the thesis work

Due to their Large size and ecoLogical prominence, popLars are exposed to a Large variety of

potentiaL insect herbivore pests, requiring mechanisms for successfuL defense and for toLerance. A

1 5,496-cLone cDNA microarray was deveLoped and used to profiLe transcriptome responses through time

to a variety of insect, mechanicaL, and elicitor treatments in LocaL source (LS0) Leaves, as well as in

systemic source (SSo) and systemic sink (SSi) leaves of hybrid poplar (Populus trichocarpa x deltoides).

FTC feeding eLicited transcriptome changes in LSo Leaves in phenyLpropanoid metaboLism and proteins

putatively invoLved in poplar defense. The diversity of the poplar KPI gene famiLy shows that gene

famiLies for defense proteins that are directly active against insects can be expanded in popLar relative

to Arabidopsis. In addition to demonstrating induction in response to insect feeding and physicaL

damage, the KPI famiLy aLso showed differences in expression and induction in different above-ground

and root tissues. Comparing mechanicaL wounding with insect feeding and chemicaL eLicitor treatment

with MeJa demonstrated that simiLar profiLes of transcriptional responses were eLicited with variation

in the timing of response. Large-scaLe systemic transcriptionaL responses in untreated SSi Leaves to

simuLated herbivory with FTC OS uncovered previousLy uncharacterized early changes in gene

expression invoLved in primary metaboLism (i.e. sugar metaboLism) and generaL stress responses (i.e.

heat shock proteins/chaperones) prior to the activation of insect herbivory-stress genes (i.e. KPI).

Source-sink reLationships are maintained and strengthened by simuLated insect feeding on source Leaves,

emphasizing changes in resource aLlocation patterns as being important for successful toLerance and

defense. GaLactinot synthesis is activated by insect feeding, especiaLLy in sink Leaves, as demonstrated

by varying patterns of induction and repression in a set of four galactinol synthase genes. GOLS

induction resuLts in accumulation of gaLactinoL in systemic Leaves and a concomitant increase in

raffinose, further underLining the invoLvement of sugar metaboLism in insect-induced responses in

popLar. Based on my findings, I propose that a modeL of popLar defense responses to insect herbivory

begins to emerge, whereby a cascade of changes in the transcriptome of treated and untreated Leaves

may Lead to the rearrangement of metabolism and the induction of resistance genes for successfuL

systemic defense.

193



6.1.2 Multiple signalling pathways involved in coordinating poplar systemic defense

In order to produce an effective response to insect Leaf feeding that baLances the resource

demands of growth with those of induced defense responses, the popLar tree must change metaboLism

and resource aLLocation. MultipLe signals will be required to coordinate these changes within and

between treated LocaL and untreated systemic (eaves of varying deveLopmentaL stages. The Large-scaLe

transcriptome profiLing of induced popLar responses via microarray anaLysis identified many genes

potentiaLLy invoLved in signaLLing and the activation of these defense.

In the profiLe of transcriptome response to insect feeding, a number of LRR receptor-Like

kinases (LRR-RLK) were strongLy induced both in LocaL and systemic Leaves. LRR-RLK proteins can bind

smaLL peptide ligands in pLants during stress responses, such as the binding of systemin by the LRR

receptor-Like protein SRI 60 in Lycopersicon peruvianum (L.) MiLLer (Scheer and Ryan 1999; Scheer and

Ryan 2002), the binding of AtPepl in Arabidopsis in signaLLing of an ampLified defense response against

pathogen attack (Yamaguchi et aL. 2006), or the role of WPKI in jasmonate-mediated signaLLing in corn

(Zea mays L.) (He et aL. 2005). The popLar LRR-RLK proteins induced by FTC OS couLd potentialLy

function in the recognition of herbivore eLicitors or herbivore-induced plant defense signaL moLecuLes.

Indeed, the potentiaL importance of this famiLy in poplar bioLogy is underlined by the Large expansion of

this gene family in popLar when compared to Arabidopsis, with 1,271 vs. 527 LRR-RLK genes predicted

per genome, respectiveLy (Tuskan et aL. 2006). Such proLiferation couLd be due to invoLvement in

processes important to Long-Lived woody perennials.

When profiLing the transcriptome response to MeJa eLicitation, we found substantiaL overLap

with the response to FTC feeding, but also many additional transcripts whose induction was unique to

MeJa in our experiments. The strong response of popLar Leaves to externaL MeJa appLication compared

with FTC feeding might refLect a dose-response effect, but it could aLso be due to a Lack of fine-tuning

of the defense response after MeJa treatment or a lack of suppression of some gene expression as may

be caused by a reaL insect attack. Previous work has expLored the interpLay, or cross-taLk, between

muLtipLe signaLLing pathways that is required to eLicit a baLanced defense response in a stressed pLant

(Kunkel and Brooks 2002); however, not aLL systemic defense genes whose expression LeveLs change

during FTC attack are controLLed by MeJa. We compared the List of genes responding systemicaLLy to

simulated herbivory (Chapter 4) to the List of genes responding to MeJa treatment (Chapter 3), and

while many of the systemic response genes at 24hrs were also strongLy responsive LocaLLy to MeJa

treatment, we found that very few of the large number of genes responding at 2hrs in systemic sink

Leaves responded to MeJa treatment in the locaL experiment (data not shown). These patterns of

eLicitor activation, or lack thereof, provide evidence for the involvement of jasmonates in systemic

defense response signaLling in popLar, whiLe aLso demonstrating that other signaLs are invoLved in

activating early systemic defense/toLerance responses in popLar.

Very strong transcriptome responses were observed in SSI (eaves just 2hrs after simulated

insect herbivory in LSo Leaves at the base of the pLant, 1.5 m away. While jasmonates are probabLy
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part of systemic induction of defense responses in popLar, other signaLling pathways may be invoLved as

welL. For example, a Large number of putative calcium signaLLing genes responded early in SS1 (eaves

and may be involved in the rapid sink response. Calcium (Ca2) can act as a second messenger in

numerous plant signaLLing pathways (Lecourieux et at. 2006). Transient Ca2 changes affect a variety of

Ca2-binding proteins and eLicit a cascade of effects, including aLtered protein phosphorytation and

gene expression patterns (Sanders et aL. 2002). We observed induction of a variety of Ca2-binding

proteins such as caLmoduLin, catmodutin-retated protein, and poLcatcin in SSi Leaves at 2hrs foLLowing

simulated herbivory, indicating that Ca2 signalLing might play a roLe in earLy systemic changes in

metaboLism and resource aLLocation. Changes in soLuble sugars and their concentrations generated at

the wound site and propagated in the phtoem couLd be acting as signals. It has been demonstrated

that sucrose is itseLf a signaL in assimiLate partitioning, acting to reguLate proton-sucrose symporter

activity and thereby the rate at which it is transported in the phtoem (Chiou and Bush 1998). Systemic

signalling activity for sucrose has aLso been shown to induce anthocyanin biosynthesis in Arabidopsis

thaliana (SoLfaneLli et at. 2006), further impLicating sugar sensing and signalLing in systemic responses.

The wealth of genes annotated as putativeLy functioning in primary metaboLism responding in both

source and sink Leaves in our experiments, especialLy in sugar metabolism and transport, Leads us to

specuLate as to their potentiaL roLe in reconfiguring primary metaboLism folLowing insect herbivore

attack. FinaLly, it couLd be possibLe that voLatites emitted from the wound site (Arimura et aL. 2004)

are having an effect on gene expression patterns in undamaged systemic sink Leaves. Recent work has

shown that airborne volatiles can ‘prime’ popLar defenses (Frost et aL. 2007).

The coordinated activation of systemic defense and toLerance responses throughout the popLar

tree folLowing insect herbivory relies on an integration of signals from severaL pathways to trigger

different responses in different parts of the plant at different points in time. There is pLenty of

evidence for the involvement of jasmonates in the activation of pLant insect defense responses, with

conclusive genetic evidence demonstrating a key roLe for jasmonic acid and reLated compounds in the

activation of successfuL systemic defense in the Solanaceae family of annuaL herbaceous pLants

containing tomato (Lycospersicon esculentum) and tobacco (Nicotiana attenuata) (Kessler et aL. 2004;

Li et at. 2002). The current work suggests that the jasmonate pathway is involved in popLar systemic

defense activation, and other signaLs may aLso be invoLved. A Large number of candidate genes for

systemic defense signaLling have been generated by this work.
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6.2 FUTURE RESEARCH

6.2.1 Recommended follow-up work

With the Large amount of expression data generated by the experiments detailed in this thesis,

many possible directions for future research have been ilLuminated. While the results of my

experiments have some broad implications for the study of tree-insect interactions, and biotic stress

responses in pLant in general (see Section 6.2.2), some suggested directions for ‘next-step’ experiments

studying poplar systemic defenses are presented here.

The analysis of the poplar KPI family and response to insect herbivory presented in Chapter 3

adds to the growing body of evidence that supports an anti-insect activity for these defensive proteins.

Though poplar KPIs have demonstrated inhibition of insect growth in transgenic tobacco (Lawrence et

al. 2006), in vivo overexpression of popLar KPIs in actual poplar trees wiLl alLow us to study potentiaL

KPI effects in the native pLant species. With the coLlection of FLcDNAs generated during the KPI work,

numerous candidates for overexpression in transgenic poplars have been produced. In this manner, we

can test whether natural pests of poplars are actually affected by this putative defense.

While poplar KPIs have been relatively welL-studied since the initiaL work in Gordon’s group in

the early 1990’s, another class of putative defense proteins uncovered in that work have received little

attention. Two putative endochitinases (see Section 2.5.2) were found to be induced in popLar by

insect feeding (Davis et aL. 1991; Parsons et aL. 1989). Over the course of this thesis work, I

demonstrated the presence of two multi-gene famiLies related to these two proteins in the popLar

genome, showed systemic induction with different source-sink patterns in different genes, and I cloned

two FLcDNAs, one from each subfamily (data not shown). These FLcDNAs are two more promising

candidates for overexpression in transgenic poplars Given that the peritrophic membrane Lining the

insect gut in lepidopteran insects includes chitin (Richards and Richards 1977), and that degradation of

the peritrophic membrane has been demonstrated to be an effective anti-insect defense (Pechan et aL.

2002), feeding triaLs with poplar pests wouLd help determine function and activity of this putative

defense.

There is much work waiting in the area of systemic defense, source-sink relationships in

defense responses, and the mechanisms of primary metaboLism reconfiguration in response to insect

attack. GOLS overexpressing or knockdown transgenic popLars would be invaluabLe in dissecting the

defensive function of galactinol in biotic stress responses such as insect herbivory. The same can be

said for transgenic poplars with modified isoprene emission patterns. However, difficulties can be

encountered when attempting to alter expression of genes involved in primary metabolism. Future

experiments designed to test the possibLe function of primary metabolites in poplar defense wiLl

require more subtLe methods that will allow inducible gene silencing at precise times and in specific

tissues. The goal should be to minimize the effects of gene silencing on normal growth and

deveLopment while stilL being able to determine any effect of the gene of interest on herbivore growth
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and performance. Previous work has demonstrated that the defense function of a primary metaboLism

gene can be studied with transformed pLants that exhibit weak phenotypes and are not impaired in

deveLopment (Kang et aL. 2006). Ideally, tests of herbivore performance on transgenic trees shouLd be

performed in naturaL/native conditions, so that unexpected effects and alterations in feeding ecoLogy

can be observed (KessLer et al. 2004). Integrative approaches that compare the effects of gene

siLencing at different nodes in the signalLing networks involved in tolerance and defense wiLL be

necessary to determine how resources are aLLocated and source-sink relationships are adjusted. WhiLe

high-throughput genomics methods wiLl generate much new information at the moLecuLar LeveL,

unbiased, biologicaLLy-informed observation skiLLs operating on a broad knowLedge base of pLant biology

wILL be indispensable for developing a deeper understanding of how perenniaL plants survive in the real

worLd.

FinaLLy, while weLL-pLanned and weLL-designed experimentation forms the core of any

productive research program, the occasional ‘informed guess’ can also yieLd vaLuabLe results. My final

suggestion can uLtimateLy be caLLed a ‘shot in the dark’, yet the interesting patterns uncovered pique

the curiosity and beg further experimentation. The most up-reguLated gene in SSi Leaves at 2hrs shows

nearly 25-foLd induction in microarray experiments (WS0123_C21; see TabLe 5.3). This gene codes for a

thirty-five amino acid protein, twenty of which are Lysine (57%) (data not shown). A BLAST search of

GenBank returns no matches, so this gene is completeLy unknown. QRT-PCR analysis confirmed

constitutive expression in LSo and SSo leaves with very littLe constitutive expression in SSi leaves. QRT

PCR analysis aLso confirmed the 551 2hrs induction pattern, showing over 50-fold induction in 551 Leaves

at 2hrs and no change in LSo or SSo Leaves. It is interesting to uncover induction of a smaLL peptide in

popLar in response to insect attack, but the Lack of sequence simiLarity to existing genes stymies

further anlysis. I propose that this gene would be another vaLuable candidate for overexpression or

knockdown in transgenic popLars. If indeed this smalL peptide is involved in systemic defense responses,

a screen of any changes in defense gene induction or suppression in source and sink Leaves via QRT-PCR

could impLicate this protein in popLar defense responses.

6.2.2 General considerations for future poplar-insect interaction research

The availabiLity of a high-quaLity sequence (Tuskan et al. 2006) and physicaL map (KelLeher et aL.

2007) of the popLar genome, as weLl as substantiaL EST, fuLL-Length cDNA and microarray resources

specifically aimed at and used for research into poplar defense against insects (Ralph et aL. 2006a) will

alLow us to systematicaLLy compare the effects of herbivory in a Long-Lived tree with the effects in

those annual pLants for which Large-scaLe genomics approaches are aLso possibLe. In addition, popLars

aLso provide unique opportunities to expLore mechanisms of LocaL and systemic defense, incLuding

defense signalling, in a Large and Long-Lived plant system that may not be possible in smaller, short

Lived pLants. For example, with regard to induced defenses in general, and Local and systemic defense

signaLLing specificaLLy, some of the interesting features of poplars to consider in future research are (I)
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the physicaL dimensions and rates of local defense activation within a given Leaf, (ii) the Large physicaL

distances of within-pLant systemic signaLLing, (iii) the perenniaL growth and long-life spans, and (iv) the

often cLonaL reproduction of popLars.

CLearLy, the physicaL dimensions of what we consider a local defense response in poplar, i.e.,

the response of a given herbivore-attacked Leaf, exceed by far the physicaL dimensions of LocaL and

systemic responses in a fuLLy grown, yet nonetheless diminutive Arabidopsis pLant. One may find that

the local response within a single poplar Leaf may not be a homogeneous response over the entire Leaf

area, but the response within a singLe leaf may have some distinct spatiaL and temporal patterns of

both LocaL and systemic responses in itseLf. Given the relative size differences of their leaves, this

aspect of Local versus systemic defense in an individuaL Leaf could be more easiLy studied in popLar than

in Arabidopsis, by sectoring the responses of a singLe Leaf, or by appLying techniques of Live and in situ

visualization of induced defense responses.

Given the large size and branching patterns of poplar trees, it is aLso clear that the physicaL

distances of systemic defense signaLLing in poplar by far exceed those of the smaller, better

characterized annuaL pLants. There is a pLethora of interesting questions where new moLecuLar tooLs

may heLp us find answers. For exampLe, how far and how fast does a systemic defense response traveL

in popLar? What is the overaLL poLarity (acropetaL versus basipetao) of the propagation of a systemic

defense in a large tree? How do branching patterns impact direction of a systemic response in popLar?

Are the spatial patterns of systemic defense the same at all seasons during the annuaL growing cycLe,

and how do differences in sink-source relationships in the spring or autumn change these patterns?

Poplar trees provide many opportunities to manipuLate the movement of resources, source-sink

reLationships, and vascuLar architecture to test their effects on the direction and magnitude of defense

response in popLar.

Since popLar trees are hosts to a range of insect species, future work shouLd aLso compare

defense profiLes generated in response to different feeding guilds, such as leaf-eating vs. stem-boring

vs. root-chewing, for instance, in order to obtain more information on the nature (or even existence)

of insect-specific responses in popLar - and potentiaLly uncover mechanisms responsibLe for recognizing

and responding to the presence and activity of different insects.

As perennials, poplars aLso provide interesting opportunities to test, over several years, the

possibiLity of a Lasting ‘memory’ of an induced defense response or aquired resistance at the moLecular

LeveL. Given the abiLity of poplars to survive for severaL hundred years as individuaL trees or for severaL

thousand years as cLones, future research enabLed by genomics shouLd aLso test the possibiLity of

epigenetic changes affected by episodes of herbivory. FinaLly, when choosing a system in which to

study pLant defense against insect pests, popLars stand out for their reaL ecoLogical and economic

reLevance as key species in naturaL ecosystems and as a pLantation forest system for the suppLy of

biomateriaLs and carbon sequestration.
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6.3 THESIS CONCLUSION

Large-scale transcriptome profiting is revealing unexpected compLexities in the defense

response of popLar (eaves invoLving a cascade of responses in source and sink profiLes that are rapidLy

changing over time. Beyond the expected response of previousLy known defense genes, the gene

expression profiLes obtained in this thesis research highlighted substantiaL changes in a portion of the

transcriptome that is most LikeLy associated with induced changes in resource aLLocation and generaL

stress response, which may be essential for tolerance of Long-lived, sessiLe trees to periodic attack by

insects. Our understanding of pLant responses to herbivores, and indeed its response to any stress in

general, is heading to a synthesis of the so-catted primary and secondary metaboLism genes into a

cohesive whoLe, a network of genes whose transcriptome is constantLy reacting to maintain an optimaL

baLance in resource alLocation between growth, toLerance, and defense - and presumabLy reproduction

as weLl - in order to maximize fitness over time as a spatiaLLy fixed organism in a constantLy shifting

biotic and abiotic Landscape.
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REVIEW I SYNTHESE

Poplar defense against insect herbivores1

Ryan N. Philippe and Jörg Bohlmann

Abstract: The availability of a poplar (Populus trichocarpa Torr & A. Gray, black cottonwood) genome sequence is
enabling new research approaches in angiosperm tree biology. Much of the recent genomics research in poplars has
been on wood formation, growth and development, resistance to abiotic stress and pathogens, motivated, at least in
part, by the fact that poplars provide an important system for large-scale, short-rotation plantation forestry in the
Northern Hemisphere. To sustain productivity and ecosystem health of natural and planted poplar forests it is of critical
importance to also develop a better understanding of the molecular mechanisms of defense and resistance of poplars
against insect pests. Previous research has established a solid foundation of the chemical ecology of poplar defense
against insects. This review summarizes some of the relevant literature on defense against insect herbivores in poplars
with an emphasis on molecular, biochemical, and emerging genomic research in this important field within forest bio
technology and chemical ecology. Following a general introduction, we provide a brief overview of some of the most
relevant insect pests of poplars; we then describe some of the general defense strategies of poplars along with selected
examples of their activities. We conclude with a summary of emerging results and perspectives from recent advances
in genomics research on poplar defense against insects.

Key words: Aspen and cottonwood, chemical ecology, forest health genomics, plantation forestry, plant—insect interactions,
tree biotechnology.

Résumé : La disponibilité d’une sequence génomique de peuplier (Populus trichocarpa Torr & A. Gray, peuplier noir) ouvre
la porte a de nouvelles recherches sur la biologie des arbres angiospermes. Une bonne partie de la recherche génomique
récente chez les peupliers a porte sur Ia formation du bois, la croissance et le développement, la résistance aux stress
abiotiques et aux pathogènes, base, du moms en partie, sur le fait que les peupliers constituent un important système pour la
plantation forestière a grande Cchelle, en rotations courtes, dans l’hémisphère nord. Afin d’assurer une productivité durable
et Ia sante de l’écosystème des forêts naturelles et plantées, on doit Cgalement obtenir une meilleure comprehension des
mécanismes moléculaires de defense et de résistance des peupliers envers les insectes ravageurs. Les auteurs présentent en
revue une partie de la littérature pertinente sur la defense contre les insectes herbivores des peupliers, avec 1’ accent sur les
recherches moléculaires, biochimiques et gCnomiques émergentes dans cet important domaine de la biotechnologie forestière
et de la chimie écologique. Suite a une introduction générale, les auteurs présentent un survol de quelques-uns des insectes
ravageurs des peupliers les plus importants; ils décrivent ensuite certaines des strategies de defense des peupliers avec des
exemples choisis de leurs activités. En conclusion on trouve un résumé sur les résultats naissants et des perspectives a partir
de percées récentes en recherche gCnomique sur la defense des peupliers contre les insectes.

Mots-clés : tremble et peuplier, écologie chimique, génomique de la sante forestière, plantations forestières, interactions
plante—insecte, biotechnologie des arbres.

[Traduit par la Redaction]

Introduction less otherwise specified), which can be found throughout the

The genus Populus includes the poplars, aspens, and cot- Northern Hemisphere. Individual species can have extensive

tonwoods (hereinafter collectively referred to as poplars, un- natural ranges, such as Populus tremuloides Michx. (trem
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bling aspen), which extends through western North America
from Alaska to Mexico, or Populus nigra L., which is found
across Europe as far as Northern Asia. Many members of
the genus Populus are fast-growing, wind-pollinated, early
successional species that can rapidly colonize disturbed
sites, often owing to the ability for asexual reproduction or
production of massive numbers of seeds. Poplars are one of
the most productive components of riparian ecosystems in
the Northern Hemisphere, shaping the ecology of these sen
sitive environments (Whitham et al. 1996). Poplars also
make up the largest fraction of intensively managed hard
wood forest acreage in North America (Coyle et al. 2005).
Owing to their long life spans, large sizes, sessile lifestyles,
and ecological dominance, poplars are subject to interactions
with a wide variety of insect herbivores throughout their nat
ural range (Whitham et al. 1996). The ability of poplars to
cope over many years with a large and dynamic community
of potential insect herbivores is reflected in a diverse set of
constitutive and inducible defenses. These defense systems
involve chemical defenses (i.e., specialized metabolites also
known as secondary metabolites or natural products), bio
chemical defenses (i.e., proteins or enzymes with direct ef
fects on the herbivore), physical defenses (i.e., protective
anatomical structures), and ecological or indirect defenses
(e.g., attraction of predators or parasitoids of the herbivores).
Selected aspects of these defense systems will be high
lighted in the first part of this review paper after a brief in
troduction of some of the most relevant insect pests of
poplars.

The genomic information, resources, and technologies de
veloped in concert with the sequencing and physical map
ping of the poplar genome (Tuskan et al. 2006; Kelleher et
al. 2007), combined with their interesting biology, make
poplars a unique system for genomic studies of interactions
of long-lived trees with their biotic environment. Research
on interactions of poplars with insect pests is advancing
rapidly as a result of the implementation of genomics ap
proaches (e.g., Lawrence et al. 2006; Major and Constabel
2006; Ralph et al. 2006a; Miranda et al. 2007). Such re
search is of critical importance for a fundamental under
standing of the dynamic defenses in long-lived trees and the
further development and sustainability of poplar as a system
for plantation forestry with applications for biomass produc
tion and carbon sequestration.

There is no doubt that plantation forestry will eventually
face many of the same problems as modern agriculture with
regard to pest management. However, many of the tools that
are commonly used for pest control in agriculture are not
available in forestry or are not suitable for application in
forestry. Specifically, large-scale pesticide application
(owing to the negative ecological impact) and rapid crop ro
tation on annual or semi-annual cycles (owing to the peren
nial biology of trees) are not an option in forestry, even
under conditions of plantation forestry. In addition, despite
the many opportunities and potential benefits of genetic en
gineering of pest resistance in trees, forestry has faced con
siderable obstacles that have so far prevented the
deployment of transgenic trees in most jurisdictions (for re
view, see Lida et al. 2004 and references therein). There
fore, sustainable management of insect pests in planted and
natural forests will rely on the further development of

knowledge of the natural defense and resistance mechanisms
of forest trees and on the integration of such knowledge
across multiple scales from the molecular level to the eco
logical and landscape levels (Raffa et al. 2005) and its appli
cation in tree breeding. For poplars, a large foundation of
knowledge already exists with regard to their chemical, bio
chemical, and ecological defenses against insects (see fol
lowing sections for details and references). In addition,
recent advances in forestry genomics and proteomics have
substantially accelerated the rate of discovery and functional
identification of genes for defense and resistance against in
sects, as well as the analysis of genome-wide patterns of
gene and protein expression in response to insect herbivory
in angiosperm and in gymnosperm trees (e.g., Huber et al.
2004; Keeling and Bohlmann 2006a; Lawrence et al. 2006;
Major and Constabel 2006; Ralph et al. 2006a, 2006b;
Lippert et al. 2007; Miranda et al. 2007). In the second part
of this review, we summarize results from the recent re
search on defense-gene discovery and genomics of poplars
interacting with insect pests, concluding with a perspective
for future research.

Given the large volume of literature on the ecology of
poplars interacting with insects, this review is not meant to
be comprehensive in all its parts. The paper builds to some
extent on the foundation provided by a recent review by
Constabel and Major (2005) dealing with the molecular biol
ogy and biochemistry of induced defenses in poplar.
Throughout the paper we also reference selected pertinent
information from studies in other plant systems; however, a
comprehensive comparison of plant defenses against insects
in poplars with that in other species is beyond the scope of
this paper.

Insect pests in poplars
In the following section, we provide a brief overview of

some the most important insect herbivores that feed on pop
lars. For further information, the reader is referred to book
chapters and reviews on insect pests of poplar (Mattson et
al. 2001; Coyle et al. 2005). Poplars are preyed upon by a
large variety of herbivorous insect pests, with at least 300
species of insects and mites commonly found on the various
species in the genus Populus in North America and almost
double that with approximately 525 species in Europe
(Mattson et al. 2001). Amongst these numbers are a wide
variety of defoliators, shoot feeders, and stem borers, and
yet only a few species are responsible for substantial levels
of damage in natural forests.

Even though defoliators form the largest proportion of in
sect pests on poplars, most defoliators are not considered a
great threat to tree survival because poplars can tolerate the
loss of large amounts of their leaves (Robison and Raffa
1994; Reichenbacker et al. 1996; Kosola et al. 2001). How
ever, widespread defoliation is known to substantially de
crease biomass production of poplar trees (Reichenbacker et
al. 1996). Defoliators that can be responsible for substantial
damage include the cottonwood leaf beetle (Chrysomela
scripta Fabricius), a major insect pest of natural and planted
poplar throughout most of North America (Mattson et al.
2001; Coyle et al. 2005) and the most important poplar de
foliator in the eastern USA (Burkot and Benjamin 1979).
Both the larvae and adults feed on leaves, causing growth
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loss and destruction of leaders and shoots (Caldbeck et al.
1978; Bassman et al. 1982; Coyle et al. 2002). The forest
tent caterpillar (FTC) (Malacosoma disstria Hübner) is
another major defoliator of poplars in North America
(Prentice 1963; Stehr and Cook 1968). FTC are capable of
causing widespread or complete defoliation during outbreaks,
which recur approximately every 10 years and last 2—
5 years, and yet seldom cause mortality of trees. However,
repeated exposure to FTC defoliation can result in reduced
growth (Hindahi and Reeks 1960) and can make individual
trees more susceptible to the impact from other forms of
stress (Churchill et al. 1964). In the extreme, when repeated
defoliation is combined with poor climatic conditions,
large-scale dieback of poplar forests can occur (Gregory
and Wargo 1986; Hogg et al. 2002). The large aspen tortrix
(Choristoneura conflictana Walker) feeds primarily on aspen
forests north of the range of FTC (Mattson et al. 2001),
while the white-marked tussock moth (Orgyia leucostigma
Smith) (Baker 1972) and the gypsy moth caterpillar
(Lymantria dispar L.) (McManus and McIntyre 1981) feed
on a range of trees including poplars. Poplar stem boring
insects include such pests as the poplar borer (Saperda
calcarata Say) (Solomon 1995), the poplar gall saperda
(Saperda inornata Say) (Nord et al. 1972a), the poplar
branch borer (Oberia schaumii LeConte) (Nord et al.
1972b), and the poplar and willow borer (Cryptorhynchus
lapathi L.) (Schoene 1907; Harris and Coppel 1967). These
insects lay their eggs under the bark, where the larvae
hatch and tunnel into the wood, decreasing wood quality,
creating wounds for pathogen infections, and increasing
the chance of wind breakage of the weakened stems. Poplar
shoot feeders such as the spotted poplar aphid (Aphis macu
latae Oestlund) and the cottonwood twig borer (Gypso
noma haimbachiana Kearfott) prey on the tips of growing
shoots and often cause dieback of infested tips, resulting in
multiple leaders, which leads to stunted trees with malformed
stems (Mattson et al. 2001).

While these insect herbivores in natural settings rarely
cause lasting devastation of poplar or aspen forests, unless
combined with other deleterious biotic or abiotic environ
mental factors (Hogg et al. 2002), damage from these pests
can be responsible for widespread economic loss in poplar
plantations (Harrell et a!. 1981; Coyle et al. 2002) and can
also increase the risk of infestation by fungal pathogens
(Klepzig et al. 1997). Densely packed poplar plantations,
which are often of very limited genetic diversity or even
represent clonal populations, can create the spatially uniform,
low-biodiversity environments amenable to devastating in
sect outbreaks (Neuvonen and Niemela 1983; Niemela and
Neuvonen 1983; Mattson et al. 1991; Haack and Mattson
1993). In addition to the pests mentioned above, a variety
of other insects can proliferate in the resource-rich conditions
presented by high-density poplar plantations (Coyle et al.
2005). Traditional techniques of chemical and bio-rational
control for crop pests have proven somewhat effective in
poplar plantations (Abrahamson et a!. 1977; Coyle et al.
2000). A detailed knowledge of the interactions of poplars
with their insect pests, including a better understanding of
the molecular mechanisms of these interactions, is neces
sary to guide pest control efforts that are compatible with
the ecosystems of natural forests and plantation forests.

General aspects of poplar defense against insects
Plant defenses against insect herbivores are costly

(Baldwin 1998; Mauricio 1998; Koricheva 2002; Strauss et
al. 2002) and involve a fine balance of resource allocation
between growth, development, reproduction, and defense.
While plants that allocate resources primarily towards
growth and development may be limited in their ability to
defend against insect herbivores or pathogens (Simms and
Rausher 1987; Herms and Mattson 1992), constitutive de
ployment of defenses may cause faster-evolving insects to
develop strategies to tolerate or overcome host defenses.
The presence or absence of defenses can effectively shape
communities of herbivores that can cope with various de
grees of host defenses (Kessler et al. 2004; Paschold et al.
2007). Defense systems against insects that are multigenic
and flexible may allow plants to cope with dynamic com
munities of herbivores, and multilayered defenses appear to
be of particular importance in long-lived trees that cannot
escape their herbivore environments with short vegetation
periods or short generation times (Bohlmann 2007). In gen
eral, many plant species, including poplar, rely on combina
tions of a variety of constitutive and induced defenses
against insects to cope with the possible trade-offs between
plant growth and defense and the possible adaptation of her
bivore communities to plant defenses (Fig. 1). Induced de
fenses may be locally restricted to the site of the
herbivore’s actual attack (local defense), or they can be acti
vated systemically in distant parts of the plant or throughout
the entire plant (systemic defense). Some of the constitutive
and induced defenses act directly against the herbivore (di
rect defenses) or involve the ecological interactions with
other organisms such as attraction of predators of the herbi
vore (indirect or multitrophic defenses). The defenses of
poplars involve chemical defenses in the form of specialized
metabolites (mainly phenolics), biochemical defenses with
proteins, or enzymes that directly effect the herbivore
(e.g., anti-digestive proteins), and physical defenses in
form of protective anatomical structures.

Even in the absence of an insect infestation, poplars
devote energy to a suite of physical and chemical defense
systems to provide a primary level of constitutive protection
against insect pests. In addition to a group of well-characterized
phenolic defenses (see below), poplars have some obvious
physical means of protection, such as thick bark tissues, as
a first barrier against stem-boring insects and leaf tn
chomes, which may protect against foliage feeding insects.
Work with other plants has demonstrated that trichomes
can be involved in insect defense as physical barriers to
attack or by accumulating high levels of toxic compounds
(Wagner 1991; Maunicio 1998; Simmons and Gurr 2005).
While a defensive function has yet to be demonstrated for
trichomes in poplars, leaf trichome density has been corre
lated to insect avoidance and mortality in the willow
(Salix) and alder (Alnus) (Soetens et al. 1991; Gange
1995). Current research into the potential role of trichomes
in poplar defense uses activation-tagged mutant lines
(Regan 2007). Unlike the combined physical and chemical
protection of many conifer trees (Keeling and Bohlmann
2006a, 2006b), the bark of poplars lacks massive terpenoid
oleoresin chemical defenses, but may contain phenolic
chemical defenses (Thamarus and Fumier 1998).
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Fig. 1. Overview of defenses against insect herbivores in poplars.
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Induced defenses divert resources away from primary
processes such as growth and development only when chal
lenged by the presence of insect pests (Mattson and Palmer
1988; Clausen et al. 1989; Robison and Raffa 1997; Havill
and Raffa 1999). Induced defenses in poplars are effective
in protecting the plant from insect damage from FTC
(Robison and Raffa 1997), gypsy moth larvae (Havill and
Raffa 1999), and white-marked tussock moth (Glynn et al.
2003). The signals that activate locally or systemically in
duced defenses against insects are not well characterized in
poplars, but based on studies with other plant systems they
are likely to involve octadecanoids, ethylene, or small pep-
tides (Ryan and Pearce 2003; Howe 2004; Kessler et al.
2004; Schilmiller and Howe 2005) and could potentially
also involve airborne volatiles (Frost et al. 2007; Heil and
Silva Bueno 2007). The induction of local and systemic
defense gene expression in poplars following external ap
plication of methyl jasmonate (MeJa) supports the notion
that octadecanoids are involved in defense signalling in
poplars (Havill and Raffa 1999; Constabel et al. 2000;
Haruta et al. 2001a, 2001b; Arimura et al. 2004) and in
the activation of induced resistance as shown with protec
tion against gypsy moth (Havill and Raffa 1999). Wound
ing and herbivore feeding of poplar leaves also elicits
systemic up-regulation of transcripts for genes coding for
enzymes in the octadecanoid pathway such as lipoxyge

nases, allene oxide synthase, and allene oxide cyclase (An
mura et al. 2004; Lawrence et al. 2006; Major and
Constabel 2006; R.N. Philippe and J. Bohlmann, unpub
lished results, 2007).

In the context of activation of systemically induced de
fenses, the importance of physiological source—sink relation
ships in poplar leaves has been highlighted. Sink strength
can be induced by insect feeding or jasmonic acid treatment,
which results in an increase in the allocation and rate of re
source import and effects an increase in levels of phenolic
defense compounds (Arnold and Schultz 2002; Arnold et al.
2004; Babst et al. 2005). Induced sink strength is also eli
cited by simulated insect attack, specifically the application
of FTC oral secretions to mechanically wounded poplar
leaves (R.N. Philippe and J. Bohlmann, unpublished results,
2007). Using the leaf plastochron index (LPI) developed by
Larson and Isebrands (1971) as a reference system to stand
ardize physiological characterization of poplar leaves (the
youngest leaf with a lamina length of 2 cm is designated
LPI 0), a transition between sink status (net importer of re
sources) and source status (net exporter of resources) occurs
in poplar leaves between LPI 5 and LPI 7 under noninduced
conditions. Based on the vascular architecture of phloem
connections in poplars, each leaf is serviced by three vascu
lar bundles, and the degree of connectivity of any given pair
of two leaves is determined by their relative position along
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and around the stem axis (Larson 1979). Each leaf shares a
direct phloem connection with the fifth leaf over (e.g., LPI 2
and LPI 7), which is the orthostichous leaf found directly
above or below it on the stem. The fact that vascular con
nectivity, along with assimilate movement, plays a key role
in determining patterns of systemic induction of defenses in
poplars has been demonstrated by Davis et al. (1991a), with
maximum systemic up-regulation of the win3 protease
inhibitor gene in the leaves directly connected to the treated
leaf. Poplar vascular architecture has also been linked to
induction of phenolic defenses (Arnold et al. 2004). The
impact of vascular architecture on induction of systemic
defenses is also observed in other plant species such as
tomato (Lycopersicon esculentum Mill) (Orians et al. 2000),
tobacco (Nicotiana attenuata Torr. ex S. Wats.) (Schittko
and Baldwin 2003), and bittersweet nightshade (Solanum
dulcamara L.) (Viswanathan and Thaler 2004) and has re
cently been reviewed by Orians (2005).

Chemical defenses in poplars
Phenolics are the major class of specialized metabolites

(traditionally referred to as secondary metabolites or natural
products) in the Salicaceae (Palo 1984; Tsai et al. 2006).
The topic of phenolics in poplar defense has been compre
hensively treated by Tsai et al. (2006) in the context of a re
cent genome analysis, and the reader is referred to this paper
for an annotation of the gene content and transcriptome of
poplar devoted to phenolic defenses. Plant phenolics are
products of the phenylpropanoid pathway that gives rise to
the thousands of known chemical structures including sim
ple phenolics, flavonoids, stilbenes, coumarins, lignans, and
the structural polymer, lignin (Hahlbrock and Scheel 1989;
Dixon and Paiva 1995; Boerjan et al. 2003). Phenolics with
known or putative roles in poplar defense include the phe
nolic glycosides, hydroxycinnamate derivatives, and con
densed tannins (Tsai et al. 2006). Highlighting the
importance of the complex phenylpropanoid pathway in
Populus, the genomic analysis of genes for phenolic de
fenses by Tsai et al. (2006) provided evidence for expanded
gene families for flavonoid metabolism in Populus tricho
carpa (Torr. & A. Gray.) relative to Arabidopsis thaliana
((L.) Heynh.). As for other specialized metabolites in poplar
defense, volatiles in the form of low molecular weight
phenolics, benzene cyanide, and various mono-, sesqui- and
homo-terpenoids may also contribute to direct or indirect
defense in poplars (Arimura et al. 2004). The nitrogen-
containing alkaloids do not appear to have a role in poplar
defense.

Phenolic glycosides
The biochemistry of phenolic glycosides has been re

viewed by Pierpoint (1994), and the genes for their biosyn
thesis in poplar are described in Tsai et al. (2006). Phenolic
glycosides have been well studied in P. tremuloides and in
clude four major compounds, salicin, salicortin, tremuloidin,
and tremulacin (Fig. 2), adding to a total of at least 20 of
such compounds identified in the Salicaceae (Tsai et al.
2006). The amounts of these compounds found in aspen
bark and foliage are highly genetically variable, as well as
differentially responsive to resource availability and feeding
damage (Osier and Lindroth 2004, 2006; Stevens and

Lindroth 2005). Phenolic glycosides are known to deter gen
eralist herbivores, and have been shown to negatively im
pact larval growth and development in a variety of insects
(Tahvanainen et al. 1985; Lindroth et al. 1988; Clausen et
al. 1989; Lindroth and Hwang 1996; Lindroth and Kinney
1998; Osier et al. 2000; Osier and Lindroth 2001; Osier and
Lindroth 2004). Different phenolic glycosides vary in bio
logical activity (Fig. 2) (Lindroth et al. 1988). Upon inges
tion by insects, some phenolic glycosides may be
metabolized to more reactive products (Clausen et al. 1990)
that have the potential to induce oxidative stress or bind co
valently with proteins, potentially disrupting effective diges
tions (Felton et al. 1992; Appel 1993; Summers and Felton
1994). Phenolic glycosides appear to play a role in shaping
the community of insect herbivores of aspens. For example,
the performance of both FTC and gypsy moth larvae is in
fluenced by variations in levels of phenolic glycosides (Lin
droth and Hemming 1990; Lindroth and Bloomer 1991;
Lindroth and Weisbrod 1991; Hemming and Lindroth 1995;
Hwang and Lindroth 1997; Donaldson and Lindroth 2007)
and differences in levels of phenolic glycoside can account
for a greater amount of variation in performance in gypsy
moth larvae than in FTC (Hemming and Lindroth 1995;
Hwang and Lindroth 1997). In contrast to gypsy moth, per
formance of FTC appears to be affected more by foliar ni
trogen (Hemming and Lindroth 1995; Hemming and
Lindroth 1999).

Phenolic glycosides are formed as constitutive defenses in
aspen. Whether or not they also function as induced de
fenses or in a delayed induced resistance has been more dif
ficult to establish. Clausen et al. (1989) and Lindroth and
Kinney (1998) reported modest induction of phenolic glyco
sides following insect feeding or artificial wounding, but
subsequent experiments did not support an immediate induc
tion of phenolic glycosides (Osier and Lindroth 2001; Kao
et al. 2002). Nevertheless, when Stevens and Lindroth
(2005) examined aspen trees affected by insect damage at a
late time point (after 8 weeks) during the same growing sea
son, they found that previously damaged trees had accumu
lated increased loads of phenolic glycosides in their leaf
tissues. With these findings in mind, it is clear that induced
defenses and their possible contributions to resistance in
long-lived trees have to be tested over much longer periods
of time (i.e., over the entire growing season and ideally over
multiple growing periods) than what is commonly done with
short-lived plants in molecular analyses under laboratory
conditions.

Condensed tannins
Condensed tannins are oligomeric or polymeric flavo

noids, also known as proanthocyanidins, with diverse struc
tures and ecological functions (Bavage et al. 1997; Marles et
al. 2003). The biosynthesis of condensed tannins and related
compounds in poplars has been thoroughly treated by Tsai et
al. (2006) in the context of a genome annotation and expres
sion analysis of the relevant genes. Condensed tannins are
widespread in the plant kingdom (Porter et al. 1986), and
their levels are known to be highly variable in different pop
lar species and in different genotypes of the same species
(Greenaway et al. 1991, 1992), ranging from 0.5% up to
20% leaf dry mass (Swain 1979; Salminen et al. 2004). The
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Fig. 2. Major phenolic glycosides found in P. tremuloides). The four salicylate-derived compounds are ordered by increasing anti-insect
activity (Lindroth et al. 1988).
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biological activities of condensed tannins depend largely on
the nature and ratio of the flavonoid subunits and on their
degree of polymerization and configuration in the polymers,
as well as on the biochemical conditions found in different
insect digestive systems (Zucker 1983; Appel 1993;
Barbehenn and Martin 1994; Ayres et al. 1997). Levels of
condensed tannins have been correlated with negative im
pacts on the performance of gypsy moth larvae and FTC
(Hemming and Lindroth 1995; Hwang and Lindroth 1997).
In addition to functions as feeding deterrents and protein
complexing anti-nutrients, they also function as antimicro
bial agents, protectants against ultraviolet light, and possibly
toxins (Swain 1979; Hagerman and Butler 1991; McAllister
et al. 2005). Along with their effects on forage quality and
litter digestibility of poplar leaves, condensed tannins play a
substantial role in nutrient cycling in ecosystems dominated
by poplars (Schimel et al. 1996; Schweitzer et al. 2004;
Madritch et al. 2006). The formation of condensed tannins
is induced by insect attack and several enzymes involved in
poplar flavonoid and condensed tannin biosynthesis are in
duced by wounding and herbivory (Osier and Lindroth
2001; Kao et al. 2002; Peters and Constabel 2002; Tsai et
al. 2006).

Biochemical defenses in poplars
The constitutive and induced formation of chemical de

fenses involves the activity of many enzymes along the cor
responding biosynthetic pathways. In addition, poplars use
proteins or enzymes with direct defense activities against in
sect herbivores. The Kunitz protease inhibitors (KPI), endo
chitinases, and polyphenol oxidases (PPO) are well-studied
defense-related proteins in poplar with possible anti-
digestive functions. Reduced digestion of leave forage
owing to anti-digestive proteins may result in starvation of
insect larvae or may slow down insect development and
thereby increase the time of exposure to natural enemies,
which may be attracted by the simultaneous herbivore-
induced local or systemic emission of volatile organic
compounds (VOCs). Other poplar proteins that have not
yet been studied in the context of defense could also func
tion directly against insects, once ingested by the herbi
vore.

Kunitz protease inhibitors
Protease inhibitors (PIs) are a group of small proteins that

function in herbivore defense by binding to digestive en
zymes in the insect gut and inhibiting their activity. With
the reduced effectiveness of protein digestion, the insect can
experience a shortage of amino acids leading to slowed de
velopment or starvation (Broadway and Duffey 1986; Ryan
1990). KPIs are encoded by a large gene family in poplars
and they are among the most strongly up-regulated defense
genes in response to wounding or herbivore feeding (Brad
shaw et al. 1990; Haruta et al. 2001a; Christopher et al.
2004; Lawrence et al. 2006; Major and Constabel 2006;
Ralph et al. 2006a; Miranda et al. 2007). While the effec
tiveness of KPIs against poplar pests has yet to be demon
strated, the win3-encoded poplar KPI protein, when
produced in tobacco and tomato, led to decreased larval
mass of feeding tobacco budworm (Heliothis virescens Fab
ricius) (Lawrence and Novak 2001). In some cases, as a re
sult of an arms race between insects and plant defenses,
insects have adapted to PIs by up-regulating alternative di
gestive enzymes that are less sensitive to inhibition
(Jongsma et al. 1995). Following earlier work in poplar that
identified a small family of five different KPI genes (Haruta
et al. 2001a; Christopher et al. 2004), our recent analysis of
the poplar genome sequence, as well as the available poplar
EST and full length cDNA sequences, revealed a substan
tially larger gene family of nearly 30 different KPIs in the
poplar genome (S. Ralph, R.N. Philippe, and J. Bohlmann,
unpublished results, 2007). Although most of the poplar
KPIs are up-regulated in response to wounding or insect her
bivory, their degree of induction varies as determined by
quantitative real-time PCR (S. Ralph, R.N. Philippe, and
J. Bohlmann, unpublished results, 2007). The large suite of
KPIs may allow poplar trees to deal with multiple evolving
generations of insects by providing a genetic storehouse of
varied PIs. Indeed, Ingvarsson (2005a, 2005b) and Talyzina
and Ingvarsson (2006) found some evidence for rapid evolu
tion in this gene family in poplar.

Endochitinases
Chitinases were among the first putative defense genes

identified in poplar, when win6 and win8, two distinct genes
sharing about 50% amino acid sequence identity and having
similarities to basic endochitinases, were identified as
strongly and systemically up-regulated in poplar leaves in
response to wounding (Parsons et al. 1989; Davis et al.
1991b; Clarke et al. 1998). These two genes represent a

Salicortin

Increasing anti-insect activity

Tremulacin
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small fraction of this large gene family, which contains
seven different classes in plants (Graham and Sticklen
1994; Kasprzewska 2003). These chitin-degrading enzymes
may have a variety of functions in poplar, such as involve
ment in development and growth, wound repair, nonspecific
stress responses, or defense against fungal pathogens or in
sect pests. In addition, work by Davis et al. (2002) with in
ducible chitinases and chitinase-like genes in pine suggests
that some of these genes may in fact have functions that do
not involve chitinase activity. Exploring the currently avail
able poplar EST, full length cDNA, and genome sequence
information we found win8 represented as a single-copy
gene, while win6 is part of a multi-gene family
(R.N. Philippe and J. Bohlmann, unpublished results, 2007).
Two other chitinase-like genes, both unrelated to win6 or
win8, were identified in hybrid poplar. At least one of these
chitinase-like genes is wound-inducible (Christopher et al.
2004).

Chitinases can function in plant defense against pathogens
(Collinge et al. 1993; Neuhaus 1999), and transgenic poplar
expressing a fungal endochitinase has been shown to possess
enhanced resistance to leaf rust pathogen (Noel et al. 2005).
Induced poplar chitinases may also have a function against
insect herbivores. For example, Colorado potato beetle
(Leptinotarsa decemlineata Say) feeding on tomato plants
producing the win6 encoded endochitinase from P. tricho
carpa xdeltoides Bartr. experienced slowed development
(Lawrence and Novak 2006). The strong up-regulation of
win6 and win8 in both local and systemic leaves of poplar
saplings treated by mechanical wounding and application
of FTC oral secretions support a role in insect defense
(R.N. Philippe and J. Bohlmann, unpublished results,
2007). A potential target for plant chitinases in defense
against insects is the peritrophic membrane, which contains
chitin and forms a protective barrier around the ingested
food contents of the gut lumen (Richards and Richards
1977; Chapman 1985).

Polyphenol oxidases
Much of the literature dealing with polyphenol oxidase

(PPO) has previously been reviewed by Steffens et al.
(1994) and more recently by Mayer (2006) and by Marusek
et al. (2006). PPOs catalyze the oxidation of ortho-diphe
nolic compounds to quinones, and are found throughout the
plant kingdom (Vaughn and Duke 1984). The quinones pro
duced by PPOs upon tissue damage are highly reactive and
rapidly cross-link proteins leading to characteristic tissue
browning (Duffey and Felton 1991). A variety of physiolog
ical roles are proposed for PPOs (Steffens et al. 1994;
Mayer 2006) which, in poplars, have been shown to play a
role in defense against insect herbivores (Wang and Consta
bel 2004a). In hybrid poplar and aspen, wounding or insect
herbivory of leaves induces systemic expression of PPO
genes and PPO enzyme activity (Constabel et al. 2000; Har
uta et al. 2001b). Three PPOs have previously been cloned
in hybrid poplar, and two are wound-responsive in leaf,
stem, or root tissues, while the third is constitutively ex
pressed in roots (Constabel et al. 2000; Wang and Constabel
2003, 2004b). PPOs are proposed to possess anti-herbivore
activity in the gut of insects, where PPO-generated quinones
can cross-link proteins and amino acids during feeding, re

sulting in decreased absorption of amino acids (Felton et al.
1989; Felton et al. 1992). Using transgenic plants, Wang and
Constabel (2004a) have shown that PPO-overexpressing
poplar trees reduce larval mass gain. Given that these results
were obtained with FTC egg masses stored in the laboratory
at —2 °C for more than 6 months past spring hatching, the
biological relevance of this possible PPO-based defense in
nature remains to be determined. However, consistent with
a possible anti-insect function, Wang and Constabel (2004a)
also showed that PPO not only resists proteolysis in the FTC
gut, but the protein is activated beyond its latent form found
in leaves (Constabel et al. 2000), suggesting that limited
proteolysis in the insect gut is responsible for activating
PPO. This process may resemble the activation of tomato
threonine deaminase in the midgut of Manduca sexta L.,
which has its regulatory domain proteolytically cleaved
from the catalytic domain during ingestion or partial diges
tion in the insect gut (Chen et al. 2005). Activation in the
insect gut of anti-insect proteins perhaps provides a mecha
nism whereby the plant protects its tissues from the catalytic
activities of defensive proteins until they are ingested by the
insect.

Other putative defense proteins and proteins that change in
response to insect attack

Recent functional proteomics work by Gregg Howe and
co-workers in the tomato — Manduca sexta system has beau
tifully illustrated that proteins known for their role in pri
mary plant metabolic processes may also have direct
defense activities once ingested by an insect (Chen et al.
2005, 2007). Genome and proteome expression profiling of
poplar defense responses upon insect attack (Ralph et al.
2006a; Miranda et al. 2007; D. Lippert, S. Ralph, and
J. Bohlmann, unpublished results, 2007) have identified a
myriad of proteins that should be tested further for their
stability, immediate activity, or proteolytic activation in the
environment of an insect gut. For example, at least some of
the KPI proteins mentioned above appear to be resistant to
digestion in the insect gut of some poplar herbivores
(C. KUlheim and J. Bohlmann, unpublished results, 2007).

On the other hand, not every gene or protein that shows
an increase in abundance upon herbivore attack has an effect
on the herbivore, be it through the formation of chemical
defenses or as a protein with anti-insect activity. A large
number of genes and proteins that may be annotated as
defense-related based on patterns of induced abundance
may be part of an overall metabolic rearrangement in the
plant under biotic stress. For example, substantial down-
regulation has been found for transcripts of photosynthetic
processes in FTC attacked poplar leaves (Ralph et al.
2006a) and these changes may in turn effect up- and down-
regulation of compensatory processes. Also, earlier studies
have shown a strong, wound- and insect-induced increase
of win4-encoded vegetative storage protein (VSP) in poplar
leaves both locally and systemically (Parsons et al. 1989;
Davis et al. 1993), but no direct or indirect role in defense
has been identified. The win4 gene is expressed at low lev
els in the growing shoot apex and increases in response to
nitrogen fertilization (van Cleve and Apel 1993; Coleman
et al. 1994; Lawrence et al. 1997; Lawrence et al. 2001;
Cooke and Weih 2005), in agreement with a role in nitrogen
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storage. Re-allocation of nitrogen reserves could well be the
primary role of up-regulation of win4 in poplar defense.

Local and systemic volatile emission and indirect defense
in poplars

The herbivore-induced response of poplars includes the
local and systemic formation and emission of VOCs, includ
ing mono-, sesqui-, and homo-terpenoids, simple phenolics,
and benzene cyanide (Arimura et al. 2004). Herbivore-
induced VOCs in poplar may directly act as repellents of
the insect pests and (or) act indirectly as attractants of
predators and parasitoids of the insect herbivore in multi
trophic ecological defense (Mondor and Roland 1997,
1998; Havill and Raffa 2000). While VOC emissions may
serve as semiochemical cues for indirect defense, such as
in the attraction of parasitic wasps to gypsy moth-damaged
poplar leaves (Havill and Raffa 2000), they may also serve
as host loaction cues in the attraction of insect herbivores
(Kendrick and Raffa 2006). There is also evidence that in
duced airborne VOCs may act in plant—plant signalling in
poplar (Baldwin and Schultz 1983), where the eavesdrop
ping on the defense of neighboring plants may activate or
prime defenses before an insect infestation is acute. The
topic of plant—plant defense signalling with airborne vola
tiles has recently been reviewed (Baldwin et al. 2006 and
references therein), and the concept has been extended to
include the possibility of within-plant defense signalling
mediated by VOCs (Frost et al. 2007; Heil and Silva
Bueno 2007). Although poplars were among the first plants
for which the idea of VOC defense signaling was tested,
most of the research on emission of VOCs in poplars of
the last 10 or 15 years has focused on the emission of the
hemiterpene isoprene for its ecophysiological role in abio
tic stress tolerance (i.e., thermotolerance or protection
against oxidative stress) (e.g., Behnke et al. 2007 and
references therein). Whether or not the massive emission
of isoprene by poplars also has an effect on defense
against insects is not known.

At the biochemical and molecular levels, Arimura et al.
(2004) identified an insect-induced, rhythmic diurnal and
systemic emission of VOCs from leaves of poplar saplings
attacked by FTC larvae. The sesquiterpenoid (-)-germacrene
D is a major component of these FTC-induced VOCs in hy
brid poplar and its emission is controlled by systemic ex
pression of the corresponding terpenoid synthase gene that
was biochemically characterized (Arimura et al. 2004). The
systemic induction of the terpenoid synthase gene expression
proceeds in an acropetal direction from the base to the tip of
young trees in a source—sink fashion, but apparently not in
the opposite direction. The (-)-germacrene D synthase was
also identified as one of the strongest up-regulated genes in
the systemic response of hybrid poplar upon real and simu
lated feeding by FTC as detected by microarray gene ex
pression profiling (R.N. Philippe, S. Ralph, and
J. Bohlmann, unpublished results, 2007), but is only one of
more than 50 terpenoid synthase genes identified in the pop
lar genome (Tuskan et al. 2006). Similar to the comprehen
sive genome analysis of phenylpropanoid pathway genes in
poplar defense (Tsai et al. 2006), the available poplar ge
nome resources can now afford a detailed analysis of genes
of terpenoid VOC metabolism in poplar defense.

Molecular and genomic approaches to poplar defense
against insects

A series of pioneering studies in the early nineties led by
Milton Gordon and co-workers established that poplars
possess a diverse suite of locally and systemically wound-
and insect-responsive genes. These studies led to the cloning
and molecular characterization, for example, of the KPI and
endochitinase defense proteins (e.g., Parsons et al. 1989;
Bradshaw et al. 1991; Davis et al. 1993); as well they pro
vided the basis for the targeted molecular characterization of
poplar defense against insects in the following years.
Clearly, this foundation also provides much of the
background for ongoing genomics research of poplar
defense against insects, which has been accelerated with the
sequencing, assembly and annotation, and physical mapping
of the poplar genome (Tuskan et al. 2006; Kelleher et al.
2007) and with the development of other large-scale func
tional genomic resources such as ESTs, full-length cDNAs,
and microarrays more specifically aimed at research on
poplar interactions with herbivores (Ralph et al. 2006a).

Prior to the publication of many of the large-scale poplar
EST, full-length cDNA, and genome sequences, Christopher
et al. (2004) developed a 5’-EST database containing several
hundred nonredundant genes from a cDNA library that was
made from leaves of hybrid poplar treated by mechanical
wounding (Constabel et al. 2000). This library, enriched for
wound-responsive transcripts, confirmed the induced expres
sion of genes identified by Gordon and co-workers, while
also uncovering new genes involved in the poplar wound re
sponse. In a similar vein, Lawrence et al. (2006) used differ
ential display of RNA to identify poplar genes that respond
within a few hours after gypsy moth-infestation or wound
ing. They identified 57 insect- and wound-responsive de
fense genes, including many genes not previously
associated with poplar defense responses; they demonstrated
wounding-induced up-regulation for transcripts of the octa
decanoid pathway; and they analyzed the 5’ upstream puta
tive promoter region of 15 wound-induced poplar genes,
noting that these regions are enriched for DRE box, W box,
and H box motifs. Considering that Lawrence et al. (2006)
compared transcript abundance in wounded tissues and un
treated control tissues from the same tree, and given that
poplar trees can respond systemically to wounding, it is pos
sible that this screening method may have favoured the dis
covery of locally as opposed to systemically responding
genes.

The first array-based gene expression analysis of poplar
defense induced by insects was reported by Major and Con
stabel (2006), who used a 580-clone cDNA macroarray to
profile the leaf transcriptome response 24 h after wounding
and treatment with FTC oral secretions, both in treated and
systemic tissues. As observed with gypsy moth oral secre
tions (Havill and Raffa 1999), FTC oral secretion was found
to induce a strong defense response in poplar leaves,
probably owing to the presence of elicitors that are similar
or identical to the volicitin fatty acid — amino acid conjugate
(Alborn et al. 1997; Major and Constabel 2006). Most of the
genes responsive to oral secretion are included in the set of
wound-responsive genes, highlighting that while there are
differences in the magnitude of induction, the transcriptional
response to the two treatments is qualitatively similar. Over-
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all, Major and Constabel (2006) found very similar sets of
genes in the local and systemic tissues. Among the strongly
induced genes, they found candidate DNA binding proteins
containing the ZIM (or JAZ) motif (Major and Constabel
2006), which could be involved in transcriptional regulation
of the herbivore-induced and jasmonate-mediated defense
response (Chini et al. 2007; Thines et al. 2007).

To allow for the first large-scale transcriptome analysis of
the poplar response to insect feeding, Ralph et al. (2006a)
developed a database of more than 139 000 high-quality
poplar ESTs representing over 35 000 putatively unique
transcripts from cDNA libraries including herbivore-,
wound-, and elicitor-induced tissues. This resource was
used to produce a 15 496 clone (15.5 k) cDNA microarray,
encompassing approximately 25% of the annotated poplar
genome, and to profile defense responses in local source
leaves that had been fed upon by FTC (Ralph et al. 2006a).
After 24 h of FTC feeding, 1191 genes were found to be
up-regulated (7.7% of the transcriptome monitored) and
537 were down-regulated (3.6%), demonstrating a substantial
impact of insect feeding on the poplar leaf transcriptome.
The responding transcripts were categorized by function
and formed a large set of induced genes with known function
in plant defense (e.g., KPI and endochitinases), along with
a variety of genes involved in defense signalling (octadeca
noid and ethylene signalling), transport, secondary metabo
lism, and transcriptional regulation (Ralph et al. 2006a).
Many differentially expressed poplar genes are annotated
with functions in primary metabolism (many of them being
down-regulated in response to FTC feeding) with no
previous function in defense ascribed to them. In addition,
a diverse group of 40 different transcription factors were
shown to be responsive to FTC feeding at 24 h, including
members of the zinc finger C3H type, AP2-EREBP
ethylene-responsive, MYB or WRKY transcription factor
families (Ralph et al. 2006a).

Emerging results from new genomic research on poplar
defense against insects

A large amount of new data is currently emerging from
ongoing work on the genomics and proteomics of poplar
defense against insects. In the following section we briefly
summarize unpublished results from our laboratory
(R.N. Philippe, S. Ralph, and J. Bohlmann, unpublished
results, 2007). There is no doubt that more data will also
arise from the work of others. In general, our current re
search objectives in genomics and proteomics of poplar de
fense against insects are to delineate the temporal and
spatial patterns of insect-induced transcripts and proteins in
poplar leaves, to test which genes and proteins respond spe
cifically to herbivory, and to test induced poplar proteins for
activity in insects. Our work on temporal and spatial
patterns of expression considers the effect of herbivory on
local and systemic responses, and the effect of source—sink
relationships in local and systemic leaves. To test the
specificity of herbivore response genes, we rely on compara
tive analyses of leaves treated with FTC feeding, mechanical
wounding, mechanical wounding combined with the
application of FTC oral secretions, and treatment with
MeJa. In addition, with regard to the specificity of the
response to herbivory, we have compared the transcriptome

of poplar leaves affected by FTC feeding with that of a
pathogen-induced transcriptome response (Miranda et al.
2007). Proteomic work on induced defenses is making use
of iTRAQ proteome profiling and the tracking of target
proteins in insect guts using multiple-reaction-monitoring
(MRM) tools.

To develop temporal and spatial profiles of transcriptional
response to insect herbivory, we subjected hybrid poplar
saplings to FTC feeding, mechanical wounding, or mechani
cal wounding combined with the application of FTC oral se
cretions, and collected leaves at 2, 6, and 24 h after
treatment. We collected the treated source leaves, the adja
cent untreated source leaves, and the developing untreated
sink leaves and profiled gene expression using the 15.5 k
cDNA microarray platform described in Ralph et al.
(2006a). When profiling the transcriptome response to
MeJa, we found substantial overlap with the response to
FTC feeding, but also many additional transcripts that were
not induced by FTC in our experiments. The strong response
of poplar leaves to external MeJa application compared with
FTC feeding might reflect a dose-response effect, but it
could also be due to lack of fine-tuning of the defense re
sponse after MeJa treatment or to a possible lack of suppres
sion of gene expression as may be caused by a real insect
attack. In the response to FTC oral secretions, a number of
leucine-rich repeat (LRR) receptor kinases were strongly in
duced both in local and systemic tissues. While LRR recep
tor proteins are best known for their role in pathogen
recognition and disease resistance (Dangl and Jones 2001),
such proteins can also be involved in the binding of small
peptide signal molecules in plants, such as the binding of
systemin by the LRR receptor-like protein SR16O in
Lycopersicon peruvianum (L.) Miller (Scheer and Ryan
1999; Scheer and Ryan 2002), the binding of AtPepl in
Arabidopsis in signalling of an amplified defense response
against pathogen attack (Yamaguchi et al. 2006), or the role
of WPK1 in jasmonate-mediated signalling in corn (He et al.
2005). The poplar LRR receptor-like proteins induced by
FTC oral secretions could potentially function in the recog
nition of herbivore-induced defense signals.

Our analysis of the spatial distribution of the differentially
expressed transcriptome in treated local leaves and in
untreated systemic leaves identified many of the same genes
responding in the local source leaves, systemic source
leaves, and systemic sink leaves, although with different
temporal patterns in these different locations, which became
apparent when comparing the response at 24 h after treat
ment. At the early time points (i.e., 2 and 6 h), we observed
rapid changes in transcript abundance associated with
primary metabolism in systemic sink tissues, which may
suggest reallocation of resources for defense. Specifically,
transcripts annotated with sugar metabolism and phloem
transport are among the most strongly up-regulated in
systemic sink leaves 2 h after treatment, correlating with
rapid changes in the sugar profiles of sink and source leaves.
Systemic source leaves, on the other hand, were slower to
respond, peaking at 24 h with a weaker reflection of the
24 h transcriptional response observed in the treated source
leaves and the systemic sink leaves.

Overall, the large-scale transcriptome profiling is revealing
an unexpected complexity in the defense response of poplar
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leaves involving a cascade of responses in source and sink
profiles that are rapidly changing over time after treatment.
Beyond the expected response of previously known defense
genes, the gene expression profiles obtained in our experi
ments highlighted substantial changes of a portion of the
transcriptome that is most likely associated with an in
duced change of resource allocation, which may be essen
tial for long-lived, sessile trees to tolerate periodic attack
by insects.

Considerations for future genonucs research on plant
defense against insects in poplar

The availability of a high-quality sequence (Tuskan et a].
2006) and physical map (Kelleher et al. 2007) of the poplar
genome, as well as substantial EST, full-length cDNA and
microarray resources specifically aimed at and used for re
search into poplar defense against insects (Ralph et al.
2006a) will allow us, in the future, to compare, in the fash
ion of systems biology, the effects of herbivory in a long-
lived tree with the effects in those annual plants for which
large-scale genomics approaches are also possible. In addi
tion, poplars also provide unique opportunities to explore
mechanisms of local and systemic defense, including de
fense signalling, in a large and long-lived plant system that
may not be possible in smaller and short-lived plants. For
example, with regard to induced defenses in general, and
with regard to local and systemic defense signalling specifi
cally, some of the interesting features of poplars to consider
in future research are (i) the physical dimensions of local
defense activation within agiven leaf, (ii) the large physical
distances of within-plant systemic signalling, (iii) the peren
nial growth anti long-life spans, and (iv) the often clonal or
asexual reproduction of poplars.

Clearly, the physical dimensions of what we consider a
local defense response in poplar, i.e., the response of a
given herbivore-attacked leaf, exceed by far the physical di
mensions of local and systemic responses in a fully grown,
yet nonetheless diminutive Arabidopsis plant. One may find
that the local response within a single poplar leaf may not
be a homogeneous response over the entire leaf area, but
the response within a single leaf may have some distinct
spatial and temporal patterns of both local and systemic re
sponses. Given the relative size differences of their leaves,
this aspect of local versus systemic defense in an individual
leaf could be more easily studied in poplar than in Arabi
dopsis, by sectoring the responses of a single leaf, or by ap
plying techniques of live and in situ visualization of induced
defense responses.

Given the large size and branching patterns of poplar
trees, it is also clear that the physical distances of systemic
defense signalling in poplar by far exceed those of the
smaller, better characterized annual plants. There is a ple
thora of interesting questions where new molecular tools
may help us in finding answers. For example, how far and
how fast does a systemic defense response travel in poplar?
What is the overall polarity (acropetal versus basipetal) of
the propagation of a systemic defense in a large tree? How
do branching patterns impact direction of a systemic re
sponse in poplar? Are the spatial patterns of systemic de
fense the same at all seasons during the annual growing
cycle, and how do differences in sink—source relationships

in the spring or autumn change these patterns? Poplar trees
provide many opportunities to manipulate the movement of
resources, source—sink relationships, and vascular architec
ture to test their effects on the direction and magnitude of
defense response in poplar.

As perennials, poplars also provide interesting opportuni
ties to test, over several years, the possibility of a lasting
memory of an induced defense response or aquired resist
ance at the molecular level. Given the ability of poplars to
survive for several hundred years as individual trees or for
several thousand years as clones of asexually reproducing
organisms, future research enabled by genomics should also
test the possibility of epigenetic changes affected by epi
sodes of herbivory. Finally, when choosing a system in
which to study plant defense against insect pests, poplars
stand out for their real ecological and economic relevance
as key species in natural ecosystems and as a plantation for
est system for the supply of biomaterials and carbon seques
tration.
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Abstract

As part of a genomics strategy to characterize inducible defences against insect herbivory
in poplar, we developed a comprehensive suite of functional genomics resources including
cDNA libraries, expressed sequence tags (ESTs) and a cDNA microarray platform. These
resources are designed to complement the existing poplar genome sequence and poplar
(Populus spp.) ESTs by focusing on herbivore- and elicitor-treated tissues and incorporating
normalization methods to capture rare transcripts. From a set of 15 standard, normalized or
full-length eDNA libraries, we generated 139 007 3’- or 5’-end sequenced ESTs, representing
more than one-third of the c. 385 000 publicly available Populus ESTs. Clustering and
assembly of 107 519 3’-end ESTs resulted in 14451 contigs and 20 560 singletons, altogether
representing 35 011 putative unique transcripts, or potentially more than three-quarters of
the predicted c. 45000 genes in the poplar genome. Using this EST resource, we developed a
eDNA microarray containing 15496 unique genes, which was utilized to monitor gene
expression in poplar leaves in response to herbivory by forest tent caterpillars (Malacosoma
disstria). After 24 h of feeding, 1191 genes were classified as up-regulated, compared to only
537 down-regulated. Functional classification of this induced gene set revealed genes with
roles in plant defence (e.g. endochitinases, Kunitz protease inhibitors), octadecanoid and
ethylene signalling (e.g. lipoxygenase, allene oxide synthase, 1-aminocyclopropane-1-
carboxylate o,ddase), transport (e.g. ABC proteins, caireticulin), secondary metabolism [e.g.
polyphenol oxidase, isoflavone reductase, (—)-germacrene D synthasel and transcriptional
regulation [e.g. leucine-rich repeat transmembrane kinase, several transcription factor
classes (zinc finger C3H type, AP2/EREBP, WRKY, bHLH)]. This study provides the first
genome-scale approach to characterize insect-induced defences in a woody perennial
providing a solid platform for functional investigation of plant—insect interactions in poplar.

Keywords: forestry, herbivory, plant—insect interactions, transcriptome, tree genomics

Received 26 August 2005; revision accepted 26 October 2005

Correspondence: Dr Jorg Bohlmann, Fax: 604-822-2114; E-mail: bohlmann@interchange.ubc.ca

© 2006 Blackwell Publishing Ltd



1276 S. RALPH ET AL.

Introduction

The genus Populus, consisting of c. 40 species of poplars
and aspen distributed in diverse habitats throughout
the Northern Hemisphere, has been firmly established as a
system for genomic research of angiosperm tree biology
(Taylor 2002; Bhalerao et a!. 2003a; Brunneret a!. 2004). With
an estimated size of 485 ± 10 Mb, the genome of Populus is
only 4.5x larger than the Arabidopsis genome, and is roughly
40x smaller than genomes of members of the pine family
(Pinaceae), which includes many of the economically
important gymnosperm tree species. The genome of a
female Popu!us trichocarpa tree (Nisqually 1) has recently
been shotgun sequenced to a depth of 7.5x coverage (http:ll
genome.jgi-psf.org/Poptrl /Poptrl.home.html), with the
assembly and annotation, and generation of supporting
physical and genetic maps, being contributed by mem
bers of the International Poplar Genome Consortium
(www.ornl.gov/ipgc/).

Complementary to complete genome sequencing, the
large-scale sequencing of expressed genes permits analysis
of the transcriptome of an organism. Sampling of the tran
scriptome can be performed using high-throughput single-
pass sequencing of cDNA libraries constructed from different
tissues and developmental stages, or from plants subjected
to different environmental conditions or stress treatments
to generate expressed sequence tags (ESTs; Adams et a!.
1993). The application of normalization techniques to reduce
the frequency of highly expressed genes can increase the
rate of gene discovery, permitting the identification of
rare transcripts (Soares et a!. 1994; Bonaldo et a!. 1996).
When our poplar EST project was initiated in 2002, other
large-scale poplar EST sequencing efforts were already
established that focused primarily on wood formation, dor
mancy and floral development (Sterky eta!. 1998; Bhalerao
eta!. 2003b; Schrader eta!. 2004; Sterky eta!. 2004). In addition,
other small-scale gene discovery activities have developed
poplar cDNA libraries and EST sequences focusing on wood
formation (Dejardin eta!. 2004), root development (Kohler
eta!. 2003), and stress response (Christopher eta!. 2004; Nanjo
et a!. 2004; Rishi et a!. 2004). In order to maximize gene
discovery both within the large-scale EST programme
described here, and relative to the c. 247 000 Populus ESTs
in the public domain (27 May 2005 dbEST release of Gen
Bank), we have focused our efforts on normalized cDNA
libraries and included a variety of insect-induced and
biotic elicitor-induced tissues with the goal to complement
previous large-scale poplar EST activities.

ESTs are also the starting reagents for the construction
of cDNA microarrays for transcriptome profiling studies
(Schena eta!. 1995). A major emphasis of our programme in
forest health genomics is to generate and utilize genomics
resources to investigate how tree genomes respond to
attack by herbivorous insects, which is relatively poorly

understood in contrast to plant responses to abiotic stress or
pathogens. Insect-induced defence responses identified
by microarray transcript profiling have recently been
described for a few herbaceous species, such as the wild
tobacco Nicotiana attenuata (Hul eta!. 2003; Heidel & Baldwin
2004; Voelckel eta!. 2004), Arabidopsis thaliana (Reymond
eta!. 2000, 2004), and Sorghum bico!or (Zhu-Salzman eta!.
2004). In contrast, insect-induced responses in poplar,
which provides a unique system to study genomics of
plant—insect interactions in a long-lived woody perennial,
have only been studied for a small number of genes. The
newly developed poplar genomics resources now provide
the first opportunity for genome-wide transcriptome ana
lysis of insect-induced defence systems in an angiosperm
tree.

Forest insect pests pose a challenge to the sustainability
of both natural and planted forests. The risk of forest insect
pest epidemics, which cannot be addressed with short-
term crop rotation or pesticide application, as is possible in
agriculture, is increasing with the introduction of exotic
pest species and with global climate changes. The larvae of
several insect herbivores [forest tent caterpillar (Malaco
soma disstria), gypsy moth (Lymantria dispar), aspen blotch
leafminer (Phy!lonorycter tremu!oidie!la), large aspen tortrix
(Choristoneura conflictana)] can cause extensive defoliation
to stands of Popu!us species, particularly the trembling aspen
(Popu!us tremu!oides), during outbreak periods. Other insects,
such as the larvae of the willow weevil (Cryptorhynchus
lapathi) affect stem tissues of poplar trees. Forest tent cater
pillars (FTCs) are distributed throughout North America
and Eurasia. Larvae hatch in early spring and immediately
begin to feed on the leaves of their hosts. By their final
instar, larvae grow to over 1000 times their mass at hatch
ing and consume more than 15000 times their initial body
weight in leaf tissue (Fitzgerald 1995). During population
outbreaks, FTCs commonly defoliate trees occurring over
millions of hectares, with a density as high as 20000 cater
pillars per tree (Stairs 1972; Fitzgerald 1995). Defoliated
trees have reduced photosynthetic capacity and may pro
duce less wood, but only in extreme cases are trees killed
directly due to repeated episodes of defoliation by FTC
larvae (Gregory & Wargo 1986). However, repeated and
prolonged attack by FTCs may result in an increased
incidence of fungal disease and infestation by other insects
(Churchill eta!. 1964; Hogg eta!. 2002).

The first lines of defence against insect herbivores
are constitutive chemical and physical barriers; however,
if these barriers are breached, inducible defences are of
central importance in reducing herbivory (Karban &
Baldwin 1997; Agrawal 1998). In poplar trees, the new foli
age that FTCs feed upon undergoes profound physical and
chemical changes that render maturing leaves increasingly
less acceptable to the caterpillars. Slow growth, and even
population collapse, may result if caterpillars fail to
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synchronize their development with that of the host tree
(Fitzgerald 1995; Parry et a!. 1998). Compared to young,
emerging poplar leaves, mature leaves contain lower
water and nitrogen content, a higher content of non-nutritive
fibre, possess increased toughness and increased levels
of phenolic compounds, which combined deters caterpillar
feeding, reduces the digestibility of leaf protein, and leads
to reduced caterpillar growth (Fitzgerald 1995). Constitu
tive levels of phenolic compounds in aspen leaves, including
phenolic glucosides such as salicortin and tremulacin, and
to a lesser extent condensed tannins, are strongly influenced
by genotype and nutrient availabffity, and have been demon
strated to negatively impact growth and performance of
FTCs and other herbivores (Hwang & Lindroth 1997; Osier
& Lindroth 2001, 2004).

In addition to constitutive defences, herbivores trigger at
least two types of inducible defence responses in poplars:
direct defences that can result in the inhibition of insect
growth or development and indirect defences consisting of
volatiles emitted from plants that can serve as airborne sig
nals that deter herbivores or attract predators and parasites
of herbivores. Inducible direct defences in poplars involve
a broad range of proteins (e.g. protease inhibitors, oxidative
enzymes) and phytochemicals (e.g. phenolics) (Constabel
1999; Huber et a!. 2004). In herbaceous plant-herbivore
defence systems, constitutive and induced defence mech
anisms appear to be tightly regulated, permitting economy
when active defence is not required, and presenting a shift
ing defence profile when herbivores are present (Karban
& Baldwin 1997; Kessler & Baldwin 2002). It is therefore a
priority to identify the signalling systems and the tran
scriptional and other insect-induced changes that regulate
defence responses. Relatively few studies of the induced
defence response have been conducted in Populus species
at the molecular level. To date, targeted studies have iden
tified induced genes encoding trypsin protease inhibitors
(Bradshaw eta!. 1990; Hollick & Gordon 1993; Haruta eta!.
2001a), endochitinases (Parsons eta!. 1989; Davis eta!. 1991),
vegetative storage proteins (Davis eta!. 1993), polyphenol
oxidases (Constabel eta!. 2000; Haruta eta!. 2001b), dihy
droflavonol reductase (Peters & Constabel 2002) and genes
of terpenoid metabolism, including a sesquiterpene syn
thase involved in FTC-induced systemic volatile emissions
(Arimura et a!. 2004). In addition, a small-scale array con
sisting of 569 cDNA clones identified a set of 85 cDNAs
that were differentially and systemically expressed in leaves
24 h after applying mechanical wounding (Christopher
eta!. 2004).

We have recently established a programme targeted at
genome-wide discovery and expression profiling of insect-
induced defence genes in poplar. We describe here results
from the development of 15 standard, normalized or full-
length cDNA (FLcDNA) libraries that were sequenced
from the 5’- and 3’-ends of cDNA clones to generate

139 007 ESTs from poplar. Assembly of high-quality (hq)
3’-end sequences has identified 35 011 putative unique
transcripts. We demonstrate greatly enhanced gene dis
covery by focusing on normalized, rather than standard
cDNA libraries. Using this EST resource we have con
structed a cDNA microarray consisting of 15 496 non-
redundant ESTs, which has been applied to an initial study
of the transcriptional response in poplar leaves to feeding
by FTC larvae.

Materials and methods

P!ant material and insects

Populus trichocarpa Torr. &Gray x P. deltoides Bartr. (Salicaceae),
Hil-li genotype, was grown on the University of British
Columbia South Campus farm. Cuttings of 30 —1 00 cm were
taken in February of 2003 from previous year shoots,
placed in soil (35% peat, 15% perlite, 50% pasteurized mineral
soil, 250 g-3 OsmocoteTM 13-13-13 plus micronutrients) in
2-gallon pots (Stuewe & Sons Inc.), and watered daily. Trees
were maintained in a greenhouse under constant summer
conditions where a constant 16/8-h photoperiod was pro
vided by high-pressure sodium lamps. Trees of 60—70 cm
in height were used in experiments in August 2003.
Average greenhouse temperature during the month was
23.8 °C (21.3 °C minimum and 28.9 °C maximum), with an
average relative humidity of 62.7%. Forest tent caterpillars,
Ma!acosoma disstria Hübner (Lepidoptera: Lasiocampidae),
were from the Great Lakes Forestry Centre (NRCan, Sault
Ste Marie, Canada). FTCs were reared and maintained
on artificial diet (Addy 1969) at 27 °C, 50—60% relative
humidity, 16/8-h photoperiod.

cDNA libraries

For a description of plant materials used in the con
struction of cDNA libraries please see Table 1. Total RNA
was isolated according to the protocol of Kolosova et a!.
(2004), followed by poly(A)÷ RNA purification with oligo
d(T) cellulose using the Poly(A) Pure Kit (Ambion),
following the manufacturer’s instructions. Total RNA was
quantified and quality checked by spectrophotometer and
agarose gel. RNA was also evaluated for integrity and the
presence of contaminants using reverse-transcription with
Superscript II reverse transcriptase (Invitrogen) with an
oligo d(T18)primer and 32 dGTP incorporation. After
removal of unincorporated nucleotides using gel filtration
columns (Microspin S-300 HR columns, Amersham Phar
macia Biotech), the resulting cDNA smear was resolved
using a vertical 1% agarose alkaline gel and visualized
using a Storm 860 phosphorimager (Amersham Pharmacia
Biotech). Standard cDNA libraries were directionally con
structed (5’ EcoRI and 3’ XhoI) using 5 ig of poly(A) RNA
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Table 1 Libraries, tissue sources and species for EST sequences described in this study

cDNA library Tissue/developmental stage Species (genotype)

PT-X-FL-A-lt Outer xylem Populus trichocarpa (Nisqually 1)
PT-P-FL-A-2 Phloem and cambium P. trichocarpa (Nisqually 1)
PT-GT-FL-A-3 Young and mature leaves, along with green shoot tips P. trichocarpa (Nisqually 1)
PTxD-IL-FL-A-4j: Local and systemic (above region of feeding) mature leaves harvested P. trichocarpa x deltoides (H11-11)

after continuous feeding by forest tent caterpillars, Malacosoma disstria.
Local tissue was collected 4, 8 and 24 h post-treatment and systemic
tissue 4, 12 and 48 h post-treatmentil

PTxD-IL-A-5’ Local mature leaves harvested after continuous feeding by M. disstria. P. trichocarpa x deltoides (Hil-Il)
Tissue was collected 2, 12 and 24 h post-treatment.91

PTxN-IB-A-6 Bark (with phloem and cambium attached) harvested after continuous P. frichocarpa x nigra (NxM6)
feeding by willow weevil, Cryptorhynchus lapathi. Tissue was collected 2,
6 and 48 h post-treatment.9J

PTDXA7* Outer xylem harvested biweekly between April and October 2002ff P. trichocarpa (VT-125)
PTxDNRA8* Three-month old sapling trees grown in aerated hydroponic media in growth P. trichocarpa x deltoides (H11-11)

chambers. Roots were harvested from trees grown in media without
a nitrogen source for 24 and 48 h, as well as trees grown in regular media.

PTxD-IL-N-A-9f Local mature leaves harvested after continuous feeding by M. disstria. P. trichocarpa x deltoides (Hil-il)
Tissue was collected 2, 12 and 24 h post-treatmentil

PT-DX-N-A-lOt Outer xylem harvested biweekly between April and October 2002ff P. trichocarpa (VT-125)
PTxN-IB-N-A-Ilf Bark (with phloem and cambium attached) harvested after continuous P. frichocarpa x nigra (NxM6)

feeding by C. lapathi. Tissue was collected 2, 6 and 48 h post-treatment.91
PTxDICCA12* Cultured cells grown in media supplemented with salicylic acid, P. frichocarpa x deltoides (H11-11)

benzothiadiazole, methyl jasmonate, chitosan or Pollacia radiosa extract.
Cells harvested 3 h post-treatment, along with untreated control cells.

PTMBA13* Terminal vegetative buds P. trichocarpa (wild genotype)
PTxD-ICC-N-A-14f Cultured cells grown in media supplemented with salicylic acid, P. trichocarpa x deltoides (HIl-Il)

benzothiadiazole, methyl jasmonate, chitosan or Pollacia radiosa extract.
Cells harvested 3 h post-treatment, along with untreated control cells.

PT-MB-N-A-15f Terminal vegetative buds P. trichocarpa (wild genotype)

*Standard cDNA library.
fNormalized cDNA library.
Full-length cDNA library.

§Harvested 15 May 2001 from 8-year-old trees within the Boise Cascade region of Washington State.
¶One- or 2-year old saplings grown in potted soil under greenhouse conditions at the University of British Columbia.
ftFive-year old trees grown outdoors under natural conditions at the University of British Columbia South Campus farm.
Harvested 19 September 2001 from 20-year-old trees near Corvallis, Oregon.

and the pBluescript II XR cDNA library construction kit,
following manufacturer’s instructions (Stratagene) with modi
fications. Briefly, first strand synthesis was performed
using Superscript II reverse transcriptase (Invitrogen) and
an anchored oligo d(T) primer (5’-GAGAGAGAGAGAGA-
GAGAGAACTAGTCrCGAGrl1Ir1T1T1TITlTr1VN-
3’). Size fractionation was performed on EcoRI and
XhoI-digested cDNA immediately prior to ligation into the
vector using a 1% NuSieve GTG low melting point agarose
gel (BioWhittaker Molecular Applications) and 3-agarase
(New England Biolabs) to isolate cDNAs ranging from
300 bp to 5 kb. Select cDNA libraries were normalized to
Cot = 5 by using the Soares method (Soares eta!. 1994;
Bonaldo eta!. 1996). The average insert size of cDNA libraries
was routinely determined by performing colony polymerase
chain reaction (PCR) on 48 randomly selected bacterial

colonies from the amplified library using —21M13 forward
(5’-TGTAAAACGACGGCCAGT-3’) and M13 reverse (5’-
CAGGAAACAGCTATGAC-3’) primers. PCR amplicons
were resolved on 1% agarose gels and visually compared
to DNA size markers ) Hindlll and 1 kb ladder (Invitro
gen). FLcDNA libraries were constructed according to the
methods of Carninci eta!. (1996), with modifications, and
will be described in detail elsewhere. Unless otherwise
mentioned, all other reagents and solvents were from
Fischer Scientific, Sigma-Aldrich, EM Science or Invitrogen.

DNA sequence analysis and contig assembly

For complete details of bacterial transformation with
library plasmids, colony picking, DNA purification and
evaluation, and DNA sequencing, please see Appendix 51
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(Supplementary materials). DNA sequence chromatograms
were processed using the PHRED software (versions
0.000925.c and 0.020425.c) (Ewing & Green 1998; Ewing
et at. 1998). Sequences were quality-trimmed according to
the high-quality contiguous region determined by PHRED

and then vector-trimmed using CROSS_MATCH software
(www.phrap.org). Sequences with less than 100 quality
bases (PH1D 20 or better) after trimming were discarded.
Sequences having polyA tails of 100 bases or more were
eliminated from analysis. These sequences consistently
resolve as poor quality sequences resulting from Taq poly
merase slippage across a low-complexity region. EST
sequences representing contamination from bacterial, yeast
or fungal sources were identified using BLAST (Altschul
et at. 1990, 1997) and removed from analysis. The Escherichia
coil K12 DNA sequence (GI: 6626251) was used for bacterial
contamination monitoring. The TIGR Gene Index database
for Aspergillus nidulans (ANGI.060302), a GenBank Sacch
aromyces cerevisiae database (ftp://ftp.ncbi.nlm.nih.gov/
blast/db/FASTA/yeast.nt.gz) (26 November 2003) and a
custom database of Agrobacterium tumefaciens generated
using SRS (Lion Biosciences) were used to monitor and
filter out additional contamination. Sequences were also
compared to the GenBank nonredundant (nr) database
using BLASTX. BLAST hits with expect values (E) < 10-10 and
a top rank among scores relative to a range of other plant
sequence databases classified ESTs as contamination and
these were removed prior to EST assembly. CAP3 (Huang
& Madan 1999) was used to assemble ESTs into contigs
using the parameters of 40 bp overlap and 95% identity.

Treatment of trees with FTC

For insect treatments, groups of third to fifth instar larvae
were used in the experiments. Prior to being placed on
plants, FTCs were starved for 40 h on moist filter paper.
Five FTCs were added to each of five trees under mesh
bags on individual trees. Insects were caged on the five
lowest, fully expanded, healthy leaves of each tree. An
additional set of five trees was covered with mesh bags,
but were otherwise left untreated. Leaves with petioles
removed were individually harvested from each FTC-
treated and untreated control tree 24 h after the onset of
FTC feeding, and separately flash frozen in liquid nitrogen
and stored at —80 °C prior to RNA isolation following the
protocol of Kolosova et at. (2004). RNA quality and
quantity were evaluated as described above.

Microarray hybridization and analysis

For complete details of cDNA microarray fabrication and
quality control, along with a detailed hybridization proto
col, please see Appendix Si. All microarray experiments
were designed to comply with MIAME guidelines (Brazma

et at. 2001). All scanned microarray TIF images, an ImaGene
grid, the gene identification file and ImaGene-quantified
data files are available at http://douglas.bcgsc.bc.ca. Ten
hybridizations were performed comparing FTC-treated
poplar leaves after 24 h of continuous feeding and un
treated control leaves harvested at the same time. RNA
isolated from each of the five individual FTC-treated trees
was compared directly against the five individual un
treated control trees using two hybridizations with a dye
flip for each tree pair. Similarly, total RNA from a single
pool of untreated control leaves from 5 trees was compared
in self-self hybridizations with the same RNA in each
channel, independently converted to cDNA.

Before data normalization, the lowest 10% of median
foreground intensities was subtracted from the median
foreground intensities to correct for background intensity.
After quantification of the signal intensities, data were norm
alized to compensate for nonlinearity of intensity distributions
using the variance stabilizing normalization (vsn) method
(Huber et at. 2002). In order to assess performance of the
poplar 15.5K microarray, a model containing a dye effect
and a treatment effect for untreated control (C) minus C’ was
fit using data from four microarray slides. The C minus C’
effect was computed by assigning two of the self-hybridized
arrays to be Cy5-Cy3 and two to be Cy3-Cy5. Three analyses
were done such that each self-hybridized array was paired
with each other self-hybridized array only once, either as a
Cy5—Cy3 or a Cy3—Cy5 combination. Expression variance
was derived from technical variance between slides. The
ratio of the C minus C’ parameter estimate to the standard
error was used to calculate a t statistic, from which a P value
was obtained. In order to assess the biological response to
FTC herbivory (H), a mixed-effects model containing a dye
effect and a treatment effect for H minus C was fit using
data from 10 microarray slides derived from five pairs of H
vs. C trees with a dye flip for each pair. Expression variance
was obtained from two sources, biological and technical.
The variance between hybridizations from the same H vs. C
tree pair is solely technical, whereas the variance between
hybridizations in different tree pairs is a combination of
biological and technical. Dye and H minus C effects, as
well as biological and technical variation were estimated
using a mixed-effects model where the error term for the
H minus C and dye effects was computed by pooling the
biological and technical variation. Since all 10 slides con
tained technical variation but only five pairs have biolo
gical variation, the biological term was given twice the
weight of the technical term in the pooled estimate. Next,
the ratio of the H minus C parameter estimate to the stand
ard error was used to calculate a t statistic and P value. The

Q value for each effect and gene was calculated for each of
the two models to adjust for the false discovery rate (Storey
& Tibshirani 2003). All statistical analyses were performed
within the R statistical package (www.r-project.org/).
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Real-time PC]?

Prior to reverse transcription, 15 l.tg total RNA per tree was
treated with DNaseI (Invitrogen) digestion according to
the manufacturer’s instructions to remove genomic DNA.
The resulting RNA was divided into three aliquots of 5 jig
and independent cDNA synthesis reactions were performed
using Superscript II reverse transcriptase (Invitrogen) with
an oligo d(T18) primer according to the manufacturer’s
instructions. The efficiency of cDNA synthesis was assessed
by gel electrophoresis prior to pooling of the three reactions
per tree. Gene-specific primers were designed (Table 53,
Supplementary materials) using a stringent set of criteria
including predicted melting temperature of 64 ± 2°C, primer
lengths of 20—24 nucleotides, guanine-cytosine contents
of 40—60% and PCR amplicon lengths of 100—350 bp. In
addition, when possible, at least one primer of a pair was
designed to cover an exon-exon junction according to the
gene structure models at http://genome.jgi-psf.org/Poptrl /
Poptrl.home.html. Primer specificity (single product of
expected length) was confirmed by analysis on a 2%
agarose gel, by melting curve analysis and for at least one
PCR per gene, by sequence verification of PCR amplicons
(data not shown). Primers for poplar translation initiation
factor 5A (TIF5A) were designed (GenBank Accession
no. CV251327; poplar EST W50116J23) and served as a
quantification control. Real-time PCR was conducted
on a DNA Engine Opticon 2 in an optical 96-well plate
(MJ Research) using the DyNAmo HS SYBR Green Kit
(Finnzymes) according to the manufacturer’s instructions.
Reaction mixtures contained lOng cDNA as template, 0.3
of each primer and 10 !iL of DyNAmo master mix in a final
volume of 20 jiL. Reactions with the cDNA template
replaced by nuclease-free H20 or 10 ng of nonreverse
transcribed RNA were run with each primer pair as a
control. To further evaluate the efficiency and amplifica
tion performance of each primer pair, a tenfold-dilution
series of corresponding DNA plasmids (10-2 to 10-6 ng
template) was analysed with a minimum of three inde
pendent technical replicates per dilution (data not shown).
The programme for all PCRs was: 95 °C for 15 mm; 40
cycles of 10 sat 95 °C, 30 s at 60 °C, and 30 sat 72 °C. Data
were analysed using the Opticon Monitor 2 version 2.02
software (MJ Research). For each primer pair and tree a
minimum of three independent technical replicates were
performed. To generate a baseline-subtracted plot of the
logarithmic increase in fluorescence signal (zR) vs. cycle
number, baseline data were collected between cycles 3
and 10. All amplification plots were analysed with an Rn
threshold of 0.003 to obtain C (threshold cycle) values.
Transcript abundance for each FTC-responsive gene was
normalized to TIF5A by subtracting the C value of TIF5A
from the C value of each FTC-responsive transcript, where

= c transcript — C TIF5A Transcript abundance of FTC-

responsive genes in control and FTC-treated samples were
obtained from the equation (1 + E)-act, where E is the PCR
efficiency, as described by Ramakers et al. (2003). A tran
script with a relative abundance of one is equivalent to the
abundance of TIF5A in the same tissue. In order to assess
the biological response to FTC herbivory (H), a mixed-
effects model for each gene containing a treatment effect
for H minus untreated control (C) was fit using data from
at least three independent technical replicates derived
from each of the five FTC-treated and five untreated
control trees. H minus C effects, as well as biological and
technical variation, were estimated using a mixed-effects
model where the error term for the H minus C effect
was computed by pooling the biological and technical
variation. The ratio of the H minus C parameter estimate to
the standard error was used to calculate a t statistic and
P value.

Results and discussion

Sequencing and assembly of poplar ESTs

Large-scale EST sequencing has proven to be an efficient
approach to capture much of the expressed gene catalogue
of an organism. The aims of this project were to advance
gene discovery and transcript profiling for poplar tissues
with an emphasis on biotic stress response. We obtained
ESTs from a set of 15 unidirectional standard, normalized or
FLcDNA libraries generated from tissues at various develop
mental stages and treatments sampled from five Populus
genotypes (P. trichocarpa, Nisqually 1; P. trichocarpa, VT-
125; P. trichocarpa, wild genotype; P. trichocarpa x deltoides,
Hil-Il; and P. trichocarpa x nigra, NxM6; Table 1). Libraries
were constructed using trees grown in the wild, in the
greenhouse, under hydroponic conditions, or as cultured
cells. Tissues included in libraries were subjected to a
variety of stress treatments including nitrogen depriva
tion; elicitors such as salicylic acid, benzothiadiazole, methyl
jasmonate, chitosan or Pollacia radiosa fungal extract; and
herbivory by stem-boring willow weevils or defoliating
FTC larvae.

A total of 139 007 sequences were generated consisting
of 107 519 3’-end reads and 31 488 5’-end reads (Table 2).
Trimming low-quality (see Table 2 for quality criteria) and
vector sequences, and removing contaminant bacterial,
yeast or fungal sequences provided a data set of 90368 hq
3’ ESTs with a minimum length of 100 bp (Table 2). The
84.0% success rate of hq 3’ ESTs compares favourably with
other recent large-scale tree EST projects [e.g. loblolly pine
79.6% (Kirst et at. 2003); poplar 72.8% (Sterky et al. 2004)1.
We focused initially on 3’-end sequencing to minimize
separating EST sequences representing the same transcript
into different contigs, which often occurs with 5’ ESTs from
standard cDNA libraries due to variable truncation positions
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Table 2 Poplar EST summary

Total sequences
Number of 5’ sequences
Number of 3’ sequences
Average assembled EST length (bp)f
Number of high-quality 3’ sequences
Number of contigs
Number of singletons
Number of putative unique transcripts9j
Average number of contig members
Number of contigs containing

2 ESTs
3-5 ESTs
6—1OESTs
11—20 ESTs
21—50 ESTs
>50 ESTs

*Assembled from the 18 March 2005 version of the poplar EST
database using CAP3.

1High-quality (hq) sequences only.
A sequence is considered hq if its trimmed PHRED 20 length is
> 100 bases after vector only, low-quality and contaminating
yeast, bacterial or fungal sequences are removed.
§A contig (contiguous sequence) contains two or more ESTs;
3’ sequences only.
¶Number of putative unique transcripts among assembled 3’ ESTs
equals the number of contigs plus the number of singletons.

at the 5’-end of cDNAs. The average read length of these
hq 3’ ESTs was 643 bp (Table 2), which is substantially
longer than other large-scale tree EST sequencing pro
grams (364 bp, Kirst et a!. 2003; 470 bp, Sterky et a!. 2004). In
addition to EST sequencing, we have also obtained high
accuracy complete insert sequences for c. 4600 putative
poplar FLcDNAs that will be reported in detail elsewhere
(S. Ralph, R. Kirkpatrick & J. Bohlmann, in prep.).

The 90368 hq 3’-end ESTs were assembled using the
CAP3 program. Among these ESTs, 69 808 assembled into
a total of 14 451 contigs, and the remaining 20 560 ESTs
were classified as singletons, suggesting a combined total
of 35 011 putative unique transcripts (Table 2). These
sequences represent a substantial portion of the complete
gene content in poplar, which is estimated at c. 45000 pro
teins from a first draft of the poplar genome sequence.
Contigs contained an average of 4.83 assembled EST
sequences. Only 37 contigs consist of greater than 50 ESTs

(Table 2) and the five largest contigs contain 591 (unknown
function), 437 (metallothionein), 283 (ribulose biphosphate
carboxylase small subunit), 198 (metallothionein) and 167

(metallothionein) ESTs, respectively. Mitochondrial and
chloroplast RNA sequences were not filtered, but they
contribute 126 (0.14%) and 367 (0.41%) ESTs to the entire
data set, respectively. All hq sequences have been deposited
in the dbEST division of GenBank (Accession nos DT469172-
DT526799; CV225307-CV284047).

Quality and complexity of cDNA libraries and gene
discovery

Sequences from each cDNA library were closely moni
tored to assess library complexity and sequence quality to
gauge overall suitability for further sequencing. From each
cDNA library, between 1536 and 18 432 clones were 3’-end
sequenced, and from selected libraries, between 1536 and
8448 of these same clones were also sequenced from the 5’-
end (Table 3). The rate of hq 3’ ESTs obtained from cDNA
libraries ranged from 59.5% to 96.8%, with the lower pass
rates resulting from FLcDNA libraries due to the frequent
occurrence of long polyA tails. The average length of hq 3’-
end ESTs among cDNA libraries ranged from 540 bp to
711 bp.

EST sequencing is a powerful method for gene dis
covery, but there are limitations to this approach. One
limitation, in particular, is the redundant generation of ESTs
derived from the most common transcripts that can reduce
the overall efficiency of gene discovery that relies solely on
the generation of ESTs from standard (i.e. non-normalized)
cDNA libraries. Accordingly, the application of normaliza
tion strategies to equalize the abundance of all transcripts
(Soares et al. 1994; Bonaldo et al. 1996) has proven to be
advantageous (Marra eta!. 1999; Scheetz eta!. 2004). We
assessed the rate of gene discovery for each poplar library
by calculating the number of unique transcripts within the
set of ESTs derived from each library, the average number
of contig members, the percentage of ESTs with no BLASTN

match to public Populus ESTs, the percentage of singleton
ESTs, and the percentage of library-specific unique tran
scripts (Table 3). By using any of these five metrics, four of
our five normalized libraries are of higher complexity (and
higher rates of gene discovery) than the corresponding
non-normalized libraries (Table 3). The one exception is
library PTxD-IL-N-A-9 for which normalization was likely
ineffective due to insufficient hybridization stringency
(Cot 5).

Among the four successfully nonnalized libraries, the
percentage of unique transcripts identified within the first
1000 hq 3’ sequences averaged 94.5% and ranged from
93.0% to 96.4%, whereas among the corresponding stand
ard libraries constructed from the same RNA sources the
average was only 85.2% and ranged from 83.2% to 86.9%
(Table 3). Similarly, the percentage of singletons within the
first 1000 hq 3’ sequences averaged 89.9% from the four
normalized libraries (range of 87.2% to 93.2%) compared to
only 76.2% (range of 74.1% to 78.3%) among corresponding
standard libraries. The average number of contig members
was the same for standard libraries (2.89 average) and norm
alized libraries (2.88 average), even though a considerably
larger number of EST sequences were generated from norm
alized libraries (Table 3). Likewise, within the set of ESTs
derived from each library, the percentage of 3’ ESTs with

139 007
31 488

107519
643

90 368
14451
20560
35011

4.83

5632
5693
2062

775
252

37
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Table 3 Poplar cDNA library summary statisticsa

No. of Pass No. and % Avg. no. % no BLASIN % library No. on
Total of no. high-quality rate Avg. EST of unique of contig match vs. public specific 15.5K

cDNA library seq. (5’ ESTs) seq.d %e length (bp)f transcripts members” poplar ESTs % singletoni transcripts” array

PT-XFL-A1” 3072(1536) 914 59.5 598 586 (n.a) 3.67 23.31/29.35 50.6 (na) 0.43 (1.01) 368
PTPFL_A2b 15 744 (7296) 6219 73.6 622 2931(75.9) 4.25 2.59/7.62 30.8(62.8) 2.83 (6.88) 2439
PTGT_FL_A_3b 19968 (8448) 6871 59.6 652 3400(77.2) 3.98 4.38/11.53 32.5(64.7) 3.78 (7.60) 1765
PTxD_IL_FL_A_4b 9216(4608) 2812 61.0 699 1 305 (54.0) 5.26 2.70/6.76 33.8 (43.2) 1.29(3.11) 299
PTxD-IL-A-5” 3072 2 777 90.3 655 1 518 (63.8) 5.53 1.83/6.29 44.6 (54.6) 1.39 (3.07) 975
l’J’xD-TL-N-A-9 4608 4461 %.8 680 . 2141(611) 5.66 1.52/5.03 36.8(52.7) 2.08(4.93) 1013
PTxN-IB-A-6” 3072 2816 91.6 633 2122(86.9) 2.90 3.70/11.86 62.3 (78.3) 1.59(3.11) 1496
PT,iN-13.N-A,.11’ 18432 17314 93.9 . 617 9540(93.1) 3.38 4.91/14.32 36.2(87.2) 13.77(19.15) 1691 •
PT-DX-A-7” 3072 2765 90.0 593 2026(86.1) 2.90 4.37/13.55 59.2 (77.0) 1.75 (3.05) 1387
PT-DX-N-A-10’ 7680 6 457 84.0 540 4712(93.0) 2.56 5.34/1639 55.6(87.2) 5.52(7.14) 131
PTxD_1CC_Al2h 1 536 1 215 79.1 636 993 (83.2) 2.83 6.38/15.30 71.7(74.1) 0.65 (1.34) 414
FrxD-1CC-N-A-14 20352 (499# 13929 90.6 643 9236(95.8) 2.76 10.57/22.93 47.1(92.1) .13,(15.41) . I
PT_MBA_l3b 1 536 1 302 84.7 674 1 059 (84.6) 2.96 6.93/15.35 71.8 (75.7) 0.78(1.44) 494
PTMBNA15c 23.039(4608) 16901 91.6 711 .1O816.4) 2.85 1191/23.69 44.5(932) 1629(18.70) 0
PTxD NR_A8b 4608 3615 78.4 622 2631(85.2) 3.22 7.79/16.44 60.5 (76.3) 3.33 (4.00) 1360

aAssembled from the 18 March 2005 version of the poplar EST database using cAa’3.
“Standard or full-length cDNA library (white background).
‘Normalized cDNA library (grey background).
dA sequence is considered high-quality (hq) if its trimmed PHRED 20 length is > 100 bases after vector only, low-quality and contaminating yeast, bacterial or
fungal sequences are removed; 3’ sequences only.
‘Number of hq 3’ sequences as a percentage of total 3’ sequences.
fHq 3’ sequences only.
tNumber of putative unique transcripts among assembled hq 3’ ESTs equals the number of contigs plus the number of singletons. The number in
parentheses is the percentage of unique transcripts among the first 1000 hq 3’ sequences assembled.
hAverage number of contig members where a contig (contiguous sequence) Contains two or more hq 3’ ESTs.
Percentage of hq 3’ ESTs > 400 bp in length with no significant BLASTN similarity vs. a set of 247 353 Populus ESTs (excluding ESTs described in this study)
from the 27 May 2005 version of the dbEST division of GenBank at low (left, expect value < Ie-20) and high (right, expect value < le-125)match stringency.
(Percentage singletons is the number of singletons in a library divided by the total number of hq 3’ sequences. The number in parentheses is the percentage
of singletons among the first 1000 hq 3’ sequences assembled.
“Percentage of library specific unique transcripts calculated by adding the number of contigs and singletons that were present only in a single cDNA
library divided by the total number of putative unique transcripts in the hq 3’ EST collection (35 011). The value in parentheses is the number of hq 3’
sequences derived from a given library expressed as a percentage of all hq 3’ sequences (90 368).

no BLASTN similarity to a collection of 247 353 Populus ESTs
in the public domain (i.e. dbEST division of GenBank,
excluding the ESTs described in this paper) at both low (E
value < le-20) and high (E value < le-’25) stringency was
higher for normalized libraries (8.1% and 19.4% average,
respectively) than standard libraries (5.3% and 14.0% aver
age, respectively; Table 3). In addition, the percentage of
library-specific transcripts was considerably higher for the
four normalized libraries (80.5% average) compared to
standard libraries (52.7% average; Table 3).

Collectively, these results indicate that the preparation
of normalized cDNA libraries has greatly improved the
complexity and rate of gene discovery within our poplar
EST project. With 71% of hq 3’ ESTs derived from normal
ized cDNA libraries, it is not surprising that no unique
transcripts were identified that contained ESTs obtained
from all 15 cDNA libraries sequenced, and only three
transcripts were present in 14 of 15 libraries, which likely
represent ‘housekeeping’ genes (Table 4). Among this set,
the most abundant housekeeping gene was identified as
cyclophilin (152 ESTs), followed by elongation factor lot

(64 ESTs), and elongation factor 113—cc subunit (42 ESTs).

Table 4 Distribution of ESTs in multiple cDNA libraries

Libraries Number of
represented unique transcripts

15 0

14 3
13 5

12 7
11 30
10 46

9 78

8 122

7 235

6 326

Comparison against public Populus ESTs, the poplar
genome, and Arabidopsis

In order to minimize redundant EST development relative
to other poplar EST projects (Kohler et al. 2003; Sterky et al.
2004) and to support a genomics platform for the study
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of poplar—insect interactions, we developed normalized
cDNA libraries to capture rare genes missed in other EST
collections, and included tissues subjected to herbivory,
elicitor, or pathogen treatment. Overall, among the 79338
hq 3’ ESTs of more than 400 bp in length analysed in
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Fig. 1. Relationship between sequence length of high-quality
poplar 3’ ESTs and similarity to the best scoring match to: (A) nude
otide sequences from partially redundant Populus ESTs in GenBank
(247 353 sequences; 27 May 2005 version of dbEST) by BLASTN; (B)
the poplar genome nucleotide sequence (assembly version 1.0;
http://genome4gi-psf.org/Poptrl /Poptrl.home.html) by BLASTN;

(C) the poplar genome predicted protein models (c. 45 000
sequences; assembly version 1.0; http: //genome.jgi-psf.org/
Poptrl /Poptrl .home.html) by BLAsTx; (D) nucleotide sequences
in The Arabidopsis Information Resource (TAIR) nonredundant
Arabidopsis CDS set (28 952 sequences; www.arabidopsis.org) by
BLASTN; and (E) amino acid sequences in the nonredundant TAIR
Arabidopsis peptide set (28 952 sequences; www.arabidopsis.org)
by BLASTX. The greyscale shading of each hexagon represents
poplar EST abundance.

this project, there are 73 863 (93.0%) with similarity at low
stringency (E value < 1e-20) to public Populus ESTs, and
66589 (83.9%) with similarity at high stringency (E value
<le-’25) (Fig. IA). These values increase to 93.7% (low
stringency) and 87.4% (high stringency) when only hq 3’

200

.

200
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ESTs > 800 bp in length (22 515) are considered. This
suggests that c. 16% of the newly generated poplar ESTs are
unique relative to any Populus EST previously in the
public domain.

We then compared the new hq poplar 3’ EST sequences
against the recently completed draft version of the poplar
genome sequence and predicted genomic ORFs by BLASTN

and BLASTx, respectively (Fig. 1). As expected, the similar
ity between ESTs and the poplar genome sequence is high,
with 98.5% (89 081) of all hq 3’ ESTs having a BLASTN E
value < le-5 (score > 25), and this increases only slightly
to 98.7% (22 243) when only ESTs > 800 bp are considered
(Fig. IB). When analysing similarity between ESTs and
predicted genome ORFs, we observed 87.0% (78 662) of hq
3’ ESTs with BLASTX E values < le-5 (score> 110), compared
to 95.9% (21 604) for ESTs > 800bp (Fig. 1C). The lack of
sequence similarity between a small percentage of our
ESTs and the poplar genome sequence and predicted
genome ORFs could be due to contaminating species in
cDNA libraries not removed through in silico screens (e.g.
insects, yeast, bacteria, fungi, etc.), artefacts of annotation,
and/or the different methodological limitations of either
EST or genomic sequencing and assembly (e.g. long 3’ UTRs
in EST sequences, ESTs representing organelle genes not
represented in the nuclear genome sequence, gaps in the
genomic DNA sequence assembly, incorrectly predicted
genomic ORFs, alternate splice forms, etc.).

We also compared hq poplar 3’ ESTs generated in
this project against The Arabidopsis Information Re
source (TAIR) Arabidopsis CDS and peptide sets (28 952
sequences, www.arabidopsis.org; Fig. 1) by BLASTN and
BLASTx, respectively. Overall, the similarity between poplar
ESTs and Arabidopsis CDS sequences is relatively low with
only 49.3% (44 600) of all hq 3’ ESTs having a BLASTN E
value < le-5 (score > 25; Fig. ID). This value increases to
64.5% (14 539) when only poplar ESTs of more than 800 bp
are considered (Fig. 1D). The vast majority of ESTs less than
300 bp in length have low similarity to Arabidopsis peptides,
whereas for ESTs more than 300 bp there is a positive cor
relation between EST length and BLA5TX score (Fig. 1E).
Overall, 76.6% (69 258) of hq 3’ ESTs have BLASTX E values
<le-5 (score> 110) vs. Arabidopsis peptides, compared to
91.0% (20 508) for ESTs> 800 bp. This analysis identifies
2007 hq poplar ESTs in the sequences described here with
BLASTXE values> le-5and length>800 bp (Table SI, Supple
mentary materials) that may represent genes lost during
Arabidopsis evolution, gained during poplar evolution, or
otherwise sufficiently diverged in sequence to no longer
be recognizable as similar sequences since Arabidopsis and

Populus diverged c. 100 million years ago. In a comparable
analysis performed by Sterky et al. (2004) using Populus
contig sequences derived from ESTs, they found 97.9% of
contigs > 1000 bp (1089 of 1112) had a BLA5TX score > 100

vs. Arabidopsis peptides.

Development of a poplar cDNA microarray

Based on the generation of poplar ESTs, we have devel
oped a poplar cDNA microarray composed of 15496 cDNA
elements selected from 14 cDNA libraries representing
leaves, buds, phloem, xylem, bark and root tissues, as well
as cultured cells (Table 3). Clones on the array were
selected from a cAl’3 assembly of c. 37000 3’-end ESTs and
are enriched for EST sequences from elicitor- or herbivore-
treated libraries (i.e. 6322 ESTs or 40.7%). Functional
annotation of array elements has been assigned according
to the TAIR Arabidopsis protein set using BLA5TX, as well as
using BLASTx vs. the set of c. 45 000 protein models pre
dicted from the draft version of the poplar genome sequence.
Overall, 11 418 (73.6%) of 15496 spotted cDNAs have
similarity to the TAIR Arabidopsis protein set by BLASTX (E <

le-5),compared to 12947(83.6%) cDNAs with similarity to
predicted poplar genome ORFs by BLA5TX (E < le-5).

To perform an initial validation of the poplar 15.5K
cDNA microarray performance, total RNA was isolated
from five fully developed leaves from each of five 1-year-
old poplar trees, pooled, and used to evaluate the false
change rate. Four technical replicate hybridizations were
performed using this same RNA source, independently
converted to cDNA, and labelled with dendrimer 350 Cy3
or Cy5 fluorescent labels. Among the four hybridizations,
the median foreground signal intensity for blank elements
(Cy3-73.8; Cy5-112.7), DMSO buffer-only elements (Cy3-
174.3; Cy5-279.4) and DNA-based negative control ele
ments (Cy3-156.1; Cy5-241.7) was low compared to that of
EST elements (Cy3-4371.4; Cy5-3759.3), indicating a low
level of nonspecific hybridization. Among the three possible
combinations for randomly assigning RNA in each channel
to treatment groups when comparing the four slides in self-
self hybridizations, the number of differentially expressed
(fold-change > I .5x; P value <0.05) EST array elements
was 94(0.60%), 130(0.83%) and 131 (0.84%) of 15 496 total.
Differential expression in this case is due to technical
variation between hybridizations. To estimate the false
discovery rate (FDR), we calculated Q values (Storey &
Tibshirani 2003) and found the FDR for the three possible
self-self combinations was 100.0%, 86.2% and 56.2% at
P = 0.05, and 100%, 862% and 48.9% atP 0.001, respectively,
suggesting there are no genes reliably differentially expressed
when self-self hybridizations are performed (Table S2,
Supplementary materials).

Microarray transcriptome profiling of FTC herbivory of
poplar leaves

We utilized the poplar 15.5K cDNA microarray to examine
global changes in gene expression in poplar in response
to insect herbivory. Clonal hybrid poplar (P. trichocarpa x
deltoides, H11-11 genotype) saplings were subjected to
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Fig. 3 Experiments conducted to assess the performance of the

poplar 15.5K cDNA microarray. Upper panel: scatter plot ifiustrat

ing the technical reproducibility and dynamic range of the poplar

15.5K microarray. Total RNA from untreated mature poplar leaves

was labelled with either Cy3 or Cy5 fluors and directly compared

on the same slide in four separate hybridizations (representative

slide shown). Lower panel: scatter plot illustrating the detection of

genes differentially expressed between total RNA from untreated

mature leaves and leaves exposed to caterpillar feeding for 24 h

(ten hybridizations performed, with dye-flips; representative slide

shown). Two-, three-, five- and tenfold changes in gene expres

sion are indicated by the parallel lines that flank the probe set data.

Genes differing by greater than threefold between treatments are

indicated by green open circles.

FTC-responsive genes identified in this analysis were
classified into 10 functional groups based on annotation
to Arabidopsis. The most prominent FTC-responsive genes of
these 10 groups and all differentially expressed transcription

Fig. 2 Herbivory experiment set-up under greenhouse conditions.
Insects were caged under mesh bags placed on the lowest five

healthy mature leaves of 6-month-old poplar trees (A). Cater

pillars inflict damage to leaf tissue by feeding from the outer edges

(B). Representative image of leaf damage inflicted after 24 h of

caterpillar feeding (C). Scale bars indicate approximate size.

feeding by FTC larvae caged on trees using mesh bags
(Fig. 2). Differentially expressed genes were selected using
two criteria: fold-change between FTC herbivory and
untreated control > 1.5x and Student’s f-test P value <0.05.
For a complete list of expression data for all genes rep
resented on the microarray, see Table S2. Using these
criteria, after 24 h of FTC feeding 1191 microarray elements
were classified as up-regulated, compared to 557 down-
regulated elements. We determined the FDR to be 7.5% at
P = 0.05, diminishing to 0.3% at P 0.001 (Table S2). As
demonstrated by the boxplots in Fig. SI (Supplementary

materials), the majority of variation in our microarray
experiments is derived from technical sources rather than
biological, with the ANOVA estimate of technical variation
being greater than biological variation for 91.1% of array
elements (Table S2). This likely reflects the use of gen

etically identical plants that were treated uniformly under

controlled greenhouse conditions. As illustrated in Fig. 3,

representative scatter plots for self-self hybridi.zations (upper

panel) and the response to FTC herbivory after 24 h of
feeding (lower panel) demonstrate the broad dynamic

range of the poplar 15.5K microarray in the detection of

differentially expressed transcripts.

11
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TableS Selected forest tent caterpillar-responsive array elements. A complete list of array elements is given in Table S2. Abbreviations: FC, told-change; F,
P value; Q, Q value. Colour scale from dark green to dark red correlates with hilcl change expression. AIso analysed by real-Un-ic PCR (see Table 7 and Fig. 4).
Fold-changeatleast: • 12, S-6, • 3. $ 1.5, . —, fli-l.3, $3, $+c. •÷12

FTC at2lh

Clone Ii) ntssn vs. Aenbidopsrs
F

ACI code value III .Asn vs I ‘oplar proLent model
F
value K 1’ Q

No significant match to Arabictopsis
W50l51 .C 13 No significant match
W50192 121 No significant match

Biological pnicess unknown
WSOtSsi MO Fwressed protein
WS02010 G16 Seneseence-associaled protein
W50153_M02 Induced upon wounding

General metabolism
W50212 121 Axninopeptidase M
WS0124 KItS Apyrase
WS0146 123 Phosphorylase family protein

W50124 G12 Acid phosphatase
W9)i5ts 1.03 Ihymidylale kinase
WS01223f23 Lvcopene beta cyclase
WS0l32A15 Lipase
W50l45F03 Phytiiene svnthase
t9SOlllti C0t Oxpansin
W50154 11th Carbonic anhydrase
WS0231 K19 Calactinol svnthase

Photosynthesis
WSO2OI I KU Photosystem II protein
W50l42.N19 Chlorophyll A B binding protein
WSO 1224 1403 Ferredoxin reductase

Response to stress
WSOI34.Cl4 Kunitz trvpsininliihitor
WSC2CS l’OS Civco-.yl hydroiase
W50l43 A03 Basic endochitinas.’
WS0144 Mis Stable protein 1
WS0204 Di 6 jacalin !lectin family protein

AtSgSlt9’)hi 2e-41
At1g335S3 h2-25
At4g24220 Se-30

At4g33419(t 3e-t%
AtSg P1260 he-20
At4g24140 i*’-29
At4g251 311 3c-53
Al5g39-l-lO le-5S
At3g1t1230 ic-h-I
At2g31 IOU 3e-42
At5g17230 Se’77
At4g362 (0 2c-56
At3gtli 3(10 7e-23
AligShiiO(l 7e-51

AtlgO3eOtt Se-44
AtIghlS2O 7e-2
At5g23440 7e-22

At1g72320 Ic-SI
Atlgll2SO lt’-69
At3g42631( ie-23
Atlgl’ZSOO 4e-311
Atig(lS(Il0 3e-34

.-tIgi7Sh0 k-OS
At4g3Sti50 2k 46
At3g12.500 4e-73
At3g172111 ne-36

At1g19715 .le-21

Atig2USll) 3e-53
AtSgOSlti(l le-56
At1g4S691 Se-Is
AtlglSShO 3e-19
Al2g37tJ11l Se-57
A15g13930 2e-70

ettF:xt Genewisel vI.C IC- 11066
gwl.15S.156.1
grail3.0040025502

gwLVl. 1733,1
eugene3.00190357
eugeneillOht7OIS)l
estEst Genewisel vi .C I C 11)436
gwl.l,21192.1
eugene3L(000t1104
estiixtCeiwwcsel vl.C kG 1V2794
fgencsh4 pg.C . LC. 11(10(1533
cstllxt tgenesh4 pgf i,G IX0014
grail3 10051110201
esthxi rgeneshl ..pm.C. kG .5111(1025

estlixtcenewisei vl.C Ui ‘00741
grail3IhO 12036701

p,s 1.VlII.1fi29.1

fgcncs.h4 pg.C LG 1000373
gwLlV.407’kI
graiI3llO400l 3701
estEst Genewisel vi .C kG 51110459
eugene3.0ti002047

esthxt tgenesh4 pg.CL( X0093
gwl.lXJ2fi4J
graiI3AXkl 1024001
estllxt fgt’ne-sh4 prrcC IC. 5(1553
estkxt Genewisel vi -C 640646

tgc’nesh4 pg.C_LC ‘0001627
cstFxtGt-newisel vi.C [C 5152225
grail3.004911f6403
eugene3,0002 1350
estlixi Cenewisel vi -C 281.kiSS
eugene3.0014(l920

2e-eil <0.001 <0.001
ic-Si 4<0.001 <01.101
Se—IS aJ1Z <0.001 <0.001

5e54 <0.001 <01)0)
he-38 • <0.001 <01)01
4e-99 <0.CItll <0.001
2e-95 • <0(101 <0.001
Se-SO <0.001 <0 (Xii
it.-110 <0.001 <0.001
4e-57 <Call 01101
SeSS <0.001 0.002
Se-fl <01101 <0.1101
3e-49 - LOch 0.006
le-e3 052 11.003 O.t112

4et4 0.59 0.001 0.006
ic 119 0.64 0.006 0.017
Ic 10 0.64 <0.001 01102

<0.001 01112
<LUIIY1 <(1001
<0.001 <0.001

I<l).00l
<0.001

<0,Ocl1 01101

<0.001 <01101
0.003 0.013

<(1(1(11 <0.001
<0(101 <01101

0.011 0027
0.003 0.010

nat na. estEx[ tgenesh& pgrLG 511(193 2e-ti4 <0.001 <0.001
na. na estExtCencwist-l vl.C i.CVl111172 ic-Il <Call 0.001

Transport
1.s’S02 12.005
WSOIS6 A09
WSOi 36
W50114H12
3550114 t304
WS0142 JO’l
WS0144 MO?

ATPasc
Metal transporter
AIIC transporter family protein
Major intrinsic pnslein
Calrrticulin
Sec2iA transport protein
lipid transfer protein

At2g24320 le-97
At2g3ltlShl 9e-51
AtighSliO Se-32
At4gOl 47(1 2e-tiS
Atlg1i9210 &--93
At4gl4itiO 24-1
At2g44100 2c- 16

estFxt .fgene—h4 pgC. 147(11115
fgenesh-i pg-C I C 150110572
gwl.179.251
estkxifgenesh4pg.CLI, .5 ISSe
cstlixtCeiiewisel vi.C LI; 51110635
t—,tFxt fgenesh4pg.C IC XIV I (63
grail3.0 I 3s0065(b1

Tran-criprional regulation and signalling (also set’ Table Ii)

WS0205 1(12 l..eucine-rieh repeat transmemhrane
protein kinase

W501223 1201 Choline kinase

Octadecanoid and ethylene signalLing
59501212 LOS Lipoxygenase
WS0t 53- D02 AlIt-ne oxide t-yclase
WSI143 B((7 Alit-ne oxide synthase
W5Ul23 GUS 5-adenosylmetluonine svnthasc
4551)21)11 1(12* 1-amimocvclnpropane-1 -carboxvlsle oxidase

AtSgSl Sell 2e-57 grail311tI33112l6(l1

AtIg74320 2e-SO gwl.Ill 525.1

I
< 0.1101 <01101
<0,001 <0-001
< (1,1(111 < 0001
<0,1(01 <0.001

0.001 <01101

24* <0.001 <01101
0-63 OSlO I (5006

i<0.l10l <0.001

<0.001 <0.001

,<0.001
<0.001
<0.001

2.62 <0.001
2.41 <0.001

<0.001
O<o.ooi

< Call
<0.001
<0.1101

Ic-lU?
?e-65
3e-36
2t--97
le-112
it--Ill1

h--fl

3e-95

le- 104

ie’142
4c-97

2e-.l4
2e-3-I
2e-45

3e-40
2e 39
Ic- 121
2c-SS
7e-59

7e-t,4
2e-9
0

0

2e-24

Ic-hI
ie—liii

2e-22
3e-ti7
3e-75

<0.00)
<0.001
<0.001
<0.15)1

111511

<0,001
<0.00)
<0.1101
<0.001
<0.001

At1g33730 Ic--li estkxtfgeneshl pgClSSlltklS
At4g39230 4e-37 eugene3.222301102
At5g23%0 Ic-US eugencl.001305i3

na. na, gwLXL3Stl9.i

A4g3’$)SO Se-lb gwlV 2753.1

Secondary metabolism
W5O1212 1419 Cytochrome P450
W501212 B20 Isoflavone reductase
TPSI * i I gcrntacrt-ne I) svnfhase

(Cenflank AAR99Un II
PP(1i Polvphenol oxides.’ l’PO I

(Cen Bank AAc;2l ‘1631
WSOi2i4 Cl’) 3-deoxy-L)-arabino-heptu losonate

7-phosphate synthase
W50201 C 13 4-coumaratc’ CoA ligast
49502011 1-21 1.accase-/diphenol nsidese
WSt)If*t K116 Chorismate synthase
WSO1 110 AIlS’ 5-enolpvnivvlshikimatei-phosphate svnthase
455(11 54HO5 Phenylalanine ammonia- Ivase
45511 1224 304 Chalcone synthase

Detoxification, redex processis
4950145101 Superoxide dismutase copper chaperone
45501 711 N24 Clutathionc S-trans ferase
W5011i2 Cl S Thioredoxin
W50i44 02 Pernxidase

L
AtIgi2S2O Se-36
At2g294211 le-27
At2gt11270 2e41
At5g115340 ne-52

gwl.l1L343A
i’ugenei.tlUlhl 127
estKst - fgrnesh4. pm.C [C. ‘01110540
estFxr Cenewisei vi -C IC 51110226

he 53
2e-76
3e-ti9
le-114

—I <0001 <(115)1
<0.001 <0.001
<0001 01511

1<0.1.101 <0.1101
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Table 6 S’k-cte’d forest tent caterpillar-rnpinsive transcriphon tactoni. A complete list of array clemens, is given in Table 52. Abbreviations: PC, fokI-changi-:
I’. p value;Q Q value.Colour-.cale from iark given todark red correlates with fiilLI-change expression. ‘Alsoanalysed he real-time PCR (weTable 7and Fig. 4).
Fold-changeatleast: •-l2 • —6. • -3. 15. ÷l.5 B3- B6, B.12

FTCat24h
P P

Clone 11) BLAsTS vs. Amliido;ecis MA code value et-asTx vs. Poplar protein model value PC 1’ Q

W50171 K21 Zinc finger C31-l type At3giSt130 Se-JO estFxt Genewisel d.C EG XV11842 7e-M jI2 <0.0th c (1.001
W50l44..l19 Zinc fingerCJlltvpc Atlgl’i510 5e-19 eugene’kOtX[21fl9 ic—SO 4.40 <0(5)1 <0.001
WS1232C14 Zinc fmgerCil-l type At5g45655 Se-IS fgenesh4pg.CLCIIIOOI25O ie-94 228 <0.001 01)01
W501119_005 ZincfingerCil-Itvpe AtSgS9000 1e4l gwLI.1077.l 3c-S$ 1.82 <0.001 0.001
WS0l6&ElI Zinc linger C3H type At3g55530 le-48 estlixl..lgenesh4pm.CLCIXO5t)l 2e-74 065 0.002 0.l*
W501218 MCI AP2-EREBI’ A11g77200 3e-43 gwl.XVIII.2M1.l 36-52 sj <0.ttii 1Mkh3
WS0206N03 AP2-EREBP Ar3g23240 4e-35 gwl.V.1199.l 2e-50 211 <00)01 <0.001
W50223..023 AP2-FRI€BP At1g7SOSO 4e-3l fgenesh4pntCLGIIOOl4i7 4e-49 2.07 <0.001 <11001
W50205P06 AP2-EIIIIBI’ At2528550 2c--07 gwl.X250l.I 5e-07 151 0.041 0.060
WSOIS3EI2 Trihelix At5gl4540 2e-29 fgenesh$pntCLCij000S53 3e-71 327 <0.0(11 0.0(13
W50193 515 Basic helix-loop-helix At4817580 3e-29 esthixt.,1genesh4..pm.,llS01*J4 1e47 3.17 <0.001 <0.001
WSO2OS 010 Basic helix-loop-helix At1g05?10 60-39 eugene3.011200s1 Se-SI 2.12 0.002 0.010
W50204 100 Basic helix-loop-helix At2g46510 Se-ZI fgeoesh4 pg-C LGlIOtl)3S5 Ie-40 2.06 <0.001 0.002
PXOO1I..G13 Basichelix-loop-helix At1g69010 4e-15 eugeneIOOlIO27o 36-97 1.66 <0.001 01*11
W50148 115 Basic hdis loip helix At21,46510 3< 2n L,ene-,h4 1,C 1( lltlOls&i 9t. -i9 159 0001 000’
WS0161N01 Basic helix-loop-helix At3g47640 7e-42 graili.4X105055901 Ic. 105 0.62 <0.0(11 0.00!
W50181J07’ Myb At4g37260 2e-10 gwl.1L3970.1 4e-49 2.89 0.010 0.025
W50232N20 Myb At2g37630 2e-23 gwl.123.183.i Se-S 046 0.005 VOle
W50158 M20 Auxin response factor At5g62f100 9e-43 eugene3JiOlSOli1I ic-S-I 2.69 <0,001 0.001
5950166)418 Zinc fingerC2C2-GATA At35548l0 2e-36 eugeneii)fll0330 Ie-74 2.66 <0.001 <0.001
W50233 MGI Zinc fmgi-rC2C2-GATA At3t545l0 4cM estlixtjgencshi4pg.CLG X2015 2e-55 2.05 <0.001 <0.001
W50175 ADO Zinc finger C2C2-c;ATA At424470 2e-67 eugeneiSSiOIOtti2 le-125 0.60 0.1513 0.010
W50131l’03 Zinc finger C2C2-GATA At5556860 3c-{Ie grail3.151l3019501 36-29 0.36 <0.001 0.00I
W50201 1111 WRKY Aiigt4l4-lO 4e-35 eugene3 1511)61914 Ic-SI 236 C 01*11 0.003
WS0231 P.1W WRKY ArIgi 30(50 Ie-38 grail3.(5X15030601 ic-5 2.44 0.006 0,021
W50214.A24 WRKY Ati-g564110 3e-iO grail11102i037401 Ic-li? 219 <DM01 0.110!
W50183.109 WRKY At4g22070 2e-44 cstlixt.Gi-newiscl.vI.C.LG.XIV3374 -Ic-fl 1.70 0.001 0.006
W5t1123.Al7 WRICY AtlgIiOS4O 3e’26 esflixt tgenesli4pntCLClllOfl24 1e41 1.133 0.003 0.010
WS0181A04 bZll’ At5g25770 60-30 gwl.70.190.1 4e-50 2.34 0(102 0.009
WS02213>11 bZIl’ At2g40’430 2e-5I grail3.0024020901 ic-OS 202 0.001 0.01)-)
W50206 Ri? hZJP Ar3g62420 Ic-is eugeneilfl1*h0995 2e-b9 1.67 0.002 0.00)1
W50l51,G22 8710 AtlgTh’)OO 36-39 estExtGcnewisel vLC l.GV14SS 36-75 0.61 0.005 0.016
WStilSI 020 hZIP Atsgl$flO 4e-40 cstFxtGenewisel..vI.C ,l.G.X11Il499 36-121 0.57 <0.1*11 0.1*11
W50206 Nil bZIP At1g75390 2e-3? estllxt.fgencxh4,.pgC,,LG lVl320 ?e-73 0.55 <0.001 <11.001
W50202 1320 Myb-related At2g46410 Ie-12 eugene3l*)170231 36-25 2.24 <0,0.11 0.002
WS0205 LOS No apical meristem (NAM/NAC) At4g27410 4e-07 estExtGenewiselvi.C LGXI3994 ic-SI 223 0.019. 0.035
W50224 1109 No apical meristem INAM/NAC) AtlgOl?20 Ic-Oh grail3.hX)030614301 Ic-hO 1.96 <0(5)1 0.1)12
W502i4J.13 No apical nieristem (NAM/NAC) At1g01720 Ic-I-S eugenei.000SOhlSS Se-SI 1.82 0.002 11009
W50122423 No apical meristem (NAM /NAC) At2g02450 Se-IS esfFxt...Genewiselvl .CtGJV1433 ic-Al 1.66 0.007 0.018
W50234 322 No apical nieristeni (NAM/NAC) At5g08790 Ic-SO grail3.00l 11)114901 Ie-S5 1.61 0.002 0.007
W50212_H16 No apical meristem (NAM/NAC) A11801720 60-14 grlilS.0003068301 60-33 1.61 0.006 0.018
W50175H24 No apical meristem (NAM/NAC) A13g57150 Ic-I-I gwl.V1.2305.I 7e-21 1.51 <0.001 0,1)02
W50222 C23 No apical meristem (NAM/NAC) AL5gI3ISO 60-57 esfFxt Genewisel vi .C LG 17)133 Ic-i 10 0.61 <0.0(11 <0.001
W50183C14 C2C2-YABBY At2g45190 4e-14 graifl.f5133028501 36-23 1.94 0.006 0.017
WS0l6?,F22 ARR-B At2g25I80 4x--06 fgenesh4,pg.CjG 91001883 7e-21 1.91 0.002 0.0014
W50174 801 C;RAS/scarecrow’like At1g07530 he-ti fgcnesh4..pm.CtC IXI)00604 36130 1.69 0.00(1 0.012
W50214 Ft)6 1-tomeobox leucine zipper A14g111b73() 60-14 esttixttgenesh4pg.CLG 111010$ 60-25 1 63 0.003 11.1)12
WSOIS2NOS l-lomeobox leocine zipper A14g37790 36-17 esllixtfgenesMjig.C,LG, 111036 36-34 1.54 0.01)1 01*1-I
WS01214 JOS Homeobox lecoine zipper At4g16750 36-22 fgenesh pm-C CC 111000187 9e-65 0.50 01*11 0.00-)
W502h)4 107 1-lomeobox leuc-ine zipper At4gIti7SO k-IS fgenesh4..pmC .1.GJIIO00IS? 2e—I0 0(48 01*11 0J*lo
WS1166j-lO TUB At2g47900 IeJFI estExC fgennch&.pg.C..l.G.V1111741 Ic-S-I 1.51 0.001 0.1fl
W5012frPl6 ZingfingerC2C2-Dot AtSgtiOlSlO Ic-U? Nomatch n.a. 0.64 01)04 11012
WS0232.C07 CCAAT-ilAt’2 At3920910 4e-16 eogene3.015111755 7e-72 0.63 0.001 11.0(1*,
W8023&LO3 Zmc finger C2H2 At5g12330 be-I’) grail3.hX)74111N8O1 be-Si 039 0.028 0.050
W50124 104 Zinc finger C2C2-C0-like At3g02350 Se—I’) gwl .123.49.1 Ic-OS 0.56 01*11 0.915
W5Ol41.N18 Zinc finger C2C2-C0-like At3g02180 ?e-44 estFxt .fgenesh4.pm.C..I.C. 1V033’4 le-99 0.54 <0.001 0.003

© 2006 Blackwell Publishing Ltd, Molecular Ecology, 15, 1275 —1297



1288 S. RALPH ET AL.

factors are shown in Tables 5 and 6, respectively. Viewed
broadly, the FTC-responsive genes include genes involved in
general metabolism, photosynthesis, transport, transcrip
tional regulation and signalling, octadecanoid and ethylene
signalling, response to stress, secondary metabolism, deto
xification and redox processes, as well as cDNAs with no
significant match to Arabidopsis and genes of unknown
biological processes. The data provided in Tables 5 and 6
and Table S2 provide a first insight into large-scale tran
scriptional changes in poplar leaves in response to insect
feeding.

Genes of unknown functions affected by FTC

Examples of microarray cDNA elements with no similar
ity to Arabidopsis that represent FTC-induced or FTC-
repressed poplar genes include ESTs WSOI51_C13 and
WS0192_L21 (Table 5). These ESTs have high similarity to
other poplar ESTs in our collection, as well as to other
angiosperm EST sequences in the public domain, con
firming they are legitimate expressed sequences (data not
shown). Even among ESTs with similarity to Arabidopsis
genes, many of these genes are of unknown function.
Examples of such poplar genes induced after FTC feeding
include genes with similarities to Arabidopsis-expressed
protein (poplar EST WS0156_N20), senescence-associated
protein (WSO2OIO_G16), and a protein induced upon
wounding (WS0153_M02) (Table 5).

Genes of general metabolism affected by FTC

Several array elements for genes involved in general
metabolism revealed induced transcript levels in poplar
leaves upon FTC feeding (Table 5). These include an
apyrase (WS0124_K08), thymidylate kinase (WS0156_
L05), aminopeptidase M (WS0212_121), an acid phos
phatase (W50124_G12), a phosphorylase family protein
(W50146L23), a lipase (WS0132_A15), lycopene beta
cyclase (WS01223_F23), phytoene synthase (WS0145_F03),
carbonic anhydrase (WS0154_D01) and an expansin
(WS01 1 16_C06). Both apyrases and thymidylate kinase
are involved in energy metabolism. The former hydrolyses
nucleotide tn- and diphosphates to nucleomonophos
phates and in plants are postulated to function in
nodulation and energy metabolism (Cohn et al. 2001). The
latter catalyses the phosphorylation of dTMP to form
dTDP in both the de novo and salvage pathways of dTTP

synthesis. Aminopeptidases are a diverse family of
proteases that hydrolyse the amino-terminal residues of
peptides or proteins and have been shown to perform
important roles in protein synthesis and turnover. With
regard to plant defence, two leucine aminopeptidases have
been demonstrated to be induced locally or systemically in
tomato in response to insect feeding, pathogen infection,

wounding, methyl jasmonate, abscisic acid, ethylene and
several abiotic treatments (Pautot et al. 1993; Chao et a!.
1999). It has been proposed that aminopeptidases may modu
late induced defences as activators of peptide hormones
in plant defence signalling, or may facilitate turnover of
proteins damaged during wounding, or may directly
inactivate digestive enzymes and gut peptide hormones
within insect guts, possibly in conjunction with plant
protease inhibitors (Pautot et a!. 1993). Both phytoene
synthase and lycopene beta cyclase are part of the
carotenoid biosynthesis pathway, the former being the first
committed, and potentially rate-limiting step involving the
condensation of two geranylgeranyl diphosphate mole
cules to produce 15-cis phytoene, and the latter catalyses a
two-step reaction that creates 13-carotene and its derivative
xanthophylls (Hirschberg 2001). Although the direct
connection to plant defence is not immediately evident
for xanthophylls, whose primary role is photoprotection
via energy dissipation from photosynthesis through
nonphotochemical quenching; another possible product of
this biosynthesis pathway is the hormone abscisic acid,
which together with the jasmonate and ethylene signalling
pathways, modulates defence gene expression (Anderson
eta!. 2004). During photosynthesis in C4 plants, carbonic
anhydrase is involved in converting CO2 into bicarbonate
for fixation by the primary carboxylating enzyme phos
phoenolypyruvate carboxylase. Recently, a carbonic
anhydrase in tobacco was shown to bind salicylic acid in
chloroplasts, have antioxidant activity and function in
the hypersensitive response in plant disease resistance
(Slaymaker eta!. 2002). Expansins are key regulators of cell
wall extension during growth via disruption of hydrogen
bonds between cellulose microfibrils and cross-linking
glycans in the cell wall (Li et a!. 2003), and likely contribute
to the strengthening and/or repair of damaged cell walls
during pathogen and insect attack. Among general
metabolism genes down-regulated after FTC feeding we
identified a galactinol synthase (WS0231_K19), which is
responsible for raffinose family oligosaccharide produc
tion (Table 5).

Photosynthesis genes affected by FTC

In general, many genes associated with photosynth
esis were down-regulated by FTC feeding including a
photosystem II protein (WSO2O1I_K12), a chlorophyll A—B
binding protein (WS0142_N19) and a ferredoxin reductase
(WS01224_M03) (Table 5). The inverse correlation between
photosynthesis- and defence-related gene regulation has
also been observed in other large-scale studies of the re
sponse to insect herbivory in angiosperms (Hermsmeier
et a!. 2001; Zhu-SaLzman eta!. 2004). This response presum
ably allows resource reallocation to defence responses, with
reduced resource commitment to other primary functions.

© 2006 Blackwell Publishing Ltd. Molecular Ecology, 15, 1275—1297
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Transport genes affected by FTC

Among genes that were induced by FTC feeding and
associated with transport functions (Table 5), we identified
several ATPases (e.g. WS0212_005), a metal transporter
(WS0156_A09); several ABC proteins (e.g. WS0156_013),
caireticulin (WSOI 14_D04), a sec23A transport protein
(WS0142_J05), and a major intrinsic protein (WSOI14_H12).
Predicting a possible biological role for putative transport
proteins in plant defence is particularly challenging due
to the broad range of potential substrates. For example,
ATPases actively transport a range of ions (e.g. H÷, Ca2,
Na-’-, K, Cl-, Mg2÷) into or out of vacuoles and/or cells to
support innumerable biological functions. In addition
to their traditional role in detoxification processes, ABC
proteins in plants have been demonstrated to participate in
chlorophyll biosynthesis, formation of Fe/S clusters, sto
matal movement and ion fluxes (Martinoia eta!. 2002). ABC
proteins may also be directly involved in plant defence
via transport of signalling molecules such as jasmonate
(Theodoulou eta!. 2005), or transport of phytochemicals as
has been shown for alkaloid (Shitan et a!. 2003) and
tepernoid (Jasiñski et a!. 2001) defence compounds, or
reinforcement of cuticular waxes (Pighin eta!. 2004).

Caireticulin is a highly conserved multifunctional pro
tein, mainly localized to the endoplasmic reticulum, that
has been suggested to be involved in many biological pro
cesses, chief among these being calcium binding, calcium
signalling and as a chaperone. Plant caireticulins have been
demonstrated to be up-regulated in response to pathogen-
related signalling molecules including cell wall degrading
enzymes of plant pathogenic bacteria and salicylic acid
(Denecke eta!. 1995), and after nematode infection of plant
roots (Jaubert eta!. 2002). Sec23A transport proteins are
part of the coat protein complex II (COPII) that selectively
incorporates cargo molecules and vesicle-targeting mach
inery into transport vesicles budding from the endoplasmic
reticulum in the initial step of the secretory pathway
(Movafeghi eta!. 1999; Bickford eta!. 2004); however, the
direct connection to plant defence is unclear. Major intrinsic
proteins facilitate the passive transport of small polar
molecules such as water or glycerol across cell membranes
(Johanson eta!. 2001), and presumably are contributing to
the redistribution of glycerol stores during the defence
response.

One of the more abundant classes of genes represented
on the poplar 15.5K microarray involved in transport
or general metabolism is the lipid transfer proteins (LTP).
We observed most LTP genes not to be responsive to FTC
feeding; however, several genes within this large family
were either induced or repressed after FTC attack (e.g.
WS0144_M07). LTPs are small, basic proteins synthesized

as precursors that transfer phospholipids between mem
branes and bind fatty acids in vitro and have been pro-

posed to be involved in several processes potentially
associated with plant—insect interactions including cutin
biosynthesis (Kader 1996), pathogen-defence reactions
(Garcia-Olmedo eta!. 1995), and the recognition of intruders
in plants and in systemic resistance signalling (Blein
et a!. 2002; Maldonado eta!. 2002). The interpretation of
function is complicated by the fact that LTPs are represented
by a large number of genes with several subfamilies, and
as of yet no systematic characterization of LTPs has been
performed in any plant species.

Transcriptiona! regulation and signal!ing affected by FTC

Transcriptional regulation and intracellular signalling
cascades for plant defence in general, and secondary
metabolism in particular, are poorly understood. Among
genes associated with signalling that were induced by FTC
feeding we identified a leucine-rich repeat transmem
brane protein kinase (WS0205_102) and a choline kinase
(WS01223_D01). Leucine-rich repeat containing transmem
brane/receptor-like kinases (LRR-RLK) are represented
by large gene families in plants and are able to perceive
external signals at the plasma membrane and initiate
signalling cascades via their cytoplasmic protein kinase
domains (Diévart & Clark 2004). Thus far few LRR-RLKs
have known functions, and there is little information
concerning their ligands and which downstream signalling
pathways are affected. In tomato, an LRR-RLK has been
demonstrated to bind the systemic defence signalling
peptide hormone systemin (Scheer & Ryan 2002); however,
a systemin-like peptide hormone has yet to be identified
in poplar. A novel role is emerging for phospholipids as
second messengers in plant cells that are rapidly formed in
response to a variety of stimuli via the activation of lipid
kinases and phosphatases (Meijer & Munnik 2003). Pho
sphatidylcholine is a major phospholid of eurkaryotic
membranes, which among other functions serves as a
reservoir for lipid second messengers. Choline kinase is
part of the biosynthesis pathway for phosphatidyicholine
and has previously been demonstrated to be induced in
response to salt stress in Arabidopsis (Tasseva et a!. 2004).

Utilizing a set of 1618 transcription factors identi
fied in Arabidopsis (Arabidopsis Gene Regulatory In
formation Server at the Ohio State University; http://
arabidopsis.med.ohio-state.edu/AtTFDB/; 9 May2005 down
load; Davuluri et a!. 2003) we screened the BLASTx annota
tion to Arabidopsis to classify 458 ESTs on the poplar 15.5K
array as putative transcription factors. Among this set, 56 tran
scription factors from 20 different families were differentially

expressed in response to FTC feeding, with 40 transcrip

tion factors induced and only 16 repressed (Table 6).
Among the more commonly induced transcription factor

families were zinc finger C3H type, APETELA (AP2) /
ethylene-responsive-element binding (EREBP), basic
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1290 S. RALPH ET AL.

helix-loop-helix (bHLH), WRKY, and no apical meristem
(NAM/NAC) classes. Each of these transcription factor
classes are represented by large gene families in Arabidopsis
(i.e. zinc finger C3H, 33 genes; AP2/EREBP, 144 genes;
bHLH, 139 genes; WRKY, 72 genes; NAM/NAC, 109
genes; Riechmann et a!. 2000). To date most transcription
factors linked to plant stress responses have been derived
from the AP2/EREBP, WRKY, MYB and bZIP families
(Stracke et al. 2001; Singh et a!. 2002). The list of transcription
factors in Table 6, especially those from transcription factor
classes previously associated with plant defence, provide
an interesting set of targets for further characterization in
poplar insect defence.

Octadecanoid and ethylene pathway genes affected by FTC

Plant responses to biotic and abiotic stresses are regulated
locally and systemically by a complex network of signal
ling cascades including peptide signals (e.g. systemin),
salicylic acid, ethylene, H202, and fatty acid-derived
oxylipins. Within this latter class, we observed several
genes within the octadecanoid biosynthesis pathway to
be strongly induced in poplar leaves in response to FTC
feeding including a lipoxygenase (LOX; WS01212_L05), an
allene oxide cyclase (AOC; WS0155_D02) and an allene
oxide synthase (AOS; WS0145_B07), as well as two key
genes involved in ethylene biosynthesis, S-adenosyl
methionine synthase (SAM synthase; WS0123_G08) and 1-
aminocyclopropane-1-carboxylate oxidase (ACC oxidase;
WSO2OII_102) (Table 5).

A role for jasmonates in plant defence was proposed by
Farmer & Ryan (1992), who demonstrated that wounding
led to the formation of jasmonates and the subsequent
induction of genes for proteinase inhibitors that deter
insect feeding. Since then a tremendous amount of work has
substantiated the importance of octadecanoid-/oxylipin
signalling in plant-insect defence responses (Howe 2004;
Halitschke & Baldwin 2005). The first biosynthesis step in
oxylipin formation is catalysed by LOX enzymes, which
introduces molecular oxygen at the C-13 position of lino
lenic acid, and which comprises a multigene family with
specificity for production of either jasmonates or green leaf
volatiles, the latter via the action of hydroperoxide lyase.
In laboratory studies, plants deficient in the expression of
jasmonates derived from LOX genes are impaired in their
ability to produce chemical defences (e.g. protease inhibitors
and nicotine) and are more susceptible to herbivore attack
(Royo eta!. 1999; Halitschke & Baldwin 2003). Moreover, in
field studies comparing tobacco, Nicotiana attenuata, plants
transformed with antisense LOX, hydroperoxide lyase or
AOS genes, only the LOX-deficient plants were more
vulnerable to N. attentuata’s adapted herbivores, as well as
novel herbivore species (Kessler eta!. 2004). Following the
action of LOX enzymes, the next steps in jasmonate bio

synthesis are the formation of an epoxide by AOS, ring
formation by AOC, followed by a reduction step and three
rounds of 3-oxidation. An Arabidopsis knock-out mutant
defective in AOS was unable to make endogenous jas
monates, even after wounding, and was defective in
wound signal transduction for both vegetative storage
protein and LOX genes, which are indudble by wounding
and jasmonate treatment in wild-type plants (Park et a!.
2002). In tomato, antisense AOC plants are also defec
tive in wound signal transduction for protease inhibitors
and are defective in jasmonic acid biosynthesis (Stenzel
et a!. 2003). Collectively, these studies imply that depend
ing on the plant system, disruption of LOX, AOS and/or
AOC activity can significantly reduce jasmonate produc
tion and impair wounding- and herbivory-responsive
signal transduction in plant defence. The induction of LOX,
AOS and AOC transcripts in poplar in response to FTC
feeding suggests the importance of these enzymes, and
jasmonates in general, in activating and/or modulating
the poplar defence response.

Both SAM synthase and ACC oxidase are part of the
ethylene biosynthesis pathway. Ethylene is an important
modulator in defence signal transduction (Feys & Parker
2000) that has been demonstrated to be induced in
response to insect herbivory in several plant systems
(Arimura eta!. 2002; Winz & Baldwin 2001), and has been
demonstrated to regulate defence-orientated genes such
as protease inhibitors (O’Donnell et a!. 1996), defensin
(Penninckx eta!. 1998) and pathogenesis-related proteins
(DIaz eta!. 2002).

Stress response genes affected by FTC

Among genes involved directly in plant defence against
insects, we identified several poplar transcripts induced
by FTC feeding including basic endochitinases (e.g.
WS0143_A03), Kunitz trypsin protease inhibitors (e.g.
WS0134_G14), glycosyl hydrolases (e.g. WS0205_P08), a
stable protein 1 (WS0144_M15), and lectin proteins (e.g.
WS0204_D16) (Table 5). Endochitinases represent a large
and diverse group of enzymes that catalyse the cleavage of
internal 3-1,4-glycoside bonds present in the biopolymers
of N-acetylglucosamine found in chitin, a major com
ponent of fungal, bacterial and invertebrate cell walls.
Plant chitinases are classified as pathogenesis-related (PR)
proteins and have been demonstrated in many plant sys
tems, including poplar (Clarke eta!. 1994), to be transcrip
tionally induced in response to both biotic (e.g. viruses,
bacteria, fungi, insect pests, etc.) and abiotic (e.g. drought,
salinity, wounding, plant hormones, etc.) stress (Kasprzewska
2003). Kunitz protease inhibitors (PIs) are small proteins
present at high concentrations in storage tissues that are
also inducible in poplar leaves in response to attack by
insects and pathogenic organisms (Bradshaw et a!. 1990;
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Hollick & Gordon 1993; Haruta et a!. 2001a). PIs are postu
lated to contribute to plant defence by forming a stable
complex with protease enzymes in the insect gut, inhibit
ing protease activity and thereby reducing absorption of
amino acids from consumed leaves, causing a reduction
in insect growth. In a separate study, we identified c. 30
Kunitz PIs in the poplar genome, organized in gene
clusters, and demonstrated that the majority of these
transcripts are inducible in leaves in response to wound
ing, caterpillar feeding, and methyl jasmonate; although
a direct impact on insect performance remains to be
determined (S. Ralph & J. Bohlmann, in prep.). Glycosyl
hydrolases have previously been identified as PR proteins
because they are rapidly induced during fungal attack and
are proposed to contribute to plant defence by digesting
wall components of the fungal pathogen. Furthermore,
glycosyl hydrolases can be involved in the release of
aglycons and possible activation of a wide array of small
molecules. Lectins are carbohydrate-binding proteins,
many of which have insecticidal activity (Peumans & Van
Damme 1995) and are frequently induced after wounding.

Secondary metabolism genes affected by FTC

We observed the activation in FTC-treated poplar leaves of
several genes involved in phenolic and terpenoid second
ary metabolism including polyphenol oxidase (PPO1),
several cytochrome P450 genes (e.g. WS01212_M19),
isoflavone reductase (WS01212_B20), several terpene
synthases [e.g. (—)-germacrene D synthase TPS1], 3-deoxy-
D-arabino-heptulosonate 7-phosphate (DAHP) synthase
(WS01214_G19), chorismate synthase (WS0168_K06), 4-
coumarate CoA ligase (4CL) (WSO2OI_G13), several
laccases (e.g. WSO2O11_F21), 5-enolpyruvylshikimate 3-
phosphate (EPSP) synthase (WSO1IIO_A05), phenyla
lanine ammonia-lyase (PAL) (WS0154_H05), and chalcone
synthase (WS01224_J04) (Table 5).

Phenolic secondary metabolites have been proposed to
play a variety of roles in defence as phytoalexins, radical
scavengers or structural barriers. Phenylpropanoid meta
bolism builds on the shikimate pathway which links the
metabolism of carbohydrates to the biosynthesis of aromatic
compounds. In a series of seven metabolic steps, phos
phoenolpyruvate (PEP) and erythrose 4-phosphate (E4P)
are converted to chorismate, which is the precursor of the aro
matic amino acids tryptophan, phenylalanine and tyrosine
(Herrmann & Weaver 1999). Genes representing several
enzymatic steps within the pathway were induced by FTC
feeding including: DAHP synthase, the first step involving
condensation of PEP and E4P; EPSP synthase, which is the
sixth step of the pathway that catalyses the condensa
tion of PEP and shikimate 3-phosphate to produce 5-
enolpyruvylshikimate 3-phosphate; and chorismate
synthase, the final step eliminating phosphate from EPSP

to produce chorismate. The most abundant classes of
secondary phenolic compounds are subsequently derived
from phenylalanine, which is converted to avarietyofphenolic
defence compounds including flavonoids, stilbenoids,
condensed tannins and other polyphenolics, along with
the structural polymer lignin, via the action of a complex
metabolic grid of different enzyme activities (Dixon eta!.
2001). Among this group of enzymes, we observed both PAL
and 4CL to be induced after insect feeding, whereas other
steps in the metabolic grid were generally unresponsive
to insect attack (Table S2). This is in agreement with earlier
studies using hybrid poplar suspension-cultures that
showed induction of PAL and 4CL mRNAs in response to
fungal elicitor treatment (Moniz de Sá eta!. 1992).

Among genes encoding enzymes of branch pathways
of phenylpropanoid metabolism, we observed several
laccases/diphenol oxidases and PPOs to be induced after
FTC feeding. Laccases are proposed to be involved in the
polymerization of monolignols to produce lignin and
lignans based on their ability to oxidize monolignols and
their close spatial and temporal correlation with lignin
deposition, and they are organized as a multigene family
in poplar (Ranocha et al. 1999). Increased gene expression
of laccases could lead to strengthening of cell walls during
insect attack via increased lignin deposition and/or in
creased production of toxic lignans. PPOs catalyse the
oxidation of o-diphenols to o-diquinones, which are highly
reactive with phenolic substrates and are proposed to
cross-link with dietary proteins of feeding insects, resulting
in decreased amino acid assimilation (Felton et a!. 1992).
In poplar, it has been demonstrated that a PPO mRNA
is inducible by herbivores, wounding and methyl jas
monate (Constabel et a!. 2000), and that overexpression
in transgenic poplar reduces FTC performance (Wang &
Constabel 2004). Another important branch of phenyl
propanoid metabolism for plant defence is the production
of flavonoids, the first step of which is catalysed by chalcone
synthase, which is frequently induced at the transcript
level in plant species in response to a variety of stresses
(Dixon & Paiva 1995). Similarly, isoflavonoid phytoalexins
are low molecular weight antimicrobial compounds
synthesized in response to abiotic and biotic stress,
involving among other enzymes the activity of isoflavone
reductase, which is induced after FTC feeding.

In addition to phenolic metabolites, the isoprenoid bio
synthesis pathway leads to the production of hundreds
or possibly thousands of tepenoid compounds that are
important components in many plant defence systems
(Huber et a!. 2004). Specifically in poplar, recent work has
demonstrated the systemic induction of terpenoid volatile
emission from trees under FTC attack (Arimura et a!. 2004).
Such volatiles can serve as signals to attract predators and
parasites of herbivores. The sequiterpene synthase germa
crene D was induced both locally and systemically upon
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Table 7 Fold-change differences measured
using real-time PCR between five trees
subjected to FTC herbivory for 24 hand five
untreated control trees

FTC feeding on poplar leaves, resulting in systemic diurnal
emission profiles of (—)-germacrene D (Arimura et al. 2004).
FTC-induced terpene synthases identified in the new poplar
EST resources could contribute to additional components
of the FTC-induced blend of terpenoid emissions (Arimura
etal.2004).

Oxidative stress genes affected by FTC

Oxidative stress is known to be caused by the damage
imposed by herbivore feeding and therefore, it is not sur
prising that the transcript abundance of several proteins
that contribute to cellular survival after oxidative damage
was increased. These included thioredoxin (WS0162_C15),
several glutathione S-transferases (e.g. WS0178_N24), a
superoxide dismutase copper chaperone (WS0145_I01)
and several peroxidases (e.g. WS0144_C22).

Refined gene-specific expression using real-time PCR

In order to validate our microarray results and obtain more
refined gene expression data, we designed gene-specific
primers for 16 transcripts selected from Tables 5 and 6 and
analysed their expression using real-time PCR (Table 7 and
Fig. 4). These genes were chosen to represent a variety of
functional classifications and range from 2.41-fold (i.e.
ACC oxidase; WS02011_102) to 32.31-fold (i.e. Kunitz
protease inhibitor; WS0134_G14) induction according to
microarray analysis (Table 5). Among these 16 transcripts,
14 were induced (fold-change> 1 .5x, P value < 0.05) in re

sponse to FTC feeding, in agreement with results obtained
using microarrays. In general, we observed larger changes
in gene expression using real-time PCR, likely reflecting
the greater dynamic range of detection and sensitivity of
this method compared to cDNA microarrays. Significant
FTC-induced gene expression ranged from 2.13-fold for
chorismate synthase (WS0168_K06) to 239.98-fold for a
basic endochitinase (WS0143_A03). Phytoene synthase was
also weakly induced (1.65-fold), but lacked significant
statistical support. Although ACC oxidase was weakly
induced according to our microarray results, real-time
PCR analysis indicates this transcript is not induced after
FTC feeding. Since ACC oxidase is represented by a multi-
gene family in many plant species the induced gene expres
sion obtained using cDNA microarrays may reflect induction
of a closely related gene family member. In agreement with
the relatively low biological variation observed in our
microarray analysis (Fig. SI), very consistent levels of
expression were observed for each transcript among
untreated control trees, and gene induction in response to
FTC feeding was also very similar among trees (Fig. 4).

Conclusions

In summary, we have developed and applied a com
prehensive set of functional genomics resources that form
the foundation for functional characterization of defence
mechanisms against insect herbivory in poplar. The large
scale of our EST sequencing programme, combined with
the application of normalization strategies during library

FTC at 24 h

Clone ID BLASTX vs. Arabidopsis FC LLCI ULCI P value

WS0143_A03 Basic endochitinase 239.98 103.58 555.98 < 0.001
PPOI Polyphenol oxidase PPOI 129.83 68.74 245.19 < 0.001
WSO18I_F07 Myb transcription factor 72.13 27.39 189.96 < 0.001
WS0134_G14 Kunitz trypsin inhibitor 54.66 17.44 171.32 < 0.001
WS01212_B20 Isoflavone reductase 30.90 17.13 55.75 < 0.001
WS0145_B07 Allene oxide synthase 16.98 8.42 33.92 < 0.001
WS0231_E05 WRKY transcription factor 15.91 7.21 35.08 < 0.001
TPSI (—)-germacrene D synthase 11.32 5.09 25.13 < 0.001
WS0155_D02 Allene oxide cyclase 10.22 5.83 17.89 < 0.001
WSO114_D04 Calreticulin 5.86 3.48 9.84 < 0.001
WSO2OI_G13 4-coumarate CoA ligase 4.39 3.12 6.16 < 0.001
WS0156_013 ABC transporter family protein 4.30 1.76 10.49 0.005
WSO111O_A05 EPSP synthase 4.01 1.58 10.16 0.008
WS0168_K06 Chorismate synthase 2.13 1.18 3.84 0.017
WS0145_F03 Phytoene synthase 1.65 0.95 2.86 0.069
WSO2O11_102 ACC oxidase 1.07 0.59 1.95 0.779

Abbreviations: FC, fold-change; LLCI, lower limit 95% confidence interval;
ULCI, upper limit 95% confidence interval; EPSP synthase, 5-enolpyruvylshikimate
3-phosphate synthase. For further details see Materials and methods and Fig. 4.
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construction, and a focus on herbivore- and elicitor-treated
cDNA libraries has enabled us to capture potentially three-
quarters of the c. 45000 genes in the poplar genome and
complement existing public Populus ESTs. Based on our
EST resources we have developed the poplar 15.5K cDNA
microarray, which when applied to the study of FTC-
treated leaves revealed more than 1700 differentially ex
pressed genes. This set of defence response genes contains
several genes previously identified as components of the
induced defence response to defoliating insects in poplar
(e.g. endochitinases, Kunitz protease inhibitors, polyphenol
oxidases). In addition, our transcriptome profiling revealed
many genes not previously associated with induced poplar
defence (e.g. ABC proteins, calreticulin, carotenoid bio
synthesis, LRR-RLK, choline kinase) and emphasizes the
potential importance of jasmonates in poplar defence
signalling. Of special interest among this defence gene set
are the 40 transcription factors induced after FTC feeding
that potentially represent master switches for regulating
the induced defence profile of poplar in response to
defoliating insects.
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