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Hundreds of proteins have been detected in phloem and xylem sap, even though
the cells involved in long distance phloem and xylem transport are incapable of protein
synthesis at maturity. We are now beginning to learn the identity and function of these
proteins, but this knowledge is generally limited to annual plants. The first objective of
this study was to identify phloem and xylem sap proteins in the perennial, poplar. Using
LC-MS/MS, 48 proteins were identified in poplar phloem exudate and 98 proteins were
identified in xylem sap. A large number of phloem exudate proteins are insect defense
proteins that include protease inhibitors and polyphenol oxidase and also members of the
pop3/SP1 gene family, whereas a number of xylem sap proteins were pathogenesis-
related proteins such as thaumatin-like proteins (TLPs) and chitinases that function in
pathogen defense. The importance of xylem sap proteins in pathogen defense has been
previously demonstrated, however, the role of phloem proteins in insect defense is

currently unknown. A major question to be addressed in order to understand the function
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of phloem proteins is if they are differentially regulated in response to insect herbivory.
The second objective of this study was to identify poplar phloem proteins differentially
regulated in response to simulated insect feeding. Using two-dimensional gel
electrophoresis, two proteins, PtTLP1 and pop3.1, were consistently upregulated 24 hours
post-wounding. The third objective of this study was to produce antibodies against these
proteins to use to further characterize their expression and localization patterns.
Antibodies were also produced against another phloem exudate protein, pop3.4, which is
40% similar to pop3.1. The origin of all three proteins inside sieve elements was
confirmed with immunolocalization. PtTLP1, pop3.1 and pop3.4 antisera labelled
organelle-like structures in sieve elements and also phloem parenchyma cells. For
PtTLP1, these structures were identified as starch and starch containing plastids. All three
antisera also labelled cell wall proteins in different cell types. Overall, this study
represents the first large-scale analysis of phloem and xylem sap proteomes from a

perennial and describes the first observation of wound-inducible phloem sap proteins.
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1 Introduction

1.1 Overview of plant vascular tissues
Land plants have evolved a non-circulatory vascular system that functions in the

long distance transport of nutrients and other compounds throughout the plant (Lough
and Lucas, 2006). The vascular tissues consist of phloem, which is principally involved
in transporting sugars and small organic compounds from source to sink tissues, and
xylem that transports water and minerals absorbed from the soil to the shoot (Evert,
2006). These tissues transport numerous other compounds throughout the plant including
hormones, amino acids, lipids, and various RNA species (Hoad, 1995; van Bel, 2003;
Lough and Lucas, 2006; Satoh, 2006). In addition, phloem and xylem sap also contain a
large number of proteins (Lough and Lucas, 2006; Satoh, 2006), which are the focus of
this thesis.

There are two types of phloem and xylem, primary and secondary (Evert, 2006).
The primary tissues are produced by apical meristems, whereas secondary phloem and
xylem is derived from the vascular cambium. The apical meristems are located at plant
apices and the vascular cambium is a lateral meristem that is arranged vertically along the
axis of roots and shoots. Not all plants undergo secondary growth, but in plants that do,
primary phloem and xylem only remain functional until the production of secondary
vascular tissues.

Vascular tissues form a continuous system throughout the entire plant body
(Evert, 2006). They are embedded in ground tissue, a simple tissue composed of

parenchyma cells. These tissues are in turn surrounded by the protective, dermal tissue
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system consisting of epidermal cells. In plants that undergo extensive secondary growth,
the epidermis is replaced by another protective tissue called the periderm.

In this chapter, I will begin by describing phloem and xylem and how long-
distance transport occurs in these tissues. I will briefly discuss what is currently known
regarding phloem and xylem sap proteins before introducing poplars, the model perennial
plant species that I will use to identify phloem and xylem sap proteins. I will also give a
brief introduction into the active defense response that occurs in poplar and other plants
in response to insect and simulated insect feeding. I will then describe how phloem and

phloem sap proteins appear to have a role in this response.

1.2 Phloem
Phloem is the “food-conducting” tissue that it is composed of several cell types

with different functions within the plant (Evert, 2006). Phloem fibres, for example, are
highly lignified cells that provide structural support, and phloem parenchyma cells
generally function in storage, although some of these cells are also involved in radial
transport. The cells involved in long-distance transport, however, are sieve elements. In
angiosperms, the sieve elements are called sieve-tube elements and these cells are
arranged longitudinally to form sieve tubes. Sieve-tube elements are connected by large
pores that occur in the sieve plate region of the cell wall. Sieve-tube elements are
typically associated with companion cells, specialized phloem parenchyma cells that are
derived from the same mother cell as the sieve tube element. Companion cells function in
maintaining mature sieve-tube elements as the latter no longer have a vacuole, nucleus, or

functioning ribosomes at maturity. Although mature sieve-tube elements are living, they



only retain their plasma membrane, endoplasmic reticulum, mitochondria, and
specialized plastids. It has been suggested that companion cells provide sieve-tube
elements with proteins and energy in the form of ATP (van Bel, 1996).

Phloem transport occurs from carbon exporting or source tissues to carbon
importing or sink tissues (Taiz and Zeiger, 2006). Source tissues are generally mature,
photosynthetic leaves and sinks include roots and actively growing leaves, tissues that
cannot meet their own carbon demand. In source leaves, carbon is loaded into sieve
elements apoplastically or symplastically, depending on the species, and this decreases
the water potential of the cells. As a result, water passively moves into the sieve
elements, increasing the hydrostatic pressure and creating a pressure gradient between
source and sink leaves, resulting in mass flow of sieve element contents. In the sink
tissues, the carbohydrates are unloaded from sieve elements, thus increasing the water
potential and causing water to leave the cells resulting in decreased hydrostatic pressure.
This helps to maintain the pressure gradient between source and sink tissues. This widely
accepted model for phloem transport is based on a model originally described in 1930 by
Edward Miinch (Oparka and Cruz, 2000; Taiz and Zeiger, 2006).

The major constituent of the translocation stream is sugar (100-300 g/L)
(Hopkins, 1995; Buchanan et al., 2000). The primary sugar that is transported in phloem
is sucrose; however, other non-reducing sugars such as sugar-alcohols and galactosyl-
oligosaccharides are also transported in certain plant species (Taiz and Zeiger, 2006).
Originally it was hypothesized that only non-reducing sugars are transported in phloem,
but recently it was discovered that hexoses are also transported (van Bel and Hess, 2008).

As determined by the analysis of phloem sap, a variety of additional compounds
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are also transported in phloem. These compounds include amino acids (Fife et al., 1962;
Weibull et al., 1990; Girousse et al., 1991; Vanhelden et al., 1994; Amiard et al., 2004;
Gessler et al., 2004; Nakamura et al., 2004), plant hormones (auxins, gibberellins,
cytokinins, and abscisic acid) (Hoad, 1995), lipids (Madey et al., 2002), minerals (Fife et
al., 1962; Hu et al., 1997; Nakamura et al., 2004), and secondary metabolites such as
alkaloids (Wink and Witte, 1984), glucosinolates (Chen and Andreasson, 2001), and
phenolics (Gould et al., 2007). In addition, a complex array of proteins and RNA have
been detected in phloem sap (Lough and Lucas, 2006).

At maturity, sieve elements do not have a nucleus or functioning ribosomes, and
therefore it is generally accepted that these cells do not synthesize their own RNA or
proteins (Oparka and Cruz, 2000). Instead, these macromolecules are transported from
companion cells via specialized plasmodesmata called pore-plasmodesma units (van Bel,
2003). The trafficking of RNA into sieve elements is highly regulated and is mediated by
RNA binding proteins (Lough and Lucas, 2006). Even single-stranded RNAs that are
only 21 to 25 nucleotides appear to require protein binding for entry into sieve elements;
they do not simply diffuse into cells (Yoo et al., 2004). For proteins, trafficking from
companion cells to sieve elements can be selective as has been described for RNA and
small RNA, but it can also occur by diffusion (Lough and Lucas, 2006). It has been
estimated that proteins with a molecular weight of up to 50 kDa can easily diffuse
through the pore-plasmodesma unit connecting companion cells and sieve elements

(Lough and Lucas, 2006).



1.2.1 Phloem sap proteins ,
Once in sieve elements, some proteins are transported thoughout the plant, a

phenomenon that has been elegantly illustrated using various grafting combinations
(Golecki et al., 1998; Gomez et al., 2005). For example, when Cucumis sativus scions are
grafted onto Cucurbita rootstocks, phloem proteins from the Cucurbita rootstocks are
detected in the phloem sap collected from the scion (Golecki et al., 1998). Long distance
phloem transport has also been observed for plants engineered to specifically express the
green fluorescent protein (GFP) in companion cells (Imlau et al., 1999; Stadler et al.,
2005). When wild-type tobacco scions were grafted onto GFP transgenic rootstocks, GFP
was detected in the scions (Imlau et al., 1999). In another study, biotinylated pumpkin
phloem sap proteins were introduced into rice sieve elements via cut aphid stylets and
they were detected in distant tissues (Aoki et al., 2005). Interestingly, in this study it was
observed that long distance transport of proteins within sieve elements is very controlled.
In general, acropetal transport appears to occur by mass flow, but basipetal transport is
very selective and not all proteins are transported into roots (Aoki et al., 2005). It is
mmportant to note that not all proteins in sieve elements are transported long-distances.
Some proteins appear to be immobile and remain closely associated with the plasma
membrane (van Bel, 2003). It is only when sieve elements are wounded that these
immobile proteins are released and this appears to be an important mechanism for sealing
damaged sieve elements (van Bel et al., 2002).

Some sieve element proteins have been identified by immunolocalization. In
poplar, this technique was used to localize a peroxiredoxin in sieve elements (Rouhier et
al., 2001). This protein is the only poplar sieve element protein identified to date. Other

proteins localized to sieve elements include enzymes involved in the biosynthesis of



jasmonic acid (JA); allene oxide cyclase (AOC), allene oxide synthase (AOS), and
lipoxygenase (LOX) (Avdiushko et al., 1994; Hause et al., 2003), and proteinase
inhibitors (PIs) (Dannenhoffer et al., 2001; Xu et al., 2001).

The majority of sieve element proteins have been identified by analyzing phloem
sap proteins with mass spectrometry (MS). Originally, protein identification by MS was
limited by a lack of plant genomic sequence. With advances in genomics and proteomics,
however, it is now possible to identify a much larger number of proteins. While relatively
pure phloem sap can be easily collected from Cucurbits in quantities large enough for
analysis with MS, originally there was very little genomic sequence data available for
these species, which is required for protein identification. In a study published in 2004,
only16 and 29 phloem proteins could be identified from cucumber and pumpkin,
respectively when using MS even though the phloem sap of both species was estimated to
have approximatey 400 proteins (Walz et al., 2004). More recently, 80 proteins were
identified in rice phloem sap (Aki et al., 2008) and 140 phloem sap proteins were
successfully identified in Brassica napus (Giavalisco et al., 2006). Both plants have well-
developed EST and genomic resources. To date, phloem sap proteomes have been
characterized for Cucumis sativus, Cucurbita maximus, Ricinus communis, Oryza sativa,
and B. napus (Walz et al., 2002; Barnes et al., 2004; Walz et al., 2004; Giavalisco et al.,
2006; Aki et al., 2008). These are all herbaceous annual plant species, which is one of the
motivations for undertaking the current study in the perennial, poplar.

Using activity assays, we know that some of the proteins collected in phloem sap
are functional. Kinase activity has been detected in phloem exudate collected from rice

and squash (Nakamura et al., 1995; Yoo et al., 2002) and antioxidant enzymes such as
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superoxide dismutase and peroxidase are active in phloem exudate collected for various
Cucurbit species (Walz et al., 2002). The function of these and other proteins within sieve
elements, however, is not completely understood. It has been proposed that these proteins
may have a role in maintaining sieve elements or they may serve as long-distance
signaling molecules (Chen and Kim, 2006). It has also been suggested that phloem sap
proteins may be involved in plant stress responses, given that a large number of stress-
inducible proteins, including the antioxidant proteins described above, are commonly
detected in phloem sap. Other stress-inducible proteins include insect defense proteins
such as lectins and proteinase inhibitors (PIs) (Haebel and Kehr, 2001; Barnes et al.,
2004; Walz et al., 2004; Giavalisco et al., 2006; Aki et al., 2008). The importance of
these phloem sap proteins in plant defense, however, has not been studied (Kehr, 2006).
Although we now know the identity of many phloem proteins (see Chapter 2
Introduction), further research is still needed to understand their function in sieve

elements and the whole plant.

1.3 Xylem
Xylem functions in the unidirectional transport of water and minerals (Evert,

2006; Taiz and Zeiger, 2006). Similar to phloem, xylem is composed of fibres and
parenchyma cells, but the cells involved in long-distance transport are tracheary elements
(Evert, 2006). Unlike sieve elements, these cells are dead at maturity. There are two types
of tracheary elements, tracheids and vessel elements, both of which have lignified
secondary cell walls. Vessel elements evolved from tracheids and they are found

primarily in angiosperms. Overall, these cells are shorter than tracheids and they have a



much wider diameter, which makes them more efficient in the transport of water and
other nutrients. They also have perforation plates, regions of the cell wall in which the
primary and secondary cells walls have been completely degraded. These are found at the
ends of vessel elements and it is the region that vessel elements are connected to form
vessels.

Water is absorbed by roots and transported to shoots via the xylem (Taiz and
Zeiger, 2006). In the shoot, the majority of water diffuses into the atmosphere by a
process called transpiration. Transpiration occurs primarily through stomata found on the
abaxial side of leaves and it creates a large negative pressure in cell walls of the leaves.
Essentially, it is this negative pressure or tension that results in xylem transport; the
tension pulls water through tracheary elements and this is facilitated by the cohesive
nature of water. This mechanism of water transport in xylem is called the cohesion-
tension theory of sap ascent.

In xylem, positive pressure in xylem can only be detected at night or during
periods of little to no transpiration (Taiz and Zeiger, 2006). In this case, the ions absorbed
from the soil accumulate in xylem decreasing its water potential. As a result, water is
absorbed and the hydrostatic pressure is increased. This positive pressure alone cannot
account for xylem transport beyond a short distance, but if the shoot is decapitated during
this period, xylem sap readily exudes from the severed shoot.

As expected, xylem sap is composed primarily of water and inorganic molecules
such as phosphate and nitrate (Satoh, 2006). Surprisingly, organic compounds have also
been detected in xylem sap (Satoh, 2006). These compounds include amino acids such as

glutamine, serine, and alanine (Dickson, 1979; Lopez-Millan et al., 2000; Alvarez et al.,



2008) and sugars including sucrose, fructose, and glucose (Satoh et al., 1992; Lopez-
Millan et al., 2000; Escher et al., 2004; Alvarez et al., 2008). Proteins have also been

identified in xylem sap (Satoh, 2006).

1.3.1 Xylem sap proteins
Similar to sieve elements, functioning tracheary elements are incapable of protein

synthesis, so presumably xylem sap proteins are expressed in surrounding cells and then
secreted into the apoplast. In fact, the majority of xylem sap proteins identified to date
have an N-terminal signal peptide targeting them to the secretory pathway, which
supports this hypothesis (Buhtz et al., 2004; Kehr et al., 2005; Alvarez et al., 2006;
Djordjevic et al., 2007). Currently, however, there are very few studies addressing the
origin of these proteins. In cucumber, glycine-rich proteins, a lectin, and a chitinase were
all detected in xylem sap and the corresponding genes were subsequently shown to be
expressed in roots (Sakuta et al., 1998; Masuda et al., 1999; Sakuta and Satoh, 2000;
Masuda et al., 2001). Using in situ hybridization, it was shown that the genes encoding
the glycine-rich proteins were specifically expressed in parenchyma cells surrounding
xylem vessels (Sakuta and Satoh, 2000). Based on these results, it appears that some
xylem sap proteins are expressed in the roots, secreted into the transpiration steam, and
then transported to the shoots. However, a more recent study provides evidence that
contradicts this model. The gene expression of 17 xylem sap proteins were analyzed in
soybean and only four of the genes were predominately expressed in roots (Djordjevic et

al., 2007). These results suggest that possibly not all xylem sap proteins are transported
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long distances from the roots. Additional research is needed concerning the synthesis of
xylem sap proteins and their long distance transport.

Xylem sap contains hundreds of proteins (Kehr et al., 2005; Alvarez et al., 2006).
Xylem sap proteomes have been characterized for B. napus, B. oleracea, Cucurbita
maxima, Cucumis sativus, Z. mays, Lycoperscion esculentum, Glycine max, and Oryza
sativa (Rep et al., 2002; Buhtz et al., 2004; Kehr et al., 2005; Alvarez et al., 2006;
Djordjevic et al., 2007; Aki et al., 2008). Of the proteins identified, a number are
consistently detected in xylem sap. These proteins include peroxidases, proteases, and
pathogenesis-related proteins (Rep et al., 2002; Buhtz et al., 2004; Kehr et al., 2005;
Alvarez et al., 2006; Djordjevic et al., 2007; Aki et al., 2008).These results suggest that
xylem sap proteins carry out conserved functions within xylem, but there have been no
studies of perennial xylem sap proteomes to confirm this hypothesis. Additional details
regarding the identity and function of xylem sap proteins are presented in the introduction

to Chapter 5.

1.4 Poplar as a model plant species
A model plant species is one that has a wide genetic diversity, is fast growing, has

a short life cycle, can easily be bred, is capable of being transformed, and has a
characterized genome (Taylor, 2002). Poplars have many of these traits and are therefore
considered an excellent model species for studying woody plants (Bradshaw et al., 2000;
Taylor, 2002). They grow quickly, can be vegetatively propagated, provide large
quantities of sample tissue, and most importantly, the entire genome of Populus

tric/iocarpa has been sequenced (Tuskan et al., 2006). In fact, it was the first perennial
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genome to be completely sequenced. For these reasons, poplar was the perennial chosen
to study phloem and xylem sap proteins. Although these proteins have been studied in
annual plants, it is also important to study them in perennials, because annuals and
perennials are inherently different due to their growth habits. For example, perennials like
poplar have more extensive formation of secondary xylem, they undergo dormancy and
bud-break, and they flower at different ages as compared to annuals (Bradshaw et al.,
2000; Taylor, 2002). Therefore not all aspects of annual plant biology can be directly
applied to perennials.

Poplars are also important both ecologically and economically. There are 29
species including poplars, cottonwoods, and aspens (Stettler et al., 1996), and these
rapidly growing trees can be found throughout North America as well as other parts of
the world. They are keystone species in riparian forests (Stettler et al., 1996; Dickmann et
al., 2001). Their wood has many uses, including the production of pulp and paper and
composite products (Stettler et al., 1996; Dickmann et al., 2001). Poplars are also planted
to provide windbreaks and prevent erosion and they have great potential for use in

phytoremediation (Dickmann et al., 2001).

1.5 Poplars and plant defense against insect herbivory
Like many plants, poplars are capable of producing an arsenal of repellent, anti-

nutritive, and even toxic chemicals and proteins in response to insect herbivory
(Constabel and Major, 2005; Philippe and Bohlmann, 2007). When poplars are wounded
by insects or mechanical damage or if caterpillar regurgitant is applied to leaves,

hundreds of genes are differentially regulated (Lawrence et al., 2006; Major and
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Constabel, 2006; Ralph et al., 2006; Ralph et al., 2008). While some photosynthetic

genes are down-regulated, many potential defensive genes are upregulated (Major and
Constabel, 2006; Ralph et al., 2006), reprogramming the plant from growth and
development to defense. Strongly upregulated defense genes include chitinases, trypsin
inhibitors, and polyphenol oxidases (Christopher et al., 2004; Lawrence et al., 2006;
Major and Constabel, 2006; Ralph et al., 2006). There is direct evidence that these
proteins negatively impact insect feeding. Although the mechanism is not understood, a
poplar chitinase (WIN6) overexpressed in tomato plants exhibited insecticidal activity
against the Colorado potato beetle (Lawrence and Novak, 2006). Similarly, a poplar
trypsin inhibitor (WIN3), which functions by inhibiting proteases in insect guts, was
overexpressed in tobacco and negatively impacted the growth of tobacco budworm
(Lawrence and Novak, 2001). Like protease inhibitors, polyphenol oxidases are anti-
nutritive proteins. These proteins produce highly reactive ortho-quinones, which are
capable of cross-linking proteins essentially decreasing their digestibility (Constabel and
Barbehenn, 2008). When fed poplar leaves that were engineered to overexpress
polyphenol oxidase, forest tent caterpillars (Malacosoma disstria) hatched from aged egg
bands exhibited slower growth and had an overall higher mortality rate than caterpillars
feeding on non-transgenic plant tissue (Wang and Constabel, 2004).

Defense genes are not only upregulated locally at the site of wounding, but also
systemically, in unwounded tissue on wounded plants possibly as a preventative measure
against further insect attack. This systemic defense response was originally described in
tomato by Green and Ryan (1972) who suggested that the systemic induction of protease

inhibitors was dependent on the transport of a mobile signal from the wounded leaf to
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unwounded leaves. It has since become apparent that the mobile signal is transported in
the phloem, since the greatest induction of defense genes occurs in leaves that have the
strongest vascular connections with the wounded leaf (Davis et al., 1991; Orians et al.,
2000; Schittko and Baldwin, 2003; Viswanathan and Thaler, 2004). Girdling tomato
plants, thereby destroying phloem transport while leaving xylem intact, resulted in an
absence of the systemic induction of defense genes, providing strong evidence that the
signal moves within the phloem (Nelson et al., 1983; Rhodes et al., 1999). Furthermore,
when an inhibitor of active apoplastic phloem loading, p-chloromercuribenzenesulfonic
acid (PCMBS), was added to tomato after wounding, the systemic wound response was
inhibited (Narvaez-Vasquez et al., 1994). Studies in tomato, potato, tobacco, and poplar
provide evidence that that the signal moves bidirectionally, at least in some plants, which
is also in agreement with phloem transport pathways (Pena-Cortes et al., 1988; Schittko
and Baldwin, 2003; Major and Constabel, 2007).

The importance of vascular connections in plant defense has been extensively
studied in poplar. As described above, the strongest induction of defense genes occurs in
sink leaves with the strongest vascular connections to the wounded leaf (Davis et al.,
1991). Defense genes are also induced in roots (Major and Constabel, 2007).
Furthermore, the synthesis of phenolics is increased in wounded or JA-treated sink
tissues (Arnold and Schultz, 2002; Arnold et al., 2004), and this increase is positively
correlated with an increase in carbohydrates imported from source leaves. JA-treatment
has also been shown to increase carbohydrate transport to stems and roots (Babst et al.,

2005), possibly to sequester nutrients from leaf-chewing insects. Overall, the systemic
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defense response in poplar has been shown to effectively reduce subsequent feeding by

insect herbivores (Jones et al., 1993).

Altogether, phloem transport has an important role in the plant defense response,
but it is not known if phloem proteins play a role in this process. Interestingly, enzymes
involved in the biosynthesis of the phloem mobile defense signal, likely JA or a JA-like
molecule (Schilmiller and Howe, 2005), have been localized to sieve elements (see
section 1.2.1) (Hause et al., 2003). In addition, defense proteins including PIs, have been
identified in phloem sap (Haebel and Kehr, 2001; Barnes et al., 2004; Walz et al., 2004;
Giavalisco et al., 2006; Aki et al., 2008). Currently, it is not know if these proteins
function in plant defense (Kehr, 2006), but there is indirect evidence that some proteins in
phloem tissues may be differentially expressed in response to wounding. Based on
transgenic Arabidopsis plants in which a sucrose transporter promoter was fused to GUS,
staining repeatedly increased in phloem cells when the stems and leaves of plants were
cut suggesting that it is also wound inducible (Meyer et al., 2004). The same methods
were used with a ribonuclease LE gene localized to phloem tissue in tomato, and again
staining increased in response to wounding (Kock et al., 2004). However, there have
been no studies to specifically identify phloem sap proteins that are differentially
expressed in response to insect attack or wounding. Like the inducible defense proteins

described above, such proteins may also have a role in plant defense.

1.6 Objectives and rationale
Prior to this work, our knowledge of phloem and xylem sap proteins was limited

to annuals. The first objective of this study was to use MS to identify phloem and xylem
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sap proteins from the perennial, P. trichocarpa x P. deltoides (Chapters 2 and 5,

respectively). These proteins can then be compared to phloem and xylem sap proteins
from annual plants in order to identify proteins that may have particularly important
functions. In addition, novel phloem and xylem sap proteins may be identified. Poplar is
the model perennial choosen because it is ecologically and economically signficant and
the P. trichocarpa genome has been sequenced. A completed genome will be
indispensable in facilitating the identification of proteins. The second objective was to
use comparative proteomics to identify phloem exudate proteins that are induced in
response to insect feeding; as such proteins may have a role in plant defense (Chapter 2).
The wound-inducibility of phloem sap proteins has not been previously studied. After
identifying proteins of interest, the third objective was to produce antibodies as tools for
studying these proteins (Chapters 3 and 4). These antibodies will be used to further
characterize the expression and localization of these proteins, which may help to

elucidate their function within poplar.
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2 Analysis of the poplar phloem proteome and its response to
leaf wounding

2.1 Introduction
Phloem is a complex tissue with multiple roles in vascular plants. Its primary

function in transport of sugars and organic compounds from mature leaves to sink tissues
via the process of mass flow is well established (Taiz and Zeiger, 2006). More recently,
it has become apparent that phloem has essential roles in other plant processes such as
long-distance signalling. A large number of RNAs and proteins are present in phloem sap
(Lough and Lucas, 2006). This has led to the idea that macromolecules in the phloem
may play vital roles in plant development and environmental adaptation. For example, the
anti-viral defense known as post-transcriptional gene silencing appears to spread
systemically through phloem-mobile short interfering RNA (siRNA) (Lough and Lucas,
2006) and the elusive phloem-mobile 'florigen' which induces flowering in day-length
sensitive plants appears to be the FT protein (Lin et al., 2007). Clearly, understanding
many whole-plant processes will require a detailed knowledge of phloem contents
including proteins.

In flowering plants, the conducting tissue consists of sieve tubes, which are
composed of sieve-tube elements connected by cytoplasmic strands that pass through
pores in sieve plates (Taiz and Zeiger, 2006). Phloem sap is under positive pressure
which drives mass flow; therefore, sieve elements typically respond to damage by rapidly
sealing the pores at the sieve plates with phloem-specific proteins and callose. This
makes it difficult to collect phloem sap in large quantities for analysis, and thus the

identity of phloem proteins and other macromolecules has remained relatively obscure. In
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some plants belonging to the Cucurbitaceae, as well as Ricinus communis and Brassica
napus, relatively uncontaminated phloem exudate can be collected from incisions in the
stem (Milburn, 1970; van Bel, 2003; Giavalisco et al., 2006); in most other species,
phloem exudate can only be collected by adding the Ca®" chelator EDTA, which is
thought to prevent the sealing of sieve elements (King and Zeevaart, 1974).

Based on two-dimensional gel electrophoresis (2-DE) analyses, phloem exudate
has been estimated to contain hundreds of proteins (Fisher et al., 1992; Walz et al., 2004;
Giavalisco et al., 2006). At maturity, sieve elements lack a nucleus and functioning
ribosomes; thus the phloem exudate proteins are likely synthesized in companion cells.
To date, proteomic studies of phloem contents have been reported for annual plants such
as Cucumis sativus, Cucurbita maximus, Ricinus communis, Oryza sativa, and B. napus
(Walz et al., 2002; Barnes et al., 2004; Walz et al., 2004; Giavalisco et al., 2006; Aki et
al., 2008). Phloem proteins identified in these studies are involved in metabolism,
signaling, and transport (Barnes et al., 2004; Walz et al., 2004; Giavalisco et al., 2006;
AKi et al., 2008). A large number of stress response proteins were also identified in
phloem, in particular, antioxidant enzymes such as superoxide dismutase, peroxidase and
dehydroascorbate reductase (Walz et al., 2002). In addition, some herbivore defense
proteins such as proteinase inhibitors (PIs) and lectins were present in phloem exudate of
several species (Dannenhoffer et al., 2001; Barnes et al., 2004; Walz et al., 2004,
Giavalisco et al., 2006). The presence of both antioxidant and defense proteins in several
species suggests conservation of function of phloem proteins (Kehr, 2006); however,
almost no functional studies on phloem proteins have been reported (Lough and Lucas,

2006).
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The presence of herbivore defense proteins in phloem is intriguing, especially
because one of the best examples of long-range signalling in plants is the systemic
induction of herbivore defenses. Following localized insect feeding, defense proteins
such as the PIs accumulate rapidly in both wounded and unwounded leaves (Schilmiller
and Howe, 2005). This systemic induction in the unwounded leaves occurs preferentially
in leaves with the strongest vascular connections to the wounded leaf, suggesting signal
transmission via the phloem (Davis et al., 1991; Orians et al., 2000). The induction of
defense genes after leaf damage is not limited to leaves, but also occurs in roots (Major
and Constabel, 2007). The importance of phloem in herbivore defense signaling is further
emphasized by immuno-detection of jasmonic acid (JA) biosynthesis enzymes in sieve
elements (Hause et al., 2003), as JA or a JA-like molecule is considered to be a primary
systemic signal for herbivore defense activation (Schilmiller and Howe, 2005).

Despite the clear importance of phloem in adaptation to herbivory, no studies
have addressed changes in phloem sap proteins in response to insect attack or wounding.
While phloem feeding insects are known to induce a large number of genes in infested
tissues, it is not known if the gene products accumulate in phloem sieve elements (Kehr,
2006; Thompson and Goggin, 2006). To date, the only analysis of stress responses in
phloem exudate was carried out with C. sativus and C. maxima following drought
treatment. This stress induced an increase of superoxide dismutase and dehydroascorbate
reductase activity, but it is not clear if this resulted from an increase in the abundance of
the proteins (Walz et al., 2002).

Here we report the first analysis of the poplar phloem exudate proteome. We

optimized a method to collect poplar phloem exudate from excised stems segments using
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EDTA, and successfully identified 48 proteins using partial amino acid sequences

obtained from LC-MS/MS. In addition, we used comparative 2-DE to detect changes in
phloem protein profiles 24 h after wounding, and identified two proteins, pop3 and a

thaumatin-like protein (TLP), that are upregulated in phloem exudate after this treatment.

2.2 Materials and Methods
Plant materials

Poplar hybrid H11-11 (Populus trichocarpa x P. deltoides) saplings obtained
from the University of Washington/Washington State University Poplar Research
Program were propagated and grown in 2.5 L pots as described previously (Major and
Constabel, 2006). All plants were maintained at the University of Victoria, in the Bev
Glover greenhouse with a 16 h photoperiod. The temperature was maintained at 25/18 °C
(day/night) and plants were watered daily with 0.1 g/L 20-20-20 PlantProd fertilizer

(Plant Products, Brampton, ON, Canada).

Phloem exudate and bark sampling

To collect phloem exudate, 10 cm stem sections between leaf plastochron index
(LPI) 5-16 (Larson and Isebrands, 1971) were excised from three-month-old P.
trichocarpa x P. deltoides saplings and the leaves were removed. In order to prevent
contamination from xylem sap, a section of bark was removed from the basal end and the
exposed wood was sealed using a 90% lanolin / 10% paraffin wax mixture. The cut and
sealed end was washed, blotted dry, and placed into 50 mL Falcon tubes containing 300
uL of 50 mM Tris (pH 8.0) with 2 mM EDTA. The tubes were sealed and phloem

exudate collection proceeded for 2 h at room temperature. Protein samples were dialyzed
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overnight (Spectra/Por, 23 mm, MWCO: 6,000-8,000, Spectrum Laboratories,

RanchoDominquez, CA, USA) at 4 °C against 200 vol. deionized water, with one change
of H,O. Samples were then lyophilized, and resuspended in resolubilization buffer (§ M
urea, 65mM DTT, and 16 mM CHAPS) for 30 min at room temperature prior to protein
quantification using a modified Bradford assay (Ramagli and Rodriguez, 1985).

For analysis of ‘bark’ protein, green stem tissue including phloem, cortical cells,
and epidermis, was peeled from the surrounding lignified xylem cells. The tissue was
then ground to a fine powder in liquid nitrogen-chilled mortars, and proteins were
extracted as previously described (Haruta et al., 2001). Soluble protein was precipitated
using 2 vol. cold acetone for at least 1 h at -20 °C. After centrifugation (15 min, 16,000 x
) at 4 °C, the resulting pellet was washed twice with 80% cold acetone, dried, and

resuspended in resolubilization buffer. Proteins were quantified as described above.

Gel electrophoresis and immunoblotting

For sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), 10
ug of protein were separated on 12% polyacrylamide gels under a constant voltage (100
V) in a Mini PROTEAN II system (BioRad, Hercules, CA, USA). For 2-DE, 4 pg of
protein was diluted with rehydration buffer (8 M urea, 32 mM CHAPS, 20 mM DTT, and
0.5% v/v IPG buffer, pH 3-10 (Amersham Biosciences, Piscataway, NJ, USA) to a total
volume of 125 pL. The sample was then used to rehydrate a 7 cm Immobiline Drystrip
(Amersham) with a linear pH range of 3-10. Isoelectric focusing of the sample was
carried out for a total of 5.7 kVh with an IPGphor apparatus (Amersham). Prior to

running the second dimension, the proteins were reduced with 65 mM DTT followed by
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alkylation with 135 mM iodoacetamide, both in equilibration buffer (50 mM Tris-HCI,

pH 8.8, 6 M urea, 30% (v/v) glycerol, and trace bromophenol blue) for 15 min. The gel
was then fixed onto a 12% acrylamide gel (BioRad) using 0.5% (w/v) agarose. The
second dimension was completed as decribed for SDS-PAGE. Proteins were visualized
using either Bio-Safe Coomassie stain (BioRad) for 1D SDS-PAGE or Sypro Ruby
(BioRad) for 2-DE and gels were scanned using the ProXPRESS Proteomic Imaging
System (Perkin Elmer, Waltham, MA, USA).

For immunoblotting, after SDS-PAGE, proteins were electro-transferred to PVDF
membrane (Pierce, Brockville, ON, Canada) and proteins were detected using standard
protocols (Harlow and Lane, 1999). The anti-IsRuBisCO primary antibody (Agrisera,
Vinnas, Sweden) was detected using a horse radish peroxidase conjugated secondary

antibody and 3,3 diaminobenzidine tetrahydrochloride (DAB) as the substrate.

Immunolocalization

A gene encoding a thaumatin-like protein (TLP, JGI acc. no. 828883) was PCR-
amplified using 5’-GGGGGTCGACTGGACAAAAGGTTATCAAAT-3’ as the forward
primer and 5’-TTTTGGATCCCAATCTGTGACTTTCGACTT-3’ as the reverse primer.
The PCR products were cloned into the BamHI and Sall restriction sites of the pQE30
expression vector (Qiagen, Mississauga, ON, Canada) in frame with the N-terminal His-
tag. The recombinant protein was produced and purified as previously described (Haruta
et al., 2001). Anti-TLP antibodies were produced in rabbits using standard procedures at
Cocalico Biologicals (Reamstown, PA, USA). The TLP antiserum specifically labelled

proteins of the expected size in bark and phloem exudate samples, whereas the
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preimmune serum and pre-adsorbed TLP antiserum did not react with any proteins in
these samples (see Chapter 3).

For immunolocalization of TLPs, stem segments (near LPI 11) were fixed and
embedded in BMM resin mixture (4 parts n-butyl methacrylate to 1 part methyl
methacrylate) by Brent Gowen as previously described (Chaffey et al., 1997). Stem cross
sections (6 um thick) were cut and mounted on positive-charged glass slides. Prior to
labelling, the plastic was partially removed by soaking the sections in acetone for 20 min.
The sections were labelled with an anti-TLP antibody using standard protocols (Harlow
and Lane, 1999) and the antibody was detected with an Alexafluor 568 goat anti-rabbit
antibody (Molecular Probes, Eugene, OR, USA). Controls included omitting the primary
antibody or incubating sections with preimmune serum. Labelling was visualized using a
Zeiss Universal epifluorescence microscope equipped with a digital camera and a

fluorescein isothiocyanate filter (excitation at 495 nm and emission at 519 nm).

Identification of proteins with LC-MS/MS

Total phloem proteins were first separated using 1D SDS-PAGE and the
unstained lane containing the phloem proteins was excised and sliced into 15 gel
segments corresponding to different size ranges. The proteins were digested as previously
described (Poulis et al., 2005). After washing gel slices, the proteins were reduced with
50 mM DTT (Amersham) for 30 min at 56 °C and then alkylated with 100 mM
iodoacetamide (Sigma, Oakville, ON, Canada) for 30 min at 45 °C in the dark. After
dehydrating the gel pieces, the proteins were digested overnight with trypsin (20 ng/pL,

Promega) at 37 °C and then extracted with 100 mM Na,CO; for 1 h at 37 °C.
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Peptides were analyzed at the UVic Genome BC Proteomics Centre using a Q

TRAP hybrid triple quadrupole/linear ion trap MS/MS Mass Spectrometer equipped with
a nano-electrospray ionization source (Applied Biosystems/MDS Sciex) as previously
described (Wagner et al., 2007). MS data was processed with Analyst 1.4.1 software and
a built in Mascot script (1.6b16 ABI — Matrix Science Limited, Boston, MA, USA).
Trypsin was selected as the digest enzyme and up to one missed cleavage was allowed.
Carbamidomethyl cysteine was set as a fixed modification and variable modifications
included oxidation of methionine and deamidation of asparagine and glutamine. Peptide
tolerance and MS/MS tolerance were set at 0.5 Da and 0.3 Da, respectively. Parameters
also permitted one missed cleavage and were limited to 2+ and 3+ charged peptides.

A custom poplar database was developed and provided by the Treenomix project
(http://www.treenomix.ca/), University of British Columbia, comprising both EST and
genomic data was used for protein identification. Poplar ESTs (369,674 sequences) were
obtained from GenBank (http://www.ncbi.nlm.nih.gov/) and clustered using CAP3 to
produce 44,700 contigs and 52,316 singlets. Each sequence was translated in six
reading frames that were included as separate database entries. An additional 58,036 gene
models were included from version 1.1 of the P. trichocarpa genome provided by
the Joint Genome Institute (http://genome.jgi-psf.org/Poptrl 1/Poptrl 1.home.html), as
well as 1,818 poplar proteins present in GenBank. All unigene proteins from the
Arabidopsis thaliana (http://www.arabidopsis.org/) and Oryza sativa
(http://rice.plantbiology.msu.edu) genomes were also included. All sequence sources
were the most up-to-date available as of October 2006. Protein identification with Mascot

software was considered correct if the match had a score greater than 52, which is



24
indicative of identity or significant (P<0.05) similarity, and had at least two peptide

matches in which no other peptide sequence in the database gave a better score for that
spectrum (Perkins et al., 1999). In some cases, single peptide matches were deemed
correct if an antibody could be used to verify the presence of the protein in phloem
exudate samples using western blots (data not shown). SignalP 3.0 server
(http://www.cbs.dtu.dk/services/SignalP/) was used to predict the presence of N-terminal

signal peptides (Nielsen et al., 1997; Bendtsen et al., 2004).

Analysis of differentially regulated proteins using 2D gel electrophoresis

For wounding, the leaves of LPI 11-16 were crushed with pliers until
approximately two-thirds of the leaf margins were damaged. The remaining one-third of
the margins were wounded 1.5 h after the initial treatment. Phloem samples were
individually collected from six control and six wounded trees 24h after wounding and
pooled prior to analysis as described above. Samples from three biological replicates
were analyzed by 2-DE. Each sample was analyzed by three separate gels in order to
account for technical variation. The gels were stained, scanned, and analyzed with
Progenesis Workstation version 2003.02 (Nonlinear Dynamics, Newcastle upon Tyne,
UK). Comparative gel analysis was performed as described in Lippert et al. (2007).
Background subtraction was performed using the “mode of nonspot” method and
normalization was based on the “total spot volume’ method. Two-factor ANOVA tests
were used to compare protein expression levels between the control and wounded
samples and protein spots with a significant (P<0.05) induction were excised from 2-DE

gels and sequenced as described above.
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Carbohydrate analysis of phloem exudate

Sucrose, glucose, and fructose concentrations were quantified as previously
described (Campbell et al., 1999). Briefly, the sugars were enzymatically converted to
glucose 6-phosphate and carbohydrate concentrations were quantified colormetrically by
the production of NADH from NAD in conversion of glucose 6-phosphate to gluconate
6-phosphate using glucose 6-phosphate dehydrogenase (Sigma). For the sucrose assay,
the following modifications were made: 0.01% (w/v) bovine serum albumin was added to
the reagent mixture and a total of 50 U of sucrose phosphorylase (Sigma) was used for

the reactions for one 96-well microtitre plate. [Assays carried out by Dr. Lynn Yip]

2.3 Results
Collection of Populus phloem exudate

To facilitate the analysis of poplar phloem proteins, we tested several phloem
collection methods using an EDTA exudation buffer (King and Zeevaart, 1974; Marentes
and Grusak, 1998; Hoffmann-Benning et al., 2002). The samples were checked for the
absence of RuBisCO, an approach used previously to verify the purity of phloem samples
(Schobert et al., 1995; Marentes and Grusak, 1998; Giavalisco et al., 2006). On western
blots, commercial antibodies directed against the RuBisCO large subunit recognized the
corresponding poplar polypeptide, which was highly abundant in leaf and green stem
tissue (i.e., 'bark’) of poplar saplings at approximately 55kDa (Fig. 2-1b). We note that at
the stage used for experiments, these saplings have not yet developed true bark with cork

cambium, but have soft green photosynthetic stems; for simplicity, we refer to the green
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outer tissues as 'bark'. A second protein, approximately 33 kDa, was also detected in both

tissues after extended periods of staining, but appears to be due to non-specific binding.

' We first tested the method of Herschbach et al. (1998) for collection of poplar
phloem proteins with an EDTA solution. This method resulted in a relatively high protein
yield; however RuBisCO was detected in these samples (data not shown); therefore we
modified the technique to limit contamination from surrounding cells. Significant
amounts of protein were recovered in exudate collected using this modified method (Fig.
2-1a). If stems were incubated without EDTA or in the presence of excess CaCly, protein
yields were strongly reduced, confirming that this method promotes exudation of phloem
(data not shown). No RuBisCO could be detected in these exudate preparations,
indicating that contamination by other proteins is low (Fig. 2-1b).

To confirm the purity of the exudate obtained, sucrose, glucose, and fructose
concentrations of the exudate were measured (Campbell et al., 1999). Sucrose was the
most abundant carbohydrate, consisting of 90% of the total sugars measured (Fig. 2-1c).
The average ratio of sucrose: glucose and sucrose: fructose was 12 and 30, respectively.
Since sucrose is typically the primary form of sugar transported in phloem, these ratios
confirm that our samples contain predominantly phloem sap. To further corroborate this,
we also used 2-DE to compare protein profiles from bark tissue and phloem exudate (Fig.
2-2a). In this analysis, approximately 60 phloem proteins were visible, but up to 100
proteins could be detected when larger quantities of protein were loaded. The phloem
sample contained many proteins in the pH 3-7 range that were smaller than 70 kDa (Fig.
2-2b). Phloem exudate exhibited a protein profile clearly distinct from that of bark tissue,

suggesting that contamination from surrounding tissues was minimal.
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Figure 2-1. Analysis of hybrid poplar phloem exudate.

Comparison of poplar phloem exudate (Ph) to leaf (Le) and bark (Ba) proteins using (A)
Coomassie stained SDS-PAGE gel and (B) western blot with antibodies to RuBisCO (large
subunit). The arrow indicates the position of the RuBisCO protein. For both Coomassie and
western blot analyses, 10 pg of protein were loaded. C. Analysis of sugars in phloem exudate as

determined by enzymatic assays. Means and standard errors are shown (n=6).
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Characterization of the Populus phloem exudate proteome

To identify proteins in poplar phloem exudate, polypeptides were first separated
by 1D SDS-PAGE prior to analysis with LC-MS/MS. We obtained positive identification
for 48 proteins (Table 2-1). Comparisons with the Arabidopsis genome using BLAST
identified Arabidopsis homologs for most of the poplar proteins. Based on the
Arabidopsis gene ontology annotations, the phloem proteins were grouped into one of six
putative functional categories comprising energy/metabolism, amino acid metabolism,
signaling, stress response, structure, and unknown (Table 2-1). In a few cases, genes
known to be upregulated in poplar in response to environmental stresses were classified
with the stress response proteins (Major and Constabel, 2006; Ralph et al., 2006). Genes
within the stress category accounted for almost one-half of all proteins identified, and
included both oxidative stress response and defense-related proteins (Table 2-1).
Antioxidant proteins identified include glutathione S-transferase and 1,4-benzoquinone
reductase-like proteins. Several additional proteins with putative functional annotation as
oxidative stress proteins were also identified; however these hits were based on single
peptide matches and although the peptide scores were greater than 52 indicating
homology, they were excluded from the final list (Table 2-1). These proteins included
superoxide dismutase and peroxidase. A single peptide also matched a peroxiredoxin.
Defense-related proteins identified include a Kunitz trypsin inhibitor (TI), polyphenol
oxidase, and a pop3-/SP1-like protein, as well as the pathogenesis-related (PR) proteins
chitinase, B-1,3-glucanase and thaumatin-like protein (TLP). Thus, both herbivore and

pathogen defense proteins appeared to be present in the poplar phloem exudate.
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Table 2-1. Poplar phloem exudate proteins identified by LC-MS/MS.

JGI No. of

Protein Theoretical pjascot Matched
Identification 1D* MW pI  Score Peptides’ Function® S‘ignalPd
dTDP-glucose 4-6-
dehydratase/UDP-glucuronic acid
decarboxylase 832538 39104 6.13 105 2 ME
Enolase 575698 47924 5.67 159 3 ME
Glyceraldehyde 3-phosphate
dehydrogenase 728998 36724 636 @ 219 5 ME
Glycosyltransferase 826368 92152 6.18 598 14 ME
Glucose-6-phosphate 1-
dehydrogenase 736146 59156 6.29 112 2 ME
Malate dehydrogenase 564942 35714 6.13 219 4 ME
Triosephosphate isomerase 724697 27397 6.51 210 3 ME
Carbonic anhydrase 417951 25504 9.4 190 3 ME
Ribulose bisphosphate carboxylase,
large chain 279035 21534 6.47 88 2 ME
Lipolytic enzyme, G-D-S-L 758353 32714 8.82 124 3 ME y
Lipolytic enzyme, G-D-S-L 580490 42332 5.09 137 4 ME y
Phospholipase D1 829577 91816 5.03 134 2 ME
Glycine/serine
hydroxymethyltransferase 829808 51907 7.26 138 3 AA
S-adenosyl-L-homocysteine
hydrolase 597072 53195 5.75 289 6 AA
Vitamin-B12 independent
methionine synthase 679841 84592 6.27 791 17 AA
Annexin 818283 36018 6.2 152 3 SI
Annexin 643752 35965 6.17 102 3 SI
Cyclophilin type peptidyl-prolyl cis-
trans isomerase 813818 18094 8.72 216 4 SI
Multifunctional chaperone (14-3-3
family) 711617 29378 4.68 173 4 SI
1,4-benzoquinone reductase-like 726993 21671 5.97 94 3 SR
Glutathione S-transferase 243514 24195 573 207 5 SR
Bark storage protein B precursor
(nucleoside phosphorylase) 740814 35860 6.24 69 1 SR y
Vegetative storage protein win4.5 596927 35306 5.62 61 1 SR y
Nucleoside phosphatase (apyrase 2) 573883 49760 5.31 116 2 SR y
Polyphenol oxidase (PPO5) 674097 64884 6.31 79 2 SR y
Pop3-/SP1-like 822230 12976 5.73 72 2 SR
Kunitz trypsin inhibitor, miraculin-
like 763975 20273 5.01 183 3 SR

(Table continues on following page.)
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JGI No. of

Protein Theoretical pagcot Matched
Identification D* MW  pI  Score Peptides” Function® SignalP’
Caffeic acid 3-O-methyltransferase 834247 39732 548 150 5 SR
Phenylcoumaran benzylic ether
reductase 1 830063 33977 5.52 206 3 SR
B-1,3-glucanase (glycoside
hydrolase, family 17) 652688 31638 5.52 545 17 SR
B-1,3-glucanase (glycoside
hydrolase, family 17) 751998 36564 4.78 228 5 SR
B-glucosidase (glycoside hydrolase,
family 1) ' 294573 55629 5.85 94 2 SR
Chitinase (glycosyl hydrolase
family 18) 717157 40233 7.82 100 2 SR
Chitinase (glycosyl hydrolase
family 18) 746640 30847 4.42 164 5 SR
Chitinase (glycoside hydrolase,
family 19) 826290 29337 791 408 SR
Chitin-binding (hevein-like) 571046 20789 8.37 298 - SR
Thaumatin, pathogenesis-related,
PR-5 828883 25856 4.9 62 1 SR
Thaumatin, pathogenesis-related,
PR-5 669475 24731 7.89 332 5 SR
Defense-related protein containing
SCP/PR-1 domain 595857 17257 8.54 302 5 SR
Molecular chaperone (HSP90) 582316 79950 494 135 2 SR
Plant basic secretory protein (BSP)
family protein 549955 24995 7.18 162 2 SR
Tubulin alpha-2 chain 831020 49777 492 154 4 ST
Beta tubulin 203493 49713 478 126 2 ST
Beta-Ig-H3/fasciclin 728480 28208 795 122 3 ST
Fasciclin-like arabinogalactan-
protein 10 730906 43247 537 120 2 ST
Unknown (desiccation-associated) 642406 32846 4.83 181 2 UN
Unknown (DUF1278) 672963 11071 9.03 215 4 UN
Unknown (DUF26) 718495 26450 5.78 216 b UN

* Protein identification number was identified using the DOE Joint Genome Institute P.

trichocarpa genome v1.1.

® The peptide sequences used for identification, in addition to their molecular weight, charge, and

specific Mascot score can be accessed in Supplementary Table 2-1 found in Appendix 1.

¢ Abbreviations used for assigned functions are ME, metabolism; AA, amino acid metabolism; SI,
signalling; SR stress response; ST, structure, UN, unknown.

4 Proteins predicted to have an N-terminal signal peptide are designated with a y. SignalP

probability scores can be accessed in Supplementary Table 2-1.
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Energy/metabolism and protein/amino acid metabolism accounted for the
majority of the remaining proteins identified. Several proteins involved in glycolysis
were identified in poplar phloem exudate. Enzymes involved in amino acid metabolism
including glycine/serine hydroxymethyltransferase, S-adenosyl-L-homocysteine
hydrolase, and methionine synthase were also identified. Overall, our proteomic
experiments led to the identification of a broad range of proteins, with strong

representation by defense proteins.

Differential expression of poplar phloem proteins in response to wounding

To characterize systemic changes in the phloem protein profile triggered by
simulated leaf herbivory or wounding, comparative 2-DE was used to compare protein
profiles of phloem exudate collected from stem sections of control and wounded plants
24 h after wounding leaf margins. Visual inspection of the gels and mean spot volumes
indicated that the wound treatment did not lead to highly dramatic changes in the overall
protein profile. However, a systematic statistical analysis of all replicates determined that
two proteins were consistently and significantly (P< 0.05) upregulated in response to the
wound treatment (Fig. 2-3; Supplementary Fig. 2-1 and Supplementary Table 2-2). Both
protein spots were excised and subjected to LC-MS/MS, which identified them as pop3
protein and thaumatin-like protein (TLP) (Table 2-2). Pop3 has no similarity to proteins
of known function, but it is orthologous (99.1% amino acid identity) to the P. tremula

stable protein 1 (SP1). TLPs are similar to thaumatin, a sweet-tasting protein first
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Figure 2-3. Changes in hybrid poplar phloem exudate protein profiles following simulated

insect herbivory by leaf wounding.

The acidic portions of representative 2-DE gels used to compare protein abundance in

phloem exudate from control (A) and wounded trees (B) are shown. Circles indicate the

two proteins, pop3 and a thaumatin-like protein (TLP), that were significantly

upregulated in response to wounding (P<0.05). (C) Mean spot volumes and standard

errors for differentially regulated proteins, as calculated from three independent

experiments, each with three technical replicates.
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Table 2-2. Identification of two poplar phloem exudate proteins induced 24h after

wounding.
JGI No. of
Protein Theoretical Mascot Matched
Protein D MW pl Score Peptides Sequence Matches Charge
pop3 723969 12425 4.87 230 3 GTDLGMESAELNR 2.
GYTHAFESTFESK 2
SGLQEYLDSAAL AAFAEGFLPTLSQR 3
TLP 828883 25856 4.9 68 2 QQCPQAYSYAYDDK 2
SSTFTCPSGGNYLITFCP 2
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identified in the African shrub Thaumatococcus danielli, and also belong to the PR-5

family of pathogenesis-related proteins (Shatters et al., 2006; van Loon et al., 2006). In
response to wounding, pop3/SP1 and TLP increased in the phloem exudate by 1.3-fold
and 1.9-fold, respectively (Fig. 2-3¢). Both proteins have an acidic isoelectric point (Fig.
2-3a,b). TLP migrated at 23 kDa (Fig. 2-3a,b), similar to its predicted MW of 24 kDa
(Table 2-2). Pop3/SP1 had an observed MW of approximately

100 kDa (Fig. 2-3a,b), but its predicted MW is only 12.4 kDa (Table 2-2).

We could not rule out minor contamination of phloem exudate by some apoplast
proteins. Therefore, to independently confirm the presence of a PR protein within sieve
elements, we carried out immunolocalization with an antibody raised against the TLP
identified by our wounding experiment. In immunofluorescence experiments using
poplar stem cross-sections, TLP antiserum specifically labelled organelle-like structures
within large phloem cells, identified as sieve elements (Fig. 2-4f). When sections were
treated with preimmune serum or no primary antibody, no fluorescence could be
detected, verifying that this signal is specific for TLP (Fig. 2-4d, €). These experiments

confirm the sieve element origin of TLP in our exudate samples.

2.4 Discussion
Phloem exudates contain hundreds of proteins that are now being identified using

sensitive mass spectrometry techniques (Walz et al., 2002; Barnes et al., 2004; Walz et
al., 2004; Giavalisco et al., 2006). Here we describe the first analysis of phloem exudate
proteins in hybrid poplar. Of more than 100 proteins spots visualized by 2-DE, we

identified 48 proteins, including several defense- and pathogenesis-related proteins. The
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Figure 2-4. Localization of thaumatin-like proteins (TLP) in phloem cells of stem cross
sections.

Panels A-C show bright field images and panels D-F the corresponding immunofluorescent
images of stem cross sections. Panel D was treated without a primary antibody and panel E was
treated with preimmune serum, while panel F was treated with TLP antiserum. CZ, cambial zone;
PF, phloem fibres; and XV, xylem vessels. Arrows indicate labelled sieve elements. Scale bar =

20 pm.
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majority of phloem protein spots did not change in abundance 24 h after leaf wounding;

however, two proteins, pop3/SP1 and TLP, were significantly upregulated by wounding.

Poplar phloem exudate can be collected using EDTA

We tested and optimized a phloem collection technique that allowed us to collect
phloem exudate with minimal contamination by surrounding tissues, as visualized by the
absence of RuBisCO on western blots. Nevertheless, the RuBisCO large subunit was
detected by LC-MS/MS, a much more sensitive technique. Previously, the RuBisCO
large and small subunits were also identified in B. napus phloem sap collected via small
incisions into the stem, despite controls which indicated minimal contamination from
surrounding tissues (Giavalisco et al., 2006). Our controls also indicate that we have
collected phloem exudate of high purity based on the following observations. First, 2-DE
indicates that the pattern of phloem proteins is distinct compared to soluble bark proteins,
suggesting very little protein contamination. Second, many proteins identified in our
phloem exudate are known to be present in phloem of other plants. Third, sucrose was the
most abundant sugar analyzed in our exudate, present at 12- and 30-fold higher levels
than the hexoses glucose and fructose, which is consistent with the role of sucrose as the
primary sugar transported by the phloem (Oparka and Cruz, 2000). The ratio of sucrose:
glucose and fructose in our exudate preparations was four times greater than that reported
by Herschbach et al. (1998), though lower than reported for exudate collected from B.
napus (Giavalisco et al., 2006). In general, sucrose accounts for 95% of the total sugars in
phloem, consistent with our data. Our immunolocalization of TLP further confirms that

the phloem exudate collected contains proteins that are localized to phloem cells.
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Therefore, we conclude that EDTA provides a useful means to study phloem exudate in

poplar, yielding suitable protein quantities needed for comparative proteomic studies.

The poplar phloem proteome contains many stress response proteins

The suite of proteins identified in our analysis of poplar phloem exudate is
generally consistent with reports from other species. For example, enzymes for amino
acid metabolism and glycolysis are also found in phloem sap of various annual plant
species, and signaling proteins such as the annexins identified here were identified in the
phloem sap of B. napus and R. communis (Kennecke et al., 1971; Geigenberger et al.,
1993; Schobert et al., 1995; Schobert et al., 1998; Hoffmann-Benning et al., 2002; Barnes
et al., 2004; Walz et al., 2004; Giavalisco et al., 2006). Likewise, the structural proteins,
o~ and B-tubulin were localized in sieve elements of horse-chestnut and cotton (Thorsch
and Esau, 1982; Chaffey et al., 2000). The presence of antioxidant proteins is also
consistently noted in studies of phloem (Walz et al., 2002; Aki et al., 2008). A major
component of the stress response proteins in our poplar phloem samples was found to be
the herbivore and pathogen defense-related category. Protease inhibitors (PIs) are 'well-
known anti-herbivore defense proteins (Ryan, 1990), and PIs predicted to inhibit serine,
cysteine, and aspartic proteases were previously identified in phloem of other plant
species (Dannenhoffer et al., 2001; Walz et al., 2004; Giavalisco et al., 2006). In poplar
phloem, we detected a miraculin-like Kunitz trypsin inhibitor by LC-MS/MS, and the TI3
trypsin inhibitor using western analysis (data not shown). PIs reduce insect performance
by inhibition of gut proteases, and their role against leaf-eating insects has been well

established; in addition, they appear to affect phloem-feeding insects (Kehr, 2006). We
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also identified other known herbivore defense-associated proteins in poplar phloem
exudate, including PPO, a pop3/SP1-like protein, and vegetative storage proteins, which
are all consistently upregulated in poplar leaves by simulated herbivory (Davis et al.,
1993; Major and Constabel, 2006; Ralph et al., 2006). Our analysis thus extends the list
of defense-related proteins described from phloem; however, the function of such
proteins in defense against phloem-feeding insects remains to be tested directly. To date,
only in one report has the protective effect of a plant protein (a lectin) against a phloem-
feeding insect has been directly demonstrated using transgenic plants (Gatehouse et al.,
1996). Interestingly, a hevein-like lectin was recently found to be induced in wheat by a
sucking insect, the Hessian fly (Giovanini et al., 2007). We note that a protein with strong
similarity to this lectin was present in poplar phloem.

Several pathogenesis-related (PR) proteins, including TLPs, chitinases, and 3-1,3-
glucanases were identified in poplar phloem exudate. These types of proteins have
predicted N-terminal signal peptides and they are commonly detected in apoplastic fluids
(Buhtz et al., 2004; Kehr et al., 2005; Alvarez et al., 2006), however, similar proteins
have also been detected in phloem sap. For example, a 3-glucosidase was detected in
phloem sap of C. maxima (Walz et al., 2004) and several PR proteins, including a p-1,3-
glucanase, were recently identified in O. sativa phloem sap (Aki et al., 2008). Since we
were not able to completely rule out contamination from cell wall proteins using our
collection method and controls, we independently confirmed the sieve element
localization of one of the PR proteins, TLP, using immunofluorescence. This experiment

clearly demonstrated the intracellular localization of TLP within phloem cells, in
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particular in sieve elements. Several recent reports also localized TLP or PR-5 transcripts
to phloem tissue using in situ hybridization (Hong et al., 2004; Kavroulakis et al., 2006).
It is interesting to note that many PR proteins including TLPs, B-1,3-glucanases,
and chitinases are strongly induced in leaf tissue infested by various phloem-feeding
insects (Moran and Thompson, 2001; Gao et al., 2007; Kempema et al., 2007; Zarate et
al., 2007). It is not known whether the PR proteins induced by phloem-feeders
accumulate in phloem, but one can speculate that PRs in phloem may help defend against
such pest insects. This idea is indirectly supported from experiments in tomato, where
disruption of salicylic acid signaling, important for induction of PR proteins, resulted in

enhanced performance of aphids (Moran and Thompson, 2001).

Leaf wounding alters the abundance of specific phloem proteins

In our experiments, the global protein profile did not differ strongly between
control and wounded trees 24 h after wounding; we only detected two proteins that were
differentially regulated in response to wounding. By contrast, in whole leaf extracts, up to
90 protein spots can be easily found to be differentially regulated by wounding or elicitor
treatment (Giri et al., 2006). The process of collecting poplar phloem exudate involves
wounding stem tissue and therefore, it is possible that more phloem proteins are
differentially regulated, but their induction is masked by our collection technique. As
described above, a large number of stress-inducible proteins were identified in poplar
phloem exudate collected from healthy, unstressed poplar saplings; however, these types
of proteins have previously been shown to be constitutively expressed in phloem tissues

(Le Hir et al., 2008). In addition, temporal analyses indicates that the transcription of
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defense genes such as trypsin inhibitors and chitinases does not occur until two to six
hours after wounding (Haruta et al., 2001; Lawrence et al., 2006) and the transcription of
PR proteins, including PR-1 and B-1,3-glucanases, does not proceed until 20 to 40 hours
after pathogen infection (Friedrich et al., 1991; Ward et al., 1991; Vega-Sanchez et al.,
2005).

The two poplar phloem exudate proteins that were consistently and significantly
induced in poplar phloem by leaf wounding were identified as pop3/SP1 and thaumatin-
like protein (TLP). Neither protein was previously reported from phloem sap of other
plants, but both are known to be upregulated by biotic and abiotic stress (Wang et al.,
2002; Gu et al., 2004; Major and Constabel, 2006; Ralph et al., 2006; van Loon et al.,
2006). While the P. tremula SP1 gene was originally identified as a boiling stable
protein, it was also shown to be induced in response to salt, cold, drought, and freezing
stress treatments as well as herbivory (Wang et al., 2002; Gu et al., 2004; Renaut et al.,
2005; Ferreira et al., 2006; Ralph et al., 2006). The predicted protein does not have an
obvious biochemical function, but P. tremula SP1 has been shown to assemble into a
dodecamer that may function as a protein chaperone (Wang et al., 2002; Wang et al.,
2003; Dgany et al., 2004). Likewise, the pop3/SP1 protein identified in this study also
appears to form a large multimeric complex, based on its migration in 2-DE, but a
possible function will require further testing. Interestingly, chaperones such as heat shock
proteins are prominent in phloem sap and they may function in facilitating protein folding
as well as protein transport (Schobert et al., 1998; Walz et al., 2004; Giovanini et al.,
2007). By contrast, TLPs are often studied in the context of plant pathogen defense based

on their similarity to PR-5 proteins. However, TLP genes can also respond to other
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stresses including wounding and infestation by phloem feeding insects (Frendo et al.,
1992; Piggott et al., 2004; Gao et al., 2007; Kempema et al., 2007; Zarate et al., 2007).
TLPs can exhibit a wide range of biochemical activities including -1,3-glucan binding
and/or endo-B-1,3-glucanase activity, and 3-amylase and trypsin inhibitor activity (Trudel
et al., 1998; Grenier et al., 1999; Schimoler-O'Rourke et al., 2001; Menu-Bouaouiche et
al., 2003). Further research is needed to determine 1f this phloem-inducible poplar TLP
exhibits any such biological activity or deters insect feeding.

To summarize, we have undertaken the first characterization of phloem proteins
from a perennial plant. At least two of these proteins, pop3/SP1 and TLP, were induced
by leaf wounding, suggesting that they may have a role in plant defense. Further research
is needed to determine how these proteins function, where they originate, and if they are

mobile throughout the plant.
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3 Expression of thaumatin-like proteins in phloem tissues of
Populus trichocarpa x P. deltoides

3.1 Introduction
In angiosperms, the sieve elements involved in long-distance phloem transport

are sieve-tube elements (Evert, 2006). Sieve-tube elements undergo selective autophagy
and at maturity, they no longer have a vacuole, nucleus, or functioning ribosomes, but
they do retain their plasma membrane, mitochondria, endoplasmic reticulum, and
specialized plastids (Evert, 2006). At maturity, a large number of proteins, most likely
originating from closely associated companion cells, are also present in sieve elements
(Lough and Lucas, 2006). Analysis of Populus trichocarpa x P. deltoides phloem
exudate resulted in the identification of two thaumatin-like proteins (TLPs) (Chapter 2),
proteins with sequence similarity to the sweet tasting thaumatin protein discovered in
Thaumatococcus daniellii Benth (Selitrennikoff, 2001). One of these proteins, PtTLP1,
was induced 24 hours after leaves were mechanically wounded (Chapter 2). Even though
TLPs and closely related genes have been detected in phloem tissues (Hong et al., 2004;
Kavroulakis et al., 2006), these proteins have not been previously reported in phloem sap.
The presence of TLPs in poplar sieve-tube elements, however, was confirmed with
immunofluorescence using an antibody produced against recombinant PtTLP1 (Chapter
2). When stem cross sections were labelled with PtTLP1 antiserum, the fluorescent label
in sieve elements was punctate and appeared to be associated with organelle-like
structures, but the nature of these structures was not identified (Chapter 2).

Although some TLPs are constitutively expressed in flowers and fruits (Fils-

Lycaon et al., 1996; Clendennen and May, 1997; Salzman et al., 1998; Sassa and Hirano,
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1998; Ruperti et al., 2002; Van Damme et al., 2002; Gao et al., 2005), many TLPs are

known to be expressed in response pathogen infection and are therefore considered
pathogenesis-related (PR) proteins (van Loon et al., 2006). Currently PR proteins are
classified into 17 families and TLPs belong to the PR-5 protein family (van Loon et al.,
2006), which also includes permeatins that are found in cereal seeds and osmotins, a
protein first identified in salt-adapted tobacco cells (Anzlovar and Dermastia, 2003).
Typically, osmotins are basic PR-5 proteins that are targeted to vacuoles whereas other
PR-5 proteins, including TLPs, are acidic, extracellular proteins (Anzlovar and
Dermastia, 2003). Even with these differences, the sequence and structure of all PR-5
proteins are homologous to thaumatin (Anzlovar and Dermastia, 2003) and it has been
suggested that these proteins have not diverged enough to warrant the use of different
nomenclature (Shatters et al., 2006).

Proteins of the PR-5 family have had many types of biological and biochemical
functions attributed to them. Some TLPs are known to exhibit antifungal activity (Grenier
et al., 1999; Van Damme et al., 2002) and they function by permeabalizing fungal
membranes possibly by interacting with water or ion channels of fungal hyphae (Batalia
et al., 1996). Various TLPs have also been shown to bind (Trudel et al., 1998; Osmond et
al., 2001) and some even hydrolyze B-1,3-glucans (Grenier et al., 1999; Menu-
Bouaouiche et al., 2003) whereas other have been shown to inhibit xylanases (Fierens et
al., 2007) or a-amylases (Schimoler-O'Rourke et al., 2001). Currently, there is very little
known about the activity of PtTLP1 or any other TLP in poplar, even though these genes
are overrepresented in the P. trichocarpa genome as compared to the Arabidopsis

genome (Tuskan et al., 2006). A total of 57 genes are annotated as TLPs in the poplar
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genome and this large number may indicate that these proteins have evolved multiple
functions within poplars.

Here, we use the PtTLP1 antiserum, which appears to recognize multiple TLP
isoforms, to further characterize the expression of TLPs in poplar sapling tissues. We use
immunofluorescence to expand our knowledge concerning the cellular expression of
TLPs within stem segments and compare this pattern to other tissues. We also use
immunogold labelling and electron microscopy to characterize their subcellular

localization.

3.2 Materials and Methods
Plant materials

Poplar hybrid H11-11 (Populus trichocarpa x P. deltoides) saplings obtained
from the University of Washington/Washington State University Poplar Research
Program. These saplings were propagated and grown in 2.5 L pots as described
previously (Major and Constabel, 2006). All plants were maintained at the University of
Victoria, in the Bev Glover greenhouse with a 16 h photoperiod. The temperature was
maintained at 25 °C during the day and 18 °C at night. Plants were watered daily with 0.1

g/L 20-20-20 PlantProd fertilizer (Plant Products, Brampton, ON, Canada).

Tissue sampling and protein extraction
Samples were collected from the apex and petioles and blades corresponding to
leaf plastochron index (LPI) 3-5, 9-11, 15-17 (Larson and Isebrands, 1971). Midveins

were dissected and analyzed for only LPI 9-11 and LPI 15-17. Insufficient quantities of
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protein were extracted from midveins of LPI 3-5 for western analysis. Bark and wood
samples were collected from LPI 9-11. As described in Chapter 2, bark samples
consisted of green stem tissue peeled from the wood or lignified secondary xylem. Root
samples were collected from areas of new root growth (young root) and areas near the
base of the stem (old root). Plant tissue was frozen and ground in liquid N in a pre-
cooled mortar and pestle. Total soluble proteins were extracted using sodium phosphate
buffer (100 mM NaPO4, pH 7.0 containing 0.1% (v/v) Triton X-100, and 2% (v/v) B-
mercaptoethanol) as previously described (Haruta et al., 2001). Phloem exudate was
collected as previously described in Chapter 2. Briefly, stem sections, approximately 10
cm in length, were excised between LPI 5-16 and a section of bark was removed from the
cut end exposing wood which was then sealed using a 90% lanolin, 10% paraffin wax
mixture. The cut and sealed end was washed, blotted dry, and then placed into exudation
buffer (50 mM Tris, pH 8.0, 2 mM EDTA) for 2 h at room temperature. Tissue survey
samples and phloem exudate samples were acetone precipitated with 2 vol. cold acetone
for at least one hour at -20 °C. After 15 min of centrifugation at 16,000 x g at 4 °C, the
resulting pellet was dried and resuspended in Laemmli buffer (Laemmli, 1970) and

quantified using a RC DC protein assay (BioRad, Hercules, CA, USA).

Gel electrophoresis and immunoblotting

Two-dimensional gel electrophoresis (2-DE) was completed as described in
Chapter 2. Briefly, 50 pg of phloem exudate protein diluted with rehydration buffer (8 M
urea, 32 mM CHAPS, 20 mM DTT, and 0.5% (v/v) IPG buffer, pH 3-10 (Amersham

Biosciences, Piscataway, NJ, USA) was used to rehydrate a 7 cm Immobiline Drystrip
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(Amersham) with a linear pH range of 3-10. Isoelectric focusing of the sample was

carried out for a total of 5.7 kVh with an IPGphor apparatus (Amersham). Proteins were
then reduced and alkylated prior to separation with SDS-PAGE. Proteins were visualized
using Bio-Safe Coomassie stain (BioRad) and gels were scanned using the ProXPRESS
Proteomic Imaging System (Perkin Elmer, Waltham, MA, USA).

For immunoblotting, proteins (10 pg) were first separated with 15%
polyacrylamide gels as described above and then electro-transferred to PVDF membrane
(Pierce, Brockville, ON, Canada). To detect TLP, blots were labelled with a polyclonal
antibody generated against recombinant PtTLP1 protein (Chapter 2) and then visualized
with an alkaline phosphatase conjugated secondary antibody using 5-bromo-4-chloro-3’-
indolyphosphate p-toluidine salt (BCIP) and nitro-blue tetrazolium chloride (NBT) as
substrates. The specificity of the PtTLP1 antiserum was tested by labelling blots with
preimmune serum or pre-adsorbed PtTLP1 antiserum. To pre-adsorb antiserum, 30 pL of
PtTLP1 antiserum (total protein 1200 pg) was diluted 1:5 with deionized H,O and then
incubated with an equal quantity of denatured recombinant PtTLP1 protein for 24 h at

4 °C with constant shaking.

Light microscopy and immunofluorescence

Petioles and midveins corresponding to LPI 3 and LPI 11 and stem segments near
LPI 11 were excised, then fixed and embedded in BMM resin mixture (4 parts n-butyl
methacrylate to 1 part methyl methacrylate) as previously described (Chaffey et al.,
1997). Stem cross sections (6 pm thick) were cut and mounted on positive-charged glass

slides. Prior to labelling, the plastic was partially removed by soaking the sections in
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acetone for 20 min. The sections were labelled with a PtTLP1 antiserum using standard
protocols (Harlow and Lane, 1999) and the antibody was detected with an Alexafluor 568
goat anti-rabbit antibody (Molecular Probes, Eugene, OR, USA). Controls included
omitting the primary antibody or incubating sections with preimmune serum. Fluorescent
labelling was visualized using a Zeiss Universal epifluorescence microscope equipped
with a digital camera and a fluorescein isothiocyanate filter (excitation at 495 nm and
emission at 519 nm). [Samples for immunolocalization were prepared by Brent Gowen]
Electron microscopy

Stem sections near LPI 11 were collected and immediatelly placed in freshly
prepared fixative buffer (sodium cacodylate buffer containing 3% (v/v) glutaraldehyde
and 3% (v/v) formaldehyde (Karnovsky, 1965)) for 1.5 h at room temperature with
constant rotation. Samples were washed thoroughly with fixative buffer prior to
dehydration with a graded ethanol series (50, 70, 80, 90, 95, and 2 X 100% (v/v) ethanol
for 10 min each). After dehydration, samples were infiltrated with a mixture of ethanol
and LR White (Electron Microscopy Sciences, Hatfield, PA, USA) at ratios of 1:1 and
1:3 for 30 min each, followed by two incubations with pure LR White for 30 min each.
Samples were placed into individual gelatin capsules and then polymerized at 50 °C for
24 h. Ultrathin sections were cut and mounted on formvar/ carbon coated nickel grids
(Electron Microscopy Sciences). Sections were first pre-treated with saturated sodium
metaperiodate for 10 min and then incubated with PBS/ ovalbumin (1% (w/v) ovalbumin
(Sigma-Aldrich, Oakville, ONT, Canada) in PBS) for 10 min prior to labelling with

PtTLP1 antiserum for 1 h. Sections were then washed three times, 5 min each, with PBS/
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ovalbumin and incubated with the secondary antibody (12 nm Colloidal Gold-AffiniPure

Goat Anti-rabbit IgG (H+L), Jackson Immunoreseach Inc., West Grove, PA, USA) for 1
h. Sections were washed three times as described above and then washed four times, 1
min each, with deionized H,O. Prior to viewing, sections were stained with 5% (w/v)
uranyl acetate in 50% (v/v) ethanol for 10 min, washed four times with deionized H,O,
incubated with 5% (w/v) lead citrate for 1 min and washed an additional four times with
deionized H,0. Sections were viewed with a Hitachi H-7000 transmission electron
microscope and images were taken with a digital camera (Advanced Microscopy
Technique Corp., Danvers, MA, USA). To verify the specificity of PtTLP1 antiserum,
sections were also incubated with PBS/ ovalbumin (no antibody), preimmune serum, or
pre-adsorbed PtTLP1 antiserum (see gel electrophoresis and immunoblotting in the
materials and methods above). For the cytosol, and various components of sieve
elements, phloem parenchyma cells, and phloem fibres, the density of gold labelling for
each treatment was calculated by averaging the number of gold particles/ um? from five

replicate areas in three separate stem tissue samples.

3.3 Results
Characterization of PtTLPI protein

The PtTLP1 protein was compared with translated plant nucleotide sequences in
the National Center for Biotechnology Information database using tblastn. The top non-
poplar matches were CHTL, Mal d 2, PsTL1, and PpAz8, TLPs identified in cherry fruit,
apple fruit, pear styles, and peach flowers, respectively. These TLPs share greater than
60% amino acid identity with PtTLP1. Similar to these proteins, PtTLP1 has a predicted

signal peptide targeting it to the secretory pathway. Analysis by SignalP (Nielsen et al.,
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1997; Bendtsen et al., 2004), a program that predicts N-terminal signal peptide cleavage

sites, suggests that PtTLP1 has a predicted cleavage site between amino acids 26 and 27.
The predicted molecular weight of the mature, processed protein is therefore
approximately 23 kDa, which is consistent with the molecular weight observed in
previous work (Chapter 2).

TLPs can be classified into two categories, large or small. PtTLP1 is an example
of a large TLP based on the conservation of 16 cysteine residues that are found in other
large TLPs (Fig. 3-1). In addition to conserved cysteines, all PR-5 proteins have an acidic
cleft formed by five negatively charged amino acids (Batalia et al., 1996; Koiwa et al.,

1999; Min et al., 2004; Leone et al., 2006), which are conserved in PtTLP1 (Fig. 3-1).

Western blot analysis of TLPs in poplar

The PtTLP1 antiserum detected a 23 kDa as well as a 31 kDa protein in bark and
phloem exudate (Fig.3- 2a). Based on its predicted molecular weight (23 kDa), the 23
kDa band corresponds to PtTLP1. This 23 kDa band is also consistent with the migration
of the protein spot from which PtTLP1 was sequenced when proteins were separated by
2-DE (Chapter 2). The antiserum also strongly detected a 31 kDa protein in both samples
(Fig. 3-2a). No proteins were labelled when western blots were incubated with
preimmune serum or pre-adsorbed PtTLP1 antiserum, indicating that the PtTLP1
antiserum is specific to both proteins (Fig. 3-2b, c).

Based on these observations, it appears that the PtTLP1 antiserum cross-reacts
with one or more TLP isoforms. We observed that in addition to PtTLP1, two other TLPs

(JGI protein IDs 669475 and 583370) were identified in poplar phloem exudate. TLP
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Figure 3-1. Alignment of the processed PtTLP1 protein sequence (JGI protein ID 828883)
with the processed sequences of previously characterized TLPs.

Sequences were retrieved from the National Center for Biotechnology Information with the
following accession numbers: CHTL (AAB38064), Mal d 2 (AAX19846), PsTL1 (BAA28872),
PpAz8 (AAMO00215), Zeamatin (P33679), and PR-5d (P258871). Black boxes indicate areas of
identity and grey boxes represent amino acid changes that are conserved. Asterisks (*) indicate

the position of conserved cysteine residues and arrows mark the position of the residues that

contribute to the formation of an acidic cleft in TLPs.
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Figure 3-2. Expression PtTLP1 and closely related TLPs in P. trichocarpa x P. deltoides
saplings.

Western blots of bark (Ba) and phloem exudate (Ph) proteins labelled with A) PtTLP1 antiserum,
B) preimmune serum and C) pre-adsorbed PtTLP1 antiserum. D) Survey of poplar tissues by
western blot labelled with PtTLP1 antiserum. Samples were collected from the apex, leaves (Le)
and petioles (Pe) from positions LPI 3-5, 9-11, and 15-17, midveins (MV) from LPI 9-11 and 15-
17, bark and wood collected from LPI 9-11 and old and young root samples. Arrows indicated the
position of the 23 kDa and 31 kDa proteins detected by anti-PtTLP1.
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669475 (Chapter 2) is only 49% identical to PtTLP1, but TLP 583370 (Supplementary

Table 3-1) is 88% identical to PtTLP1 and it has a predicted molecular weight of 31 kDa
(Fig. 3-3), which is consistent with the molecular weight of the second protein recognized
by the PtTLP1 antiserum in poplar phloem exudate. TLP 583370 is one of ten TLPs in
the P. trichocarpa genome that share greater than 80% sequence identity with PtTLP1 at
the amino acid level. Each of these proteins have several long stretches of amino acids
(>10 amino acids) that are identical to PtTLP1 (data not shown).

Both the 23 kDa and 31 kDa TLPs exhibit very different tissue-specific
expression patterns as visualized with western blots (Fig. 3-2). The 23 kDa protein was
most abundant in petioles, midveins, bark, and roots; all tissues with prominent vascular
systems. However, it was only weakly detected in the shoot apex and young leaves (Fig.
3-2d). In contrast, the 31 kDa TLP was very abundant in the shoot apex and young
leaves. It was also strongly labelled in bark samples. The 31 kDa protein was not labelled
in midveins or roots and was only faintly detected in young and old petioles, tissues
where the 23 kDa band was clearly visible. Little or no label was detected for either

protein in older leaf and wood samples.

Immunolocalization of TLPs

Preliminary observations suggest that PtTLP1 is located inside sieve elements of
stem sections (Chapter 2). Further, the fluorescent labelling observed with the PtTLP1
antiserum was punctate, suggesting that the PtTLP1 protein was associated with
organelle-like structures. In young and old petiole and midvein sections a similar

punctate labelling pattern was detected (Fig. 3-4b, d, f, h). In stem and young petiole
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Figure 3-3. 2-DE of poplar phloem exudate proteins (S50pg) to show relative positions of
PtTLP1 and second TLP (JGI protein ID 583370) sequenced from phloem exudate.

The 31 kDa TLP protein (JGI protein ID 583370) sequenced by LC-MS/MS is circled and the
position of PtTLP1 (see Chapter 2) is indicated by an arrow (—).
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cross sections, intracellular labelling was also detected in a second phloem cell type;
phloem parenchyma cells typically adjacent to phloem fibres (Fig. 3-4b, j). Again, this
immunofluorescence labelling was punctate suggesting that the PtTLP1 antiserum was
labelling another intracellular, organelle-like structure. In addition, labelling was also
detected in cell walls surrounding sieve elements specifically in stem, and old petiole and
midvein sections (Fig. 3-4d, h, j). In contrast, no fluorescence could be detected when
sections were labelled with PBS/ ovalbumin (no primary antibody) or with TLP
preimmune serum (Chapter 2, data not shown).

The subcellular localization of PtTLP1 was characterized with immunogold
labelling and electron microscopy. The PtTLP1 antiserum clearly labelled plastids inside
phloem parenchyma cells in sections of mature stem (Fig. 3-5b). These plastids had very
large starch granules and label was associated with these and the regions around the
plastid membranes (Table 3-1). The PtTLP1 antiserum also labelled starch granules in
sieve elements of mature stem (Fig. 3-6b).

In addition, immunogold labelling was also detected in the cell walls, but only in
the cell walls of sieve elements and phloem fibres (Fig. 3-6¢, 3-7b). In sieve elements,
84% of the gold label was found in the inner cell wall and very strong labelling was also
observed in the callose deposited in the sieve pores of sieve plates (Fig. 3-6b). In adjacent
phloem fibres, labelling was concentrated in the pectin-rich cell corners found between
neighbouring fibres (Fig. 3-7b), but nowhere else.

To determine the specificity of immunogold labelling with PtTLP1 antiserum,
stem sections were labelled with PBS/ ovalbumin (no primary antibody), preimmune

serum, or pre-adsorbed PtTLP1 antiserum (data not shown). No label was detected when
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Figure 3-4. Inmunofluorescence of TLPs in the phloem of diverse poplar tissues.

A), C), E), G), and I) show bright field images and B), D), F), H), and J) show the
corresponding immunofluorscent images of young petiole (LPI 3), old petiole (LPI 11),
young midvein (LPI 3), old midvein (LPI 11), and stem (LPI 11) cross-sections labelled
with PtTLP1 antiserum, respectively. PH, phloem; PF, phloem fibres; and XV, xylem

vessels. Arrows indicate labelled sieve elements. Scale bar =20 pm.
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sections were labelled with PBS/ ovalbumin, but a low level of gold was detected with

the preimmune serum and pre-adsorbed PtTLP1 antiserum in the cell wall and starch
granules of sieve elements, the starch containing plastids in phloem parenchyma, and the
pectin-rich cell wall joints of phloem fibres. In addition, these two controls strongly
labelled callose found in the sieve plates of sieve elements. On western blots, however,
neither the preimmune nor pre-adsorbed antisera detected any proteins (Fig. 3-2b, c);
these results suggest that components of the sera may be non-specifically labelling these
cellular components. We therefore calculated the average density of labelling for regions
of interest in stem sections treated with PtTLP1 antiserum, preimmune serum, and pre-
adsorbed PtTLP1 antiserum. The density of labelling was also calculated for the cytosol
as a background control for each treatment (Table 3-1). With the exception of the cytosol,
the density of labelling was consistently and significantly (Student’s t-test, P<0.05)
higher in sections labelled with PtTLP1 antiserum compared to either control treatments.
This suggests that despite some non-specific background, the PtTLP1 antiserum is
specifically labelling TLPs in the cell wall and starch granules of sieve elements, the
starch containing plastids in phloem parenchyma, and the pectin-rich cell wall joints of
phloem fibres. For callose of sieve elements, however, the density of non-specific
labelling of callose was particularly high in both controlAtreatments. Thus in this region,
the density of gold label in the callose region was only 1.6 times greater when treated

with PtTLP1 antiserum as compared to the preimmune serum (Table 3-1).



Figure 3-5. Immunogold labelling of a phloem parenchyma cell in mature stem with
PtTLP1 antiserum.

A) Low magnification image of a phloem parenchyma cell. Scale bar = 5 pm. Arrow indicates

position of magnified B) starch (S)-containing plastid. Scale bar = 500 nm.



Figure 3-6. Immunogold labelling of a sieve element in mature stem with PtTLP1

antiserum.
A) Low magnification image of sieve element. Scale bar = 5 pm. Arrows indicate position of
magnified B) sieve plate and C) cell wall. CA, callose; CW, cell wall; S, starch; SP, sieve pore.

Scale bars = 500 nm.
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Figure 3-7. Immunogold labelling of a phloem fibre in mature stem with PtTLP1 antiserum.

A) Low magnification image of phloem fibres with thick secondary cell walls. Scale bar =2 um.
Arrow indicates position of magnified B) cell wall joint. PR, pectin-rich region; SCW, secondary

cell wall. Scale bar = 500 nm.
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Table 3-1. Average density” of preimmune serum, pre-adsorbed PtTLP1 antiserum, and

PtTLP1 antiserum labelling.

Pre-adsorbed PtTLP1
Preimmune Serum PtTLP1 antiserum antiserum

Sieve Element

Cell Wall 0.498 (= 0.120) 1.372 (£ 0.177) 5.345 (= 0.685)

Callose 22.369 (=2.379) 9.992 (+ 0.926) 35.100 (= 3.466)

Starch Granules 1.765 (= 0.361) 1.132 (= 0.403) 11.620 (= 1.920)
Phloem Parenchyma

Plastids containing Starch 1.463 (= 0.176) 0.887 (+ 0.220) 4.461 (= 0.993)
Phloem Fibres

Pectin-rich region 0.743 (= 0.130) 0.350 (+0.105) 2413 (=0.316)
Cytosol 0.141 (£0.038) 0.205 (+0.094) 0.239 (+0.081)

* Average number of gold particles/ um” + SE, n=15
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3.4 Discussion
In the current report, we used the PtTLP1 antiserum for immunogold labelling

and electron microscopy to confirm the presence of TLPs inside sieve elements and
determine that the organelle-like structures observed by immunofluorescence are starch
granules. Furthermore, the PtTLP1 antiserum labelled proteins within starch-containing
plastids in phloem parenchyma cells. In addition to intracellular labelling, the PtTLP1
antiserum detected proteins in the cell walls of sieve elements and phloem fibres, and
labelled the callose deposited around sieve pores of sieve elements. With the exception of
older leaves and wood, TLPs appear to be constitutively expressed throughout poplar

saplings, but the cellular expression of TLPs is not consistent among all tissues.

Multiplicity and diversity of TLPs in poplar

Prior to using the PtTLP1 antiserum to study the expression of TLPs, we used
western blots to characterize the labelling observed with the antibody and verify its
specificity for TLPs. In phloem exudate and bark proteins, two samples in which PtTLP1
had been previously detected (Chapter 2), the PtTLP1 antibody labelled two proteins, a
23 kDa protein and a 31 kDa protein. This labelling appeared to be specific to TLPs
given that both controls, the preimmune serum and pre-adsorbed PtTLP1 antiserum, did
not label any proteins on westerns. The size of the 23 kDa band is consistent with the
predicted and observed molecular weight of the processed, mature PtTLP1 protein
indicating that this protein is most likely PtTLP1 (Chapter 2). The 31 kDa protein,
however, is likely to be a second closely related TLP that is cross-reacting with the
PtTLP1 antiserum. In addition to the 23 kDa PtTLP1 protein that was originally detected

in poplar phloem exudate, a second TLP (JGI protein ID 583370) migrating at 31 kDa
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was also identified in phloem exudate. Since this protein is 88% identical to PtTLP1 it is

conceivable that it corresponds to the 31 kDa protein recognized by the PtTLP1
antiserum on western blots. The difference in expression profiles of the 23 kDa and 31
kDa proteins provide further evidence that the PtTLP1 antiserum recognized two distinct

proteins.

Localization of TLPs in phloem tissue

When stem cross sections were labelled with PtTLP1 antiserum, fluorescent label
appeared to be specifically associated with organelle-like structures inside sieve
elements. Using immunogold labelling and electron microscopy, these organelle-like
structures inside sieve elements were identified as starch granules, apparently remnants of
specialized starch containing plastids present in sieve elements (van Bel et al., 2002;
Wise, 2006). There are two types of plastids in sieve elements, S- type plastids that only
contain starch and P- type plastids that contain proteins and in some cases starch. The
function of these plastids is currently unknown (Wise, 2006), but it is known that they are
very sensitive to wounding and they rupture even upon inserting microcapillaries into
sieve tubes (van Bel et al., 2002). When these plastids rupture, the plastid membrane
remains attached to the plasma membrane and its contents are released (Knoblauch and
van Bel, 1998). It is therefore possible that the starch granules were released during the
fixation process. Interestingly, other PR-5 proteins that have also been localized to
plastids (Jeun and Buchenauer, 2001; Liljeroth et al., 2005; Sturrock et al., 2007). The

PtTLP1 antiserum also labelled intact plastids in phloem parenchyma cells.
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The plastids labelled in phloem parenchyma cells are starch-containing plastids.

The immunogold labelling was detected in the membrane region and it was also
associated with the starch. The labelling of starch in sieve elements and phloem
parenchyma cells is similar to a previous study in which a tomato osmotin (AP24) was
specifically localized to starch granules found in chloroplasts (Jeun and Buchenauer,
2001).

TLPs have also been previously localized to cell walls and extracellular vesicles
(Dore et al., 1991; Melchers et al., 1993; Sturrock et al., 2007) and they have been
detected in apoplastic fluids (Rep et al., 2002; Buhtz et al., 2004; Piggott et al., 2004;
Alvarez et al., 2006; O'Leary et al., 2007). Consistent with these reports, the PtTLP1
antiserum labelled proteins in the apoplast, specifically in pectin-rich cell wall areas of

phloem fibres and in cell walls and the callose surrounding sieve pores of sieve elements.

Expression of TLPs in poplar

Fluorescent label was detected in sieve elements for all of the tissues analyzed,
but labelling of phloem parenchyma cells was limited to young petioles (LPI 3) and bark
(LPI 11). A similar trend was observed for the expression of the two proteins detected by
PtTLP1 antiserum with western blots. Thus, the 31 kDa protein was also strongly
detected in the same tissues in which phloem parenchyma cells were labelled, in
particular bark (LPI 11) and petioles. The 23 kDa protein had a more ubiquitous
expression pattern and was detected in every tissue analyzed with the exception of old
leaves and wood. Generally, the 23 kDa protein was most abundant in tissues that have a

well-developed vascular system, indicating that this protein may be correlated to the
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PtTLP1 labelling detected in cell walls and callose surrounding sieve pores of sieve
elements. By contrast, the 31 kDa TLP may be specific to starch and starch containing
plastids found in parenchyma cells. This hypothesis is further supported by the
observation that PtTLP1 is only weakly detected in the shoot apex, a tissue that does not
have extensive vascular development. The 31 kDa protein, however, was very abundant
in the apex and when sections of shoot apex were labelled with PtTLP1 antiserum,
intracellular organelle-like structures, similar to those observed in phloem parenchyma,
were strongly labelled (data not shown). Overall there is a good correlation between

protein abundance observed in western blots and immunolocalization patterns.

Potential functions of constitutively expressed TLPs

Currently, the precise biochemical and physiological functions of TLPs in poplar
is unknown. Many TLPs identified in other plant species appear to be involved in
pathogen defense (van Loon et al., 2006) and the transcription of PtTLP1 is increased in
poplar leaves in response to Melampsora infection (Miranda et al., 2007). PtTLP1,
however, is also expressed in the absence of pathogen infection suggesting it has
additional functions within poplar. Interestingly, compared to other plant protein
sequences, it was most similar to developmentally regulated TLPs. For example, PsTL1
which accumulates in styles of Japanese pear (Sassa and Hirano, 1998), is 67% identical
to PtTLP1; CHTL, a TLP identified in ripe cherry fruit (Fils-Lycaon et al., 1996) is 61%
identical; and Mal d 2, a known allergen found in apple fruit (Krebitz et al., 2003), and
PpAz8, a TLP expressed in peach flowers (Ruperti et al., 2002), are both 60% identical to

PtTLP1. Of these proteins, the activities of CHTL and Mal d 2 have been characterized
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and only Mal d 2 is known to exhibit antifungal activity. CHTL has no known antifungal

activity, but it has been shown to bind and hydrolyze B-1,3-glucans. Interestingly, callose
is a B-1,3-glucan and PtTLP1 appears to be localized to callose. The site of f-1,3-glucan
binding appears to be the acidic cleft that is formed by five charged amino acids between
domains I and II of TLP proteins (Osmond et al., 2001; Menu-Bouaouiche et al., 2003;
Reiss et al., 2006). These amino acids are conserved in PtTLP1 and it is therefore
possible that PtTLP1 binds and possibly hydrolyzes callose.

The localization of TLPs to sieve elements may also indicate a possible role in
defense against insects, specifically phloem-feeding insects. TLPs and other PR-5 genes
are known to be induced in leaves in response to various phloem-feeding insect (Gao et
al., 2007; Kempema et al., 2007; Zarate et al., 2007) and the PtTLP1 protein was induced
in phloem exudate in response to simulated insect feeding (Chapter 2). The exact function
of TLPs in insect defense is currently unknown, but they may negatively impact insect
feeding or they may be involved in signaling. For example, the PR-5 protein, zeamatin, is
capable of inhibiting a-amylase activity extracted from larval insect guts (Schimoler-
O'Rourke et al., 2001), but TLPs have also been shown to hydrolyze B-1,3-glucans into
smaller B-1,3-glucans that can elicit a defense response in tobacco cell cultures
(Klarzynski et al., 2000). Therefore, in order to fully comprehend the role of phloem
exudate TLPs in plant defense, activity assays are needed to determine their biochemical

function.
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4 Two poplar pop3 proteins identified in poplar phloem exudate
exhibit distinct expression patterns and biochemical properties

4.1 Introduction
Two proteins with sequence similarity to pop3, a functionally uncharacterized,

stress-inducible protein, were identified in Populus trichocarpa x P. deltoides phloem
exudate collected from stems (Chapter 2). These two proteins were designated pop3.1
and pop3.4. Based on comparative two-dimensional gel electrophoresis (2-DE), one of
these proteins is induced in phloem exudate 24 h after leaf wounding (Chapter 2). Prior to
this study, pop3 proteins had been detected in extracted leaf proteins (Wang et al., 2002;
Renaut et al., 2005; Ferreira et al., 2006; Lee et al., 2008), but they have not been
previously reported in phloem exudate.

Pop3 was originally identified in P. trichocarpa x P. deltoides and it is
orthologous (>99% identical) to stable protein 1 (SP1), a protein identified by
immunoscreening a P. tremula expression library with antibodies produced against a 66
kDa protein named BspA (Wang et al., 2002). BspA is a boiling stable proteins that is
expressed in water stressed P. tremula leaves. Its N-terminal sequence is similar to wheat
germins (Pelah et al., 1995), but its biochemical function is not known. Surprisingly,
there were no sequence similarities between the N-terminal protein sequences of BspA
and SP1 (Wang et al., 2002), but SP1 is very similar to BspA in that it remains soluble
after boiling and is induced in response to environmental stresses (Pelah et al., 1995;
Wang et al., 2002). In addition to water stress, pop3/ SP1 transcripts are induced in
response to cold, heat, and salt stress (Wang et al., 2002; Gu et al., 2004; Renaut et al.,

2005; Ferreira et al., 2006). They are also known to be induced during insect and
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pathogen defense responses (Lawrence et al., 2006; Major and Constabel, 2006; Ralph et

al., 2006; Park et al., 2007; Lee et al., 2008).

Pop3/ SP1 has no homology to proteins with known functions, therefore the
structure of P. tremula SP1 was analyzed by X-ray crystallography in an effort to identify
a biochemical function (Wang et al., 2003; Dgany et al., 2004). It was observed that SP1
has a ferredoxin-like fold consisting of three a-helices and a B-sheet (Dgany et al., 2004).
Two SP1 monomers dimerize via the B-sheet to form a dimeric alpha-beta barrel (Dgany
et al., 2004). This dimeric alpha-beta barrel (Dabb) domain (pfam O7876) is conserved in
a diverse range of proteins that also includes two pop3/ SP1 proteins from Arabidopsis
(Cornilescu et al., 2004; Lytle et al., 2004), a hypothetical protein (TT1380) from
Thermus thermophilus (Wada et al., 2004), a monooxygenase (ActVA-Orf6) from
Streptomyces coelicolor (Sciara et al., 2003), and a rhamnose mutarotase from
Escherichia coli (Ryu et al., 2005). These proteins may share a conserved domain, but it
does not appear that they have a conserved function. For example, the amino acids in the
active site of ActVA-Orf6 are not conserved in pop3/ SP1 proteins suggesting that these
proteins do not function as monooxygenases (Cornilescu et al., 2004; Dgany et al., 2004;
Lytle et al., 2004). In fact, it has been suggested that the dimer is not the biologically
active unit of SP1 (Dgany et al., 2004). Structural analysis of SP1 indicates that six SP1
dimers stack together to form a dodecamer that may function as a protein chaperone
(Wang et al., 2003; Dgany et al., 2004). The P. tremula SP1 dodecamer is a highly stable
structure. It does not dissociate when treated with detergents such as sodium dodecyl

sulfate (SDS) (Wang et al., 2002). It is also resistant to organic solvents including
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methanol and hexane, and it does not degrade when treated with proteases (Wang et al.,
2006).

The pop3/ SP1 protein family is much larger in poplar than in Oryza sativa and
Arabidopsis. In poplar, nine other proteins have the conserved Dabb domain and share
sequence similarity to pop3/SP1 whereas only two pop3/SP1 proteins were identified in
the rice and Arabidopsis genomes. Currently, we know that several of these poplar pop3/
SP1 proteins are induced in response to environmental stresses (Lawrence et al., 2006;
Major and Constabel, 2006; Ralph et al., 2006) and that two of these proteins, pop3.1 and
pop3.4, are present in phloem exudate (Chapter 2). In the current study, we produced
antibodies against pop3.1 and pop3.4. We analyzed various biochemical properties of
both proteins including their boiling stability and ability to form SDS-resistant oligomers.
Using immunofluorescence, we determined the cellular localization of these proteins and
demonstrated their presence inside sieve elements, the specialized phloem cells involved
in long-distance transport (Lough and Lucas, 2006). We also analyzed the expression of

both proteins in different tissues collected from poplar saplings.

4.2 Materials and Methods
Bioinformatic analysis of pop3/ SP1-like proteins

Using tblastn with the pop3 protein from P. trichocarpa x P. deltoides (GenBank
acc. no. AAC26526), nine additional pop3/SP1 homologues were identified in the DOE
Joint Genome Institute Populus trichocarpa genome v1.1 (http://genome.jgi-
psf.org/Poptrl _1/Poptrl _1.home.html). The pop3 protein was also used to query the

Oryza sativa (http://rice.plantbiology.msu.edu/) and Arabidopsis thaliana
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(http://www.arabidopsis.org/) genomes. A total of 15 amino acid sequences were first
aligned with ClustalW2 (http://www.ebi.ac.uk/Tools/clustalw2/index.html) (Larkin et al.,
2007) using default parameters and then edited with MEGA 4
(http://www.megasoftware.net/). A neighbor-joining phylogenetic tree was created with
MEGA 4 using p-distance and pairwise deletion of gaps. Clustal W2 was also used to
compare the amino acid sequences of the P. trichocarpa pop3/SP1 proteins to P. tremula
SP1 (GenBank acc. no. CAC34953).

The digital expression profiles of pop3.1 and pop3.4 were created as previously
described (Major and Constabel, 2008). Briefly, the pop3.1 and pop3.4 nucleotide
sequences were queried against the PopulusDB EST database
(http://www.populus.db.umu.se/index.html). The number of ESTs (Sterky et al., 2004)

for the corresponding gene clusters were used to construct a digital expression profile.

Plant materials

Poplar hybrid H11-11 (Populus trichocarpa X P. deltoides) saplings obtained
from the University of Washington/Washington State University Poplar Research
Program were propagated and grown as previously described (Major and Constabel,
2006). Saplings were grown in 0.25 L pots containing Sunshine Mix #4 (Sungro, Seba
Beach, AB, Canada) supplemented with slow-release nutrients (8.9 g/L controlled release
8-6-12 NPK plus micronutrients (Acer, Delta, BC, Canada), 0.458 g/L superphosphate 0-
20-0 (Green Valley, Surrey, BC, Canada), 1.21 g/L Micromax Micronutrients (Scotts-
Sierra, Marysville, OH, USA), and 4.75 g/L Dolomite lime (IMASCO, Surrey, BC,

Canada)) (2006). All plants were maintained at the University of Victoria, BC, in the
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Bev Glover greenhouse with 16 h photoperiod. The temperature was maintained at

25 °C/18 °C (day/ night) and plants were watered daily with 0.1 g/L 20-20-20 PlantProd

fertilizer (Plant Products, Brampton, ON, Canada).

Tissue sampling and protein extraction

The boiling stability of pop3 proteins were tested as previously described (Pelah
et al., 1995). Leaf samples were collected from leaf plastochron index (LPI) 9-11 (Larson
and Isebrands, 1971) and proteins were extracted in 50 mM Tris-HCI, pH 7.0 containing
1% (w/v) polyvinylpolypyrrolidine. Crude extracts were centrifuged and a 400 pL aliquot
of total soluble protein was boiled for 10 min. Boiled samples were centrifuged to
sediment precipitated proteins and the boiling stable proteins were precipitated with 3 vol
cold acetone for at least 1 h at -20 °C. Samples were then centrifuged (15 min, 16,000 x
g, 4 °C) and the resulting pellet was dried and resuspended in Laemmli buffer (Laemmli,
1970). The remaining total soluble proteins were further separated into two aliquots of
equal volumes. Both samples were diluted to 1 mg/mL with Laemmli buffer (containing
2% (w/v) SDS), but only one aliquot was boiled prior to analysis with sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The total soluble proteins and
the boiling stable proteins were quantified using the Bradford protein assay (Bradford,
1976).

For the tissue survey, samples were collected from the apex and petioles and
blades corresponding to LPI 3-5, 9-11, 15-17. Midveins were dissected and analyzed for
LPI 9-11 and LPI 15-17. Bark (green stem tissue consisting of phloem and epidermal

cells) and wood samples were collected between LPI 9-11. Root samples were collected
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from areas of new root growth (young root) and areas near the base of the stem (old root).
Plant tissue was frozen and ground in liquid N, in a pre-cooled mortar and pestle and
total soluble proteins were extracted using sodium phosphate buffer (100 mM NaPO4,
pH 7.0 containing 0.1% (v/v) Triton X-100, and 2% (v/v) B-mercaptoethanol) (Haruta et
al., 2001). Proteins were concentrated by acetone precipitation as described above,
resuspended in Laemmli buffer, and quantified using the RC DC protein assay (BioRad,

Hercules, CA, USA).

Expression and purification of recombinant pop3.1-pop3.3

Pop3.1 (JGI gene model estExt Genewisel v1.C_LG_X0701) and pop3.4
(estExt_fgenesh4 pg.C LG X1353) were cloned using a previously constructed P.
trichocarpa x P. deltoides cDNA library (Constabel et al., 2000). For PCR, the following
primers were used for their respective protein: pop3.1 (5°-
GGGGGGATCCATGGCAACCAGAACTCCAAA; 3’-
GGGGGTCGACGTAGAGAAAGTAGTCTATCA) and pop3.4 (5°-
GGGATCCATGGCCTCGAAGAAATCTGC,; 3°-
CAAGCTTGAAGAGATAGTAGTCCATGA). The amplified cDNA was cloned into
either the BamHI and Sall restriction sites for pop3.1 or the BamHI and HindIII
restriction sites for pop3.4 of the pQE30 bacterial protein expression vector (Qiagen,
Mississauga, ON, Canada). Each full-length gene was cloned in frame with the N-
terminal His-tag of the pQE30 vector and the genes were sequenced to verify that the P.
trichocarpa x P. deltoides pop3 genes were identical to the P. trichocarpa genes. The

recombinant proteins, which were detected as monomers, were expressed, harvested, and
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purified as previously described (Haruta et al., 2001). After purification with Ni-NTA

resin (Novagen, San Diego, CA, USA), fractions containing the respective pop3 proteins
were dialyzed three times against 100 vol of deionized H,O to remove urea prior to

lyophilization. [Dr. Ian Major and Eric Bol cloned, expressed and purified pop3.4]

Production of pop3.1 and pop3.4 antibodies

Approximately 250 pg of purified, lyophilized recombinant protein were used to
produce polyclonal antibodies for pop3.1 and pop3.4 at Cocalico Biologicals, Inc
(Reamstown, PA, USA). Rabbits were initially immunized with 100 pg of protein
emulsified with Complete Freund’s Adjuvant followed by three boosters of 50 pg of

protein emulsified with Incomplete Freund’s Adjuvant.

Western blot analysis

Proteins were first separated using 15% polyacrylamide gels under a constant
voltage (200 V) in a Mini PROTEAN II system (BioRad, Hercules, CA, USA) and then
electro-transferred to PVDF membrane (Pierce, Brockville, ON, Canada) prior to
detection using standard protocols (Harlow and Lane, 1999). Pop3 proteins were
detected using the primary antibodies described above, and visualized with alkaline
phosphatase-conjugated secondary antibodies and 5-bromo-4-chloro-3'-indolyphosphate
p-toluidine salt (BCIP) and nitro-blue tetrazolium chloride (NBT) as substrates.

The specificity of the pop3.1 and pop3.4 antisera was tested by labelling blots
with preimmune serum or pre-adsorbed antisera. To pre-adsorb antiserum, 30 pL of the

pop3.1 and pop3.4 antisera (total protein 1200 pg) were diluted 1:5 with deionized H,O
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and then incubated with an equal quantity of their respective recombinant protein for 36 h

at 4 °C with constant shaking.

Light microscopy and immunofluorescence

Immunofluorescence of pop3.1 and pop3.4 was carried out as described in
Chapters 2 and 3. The pop3.1 and pop3.4 antisera were used to label stem cross sections
(6 um thick) mounted on positive-charged glass slides. Prior to labelling, the plastic was
partially removed by soaking the sections in acetone for 20 min. Antibodies were
detected with an Alexafluor 568 goat anti-rabbit antibody (Molecular Probes, Eugene,
OR, USA). Controls included omitting the primary antibody or incubating sections with
preimmune serum. Labelling was visualized using a Zeiss Universal epifluorescence
microscope equipped with a digital camera and a fluorescein isothiocyanate filter

(excitation at 495 nm and emission at 519 nm). [Samples were prepared by Brent Gowen]

4.3 Results
Poplar genome contains 10 pop3/SP1-like proteins

Using a tblastn search with the protein sequence encoded by the original pop3
cDNA sequence (GenBank acc. no. AAC26526), a total of ten pop3 genes were identified
in the DOE Joint Genome Institute Populus trichocarpa genome v1.1. The original pop3
was identical to JGI protein ID 723969 and was named pop3.1. The other nine
homologues are herein listed as pop3.2 (566885), pop3.3 (814158), pop3.4 (822230),
pop3.5 (566884), pop3.6 (833676), pop3.7 (565393), pop3.8 (657714), pop3.9 (649096),

and pop3.10 (676240). As determined by the National Centre for Biotechnology
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Information conserved domain search
(http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi), all ten proteins are predicted to
have the conserved Dabb domain (pfam 07876).

SP1, identified in P. tremula, is most likely orthologous to pop3.1; they differ by
a single amino acid (Fig. 4-1). When comparing P. tremula SP1 to the other pop3
proteins, the amino acids forming B-strands, B1, B2, and B3, and a-helix, H2a, are
strongly conserved (Fig.4-1). Glu-68 (indicated by A) is required for dimer formation
(Dgany et al., 2004) and it is conserved in all pop3 proteins, except pop3.9 and pop3.10
(Fig. 4-1). Weaker conservation was observed in the regions forming B4, H1, and H2b,
and in the loop connecting B1 and B2. The N-terminal tails are also not strongly
conserved. Pop3.4 has a six amino acid insertion in its N-terminus.

The pop3/ SP1 protein family is expanded in poplar when compared to the rice
and Arabidopsis genomes, which each only have two pop3/ SP1 genes. Phylogenetic
analyses indicate that the pop3/ SP1 proteins of these three plant species separate into two
distinct clades (Fig. 4-2). Rice and Arabidopsis each have one member in each clade, but
of the ten poplar pop3/SP1 proteins, eight group into one clade. This
clade is further separated into two major branches (Fig. 4-2). Interestingly, one of these
branches is composed solely of poplar pop3 proteins. This branch includes pop3.2,
pop3.3, and the two phloem exudate proteins, pop3.1 and pop3.4. P. tremula SP1 also

clusters with these four proteins.
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Figure 4-1. Multiple sequence alignment of SP1 (Genbank protein ID CAC34953) and the
ten pop3 proteins identified in the P. trichocarpa genome.

Black boxes indicate areas of identity and grey boxes represent amino acid changes that are
conserved. Solid lines are the region of SP1 that forms B-strands and dashed lines represent a-

helices (Dgany et al., 2004). The arrow (A ) indicates the position of SP1 Glu-68.
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Figure 4-2. Phylogenetic tree of poplar, rice, and Arabidopsis pop3/SP1 proteins created by

neighbor joining of p distance.

The tree includes P. tremula SP1 and the 10 pop3 homologues identified in the genome of P.

trichocarpa. The tree also includes the gene names of pop3/SP1 proteins identified in the rice

(http://rice.plantbiology.msu.edv/) and Arabidopsis (http://www.arabidopsis.org/) genomes.

Numbers at branches represent bootstrap support from 2000 replicates (only values > 80% are

shown).
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Generation of pop3.1 and pop3.4 antibodies

The full length cDNAs for pop3.1 and pop3.4 were cloned in frame with an N-
terminal His-tag and the recombinant proteins were expressed in E. coli. These
recombinant proteins were detected on SDS-PAGE as polypeptides of the expected
molecular weight. These proteins were affinity purified by means of the His-tag and then
used to produce polyclonal antibodies.

The pop.1 and pop3.4 antisera effectively labelled their respective recombinant
protein on western blots of crude extracts of overexpressing E.coli cells (Fig. 4-3a, €).
Both labelled proteins were approximately 13 kDa, which is consistent with the predicted
molecular weights of 12.4 kDa and 12.9 kDa for pop3.1 and pop3.4, respectively. Higher
molecular weight proteins were also detected and these appear to be the result of the
antisera cross-reacting with E. coli proteins. Both antisera also cross-reacted with the
other pop3 recombinant protein (data not shown), however, in plant extracts, each
antiserum detected distinct proteins. The pop3.1 antiserum labelled a 66 kDa protein in
leaf and phloem exudate samples (Fig. 4-3b, upper arrow), whereas the pop3.4 antiserum
only labelled a 12 kDa protein (Fig. 4-31).

The 66 kDa protein detected by the pop3.1 antiserum is much larger than its
predicted molecular weight and therefore it is likely an oligomeric form of pop3.1.
Pop3.1 was previously observed to migrate at a much higher molecular weight
(approximately 100 kDa) than predicted (Chapter 2). Note that the pop3.1 antiserum also
detected a second, 55 kDa protein in leaf samples (Fig. 4-3b, lower arrow). Based on
controls, the pop3.1 antiserum appears to be specific to the 66 kDa protein and the 55

kDa band may represent non-specific binding to the large subunit of RuBisCO (Fig. 2-1).
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Figure 4-3. Specificity of pop3.1 and pop3.4 antisera.

A) and E) Western blots of pop3.1 and pop3.4 recombinant proteins extracted from E. coli cells
and labelled with their respective antiserum. B), C), and D) Leaf (Le) and phloem exudate (Ph)
proteins labelled with pop3.1 antiserum, preimmune serum and pre-adsorbed pop3.1 antiserum,
respectively. F), G), and H) Leaf and phloem exudate proteins labelled with pop3.4 antiserum,
preimmune serum and pre-adsorbed pop3.4 antiserum, respectively. Arrows indicated the

position of the proteins detected by anti-pop3.1 and anti-pop3.4.
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Neither protein was detected by the preimmune serum (Fig. 4-3c¢), but only the intensity

of the 66 kDa band significantly decreased when labelled with pre-adsorbed antiserum,
whereas the intensity of the 55 kDa band remained unchanged (Fig. 4-3d). In addition,
the 55 kDa protein was only detected in leaves and midveins, samples that have high
concentrations of RuBisCO (Fig. 4-3b, 4-6a).

Unlike the pop3.1 antiserum, the pop3.4 antiserum detected a 12 kDa protein in
leaf and phloem exudate samples (Fig. 4-3f), which is consistent with its predicted
molecular weight. Based on controls, this labelling appears to be very specific. No
proteins were detected on western blots labelled with pop3.4 preimmune serum (Fig. 4-

3g) or pre-adsorbed pop3.4 antiserum (Fig. 4-3h).

Analysis of pop3.1 and pop3.4 by western blots

Pop3.1 appears to form an SDS-resistant oligomeric complex. The pop3.1
antiserum detected a 66 kDa protein after proteins were separated by SDS-PAGE. This
66 kDa protein was also detected when samples were boiled for ten minutes in the
presence of 2% (w/v) SDS prior to separation by SDS-PAGE, indicating that this
structure is very stable (Fig. 4-4a, lane 2). Under these harsh conditions, the pop3.1
oligomer partially dissociated since a 12 kDa polypeptide, presumably the pop3.1
monomer, was also weakly labelled (Fig. 4-4a, lane 2).

Unlike pop3.1, pop3.4 does not appear to form an SDS-resistant oligomer. A 12
kDa protein was detected by the pop3.4 antiserum in SDS-treated samples even if they
were not boiled prior to gel loading (Fig. 4-4b, lane 1 and 2). This is consistent with the

predicted molecular weight of pop3.4.
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Figure 4-4. Effects of SDS and boiling on A) pop3.1 and B) pop3.4 proteins.
Protein samples were either boiled (+) or not boiled (-) in the presence (+) or absence (-) of 2%

(w/v) SDS. Arrows indicate position of proteins detected by the antibodies.
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To determine the thermostability of pop3.1 and pop3.4, we boiled leaf proteins

extracted from P. trichocarpa x P. deltoides. After ten minutes of boiling (in the absence
of SDS), only 2% of the total soluble leaf protein remained in solution. In this sample, the
pop3.1 antiserum detected the 12 kDa polypeptide, while the 66 kDa protein was absent
(Fig. 4-4a, lane 3). These results suggest that pop3.1 remains soluble after boiling, but it
completely dissociates into its monomer form when boiled in the absence of SDS.

In contrast to pop3.1, pop3.4 does not appear to be boiling stable. The pop3.4
antiserum did not label any proteins within the boiling soluble fraction (Fig. 4-4b, lane 3);
the 12 kDa protein was only detected in the denatured protein sample (data not shown).
Although pop3.1 and pop3.4 proteins are 40% similar and they cluster together within the

same clade, they appear to exhibit different biochemical characteristics.

Spatial expression of pop3.1 and pop3.4

Both pop3.1 and pop3.4 proteins were detected in leaf extracts and phloem
exudate (Fig. 4-3), but the expression of these two proteins (or genes) in other tissues has
not been studied. Based on digital expression profiles created using PopulusDB
(http://www.populus.db.umu.se/), pop3.1 and pop3.4 appear to have distinct expression
patterns. As seen in Fig. 4-5, there is a difference in abundance of ESTs for gene clusters
corresponding to pop3.1 and pop3.4 when comparing different poplar tissues. Both
transcripts were expressed in the cambial zone, petioles, bark, and apical shoot meristem,
but only the pop3.1 gene cluster was expressed in young leaves and only the pop3.4 gene

cluster was expressed in roots (Fig. 4-5).
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In order to characterize the expression of pop3.1 and pop3.4 proteins in more
detail, proteins were extracted from a variety of tissues including the shoot apex (LPI 0
and above), leaves 3-5, 9-11, and 15-17, and the corresponding petioles and midveins
(except LPI 3-5). Protein levels were also assessed in bark and wood samples
corresponding to LPI 9-11 and young and old root samples. Both pop3.1 and pop3.4
antisera labelled their respective proteins in all of the tissues tested (Fig. 4-6). This is not
consistent with their digital expression profiles (Fig. 4-5). The pop3.1 protein was
labelled in young and old roots even though there were no ESTs detected in the root
cDNA library for the gene cluster corresponding to pop3.1. Likewise, there were no ESTs
matching the pop3.4 gene cluster in the young leaf cDNA library, but this protein was
detected in young leaves.

The abundance of the pop3.4 protein was consistent in all tissues (Fig. 4-6b), but
the quantity of pop3.1 varied depending on the age and type of tissue (Fig. 4-6a). As
compared to other plant tissues, pop3.1 was more abundant in leaves. The pop3.1 protein
was also most strongly expressed in younger tissues including the apex and young leaves
and petioles. These results demonstrate that pop3.1 and pop3.4 proteins have different

expression patterns.

Immunolocalization of pop3.1 and pop3.4

Pop3.1 and pop3.4 proteins were previously identified in phloem exudate
(Chapter 2) and the presence of these proteins in phloem exudate was shown with
western blots (Fig. 4-3b, f). To confirm these results and demonstrate the presence of

these proteins in sieve elements, the specialized cells involved in phloem transport, we
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Figure 4-5. Pop3.1 and pop3.4 digital expression profiles.

Sequence clusters corresponding to the pop3.1 and pop3.4 transcripts were identified
from the PopulusDB EST database (http://www.populus.db.umu.se/) and the number of
ESTs for these clusters are shown for 19 cDNA libraries. A+B, cambial zone; C, young
leaves; F, flower buds; G, tension wood; I, senescing leaves; K, apical shoot; UA,
dormant cambium; UB, active cambium; L, cold stressed leaves; R, roots; N, bark; T,
shoot meristem; V, male catkin; Q, dormant buds; M, female catkin; P, petioles; X, wood

cell death; S, imbibed seeds; Y, virus/ fungus infected tissue.
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Figure 4-6. Tissue survey of P. trichocarpa x P. deltoides saplings to determine the
expression patterns of A) pop3.1 and B) pop3.4.

Western blots of samples collected from the apex, leaves (Le) and petioles (Pe) from positions
LPI 3-5, 9-11, and 15-17, midveins (Mv) from LPI 9-11 and 15-17, bark and wood collected from
LPI 9-11 and old and young root samples. Tissues were harvested and proteins were extracted as

described in the methods and arrows indicate the position of proteins detected by the antibodies.
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carried out immunofluorescence using pop3.1 and pop3.4 antisera. Both antisera labelled
punctate, organelle-like structures inside sieve elements of mature stem cross sections
(Fig. 4-71, i; labelling indicated by arrows). This labelling appeared to be specific since
no fluorescence was detected in stem sections labelled with pop3.1 and pop3.4
preimmune sera (Supplementary Figure 4-1) or if no primary antibody was used (Fig. 4-
7¢). Altogether, these results confirm the origin of these phloem exudate proteins within
sieve elements, although the nature of these structures has not been determined.

Pop3.1 and pop3.4 proteins were also detected in other cell types. The pop3.1
antiserum labelled punctate structures inside phloem parenchyma cells surrounding
phloem fibres (Fig. 4-8¢). The pop3.1 antiserum also strongly labelled the cell walls of
epidermal and cortical cells (Fig. 4-7¢), phloem fibres adjacent to sieve elements (Fig. 4-
71), and the secondary cell wall thickenings of xylem vessels (Fig. 4-7g, 4-9¢). The
presence of pop3.1 in xylem vessels is consistent with its detection in extracted wood
proteins (Fig. 4-6a) and in xylem exudate.

Similar to pop3.1, pop3.4 antiserum also labelled punctate, organelle-like
structures in phloem parenchyma cells (Fig. 4-8f). Unlike pop3.1, the pop3.4 antiserum
only weakly labelled the cell walls of epidermal and cortical cells (Fig. 4-7h). It also
appeared to weakly label xylem vessels in stem cross sections (Fig. 4-7j), but the signal
was not much stronger than the autofluorescence detected in the no primary antibody
control (Fig. 4-7d). Furthermore, no fluorescence was detected when longitudinal
sections of xylem vessels were labelled with pop3.4 antiserum (Fig. 4-9f) indicating that

unlike pop3.1, pop3.4 is not localized to xylem vessels. Likewise, the pop3.4 antiserum
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Figure 4-7. Inmunofluorescence of mature stem cross-sections labelled with pop3.1 (E-G)
and pop3.4 (H-J) antisera.
Panel A is a bright-field image of a stem cross-section. On the far left, epidermal cells (EP)
surround the cortical cells (CO). Directly to the right of the cortical cells are phloem cells,
including phloem fibres (PF). The cambial zone and xylem cells including xylem vessles (XY)
are on the far right adjacent to the phloem. Panels B-D are images of sections labelled with no
primary antibody. Arrows indicate position of sieve elements. Scale bar for panel A equals 50 pm
and scale bar for panels B-J equals 20 pm.
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Figure 4-8. Longitudinal sections of phloem parenchyma cells in mature stem labelled with
pop3.1 (B,E) and pop3.4 (C,F) antisera.

Panels A-C show bright field images and panels D-F the corresponding
immunofluorescent images. Panel D was treated without a primary antibody, while
sections E and F were treated with pop3.1 and pop3.4 antiserum, respectively. PP,
phloem parenchyma cells; and PF, phloem fibres. Arrows indicate position of labelled

phloem parenchyma cells. Scale bar = 20um.
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Figure 4-9. Longitudinal sections of xylem vessels in mature stem labelled with pop3.1 (B,E)
and pop3.4 (C,F) antisera.

Panels A-C show bright field images and panels D-F the corresponding
immunofluorescent images. Panel D was treated without a primary antibody, while
sections E and F were treated with pop3.1 and pop3.4 antiserum, respectively. XY, xylem

vessels. Scale bar = 20um.
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did not label phloem fibres (Fig. 4-7i). Plastids in epidermal and cortical cells also

fluoresced in stem cross sections labelled with pop3.4 antiserum (Fig.4-7h), but this
appears to be due to autofluorescence because plastids fluoresced in stem cross sections
incubated with PBS and no primary antibody (Fig. 4-7b). Autofluorescence was also
detected in the cuticle covering epidermal cells. This area strongly fluoresced in control
treated stem sections (Fig. 4-7b) as well as stem sections incubated with pop3.1 and

pop3.4 antisera and preimmune sera (Fig. 4-7e, h, Supplementary Fig. 4-1).

4.4 Discussion
In the P. trichocarpa genome, a total of ten pop3 homologues were identified, one

of which, pop3.1, corresponded to the original pop3 protein and was 99.1% identical to
the P. tremula pop3 orthologue, SP1. Pop3.1 and a second pop3 homologue, pop3.4,
were recently identified in phloem exudated collected from P. trichocarpa x P. deltoides
(Chapter 2). Pop3.1 was also induced in phloem exudate 24 h after leaves were
mechanically wounded (Chapter 2). Pop3.1 and pop3.4 proteins are 40% similar, but each
appears to be biochemicallgf and biologically distinct. Pop3.1 appears to be an SDS-
resistant oligomer that remains soluble after boiling whereas pop3.4 was detected as a
monomer that precipitated when boiled. Pop3.1 and pop3.4 proteins were ubiquitously
expressed throughout the plant, but upon closer inspection with immunofluorescence,
these two proteins exhibit somewhat different localization patterns. Both proteins were
detected in sieve elements and phloem parenchyma, but only the pop3.1 antiserum
strongly labelled the cell walls of epidermal and cortical cells, phloem fibres and xylem

vessels.
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Oligomer formation and boiling stability of pop3.1-pop3.4

In order to characterize the two pop3 homologues identified in poplar phloem
exudate, pop3.1 and pop3.4 were overexpressed in E. coli and the purified recombinant
proteins were used to produce polyclonal antibodies. Using these antibodies, both
proteins were tested for oligomer formation, SDS-resistance, and boiling stability; all
features observed in SP1, the well characterized pop3 orthologue from P. tremula (Wang
et al., 2002; Wang et al., 2003; Dgany et al., 2004; Wang et al., 2006).

Under native conditions P. tremula SP1 forms a dodecamer and this complex is
resistant to dissociation by treatment with SDS (Wang et al., 2002; Dgany et al., 2004;
Wang et al., 2006). SDS-resistance is generally uncommon for protein oligomers,
although it has been reported for some protein complexes (Weisz et al., 1993; Natarajan
et al., 1999; Timmins et al., 2003; Kubista et al., 2004; Cacciapuoti et al., 2005;
Cacciapuoti et al., 2007). Pop3.1 also appeared to form an SDS-resistant oligomer. The
66 kDa protein detected by the pop3.1 antiserum is much larger than the predicted
molecular weight of pop3.1 monomer, but it is consistent with the molecular weight
observed for recombinant SP1, which assembles into an SDS-resistant hexamer (Wang et
al., 2003; Wang et al., 2006). A 66 kDa protein, however, is considerably smaller than the
116 kDa protein reported for native SP1 (Wang et al., 2002; Dgany et al., 2004). The
difference in molecular weight may thus be due to analytical conditions. The 116 kDa
SP1 form is observed when leaf proteins were separated by tricine-SDS-PAGE (Wang et
al., 2002), whereas in the current study, the pop3.1 antiserum detected a 66 kDa protein
when proteins were separated by glycine-SDS-PAGE. Tricine gels are typically used to

separate small proteins (<30 kDa) and glycine gels are used to separate larger proteins
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(>30 kDa) (Schagger, 2006). When hybrid aspen (P. tremula x P.alba) soluble leaf

proteins were separated using glycine-SDS-PAGE and analyzed by western blots, the
pop3.1 antiserum labelled the 66 kDa protein (data not shown). This protein is
presumably SP1, which would confirm that the differences between our data in P.
trichocarpa x P. deltoides with pop3.1 and the published data on SP1 in P. tremula are
due to different protein separation techniques.

The 66 kDa oligomeric complex formed by pop3.1 remains stable even when
boiled in the presence of SDS. Unlike SDS-treated P. tremula SP1 that completely
dissociates when heated above 95°C (Wang et al., 2002; Wang et al., 2006), the 66 kDa
pop3.1 protein was still detected in boiled, SDS-treated samples. This protein complex,
however, does appear to partially dissociate since a 12 kDa protein, presumably the
pop3.1 monomer, was also weakly detected in these samples. Surprisingly, the pop3.1
oligomer only completely dissociated when boiled in the absence of SDS. Similar to SP1
(Wang et al., 2002), pop3.1 remained soluble after boiling, but only as the 12 kDa form.
These results are unexpected given that the thermostability of other SDS-resistant
proteins has been shown to decrease when treated with SDS (Arakawa et al., 1992;
Cacciapuoti et al., 2005; Cacciapuoti et al., 2007).

In contrast to pop3.1, the observed molecular weight of pop3.4, in the presence of
SDS, is consistent with its predicted molecular weight indicating that this protein does
not form an SDS-resistant oligomer. A 12 kDa protein was labelled by the pop3.4
antiserum in SDS-treated samples, independent of boiling. It is possible that pop3.4
forms an oligomeric complex that is susceptible to dissociation by detergents. When

comparing the amino acid sequences of pop3.4 and SP1, the glutamic acid residue that is
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important for the formation of an P. tremula SP1 dimer (Dgany et al., 2004) is conserved

in pop3.4. However, the B-strand, B4, is not strongly conserved in pop3.4 and this is an
important contact region for P. tremula SP1 dimer formation (Dgany et al., 2004). In
addition, SP1 dimers connect along B1, H1, and N-terminal tails to form a dodecamer
(Dgany et al., 2004). H1 is not strongly conserved in pop3.4 and the six amino acid
insertion in its N-terminus may hinder the formation of a higher order oligomer. Pop3.4
does not form an SDS-resistant oligomer, but further research is needed to determine if it
assembles into an oligomer under native conditions.

Unlike P. tremula SP1 and pop3.1, and other plant boiling stable proteins such as
dehydrins (Close et al., 1989), a superoxide dismutase (Khanna-Chopra and Sabarinath,
2004), and a cyclophilin (Sharma et al., 2006), pop3.4 did not remain soluble after
boiling. The basis for boiling stability appears to be dependent on all aspects of protein
structure, from primary to quaternary structure (Sterner and Liebl, 2001). For SP1,
boiling stability has been attributed to two structural features that are also conserved in a
hypothetical protein from the extremely thermophilic bacterium, Thermus thermophilus
(Wada et al., 2004); a conserved ferredoxin-like fold and the ability to form stable dimers
via hydrogen bonds (Dgany et al., 2004). Both pop3.1 and pop3.4 appear to have this
conserved ferredoxin-like fold, but an oligomeric complex has only been detected for
pop3.1 and only pop3.1 was detected in the boiling soluble proteins. In order to fully
comprehend why pop3.4 does not remain soluble after boiling, it will be important to
elucidate the three-dimensional structure of pop3.4 and compare this to P. tremula SP1

and other heat stable proteins.
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Localization and possible functions of pop3.1 and pop3.4

Both pop3.1 and pop3.4 were previously identified in P. trichocarpa x P.
deltoides phloem exudate (Chapter 2) and immunofluorescence confirms that these two
proteins are present inside sieve elements. Inside sieve elements and phloem parenchyma
cells, the pop3.1 and pop3.4 antisera labelled organelle-like structures and preliminary
observations indicate that these structures are starch granules and starch-containing
plastids as was observed for PtTLP1 and closely related TLPs (Chapter 3). Both proteins
are similar to P. tremula SP1 and therefore they may also function as protein chaperones
(Wang et al., 2003; Dgany et al., 2004). Protein chaperones, including heat shock
proteins, have been previously identified in phloem sap collected from a variety o}
different plant species (Schobert et al., 1995; Barnes et al., 2004; Giavalisco et al., 2006;
AKki et al., 2008). The presence of pop3.1 and pop3.4 in organelle-like structures is also
consistent with the localization of heat shock proteins in organelles such as chloroplasts
and mitochondria (Wang et al., 2004). It has been suggested, however, that the oligomer
is the biologically active unit of P. tremula SP1 (Dgany et al., 2004) and an oligomer was
only detected for pop3.1. Therefore, only pop3.1 may function as a protein chaperone.

The molecular function of pop3 proteins may not be completely understood, but
based on expression patterns; some of these proteins may have a role in plant defense
against abiotic and biotic stresses. For example, transcription and translation of pop3/SP1
proteins have been shown to be induced in response to salt, cold, heat, and drought stress
(Wang et al., 2002; Gu et al., 2004; Renaut et al., 2005; Ferreira et al., 2006) and when

Arabidopsis plants were transformed P. tremula SP1, these plants were more heat-

tolerant than control plants (Zhu et al., 2008). In addition, pop3/SP1 transcripts are
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induced in response to wounding and insect feeding (Major and Constabel, 2006; Ralph

et al., 2006).

Previous studies confirm that pop3.1 and pop3.4 are stress inducible. Pop3.1 and
pop3.4 were among the pop3/SP1 transcripts induced in response mechanical wounding
and treatment with caterpillar regurgitant (Major and Constabel, 2006) and the pop3.1
protein was one of two proteins that were induced in phloem exudate 24h after wounding
leaves (Chapter 2). This provides indirect evidence that these proteins have roles in plant
insect defense, which possibly includes defense against phloem-feeding insects since
both proteins were localized to sieve elements. Based on digital expression profiles, both

. pop3.1 and pop3.4 transcripts were also expressed in pathogen infected tissues. These
results are particularly intriguing because both proteins were detected in cell walls and
many known pathogenesis-related proteins are localized extracellularly where they serve
as a first line of defense against invading pathogens (van Loon et al., 2006). Two
pop3/SP1 proteins in Arabidopsis were also recently shown to exhibit antifungal activity
(Park et al., 2007; Lee et al., 2008). Biologically, these two proteins appear to be
involved in plant defense responses, but how they may function requires additional
research. Given the biological and biochemical differences observed for pop3.1 and

pop3.4, these two proteins may have very different roles in P. trichocarpa x P. deltoides.
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5 Characterization of the poplar xylem sap proteome

5.1 Introduction
The primary function of xylem is traditionally thought to be the transport of water

and minerals (Satoh, 2006); however, xylem sap also contains a diversity of organic
compounds including carbohydrates, amino acids, and even proteins (Dickson, 1979;
Vogelmann et al., 1985; Biles and Abeles, 1991; Vancleve et al., 1991; Satoh et al., 1992;
Lopez-Millan et al., 2000; Rep et al., 2002; Buhtz et al., 2004; Escher et al., 2004; Kehr
et al., 2005; Alvarez et al., 2006; Djordjevic et al., 2007; Aki et al., 2008). Similar to
phloem sap, the presence of proteins in xylem sap is surprising. Tracheary elements, the
specialized cells involved in xylem transport, are dead at maturity and therefore are
incapable for protein synthesis. Until recently, very little was known about the identity of
xylem sap proteins. With the availability of sensitive proteomic techniques (Domon and
Aebersold, 2006), a large number of xylem sap proteins have been identified, but mostly
from annual species.

Overall, proteins are present at very low concentrations (10-300 pg/mL) in xylem
sap (Biles and Abeles, 1991; Satoh et al., 1992; Buhtz et al., 2004; Alvarez et al., 2006),
but nevertheless on two-dimensional gel electrophoresis (2-DE), hundreds of proteins can
be detected in xylem sap from Brassica napus and Zea mays (Kehr et al., 2005; Alvarez
et al., 2006). Currently, xylem sap proteins have been studied in B. napus, B. oleracea,
Cucurbita maxima, Cucumis sativus, Z. mays, Lycopersicon esculentum, Glycine max,
and Oryza sativa (Rep et al., 2002; Buhtz et al., 2004; Kehr et al., 2005; Alvarez et al.,

2006; Djordjevic et al., 2007; Aki et al., 2008). In the xylem sap proteomes analyzed to
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date, peroxidases, as well as pathogenesis-related (PR) proteins and proteases, have been
consistently detected (Rep et al., 2002; Buhtz et al., 2004; Kehr et al., 2005; Alvarez et
al., 2006; Djordjevic et al., 2007; Aki et al., 2008). PR proteins are typically expressed in
response to pathogen infection and are classified into 17 families (van Loon et al., 2006).
PR-1, B-1,3-glucanases, chitinases, and thaumatin-like proteins (TLPs) are among the PR
proteins previously identified in xylem sap (Rep et al., 2002; Buhtz et al., 2004; Kehr et
al., 2005; Alvarez et al., 2006; Djordjevic et al., 2007; Aki et al., 2008).

Other regular constituents of xylem sap include cell wall proteins and cell wall
metabolic enzymes (Buhtz et al., 2004; Kehr et al., 2005; Alvarez et al., 2006; Djordjevic
et al., 2007; Aki et al., 2008; Alvarez et al., 2008). In addition to peroxidases, which are
likely involved in the final stage of lignin polymerization (Hiraga et al., 2001), glycoside
hydrolases and polygalacturonases have also been detected in xylem sap from various
plant species (Buhtz et al., 2004; Kehr et al., 2005; Alvarez et al., 2006; Djordjevic et al.,
2007; Aki et al., 2008; Alvarez et al., 2008). These proteins are typically involved in
degrading primary cell walls, a process that occurs in developing tracheary elements
during cell death (Turner et al., 2007). Cell wall localized glycine-rich proteins and
arabinogalactan-rich proteins have been identified in xylem sap of several species (Buhtz
et al., 2004; Kehr et al., 2005; Alvarez et al., 2006; Djordjevic et al., 2007; Aki et al.,
2008; Alvarez et al., 2008). In general, there are a number of proteins that are
consistently found in xylem sap, suggesting that these proteins have an important role
within the xylem.

There is indirect evidence that xylem sap proteins may be involved in protecting

plants against environmental stresses. Several PR proteins were upregulated in tomato
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xylem sap after infection by the pathogen, Fusarium oxysporum (Rep et al., 2002).

Furthermore, maize xylem sap inhibited fungal growth and this activity was abolished
when xylem sap was pre-treated with proteases suggesting that the antifungal activity is
specific to xylem sap proteins (Alvarez et al., 2006). In addition to biotic stresses, xylem
sap proteins may play an important role in abiotic stress responses; in maize, 39 xylem
sap proteins were differentially regulated in response to water stress (Alvarez et al.,
2008). Many of the upregulated proteins were cell wall metabolic enzymes. These
enzymes may function by reinforcing the secondary cell walls of xylem vessels during
periods of drought.

To date, xylem sap proteins have been studied and appear to have important roles
in annual plants. However, very little is known regarding such proteins in longer-living,
perennial and woody plants, which usually encounter many diverse stresses in their life
times. Therefore, we undertook a study of xylem sap proteins in hybrid poplar (7.
trichocarpa x P. deltoides). We used root pressure to collect xylem sap for proteomic

analysis.

5.2 Materials and Methods
Plant Material

Poplar hybrid H11-11 (Populus trichocarpa x P. deltoides) saplings (University
of Washington/Washington State University Poplar Research Program) were propagated
and grown in 0.25 L pots containing Sunshine Mix #4 (Sungro, Seba Beach, AB, Canada)
supplemented with slow-release nutrients (Major and Constabel, 2006). All plants were

maintained under controlled conditions (16 h photoperiod, 25 °C day, 18 °C night) in the
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Bev Glover greenhouse at the University of Victoria. The plants were watered hourly

with 0.1 g/L 20-20-20 PlantProd fertilizer (Plant Products, Brampton, ON, Canada).

Sample Preparation

To collect xylem sap, shoots of three-month-old saplings were severed 5 cm
above the soil and 1 cm of bark was stripped back from the cut surface to expose the
wood. The cut surface was rinsed with distilled water and blotted dry before a Tygon tube
was fitted over the wood. This was used to help minimize sample contamination from
surrounding bark tissue. The xylem sap generated by root pressure was collected from the
tube over a 30 min interval and placed directly on ice. Using this technique,
approximately 2-4 mL of xyleﬁl sap could be collected. Proteins were precipitat.ed using
2 vol. cold acetone for at least one hour at -20 °C. After 15 min of centrifugation at
16,000 x g at 4 °C, the resulting pellet was dried and resuspended in Laemmli sample
buffer (Laemmli, 1970) for SDS-PAGE or resolubilization buffer (8 M urea, 65 mM
DTT, and 16 mM CHAPS) for 2-DE. Protein samples for SDS-PAGE were quantified
using a RC DC protein assay (BioRad, Hercules, CA, USA) because the concentration
was too low to be quantified using standard Bradford protein assays (Bradford, 1976).
Samples for 2-DE were quantified using a modified Bradford assay (Ramagli and
Rodriguez, 1985).

Phloem exudate was collected as previously described (Chapter 2). Briefly, stem
sections, approximately 10 cm in length, were excised between leaf plastochron index
(LPI) 5-16 (Larson and Isebrands, 1971) and a section of bark was removed from the cut

end exposing wood which was then sealed using a 90% lanolin, 10% paraffin wax
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mixture. The cut and sealed end was washed, blotted dry, and then placed into exudation

buffer (50 mM Tris, pH 8.0, 2 mM EDTA) for 2 h at room temperature. Phloem exudate
proteins were acetone precipitated and quantified as described above.

Bark proteins were extracted as previously described (Chapter 2). The tissue was
ground in liquid nitrogen and proteins were extracted in a sodium phosphate buffer (100
mM, pH 7.0) containing 0.1% Triton X-100 and 0.1% v/v B-mercaptoethanol (Haruta et

al., 2001). Proteins were acetone precipitated and quantified as described above.

Gel Electrophoresis and Immunoblotting

For SDS-PAGE, 10 pg of protein were separated on 12% or 15% polyacrylamide
gels under a constant voltage of 100 in a mini PROTEAN II system (BioRad). The gels
were not stained prior to excising gel segments for sequencing.

For 2-DE, 4 pg of xylem sap protein was diluted with rehydration buffer (8 M
urea, 32 mM CHAPS, 20 mM DTT, and 0.5% v/v IPG buffer, pH 3-10 (Amersham
Biosciences, Piscataway, NJ, USA) to a total volume of 125 pL.. The sample was then
used to rehydrate a 7 cm Immobiline Drystrip (Amersham Biosciences) with a linear pH
range of 3-10. Isoelectric focusing of the sample was carried out for a total of 5.7 kVh
with an [PGphor apparatus (Amersham Biosciences). Prior to running the second
dimension, the proteins were reduced with 65 mM DTT followed by alkylation with 135
mM iodoacetamide both in equilibration buffer (50 mM Tris-HCI, pH 8.8, 6 M urea, 30%
(v/v) glycerol, and trace bromophenol blue) for 15 min. The gel was then fixed onto a
12% acrylamide gel (BioRad) using 0.5% (w/v) agarose. The second dimension was

completed as decribed for SDS-PAGE. Proteins were visualized using Sypro Ruby
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(BioRad) and gels were scanned using ProXPRESS Proteomic Imaging System (Perkin

Elmer, Waltham, MA, USA).

For immunoblotting, proteins were separated by SDS-PAGE and then electro-
transferred to PVDF membrane (Pierce, Brockville, ON, Canada). The detection of a
thaumatin-like protein (PtTLP1), WIN4, and polyphenol oxidase (PPO) with their
respective antiserums was carried out as previously described (Lawrence et al., 1997;
Wang and Constabel, 2003) (Chapter 3). WIN4 and polyphenol oxidase (PPO) are
known to be present in phloem exudate and bark tissue, but not expected to be in xylem
sap. WIN4 is a vegetative storage protein that has been localized to cells surrounding the
vasculature (Lawrence et al., 1997). Although a similar 32 kDa storage protein has been
previously identified in xylem sap, it was only found in xylem sap collected from
dormant trees or trees undergoing bud break (Vancleve et al., 1991). PPO, is a plastidal
protein (Marusek et al., 2006). The PtTLP1 antiserum (Chapter 2) was used to check for
the presence of thaumatin-like proteins (TLPs), which are known to be present in xylem

sap (Rep et al., 2002; Kehr et al., 2005; Alvarez et al., 2006).

Protein Identification using Mass Spectrometry

Total xylem sap proteins were separated using SDS-PAGE and the lane
containing the xylem sap proteins was excised and sliced into 15 gel segments. The
proteins were digested overnight with trypsin and the resulting peptides were analyzed at
the UVic Genome BC Proteomics Centre using a Q TRAP hybrid triple quadrupole/linear
ion trap MS/MS Mass Spectrometer equipped with a nano-electrospray ionization source

(Applied Biosystems/MDS Sciex) as previously described (Chapter 2). MS data was
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processed with Analyst 1.4.1 software and integratedMascot script (1.6b16 ABI — Matrix

Science Limited, Boston, MA, USA). Trypsin was selected as the digest enzyme and up
to one missed cleavage was allowed. Carbamidomethyl cysteine was set as a fixed
modification and variable modifications included oxidation of methionine and
deamidation of asparagine and glutamine. Peptide tolerance and MS/MS tolerance were
set at 0.5 Da and 0.3 Da, respectively. Parameters also permitted one missed cleavage
and were limited to 2+ and 3+ charged peptides. A custom poplar database (Treenomix
project, University of British Columbia) comprising both EST and genomic data was
used for protein identification (Chapter 2). The sequence sources for the database were
the most up-to-date as of October 2006. Protein identification with Mascot software was
considered correct if the match had a score greater than 52, which is indicative of identity
or significant (p<0.05) similarity, and had at least two peptide matches in which no other
peptide sequence in the database gave a better score for that spectrum (Perkins et al.,
1999). For each protein identified, SignalP 3.0 server was used to predict the presence of

signal peptides (Nielsen et al., 1997; Bendtsen et al., 2004).

5.3 Results
Collection of xylem sap proteins

Xylem sap was collected using root pressure. The protein concentration of poplar
xylem sap was estimated to be approximately 6 pg/mL. To further investigate the xylem

sap proteins, they were separated using 2-DE (Fig. 5-1). The xylem sap protein pattern
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Figure 5-1. Characterization of the hybrid poplar xylem sap proteome using 2-DE.
Xylem sap proteins (4 pg) were separated by 2-DE and stained with Sypro Ruby.
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was distinct from that of phloem exudate (Chapter 2). The phloem exudate proteins were
acidic and smaller than 70 kDa whereas the xylem sap proteins were concentrated in the
pH 4-8 range and their molecular weights were more evenly distributed from 10-100
kDa. In total, 130 xylem sap proteins could be visualized by 2-DE.

To verify the purity of our poplar xylem sap preparations and test for
contamination, we used western blots to compare specific bark, phloem, and xylem sap
proteins (Fig. 5-2). The vegetative storage protein, WIN4, was not detected in xylem sap,
but a 35 kDa band corresponding to this protein could be detected in bark and phloem
exudate (Fig. 5-2a). In contrast, the TLP and PPO antisera detected protein bands in all
three samples (Fig. 5-2b, c). However, in xylem sap, proteins detected by anti-PPO and
anti-TLP migrated at different molecular weights than the proteins recognized in phloem
exudate and bark. As previously described in Chapter 3, the PtTLP1 antiserum
recognized two proteins, a 23 kDa protein and 31 kDa protein, in bark and phloem
exudate (Fig. 5-2¢). The 23 kDa protein, which appears to be specific to cell walls
(Chapter 3), was also labelled in xylem sap along with a xylem-specific 18 kDa protein.
Likewise, the PPO antiserum recognized a 66 kDa protein in bark and phloem exudate
likely corresponding to the PPO-2 protein previously described from stem, leaf and
midveins (Wang and Constabel, 2003). However, a slightly larger, 68 kDa protein was
detected in xylem sap and the 66 kDa band was absent (Fig. 5-2b). With all three
antibodies, the major immunoreactive bands of phloem exudate and bark proteins are not
found in the xylem sap preparations, and vice versa. These results are consistent with the

distinct 2-DE protein profiles observed for all three samples. Together, this clearly
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Figure 5-2. Comparison of bark, phloem exudate, and xylem sap proteins using western
blots.

Comparison of xylem sap (Xy) to bark (Ba) and phloem exudate (Ph) proteins using western blots
labelied with antibodies to A) WIN4, B) PPO, and C) TLP. For each sample, 10 pg of protein was
loaded. Arrows indicate position of respective proteins and asterisks indicate the presence of

xylem specific protein bands.
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indicates that that poplar xylem sap was not contaminated from surrounding tissues, but

likely contains a distinct set of proteins.

Identification of xylem sap proteins

To identify the xylem sap proteins, proteins were first separated by SDS-PAGE
prior to digestion and subsequent analysis with LC-MS/MS. A total of 97 proteins were
identified, 77 of which were unique (Table 5-1). With SignalP (Nielsen et al., 1997,
Bendtsen et al., 2004), 33 of the 97 proteins were predicted to have a clear N-terminal
signal peptide that targets them to the secretory pathway (Table 5-1).

By comparing xylem sap proteins to the translated Arabidopsis genome,
corresponding Arabidopsis homologs were identified. Based on the Arabidopsis
Information Resource (TAIR, www.arabidopsis.org), the gene ontology for these
homologs was used to group the xylem sap proteins into 11 functional categories
including cell wall, cytoskeleton, metabolism, signalling, stress response, and transport.
Enzymes for primary metabolism represented over one-half of the proteins identified,
which were further grouped into four separate categories: general metabolism, amino acid
metabolism, proteolysis, and translation. The metabolic proteins included various
proteases and several non-cell wall related glycoside hydrolases. Ten ribosomal proteins
were also identified as well as several glycolytic enzymes. Other types of proteins
identified include plastocyanin-like proteins, arabinogalactan-rich proteins, peroxidases,
lipid transfer proteins, and several pathogenesis-related (PR) proteins including PR-1,
chitinases, and TLPs. In summary, poplar xylem sap contains a diverse number of

proteins, many of which do not have signal peptides.
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Table 5-1. List of xylem sap proteins identified in P. trichocarpa x P. deltoides.

JGI No. of

Protein  Theoretical Mascot Matched
Identification ID° MW  pl Score Peptides’ Function® SignalP’
Beta-Ig-H3/fasciclin 728480 28208 7.95 334 5 CwW y
Fasciclin-like arabinogalactan
protein 10 precursor 730906 43247 537 160 3 Cw y
Caffeic acid 3-O-methyltransferase 834247 39732 548 375 12 CwW
Phenylcoumaran benzylic ether
reductase 1 830063 33977 5.52 400 10 CcwW
Multicopper oxidase 827894 66097 8.78 88 2 CwW y
Plant peroxidase 817694 37228 4.47 60 2 CwW y
Plant peroxidase 800693 34634 5.53 484 7 CwW y
Plant peroxidase 589413 36915 5.74 213 5 CW y
Plant peroxidase 208491 32612 5.17 336 7 CwW
Plant peroxidase 267768 31983 6.97 141 2 CW y
Plant peroxidase 767526 32575 637 157 3 CwW
UDP-glucose/GDP-mannose
dehydrogenase 835719 52964 5.71 449 9 Ccw
B-1,3-glucanase (glycoside
hydrolase, family 17) 769807 38883 7.14 292 7 CwW y
Polygalacturonase (glycoside
hydrolase, family 28) 644497 51463 588 711 13 CW y
Actin and related proteins 813612 41693 531 240 5 CYy
Actin depolymerizing factor 829643 16019 5.95 107 2 CY
Beta tubulin 180424 49470 4.8 518 10 CY
Tubulin alpha-3 chain 707456 49668 493 324 8 CY
3-phosphoglycerate kinase 659332 42677 5.7 590 11 ME
Enolase 575698 47924 567 786 13 ME
Fructose-biphosphate aldolase 578574 38382 6.69 542 11 ME
Glyceraldehyde 3-phosphate
dehydrogenase 575307 36768 7.16 560 11 ME
Phosphoglucomutase 832763 63053 5.49 121 3 ME
Triosephosphate isomerase 656103 27258 6.02 450 7 ME
Triosephosphate isomerase 713199 27297 4.99 179 4 ME
Zinc-containing alcohol
dehydrogenase 421020 33585 6.04 549 10 ME
6-phosphogluconate dehydrogenase 837012 53739 6.26 98 2 ME y
Transaldolase 646955 47491 644 423 9 ME
Aconitate hydratase 593790 98208 592 108 3 ME
Malate dehydrogenase 564942 35714 6.13 350 8 ME
NAD-dependent malate
dehydrogenase 822907 35586 8.72 336 7 ME

(Table continues on following page.)
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JGI No. of

Protein  Theoretical p£ascot Matched
Identification ID* MW __ pl _ Score Peptides’ Function® SignalP*
NADP-dependent isocitrate
dehydrogenase 678577 46391 6.31 255 6 ME
dTDP-glucose 4-6-
dehydratase/UDP-glucuronic acid
decarboxylase 822488 39025 7.25 614 12 ME
Fructokinase 741475 35270 499 261 5 ME
Sucrose synthase 826368 92152 6.18 343 8 ME
UDP-glucose pyrophosphorylase 592888 51588 5.79 270 7 ME
Plastocyanin-like 669166 23233 9.26 92 - ME
Plastocyanin-like 816369 18790 5.65 152 3 ME
D-arabinono-1, 4-lactone oxidase 809065 61700 7.6 210 5 ME
F1 ATP synthase beta subunit 822103 59880 5.97 342 8 ME
Alpha-1-arabinofuranosidase 255102 73315 546 319 6 ME
B-glucosidase (glycoside hydrolase,
family 1) 181149 54812 5.6 329 6 ME
B-glucosidase (glycoside hydrolase,
family 3) 799561 83410 5.74 119 3 ME
Glutamate
decarboxylase/sphingosine
phosphate lyase 648236 56332 579 243 6 AA
Adenosylhomocysteinase 707148 53431 5.6 509 10 AA
Glycine/serine
hydroxymethyltransferase 829808 51907 7.26 223 - AA
Methylenetetrahydrofolate
reductase 828552 67491 6.01 167 4 AA
Vitamin-B12 independent
methionine synthase 679841 84592 6.27 1304 25 AA
Aspartyl protease 828515 55382 5.57 139 5 PR
Aspartyl protease 261465 46401 8.55 197 3 PR
Aspartyl protease 261478 46401 8.55 177 - PR
Subtilisin-related protease/Vacuolar
protease B 551801 82091 6.57 632 11 PR
Tripeptidyl peptidase II 559867 82272 84 66 2 PR
Plant basic secretory protein 549955 24995 7.18 418 8 PR
40S ribosomal protein S11 677637 17916 10.66 89 2 TL
40S ribosomal protein S13 666912 17113 10.34 210 5 T
40S ribosomal protein S20 824872 13681 9.65 127 2 TL
40S ribosomal protein S3 835769 26133 9.59 153 3 TL
40S ribosomal protein S4 831930 29761 10.28 138 3 TL
60S ribosomal protein L11 819383 20657 9.94 168 - L
60S ribosomal protein L4 735444 44965 103 316 7 TL
60S ribosomal protein L7 579008 33339 9.78 158 3 TL
60S ribosomal protein L9 829935 21919 9.5 202 5 i i

(Table continues on following page.)
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Table 5-1. Continued

JGI No. of

Protein  Theoretical M\gascot Matched
Identification ID* MW  pl  Score Peptides’ Function® SignalP
Ribosomal protein S7 256059 22594 9.75 210 - TL
Seryl-tRNA synthetase 716082 51596 5.93 94 2 TL
Endoribonuclease 829920 21680 8.76 135 3 TL
Glycine-rich RNA binding protein 712972 16506 5.51 96 2 TL
Adenosine kinase 659896 37544 5.09 89 2 SI
Serine/threonine protein kinase 662643 22656 6.94 260 6 SI y
Acid phosphatase 711542 29086 8.25 150 5 SI y
Annexin 818283 36018 6.2 288 7 SI
Cyclophilin type peptidyl-prolyl cis-
trans isomerase 813818 18094 8.72 334 7 SI
Multifunctional chaperone (14-3-3
family) 651251 29298 4.67 572 11 SI
Multifunctional chaperone (14-3-3
family) 551637 28593 4.74 161 4 SI
1,4-benzoquinone reductase-like 727757 21691 6.11 225 5 SR
Dehydroascorbate reductase 833836 23630 5.77 128 3 SR
Short-chain
dehydrogenase/reductase SDR 833658 28294 7.7 232 3 SR
Thioredoxin 818765 12575 5.58 216 6 SR
Chitinase 572334 29937 7.04 157 3 SR y
Chitinase 270686 27161 4.37 91 2 SR y
Thaumatin, pathogenesis-related 669475 24733 7.83 118 2 SR y
Thaumatin, pathogenesis-related 180318 25018 5.86 305 6 SR y
Defense-related protein containing
SCP/ PR-1 domain 595857 17257 8.54 184 3 SR y
Kunitz trypsin inhibitor 746481 22837 897 224 6 SR y
pop3.1 723969 12424 4.87 149 2 SR
pop3.6 833676 12467 5.79 191 - SR
Molecular chaperones HSP70 832542 71169 5.09 588 12 SR
Plant lipid transfer protein/Par
allergen 414321 8435 6.27 100 2 TR
Plant lipid transfer/seed
storage/trypsin-alpha-amylase
inhibitor 825296 11902 8.16 334 8 TR y
Plant lipid transfer/seed
storage/trypsin-alpha-amylase
inhibitor 820375 12545 8.61 375 10 TR y
Allene oxide cyclase 198984 26604 9.05 90 2 oT
Cupin 591472 23999 7.13 246 5 oT y

(Table continues on following page.)
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Table 5-1. Continued
JGI No. of
Protein  Theoretical Magcot Matched
Identification 1D* MW  pl  Score Peptides’ Function® SignalPd
GTP-binding ADP-ribosylation
factor Arfl 744433 20651 6.49 188 B oT
Translationally controlled tumor
protein 725698 19066 4.46 110 2 oT
Unknown 573059 18523 3.98 196 3 UN
Unknown 565652 7377 9.3 200 4 UN
Unknown (DUF 26) 562320 26390 5.78 229 5 UN

?Protein identification number was identified using the DOE Joint Genome Institute P.

trichocarpa genome v1.1.

®The peptide sequences used for identification, in addition to their molecular weight, charge, and

specific Mascot score can be accessed in Supplementary Table 5-1 found in Appendix 1.
¢ Abbreviations used for assigned functions are CW, cell wall; CY, cytoskeleton; ME,
metabolism; AA, amino acid metabolism; PR, proteolysis; TL, translation; SI, signalling; SR,

stress response; TR, transport; OT, other; and UN, unknown.

4 Proteins predicted to have an N-terminal signal peptide are designated with a y. SignalP

probability scores can be accessed in Supplementary Table 5-1.
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5.4 Discussion
In this study, we carried out the first analysis of proteins in xylem sap of hybrid

poplar. Over 100 xylem sap proteins were visualized with 2-DE and 97 of these proteins
were identified using LC-MS/MS. Of the proteins identified, many are metabolic
enzymes involved in a diverse array of processes including translation and proteolysis. In
contrast to previous literature on other plant species, most poplar xylem sap proteins did
not have an N-terminal signal peptide. These are not likely the result of contamination by
surrounding damaged cells based on western blots confirming the absence of phloem
exudate and bark proteins in our xylem sap sample. These proteins could, however, be

due to cell death that occurs during tracheary element differentiation.

Xylem sap proteins identified in poplar are similar to those in annual plants

Three proteins, peroxidases, chitinases, and proteases, have been consistently
reported in the xylem proteomes of annual plants (Buhtz et al., 2004; Kehr et al., 2005;
Alvarez et al., 2006). Here, multiple isoforms for each of these proteins were found in
poplar xylem sap. A total of six peroxidases, three aspartic proteases, and two chitinases
were identified. Not all of these proteins had predicted N-terminal signal peptides; only
three peroxidases and one aspartic protease and chitinase.

Peroxidases have a large number of potential biological functions (Hiraga et al.,
2001). In xylem, the presence of peroxidases could be related to lignin biosynthesis.
Lignin is an important component of the secondary cell walls that surround xylem
tracheary elements (Plomion et al., 2001) and in poplar, several peroxidases that oxidize
lignin monomers in the final stages of lignin biosynthesis have been identified

(Christensen et al., 1998; Sasaki et al., 2006). The synthesis of lignin is not only essential
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for xylem function, but it may serve as a physical barrier to invading pathogens (Hiraga

et al., 2001). In response to pathogens, xylem peroxidases may also promote the synthesis
of reactive oxygen species and phytoalexins (Hiraga et al., 2001). The remaining two
types of xylem sap proteins, chitinases and proteases, may also function in plant defense.
Chitinases break down chitin, a component of fungal cell walls (van Loon et al., 2006).
The importance of xylem chitinases in plant defense is supported by a study in which a
chitinase was induced in xylem sap of tomato plants infected by the vascular wilt fungus,
Fusarium oxysporum (Rep et al., 2002). Aspartic proteases are also known to be induced
after pathogen infection (Guevara et al., 2002; Xia et al., 2004; Guevara et al., 2005).
These may have a direct inhibitory effect on pathogens (Guevara et al., 2002), but they
may also be involved in producing a peptide signal that activates the plant defense
response (Xia et al., 2004). Proteases are also known to accumulate in the vacuoles of
tracheary elements prior to being released during programmed cell death (Turner et al.,
2007). Upon release, these enzymes are involved destroying cell contents of developing
tracheary elements. Several different types of proteases have been implicated in the
development of tracheary elements, including an aspartic protease (Runeberg-Roos and
Saarma, 1998); however, there is currently no evidence that these proteins are involved in
programmed cell death.

A number of additional proteins, which have been previously identified in the
xylem sap of annual plant species, were also identified in the current study. These include
several additional defense proteins, including the PR proteins PR-1 and TLPs, and also

cell wall proteins (arabinogalactan-rich proteins) and enzymes such as glycoside
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hydrolases and polygalacturonase. Overall, the presence of these proteins in both annual

and perennial plants suggests that they are important for functional tracheary elements.

Poplar xylem sap proteins and plant defense

One challenge that plants face is pathogen infection. Pathogen defense proteins
have been previously detected in annual xylem sap and they were also identified in poplar
xylem sap. The transcription of several of these poplar xylem sap proteins are known to
increase in response to environmental stresses. For example, the PR-1 protein and both
TLPs are known to be induced in P. trichocarpa x P. deltoides leaves infected with
Melampsora medusae (Miranda et al., 2007; Rinaldi et al., 2007). In addition, the
pop3/SP1 proteins and trypsin inhibitor are strongly induced in leaves in response to
insect feeding (Major and Constabel, 2006; Ralph et al., 2006). Currently these studies
have focused on transcription in leaves and therefore it will be interesting to determine if
these proteins are differentially regulated in xylem sap, as has been shown for a number
of xylem sap proteins in tomato and maize (Rep et al., 2002; Alvarez et al., 2008). It will
also be important to determine if these proteins are active against pathogens like maize

xylem sap proteins (Alvarez et al., 2006).

Poplar xylem sap proteins and tracheary element differentiation

One common feature shared by xylem sap proteins that have been previously
identified is the presence of a N-terminal signal peptide that targets them to the secretory
pathway (Buhtz et al., 2004; Kehr et al., 2005; Alvarez et al., 2006; Djordjevic et al.,

2007). To date, only a few xylem sap proteins without signal peptides have been
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identified; these proteins were considered either contamination from surrounding bark
tissue or the result of proteins being released immediately after tracheary element cell
death. Surprisingly, 64 of the poplar xylem sap proteins identified in this study did not
have predicted signal peptides. If these proteins are not due to contamination as argued
above, we propose that they are remnants of tracheary element differentiation, which is
an idea that was previously proposed by Kehr et al. (Kehr et al., 2005). When the poplar
shoot is severed, the positive root pressure may flush proteins from recently matured
xylem vessels. This effect may be particularly exaggerated for perennial plants that
undergo extensive secondary xylem growth, including in roots. The potential number of
tracheary elements undergoing maturation is much greater compared to annual plants and
this may explain the different set of proteins identified in poplar xylem sap as compared
to annual plants.

There are several stages in tracheary element differentiation, cell division
followed by cell expansion and elongation, formation of the secondary cell wall, and
finally maturation involving programmed cell death (Plomion et al., 2001). In poplar, the
tissues corresponding to these various stages have been dissected and analyzed for gene
expression (Sterky et al., 1998; Hertzberg et al., 2001; Dejardin et al., 2004). Based on
these studies, protein biosynthetic enzymes, including ribosomal proteins, are strongly
expressed during cell division and cell expansion. Although transcription of ribosomal
proteins decreases during the later stages of tracheary element differentiation (Hertzberg
et al., 2001; Dejardin et al., 2004), it appears that active transcription and translation is
still occuring and it is required for secondary cell wall thickening and the disruption of

the cell vacuole. Ten different ribosomal proteins were identified in the current study.
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After cell expansion is complete, developing tracheary elements begin to form
secondary cell walls (Hertzberg et al., 2001), which consists of cellulose, hemicellulose,
and lignin (Plomion et al., 2001). The formation of the secondary cell wall during the
later stages of tracheary element differentiation is correlated to an increase in the
expression of cell wall biosynthetic enzymes (Allona et al., 1998; Sterky et al., 1998;
Hertzberg et al., 2001; Yang et al., 2004; Juan et al., 2006). Some of these enzymes are
involved in sugar metabolism such as sucrose synthase, UDP-glucose pyrophosphorylase,
and UDP-glucose dehydrogenase (Robertson et al., 1996; Hertzberg et al., 2001;
Johansson et al., 2002; Meng et al., 2007). Sucrose synthase and UDP-glucose
pyrophosphorylase are both capable of producing UDP-glucose, a precursor for cellulose
synthesis (Hertzberg et al., 2001; Meng et al., 2007) and UDP-glucose dehydrogenase is
involved in the synthesis of hemicellulose and pectin (Hertzberg et al., 2001; Johansson
et al., 2002). All three proteins were identified in poplar xylem sap. Tubulin and actin
were also identified in poplar xylem sap and these cytoskeletal proteins are known to
have an important role in secondary cell wall formation. In poplar, tubulin has been
localized to xylem vessels undergoing secondary cell wall thickening (Chaffey et al.,
2002; Oakley et al., 2007) and these proteins appear to be involved in regulating
secondary cell wall deposition, whereas actin is involved in transporting cell wall
components (Turner et al., 2007).

Glycolytic enzymes represent the majority of the remaining poplar xylem sap
proteins without a signal peptide. Glycolysis is important for producing ATP and carbon
compounds (Plaxton, 1996) that may be incorporated into tracheary element cell walls.

Interestingly, glycolytic enzymes, including triose phosphate isomerase and
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glyceraldehyde phosphate dehydrogenase, have also been detected in rice and soybean

xylem sap (Djordjevic et al., 2007; Aki et al., 2008). In addition, several of these
enzymes have been localized to secondary cell wall thickenings of tracheary elements in
pea leaves (Anderson and Carol, 2004). Overall, further research is needed to determine
whether poplar xylem sap proteins, without signal peptides, are the just the result of
incomplete degradation during development of xylem vessels or if the plant is utilizing

these proteins for another purpose.
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6 General discussion
The overall goal of this study was to identify phloem and xylem sap proteins in

poplar. Phloem sap does not readily exude from poplars therefore a method was
developed using EDTA to facilitate the collection of phloem exudate (Chapter 2). Based
on 2-DE, over 100 proteins were estimated to be present in poplar phloem exudate and
the identity of 48 of these proteins were determined using a combination of SDS-PAGE
and LC-MS/MS. A large number of phloem exudate proteins identified were stress-
responsive proteins including antioxidant enzymes, insect defense proteins such as Pls
and PPO, and pathogenesis-related proteins including TLPs and chitinases.

Unlike phloem sap, xylem sap can easily be collected using root pressure
(Chapter 5). Approximately 130 poplar xylem sap proteins were visualized with 2-DE
and 97 were successfully identified using LC-MS/MS. Over one-half of the proteins
identified were metabolic enzymes involved in various biological processes including cell
wall metabolism, glycolysis, translation and proteolysis.

The second goal of this thesis was to identify and characterize phloem exudate
proteins that potentially function in plant defense by screening for wound-induced
phloem proteins. Poplar phloem exudate proteins were analyzed 24 h post-leaf wounding
(Chapter 2). At this time point, two proteins were induced in response to wounding,
providing indirect evidence that these proteins may be involved in plant defense. These
proteins were subsequently identified as pop3.1 and PtTLP1. Pop3.1 is orthologous to P.
tremula SP1 and PtTLP1 is a thaumatin-like protein. Genes encoding both proteins are
known to be induced in response to abiotic and biotic stresses (Wang et al., 2002; Gu et

al., 2004; Major and Constabel, 2006; Ralph et al., 2006; van Loon et al., 2006).
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Antibodies were produced for PtTLP1 (Chapter 2) and pop3.1 (Chapter 4). Antibodies

were also produced for another known, stress-inducible protein, pop3.4 (Chapter 3),
which is 40% similar to pop3.1. Like pop3.1, pop3.4 was identified in phloem exudate,
but it did not appear to be induced in the 24 h wounding experiment. All three proteins
were localized to starch granules inside sieve elements of mature stem tissue confirming
the origin of these phloem exudate proteins (Chapters 2-4). These granules are most
likely remnants of starch-containing plastids that are typically attached to the
endoplasmic reticulum of sieve elements (Knoblauch and van Bel, 1998). Since pop3.1,
pop3.4, and PtTLP1 appear to be localized to these plastids, they are presumably not
transported in sieve elements, however, when these cells are wounded in the exudate
collection process, the starch-containing plastids will rupture releasing the proteins into
the translocation stream (Knoblauch and van Bel, 1998). Hence, phloem exudate proteins
actually appear to be a collection of phloem-specific soluble proteins and proteins from
ruptured sieve element plastids as previously suggested (van Bel et al., 2002)

Pop3.1, pop3.4, and PtTLP1 were associated with plastids not only in sieve
elements, but also in phloem parenchyma cells (Chapters 3 and 4). These results are
unexpected since these proteins do not have predicted transit peptides targeting them to
plastids. However, a recent analysis of the chloroplast proteome in Arabidopsis indicated
that only 86% of plastid proteins have a predicted transit peptide (Zybailov et al., 2008).
Likewise, all three proteins were also detected in cell walls of various cell types, but only
PtTLP1 had an N-terminal signal peptide targeting it to the secretory pathway (Chapters

2 and 3). Pop3.1 and pop3.4 may therefore utilize alternate secretory pathways. For
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example, some mammalian proteins are secreted without an N-terminal signal peptides
(Bendtsen et al., 2004).
6.1 Significance

This study is significant because xylem and phloem proteomes have not been
previously studied in a perennial. A number of proteins identified in this thesis have been
previously identified in phloem and xylem sap of annual plants, which supports the
hypothesis that these proteins have important roles in these tissues. However, many novel
phloem and xylem sap proteins were also identified in poplar. Unexpectedly,
pathogenesis-related (PR) proteins such as TLPs, chitinases, and B-1,3-glucanases were
identified in phloem exudate. These proteins have been previously identified in xylem
sap (Rep et al., 2002; Buhtz et al., 2004; Kehr et al., 2005; Alvarez et al., 2006;
Djordjevic et al., 2007; Aki et al., 2008; Alvarez et al., 2008), but their presence in
phloem sap is not well documented. In fact, several PR proteins were only recently
detected in rice phloem sap, but not TLPs or chitinases (Aki et al., 2008). The presence of
PR proteins in phloem sap has been considered a result of contamination from apoplastic
fluids, but immulocalization of TLPs confirmed that at least some of these proteins are
bona fide constituents of phloem sap (Chapters 2-3).

Novel xylem sap proteins consist of cytoskeleton proteins and metabolic
enzymes, including several ribosomal proteins. Unlike previous studies, these poplar
xylem sap proteins do not have N-terminal signal peptides targeting them to the secretory
pathway. These results are significant because it raises questions regarding the origin of
xylem sap proteins. Originally it was predicted that xylem sap proteins were synthesized

in the roots, secreted into the apoplast, and then transported throughout the plant (Sakuta
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et al., 1998; Masuda et al., 1999; Sakuta and Satoh, 2000; Masuda et al., 2001). My

results, however, contradict this hypothesis. As described above, it is possible that the
xylem sap proteins identified in this thesis do not use the traditional secretory pathway,
but is also possible that these xylem sap proteins were flushed from recently matured
xylem vessels and they are the result of incomplete proteolysis during xylogenesis. If
they are an artifact of tracheary element differentiation as predicted, this raises questions
regarding the function of these proteins. Under natural conditions, would these proteins
normally be degraded or does the plant utilize these proteins for other purposes in mature
tracheary elements?

To my knowledge, this thesis also presents the first report of wound-inducible
phloem exudate proteins. The role of phloem transport in the systemic defense response
have been clearly established (Davis et al., 1991; Orians et al., 2000; Schittko and
Baldwin, 2003; Viswanathan and Thaler, 2004), but it is not known if phloem proteins
are involved. The inducibility of two poplar phloem exudate proteins provides indirect
evidence that phloem exudate proteins may also have a role in the systemic defense

response.

6.2 Future directions
The results presented in this thesis represent only a first characterization of the

poplar phloem and xylem sap proteomes. Although 48 and 97 proteins were successfully
identified in poplar phloem and xylem sap, respectively, a much larger number of
proteins were estimated to be present in both samples. Therefore additional sequencing

experiments will be needed to provide a more comprehensive list of poplar phloem and
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xylem proteins. In addition, since contamination from the apoplast can not be ruled out
for poplar phloem exudate, one could collect poplar phloem sap from aphid stylets to
avoid artifacts that are sometimes observed with EDTA (Gaupels et al., 2008). Although
technically difficult, this method would provide pure phloem sap, which could then be
used to verify the presence of proteins identified in this thesis.

Of the proteins that have been identified, the challenge is to characterize these
proteins and identify their function within the vascular system. By identifying wound-
inducible phloem exudate proteins, my research indicated that phloem exudate proteins
may function in plant defense. My research, however, is limited to a single time point and
a single stress response. It will be important to study phloem exudate proteins at multiple
time points after mechanically wounding leaves to possibly identify additional proteins
that are involved in the systemic defense response. It will also be interesting to study the
expression of these proteins in response to other stresses including pathogen infection or
nutrient deficiencies.

As part of this research, I began characterizing three phloem exudate proteins,
pop3.1, pop3.4 and PtTLP1. This thesis provides an overview of the expression and
localization of these proteins, but further research is still needed in order to fully
comprehend how they may function within the phloem and in poplar. Biologically,
pop3.1 and PtTLP1 appear to function in defense, but because the biochemical activity of
these proteins has not yet been determined it is difficult to understand what role, if any
that these proteins may have in the systemic defense response. To determine a
biochemical function, these proteins could be purified and used for activity assays. In

addition, these proteins could be overexpressed or knocked-out in poplar and these plants
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could be used for insect-feeding assays in order to determine if they negatively affect

insects.
Overall, my research provides the foundation for future studies of poplar phloem
and xylem sap proteins. This is an area of research that has not been previously pursued

and therefore there are limitless opportunities for additional research.
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Appendix 1: Supplementary Data

The following pages contain the Supplementary Tables and Figures referred to in
Chapters 2, 3, 4, and 5. A Table of Contents for the Supplemental Data is printed on

preliminary page ix.
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Supplementary Figure 2-1. Reference 2-DE gel used for the analysis of phloem exudate proteins
collected from control and wounded poplar saplings. Protein spots are circled and numbered and
the corresponding expression ratio, standard error for control and wound treatments, and P-value

for each protein spot are listed in Supplementary Table 2-2.
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Supplementary Table 2-2. Statistical analysis of poplar phloem exudate proteins from 24h wound
experiment. See Supplementary Fig. 2-1 to view corresponding spot #s.

Control Samples Wound Samples
Protein Match Spot # Expression Ratio  Standard Error Standard Error P-Value

pop3/SP1 21 1.358 0.444 0.559 0.032
23 1.886 0.589 2.102 0.526
28 0.403 0.108 0.044 0.028
51 0.901 0.572 0.359 0.150
57 0.570 1.768 0.781 0.494
62 1.040 0.674 0.621 0.698
69 0.840 0.485 0.383 0.292
71 0.893 1.317 0.787 0.062
72 0.976 1.123 1.418 0.807
79 0.961 0.171 0.227 0.773
84 0.892 0.327 0.458 0.478
100 1.089 0.065 0.226 0.530
101 1.643 0.075 0.085 0.106
106 1.332 0.048 0.042 0.251
109 0.949 0.089 0.085 0.908
119 0.769 0.185 0.320 0.527

TLP 120 1.903 0.284 0.605 0.034
121 0.973 0.508 0.641 0.790
122 1.178 0.209 1.034 0.393
123 0.858 0.073 0.055 0.643
124 0.912 0.131 0.192 0.496
125 1.028 0.040 0.209 0.873
127 0.899 0.097 0.260 0.630
137 0.813 0.539 0.204 0.455

138 1.487 0.212 0.194 0.214
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Supplementary Table 3-1. LC-MS/MS data for the 31 kDa TLP sequenced from poplar phloem exudate
(Fig. 3-3) which includes the protein's predicted MW and pI and the sequence and charge of the matched
peptides and also the probability of of an N-terminal signal peptide as determined by Signal P (Nielson et
al., 1997; Bendtsen et al., 2004)

JGI Theoretical No. of

Ace. Mascot matched SignalP
Identification No. MW plI Score peptides Sequence Matches Charge Prob.
TLP 583370 24200 5.47 146 2 QQCPQAYSYAYDDK 2 0.017

SSTFTCPSGGNYLITFCP 2
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Supplementary Figure 4-1. Inmunofluorescence of poplar stem cross-sections labelled with
pop3.1 (A-C) and pop3.4 (D-F) preimmune sera. CO, cortical cells; CZ, cambial zone; EP,
epidermal cells; PF, phloem fibres; and XV, xylem vessels. Scale bar = 20 pm.
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