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ABSTRACT

Scott O. Rogers, Advisor

Shoot apical meristems (SAMs) of higher plants maintain a population of
pluripotent cells which continue to divide throughout the life of plant and provide
cells for development of all the above-ground organs after embryogenesis. Since
the plant is sessile, maintenance of stem cells in the SAM and appropriate
differentiation are crucial for the plants to adapt to the changing environments.
Shoot apex of the plant is the very tip of the shoot, in which the SAM resides. To
analyze the differential gene expression patterns between the shoot apex and the
very young leaf, transcriptomes from the two tissue types of a variegated variety
of English ivy (Hedera helix L. cv. Goldheart) plants, were hybridized on
Arabidopsis thaliana cDNA microarrays, using cross-species hybridization (CSH).
Among 11,255 cDNA probes excluding ‘BLANK’ and ‘bad’ spots, 2,597 features
produced signals that were greater than background levels, which constitutes
23% of the total number of usable probes on the microarray. One hundred
seventy four genes were expressed statistically differentially (fold change >=2 and
p=0.05). Of these, 60 were in the shoot apex and 114 were in the young leaf.
Functional categorization based on the genome/protein databases and a pathway
analysis revealed some of the tissue-specific biological processes and identified
some of the genes involved. The annotated and/or predicted roles of those genes
in the tissue-specific biological processes were described and discussed in

relation to the plant development.
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PART 1. INTRODUCTION

1.1 Postembryogenic Development and Apical Meristems in Plants

Higher plants continue to form organs throughout their lives after embryogenesis.
Postembryonic development enables plants to adapt to the varying conditions of the surrounding
environment with greater plasticity (Walbot, 1996). This is essential for plants to compensate their
sessile life style, since they cannot avoid adverse environments as do motile animals (Twyman,
2003). During embryogenesis, two meristematic tissues, the shoot apical meristem (SAM) and the
root apical meristem (RAM), are established and organized at opposite ends of plant embryo.
Plant postembryonic development depends on the activity of these two meristems. The shoot and
root systems of the adult plants are elaborated gradually through the activities of these
meristematic tissues after germination of the seed (Steeves and Sussex, 1989). These meristems
are composed of a group of cells that have the potential to produce virtually all types of tissues
and organs. The SAM consists of a group of pluripotent cells lying distal to the youngest leaf
primordium at the apex of plant stems (Cutter, 1965) and serves as the initiation site of all major
shoot structures, including axillary apical meristems. The SAM produces the shoot system, which
is composed of iterative modules, called phytomers, each consists of a node at which a leaf (or
leaves) and axillary meristem(s) are attached, and a subtending internode (Figure 1-1 on page 2).
The SAM maintains totipotency and produces phytomers repeatedly throughout the life of a plant,
which can be as long as thousands of years in some trees (Brunstein and Yamaguchi, 1992;
Schulman, 1958).

1.2 Concepts of Shoot Apical Meristem

In 1759 Caspar Wolff first recognized that the new tissues and leaves arise from a particular
area at the apex of the shoot (Tooke and Battey, 2003). He described the leaf initiation site as ‘the
convex, juicy and translucent vegetation surface’ and also observed the leaf primordia in different
developmental stages around the leaf initiation site (Figure 1-2 on page 3). A century later Nageli
(1858) introduced the term ‘meristem’, from the Greek word merizein, meaning fo divide, to
describe a group of plant cells that are always capable of division. He also made the first accurate
account of apical initial cells in some of the seedless vascular plants, where a single apical cell
divides into two daughter cells, one of which remains as an apical initial cell while the other is

added to the meristematic tissue in a relatively peripheral position. Although he also extended his
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Figure 1-1. lllustration of a vegetative shoot showing phytomers. A phytomer of a leaf (or leaves)
attached at a node, a subtending internode and an axillary meristem (lateral bud) at the base of the
leaf. The shoot apical meristem (SAM) is located at the apex of the shoot.

apical initial cell concept to the meristems of higher vascular plants, this interpretation
subsequently turned out not to be accurate (Tooke and Battey, 2003). While the concept of apical
cells pertains to descriptions of the SAM of seedless vascular plants, currently the most widely
accepted concepts describing angiosperm shoot apical meristem are ‘tunica-corpus’ organization
and apical zonation (Brand et al., 2001; Clowes, 1961; Scofield and Murray, 2006; Steeves and
Sussex, 1989).

Hanstein (1868) first proposed the histogen concept of meristem organization and function in
the flowering plant. According to this concept, three meristem layers are recognized in the apical
meristem: the outermost dermatogen, the middle periblem, and the innermost plerome (Figure 1-3
on page 3). The dermatogen layer exhibits only anticlinal divisions and gives rise to the epidermis
of all parts of the plant. The periblem layer also displays anticlinal divisions with occasional
periclinal divisions to form the cortex of the plant. The plerome gives rise to the central cylinder
(vascular tissues and pith) of the plant through both anticlinal and periclinal divisions. Although his
interpretation, in which each layer gives rise to a specific portion of the plant, was once widely
accepted and was applied to both the SAM and the RAM, it is now largely disappeared in
description of SAM organization, but continues to be used to some extent in description of RAM
(Steeves, 2006).



Figure 1-2. The punctum vegetationis (‘point of vegetation’) depicted by Caspar Wolff. Diagram and
translated description were adopted from Tooke and Battey (2003): ‘The tip was peeled and all leaves
were removed from the front view, so that it is possible to see the vegetation point. Leaves were not
removed from the back to demonstrate their attachment to the vegetation surface.’ (v) ‘The convex,
juicy and translucent vegetation surface.’ (p) ‘The first leaf to appear, with its concave inner surface
adjacent to the vegetation surface. The consistency of this leaf is barely more substantial than a
viscous fluid.” (a) ‘A different leaf, which is larger and more substantial than the previous.’ (¢) ‘A leaf
which has already developed a surrounding edge.’ (e) ‘Half a leaf.’ (d) ‘Complete leaf’

Figure 1-3. Hanstein’s description of an angiosperm apical meristem. Three histogenic meristem
layers were described: dermatogen (d), periblem (pe), and plerome (pl), which give rise to the
epidermis (ép), cortex (éc), and central cylinder (cc), respectively (Buvat, 1952).
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Later, Schmidt (1924) proposed a new concept of apical organization known as ‘tunica-corpus’
organization, in which the SAM was described as stratified cell layers consisting of a ‘tunica’ and
‘corpus’ based on the orientation of cell divisions in the layer (Figure 1-4 on page 5; Tooke and
Battey, 2003). The tunica consists of one to several superficial layers that cover the underlying
central core, called the corpus. These two distinguished regions reflect the result of their cell
division patterns. In the tunica, cell divisions are exclusively or predominantly anticlinal, so that all
new cell walls are formed perpendicular to the surface of the SAM. As a result, progeny cells of
the tunica remain in the layer and the tunica maintains a stratified appearance. On the other hand,
cell divisions in the corpus region occur in multiple directions including both anticlinal and periclinal
(parallel to the surface of the SAM), as well as oblique, so that progeny cells of the corpus form a
mass of cells underlying the tunica. This description applied typically to flowering plants, but it has
been extended to some gymnosperm species as well (Steeves, 2006). Schmidt’s interpretation of
apical organization was the same general idea of Hanstein’s layers that were formed by different
directions of cell division planes. However, while Hanstein postulated that specific portions of the
plants rose from different layers, Schmidt thought that the contribution of the tunica layers and the
corpus to each part of the plant was variable, but interdependent (Rogers, 1980).

While the tunica-corpus concept was gaining acceptance, a new concept emerged in France,
first postulated by Plantefol (1947) and developed by Buvat (1955), based on the mitotic activity
of the cells in the shoot apex. In this concept of SAM, the center of the shoot meristem consisting
of topmost cells of the tunica and corpus remains essentially inactive and playing no part in
organogenesis or histogenesis during vegetative phase of development, as named méristéeme d’
attente (waiting or resting meristem; Figure 1-5 on page 5). This distal inert region becomes active
and functional only with the onset of flowering and forms a terminal flower or inflorescence. Leaf
primordia originate in the region surrounding the méristeme d’ attente. This developmental or
formative region was named anneau initial (initiating ring) and characterized by active cell division
and therefore considered to be a self-sustaining tissue. While the distal part of the corpus and
tunica (méristeme d’ attente) is inactive during the vegetative phase, the lower part of the corpus,
the subtending méristeme medullaire (medullary meristem), contributes to the elongation of the
shoot by participating in the internodal elongation of the axis of the actively growing leaf primordia.
This concept was originally applied to dicotyledonous plants but was later extended to
monocotyledonous plants and eventually to some gymnosperms and seedless vascular plants.
Although this concept was appealing to some investigators, opponents of this interpretation

disagreed on that specific cells in the summit of the SAM were set aside early in development



Figure 1-4. Schmidt’s tunica-corpus organization of the shoot apical meristem. In the tunica (t), cell
division is anticlinal, so that progeny cells remain in the same layer. In the corpus (c), cell division is
periclinal or non-directional, forming a mass of progeny underneath the tunica layer (Buvat, 1952).
Arrows indicate the direction of cell proliferation.
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Figure 1-5. Buvat’s concept of shoot apical meristem. A diagrammatic representation of an angiosperm
shoot apex showing the méristéeme d’attente, anneau initial and méristeme médullaire (Buvat, 1955).



solely to provide the initial cells for reproductive structures later (Steeves and Sussex, 1989).
Based on histological observation of mitotic figures in the shoot apex and other aspects, Wardlaw
(1957) showed that cells in the summit of the shoot apex divide to contribute to all of the organs

and tissues of the shoot, vegetative or reproductive (Irish and Sussex, 1992).

1.2.1 Zonation Patterns in Shoot Apical Meristems

In both gymnosperms (Foster, 1938) and angiosperms (Gifford, 1954; Popham and Chan,
1950), cytological and histochemical differences have been observed between cells in different
regions of the tunica and corpus. Foster (1938), and Popham and Chan (1950) described five
zones in the SAMs of Ginkgo (Figure 1-6 on page 7) and Chrysanthemum (Figure 1-7 on page 7),
respectively. However, three regions of different cytohistochemical patterns are generally
recognized in angiosperms (Baurle and Laux, 2003): central zone (CZ), peripheral zone (PZ) and
rib zone (RZ) (Figure 1-8 on page 8).

The CZ consists of infrequently dividing cells located at the summit of the SAM. Those cells are
relatively large and have diffuse nuclei that stain lightly. The CZ harbors a population of pluripotent
and self-renewing cells that serve as a source for new cells for other regions. These cells are
relatively larger and with poorly defined cell walls compared to other cells within the same zone,
and referred to as apical initials, or collectively the apical initial zone (Rogers and Bonnett, 1989).
The apical initials, later have been referred to as ‘stem cells’ first by Francis (1992) and, more
explicitly by Hudson and Goodrich (1997), reflecting their functional similarity to stem cells in
animals. Surrounding the CZ is the PZ, which includes the tunica layers outside of the axial zone,
where rapidly dividing cells differentiate into leaf primordia and outer stem tissues. The cells in PZ
are small and have densely staining nuclei and darkly staining cytoplasm. The underlying RZ is
the region of the corpus responsible for generating the inner stem tissues. Cells of the RZ are
enlarging, usually with large vacuoles, and become larger as they mature into pith further from the
SAM.

Considering both the tunica-corpus organization and the zonation patterns, the SAM can be
envisioned as having clonally distinct layers of cells that are sub-divided into three broadly defined
functional zones, which are distinguished by cell sizes, nuclear sizes, and staining patterns,
reflecting differences in the extent of cell division or cellular activity in different regions of SAM.
(Clark, 1997; Kerstetter et al., 1997; Lyndon, 1998; Medford, 1992; Steeves and Sussex, 1989).



Figure 1-6. Foster’s cytohistological zones and their mode of growth in Ginkgo shoot apical meristem.

Zone |, apical initial cells, from which by anticlinal and periclinal divisions respectively the surface layer
(sl) and the internal tissue of the growing point originate. Zone Il is the mass of slowly dividing central
mother cells. The lateral and basal margins of the group of central mother cells (indicated by the broken
U-shaped light-blue outline pointed by the arrow) constitute Zone Ill, which was not shown in the original
diagram. This marginal region is characterized by the smaller size and frequent division of its cells. From
this transition zone, the peripheral subsurface layers (Zone 1V) and rib meristem (Zone V) arise. The
points and lengths of arrows represent the direction and relative amount of growth (Foster, 1938).

Figure 1-7. Cytohistological zonation pattern in Chrysanthemum. 1, Mantle layers; Il, central mother
cell zone; lll, cambion-like zone (not always present); IV, rib meristem; V, peripheral zone (Popham
and Chan, 1950).



Figure 1-8. A schematic diagram showing cytohistological zonation in angiosperm shoot apical

meristem. CZ, central zone residing at the summit of the SAM; PZ, peripheral zone surrounding CZ; RZ,
rib zone or rib meristem underneath the CZ. P1, P2, P3: the youngest, the second youngest and the
third youngest leaf primordium, respectively.

1.2.2 Experimental Analyses on Shoot Apical Meristem

The concepts of layered organization and zonation pattern were shown to be functionally valid
by experimental analyses, such as microsurgery (reviewed in: Cutter, 1965; Steeves and Sussex,
1989), mitotic counts (Lyndon, 1970a; Lyndon, 1970b; Stewart and Dermen, 1970), radioisotope
labeling (Brown et al., 1964; Sussex and Rosenthal, 1973), and chimeric analysis (Rogers and
Bonnet, 1989; Tilney-Bassett, 1986). In microsurgery experiments, punctures or ablations were
made to destroy some of the meristem cells, incisions were made to separate the meristem from
other regions, or to divide the meristem into parts longitudinally. When cells in the central zone
were punctured or ablated so that the supposed initials were destroyed, growth from the
punctured meristem was aborted and one or more new meristems were formed on the flanks of
the original apex and the new meristem initiated new leaf primordia. If the central apical meristem
was isolated from the flanking tissues by several deep vertical incisions, it was capable of
continued normal growth and development. If an apical meristem was divided longitudinally into a

number of parts, some or all of parts regenerated new functional apical meristems and each



initiated new leaf primordia (Pilkington, 1929). All of these observations in microsurgical
experiments indicate that cells of the central zone are capable of autonomous development and
suppression of precocious outgrowth of the flanking regions (reviewed in: Cutter, 1965; Steeves
and Sussex, 1989). When entire apical meristems or parts of meristems were excised and
cultured on artificial growth media, they produced shoots with normal morphology, indicating the
information required for formation and development of a shoot with its lateral organs and cell types
exists within the apical meristem (Ball, 1960; Wetmore, 1953). Although there is variation in the
nutrient requirements of different species (Cutter, 1965), the ability of the excised shoot apex to
develop normal morphology also indicates the high level of autonomy of the SAM.

Mitotic counts and DNA labeling have been used to measure cell division occurring in different
regions of the shoot apex, and showed that the rate of cell division in the central zone is much
lower than that in the peripheral zones (Brown et al., 1964; Lyndon, 1970a; Lyndon, 1970b;
Sussex and Rosenthal, 1973). The low mitotic activities of the distal-most cells of the central zone

indicated that they were the ultimate source of all cells in the SAM (Laufs et al., 1998b; Lyndon,

1970a; Lyndon, 1970b; Stewart and Dermen, 1970). Radioisotope labeling studies, where 3H-
thymidine was used as an indicator of DNA synthesis and thus subsequent cell division, showed
that the cells in the summit of the central zone were dividing slowly but apparently contribute cells
to the surrounding region, and eventually to the vegetative shoot (Brown et al., 1964; Sussex and
Rosenthal, 1973). The use of various staining techniques (Corson and Gifford, 1969),
measurement of cell size (Lyndon and Cunninghame, 1986), and other observations that reflect
the degree of activity have generally supported this conclusion (Steeves and Sussex, 1989).
The chimeric analysis provided means to trace each meristem layer to the differentiated cells
in the shoot. Chimeric plants are composed of tissue with distinctive cellular markers such as
chromosome number (polyploidy) and loss of chloroplast pigments (albino) (Tilney-Bassett,
1986). Chimeras can be produced by radiation, chemical treatment, somatic mutation, or plastid
segregation to induce phenotypic cellular markers. There are three types of chimeric tissues:
periclinal, sectorial and mericlinal (Figure 1-9 on page 10). Periclinal chimeras are formed when a
mutation is restricted in one or more layers of the apex and affects the entire layer(s). As a
consequence, the affected progeny cells form different layer(s) parallel with the unaffected
layer(s). Sectorial chimeras have mutations in a section encompassing multiple layers of the apex.
The cells that are derived from the mutated cells form a segment in multiple layers. Sectorial
chimeras are stable and persist for several nodes and internodes (Steeves and Sussex, 1989). In

mericlinal chimeras, a mutation is limited within a section in one layer of the apex, and the mutated
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0000

Normal Periclinal Sectorial mericlinal

Figure 1-9. Diagrammatic cross-sectional views of different types of chimeras in plant shoots. Green
represents normal green tissue and the orange regions are composed of albino cells. Black circles
indicate the boundary or outline of different layers. Drawn based on Tilney-Bassett (1986).

cells occur in a single layer on one side of the plant only. This type of the chimera is not sable and
does not persists very long. By tracing the lineage of the progeny cells having cellular markers
(i.e., mutated traits) in the periclinal chimera, it is possible to demonstrate the presence of initial
cells in angiosperm shoot meristems (Tilney-Bassett, 1986). The clonal analysis using chimeric
plants supports the concept that the apex consists of distinct layers and each layer has its own
group of initial cells that give rise to all cells in the layer (Rogers and Bonnett, 1989).

In the angiosperm SAM, the stratified tunica and corpus are described as three clonally distinct
cell layers, which reflect the cell division patterns in each layer (Figure 1-10 on page 11). The
tunica is distinguished in two layers; an outer single cell layer designated as L1 and an inner layer,
L2, which can be more than one cell layer. The cell mass of underlying corpus is designated L3
(Brand et al., 2001; Satina and Blakeslee, 1941). It was shown that progeny cells of the anticlinally
dividing initial cells in the outermost layer of the tunica (L1) remain in the same layer and
differentiate exclusively into the epidermal layer. The underlying layer(s) of the tunica (L2), in
which cells divide predominantly anticlinally, as well as periclinally at lower frequency, generates
subepidermal cortex, some of the vascular tissue and the gametes. Cells in the corpus (L3), which
divide periclinally and anticlinally, as well as obliquely, give rise to the pith and most of the vascular
tissues. This early allocation of cells in the meristem into separate clonal cell layers supports the
concept that the layers of the meristem are distinct and that each has its own small group of initial
cells, suggesting a cell-lineage-dependent mechanisms of development (Rogers and Bonnett,
1989). This is true as long as the daughter cells stay in the layer from which they are derived.
Although the chimeric sectors in the meristem may last for many years in perennials, they are

displaced ultimately, suggesting that the initials are not permanent although they may function for
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Corpus

Figure 1-10. Shoot apical meristem showing three clonally distinct cell layers. L1 (white) and L2
(green) represent tunica layers whereas L3 represents the corpus (pink region). CZ, central zone; PZ,
peripheral zone. P1, the youngest leaf primordium; P2, the second youngest leaf primordium; P3, the
third youngest leaf primordium.

along time. Also, studies using genetic mosaics showed that the development of each clonal layer
is flexible and adjustable to the changes of cell proliferation occurring in other layers (Szymkowiak
and Sussex, 1996). When an initial cell in L1 divides periclinally, the daughter cell is displaced
from the layer and is incorporated into the underlying layer, adopting the fate of its new position
as an L2 cell. This suggests that the position of a cell, and not its clonal origin, determines the
ultimate fate of the cell (Irish, 1991; Poethig, 1989; Rogers and Bonnett, 1989; Satina et al., 1940;
Satina and Blakeslee, 1941; Szymkowiak and Sussex, 1996).

1.2.3 Integration of Layers and Zones in Development

To sustain growth and to assure proper functioning and survival of a plant, the establishment
and maintenance of zones and layers of the SAM are essential. Adequate proliferation of stem
cells, proper differentiation of derived cells and formation of organs must be properly coordinated
among these zones and layers. During development, all three layers (L1, L2, L3) of the SAM

contribute cells to newly formed organs, indicating that the rate of cell proliferation and the
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specification of cell fate are to be coordinated among the layers (Brand et al., 2001).

A division of an initial cell in each cell layer results in two daughter cells. The daughter cell that
stays in the apical position remains pluripotent and functions as the initial cell. By contrast, the
daughter cell more distant from the apex is incorporated into the central zone and recruited into
the peripheral zone or the rib meristem, where it ultimately undergoes differentiation. While a cell
cannot move and its position is fixed at the time of division, the position of the daughter cell shifts
further away from its mother cell. As the positions of daughter cells shift as a result of successive
divisions, gene expression in the cell also changes depending on the fate of the cell. This implies
that cells in the SAM appropriately determine their gene expression based on signal exchanges
with others in the meristem, not on a lineage-specific predisposition of cell fate (Carles and
Fletcher, 2003; Szymkowiak and Sussex, 1996).

There can be two main routes by which meristem cells in the SAM can communicate with each
other to coordinate their development. One way of the intercellular communication appears to
involve transfer of signal molecules, such as RNA and proteins (including transcription factors) to
neighboring cells through symplastic continuity via plasmodesmata (Kim et al., 2005b; Lucas,
1995). It has been shown that cells in zones and layers in the SAM form rather separate
symplastic domains (Gisel et al., 1999; Rinne and van der Schoot, 1998; Rinne et al., 2001). The
cells in a domain are effectively coupled, allowing facilitated exchange of molecules, whereas the
exchange between cells of different domains may be less efficient (Bayer et al., 2008). A second
way of communication between cells in the SAM is signaling through the intercellular space,
apoplast. Mobile molecules secreted by one cell can be recognized by specific receptors on
another cell’s surface. The signaling pathway that covers the different layers or gene expression
domains is a candidate for this type of communication in the SAM (Doerner, 1999; Fletcher and
Meyerowitz, 2000).

1.2.4 Gene Expression Domains in Shoot Apical Meristem

The availability of a variety of mutants from model plants, such as Arabidopsis, rice and maize,
along with various molecular genetic analysis techniques, led to identification of specific genes
that are expressed only in a certain meristem zone and controlling various aspects of shoot
development (reviewed in: Brand et al., 2001; Steeves, 2006; Tooke and Battey, 2003; Veit,
2006). Many of these genes encode putative transcriptional regulators, controlling the expression
of downstream genes. Although it is not clear if the gene expression domains and the

cytohistochemical zonation correspond exactly, especially at the boundaries of the zonation,
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many genes have their expression domains in one region or another in the SAM, suggesting that
the cytohistologically distinct zones within the SAM may be characterized by distinct patterns of
gene expression. By using Arabidopsis mutants that have altered SAM morphology, genes that
are expressed in specific zones in the SAM, or in the whole SAM, but not in differentiating cells,
have been identified (Figure 1-11; Brand et al., 2001).

CLAVATA3 (CLV3) is expressed in a small region in the L1 and L2 layers at the summit of the
SAM, and these cells are considered as the initial cells for the shoot (Fletcher et al., 1999).
Underneath the CLV3 expression, CLV1 and CLV2 are expressed in most cells of L3, but absent
in L1 and L2 layers (Clark, 1997). WUSCHEL (WUS) is expressed in a small number of the lower
cells within the corpus below the CLV3 expression domain, barely overlapping with CLV1/CLV2
expression domain (Laux et al., 1996; Mayer et al., 1998). The CLV1CLV2 domain is much
broader than WUS domain laterally and apically. Since the WUS-expressing cells within the RZ

L1
L2 ClV1& 2
. @

AS1 ASz
AS2 ST™M AS2

CLV: CLAVATA

WUS : WUSCHEL

STM : SHOOT MERISTEMLESS
AS : ASYMETRICAL LEAVES

Figure 1-11. Schematic diagram showing expression domains of shoot apex-specific genes in a wild-

type Arabidopsis shoot apical meristem. STM (light pink) is expressed throughout the apical meristem,
but not in the differentiating region, where AS7 and AS2 (light blue) are predominantly expressed. The
CLV3 expression domain (blue) is largely restricted to a small number of cells in L1 and L2 layers,
whereas CLV1 and CLV2 (light green) are exclusively expressed in most cells of the L3 layer (Clark et al.,
1997). WUS expression (purple) is in the lower cells of the L3 layer beneath the CLV expression domain
(red; Mayer et al., 1998) and the WUS-expressing cell domain is also referred to as organizing center
(OC) (Mayer et al., 1998).
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signal to its overlying CLV-expressing cells, specifying them as pluripotent stem cells in the CZ,
the WUS expression domain is referred to as an organizing center (OC) of the SAM (Mayer et al.,
1998). A KNOTTED1-like HOMEOBOX (KNOX) gene SHOOTMERISTEMLESS (STM) is
expressed throughout the CZ and the PZ of the SAM but not at the sites of primordia specification
within the PZ, indicating that STM expression is either specifically activated in the meristem, or
repressed in those cells that will differentiate into organ primordia (Barton and Poethig, 1993; Long
and Barton, 1998; Long et al., 1996). ASYMMETRIC LEAVES genes (AS1 and AS2) are
expressed in founder cells of the primordium and negatively interact with STM to maintain the
SAM/primordium boundary. While STM restricts AS1 expression from cells in the SAM, AS7 and

AS2 prevent STM expression in founder cells in the primordium (Fletcher, 2002).

1.2.5 Cell Proliferation and Maintenance of SAM

While cells that make up the CZ of the SAM continuously divide and transit away from the apex
into the peripheral region for differentiation, the size and organization of the SAM are preserved
(Ball, 1974; Brand et al., 2001; Evans and Barton, 1997; Silk and Erickson, 1979). To maintain the
SAM as an integrated unit in size and organization, it is essential to ensure that a stable population
of stem cells is maintained in the SAM while their progeny are recruited into differentiation in a
timely manner so that the rates of proliferation and recruitment of cells are precisely balanced
(Clark, 1997; Meyerowitz, 1997). It appears that the balance between these two processes is
achieved by a combination of negative and positive interactions between genes and gene
products in different zones within the meristem, as well as between meristem genes and genes
expressed in differentiating regions (Figure 1-12 on page 15; Fletcher, 2002).

The maintenance and function of the stem cells in the SAM appears to be regulated by three
regulatory gene actions7 1) the CLAVATA signal transduction pathway maintains stem cell
identity by controlling the recruitment of stem cell into differentiation, 2) the feedback loop of the
CLV and WUS genes maintains the balance between the central reservoir of stem cell population
and recruitment of differentiating cells, 3) the combined activities of homeodomain genes prevent
stem cells from premature differentiation (Carles and Fletcher, 2003; Clark et al., 1996).

When cells become displaced from the meristem center, they lose stem cell identity first and
then undergo differentiation. The transition from stem cell to differentiating cell is regulated by the
CLAVATA receptor kinase signal transduction pathway, which involves actions of all three CLV
genes (CLV1, CLV2 and CLV3). Mutations in any of these delays the recruitment of stem cells into

differentiation and gradually accumulates meristem cells, resulting in an enlarged meristem with
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Figure 1-12. A schematic diagram showing the hypothesized regulation of cell identity across the

Arabidopsis shoot apex. In the central zone of the meristem (CZ), a positive signal from WUSCHELL
(WUS) specifies stem cell identity and maintains the CLAVATA3 (CLV3) expression domain to a narrow
region in the deeper layers of the meristem. The signal from CLV3 limits the expression domain of
WUS to a small region within the corpus. Putative Arabidopsis homologs of the rice gene SHOOT
ORGANIZATION (SHO) are proposed to regulate the rate of cell transition from the CZ to the
peripheral zone (PZ). The MGOUN genes (MGO1 and MGOZ2), which are expressed at the outer
margin of the PZ, promote the transition of cells from the PZ into the leaf primordium. When mutated,
these genes result in defective organ formation (Laufs et al., 1998a). The plant hormone cytokinin is
proposed to stimulate mitotic activity in the SAM by elevating the levels of D-type cyclins. Cytokinin is
also proposed to increase the expression of STM, KNOTTED1-LIKE genes KNAT1 and KNAT2, which
concomitantly appear to promote cytokinin accumulation. ASYMMETRIC LEAVES genes (AS1 and
AS2) are expressed in founder cells of the primordium and negatively interact with STM, KNAT1 and
KNAT?Z2 to maintain the SAM/primordium boundary. STM restricts AS7 expression from cells in the
SAM, while AS7 and AS2 prevent KNAT1 and KNAT2 expression in founder cells in the primordium
(Fletcher, 2002). The brown arrows indicate regulation of the gene expression, and the blue ones
represent metabolic regulation. The + and - signs in the circles indicate positive and negative
regulations, respectively.(Redrawn from Fletcher, 2002.)
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expanded CZ (Baurle and Laux, 2003; Williams and Fletcher, 2005). By continuously turning stem
cells into differentiating cells, CLV genes limit the stem cell population to an adequate number
(Clark et al., 1993; Clark et al., 1996).

The balance between stem cell maintenance and recruitment for differentiation, and thus the
homeostasis of the SAM, is regulated by a feedback loop involving the CLV gene expressing stem
cell domain and the WUS gene expression domain underneath, which is also called organizing
center (OC) (Figure 1-13; Hobe et al., 2001). Signals from the WUS-expressing OC maintains
stem cell identity by promoting the expression of the CLV3 in the overlying CZ cells. In response,
the CLV3 gene produces a putative ligand to activate a receptor kinase complex that includes
CLV1 and CLV2, which are expressed in the RZ cells (Clark et al., 1997; Fletcher et al., 1999; Ni
and Clark, 2006; Trotochaud et al., 1999). The activated CLV1/CLV2 complex represses the
expression of the transcription factor WUS and thereby limits the WUS expression domain within
the RZ. By this regulatory feedback loop, the size of the stem cell population can continuously be
checked and kept constant during development. Over-expression of WUS promotes CLV3
expression (Schoof et al., 2000), suggesting that CLV3 may control the size of stem cell domain

by regulating its own expression levels through a feedback interaction between CLV3-expressing

Figure 1-13. Homeostasis of stem cells via feedback regulation in the Arabidopsis shoot apical

meristem. CLV3 is expressed in the layers L1 and L2, and activates the CLV1/CLV2 receptor complex
underneath. Activity of the CLV pathway represses transcription and/or function of WUS in the
organizing center (OC), and possibly other genes. WUS promotes stem cell fate in the overlying cells,
and also promotes expression of the CLV genes in their respective domains. Together, these gene
functions establish a feedback loop with negative and positive interactions for the control of stem cell
fate in the SAM (Adapted from: GroRR-Hardt and Laux, 2001; Hobe et al., 2001).
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stem cell domain in the CZ and the WUS-expressing OC in the RZ (Xie et al., 2009). While the
mutations in the CLV genes result in an expanded stem-cell domain and enlarged SAMs (Baurle
and Laux, 2003; Fletcher et al., 1999; Kayes and Clark, 1998; Trotochaud et al., 1999; Williams
and Fletcher, 2005), mutation in the WUS results in depletion of stem cells and loss of SAM activity
(Laux et al., 1996). The misspecified stem cells in wus mutants do not become integrated into
organs, indicating that WUS functions as a positive regulator of stem cell identity rather than as a
repressor of organ formation (Laux et al., 1996).

Mutations in the SHOOT MERISTEMLESS (STM) genes, of which expression is restricted in
the meristem, result in failure to produce a functional SAM and stops growing after formation of
ectopic organ in the meristem center. This observation indicates that maintenance of shoot
meristem activity also involves mechanisms that implement the expression of SAM-specific genes
as well as repress the formation and outgrowth of organs in the meristem domain (Clark et al.,
1996; Endrizzi et al., 1996). STM has been proposed to function in maintenance of cell
proliferation by repressing the activity of ASYMMETRIC LEAVES1 (AS1), a MYB domain
containing protein which is expressed at the sites of primordia specification within the PZ (Byrne
etal., 2002). The genetic interaction between stm and clv mutants has revealed that stm mutations
can dominantly suppress clv phenotypes indicating that the stm phenotype is sensitive to the
levels of CLV activity. It has been proposed that these genes play related but opposing roles in
the regulation of cell proliferation and/or differentiation in SAMs (Clark et al., 1996). Based on the
genetic interactions between STM and WUS it has been suggested that they perform independent
functions. While WUS is required to specify stem-cells in the CZ, STM is required to suppress
differentiation throughout the SAM dome and thus allowing the proliferation of stem cell daughters
within the PZ (Brand et al., 2002; Gallois et al., 2002; Lenhard et al., 2002).

1.3 Hedera helix as An Experimental Plant

English ivy (Hedera helix L.) is distinguished from other plant species in that it maintains a
vegetative state for many years without a transition to the reproductive state. Hedera helix plants
in the vegetative phase have several traits different from those in the reproductive phase
(Table 1-1 on page 18). In H. helix plants, transition from vegetative to reproductive phase
appears to be initiated by factors intrinsic to the shoot apical meristem (Poethig, 1990) although
detailed molecular analyses have not been performed. The exceptionally long vegetative state of
English ivy is advantageous in studying leaf development for several reasons: 1) genetically

uniform specimens can be obtained repeatedly from a single plant for a long time before any floral
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Table 1-1. Different features in vegetative and reproductive phases of English ivy (Hedera helix)?.

Traits Vegetative Reproductive
Leaf shape lobed or incised entire, ovate
Phyllotaxy alternate spiral
Plastochron 1 week 2 week
Growth habit plagiotropic (prostrate) orthotropic (upright)
Internodes long short
Anthocyanin pigment in stems present absent
Adventitious roots present absent
Rooting easy difficult

a- Adapted from Poethig (1990).

gene becomes involved in the process; 2) mericlinal sectors of variegated variety, such as H. helix
cv. Goldheart, can be followed during growth of many nodes before the onset of flowering or
dormancy; and 3) H. helix possesses vegetative buds and maintains a perennial life cycle, which
are lacking in the well-characterized model plant species, such as Arabidopsis and other crop
species. Thus, it is suitable for studying the global expression of genes associated with regulating

dormancy and growth of vegetative buds, which has not been studied in detail.

1.3.1 Organization of Shoot Apical Meristem in H. helix

As in many angiosperm shoot apical meristems, English ivy (Hedera helix L.) has a stratified
organization of the cell layers into a tunica and a corpus. The tunica of H. helix consists of three
superficial layers that cover the underlain corpus, designated as T1, T2 and T3, respectively.
(Figure 1-14 on page 20; Rogers and Bonnett, 1989). In the SAM of H. helix, cytohistological
zonation is also apparent: the central zone, peripheral zones and rib meristem. Inside the central
zone, apical initial cells (Al) are located at or near the longitudinal axis of the apex, which is pear-
shaped, 2-3 cells in diameter, and extending through the tunica layers and several cells deep into
the corpus. The total depth of apical initial zone was 6-10 cells (Figure 1-15 on page 20; Rogers
and Bonnett, 1989). The region of apical initial zone described in H. helix has close resemblance
to the CLV/IWUS expression domain in the Arabidopsis shoot apical meristem (shown in
Figure 1-11 on page 13), suggesting that the cytohistological characteristics may be the reflection

of gene function in that particular region.
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1.3.2 Variegation Patterns and Cell Lineage

In the shoot apical meristem of H. helix plants, the L1 layer forms exclusively the single layer
of epidermis throughout the entire plant. The L2 layer forms the outer parts of the stem, petioles,
and leaf margins, and the L3 layer forms the interior portion of the stem, parts of petioles, and the
central parts of the leaf blade (Figure 1-16 on page 21; Rogers and Bonnett, 1989). The
‘Goldheart’ variety of English ivy (H. helix L. cv. Goldheart) exhibits a unique variegation pattern
on its leaves. It is a mericlinal chimera with white (albino) patches in the center of the leaf blade
and green margins, which arise from the mutated L3 histogenic layers with normal L1 and L2 layer.
In the plants with chimeric variegation, it was shown that a mutation occurs in the nuclear gene
that affects assembly of thylakoid membrane, causing a lack of chlorophyll (Evenari, 1989; Kirk
and Tilney-Bassett, 1978; Manenti and Tedesco, 1971; Sakamoto, 2003; Tilney-Bassett, 1986). It
has been shown that the white leaf sectors in the variegated leaf of Arabidopsis thaliana are
comprised of viable cells with undifferentiated plastids (Kato et al., 2007). Since the L1 constitutes
exclusively epidermis, in which only the guard cells contain chloroplasts, the appearance of the
variegation pattern is not affected by mutations in the L1 layer.

In the ‘Goldheart’ variety of ivy plants, there are three major types of leaf patterns: 1) fully green
leaves; 2) leaves in which only half of the center is white; and 3) leaves with completely white
centers (Figure 1-17 on page 21). Changes in the pattern on one side of the stem axis are
independent of changes on the other side. This pattern is fairly stable and predictable such that
most leaves exhibit the same variegation pattern as the leaves produced immediately previous to
them on the same side of the stem axis. However, some display changes in variegation pattern,
indicating a displacement of the cells of L3 layer (corpus) by the cells of L2 layer. For example, if
a phenotypically white cell of L3 is displaced by a phenotypically green cell of L2 in the apical initial
zone can lead to the loss of the variegation; or, vice versa. This displacement sometimes causes
an instability and reorganization of the central region of the shoot apex, occasionally leading to

selection of a new initial cell, as indicated by a persistent pattern change.
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Figure 1-15. Zonation pattern of shoot apical meristem of H. helix. Leaf primordia (P1, P2, P3) and
various zones within shoot apical meristem are shown: peripheral zone (PZ), where new organs are
formed, the central zone (CZ), where a population of stem cells are located, and rib zone (RZ), which
gives rise to inner tissue of the stem. Notably in the diagram on the right, the apical initial zone (Al) does
not reside at the center of the shoot meristem, but is located off the center away from the location where
a new primordium develops (Rogers and Bonnett, 1989).
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Figure 1-16. Histogenic layers and ontogeny of variegated leaf tissues of H. helix. L1 histogenic layer
forms single layer of epidermis, L2 forms the outer parts of the stem, petioles, and leaf margins, and L3
forms the interior portion of the stem, parts of petioles, and the central parts of the leaf blade. The white
patch in the center of the leaf blade is derived from the cells in L3 that have a mutation in a nuclear

gene (Rogers, 1980).

Figure 1-17. Portions of vegetative shoots of H. helix L. cv. Goldheart showing various patterns of

variegation. Left, no variegation; Middle, leaves on the left side of the shoot have white patch on the left
half of the leaf blade, and those on the right side have the mirror image of the pattern on the left; Right,
leaves on both side of the shoot axis have white patches at the center of the leaf blades.
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1.4 Cross-species Microarray Hybridization For Transcript Profiling

1.4.1 Types of Microarrays

A microarray consists of a number of microscopic spots of cDNA or oligonucleotide probes that
are permanently affixed on a platform in such an arrangement that the position of each probe is
identifiable. Microarray platforms are usually glass microscope slides, nylon membranes or silicon
chips (Schena, 2003). In the cDNA microarrays, the probes consist of cDNA or small fragments
of PCR products, of which sequences are identified completely or partially. These are synthesized
and then spotted (or printed) onto a glass or nylon support (Pariset et al., 2009). In oligonucleotide
microarrays, the probes are short sequences designed to match the part of protein encoding
sequences of genes. The oligonucleotide arrays are produced either by spotting the pre-
synthesized oligos on the glass or nylon support (inkjet depositing technology; Hughes et al.,

2001) as in Agilent microarrays (http://www.agilent.com) or by synthesizing the probes in situ on a

chip by a light-directed process (photolithography; Tan et al., 2003) as those produced by
Affymetrix (http://www.affymetrix.com; Pease et al., 1994) or Roche Nimblegen (http:/

www.nimblegen.com; Nuwaysir et al., 2002).

Microarrays quantify gene expression level based on the relative intensities of fluorescent dyes
that correspond to the amount of mMRNA in the sample. In a typical experiment using spotted
microarrays, which have either full-length cDNA or oligonucleotide probes on glass or nylon
support, two sets of cDNA targets, each generated through reverse transcriptation of expressed
mMRNA of the sample and labeled with a unique fluorescent dye, are hybridized simultaneously to
the probes on a microarray. The competitive hybridization of two differentially labeled target sets
provides means for the measurement of the transcript levels from each sample by comparing the
relative intensities of fluorescence from two dyes in each spot. The intensity levels are generally
presented as a set of ratios between the two samples for each spot on the microarray reflecting
the fold-difference in the gene expression levels between the two samples (Buckley, 2007;
Schena, 2003). Since two different fluorescent dyes are employed and the intensities of the dyes
are measured in different channels (excitation wavelengths), this type of microarray is referred to
as a two-color or two-channel microarray. In the experiment using the silicon-chip based
oligonucleotide microarray, such as Affymetrix GeneChip (http://affymetrix.com), each of target
sets from samples (usually fluorescently labeled mRNA rather than cDNA) is hybridized to
separate chips. Since the target sets are labeled with the same fluorescent dye and the intensity
of fluorescence from each chip is measured in one fixed channel, this type of microarray is referred

to as a single-color or single-channel microarray.
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1.4.2 Single-species and Cross-species Hybridization of Microarrays

Microarrays are widely recognized as a significant technical advance, which provide a powerful
means for analyzing the genome-scale expression of thousands of genes in a single experiment.
Using microarrays, genes that are tissue-specific and/or involved in metabolic pathways in
response to environmental stimuli can be identified. However, the application of this technique has
been limited to a small number of well-characterized model species. For the majority of microarray
studies using model species, the fluorescently labeled targets are generated from the same
species that also provides the probes on the microarray. This method is referred to as single-
species or species-specific hybridization (SSH).

A growing number of studies are utilizing heterologous array hybridization, where microarrays
generated from a well-characterized species are used to examine gene expression in a related
extant species (Bar-Or et al., 2007a; Bar-Or et al., 2007b; Eddy and Storey, 2007; Renn et al.,
2004). This method is termed cross-species hybridization (CSH). The advantage of the cross-
species hybridization is that it avoids expenses necessary for the fabrication of the novel
microarrays for the new species of interest, including generation of cDNA clones and expressed
sequence tag (EST) data (Buckley, 2007). The use of microarray-based heterologous
hybridization technique recently has been gaining feasibility in its use, especially in the field of
comparative environmental genomics, where broad scale gene expression patterns are compared
among different species to discover the evolutionarily conserved mechanisms and the genomic
responses to environmental stimuli (Bar-Or et al., 2007a; Bar-Or et al. 2007b; Buckely, 2007;
Castilho et al., 2009; Eddy and Storey, 2008; Kassahn et al., 2008; Renn et al., 2004). However,
the usefulness of CSH is applied only when reasonably broad areas of homology are compared
and the lengths of probes in use are sufficiently long that small inter-species differences in the
nucleotide sequences would not obscure the analytical results (Adjaye et al., 2004).

In the plant community, availability of extensive sequence information had been limited to
Arabidopsis (Arabidopsis Genome Initiative, 2000) and rice (Goff et al., 2002; Yu et al., 2002), and
the majority of broad-scale gene expression profiling using microarray had been limited to these
species. However, with the advent of second generation sequencing technology, the list of the
plant species with known genome sequences has been expanding rapidly (Figure 1-18 on
page 25) in recent years. The increased availability of sequenced genomes in different species,
the rapid development of EST and the advance of heterologous hybridization microarray
techniques make it possible to incorporate transcriptional information into comparative genomics

studies of the species with little genomic sequence data. Microarray-based heterologous
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hybridization techniques have been successfully applied for gene expression profiling of closely
related species in the plant families such as Brassicaceae (Becher et al., 2004; Kang et al., 2008)
and Solanaceae (Bagnaresi et al., 2008; Fei et al., 2004; Moore et al., 2005), as well as among
distantly related species, such as leafy spurge (Euphobia esula), poplar (Populus deltoides) and
wild oat (Avena fatua) (Horvath et al., 2003).

1.4.3 Factors Involved in Microarray-based Heterologous Hybridization

Various factors may affect the effectiveness of microarray-based heterologous hybridization,
including such variables as the inter-species sequence diversity, the nature and length of the
cDNA probes in the microarray used and the experimental design employed (Buckley, 2007).

Sequence divergence influences the hybridization between the probes on the microarray and
the targets from the samples, and therefore it is crucial to distinguish differences in detected
intensity levels that reflect actual differential gene expression and those that result from sequence
mismatches. With increasing phylogenetic divergence, the number of features on a microarray
that can effectively hybridize to the targets from other species is expected to decrease as the
sequence divergence between the species increases, resulting in the reduction of effective size
of a given microarray (Buckley, 2007). The lengths of probes affixed on the platform also has
profound effects on the efficiency of hybridization between two species. Heterologous
hybridization to oligonucleotide microarrays, which generally consist of short cDNA probes (70-
mer), is only effective for analyzing gene expression in closely related species (Bagnaresi et al.,
2008). The experimental design also affects the efficiency of hybridization when a microarray
prepared from a species is used to compare gene expression profiles among different sample
species. The different levels of sequence homology between the probe species and each target
species affect the resulting gene expression values. This might introduce a bias and it becomes
more difficult to distinguish the actual differential gene expression from the effect of sequence
mismatches, which becomes more variable as the level of sequence divergence increases
between the sample and the reference species and among sample species. In the experiments
where this kind of bias arising from sequence divergence is expected, uncertainties in the
interpretation of the results could be reduced by including only highly homologous genes and/or
best matching annotation, when genomic data are available for target species comparable to
probe species (e.g., potato vs. tomato; Bagnaresi et al., 2008; Bar-Or et al., 2006). The sequence
divergence does not add bias when different tissue samples or samples subjected to different

environmental stimuli are from single target species.
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Figure 1-18. Cladogram showing the species of which genomes were sequenced or in progress. Drawn based on the sequenced plant genome
information at CoGepedia (http://synteny.cnr.berkeley.edu/wiki/index.php/Sequenced_plant_genomes). The taxonomy tree file was generated at

Interactive Tree of Life (http://itol.embl.de/index.shtml) using NCBI taxonomy data retrieved from http://www.ncbi.nlm.nih.gov/sites/
entrez?db=taxonomy and is based on rRNA sequences. Tree was constructed using Dendroscope software (http://www-ab.informatik.uni-
tuebingen.de/software/dendroscope/; Huson et al., 2007). As of April 10, 2010, the genomes of 10 plant species (blue font) including a moss were
sequenced and published (year indicated for each). The genome sequences of 7 plant species (black) are incomplete, but sequence data are
available. The genome sequencing for 5 species (red) is known to be underway, but not published or released.
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1.5 Microarray in Studies of SAM

Mutant analyses have identified quite a large number of genes that are involved in the
maintenance of the totipotent stem cell population in the central region and in the organ
differentiation in the peripheral region of the SAM, some of which are known to be conserved
among plant species (Baurle and Laux, 2003; Bowman and Floyd, 2008; Carles and Fletcher,
2003). However, these genetic approaches, often relying on the knockout mutation in the gene of
a function, have limitations since many genes have genetically and functionally redundant alleles
that may mask the phenotype of any loss-of-function mutation in an allele. In addition, mutagenic
approach for specific functions of essential genes are unsuitable, if the mutations are lethal
(Bouche and Bouchez, 2001). Furthermore, loss- or gain-of-function mutation in one gene may
affect the entire network of the interacting cells (Reddy and Meyerowitz, 2005). Thus, it is unlikely
that genetic approaches alone can elucidate the entire network of the regulatory pathways
controlling growth, division and differentiation of cells in the SAM.

Microarray technology is a suitable tool for analyzing the global expression of numerous genes
in a single experiment by comparing the transcriptomes from multiple sources (Schena et al.,
1995). In this study, global differential gene expression patterns in the shoot apex and young leaf
of H. helix cv. Goldheart were compared. cDNA microarray-based heterologous hybridization
technique with an A. thaliana cDNA microarrays was employed, which allows simultaneous
display of thousands of gene products in non-model plant species. The focus of the study was
screening the shoot apex-specific genes, and identifying those that might be involved in the
underlying regulatory pathways for the SAM function in relation to the cell types, cell lineages and
initiation of leaf primordia, which is essential to understand the roles of the SAM in a more
coherent picture of the gene network involved.

One of the difficulties involved in the experiments to detect genome-wide expression of shoot
apex-specific genes in Arabidopsis has been the separation and collection of uniform shoot apex
tissue, due to its small size. Laser capture microdissection (LCM) allows the isolation of specific
cell types from tissue sections, and has been applied for the studies of global gene expression
profiling using microarray technology for the SAM (Emrich et al., 2007; Ohtsu et al., 2007). While
the cost of the LCM equipment and the technical issues (such as reproducibility and validity)
involved in the amplification of small amount of mMRNA sample become another challenge to be
resolved (Clement-Ziza et al., 2009; Li et al., 2005b; Nygaard et al., 2005), the heterologous
hybridization of targets from other plant species with larger shoot apex, such as H. helix, to

Arabidopsis cDNA microarrays could be a cost-effective alternative to cope with this problem.
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PART 2. MATERIALS AND METHODS
2.1 Plant Material

2.1.1 Starting Plant Stock

Ten variegated ivy (Hedera helix L. cv. Goldheart) plants, which were assured by the vendor
to have been propagated from single plant, were obtained locally (Chuck Hafner's Farmers

Market, Syracuse, NY) and transferred in plastic pots (4” diameter) containing a 1:1:1 mixture of

perlite, vermiculite and MiracleGro® Professional Potting Mix (Scotts Co., Marysville, OH). The
potted plants were maintained under a greenhouse bench, where they were partially shaded, in
the greenhouse at the State University of New York College of Environmental Science and
Forestry (SUNY ESF), Syracuse, New York. About three months after transplanting, when root
systems were stabilized and shoots resumed growing vigorously, the main shoots of the plants
were cut off and new shoots were grown from the lateral buds at the first, second or third node
from the ground. These new shoots were used for propagation by stem cutting (Figure 2-1 on
page 29, A).

2.1.2 Propagation by Stem Cutting

After one growing season, stem cuttings were prepared separately from each plant. Stem
segments of 10-15 cm in length, containing 3-5 nodes, were cut using sharp razor blades. After
removing the leaves at the lowest node, the base of the cuttings were soaked in an indol-3-butyric
acid (IBA, #57310; Sigma-Aldrich, St. Louis, MO) solution at 1000 ppm for one minute, powdered
with Captan® 50% WP (Bonide Products, Inc. Oriskany, NY), and then immediately inserted into
the holes pre-made in a 1:1 mixture of perlite and vermiculite (Horticultural Grade; Conrad Fafard,
Inc., Agawam, MA). Stem cuttings were kept for about 172 months until they produced new root
and shoot systems under humid conditions maintained by a mist system. More than 95% of the
total cuttings rooted successfully and 13-27 new plants per stock were produced for further
propagation (Figure 2-1 on page 29, B). Plants were grown in the greenhouse at SUNY ESF for

about 10 weeks until they produced 15-20 nodes. They were watered regularly and fertilized with
MiracleGro® All Purpose Plant Food (Scotts Co., Marysville, OH) as needed following the

manufacturer’'s recommendation. To control aphids and white flies, Ortho® Isotox® Insect Killer
(Scotts Co., Marysville, OH) was sprayed periodically following the manufacturer’s instruction.

Using the newly established ivy plant stock, the second stem cutting propagation was carried
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out in the same way as described previously. To ensure genetic homogeneity of sample plants,
only the batch that was in the largest number and relatively uniform in the size was selected. A
total of 135 plants were obtained by the second stem cutting from 13 of the 27 plants propagated

from single plants from the initial batch (Figure 2-1 on page 29, C).

2.1.3 Re-establishment of Plant Batches

About 100 plants were transferred to Bowling Green State University (BGSU), Bowling Green,
Ohio. Shoots were cut back and new shoots were grown from about 60 plants (Figure 2-1, D),
which were previously propagated by stem cuttings from a single plant. A new batch of 193 plants
was established by stem cuttings from 16 plants (Figure 2-1 on page 29, E). Stem cutting was

carried out in the same way as described above, except for the cutting treatment, where the

cuttings were treated with Hormex® Rooting Powder No. 1 (Brooker Chemical, Chatsworth, CA)
containing 0.1% indol-3-butyric acid (IBA) in talc powder. Another batch of 574 plants was
propagated from another 40 H. helix cv. Goldheart plants (Figure 2-1 on page 29, E). Cuttings

were treated with Hormex® Rooting Powder No.1 (Brooker Chemical, Chatsworth, CA), and

rooted on OASIS® WEDGE® System (Cat. #5644; Smithers-Oasis U.S.A., Kent, OH), a rooting
medium formulated to assure a high soil moisture content. A month later, the plants which rooted
in the wedge media were transferred to 52" square plastic pots containing a fertilized soil mixture.
Plants were watered and fertilized as needed and pesticides were applied as needed to control
white flies and aphids. More than 400 plants, which originated from single plant, were maintained

in the greenhouse throughout the period of sampling.

2.2 Sample Tissue Preparation

2.2.1 Tissue Collection

Samples of shoot apices and young leaves always were collected from actively growing healthy
shoots. And, after sampling, the shoots were cut back leaving 2-3 nodes, at which a new shoot
was grown for the next sampling. A shoot tip containing a shoot apex and a young leaf subtending
the shoot apex was excised from each of 250 plants (Figure 2-2 on page 31, A) and immediately
flash-frozen in liquid nitrogen. The jar containing liquid nitrogen and shoot tip specimens was
capped loosely and transferred to a Styrofoam box containing dry ice. After all of the liquid nitrogen
evaporated completely, the jar containing the shoot tip samples was capped tightly and

transferred to the laboratory for further dissection. The shoot tips were stored in a -80°C freezer
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Figure 2-1. Clonal lineage of sample plants propagated by stem cuttings. The numbers in the circles
are the quantities of plants produced by stem cutting, while the numbers in the call-out boxes are the
quantities of the stock plants from which the stem cuttings were obtained. A: Starting plant stock, 10
plants obtained locally. B: The first batch of plants produced by stem cuttings from each of the starting
stock. C: The second batch consisting of 135 plants, which were obtained from 13 of 27 plants
propagated from a single plant. D: Out of 135 plants in the second batch, 100 were transferred to BGSU
and 60 new shoots were re-grown. E: Among 60 plants with newly grown shoots, 16 were used to
produce the third batch of 193 plants. F: Another 40 plants were used for stem cutting of the fourth batch
consisting of 574 plants. G: More than 400 plants, which were propagated from a single stock plant, were

maintained for sampling.
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until they were dissected into apex and leaf specimens. During dissection, the shoot tips were kept
submerged in liquid nitrogen to prevent formation of frost.

For dissecting, a shoot tip was placed on an aluminum block chilled by dry ice-95% ethanol
bath under a dissecting microscope. Starting from the largest one, three young leaves were
excised at the leaf base without petioles using a pair of fine-pointed forceps (Inox #5; Dumont S.A.,
Switzerland) and a scalpel with blade #11 (Feather Safety Razor Co., Osaka, Japan). The excised
leaf samples were collected separately in insulated plastic jars containing liquid nitrogen

according to their developmental stages, as follows (Figure 2-2 on page 31, B):

1. Young leaf #3: the smallest completely unfolded leaf with leaf blade larger than 1
cm in length.

2. Young leaf #2: partially or completely folded, but not covering the shoot apex; used
for total RNA extraction in this experiment.

3. Young leaf #1: completely folded and enclosing the shoot apex.

After collecting the young leaf specimens, the apex specimens were excised and collected in
a separate jar containing liquid nitrogen. Each apex specimen typically included the shoot apical
meristem, leaf primordia and the first two emerging leaves; the first leaf had its concave adaxial
surface adjacent to the primordium, and the second leaf, at the opposite side of the first leaf, had
a leaf blade edge bending over and covering the apical dome. A total of 230 shoot apices and 100-
115 young leaves were collected by dissection. The tissue samples were stored in a -80°C freezer
until isolation of total RNA.

All of the instruments and containers used for collection and dissection were RNase-free and
the entire sampling procedure was carried out in an RNase-free environment, whenever possible.
The instruments and containers were cleaned with RNaseAway™ (Cat. #10328011; Invitrogen,
Carlsbad, CA) or RNaseZap® (Cat. #9780; Applied Biosystems/Ambion, Austin, TX), rinsed with
diethyl pyrocarbonate (DEPC; Cat. #D5758; Sigma-Aldrich, St. Louis, MO)-treated RNase-free
water (Sambrook and Russell, 2001), and subsequently with 100% ethanol. The dust-free bench
top was sprayed with one of the RNase decontamination agents and wiped with Kimtech Science®
KimWipes® Delicate Task Wipers (Cat. # 34256; Kimtech Science, Roswell, GA). After wiping with
the wipes moistened with DEPC-treated RNase-free water, the surface was wipe-dried using the

same type of wipes.
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Leaf #4
(removed)

Figure 2-2. Sampling scheme for shoot apices and young leaves. A, a Hedera helix shoot tip showing
the first unfolded leaf (L3), and the younger leaf (L2), which was used as the young leaf specimen
without petiole. Leaf #4 was removed at the time of shoot tip sample collection in the greenhouse. B,
Longitudinal view of hand-section of the shoot tip showing the shoot apex (SA), the enclosing leaf #1
(L1), leaf #2 (L2) and leaf #3 (L3). Leaf #2 was cut through mid-veins of the blade; and leaf #3, through
the center of the petiole. The typical shoot apex sample included small developing young leaves, leaf

primordia and the apical dome, which were enclosed by the Leaf #1. Leaf #1 was not included in the

shoot apex sample.

2.2.2 Grinding Tissue Samples

For the extraction of total RNA, the shoot apices and young leaf samples were ground into fine
powder. Frozen samples were ground in liquid nitrogen in RNase-free 15 ml BD Falcon™
polystyrene conical tubes (Cat. #352095, BD Biosciences, San Jose, CA) using an RNase-free
Kontes® Chlorotrifluoroethylene (CTFE)/Stainless Steel Pellet Pestle® for 1.5 ml Tube (Cat. #
749515-0000; Kimble-Kontes, Vineland, NJ) attached to a cordless rotary tool (Dremel® Minimite
750, 4.8V; Robert Bosch Tool Corp., Racine, WI). The lower portion of the tube containing tissue
sample was kept in liquid nitrogen, and the sample inside was slightly covered with liquid nitrogen
to eliminate frictional heat between the tissue, pestle and tube wall. When the tissue was ground
to fine powder suitable for the extraction of total RNA, it was pale green in color and dispersed

readily in slowly swirled liquid nitrogen, forming aggregates, which eventually settled on the
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bottom of the tube as a uniform layer of talc-like powder. After grinding, the tube containing liquid
nitrogen and tissue powder was loosely capped and placed on dry ice at a 45 degree angle to
evaporate the liquid nitrogen without excessive boiling and splashing. When all of the liquid

nitrogen evaporated, the tube was capped tightly and kept at -80°C until RNA isolation.

2.3 Total RNA Extraction and Purification

Total RNA was extracted from the ground tissue samples of shoot apex and young leaf sample.
To maximize the yield of isolated total RNA at the highest purity possible, total RNA was extracted
with Trizol Reagent® (Cat.#155960; Invitrogen, Carlsbad, CA; Chomczynski and Mackey, 1995).
The RNA-containing aqueous phase was separated using Phase Lock Gel™ (PLG, Heavy; Cat.
# 95515404-5 or # 95515407-0; Eppendorf North America, Westbury, NY) and purified using
RNeasy® Midi columns (Cat. #75142; Qiagen, Valencia, CA) in combination with RNase-free
DNase (Cat. #79254; Qiagen, Valencia, CA) treatments.

2.3.1 Extraction

The frozen sample powder of shoot apices and young leaves were transferred into 15 ml or 50
ml BD Falcon™ polystyrene conical tubes (Cat. #352095 or #352073, BD Biosciences, San Jose,
CA), which were pre-weighed and pre-chilled in liquid nitrogen. After the approximate volume of
the sample and the net tissue weights were determined, approximately 10X sample volume of
Trizol Reagent® was added to each tube (Table 2-1 on page 33). The reagent stored at 4°C, was
warmed to 35-40°C in a water bath before being added to prevent freezing when it was added to
the frozen tissue. Immediately after adding the reagent, the mixture was homogenized thoroughly
using an RNase-free Kontes® Chlorotrifluoroethylene (CTFE)/Stainless Steel Pellet Pestle® For
0.5 ml Tube (Cat. #749515-0500; Kimble-Kontes, Vineland, NJ) attached to a Pellet Pestle
Cordless Motor (#749540-0000; Kimble-Kontes, Vineland, NJ), and then incubated at room
temperature for 6 minutes with vortexing every 2 minutes.

Chloroform (0.2 volumes relative to Trizol Reagent®) was added to each tube containing tissue-
Trizol® homogenate, and the contents were mixed thoroughly to form a homogeneous suspension
by vortexing. The tissue-Trizol® homogenate/chloroform mixture was transferred into pre-spun
PLG tubes (Heavy; Cat. # 95515404-5 or # 95515407-0; Eppendorf North America, Westbury,
NY) and mixed thoroughly by shaking vigorously. To separate the organic and the aqueous

phases, 1.5 ml aliquots of Trizol homogenate/chloroform mixture were transferred into each of
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Table 2-1. Amounts of tissue and reagents used for total RNA extraction and volume of retrieved aqueous

phase.
Vol. of Retrieved
Wt. of Tissue Vol. of Tissue Vol. of Trizol Vol. of
Samples Aqueous Phase
(mg) (ml) (ml)@ Chloroform (ml)

(mi)

Shoot Apex 478 0.84 8.4 1.7 4.4

Young Leaf 974 1.70 17.0 3.4 9.0

a The volume of 1g tissue powder was about 1.75 ml and 10X tissue volume of Trizol reagent was
used (17.5 ml Trizol Reagent®/gram sample). The volume of chloroform added was 1/5 volume of
Tizol Reagent added.

pre-spun 2.0 ml PLG tubes and mixed thoroughly by shaking vigorously. The PLG tubes were
centrifuged at maximum speed (13,200 rpm) on a microcentrifuge (Model 5415D; Eppendorf
North America, Westbury, NY) for 15 minutes to separate the phases. To keep the temperature of
the PLG tubes low, dry ice was placed around and on the centrifuge. Immediately after
centrifugation, the RNA-containing aqueous phase was pipetted off and pooled in a fresh RNase-
free 15 ml BD Falcon™ polystyrene conical tube (Cat. #352095, BD Biosciences, San Jose, CA)

for each sample.

2.3.2 Purification

To purify total RNA from the pooled aqueous phase, an equal volume of 70% ethanol was
added slowly to the retrieved aqueous phase and mixed thoroughly by inverting the tube

repeatedly. The first 4 ml aliquot of the mixture was pipetted into a RNA-binding column placed in

a collection tube, which was supplied in the RNeasy® Midi kit (Cat. #75142; Qiagen, Valencia,
CA). The column was centrifuged for 5 minutes at maximum speed (4750 rpm + 2%) on a bench-
top centrifuge with a swing-bucket rotor (Centrific™ Model 225; Fisher Scientific, Springfield, NJ).
After the centrifugation, flow-through in the collection tube was discarded. Centrifugation was
repeated using the same RNA-binding column for the rest of the mixture.

DNase | digestion was carried out using the RNase Free DNase Set (Cat. #79254; Qiagen,

Valencia, CA) following the manufacturer’s protocol. Briefly, the total RNA-bound RNeasy® silica-

gel membrane in the binding column was washed with 2 ml RW1 buffer, which was included in the
RNeasy® Midi kit, by centrifugation for 5 minutes at maximum speed. After applying 160 pl of the

incubation mixture containing approximately 55 Kunitz units of DNase | directly onto the RNeasy®
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silica-gel membrane, the reaction was incubated on the bench top at room temperature for 15
minutes. After DNase | digestion, the RNeasy® membrane was washed by two successive

loadings of 2.5 ml RPE buffer supplied in the RNeasy® Midi kit and centrifugation for 2 minutes

each at the maximum speed using the same centrifuge as in the RNA binding step described

above. To dry the RNeasy® silica-gel membrane, the tubes were centrifuged for additional 3
minutes at maximum speed following the second centrifugation.

Total RNA was eluted by applying two 100 ul aliquots of non-DPEC treated RNase-free water

supplied in the RNeasy® Midi Kit. After adding each aliquot of eluent, tubes were incubated for 5
minutes at room temperature and then centrifuged at maximum speed for 3 minutes. Using water
in the second elution results in a higher yield of total RNA while using the first eluate as an eluent
increases the concentration of total RNA with lower yields (Qiagen, 2001). To obtain a higher total
RNA vyield, a second elution step was performed using another volume of RNase-free water,

rather than using the first eluate as the eluent to increase the concentration of total RNA.

2.3.3 Storage, Quantitation and Determination of Quality of Total RNA

The total RNA solutions were transferred to 1.5 ml microcentrifuge tubes with screw caps and

kept frozen in a -80°C freezer, until needed. The quantity and purity of total RNA purified with

RNeasy® Midi columns were assessed by spectrophotometry using 100 pl quartz cuvettes in a
spectrophotometer (Model DU-600; Beckman, Fullerton, CA). For measurements of
concentrations, the total RNA eluates were diluted in deionized water and the absorbance was
measured at 260 nm with 320 nm background correction. RNA concentration was calculated by

the equation:

(A260 — A320) * 40 mg/ml (EQ. 2-1)

which is based on an extinction coefficient calculated for RNA in water (Qiagen, 2001). As the
relationship between the absorbance and concentration is reliable only when the absorbance
readings are in the range between 0.15-1 (or possibly 1.2), dilutions were made so that the
absorbance readings of the diluted sample was within this range.

For determination of the purity of RNA, the total RNA samples were diluted in 0.1X TE (10 mM
Tris-HCI, pH 7.5), and the spectrophotometer was calibrated with the same solution (Wilfinger et

al., 1997). Absorbance was measured at 260 and 280 nm with 320 nm background correction. The
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ratio (Axeo - Az20)/(Aogp - Azpp) Was calculated to estimate the purity of RNA with respect to
contaminating protein that absorb in the UV. The programmed routine in the equipment did not

calculated the ratio (Axeg - Az20)/(A23g - Azpp), Which is an estimation of carbohydrate

contaminants. The integrity of total RNA were verified by the ratio between 25S and 78S ribosomal

RNA on a denaturing agarose gel electrophoresis (Imbeaud et al., 2005; Kleber and Kehr, 2006),
which was run using the protocol and reagents described in the NorthernMax® Kit manual (Cat.

#1940; Applied Biosystems/Ambion, Austin, TX) and SYBR® Green Il RNA gel stain (Cat. #S-
7564; Invitrogen, Carlsbad, CA).

2.4 Labeling cDNA Targets with Fluorescent Dyes

To prepare fluorescently labeled cDNA targets, an indirect labeling method was used (Russell
et al., 2009). In this method, amino-modified nucleotides are incorporated into the first-strand
cDNA by reverse transcriptase PCR (RT-PCR) using total RNA from tissue samples as templates.
Subsequently, fluorescent dyes containing a reactive succinimidyl ester (NHS) group are reacted
with the primary amine groups in the amino-modified nucleotide for dye coupling. Meanwhile, in a
direct labeling method, a dye-conjugated nucleotide is directly incorporated into the first-strand
cDNA during RT-PCR. While direct labeling method is simple and rapid, labeling efficiency is low
due to large size of the dye molecules, and there is an incorporation bias caused by the difference
in the molecular sizes between two dyes. For example, cDNA is labeled at higher efficiency by
cyanine 3 (Cy3) than by cyanine 5 (Cy5). Indirect labeling is advantageous in that the labeling
efficiency is higher because amino-modified nucleotides, which are much smaller in size, are
incorporated into cDNA instead of nucleotides coupled to bulky dye molecules. Also, dye-
incorporation bias is much smaller in the indirect labeling method than the direct labeling method
because the reactivity of the primary amine group in the amino-modified nucleotides is similar for
both Cy3 and Cy5.

2.4.1 Synthesis of Amino-Modified cDNA

Amino-modified nucleotides were incorporated into cDNA targets using SuperScript Il reverse
transcriptase and poly-d(T) primers provided in the SuperScript™ Indirect cDNA labeling System
(Cat. #L1014-02; Invitrogen, Carlsbad, CA) following the manufacturer’s instructions (Invitrogen
Life Technologies, 2004). Two amino-modified nucleotides, an aminoallyl-modified nucleotide and
an aminohexyl-modified nucleotide, were incorporated with other dNTPs. Equal amounts of total

RNA from shoot apices or young leaf samples were used as RNA templates in each reaction.
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Since the concentrations of the eluted total RNA of shoot apices and young leaves were different,
the volumes of total RNA added to the reactions were adjusted to balance the amount of RNA
template between two samples. Template/primer mixture tubes were prepared as in Table 2-2.
Four reaction tubes were prepared for each sample, and a control reaction, in which an RNA
ladder was used as template, was included to determine the efficiency of the labeling procedure.
To denature RNA templates, the template/primer mixture tubes were incubated at 70°C for 5
minutes, and then placed on ice for at least 1 minute for primer annealing. To continue with first-
stand cDNA synthesis reaction, the reaction mixture including amino-modified nucleotides
(Table 2-3 on page 37) was added to each template/primer mixture tube and mixed.

Tubes containing the reaction mixture were incubated at 46°C for 3 hours using a thermocycler
(Mastercycler® Gradient; Eppendorf N.A., Westbury, NY) to synthesize first-strand cDNA with
amino-modified nucleotides incorporated. Immediately after stopping the cDNA synthesis reaction
by heating the tubes at 94°C for 2-3 minutes, RNA templates were hydrolyzed by adding 15 ul of
1 N NaOH and incubating for 10 minutes at 70°C. Subsequently, the reaction mixture was
neutralized by adding 15 ul of 1 N HCI.

Table 2-2. Components of template/primer mixture added for each reaction for first-strand cDNA

synthesis.
Amount to add for Sample (pl)
Components
Shoot Apex Young Leaf Control
Total RNA (20 pg) 7.5 13 -
Control HeLa RNA (1 pg/ul) - - 1
Anchored Oligo(dT),q Primer (2.5 pg/ul) 2 2 2
Random hexamer primers (0.5 ug/ul) - - 1
Non-DEPC-treated water 8.5 3.0 14

Total Volume 18 18 18
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Table 2-3. Components of reaction mixture added to each reaction for first-strand cDNA synthesis.

Component Volume (pl)
5X First-Strand buffer? 6
0.1 M DTT in water 1.5
dNTP mix (including amino-modified nucleotides)? 1.5
RNaseOUT™ (40 U/pl) 1
SuperScript™ Il RT (400 U/ul)¢ 2
DEPC-treated water 18

Final Volume 30

a- Contained 250 mM Tris-HCI (pH 8.3, room temp.), 375 mM KCl and 15 mM MgCls.

b-dATP, dGTP, dCTP, dTTP, one aminoallyl-modified nucleotide, and one aminohexyl-
modified nucleotide at optimal concentrations in DEPC-treated water.

€400 U/ul in 20 mM Tris-HCI (pH 7.5), 100 mM NaCl, 0.1 mM EDTA, 1 mM DTT, 0.01% (v/
v) NP-40 and 50% (v/v) glycerol.

2.4.2 Purification of Amino-Modified cDNA

The amino-modified cDNA was purified to remove unincorporated dNTPs and hydrolyzed RNA
templates using a QlAquick PCR Purification Kit (Cat. #28104; Qiagen, Valencia, CA) by following
the procedures in the accompanying manual with some modifications. Instead of using EB buffer
in the kit for elution, the amino-modified cDNA was eluted in the dye-coupling buffer (0.1 M sodium
bicarbonate, pH 9.0), which was the buffer used in the subsequent labeling steps. The quality of
purified amino-modified cDNA was assessed by agarose gel electrophoresis and ethidium

bromide staining.

2.4.3 Concentrating Amino-Modified cDNA

The purified amino-modified cDNA solutions were concentrated using Microcon® YM-30
Centrifugal Filter Units (Cat. #42410; Millipore, Billerica, MA) to accommodate the whole amount
of cDNA in the labeling reaction. For each tissue sample, two aliquots of 100 ul amino-modified
cDNA solution were transferred into two separate filter units. To obtain a final volume of 5 pl, the
filter units placed in the collection tubes were centrifuged for 6 minutes at 13,200 rpm on a
microcentrifuge (Model 5415D, Eppendorf North America, Westbury, NY). When the recovered
volume was less than 5 pl, coupling buffer (0.1 M NaHCO3, pH 9.0) was added to make the final

volume 5 pl before the conjugation reaction with fluorescent dye.
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2.4.4 Labeling Amino-Modified cDNA by Dye Conjugation
Subsequent to synthesis, purification and concentration, the amino-modified cDNA’s were
coupled with mono-functional forms of fluorescent dyes for labeling the target cDNA. Alexa Fluor®
555 and Alexa Fluor® 647 Reactive Dye Decapacks (Cat. #A-32755; Invitrogen, Carlsbad, CA)

were used for labeling. For dye-swap (dye-flip or fluor-flip), two sets of fluorescently labeled cDNA

targets were prepared (Table 2-4). One set consisted of shoot apex cDNA labeled with Alexa

Fluor® 555 and young leaf cDNA labeled with Alexa Fluor® 647. The other set consisted of the
same cDNA targets, but labeled with the opposite fluors (Figure 2-3 on page 39).

To couple fluorescent dye to the amino-modified first-stand cDNA, dyes were prepared by
adding 2 pl of moisture-free DMSO directly to each of 4 dye vials; two containing Alexa Fluor® 555,

and the other two containing Alexa Fluor® 647. The whole content of each dye vial was pipetted

into each tube containing amino-modified cDNA target, such that one of two cDNA targets from

each sample tissue was coupled with Alexa Fluor® 555 and the other with 647. To bring the final

reaction volume to 10 pl, 3 pl of coupling buffer (0.1 M NaHCO3, pH 9.0) was added and mixed.

The contents in the tube were mixed well and incubated at room temperature in the dark for 1 hour

and 20 minutes.

Table 2-4. cDNA target sets labeled fluorescently with dye-swap.

Labeled cDNA Source of Labeling Dyes Fluorescence
Target Sets cDNA Targets Used Color
Target Set 1 Shoot apex Alexa Fluor® 555 Green

Young leaf Alexa Fluor® 647 Red
Target Set 2 Shoot apex Alexa Fluor® 647 Red

Young leaf Alexa Fluor® 555 Green
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Figure 2-3. A schematic diagram showing preparation of fluorescently labeled cDNA targets. Total
RNA was isolated from each sample tissue. Using total RNA as template, amino-modified 1st-stand
cDNA was synthesized. The amino-modified cDNA solution from each sample was divided in half. For
dye-swap, shoot apex cDNA target was labeled with Alexa Fluor® 555, and young leaf cDNA with 647
in a target set. In the other target set, dyes were coupled reversely; i.e., shoot apex cDNA target was
labeled with Alexa Fluor® 647, and young leaf cDNA with 555.
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2.4.5 Purification, Quantitation and Concentration of Labeled cDNA Targets

The fluorescently labeled cDNA targets were purified to remove any un-reacted dye using a
QIAquick PCR Purification Kit (Cat. #28104; Qiagen, Valencia, CA). To calculate the total
amounts of the amino-modified and the fluorescently labeled cDNA, respectively, in the purified
target samples, absorbances were measured at 260 mn, 320 nm, 550 nm, 650 mn and 750 nm
using a ‘Multiple Wavelength Mode’ in a Beckman DU-600 spectrophotometer (Beckman,
Fullerton, CA). The labeled cDNA elutes were diluted in deionized water and measured in quartz
cuvettes.

Total amounts of amino-modified cDNA were determined using the following formula:
Amino-modified cDNA (ng) = (Axgg—A320) X 37 ng/pl x 90 pl (elution volume) (EQ. 2-2)

The amounts of fluorescently labeled dyes were calculated using the following formulas:

Alexa Fluor® 555 (pmole) = (Assg—Ags0)/0.15 x 90 l (elution volume) (EQ. 2-3)

Alexa Fluor® 647 (pmole) = (Ag50—A750)/0.24 x 90 pl (elution volume) (EQ. 2-4)

Labeling efficiency was assessed by comparing the yield of fluorescently labeled cDNA to the
total yield of cDNA as described in the accompanied manual in the cDNA labeling system
(Invitrogen Life Technology, 2004). After the spectrophotometry for labeling efficiency
assessment, the purified labeled cDNA was concentrated using a Microcon® YM-30 Centrifugal
Filter Unit (Cat. #42410; Millipore, Billerica, MA) to an appropriate volume (11 pl) to accommodate
in the total volume of hybridization mixture (36 ul), as recommended by the array manufacturer
(W.M. Keck Foundation Biotechnology Resource Lab at Yale University, New Haven, CT, USA).
The prepared cDNA targets were kept in each tube separately on ice until mixed in the

hybridization mixture.

2.5 Hybridization of Labeled cDNA Targets on Array Probes

2.5.1 Description of cDNA Microarray
Two Arabidopsis thaliana cDNA microarray slides (AR12K, serial #980 and #981; W.M. Keck

Foundation Biotechnology Resource Lab at Yale University, New Haven, CT, USA) were used for
the cross-species hybridization. Each array contained 11,960 expressed sequence tags (ESTs)
generated from lambda PRL-2 cDNA library, which was cloned in the Plant Research Laboratory

(PRL) at Michigan State University, East Lansing, MI, and made available from the Arabidopsis
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Biological Resource Center (ABRC) at The Ohio State University (http://www.biosci.ohio-state.edu/

~plantbio/Facilities/abrc/abrchome.htm). The clones were prepared from the mixture of four types of

tissues of the Columbia wild type of A. thaliana (L.) Heynh.: 1) etiolated seedlings; 2) roots; 3)
rosette plants of various ages; 4) stems, flowers, and siliques at all stages from floral initiation to
mature seeds (Newman et al., 1994). The cDNA probes were printed in 32-pin conformations on
1 inch x 3 inch glass slides. Each array contained 32 subarrays in a 4 x 8 block format, and each
block had 16 rows and 24 columns. Among a total of 12,288 array spots, 328 spots were blank

without properly identified ESTs deposited.

2.5.2 Denaturation and Prehybridization of Arrays

For an optimal hybridization of cDNA targets onto the microarrays, the probes on the
microarrays were denatured and prehybridized prior to the target hybridization as described
below. Since the printed cDNA probes were double-stranded and the array slides were delivered
without denaturation during post-print processing, the cDNA probes on the array slides were
denatured to create single-stranded cDNA probes before hybridization with the labeled targets as
described below. The denaturation of cDNA probes was immediately followed by prehybridization.
The purpose of prehybridization was to coat the surface of the glass to block any sites on which
the fluorescently labeled target cDNA might bind nonspecifically and produce background signal
(Anderson, 1995). The prehybridization solution contained a blocking agent, a detergent and
random-sheared foreign DNA, which is heterologous to both labeled cDNA targets and printed
probes on the array slide so as to minimize nonspecific binding of labeled cDNA targets to the slide
(Table 2-5 on page 42).

Denaturation and prehybridization were carried out according to the microarray manufacturer’s
recommended protocol with some modification to adapt the availability of equipment. Briefly, 36 pl
of prehybridization solution was placed on each array slide, covered with a clean standard glass
coverslip (22 x 50 mm), and laid on the In situ Adapter (Cat. #950007052; Eppendorf N.A,,

Westbury, NY), which in turn was fit onto the metal block of a thermocycler (Mastercycler®
Gradient; Eppendorf N.A., Westbury, NY). Before placing the slide on the adapter, a thin layer of
water was spread, to ensure even heat transfer. The thermocycler was programmed to heat the
block to 76°C for 2 minutes and then to hold the temperature at 50°C.

Immediately after the temperature dropped to 50°C, the slides were transferred into aluminum
hybridization chambers (Cat. #DT-1001; Die-Tech, San Jose, CA; Table 2-4 on page 42) and 300

I of pre-warmed chamber buffer (Table 2-6 on page 43) was added in the grooves and reservoirs
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Table 2-5. Ingredients of prehybridization solution.

Ingredient Stock Conc. Vol. Added (pl) Final Conc.
Formamide? 99.5% 60 48%
SSPEP 20X 20 3.2X
SDs° 10% 5 0.4%
Denhardt’s? 50X 5 2X
Salmon sperm ssDNA® 10 mg/ml 2 0.177 mg/ml
ddH,0 - 33 R
Total Volume 125

8 Molecular biology grade (Cat. #47671; Sigma-Aldrich, St. Louis, MO)

b-20X SSPE (Saline-Sodium phosphate-EDTA) solution consisted of 3 M NaCl, 200 mM sodium

phosphate and 20 mM EDTA in nuclease-free water. About 6.5 ml of 10 N NaOH was used to

adjust the pH to 7.4. Solution was autoclaved and sterile filtered (0.2 um).

Sodium dodecyl sulfate, molecular biology grade (Cat. # L4390; Sigma-Aldrich, St. Louis, MO)

Denhardt 's Solution (Denhardt, 1966) is a mixture of blocking agents used in hybridization

protocols. The solution contained 1% Ficoll (Type 400, molecular biology grade; Cat. #F2637;

Sigma-Aldrich, St. Louis, MO), 1% polyvinylpyrrolidone (Cat. #F2637; Sigma-Aldrich, St. Louis,

MO), and 1% bovine serum albumin (Cat. #A2764; Sigma-Aldrich, St. Louis, MO) in nuclease-free

water. The prepared solution was sterile filtered (0.2 um).

€ Randomly shredded foreign DNA (Cat. #15632-011; Invitrogen, Carlsbad, CA), which is
hetetologous to the labeled target cDNA.

c.
d.

Thumb screw

Chamber Cover Grooves

Reservoirs

o

O-ring seal

Chamber Body

Figure 2-4. Die-Technology hybridization chamber model DT-1001. Grooves and reservoirs are for
chamber buffer to keep moisture in the chamber during incubation for prehybridization or hybridization.
Capacity of each groove and reservoir are 50 and 100 pl, respectively, holding 300 pl total. (Labels

added to a downloaded picture from http://www.die-technology.com/images/p DT-1001 _big.jpg)
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Table 2-6. Ingredients of hybridization chamber buffer.

Ingredient® Stock Conc. Vol. Added (pl) Final Conc.
Formamide 99.5% 460 23%
SSC 20X 320 3.2X
ddH,0 - 1220 -
Total Volume 2000

8 For the ingredient details, refer to table footnotes of Table 2-5 on page 42

of each hybridization chamber to prevent evaporation of prehybridization solution from the slides.
After tightening the thumb screws evenly, the hybridization chambers were placed horizontally in
a 50°C water bath. After the array slides were incubated for 1 hour, the slides were carefully and
quickly taken out of the hybridization chamber and immediately transferred to a glass Couplin jar
(Cat. # 900570; Wheaton Sci. Prod., Millville, NJ) containing distilled-deionized water.

After the coverslips floated off the slide into the water, the array slides were carefully lifted
avoiding contacts with the coverslips so as not to scratch the array, and were transferred to
another Couplin jar containing fresh water. Prehybridization buffer was removed by gently
agitating in the water for 2 minutes. The slides were then dehydrated by placing in 70% ethanol

followed by 100% for 2 minutes each. The residual alcohol was evaporated in the air and the slides
were kept in a vacuum-sealed canister (FOODSAVER® Round Canister, Cat. #T16-0032; Jarden

Corp., Rye, NY) containing dust-free desiccants (DriCan® Reusable Desiccating Canister, Cat.
#19950; Ted Pella, Inc., Redding, CA) while hybridization mixtures were being prepared.
According to the array manufacturer, removal of the prehybridization buffer results in a more
uniform and reproducible hybridization (W.M. Keck Foundation Biotechnology Resource Lab at
Yale University, 2006). Denaturation and prehybridization of cDNA probes on the slide were
carried out while preparing the hybridization mixture (described in the next section, “2.5.3
Preparation of Hybridization Mixtures” ), so that the labeled target could be applied immediately

as soon as it was ready.
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2.5.3 Preparation of Hybridization Mixtures

To compensate for dye-related bias, which is commonly observed in the two-color microarray

platform, dye-swap experimental design was used. In this experiment, one array was co-
hybridized with shoot apex and young leaf cDNA targets that were labeled with Alexa Fluor® 555

(fluoresces green) and Alexa Fluor® 647 (fluoresces red), respectively. In a second co-
hybridization, the dyes of the two samples were switched.

To prepare the two sets of hybridization mixture, 22.2 ul hybridization buffer (Table 2-7) and
1.4 ul blocking solution (Table 2-8 on page 45) were added in each of two separate 0.5 ml
microcentrifuge tubes. The blocking solution was intended to inactivate reactive groups remaining
on glass microarray slide surface. It reduces background noise while maintaining full signal
intensities for DNA microarray applications according to the microarray manufacturer (W.M. Keck
Foundation Biotechnology Resource Lab at Yale University).

Into one of the two microcentrifuge tubes containing hybridization buffer and blocking solution,

the shoot apex cDNA labeled with Alexa Fluor® 555 and young leaf cDNA labeled with Alexa

Fluor® 647 were added. Into the other, shoot-apex and young leaf cDNA with reversed
fluorophores were added (Table 2-9 on page 45). The total volume of the hybridization mixture

was 36 pl.

Table 2-7. Ingredients of hybridization buffer solution.

Ingredient® Stock Conc. Vol. Added (pl) Final Conc.
Formamide 99.9% 78.5 62.8%
SSPE 20X 31.5 5X
SDS 20% 5 0.8%
Denhardt’s 50X 10 4X
Total Volume 125

a For the ingredient details, refer to table footnotes of Table 2-5 on page 42
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Ingredient Stock Conc. Vol. Added (ul) Final Conc.
Poly dA® 1 mg/ml 100 2 mg/ml
tRNAP 25 mg/ml 5 4 mg/ml
Mouse Cot1 DNA® 1 mg/ml 500 10 mg/ml
Total Volume 605

8- Poly(2'-deoxyadenylic acid) sodium salt (Cat. #81342; Sigma-Aldrich, St. Louis, MO)

b- Yeast tRNA (Lyophilized; Cat. #15401011; Invitrogen, Carlsbad, CA)

© Mouse Cot-1 DNA® (Cat. #18440016; Invitrogen, Carlsbad, CA) was predominantly 50 to 300 bp
in size and enriched for repetitive DNA sequences such as the B1, B2, and L1 family members.
Mouse Cot-1 DNA® is commonly used to block non-specific hybridization in microarray screening.

d- After mixing the ingredients, ethanol precipitated and re-suspended in 50 ul of filtered sterile
ddH,0. The blocking solution was diluted with the same volume of 20X SSPE, when the

hybridization mixture was prepared.

Table 2-9. Ingredients of hybridization mixture.

Ingredients Vol. Added (ul)
20X SSPE? 1.4
Hybridization Buffer? 22.2
Blocking Solution® 1.4
Labeled cDNA Targets 11.0
Total Volume 36.0

8- For the ingredient details, refer to table footnotes of Table 2-5 on page 42
b- See Table 2-7 on page 44 for ingredients of hybridization buffer.
¢ See Table 2-8 on page 45 for ingredients of blocking solution.
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2.5.4 Denaturation of cDNA Targets & Hybridization

The fluorescently labeled cDNA targets in the hybridization mixture were denatured at 90°C for
3 minutes on a thermocycler (Mastercycler® Gradient; Eppendorf N.A., Westbury, NY) and kept
at 42°C until applied on the array slides. After mixing well by repeated pipetting, each of the
hybridization mixtures was applied on each cDNA array slide with dye-swap (Table 2-10 and
Figure 2-5 on page 47) carefully so as not to create bubbles, and covered with clean standard 22
x 50 mm glass cover slips. (The array was 18 x 36 mm in size and could be covered under 22 x
40 mm coverslip; but, it was not large enough to hold 36 ul mixture.) After transferring the slides
into the aluminum hybridization chambers (Cat. #DT-1001; Die-Tech, San Jose, CA), chamber
buffer was added, as previously described in the section, “2.5.2 Denaturation and
Prehybridization of Arrays” on page 41. The hybridization chambers were sealed by tightening the
thumb screws, placed horizontally and incubated in a water bath at 42°C for 9 hours for

hybridization.

Table 2-10. Array identification number and dye-swapped cDNA targets co-hybridized on each array.

Source Tissue of Fluorophores Fluorescence
Array Slides
cDNA Targets Used Color
Array 1 Shoot apex Alexa Fluor® 555 Green
Young leaf Alexa Fluor® 647 Red
Array 2 Shoot apex Alexa Fluor® 647 Red
Young leaf Alexa Fluor® 555 Green

2.6 Washing and Drying Hybridized Microarray

While hybridization was in progress, a series of wash solutions containing saline-sodium citrate
(SSC) and sodium dodecyl sulfate (SDS) in decreasing concentrations (Table 2-11 on page 48)
was prepared in glass staining dishes (Slide Staining Dish with Removable Rack, Cat. #900200;
Wheaton Sci. Prod., Millville, NJ) and pre-warmed at 32°C in a water bath, which was 10°C below
the hybridization temperature.

After hybridization, while maintaining the level, the hybridization chambers were transferred
onto a slide warmer, which was set to the same temperature as for hybridization. After the

moisture on the outside of the hybridization chamber was wiped dry (especially in the gap between
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Figure 2-5. A schematic diagram showing hybridization in dye-swap design. Array probes on each
array slide were hybridized with cDNA targets that were oppositely labeled. In Array 1, shoot apex cDNA
target labeled with Alexa Fluor® 555 and young leaf cDNA target labeled with Alexa Fluor® 647 were co-
hybridized, while in Array 2, shoot apex cDNA target labeled with Alexa Fluor® 647 and young leaf
cDNA target labeled with Alexa Fluor® 555 were co-hybridized.



48

Table 2-11. Concentrations of ingredients in wash buffer series.

Wash Buffer Series Ingredients?
Wash #1 2X SSC/0.1% SDS
Wash #2 0.2X SSC/0.1% SDS

Wash #3 & #4 0.2X SSC

8- For the ingredient details, refer to table footnotes of Table 2-5 on page 42

the upper and lower pieces of the chamber that were created by the thickness of the O-ring seal),
the thumb screws were unfastened and the cover of the hybridization chamber was carefully
prised open using a blade of the coverslip forceps. With the slide still in the hybridization chamber,
the cover slip was removed with a fine forceps and the slide was placed as quickly as possible in
the first wash dish containing 2X SSC and 0.1% SDS. Slides were washed for 10 minutes with
gentle shaking, and transferred to the second wash dish containing 0.2X SSC and 0.1% SDS.
After washing in the same way as in the first wash, the slides were transferred to the third wash
dish containing 0.2X SSC, but no SDS, and washed for 10 minutes with gentle shaking. Finally,
the last wash step was repeated with a fresh solution in another wash dish to ensure all residual
SDS was removed.

To dry the slides, each slide was separately placed with printed side down in 50 mI BD Falcon™
polystyrene conical tubes (Cat. #352073, BD Biosciences, San Jose, CA) separately and spun at
1000 rpm for 5 minutes on a bench-top centrifuge with a swing-bucket rotor (Centrific™ Model

225; Fisher Scientific, Springfield, NJ). Dry slides were placed in a vacuum-sealed canister
(FOODSAVER® Round Canister, Cat. #T16-0032; Jarden Corp., Rye, NY) containing dust-free
desiccants (DriCan® Reusable Desiccating Canister, Cat. #19950; Ted Pella, Inc., Redding, CA)

to transport to Laboratory of Genomics Bioinformatics & Proteomics, University of Toledo Health

Science Campus, where scans were performed (described below).

2.7 Scanning Array Slides and Image Analysis

2.7.1 Scanning for Image Acquisition

Prepared array slides were scanned using a two-channel confocal microarray scanner
(ScanArray®) and quantitated by the scanner’s dedicated software (ProScanArray® Express
v.3.0.0; ProSAE), which were bundled in a PerkinElmer™ Microarray Analysis System

(PerkinElmer Life and Analytical Sciences, Shelton, CT). To achieve optimal fluorescence
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intensity, the photomultiplier tube (PMT) gain was set at 80% of the maximum for both Alexa
Fluor® 555 and Alexa Fluor® 647. The laser power for scanning was limited to 80% for Alexa

Fluor® 555 and 84% for Alexa Fluor® 647, respectively, to reflect the difference in fluorescing
capacity of the two dyes, while minimizing the photo-bleaching effects (PerkinElmer Life Sciences
Inc., 2002). After laser focusing and balancing of the two channels, scans were conducted at a
resolution of at 10 um. For each array scan, two separate 16-bit Tagged Image File Format (TIFF)

images were produced and combined together to produce a composite image.

2.7.2 Array Spot Recognition (‘Gridding’)

For spot recognition, the grid was defined using the GAL (GenePix® Array List) file, which was
provided by the array manufacturer (file name: AR12K-768+.gal; W.M. Keck Foundation
Biotechnology Resource Lab at Yale University, New Haven, CT). The format of the GAL file was
originally implemented by Molecular Devices (Union City, CA) and the file describes the dimension
and position of blocks, the layout of spots, and the names and identifiers of the printed cDNA
associated with each spot (Molecular Devices Inc., 2001; Zhai, 2001). During the spot finding
procedure, the ProSAE software recognizes spots in 5 different classes of the spots based on the
quality of the spots, ranging from 1 to 5. Flag code 1 indicates a spot that was ‘not found’; flag code
2, ‘found’; flag code 3, ‘good’; flag code 4, ‘bad’; and flag code 5, ‘absent’, which is not a spot on
the array format. The flag code 2 was not seen because if the spot was found, it was either good
or bad spot. Based on the flags, the ‘gridding’ process was repeated until the maximum number
of spots on the array matched with the grid and recognized as good spots. As a final step of the
spot finding procedure, the spots with artifacts, such as dust particles or scratches, were marked

as ‘bad’ and they were excluded from data analysis.

2.7.3 Array Spot Segmentation

After grids were properly placed, segmentation was carried out, in which foreground (spots)
and background on the scanned images were defined and the pixel intensity data within the array
spots were extracted. The ‘adaptive circle segmentation’ method was chosen in the ProSAE
software. In this segmentation method, the program tries to find the edges of a spot and draws a
circle around the spot, and what is inside the circle is the foreground (spots), and areas outside of
the circle are background (Weeraratna and Taub, 2007). This method allows for the radius to be
adapted to the spot shape and more accurate segmentation, compared to the ‘fixed circle

segmentation’, in which spots are assumed to be circular with fixed radii (Li et al., 2005c;
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Nagarajan, 2003; Rueda and Qin, 2004; Rueda and Qin, 2005; Wu et al., 2005).

2.7.4 Quantitation of Array Spot

After segmentation, the color information in the array spots were quantitated into intensity data.
Background-corrected spot intensities were obtained by using a ‘local background correction’
method, where the mean intensity of pixels in the background was subtracted from the mean

intensity of those in the spot.

2.8 Data Analysis

2.8.1 Selection of Data

Using the background-corrected mean spot intensity data, which were generated by ProSAE
software, the patterns of differential gene expression in shoot apices and young leaves were
analyzed. For analyses, data from spots that were marked as ‘bad’ were excluded from further
analysis. Among 12,288 spots on each array, 336 were marked as “BLANK” in the GAL file
supplied by the array manufacturer, and they were also excluded. “BLANK” means that AIG Locus
link or gene description have not been found for the corresponding GenBank Accession.

When background-subtracted spot intensities became negative, those were regarded as
missing values and excluded from the data analysis (Hovatta et al., 2005). If a spot had negative
spot intensity in a channel, all other corresponding spots across the channels and arrays also were

excluded from the data analysis.

2.8.2 Log Transformation and Normalization of Data

The spot intensity data were imported into GeneSpring GX software (Version 10; Agilent

Technologies, Inc., Santa Clara CA, USA) and the data were transformed to their log, values
followed by Quantile normalization. A log, transformation converts the expression values into an

intuitive linear scale that represents two-fold differences (Alba et al., 2004). Quantile normalization
makes the distribution of expression values of both channels and all samples in an experiment the
same (Bolstad et al., 2003; Yang and Thorne, 2003). Thus, after the quantile normalization, all
statistical parameters (i.e., mean, median and percentiles) of the sample become identical.
Quantile normalization reduces variance between arrays, thus overcoming the differences among
the arrays that are caused by non-biological factors, including dye-bias (Ewens and Grant, 2005;
Hovatta et al., 2005). Quantile normalization was performed by the following steps (Agilent
Technologies Inc., 2008; Mayer and Glasbey, 2005):
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1. The spot intensity values of each sample were sorted in ascending order and

placed next to each other.

2. Each column was sorted in ascending order. The mean of the sorted order across
all samples was taken so that each row in the sorted matrix had value equal to the
previous mean.

3. The modified matrix, as obtained in the previous step, was rearranged to have the
same ordering as the input matrix.

2.8.3 Selection of Differentially Expressed Genes

The final step in the data analysis was to identify the genes that were differentially expressed
in the shoot apices and the young leaves with biological and statistical significance. To screen the
genes that were differentially expressed in the two tissue types with a test for statistical
significance, an unpaired t-test was used since the expression levels of a gene in the shoot apex
versus the young leaf are independent from each other (Glantz, 2005). The critical significance
level (p-value cutoff) was 0.05. To reduce the number of false positives, which are the genes that
are called significant by chance alone, the Benjamini and Hochberge False Discovery Rate (FDR)
procedure (Benjamini and Hochberge, 1995) was applied to the data set screened by t-test.

For screening the genes that were biologically differentially expressed in the two tissue types,
the gene was considered differentially expressed when the log, ratio in the spot intensity level
between the two tissue types was greater than 1 (i.e., fold ratio = 2.0).

To facilitate finding differentially expressed genes under the given criteria, the data set was
filtered on a ‘volcano plot’ using GeneSpring GX software, in which the fold-difference of
expression level and corresponding p-value are plotted for easy identification of genes that fall into
the biological and statistical selection criteria given above. The Benjamini and Hochberge FDR
was the least stringent among the multiple testing procedures available in the GeneSpring GX
software and provides a good balance between discovery of statistically significant genes and
limitation of false positive occurrences (Dudoit et al., 2002). Other methods include the Bonferroni
procedure (Bonferroni, 1936), the Bonferroni Step-down (also called Holm’s method or a
sequential rejection method; Holm, 1979) and the Westfall-Young method, in order of their

stringencies (Dudoit and van der Laan, 2007).
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2.8.4 Verification of Differential Expression of Genes

Instead of using RT real-time PCR (RT-rt-PCR) to verify the expression levels of the genes that
were predominantly expressed in a tissue type, two microarray data exploring tools were used:
the ‘electronic Northerns (e-Northern) with Expression Browser’(Toufighi et al., 2005) and the
‘electronic Fluorescent Pictograph (eFP) Browser’. They are available from the Botany Array

Resource (BAR; http:// www.bar.utoronto.ca/), and used to explore the expression levels with data

sets obtained from other gene expression experiments (Winter et al., 2007).

In the e-Northerns, the Expression Browser is used to explore how genes of interest are being
expressed, with the gene expression data sets accumulated in the BAR database or public data
sets from the AtGenExpress Consortium. Using this tool, a list of 163 AGI locus identifiers of the
genes that were preferentially expressed in the shoot apex (60) or the young leaf (103) was
queried in order to determine if the set of genes is up-regulated or down-regulated in a particular
tissue type across all the experiments in the BAR database or in projects from the AtGenExpress
Consortium.

The eFP Browser provides a pictographic representation of the experimental expression data
based on the expression levels among different plant parts and the developmental stages in the
large-scale data sets from the BAR and the AtGenExpress Consortium (Goda et al., 2008; Kilian
etal.,2007; Schmid et al., 2005). Using AGI locus identifiers of 163 genes (60 from the shoot apex
and 103 from the young leaf), eFPs were produced to explore the expression level of each gene

in the data sets in the BAR and the AtGenExpress Consortium databases.

2.9 Functional Analysis of Differentially Expressed Genes

2.9.1 Cluster Analysis

To identify and group together the genes that were similarly expressed and infer any biological
significance of the group of genes, cluster analyses were carried out using two methods provided
by GeneSpring GX: hierarchical clustering and K-mean clustering. In hierarchical clustering, the
co-regulated genes were grouped by distance matrix calculated based on the Euclidian distance.
Hierarchical clustering does not distribute data into a fixed number of clusters, but produce a
grouping hierarchy so that most similar entities are merged together to form a cluster.

In contrast to hierarchical clustering, in K-mean clustering, genes are partitioned into a fixed
number (k) of clusters such that, genes within a cluster are similar, while those across clusters are

dissimilar. Based on the number of clusters obtained from the hierarchical clustering analyses, K-
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mean clustering was also carried out to compare the outcomes between the two clustering
methods. To begin with K-mean clustering, genes were randomly assigned to four distinct clusters
and average expression vector was computed for each cluster based on the Euclidean distance
as in hierarchical clustering analyses. For every gene, the algorithm then computed the distance
to all expression vectors, and moved the gene to that cluster whose expression vector was closest
to it. The entire process was repeated iteratively until no genes can be reassigned to a different

cluster, or 50 iterations were reached.

2.9.2 Functional Annotation

Differentially expressed genes in either tissue type were categorized based on the functional
annotations. Since GenBank accession numbers for ESTs (Expressed Sequence Tags) were
used to identify the array features in the GAL file provided by the array manufacturer, they were
first converted (mapped) into AGI (Arabidopsis Genome Initiative) locus identifiers using an

‘association’ file downloaded from the TAIR ftp site (ftp:/ftp.arabidopsis.org/home/tair/Genes/

TAIR9 genome _release/). These locus identifiers were used for subsequent query and retrieval of

the gene descriptions from The Arabidopsis Information Resource (TAIR; Berardini et al., 2004;

http://www.arabidopsis.org/tools/bulk/go/index.jsp).

Using the GO Slim Classification for Plants at TAIR, the genes that were statistically
differentially expressed in the shoot apex or the young leaf were functionally categorized. The
TAIR GO slim is a reduced set of GO terms from the Gene Ontology (GO; The Gene Ontology
Consortium, 2000; http://www. geneontology.org/), which has been tailored to Arabidopsis. While the

GO slim is useful for a broad view of a large set of genes, it does not provide detailed GO terms
for the functional categorization of the genes, and was not very informative for the relatively small
gene set detected in this study. On the other hand, a subset of the TAIR Genome (Release 9) with
matching locus identifiers, which was downloaded to obtain the low-level GO terms for the detailed
functional categorization, contained only the lowest level GO terms. Based on the lowest level GO
terms, which describe the specific function of a given gene, the gene set screened in this study
were divided into too many functional categories, each containing no more than a few genes.
Since the high- or low-level GO categories resulted in too broad or too narrow functional
categorization, intermediate level GO terms were retrieved manually using the individual link to
each GO terms in the TAIR genome database.

The genes were then categorized manually and described based on the three GO

vocabularies, each providing a specific type of information about the gene or protein: (i) the


http://www. geneontology.org/
http://www. geneontology.org/
http://www. geneontology.org/
ftp://ftp.arabidopsis.org/home/tair/Genes/TAIR9_genome_release/
ftp://ftp.arabidopsis.org/home/tair/Genes/TAIR9_genome_release/
http://www.arabidopsis.org/tools/bulk/go/index.jsp
http://www.arabidopsis.org/tools/bulk/go/index.jsp

54
pertinent biological processes, (ii) its specific molecular function, and (iii) its cellular localization.
To fine-tune the categorization the gene products were also queried in the protein databases,
such as the Universal Protein Knowledgebase (UniProtKB; The UniProt Consortium, 2009; http:/

www.uniprot.org/) and the Munich Information Center for Protein Sequences (MIPS; Mewes et al.,

2008; http://mips.helmholtz-muenchen.de/). The functional role of the uncharacterized gene products

in these databases were predicted based on their occurrences of their functional domains

provided in the InterPro database (Hunter et al., 2009; http://www.ebi.ac.uk/interpro/) and supporting

publications.

2.9.3 Pathway Analysis

In order to determine a biologically meaningful inter-relations among the genes that were
statistically differentially expressed in the shoot apex and in the young leaf, respectively, pathway
analyses were carried out in GeneSpring GX using the parameters set as in Table 2-12 on

page 54.

Table 2-12. Parameter values used for pathway analysis in GeneSpring GX.

Parameters Value

Pathway analysis Expand Interactions

Relations score 9

Relation types chosen Expression, Binding, Regulation, Promoter Binding, Transport, Member, Metabolism,

Protein Modification
Entity local connectivity 2
Entity types chosen Process, Family, Complex, Function, Protein, Small Molecule, Enzyme
Limit results by Local to Global Connectivity Ratio

Limit results to 50 new entities
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PART 3. RESULTS

3.1 Yield and Quality of Total RNA and Amino-Modified cDNA

When the yield and purity of genomic DNA-free total RNA isolated from the shoot apex and the
young leaf samples were determined by spectrometry, the concentration of total RNA obtained
from shoot apices was approximately 1.7 times higher than that of young leaves (Table 3-1). The
ratios between absorbance readings measured at 260 nm and 280 nm were 2.1 in both samples,
indicating that the purity of the isolated total RNA samples was adequate for use in the microarray
application (Kleber and Kehr, 2006; Qiagen, 2001).

Table 3-1. Concentrations of total RNA isolated from shoot apex and young leaf samples determined by

spectrophotometry, and the ratios of absorbance readings (Agp/A2g0)-

Samples Conc. of Total RNA (ug/ul) Aggo/Azgp
Shoot Apex 2.6 2.1
Young Leaf 1.5 21

The quality and integrity of the total RNA were also assessed using formaldehyde denaturing
agarose gel electrophoresis (Figure 3-1 on page 56).The electrophoretogram of total RNA
samples clearly showed sharp heavy bands of high-concentration corresponding to large and
small ribosomal subunits, respectively, and the large subunit rRNA band appeared far more
abundant than the small subunit rRNA band, demonstrating that the samples were intact and non-
degraded (Imbeaud et al., 2005). Also, a smear of MRNAs in various molecular weights indicated
no signs of degradation of total RNA. Other ribosomal RNA bands, which were visible in the
mature leaf samples (Figure S-1 on page 120 in “Supplementary Data”), were not positively
detectable in the shoot apex or the young leaf sample. The 5S rRNA, tRNA, and other low-
molecular-weight RNAs (<200 nucleotides), which make up 15-20% of total RNA, are not retained
by RNeasy® column (Cat. #75142; Qiagen, Valencia, CA). Genomic DNA contamination was not
detected; it is visible as a very high molecular weight band, if any.

The quality of the amino-modified first-strand cDNA synthesized from total RNA templates was
assessed by standard agarose gel electrophoresis (Figure 3-2 on page 56). On the agarose gel,
first-strand cDNA products appeared as a smear with some distinctive bands, indicating the
presence of relatively abundant mRNA species at certain sizes. Although the equal amounts of

total RNA templates were added in both reactions, the bands of first-strand cDNA derived from
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Figure 3-1. Formaldehyde denaturing agarose gel

electrophoresis of total RNA. Total RNA samples from
shoot apex (SA) and young leaf (YL) were loaded on
the formaldehyde denaturing agarose gel (1.2%)
containing SYBR® Green II RNA Gel Stain (0.1 ul/ml;
Cat. #S7564; Invitrogen, Carlsbad, CA), and runin 1X
MOPS buffer along with RNA Millennium™ Size
Markers (Cat. #7151; Ambion, Austin, TX). (M).

Figure 3-2. Agarose gel electrophoresis of first-strand cDNA
products. First-strand cDNA samples, synthesized from the
total RNA templates, were loaded on the standard agarose gel
(1%) containing SYBR® Gold Nucleic Acid Gel Stain (Cat.
#511494; Invitrogen, Carlsbad, CA), and run in 1X TBE buffer,
along with 1 Kb Plus DNA Ladder™ (Cat. #10787-018;
Invitrogen, Carlsbad, CA). SA, shoot apex; YL, young leaf; M,

size marker.
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the young leaf total RNA appeared brighter on the gel, indicating a higher yield of first-strand cDNA
products from the young leaf total RNA than the shoot apex total RNA in the reverse-transcriptase
reactions. This result was confirmed when concentrations of the amino-modified cDNA samples

were measured by spectrophotometry (Figure 3-3).

3.2 Labeling Efficiency of Amino-Modified cDNA

By comparing the amounts of fluorescently labeled cDNA to total amounts of amino-modified
first-strand cDNA, labeling efficiency was assessed (Table 3-4 on page 58). As the total yield of
amino-modified cDNA derived from shoot apex was lower than that from young leaf, the amounts
of fluorescently labeled cDNA derived from shoot apex were also low regardless of which fluor was
used. While the labeling efficiencies were significantly different between source tissue types, the

difference between the two fluors was negligible.
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Figure 3-3. Total amounts of amino-modified cDNA. Aygg and Az, for each of the purified target
samples from the shoot apex and the young leaf were measured using a Beckman DU-600
spectrophotometer (Beckman, Fullerton, CA). The absorbance readings were converted into the total
amounts of amino-modified cDNA in picomoles using the formula given in Equation 2-2 on page 40.
The yields of amino-modified cDNA in the shoot apex sample were much lower than those in the young

leaf, regardless the fluors used.
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Figure 3-4. The amounts of fluorescently labeled cDNA. To calculate the total amounts of the
fluorescently labeled cDNA in the purified target samples, absorbance were measured at 550 nm, 650
mn and 750 nm using a ‘Multiple Wavelength Mode’ in a Beckman DU-600 spectrophotometer
(Beckman, Fullerton, CA). The amounts of cDNA targets labeled with Alexa® Fluor 555 and Alexa®
Fluor 647 were converted into picomoles using the formulas given in Equation 2-4 and Equation 2-4 on

page 40, respectively.

3.3 Scanned Arrays

The composite images of scanned microarrays were shown in Table 3-5 on page 59. The
fluorescence intensities of the spots that were hybridized with cDNA targets derived from the
shoot apex were low compared to those hybridized with cDNA targets from the young leaf,
regardless of the fluorescence dye used. This was because there was a lower amount of

fluorescently labeled cDNA from the shoot apex than from the leaf in the hybridization mixture.

3.4 Statistical Microarray Data Analysis

3.4.1 Log Transformation of Intensity Data

Among 12,288 spots on the composite image of each scanned array, intensity data were

extracted from 11,255 spots for data analysis using GeneSpring GX10 software, excluding those
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Array 1

Array 2

Figure 3-5. Portions of composite images of scanned arrays. Among the 32 blocks (8x4) of array
spots, 8 blocks (2x4) are shown here. In array 1, cDNA targets derived from shoot apices were
labeled with green dye (Alexa® Fluor 555) and cDNA targets derived from young leaves were
labeled with red dye (Alexa® Fluor 647). In array 2, the dyes were swapped. The red fluorescence
from the young leaf cDNA targets was more intense than the green from the shoot apex cDNA
targets in array 1, where as the red fluorescence from the shoot apex cDNA targets was obscured
by the higher intensity of green fluorescence from the young leaf cDNA targets in array 2, where
the fluorophores were swapped. To prepare the images, each of two microarray slides was
scanned twice; once for excitation of the green channel, Alexa® Fluor 555 and the second for the
red channel, Alexa® Fluor 647. The images captured from each excitation channel were combined

together to produce a composite image for each array.

regarded as missing values (Hovatta et al., 2005). Missing values included 336 empty spots that
were marked as ‘BLANK’ in the GAL file, and 697 spots that were detected as ‘bad’, which might
have contained imperfections and/or artifacts, such as scratches and dust particles. Among the
11,255 readable spots, 2,597 produced signals greater than background levels. The background-
corrected mean spot intensity data were transformed to their log, values and the distribution of
spot intensity data became symmetrical. The effects of the log transformation are illustrated in

Figure 3-6 on page 61.
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3.4.2 Normalization of Log-transformed Data

Quantile normalization in GeneSpring GX resulted in standard distribution of the log-
transformed data values. The data also underwent centralization, in which the distribution was
moved so that it was centered over the expected mean, balancing the two channels to remove
intensity-dependent variation due to dye-bias and/or tissue-specific labeling efficiency.

The effect of normalization was illustrated in the scatter plots (Figure 3-7 on page 63) and an
MvA plot (Figure 3-8 on page 65). In the scatter plots, majority of the genes, which had similar
expression levels in both tissue types appeared somewhere along the diagonal after
normalization. MvA plot is a scatter plot of the difference (M) versus the average (A) of log spot

intensity values between two samples:

M = log,(R/G) (EQ. 3-1)
A = logo(R*G)/2 (EQ. 3-2)

where R and G represent the fluorescence intensities in the red and green channels,
respectively.

MvA plot is generally used to visualize the intensity ratios between red and green fluorescence
in the experiments using two-color spotted arrays. It is useful to assess not only the relation
between samples, but also quality by making it easy to identify the intensity dependent variation
among low intensity spots. A common source of variation due to technical error in microarray data
is incorrectly balanced photomultiplier tube (PMT) settings to compensate the differential
excitation properties of the two channels during scanning, which results in a shift of the data from
the x-axis (M = 0) of the ideal MvA plot (Petri et al., 2004). This random variation, which was
caused by technical errors, was removed after screening the spots based on the statistical test
criteria (described in the next section). After normalization, several descriptive statistics of the
array data were represented graphically in a box plot, which is also called a box-whisker-

plot.(Figure 3-9 on page 67).
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Figure 3-6. The effect of the log transformation upon the distribution of the spot intensity values. The
left four panels show the histogram of the background corrected mean spot intensity values without the
log transformation. The spot intensity ranges spanned a very large interval and the distributions were
left-ward skewed having a very long tail towards high spot intensity values. The right four panels show
the distributions of the same values after the log transformation, in which the distribution of data

became symmetrical and almost normal. The plots were generated in Microsoft Excel 2007 software.
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Figure 3-7. Scatter plots showing the effect of array spot intensity data normalization. The Upper panel
represents the intensities from the shoot apex sample vs. the young leaf sample before normalization;
and, the bottom panel, after normalization. The intensities from the young leaf sample are plotted on the
horizontal axis, while those from the shoot apex sample are plotted on the vertical axis, after log,
transformation. Points above the diagonal (y = x) represent spots with higher intensities in the shoot apex
whereas points below the diagonal represent spots higher in the young leaf. Intensity differences increase
with distance from the diagonal line, reflecting the gene expression levels in the two tissue types. Before
normalization, most spots appeared to have lower intensities in the shoot apex compared to the young
leaf since most of the spots were plotted below the diagonal. However, when the data were normalized,
most points moved toward the diagonal. The color legend indicates the approximate scale of logo intensity
level; blue is lower and red is higher. The two green lines above and below the y=0 diagonal line indicate
the fold change, which is 2.0. Thus, the points that fall above the upper green line represent the genes
that were preferentially expressed in the shoot apex than in the young leaf at 2-fold or more. Below the
lower green line, are those expressed preferentially in the young leaf than in the shoot apex at 2-fold or

more.
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Figure 3-8. MvA plot showing the effects of normalization. A distribution of spot intensity data was
visualized on a MvA plot before (upper panel) and after normalization (lower panel). M on the vertical axis
is the log, transformed spot intensity ratio between two channels (shoot apex vs. young leaf), and A on
the horizontal axis is the average spot intensity of the two channels after the log, transformation. MvA
plots reveal intensity dependent biases as well as extra variation at low intensity spots. In these MvA
plots, which were generated in the GeneSpring GX 10 software, a high variation at low intensity spots

was observed.
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Figure 3-9. Box plot representing summary statistics of normalized spot intensity data. Each set of the
box and tail represents each data set from four channels on the two microarrays. The upper and lower
boundaries of the box show the location of the upper quartile (UQ) and lower quartile (LQ), which are the
75th and 25th percentiles, respectively. The central line in the box shows the position of the median (50th
percentile) of each data set. Thus, the box represents the interval that contains the central 50% of the
data. The length of the tails, blue lines attached to UQ and LQ, are 1.5 times the interquartile distance
(1QD). The data represented as red bars fall beyond [UQ+1.5 IQD] or [LQ-1.5 IQD] and are considered
as outliers. By Quantile normalization, the median and the percentiles became uniform across the

channels and arrays. The box plot was generated in the GeneSpring GX 10 software.
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3.4.3 Filtering Differentially Expressed Genes

The results of the statistical test were represented in a ‘volcano’ plot (upper panel in
Figure 3-10 on page 70) and a scatter plot (lower panel in Figure 3-10 on page 70), both

illustrating the genes satisfying the following criteria:

1. statistical significance: filtered by unpaired t-test with p-value cutoff = 0.05 and

Benjamini and Hochberge FDR correction applied.

2. biological significance: the log, ratio in the spot intensity level between the two

tissue types was greater than 1 (i.e., fold ratio = 2.0).

Under the given criteria, 174 genes were identified as being statistically differentially expressed
two-fold or more when the transcriptomes of the shoot apex and the young leaf of H. helix cv.
Goldheart were compared. Among them, 60 genes were preferentially expressed in the shoot
apex, while 114 were preferentially expressed in the young leaf. A full list of the differentially
expressed genes with expression level and fold ratio is presented in “Supplementary Data”
(Table S-1 on page 121).

3.5 Verification of Expression Level

When the expression levels of the 60 shoot apex genes were explored using the e-Northern
with Expression Browser, 55 genes were mapped in the data sets in the BAR and the
AtGenExpress Consortium. Among them, 31 genes were confirmed to be expressed preferentially
in the shoot apex (Table S-4 on page 142 in “Supplementary Data”). All of 103 young leaf genes
had matches and 41 of them were confirmed to be expressed predominantly in the young leaf
(Table S-5 on page 144 in “Supplementary Data”).

The Arabidopsis eFP Browser created 'electronic fluorescent pictographic' representations of
expression patterns of the genes that were preferentially expressed in either type of tissue based
on the AtGenExpress Consortium data (Goda et al., 2008; Kilian et al., 2007; Schmid et al., 2005;
Winter et al., 2007). The representative output images from the eFP browser (Figure 3-11 on
page 72) show the expression patterns of AT2G22610 from the shoot apex and AT3G62410 from

the young leaf in developmental series.



70

Figure 3-10. A ‘volcano’ plot and a scatter plot showing differentially expressed genes. The volcano
plot (upper panel) represents the genes that passed or failed the assigned criteria for screening. In the
volcano plot the negative logq of p-value [-logo(p)] was plotted against normalized log ratio
[log,(ratio)]. Vertical green lines represent a 2-fold difference in the expression levels between the shoot
apex and the young leaf tissues. Horizontal green line represents the t-test p-value of 0.05. Genes with
large fold-differences and low p-values are easily identifiable graphically. The genes that were
differentially expressed while satisfying the p-value cutoff 0.05 were shown in red and the remainder in
grey. The red spots in the ‘volcano’ plot were also depicted in a scatter plot (lower panel). The spots
above the upper diagonal represent the genes that are preferentially expressed in the shoot apex at 2-
fold or more at 0.05 p-value cut-off, while those below the lower diagonal represent those were
expressed predominantly in the leaf at the same criteria. The ‘volcano’ plot and the scatter plot were

generated in the GeneSpring GX 10 software.
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Figure 3-11. The representative electronic fluorescent pictographs (eFPs). The upper and the lower
panels show the changes in expression levels of the genes that are preferentially expressed in the

shoot apex (AT2G22610) and in the young leaf (AT3G62410), respectively.

AT2G22610 encodes kinesin motor protein-related protein, which functions in ATP binding involved in
microtubule-based movement. The gene product is located in the microtubule associated complex
that are involved in cytoskeletal organization. AT3G62410 encodes CP12-2, a small peptide found in
the chloroplast stroma. It is thought to be involved in the formation of a complex with glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) and phosphoribulokinase (PRK) functioning in the Calvin

cycle. Red indicates the highest expression level and blue the lowest.
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3.6 Functional Analysis of Microarray Data

3.6.1 GO Slim Functional Classification

Genes that had unique AGI locus identifiers were categorized according to the GO slim to
obtain a broad summary of gene types. The GO slim provided only high-level categories and its
categorization scheme took all of the associated terms into account, which were often redundant.
The results were generally uninformative. The gene counts associated with GO slim terms are
based on the biological processes of the gene, the molecular functions of the gene product, and
its cellular localization (Table S-2 on page 131 and Figure S-2 on page 127 in “Supplementary
Data”).

3.6.2 Cluster Analysis

To identify and group the genes that were similarly expressed in each tissue type and infer any
biological significance of the groups of genes, hierarchical and K-mean clustering analyses were
carried out using GeneSpring GX. The hierarchical clustering dendrograms of the genes that are
preferentially expressed in the shoot apex and the young leaf is presented in Figure S-4 on
page 133 and Figure S-6 on page 137, respectively, in “Supplementary Data”. Also, the genes in
each cluster were subjected to classification by GO slim functional categorization as in the
previous section (“3.6.1 GO Slim Functional Classification” ), and the results are shown in
Figure S-5 on page 135 and Figure S-7 on page 139 in “Supplementary Data”.

There was no clear relationship between functional categories and clustering patterns of
genes. When other distance methods were applied to the hierarchical clustering along with
various parameters, the results were similar except for minor variations in the numbers of genes
to fall in each cluster (data not shown). The K-mean clustering with various parameters revealed
no significant patterns related to biological function of the genes (data not shown). Although the
cluster analyses have been useful in general to identify patterns in gene expression in relation to
their biological functions by grouping the similarly expressed genes (Draghici, 2003), their
usefulness was unclear in this study, where only two tissue types were compared: the shoot apex

and the young leaf.
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3.6.3 Manual Categorization of Gene Function

Since the TAIR GO slim scheme did not lead to a meaningful classification for the gene sets
screened in this experiment, the genes were classified manually based on the functional
categories provided in both TAIR GO slim and TAIR Gene Ontology as well as other protein
databases as described in “2.9.2 Functional Annotation” on page 53 in “Materials and Methods”.
To assign each gene to an appropriate category, the functional categories were grouped into a
higher level category, divided into lower level categories, and/or combined into a category of the
same level.

Excluding those that were not mapped to AGI (Arabidopsis Genome Initiative) locus identifiers,
163 genes represented by unique locus identifiers were categorized into 24 biological processes
including ‘Unknown” (Figure 3-12 on page 76). Most genes that were preferentially expressed in
one tissue type or the other were commonly involved in 15 biological processes, including
‘Unknown’. Meanwhile, there were 9 biological processes where the genes that were expressed
only in one type of tissue were involved (Table 3-2). For example, in the cell cycle control/DNA
repair, energy/respiration, carbohydrate metabolism, chlorophyll degradation and photosynthesis
dark reaction were preferentially expressed in the young leaf. On the other hand, cytoskeletal

organization and hormone metabolism were preferentially expressed in the shoot apex.

Table 3-2. Biological processes in which genes that were expressed in either type of tissue were involved.

Biological Process Shoot Apex  Young Leaf Locus Id
Cell cycle control/DNA Repair - 3 AT1G18040, AT3G27010, AT5G41360
Cytoskeletal organization 3 - AT1G64740, AT2G22610, AT5G20490
Energy/Respiration - 2 AT1G53310, AT3G27380
Metabolism: Carbohydrate - 2 AT1G09420, AT1G45130
Metabolism: Chlorophyll degradation - 3 AT3G02450, AT3G44880, AT4G25650
Metabolism: Hormone 2 - AT3G13730, AT5G05730
Photosynthesis, dark reaction - 3 AT1G67090, AT3G62410, AT5G38430
Protein fate: sorting/targeting 1 - AT5G05670

Response to biotic stimulus - 2 AT3G09260, AT5G42500
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Figure 3-12. Gene counts involved in manually categorized biological processes. The numbers of
genes in each category are given in Table S-3 on page 141 in “Supplementary Data”. The manual
categorization of the genes based on the TAIR GO slim, TAIR Gene Ontology and other protein
databases (“2.9.2 Functional Annotation” on page 53 in “Materials and Methods”) revealed some of the
biological processes, in which only genes that were preferentially expressed in either type of the tissue
(shoot apex or young leaf) were involved. The shoot apex includes cytoskeletal organization, hormone
metabolism, protein sorting/targeting, whereas the young leaf includes cell cycle control/DNA repair,
energy/respiration, photosynthesis dark reaction, carbohydrate metabolism and chlorophyll
degradation. Many genes, which were preferentially expressed in the shoot apex or in the young leaf,
fell into the same functional categories, including photorespiration, photosynthesis light reaction, amino
acid metabolism, lipid metabolism, protein translation, post-translational modification, protein folding,
proteolysis, transcription and post-transcriptional processing, inter-/intra-cellular transportation and
signal transduction. The genes categorized in ‘response to abiotic stimulus’ or ‘response to biotic
stimulus’ have not been annotated in further detail. The ‘other metabolism’ and ‘other cellular process’
means that the particular gene is involved in a known biological process(es), but not included in this
categorization. There were 29 genes (10 from the shoot apex and 19 from the young leaf) that have no

annotated functions.
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3.7 Pathway Analysis

The metabolic pathway analysis revealed some of the biologically meaningful inter-relations
among the genes that were statistically differentially expressed in the shoot apex and in the young
leaf, respectively. Fifty nine out of 60 the shoot apex gene products and 102 out of 103 young leaf
gene products matched to the curated protein entities in the pathway database implemented in
GeneSpring GX 10 software (Agilent Technologies Inc., 2008). There were no direct inter-
relations among the matched gene products, except for the two gene products from the young
leaf, namely EBF2 (EIN3-BINDING F-BOX PROTEIN 2) and SKP1, a component of the Skp1-
Cullin-F-box-protein (SCF), which were encoded by AT5G25350 and AT1G75950, respectively
(Figure S-8 on page 146). When the relations were expanded so as to include the immediate
neighbors of the curated gene products, a total of 30 gene products established one or more new
relations: 9 from the shoot (Table 3-3) and 21 from the young leaf (Table 3-4 on page 79). The
gene products from the shoot apex or the young leaf, which were thought to be involved in the
regulatory pathways were discussed in the later chapter.

Diagrams showing the relations among the shoot apex gene products and other pathway
entities were shown in Figure S-9 on page 147 in “Supplementary Data”. Their cellular localization

were also provided in Figure S-10 on page 149 in “Supplementary Data”.

Table 3-3. Gene products of the shoot apex participating in one or more relations in the metabolic

pathways.
Biological Process Protein Name Encoded by:
Energy: photorespiration GLU1 AT5G04140
Transcription/RNA processing ELF7 AT1G79730
REF6 AT3G48430
PCFS4 AT4G04885
Metabolism: hormone biosynthesis CYP90D1 AT3G13730
ASA1 AT5G05730
Translation ERF1-1 AT5G47880
Response to abiotic stimuli SAG21 AT4G02380

Transport, transmembrane AST91 AT1G23090




Table 3-4. Gene products of the young leaf participating in one or more relations in the metabolic

pathways.
Biological Process Protein Name Encoded by:
Cell cycle control CDKD1;3 AT1G18040
Photosynthesis-dark reaction CP12-2 AT3G62410
Photosynthesis-light reaction FNR1 AT5G66190
Transcription/RNA processing SIGA AT1G64860
SPL3 AT2G33810
TAFII15 AT4G31720
Chlorophyll catabolic process ACD1 AT3G44880
lon homeostasis CCH AT3G56240
Protein Fate: folding CPHSC70-2 AT5G49910
Protein Fate: translation FBR12 AT1G26630
Response to abiotic stimuli COR47 AT1G20440
Signal Transduction: hormone-mediated RAP2.12 AT1G53910
Signal Transduction, hormone-mediated ERF4 AT3G15210
Signal Transduction, in response to abiotic stimuli STO AT1G06040
PHYA AT1G09570
Signal Transduction, protein phosphorylation-mediated PHOT1 AT3G45780
Signal Transduction, ubiquitin/protein ligase-mediated SKP1 AT1G75950
ATSR1 AT5G01820
EBF2 AT5G25350
Transport, transmembrane PIP1B AT2G45960

Transport, vesicle-mediated VSR1 AT3G52850
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PART 4. DISCUSSION

4.1 Cross-species Hybridization

This study examined patterns of gene expression in the shoot apices and the young developing
leaves of H. helix cv. Goldheart by comparing the transcriptome from one tissue type to the other.
As is the case for non-model plant species, both genome sequence information and availability of
prepared microarray platform are very limited for H. helix. To circumvent this limitation, a
microarray-based heterologous hybridization analysis (cross-species hybridization or CSH) was
carried out by hybridizing cDNA targets prepared from the shoot apices and the young leaves of
H. helix cv. Goldheart onto Arabidopsis thaliana whole genome full-length cDNA microarrays.

In the microarray study using CSH, the primary technical challenge is the problem of sequence
divergence between the species from which the probes on the microarray was prepared and the
species providing the sample cDNA targets (Buckley, 2007). In the comparative genomics studies
using CSH, where comparisons are made among samples prepared from different species, it is
important to differentiate between actual differential gene expression and the bias due to
sequence mismatches. In the study of heterologous hybridization using cDNA microarray that was
generated from an African cichlid fish (Astatotilapia burtoni found in Lake Tanganyika) to examine
expression patterns of seven other fish species ranging from closely related taxa to a very distantly
related species, Renn et al. (2004) showed that gene expression profiles between species was
more consistent for closely related ones (divergence time < 10 million years ago; Mya) than for
intermediately related ones (divergence time ~65 Mya). For distantly related species (divergence
time > 200 Mya), the consistency was even less, making it difficult to distinguish the differences
among species from the effects of the sequence mismatches.

However, phylogenetic distance seems not necessarily a main criterion to determine the
similarity required between the target and probe species in the microarray-based CSH studies,
since phylogenetic distance might not exactly reflect the degree of divergence at the gene
sequence level (Renn et al., 2004; Rutschmann, 2006). While the loss of overall hybridization
signals due to the sequence divergence is inevitable in CSH, it has been indicated that the level
of hybridization between targets and probes correlates better with the presence of orthologous
than with random sequence similarity (Horvath, 2003), and sequence conservation among plant
species is high enough to generate sufficient signals from the hybridized probes for global
expression analysis (Fulton et al., 2002). In this study, sequence divergence between H. helix and

A. thaliana did not add a bias since the two cDNA targets prepared from single species (H. helix)
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were hybridized competitively against one another on the same probe set (A. thaliana). However,
sequence divergence between target species (H. helix) and reference species (A. thaliana) likely
influenced the effective size of the microarray. It could be expected that fewer features were
detected in both the shoot apex and the young leaf samples from H.helix than the number of
features that a single-species microarray could have detected in the samples from A. thaliana as
shown in a study where CSH between A. thaliana and several distantly related species was used
(Horvath, 2003).

4.2 Differential Hybridization between Shoot Apex and Young Leaves

In both the shoot apex and the young leaf samples from H. helix, labeled target cDNAs that
hybridized onto the A. thaliana microarray probes above background were detected, and each
type of tissue exhibited differential gene expression. Among 11,255 usable cDNA probes (with
‘BLANK’ and ‘bad’ spots excluded), 2,597 features produced signals that were greater than
background levels, which constitutes 23% of total number of usable probes on the microarray. In
a cross-species hybridization study, where a 11,522-element Arabidopsis thaliana microarray was
hybridized with labeled cDNAs from shoot tip and mature leaf from several different distantly
related species, such as leafy spurge, poplar and wild oat, 23 to 47% of the features on the array
was detected above background (Horvath, 2003). Considering the phylogenetic distance between
H. helix and A. thaliana and the use of tissue type, which was limited to shoot apices and young
leaves at the very early developmental stage, 23% detection rate in this CSH experiment seemed
to be within a reasonable range. Because the A. thaliana whole genome full-length cDNA
microarray used in this study contained probes prepared from a variety of tissue types, including
1) etiolated seedlings, 2) roots, 3) rosette plants of various ages, 4) stems, flowers, and siliques
at all stages from floral initiation to mature seeds (Newman et al., 1994), it is likely that the
transcriptomes of the shoot apex and young leaf at early developmental stages represents only a
small portion of the transcriptomes of the whole plant representing various developmental stages.

Among 2,597 hybridized features that produced signals above the threshold, a total of 174
genes (6.7% of the detected above background, or 1.4% of total array features) were found to be
statistically significantly expressed by 2-fold or more at a p-value of 0.05 in the shoot apex or the
young leaf. Among the total significantly differentially expressed genes, 60 were preferentially
expressed in the shoot apex, and 114 were in the young leaf, perhaps reflecting tissue-specific
differences in physiology and developmental processes. It was expected that many of the genes

in the leaf primordia included in the shoot apex sample might have been expressed at similar
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levels to those in the young leaf sample, which was in very early stage of the leaf development.
Meanwhile, there were possibilities that the spot intensity levels of the features hybridized by the
probes represented by the SAM-specific genes were not high enough above the background to
be considered statistically significant due to the significantly smaller proportion of SAM tissue

compared to the leaf primordia.

4.3 Functional Categories of Differentially Expressed Genes

A large portion of the gene products could be assigned to functional categories associated with
basic biological processes. Genes that were preferentially expressed in either shoot apex or
young leaf had multiple molecular functions and were involved in various biological processes
occurring in most of the major cellular components, including chloroplasts, mitochondria, Golgi
apparatus, endoplasmic reticulum, cytosol and plasma membrane. As the number of genes
preferentially expressed in the young leaf was approximately twice higher than that in the shoot
apex (114 vs. 60), the number of the genes participating in most functional categories were also
similarly proportioned. Many of the detected genes, which were differentially expressed in either
tissue, were predicted to have transcription/translation factor activities, various catalytic activities
and binding function with other metabolic entities, which were involved in different biological
processes, such as cell biogenesis, gene expression, energy generation, metabolism, signal
transduction and transport. The common involvement in the major biological processes among the
genes expressed differentially in either tissue types is reasonable given that both sample tissues
were sharing similarities. The shoot apex sample contained not only shoot apical meristem but
also leaf primordia that had already begun to differentiate into leaves, and the young leaf sample
was only two plastochrons apart from the oldest leaf primordium in the shoot apex sample.

In spite of the overlapping characteristics of the two tissue types, the preferentially expressed
genes in the two tissue samples differed in several respects. The genes that were expressed
preferentially in the shoot apex represented transcripts that appeared to be more closely linked to
cytoskeletal organization and phase change, whereas those in the young leaf appeared more
related to cell and energy-related metabolism, such as photosynthesis dark reactions, aerobic
respiration and carbohydrate catabolism. Perhaps the differences were a reflection of the
transcription of the undifferentiated or less differentiated state of the shoot apex and the fully

differentiated state of the young leaf.
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4.4 Genes Involved in Regulatory Pathways In the Shoot Apex

The pathway analysis revealed some of the regulatory pathways that were expected to be

occurring predominantly in the shoot apex.

4.4.1 Genes Involved in Phase Change

In the shoot apex, several gene products that are directly or indirectly involved in a signaling
pathway, which delays flowering in A. thaliana, were detected, suggesting a similar signaling
mechanism might be in operation for the prolonged vegetative state in H. helix. Changing from
vegetative to reproductive growth phase in plants is a major developmental transition regulated by
an integrated network of multiple signal transduction pathways that regulate the expression of
genes associated with the transition of the vegetative SAM to floral/inflorescence meristem
(Clouse, 2008; Simpson and Dean, 2002). Environmental and internal stimuli are mainly
perceived and transduced by four genetic pathways: the autonomous, light-dependent,
vernalization and gibberellin pathways (Roux et al., 2006). The autonomous pathway responds to
internal developmental signals constitutively to control flowering (Putterill et al., 2004). The light-
dependent pathway perceives changes in photoperiod, quality and intensity of irradiation for
flowering (Schepens et al., 2004). The vernalization pathway is activated by exposure to long
periods of cold before flowering (Henderson et al., 2003). The gibberellin (GA) pathway promotes
flowering via the hormonal stimuli (Mutasa-Gottgens and Hedden, 2009). The notable aspect in
this regulatory network is that all of these signal transduction pathways converge on a common
set of integrator genes, such as LEAFY (LFY), FLOWERING TIME LOCUS T (FT) and
SUPPRESSOR OF OVER-EXPRESSION OF CONSTANS 1(SOC1), which regulate the initiation
of flowering via the action on the floral meristem identity genes (Bonnin et al., 2008; Roux et al.,
2006). While signals from the photoperiod pathway are mediated through to the integrators by the
floral activator CONSTANS (CO), signals from the autonomous and vernalization pathways are
mediated by the floral repressor FLOWERING LOCUS C (FLC), a MADS-box transcriptional
regulator (Henderson et al., 2003; Schepens et al., 2004). A prolonged cold treatment attenuates
the expression level of FLC through a process known as vernalization and permits flowering to
occur (Michaels and Amasino, 1999).

In this microarray analysis, two transcription factors that regulate the level of FLC were
identified: RELATIVE OF EARLY FLOWERING 6 (REF6) and EARLY FLOWERING 7 (ELF7),
which play a regulatory role in the brassinosteroids (BRs) and the autonomous signaling pathway,

respectively (Figure 4-1 on page 84).
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Figure 4-1. Signal transduction pathways involved in vegetative-floral transition occurring in the shoot
apex. Plant steroid hormones brassinosteroids (BRs, in the green circle) signal through BES1, which
positively regulates transcriptional regulators EARLY FLOWERING 6 (ELF6) and RELATIVE OF
EARLY FLOWERING 6 (REF6). ELF6 and REF6 in turn regulate expression of FLOWERING LOCUS
C (FLC) downstream of the pathway, thereby controlling flowering time. While ELF6 acts on FLC as a
repressor, REFG6 elevate FLC expression to levels that can delay flowering in plants that have not
been vernalized. EFL7, which is a component of the autonomous signal pathway, elevates the

expression of FLC as REF®6 in the BRs-mediated pathway. See text for the details and references.

Pink ovals represents gene products (transcription factors) with their protein name inside. Ovals with
blue outline represents those expressed preferentially in the shoot apex, and ones without outline are
those expressed constitutively in both the shoot apex and the young leaf, but associated only with
those expressed preferentially in the shoot apex. Blue arrows indicate the direction of the signal
transduction and the regulation with the arrow heads on the targets; red indicates the regulation of the
gene expression. The plus (+) and minus (-) signs in the circles indicate positive and negative

regulation, respectively.
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While the hormonal signal directly regulates the integrator genes in the GA pathway of the
flowering induction (Mutasa-Gottgens and Hedden, 2009), another class of plant hormones, the
brassinosteroids (BRs), participate in the vernalization pathway via signaling through a cell
surface receptor kinase, BRASSINOSTEROID INSENSITIVE 1-EXCESS
MICROSPOROCYTES-SUPPRESSOR 1 (BRI1-EMS SUPPRESSOR 1 or BES1) (Domagalska
et al., 2007). BES1 directly binds to target gene promoters, EARLY FLOWERING 6 (ELF6) and
its closely related protein, RELATIVE OF EARLY FLOWERING 6 (REF6, encoded by
AT3G48430) to activate or repress the expression of the gene and transduce BR-mediated
responses (Yu et al., 2008). ELF6 and REF®, in spite of close similarity in their sequences, act
differently in the regulation of flowering time. While ELF6 represses the expression level of FLC
promoting floral transition, REF6 elevates the FLC level to delay the flowering time in A. thaliana.
Ectopic expression studies and expression pattern analyses showed that ELF6 and REF6 have
different cellular functions and are regulated differently (Noh et al., 2004). Another transcription
factor that promotes the expression of FLC was detected in the shoot apex: EARLY FLOWERING
7 (ELF7, encoded by AT1G79730), which is a homolog of the component of yeast RNA
polymerase Il (Pol ), Paf1 (proteasome alpha subunit F-1) complex (He et al., 2004). While ELF6
acts on FLC as a repressor, ELF7 (as REF6) elevates FLC expression to the level that can delay
flowering in Arabidopsis that have not been vernalized. Repression or elevation of FLC expression
by ELF6 or REF6/ELF7 accompanies modifications of histone in FLC chromatin, implying that
structural changes to the chromatin (chromatin remodeling) is necessary for the transcriptional
regulation by this class of proteins (He et al., 2004; Noh et al., 2004).

Besides REF6, which is involved in the BR-mediated signal transduction pathway in flowering
time, a cytochrome P450 (CYP90D1, encoded by AT3G13730) was also expressed preferentially
in the shoot apex. Two cytochrome P450s, CYP90C1 and CYP90D1, participate in different steps
of the BR biosynthesis pathway in Arabidopsis thaliana. While CYP90D1 catalyzes the oxidative
reactions in the earlier phase of BR biosynthesis, CYP90C1, which is encoded by
ROTUNDIFOLIA3 (ROT3) gene, appears to play a role in an activation step in the BR pathway by
converting typhasterol to castasterone (Kim et al., 2005a). In this microarray analysis, CYP90C1
was not co-expressed with CYP90D1 in the shoot apex. Considering the roles of REF6 and ELF7
elevating the expression level of the FLC, which directly suppresses the floral transition of the
vegetative shoot via BR-mediated and autonomous signaling pathway, respectively, the activities
of both transcription factors in the two different signaling pathways may coordinately play a role in

sustaining the prolonged juvenility of the shoot, which is a characteristic of the H. helix plants.
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4.4.2 Genes Involved in Cytoskeleton Organization

Genes that encode cytoskeletal components, such as Tubulin alpha-1 chain (TUA1, encoded
by AT1G64740) and accessory proteins, Kinesin motor-related protein (encoded by AT2G22610)
and Myosin-like protein XI K (AtXIK, encoded by AT5G20490), were preferentially expressed in
the shoot apex, suggesting that the cytoskeleton-mediated cellular processes were occurring
more actively than in the young leaf.

The shape and the growth of plant cells are greatly influenced by the organization of actin and
microtubule (MT) cytoskeleton, of which activities are regulated by protein phosphorylation/
dephosphorylation (Baskin and Wilson, 1997; Camilleri et al., 2002). While actin filaments have
important roles in the movement of organelles, microtubules play major roles for controlling the
direction of cell expansion and determining cell polarity. (Mathur, 2004). Microtubules are the
dimers of alpha- (TUA) and beta-tubulin (TUB), each binding a molecules of GTP. The binding site
on the beta-chain is capable of exchanging GTP and GDP, which determines the stability of the
microtubule dimer. While the dimer with beta-tubulin bound to GTP tends to assemble into
microtubule, one bound to GDP tends to dissociate (Ludwig et al., 1988). Microtubules have been
known to be closely associated with cell division and cell elongation and preferentially expressed
in the meristematic cells that produce cortex (Uribe et al., 1998). In addition, TUA and TUB are
detected in xylem and phloem tissues of stems indicating the involvement of microtubule during
cellulose microfibril deposition in secondary walls as well (Oakley et al., 2007). The Kinesin motor-
related protein, which is localized in the microtubule-associated complex, has a conserved
microtubule-binding site in the motor domain and confers motor activity to microtubules when it
binds ATP (Jiang et al, 2007). It is involved in microtubule-based movements, such as formation
of the mitotic spindle and phragmoplast, vesicle traffic and other processes related to cytokinesis
(Muller et al., 2006; Nishihama et al., 2002). This protein also plays a role in the morphogenesis
of trichomes (Mathur and Chua, 2000; Oppenheimer et al., 1997). Arabidopsis thaliana myosin-
like protein AtXIK has motor activity and is involved in rapid, myosin-driven organelle trafficking
(e.g., mitochondrion localization, peroxisome localization), which is required for the optimal plant
growth (Peremyslov et al., 2008). It is also required for the morphogenesis of root hairs and
trichomes on the stems and leaves (Ojangu et al., 2007).

In addition to the component of cytoskeleton and accessory motor proteins, two proteins, which
are related to the enzymatic proteins acting on the phosphorylation and dephosphorylation of the
cytoskeletal components were also detected in the shoot apex. AT3G25800 encodes PROTEIN
PHOSPHATASE 2A SUBUNIT A2 (PP2AA2), a serine/threonine-protein phosphatase 2A 65 kDa
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regulatory subunit A2, which is one of three protein phosphatase 2A regulatory subunits
functioning in the regulation of phosphorylation in signaling cascades (Slabas et al., 1994). The A
subunit seems to negatively regulates the catalytic activity of PP2A (Zhou et al., 2004) and
involved in cortical microtubule organization (Camilleri et al., 2002). AT4G35750 encodes a
putative Rho-GTPase-activating protein-related protein, which contains weak similarity to Rho-
GTPase-Activating Protein 1 (RhoGAP1) (Jiang and Ramachandran, 2006). Proteins containing
a RhoGAP motif catalyze the hydrolysis of GTP that is attached to Rho, and deactivate the
regulator of the actin cytoskeleton (Gu et al., 2005). A RhoGAP has been shown to be important
for sustaining polar growth of pollen tube in Nicotiana tabacum (Klahre and Kost, 2006), while one
in Arabidopsis was shown to be involved in oxygen metabolism and H,0, signaling (Baxter-Burrell
et al., 2002).

Detection of the ethylene responsive gene which regulates auxin biosynthesis suggests a
possible involvement of the cytoskeletal genes in the geotropic responses of the shoot apex.
ANTHRANILATE SYNTHASE ALPHA 1 (ASA1, encoded by AT5G05730), together with
ANTHRANILATE SYNTHASE BETA 1 (ASB1), is a key element in the regulation of auxin
production and modulation between ethylene responses and auxin biosynthesis in Arabidopsis.
Regulation of auxin production is mediated by the action of the ASA1 and ASB1 genes that
respectively encode alpha- and beta-subunits of anthranilate synthase, the rate-limiting enzyme
required for tryptophan biosynthesis (Stepanova et al., 2005). Up-regulation of ASA1 and ASB1
by ethylene results in the accumulation of auxin, whereas suppression of these genes prevents
the ethylene-mediated auxin accumulation (lvanchenko et al., 2008; Stepanova et al., 2005).
Considering that the production of ethylene is promoted by gravity (Shi and Cline, 1992) and the
role of the ethylene in modulation of gravitropic response (Madlung et al., 1999) through regulation
of auxin production (Swarup et al., 2007), ASA1 could be involved in regulation of the cytoskeletal
activities in response to the geotropic stimuli in H. helix. Since the cytoskeleton plays diverse roles
in many cellular processes, precise roles of the gene products detected in the shoot apex of H.
helix are not clear. However, considering the interactions between cytoskeleton and polar auxin
distribution in response to external stimuli such as light and gravity (Godbolé et al., 2000; Muday
and Delong, 2001; Sun et al., 2004; Yamamoto and Kiss, 2002), they might be involved in the
plagiotropism, a tendency to diverge from the vertical in response to stimuli, which is one the

characteristics of shoot of the H. helix in the vegetative phase (Poethig, 1990).
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4.5 Genes Involved in Regulatory Pathways In the Young Leaf

The microarray analysis and subsequent pathway analysis identified many regulatory genes
that were preferentially expressed in the young leaf cells. They include genes that encode
transcription factors and binding proteins with enzymatic activities that are involved in the signal
transduction in response to ions, plant hormones or environmental stimuli; such as light

(Figure 4-2 on page 89).

4.5.1 Genes Involved in Photomorphogenesis

PHOTOTROPIN1 (PHOT1, encoded by AT3G45780), also known as NON-PHOTOTROPIC
HYPOCOTYL 1 (NPH1) or ROOT PHOTOTROPISM 1 (RPT1), is a plasma membrane-
associated photoreceptor molecules mediating blue light-induced responses such as
phototropism, chloroplast relocation, and stomatal opening as well as regulation of the rate of leaf
expansion in Arabidopsis (Briggs and Christie, 2002; Chen et al., 2004). In plat leaves, phototropic
responses play important roles for both the position and orientation of the leaf lamina to maximize
the utilization of light for photosynthesis and to avoid damage from intense light. Arabidopsis
PHOT1 contains a light activated serine-threonine kinase domain and autophosphorylates after
binding chromophores (flavin mononucleotides) and subsequent light absorption (Christie et al.,
1999). PHOT1 also phosphorylates the NPH3 protein, which is likely to be the first component in
the signal transduction pathway downstream of PHO1.The RPT2, which contains a BTB/POZ
(broad complex, tramtrack, bric-a-brac/pox virus and zinc finger) domain as NPH3, also
transduces signals downstream of PHOT1 signaling pathway to induce the phototropic response
(Galen et al., 2004; Inada et al., 2004; Motchoulski and Liscum, 1999). While NPH3 and RPT2
was constitutively expressed in both the shoot apex and the young leaf, two putative
uncharacterized proteins (AT2G30600 and AT2G46260) containing a BTB/POZ domain were
expressed preferentially in the young leaf. Proteins containing BTB/POZ interact cullin component
functioning as a scaffold in the F-box-containing ubiquitin ligase E3 complexes, which
subsequently regulate transcription factor family required for auxin-mediated signal transduction
downstream of phototropic response (Weber et al., 2005; Weber and Hellmann, 2009). Two
HEAT-repeat proteins, which possibly participate in auxin signaling in Arabidopsis by regulating
assembly and disassembly of the SCF protein degradation (Cheng et al., 2004), were also
preferentially expressed in the young leaf: AT1G64790 and AT2G36810.

PHYTOCHROME KINASE SUBSTRATE 1 (PKS1, encoded by AT2G02950) protein, which is
a PHOT1 binding protein required for phototropic response, also binds with PHYTOCHROME A
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Figure 4-2. Signal transduction pathways occurring in H. helix young leaf in response to light,

hormone and salt stimuli. PHOT1 and PHYA are induced by blue light and red light, respectively.
While red light inhibits blue light-induced phototropic response of PHOT1, PHYA regulates the
intracellular distribution of PHOT1. NPH3 and RPT2 contain BTB/POZ domain, and are the upstream
components in the regulation of phototropic responses. Two BTB/POZ domain-containing proteins
(AT2G30600 and AT2G46260) and two HEAT-repeat proteins (AT1G64790 and AT2G36810) were
preferentially expressed in the young leaf of H. helix. Both types of proteins may participate in auxin
signaling in Arabidopsis by regulating assembly and disassembly of the SCF protein degradation.
PKS1 is phosphorylated by a phytochrome kinase and negatively regulates phytochrome signaling.
PKS1 also interacts with PHOT1 and NPH3 and may function in PHOT 1-mediated phototropism.

The expression of the EID1, which is a negatively acting component in the PHYA-dependent signaling
pathway requires PHYA. COP1, which also requires PHYA for its expression, represses
photomorphogenesis by promoting the ubiquitin-mediated proteolysis of positive regulators. COP1
also interacts with STO, suppressing the transcription of STO via TBP, a component of multisubunit
transcription factor 11D (TFIID; STG1) complex. NDPK2, which is an positive regulatory component
upstream in the phytochrome signalling pathway, also interacts with AtSR1. A protein kinase (CIPK14
or AtSR1), which is induced by calcium ion and ABA, regulates the plant response to ABA and salt
response in Arabidopsis.

The expression of TIR1 and ASK1 genes is regulated by auxin, and auxin response is mediated by the
action of SCF(ASK1/TIR1), a SCF E3 ubiquitin ligase complex. While SCF(COI1) regulates signal
transduction in response to JA, SCF(EBF2) regulates ethylene signaling pathway. Ethylene
suppresses the action of SCF(EBF2) and the accumulation of EIN3 positively regulates the ethylene
signaling. In the absence of ethylene, EIN3 is degraded by ubiquitin-mediated proteolysis by
SCF(EBF2) suppressing ethylene-induced responses. While EIN3 is the substrate of SCF(EBF2), it is
capable of an intricate modulation of EBF2 gene expression, fine-tuning the ethylene signaling.
AtERF4 is a transcriptional repressor that modulates ethylene and ABA responses and JA-responsive
defense. See text for the details and references.

The pink ovals with blue outlines are gene products that were expressed preferentially in the young
leaf; those without outline were expressed constitutively in both the shoot apex and the young leaf, but
associated only with those expressed preferentially in the young leaf. Circles in light green represent
small molecules (hormones, ions) or environmental factors, such as light, which interact with the gene
product(s). Double lobes colored in bright slate blue represent SCF complex with F-box component
name in the parentheses. Grey boxes includes proteins containing specific functional domains, such
as BOT/POZ, HEAT-repeat, GDSL lipase. The yellow diamond shapes represent biological responses
downstream of the pathways. Arrows indicate activities of the entities, with arrow head on the target of
the activity: blue, regulatory activity; red, gene expression; aqua, enzymatic activity. The circled + and
- signs indicate positive and negative regulation on the target, respectively. The arrows without + or -
sign indicates the direction of regulation without a specified activity of promoter or repressor. Orange
lines without arrow heads represent the participation of the entities in non-directional binding activity or
interaction.
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(PHYA, encoded by AT1G09570), another photoreceptor identified as one of the genes
preferentially expressed in the young leaf. PHYA-dependent induction and phosphorylation of
PKS1 by blue light suggest that PKS proteins may link two photoreceptors, phototropin and
phytochrome, in phototropic responses (Fankhauser et al., 1999; Lariguet et al., 2006).
Phytochrome A (phyA) is a cytoplasmic red/far-red light photoreceptor involved in the regulation
of photomorphogenetic responses including gravitropism and phototropism (Correll et al., 2003)
as well as de-etiolation of seedlings (Tepperman et al., 2006). PhyA functions as a homodimer, in
which each subunit is bound to its own chromophore, and reversibly interconvertible by light. The
Pr/Pr (inactive) form absorbs most strongly in the red region of the spectrum (peak absorbance at
about 660 nm), and the Pfr/Pfr (active) form absorbs best in the far-red region (peak absorbance
at around 730 nm). Absorption of red light by Pr/Pr dimer not only cause photoconversion to active
Pfr/Pfr dimer, but also changes the subcellular location of the activated phyA, from cytosol to
nucleus (Hiltbrunner et al., 2005; Rosler et al., 2007). Following light-triggered nuclear
translocation, phyA regulates gene expression under continuous far-red light. PhyA in the Pr/Pr
form controls the expression of a number of nuclear genes, including RuBisCO small subunit
(RbcS), chlorophyll a/b binding protein, protochlorophyllide reductase, rRNA and others. It also
regulates the expression of its own gene in a negative feedback mode (Kim et al., 2002; Ryu et
al., 2005), and is involved in the inhibition of hypocotyl elongation, the promotion of greening,
anthocyanin accumulation and flowering time regulation (Soh et al., 1998). PhyA acts as a positive
regulator of phototropism by inhibiting gravitropism, and the optimal orientation of growth is
determined by modulating the activities of the phototropin-promoting phototropism and the
phytochrome- suppressing gravitropism (Lariguet and Fankhauser, 2004).

While photoconversion of Pr/Pr to Pfr/Pfr and subsequent nuclear translocation induce an array
of morphogenetic responses, re-conversion of Pfr/Pfr to Pr/Pr negates the induction of those
responses. Upon red light irradiation Pfr/Pfr in the nucleus is rapidly destabilized by E3 ubiquitin
ligases that attache ubiquitin to the proteins, and subsequently degrade them. COP1
(CONSTITUTIVE PHOTOMORPHOGENIC 1) is an E3 ubiquitin ligase and suppresses
photomorphogenesis by promoting the proteolysis of positively regulating transcription factors,
thereby desensitizing phyA signals (Seo et al., 2003). It seems that FAR-RED ELONGATED
HYPOCOTYL 1 (FHY1) and FAR-RED ELONGATED HYPOCOTYL 1-LIKE (FHL), which regulate
the nuclear translocation of Pfr/Pfr, associate with and protects phyA from being recognized by
COP1 and the subsequent ubiquitin-mediated proteolysis (Saijo et al., 2008). COP1 also interacts
with STO (SALT TOLERANCE), another protein preferentially expressed in the young leaf
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(discussed in the later section “4.5.3 Genes Expressed in Salt Response” on page 94). Like
COP1, EMPFINDLICHER IM DUNKELROTEN LICHT 1 (EID1, encoded by AT4G02440), whose
expression requires the presence of phyA (Buche et al., 2000), is a component of phyA-
associated E3 ubiquitin ligase and functions as a phyA suppressor (Marrocco et al., 2006;
Risseeuw et al., 2003). One of the key components of the E3 ubiquitin ligase that forms a complex
with COP1 or EID1 and functions in ubiquitination and subsequent proteasomal degradation of
phyA is Arabidopsis homolog of S-phase kinase-associated protein 1 (SKP1, encoded by
AT1G75950). Together with CUL1, RING BOX1 (RBX1) and a F-box protein, SKP1 forms a SCF
(Skp1-Cullin-F-box) E3 ubiquitin ligase complex. In the SCF complex, SKP1 functions as an
adapter that associates CUL1 to the F-box protein, while F-box proteins delivers target proteins to
a core that has ligase activity (Gagne et al., 2002). The SCF family of ubiquitin ligases targets
diverse substrates for ubiquitin-dependent proteolysis, including transcription factors, signal
transducers and cell cycle regulators. The functional specificity of this complex depends on the
type of F-box protein (Tang et al., 2005). In Arabidopsis, almost 700 F-box proteins can be found
suggesting that SCF E3 ubiquitin ligases may play a constitutive role in regulation of diverse
biological processes in relation to plant physiology and development (Gagne et al., 2002).

While EID1 and COP1 function as negatively acting components in phyA-specific light
signaling, NUCLEOSIDE DIPHOSPHATE KINASE 2 (NDPK2, encoded by AT5G63310), being
activated by physical binding with phytochromes, is a positive regulatory component upstream of
the phyA-mediated light signaling pathway in Arabidopsis (Choi et al., 1999; Shen et al., 2005).
NDPK2 also interacts with a serine/threonine protein kinase, Arabidopsis thaliana Snf1-RELATED
PROTEIN KINASE 3.15 (AtSR1), another salt tolerance-related protein preferentially expressed
in the young leaf (discussed in the later section “4.5.3 Genes Expressed in Salt Response” on

page 94).

4.5.2 Genes Expressed in Hormone Response

The F-box-containing proteins that participate in the formation of a SCF ubiquitin ligase
complex also play a role in the ethylene signaling pathway via a transcription cascade involving
the ETHYLENE-INSENSITIVE 3 (EIN3) and EIN3-BINDING F-BOX (EBF) protein families, which
are plant-specific transcription factors. EBF1 and EBF2 proteins were shown to work coordinately
in SCF complexes and degrade EIN3 to repress ethylene signaling (Gagne et al., 2004;
Potuschak et al., 2003). EBF2 (encoded by AT5G25350), as a component of SCF E3 ubiquitin

ligase complex, regulates the ethylene signaling cascade by modulating the stability of a key
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transcription factor, EIN3 proteins, by means of the ubiquitination and subsequent proteasomal
degradation of EIN3. Ethylene suppresses the proteolytic action SCF(EBF1/EBF2) on EIN3, and
the accumulation of EIN3 proteins induces the ethylene-responsive gene expression (Potuschak
et al., 2003). In the absence of ethylene, the level of EIN3 protein is extremely low because of
SCF(EBF1/EBF2) complex that targets EIN3 for proteasome-mediated degradation (Olmedo et
al., 2006). The mutant plants carrying the ebf1 and ebf2 accumulate the EIN3 protein in the
absence of ethylene and show a constitutive ethylene response (Potuschak et al., 2003). While
EIN3 is the substrate of SCF(EBF2), it is also capable of modulating the expression of EBF2 gene,
thereby fine-tune the ethylene signaling (Konishi and Yanagisawa, 2008). SCF(EBF1/EBF2)
complex regulating ethylene signaling plays a role in embryogenesis and early postembryonic
development, especially in cell elongation and division (Alonso and Stepanova, 2005).

While the SCF(EBF1/EBF2) complex regulates ethylene signaling pathway, another E3
ubiquitin ligase complex, SCF(TIR1), regulates auxin response (Dharmasiri et al., 2005). The
SCF(TIR1) complex consists of ASK (Arabidopsis homolog of the yeast Skp1), AtCUL1
(Arabidopsis thaliana Cullin 1; Arabidopsis homolog of yeast Cdc53) and the F-box protein TIR1
(TRANSPORTER INHIBITOR RESPONSE 1) (Gray et al., 1999), which is the recognition
component of the SCF complex coupled with the ubiquitin-proteasome proteolysis involved in
auxin signaling (Walsh et al., 2006). In Arabidopsis, ASK proteins interact with F-box proteins with
diverse binding specificities (Takahashi et al., 2004). The Arabidopsis SKP1 HOMOLOGUE 1
(ASK1, encoded by AT1G75950) is an essential component of the SCF ubiquitin ligase complex
that recruits target proteins for degradation by the 26S proteasome (Wang et al., 2006). While a
mutation in either ASK1 or TIR1 results in decreased auxin response, overexpression of TIR1
promotes auxin response, suggesting that SCF(ASK1/TIR1) is a controlling factor for auxin
response (Gray et al., 1999). TIR1 has been shown to be also a receptor for the synthetic auxin
IAA and 2,4-D (Walsh et al., 2006). Another SCF E3 ubiquitin ligase complex, SCF(COI1), which
regulates signal transduction in response to jasmonates, was preferentially expressed in the
young leaf. CORONATINE INSENSITIVE 1 (COI1, encoded by AT2G39940) associates with
AtCUL1, AtRBX1, and either of the Arabidopsis SKP1 homologue proteins (ASK1 or ASK2) to
assemble ubiquitin-ligase complexes, which are required for jasmonate (JA) response in
Arabidopsis (Xu et al., 2002).

Another set of hormone-responsive transcription factors was expressed preferentially in the
young leaf: RAP2.5 (also known as AtERF4, encoded by AT3G15210) and RAP2.12 (encoded by
AT1G53910). RELATED TO APETALA 2 PROTEIN (RAP2) proteins are members of the AP2
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(APETALA2)/EREBP (ethylene-responsive element binding proteins) transcription factor family,
which are found exclusively in plants. AP2/EREBP family is divided into two subfamilies based on
the number of AP2 domains included: AP2 and EREBP. The members of AP2 subfamily contain
two AP2 domains, where as EREBPs contain only one AP2 domain. RAP2.5 and RAP2.12 belong
to EREBP subfamily (Okamuro et al., 1997). AtERFs (Arabidopsis RAP2s) act as a transcriptional
repressor binding to the GCC- box, which is found in the promoters of the genes related to
pathogenesis (Fujimoto et al., 2000; Hao et al., 1998). The repression domain in AtERFs has the
same motif as those in the plant zinc finger proteins that function as transcriptional repressors
(Ohta et al., 2001). AtERFs are involved in the regulation of gene expression in response to stress
by regulating components of stress signal transduction pathways, including other AtERFs. The
expression of AtERF4 can be induced by abscisic acid (ABA), ethylene and jasmonic acid (JA),
and it is suggested that AtERF4 is a transcriptional repressor that modulates ethylene and
abscisic acid responses (Yang et al., 2005) and JA-responsive defense gene expression against
the fungal pathogen Fusarium oxysporum (McGrath et al., 2005). Since the expression of AtERFs
is regulated not only by ethylene but also by other signals from the ABA and the JA pathways, it
is suggested that AtERFs function as transcription factors that integrate signals from multiple

signaling pathways through transcriptional and post-transcriptional regulation (Shinshi, 2008).

4.5.3 Genes Expressed in Salt Response

In the young leaf of H. helix, calcium-interacting kinase was preferentially expressed.
Arabidopsis thaliana SNF1-RELATED PROTEIN KINASE 3.15 (AtSR1, encoded by AT5G01820),
also known as CBL-INTERACTING SERINE/THREONINE-PROTEIN KINASE 14 (CIPK14 or
PKS24), has activity of serine/threonine protein kinase and is known to be involved in signal
transduction in response to abiotic stimuli, such as abscisic acid, salt stress and exogenous
calcium ion (Chikano et al., 2001; Nozawa et al., 2001). CIPKs belong to the sucrose non-
fermenting-1 (SNF1)-related protein kinase subfamily 3 (SnRK3), interacting with calucineurin B-
like proteins (CBL) (Hrabak et al., 2003; Nozawa et al, 2003). Calcineurin (CaN) is a Ca®*- and
calmodulin-dependent protein phosphatase (PP2B) that is an integral intermediate of a signal
transduction pathway that modulates salt tolerance in yeast (Pardo et al., 1998). In plants,
intracellular calcium signaling through a calcineurin-mediated pathway seems to convey
beneficial effects of calcium in salt tolerance (Liu and Zhu, 1998). CIPKs specifically interact with
the CBLs, which function as calcium sensors. When a CBL protein binds the regulatory NAF

domain of CIPK protein, the kinase becomes activated in a calcium/calmodulin-dependent
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manner (Albrecht et al., 2001). CIPK proteins play a key role in the salt-tolerance pathway that
regulates the compartmentalization or sequestration of Na* in plant cells (Kim et al., 2007). CIPK
proteins also facilitate salt export across membrane by interacting with the vacuolar H*-ATPase
and up-regulating its transport activity (Batelli et al., 2007). Exogenous calcium affects the
transcription of an Arabidopsis CIPK gene, AtSR1, under abscisic acid and salt treatments, and it
appears that calcium ions work upstream AtSR1 to regulate the plant response to ABA and salt
stress. It was shown that calcium-binding protein and protein kinase serve as the co-regulators in
the regulation of plant responses to stresses, such as salt and ABA stimuli. (Qin et al., 2008).
AtSR1 was also induced by metabolic sugars (Lee et al., 2005) and illumination of leaves (Nozawa
et al, 2001), suggesting its involvement in multiple signal transduction pathways. AtSR1 also
interacts with another kinase NDPK2 (encoded by AT5G63370), which has been shown to be
involved in multiple signaling pathways including phytochrome and auxin signaling (described in
the previous section on page 92). Interaction of AtSR1 with NDPK2, which also interacts with
phytochrome A, suggests that AtSR1 and NDPK2 it could be a point of connection between salt
stress and phytochrome-mediated signaling pathways in Arabidopsis thaliana (Verslues et al.,
2007).

Another salt stress-related gene that was expressed preferentially in the young leaf of H. helix
was SALT TOLERENCE (STO, encoded by AT1G06040), which is a putative transcription factor
able to modulate Ca?* signaling in yeast and confers salt tolerance to cells (Lippuner et al., 1996).
STO interacts with COP1, which is a component of E3 ubiquitin ligase complex that acts as a
suppressor of photomorphogenesis by controlling the degradation of positively acting transcription
factors and their target gene expression (Ma et al., 2002), suggesting a possible link between a
repressor of light-dependent signals and a downstream target of Ca2* (Holm et al., 2001). COP1
actively suppresses the transcription of STO and destabilize the protein in the dark, whereas light
promotes the accumulation of STO during the de-etiolation process, indicating that STO is also
involved in light signaling (Indorf et al., 2007). STO also interacts with a GDSL lipase (encoded by
AT1G09390 or AT3G16370), a member of hydrolytic enzyme family containing GDSL-motif, a
consensus catalytic residues glycine (G), aspartic acid (D), serine (S) and leucine (L) around the
active site serine (Akoh et al., 2004). GDSL lipases, which have carboxylesterase activity acting
on ester bonds, are involved in glycerol biosynthetic process and lipid metabolic process in the
chloroplast stroma, and increase salt tolerance when overexpressed in yeast and transgenic
plants (Naranjo et al., 2006). Sequence analysis indicates that GDSL lipases are functionally

involved in multiple physiological processes including seed germination, flowering and defense
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reactions against pathogenic organisms (Ling et al., 2006; Ling, 2008).

In the young leaf of H. helix, another salt stress-related gene was preferentially expressed:
SALT TOLERANCE DURING GERMINATION 1 (STG1, encoded by AT4G31720). STG1 is a
putative Arabidopsis TATA box-binding protein (TBP)-associated factor, which constitutes the
transcription factor IID (TFIID) complex (Gao et al., 2006). The multisubunit protein complex TFIID
is composed of a TATA binding protein (TBP) and a group of TBP-associated factors (TAFs),
which are required for recognition of promoter and the nucleation of the RNA polymerase Il
transcriptional pre-initiation complex (Cler et al., 2009; Heard et al., 1993; Ozer et al., 1996). While
overexpression of STG1 in Arabidopsis seeds improves salt tolerance during germination, loss-
of-function mutant becomes more sensitive to salt stress, indicating that the transcription initiation
factor is playing a role in the physiological response to salt toxicity in plants. In addition, the stg1
mutant maintains a higher K*/Na* ratio and accumulates than the wild-type under salt stress
condition, suggesting that the STG1-related salt tolerance mechanism also involves the regulation
of ion homeostasis (Gao et al., 2006). Both STO and STG1 interact with an H-protein promoter
binding factor (HPPBF-1), also known as Arabidopsis thaliana TELOMERIC DNA-BINDING
PROTEIN 1 (AtTBP1), which has a Myb telomeric DNA binding domain and its gene expression
is induced by salt stress, suggesting STO, STG1 and HPPBF-1 together play a role in regulation
of the response to salt stress (Nagaoka and Takano, 2003). However, since the H. helix plants
used in this study were not under stress condition, detection of these salt stress-related genes
expressed at a high level in the young leaf may indicate that their roles are not limited within salt
stress-related signalling pathways. It appears that the actions of these stress-related genes are
possibly involved in light-response signaling as well. This is similar to AtSR1, which interacts with
light-signaling phytochrome A via the action of NDPK2. Also, STG1 is regulated by the proteolytic
action of SCF(COP1), in which the expression of the COP1 protein component is positively

regulated by the phytochrome A.

454 Genes Involved in Cell Proliferation

Microarray analysis detected genes expressed preferentially in the young leaf, which are
involved in cell cycle control mediated by environmental or hormonal signals. AT1G 18040
encodes CYCLIN-DEPENDENT KINASE D1;3 (CDKD1;3), which is involved in activation of cell
proliferation (Shimotohno et al., 2003). To become operative, CDKs bind specific cyclin partners,
and the enzymatic activity of cyclin-CDK complexes is further regulated by the synthesis and

degradation of cyclin subunits, binding to inhibitory proteins, and the phosphorylation of CDKs by
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CDK-activating kinases (CAKs) (Morgan,1997). Two distinct classes of CAK have been identified
in plants: CDKD and CDKF. CDKD is functionally similar to mammalian CAKs, whereas CDKF is
a plant-specific CAK having unique enzymatic activities (Inzé and De Veylder, 2006). In
Arabidopsis, CDKFs phosphorylate and activate CDKDs, suggesting that CDKD and CDKF are
together components of a phosphorylation cascade involved in the control the cell cycle and
transcription (Shimotohno et al., 2004; Umeda et al., 2005).

AT2G01450 encodes AtMPK17 (Arabidopsis thaliana MITOGEN-ACTIVATED PROTEIN
KINASE 17), a member of mitogen-activated protein kinase (MAPK) family. This protein family has
protein amino acid phosphorylation activity and constitute protein phosphorylation cascades that
link various biotic and a biotic stimuli or hormonal signal to a wide range of cellular processes,
including cell division and growth (MAPK Group, 2002). AtMPK4, one of Arabidopsis MAPKs,
appears to promote salicylic acid-mediated defense and suppress jasmonic acid-induced
responses (Petersen et al., 2000), whereas the tobacco ortholog of Arabidopsis MPKG6, which is
termed SIPK (salicylate-induced protein kinase), appears to positively regulate programmed cell
death in response to pathogenic stress (Yang et al., 2001). Due to lack of MAPK mutant plants,
probably because of their essential role in plant cell cycle, functions of most MAPKs in plant are
largely unknown (Innes, 2001). And, the molecular function of the AtMPK17, which was
preferentially expressed in H. helix young leaf, could not be precisely predicted. AT3G27010
encodes a transcription factor TCP20, which belongs to a TCP (Teosinte-branched 1, Cycloidea,
PCNA factor) transcription factor protein family. Members of this family contain a basic-helix-loop-
helix (bHLH) domain involved in DNA binding. This protein specifically binds to sites in the
promoter region of the PCNA (plant proliferating cellular nuclear antigen), an auxiliary protein of
DNA polymerase 8, and the promoters of cyclin CYCB1;1 and ribosomal protein genes, regulating
expression of cell cycle control and ribosomal genes (Kosugi and Ohashi, 1997; Trémousaygue
et al., 2003). TCP20 is thought to link regulation of growth and cell division control pathways, by
positively and negatively interacting with the promoters of cyclin CYB1;1 (Li et al., 2005a).

Along with the genes involved in cell cycle control, another gene which indicated an active cell
growth in the young leaf was also detected. AT2G06850 encodes XYLOGLUCAN
ENDOTRANSGLUCOSYLASE/HYDROLASE 4 (AtXTH4 or XTH-4), which has hydrolase/
transferase activity on glycosyl bonds and catalyzes xyloglucan endohydrolysis (XEH) and/or
endotransglycosylation (XET) (Rose et al., 2002). Xyloglucan is an essential polymer constituting
the primary cell wall. The stands of xyloglucan bind firmly to the surface of individual cellulose

microfibrils, and cross-linking them into a polysaccharide network of the cell wall. The XETs can
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cleaves and religates xyloglucan strands, and thereby regulating the physical properties of the cell
wall of growing tissues. The cleavage and re-ligation of xyloglucan strands are considered to play
the major role in the course of wall expansion and, therefore, cell growth and differentiation
(Nishitani and Tominaga, 1992), which are the major processes actively occurring in the young
developing leaves. The members of xyloglucan endoxyloglucan transferase gene family are
expressed differentially in response to environmental and hormonal stimuli, suggesting that cells
may differentially recruit these cell wall-modifying enzymes, thereby change the properties of cell
walls during development in response to the environmental condition (Xu et al., 1996). The
endoxyloglucan transferase genes are known to be predominantly expressed in young developing

tissues (Akamatsu et al., 1999).

4 5.5 Genes Involved in Carbon Assimilation

In the young leaf, genes involved in the organization of photosynthetic apparatus and carbon
utilization by fixation of carbon dioxide appeared to be expressed preferentially to the shoot apex.
RuBisCO (Ribulose Bisphosphate Carboxylase/Oxygenase), key enzyme in photosynthesis and
photorespiration, catalyzes two types of reactions: the carboxylation and oxygenation of D-
ribulose 1,5-bisphosphate. Both reactions occur competitively at the same active site and on the
same substrate. Carboxylation reaction, the primary step in carbon dioxide fixation, yields two
molecules of 3-phosphoglycerate (3-PGA) in the reductive photosynthetic carbon cycle, and the
oxygenation reaction yields one molecule of 3-PGA and one of 2-phosphoglycolate in the
oxidative photosynthetic carbon cycle (or photorespiratory carbon oxidation cycle). RuBisCO is a
multi-protein enzyme, and the small subunit is encoded in nuclear DNA and translated on
cytoplasmic ribosomes, while the large subunit is encoded in chloroplast DNA and translated on
chloroplast ribosomes. The multigene family encoding the small subunit polypeptides of
Arabidopsis RuBisCO consists of four genes and divided into two subfamilies based on DNA and
amino acid sequence similarities (Krebbers et al., 1988). AT1G67090 and AT5G38430, which
were preferentially expressed in the young leaf of H. helix, encode RuBisCO small subunit (RbcS)
1A and 1B, respectively (Rutschow et al., 2008; Sawchuk et al., 2008).

AT3G62410 encodes CHLOROPLAST PROTEIN 12-2 (CP12-2), a small regulatory peptide
found in the chloroplast stroma (Rutschow et al., 2008). It belongs to the CP12 gene family, which
are playing a regulatory role in Calvin cycle. Two CP12 molecules act as scaffold elements, each
interacts with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and phosphoribulokinase

(PRK), respectively, to form a ternary supramolecular complex functioning in the Calvin cycle
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(Marri, et al, 2005). CP12 has no enzymatic activity, but it changes conformation of the complex
depending on redox conditions and effectively regulates the enzyme activities of GAPDH and PRK
in the Calvin cycle (Marri, et al, 2005; Singh et al., 2008). AT4G 12800 encodes chloroplastic
photosystem | reaction center subunit L (PSI-L), a structural constituent of photosystem I, which
carries out the light reaction of photosynthesis (Ferro et al., 2003). Arabidopsis thaliana plants
lacking the PSI-L subunit of photosystem | showed a decreased performance in photosynthesis
in general (Lunde et al., 2003).

In the young leaf of H. helix, a chloroplast-targeted enzyme, ferredoxin-NADP™-oxidoreductase
(FNR), was expressed higher than in the shoot apex. In Arabidopsis thaliana, FNR exists as two
isoforms, LEAF FNR1 (AtLFNR1) and AtLFNR2, which are encoded by the genes AT5G66790
and AT1G20020, respectively. In the young leaf of H. helix, the AtLFNR1 was detected, but not
AtLFNR2. Ferredoxin, located in the chloroplast stroma, transfers electrons to NADP* by way of
FNR, attached to the chloroplast membrane. Ferredoxin and FNR form a complex and plays a key
role in regulating the electron flow to modulate the production of ATP and reducing power. It is
suggested that AtLFNR1 is involved in photosystem |-dependent cyclic electron flow, and required

for membrane attachment of FNR (Lintala et al., 2007).

4.5.6 Genes Putatively Involved in Variegation Pattern Formation

Hedera helix cv. Goldheart has very stable and predictable variegation patterns with the white
sectors appearing in the middle of the leaves. It is a chimeric variegation, where the mutation is
localized in the cells of L3 layer of the shoot apical meristem, from which the middle section of the
leaf tissue is derived (Tilney-Bassett, 1986). The white sectors are made of viable cells that have
plastids arrested in thylakoid formation due to a mutation in nuclear gene (Manenti and Tedesco,
1971). For proper development of chloroplast in plants, both nuclear and chloroplastic transcripts
are required to be accumulated to a certain level in the chloroplast. In the white sector of a
variegated A. thaliana, the plastid accumulates normal levels of chloroplast transcripts, where as
the expression of nuclear-encoded photosynthetic genes is substantially suppressed (Kato et al.,
2007). In A. thaliana, membrane-anchored ATP-dependent metalloproteases, FitsHs, plays
important roles in the formation of thylakoid membranes (Sakamoto et al., 2003) and the PSII
repair cycle (Sakamoto et al., 2004). In Arabidopsis thaliana chloroplast, nine FtsH isomers are
localized in thylakoid membranes as a heterocomplex formed by a pair of isomers, including
FtsH1/5 and FtsH2/8 (Sakamoto et al., 2003; Yu et al., 2004; Zaltsman et al., 2005). Mutations in

FtsHS or FtsH2 in Arabidopsis result in variegation mutant var? or var2 with green-and white-
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sectored leaves (Yu et al., 2004; 2005), whereas in loss-of-function mutants of other chloroplast
FtsH isomers do not show variegation phenotypes (Chen et al., 2000; Sakamoto et al., 2003). It
is suggested that the leaf variegation in Arabidopsis is affected by the stable role of FtsH in the
PSII repair cycle and the formation of thylakoid membranes, as well as the balance between the
synthesis and degradation of chloroplast proteins (Miura et al., 2007).

Cross-species hybridization of H. helix targets onto A. thaliana microarray probes detected one
of the FtsH protein isomers expressed preferentially in the young leaf of H. helix. AT3G02450
encodes FtsH6 (FtsH protease 6), which is one of nine isomers of chloroplast-localized FtsH
(Adam et al., 2001; Adam and Ostersetzer, 2001; Adam and Clarke, 2002). Its reported
biochemical activities include degradation of unassembled chloroplastic complexes or oxidatively
damaged and nonfunctional membrane proteins (Ostersetzer and Adam, 1997; Lindahl et al.,
2000) as well as the light-harvesting complex Il during high-light acclimation and senescence
(Garcia-Lorenzo et al., 2005; Zelisko et al., 2005). Two other gene products, which are involved
in the degradation of chloroplastic proteins appeared to be preferentially expressed in the young
leaf of H. helix. ACCELERATED CELL DEATH 1 (ACD1, encoded by AT3G44880) and
ACCELERATED CELL DEATH 1-LIKE (ACD1-LIKE, encoded by AT4G25650) are Arabidopsis
thaliana homologues of Pheophorbide alpha Oxygenase (PaO), an iron-containing, ferredoxin-
dependent monooxygenase, which is involved in chloroplastic protein degradation (Tanaka et al.,
2003). PaO plays a major role in metabolization of chlorophyll during senescence by cleaving the
ring structure of pheophorbide alpha (Pruzinska et al., 2005). When the expression of ACD1 or
ACD1-LIKE in the leaf is suppressed, the pheophorbide alpha, which is the degradation product
of chlorophyll a, accumulates and causes cell death (Tanaka et al., 2003).

While the chlorophyll-lacking white sectors, which result from mutations in FisH genes, are
occurring randomly in the leaves of the Arabidopsis variegated mutants, the white sectors in the
variegated leaves of H. helix cv. Goldheart are entirely composed of the cells, of which lineage
can be traced back to the apical cells in the specific SAM layer (L3), which have the nuclear gene
mutation. Thus, the H. helix homolog of Arabidopsis thaliana FtsH6, together with chloroplast
proteolytic enzyme (PaO), which was also preferentially expressed in the young variegated
leaves, may play a role in ‘cleaning up’ the unassembled or incomplete photosynthetic apparatus

in the cells of the white sector.



101

SUMMARY

Transcriptomes from the shoot apex and the young leaf of Hedera helix cv. Goldheart were
compared using a microarray-based cross-species hybridization technique. Fluorescently labeled
target cDNAs from the shoot apex and the young leaf of H. helix were hybridized on Arabidopsis
thaliana cDNA microarrays. Twenty-three percent of the EST (expressed sequence tag) spots on
the Arabidopsis microarray were successfully hybridized to the mRNA transcripts from the H. helix
shoot apices and young leaves with the fluorescence intensities above the background level.
Considering the phylogenetic distance between the probe and the target species, the hybridization
efficiency compared favorably to the published results from the heterologous hybridization
experiments.

Among the genes that showed differential expression levels in the shoot apex or in the young
leaf of H. helix satisfying the statistical criteria (p value cutoff = 0.05 with Benjamini and Hochberge
FDR), 174 genes (60 in the shoot apex and 114 in the young leaf) were identified as being
statistically differentially expressed two-fold or more when the transcriptomes of the shoot apex
and the young leaf of H. helix cv. Goldheart were compared.

The preferentially expressed genes in the two tissue samples differed in several respects. The
genes that were expressed preferentially in the shoot apex represented transcripts that appeared
to be more closely linked to cytoskeletal organization and phase change, whereas those in the
young leaf appeared more related to cell and energy-related metabolism, such as the
photosynthesis dark reactions, aerobic respiration and carbohydrate catabolism. Perhaps the
differences were a reflection of the transcription of the undifferentiated or less differentiated state
of the shoot apex and the fully differentiated state of the young leaf. SAM-specific genes were not
detected in this study. Probably, the spot intensity levels of the features hybridized by the probes
represented by the SAM-specific genes were not high enough above the background to be
considered statistically significant due to the significantly smaller proportion of SAM tissue
compared to the leaf primordia. In addition, as many of the SAM-specific genes are regulatory
components, they probably do not require abundant transtripts for thier functions.

To verify the functions of the genes, which were inferred based on the sequence similarity and
annotated functions of their Arabidopsis homologs, subsequent studies are suggested: 1) genes
identified in this study are to be sequenced to determine the level of homology; 2) expression
domains of the genes to be localized in the tissue (e.g. in situ hybridization); 3) loss-/gain-of-

function mutagenetic studies to identify the function of the gene of interest in H. helix plants.
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Figure S-1. Formaldehyde denaturing agarose gel electrophoresis of total RNA. Total RNA samples
from two extraction batches were loaded on the formaldehyde denaturing agarose gel (1.2%)
containing SYBR® Green Il RNA Gel Stain (0.1 pl/ml; Cat. #S7564; Invitrogen, Carlsbad, CA), and run
in 1X MOPS buffer along with RNA Millennium™ Size Markers (Cat. #7151; Ambion, Austin, TX) (M).
Batch 1 includes shoot apex (SA), young leaf 1 through 4 (YL1-YL4), mature leaf (ML) and old leaf
(OL), and batch 2 contains SA, YL2, YL3 and YL4. In all samples, bands of large subunit (LSU) rRNA
and small subunit (SSU) rRNA are clearly visible, and the LSU bands are significantly brighter than
SSU ones, indicating the total RNA extracts are intact. In the samples of ML and OL, the smaller
ribosomal RNAs (yellow arrow heads) are observed. However, they become less visible, the younger
is the leaf, and hardly visible in samples of SA and YL1. These small ribosomal RNAs are presumably
from plastids and mitochondria, but could be the fragments from the broken-down large subunits. In
latter case, it dose not necessarily mean the integrity of the RNA products have been compromised,

since the bands are reasonably distinctive.
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Table S-1. Normalized expression levels and fold ratios of statistically differentially expressed genes in

the shoot apex and the young leaf.

Expression Level

Tissue, Locus Id? GenBank (Normalized Log; Value) Fold Ratio
Expressed in: Accession
Shoot Apex Young Leaf
Shoot apex AT1G04290 N38084 8.43 7.20 2.34
Shoot apex AT1G09390 AA042309 7.84 6.35 2.80
Shoot apex AT1G10140 T76366 7.82 6.54 243
Shoot apex AT1G19690 T42600 9.00 7.33 3.18
Shoot apex AT1G23090 N96564 9.94 8.45 2.79
Shoot apex AT1G47860 R65207 8.35 6.70 3.14
Shoot apex AT1G56140 T46398 7.92 6.48 2.71
Shoot apex AT1G58080 T42357 8.42 7.28 2.21
Shoot apex AT1G61690 R65048 8.36 7.20 2.23
Shoot apex AT1G64740 T43389 8.07 6.48 2.99
Shoot apex AT1G66180 R30258 8.91 7.57 2.54
Shoot apex AT1G70850 R90370 8.52 7.37 222
Shoot apex AT1G70900 T21553 9.19 7.73 275
Shoot apex AT1G79040 N64965 8.26 7.08 2.27
Shoot apex AT1G79730 W43382 8.62 7.56 2.08
Shoot apex AT2G01100 R65004 7.90 6.46 270
Shoot apex AT2G02160 H37017 9.25 7.84 2.65
Shoot apex AT2G03480 N96755 7.76 6.00 3.39
Shoot apex AT2G04160 R65329 8.09 7.01 210
Shoot apex AT2G05070 N65841 8.04 6.84 2.28
Shoot apex AT2G16280 N65624 8.1 7.06 2.07
Shoot apex AT2G22610 N96076 7.76 6.37 2.62
Shoot apex AT2G26640 T88116 8.33 6.90 2.70
Shoot apex AT2G27730 N96894 8.16 6.90 2.39
Shoot apex AT2G31440 AAD42199 9.56 8.30 2.39
Shoot apex AT2G38730 R90624 8.80 7.67 217
Shoot apex AT2G41060 T44669 7.78 6.70 21
Shoot apex AT2G42030 N38456 8.29 6.67 3.07
Shoot apex AT2G47760 T43898 8.64 7.49 222
Shoot apex AT3G03070 AA040947 8.57 6.80 3.41
Shoot apex AT3G13080 T22571 8.41 5.95 5.50
Shoot apex AT3G13730 R30379 8.92 7.68 2.36
Shoot apex AT3G15360 AA041000 8.05 6.45 3.03
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Table S-1. (Cont’'d) Normalized expression levels and fold ratios of statistically differentially expressed

genes in the shoot apex and the young leaf.

Expression Level

Tissue, Locus Id? GenBank (Normalized Log; Value) Fold Ratio
Expressed in: Accession
Shoot Apex Young Leaf
Shoot apex AT3G20320 N65377 7.95 6.86 2.13
Shoot apex AT3G23660 T43752 8.53 6.88 3.14
Shoot apex AT3G23750 T75836 7.64 6.19 274
Shoot apex AT3G25800 N96135 8.30 7.30 2.00
Shoot apex AT3G29000 T22328 8.94 7.27 3.18
Shoot apex AT3G45730 R90055 8.31 7.15 222
Shoot apex AT3G48430 T20781 7.98 6.71 242
Shoot apex AT4G02380 H37120 8.47 7.23 2.36
Shoot apex AT4G04885 T46431 8.58 7.53 2.07
Shoot apex AT4G15570 N65040 8.22 6.99 2.34
Shoot apex AT4G17340 T44758 8.58 6.77 3.51
Shoot apex AT4G22120 T45917 9.51 7.64 3.63
Shoot apex AT4G27652 T20758 8.90 7.81 212
Shoot apex AT4G28260 T76283 8.16 6.45 3.26
Shoot apex AT4G35750 T42554 8.53 6.96 2.96
Shoot apex AT5G04140 T44042 8.15 6.58 2.97
Shoot apex AT5G05670 T42371 9.23 8.12 2.16
Shoot apex AT5G05730 N65620 7.83 6.75 2.1
Shoot apex AT5G20490 T45160 8.45 7.31 2.20
Shoot apex AT5G40200 T21425 8.46 7.43 2.04
Shoot apex AT5G45510 N65552 8.78 7.52 2.39
Shoot apex AT5G47880 N38610 8.35 7.26 212
Shoot apex AT5G52510 H36280 8.1 6.97 2.20
Shoot apex AT5G57490 T76108 7.43 6.16 241
Shoot apex AT5G61270 T21699 8.88 7.53 2.53
Shoot apex AT5G65540 N96308 8.38 7.35 2.03
Shoot apex ATMGO00020 N95849 11.99 10.96 2.04
Young leaf AT1G03290 H36966 8.38 9.48 2.14
Young leaf AT1G06040 H36917 8.54 9.56 2.02
Young leaf AT1G09420 N37552 11.72 12.86 2.21
Young leaf AT1G09570 W43836 7.82 8.94 2.16
Young leaf AT1G10040 T46432 5.97 7.48 2.85
Young leaf AT1G10290 W43823 8.20 9.36 2.23
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Table S-1. (Cont’'d) Normalized expression levels and fold ratios of statistically differentially expressed

genes in the shoot apex and the young leaf.

Expression Level

Tissue, Locus Id? GenBank (Normalized Log; Value) Fold Ratio
Expressed in: Accession
Shoot Apex Young Leaf
Young leaf AT1G14710 N96674 6.18 7.66 2.79
Young leaf AT1G17340 W43750 6.95 8.06 215
Young leaf AT1G18040 T43700 7.79 9.09 2.45
Young leaf AT1G20440 T45106 712 8.14 2.03
Young leaf AT1G21750 T42754 8.20 9.40 2.29
Young leaf AT1G26630 W43100 7.08 8.37 2.43
Young leaf AT1G27510 N65787 7.80 8.83 2.03
Young leaf AT1G36730 H36042 8.38 9.42 2.04
Young leaf AT1G45130 T42360 7.15 8.54 2.62
Young leaf AT1G48440 T46290 7.34 8.56 2.33
Young leaf AT1G48540 W43535 8.54 9.70 2.23
Young leaf AT1G53310 W43501 8.26 9.54 241
Young leaf AT1G53910 T41899 8.09 9.19 2.14
Young leaf AT1G60890 N37920 8.66 9.78 2.15
Young leaf AT1G62480 R65450 717 8.21 2.04
Young leaf AT1G64790 AAD42471 7.85 8.90 2.06
Young leaf AT1G64860 T88387 8.00 9.01 2.01
Young leaf AT1G66940 T44206 8.52 9.68 2.22
Young leaf AT1G67090 AA042318 6.18 8.49 4.97
Young leaf AT1G73190 H37171 8.28 9.79 2.85
Young leaf AT1G75630 AA041170 7.74 8.79 2.07
Young leaf AT1G75950 AA041150 13.15 14.34 2.29
Young leaf AT2G01450 N96333 6.07 7.47 2.63
Young leaf AT2G06850 T21988 6.98 8.32 2.52
Young leaf AT2G14170 R90227 6.68 8.17 2.80
Young leaf AT2G18110 N97130 7.10 8.30 2.30
Young leaf AT2G22720 N97072 7.41 8.53 2.16
Young leaf AT2G24400 H37493 8.00 9.23 2.34
Young leaf AT2G26080 T43739 7.23 8.66 270
Young leaf AT2G30505 T43338 8.29 9.41 2.16
Young leaf AT2G30600 W43672 6.95 8.00 2.07
Young leaf AT2G33810 W43355 7.45 8.52 2.09
Young leaf AT2G36810 W43407 8.32 9.36 2.05
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Table S-1. (Cont’'d) Normalized expression levels and fold ratios of statistically differentially expressed

genes in the shoot apex and the young leaf.

Expression Level

Tissue, Locus Id? GenBank (Normalized Log; Value) Fold Ratio
Expressed in: Accession
Shoot Apex Young Leaf
Young leaf AT2G40150 H37615 7.89 9.19 2.47
Young leaf AT2G44410 H37336 7.55 8.71 2.22
Young leaf AT2G45140 N65366 7.49 8.49 2.00
Young leaf AT2G45960 H76521 8.77 9.84 2.10
Young leaf AT2G46260 T20881 7.81 9.42 3.05
Young leaf AT3G02450 T46384 5.90 7.37 2.77
Young leaf AT3G03120 H77070 7.32 8.60 2.41
Young leaf AT3G03920 N65654 7.37 8.50 2.18
Young leaf AT3G05560 T88520 8.50 9.67 224
Young leaf AT3G09260 N65420 12.55 14.42 3.65
Young leaf AT3G09830 N95900 7.43 8.85 2.67
Young leaf AT3G15210 N65389 8.22 9.41 2.26
Young leaf AT3G16370 N37598 7.10 8.20 2.13
Young leaf AT3G20410 N96718 8.26 9.32 2.07
Young leaf AT3G26780 T21648 6.93 8.00 210
Young leaf AT3G27010 R84108 8.17 9.36 2.28
Young leaf AT3G27380 T76709 7.34 8.34 2.00
Young leaf AT3G41768 N37617° 12.59 13.95 2.55
Young leaf AT3G41768 N38563° 11.58 13.14 2.95
Young leaf AT3G43800 T43130 6.94 8.03 212
Young leaf AT3G44880 N37395 7.40 8.42 2.01
Young leaf AT3G44890 R30312 6.34 8.08 3.35
Young leaf AT3G45780 W43664 6.79 8.13 2.54
Young leaf AT3G48780 R64760 8.27 9.32 2.06
Young leaf AT3G52850 N96879 6.69 8.08 2.62
Young leaf AT3G53430 T42421° 5.95 8.02 4.19
Young leaf AT3G53430 T75791° 5.81 8.12 4.95
Young leaf AT3G53430 W43275°¢ 8.38 9.69 247
Young leaf AT3G56240 H76196 8.22 9.35 2.18
Young leaf AT3G61415 N38071 8.55 10.28 3.32
Young leaf AT3G62290 T46252 7.35 8.56 2.30
Young leaf AT3G62410 T45735 8.33 9.46 217
Young leaf AT4G02930 T46137 6.27 7.74 2.77
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Table S-1. (Cont’'d) Normalized expression levels and fold ratios of statistically differentially expressed

genes in the shoot apex and the young leaf.

Expression Level

Tissue, Locus Id? GenBank (Normalized Log; Value) Fold Ratio
Expressed in: Accession
Shoot Apex Young Leaf
Young leaf AT4G12360 T42221 8.25 9.41 2.23
Young leaf AT4G12800 AA042646 6.19 7.83 3.12
Young leaf AT4G14350 H76719 7.23 8.30 2.10
Young leaf AT4G16670 H76174 8.39 9.63 2.36
Young leaf AT4G17486 H36563 6.38 8.26 3.68
Young leaf AT4G17830 T45601 11.10 12.46 2.56
Young leaf AT4G25650 T88375 7.34 8.78 2.72
Young leaf AT4G26060 T76182 6.70 7.84 2.19
Young leaf AT4G28080 AAD42475 6.55 8.39 3.58
Young leaf AT4G30390 T76400 8.48 9.72 2.36
Young leaf AT4G31720 H76292 7.86 9.14 2.43
Young leaf AT4G32780 T42550 6.13 7.44 247
Young leaf AT4G36440 T88343 7.81 9.34 2.88
Young leaf AT4G37520 H76577 7.20 8.38 2.26
Young leaf AT5G01820 W43158 6.75 7.94 2.27
Young leaf AT5G09530 T22771 6.99 8.51 2.87
Young leaf AT5G14030 T88470 7.45 8.48 2.04
Young leaf AT5G16130 T43999 8.18 9.27 21
Young leaf AT5G25350 N38266 12.62 13.95 2.52
Young leaf AT5G26740 AA042683 6.83 8.06 2.35
Young leaf AT5G26742 N95880 7.44 9.12 3.21
Young leaf AT5G35690 N95870 8.29 9.36 2.10
Young leaf AT5G38430 H77160¢ 8.05 9.13 21
Young leaf AT5G38430 N65749° 7.41 8.62 2.30
Young leaf AT5G38430 T43328¢ 6.47 8.14 3.16
Young leaf AT5G40170 N65076 8.04 9.14 214
Young leaf AT5G41360 T76410 7.82 8.88 2.09
Young leaf AT5G42500 R89967 7.65 9.08 2.69
Young leaf AT5G43280 T43247 6.92 8.14 2.34
Young leaf AT5G48480 AA067454 8.08 9.21 219
Young leaf AT5G49910 T43623 8.05 9.32 2.41
Young leaf AT5G53460 N95884 8.01 9.41 2.63
Young leaf AT5G58620 H36962 6.86 7.94 2.12
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Table S-1. (Cont’'d) Normalized expression levels and fold ratios of statistically differentially expressed

genes in the shoot apex and the young leaf.

Expression Level

Tissue, Locus Id? GenBank (Normalized Log; Value) Fold Ratio
Expressed in: Accession
Shoot Apex Young Leaf
Young leaf AT5G59850 N96893 8.03 9.28 2.37
Young leaf AT5G66190 T46002 5.65 8.07 5.33
Young leaf ATCG00950 AA042713 12.34 13.96 3.08
Young leaf no match N37911 13.54 15.10 2.93
Young leaf in R30010 7.39 8.46 2.10
Young leaf TAIR T46184 6.69 8.36 3.16
Young leaf database® N37896 11.31 12.36 2.06
Young leaf T20605 13.85 15.15 2.45
Young leaf H77104 12.72 14.31 3.00

8 Among 114 EST spots representing genes preferentially expressed in the young leaf, 8 GenBank accession
numbers were mapped to 3 AGI locus identifiers. Every EST representing genes that were preferentially

expressed in the shoot apex had a unique corresponding AGI locus identifier.
b Two ESTs (N37617, N38563) were mapped to AT3G41768.
C Three ESTs (T42421, T75791, W43275) were mapped to AT3G53430.
d Three ESTs (H77160, N65749, T43328) were mapped to AT5G38430.

€ There were 6 ESTs that were mapped to no AGlI locus identifiers. Thus, 103 ESTs from the young leaf sample

and 60 ESTs from the shoot apex sample were considered for the functional annotation.
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Figure S-2. Graphical view of gene counts in GO slim functional categories for all genes expressed
differentially in the shoot apex and the young leaf. One hundred sixty three genes matching to unique
AGI locus identifiers at TAIR database were categorized based on GO slim keywords: biological
processes (top panel), in which the genes are involved; molecular functions (middle), which the genes
have; cellular components (bottom), in which the gene products are acting. Most of the genes were

associated more than one functional categories.
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Figure S-3. Comparison of gene counts in GO slim functional categories between tissue types. Genes
that were expressed differentially in the shoot apex and the young leaf were categorized separately and
the gene counts in each functional category were compared between the shoot apex and the young leaf.
As the total number of genes preferentially expressed in the young leaf was much higher than those in the
shoot apex (103 vs. 60), the ratios of gene counts in the functional categories were similarly
proportionated in general. Among those preferentially expressed in the shoot apex, no genes were
involved in the biological process of ‘DNA or RNA metabolism’ or had ‘receptor binding or receptor

activity’.
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Table S-2. The numbers of genes and annotations associated with each functional category in GO slim.

Gene Count Annotation Count
Keyword Category Functional Category Shoot Young Shoot Young
apex leaf apex leaf
GO Cellular Component  other intracellular components 21 39 34 75
other cytoplasmic components 19 36 26 61
other membranes 13 22 18 27
plasma membrane 12 14 12 16
chloroplast 1 21 21 43
unknown cellular components 8 19 8 19
nucleus 6 15 6 17
plastid 6 14 11 27
mitochondria 6 5 8 5
other cellular components 4 10 4 11
ribosome 2 8 3 13
extracellular 2 7 2 7
ER 2 2 2 2
cytosol 1 6 1 8
cell wall 1 4 1 5
Golgi apparatus 1 2 1 4
GO Molecular Function unknown molecular functions 14 17 14 17
other binding 8 13 9 13
other enzyme activity 8 18 8 20
transferase activity 6 1 6 11
protein binding 6 14 6 14
transporter activity 6 2 8 2
hydrolase activity 5 10 7 12
other molecular functions 4 7 4 8
transcription factor activity 3 7 3 7
structural molecule activity 3 7 3 7
DNA or RNA binding 2 6 3 6
kinase activity 2 10 2 14
nucleic acid binding 2 4 2 4
nucleotide binding 0 8 0 8
receptor binding or activity 0 2 0 3
GO Biological Process other cellular processes 30 53 42 71
other metabolic processes 26 50 31 60
protein metabolism 12 25 13 26
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Table S-2. (Cont’d) The numbers of genes and annotations associated with each functional category in

Gene Count Annotation Count
Keyword Category Functional Category Shoot Young Shoot Young
apex leaf apex leaf
developmental processes 1 6 19 9
unknown biological processes 10 16 10 16
response to abiotic or biotic stimulus 9 21 13 43
response to stress 8 19 11 27
transport 7 7 8 11
other biological processes 6 14 6 17
cell organization and biogenesis 6 6 9 7
transcription 2 6 2 7
electron transport or energy pathways 2 4 2 4
signal transduction 1 9 1 10
DNA or RNA metabolism 0 1 0 1
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Figure S-4. Hierarchical cluster analysis of genes expressed preferentially in the shoot apex.
Expression levels were transformed to log base 2 and subjected to Euclidian distance linkage clustering
in GeneSpring GX 10 software to identify and group the genes that were similarly up-regulated in the
shoot apex and infer any biological significance of the groups of genes. In the dendrogram, 60 genes
were grouped into four major clusters (0 to 3) based on the branching patterns, which were indications of
similarities in the expression level. At the first level of branching, the cluster 3, which was represented by
single gene (N95849), was separated from the all of the other genes in the list. At the second level,
cluster 2, which had 17 genes, clearly branched from others by their high expression levels. At the third
level, clusters 1 and 2 were separated, consisting of 18 and 24 genes, respectively. When each cluster of
genes was subjected to classification by GO functional categories, there was no clear relationship
between functional categories and clustering of genes (See Figure S-5 on page 135). While the genes of
cluster O were represented in most functional categories, those in other clusters were represented in
limited numbers of the functional categories. This probably was due to the small number of genes in
those clusters, rather than the nature of the genes in the cluster. Color indicates magnitude of expression

levels for the denoted genes (red, higher; blue, lower).



—

[ ———

—

‘.-l-.-'n:...,

134

N38610 -]
RE5048
R90055
N96135
N96308
H37120
N38084
T42357
T45160
R90370
T21425
N65040 Cluster 0
N64965

N65624
H36280
R65329
N96894
T88116
T44758
AAD40947
T42554
T43752
RE5207
N38456 -
T76366 -
R65004
T46398
N96076
AAQ42309
T43389
AAD41000
T76283
T44042
NE5377 Cluster 1
N65841
T20781
N65620
T44669
N96755
T75836
T76108
T22571 —
AAD42199 -
T42371
H37017
T21553
T45917
NB5552
R30258
T21699
RS0624
R30379 Cluster 2
T20758
T46431
W43382
T43898
T42600
T22328
NO6564  —
nossss 1 Cluster 3

Apex Leaf



135

Figure S-5. GO slim functional categorization of genes expressed higher in shoot apex by hierarchical
clustering. The hierarchical clustering applied to the gene set expressed preferentially in the shoot apex

did not appear to lead to a meaningful functional categorization
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Figure S-6. Hierarchical cluster analysis of genes expressed preferentially in the young leaf. Expression
levels were transformed and subjected to Euclidian distance linkage clustering as with those in the shoot
apex (See Figure S-4 on page 133). In the dendrogram, 114 genes were grouped into three major
clusters (0 to 2). At the first level of branching, the cluster 2, including 12 genes, was clearly branched
from others by high expression levels of the genes (red). At the second level, clusters 1 and 2 were
separated, consisting of 48 and 54genes, respectively. When each cluster of genes was subjected to
classification by GO functional categories, there was no clear relationship between functional categories

and clustering of genes (See Figure S-7 on page 139).
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Figure S-7. GO slim functional categorization of genes expressed higher in the young leaf by
hierarchical clustering. The hierarchical clustering applied to the gene set expressed preferentially in the

young leaf did not appear to lead to a meaningful functional categorization.
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Table S-3. Number of genes involved in biological processes categorized manually.

Biological Process

Expressed higher in

Expressed higher in

Shoot Apex Young Leaf

Cell cycle control/DNA Repair 0 3
Cytoskeletal organization 3 0
Energy/Respiration 0 2
Energy/Photorespiration 3 1
Photosynthesis, light reaction 2 2
Photosynthesis, dark reaction 0 3
Metabolism: Amino acid 1 1
Metabolism: Carbohydrate 0 2
Metabolism: Lipid 4 4
Metabolism: Hormone 2 0
Metabolism: Chlorophyll degradation 0 3
Metabolism: Other 3 2
Protein fate: Translation 2 12
Protein fate: processing and folding 1 2
Protein fate: sorting/targeting 1 0
Protein fate: modification 1 2
Protein fate: degradation 4 1
Transcription/RNA processing 5 6
Signal transduction 7 22
Transport/Vesicle trafficking 6 7
Other cellular process 1 1
Response to abiotic stimulus 4 6
Response to biotic stimulus 0 2
Unknown 10 19

Total 60 103
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Table S-4. Expression levels of genes identified as preferentially expressed in the shoot apex by

Expression Browser.

AGI Locus Shoot Apex Leaf1 &2  Affymetrix Annotation

AT4G35750 0.45 0.42 253163_at| Rho-GTPase-activating protein-related|

AT4G28260 0.68 0.64 253805_at| unknown protein|

AT5G52510 0.70 0.43 248366 _at| scarecrow-like transcription factor 8 (SCL8)|

AT1G61690 0.71 0.59 264423 _at| phosphoinositide binding|

AT3G13080 0.79 0.74 259937_s_at| MRP3__ ATMRP3; ATPase, coupled to transmembrane

movement of substances / chlorophyll catabolite transporter/ glutathione
S-conjugate-exporting ATPase|

AT1G56140 0.91 0.60 262082_s_at| leucine-rich repeat family protein / protein kinase family
protein|

AT5G47880 0.92 0.86 248749 at| ERF1-1 (EUKARYOTIC RELEASE FACTOR 1-1); transla-
tion release factor|

AT3G25800 0.97 0.67 259408_at| PDF1_PR 65__PP2AA2 (PROTEIN PHOSPHATASE 2A
SUBUNIT A2); protein phosphatase type 2A regulator|

AT3G03070 1.08 1.06 258846_at| NADH-ubiquinone oxidoreductase-related|

AT3G23660 1.12 0.92 258097 _at| transport protein, putative|

AT2G27730 1.13 0.61 266206_at| unknown protein|

AT1G70850 1.14 0.59 262260_at| MLP34 (MLP-LIKE PROTEIN 34)|

AT2G01100 1.18 0.49 262204_at| unknown protein|

AT2G41060 1.22 0.70 267050_at| RNA recognition motif (RRM)-containing protein|

AT2G31440 1.30 0.80 263247_at| protein binding|

AT5G65540 1.34 0.94 247171_at| unknown protein|

AT1G09390 1.36 1.01 264501_at| GDSL-motif lipase/hydrolase family protein|

AT5G57490 1.39 1.07 247923_at| VDAC4 (VOLTAGE DEPENDENT ANION CHANNEL 4);
voltage-gated anion channel|

AT5G05730 1.40 1.24 250738_at| AMT1_TRP5_WEI2__ASA1 (ANTHRANILATE SYNTHASE
ALPHA SUBUNIT 1); anthranilate synthase|

AT2G03480 1.41 0.72 265715_s_at| dehydration-responsive protein-related|

AT2G02160 1.41 0.97 266121_at| zinc finger (CCCH-type) family protein|

AT2G26640 1.56 1.46 267606_at| KCS11 (3-KETOACYL-COA SYNTHASE 11); acyl transfer-
ase/ catalytic/ transferase, transferring acyl groups other than amino-
acyl groups|

AT1G19690 1.67 1.52 261147 _at| binding / catalytic/ coenzyme binding|

AT1G79730 1.74 0.69 261347_at| ELF7 (EARLY FLOWERING 7)|

AT2G38730 1.79 1.15 266411_at| peptidyl-prolyl cis-trans isomerase, putative / cyclophilin,
putative / rotamase, putative|

AT4G22120 1.93 0.74 254340 _at| early-responsive to dehydration protein-related / ERD pro-
tein-related|

AT4G15570 1.95 0.70 245529 at| MAA3 (MAGATAMA 3)|

AT5G05670 219 0.61 250768 _at| signal recognition particle binding|
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Table S-4. (Cont’d) Expression levels of genes identified as preferentially expressed in the shoot apex by

Expression Browser.

AGI Locus Shoot Apex Leaf1 &2  Affymetrix Annotation

AT5G40200 2.43 0.90 249396_at| DegP9 (DegP protease 9); catalytic/ protein binding / serine-
type endopeptidase/ serine-type peptidase|

AT1G47860 3.33 1.13 261729_s_at|

AT2G22610 6.24 0.96 265349 _at| kinesin motor protein-related
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Table S-5. Expression levels of genes identified as preferentially expressed in the young leaf by

Expression Browser.

AGI Locus Shoot Apex Leaf1 &2  Affymetrix Annotation

AT2G33810 0.07 0.20 267460_at| SPL3 (SQUAMOSA PROMOTER BINDING PROTEIN-LIKE
3); DNA binding / transcription factor|

AT3G62410 0.08 2.37 251218_at| CP12-2; protein binding|

AT1G20440 0.21 0.43 259570_at| RD17__COR47 (COLD-REGULATED 47)|

AT4G26060 0.29 0.52 253992 _at| unknown protein|

AT4G25650 0.34 1.43 254021_at| ACD1-LIKE (ACD1-LIKE); 2 iron, 2 sulfur cluster binding /
electron carrier/ oxidoreductase|

AT1G03290 0.35 0.45 264362_at| unknown protein|

AT3G44880 0.44 0.97 246335_at| LLS1_PAO__ACD1 (ACCELERATED CELL DEATH 1); iron-
sulfur cluster binding / pheophorbide a oxygenase|

AT4G12360 0.48 1.17 254837_at| protease inhibitor/seed storage/lipid transfer protein (LTP)
family protein|

AT5G40170 0.53 1.98 249393 _at| AtRLP54 (Receptor Like Protein 54); kinase/ protein binding|

AT5G25350 0.55 0.88 246935_at| EBF2 (EIN3-BINDING F BOX PROTEIN 2); protein binding|

AT4G30390 0.57 0.66 253637 _at| unknown protein|

AT4G17830 0.60 0.71 254690 _at| peptidase M20/M25/M40 family protein|

AT5G66190 0.62 3.10 247131_at| ATLFNR1__FNR1 (FERREDOXIN-NADP(+)-OXIDORE-
DUCTASE 1); NADPH dehydrogenase/ electron transporter, transferring
electrons within the cyclic electron transport pathway of photosynthesis/
electron transporter, transferring electrons within the noncyclic electron
transp|

AT1G17340 0.66 1.26 261060_at| phosphoinositide phosphatase family protein|

AT3G43800 0.68 1.94 252712_at| ATGSTU27 (GLUTATHIONE S-TRANSFERASE TAU 27);
glutathione transferase|

AT2G45960 0.71 1.30 266927_at| ATHH2_PIP1;2_TMP-A__PIP1B (NAMED PLASMA MEM-
BRANE INTRINSIC PROTEIN 1B); water channel|

AT1G75630 0.72 0.84 262924 _s_at| AVA-P4; ATPase|

AT5G26740 0.76 0.88 246843 _at| unknown protein|

AT3G03120 0.77 0.87 258876_at| ATARFB1C (ADP-ribosylation factor B1C); GTP binding|

AT3G09830 0.81 1.09 258650_at| protein kinase, putative|

AT4G14350 0.82 1.01 245608 _at| protein kinase family protein|

AT3G15210 0.91 1.23 257053_at| ATERF-4_ATERF4_RAP2.5__ERF4 (ETHYLENE
RESPONSIVE ELEMENT BINDING FACTOR 4); DNA binding / protein
binding / transcription factor/ transcription repressor|

AT2G26080 0.91 1.87 266892_at| AtGLDP2 (Arabidopsis thaliana glycine decarboxylase P-
protein 2); ATP binding / glycine dehydrogenase (decarboxylating)|

AT4G12800 0.92 2.32 254790 _at| PSAL (photosystem | subunit L)|

AT1G64860 0.93 3.29 262879_at| RPOD1_SIG1_SIG2_SIGB__SIGA (SIGMA FACTOR A);

DNA binding / DNA-directed RNA polymerase/ sigma factor/ transcrip-
tion factor|
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Table S-5. (Cont’d) Expression levels of genes identified as preferentially expressed in the young leaf by

Expression Browser.

AGI Locus Shoot Apex Leaf1 &2  Affymetrix Annotation

AT1G06040 0.95 1.48 260956_at| STO (SALT TOLERANCE); DNA binding / protein binding /
transcription factor/ zinc ion binding|

AT3G16370 0.96 217 259375 _at| GDSL-motif lipase/hydrolase family protein|

AT4G28080 0.96 4.99 253849_at| binding|

AT1G27510 0.99 1.53 264437 _at| INVOLVED IN: response to singlet oxygen; LOCATED IN:
thylakoid membrane; EXPRESSED IN: 22 plant structures;
EXPRESSED DURING: 13 growth stages; BEST Arabidopsis thaliana
protein match is: EX1 (EXECUTER1) (TAIR:AT4G33630.2); Has 213
Blast hits to 208 proteins in 76 species: Archae - 0; Bacteria - 13; Meta-
zoa - 63; Fungi - 31; Plants - 69; Viruses - 0; Other Eukaryotes - 37
(source: NCBI BLink).|

AT1G09570 1.03 1.18 264508_at| FHY2_FRE1_HY8__PHYA (PHYTOCHROME A); G-protein
coupled photoreceptor/ protein histidine kinase/ red or far-red light pho-
toreceptor/ signal transducer|

AT2G01450 1.04 1.08 266348_at| ATMPK17; MAP kinase|

AT3G45780 1.18 3.40 252543 _at| JK224_NPH1_RPT1__PHOT1 (PHOTOTROPIN 1); FMN
binding / blue light photoreceptor/ kinase/ protein binding / protein serine/
threonine kinase|

AT2G30600 1.31 3.13 267523 _at| BTB/POZ domain-containing protein|

AT1G73190 1.40 212 260088_at| ALPHA-TIP__TIP3;1; water channel|

AT3G02450 1.46 1.85 258494 _at| cell division protein ftsH, putative|

AT2G24400 1.56 1.68 265683_at| auxin-responsive protein, putative / small auxin up RNA
(SAUR_D)|

AT2G06850 1.65 1.78 266215_at| EXT__EXGT-A1 (ENDOXYLOGLUCAN TRANSFERASE);
hydrolase, acting on glycosyl bonds / xyloglucan:xyloglucosyl transfer-
ase|

AT2G40150 1.66 1.68 263386 _at| INVOLVED IN: biological process unknown; EXPRESSED
IN: 21 plant structures; EXPRESSED DURING: 13 growth stages; CON-
TAINS InterPro DOMAIN/s: Protein of unknown function DUF231, plant
(InterPro:IPR004253); BEST Arabidopsis thaliana protein match is:
ESK1 (ESKIMO 1) (TAIR:AT3G55990.1); Has 712 Blast hits to 693 pro-
teins in 16 species: Archae - 0; Bacteria - 0; Metazoa - 0; Fungi - 0;
Plants - 712; Viruses - 0; Other Eukaryotes - 0 (source: NCBI BLink).|

AT3G44890 1.69 4.39 246339_at| RPL9 (RIBOSOMAL PROTEIN L9); structural constituent of
ribosome|

AT5G49910 1.86 3.07 248582_at| HSC70-7__ CPHSC70-2EAT SHOCK PROTEIN 70-2

(CHLOROPLAST HEAT SHOCK PROTEIN 70-2); ATP binding /
unfolded protein binding
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Figure S-8. A pathway diagram showing a direct relation between EBF2 and SKP1. Among 102
protein products of the young leaf, only EBF2 and SKP1 had a direct interaction. EIN3-BINDING F-
BOX PROTEIN 2 (EBF2, encoded by At5g25350) is a component of F-box protein complex involved
in ubiquitin-dependent protein catabolic process in response to ethylene stimulus. SKP1, Arabidopsis
SKP1 homolog encoded by At1g75950, is a SCF ubiquitin-protein ligase interacting with UFO protein
and regulate negatively DNA recombination. Orange line with blue square indicates these two proteins

participate in binding.
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Figure S-9. The relations among the shoot apex gene products involved in metabolic pathways. The
pink ovals with blue overlay are proteins that have been curated in the pathway databases; those without
overlay are the immediately neighboring entities that interact with those proteins. The yellow diamond
shape indicates the biological process and green circle indicates a small molecule interacting with the
gene product, which is sulfide in this case. The entities pointed by the arrow heads are the targets of

regulation. The circled + and - sings indicates positive and negative regulation on the target, respectively.

The protein EARLY FLOWERING 7 (ELF7, encoded by AT1G79730) acts as a positive regulator for
FLOWERING LOCUS C (FLC). The elevated FLC expression, which is the characteristic of
nonvernalized winter annuals, requires ELF7 and ELF8, that are homologs of components of the Paf1
(RNA polymerase Il associated factor 1) complex of Saccharomyces cervisiae (He et al., 2004). The
yeast Paf1 complex, composed of Paf1, Ctr9, Cdc73, Rtf1, and Leo1, associates with RNA polymerase I
at promoters and in the actively transcribed portions of mMRNA genes (Porter et al., 2005). Meanwhile,
EARLY FLOWERING 6 (REF6, encoded by AT3G48430) plays role as an FLC repressor in the FCL-
dependent pathway, which is one of the pathways controlling flowering in Arabidopsis thaliana (Noh et
al., 2004).

The eukaryote RELEASE FACTOR 1 (eRF1, encoded by AT5G47880) is one of two polypeptide chain
release factors on the ribosome, which govern termination of translation in eukaryotes. The eRF1
promotes stop-codon-dependent hydrolysis of peptidyl-tRNA, and the eukaryote RELEASE FACTOR 3
(eRF3) interacts with eRF1 and stimulates eRF1 activity in the presence of GTP. In ribosomes,
uncoupling of the peptidyl-tRNA and GTP hydrolyses are mediated by the formation of the ternary eRF1-
eRF3-GTP complex (Frolova et al., 1996).

CYP90D1 (CYTOCHROME P450, FAMILY 90, SUBFAMILY D, POLYPEPTIDE 1; encoded by
AT3G13730) is involved in brassinosteroid biosynthesis pathway (Kim et al., 2005a) and synthesis of

dhurrin, a tyrosine derived cyanogenic glucoside (Keilsen et al., 2008).

AST91 (SULFATE TRANSPOTER 91, encoded by AST91) up-regulates key reactions of sulfate
reduction as well as of cysteine, methionine and glutathione synthesis, but none of the known sulfur-

deficiency induced sulfate transporter genes (Jost et al., 2005).

ASA1 (ANTHRANILATE SYNTHASE alpha1 gene (AT5G05730) encodes alpha-subunits of anthranilate
synthase, a rate-limiting enzyme of Trp biosynthesis. Up-regulation of ASA1 by ethylene stimulus results
in the accumulation of auxin, whereas loss-of-function mutation in this gene prevents the ethylene-

stimulated auxin biosynthesis (lvanchenko et al., 2008; Stepanova et al., 2005).



biosynthetic
process

dhurrin
biosynthetic
process

photorespiration

148



149

Figure S-10. Localization of the shoot apex gene products in the cellular components. Four proteins
were localized in the mitochondria (AT2G03480, AT2G27730, AT3G03070 and AT5G57490) and three
were in the chloroplasts (AT1G19690, PSBR and TGD2). In the endoplasmic reticulum, two gene
products were identified: AT2G47760 and AT5G05670. Another 2 proteins, AT1G56140 and
AT3G23750, were localized in the plasma membrane. AT3G23660 localized in the Golgi apparatus,
and three (FIF7, BES1, AT3G04680) in the nucleus. Among 46 cytosol-located gene products, nine
had relations with other entities (previously shown in Figure S-9 on page 147). The pink ovals with
blue overlay are proteins that were expressed preferentially in the young leaf; those without overlay
are the immediately neighboring entities that interact with those proteins. The yellow diamond shape
indicates the biological process and green circle indicates a small molecule interacting with the gene
product, such as hormones and ions, or environmental factors, such as light. Arrow heads indicate the
targets of regulation. The circled + and - sings indicates positive and negative regulation on the target,

respectively. Lines without arrow heads represent binding activity between the two entities
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