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1 Introduction

1 Introduction

1.1 The plant cell wall

The plant cell wall is one of the most striking features that differentiates a plant from animals. Even
though the plant cell wall was already discovered nearly 350 years ago by the british botanist
Robert Hooke, it took more than three centuries to establish basic knowledge of its structure.

The plant cell wall has been established as one of the most important structures of a plant as it
harbors many vital functions for the plant. Beside its role to give stability to the plant and to
counterbalance the internal turgor pressure (Bacic ef al. 1998) it offers protection from mechanical
injury or pathogen attack (Darvill ef al. 1980). Moreover comparable to the animal extracellular
matrix, plant cell walls can control cell adhesion (Cosgrove 1997), determine porosity (Baron-Epel
et al. 1998) and extracellular ionic composition (Grignon and Sentenac 1991). Futhermore, it poses
an important reservoir for biological molecules such as storage polysaccharides (Franco et al. 1996,
Santos et al. 2004). Despite all these regulatory and stability functions the plant cell wall is flexible
and plastic enough to allow plant growth or tropic movements.

Due to these very different functions of the cell wall, three substructures of plant cell walls can be
distinguished: Middle lamella, primary and secondary wall. The middle lamella is deposited during
cell plate formation (Matar and Catesson 1988). Thus it is a structure shared by two neighboring
cells. The primary cell wall, which is deposited after cell division is a rather flexible structure to
accommodate cell elongation. The secondary cell wall is deposited upon cessation of growth and
adds stability due to its high content of crystalline cellulose and water impermeable lignin.

As a natural renewable product cell walls and derived products are of great importance for various
industries. For example paper, textiles, filling materials and food additives are derived from cell

walls (Lapain and Pricl 1995).
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1.2 Structures in the cell wall

According to current models the primary cell wall (Carpita 2000) consists of four major
components interacting with each other. These components are the polysaccharides cellulose,
hemicellulose, and pectin as well as proteins. Typically the dry matter of growing dicot walls is
composed of about 1/3 of each polysaccharide class and 1-5% proteins (Cosgrove 1997). However,
it should be noted that walls contain a large amount of water (Cosgrove 1997). Although most plant
species contain similar wall compositions significant differences in the cell wall structure and
architecture are found in graminaceous monocots (grasses) (Carpita 1996) reflecting that the cell
wall composition can be flexibly adapted .

The individual components of the cell wall will be discussed in further detail here.

1.2.1 Cellulose

Cellulose can occur in a crystalline and non-crystalline (amorphous) form of linear polymers of
B-1,4 linked D-glucose. Cellulose-chains often aggregate through noncovalent interactions (H-
bonds) and form crystalline microfibrils. Due to these interactions crystalline cellulose has a high
tensile strength (Wainwright et al. 1976), is insoluble in most solvents, and is chemically stable and
resistant to weak acids (Cosgrove 1997). In the wall cellulose-microfibrils represents the load-

bearing polymer.

1.2.2 Hemicelluloses

Hemicellulose is a practical term used for a heterogeneous group of glycans which are rather tightly
bound to the wall and usually require harsh extraction conditions such as the use of alkaline
solutions (Hayashi and Maclachlan 1984, Hayashi 1989). These hemicelluloses are thought to
cross-link cellulose microfibrils by hydrogen-bonding (Cosgrove 1997) or can be woven into the
cellulose microfibrils (Hayashi 1994) explaining the harsh extraction requirements.

In the primary wall of dicotylodoneous and non graminacaeous monocotylodoneous plants the
major hemicelluloses are xyloglucans (Cosgrove 1997), which seem to lie preferentially parallel to
the cellulose microfibrils (Séné et al. 1994). Xyloglucan is mainly composed of the sugars xylose,

glucose, fucose and galactose. Considering the well conserved structural scheme in which these



1 Introduction

sugars appear a code was introduced (figure 1) (Fry 1993). In addition, individual sugars might be
acetylated.

B-D-Galp

a-D-Xylp a-D-Xylp

—B-D-Glep — B-D-Glep—B-p-Glcp —» B-D-Glep—>
a-D-Xylp

B-D-Galp

a-L-Fucp

G X L F

Figure 1 Example of a part of a xyloglucan
structure.

The one letter symbolic notation for each of the
glucosyl residues is shown below the structure.

Other wall polysaccharides that are classified as hemicelluloses are (arabino-)xylans, mannans and
callose (Carpita and Gibeaut 1993).

Xylans are the most abundant hemicelluloses in grasses and hardwoods. They are comprised of
B-1,4 linked D-xylosyl residues. Depending on the origin their degree of polymerization varies
from 70 to 200 (He ef al. 1994). Arabinoxylans feature a xylan backbone, decorated with arabinose
and glucuronic acid (Darvill et al. 1980). Carpita and Gibeaut hypothesized (1993) that
arabinoxylans can take over the role of the xyloglucans in grasses, where only small amounts of
xyloglucans are present (Labavitch and Ray 1978).

The glucomannans are linear polymers of 1-4-linked mannosyl and glucosyl residues. Three to five
percent of the dry weight of most hardwoods consists of glucomannans (Meier 1985).

Callose is an amorphous unbranched [3-1,3-D-glucan (reviewed by Verma and Hong 2001). Its
presence in the pollen suggests an important role in pollen growth (Sedgley 1979). Furthermore, it
is present in the cell plate of dividing cells, and it is deposited upon pathogen attack, where it was
implicated in pathogen resistance. However, when a putative callose synthase was downregulated
in mutants and transgenic plants, resulting in a lack of wound-induced callose, the affected plants

exhibited actually an increased resistance to pathogens (Nishimura et al. 2003, Jacons et al. 2003).

1.2.3 Pectic polysaccharides

Pectic polysaccharides are characterized by their high content of D-galacturonic acid (D-GalA).
They are the most soluble part of the cell wall. They can be extracted with hot water, calcium

chelators, or mild alkaline solutions (Cosgrove 1997). In general, pectic polysaccharides are
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classified into homogalacturonan (HGA), rhamnogalacturonan I (RGI) and rhamnogalacturonan II

(RGIT) (Mohnen 1999).

—»0-L-Rhap— a-D-GalpA—=0-L-Rhap— O-D-GalpA—» a-L-Rhap— a-D-GalpA — a-D-GalpA — a-D-GalpA — a-D-GalpA

T

a-D-Galp o-D-Arap
a-D-Galp o-D-Arap
a-D-Galp a-D-Arap
RGI part HGA part

Figure 2 Pectin struture

Left part structure of RGI and right part HGA structure. Note that for clarity reasons HGA has been drawn as a
sidechain of RGI her, even though this is still controversial.

HGA is an unbranched chain of approximately 70-100 a-1,4 linked D-GalA units (Thibault et al.
1993). It can be methyl-esterified at the C6 carboxylic position of the D-GalA and it can be O-
acetylated at the C2 or C3 positions (Ishii 1995, 1997). The degree of methyl-esterfication is an
important property of HGA since it modulates polygalacturonase recognition (Dumville and Fry,
2000). Moreover methyl-esterfication neutralizes the otherwise negatively charged, acidic
carboxylic group of D-GalA and thus has a major impact on the gelling behavior of pectins. An
increased methyl-esterfication leads to decreased binding of calcium (Taitz and Zeiger 1998).

RGI consists of up to hundred blocks of the alternating disaccharide 1,2-a-L-rhamnosyl-1,4-a-D-
galacturonic acid (McNeil et al. 1980, Visser and Voragen 1996). In contrast to HGA, RGI may

contain sidechains in form of arabinans (a-1,5 linked), galactans (p3-1,4-linked), or
arabinogalactans, which are attached at the C4 position of the rhamnosyl unit (McNeil et al. 1980;
Lau et al. 1985). The proportion of branched rhamnose residues usually is in the range of 0-80 %
depending on tissue and plant species (Visser and Voragen 1996, Penfield et al. 2001).The
sidechains can be further decorated with ferulic and coumaric acid (Jones et al. 2003). In smaller
amounts fucose, glucose and glucuronic acid might also be present (O'Neill ez al. 1990). Like HGA
in RGI the D-GalA part of the backbone might be acetylated (Komalavilis and Mort 1989) and
methyl-esterified (Rihouey 1995).

RGII has a highly complex structure. The backbone of RGII is composed of at least seven a-1,4-
linked-D-GalA units to which four different side chains are attached (Vidal et al. 2000, Ridley et
al. 2001). These sidechains feature various sugars and among them some more unusual ones such

as 2-keto-3-deoxy-D-manno-octulosonic acid, aceric acid, 2-keto-3-deoxy-D-lyxo-heptulosaric acid
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and D-glucuronic acid (O'Neill et al. 2001). Thus RGII has the richest diversity of sugars and
linkages of any known polysaccharides (Darvill ef al. 1978).

Pectins do not only occur in the cell wall of plants, but they also account for the major proportion
of extractable Arabidopsis thaliana and other brassicacae mucilages (Goto 1985, Penfield et al.
2001, Usadel and Pauly, unpublished results), where they facilitate seed dispersion and retain water
due to their hydrophilic and gelling properties (Fry-Wyssling 1976).

In the plant cell wall, pectins play numerous roles such as mediating fruit ripening possibly through
oligosaccharides mediated signaling and/or softening by pectin degradation (Langley et al. 1994,
Dumville and Fry, 2000). Moreover the strength of the pectic polysaccharide matrix can directly
affect the strength of the total cell wall (O'Neill et al. 2001, Ryden et al. 2003) and determine the
porosity of the cell wall (Baron-Epel et al. 1988). Furthermore pectins have been implicated in
plant growth and cell to cell adhesion (Stephenson and Hawes 1994, Iwai et al. 2002). These roles
have recently gained further attention after demonstration that the occurrence of pectic epitopes,
particularly RGI sidechains, seems to be developmentally regulated (Willats et al. 1999, McCartney
and Knox 2002, McCartney et al. 2003).

In addition, pectins might play a role in pollination by providing an adhesive matrix for the
growing pollen tube (Lord 2000, Lenartowska et al. 2001, Lord 2003). Due to their hydrophilic
water-binding nature, pectins can act as a filling material (Cosgrove 2000) thus pectinaceous gels
share some similarity to the hydrophilic components of the extracellular matrix of animals.

Finally, oligogalacturonides released from HGA during pathogen attack or by endogenous plant
pectinases (D'Ovidio et al. 2004) participate in various plant signal transduction pathways e.g.

defense responses (reviewed by Pilling and Hofte 2003).

1.2.4 Wall associated proteins

The wall also contains several kinds of proteins (Showalter 1993), which can be divided into
structural proteins and wall modifying enzymes. The group of structural proteins are further
subclassifed according to their amino acid composition, e.g. hydroxyproline-rich glycoprotein,
glycine-rich protein (Ringli ef al. 2001) and proline rich protein (Ye et al. 1991). Typically these
highly glycosylated proteins polymerize by forming diphenylether linkages of protein tyrosines and

become almost insoluble (Fry 1986, Brady et al. 1996). An exception are arabinogalactan proteins
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(AGPs) which are generally soluble (Fincher 1983) and are believed to interact with the pectin
network (Cosgrove 1997). AGPs seem to play a role in cell to cell communication (Kreuger and
van Holst 1993, Serpe and Nothnagel 1994) and plant development (Pennell and Roberts 1990,
Johnson et al. 2003). Furthermore they are believed to assist in guidance of pollen tubes in the
stylus (Jauh and Lord 1996, Gerster et al. 1997) and a removal of AGPs can result in cell death
(Gao and Showalter 1999).

The group of the cell wall modifying enzymes encompasses enzymes being able to modify the
polysaccharides. Such enzymes (e.g. xyloglucan transhydrolases, expansins, and peroxidases) play
a vital role in loosening the wall network during cell-elongation (reviewed by Rose et a/. 2002) and
others (such as endopolygalacturonases and pectin-methylesterases) are involved in cell dehesion

and abscission and fruit softening (reviewed by Li ef al. 2003) .

1.2.5 Lignins

Lignin is a phenylpropanoid based heteropolymer that is mainly present in secondary walls, where
it provides rigidity and water impermeability to the cell walls. In addition, lignin deposition may be
induced upon wounding and infection to protect plant tissues against invading pathogens.

(reviewed by Boerjan et al. 2003).
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1.3 Cell wall networks
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Figure 3 A model of the cell wall

(Modified from Pauly 2003)
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and thus it seems likely that multiple structures

The cell wall is involved in a multitude of roles

need to interact to fulfill these roles. Hence, the cell wall can be described as a liquid crystal where

crystalline cellulose is embedded into a water containing matrix consisting of hydrophilic pectins

and hemicelluloses (figure 3) (Cosgrove 1997).

In most current models of the cell wall (Cosgrove 2000, Vincken et al. 2003) at least three different

networks are differentiated. There is a cellulose-hemicellulose network, which is mainly implicated

in the load bearing properties of the cell wall (Chanliaud et al. 2002). Cellulose microfibrils might

act as nuclei to which xyloglucans associate non covalently via H-bonds (Hayashi et al. 1994,
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Pauly et al. 1999). Therefore they might build a cross-linked or an independent network (Talbott
and Ray 1992).

The pectin network forms a gel phase which fills the gaps in the cellulose-hemicellulose network
and might keep it from collapsing (Cosgrove 2000). It is probably fortified by numerous possible
crosslinks between individual pectic polymers. One such crosslink are the so-called “egg-boxes”
(Carpita and Gibeaut 1993) which are structures made up of two HGA chains that are cross-linked
by Ca®" ions. Moreover, it is speculated that HGA chains can be covalently cross-linked by uronyl
esters through the action of pectin methylesterases (Gelineo-Albersheim, CCRC Athens, GA
personal communication). Furthermore two molecules of RGII can be crosslinked via borate-diol-
esters (Ishii et al. 1999, O'Neill et al. 2001). RGII might also be a sidechain of HGA (Ishii and
Matsunaga 2001). Finally it has been discussed that HGA might be a sidechain of RGI adding
further complexity to the pectic network (Vincken ef al. 2003).

Embedded into these two networks is the third network made of structural proteins, which might be

important for expansion (Andeme-Onzighi et al. 2002)

1.4 Synthesis of cell wall components

The synthesis of cell wall components occurs in different subcellular locations. Cellulose is
synthesized at the plasmamembrane by membrane spanning complexes. Substrates are supplied to
the cytoplasmic side of these complexes (Amor ef al. 1995), whereas the polymer is released on the
apoplastic side. In contrast, matrix polysaccharides (hemicelluloses and pectins) are probably
synthesized in the golgi-apparatus by golgi membrane spanning enzymes whose catalytic activity
seems to be localized most often in the golgi lumen (Driouich et al. 1993, Perrin et al. 2001).
Despite their membrane spanning topology these enzymes often may not have access to the
substrates from the cytoplasm (reviewed by Doblin ef al. 2003). The synthesized polysaccharides
are then exported from the golgi to the apoplast by the secretory pathway (Stachlin and Moore
1995).

Despite their different location of synthesis, wall polysaccharides are believed to be synthesized
from nucleotide sugars (Scheible and Pauly 2004), which are an activated form of the sugar due to
their phosphoric diester (Jencks 1976). The nucleotide sugars are used by glycosyltransferases,

which add the sugar moiety of the nucleotide sugar to a nascent polysaccharide chain (reviewed by

8
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Scheible and Pauly 2004). However, due to the high number of possible linkages occurring in the
different polysaccharides, numerous transferases are necessary. Bioinformatic analysis has
identified 415 putative glycosyltransferases in the Arabidopsis genome alone (http://afmb.cnrs-
mrs.fr/CAZY/) most of which are thought to be involved in cell wall biosynthesis (Henrissat et al.
2001).

\'
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Figure 4 Overview of the cell wall synthesis and modification

The wall polysaccharides contain 14 different monosaccharides and hence 14 different nucleotide
sugars are necessary for their synthesis. The plant has therefore established a nucleotide sugar
conversion pathway to provide all the substrates for the polysaccharide synthesis.

The major entry point into cell wall synthesis is via UDP-D-glucose, which is synthesized in the
cytoplasm (Amor et al. 1995). Other nucleotide sugars that seem to be synthesized in the cytosol
are UDP-L-rhamnose (Usadel et al. 2004a) and UDP-D-galactose (Seifert ef al. 2002). On the other
hand UDP-D-galacturonic acid (Melhej et al. 2004), UDP-D-xylose (Haper et al. 2002) and UDP-



1 Introduction

L-arabinose (Burget et al. 2003) synthesizing enzymes seem to localize to the lumenal side of the

golgi or endomembrane system.

1.4.1 Cellulose synthesis

One of the best studied cell wall polysaccharide synthesis is cellulose. Recently even in-vitro
production of cellulose has been accomplished (Lai-Kee-Him ef al. 2002). Cellulose is thought to
be synthesized by a membrane spanning cellulose synthase complex (CSC) which is probably
similar to a rosette like structure, from which the cellulose microfibrils seem to emerge as judged
by freeze-fracture studies (Brown 1996). This cellulose synthase complex is made up of at least
three different cellulose synthases which depend on each other for correct rosette complex
formation as shown by Taylor and colleagues (2003). These glyosyltransferases use cytosolic UDP-
D-glucose as the activated precursor to add to the growing apoplastic microfibrils (Scheible and
Pauly 2004). It seems likely that UDP-D-glucose is provided by sucrose synthase which might be
membrane associated and in close proximity to the cellulose synthesizing glycosol transferases
(Amor et al. 1995, Salnikov et al. 2001). Interestingly, cellulose synthesis possibly requires an
endocellulase, KORRIGAN/IRX2 (Nicol et al. 1998, His et al. 2001, Szyjanowicz et al. 2004).
Furthermore in-vitro essays demonstrated that sistosterol- B-glucoside might act as a primer for a
cellulose synthase from cotton (Peng et al. 2002). However, Arabidopsis plants having a more than
thirty-fold reduction in sistosterol- B-glucoside did not exhibit a change in cell wall composition or

cellulose content (unpublished results of Miinster and Scheible, referenced in Scheible and Pauly

2004).

1.4.2 Hemicelluloses synthesis

Recently, some advances have been made in the elucidation of xyloglucan synthesis. A fucosyl
transferase has been identified and cloned from peas. It was indeed the first transferase involved in
xyloglucan synthesis to be cloned (Perrin et al. 1999). Later it could be shown that the reduction in
fucose content in the Arabidopsis mur2 mutants is due to a mutation in an Arabidopsis xyloglucan
fucosyl transferase gene (Vanzin et al. 2002). Similarly, map based cloning of MUR3 revealed that

it encodes a xyloglucan galactosyl transferase (Madson et al. 2003). Finally a xylosyltransferase

10



1 Introduction

gene from Arabidopsis was cloned. It was shown that the heterologously expressed enzyme
transfers xylose residues to cello-oligosaccharides (Faik et al. 2002).

Also some light was recently shed on the synthesis of the other hemicelluloses. A transferase gene
from fenugreek catalyzing the transfer of UDP-D-galactose to mannan-oligosaccarides and
galactomannans was cloned and functionally expressed (Edwards 1999). More recently a mannan
synthase gene was cloned from a guar endosperm EST library. Expression and functional assays of
the mannan synthase revealed its ability to transfer mannose from a GDP-D-mannose donor

molecule to high molecular weight mannan (Dhugga et al. 2004).

1.4.3 Pectin synthesis

It has been speculated by Mohnen (1999) that at least 53 different transferases would be necessary
for the synthesis of the pectic polysaccharides. However, none of their genes has been cloned and
functionally expressed so far.

Recently, some putative glycosyltransferases involved in pectin polysaccharide biosynthesis have
been identified with the aid of mutants. In Nicotiana tabaccum the lack of the nolac-H18 gene has
been associated with a reduction of glucuronic acid and arabinose contents in RGII (Iwai et al.
2002). Furthermore the Arabidopsis quasimodo mutant exhibited a reduction in galacturonic acid
content which was traced back to a T-DNA insertion in a putative transferase gene (Bouton et al.
2002). Although in both cases mutations in putative transferase genes resulted in a change in pectin
structure and growth and developmental plant phenotypes were observed, biochemical activity of

the proteins encoded by these genes has yet to be demonstrated.
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1.4.4 Nucleotide sugar metabolism
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Figure 5 Nucleotide sugar interconversion

Overview of the nucleotide sugar interconversion pathway. For simplicity
reasons only the de novo synthesis part is shown.

PMI: phosphomannoisomerase, PGM: phosphoglucomutase, PGI:
phosphoglucoisomerase

The substrates for the synthesis of the wall polysaccharides are the different nucleoside diphosphate
sugars (NDP-sugars). These can either be synthesized de-novo (reviewed by Seifert 2004) or they
can be recycled by so called salvage pathways (reviewed by Feingold and Avigad 1980).

In the de-novo pathway most monosaccharides are generated from fructose-6 phosphate drawn
from the calvin cycle (figure 5). Fructose 6-phosphate can then be converted into both glucose-6-
phosphate and mannose-6-phosphate, which are the major entry points into the nucleotide sugar

metabolism UDP-D-glucose and GDP-D-mannose.
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The salvage pathway generally follows a conserved scheme. The free monosaccharide is converted
into a phosphate sugar by a Cl-kinase using ATP. The phosphate sugar in turn is converted into the
corresponding NDP-sugar by action of a NTP-pyrophosphorylase releasing pyrophospate. Due to
the high activity of pyrophosphatases in plant tissues (Patra et al. 1985) pyrophosphate is readily
hydrolyzed into phosphate rendering the initial reaction irreversible. To date it is unknown if
salvage pathways exist for all sugars. Pulse chase experiments demonstrated the reutilization of
L-arabinose (Neish 1958), D-galactose (Roberts 1967), D-glucuronic-acid (Neish 1958),
D-galacturonic acid (Loewus and Dickinson 1982) and L-fucose (Roberts 1968). So far, only one
gene for an enzyme involved in the salvage pathway, AGKI (Kaplan et al. 1997), which is

responsible for the phosphorylation of galactose, has been cloned.

1.4.4.1 Synthesis of UDP-D-glucose and UDP-D-galactose

UDP-D-glucose is also produced from sucrose by the action of sucrose-synthase (Amor et al.
1993). By converting UDP-D-glucose the nucleotide-sugars UDP-D-galactose, UDP-L-rhamnose
and UDP-D-glucuronic acid can be produced in extracts isolated from various plants (see Feingold
and Avigad 1980). Indeed an enzyme converting UDP-D-glucose to UDP-D-galactose was the first
gene for a nucleotide sugar converting enzyme from Arabidopsis thaliana to be cloned and
functionally expressed (Dormann and Benning 1996) and concomitantly named UDP-D-glucose 4-
epimerase (UGE1). Under standard conditions Arabidopsis UGE-antisense plants did not show any
visible phenotype (Dérmann and Benning 1998). However, growing the plants on galactose
containing medium resulted in a growth reduction. Recently, four more paralogs (UGE2-UGEY)
have been identified by Seifert and colleagues (2002) and in a mutant in one of them (uge4 also
known as root hair deficientl) a root-bulging phenotype was shown. The root-bulging phenotype
could be reverted by administration of galactose (Seifert et al. 2002) or ethylene (Seifert et al.
2004). For all members of the UGE family, activity has been shown in a biochemical essay (Seifert
et al. 2002).

1.4.4.2 Synthesis of UDP-L-rhamnose
At the beginning of this thesis it had been postulated that UDP-L-rhamnose is synthesized from
UDP-D-glucose in a three step reaction. This notion was based on experiments with plant extracts

from red campion (Silene dioica) demonstrating a UDP-4-keto-6-deoxy-glucose intermediate in the
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synthesis of UDP-L-rhamnose (Kamsteeg et al. 1978, Kamsteeg et al. 1979). Furthermore it was
based on analogy to bacterial pathways, where three different enzymes, a dehydratase, a reductase
and an epimerase, have been characterized in NDP-L-rhamnose synthesis (reviewed by Giraud and

Naismith 2000).

1.4.4.3 Synthesis of UDP-D-glucuronic acid

UDP-D-glucuronic acid is synthesized from UDP-D-glucose by the action of a UDP-D-glucose
dehydratases (UGDs). By now UGDs from many different plant species have been cloned
(Tenhaken and Thulke 1996, Turner and Botha 2000, Seitz et al. 2000, Hinterberg et al. 2002,
Johanson et al. 2002). In contrast to many other nucleotide sugar converting reactions this reaction
seems to be irreversible (Dalessandro and Northcote 1977) thus providing a possible regulation
point in nucleotide sugar flux. Indeed, a closer look at the nucleotide sugar conversion pathway
(figure 2) reveals that UDP-D-glucuronic acid is a major branching point in nucleotide sugar
synthesis. Reiter and Vanzin (2001) identified three additional putative UDP-D-glucose
dehydratase genes in the genome of Arabidopsis and termed them UGD2-UGDA.

In an alternative pathway UDP-D-glucuronic acid can also be synthesized from inositol. This
pathway is initiated by an inositol oxygenase (Loewus and Dickinson 1982). This oxygenase
oxidizes myo-inositol to D-glucuronic acid using molecular oxygen. This intermediate is converted
into UDP-D-glucuronic acid via a salvage pathway. Recently it has been shown that UDP-D-
glucuronic acid seems to be synthesized by the UGD or inositol oxygenase dependent pathways
depending on organ and developmental stage (Seitz et al. 2000). However, earlier findings showed
that limitation of myo-inositol supply did not effect cell wall composition in potatoes (Keller et al.

1998). Possibly both pathways can compensate for each other, providing a safety-net for the plant.

1.4.4.4 Synthesis of UDP-D-galacturonic acid, UDP-D-xylose and UDP-D-apiose
UDP-D-glucuronic acid can be converted to UDP-D-galacturonic acid, UDP-D-xylose and UDP-D-
apiose. Conversion to UDP-D-galacturonic acid is probably achieved by UDP-D-glucuronic acid
epimerase as shown in radish roots (Libjelke et al. 1995).

A decarboxylation reaction of UDP-D-glucuronic acid yields UDP-D-xylose. To date six putative
UDP-D-xylose synthase genes have been identified in the genome of Arabidopsis and termed
membrane anchored UDP-D-glucuronic acid decarboxylase (AUD1 to AUD3) and soluble UDP-D-
glucuronic acid decarboxylase (SUDI to SUD3) depending on the presence of a membrane

spanning segment (Reiter and Vanzin 2001). At least one member of both classes has been cloned
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and UDP-D-xylose synthesizing activity has been shown in recombinantly expressed proteins
(Harper et al. 2002). Moreover the gene for a bifunctional enzyme (AXS1) synthesizing both UDP-
D-xylose and UDP-D-apiose from UDP-D-glucuronic acid has been cloned from Arabidopsis
thaliana (Melhgj et al. 2003). The unspecific production of UDP-D-apiose and UDP-D-xylose

seems to be common in plants (Wellmann and Griesebach 1971, Matern and Griesebach 1977).

1.4.4.5 Synthesis of UDP-L-arabinose

UDP-D-xylose can be converted into UDP-L-arabinose by the action of a UDP-D-xylose epimerase
(UXE), which is encoded by the MUR4 gene (Burget and Reiter 1999, Burget et al. 2003).
Consequently Arabidopsis mur4 plants contain only 50 % of wild type levels of cell wall bound
arabinose (Burget and Reiter 1999). Mostly arabinose contents in pectin and AGPs were reduced.
However, the affected plants did not show a visible phenotype (Reiter et al. 1997) possibly due to
the residual arabinose. This residual arabinose might be explained by the presence of three putative
homologs in the Arabidopsis genome (Burget et al. 2003). For MURA4, localization to the golgi has
been demonstrated by the expression of a chimeric MUR4-green fluorescent protein construct in

planta (Burget et al. 2003).

1.4.4.6 Synthesis of GDP-D-mannose and GDP-L-fucose

Another major entry point for nucleotide sugar metabolism is GDP-D-mannose, which is
synthesized by mannose pyrophosphorylase from D-mannose-1-phosphate. Two independent
approaches identified mutants affected in the expression of its gene. One mutant was identified by
means of a decrease of ascorbate levels in the vfc/ mutant (Conklin et al. 1997). Another approach
showed an effect on cellulose and N-terminal glycosylation of proteins and polysaccharides isolated
from cytl embryos, which also showed a downregulation of mannose and fucose and an
upregulation of thamnose (Luckowitz ef al. 2001, Nickle and Meinke 1998). It turned out that both
mutants are allelic and are affected in the expression of a GDP-D-mannose pyrophosphroylase
gene.

GDP-L-fucose is made from GDP-D-mannose in a three step reaction catalyzed by two proteins
(Bonin et al. 1997, Bonin and Reiter 2000). The first step is catalyzed by GDP-D-mannose-4,6-
dehydratases (GMDs) encoded by the MURI (GMD2) and GMDI genes. Plants carrying a
mutation in MURI have been shown to be deficient in fucose, which can be substituted by L-
galactose in xyloglucan and N-glycans (Zablackis et al. 1996). Interestingly, MUR1 and GMD1

seem to have a complementary expression pattern as judged by promoter:GUS studies (Bonin ef al.
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2003). Whereas GMDI is preferentially expressed in the root tip, MURI is expressed in all other
tissues. Nevertheless an expression of both proteins was detected in the pollen.

The final step in GDP-L-fucose synthesis is catalyzed by a bifunctional GDP-4-keto-6-deoxy-D-
mannose 3,5-epimerase-4-reductase termed GER1 (Bonin and Reiter 2000). Even though
biochemical activity was demonstrated by expression in Escherichia coli (Bonin and Reiter 2000),
antisense plants with a reduced in vivo GER1 activity showed normal amounts of fucose in their
cell wall, possibly indicating that GER1 activity is not rate limiting due to the presence of a similar

protein in Arabidopsis tentatively termed GER2.

1.4.4.7 Synthesis of GDP-D-rhamnose and GDP-L-galactose

GDP-D-mannose is also the precursor for GDP-D-rhamnose and GDP-L-galactose, but both
D-rhamnose and L-galactose are rarely found in cell walls. The enzyme catalyzing the latter
reaction, GDP-D-mannose 3,5-epimerase (GME), has been purified and subsequently sequenced by
Wolucka and co-workers (2001). The identification of candidate genes for an enzyme for the
former reaction is still lacking. GME also forms GDP-L-gulose and is inhibited by GDP-L-fucose,
ascorbic acid and L-galactono-1,4-lactone (Wolucka and van Montagu 2003). Since both GDP-L-
galactose and GDP-L-gulose are precursors of ascorbate synthesis (Wheeler et al. 1998, Smirnoff
and Wheeler 2000) GME could be a regulation point for substrate flux into either the cell wall or

ascorbate biosynthesis.

1.4.4.8 Transport of nucleotide sugars into the golgi

Since many polysaccharides are synthesized in the golgi but some of the nucleotide sugars are
located in the cytosol, nucleotide sugar transporters were postulated to exist. Indeed Neckelmann
and Orellana used radioactively labeled substrates (1998) to demonstrate transport of UDP-D-
glucose into the golgi lumen. Recently Norambuena and colleagues have been able to clone and
functionally express a gene for a UDP-D-glucose/UDP-D-galactose transporter from Arabidopsis
thaliana which they designated UTRI (2002). In addition, nucleotide sugar transporters for GDP-
D-mannose and GDP-L-fucose have been recently identified (Wulff et al. 2000, Baldwin et al.
2001, Norambuena et al. 2002).
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1.5 Structural analysis of cell walls

Altering the nucleotide sugar fluxes in planta might lead to different wall structures. Therefore a
number of techniques have been developed allowing a detailed structural analysis of the wall.

First cell wall preparations are usually obtained by preparing alcohol insoluble residues. These
residues can then be further subfractionated which can either be done by sequential extractions
with calcium chelators (solubilizing pectins) and potassium hydroxide containing solutions
(solubilizing hemicelluloses) (Stolle-Smits et al. 1999). Alternatively, pectin components can be
extracted by solubilization through enzymatic digests with endopolygalacturonase and pectin
methylesterase (O'Neill et al. 1990) and crystalline cellulose can be purified by removing the
matrix polysaccharides with a mixture of acetic and nitric acid (Updegraff 1969).

The complete wall or components thereof are hydrolyzed using acids such as trifluouroacetic acid
(Albersheim et al. 1967, Mankarios ef al. 1979) as well as sulfuric acid (Selvendran ef al. 1979).
The resulting monosaccharides can then by qualitatively analyzed by paper chromatography or
quantitatively by derivatization to their corresponding alditol acetates (Albersheim et al. 1967) or
trimethylsylyl methylglycosides (York et al. 1985) and subsequent detection by gas
chromatography with mass detection. Derivatisation can be avoided when the monosaccharides
present in a hydrolyzate are separated by high performance anion exchange chromatography
(HPAEC) with coupled pulsed amperometric detection (Vincken ef al. 1996).

Another important feature of cell walls is their degree of methyl-esterifcation and the presence of
O-acetyl-substituents. Both parameters can be investigated by colorimetric assays (Bergmeyer and
Mollering 1974) or with HPLC based methods (Voragen et al. 1986) Whereas cell wall degrading
enzymes have long been used to study cell wall structure (Prade et al. 1999), a recent development
is the quantitative investigation of polysaccharide fragments released by specific enzymes (Choo et
al. 2002). A complementary technique is the labeling of these fragments with a fluorofore and gel-
electrophoresis of the labeled fragments (Goubet et al. 2003).

In addition, infrared (IR) spectroscopy has been used to characterize whole cell walls by clustering
spectra obtained from plants with reference spectra from known mutants (Chen et al. 1998,
McCann et al. 2001). Another recent study showed the feasibility of using solid state nuclear
magnetic resonance to investigate the wall in situ (Lu and Ralph 2003, Lahaye et al. 2003).

To investigate cell wall structure at a cellular level, cell wall components staining dyes such as

calcoflour (Hughes et al. 1975) or ruthenium red (Hanke and Northcote, 1975) can be applied.
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Moreover, antibodies recognizing a multitude of specific cell wall epitopes have been generated
and characterized indicating the localization of certain wall structures to defined cell wall regions
(Willats et al. 1998, Willats and Knox 1999, Willats et al. 1999, Steffan et al. 1995, Williams et al.
1996)

1.6 Biotechnology of cell walls

Plant cell walls provide the richest source of biopolymers on earth (Prade et al. 1999) thus they
represent an important resource for humans. As such plant cell walls have been recognized since
ancient times. Besides their obvious applications as for example a source for wood or textiles, it is
interesting to note that even more than 6000 years ago Chinese artisans realized that the extracts
from the lacquer tree (composed of lignols and apoplastic peroxidases) would solidify upon contact
with oxygen and were thus used in artwork (Huttermann et al. 2001).

Since these times the products of the wall have found many new applications and developments
such as gelling agents in the food and pharmaceutical industries (reviewed by Thakur et al. 1997).
It 1s not surprising that in the previous years major efforts have been undertaken to specifically
change the plant wall to tailor polysaccharides for new industrial applications and for streamlining
processing in various industries. Despite some similar approaches for other polysaccharides which
have lead to e.g. altered starches and fructans (Heyer et al. 1999) cell wall biotechnology is still in
its infancy.

Despite significant efforts spent in a forward-genetics approach of mustering EMS mutagenized
Arabidopsis pools (Reiter et al. 1997, recent advances reviewed by Fagard et al. 2000) many
questions were left unanswered. Thus new developments target distinct pathways or use
heterologous enzymes to modify wall structure in situ.

For lignin biosynthesis a successful interference with the biosynthesis pathway using antisense
technology was achieved. Thus plants showing changes in their pulping values which would make
them eventually more suitable for paper production were obtained (Baucher et al. 1996, O'Connell
et al. 2002).

Burton and coworkers silenced a putative cellulose synthase (2000) and observed a reduced growth
in tobacco plants. Interestingly they also observed an increased HGA content in leaves, possibly
because of compensatory effects in the plants. However, Park and coworkers obtained a desirable

change in planta by expressing a poplar cellulases in Arabidopsis (2003) and thus obtaining an
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increased growth rate. More recently they introduced a fungal xyloglucan specific endoglucanase
(2004) in poplar resulting in increased growth and cellulose production.

Since pectins represent an important factor both as a resource for gelling agents but also for the
quality of different crop plants (Camara ef al. 2002, Tajner-Czopek 2003) changing their properties
would be desirable. Therefore considerable effort is put into understanding pectin synthesis in
Arabidopsis and in evaluating Arabidopsis pectin mutants for changes in the cell wall. However, at
the start of this thesis surprisingly little was known.

Other approaches facilitate modifying or degrading enzymes. The most prominent example
probably being the down-regulation of pectin modifying enzymes putatively involved in fruit
softening such as polygalacturonases (reviewed by Brummel and Harpster 2001). This approach
which most often targeted tomato plants, resulted in fruits being firm longer and even resulted in a
short commercial exploitation of these fruits (Langley et al. 1994). However, recent experiment
might indicate that also apple fruit quality might be affected by polygalacturonase activity
(Atkinson et al. 2002).

Moreover Serenson and co-workers expressed an endo-f-1,4 galactanase (2000) and Skjet and
colleagues an endo a-1,5 arabinase (2002) in potatoes (Solanum tuberosum). Both approaches led
to a change in cell wall structure but only the expression of the arabinase had a major visible
phenotype which manifested itself as death of the stolons and discoloring of the leaves. Finally
expression of an RGI lyase in potatoes resulted in an unusual fragmentation pattern of RGI but no
major phenotype (Oomen et al. 2002).

Surprisingly little effort has been put into interfering with the pectin synthesis pathway at the start
of the thesis. Only a downregulation of UDP-D-glucose epimerase in Arabidopsis which effected
growth on galactose containing medium (D6rmann and Benning 1996) was observed but no
structural difference in pectins was described.

Due to the recent consumer reservation concerning genetically modified plants an alternative
approach where endogenous genes are downregulated or disrupted becomes more important. Here
downregulation by means of conventional breeding and mutagenesis can be achieved if the
molecular loci of traits would be elucidated. Nevertheless the most important biosynthesis

pathways for the important biopolymers such as pectins are not yet understood.
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1.7 Aims of the thesis

Following up on the gap in understanding the biosynthesis and function of the various
polysaccharides, the reason why polysaccharide sidechains have to be so complex for plant growth
and development and interactions with the environment has so far eluded us. One way to gain more
insight into the function of cell wall polysaccharides is to generate plants or identify mutants,
which contain defined structural alterations. Once these plants are identified their impact on the
plant life cycle can be assessed.

The aim of the thesis was to alter wall structure by genetic manipulation of pectin biosynthesis.
However, very few genes involved in pectin biosynthesis are known (chapters 1.4.3 and 1.4.4), and
therefore the following project plan was developed.

First Arabidopsis genes involved in wall biosynthesis were to be identified using an bioinformatics
approach. Here particular focus was to be placed on the nucleotide sugars responsible for the
synthesis of the pectin backbone (figure 2).

Then the enzymatic activity of these genes and their expression level in planta was to be
determined. The expression levels in planta were then to be altered using insertional mutants and/or
RNAI approaches. In these plants the wall structure and the resulting growth and morphological
phenotypes were to be characterized. Eventually the gained knowledge was to be extended to crop
plants. Novel tools to evaluate these pathways were to be developed to facilitate evaluation of large
expression datasets to build hypothesis about cell wall biosynthetic pathway networks.

In addition to the above mentioned goal experiments outlined here will also aid in gaining

significant insights in functional genomics of the plant nucleotide sugar pathway.
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2 Materials and Methods

2.1 Materials

2.1.1 Chemicals

All standard chemicals were purchased from either Sigma (Taufkirchen, Germany) or Merck
(Darmstadt, Germany) in standard purity unless noted otherwise in the text. Standard molecular

biology kits and columns were obtained from Machery and Nagel (Diiren, Germany).

2.1.2 Plasmids
Plasmid Source
pBluescript KS I+ Novagen, Schwalbach, Germany
pBluescript SK I+ Novagen
pBinAR MPI Golm, Hofgen and Willmitzer (1990)
pIVEX Roche Diagnostics, Mannheim, Germany
pCR II -Topo Invitrogen, Karlsruhe, Germany
pFastBac HTa Invitrogen
pHANNIBAL Waterhouse, P. (CSIRO, Canberra, Australia)
pART27 Waterhouse, P.

2.1.3 Primers

RT-PCR

GAE]

5’-CAAGCTTGGCTTTAGTATTGTAACCG-3’, 5’>-CATGCCAATATTAGCTCAGCCCG-3,
GAE2

5’-TCAAGCAGCAGCAGCAACTT TC-3’, 5’- AAGCACGGATTTGCAGACTG-3’;

GAE3

5’-GACCCGTCTGAAGATCGGTGGTG-3’, 5’-TCACCATTCTTGAGAGACTTC-3’;

GAE4
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5’>-TAGCGGCGGCTTTTTTGTCGC-3’, 5’-ATGCTAATATTAGTTTAGCTCAACG-3’;
GAES

5’-TCACCAAGAACTCTTCTTCTTCG-3’, 5’>- ATGCCAATATCACGTTAGCGCAAGC-3’
GAE6

5’-GGAATCTTCGGCGTGAGAAG-3’, 5’-GCATGCTAATGTGAGTTTAGCG-3".

RTR

5’-GTTTCAAGCAACACGGTCC-3’, 5’-GGTACATACATTGTCAAATTCTCTCAAG-3’

TDNA Screens

GABI-LB 5-GGGAATGGCGAAATCAAGGCATCG-3'
GABIg8409 5'-ATATTGACCATCATACTCATTGC-3'
GABI2588 5'-CGCCAGGGTTTTCCCAGTCACGACG-3'
RHM2HA 5'-CAGATTTCAAGGATGGATGATAC-3'
RHM2HB 5'-AGAGTAAGGATTCGTCGGTAACAG-3'

2.2 Organisms and cultivation conditions

2.2.1 Escherichia coli

DH10BAC (Invitrogen) F “ mcrA A (mrr-hsdRMS-mcrBC) @ 80dlacZ A M15 lacX74 deoR recAl
endA1 araD139 (ara, leu)7697 galU galK A ~ rpsL nupG /bMon14272 /pMON7124

XL1-Blue (Stratagene, Amsterdam, Netherlands) recAl endA1 gyrA96 thi-1 hsdR17 supE44 relAl
lac[F' proAB lacl Z d M15 Tn10(Tet " )]

BL21(DE3)pLysE (Novagen, Bad Soden, Germany) F - ompT hsdS(rs “ ms™ gal dem (DE3) pLysE
(Cam*®)

DHS5a (Invitrogen) DeoR endA1 gyrA96 hsdR17(r « m « ) recAl relAl supE44 thi-1 A (lacZY A-
argFV169) @80 dlacZAMISF A~
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Cultivation was usually performed in LB or YEB as described by Sambrook et al. (1989)

2.2.2 Agrobacterium tumefaciens

pGYV 3101 pmp90 (Koncz and Schell 1986)

2.2.3 Plant growth

Arabidopsis thaliana

All Arabidopsis plants were of the Columbia-0 ecotype and were grown in environmental chambers

under standard conditions (120 mmol m™ s ~! light, 60% humidity, 20°C) under a 8/16h dark-light

regime or in the greenhouse on soil.

2.2.4 Insect cells

Spodoptera frugiperda insect cells (Sf21) (Invitrogen) were cultivated adherently 27°C in
"Ultimate Insect" medium (Invitrogen). Every three to four days the insect cells were loosened

mechanically and subcultured.

2.2.5 In vitro pollen germination

For pollen germination the basic medium described by Fan and coworkers (2001) was used. In
short pollen were smeared onto solid plates containing 5 mM MES, 1 mM KCIl, 10 mM CaCl,,
18 mM MgSO,, 1.5 mM boric acid, 16.6 % (w/v) sucrose, 3.65 % (w/v) sorbitol, 1.5 % (w/v)
agarose and 10 pg/mL myo-inositol. The pH was adjusted to 5.8 with Tris-Base. Pollen

germination was performed in a humidified chamber at 25°C under constant light (120 mmol m? s’

h.
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2.3 Molecular biology techniques

2.3.1 Standard molecular biology techniques

Standard molecular biology techniques such as cloning, digests with restriction endonucleases,
separation of DNA fragments by gel-electrophoresis, the assembly of capillary blot transfers and

preparation of common solutions were performed as described in Sambrook ef al. (1989).

2.3.2 Polymerase Chain Reaction (PCR)

Selective amplification of DNA fragments was preformed using the polymerase chain reaction
facilitating a MJ Research PTC 200 thermocycler (Biozym, Oldendorf, Germany). For diagnostic
purposes, Taqg DNA polymerase (Invitrogen) and for cloning purposes Pfu DNA polymerase was
used (Stratagene).

2.3.3 Transformation of bacteria

Chemical transformation of Escherichia coli was performed as described by Hanahan et al. (1983).
Agrobacterium tumefaciens was transformed using electroporation facilitating a Gene pulser II

(Biorad, Munich, Germany) according to the supplier's instructions.

2.3.4 DNA isolation

DNA was isolated from plants by a modification of the protocol, given by Murray and Thomson
(1980). In brief, DNA was extracted by grinding approximately 300 mg of leaf material ina 1.5 mL
Eppendorf reaction tube. Afterwards the material was incubated in 300 pL extraction buffer (2%
(w/v) cetyl-trimethyl-ammonium bromide, 1.4 M NaCl, 20 mM EDTA, 100 mM Tris-CI pH 8.0) at
65°C for 30 min. The insoluble material was precipitated and the supernatant extracted with 300
puL chloroform. The aqueous phase was then mixed with 300 uL iso-propanol and DNA was
precipitated by spinning in a micro centrifuge at 20,000 x g. The DNA was washed once with 70%
EtOH and after air-drying re-suspended in 50 pL double-distilled water containing 0.1 ug of
RNAseA.
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2.3.5 RNA isolation

RNA was isolated form plants using the method described by Chang and colleagues (1993). In
short up to 2 g of plant material was snap-frozen in liquid nitrogen and the material was ground to
a fine powder. The powder was added to 15 mL of RNA extraction buffer (an aqueous solution
containing 2 % (w/v) CTAB 2% (w/v) PVP, 100 mM Tris-HCI pH 8.0, 25 mM EDTA, 2.0 M NaCl
and 0.05 % (w/v) spermidin). After incubation for 5 minutes at 65°C, the mixture was extracted
twice with one volume of chloroform. The aqueous phase was supplemented with a %4 volume of 10
M LiCl. After an overnight incubation at 4°C the RNA was precipitated by centrifugation at 10,000
x g for 30 minutes. The pellet was dissolved in 500 pL SSTE buffer (an aqueous solution of 1.0 M
NacCl, 0.5% (w/v) SDS, 10 mM Tris-HCI pH 8.0 and 1 mM EDTA) and extracted with chloroform
once. Afterwards the RNA was precipitated with two volumes of absolute ethanol for 2 h a -20°C.

The precipitate was then dissolved in up to 50 pL diethylpyrocarbonate treated water.

2.3.6 Southern blotting

DNA was isolated form plants according to 2.3.4. Approximately 2-5 ug of whole plant genomic
DNA was digested with an appropriate restriction-endonuclease in a 50 puL reaction with 30 U of
enzyme for 4 h. After complete digestion the DNA was separated according to size by agarose gel
electrophoresis. Afterwards the agarose gel was incubated in a 1 % HCI solution for 20 minutes at
room temperature. Then the gel was briefly washed with distilled water and then denatured for 30
minutes in denaturing solution (0.5 M NaOH, 1.5 M NacCl). After denaturation the gel was blotted
onto a nylon membrane by capillary transfer (Porablot, Machery-Nagel, Diiren, Germany), using
10x SSPE buffer (1.5 M NaCl, 100 mM NaH,PO,, 2 mM EDTA, pH 7.4). After transfer the
membrane was briefly washed with 2X SSPE to remove salt residues. The DNA was than fixed to

the membrane using an UV-crosslinker (Stratagene).

2.3.7 Northern blotting

Arabidopsis RNA was isolated from different tissues according to 2.3.5. Total RNA was separated
under denaturing conditions as described by Lehrach and co-workers (1987). Afterwards the RNA
was blotted to nylon membranes by capillary transfer using 10X SSC (1.5 M NaCl 0.15 M sodium
citrate pH 7.0). After complete transfer the membrane was crosslinked using an UV-crosslinker

(Stratagene).
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2.3.8 Radioactive probe synthesis

Radioactive labeled probes were synthesized using Promega's (Mannheim, Germany) generalized
Prime-a-Gene labeling system following the manufacturer's recommendation. The probe was
purified using Amersham (Freiburg, Germany) Micro G-50 Spin-Columns, following the

manufacturer's specifications.

2.3.9 Hybridization of radioactive probes

Nylon membranes were pre-hybridized for 1 h in prehybridization solution (5x SSPE, 0.1% (w/v)
Ficoll 400, PVP K30, BSA and SDS each and 100 mg/uL salmon sperm DNA) at 65°C. Afterwards
the radioactive probe was heat-denatured and added to the pre-hybridization solution and incubated
overnight. The next day the membrane was washed twice for 5 min with wash solution I (2X SSC,
0.1% SDS) at ambient temperature and twice for 15 min at 65°C with wash solution II (0.1X SSC,
0.1% SDS). Afterwards the membrane was subjected to autoradiography (Kodak X-Omat AR
films, Kodak, Rochester, NY) in an Amersham cassette equipped with intensifying screens at -68°
C.

2.3.10 cDNA synthesis

Extracted RNA (2-4 ng) was treated with one unit of RNAse free DNAse (Roche Diagnostics) in
digestion buffer (10 mM Tris-HCI, 25 mM MgCl,, 5 mM CaCl, pH 7.5). After heat-denaturation of
the DNAse for 10 minutes at 75 °C first strand cDNA was synthesized with QBiogene's
(Heidelberg, Germany) MMLV reverse transcriptase system according to the manufacturer's

recommendation using 50 pmoles of dTs primer.

2.3.11 Semiquantitative RT-PCR

The cDNA content of all RT reactions (2.3.10) was normalized by amplifying the APT1 transcript,
a constitutively expressed control (Moffatt ef al. 1994) using previously described primers (Orsel et

al. 2002). An aliquot (0.5 pL) of this normalized cDNA was used for semiquantitative PCR.
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2.3.12 Real time RT-PCR

Real time RT-PCR was performed using 9 pL of a 1/30 (v/v) dilution of the first strand cDNA
(2.3.10) reaction and Syber Green master mix (Applied Biosystems, Darmstadt, Germany) in a
reaction volume of 20 pL on a GeneAmp 5700 Sequence detection system (PE Applied
Biosystems, Darmstadt, Germany). To accurately quantify relative expression levels constitutive
control genes were chosen with the help of geNorm application (Vandesompele et al. 2002) from

the pool of constitutive genes described by Czechowski and co-workers (2004).

2.3.13 Transformation of plants

Arabidopsis thaliana cv. Columbia-0 were transformed using Agrobacterium tumefaciens based
dipping infiltration as outlined by Clough and Bent (1998). Seeds from plants were harvested and

subjected to antibiotic selection on plates.

2.3.14 Molecular analysis of Arabidopsis T-DNA tagged mutant lines.

T-DNA tagged lines were either obtained form the GABI-KAT collection (Rosso et al. 2003)
(Cologne, Germany) or from the SALK collection (Alonso et al. 2003) via the NSBRC.
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LBR

Figure 6 Identification of T-DNA tagged lines

A) schematic representation of a PCR on wild type plants
B) schematic representation of a PCR on plants containing a T-DNA insertion

GF gene specific forward primer, GR gene specific reverse primer; LBR left T-DNA border specific
primer and RBF right border T-DNA specific primer.

LB and RB denote the left- and right border-sequences of the inserted T-DNA. The insertion is in
blue, the gene in red for clarity reasons the insertion is not drawn to scale.

Homozygous insertional mutant lines were identified by PCR facilitating a gene specific primer
(figure 6 GF) and a T-DNA specific primer (assuming the orientation in figure 6 LBR) and two
gene specific primers spanning the putative insertion site in a separate reaction (figure 6 GF and
GR). Lines showing a product in the former reaction but not in the latter reaction were tentatively
termed homozygous insertion plants. For a further characterization these were analyzed by cloning
(TOPO TA, Invitrogen) and sequencing (DLMBC, Berlin, Germany) the reaction product of the
PCR with the gene and the T-DNA specific primers. Finally a PCR facilitating a RB specific
primer (figure 6 RBF) and a gene specific primer (figure 6 GR) was carried out and the resulting

product was cloned and sequenced as described above.

2.3.15 Generation of pPRRHM

An approximately 700 bp long genomic fragment of RHM?2 encompassing the translation start code
was PCR amplified using the primers RHM2HANA
5'-TTAATCTCGAGGGAGCTGCTGGATTTATTG-3' and RHM2HANB
5'-TTAATGGTACCGCCACATCGATCACTCTCC-3' and cloned into the TOPO TA vector
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(Invitrogen). Thus a Xhol and an Asp718 restriction site were introduced. The same fragment was
also cloned into TOPO TA with the primers RHM2HAN2A
5'-TTAATGGATCCGGAGCTGCTGGATTTATTG-3' and RHM2HAN2B
5'-TTAATATCGATGCCACATCGATCACTCTCC-3' introducing a BamHI and a Cla restriction
site respectively. Both fragments were then subcloned into the pHANNIBAL vector (Dr. Perter
Waterhouse, CSIRO, Canberra, Australia) cut with either BamHI and Cla or Xhol and Asp718. The
resulting vector was digested with Norl and the resulting fragment containing the silencing
construct was ligated into pART27 (Dr. Peter Waterhouse, CSIRO, Canberra, Australia) cut with

the same enzyme.

2.3.16 Generation of pVXGAEG6

For in vitro expression the whole open reading frame of GAE6 was amplified from genomic DNA
with PCR wusing the primers 5'-TATATTGTCGACACGGTCTCTTCTCCGTCCTAG-3' and
5-TATTACCCGGGTTAAGCGGAATCTTCGGCG-3' introducing a Sal/l and Smal site
respectively. The resulting product was cloned into the TOPO vector. It was mobilized from the
TOPO vector using Sall and Smal and the resulting product was cloned into the the pIVEX2.4b

vector (Roche) cut with the same enzymes.

2.3.17 Generation of pIXGAEG6

For expression in insect cells the whole open reading frame of GAE6 was amplified with PCR from
pVXGAE6 wusing the primers 5-GTGCCCCTGTCGGCGACGGCGGATACAA-3" and
5'-TTAAGCGGAATCTTCGGCGTGAGAAGTTT-3' cloned into the TOPO vector. It was
mobilized from the TOPO vector using EcoRI and the resulting product was cloned into the EcoRI
site of the pFastBacHTa vector.

2.3.18 Generation of pAXGAEG6

The full length open reading frame of GAE6 was amplified with PCR facilitating the primers
NSE35SA 5-TATATGGTACCATGCCCCTGTCGGCGACGG-3' and NSE35SB
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5S'-TATATTICTAGATTAAGCGGAATCTTCGGCG-3' introducing an Asp718 or Xbal restriction
site respectively. The resulting product was cloned into TOPO TA to yield the vector pTGAEG6. The
vector was then cut using Asp718 and Xbal and the GAE6 ORF introduced into the pBinAR Vector

cut with the same enzymes.

2.3.19 Generation of pRGAE

PTGAEG6 was cut BamHI and Cla and the resulting approximately 700 bp fragment subcloned into
pHANNIBAL digested with the same enzymes yielding pHG1. Approximately the same fragment
was  amplified from pTGAE6 by PCR  with the primers NSEIHANA
5'-TATTAATCTCGAGAAAACGTGCGCATGGAG-3' and NSE1HANB
5-ATTAATGGTACCAGCCGTGTCTAACGCACC-3'" introducing a Xhol and Kpnl restriction site
respectively. The product was cut with these enzymes and cloned into pHG1 cut with the same
enzymes. The resulting vector was then digested with Notl and the resulting fragment cloned into

pART27 to yield pPRGAE.

2.4 Biochemical Methods

2.4.1 Protein Expression in insect cells

2.4.1.1 Initial infection

Recombinant bacmid-DNA was generated by transforming pIXGAEG6 into DH10BAC E. coli cells.
Afterwards DNA was harvested according to standard procedures (Sambrook ef al. 1989) and
dissolved in 25 pL double distilled water.

Before reaching confluence insect cells were incubated for Sh with 1 mL infection mixture (0.5 %
(v/v) bacmid DNA 0.6 % cellfectin reagent in culture medium) per 25 cm? culture surface and
afterwards incubated for two days at 27 °C.

The supernatant containing the virus was obtained by spinning the insect cell medium for 5

minutes at 1000 x g.
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2.4.1.2 Reinfection

Insect cells were covered with 1 mL virus containing growth medium per 25 cm? culture surface
and incubated for 1 h on a shaker at room temperature. Afterwards 4 mL of Ultimate Insect
medium (Invitrogen) per 25 cm? of culture surface was added. After two to three days of incubation
at 27°C the cells were harvested for further analysis by centrifugation at 1000 x g for 5 minutes.
The supernatant containing the virus was kept for further infections at 4°C. If necessary, the cell
pellet was stored at -80°C.

Crude lysate was generated by washing the cells once in 10 mM phosphate buffer (pH 8.0)

followed by sonification.

2.4.2 Protein expression in Pichia pastoris

For protein expression in Pichia pastoris a clone harboring the desired construct was grown in
25 mL of buffered complex glycerol media supplemented with 100 pg/mL zeocin in a 200 mL flask
at 28°C in a shaking incubator (260 rpm) for 24 hours until ODgp~2. Cells were harvested by
centrifugation (10 min at 20,000 x g) and resuspended in 50 mL of buffered complex methanol
media at ODeoo~1. The cultures were incubated another 48 hours and methanol was added to a final
concentration of 0.5 % (v/v) after 24 hours. After centrifugation for 10 min at 20,000 x g, cell
pellets from 3 mL were stored at -80°C. Crude cell-free protein extracts were prepared by washing
cells once in breaking buffer (50 mM Tris-HCI pH 7.9, 1 mM EDTA, 2 mM DTT, 5% (v/v)
glycerol) followed by sequential vortexing for 30 seconds and placing on ice for a total of eight
cycles in 200 pL breaking buffer. To the breaking buffer an equal volume of acid-washed 425-600
microns glass beads (Sigma), 4% (w/v) CHAPS (Sigma) and 1xComplete protease inhibitor
cocktail (Roche Diagnostics) was added. After centrifugation for 10 min at 20,000 x g, the cleared

supernatants were transferred to fresh tubes and assayed.

2.4.3 GAEG activity essay

Protein activity of recombinantly expressed GAE6 was assessed by incubating 20 pg lysate in
either Tris (10 mM, pH 7.9) or phosphate buffer (10 mM pH 8.0) with 50 pg of UDP-D-glucuronic

acid in a total reaction volume of 50 uL overnight at RT.
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2.4.4 SDS polyacrylamid gel electrophoresis

Proteins were separated by SDS polyacrylamide gel electrophoresis as previously described by
Laemmli (1970). Before separation proteins were denatured for by boiling in sample-buffer
(100 mM Tris-HCI, pH 6.8, 2 % (w/v) SDS, 10 % (v/v) glycerin, ] mM EDTA, 2.5% (v/v) -
mercaptoethanol and 0.005% (w/v) bromophenolblue). For visualization the protein gel was stained

using a silver staining kit (Biorad).

2.4.5 Western blot analysis

SDS polyacrylamid gels were blotted onto porablot membranes (Machery-Nagel, Diiren, Germany)
by means of wet Western Blotting facilitating a Biorad Western Transfer apparatus according to the
manufacturer's suggestion. Detection of proteins was performed using a Qiagen anti-HIS antibody
coupled to horseradish peroxidase (Hilden, Germany) together with a “Super Signal West Pico

Chemiluminescence Substrate” (Pierce, Rockford, IL) according to the manufacturers' suggestions.

2.5 Analytical and preparational techniques

2.5.1 Isolation of cell wall material

"Cell Wall Material" was isolated as follows. Fresh plant material was harvested and snap-frozen in
liquid nitrogen. The frozen material was ground in methanol using either a retch-mill (Retsch,
Haan, Germany) for small amounts (~2 mg scale), or an Ultra-Turrax T25 (IKA-Labortechnik,
Staufen, Germany) for larger amounts. Afterwards the material was extracted with a 1:1 (v/v)
methanol, chloroform mixture until no more green pigments could be extracted form the plant
material. Finally the material was washed once with acetone and left to dry overnight or

alternatively subjected to vacuum for 30 min.

2.5.2 Isolation of mucilage material from Arabidopsis thaliana seeds

Mucilage was extracted from seeds (~5 mg) by suspending the seeds in 1 mL of 0.2% (w/v)
ammonium oxalate and shaking for 2 h at 30°C. The monosaccharide composition of the dissolved

material was determined (2.5.5).
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2.5.3 Isolation of pectic fragments from cell wall material

Pectic fractions were isolated from cell wall material by incubating approximately 2 mg of cell wall
with 8.5 U Units of endopolygalacturonase (Sigma) and 4.5 U pectin methylesterase (Novozyme)

in a total reaction volume of 1 mL 0.1M ammonium formate (pH 4.7) at 37°C overnight.

2.5.4 Gel permeation chromatography of polysaccharidic samples

Gel Permeation Chromatography of polysaccharides was performed on Biorad Biologic Duo-Flow
FPLC system with a Superose 12 columns. Polysaccharides were eluted isocratically using 1 M

ammonium formate (pH 4.7) at a flowrate of 1 mL/min with coupled refractive index detection.

2.5.5 Monosaccharide composition

2.5.5.1 GC-MS analysis of alditol acetate derivatives

Cell wall material or polysaccharide fractions were hydrolyzed using acids to obtain
monosaccharide mixtures. The monosaccharide mixture was derivatised to their corresponding
alditol acetates and subsequently separated and quantified using a GC-quadropole MS (GC-MS)
analysis was performed as earlier described (Albersheim ef al. 1967)

Trifluoroacetic acid hydrolysis

Trifluoroacetic acid (2M, 250 uL) were added to approximately 2 mg of a cell wall sample 250 pL
of 2 M trifluoroacetic acid was added placed in a borosilicate glass tube. After closure of the tube
with a teflon coated lid the mixture was incubated for 1 h at 121°C in a heating block (Labtech-
International, Burkhardtsdorf, Germany). Afterwards the TFA was evaporated under a stream of
dried air and the residue was washed twice with 300 uL of isopropanol and dried again.

Reduction

The resulting monosaccharides were treated with 250 uL 1 M ammoniumhydroxyde containing 10
mg/ml sodiumborohydride for one hour at room temperature. Superfluous reductant was removed
by adding a few drops of glacial acetic acid and evaporation. The residue was washed three times
with a acetic acid:methanol (1:9, v:v) mixture followed by methanol washing and evaporation.
Acetylation

Acetic anhydride and pyridine (50 pL each) were added to the sample and incubated for 20 minutes

at 121°C. Unreacted reagents and solvents were removed by evaporation and the dried residue was
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washed twice with toluene. The resulting alditol acetates were purified by addition of 500 pL water
and 500 pL methylenechloride. The mixture was vortexed and after phase separation the organic
phase was recovered and placed into an Eppendorf reaction vial. The solvent was evaporated and
the dried product was dissolved in 100 to 400 uL of acetone.

Detection

Detection of the alditol acetates was performed facilitating an Agilent 6890N Network GC system
(Waldbronn, Germany) using a Supelco 24110-U column. The temperature program was a follows.
After an initial temperature of 160°C for two minutes the temperature was raised to 200°C over two
minutes and kept for five minutes. Then the temperature was raised to 245°C in two and % minutes

and kept for twelve minutes.

2.5.6 Determination of crystalline cellulose content

Determination of cellulose in cell wall material or in TFA insoluble pellets was determined using a
modified method according to Updegraft (1969). In brief, 2-5 mg of wall material was incubated
for thirty minutes at 100°C in an aqueous solution containing 73 % (v/v) acetic acid and 9 % (v/v)
HNOs;. After incubation the supernatant containing hydrolyzed material was discarded and the
resulting pellet consisting of crystalline cellulose was washed with water and five times with
acetone. Then the pellet was treated with 72 % (v/v) sulfuric acid at RT for 30 min. After

hydrolysis the released glucose was quantified using the anthrone assay (Dische 1964).

2.5.7 Uronic acid content

Uronic acids were quantified using a modified protocol of Blumenkranz and Asboe-Hansen (1973).
In short, the material was suspended in 100 pL of water and 600 pL concentrated sulfuric acid
containing 0.125 M of Na,B4O; was added. The mixture was boiled for 5 minutes and cooled
down. Then 20 pL of biphenyl solution (0.15% m-hydroxy-biphenyl in 0.5% NaOH) was added.
The absorption was recorded at a wavelength of 520 nm using a Spectra Max Plus ELISA reader
(Molecular Devices, Munich, Germany) and compared to a standard curve generated of different

concentrations of galacturonic acid.
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2.5.8 Hexose content

The amount of total sugars present in samples was determined using the anthrone assay (ref!). In
short, to one volume of sample two volumes of anthrone reagent (0.2% (w/v) of anthrone dissolved
in concentrated sulfuric acid) were added and the mixture was boiled for 5 minutes after thorough
vortexing. A portion of the sample (200 puL) was transferred to a 96-well microtiter plate and the
absorption at 620 nm was determined. The amount of hexoses was determined by comparison to a

glucose standard curve.

2.5.9 Matrix Assisted Laser Desorption lonization - Time of Flight (MALDI-TOF) mass
spectrometry

The molecular mass of nucleotide sugars was determined using a Voyager DE-Pro MALDI TOF

instrument (Applied Biosystems, Langen, Germany). Analytes were mixed 1:1 (v/v) with a 10

mg/mL solution of 2,5-dihydroxybenzoic acid. Spectra were recorded in negative reflectron mode

at 15 kV with an extraction delay time of 80 ns.

2.5.10 High performance anion exchange chromatography with pulsed amperometric or UV
detection (HPAEC-PAD)

High performance Anion Exchange chromatography for detection of nucleotide sugars with pulsed
aperometric or UV detection was performed as earlier described by Libjelke et al. (1995)
facilitating a Dionex DX500 system (Idstein, Germany) equipped with a Dionex PA100 column.
Additional standards such as UDP-D-xylose were obtained from the cell wall network
(http://xyloglucan.prl.msu.edu/index.html, Michigan, MI, USA) and UDP-D-galacturonic acid from
Hazel Crombie (University of Stirling, Stirling, UK).

2.6 Microscopy and Histochemistry

2.6.1 Seed ultrastructure analysis

Whole seed ultrastructure was investigated into by Scanning Electron Microscopy. The scanning

electron microscopy was performed by the Fraunhofer Institute for Applied Polymer Research

35



2 Materials and Methods

(Golm, Germany) using an JSM 6330 F (Jeol, Japan) microscope at an acceleration voltage of 5

kV. Thin layers of about 4 nm platinum were deposited by sputtering onto the surfaces of the seed.

2.6.2 Sectioning and bright field microscopy of seeds

Mature seeds were fixed overnight in an aqueous solution of FAA (5% formalin, 5% acetic acid,
67% ethanol) at 4°C. The sample was dehydrated and infiltrated with LR-White (London Resin Co,
Berkshire, UK) according to the manufacturer's suggestions. For microscopy 1 um sections were
cut with a glass knife on a Reichert-Jung Ultracut E microtom (Leica, Bensheim, Germany) and
mounted on charged glass slides. The sections were stained with 1% (w/v) toluidine blue O in
100 mM sodium phosphate (pH 7.2) for one minute and washed several times with distilled water.
Pictures were visualized with a BX41 microscope (Olympus, Hamburg, Germany) connected to a

digital SPOT 2.2.1 camera (Visitron Systems, Puchheim, Germany).

2.6.3 Seed staining

Seeds were stained with ruthenium read by placing seeds in a solution of 0.01 % (w/v) ruthenium
red and shaking for 10 min. For dextran blue staining seeds were first imbibed in water and then
covered with 1 % (w/v) aqueous solution of blue dextran (average MW 2,000 kDa) for 5 min.
Seeds were visualized using a MZ FZ III binocular (Leica) fitted with a SPOT 2.2.1 camera
(Visitron Systems)

2.7 Bioinformatics

2.7.1 Identification of candidate genes

Proteins potentially involved in in the nucleotide sugar pathway were identified as follows: The
Pfam HMMs (release 6.6) (Bateman et al. 2002) and the hmmer software package release 2.2g
(Eddy 1998) were downloaded and installed locally on a system running SUSE linux 7.2 (Suse,
Niirnberg, Germany). The Pfam HMMs were indexed with hmmindex and interesting hmms were
retrieved using hmmfetch as suggested by the author of the hmmer software package. These HMMs
were searched against a flat file containing all predicted Arabidopsis thaliana proteins in the fasta

format, which was obtained from TIGR.
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2.7.2 Characterization of genes

Bioinformatic characterization was performed using commonly freely available softwares. Detailed

descriptions of programs used are presented in the Results section.

2.7.3 Software development

Software to analyze MALDI-TOF spectra and biological sequence data was developed using freely
available software. As development platform Eclipse (IBM, Stuttgart, Germany) was chosen. Most
programs were written in the PERL scripting language (version 5.6.1 and 5.8.0) where applicable
with the help of the BioPerl toolkit (Stajich et al. 2002). When the C programming language was
necessary modules were compiled using the GNU C Compiler collection. For statistical pre-
analysis and validation of models the R statistics package was used. An interactive web-version of
AMAS was assembled by making the original PERL program web aware and running it as an CGI

script.
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3 Results

3.1 Identification of proteins possibly involved in the nucleotide sugar
conversion pathway

For the elucidation of candidate enzymes involved in the nucleotide sugar conversion pathway in
Arabidopsis thaliana a reverse genetics approach was chosen. Since only very few genes encoding
for these enzymes have been identified in plants so far (Reiter and Vanzin 2001) initially proteins
and their corresponding genes potentially involved in the synthesis and interconversion of
nucleotide sugars (figure 5, introduction) had to be identified. Most of these enzymes had already
been characterized to some detail in bacteria or other organisms (Tonetti ef al. 1998, Samuel and
Reeves 2003). In addition, earlier studies demonstrated which kind of reactions should occur in
planta (reviewed by Feingold and Avigad 1980). Therefore, a search for candidate genes was
conducted focusing on reactions that often occur in the plant nucleotide sugar interconversion
pathways. The keywords “epimerase”, “dehydratase” and “dehydrogenase” were used for a
keyword search in the Pfam and TIGR profile hidden Markov model (HMM) databases (Bateman
et al. 2002) and the template HMMs “PF01370”, “TIGR epimerase”, and the NDP-sugar
dehydrogenase HMMS (“PF00984”, “PF03720” and “PF03721”) were identified. These templates
were then compared to the sequences from all predicted proteins of Arabidopsis thaliana using the
HMMR software package (Eddy 1998). The candidate protein list was then semi-automatically
abridged by blasting each obtained candidate against characterized proteins from various
organisms and by identifying other conserved domains using Pfam (Bateman et al. 2002), CDD
(Marchler-Bauer et al. 2003), Interpro (Mulder et al. 2003), and SMART (Letunic et al. 2004)
facilitating the PERL programming language to do bulk annotation. Proteins were removed which
probably do not play a role in nucleotide sugar biosynthesis if the nucleotide sugar converting
domains were much less likely to be present than other not cell wall related domains. The resulting

list presenting the remaining identified candidate genes is shown in table 1.
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Table 1 Arabidopsis proteins containing dehydratase/epimerase profiles.

Corresponding AGI accession codes of identified proteins, *:description according to the TIGR 3.0 annotation, *: name
according to Reiter and Vanzin (2001) and later publications mentioned in the introduction # indicates where the
annotation “nucleotide sugar epimerase” was an alternative to the given annotation based on automatic annotation
results in the MIPS database (http://mips.gsf.de)

AGI Number Description” Common name®
Atl1g02000 nucleotide sugar epimerase family GAE2
Atl1g08200 unknown protein
At1g09340 RNA-binding protein -related #

Atlgl2780 UDP-glucose 4-epimerase UGE1
Atlgl17890 GDP-L-fucose synthetase -related GER2
At1g19690 expressed protein
At1g30620 NAD-dependent epimerase/dehydratase family MUR4
At1g47290 3-beta hydroxysteroid dehydrogenase/isomerase family
At1g53500 NAD-dependent epimerase/dehydratase family RHM?2
At1g63000 expressed protein UERI
Atlg63180 UDP-glucose 4-epimerase, putative UGE3
Atl1g64440 UDP-glucose 4-epimerase, putative UGE4
Atlg73250 GDP-4-keto-6-deoxy-D-mannose-3,5-epimerase-4-reductase GER 1
Atl1g78570 dTDP-glucose 4,6-dehydratase RHM1
At2g27860 dTDP-glucose 4-6-dehydratase -related AXS1
At2g28760 NAD-dependent epimerase/dehydratase family SUD3
At2g34850 NAD-dependent epimerase/dehydratase family MURA4 like
At2g45310 nucleotide sugar epimerase family GAE4
At2g47650 NAD-dependent epimerase/dehydratase family AUD2/UXS4
At3g14790 NAD-dependent epimerase/dehydratase family RHM3
At3g23820 NAD-dependent epimerase/dehydratase family GAE®6
At3g46440 NAD-dependent epimerase/dehydratase family SUD1/UXS5
At3g51160 GDP-D-mannose-4,6-dehydratase MURI
At3g53520 NAD-dependent epimerase/dehydratase family AUD3/UXSI
At3g62830 dTDP-glucose 4-6-dehydratase homolog D18 AUD1/UXS2
At4g00110 nucleotide sugar epimerase family GAE3
At4g00560 dTDP-6-deoxy-L-mannose-dehydrogenase -related
At4g10960 UDP-glucose 4-epimerase putative UGES5S
At4g12250 nucleotide sugar epimerase family GAES5S
At4g20460 NAD-dependent epimerase/dehydratase family MUR4 like
At4g23920 UDP-glucose 4-epimerase, putative UGE2
At4g30440 nucleotide sugar epimerase family GAEl
At5g15910 dehydrogenase-related
At5g28840 NAD-dependent epimerase/dehydratase family GDP-Man,3,5
epimerase
At5g44480 NAD-dependent epimerase/dehydratase family MURA4 like
At5g59290 NAD-dependent epimerase/dehydratase family SUD2/UXS3
At5g66280 GDP-D-mannose 4,6-dehydratase, putative GMDI1
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Candidate proteins presented in table 1 were identified using the Pfam domain 1370, which is
annotated as being found in epimerases and dehydratases using NAD" or NADP" as a cofactor. A
similar set of proteins was identified using the TIGR profile commonly found in UDP-D-glucose
epimerases. A non overlapping set of proteins were identified using the profiles commonly found in
UDP-D-glucose-dehydrogenases (table 2). However, this list was mainly confined to the
Arabidopsis UGD proteins (Seitz et al. 2000).

Table 2 Arabidopsis proteins carrying the UGD profile

Corresponding AGI accession codes of identified proteins, *:description according to the TIGR 3.0 annotation, *: name
according to Reiter and Vanzin (2001) and later publications mentioned in the introduction

AGI Number Description’ Common Name®
At1g26570 UDP-glucose dehydrogenase related protein UGD4
At2g45630 Oxidoreductase family
At3g01010 UDP-glucose dehydrogenase related protein
At3229360 UDP-glucose dehydrogenase related protein uUGD2
At5g07800 flavin-containing monooxygenase (FMO) family
At5g15490 UDP-glucose dehydrogenase related protein UGD3
At5g39320 UDP-glucose dehydrogenase related protein UGDI1

At the time of identification only UGE (Dérman and Benning 1998), UGD (Seitz et al. 2000),
MURI1 (Bonin et al. 1997) and GER1 (Bonin and Reiter 2000) had been described. The other
proteins now designated by a name in table 1 and table 2 were subsequently discovered and most of
them with the exception of the MUR4 genes were also found in a study using a conventional
BLAST based search (Reiter and Vanzin 2001). Based on their putative function assigned
descriptive names were assigned although their function was not demonstrated. The published
name of the proteins was adopted here for the remainder of the thesis. Moreover, a five membered
family comprising of the previously identified UDP-D-glucose epimerase (UGE1, Dérmann and
Benning 1996) was identified (UGE1-5, Seifert et al. 2002) and four other previously not described
proteins (corresponding AGI codes Atlg30620, At2g34850, At4g20460, At5g44480), which
showed high sequence similarity to the UGEs thus implicating them in epimerization reactions.

Those were later assigned to include MUR4 and its homologs (Burget et al. 2003).
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Among the candidate proteins is a putative UDP-D-glucuronic acid epimerase family

Among the identified proteins is a gene family comprising six members, which was most similar to
proteins implicated in bacterial UDP-D-glucuronic acid 4 epimerization, namely WcaG and Cap1J
(Mufios et al. 1999). Consequently, this gene family was termed GAE (UDP-D-galacturonic acid
epimerase) by Reiter and Vanzin (2001). (This gene family will be discussed in further detail in
chapter 3.3)

Proteins possibly involved in NDP-rhamnose synthesis were identified

Another three membered protein family designated RHM (UDP-L-rhamnose synthesis) was
retrieved. Here, strongest similarity of these proteins was found to bacterial dTDP-glucose
dehydratases, one of the enzymes necessary for the synthesis of UDP-L-rhamnose. In fact these
proteins were already annotated as dTDP-glucose dehydratases at the time of identification.
However, a thorough analysis of these proteins showed that they have a two domain structure.
Whereas the first domain was most similar to the mentioned bacterial dehydratases, a second
domain was most similar to bacterial epimerases. (This gene family will be discussed in detail in

chapter 3.2).

The UGE, GAE and MUR4 families seem to be closely related
A better understanding of the identified proteins and their interrelationship was sought by building

a maximum likelihood family tree of all identified proteins (figure 7).
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AT5G159¢0

01
Figure 7 Family tree of proteins from table 1.

Protein sequences of the genes from table 1 and table 2 were aligned using
ClustalW (Thompson et al. 1994) and a tree was built by maximum likelihood
using the PHYLIP package (Felsenstein 2004).

Clearly visible in this tree is a rather close relation of the UGE, GAE and MUR4 families. Indeed, it
has also been proposed later that all families seem to encode for sole epimerase activities as
discussed by Seifert and colleagues (2002).

Moreover, the family tree indicated that the RHM proteins seem to be related to the
AUD/SUD/UXS family possibly due to their reaction mechanism. Moreover the AUD/SUD family
seems to be related most closely to the AXS1 and AXS2 proteins, both of which catalyze the
synthesis of UDP-D-xylose (Harper ef al. 2002, Mglhoj et al. 2003). A protein encoded by
At4g00560 annotated as a putative dehydrogenase seems to be related to the RHM family

suggesting that the encoded protein exhibits a similar reaction mechanism.
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Interesting candidate proteins were chosen for further analysis

The presence of proteins in the candidate list that have already been shown to be involved in the
nucleotide sugar interconversion pathway and previously described protein-signatures found in the
candidate list pointed toward the validity of the chosen approach.

From the assembled list (table 1) families that could be involved in pectin synthesis were chosen.
The main components of pectin are galacturonic acid (GalA) and rhamnose (see chapter 1.4.4).
Hence protein families potentially involved in the generation of the corresponding precursor
substrates were chosen for further functional characterization: The RHM family, potentially
responsible for the synthesis of NDP-L-rhamnose since this was also identified by Dr. Markus
Pauly (Max Planck Institute of Molecular Plant Physiology, Golm, Germany, personal
communication) when looking for bacterial paralogs, and the GAE family potentially responsible

for the synthesis of UDP-D-GalA as it had been found in a macroarray screen (Gipmans 2001).

The Arabidopsis genome encodes putative myo-inositol oxygenases

The cyclic alcohol inositol has been shown to be a precursor of UDP-D-glucuronic acid and thus
potentially for pectins under some developmental circumstances (Seitz et al. 2000). Moreover, it
had been demonstrated that myo-inositol oxygenase activity, which is one of the enzymes necessary
for the utilization of inositol (see figure 5) exist in plants (Loewus and Dickinson 1982). Due to
their catalytic mechanism and their substrate specificity it was unlikely that corresponding proteins
would be picked up by searching for nucleotide sugar converting enzymes signatures. However,
sequence data available from pigs and an EST-contig from Pinus radiata described as encoding for
a plant protein most similar to the pig myo-inositol oxygenase (Arner et al. 2001) had been
identified. These sequences were searched against the Arabidopsis proteom (http://www.tigr.org)
using a PBLAST based approach (Altschul ef al. 1990). Four Arabidopsis proteins were identified
having similarity to the aforementioned myo-inositol oxygenase MIOX (table 3). The nearest
neighbors of these proteins were then identified using a BLAST based approach. Again the above
mentioned MIOXes were found. Moreover some human renal ESTs exhibiting oxygenase
signatures were found which was in good accordance to data showing mammalian myo-inositol
oxygenase activity in the kidney (Charalampous 1959, Reddy 1998).

Apart from the four identified proteins an additional putative pseudo-gene was identified, localized
close to one of the MIOX genes. However, no full length open reading frame seems to be encoded

by this locus.
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Table 3 MIOX genes in Arabidopsis

AGI Number Description Assigned Name
Atlgl14520 unknown protein MIOX1
At2g19800 unknown protein MIOX?2
yMIOX3
At4g26260 unknown protein MIOX4
At5g56640 unknown protein MIOXS5

Since the MIOXes would act mechanistically different from the RHM and GAE proteins, the

family was also chosen for further characterization.

44



3 Results

3.2 Functional characterization of the RHM gene family

3.2.1 Bioinformatic characterization of the RHM protein family

The RHM family was chosen as it was implicated in NDP-L-rhamnose synthesis, a potential
precursor for the synthesis of the pectic polysaccharide RGI. In bacteria the rhamnose precursor is
generated from dTDP-D-glucose by the action of three different enzymes a dehydratase, an
epimerase, and a reductase (Giraud and Naismith 2000, figure 8). The genes encoding for these

bacterial enzymes have been cloned and functionally characterized .
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Figure 8 dTDP-L-rhamnose synthesis pathway in
bacteria.

(Modified after Giraud and Naismith 2000)

Based on the bacterial data the protein-sequence properties of the identified RHM-proteins were
further explored using a bioinformatic approach.

A conserved domain analysis using a NCBI conserved domain search (Marchler-Bauer et al. 2003)
indicated a two domain structure of the Arabidopsis RHM proteins. The N-terminal domain of the
proteins showed highest similarity to the bacterial rfbB dehydratase conserved domain (COG1088).
This domain was extracted from bacterial proteins involved in the first step of dTDP-L-rhamnose
synthesis (figure 8, upper panel). The C-terminal domain of these proteins showed highest
similarity to the rfbD domain (COG1091) involved in the third (and last) step of bacterial dTDP-L-
rhamnose synthesis (figure 8, lower panel). When the rfbC domain (responsible for the middle step

of bacterial dTDP-L-rhamnose synthesis) was extracted from the NCBI conserved domain database
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and when an RPS-BLAST (Marchler-Bauer ef al. 2003) was performed against the Arabidopsis

proteom no appropriate candidate was found.
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Figure 9 Amino acid sequence alignment between the three putative Arabidopsis RHM proteins, the
Arabidopsis UER1 protein and the bacterial proteins RMLB and RMLD.

Amino acids are colored according to their physiochemical group using MVIEW as detailed in Brown et al.
(1998) if the similarity between the sequences is above 60%. TXE, YXXK and BXIXGXXGXXGXXXA indicate
amino acid signatures implicated in the catalysis in the bacterial enzymes.

This suggests that the second domain of the Arabidopsis RHM proteins could be bifunctional and

catalyze both the functions of the bacterial rfbC and rfbD domains. Indeed this would not be the

first incidence of such a bifunctional enzyme in plants since e.g. GER catalyzes both the reduction

and 3,5 epimerization of GDP-4-keto-6-deoxy mannose (Bonin and Reiter 2000).
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The three membered RHM protein family and UER1, a protein closely related to the C-terminal
domain of the RHM family, were investigated using TMHMM (Krogh et al. 2001) to identify
potential transmembrane regions. For none of the proteins neither a transmembrane domain nor any
targeting signal using the commonly available targeting predictors Psortl (Nakai and Kanehisha
1992), TargetP (Emanuelsson 2002) and Softberry's predictor (www.softberry.com) could be
identified suggesting a cytoplasmatic location of all these proteins.

Within the RHM family the similarity on protein level was between 91.5 (RHM1, RHM2) and
95.1% (RHM2, RHM3) as determined by a Needleman Wunsch (1970) alignment. When only the
C-terminal domain of the RHM proteins and UER1 was considered a similarity between 85.0
(UER, RHM3) and 96.3 %(RHM2, RHM3) was detected.

When the exon-intron structure of the RHM coding region was studied, only a single intron in the
region encoding the C-terminal domain of the RHM proteins was found. This intron showed high
spatial conservation in all RHM genes and UER].

The N-terminal domain of the RHM proteins was searched for signature sequences and the
extended Wierenga signature sequence BXV/IXGX.GXXGXXXG/AXXB” (B denotes a
hydrophobic amino acid) found in FAD and NAD(P) binding Rossmann folds (Wierenga et al.
1985, Kleiger and Eisenberg 2002) was detected. Moreover the conserved signatures TXE and
YXXXK which have been involved in catalysis in the bacterial dTDP-D-glucose dehydratase
(Allard et al. 2001) could be assigned (figure 9).

The C-terminal domain showed a conserved extended nucleotide cofactor binding site where only
the last hydrophobic amino acid is missing, and a conserved YXXXK loop also found in enzymes

catalyzing the final step of NDP-L-rhamnose synthesis (Graninger et al. 1999) (figure 9).

A three-dimensional model of the N-terminal domain of RHM reveals its similarity to MUR1
a GDP-mannose-dehydratase

Because the similarity of the RHM proteins to known proteins was relatively high a three
dimensional homology model of at least one domain of a RHM protein could reveal new insights
into the function of the protein or into its probable catalytic reaction. Specifically a spatial
conservation of proposed catalytic signature sequences could be indicative of their catalytic
function.

Therefore, the N-terminal dehydratase part of RHM2 was used for homology modeling facilitating
the SWISS-MODEL framework (Guex and Peitsch 1997). The structures of dTDP- glucose 4,6-
dehydratase from Salmonella enterica (pdb accession:1keu) (Allard et al. 2001) and Streptococcus
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suis (lker) (Allard et al. 2002) were used as template in manual optimisation mode. After the
energy of the model was refined and potential minor side chain clashes visible in the
Ramachandran plot (Ramachandran et al. 1963) were removed the model was compared to a
crystal structure of MURI1 (1n7h) a plant GDP-mannose 4,6 dehydratase (Mulichak et al. 2002)
which is the only structurally resolved plant nucleotide sugar converting enzyme. Striking
similarity was observed between the model of the N-terminal dehydratase domain of RHM2 and

the resolved structure of MURT (figure 10).

RHM2-N-
terminal domain

Figure 10 Structure of MURI1 and a model of the N-terminal dehydratase domain of RHM2.

The coordinates of MURI (right structure) were obtained from the pdb database and the N-terminal domain of RHM2
(left structure) was homology-modeled using the SWISS-MODEL framework. The resulting structures were viewed as
ribbon diagrams using Swiss-pdb Viewer (Guex 1996, Guex and Peitsch 1996) and colored according to secondary
structure succession.

A C"-chain alignment between the N-terminal domain of RHM2 and MUR1 using MATRAS 1.1, a

tool for structural comparison (Kawabate and Nishikawa 2002), showed a root-mean-square

deviation of only 2.22 A over 305 C® atoms indicative of a good spatial conservation between the
backbone of these two structures. This suggests that the N-terminal domain of RHM2 might be
similar in functional mechanism to MURI. This was further explored by highlighting catalytic
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residues of MURI identified by Mulichak and colleagues (2002) and comparing these to residues
found in the proposed catalytic signatures in the N-terminal dehydratase domain of RHM?2 (figure
11). Indeed, the previously identified potential catalytic signatures in RHM2 did show good

alignment and relative positioning to corresponding amino acid side chains in the MURI structure.

Figure 11 Detailed view of an overlap of the structure of MURI1 and the model of the C-terminal part of RHM2.

The proposed catalytic sidechains from the signature sequences S/TXE and YXXXK are shown for both structures.
The RHM2 backbone is displayed in yellow and its sidechains in red. The MURI backbone is given in blue with green
sidechains.

This added further evidence to the proposed catalytic activity of the N-terminal dehydratase domain
of RHM2 being a NDP-sugar 4,6-dehydratase .

3.2.2 RHM transcripts are ubiquitously expressed in Arabidopsis

For a targeted analysis of gene function it is important to identify where and when the gene is
expressed to specifically analyze tissues where expression is high.

For an expression analysis of the whole Arabidopsis RHM family the MPSS expression database
(http://www.dbi.udel.edu) and the publicly available tissue specific microarray data of the
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AtGenexpress consortium (ftp.arabidopsis.org) were queried. MPSS data suggested a rather
ubiquitous expression of the whole family with preferential expression of RHM1 in the flower,
RHM? in the silique, and RHM3 in the root (table 4). However, due to the higher spatial resolution
of the AtGenexpress data a more detailed description is possible. These data suggested a
preferential expression of RHM?2 in the siliques, whereas all genes seem to be highly expressed in

the pollen (table 5).

Table 4 Expression of the RHM gene family in Arabidopsis thaliana.

The expression of RHM genes was assessed by querying the MPSS expression database with the RHM genes and
UERI. The table shows the normalized tag abundance for each gene.

root shoot flower silique callus
RHM1 191 147 1024 225 206
RHM? 173 84 137 139 110
RHM3 51 20 28 43 20
UERI 511 124 311 121 144

Table S Expression of the RHM gene family in Arabidopsis thaliana based on AtGenexpress data.

The expression of RHM genes was assessed by querying the AtGenexpress data expression database with the RHM
genes and UER!. The table only shows the three tissues showing the highest expression values (more details are given
in the appendix).

Highest expression observed

RHM1 Flowers stage 12, seedling green parts, shoot apex
RHM?2 Mature pollen, siliques with seeds stages 4& 5
RHM3 Pollen, flowers stage 12 stamen

UERI Roots, mature pollen, siliques with seeds stage 4

RHM? expression was studied in further detail using semiquantitative RT-PCR and a RHM2-

promoter-f3-glucuronidase (GUS) fusion approach.
RT-PCR data showed expression in all examined tissues and was therefore judged to be ubiquitous

(figure 12). The promoter::GUS approach was carried out by Anja Kuschinsky described in her

Diploma-thesis (2002). Again a rather ubiquitous expression was shown. Moreover strong
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Figure 12 Expression of RHM2

RT-PCR analysis of RHM?2 transcript
abundance. Upper lane RHM? transcript
and lower lane APTI control reaction.
The letters designate R: root, L: leaf, I:
infloresence, F: flower and S: siliques.

expression was detected in sectioned siliques and in the pollen grains (Kuschinsky 2002).

Expression was also detected in the pollen tube in pollen growth experiments (appendix, fig I)

Isolation of Arabidopsis thaliana Plants with T-DNA Insertions in RHM?2

For a functional analysis of the RHM family in Arabidopsis, a first rhm2 Arabidopsis insertion line
was identified in the GABI-KAT collection (http://www.mpiz-koeln.mpg.de/GABI-KAT/), Rosso
et al. 2003) by screening the GABI-KAT collection with the appropriate identifier (At1g53500).
The seeds obtained from GABI-KAT feature a T-DNA encoding sulfadiazine resistance. After
establishing seedlings from the obtained seeds, these were screened for the insertion using a PCR
based scheme (see material section: 2.3.14). A heterozygous line was picked and progeny of this
line were plated on MS plates containing sulfadiazine. A segregation of the T-DNA encoded
sulfadiazine resistance of approximately 3:1 was detected (x*=0.0054, p=0.941, n=988) indicative
of a single full insertion or closely linked multiple insertions. Southern blotting using the full
coding part of the sulfadiazine resistance and part of the left-border sequence as a probe also
indicated a single full insertion (appendix). Further confirmation of the integration was obtained by
PCR amplification and sequencing of the right and left border regions of the inserted T-DNA.
Apparently the insertion of the T-DNA resulted in a small approximately 40 bp deletion of the

endogenous gene (figure 13). A homozygous insertion line was designated rhm2-1.
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+1 +2083
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rhm2-1 rhm2-2

TDNA insertion
Figure 13 Structure of rhm2-1 and rhm?2-2.

The insertion of the T-DNAs into the RHM2 gene is
shown. LB and RB designate the left and right border
sequence respectively. Blue boxes represent exons and
the white box represents the single intron of RHM2.

A second integration allele was obtained from the SALK collection (http://signal.salk.edu) and after
isolation of plants homozygous for the insertion, this line was designated rhim?2-2.

Often an insertion of T-DNA into the genome can lead to complex rearrangements of the genome,
sometimes leading to the synthesis of a proper transcript even though the endogenous gene locus is
altered. RHM2 transcript in rhm2-1 and rhm2-2 plants was investigated by RT-PCR. Primers
spanning the insertion sites of the T-DNA in the mRNA were not able to amplify transcript from
RNA isolated from either #hm2-1 or rhm2-2 but from the control plants, indicative of an alteration

of RHM?2 mRNA in the mutants.

3.2.3 Phenotypical characterization of rhm?2 lines

Due to its putative role in nucleotide sugar metabolism, RHM2 might play a role in the synthesis of
pectic polysaccharides present in the cell wall. Hence cell wall material from different tissues of
WT and rhm2-1 plants was isolated, and its monosaccharide composition was determined to
investigate the function of the RHM2 protein in cell wall synthesis in planta (sections 2.5.1 and
2.5.5). However, no significant deviation from the wild type wall composition was detected in leaf
material from mature greenhouse grown plants or roots from plants grown on Murashige and Skoog
(1962) agar plates (data not shown). Also when the pectic components were isolated from the cell
wall facilitating an endopolygalacturonase and a pectin methylesterase and separated according to
size using gel permeation chromatography no difference was obtained between wild-type and
rhm2-1 plants (data not shown). Taken together, the cell wall structure in the rAm2-1 leaf did not

seem to be altered. Moreover no obvious growth, developmental, or morphological phenotype could
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be observed compared to WT plants when ram?2 plants were grown in growth chambers or in the
greenhouse.

Since the pant cell wall is not the only sink for rhamnose a reduction of this compound might also
affect other rhamnose sinks. One such sink is the mucilage of Arabidopsis seeds (Western et al.
2000) which nearly completely consists of a pectinaceous unbranched RGI (Goto 1985, Penfield et
al. 2001) and thus has a rhamnose content of approximately 40%. Moreover since the mucilage is
dispensable under laboratory conditions (Western et al. 2001) a reduction in mucilageous
rhamnose might not be counterbalanced by subsequent upregulation of other genes leading to
rhamnose synthesis.

Therefore mature seeds were stained for seed-mucilage pectin with ruthenium red, a pectin staining
dye (Hanke and Northcote 1975) and only little irregularly patterned staining could be observed in
both rhm2-1 and rhm?2-2 (figure 14 B, C). Seeds from wild type plants on the other hand showed
intense spherical staining patterns (figure 14 A). The possibility of a compensatory up-regulation of
other polysaccharides in the seed mucilage was explored by placing imbibed seeds into an aqueous
solution of high molecular weight blue dextran. The blue dextran should not be able to penetrate
intact mucilage due to its high molecular weight as has earlier been demonstrated (Windsor et al.
2000). Here, wild type seeds showed a large roughly spherical exclusion (figure 14 D) zone
whereas the mutant seeds (figure 14 E, F) showed a much smaller patchier exclusion zone

indicative of a loss of a penetration barrier (mucilage) in the mutant.

rhm2- rhm2 ¥,

Figure 14 Staining of WT and mutant seeds.

A, B, C staining of seeds with ruthenium red. D, E, F
staining with high molecular weight blue dextran
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Because structural integrity of the seed coat is affected in some mucilage mutants (Western et al.
2001), the structure of the »hm2 seed coat was investigated by sectioning and subsequent staining
with toluidine blue, a polychromatic dye (O'Brien et al. 1964). These analyses showed that the
columella of rim2 seeds were flattened (figure 15) and the general structure of the seed coat was
distorted. Moreover, mucilage deposition in the sections of the mutant was less visible than in the

wild type seeds (figure 16).

CWT

rhm2-1
B 2

Figure 15 Sections of mature seeds.

Mature seeds were fixed under conditions preserving
the mucilage, sectioned and stained with toluidine
blue. C indicates a columella and m indicates
deposited mucilage. Scale bar is 10 pm

These findings were further corroborated by examining the ultrastructure of whole untreated and
imbibed seeds by scanning electron microscopy (SEM). SEM showed that wild type seeds exhibit a
regular pattern of elevated columellae within each epidermal cell in accordance to earlier findings
by Western and colleagues (2001). In contrast, mutant seeds display a distorted flattened structure,

where the columellae are no longer easily distinguishable.

mg24\

» '] s —

Figure 16 Ultrastuctural Investigation of seed
surface

A, B SEM of dry unimbibed seeds; C, D SEM of
imbibed seeds after drying. Scale bar represents 10 pm
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Upon imbibition cells harboring the mucilage burst and release the mucilage into the surroundings
(Western et al. 2000). The release of mucilage material was clearly visible in SEM pictures in
imbibed WT seeds (figure 16 patches of material in C) and as a result deep valleys around the
columella become visible. In contrast, in imbibed rAm2 seeds the resulting valleys seem to be
shallower and the columella seems to be more flattened and less defined (figure 16 D). In essence
these findings corroborate the results obtained by staining with ruthenium red and sectioning,

where in both cases only a remnant of mucilage could be found.

3.2.3.1 Rhm?2 seed mucilage is drastically reduced

The monosaccharide composition of mutant and WT seeds was studied by extracting the mucilage
with ammonium oxalate as previously described (Goto 1985, Western et al. 2001). In accordance
with the known mucilage composition (Goto 1985, Penfield ef al. 2001) the most abundant sugars
found in both the WT and in rhm?2 extractable mucilage were thamnose and uronic acids (table 6),
representing the backbone sugars of RGI (Visser and Voragen 1996). However, mucilage obtained
from rim2-1 and rhm2-2 seeds showed a reduction of approximately 65% and 55% of rhamnose
levels compared to the WT respectively. In addition, uronic acids were decreased in approximately
the same manner consistent with their presence in the backbone structure of RGI, where each
rhamnose unit is linked to one galacturonic acid unit. The absolute amount of the other detected
sugars were not changed suggesting that these are not present in any mucilage RGI sidechains

(table 6).

Table 6 Sugar content of solubilized mucilage in pg/mg treated seeds.

Gal Man Xyl Ara Fuc Rha** Glc UA*
WT 1,6£0,3 0,9%0,1 1,2+0,1 1,1+£0,1 1,20,1 8,9+2.3 39%x1,3 9,9+29
Rhm2-1  1,4+0,3 0,9+0,1 1,00,1 1,0+0,1 1,2£0,1 29403 2,9%+1,2 4,8%0,5
Rhm2-2  1,5+0.4 0,9+0,1 1,1+0,1 1,1x0,3 1,2£0,2 3,5£0,5 3,1x1,7 5,0%0,9

The values are the average of at least three independent experiments. * indicates significance at 5% level ** indicates
significance at 1% level

Other parameters that pertain to the structure of pectic polysaccharides include the degree of
methylesterification. However, no difference in degree of methylesterification was observed

between rim2 and WT, since both samples only contained traces of alkali released methanol.
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The molecular weight of the mucilage polysaccharide size was determined by solubilization and
subsequent subjection to field flow field fractionation with multi-angle laser light scattering
refraction index by Dr. Nora Eckermann (University of Potsdam, Potsdam, Germany) (Wyatt et al.
1993). The advantage of this technique compared to gel permeation chromatograph is its high
upper working limit and its lack of sensitivity to adsorption (Roessner and Kulicke 1994). The
rhm2-1 mucilage size was determined to have a mass average of 8.8 x 10° g mol"' whereas the WT
mucilage showed a molecular mass average of 5.0 x 10° g mol™ . Thus the proposed limiting supply
of the rhamnose-precursor in rhm2 results not only in the production of less mucilage

polysaccharides, but also in the production of smaller polysaccharides.

3.2.3.2 Germination rate of rhm2 seeds is unaltered

Seed mucilage has been implicated in seed-germination under water limiting conditions by Penfield
and co-workers (2001). Moreover, RHM2 was shown to be upregulated upon treatment with
abscisic acid which is known to be involved in water stress signaling (Schroeder ef al. 2001) in a
microarray screen (Hoth ef al. 2002). Therefore the germination rate of WT and rhm2 seeds was
investigated by reducing water potential through administering water with increasing
concentrations of PEG-8000 as described by Penfield and co-workers (2001). However, no
difference in germination rate was observed when compared to the wild type (8510 % at 10 %
PEG or 70+7 % at 15% PEG at a germination capability of maximally 95% for both wild-type and
rhm?2 seeds).

3.2.4 Downregulation of more than one member of the RHM gene family in Arabidopsis

Downregulation of single genes of gene families often pose the problem of genetic redundancy.
This can especially be the case if the various gene products are expressed in the same tissue or at
the same time in development or if the gene products are very similar in their specificity. All
prerequisites for redundancy were met by the RHM proteins due to their broad expression and their
high similarity on the protein level suggesting similar substrate specificity. As a result it was not
that surprising that rAm2 plants did not show a difference in their cell wall composition in leaf
tissue when compared to wild-type plants.

The redundancy issue can be met by obtaining mutants for every single family member of the gene
family and subsequent crossings to create double or triple mutants. Unfortunately knock-out

mutants are currently not available for neither RHM1 nor RHM3 making this approach not feasible.
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Alternatively, an antisense or RNAi approach (Waterhouse et al. 2001, Wesely et al. 2001, Chuang
and Meyerowitz 2000, Fagard et al. 2000) can be chosen to downregulate gene families with
mutiple members (George Helliwell, CSIRO, Canberra, Australia personal communication). To
downregulate the whole RHM gene family initially a conserved sequence stretch of approximately
700 bp of RHM?2 was chosen starting from the start codon of RHM?2. Efficient silencing by double
stranded RNA requires stretches of at least 21 nucleotides of total identity with the targeted gene(s).
Thus an identity analysis of RHM?2 regions with the corresponding regions of RHMI and RHM3
was conducted. Accordingly a region was chosen which fulfilled this criteria and did not show any
significant similarity to any other genes. As shown in figure 17 the chosen region contained a
general high conservation on the nucleotide level and totally conserved stretches of at least 21
basepairs in RHM1 and RHM3 in at least two instances. The RHM?2 based gene region was
subcloned in a head to head fashion into the pHANNIBAL a vector used for RNAi induced gene
silencing (Waterhouse et al. 2001). The resulting silencing construct was then transferred into the

plant transformation vector pART27 to generate the plasmid pPRRHM.

RHWVR ATGGATGATACTACGTATAAGCCAAAGAACATTCTCATTACTGGAGCTGCTGGAT TTATTGCT TCTCATGT TGCCAACAGATTAATCCGTAACTATCCTG 100
RHML +H+ bR+ ++ i e  maai  aamma e
RHVB B o e i = ++ ++ ++ o+ + R
RHWVR ATTACAAGATCGT TGTTCTTGACAAGCT TGATTACTGT TCAGATCTGAAGAATCTTGATCCTTCTTTTTCTTCACCAAATTTCAAGT TTGTCAAAGGAGA 200
RHML +++++++ ++++++++ RRRRRRRRRRRRRRRRRRRRRRRR ++++ ++++++++ ++++++++ B o e
RHVB + +++++ ++ +++++ RRRRRRRRRRRRRRRRRRRRRRR +++ i e e i e i e o e o e e i
RHVR TATCGCGAGTGATGATCTCGT TAACTACCT TCTCATCACTGAAAACAT TGATACGATAATGCATTTTGCTGCTCAAACTCATGT TGATAACTCTTTTGGT 300
RHML B e i o I e T e i e e g
RHMB e FHtt b RRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRR + ++ ++ ++ ++ +++++ ++++++++++++++ +
RHWVR AATAGCTTTGAGT TTACCAAGAACAATATTTATGGTACTCATGT TCTTTTGGAAGCCT GTAAAGT TACAGGACAGATCAGGAGGT TTATCCATGTGAGTA 400
RHML B i T i o o i o o o e = o S
RHVB +++++++ ++ +++++ RRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRRR +++++ ++ ++

RHWVR CCGATGAAGT CTAT GGAGAAACCGAT GAGGAT GCT GCT GTAGGAAACCATGAAGCT TCTCAGCT GT TACCGACGAATCCTTACTCTGCAACTAAGCGCTGG 500
RHML B o I o i o o T
RHVB +H+ ++ I o = T e
RHWVR TGCTGAGATGCTTGTGATGGCT TATGGTAGATCATATGGAT TGCCTGT TAT TACGACT CGCGGGAACAAT GT TTATGGGCCTAACCAGT TTCCTGAAAAA 600
RHML +H+t++ B e i e o

RHVB B e i B e +++++ +++++ ++ RRRRRRRRRRRRRRRRRRRRRRR +
RHWVR ATGATTCCTAAGT TCATCTTGT TGGCTATGAGT GGGAAGCCGCT TCCCAT CCATGGAGAT GGATCTAATGT CCGGAGT TACTTGTACTGCGAAGACGT TG 700
RHML ++++++++HHHHHHH R R ++++ +++ + +++++ RRRRRRRRRR
RHVB B e e e i o o e mam maEE
RHWVR CTGAGGCTTTTGAGGTTGTTCTTCACAA

RHML RRRRRRRRRRRRR ++++++++++++++

RHVB +

Figure 17 Analysis of totally conserved stretches of nucleotides in the RHM family.

For the analysis the RHM2 nucleotide sequence was used and compared to RHM1 and RHM3 using RNAlIfinder, a
tool developed during the course of the PhD. Conserved residues are marked with a plus and conserved stretches of 21
or more nucleotides are highlighted by an R.

The obtained construct was used to transform Arabidopsis plants by the dipping method (Clough
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and Bent 1998). In a first selection round 15 kanamycin resistant T1 plants were obtained. Ten
plants out of those were viable on soil and were termed rRHM. Of these ten plants, three plants (55,
69, 71) exhibited a reduced content of seed mucilage as shown by staining with ruthenium red
similar to rhim2-1 and rhm2-2. Moreover two of these plants (69 and 71) showed a dwarfed
appearance. Since the primary effect of a down-regulation of RHM? transcript is a reduction of
mucilage (see chapter 3.2.3.1) these three plants were considered potentially effected in RHM

transcript and therefore further analyzed.

Downregulating RHM transcript leads to a reduction of cell wall bound rhamnose

Progeny of these T1 plants were further analyzed. Monosaccharide composition of leaf derived cell
wall material from mature plants indicated a reduction in rhamnose of up to 60%. These plants
were chosen and further propagated to obtain plants homozygous for the transgene. Three different
independent T3 plant lines were obtained showing a rather stable effect in cell wall derived
rhamnose reduction in leaf tissues. When hypocotyls of progeny of those plants (T4) were grown on
MS medium containing 1% sucrose a reduction of up to 35 % in cell wall derived rhamnose levels

was observed whereas the other cell wall sugars remained largely unaltered. (table 7)

Table 7 Monosaccharide composition of cell wall material from 4-day old hypocotyls of three independent
rRHM lines
All values are given as weight percent; * denotes a significant difference at the 5% level ** denotes a significant

difference at the 1% level by Man-Whitney U test

wT rRHM51 rRHM69 rRHM?77
Fucose 2.6+0.2 2.7+0.2 3.0£0.4 2.6+0.2
Arabinose 17.8+0.4 19.2+1.2 18.1+0.9 17.3£1.0
Rhamnose 11.6+0.8 10.5+£0.6* 10.0£0.3%* 9.2+1.5%
Galactose 27.0£2.4 25.1«£1.1 27.8%1.1 26.1£3.7
Xylose 17.1£0.9 17.7£0.6 18.7+0.5 17.6+1.4
Mannose 5.3+0.3 5.6+0.2 5.6+0.2 5.5+0.5

When T4 plants germinated on MS medium containing sucrose were later transfered to soil some of
them exhibited a dwarfed phenotype (figure 18). Line 55 plants showing the least reduction in cell

wall derived rhamnose did not show any visible phenotype .
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/]

Figure 18 Six week old rRHM and wild-type plants

T4 Plants were germinated on MS plates supplemented with 1% sucrose from individual seeds, grown for two weeks
then transferred to soil and grown for another four weeks in the greenhouse.

In contrast, T4 plants germinated and grown only on soil did show a drastic reduction in viability

and growth (figure 19). Moreover, a strong production of anthocyan was observed as indicated by

the reddish color of the leaves .
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Figure 19 rRHM and wild-type plants germinated and grown only on soil.

T4 Plants were germinated on soil from individual seeds and then transferred to the greenhouse. WT denotes wild-type
plants and 55, 69 and 71denotes three independent rRHM lines.

Inset: A blow-up of plants from line 69. The arrow indicates leaves appearing in violet-red, possibly due to anthocyan
accumulation.

The effect of the transgene on the transcription level of the RHM gene family members had to be
elucidated. For this purpose specific primers for each RHM transcript were designed. Furthermore
UERI primers were also designed to check expression level of this protein closely related to the
RHMSs, which should not be targeted by the RNAi construct. The expression-level of the genes was
monitored with real-time RT-PCR. A reduction of transcript levels for the whole family could be
monitored in nearly all plants analyzed. Interestingly real-time RT-PCR indicated a small reduction

of the UER]I gene (table 8).
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Table 8 Expression level of the different RHM and UERI in hypocotyls grown on MS medium with 1% sucrose.

Expression level of the different RHMs and UERI was quantified by real time RT-PCR and levels are indicated as
relative to levels in WT plants.

rRHMS5S5 rRHM69 rRHM71
RHM1 0.83 0.28 0.25
RHM? 0.44 0.31 0.15
RHM3 1.1 0.19 0.28
UERI 1.3 0.55 0.57

A clear correlation was observed between the rhamnose content of hypocotyls derived cell wall
material and the sum of the expression of all RHM transcripts without UERI (R*=0.87) in T4 plants
from the three independent lines.

The structure of RGI was further explored by extracting the polysaccharide from wild-type and
rRHM plants (line #77) through enzymatic degradation. The solubilized products were then
separated according to size by gel permeation chromatography. A similar elution profile of the
pectic polysaccharides was obtained from rRHM leaf tissue and WT tissue in terms of molecular
weight distribution and relative quantity of the fractions. Also, the monosaccharide composition
was determined from individual fractions. The rhamnose content fractions was reduced (table 9) in

numerous fractions representing RGI..

Table 9 Neutral monosaccharide composition of solubilized fractions

All values are denoted as weight percent = standard deviations of two independent experiments. * denotes significance
at the 5% level and ** denotes significance at the 1% level. The neutral sugars fucose, mannose were measured but
they were not detectable.

#10 #11 #12 #16 #20
Galactose (WT) 31.8+0.2 32.9£1.6 34.5£2.0 31.5£2.4 29.444.3
(line 77) 35.1+1.7 37.0+1.7 38.2+1.5 38.0+3.1 32.1+0.4
Xylose (WT) 7.1£0.1 5.8+0.5 4.9+0.3 19.4+0.4 41.9+11.0
(line 77) 7.8+0.6 6.9+0.8 6.1£1.0 20.5+0.4 38.0+13.0
Arabinose (WT) 43.4+1.6 45.9+0.4 45.0+2.0 27.1+1.7 28.7+6.6
(line 77) 43.8+1.1 46.2+1.1 46.0+0.8 24.2+1.0 29.3+13.3
Rhamnose (WT) 17.7£1.8 15.5+0.6 14.4+0.3 22.0+0.1 0+0
(line 77) 13.3+0.1 9.9+0.1* 9.6+0.4** 17.3+1.1 0+0
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3.2.5 RHM proteins are common and highly conserved in plants

Not only Arabidopsis thaliana contains rhamnose in its cell wall, but also other plant species.
Therefore the presence of RHM paralogs present in other plant species was investigated. For this
purpose the expressed sequence tag clustering databases SPUTNIK and the TIGR plant gene index
(Rudd et al. 2003, Quackenbush et al. 2001) were queried with the RHM2 sequence. The protein
sequences encoded for by best scoring EST clusters were aligned with either the N-terminal
dehydratase domain or the C-terminal epimerase/reductase domain of RHM2. For both domains
very similar sequences were identified in legumes, solanaceous plants, and members of the
graminae (table 10). For the crop plants soybean, potato, wheat and barely, high scoring EST
clusters encoding for proteins spanning both domains of RHM2 could be identified, indicative of a

conservation of the two domain protein architecture in plants in contrast to bacteria.

Table 10 RHM proteins in various plant species

The EST Clustering databases SPUTNIK and TIGR Plant Gene Index were queried with the dehydratase (N-terminal)
and epimerase (C-terminal) protein domain sequence of RHM2. The resulting EST cluster hits for various plant species
are shown with their corresponding accession numbers. Only hits with an e-value better than 10'®are reported.

Plant Species N-terminal C-terminal

Prunus persicus S BU043981 C _BU043194
Glycine max C_BI787599 C_BMO085701

Zea mays C _BM660359 C _BE329779
Solanum tuberosum C BG888611 C_AW018105
Triticum aestivum C BJ268533 C _BF053046

Pinus taeda C BG275831
Hordeum vulgare S BI779431 C_AV916302

Beta vulgaris C BQ585441

A high sequence similarity of putative full length RHM proteins was observed in a multiple
sequence alignment with Clustal W (Thompson et al. 1994)(see figure 20). In the alignment the two
domain structure of RHM became visible again, since the N-and C-terminal domains of the
alignment are generally highly conserved whereas the middle region representing a possible linker
is less conserved. In the alignment the very high conservation of the aminoacid sequence of the

RHM proteins is striking. Therefore no family tree of the RHM proteins was built as a family tree
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could be guided by sequencing errors in the underlying EST projects rather than on real divergence
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The comprehensive analysis of the clustered EST data from SPUTNIK (Rudd et al. 2003), the
TIGR Plant gene index and the Solanaceae  Genomics network  database
(http://www.sgn.cornell.edu/index.html) retrieved in chapter 3.2.5 pointed out that there is at least
one full length RHM gene in Lycopersicon esculentum. This unigene (SGN-U145639, TC124970)
encodes a protein similar in length to the Arabidopsis RHM protein and was therefore termed
LeRHMI1. Striking similarity of this protein to the Arabidopsis RHM protein was observed (table
11, figure 20). Moreover, two additional unigenes (SGN-U154673, SGN-U145506 ) were found,
which encode for proteins similar to the C-terminal domain of the RHM family. Another unigene
(SGN-U171062) was found covering the N-terminal domain of the RHM proteins only. Based on
the data available it remains unclear if SGN-U171062 is part of a larger gene or represents a

separate protein.

Table 11 Protein sequence similarity between AfRHM1-4/RHM3 and LeRHM1.

The protein sequences were aligned pair wise applying the Smith and Waterman algorithm (1981). Similarity was
calculated using the BLOSSUMS1 matrix.

LeRHM1 ARHM1 ARHM2 ARHM3
LeRHM1 X 89.8 88.1 88.8
AtRHM1 X 91.5 92.5
ARHM2 X 95.1

In silico expression evaluation points to a preferential expression of LéRHM1 in the fruit

The expression of the identified unigenes was assessed by counting normalized EST abundance in
different tissues. LeRHM1 is preferentially expressed in the reproductive organs and the developing
tomato fruit, whereas SGN-U145506 seemed to be more confined to the vegetative tissues of the
plant (table 12). For both SGN-U154673 and SGN-U171062 only very few ESTs (<4) were
available and a meaningful EST based expression analysis could hence not be performed. However,
the presence of relatively few ESTs compared to the other unigenes indicates lower expression of

these two unigenes.
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Table 12 In silico expression analysis of LeRHM1 and SGN-U-145506

Expression of LeRHM1 and SGN-U-145506 was assessed by counting normalized EST transcript abundance in various
tissues. - denotes that no EST was found, if ESTs were found they were grouped into three classes of abundance from
+ low abundance to +++ high relative abundance.

callus fruit flower shoot root seedling
LeRHM1 + +++ +++ - - -
SGN-U-145506 + + +++ + ++ ++

When the tomato expression database (http://ted.bti.cornell.edu) was queried with the identified
SGN-unigenes for expression during fruit development, LeRHM1 was stable in expression during
the whole process of fruit development. Conversely, both SGN-U154673 and SGN-U145506
showed a drop in expression during fruit development at day 47 and 17 after pollination,

respectively.

65



3 Results

3.3 Functional characterization of GAE a UDP-D-glucuronic acid
epimerase family

3.3.1 Bioinformatic characterization of the GAE family

The GAE gene family consists of six members (figure 21). A first characterization of the GAE
protein family was performed using a bioinformatics approach. None of the six GAE genes contain
any intron in their coding region. A search in the Pfam database (Bateman et al. 2002) showed that
all six GAE protein family members exhibit highest similarity with the Pfam 1370 domain in their
C-terminal part (figure 21). However, their N-terminal part did not show any significant significant

similarity to any Pfam domain.
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Figure 21 Amino acid sequence alignment between the six GAE proteins and CAP1J.

Amino acids are colored according to their physiochemical group using MVIEW as detailed in Brown et al.
(1998) if the similarity between the sequences is above 70%. The putative transmembrane region is indicated by a
tilde and the start and the end of the PFAM domain PF01370 is indicated by|---> and <---| A putative Wierenga
sequence is indicated above the sequence in black.

The occurrence of possible transmembrane segments was investigated by TMHMM (Krogh et al.

2001). At least one transmembrane segment was predicted in every family member in the N-

66



3 Results

terminal part (figure 21, tilde) whereas the C-terminal part of the GAE proteins was always
predicted to be topologically non-cytoplasmatic.

SignalP analysis predicted a signal anchor for every family member. Due to the presence of a signal
anchor and a transmembrane domain a localization of all GAE proteins to the endomembrane
system such as the golgi-apparatus seems likely. To investigate the relationship of the GAE
proteins to each other a global alignment (Needleman and Wunsch 1970) of the protein sequences
was performed. It demonstrated that GAE2 and GAE3 were the most similar proteins (93.4%

similarity) whereas GAE1 and GAE6 where the most divergent (72.3% similarity) (table 13).
Table 13 Protein sequence similarity in the GAE family.

Pairwise sequence similarity was determined by a global Needleman and Wunsch alignment. Similar residues are given

in %.

GAE1l GAE2 GAE3 GAE4 GAES GAE6
GAE1 X 80.4 78.5 79.2 77.4 72.3
GAE2 X 93.4 89.2 83.3 76.6
GAE3 X 89.3 82.5 75
GAE4 X 82.2 75.4
GAES5 X 74.9

3.3.2 Heterologous expression of GAEG6 in Spodoptera frugiperda cells

The GAE gene family is a novel gene family showing significant similarity to known bacterial
UDP-D-glucuronic acid epimerases such as CaplJ (Mufios et al. 1999) (figure 22). Therefore, the
enzymatic activity of GAE6 as a highly expressed representative of the GAE family was assessed

by heterologous expression.

OH
(e} OH 0._OH
) o
HO -
HO B HO
OH OH
O-UDP O-UbP
UDP-D-glucuronic acid UDP-D-galacturonic acid

Figure 22 UDP-D-galacturonic acid synthesis
Since heterologous expression of eukaryotic proteins in bacterial systems has often been reported to
fail, especially when putative transmembrane segments are present, an eukaryotic expression

system was chosen for use.
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The entire coding region of GAEG6 from Arabidopsis was subcloned into pFastbacHTa thus
generating the vector pICGAE6. Subsequently facilitating the Bac-To-Bac system this vector was
used to infect Sf21 insect cells to generate recombinant GAE6. Crude lysate of insect cells was then
incubated with UDP-D-glucuronic acid and the products of the reaction were analyzed by HPAEC
with PAD detection. A conversion of UDP-D-glucuronic acid to a product, which has the same
retention time as authentic UDP-D-galacturonic acid was observed (figure 23). Assuming a similar
response factor for both UDP-D-glucuronic acid and UDP-D-galacturonic acid a conversion of

approximately 10 % was observed after an overnight incubation.
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Figure 23 Conversion of UDP-D-glucuronic acid to UDP-D-galacturonic
acid

Nucleotide sugars and nucleotide sugar conversion reactions were analyzed by
HPAEC with PAD detection. Green trace: authentic UDP-D-galacturonic acid,
Black trace: insect cell lysate expressing GAE6 incubated with UDP-D-
glucuronic acid; blue trace: vector control insect cell lysate incubated with
UDP-D-glucuronic acid.

3.3.3 Heterologous expression of GAEG6 in Pichia pastoris

Another system that has been used quite successfully to express plant nucleotide sugar converting
enzymes is the Pichia pastoris yeast expression system (Burget ef al. 2003). Due to the rather slow
conversion of UDP-D-glucuronic acid to UDP-D-galacturonic acid by the recombinantly expressed
GAE®6 in insect cells its catalytic properties were established using GAE6 expressed in Pichia
pastoris.

Crude lysate was prepared from Pichia pastoris clones expressing GAE6 (kind gift of Michael

Molhgj). After incubation of crude lysate with UDP-D-glucuronic acid, the reaction products were
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separated by HPAEC and monitored by UV detection. As PAD detection was disadvantageous due
to interfering substances in Pichia extracts. Two peaks with a similar retention time as UDP-D-
glucuronic acid and UDP-D-galacturonic acid were observed (figure 24). Identity of their content
was further confirmed by mass spectrometric analysis of collected fractions. For both compounds
the obtained masses ((M+Na) 579.4 m/z) were in good agreement with a UDP-hexuronic acid
indicating that the product peak indeed contains UDP- D-galacturonic acid.
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Figure 24 Conversion of UDP-glucuronic acid to UDP-galacturonic acid

Nucleotide sugars and nucleotide sugar conversion reactions were analyzed by
HPAEC with UV detection. A) Green trace authentic UDP-D-galacturonic and
UDP-D-glucuronic acid. Black trace lysate of Pichia expressing GAE6
incubated with UDP-D-glucuronic acid and blue trace control Pichia lysate
incubated with UDP-D-glucuronic acid. B) The peaks one and two of the
pPICZB-GAEG6 reaction were collected and analyzed by MALDI-TOF. The
resulting spectrum is shown. The labels represent the expected masses of a
singly charged UDP-hexuronic acid (M+) and the corresponding sodium
adducts.

In this assays a conversion of approximately 50 % of UDP-D-glucuronic acid to UDP-D-
galacturonic acid was observed after overnight incubation, assuming similar extinction coefficients
for both substances. An incubation for 72 h did not yield significantly more product (data not

shown). The reaction equilibrium seems to be a 1:1 ratio.

3.3.4 Transcript levels of the GAE gene family in Arabidopsis plants

The expression of the six GAE family members was investigated by quantitative real-time RT-PCR

(see 2.3.13) and by querying the MPSS database (http://mpss.udel.edu). A comparison of transcript
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levels between the family members by RT-PCR indicated that both GAEI and GAE6 are expressed
to the highest level in Arabidopsis thaliana (table 14). This is in accordance to earlier observations
made by Reiter and Vanzin when assessing expression by EST counting (2001). This is in good
agreement with data obtained from the MPSS database, where the sum of all high quality tags in
the classical dataset, indicated an order of expression of GAEI~GAE6>>GAE2>GAE3>GAES (for
GAE4 no high-quality tag was obtained). Querying AtGenexpress also showed highest expression
of both GAE] and GAE6 (see Appendix).

However, on the individual organ level no more than a five fold difference between two organs
could be found (table 14) for any GAE family member with RT-PCR. These results suggest a rather
ubiquitous expression of each GAE under normal conditions or missing spatial resolution of real

time RT-PCR.

Table 14 Expression level of the GAEs in different Arabidopsis organs as determined by RT-PCR

Upper part: C, values for different constitutively expressed transcripts and the GAE transcripts. Lower part normalized
ratios expressed relative to GAES transcript in flowers facilitating the AAC, method.

Transcript stem root flower silique leaf cauline leaf
actin2 20.69+£0.23 17.04+0.03 17.78+0.01 18.65+0.04 19.14+0.09 17.62+0.21
Ubiquitinl0 20.40£0.6  16.82+0.14 17.00+0.09 17.37+£0.06 19.08+0.05 16.24+0.06
Aprt 23.60+£0.56 20.34+0.18 20.82+0.09 19.20+0.16 20.36+0.01 22.30+0.35
B-6-Tubulin 23.79+0.47 21.52+0.44 22.91+0.42 20.37+0.14 20.54+0.06 25.59+0.08
GAEI 22.47+£0.53 19.42+0.14 20.76+0.69 19.36+0.41 21.25+0.32 20.14+1.17
GAE2 24.06+0.37 21.95+0.19 20.41+£0.38 21.81+0.24 23.37+0.01 21.96+0.21
GAE3 26.16+£0.042 23.44+0.03 22.53+0.11 23.10+£0.22 24.87+0.44 23.39+0.12
GAE4 26.27+0.23 23.40+0.20 22.85+0.01 24.28+0.30 25.34+0.60 24.51+0.31
GAES 27.89+1.00 25.63+0.20 25.68+0.40 25.63+0.30 27.38+0.73 26.49+0.37
GAE6 22.29+0.22 20.90+0.14 19.50+0.10 18.94+0.10 21.97+0.37 19.87+0.23
GAE] ratio 106.9 97.5 30.2 125 165 81.9
GAE? ratio 35.5 16.9 38.7 22.9 38.1 23.2
GAES3 ratio 8.3 6 8.9 9.3 13.5 8.6
GAE4 ratio 7.7 6.2 7.2 4.1 9.7 3.9
GAES ratio 2.5 1.3 1.0 1.6 2.4 1
GAEG6 ratio 121.5 34.8 72.7 166.7 100.5 98.7
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Interestingly, AtGenexpress data pointed out some regulation of GAEI and GAE6 expression in the
leaves. Here both GAE! and GAEG6 expression peak in leaf number four and then decline and
GAEG6 raw expression values remain lower than GAE . However, the situation is reversed in 1 cm

long leaves 4 where GAE6 raw expression is higher (figure 25).
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Figure 25 Expression of GAEI and GAEG6 through leaf
development

Shown are the raw expression values for GAE! and GAE6 from
ATGENEXPRESS. The abscissa indicates the number of the leaf
where 4.1 indicates leaf number 4 one centimeter long only. The
ordinate reflects the raw expression values.

Principal Component Analysis indicates co-expression of GAE2, GAE3, GAE4 and GAES

For better comparison of the GAE expression, expression of all GAE transcripts was normalized
using the AAG method and GAES expression in the flower was set to 1.0 as described by Wandrey
and colleagues (2004). The resulting dataset was then used for a principal component analysis
(PCA) (figure 26). Principal component analysis is a dimension reduction technique for complex
data and thus allows the display of multi-dimensional data in few dimensions. Here PCA results
(figure 26) indicated that GAE3, GAE4, GAES and to a smaller degree GAE2 had a very similar

expression pattern, whereas GAE! and GAE6 had a very dissimilar expression pattern.
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Figure 26 Expression Analysis of GAE1 through GAEG6.

Normalized expression values from table 14 were subjected to PCA
analysis using the R statistical programming language. The projection
of the data points in the first two principal components is shown.

3.3.5 Overexpression of GAEG6 in Arabidopsis

Since UDP-D-glucuronic acid epimerase activity of GAE6 was demonstrated in two heterologous
expression system, it was of interest, if an overexpression of the endogenous GAE6 gene in
Arabidopsis thaliana would lead to an alteration in wall polysaccharide structure, in particular a
larger abundance of pectic polysaccharides. A change in cell wall composition could be expected, if
UDP-D-galacturonic acid became limiting at some stage, or if this sugar precursor is a major
metabolic control point. The coding region of GAE6 was cloned into the binary vector pBinAR
(Hofgen and Willmitzer 1990) behind the strong constitutive CAMV 35S promoter (Guilley et al.
1982, Zijlstra et al. 1992) thus obtaining the plasmid pAXGAEG6. This construct was then used to
transform plants by Agrobacterium tumefaciens facilitated gene transfer using the dipping method
(Clough and Bent 1998). After transformation of Arabidopsis, seeds were plated on kanamycin
containing MS agar plates. Fourteen kanamycin resistant transformants were screened by Northern-

Blotting of leaf RNA for an increase in GAEG6 transcript level. Indeed three lines showed high

72



3 Results

upregulation of the GAE6 transcript (lines 3,4,13) and three lines showed medium upregulation

(lines 1, 7, 9) of the transcript as shown by Northern Blot analysis (figure 27) .

WT 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Figure 27 Expression level of GAE6 transcript in GAE6 overexpressing lines

RNA was extracted from leaves of mature plants and expression level of GAE6 was assessed by Northern Blotting.
Upper panel autoradiography of the blot incbuated with a **P labeled GAEG6 probe. lower panel methylene blue stained
blot. WT represents RNA isolated from wild-type plants and 1 to 14 represent T1 plants carrying the construct for
overexpression of GAE6. The approximate size of the signals obtained in the blot was 1.5 kb.

All six overexpression lines were further propagated and progeny (T2) of these lines was
reevaluated for overexpression of GAEG6. In 15 T2 plants (2-3 per line), where an overexpression
was still visible by Northern Blotting (data not shown), the cell wall composition of five leaves
from five week old plants was determined and compared to WT plants. However, no significant
changes in total sugar composition of the cell walls was detectable suggesting that GAE is not a

major limiting factor or regulating point in pectin synthesis (data not shown).

3.3.6 Phenotypical analysis of gae6 plant lines

As previously described, GAEI and GAEG6 are highly expressed in Arabidopsis. Therefore a
reduction of transcript level for one of these genes might affect cell-wall composition due to
limitation of UDP-D-galacturonic acid. Since no insertion line for GAEI was available in the
common tagged collections (Syngenta, GABI, Genoplante, Szeged, Salk, Stanford, Poetter) GAEG6
insertion lines were obtained from the GABI and Salk collections. In total three different lines were
obtained and screened for homozygous insertions of the T-DNA using a PCR based approach. One
insertion line was not further analyzed due to an insertion near the stop codon of GAE6 (gae6-3),

which is likely to still lead to a catalytically active protein.
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Figure 28 Structure of gae6 T-DNA

insertion lines.

The insertion of the T-DNAs into the
GAE6 gene is shown. The border
sequences of the T-DNA are indicated by
RB and LB. The single exon of GAEG is
represented by the blue box.

Of the remaining two insertion lines (gae6-1 and gae6-2) gae6-1 showed a single insertion as
judged by southern-blotting (appendix). The other line, gae6-2, carried at least three insertions as
judged by southern blotting (figure 29) and therefore a southern blot was performed on all available
sub-lines and a line showing only a single band corresponding to the right size (plant number 7)

was chosen for further analysis.
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Figure 29 Southern Screen of gae6-2

Plants possibly carrying an insertion in GAE6 were screened by Southern
blotting using a T-DNA encoded kanamycin as probe which should give rise
to a single band only. Here an autoradiography of the blot is shown.

For both lines RT-PCR experiments showed that only an altered or no transcript was assembled in

planta (figure 30).
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ABCDE FGH

Figure 30 RT-PCR analysis of gae6-1 and gae6-2
A-D) -RT control reactions

E-H) RT reactions with primers spanning the putative T-
DNA insertion site

A,B,E,F) RNA of wild type plants
C,G) gae6-1 RNA and D,H) gae6-2 RNA

Gae6-1 and gae6-2 plants show no change in cell wall composition

A preliminary analysis of four week old green-house grown gae6-1 plants showed a reduction of
cell wall bound uronic acids of up to 40 % and an En-1 insertion in this gene has been reported to
show a reduction of 10 % in leaf derived uronic acids (Gipmans 2001). However, the reduction
could not be validated in later generations. In addition, no change in seed mucilage content was

observed when imbibed seeds of these plants were stained with ruthenium red (data not shown).

Gae6 plants react like wild-type plants to external stresses

It is possible that structural alterations in the cell wall of gae6 occurred but were not detected with
the methods used here. Therefore, the plants were subjected to external stresses, which might hint
subtle structural changes. Plant cell walls pose a primary barrier for pathogens and wall fragments
in particular galacturonic acid rich pectic oligogalacturonides released during pathogen attack can
act as elicitors and trigger plant defense responses. For example it has been reported that mutations
in cell-wall synthetic genes can infer increased pathogen resistance to the plant (Nishimura et al.
2003). Therefore, gae6-2 plants were challenged with pathogens, but no significant difference in
fungal growth was observed compared to WT when the plant was challenged with a non-host
(Blumeria graminis f.sp. hordei) or compatible pathogen (Erysiphe cichoracearum) (Dr. Volker
Lipka, MPI of plant breeding research, Cologne, Germany).

75



3 Results

Figure 31 Gae6 and WT plants challenged with pathogens.

For the same reasons as above the porosity of the cell wall, which seems to be determined at least in
part by the pectin fraction of the cell wall (Baron-Epel et al. 1988), was investigated. Ten day old
gaeb6-1 and gae6-2 hypocotyls were vertically sliced and freeze-dried material was then subjected
to porosity determination. However, no discernible difference was observed in porosity of gae6
hypocotyls when compared to wild type hypocotyls.

It has been long discussed that changes in the abundance of cellulose can be counterbalanced by
change in pectins and vice versa (Shedletzky et al. 1992, Wells et al. 1994). Therefore challenging
plantlets with cellulose inhibitors might increase the abundance of pectic polysaccharides and thus
increasing the demand for UDP-D-galacturonic acid. Therefore wild-type and gae6 plants were
grown on plates containing dichlorobenonitrile (DCB) a potent inhibitor of cellulose synthesis
(Vaughn et al. 1996) (see appendix). No significant difference was observed in plant morphology,
development leaf cell wall composition compared to WT plants grown under the influence of DCB
(data not shown). In addition, plants were also challenged with different concentration of isoxaben,
another inhibitor of cellulose synthesis (Heim et al. 1990), since the mechanism of action of DCB
is unclear. Again, no difference between the mutant and the wild type was observed when

hypocotyl growth was investigated (figure 32).
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Figure 32 Hypocotyl growth on Isoxaben

WT and gae6-2 seeds were germinated and grown for 4 days in darkness on MS medium with 1% sucrose containing
various concentrations of the cellulose inhibitor isoxaben.

3.3.7 Downregulation of more than one member of the GAE family

A downregulation of expression of one member of the GAE gene family did not result in an effect
on the cell wall composition. Therefore, a downregulation of the whole GAE family was attempted.
A segment of the coding region of GAE6 was chosen, which showed highest similarity to the other
family members. This gene segment of approximately 700 bp (representing ca. 50% of the ORF )
was cloned into the pHANNIBAL vector in a head to head fashion as in the case of the RHM genes
(see 3.2.4). After mobilization into the plant competent pART27 vector thus obtaining pRGAE and
plant transformation by the the dipping method (Clough and Bent 1998), transformed seeds were
plated on kanamycin containing plates. After obtaining kanamycin resistant plants, these were
assessed for a reduction in uronic acid content in total cell walls, as screening by Northern-Blotting
was not feasible due to problems detecting the endogenous transcript already in WT plants
(compare figure 27). No significant reduction of uronic acids in approximately 70 lines compared

to the WT was observed, when leaf material of four week old plants was analyzed.
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3.3.8 GAE proteins are common in plants

Searches for proteins similar to the Arabidopsis GAEs using a tBLASTn based approach in the
TIGR plant gene index (TIGR, Rockville, MD) (Quackenbush ef al. 2001) returned protein
sequences that had similar length as the Arabidopsis GAEs. They were aligned with ClustalW
(Thompson et al. 1994), and the resulting output was used to build a maximum likelihood family
tree of the GAEs using the PHYLIP software package (Felsenstein 2004). Interestingly, the family
tree indicates three major subgroups. Two branches of the tree are reliably occupied by GAEI and
GAE®, respectively, whereas GAE2 to GAE4 and possibly GAES are localized in another branch of
the tree. This suggests an ancient role of GAE1 and GAE6 and rather young evolution such as
endoduplication events leading to the other GAEs. However, an analysis of segmental duplications
in Arabidopsis (http://www.tigr.org/tdb/e2k1/ath1/Arabidopsis_genome duplication.shtml)
demonstrated that none of the GAEs fell into the major segmental duplication regions of the

Arabidopsis genome.

W

Figure 33 Phylogenetic tree of GAE proteins.
Possible groups of GAE proteins are indicated by
colored shading.
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3.4 MIOX a myo-inositol oxygenase family

3.4.1 Bioinformatic characterization of the MIOX family

A first characterization of the Arabidopsis MIOX proteins was performed using bioinformatics
tools. The four predicted MIOX proteins were not predicted to have any transmembrane domains
by TMHMM (Krogh ef al. 2001). They were all predicted to be targeted either to the cytoplasm or
the peroxisomes as determined with a Psortl analysis (Nakai and Kanehisa 1992). In accordance, a

TargetP (Emanuelsson 2002) analysis did not find any mitochondrial or chloroplastic targeting

signals.
1 . . . . : o> . . 1 100

1 MIOX2 MTILVEHFVPDSRVDEKKVIEERDNELVLDGGFVVPKSKE--TDAFDAPDMNFLGHSFRDYENGESERQQGVEEFYRMQHIHQTYDFVKKMRKEYGKLNK
2 MIOX1 MTILIDRHSDQNDAGDEIVEKNQGNGKEEETELVLDAG------— FEAPHTNSFGRTFRDYD-AESERRRGVEEFYRVNHIGQTVDFVRKMREEYEKLNR
3 MIOX4 MTISVEKPIFEEVSAFEKSGDNIG-ELKLDGGFSMPKMDTNDDEAFLAPEMNAFGRQFRDY-DVESERQKGVEEFYRLQHINQTVDFVKKMRAEYGKLDK
4 MIOX5 MNISVENPVEVHEDS---TTQKTG-ELRLDSDIPMSKISS-DDEVFLAPEMNAFGRQFRDYTDTNSERQKSVEHFYATQHTNQTLDFVQKMRSEYGKLDK
5 MIOX Sus_scrof MKDPDPSQVYRPDMD—— == == === m o m o m e mm e m e m e mm i m PEAAKDKGSFRNYTSGPLLDR--VFRTYKLMHTWQTVDFVRKKHAQFGGFSY

101 . . . . : . . . . 2 200
1 MIOX2 MEMSIWE ELLNNVVDESDPDLDEPQIQHLLQTAEAIRRDYPDEDWLHLTALIHDLGKVLLLPEFGGLPQWAVVGDTFPVG TFDSANIHHK-YFKGNH
2 MIOX1 TEMSIWE ELLNEFIDESDPDLDEPQIEHLLQTAEAIRKDYPDEDWLHLTGLIHDLGKVLLHSSFGELPQWAVVGDTFPVG AFDESIVHHK-YFKENP
3 MIOX4 MVMSIWE ELLNEVVDESDPDLDEPQIQHLLQSAEAIRKDYPNEDWLHLTALIHDLGKVITLPQFGGLPQWAVVGDTFPVG AFDESNVHHK-YFVENP
4 MIOX5 MVMNIWE ELSKEVVDESDPDLDEPQIQHLLQSAEATIRKDYPNEDWLHLTALIHDLGKVLTLPQFGGLPQWAVVGDTFPVG AFDESNVHHK-YFMENP
5 MIOX Sus_scrofa KRMTVLEAVDMLDGLVDESDPDVDFPNSFHAFQTAEGIRKAHPDKDWFHLVGLLHDLGKVLVL---AGEPQWAVVGDTFPVG RPQASVVEFCDSTFQDNP

201 . . . . H . . . . 3 300
1 MIOX2 DINNPKYNTKNGVYTEG GLDNVLMSWGHDDYMYLVAKKNGTTLPHAGLFIIRYHSFYPLHKAGAYTHLMNDEDRDDLKWLHVFNKYDLYSKSKVLVDVE
2 MIOX1 DYDNPSYNSKYGIYTEG GLDNVLMSWGHDDYMYLVAKENQTTLPSAGLFIIRYHSFYALHKSEAYKHLMNNEDRENMKWLKVENKYDLYSKSKVRVNVE
3 MIOX4 DFHNETYNTKNGIYSEG GLNNVMMSWGHDDYMYLVAKENGSTLPSAGQFIIRYHSFYPLHTAGEYTHLMNEEDKENLKWLHVENKYDLYSKSKVHVDVE
4 MIOX5 DFNNPKYNTKAGIYSEG GLENVLMSWGHDDYMYLVAKENGSTLPSPGLFIIRYHSFYPLHKAGAYTHLMNEEDKENLKWLHVFNKYDLYSKSKVHVNVE
5 MIOX Sus_scrofa DLQDPVYSTELGMYQPH GLENALMSWGHDEYMYQMMKFNKFSLPGEAFYIIRFHSFYPWHTGGDYRQLCNEQDLAMLPWVQEFNKFDLYTKGSDMPDVD

301 . <---] 320
1 MIOX2 QVKPYYISLINKYFPAKLKW
2 MIOX1 EVKPYYLSLTNKYFPSKLKW
3 MIOX4 KVKPYYMSLIKKYFPENLRW
4 MIOX5 KVKPYYMSLIKKYFPENLRW
5 MIOX Sus_scrofa ELRPYYQGLIDKYCPGVLCW

Figure 34 Amino acid sequence alignment between the four Arabidopsis MIOX and the MIOX protein
from hog.

Amino acids are colored according to their physiochemical group using MVIEW as detailed in (Brown et al.
1998) if the similarity between the sequences is above 70%. The similarity of PFAM domain DUF706 is
indicated by |---> and <---| .

An RPS-BLAST (Marchler-Bauer et al. 2003) search for conserved domains only returned the
domains DUF706 and KOG157, which were both not yet comprehensively annotated. Both
domains of both Arabidopsis MIOX proteins and proteins encoding for myo-inositol oxygenase as
shown by biochemical evidence were present. For DUF706 the founding members were annotated
as inositol oxygenase, aldehyde reductase-like, renal-specific oxidoreductase and as kidney-specific

proteins.
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For the MIOX proteins the similarity was between 75.7 % (MIOX1, MIOXS5) and 88.8 % (MIOX4,
MIOXS5) in a global alignment facilitating the Needleman Wunsch algorithm (1970). Moreover in
contrast to the RHM and GAE genes for the MIOX genes some different intron-exon structures

within the family members was observed.

MIOX proteins are widespread in the plant kingdom

Searches for proteins similar to the MIOXes from Arabidopsis using a tBLASTn based approach in
the TIGR plant gene index (TIGR, Rockville, MD) (Quackenbush et al. 2001) returned open
reading frames that had similar length to the Arabidopsis MIOXes. Among them were open reading
frames from the crop plants barley, tomato, wheat, soybean and vine indicating that MIOX proteins
might play a role in crop plants as well.

The best scoring putative full length open reading frames were aligned with ClustalW (Thompson
et al. 1994) and the resulting output was used to build a maximum likelihood family tree of MIOX
using the PHYLIP software package (Felsenstein 2004) (figure 35).

An analysis of the resulting tree indicates that MIOX1 seems to be more similar to the MIOXes
present in monocotyledons whereas MIOX2, 4 and 5 seem to be closely related only to putative
proteins from Lycopersicon esculentum. Since for the majority of the considered monocots

comprehensive genome information is missing the data might be biased.
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Figure 35 MIOX protein family tree

Putative MIOX proteins were identified in the TIGR Plant gene
register and aligned with the Arabidopsis MIOX proteins and the
MIOX protein from hogs (S. scrofa) facilitating ClustalW. The
resulting alignment was used to build a family tree with the
PHYLIP software package.

The relationship of the Arabidopsis MIOX genes was further analyzed by comparing the gene loci
with  the segmental duplication events. The segmental duplication database
(http://www.tigr.org/tdb/e2k1/ath1/Arabidopsis_genome duplication.shtml) showed that MIOX4
and MIOXS5 lie in a region of a segmental duplication between chromosomes IV and V. For MIOX]
and MIOX2 both genes were in the immediate neighborhood of a segmental duplication between

the chromosomes I and II, however, they were not annotated as members of this duplication.

3.4.2 Expression of the MIOX family

The expression of MIOX proteins family was further analyzed by querying the MPSS database
(http://mpss.udel.edu) (table 15).
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Table 15 Expression of Arabidopsis MIOXes

root leaves flower silique callus
MIOXI 0 2 0 233 1
MIOX2 60 96 90 23 80
MIOXS5 8 0 0 0 2

The expression of the Arabidopsis MIOX transcripts was investigated by establishing tag abundance of each member in
the MPSS database. The normalized occurrence for each tag is shown. For MIOX4 no high quality tags were obtained.

The results indicate that MIOX2 seems to be expressed ubiquitously, whereas MIOX5 does not
seem to play a major role. Conversely, MIOXI seems to be mainly expressed in the siliques. When
the AtGENEXPRESS data (ftp.arabidopsis.org) was queried for expression of the M/OX transcripts
the data indicated that MIOXI was barely expressed at all. In contrast, MIOX2, MIOX4 and MIOX5
were highly expressed in the pollen. Moreover intermediate expression of MIOX2 was found in the

seedling (see Appendix).

3.4.3 Arabidopsis thaliana plants carrying T-DNA insertions in MIOX

The function of the MIOX proteins was explored by seeking T-DNA insertion lines in the loci. For
both MIOX1 and MIOX4 insertion lines were identified in the GABI-KAT collection. For MIOX2,
two insertion lines could be identified in the SALK collection. Two homozygous insertion lines for
miox] and miox2 were isolated (see chapter 2.3.14). However, in four to six weeks old plants
grown on soil no difference in the cell wall composition was observed in leaves. Additional
homozygous insertion lines were obtained for MIOX4 and MIOX5 from U. Kanter (University of
Frankfurt, Germany) but these did not show a difference in cell wall composition either (U.Kanter,
pers. communication).

Due to the prevalent expression of MIOXI in the silique, the role for the MIOXes for mucilage
development was studied. Seeds from T-DNA insertion lines for each MIOX member were
extracted with ammonium oxalate (Goto 1985) to investigate the mucilage composition of these
seeds. But no significant difference in uronic acid or total sugar content of extracted seeds was

observed.
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3.5 Development of new bioinformatic tools

Cell wall research has made considerable progress over the past years in terms of methods (Choo et
al. 2002, Goubet et al. 2003, Lu et al. 2003). Thus analyzing many samples and obtaining massive
data sets became possible. However, evaluating these data sets can pose serious problems for the
researcher. Even though tools for statistical analysis exist (R, S-plus etc.), these are either not user-
friendly in terms of data formats accepted, cost extensive, or are not able to perform the desired
tests.

To close this gap in available software in the framework of this project new data-analysis software
was developed taking into account the specific needs of the user in terms of processable data

format and applied analysis.

3.5.1 OLIMP

A software OLIMP (oligosaccharide mass profiler) was developed to work on MALDI TOF
generated data, since a method developed in our lab (Choo ef al. 2002) allowed the quick and easy

evaluation of a multitude of samples. However, a quick method for statistical evaluation was

lacking.
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Figure 36 A screenshot of an OLIMP working session.
Upper left OLIMP menu Upper right: peak assignment window;

Lower panel: Results displayed as HTMLs in Internet explorer. Left:
automatically produced bar chart and Right: tabulated display of the result set.
Significant values are highlighted in red.
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The data is evaluated by pooling similar files according to names and comparing these to one or
two standard set(s) which can be set by the user during one session. For example MALDI data from
xyloglucan derived oligosaccharides (Choo et al. 2002) can be directly imported into OLIMP.
These are then compared to a WT sample facilitating student's t-test. If a significant difference is
detected the user is flagged by highlighting the respective column in red (figure 36 lower right
corner). In addition, each individual comparison can be displayed as a bar chart (figure 36 lower
left corner). However, OLIMP allows for some flexibility since the user can individually assign,

which peaks the software should evaluate.

3.5.2 CSBDB a systems biology database

As already visible from the current explosion in knowledge in cell wall biosynthesis (Seifert 2004,
Scheible and Pauly 2004) it seems necessary to develop new easily accessible tools to investigate
the pathway connection between novel genes possibly involved in cell wall synthesis. In addition,
extending the gained knowledge about nucleotide-sugars networks should give new insights on the
action of other cell wall genes. Since substrate-channeling and thus co-operation of some cell wall
genes has been shown (Nakayama ef al. 2003) or is discussed in the case of the UGE proteins
(Seifert et al. 2002) it was clear that simple sequence similarity based tools would not suffice.
Since it has been shown that genes partaking in a common pathway or sharing a function can be
detected using clustering technologies based on transcript co-response analysis (Steinhauser et al.
2004) a database was developed in co-operation with Dirk Steinhauser (MPI of molecular plant
physiology, Golm) which harbors co-response values of expression abundance of three different
organisms amongst them Arabidopsis thaliana (http://csbdb.mpimp-golm.mpg.de). The
infrastructure of the database allows the user to query for transcripts co-regulated with his
candidate gene(s) over 51 different micro-array experiments, thus allowing the identification of

novel genes potentially involved in similar pathways as the candidate genes.
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Figure 37 Co-response analysis of most identified nucleotide sugar genes

Nucleotide sugar converting enzymes identified in this thesis (table 1 and table 2) and some
other proteins potentially involved in nucleotide sugar synthesis were subjected to a pairwise
co-response analysis in the CSB database. The resulting set was then displayed using the
pajek layout program. Green lines represent co-regulated genes. Red dotted lines represent
negatively co-regulated genes.

facilitating the pajek display program (figure 37).

As a first application the database was queried with all available predicted nucleotide sugar
converting enzymes and related proteins (see table 1, page 39 and Seifert 2004) in a single query to
build an interrelationship network. A network analysis could then identify major hubs which might
play a central role in nucleotide sugar analysis. Moreover, a network might indicate cooperativity

between transcripts being part of a single pathway. The resulting network was then displayed

Most nucleotide sugar converting enzymes found in the matrix where interconnected to each other.
One exception was the separation of UGE! from the rest of the nucleotide sugar interconversion
enzymes. Interestingly, it showed negatively correlated behavior to most of the other nucleotide

sugar converting enzymes, whereas the other detected UGEs did display a major role based on their
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connectivity. This might indicate that UGE1 has a different role than the other UGEs and might not

be involved in nucleotide sugar interconversion at all.

UGE4

Figure 38 Categories

For both UGE1 and UGE4 a “single gene query” was conducted in the CSB database.
Co-regulated genes were classed into bins which were derived from the MapMan
program (Thimm et al. 2003). After normalization of these bins to their occurrence in
the experiments the resulting sets were displayed as pie-charts. The represented bins
are 1 photosystem, 2 major CHO metabolism, 3 minor CHO metabolism, 4 glycolysis,
5 fermentation, 6 gluconeogenese/ glyoxylate cycle, 7 oxydative pentose phosphate
pathway, 8 tri carboxylic acid cycle, 10 cell wall, 11 lipid metabolism, 12 N-
metabolism, 13 amino acid metabolism, 14 S-assimilation, 15 metal handling,16
secondary metabolism, 17 hormone metabolism, 20 stress, 21 redox, 22
polyamine metabolism, 23 nucleotide metabolism, 25 Cl-metabolism, 26 misc, 27
RNA, 28 DNA, 29 protein, 30 signaling, 31 cell, 33 development, 34 transporter, 35
not assigned

To further explore the difference between UGE and UGE4 genes co-regulated with either of them
were placed into 35 categories which have been previously defined (Thimm et al. 2004). These
were divided by their level of occurrence in the matrix. For both genes three categories of over-
represented classed could be identified. For UGEI these were minor CHO metabolism,
fermentation and gluconeogeneses/glyoxylate cycle for UGE4 the classes were glycolysis,
fermentation and TCA cycle. This might give a further indication of the different roles of the two
UGE isoforms in Arabidopsis.

To further explore the capabilities of the CSB database it was queried with RHM?2, GAE6 and
UGD2 which show high interconnection in figure 37 at the same time. Only genes being co-
regulated to all three genes were considered (CSB.DB intersection gene query). The resulting
dataset of co-regulated genes (following the expression of the above mentioned genes) contains

only 26 genes (table 16), however, many of them are related to cell wall synthesis or modification.
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Table 16 Genes identified by a CSBDB search

The AGI Codes Atlg53500 (RHM?2), At3g23820 (GAE6) and At5g39320 (UGD2) were used to query the CSB
database with an intersection gene query. The resulting output is reproduced here. The genes are ranked according to
their probability of the co-response (cumulative probability).

rank ID

1 At5g03760
2 At2g35860
3 At3g20570
4 At3g03780
5 At4g02500
6 Atlgl6860
7 Atl1g64390
8 Atlg63000
9 At4g31590
10 At2g34560
11 At5g45280
12 Atlg50010
13 At4gl2880
14 At4g13890
15 At5g22740
16  Atdgl3210
17 At3g09820
18 Atlg04680
19 Atlgl3280
20 Atlg74690
21 Atlg30690
22 At5gl4790
23 Atlgl8840
24 Atlg34020
25  Atlgl0200
26  At2g25520

o Cumultative
gene description B
probability

glycosyltransferase family 2; similar to beta-(1-3)-glucosyl transferase GB:AAC62210 GI:3687658 from (Bradyrhizobium
japonicum), cellulose synthase from Agrobacterium tumeficiens (gi:710492) and Agrobacterium radiobacter (gi:710493); contains  1.0521e-13

Pfam glycosyl transferase, group 2 family protein domain PF00535

expressed protein 7.5465¢e-13
plastocyanin-like domain containing protein 2.7372e-10
methionine synthase -related; similar to cobalamin-independent methionine synthase GB:AAC50037 (Arabidopsis thaliana) 5.2737e-10
transferase - related; low similarity to alpha-1,2-galactosyltransferase, Schizosaccharomyces pombe (SP|Q09174) 1.3376e-09
expressed protein; contains similarity to merozoite surface protein 2 (MSP-2) G1:1657451 from (Plasmodium falciparum) 1.3191e-08
glycosyl hydrolase family 9 (endo-1,4-beta-glucanase); similar to endo-beta-1,4-glucanase G1:4972236 from (Fragaria x ananassa)
(Plant Mol. Biol. 40, 323-332 (1999)) 1.2752¢:07
expressed protein 1.0231e-06
glycosyltransferase family 2; similar to cellulose synthase from Agrobacterium tumeficiens (gi:710492) and Agrobacterium
radiobacter (gi:710493); contains Pfam glycosyl transferase, group 2 family protein domain PF00535 14407¢-06
katanin -related 1.7488e-06
pectinacetylesterase, putative; similar to pectinacetylesterase precursor GI:1431629 from (Vigna radiata) 3.7442¢-06
tubulin alpha-2/alpha-4 chain (TUAZ2); identical to tubulin alpha-2/alpha-4 chain SP|P29510 GB:P29510 from (Arabidopsis
thaliana) 4.6131e-06
plastocyanin-like domain containing protein 1.5184¢-05
5.4338e-05

glycosyltransferase family 2; similar to beta-(1-3)-glucosyl transferase GB:AAC62210 GI:3687658 from (Bradyrhizobium
japonicum), cellulose synthase from Agrobacterium tumeficiens (gi:710492) and Agrobacterium radiobacter (gi:710493); contains  6.5535e-05
Pfam glycosyl transferase, group 2 family protein domain PF00535

polysaccharide lyase family 1 (pectate lyase); similar to pectate lyase GP:14531296 from (Fragaria x ananassa) 6.3146¢-05
adenosine kinase 1 (ADK1)/adenosine 5'-phosphotransferase 1; identical to adenosine kinase 1 /adenosine 5'-phosphotransferase 1

SP:Q9SF85 from (Arabidopsis thaliana) 00002049
polysaccharide lyase family 1 (pectate lyase); similar to pectate lyase GP:14531296 from (Fragaria x ananassa) 0.0004851
allene oxide cyclase family; similar to ERD12 (GI:15320414), allene oxide cyclase GI:8977961 from (Lycopersicon esculentum) 0.00032547
expressed protein 0.0004021
expressed protein; Contains the PF|00650 CRAL/TRIO phosphatidyl-inositol-transfer protein domain. ESTs gb|T76582, gb|N06574

and gb|Z25700 come from this gene 0.00038423
expressed protein; predicted protein, Arabidopsis thaliana 0.0010045
expressed protein; similar to unknown protein GI:6539269 from (Arabidopsis thaliana) 0.0012426
transporter-related; low similarity to UDP-sugar transporter (Drosophila melanogaster) GI:14971008, UDP-glucuronic acid

transporter (Homo sapiens) GI:11463949 00011204
transcription factor -related; similar to transcription factor SF3 (pir|IS37656); similar to ESTs gb|T42207, gb|N37716, and emb| 0.0009319

217491

phosphate translocator-related; low similarity to SP|[P52178 Triose phosphate/phosphate translocator, non-green plastid, chloroplast

precursor (CTPT) {Brassica oleracea}, phosphoenolpyruvate/phosphate translocator precursor (Mesembryanthemum crystallinum)  0.0014853
GI:9295275

Interestingly the resulting data set contains some sugar transporter related proteins. These might be

good candidate genes for a further elucidation. Moreover the two non-annotated genes At2g35860

and Atlg74690 had the highest match to the MIPS functional categories “metabolism of primary

metabolic sugars derivatives” and “nucleotide binding”, respectively.

87



3 Results

Moreover for the genes with the accession numbers At2g35860, At4g02500, Atlg64390,
At5g45280, At4g13890, At5g22740, Atlg04680 a more than two fold up or downregulation was
measured in a microarray experiment (B. Willats, www.arabidopsis.info) where cell cultures were
treated with isoxaben a cellulose inhibitor which might also affect pectin synthesis. However,
apparently no enrichment of up-or down regulated genes was achieved (approximately 1/3 of each
set contains these genes). Nevertheless of the eight genes from the above list containing the
keyword lyase or transferase five showed a more than two fold up-or downregulation under

isoxaben treatment and one (At5g03760) was not measured.
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4 Discussion

Although substantial knowledge about the structure of the plant cell wall has been gathered during
the past decades (Cosgrove 1997) little is known about its synthesis and development. A major
effort to understand cell wall synthesis and regulation has been a forward genetics approach. This
approach yielded various cell wall mutants (Reiter et al. 1997) based on their wall derived neutral
monosaccharide composition. However, most of the genes responsible for the wall alteration were
not mapped at the beginning of this work and still many await positional cloning.

Here a reverse genetics approach was chosen to identify proteins putatively involved in cell wall
synthesis with a focus on nucleotide sugar metabolism. This approach was based upon studies of
proteins well known to be involved in nucleotide sugar metabolism from bacteria and mammals

(Tonetti et al. 1998).

4.1 A reverse genetics approach to identify nucleotide sugar
converting enzymes

Cell wall polysaccharides are synthesized by sugar transferases (Scheible and Pauly 2004) which
might act on presynthesized primers (Peng et al. 2002). These transferases facilitate nucleotide
sugars as activated, preenergized precursors. Since 14 different nucleotide sugars are necessary for
the synthesis of the wall (see Introduction) the plant has assembled a complex nucleotide sugar
conversion pathway. Numerous activities of enzymes in this pathway have been shown in plant
extracts, but most of the corresponding genes are not known. In order to identify genes for
nucleotide sugar precursor modifying enzymes the knowledge about similar bacterial (reviewed by
Samuel and Reeves 2003) or mammal enzymes (King et al. 2001, Tonetti et al. 1998) was
facilitated.

Candidate gene pools for this class of enzymes seems to be small and high inter-species
conservation of individual genes seems to be applicable. However, up to now only relatively crude
methods such as standard BLAST have been used to identify new candidate genes (Vanzin and
Reiter 2001). Some candidate genes (namely the genes coding for UDP-D-glucose epimerase and
UDP-D-glucose dehydrogenase) in the nucleotide conversion pathway were identified via sequence

similarity to their mammalian or bacterial counterparts (Dérmann and Benning 1996, Tenhaken
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and Thulke 1996, Kaplan et al. 1997, Bonin and Reiter 2000). It is well known that BLAST
searches have some limitations (Altschul et al. 1990). Therefore even more powerful techniques
have been developed such as profile hidden markov models (Eddy 1998) which take conservation
of residues between species into account to reveal new genes with high specificity and
comparatively little effort. Thus profile hidden markov models were facilitated to uncover genes
possibly involved in nucleotide sugar interconversion.

A nucleotide sugar conversion candidate list was obtained (see table 1 and 2, results 3.1). Its
content was verified during the course of this study by examinations carried out by Reiter and
Vanzin (2001), who also concluded that many genes from the list could potentially encode for
nucleotide sugar converting enzymes. However, since their approach was also based on reverse
genetics the overlap of candidates cannot be seen as an independent proof. Moreover some gene
families such as the MUR4 gene family, the AXS family, one gene annotated as being involved in
nucleotide sugar metabolism (At4g00560) and several genes not annotated as acting on nucleotide
sugars were not mentioned in their list. The approach used here gained substantial validity by
identifying the proteins already known to play a role in nucleotide sugar biosynthesis at the time of
its conduction (Dérman and Benning 1996, Tenhaken and Thulke 1996, Bonin et al. 1997, Bonin
and Reiter 2000). Further candidate genes identified here (Table 1 and 2) were confirmed during
the course of this study such as MUR4, a UDP-D-xylose epimerase, and its homologs (Burget et al.
2003). Interestingly, the rough tree of all nucleotide sugar converting enzymes found here presented
in figure 7 indicated that the MUR4 proteins should be similar to both the UGE and GAE protein
families and indeed publications of both UGE (Seifert et al. 2002) and MUR4 (Burget et al. 2003)
both mention the other two families as sharing common sequence features. The gene family
identified here (table 3) through a similarity to known myo-inositol oxygenase from pigs was later
confirmed to indeed encode Arabidopsis myo-inositol oxygenase (Lorence et al. 2004).

Since by now many candidate proteins identified in the original reverse genetics approach have
been characterized some other less likely candidates should also be considered such as proteins
carrying a non-descriptive annotation like “putative protein” or an annotation unrelated to
nucleotide sugar, eg. At1g09340 which is annotated as an RNA binding protein. However, it can be
expected that for these proteins functional prediction is more difficult as it becomes increasingly
more tedious to infer their function due to their higher dissimilarity to known proteins. Here it
could be difficult to assess a possible function especially since loss of function mutants in

nucleotide sugar converting enzymes do not necessarily show a revealing phenotype as has been
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shown in this thesis. However, due to the identification of many of the nucleotide sugar converting
enzymes also conducted as part of this thesis, a characterization of the remaining candidates might
become feasible by a combinatorial analysis. This can be done by building on the foundation of the
extensive studies conducted about possible nucleotide sugar conversion pathways in planta
(extensively reviewed by Feingold and Avigad 1980). Since the major pathways have been
elucidated (or are in the process of being published) the remaining candidates might code for other
minor enzyme functions such as NDP-D-rhamnose synthesis whose activities have been shown in
planta (Feingold and Avigad 1980) but where no gene has been cloned yet. Thus the work
presented here lays the foundations for a thorough analysis of the remaining nucleotide sugar

converting enzymes.

4.2 RHM2 encodes an enzyme necessary for mucilage pectin synthesis

One important goal of the thesis was the identification of plants with an altered cell wall structure.
Rhamnose is found in the pectic components rhamnogalacturonan I (RGI) and rhamnogalacturonan
IT (RGII). Therefore, a rhamnose precursor might play a major role in pectin synthesis, especially
since all RGI side chains are attached to the rhamnosyl substituents (figure 2, introduction).

One of the candidate gene families, RHM, identified by the reverse genetics approach was studied
in further detail by T-DNA insertion lines for one of the genes, RHM?2. No difference in leaf cell
wall composition and hence RGI structure nor in the size of the pectic fraction was obtained in
mutants for this allele. However, a strong reduction in seed mucilage, which is nearly entirely
composed of pectins (Goto 1985), was observed in seeds of the mutant plants. Moreover, a lesion
in the RHM?2 locus led to severe developmental effects in the developing seed coat such as a
flattened columella (figure 16, results).

Therefore, rhm2 was the first known synthesis mutant involved in seed development (Usadel et al.
2004), highlighting the importance of primary metabolism for proper development. It was later
shown that rhm?2 is allelic to mum4, a previously identified mucilage mutant (Western et al. 2004).
However, even though RHM2 probably is involved in NDP-L-rhamnose synthesis (Watt et al.
2004) conclusive biochemical evidence is still lacking. Several points indicate a role as an UDP-L-
rhamnose synthase. First there is strong similarity of the N-terminal domain with bacterial enzymes

involved in NDP-L-rhamnose synthesis. Secondly a heterologously expressed C-terminal domain of
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one of the RHM members and UER1 do convert an intermediate of NDP-L-rhamnose synthesis into
NDP-L-rhamnose (Watt et al. 2004). Moreover, rhm2 seeds show a defect in mucilage RGI,
specifically a downregulation of rhamnose and uronic acids. Here, the downregulation of uronic
acids can be explained by the backbone structure of RGI, which consists of an alternating
rhamnosyl-galacturonic acid disaccharide unit. Therefore a reduction in the availability of
rhamnose substrate will concomitantly limit GalA content. Last but not least RHM2's homolog
RHMI1 does convert UDP-D-glucose into a product that upon hydrolysis co-migrates with
rhamnose upon thin-layer chromatography (Melhgj and Reiter, University of Connecticut, CT,
USA, personal communication). Thus it seems very likely that RHM2 indeed catalyzes the
conversion of NDP-D-glucose into NDP-L-rhamnose, which is then incorporated into mucilage
RGI. Based on data available from plant extracts, where most NDP-L-rhamnose is present as UDP-
L-rhamnose (Feingold and Avigad 1980) it seems likely that RHM?2 encodes a UDP-L-rhamnose
synthase.

Rhm?2 provides a new genetic tool to dissect mucilage biosynthesis

The deposition of mucilage is a highly complex process and only recently some understanding of
mucilage deposition in Arabidopsis began (Windsor et al. 2000, Western et al. 2000). Rhm?2 as an
enzymatic mutant provides a new genetic tool to dissect the process of mucilage deposition in
Arabidopsis. Other mapped mucilage mutants usually exhibited pleiotropic effects due to
molecular lesion in transcription factors (Western et al. 2002, Penfield et al. 2001). However, it
cannot be excluded that the observed developmental effect seen in the rAm2 seed coat is not
primarily due to the lack of RGI in the seed mucilage. The observed effect could also be the direct
or indirect effect of a lack of rhamnose or rhamnose containing structures. For example, some
evidence has been published showing that at least rhamnose containing oligosaccharides have some
effect on hypocotyl development in Arabidopsis (Y okotani-Tomita ef al. 1998, Hirose et al. 2004).
In any case, rhim2 should prove a useful genetic tool to start a dissection of different rhamnose
requiring pathways in the developing seed. This is especially true since under laboratory conditions
the mucilage is dispensable for the seed (Western et al. 2000) and seems to consist of rather pure
RGI (Penfield et al. 2001). Seeds from myb61 plants lacking a functional MYB61 transcription
factor and showing a strong reduction in mucilage displayed a reduction of germination rate under
water-limiting conditions (Penfield et al. 2001). Thus Penfield and coworkers speculated that a
disruption of mucilage would lead to decreased germination under water stress conditions due to

the hydrophilic nature of the pectic RGI of the mucilage (2001). If the observed effect in myb61
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was due to the stronger reduction of mucilage or due to pleiotropic effects associated with the loss
of the transcription factor has still to be determined. However, rhm2 seeds did not show any
reduction in germination rate when compared to wild type plants under normal or water limiting
conditions (chapter 3.2.3.2). Western and colleagues showed by an independent approach that a
decrease of MYB61 does not seem to affect RHM?2 transcript levels (2004). Therefore they
speculated that RHM2 would rather be regulated by other transcription factors such as AP2, TTG1
and GL2 which partly also show mucilage phenotypes in a loss of function situation (Western et al.
2002). They showed evidence for such a behavior by demonstrating that reduced RHM? transcript
was observable in mutants for those transcription factors

Another interesting example highlighting the importance of pectic structures for the mucilage is the
impact that the discovery of rhm2 as a mucilage mutant (mum4) had for the current models of
mucilage and seed coat formation (compare Western et al. 2002 to Western et al. 2004). The
discovery of pectin modifying enzymes in mucilage mutants was rather unexpected (G. Haughn,
University of British Columbia, pers. communication) but at least an additional pectin mutant, a
putative pectin methylesterase, seems to be involved in mucilage development (Michelle Facette,
Carnegie Institute, CA, USA, personal communication). Therefore, the identification of rhm?2 as
mum4 might start a new era of mucilage research. Interestingly, the defect in »am2 lead not only to
the reduction of mucilage RGI but also to a 40 % reduction in the molecular weight of the isolated
RGI (chapter 3.2.3.1) This suggests that limiting substrate availability has an influence on the
processivity of putatively involved rhamnosyltransferases. So far a similar effect had only been
shown for starch synthesis (Van den Koornhuyse et al. 1996), but could also be more generally
applicable for the synthesis of other wall polysaccharides. Thus it can be speculated that a complete
understanding of the nucleotide interconversion pathway and flux might eventually lead to altered

polysaccharides changed just on the basis of substrate availability and flux.

4.3 The expression of at least one RHM protein seems to be necessary
for proper plant development in Arabidopsis

The downregulation of the whole RHM gene family expression in Arabidopsis (3.2.4) resulted in a
strong reduction of growth and an accumulation of antocyanins. This was so far not observed in
other pectin cell wall mutants so far, where a similar biochemical phenotype such as a reduction of

rhamnose (mur8, murl 1, Reiter et al. 1997) but no visible phenotype was observed. This indicates
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that the growth reduction in the rRHM plants is not due to the same molecular mechanism as the
one causing the observed effect in the mur8 and murll mutants. Since only a composition of the
cell walls of the two mur mutants has been published so far (Reiter et al. 1997), the growth
reduction can be explained either by differences in the cell wall alone or by effects on other
rhamnose containing components in Arabidopsis. Since there are several structures in the cell wall
containing rhamnose even in minor amounts such as RGI, RGII (Visser and Voragen, 1996) and
AGPs (Fincher et al. 1983), the mur mutants might be affected in a transferase specifically
affecting only one of these components, whereas a broad limitation of UDP-L-rhamnose might lead
to a reduction in all of these three compounds. Both RGII (O'Neill ef al. 1990) and AGP (Fincher et
al. 1983) contain only a small percentage of total rhamnose of the cell wall, but both polymers are
known to be involved in cell to cell adhesion and communication (Iwai et al. 2002, Showalter
2001). Thus even without a drastic reduction of wall rhamnose content a minor reduction/structural
defect in either of them could lead to profound effects on plant growth and development. It is
therefore necessary to isolate these cell wall components and monitor rhamnose levels of the rRHM
plants and the published mur mutants. An initial analysis presented here already showed that RGI
did show a 40% reduction in rhamnose in one of the rRHM lines. However, as of now it is not
known if also other wall polysaccharides are structurally altered.

Interestingly the RNAIi construct seems to have lead to the reduction of transcript not only of
RHM1-3 but also UERI which encodes a proteins similar to the C-terminal region of the RHM
proteins. However, this data could be due to inaccuracy of real-time RT-PCR measurements.
Alternatively it could be speculated that UER1 which would need other enzyme activities to
synthesize NDP-L-rhamnose from NDP-D-glucose probably found in the N-terminal domain of
RHM (Watt et al. 2004) might be co-regulated on a transcriptional level with the RHM genes
which is also detected in the network analysis performed within the CSB.DB framework, where
UERI transcript was correlated to that of RHMI and RHM?2 expression. However, current
knowledge about multi domain enzymes such as RHM implicates that the substrates would be
channeled from one domain to the other (see e.g. Voet and Voet 1995). This would leave the role of
UERI1 undefined, because no good candidates exist, which is similar to the N-terminal domains of
the RHM proteins. UERI might act as a safeguard for intermediates released from the RHM
enzyme complex or might form interactions with certain RHMs which could be uncovered in a

yeast two hybrid screen.
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The putative lack of UDP-L-rhamnose supply in the rRHM plant might also influence the level of
other rhamnose containing oligosaccharides and/or flavonoids which also use UDP-L-rhamnose as
a rhamnose donor (Jones ef al. 2003). This in turn might influence proper plant growth,
development or might lead to triggering plant defense responses such as in the case of
oligogalacturonides (Pilling and Hofte 2003). Interestingly, the observed phenotype of increased
anthocyan production with concomitant mucilage reduction has also been observed in the
pleiotropic mutants in the TRANSPARENT TESTA GLABRAI locus (Walker et al. 1999).
Following the current model of mucilage production proposed by Western and colleagues (2004),
TTGI should act upstream of GL2, which in turn signals to RHM2. The observed effects in the
rRHM plants having strong pleiotropic effects might eventually also point to a feed-back inhibition
mechanism via TTG1. However, a good epigenetic study for the proposed model is still lacking.
Here it was shown that altering RHM expression levels lead to pectins with a reduced rhamnose
content. It will be interesting to apply this knowledge to crop plants such as the tomato
(Lycopersicon esculentum). Here, a change in pectin structure could have significant impact on the
commercial value of fruits (Camara et al. 2002). A good candidate for a RHM protein could
alreready be identified in Lycopersicon esculentum. Based on the extremely high sequence
similarity between LeRHM1 and the Arabidopsis RHM family on amino acid level it can be
concluded with some confidence that the identified protein is indeed the best candidate. Due to the
preferential expression of LeRHM1 in fruits the gene poses an immediate target to modify fruit
structure without changing the general appearance of the plant and hence fruit yield.

One possibility is a downregulation of LeRHM]I using an RNAi construct and subsequently

analyzing fruit pectins of the transgenic plants.

4.4 GAEG6 encodes a functional UDP-D-glucuronic acid epimerase

Galacturonic acid is the major component of pectins and present in all pectin polysaccharide
backbones (Mohnen 1999). The proposed precursor of pectic galacturonic acid is UDP-D-
galacturonic acid (reviewed by Feingold and Avigad 1980). However, up to now UDP-D-
galacturonic acid had to be generated from UDP-D-glucuronic acid by means of a crude radish root
extracts with poor yield (Liljebjelke et al. 1995). Here the identification, cloning and functional
expression of a putative UDP-D-galacturonic acid epimerase gene (3.3.2 and 3.2.3) was performed

and the activity of the enzyme allowed the production of milligrams of UDP-D-galacturonic acid. It
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has been shown that using Pichia pastoris extracts UDP-D-galacturonic acid can also be produced
in the mg scale in overnight reactions. Even though a bacterial GAE had also been cloned and
functionally expressed in E. coli (Mufioz et al .1999) it has not been used for generation of UDP-D-
galacturonic acid, possibly due to low reaction yields or byproducts.

Despite the recent advance in knowledge about nucleotide sugar metabolism in plants (Seifert
2004) no functionally cloned enzyme has been used to generate new NDP-sugars from
commercially available substrates in the mg scale. However, the generation of smaller amounts is
possible (e.g. the CCRC substrate service). Moreover for most studied enzymes the precise identity
of the products was not unambiguously shown (Melhgj et al. 2003) as usually only hydrolysis
products were analyzed. A notable exception is the work of Watt and colleagues who generated
dTDP-L-rhamnose and extensively characterized it by nuclear magnetic resonance (2004).
However, they did not start from any commercially available product like UDP-D-glucose but they
had to first synthesize a dTDP-D-4keto-6deoxy-D-glucose intermediate with the help of a bacterial
enzymes from commercially available dTDP-D-glucose. It remains questionable whether the
generated substance (dTDP-L-rhamnose) would be useful for studies in plant cell wall synthesis
since a compound was generated which so far has not been detected in plants (Feingold and Avigad
1980).

The possibility that radish extracts and insect cell extracts lose their epimerase activity or that both
harbor other enzymes further converting UDP-D-galacturonic acid cannot be excluded. However, in
the case of the insect cells no other nucleotide sugar peak was detected in an HPAEC trace
indicative of no conversion of UDP-D-galacturonic acid into another major nucleotide sugar which
would be detectable by HPAEC (Usadel & Pauly unpublished results).

GAEG6 when expressed in Pichia does convert approximately half of the UDP-D-glucuronic acid to
UDP-D-galacturonic acid. Interestingly, a similar case was demonstrated for UDP-D-xylose and
UDP-L-arabinose whereas the apparent equilibrium from plant extracts was 4:1 (Pauly et al. 1999)
and when a gene encoding for this epimerase expressed in Pichia was used for in vitro conversion a
1:1 ratio was observed (Burget et al. 2003). Based on the observations made it could be speculated
that some kinetic control mechanism would be exerted in both insect cells and plant extracts thus
capping synthesis of the products. However, more experiments are necessary to prove such a

control mechanism and elucidate its mechanism.
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4.5 A loss of function in GAEG6 does not result in any phenotypes

Initial results from the analysis of gae6 cell walls where a reduction of 40% in leaf cell wall bound
uronic acids was found, a persisting difference of gae6 plants in cell wall composition was not
obtained. It is unlikely that the analyzed T-DNA insertion lines still encode a functional UDP-D-
galacturonic acid epimerase, since the GAE6 transcript of gae6 plants was altered in such a way
that either the translation product would be modified by a block of T-DNA inserted in the predicted
catalytically active domain of GAEG6 or that the transcript was degraded. One possible explanation
for the non-reproducable results might be the growth of gae6 lines in the greenhouse as slight
differences in the plant growth environment such as light and humidity conditions, soil
composition and/or plant pathogen interaction existed. One of these conditions might be a stress
condition under which a structural phenotype becomes visible. Moreover the regulation of GAE]
and GAE6 during leaf development where both are expressed to a high level but seem to be
differentially regulated in young leaves (see figure 25) might make it difficult to pinpoint cell wall
differences. However, the higher raw expression for GAE6 in small leaves might point to a specific
tissue in the gae6 mutant.

It can be argued that genetic redundancy is responsible for sufficient synthesis of UDP-D-
galacturonic acid. To prove this an examination of remaining UDP-D-GIcA epimerase activity in
planta would be necessary.

Constitutive overexpression of GAE6 did also not result in an overabundance of pectins. Although
it cannot be excluded that the overexpressed protein is rapidly degraded, the synthesis of UDP-D-
GalA does not seem to be the limiting factor or a regulation point for pectin synthesis under the
growth conditions used here. In contrast, it has been shown for at least one nucleotide sugar
converting enzyme, GDP-mannose-epimerase, that tight regulation of the enzyme partly through
feed-back inhibition is exerted (Wolucka and Montagu 2003).

Since other members of the GAE family might influence the abundance of GalA present in the
wall, the knockout mutants gae? and gae5 were investigated in our laboratory (Beyer 2004).
However, in both cases no visible phenotype was observed and in the case of gae2 plants only a
minor reduction in the arabinose level was observed which could be rather due to environmental,
random effects, since uronic acids level were unaffected. Further experiments including the
creation of double knockout mutants might be necessary to gain further insights into genetic

redundancy.
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4.6 Quantitative analysis of GAE transcripts reveals three groups of
co-expressed genes

Clustering of the different GAE transcripts based on their expression level in the different organs
yields three different groups. On one hand there are the highly expressed genes GAE! and GAE6
being individually separated from all the other genes and on the other hand GAE2 to GAES cluster
together (see chapter 3.3.4). Even though GUS staining revealed subtle differences in the
expression of the latter group, still a co-expression of GAE2 to GAES might indicate that these are
closer related through evolution. This is also the result of a phylogenetic analysis of the GAE
proteins sequences by means of tree-building. Taken together these results suggest that
phylogenetic groups could be uncovered by means of quantitative RT-PCR analysis. It will be
interesting to see if this is generally applicable and if this is due to conserved promoter sequences.
From an evolutionary point of view it will be interesting to see what differentiates the expression of
such groups and whether GAE2 to GAES would have different catalytic properties.

As another example for possible evolutionary relation of expression, Burton and co-workers were
able to differentiate two groups of co-expressed putative cellulose synthase genes in barley by
means of organ specific real time RT-PCR (2004).

A co-response analysis of GAE transcripts using publicly available microarray experiments showed
that GAE® is co-regulated with GAE3 and GAE4. In contrast, GAE[ was not co-regulated with any
other GAE transcript. It could also be speculated that GAE3 and GAE4 whose transcript is co-
regulated with GAE6 might take over the role of GAE6 under certain stress conditions which
underly the co-response analysis but not the real-time RT-PCR data. It remains to be seen whether
this is due to the higher sampling error of microarray based transcript measurements or due to the
different environmental circumstances. With the advent of microarray expression profiles for many
different plant organs (ftp.arabidopsis.org) produced in Prof Weigel's laboratory (MPI for
Development, Tiibingen, Germany), it has now become feasible to compare the tissue-specific real-
time RT-PCR data with corresponding microarray data and new expression analysis tools as well as

new co-response matrices that are currently being developed.
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4.7 A loss of MIOX function does not affect leaf cell wall composition

Arabidopsis expresses proteins responsible for the synthesis of D-glucuronic acid from myo-inositol
(Lorence et al. 2004) thus confirming the predicted function of the identified candidate genes (see
3.1). However, a loss of function in any individual member of this family does not result in a
change in cell wall composition of 4-8 week old green house grown plants (this thesis and U.
Kanter, personal communication). This lack of a visible phenotype could be due to genetic
redundancy or pathway redundancy, i.e. the conversion of UDP-D-glucose to UDP-D-GIcA through
the UDP-D-glucose dehydrogenase (UGD) pathway. However, there is some evidence that at least
under normal conditions the UGD and MIOX pathway seem to occur in different plant organs
(Seitz et al. 2000). Therefore a comprehensive study of the synthesis of UDP-D-glucuronic acid
would involve the generation of many permutations of double and triple mutants to elucidate
functional relationships of these genes on a genetic basis. Moreover, studies of the expression
levels of all genes in both pathways in the single insertional mutants might be revealing.

The MIOX pathway, even though it has been described as having some importance during plant
development (Dalessandro and Northcote 1977, Tenhaken and Thulke 1996, Seitz et al. 2000)
could only play a minor role in UDP-D-glucuronic acid synthesis as in contrast to UGDs, MIOX
genes are often not measured on Affymetrix chips (CSB.database and underlying data, appendix).
D-glucuronic acid generated by the MIOXes still has to be converted into UDP-D-glucuronic acid
by the subsequent activity of a Cl-kinase and a pyrophosphorylase (Feingold and Avigad 1980)
which could also be upregulated to compensate the loss of some MIOX function. In this case the
remaining MIOXEes could eventually provide sufficient intermediate which could then be
converted faster by upregulation of downstream enzymes yielding the same amount of product.
However, a kinetic study of rate constants both in the wild-type and mutant plants and/or

epigenetic studies would be necessary to establish such a mechanism.

4.8 Systems biology might reveal new insights into cell wall
metabolism

Another tool to gain more insight into nucleotide sugar conversion pathways might be the analysis
of co-response networks as already shown above. More specifically, UGEI and UGE4 transcripts

seem to be differentially connected to other transcripts in Arabidopsis possibly indicating a
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different function. Since a functional not further specified difference of both proteins is also
assumed by Seifert (2004) this might hint that systems biology might help exploring gene function
in the nucleotide sugar field. This gains further strength by the fact that plants having a lesion in
UGE3 which also found to be highly connected also shows a root bulging phenotype as do uge4
plants (A. Kuschinsky, MPI of molecular plant physiology, Golm, Germany, personal
communication). UGEI on the other hand does not display this observed phenotype (Dérmann and
Benning 1998). To gain final insight into the propensities of the network it would be necessary to
obtain both a full network consisting of all identified nucleotide sugar converting enzymes and
biochemical and genetic evidence for every member of a gene family.

Even though not directly related to the nucleotide sugar conversion pathway positional cloning was
performed based on “visual” correlation just recently. Here two cloned proteins encoding for two
subunits of a complex were shown to show a correlated expression and to cause the same
phenotype. A third mutant also having this phenotype could be positionally cloned based on
correlated expression behavior to these two after having narrowed down the candidate gene pool to
some tens of candidates by means of mapping (K. Roberts, John Innes Centre, Great Britain,
personal communication).

In a different approach the CSB database was used to identify new potential candidate genes
possibly involved in cell wall synthesis. The combination of genes from one sub-network of
nucleotide sugar modifying enzymes consisting of RHM2, GAE6 and UGD2 was used to obtain a
candidate gene list of co-regulated genes. Since many of the obtained genes were indeed cell wall
related other fuzzy annotated genes (such as “expressed protein”) might also be interesting to
consider for functional analysis in the future. When the data was compared to a cell wall stress
experiment where cell cultures were grown in isoxaben, and only the cell wall related genes were
considered most of them showed a difference in expression. Hence, the combination with specific
related individual microarray data might lead to further specificity of the candidate lists. However,
further experiments such as studying knockout plants or expressing the enzymes in vitro would be
necessary to prove that indeed a refinement of the data set was reached.

CSB.DB can be used as a tool for various other questions such as how correlation networks will
behave under different stress situations, and might thus allow the identification of possible stresses
under which the mutants such as gae6 exhibit a developmental or morphological phenotype. The
inclusion of the expression data of ATGENEXPRESS enables rapid localization of possible

hotspots for gene expression.
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In light of the microarray and metabolic profiling data generated by researchers it is even more
important to create resources that visualize highly abstracted data about multi-parallel data sets.
Extension of the datasets will allow to consider the nucleotide sugar networks when only cell wall
related experiments would be used for matrix building. Even though that was not achieved during
the time frame of the thesis due to the lack of sufficient appropriate microarray datasets and the
impossibility to generate them in one group, exactly these high amounts of experiments are
generated and put into the public domain right now.

In general it can be expected that the multi-parallel datasets which are currently generated will spur
new developments and will considerably increase the speed with which progress in plant science is

made.

4.9 Concluding remarks

Within this thesis genes were identified and characterized that are involved in the synthesis of cell
wall sugar precursors. It was feasible to study these genes in detail using a reverse genetics
approach and this resulted in the cloning and functional expression of the genes responsible for the
generation of the substrates necessary for the most import sugar in pectin biosynthesis GalA. The
role of those genes in cell wall biosynthesis has been thoroughly investigated by modulating the
expression level through knockout, RNAi and overexpression techniques as well as investigating
into their expression level in planta. Facilitating these genetic approaches it was possible to
generate plants that exhibit an altered pectin structure confirming the importance of those genes in
the nucleotide sugar conversion pathway. More importantly, some of these roles not only of those
genes or proteins but also the altered pectin structure in plant growth and development could be
elucidated.. Currently experiments are on the way to characterize these genes in crop plants.
Moreover, a resource was built which allows the identification of novel candidate genes that might

play a role in the nucleotide sugar conversion pathway and/or cell wall biosynthesis.
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5 Summary

Even though the structure of the plant cell wall is by and large quite well characterized, its
synthesis and regulation remains largely obscure. However, it is accepted that the building blocks
of the polysaccharidic part of the plant cell wall are nucleotide sugars. Thus to gain more insight
into the cell wall biosynthesis, in the first part of this thesis, plant genes possibly involved in the
nucleotide sugar interconversion pathway were identified using a bioinformatics approach and
characterized in plants, mainly in Arabidopsis. For the computational identification profile hidden
markov models were extracted from the Pfam and TIGR databases. Mainly with these, plant genes
were identified facilitating the “hmmer” program. Several gene families were identified and three
were further characterized, the UDP-rhamnose synthase (RHM), UDP-glucuronic acid epimerase
(GAE) and the myo-inositol oxygenase (MI0OX) families.

For the three-membered RHM family relative ubiquitous expression was shown using variuos
methods. For one of these genes, RHM2, T-DNA lines could be obtained. Moreover, the
transcription of the whole family was downregulated facilitating an RN A1 approach. In both cases a
alteration of cell wall typic polysaccharides and developmental changes could be shown. In the case
of the rhm?2 mutant these were restricted to the seed or the seed mucilage, whereas the RNAi plants
showed profound changes in the whole plant.

In the case of the six-membered GAE family, the gene expressed to the highest level (GAE6) was
cloned, expressed heterologously and its function was characterized. Thus, it could be shown that
GAE6 encodes for an enzyme responsible for the conversion of UDP-glucuronic acid to UDP-
galacturonic acid. However, a change in transcript level of variuos GAE family members achieved
by T-DNA insertions (gae2, gae5, gaeb6), overexpression (GAEG) or an RNAi approach, targeting
the whole family, did not reveal any robust changes in the cell wall.

Contrary to the other two families the MIOX gene family had to be identified using a BLAST based
approach due to the lack of enough suitable candidate genes for building a hidden markov model.
An initial bioinformatic characterization was performed which will lead to further insights into this
pathway.

In total it was possible to identify the two gene families which are involved in the synthesis of the

two pectin backbone sugars galacturonic acid and rhamnose. Moreover with the identification of
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the MIOX genes a genefamily, important for the supply of nucleotide sugar precursors was
identified.

In a second part of this thesis publicly available microarray datasets were analyzed with respect to
co-responsive behavior of transcripts on a global basis using nearly 10,000 genes. The data has
been made available to the community in form of a database providing additional statistical and
visualization tools (http://csbdb.mpimp-golm.mpg.de). Using the framework of the database to
identify nucleotide sugar converting genes indicated that co-response might be used for

identification of novel genes involved in cell wall synthesis based on already known genes.
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6 Zusammenfassung

Obwohl der Aufbau der pflanzlichen Zellwand im GroBen und Ganzen relativ gut charakterisiert
ist, ist relativ wenig iiber ihre Synthese bekannt. Allgemein akzeptiert ist jedoch, dass die
Nukleotidzucker die Vorstufe fiir den polysacchariddren Teil der Zellwand stellen. Im Rahmen der
vorliegenden Arbeit wurden neue Kandidatengene fiir die Zellwandbiosynthese mittels
bioinformatorischer Analysen ermittelt und deren Rolle in Pflanzen, hauptsichlich Arabidopsis
thaliana untersucht. Zur Identifizierung von Arabidopsis thaliana Kandidatengenen des
Nukleotidzucker-Stoffwechselweges wurden ,,hidden Markov Modelle* fiir Gene desselben aus den
Datenbanken Pfam und TIGR extrahiert. Unter anderem wurden diese dann unter Zuhilfenahme
des Programms hmmer zur Identifikation von pflanzlichen Genen benutzt. Es wurden einige
Genfamilien identifiziert und drei von diesen wurden weiter charakterisiert. Hierbei handelte sich
um eine UDP-Rhamnose Synthase Familie (RHM), eine UDP-Glucuronsdurepimerase Familie
(GAE) und eine myo-Inositol Oxygenase Familie (MIOX).

Fiir die RHM Kandidatengenfamilie, mit drei Mitgliedern, wurde die relativ ubiquitére Expression
aller Gene mittels verschiedener Methoden gezeigt und fiir eines der Gene, RHM?2, konnten T-DNA
Linien bezogen werden. Auflerdem wurde die Transkription der gesamten Familie mittels eines
RNAi Konstruktes herunter geregelt. In beiden Fillen konnte eine Verdnderung von
zellwandtypischen Polysacchariden sowie schwere Entwicklungsstorungen gezeigt werden. Diese
waren bei der vhm?2 Funktionsverlustpflanze auf den Samenschleim bzw. den Samen reduziert, bei
den RNAI Pflanzen hingegen war die gesamte Pflanze betroffen.

Im Falle der zweiten Kandidatengenfamilie, GAE, wurde das hdchst-exprimierte Gen (GAEG)
kloniert, heterolog exprimiert und die Funktion charakterisiert. So konnte gezeigt werden, dass
GAEG6 fir ein Enzym kodiert, welches UDP-Glukuronsdure in UDP-Galakturonsidure wandelt.
Allerdings zeigten Pflanzen mit verdnderter Transkriptmenge, erreicht durch T-DNA Insertionen
(gae2, gae5, gaeb), Uberexpression (GAE6) oder RNAI , keine robuste Verinderung der Zellwand.
Die letzte betrachtete Kandiatengenfamilie myo-Inositol Oxygenase wurde im Gegensatz zu den
beiden anderen Familien, durch eine BLAST Suche gefunden, da zur Zeit der Durchfiihrung noch
zu wenig myo-inositol Oxygenasen bekannt waren, um daraus ,hidden Markov Modelle*
abzuleiten. Dennoch konnten erste bioinformatorische Analysen zu dieser Genfamilie gemacht

werden.
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6 Zusammenfassung

Insgesamt gesehen wurden in diesem Teil der Arbeit die beiden Genfamilien identifiziert und
charkterisiert, die bei der Synthese der beiden Pektinriickgradzucker Rhamnose und
Galakturonsédure die tragende Rolle spielen. Weiterhin wurde mit der Identifizierung der MIOX
Genfamilie, eine Genfamilie identifiziert, die wichtige Vorstufen in der Synthese der
Nukleotidzucker liefert.

In einem zweiten Teil der Arbeit wurden 6ffentlich zugédngliche Mikroarray-Daten durch ihr Gleich
-oder Ungleichverhalten charakterisiert. Dieses erfolgte auf globaler Ebene fiir zunéchst fast 10.000
Gene. Die Daten wurden in Form einer allgemein zugénglichen Datenbank der Allgemeinheit zur
Verfiigung gestellt (http://csbdb.mpimp-golm.mpg.de). Eine Anwendung der Methode auf Gene
des Nukleotidzuckerstoffwechsels, deutet darauf hin, dass so neue Kandiatengene, die bei der

Zellwandsynthese eine Rolle spielen, von bereits bekannten Genen abgeleitet werden kdnnen.
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8 Appendix

8.1 Additional RHM data

Figure I GUS staining of RHM2 promoter::GUS plant pollens germinated on
basic medium.

Pollen from six to eight week old plants carrying the RHM2 promoter::GUS were
harvested and put on basic medium. They were incubated for up to 24h and then for
1h for stained for GUS activity as described by Jefferson et al.(1987).
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8.2 Additional GAE data

Neutral Cell Wall Sugars
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Figure II Cell wall sugars

Cell wall material from leaves of 6-8 week old plants was extracted and its sugar
composition analyzed by GC-MS. Shown are the weight percentages for the
different overexpression plant lines. WT denotes wild-type plants whereas Al, A3,
B2, B3, B4, BS, C2 are the different overexpression plant
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Uronic acid
in GAEG6 overexpressing lines
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Figure III Uronic acid content

Cell wall material from leaves of 6-8 week old plants was extracted and its sugar
composition analyzed by GC-MS. Shown are the weight percentages for the
different overexpression plant lines. WT denotes wild-type plants whereas Al, A3,
B2, B3, B4, B5, C2 are the different overexpression plant

Uronic acids in roots and shoots
grown on DCB
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Figure IV Uronic acid content in GAE6 and WT plants.

Plants were grown on 10-6M DCB on MS medium or on Hoagland medium without
DCB.
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Cellulose in roots and shoots grown
on DCB
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Figure V Cellulose content in gae6 and WT plants

WT and gae6 plants were grown on MS plates containing 1% sucrose. The cellulose
content was estimated using the Updegraff method (1969) and is given in arbitrary
units. Shoots were harvested from plates containing 10® M DCB (gae6dcb and
WTdcb).
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8.3 Additional MIOX data

gal man xyl ara

Figure VI Relative cell wall composition of miox1 and WT leaves

Cell wall material from leaves of 6-8 week old plants was extracted and its sugar
composition analyzed by GC-MS. Shown are the weight percentages for both the

WT and miox! plants.

fuc
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O wt
H miox2

glc gal man xyl ara fuc rha

Figure VII Relative cell composition of miox2 and WT hypocotyls

Cell wall material from hypocotyls of 10-14 day old plants was extracted and its

sugar composition analyzed by GC-MS. Shown are the weight percentages for both
the WT and miox2 plants.
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8.4 Expression Data for genes involved in cell wall synthesis

Table 17 Microarray ATGENEXPRESS Expression Data for identified nucleotide sugar genes

Given are the mean values of three different experiments. The values are color coded according to their expression
from green (low expression) to red (high expression). Exceptionally high expression values are marked in blue. The
values were obtained from the non-public alpha version of the expression mapping module in CSBDB.

Experiment 100 101 10 11 12 13 14 15 16 17 18 19 1 20 21 22 23 24 25 26 27 28 29
AT1G79500
AT1G16340
AT5G39320
AT3G29360
AT5G15490 1772
AT1G26570
AT1G12780
AT4G23920
AT1G63180
AT1G64440
AT4G10960
AT4G20460
AT2G34850
AT1G30620
AT5G44480
ATAG30440
AT1G02000
AT4G00110
AT2G45310
AT4G12250
AT3G23820
AT1G53500
AT3G14790
AT1G63000
AT2G47650
AT3G53520
AT3G46440
AT5G59290 2951 2276
AT2G28760 1467
AT5G46340
AT2G34410
AT2G02810
AT4G23010
AT1G14360
AT1G12600
AT3G46180
AT3G59360
AT1G14520
AT2G19800
AT5G56640
AT4G26260
AT2G27860 2275 1368 1761 1539
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AT1G79500
AT1G16340
AT5G39320
AT3G29360
AT5G15490
AT1G26570
AT1G12780
ATA4G23920
AT1G63180
AT1G64440
ATA4G10960
AT4G20460
AT2G34850
AT1G30620
AT5G44480
AT4G30440
AT1G02000
ATA4G00110
AT2G45310
AT4G12250
AT3G23820
AT1G53500
AT3G14790
AT1G63000
AT2G47650
AT3G53520
AT3G46440
AT5G59290
AT2G28760
AT5G46340
AT2G34410
AT2G02810
AT4G23010
AT1G14360
AT1G12600
AT3G46180
AT3G59360
AT1g14520
AT2G19800
AT5G56640
AT4G26260
AT2G27860

32 33 34 35

36 37 39

3 40 41

43 45 46

47

48 49

4 50 51

52

53 54 55 56 57

1352 1494
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AT1G79500
AT1G16340
AT5G39320
AT3G29360
AT5G15490
AT1G26570
AT1G12780
AT4G23920
AT1G63180
AT1G64440
AT4G10960
AT4G20460
AT2G34850
AT1G30620
AT5G44480
AT4G30440
AT1G02000
AT4G00110
AT2G45310
AT4G12250
AT3G23820
AT1G53500
AT3G14790
AT1G63000
AT2GA47650
AT3G53520
AT3G46440
AT5G59290
AT2G28760
AT5G46340
AT2G34410
AT2G02810
AT4G23010
AT1G14360
AT1G12600
AT3G46180
AT3G59360
AT1G14520
AT2G19800
AT5G56640
ATA4G26260
AT2G27860

73 75 76 77 78 79

7

81

82

83 84 87 89

8 90 91

92

93 94 95 9%

1640 1569 1672 1585

2301 1595 1984
1344

1742 1653 1643 2135
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AT1G79500
AT1G16340
AT5G39320
AT3G29360
AT5G15490
AT1G26570
AT1G12780
AT4G23920
AT1G63180
AT1G64440
AT4G10960
AT4G20460
AT2G34850
AT1G30620
AT5G44480
AT4G30440
AT1G02000
AT4G00110
AT2G45310
AT4G12250
AT3G23820
AT1G53500
AT3G14790
AT1G63000
AT2G47650
AT3G53520
AT3G46440
AT5G59290
AT2G28760
AT5G46340
AT2G34410
AT2G02810
AT4G23010
AT1G14360
AT1G12600
AT3G46180
AT3G59360
AT1G14520
AT2G19800
AT5G56640
AT4G26260
AT2G27860

Experiment Legend:

1 cotyledons; 2 hypocotyl; 3 roots; 4 shoot apex, vegetative + young leaves; 5 leaves 1 + 2; 6 shoot apex, vegetative; 7
seedling, green parts; 8 shoot apex, transition (before bolting); 9 roots; 10 rosette leaf #4, lcm long; 11 rosette leaf #4,
lcm long; 12 rosette leaf # 2; 13 rosette leaf # 4; 14 rosette leaf # 6; 15 rosette leaf # 8; 16 rosette leaf # 10; 17 rosette
leaf # 12; 18 rosette leaf # 12; 19 leaf 7, petiol; 20 leaf 7, proximal half; 21 leaf 7, distal half; 22 developmental drift;
whole plant after transition, but before bolting; 23 developmental drift; whole plant after transition, but before bolting;
24 developmental drift; whole plant after transition, but before bolting; 25 senescing leaves; 26 cauline leaves; 27 stem,
2nd internode; 28 1st node; 29 shoot apex, inflorescence (after bolting); 31 flowers stage 9; 32 flowers stage 10/11; 33
flowers stage 12; 34 flowers stage 12, sepals; 35 flowers stage 12, petals; 36 flowers stage 12, stamens; 37 flowers
stage 12, carpels; 39 flowers stage 15; 40 flowers stage 15, pedicels; 41 flowers stage 15, sepals; 42 flowers stage 15,
petals; 43 flowers stage 15, stamen; 45 flowers stage 15, carpels; 46 shoot apex, inflorescence (after bolting); 47 shoot
apex, inflorescence (after bolting); 48 shoot apex, inflorescence (after bolting); 49 shoot apex, inflorescence (after
bolting); 50 shoot apex, inflorescence (after bolting); 51 shoot apex, inflorescence (after bolting); 52 shoot apex,
inflorescence (after bolting); 53 flower stage 12; multi-carpel gyneoceum; enlarged meristem; increased organ number;
54 flowers converted to leaf-like structures; some shoot characteristics; 55 flowers without sepals, petals replaced by
sec. flowers; 56 flowers without sepals, petals; carpeloid structures on sepals; 57 flowers without petals, stamens; 58
flowers without stamens, carpels; replaced by sepals and petals; indeterminate; 59 filamentous organs in whorls two
and three; 73 mature pollen; 76 siliques, w/ seeds stage 3; 77 siliques, w/ seeds stage 4; 78 siliques, w/ seeds stage 5;
79 seeds, stage 6, w/o siliques; 81 seeds, stage 7, w/o siliques; 82 seeds, stage 8, w/o siliques; 83 seeds, stage 9, w/o
siliques; 84 seeds, stage 10, w/o siliques; 87 veg rosette (for phase change); 89 veg rosette (for phase change); 90 veg
rosette (for phase change); 91 leaf; 92 flower; 93 root; 94 root; 95 root; 96 seedling, green parts; 97 seedling, green
parts; 98 root; 99 root; 100 seedling, green parts; 101 seedling, green parts
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