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Abstract

Identification and characterization of genes involved in Arabidopsis thaliana cell wall
acetylation

by
Amancio José de Souza
Doctor of Philosophy in Plant Biology
University of California, Berkeley

Professor Markus Pauly, Chair

Most non-cellulosic plant cell wall polysaccharides including the hemicellulose
xyloglucan and the pectic polysaccharides can be O-acetylated. This feature has direct
significance in the use of these polymers in the food and biofuel industry. For example,
increased pectin acetylation can reduce its gelling abilities and is hence detrimental in
its application as a food thickener or emulsifier. In general, plant biomass with wall
polymers with high acetate content can negatively influence biomass hydrolysis by
fungal enzymes and interfere with downstream fermentation by yeasts.

Genetic and biochemical approaches were used to identify genes involved in wall
polymer acetylation in the model species Arabidopsis. A forward genetics approach was
able to identify wall acetylation differences within a population of Arabidopsis ecotypes
in both total wall acetate and xyloglucan O-acetylation. One of these naturally occurring
mutant alleles of a recently identified putative xyloglucan acetyltransferase (AXY4) was
found in the Ty-0 ecotype. Ty-0 completely lacks xyloglucan acetyl-substituents in roots
and leaves, suggesting that the lack of XyG acetylation does not compromise the fitness
of the ecotype in its ecological niche. In an attempt to further characterize the AXY4
protein, and characterize peptide domains involved in cell wall polymer recognition, a
functional domain swap approach was utilized without success. A biochemical approach
to identify and purify a putative xyloglucan acetylesterase was attempted also without
success. Another way to modulate wall acetylation is by apoplastic plant
acetylesterases, which naturally remove acetyl-substituents on polymers. To
characterize genes in the Pectin acetyl esterase gene family in Arabidopsis thaliana,
reverse genetics was used and lead to the identification of two genes responsible for
altering wall acetate levels of pectins. Further pectin fractionation experiments suggest
that PAE8 and PAE9 act predominantly but distinctively on pectic rhamnogalacturonan
|. Pectin acetylesterase activity was demonstrated in vitro for the proteins encoded by
PAES8 and PAE9. Through genetic means it is possible to increase wall acetate content,
but this modification lead to a reduction in Arabidopsis inflorescence size giving insights
about the function of acetylation of pectins.
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1.0Introduction
1.1 Plant cell walls

Plant cell walls have played a critical role in human development. Fire, a
fundamental part of the human ability to survive in nature during the beginning of
civilization was in great part fueled by carbon from plant walls. The construction of
shelter in many societies has relied on wood, which is primarily constituted of cell walls.
Cell wall based cotton fibers and wood pulp have been a major part of how we dress
and register our knowledge. Recently, plant biomass has again been considered as one
of the solutions for the growing demand for liquid fuels (Carroll and Somerville 2009).
This has been particularly attractive since the carbon in this fuel source originates from
the atmosphere and not from fossil carbon reserves, whose burning has been
implicated in global warming (Carroll and Somerville 2009; Cox et al. 2000).

Plant cell walls were one of the first cellular structures to be observed under a
microscope and provided the basis for coining the term “cell” (Hooke 1665). Many of the
first studies investigating plant tissues relied on microscopy and different staining
properties pertaining to different types of walls. It is known today that the differential
staining of different cell wall types are based on their difference in composition (Obrien
et al. 1964; Soukup 2014; Western et al. 2000), hinting that this cellular structure was
more than just an inert deposit of carbon rich molecules.

The plant cell wall provides a protective outer cell layer that shapes the plant cell
(Cosgrove 20095). It participates in cell-to-cell communication by producing signaling
molecules (Darvill et al. 1992), and it can be a stored source of carbon energy for the
developing seed of many species (Buckeridge et al. 2000).

Cell walls have been subdivided into middle lamella, and primary and secondary
walls (Carpita and Gibeaut 1993). The middle lamella is rich in pectic polymers and
resides between two primary walls of adjacent cells (Knox et al. 1990; Varner and Lin
1989). This structure is thought to be responsible for cell to cell adhesion. The primary
wall is present in the expanding cell and can be subdivided into type | and type Il
(Carpita and Gibeaut 1993). Type | primary cell walls are present in dicots and non-
graminaceous monocots and are enriched in pectins, the hemicellulose xyloglucan,
structural proteins and cellulose (Carpita and Gibeaut 1993). In contrast, Type Il primary
walls, present in grasses, have less pectin and are enriched in the hemicellulose
glucurono-arabinoxylan (Carpita and Gibeaut 1993). After the plant cell has ceased to
expand it may synthesize a secondary wall, which consists of large amounts of
crystalline cellulose, hemicellulose and lignin (Carpita and McCann 2000). These
modifications impart rigidity and hydrophobicity to the wall and are often found in the
vasculature and in structural tissues (Albersheim et al. 2011).

Cell wall biosynthesis takes place in distinct cellular compartments. Cellulose is
synthesized at the plasma membrane (1.2), lignin monomers are synthesized in the
cytosol and polymerized in the apoplast, while pectins and hemicelluloses are
synthesized in the Golgi apparatus and delivered to the apoplast via exocytosis.
Evidence for Golgi wall biosynthesis is provided by microscopical studies that used
immunolabelling to identify hemicellulosic and pectic polymers within Golgi structures
(Zhang and Staehelin 1992) as well as studies showing that isolated Golgi enriched



vesicles (microsomes) contain wall polymers (Gunl et al. 2011; Pauly and Scheller
2000). A large number of genes have been implicated in the polysaccharide
biosynthesis in the Golgi and many others are involved in editing these polymers once
deposited in the wall. Classes of enzymes involved in pectin and hemicellulose
biosynthesis in the cell include glycosyl transferases, nucleotide sugar transporters,
sugar nucleotide epimerases and isomerases, phosphatases, pyrophosphorylases,
reductases and mutases (Pauly et al. 2013; Seifert 2004). Once these polymers are
exported to the wall a new suite of proteins are present in the apoplast that act by
editing these polymers. These proteins include glycosylhydrolases (Gunl et al. 2011,
Gunl and Pauly 2011; Sampedro et al. 2012; Sampedro et al. 2001), carbohydrate
esterases (Breton et al. 1996; Gou et al. 2012; Orfila et al. 2012) and endo-
transglycosylases (Cosgrove 2005; Nishitani and Tominaga 1992). The polymer
modifications made in the apoplast can be extensive, characterizing this cellular
compartment as a highly dynamic one.

1.2 Biosynthesis and structural components of the plant cell wall

Cellulose is the dominant sugar polymer present in plant walls (Somerville 2006;
Somerville et al. 2004). Second to cellulose are the hemicelluloses and pectic polymers
which vary in their abundance and composition. Types of hemicelluloses identified to
date include: xyloglucan, heteroxylan, heteromannans and mixed-linkage glucans
(Pauly et al. 2013). Amongst the pectic polymers the following are present in the plant
wall: homogalacturonan (HG), rhamnogalacturonan | (RGI), rhamnogalacturonan I
(RGII); xylogalacturonan; and apiogalacturonan (Atmodjo et al. 2013; Harholt et al.
2010). Proteins also play a structural role in the wall and these include several classes,
namely: arabinogalactan proteins (AGPs), hydroxyproline-rich glycoproteins (HRGPs),
proline-rich proteins (PRPs) and glycine-rich proteins [GRPs; (Albersheim et al. 2011)].
Lignin is composed primarily of polyphenolic units including p-hydroxyphenyl, guaiacyl
and syringyl-units (Boerjan et al. 2003)].

One of the dominant features of land plants is the formation of a cellulose
microfibril (Graham et al. 2000). Cellulose is considered to be the most abundant
polymer on Earth with an estimated 180 billion tons produced every year (Delmer 1999).
It is made at the plasma membrane by large protein complexes termed rosettes. These
structures synthesize individual chains of (3-1,4-linked D-glucose from UDP-glucose,
which are assembled into a larger crystalline structure, the microfibril (Mueller and
Brown 1980; Somerville 2006). The microfibrils are composed of varying numbers of
glucan chains (18-36), and these structures represent the major scaffolding structure of
the wall (Albersheim et al. 2011; Ha et al. 1998; Herth 1983; Somerville 2006). The
cellulose synthesizing genes in plants have been termed CESA and it has been shown
that primary and secondary wall rosettes are composed by different but homologous
proteins (Albersheim et al. 2011; Persson et al. 2007b; Taylor et al. 2003). In
Arabidopsis three different CESA genes compose a rosette complex: CESA1, CESA3
and CESAG6 in the primary wall (Persson et al. 2007b) and CESA4, CESA7, and CESA8
in the secondary wall (Albersheim et al. 2011; Persson et al. 2007b; Taylor et al. 2003).
Several other genes and gene families have been implicated in participating in cellulose
synthesis including KORRIGAN (Nicol et al. 1998), COBRA (Roudier et al. 2005),



COBRA-LIKE (Dai et al. 2011; Liu et al. 2013) and KOBITO (Pagant et al. 2002). The
precise role of these genes in the synthesis processes has yet to be determined.

Lignin is a polyphenolic component of the wall (Albersheim et al. 2011; Vanholme
et al. 2010). It is usually deposited in the secondary wall to confer rigidity and water
proof the structure. Without lignin plants would not be able to transport water from root
to leaf in xylem vessels, which have to tolerate high negative water pressures (Sperry
2003). Monolignols are the subunits of lignin (Boerjan et al. 2003). These precursors are
synthesized in the cytoplasm from phenylalanine via a well characterized biochemical
pathway, the phenylpropanoid pathway (Boerjan et al. 2003; Vanholme et al. 2010).
These molecules are transported to the wall through the plasma membrane in an ATP
dependent manner (Miao and Liu 2010). Recently, an Arabidopsis monolignol
transporter was identified advancing our knowledge of the lignin subunit transport
process (Alejandro et al. 2012). Once in the wall the monolignols are oxidized to
radicals by laccases and/or peroxidases (Ostergaard et al. 2000; Sterjiades et al. 1992),
before they polymerize through a random non-enzymatic chemical process creating a
large hydrophobic lignin complexes (Boerjan et al. 2003). Plants with reduced amounts
of lignin or altered lignin structures have been produced from mutations in monolignol
biosynthetic genes (Van Acker et al. 2014; Vignols et al. 1995). Reduction of lignin
content and alteration of its chemical structure in walls has been associated with
increased wall saccharification, a desirable trait in the production of liquid fuels from
biomass (Anderson et al. 2012; Van Acker et al. 2014; Wilkerson et al. 2014).

The wall also contains proteins that play a structural role. These proteins are
grouped into four distinct classes: AGPs, HRGPs, PRPs and GRPs (Carpita and
McCann 2000). AGPs are highly glycosylated with arabinan and galactan side chains
(up to 25 kDa), which constitute 90-99% of their mass (Albersheim et al. 2011; Seifert
and Roberts 2007). These proteins are involved in cell division (Langan and Nothnagel
1997), apoptosis, and embryo development (van Hengel et al. 2001). Extensins are
structural proteins, which belong to the HRGP group. These proteins can be mono- to
tetra-arabinosylated (hydroxyproline) and mono-galactosylated (serine) in their amino
acid repeat motif [Ser(Hyp)s+; (SommerKnudsen et al. 1997; Tierney and Varner 1987)].
Once deposited in the wall as monomers these proteins are crosslinked via
isodityrosine ether bonds to form the extensin network (Albersheim et al. 2011; Cooper
and Varner 1984). This network is thought to play a role in cell extension (Gille et al.
2009; Carpita and McCann 2000). GRPs have large stretches of glycine residues, which
are thought to confer a B-pleated sheet structure to the protein (Condit and Meagher
1986; Keller 1993). GRPs can be found in vascular bundle walls and in the mucilage of
root caps (Matsuyama et al. 1999; Ryser et al. 1997). PRPs are thought to act like
extensins (HRGPs) contributing to a peroxide-mediated crosslinked network implicated
in pathogen defense (Albersheim et al. 2011; Cassab 1998). Structural wall proteins are
thought to share a common evolutionary origin based on their codon structure (Keller
1993; Showalter 1993).

Another major group of polymers present in the wall are the hemicelluloses This
class of molecules can represent one third of the wall biomass (Albersheim et al. 2011).
One of their major features is a backbone composed of the (B-1,4 glycosidic bonds
(Pauly et al. 2013). In contrast to cellulose these polymers are decorated with side
chains that render them amorphous and soluble (Carpita and McCann 2000).



Hemicelluloses can be grouped into xyloglucans, heteroxylans, heteromannans, and
mixed-linkage glucans (Pauly et al. 2013). There is ample diversity in structure amongst
these groups of polymers, varying in tissue types (Gille et al. 2011b) and in plant
species (Albersheim et al. 2011; Pauly et al. 2013; Schultink et al. 2013). Some of the
more common structures are presented in Figure 1.2-1 and Figure 1.3-1.

Xylans are particularly abundant in secondary cell walls of dicots and constitute
the major hemicellulose in all commelinoid monocot walls (Carpita and Gibeaut 1993).
Plants with aberrant xylan structures often harbor irregular xylem (IRX) and dwarfed
phenotypes, as is the case for many of the IRX mutants identified (Brown et al. 2007;
Brown et al. 2009; Lee et al. 2007a; Lee et al. 2007b). Heteroxylans have a backbone of
B-1,4 linked xylosyl residues, which can be substituted with (methyl-)glucuronic acid and
arabinose (Figure 1.2-1). Features of the heteroxylan sidechains include:
arabinosylation of the backbone at C-3 (Anders et al. 2012); methylation of the
glucuronic acid at O-4 (Urbanowicz et al. 2012); xylose substitution of the a-1,3
arabinose side chains at C-2 (Chiniquy et al. 2012), acetylation of the xylose backbone
at O-2 and/or O-3 (Xiong et al. 2013); feruloylation of the a-1,3 arabinose side chains
residue (Faik 2010).

Mannans have been found in some algal cell walls and are thought to represent
the most ancient hemicellulose (Domozych et al. 2012). These polymers are found in
the secondary cell walls of dicots (Rodriguez-Gacio et al. 2012; Scheller and Ulvskov
2010), can be utilized as storage polymers in some species (Buckeridge 2010;
Rodriguez-Gacio et al. 2012) and are abundant in the secondary walls of gymnosperms
(Pauly and Keegstra 2008). Heteromannans can be subdivided in four groups: mannan,
galactomannan, glucomannan and glucogalactomannan (Pauly et al. 2013; Scheller
and Ulvskov 2010). Mannans and galactomannans have a backbone consisting of 3-1,4
linked mannose while glucomannans also contain B-1,4 glucose interdispersed in its
backbone (Figure 1.2-1). The CSLA (Dhugga et al. 2004; Gille et al. 2011a; Goubet et
al. 2009; Liepman et al. 2005; Suzuki et al. 2006) and CSLD (Verhertbruggen et al.
2011) gene families in Arabidopsis are involved in the synthesis of the mannan
backbone. A galactosyltransferase activity responsible for the galactosylation of
mannan has been demonstrated in Trigonella foenum-graecum (Edwards et al. 1999).
Another protein from Trigonella foenum-graecum and Arabidopsis, denominated MSR,
has been implicated in mannan biosynthesis. However, its biochemical activity remains
undetermined (Wang et al. 2012; Wang et al. 2013). Recently, TBL25 and TBL26 in
Arabidopsis have been proposed to act as mannan acetyltransferases. This hypothesis
has been put forward based on the identification of a TBL ortholog expressed in the
developing corm of voodoo lily (Amorphophallus konjac), which deposits massive
amounts of acetylated glucomannan as a storage polymer (Gille et al. 2011a).

In higher plants mixed linkage glucans (MLG) are only found in the walls of the
order Poales (Sorensen et al. 2008). This polymer has also been identified in some
algal species (Popper et al. 2011), in some ancient plant lineages such as bryophytes
[liverworts; (Popper and Fry 2003)] and in the genus Equisetum. In grasses it can be
highly abundant in young tissues like coleoptiles (Carpita 1996) and in the endosperm
(Pauly et al. 2013) being rapidly degraded by licheninases during development (Kim et
al. 2000; Pauly et al. 2013). For this reason it has been proposed that MLGs could have
a role as a storage polysaccharide. Some of the MLG remains in the wall throughout the



plant life cycle which could also suggest a role as structural polymer (Gibeaut et al.
2005). MLGs are composed of 3-1,3-linked cellotriosyl and cellotetraosyl subunits. This
general structure can vary according to plant species; mixed linkage glucans with
different ratios of cellotriosyl and cellotetraosyl subunits as well polymers containing
subunits varying in their degree of polymerization from 2-12 glucoses have been
described (Meikle et al. 1994; Pauly et al. 2013). Genes from the CSLF and H families
have been implicated in MLG biosynthesis. Rice [CSLF; (Burton et al. 2006)] and barley
[CSLH; (Doblin et al. 2009)] cDNAs, when expressed in Arabidopsis, are sufficient to
produce MLGs, which were detected using antibodies against the polymer. Based on
biochemical evidence MLGs are believed to be synthesized in the Golgi apparatus
(Gibeaut et al. 2005; Pauly et al. 2013).
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Figure 1.2-1. Heteroxylan and heteromannan polysaccharide structures. Representative
structures from glucuronoarabinoxylan and galactoglucomannan, linkage is indicated
between sugar residues. Hemicellulose structures reprinted with modifications from
Pauly et. al. (2013).

1.3 Xyloglucan - function, structure, biosynthesis, metabolism, and
applications

Xyloglucan (XyG) has been one of the most extensively studied wall polymers. It
is abundant in the primary walls constituting up to 30% of its mass (Pauly et al. 2013;
Scheller and Ulvskov 2010). XyGs are also used by some plant species such as
Nasturtium (Tropaeolum majus L.) as a storage polysaccharide (Edwards et al. 1988;
Meier and Reid 1982). XyG crosslinks cellulose microfibrils via hydrogen bonds in the
primary wall (Carpita and Gibeaut 1993; Hayashi et al. 1994; Pauly et al. 1999a;
Somerville et al. 2004). These interactions were believed to maintain the structural
integrity and rigidity of the wall (Hayashi 1989) and XyG metabolism has been thought
for many years to be a key element for wall extension (Nishitani 1998). This role was
supported by the discovery of enzymes, which could promote cell elongation such as
expansins, which have been suggested to disrupt the hydrogen bonds between XyG
and cellulose causing the polymers to slide and hence promote cell elongation
(Cosgrove 1998). Other enzymes capable of modifying the XyG structure in muro such
as endo-transglycosylases also lent support to these ideas (Nishitani and Tominaga
1992; Smith and Fry 1991). In agreement with these hypotheses is the proposed role for
XyG as a spacer between cellulose microfibrils, which would reduce the friction between
these structures during cell elongation (Mccann et al. 1990). Recently however, the view
that XyG is a critical player in wall structure and dynamics has been challenged. The
discovery of mutant plants that lack detectable XyG due to mutations in key biosynthetic
genes, but have close to normal plant growth and development has promoted a
paradigm shift (Cavalier et al. 2008) reducing the importance of XyG in cell wall biology.
In a recently revised model for the role of XyG in the primary cell wall architecture the
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polymer can act as a strengthening agent together with pectins and arabinoxylans and it
contributes to cell elongation facilitating growth through the action of expansins (Park
and Cosgrove 2012). However, its role as a spacer between microfibrils remains
challenged based on the observation that mutant cell walls that lack detectable XyG are
not less extensible (Cavalier et al. 2008; Park and Cosgrove 2012).

XyG has also been implicated in growth regulation by functioning as a source of
physiologically active oligosaccharides termed oligosaccharins (Darvill et al. 1992). XyG
oligosaccharides containing fucose have been shown to inhibit auxin induced elongation
of pea stems (York et al. 1984). In contrast, the opposite effect can be achieved when
present at higher concentrations (McDougall and Fry 1990). XyG polysaccharides
incorporated into the wall by endotransglycosylases have been shown to suppress cell
elongation (Takeda et al. 2002). In contrast, addition of XyGOs can accelerate cell
elongation (Takeda et al. 2002). These observations have substantiated the notion that
this polymer is involved in fundamental cellular extension processes even though the
exact mechanism remains elusive.

XyG is a highly branched polysaccharide composed primarily, in most dicots, of
the sugars glucose, xylose, galactose), and fucose. As a hemicellulosic polysaccharide
it has a B-1,4-linked D-glucopyranosyl backbone (Fry et al. 1993; Pauly et al. 2013). The
backbone is decorated with xylosyl residues at the O-6 position; the xylosyl residue can
contain a galactose substitution at O-2, which can be further substituted with a fucose at
O-2 (Scheller and Ulvskov 2010). The galactose in XyG can be mono- or di-acetylated
at position 2, 3 or 6. However, position 6 seems to be the predominant position of the
acetyl group (Kiefer et al. 1989). This overall structure of a common oligosaccharide
found in dicots containing fucogalactoxyloglucan can be seen in Figure 1.3-1 A. A
nomenclature for XyG structures has been developed to standardize the description of
these molecules [Figure 1.3-1 B; (Fry et al. 1993)]. To date 18 different side chain
structures have been assigned to a one-letter code (Fry et al. 1993; Pauly et al. 2013;
Schultink 2013). XyG present in most dicots and non-graminaceous monocots are
described as the XXXG type (Pauly et al. 2013). XyG structures can vary among plant
tissues and among plant species (Gille et al. 2011b; Schultink et al. 2013).

In the families poaceae (Kato et al. 2004) and solanaceae (Jia et al. 2003), as
well as in some ancient plant lineages like mosses, lycophytes and liverwarts (Pena et
al. 2008) XyG structures are usually described as the XXGG type and are often referred
to as arabinogalactanxyloglucan (Pauly et al. 2013). In this type of XyG, xylose residues
can be further substituted at O-2 with arabinofuranosyl residues (Schultink et al. 2013)
and fucosyl-residues are not present (Pauly et al. 2013). The XXGG type xyloglucan
can harbor acetate groups on their backbone glucosyl residues (Pauly et al. 2013).

The main genes involved in fucogalactoxyloglucan biosynthesis have been
identified and characterized (Figure 1.3-1 C). The first biosynthetic gene involved in
XyG biosynthesis was the XyG: fucosyltransferase. A biochemical approach was used
to isolate a protein with that activity followed by sequencing for gene determination
[AtFUTT; (Perrin et al. 1999)]. The same gene (MURZ2/AtFUT1) was later identified in a
forward genetics mutant screen, which identified mutants with altered monosaccharide
composition, in the case of mur2 a deficiency in fucose (Reiter et al. 1997; Vanzin et al.
2002). The identification of the XyG: galactosyltransferase MUR3 also arose from the
same screen (Reiter et al. 1997). Utilizing pea microsomes an a-xylosyl transferase



activity towards cellooligosaccharides was established leading to the identification of the
XXT genes in Arabidopsis, now established as XyG: xylosyltransferases (Faik et al.
2002). A XyG: galacturonosyltransferase (XUT1) has been identified using a reverse
genetics approach and it was shown to act specifically in Arabidopsis root hair tissue
(Pena et al. 2012). A functional complementation approach was recently used to
characterize two tomato arabinosyltransferases (XST1 and XST2) members of the GT
47 family (Schultink et al. 2013). The characterization of the XyG backbone synthase
(CSLC4) was achieved via a transcriptomics approach coupled to biochemical
characterization and implicated genes in the CSLC family in Arabidopsis (Cocuron et al.
2007). Recently, two putative XyG: acetyltransferases have been identified via a
combined forward and reverse genetics approach, which revealed mutants altered in
XyG structure (Gille et al. 2011b). AXY4 and AXY4L, when knocked out, result in
complete loss of XyG acetylation in tissues, in which they are expressed (Gille et al.
2011b). AX4L acts only in seeds, while AXY4 is responsible for XyG acetylation in
vegetative and root tissue (Gille et al. 2011b).
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Figure 1.3-1 XyG structures and genes involved in its biosynthesis. A) Representative
XyG structure with glycosidic linkages highlighted between sugar residues (Pauly et. al.
2013. B) Schematic representation of XyG oligosaccharide mass profiling: letters below
XyG structure indicate one-letter code nomenclature to describe the polymer side
chains (Fry et al. 1993). Dashed lines indicate sites for XyG specific endoglucanase
cleavage to generate XyG oligosaccharides (Lerouxel et al. 2002). MALDI-TOF mass
spectrum with distinct ion-signals representing XyG oligosaccharides released by a
xyloglucan specific endoglucanase. Orange arrows point toward the different structures
within the spectrum. C) Genes or groups of genes involved in the biosynthesis of XyG
are indicated within the green circles. (Schultink (2013).



After being deposited in the wall XyG can be modified by apoplastic enzymes.
The XTHs or XyG transglycosylase / hydrolases play key roles in this polymer editing.
These enzymes are able to hydrolyze and/or re-attach XyGs to existing molecules in the
wall and in this manner contribute to incorporation of polymers into the existing
composite structure, rearrangements of the XyG network and/or mobilization of storage
forms of XyG (Nishitani and Tominaga 1992; Pauly et al. 2013; Smith and Fry 1991;
Takeda et al. 2002). In species that use XyG as a storage polymer XTHs are highly
active during germination presumably channeling sugars present in XyG into catabolic
cell metabolism (de Silva et al. 1993; Fanutti et al. 1993). Many apoplastic hydrolases
acting on XyG have been identified. A biochemical approach was used to characterize a
XyG: xylosidase [AtXYL1/ AXY3; (Gunl and Pauly 2011; Obel et al. 2006; Sampedro et
al. 2001)]. Mutations in AtXYL1 produced plants with shorter siliques suggesting a role
of the xylosidase in proper organ formation in Arabidopsis (Gunl and Pauly 2011). Axy8,
a mutant exhibiting an increase in XyG fucosylation and decrease in XyG
galactosylation, is impaired in a fucosidase involved in XyG turnover (Gunl et al. 2011).
A reverse genetics approach coupled to biochemical characterization identified the
BGal10 gene as one of the main galactosidases acting on XyGs. Plants deficient in this
protein were found to have growth defects in silliques and flowers (Sampedro et al.
2012). The plant phenotypes produced by mutant hydrolases demonstrate the extensive
remodeling undertaken by XyG in the apoplast. To date no apoplastic XyG
acetylesterase has been identified, however the variation in tissue acetate levels as well
as the observation that overexpression of the AXY4 putative XyG acetyltransferase
does not lead to complete XyG acetylation suggests that this activity could exist (Gille et
al. 2011b).

The study of XyG has benefited enormously by the identification of
polysaccharide specific hydrolytic enzymes. These enzymes have been used in
combination with mass spectrometry techniques to digest oligosaccharides from wall
polymers and establish fingerprint patterns (Lerouxel et al. 2002). One established
technique is OLigosacharide Mass Profiling (OLIMP) and is based on the action of a
fungal XyG specific endoglucanase (XEG), which can cleave XyG at very specific sites
(Lerouxel et al. 2002; Pauly et al. 1999b). Figure 1.3-1 A, B indicates the cleavage sites
for the XEG enzyme and the nomenclature of the released XyG oligosaccharides. The
released oligosaccharide mixtures are then subjected to Matrix Assisted Laser
Desorption/lonization Time Of Flight (MALDI-TOF) mass spectrometry. In addition XEG
released oligosaccharides can be quantified using High Performance Anion Exchange
liquid Chromatography with Pulse Amperometric Detection (HPAEC-PAD), with the
caveat that this technique will hydrolase the ester linkages present due to the use of
alkaline mobile phases (Gunl et al. 2011). Another technique available to interrogate the
structure of extracted XyG from cell walls is Polysaccharide Analysis using
Carbohydrate Electrophoresis (PACE). This technique is based on the labeling of
oligosaccharide mixtures with a fluorophore which can then be separated according to
size in polyacrylamide gels (Goubet et al. 2002). In order to analyze XyG structures in
muro many antibodies have been developed which will recognize specific epitopes in
the XyG structure and can be labeled with fluorophores for use in microscopy
experiments. Examples of these specific antibodies include: CCRC-M1 which
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recognizes fucosylated XyG structures (Puhlmann et al. 1994) and LM15 which
recognizes XXXG (Marcus et al. 2008).

XyG has many applications in the food, pharmaceutical and paper/textile
industries. In the food industry it is used as a thickener and is classified as a soluble
fiber that conveys benefits in controlling cholesterol and improving aspects of digestion
(Albersheim et al. 2011; Mishra and Malhotra 2009). Coating of bacterial cellulose with
XyG to yield an immune inert material for the production of artificial blood vessels is an
application being considered by the pharmaceutical industry (Fink et al. 2011). XyG can
also be used to functionalize the cellulose surface. By using aminoalditol XyG
oligosaccharides it was shown that it is possible to attach fluorescein, biotin as well as
other molecules to the oligosaccharides (Brumer et al. 2004). The modified
oligosaccharides can be incorporated by XyG endotransglycosylases into high
molecular weight XyG that will bind to the cellulose surface functionalizing the material
(Brumer et al. 2004). This technique could be useful for the paper industry by creating
high-performance paper and packaging materials and for creating biocomposites that
could be functionalized for specific purposes.

1.4 Pectin —structure, function, biosynthesis, metabolism and applications

An example of a structurally very complex polysaccharide is pectin. At least 67
transferase activities are needed to account for all the linkages found in the pectic
polymers (Albersheim et al. 2011). In the primary walls of dicots pectins can represent
up to 35% of the mass (Carpita and Gibeaut 1993; Mohnen 2008). Pectins have been
implicated in several cellular processes in plants including cell adhesion, cell growth,
and pathogen perception (Anderson et al. 2012; McNeil et al. 1984; Ridley et al. 2001).
Five classes of polymers constitute pectins; HG, RGI, RGII, apiogalacturonan and
xylogalacturonan (Harholt et al. 2010).

The common feature that unites all of the pectic polymers is the presence of
galacturonic acid in their backbone. HG, the most abundant of the pectic polymers, is
composed of an a-1,4-linked galacturonic acid backbone, which can be methyl esterified
at the C-6 position [Figure 1.4-1; (Atmodjo et al. 2013)]. Methyl esterification neutralizes
the negative charge of a galacturonic acid (Harholt et al. 2010; Ralet et al. 2003). HG
can also be O-acetylated at O-2 and O-3 positions (Ishii 1997; Keenan et al. 1985). RGI
is the second most abundant pectic polymer (Albersheim et al. 2011). It has a more
complex structure (Nakamura et al. 2002; Ridley et al. 2001; Yapo 2011). The polymer
backbone is composed of the repeating disaccharide a-1,4-D-GalA-a-1,2-L-Rha [Figure
1.4-1; (Ridley et al. 2001)]. Rhamnose residues in the RGI backbone can be decorated
with extensive arabinan or galactan side chains at C-4 and to a lesser extent fucosyl-
and glucuronosyl-residues attached to a galactose (C-6) (Atmodjo et al. 2013; Harholt et
al. 2010). It has been shown that between 25-80% of the rhamnose residues are
substituted with sugars depending on tissue and species examined (Atmodjo et al.
2013). The galacturonic acid residues of the RGI backbone can be acetylated in the O-2
and O-3 positions (Ishii 1997; Komalavilas and Mort 1989). In contrast to HG, methyl
esterification of the C-6 carbonyl group in RGI has not been reported (Atmodjo et al.
2013). Xylogalacturonan is composed of an HG backbone with xylose residues attached
to the O-3 position (Figure 1.4-1); this polymer can be found in relatively small amounts
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in Arabidopsis tissues (Zandleven et al. 2007). The complex structure, sugar
substitutions, linkages and decorations of the RGII molecule are described in Figure
1.4-1. It has been shown that pectic polymers extracted from cell walls can be
covalently attached to each other as well as with other wall polymers such as
hemicelluloses and structural proteins. HG, RGI, XGA and RGII have been extracted in
conjunction from cell walls of different sources and can be separated through
endopolygalaturononase digest suggesting that these polymers could be covalently
linked in the wall (Yapo 2011). Pectin covalently attached to XyG have also been
demonstrated to exist in suspension cultures of rose cells (Thompson and Fry 2000).
Recently evidence for linkages between pectins, arabinoxylans and a wall proteoglycan
has been shown in Arabidopsis suspension cell cultures. Using a combination of
biochemical characterization and NMR spectroscopy it was shown that arabinoxylan-
pectin-arabinogalactan protein 1 (APAP1) can be covalently linked to arabinoxylan and
RGI (Tan et al. 2013). How these linkages are produced is still unclear and the action of
transglycosylases in the wall has been proposed (Atmodjo et al. 2013).

One of the major roles of pectin in the plant is cell adhesion (Bouton et al. 2002).
This role is taken on by the middle lamella, which is composed predominantly by HG
thought to confer the cell-to-cell adhesive force mediated by calcium and covalent
crosslinks (Bouton et al. 2002; Jarvis et al. 2003; Marry et al. 2006; Zhang and
Staehelin 1992). A polymer decoration, namely methylesterification, regulates pectin gel
formation by controlling the number of C-6 carbonyl groups carrying negative charges in
HG (Ralet et al. 2003; Ralet et al. 2008). These charged structures can bind calcium,
forming junction zones which will cross link different HG molecules conferring the
adhesive force (Albersheim et al. 2011). Pectins are involved in regulating the pore size
of the wall in plants. In vitro studies have shown that by modifying the pectic network
using mild enzyme treatments it is possible to alter wall porosity (Baronepel et al. 1988).
Based on microscopic and in vitro experiments wall pore size has been estimated to
vary between 4-13 nm in diameter, which could accommodate the movement of
globular proteins varying from 20 to 150 kDa (Albersheim et al. 2011; Baronepel et al.
1988; Carpita et al. 1979; Odriscoll et al. 1993). RGI and RGII actively participate in
regulating wall pore size due to their extensive branching patterns as well as their
crosslinking capacity (Albersheim et al. 2011; Fleischer et al. 1999). Pectic derived
oligosaccharides participate in signaling including cell integrity and pathogen perception
(Ridley et al. 2001). A group of genes termed wall associated kinases (WAKs) were
shown to bind HG derived oligosaccharides and initiate signaling cascades involved in
defense responses (Brutus et al. 2010). The precise role for RGI in the wall still remains
to be determined. There is accumulating evidence pointing towards a structural role in
wall architecture (Harholt et al. 2010; Jones et al. 2003; Ulvskov et al. 2005). RGII also
seems to play a significant role in wall architecture in particular due to its boron
crosslinking capacity (Albersheim et al. 2011; Fleischer et al. 1999). Developmental
aberrations are common in plants deficient for Boron (Blevins and Lukaszewski 1998),
which is required for RGII crosslinking (Kaneko et al. 1997).
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Figure 1.4-1 Pectin structures. Representative structures from homogalacturonan (HG),
xylogalacturonan (XG), rhamnogalacturonan | (RGI), and rhamnogalacturonan Il (RGII)
are shown. Glycosidic linkages are shown between sugar residues; dashed lines delimit
XG structure. Pectin structures adapted from Harholt et al. (2010), Mohnen (2008) and
Schultink (2013).

Only few genes have been identified that are involved in pectin biosynthesis.
There is evidence that at least four families of CAZy glycosyltransferases [GTs; (GTS;
GT47; GT77; GT92)] are involved in pectin biosynthesis (Atmodjo et al. 2013; Lombard
et al. 2014). The GAUT1 gene (GT8) was identified based on a proteomics approach
and has been shown biochemically to represent a HG galacturonic acid transferase
(Sterling et al. 2006). The identification of GAUT1 led to the annotation of the GAUT and
GAUT-like gene families in Arabidopsis (Sterling et al. 2006). Mutants in these families
often have walls altered in galacturonic acid content (Caffall et al. 2009; Kong et al.
2011). Mutants termed QUASIMODO (for their dwarfism) have also been associated
with pectin biosynthesis. QUASIMODO1 (QUA1) also known as GAUTS8 is also thought
to represent a HG: galacturonic acid transferase (Bouton et al. 2002). The QUAZ2 gene
when mutated produces plants compromised in its growth, the protein coded by this
gene has been proposed to represent a methyl transferase to HG (Krupkova et al. 2007;
Mouille et al. 2007). The backbone synthases for RGI remains elusive to this date. GTs
involved in the sidechain decoration of RGI including arabinosyl transferases [ARADS;
(Harholt et al. 2006)] and galactosyl transferases [GALSSs; (Liwanag et al. 2012)] have
been identified, but the only biochemical activity that has been demonstrated so far is
for GALS1, a B-1,4 galactosyltransferase. The RGXT gene family has been shown to
encode for a-1,3 xylosyl transferases to RGIl (Egelund et al. 2006). The RGXT4 gene,
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when mutated, compromises root and pollen development leading to sterility and
seedling lethality, highlighting the role of RGII in proper cell wall assembly (Liu et al.
2011). A B-1,3 xylosyl transferase activity towards xylogalacturonan has been shown for
the XGD1 gene (Jensen et al. 2008).

Multiple enzymatic activities have been isolated from primary walls, which could
be involved in pectin metabolism or remodeling once deposited in the apoplast. These
include B-D-galactosidase, a-L-arabinosidase, a-D-galacturonidase, methylesterase,
acetylesterase and polygalacturonases as well as others (Fry 2004; Hadfield and
Bennett 1998). Pectin de-methylesterification by PMEs is perhaps the best
characterized apoplastic modification of pectic HG (Micheli 2001). PMEs are involved
varied cellular processes including cell adhesion, stem elongation and pathogen
resistance (Bethke et al. 2014; Hongo et al. 2012; Micheli 2001). HG is synthesized in
highly methyl esterified forms and extensively edited by PMEs in the apoplast (Wolf et
al. 2009). Not only does the A. thaliana genome have 67 putative PMEs (Lombard et al.
2014), it also contains PME inhibitors (Jolie et al. 2010) that presumably aid in
enzymatic regulation (Jolie et al. 2010). Defects in MUM2, which encodes an apoplastic
B-D-galactosidase, results in defective seed coat mucilage that fails to expand upon
hydration (Dean et al. 2007). Pectin acetylesterases (PAE) also play a significant role in
pectin remodeling in muro as discussed below (Gou et al. 2012; Orfila et al. 2012).

Pectins are extensively used in the food industry as thickener, texturizer,
stabilizer, and emulsifier. The textile and paper industries also use pectins as a sizing
and film forming agent (Albersheim et al. 2011). Pectins are estimated to be a 2 billion
dollar worldwide business. Commercial sources include apple pomace, citrus peel and
sugar beet cake (Thakur et al. 1997). The quality of the pectins is based on its gelling
ability and thus dependent on molecular size, and degree of acetylation and
methylesterification (Albersheim et al. 2011; Thakur et al. 1997; Willats et al. 2006).

1.5 Cell wall polymer O-acetylation

Hemicellulosic and pectic polymer O-acetylation occurs during synthesis in the
Golgi. Studies using radiolabelled acetyl-CoA with potato microsomal preparations have
demonstrated that acetyl-CoA is a donor substrate for wall polysaccharides acetylation
in the Golgi (Pauly and Scheller 2000). Recently, several enzymes involved in plant
polysaccharide acetylation have been identified. Advances in the knowledge of several
polysaccharide acetylation systems in bacteria, fungi and mammals have been useful in
plant research (Gille and Pauly 2012). Protein sequence analysis between the different
taxa has revealed many similar mechanisms for polysaccharide acetylation. The first
study to shed light into this field in plants was the characterization of the rwa2 mutant
(Manabe et al. 2011). The gene family in Arabidopsis, composed by 4 members, was
identified based on protein sequence similarity to a fungal (Cryptococcus neoformans)
protein involved in polysaccharide acetylation. Mutations in the RWAZ2 gene led to A.
thaliana leaves containing 20% less acetate in its walls (Manabe et al. 2011). The
acetylation status of several polymers is affected (including pectin and XyG). Triple and
quadruple rwa mutants exhibited severe dwarfism and abnormal tissue development
including aberrant xylem cells (Manabe et al. 2013). If overexpressed in the quadruple
mutant background RWAZ2 is able to completely rescue the acetylation chemotype
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establishing the functional redundancy of these proteins (Manabe et al. 2013).
Interestingly, in the different triple mutant combinations differential acetylation of wall
polysaccharides suggest preference for particular substrates. The RWA2 protein is
predicted to have 10 transmembrane domains and it has been proposed to represent a
transporter, which delivers precursor molecules to the endomembrane system (Manabe
et al. 2011).

A family of putative plant acetyltransferases has been identified in A. thaliana
(Gille et al. 2011b). Members of the Trichome Birefringence-Like (TBL) family include
proteins that had previously been associated with freeze tolerance (Bouchabke-Coussa
et al. 2008; Xin and Browse 1998), pathogen resistance (Vogel et al. 2004) and cell wall
biosynthesis (Bischoff et al. 2010a; Bischoff et al. 2010b; Gille et al. 2011b; Xiong et al.
2013). TBL29/ESK1 has been implicated in xylan acetylation, displaying a collapsed
xylem phenotype, when mutated (Lefebvre et al. 2011; Xiong et al. 2013; Yuan et al.
2013). The pmr5 mutant was originally identified based on a powdery mildew
resistance. The capacity of pmr5 to bind to HG suggests that the protein is involved in
pectin biosynthesis (Lim 2013). In a similar manner the TBR protein, whose
identification was based on light birefringence phenotypes led to the TBL family
annotation, is thought to be involved in HG acetylation [Brad Dotson, Somerville Lab,
Personal communication; (Bischoff et al. 2010a; Bischoff et al. 2010b)]. In Figure 1.5-1
a model is presented describing the known genes and molecules known to be involved
in polysaccharide acetylation.

TBLs
RWA

cytosol

golgi lumen

polysaccharides

Figure 1.5-1 Model for polysaccharide acetylation in Golgi vesicles. Possible path of
acetate from the donor substrate acetyl-CoA to a polysaccharide. Positions proposed
for RWA and TBL proteins are shown. Adapted from Gille et al. (2011).

The biological function of wall polysaccharide O-acetylation is still not clear. The
collapsed xylem phenotypes in several acetylation mutants suggest that wall polymer
acetylation is critical for secondary wall function (Manabe et al. 2013; Schultink 2013;
Xiong et al. 2013). A recent study suggests that xylan acetylation could mediate the
interaction between xylan coated cellulose microfibrils and hydrophobic components of
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the wall such as lignin (Busse-Wicher et al. 2014). Plants overexpressing PAEs also
show aberration in tissue development and physical structure (Gou et al. 2012; Orfila et
al. 2012). On the other hand some acetylation mutants have shown increased
resistance to pathogens (Vogel et al. 2004). Future work will be necessary in order to
dissect the biological role of acetylation in each wall polymer.
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1.6 Objective

Since the completion of the A. thaliana genome in the year 2000 significant
advances have been made in cell wall gene discovery. Components of the cell's
machinery for wall polysaccharide O-acetylation have only recently emerged after
breakthroughs in the identification of gene families involved in polymer acetylation (Gille
et al. 2012) although the precise molecular mechanism remains elusive. Since the role
of polysaccharide O-acetylation in plant growth and development is largely unknown
various experimental approaches are being pursued here to reveal and characterize
genes involved in this process. By studying these genes and their respective mutants it
should be possible to provide insights into the biology of this cellular process and further
detail its biochemistry. The identification of genes in the wall acetylation pathway can
consolidate a tool box for genetic engineering of plant cell walls with altered acetylation
level applicable in the food and biofuel industries.

To identify genes and mutants involved in wall acetylation, forward and reverse
genetics as well as biochemical approaches are proposed. The forward genetics has
the power of revealing unknown or non-obvious genes related to the process. For this
purpose a collection of naturally occurring and genetically diverse Arabidopsis ecotypes
will be explored. In a more directed fashion the reverse genetics employed should shed
light on the role of a putative family of pectin acetylesterases in wall acetylation.
Likewise, the specific search for the XyG acetylesterase biochemical activity, previously
undescribed in plants, aims at identifying a causative gene.
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2.0 Material and Methods
2.1 Plant and bacterial growth
2.1.1 Soil grown Arabidopsis thaliana

Seeds were stratified at 4 °C for 24h in a 0.15% agar solution and pipetted on to
soil. Pots were placed in chambers maintained at 22 °C with a 170 to 190 pmol m=2s™"
light intensity in a 16 hours light / 8 hours dark regime. Plant trays were fertilized once
with Miracle Grow All-purpose Plant Food (Scotts) according to manufacturer’s
recommendation and watered as needed. After one week, excess plants were removed
in order to obtain one plant per pot. Plant tissue was harvested at 35 days unless
otherwise stated.

For the stem acetylation ecotype screen (3.2.1) plants were stratified at 4°C in
water for 48 hours and planted onto a pot for 2 weeks than singled out onto pots. The
first two internodes of the stems were harvested when the inflorescences presented 8-
14 mature siliques.

2.1.2 Soil grown Nicotiana benthamiana

Nicotiana benthamiana plants used for transient gene expression (6.2.3; 6.2.4)
were sown directly on soil, grown for 2 weeks then transplanted into destination pots
and grown for 4 weeks until use. The plants were grown under a 26 °C, 170 to 190 pymol
m= s~ light intensity and 16 hours light / 8 hours dark regime. Plants were fertilized
once with Miracle Grow All-purpose Plant Food (Scotts) according to manufacturer’s
recommendation and watered as needed.

2.1.3 Arabidopsis thaliana seed sterilization and plate growth

Seeds were surface sterilized using a solution of 0.05% Triton-X in 70% ethanol
for 10 minutes with gentle mixing. Seeds were then washed with 95% ethanol 3 times
and pipetted onto filter paper for drying. When dry, seeds were sprinkled onto petri
dishes containing growth media (see below). The plates were then stratified for 48
hours at 4 °C and placed into a growth chamber at 22 °C with a 170 to 190 pmol m2s™’
light intensity in a 16 hours light / 8 hours dark regime.

Alternatively, for the XyG acetylation ecotype screen (3.2.2) seeds were sterilized
using a 70% ethanol wash followed by 15 min incubation under agitation with a 50%
(v/v) house hold bleach (Chlorox) solution. After the incubation seeds were washed 4
times with sterile water and stratified for 48 hours. After stratification seeds were plated
in media without sucrose and covered with aluminum foil and grown for 7 days at 22 °C.
After harvest seedlings were stored in 70% ethanol at 4 °C until processing.

Plants were grown on plates containing media composed of (w/v) 0.125% MS
salts, 0.06% 2-(N-morpholino)ethanesulfonic acid (MES) - pH 5.6 (adjusted with KOH),
0-1% sucrose, 0.8% agar. For transgenic selection the plates were complemented with
the following antibiotics: kanamycin (60 pg / mL), hygromycin (50 ug / mL), or
gentamycin (80 pg / mL).
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2.1.4 Arabidopsis thaliana suspension cultured cells

Arabidopsis cell suspension cultures [5.2.1; (Parsons et al. 2012)] were grown in
liquid MS media - pH 5.8 (adjusted with KOH) containing (w/v) 0.433% MS salts, 3%
sucrose, 0.05 mg / L kinetin, and 0.5 mg / L 1-Naphthaleneacetic acid (NAA). Cultures
were kept under constant agitation (130 rpm) at 22 °C with a 170 to 190 ymol m=2s™
light intensity in a 16 hours light / 8 hours dark regime. The cell cultures were re-
inoculated every 7 days.

2.1.5 Bacterial growth conditions

Bacterial liquid cultures of transformed One Shot® Top10 chemically competent
cells or Agrobacterium tumefaciens strain GV3101 were grown in LB media (w/v; 1%
sodium chloride, 1% tryptone, 0.5% yeast extract, pH 7.0) supplemented with the
appropriate antibiotics or S.0.C. media (w/v; 2% tryptone, 0.5% yeast extract, 10 mM
NaCl, 2.5 mM KCI, 10 mM MgClI2, 10 mM MgS0O4, and 20 mM glucose). Antibiotics
used included kanamycin (60 pg / mL), spectinomycin (100 ug / mL), gentamycin (25 ug
/ mL) and/or rifampicin 10 pug / mL. Cultures were grown at 37 °C (30 °C for
Agrobacterium) under constant agitation (230 rpm) in 14 mL tubes containing 5 mL of
media.

2.2 Molecular Biology
2.2.1 Plant Genomic DNA extraction
2.21.1 CTAB DNA extraction

Genomic DNA from plants was extracted using 3 different techniques. The
method consisted of grinding frozen plant tissue (liquid nitrogen) in a 1.5 mL Eppendorf
tubes with 3 glass beads in a ball mill (Retsch MM 400; 25 Hz, 1min). Plant tissue was
ground to a fine powder and 300 uL of a buffer containing 2% (w/v) CTAB, 1.4 M NaCl,
100 mM Tris HCI - pH 8, and 20 mM Ethylenediaminetetraacetic acid (EDTA) was
added (Murray and Thompson 1980). The mixture was vortexed and incubated at 65 °C
for at least 10 min. After cooling down to room temperature, 300 uL of chloroform was
added and samples vortexed vigorously. To separate the aqueous phase from the
organic phase samples were spun down at 21,000 g for 5 min. The supernatant was
collected and transferred to a new tube, where an equal volume of isopropanol was
added. Samples were spun down once more and the supernatant was removed by
decanting. The pellet was washed with 500 uL of 70% ethanol and spun down at 21,000
g for 5 min. The supernatant was removed by decanting and the pellet was dried for re-
suspension in 100-300 pL of TE buffer (10 mM Tris HCI, pH 8, and 1 mM EDTA).

2.21.2 One step DNA extraction
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The “one step” method consisted of grinding plant material in 200 pyL of a 10 X
dilution of Edwards solution (200mM Tris HCI pH 7.5, 250 mM NacCl, 25mM EDTA, and
0.5% SDS). Plant debris was spun down at 21,000 g for 5 min and supernatant was
directly used in PCR reactions (Kasajima et al. 2004).

2.21.3 One point five step DNA extraction

In a variation of the method described above, DNA was extracted by grinding
frozen plant tissue (liquid nitrogen) using 3 glass beads in a ball mill (Retsch MM 400;
25 Hz, 1min) and adding 400 pyL Edwards solution (Edwards et al. 1991). Mixture was
spun down at 18,000 g and 300 pL of the supernatant collected and mixed with equal
volume of isopropanol. This mixture was then spun down and the supernatant
discarded. The pellet was dried and re-suspended in 100 uL of TE buffer.

2.2.2 Genotyping PCRs

Genotyping PCRs (see primer list Appendix 1) were performed using the
JumpStart Red Tag ReadyMix (Sigma) following manufacturers recommendation. PCR
reactions were done in a total volume of 20 yL. DNA in TE buffer was added to 1 pL
volume (~ 150 ng / uL) and primers were added to a final concentration of 0.1 uM each .
Cycling conditions were adjusted according to primer melting temperatures and
amplicon sizes. PCR products were visualized in UV transluminators using 1% agarose
gels in TAE buffer (40 mM Tris, 20 mM acetic acid, and 1 mM EDTA.) containing
ethidium bromide (0.01 pg/ mL).

2.2.3 DNA ampilification for cloning

For cloning purposes DNA amplification fragments were generated using
Phusion DNA Polymerase (Finnzymes). This enzyme has proof reading capabilities,
which increases the sequence fidelity of the products. Manufacturer’'s recommendations
were followed for PCR optimization (see primer list Appendix 1). Templates for these
reactions included cDNA, genomic DNA or plasmids.

2.2.4 DNA fragment cloning (conventional, TOPO® TA, Gateway, Golden
Gate, Gibson Cloning)

Various techniques for cloning DNA fragments into plasmids were used. Initially
TOPO® TA cloning (Invitrogen) was used to produce PCR fragments of interest into the
pCR™8/GW/TOPO vector. TOPO® cloning procedures were followed according to the
manufacturer's recommendation. As with all cloning procedures generated plasmids
were checked by analytical restriction digests and Sanger sequencing. Restriction
digests were used to extract fragments of interest from the pCR™8/GW/TOPO vectors.
Fragments of interest were subsequently ligated into other vectors using DNA ligase (T4
Ligase, Invitrogen). Alternatively the pCR™8/GW/TOPO vectors containing fragments
of interest were used in Gateway Cloning (Invitrogen).
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For the overexpression of PAE family members (6.2.1) Gateway Cloning was
used. Coding sequences (cds) of these genes (AT1G57590.1, PAEZ2; AT2G46930.1,
PAE3; AT3G09405 , PAE4; AT3G09410.1, PAES; AT3G62060.1, PAE6; AT4G19410.1,
PAE7; AT4G19420.1, PAES8; AT5G23870.1, PAE9; AT5G26670.1, PAE10;
AT5G45280.1, PAE11; and AT3G05910.1, PAE12) were amplified with attB primers
from cDNA or plasmids (obtained from stock centers), gel extracted, purified and
recombined in a BP reaction with the pDONOR221 vector. This vector was then
recombined in an LR reaction with the binary vector pORE E4 containing the enTCUP2
promotor for constitutive overexpression [Appendix 2; (Schultink 2013; Schultink et al.
2013)].

Conventional cloning, using restriction digests and ligation, was used to clone
genes of interest into the tobacco expression vectors, pVKH18En6 [PAE9cds:GFP;
(6.2.3); (Gunl et al. 2011)], pART7 and pART27 [protein expression of PAE9; (6.2.4);
(Gleave 1992)]. The fragments of interest (cds) were excised from the
pCR™8/GW/TOPO vector backbone.

Chimeric constructs of TBL3 and TBL26 with TBL27 (4.2.1) were assembled
using Golden Gate cloning (Engler et al. 2009). In short, multiple PCR fragments with
matching sticky ends were generated and in one step were digested and ligated. These
fragments were then TOPO® TA cloned into the pCR™8/GW/TOPO vector and later
recombined via an LR reaction into the pGWB510 (Appendix 3) vector containing the
TBL27 promotor and a 3’ FLAG tag.

Gibson cloning (Gibson et al. 2009) was used to generate plasmids for protein
expression (PAE8cds:6XHIS in pART27; 6.2.4) and GFP fusions for subcellular
localization [PAE9promotor:PAE9cds:GFP in pMDC107 (6.2.3); (Curtis and
Grossniklaus 2003) in tobacco]. The New England Biolabs Gibson Assembly cloning kit
was used according to the manufacturer's recommendation as well as the on-line tool
NEBuilder™,

2.2.5 Restriction Digest of plasmids

Analytical restriction digests of plasmids were executed using enzymes from New
England Biolabs. Plasmids were extracted from E. coli or A. tumefaciens using the
Qiagen Miniprep kit and incubated with endonucleases for 4 - 24 hours in buffers
according to enzyme requirements at 37 °C. Fragments were then visualized in UV
transluminators using 1% agarose gels in TAE buffer containing ethidium bromide (0.01
Mg / mL).

2.2.6 DNA Sequencing
DNA sequencing services were provided by ELIM Biopharmaceuticals. Plasmids
and PCR products were Sanger sequenced. Samples were submitted with appropriate

primers according to company specifications.

2.2.7 Bacterial transformation (E. coli and A tumefaciens)
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Chemically competent Bacteria (One Shot ® TOP10, Invitrogen) were
transformed by adding 1 uL of purified plasmids (20-100 ng) to 50 uL of cells. The
mixture was kept on ice for 30 min and heat shocked at 42 °C for 30 s followed by a 2
minutes incubation on ice. S.0.C media was added (250 uL) and incubated for 1 hour at
37 °C and 230 rpm. Following incubation, 10 — 50 pL of cells were plated on LB plates
(2.1.5) with desired antibiotics.

A tumefaciens was transformed using electroporation. Plasmids (1 pL) were
added to 40 uL of cells in an electroporation cuvette. Current was applied using the
following parameters: 1800V, 50 yF and 150 Q. S.0.C (2.1.5) media was added (500
ML) and cells were incubated for 2.5 hours at 30 °C and 230 rpm. Cells (10-50 uL) were
then plated on LB plates with the required antibiotics.

2.2.8 Genetic transformation of Arabidopsis thaliana

A tumefaciens containing the binary vector of interest was cultured in LB media
(250 mL, with desired antibiotics) to an ODeoo of approximately 2. Cells were pelleted
(4,000 g, 10 min, 20 °C) and re-suspended to 0.7-0.8 ODsoo in transformation media [3
% (w/v) sucrose and 0.05% (v/v) Silwet L-77]. Arabidopsis plants harboring developing
floral structures were dipped 3 times in transformation media containing cells (Clough
and Bent 1998). Plants were immersed for 0.5 to 3 minutes each time. Plants were then
grown to maturity at 22 °C with a 170 to 190 uymol m=2 s light intensity in a 16 hours
light / 8 hours dark regime.

2.2.9 Transient gene expression in N. benthamiana (confocal microscopy
and protein expression)

For subcellular localization experiments (6.2.3) A. tumefaciens was grown as
described for A. thaliana transformation (2.2.8). Cells were pelleted and re-suspended
to an ODeoo of 0.05 in infiltration buffer (10 mM MES pH 6.0, 2mM Na2PO4, 0.5% (w/v)
glucose and 100 pM acetoseryngone). N. benthamiana plants were immersed in
infiltration buffer containing cells and vacuum infiltrated 3 times for 3 min each. Tobacco
plants were grown for 5 days at 26 °C with a 170 to 190 ymol m=2 s~ light intensity in a
16 hours light / 8 hours dark regime.

For protein expression (6.2.4) the infiltration buffer consisted of 10 mM MES pH
5.6, 10 mM MgCl2 and 0.15 mM acetoseryngone. The A. tumefaciens cells were
suspended to ODsoo 1.4-2 and incubated for 3-4 hours with acetoseryngone prior to
infiltration. A construct overexpressing the P19 (Voinnet et al. 2003) gene silencing
suppressor was always infiltrated in conjunction with the construct of interest (final
ODeoo ratio of 1:0.7).

2.2.10 Transcriptional analysis of A. thaliana (Reverse Transcription - PCR
and Quantitative Reverse Transcription - PCR)

Total RNA was extracted from plant tissue using the Plant RNeasy kit from

Qiagen according to manufacturer’'s protocol. Total RNA was quantified using the
Nanodrop and concentration normalized for DNase treatment.
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For RT-PCR reactions (6.2.1) total RNA (3.5 pg) was treated with DNAse (Roche
04716728001) in a 20 pL reaction using 1 yL DNAse and 2 uL of 10 X buffer. The
treatment was carried out at 37 °C for 15 minutes followed by a 70 °C denaturation step
for 15 minutes. The Superscript Ill First Strand Synthesis kit (Invitrogen) was used to
synthesize cDNA and non-RT controls from 250 ng of total RNA. The cDNA (2 pL) was
mixed in JumpStart Red Taq ReadyMix (Sigma) as described for the genotyping PCRs
(2.2.2). As an expression control the polypyrimidine tract-binding protein 1 [PTB1; (Gille
et al. 2009)] gene was used.

DNase treatment for Q-RT-PCR (4.2.2; 6.2.1) was done using the Ambion
TURBO DNA-free™ kit. Treated total RNA (200 ng) was then used for cDNA synthesis
using the M-MLV Reverse Transcriptase kit (Invitrogen 28025-013) following
manufacturer’s instructions. The templates (1 uL) were then used for Q-RT-PCR
reactions with a Thermo Scientific Maxima SYBR Green/ROX gqPCR Master Mix.
Primers were designed according to kit recommendations. Reactions were setup
according to instructions from the manual and Q-RT-PCR reactions were run on a
StepOnePlus Real-Time PCR System from applied Biosciences. Cycling conditions
started with 10 minutes at 95 °C followed by 40 cycles of 95 °C for 15 s, 60 °C for 30 s,
and 72 °C for 30 s. Relative abundance of transcripts was calculated by the Applied
Biosciences software using the PTB1 gene as the internal control.

2.2.11 Protein extraction

Protein extracts were produced for two purposes: activity assays and protein
identification via western blotting.

For XyG acetylesterase activity assays (2.6) proteins were extracted from
Arabidopsis suspension cells culture mass, 7 day old etiolated seedlings and leaves
(5.2.1). The cell mass from suspension cultures was washed with water twice and
collected for protein extraction. The protein extraction consisted of agitating ground
tissue (Retsch ball mill; 30 Hz for 2 minutes) with extraction buffer (0.5 X Mcllvane
buffer, 1 M NaCl and 0.05 M Ascorbic Acid) using 3 metal beads in the Retsch ball mill
(80 Hz, 2min). The suspension was spun down at 21,000 g for 10 min and the
supernatant collected. Denaturation of proteins was achieved by incubation at 99 °C for
10 minutes.

Cell culture medium protein (5.2.1) was prepared by passing 20ml of medium
through an Amicon 100000 Da column (3X, 10 min 3000 g), collecting medium and
concentrating this medium in a 10000 Da column (2X 10 min, 1X 3 min and 1X 2 min at
3000 g). Final volume collected contained 750 uL, and approximate 6.6X concentration
of the original medium.

To identify and verify activity of proteins transiently expressed in N. benthamiana
(6.2.4) the powder of pre-ground (in mortar and pestle with liquid N2) leaves (~1 mL in a
2 mL tube, 2 times) was ground again in the Retsch ball mill (25 Hz, 2.5 minutes) and
extraction buffer added (1M NaCl; 50 mM Na2PO4, pH 8; 10 mM imidazole; 1X Halt™
Protease Inhibitor, Thermo Scientific 1861278; 2 mM (B-mercaptoethanol). The mixture
was incubated under gentle agitation at 4 °C for 1 hour, spun down at 21,000 g for 10
minutes and supernatant collected for protein purification. Protein content of the
supernatant was measured using the Bradford assay [Bio-Rad Protein Assay Dye
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Reagent concentrate; (Bradford 1976)] in order to normalize the protein concentration
for Ni-NTA bead loading (Qiagen 1018240; 20 uL of resin per 2 mL protein extract).
Beads were incubated with protein for 1 h at 4°C under gentle agitation and collected
into a mini spincolumn (Pharmacia Biotech) after a 500 g, 1 minute, spin down. The
beads were washed 5 times with 250 pL extraction buffer, 4 times with 250 pL washing
buffer (300 mM NaCl, 50 mM Na2PO4, pH 8, 20 mM imidazole) and 6 times with 50 pL
elution buffer (300 mM NaCl, 50 mM Naz2POa4, pH 8, 150 mM imidazole). The eluate was
buffer exchanged with 50 mM ammonium formate pH 4.5, in a 500 yL Vivaspin column
(MWCO of 5000 Da, Sartorius Stedim Biotech). A final volume of ~ 200 pL was
recovered which was used for activity assays and western blots.

2.2.12 Western blots

Proteins were denatured in loading buffer (NUPAGE LDS Sample Buffer 4X,
Invitrogen, NP0007) at 70 °C for 10 min and 20 pL was loaded onto an SDS
polyacrylamide gel. The gel was wet blotted onto nitrocellulose membranes using
transfer buffer (0.075 % (v/v) ethanolamine, 0.0935 % (w/v) Glycine and 20 % (v/v)
ethanol) at 100 V for 80 minutes at 4°C. The membrane was blocked overnight at 4°C in
50mM Tris HCI, 150 mM NaCl, and 0.5% Tween (TBS-T) containing 3 % (w/v) nonfat
powdered milk. After the blocking step the primary antibody (mouse anti 6X HIS, Fisher
50272472) was added (1:3000, v/v) and incubated for 3 hours at room temperature.
After three 10 minute washes with TBS-T, the membrane was incubated in TBS-T
containing 3 % (w/v) nonfat powdered milk with the secondary HorseRadish Peroxidase
(HRP) conjugated antibody (Goat Anti-mouse IgG HRP Conjugate, Invitrogen, M30102;
1:3000, v/v) for 1 hour at room temperature. After another series of TBS-T washes (3)
the membrane was developed by adding chemiluminescent reagents (Genscript
LumiSensor) and visualized using the Fuji LAS-4000 imager.

2.3 Confocal microscopy for protein subcellular localization

Transiently transformed N. benthamiana (2.2.9) or transformed A. thaliana plants
with GFP fusion constructs (2.2.8) were imaged using one of two microscopes: a Zeiss
LSM 710 laser scanning confocal microscope or a Leica SD6000 microscope attached
to a Yokogawa CSU-X1 spinning disc head. In some cases leaves were infiltrated with
propidium iodide (Pl; 10 yL / mL) for cell wall visualization or FM 4-64 (25 puM) for
plasma membrane visualization. Plasmolysis of leaves was achieved with a 1 M
mannitol solution. The samples were mounted on glass slides and the abaxial plant
epidermis was examined using the following lasers and filters: GFP, 488 nm laser and
525-550 nm band pass filter; Pl and FM 4-64 dyes, 594nm laser and 620-660 nm band
pass filters. Images were acquired using 100-400 ms exposure times and processed
using the Imaged software with standard processing conditions.

2.4 Gene and protein sequence analysis
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Protein sequence alignments and trees were generated using the Seaview4 and
the MUSCLE software packages. All constructions of vectors and sequence analysis
were done using the ApE- A plasmid Editor v20.30.

Calculation of % identity in TBL protein alignments were done by dividing the
total number of identical positions by the total number of aligned positions including
gaps within a determined domain. For % similarity the total number of similar amino
acids (amino acid groups utilized to determine similarity: AVLIPMFW, GSTCNQY, DE,
KRH) plus the identical positions were divided by the total number of aligned positions
including gaps within a determined domain. For the calculations in fragment D TBL20
was excluded since this protein is missing in great part that stretch of amino acids
(Appendix 4).

2.5 Analytical methods
2.5.1 Plant cell wall preparations

2511 Cell wall preparation for acetic acid measurements and
monosacharide comoposition

Dry plant material (leaf, stem or flowers) was ground to a fine powder using the
Retsch ball mill by grinding 20-40 mg of material in liquid nitrogen using 3 small metal
beads in 2 mL plastic tubes (2 times at 25 Hz for 2.5 minutes). The ground powder was
washed 2 times with 70 % aqueous ethanol (1.5 mL) by vortexing, pelleting of wall
material (21,000 g for 10 minutes) and discarding the supernatant. This was followed by
3 washes with a 1:1 methanol : chloroform solution (1.5 mL) using the same pelleting
conditions. The pellet was dried in a speed vacuum centrifuge at 60 °C for 15 min.

25.1.2 Cell wall preparations for 7 day old etiolated seedlings for
OLIMP (Oligosaccharide mass profiling)

Huskless seedlings (5) were dried under vacuum. Two metal beads were added
and the material ground in the Retsch ball mill with liquid nitrogen (2 times at 25 Hz for
2.5 minutes). Material was washed twice, once with 1 mL 70% ethanol and then once
with 1 mL of a 1:1 methanol : chloroform solution recovering the pellet by centrifugation
(12,000 g for 10 min) after each wash. The pellet was finally dried under vacuum and
used for oligosaccharide mass profiling of the XyG (2.5.6).

2.5.1.3 Cell wall preparations for other Arabidopsis tissues for OLIMP
Wall preparations for OLIMP from other tissues followed protocol described for 7
day old etiolated seedlings (2.5.1.2) but included a buffer wash with 1 mL 50mM
ammonium formate before drying material for OLIMP.

2.51.4 Cell wall preparations from Arabidopsis liquid culture cell
mass for OLIMP
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Cell mass from cell cultures were pelleted at 3220 g for 20 min in a 50 mL tube.
Medium was removed and water added to 50 mL. Cell mass was pelleted at 3220 g for
10 min and supernatant was discarded. Ethanol (70%) was added to 50 mL volume and
cells were gently agitated overnight on a table top orbital shaker at room temperature.
Cell mass was pelletd at 3220 g for 10 min and washed once more with 50 mL 70%
ethanol. Two washes with 15 mL 1:1 methanol:chloroform were performed and material
was dried in the hood. This material was then processed as described in 2.5.6 for
OLIMP.

2.5.1.5 Large leaf cell wall preparations for acetic acid measurements
and pectin digest

For larger leaf wall preparations up to 600 mg of dried plant material was ground
in large metal grinders twice (200 mg at a time; 30 Hz for 30 s). This procedure
produced a fine powder, 500 mg of which was washed 4 times with 70 % ethanol (30
mL / wash) by vortexing and pelleting the walls (3220 g for 10 minutes). This was
followed by 4 washes with a 1:1 (v/v) methanol : chloroform solution (30 mL / wash)
using the same pelleting conditions. The pellet was dried at room temperature for 48
hours followed by 1 hour in the lyophilizer.

2.5.2 Enzymatic starch removal of plant cell wall preparations

The destarching reaction entailed suspending 13 mg of wall material in 1.5 mL of
Mcllvane buffer, pH 5. The suspension was vortexed and incubated at 80 °C for 20
minutes, then cooled on ice. The following was added to 1.5 mL of cell wall suspension:
10 uL of a 0.01 mg / mL sodium azide solution; 10 uL of a 100 yg / mL a-amylase
(Sigma A-6380) in 0.5 X Mcilvane buffer, pH 5.0; 22 uL of Pullulanase M2 (Megazyme).
The reaction continued with a 37 °C incubation at 230 rpm for 15 hours and was
stopped by incubation at 99 °C for 10 minutes (small preparations) or 80 °C for 20 min
(larger preparations). Destarched wall material was pelleted by centrifugation and the
supernatant discarded. The material was washed with equal volumes of water 3 times,
followed by a 70 % aqueous ethanol wash. The remaining pellet was dried at room
temperature followed by vacuum treatment (at least one hour in the Iyophilizer for large
preparations or 30 min at 60 °C in the speed vacuum for smaller preparations).

2.5.3 Pectinase digest of de-starched cell walls

De-starched wall material was treated with pectinases in order to solubilize pectic
components. The enzymatic reaction was conducted with 6 mg of destarched wall
material per mL of 50 mM ammonium formate, pH 4.5, containing 0.2 pg / mL of sodium
azide, 2 mU / mL of endopolygalacturononase M2 (EC3.2.1.15; Megazyme), and 0.04
mU / mL of pectin methyl esterase (EC3.1.1.11; Novozymes, Christgau et al., 1996).
The digest was incubated for 17.5 h at 37 °C, 230 rpm and stopped by incubation at 80
°C for 20 min. The pellet was spun down (3220 g for 10 minutes) and the supernatant
filtered through a 0.45 um syringe filter (Minisart® high flow 16533, Satorius Stedin).
The pellet was washed 3 times with 15 mL water before drying.
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2.5.4 Pectin Fractionation using Size Exclusion Chromatography

The pectic extract (10 mL) was freeze-dried, re-suspended in 50 mM ammonium
formate, pH 4.5 (1 mL), and subjected to size exclusion chromatography using a
Superpose 12 10/300 GL column (Amersham Biosciences). The column was connected
to the Akta Purifier Fast Protein Liquid Chromatographer (FPLC; General Electric) or the
PL-GPC 50 chromatographer (Gel Permeation Chromatographer; Varian Inc.). The
sample was eluted isocratically in 50 mM ammonium formate pH 4.5 using a 0.4 mL /
minute flow. Samples were injected manually using a 100 pL loop with a run time of 90
min. Fractions were collected according to the scheme depicted in (Figure 6.2.2-3). The
fractions were dried in a lyophilizer and re-suspended in water (100 yL) and stored for
subsequent biochemical analysis. Dextran standards were used to determine the
separation profile of the column.

2.5.5 Acetic acid measurements of de-starched cell walls, pectin extract
and pectin fractions

Cell wall suspensions (10 mg /mL), pectin extract or purified fractions were
saponified by adding an equal volume of 1 M NaOH and incubation for 1 hour at 26 °C,
600 rpm, and neutralized with an equal volume of 1 M HCI. The final mixture was spun
down for 10 minutes at 21,000 g and aliquots of the supernatant (10-50 uL) were
subjected to the Acetic Acid Kit (K-Acet, Megazyme) to determine the released acetate.
The assay consisted of a scaled down version of the manufacturer’'s instructions. In
short, water was added to the supernatant from the saponification reaction to 104 uL
total volume in UV compatible 96 well plates. This was followed by the addition of 30 pyL
of kit solution 1 and 12 pL of kit solution 2. After 3 minutes the absorbance at 340 nm
was recorded. A 10 X dilution of kit solution 3 (12 uL) was added followed by 4 minutes
incubation and absorbance measurement at 340 nm. A 10 X dilution of kit solution 4
was added followed by absorbance measurement at 12 minutes. The absorbance
measurements were then used to calculate the final acetic acid content based on a
formula provided in the kit.

2.5.6 XyG OLIMP

A variation of the method described by Lerouxel et al. 2002 was used to analyze
the XyG oligosaccharide mass profile of XyG oligosaccharides, suspension cell culture
supernatant (2.5.7), cell mass from cultures (2.5.1.4), leaf walls (2.5.1.3) and etiolated
seedling walls (2.5.1.2). Wall material (2.5.1.2; 2.5.1.3; 2.5.1.4; 2.5.7) was incubated
overnight with 0.1 U of XEG in 25 pL of 50 mM ammonium formate. The assay was
carried out at 37 °C and 230 rpm. The digest was de-salted with Biorex MSZ501 cation
beads (~ 15 beads for 45 minutes) and 2 uL of the supernatant was spotted onto a
MALDI-TOF plate containing pre-spotted 2,5-dihydroxybenzoic acid (DHB; 2 pL of a 10
mg / mL solution per spot). The supernatant was incubated with DHB for 3 minutes and
then dried under vacuum. The plate was inserted into an AXIMA Performance MALDI-
TOF mass spectrometer (Shimadzu) using an accelerating voltage of 20,000 V to
record the mass spectra.
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2.5.7 Purification of XyG oligosaccharides for activity assay

Cell culture medium was collected (14mL) and 96% ethanol was added until 70%
ethanol was achieved. Mixture was incubated overnight at -20°C. Material was pelleted
by centrifugation at 3220 g and washed 2 times with 15 mL 70% ethanol. The pellet was
dried down at room temperature and then suspended in 2 mL water. Digested 500 uL of
the suspended medium polymers with XEG using same conditions as for OLIMP (2.5.6).
The digest product was cleaned up using an Amicon 10000 Da cut off spin column.
After adding 200 ul of digest to the column and spinning down at 20880 g for 3 min
recovered 150 uL of flow through, which was subsequently used for enzymatic assays
and OLIMP.

2.5.8 Monosaccharide analysis using HPAEC-PAD

Cell wall material, pectic extract, pectic wall residue and purified fractions were
hydrolyzed in 250 uL of 2M Tri-fluoroacetic acid (TFA) heated to 121 °C for 90 minutes
followed by a stream of dried air using nitrogen. The hydrolyzed samples were re-
suspended in water (0.3-1 mL) and further diluted. Neutral sugars were separated via a
CarboPac PA20 column, while a CarboPac PA200 was used to separate uronic acids.
Three distinct programs were used to resolve the sugars of interest. Samples were run
at a flow rate of 0.4 mL / min and gradients consisted of i) 2mM NaOH for 20 min
followed by a 5 minute 100mM flush and subsequent 5 minutes at 2mM (neutral sugar
separation 1; excludes xylose and mannose); ii) 18 mM NaOH for 15 min followed by a
5 minute 100mM flush and subsequent 7 minutes at 18 mM (neutral sugar separation 2;
excludes rhamnose and arabinose); iii) 0.1 M NaOH with a gradient of 50 — 200 mM
sodium acetate from 0 to 10 minutes followed by a 2 minute 200 mM sodium acetate
flush returning to 50 mM for 2.9 minutes (uronic acid separation).

2.6 Activity assays of extracted proteins

Protein extracts (2.2.11) from cell mass and medium in suspension cultures
etiolated seedlings and leaves were tested for esterase activity against 4-nitrophenol
acetate (PNPA). The protein extract (50 uL) was incubated with 1 mM PNPA in 0.5 X
Mcllvane buffer, pH 7.4 (total volume of 500 uL). After 30 minutes at room temperature
the absorbance at 410 nm was measured. Protein extracts (10 pyL) were also incubated
overnight with purified XyG oligosaccharides obtained from cell cultures (2.5.7; 10 uL)
and 2 uL of this reaction was used for OLIMP.

Protein preparations from tobacco leaves (PAE9 and PAES; 2.2.11) were used
for activity against PNPA and pectic fractions (2.5.4). For activity against PNPA ~0.7 ug
of protein was incubated with 1.67 mM PNPA in 150 pL of 50 mM ammonium formate
for 10-45 minutes. After incubation, 125 uL of sodium phosphate buffer pH 7.4 was
added to the reactions in order to visualize PNP at an absorbance of 410 nm. For
activity against pectic fractions equal amounts of protein (PAE8, PAE9, and empty
vector) were incubated for 18 hours with 40 uL of pectic fraction (0.039-0.078 ug acetic
acid / pL) in a total volume of 60 uL containing 50 mM ammonium formate, pH 4.5, for
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PAE9 and pH 5.0 for PAES). After incubation the total released acetate was measured
using the Acetic Acid Kit (K-Acet, Megazyme; 2.5.5).

2.7 Morphological measurements

Plant inflorescence heights were measured at 35 days using a common ruler.
The measurements were taken from the base of the inflorescence to the highest flower.

2.8 Powdery Mildew resistance assays
Resistance to powdery mildew was assayed by inoculating 3 week old A.
thaliana plants (2.1.1) with Golovinomyces cichoracearum. The inoculation was done

via mechanical dispersal of fungal spores grown in curcurbits. After 10 days the plants
were visually inspected for signs of resistance to the fungus.
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3.0Investigating cell wall acetylation in A. thaliana
3.1 Background

One commonly used approach to gain insight into a biological process is forward
genetics (Alonso-Blanco and Koornneef 2000). Forward genetics consists of identifying
an individual plant mutant with an altered trait and then mapping the genetic
modification/s associated with that trait. The trait investigated can be controlled by one
or more genes/genetic elements. Such an approach shed light into many fundamental
biological processes in plants (Meinke et al. 1998). One of the first examples of a
successful forward genetics approach in the plant cell wall (1.1) field was the use of
monosaccharide composition analysis to reveal genes involved in polysaccharide
biosynthesis and metabolism (Reiter et al. 1997). This screen uncovered previously
unknown genes involved in XyG biosynthesis and nucleotide sugar synthesis. A screen
that looked at altered XyG structures (AXY) revealed additional genes involved in XyG
biosynthesis and metabolism (Gunl et al. 2011; Gunl and Pauly 2011). The XEG screen
which utilized a chemical genetics approach by culturing mutants in liquid media
containing an enzyme which attacked specific cell wall components, revealed a
glycosylltransferases involved in structural protein (extensin) glycosylation in the wall
(Gille et al. 2009). In another very successful forward genetics approach, the IRX
screen, which explored irregular xylem patterns in mutants, revealed many genes
involved in cell wall biosynthesis in particular in the synthesis of xylan and cellulose in
secondary walls (Brown et al. 2007; Brown et al. 2009; Lee et al. 2007a; Persson et al.
2007a; Taylor et al. 2003; Turner and Somerville 1997).

Forward genetics can also be used to characterize quantitative trait loci (QTL),
i.e. genetic loci that harbor genetic elements that contribute to a single quantitative trait.
One way to identify QTLs is to explore the natural diversity present within the
Arabidopsis population (Alonso-Blanco and Koornneef 2000). Collections of Arabidopsis
ecotypes from around the world amount to over 7000 accessions varying in phenotype
and genotype (Weigel 2012). Many resources are now available for QTL mapping in
Arabidopsis including approximately 60 Recombinant Inbred lines populations [RILSs;
(Weigel 2012)]. These populations consist of lines with recombinant chromosomes
containing genomic segments of multiple accessions of interest, each line with a
different chromosomal region integrated, creating a patch work of genetic material
which aids in determining which genomic region is responsible for controlling a specific
trait. An advantage of RIL populations in Arabidopsis is that once established and
genotyped, phenotypic studies for QTL mapping can be undertaken without the need for
additional genotyping. Over 49 traits have been studied in Arabidopsis using the
available natural accessions (Weigel 2012). A few examples include QTLs for flowering
time (Clarke et al. 1995), plant longevity (Luquez et al. 2006), trichome density (Hilscher
et al. 2009) and seed dormancy (Alonso-Blanco et al. 2003).

The cell wall polymer XyG (1.3) has proven to be a good model polymer for
genetic studies. Alterations in XyG structure and quantity lead only to minor
morphological and developmental consequences in plant growth thus avoiding
extensive pleiotropic effects (Cavalier et al. 2008; Gille et al. 2011b; Gunl et al. 2011;
Gunl and Pauly 2011). For example, the discovery that complete lack of XyG acetylation
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by lesions in the AXY4 gene lead to no detectable developmental phenotype in the
mutant plants under the conditions grown positioned this wall polymer as a good target
for forward genetics (Gille et al. 2011b). Techniques that can generate XyG fingerprints
have also been developed and are able to be executed in a high throughput manner
(Lerouxel et al. 2002).

The Arabidopsis natural accessions were explored here to map genes or QTLs
involved in wall polysaccharide acetylation (total stem wall acetate and XyG OLIMP;
1.5). By utilizing a forward genetics approach we expect to find novel and/or unexpected
components of the biochemical/regulatory pathway. The power of this approach lies in
the observation of a phenotype related to the trait of interest, however the phenotype
could be caused by an unexpected source, like an enzyme of unknown function or a
regulatory protein.

31



3.2 Results
3.2.1 Arabidopsis ecotypes vary in their stem wall acetate content

A collection of 117 Arabidopsis ecotypes was screened for stem wall acetate
content for Quantitative Trait Loci (QTL) mapping (Figure 3.2.1-1). Stem tissue was
selected due to its abundance in secondary walls, which are more relevant in plant
biomass to fuels related research. The first two internodes of the main inflorescence
were used for wall acetate content analysis (2.5.1.1; 2.5.5; Figure 3.2.1-1).

Harvest of stem material
(first two internodes)

- from 117 Arabidopsis
ecotypes

nd

Cell wall preparation

3

Alkali treatment to release
wall bound acetate

g

Acetate measurement
using an enzyme based kit

- Identify differences that
could potentially be used
for QTL mapping

Figure 3.2.1-1 General scheme of the stem wall acetate assessment of Arabidopsis
Ecotypes.
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Within the Arabidopsis ecotype population the stem acetate content varied from

160%

120%

80%

40%

0%

Col-0

Cvi-0

Bur-0

Got-7

Kas-1

Jea

100.0%

125.5%

121.9%

116.2%

119.5%

119.2%

82.1% (Tsu-1) to 133.1% (Lin) relative to Col-0 [(Col-0 = 100%); Figure 3.2.1-2].
Potentially interesting outliers were arbitrarily set at -10% and +20% from Col-0 acetate
levels. On the lower end Tsu-1 (-17.9%) and No-0 (-11%) exhibited the lowest stem
acetate levels. Sixteen ecotypes had acetate values greater than 20 % with Lin
exhibiting the highest value (+33.1%). Based on the availability of genome sequences
and recombinant inbred line populations, five ecotypes (Jea, Got-7, Cvi-0, Kas-1 and
Bur-0) were selected and their increased stem acetate phenotype was confirmed in a
new experiment (Figure 3.2.1-3). Hence, these ecotypes and/or their recombinant
inbred lines represent a valuable resource for the potential identification of QTLs related
to stem wall acetate content.

Figure 3.2.1-3 Relative wall acetate content of selected ecotype candidates for QTL
mapping. Col-0 = 100%, all ecotypes shown are significantly different from wild type
based on T test (p-value < 0.05). n=3.
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3.2.2 Identification of XyG acetylation differences in a collection of A.
thaliana ecotypes

Differences in XyG acetylation were assessed using the genetically diverse
population of Arabidopsis ecotypes (Figure 3.2.2-1). OLIMP was used as a high
throughput method to probe the acetylation status of XyG (2.5.1.2; 2.5.6). Etiolated
seedlings where selected as tissue material due to overall uniformity, fast production,
presence of acetylated XyG structures and ease of collection. Based on the XyG
oligosaccharide mass spectrum the percentage of XyG acetylation was calculated using
the peak area ratio of acetylated (XXLG, XXEG, XLFG) to total oligosaccharides that
could be acetylated [XXLG, XXLG, XXFG, XXFG, XLFG, XLEG; Figure 3.2.2-2; 2.5.6;
(Gille et al. 2011b)]. The range of percent XyG acetylation within the population varied
from 12 % to 43 % (Figure 3.2.2-3). Col-0 was positioned in the top third of the data set
with a 31.2 % XyG acetylation level (Figure 3.2.2-3). One notable case was Ty-0
exhibiting the lowest value observed in the screen with 12 %.

Harvest of etiolated
seedlings from 125
ecotypes

N

Cell wall preparation

3

Oligosaccharide Mass
Profiling - OLIMP

|dentify differences that
» could potentially be used
k ke |.1 for QTL or trait mapping

T

Figure 3.2.2-1 General scheme of the XyG acetylation assessment of Arabidopsis
ecotypes.
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released by XEG digest
Figure 3.2.2-2 Example of XyG mass spectrum and calculation of the percent XyG
acetylation. A) Mass spectrum of Col-0 7 day old etiolated seedling showing ion signals
representing the XyG oligosaccharides used for the calculation of the percent XyG
acetylation (Gille et al. 2011b). B) Percent XyG acetylation calculation; the ion signal
intensity for each ion signal representing each oligosaccharide was integrated and used
to calculate the relative degree of XyG acetylation. Oligosaccharides used in the
calculations are indicated.
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XyG OLIMP was performed on different tissues of the Ty-0 plant [7 day old
seedlings (2.5.1.2); 3 weeks old roots, 5 weeks old leaf, and dry seed (2.5.1.3)]. The
results revealed the absence of XyG acetylation in roots and leaves. However, as noted
before XyG was still acetylated in 7 day old etiolated seedlings (Hypo) and seeds
(Figure 3.2.2-4).
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Figure 3.2.2-4 Percentage of XyG acetylation based on OLIMP in different tissues of
Col-0, axy4 alleles and Ty-0. axy4-3, SALK 044972; axy4-4, SALK _070873; Hypo =7
day etiolated seedlings; root = 3 weeks old roots; leaf = 5 weeks old leaves; seed = dry
seed. n=25. Data adapted from (Gille et al. 2011b).

Recently, a putative XyG acetytransferase (1.3) was identified within the TBL
family in A. thaliana (Gille et al. 2011b). A forward genetics approach (AXY screen) had
led to the identification of a mutant with reduced XyG acetylation (Obel et al. 2006). The
mutation causing this chemotype was mapped to the TBL27 gene in A. thaliana.
Knockout alleles of AXY4/TBL27 were identified (axy4-3 and axy4-4; Figure 3.2.2-5)
from T-DNA mutant collections and exhibited complete lack of XyG acetylation [Figure
3.2.2-4 (Gille et al. 2011b)]. Interestingly, these knockout lines for AXY4/TBL27 still had
XyG acetylation in their seeds [Figure 3.2.2-4; (Gille et al. 2011b)]. It was later
determined that another member of the TBL family (AXY4like/ TBL22) was responsible
for XyG acetylation in the seed tissue (Gille et al. 2011b). These two genes act on XyG.
However, their expression is tightly controlled in the different tissues causing the spatial
separation in XyG acetylation (Gille et al. 2011b; Winter et al. 2007). AXY4 is a type |l
membrane protein localized to the Golgi apparatus and it is believed to act as a XyG
acetyltransferase (Gille et al. 2011b; Gille and Pauly 2012). The chemotypes observed
for Ty-0 were very similar to the ones observed for AXY4, with lack of XyG acetylation in
roots and leaves, suggesting that Ty-0 could harbor a natural mutation in the AXY4
gene. Therefore, the AXY4 genomic sequence was verified in the publically available
genome sequence of Ty-0 (Salk Arabidopsis 1001 Genomes 2014) and confirmed
through sequencing of the AXY4 locus (2.2.1.1; 2.2.6; 2.4). The sequence data revealed
that the AXY4 locus in Ty-0 contains 3 single nucleotide polymorphisms that lead to 2
amino acid changes in the highly conserved DUF231 domain of the protein (Figure
3.2.2-5).

An allelism test was performed by crossing Ty-0 to axy4-3, an AXY4 knockout-
allele. The resulting F1 plants were analyzed for their XyG acetate content (Figure
3.2.2-6; 2.5.1.3; 2.5.6). TheTy-0 x axy4-3 F1 plants lacked XyG O-acetyl substituents in
rosette leaves (Figure 3.2.2-6), confirming that the Ty-0 AXY4 allele is allelic to AXY4.
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As a control, F1 plants of a cross between Col-0 and Ty-0 exhibited wild type XyG
acetylation levels demonstrating the recessive nature of the Ty-0 mutation (Figure
3.2.2-6).
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Figure 3.2.2-5 Schematic cartoon of the AXY4 gene. Black triangles indicate lesion
positions within the DNA sequence. Grey areas represent untranslated regions, white
boxes represent coding sequences. Colored boxes indicate the relative position of the
highly conserved protein domains TBL and DUF 231 (Bischoff et al. 2010a). axy4-3 -
SALK 044972; axy4-4 - SALK_070873. Data adapted from (Gille et al. 2011b)

Increased XyG acetylation chemotypes were also encountered in the screen,
seven ecotypes had at least 20% higher XyG acetylation levels than the reference Col-0
(Figure 3.2.2-3). The ecotypes with elevated XyG acetate represent candidates for the
mapping of monogenic traits or QTLs depending on how their chemotypes segregate.
Three ecotypes (Er-0, Ra-0 and Ta-0) were selected for further analysis based on the
consistency of their chemotypes and availability of complete genomic sequences.
Samples of mass spectra (2.5.1.2; 2.5.6) from three selected ecotypes displaying
chemotypic differences are shown in Figure 3.2.2-7. The Arabidopsis ecotype Ra-0 has
a higher degree of XyG acetylation, there is 87.5 % more acetylated XXFG in Ra-0
when compared to Col-0. The ratio between XXFG and XXEG is altered in Er-0 (1.03)
and Ta-0 (0.89) when compared to Col-0 [(0.51); Figure 3.2.2-7].
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Figure 3.2.2-6 Allelism test between axy4-3 and Ty-0. Relative abundance of XyG
oligosaccharides based on mass spectra obtained by MALDI-TOF after XEG digest of
18 day old leaves of F1 plants from Col-0 x Ty-0, axy4-3 x Ty-0, and single mutants. All
L = all galactosylated oligosaccharides; All F = all fucosylated oligosaccharides; All Oac
= all acetylated oligosaccharides; n=5

40



G
w€ 1:!&(':

Col-0
11
11
11
P 11
o ! Ra-0
c
o
o
| =
=3
=]
> I
E P P YT g ™ I A L.l
= [
E i
< 11
11
11
ik Er-0
11

adaal PP | Ll III |

Ta-0

adaal PPN | Ll A |

A J

m/z

Figure 3.2.2-7 Mass spectra of XyG oligosaccharides from selected highly acetylated
XyG containing ecotypes. Example of mass spectra obtained by MALDI-TOF after XEG
digest of 7 day old Arabidopsis etiolated seedlings. Dotted lines indicate the position of
the acetylated and non-acetylated XXFG oligosaccharide. The selected ecotypes exhibit
an altered ratio of XXEG/XXFG (Ra-0, 1.06; Er-0, 1.03; Ta-0, 0.89; n=6) when
compared to Col-0 (0.51; n=6).
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In an attempt to verify if chemotypic differences in XyG acetylation amongst the
high acetate ecotypes were stronger in other tissues (2.5.1.3; 2.5.6), which could
facilitate the mapping efforts, leaves, flowers and roots were tested (Figure 3.2.2-8;
Appendix 5). In leaves, Er-0 had a 26.5% reduction in XyG acetylation when compared
to WT. Indeed the differences in the XyG of the Er-O leaf could represent a good
opportunity for mapping since this tissue can be easily collected and the acetylation
differences are strong. It remains to be determined if the Er-O leaf chemotype
segregates in a monogenic manner. The biggest differences in flowers were shown for
Er-0 (-26.3%) and Ta-0 (-30%). Despite these seemingly large differences observed in
flowers this tissue has a low relative abundance of acetylated oligosaccharides (16%
less) when compared to seedlings (Figure 3.2.2-3; Figure 3.2.2-8; Appendix 5), which
could increase undesirable variation in chemotype detection. A small 10% reduction
was also found for Er-0 in roots. However, the phenotypic intensity is lower than the one
identified for seedlings (>20% increase in XyG acetylation; Figure 3.2.2-3). Surprisingly,
the differences in XyG acetylation in other tissues of the high acetate ecotypes were
reductions, which contrast directly to the increase in acetylation found in seedlings
(Figure 3.2.2-3; Figure 3.2.2-8; Appendix 5). These different acetylation patterns could
represent variations in gene expression and activity between ecotypes. For mapping
purposes the reduced leaf chemotype of Er-0 and the increased acetylation of its
seedlings could potentially be useful for the identification of novel genes involved in XyG
acetylation. Of particular interest was the increase of acetylation in seedlings of this
ecotype since a potential cause could be a mutation in a XyG acetylesterase (1.3, 1.5),
which has not been identified.
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Figure 3.2.2-8 Percentage of XyG acetylation of selected high acetate ecotypes in
various tissues.The figure depicts the % of acetylated oligosaccharides released after
XEG digest in various tissues (leaf, 27-31 days old; flowers, 5-7 weeks old; roots, 2
weeks old). Noticeable differences were found in leaves and flowers. * indicates
statistical significant differences based on T test (p-value < 0.05), n=4.

All three ecotypes were crossed to Col-0 to verify, if the observed seedling
increased acetate traits were monogenic. Only the Ta-0 chemotype seems to be
segregating as a monogenic trait. The Er-0 and Ra-0 cross to Col-0 produced F2
populations with varying XyG acetylation patterns which suggest the effect of multiple
genes (Appendix 5). The cross between Col-0 and Ta-0 resulted in a F2 population
segregating in a monogenic manner based on the ratio between XXEG and XXFG
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(Figure 3.2.2-9). Six (30%) individuals from the F2 population harbored a Col-0-like
chemotype while 14 (70%) exhibited Ta-O-like phenotype (x*=0.26). These findings
suggest that the natural variation in Arabidopsis has proven useful in revealing mapable
XyG chemotypic differences generated by single and multiple genes. The Ta-0
hypocotyls show an increase in XyG acetylation that could be mapped as a monogenic
trait and Er-0 and Ra-0 show increased XyG acetylation that could be contributed by
QTLs.
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Figure 3.2.2-9 Phenotypic analysis of F2 plants from a Col-0 X to Ta-0 cross.The ratio
between the XXEG / XXFG oligosacharides based on mass spectra obtained by MALDI-
TOF after XEG digest of 7 day old etiolated Arabidopsis seedlings was determined.
Blue diamonds represent Col-0; red diamonds represent Ta-0; green diamonds
represent F2 plants with Ta-0 like chemotypes (14); orange diamonds represent F2
plants with Col-0 like chemotypes (6). Col-0 X Ta-0 F2 segregates in a monogenic

manner.
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3.3 Discussion

3.3.1 Natural variation in Arabidopsis is a resource for QTL mapping of
total cell wall acetate in stems

There is a considerable amount of variation in wall acetylation within the
Arabidopsis ecotype population tested (Figure 3.2.1-2). The spread of acetate content is
in agreement with other data such as trichome density found for quantitative traits in
Arabidopsis (Hilscher et al. 2009). This indicates that total stem acetate can be
considered a quantitative trait.

Among the ecotypes tested a few had complete, publicly available genomic
sequences [Figure 3.2.1-2; (Salk Arabidopsis 1001 Genomes 2014)]. In addition, some
recombinant inbred populations were available, which could be used for QTL mapping
[Figure 3.2.1-2; (Versailles Arabidopsis Stock Center 2014)]. A number of ecotypes
(16) presented increases of 20% in total stem acetylation when compared to the
reference accession Col-0. Col-0 served as a control in every experiment during the
screen and deviates from the raw data average and median by -5.6% and -7.8%,
respectively. This places this ecotype in a relatively central position within the data set.
Furthermore, the majority of the RIL populations available are based on crosses with
Col-0. In particular one ecotype, Cvi-0, with a wall acetate difference of +23% compared
to Col-0 presented itself as a potential candidate for further studies as a RIL population
with Col-0 and a full genomic sequence were available.

Mapping those QTLs could reveal genes involved in the wall polymer O-
acetylation pathway. So far, the characterization of single mutants has provided insights
into the proteins involved in this process (Figure 1.5-1). This same model however could
still be incomplete. The recent finding of AXY9 for example, a protein of unknown
function proposed to involved in intermediating acetate carriers inside the Golgi has
opened new avenues of research (Schultink 2013). The biochemical activity of TBL
proteins has not been demonstrated to date opening the possibility for the existence of
other proteins involved in acetate transfer to wall polymers. Also the regulation of
polysaccharide acetylation has not been explored. In light of this incomplete cell wall
acetylation model, mapping acetylation QTLs could reveal novel players in this process.

Understanding the basic processes involved in plant cell wall acetylation could
enhance the capacity to engineer or breed for plants with reduced levels of acetate in
the wall. Economic models have shown that reducing acetate content in biomass will
reduce costs in lignocellulosic biofuel production (Klein-Marcuschamer et al. 2010).
Demonstrating that acetylation QTLs can be found in Arabidopsis will serve as a basis
for the identification of molecular markers responsible for wall acetylation thus
advancing breeding programs (Dwivedi et al. 2008). Many agronomically important
crops like maize (Agrama et al. 1999), rice (You et al. 2006) and sorghum (Zou et al.
2012), which can be used in lignocellulosic biofuel production, have RIL populations that
could be used to map QTLs associated with acetylation. This represents a significant
tool for improving crop biomass for bioenergy related processes.
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3.3.2 Arabidopsis ecotypes harbor differences in XyG acetylation that
could be used for single gene and QTL mapping

The percentage of XyG acetylation of 7 day old etiolated seedlings showed a
wide range of variability (Figure 3.2.2-3). XyG acetylation varied from 12 to 43 % among
the ecotypes tested. At the low end of XyG acetylation was Ty-0, an ecotype that had
approximately 40% less XyG acetylation than the reference ecotype Col-0. A forward
genetics approach had led to the identification of a putative O-acetyltransferase, AXY4
(Gille et al. 2011b). As shown by sequencing (Figure 3.2.2-5) and through allelism tests
(Figure 3.2.2-6) the Ty-0 phenotype is also caused by mutations in the AXY4 gene.
However, the Ty-0 ecotype exhibited some phenotypic differences to the axy4 mutant. It
had residual XyG acetylation in 7 day old etiolated seedlings, which is not the case for
the axy4-3 mutant (Figure 3.2.2-4). A possible explanation is that the Ty-0 allele is not
entirely inactive in this particular tissue. Determination of the in vitro activity of the Ty-0
allele would test this possibility. Alternatively, differential regulation of gene expression
might occur in the two ecotypes. AXY4LIKE is responsible for XyG O-acetylation in the
seeds of Col-0 (Gille et al. 2011b) and is expressed exclusively in the seeds making it
non-redundant to the AXY4 expression pattern in Col-0 (Winter et al. 2007). The mutant
phenotypes for AXY4 and AXY4L exhibit clear spatial separation of XyG acetylation
(axy4 lacks leaf, root and seedling XyG acetylation while axy4L is only deficient in seed
XyG acetylation) the same is true for the expression pattern of the genes (Winter et al.
2007). When AXY4LIKE is expressed under the control of the AXY4 promoter in the
axy4-3 background it is able to complement the mutant phenotype (Dr. Guangyan
Xiong, Pauly Lab, Personal communication) showing that this protein is involved in the
acetylation of the same substrate as AXY4. It is possible that AXY4LIKE is not entirely
transcriptionally suppressed in Ty-0 of 7 day old etiolated seedlings as it is in Col-0.
When comparing the genomic sequence of Ty-0 and Col-0, at least 12 SNPs can be
found in the putative promoter region (4585 bp) of AXY4LIKE in the Ty-0 ecotype (Salk
Arabidopsis 1001 Genomes, 2014). This may hint that expression of AXY4L may be
altered in these two ecotypes. Q-RT PCR analysis of the AXY4L transcript in seedlings
of Ty-0 could reveal if the different chemotypes found are based on differential gene
expression patterns.

Ty-0, a naturally occurring Arabidopsis ecotype found in the highlands of
Scotland, lacks XyG acetylation in leaves and roots suggesting that the lack of XyG
acetylation does not compromise the fithess of the ecotype at least in the ecological
niche found. Indeed, small or no developmental defects have been observed in mutants
harboring structural XyG alterations (Cavalier et al. 2008; Gille et al. 2011b; Gunl et al.
2011; Gunl and Pauly 2011). However, in general, Arabidopsis ecotypes harbor 1 SNP
for every 200 bp in their genomes when compared to the reference Col-0 (Weigel
2012), not excluding the possibility that other mutations in Ty-0 could compensate for
the effect of lack of XyG acetylation under natural growth conditions. Mutations in
Arabidopsis ecotypes producing large phenotypic effects have occurred after collection
from natural environments (Laitinen et al. 2010), suggesting prudence when making any
evolutionary assumptions in this case.

At the increased acetylation end of the spectra there were ecotypes revealed by
the screen with phenotypic differences that could be explored for single trait or QTL
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mapping. This natural variation could be utilized in identifying (novel) genes involved in
XyG acetylation. Such a forward genetics approach has been repeatedly applied with
success to unravel novel plant biological processes [3.1; (Weigel 2012)]. Three
ecotypes (Er-0, Ra-0 and Ta-0; Figure 3.2.2-3) were selected based on their XyG
acetylation alterations compared to Col-0 and the availability of their complete genomic
sequences. No RIL populations are available of the selected ecotypes at this point,
which complicates QTL mapping (Weigel 2012). In the Ta-0 ecotype it is possible that
the high XyG acetate levels are a result of mutations in a single gene. Such presumed
mutations would lead to an up-regulation of the O-acetylation machinery or suppress
the removal of acetates through e.g. the action of a XyG O-acetylesterase, which has
not been identified to date.

XyG acetylation varies among different plant tissues (Gille et al. 2011b; Pauly et
al. 2013). Leaf, flower and root tissue were examined in the selected high acetate
ecotypes and surprisingly, in all examined tissues decreases in XyG acetylation were
encountered (Figure 3.2.2-8). This result was in contrast to the initial increased acetate
chemotype found for the 7 day old etiolated seedlings with an average of 27% increase
of XyG acetate content compared to Col-0 (Figure 3.2.2-3; Figure 3.2.2-7). These
results present the possibility that Col-0 can harbor a non or partially functional
acetylesterase in these tissues were the acetate was higher or that differences in gene
expression and activities exist in these ecotypes resulting in the observed changes.

Due to the low relative abundance of ion signals representing acetylated XyG
oligosaccharides such as XXEG and XLEG in the mass spectra of flowers, the XyG
acetylation chemotype in flowers of Er-0 and Ta-0 would be undesirable for mapping
purposes despite being large (26.3% and 30 %, respectively). In leaves, the reduction of
26.5 % in XyG acetylation between Er-0 and Col-0 might represent a tractable
phenotype for trait mapping since leaves allow for mutant selection in the F2 population
without destruction of the plant allowing a concomitant genotypic assessment.
Moreover, leaf tissue contains abundant acetylated XyG oligosaccharides (Figure
3.2.2-8). It remains to be determined if the leaf chemotype in Er-0 segregates in a
monogenic manner. The analysis of 7 day old etiolated seedlings in the F2 population
from the cross between Col-0 and Er-0 showed that the acetate chemotype is likely to
be a product of multiple genes due to its ample variation (Appendix 5). The same was
observed in 7 day old etiolated seedlings in the cross between Ra-0 and Col-0
(Appendix 5). In these two cases QTL mapping would be necessary instead of single
trait mapping.

Analysis of 7 day old etiolated seedlings derived from the cross between Ta-0
and Col-0 suggested that the acetylation phenotype segregated in a monogenic
recessive manner (x?=0.26; Figure 3.2.2-9). The recessive chemotype was identified as
Col-0 with lower acetate. One of the impediments in mapping this trait would be the
destructive nature of the etiolated seedling analysis. The F2 mapping population would
have to be selected based on the F3 individuals chemotype, increasing the necessary
work in the mapping process (Kraemer 2008). The large number of SNPs present
between ecotypes (1 in every 200 bp on average), would represent an additional
challenge for this project. Since the target gene or genetic element causing the
chemotype could be unknown, it would be difficult to select candidate genes in a given
genomic are with multiple SNPs per gene. After rough mapping which uses ~ 5 markers
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per chromosome and 20-40 mutants from an F2 population to delimitate genomic areas
in the Mbp range, a much finer mapping effort would be required in order to identify the
genetic mutation causing the chemotype.

The forward genetics approach attempted in this study proved to be fruitful by
uncovering a natural allele of a recently characterized putative XyG acetyltransferase
and by revealing that ecotypes harbor XyG acetylation differences that could be useful
in QTL mapping. While the feasibility and challenges of avenues for obtaining new
insight into cell wall polymer acetylation via QTL or trait mapping are outlined these
were not further pursued in this study.
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4.0 Functional investigation of protein domains in the TBL gene family
4.1 Background

The notion that enzymes can be separated into modules or domains, which
harbor distinct functions, has been utilized for almost 50 years. One of the first reports
regarding protein modular complementation in vitro came from studies of the E. coli B—
galactosidase - non-functional fragments of the protein expressed separately regained
activity, when recombined in vitro (Ullmann et al. 1967). This ground breaking work
spawned the concept that protein modules could be used independently, swapped or
fused. This realization opened the field of protein engineering using available, known
modules in nature. However, its main contributions have been in determining protein
interactions in vivo using techniques such as yeast two hybrid or split ubiquitin (Fields
and Song 1989; Johnsson and Varshavsky 1994).

Another development, which helped to consolidate the theme of protein module
functionality, entailed the use of fluorescent protein fusions for subcellular localization.
This technique demonstrated the possibility of functional fusion of a fluorescent protein
to another protein of interest, with both proteins often retaining their original properties
(Chalfie et al. 1994; Lippincott-Schwartz et al. 2001). Deriving from these techniques
Bimolecular fluorescence complementation (BiFC) was developed which explores
protein module splitting and fluorescence reconstitution, when the two modules are
brought back together (Hu et al. 2002). Forster resonance energy transfer (FRET) has
also been used for determining protein interactions within complexes and is based on
the excitation of a fused fluorescent protein by the fluorescence of another fused
fluorescent protein within 10 nm distance (Oikawa et al. 2013). Molecular fluorescent
sensors have been engineered based on these concepts of protein modularity
(Deuschle et al. 2005).

In mammalian cells (Sandor et al. 2003) and in Drosophila (Tauszig et al. 2000)
the functions of a few transmembrane receptors (Toll like and Toll, respectively) have
been determined using domain swap approaches. In plants this approach has been
very successful in characterizing receptor kinases (Kaiserli et al. 2009). For example,
the BRI1 brassinosteroid receptor ectodomain was characterized by using a chimeric
construct with the rice XA21 defense gene, a disease resistance receptor; the chimera
initiates defense responses in rice cells when treated with brasinosteroids (He et al.
2000). The function and mode of operation of a Wall-Associated Kinase (WAK1), which
is thought to be involved in cell wall damage recognition (perception of
oligogalacturonides) were also studied using domain swap approaches (Brutus et al.
2010). By treatment with oligogalacturonides plants transformed with a chimeric
construct containing the WAK1 ectodomain (part of the transmembrane protein that is
facing the apoplast) and the EFR kinase domain it was possible to induce defense
responses usually associated with EFR-mediated signaling (Brutus et al. 2010). When
the domains were inversed for the two proteins the opposite effects were observed.
These experiments show that the domain swap approach can be used successfully in
plants to obtain insights into the function of a protein module. This domain swapping
technique was used here to investigate the function of protein modules within putative
acetyltransferases, the TBLs.
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The TBL gene family in A. thaliana contains 46 genes (Figure 4.1-1) and was
originally annotated as Trichome Birefringence Like (TBL) due to its protein sequence
similarity to the tbr mutant, which lacked trichome birefringence (Bischoff et al. 2010a).
Genes in the TBL family have been implicated in various cellular processes. The TBR
and TBL3 genes have been associated with cellulose synthesis and deposition in
secondary cell walls (Bischoff et al. 2010a). Another TBL, YLS7, has elevated
expression pattern in senescing leaves in A. thaliana (Yoshida et al. 2001). PMRS,
which is also a member of the TBL family, was identified in a screen for resistance to
powdery mildew (Erysiphe cichoracearum and Erysiphe orontii) in A. thaliana (Vogel et
al. 2004). While the function of these proteins remained at the time speculative, recently
it has been proposed that they might represent wall polymer specific O-
acetyltransferases (Gille et al. 2011b). Two genes of the TBL family were shown to play
an exclusive and essential role in XyG acetylation: AXY4 (TBL27) and AXY4LIKE
[TBL22; (Gille et al. 2011b)] as their corresponding mutants lacked O-acetyl
substituents on XyG and only on XyG. TBL29 has also been proposed to represent a
xylan: acetyltransferase (Xiong et al. 2013; Yuan et al. 2013).
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Figure 4.1-1 Phylogenetic tree of the TBL gene family. Genes labelled in green have
proposed functions based on their observed phenotypes. Genes in red, blue and orange

are part of the current study. Phylogenetic tree reprinted with adaptations from (Bischoff
et al. 2010a)
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All TBL proteins harbor a highly conserved GDS motif within the TBL domain in
their N-terminal region, as well as a DxxH motif within the also highly conserved
DUF231 domain located in the C-terminal region [Figure 4.1-2 A; (Bischoff et al.
2010a)]. By comparing the crystal structure of an Aspergillus aculeatus
rhamnogalacturonan acetylesterase to the TBR protein it was proposed that the serine
(S) in the GDS motif could work as a catalytic triad with the aspartate (D) and histidine
(H) in the DUF231 domain (Bischoff et al. 2010b). The TBR protein however lacks extra
glycine and asparagine residues thought to be used as proton donors in the catalytic
site of the acetylesterases of the SGNH hydrolase family (Bischoff et al. 2010b). With
the finding that TBL proteins represent putative acetyltransferases and that these motifs
are largely conserved across taxa (Gille et al. 2011b; Gille and Pauly 2012) the
possibility that these motifs could play a catalytic role has to be tested. To determine if
the conserved amino acids in these motifs played a catalytic role a directed
mutagenesis approach was conducted with the AXY4 protein. The approach consisted
in modifying to alanine the GDS, the D and H in DxxH, and two conserved Ds between
the TBL and DUF231 domains (Figure 4.1-2 A). The GDS conserved motif was also
completely deleted in one of the constructs (Pauly Lab, Dr. Sascha Gille, personal
communications). The modification to alanine or deletion would hypothetically render
mutant proteins inactive and unable to fulfill their catalytic function. This would be
ascertained by verifying if the mutants could complement the XyG acetylation
chemotype in the axy4-3 background which completely lacks XyG acetylation. As a
control the AXY4 cds was transformed into the same vector used for the directed
mutagenesis approach and it was determined that complementation could be obtained
(Figure 4.1-2 B, C). The results of this experimental approach showed that the
conserved amino acids in the TBL (GDS) and DUF231 (DxxH) domains are essential for
the function of AXY4 since mutations or deletion in the respective amino acids produced
proteins unable to rescue the axy4-3 chemotype. Only the two aspartates located
between the two domains had no effect on protein activity when mutated (Pauly Lab, Dr.
Sascha Gille, Personal communication).

The question arises, which part of the protein is responsible for polymer
recognition and specificity. In order to address this question a domain swap approach
was designed to shed light into the role of the different protein domains of this family.
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Figure 4.1-2 Directed mutagenesis approach to determine catalytic role of conserved
amino acids within the TBL and DUF231 domain. A) Cartoon of the AXY4 protein,
transmembrane domain is shown in blue; TBL domain is indicated in yellow and
DUF231 in green. Mutated amino acids and their relative positions are indicated by red
triangles, numbers indicate amino acid position. B) Sample mass spectra of 3 week old

A. thaliana leaves, WT = Col-0; axy4-3 complementation = axy4-3 transformed with the

AXY4 cds in the pGWBS510 vector (Appendix 3). C) Percent XyG acetylation of axy4-3

complementation lines. Three independent lines are shown. axy4-3/comp = axy4-3

transformed with the AXY4 cds in the pGWB510 vector. Data: Pauly Lab, Dr. Sascha

Gille.
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4.2 Results

4.2.1 Design of TBL chimeric constructs based on protein sequence
analysis

In an attempt to address which protein domains are responsible for substrate
recognition and enzymatic activity in a TBL, a functional complementation approach
with chimeric TBL proteins was pursued (Figure 4.2.1-1). By swapping different sections
of closely related and distant TBLs with the AXY4/TBL27 protein and assessing their
capacity to complement the axy4 mutant phenotype by restoring XyG acetylation it
would be possible to gain insights into how certain domains are operating.

Initially, TBLs had to be identified that lend themselves to distinct domains to be
swapped with AXY4. A phylogenetic tree of the TBL family was examined and two
genes were selected based on relative sequence similarity and occurrence of mutant
phenotypes (Figure 4.1-1). TBL3 (At1g01360) is phylogenetically distant (Figure 4.1-1)
to AXY4 and is believed to act on xylan (Pauly Lab, Dr. Guangyan Xiong, personal
communication). TBL26 (At4g01080) is closely related to AXY4 (Figure 4.1-1) and there
is preliminary data from the Pauly lab (Dr. Monique Benz, personal communication) that
suggested that it may act on mannan (Gille et al. 2011a). Since both TBLs are not
thought to act on XyG placing their domains into AXY4 should give insights into which
domain conveys TBL substrate specificity.

In order to establish boundaries of domains with a TBL protein, a protein
alignment of members of the TBL family was produced (Appendix 4). Based on
sequence conservation, four regions were selected (Figure 4.2.1-2; Appendix 4). The
first fragment (A) contained the transmembrane and TBL domain in its entirety (3.49%
identity and 7.53% similarity; 2.4; Figure 4.2.1-2; Appendix 4). The second fragment (B)
was composed of an interdomain region, which is the less conserved stretch of the
protein alignment (0% identity and 3.19% similarity; 2.4 Figure 4.2.1-2; Appendix 4).
Fragments C (2.22% identity and 6.67% similarity; 2.4; Figure 4.2.1-2; Appendix 4) and
D (9.16% identity and 16% similarity; 2.4; Figure 4.2.1-2; Appendix 4) were products of
the DUF231 domain splitting (Appendix 4). The N-terminal part of the DUF231 domain,
fragment C, is a less conserved region when compared to fragment D, thus could
provide the variability necessary for recognition of the different substrates for the TBL
family. The exact borders of the chosen domains are indicated in Appendix 4.
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Figure 4.2.1-1 Overview of the approach used in the functional investigation of protein

domains in the TBL gene family.
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The chimeras were built using the coding sequence of each gene section for the
respective protein domain and cloned into the destination vector pGWB510 (2.2.4)
containing the AXY4 promoter and a C-terminus FLAG tag for protein detection. The
AXY4 promotor was chosen in order to keep the expression of the chimeras as close as
possible to the physiologically relevant expression of AXY4. The cloned chimeras were
transformed into the axy4-3 background and expression of the transgene and
complementation of the XyG acetylation phenotype was analyzed.

54



4.2.2 TBL chimeric constructs fail to complement the ax4-3 mutant
phenotype

Three independent transgenic lines were generated in the axy4-3 background for
each of the chimeric constructs (Figure 4.2.1-2). The transgene expression was
ascertained via Q-RT PCR (2.2.10). The transcript levels of chimeras with TBL3
domains can be seen in Figure 4.2.2-1. As a control the entire AXY4 sequence
(axy4/comp) was used. All independent transgenic lines show expression of the TBL3
chimeric transgene. The TBL26 chimeras also express the transgene as can be seen in
Figure 4.2.2-2. As can be observed in Figure 4.2.2-1 and Figure 4.2.2-2 there is
considerable variation in the level of expression between independent transformants of
chimeric constructs of TBL3 and TBL26 swaps. There are three plausible explanations
for this variation in expression. Since T-DNA insertions in Arabidopsis occurs randomly
within the genome and different genomic regions induce variable levels of gene
expression it is possible that the observed variation is a product of positional effects of
transgene insertion (Matzke and Matzke 1998). The chimeric mRNAs could have
different turnover rates. Another possible source in the variation of expression of the
chimeric constructs is that there could exist multiple insertions of transgenes in the
independent transgenic lines causing the expression level to be altered.
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Figure 4.2.2-1 Q-RT PCR of the chimeric TBL3/AXY4 chimeric constructs. Relative
quantity (RQ) of the transcripts of the chimeric constructs determined by Q-RT-PCR in 4
week old leaves of T2 lines containing the transgenic construct for the respective TBL3
fragment (A, B, C or D; Figure 4.2.1-2). AXY4 = expression of the AXY4 gene in the

pae9-1/PAE9p:EV:GFP-1 line. PTB1 gene expression was used as an internal control
for normalization. axy4 = axy4-3. n=3.
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Figure 4.2.2-2 Q-RT PCR of the chimeric TBL26/AXY4 chimeric constructs. Relative
quantity (RQ) of the transcripts of the chimeric constructs determined by Q-RT-PCR in 5
week old leaves of T2 lines containing the transgenic construct for the respective TBL26
fragment (A, B, C or D; Figure 4.2.1-2). AXY4 = expression of the AXY4 gene in the

pae9-1/PAE9p:EV:GFP-1 line. PTB1 gene expression was used as an internal control
for normalization. axy4 = axy4-3. n=3.

Since expression of the chimeric constructs was successful in all cases, the XyG
profile was analyzed in those lines. As can be seen in Figure 4.2.2-3 and Figure 4.2.2-4
none of the T2 lines generated containing the transgene produced any detectable
acetylated XyG oligosaccharides (2.5.1.3; 2.5.6). In essence, the XyG remains
unacetylated as in the original non-transformed axy4-3 mutant.
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Figure 4.2.2-3 Representative mass spectra of TBL3/AXY4 chimeras. XyG
oligosaccharide mass spectra after XEG digest (OLIMP). TBL chimeric constructs mass
spectra are from 4 week old A. thaliana leaves of T2 plants containing the transgenic
construct for the respective TBL3 fragment (A, B, C or D; Figure 4.2.1-2). Dashed lines
separates spectra obtained in distinct experiments. WT and axy4-3 mass spectra
obtained from 3 week old plants (Data: Pauly Lab, Dr. Sascha Gille). WT = Col-0; axy4
= axy4-3.
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Figure 4.2.2-4 Representative mass spectra of TBL26/AXY4 chimeras. XyG
oligosaccharide mass spectra after XEG digest (OLIMP). TBL chimeric constructs mass
spectra are from 5 week old A. thaliana leaves of T2 plants containing the transgenic
construct for the respective TBL26 fragment (A, B, C or D; Figure 4.2.1-2). Dashed lines
separates spectra obtained in distinct experiments. WT and axy4-3 mass spectra
obtained from 3 week old plants (Data: Pauly Lab, Dr. Sascha Gille). WT = Col-0; axy4
= axy4-3.
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4.3 Discussion

4.3.1 Domain swap approach did not reveal insights into the functional
role of TBL protein domains.

Very little is known about the mechanisms of action of TBL proteins. The
conserved domains in these proteins, namely the GDS and DUF231 domains, have no
demonstrated mode of action. The abundance of conserved cysteines and aromatic
residues encountered within both the TBL and DUF231 domains could represent
polymer binding sites (Bischoff et al. 2010a; Bischoff et al. 2010b). Alternatively, it has
been proposed that together (TBL and DUF231) they could compose the catalytic site of
these proteins, based on alignments to models of fungal acetylesterases, the TBL
domain would contribute the S in the GDS motif and the DUF231 domain the DxxH to a
catalytic triad found in some hydrolases (Bischoff et al. 2010b; Gille et al. 2011b). This
idea finds support on site directed mutagenesis studies in which the above mentioned
amino acids when mutated to alanine (or the GDS motif is deleted) hinder the activity of
AXY4 mutants (Pauly Lab, Dr. Sascha Gille, personal communication). The domain
swap approach had the goal to gain some insight into what domains contributed to the
substrate specificity of the TBLs, in this case AXY4/TBL27. No chimeric construct
generated between AXY4 and TBL3 or TBL26 was able to restore XyG O-acetylation
(Figure 4.2.2-3; Figure 4.2.2-4) demonstrating that all domains of AXY4 participate in
the reaction / substrate specificity in some form. Due to the conservation of amino acids
in the domains (Appendix 4) it was expected that at least some domain swaps would
not abolish activity. The chimeric constructs were tagged with a FLAG tag and when the
AXY4 cds was cloned into the same vector and used for complementation of the axy4-3
phenotype, restoration of 70% of the WT phenotype was observed (unpublished data,
Pauly Lab, Dr. Sascha Gille; Figure 4.1-2 C). This indicates that the tag did not abolish
activity of the protein.

The domain boundaries for the swap experiments were decided based on amino
acid alignments (Appendix 4) and these sites might have affected the final 3D structures
of the chimeric proteins resulting in the lack of activity. The possible catalytic site in the
TBL proteins composed by amino acids in two different protein motifs (the S in the GDS
motif of the TBL domain and the D and the H in the DxxH of the DUF231 domain;
Figure 4.1-2) separated by 236 amino acids (in AXY4) could be particularly sensitive to
folding differences imposed by the chimeras. Modifications in protein folding could affect
the proper spatial arrangement of active amino acids within the catalytic site or modify
the accessibility of substrate to it (Dobson 2003).

Another possible reason for lack of axy4-3 complementation by the chimeras is
potentially the lack of chimeric protein present in the cell. It is known that gene
expression does not necessarily correlate with protein abundance (Vogel and Marcotte
2012). Even though the transcript level of the chimeric TBL genes was demonstrated
via Q-RT PCR (Figure 4.2.2-1; Figure 4.2.2-2), there is a possibility that the chimeric
proteins are present in sufficient quantities to restore the WT phenotype or are rapidly
degraded. Attempts in our lab to detect AXY4:FLAG using western blotting failed even
though the XyG chemotype was rescued (personal communication, Pauly Lab, Dr.
Guangyan Xiong).
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In summary, at this stage no new insights can be proposed for the mode of
action of the TBL protein domains or the presumed O-acetylation mechanism of the
proteins. Future research should be targeted towards producing crystal structures of
one or more TBLs in order to gain structural insights into how the proteins are

functioning.
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5.0Biochemical approach for the identification of the XyG acetylesterase
5.1 Background

Humans have been using biochemical activities from substances in nature for
over 6000 years (Neelakantan et al. 1999). Cheese making might be one of the most
ancient examples where enzyme activities were used intentionally. For thousands of
years without knowing people have been extracting chymosin, a protease, from calf gut
and using it to coagulate milk in cheese making (Guinee and Wilkinson 1992;
Neelakantan et al. 1999). Eventually the protein was isolated, characterized (Moir et al.
1982) and with the advent of molecular biology it is now made in fermenters by
transgenic Aspergillus (Neelakantan et al. 1999). This example illustrates how the
classical approach of protein purification via its activity can lead to the identification of
the corresponding gene and its functional characterization.

Many plant genes have been characterized through biochemical approaches,
consisting of protein isolation via activity assays, protein purification, protein sequencing
followed by determination of the gene involved. A pectin acetylesterase (PAE) gene
family in plants was initially annotated based on such approaches to chase the causal
protein (Williamson 1991; Bordenave et al. 1995; Christensen 1996). The mung bean
PAE was isolated from hypocotyls, purified, and sequenced to identify the
corresponding coding DNA sequence (Bordenave et al. 1995). Several XyG
biosynthetic genes have been identified in a similar manner; examples include a
fucosyltransferase (Perrin et al. 1999), a xylosidase (Sampedro et al. 2001) and a
glucan synthase (Cocuron et al. 2007). No plant XyG acetylesterase has been identified
to date and there is no gene family in plants annotated for such an activity (Lombard et
al. 2014). For these reasons genomic approaches to find genes involved in XyG
acetylesterase activity are not very straight forward. Due to the previous success of
biochemical approaches for gene characterization this approach was used to attempt to
identify the still elusive XyG acetylesterase (Gille et al. 2011b).
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5.2 Results

5.21 XyG acetylesterase activity cannot be detected in Arabidopsis
protein extracts

A biochemical approach was used to isolate a putative XyG acetylesterase in
etiolated seedlings, leaves, and cell cultures of Arabidopsis. Selected tissues for protein
extraction and testing included cell culture medium, cell culture cell mass extract, 7 day
old etiolated seedlings and Arabidopsis leaves (Figure 5.2.1-1; 2.2.11). These materials
are easily obtained and the XyG present in them contains some level of de-acetylated
oligosaccharides (Figure 3.2.2-7; Figure 3.2.2-8; Figure 5.2.1-2), which could imply the
activity of a XyG acetylesterase. As is described in Figure 5.2.1-1, the approach
consisted in testing for in vitro acetylesterase activity (2.6) of a protein extract against
an acetylated XyG model substrate (2.5.7). Since XyG in the medium of suspension cell
cultures can be highly acetylated (Figure 5.2.1-2), XyG oligosaccharides were
generated from cell culture medium to be used as a substrate (Figure 5.2.1-2; 2.5.7).

XyG in cell cultures contains double acetylated XXFG oligosaccharides (Figure
5.2.1-2). Differences in the oligosaccharide composition of the medium and the cell
walls can be observed (Figure 5.2.1-2). XyG in the walls of the suspension cultured
cells had only minor amounts of XXLG compared to the medium. Since the medium
contained two kinds of acetylated oligosaccharides (XXLG and XXEG) the XyG polymer
was purified through ethanol precipitation (2.5.7).
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Figure 5.2.1-1 Overview of the approach used to identify a XyG acetylesterase.
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Figure 5.2.1-2 XyG mass spectra of Arabidopsis cell cultures. A) Mass spectra of XyG
oligosaccharides released after XEG digest of the medium polysaccharides and cells
mass of Arabidopsis cell cultures. The figure depicts the presence of the double
acetylated XXEG*

Total protein was prepared by ball milling tissue followed by buffer extraction (7
day old etiolated seedlings and cell mass of cell cultures; 2.2.11) or concentrating
protein in the medium using columns with size exclusion cut offs (2.2.11). Protein
preparations were used in in vitro assays to test for acetylesterase activity against
PNPA (4-nitrophenyl acetate; Figure 5.2.1-3). Upon hydrolysis of the acetyl group 4-
nitrophenyl can be detected by absorbance at 410 nm. Protein extracts from cell mass
and etiolated seedlings were able to de-esterify PNPA (Figure 5.2.1-3; 2.6)
demonstrating that the protein extraction method yielded active acetylesterases.
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0.200

0.000 -

Hyp + MED + MED- Cells + Cells

ABS 410 nm

Figure 5.2.1-3 Esterase activity of crude protein extracts from different tissues. Activity
(410nm absorbance) on the artificial substrate PNPA with different protein extracts (Hyp
= 7 day old etiolated seedlings; MED = cell culture medium; Cells = Cell extracts; +
native protein; - heat denatured protein). n=2
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To test for specific XyG acetyl esterase activity an acetylated XyG substrate was
necessary. Since there is no commercially available acetylated XyG, the cell culture cell
mass was digested with XEG and the oligosaccharides obtained were further purified
using 10 kDa size exclusion cut off membranes (2.5.7). This XyG substrate produced is
composed in its majority by a mixture of: XXXG, XXLG, XXLG, XXEG and XXEG*
(Figure 5.2.1-4). The various protein extracts were tested for acetylesterase activity
against acetylated XyG oligosaccharides (Figure 5.2.1-4). After an overnight incubation
at room temperature no acetylesterase activity could be observed based on analysis of
the products by mass spectrometry (Figure 5.2.1-4). The absence of ion signals
representing non-acetylated XXFG and the steady relative ratio between XXLG and
XXLG indicate a lack of XyG acetylesterase activity with this substrate under these
conditions. However, a reduction in the abundance of XXXG by the etiolated seedling
protein extract can be observed (Figure 5.2.1-4).
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Figure 5.2.1-4 Activity of protein extracts on XyG oligosaccharides from cell culture
medium. Mass spectra of XyG oligosaccharides incubated with various protein extracts.
Green arrow indicates possible xylosidase activity against XXXG. MED = cell culture
medium proteins; Hyp = 7 day old etiolated seedlings; Cell = Cell extracts; + = native
protein; - = heat denatured protein; Substrate = purified oligosaccharides from cell
cultures.
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Activity against the XXXG oligosaccharide by 7 day old etiolated seedling protein
(Hyp) was observed which suggests that active xylosidases were present in the protein
extracts (Figure 5.2.1-4; green arrow). While this protein extract produces viable
proteins for in vitro assays, it also suggests that other activities could be impacting the
substrate. For this reason it was hypothesized that by using protein extracts (2.2.11)
from the axy3/axy8 double mutant, which lacks the predominant activities of a
xylosidase (AXY3) and a fucosidase (AXY8) acting on XyG (Gunl et al. 2011), there
could be less interference with the substrate, highlighting the activity of a possible XyG
acetylesterase. In the axy3/axy8 double mutant both genes are active in leaves and the
mutant XyG is enriched in XXFG and also XXEG, reflecting the effect of the impaired
xylosidase and fucosidase (Gunl et al. 2011; Sampedro et al. 2001). An impaired
fucosidase would prevent the degradation of a de-acetylated XXFG oligosaccharide,
causing this ion signal to accumulate in the mass spectrum of protein treated substrate.
Protein extracts from the axy3/axy8 double mutant leaves were incubated against the
cell culture medium oligosaccharides (Figure 5.2.1-5). As can be observed in Figure
5.2.1-5 the protein preparation of the double mutant (Protein Pellet and Protein SUP)
introduced additional ion signals in the mass spectra. Even though the precise nature of
these ion signals was not determined they did not interfere with the XyG
oligosaccharide signals (Figure 5.2.1-5). After incubation with the protein preparations
some suppression of the XyG oligosaccharide signals could still be observed when
using supernatant protein (SUP +, treated and not treated with protease; Figure
5.2.1-5), possibly due to some active hydrolases in this preparation other than the ones
affected by the double mutation. However, again no acetylesterase activity could be
observed due to the absence of ion signals representing non-acetylated XXFG and no
obvious increase in XXLG ion abundance (Figure 5.2.1-5).
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Figure 5.2.1-5 Activity of leaf protein extracts from the axy3/axy8 double mutant on XyG
oligosaccharides from cell culture mediumass spectra of XyG oligosaccharides
incubated with protein extracts of 29 day old leaves from the axy3axy8 double mutant.
Protein SUP = protein from axy3axy8 supernatant; Protein Pellet = protein from
axy3axy8 pellet; + = native protein; - = heat denatured protein; Substrate = purified
oligosaccharides from cell cultures. Presence and absence of protease inhibitors in the
extraction buffer is also indicated.
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5.3 Discussion
5.3.1 ltis unclear, if XyG acetylesterase activity exists in Arabidopsis

Under the experimental conditions used no XyG acetylesterase activity could be
observed with protein extracts from Col-0 7 day old etiolated seedlings, cell culture cell
mass, cell culture medium and leaves of the axy3/axy8 double mutant (Figure 5.2.1-4;
Figure 5.2.1-5) even though acetylesterase activity against the model substrate PNPA
was present in the protein preparations (Figure 5.2.1-3).

There is some evidence supporting the existence of XyG acetylesterases in
plants. In the AXY screen, performed by the Pauly Lab, increased XyG acetylation
phenotypes were identified (axy5), which would be consistent with an impaired XyG
acetylesterase, but the responsible gene is yet to be determined (Obel et al. 2006) and
could also represent an acetylation regulatory gene. Arabidopsis ecotypes with
increased acetate phenotypes have also been identified. The overexpression of the
AXY4 gene, a putative XyG acetyltransferase, does not result in a completely acetylated
XyG and only leads to a mild increase in % XyG acetylation from 64.4 to 74.4% in
Arabidopsis leaves (Gille et al. 2011b)], which would imply that XyG acetylesterase
activity prevents further increase in acetylation. The high levels of XyG acetylation found
in Arabidopsis cell suspension cultures (Figure 5.2.1-2) could suggest that under
culturing conditions apoplastic acetylesterase activity could be dispersed and thus
diluted by the medium. This is possible since these proteins are thought to be present in
the cell wall (Gou et al. 2012; Orfila et al. 2012), which is constantly being washed by
the medium.

The lack of an active acetylesterase could suggest that XyG acetylation is
entirely controlled at synthesis. This idea finds some support in the observation that
XyG isolated from microsomes are not fully acetylated (Gunl et al. 2011). If indeed
acetylation is controlled exclusively at synthesis this would differ considerably from the
pattern encountered for XyG post-deposition editing executed by apoplastic glycosyl
hydrolases. In A. thaliana three major apoplastic hydrolase have been identified that act
on XyG removing fucosyl-, galactosyl- and xylosyl residues from the polymer post
deposition in the apoplast, resulting in modified polymer structure and biological
phenotypes (Gunl et al. 2011; Gunl and Pauly 2011; Sampedro et al. 2012). If the
fucosidase is knocked-out XyG cannot be completely degraded and accumulates
aberrant structures (Gunl et al. 2011). Hence, an O-acetylesterase is expected to be
present to ensure proper turnover of the polymer. In the future reverse genetics
approaches based on selection of genes annotated as carbohydrate esterases from
multiple families might shed some light into the existence of the elusive XyG
acetylesterase. Forward genetics screens could also be utilized to identify this gene, as
is the investigation of the Arabidopsis natural variation, which has revealed ecotypes
with elevated XyG acetate content, a chemotype that would be associated with the loss
of function of an acetylesterase gene.
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6.0 The A. thaliana pectin acetylesterase (PAE) gene family and its role in plant
cell wall acetylation

6.1 Background

With the completion of full plant genome sequences (Arabidopsis Genome 2000;
Meinke et al. 1998) and advances in gene annotation the discovery of gene function
expanded. The establishment of model plants like Arabidopsis with collections of gene
knock-out mutants, generated by random insertion of T-DNA fragments (Alonso et al.
2003) or transposons (Kuromori et al. 2004) has enabled reverse genetics studies
(Sessions et al. 2002; Somerville et al. 2004). The reverse genetics approach consists
of the identification of candidate genes based on sequence similarity to already
characterized genes, growth of the corresponding available knockout or overexpression
lines followed by a phenotypic analysis. Such an approach can be coupled to
complementary biochemical approaches such as the demonstration of in vitro
enzymatic activities or biochemical properties (Jensen et al. 2008).

In the plant cell wall field this approach has benefited enormously from the
structured annotation of carbohydrate active enzymes in the CAZy database (Lombard
et al. 2014) including glycosyltransferases, glycoside hydrolases, polysaccharide lyases
and carbohydrate esterases. The combination of available genomic and biochemical
data by this initiative has allowed for the identification of many genes involved in cell
wall biosynthesis. Genes involved in the biosynthesis and metabolism of
xylogalacturonan (Jensen et al. 2008), arabinan (Harholt et al. 2006), xylan (Chiniquy et
al. 2012), and XyG (Sampedro et al. 2012) have been identified using such a reverse
genetics approach. The genes found to be involved in the biosynthesis of
xylogalacturonan and arabinan are members of the glycosyltransferase family 47 which
had its first plant gene described as a glucuronosyltransferase from Nicotiana
plumbaginifolia (Harholt et al. 2006; Iwai et al. 2002). The grass xylan (-(1,2)
xylosyltransferase, named XAX1, was identified from a GT61 group of genes which is
associated with an a-(1,3)-arabinosyltransferase characterized in wheat (Anders et al.
2012; Chiniquy et al. 2012). The B-galactosidase, acting on XyG in Arabidopsis, was
identified due to its close phylogenetic relationship with GH35 genes first shown to have
the B-galactosidase activity in Tropaeolum majus (Sampedro et al. 2012).

The carbohydrate esterase family 13 [CE13, EC 3.1.1; (Lombard et al. 2014)]
harbors putative plant pectin acetylesterases (PAEs) based on the biochemical
characterization of proteins with this activity isolated from Vigna radiata var radiata
Wilzeck [mung bean; (Bordenave et al. 1995; Breton et al. 1996)]. It was shown that the
protein (43 kDa) extracted from the walls of mung bean hypocotyls was able to release
acetate from sugar beet and flax pectin (Bordenave et al. 1995). In A. thaliana this
family is composed of twelve members, none of which have been characterized to date.
A PAE ortholog in Populus trichocarpa (Pt PAE1) was able to release acetate in vitro
from artificially acetylated polygalacturonan, xylan, and arabinogalactan, when
heterologously expressed in E. coli. The enzyme exhibited its highest activity towards
pectic polymers [polygalacturonan; (Gou et al. 2012)]. The same protein, when
overexpressed in Nicotiana tabacum, was able to reduce the acetate content of water
soluble pectins by at least 13%. PAEs are thought to be localized to the apoplast acting
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primarily on cell wall polymer post-deposition. The evidence for apoplast localization is
based on the experimental observation that PAE activity can be extracted from wall
preparations using buffers with high ionic strength (Christensen 1996; Orfila et al. 2012;
Williamson 1991) or by fluorescent PAE protein fusions that localize to the apoplast in
transgenic tobacco seedlings (Gou et al. 2012).

When the Poplar acetylesterase was overexpressed in tobacco the plants
exhibited profound morphological aberrations in reproductive structures with shorter
stamens, low pollen production and pollen grains with collapsed cell walls (Gou et al.
2012). When a mung bean acetylesterase (Bordenave et al. 1995; Breton et al. 1996)
was overexpressed in potato tubers, walls exhibited as expected a reduced acetate
content of 39% (Orfila et al. 2012). Hot water extracts from the potato tuber cell walls,
which are enriched in HG, showed a 27% reduction in the acetate content. Reductions
in acetate were also observed in the EPG/PME extracts (-8%; containing RGI and HG)
and in the remaining cell wall residue (-68%; containing RGI and HG). An A. thaliana
PAE ortholog in voodoo lily (Amorphophallus konjac) was recently identified as one of
the top one hundred most highly expressed genes in the developing corm of this
species (Gille et al. 2011a). The developing corm synthesizes acetylated glucomanan
as a storage polymer (Gille et al. 2011a). This finding raised the possibility that the PAE
family could also contain esterases that act on other polymers than pectin. To test this
hypothesis a reverse genetics approach to characterize PAE genes in A. thaliana was
pursued, where cell wall acetate phenotypes along with in vitro assays with recombinant
proteins was explored.

6.2 Results
6.2.1 A. thaliana PAE mutants exhibit walls with increased acetate content

A reverse genetics approach was used to investigate the function of gene
members in the A. thaliana PAE family (Figure 6.2.1-1). T-DNA insertion lines from all
PAE genes (12) in A. thaliana were obtained from stock centers (Figure 6.2.1-2; Table
6.2.1-1). These lines were genotyped (2.2.1; 2.2.2) for homozygosity of the T-DNA
insert (Figure 6.2.1-3).

It was possible to obtain RT-PCR data (2.2.10) for 9 out of the 12 genes in the A.
thaliana PAE family [(PAE3, PAE5, PAE6, PAE7, PAES, PAE9, PAE10, PAE11 and
PAE12); Table 6.2.1-1; Figure 6.2.1-4]. In some lines (pae3-2, pae5-2 and pae7-2) a
residual transcripts could still be detected rendering those knock-down mutants (Figure
6.2.1-4). In other cases the T-DNA insertions did not affect the expression of PAE gene
(pae4-2, pae6-1, and pae7-1; Figure 6.2.1-4; Figure 6.2.1-5). Lines pae3-1, paeb-1,
paeb-2, pae8, pae9-1, pae9-2, pae10-1, pael10-2, pae11-1, pae11-2, pael12-1 and
pae12-2 were considered knockout lines since no transcript could be detected by RT-
PCR. The coding sequence (cds) of all genes except for PAE1 (due to failed cloning
attempts) was overexpressed (2.2.4) in the Col-0 background under the control of the
enTCUP2 tobacco promoter (Schultink 2013; Schultink et al. 2013). Three independent
transgenic lines were generated for each PAE gene (Table 6.2.1-1).
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Figure 6.2.1-1 Overview of the reverse genetics approach used in the PAE family study.
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A variety of plant tissues (seeds, flowers, stems, leaves and 7 day old etiolated
seedlings), always accompanied by WT controls, were harvested for cell wall
extractions (2.5.1.1; 2.5.2) based on gene expression patterns [Table 6.2.1-1; (Winter et
al. 2007)]. Cell wall preparations were then analyzed for their total acetate (2.5.5)
content and/or XyG acetylation levels (Figure 6.2.1-1; Table 6.2.1-1; 2.5.6). Acetate
chemotypes were found in leaves for 3 genes in the A. thaliana PAE family: PAE2,
PAES8, and PAE9 (Table 6.2.1-1). When the PAE2 cds was overexpressed in the Col-0
background, a reduction in total leaf wall acetate of approximately 10% was observed
as well as a 6% reduction in leaf XyG acetylation (Table 6.2.1-1).

A PAES8 mutant line exhibited an increased total leaf (2.5.1.5; 2.5.2) acetate
content of 20% (Table 6.2.1-2; Table 6.2.1-1). This knockout line exhibited a lesion in
the 12" exon (Figure 6.2.1-5 A, B), hence 3 independent complementation lines
consisting of the native PAE8 promotor and genomic sequence (Hull 2012) transformed
into the pae8 background were generated (pae8/comp). These complementation lines
had partially restored transcript levels (Figure 6.2.1-6; 2.2.10) and were able to
complement the mutant wall acetate chemotype (Table 6.2.1-2), indicating that PAE8
modulates cell wall acetate levels.

Figure 6.2.1-2 Maximum likelihood phylogenetic tree of the PAE family in A. thaliana.
PAE9 and PAES8 are the only two genes without close paralogs (red arrows). Tree
constructed using the Seaview software which used Muscle and PhyML to make the
alignment and tree respectively
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Table 6.2.1-1 Summary of PAE reverse genetics screen

3 3
t e 8 S v 5 . . g e “g - 8
2 8 82 o : s 3 § & ¥ 3 § 5 &
) = £ S o [ =1 = k] ®» 2 £ » = ° » £
At1g09550  pae 1-1 SALK_061326C  exon seeds 91.8 105.5
paet-2 GABI_627A02 exon siliques 98.9 106.9 91.05
At1g57590  pae 2-1 SALK_143273 exon flowers 1146 101.0 99.9 109.4 98.0 98.7
pae 2-2 SALK_102761C  exon seeds 101.4 93.0 101.4 109.5 99.6 95.7
2oeat stem 95.3 89.1
20ect 90.8 86.3
20ed3 95.4 88.5
At2g46930  pae 3-1 SALK_066524C  exon KO stem 93.4 100.0 914 103.6 99.5
pae 3-2 SALK_137505C intron K-down leaves 99.2 101.3 96.7 106.5 94.1
pae 3-3 GABI_294C06 promotor hypocotyl 100.5 99.3
pae 3-4 SAIL_906_F10 5UTR 93.5 90.8
30ea2 101.1 917 86.8 95.1
30eb1 100.2 95.4 99.8 100.8
3oect 100.0 99.6 92.2 97.3
At3g09405 pae 4-1 SALK_140726 exon hypocotyl 95.2 97.6 104.0 106.4 103.1
pae 4-2 SAIL_450_B07 5UTR WT+ stem 90.0 93.1 106.8 99.4 108.1
4oeaa leaves 96.4 97.3
4oebd 101.3 103.5
4oec1 88.1 104.3
At3g09410  pae 5-1 SALK_140555 exon KO stem 943 94.7 1044 96.0 103.3
pae 5-2 SALK_052303C  exon K-down hypocotyl 99.1 96.5 104.0 99.0 108.1
50eb7 leaves 86.2 90.6
50ec10 90.7 92.2
50eal3 86.9 104.1

continued
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) = £ S o [ =1 = k] ®» 2 £ ®» = ° » £
At3g62060 paeb-1 SALK_020618 promoter ~ WT shoot apex 125.2 98.1 106.2 98.0 103.0
pae6-2 SALK_134907 exon KO hypocotyl 102.2 95.0 105.0 103.0 103.0
6oectt1 leaves 101.1 98.2
6oeap 98.1 95.1
6oeba 99.1 99.0
At4g19410  pae7-1 SALK_093502C intron WT uniform 95.1 113.3 1094 955
expression
pae7-2 GABI_272B08 exon K-down leavesf 100.8 98.3 102.6 106.5 97.9 100.1
pae7-3 SAIL_154 H11 intron stem 101.5 83.1
pae7-4 SALK_091346C 5UTR hypocotyl 104.9 92.1
pae7-5 SALK_117590C  promoter 98.5 91.4
pae7-6 SALK_076487 5 UTR 99.2 84.0
70eal 100.7 107.0
70eb1 100.9 100.0
70ec3 98.8 110.0
At4g19420 pae8 SALK_132026  exon KO fé:g‘es 120.0  110.0
At5g23870 pae9-1 SALK_046973C intron KO stem 98.1 105.8 | 121.9 120.3 97.5
pae9-2 GABI_803G08 exon KO leaves 97.0 1156 112.6 121.6 100.6
pae9-3  SALK_058590 g‘;;‘;‘” / 104.8
90eb3 98.3 106.0
9oec1 100.4 101.0
9oeat 98.3 100.0
At5g26670 pae10-1 SALK_043807 intron KO no data 100.3 94.1 97.0
pae10-2 SAIL_802_C05 exon KO 98.7 104.1 104.0
10cea 98.4 94.9
100eb4 103.5 92.5
100ed9 102.3 96.6

continued
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o = £ £ a [ = = k7 ®» K] £ o = 2 » £
At5g45280  paeli-1 22;?(—0493404 exon KO leaves 93.1 106.9 1231 105.1 | 1103
pae11-2 GABI_505H02  exon KO stem 94.8 101.6 1352 100.6 103.8

11oeat hypocotyl 107.5 105.0

110eb3 103.8 114.0

110ec2 102.1 110.0
At3g05910  paet2-1 GABI_018A02  exon KO uniform 100.3 102.4 100.4 | 90.6 @ 96.0

expression

pae12-2 GABI_646F06 intron KO (weak) 112.2 102.7 105.7 | 104.8 95.9

120eat 94.4 94.4

120eb1 98.6 88.2

120ec3 95.6 94.9

oe = overexpression of the gene CDS under the enTCUP2 promoter.
a results from OLIMP, % XyG acetylation, WT= 100%
b results from acetic acid measurements, WT = 100%
Green cells indicate significant statistical differences to WT based on T test (P<0.05)
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Figure 6.2.1-3 Example of genotyping PCR used to select homozygous T-DNA insertion

lines. Agarose gels of PCR products amplifying a genomic fragment spanning the T-
DNA insertion and a fragment from the T-DNA left border to a genomic position. WT =
plant with no T-DNA insertion; HEM = plant hemizygous for the T-DNA insert; HOM = a
plant homozygous for the T-DNA insert; Col-0 = PCR with Col-0 DNA; Blank = PCR mix
without template; DNA marker = Gene Ruler™ 1 Kb plus DNA ladder Fermentas.
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Figure 6.2.1-4 RT-PCR of T-DNA insertion lines in the A. thaliana PAE family. RT-PCR
for PAE lines. PTB = expression of the PTB1 gens as a control. WT = Col-0 plants of
same age as insertion lines being tested. List of primers can be found in Appendix 1.
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Cell wall

Set 1
WT 12.39+£0.10 c
pae9-1 1479+0.34 b
pae9-2 15.04 £+0.37 b
pae9-1/ox9-1 12.01+0.28 ¢
pae9-1/ox9-2 11.85+0.70 c
pae9-1/ox9-3 12.01+0.35 ¢
pae8 1515+0.30 b
pae8/pae9-2 16.91+0.24 a

Set 2
WT 1240+ 0.75 b
pae8 14.87 £+ 0.86 a
pae8/comp-1 12.03+£0.98 b
pae8/comp-2 12411045 b
pae8/comp-3 12.58+0.61 b

Table 6.2.1-2 Acetic acid content of cell walls (mg g cell wall). + indicates standard
deviation; letters indicate statistical significant differences based on ANOVA (p-value <

0.05); n24.

78



Two different T-DNA insertion lines were available for PAE9, representing two
independent alleles. The two insertion positions were located in the 3™ intron (pae9-2)
and 7" (pae9-1) exon (Figure 6.2.1-5 C, D). The insertion in the pae9-2 allele was
accompanied by a 275 bp deletion, which removes exons 4 and 5. Both insertion lines
were unable to produce transcripts (Figure 6.2.1-5 C, D) and both harbor a wall (2.5.1.5;
2.5.2) with an approximate 20% increase in the acetate content (2.5.5) in their leaves
(Table 6.2.1-2). Three independent overexpression lines (2.2.4) were generated for the
PAE9 gene in the pae9-1 background (pae9-1/0x9). Q-RT PCR analysis (2.2.10) of
these lines demonstrated that the transcript levels was increased three times compared
to expression in WT plants (Figure 6.2.1-6 B). The acetate chemotype in the
overexpression lines is restored to WT levels (Table 6.2.1-2) but not exceeding it,
providing genetic support that lesions in PAE9 lead to the observed acetate increase in
the pae9 mutants.

A double mutant was generated between pae8 and pae9-2 (pae8/pae9-2), which
resulted in a 37% increase in acetate levels in leaf tissues, enhancing the effect of the
individual single mutants (Table 6.2.1-2).

Gene expression data from multiple microarray experiments in Arabidopsis
indicate that PAE8 and PAE9 are expressed in multiple plant tissues (Figure 6.2.1-7).
PAED9 is expressed to a higher level in leaves than PAES8. However, each are sufficient
to lead to enhanced wall acetate levels in leaf tissues (Table 6.2.1-2) The expression
data shows a high expression of both genes in the second internode of the
inflorescence stem (Figure 6.2.1-7). However, none of the knockout mutants exhibited
an acetate chemotype in this tissue (Figure 6.2.1-8; 2.5.1.1; 2.5.2) suggesting the
presence of other redundant PAEs.

79



A

-

= o
.\‘-
o
af
\'5"9
B

At4g19420 — PAES

ae8

> <
7 12
C 3 %
o o
PAE9-2 o R
.ﬂ-
\ 2
PAE9-1 oo® o
x\"éb‘ al”
PTB — | — — P hﬁq’\
8 g
) -~
c,?"%\ i %?'\’
A 9"
D eg 906

At5g23870 — PAE9

s li—1# U vH—III—I—I—I—I:I—- ¥

> <+ > <+

Figure 6.2.1-5 Gene models and RT-PCR for PAE8 and PAE9. A) RT-PCR for pae8
mutant, PTB = expression of the PTB17 gens as a control. B) Gene model for PAES, blue
boxes indicate exons (dark blue = translated regions), black lines indicate introns. Black
triangles - position of T-DNA insertions in relation to translation start site. C) RT-PCR for
pae9 mutants. D) Gene model for PAE9, blue boxes indicate exons (dark blue =
translated regions) and black traces in between exons indicate introns. Black triangles
position of T-DNA insertions in relation to translation start site. Red arrows indicate
primers used for RT PCR. PAES8 data from Phillip A. M. Hull (Hull 2012).
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Figure 6.2.1-6 Q RT PCR of pae8 complementation and pae9 overexpression lines. Q-
RT-PCR determination of the relative transcript abundance for PAE8/PAE9 in 35/30 day
old leaves of T3 lines. PTB1 gene expression was used as an internal normalization
control. WT = Col-0 35/30 day old leaves. n=6
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Atdg19420 254573 _at Arabidopsis eFP Browser at bar.utoronto.ca
‘Winter ef al., 2007. PLoS One 2(8). e718

Arabidopsis eFP Browser at bar utoronto.ca
Winter et al, 2007. PLoS One 2(8). 718

Figure 6.2.1-7 Expression patterns of PAE8 and PAE9. Gene expression data in
Arabidospsis thaliana according to the eFP-browser
(http://bar.utoronto.ca/efp_arabidopsis/cgi-bin/efpWeb.cgi). A) expression of PAES8 B)
expression of PAE9. Data represents absolute values. Intensity scale of expression can
be seen on the lower left corner of each section.
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Figure 6.2.1-8 Stem acetate content in PAE mutants. Acetate content in mg g' cell wall.
* indicates statistical significant differences based on T test (p-value < 0.01), n=6

To further investigate changes in the wall structure of the PAE mutants and
overexpression and complementation lines, monosaccharide analysis of their de-
starched walls was (2.5.1.5; 2.5.2) carried out by trifluoroacetic acid (TFA) hydrolysis
and subsequent separation and quantification by high performance anion exchange
chromatography (Xiong et al. 2013). No significant changes were observed in the sugar
composition of these plants apart from a small reduction in the minor component fucose
in the double mutant (Figure 6.2.1-9).

The crystalline cellulose content of 35 d old leaf material (2.5.1.5; 2.5.2) was also
determined and while pae9-1 exhibited a significant reduction in cellulose this could not
be confirmed in the pae9-2 mutant. Hence, no consistent changes in cellulose content
were found (Figure 6.2.1-10).
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Figure 6.2.1-9 Monosacharide composition of de-starched cell walls. Monosaccharide

content shown in mg g' DS-AIR. * indicates statistical significant differences based on
T test (p-value < 0.01), n23.
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Figure 6.2.1-10 Crystalline cellulose content of 35 day old leaf de-starched cell walls in

PAE lines. * indicates statistical significant differences based on T test (p-value < 0.05),
n=3.

84



6.2.2 Pectin fractions in pae8 and pae9 mutant lines have increased
acetate content and reveal different modes of action towards pectin

Since the total amount of wall acetylation was increased in some of the PAE
mutants, attempts were made to identify the polymeric origin of this acetate increase.
Numerous polymers in the wall can be acetylated including XyG, heteromannans,
heteroxylans and pectins (Harholt et al. 2010; Pauly et al. 2013). Based on OLIMP
(2.5.1.3; 2.5.6) XyG acetylation levels were not altered in the pae8 and pae9 mutants
(Figure 6.2.2-1). The acetylation status of pectic polysaccharides was also assessed
since pectin is one of the most abundant acetylated polymers in the Arabidopsis leaf
(Zablackis et al. 1995) and the gene family is annotated as PAE. A pectic digest (2.5.3)
using a combination of endopolygalacturononase (EPG) and a pectin methylesterase
(PME) was performed to solubilize pectic components from rosette leaves (2.5.1.5).
This enzyme combination can solubilize HG and associated RGI and RGIl (Oxenboll
Sorensen et al. 2000). The monosaccharide analysis of this pectic extract was enriched
in galactose, arabinose, xylose, rhamnose and galacturonic acid, all monosaccharides
associated with pectic polymers (Figure 6.2.2-2). The acetate content of the pectic
extract was determined (2.5.5). The mutants pae8, pae9-1, pae9-2 and pae8/pae9-2
exhibit increased acetate (16.5, 14, 14 and 27 %, respectively), when compared to WT
(Table 6.2.2-1). Consistent with this result is a restoration to WT acetate levels in the
pae8 complementation lines (Table 6.2.2-1). The PAE9 overexpression lines exceeded
WT acetate levels by an additional 5.5% decrease (Table 6.2.2-1).

The remaining residue after the pectin extraction was analyzed for acetate
content (2.5.5) as a control. Approximately 50 % of the total wall acetate was extracted
with the pectolytic enzymes and the remaining residue exhibited similar chemotypic
differences as the solubilized pectic extract (Table 6.2.2-1). The monosaccharide
composition of the remaining pellet (2.5.8) suggests that the pectinase digest was
incomplete since rhamnose and galacturonic acid were still present (Figure 6.2.2-2 B).
Roughly half of the rhamnose was still accounted for in the residue suggesting that only
half of the RGI structures were removed by the enzymatic digest (Figure 6.2.2-2 B). A
much higher portion of the HG was extracted by the pectinases based on the
monosaccharide analysis of the pectin extract and residue (Figure 6.2.2-2).
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Figure 6.2.2-1 XyG acetylation in pae8 and pae9 mutants. % XyG acetylation as
determined as in Figure 3.2.2-2. Tissues investigated - 5 week old rosette leaves for
pae9 and 6 week old rosette leaves for pae8). * indicates statistical significant
differences based on T test (p-value < 0.01), n25. pae8 data from Phillip Hull (Hull

2012).
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Figure 6.2.2-2 Monosaccharide composition of pectic digest and remaining residue. A)
monosaccharide composition of pectic extract B) monosaccharide composition of pectin
digest residue. Monosugar content shown in mg g' DS-AIR. * indicates statistical
significant differences based on T test (p-value < 0.01), n23.
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Pectin

Pectin residue

extract

Set 1
WT 6.33+0.08 ¢ 6.30+x0.29 c
pae9-1 722+023 b 759+0.17 b
pae9-2 724+015 b 7.991+0.26 b
pae9-1/ox9-1 596+0.10 d 6.17+0.27 c
pae9-1/ox9-2 6.08+0.14 cd 6.02+0.37 c
pae9-1/0x9-3 5.9+ 0.11 d 6.13+£0.21 c
pae8 721016 b 8.02+0.25 b
pae8/pae9-2 7.97+020 a 9171045 a

Set 2
WT 5.80 £ 0.21 b 7.45+0.26 bc
pae8 6.91+£0.18 a 852+0.28 a
pae8/comp-1 5852033 b 7.10x0.76 c
pae8/comp-2 597+028 b 7.791+0.14 b
pae8/comp-3 6.16+025 b 7.40x0.17 b

Table 6.2.2-1 Acetate content of pectic extract and remaining residue (mg g1 cell wall).
t indicate standard deviation; letters indicate statistical significant differences based on
ANOVA test (p-value < 0.05); n=4.
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The pectin extract was subjected to fractionation by size exclusion
chromatography (SEC; 2.5.4). The objective was to isolate different pectic fractions of
different sizes and determine, if the acetate chemotype pertains to specific pectic
fractions. The SEC chromatograms of the pectic extracts from the various mutants are
shown in Figure 6.2.2-3. As previously shown (Oxenboll Sorensen et al. 2000), distinct
peaks can be observed. These peaks were collected and pooled into distinct fractions
(numerals 1-V; Figure 6.2.2-3). The approximate size (Figure 6.2.2-3), acetate content
(Table 6.2.2-2), and monosaccharide composition (Figure 6.2.2-4; Figure 6.2.2-5; 2.5.8)
was determined for each fraction. Fractions | and Il contained sugar molecules larger
than 23 kDa and are enriched in monosaccharides present in RGI structures
(galacturonic acid, rhamnose, arabinose and galactose). Fraction Il contained
molecules ranging between 23.2 and 4.6 kDa and has a higher content of galacturonic
acid compared to fractions | and Il suggesting the presence of RGIl (Glushka et al.
2003; ONeill et al. 1996) and HG, respectively. Fractions IV and V contain an even
higher percentage of galacturonic acid with small oligosaccharides between 0.6 - 4.6
kDa suggesting the abundance of HG fragments produced by the EPG/PME digest.
Based on the chromatograms for the different mutant lines (Figure 6.2.2-3) no major
differences could be found in the pectin digest profiles indicating that no major structural
changes in the pectins in the mutants occurred.

The acetate measurements (2.5.5) of the different fractions reveal different
chemotypic profiles for the two genes investigated (PAE8 and PAE9). In pae8, an
acetate increase can be found in all fractions with the exception of fraction Il (Table
6.2.2-2). Genetic complementation of the pae8 mutant successfully restores the acetate
in these fractions back to WT levels (Table 6.2.2-2) indicating that PAES is responsible
for the observed phenotype. The two mutants alleles of PAE9 show increase in the
acetate content exclusively in fractions | and |l (Table 6.2.2-2). When PAE9 is
overexpressed in the pae9-1 mutant background the acetate content in those fractions
is restored to WT levels (Table 6.2.2-2). Taken together these results are consistent
with the mode of action of PAEs.

The pae8/pae9-2 double mutant shows an acetate increase in all fractions except
in fraction lll (Table 6.2.2-2). The double mutant also shows a reduction in the RGI
monosaccharide rhamnose; pectin extract - 17% reduction; Figure 6.2.2-2 A, fraction Il -
40% reduction; Figure 6.2.2-4 B, and fraction Ill - 13% reduction; Figure 6.2.2-4 C.
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Figure 6.2.2-3 Size exclusion chromatograms of pectin extracts. Identity of applied
samples are depicted on the right. Fractions were collected according to the depicted
scheme with dashed bars indicating fraction borders. Fractions are labeled with roman
numerals. Black arrows indicate elution time of dextran standards of known relative
molecular weights.
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wr {006 © 008 9 004 *  so04 1004 D
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pae9-2 11(')4_115 2 b 116§$ 3 be 106?35 ag 11 g 91 ¢ 10(5?056 b
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P8 Joos P s008 % 004 % 401 P s005
pae8/pae9-2 ;('fg 8 a 11(')?89 a 10(.)?(;4 ab 116(.338 a 10(5?32 a

Set 2
wr f00s P s007 P o3 008 ©° so06 °
pae8 1.37 a 1.74 a 0.77 a 1.38 a 0.9 a

+0.03 +0.03 +0.01 +0.03 +0.05

paes/comp-1 116(.)35 b 11(5‘.188 b 10(.)?(;5 be 11(')138 b 10(.)?57 b
pasBloomp2  go3 P Looe  ®  soos % soos P s00s O
pasgioomp3 ooz b Jom b sog  ®  soos P 403

Table 6.2.2-2 Acetate content of pectic fractions (mg g™ cell wall). + indicate standard
deviation; letters indicate statistical significant differences for each row based on
ANOVA test (p-value < 0.05); n=4.
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Figure 6.2.2-4
Monosaccharide content shown in mg g' DS-AIR as detected by high performance

anion exchange chromatography. * indicates statistical significant differences based on
T test (p-value < 0.01) , n=3.
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Figure 6.2.2-5 Monosacharide composition of fractions IV (A) and V (B).
Monosaccharide content shown in mg g-1 DS-AIR as detected by high performance
anion exchange chromatography. * indicates statistical significant differences based on
T test (p-value < 0.01) , n23.
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6.2.3 Subcellular localization studies for PAE9

The determination of the subcellular localization of the PAEs is relevant for the
mode of action of these genes. To generate this data, different constructs containing the
PAE9 cds fused C-terminally to GFP were used (2.2.4). In a first attempt N.
benthamiana plants were transiently transformed (2.2.9) via agrobacterium infiltration
with PAE9Q:GFP expressed under the control of the 35S promoter. Five days after
infiltration, GFP fluorescence signals were observed by confocal microscopy (2.3) in
areas that surround the cell (Figure 6.2.3-1). In order to ascertain from which subcellular
compartments the GFP signal originated, two dyes were used: propidium iodide (Pl),
which stains cell walls (Gunl et al. 2011), and FM4-64, which stains membrane
structures (Fischer-Parton et al. 2000). Plasmolysis conditions together with the
mentioned dyes allow differentiating signals originating from the plasma membrane
(FM4-64 stained receding structures during plasmolysis) or the cell wall (immobile
structure during plasmolysis). When the PAE9:GFP transformed leaf material was
infiltrated with Pl (Figure 6.2.3-1 B, C, D; see Appendix for controls) the GFP signal co-
localizes with the stain suggesting a localization in the cell wall. Under plasmolysis
conditions the plasma membrane recedes, but a retention of the Pl signal to the wall is
observed, and partial diffusion of the GFP signal with structures interpreted as the
plasma membrane (Figure 6.2.3-1 G, H). A similar experiment was performed using the
FM-64 dye. Without plasmolysis the GFP signal partially co-localizes with the FM4-64
signal (Figure 6.2.3-1 L). When plasmolyzed these cells show that GFP signals can be
found in wall structures but also at receding membranes together with FM4-64 (Figure
6.2.3-1 N, O, P). Taken together these experiments indicate that the PAE9:GFP fusion
protein localizes to the plasma membrane and the wall.

In order to verify the physiological activity and thus relevance of the PAE9:GFP
chimeric proteins the construct was used to complement the pae9-2 mutant. The
acetate measurements of 35 day old T2 leaf material (2.5.1.1; 2.5.5) reveal that the
GFP fusion protein failed to complement the pae9-2 mutant phenotype (Figure 6.2.3-2).
Furthermore no GFP signal could be observed in A. thaliana leaves from either
35S:PAE9:GFP or empty vector controls (Figure 6.2.3-2 B). Due to the lack of GFP
signal the native PAE9 promoter (PAE9p) was used to drive PAE9:GFP expression.
pae9-1 plants were transformed with the PAE9p:cds:GFP construct as well as with the
empty vector which consisted of the PAE9 promotor driving the GFP cds. As can be
seen on Figure 6.2.3-3 none of the three independent complementation lines generated
rescued the mutant phenotype. Again, no GFP signal could be detected from the
PAE9p:cds:GFP or empty vector lines (Figure 6.2.3-3 B) indicating that the C-terminal
GFP fusion seems to interfere with PAE9 activity.
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Figure 6.2.3-1 PAE9 subcellular localization. Subcellular localization of 35S:PAE9:GFP
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Figure 6.2.3-3 Acetate content and subcellular localization of PAE9cds:GFP under the
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content of de-starched alcohol insoluble residue from 35 day old leaves. * indicates
statistical significant differences based on T test (p-value < 0.01), n24. B) Sample
images of confocal microscopy of 33 day old leaves of Col-0 (WT), pae9-
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Bar = 20 um. EV = PAE9p:GFP cds.
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6.2.4 PAES8 and PAE9 release acetate from mutant pectin fractions in vitro.

To obtain biochemical proof that PAE8 and PAE9 harbor indeed PAE activity, the
proteins were heterologously expressed (2.2.9) and their activities determined in in vitro
assays (2.2.11; 2.6). To facilitate purification, both proteins were C-terminally tagged
with 6 x histidine and expressed transiently in N. benthamiana. PAE8 and PAE9 were
partially purified via affinity chromatography and as a control empty vector protein
extracts were processed in the same manner. The partially purified proteins expressed
in N. benthamiana showed higher molecular weights (~ 55 kDa) than expected (45.3
kDa for PAES8 and 46.8 kDa for PAE9) based on the protein sequence derived from the
clones open reading frame (Figure 6.2.4-1 A; Figure 6.2.4-2 A). A lower molecular
weight band (~35 kDa) can be observed in western blots (2.2.12) of PAES8 preparations
indicating partial degradation of the recombinant protein (Figure 6.2.4-1 A).

The protein preparations from tobacco leaves transiently expressing PAES8 or
PAE9, and to a much lesser extent the empty vector controls, showed activity towards
the substrate 4-nitrophenyl acetate that contains an acetyl-ester bond (Figure 6.2.4-1 B
and Figure 6.2.4-1 B). This result is consistent with the acetylesterase activity proposed
for these enzymes. To probe specific PAE activity, pectin fractions from the
corresponding mutant walls (Figure 6.2.2-3.) were incubated with PAE8 or PAE9. Both
proteins were capable of releasing acetate from fractions | and Il of their corresponding
mutant (Figure 6.2.4-1 C; Figure 6.2.4-2 C), which display enhanced acetate
phenotypes in both single mutants (pae8 and pae9). PAES8 releases less acetate than
PAE9 in the in vitro assays (Figure 6.2.4-1 C; Figure 6.2.4-2 C). None of the other
fractions tested (lll-V; Figure 6.2.2-3.) served as substrates for these two enzymes
under the conditions used. These observations are consistent with the mutant
phenotype found in the pae9 mutants. However, the enhanced acetate pae8 mutant
chemotype in fractions IV and V, cannot be explained by these in vitro data of purified
PAES.
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Figure 6.2.4-1 Partial protein purification and PAES8 activity. A) Western blot showing the
presence of PAE8:6X HIS in the nickel column protein eluate (red asterix). No signal
could be detected for the EV control (expression of the empty pART27 vector). Marker =
Magic Marker; + control = multi-tag positive control (Life Technologies) B) activity of
protein eluate on 4-nitrophenyl acetate; n=3. C) % labile acetate released from pectin
fractions (I-V) and O-acetylated Amorphophallus konjac (AK) glucomannan. Alkali
treatment would release 100% of the acetate from the substrate. Substrates for activity
were purified from 3 independent pae8 biological materials. Protein preparations were
incubated with substrates for 18 h at room temperature. * indicates significant
differences based on T-Test (p-value<0.015; n=3). EV = protein extract from a tobacco
plant transformed with the empty vector control processed in the same manner as the

99



PAES8 construct; EV- = denatured EV protein; EV+ = native EV protein; PAE8 = purified
protein extract from tobacco plants transformed with PAE8:6XHIS. PAE8- = denatured
PAES protein; PAE8+ = PAES protein; n.d. = not detected.
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Figure 6.2.4-2 Partial protein purification and PAE9 activity. A) Western blot showing the
presence of PAE9:6X HIS in the nickel column protein eluate. No signal could be
detected for the EV control (expression of the empty pART27 vector). Marker = Magic
Marker. B) activity of protein eluate on 4-nitrophenol acetate; n=3. C) % labile acetate
released from pectin fractions (I-V) and Amorphophallus konjac glucomannan
(acetylated), alkali treatment would release 100% of the substrate acetate. Substrates
for activity were purified from 3 independent pae9-1 biological materials. Protein
preparations were incubated with substrates for 18 h at room temperature. * indicates
significant differences based on T-Test (p-value<0.015; n=3). EV = protein extract from
a tobacco plant transformed with the empty vector control processed in the same
manner as the PAE9 construct; EV- = denatured EV protein; EV+ = native EV protein;
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PAE9 = purified protein extract from tobacco plants transformed with PAE9:6XHIS.
PAE9- = denatured PAE9 protein; PAE9+ = PAE9 protein; n.d. = not detected.
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6.2.5 PAE mutant lines exhibit growth phenotypes and are susceptible to
powdery mildew.

Some of the PAE mutant lines (pae8, pae9-2, pae8/pae9-2 and pae9-1/0x9-3)
exhibit reduced inflorescence growth (Figure 6.2.5-1; Figure 6.2.5-2; 2.7). The growth
phenotypes found for pae9-2 and pae9-1/0x9-3 are not genetically consistent since the
same reduction in growth cannot be found for the pae9-7 mutant or the other pae9-
1/0x9 lines (Figure 6.2.5-1). However the growth reduction in pae8 (9.6%) is genetically
supported by the restoration of the growth phenotype observed in the pae8
complementation lines (Figure 6.2.5-2). The pae8/pae9-2 double mutant has a greater
decrease in growth (26.6%) than pae8 which suggests that pae9-2 enhances the growth
phenotype. PAE8 and PAE9 are highly expressed in stem tissue (Figure 6.2.1-7),
despite the fact that the mutants do not exhibit stem acetate phenotypes (Figure
6.2.1-8) it is likely that these genes affect this tissue’s development as is suggested by
the stronger growth phenotype observed in the double mutant.

It has been reported that wall acetylation mutants can have increased resistance
to pathogens (Manabe et al. 2011; Pogorelko et al. 2013; Vogel et al. 2004). Therefore,
the pae8 and pae9 mutant lines were subjected to a plant pathogen, powdery mildew
(2.8), to test for effects on pathogen resistance. As controls the pmr5 [resistant; (Vogel
et al. 2004)] and sid2-1 [hypersensitive; (Wildermuth et al. 2001)] mutants were used.
The powdery mildew growth was monitored visually on the leaf surface. No change in
fungal growth was observed in any of those mutant lines compared to wild type plants
(Figure 6.2.5-3).
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Figure 6.2.5-1 Length of inflorescence stems in 5 week old plants of PAE mutants (Set
1). A) Picture of representative plant. White bar = 4 cm. B) Inflorescence height in cm

indicates statistical significant differences based on T test (p-value < 0.05)
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Figure 6.2.5-2 Length of inflorescence stems in 5 week old plants of PAE mutants (Set
2). A) picture of representative plant. White bar = 4 cm. B) Inflorescence height in cm. *

indicates statistical significant differences based on T test (p-value < 0.01), n=32.
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Figure 6.2.5-3 Infection of powdery mildew in PAE lines. The figure depicts powdery
mildew growth (white) in 3 week old A. thaliana plants. pmr5 is resistant to the fungus
and sid2-1 is hypersensitive. White bar = 1 cm. Data from Dr. Heidi Szemenyei.
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6.3 Discussion
6.3.1 PAES8 and PAE9 are PAEs acting on different substrates

The proposed reverse genetics approach to investigate gene function within the
PAE gene family in A. thaliana proved to be successful. Out of the 12 genes
investigated acetate chemotypes were found for three (PAE2; PAES8; PAE9; Table
6.2.1-1). Based on the phylogenetic tree of this gene family, PAE8 and PAE9 seem to
be the only two members that lack close paralogs (Figure 6.2.1-2). This suggests
genetic redundancy within the family, i.e. presence of close paralogs, prevented the
observation of further acetate chemotypes. It is known that genome duplications in
Arabidopsis have resulted in genetic redundancy in some traits (Vision et al. 2000). The
generation of double mutants between two closely related paralogs could lead to the
identification of novel acetate related phenotypes within the PAE family.

PAE8 and PAE9 were shown to modulate wall content in the leaves of A.
thaliana. The single mutants of these genes contain walls with an increased acetate
content of approximately 20% and a pae8/pae9-2 double mutant with a 37% acetate
increase (Table 6.2.1-2). The increased acetate content did not have any effect in the
total cell wall monosaccharide composition (Figure 6.2.1-9) or influence its crystalline
cellulose content (Figure 6.2.1-10). Through genetic means it was shown for the first
time that is possible to increase the acetate content in the walls of plants. Previously,
only the reduction in wall acetate had been achieved by the overexpression of
acetylesterases and consequently the reduction in wall acetate (Gou et al. 2012; Orfila
et al. 2012; Pogorelko et al. 2013).

Recently, it was proposed that members of the PAE family could be acting on
wall polymers other than pectin (Gille et al. 2011a). This was suggested by the finding of
a PAE ortholog expressed in the developing corm of the voodoo lily plant, which
produces copious amounts of acetylated glucomannan as a storage polymer (Gille et al.
2011a). This hypothesis still stands, supported by the finding that PAE2 when
overexpressed affects the acetylation of a non-pectic polymer, reducing XyG acetylation
by 6% (Table 6.2.1-1). PAE8 and PAE9 genes when mutated produce wall chemotypes
associated with pectins and possibly other wall polymers. A pectic digest (Orfila et al.
2012; Oxenboll Sorensen et al. 2000) from the pae8 and pae9 mutants was prepared
and indeed the increase in acetate was found in the pectic extract (Table 6.2.2-1). XyG
analysis from leaf material of PAES8 and PAE9 mutants indicate that the acetylation
status of this polymer is not affected (Figure 6.2.2-1). However, the analysis of the
pectin residue after the digest revealed that only approximately half of the total acetate
was extracted by the pectolytic enzymatic treatment (Table 6.2.2-1). The remaining
pellets still exhibited acetate chemotypic differences similar to what was observed for
total wall material and pectin (Table 6.2.1-2; Table 6.2.2-1). One possibility is that not all
pectin was removed by the pectinase treatment, which is supported by the presence of
pectin related monosaccharides (rhamnose and galacturonic acid) in the residue (Figure
6.2.2-2 B). However, the partially de-pectinated residue also contains other acetylated
wall polymers such as heteroxylan and heteromannan [Figure 6.2.2-2 B; (Pettolino et al.
2012)]. It is therefore possible that PAE8 and PAE9 could act on these polymers.
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Size-exclusion chromatography of the pectic extract resulted in pectic fractions
with distinct sizes and compositions (Figure 6.2.2-3). An acetate phenotype was found
in fractions I, Il, IV and V for pae8 and fractions | and Il for pae9 (Table 6.2.1-2). These
results confirm that these PAEs act on pectic polysaccharides. Fractions | and Il are
enriched in RGI based on the monosaccharide analysis (Figure 6.2.2-4 A, B) and
literature (Oxenboll Sorensen et al. 2000; Sengkhamparn et al. 2009). However, the
ratio of rhamnose and galacturonic acid indicate that HG is also present in these
fractions (I and II; Figure 6.2.2-4 A, B). Indeed, most pectin structural models show the
covalent linkage between HG and RGI (Yapo 2011). Size profiles of the pectic extract
(Figure 6.2.2-3) do not differ from WT and galacturonic acid content is not increased in
fraction | and Il suggesting that enhanced acetylation found in the mutants did not affect
the EPG digest of HG covalently bound to RGI (Sengkhamparn et al. 2009). Soluble
AGPs should have been eliminated from cell wall preparations during buffer washes
[2.5.2; (Gille et al. 2013)]. However, there is still a possibility that AGP structures, which
are large molecules enriched in arabinose and galactose (Albersheim et al. 2011; Gille
et al. 2013; Nothnagel 1997), are covalently linked components of fraction | and Il (Tan
et al. 2013). These observations suggest that RGI in fractions | and Il is the dominant
molecule that exhibits a higher degree of acetylation in the pae8 and pae9 mutants. The
RGI molecule with its complex structures could consist of structurally diverse
substructures (Nakamura et al. 2002; Ridley et al. 2001; Yapo 2011) that act as
independent substrates for PAE8 and PAE9. Fraction lll lacks an acetate chemotype in
the mutants and is likely to represent mostly RGIl structures (ONeill et al. 1996).
Fractions IV and V are enriched in galacturonic acid and therefore represent mainly HG
oligomers. pae8 exhibits acetate chemotypes in these fractions (Table 6.2.2-2) but not
pae9, suggesting that PAE8 could be a more promiscuous enzyme, which acts on RGI
and HG.

The in vitro activity studies for the two enzymes (PAE8 and PAE9) show that
both proteins are active towards fraction | and Il but not towards any other fraction
(Figure 6.2.4-1 C; Figure 6.2.4-2 C). This observation suggests that the acetate
phenotype found for pae8 in fractions IV and V might be based on an indirect effect.
Secondary effects caused by mutations in cell wall biosynthetic enzymes have been
widely reported in the literature. In one case a rice xylan: xylosyltransferase, when
functionally impaired, will produce plants that have reduced ferulic and coumaric acid
esters in their walls (Chiniquy et al. 2012). In another case, the x/t2 mutant impaired in a
XyG: galactosyltransferase, exhibit plants with fucose enriched XyG (Jensen et al.
2012). It is possible that altered de-acetylation patterns in the pae8 mutant could impact
the action of other acetylesterases by altering the pool of available substrates in the wall
generating indirect phenotypes. Because PAES is the closest ortholog to the recently
identified voodoo lily PAE (Gille et al. 2011a) activity towards acetylated glucomannan
was tested and both genes (PAE8 and PAE9) were unable to release acetate from that
substrate in vitro (Figure 6.2.4-1 C; Figure 6.2.4-2 C). PAE8 and PAE9 were shown to
have pectin acetyl esterase activity and are likely to act primarily on RGI substrates.

6.3.2 A non-functional PAE9:GFP fusion localizes to the cell apoplast
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It is believed that PAEs act on cell wall polymers in the apoplast after polymer
delivery to the wall via vesicle transport (Gou et al. 2012; Orfila et al. 2012). Synthesis
of the matrix polymer in the Golgi-apparatus would thus be spatially separated from
apoplastic editing by e.g. glycosyl hydrolases, endo-transglycosylases (de Silva et al.
1993) or pectin methylesterases (Micheli 2001). The function of apoplastic polymer
editing is highlighted by PME35, which was shown to de-methylesterify HG and thereby
controls the mechanical strength of Arabidopsis stems (Hongo et al. 2012). Other
PMEs, when mutated, were shown to enhance the growth of the plant pathogen
Pseudomonas syringaea implicating these proteins and thus apoplastic de-
methylesterification in pathogen resistance (Bethke et al. 2014). In strawberries, fruit
tissue softening and PME activity have been directly correlated (Draye and Van Cutsem
2008). In this study, the PAE9:GFP chimeric fusion under the control of the 35S
promoter was found to localize to the wall and the plasma membrane (Figure 6.2.3-1).
However, the construct failed to complement the mutant phenotype of pae9-2 and is
thus functionally inactive (Figure 6.2.3-2 A). Therefore, the apoplastic localization might
constitute an experimental artifact with no physiological relevance. An attempt to
localize the PAE9 protein and complement the pae9-7 mutant phenotype with the
PAE9:GFP fusion under its native promoter also failed (Figure 6.2.3-3). Since it was
possible to overexpress the PAE9 cds (without GFP) with success and restore the
mutant phenotypes with these constructs (Figure 6.2.1-6 B; Table 6.2.1-2) these
observations point towards a loss of activity caused by the GFP attachment to the
protein. The lack of GFP signal found when transformed with the 35S and native
promoter constructs could have the following explanations: 1) the 35S promoter in the
GFP fusion construct could have induced gene silencing in Arabidopsis (ElImayan and
Vaucheret 1996); 2) The native promoter construct results in such a weak expression
that the GFP-fluorescence cannot be observed. In agreement with the literature (Gou et
al. 2012) it was shown that PAE9 occupies the apoplast and is likely to exert its activity
in that space. The C-terminal GFP fusion proved to interfere with PAE9 activity
suggesting that for future localization experiments GFP fusion to the N-terminus should
be attempted. Other types of protein localization methods based on chemical
interactions of small amino acid tags (6-12) to fluorescent compounds could be
attempted (O'Hare et al. 2007). As an example, a tetracysteine tag, composed of 6
amino acids, which interacts with the biarsenical compound FIAsH producing a green
fluorescent signal could be of advantage, since a small tag could potentially interfere
less with the protein activity (O'Hare et al. 2007). Transmission electron microscopy
coupled to immunogold labelling of proteins containing small tags could also be useful
to localize PAEs (Hoh et al. 1995).

6.3.3 Reduced inflorescence growth and susceptibility to powdery mildew
are features of PAE mutants

In general, the pae8, pae9 and double mutant plants exhibit normal development
and morphology with the exception of a consistent reduction in inflorescence height in
the pae8 and pae8/pae9-2 mutants of 9.6% and 26.5%, respectively. Reduced
inflorescence growth has been associated with pectin mutants such as QUASIMODO1,
a putative galacturonic acid transferase, involved in HG synthesis. When mutated qua7-
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1 exhibits inflorescences approximately 25% shorter than WT (Bouton et al. 2002). A
mutation in an HG methyltransferase (qua2) results in dwarfed plants harboring
developmental defects in 4-day-old dark-grown seedling (Mouille et al. 2007) linking
defects in pectin structure to growth phenotypes. Expression profiles of PAE8 and PAE9
show increased activity in the secondary internode of the Arabidopsis inflorescence
(Figure 6.2.1-7). However, the acetate content of this tissue is not altered (Figure
6.2.1-8). On one hand, the pectin content of the A. thaliana stem is at least ten times
lower compared to leaf tissue [Figure 6.2.2-2 A; (Xiong et al. 2013)]. On the other hand,
the acetate content of the stem is almost 4 times higher than the leaf acetate content
(Figure 6.2.1-8; Table 6.2.1-2) due to the acetylation of hemicellulose xylan and
mannan (Xiong et al. 2013). Therefore, a potential pectin acetate reduction in the stem
could be below the detection limit. Genes involved in pectin biosynthesis have been
shown to have high activity in stems (Orfila et al. 2005) or expression in the vasculature
(Harholt et al. 2006), both tissues rich in secondary cell walls. The stem pectin
acetylation status could play a critical role in tissue growth even if it represents a minor
component. Alternatively, the stronger leaf acetate phenotype could lead to an
interference with the normal time of flowering by delaying overall plant development but
not compromising the normal stem wall composition. This possible pleiotropic effect for
the delayed flowering phenotype for the pae8 and pae8/pae9-2 mutants parallels with
delayed flowering times observed in some starch related mutants in Arabidopsis, which
seem to exhibit also pleiotropic effects (Eimert et al. 1995). Experiments aiming at
determining flowering time for mutant and WT as well as a detailed wall analysis of
stems could help clarify, if the shorter inflorescences observed in the PAE mutants are a
product of altered cell walls or a pleiotropic effect caused by the increased acetate in
the leaf walls.

The first wall acetate mutant described, rwa2, was reported to have increased
resistance to the necrotrophic fungal pathogen Botrytis cinerea (Manabe et al. 2011). In
another case the pmr5 mutant, identified in a screen for powdery mildew resistance
(Vogel et al. 2004), is believed to have altered pectin acetylation levels (Lim 2013).
Arabidopsis plants overexpressing fungal acetylesterases have also been reported to
have increased resistance to the fungal pathogens Botrytis cinerea (Pogorelko et al.
2013). Due to the association of wall acetylation levels and pathogen resistance the
PAE8 and PAE9 lines were tested for powdery mildew resistance or increased
susceptibility. No phenotypes could be observed (Figure 6.2.5-3).

The work presented here demonstrates that by manipulating the expression level
of PAEs it is possible to engineer plant biomass with higher acetate levels. This
capability could be useful in biorefinery processes and human health aspects. Biomass
with increased acetyl-substitutions would result in a hydrolysate with a high acetate
content, which could be beneficial in warding off microbial contaminants thus increasing
the hygiene in the industrial fermentation processes increasing its overall efficiency (Wei
et al. 2013). In clostridial ABE (acetone; butanol; ethanol) fermentation, elevated
contents of acetate could increase the production of acetone (Martin et al. 1983), which
is critical in driving the chemical synthesis of biofuels downstream of the fermentation
process (Anbarasan et al. 2012). Concerning human health aspects it has been shown
that acetate released in the colon is associated with the suppression of appetite and
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obesity control (Frost et al. 2014). Increasing pectin acetylation could increase the
amount of acetate released in the colon by bacteria acting on these polymers.
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7.0 Concluding Remarks

Several approaches were used in this study to better understand the molecular
mechanisms of plant cell wall acetylation. Genetics and biochemistry were utilized to
identify new genes involved in various aspects of cell wall polymer acetylation.

Acetate chemotypes were identified within the natural diversity of Arabidopsis
ecotypes demonstrating that this is a powerful resource for further genetic exploration of
wall acetylation via QTL or single trait mapping. This could eventually lead to the
discovery of new proteins involved in the biochemical pathway or regulation of cell wall
acetate. It was shown in a specific case that an ecotype completely lacked acetylation in
a wall polymer, an observation that opens new questions on the evolution and function
of this trait. Are acetate moieties functionally redundant to other intra and inter wall
polymer decorations, e.g. other sugar molecules? Does it represent an evolutionary
strategy to save carbon (2 versus 5 or 6)? Does the acetylation of different polymers
have different biological roles? Are these roles essential for the fitness of plants?

The significance of apoplastic acetylesterases in achieving appropriate wall
acetylation levels was demonstrated. The extent to which plants remodel pectins ratifies
the current view of the apoplast as a highly dynamic space essential for quantitative and
qualitative polymer modifications. Similar to apoplastic hydrolases acetylesterases were
shown here to participate in this process and their activities could represent a significant
source for the polymer acetate variation encountered amongst different plant tissues
and species. The precise biological role for this phenomena was not uncovered.
However, some evidence suggests it could be related to tissue development. Utilizing
acetylesterases as genetic tools it was possible to engineer plant cell walls with higher
acetate content, which places acetylesterases as an immediately available resource for
breeders aiming at producing tailored lignocellulosics for specific industrial applications
in the food and biofuel sector. Future studies should attempt to determine the precise
substrates for acetylesterases by using e.g. mass spectrometry techniques, and need to
ascertain, if all genes in the pectin acetylesterase family (CE 13) act on pectin and are
indeed pectin specific. Plant acetylesterases acting on other wall polymers are yet to be
identified and their characterization will advance our knowledge of wall acetate
dynamics. In A. thaliana, the elusive XyG acetylesterase might be among them or could
be present in CE families 6, 8 or 11 based on the CAZY database.
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9.0 Appendix 1

Primer Name

Purpose

SEQUENCE 5'-3'

Genotyping of PAE T-DNA lines

PAE 2.1 LP
PAE 2.1 RP
PAE 2-8 LP
PAE 2-8 RP
PAE 3-2LP
PAE 3-2 RP
PAE 3.3LP
PAE 3.3 RP
PAE 3-4 LP
PAE 3-4 RP
PAE 3.1LP
PAE 3.1 RP
PAE 4-1LP
PAE 4-1 RP
PAE 4-3 LP
PAE 4-3 RP
PAE 5.2 LP
PAE 5.2 RP
PAE 5.6 LP
PAE 5.6 PR
PAE 6.1 LP
PAE 6.1 RP
PAE 6-4 LP
PAE 6-4 RP
PAE 7-4 LP
PAE 7-4 RP
PAE 7.8_LP
PAE 7.8_RP
PAE 7.3_LP
PAE 7.3_RP
PAE 7.7 LP
PAE 7.6_RP
PAE 7.6_LP
PAE 7.6_RP
PAE 7.7 LP
PAE 7.6_RP
SALK_132026-LP
SALK_132026-RP
PAE 9-8 LP
PAE 9-8 RP
PAE 99 LP
PAE 9-9 RP
PAE 9.5 LP
PAE 9.5RP
PAE 10.1LP
PAE 10.1 RP
PAE 10-7 LP
PAE 10-7 RP
PAE 11-4 LP

PAE 11-4 RP
PAE 11.6 LP
PAE 11.6 RP
PAE 12-1 LP
PAE 12-1 RP
PAE 12.2 LP
PAE 12.2 RP
Gabi LB

SAIL-LB

LBb1.3

SALK_143273
SALK_102761C
SALK_066524C
SALK_137505C
GABI_294C06
SAIL_906_F10
SALK_140726
SAIL_450_B07
SALK_140555
SALK_052303C
SALK_020618
SALK_134907
SALK_093502C
GABI_272B08
SAIL_154_H11
SALK_091346C
SALK_117590C
SALK_076487
SALK_132026
SALK_046973C
GABI_803G08
SALK_058590
SALK_043807
SAIL_802_C05

SALK_049340.48.65.
X

GABI_505H02
GABI_018A02
GABI_646F06

Left border primer for
Gabi lines

Left border primer for
Sail lines

Left border primer for
Salk lines

CAACTTTTGCAAAGGCTTTTG
TCCATTGAAAACTGTGAACCAC
TTAGACGATTATACGCCGGTG
TTCATTTCATTGTGTTGCCTG
TCAAAGATTTGGTTCGTGACG
TGTGTAAGTGCGCAGATTGTC
GAAACCAAGTTCTGGGGAAAG
TTGGCCTTCACTGGAATATTG
CGAAAAGATCGATTTCTGTGG
TAACATGCAAAAGAGGCCAAC
TCCAGAACCAGGGTGTAGATG
GCCCAGTGATTATAAAAGGCC
GACTCTATCCCCTCCGTTGAC
AAGATCCCATTGTTGGGTTTC
AATGACCTCACCTGTTTCGTG
GTCAACGGAGGGGATAGAGTC
CGAAAAAGTCCACAAGCAGAG
AACGGAGCCATCTAAGGTAGG
ATGATATTCGGGGTCGAATTC
GAACATGACGCAACTGTGTTG
CGCAGTCTCAGTATCTCTGGG
TGATCAATGTGCAGGAAGTTG
ACACTATGTTACCACGCGTGC
TATCTGGAAGGCATGCAAATC
TTTGTTGCAAATTTCTGGACC
GTATGGCACGGAAAGTGTCAC
ATTACAGCAAAGTCGTCGCAC
AACAAATCCAAAATGTTTGCG
ATTACAGCAAAGTCGTCGCAC
AACAAATCCAAAATGTTTGCG
CATATGGTAACATGCGGACTG
TCAAGGTCCGAGCATAATCTC
AAAAGACATCCATCGTCCATG
TCAAGGTCCGAGCATAATCTC
CATATGGTAACATGCGGACTG
TCAAGGTCCGAGCATAATCTC
ACCTCTCCGAAGAAACCTGAG
TCTGTTCATTCTTAATGCCGC
AACCGGAAAATATACCGAACG
AACCAGTCCATGATGGAACTG
GGTTGTGGTCTCTCTTTCACG
GGTTTGCTGCTACATCGATTC
GATCCCCTCAAGTCTTATGGC
AAACTCCGGTTTTGTTTTTGC
GACTGGTTCTTGGGAATGAGG
CTAGACCACCTGCAGAGCAAC
GTTGCTCTGCAGGTGGTCTAG
TCCTATCACACGGGTATGGAC
TTATCAACAGAGGTTGGTGCC

TGAGACTGAATCGGATTTTGG
ACGATTGTAGAAGGGCAAAGG
ACATCTCTCTTTTCCTTGGCC
TGGACAGGGTTCAACTTCAAG
GGCATGACTGCAGACTAAACC
TTGCAACAGCATCAGAATGAG
CAGGAAGACTACTCGACGTGG
ATATTGACCATCATACTCATTGC

GCCTTTTCAGAAATGGATAAATAGCCTTGCTTCC

ATTTTGCCGATTTCGGAA



Genotyping: axy4-3; wa2-3 X axy4-1

salk_044972-RP2
salk_044972-LP
axy4Dcaps-FW
(EcoRV)
Axy4-REV (EcoRV)
RWA2-3-FW
RWA2-3-REV

axy4-3
axy4-3
axy4-1

axy4-1
rwa2-3
rwa2-3

ATGCGTGTAAATGAATGATATCATAGGA
TTATGCGATTATACGCAAGGG
CGGTTATCTTTACTGGAAATGGATA

CGAGATCAGGGCTAGAGACG
CACCCTGAATTTCATCTCAGC
TTG AAT AGG CAT CAA ACC GAG

DCAPS ECORI Markers for Genotyping of Ecotype Crosses

ER4488648c1-FW

ER4488648c1-REV

RA15935489-FW
RA15935489-REV
Ta6825955¢c2-FW
Ta6825955c2-REV
TY7916310c3-FW
TY7916310c3-REV

Er-0
Er-0
Ra-0
Ra-0
Ta-0
Ta-0
Ty-0
Ty-0

GACTGGAATTAGTTAAAGCG
TTCTTCATCGTCTACCTTTC
AGCTCCAAGACATGTAGAAG
CAACTAATGCCAGAGGTAAT
CTTTGATTTGATCTCTCGTT
TTTGATATGCAAAGAGTTCA
GGGGTATGTTTTCTTTGTAA
AGAAGATGTGATGCCACTAT

Cloning, sequencing and genotyping of PAE overexpression lines

ATTB_PAE2 FW
ATTB_PAE2 REV
PAE2_C_F
PAE2_C_R
PAE2seq3

PAE2seq4
ATTB_PAE3 FW
ATTB_PAE3 REV
PAE 3 SEQ3

PAE4 C F
PAE4 C R
PAE4 ATTB F
PAE4_ATTB_R
PAE4seq3

ATTB_PAE5 FW
ATTB_PAES5 REV
PAE5seq3

ATTB_PAE6 FW
ATTB_PAE6 REV
PAE6seq3

attB1 PAE 7.4
attB2_PAE 7.4
Seq_PAE 7.4

ATTB_PAE9 FW
ATTB_PAE9 REV
PAE9_seq3

ATTB_PAE10 FW
ATTB_PAE10 REV
PAE 10 SEQ3

ATTB_PAE11 FW
ATTB_PAE11 REV
PAE 11 SEQ3

AT3G05910_GTW_fw
AT3G05910_GTW re

\"
PAE12 Seq P-3

PAE2 cloning
PAEZ2 cloning
PAEZ2 cloning
PAE2 cloning
PAE2
cloning/genotyping
PAE2 cloning
PAES3 cloning
PAE3 cloning
PAE3
cloning/genotyping
PAEA4 cloning
PAE4 cloning
PAE4 cloning
PAEA4 cloning
PAE4
cloning/genotyping
PAES5 cloning
PAES5 cloning
PAE5
cloning/genotyping
PAEG6 cloning
PAEG6 cloning
PAE6
cloning/genotyping
PAE?7 cloning
PAE7 cloning
PAE7
cloning/genotyping
PAEQ9 cloning
PAEQ9 cloning
PAE9
cloning/genotyping
PAE10 cloning
PAE10 cloning
PAE10
cloning/genotyping
PAE11 cloning
PAE11 cloning
PAE11
cloning/genotyping
PAE12 Cloning
PAE12 Cloning

PAE12
cloning/genotyping

GGGGACAAGTTTGTACAAAAAAGCAGGCTATGCTCTTAAGTCACTCTCG
GGGGACCACTTTGTACAAGAAAGCTGGGTTTATCTTCTAAAGACCAAAT
ATGCTCTTAAGTCACTCTCGT

TTATCTTCTAAAGACCAAATTGT

GCGTCAAGCTAAGCAGGCTC

TCACTCTGGTGGAAGGAGGAAAC
GGGGACAAGTTTGTACAAAAAAGCAGGCTATGAAGAGTGTGTTGCGTAT
GGGGACCACTTTGTACAAGAAAGCTGGGTTCACTTGAAGATGAGATTGT
CCGGCGATAGTCAGGATGAGAG

ATGGTGATTCGCTCTCTGCT

TCAACAAGAGGCATTGCACG
GGGGACAAGTTTGTACAAAAAAGCAGGCTATGGTGATTCGCTCTCTGCT
GGGGACCACTTTGTACAAGAAAGCTGGGTTCAACAAGAGGCATTGCACG
ATGCGAAACGTGCCATGCTC

GGGGACAAGTTTGTACAAAAAAGCAGGCTATGGCGATTCCAAGGTTTAG
GGGGACCACTTTGTACAAGAAAGCTGGGTTCATGTGAAATTCATGTTGT
CTTTCTCAACGTGCCTGATGTCC

GGGGACAAGTTTGTACAAAAAAGCAGGCTATGAGGAGCTTGTTGTTGTG
GGGGACCACTTTGTACAAGAAAGCTGGGTTCACTCGAAAATCAGATTGT
TGTTTCTGGACTCAGTGGATGTCTC

GGGGACAAGTTTGTACAAAAAAGCAGGCTATGGGGAGGCTTAAGCAA
GGGGACCACTTTGTACAAGAAAGCTGGGTCTAGTCTTCAGTAGAGAT
TGCGGTGGTTGATGATCTTATGG

GGGGACAAGTTTGTACAAAAAAGCAGGCTATGAAGACGACGACTCGGCT
GGGGACCACTTTGTACAAGAAAGCTGGGTTTAAATATCTAGATTTACCA
CGATGTAGCAGCAAACCGGAC

GGGGACAAGTTTGTACAAAAAAGCAGGCTATGAGGAAGCTTTTCTTGTT
GGGGACCACTTTGTACAAGAAAGCTGGGTTCATCTGAAGACCAGATTGT
GCCGCAATGGACGATTTGAAGG

GGGGACAAGTTTGTACAAAAAAGCAGGCTATGACGTGGCTAAAACAAAT
GGGGACCACTTTGTACAAGAAAGCTGGGTCTACGTTCTGAAACGTACTC
CATTGCGACCAGTTCAAGTCCAC

GGGGACAAGTTTGTACAAAAAAGCAGGCTATGGTGAAGCTTTTGTTA
GGGGACCACTTTGTACAAGAAAGCTGGGTTCATCTGAACACCAAGTT

TCGTTACTGCGATGGCGCTTC
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AS-208 Sequencing of GGGAGAATTCGTCGACTTTG
overexpression
constructs
AS-209 Sequencing of CGTAGCGGATAACAATTTCAC
overexpression
constructs /
genotyping
Sequencing AXY4 in Ty-0 background
AS-166 ATTATTGGAAGCTGGTGAGC
AS-167 GTGTAGACTAGCATTTCACTG
AS-168 AGCAAAGCCAGAAAGAATGT
AS-169 AAAACCATTGAACCACTCGTC
AS-170 GCAGTCCGTTATACAACTGG
AS-172 AACGAATGCGATATACCGAG

Sequencing of PAES locus in A. thaliana

AtAEseq1
AtAEseq3
AtAEseq5
AtAEseq7
AtAEseq9
AtAEseq11
AtAEseq13
AtAEseq2
AtAEseq4
AtAEseq6
AtAEseq10
AtAEseq12
ATAEseq17rev

ACTGCTCTTTGAGTCTGCTTCTTTG
AGCTCCATAAGAGATTTGACAATAACT
GATATGAAAACCTGTCCACCAATCGT
TCTCTATGATTTTTATTATGCCAATAGT
AAAATCTACTAAAAACACTGAAAGTATCGT
TGGAAGCTTTTGACTAACTTGTTGATCA
GCACATCAAGATTAACTCCTGCAATG
TCATCAGATCGACCTTGTTCATTTG
GTCTTATGTAAATATATGGTCCCATCA
TACCCCTATTAGCATTTCTGAACTCAA
GTTTAGATGGAAGTCCACCAGCTTATCA
GGCTGTTTTGTCTGGCTGTTCTGCT
AGCTGGCGGAGAAGTAGTATAGTTG

Cloning of PAE9 Native promotor in PMDC107

PAE9promg2-FW cloning
PAE9promg2-rev cloning/sequencing
PAE9cdsg2-fw cloning

PAE9promEV-rev cloning/sequencing

PAE9promseq1-rev sequencing
PAE9promseq21-fw sequencing
PAE9promseq22-rev sequencing
PAE9promseq23-fw sequencing
PAE9promseq24-fw sequencing
PAE9promseq25-rev sequencing
M13F sequencing
RT_PAES-1_FW sequencing
RT_PAE9-1_REV sequencing
RT_PAE9-8_FW sequencing

CGGCCAGTGCCAAGCTCTAGTTAATTAAGAAGAAGAAGCCACCG
GAGTCGTCGTCTTCATTGTTACAGTTTTGGACGC
CAAAACTGTAACAATGAAGACGACGACTCGG
ACCGGTACCGGGCCCCCCCTCGAGGCGCGCCACATTGTTACAGTTTTGGAC
GC
AAATGGGCATTATCGGTTCCTCTG
GGTGCAACCAGAAGACCATTACAAG
TGGAGATGGGTCTTGATGGGTGG
GCCTTATCTACGCCCTATGCTGTC
AGGACCCGTGAGGACCAAAC
GGACTCACCATCTATGTTTCACTGC

TGTAAAACGACGGCCAGT
TCGATCTAACAGCGGCTATGG
CCGGTTAGAAGAGCCTTGTGG
GCGTTAAGTGCATGAGCGATGCTG

Cloning of PAE9 for Tobacco overexpression

PAE9tobOExhol FW
PAE9tobOEBambhl
REV

CTCGAGATGAAGACGACGACTCGG
GGATCCTCAATGATGATGATGATGATGAATATCTAGATTTACCAA

Cloning of PAES8 in pART7

PAE8cdsg-fw cloning/sequencing

PAE8cdsg1-rev cloning
PAE8cdsg2-rev cloning
PAE8seq4-rev sequencing
SALK_132026-RP sequencing

TTCATTTCATTTGGAGAGGACACGCTCGAGATGTTCAAGTTGAAGCAATG
GATCCTCAATGATGATGATGATGATGAATTGGAGGAGCATCTAGAG
ATCTCATTAAAGCAGGACTCTAGAGGATCCTCAATGATGATGATGATGATG
CAGGGTTCACTGCTTCTACATCTC

TCTGTTCATTCTTAATGCCGC

Genotyping of PAE8 complementation lines

SALK_132026-RP
M13F

TCTGTTCATTCTTAATGCCGC
TGTAAAACGACGGCCAGT
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RT PCR primers for PAEs

PAE3_RT_FW

PAE3_RT REV
PAE4 C F
PAE4_C_R
PAE5_RT-FW

PAE5_RT_Rev
PAE6_RT FW

PAE6_RT_REV
RT_PAE7-4_FW
RT_PAE7-4_REV
RT_PAE7-8_FW
RT_PAE7-8_REV

RT_PAE9-8_FW
RT_PAE9-8_REV
RT_PAE9-1_FW
RT_PAE9-1_REV
PAE 10.1LP

PAE 10-7 RP
RT_PAE11_FW

RT_PAE11_REV
PAE12_RT FW

PAE12_RT_REV
PTB-FW

PTB-REV

pae3-1, pae3-2 - RT-
PCR

PAE4s RT PCR

paeb-1, paes-2 - RT-
PCR

pae6-1, pae6-2 - RT-
PCR

pae7-1- RT-PCR
pae7-2 - RT-PCR
pae8 - RT-PCR

pae9-1; pae9-3 - RT-
PCR

pae9-2 - RT-PCR

pae10-1, pae10-2 -
RT-PCR

pae11-1, paet11-2 -
RT-PCR

pae12-1, pae12-2-
RT-PCR

PTB control for RT-
PCR

GCGGCGATATTCTGGCTTTGG

CCCAGAGACATCCACTGCATCC
ATGGTGATTCGCTCTCTGCT
TCAACAAGAGGCATTGCACG
ATGGCGATTCCAAGGTTTAGC

TCATGTGAAATTCATGTTGTAAC
ATGAGGAGCTTGTTGTTGTGG

TCACTCGAAAATCAGATTGTG
ACTTATCTCCAAAGCGCCGTC
GGCACGGAAAGTGTCACAATG
TCCACGGATCTGCAAAGAGTC
TAGGATTACAAGTCGGCGACG
ATTAGAACTCCTCTGTTCATTC
CAGCACACAAGACAAGTGCTGAAG
GCGTTAAGTGCATGAGCGATGCTG

ACCGCGAGAGTTATGGCCTG

TCGATCTAACAGCGGCTATGG
CCGGTTAGAAGAGCCTTGTGG
GACTGGTTCTTGGGAATGAGG

TCCTATCACACGGGTATGGAC
ACGCTATACTCTCCGGTTGTTC

TTCGTCGTCGCGGATCGAAC
TCGTTACTGCGATGGCGCTTC

AATGAGGCATTGGTTACTACC
GCGAATGTCTTATTCAGCTCATACTGATC

CATTGCTGCTGTTGGTATATCAGAGT

Q- RT PCR primers for PAEs

pae9-1/ox9 lines Q-
RT-PCR

pae8/comp lines Q-
RT-PCR

PTB control for Q-
RT-PCR

CTGGATTCTTTCTTGACGCAAT

TCGAGGTTTTTTTGTATACCCTGTAGA
TCTTGCTACACTCACTGCCAAA

CAACAGCTTTTGCTATTGTCGTT
ACAACAATGATCGATCTAGGGATTATAC

ATGTGTTTGCCATCTGAGGAT

Q-RT PCR for TBL swaps

swap3end-FW
swap3end-REV
swapTDNA-FW
swapTDNA-REV

TGCATTGGTGTCTACCTGGTC
CGTCATCCTTGTAGTCGCTGT
TGAGAGCGGTTGCTGGAAGT
GCCGAGACTGTCCCAAGG

Cloning TBL swaps

For TBL3/AXY4 swaps cloning, fragments:

TBL3A1TFW A1 GGGGACAAGTTTGTACAAAAAAGCAGGCTATGAGCTTCTTGATTCCT
TBL3A1REV TTTGGTCTCATAGACACCAAACACACGAACGA

TBL3A2FW A2 TTTGGTCTCATCTACCGTCTCTAGCCCT

7TBL3B3newREV GGGGACCACTTTGTACAAGAAAGCTGGGTCAACCTTCCATCGCCGCA
1TBL3B1FW B1 GGGGACAAGTTTGTACAAAAAAGCAGGCTATGGGATTAAACGAGCAA
2TBL3B1REV TTTGGTCTCAGAGCAAGCATAAAAGAGA

3TBL3B2FW B2 TTTGGTCTCAGCTCGAATCAATAATACCCGAA
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4TBL3B2REV
5TBL3B3FW
7TBL3B3newREV
1TBL3B1FW
TBL3C1REV
TBL3Gc2FW
TBL3c2REV
TBL3_C2newFW
TBL3_C2newREV
TBL3C3FW
TBL3_C3newFW
7TBL3B3newREV
TBL3D1REV
TBL3D2FW
TBL3D2REV
TBL3 c_FW

TBL3_c_REV
axy4_c FW
axy4_c_REV

B3
C1

C2

C3
D1
D2
re-cloning into TOPO

vectors for proper LR
reaction

For TBL26/AXY4 swaps cloning, fragments:

TTTGGTCTCATATCAGCTCCTTCCCAAAACTT
TTTGGTCTCAGATACGGTCGTAGTCTCT
GGGGACCACTTTGTACAAGAAAGCTGGGTCAACCTTCCATCGCCGCA
GGGGACAAGTTTGTACAAAAAAGCAGGCTATGGGATTAAACGAGCAA
TTTGGTCTCAAAAACGTTCTAAATCATTGCCCCA
TTTGGTCTCATTTTGATATTTTGGTTTTCAAC
TTTGGTCTCATACACTTCGTGCCGTTTGGCTT
AATGATTTAGAACGTTTTGATATTTTGGTTTTCAACAC
TACGGCTTGGTCATGTTACACTTCGTGCCGTTTGGCTTTC
TTTGGTCTCATGTAACATGACCAAGCCG
TGTAACATGACCAAGCCGTAC
GGGGACCACTTTGTACAAGAAAGCTGGGTCAACCTTCCATCGCCGCA
TTTGGTCTCATGCGCCGAGACTGTCCCAA
TTTGGTCTCACGCATGTTTCAACGAGACGAAACCGATA
GGGGACCACTTTGTACAAGAAAGCTGGGTCCAAATGAGCCAATAGGAT
ATGAGCTTCTTGATTCCTAATAGA

CAAATGAGCCAATAGGATCCGA
ATGGGATTAAACGAGCAACA
AACCTTCCATCGCCGCAACA

1TBL26A1FW
2TBL26A1REV
TBL3A2FW
axy4_c_REV
axy4_c_FW
2TBL3B1REV
3TBL26B2FW
4TBL26B2REV
5TBL3B3FW
axy4_c_REV
axy4_c_FW
TBL3C1REV
5TBL26C2FW
6TBL26C2REV
TBL3c3FW
axy4_c_REV
axy4_c_FW
TBL3D1REV
7TBL26D2FW
8TBL26D2REV

For sequencing of TBL3 and TBL26/AXY4 swaps

A1

A2

B1

B2

B3

C1

C2

C3

D1

D2

ATGGAACAACAATTAACCTTAGT
TTTGGTCTCATAGAGAGAATGCAGATGAGAGACT
TTTGGTCTCATCTACCGTCTCTAGCCCT
AACCTTCCATCGCCGCAACA
ATGGGATTAAACGAGCAACA
TTTGGTCTCAGAGCAAGCATAAAAGAGA
TTTGGTCTCAGCTCTCTCAGGTGGAAGAAGTGGA
TTTGGTCTCATATCGAATTTCGGGTATTGGACA
TTTGGTCTCAGATACGGTCGTAGTCTCT
AACCTTCCATCGCCGCAACA
ATGGGATTAAACGAGCAACA
TTTGGTCTCAAAAACGTTCTAAATCATTGCCCCA
TTTGGTCTCATTTTGACTACGTTGTTATCTCT
TTTGGTCTCATACAATACCCACCAGTGTTCCA
TTTGGTCTCATGTAACATGACCAAGCCG
AACCTTCCATCGCCGCAACA
ATGGGATTAAACGAGCAACA
TTTGGTCTCATGCGCCGAGACTGTCCCAA
TTTGGTCTCACGCATGCAACAGAACGATGCCGT
ACCGGTTAAATCGTATAGTTC

M13F

M13R

prom_cDNAseq1
prom_cDNAseq2
prom_cDNAseq3
prom_cDNAseq4
prom_cDNAseq5

sequencing
sequencing
sequencing
sequencing
sequencing
sequencing
sequencing

TGTAAAACGACGGCCAGT

GGAAACAGCTATGACCATG
CATTGAACCACTCGTCTCGTCTCTTC
TGGAATCACCGATAAAAGCTAGATGC
CTTCGTACGGCTTGGTCATGTTACA
GTGAGGTTAGAGGTGTTGGACGTGA
TCCTGTTGCCGGTCTTGCGATGAT
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10.0 Appendix 2
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Figure 10-1 Vector used in overexpression of PAE genes. (2.2.4).
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11.0 Appendix 3

FLAG
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Figure 11-1 Vector used in chimeric TBL constructs. (2.2.4).
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12.0 Appendix 4

Fragment A

Continued...
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Fragment A
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Continued...
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‘ Fragment D

[d rd b o v o b P e g fd g g
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DxxH

Figure 12-1. Sequence alignment of TBL family members 12-35, 3 and TBR.
Alignments used for determining cut sights for domain swap experiments. Red arrows
above sequence indicate cut sites for fragments A, B, C and D. Blue arrows below
sequence delimit TBL domain. Green arrows below sequence delimit DUF231 domain.
Black dots above sequence indicate directed mutagenesis sites. Pink dots above
sequence indicate sites putatively involved in the catalytic site of TBL proteins. GDS
and DxxH motifs are indicated with a black bar bellow sequences.
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13.0 Appendix 5
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Figure 13-1 Mass spectra of XyG oligosacharides from flowers in Er-0, Ta-0 and Col-0.
The figure depicts mass spectra obtained by MALDI-TOF after XEG digest (OLIMP) of
Arabidopsis flowers (5-7 week old). Dashed red bars indicate acetylated mass peaks.
Overall quantity of acetylated oligosaccharides is reduced in flowers, increasing the
mapping difficulties in mapping this trait.
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Figure 13-2Mass spectra of XyG oligosacharides from leaves in Er-0 and Col-0. The
figure depicts mass spectra obtained by MALDI-TOF after XEG digest of Arabidopsis
leaves (27 day old). A significant difference can be observed between the ratio of XLFG
| XLEG between Er-0 and Col-0 (dashed bars).
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Figure 13-3 Phenotypic analysis of Col-0 X to Ra-0 F2 plants. The figure depicts the
ratio between the XXEG / XXFG oligosaccharides intensity based on mass spectra
obtained by MALDI-TOF after XEG digest (OLIMP) of 7 day old etiolated Arabidopsis
seedlings. Each polygon represents an individual plant. The phenotype observed in the
F2 does not reveal a clear recessive monogenic segregation.
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Figure 13-4 Phenotypic analysis of Col-0 X to Er-0 F2 plants. The figure depicts the
ratio between the XXEG / XXFG oligosaccharides based on mass spectra obtained by
MALDI-TOF after XEG digest (OLIMP) of 7 day old etiolated Arabidopsis seedlings.
Each polygon represents an individual plant. The phenotype observed in the F2 does

not reveal a clear recessive monogenic segregation.
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14.0 Appendix 6
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Figure 14-1 N. benthamiana leaf controls for 35S:PAE9:GFP subcellular localization
experiments. Confocal images of WT leaf. Columns indicate channels used for
visualization. Rows exhibit treatment with dies (PI, propidium iodide for cell wall
staining; FM4-64 for plasma membrane staining) and plasmolizing agent (1M Mannitol).
Data shows that the GFP channel is not affected by the treatments used and that its
possible to stain and plasmolyze the plasma membrane with FM4-64.
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Figure 14-2 Soluble GFP (35S:GFP) controls for 35S:PAE9:GFP subcellular localization
experiments. Subcellular localization of leaf transformed with 35S:GFP. Columns
indicate channels used for visualization. Rows exhibit treatment with dies (PI, propidium
iodide for cell wall staining; FM4-64 for plasma membrane staining) and plasmolyzing
agent (1M Mannitol). Data shows that soluble GFP is expressed and localizes to the
cytosol.
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