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ABSTRACT
Deposition of lignified secondary cell walls in plants is spatially and temporally regulated by
transcription factors (TFs). MYB75 is a known regulator of the anthocyanin branch of the
phenylpropanoid pathway in Arabidopsis. It was established in this work that this TF also
regulates secondary cell wall formation in Arabidopsis. A loss-of-function mutation in MYB75
(myb75-1) results in increased cell wall thickness in xylary and interfascicular fibers within the
inflorescence stem. Transcript profiles from the myb75-1 inflorescence stem revealed marked upregulation in the expression of a suite of genes associated with lignin biosynthesis and cellulose
deposition, as well as genes encoding cell wall-modifying proteins and genes involved in
photosynthesis and carbon assimilation. These patterns suggest that MYB75 acts as a repressor of
the lignin branch of the phenylpropanoid pathway in the Arabidopsis inflorescence stem as part
of a broader role in integrating the metabolic flux through different pathways. Secondary cell
wall-associated and potential transcription factors may interact together and form a multi-protein
complex to regulate the formation of the secondary cell wall. I identified many positive
interactions among the known and putative secondary cell wall formation-regulating TFs, using
yeast two-hybrid assays. The KNAT7-MYB75 interaction detected in these assays was selected
for detailed study, since both of these TF’s individually have been shown to regulate some
aspects of secondary cell wall formation in Arabidopsis. The KNAT7-MYB75 interaction was
confirmed in vivo in an Arabidopsis protoplast system, and the major domains involved in these
protein-protein interactions were identified. This interaction may also be involved in regulation
of secondary cell wall formation during Arabidopsis seed coat development. This was evident
through phenotypic analysis of single and double loss-of-function mutants using molecular and
histological analyses that revealed epidermal cell wall defects. However, MYB75, unlike
KNAT7, appears to be a specific regulator of secondary cell wall formation in the seed coat, with
no role in mucilage biosynthesis. I propose that a MYB75-KNAT7-involving protein complex
could be participating in regulation of secondary cell wall biosynthesis in the developing seed
coat, based on identified protein-protein interactions among MYB75, KNAT7 and other
transcription factors known to influence seed coat properties.
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Chapter 1. General introduction

1.1 PLANT CELL WALL
The majority of both plant and animal cells are composed of a cytoplasm bounded by a plasma
membrane but specifically in plants, individual cells are surrounded by a rigid wall (Raven, et al.,
1999). The wall is formed outside of the plant cell plasma membrane and is a part of the apoplast.
Cell walls are a defining feature of plants and have many fundamental roles during growth and
development. They play a central role in determining the mechanical properties of all organs and
are critical for wide range of cell functions including cell expansion and adhesion. Plant cell
walls are the outermost barriers against biotic and abiotic stresses that sessile plants have to face.
Being rich in cellulose and lignin, cell walls represent an immense carbon sink. In addition, cell
walls are of commercial importance for humans. They not only are source of fibers but are raw
material for textile, paper, lumber and biofuels.
The cell wall is an intricate and continuously changing structure made up of various
polymers, including cellulose, hemicelluloses, pectins, lignin and glycans. It is highly dynamic
throughout development and undergoes modulations in composition and configuration in
response to functional requirements. Structurally and functionally, plant cell walls can be divided
into two important categories: the primary cell wall and the secondary cell wall (Figure 1.1).

Figure 1.1. Plant cell wall. Diagram of adjacent plant cells connected through their adherent cell
walls. Both primary and secondary walls separate the two cells but still allow direct cell-cell
communication through plasmodesmata. (Drawing by V. Bhargava, used with permission)
T

T
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1.1.1 Primary cell wall
The first cell walls that are formed in growing plant cells are called primary cell walls and
are thin, strong and pliant. The extracellular layers of this primary wall are composed of cellulose
microfibrils, which are surrounded by a hydrated matrix consisting of complex polysaccharides
(mostly hemicellulose and pectin) and a small amount of structural proteins, with an overall
composition of approximately 90% polysaccharide and 10% glycoproteins. In addition, some
modified cell wall constituents (polysaccharides) are also part of the primary cell walls (O’Neill
and York, 2003). Cellulose, a linear polymer of β-4-linked D-glucosyl residues, constitutes about
20%-30% of primary cell walls. The remaining polysaccharides are exceedingly complex
molecules, none of whose structures have been completely defined. In Arabidopsis thaliana
(referred to as ‘Arabidopsis’ in this work), membrane complexes that contain cellulose synthases,
encoded by three CESA genes (CesA3, CesA5 and CesA6) are responsible for the synthesis of
T

T

primary wall cellulose microfibrils (Desprez, et al., 2007). In addition, CESA2, CESA5 and
CESA9 are partially functionally redundant with CESA6 and also play role in primary cell wall
formation at different stages of growth (Desprez, et al., 2007; Persson, et al., 2005).
Xyloglucan (XG) is a hemicellulose polymer that cross-links cellulose microfibrils in
primary cell walls. Since primary cell wall expansion is dependent on disassociation of the
cellulose microfibrils, many enzymes have been assigned to the loosening of hemicellulose crosslinking to microfibrils and the associated expansion process (Carpita and Gibeaut, 1993). Many
enzymes have been shown to be associated with hemicellulose. The enzyme xyloglucan
endotransglycosylase is an important entity that is thought to be responsible for the incorporation
of XG into the wall matrix (Darley, et al., 2001). It is a key mediator regulating cell wall
expansion. This matrix polysaccharide is produced in the Golgi apparatus and become integrated
into the existing wall by enzymes and probably by exocytosis and/or unknown binding
mechanisms.
Primary cell-wall enlargement also involves wall stress relaxation, which allows the cells
to take up water and physically enlarge, a process involving many proteins. For example
expansins are nonenzymatic wall proteins and induce wall stress relaxation and extension
(Cosgrove, 1996). They mediate 'acid-induced growth' by disrupting the non-covalent linkages
involved with microfibrils of the cell wall (Cosgrove, 2005). As cell expansion approaches

2

cessation, secondary wall deposition takes place inside the primary cell wall in certain cells
(Figure 1.1).

1.1.2 Secondary cell wall
In certain plant cell types, a thick secondary cell wall inside the primary wall is laid down once
expansion has ceased (Figure 1.2). In contrast to the primary wall, the secondary cell wall is a
strong multilayered structure whose presence inhibits any further cell elongation. The main
function of the secondary cell wall in plants is to provide strength and facilitate water and
nutrient uptake. It forms a strong hydrophobic layer inside the water conducting tissues (xylem)
and protects them from desiccation. Very tight spatial and temporal regulation of secondary wall
deposition has evolved in plants, equiping various cell types with secondary walls that differ in
form and composition. These specialized cells are organized in tissues to collectively form a
functional plant (Raven et, al. 1999). Certain cells like sclereids and fibers have evenly thickened
secondary walls, except for certain areas like pits where cell wall thickening are absent. The
secondary wall thickening in tracheary elements, on the other hand, has distinct patterns of
deposition, namely, annular (cell wall is laid down in rings) and/or helical (cell wall deposited in
helical pattern). These localized secondary structures are common in cells that have not yet
finished elongating; for example, those in protoxylem. In addition, tracheary elements show
reticulated, scleriform, and pitted wall thickening patterns that permit little further elongation.
This occurs in tissues such as metaxylem and secondary xylem, which have already completed
most or all of their elongation. This again indicates a very tight regulation of secondary cell wall
both in space and time.

3

Figure 1.2. Secondary cell wall. Diagram depicting three dimensional structure of a plant cell
and position of the secondary cell wall (top) and TEM (below) showing secondary cell wall as a
thick, multilayered cell wall which is deposited inside the primary cell wall. Scale= 2µm
(Drawing by V. Bhargava, used with permission).
T

T

Secondary cell wall: Cellulose, hemicellulose and lignin biosynthesis
Cellulose is often the most abundant component of plant secondary cell walls and can make up a
large proportion of the dry weight of plants. In addition to cellulose, hemicellulose and lignin are
also important components of the secondary cell wall. Cellulose is a polymer of unbranched β1,4-linked glucan chains and is the major component of most plant cell walls, including
secondary cell walls. Rosettes, the complexes on the plasma membrane that are also called
cellulose synthase complexes, are responsible for cellulose synthesis. These complexes consist of
subunits encoded by CESA (cellulose synthase) genes (Somerville, 2006). In Arabidopsis,
CESA4, CESA7 and CESA8 are generally thought to be involved in cellulose biosynthesis in
secondary cell walls (Taylor, et al., 2004). However, CESA9, which is normally associated with
4

primary cell wall formation, was also recently shown to have a specific role in secondary cell
wall formation in the Arabidopsis seed coat (Stork, et al., 2010). There is also evidence that
cortical microtubules play roles in the deposition of the secondary walls. This is evident in
differentiation of tracheary elements (Oda, et al., 2005). In Arabidopsis, co-localization of
cortical microtubules with CesA4, 7 and 8, the secondary cell wall-associated CESA proteins,
was observed in xylary vessels (Gardiner, et al., 2003). This indicated that microtubules may
direct the deposition of the cellulose synthase complexes in the plasma membrane indicating that
microtubules are integral part of cellulose synthesis machinery during the secondary cell wall
synthesis (Gardiner, et al., 2003; Wightman and Turner, 2008). It is also speculated that
microtubules may be required to establish the orientation of cellulose microfibril deposition
(Roberts, et al., 2004; Sugimoto, et al., 2003; Wasteneys, 2004).
In dicotyledonous plants, the main hemicellulosic polysaccharides found in secondary
walls are xylans. In this polymer, the backbone is composed of xylosyl residues along with
glucuronic acid residues. Many glucuronyltransferases involved in the biosynthesis of
glucuronoxylan during secondary wall formation have been characterized earlier (Persson, et al.,
2007; Brown, et al., 2009).
Lignin is derived through the phenylpropanoid pathway and is hydrophopic in nature. It is
a polymer of monolignols that polymerize to form a three-dimensional matrix. In the secondary
cell wall, it impregnates the cellulose and hemicellulose network and not only is responsible for
providing mechanical strength but also makes secondary cell wall water impermeable. The
phenylpropanoid pathway is responsible for monolignol biosynthesis in the cytoplasm and these
constituents of lignin are transported to the cell wall via an unknown mechanism. Lignin
biosynthesis and the phenylpropanoid pathway have been well-studied and characterized in many
plants, especially in Arabidopsis. Forward and reverse genetics and biochemical analysis have
contributed to the characterization of most of the enzymes involved in this pathway. (Humphreys
and Chapple, 2002; Boerjan, et al., 2003). The first step in the general phenylpropanoid pathway
is the enzymatic conversion of phenylalanine to cinnamic acid by the enzyme phenylalanine
ammonia-lyase (PAL). Further, the hydroxylation of cinnamic acid to coumaric acid by P450
mono-oxygenase, C4H, and the formation of coenzyme A thioesters of hydroxycinnamoyl
intermediates by a ligase (4CL), provide precursors for branch pathways leading to the
production of a number of phenolics, including lignin, soluble esters, coumarins, and flavonoids
5

(Hahlbrock and Scheel, 1987). In addition to phenylalanine ammonia lyase (PAL), cinnamic acid
4-hydroxylase (C4H), (Lee, et al., 1997) and 4-(hydroxy) cinnamoyl CoA ligase (4CL), the other
enzymes involved in the biosynthesis of monolignols are hydroxycinnamoyl CoA;shikimate
hydroxycinnamoyl transferase (HCT), p-coumaroyl shikimate 3’-hydroxylase (C3H), caffeoyl
CoA O-methyltransferase (CCoAOMT), (hydroxyl) cinnamoyl CoA reductase (CCR), ferulic
acid 5 hydroxylase (F5H), caffeic acid/5-hydroxyferulic acid O-methyltransferase (COMT) and
(hydroxy) cinnamyl alcohol dehydrogenase (CAD). In the end, three kinds of monolignol
subunits, hydroxyphenyl (H), guaiacyl (G) and syringyl (S) subunits are derived from three
monolignols: coumaryl alcohol, coniferyl alcohol and sinapyl alcohol respectively. Biosynthesis
of S units requires the ferulate 5-hydroxylase (F5H) enzyme (Humphreys and Chapple, 2002).
T

T

Once monolignols are produced in cells and exported to secondary walls, their
polymerization to form a network of ester, ether, and carbon-carbon linkages typical of functional
lignin is thought to be catalyzed by peroxidases (PER) and/or laccases (LAC) (Boerjan, et al.,
2003; Raes, et al., 2003), but the exact mode of action of these enzymes in the lignin polymer
formation in planta is not known. G and S are the major units found in the lignin of angiosperms
but gymnosperm lignin is devoid of S units. In most of the plants, H and S subunits are deposited
earlier in lignification process (Boerjan, et al., 2003) .

Secondary cell walls as a carbon sink
Allocation of carbon to different metabolic pathways is an important aspect of growth and
development in plants (Bloom, et al., 1985; Smith and Stitt, 2007), including the formation of
secondary cell walls. As soon as cell expansion and growth have stopped, the deposition of
secondary cell wall constituents like lignin, cellulose and hemicellulose is initiated in certain cell
types (Somerville, 2006; Lerouxel, et al., 2006; Zhong and Ye, 2007; Ye, et al., 2002). The
building blocks for cellulose and hemicellulose biosynthesis are provided by the major carbon
metabolic pathways in the cell, such as glycolysis and the pentose phosphate pathway (Figure
1.3).
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Figure 1.3 Carbon metabolism in a plant cell. This carbon sink acts as a donor for carbon
skeleton in secondary cell wall. Carbon skeletons for secondary cell wall (Cellulose,
hemicellulose and lignin) are provided by different metabolic pathways in the cell.
T

T

The phenylpropanoid pathway also draws on these central carbon pathways through their
provision of carbon skeletons to the shikimate pathway, which generates the aromatic amino
acids, including L-phenylalanine. In cells that are heavily committed to lignin deposition in the
secondary cell wall, this aspect of cell wall metabolism represents another important sink for
photosynthetic derived carbon in plants (Hahlbrock and Scheel, 1987). In order to generate a
sufficient supply of carbon skeletons for phenylpropanoid biosynthesis, the shikimate pathway,
that is responsible for biosynthesis of aromatic amino acid, must be regulated in a fashion that
coordinates the metabolic demand for phenylalanine as the primary precursor of phenylpropanoid
pathway with the metabolic demand for all three aromatic amino acids as precursors for protein
formation
There is some evidence for the coordination of shikimate and phenylpropanoid
metabolism in the context of lignin formation in Arabidopsis (Lee, et al., 1997). 4-(hydroxy)
7

cinnamoyl CoA ligase (4CL) is an important enzyme in the general phenylpropanoid pathway.
Earlier work by Lee et al. (1997) showed that partial blocking of 4CL activity had opposite
affects on the accumulation of G and S lignin monomers and indicated reduced carbon flux
through the phenylpropanoid pathway. This may imply the role of an uncharacterized pathway
for the biosynthesis of S lignin, independent of 4CL activity or a role of phenylpropanoidassociated pathways like shikimate pathway.
The regulation of carbon allocation and its commitment to different pathways is thought
to be determined by many structural and regulatory genes. However, the proteins and genes that
control and regulate general carbon partitioning, allocation and distribution in plants have not
been identified or fully characterized (Smith and Stitt, 2007). Specifically for secondary cell wall
carbon redistribution in a cell, very little information is available in the literature. Components of
the carbon signaling and sensing system(s), metabolism and cell wall or matrix, are all
hypothesized to be parts of an integrated system that is connected with other assimilatory and
metabolic pathways (Coruzzi and Bush, 2001; Coruzzi and Zhou, 2001). For example, the ability
to sense carbon and nitrogen metabolites enables plants to regulate metabolism. Sugar-sensing
T

T

T

T

T

T

mechanisms in plants allow them to down regulate photosynthesis when C-skeletons are in
T

T

T

T

excess. Similarly, the C:N-sensing mechanism together enables plants to activate genes involved
T

T

in N-assimilation when C skeletons are abundant and internal levels of organic-N are low,
T

T

suggesting that two different but interdependent assimilatory pathways have to be tightly
regulated and coordinated.
The relationship between closely related biosynthetic pathways (e.g. anthocyanin/
flavonoids relative to the lignin pathway) in maintaining carbon homeostasis during the process
of secondary cell wall formation has not been examined. Maintenance of an appropriate balance
of carbon allocation for the various building blocks of the secondary cell wall would be predicted
to be very important in a plant cell as it undergoing changes after growth has stopped. Since
transcription factors have the ability to integrate developmental and environmental cues, and to
co-ordinate activity in different metabolically associated pathways, they are important candidates
for this kind of regulation in Arabidopsis.
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1.2 TRANSCRIPTION FACTORS AND THEIR ROLE IN REGULATION OF
SECONDARY CELL WALL FORMATION
The interaction of general and tissue-specific transcription factors with each other and/or with
specific regions of genomic DNA is thought to regulate the complex patterns of gene expression
observed both spatially and temporally in development of all eukaryotic organisms (Izawa, et al.,
1993; Menkens, et al., 1995). A number of different components are required for the process of
transcription, including chromatin remodeling factors, the pre-initiation complex and the RNA
polymerase II complex. Transcription factors (TF) that control the promoter activity by
recognizing DNA in a sequence-specific manner and then regulate the frequency of initiation of
transcription are also required in this process. Activator transcription factors may activate RNA
polymerase and enhance gene expression. Conversely, repressor transcription factors inhibit
transcription by blocking the attachment of activator proteins. Some transcription factors can act
as either an activator or repressor, depending on the context (Ikeda, et al., 2009).

1.2.1 Transcription factor families in plants: Role of MYB and KNOX family members in
gene regulation in plants
Transcription factors are generally modular in nature and usually contain a DNA-binding domain
that recognizes DNA in a sequence-specific manner, an activator or a repressor domain and a
protein-protein interaction domain. Based on the presence of conserved DNA binding domains,
plant transcription factors have been classified into different families (Pabo and Sauer, 1992; Qu
and Zhu, 2006; Riechmann, et al., 2000).

In Arabidopsis these include Myb-like (MYB)

proteins, basic region-leucine zipper (bZIP) proteins, MADS domain proteins, helix-loop-helix
proteins (bHLH), zinc-finger proteins, and homeo-box proteins (Meshi and Iwabuchi, 1995;
Schwechheimer, et al., 1998).
The basic helix-loop-helix zipper (bHLH) genes constitute one of the largest families of
transcription factors in Arabidopsis, and have been shown to regulate broad-spectrum of
functions (Heim, et al., 2003; Rosinski and Atchley, 1999). Two important regions of bHLH
transcription factors are N-terminal transactivation domain and a C-terminal basic helix-loophelix (bHLH) leucine zipper motif.
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MADS domain transcription factors with a conserved DNA binding domain, known as the
MADS domain, constitute a large family of regulatory factors (Pellegrini, et al., 1995; Theissen,
et al., 1996). These transcription factors have been shown to play important roles in regulating
many different developmental processes and are found in all eukaryotic organisms. However, in
plants, they form a particularly diverse group. MADS proteins in plants not only have DNA
binding domain but also have a protein–protein interaction domain (Riechmann and Meyerowitz,
1997). This family includes flower meristem identity regulators APETALA1 (AP1), silique tissue
identity regulators AGL8, AGL1, and AGL5 and the floral organ identity regulators AGAMOUS
(AG), APETALA3 (AP3) and PISTILLATA.
The transcription factors AP2 (APETALA2) and EREBPs (ethylene-responsive element
binding proteins) belong to a plant-specific family of AP2-EREBP transcription factors that
contain the AP2 DNA-binding domain and are part of a large multigene family. They have been
shown to be involved in a broad spectrum of regulation in plants, including the signaling
associated with various types of biotic and environmental stress (Riechmann and Meyerowitz,
1998).
Zinc finger proteins constitute a large family of TFs in the genomes of higher and lower
eukaryotes. They show a wide range of functions, including DNA binding, RNA binding or
involvement in protein-protein interactions. Several finger-like protrusions interact with metals
P

P

like zinc to form the conserved domain in these TFs. These proteins also contain specialized
P

P

interaction domains. Some of these domains have been shown to bind DNA, as observed in Dof
P

P

and WRKY proteins. Others bind to RNA as in the case of the SERRATE, a microRNA
P

P

processing factor (Yanagisawa and Schmidt, 1999; Yanagisawa, et al., 2004; Yang, et al., 2006).
Several TF’s from this family have been functionally characterized in Arabidopsis. They are
involved in a multiple physiological processes including floral differentiation, leaf and lateral
shoot initiation and regulation of stress responses (Takatsuji, 1999). In the following section, I
will discuss the plant-specific MYB and homeo-domain families and their regulatory roles in
plant development in more detail.
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MYB
The MYB family of transcription factors is a set of functionally diverse transcriptional factors
that are found in both plants and animals. In plants, it is one of the largest families of
transcription factors identified to date and is thought to contain approximately 125 genes in
Arabidopsis (Riechmann, et al., 2000; Stracke, et al., 2001). The large number of MYB genes
present in plants is dramatically different from the relatively small number of MYB genes
reported to be encoded in other eukaryotic genomes (Stracke, et al., 2001; Stober-Grasser, et al.,
1992). These genes encode proteins with a DNA-binding domain that consists of one to four
imperfect tandem repeats (R1, R2, R3, or R4), which collectively make up the MYB domain
(Rosinski and Atchley, 1998; Yanhui, et al., 2006). These TFs also have a characteristic central
tryptophan cluster in the three-dimensional helix-turn-helix fold because of the presence of
regularly spaced tryptophan residues in MYB repeats (Kanei-Ishii, et al., 1990).
The majority of plant MYB genes encode proteins with only two repeats which are most
similar to the vertebrate R2 and R3 MYB repeats (R2R3) (Stracke, et al., 2001; Rosinski and
Atchley, 1998; Braun and Grotewold, 1999). However, a small family of R1R2R3 MYB domain
proteins is also found in plants. Therefore, these plant homologues (R2R3) are thought to have
evolved from an ancestral R1R2R3-MYB gene by loss of sequences encoding the R1 repeat and
following expansion of this gene family (Rosinski and Atchley, 1998). Plant R2R3 MYB genes
HT

have evolved to develop diverse functional roles in the life of plants (Dubos, et al., 2010). In
recent years, using both genetic and molecular analyses, the functions of MYB proteins have
been studied in numerous plant species such as Arabidopsis, rice (Oryza sativa), maize (Zea
maize), snapdragon (Antirrhinum majus), petunia (Petunia hybrida), poplar (Populus
tremuloides), apple (Malus domestica) and grapevine (Vitis vinifera L.) (Yanhui, et al., 2006;
Wilkins, et al., 2009; Zhang, et al., 2010; Feng, et al., 2010; Tamagnone, et al., 1998; Palapol, et
al., 2009; Ban, et al., 2007; Matus, et al., 2008; Quattrocchio, et al., 2006).
Numerous R2R3-MYB proteins have been found to be involved in the control of many
plant-specific processes including metabolism both primary and secondary, cell differentiation,
and responses to both biotic and abiotic stresses and have been well studied in Arabidopsis
(Table 1.1) (Dubos, et al., 2010).
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Table 1.1. Examples of R2R3 MYB transcription factors involved in the control of
plant-specific processes.
Development, cell fate and identity
Name
Function
MYB0/GL1
formation of trichomes
MYB66/WER
root hair formation
MYB106/MIXTA
cell shape
MYB103
anther development
MYB124/FLP
stomatal development
MYB61
stomatal aperture
U

U

Name
Metabolism
MYB75/PAP1
MYB113
MYB114
MYB90/PAP2
MYB12/PFG1 and
MYB11/PFG3
U

Reference
(Oppenheimer, et al., 1991)
(Schiefelbein, 2000)
(Noda, et al., 1994)
(Zhang, et al., 2007)
(Lai, et al., 2005)
(Liang, et al., 2005)

Function

Reference

anthocyanin pigments

(Gonzalez, et al., 2008)

flavonols

(Mehrtens, et al., 2005)

phenolics
glucosinolate biosynthesis

(Dubos, et al., 2010)
(Gigolashvili, et al., 2007; Gigolashvili,

U

MYB28/HAG1/PMG1,
MYB29/HAG3/PMG2,
MYB76/HAG2,
MYB34/ATR1,
MYB51/HIG1, MYB122
MYB123/TT2
MYB5, MYB123
MYB77
MYB62

et al., 2008).

proanthocyanidins
tannins
hormone biosynthesis/signaling

(Lepiniec, et al., 2006)
(Li, et al., 2009b)
(Shin, et al., 2007; Devaiah, et al., 2009)

Name
Biotic and abiotic stress
MYB1

Function

Reference

response to viral attack

MYB2
MYB4

response to drought
response to UV light

(Yang and Klessig, 1996; Urao, et al.,
1993)
(Urao, et al., 1993)
(Jin, et al., 2000)

U

U

In addition to the above shown functions (Table 1.1), MYB transcription factors have been
shown to be involved in regulating vascular differentiation and phenylpropanoid gene expression
(Jin, et al., 2000; Bonke, et al., 2003; Borevitz, et al., 2000). The phenylpropanoid pathway is an
important contributor to secondary cell wall constituents including lignin (Figure 1.3). The other
branches of phenylpropanoid pathway are also regulated by these TFs. For example, in
Arabidopsis several R2R3-MYBs (MYB11, MYB12 and MYB111) are involved in the
regulation of flavonoid biosynthesis (Stracke, et al., 2007), proanthocyanidins (PAs) in the seed
coat (MYB123/TT2) (Lepiniec, et al., 2006), anthocyanin biosynthesis (MYB75/PAP1,
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MYB90/PAP2, MYB113 and MYB114) (Gonzalez, et al., 2008) and tannin biosynthesis (MYB5,
MYB123) (Li, et al., 2009b). These regulators can act either as transcriptional activators or
repressors in regulating the biosynthesis and accumulation of these phenylpropanoid compounds.
Repressors, including MYB3, control flavonoid biosynthesis (Dubos, et al., 2008), while MYB4
controls sinapate ester biosynthesis in a UV-dependent manner (Jin, et al., 2000), and MYB32
regulates pollen wall composition (Preston, et al., 2004).
Regulation of secondary cell wall formation, either broad regulation or regulation of
specific constituent (cellulose, hemicellulose and lignin) is also controlled by MYBs in addition
to their roles in phenylpropanoid pathway regulation. MYB58, MYB63 and MYB85 are known
to activate lignin biosynthesis in fibers and/or vessels (Zhou, et al., 2009; Zhong, et al., 2008)
and, MYB68 has been shown to negatively regulate lignin deposition in roots (Feng, et al., 2004).
While MYB46 positively regulates cellulose, xylan and lignin biosynthesis in fibers and vessels
(Zhong, et al., 2007a), MYB26 controls secondary wall deposition in anthers (Yang, et al., 2007).
Similarly, the broader regulatory role in stems is shown by MYB52, MYB54 and MYB69 which
are thought to regulate lignin, xylan and cellulose biosynthesis (Zhong, et al., 2008). MYB61
plays a broader and pleiotropic role, influencing not only lignin deposition (Newman, et al.,
2004) but also mucilage production (Penfield, et al., 2001) and stomatal aperture (Liang, et al.,
HT

2005). Therefore, MYB transcription factors can have multiple roles whose impacts are regulated
in turn over space and time.
One of the MYB transcription factors in Arabidopsis that has been shown to regulate
multiple physiological functions is MYB75. MYB75, also known as PAP1 (PRODUCTION OF
ANTHOCYANIN PIGMENT 1), is an R2-R3 family member (Figure 1.4) and has been
characterized as positively regulating the anthocyanin and proanthocyanidin branches of the
phenylpropanoid pathway (Gonzalez, et al., 2008; Borevitz, et al., 2000; Pourtau, et al., 2006;
Tohge, et al., 2005b; Tohge, et al., 2005a; Matsui, et al., 2004), However, it has also been
implicated in radical scavenging (Tohge, et al., 2005a), sucrose signaling (Teng, et al., 2005),
nitrogen starvation responses (Lea, et al., 2007), phosphorus-deprivation responses (Morcuende,
et al., 2007) and senescence (Bernhardt, et al., 2003). Previous work by Borevitz et al. (2000)
using a MYB75 over-expression mutant revealed changes in hydroxycinnamic acid content in the
tissues of this mutant, thus indicating a role for PAP1 in regulating not only anthocyanin
biosynthesis but also other branches of the phenylpropanoid pathway in Arabidopsis.
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Figure 1.4 Cartoon indicating structure of an R2-R3 MYB transcription factor

Genetic redundancy in plants is an important concern for functional characterization of
large gene families such as the MYB transcription factors, since loss-of-function mutant analysis
often does not result in a phenotype. For example, anthocyanin regulators, MYB75, MYB90,
T

T

T

T

MYB113 and MYB114 have high sequence similarity that results in functional redundancy
T

T

T

T

(Gonzalez, et al., 2008). Therefore, to understand the complete anthocyanin pathway regulation
by these MYBs, multiple mutants might be required (Gonzalez, et al., 2008). The structural
similarity of certain MYB TFs is also apparently responsible for functional redundancy. For
example, MYB66/WER and MYB0/GL1 are structurally closely related proteins and also show
functional similarities (Lee and Schiefelbein, 2001).
Many studies have looked at different aspects of control regulated by these MYB
transcription factors. Numerous target genes were identified and many mechanisms have been
proposed. Roles of miRNA, other transcription factors, feed back metabolic loops and other
transcription factors regulating the MYB TFs have been suggested. In addition, the regulatory
role of these MYBs on the target genes have suggested that MYB family members may bind to
AC elements to regulate transcription from promoters containing these elements (Sugimoto, et
al., 2000). This has been evident from a detailed analysis of genes encoding enzymes implicated
in lignin biosynthesis (Rogers, et al., 2005). In addition to specificity provided by MYB-DNA
interactions, protein-protein interactions (Zimmermann, et al., 2004) account for the multiplicity
of function and formation of different complexes in different combinations which are the key for
the functional diversity.
Homeodomain
Homeodomain transcription factors also known as homeotic factors, have been implicated to be
involved in a number of developmental processes including the control of pattern formation in
insects and vertebrate embryos, and the specification of cell differentiation in many tissues in
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animals (Mukherjee, et al., 2009; Ingham, 1998; McGinnis and Krumlauf, 1992). Plant
homeodomain genes have been identified in a number of plant species including Arabidopsis, and
have a highly conserved 60-amino acid motif DNA-binding domain called the homeodomain
(Gehring, 1987). This domain folds into a three-helix tertiary structure. Homeodomain proteins
have been divided into two classes based on their conserved amino acid sequences, namely,
typical, with a 60 amino acid homeodomain and TALE (Three-amino-acid-loop extension)
proteins, which possess an extra three amino acids (Pro-Tyr-Pro) found between helices I and II
(Bertolino, et al., 1995; Mukherjee and Burglin, 2007; Burglin, 1997).
In plants, five homeodomain TF families are present while only two TALE gene family
classes exist. The two families of TALE family include KNOTTED1-like homeobox (KNOX)
and BEL1-like homeobox (BLH)(Mukherjee and Burglin, 2007; Hake, et al., 2004). TALE
homeodomain proteins also play key roles in developmental programs in plants similar to seen in
animals and fungi (Mukherjee and Burglin, 2007; Burglin, 1997). Plant KNOX proteins have an
ELK domain and a KNOX (MEINOX) domain (Burglin, 1997) and are present in both higher
and lower plants (Hake, et al., 2004; Reiser, et al., 2000; Lincoln, et al., 1994; Sakakibara, et al.,
2008). This family of TALE protein has eight characterized members that are divided in to two
sub-classes based on sequence similarity and expression patterns (Kerstetter, et al., 1994). STM,
BREVIPEDICELLUS (BP)/KNAT1, KNAT2 and KNAT6 belong to class I and are expressed in
and regulate shoot apical meristem (SAM) (Lincoln, et al., 1994; Long, et al., 1996; Douglas, et
al., 2002; Belles-Boix, et al., 2006), while KNAT3, KNAT4, KNAT5 and KNAT7 belong to class
II (Hake, et al., 2004) and their functions are less well understood.
One member of the class II KNOX family, KNAT7 appears to have a role in the regulation
of secondary cell wall formation. KNAT7 has been shown as a potential regulator of secondary
wall biosynthesis based on its co-expression with secondary cell wall biosynthetic enzymes
(Persson, et al., 2005; Brown, et al., 2005; Ehlting, et al., 2005). Later it was shown that a knat7
loss-of-function mutant possesses an irregular xylem (irx) phenotype (Brown, et al., 2005). In
addition to its irx phenotype, knat7 mutants have increased cell wall thickness in their
interfascicular fibers (Li, 2009). Furthermore, KNAT7 acts as a transcriptional repressor when
transiently expressed in Arabidopsis protoplasts (Li, 2009) consistent with its proposed role as a
negative regulator of secondary cell wall formation in Arabidopsis interfascicular fibers (Li,
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2009). In addition to its DNA binding function, KNAT7 has also been found to display proteinprotein interactions with other transcription factors (Li, 2009; Hackbusch, et al., 2005).
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Figure 1.5 Cartoon indicating structure of KNAT7, a homeodomain transcription factor.
1.2.2 Transcription factors, protein-protein interactions and protein complex formation in
plants
Expression of a given gene is often regulated by more than one transcription factor. This complex
regulation presumably allows different transcription factors to respond to different stimuli and
form different complexes that effectively integrate incoming signals to regulate different
biological processes and responses. The pattern of interactions may have synergistic effects on
the binding of specific TFs to a given promoter and hence allow the fine-tuning of the regulation
of its expression. It should be noted that these complexes may either activate or repress the
expression of their target gene. Hence, both the diversity as well as the fine-tuning of the
regulation by the transcription factors is thought to be provided, in part, by the interacting protein
partners in such transcriptional complexes (Uhrig, 2006). In addition, this combinatorial nature of
transcriptional control in eukaryotic cells allows for the generation of extensive regulatory
diversity by a relatively limited number of factors. There are many reported direct interactions
between different plant TFs (Singh, 1998). For example, in plants, the cooperation between TFs
was earlier demonstrated to be important for the expression of flavonoid biosynthesis genes
(Goff, et al., 1992), ABA regulated gene expression (Abe, et al., 2003), for trichome development
(Payne, et al., 2000), for phenylpropanoid pathways (Gonzalez, et al., 2008; Fornale, et al., 2006)
as well as many other developmental processes (Penfield, et al., 2001; Zhang, et al., 2003).
Protein interactions of MYBs and homeodomain transcription factors are discussed below.
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MYB transcription factors, complex formation and protein-protein interactions
Regulatory activity of MYB transcription factors is dominated by protein–protein interactions.
R2R3 or R1R2R3 MYB proteins bind DNA in vitro as monomers, (Ogata, et al., 1995) while
heterodimerization and homodimerization is shown by MYB proteins with one MYB repeat (Lu,
et al., 2009). Because of these interactions, these proteins recognize DNA with high affinity and
specificity. The transcriptional activity of some R2R3-MYB factors has been shown to be
dependent in vivo on protein–protein interactions as seen between R2R3-MYB factors and basic
helix–loop–helix (bHLH) proteins. MYB R3 repeat has been shown to be important in providing
the specificity of the interaction between MYB and bHLH proteins (Zimmermann, et al., 2004;
Grotewold, et al., 2000). Interactions with other proteins can also modulate MYB activities in
Arabidopsis, as exemplified by the interactions of MYB30 (Yang, et al., 2009), MYB77 and
MYB18 with partner proteins (Shin, et al., 2007; Yang, et al., 2009; Li, et al., 2009a). Hence,
protein-protein interactions in MYBs are important for providing specificity within their broader
biological functionality.
Homeodomain transcription factors, complex formation and protein-protein interactions
Protein–protein interactions are thought to be crucial for homeodomain protein function. It has
been shown earlier that the MEINOX (KNOX1 and KNOX2) domain is important for interaction
BELL proteins (Bellaoui, et al., 2001; Kumar, 2006; Muller, et al., 2001; Smith, et al., 2002;
Bhatt, et al., 2004). Interactions of KNOX and BLH proteins have been described earlier (Muller,
et al., 2001; Viola and Gonzalez, 2006) and their putative complexes are thought to regulate plant
development. The ELK domain is hypothesized to play role in nuclear localization, proteinprotein interaction and regulating gene activation (Nagasaki, et al., 2001; Meisel and Lam, 1996).
Members of the KNOX family also interact with members of the Arabidopsis OVATE protein
family (OFP) (Hackbusch, et al., 2005) as shown by KNAT7, that has been shown earlier to bind
to OFP4 proteins (Li, 2009; Hackbusch, et al., 2005). Therefore, protein-protein interactions are
also important features of homeodomain TF function and such interactions could reflect specific
roles for these complexes in the regulation of plant development, including secondary cell wall
formation in Arabidopsis.
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1.2.3 Transcription factors and regulation of secondary cell wall formation
Transcription factors are known to be important regulators of most of the structural and
functional phenomena in plant development including secondary cell wall formation. Molecular
and genetic studies in Arabidopsis have elucidated important insights in the transcriptional
regulation mechanisms of secondary wall formation. However, very little information is available
regarding the spatial and temporal pattern of TF regulation of secondary cell wall biosynthesis in
plants. The existing studies have resulted in developing a model for a transcriptional network
that with a cascade of transcription factors that may be involved in the regulation of secondary
wall formation in different cell types (Zhong and Ye, 2007). A number of these transcription
factors in Arabidopsis have been characterized by reverse genetics and many more have been
postulated to play a role in this regulation based on co-expression analyses (Ehlting, et al., 2005).
In addition to those TFs direct regulating the secondary cell wall biosynthetic machinery,
regulators involved in controlling other biosynthetic pathways that feed into the secondary cell
wall-associated pathways (cellulose, hemicellulose, lignin etc.) are also likely to contribute to
secondary cell wall regulation by maintaining the homeostasis of carbon supply.
Aside from direct TF control of the secondary cell wall formation process, many
transcription factor classes have been related with the broader regulation of vascular system
formation and development. Examples of these include the KANADI transcription factor, an
auxin response factor (a class III homeodomain-leucine zipper), involved in determination of
xylem-phloem identity (Ilegems, et al., 2010) and some NAM/ATAF/CUC (NAC) family
proteins, involved in differentiation of various cell types into cells with thickened secondary
walls (Yamaguchi, et al., 2008; Yamaguchi, et al., 2010). Some of these TFs are also may result
in forming transcriptional networks (Demura and Fukuda, 2007; Du and Groover, 2010).
Some of the NAC domain transcription factors like VASCULAR-RELATED NAC
DOMAIN6 (VND6) and VND7, SECONDARY WALL–ASSOCIATED NAC DOMAIN
PROTEIN1 (SND1), NAC SECONDARY WALL THICKENING PROMOTING FACTOR1
(NST1), NST2 function at the top of secondary cell wall regulatory network in the proposed
model (Figure 1.6) to activate the entire secondary wall biosynthesis (Yamaguchi, et al., 2008;
Kubo, et al., 2005; Mitsuda, et al., 2007; Mitsuda and Ohme-Takagi, 2009; Zhong, et al., 2007b;
Zhong, et al., 2006; Mitsuda, et al., 2005; Grant, et al., 2010). Both SND1 and NST1 a have a
role in the development of secondary cell wall in fibers (Mitsuda, et al., 2007; Zhong, et al.,
18

2007b; Zhong, et al., 2006). Another member of NAC, XND1, has been shown to negatively
regulate lignocellulose biosynthesis in xylem cells of Arabidopsis (Zhao, et al., 2008). However,
some of these TFs can also have distinct roles in different tissues/cells. For example, NST1 and
NST3 are both regulators of secondary wall formation in the anthers (Mitsuda, et al., 2005), but
NST1 along with NST2, is also involved in regulating secondary wall formation in woody tissues
of Arabidopsis (Mitsuda, et al., 2007). Similarly, VND6 and VND7 are both involved in
regulating secondary wall formation in vessels of Arabidopsis (Kubo, et al., 2005) but VND7 is
specifically involved in regulating the differentiation of root protoxylem vessels (Yamaguchi, et
al., 2008; Yamaguchi, et al., 2010). These NACs TFs can activate transcription factors that may
lie downstream, and may activate the secondary wall biosynthetic genes directly or indirectly.
The direct targets of SND1 and its close homologs, including NST1, NST2, VND6 and VND7
have been identified and include MYB46, SND3, MYB103 and KNAT7(Zhou, et al., 2009;
Zhong, et al., 2007a; McCarthy, et al., 2009). MYB46 and MYB83 can also regulate the entire
secondary wall biosynthetic network (Ko, et al., 2009; McCarthy, et al., 2009).
Many transcription factors have also been specifically assigned to secondary cell wall
regulation in other tissues like seed coat in Arabidopsis. For example, APETALA2, TTG1 (WD),
TT8 (bHLH), EGL3 (bHLH), TTG2 (WRKY44) GL2 (Homeodomain)(Haughn and Chaudhury,
2005; Gonzalez, et al., 2009), KNAT7 (Li, 2009), MYB5 (Li, et al., 2009b; Gonzalez, et al.,
2009) and MYB61 (Penfield, et al., 2001) have been shown to affect mucilage and/or epidermal
development in the seed coat, along with the secondary cell wall regulation (Figure 1.6).
However, the distinction between the seed coat mucilage biosynthesis transcription factors and
secondary cell wall formation regulators is presently not clear.
MYBs and regulation of secondary cell wall formation
Members of the MYB family also have conserved regulatory roles in secondary cell wall
formation (Figure 1.6). Many members of the R2R3 MYB protein families have been anticipated
as transcriptional regulators of the phenylpropanoid biosynthesis pathway and secondary cell
wall formation (Bomal, et al., 2008; Fornale, et al., 2006; Goicoechea, et al., 2005; Zhou, et al.,
2009; Patzlaff, et al., 2003a). In addition to MYB46 and MYB83 mentioned above, a number of
other Arabidopsis MYBs have been characterized for their involvement in regulation of
secondary cell wall formation. Arabidopsis MYB26 has been shown to regulate secondary
T

T
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thickening in the anthers and is involved in their dehiscence (Yang, et al., 2007). MYB58 and
T

T

T

T

MYB63 (Zhou, et al., 2009) have been shown to be direct regulators of the lignin biosynthetic
pathway in Arabidopsis and more specifically in its stems. MYB61 (Newman, et al., 2004) plays
a broader role in carbon sensing and is involved in other functions in addition to regulate some
aspects of secondary cell wall in Arabidopsis (Liang et al., 2005).

Figure 1.6 Model of the proposed transcriptional network regulating secondary cell wall
(Adapted from McCarthy et al., 2009).
T

T
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The regulatory role of these MYB transcription factors in secondary cell wall formation has also
been characterized in other species in addition to Arabidopsis. Secondary xylem development in
wood has been shown to be regulated by MYB genes in pine (Pinus taeda; Pt MYB1 and Pt
MYB4) and eucalyptus (Eucalyptus grandis; Eg MYB2)(Goicoechea, et al., 2005; Patzlaff, et al.,
2003a). These MYB genes from pine and eucalyptus are proposed to be regulators of lignin
biosynthesis during secondary growth involving secondary cell wall biosynthesis. These TFs are
homologs of Arabidopsis MYB46 (Goicoechea, et al., 2005), which is a master regulator of the
biosynthesis of cellulose, xylan, and lignin (Zhong, et al., 2007a; Ko, et al., 2009; McCarthy, et
al., 2009). Similarly, PttMYB21 from hybrid aspen (Karpinska, et al., 2004) and PtrMYB3 and
PtrMYB20 from poplar (McCarthy, et al., 2010) were shown to be expressed and regulated
during secondary vascular development,
In recent years, a large amount of information has been generated in the field of cell wall
study and has enhanced our understanding of the regulatory network involving TFs and
regulating secondary wall biosynthesis. However, identifying all the players and their roles in the
transcriptional network regulating secondary cell wall is a challenge to achieve in future studies.

1.4 RESEARCH OBJECTIVES
The main objectives of my thesis were motivated by the following three questions:
1. Does MYB75 function in regulation of secondary cell wall formation and carbon
redistribution in the Arabidopsis inflorescence stem?
MYB75 is a known regulator of the anthocyanin branch of the phenylpropanoid pathway in
Arabidopsis, but how this regulation impact other aspects of carbon metabolism including
formation of secondary cell wall is not known. Since the secondary cell wall represents one of the
main carbon sinks in plants, and its formation requires coordination of metabolic fluxes through
both polysaccharide and phenylpropanoid biosynthetic pathways, I hypothesized that
transcription factors such as MYB75 could be involved in regulation and allocation of
photosynthetic carbon among anthocyanin, lignin and other carbon metabolic pathways. To test
this hypothesis, I examined secondary cell wall-enriched Arabidopsis stem tissue using loss-of-
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function and gain-of function mutants to characterize the role of MYB75 in regulation of
secondary cell wall formation.

2. Does MYB75 interact with other known or potential secondary cell wall transcription
factors and if so, what is the role of such complexes in regulating secondary cell wall
formation in the Arabidopsis inflorescence stem?
Protein-protein interactions are responsible for multi-protein complex formation among
transcription factors, but how different protein complexes might regulate secondary cell wall
formation in Arabidopsis stems is not apparent. My hypothesis is that MYB75 interacts with
other secondary cell wall-regulating transcription factors and that the pattern of such protein
interactions would reflect specific roles in regulating secondary cell wall biosynthesis in
Arabidopsis inflorescence stems.

3. Do predicted protein complexes involved in regulating secondary cell wall formation in
the Arabidopsis stem have conserved biological functions in seed coat formation?
Transcription factors execute their regulatory roles in ways that are modulated both spatially and
temporally, but the role they play in different tissue types in the same organism is also conserved
in many instances. My hypothesis is that transcription factor interaction(s) I identified and
characterized in the Arabidopsis stem addressing Question 2 have conserved functional roles in
other tissue types. As a system to test this hypothesis, I examined the development of the
Arabidopsis seed coat, which involves deposition of thick secondary cell walls, to characterize
the role of putative MYB75-associated protein complexes, and to identify novel interacting
partners within this complex.
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Chapter 2. MYB75 functions in regulation of secondary cell wall formation in
the Arabidopsis inflorescence stem

2.1 SYNOPSIS
Deposition of lignified secondary cell walls in plants involves a major commitment of carbon
skeletons in both the form of polysaccharides and phenylpropanoid constituents. This process is
spatially and temporally regulated by transcription factors, including a number of MYB family
transcription factors. MYB75, also called PAP1 (PRODUCTION OF ANTHOCYANIN
PIGMENT1), is a known regulator of the anthocyanin branch of the phenylpropanoid pathway in
Arabidopsis, but how this regulation impacts other aspects of carbon metabolism, especially
secondary cell wall formation in Arabidopsis inflorescence stem is not known. This facet of
MYB75 is being explored in this chapter.

2.2 INTRODUCTION
The allocation of carbon to different metabolic pathways in plants is a central feature of growth
and development in plants (Bloom, et al., 1985; Smith and Stitt, 2007). However, the molecular
underpinnings regulating the sensing and signaling system(s) that are anticipated to link carbon
assimilation to particular metabolic pathways have yet to be identified. Plant secondary cell walls
represent a major carbon sink in plants (Brown, et al., 2005; Pauly and Keegstra, 2008) and many
proteins catalyzing deposition of secondary cell wall polysaccharides and lignin have been
characterized (Zhong and Ye, 2007). For example, the synthesis of cellulose at the plasma
membrane during both primary and secondary cell wall synthesis has been shown to be
dependent on distinct CESA (Cellulose Synthase A) proteins. The deposition of cellulose in the
secondary cell wall involves CESA4, 7 and 8 in Arabidopsis (Persson, et al., 2005; Brown, et al.,
2009; Brown, et al., 2005; Somerville, et al., 2004), while primary cell wall cellulose formation is
orchestrated by CESA3, 6 and 9 (Joshi and Mansfield, 2007). Additional polysaccharide
components are synthesized by enzymes involved in hemicellulose production, primarily of the
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glycosyltransferases (GT) families (Persson, et al., 2007; Brown, et al., 2009). Secondary cell
wall lignin biosynthesis requires the activity of both core phenylpropanoid pathway enzymes
such as L-phenylalanine ammonia-lyase (PAL) and cinnamate 4-hydroxylase (C4H), as well as
enzymes more directly engaged with lignin biosynthesis, including

caffeoyl-CoA O-

methyltransferase (CCoAOMT) (Do, et al., 2007), ferulate 5-hydroxylase (F5H)(Meyer, et al.,
1998), cinnamoyl-CoA reductase 1, CCR1 (Mir Derikvand, et al., 2008) and cinnamyl alcohol
dehydrogenase (CAD)(Sibout, et al., 2005). The regulation of the corresponding genes is in part
facilitated by a number of transcription factors (TFs) which have been shown to regulate
secondary cell wall formation in Arabidopsis and other plants, and include members of the NAC
domain (Kubo, et al., 2005) and MYB family of transcription factors (Zhong and Ye, 2007;
Zhong and Ye, 2009).
Lignin biosynthesis represents a major terminal product of phenylpropanoid metabolism,
a multi-branched system of reactions that converts the carbon skeleton of L-phenylalanine into a
wide variety of phenolic plant metabolites. Another major branch of phenylpropanoid
metabolism generates flavonoids, a diverse group of phenolics that includes flavonols,
isoflavonoids, leucoanthocyanidins (tannins) and anthocyanins. Various transcription factors,
including a number of MYB family proteins, have been shown to directly or indirectly regulate
the activity of genes encoding enzymes involved in specific branches of the phenylpropanoid
pathway, (Zhong and Ye, 2007; Zhong and Ye, 2009; Davies and Schwinn, 2003; Dubos, et al.,
2005; Gonzalez, et al., 2008), but less is known about the transcriptional regulation of carbon
partitioning across different branches of phenylpropanoid metabolism by individual transcription
factors.
MYB75 (At1g56650), also known as PAP1 (PRODUCTION OF ANTHOCYANIN
PIGMENT1) was earlier identified as a positive regulator of anthocyanin biosynthesis in
Arabidopsis, based on the strong accumulation of anthocyanins in activation-tagged seedlings
over-expressing the MYB75/PAP1 gene (Borevitz, et al., 2000; Pourtau, et al., 2006; Gonzalez, et
al., 2008). In addition to this impact of PAP1 over-expression on anthocyanin production, the
activity of PAP1/MYB75 has been found to influence senescence (Bernhardt, et al., 2003),
sucrose signaling (Teng, et al., 2005), and lignin deposition in Arabidopsis (Borevitz, et al.,
2000). A loss-of-function MYB75 allele (myb75-1) harbors mutations inside the DNA-binding
domain of the encoded protein (Teng, et al., 2005) and myb75-1 plants show only a very weak
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anthocyanin accumulation response to elevated levels of sucrose. The expression of the MYB75
gene is also responsive to a number of abiotic factors, including nitrogen deficiency, phosphate
T

P

TP

starvation, high temperature and high light intensity (Rowan, et al., 2009; Lea, et al., 2007;
Misson, et al., 2005; Tohge, et al., 2005b; Tohge, et al., 2005a; Morcuende, et al., 2007; Muller,
et al., 2007; Vanderauwera, et al., 2005), and this spectrum of metabolic and environmental
sensitivities suggests that, in addition to modulating anthocyanin biosynthesis, MYB75 might
play a more general role in regulating cellular metabolism.
Since the secondary cell wall represents one of the main carbon sinks in plants, and its
formation requires coordination of metabolic fluxes through both polysaccharide and
phenylpropanoid biosynthetic pathways, I postulated that transcription factors such as MYB75
could be involved in the allocation of photosynthetic carbon between these two dissimilar, yet
highly important end-products. The Arabidopsis inflorescence stem has a high developmental
commitment to secondary wall formation, which makes this tissue particularly well-suited to
study the regulation of secondary cell wall deposition by specific transcription factors. It is
shown here that while MYB75 over-expression results in up-regulation of anthocyanin
accumulation, as previously reported (Borevitz, et al., 2000), a myb75 loss-of-function mutant
displays an overall increase in secondary cell wall formation, accompanied by elevated
expression of genes encoding enzymes integral to the biosynthesis of lignin and secondary cell
wall polysaccharides. This suggests that MYB75 may be acting as a repressor of the lignin
branch of the phenylpropanoid pathway.

2.3 MATERIALS AND METHODS
2.3.1 Plant material
The Arabidopsis loss-of-function allele of MYB75 (myb75-1) (pst16228) is the result of a Ds
insertion at the MYB75 locus, in the Nossen ecotype background (Kuromori, et al., 2004) and was
obtained from the RIKEN Bioresource Centre (http://rarge.gsc.riken.jp/dsmutant/index.pl. This
HTU

UTH

allele has been genetically characterized earlier and demonstrated to possess a Ds insertion
tightly linked to the MYB75 phenotype (Teng, et al., 2005). I further confirmed this insertion in
the MYB75 locus and identified plants homozygous for this insertion by PCR screening. For
genotyping of the homozygous insertion lines, primer sequences used were: left primer (LP), 5′25

TGGTTTTGTAGGGCTAAACCG-3′

and

right

primer

(RP),

5′-

AAACACCGGATACATACCTTTTTC-3′. When the fragment was amplified using LP with ds53

(5′-TACCTCGGGTTCGAAATCGAT-3′)

and

RP

with

ds3-2a

(5′-

CCGGATCGTATCGGTTTTCG-3′), the wild-type produced a PCR product of approximately
900 bp (from LP to RP). Lines carrying the homozygous insertion produced an approximate 500
bp band (from RP to ds 3-2a), while heterozygous lines produced both bands. The PCR
amplification program used for this analysis used a cycle of 94°C for 2 min; 30 cycles of 94°C
for 30 s, 60°C for 45 s, and 72°C for 3 min followed by 72°C for 10 min.
The gain-of-function mutant for MYB75 (MYB75(o/x)) (Borevitz, et al., 2000) is an
activation-tagged mutant (pap-1D) in the Columbia background, and was obtained from the
Arabidopsis Biological Resource Center. Homozygous plants of each genotype were used for all
experiments, along with appropriate wild type plants (myb75-1 vs. Nossen and pap1-D vs.
Columbia) as comparison controls.
Seeds were surface-sterilized using 20% commercial bleach, cold-treated at 4°C in the
dark for 2 days and plated on ½ MS agar medium (2.16 g/l MS salts, 1% sucrose, 1% Bacto-agar
pH 6.0 adjusted with 1 M KOH (Murashige and Skoog, 1962). Ten-day-old seedlings were
P

grown in a moistened Sunshine Mix #1 (Sun Gro Horticulture Canada Ltd),with a 16/8 h
P

(light/dark) photoperiod at approximately 120 µmol m−2 sec−1 and a temperature of 23°C, unless
P

P

P

P

specified otherwise. Growth comparisons were performed on 6-week-old plants grown under the
above described conditions. For TEM, microscopy and qRT-PCR experiments, inflorescence
stems were harvested from eight-week-old plants and the lower half of the stem was used for
analysis. For chemical analyses, whole stems were dried in a 50°C oven overnight and ground
in a Wiley mill to pass a 40-mesh screen.

2.3.2 Analysis of anthocyanin content
Seedling anthocyanin content was determined using a procedure modified from that of Neff and
Chory (1998). In short, at least two groups (50 seedlings each) of eight-day-old seedlings from
each genotype were extracted overnight in 150 µl methanol which was acidified with 1% HCl.
P

P

P

P

After the addition of 100 µl distilled water and 250 µl chloroform, anthocyanins were separated
P

P

from chlorophylls by solvent partitioning. Total anthocyanin content in the aqueous phase was
P

P
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determined spectroscopically by measuring the A530 and A657. By subtracting the A657 from the
B

A530,
B

B

the

relative

amount

of anthocyanin
P

P

B

per

B

B

seedling

B

was

calculated

B

[(A530

A657) × 50 seedling 1].
P

P

2.3.3 GUS reporter gene analyses
Transgenic Arabidopsis plants (T2) generated earlier by Gonzalez et al. (2008) were employed in
B

B

this study (gift from Dr. A.M. Lloyd (University of Texas at Austin, TX). They express a
T

T

MYB75pro::GUS construct derived from the 2.2 kb genomic DNA region upstream of the
MYB75 coding sequence in the Columbia ecotype, fused with the beta-glucuronidase coding
sequence. Histochemical analysis of the GUS reporter gene expression was performed as
described previously (Malamy and Benfey, 1997) using different plant organs, as well as
transverse hand sections of inflorescence stems of 6-8-week-old T2 MYB75pro::GUS transgenic
B

TB

T

plants.

2.3.4 Protoplast isolation, transfection and GUS activity assay
For protoplast isolation, leaves from 3–4 weeks old Columbia wild type plants were used and
subsequent transfection and GUS activity assays were performed as described previously (Wang,
et al., 2007). The plasmid DNAs for reporter and effector genes were isolated using Endofree
Plasmid Maxi Kits (Qiagen, Mississauga, Ontario, Canada). Both effector plasmid (10 µg) and
reporter plasmid (10 µg) were co-transfected and all assays were performed in triplicate.

2.3.5 Localization of MYB75-YFP
To examine the subcellular localization of MYB75–YFP in protoplasts, the Gateway
recombination cassette (Invitrogen) from pEARLYGATE104 (Earley, et al., 2006) was used as a
destination vector for generation of an N-terminal YFP fusion of MYB75. The resulting plasmid
was transfected into freshly prepared Arabidopsis leaf mesophyll protoplasts, and incubated for
20–22 hours (Wang, et al., 2007). YFP fluorescence was visualized using a Leica DM-6000B
fluorescence microscope and photographed with a Leica digital image system (Leica
Microsystems).
27

2.3.6 qRT-PCR
For organ-specific expression analyses, total RNA was isolated from different organs of 6-weekold Arabidopsis (Nossen WT) plants (three biological replicates, each consisting of pooled
tissues from 8-10 plants) and qPCR was performed as described below. Relative values are
arbitrary units and were calculated as described previously (Gutierrez, et al., 2008). For the
secondary cell wall-specific and lignin-specific gene expression study, total RNA for real-time
PCR was isolated from the lower half of inflorescence stems (WT, myb75-1 and MYB75(o/x))
with three biological replicates (each consisting of pooled stems from 8-10 plants) using the
RNeasy Mini Protocol (Qiagen). To eliminate residual genomic DNA, the RNA was treated with
P

P

P

P

RNAse-free DNAseI according to the manufacturer's instructions (Qiagen). The concentration of
P

P

RNA was quantified using the absorbance at 260 nm and the quality was assessed using the
A260/A280 ratio. Total RNA (2 µg) was reverse transcribed using the SuperScript® VILO™
cDNA synthesis kit (Invitrogen) according to the manufacturer's instructions. cDNA was diluted
P

P

(1:20) and 2 µl was used in each reaction in a 20 µl reaction volume. PCR amplification was
performed with gene-specific primers for secondary cell wall or lignin-specific genes (Table S1),
using Actin8 as a normalization control (Table S1). Actin8 was chosen as the reference gene for
this study as its expression has been shown to be relatively invariant (An, et al., 1996). However,
in my experiments, stable expression of Actin8 was reconfirmed in inflorescence stem samples
(data not shown). The cDNA was amplified using the PerfeCta™ qPCR FastMix (Quanta
Biosciences) on the DNA Engine Opticon® 2 (Bio-Rad).

Differences in gene expression,

expressed as fold-change relative to control, were calculated using the [delta][delta]Ct = 2
B

[delta]Ct,Actin - [delta]Ct,gene
P
P

B

method. Each measurement was carried out in triplicate, and the error bars

represent standard error of the mean (SEM) of fold-changes for the three biological replicates.

2.3.7 Bright field and transmission electron microscopy
Tissue for light and transmission electron microscopy (TEM) was harvested from the
inflorescence stem (5 cm from the base) of 8-10-week-old plants and fixed with glutaraldehyde.
Fixed stems were vacuum infiltrated in 1% osmium tetroxide, 0.05M sodium cacodylate (pH 6.9)
for 30 minutes, rinsed twice and then dehydrated through an aqueous alcohol series (30-100%; 15
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minutes for each dilution). Dehydrated stems were soaked twice in anhydrous acetone before
embedding in low viscosity Spurr’s resin. Sections (0.5 µm) were cut using a Leica Ultracut T
and Druuker diamond Histoknife, and stained with Toluidine Blue for bright field microscopy
(using an Olympus AX70 microscope) or with uranyl acetate for TEM (viewed on a Hitachi
H7600 PC-TEM).
For cell wall thickness measurements, the width of the secondary cell wall in micrographs
obtained from TEM was quantified in 75 cells for each genotype, using ImageJ software
(http://rsbweb.nih.gov/ij/).

2.3.8 Chemical analysis
Lignin content was determined by a modified Klason method, according to Coleman et al.
(2008), in which solvent-extracted ground Arabidopsis stem tissue (0.1 g) was treated with 3 ml
72% H2SO4 for 2 hours at room temperature, and then diluted to 3% H2SO4 and autoclaved for 60
B

B

B

B

B

B

B

B

minutes. The concentrations of different monosaccharides in the acid hydrolysate were
determined by using high-performance liquid chromatography (HPLC)-(DX-500; Dionex) which
was equipped with an anion exchange PA1 (Dionex) column, a pulsed amperometric detector
with a gold electrode, and a SpectraAS3500 auto injector (Spectra-Physics). Each analysis was
run in duplicate. The monosaccarides were separated on the PA1 column with water at a flow
rate of 1 ml/min and the eluate received a post-column addition of 200 mM NaOH (0.5 ml/min)
prior to detection.
Thioacidolysis was performed as described by Robinson and Mansfield (2009), and the reaction
products were analyzed by gas chromatography.

2.3.9 Microarray analysis
Total RNA was extracted from Arabidopsis inflorescence stems (Nossen wild type and myb75-1)
using a QIAGEN Plant Mini RNA extraction kit (Qiagen Inc.). The quantity and quality of total
RNA were assessed on the Agilent 2100 Bioanalyzer (Agilent Technologies) using the Agilent
RNA 6000 Nano kit and reagents. Samples of total RNA (10 µg) for six WT and six myb75-1
biological replicates were reverse transcribed using a SuperScript II RT kit (Invitrogen) and the

29

appropriate 3DNA primers (cyanine5- or cyanine3-specific capture sequences) to achieve dye
balance with two technical replicates for each of three biological replicate pairings. The 3DNA
Array 350 kit (Genisphere) was used according to manufacturer specifications for cDNA
hybridizations, and subsequent 3DNA (dendromer) fluorescent probe hybridizations onto
custom-made full-genome (30K) Arabidopsis 70-mer oligo arrays (Ehlting, et al., 2005; Douglas
and Ehlting, 2005) printed at the Prostate Centre Microarray Facility, Vancouver, Canada.
Hybridizations were carried out using a Slidebooster SB401 (Advalytix) according to Array 350
specifications and the hybridized slides were scanned with a ScanArray Express (PerkinElmer).
Scanned images were quantified using Imagene software (BioDiscovery), and the resulting data
were analyzed in the R package using Bioconductor tools and custom scripts. For background
correction, the mean of the dimmest five percent of spots in a particular sub-grid (grouping of 26
x 27 spots) was used as the background value for the spots in that sub-grid. Backgroundcorrected spot intensities were then normalized on each array using the robust local-linear
regression algorithm LOWESS (or LOESS) included in the R package, with a span of 0.7 (Yang,
et al., 2002). The relative expression ratio for each gene represents the average of three biological
replicates, where p-value significance estimates were computed using a two-tailed Students ttests (alpha = 0.05) and adjusted for false discovery rate using a q-value correction based upon
Storey (2002).
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2.3.10 Primers
Table 2.1 Primers used in this study (Chapter 2).
Gene ID

Name

Primer sequence (5’-3’)

At1g56650

MYB75

At2g37040

PAL1

At2g30490

C4H

At1g51680

4CL1

At5g48930

HCT

At2g40890

C3H1

At4g34050

CCOMT 1

At1g15950

CCR1

At4g36220

F5H

At5g54160

COMT1

At4g34230

CAD5

At4g32410

CesA1

At5g05170

CesA3

At2g21770

CesA6

At5g44030

CesA4

At5g17420

CesA7

At4g18780

CesA8

At5g54690

IRX8

At2g37090

IRX9

At2g28110

FRA8

At5g60690

IFL1

At3g54890

LHCA1

MYB75-L: TGGCACCAAGTTCCTGTAAG
MYB75-R: AAGCCTATGAAGGCGAAGAA
PAL1-L: AAGATTGGAGCTTTCGAGGA
PAL1-R: TCTGTTCCAAGCTCTTCCCT
C4H-L: ACTGGCTTCAAGTCGGAGAT
C4H-R: ACACGACGTTTCTCGTTCTG
4CL1-L: TCAACCCGGTGAGATTTGTA
4CL1-R: TCGTCATCGATCAATCCAAT
HCT-L: GCCTGCACCAAGTATGAAGA
HCT-R: GACAGTGTTCCCATCCTCCT
C3H1-L: GTTGGACTTGACCGGATCTT
C3H1-R: ATTAGAGGCGTTGGAGGATG
CCOMT1-L: CTCAGGGAAGTGACAGCAAA
CCOMT1-R: GTGGCGAGAAGAGAGTAGCC
CCR1-L: GTGCAAAGCAGATCTTCAGG
CCR1-R: GCCGCAGCATTAATTACAAA
F5H-L: CTTCAACGTAGCGGATTTCA
F5H-R: AGATCATTACGGGCCTTCAC
COMT1-L: TTCCATTGCTGCTCTTTGTC
COMT1-R: CATGGTGATTGTGGAATGGT
CAD5-L: TTGGCTGATTCGTTGGATTA
CAD5-R: ATCACTTTCCTCCCAAGCAT
CesA1-L: GGTATTTATTGCGGCAACCT
CesA1-R: ATCCAACCAATCTCTTTGCC
CesA3-L: ACAGCCAACACAGTGCTCTC
CesA3-R: TGGTACCCATTTACGAGCAA
CesA6-L: TGCCCTTGAGCACATAGAAG
CesA6-R: GCACTCCACCATTTAGCAGA
CesA4-L: GGATCAGCTCCGATCAATTT
CesA4-R: ACCACAAAGGACAATGACGA
CesA7-L: CAGGCGTACTCACAAATGCT
CesA7-R: TGTCAATGCCATCAAACCTT
CesA8-L: ACGGAGAGTTCTTTGTGGCT
CesA8-R: GGTCTGTGTTGGAACAATGG
IRX8-L: GTGGTCACAGGGAAAGGATT
IRX8-R: AGCAAGAGAGGAGCAAGGAG
IRX9-L: TTTGCGGGACTAAACAACAT
IRX9-R: ATCGGAGGCTTTGTCTCTGT
FRA8-L: GACTTGTTGAATCGGTGGCTC
FRA8-R: GAAAGAGTTTGACCTTCTAAC
IFL1-L: CCAAGCTGTGAATCTGTGGTC
IFL1-R: CGATCTTTGAGGATCTCTGCA
At3g54890-L: GGTTTGACCCACTTGGACTT
At3g54890-R: TGAGCCTTAACCCAGTTTCC

At1g61520

LHCA3

At5g54270

LHCB3

At1g45130

BGAL5

At5g10430

AGP4

At5g26000

BGLU38

At1G49240

ACT8

At1g61520-L: AGATGGCTCTGATGGGATTC
At1g61520-L: GAGGGTTGAAGAAAGGTCCA
At5g54270-L: GGCTTCTTTGTTCAAGCCAT
At5g54270-R: GGTGCAAACTTAGTTGCGAA
At1g45130-L: CTAAAGACGGTGGCTTGGAT
At1g45130-R: AAGACCCACTTCCTGAATCG
At5g10430-L: GCTCCTTCTCCTGCTGATGT
At5g10430-R: AAAGCCTTGTTGGAGAATGC
At5g26000-L: AAGGCTTCATCTTCGGTGTT
At5g26000-L: ATTTCCCAAATCAGCTCCAC
Act8-L: TCTAAGGAGGAGCAGGTTTGA
Act8-R: TTATCCGAGTTTGAAGAGGCTAC
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2.3.11 Accession numbers
GenBank database accession numbers for the genes involved in this work are MYB75
P

P

P

P

(At1g56650), MYB63 (At1g79180), MYB20 (At1g66230), CesA8 (At4g18780), CesA7
(At5g17420), CesA4 (At5g44030), IRX8 (At5g54690), IRX9 (At2g37090), CesA1 (At4g32410),
P

P

CesA3 (At5g05170), CesA6 (At5g64740), FRA8 (At2g28110), IFL1 (At5g60690), PAL1
(At2g37040), C4H (At2g30490), C3H1 (At2g40890), 4CL1 (At1g51680),
P

P

CCoAOMT1

(At4g34050), HCT (At5g48930), F5H1 (At4g36220), CAD5 (At4g34230),. COMT (At5g54160),
CCR1 (At1g15950),
P

P

2.4 RESULTS
2.4.1 MYB75 expression in wild-type and in gain and loss –of- function mutants
To study the role of MYB75 in regulating cell wall biosynthesis and phenylpropanoid
metabolism, an activation-tagged MYB75 gain-of-function mutant (Figure 2.1A) (pap1-D),
referred to here as MYB75(o/x), was compared with a loss-of-function transposon-tagged Ds
T

T

insertion mutant (myb75-1) (Figure 2.1A). Plants homozygous for both MYB75 (o/x) and myb751 alleles were identified by PCR-aided genotyping and the abundance of MYB75 transcripts was
assessed using qRT-PCR. As expected, MYB75 transcript abundance was higher in the overexpression line than in wild-type plants, while negligible MYB75 expression was detected in the
loss-of-function mutant (Figure 2.1B).
MYB75(o/x) seedlings showed elevated levels of anthocyanin accumulation under normal
growth conditions, as reported earlier (Borevitz, et al., 2000), while the anthocyanin content was
slightly reduced from wild type levels in myb75-1 seedlings (Figure 2.1C), a pattern that is
consistent with MYB75 acting as a positive regulator of this branch of the phenylpropanoid
pathway. No visible difference in growth or inflorescence stem morphology was observed when
the mutants were compared with their corresponding WT controls (Figure 2.1D) and grown under
normal growth conditions.
When MYB75 expression was assessed in various tissues of six-week-old plants by qRTPCR, transcript levels were found to be highest in the lower part of inflorescence stem (Figure
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2.2A). Lower levels of MYB75 transcripts could be detected in flowers, leaves and siliques, but
none could be detected in roots (Figure 2.2A).

Figure 2.1 Activation-tagged and Ds insertion mutants of MYB75, anthocyanin content and
growth and inflorescence stem phenotype. (A) Modified and adapted schematic diagram of MYB75
gene and position of activation tag (MYB75 (o/x) (Borevitz et. al (2000)) or Ds insertion (myb75)
(Kuromori et. al. (2004)). (B) qRT-PCR analysis of MYB75 expression in myb75 and MYB75(o/x).
Reduction in transgenic level is seen in myb75-1 and up-regulation in MYB75(o/x). Error bars
represent SE of three biological replicates. (C) Comparison of anthocyanin accumulation in wildtype and the mutant seedlings (myb75-1 and MYB75(o/x). The anthocyanin is expressed as relative
amount of anthocyanin per seedling. Bar represents SE of three independent replicates. (D)
Comparison of growth and inflorescence stem phenotype in Nossen-WT vs. myb75-1 and
Columbia-WT vs. MYB75(o/x) in 6-weeks-old Arabidopsis plants.
T

T

33

Figure 2.2 Expression pattern of the MYB75 in mature Arabidopsis plant and stems.
(A) Quantitative PCR analysis showing the expression of MYB75 in stems. The expression level
of MYB75 is relative to actin and is expressed in arbitrary units. Error bars represent SE of three
biological replicates.(B) GUS expression pattern in different organs of mature MYB75::GUS
plants (a) in leaf midrib (b) in the epidermal cells of the flower (c) in the epidermis of the silique
(d) and in cortex and in vascular bundles in the cross-section of lower inflorescence stem.
T
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In order to obtain a more refined spatially and developmentally resolved picture of the
expression of MYB75, transgenic Arabidopsis plants containing a MYB75pro::GUS transgene
were examined using histochemical staining for GUS activity (Figure 2.2B).
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It had been

previously reported that GUS expression is seen in most parts of MYB75pro::GUS seedlings
(Gonzalez, et al., 2008), but in six-week-old plants we found that GUS activity was primarily
localized in the vasculature of leaves and flowers (Figure 2.2B (a) and (b)), and in the epidermis
of siliques (Figure 2.2B (c)), but not in roots (data not shown), a pattern consistent with the qRTPCR data. Within the lower portion of the inflorescence stem, where the highest levels of MYB75
transcript had been detected, GUS activity was observed specifically in the cortex, vascular
bundles and fibers (Figure 2.2B (d)).

2.4.2 MYB75 is nuclear localized and acts as a transcriptional activator
An Arabidopsis protoplast transient expression system was used to assay the sub-cellular
T

localization of a MYB75–YFP fusion protein, which was found to accumulate in the nucleus
(Figure 2.3A). A protoplast transfection system (Wang, et al., 2007) was also employed to assess
the transcriptional repression or activation activity of MYB75. Co-transfection of a GAL4:GUS
reporter construct with an effector construct containing the MYB75 open reading frame fused to
the GAL4 DNA-binding domain (GD) (Figure 2.3B) revealed that MYB75 could weakly activate
expression of the GUS reporter gene being recruited to the promoter region of the reporter gene
by GD (Figure 2.3C (a)).
To test the possibility that MYB75 might act as a transcriptional repressor, I co-expressed
a construct containing the GUS gene driven by the CaMV35S promoter supplemented with both
LexA and Gal4 DNA binding sites. When co-transfected with the MYB75-GD effector construct
and the transactivator LD-VP16 (VP16 fused to LexA DNA-binding domain (LD)), the MYB75GD gene product failed to suppress activation of the GUS reporter by LD-VP16. As a positive
control, I also co-expressed the target reporter with a KNAT7-GD construct that had been
previously shown function as a repressor (E. Li, S. Wang, J-G Chen, and C. J. Douglas, in
preparation). As expected, KNAT7 expression strongly reduced GUS expression from the
35S/LexA/Gal4 promoter::GUS reporter (Figure 2.3C (b)). Taken together, these data suggest
that, when acting alone, MYB75 may act as a weak transcriptional activator, but not as a
repressor.
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+ LD-VP16

Figure 2.3 Nuclear localization and transcriptional activity of MYB75. (A) Protoplast transfected
with 35S:MYB75-YFP. Left: DIC image; middle, YFP channel; right, merged images. (B)
Effectors and reporter constructs used in the transfection assays. (C) Transcriptional activity of
MYB75. Effector genes are the fusion of the Ga14 DNA-binding domain (GD) in-frame with
MYB75 or KNAT7. Effector gene plasmid DNA and reporter gene Gal4: GUS plasmid DNA
were co-transfected into Arabidopsis leaf mesophyll protoplasts. GUS activity was assayed after
the incubation of transfected protoplasts in darkness for 20–22 h. Shown are means ± SE of three
replicates. (a) MYB75 is a weak transcriptional activator. (b) MYB75 does not repress the
expression of the reporter activated by a transactivator.
T
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2.4.3 Loss of MYB75 function affects secondary cell wall structure and composition
The RIKEN line pst16228 (myb75-1 loss-of-function) has a transposon element insertion in the
third exon of MYB75 (Figure 2.1), and this Ds insertion event is linked to the phenotype of
T

T

myb75-1 as evident in the previous work (Teng, et al., 2005). No other loss-of-function alleles
appear to be available, but a MYB75/PAP1-RNAi line has been reported to display an
T

T

anthocyanin-deficient phenotype similar to that of pst16228 seedlings (Gonzalez, et al., 2008),
confirming that this pigment phenotype is due to loss of MYB75/PAP1 function.
T

T

When the basal portion of the inflorescence stem in myb75-1 plants was examined in
Toluidine Blue-stained cross sections (Figure 2.4A), and by transmission electron microscopy
(Figure 2.4B), the secondary cell walls of the interfascicular fibers appeared to be thicker,
compared with wild-type plants, while no change in vessel wall thickness or cell morphology was
P

P

apparent (Figures 2.4A and 2.4B). Measurements taken from TEM micrographs confirmed that
the interfascicular fiber wall thickness was increased in myb75-1 plants, while little or no change
was observed in vessel or xylary fiber wall thickness (Figure 2.4C). In the MYB75(o/x) plants,
vessel thickness was significantly decreased adding to the possibility that MYB75 is a negative
regulator of secondary cell wall formation in Arabidopsis stems. No obvious differences were
observed in the primary cell walls.
To determine if these changes in interfascicular fiber wall thickness might be associated
with changes in cell wall chemistry, the Klason lignin content in mature inflorescence stems of
P

P

both loss-of-function and gain-of-function mutant plants was assayed. Klason lignin content was
significantly greater in stems of myb75-1 plants, but remained unaffected in the MYB75(o/x)
genotype (Table 2.2). Thioacidolysis was used to estimate the relative amounts of syringyl (S)
and guaiacyl (G) monomers in the inflorescence stem lignin. This analysis revealed that the S/G
monomer ratio was lower in myb75-1 plants as compared to the wild type, due primarily to lower
levels of S subunits released by thioacidolysis (Table 2.3).
In the MYB75(o/x) genotype, the S/G ratio was higher than in wild type, due both to an
increase in released S units, and a decrease in released G units (Table 2.2). When changes in cell
wall carbohydrate content in both myb75-1 and MYB75(o/x) lines were assayed, no significant
changes in glucose content were observed, nor were significant differences detected in galactose,
rhamnose, mannose or arabinose content in either mutant (Table 2.4).
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Figure 2.4 Secondary wall thickening in interfascicular fibers and vessels in myb75-1 and
MYB75 (o/x) plants.The bottom inflorescence stem of Arabidopsis plants were used for
assessment of secondary walls in fibers and vessels. (A) Toluidine Blue staining of the crosssections in mutants and WT (Top; as indicated). Higher magnification of the Toluidine Blue
stained sections (Lower panel; as indicated). myb75-1 show thickened cell wall as compared to
WT. (B) Transmission electron microscopy of wild type, myb75-1 and MYB75(o/x). myb75-1
show thickened interfascicular fibers. (C) Measurements of secondary cell wall thickness in WT
and mutants (as indicated) (µm)). The wall thickness was measured from transmission electron
micrographs of fibers and vessels. Data are means (µm) ± SE from 75 cells. if, interfascicular
fiber; ve, vessel; xf, xylary fiber. Bars = 50 µm and 100 µm (as indicated) in (A), and 5 µm in
(B).
T
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Table 2.2 Lignin content in the lower stems of the
wild type and mutants
Plant

Lignin (mg/100mg)

WT (Nos)

18.61 ± 1.01

myb75-1

23.24 ± 3.07

WT (Col)

21.09 ± 2.81

MYB75(o/x)

20.17 ± 2.89

Lignin content in the lower stems of the wild type and mutants as determined by Klason analysis.
The analysis reveals a higher lignin content in myb75-1 as compared to WT. Each data point is
the mean (mg/100 mg dry cell walls) ± SE of two separate assays.

Table 2.3 Lignin composition in the lower stems of the wild type
and mutants.
Monomer composition %
Plant

G lignin

S lignin

S/G

WT (Nos)

55.61 ± 0.38

44.39 ± 0.40

0.78

myb75-1

58.94 ± 0.16

41.06 ± 0.18

0.67

WT (Col)

63.75 ± 0.18

36.25 ± 0.20

0.57

MYB75(o/x)

61.15 ± 0.56

38.85 ± 0.48

0.64

Lignin composition in the lower stems of the wild type and mutants as determined by
thioacidolysis. Analysis show changes in S/G ratio in myb75-1 as compared to WT. Each data
point is the mean ± SE of four replicates.
T
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Table 2.4 Cell wall composition in the lower stems of the wild type, and mutants
determined by Klason analysis
WT (Nos)

myb75-1

WT (Col)

362.40 ± 1.77

371.80 ± 8.98

321.00 ± 14.84

291.70 ± 20.24

11.40 ± 3.56

12.20 ± 2.47

12.60 ± 1.65

10.80 ± 4.65

104.00 ± 6.77

107.70 ± 2.29

97.10 ± 3.84

85.40 ± 8.67

Mannose

21.80 ± 5.50

20.20 ± 0.25

23.20 ± 5.63

21.70 ± 4.22

Rhamnose

9.40 ± 1.03

10.90 ± 3.53

13.4 ± 1.62

9.70 ± 1.50

Galactose

18.20 ± 1.10

18.40 ± 1.53

18.30 ± 1.97

18.50 ± 2.91

Glucose
Arabinose
Xylose

MYB75(o/x)

Cell wall composition in the lower stems of the wild type and mutants determined by Klason
analysis. Each data point is the mean (mg/100mg dry cell walls) ± SE of two separate assays.

2.4.4 Loss of MYB75 function affects expression of genes associated with secondary cell wall
formation
Since manipulation of MYB75 function led to changes in lignin content, I used qRT-PCR to
examine the expression of genes encoding enzymes associated with phenylpropanoid metabolism
and lignin monomer biosynthesis. This gene expression analysis focused on the lower
inflorescence stems of the myb75-1 and MYB75(o/x) lines, and compared these with the
respective wild-type backgrounds. Many of the genes examined were found to be up-regulated in
the myb75-1 stems (Figure 2.5A), while their expression was generally unaffected in the MYB75
over-expression background. I also assayed the expression of genes associated with cellulose and
hemicellulose metabolism in secondary cell wall deposition or remodeling (Figure 2.5B). While
expression of primary cell wall-associated cellulose synthase genes (CesA3, CesA5 and CesA6)
did not show any change in expression in either the loss-of function or gain-of-function mutant,
genes encoding the cellulose synthase isoforms (CesA4, 7 and 8) believed to be specifically
responsible for biosynthesis of secondary cell wall cellulose microfibrils (Taylor, et al., 2004)
were strongly up-regulated in the myb75-1 plant stems (Figure 2.5B).
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Figure 2.5 Secondary cell wall-associated gene expression in lower stems of myb75-1. (A) Realtime quantitative PCR analysis of the expression of lignin biosynthetic genes in lower
inflorescence stems of MYB75 over-expresser (MYB75(o/x)) and loss-of-function mutants
(myb75-1) compared with the wild type. The expression levels of most of the genes in the lignin
pathway were examined. PAL1, phenylalanine ammonia lyase 1; C4H, cinnamate 4-hydroxylase;
4CL1, 4-coumarate CoA ligase 1; HCT, hydroxycinnamoyl CoA:shikimate/quinate
hydroxycinnamoyltransferase; C3H1, coumarate 3-hydroxylase 1; CCoAOMT1, caffeoyl CoA 3O-methyltransferase 1; CCR1, cinnamoyl CoA reductase 1; F5H1, ferulate 5-hydroxylase 1;
COMT1, caffeic acid O-methyltransferase 1; CAD5, cinnamyl alcohol dehydrogenase 5. (B)
Expression of secondary wall biosynthetic genes in lower inflorescence stems of MYB75 overexpresser (MYB75(o/x)) and loss-of-function mutants (myb75-1) compared with the wild type and
real-time quantitative PCR analysis. The expression levels of genes involved in the biosynthesis
of cellulose in primary cell wall (CesA1, CesA3, CesA6), cellulose in secondary cell wall (CesA4,
CesA7 and CesA8) and xylan (FRA8, IRX8 and IRX9), were examined. Error bars represent SE of
three replicates.
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In contrast to this impact on wall synthesizing systems, the expression of IFL1, a gene
regulating interfascicular fiber differentiation in Arabidopsis (IFL1), or of putative
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glucuronyltransferase, FRA8, did not show any changes relative to wild type stems. Interestingly,
however, expression of two xylan biosynthetic genes, IRX8 and IRX9 (Persson, et al., 2007; Pena,
P

P

et al., 2007) was increased in myb75-1 (Figure 4B). No reciprocal pattern of reduced gene
P

P

expression of either phenylpropanoid or CesA genes was observed in the MYB75 over-expression
plants, relative to wild type plants (Figure 2.5).
To verify the observations reported earlier in literature for MYB75(o/x) (Borevitz, et al.,
2000; Tohge, et al., 2005b), qRT-PCR was performed to examine the expression of genes
encoding enzymes associated with phenylpropanoid metabolism and lignin monomer
biosynthesis in eight-day-old seedlings of this line (Figure 2.6 ). This gene expression profile
proved to be different from that which I had seen in the lower inflorescence stems of the
MYB75(o/x) line, and was similar to the pattern that had been observed in previous studies of
whole plants (Borevitz, et al., 2000; Tohge, et al., 2005b).

Figure 2.6 Real-time quantitative PCR analysis of the expression of lignin biosynthetic genes in
seedlings of MYB75 over-expresser (MYB75(o/x)) compared with the wild type. The expression
levels of most of the genes in the lignin pathway were examined. PAL1, phenylalanine ammonia
lyase 1; 4CL1, 4-coumarate CoA ligase 1; CCR1, cinnamoyl CoA reductase 1; COMT, caffeic
acid O-methyltransferase; CAD, cinnamyl alcohol dehydrogenase. Error bars represent SE of
three replicates.
T

T
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2.4.5 Photosynthetic machinery and cell wall modification genes are up-regulated in the
myb75-1 loss-of-function mutant
To obtain a broader perspective on the possible role of MYB75 in carbon redistribution during
inflorescence stem development in Arabidopsis, I used microarray profiling to compare the
global gene expression profiles of WT and myb75-1 plants, with a specific focus on
transcriptional activity in the maturing inflorescence stem. This analysis revealed that loss of
MYB75 function resulted in both up-regulation and down-regulation of different gene sets (Table
2.6). Application of stringent cut-off values in the microarray analysis (p<0.05 and fold-change
>2) excluded some secondary cell wall genes that had been earlier shown by qRT-PCR to be upregulated in the myb75-1 genotype (Figure 2.6), but the filtered microarray gene lists still
included a number of up-regulated genes whose products are either predicted to be involved in
cell-wall modification, or are important in other aspects of carbon metabolism, such as
photosynthesis (Table 2.5).

Table 2.5: Expression changes of genes related to the photosynthetic machinery and cell
wall modification in inflorescence stem of myb75-1
Locus

Gene name

Gene description

Pathway

Fold
Change

At3g54890

LHCA1

Light-harvesting chlorophyll a/b binding protein

Carbon metabolism

5.30

At1g29910

LHCB1.2

Photosystem II type I chlorophyll a /b binding

Carbon metabolism

4.04

protein
At1g61520

LHCA3

Light-harvesting chlorophyll a/b binding protein

Carbon metabolism

3.37

At5g54270

LHCB3

Light-harvesting chlorophyll a/b binding protein

Carbon metabolism

3.06

At5g38420

RBCS-2B

Ribulose bisphosphate carboxylase small subunit 2b Carbon metabolism

2.88

At1g67090

RBCS1A

Ribulose-bisphosphate carboxylase small unit -

2.50

Carbon metabolism

related
At1g45130

BGAL5

Glycosyl hydrolase family 35 (beta-galactosidase)

Cell wall modification 2.52

At5g10430

AGP4

Arabinogalactan-protein

Cell wall modification 2.27

At5g26000

BGLU38

Glycosyl hydrolase family 1, myrosinase precursor Cell wall modification 2.20
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Table 2.6 Genes up-regulated or down-regulated in WT vs. myb75 microarray study.
P<0.05.
Down-regulated genes
GeneID
Annotation
At1g76960
Expressed protein
At5g52100
Dihydrodipicolinate reductase-related protein
At1g46840
F-box protein family

Fold change
-3.65
-2.60
-2.23

p-values
0.017
0.046
0.019

Up-regulated genes
GeneID
Annotation
At3g48560
Acetolactate synthase
At3g54890
Light-harvesting chlorophyll a/b binding protein
At1g29910
Photosystem II type I chlorophyll a /b binding protein
At1g55330
Arabinogalactan-protein (AGP21)
At1g61520
Light-harvesting chlorophyll a/b binding protein
At5g54270
Light-harvesting chlorophyll a/b binding protein
At5g38420
RuBisCO small subunit 2b
At3g54890
Light-harvesting chlorophyll a/b binding protein
At3g53420
Plasma membrane intrinsic protein 2A
At1g77480
Nucellin protein, putative
At3g26520
Tonoplast intrinsic protein, putative
At3g51600
Nonspecific lipid transfer protein 5 (LTP 5)
At1g45130
Glycosyl hydrolase family 35 (beta-galactosidase)
At1g67090
Ribulose-bisphosphate carboxylase small unit -related
At4g23400
Major intrinsic protein (MIP) family
At3g50000
Casein kinase II alpha chain 2
At4g01150
Expressed protein
At5g10430
Arabinogalactan-protein (AGP4)
At2g35890
Calcium-dependent protein kinase(CDPK)
At5g26000
Glycosyl hydrolase family 1, myrosinase precursor
At1g05135
Expressed protein
At1g35850
Pumilio-family R-binding protein, putative
At5g59740
Protein serine /threonine kinase - like protein
At1g22275
Hypothetical protein
At3g60740
Tubulin folding cofactor D
At3g05830
Expressed protein
At1g61520
Light-harvesting chlorophyll a/b binding protein
At1g62840
Hypothetical protein
At1g07280
Hypothetical protein
At1g65930
Isocitrate dehydrogenase
At4g34620
Ribosomal protein S16p family

Fold change
7.70
5.31
4.05
3.89
3.38
3.07
2.89
2.81
2.72
2.69
2.63
2.61
2.52
2.51
2.38
2.36
2.28
2.27
2.25
2.21
2.17
2.17
2.16
2.15
2.14
2.13
2.12
2.10
2.03
2.03
2.01

p-values
0.012
0.016
0.016
0.049
0.006
0.036
0.003
0.010
0.029
0.018
0.045
0.038
0.048
0.027
0.029
0.037
0.040
0.028
0.036
0.046
0.009
0.028
0.029
0.006
0.037
0.009
0.017
0.035
0.045
0.009
0.037

contd……...
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contd……
Genes associated with secondary cell wall formation
GeneID
Annotation
At2g37040
phenylalanine ammonia lyase (PAL1)
At3g10340
phenylalanine ammonia-lyase (PAL4),
At2g30490
cinnamate-4-hydroxylase (C4H)
At1g51680
4-coumarate:CoA ligase 1 (4CL1)
At3g21240
4-coumarate:CoA ligase 2 (4CL2)
At5g48930
hydroxycinnamoyltransferase (HCT)
At2g40890
cytochrome P450 98A3 (C3H)
At4g34050
caffeoyl-CoA 3-O-methyltransferase
At4g36220
ferulate-5-hydroxylase (F5H) (FAH1) (CYP84A1)
At5g54160
O-methyltransferase 1 (COMT)
At4g34230
cinnamyl-alcohol dehydrogenase (CAD1)
At4g32410
cellulose synthase, catalytic subunit,(CesA1)
At5g05170
cellulose synthase, catalytic subunit (CesA3)
At5g64740
cellulose synthase, catalytic subunit (CesA6)
At5g44030
cellulose synthase (CesA4)
At5g17420
cellulose synthaset(IRX3)(CesA7)
At4g18780
cellulose synthase (IRX1) (CesA8)
At5g54690
glycosyltransferase family 8 (IRX8)
At2g37090
glycosyltransferase family 43 (IRX9)
At4g36890
glycosyltransferase family 43(IRX14)
At4g30270
xyloglucan endotransglycosylase (meri5B)
At2g06850
xyloglucan endotransglycosylase (ext/EXGT-A1)

Fold change
1.23
1.72
2.01
1.01
1.14
1.11
1.28
1.57
1.17
1.41
1.40
1.02
1.07
1.04
2.71
1.35
1.83
1.33
1.76
1.16
1.81
1.52

p-values
0.016
0.049
0.018
0.028
0.036
0.046
0.009
0.028
0.029
0.006
0.009
0.028
0.029
0.046
0.009
0.028
0.029
0.006
0.037
0.009
0.017
0.035

These include glycosyl hydrolases, and a putative arabinogalactan protein, several
members of the light harvesting protein complexes, LHCA1 (At3g54890), LHCB1 (At1g29910),
LHCA3 (At1g61520), LHCB3 (At5g54270) and also genes encoding ribulose-biphosphate
carboxylase small subunit (At5g38420 and At1g67090). Differential expression of these genes
was subsequently validated by qRT-PCR analysis (Figure 2.7).
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Figure 2.7 qRT-PCR validation of expression of candidate genes identified by microarray
analysis to be up-regulated (> 2 folds; p, 0.05, Table 1) in the lower inflorescence stem of myb75,
relative to Nossen-WT. Error bars represent ± SD of two biological replicates.
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2.5 DISCUSSION
Secondary cell wall deposition in plants is an important and dynamic phenomenon. Individual
transcription factors involved in directly regulating secondary cell wall formation have been
identified in previous studies (Zhong and Ye, 2007), but little is known about the common factors
involved in secondary cell wall synthesis and in different carbon distribution pathways. MYB75
is a known regulator of anthocyanin accumulation in addition to its involvement in many other
metabolic and environmental responses. It was shown here to act as a transcription factor that
influences secondary cell wall formation in the maturing Arabidopsis inflorescence stems, where
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it impacts the lignin branch, in particular. The regulation of cell wall deposition is especially
relevant for the inflorescence stems in Arabidopsis because of the prominence in the mature stem
of interfascicular fibers and xylem vessels that possess lignified secondary cells walls.
MYB75 was originally characterized as a transcriptional regulator promoting anthocyanin
biosynthesis (Gonzalez, et al., 2008) and much of that earlier work focused on phenotypes in
seedlings and other juvenile tissues that display only limited commitment to secondary wall
formation. It appears from my MYB75 expression data that, as the plant matures, the ubiquitous
MYB75 expression pattern reported previously in juvenile vegetative tissues becomes restricted to
specific tissues as development proceeds. This observation is also consistent with the MYB75
expression data from AtGenExpress (Schmid, et al., 2005).
Cellulose synthesis in primary and secondary cell walls in Arabidopsis is believed to rely
upon distinct members of the CesA gene family (Brown, et al., 2005). A MYB75 loss-of-function
mutant displayed no obvious defects in primary cell wall formation, but instead showed changes
in the thickness of interfascicular fiber secondary cell walls and in cell wall chemistry of
inflorescence stems in which secondary walls predominate. Consistent with a specific role for
MYB75 in the regulation of secondary cell wall biosynthesis, I observed MYB75-dependent
regulation of a set of lignin biosynthetic genes (Figure 2.5A), as well as those CesA genes
thought to be dedicated to secondary cell wall synthesis (Figure 2.5B).
Some secondary cell wall–associated MYB transcription factors such as Arabidopsis
P

P

MYB4 and MYB32 have been previously shown to act as negative transcriptional regulators of at
P

P

least some steps in the phenylpropanoid pathway (Preston, et al., 2004). MYB4 is closely related
to MYB32 and in an MYB32 loss-of-function mutant, the transcript levels of the
Dihydroflavonol-4-reductase (DFR) and Anthocyanidin synthase (ANS) genes decreased while
the level of the COMT transcript increased. This indicates that MYB32 and MYB4 may
influence the flux along the phenylpropanoid pathways, affecting the composition of the pollen
wall.
Although loss of MYB75 function in the myb75-1 mutant resulted in activation of genes
encoding enzymes involved in lignin and cellulose biosynthesis, accompanied by an increase in
interfascicular fiber cell wall thickness, our test of MYB75 trans-activation activity in a
protoplast reporter system demonstrated that MYB75 displays only weak transcriptional activator
activity and does not have repressor activity by itself within this assay system. The weak
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transcriptional activation activity, or lack of transcriptional repression activity, of MYB75 in the
trans-action reporter assays employed in this study could be due to the absence from mesophyll
protoplasts of appropriate interaction partners that affect MYB75 function. In addition, KNAT7
repression observed in this system could, in principle, be due to steric hindrance, rather than
representing genetic regulation. Alternatively, MYB75 could be required for the activation of
unknown downstream regulators that themselves function to repress expression of genes
encoding secondary cell wall biosynthetic genes. The effect of altered MYB75 transcript levels on
the relative amounts of syringyl and guaiacyl monomer subunits released by thioacidolysis of
inflorescence stem lignin is consistent with earlier evidence for the contribution of COMT and
CCoAOMT activities to phenolic ring methylation (Do, et al., 2007). In myb75-1, CCoAOMT is
upregulated, while COMT is unchanged, a pattern that could have resulted in synthesis of more G
subunits and less S-type lignin (Table 2.3).
In contrast to my findings, Borevitz et al. (2000) earlier reported that MYB75 overexpression in whole Arabidopsis plants resulted in increased expression of core phenylpropanoid
genes with no impact on the S/G ratio of the lignin. This discrepancy in lignin monomer ratios
might be related to the differences in lignin analysis methodology (thioacidolysis vs.
derivatization) used in the two studies. More importantly, the two studies examined very different
types of tissue, with the Borevitz et al. (2000) analyses being carried out on whole plants, while
my study focused on the mature inflorescence stem. Consistent with a profound developmental
effect on the function of MYB75, I observed that gene expression changes induced by MYB75
over-expression in MYB75(o/x) seedlings differed markedly from the patterns observed in
inflorescence stems, and more closely resembled those reported for whole plants by Borevitz et
al. (2000) and Tohge et. al. (2005) (Figure 2.6). MYB111 has specificity for several genes of
T
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flavonoid biosynthesis. However, it shows specific spatial and temporal activity; controlling
flavonols biosynthesis in developing seedlings, and that too primarily in cotyledons (Stracke, et
al., 2007). It is clear, therefore, that the regulatory influence of transcription factors in plant
tissues can be spatially and temporally conditioned.
The biosynthesis of secondary cell wall components is thought to be a highly integrated
P

P

and coordinated process in which changes in the biosynthesis or regulation of an individual
P

P

component can compromise the overall assembly or composition of the wall. For example, there
is experimental evidence that a reduction in any secondary wall components can result in a
P
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reduction in secondary wall thickening (Taylor, et al., 2004; Pena, et al., 2007; Zhong, et al.,
1998; Zhong, et al., 2005). The increased secondary wall thickening phenotype observed in the
myb75-1 mutants could therefore be an effect associated with increased lignin deposition.
P

P

The data presented here suggests that one role of MYB75, in addition to regulating
aspects of phenylpropanoid metabolism, is in more generally regulating secondary cell wall
formation in the Arabidopsis stem. Loss of MYB75 function results in the channeling of carbon
toward the lignin pathway, generating increased lignin accumulation in secondary cell walls,
whereas constitutive over-expression of MYB75 leads to activation of anthocyanin biosynthesisrelated genes and enhanced carbon flow into the flavonoid pathway. However, it remains
possible that the visible increase in anthocyanin production (Borevitz, et al., 2000) associated
with over-expression of MYB75 does not reflect its endogenous function, since over-expression
of transcription factors can potentially generate artefactual pleiotropic phenotypes. Nevertheless,
several MYBs have been previously shown to be involved in activation of anthocyanin
biosynthesis (Gonzalez, et al., 2008), so MYB75 may be contributing to this overall regulatory
activity. Consistent with such a function, transcript profiles (Table 2.5) from the myb75-1
inflorescence stems reflect carbon flux re-distribution within the branches of phenylpropanoid
metabolism, as well as into other metabolic pathways.
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Chapter 3. An interaction of MYB75-KNAT7 is involved in regulation of
secondary cell wall formation in the Arabidopsis inflorescence stem

3.1 SYNOPSIS
Transcription factors (TFs) function as multi-protein complexes to regulate the transcription of
genes and are required for wide array of cellular functions. Secondary cell wall-associated TFs
may interact among themselves to form transcriptional complexes that regulate secondary cell
wall formation in Arabidopsis stem. In this chapter, a number of transcription factors with
putative and known regulatory roles in secondary cell wall formation were tested for their
protein-protein interactions. Many positive associations were observed and the MYB75-KNAT7
interaction was chosen for further characterization: these two TFs have been individually shown
to regulate some aspects of secondary cell wall formation in Arabidopsis (Chapter 1;(Li, 2009)
and, in this work, a role for their interaction in regulating secondary cell wall formation in
Arabidopsis stem is examined.

3.2 INTRODUCTION
Transcriptional regulation is an important aspect of cellular functions in plants. In recent years,
many transcription factors (TFs) have been predicted to be potential candidates for the regulation
of secondary cell wall formation in Arabidopsis, based on gene profiling studies (Ehlting, et al.,
2005; Birnbaum, et al., 2003) and protein-protein interactions (Hackbusch et al., 2005;
Zimmermann et al., 2004). Some TFs were later characterized for their role in secondary cell wall
biosynthesis using reverse genetics (Zhou, et al., 2009; Zhong, et al., 2008; Zhong and Ye, 2009).
Cellulose, hemicellulose and lignin are the important constituents of the secondary cell wall and
they are biosynthetically derived through specific biochemical pathways. However, there are
many other pathways associated with, or branched from these main biosynthetic pathways. All of
these require a fine tuning of regulation which is normally provided, in part, by transcription
factors. In Chapter 2 of this thesis, a secondary cell wall-associated regulator MYB75, which is
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also a previously characterized anthocyanin accumulation regulator (Gonzalez, et al., 2008) was
shown to regulate the lignin branch of the phenylpropanoid pathway. This dual role of MYB75 in
regulating divergent branches of general phenylpropanoid biosynthesis, namely lignin and
anthocyanin, reflects the importance of similar TFs as potential candidates in regulating
secondary cell wall formation in Arabidopsis.
Specificity of regulation by transcription factors is thought to often be provided by their
modular nature, typically composed of a DNA binding domain and other effector domains.
Together, these domains are responsible for both DNA and protein interactions, including the
formation of multi-protein regulatory complexes, which in turn may stabilize their interaction
with DNA sequence motifs in their target promoters (Wolberger, 1999). This behavior is not
restricted to transcription factors; a significant percentage of all cellular proteins function in
association with partner molecules or as components of large molecular assemblies (Tan, et al.,
2007). Different TF interactions and, thus, different protein complexes, may change the subset of
genes they can activate and thereby provide diversity in their function. Hence, to gain an accurate
understanding of cellular operations, the function of proteins must be understood both in isolation
and in the context of other interactive proteins. Members of many transcription factor families
involved in secondary cell wall regulation have been shown to have interactions with other
proteins, including members of the MYB and homeodomain families (Zimmermann, et al., 2004;
Kumar, 2006). However, most of the known and potential transcription factors involved in cell
wall formation have not been characterized for their physical associations via either protein-DNA
or protein-protein interaction analyses.
MYBs belong to one of the largest families of plant TFs and are characterized by the
conserved MYB domain, which is made up of up to three imperfect repeats called as R1, R2 and
R3. Each of these repeats form a helix-turn-helix structure of about fifty three amino acids with
regularly spaced tryptophan residues (Kanei-Ishii, et al., 1990; Frampton, et al., 1991; KaneiIshii, et al., 1997). Proteins with only an R2-R3 domain structure are more common in plants and
constitute a large sub-family. These proteins are known to be involved in the regulation of
phenylpropanoid or tryptophan biosynthetic pathways, control of cell fate determination,
regulation of the cell cycle (Stracke, et al., 2001; Meissner, et al., 1999; Martin and Paz-Ares,
1997; Rubio, et al., 2001; Stracke, et al., 2007) as well as regulation of secondary cell wall
formation (Zhong and Ye, 2007; Zhou, et al., 2009; Zhong, et al., 2008; Zhong and Ye, 2009).
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Different R2R3-MYBs may bind to the promoters of target genes either alone (Patzlaff, et al.,
2003b; Gomez-Maldonado, et al., 2004; Goicoechea, et al., 2005), in complex with bHLH
proteins (Goff, et al., 1992; Debeaujon, et al., 2003), or with WD-40 proteins. MYB75, an R2-R3
MYB family member, has a role in regulating not only anthocyanin biosynthesis (Gonzalez, et
al., 2008) but also other branches of the phenylpropanoid pathway in Arabidopsis. I showed in
Chapter 2 that MYB75 also plays a role in carbon redistribution within the phenylpropanoid
pathway and negatively regulates secondary cell wall formation in the Arabidopsis inflorescence
stem. MYB75 also participates in protein-protein interactions with bHLH proteins and with other
transcription factors (Zimmermann, et al., 2004) to form one or more anthocyanin biosynthesis
regulatory complexes in Arabidopsis (Gonzalez, et al., 2008; Morita, et al., 2006).
Homeodomain transcription factors also show protein-protein interactions (Hake, et al.,
2004; Bellaoui, et al., 2001; Muller, et al., 2001; Smith, et al., 2002), and KNOTTED1-like
homeobox (KNOX) proteins, which form an important family of homeodomain TF’s, participate
in functional multi-protein complexes that regulate plant development (Hake, et al., 2004;
Bellaoui, et al., 2001; Muller, et al., 2001; Hay and Tsiantis, 2010) as well as secondary cell wall
formation (Brown, et al., 2005; Li, 2009). KNOX protein structure consists of the homeodomain,
an ELK domain and KNOX domains that participate in physical interactions with other proteins
(Burglin, 1997). Homeodomain of certain KNOX proteins interacts with other TFs, such as
BELL and BEL1-like homeodoamin (BLH) proteins, to mediate protein-protein interactions and
form functional complexes. The KNOX domain has small sub-domains called KNOX1 and
KNOX2 which are believed to specifically interact with transcription factors like BELL proteins
(Kumar, 2006). Similarly, KNOX-BLH interactions are postulated to regulate plant development
(Hake, et al., 2004). Therefore, the KNOX domain seems to play an important role in the
formation of functional complexes and gene regulation in Arabidopsis.
KNAT7 is a member of KNOTTED ARABIDOPSIS THALIANA (KNAT) genes and
TU

U

U

U

U

U

belongs to the KNOX family of homeodomain transcription factors. This TF was earlier reported
to be a candidate regulator of secondary wall biosynthesis based on its co-expression with
T

secondary cell wall biosynthetic enzymes (Persson, et al., 2005; Brown, et al., 2005; Ehlting, et
al., 2005) and the irregular xylem (irx) phenotype observed in a knat7 loss-of-function mutant.
knat7 plants have increased cell wall thickness in their interfascicular fibers (Li, 2009),
suggesting a role of KNAT7 in regulating secondary wall biosynthesis. Recently it was shown
T
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that KNAT7 physically interacts with members of the OFP family of TFs (OFP-1/OFP4)
(Hackbusch, et al., 2005) and that the resulting putative complex regulates secondary cell wall
formation (Li, 2009).
Arabidopsis inflorescence stems possess thick secondary cell walls in their interfascicular
fibers and the regulatory role of different transcription factors in this cell wall deposition has
been shown (Zhong and Ye, 2007). It is possible that these known secondary cell wall and related
transcription factors may interact among themselves and/or with other proteins to form a complex
and regulate secondary cell wall biosynthesis in Arabidopsis inflorescence stems. However,
experimental evidence for such protein-protein interactions is still limited. Ehlting et al. (2005)
proposed the involvement of many potential TFs and their complexes in regulating the secondary
cell formation in inflorescence stems, including KNOX (e.g. KNAT7) and other MYB TFs.
MYB75 shows an overlapping gene expression pattern in secondary cell wall-specific cell types
and a loss-of-function myb75 mutant displays thickened interfascicular fiber cell walls, similar to
KNAT7. This indicates that these two transcription factors could potentially work together in this
regulatory pathway. Therefore characterization of MYB75 interactions with other known and
potential transcription factors involved in secondary cell wall regulation, like KNAT7, could help
reveal the composition and function of TF complex(es) that may be involved in the regulation of
secondary cell wall biosynthesis and lignification processes.
The work reported in this chapter reveals that both known and potential secondary cell
wall-associated transcription factors can physically interact, which may indicate the formation of
a functional protein complex. I established that MYB75 physically interacts with KNAT7 and
identified the structural motifs underlying the MYB75-KNAT7 interaction. Additional
experiments established the biological significance of this interaction in secondary cell wall
formation in the Arabidopsis stem. Finally, I show that myb75 knat7 double mutants have cell
wall phenotypes similar to that of knat7,indicating that these two gene products are likely part of
the same complex regulating inflorescence stem secondary cell wall deposition.
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3.3 MATERIALS AND METHODS
3.3.1 Plant material
The Arabidopsis loss-of-function allele of MYB75 (myb75-1), described in Chapter 2 was used.
The loss-of-function mutant of KNAT7 employed in this work was described earlier (Li, 2009),
and the myb75 knat7 double mutant was obtained by crossing myb75-1 with knat7-1.
T

T

T

T

T

T

Homozygous lines were selected and confirmed via PCR. Homozygous plants of each genotype
were used for all experiments and compared to the relevant wild type ecotypes, WT-Col and WTNos (myb75-1 is in Nossen and knat7-1 in Columbia).
Seeds were surface-sterilized using 20% commercial bleach, cold-treated at 4°C in the
dark for 2 days and plated on ½ MS agar medium (2.16 g/l MS salts, 1% sucrose, 1% Bacto-agar
pH 6.0 adjusted with 1 M KOH (Murashige and Skoog, 1962). Ten-day-old seedlings were

grown
P

P

in pots containing a moistened Sunshine Mix #1 (Sun Gro Horticulture Canada Ltd), with a
16/8 h (day/night) and a temperature of 23°C, unless specified otherwise. For TEM, microscopy
and qRT-PCR experiments, inflorescence stems were harvested from eight-week-old plants and
the lower half of the stem was used for analysis.

For chemical analyses, basal stem sections

were dried in a 50°C oven overnight and ground in a Wiley mill to pass a 40-mesh screen.

3.3.2 Yeast two-hybrid assays
The ProQuest yeast two-hybrid system (Invitrogen) was used with full length and different
fragments (for domain interaction studies) of transcription factors in pDEST32 (bait vector) or
pDEST-22 (prey vector) and introduced into the yeast strain MaV203 in different combinations.
Positive clones were isolated on the basis of three selectable markers: HIS3, URA3 and LacZ.
Positive interactions were indicated by activation of HIS3 or URA3, according to the
manufacturer's instructions. To compare the strength of the protein-protein interactions, a
quantitative assays for β-galactosidase (β-gal) activity in liquid cultures was performed using
Chlorophenol red-β-D-galactopyranoside (CPRG) as a substrate according to the in
manufacturer's instructions. The different domains were amplified using specific primers (Table
3.2) and cDNA of full length MYB75 or KNAT7. These amplified fragments were then cloned in
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gateway entry vector pCR8/GW/TOPO, the sequences verified and directionally recombined into
the gateway destination vectors, pDEST32 and pDEST22.

3.3.3 Protoplast isolation, transfection and GUS activity assay
For protoplast isolation, leaves from 3–4 weeks old Columbia wild type plants were used and
subsequent transfection and GUS activity assays were performed as described previously (Wang,
et al., 2007). The plasmid DNAs for reporter and effector genes were isolated using Endofree
Plasmid Maxi Kits (Qiagen, Mississauga, Ontario, Canada). Both effector plasmid (10 µg) and
reporter plasmid (10 µg) were co-transfected and all assays were performed in triplicate.

3.3.4 BiFC
Gateway entry vectors with either full length MYB75 and KNAT7 or with different domains
were used. For N-terminal YFP-tagged constructs, appropriate entry clone was transferred into
BiFC expression vector pSAT4-DEST-nEYFP1–174-C1 (pE3136) or pCL112 (pBATL) to produce
B

B

nYFP–vectors. The same procedure was used for C-terminal YFP-tagged constructs using
pSAT5-DEST-cEYFP175–end-C1(B) (pE3130) or pCL113 (pBATL) to produce cYFP–vectors.
B

B

The resulting plasmids were co-transfected into freshly prepared Arabidopsis leaf mesophyll
protoplasts, and incubated for 20–22 hours (Wang, et al., 2007). YFP fluorescence was visualized
using a Leica DM-6000B fluorescence microscope and photographed with a Leica digital image
system (Leica Microsystems).

3.3.5 Bright field and transmission electron microscopy
Tissue for light and transmission electron microscopy (TEM) was harvested from the
inflorescence stem (5 cm from the base) of 8 to 10 week old plants and fixed with glutaraldehyde.
Fixed stems were vacuum infiltrated in 1% osmium tetroxide, 0.05M sodium cacodylate (pH 6.9)
for 30 minutes, rinsed twice and then dehydrated through an aqueous alcohol series (30-100%; 15
minutes for each dilution). Dehydrated stems were soaked twice in anhydrous acetone before
embedding in low viscosity Spurr’s resin. Sections (0.5 µm) were cut using a Leica Ultracut T
and Druuker diamond Histoknife, and stained with Toluidine Blue for bright field microscopy
55

(using an Olympus AX70 microscope) or with uranyl acetate for TEM (viewed on a Hitachi
H7600 PC-TEM).
For cell wall thickness measurements, the width of the secondary cell wall in micrographs
obtained from TEM was quantified in 50 cells for each genotype, using ImageJ software
(http://rsbweb.nih.gov/ij/).
HTU

UTH

3.3.6 qRT-PCR
For the secondary cell wall-specific and lignin-specific gene expression study, total RNA for
real-time PCR was isolated from the lower half of inflorescence stems (WT-Col, WT-Nos,
myb75-1, knat7-1 and myb75 knat7) with three biological replicates (each consisting of pooled
stems from 8-10 plants) using the RNeasy Mini Protocol (Qiagen). To eliminate residual genomic
P

P

DNA, the RNA was treated with RNAse-free DNAseI according to the manufacturer's
P

P

P

P

instructions (Qiagen). The concentration of RNA was measured using the absorbance at 260 nm
and the quality was assessed using the A260/A280 ratio. Total RNA (2 µg) was reverse
transcribed using the SuperScript® VILO™ cDNA synthesis kit (Invitrogen) according to the
manufacturer's instructions. cDNA was diluted (1:20) and 2 µl was used in each reaction in a 20
P

P

µl reaction volume. PCR amplification was performed with gene-specific primers for secondary
cell wall or lignin-specific genes (Table 3.1), using Actin8 as a normalization control (Table 3.1).
Actin8 was chosen as the reference gene for this study as its expression has been shown to be
relatively invariant (An, et al., 1996). However, in my experiments, stable expression of Actin8
was reconfirmed in inflorescence stem samples (data not shown). The cDNA was amplified using
the PerfeCta™ qPCR FastMix (Quanta Biosciences) on the DNA Engine Opticon® 2 (Bio-Rad).
Differences in gene expression, expressed as fold-change relative to control, were calculated
using the [delta][delta]Ct = 2 [delta]Ct,Actin - [delta]Ct,gene method. Each measurement was carried out in
B

B

P

P

triplicate, and the error bars represent standard error of the mean (SEM) of fold-changes for the
three biological replicates.
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3.3.7 Primers
Table 3.1 Primers used in this study (Chapter 3).
Gene ID

Name

Primer sequence (5’-3’)

At2g37040

PAL1 (q-RT)

At2g30490

C4H (q-RT)

At1g51680

4CL1 (q-RT)

At5g48930

HCT (q-RT)

At2g40890

C3H1 (q-RT)

At4g34050

CCOMT 1 (q-RT)

At1g15950

CCR1 (q-RT)

At4g36220

F5H (q-RT)

At5g54160

COMT1 (q-RT)

At4g34230

CAD5 (q-RT)

At4g32410

CesA1 (q-RT)

At5g05170

CesA3 (q-RT)

At2g21770

CesA6 (q-RT)

At5g44030

CesA4 (q-RT)

At5g17420

CesA7 (q-RT)

At4g18780

CesA8 (q-RT)

At5g54690

IRX8 (q-RT)

At2g37090

IRX9 (q-RT)

At2g28110

FRA8 (q-RT)

At1g56650

MYB75 (q-RT)

At1g62990

KNAT7 (q-RT)

At1G49240

ACT8

At1g62990

KNAT7-FL

PAL1-L: AAGATTGGAGCTTTCGAGGA
PAL1-R: TCTGTTCCAAGCTCTTCCCT
C4H-L: ACTGGCTTCAAGTCGGAGAT
C4H-R: ACACGACGTTTCTCGTTCTG
4CL1-L: TCAACCCGGTGAGATTTGTA
4CL1-R: TCGTCATCGATCAATCCAAT
HCT-L: GCCTGCACCAAGTATGAAGA
HCT-R: GACAGTGTTCCCATCCTCCT
C3H1-L: GTTGGACTTGACCGGATCTT
C3H1-R: ATTAGAGGCGTTGGAGGATG
CCOMT1-L: CTCAGGGAAGTGACAGCAAA
CCOMT1-R: GTGGCGAGAAGAGAGTAGCC
CCR1-L: GTGCAAAGCAGATCTTCAGG
CCR1-R: GCCGCAGCATTAATTACAAA
F5H-L: CTTCAACGTAGCGGATTTCA
F5H-R: AGATCATTACGGGCCTTCAC
COMT1-L: TTCCATTGCTGCTCTTTGTC
COMT1-R: CATGGTGATTGTGGAATGGT
CAD5-L: TTGGCTGATTCGTTGGATTA
CAD5-R: ATCACTTTCCTCCCAAGCAT
CesA1-L: GGTATTTATTGCGGCAACCT
CesA1-R: ATCCAACCAATCTCTTTGCC
CesA3-L: ACAGCCAACACAGTGCTCTC
CesA3-R: TGGTACCCATTTACGAGCAA
CesA6-L: TGCCCTTGAGCACATAGAAG
CesA6-R: GCACTCCACCATTTAGCAGA
CesA4-L: GGATCAGCTCCGATCAATTT
CesA4-R: ACCACAAAGGACAATGACGA
CesA7-L: CAGGCGTACTCACAAATGCT
CesA7-R: TGTCAATGCCATCAAACCTT
CesA8-L: ACGGAGAGTTCTTTGTGGCT
CesA8-R: GGTCTGTGTTGGAACAATGG
IRX8-L: GTGGTCACAGGGAAAGGATT
IRX8-R: AGCAAGAGAGGAGCAAGGAG
IRX9-L: TTTGCGGGACTAAACAACAT
IRX9-R: ATCGGAGGCTTTGTCTCTGT
FRA8-L: GACTTGTTGAATCGGTGGCTC
FRA8-R: GAAAGAGTTTGACCTTCTAAC
MYB75-L: TTCTTCGCCTTCATAGGCTT
MYB75-R: AGGAATGGGCGTAATGTCTC
KNAT7-L: AAATTGGTGGAGGAGACAGG
KNAT7-R: TCCTCTTGCGTTGGTTAATG
Act8-L: TCTAAGGAGGAGCAGGTTTGA
Act8-R: TTATCCGAGTTTGAAGAGGCTAC
KNAT7-F: ATGCAAGAAGCGGCACTAG
KNAT7-R: TTAGTGTTTGCGCTTGGACTT
KNAT7-KNOX1-F: ATGCGTTCTTACGCTTCCACG
KNAT7-KNOX2-F: ATGCGTTCTTACGCTTCCACG
KNAT7-KNOX2-R: TTACCCTTCTCCTAAAGTTGC
KNAT7-HM-F: ATGGAAAGAGTCAGACAAGAA
MYB75-F: ATGGAGGGTTCGTCCAAAG
MYB75-R: CTAATCAAATTTCACAGTCTCTCCATC
MYB75 R2-F: ATGTCCAAAGGGCTGCG
MYB75 R2-R: TTATTCAAATAGTTCAACCATCTTAAT
MYB75 R3-F: ATGAAGCCAAGTATCAAGAGAGG
MYB75 R3-R: TTAATGTTTCTTACTCAGATGAGTGTT
MYB75 R2-R3- F: ATGGAGGGTTCGTCCAAAG
MYB75 R2-R3- R: TTACGGTTCATGTTTCTTACTCAGAT

KNAT7-KNOX1
KNAT7-KNOX2

At1g56650

KNAT7-ELK+HM
MYB75-FL
MYB75-R2
MYB75-R3
MYB75-R2-R3
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3.3.8 Accession numbers
GenBank database accession numbers for the genes studied in this work and not indicated
P

P

P

P

elsewhere are MYB75 (At1g56650), C4H (At2g30490), PAL1 (At2g37040), 4CL1 (At1g51680),
P

C3H1 (At2g40890), HCT (At5g48930), F5H1 (At4g36220), CCoAOMT1 (At4g34050), COMT
P

(At5g54160), CCR1 (At1g15950), CAD5 (At4g34230), CesA4 (At5g44030), CesA7 (At5g17420),
P

P

P

P

CesA8 (At4g18780), IRX8 (At5g54690), IRX9 (At2g37090), CesA1 (At4g32410), CesA3(
P

P

At5g05170), CesA6 (At5g64740), FRA8 (At2g28110 ).

3.3.9 Chemical analysis
Lignin content was determined by a modified Klason method, according to Coleman et al.
(2008), in which solvent-extracted ground Arabidopsis stem tissue (0.1 g) was treated with 3 ml
72% H2SO4 for 2 hours at room temperature and then diluted to 3% H2SO4 and autoclaved for 60
B

B

B

B

B

B

B

B

minutes. The concentrations of different monosaccharides in the acid hydrolysate were
determined by using high-performance liquid chromatography (HPLC)-(DX-500; Dionex) which
was equipped with an anion exchange PA1 (Dionex) column, a pulsed amperometric detector
with a gold electrode, and a SpectraAS3500 auto injector (Spectra-Physics). Each analysis was
run in duplicate. The monosaccharides were separated on the PA1 column with water at a flow
rate of 1 ml/min and the eluate received a post-column addition of 200 mM NaOH (0.5 ml/min)
prior to detection.

3.4 RESULTS
3.4.1 Transcription factors known or predicted to be involved in secondary cell wall
regulation show protein-protein interactions
In order to systematically investigate potential interactions among secondary cell wall regulating
TFs, I focused on some of the known and potential factors as indicated (Table 3.2) and assayed
these for protein-protein interactions in a yeast two-hybrid (Y2H) all-against-all matrix (Figure
3.1). All the tested candidates were combined with the GAL4 DNA binding domain (BD) and
GAL4 activation domain (AD) and assayed for their ability to bind themselves or to each other
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using a Proquest Y2H kit (Invitrogen). The wild type yeast strain was transformed with the BDor AD- construct. Interaction was studied using appropriate reporter genes. Yeast growth on SCLeu-His in the presence of at least 25 µM 3AT above the background and growth on SC-Leu-Ura
plates was considered a positive interaction result. MYB, TT8 and bHLH012 show inherent
transcription activating function constructs when used as binding domain fusions in the yeast
two-hybrid system and so it was not possible to use them as BD constructs.

Table 3.2 Known and potential secondary cell wall regulators in Arabidopsis tested in
yeast two-hybrid assay
AGI Code

Gene
Family

Name

Role in
secondary cell
wall formation
Known

At1g56650

MYB

MYB75/
PAP1

At1g66230

MYB

MYB20

Known

At1g79180

MYB

MYB63

Known

At5g16610

MYB

MYB43

Known

At3g13540

MYB

MYB5

Potential

At1g62990

HD

KNAT7

Known

At5g24800
At5g65210
At1g32770
At5g42200
At5g07580

bZIP9
bZIP47
SND1
No name
No name

Potential
Potential
Known
Potential
Potential

Microarray
Microarray
Reverse genetics
Microarray
Microarray

At1g29950
At4g09820

bZIP
bZIP
NAC
C3H
AP2EREBP
bHLH
bHLH

bHLH144
TT8

Potential
Potential

At4g29100
At4g00480

bHLH
bHLH

bHLH068
bHLH012/
MYC1

Potential
Potential

Microarray
Secondary
cell
wall-associated
pathway, Proteinprotein interaction
Microarray
Protein-protein
interaction
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Source

Reference

Secondary
cell
wall-associated
pathway
Protein-protein
interaction
Microarray,
Reverse genetics
Microarray,
Reverse genetics
Microarray,
Reverse genetics
Secondary
cell
wall-associated
pathway, Proteinprotein interaction
Microarray,
Reverse genetics

Chapter1; Borevitz
et al., 2000;
Gonzalez et al.,
2008; Zimmermann
et al., 2004
Ehlting et al., 2005;
Zhong et al., 2008
Ehlting et al., 2005;
Zhong et al., 2008
Ehlting et al., 2005;
Zhong et al., 2008
Gonzalez et al.,
2009; Li et al., 2009
Brown et al., 2005;
Ehlting et al., 2005;
Li, E., 2009
Ehlting et al., 2005
Ehlting et al., 2005
Zhong et al., 2006
Ehlting et al., 2005
Ehlting et al., 2005
Ehlting et al., 2005
Nesi et al., 2000;
Zimmermann et al.,
2000
Ehlting et al., 2005
Zimmermann et al.,
2000

Figure 3.1 In vitro protein–protein interactions among potential secondary cell wall-associated
transcription factors as determined by yeast two-hybrid assay. Known interactions (shown in dark
grey box, Zimmermann et. al 2004) were used as a positive control and empty vectors were cotransformed to be used as a negative control
T

T

Figure 3.2 Confirmation of yeast two-hybrid interactions by different reporter genes. Positive
clones were isolated on the basis of three selectable markers: HIS3, URA3 LacZ and 5-FOA.
Control means cells grown on SC-Leu-Trp media. 5-FOA is 5-Fluoroorotic acid.
T

T

Within this assay matrix, positive yeast 2-hybrid interactions were observed between
MYB75 and KNAT7, AP2 and bZIP47, KNAT7 and MYB5 and between TT8 and MYB63
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(Figure 3.1). MYB75 and TT8 have previously been shown to interact (Zimmermann, et al.,
2004), and this interaction therefore served as a positive control for these assays.
All positive interactions detected were subsequently confirmed using different reporter
genes (Figure 3.2) and the strength of the interactions was assayed using a chlorophenol red- β D-galactopyranoside (CPRG) colorimetric reporter (Figure 3.3).

Figure 3.3 Quantification of strength of yeast two-hybrid interactions by the CPRG assay. The
MYB75-TT8 and MYB75-bHLH012 interactions were used as positive controls (Zimmermann
et. al 2004). Empty vectors pDST32 and pDST22 were used as negative controls.
T

T

3.4.2 MYB75 and KNAT7 show interaction in vivo
MYB75 (Chapter 2) and KNAT7 (Li, 2009) were shown to be negative regulators of secondary
cell wall formation in the Arabidopsis inflorescence stem. To understand the biological role of
these two functionally similar TFs as a part of a potential complex, the MYB75-KNAT7
interaction was chosen for detailed study in this work. The bi-molecular florescence
complementation assay (BiFC) using a split yellow florescent protein (YFP) was used to
demonstrate that the MYB75-KNAT7 interaction could also be observed in vivo in Arabidopsis
protoplasts (Figure 3.4). MYB75 was fused to N-terminal split YFP and KNAT7 to C-Terminal
fragment of the fluorescent protein, neither of which is capable of fluorescence alone.
Transcription factors (MYB75 and TT8) were fused to different fragments of YFP and this
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interaction was used as a positive control in this experiment based on their known interaction in
yeast (Zimmermann, et al., 2004)(Figure 3.4). This interaction was confirmed in vivo but did not
show nuclear localization as expected for these two known transcription factors. Using the
Arabidopsis leaf mesophyll protoplast transient expression system (Tiwari, et al., 2006), I
transformed different combinations of fusion constructs. Reconstitution of complete YFP as seen
by the fluorescence was visible in YFP-C-KNAT7 with YFP-N-MYB75 combination and in the
positive control (TT8-MYB75 interaction (Figure 3.4). The MYB75-KNAT7 interaction appears
to be both nuclear localized as well as in cytoplasm in the transformed protoplasts.

Co-

transformed YFP-N-MYB75 and YFP-C-EV (EV, empty vector) constructs, as well as YFP-CKNAT7 and YFP-N-EV constructs, were used as negative controls.

Figure 3.4 Confirmation of yeast two-hybrid interactions by BiFC assay in Arabidopsis
protoplasts. The MYB75-TT8 interaction was used as a positive control (Zimmermann et. al.,
2004).
T

T

Further, the MYB75-KNAT7 interaction was confirmed in vivo by using a protoplast
transfection assay for transcription activation/repression activity (Wang, et al., 2007)(Figure 3.5).
In this system, a β-glucuronidase (GUS) gene expressed under the control of the Gal4 DNA
binding site (Gal4: Gus) was used as a reporter plasmid and was co-transfected with effector
plasmids (Figure 3.5A). The first effector plasmid employed was a plasmid encoding only the
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yeast Gal4 DNA binding domain (GD), which resulted in a low level of the GUS reporter gene
expression, as measured by GUS enzyme activity (left bar, Figure 3.5B) This served as the
control level of GUS activity in this experiment. When the MYB75 was fused with GD and used
as an effector plasmid co-transfected with the reporter, a slight increase in GUS activity was
seen, indicating that MYB75 may act as a weak transcriptional activator (middle bar, Figure
3.5B). However, when the effector plasmid encoding hemagglutinin tagged (HA) KNAT7 protein
was co-transfected along with the GD-MYB75 and reporter plasmids, suppression of the GUS
activity was observed, even though the HA-KNAT7 construct alone had no ability to bind to the
promoter of the GUS reporter (right bar, Figure 3.5B). This confirmed the physical interaction
between MYB75 and KNAT7 and also confirmed the repressor activity of KNAT7 (Li, 2009).

Figure 3.5 MYB75-KNAT7 interaction confirmed by protoplast transfection assay. (A)
Schematic diagram of the effector and reporter constructs used in the transfection assays. Effector
genes were either fused to the Ga14 DNA-binding domain (GD) in-frame with MYB75, no
fusion of the GD and KNAT7 fused with Hemagglutinin epitope (HA) tag. Effector gene plasmid
DNA and reporter gene Gal4: GUS plasmid DNA were co-transfected into Arabidopsis leaf
mesophyll protoplasts. The transfected protoplasts were incubated in darkness for 20–22 h and
GUS activity was assayed after. Shown are means ± SE of three replicates. MYB75 and KNAT7
show interaction as seen by repression in the GUS activity.
T

T
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3.4.3 The MYB75-KNAT7 interaction is based on the R2-R3 repeat of the MYB75 domain
and KNOX2 domain of KNAT7
MYB75 belongs to R2R3 family of MYB transcription factors and is composed of two adjacent
imperfect repeats, each with about 52 amino acid residues that adopt a helix-turn-helix
conformation in addition to an activation domain. The activation domain of MYB75/PAP1 has
been determined to the 58 C-terminal residues of the protein (Zimmermann, et al., 2004). To
identify the regions required for the interaction of MYB75 with the KNAT7, separate domain
regions of MYB75 were analyzed (Figure 3.6A) using the yeast two-hybrid system. MYB75
protein fragments were cloned and fused to the GAL4-AD and tested for interaction with the full
length KNAT7 (FL-KNAT7) transcription factor in BD. Positive interaction was identified
between R3 domain and FL-KNAT7 as evident from the growth of the transformant on SC-LeuHis + 25mM 3AT and on SC-Leu-Ura selection media (Figure 3.6B). I was not able to clone the
activation domain, so it was not tested in this experiment. FL-KNAT7 and full length MYB75
co-transformation was used as a positive control. Appropriate negative controls (empty vectors)
were used. No growth was seen in co-transformation of FL-KNAT7 with other domains of
MYB75 (Figure 3.6B).
To further confirm this interaction in vivo, I used BiFC and the Arabidopsis protoplast
system. Positive fluorescence was detected in protoplasts co-transfected with plasmids encoding
the MYB75 R3 domain and FL-KNAT7 as well as those encoding the MYB75 R2-R3 domain
and FL-KNAT7. These yeast two-hybrid results indicate that the R3 domain is necessary for the
interaction with MYB75 (Figure 3.6C). KNAT7 is a homeodomain transcription factor and
belongs to KNOX class of this family. All plant KNOX proteins have an ELK domain and a
KNOX (MEINOX) domain. The MEINOX domain consists of two smaller sub-domains,
KNOX1 and KNOX2. To identify which regions of KNAT7 are involved in the interaction of
KNAT7 with MYB75, separate domains of KNAT7 were subcloned, converted to Y2H
constructs (Figure 3.7A) and then tested with identified interaction domains of MYB75 (R3 and
R2-R3) (Figure 3.6A). The interaction between full length KNAT7 and FL-MYB75 was used as
a positive control. KNAT7 homeodomain and the KNOX1 (K1) or KNOX1-KNOX2 (K1-K2)
did not show any positive interactions with MYB75 R2R3 or R3 domains in the yeast two-hybrid
assays (data not shown). However, a weak interaction (growth of co-transformants only on SC64

Leu-His+3AT and not on stringent selection marker, SC-Leu-Ura) was observed between the
MYB75 R2R3 domain and the K2 domain of KNAT7 (Figure 3.7B).

Figure 3.6 Identification of MYB75 domain(s) involved in protein-protein interaction with
KNAT7. (A) Different domains of MYB75 used to test the interaction with Full length (FL)
KNAT protein using yeast two-hybrid and BiFC assays (colored boxes). (B Yeast two-hybrid
assay to test the interaction. Different domains of the MYB75 protein were fused to the GAL4
activation domain (AD) in yeast-two hybrid assays and tested for interaction with KNAT7-full
length (Figure 3.7A) protein fused to the DNA-binding domain (BD). Yeast growth on SC-LeUHis+3AT and SC-Leu-Ura served as a positive control interaction. (C) BiFC assays using split
YFP to test the same interactions in vivo using Arabidopsis protoplast system.
T

T
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Figure 3.7 Identification of KNAT7 domain(s) involved in protein-protein interaction with
MYB75. (A) Different domains of KNAT7 were used to test the interaction with the MYB75 R2R3 domain (Figure 3.6 A) using yeast two-hybrid and BiFC assay (colored boxes). (B)Yeast twohybrid assay to test the interaction. Different domains of MYB75 (Figure 3.7A) proteins were
fused to the GAL4 activation domain (AD) in yeast-two hybrid assays and were tested for
interaction in yeast with different domains of KNAT7 protein fused to DNA binding domain
(BD). Yeast growth on SC-LeU-His+3AT and SC-Leu-Ura served as a positive control
interaction. (C) BiFC using split YFP was used to test the same interactions in vivo using the
Arabidopsis protoplast system.
T
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These interactions were also tested in vivo using the BiFC and the protoplast system. YFP
fluorescence was observed when the R2-R3 domain of MYB75 was co-transfected either with the
BiFC plasmid encoding the KNAT7-K2 or the KNAT7-K2-K3 domains (Figure 3.7C). No
interaction was observed between the KNAT7-K1 domain and the MYB75-R2-R3 domain. No
interaction was detected when different KNAT7 domains were tested alone with the R3 domain
of MYB75 (Figure 3.7C). These domain interaction results indicate that the physical interaction
between KNAT7 and MYB75 is dependent primarily on the R2-R3 domain of MYB75 and the
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KNOX2 domain of KNAT7. It is notable in Figure 3.7 that most of the interactions appear to be
outside the nucleus.

3.4.4 MYB75 and KNAT7 function in the same pathway to regulate secondary cell wall
formation in the Arabidopsis stem
To test the combined roles of MYB75 and KNAT7 in regulating secondary wall formation, I
generated double mutants by crossing a myb75-1 mutant line (Chapter 2)(Teng, et al., 2005) with
knat7-1 (Li, 2009). Double mutants were identified in the F2 population by PCR-aided
genotyping. Homozygous double mutant plants showed no morphological differences compared
with wild type (data not shown).
Light microscopic analysis of cross-sections from the basal part of inflorescence stems of
double mutants revealed that knat7 myb75 plants exhibited similar phenotypes to knat7-1
(Brown, et al., 2005; Li, 2009), with collapsed vessels and increased thickness of interfascicular
fiber cell walls (Figure 3.8A). Higher resolution examination by transmission electron
microscopy (TEM) in single and double mutant (myb75-1, knat7-1 and myb75 knat7)
inflorescence stems compared to the WT confirmed the presence of thickened cell walls in
interfascicular fibers, and again showed that the double mutant phenotype most closely
resembled that of the knat7-1 mutant (Figure 3.8B). The electron micrographs were used to
quantify the thickness of the cell wall, vessels and xylary fibers and these measurements
confirmed that the double mutant phenotype was similar to knat7-1 phenotype, in terms of the
wall thickness of interfascicular fiber cells and vessels (Figure 3.8C).
Since changes in interfascicular fiber cell wall thickness in the double mutant
interfascicular fibers could possibly be accompanied by changes in the secondary cell wall
constituents, I compared the cell wall chemistry of the WT with the single and double mutants.
This analysis revealed that the Klason lignin content was significantly greater in lower
inflorescence stems of knat7-1, myb75-1 and myb75 knat7 plants relative to WT (both Columbia
and Nossen)(Figure 3.9). Total sugar analysis performed on the lower stem sections in myb75
knat7 plants showed a decrease in total glucose content (Figure 3.10), and also decreased levels
of arabinose and mannose relative to both wild types (Col and Nos).
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Figure 3.8 Secondary wall thickening in fibers in myb75-1, knat7-1 and myb75 knat7 plants. The
bottom portion of the Arabidopsis inflorescence stem was used for assessment of secondary walls
in fibers and vessels. (A) Toluidine Blue staining of stem cross-sections in mutants and WT
(Top). Higher magnification of the Toluidine Blue-stained sections (Bottom). myb75-1 (Chapter
1), knat7-1 (Li, E. (2009) and double mutants (myb75 knat7) show thickened interfascicular fiber
walls (indicated by black arrows), while knat7-1 (Brown et al., 2005) and myb75 knat7 have a
collapsed xylem phenotype (B) Transmission electron microscopy of wild type, myb75-1,knat7-1
and double mutant (myb75 knat7) stem sections. (C) Measurements of secondary cell wall
thickness in WT and mutants (as indicated) (µm)). The wall thickness was measured from
transmission electron micrographs of fibers and vessels. Data are means (µm) ± SE from 50 cells.
if, interfascicular fiber; ve, vessel; xf, xylary fiber. Bars = 100 µm for toludine blue stained
sections (upper panel and 50 µm (lower panel indicated) in (A), and 10 µm in (B). myb75-1 show
thickened cell wall as compared to WT. ▪ indicates significant difference from WT-Nos. *
indicates significant difference from WT-Col. myb75-1 is in Nos background and so is compared
to WT-Nos and knat7-1 is in Col background and so compared to WT-Col.
T
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Figure 3.9 Lignin content in the inflorescence stems of the wild type and mutants as determined
by Klason analysis. The analysis reveals a higher lignin content in myb75-1 as compared to WT.
Each data point is the mean (mg lignin/100 mg dry cell walls) ± SE of two assays. * indicates
significant difference from WT-Nos. ▪ indicates significant difference from WT-Col. myb75-1 is
in Nos background and so is compared to WT-Nos and knat7-1 is in Col background and so
compared to WT-Col.
T
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Figure 3.10 Carbohydrate content in the lower stems of the wild type and mutants as determined
by Klason analysis. Each data point is the mean (mg/g dry cell walls) ± SE of two separate assays
with three replicates in each assay. * indicates significant difference from WT-Col. ▪ indicates
significant difference from WT-Nos. myb75-1 is in Nos background and so is compared to WTNos and knat7-1 is in Col background and so compared to WT-Col.
T

T
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Figure 3.11 Secondary cell wall-associated gene expression in lower stems of WT-Nos, myb751, knat7-1 and double mutant (myb75 knat7) relative to WT-Col plants. (A) Expression of lignin
biosynthetic genes in lower inflorescence stems of MYB75 and KNAT7 loss-of-function and
double loss-of function (myb75 knat7) mutants and WT-Nos compared with the wild typeColumbia by real-time quantitative PCR analysis. The expression levels of most of the genes in
the lignin pathway were examined. PAL1, phenylalanine ammonia lyase 1; C4H, cinnamate 4hydroxylase; 4CL1, 4-coumarate CoA ligase 1; HCT, hydroxycinnamoyl CoA:shikimate/quinate
hydroxycinnamoyltransferase; C3H1, coumarate 3-hydroxylase 1; CCoAOMT1, caffeoyl CoA 3O-methyltransferase 1; CCR1, cinnamoyl CoA reductase 1; F5H1, ferulate 5-hydroxylase 1;
COMT1, caffeic acid O-methyltransferase 1; CAD5, cinnamyl alcohol dehydrogenase 5. (B)
Expression of secondary wall biosynthetic genes in lower inflorescence stems of MYB75 and
KNAT7 loss-of-function and double loss-of function (myb75 knat7) mutants and WT-Nos
compared with the wild type-Columbia and real-time quantitative PCR analysis. The expression
levels of genes involved in the formation of cellulose in the primary cell wall (CesA1, CesA3,
CesA6), cellulose in the secondary cell wall (CesA4, CesA7 and CesA8) and xylan (FRA8, IRX8
and IRX9), were examined. Error bars represent SE of three replicates. ▪ indicates significant
difference from WT-Nos. * indicates significant difference from WT-Col. myb75-1 is in Nos
background and so is compared to WT-Nos and knat7-1 is in Col background and so compared to
WT-Col.
T
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To test further the roles of both KNAT7 and MYB75 in secondary cell wall formation, I
performed real-time PCR analysis for genes encoding enzymes that are involved in secondary
cell wall biosynthesis (lignin-, cellulose- and hemicellulose-associated gens). Real time PCR
analysis was performed on myb75-1, knat7-1, myb75 knat7 double mutant and WT (Nos) and was
compared to WT (Col) gene expression. Many of the lignin-specific genes examined were found
to be up-regulated in the myb75-1, knat-7 and myb75 knat7 stems (Figure 3.11A). Similar to
earlier observations for the myb75-1 mutants (Chapter 2), knat7-1 and myb75-1 knat7-1 primary
cell wall-associated cellulose synthase genes (CesA3, CesA5 and CesA6) did not show any
change in expression, whereas genes encoding the cellulose synthase isoforms (CesA4, 7 and 8)
believed to be specifically responsible for biosynthesis of secondary cell wall cellulose
microfibrils (Taylor, et al., 2004) showed upregulation (Figure 3.11 B). Expression of xylan
biosynthesis genes, IRX8, IRX9 and FRA8 (Persson, et al., 2007; Pena, et al., 2007) was increased
P
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in the myb75-1, knat7-1 and double mutant genotypes. Comparison of gene expression profiles in
P
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the double mutant with those of the single mutants showed that the double mutant profile was
similar to that of knat7 in many instances, with no obvious additive effect due to double loss-of
function. However, there were some differences observed in double mutant relative to knat7
(Figure 3.11B).

3.5 DISCUSSION
Several transcription factors whose expression in the Arabidopsis inflorescence stem is correlated
with the secondary cell wall deposition were identified in an earlier microarray study (Ehlting, et
al., 2005). Among these, MYB63 (Zhou, et al., 2009) and KNAT7 (Zhong, et al., 2008; Brown,
et al., 2005; Li, 2009) have since been demonstrated to be regulators of secondary wall
formation. In addition, secondary cell wall-associated pathway regulators like MYB75 have also
been shown to regulate secondary cell wall formation in Arabidopsis stems (Chapter 2). In this
work, protein-protein interaction studies identified interaction between some of these known
secondary cell wall regulators. Since transcription factors are believed to often exert their
regulatory activity through participation in multi-protein complexes, these interactions may
represent the partial complexes involved in secondary cell wall formation in Arabidopsis. In
particular, I have demonstrated that KNAT7 and MYB75 can interact at the protein level and
may therefore form a biologically relevant complex in planta.
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Little functional information is available about homeodomain-MYB transcription factor
interactions, with an exception of one report (Timmermans, et al., 1999) about the interaction of
MYB and KNOX in lateral organ primordia in maize. Given that KNAT7 (Zhong, et al., 2008;
Brown, et al., 2005; Li, 2009) and MYB75 (Chapter 2) both play a role in secondary wall
formation, the in vitro and in vivo interaction I observed between KNAT7 and MYB75 suggested
that both of these proteins could work as a part of a KNOX-MYB complex to regulate some
aspects of secondary wall formation in Arabidopsis stem. If MYB75 functions together with
KNAT7 as part of a regulatory complex in vivo, MYB75 would be expected to have expression
patterns that overlap with those of KNAT7. I observed promMYB75:GUS expression in the
T
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vascular bundle and cortex in the inflorescence stem (Chapter 2) which is similar to the
previously reported promKNAT7:GUS expression pattern (Li, 2009). This indicates that the
MYB75 protein is likely to be present in the same cell types as KNAT7 in certain tissues.
However, their coordinated presence in all secondary cell wall-associated cell types remains to be
determined.
MYB75 is not only involved in regulating secondary cell wall biosynthesis but also is an
important TF in the regulation of carbon redistribution in the phenylpropanoid pathway (Chapter
2). It is noteworthy that the interaction of MYB75 with TT8, a bHLH protein (Zimmermann, et
al., 2004), was previously shown to involve a multi-protein complex that positively regulates
anthocyanin production (Gonzalez, et al., 2008; Borevitz, et al., 2000). MYB75 also negatively
regulates the lignin-specific pathway (Chapter 2) and was shown to interact with KNAT7 to
regulate secondary cell wall biosynthesis in this work. This suggests that different complexes
may operate at the protein level to regulate two distinct pathways in two different modes
(positive and negative). In short, when MYB75 (a weak activator, Chapter 2) interacts with TT8
(an activator; data not shown), this results in a positive regulation of the anthocyanin pathway but
when MYB75 interacts with KNAT7 (a repressor, (Li, 2009)), this results in the repression of a
set of the secondary cell wall-specific genes. The relationship of these different interactions with
contrasting and diverse biological functions provides further evidence of the diversity that
protein-protein interaction-based complexes can provide when a limited number of TFs is
engaged. In addition, my observations are consistent with a scenario in which multiple complexes
might share specific sets of transcription factors, thus providing a rich palette of combinatorial
diversity for cross-regulating different metabolic pathways as both activators and repressors of
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transcription. Whether MYB75 might serve as an activator or repressor of transcriptional targets
within specific putative complexes in planta remains to be clarified. The protoplast system
employed here to confirm these interaction yielded a result suggesting an overall repression of
the activity of a MYB75-KNAT7 complex (Figure 3.5), consistent with repression of the
secondary cell wall genes seen in myb75-1 plants (Chapter 2).
The yeast two-hybrid assay is a powerful tool for investigating the network of interactions
that is formed between proteins involved in particular processes (Walhout, et al., 2000). Although
the system offers advantages over biochemical methods, such as rapidity and sensitivity, it still
has associated problems. False positives are sometimes generated in two-hybrid screens.
However, the use of two or more reporter genes (Fashena, et al., 2000) to assay for an interaction,
as I used here, has been reported to provide more selectivity and to allow detection of weaker
interactions. Interestingly, there were some interactions seen in BiFC experiments that were not
observed in yeast two-hybrid assays with the same clones (Figure 3.6 and Figure 3.7). One
possible reason for this difference may be the use of a heterologous system like yeast cells for
identifying in vitro interactions among Arabidopsis proteins. Using an in vivo system involving
Arabidopsis protoplasts to confirm the interactions is therefore considered to be a better
approach, since it might avoid non species-specific unidentified interactions. Thus, I confirmed
all of my Y2H interactions in protoplasts using two different experimental approaches. These
included BiFC, which have been used extensively in identifying interactions among Arabidopsis
proteins (Weinthal and Tzfira, 2009; Schutze, et al., 2009; Walter, et al., 2004), along with a
more quantitative method, the protoplast transfection system (Wang, et al., 2007). Data from
these two different in vivo systems consistently indicated the occurrence of MYB75-KNAT
complex formation in planta.
Protein-protein interactions are known to be dependent upon different domains, and
multi-protein binding models can include the binding of one TF to one domain of a given protein
while another TF (or other interactor) binds to another domain. The competition between these
binding domains for available partners may provide another level of regulation. For example, the
R3 domain of MYB’s has been shown earlier to interact with bHLH proteins, while my findings
shows that R3 may also be an important domain interacting with KNOX proteins. The negative
regulatory functions of R3 proteins is dependent on the ability of these proteins to interact with
bHLH proteins due to their competition for binding with the R2R3-MYB partners and not
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binding themselves to DNA stably (Dubos, et al., 2010). A similar function for the MYB75KNAT7 interaction cannot be ruled out. Moreover, it was shown here that the R3 domain
interacts specifically with the KNOX2 domain of KNAT7. This observation is an important
initial step in determining the structural and sequence specificity of the protein-protein
interaction. The precise characterization of amino acid motifs involved in such interactions is
important to understand the functional specificities within protein families. It will be interesting
in the future to determine which amino acids are specifically involved in the MYB75-KNAT7
interaction. My findings reconfirm the established view for MYBs to not only involve in DNA
binding, but also their involvement in protein–protein interactions. Multiple binding capacity of
one domain such as R3 to members of different protein families (bHLH, KNOX) supports the
idea that recruitment of variety of accessory proteins can be achieved by MYB domain.
The concept of a biological function for MYB75 in regulating secondary wall formation
through its interaction with KNAT7 is further supported by the phenotypes of the myb75-1 single
mutant and the myb75 knat7 double mutant. Both mutants exhibited inflorescence stem
phenotypes similar to that of knat7 (Brown, et al., 2005; Li, 2009) with characteristic enhanced
thickness of interfascicular fiber cell walls (Figures 3.8). The lack of an additive phenotype in the
double mutant, as seen in light microscopy, transmission electron microscopy and secondary cell
wall-associated gene expression, is consistent with the view that KNAT7 and MYB75 may
function in the same pathway or in a common complex. I did not observe in the myb75-1 mutant
any indication of an irx wall phenotype such as is seen in knat7 or myb75 knat7 plants (Figure
3.8). Therefore, it is possible that the putative MYB75-KNAT7 complex is only involved in a
subset of knat7 functions. While MYB75 can interact with KNAT7 in vivo, and they share a
similar expression pattern and may function as a MYB-KNOX complex regulating secondary
wall formation, they may also participate in other pathways and/or possess a very cell-specific
complex functionality and localization. Since KNAT7 function seems to be primarily restricted to
the developing secondary walls (Zhong, et al., 2008; Li, 2009), in contrast to the broader function
of MYB75 (Tohge, et al., 2005a; Teng, et al., 2005; Lea, et al., 2007; Gonzalez, et al., 2008), the
mechanism by which MYB75-KNAT7 interactions may pleiotropically impact broader plant
developmental processes is unknown and will be the subject of future investigations.
My data supports a model in which MYB75-KNAT7 protein-protein interaction is of
particular importance to the regulation of secondary wall formation. This work is unique in
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characterizing an interaction between KNOX and MYB family protein and identifying its role in
regulating secondary cell wall formation in Arabidopsis inflorescence stems. It can also be
postulated that there are likely to be more partners involved in this interaction and that in planta
identification of the relevant protein complexes will be necessary in order to more fully
understand the complete biological regulatory network.
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Chapter 4. MYB75-KNAT7 protein interaction in the context of regulating
secondary cell wall formation in the Arabidopsis seed coat

4.1 SYNOPSIS
Arabidopsis seeds possess extensive secondary walls in their mature seed coat, where they are
deposited in the radial cell walls and columella of the sub-epidermal layer. In addition to
strengthening the seed coat, these structures provide protection for the cells involved in mucilage
production and storage. MYB75 and KNAT7 were shown earlier to interact physically and
genetically, and to be involved in the regulation of some aspects of secondary cell wall formation
in the Arabidopsis stem (Chapter 3). Here, I show that at least some parts of the transcriptional
regulatory network involved in the formation of secondary cell walls in the Arabidopsis
inflorescence stem are functionally conserved in the seed coat and that the seed coat development
network involves the putative MYB75-KNAT7 protein complex. Novel genetic and proteinprotein interactions of MYB75 and KNAT7 with other transcription factors known to be involved
in seed coat regulation were also identified, leading to the proposal that a MYB75-associated
protein complex is likely to be involved in regulating secondary cell wall biosynthesis in the seed
coat.

4.2 INTRODUCTION
Secondary cell walls in plants provide mechanical strength, support and protection. They are
found in many different organs and tissues, including inflorescence stems, leaves, roots and seed
coat. The seed coat is a shielding structure that protects the embryo and also contributes to seed
dormancy, dispersal and germination. It is derived from the ovule integuments following
fertilization. Overall seed coat development can be divided into three main stages (Haughn and
Chaudhury, 2005) (Figure 4.1). The first stage (3-5 days post fertilization/anthesis (DPA))
includes five different layers of the ovule integument undergoing a period of growth (1-5, Figure
4.1A). In the second stage, these layers differentiate toward specific fates, a process that occurs
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within 7-11 DPA. Differential changes that occur during this stage include synthesis of
condensed tannins by the endodermis layer ((5), Figure 4.1B), crushing of two inner integument
layers ((3) and (4), Figure 4.1B), production of a thickened secondary cell wall on the inner
tangential side of the cells by the subepidermal layer ((2), Figure 4.1B) and synthesis and
secretion of a large quantity of mucilage (a pectinaceous carbohydrate) by the epidermal layer
into the apoplast, specifically at the junction of the outer tangential and radial cell walls ((1),
Figure 4.1B). Further, contraction of the vacuole takes place because of mucilage deposition that
results in a column-like structure in the centre of the cell, called the columella. This structure is
later surrounded by the deposition of a secondary cell wall that completely fills the apoplastic
space (Figure 4.1C): therefore, the main areas of secondary cell wall deposition during the
differentiation process of the seed coat development are radial cell walls and the walls of the
cytoplasmic columns (Haughn and Chaudhury, 2005; Beeckman, et al., 2000; Western, et al.,
2000). In the mature stage of differentiation, the cells of all seed coat layers die. Mucilage and
columella preserve the structure of the epidermal cells as the remaining layers are crushed
together (Figure 4.1C).

Figure 4.1 Development of the ovule integuments into a seed coat. Three main stages during the
development are shown (A) 3-5 DPA (Days Post Anthesis/fertilization) (B) 7-11 DPA and (C)
mature stage. The cell layers of the ovule integument undergo a period of growth (3-5 DPA; 1–
5). Differentiation of the cell layers and mucilage and secondary cell wall formation and
deposition takes place (7-11 DPA). Cells of all layers have been crushed together and are dead. A
thick secondary cell wall of the columella is seen (Mature). Red arrow indicates area of
secondary cell wall deposition. Al, endosperm aleurone; Em, embryo; En, endosperm. (Adapted
from Haughn and Chaudhury, 2005).
T
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The differentiation of the seed coat involves regulation by transcription factors (TF).
Many transcription factors from different families have been demonstrated to influence
mucilage/secondary cell wall production in Arabidopsis seeds. The distinction between
regulation of the mucilage production pathway(s) and secondary cell wall-specific pathway(s) is
not very clear, since many TFs have been proposed to be involved in regulating both of these
networks (Li, et al., 2009b; Gonzalez, et al., 2009). The most prominent transcription factors
involved include APETALA2 (AP2) a homeodomain transcription factor needed for
differentiation of the outer layers of the seed coat as well as transparent testa glabra 1 protein
TTG1 (a WD repeat protein) and GLABRA2 (GL2, a homeodomain TF), that are required for
general differentiation (Haughn and Chaudhury, 2005; Western, et al., 2004; Western, et al.,
2001). A complex containing TTG1, two bHLH family members (EGL3-ENHANCER OF
GLABARA 3, TT8-TRANSPARENT TESTA 8) and two MYB proteins (MYB5, MYB23) is
believed to regulate the biosynthesis of mucilage. (Li, et al., 2009b; Matsui, et al., 2004;
Gonzalez, et al., 2009; Baudry, et al., 2004). In the seed coat, TTG2 (TRANSPARENT TESTA
GLABRA 2; a WRKY TF), TT2 (TRANSPARENT TESTA 2) and MYB61 (MYB TFs), and
GL2 and KNAT7 (KNOTTED ARAPIDOPSIS THALIANA 7; homeodomain TFs) have all been
shown to regulate some aspects of mucilage and/or epidermal development (Li, et al., 2009b; Li,
2009; Haughn and Chaudhury, 2005; Ramsay and Glover, 2005; Western, 2006). Genetic
interactions have been previously reported to involve many of these secondary cell wall
formation/mucilage biosynthesis genes and different regulatory network models have been
proposed (Haughn and Chaudhury, 2005; Gonzalez, et al., 2009).
In addition to regulating seed coat secondary cell wall/mucilage biosynthesis, some of
these same transcription factors have also been implicated in other developmental processes and
pathways. For example, anthocyanin biosynthesis is regulated by TT8, GL3, EGL3 and TTG1, in
the seed coat, proanthocyanidin (condensed tannin) biosynthesis regulation is done by TT2, TT8,
and TTG1 and KNAT7 and MYB61 have been associated with cell wall regulation and sugar
sensing, respectively (Dubos, et al., 2010; Li, 2009). The divergence in biological functions of
these genes could be the result of differential genetic interactions (e.g. spatial and/or temporal
diversity in expression patterns) and/or of the formation of different protein complexes that
modify the cellular activities of the gene products.
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Transcription factors are thought to generally work in complexes and therefore, proteinprotein interactions are important for their functions. WD40 repeat proteins form complexes with
basic helix-loop-helix (bHLH) transcription factors and with many MYB transcription factors to
regulate different developmental processes (Schellmann and Hulskamp, 2005; Serna and Martin,
2006; Serna and Martin, 2006; Serna, 2005; Guimil and Dunand, 2006; Martin and Glover, 2007)
and metabolic pathways in plants (Haughn and Chaudhury, 2005; Ramsay and Glover, 2005;
Western, 2006; Broun, 2005; Koes, et al., 2005). Similarly, homeodomain (HD) transcription
factors (e.g. KNOX family members) also show protein-protein interactions with BELL
(Bellaoui, et al., 2001; Viola and Gonzalez, 2006), OFP proteins (Li, 2009; Hackbusch, et al.,
2005) and MYB family proteins (Chapter 3) and HD proteins are involved in regulation of many
different metabolic pathways, including secondary cell wall formation in Arabidopsis.
Transcription factor protein–protein interactions have sometimes been shown to be conserved in
different tissue types (Gonzalez, et al., 2008; Baudry, et al., 2004; Nesi, et al., 2001; Nesi, et al.,
2000), but conservation of such interactions across tissue types for transcription factors involved
in regulation of secondary cell wall formation has not previously been examined in the literature.
MYB75 regulates many metabolic pathways, including anthocyanin biosynthesis
(Gonzalez, et al., 2008; Borevitz, et al., 2000), and has been shown to be a negative regulator of
secondary cell wall formation in the Arabidopsis inflorescence stem (Chapter 2). Physical
interactions between MYB75 and the bHLH TFs, TT8 and bHLH012 (Zimmermann, et al., 2004)
have been reported earlier. KNAT7, a KNOX family protein has been shown to regulate
xylogenesis (Brown, et al., 2005) and secondary cell wall biosynthesis in Arabidopsis (Li, 2009).
It also shows protein-protein interactions with OFP family proteins (Li, 2009; Hackbusch, et al.,
2005) and BEL1-like homeodomain (BLH) family proteins (Hackbusch, et al., 2005). Proteinprotein interaction between KNAT7 and MYB75, and the role of these interacting proteins in
regulating secondary cell wall formation in the Arabidopsis inflorescence stem was examined in
Chapter 3.
In this chapter, I show the possible involvement of MYB75-KNAT7 protein-protein
interaction in regulating secondary cell wall formation in seed coat radial walls and columella
similar to the role of this interaction that has been shown earlier in the regulation of secondary
cell wall thickening in the inflorescence stem (Chapter 3) of Arabidopsis. Further, the question
whether this regulation is mediated by interaction with a distinct set of transcription factors in
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seed coat was examined. Based on my findings, I have been able to position KNAT7 and MYB75
within the known genetic interaction matrix involved in regulating the mucilage/seed coat wall
biosynthesis pathway(s). I also propose that a distinct complex involving these two transcription
factors is likely to contribute to regulation of secondary cell wall formation in the Arabidopsis
seed coat.

4.3 MATERIALS AND METHODS
4.3.1 Plant material
The loss-of-function MYB75 mutant (myb75-1) (Chapter 1) used in this work is in the
Arabidopsis ecotype Nossen background. These seeds were compared to wild-type (WT) Nossen
seeds. Seeds of the KNAT7 (knat7) loss-of-function mutant were a gift from Eryang Li, UBC (Li,
2009). This mutant is in the Columbia background and so was compared to wild type Columbia
seeds in this work. The double-loss-of-function mutant (myb75 knat7) (chapter 3) was compared
to both wild types (Nossen and Columbia). Homozygous seeds of a TT8 loss-of-function mutant
allele (tt8) obtained from the Arabidopsis Biological Resource Center (ABRC) were used as a
control in this work. The other seed coat mucilage mutant seeds (ap2, gl2, ttg1 and ttg2) were a
kind gift from Dr. George Haughn (Botany department, UBC). For protoplast isolation, WT
Columbia seeds were surface sterilized using 20% commercial bleach, cold-treated at 4°C in the
dark for 2 days and plated on agar ½ MS medium (2.16 g/l MS salts, 1% sucrose, 1% bacto-agar
pH 6.0 with 1 M KOH (Murashige and Skoog, 1962). Ten-days-old seedlings were
P

grown
P

in a

moistened 1:3 mixture of Sunshine Mix #1 (Sun Gro Horticulture Canada Ltd) and with a 16/8 h
(light/dark) photoperiod at 23°C. Leaves from plants that were approximately 3–4 weeks old
were used for protoplast isolation. For seed coat isolation at specific development stages of the
seed, WT (Columbia and Nossen) and mutant seeds (ap2, gl2, ttg1, ttg2, myb7 and knat7) were
grown in soil as described above for protoplast isolation. Plants were monitored for their silique
development and stage-specific seed coat tissue was collected as described below.
4.3.2 Stage-specific seed coat separation, RNA isolation and qRT-PCR
For developmental stage-specific seed coat isolation, a stage was defined as the time when the
flower was beginning to open (days post anthesis; DPA). Flowers at anthesis were labeled using
80

appropriate paint, and using a different color for each stage. Siliques were collected, pooled
together and then used for RNA isolation. Total RNA was extracted from 3-, 7-, and 11-DPA WT
or mutant seed coats using the RNAqueous kit (Ambion). To eliminate residual genomic DNA,
the RNA was treated with RNAse-free DNAseI according to the manufacturer's instructions
(Qiagen). The concentration of RNA was measured using the absorbance at 260 nm and the
quality of the sample was assessed using the A260/A280 ratio. Total RNA (100 ng) was reverse
transcribed using the SuperScript® VILO™ cDNA synthesis kit (Invitrogen) according to the
manufacturer's instructions. 1.5 µl cDNA was used in each reaction in a 20 µl reaction volume.
PCR amplification was performed with Knat7-, MYB75-specific primers, using Actin8 as a
normalization control. Actin8 was chosen as the reference gene for this study as its expression has
been shown to be relatively invariant (An, et al., 1996). However, in my experiments, stable
expression of Actin8 was reconfirmed in seed coat-specific samples (data not shown). The cDNA
was amplified using the PerfeCta™ qPCR FastMix (Quanta Biosciences) on the DNA Engine
Opticon® 2 (Bio-Rad). Relative values are arbitrary units and were calculated as described
previously (Gutierrez, et al., 2008).

4.3.3 Scanning electron microscopy and image analysis
Standard EM stubs were used and Arabidopsis seeds (WT and mutants) were attached and sputter
coated with gold-palladium alloy. Hummer VI sputtering system (Anatech) was used for this
purpose. Hitachi (S-800) scanning electron microscope was used to visualize the specimens and
images were taken using a digital imaging system.

4.3.4 Bright field microscopy and resin embedding
Mature seeds were fixed in 3% glutaraldehyde as described by Stork et al., (2010). All samples
were slowly infiltrated with Spurr’s epoxy resin after transferring to propylene oxide solution.
Dehydration, embedding and sectioning were performed as described by Western et al., (2000).
Axioskop 2 microscope (Carl Zeiss) was used to photograph the sections. Height and width of the
columella and radial wall were determined as described by Stork et. al., 2010. A total of atleast
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10 cell walls were measured for each genotype. Student’s t-test was used to determine the
significance.

4.3.5 Histochemical analyses
0.2% (w/v) Ruthenium red (Sigma, St. Louis, MO) was used to test for abnormal mucilage
production from the seeds, according to Beeckman et al., (2000). Dye was dissolved in water for
30 min at 25°C. The seeds were photographed with an Axioskop 2 microscope (Carl Zeiss).

4.3.6 Yeast two-hybrid assays
The ProQuest yeast two-hybrid system (Invitrogen) was used with full length transcription
factors in pDEST32 (bait vector) or pDEST-22 (prey vector) introduced into the yeast strain
MaV203 in different combinations. Positive clones were isolated on the basis of three selectable
markers: HIS3, URA3 and LacZ. Positive interactions were indicated by activation of HIS3 or
URA3, according to the manufacturer's instructions

4.3.7 Protoplast isolation and bi-molecular fluorescence complementation (BiFC) using
YFP
The procedures for Arabidopsis protoplast isolation has been described previously (Wang, et al.,
2007). Gateway entry vectors with full length MYB75, KNAT7, MYB5 and TT8 were used. For
N-terminal YFP-tagged constructs, appropriate entry clone was transferred into BiFC expression
vector pSAT4-DEST-nEYFP1–174-C1 (pE3136) or pCL112 (pBATL) to produce nYFP–vectors.
B

B

The same procedure was used for C-terminal YFP-tagged constructs using pSAT5-DESTcEYFP175–end-C1(B) (pE3130) or pCL113 (pBATL) to produce cYFP–vectors. The resulting
B

B

plasmids were co- transfected into freshly prepared Arabidopsis leaf mesophyll protoplasts, and
incubated for 20–22 hours (Wang, et al., 2007). YFP fluorescence was visualized using a Leica
DM-6000B fluorescence microscope and photographed with a Leica digital image system (Leica
Microsystems).
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4.3.8 Primers
Primer sequences for real time PCR (qRT-PCR) were: MYB75 left primer, 5′TTCTTCGCCTTCATAGGCTT-3′, right primer, 5′-AGGAATGGGCGTAATGTCTC -3′;
KNAT7

left

primer,

5′-AAATTGGTGGAGGAGACAGG-3′,

right

primer,

5′-

TCCTCTTGCGTTGGTTAATG-3′; ACT8 left primer, 5′-TCTAAGGAGGAGCAGGTTTGA-3′,
right primer, 5′- TTATCCGAGTTTGAAGAGGCTAC -3′.

4.4 RESULTS

4.4.1 MYB75 and KNAT7 are expressed in seed coat stages involving active secondary cell
T

wall formation and are part of the transcriptional network regulating Arabidopsis
T

mucilage/ seed coat development
To identify whether MYB75 and KNAT are expressed in seed coat developmental stages where
secondary cell wall deposition takes place (7-11 DPA, Figure 4.1) and to establish whether these
genes might form part of the known genetic network regulating secondary cell wall/mucilage
pathway, their expression was assessed using quantitative real-time PCR (q-RT-PCR)(Figure
4.2). Transcript quantifications were done using cDNA from stage-specific seed coats (3, 7 and
11 DPA) isolated from WT plants and plants carrying mutations in known seed coat regulatory
genes. MYB75 and KNAT transcript levels were found to be high in 7 and 11 DPA stages as
compared to 3 DPA (Figure 4.2A and 4.2B). This indicated that these two genes could potentially
be involved in regulating secondary cell wall deposition in the seed coat. Further, MYB75
expression was strongly suppressed in the ttg2 background (Figure 4.2A), indicating that MYB75
is associated with

a genetic network known to be regulating seed coat secondary cell

wall/mucilage deposition and TTG2, one member of that network, is upstream of MYB75.
However, no changes were observed in MYB75 expression in the other mutant backgrounds
examined (ap2, gl2 and ttg1). Based on this observation, we can predict that MYB75 serves as a
downstream target of TTG2 but that this relationship may be independent from the pathways
previously known to be regulated by TTG2 (Figure 4.6A). It is noteworthy that no change in
KNAT7 expression was observed in myb75 seed coats relative to that seen in WT plants (Figure
4.2B). On the other hand, KNAT7 expression was higher in the ttg2 background compared to WT,
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indicating negative regulation (repression) of KNAT7 expression by TTG2 (Figure 4.2B).
Expression of KNAT7 was also downregulated in the ap2 and gl2 backgrounds, suggesting that
KNAT7 is situated downstream of AP2, GL2 and TTG2 in the known genetic interaction network
and may be a part of the mucilage biosynthesis pathway (Li, 2009).

Figure 4.2 Expression of MYB75 and KNAT7 in mutants of putative regulatory transcription
factors during seed coat development. Total RNA was isolated from 3-DPA,7-DPA and 11-DPA
stages of seed coat development of wild-type, ap2, gl2, ttg1, ttg2, myb75 and knat7 siliques.
cDNA was used for quantitative real time PCR (q-RT-PCR) using gene-specific primers for
MYB75 (A) and KNAT7 (B).
T

T

The expression of KNAT7 in the ttg1 and ttg2 backgrounds also shows a bimodal
distribution of expression during stage-specific development (Figure 4.2 B). From a gene
expression standpoint, a bimodal distribution of KNAT7 expression suggests the potential
existence of two sets of mRNA populations in 3 DPA and 11 DPA stages of seed coat
development, and that these are differentially regulated by TTG1 and TTG2. This pattern
indicates that these KNAT7-associated mRNA sets may be playing two different roles in each
stage, with one (3 DPA) involved in growth and development of the epidermal layers and other
(11 DPA) more specific for its role in late differentiation stage (mucilage and secondary wall
formation).
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4.4.2 MYB75 and KNAT7 interact to regulate secondary cell wall in Arabidopsis seed
Examination by scanning electron microscopy (SEM) was performed on WT (Columbia and
Nossen), myb75, knat7, and myb75 knat7 seeds (Fig. 4.3A) to gain insight into the seed coat
P

P

surface and cell shape phenotype in these mutants. Surface structures of the seed coat were
irregular in the mature myb75 seed. In this mutant, the angle between the radial wall junctions
was distorted and, in general, only four walls were visible as compared to symmetrical six-walled
surface structures in WT seed coats. Further, the radial cell walls were thicker in myb75 seed
coats as compared to WT (Nossen) seeds. In knat7 seeds, the radial wall also appeared to be
thicker relative to the WT (Columbia) (Figure 4.3A). However, no change in the hexagonal cell
wall shape was evident in the knat7 seeds. In tt8 mature seeds, which were used as a positive
control in this study, distorted and thinner epidermal cells were observed (Figure 4.3A.). Genetic
P

P

interaction between MYB75 and KNAT7 was suggested by the enhanced but intermediate
phenotype seen in myb75 knat7 seed coats relative to the single mutants or WT; the myb75 knat7
double mutant had thicker radial walls, a higher columella, distorted radial wall angles and an
overall cell shape marked by four visible walls, features that are similar to those seen in myb75
seed coats (Figure 4.3A). Based on these phenotypic data, it is likely that MYB75 and KNAT7
genes operate in similar pathway(s) and that their potential interaction could play a role in
regulating secondary wall thickness in Arabidopsis seed coat epidermal cells.
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Figure 4.3 Mutations in MYB75 cause change in cell shape and thickening of radial walls in
seed coat epidermal cells (A) Scanning electron microscopy of dry seeds of wild type (Columbia
and Nossen), myb75, knat7, myb75 knat7 and tt8 mutants (as indicated). The changes in
hexagonal cell walls and columella in the centre of WT cells in mutants is noticeable. Radial wall
and columella are the regions of secondary cell wall deposition. Blue arrow indicates change in
radial wall and red arrow indicates columella (B) Epidermal cell morphology of wild-type
(Columbia and Nossen), myb75, knat7, myb75 knat7 and tt8 toluidine blue-stained sections of
mature seeds (as indicated). (C) Quantification of the radial wall height, width and columella
length of wild-type and mutants seed coat cells (µm). Error bars are SE from the mean. Square (▪)
indicates significant difference from WT-Col. Asterisk * indicates significant difference from
WT-Nos. myb75 is in Nossen background and knat7 and tt8 are in Columbia background.
T

T

To quantify the SEM-observed phenotype, histological analysis was performed on Toluidine
P

P

Blue-stained sections of mature seeds of WT (Columbia and Nossen) and mutants (myb75, knat7,
myb75 knat7 and tt8) (Figure 4.3B). In the experimental conditions used in this work, mutant and
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wild-type seeds were fixed under aqueous conditions (3% glutaraldehyde). This specific
P

P

treatment caused the bursting of the mucilage pocket. This resulted in exposure of the epidermal
secondary cell wall. Variation in the height and width of the myb75 radial wall was clearly
P

P

evident. However, cell wall appeared larger than in the wild type (Figure 4.3B). To further
P

P

quantify these changes, the radial wall height and width were measured. The results (Figure 4.3C)
P

P

P

P

indicated significant differences in the height and width of the myb75 and myb75 knat7 radial
P

P

walls when compared to wild-type cells. An increase in radial wall thickness was also observed in
P

P

knat7 mutant seeds (Figure 4.3C).
Based on the SEM, histological studies and the phenotype observed in myb75 knat7 seed
coats, which show more similarity to myb75, it is possible that both MYB75 and KNAT7 belong to
the same pathway/complex to cooperatively regulate secondary cell wall formation in the
Arabidopsis seed coat.

4.4.3 MYB75 seeds do not have a seed mucilage phenotype
In addition to the extensive secondary cell wall deposition in the Arabidopsis seed coat, secretion
of abundant pectin-rich mucilage takes place during the differentiation stage. Therefore, both the
secondary cell wall deposition and mucilage formation are important and simultaneous processes
during seed coat development. To determine the role of MYB75 and KNAT7 in the mucilage
biosynthesis pathway, I examined knat7, myb75 and myb75 knat7 seeds for possible mucilage
defects, which can be easily observed following imbibition (Figure 4.4). When wild-type
Arabidopsis seeds contact water, they release mucilage from the seed coat epidermis, and this
expands to form a gelatinous coating over the seeds (Western, et al., 2000). This mucilage
coating can be visualized by staining with Ruthenium Red, which stains negatively charged
polymers such as pectin and DNA (Koornneef, 1981)(Figure 4.4A and 4.4B). When stained with
Ruthenium Red after shaking (the treatment disturbs the pectin network of the mucilage) in
water, there was barely a visible layer of stained mucilage observed in knat7 seeds (Figure 4.4D).
However, when knat7 seeds were placed directly in water and stained without agitation, a dense
layer of mucilage was apparent. Since Ruthenium Red staining is dependent on pectin
composition (Sterling, 1970), this behavior indicates a difference in mucilage composition
between WT and knat7 mutant seeds, supporting the idea that KNAT7 might play a role in
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regulating mucilage biosynthesis. In myb75 seeds, a dense mucilage layer was observed around
seeds imbibed either with or without shaking (Figure 4.4C). Therefore, it appears that MYB75
does not play an essential role in regulating either mucilage biosynthesis or composition and that
it may be specialized as a regulator of secondary cell wall formation in the seed coat.

Figure 4.4 Mucilage release by myb75 and knat7 seeds compared to wild-type seeds imbibed in
Ruthenium Red solution, with and without shaking. (A) Nossen wild-type (B) Columbia wildtype seeds. (C) myb75 seeds. (D) knat7 seeds. (E) myb75 knat7 seeds. (F) tt8 seeds. myb75 and
myb75 knat7 seeds (C and E) display normal mucilage release (as seen in WT) when treated
directly with Ruthenium Red, with or without agitation, while knat 7 and tt8 seeds (D, F) shaken
in dye lose the soluble layer of mucilage. Red arrows indicate the mucilage layer.
T

T

T

T

4.4.4 MYB75 and MYB5 show protein-protein interaction with KNAT7
To identify potential protein-protein interactions among MYB75, KNAT7 and some of the
known seed coat differentiation regulating TFs, I assayed them against each other in directed
yeast two-hybrid (Y2H) assays (Figure 4.5A). All the tested candidates were fused to the GAL4
DNA binding domain (BD) and GAL4 activation domain (AD) and assayed for their ability to
bind to themselves, or to each other, using a Proquest Y2H kit (Invitrogen). Wild-type yeast was
transformed with yeast two-hybrid BD- or AD- construct. Different combinations were
generated. Interaction was assessed using yeast growth on dropout media as a reporter. Yeast
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growth above the background on SC-Leu-His in the presence of at least 25 µM 3AT and growth
on SC-Leu-Ura plates was considered a positive result. MYB constructs were not used as binding
domain fusions in the yeast two-hybrid system because of their inherent transcription activating
function. Positive Y2H interactions were observed between MYB5 and KNAT7 (Figure 4.5A).
MYB5 was shown previously to regulate seed coat mucilage biosynthesis (Li, et al., 2009b).
MYB75-TT8, MYB75-bHLH012 (Zimmermann, et al., 2004) and MYB75-KNAT7 (Chapter3)
have been previously shown to interact, and since these interactions were corroborated by this
assay, they could then serve as positive controls.
The bi-molecular fluorescence complementation assay (BiFC) using a split yellow
fluorescent protein (YFP) was used to demonstrate that the MYB5-KNAT7 interaction and other
interactions demonstrated in the Y2H system could also be observed in vivo in Arabidopsis
protoplasts (Figure 4.5 B). MYB5 was fused to N-terminal split YFP and KNAT7 to the Cterminal fragment of the fluorescent protein, neither of which is capable of generating
fluorescence alone. Similarly, KNAT7 was fused to N-terminal split YFP and TT8 to C-terminal
YFP. A known transcription factor interaction (MYB75 and KNAT7) was used as a positive
control in this BiFC experiment (Chapter 3; Figure 4.4). Using the Arabidopsis leaf mesophyll
protoplast transient expression system (Tiwari, et al., 2006), I transformed different combinations
of fusion constructs. Reconstitution of complete YFP as seen by its fluorescence could be
detected in the identified YFP-C-KNAT7 with YFP-N-MYB5 interaction and previously
identified interactions in vitro: TT8-MYB75, TT8-MYB5 and MYB75-KNAT7 (Figure 4.5B).
Only few protoplasts showed positive interaction. This could be the result of lost viability of
protoplast before transformation. Constructs with YFP-N-MYB75 with YFP-C-EV were used as
a negative control. Therefore, both MYB75 and KNAT7 show protein-protein interactions with
other known regulators of seed coat development, suggesting that these interactions may result in
formation in vivo of different multi-protein complexes that could participate in the regulation of
either mucilage or secondary cell wall formation in the developing Arabidopsis seed coat. It can
be postulated that the MYB75-KNAT7 pair would operate as one part of such a multi-member
complex (Figure 4.6 B).
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Figure 4.5 In vitro protein–protein interactions among potential secondary cell wall-associated
and seed coat regulating as determined by yeast two-hybrid assay (A) and confirmation of
interactions in vivo by BiFC assay in Arabidopsis protoplast and split YFP (B). Known
interactions as indicated in text (Zimmermann et. al, 2004) were used as a positive control and
co-transformed empty vectors were used as a negative control.
T

T

Based on SEM, histological studies, mucilage staining and protein-protein interaction analyses,
the myb75 and knat7 mutations appear to affect different but somewhat overlapping aspects of
seed coat development, with MYB75 regulating specifically secondary cell wall deposition and
KNAT7 having a role in mucilage and secondary wall biosynthesis. However, an interaction
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between MYB75 and KNAT7 is conserved in the seed coat and both transcription factors
contribute to the regulation of secondary cell wall formation in developing Arabidopsis seeds.

4.5 DISCUSSION
The molecular underpinnings of secondary cell wall deposition as part of seed coat reinforcement
remain poorly characterized, including the regulatory role of transcription factors. In this study, I
demonstrate a unique and conserved contribution of MYB75 and KNAT7, two interacting
transcription factor proteins, to secondary cell wall biogenesis in Arabidopsis seed coat. The
pattern of MYB75 and KNAT7 expression across specific seed coat development stages in WT
Arabidopsis suggest that both of these transcription factors could have a role in this process. High
expression is seen in the 11 DPA developmental stages, the stage in which secondary cell wall
deposition takes place. This correlation is analogous to the high expression seen for MYB75 and
KNAT7 in secondary cell wall-associated lower regions of inflorescence stems in Arabidopsis as
compared to the upper region of the stem (Chapter 2, Li, 2009). MYB75 and KNAT7
transcription factors were found earlier to play a regulatory role in secondary cell wall formation
in the Arabidopsis stem (Chapter 2 and Chapter 3), and it appears that this co-expression of
MYB75 and KNAT7 is conserved in Arabidopsis in different tissues that have a biological
commitment to secondary cell wall deposition. I was also able to show in this work that both
MYB75 and KNAT7 operate downstream of TTG2, a known TF within seed coat development.
TTG2 is situated at an important node in the transcription factor network involved in mucilage
biosynthesis and secondary cell wall deposition in seed coat (Li, et al., 2009b; Haughn and
Chaudhury, 2005; Gonzalez, et al., 2009; Western, et al., 2004)(Figure 4.6A ). KNAT7 seems to
be negatively regulated by TTG2 (Figure 4.2B) and KNAT7 itself has been shown to be repressor
(Li, 2009). Repression of KNAT7 by TTG2 could be an important step in the regulation of
secondary cell wall/mucilage formation in the seed coat. In short, based on the data from earlier
work and the genetic interaction data gathered in this work, I can propose the position of MYB75
and KNAT7 in already known genetic interaction network.
The Arabidopsis seed coat development is regulated by a complex transcriptional network
involving number of transcription factors in various combinations to regulate seed coat epidermal
layer differentiation and formation of secondary cell wall and mucilage (Li, et al., 2009b; Haughn
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and Chaudhury, 2005; Gonzalez, et al., 2009). However, the downstream members in this
network that specifically regulate the mucilage or secondary cell wall formation are not known.
Both MYB75 and KNAT7 may lie downstream of TTG2 to provide functional specificity in the
pathway. The double loss-of-mutant (myb75 knat7) showed an intermediate seed coat phenotype
compared to both single mutants (knat7 and myb75) but with more similarity to myb75. This
opens up two possibilities: it may indicate that these two TFs belong in the same pathway
regulating secondary cell wall in Arabidopsis seeds or belong to separate branches of same
regulatory pathway. It seems that in the case of Arabidopsis seed coat, MYB75 has a dominant
epistatic relationship with KNAT7 for secondary cell wall deposition. This is in contrast to the
observation in Arabidopsis inflorescence stem where KNAT7 showed a dominant role (Chapter
3). This may indicate the spatial-specific effect of the transcription factors but with a conserved
interaction. However, this work does not provide enough evidence to rule out the possibility that
these TFs may also belong to separate branches of a common regulatory pathway in Arabidopsis
seed coat.
Intermediate phenotypes by two genes belonging to distinct sub branches of the main
pathway have been shown in many instances in different tissues (Chory, et al., 1991; Diet, et al.,
2004; Gomez-Mena, et al., 2001). Therefore, it is possible that either two distinct pathways
and/or two separate branches of the same pathway may be involved in the secondary cell wall
formation in the seed coat development in Arabidopsis. Further experiments are needed to clarify
this ambiguity. The data in this work do suggest that MYB75 and KNAT7 appear to regulate a
different subset of seed coat development in addition to regulating secondary cell wall formation
together as a complex. MYB75 appears to regulate specifically secondary cell wall but KNAT7
having role in both secondary wall formation and mucilage biosynthesis. This postulation is
based on the observations in this work on myb75 and knat7 mutants. MYB75 loss-of-function
mutant did not show any difference in the mucilage when stained with Ruthenium Red. This may
be an indication that MYB75, although a part of overall transcriptional network regulating seed
coat development (Figure 4.6A), is very specific for secondary cell wall formation pathway in
seed coat development. In contrast, KNAT7 also has a role in mucilage biosynthesis pathway as
seen by changes in mucilage-specific staining (Figure 4.4; Li, 2009) on mechanical agitation.
This brings up the question how this distinction between two pathways (secondary cell wall and
mucilage biosynthesis) is generated with the participation of a common transcription factor like
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KNAT7? The answer to this question may lie in the genetic interaction of MYB75 and KNAT7
with TTG2 which may indicate distinction provided by TTG2 in these two branches of the seed
coat development. TTG2 has been shown to have role in multiple pathways in seed coat
development and other processes (Gonzalez, et al., 2009; Debeaujon, et al., 2003; Ishida, et al.,
2007) and can act as an scaffold protein along with TTG1 (WD40) in many cases to recruit
HT

different proteins together into a complex. For example, in the regulation of proanthocyanidin
biosynthesis, it interacts with TT2 (MYB) and TT8 (bHLH)(Debeaujon, et al., 2003; Marles, et
al., 2003), while in mucilage biosynthesis, it recruits MYB5 and EGL3/TT8 (Gonzalez, et al.,
2009) and in trichome development interacts with GL1 and GL3/EGL3 (Zhao, et al., 2008).
Therefore, it seems reasonable to postulate that TTG2 could be acting as a scaffold protein and
may bring MYB75-KNAT7 complex together and regulate secondary cell wall formation. In
similar fashion it may recruit only KNAT7 together with different mucilage-specific regulators
like MYB5 (Li, et al., 2009b; Gonzalez, et al., 2009)(Figure 4.6B) to form a mucilage regulatory
complex. The TTG2 and KNAT7 genetic interaction (or may be protein interaction?) could be a
potential candidate to explain how the switch between two closely related but still diverse
mucilage and secondary cell wall biosynthesis pathways takes place and what other factors are
involved. In addition to MYB75 and KNAT7, other transcription factors regulating secondary
cell wall formation in different tissue types (Zhong and Ye, 2007; Zhou, et al., 2009; Zhong, et
al., 2008; Zhong and Ye, 2009) are also potential candidates that might be responsible for this
regulation in other tissues and are part of the seed coat development network. Similarity of
myb75 knat7 in mutant seed coat phenotypes to that of myb75 and the physical interaction
between MYB75 and KNAT7 may indicate a conserved and specific regulatory complex. This
interaction may be specific for secondary cell wall regulatory machinery similar to what was
observed in inflorescence stems earlier (Chapter 3). Transcription factors show protein-protein
interaction and form a plausible premise that in different tissue types these interactions may bind
in different complexes to regulate similar phenotypes depending on spatial and temporal
expression of different TFs. Conserved regulatory roles but different interacting partners of the
transcription factor complexes have been shown earlier in invertebrate and mammalian system
(Dallman, et al., 2004). In plants, it is now well established that some protein interactions are
conserved in different tissue types during transcriptional regulation but also require many other
interacting protein partners to provide tissue specificity. For example, in Arabidopsis, the WD
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protein TTG1 interacts with the bHLH protein TT8 and MYB protein TT2 (Lepiniec, et al., 2006;
Baudry, et al., 2004; Nesi, et al., 2001) to regulate transcriptional activation of flavonoid
biosynthesis in mature seeds. However, in seedlings, TTG1 interaction with TT8 is conserved but
in this instance interaction with MYB75 regulates flavonoid biosynthetic genes (Gonzalez, et al.,
2008). This indicates the role of a conserved interaction (TTG1-TT8) in regulating the flavonoid
pathway in different tissue types (seedlings and seeds) and also a role for different interacting
partners (TT2 and MYB75) to give specificity in different tissue types. Similarly, VND7 (a NAC
family transcription factor) interacts with different VND family proteins (VND2 to VND5) in a
conserved manner to regulate differentiation of vessels in Arabidopsis but the specificity of the
differentiation in roots and shoots is provided by interaction with other regulatory proteins
through protein-protein interactions (Yamaguchi, et al., 2008). On a similar note, a regulatory
role of the observed MYB75-KNAT interaction in secondary cell wall formation can be
attributed to different partners in two different tissue type i.e. inflorescence stem and seed coat.
The conserved functional role of MYB75-KNAT7 interaction in different tissue types may be
dependent on different set of interacting proteins as postulated based on Y2H and BiFC data
presented in this work (Figure 4.5) on seed coat and earlier in inflorescence stem (Chapter 3). In
addition, the interaction of KNAT7 with a known mucilage biosynthesis regulator MYB5 (Li, et
al., 2009b; Gonzalez, et al., 2009) could form a potential complex specific for a mucilage sub
branch regulation in the overall seed epidermal regulation by transcription factors (Figure 4.6B).
It seems from the data investigated in this and earlier work (Chapter 2; Chapter 3;
Brown, et al., 2005; Li, 2009) that MYB75 and KNAT7 not only have broader function as
regulators of many different physiological functions, their biological role as regulators of
secondary cell wall formation may be conserved in different tissue types (Chapter 2; this work).
These two transcription factors show protein-protein interaction which seems to be functionally
conserved in different tissue types (Chapter 3; Figure 4.5) but this interaction has other tissuespecific protein interacting partners as well (Chapter 3; Figure 4.5; Li, 2009). Future work will
have to integrate these tissue specific interactions with a conserved interaction to look for the
diversity provided by transcription factors in Arabidopsis.
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Figure 4.6 (A) A proposed regulatory network for seed coat epidermal differentiation control and
with focus on secondary cell wall formation/mucilage biosynthesis. Solid arrows indicate direct
regulation of targets. Dashed arrows indicate a multi-step differentiation pathway. Red colored
bi-directional arrows indicate known protein-protein interactions. Blue colored bi-directional
arrows indicate protein-protein interactions identified or confirmed in this work. Purple colored
arrows indicate the identified regulatory targets. Note the negative regulation of secondary cell
wall formation in seed coat by MYB75-KNAT7 interaction and specificity of MYB75 in
regulating secondary cell wall formation in seed coat. (B) Proposed protein complex of
transcription factors regulating secondary cell wall formation in the Arabidopsis seed coat.
T

T

95

Chapter 5. Conclusions and future directions

5.1 SUMMARY OF THE RESULTS
In this thesis, I analyzed the role of the Arabidopsis thaliana MYB75 transcription factor (TF) in
regulation of secondary cell wall formation, with a particular focus on its interaction,
biochemically and genetically, with other gene products. Interactions between MYB75 and a
second transcription factor, KNAT7, were studied in detail and the biological significance of this
association in regulating secondary cell wall formation was examined in two distinct tissues, the
inflorescence stem and the seed coat.
In Chapter 2, I showed a unique contribution of MYB75 to secondary cell wall biogenesis
through its influence on lignin deposition, specifically in the inflorescence stem. MYB75 is a
known regulator of anthocyanin deposition through its influence on the phenylpropanoid pathway
in Arabidopsis, but I asked how this regulatory function might have an impact on other aspects of
carbon metabolism, including formation of secondary cell walls. The expression pattern and
activation properties of MYB75 were studied in detail, which enabled me to conclude that this TF
acts as a repressor of the lignin branch of the phenylpropanoid pathway and that it contributes to
the regulation of secondary cell wall formation in the Arabidopsis stem. In agreement with
suggestions from earlier studies that MYB75 might play a broader role in cellular metabolism,
transcript profiles from the inflorescence stems of a MYB75 loss-of-function mutant revealed a
marked up-regulation in the expression of a suite of genes associated with lignin biosynthesis and
cellulose deposition, as well as those encoding cell wall modifying, photosynthesis and carbon
assimilation-related proteins. This pattern is consistent with a model in which MYB75 is helping
integrate the metabolic flux through the lignin, flavonoid and polysaccharide pathways in the
Arabidopsis inflorescence stem.
Protein-protein interactions among transcription factors can lead to functional complex
formation. In Chapter 3, it was shown that MYB75 (MYB)–KNAT7 (KNOX) physically interact
and this interaction may form a complex to regulate secondary cell wall formation in Arabidopsis
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inflorescence stem. In this part of the work, a group of known and potential secondary cell wall
formation-regulating transcription factors in Arabidopsis were analyzed to detect any physical
interactions among the group members. Many positive associations were observed and
confirmed. Based on the evidence for the involvement of MYB75 and KNAT7 in secondary cell
wall formation in Arabidopsis stems, their biological role was explored in more detail through
analysis of single and double loss-of-function mutants. This work showed that MYB75 and
KNAT7 might act in the same pathway, perhaps as the components of a putative multi-protein
complex. This work not only revealed a novel physical interaction between KNOX and MYB TF
families, but also emphasized the broad interactive capacity of TFs to assemble into differential
complexes, thereby enhancing the functional diversity of the finite number of TFs in Arabidopsis.
In Chapter 4, functional conservation of the biological role(s) of MYB75 and KNAT7 in
regulating secondary cell wall formation in Arabidopsis was demonstrated by examination of this
process in another tissue, the seed coat. Genetic interactions of MYB75 and KNAT7 with other
known transcription factors involved in seed coat development were defined, and a role for these
two TFs in regulating radial wall thickness in the seed coat epidermal cells was revealed. Unlike
KNAT7, MYB75 was shown to be a specific regulator of secondary cell wall formation with no
apparent role in mucilage biosynthesis. Protein-protein interactions of MYB75 and KNAT7 with
other transcription factors known to be involved in regulation of seed coat development were
assessed and these results led to the proposal that a specific protein complex might form part of
the secondary cell wall biosynthesis regulatory network in the seed coat epidermis.

5.2 FUTURE DIRECTIONS

5.2.1 Defining functional- and cell- specificity of MYB75
Functional specificity of MYB75
The data in my dissertation suggest that a loss of MYB75 function results in the channeling of
carbon toward the lignin pathway, generating increased lignin accumulation in secondary cell
walls, whereas constitutive over-expression of MYB75 leads to activation of anthocyanin
biosynthesis-related genes and enhanced carbon flow into the flavonoid pathway. However, it
remains possible that the visible increase in anthocyanin production associated with over97

expression of MYB75 does not reflect the endogenous function of MYB75 as suggested earlier
(Gonzalez, et al., 2008; Borevitz, et al., 2000). Over-expression of transcription factors can
potentially generate artefactual, pleiotropic phenotypes and therefore secondary cell wall
regulation could be the main function of this transcription factor. More precisely defining the role
of MYB75 and identifying its core function is an important objective for future work. To confirm
if MYB75 is dedicated to secondary cell wall formation in the inflorescence stem and the
associated phenotype not revealed by MYB75(o/x) in interfascicular fibers but shown in vessels in
this work, overexpressing it under control of a promoter specific for relevant tissues should
disclose the phenotype governed by MYB75. Interfascicular fibers, xylary fibers and vessels are
the main areas of deposition of secondary cell wall in Arabidopsis inflorescence stem therefore
one approach could be using a xylem-specific promoter such as the 4CL1 promoter to
overexpress MYB75. Alternatively, other xylem marker gene promoters (Zhao, et al., 2005) like
cambium/xylem marker EXPA9 (Gray-Mitsumune, et al., 2004), and secondary cell wall-specific
cellulose synthesis genes CesA8 and CesA4, (Taylor, et al., 2003) could be used to overexpress
MYB75.This could be a promising strategy to confirm the secondary cell wall phenotype
associated with this TF. Further, it will also be worth to look and compare the regulatory role
imparted by this transcription factor in anthocyanin biosynthesis when using such secondary cell
wall-specific promoters.
Functional role of MYB75 homologs in secondary cell wall formation
Function of many TFs regulating a specific biosynthetic pathway may also be conserved for other
pathways especially if the individual components of these interactions show genetic redundancy.
This redundancy among the members of a big family of transcription factors like MYB is very
common. Several MYBs along with MYB75 have been shown earlier to be involved in activation
of anthocyanin biosynthesis (Gonzalez, et al., 2008). These other MYB75-related anthocyanin
regulators may also have role in secondary cell wall formation in Arabidopsis. MYB75 belongs
to a subfamily that includes MYB113 (At1g66370), MYB114 (At1g66380) and PAP2
(At1g66390), all of which have high sequence similarity and a conserved anthocyanin
biosynthesis regulating role. It is possible that all of these members of the subfamily also have
negative regulatory role in secondary cell wall formation similar, as demonstrated by MYB75.
Therefore, to understand the complete anthocyanin pathway regulation by these MYBs, multiple
mutants might be required (Gonzalez, et al., 2008). Recombination may be impractical in this
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case as these genes are tightly linked tandemly on chromosome 1. To create plants that are
deficient in all four MYB gene functions, an RNAi approach could be adopted. A similar
approach was used by Gonzalez et al., 2008. These plants could be analyzed for phenotypes
associated with secondary cell wall formation. In some cases, specific RNAi targeting of small
regions that potentially distinguish closely-related sets of genes can be difficult, so this strategy
might not be successful. As an alternative, it should be possible to use an artificial microRNA
(miRNA) strategy. These single-stranded 21-mer RNAs are processed in a manner that one single
stable small RNA is generated and specifically silences its intended target gene(s), either single
or multiple related target genes (Schwab, et al., 2010)(http://wmd2.weigelworld.org/cgibin/mirnatools.pl?page=1).
Cell-specificity of MYB75
Cell-specificity of MYB75 in regulating secondary cell wall formation will be an important
question to address in future works. Results from Chapter 2 indicate the role of this TF in
regulating secondary cell wall formation in the inflorescence stem of Arabidopsis. However, the
secondary cell wall deposition phenotype in the loss-of-function mutant of MYB75 was specific
to interfascicular fiber cells and vessels appeared to be unaffected (Figure 2.4). In contrast,
vessels in the MYB75-overexpression mutant showed a decrease in the cell wall thickness. This
may indicate a very spatial and dose-specific regulation of secondary cell wall deposition by
MYB75. As noted in Chapter 3, and in earlier work (Li, 2009), loss of KNAT7 also has an
opposite effect on secondary cell wall thickening in the vessels as compared to interfascicular
fibers. These patterns of cell wall modification in two different adjacent cells give rise to an
interesting question. Do these TFs have different roles in different cell types? Many different
approaches can be adopted to answer this question. One possible strategy would be to separately
analyze MYB75 and KNAT7 gene expression in developing interfascicular fibers and vessels of
the Arabidopsis stem by laser capture microdissection (LCM). These results can be compared
with the tissue-specific expression profiles for similar LCM-isolated tissue samples from myb75
and knat7 mutants. Chemical microanalysis (lignin, sugars etc.) relative to wild type cells on
these LCM separated samples can also be performed, as described earlier (Ruel, et al., 2009).
This would provide further insight to the two different phenotypes seen in myb75 and knat7
vessels and interfascicular fibers.
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The tissue-specific expression profiling could be complemented by immunolocalization
of KNAT7 and MYB75 in inflorescence stem sections using mono-specific antibodies or
antibodies directed at epitope-tagged versions of the proteins. This would enable me to detect
any differential patterns of distribution of the proteins in interfascicular fibers, vessels and xylary
fibers in the Arabidopsis stem.

5.2.2 Identifying downstream targets of MYB75 and KNAT7
Characterization of a double mutant (Chapter 3) to look for genetic interactions between MYB75
and KNAT7 was part of this work. This work indicated that these TFs may have roles in
regulating broader carbon redistribution in Arabidopsis stems in addition to role in secondary cell
wall formation and lignification. In addition to these roles of MYB75 and KNAT7, it is important
to know the farther downstream targets that these transcription factors might control, individually
and by interacting with each other. Global gene profiling using myb75 stems in Chapter 2 showed
differential expression of a set of downstream target genes. However, this was the overall effect
and it was not possible to separate direct regulatory targets from indirect regulation. To more
precisely define the function of MYB75 or KNAT7, it is important to look for specific and direct
targets. One approach to identification of such specific downstream targets could be to use
inducible systems such as the TF(s)-glucocorticoid receptor (GR) system, where transgene
expression is responsive to application of a chemical inducer such as dexamethasone (DEX). This
requires fusion of MYB75 or KNAT7 with GR under control of the native promoter or 35S
promoter and transforming these constructs into either myb75 or knat7 mutant plants. Treatment
of these transgenic lines with DEX is expected to mobilize MYB75-GR or KNAT7-GR from the
cytoplasm to the nucleus, activating either MYB75 or KNAT7 target genes. Microarray analysis
of transcripts isolated from the stem samples could then be performed to identify tissue-specific
downstream differentially expressed genes using control transgenic lines transformed with the
empty vector containing GR alone.
Another interesting question to address is the identity of downstream targets of MYB75
and KNAT7 in the developing seed coat. Cellulose synthase 9 has been shown recently to be
involved in secondary cell wall thickening in this tissue (Stork, et al., 2010). However, how
CesA9 or other downstream enzymes in this secondary cell wall biosynthetic pathway in seed
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coat are regulated is unknown and there is a possibility that either MYB75 or KNAT7 help
regulate expression of secondary cell wall- associated enzymes in the seed coat as they do in the
inflorescence stem (Chapter 3). Gene profile studies on the 11 DPA seed coat stage in myb75 and
knat7 plants could potentially identify the global gene targets affected by the loss-of-function of
these genes in the seed coat. It will be useful to compare such datasets with the gene expression
profile obtained in the microarray for myb75 inflorescence stem in this work (Table 2.6, Chapter
2) to highlight the differences in the tissue specificity and role of these TFs in these two different
tissues. This will not only be helpful to explain the phenotype related to secondary cell wall and
or mucilage that was seen in Chapter 4, but will also help in understanding the position of these
TFs in the genetic network more clearly.
As mentioned earlier, it is not clear with a non-targeted microarray whether the observed
gene expression changes are due to direct or indirect regulation. This makes it challenging and
time-consuming to define the primary gene targets. The localization of genomic TF binding sites
through the immunoprecipitation of a TF, can be obtained using chromatin immunoprecipitation
(ChIP). It is a very useful tool to identify regulatory (promoter) regions directly bound by a TF in
the context of the chromatin structure. ChIP dissects the spatial and temporal interactions of
chromatin and its associated factors. For determining the downstream direct targets of MYB75
and /or KNAT7, KNAT7-, MYB75- specific antibody or the antibodies against the tags attached
to these TFs (e.g. His, Myc or HA) that recognize these protein or their modification can be used
to find out their relative abundance at one or more locations in the genome. Combining ChIP and
micro-array technology (ChIP on chip) could allow genome-wide analysis of these transcription
factors distributions. Immunoprecipitated chromatin could be then combined with a DNA
microchip. In this way a complete genome map for these transcription factors can be assembled
(Bernstein, et al., 2002). The tissue specific targets can be identified using chromatin from a
specific tissue, in this case separately from inflorescence stem and seed coat of Arabidopsis.

5.2.3 Characterizing broader regulatory roles of MYB75 in carbon redistribution and
maintaining carbon-nitrogen sink
The transcript profiles (Table 2.5 and Table 2.6) from the myb75-1 inflorescence stems reflect
possible carbon flux re-distribution within the branches of phenylpropanoid metabolism, as well
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as into other metabolic pathways. These patterns provide an indication of a broader role for this
transcription factor in photosynthesis, with significant changes in genes associated specifically
with photosynthetic apparatus (Table 2.6). More physiological experimental evidence such as
measurements of photosynthetic efficiency in myb75 plants compared to WT would help define a
possible role for MYB75 as a broader regulator of the overall carbon flux in Arabidopsis. The net
photosynthetic rate of myb75 leaves relative to WT leaves could be measured using an infra-red
gas analyzer, which assesses the net exchange of CO2 between leaves and atmosphere by
B

B

monitoring the rate of CO2 concentration change over short time intervals. In addition,
B

B

comparison of chlorophyll and carotenoid content in the loss-of-function mutant and WT could
be performed. Change in chlorophyll content could reflect alterations in the capacity of the light
harvesting complexes of photosystem II (PS II). Possible changes in the overall activity of PSII in
myb75 leaves as indicated by the microarray profiling (Table 2.5), could potentially be detected
by measuring chlorophyll fluorescence (quantum yield of PSII) using a chlorophyll fluorometer.
Gene profiling of myb75 stems also showed that some genes involved in cell wall
modification were upregulated (Table 2.5), and some of these, such as AGP4, have not been
demonstrated to play a role in secondary cell wall formation in Arabidopsis. Since an
arabinogalactan protein was shown to be associated with secondary cell wall formation in xylem
of loblolly pine (Zhang, et al., 2003), functional characterization of AGP4 (At5g10430) by
reverse genetics and biochemical approaches could allow us to

identify the link between

transcription factor regulation and arabinogalactan protein function. Similarly, a few previously
uncharacterized glycosyl hydrolases were shown to be up-regulated in the microarray profiling in
this work (At1g45130 and At5g26000). Cell wall glycosyl hydrolases are thought to degrade cell
walls to release sugars under carbon starvation conditions and, thereby, remobilize sugars to
other sinks (Lee, et al., 2007). In light of the proposed role of MYB75 as a mediator of carbon
redistribution, characterization of these hydrolases could provide important new insights into
such a process.
The evidence in this work that MYB75 may play a broader role in carbon re-distribution
opens up other questions. Other than carbon sink(s), nitrogen is often a limiting nutrient in the
environment and there is a limited supply of nitrogen in plants. Plants have therefore evolved
efficient intracellular mechanisms to capture and reassimilate inorganic nitrogen that is liberated
during metabolic processes. Therefore, cellular carbon (C) and nitrogen (N) metabolism must be
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tightly coordinated to sustain optimal growth and development for plants and other cellular
organisms (Zheng, 2009). High carbon and low nitrogen ratios are maintained by many plants
(Lea, et al., 2007; Zheng, 2009). If MYB75 has a role in regulating broader carbon distribution as
indicated in this thesis, then there is a possibility that it also has a role in regulating some aspects
of nitrogen metabolism. Therefore, maintenance of ratio of carbon to nitrogen (C/N) can be
proposed to be mediated by this transcription factor. Secondary cell walls represent immense
carbon sink in plants and lignin is an important constituent of these cell wall. Deamination of
phenylalanine by the entry-point enzyme, phenylalanine ammonia-lyase (PAL), is a key step that
commits the phenylalanine carbon skeleton to the phenylpropanoid pathway which generates
lignin (Singh, et al., 1998). The PAL-catalyzed reaction releases ammonia and, therefore,
lignification of cell walls during active secondary cell wall synthesis could create a significant
nitrogen deficiency if lignifying cells and/or their neighbors did not possess efficient nitrogen
recovery mechanisms that couple nitrogen recycling and lignification in both time and space.
This coordinated metabolic pattern can be predicted to be reflected in transcriptional coregulation patterns in which specific TFs simultaneously regulate both lignin biosynthesis and
enzymes involved in nitrogen recovery. It was earlier reported that MYB proteins might play
important role in the coordinated control of both of these processes (Gomez-Maldonado, et al.,
2004). Microarray profiling of Arabidopsis plants grown under nitrogen deficiency conditions
has revealed that MYB75 is highly up-regulated under this condition (Lea, et al., 2007) while
reverse genetics studies have revealed that this TF negatively regulate lignin biosynthesis
(Chapter 2). Therefore, MYB75 has the potential to act as a regulator that helps maintain optimal
C/N ratios in the Arabidopsis stems. To further explore this model, myb75 mutants can be
analysed for changes in the expression profiles of key genes involved in nitrogen assimilation.
The

constitutive

expression

levels

of

genes

such

as

glutamine

synthetase

(GS),

phosphoenolpyruvate carboxylase (PEPC), glutamate synthase (GOGAT) and nitrate reductase
(NR) can be measured using real time qRT-PCR and compared with levels observed in wild-type
plants, both under the conditions of nitrogen sufficiency and deficiency. If these results are
promising, one could consider conducting assays for the corresponding protein levels
(commercial PEPC antibody is available, for example) and enzyme activities (Yanagisawa, et al.,
2004). Metabolite analyses could also be carried out on pooled Arabidopsis plants to measure the
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levels of key carbon (glucose, sucrose, fructose, xylose, oxaloacetate, malate, citrate and α
ketoglutarate) and nitrogen (nitrate, nitrite, and all amino acids) substrates.

5.2.4 Elucidating additional interacting partners of MYB75 and KNAT7 in vitro and in
planta
Transcription factor complexes are composed of more than two interacting proteins. I was able to
identify an interaction between two transcription factors (MYB75 and KNAT7) and its potential
role in secondary cell wall formation. Identifying other partners of this complex is an important
question to reveal the complete biological significance of the regulatory complex involved in this
cell wall biosynthesis regulation. Yeast two-hybrid (Y2H) library screening could be used to
identify additional interactors. Tissue specific (inflorescence stem and seed coat) and Gateway®compatible Y2H library could be constructed and can be used to identify additional interaction
partners for the candidate transcription factors (KNAT7 and MYB75) by using these TFs as baits.
This approach can identify putative members of complexes regulating secondary cell wall
formation in Arabidopsis stems and seeds.
The major limitation of the yeast two-hybrid technique is that it does not fully mimic the
physiological conditions under which plant proteins normally function. This artifact can result in
the failure to identify specific protein-protein interactions, or sometimes, to encounter a high
false discovery rate because of promiscuous and unreal interactions. It will therefore be necessary
to complement the Y2H approach with the use of tandem affinity purification of protein
complexes recovered directly from transgenic Arabidopsis plants. By affinity tagging each of the
candidate transcription factors and using these chimeric constructs as in vivo baits, it is possible
to recover physiologically relevant complexes and to determine the identity of the individual
components of the purified multi-protein complex using mass spectrometry (MS). Affinity
tagging in this fashion has the added advantage that it can potentially identify proteins that
participate in forming a complex with the candidate, even if they are not directly bound by this
TF (i.e. secondary interactors). This work has already been initiated and needs to be completed to
characterize the complexes. MYB75 and KNAT7 have been cloned into specialized Gateway®
compatible vectors (Rubio, et al., 2005) that incorporate a Tandem Affinity Purification (TAP)
tag into each protein when expressed in planta. Arabidopsis plants have been transformed with
these TAP-tagged genes and lines with good integration and expression pattern have been
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selected. For protein complex isolation, both nuclear-enriched and tissue specific (from
inflorescence stem and seed coat) and total protein extraction approaches can be used in future
work. After allowing the TAP-tagged protein to bind to the affinity matrix, and washing away
proteins that interact nonspecifically with the chimeric bait protein and/or matrix, the remaining
protein complexes can be eluted, fractionated by 1-D PAGE and/or directly analyzed by mass
spectrometry. This in future will provide in vivo data from TAP-tagged plants about the MYB75KNAT7 interactions. We will see Y2H and BiFC identified interacting partners (Chapter 2) in the
proteins brought down with the TAP tag, if these are significant interactions in planta. This
technique being able to pull down native interactors from the plants itself may provide more
promising interacting candidates for future biological studies. If this technique yields promising
results, future analyses can focus on native interactions by using mutant backgrounds. In this
strategy, the expression of the endogenous protein is suppressed. Expression of the protein tag in
a loss-of-function background may help to avoid competition between the ectopically expressed
and endogenous proteins, thereby facilitating recovery of true native complexes.
Using these approaches (Y2H library analysis, and TAP-tagging) it is possible to identify
new interacting protein candidates, both in inflorescence stem and seed coat that will require
further validation and characterization.
5.2.5 Establishing distinction between mucilage and secondary cell wall formation
regulation
In Chapter 4, I was able to demonstrate that MYB75 may be a very specific TF for secondary cell
wall formation but KNAT7 has a role in both secondary cell wall formation and mucilage
biosynthesis in Arabidopsis seed coat. In this context, it is noteworthy that the potential of
MYB75 and KNAT7 to form different protein complexes and the complex transcriptional
regulation indicate different active feedbacks that might establish different networks and
activities of these TFs in different cells/tissue types. However, to further strengthen the evidences
that I obtained for MYB75 distinct role in secondary cell wall formation in seed coat, future
investigations will be required. Since myb75 and knat7 have altered gene expression in
hemicellulose- and cellulose– associated genes (Chapter 3, Figure 3.11) in stems, it is possible
that similar expression is also conserved in the seed coat and is a promising experiment to
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continue in the future. In particular for knat7, it is possible that these postulated changes in
cellulose- and hemicellulose-specific genes resulting in changes in mucilage composition
(changes in pectin network). Secondary cell wall-specific gene expression profile in seed coat
stage (mature) in different mutants including myb75 and knat7 is required to look for further
answers. In addition, expression profile of seed coat specific enzymes involved in these two
biosynthesis pathways is required. For example, CesA9 that was recently shown to be seed coatspecific cellulose synthase (Stork, et al., 2010), MUM2 encoding a β-galactosidase that is
T

T

required to modify pectin structure in the mucilage (Dean, et al., 2007) and MUM4 that encodes a
T

T

UDP-L-rhamnose synthase, required for the mucilage pectin biosynthesis (Western, et al., 2004;
T

T

Usadel, et al., 2004; Oka, et al., 2007). Further, chemical analysis of mucilage (pectin), total
sugars (Cellulose and hemicellulose), lignin and cell wall-associated proteins in myb75 and knat7
mutant seeds relative to WT will cast more light on the role of these transcription factors in
regulating these biochemical pathways.

5.2.6 Testing the proposed protein complex model for its role in secondary cell wall
formation in seed coat
To understand the broader specificity of the proposed complex formation for the MYB75
transcription factor in the seed coat (Figure 4.6B), yeast three-hybrid (Y3H) assay could be
performed as previously described by Immink et al, (2009). In short, for this purpose, all the TFs
that are found to interact in yeast two-hybrid assay and BiFC assays could be tested in an
appropriate yeast strain by expressing one of the two partners as a fusion with the activation
domain (AD) of the yeast GAL4 transcription factor, and the second TF fused to a nuclear
localization signal only (Ciannamea, et al., 2006). Subsequently, these yeast clones can be either
screened against the third interacting TF fused to the GAL4 binding domain (BD) (de Folter, et
al., 2005) or also to an available collection of TFs in a seed coat-specific library fused to the
GAL4 binding domain (BD) in the same yeast strain to identify other and novel interacting
partners of the protein complex.
It has been reported earlier that MYB5 is involved in mucilage biosynthesis in the seed
coat (Li, et al., 2009b; Gonzalez, et al., 2009). MYB5 interacted with KNAT7 in this study but
the question whether this interaction has a role in secondary cell wall formation or in mucilage
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biosynthesis remains unanswered. It is possible that KNAT7 plays a dual role in regulating both
mucilage and secondary cell wall formation in seed coat but involves different complexes. There
is also a possibility of a ternary complex consisting of TT8-KNAT7-MYB5 (all with known role
in mucilage biosynthesis) in regulating mucilage biosynthesis and not secondary cell wall in seed
coat in addition to the complex proposed (Figure 4.6B) for secondary cell wall formation.
Generating double mutants between KNAT7-MYB5, triple mutant (KNAT7-MYB5-TT8) and
quadruple mutants between MYB75-KNAT7-TT8-MYB5 will help to understand and confirm
the role of protein complex in regulating different aspects of seed coat development.
In addition, the role of TTG2 is not very clear from this work in secondary cell wall
formation. Elucidating protein-protein interaction between KNAT7-TTG2-MYB75 could also
cast some light on the regulatory role of TTG2 in generating different downstream complexes in
the network (Figure 4.6A). Characterization of ttg2 phenotype with respect to secondary cell wall
formation in seed coat and stems may clarify its conserved role in seed coat and regulation of
inflorescence stem secondary cell wall formation.

5.2.7 Characterization of additional and identified protein-protein interactions by Y2H in
secondary cell wall regulation in Arabidopsis
Many positive yeast 2-hybrid interactions were observed among the potential transcription
factors tested (Chapter 3) belonging to different families. I characterized MYB75-KNAT7
interaction in detail in this thesis (Chapter 3 and Chapter 4) for its role in secondary cell wall
formation in Arabidopsis stem. However, there were other positive protein-protein interactions
observed from yeast in my work (AP2-family TF interaction with bZIP47/TGA1 and MYB63
interaction with TT8) which might have similar importance in forming regulatory complexes
involved in secondary cell wall formation. Among these interaction TFs, MYB63 (Zhou, et al.,
2009) has already been demonstrated to be a regulator of secondary wall formation in
inflorescence stem, TT8 is a known seed coat regulator and have role in mucilage and
proanthocyanidin regulation (Nesi, et al., 2001; Nesi, et al., 2000). Hence, a MYB63-TT8
complex may be an important regulator in seed coat secondary wall formation. AP2/EREBP
family protein has been shown earlier to be involved in regulation of seed coat development
(APETALA2, (Western, et al., 2000; Ohto, et al., 2009) as well as in other floral regulation
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(Ilegems, et al., 2010; Kunst, et al., 1989; Irish and Sussex, 1990). To my knowledge, no member
of this TF family has been shown to play a role in any aspect of cell wall regulation. Therefore,
the potential cell wall regulatory candidate AP2 family member (At5g07580) showing proteinprotein interaction in my work is a promising candidate to analyze. A role for the TGA family of
bZIP TFs in mediating systemic acquired resistance and PR gene expression is known (Pontier, et
P

P

al., 2001; Fan and Dong, 2002; Niggeweg, et al., 2000). There is no report of involvement of
these factors in secondary cell wall formation or any related mechanism. Therefore, the
interaction between AP2-family TF with bZIP47/TGA1 detected in my work (Figure 3.1) may
also be involved in forming a secondary cell wall regulatory complex. These transcription factors
also represent novel candidates to characterize for their role in secondary cell wall formation
individually. Characterization of their loss-of function mutants, generation of different double
mutants, histochemical and biochemical analysis for secondary cell wall traits and identifying
other potential interactors could reveal the role of these TF complexes in future work.
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