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Function of MAP20 and MYB103 in Cellulose and Lignin
Formation of Xylem Secondary Cell Walls

Abstract

Lignocellulose from trees and other crops will have tremendous impact on the next
generation of sustainable biofuels and biomaterials. To take advantage of modern
breeding tools, it is therefore important to understand the genetic and molecular
regulation underlying secondary cell wall formation. Here, functional analysis was
performed on two genes specifically involved in secondary cell wall formation, using
Arabidopsis and Populus as model species.

PttMAP20 was earlier identified as a wood-specific microtubule-associated protein
in hybrid aspen, but not functionally assessed [Rajangam et al. (2008). Plant
Physiology, pp. 1283—-1294]. In this thesis, AtMAP20 was found to be generally
expressed in secondary wall forming cell types in Arabidopsis, including xylem cells,
and its binding to microtubules was confirmed. A domain-mapping study showed that
its central TPX2 domain, together with the N- and/or C-terminal domain, is required for
complete microtubule binding. Overexpression of AtMAP2( induced shorter roots and
right-handed twisting, mimicking treatment with the microtubule-stabilizing drug taxol.
Loss-of-function map20 mutants had longer etiolated hypocotyls and altered cell wall
chemistry. This phenotype was interpreted as resulting from mechanical weakening in
the secondary walls of their spiral protoxylem vessels. In line with this, overexpression
of PttMAP20 in hybrid aspen affected cellulose microfibril angle. Taken together,
MAP20 is a novel microtubule-stabilizing protein, specifically active during secondary
cell wall formation and important for the patterning of cellulose microfibrils.

MYBI103 is a xylem-specific transcription factor, previously demonstrated to be
directly activated by the secondary wall NAC master switches SND1/NST1 and
VND6/VND7 [Zhong et al. (2008). Plant Cell, pp. 2763-2782]. This thesis
demonstrates that loss-of-function Arabidopsis mybl03 mutants have reduced levels of
syringyl lignin in their basal stems. This was compensated for by an increase in
guaiacyl lignin, resulting in a modified syringyl to guaiacyl ratio. The altered lignin
composition, characterized by Py/GC-MS, FT-IR microspectroscopy and 2D NMR,
was caused by a suppression of F5H, a key gene in syringyl lignin biosynthesis. Thus,
it is concluded that MYB103 is required for F5H expression.

Taken together, this thesis presents novel knowledge on function of genes important
for secondary cell wall formation and, hence, wood formation. These findings have the
potential to improve wood characteristics to benefit forest growers and industries.
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1 Introduction

In a world where fossil carbon is becoming limited and its use considered an
environmental threat, alternative energy and material sources are becoming
more attractive. Recent figures state that peak oil is already reached; i.e., the
global supply of petroleum has reached a maximum and is declining, whereas
recovery has become more costly (Neff er al., 2011). Therefore, to replace
petrol, large investments are now made in research and development of
bioenergy and biofuels from sustainable resources (Yuan ef al., 2008). One key
to green and clean energy is the source of the biomass itself.

As a renewable resource, wood is of outmost importance. Forests cover
about 30% of the terrestrial surface (equivalent to about four billion hectares),
and Earth is estimated to contain 0.4 x 10" m’® of wood (Albersheim ef al.,
2011). With an annual growth rate of 3 x 10" tons from fixed carbon, wood is
also a major sink for CO,. Not surprisingly, wood is considered one of the
most important world trade products, providing energy, building material, pulp
and paper and other materials (Plomion ef al., 2001).

Cellulose is the major compound in wood; it is used to produce pulp and a
diverse range of materials, such as paper, packaging and tissues (Wertz et al.,
2010). It is also the major raw material for ethanol production from
lignocellulose; although, this is not yet taking place on a significant
commercial scale (Sims et al., 2010).

After cellulose, lignin is the second most abundant biopolymer in wood.
Large volumes of lignin are extracted from wood, in order to produce pulp.
Lignin has mainly been considered as a rest product, used for industrial
heating, but with the emerging vision of wood biorefineries, the commercial
value of lignin is now heavily researched. Lignin is used on a small scale for
several products, e.g., in cement additives, as an environmentally sustainable
dust suppression agent in roads and as a raw material for making phenols and
vanillin; more lignin-based products are likely to be seen in the near future



(Arato et al., 2005; Fellows et al, 2011; Zakzeski et al., 2012). Highly
lignified wood is also durable and an excellent fuel, because lignin has a higher
energy value than cellulose (Novaes et al., 2010).

The large impact of wood as a global renewable raw material emphasizes
the importance to study wood formation and lignocellulose biosynthesis in
wood fibres. It is of particular interest to unravel genetic and molecular
mechanisms regulating biomass production and other traits of energy crops to
improve yield and value by molecular breeding (Demura & Ye, 2010). A key
strategy is to identify genes involved in developmental programs and metabolic
pathways for biosynthesis of cell walls. This thesis aims to shed light on some
aspects of cellulose and lignin biosynthesis. It highlights how applied scientific
problems can be addressed with basic scientific questions, by functional
analysis of genes postulated to have a role in the production of biomass in
trees, such as Populus, as well as the herbaceous model plant Arabidopsis.

1.1 Formation and Characterization of Wood

Wood, or secondary xylem (SX), in angiosperms is mostly composed of
lignocellulosic xylem fibres (XFs), providing strength and support to woody
stems; vessel/tracheary elements (VEs/TEs), facilitating long-distance water
and nutrient transport from source to sink tissue and xylem ray parenchyma
cells, facilitating short-distance transverse conduction and storage (Plomion e?
al., 2001). The remarkable feature of wood enables a tree, with a life-span of
decades up to centuries, to grow extensively in diameter and height.
The complete maturation of a SX cell is mainly a result from four major
developmental steps:
1. Cell division in the vascular cambium (VC) and the formation of middle
lamella (ML), cementing adjoining cells together.
2. Radial expansion (RE) and/or intrusive elongation of cells; i.e.,
stretching of a thin and flexible primary cell wall (PCW) inside the ML.
3. Ordered deposition of a multi-layered secondary cell wall (SCW) and
lignification of cell wall.
4. Programmed cell death (PCD).

1.1.1 Cambial Growth

SX and secondary phloem tissues originate from the activity of a cylindrical
lateral meristem, the VC. The VC develops from joining fascicular cambia in
the vascular bundles, thereby forming interfascicular cambia (Raven et al.,
1999; Déjardin et al., 2010). The VC is made up of two different types of
initial cells; fusiform initials and ray initials. The elongated fusiform initials
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divide periclinally and produce SX towards the xylem side that differentiate
mainly into axially elongated water-conducting VEs and supporting XFs. The
radial isodiametric ray initials develop into radially elongated xylem ray
parenchyma cells. Anticlinal (radial) cell divisions give rise to new fusiform
initials and take place in synchrony with the increase in trunk diameter.
Typically, the final composition of cell types (v/v) in Populus SX is usually
33% VEs, 53-55% XFs and 11-14% ray parenchyma cells (Mellerowicz ef al.,
2001).

1.1.2 Differentiation of a Wood Cell

The developing SX cells expand radially, and XFs also elongate longitudinally
by intrusive tip growth (Plomion et al., 2001; Déjardin et al., 2010). Once this
process is completed, the SX cell starts to deposit the SCW inside the PCW.
The SCW consists of up to three different layers, denoted S;, S, and S;, where
cellulose B-(1,4)-glucan chains coalesce into cellulose microfibrils (CMFs).
These are arranged in ordered, parallel-aligned arrays. On a larger scale, CMFs
bundle into macrofibrils. CMFs are further embedded in matrix hemicelluloses
(mainly xylan in angiosperms), which cross-link with cellulose and lignin to
strengthen the SCW (Scheller & Ulvskog, 2010). During the course of SX
development, lignin (an aromatic heteropolymer) is synthesized through a
temporally and spatially regulated pattern (Boerjan et al., 2003; Vanholme et
al., 2010). It is first deposited in the cell corners and progresses through the
ML, PCW and SCW. Lignin forms a large, three-dimensional polymer that to a
large extent is synthesized from syringyl (S) and guaiacyl (G) monomers. The
lignin polymer associates with the hemicellulose matrix to provide
compressive strength and water impermeability to plant cell walls. VEs and
XFs undergo PCD through autolysis, accompanied by vacuolar rupture, as a
last step in their differentiation (Bollhdner et al., 2012). The onset of PCD in
VEs and XFs is temporally separated. VEs undergo rapid deposition of SCWs
and cell death to ensure a rapid maturation of a functional, water-conducting
cell, whereas PCD in XFs is initiated much later, and they also disintegrate
their cellular contents at a slower pace.

1.1.3 Mechanics and Chemistry of Wood

Mechanical and chemical properties of wood are to a large extent determined
by the S, layer in XFs, because this makes up most of the woody biomass.
Mechanical strength and stiffness are largely determined by the angle of CMFs
with respect to the XF longitudinal axis. The CMF angle (MFA) varies
between the SCW layers. In S,, the MFA is always right-handed and usually
between 5-30° (Barnett & Bonham, 2004; Clair et al., 2011). With increasing



MFA, wood becomes less stiff and its XFs exhibit lower tensile strength
(Burgert & Keplinger, 2013). Tensile strength, in this sense, refers to the force
required to pull, e.g., a longitudinal-radial wood section, from both ends in
opposite direction until it eventually ruptures and breaks, whereas tensile
stiffness refers to the force required to displace (stretch) a similar wood section
over a unit length. The MFA in wood formed from a young VC (referred to as
juvenile wood, JW) is usually high, as compared to the MFA formed from an
older VC (referred to as mature wood, MW). JW is normally formed during the
first 10-20 years of a tree’s life, and the high MFA provides flexibility during
growth and environmental stresses. Because of its lower stiffness and altered
mechanical properties, however, presence of JW in only a part of a board
reduces its usefulness as building material due to distortions. But JW is still
beneficial for use as biofuels, pulp and paper, pellets and briquettes and
particle and fibre boards (Antizar—Ladislao & Turrion-Gomez, 2008; Hinchee
et al., 2009; Stelte et al., 2012). There are several different methods to measure
the MFA, such as polarized light microscopy, pit angle measurement and X-ray
diffraction (XRD). XRD is a preferred method if the aim is to have an average
estimate of MFA from a larger population of SX cells (Burgert, 2006).

Chemically, wood is composed of 40-50% cellulose, 25-35% lignin and
approximately 25% hemicellulose, with small amounts of pectin and proteins
(Albersheim et al., 2011). Traditionally, the chemical composition of wood has
been analysed by means of wet chemistry (Rowell et al., 2012). This includes
different types of extractions from milled wood and analysis of desired wood
components. Since wood is made up of multiple complex biopolymers, the
extraction procedure is never complete and the extracted fractions are not pure.
It is clear that modification of the cell wall structure in a mutant plant may
result in an altered extractability of cell wall polymers, which then complicates
comparison with wild type (WT) plants. In addition to wet chemistry, several
complementary methods for chemical characterization of all components of a
wood sample in the same analysis were used throughout the work of this thesis.
These include analytical pyrolysis with gas chromatographic separation (Py-
GC/MS), Fourier transform infrared (FT-IR) microspectroscopy and two-
dimensional nuclear magnetic resonance spectroscopy (2D NMR). All these
methods can be used to give an overall picture of every cell wall component
from the same sample.

Py-GC/MS is a rapid, robust and highly reproducible method for chemical
characterization of lignocellulose (Meier et al., 2005; Gerber et al., 2012). It
provides a chemical fingerprint of the sample that can then be subjected to
multivariate analysis, such as principal component analysis (PCA) and/or
orthogonal projections to latent structures discriminant analysis (OPLS-DA),
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capable of discriminating different samples (e.g., transgenic from WT origin).
The procedure for Py-GC/MS analysis requires drying, ball-milling, loading of
a small sample amount in an auto sampler and about 20 min analysis. A data
processing pipeline, based on multivariate curve resolution by alternate least
square (MCR-AR) and automated group-wise peak identification and
assignment, was recently established (Gerber ef al., 2012). This protocol
enables the user to process multiple chromatograms in parallel, instead of the
time-consuming sequential manual curation employed previously. This method
development solved the last bottleneck to use Py-GC/MS for high-throughput
characterization of lignocellulosic materials. In addition, the protocol also
employs an automated Py-GC/MS data analysis approach, where pyrolytic
degradation products are grouped according to a broad class of precursors, e.g.,
p-hydroxyphenyl (H), G and S units and carbohydrates.

Similar to Py-GC/MS, FT-IR spectroscopy provides a chemical fingerprint
of the sample and is an alternative high-throughput method for chemical
characterization of wood powder and discrimination of cell wall composition
against samples, using OPLS-DA (Gorzsas et al., 2011; Gorzsas & Sundberg,
2014). Though, since many of the characteristic bands for the major cell wall
components are overlapping in the FT-IR spectra, it is often difficult to
determine the type of polymer that differs between samples (Gorzsas et al.,
2011). FT-IR microspectroscopy can also be used to acquire spatially resolved
analysis of tissue sections (Gorzsas et al., 2011). Combined with a focal plane
array (FPA) detector, a large number of highly resolved spectra across the
tissue section can be collected simultaneously, and XFs, VEs and ray
parenchyma cells can be analysed individually in a feasible way. Thus, it can
be evaluated if a cell wall mutant is modified in all cell types or only in
specific ones.

Chemical analysis of the complete wood sample can also be performed by
solution-state 2D NMR of the dissolved sample. In combination with
multivariate analysis, a chemical fingerprint can be obtained that is more
informative, as compared to Py-GC/MS and FT-IR (Hedenstrom et al., 2009).
Comparison of samples with OPLS-DA allows for visualization of highly
informative loadings plots, showing compounds discriminating the samples.

1.2 Primary Cell Walls and Their Expansion in Developing
Wood

Typically, the PCW of a SX cell resembles a fibreglass-like composite
material, consisting of randomly or longitudinally oriented CMFs, embedded in
a matrix of complex polysaccharides, such as hemicelluloses and pectin



(Mellerowicz et al., 2001; Plomion et al., 2001; Cosgrove, 2005; Cosgrove &
Jarvis, 2012). In Populus, it is estimated to contain 47% pectin, 22% cellulose,
18% hemicelluloses (e.g., xyloglucan, XG), 10% protein and 3% of other
material (Mellerowicz et al., 2001). In developing SX, it is synthesized as the
cell expands during the stages of cell division and RE and is designed to resist
the turgor pressure (wall stress) within the cell. Maintaining control over this
complex physical process is important for cell expansion and shaping
(Szymanski & Cosgrove, 2009).

Cell expansion is driven by turgor pressure that exerts a uniform, outward-
pushing force, whereas CMFs in the wall exert a counteracting, resistance force
(Crowell et al., 2010b). Therefore, expansion of PCWs involves wall stress
relaxation (wall loosening) and expansion through a process known as polymer
creep; i.e., an irreversible extension where CMFs and matrix polysaccharides
slowly slide within the wall, thereby increasing cell wall surface area
(Cosgrove, 2005). The transversely oriented CMFs provide high tensile
strength in the radial direction; thus, permitting anisotropic (directional)
growth in the longitudinal direction (Geitmann, 2010). As expected, CMFs are
transversely oriented to the cell longitudinal axis in elongating Arabidopsis
root cells (Sugimoto ef al., (2000). In addition, Baskin et al. (1999) concluded
that CMFs regulate the direction, but not the degree, of cell elongation. This
led Baskin et al. (2004) and Baskin (2005) to further suggest that global, rather
than local, alignment of CMFs in neighbouring cells determines the degree of
growth anisotropy. This is a modification of “Green’s hypothesis” (Green,
1965), originally based on the older “multinet growth hypothesis”, which has
stood the test of time (Preston, 1982). They are both still relevant today in
revised and updated models to explain the rationale behind the rise of the
PCW, which is often described as a polylamellated, helicoidal-like structure
(Evert, 2006); i.e., multiple layers of CMFs deposited at multiple angles.

Cell expansion can occur by symplastic growth (neighbouring cells growing
together) or by intrusive growth (moving past one another) (Mellerowicz &
Sundberg, 2008). Intrusive growth is rather uncommon, but important for
elongation of fusiform initials and differentiating SX cells. During intrusive
growth, the XF tip penetrates the pectin-rich ML of neighbouring cells.
Anticlinal divisions in the VC are oblique and therefore shorten the length of
the fusiform initial (Larson, 1994; Fromm, 2013). The initial cell then
elongates by intrusive tip growth in between each anticlinal division. This is of
importance, since the lengths of developing VEs and XFs are dependent on the
length of the initial cell. Whereas the length of a VE reflects the length of the
initial, the developing XF will continue to elongate by intrusive tip growth
(Larson, 1994; Fromm, 2013). Thus, SX cells develop by a balance of intrusive
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and symplastic growth. As such, XFs expand radially in diameter by
symplastic growth, but they rely fully on intrusive growth when elongating
longitudinally at their tips (Larson, 1994; Fromm, 2013). Conversely, VEs only
expand radially.

Cell expansion is promoted by pH-dependent wall-loosening expansins that
are bound to the wall and aid into the irreversible wall extension, without
hydrolysing the wall polymers (Cosgrove, 2005). The mechanism is termed
acid growth, but its mechanism remains largely unknown. The physical
properties of the PCW are determined by cross-links and non-covalent bridges
between the XG and pectin matrix and the CMFs (Cosgrove, 2005). Integration
of newly secreted XG into the matrix is mediated by XG endotransglucosylase
(XET), an enzyme that specifically cuts the XG backbone and re-joins a
glycosidic bond with the free end of another XG chain. XET activity has been
suggested to catalyse the rapid cell expansion observed during PCW
restructuring, through reversible and irreversible loosening of wall material
(Rose et al., 2002). Interestingly, when XET activity was increased by
overexpression (OE) of P#XET16-34 across SX in transgenic Populus trees, it
resulted in increased diameter in VEs, but not in XFs (Nishikubo et al., 2011).

Pectin is a complex and heterogenous group of polysaccharides that are
important determinants for PCW mechanical and porosity properties (Willats et
al., 2001), along with cell expansion and cell—cell adhesion (Mellerowicz et
al., 2001; Cosgrove, 2005; Harholt ef al., 2010). Pectin consists of distinctive
domains known as homogalacturonan (HG), xylogalacturonan (XGA),
rhamnogalacturonan I (RGI) and rhamnogalacturonan II (RGII). The carboxyl
group of HG can be either methylesterified or freely available for Ca®'-
crosslinking, depending on the activity of pectin methyl esterase (PME). When
pectin is Ca**-crosslinked, it forms stiff gels that push CMFs apart during wall
expansion and cement cells together through the ML. Thus, the balance
between methylated and demethylated pectin is important for wall flexibility
and cell-cell adhesion of the growing SX cell (Mellerowicz & Sundberg,
2008). It was recently demonstrated that P#PME], encoding a major PME in
SX tissues of Populus, acts as a negative regulator of both symplastic and
intrusive growth for XFs and VEs (Siedlecka et al., 2008).

Once the SX cell has attained its final shape and size, the multi-layered
SCW is deposited inside the PCW. This involves a reprogramming of the cell
wall biosynthesis machinery.



1.3 Exploring Genes Involved in Secondary Cell Wall Formation

To identify genes important for wood formation, a pioneering global
expression profiling across different developmental zones of SX tissues in
Populus was performed by microarray analysis (Hertzberg et al., 2001). A
number of genes with homology to Arabidopsis genes, influencing cellulose,
hemicellulose and lignin biosynthesis, were found to be expressed during PCW
and SCW formation. Further, the differential expression patterns of these
genes, putatively involved in biosynthesis of major wall components, co-
regulated with TFs and genes coding for various signalling molecules.

In Arabidopsis, several similar microarray experiments were later made to
address candidate genes involved in SX biosynthesis. In a study by Oh et al.
(2003), Arabidopsis inflorescence stems were induced to undergo enhanced
secondary growth by decapitation. The authors discovered that about 20% of
the transcripts (corresponding to 1658 genes) were differentially expressed,
compared with control, and therefore potentially involved in SX formation. Ko
et al. (2004) applied an artificial weight on an immature Arabidopsis
inflorescence stem to promote SX formation. They also placed agar blocks
containing auxin on top of decapitated inflorescence stems, thereby inducing
SX formation. About 700 genes were found to be differentially expressed in
tissues stimulated to form secondary growth; more than 40% of the up-
regulated (> 5-fold) genes were encoding TFs and proteins responsible for
signalling by extracellular molecules. Ehlting et al. (2005) used a microarray to
explore differential expression patterns during the transition from primary to
secondary growth in Arabidopsis inflorescence stems. They revealed many
genes that they interpreted as involved in SX formation and cell wall
biosynthesis. These represented, on the one hand, genes with known function,
coding for, e.g., TFs; in addition, genes involved in cellulose biosynthesis and
the biosynthesis, transport and polymerization of monolignols were identified.
On the other hand, the study also identified novel candidate genes, encoding
enzymes in the shikimate and phenylpropanoid pathway, and TFs, potentially
regulating interfascicular fibre (IF) and XF differentiation and maturation.

Brown et al. (2005) analysed genes highly co-expressed with two SCW
cellulose biosynthesis genes; CESA7 and CESAS. They initially produced a
microarray data set across tissues of leaf, hypocotyl and four different stages of
stem development in Arabidopsis. Through cluster analysis and profile
filtering, 200 genes with expression profiles closely matching those of SCW
CESAs were included for further study. In the next step, a publically available
Arabidopsis root microarray data set with cellular resolution (Birnbaum et al.,
2003) was used to identify which genes out of the 200 selected candidates co-
regulated with CESA7 and CESAS in this data set. Finally, co-regulation of the
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candidates with CESA7 was mined in a large number of publically available
microarray data sets through pairwise comparison with a two-gene scatterplot.
From this data filtering, 16 candidate genes were selected and functionally
analysed for collapsed VEs in the xylem, using T-DNA mutants. Seven of
them gave a clear irx (short for irregular xylem) phenotype (i.e., collapsed
VEs) in their corresponding mutant plants and revealed several novel key
players required for SCW formation. Among the identified genes were COBL4,
putatively involved in cellulose biosynthesis, and IRX7 (FRAS), IRX8 and
IRX9, which encode putative glucosyltransferases (GTs), involved in xylan
biosynthesis.

In a parallel work, Persson et al. (2005) carried out a slightly different co-
expression study, using regression analysis of public microarray data sets.
They reported, in particular, on four candidate genes that strictly co-regulated
with CESA4, CESA7 and CESAS; thus, putatively influencing SCW
biosynthesis. Analysis of their corresponding T-DNA mutants revealed that
two of them exhibited irx phenotypes, accompanied by a reduction in cellulose.
These were recognized as irx8 and irx/3 (IRX13 encodes FLA11l). The
remaining two, one encoding an unknown function protein (AT4G27435) and
the other a CTLI1-LIKE protein, did not show any aberrant stem anatomy.
Interestingly, more than half of the top 25 candidate genes that co-regulated
with CESA7 in the study of Brown et al. (2005) were in common with the
candidate genes that co-expressed with SCW CESA4s in the study of Persson et
al. (2005).

1.4 Cellulose Deposition and Its Dependency on the
Cytoskeleton

1.4.1 Cellulose Biosynthesis

Cellulose is synthesized in planta by catalytic transmembrane-spanning
cellulose synthases, encoded by CESA genes (Endler & Persson, 2011). These
are organized as rosette-like hexamers of =~ 25 nm in diameter, referred to as
cellulose synthase complexes (CSCs), situated in the plasma membrane (PM)
(Figure 1) (Kimura et al., 1999). The cytoplasmic domain of the CSC has been
demonstrated to contribute substantially to the overall size, in contrast to the
smaller hexagonal structure, as observed by freeze-fracture techniques of the
PM (Bowling & Brown, 2008). Given the size initially estimated of one CMF
(= 3.5 nm), the CSC was calculated to contain 6 x 6 CESAs, each producing
one B-(1,4)-glucan chain (Doblin et al., 2002). Each subunit (containing six
CESA isoforms) of the hexameric CSC was further hypothesized to be
composed of at least three essential and unique CESA isoforms, as deduced
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Figure 1. Simplified schematic representation of some important organized and
trafficking pathways and components for cell wall biosynthesis and crystalline CMFs
organization. Reprinted from Bashline et al. (2014): Cell Wall,
Cytoskeleton, and Cell Expansion in Higher Plants, Molecular Plant,
7(4), p- 592, by permission of Oxford University Press.

was proposed by
Delmer et al.,
(1999). Though,
conflicting data on more precise estimates of the CMF size, obtained by NMR
studies, challenges the classic 36-chain model and instead proposes a
mechanism that is likely to produce only 18 chains in onion/quince (Ha et al.,
1998) or 15-25 glucose chains in celery (Kennedy et al., 2007). A recent study
by Fernandes ef al. (2011) in spruce further suggested a 24-chain model, since
a 36-chain model would produce a CMF that is larger than expected (= 3.8
nm). In their model, each subunit instead synthesizes four B-(1,4)-glucan
chains, rather than six, and the CMF was also suggested to be rectangular-
shaped and twisted. Therefore, the number of cellulose chains in one CMF
might not be universally fixed across species.

To date, 10 CESA genes have been described in Arabidopsis, and a unified
nomenclature system has been developed for cross-species comparison (Kumar
et al., 2009). In Populus trichocarpa, sequences from 18 putative CESA genes,
encoding 17 proteins with non-redundancy in their amino acid sequence, have
been identified (Djerbi et al.,, 2005). CESA genes expressed during SX
formation were first identified in a mutant screen where Arabidopsis
inflorescence stems displayed collapsed walls of mature VEs. This genetic
screen identified CESA4, CESA7 and CESAS (IRX5, IRX3 and IRX1) as being
active during SCW cellulose synthesis (Turner & Somerville, 1997). Co-
immunoprecipitation (Co-IP) assays (Taylor et al., 2003), together with
membrane-based yeast two-hybrid (Y2H) approaches (Timmers et al., 2009),
revealed interactions between the three SCW CESAs, and that they are non-
redundant. Even though the exact number and stoichiometry of CESAs in each
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subunit of the rosette remain unknown, the secondary CESAs were suggested
to contribute equally to a functioning CSC (Gardiner et al., 2003).

The remaining CESA genes in Arabidopsis are believed to be associated
with PCW biosynthesis (Burn et al., 2002). Of these, CESA6 was shown by
mutations to be partially functionally redundant with CESA2 and CESAS5
(CESAG6-related genes), competing for its position in the CSC in Arabidopsis
hypocotyl and root tissue (Desprez et al., 2007; Persson et al., 2007). Recent
findings by Carroll et al. (2012), however, suggest that PCW and SCW CESAs
are interchangeable and therefore not functionally different. Thus, the authors
argued that it is possible that the CSC consists of mixed CSCs during the
transition between PCW and SCW biosynthesis. Several attempts have been
made to purify an intact and functional CSC. The closest achievement so far is
based on an epitope-tagging approach against CESA7, yielding purified
oligomers, but not an active complex, of SCW CESAs under non-denaturing
conditions (Atanassov et al., 2009). Interestingly, no other protein appeared to
be attached to the purified CSC.

One of the first steps in cellulose biosynthesis is thought to occur when the
catalytic subunits of the CESA proteins are utilizing the sugar donor UDP-
glucose to polymerize it into B-(1,4)-glucan chains (Guerriero et al., 2010).
This substrate, per se, is formed by either the cytosoluble enzyme UDP-
glucose pyrophosphorylase, from UTP and glucose-1-phosphate, or the
enzyme SUCROSE SYNTHASE (SUSY), which forms UDP-glucose from
sucrose and UDP. It has further been proposed that a cytosolic/membrane-
bound isoform(s) of SUSY is directly involved in channelling UDP-glucose to
the catalytic site, facing the cytoplasm (Amor et al., 1995; Fujii et al., 2010).
Another membrane-localized B-1,4-glucanase, KORRIGAN (KOR) (Figure
1), has also been suggested to be directly associated with the CESAs to remove
non-crystalline glucan chains and/or relieve tensional stress of the growing
polymer (Williamson et al., 2002; Somerville, 2006).

COBRA (COB) and COB-LIKEs (COBLs) have been linked to aspects of
cellulose biosynthesis. Mutations in COB alter directional cell expansion in
roots and reduce the amount of crystalline cellulose in cell walls in the root
growth zone (Schindelman et al., 2001). Both COB and COBLs are required
for the oriented deposition of CMFs in cells undergoing rapid elongation in
developing organs and are regarded as key regulators of diffuse anisotropic
expansion (Roudier et al., 2002). Moreover, mutations in BRITTLE CULMI in
rice (Li et al., 2003) and BRITTLE STALK2 in maize (Sindhu et al., 2007)
(both encoding COBLs) resulted in cell wall defects, accompanied by reduced
cellulose content. One obvious phenotype was organ brittleness, e.g., weaker
stems that snapped easily when bent. Phylogenetically, these genes are
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orthologous to Arabidopsis COBL4, which is expressed in secondary tissues,
and co-regulates with secondary CESAs (Brown et al., 2005).

1.4.2 Cellulose Microfibrils Align with Cortical Microtubules

It has long been known that the direction of cortical microtubules (CMTs) is
parallel with the deposition of CMFs (Green, 1962). From this observation, it
was implied that microtubules (MTs) directly guide self-propelled CSCs (i.e.,
the rosette complex is pushed forward by the biosynthesis of cellulose itself) to
move along the PM (Figure 1), the so-called MT-CMF alignment hypothesis
(Wasteneys, 2004; Lloyd & Chan, 2008; Nick, 2008). Originally, this idea was
further represented by two models. The first one, known as the monorail model
(Heath, 1974), proposed that CSCs are physically linked to CMTs, which
directly influence their movements. The second model, known as the guardrail
(or bumper rail) model (Giddings & Staehelin, 1991), stated that CMTs are
merely delimiting the pathway for passive movements of CSCs in between
individual CMTs; thus, not directly interacting with them. Nevertheless, CMTs
are generally believed to define the direction of CMF deposition, which per se
controls anisotropic cell wall expansion (Nick, 2008).

Evidence has been obtained for and against the MT-CMF alignment
hypothesis. Direct proof for the hypothesis was obtained by spinning disk
confocal microscopy, where Paradez et al. (2006) demonstrated movements of
CSCs along CMTs in etiolated hypocotyl cells of Arabidopsis. For individual
fluorescent tracks, they also discovered that the motilities of CSCs were
bidirectional. This indicates active guidance of two linear arrays of CSCs that
run alongside of one CMT, rather than directly on top of it. In further support
of the alignment hypothesis, DeBolt et al. (2007a) found that drug treatments
with morlin, which disrupts the CMT array, caused reduced CSC movement.
Moreover, when Fisher & Cyr (1998) treated tobacco protoplasts with
isoxaben, which inhibits cellulose biosynthesis, CMTs became disorganized.
The effect was reversible, implying that ordered CMFs are providing spatial
cues for CMT organization. This prompted the authors to propose bidirectional
cross-talks between the CMF and CMT network; a refinement of the alignment
hypothesis. Evidence against the alignment hypothesis was presented by
Baskin et al. (1999) and Sugimoto et al. (2000), who found that the CMT—
CMF parallelism is uncoupled in the late elongation zone of roots. As cell
elongation rate started to decline, CMTs gradually shifted from a
predominantly transverse to an oblique and finally longitudinal orientation,
whereas CMFs remained transverse; thus, implicating that the mechanism
controlling growth rate is independent of CMT and CMF orientation. In
another study, DeBolt et al. (2007b) reported that application of 2,6-
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Dichlorobenzonitrile (DCB), a cellulose biosynthesis inhibitor, rapidly
disrupted CSC motility, without affecting MT organization. Furthermore,
Paradez et al. (2006) also observed in their study that CSCs actively continued
their movements in aligned trajectories even after CMTs had been disrupted by
oryzalin (an MT-destabilizing drug). This led them to conclude that CMTs
might indeed transmit cues for the direction of CSC movement, but are not
required for their motilities per se. Similarly, earlier data from an Arabidopsis
root epidermal cell that exhibited radial swelling, caused by drugs and/or a
mutation, also demonstrated that newly deposited CMFs can resume a parallel,
transverse alignment in their trajectories, despite the absence of a pre-existing
template of either transversely, well-organized CMTs or well-ordered CMFs
(Himmelspach et al., 2003; Sugimoto et al., 2003). This suggests that, at least
in some cases, CMT organization and CMF alignment are independent arrays,
and that anisotropic expansion of the PCW is regulated by some other
mechanism. Clearly, the relationship between cytoskeletal organizations,
cellulose biosynthesis and cell morphogenesis is not as straightforward as
previously thought when the alignment hypothesis was first launched.
Moreover, the idea of a scaffold complex, or physical linkage molecule,
actively interconnecting the CMTs with CSCs, challenges the passive guardrail
model and prompts for further investigations to identify candidates for a
hypothetical CMT—CSC linker (Lloyd, 2006).

Baskin (2001) argued for a template-incorporation model, where a newly
produced CMF attach to a CMT-oriented scaffold made of protein(s) or
polysaccharide(s). This scaffold was postulated to be situated in the cell wall
and interlinked with PM proteins, either directly or through mediators, in a
complex. It was further suggested to be able to rotate, thereby providing
orientation for the CMFs that are continuously formed and aligned, as CSCs
are guided by CMTs via the scaffold complex. In this model, established CMFs
can continue to be deposited in the same orientation as the scaffold, regardless
of whether organized CMTs remain in place or not, as hypothesized by Baskin
(2001). Nevertheless, CSCs would still be dependent on CMT organization to
change direction of their trajectories.

An alternative model for CMF patterning has been proposed in a series of
publications by Emons and co-workers (Emons & Mulder, 1998, 2000; Emons
et al., 2002). This model is mainly built from observations of helicoidal cell
walls in root hairs, where the CMT-CMF parallelism was not apparent
(Emons, 1982). Briefly, it was hypothesized that CMFs self-align by exploiting
the geometrical constraints imposed by the shape of the cell. This is best
illustrated as wrapping strings with constant width around a cylinder (Emons,
1994). Emons et al. (2007) later reasoned that the ability of CSCs to self-align,
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without any obvious guidance, could be a default mechanism employed in
certain plant cell types and/or under certain conditions. Though, in most cell
types, the CMT-driven guidance mechanism dominates.

MTs, together with actin microfilaments (AFs), have also been suggested to
have a role in the transport of newly assembled CSCs and their insertion into
the PM (Wightman & Turner, 2010). Despite that the AF and MT
cytoskeletons have traditionally been regarded as two distinct networks with
different functions in the cell cortex, recent live cell imaging studies by
Sampathkumar et al. (2011) suggest a dynamic interaction and dependence
between the two networks. For instance, Sampathkumar et al. (2013) noticed
that organization of AFs in etiolated Arabidopsis hypocotyls regulates CSC
delivery rate to, and lifetime at, the PM, affecting cellulose biosynthesis.
Though, organization of the AF cytoskeleton had no effect on the targeted
insertion of CSCs into the PM at sites where CMTs were present; i.e., the AF
cytoskeleton does not impact specific positional insertions of CSCs in the PM.
Instead, MTs are believed to carry out that task (Wightman & Turner, 2010).
Altogether, Sampathkumar and co-workers concluded that the AF cytoskeleton
in plant cells indirectly governs cellulose deposition and cell wall patterning.

AFs have also been suggested to be involved in the insertion of newly
synthesized CSCs. From studies of PCW biosynthesis, it was shown that CSCs
are targeted and delivered to the PM either directly from Golgi bodies or from
small CESA compartments (SmaCCs) (Figure 1) (Gutierrez et al., 2009), also
denoted MT-associated cellulose synthase compartments (MASCs) (Crowell et
al., 2009). Crowell et al. (2009, 2010a) and Gutierrez et al. (2009) argued for a
model where AFs are required for the motility and distribution of these Golgi
bodies, as well as the proper global organization and distribution of CSCs in
the PM. CMTs were proposed to govern the fine-scale targeting of CSC
delivery to the PM, but not their insertion per se. The authors further reasoned
that SmaCCs/MASCs play a pivotal role in the recycling of old CSCs from the
PM. During SCW biosynthesis of VEs in Arabidopsis roots, Wightman &
Turner (2008) also observed that AF cables (although, they were thicker)
accounted for the rapid and unidirectional trafficking of CSC-containing
organelles; i.e., same as for PCWs. AFs, rather than CMTs, however, appeared
to mark the targets for CSC insertion into the PM. The authors further
concluded that CMTs are more likely essential for maintaining the
replenishment of CSCs in the PM. Taken together, the mechanism for CSC
delivery to the PM appears to differ between PCW and SCW formation.
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1.4.3 Microtubule Structure, Dynamic Instability and Reorientation

The undisputable role of CMTs in guiding CSCs and in patterning of CMFs
directs the interest to the regulation of the CMT network. MTs can be regarded
as hollow cables with a diameter of 25 nm built by polymers of a- and -
tubulin (TUA and TUB) heterodimers (Waterman—Storer & Salmon, 1997).
The tubulin gene family is rather heterogenous in plants; Arabidopsis contains
six TUA and nine TUB genes, whereas a relatively large suite of eight TUAs
and 20 TUBs is found in Populus, as surveyed by Oakley et al. (2007). In the
same study, it was concluded that both TUAs and TUBs comprise distinct
isoforms, some displaying high expression in SCW-forming tissues with the
most abundant tubulin expression localized to developing XFs.

CMTs in plants can be regarded as a highly dynamic population of
polymers (Dixit & Cyr, 2004a) that disassembles in the cold (Nick, 2012). In
contrast to animal cells, these organize into specific arrays, without a centrally
located centrosome as an MT-organizing centre; i.e., they are self-organized.
MTs are polarised through a y-tubulin-containing nucleation (initiation) site,
termed the lagging (minus) end, and a growing (plus) end (Ehrhardt & Shaw,
2006; Sedbrook & Kaloriti, 2008). The minus end comprises an o-subunit,
whereas the plus end comprises a [-subunit. The tubulin heterodimers
polymerize end to end in protofilaments, which form the basic structure of an
MT (Wade & Hyman, 1997). These associate laterally in a ring of 13
protofilaments per MT, generating a spiral shape. MTs frequently experience
cycles of polymerization of GTP tubulins, pausing and periods of rapid
depolymerisation (catastrophe), caused by the loss of the GTP-cap. These
cycles are collectively termed dynamic instability (Gardner et al., 2013), and
they couple with MT migration, known as hybrid treadmilling, along the PM.
MT dynamicity should further be calculated as tubulin monomers gained or
lost per unit time; i.e., the sum of growth and shrinkage rates and the
frequencies of catastrophe and rescue events (Abe & Hashimoto, 2005). The
switch between catastrophe/shrinkage and growth (rescue) is mainly regulated
by available amounts of free energy (in the form of GTP), the pool of tubulin
monomers (Wade & Hyman, 1997) and, importantly, MT-associated proteins
(MAPs) (Ivakov & Persson, 2013), as discussed in detail later in this thesis.

Growing MTs frequently encounter existing MTs, causing certain pre-
determined events to occur (Ehrhardt, 2008). These are necessary for bundling
and stabilizing MT polymers, in order for them to reorient into an organized
and functional CMT array. A shallow-angled collision between a growing plus
end and an existing MT results in bundling (zippering), whereas a steep-angled
collision results in either a catastrophe or, less commonly, a crossing over of
MTs (Dixit & Cyr, 2004b). Positioning of new nucleation sites beneath the
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PM, in close association with the cell wall, secures that nascent MTs can orient
and stabilize across the cell cortex. Severing events, by the protein katanin, is
another MT-destabilizing process thought to be important for transition into an
aligned array. For instance, Wightman & Turner (2007) showed that severing
events occur almost exclusively at sites where one MT treadmills over another
or a bundle. Thus, severing activity provides, on the one hand, a mechanism
that efficiently removes unaligned MTs (i.e., MTs not oriented with the
majority) and, on the other hand, increased MT density. This favours array
alignment and is likely to be an essential component distinguishing a net-like
from an aligned MT array (Wightman & Turner, 2007, 2008).

Interestingly, CMT arrays are known to undergo oscillating rotations in
Arabidopsis hypocotyl epidermal cells, putatively accounting for the multi-
angled, polylamellated PCW observed (Chan et al., 2007). These rotary
movements translate into transverse, oblique and longitudinal CMTs, occurring
simultaneously from the inner- to outer-facing epidermal PCW layer. It was
concluded by Chan et al. (2010) that the clockwise, or counter clockwise,
alignment of these MTs influences CESA trajectories, which affect wall
lamellation pattern and overall texture (as deduced from GFP-CESA3). The
authors also discovered that the trajectory rate of GFP-CESA3, per se, was
uncoupled from MT rotation. In a follow-up study, Chan et al. (2011) further
concluded that, in light-grown Arabidopsis hypocotyls, the alignment of CMTs
and CMFs at the inner epidermal PCW is independent from the pattern of the
outer PCW. Moreover, reorientation of the net alignment of CMF trajectories
also occurs in elongating root cells, as demonstrated with live cell fluorescence
confocal microscopy by Anderson et al. (2010). In contrast to hypocotyl cells,
however, they concluded that CMFs are always deposited transversely and
passively reorient towards the longitudinal axis (i.e., no 360° rotation), and that
this is rather caused by strain from turgor pressure driven cell expansion. A
polylamellated PCW is also better adapted to resist straining forces from
multiple directions during anisotropic cell expansion, accordingly.

Taken together, plant MT arrays are dispersed in nature and focus has been
on identifying key proteins that interact with and regulate their spatial and
dynamic properties (Wasteneys, 2002). Proper regulation of cellulose
biosynthesis and wall patterning requires an aligned CMT array. This, in turn,
is critical to determine the MFA.

1.4.4 Microtubule Mutants Display Twisting and Modified Microfibril Angle in
Their Cell Walls

Twisting (i.e., helical and skewed growth) of Arabidopsis seedlings growing on
plates in vitro has been observed for mutants in 7UA4 and TUB genes. These
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have left- or right-handed (S- and Z-form, respectively) helical MT array
organizations along the longitudinal axis of the plant, rather than transverse
arrays, which is normally required for straight growth in rapidly expanding
cells (Thitamadee et al., 2002; Ishida et al., 2007). The mechanism causing
left- or right-handed CMT arrays in tubulin mutants remains to be identified. A
common observation, however, is that tubulin mutants that twist either to the
left or right have CMT arrays of opposite handedness; i.e., left-handed helical
twisting results from right-handed helical CMT arrays and vice versa
(Hashimoto, 2013). Another notion is the causal relationship of more stable
CMTs in left-handed arrays, whereas right-handed display more dynamic
CMTs (Abe & Hashimoto, 2005). Though, it is still not clear how MT
dynamics are related to handedness.

MT mutants have also been observed to be affected in MFA of the SCW. A
study in FEucalyptus by Spokevicius et al. (2007) demonstrated that mis-
regulation of EgTUBI caused an alteration in the MFA of nascent CMFs.
Down-regulation of EgTUBI was associated with increased MFA, whereas up-
regulation caused a decrease. In line with these observations, Qiu et al. (2008)
studied global gene expression in TW in branches of Eucalyptus and
discovered that expression of EgTUBI, along with some genes encoding FLAs,
showed a strong negative correlation with MFA.

1.5 Microtubule-Associated Proteins — MAPs

1.5.1 MAPs Affecting Primary Cell Wall Expansion

MAPs have emerged as important and direct regulators of CMT bundling and
cross-linking in plant cells; thus, playing significant roles in patterning of
CMFs in SCWs of a SX cell (Oda et al., 2005; Hamada, 2007; Kaloriti et al.,
2007; Oda & Fukuda, 2012b). A plant MAP is defined by its ability to
physically bind to MTs and by its co-sedimentation with MTs in vifro (Chan et
al.,, 1999; Lloyd & Hussey, 2001; Sedbrook, 2004). In Arabidopsis, hundreds
of candidate MAPs, established by bioinformatical analysis, in addition to
novel ones, have already been enriched from cell suspension cultures and
characterized biochemically by their ability to co-purify with MTs (Hamada et
al., 2013). The many aspects of MT dynamics, organization and function are
reflected by the wide diversity of interacting MAPs in plants (Buschmann &
Lloyd, 2008), most of them described from studies on cell division and PCW
deposition during cell expansion and differentiation.

The Arabidopsis MICROTUBULE ORGANIZATION 1 (MORI1) was
identified through its temperature-sensitive mor/-I mutant and found to be
essential for CMT organization throughout plant development (Whittington et
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al., 2001). In addition, MOR1 was observed to interact and modulate the
activity of END BINDING1 (EB1), an MT plus end tracking protein (+TIP)
(Kawamura & Wasteneys, 2008). Moreover, the +TIP MAP AUGMIN
SUBUNITS (AUGS) is involved in a novel mechanism in promoting CMT
reorientation, required for preventing cells from elongating in rapidly growing
primary tissues, as presented by the work of Cao ef al. (2013). Etiolated
hypocotyls of aug8 were longer and showed left-handed twisting of epidermal
cell files, whereas shorter hypocotyls, without any twisting, were observed in
AUGS-OE, as compared to WT. Likewise, light-grown roots were longer in
aug8, showed left-handed helical twisting of epidermal cell files and skewed in
one direction. On the contrary, AUGS-OE roots were shorter, displayed right-
handed twisting and skewed in the other direction. In WT seedlings, expression
of AUGS was higher in light-grown (where cell elongation is strongly inhibited
by light) vs etiolated hypocotyls; thus, indicating that AUGS is repressed in
rapidly elongating hypocotyls and induced when hypocotyl elongation declines
or ceases.

Other important +TIP MAPs are SPIRAL1 (SPR1) and SPIRAL2 (SPR2)
that have been suggested to control anisotropic cell expansion through MT-
dependent processes (Nakajima et al., 2004). Mutation in members of the
SPIRAL (SPR) gene family results in right-handed helical twisting of epidermal
cell files in roots and etiolated hypocotyls, according to a study by Furutani et
al. (2000). Through genetic analysis, they also reasoned that SPR1 and SPR2
act on a similar process, but via different pathways, since the spr! and spr2
phenotypes differ in affected tissues; i.e., etiolated stem, hypocotyl and root for
sprl phenotype vs petiole, petal and cauline leaf for spr2 phenotype. The spri
spr2 double mutant further enhanced the anisotropic growth defects in these
distinct tissues by a synergistic effect, according to the authors. Shoji et al.
(2004) further noted that spr2 exhibited a relatively milder MT defect
phenotype than sprl, supporting a theory where other MAPs compensate for
the function of SPR2. Interestingly, SPR1-OE led to enhanced resistance to
MT-destabilizing drugs and increased hypocotyl elongation (Nakajima et al.,
2004), in contrast to AUGS-OE phenotype (Cao et al., 2013). Therefore, the
regulatory mechanisms of +TIP MAPs in the control of MT organization and
orientation might function differently, but co-ordinately, in modulating
anisotropic cell expansion.

Liu et al. (2013) found that WDL3 plays a negative role in light-regulated
hypocotyl elongation by a mechanism that involves degradation of this MAP
through the ubiquitin (UBQ) 26S proteasome dependent pathway in the dark.
For light-grown hypocotyls, WDL3-RNAI lines were longer, whereas WDL3-
OE lines were shorter and displayed a more stabilized CMT array, as compared
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to WT. In contrast to AUG8 (Cao et al., 2013), the length of etiolated
hypocotyls in WDL3-OE and WDL3-RNAI lines were not obviously different
from WT, reflecting the temporal separation in function of these two MAPs. In
response to light treatment of etiolated hypocotyl cells, Liu et al. (2013) further
showed that CMT reorganization was delayed in WDL3-RNAi lines and
enhanced in WDL3-OE lines. Taken together, the work by Liu et al. (2013)
demonstrates that the level of WDL3 in WT is present in light and absent in
dark; thus, WDL3 is required for light-induced CMT reorganization from
transverse to longitudinal orientation to prevent cells from elongating in the
light.

Finally, MAP18 was demonstrated to be involved in regulating anisotropic
cell expansion and CMT organization by destabilizing MTs, as assessed in a
study by Wang et al. (2007). MAP18-OE seedlings grown in vitro on plates
displayed pronounced helical handedness of epidermal cell layers and
slanting/skewing of roots. The authors further noticed that CMTs in MAP18-
OE hypocotyl cells were hypersensitive to oryzalin treatment, whereas CMTs
in MAP18-RNAi were hyposensitive, in agreement with the proposed role of
MAPI18 as an MT destabilizer. Other MAPs, known to exert a destabilizing
effect on the organization of CMTs, include MICROTUBULE-
DESTABILIZING PROTEIN 25 (MDP25) (Li et al., 2011b) and MDP40
(Wang et al., 2012); the former was found to be a negative regulator of
hypocotyl elongation, whereas the latter was found to be a positive regulator.
Furthermore, as MDP25 responds to cytoplasmic levels of calcium to reorient
the CMT array, MDP40 activity is regulated through a mechanism involving
brassinosteroid phytohormone signalling to mediate hypocotyl growth.

Altogether, twisting features are characteristic of Arabidopsis MAP, as well
as MT, mutants. In addition, application of low doses of MT-destabilizing
drugs to WT seedlings reduces anisotropic growth, generating a phenotype
similar to many MAP mutants (Nakamura et al., 2004). In general, this causes
left-handed twisting of elongating Arabidopsis epidermal cell files, reflecting
right-handed helical net arrangement of CMT arrays. These defects are direct
consequences of a disturbance in MT dynamics, affecting the proper
organization/orientation of CMTs.

1.5.2 Bundling of Cortical Microtubules by MAPs — A Requirement for
Secondary Cell Wall Formation

Local bundling of CMTs is normally required for determining the sites of SCW

formation (Fujita ef al., 2011). The most potent candidates for MT bundling

during SCW patterning are MAP635s, represented by a heterogeneous family of

nine 65 kDa isomers in Arabidopsis. All MAP65s contain a domain capable of
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binding to and bundle MTs in vitro (Sasabe & Machida, 2006). Though, they
are believed to interact with MTs in slightly different manners and display
slightly different intracellular localization patterns (Van Damme et al., 2004;
Mao et al., 2005). A few observations support the idea that MAP65s are
associated with SCW formation. Several MAP65s were up-regulated upon the
induction of SCW formation in a Zinnia elegans TE differentiation system
(Mao et al., 2006). Moreover, AtMAP65-8 co-regulated with SCW CESA4s in
an Arabidopsis TE differentiation system in vitro and was suggested to bundle
CMTs in developing VEs (Kubo et al., 2005). This is supported by in silico
analysis of publically available microarray data sets in GeneCat (Mutwil et al.,
2008) and Genevestigator (https:/www.genevestigator.com/gv/plant.jsp),
which showed high expression of several MAP65s in basal Arabidopsis
inflorescence stems. In contrast, Pesquet et al. (2010) concluded that no such
co-regulation was observed in their in vitro Arabidopsis TE differentiation
system upon induction by phytohormones. Functional analysis of MAP65-8 to
determine its role in planta is still missing.

1.5.3 MAPs Regulating Local Initiation and Prevention of Secondary Cell Wall
Deposition

AtMAP70-5 belongs to a plant-specific multigene family encoding five
isoforms of 70 kDa MAPs, where AtMAP70-1 has been shown to stabilize
MTs by means of its coil—coil domains (Korolev et al., 2005). Interestingly, in
a study by Korolev ef al. (2007), AtMAP70-5, the most divergent member of
the family, was able to form a complex, not only with itself, but also with
AtMAP70-1. In the same study, OE of AtMAP70-5 in Arabidopsis plants
caused epidermal cell swelling, stunted growth and right-handed organ
twisting, whereas RNAi caused reduced inflorescence stem length and
diameter and abolished cell expansion. The authors concluded that AtMAP70-
5 is an MT stabilizer that acts synergistically with its binding partner,
AtMAP70-1, to influence CMTs and cell wall patterning. Furthermore, among
a screening of 200 putative MAPs investigated, Pesquet et al. (2010) could
identify only one gene, AtMAP70-5, as being specifically up-regulated and
associated with TE differentiation and SCW thickening in their Arabidopsis
cell culture system. When modifying the expression of AtMAP70-5 and
AtMAP70-1, the authors observed that OE of AtMAP70-5 and AtMAP70-1
increased spiral patterns in TEs, whereas RNAI increased pitted patterns. OE of
AtMAP70-5 and AtMAP70-1 in the same TE cell, however, resulted in more
spiral patterns than single OE of either gene in separate cells, confirming the
synergistic relationship between MAP70-5 and MAP70-1 and the idea that
they are both required for normal SCW banding pattern and proper TE
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development. Pesquet er al. (2010) further hypothesized that AtMAP70-
5/AtMAP70-1 define the boundaries between spirals of SCW thickenings
(where underlying CMTs bundle) and also define the free spaces in the
characteristic TE cell. They thereby delimit the borders of each CMT bundle,
forming arc-like divisions between adjacent CMT bundles.

MICROTUBULE DEPLETION DOMAIN 1 (MIDD1), a +TIP MAP, is
also highly expressed during Arabidopsis TE SCW formation (Oda et al.,
2010). Similar to AtMAP70-5, it was implicated to regulate SCW patterning,
preventing SCW deposition through local MT disassembly in PM domains of
developing SCW pits. This MT depletion process is dependent upon the
activity of KINESIN-13A, which depolymerises MTs both in vitro and in vivo
(Oda & Fukuda, 2013b). MIDDI1 binds and targets KINESIN-13A to CMTs.
Furthermore, Oda & Fukuda (2012a) showed that locally activated ROP11
recruits and anchors MIDDI1 at the PM beneath where future SCW pits are
formed. Thus, it is plausible that a ROP11-MIDDI1-KINESIN-13A complex
serves as an important regulator of the dynamic interplay between PM domains
and CMTs in SCW patterning (Oda & Fukuda, 2013a). Moreover, Oda &
Fukuda (2012a) hypothesized that the function of AtMAP70-5 and MIDD1 is
separated in time rather than space, because their actions are not antagonistic.
These authors further suggested that MIDD1 promotes local depletion of
CMTs, whereas members of the AtMAP70 family modify the shape of these
MT-depleted domains and define the boundaries of SCWs. This suggests a
tight relationship between the mode of action of AtMAP70-5/AtMAP70-1 and
MIDD1 in regulating MT dynamics and SCW patterning in TEs. In agreement
with Oda & Fukuda (2012a), Pesquet & Lloyd (2011) concluded that MAP70s,
flanking MT thickening sites, and MIDD1, interconnecting future sites of MT
growth, play a role in specifying the global SCW patterning. This is best
manifested as a spatio—temporal balancing between assembly (MAP70s) and
disassembly (MIDD1) of CMTs (Oda & Fukuda, 2013c). Regulation of this
would promote formation of spiral patterns when the former prevails and pitted
patterns when the latter prevails.

TRACHEARY ELEMENT DIFFERENTIATION-RELATEDG6 (TEDG6) and
TED7 were found to be co-regulated with SCW CESAs during in vitro Zinnia
TE differentiation in a study by Endo et al. (2009). Using co-purification and
Co-IP, they also showed that the Arabidopsis homolog to ZeTED6, AtTEDG,
associated with AtCESA7. Furthermore, ZeTED6-/ZeTED7-RNAI transformed
suspension cultures displayed delayed TE differentiation, whereas ZeTED6-
/ZeTED7-OE caused an increased rate of TE differentiation. In line with this,
transient expression of AtTED6-/AtTED7-RNAi constructs in Arabidopsis
seedlings resulted in reduction of SCW thickness, smoothness and symmetry in
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root VEs. The authors argued for a functional association of TED6/TED7 with
the SCW CSC, and that the cytoplasmic C-terminal domain of these proteins
promotes SCW formation by some mechanism yet to be discovered. Taken
together, Endo et al. (2009) proposed a model where TED6/TED7 predict
future sites of SCW deposition. Therefore, Pesquet & Lloyd (2011) suggested
that TED6/TED7 could be direct/indirect partners to MIDD1/MAP70s.

1.5.4 MAPs Implicated in the Ordered Deposition of Cellulose Microfibrils

Ever since the discovery of the CMT—CMEF parallelism and the alignment
(monorail) hypothesis was launched in 1974 by Heath, a linker between the
CMTs and the CSC has been hypothesized. Such a protein was recently
identified through a Y2H screen and found to interact with PCW CESA
isoforms; hence, it was denoted CELLULOSE SYNTHASE INTERACTIVE
PROTEIN 1 (CSI1) (Figure 1) (Gu et al., 2010). Loss-of-function ¢si/ mutants
displayed reduced hypocotyl length and increased diameter, compared with
WT, and elongated less rapidly. The mutant also displayed organ and
epidermal cell twisting in rosette leaves, roots and etiolated hypocotyls,
reminiscent of phenotypes observed in MAP mutants. Intriguingly, the
distribution and motility of CESA particles, as deduced from a YFP-CESAG6
marker line, appeared affected in the mutant. Li ez al., (2012b) further observed
that CSI1 not only directly interacted with CESAG6, but also directly bound to
MTs in vitro, thereby establishing this protein as a MAP and providing a
putative direct mechanistic link between CMTs and CSCs. They also observed
through live cell imaging that this MAP co-localized with CMTs and CSCs,
further strengthening the hypothesis that the interaction between CMTs and
CESAs is dependent on, and mediated by, the physical association with CSI1.
In another report, Bringmann et al. (2012b) showed that fluorescently labelled
POM2, which is allelic to CSI1, associated with both PM-localized CESAs and
SmaCCs/MASCs. Loss of POM2/CSI1 function did not affect the rate of CSC
insertions to the PM or to the localized insertions of CSCs adjacent to CMTs.
Instead, the authors concluded that POM2/CSI1 activity is required for the
guidance and maintenance of continuous CSC movements along CMTs; thus,
mediating the co-alignment of these two networks, either directly or indirectly,
in association with some other scaffold proteins. This prompts for yet another
refinement of the conventional alignment hypothesis to also integrate this
linkage protein as a new and critical accessory player that physically couples
CMTs with CMFs through a molecular bridge during cellulose biosynthesis in
PCWs (Bringmann et al., (2012a). An analogous mechanism in SCWs still
awaits discovery.
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Two Arabidopsis SCW MAPs, characterized as FRAGILE FIBER (FRA)
genes (though, not all identified FRA genes encode MAPs), exhibit aberrant
MFA in their mutant plants. FRAI encodes a kinesin-like motor protein
(Figure 1) and the fral mutation results in less ordered CMFs in IFs and thus
reduced mechanical strength of mature inflorescence stems (Zhong et al.,
2002). On the contrary, no change in CMT organization or cell wall thickness
and composition was observed, suggesting that FRA1 does not serve as a direct
linker, but contributes to the ordered deposition of CMFs by another
mechanism. FRA1-OE, on the other hand, led to reduced thickness and also
increased number of layers in the SCW (Zhou et al, 2007). Though,
considering that FRA1 is a mono-directional +TIP MAP that has the potential
to transport cargo along CMTs at a speed 100 times faster than CSC movement
(Zhu & Dixit, 2011), it is unlikely that this motor protein is directly associated
with CMF deposition. FRA2 (AtKTN1) encodes a katanin MT-severing protein
(Burk et al., 2007) and the fra2 mutant displays disorganized CMTs (Burk et
al., 2001), irregular deposition of CMFs and thinner and weaker cell walls of
the IFs (Burk & Ye, 2002). Katanin is crucial for plant cells to form aligned
CMT arrays (Stoppin—Mellet et al., 2003). Though, increasing the severing
activity by OE of AtKTN1 does not increase CMT net alignment, according to
a study by Stoppin—Mellet et al. (2006). They rather found that OE caused
numerous thick CMT bundles to form, which eventually shortened and
depolymerized. Interestingly, Wightman et al. (2013) discovered that, in
Arabidopsis, SPR2 is enriched at MT crossover sites where it interacts with
AtKTNI1 and stabilizes these crossovers to prevent severing. Thus, katanin
activity, and its outcome, depends upon the presence and modulating function
of SPR2. The authors further suggested an additional role of SPR2 in
promoting complex crossovers at sites where more than two MTs intersect.

Another SCW-associated MAP suggested to be linked to cellulose
deposition is PtMAP20 in Populus, which together with its homolog in
Arabidopsis, AtMAP20, constitute an important part of this thesis. P#MAP20
was first identified in a study by Rajangam et al. (2008a) as highly up-
regulated across SX in the stem of hybrid aspen and was found to co-regulate
with SCW CESAs. PttMAP20 encodes a small cytosolic protein with an
estimated mass of 20.8 kDa and a pl of 9.65. Importantly, the authors also
discovered that recombinant PttMAP20 bound to taxol-stabilized MTs in vitro,
and decorated CMTs of tobacco epidermal leaf cells when transiently
expressed in vivo. It also presented a capacity to bind to DCB, suggesting an
unknown molecular linkage to the CSC, since DCB disrupts cellulose
biosynthesis by an unknown mechanism. Moreover, heterologous OE of
PttMAP20 in Arabidopsis resulted in skewed growth of roots on plates and
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right-handed helical twisting of tissues and organs. MAP20s share the highly
conserved TPX2 domain with Xenopus TPX2, a large multidomain MAP.
TPX2, per se, is a MAP that has been shown to target a kinesin-like protein,
XKLP2, in Xenopus to MT minus ends during mitosis and is important for
spindle pole organization (Wittmann et al., 2000).

1.6 Lignin Biosynthesis and Structure

1.6.1 Biosynthesis of Lignin Monomers

Lignin represents a class of complex natural polymers, displaying high
structural diversity (Sederoff et al., 1999). The currently accepted model states
that the lignin polymer is formed by combinatorial-like phenolic oxidative
coupling reactions (dehydrogenations) of radicals (primarily 4-
hydroxyphenylpropanoids) generated by peroxidase-H,O, / laccase (LAC)-O,,
in a random, yet chemically controlled, manner (Ralph et al., 2004; Vanholme
et al., 2010). The most common lignin monomers are the three p-
hydroxycinnamyl alcohols (monolignols): p-coumaryl (H), coniferyl (G) and
sinapyl (S) alcohols. These monolignols react endwise, adding H, G and S
units, respectively, to the growing racemic polymer. This coupling theory is
supported by oligolignol profiling in lignified Populus SX tissue (Morreel et
al., 2004). Nevertheless, lignin biosynthesis shows remarkable plasticity,
allowing for substitutions with other monomers; thus, influencing the final
molecular structure (Ralph et al., 2004; Vanholme et al., 2008).

Composition of lignin monomers varies between taxa (Vanholme et al.,
2010). Angiosperm dicots contain both S and G units with trace amounts of H
units, whereas gymnosperms contain mostly G units with low levels of H units.
Angiosperm monocots (grasses), on the other hand, incorporate similar levels
of S and G units and higher amounts of H units, as compared to dicots.
Biosynthesis of the monolignols starts with the deamination of phenylalanine,
derived from the shikimate biosynthetic pathway, and then flows through the
general phenylpropanoid and monolignol-specific pathways (Vanholme ef al.,
2010). These involve hydroxylation, transacylation, methylation and reduction
into lignin monomeric precursors. These pathways have been under continuous
revision, and studies of mutants for each step of the pathway have contributed
to that (Boerjan et al., 2003).

1.6.2 Monolignol Transport

The monolignols are synthesized in the symplast (cytoplasm) and therefore
needs to be transported to the apoplast (cell wall) for incorporation into the
lignin structure (Vanholme et al., 2010). Different hypotheses how this could
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be accomplished have been proposed, such as passive diffusion of the
hydrophobic monolignols, vesicular trafficking and actively through
specialized membrane transporters (Sibout & Hofte, 2012). The favoured
Golgi-mediated vesicle transport model, where monolignols would have to
accumulate within either the endoplastic reticulum (ER) or the Golgi was
challenged in a study using inhibitors against protein translation and
phenylpropanoid metabolism in conifers by Kaneda ez al., (2008), who found
no support for such a model. Rather, recent evidence is pointing towards a
transporter-mediated export model, powered either directly via ATP-binding
cassette-like (ABC) transporters, or indirectly via the proton gradient (Yazaki,
2006). The former idea has gained favour after a report from Miao & Liu
(2010), who demonstrated with in vitro assays of isolated dicot membranes that
ABC transporters are both involved in transporting lignin precursors across the
PM and sequestration into vacuoles for storage.

Furthermore, in gymnosperms, and certain angiosperms, monolignols are
often glycosylated by UDP-glucose coniferyl/sinapyl alcohol GT to form 4-O-
B-D-glucosides; coniferin and syringin, respectively (Liu et al., 2011). In their
report, Miao & Liu (2010) concluded that glucosylation appears to be
necessary to facilitate vacuolar storage, but is not required for transport to the
apoplast in Arabidopsis. This implicates that both PM and vacuolar membrane
vesicles selectively transport different chemical forms of monolignols; i.e.,
different ABC transporters are able to discriminate against them.

1.6.3 Lignin Nucleation and Polymerization in the Apoplast

Lignification initiates at nucleation sites, where the lignin polymer can grow
(Boerjan et al., 2003). It has been observed that after S; layer formation of the
SCW has started, lignin is first deposited in the ML and cell corners
(Donaldson, 2001; Boerjan et al., 2003). These structures have the highest
concentration of lignin in the cell wall. Lignification is then believed to
proceed throughout the SCW, both during and after formation of the
polysaccharide matrix of the S, layer (Donaldson, 2001; Boerjan et al., 2003).
In fact, lignin deposition might be as most intense when matrix
polysaccharides are incorporated into the S; layer, and it progresses towards
the cell lumen until lignification of all SCW layers is finalized (Mellerowicz et
al., 2001). The SCW of VEs has higher lignin concentration and is enriched in
G units, as compared to fibres (Donaldson, 2001; Boerjan et al., 2003). Taken
together, it can be concluded that there is a difference in the spatio—temporal
regulation of deposited lignin content and monomeric composition (i.e., S/G
lignin ratio) across SX.
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Moreover, there is also a variation in the spatio—temporal regulation of
incorporation of different lignin monomers during wall formation, per se,
resulting in a variation in lignin chemistry at specific regions within the wall
(Chabannes et al., 2001). In XFs of angiosperms, H units have been observed
to be deposited first, succeeded by G units and finally S units (Donaldson,
2001; Boerjan et al., 2003). In addition, Boerjan et al. (2003) further reasoned
that the difference in the spatio—temporal regulation of monolignol
incorporation into the growing lignin polymer is influenced by the chemical
nature of matrix polysaccharides and MFA of the wall layers. For instance, in
the ML and PCW, lignin forms spherical structures, whereas in the SCW,
lignin deposition follows the orientation of CMFs (Roussel & Lim, 1995).
Lignin composition further influences the interaction with matrix
polysaccharides.

1.6.4 Lignin Engineering — Modifying Syringyl to Guaiacyl Ratios

Lignin removal from lignocellulosic biomass is an obstacle for efficient use of
polymers for materials or energy (Weng et al., 2008). It has long been
proposed that genetic engineering of lignin content or structure could facilitate
lignin separation during processing (Kraft pulping). This could be done either
by modifying the expression of lignin biosynthesis genes or TFs that regulate
lignin biosynthesis (Vanholme ef al., 2008, 2012).

Since G lignin is more cross-linked than S, wood with a high S/G ratio is
easier to delignify and therefore a desirable trait (Boerjan et al., 2003). The
discovery of FERULATE-5-HYDROXYLASE (F5H) as a key enzyme in
regulating the shunt of ferulic acid to sinapic acid opened up the perspective to
genetically engineer the S/G ratio (Meyer et al., 1996, 1998). OE of F5H in
tobacco and Populus, under control of the C4H promoter, indeed resulted in
higher S/G ratio and improved chemical pulping and bleaching efficiencies
(Huntley et al., 2003). Nevertheless, the efficiency of cellulose conversion to
ethanol is to a large extent dependent on lignin content, as demonstrated in
both Populus and Arabidopsis mutant plants (Mansfield et al, 2012; Van
Acker et al., 2013). In a study of a natural population of Populus trees with a
large variation in both lignin content and S/G ratio, however, Studer et al.
(2011) found that, for high S/G ratios (> 2.0), there was no correlation between
lignin content and enzymatic hydrolysis efficiency. Conversely, only for
samples with low S/G ratios (< 2.0) could a strong negative correlation with
lignin content be inferred. In addition, a sample set that exhibited average
lignin content and S/G ratio still presented enzymatic hydrolysis rates higher
than expected, which led the authors to suggest that factors other than lignin
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content and S/G composition impact on cell wall recalcitrance to digestion with
cellulolytic enzymes.

Unfortunately, decreasing lignin content is often achieved at the expense of
plant fitness and viability, e.g., weakening of cell walls in water-conducting
VE, which may then collapse (Li et al., 2008). This can be circumvented by
using a conditional promoter that instead directs the modification to supporting
fibres and sclerenchyma, leaving water-conducting VEs intact (Li et al., 2008).
As an alternative approach, the deficiency of the VE cell wall could be
compensated for by expressing critical genes under the influence of a VE-
specific promoter. In fact, this was demonstrated by Petersen et al. (2012), who
restored the collapsed VEs and growth performance in some xylan deficient irx
mutants by expressing xylan biosynthesis genes, driven by VE-specific
promoters. Taken together, lignin engineering seems to be an attractive
approach to enhance the bioconversion of lignocellulose into biofuels, and
ways to avoid reduced plant fitness could be in reach.

1.7 Transcriptional Networks Regulating Secondary Cell Wall
Formation

1.7.1 First Level Master Switches — The NAC Family

Almost every aspect of plant development, including SCW formation, is
influenced by different plant hormones, such as auxin, ethylene and
gibberellins (Groover & Robischon, 2006). Genetic evidence for a role of
auxin in fibre wall formation was provided by the Arabidopsis knockout (KO)
mutants of the tonoplast-located WAT1, which have strongly reduced SCWs in
fibres of the inflorescence stem and in hypocotyls (Ranocha ef al., 2010). This
protein was later demonstrated to be a transporter, facilitating auxin export
from the vacuole to the cytosol (Ranocha et al., 2013). The biosynthesis of
SCWs is further transcriptionally regulated by a hierarchical network of TFs
(Figure 2), where activation is governed by a few master switches (Zhong &
Ye, 2007). The most important belong to the NAC (short for NAM, ATAF1/2
and CUC2) and MYB (short for MYELOBLASTOSIS) families, representing
first and second hierarchical level of transcriptional control, respectively.
Among the NACs, SECONDARY WALL-ASSOCIATED NAC DOMAIN
PROTEIN1 (SNDI1), also known as NAC SECONDARY WALL
THICKENING PROMOTING FACTOR3 (NST3), and NST1 were discovered
as important first level transcriptional regulators of the SCW biosynthesis
program of fibres in Arabidopsis, and they were found to be functionally
redundant (Zhong et al., 2006, 2007a; Mitsuda et al., 2007). The double KO
mutant exhibited suppressed SCW formation in IFs and XFs, but not in VEs.
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Moreover, NST1 was also shown to act redundantly with NST2 in regulating
SCW thickening of anther tissue, important for anther dehiscence (Mitsuda et
al., 2005).

In parallel with regulation of SCW deposition in fibres, VASCULAR-
RELATED NAC-DOMAING6 (VND6) and VND7 were identified as master
regulators for SCW formation of VEs in Arabidopsis (Kubo et al., 2005;
Ohashi-Ito & Fukuda, 2010). Dominant repression (DR) of these genes in
primary roots inhibited formation of metaxylem and protoxylem vessels
(PXVs), respectively. VND6 was further demonstrated to directly regulate
downstream target genes related to TE-specific PCD (Ohashi-Ito et al., 2010).
Finally, VND7 plays a central role in regulating the differentiation of all types
of VEs in Arabidopsis shoots and roots and might also function
together/redundantly with VND2-VNDS5, since their expression patterns
overlap (Yamaguchi et al., 2008).

In SND1-/NST1-RNAIi plants, 11 TFs, belonging to the NAC, MYB and
KNOTTED  ARABIDOPSIS THALIANA  (KNAT) KNOTTEDI-LIKE
HOMEODOMAIN (KNOX) gene families with vascular expression patterns,
were found to be down-regulated (Zhong et al., 2008), and these were
recognized as SND2, SND3, MYB20, MYB42, MYB43, MYB52, MYB54,
MYB69, MYBS85, MYB103 and KNAT?7 (encoded by a Class II KNOX gene).
Down-regulation by RNAi or T-DNA mutation of these TFs did not induce any
visible morphological phenotype in the study by Zhong et al. (2008), whereas
their OE and DR affected SCW thickness of IFs and XFs. This suggested that
they have a function in SCW formation as downstream targets of SND1/NST1.
Through promoter transactivation studies and electrophoretic mobility shift
assays (EMSAs), KNAT7, MYB46, MYBS83, MYB103 and SND3 were all
found to be direct targets of SNDI/NST1 and NST2, as well as of
VND6/VND7 (Zhong et al., 2007b, 2008; McCarthy et al., 2009; Ohashi-Ito et
al., 2010; Zhong et al., 2010c; Yamaguchi et al., 2011). The secondary wall
NAC (SWN) master switches (SNDI1/NST1, NST2 and VND6/VND7)
recognize and bind to a common cis-acting element, named SWN-binding
element (SNBE). This is composed of an imperfect palindromic 19 bp
consensus sequence, located in the promoters of their direct targets (McCarthy
et al., 2011). The target genes of VND6/VND?7 also harbour a TE-specific 11
bp cis-element, TERE, in their promoters (Pyo et al., 2007), important for
SCW modification and onset of PCD in differentiating VEs. Complementation
studies have demonstrated that SWN master switches can rescue the sndl nstl
double mutant and restore the SCWs in its IFs when driven by the SNDI
promoter (Zhong et al., 2010c; Yamaguchi et al., 2011). Thus, SND1/NSTI,
NST2 and VND6/VND7 have a set of common target genes and are

38



functionally interchangeable, but in planta they are active in fibres and VEs,
respectively.

A more global approach to identify direct target genes of SND1 and VND7
was undertaken by Zhong et al. (2010c). They induced these genes in
protoplasts using the estrogen (estradiol)-inducible system, combined with
cycloheximide (CHX) treatment. They found that SND1 activated 138 genes,
and VND7 activated 276 genes with an overlap of 89 genes between the two.
In another study, Yamaguchi et al. (2011) studied direct target genes of VND7
in 10-day-old Arabidopsis seedlings. They took advantage of the
glucocorticoid-mediated posttranslational induction system, described by
Yamaguchi et al. (2010a), which effectively induces transdifferentiation of
various cell types into VEs after treatment with dexamethasone (DEX).
Treatment with DEX activates VND7, which binds to the promoters of its
direct target genes, enabling transcription. After CHX treatment, 63 direct
target genes of VND7 were identified. Taken together, these studies suggest
that, within the SWN-mediated transcriptional network, SND1 and VND7
seem to directly regulate a large number of target genes in specific cell types
(fibres and VEs, respectively) for the coordinated formation of SCWs.

NAC domain TFs appear to be controlled at the posttranscriptional level.
Yamaguchi et al. (2010b) showed that VND-INTERACTING2 (VNI2)
interacts with VND7 and was suggested to act as a transcriptional repressor
upstream of VND7 to regulate its VE-specific expression. Further, the
expression of AS2-LIKE19 (ASL19) / LBD30 and ASL20/LBD18 in immature
VEs was demonstrated to be dependent on VND6/VND7 (Soyano et al., 2008).
OE of ASL19 and ASL20 induced ectopic formation of VEs in cells of non-
vascular origin, similar to OE of VND6/VND7. DR of ASL19 and ASL20
generated abnormal VEs, verifying that ASL activity is required for proper VE
differentiation. Thus, it was suggested that ASL19 and ASL20 are likely
mediating a positive feedback loop downstream of VND6/VND7 (Soyano et
al., 2008).

Another gene involved in SCW formation is XYLEM NAC DOMAINI
(XND1), which is highly expressed in maturing xylem (Zhao et al., 2005).
XND]1 is believed to influence VE size and xylem maturation by negatively
regulating SCW biosynthesis and PCD (Zhao et al., 2008). Arabidopsis xnd1
KO mutants exhibited shorter, but otherwise apparently normal, VEs in stems
and hypocotyls, whereas OE of XNDI completely suppressed formation of VE
SCWs and PCD.

A group of Populus trichocarpa NAC domain TFs (PtrWNDs),
preferentially expressed in SX, have been identified as functional orthologs to
SND1 through complementation studies and promoter-binding assays (Zhong
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et al., 2010b). These Populus NACs were able to directly activate four of the
direct targets of SND1 in Arabidopsis, namely KNAT7, MYB46, MYB103 and
SND3. In a follow-up study by Zhong et al. (2011b), expression of 35S
promoter driven PrWND-OE and PtrWND-DR constructs in Populus led the
authors to suggest a suite of downstream TFs and their putative target genes in
wood-forming tissues. Interestingly, many of these targets had Arabidopsis
orthologs with unknown or even different function during SCW biosynthesis.
Hence, functional analyses of these Populus genes will be important and
relevant. Nevertheless, PtrWNDs are generally believed to be functional
orthologs to their Arabidopsis counterparts, since they also bind to the SNBE
sequences in the promoters of their direct targets in Arabidopsis (Zhong et al.,
2013). Similarly, the rice and maize OsSWNs and ZmSWNs were also able to
complement the Arabidopsis sndl nstl double mutant, demonstrating that they
are functional orthologs to SNDI (Zhong et al., 2011a). In addition, OE of
OsSWNs and ZmSWNs in Arabidopsis activated the SCW transcriptional
program through binding to SNBE sites in their downstream target promoters,
inducing ectopic deposition of cellulose, lignin and xylan.

Phylogenetic data analysis, in combination with the heterologous
complementation studies of functional orthologs, suggests that the SWN-
mediated transcriptional network controlling SCW biosynthesis is an ancient
mechanism that has been evolutionary conserved through all vascular plant
lineages (Zhong et al., 2010a). The emerging picture is that perennial species
have a more complicated network than annual species. This is reflected in that
some downstream TFs of PtrWNDs, mostly MYBs in perennials, seem to lack
functional orthologs in some annual taxa.

1.7.2 Second Level Master Switches — The MYB and KNAT Families

To understand the mechanisms underlying the SCW biosynthesis program in
xylem cells, it is important to link the function of SNDI1/NSTI1 and
VND6/VND7 downstream TFs to the biosynthetic pathways of major SCW
components (cellulose, lignin and xylan). MYB46 was shown to act as a
master switch, similar to SNDI/NST1 and VND6/VND7, regulating SCW
formation in both fibres and VEs; thus, representing a secondary level of
molecular switches downstream the primary ones (Zhong et al., 2007b). DR of
MYB46 resulted in drastic reduction of SCW thickness in VEs and fibres,
whereas OE produced thicker cell walls and even gave ectopic sclerification of
epidermal and cortical cells in the inflorescence stem. Ko et al. (2009) further
identified a suite of SCW-related genes through OE of MYB46 under the
control of a DEX-inducible promoter in planta. One of these, AtC3H14, was
proposed as a second level master switch during SCW formation, next to
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MYBA46, since transactivation analyses of this TF, similar to MYB46, induced
the expression of a selected subset of important cellulose, lignin and xylan
biosynthesis genes.

Knowledge of the transcriptional network regulating the SCW biosynthesis
program has been further enriched by McCarthy et al. (2009) who
demonstrated that MYBS83 is another direct target of SND1 and its close
homologs; it acts redundantly with MYB46 in regulating SCW formation. In
this study, a double KO mutant in MYBS83 and MYB46 led to thinner walls of
IFs and severely retarded growth, whereas single mutations in each gene did
not result in any aberrant effect in SCW thickening or plant growth, similar to
the sndl, nstl, vnd6 and vnd7 single mutants. Thus, MYBS83, together with
MYBA46, represents second level master switches. These act in concert with
primary level master switches, located upstream, in regulating common
downstream targets through feed-forward loops (Figure 2).

MYB46/MYB83 directly activate TFs, such as AtC3H14, KNAT?7,
MYB52, MYB58 and MYB63, but also genes involved in lignin and
polysaccharide biosynthesis, SCW modification, PCD, cytoskeletal
organization and vesicle transport (Ko ef al., 2012; Zhong & Ye, 2012).
Transactivation analysis, together with EMSA analysis, facilitated the
identification and mapping of a 7 bp SCW MY B-responsive element (SMRE)
consensus sequence as a target for MYB46/MYBS83 (Zhong & Ye, 2012). In
addition, it was found that this DNA-binding element is enriched in some
targets, and can also harbour different binding affinities, determined by the
different SMRE sequence variants. Interestingly, three of eight different
variants of the conserved SMRE sequences are identical to the AC element,
which is required for transcription of phenylpropanoid and monolignol
biosynthesis genes (Raes et al., 2003). In parallel, Kim et al, (2012a)
identified an 8 bp core motif as a MYB46-responsive cis-regulatory element
(M46RE). This is highly enriched in the promoters of MYB46-regulated SCW
genes. Importantly, all three SCW CESAs contain the M46RE motif, and it was
recently demonstrated by means of EMSA and chromatin immunoprecipitation
(ChIP) analysis that MYB46 binds to their promoters both in vitro and in vivo
and directly activates and regulates their transcription (Kim et al., 2012b).
Later, genetic complementation of mutants in the SCW CESA4 genes by
promoters with point mutations in the M46RE motif established that MYB46 is
required for the transcriptional complex regulating functional expression of the
SCW CESA genes (Kim et al., 2013). Further research is required to deduce
if/fhow SMRE and M46RE impact on SCW formation in different ways, and to
explore any additional important promoter elements. Altogether, the notion that
first level SND1/NST1 and VND6/VND7 and second level MYB46/MYB&3
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Figure 2. Simplified overview of the transcriptional network regulating the secondary cell wall
biosynthesis program in Arabidopsis. Second level master switches are direct targets of first level
master switches. Together, these activate a suite of, first, downstream transcription factors and,
second, secondary cell wall biosynthetic genes through multi-levelled feed-forward/back loops.
Black/grey arrows indicate direct/indirect activation, whereas black/grey horizontal strokes
indicate direct/indirect repression, respectively. Based on the literature cited in this thesis.

master switches cooperatively and directly activate a suite of common
downstream targets required for SCW biosynthesis suggests a complicated
multi-levelled/-faceted feed-forward/back loop regulatory structure, instead of
the previously thought simple linear top-down cascade (Wang & Dixon, 2011;
Zhong & Ye, 2012).

The AC element has previously been recognized as a common cis-element
located in the majority of monolignol biosynthesis genes and required for their
expression in lignifying cells (Hatton et al., 1995). Since then, major progress
has been made in characterizing important regulators in the lignification
process. For instance, MYB family TFs bind to the AC element (Sablowski et
al., 1994, 1995) and they are recognized to have a putative regulatory role in
lignin biosynthesis in the SWN-regulated transcriptional network (Zhong &
Ye, 2009; Nakano et al., 2010). Indeed, functional analysis identified MYBS58
and MYBG63 as transcriptional activators of lignin biosynthesis, downstream of
MYB46/MYBS83 (Zhou et al., 2009). OE of MYB58 and MYBG63 specifically
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activated lignin biosynthesis genes, but not SCW CESA or xylan genes. In
these OE lines, ectopic deposition of lignin, but not cellulose or xylan, was
observed in epidermal and cortical cells in the inflorescence stem. MYB58 was
found to directly activate the expression of a SCW-associated LAC gene
(LAC4), and all monolignol biosynthetic genes, except for F5H, which also
lacks the AC element in its promoter. Zhao et al. (2010) further demonstrated,
by promoter transactivation and EMSA assays, that F5H is directly activated
by the SND1 master switch. They assessed, however, the Arabidopsis AtSND1
TF binding to the Medicago truncatula MtF5H promoter, which therefore not
necessarily provide proof that this activation takes place in Arabidopsis. Taken
together, MYBS58 and MYBG63 are the first true lignin-specific TFs identified in
Arabidopsis (Zhou et al., 2009; Zhao & Dixon, 2011).

MYBY75, also known as PRODUCTION OF ANTHOCYANIN PIGMENT 1
(PAP1I), was first identified as a positive regulator of anthocyanin biosynthesis
in Arabidopsis (Borevitz et al., 2000). Interestingly, Bhargava et al. (2010)
observed that basal stems of myb75 had increased SCW thickness of IFs and
XFs, higher lignin content and expression of several monolignol genes and a
lower S/G ratio, compared with WT, whereas OE plants showed the opposite
characteristics. When these contrasting phenotypes were taken into account,
MYB75 was suggested to be a repressor of the lignin branch of the
phenylpropanoid pathway, stimulating carbon flux towards flavonoid
metabolism. In addition, the authors discovered protein interaction between
MYB75 and KNAT7 in a Y2H assay and in vivo with a bimolecular
fluorescence complementation (BiFC) study in Arabidopsis protoplasts.
Bhargava et al. (2013) provided evidence that this interaction is dependent on
the R3 domain of MYB75 and the KNOX2 domain of KNAT7. KNAT7 was
further shown by Li et al. (2011a) to interact with OFP4, an OVATE FAMILY
PROTEIN, in a Y2H assay and also in vivo with BiFC analysis. They both
acted as transcriptional repressors in a protoplast transfection system and, when
co-transfected, the repressor activity of KNAT7 was enhanced; thus,
confirming interaction between the two proteins in vivo. A KO mutation in
KNAT?7 gives an irx phenotype, without any visible morphological defects, as
described previously by Brown et al. (2005). Li ef al. (2011a) further studied
both knat7 and ofp4 single KO mutants and also the knat7 ofp4 double mutant.
Similar to knat7, ofp4 also displayed collapsed VEs in the xylem vascular
tissue system. Interestingly, the double mutant possesses the same irx
phenotype as the corresponding single mutants, without any additive effect.
Thus, this confirms that KNAT7 and OFP4 form a KNOX-OVATE regulatory
complex, repressing certain aspects of SCW biosynthesis. Li et al. (2012a)
further characterized knat7 KO mutants more in-depth. Basal stems exhibited
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thicker IFs with increased lignin amounts and enhanced expression of genes
related to the three major components of the SCW. On the contrary, OE lines
exhibited thicker SCW of the IFs. Taken into account the increase in lignin,
coupled with the irx phenotype and thinner walls of VEs, Li et al. (2012a)
postulated that KNAT7 regulates different aspects of SCW formation in a
negative feedback loop by targeting different genes in different cell types. A
model was suggested where a complex of KNAT7 and MYB75 are cooperating
supplementary, rather than additively, in repressing SCW biosynthesis in
general and lignin biosynthesis in particular. It was further suggested that this
complex might consist of different interacting partners, depending on cell type.
This model is strengthened by the overlapping expression pattern of KNAT7
with MYB75 (Bhargava ef al., 2010) and also implicates that MYB75, similar
to KNAT?7, is downstream the first and second level master switches.

MYBS52 was initially identified by Zhong et al. (2008) as a downstream TF
of SND1/NST1 master regulators. Cassan—Wang et al. (2013) found that a T-
DNA KO mutant in MYBS52 had strongly lignified IFs and vascular bundle
cells, suggesting that SX formation was enhanced and also appeared to take
place earlier than in WT. Therefore, the authors proposed that MYBS52 could
be a potential repressor of SCW deposition and/or lignin biosynthesis.
Nevertheless, Zhong et al. (2008) noticed thinner SCWs in plants harbouring a
MYB52-DR construct; thus, reflecting additional functions from homologous
TFs to MYB52, not detected in KO plants.

In the genus Populus, the MYB family is larger than any other angiosperm
species with fully sequenced genome (Wilkins et al., 2009), and the expansion
was not only attributed to whole genome duplication, but also to diversification
of specific clades (Wilkins et al., 2009). Four Populus wood-associated MYB
TFs, more specifically PtrMYB2, PtrMYB3, PtrMYB20 and PtrMYB21, were
found by McCarthy et al. (2010) and Zhong et al. (2013) to activate expression
of SCW biosynthetic genes and induce ectopic deposition of all three major
SCW components during OE in Arabidopsis. They were also able to activate
the promoters of Populus SCW biosynthetic genes. Interestingly, PtirMYB3 and
PtrMYB20 are directly activated by PtrWND2 (McCarthy et al., 2010), a close
homolog to SNDI. Moreover, MYB46 and MYB&3 are, in fact, the closest
functional Arabidopsis homologs to PtrMYB3 and PtrMYB20, indicating a
well-conserved transcriptional regulatory mechanism between Populus and
Arabidopsis. Similar to their Arabidopsis counterparts, Populus MYB second
level master switches also bind to SMRE sequences in the promoters of their
direct target genes, activating their expression and the biosynthesis of
cellulose, lignin and xylan (Zhong et al. 2013).
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2 Objectives

2.1 In General

From a larger perspective, focus was set on studying genes and/or gene
families with a potential role in influencing the lignocellulosic content and
composition of xylem SCWs in stems of Arabidopsis and Populus.

2.2 In Particular

Functional genomics, bioinformatics and chemotyping tools were applied to
investigate the following genes and their relation to cellulose/lignin
biosynthesis:

» MAP20, a MAP displaying high expression across developing SX in
Populus stems and implicated to have a direct/indirect regulatory role in
biosynthesis of the cellulose polymer.

» MYBI103, a TF, whose Arabidopsis loss-of-function mutants exhibited
major wall chemistry alterations in the lignin polymer when their basal
inflorescence stems were initially screened by Py-GC/MS.
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3 Methodological Considerations

In this chapter, a brief overview and a more comprehensive description over
the materials and methods used, not found in the attached papers, are given.

3.1 Arabidopsis and Populus as Model Systems to Study
Secondary Growth

Arabidopsis thaliana (At) is recognized as a powerful plant model system to
study genetics and genomics. It has a small genome (= 157 Mbps) that was the
first plant genome to be sequenced (The Arabidopsis Genome Initiative, 2000).
Because of its small physical size and short generation time, it is easy to grow
in large numbers and ideal for genetic analysis. A number of molecular and
computational tools have been developed for Arabidopsis, adapted to study
molecular control of different traits. Of most importance are the publicly
available T-DNA KO mutant libraries, annotation of genes (TAIR10 release,
http://www.arabidopsis.org/) and bioinformatical tools.

The hypocotyl in Arabidopsis forms a VC that can undergo extensive
secondary growth, particularly during short days (8 h light, 16 h dark) (Chaffey
et al., 2002; Nieminen et al., 2004). Cambial growth and SX differentiation in
Arabidopsis also occurs in roots and the inflorescence stem. Certain key
regulators and regulatory networks controlling SX and vascular development
are implied to be conserved between angiosperm herbaceous and tree species
(Jansson & Douglas, 2007), facilitating comparative genomics and transfer of
knowledge to angiosperm trees. Thus, Arabidopsis is a suitable model for
cambial growth and SCW biosynthesis (Chaffey 2002; Liepman et al., 2010;
Zhang et al., 2011). In addition, the inflorescence stem has also a measurable
MFA in its xylem SCWs and mechanical testing, such as tensile strength and
stiffness, as well as bending strength, can be performed (Strabala &
MacMillan, 2013). Because of its short life cycle, however, Arabidopsis as a
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model is somewhat limited when it comes to study certain aspects of wood
formation, e.g., activity—dormancy transitions and maturation phenomena, such
as the formation of early wood and late wood.

Because of its relatively small genome size (= 485 Mbps, 5-fold larger than
Arabidopsis thaliana), rapid growth and ease to transform and propagate,
Populus has emerged as a suitable tree model system (Taylor, 2002). The
Populus trichocarpa (Pt) genome was the first tree genome to be sequenced
(Tuskan et al, 2006), facilitating the optimal use of fundamental
bioinformatical and molecular tools, such as next generation sequencing, e.g.,
RNA (deep) sequencing (Wang et al., 2009).

3.2 Generation of Transgenic Lines in Hybrid Aspen

Constructs were produced by Gateway cloning, according to manufacturer’s
instructions (Invitrogen, http://www .lifetechnology.com/), the insert of choice
into Gateway-compatible binary destination vectors, provided by VIB—Ghent
(Karimi et al., 2002). In order to generate a promoter—GUS construct, a 2 kbp
genomic DNA fragment upstream the start codon of PtMAP20 was cloned into
pENTR/D-TOPO vector (Invitrogen). This promoter fragment was subcloned
into Gateway destination vector pPKGWFS7 (Karimi et al., 2002) to create the
expression clone. Briefly, to create lines mis-regulated in Pi#tMAP20, an EST
clone with PU number PU02741 in PopulusDB
(http://www.populus.db.umu.se/) (Sterky et al., 2004) was cloned into vector
pDONR221 (Invitrogen). This entry clone was subcloned into destination
vector pK7GWIWG2(I), for RNAi, and pK2GW7, for OE, respectively
(Karimi et al., 2002).

All expression clones were further transformed into Agrobacterium
tumefaciens, strain GV3101::pMP90, by electroporation. Then, in an in-house
transformation facility, these binary plasmids were transformed into hybrid
aspen (Populus tremula L. x Populus tremuloides Michx, Ptf) WT (clone T89)
trees by Agrobacterium-mediated transformation on appropriate antibiotic
selection medium, using protocols developed at UPSC (http://www.upsc.se/).

3.3 Plant Materials and Growth Conditions for Hybrid Aspen

3.3.1 Explant Shoots Grown in Vitro

In vitro grown trees were propagated by transplanting new single axillary
shoots to individual containers on fresh MS phytagel medium. These
developed into stems that grew upright, without branching, under the following
conditions: 18 h light / 6 h dark photoperiod, 22°C/18°C (day/night), 150 puE -
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m” - s and = 60% relative humidity. Shoots were harvested at a height of

about 12 cm and their stems segmented, based on number of internodes
counted from the apex.

3.3.2 Greenhouse-Grown Trees

Trees propagated in vitro were transplanted to soil and cultivated in the
greenhouse under natural light conditions, supplemented with metal halogen
lamps, with an 18 h light / 6 h dark photoperiod. Temperature was set to
22°C/15°C (day/night). After 10—11 weeks, trees had typically reached a height
of about 160—-180 cm and entire stems were harvested and analysed for growth
characteristics on the same day. Stems were further divided into long and short
segments, according to a predefined schedule, based on number of internodes
counted from the apex and distance (cm) from the ground (soil).

3.4 Promoter—GUS Analysis in Hybrid Aspen

Basal 1 cm stem segments from trees grown in vitro were harvested,
transferred to a microplate and prefixed with ice-cold 90% acetone for 10 min.
Then, acetone was removed and samples were immersed in GUS staining
solution (X-Gluc buffer), containing 1 mM X-Gluc (Thermo Fisher Scientific,
http://www.thermoscientificbio.com/) dissolved in dimethylformamide; 50 mM
sodium phosphate buffer, pH 7.2; 0.5 mM K;Fe(CN)g (potassium ferricyanide),
M: 329.2 and 0.5 mM K4Fe(CN)g - 3 H,O (potassium ferrocyanide), M: 422.4.
Samples were subsequently vacuum-infiltrated for 20 min and incubated in the
dark at 37°C for 16 h, for maximum visualization of GUS activity. For
chlorophyll removal, samples were sequentially immersed in 25 and 50%
ethanol. For fixation, 10 min incubation in FAA (formaldehyde — acetic acid —
ethanol) solution was applied. Finally, stems were stored in 70% ethanol, prior
to sectioning. Stems were then sectioned by freehand. Sections were
subsequently washed in 50 mM sodium phosphate buffer (pH 7.2) and
mounted in 50% glycerol on a microscope slide. Specimens were then studied
under an Axioplan 2 Imaging light microscope (Carl Zeiss,
http://microscopy.zeiss.com/microscopy/) and images captured with ZEN Lite
software (Carl Zeiss).

3.5 Gene Expression Analysis

3.5.1 Quantitative PCR Analysis

Stems from greenhouse-grown trees were flash-frozen in N;). After debarking,
the exposed developing SX was scraped with a scalpel and homogenized with
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a mortar and pestle. Stem segments from in vitro grown trees were flash-frozen
in N, and homogenized without debarking. Total RNA was isolated and
DNase-treated with Aurum Total RNA Mini Kit #732-6820 (Bio-Rad,
http://www.bio-rad.com/) and used to generate cDNA with iScript cDNA
Synthesis Kit #170-8891 (Bio-Rad). Reaction mixture for qPCR contained 10
pL 2x iQ SYBR Green Supermix #170-8880 (Bio-Rad), 8 uL nuclease-free
H,O, 1 pL mixture of 10 puM forward/reverse primers and 1 pL cDNA
template (diluted 1:10). Analysis was performed with Bio-Rad CFX96 Real-
Time PCR detection system; 40 qPCR cycles were run under the following
conditions: denaturation step, 95°C for 10 s; annealing step, 55°C for 10 s and
elongation step, 72°C for 30 s.
Primers used were:
» PuMAP20 (Potri.T059900):
FP, 5>-TTCCCCAAAGATCAAGCAGG-3’;
RP, 5-TTACTTAACAGGCTTCCAGGC-3’
» PuWDL3A (Potri.010G076200):
FP, 5-AAGGACCAAGGAAGAGAAGGAGG-3’;
RP, 5~ ATTTTGCACGTGTTGGTGGC-3’
» PttWDL4A (Potri.006G200400):
FP, 5>-AAAGAAGATACCGACTACTCGAGC-3’;
RP, 5>~AGAAGTGGGCTGTGAGAAGC-3’
» PuaUBQ10 (Potri.001G418500):
FP, 5-AGATGTGCTGTTCATGTTGTCC-3;
RP, 5>-~ACAGCCACTCCAAACAGTACC-3’
> AtMAP20 (At5g37478):
FP, 5-AAGGAATGACCAAAGTGGAACC-3’;
RP, 5>~-CACGTTTCACTGCTCTCTCG-3’
» AtCESA7 (At5g17420):
FP, 5>-GGGTAGACAGAACAGAACAC-3’;
RP, 5>~AACACTCTCGACAAAGTACAG-3’
» AtEFI-0 (At5g60390):
FP, 5>-TCCAGCTAAGGGTGCC-3’;
RP, 5>-GGTGGGTACTCGGAGA-3’
For data normalization, P#UBQ10 was used as reference gene. Primers for At
genes were used for the Arabidopsis cell culture system, described later.

3.5.2 Microarray Analysis

Total RNA from developing SX tissues (prepared as described earlier) was
purified and concentrated with RNeasy MinElute Cleanup Kit #74204 (Qiagen,
http://www.qiagen.com/). RNA quality and quantity were checked with the

50



Agilent 2100 Bioanalyzer (http://www.agilent.com/) and NanoDrop
(http://www.nanodrop.com/), respectively. 4 pg per sample was submitted to
Roche Nimblegen (http://www.nimblegen.com/index.html) and hybridized on
whole-genome NimbleGen Populus 385K oligoarrays. Annotated gene models
(Table 4) were based on Pt genome assembly v2.2 (Tuskan et al., 2006;
Phytozome, http://www.phytozome.net/poplar).

3.6 Cellulose Microfibril Angle Measurements on Wood Fibres

MFA measurements were essentially performed as described by Bjurhager et
al. (2010). Briefly, = 4 cm wood blocks, harvested at the base of the stem (16—
20 cm above soil), were prepared, containing a “clean” internode (i.e., lacking
leaf petioles) in the centre. Sections with a dimension of 40 um thickness and
33 mm width were cut from wet samples in the longitudinal-radial direction
with a microtome. Data was obtained by XRD (wide-angle X-ray scattering)
(Nanostar, Bruker AXS, http://www.bruker.com/) with a sample-detector
distance of 4.9 cm, using Cu Ko radiation (wavelength 0.154 nm). The
diffraction patterns were collected by a 2D position-sensitive (Hi-star) detector
with a measuring time of 1 h. The intensity was plotted against the azimuthal
angle. MFA was determined at three points for each sample.

3.7 Xylem Tracheary Element Cell Culture System in
Arabidopsis

The in vitro system for inducible differentiation of Arabidopsis basal cells into
TEs was previously described by Pesquet et al. (2010). Briefly, suspension
cultures (Col-0 background) were cultivated in liquid MS medium (pH 6.0),
supplemented with 3% sucrose, in the dark at 25°C with agitation (150 rpm).
Every seventh day, periodic re-subcultivations were carried out into fresh
liquid medium at a ratio of 1:10.

For hormonal induction of TE differentiation, 7-day-old cell cultures were
diluted 1:10 with liquid MS medium (pH 6.0), supplemented with 3% sucrose,
100 mM 2-(N-morpholino)ethanesulfonic acid, 6 mg/L a-naphthalene acetic
acid, 1 mg/L 6-benzylaminopurine, and 5 mM epibrassinolides. The induced
cell cultures were then incubated in the dark at 25°C with agitation (150 rpm).

TE formation was monitored with an Axiovert 40 CFL bright-field
microscope (Carl Zeiss), and cultures were sampled daily until day 9 after
induction. Microscopy images of induced cells were acquired using
AxioVision LE v.4.8.2.0 software (Carl Zeiss). To collect cells for downstream
applications, aliquots of induced cell cultures were centrifuged for 5 min at 200
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g. After estimation of fresh weight, the pelleted cells were flash-frozen in N,
and stored at -80°C. RNA was then isolated, as described earlier.

In order to generate stable transgenic cell culture lines, basal cell cultures
underwent  Agrobacterium-mediated  transformation.  Agrobacterium
tumefaciens, strain GV3101::pMP90, transformed with corresponding plant
vector constructs, were grown in liquid LB medium, supplemented with
selective antibiotics for 48 hours at 28°C with agitation (300 rpm). Then, 5 mL
of 7-day-old cell cultures were diluted with 5 mL of fresh MS medium (pH
6.0), supplemented with 3% sucrose, and inoculated with 200 pL of
Agrobacterium cultures.

After 48 hours of cultivation in the dark at 25°C with agitation (150 rpm),
bacteria were washed away from the cell cultures 3 times by way of sequential
centrifugation for 5 min at 200 g, and pelleted cells were resuspended in 10-15
mL of fresh MS medium, supplemented with 3% sucrose. After the final wash
step, pelleted cells were plated on MS medium, supplemented with 3%
sucrose, 0.8% agar, 250 pg/mL Cefotaxime and corresponding selective
antibiotics. Plates were then incubated in the dark at 25°C, in order for
transformed cells to develop into calli.

Transgenic calli were replaced to the same medium for additional
incubation (2-3 weeks). Afterwards, individual calli were transferred to liquid
MS medium (pH 6.0), supplemented with 3% glucose and selective antibiotics,
and cultivated as separate transgenic lines for further characterization.
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4 Results and Discussion

This thesis focuses on MAP20 and MYBI03, initially identified from
transcriptome analysis as highly expressed in xylem tissue. P#tMAP20 first
emerged from a transcript profiling by Hertzberg et al. (2001) as one of the
genes with the highest relative expression across developing SX in hybrid
aspen. It was characterized as an MT-binding protein by Rajangam et al.
(2008a) and has been further characterized on a biochemical and physiological
level in this thesis (Paper I-1I). MYB103 was identified by Zhong et al.
(2008) as a TF downstream of SWN master switches, required for SCW
formation in Arabidopsis, and was proposed to have a role in cellulose
biosynthesis. MYBI103 later emerged from an Arabidopsis mutant screen of
homologs to Populus genes down-regulated in relation to tension wood
formation in Populus tremula (unpublished data). This screen was performed
by high-throughput Py-GC/MS (Paper IV) that revealed a major chemotype in
isolated myb103 mutant plants, due to an altered S/G lignin ratio (Paper III).
Here, loss-of-function mutants in MYBI03 were characterized to establish its
role in the regulation of F5H expression; in conclusion, it was found to be
required for S lignin biosynthesis.

4.1 MAP20 — A Microtubule-Associated Protein Highly
Expressed in Populus and Arabidopsis Xylem Tissues

4.1.1 AtMAP20 Is a Novel Stabilizer of Microtubules in Arabidopsis (Paper I)

MAP20 contains a TPX2 domain, known to associate with MTs. Rajangam et
al. (2008a) demonstrated, de facto, that hybrid aspen PttMAP20 binds to MTs,
both in vitro and in vivo. TPX2 family proteins, per se, belong to a highly
diverse family with variable molecular weights and low sequence similarity
outside the TPX2 domain. A phylogenetic analysis by Rajangam et al. (2008b)
of all TPX2 family proteins in Populus and Arabidopsis revealed 18 Populus
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and 15 Arabidopsis gene models; MAP20 was a single gene in each species.
AtMAP20 in Arabidopsis consists of a conserved and centrally located TPX2
consensus domain (PF06886), a conserved C-terminal domain (PB004810) and
a non-conserved, variable N-terminal region (Figure 1, Paper I).

As a part of AtMAP20 characterization, a domain-mapping study was
performed. This was based on a complementary phylogenetic and domain
architecture analysis on all TPX2 family proteins. A total of 166 UniProt TPX2
domain containing sequences from 28 different species were classified into 19
different domain architectures, built from 12 unique component domains
(Table 2, Paper I). From this, it was concluded that TPX2 family proteins are
constructed by adding distinct supplementary domains, with structural
limitations, to the N- and C-terminal sides of the central TPX2 domain (Figure
2b, Paper I). This is in contrast to canonical domain architectures, typical for
other MAP families described earlier in this thesis. The classification of
Populus and Arabidopsis TPX2 domain containing proteins grouped them into
a MAP20, a TPX2 and a WVD2/WDL clade, all with full and up-to-date gene
nomenclatures (Table 1 & Figure 2a, Paper I).

It has been argued by Evrard ef al. (2009) that there exists only one “true”
and unique TPX2 ortholog per plant genome, sharing the functions described
for animal TPX2. These authors also found that remaining TPX2-related
proteins possess either a so-called Aurora-binding domain and/or one TPX2
MT-binding domain (MBD), where the latter can refer to either a centrally
(PF12214) or C-terminal (PF06886) located domain of the TPX2 protein.
Moreover, an important feature that distinguishes the WVD2/WDL clade from
the rest in the phylogenetic tree is the presence of the conserved KLEEK motif
within the TPX2 domain (Rajangam et al., 2008a).

Binding of MAP20 to MTs was shown to be very strong in vitro and was
also confirmed in vivo by transient expression of the labelled protein in
Arabidopsis protoplasts (Figure 3a—e, Paper I). To determine the function of
different AtMAP20 domains for MT interaction, labelled truncated versions of
MAP20 was transiently expressed in tobacco epidermal leaf cells (Figure 4a,
Paper I). First, it was observed that the decoration pattern of CMTs by the
full-length protein differed, depending on the terminus tagged. N-terminal
fusion gave fine, discontinues and intense labelling, whereas C-terminal fusion
yielded a thick and continues labelling pattern (Figure 4b—c, Paper I). This
suggests that the N- and/or C-terminus participates in defining AtMAP20
CMT-binding specificity. AtMAP20 was then divided into different truncated
versions containing the N-terminal, C-terminal and TPX2 domain alone, or in
different combinations, labelled at the C-terminal end. The N- or C-terminus
alone resulted in ER accumulation, but no CMT decoration (Figure 4d-e,
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Paper I), whereas TPX2 domain alone decorated CMTs in a dotty and strong
pattern (Figure 4g, Paper I). This indicates that the TPX2 domain is required
for physical binding to MTs. The N-terminus combined with TPX2 gave a thin
but continuous labelling, whereas C-terminus combined with TPX2 resulted in
a thick and short to punctuate CMT-labelling pattern (Figure 4h—i, Paper I). It
is interesting to note that the labelling pattern obtained for the full-length
construct fused with a marker at the N-terminus (Figure 4¢, Paper I) could not
be reproduced with any of the C-terminally fused truncated constructs,
suggesting tag interference (i.e., the position of the tag influences the labelling
pattern). By co-expressing all full-length and truncated labelled AtMAP20
constructs with a labelled MAP4 MBD, fused with GFP, it was further
confirmed that the labelling observed from the different MAP20 constructs
originated from CMTs, and that the absence of labelling was not due to CMT
destabilization (Figure 5a-1, Paper I). Taken together, the data shows that the
TPX2 domain is important for interaction with CMTs, whereas the complete
binding capacity of AtMAP20 depends on its N- and/or C-terminus. This is in
contrast to other plant (Perrin ef al., 2007; Vos et al., 2008) and animal (Brunet
et al., 2004) TPX2 family proteins, where full/partial protein function in vivo is
impaired when C-terminal domain function is tagged/affected, but not the N-
terminal domain.

The twisting, helicoidal phenotype of Arabidopsis plant organs observed for
both PttMAP20- and AtMAP20-OE (Rajangam et al., 2008a) (Figure 6a,
Paper I) suggests an effect on the dynamic instability of MTs (Buschmann &
Lloyd, 2008). Thus, to further evaluate AtMAP20 function on CMT
organization in planta, WT seedlings and seedlings with ectopic OE of
AtMAP20 were grown horizontally on plates with medium containing
suboptimal concentrations of different MT-interacting drugs; taxol, acting as a
MT stabilizer, and oryzalin and propyzamide, acting as MT destabilizers
(Furutani et al., 2000; Buschmann et al., 2009). When grown in the absence of
drugs, AtMAP20-OE displayed shorter roots and a significantly increased root
skewing angle, as compared to WT, mimicking the effect of the MT stabilizer
taxol. Furthermore, AtMAP20-OE did not respond much when grown under
increasing concentrations of taxol (Figure 6b—c, Paper I), implying saturation
of a taxol-like effect on MTs. When grown on medium containing low
concentrations of MT-destabilizing drugs, however, the AtMAP20-OE
phenotype was reverted towards longer roots and lower root skewing angle,
mimicking WT grown on control medium. WT seedlings did not respond to
any large extent, indicating that they were less sensitive to this treatment. With
higher concentrations of MT destabilizers, however, WT and AtMAP20-OE
responded in a similar fashion with shorter roots and higher root skewing

55



angle. Together, these observations suggest that MAP20 acts as an MT
stabilizer, inducing similar effects as taxol.

OE of AtMAP20, truncated in its N-terminus, did not give rise to the same
root skewing phenotype as OE of the full-length construct (Figure 6d—f, Paper
I). This supports the idea of the N-terminal variable domain as a regulating
element in order for AtMAP20 to interact properly with MTs in planta, as
shown previously with transient expression in tobacco leaves (Figure 4-5,
Paper I).

In conclusion, the proposed role of AtMAP20 is to stabilize MTs. It is also
concluded that proper MT binding of AtMAP20 can only be achieved by the
TPX2 domain, combined with the N- and/or C-terminal domain, highlighting
the importance of these. Furthermore, CMT stabilization and MT-binding
specificity in vivo appears to be dependent on accessibility to the N-terminal
part; i.e., AtMAP20 requires an intact N-terminal domain to be functional.

4.1.2 AtMAP20 Is Functioning in Secondary-Walled Cell Types and Required
for Proper Cell Wall Composition and Structure (Paper Il)

The function of AtMAP20 in Arabidopsis was studied by characterizing GUS
expression patterns in planta, driven by a native 2 kbp promoter sequence. In
line with observations from hybrid aspen (Rajangam et al., 2008a), AtMAP20
was expressed in developing SX of the Arabidopsis hypocotyl (Figure 1g,
Paper II). Expression was also noticed in vascular strands of stem, root and
leaves. Expression was not consistent along the strands, however, but rather
exhibited an irregular pattern (Figure 1a—d, Paper II). Expression was also
seen in other secondary-walled cell types, such as phloem fibres, the
gynoecium of flowers and base and top part of siliques (Figure 1le—g, Paper
II). Interestingly, expression in IFs of the basal stem was only observed
sporadically (Figure 1h, Paper II). This was in contrast to CESA7::GUS
plants (used as positive controls), where GUS staining was strong in IFs, but
weak in the vascular bundles (Figure 1h, Paper II). Thus, it can be concluded
that AtMAP20 expression is confined to cell types with SCW, but not
consistently expressed in all SCW cells of a certain type, as opposed to, e.g.,
the SCW- and VE-specific TFs VND6/VND7 (Yamaguchi et al. 2008 and
Ohashi—Ito ef al. 2010). It can also be concluded that AtMAP20 and CESA7 is
not necessarily co-regulated in the Arabidopsis inflorescence stem, as they
showed discrepancies in their expression patterns.

For functional analysis, two T-DNA loss-of-function mutants were
obtained, where map20-2 was slightly leaky in its AtMAP20 transcript, as
compared to map20-1, which was considered a KO (Figure 2, Paper II). Both
mutants grew normally; however, map20-1 exhibited marginally slower growth
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rate (Figure 3, Paper II). Interestingly, though, when seedlings were grown in
vitro on agar plates in the dark, the etiolated hypocotyls of map20 mutants
were significantly longer, compared with WT (Figure 4, Paper II). A similar,
but more pronounced, effect was observed for irx3-4, a T-DNA KO mutant in
CESA7 (Brown et al., 2005) (Figure 4, Paper II). Both AtMAP20 and CESA7
(Gardiner et al., 2003) are expressed in SCW cells only, and for the etiolated
hypocotyl, expression will be active in the spiral-shaped and stretchable PXVs
found in the stele. Thus, a longer hypocotyl indicates an effect on the SCW of
PXVs and, consequently, on their mechanical abilities during primary growth.
It is known that null mutations in CESA7 impair the cellulose biosynthesis
machinery and most likely give rise to a weakening in the SCW. It can
therefore be suggested that a mechanical weakening in PXVs facilitates turgor-
driven expansion of xylem cells, which in dark-grown hypocotyls could
promote a general elongation of all adjacent cells. In analogy to this, longer
hypocotyls in map20 mutants could be the result of less rigid PXV SCWs,
which thereby releases tissue tension, allowing for elongation. The nature of
this novel concept remains to be described, but could be due to a defect in the
patterning, or ultrastructure, of the CMFs themselves. Moreover, it was
observed that XFs and VEs from short-day hypocotyls were significantly
longer in the T-DNA mutants (Table 1, Paper II), implying either longer
cambial cells and/or intrusive tip growth. If the crystalline structure of the
cellulose polymer has, de facto, been compromised in map20 mutants, it is
tempting to speculate that this is somehow linked to an extended duration of
the cell elongation/growth phase by some unknown mechanism. Though,
considering that these mature plants initially germinated and grew in the dark,
and that AtMAP20 is postulated to act on the dynamic instability of CMTs, this
can rather be due to secondary effects, yet to be defined.

Chemical analysis of the cell wall by Py-GC/MS, combined with OPLS-DA
analysis, confirmed a modification (Figure 5, Paper II), but quantitative
analysis of major cell wall polymers showed that this was minor (Table 2,
Paper II), as well as any modification in monosaccharides released after
trifluoroacetic acid (TFA) treatment (Figure 6, Paper II). This supports the
notion that the mutation could cause improper patterning of CMFs; however, it
could also imply a delayed and perhaps reduced deposition of CMFs, as the
xylem cell growth phase could be prolonged (described earlier). Furthermore,
microarray analysis of the KO mutant does not support significant changes in
transcript abundance of any cell wall biosynthetic gene (Table 3, Paper II),
except for the up-regulation of the SCW-related TF MYB63, known to activate
the monolignol biosynthesis pathway (Zhou et al., 2009).
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In conclusion, AtMAP2( expression analysis shows that it is only functional
during SCW biosynthesis in various cell types. Characterization of loss-of-
function T-DNA mutants did not reveal any major growth phenotypes or
chemotypes, suggesting that AtMAP20 function is redundant with other,
perhaps stabilizing MAPs, not yet described. Putative candidates include TPX2
family proteins, such as WDL3 (Liu ef al., 2013), and also other MAPs active
during SCW/xylem biosynthesis. Although inconclusive, a modified
chemotype, accompanied by longer hypocotyl and longer xylem cells, still
suggests that AtMAP20 is limiting proper SCW composition/structure of
xylem cells. Furthermore, its MT-binding character, together with its putative
impact on the dynamic instability of CMTs, implies that the primary target is
related to CMF patterning and structure, which in effect are dependent on the
organization of CMTs.

4.1.3 Exploring AtMAP20 Function by an Arabidopsis Cell Culture System,
Induced to Differentiate into Xylem Tracheary Elements

Unravelling gene function by analysing mutants/transgenes can be hampered
by the fact that plant growth is in a constant homeostasis, and both external and
internal cues impact on cell morphology. This prompted for functional analysis
of AtMAP20 by a cell biological approach, using in vitro Arabidopsis cell
cultures, which copes with some of the problems associated with complex
tissues. The establishment of a xylem TE differentiation system in Arabidopsis
cell cultures constitutes a complementary tool to study gene function during
SCW and TE formation (Pesquet et al., 2010). These suspension cells can be
induced to differentiate into TEs with up to 40% efficiency. In Zinnia TE cell
cultures, this process involves SCW patterning, including non-cell-autonomous
post-mortem lignification and PCD (Pesquet et al., 2005, 2013). The remaining
non-TE cells are still living, but are generally believed to neither undergo cell
division nor SCW formation. Rather, they differentiate into a population
resembling xylem parenchyma cells; though, further characterization is
required to confirm this, depending on the criteria for defining SCW
thickening. Nevertheless, the advantage of this system is that cell biological
approaches can be applied to the molecular regulation of TE differentiation and
SCW biosynthesis. This is more difficult in planta since vascular tissues are
embedded in the plant body. Here, AtMAP20 function was initiated in
Arabidopsis TE cell cultures, and some preliminary results are presented.

First, the transcript profile of AtMAP20 was monitored during TE
differentiation in induced and uninduced basal (WT) cells. CESA7 was used as
a marker gene for the onset and progression of SCW formation in TEs.
Transcript abundance of AtMAP20 and CESA7 increased in synchrony after
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Figure 3. Transcript profiles of AtMAP20 and AtCESA7 in induced basal day 9 (Figure 3).
(WT) cell cultures. Experiment was repeated twice with similar results.  A¢  the induced
Error bars are SD for n = three technical replicates. Expression was

normalized against that of AzEFI-a. No expression was observed in cell culture s

composed of a
mixture of TEs
and of non-TEs, this result suggests that either AtMAP20 is expressed in both
cell types, or only in the living non-TEs. Taking into account, however, GUS
expression from the AtMAP20 promoter observed in VEs in planta (Paper II)
and the possible presence of SCW thickening in non-TEs, it seems reasonable
to believe that expression takes place in both cell types.

Second, to unravel the in vivo function of AtMAP20 in TE cell cultures,
transgenic lines exhibiting mis-regulation of AtMAP20 were developed. Six
RNAIi and five OE lines were identified by qPCR screening and cultured for
further analysis. The six RNAi lines were down-regulated in AtMAP20,
ranging from 3-59% of WT transcript abundance level (data not shown). In all
isolated RNAIi lines, a fairly large population of cells in the cell culture
developed bulky, globular cell phenotypes upon induction with no close
resemblance to either TEs or non-TEs (Figure 4). Suppression of AtMAP20
also completely inhibited the differentiation of TEs. It seems plausible that the
large, globular cells observed in the cell cultures of RNAI lines were destined
to differentiate into TEs, but failed because of unknown factors related to the
suppression of AtMAP20. No apparent effect of AtMAP20 down-regulation
was observed among the population of non-TEs. The five OE lines were up-
regulated in AtMAP20 in a range from 10- to 40-fold of WT transcript
abundance level (data not shown). In contrast to RNAi lines, no visible
morphological phenotype was observed in OE lines (data not shown).

uninduced cultures.
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Figure 4. WT (a) and AtMAP20-RNA:I (b) cell cultures at day 7. Arrows
indicate tracheary elements (a) and undefined bulky globular cells (b), as
a consequence of AtMAP2( suppression. Scale bar =200 pm.

Taken
together,  since
AtMAP20 is
implicated to
bind strongly to
MTs in vitro and
stabilize MTs
strongly in vivo
(Paper 1), it is
tempting to
speculate that
AtMAP20 down-

regulation
impairs CMT
stabilization, and

perhaps
bundling, in cells
normally
destined to
become TEs.
This would
favour a shift
towards
destabilization,
rather than

stabilization, of
CMT; thus,
resulting in an
unorganized/rand

omized CMT array and, consequently, isotropic (uniform) cell expansion.
Though, this phenotype is not observed in planta for the map20 mutants
(Paper II). The reason for this may be sought in the different nature of the
experimental systems. The TE cell culture is out of the organism context, in
which compensation mechanisms for loss of AtMAP2(0 may take place that is
absent in the isolated cell. Nevertheless, the cell culture system revealed that
the stabilizing effect AtMAP20 exerts on CMT organization during SCW
formation is important for TE differentiation and, hence, SCW patterning.
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4.1.4 Mis-Regulation of PttMAP20 Suggests a Function in Cellulose Microfibril
Angle and Xylem Cell Dimension in Populus

In addition to investigating the function of AtMAP20 in Arabidopsis (Paper I-
II), the role of PttMAP20 in Populus was also studied. To visualize P#tMAP20
expression in planta, the promoter sequence, corresponding to a 2 kbp
fragment upstream the start codon of PtMAP20, was cloned and fused with the
GUS reporter gene. GUS staining was investigated in hybrid aspen explants
grown in vitro and revealed expression in developing XFs and VEs, as well as
in ray parenchyma cells (Figure 5). Staining was also observed in VC, and
phloem cells. Though, more direct measurements of PttMAP2() expression
transcripts in tangential sections across wood forming tissues showed that
transcript abundance is very low in these tissues (Rajangam et al., 2008a).
Therefore,  the
GUS staining
observed here in
the VC and
phloem is most
likely an effect of
diffusion of the
GUS protein.
Nevertheless, the
GUS results
suggest that
PttMAP20 is
expressed in all
xylem cell types
in hybrid aspen.

: —— To  perform

Figure 5. Promoter—GUS analysis on transverse freehand-sectioned basal . .
. o functional studies

stems of hybrid aspen explants grown in vitro for a 2 kbp fragment .
cloned upstream the start codon of PtMAP20 (Populus trichocarpa). The of PuMAP20 in
staining pattern was reproduced in three independent lines. RE, radial hybrid aspen, the
expansion zone; SP, secondary phloem; SX, secondary xylem; VC, pative gene was
vascular cambium; VE, vessel element; XF, xylem fibre; XRPC, xylem

. . ; cloned from a
ray parenchyma cell. Scale bars: large picture = 50 um, inset picture = .
200 pm. cDNA library

into an RNAi and
OE construct under the constitutive 35S promoter. These were transformed into
hybrid aspen WT (clone T89) trees. Three lines showing strong up-regulation
(PttMAP20-OE), together with five down-regulated (PttMAP20-RNAI) lines,
of PttMAP20 were selected by qPCR screening (Table 1).
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Figure 6. FT-IR microspectroscopic single element analysis on 20 pm transverse sections,
sampled from a defined internode in stems of hybrid aspen explants grown in vitro. Spectra were
acquired from 9-10 (WT) or 3—6 (RNAI/OE) plants per line with four independent spectra per
plant. In order to obtain data from homogeneous tissue within the aperture, vessel elements and
regions with spontaneously formed tension wood were avoided. OPLS-DA scores plots show the
separation between WT and RNAI lines (a) and between WT and OE lines (b). Each symbol
represents one plant. Corresponding loadings plots for the predictive component show factors
separating WT from RNAI lines (c) and WT from OE lines (d). Arrows indicate cellulose-
/hemicellulose-related band (1158 cm™) and lignin-related bands (1250, 1510 and 1595 cm™),
according to Gorzsas et al. (2011). Bands with positive loadings are more intense in RNAi/OE
lines, whereas band with negative loadings are more intense in WT.

The selected transgenic lines of each construct were used for chemotyping
of in vitro explants using FT-IR microspectroscopy, combined with OPLS-DA,
on SX tissue from transverse sections. This showed a significant change in the
chemotype of both OF and RNAI transgenes, compared with WT (Figure 6).
The loadings plots suggested that the differences in PttMAP20-RNAi and
PttMAP20-OE lines were similar. Bands assigned mainly to lignin and
cellulose increased, whereas bands characteristic for hemicelluloses (possibly
xylan) or unspecific carbohydrates decreased, in proportion to WT (Figure 6).
Quantitative analysis of lignin by Py-GC/MS further confirmed an increase in
OE lines, but not in RNAI lines (Table 2). No difference in S/G ratio was
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observed. Crystalline cellulose was estimated by Updegraff method, but did

not reveal any difference in the transgenic lines (Table 2). Furthermore,

monosaccharides released after TFA treatment revealed small differences in

the transgenic lines with an increase in rhamnose (Figure 7). From the

chemical characterization, it can be concluded that mis-regulation of

PttMAP20 do affect the chemotype of xylem cell walls. This altered

chemotype, however, as observed by FT-IR microspectroscopy combined with

OPLS-DA, do not translate into any major quantitative differences of major

cell wall polymers. Interestingly, though, in a genome-wide association-

mapping study of wood characteristics in Populus, Porth et al. (2013)

identified PttMAP20 as a candidate gene linked to insoluble lignin content

traits, as explained by SNPs (short for single nucleotide polymorphisms),

which led the authors to suggest genetic interrelations between cellulose and

250 lignin

mwTTES biosynthesis

pathways.
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Figure 7. Monosaccharide composition of cell wall material (CWM) abou.t 1.8 .m'
from stems of hybrid aspen explants grown in vitro. Rha, rhamnose; Ara, Mis-expression
arabinose; Gal, galactose; Glc, glucose; Xyl, xylose; Man, mamnose; of PttMAP20 in
GalA, galacturonic acid; GlcA, glucuronic acid. For WT, values are  RNAi and OE
means = SD for n = four biological replicates, each consisting of three lines were
pooled stems. For RNAI/OE, values are means + SD for n = five (RNA1)

or three (OE) biological replicates (one per line), each consisting of six confirmed by
pooled stems from the same line. ¥*P < 0.05, **P < 0.01 (Student’s ¢ test) gPCR analysis
for comparison with WT. under these
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growth
conditions, whereas expression of the homologous Pt#tWDL3A and PttWDL4A,
known to be highly expressed across developing SX in hybrid aspen
(Rajangam et al., 2008a), were not significantly different from WT (Figure 8).
All transgenic lines grew normally. The OE trees, however, were slightly
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Figure 8. Quantitative PCR analysis of P#tMAP20, PttWDL3A4 and powders from

PttWDL4A in developing secondary xylem, scraped from internode 31— greenhouse-

40 of greenhouse-grown hybrid aspen trees. Values are means = SD for n
= eight (WT) or six (RNAi/OE) biological replicates. **P < 0.01, ¥**P <
0.001 (Student’s ¢ test) for comparison with WT.

grown trees were
chemotyped with

FT-IR
spectroscopy. As opposed to in vitro grown explants, the OPLS-DA analysis
did not show any differences between transgenic and WT trees (data not
shown). A major difference between these two sample types is that SX of
explants grown in vitro consists of developing (living) XFs, whereas that of
greenhouse-grown trees consists mainly of mature (dead) XFs. Thus,
developing SX from transverse sections of greenhouse-grown trees were
analysed with FT-IR microspectroscopy at different radial distances (i.e., at
400 and 1000 pm) from the VC. Indeed, a difference in chemotype was
observed across developing SX when measured at a radial distance of 400 um
from the VC, as depicted from OPLS-DA scores plots (Figure 9). This is in
agreement with hybrid aspen explants grown in vitro. No difference in
chemotype was observed in mature SX, 1000 pm from the VC (data not
shown). It can therefore be concluded that the chemotype observed in
developing SX is not maintained in mature SX. The exact components
underlying the difference in developing SX remains obscure.

Measurements of XF and VE dimensions showed a consistent difference
from WT only for OE line 14; i.e., the line with highest OE of PttMAP20
(Table 4). It had significantly longer and wider XFs and VEs, whereas OE line
6 only had wider XFs. The RNAI lines were not different from WT, although a
trend for longer XFs and VEs was observed in line 15, the strongest RNA!1 line.
Increased length of both VEs and XFs in OE line 14, with a larger increase in

64



XFs, is reminiscent of the Arabidopsis map20-1 T-DNA KO mutant (Paper
II). The increase in VEs, as well as XFs, could be explained by longer cambial
initial cells, whereas the proportionally longer XFs indicate an effect on
intrusive tip growth (Evert, 2006; Fromm, 2013).

To study any effect on CMF orientation, the MFA of transgenic trees was
measured using XRD analysis. Again, the highest OE line 14 was significantly
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Figure 9. FT-IR
microspectroscopic

single element
analysis on 20 pm
sections,
sampled from
internode 43 in
stems of green-house
grown hybrid aspen
trees. Spectra were
acquired at a radial
distance of 400 um
from the vascular
cambium in 7 (WT)
or 5-6 (RNAI/OE)
trees per line with 1-
3 spectra per tree. In
order to obtain data
from homogeneous
tissue within  the
aperture, vessel
elements and regions
with  spontaneously

transverse

formed tension
wood, were avoided.
OPLS-DA scores

plots (a—d) show the
separation between
WT and RNAIi/OE
lines. Each symbol

represents one
spectrum,

irrespective of tree.
Details on model

reliability (quality):
(a), O°(cum) = 0.74;
(b), O’(cum) = 0.75;
(¢), O°(cum) = -0.05
and (d), Q°(cum) =
0.56.
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different from WT, exhibiting an increased MFA (Figure 10a). Though,
whereas WT and OE line 14 displayed a normal distribution pattern of MFA
between the replicate trees, the remaining PttMAP20-RNAi and PttMAP20-OE
lines showed an irregular distribution pattern (Figure 10b). Half of the
individuals were similar to WT, and the other half showed significantly higher
MFA. These phenomena could be the result of inconsistent down-regulation of
PttMAP20 along the stem in RNAI trees, giving rise to a mosaic effect on the
phenotype. This would be revealed by MFA measurements that are made at a
very limited SX area, but not by the chemical measurements or XF and VE
measurements that includes a homogenized sample of the whole stem. Indeed,
mosaic patterns of a lignin phenotype were observed in Populus greenhouse-
grown trees down-regulated in CCR (Leple et al., 2007). Since the lignin
modified by CCR down-regulation was marked by an orange—brown colour,
this effect was visible and therefore easily scored.

Transcriptome analysis was performed on greenhouse-grown trees,
representing the two P#tMAP20 down-regulated lines. Although the strongest
phenotype was observed in PtMAP20-OE trees, the RNAI lines were selected
for this microarray analysis to better reveal endogenous P#MAP20 function.
The down-regulation of PttMAP20 was confirmed in both transgenic lines, as
supported by qPCR data (Figure 8). After applying a set of filter criteria,
(signal > 50, mis-regulation > 1.2-fold) 354 significant (Student’s r-test, P <
0.05) genes were found to be regulated in a similar fashion in both RNA! lines,
compared with WT; 269 of these were down-regulated and 85 were up-
regulated (Table 5). The microarray data set revealed significant mis-
regulation in a number of genes involved in carbohydrate metabolism, along
with some recognized TFs, signalling, transport and cell wall related genes.
Interestingly, 26 of these (Table 6) overlapped with genes mis-regulated by >
1.2-fold in a microarray experiment conducted on basal stem segments from
the map20-1 T-DNA KO mutant in Arabidopsis (Paper II). Among these
overlapping genes, one striking observation was the up-regulation of /RXS
(GAUTI2), a gene known to be important for glucuronoxylan biosynthesis
(Persson et al., 2007). This is in contrast to the data obtained from FT-IR
microspectroscopy and wet chemistry, which rather suggested a decrease in
xylan/hemicelluloses. Alternatively, up-regulation of a gene associated with
xylan biosynthesis could also indicate a response to compensate for a
putatively lower amount of this hemicellulosic polymer.

Taken together, it can be concluded that mis-regulation of P#MAP20 in
Populus does affect certain aspects of SX development; however, its function
could be redundant with that of other TPX2 family proteins. Considering its
role as a CMT stabilizer (Paper I), the primary effect is most likely exerted on
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Figure 10. Microfibril angle (MFA) analysis on radial 80 um sections of
basal stem segments from greenhouse-grown hybrid aspen trees. Values
in (a) are means = SD for n = 5 (WT) or 5-6 (RNAI/OE) trees. ¥**P <
0.001 (Student’s ¢ test) for comparison with WT. A frequency
distribution plot over measured MFAs in (a) is displayed in (b).

the dynamic
instability of MT
arrays. Although
data are not
conclusive, due
to large between-
tree variations, it
can be suggested
that the altered
MFA in
PttMAP20 mis-
regulated trees is
caused by altered
MT  dynamics.
The observed
phenotypes in

cell wall
chemistry  and
xylem cell
morphology may
well be
secondary effects
from this
function.
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Table 1. Quantitative PCR analysis of PttMAP20 from a defined internode in stems of WT, RNAi
and OFE hybrid aspen explants grown in vitro.

Line Relative Expression Level (Fold Change)
WT T89 1.00£0.10

PttMAP20-RNAi 15 0.14 £ 0.01

PttMAP20-RNAi 25 0.14 +£0.05

PttMAP20-RNAi 27 0.11 £0.05

PttMAP20-RNAi 37 0.11 £0.00

PttMAP20-RNAi 39 0.18 £0.03

PttMAP20-OE 2 12.76 £ 0.66

PttMAP20-OE 6 21.41+0.26

PttMAP20-OE 14 37.62 +£3.62

Values are means = SD for n = 3 technical replicates, each consisting of 12 (WT) or 6 (RNAi/OE) pooled
biological replicates.

Table 2. Lignin and cellulose content from stem cell wall material of WT, RNAi and OE hybrid
aspen explants grown in vitro.

Line S (%) G (%) S/G (Ratio) S+ G (%) Updegraff
Cellulose
(mg/g
CWM)
WT T89 4.1+03 63+04 0.66 +0.04 104 +0.7 189 +22
PttMAP20-RNAi 4.0+03 63+03 0.64 +0.06 10.3+04 196 + 18
PttMAP20-OE 4.5+04%* 6.5+0.2% 0.69 +0.05 11.0 £0.5% 179 + 16

Syringyl (S) and guaiacyl (G) lignin units were estimated using Py-GC/MS and are expressed as percentages
of total ion counts. For WT, values are means + SD for n = four biological replicates, each consisting of three
pooled stems. For RNAi/OE, values are means + SD for n = five (RNAi) or three (OE) biological replicates
(one per line), each consisting of six pooled stems from the same line. *P < 0.05 (Student’s ¢ test) for
comparison with WT. CWM, cell wall material.

Table 3. Growth analysis of 10-week-old greenhouse-grown WT, RNAi and OE hybrid aspen
trees.

Line Plant Height —  Stem Diameter — Internode Leaf Length  Leaf Width
Final (cm) Final (mm) Length (cm) (cm) (cm)

WT T89 170 = 14 114+1.0 24+0.3 164 +1.1 135+1.1

PttMAP20- 168+ 6 10.9+0.9 2.7+0.01% 16.1=+1.1 143+14

RNAi 15

PttMAP20- 159+8 11.2+0.6 23+0.1 148 +2.5 126+ 1.8

RNAi 37

PttMAP20- 156 £ 4* 10.4 £ 0.6* 23+0.1 15.1£0.7* 11.8 & 1.1%*

OE 6

PttMAP20- 156 £ 7* 11.0+0.5 2.1+0.1% 144+£0.8% 11.8+0.7*

OE 14
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Plant height was measured twice a week during the entire growth period, along with stem diameter, to estimate
the growth rate of stem length and width. In addition, internode length, leaf length and width and final height
and width of the stem were measured at the day of harvest. Values are means + SD for n = 10 (WT) or 8
(RNAI/OE) biological replicates. *P < 0.05, **P < 0.01 (Student’s  test) for comparison with WT.

Table 4. Xylem fibre and vessel element morphology of greenhouse-grown WT, RNAi and OE
hybrid aspen trees.

Line Fibre Length Fibre Width ~ Vessel Vessel Vessel
(um) (um) Element Element Element
Length (Tail Length Width
to Tail) (um) (um) (um)
WT T89 443 £29 21.5+1.2 326+ 17 247 £ 12 60.5+4.3
PttMAP20-RNAi 15 473 +£27 212+1.2 340 +£25 264 £ 17 59.3+44
PttMAP20-RNAi 37  440+9 21.8+0.6 335+8 258 + 11 589+4.1
PttMAP20-OE 6 464 £ 17 22.8 £0.9% 333+ 17 260 +7 609=+1.5

PttMAP20-OE 14 494 £26%*  23.6+0.9%*F 356+ 17** 272+9%* 649+ 1.5%

Cell dimensions for some common xylem cell types were assessed on macerated wood from internode 43. For
each tree, 50 fibres and 25 vessel elements were measured. Values are means = SD for n = eight (WT) or six
(RNAI/OE) biological replicates. *P < 0.05, **P < 0.01 (Student’s 7 test) for comparison with WT.

Table 5. Distribution of genes from microarray data of PttMAP20-RNAi line 15 and 37, and that
from a knockout mutant of AtMAP20 in Arabidopsis, described in Paper II, into different
functional categories.

Category Category Name PttMAP20- PttMAP20- map20-1 map20-1

ID RNAI RNAi Up- Down- Up-
Down- Regulated  Regulated Regulated
Regulated  Genes Genes Genes
Genes (Frequency) (Frequency) (Frequency)
(Frequency)

BO1 Photosynthesis 0 0 33 3

B02 Major CHO Metabolism 0 0 7 2

B03 Minor CHO Metabolism 3 3 1 3

B04 Glycolysis 0 0 3 5

BO5 Fermentation 0 0 0 0

B06 Gluconeogenese 1 0 2 1

B07 OPP 0 0 2 1

B08 TCA 0 0 1 1

B09 Mitochondrial Electron 0 0 3 1

Transport

B10 Cell Wall 2 0 6 12

B11 Lipid Metabolism 1 1 5 10

B12 N-Metabolism 2 0 1 2

B13 Amino Acid Metabolism 2 1 3 14

B14 S-Assimilation 0 0 1 0
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BI15
B16
B17
B18

B19
B20
B21
B22
B23
B24

B25
B26
B27
B28
B29
B30
B31
B32
B33
B34
B35
N/A

)

Metal Handling
Secondary Metabolism
Hormone Metabolism

Co-Factor and Vitamine
Metabolism

Tetrapyrrole Synthesis
Stress

Redox

Polyamine Metabolism
Nucleotide Metabolism

Biodegradation of
Xenobiotics

C1-Metabolism
Miscellaneous
RNA

DNA

Protein
Signalling
Cell
microRNA
Development
Transport

Not Assigned
N/A

Total

21
66
10
269

S W = O

S O O O v O

A= O W A O = O O O

oo =
W

85

24
56

74
22

12
27
199
34
595

57
12
79
28
16
0
13
18
175
48
595

Frequencies are based on Populus and Arabidopsis (Paper II) genes significantly (Student’s ¢ test, P < 0.05)
mis-regulated by more than 1.2-fold, in comparison with respective WT, with signal intensity values > 50.
N/A, not available.

Table 6. Microarray data showing mis-regulated genes for PttMAP20-RNAi line 15 and 37, in
comparison with WT T89, that were in common with that from a knockout mutant of AtMAP20 in
Arabidopsis, described in Paper II.

POPTR ID v2.2 Regu- AGIID

lation

At Symbol

TAIR9 Annotation

POPTR_0009s01380 Down At2g28070

POPTR_0016s04240 Down At2g41560 ACA4

POPTR_0005500460 Down Atlgl1910

POPTR_0016s13620 Down At5g03570 ATIREG2

ABC transporter family protein
ACA4 (AUTO-INHIBITED CA(2+)-

ATPASE, ISOFORM 4); calcium-
transporting ATPase/ calmodulin binding

aspartyl protease family protein

ATIREG2 (IRON-REGULATED
PROTEIN 2); nickel ion transmembrane

transporter
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POPTR_0044s500270

POPTR_0004s01880

POPTR_0011s02840
POPTR_0010s04860
POPTR_0004s504670

POPTR_0012s14200
POPTR_0003s17500
POPTR_0011s13600

POPTR_0014s18240
POPTR_0006s21140

POPTR_0004s24010

POPTR_0015s07270

POPTR_0009s10980
POPTR_0014s12480

POPTR_0017507600

POPTR_0001s14620

POPTR_0015s09150

POPTR_0005s08370

POPTR_0002s20100
POPTR_0004s04420
POPTR_0005507420

POPTR_0004s08240

Down

Down

Down
Down

Down

Down
Down
Up

Up

Down

Down

Down

Down

Down

Down

Down

Down

Down

Down
Down

Down

Down

At4g27290

At4g21760

At1g29810
At1g70000
At1g28330

At562200
At1g32550
At5g54690

At5g63230
Atlgl5670

At5g49760

At1g74360

At203500
At1g02860

A2g36690

Atlgl5520

Atlgl7100

At565210

At3g62650
At4g32480
Atlgl7840

Atlg66140

BGLU47

DRM1,
DYLI1

GAUTI2,
LGTS,
IRXS

NLA,
BAHI1

PDR12,
ATPDR12

TGA1

WBCl1,
ABCGI1,
DSO,
COF1,
ATWBCI1

ZFP4

ATP binding / protein kinase/ protein
serine/threonine kinase/ protein tyrosine
kinase/ sugar binding

BGLU47 (Beta-glucosidase 47);
catalytic/ cation binding / hydrolase,
hydrolyzing O-glycosyl compounds
dehydratase family

DNA-binding family protein

DYL1 (DORMANCY-ASSOCIATED
PROTEIN-LIKE 1)

embryo-specific protein-related
ferredoxin family protein

GAUTI12
(GALACTURONOSYLTRANSFERAS
E 12); polygalacturonate 4-alpha-
galacturonosyltransferase/ transferase,
transferring glycosyl groups / transferase,
transferring hexosyl groups

glycosyl hydrolase family protein 17
kelch repeat-containing F-box family
protein

leucine-rich repeat family protein /
protein kinase family protein
leucine-rich repeat transmembrane
protein kinase, putative

myb family transcription factor

NLA (nitrogen limitation adaptation);
ubiquitin-protein ligase

oxidoreductase, 20G-Fe(Il) oxygenase
family protein

PDR12 (PLEIOTROPIC DRUG
RESISTANCE 12); ATPase, coupled to
transmembrane movement of substances
SOUL heme-binding family protein
TGAT1; DNA binding / calmodulin
binding / transcription factor

unknown protein

unknown protein

WBC11 (WHITE-BROWN COMPLEX
HOMOLOG PROTEIN 11); ATPase,
coupled to transmembrane movement of
substances / fatty acid transporter

ZFP4 (ZINC FINGER PROTEIN 4);
nucleic acid binding / transcription
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factor/ zinc ion binding

Populus genes listed are mis-regulated by more than 1.2-fold in either RNAI line with signal intensity values >
50. Three biological replicates, each consisting of two pooled greenhouse-grown hybrid aspen trees, were
assessed. The expression (up/down) for each gene listed was significantly different from WT (Student’s ¢ test,
P < 0.05). Arabidopsis genes listed were mis-regulated by more than 2-fold in map20-1, compared with WT
(Col-0), as described in Paper II.

4.1.5 Summary of MAP20 Function in Arabidopsis and Populus

PttMAP20 was first recognized by Rajangam et al. (2008a) as a highly
expressed MAP in SX-forming tissues of hybrid aspen. It contains a TPX2
MT-binding domain and belongs to the family of TPX2-related proteins that
are all predicted to have MT-binding capacities (Evrard et al, 2009). As
demonstrated in this thesis, AtMAP20 is generally expressed during SCW
formation of different tissues and cell types in Arabidopsis, whereas no
significant expression was observed in cells with PCWs only (Paper II). Thus,
MAP20 belongs to the increasing family of SCW MAPs, including MAP65s
(e.g., MAP65-8), MAP70-1, MAP70-5, MIDD1, FRA1 and FRA2. Whereas
MAP20 expression appears to be confined only to SCW-forming cell types,
literature is scarce for similar specificity in expression concerning other SCW
MAPs. Because AtMAP20 is not consistently expressed in all cell types where
SCW formation is taking place (Paper II), MAP20 function is likely to be
redundant with other SCW MAPs. Likely candidates include some of the
already identified MAPs, or other yet to be described MAPs (e.g., other TPX2
domain containing proteins fall into this category).

The redundancy of MAP20 becomes obvious when studying KO mutants of
AtMAP20 in Arabidopsis (Paper II) and is also suggested from transgenes
down-regulated in PttMAP20 in hybrid aspen (Section 4.1.4, this thesis). In
both cases, only weak growth phenotypes and chemotypes could be observed.
Considering the general function of MAPs in organizing the CMT network,
and the importance of CMTs for the patterning and ordered deposition of
CMFs in the cell wall, it can be expected that a primary effect from map20
mutants would be on cellulose ultrastructure and patterning. For SCW-specific
MAPs, such as MAP20, this would in turn be reflected on mechanical
strength/stiffness in stems and roots. Results from PttMAP20-RNAI trees in
hybrid aspen, described in this thesis, indicate a small effect on MFA of XFs.
Furthermore, KO mutants of AtMAP20 in etiolated Arabidopsis seedlings
exhibit longer hypocotyls, an observation that can be related to a weaker
mechanical strength of the PXVs (Paper II). Though, due to inconsistent
results between replicate trees in hybrid aspen, and a lack of direct
measurements on mechanical properties and cellulose MFA in Arabidopsis
plants, further confirmatory data is required to conclusively establish a role for
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MAP20 in CMF deposition of SCWs. Although PttMAP20-OE does not reveal
the endogenous function of the protein, one of the phenotypes in these trees
suggests a role in determining cellulose MFA of XFs. Minor, but significant,
effects were also observed in cell wall chemistry and xylem cell morphology in
MAP20 mis-regulated hybrid aspen trees and loss-of-function Arabidopsis
mutants. Though, these are likely to be secondary effects to a presumed altered
integrity of the cellulose polymer structure.

A much more dramatic phenotype was observed when AtMAP20 was down-
regulated in Arabidopsis TE cell cultures (Section 4.1.3, this thesis). This was
manifested by a complete loss of TE differentiation and the emergence of a
large and globular cell type population. Intuitively, these results suggest that
TE differentiation is perturbed by down-regulation of AtMAP20, and that
anisotropic expansion takes place due to an aberrant structure of CMFs.
Considering that the observed phenotype is unique to TE cell cultures, and not
observed in planta, it can be inferred that the TE cell culture system is missing
some component(s) present in the whole plant context. Further studies are still
required to understand the phenotype occurring in the TE system, which might
provide key information about MAP20 function and its effect on the dynamic
instability of CMTs.

Biochemical and genetic studies were conducted to reveal the cellular
function of AtMAP20 on CMT organization (Paper I). AtMAP20 binds with
high affinity to MTs in vitro. Further, domain-mapping experiments showed
that the central TPX2 domain is required for direct binding to MTs in vivo,
whereas full MT-binding capacity also relies on accessibility to the N- and/or
C-terminal end. The right-handed twisting of AtMAP20-OE plants, together
with shorter, skewing roots, indicates that AtMAP20 is acting as an MT
stabilizer, mimicking a phenotype induced by the MT-stabilizing drug taxol.
As increasing concentrations of this drug did not add any substantial effect to
the root phenotype, AtMAP20-OE is expected to stabilize MTs strongly in
vivo. Finally, truncation of the N-terminal domain concluded that the MT
stabilization function in planta is dependent on the full sequence of this end.

Taken together, the results presented in this thesis suggest that MAP20
functions in stabilizing MTs and, hence, has a role in CMF alignment/structure
in SCWs. In comparison, other plant TPX2 family proteins have widely
different functions. The TPX2 protein itself is a nucleus-located MAP, crucial
for mitotic spindle assembly during cytokinesis (Vos et al., 2008). WDL3 is
associated with anisotropic cell expansion in Arabidopsis roots and shoots
(hypocotyls) (Liu et al., 2013). Further, it was found that mis-regulation of
WVD2 and WDLI in Arabidopsis led to root skewing and organ handedness
Yuen et al. (2003), and WVD2 was shown to localize to CMTs and bundle
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MTs in vitro (Perrin et al. (2007), consistent with a putative function in CMT
array organization. PttMAP20 was previously demonstrated in vitro to bind to
the cellulose inhibitor DCB, and therefore suggested to directly or indirectly
interact with the cellulose biosynthesis machinery, as binding to DCB did not
affect PttMAP20 binding to MTs (Rajangam et al., 2008a). Even if such a
function still remains a possibility, the findings accounted for in this thesis do
not directly support such a model. Rather, considering its stabilizing function,
there is a possibility for MAP20 in Populus and Arabidopsis to also bundle
CMTs, perhaps in association with other redundant MAPs; thus, facilitating
biosynthesis of a multi-layered SCW with differing MFAs. Further research is,
however, required to define MAP20 regulatory function on CMT dynamics.

4.2 MYB103 Is Required for Syringyl Lignin Biosynthesis in
Arabidopsis Inflorescence Stems (Paper lll)

The TF MYB103 (At1g63910) was initially identified by Zhong et al. (2008) as
a member of the transcriptional network regulating SCW biosynthesis in
Arabidopsis. They observed that MYB103 was strongly down-regulated in
SND1-/NST1-RNAi plants and showed that it was a direct target of the SWN
master switches SNDI1/NST1, NST2 and VND6/VND7, by promoter
transactivation analysis in Arabidopsis leaf protoplasts. Promoter—GUS
analysis visualized MYB103 expression in developing IFs, XFs and VEs in
stems and in developing secondary XFs in roots. They further showed that
protoplasts transfected with a MYB103-OE construct induced expression of a
GUS reporter gene, driven by the CESAS8 promoter, and hypothesized that
MYB103 was important for cellulose biosynthesis. Whereas RNAI inhibition
did not cause any visible growth phenotype, probably due to functional
redundancy with other protein(s), DR caused a severe reduction in SCW
thickening in IFs and XFs. The authors further observed that OE resulted in an
increase in SCW thickening in the same cell types.

The closest Arabidopsis homologs to MYB103 are MYB26 (At3g13890) and
MYB67 (At3g12720). MYB26 is required for SCW deposition in stamen/anther
development (endothecium) (Yang et al., 2007). In the same clade (Stracke et
al., 2001; Dubos et al, 2010), more distantly related genes are MYBS86
(At5g26660), MYB55 (At4g01680), MYB50 (Atlg57560) and MYBG6I
(At1g09540), where mutations in MYB6I results in pleiotropic effects
influencing lignin deposition (Newman et al., 2004), mucilage production
(Penfield et al., 2001) and closure of stomatal aperture (Liang et al., 2005). It
has been suggested that MYB61 plays a role in carbon allocation upstream of
these phenomena (Dubos et al., 2010).
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There are two orthologs of MYBI03 in Populus (JGI, vl.1,
http://genome.jgi-psf.org/Poptrl _1/Poptrl 1.home.html); PtrMYBI0
(grail3.0008045101) and PtrMYBI128 (grail3.0018034201), which functions
remains unknown (Wilkins et al, 2009). Furthermore, a whole-genome
BLASTX tool, described in Sjodin et al. (2009) and implemented at PopGenlE
(http://popgenie.org/) of P. trichocarpa v2.2 genes downloaded from
Phytozome (Tuskan ef al., 2006), against Arabidopsis (TAIR10 release) genes
identified two new gene models in Populus (POPTR _0001s09810 and
POPTR_0003s13190, respectively), rejecting the old ones. Obviously, new
releases of the P. trichocarpa genome assembly require revisits and updates on
gene models and phylogenetic relationship with Arabidopsis homologs and
orthologs. From the recent advances in gene annotation (Populus trichocarpa
v3.0, DOE-JGI, Phytozome), PtrMYB10 and PtrMYB128 are now annotated as
Potri.001G099800 and Potri.003G132000, respectively.

The suggested function of MYBI03 as a regulator of SCW formation by
Zhong et al. (2008) was an important foundation for the work in Paper III.
Homozygous seeds of two T-DNA mutants (mybl03-1 and mybl103-2,
respectively) were isolated by genotyping. myb103-1 turned out to be a null
mutant, whereas myb103-2 had about 100% of WT transcript level (Figure 1b,
Paper III). myb103-2 transcript was not functional, however, as phenotyping
data on both mutants was coherent, described in detail later. No visible
morphological or anatomical growth phenotype could be observed when
compared with WT (Figure S2, Paper III). Though, when basal stem
segments were analysed with Py-GC/MS, combined with OPLS-DA, both
mutants exhibited a strongly reduced S/G lignin ratio and separated clearly
from WT on a scores plot (Table 1 & Figure S3, Paper III). The amount of S
lignin was reduced by 70-75%, compared with WT, and this was accompanied
by an equivalent increase in G lignin, leaving the total lignin amount unaltered.
Thus, the decrease in S lignin was compensated for by a concomitant increase
in G lignin. The reduced S/G lignin ratio in basal stem segments was
confirmed by 2D NMR analysis, combined with OPLS-DA, where the main
loadings were related to S and G lignin (Figure 2, Paper III). Nevertheless,
minor loadings also revealed other cell wall modifications, compared with WT;
glucomannan and cellulose were decreased in both mutants, whereas xylan was
increased (Figure S4, Paper III). The same material was further analysed for
Klason lignin, Updegraff (crystalline) cellulose and monosaccharides (Table
1-2, Paper III), which largely supported results obtained from Py-GC/MS and
2D NMR.

The S/G lignin ratio displays large variation, not only between different
plant taxa, but also between different xylem cell types within the same plant

75



(Boerjan et al., 2003). In Arabidopsis inflorescence stems, the IFs are rich in S
lignin, in contrast to VEs and XFs in the vascular bundle, as demonstrated by
Meyer et al. (1998) and Patten et al. (2010). To specifically assess chemical
modifications in different cell types (i.e., VEs, XFs and IFs) in the myb103-1
mutant, transverse sections of the basal inflorescence stem (Figure 3a, Paper
III) were analysed by FT-IR microspectroscopy, coupled with an FPA
detector, and combined with OPLS-DA. Prior to comparing mutants with WT,
the chemotype of these three cell types were first evaluated in WT plants. On a
scores plot, they all separated from each other (Figure 3b, S5, Paper III) and
pairwise comparison from OPLS-DA loadings plots indicated higher
proportion of S lignin in IFs and higher proportion of G lignin in VEs and XFs
(Figure 3c—e, Paper III). A higher relative lignin amount in VEs, compared
with XFs, could also be concluded, as could a potentially higher relative
amount of hemicellulose in XFs. myb103-1 displayed a clear separation from
WT on an OPLS-DA scores plot for all cell types (Figure 4a—c, Paper I1I). A
similar pattern of bands on the corresponding loadings plots contributed to the
separation (Figure 4d—f, Paper III), suggesting similar chemical modification
in their cell walls. This is in line with previous observations that MYB103 is
indeed expressed in all three cell types (Zhong et al., 2008). The set of bands
that were more intense in mutants have all been related to G lignin (Faix,
1991). Thus, cell-specific FT-IR microspectroscopy shows that MYB103 is
acting in all xylem cell types in the basal stem to stimulate S lignin
biosynthesis.

In the phenylpropanoid pathway, FSH has been identified as a key enzyme
that determines the composition of S and G lignin monomers and, hence, the
S/G lignin ratio in the polymer in xylem cells of angiosperms (Chapple ef al.,
1992; Meyer et al., 1996, 1998; Marita et al., 1999; Ruegger et al., 1999;
Franke et al., 2000). Its expression is required for diverting the production of
monolignols away from G lignin and instead steering it towards S lignin and
sinapic acid biosynthesis. As anticipated, F5H was indeed down-regulated by
about 75% in both myb103 mutants (Figure 5, Paper III), verifying that this is
a key target of MYB103. Furthermore, allelic complementation of the two
myb103 mutants by reciprocal crossing generated F; heterozygous offspring
that were modulated in a similar fashion as their homozygous parental lines,
with respect to S and G lignin composition and F5H transcript level (Figure
S1g—i, Paper III). To compare the effects of MYB103 KO with that of a KO
mutant in F5H (f5hl), their metabolomes were analysed. Whereas their
metabolic profile differed from WT, they also differed from each other (Figure
6a, Paper III). The main variable separating myb103-1 from f5hi-4 is the
absence of sinapoyl malate in the latter (Figure S6, Paper III). Because
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sinapoyl malate is produced predominantly in epidermal tissue (Li et al.,
2010), it is plausible that myb103-1 exhibits normal transcript levels of F5H in
epidermal cells, since MYB103 is not expressed there. When only metabolites
derived from the oxidative coupling of G and S alcohols are considered, f541-4
and myb103-1 do display highly overlapping metabolic profiles. Both mutants
exhibit increased levels of only G-containing oligolignols (Figure 6b, Paper
IIT) and decreased levels of S-containing oligolignols (Figure 6c, Paper I1I),
but to different levels since S lignin biosynthesis is not completely blocked in
myb103-1 due to the presence of smaller amounts of F5H transcripts.

A microarray experiment was conducted to provide insight into
transcriptome changes in both myb103 mutant lines. Genes mis-regulated by >
2-fold, compared with WT, and with a signal strength of > 50 were considered
(Table 3, Paper III). Most of the mis-regulated genes were down-regulated
and responded in a similar manner in both mutant lines. The down-regulation
of F5H was confirmed, and it was one of the most down-regulated genes. In
addition, the transcriptome analysis also revealed mis-expression of several
recognized SCW-related TFs and biosynthesis genes, such as MYB20, MYB63,
MYB69, SND2 and SND3 (Wang & Dixon, 2011; Hussey ef al., 2013). Among
the down-regulated cell wall related genes were two that encode MT-binding
proteins (MAP65-8 and MAP70-5), thought to influence SCW formation (Mao
et al., 2006; Smertenko et al., 2008; Pesquet et al., 2010); LAC17, which has
been shown to be important for lignification (Berthet ef al., 2011) and CSLA9,
which is thought to be involved in mannan biosynthesis (Goubet et al., 2009;
Davis et al., 2010). Remarkably, neither of the SCW master switches were
significantly mis-regulated, nor were any of the SCW CESA genes, despite the
fact that MYB103 can potentially induce the expression of CESAS in vitro, as
demonstrated by Zhong et al. (2008). Though, expression analysis of the three
SCW CESAs by qPCR showed a small, but significant, down-regulation of
CESA4 in myb103-2 (Figure 5, Paper III). This is in accordance with a small
decrease in cellulose in mybl03 plants, implicated by 2D NMR analysis
(Figure S4, Paper III). Thus, a role for MYBI103 in cellulose biosynthesis
cannot be entirely excluded.

The mis-regulation of some recognized TFs was intriguing; possibly, these
are direct/indirect downstream targets of MYB103. When MYB103 and some
other selected NAC and MYB TFs were tested for interaction with the
promoters of some of the early genes in the phenylpropanoid pathway, only
SND2 had a small positive effect, whereas MYB69 had a small negative effect,
in transactivating the F5H promoter (Table 4, Paper III). The most striking
observations were the positive transactivation of some other monolignol
promoters, mediated by MYB20 and MYBG63. For the latter, this is in line with
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its postulated role as a positive and specific inducer of genes in the monolignol
biosynthesis pathway, and that this transcriptional activation is mediated
through interaction with the AC element in their promoters (Zhou et al., 2009).
Surprisingly, no activation of the F5H promoter by SND1 was observed, in
contrast to previous reports by Zhao et al. (2010). In their study, however,
Arabidopsis SND1 gene was used as an effector and Medicago F5H promoter
as a reporter, making a direct comparison somewhat problematic and even
misleading, as also verified in Figure S7b, Paper IIl. The activation is most
likely due to the fact that the MtF5H promoter sequence contains several
MYBIAT motifs (a type of MYB-binding AC element), which are lacking in
the A¢tF'5H promoter (Table S1 & Figure S7a, Paper III). In addition, AtF5H
was neither a direct target of AtSNDI1, in a global protoplast transactivation
study (Zhong et al, 2010c), nor of AtVND7, in an in vitro TE
transdifferentiation study (Yamaguchi et al., 2011). Thus, interaction with
MtF5H by AtSND1 might not reflect a true direct activation universal for
angiosperms and should, hence, be viewed with caution. Even transient
expression analysis in vitro should be viewed with caution, since effectors
(TFs) might need additional co-factor(s) to bind to their reporter targets
(promoters) for their true function in planta.

In conclusion, the specific mode of action of MYB103 cannot be provided,
nor can the specific molecular mechanism regulating F5H expression and S/G
lignin ratio in developing SCWs. In fact, it has been suggested (Zhao & Dixon,
2011) that regulation of SCW biosynthesis is far more complex than the linear
feed-forward loops, often depicted in transcriptional network overviews.
Nevertheless, the study in Paper III clearly demonstrates that a loss-of-
function of MYBI103 triggers a strong decrease in F5H expression and therefore
causes a large reduction in S lignin and S/G lignin ratio in Arabidopsis stems.
Taken together, MYB103 is required for F'5H expression.

4.3 Analytical Pyrolysis, Coupled with Gas Chromatographic /
Mass Spectrometric Separation, as a High-Throughput
Method for Chemical Characterization of Lignocellulosic
Plant Material (Paper IV)

Py-GC/MS has the potential to be used as a high-throughput analytical
platform for lignocellulosic (i.e., cell wall material, CWM) samples. It has the
advantage of being relatively fast and can handle small sample amounts.
Moreover, the complete CWM can be analysed without prior separation of
individual cell wall components, providing a chemical fingerprint of the
sample. A major bottleneck for its use as a high-throughput tool has been the
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lack of efficient data processing tools. This was recently solved, however, by
applying MCR-AR to Py-GC/MS data handling (Gerber et al., 2012).

In Paper IV, two applications for high-throughput chemotyping of plant
material, using PY-GC/MS, was demonstrated. First, its use as a screening tool
for analysing putative Arabidopsis SCW mutants. Second, its use as a
microanalytical tool on cryo-sectioned samples for analysing the lignin content
and composition across SX-forming tissues in Populus. The setup used in these
studies allowed for 300 samples to be analysed in less than 7 days, and samples
down to 1 pg could be analysed with high reliability.

For the first application, 31 genotypes with either the Columbia or
Wassilewskija ecotype background (Table S1, Paper IV) were classified with
hierarchical clustering, according to their chemotype. Based on previous work
by Pesquet et al. (2005), these mutants were all hypothesized to be important
for SCW formation, because homologous genes in Zinnia were all up-regulated
upon induction of xylem TE differentiation in cell cultures. Positive controls of
previously characterized mutants related to major wall polymers (i.e., cellulose,
hemicelluloses and lignin) were also included for comparison and method
evaluation. Furthermore, a surplus of WT plants provided a large coverage for
the natural variation within each ecotype used. The whole experiment included
305 samples that were run in 1 experiment. Spectra were processed, analysed
by OPLS-DA and hierarchical clustering performed on the loadings vectors
from bootstrapped, class-balanced OPLS-DA models between one mutant
genotype and WT samples. This approach removes systematic variation (in this
case, the use of two different ecotypes) and therefore allows for comparison of
all samples. The resulting heat map (Figure 1, Paper 1V) showed that the
positive controls, deficient in lignin and carbohydrates, made two different
clusters. Other mutants with a chemotype different from WT could be
identified according to the number of misclassifications in the bootstrapping.
From the genotypes analysed here, six mutants with strong modification in
their chemotype, not previously described, were identified. The samples used
were not extracted; ie., soluble compounds, such as sugars, secondary
metabolites, etc, were not removed from the plant material, prior to analysis.
Thus, any mutant chemotype could reflect changes in both soluble and
insoluble CWM fractions. Nevertheless, the method described here can also be
applied to extracted CWM alone.

For the second application, microanalysis of cryo-dissected longitudinal
tangential sections (10 um thick) from field-grown Populus trees was carried
out to study the succession of lignification from the phloem, across the SX and
to the first annual ring. The typical spatio—temporal relationship between S, G
and H lignin monomers, obtained from non-extracted CWM, is illustrated in
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Figure 2-3, Paper IV. The data shows that both S and G lignin increase in
parallel. This is of interest, since there is a variation in the spatio—temporal
regulation of S/G lignin ratio in planta (Donaldson, 2001). Thus, the data
analysed in Paper IV suggest that this is not due to an unequal presence of
these two monomers; rather, their spatial distribution might be different in the
symplasm vs the apoplasm.

In conclusion, assessing the currently established Py-GC/MS platform,
described in Paper IV, offers an overall advantage as an unambiguous, high-
throughput chemical analysis tool in addressing a biological problem. This was
mainly manifested by, first, the flexibility in lignocellulosic sample type (e.g.,
herbs, trees, etc), second, the low sample amount required (> 1 pg) and, third, a
suitable complement to alternative techniques (e.g., FT-IR, NIR and Raman).
Though, if the desire is to analyse the composition of cell walls only, applying
non-extracted CWM could lead towards bias and, hence, misinterpretations; a
potential drawback. Nevertheless, this can be overcome by using extract-free
CWM, obtained by a wet chemistry approach, which includes only an
additional downstream step; albeit, rather time-consuming.

80



5 Conclusions and Future Perspectives

5.1 Main Conclusions

Plant SCWs feature complex structures that are built according to instructions
from TFs with a role to coordinate a cascade of downstream gene expression.
TFs are, in their turn, regulated by upstream influences of different plant
hormones, environmental stimuli and other signalling mechanisms.
Downstream the TF regulating network, MAPs along with cell wall
biosynthesis genes are important contributors to the biosynthesis of SCW-
forming cells, including xylem cells.

This thesis emphasizes the function of the TF MYBI103 in SCW
biosynthesis. In Paper III, MYB103 was demonstrated to be required for S
lignin biosynthesis and therefore an important determinant in S/G lignin ratio
of xylem cell walls. MYB103 acts upstream the expression of F5H, which
codes for an essential enzyme in the S lignin biosynthesis pathway in
angiosperms. In Arabidopsis mybl03 loss-of-function mutants, F5H was
down-regulated in proportion to the lowered S lignin content. The direct
downstream target(s) of MYB103, however, remains to be established.

In Paper I-II, the role of AtMAP20 was studied and demonstrated to be
specifically expressed in SCW-forming cell types. AtMAP20 binds strongly to
MTs in vitro and stabilizes them strongly in vivo. This binding specificity was
shown to be dependent on an intact N-terminal sequence. Further, the centrally
located TPX2 domain, in combination with the N- and/or C-terminal domain,
was required for full MT-binding capacity. Loss-of-function map2() mutants in
Arabidopsis  exhibited longer hypocotyls in dark-grown seedlings,
hypothesized to be due to affected cellulose structure and impaired PXV walls.
Mis-expression of PitMAP20 in transgenic Populus trees caused an effect on
cellulose MFA (Section 4.1.4, this thesis), which is important for mechanical
properties. At the cellular level, AtMAP20 was implicated in regulating the
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dynamic instability of MTs; OE mimicked the stabilizing effect of the drug
taxol. Thus, it can be concluded that AtMAP20 functions as an MT stabilizer.
Taken together, MAP20 is proposed to be important for the dynamic instability
of MTs during SCW formation and indirectly impact on the proper patterning
of CMFs in the multi-layered SCW. This will in turn influence the mechanical
properties of wood.

5.2 Outlooks and Future Research Directions

From the work of this thesis, it is clear that the transcriptional regulation of
SCW biosynthesis is far more complex than originally suggested. Concerning
MYBI103, future research should be directed towards identifying its direct
targets, e.g., by an estradiol- or glucocorticoid-inducible system, combined
with CHX treatment and microarray analysis. To demonstrate physical
interaction of TF to promoter elements, ChIP analysis can be used; to identify
the DNA binding site(s), EMSA analysis would be required. Not only could
this reveal the link between MYB103 and F5H, but also if/fhow MYBI103 is
involved in other regulatory loops, putatively important for synthesizing other
cell wall polymers.

Addressing a more complete understanding function of MAP20 requires
complementary research to be carried out. Further genetic analysis will be
appropriate to unequivocally conclude about its role in regulating the dynamic
instability of MTs. Such experiments would include crossing AtMAP20-OE
plants with an EB1-OE and/or TUB6-OE GFP fluorescent marker line and
study MT dynamics (i.e., confirm the MT-stabilizing effect of AtMAP20 in
situ) of epidermal hypocotyl cells in Arabidopsis seedlings under a confocal
microscope. To better understand the downstream function of MAP20 on
cellulose structure, measurements of MFA and mechanical analysis of mutant
plants will be required. The minor effect observed in KO mutant plants
suggests that other MAPs have redundant functions with MAP20; the
identification of these MAPs, in combination with multiple KO mutants, will
facilitate studies on MAP20 function in relation to cell wall formation.

Further exploiting the TE inducible Arabidopsis cell culture system
(Section 4.1.3, this thesis) will provide insight into the function of MAP20. By
expressing tagged versions of MAP20, its cellular localization can be revealed,
as well as its expression in different cell types. These approaches will help to
better understand the globular cell population observed in the RNAI lines.
Expressing His-labelled MAP20 could facilitate Co-IP to identify potential
binding partners of MAP20. Then, a model can be built on how MAP20 (and
potential partner proteins) binds to MTs and affects SCW patterning in vivo.
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