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Abstract

Woody trees are an essential source of timber, pulp, paper and biofuel, and advances in
biotechnology provide opportunities for the improvement of traits of interest for specific end
uses. Cellulose microfibrils, the basic structural component of plant cell walls, are
responsible to a large degree for wood mechanical and physiological properties. The angle
between the direction of the helical windings of cellulose microfibrils in plant secondary
cell walls, or microfibril angle (MFA), plays critical roles in a tree’s development and has
become a subject of major interest in forest biotechnology, particularly in detailed studies
of the secondary cell wall of xylary (wood) cells. While our knowledge of how exactly the
cellulose synthase complex (CSC) acts in response to environmental and genetic cues
remains sketchy, guidance of cellulose deposition has been repeatedly accredited to
microtubules, a cytoskeleton component formed of protein dimers of a- and B-tubulin.
Nevertheless, few studies explore the cytoskeleton roles in secondary cell wall deposition in
woody tree species. Reaction wood (RW) develops in response to gravitational stimulus
through a series of changes at the cellular and molecular levels. Tubulin genes have been
previously reported to be upregulated during RW formation and differences in their
expression might lead to differences in microtubule assembly. This differential microtubule
organisation might be related to changes on cell wall morphology, including MFA. In this
study, cortical microtubule array organisation was therefore assessed in samples from trees
forming RW and stems growing upright (normal wood). To further investigate if
perturbation of microtubule organisation would impact wood formation, microtubule-
interacting drugs were applied to wood tissue depositing SCW in vivo and in vitro. Together,
results indicate that tubulins play an essential role in cellulose deposition in the secondary

cell wall of woody tree species to ensure appropriate microfibril orientation.



Declaration
This is to certify that:

I.  This thesis comprises only my original work
Il.  Due acknowledgement has been made in the text to all other material used

I1l.  This thesis is less than 50,000 words in length, exclusive tables, figures, appendices
and bibliographies.

Larissa Machado Tobias
The University of Melbourne

April 2020



Preface

The publication status of all chapters presented in article format within this work are as

follows.

Chapter 1 was published by Plants (ISSN 2223-7747; CODEN: PLANCD) on 10 January
2020 as:

Tobias, L.M.; Spokevicius, A.V.; McFarlane, H.E.; Bossinger, G. The Cytoskeleton and Its
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Thesis Outline

This thesis is composed of a theoretical and an experimental part. Chapter 1 is theoretical in
nature and combines the thesis introduction and a literature review. It summarises the current
understanding of cytoskeleton roles in guiding secondary cell wall deposition in xylary cells
and puts forward a model of cellulose microfibril orientation in woody trees in response to
gravitational stimulus. Chapters 2 and 3 comprise the experimental part of the present thesis
and were written in article format aiming for future publication, therefore overlap across
introductory sections to some degree is expected. In chapter 2, immunolabelling techniques
were employed to visualise cortical microtubules and investigate whether changes in array
organisation are correlated to reaction wood formation in trees subjected to gravitational
stimulus. Chapter 3 investigates the use of microtubule-interacting drugs in both in vivo and
in vitro system to assess their effect on wood formation and cellulose microfibril orientation
in secondary cell walls of wood cells. Finally, key findings of each chapter are put in
perspective and are discussed together in Chapter 4.



Chapter 1: The cytoskeleton and its roles in determining cellulose

microfibril angle in secondary cell walls of woody species

Abstract

Recent advances in our understanding of the molecular control of secondary cell wall (SCW)
formation have shed light on molecular mechanisms that underpin domestication traits
related to wood formation. One such trait is the cellulose microfibril angle (MFA), an
important wood quality determinant that varies along tree developmental phases and in
response to gravitational stimulus. The cytoskeleton is mainly composed of microtubules
and actin filaments, which collectively contribute to plant growth and development by
participating in several cellular processes, including cellulose deposition. Studies in
Arabidopsis have significantly aided our understanding of the roles of microtubules in xylem
cell development during which correct SCW deposition and patterning are essential to
provide structural support and allow for water transport. In contrast, studies relating to SCW
formation in xylary elements performed in woody trees remain elusive. In combination, the
data reviewed here suggest that the cytoskeleton plays important roles in determining the
exact sites of cellulose deposition, overall SCW patterning and more specifically, the
alignment and orientation of cellulose microfibrils. By relating the reviewed evidence to the
process of wood formation, we present a model of microtubule participation in determining

MFA in woody trees forming reaction wood (RW).



1.1 Introduction

The differentiation of a vascular cambium and secondary tissues are amongst the most
important events in the evolution of higher plants and a prerequisite for the existence of
woody trees. Since its first appearance in the middle Devonian (~390 Ma), secondary xylem
— wood — has adapted to transport water and minerals from the roots to the shoots and to
support the plant’s upright position (Carlquist 2012) . Forest trees are important as a source
of timber, pulp for paper production, biofuel and other wood products and significant effort
has been directed at functionally characterising specific genes that control wood and

secondary cell wall (SCW) formation and underpin related domestication traits.

Ultimately, wood features are defined by polysaccharide-rich cell walls that
determine shape, growth and rigidity of cells and tissues. Plant cell walls largely consist of
cellulose, which is synthesised by cellulose synthase (CESA) proteins, integral membrane
glycotransferases arranged into a unique hexagonal “rosette” structure, the cellulose
synthase complex (CSC) (Herth 1985). CSCs move through the plasma membrane
synthesising many individual B-1,4-glucan chains per complex that associate to form
cellulose microfibrils, which are laid down into the extracellular space forming the primary
cell wall (PCW) framework. Cellulose microfibrils are cross-linked to each other within a
matrix formed by pectins and hemicellulose (mainly xyloglucan in PCW) (McFarlane et al.
2014; Lampugnani et al. 2018). In some cell types, including tracheary elements and xylem
fibres, a lignified secondary cell wall (SCW) is deposited within the primary wall after the
completion of cell expansion. The SCW has distinct types of hemicellulose (xylan and
glucomannan) and a minor amount of structural proteins and enzymes when compared to
the PCW (Sakamoto et al. 2018; Zhong et al. 2019). In addition, in the SCW the differential
angle of cellulose microfibrils with respect to the long axis of a cell — a feature known as
microfibril angle (MFA) — is well documented. This is especially true in the S; layer, the
large middle layer in a usually three-layered SCW, in which MFA is the main determinant
of cell architecture and mechanical properties of fibres and tracheids (Almeras & Clair
2016). While cellulose microfibrils represent the basic structural component of plant cell
walls, the presence of hydrophobic lignin in SCWSs results in dehydration that provides
strength and resistance to negative pressure from water transport (Lampugnani et al. 2018;

Meents et al. 2018). The organisation and/or patterning of these microfibrils and their



interaction with the matrix to a large degree determine the mechanical and physiological
properties of the cell wall.

The relationship between the microtubule cytoskeleton and cellulose deposition has
been extensively investigated, however much of our knowledge still relies on model
organisms like Arabidopsis, while the molecular machinery behind secondary cell wall
formation in woody species is largely understudied. Therefore, we reviewed aspects of the
involvement of microtubules and actin filaments in secondary cell wall formation in xylary
cells of woody trees and put forward a model of cellulose microfibril angle (MFA)

determination in trees forming reaction wood (RW) as a response to gravitational stimulus.
1.2 MFA as a Key Feature of SCW Formation

During primary growth, cell expansion largely depends on microfibril reorientation in the
PCW. Once SCW deposition commences, the cell has reached its final size and shape and
the pattern of microfibril orientation is fixed (Baskin 2005; McFarlane et al. 2014). Green
(1962) hypothesised that the shape of plant cells is determined by the orientation of cortical
microtubules and many studies reported the effects of microtubule disruption on cell growth
(Itoh 1976; Hardham & Gunning 1979; Arioli et al. 1998; Fagard et al. 2000; Chan 2012).
For example, Pierce et al. (2019) demonstrated the effect of microtubule disruption on the
diameter of fibre tips in cotton (Gossypium spp.). Data from hypocotyl epidermal cells of
Arabidopsis demonstrated that microtubules rearrange in a growth-sensitive manner as they
only switch to a transverse alignment during the acceleration in growth rate (Baskin 2001).
However, this transverse orientation is not required to be maintained throughout the entire
fast-growing phase, and once the growth rate slows microtubules rearrange to an oblique
orientation (Chan et al. 2011; Crowell et al. 2011). Preston (1934) originally suggested a
mathematical equation expressing the correlation between the inclination of cellulose
microfibrils and the length of Pinus tracheids. An inverse relationship between MFA and
cell length is generally accepted and has been reported in a number of studies (Barnett &
Bonham 2004; Donaldson 2008; Mansfield et al. 2009). However, reports are not consistent
across the scientific literature as some authors argue that tracheid length is not related to
MFA (Matsumura & Butterfield 2001; Myszewski et al. 2004) while Evans et al. (2000)
demonstrated a clear correlation between MFA, density and fibre cell wall thickness. On

balance, these data suggest that cell length is possibly mediated by microtubules, however



since MFA is an important feature of SCW formation, it is unlikely that it influences cell
size after cell elongation has ceased.

Wood stiffness, often referred to as longitudinal modulus of elasticity (MOE), is a
combined effect of wood density and MFA; MFA accounts for up to 85% of MOE variation,
making it the major determinant of this important wood feature (Evans & Ilic 2001; Cramer
et al. 2005; Burgert 2006; Hein & Lima 2012). Tracheids or fibres in the centre of a tree,
produced during the early stages of development and frequently referred to as juvenile wood,
feature higher MFA and are markedly different from mature wood in strength, stability and
stiffness (Mansfield et al. 2009; Sattler et al. 2014; Wessels et al. 2016; Ishikura 2017).
Moore et al. (2014) showed that 68% of the variation in MFA in Pinus radiata is due to
radial variation, consistent with the notion that differential MOE is required during the
development of a woody tree. Elasticity provided by large MFA values allows young trees
to bend with the wind and avoid damage, whereas cells produced later, usually have low
MFA and provide the stiffness required to support the increasing weight of the canopy
(Barnett & Bonham 2004; Hein & Lima 2012). In some investigations, MFA in the 10 inner
rings showed large variability between trees (Mansfield et al. 2009) suggesting that featuring
a high MFA value during juvenile wood formation is not as critical as exhibiting the wood
properties resulting from a low MFA in mature wood. In a commercial context, faster growth
rates and short-rotation cropping techniques, therefore, often result in negative implications

for wood quality due to a high proportion of juvenile wood (Barnett & Bonham 2004).

MFA variation is also an important feature of RW, which forms in response to
gravitational stimulus, caused by wind or load, where stems or branches deviate from a
vertical orientation. Under such conditions, trees respond by reorienting branches,
reinforcing stress points and maintaining branch angles (Bastien et al. 2013; Groover 2016).
In tension wood (TW), at the upper side of angiosperm branches, the tension generated
results in low MFA and, hence, the longitudinal alignment of cellulose microfibrils helps to
support the leaning branch, whereas in compression wood (CW), found at the lower side of
gymnosperm branches, large MFA is observed in response to compressive forces and it has
been suggested to act by “pushing” the leaning branch upright (Bamber 2001). Indeed,
molecular dynamics simulations showed an inverse relation between MFA and MOE when
compressive strength was applied (Deng et al. 2012). Similarly, Wang et al. (2017b) found

a negative correlation between longitudinal tensile wood properties and MFA. The wood



formed at the opposite side in each case is referred to as opposite wood (OW) and it is
subjected to tensile and compressive forces in gymnosperms and angiosperms, respectively.
In addition, wood formed in stems growing upright is subjected solely to vertical
gravitational forces with respect to the long axis of xylogenic cells and it is often referred to
as normal wood (NW), featuring intermediate MFA values when compared to RW and OW
(Spokevicius et al. 2007; Almeras & Clair 2016; Roignant et al. 2018).

1.3 Cellulose Properties and the CSC

A recent comprehensive investigation of CSC structure revealed that three CESA proteins
would fit best in each triangular lobe of the rosette, totalling 18 CESAs per complex (Nixon
et al. 2016). Earlier, coexpression data in Arabidopsis identified specific CESA isoforms
responsible for cellulose synthesis in PCW and in SCW (Taylor et al. 2003; Persson et al.
2007). Both primary wall- and secondary wall-specific CESAs coexist during the transition
period (Watanabe et al. 2018) and PCW-CESAs possibly play a role in cell wall thickening
during earlier stages of SCW development (Xi et al. 2017) The existence of six CESA
classes is broadly accepted and each class corresponds to one of the six isoforms (Carroll &
Specht 2011). While three different classes of CESA coexisting in a CSC at a time might
lead to the assumption that each isoform occupies a specific position within the complex,
Nixon et al. (2016) acknowledges the possibility of homomeric lobes in the rosette structure,
especially since all PCW-CESAs are able to homodimerise (Carroll et al. 2012). In this
context, Zhang et al. (2018) studied the stoichiometry of CESAs in aspen (Populus tremula)
SCW CSCs and found a 3:2:1 ratio for CESA8:CESA4:CESA7 in normal wood that
changed to 8:3:1 in TW, also coinciding with an increase in crystalline cellulose microfibril
diameter. These results support alternative CSC models and suggest that homomeric CESA8
complexes might be the main CESA responsible for cellulose biosynthesis during TW
formation. This implies that the composition of the CSC in developing xylem fibres

potentially plays specific roles with consequences for cellulose microfibril properties.

While MFA in SCWs is particularly relevant during wood formation in tree species,
much of our current knowledge still relies on experimental model organisms and systems.
Arabidopsis mutants with aberrant SCW patterning for example feature changes in MFA
(Schneider et al. 2017) and differential composition of the CSC results in alterations in

cellulose microfibril polymerisation (Kumar et al. 2018; Turner & Kumar 2018). Even



though CSC plays the same role in synthesising cellulose both in primary and secondary
walls, variations in the composition and structure of CSCs appears to impart structural
variations in cellulose microfibrils (Turner & Kumar 2018). Nevertheless, our current
understanding remains sketchy and more studies investigating the complex molecular
relations with the CSC during SCW deposition are required.

1.4 Cytoskeleton Roles in SCW Biosynthesis

The cytoskeleton is an intracellular framework present in all cellular organisms composed
of filamentous polymers characterised by high dynamicity. In plant cells, the main
components of the cytoskeleton are microtubules and actin filaments that form an intricate
array in plant cells and collectively assume key roles in cell division, cytoplasmic streaming
and organelle transport. Both elements, particularly microtubules, are touted to participate
in cell wall biosynthesis with different degrees of involvement. A number of studies
investigate the cytoskeleton dynamics in Xxylary cells undergoing SCW deposition
employing different imaging techniques (Abe et al. 1995; Chaffey et al. 1999; Chaffey et
al. 2000). Microfilaments align longitudinally in fusiform cambial cells and their derivatives
in both angiosperms and gymnosperms, while microtubules switch from a transverse to an
oblique orientation during SCW formation (Chaffey et al. 2002; Begum et al. 2019).
Furthermore, the cytoskeleton arrangement differs in fibres depositing a G-layer where both
microfilaments and microtubules are arranged axially (Chaffey et al. 2002). Finally,
microfilaments and microtubules associate with pit formation in tracheids and fibres
(Chaffey et al. 2002; Begum et al. 2019). Due to little overlapping observed between the
two cytoskeleton elements, it seems likely that they play different but complementary roles
during SCW formation. This review, therefore, investigates and summarises our current
understanding of the role played by the cytoskeleton in guiding SCW deposition in xylary
cells before proposing a mechanistic molecular model for MFA determination in response

to gravitational stimulus
1.4.1 Microtubules Guide the CSC and Play a Role in SCW Patterning

The primary components of microtubules are globular proteins called tubulins that form
heterodimers comprised of o and a B monomers which bind head to tail, forming
protofilaments (Lowe et al. 2001). Commonly, 13 protofilaments bind together to form the

hollow cylindric structure of the microtubule that undergoes stochastic changes between



growing and shrinking phases based on GTP hydrolysis, resulting in the well-recognised
dynamic microtubule network (Heald & Nogales 2002). In contrast to other eukaryotes,
plant cells do not have a well-defined microtubule organising centre, which contributes to
their high responsiveness to environmental triggers (Wasteneys 2002). In plants,
microtubules are arranged into super-structures such as the preprophase band, the spindle
and the phragmoplast during cell division (Wasteneys 2002; Mirabet et al. 2018) and the
interphasic cortical array, where microtubules organised into a parallel array associated with

the plasma membrane are believed to regulate the cellulose deposition pattern (Green 1962).

The relationship between microtubules and cellulose deposition has been studied by
genetic and pharmacological techniques, and, more recently, live cell imaging has been used
to assess the dynamics of these structures. Inhibition of cortical microtubule organisation or
cellulose microfibril deposition by pharmacological and genetic approaches suggests that
cortical microtubules control the movement of CSCs. Baskin et al. (2004) reported variable
cellulose microfibril orientation with increasing concentrations of oryzalin, a microtubule
polymerisation inhibitor, at the cellular level but not at a local subcellular level (< 10 pm?).
Paredez et al. (2008) described two oryzalin hypersensitive Arabidopsis mutants of
PROCUSTE1 and KORRIGAN, genes previously shown to be involved in cellulose
biosynthesis, indicating a bidirectional flow of information between microtubules and
CESAs. Paredez et al. (2006) characterised CSC behaviour in PCWSs, demonstrating that
microtubules share spatiotemporal locations with CSCs that move along tracks delineated
by them. Later, Watanabe et al. (2015) demonstrated the existence of the same mechanism
in SCW. These findings provided fundamental evidence for interactions between
microtubules and the CSC, consistent with the hypothesis that the cortical microtubule

organisation in plant cells, directly or indirectly, offers cues for cellulose synthesis.

Two models have been proposed to explain the alignment between cellulose
microfibrils and microtubules: the direct guidance model and the constraint or bumper model
(Heath 1974; Giddings & Staehelin 1991). These models differ with respect to the
requirement of a physical linker between CSCs and cortical microtubules. Following the
direct guidance model, many microtubule-associated proteins (MAPs) were investigated for
their potential roles as linkers between CSC and microtubules. The fragile fibre 1 (FRA1)
kinesin motor protein, for example, was suspected to play a role in CSC and microtubule

binding based on the aberrant cellulose microfibril deposition observed in fral mutants



(Zhong et al. 2002). Further characterisation demonstrated the function of this protein as a
bona fide motor protein that binds to microtubules, however it remains questionable if FRA1
is indeed required to guide CSC movement since in vitro it moves in a unidirectional fashion
much faster than CESA (Paredez et al. 2006; Zhu & Dixit 2011). Also, the activity of
Cellulose Synthase Interactive Protein 1 (CSI1) and pom-pom2 mutants, which are allelic,
were identified to physically link microtubules and CSC (Bringmann et al. 2012; Li et al.
2012a). CSI1/POM2 interacts with SCW CESAs in a similar way as with PCW CESAs and
its downregulation causes abnormal SCW deposition (Schneider et al. 2017). Cells within
stems of pom2-4 mutants showed significantly higher MFA when compared to wild-type
(Schneider et al. 2017), demonstrating that correct interaction between CSC and
microtubules is necessary to determine cellulose microfibril orientation. Kesten et al. (2019)
showed that the companion of cellulose synthase 1 (CC1) is part of the CSC and links to
microtubules, playing a critical role in ‘re-establishing’ the microtubule array after
perturbations caused by salt stress. Conversely, in accordance with the bumper model, a
recent study using near-TIRF microscopy and high-throughput particle-tracking analysis
concluded that microtubules affect CSC speed by mechanisms that are independent of direct
physical association (Woodley et al. 2018). More recently, Chan and Coen (2020)
demonstrated the existence of an autonomous system that maintains the alignment of
cellulose microfibrils based on CSCs following trails left by previous complexes. These
observations and the fact that CSCs rapidly recover after microtubule organisation
disruption by oryzalin (Paredez et al. 2006; Schneider et al. 2017) suggest that both models
are correct and that it is likely that physical association of CSCs and microtubules is critical
at the start of cellulose synthesis, but guidance is not strictly necessary to ensure continuous

movement in straight lines during the late phases of cell development.

Microtubule organisation is also believed to play a role in determining SCW pattern
in xylem cells. The SCW pits present in metaxylem cells appear to be guided by localised
microtubule depolymerisation. ROP11, a plant-specific small GTPase from the Rac/Rho
family, localises at the plasma membrane of metaxylem differentiating cells within pit areas
and recruits Microtubule Depletion Domain 1 Protein (MIDD1), which is responsible for
microtubule depolymerisation from these cellulose-depleted regions (Oda & Fukuda 2012).
Simultaneously, cell wall growth is promoted at pit boundaries through the ROP-BDR-

WAL-actin pathway allowing for precise control of bordered pit formation (Sugiyama et al.



2019). In addition, Cortical Microtubule Disordering Protein 1 (CORD1) affects
microtubule organisation, branching angle and microtubule attachment to the plasma
membrane, resulting in abnormally enlarged SCW pits (Sasaki et al. 2017). Other MAPs
belonging to MAP20 and MAP70 families were also suggested to play a role in cellulose
synthesis and SCW patterning in xylem cells (Rajangam et al. 2008; Pesquet et al. 2010).
Microtubules undoubtedly play a role in cell wall biosynthesis, and reasonably exert
influence on MFA, however further research is needed to elucidate the exact nature of this

control at the molecular level.

1.4.2 Actin Filaments and Microtubules Act Together to Deliver CSC to the Plasma
Membrane

The actin cytoskeleton is composed of stranded filaments of globular actins and its main
functions in plant cells are related to cellular growth, cytoplasmic streaming, cell division
and organelle movement (Szymanski & Staiger 2018). Monomers of globular actin (G-actin)
self-assemble into filaments in a similar way as tubulin dimers do. However, in contrast to
the GTP dependent assembly of microtubules, this process is ATP dependent. In terms of
organisation, the actin cytoskeleton can exhibit a much more diverse organisation when
compared to microtubules. During interphase, the actin cytoskeleton appears to assume two
different arrangements: a cortical array and subcortical axial bundles that are established and
maintained by actin binding proteins (ABPs) and actin-related proteins (ARPS)
(Sampathkumar et al. 2013; Szymanski & Staiger 2018). The most reported function of actin
filaments in all cellular organisms is to control cell polarisation, as has been especially well
established for tip-growing plant cells, such as pollen tubes and root hairs (Sampathkumar
et al. 2013). Notably, relative to microtubules, actin roles in cell wall biosynthesis have been

discovered at a slower pace.

Kobayashi et al. (1988) were amongst the first to notice an influence of the actin
cytoskeleton on cellulose deposition in SCWs; cultured Zinnia mesophyll cells
differentiated into tracheary elements and treatment with the actin inhibitor cytochalasin B,
produced abnormal cell wall patterning. Later, Sampathkumar et al. (2013), using both
pharmacological and genetic approaches, reported that defects in the organisation of the
actin cytoskeleton resulted in cellulose deficient Arabidopsis seedlings with cell walls of

variable thickness. CSC distribution in the plasma membrane likely depends on actin-based
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long-distance transport, since CSC delivery rate is limited, and proximity is increased when
actin cytoskeleton organisation is disrupted (Sampathkumar et al. 2013). Therefore, fast and
even distribution of CSCs to the plasma membrane depends on actin filaments (Nebenfuhr
& Dixit 2018). CSC-containing organelles are longitudinally transported by actin cables
around the cell to sites marked by transverse actin filaments and CSCs are then incorporated
into the plasma membrane and kept at SCW depositing sites by bundles of microtubules
(Wightman & Turner 2008). These organelles have been characterised as small CESA-
containing compartments (SmaCCs) and Golgi, and CSC insertion are confined to SCW
thickenings associated with microtubule bands (Watanabe et al. 2015). To further test if
actin filaments, and not microtubules, mark the CESA delivery sites, Gutierrez et al. (2009)
treated seedlings with latrunculin B to disassemble the actin array. They found severe
disruption in CESA distribution with many cells showing areas completely depleted, even
though this treatment did not directly disrupt CESA delivery to the plasma membrane.
Taken together, the results of these two studies suggest that distribution of Golgi, Golgi-
independent and Golgi-associated SmaCCs by actin cables and filaments are required for
the correct global positioning of the CSC whereas microtubules act on a smaller scale by

positioning CSCs once they are in the plasma membrane (Figure 1).

AF

Figure 1.1: Model of cytoskeleton roles in MFA determination during xylem cell development. SmaCCs
movement is affected by actin filaments and CSCs are delivered to the plasma membrane at SCW depositing
sites marked by bundles of microtubules. Microtubules also influence the angle at which cellulose microfibrils
are deposited within the cell wall. AF, actin filament; CMF, cellulose microfibril; CSC, cellulose synthase
complex; MFA, microfibril angle; MT, microtubule; PM, plasma membrane; SCW, secondary cell wall;
SmaCC, small CESA-containing compartments.

F-actin also plays an important role in patterned cell wall deposition in Arabidopsis
metaxylem. Sugiyama et al. (2019) demonstrated that during pit formation in the SCW of
xylem vessels ROP11 and/or other ROPs recruit wallin (WAL) to the plasma membrane via
the boundary of ROP domain 1 (BDR1) and BDR3. WAL localises at pit boundaries
promoting actin assembly and cell wall ingrowth (Sugiyama et al. 2019). This regulatory
pathway has opposite effects on SCW growth in comparison to the ROP-MIDD1-
microtubule pathway (Oda & Fukuda 2012). Together, they play a crucial role in efficient
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water transport by allowing a tight control of pit formation during SCW deposition in xylem

vessels.

The seemingly coordinated actions of microtubules and actin filaments during cell
wall synthesis and other cellular processes imply a level of direct or indirect communication
between these two cytoskeleton components. Live cell imaging of actin filaments and
microtubules clearly showed coincidence between the arrays and interdependence for
reassembly after drug treatment (Sampathkumar et al. 2011), indicating interactions
between microtubules and actin filaments either directly or via associated proteins. Indeed,
some proteins classically associated with microtubule regulation interact with actin
filaments. This is the case for Arabidopsis microtubule associated protein 18 (MAP18) and
microtubule destabilising protein 25 (MDP25) and several conventional microtubule motors
like kinesin-like proteins (Preuss et al. 2004; Xu et al. 2009; Zhu et al. 2013; Qin et al.
2014). Conversely, conventional actin-binding proteins (ABPs) have also been found to
interact with microtubules (Deeks et al. 2010; Rosero et al. 2013; Wang et al. 2013). Besides
the intercommunication between the two arrays, the cytoskeleton also interacts with the cell
wall via transmembrane proteins that possess an extracellular cell wall- and an intracellular
cytoskeleton-binding domain in what is called the cytoskeleton-plasma membrane-cell wall
continuum (Liu et al. 2015). This continuum is presumably responsible for transmitting cell
wall perturbations to the cytoskeleton resulting in reorganisation. In this respect, Tolmie et
al. (2017) reported an increase in actin network stability in plasmolysed cells or in cells
treated with isoxaben, a cellulose synthesis inhibitor, and normal dynamics were recovered
in re-hydrated cells, demonstrating changes in actin cytoskeleton dynamics were highly
correlated with cell wall disruption. In combination, these findings suggest a role of the plant
cytoskeleton in regulating cell wall biosynthesis by determining cellulose deposition sites
and cellulose microfibril orientation through the cytoskeleton-plasma membrane-cell wall

continuum.
1.5 Molecular Control of MFA

The orientation of cellulose microfibrils within the cell wall determines to a large degree
cell architecture and mechanical properties with significant implications for plant
development (Donaldson 2008; Hein & Lima 2012). The molecular machinery behind MFA

determination is still unclear, however many quantitative trait loci (QTL) have been
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identified for wood and fibre properties, including MFA (Thamarus et al. 2004; Freeman et
al. 2009; Thumma et al. 2010), and some genes have been identified as candidates
(Gonzalez-Martinez et al. 2007; Dillon et al. 2010; Thumma et al. 2010; Beaulieu et al.
2011; Li et al. 2012b). Reaction wood (RW) has proved to be a useful model system in
attempts to better understand the molecular basis of wood formation (Pilate et al. 2004) and
several studies have published transcriptomes of angiosperm and gymnosperm RW (Paux et
al. 2005; Li et al. 2013; Chen et al. 2015). A large number of genes were reported to be
highly expressed in RW, among them some encoding arabinogalactan proteins (AGPS),
fasciclin-like arabinogalactan proteins (FLAs) and a and B-tubulins (Lafarguette et al. 2004;
Andersson-Gunneras et al. 2006; Qiu et al. 2008; MacMillan et al. 2010; Li et al. 2013; Azri
et al. 2014).

TW, developed on the upper side of angiosperms branches, is characterised by
extremely low MFA values and this is often associated with upregulation of many of
cytoskeleton component and secondary wall formation genes including those listed
previously (Lafarguette et al. 2004; Paux et al. 2005; Andersson-Gunneras et al. 2006;
Bhandari et al. 2006; Qiu et al. 2008; Azri et al. 2014; Bygdell et al. 2017; Pomies et al.
2017; Roignant et al. 2018; Zinkgraf et al. 2018). Accordingly, Li et al. (2011b) found the
same genes overexpressed in high stiffness wood in Pinus radiata, which also has lower
MFA, when compared to low stiffness wood. Furthermore, Li et al. (2011a) compared gene
expression in mature wood of the same species with juvenile wood featuring a 10° larger
MFA and found both a- and B-tubulin genes were upregulated in mature wood, once more
associating high expression levels of these genes with low MFA. In contrast, some studies
linked high expression of tubulin and arabinogalactan genes in CW of loblolly pine,
maritime pine and Chamaecyparis obtusa Siebold & Zucc, to large MFA (Zhang et al. 2000;
Whetten et al. 2001; Le Provost et al. 2003; Yamashita et al. 2008; Li et al. 2013). Changes
in MFA, be it due to RW formation, stress response or wood maturation, involve coordinated
changes in gene expression to produce context-specific outcomes. Research results
published over the last decade shed light on the roles of many genes in controlling this
important feature, however functional confirmation of their collective action to modulate
MFA remains to be documented in most cases. Here we relate evidence of the involvement

of several genes in MFA determination in different species and summarise their combined
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action in a model of the molecular control of cellulose orientation in woody trees forming
RW.

1.5.1 Arabinogalactans

The Arabinogalactan protein (AGP) family is characterised by highly glycosylated
hydroxyproline-rich glycoproteins (HRGPs) mainly expressed in plant cell walls. In general,
AGPs are expressed in various organs and tissues, but individual members with different
core proteins exhibit organ-, tissue- and/or developmental-specificities (Showalter 2001).
Because of their location in the cell wall and the presence of a predicted glycophosphotidyl
inositol (GPI) anchor domain in many AGPs, which would localise them to the outer leaflet
of the plasma membrane, it was suggested that their function is to transmit information
between cell wall and cytoplasm (Driouich & Baskin 2008). AGPs are believed to play an
important role in tracheid differentiation (Putoczki et al. 2007) and pharmacological and
genetic studies provide strong evidence for a link between AGP and microtubules (Andeme-
Onzighi et al. 2002; Sardar et al. 2006; Nguema-Ona et al. 2007). The existence of lipid
rafts in the plasma membrane or a third protein or protein complex have been suggested as
physical linkers between AGPs and the microtubule cortical array (Sardar et al. 2006;
DeBolt et al. 2007). Alternatively, Driouich and Baskin (2008) proposed a model in which
diffuse AGPs (not possessing GPI) interact with receptor kinases and another machinery of
signal transduction on the plasma membrane that leads to microtubule disorganisation.
Indeed, other GPI-anchored proteins have been implicated in receptor-like kinase trafficking
from within the cell to the plasma membrane, possibly as cofactors or chaperones for these
receptors (Xiao et al. 2019). Considering their position in the plant cell and how
microtubules and arabinogalactan proteins seem to communicate, it can be speculated that
cortical microtubules and the CSC might associate via AGPs, however, further work is
needed to demonstrate the actual effects of AGPs on cellulose deposition and microfibril

orientation.

The fasciclin (FAS) domain is a cell adhesion domain found in proteins of both
eukaryotes and prokaryotes and, despite its considerable level of conservation, it assumes a
number of different functions across kingdoms (Gaspar et al. 2001; Moody & Williamson
2013). In plants, FAS-containing proteins belong to the superfamily of AGPs and form FAS-
like arabinogalactan proteins (FLAS) (Seifert & Roberts 2007). 21 FLAs have been
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described in Arabidopsis (Johnson et al. 2003), 27 in rice (Ma & Zhao 2010), 19 in cotton
(Huang et al. 2008), 18 in Eucalyptus grandis (MacMillan et al. 2015) and 15 in poplar
(Lafarguette et al. 2004). FLA genes are classified in four groups according to the number
of FAS domains (Johnson et al. 2003) and, specifically, a single-FAS group (group A) shows
stem-preferential expression, particularly in developing xylem cells (MacMillan et al. 2010).
This expression of group-A FLAs was reported to be 3- to 27-fold higher on the upper side
of eucalypt branches compared to lower branch wood (Qiu et al. 2008; MacMillan et al.
2015) suggesting that FLAs might have a function in SCW biosynthesis in RW and in

determining stem biomechanical properties.

Genetic studies revealed FLA effects on cellulose biosynthesis and deposition.
Persson et al. (2005) reported high levels of co-regulation of FLA11 and 12 with secondary
cell wall-associated CESA4, 7 and 8 in Arabidopsis and a 2° increase in MFA was found in
Atflall/flal2 Arabidopsis mutants (MacMillan et al. 2010). Dahiya et al. (2006) reported a
putative homolog of AtFLA1l in Zinnia (ZnFLA1l) to be exclusively expressed in
metaxylem with reticulate SCW thickening. Furthermore, the Arabidopsis FLAA4, also called
SALT OVERLY SENSITIVE 5 (SOS5) was shown to act on a pathway that regulates the
synthesis of cellulose in Arabidopsis roots similarly to FEI1/FEI2 receptor-like kinases (Xu
et al. 2008). Similarly, Huang et al. (2018) identified the AtVRLK1 (Vascular-Related
Receptor-Like Kinasel), that is specifically expressed in xylem cells undergoing SCW
differentiation and seems to promote cell elongation and restrain cell wall thickening in
those cells. In trees, a correlation between FLA expression, MFA and wood properties was
established (Lafarguette et al. 2004; Qiu et al. 2008; Wang et al. 2015; Wang et al. 2017a)
and MacMillan et al. (2015) demonstrated that overexpression of EfrFla genes led to a 3°
reduction in MFA in eucalypt fibres and biomechanically impact tobacco stem cells.
Adhesion domains (FAS) may function by binding structural components of the cell wall
and the extracellular matrix or by interacting with extracellular signals, to alter microtubule
orientation (MacMillan et al. 2015). In poplar, FLAs were specifically linked to the
formation of the gelatinous layer of TW cells, probably as a result of tension generation.
(Wang et al. 2017a). Together, these results suggest a role of FLA proteins in SCW

formation.
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1.5.2 Tubulins

High expression levels of tubulin genes, encoding the primary components of microtubules,
are also associated with RW formation. Oakley et al. (2007) assessed transcript expression
levels in cambial tissue of bent stems in poplar and found tubulin genes, TUAL, TUA5, TUB9
and TUBL15, to be specifically up-regulated 2- to 4-fold when compared to cambial tissue of
upright stems. In plants, tubulins are encoded by multigene families and the expression of
different isoforms is tissue specific and varies throughout plant development, with tissue-
preferential clusters grouping separately in phylogenetic analyses (Oakley et al. 2007;
Breviario et al. 2013). For instance, the Arabidopsis genome contains six TUAS, one of them
specifically expressed in pollen tubes, and nine TUBs with differential expression in roots,
leaves and floral tissue (Snustad et al. 1992; Cheng et al. 2001). Rice (Oryza sativa) also
has a pollen-specific B-tubulin isoform and another seven which are differentially expressed
in vegetative tissue (Yoshikawa et al. 2003). In cotton (Gossypium hirsutum), five TUAs are
expressed in elongating fibres and only two remain highly expressed once SCW deposition
is initiated (Whittaker & Triplett 1999). In Poplar, the TUA family has eight members and
the TUB family has undergone significant expansion and contains 20 members as 10 pairs
of highly homologous TUBs (Oakley et al. 2007). The large number of tubulin isoforms
poses the question why all of them are maintained. The multi-tubulin hypothesis interprets
tubulin diversity as a requirement for differential microtubule formation (Wilson & Borisy
1997). Conversely, tubulin gene redundancy might ensure expression of a fundamental
protein (Breviario et al. 2013). Besides the large number of isoforms, it is believed that post-
translational modifications (PTM) in tubulins mark microtubules with distinct stability and
association with MAPs and motor proteins, thereby altering their sensitivity to microtubule-
disrupting drugs (Breviario et al. 2013). Hence, selective expression of tubulin genes and
PTM accumulation could, collectively, finely adjust microtubule assembly and/or dynamics

in specific tissues to perform required functions (Parrotta et al. 2014).

Few studies have uncovered functional links between tubulins and MFA.
Spokevicius et al. (2007) established that B-tubulin affects cellulose microfibril orientation
in fibre SCWs of young eucalypt trees. In their study, phenotype-based evidence indicates
that downregulation of an Eucalyptus grandis B-tubulin gene (EgrTUBL1) causes a significant
increase in MFA in transgenic fibres suggesting that this B-tubulin isoform is directly

involved in determining cellulose microfibril orientation during xylogenesis, possibly via
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changes to microtubule structure. Swamy et al. (2015) studied post-translational
modifications in poplar TUAL but did not find any effects on MFA of transgenic trees. This
study demonstrated that non-cellulosic polysaccharides — deposited early during cell wall
biosynthesis — are more sensitive to this type of tubulin manipulation in wood cells than
cellulose content and its organisational features like MFA or crystallinity. Therefore, these
efforts made it evident that modifications of microtubule organisation by targeting tubulins
have potential to significantly affect the mechanical properties of plant cell walls.
Nevertheless, studies attempting to understand how microtubules coordinate microfibril
orientation directed towards specific tubulin roles are still elusive and virtually nothing is
known about the molecular mode of action of these specific protein isoforms in MFA

determination.
1.5.3 Other Cell Wall-Related Genes

Other genes known to have effects on cell wall formation and influence MFA include the
KORRIGAN (KOR) gene. KOR was isolated from the Arabidopsis mutant korl-1, which is
characterised by abnormal PCW formation in the absence of light (Nicol et al. 1998) and
further characterisation demonstrated that KOR plays roles in cytokinesis, cell elongation
and cellulose synthesis (Maloney & Mansfield 2010) and influences pectin metabolism (His
et al. 2001). Despite the majority of roles having been described in PCW synthesis,
Szyjanowicz et al. (2004) report KOR functions also in the SCW. In poplar, two families of
glycosyl hydrolase genes were shown to be similar to Arabidopsis KOR (Hertzberg et al.
2001) and these genes were found to be up-regulated in cells undergoing secondary wall
formation (Takahashi et al. 2003; Bhandari et al. 2006). Maloney and Mansfield (2010)
demonstrated architectural alterations in poplar wood due to downregulation of PaxgKOR
with transgenic trees exhibiting lower cellulose content, changes in cellulose composition,

an increase in cellulose crystallinity and significantly lower MFA.

Finally, xylan-acting enzymes were found to be upregulated during xylem SCW
formation in aspen and to affect MFA and other aspects of plant development. Xylans, the
main hemicellulose of SCW, are polymers with a 3-1,4-D-xylopyranose backbone (Scheller
& Ulvskov 2010) and the downregulation of an aspen gene encoding the endo-1,4-B-

xylanase belonging to the glycoside hydrolase family 10 (PtxtXYN10A) resulted in a clear
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reduction of MFA of transgenic fibres, indicating a role for this gene in orientating cellulose
microfibrils in secondary walls (Derba-Maceluch et al. 2015).

1.5.4 A Molecular Model for MFA Alterations in Response to Gravitational Stimulus

While the roles of KOR and XYN have not been demonstrated in other species, TUBs and
AGPs, FLAs among them, have shown a consistent expression profile in several studies
across species and deserve to be more carefully examined here to understand their combined
actions during cellulose biosynthesis. Stress has been shown to either up- or downregulate
AGP expression (Mareri et al. 2019) with some AGPs being upregulated in TW while others
are downregulated (Qiu et al. 2008). The perception of gravity, a mechanical stimulus in
nature, and a plant’s capability to respond to it are not fully understood. However, the roles
of different cell wall components and the secondary messenger calcium (Ca?*) have been
proposed (Landrein & Hamant 2013; Monshausen & Haswell 2013). Due to their position
and structure, AGPs are strong candidates to function as mechanical sensors, sensing both
tension and compression within the cell wall (Showalter & Basu 2016). Moreover, AGP can
bind and release Ca?* in the cell wall under certain conditions (Lamport & Varnai 2013).
Ca?* plays critical roles during stress response activating important signal-mediators such as
phosphatases and phospholipases (Li et al. 2009). The rapid activation of phospholipase D
(PLD) during stress cleaves the GPI anchor and releases AGP from the plasma membrane
into the cell wall (Mareri et al. 2019) and might function as another signalling molecule in
the cascade of events that culminates in the transcription of AGP genes. In addition, one of
the products of PLD, phosphatidic acid (PA), is known to activate the mitogen-activated
kinase protein (MPK6) which can phosphorylate the microtubule associated protein
MAP65-1 leading to destabilisation of the microtubule array in dividing cells (Smertenko et
al. 2006). Conversely, PA binds to MAP65-1 promoting microtubule reorganisation (Zhang
et al. 2012). MAPG65-1 ensures array stabilisation by promoting microtubule bundling
(Stoppin-Mellet et al. 2013) and it plays an important role in different types of stress, such
as salt and cold response (Wang et al. 2007; Endler et al. 2015; Wang & Nick 2017; Kesten
et al. 2019). Ca?* also binds to the protein phosphatase PP2A and one Arabidopsis gene
belonging to its regulatory subunit B” is involved in microtubule nucleation (Lillo et al.
2014).
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Another important stress signalling mediator is auxin. The plasma membrane protein
family PIN-FORMED (PIN) acts in auxin efflux and is important for intercellular auxin
signaling. PIN1 has been reported to localise to membranes adjacent to cell walls subjected
to the highest stress and correlates to cortical microtubule array orientation in Arabidopsis
shoot apical meristems (Heisler et al. 2010). While changes in auxin balance seem not to
contribute to RW formation (Hellgren et al. 2004), they activate the ROP6-RIC1 pathway
through auxin binding protein 1 (ABP1) (Xu et al. 2010). RIC1 binds to the p60 subunit of
the Arabidopsis katanin 1 (KTN1), a microtubule severing protein involved in mechanical
stress response (Uyttewaal et al. 2012; Lin et al. 2013; Li et al. 2017). Finally, microtubule
nucleation and severing of nascent microtubules followed by depolymerisation of mother-
microtubules are key steps in cortical microtubule array shift from a transverse to an oblique

reorientation (Lindeboom et al. 2013).

Due to the gene expression profile of RW, we hypothesise that the perception of
gravitational stimulus by AGPs, PINs, and other proteins, causes Ca?* influx that activates
PP2A. In turn, PP2A acts on promoting nucleation of microtubules. Branched nucleation
followed by severing of newly formed microtubules promoted by KTN1 results in
reorientation of the microtubule array. Moreover, other Ca?* targets include PLD, which acts
on microtubule associated proteins (MAPS) responsible for promoting microtubule
stabilisation through bundling of microtubules. Shifts on microtubule orientation of
differentiating wood cells lead to MFA changes during RW formation (Figure 1.2).
Nevertheless, further work is required to elucidate the fine-tuning mechanisms responsible

for correct tissue and function specific cellulose microfibril deposition angles.
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Figure 1.2: Model of MFA determination in response to gravitational stimulus. Gravitational stimulus is
potentially sensed by AGP proteins, which could result in release of calcium into the cell. Ca2+ activates PLD
and PP2A that act on downstream targets and promote cortical microtubule array reorientation and
stabilisation. Microtubules interact with the CSC through CSI1/POM2 and CC1 to determine MFA. ABP1,
auxin binding protein 1; AGP, arabinogalactan protein; CC1, companion of cellulose synthase 1; CSC,
cellulose synthase complex; CSIL/POM?2, cellulose synthase interacting 1; KOR, korrigan; KTN1, katanin 1;
MAP65-1, microtubule associated protein 65-1; MPK®6, mitogen activated kinase 6; PA, phosphatidic acid;
PLD, phospholipase D; PM, plasma membrane; PP2A, protein phosphatase 2A; ROP6, plants Rho-related
GTPase; RIC1, ROP-interactive CRIB motif-containing protein 1; SCW, secondary cell wall; XYN10A, endo-
1,4-p-xylanase glycoside hydrolase 10. Solid lines indicate experimentally determined interactions, while
dashed lines indicate hypothesised connections.

1.6 Conclusions

The cytoskeleton plays an important role in determining CSC delivery sites during SCW
deposition and, specifically in xylary cells, it has been demonstrated to be critical for proper
microfibril orientation. Both microtubules and actin filaments are involved in patterning
secondary wall deposition of xylem cells, which ensures essential features of wood related
to upright support and water transport. These features are of special interest particularly in

woody trees because they impact on wood quality.

Studies in Arabidopsis have been essential in aiding our understanding of the roles
of cytoskeleton in xylem cell development. The roles of microtubules and actin filaments
coordinated by MAPs and ABPs within the cytoskeleton-plasma membrane-cell wall
continuum have been revealed, but these only form part of a robust regulatory pathway that

encompasses environmental perception and signal transduction. Demonstrations of similar
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processes in woody trees are still wanting. In their absence and in utilising all available
evidence, we have put forward a hypothesis for how microtubules might participate in MFA
determination in response to gravitational stimulus which can be used as a molecular model
for future studies that will investigate how tubulins interact with other molecular

components to shape xylary cells in response to environmental changes in woody trees.
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Chapter 2: Reaction wood as a model for studying tubulin roles in wood

formation
Abstract

The wood formed in response to gravitational stimulus, reaction wood (RW), is often studied
as a model of wood formation due to its well-defined cellular and molecular modifications.
Tubulin genes, for example, are known to be differentially expressed in RW and to be
involved in secondary cell wall deposition, affecting the cellulose microfibril angle (MFA)
of xylem fibres. The aim of this study is to better understand how tubulin proteins participate
in wood formation. Towards this end, this study describes, as a first step, microtubule
organisation and orientation in fixed cells of xylem excised from reaction, opposite and
normal wood from branches and induced systems in eucalypt, poplar and radiata pine.
Microtubule organisation was found to vary between reaction, normal and opposite wood,
indicating that tubulins play a significant role in determining the cellular phenotypes
featured in RW — cell wall thickening and MFA. In addition, tension and compression wood
seem to be formed by opposite mechanisms, considering microtubule angle and length.
Some of the aspects of the microtubule array organisation behind tension wood formation
are similar between the two angiosperms and the two states of RW analysed, nevertheless
in some cases different mechanisms seem to be in place. These results imply that changes at
molecular and cellular levels assist woody trees in coping with stress and that different

species employ different strategies of RW formation.

22



2.1 Introduction

Microtubules are macromolecules that are part of the cytoskeleton of eukaryotic cells and
play key roles in cell division, cytoplasmic streaming and organelle transport (Komis et al.
2015). The primary component of microtubules are globular proteins named tubulins, that
form heterodimers comprised of a and [ monomers (Lowe et al. 2001). They bind head to
tail to form protofilaments, which go through stochastic changes between growing and
shrinking phases based on GTP hydrolysis (Heald & Nogales 2002). The impact of
microtubules on cellulose microfibril orientation has been acknowledged since their first
observations (Green 1962; Ledbetter & Porter 1963; Baskin 2001). Studies inhibiting
cortical microtubule organisation (Whittington et al. 2001; Baskin et al. 2004) or cellulose
microfibril deposition (Williamson et al. 2001; Paredez et al. 2008) by pharmacological and
genetic approaches suggest that cortical microtubules control the movement of the cellulose
synthase complex (CSC). The CSC is a membrane-embedded enzymatic complex
containing many cellulose synthases (CesAs) (Herth 1985; Haigler et al. 1986) that move
through the plasma membrane synthesising individual cellulose chains that associate to form
microfibrils in the primary and secondary cell wall (McFarlane et al. 2014; Lampugnani et
al. 2018). In the secondary cell wall particularly, cellulose microfibrils act as the main load-
bearing cell wall component (Polko & Kieber 2019) and their arrangement has great
influence on cell wall physical properties (Hein & Lima 2012; Meents et al. 2018).
Ultimately, Paredez et al. (2006) demonstrated that microtubules share spatiotemporal
locations with CSCs that move along tracks delineated by them in the primary cell wall and
the same mechanism has been established for the secondary cell wall (Watanabe et al. 2015).
These findings helped to shed light on the ongoing debate about the involvement of the
microtubule array in guiding the movement of CSCs, yet little is known about the means by

which this occurs.

Reaction wood (RW) develops in response to gravity associated stress, which can be
caused by wind or load, and it has been used as a model in studies of wood formation (Pilate
et al. 2004). The perception of gravitational stimulus (e.g. load or changes in stem
orientation) triggers a quick response that acts generating strain that acts in returning the
stem to an upright position, reorienting branches, reinforcing stress points or maintaining
branch angles (Scurfield 1973; Bastien et al. 2013; Almeras & Clair 2016; Groover 2016).

This response, so called RW, is known as compression wood (CW), usually found at the
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lower side of gymnosperms branches, and tension wood (TW), commonly found at the upper
side of angiosperms branches. The wood formed opposite to RW is referred to as opposite
wood (OW) and differs from the normal wood (NW) formed in upright stems (Wardrop &
Dadswell 1948, 1950; Fisher & Stevenson 1981). RW is formed through a series of changes

that occur at cellular and molecular levels.

Cellulose microfibril angle (MFA), measured as the deviation of microfibrils from
the long axis of the cell in the Sy layer of the secondary cell wall (Long et al. 2000;
Donaldson 2008) and consequently cell architecture and mechanical properties of fibres and
tracheids, to a large degree are determined by the orientation of cellulose microfibrils (Clair
et al. 2011). Changes in MFA are a distinguishable characteristic of RW: CW features a
large MFA (30°—40°), while NW and OW are characterised by intermediate values (10° to
20°) and TW has very low values (less than 5%) (Washusen et al. 2005; Spokevicius et al.
2007; Li et al. 2013; Almeras & Clair 2016; Roignant et al. 2018). Other cellular
modifications in TW include the development of a gelatinous layer (GL) in the secondary
cell wall, inside the Sz, replacing the Sz or replacing Ssand partially or entirely replacing the
Sz in a number of angiosperms species, such as poplar (Wardrop & Dadswell 1948;
Andersson-Gunneras et al. 2006; Abedini et al. 2015); differences in vessel size; cell
differentiation, expressed by differences in the ratio of fibres to vessels in the xylem, and
the width of cellulose crystallite (Jourez et al. 2001; Washusen & Evans 2001; Washusen et
al. 2005; Mellerowicz & Sundberg 2008). On the other hand, CW cells are rounded with
large intercellular spaces, lack the Ss, have helical cavities in their lumen, higher lignin
content and a comparatively low cellulose content (Wardrop & Dadswell 1950; Tarmian &
Azadfallah 2009; Li et al. 2013; Almeras & Clair 2016).

At the molecular level, the involvement of several genes in the regulation of RW
formation has been identified. Gene expression studies have revealed o and B-tubulins to be
highly expressed in tension and compression wood (Lafarguette et al. 2004; Andersson-
Gunneras et al. 2006; Qiu et al. 2008; MacMillan et al. 2010; Li et al. 2013; Azri et al.
2014). Downregulation of an Eucalyptus grandis B-tubulin gene (EgrTUB1) causes a
significant increase in MFA in transgenic fibres (Spokevicius et al. 2007) suggesting that 3-
tubulin is directly involved in the determination of cellulose microfibril orientation during
xylogenesis, possibly via changes to microtubule structure. OW also plays an active role in

responding to gravity associated stress, suggested by the number of genes reported to be
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differentially expressed in OW versus NW (Chen et al. 2015; Groover 2016). Therefore, it
is evident that modifications in tubulin content significantly affect MFA, possibly via
changes to microtubule structure, thereby impacting the mechanical properties of plant cell

walls and ultimately wood.

Cortical microtubule organisation and cellulose microfibril deposition are closely
associated and microtubules influence cell size and shape. Therefore, it is hypothesised that
differences in the expression of tubulin genes might lead to differences in microtubule
assembly. This differential microtubule orientation and/or organisation might impact on cell
wall morphology, including cell wall thickness, cell length and MFA. In this sense, the
objective of this study is to investigate the role played by tubulin genes during the deposition
of secondary cell walls in woody trees using RW as a model. To do so, cortical microtubule
arrays were visualised using immunolabeling in fixed cells of xylem excised from reaction,
opposite and normal wood of eucalypt, poplar and radiata pine and several aspects of
microtubule organisation were assessed. Two different states of RW have been used in this
study: (i) induced, where seedlings were tipped to their side at 90° and, therefore, actively
produced RW in response to a dynamic load; and (ii) RW formed in branches constantly
subjected to a static load imposed by branch development and position. These two RW
models are known to produce different cell phenotypes, providing an opportunity to draw
conclusions on the relationship between cortical microtubule array features and cellular

morphology in each state, condition, and species.
2.2 Material and methods
2.2.1 Plant growth and reaction wood sampling

As a model of long-term response to gravity-associated stress, branch wood was sourced
from mature trees growing at the University of Melbourne Creswick Campus. Three species
of economic and ecological interest, two angiosperms and one gymnosperm, were chosen
for this study: Eucalyptus globulus Labill., Populus alba L., and Pinus radiata D. Don.

Branches were collected with the aid of a pole pruner.

An induced RW development treatment was used as a model for short term response
to gravitational stimulus under controlled glasshouse conditions. Seedlings were grown to

approximately 0.5-meter height under (exposed to 15 h photoperiod and 25°C day
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temperature) and tipped on their side at 90°. They were then allowed to grow for eight weeks

under the same conditions before samples were collected for assessment.

A total of nine branches and stems of each species were used in this study: three
branches (B), three induced stems (1) and three normal (upright) stems (N) also grown in the

glasshouse.
2.2.2 Tubulin visualisation and microtubule organisation analysis

A small portion (~1 cm?®) of each side of the branch/stem was harvested (20-25 cm up the
stems and ~10 mm branch diameter) and identified as tension (TW), compression (CW),
opposite (OW) or normal wood (NW) and, using a razor blade, radially hand-cut from bark
to pith into ~0.5 mm sections. Samples were then fixed according to Collings and Wasteneys
(2005) in PME solution [50 mmol-L Pipes (P7643, www.sigmaaldrich.com/australia) pH
7.2, 2 mmol-L "t EGTA (E3889), 2 mmol-L* MgSO4 (AJA1548, www.ajaxfinechem.com),
and 0.1% Triton X-100 (X-100, www.sigmaaldrich.com/australia)] containing 2 mmol-L!
phenylmethylsulfonyl fluoride (PMSF, P7626), 400 pmol-L* maleimidobenzoyl-N-
hydroxysuccinimide  ester (MBS, M2786), 4%  formaldehyde (FAO010,
www.chemsupply.com.au) and 1% glutaraldehyde (G5882,
www.sigmaaldrich.com/australia). After fixing, samples were washed in PME twice,
extracted for 1 h in PME solution containing 1% Triton X-100 and washed in PME once

more.

Cell walls were digested in 1% Cellulase from Aspergillus niger (C1184) and 0.1%
Pectolyase from Aspergillus japonicus (P3026) dissolved in PME containing 1% BSA
(A2153) and 0.4 mol-L"* mannitol (M4125). After two washing steps in PME, samples were
permeabilised in methanol (-20°C, 10 minutes) and rehydrated in PBS [131 mmol-L* NaCl
(57653), 5.1 mmol-L'! NaHPO, (S0876), 1.56 mmol-L? KH.POs; (PLO09,
www.chemsupply.com.au) pH 7.2]. Free aldehyde groups were reduced with sodium
borohydride (4528825, mg-mL™?) in PBS for 30 minutes and after three rinses in PBS,
sections were incubated with blocking buffer [PBS containing 1% BSA and 50 mmol-L-1
glycine (G8898)] for 30 minutes.

Monoclonal anti-a-tubulin produced in mouse (clone B-512, T6074; Thermo) was
used as primary antibody diluted 1:1000 in blocking buffer and anti-mouse IgG1 (y1),
CF™488A antibody produced in goat (SAB4600237, www.sigmaaldrich.com/australia) as
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secondary antibody diluted 1:100. Antibody assay was performed as described in Appendix
A of this thesis. Antibody incubations were kept overnight at 4°C and material was washed
in PBS containing 50 mmol-L! glycine (4 x 15 minutes) in between incubations. After
removal of secondary antibodies, sections were again washed in PBS glycine (3 x 15
minutes) and mounted on glass slides in glycerol (AJA242, www.ajaxfinechem.com ) and
cover slips were sealed with nail polish.

Samples were viewed under a Nikon C2 confocal microscope
(www.nikon.com/products/microscope-solutions/lineup/confocal/c2) with 40x numerical
aperture 1.3 oil-immersion lens with 488.6 nm laser and fluorescence was collected from
500-580 nm. Stacks of optical sections were generally collected at 0.5 pum intervals. All
images were processed with Fiji-ImageJ (www.fiji.sc) using standard adjustment tools and
skeletonisation of microtubule arrays. Microtubule organisation for each treatment was
determined as a combination of microtubule orientation (given by the microtubule angle in
relation to the long axis of the cell), microtubule density (given by the number of
distinguishable units within an area of 320 pum?), microtubule bundling (given by the
thickness of said units), microtubule branching (given by the number of microtubules
branching events within the said area) and microtubule average length. Measurements were

taken from several planes with variable z-depth.
2.2.3 Cellulose microfibril visualisation and MFA analysis

Cell walls were stained with Fluorescent Brightener 28 (Sigma) at 10 pg/mL and examined
under a Nikon C2* confocal microscope (www.nikon.com/products/microscope-
solutions/lineup/confocal/c2) with 40x numerical aperture 1.3 oil-immersion lens. Samples
were excited with a 404.8nm laser, and fluorescence was collected from 410-440 nm. MFA
was calculated as the angle formed between the cell’s longer axis and the cellulose
microfibril either directly or using the aperture method described in Cockrell (1974). For
MFA analysis, five fibres were selected per treatment and the MFA attributed to each fibre
was determined from the median value of three independent MFA measurements of that
fibre.

2.2.4 Cell length analysis

Wood tissue was processed as described in Spokevicius et al. (2007). Fibres were excised

from samples as small blocks of wood (~1 mm?®), which were macerated using a master mix
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of 1:1 hydrogen peroxide and glacial acetic acid solution for two hours at 90°C, mounted on
glass slides and stained with methylene blue. Pictures were taken with a digital microscope
camera (Leica DFC450 C, www.leica-microsystems.com/products/microscope-
cameras/p/leica-dfc450-c). The digital software Leica Application Suite (www.leica-
microsystems.com/products/microscope-software/p/leica-application-suite) was used to
assess the length of ten fibres excised from each individual.

2.2.5 Scanning electron microscopy

Transverse sections were visualised using a FEI Teneo VolumeScope scanning electron
microscope (www.fei.com/products/sem/teneo) at 10.8 mm working distance with a low
vacuum detector (LVD) using 5 kV beam and 50 pA current at 2500x magnification. For
this analysis, five fibres located at similar distance from the cambium on transverse sections,
and, therefore, assumedly being at the same developmental stage of each individual were
measured once for cell wall thickness, lumen and cell wall area utilising Fiji-ImageJ

software (www.fiji.sc).
2.2.6 Pith eccentricity calculation

Pith eccentricity was calculated according to Roignant et al. (2018) as:
e
E(%) = ;XlOO

where E represents the pith position in the stem, e is the distance between the geometrical
centre of the stem and the centre of the pith and r is the mean radius of the stem transverse

section.
2.2.7 Data analysis

Two samples were taken from each branch or stem (from the upper and the lower side) and
stems growing upright were sampled randomly only once. Five fibres per were collected at
between 5 to 10 cell files from the cambial zone for all analysis sample (except when noted
otherwise), totalling 15 data points per condition. Outliers were excluded from the analysis
after a Grubbs’ test with a=0.05 and means were compared using one-way ANOVA
assuming equal variances with a=0.05. Confidence intervals were calculated at 95% using

Minitab 19 statistics package.
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2.3 Results
2.3.1 Microtubules form distinct structures during wood formation

To investigate the roles of tubulin in wood formation, microtubule organisation was assessed
in radial sections of RW, OW and NW of eucalypt, poplar and radiata pine. Microtubules
were observed to be in association with pit apertures in eucalypt samples of induced OW,
NW and TW (Fig 2.1 A-C). Furthermore, we observed the formation of microtubule bands
(Fig 2.1 D-F), microtubule bundles in close association with each other forming distinct
groups (bands) within the cell, in all three species. Bands were more frequent in poplar TW
than in NW and branch OW but were absent in poplar induced OW (Table 2.1). In eucalypt,
microtubule bands were more frequent in OW from both induced and branch states, and for
this species the lowest occurrence of microtubule bands was recorded in NW samples.
Finally, in pine, microtubule bands were presented equally across treatments except for

induced OW where it was found to be less numerous.

A second phenomenon of microtubule behaviour was observed in which
microtubules in different planes intertwine creating a braiding pattern (Fig 2.1 F-J). In
contrast, microtubule encounters at steep angles in the same plane produce crossovers, which
were also observed (Fig 2.1 F-L). In poplar, microtubule braiding was predominantly
observed in NW, being present in ~47% of samples, followed by induced OW (~33%) and
TW (~27%), while this pattern was observed in 20% of branch OW and in only ~13% of
TW samples. Similarly, braiding was more prevalent in eucalypt NW samples (~47%), while
it was present in 40% of induced TW and in 7% of OW samples. In branch samples, braiding
was more prevalent in OW when compared to TW (27 and 20% of the samples,
respectively). In pine, microtubule braiding was observed in ~53% of induced CW samples
and in 47% of branch CW, while in OW it was present in ~33% of induced samples and in

40% of branch samples and only in ~13% of NW samples.
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Table 2.1: Percentage of samples exhibiting microtubule bands and microtubule branching

Microtubule bands

Microtubule branching

Species RW state
(%6%) (%0%)

NW 13 47
TW 20 40

Eucalyptus Induced
ow 33 7

globulus

TW 27 20

Branch
ow 33 27
NW 7 47
TW 34 27

Induced
Populus alba ow 0 33
T™W 40 13

Branch
ow 7 20
NW 33 13
CW 33 53

Induced
Pinus radiata ow 13 33
CWwW 33 47

Branch
ow 33 40

*Percentage of the total samples per condition (n=15).
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Figure 2.1: Microtubule structures. Confocal images of microtubules in association with pit apertures in
eucalypt I-OW (A), pine B-CW (B) and pine B-OW (C). Microtubule bands formation in pine I-CW (D), poplar
NW (E) and pine I-OW (F). F-J, microtubule braiding in pine I-OW (F and G), pine I-CW (H), eucalypt I-TW
(1) and poplar I-TW (J). Microtubule crossover in pine I-OW (K) and pine I-CW (L). Arrowheads mark
braiding events; arrows mark crossover events; asterisks mark apertures; lines mark different bands. Bars
measure 2um.

2.3.2 MTA and MFA are strongly correlated in poplar and eucalypt

To better understand how closely microtubule and microfibril orientation are aligned during
wood cell development, correlation studies of microtubule angle (MTA) and MFA were
performed for all three species. In poplar, the Pearson correlation coefficient (PCC) was
0.883 (P-value<0.001), indicating a strong correlation between MTA and MFA in poplar
fibres from all treatments (Fig 2.2 A). The variance in MFA was larger than in MTA (81.034
and 42.805, respectively), however, the difference was not significant (P=0.467). In
eucalypt, the PCC for MTA and MFA was 0.602 (P=0.018, Fig 2.2 B) and the variances of
MTA and MFA were significantly different (P=0.039). Conversely, MTA variance was
higher in comparison to MFA (101.172 and 67.841). Finally, MTA and MFA were found to
be moderately correlated in pine samples (Fig 2.2 C; PCC=0.410; P=0.145) and their
variances were not statistically different (cMTA=37.13; cMFA=54.45; P=0.214).

2.3.3 Tension wood is related to lower MTA, longer microtubules, fewer microtubule

bundles and thicker cell walls

Microtubules were visualised using immunofluorescence to evaluate whether they are
reorganised during TW formation. Because the two RW states investigated here are known
to produce different cell phenotypes, cell morphology was also assessed to better understand
the role played by microtubules in cell morphogenesis. MTA values were lower in both
poplar and eucalypt TW samples when compared to OW in both branch and induced states
(Fig 2.3 A and B; Table B.1 of Appendix B) and significantly different between eucalypt
induced TW and OW (41.7° and 60.8°, respectively, P=0.027). In addition, in poplar, MTAs
were particularly low in samples of NW and significantly different from induced OW (29.6°
and 45°, respectively, P=0.009). Microtubule average length was larger in TW samples when
compared to OW of poplar and eucalypt in samples from both branch and induced states
(Fig 2.3 C and D). Moreover, TW samples of both species presented fewer microtubule
bundles when compared to OW (Figure 2.3 E and F) and differences between eucalypt

branch TW and OW were statistically significant (0.57 um and 0.77 um, respectively,
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P=0.029). Finally, TW samples generally presented thicker cell walls in relation to OW

samples resulting in larger cell wall areas (Figure 2.4 A-D).
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Figure 2.2: MTA and MFA correlation. Confocal image of FB28 stained tracheids (A). Scatterplots of
average MFA and MTA values (15 cells measured per treatment) with regression line and R? for poplar (B),
eucalypt (C) and pine (D).
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Figure 2.3: Tension wood traits. Boxplot with median (crossing line) and mean (dot). Microtubule angle
(MTA, A-B), microtubule length (C-D), microtubule bundling (E-F). B-OW, branch opposite wood; B-TW,
branch tension wood; 1-OW, induced opposite wood; I-TW, induced tension wood; NW, normal wood.
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Figure 2.4: Cell wall thickness in tension wood. Scanning electron micrographs of transverse sections of
eucalypt (A-B) and poplar (C-D) stems (A and C) and branches (B and D) exhibiting tension and opposite
wood. Notice gelatinous layer (G-layer) deposition in poplar B-TW indicated by arrowheads. Bars measure
50 um. Boxplot with median (crossing line) and mean (dot) for cell wall area of eucalypt stems (A) and
branches (B) and poplar stems (C) and branches (D).

Microtubule branching events were found to be increased in poplar TW when
compared to OW and were significantly increased in branch TW (31, P=0.035), whereas no
differences were found in eucalypt samples (Fig 2.5 A and B). In addition, poplar induced
TW samples featured significantly higher microtubule density (37.2, P=0.003) while this
feature did not seem to be altered between TW and OW in branches of this species (Fig 2.5
C and D). Interestingly, with regards to microtubule density, eucalypts showed opposite
trends in induced and branch states, with average density found to be lower in induced TW
but higher in branch TW when compared to OW samples (Fig 2.5 C and D). Transverse cell
area was generally larger in branch TW samples in comparison to OW in both angiosperm

species (Fig 2.5 E). This trend, however, was not observed in the induced state: TW poplar
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samples presented cell area values similar to OW while TW eucalypt samples generally
featured smaller cell area when compared to OW (Fig 2.5 F). Moreover, eucalypt TW
samples from both induced and branch states featured shorter fibres in relation to OW while
in poplar, induced TW fibres were longer than OW, but no difference was observed between
branch TW and OW samples (Fig 2.5 G and H). While these results demonstrate similarities
in microtubule organisation during TW formation between the two angiosperm species,
different microtubule traits or arrangements (e.g. microtubule branching in poplar TW)

might have different functions in branch and induced states and in different species.
2.3.4 Compression wood is related to larger MTA, thicker cell walls and smaller tracheids

Microtubule organisation and cell phenotypes in compression wood (CW) formed in pine
branches and bent stems were determined to investigate whether microtubules play a role in
CW formation in these two experimental states. CW samples presented larger cell wall areas
when compared to OW (Fig 2.6 A-E; Table B.1 of Appendix B) and especially in branch
CW samples it was possible to observe typically rounded tracheids (Fig 2.6 A). Generally,
tracheids were shorter and showed smaller transverse areas in CW when compared to OW
(Fig 2.6 F and G). In addition, CW showed increased MTA, however no significant
differences were found (Fig 2.6 H). CW showed contrasting trends for microtubule
bundling, which was lower in the induced state but higher in the branch state when compared
to OW (Fig 2.6 1). Density of microtubules was significantly higher in branch CW samples
in comparison to OW (15.46 and 17.8, respectively; P=0.021) but no differences were found
between induced CW and OW (Fig 2.6 J). More microtubule branching was observed in
induced CW when compared to OW, but branch samples presented similar values for CW
and OW (Fig 2.6 K). Finally, in average, microtubule length was higher in induced OW
samples in comparison to CW but similar between branch OW and CW samples (Fig 2.6 L).
Pine samples from induced and branch states appear to share some of the cellular
mechanisms of CW formation, yet different strategies might be employed by the trees at

different states.
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Figure 2.6: Compression wood traits. Scanning electron micrographs of transverse sections of pine branches
(A and B) and stems (C and D) exhibiting compression (A and C) and opposite wood (B and D). Bars measure
50 um. Boxplot with median (crossing line) and mean (dot) for cell wall area (E), cell length (F), cell area
(G), MTA (H), microtubule bundling (1), microtubule density (J), microtubule branching (K) and microtubule
length (L).

2.3.5 Reaction wood formation results in asymmetrical growth of the stem

To verify if RW formation would lead to increased wood formation, branches and stems
were assessed for asymmetrical growth. Stems growing upright (NW) did not exhibit
distinguishable asymmetrical growth (Fig 2.7 A, D and G) while enhanced wood formation
was visually verified on the upper side of branches and bent stems of eucalypt and poplar
(Fig 2.7 B-C and E-F) and on the lower side of pine branches and bent stems (Fig 2.7 H and
1), being more prominent in induced RW (Fig 2.7 B, E and H).

To quantify the asymmetrical growth, pith position was calculated and further
confirmed enhanced wood formation in RW samples. Pith eccentricity (E) increased as the
pith moved further from the geometrical centre of the branch or stem. Positive values
represent a geometrical centre on the upper side of the branch/stem while negative values
were obtained when the geometrical centre was on the lower side of the branch/stem. E
values were especially higher in induced samples and eucalypt induced TW samples showed

the highest values while the lowest value was found in pine NW (Table 2.2).
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Populus alba Eucalyptus globulusg ‘

Pinus radiata

Fig. 2.7: Transverse sections of stems and branches showing different degrees of pith eccentricity.
Eucalyptus globulus NW (A), I-TW (B) and B-TW (C). Populus alba NW (D), I-TW (E) and B-TW (F). Pinus
radiata NW (G), I-CW (H), B-CW (I). Notice the orange coloration in pine samples. NW, normal wood; I-RW,
induced reaction wood; B-RW, branch reaction wood. Arrow indicates gravity (g) vector direction in relation
to branch and stem sections. Bars measure 1mm.
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Table 2.2: E values for pith eccentricity (%)

Populus alba Eucalyptus globulus Pinus radiata
NW 4.15 5.37 -0.27
Induced RW 29.73 43.95 -29.83
Branch RW 21.75 19.78 -21.31

2.3.6 Results summary

A summary of results for microtubule organisation and cell morphology of all three species
and for each condition can be found in Table 2.3. While the statistical comparisons were
made within the same state for each species (branch RW versus branch OW; induced RW
and induced OW versus NW), one could still infer other biological implications from these
results. For example, TW and CW seem to be formed by opposite mechanisms, considering
aspects of microtubule organisation in those conditions such as MTA and microtubule
length. Moreover, some of the aspects of the microtubule array organisation behind TW
formation are similar between the two angiosperms and the two states of RW analysed in
this study, nevertheless, different mechanisms seem to be in place for each species. These
results suggest that RW is formed through a series of cellular and molecular changes in wood
cells, including cortical microtubule array reorganisation, which can be different for each

species and between different RW states.
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Table 2.3: Results summary

Microtubules Cell morphology
. (=) —_
Species RW state © 2 E’ E _g) ‘_§ slos|5s| «
< S = S g T8 |05 | 38| S
< a 32 g 3 3 2| 3

TW + + - + + - + + -
Induced

Populus S i * i i * i * "

alba ™ - 0 0 - + + 0 - -
Branch

ow + 0 0 - - - 0 - +

TW - - + - + + - - -
Induced

Eucalyptus o * ) ) ) ) ) C *

globulus ™ ) + i 0 + + ) + )
Branch

ow + - + 0 - - + - +

CcWwW + + - + - + - - +
Induced

Pinus ow - - + - + - + + +

radiata cw + ) + 0 0 + ) ) )
Branch

ow - + - 0 0 - + + +

Key results of microtubule organisation and cell morphology for each species in each condition. Symbols
indicate that values are higher (+), lower (-) or do not show any trend (0) in comparison to the other treatment
of the same state. Red symbols indicate statistically significant results.

2.4 Discussion

2.4.1 Distinct microtubule structures might have specific functions during wood formation

in woody trees

For a distinct microtubule organisation observed in this study, the term microtubule braiding
was introduced. To current knowledge, this is the first report of such microtubule behaviour
in any species, which suggests the possibility of a specific function for these braids during
wood formation in woody trees. This braided pattern results from microtubule intertwining
in different planes which is distinct from the previously reported crossover behaviour (Dixit
& Cyr 2004b). Crossover encounters result from single microtubules interacting at steep-
angles within the same plane, producing the “cross” pattern observed in immunofluorescent
images. By contrast, braiding is a result of microtubules interlacing more than once

producing a pattern recognisable on immunofluorescent images as double helices. Braiding
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was most frequently observed in eucalypt and pine RW. Cellulose microfibrils have been
reported to highly aggregate in the secondary cell wall, improving wall rigidity (Li et al.
2016). If CSCs could be guided by braiding microtubules, the existence of a mechanism
allowing cellulose microfibrils to intertwine with each other could be speculated. Cellulose
microfibrils deposited in the same orientation but being capable of forming higher level
structures in a braided pattern would have the potential to generate stiffer or stronger cell

walls.

In some instances, microtubule bundles were found to aggregate in bands that could
be easily observed and were especially frequent in RW. Microtubule band formation has
also been reported as a typical feature of Arabidopsis epidermal cells transdifferentiated into
xylem tracheary elements induced by VASCULAR-RELATED NAC-DOMAING (VND6) and
VND?7 transcription factors (Kubo et al. 2005; Yamaguchi et al. 2010) and their presence
has been suggested to function as a template for helical secondary cell wall thickenings in
both fibres and tracheids (Funada et al. 2001; Lloyd 2011). Formation of microtubule bands
might be involved in patterned secondary cell wall thickening in RW.

2.4.2 MTA plays an important role in MFA determination during wood formation

The angle at which cellulose microfibrils are deposited in the secondary cell wall is an
important characteristic of RW formation and TW has often been described to feature very
low MFA while OW reportedly presents larger angles (Washusen et al. 2005; Almeras &
Clair 2016; Roignant et al. 2018). In this study, such low values of MFA were not recorded,
however MFA, as well as microtubule angle, was lower in TW than in OW, even though no
statistical difference was found. It might well be the case that young seedlings like the ones
used for this analysis usually feature larger MFAs than mature trees (Barnett & Bonham
2004). Microfibrils are described to shift their orientation to lower angles towards the end
of secondary cell wall deposition (Prodhan et al. 1995; Abe & Funada 2005). For these
analyses, fibres were collected at between 5 to 10 cell files from the cambial zone, and
therefore, they might have been at different stages of development. Finally, while NW is
frequently described to have intermediate MFA values, in a gradient between TW and OW
(Almeras & Clair 2016), in poplar samples NW presented the lowest values for both

microtubule angle and MFA.
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It is generally accepted that microtubules guide the CSC (Paradez et al. 2006; Lei et
al. 2014; Komis et al. 2015; Watanabe et al. 2015) and Chan and Coen (2020) recently
demonstrated that microtubule guidance overrides autonomous CSC trajectories in response
to environmental and developmental cues. Therefore, it seems reasonable to expect that
MFA will reflect MTA. Changes in microtubule orientation in response to bending have
been reported (Furusawa et al. 1998) and previous studies have shown correspondence
between microtubule and microfibril orientation (Abe et al. 1995; Prodhan et al. 1995;
Furusawa et al. 1998). However, due to the dynamics of microtubule arrays, which undergo
constant reorganisation in response to environmental cues (Nick 2013), it is unlikely that
they remain unchanged following the deposition of cellulose microfibrils in the S, layer of
the secondary cell wall. Furthermore, microfibril orientation does not exclusively result from
microtubule guidance and it might change due to interaction with adjacent microfibrils and
non-cellulosic components (McFarlane et al. 2014). Therefore, MFA might have to be seen
as the result of a combination of different interactions with the constantly shifting
microtubule cortical array and with other cell wall components. Results show a strong
positive correlation between MFA and MTA in poplar samples, which suggests that even
though other factors might influence the orientation of newly deposited cellulose

microfibrils, MTA plays an important role in MFA determination during wood formation.
2.4.3 Microtubule branching is important for array reorientation

While animal cells have a microtubule organising centre, called a centrosome, in plant cells
the formation of new microtubules, nucleation, occurs dispersed at the cell cortex,
throughout the cytoplasm, and near the nucleus (Dixit & Cyr 2004a; Hashimoto 2015).
Visualisation of microtubule dynamics in live cells of Arabidopsis seedlings revealed that
nucleation centres, formed by y-tubulin-containing ring complexes (yTuRC), are activated
along the sides of cortical microtubules, where they instantly promote microtubule
nucleation (Nakamura et al. 2010; Nakamura 2015). In the present study, nucleation events
were counted as branching occurrences in the microtubule array. Branching was more
prevalent in NW of all three species and occurred more frequently in RW in comparison to
OW samples. Computer simulation models showed that branched nucleation increased array
polarity (i.e. microtubule growth towards the same direction) and that changes in the mean
branch angle increased the probability of the array to shift at least 20° from the initial

transverse orientation (Eren et al. 2010). Indeed, several studies have demonstrated that
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branched nucleation followed by depolymerisation of mother microtubules is the main mode
of array reorientation (Nakamura 2015; Oda 2015; Chen et al. 2016). Observations of more
frequent nucleation events in poplar samples, which featured the lowest MTA and MFA are
in agreement with such models, since it is important that microtubules are correctly

orientated during RW formation.

2.4.4 Microtubule reorganisation during reaction wood formation might have a role in cell
wall thickening

Because microtubules play an important role in diffusely growing cells (Wasteneys &
Galway 2003), changes in fibre and tracheid length and transverse area were investigated.
No statistical differences were found across the different treatments in all three species.
However, except for poplar, shorter cells were usually associated with RW formation.
Because cell elongation occurs prior to secondary cell wall deposition, and despite smaller
cells being a common feature of RW, the absence of a clear relationship between cell size

and microtubule organisation in cells depositing a secondary cell wall is not surprising.

Finally, tubulin genes are highly expressed in RW. In TW, for example, expression
levels of some tubulin genes can increase as much as 3.4-fold in comparison to OW (Qiu et
al. 2008). While, as a result, there may be more of these globular proteins available in RW
cells, exactly how the quantity of tubulins might determine microtubule assembly in those
cells is not known. In this study the quantity of tubulins assembled into microtubules was
assessed by measuring the average length of microtubules, the number of branching events,
the thickness of microtubule units (microtubule bundling) and microtubule density.
However, those measurements account only for tubulins polymerised into microtubules
while gene expression reports are likely to have included free tubulins, or the augment in
tubulin expression in these reports may be a mere result of a larger number of cells on the

side of the branch/stem producing RW.

Generally longer microtubules were observed in TW and also density of
microtubules in poplar induced state was significantly increased, which might be a result of
such an augment in tubulin content. This is in alignment with Prodhan et al. (1995), who
reported that microtubules at a high density play an important role during secondary cell
wall deposition in woody trees, especially during TW formation. RW formation was

associated with thicker cell walls, which suggests greater CSC activity in those cells and,
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hence, increased cellulose deposition. In this case, more or longer microtubules, as observed
in poplar and eucalypt TW samples, would be required to ensure the guidance of more CSCs
in the plasma membrane at a given time. Indeed, changes in microtubule orientation in the
Arabidopsis mutant fra2 have been shown to affect cell wall thickness and cellulose
biosynthesis (Burk & Ye 2002). The development of a gelatinous layer (G-layer) observed
in branch TW poplar samples is a common response to gravitational stimulus and it is
believed to rapidly generate tension stress (Andersson-Gunneras et al. 2006; Abedini et al.
2015). Changes in microtubule organisation might well be related to the deposition of a G-
layer in poplar TW cells. Although eucalypts do not develop a G-layer, samples from
induced TW were almost twice as thick as OW, suggesting an alternative strategy employed
by this species to cope with sudden exposure to gravitational stimulus since branch wood
samples did not present such sharp differences. In pine, CW samples presented thicker cell
walls and branch CW samples featured tracheids with walls twice as thick as OW samples.
However, microtubule length and bundling are lower in induced CW and microtubule
density appears not be affected by RW formation and only microtubule branching was found
increased in CW. In combination, these results suggest that cell wall thickening is related to
RW formation and that reorganisation of the cortical microtubule array might have a role in

promoting cellulose deposition through increases in CSC activity.

2.4.5 Asymmetrical growth acts in readjusting the stem to an upright position and in

maintaining branch angles

Here, induced RW formation resulted in more eccentric piths, and sudden exposure to
gravitational stimulus generated by tilting the stems caused enhanced tissue growth on the
RW side. These results are consistent with other studies which demonstrated that RW is
typically associated with increased wood formation on the upper or the lower sides of
leaning branches and stems, in angiosperms and gymnosperms, respectively, leading to pith
eccentricity (Wardrop & Dadswell 1950; Fisher & Stevenson 1981; Jourez et al. 2001).
Interestingly, in this study, this response was found to be less pronounced in branch wood,
which presented only mild pith eccentricity. In this respect, Roignant et al. (2018) reported
higher pith eccentricity in permanently leaning stems when compared to stems subjected to
single unidirectional bending and postulated that the degree of pith eccentricity is related to
an increase in the applied strain. Results suggest that when tilted to their side, the stem

rapidly grows asymmetrically in response to the elevated strain attempting to readjust to an
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upright position through an increase in wood formation which, in combination with cellular
alterations, acts by either “pushing” or “pulling” the leaning stem back upright in
compression and tension wood, respectively. In branches, on the other hand, wood cells are
exposed to gravitational stimulus from the moment of their initiation, which means that these
branches are not necessarily trying to regain an upright position and, thus, the asymmetrical
response is less prominent. In this state, the role of RW is restricted to solely maintaining
the angle of a branch in relation to the main stem.

2.5 Conclusions

Microtubule organisation and cell morphology varied across all treatments, indicating a
response to gravitational stimulus. Microtubules were demonstrated to play important roles
in determining cellular features in RW to some degree in respect to cell wall thickening, but
mainly in determining the MFA. RW formation was demonstrated to occur by different
processes in angiosperms and gymnosperms and in different angiosperm species.
Differences were also found between artificially induced RW and RW spontaneously
formed in branches. In summary, the results demonstrate that changes at molecular and
cellular levels assist woody trees in coping with gravitational stimulus and that different
species employ different strategies of RW formation. Unravelling exactly how differential
cortical microtubule array organisation is triggered during RW formation, how changes in
this organisation determine morphogenesis of xylary cells in response to environmental
signalling, and whether different tubulin isoforms have different roles in wood formation

will be the subject of further investigations.
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Chapter 3: Microtubule-interacting drugs affect cellulose microfibril

angle of woody tree species in vivo and in vitro
Abstract

Microtubule reorganisation appears to be a key response to gravitational stimulus, since
formation of tension wood (TW) occurs through a series of cellular modifications
coordinated, to some degree, by the cortical microtubule array. Microtubule-interacting
drugs were employed to study microtubule dynamics during secondary cell wall (SCW)
deposition in wood cells. Specifically, paclitaxel, a secondary metabolite produced by yews
that reduces the dynamicity of the microtubule array, was injected in vivo on the upper side
of horizontal poplar stems to study the effects of cortical microtubule array stabilisation on
TW development in poplar trees. In response, microtubule angle (MTA) and cellulose
microfibril angle (MFA) were found to be larger when compared to the upper side of
untreated stems. In addition, an apical stem segment system for in vitro wood formation was
developed for eucalypt, poplar and radiata pine to assess the effects of oryzalin, a well-
known microtubule polymerisation inhibitor, on MFA. The unique conditions promoted by
in vitro culture were advantageous to investigating changes in cellulose microfibril
orientation in SCW in response to cortical microtubule array disruption. Cells cultured in
medium containing oryzalin exhibited destabilised microtubule arrays, however cellulose
microfibrils were capable of self-alignment independently from microtubules in lower
angles when compared to those cultured in control medium. Altogether, these results provide
evidence that perturbation of cortical microtubule array organisation leads to changes in
microfibril orientation, implying that microtubules are involved in MFA determination of

developing wood cells.
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3.1 Introduction

Plasma membrane embedded cellulose synthase complexes (CSCs) move along tracks
delineated by cortical microtubules in the primary cell wall (PCW) (Paredez et al. 2006).
Studies in Arabidopsis elongating cells have provided important insights into the role of the
cortical microtubule array in determining cellulose microfibril orientation, which play a
critical role in anisotropic growth (Baskin 2005). When compared to the PCW, the
secondary cell wall (SCW) presents differences in composition and mechanical properties,
however cellulose deposition occurs in a similar manner (Watanabe et al. 2015). In woody
trees, tubulin gene expression has been demonstrated to be enhanced on the upper side of
angiosperm branches forming tension wood (TW) (Qiu et al. 2008) and an Eucalyptus
grandis B-tubulin gene was implicated in directly contributing to the determination of
cellulose microfibril angle (MFA) in transgenic eucalypt fibres in vivo (Spokevicius et al.
2007). Such gene expression studies often involve the use of reaction wood (RW) as a
model, and the same system can also be used to study the roles played by microtubules
during wood formation as demonstrated in Chapter 2. Studies employing pharmacological
approaches have provided compelling evidence regarding cytoskeleton functions in
Arabidopsis (Wang & Mao 2019), encouraging their utilisation to investigate microtubule
roles in wood formation in trees by adding microtubule-interacting drugs to both in vivo and

in vitro systems.

Paclitaxel is a taxane produced by plants within the genus Taxus (yews) that binds
to polymerised tubulins and enhances microtubule polymerisation by lowering the critical
concentration (Cc) of the tubulin heterodimer, below which tubulin assembly does not occur
spontaneously (Schiff et al. 1979). Treatment with paclitaxel reduces microtubule Kinetics
and, consequently, the dynamicity of the cortical array (Kumar 1981; Morejohn & Fosket
1984) and it has been suggested to enhance microtubule nucleation events (Bokros et al.
1993). Microtubule reorientation does not occur in the presence of paclitaxel (Seagull 1990)
and cells subjected to paclitaxel-induced microtubule array stabilisation are more
susceptible to cold and hyperosmotic conditions, suggesting that microtubule reorganisation
is a key response to stress (Wang et al. 2007; Wang & Nick 2017). Nucleation of
microtubules followed by depolymerisation of mother microtubules are the main
mechanisms by which microtubules shift their orientation within an array (Lindeboom et al.
2013; Nakamura 2015; Chen et al. 2016), making them important steps of TW formation.
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Oryzalin (3,5-dinitro-N* N*-dipropylsulfanilamide) is a dinitroaniline herbicide, a
large class of herbicides that produce morphological abnormalities in plants and disrupt cell
division (Morejohn et al. 1987). Bartels and Hilton (1973) were the first to report that
oryzalin interferes with microtubule synthesis and its mode of action was then further
characterised by Strachan and Hess (1983), who reported that oryzalin binds to plant tubulin
and forms a stable complex which is incapable of polymerising into microtubules. This
microtubule inhibitor has been extensively used in different plant organs and species as an
antagonist of paclitaxel effects (McNally & Vale 1993; Baskin et al. 1994; Sugimoto et al.
2003). Microtubule behaviour was investigated ina number of species and cell types treated
with oryzalin, resulting in important findings regarding microtubule-dependent microtubule
nucleation (Tian et al. 2004; Murata et al. 2005), cell ploidy (Lam et al. 2014), cell
morphogenesis (Baskin et al. 1994; Hashimoto 2013; Swamy et al. 2015) and plant
physiological response to stress (Wang et al. 2007; Ban et al. 2013; Endler et al. 2015). The
functions of microtubule associated proteins (MAPS) (Xu et al. 2009; Mitra et al. 2019) and
the roles of microtubules in guiding the CSC (Gardiner et al. 2003; Schneider et al. 2017;
Yang et al. 2019) were also studied with the aid of this microtubule inhibitor. Furthermore,
drug-dependent microtubule disruption resulted in loss of localised SCW deposition pattern
in Arabidopsis developing vessels (Gardiner et al. 2003), suggesting that cytoskeleton roles

in wood development studies could be further elucidated by employing oryzalin treatments.

To further investigate the roles of microtubule dynamics in wood formation,
previously described microtubule-interacting drugs, paclitaxel and oryzalin, were applied to
wood tissue depositing SCW. Because reorganisation of the cortical microtubule array
seems to be a key step during TW formation, the effect its stabilisation on TW development
in poplar trees was studied by applying paclitaxel to an in vivo TW induction system using
trunk injection. This technique has been used since the 15" century to deliver pesticides,
plant growth regulators and other chemicals directly to a tree’s vascular system (Berger &
Laurent 2019). Additionally, to monitor changes to cellulose microfibril orientation in
response to cortical microtubule array disruption, a technique first described by Leitch
(1999) in Eucalyptus globulus Labill, the apical stem segment (ASS) system of in vitro
culture, was employed. Although other studies have used young apical stem tissues, this
system represents the first validated method for culturing fully differentiated xylogenic cells

and allows for investigations into cambial development and wood formation under in vitro
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conditions. Due to its reliable production of close-to-normal wood, this method has been
successfully used for genetic transformation experiments with promising results
(Spokevicius et al. 2005). It allowed us to assess the effects of oryzalin on microtubule
organisation and MFA determination in eucalypt, poplar and radiata pine woody tissue

grown in culture.
3.2 Material and Methods
3.2.1 In vivo studies

1-year-old Populus alba L. trees were grown under glasshouse conditions and TW formation
was induced (see chapter 2.2.1 for details on growth conditions and RW formation
induction). Four trees growing upright were injected with DMSO and 0.1% safranin
(W387520 and S2255, respectively, www.sigmaaldrich.com/australia ) containing 30 uM
paclitaxel (T7402, www.sigmaaldrich.com/australia) at 120 cm height (Fig 3.1 A). A
syringe containing 1 mL was introduced through the bark, so the solution was in contact
with the vascular cambium. The syringe was left in place during the entire experiment to
allow the solution to move passively through the vascular tissue and gentle thumb pressure
was applied daily to assist uptake. Three control trees were injected with the dye solution
only. After 24 h, all trees were tipped on their side at 90° to promote TW formation and were
allowed to grow seven days in this position (Fig 3.1 B). A small portion (~1 cm?®) of the
upper side of the stems was collected from 1 cm and 10 cm above the injection point and

microtubule organisation, MFA and cell wall thickness were assessed in each sample.

Microtubule organisation, MFA, cell wall thickening, and gelatinous layer (G-layer)
deposition were assessed in each sample according to Chapter 2.2. The uplifting response
(Fig 3.2) was given by the difference in degrees between the inclinations of the stem apex
measured on day 1 (right after pots were tipped to the side) and on day 7 (before sample

collection). Pith eccentricity was calculated as described in Chapter 2.2.6.
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Figure 3.1: Stem Injection. DMSO 0.1% safranin solution containing 30 uM paclitaxel was injected in stems
growing upright (A). After 24 h pots were tipped on their side and trees were allowed to grow for seven days
in this position (B). Red arrow marks the syringe. Bars measure 10 cm.
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Day 1 Day 7

Figure 3.2: Uplifting response. Inclination of the leaning stems on day 1 (A) and day 7 (B) measured by the
angle between the apex of the stem and a point marked on the horizontal portion of the stem. Uplifting response
is given by the difference (in degrees) of the angles on D1 and on D7.Free clipart used to compose this scheme
were sourced from D G Mackean www.biology-resources.com and www.pinclipart.com.

3.2.2 In vitro studies

In preparation for the establishment of callus cultures, apical stem sections of up to 30 cm
were harvested from young stems of Eucalyptus grandis x camaldulensis, Populus alba and
Pinus radiata D.Don. that had been cultivated under controlled glasshouse conditions
(Chapter 2.2.1). These stem sections were sterilised using detergent (3% Decon 90,
www.decon.co.uk/products/decon90) for 10 minutes followed by another 30 minutes. Stems
were then immersed in 0.4% sodium hypochlorite for 10 minutes twice before being
immersed in 0.9% hydrogen peroxide for 30 minutes. Finally, they were washed in double-
distilled water for one hour. Double-distilled water was also used for rinsing between each

treatment.

Sterilised and washed stems were transferred to a laminar flow cabinet, dipped in
70% ethanol and left to dry on sterile filter paper. Stems were then cut into segments of
about 1 cm in length using a sterilised razor blade and transferred to solidified culture
medium (Table 3.1) in sterile Petri dishes with their apical ends inserted into the medium
and left to produce wound callus and new xylogenic tissue under continuous light (standard
cool white fluorescent, 36 Watts) at room temperature (~24°) with a 2-week subculture
interval. In the sixth week, half of the segments which had produced new growth were
transferred  to media  containing 3 uM  of  Oryzalin (36182,

www.sigmaaldrich.com/australia) and after 72 h, 20 segments per species (10 oryzalin
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treated and 10 control) were harvested, cut longitudinally and fixed as described in Chapter
2.2.2.

Table 3.1. Composition of tissue culture medium

Lloyd & McCown woody plant basal salt mixture! 23
(g/L) '

Murashige & Skoog modified vitamins (x1000)* 1

(ml/L)

D-glucose (g/L)? 25

NAA (mg/L)* 0.5

GA (mg/L)? 2.5

Phytagel (g/L)? 3

1 Austratec, Australia (www.austratec.com.au)
2 Sigma, Australia (www.sigmaaldrich.com/australia)

3.2.3. Data analysis

Five fibres per sample were analysed except where otherwise stated. Means were compared
using one-way ANOVA assuming equal variances with 0=0.05 and a Tukey pairwise
comparison. Confidence intervals were calculated at 95% using Minitab 19 statistics

package.
3.3 Results

3.3.1 Microtubule organisation was affected by paclitaxel injection in tension wood forming

poplar trees

Microtubule organisation was studied as described in Chapter 2.2.2 to investigate if
stabilisation of the cortical array by paclitaxel injection had occurred and affected

microtubule organisation.

Microtubule bundling was found to be higher in fibres treated with paclitaxel
(P=0.251, Figure 3.3 A) as were branching events (P=0.866, Fig 3.3 B). Density of
microtubules was the highest in control samples collected at 10 cm above the injection point
and the lowest in paclitaxel injected samples collected at the same height, however similar
values were obtained between control and paclitaxel at 1 cm above the injection point
(P=0.456, Fig 3.3 C). Finally, microtubule length was generally similar in all treatments, but

microtubules were slightly longer in paclitaxel treated fibres at the height of 1 cm (P=0.834,
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Fig 3.3 D). In summary, treatment with paclitaxel possibly enhanced microtubule bundling

and branching occurrence in xylem fibres.
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Figure 3.3: Microtubule organisation. Boxplot with median (crossing line) and mean (dot) for microtubule
bundling (A), microtubule branching (B), microtubule density (C) and microtubule length (D). C, control; T,
30 uM paclitaxel at 1 cm and 10 cm from injection point.

3.3.2 Paclitaxel affected MFA of developing fibres

Typical changes of TW formation in poplars include decrease in MFA, increase in cell wall
thickness and G-layer deposition. To investigate if stabilisation of microtubules would
impact TW formation, MFA and SCW development were analysed in samples from stems
injected with paclitaxel using confocal and scanning electron microscopy (see Chapter 2.2
for details).

MFA was found to be larger in fibres treated with the paclitaxel solution when
compared to control fibres by ~11.9° at 1 cm above the injection point and by ~5.4°at 10 cm
(P=0.102, Fig 3.4 A). In addition, MTA was generally larger in fibres treated with paclitaxel
in comparison to control fibres at both heights by ~5.8° at 1 cm above the injection point
and ~5.2° at 10 cm, however no significant difference was found (P=0.165, Fig 3.4 B).

Furthermore, a high correlation between MFA and MTA in all samples was verified (Fig
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3.4 C). Pearson coefficients are: Control — 1 cm: 0.970, Control — 10 cm: 0.970, paclitaxel
— 1 cm: 0.920 and paclitaxel — 10 cm: 0.937. Paclitaxel promoted microtubule alignment at
larger angles, which possibly impacted cellulose microfibril orientation, given by the large
MFA of fibres treated with the drug.

A B« c*

Figure 3.4: MFA and MTA in fibres treated with taxol. Boxplot with median (crossing line) and mean (dot)
for microfibril angle (A) and microtubule angle (B). C, control; T, 30 «M paclitaxel at 1 cm and 10 cm from
injection point. Scatterplots of average MFA and MTA values (15 cells measured per treatment) with
regression line and R? (C).

Cell wall area and cell wall thickness were mostly reduced in paclitaxel injected
samples in comparison to controls at both sampling points, and generally smaller at 10 cm
above the injection point under both conditions (P=0.136 and P=0.336, respectively; Fig 3.4
B and C). Finally, G-layer formation was documented both in control and paclitaxel treated
samples to the same extent (Fig 3.5). Treatment with paclitaxel resulted in larger MFA and

reduced cell wall thickness, but no effects were found in relation to G-layer development.

3.3.3 Stems injected with paclitaxel demonstrated minor uplifting response but no

asymmetrical growth

Asymmetrical growth, often determined by pith eccentricity (E), and uplifting of leaning
stems are commonly associated with TW formation in Populus (Matsuzaki et al. 2007;
Groover 2016). Therefore, the impact of paclitaxel on these stem responses was investigated.
paclitaxel treatment did not affect pith eccentricity during the time of the experiment since
control and paclitaxel treated stems demonstrated similar E (P=0.45, Fig 3.6). Control trees
were able to uplift their stems by 2.6+1.3 degrees within seven days while trees injected
with paclitaxel were uplifted by 0.87+0.5 degrees. However, no significant difference was
found between these means (P=0.14). Stems injected with paclitaxel showed diminished
uplifting response but, given similar E values, no evident changes on asymmetrical lateral

growth,
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Figure 3.5: Cell wall traits. Boxplot with median (crossing line) and mean (dot) for cell wall area (A) and cell
wall thickness (B). C, control; T, 30 uM paclitaxel at 1 cm and 10 cm from injection point. Scanning electron
micrographs of transverse sections of poplar stems (C-D). Notice gelatinous layer (G-layer) deposition in
control (C) and paclitaxel treated (D) samples indicated by arrowheads. Bars measure 50 um.

3.3.4 Callus growth and wood formation were detectable in apical stem segments cultured

in vitro

Apical stem segments were used as explants to promote callus growth and wood formation
in vitro. Callus started growing on the exposed ends of segments above the media after
approximately two weeks. Calluses were pale brown or green to white (Fig 3.7 A-C). The
concentration of plant growth regulators used in the culture medium had been demonstrated
to promote wood formation (Leitch 1999). In vitro wood formation occurred following the
re-establishment of cambium activity. Wound parenchyma was formed between cells
produced prior to culture and those produced in culture. This region was distinguishable in
transverse and longitudinal hand-sections as cells with different sizes and thin cell walls in
a disorganised pattern (Fig 3.7 D-K). Where cambial activity was regained, organised layers
of xylogenic cells resulting from periclinal division were observed. In some cases, like in
eucalypt stems (Fig 3.7 F-G), it was not possible to observe a discernible cambial zone and
a severe wound was visible before the beginning of new wood development and callus

growth. In other cases, observed in pine and poplar, the cambium was re-established shortly
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after development of an initial wound and promoted new wood formation in bundles
surrounded by disorderly callus mass (Fig 3.7 H-K). Differentiation of all xylogenic cell
types were observed to the extent of 2 to 8 eight cells in a radial file with normal SCW
deposition observed in longitudinal sections stained with Fluorescent Brightener 28 (Fig 3.7
L-M). Therefore, the described system promoted wood formation in vitro in different woody
tree species after 6 weeks in culture.

1cm - 10cm

Taxol 30uM

Figure 3.6: Pith eccentricity. Transverse sections of poplar stems treated with control solution (A-B) or
paclitaxel 30 xM solution (C-D) collected at 1 cm or 10 cm above the injection point with respective average
E.. Arrow indicates gravity (g) vector direction in relation to stem sections. Bars measure 2 mm.
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Figure 3.7: Callus growth and wood formation in vitro. Apical stem segments cultured for 6 weeks exhibiting
callus growth in poplar (A), pine (B) and eucalypt (C) explants. Bars measure 1 cm. Unstained transverse (D,
F, H and J) and longitudinal (E, G, I and K) hand sections of stem segments of eucalypt (D, F-G), poplar (H-
1) and pine (E, J-K) exhibiting callus growth and new wood formation after reestablishment of cambium
activity. Arrows indicate enlarged wound parenchyma cells. Fluorescent brightener 28 stained wood cells
formed in vitro from eucalypt (L) and poplar samples (M). C, callus; cz, cambium zone; f, fibre; P, pith; sxy,
secondary xylem; v, vessel; nxy, newly formed xylem; w, wound. Bars measure 50 um

3.3.5 Microtubule disruption led to decrease in MFA of wood cells formed in vitro

To determine the extent of cortical microtubule array disruption in the presence of oryzalin,
microtubules were visualised using immunofluorescence and the MFA of newly developed
wood cells as described in Chapter 2.2.2. As anticipated, in samples subjected to the oryzalin
treatment, the cortical microtubule array was disrupted in almost the entire extent of all
observed cells (Fig 3.8). MFA of newly formed wood fibres was further assessed to
determine whether it was affected by the absence of microtubules. Wood formed in the

presence of oryzalin produced cells with generally lower MFA in all three species (Table
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3.2). MFA was approximately 5.6° lower in poplar samples treated with oryzalin, 4.4° in
eucalypt samples and 8.9° in pine tracheids. However, no significant difference was found
when control and oryzalin treatments were compared for eucalypt, poplar and pine (P values
= 0.216, 0.240 and 0.134, respectively).

Finally, correlation between MTA and MFA was assessed in samples of wood cells
formed in vitro in the absence of oryzalin. Indeed, MTA and MFA showed a strong
correlation indicated by the Pearson coefficient in pine, poplar and eucalypt (0.891, 0.957
and 0.986, respectively). Microtubules and cellulose microfibrils strongly co-aligned in
control samples and disruption of microtubules caused by oryzalin led to shift in cellulose

microfibril orientation to a more longitudinal alignment.

Table 3.2: MFA values

Control 3 UM Oryzalin
Poplar 46.1+3.022 40.53+3.52
Eucalypt 43.9+2.52 39.54+2.42
Pine 45.85+3.1° 36.94+3.9°

Means (zs.e.) of MFA for control and oryzalin treatments. Means that do not share a letter within each
row are significantly different.

3.4 Discussion

3.4.1 Cortical microtubules affect MFA and the rate of cellulose deposition but not G-layer

development

Paclitaxel injection affected microtubule dynamics and TW formation in an induced system.
On average, more branching events occurred in fibres treated with the drug, this was also
observed by Bokros et al. (1993) in maize and tobacco. Moreover, fibres treated with
paclitaxel presented more microtubule bundles. Microtubule bundling is often reported as
the most stable form of microtubule assembly (Mollinari et al. 2002; Dixit & Cyr 2004a;
Wicker-Planquart et al. 2004), and prominent bundles of microtubules were reported in
paclitaxel treated cells (Baskin et al. 1994). Hence, paclitaxel appears to enhance

microtubule polymerisation but also favours bundle formation to promote array stabilisation.
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Control Oryzalin 3uM

Figure 3.8: Effect of oryzalin on cortical microtubule array. Cortical microtubule array of pine tracheids
(A-B) and poplar fibres (C-D) visualised using immunolabelling cultured in control medium (A and C) and in
medium containing 3 uM oryzalin for 72 h (B and D). Bars measure 50 um.

Furthermore, results demonstrated that stems treated with paclitaxel for 24 h before
TW induction presented fibres with larger MTA and MFA after one week of an induced TW
treatment, compared to control stems that were treated with a dye solution only. TW is
commonly associated with low MFA values (Almeras & Clair 2016) that are likely to be

determined by a shift of the cortical microtubule array from a transverse to a longitudinally

61



aligned position (Chapter 2). Because paclitaxel has been reported to prevent reorientation
of microtubules in developing cotton fibres (Seagull 1990) it was hypothesised that injection
of paclitaxel during induced TW formation might affect MTA and, consequently, MFA
determination. When treated with the stabilising drug paclitaxel prior to TW induction,
microtubules become “locked” in their previous orientation, therefore re-orientation during
TW formation is hindered resulting in higher MTA and MFA in this condition.

Thicker cell walls are normally associated with TW formation (Almeras & Clair
2016) however when treated with paclitaxel, stems forming TW showed a decrease in cell
wall thickness and cell wall area, suggesting that changes to microtubule dynamics affect
cellulose deposition to some degree. It is well established that microtubules play an essential
role in guiding the CSC and, therefore, they can affect cellulose deposition and cell wall
development (Emons & Mulder 2000). By studying the cellulose-deficient Arabidopsis rswl
mutant, Sugimoto et al. (2001) postulated a relation between cellulose synthesis and
microfibril alignment. Additionally, Gutierrez et al. (2009) demonstrated that CSCs are
preferentially delivered to the plasma membrane at sites coinciding with cortical
microtubules. Here, evidence provided by promoting microtubule array stabilisation
suggests that microtubules play different roles during wood formation, not only determining
the orientation of newly formed cellulose microfibrils but also controlling the rate of

cellulose deposition itself.

Moreover, presence of a G-layer was equally frequent across all treatments. The G-
layer is a chemical and morphologically distinct layer of the SCW characterised by
extremely low MFA, a highly mesoporous matrix and the ability to generate axial strain
during TW formation in poplar (Clair et al. 2018). While development of a G-layer can be
understood as part of the process of cell wall thickening during TW formation (Clair et al.
2018), results suggest that microtubules do not substantially participate in G-layer
formation, or at least their organisation is not crucial for its development. Even though it
seems that microtubules organisation can impact cellulose deposition, G-layer formation
occurs through a whole different set of transcription factors that affect cell wall composition
(Gorshkov et al. 2017), which are more likely to be responsible for the development of

distinct chemical properties in this special layer.
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Lastly, it is worth mentioning that some of the studied parameters were also
influenced by the height on the stem at which the sample was collected and/or the distance
from the injection point. For instance, microtubule density peaked in control samples
collected 10 cm above the injection point while the number of microtubules in other
conditions were similar to each other. Differences in ontogenetic development between the
two different sample collection points and severity of wound response to the needle, which

presumably less severe further from the injection site, can account for these variations.
3.4.2 Microtubules play a role in fine-tuning the orientation of cellulose microfibrils

MFAs of fibres and tracheids cultured in vitro in the presence of oryzalin were determined
to investigate whether the disruption of microtubule arrays would have an impact on the
orientation of newly deposited cellulose microfibrils in SCW. Cells analysed in this study
presented large MFAs (>40°) in all three species, an expected result since newly developed
wood cells naturally feature large MFAs (Barnett & Bonham 2004). Moreover, large MFAs
might be a result of the unique conditions provided by in vitro culturing of young stems.
Tissue cultured in vitro is subjected to different concentrations of phytohormones when
compared to natural conditions (Leitch & Savidge 2000). While gravitational stimulus as
an environmental cue has little influence on promoting cell wall stiffening, changes in stem
integrity and reduction of the external pressure may also influence the final MFA of wood

cells cultured in vitro (Brown 1964).

Results showed that when the cortical microtubule array was disrupted through the
action of oryzalin, cells featured lower MFA and, therefore, cellulose microfibrils were more
longitudinally aligned. Related studies in Arabidopsis root epidermal and cortical cells
demonstrated that drug-dependent disruption of microtubules does not alter microfibril
parallel alignment locally, but microfibrils showed considerable variation in their orientation
within the same cell (Sugimoto et al. 2003; Baskin et al. 2004). These results suggest that
cellulose deposition into well-ordered parallel patterns can be generated by a self-assembly
mechanism with little or no microtubule influence and they seem to spontaneously align. In
this respect, Emons (1994) first proposed a geometrical model to explain the self-ordering
mechanism of cellulose microfibrils that has been further supported by other studies
(Sugimoto et al. 2001; Himmelspach et al. 2003). This model considers the density of CSCs

in the plasma membrane, the distance between newly deposited cellulose microfibrils and
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the overall cell geometry as factors influencing microfibril orientation in SCW (Emons &
Mulder 2000). Other models incorporated the notion of a scaffold of proteins and/or
polysaccharides built on the plasma membrane, which is based on microtubule orientation
but capable to sustain cellulose synthesis in an independent manner (Baskin 2001). Recently,
Chan and Coen (2020) reported a dual mechanism of CSC guidance in Arabidopsis leaves:
autonomous CSCs follow trails generated by previous complexes that are overridden when
a CSC encounters a microtubule. Therefore, microtubule guidance seems to be dominant,
but an autonomous system takes place in the absence of microtubules. Based on these
findings, microtubules must play a role in fine-tuning the orientation of cellulose

microfibrils deposition, ensuring their alignment at appropriate angles.
3.4.3 Tissue culture is a valuable tool to study molecular aspects of wood formation

In vitro practices have been widely applied in forestry for plant propagation, biomass and
secondary metabolite production, breeding and conservation programs and biotechnology
studies (Leitch & Savidge 2000; Thorpe 2007; Garcia-Gonzales et al. 2010). However, in
wood formation studies such techniques are not broadly utilised due to concerns regarding
differences between wood formed in vitro and wood naturally grown in trees (Leitch &
Savidge 2000). The culture of apical stem segments is advantageous because it can produce
a cellular response that leads to cambial activity and wood formation (Leitch & Bossinger
2004). Therefore, it can be easily employed to investigate the effects of nutrition, growth
regulators and other chemicals, as well as test the impact of different genotypes or genetic
transformation on a given trait. In addition, it allows a set of cellular or sub-cellular
mechanisms to be studied separate from the influence of whole organism signalling
pathways. So far, this specific method had only been applied to Eucalyptus globulus (Leitch
1999) and, here, culture of apical stem segments worked equally well in Eucalyptus grandis
x camaldulensis; Populus alba, the model organism for woody trees; and in Pinus radiata,
a conifer of economic relevance. Therefore, the use of this system can be readily employed

for a wide range of woody tree species, facilitating propagation and genetic transformation.
3.5 Conclusion

Perturbation of cortical microtubule array organisation led to changes in microfibril
orientation, providing evidence for microtubule involvement in determining MFA of wood

cells. The stabilisation of the cortical array by paclitaxel in vivo affected TW formation by
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preventing the shift of microtubule orientation and resulted in larger MTA and MFA and
other cell wall alterations. Simultaneously, a tissue culture system that promotes wood
formation in vitro was applied to different woody tree species and, using this system, the
capacity of cellulose microfibrils to self-align with little or no microtubule influence was
demonstrated. In summary, results suggest that reorganisation of microtubules and
reorientation of the cortical array act to fine-tun MFA, ensuring appropriate cellulose
microfibril alignment and/or realignment, which can be critical to respond to environmental

stimulus.
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Chapter 4: Thesis summary and future directions

This thesis aimed to shed light on the role played by microtubules in wood formation, in
particular during the deposition of secondary cell wall (SCW) by investigating different
aspects of cortical microtubule array organisation during several SCW formation systems.
For more than 50 years, microtubules have been accredited for directly or indirectly guiding
the cellulose synthase complex (CSC) through the plasma membrane (Heath 1974; Giddings
& Staehelin 1991; Paredez et al. 2006; Watanabe et al. 2015) and recent surveys revealed
the activity of microtubule associated proteins (MAPS) in physically linking microtubules
and CSC (Li et al. 2012a; Schneider et al. 2017; Kesten et al. 2019). However, other studies
demonstrated that microtubules are critical in reorientating cellulose deposition rather than
guiding the CSC throughout the entire process of cellulose deposition (Woodley et al. 2018;
Chan & Coen 2020). This feature is especially important when responding to environmental
signals and/or stress conditions. Microtubules seem to play an important role in determining
the sites of CSC delivery to the plasma membrane which consequently affects cellulose
microfibril orientation and cell morphogenesis. Furthermore, tubulin genes are upregulated
in response to gravitational stimulus, during reaction wood (RW) formation, which can

result in changes to microtubule assembly.

In this study, RW was employed as a model to investigate whether microtubules
reorganise during wood formation. In Chapter 2, microtubules were found to differently
organise on different sides of branches and stems subject to gravitational stimulus and in
stems growing upright. Changes in microtubule organisation were correlated to changes in
cell wall morphology, for instance cells forming RW in all species presented thicker cell
walls. Tension wood (TW) was often related to lower microtubule angle (MTA), longer
microtubules, fewer microtubule bundles and lower microfibril angle (MFA). In contrast,
compression wood (CW) was correlated with larger MTA, larger MFA and generally
smaller cells. However, some microtubule traits, especially microtubule density and bundle
formation, were observed to differ between different species and/or between induced and
branch states within a species. This implies that these arrangements might have diverse
functions. Together, the results suggest that microtubule reorganisation is a cellular response
to gravitational stimulus, and it could be part of the mechanism promoting changes in cell

wall properties for coping with mechanical forces.
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The role of microtubules in RW formation was further investigated with the aid of
paclitaxel. This chemical acts by enhancing microtubule polymerisation and reducing
microtubule kinetics. Paclitaxel was injected into poplar stems subsequently induced to form
TW. Results reported in Chapter 3 were consistent with the notion that microtubules shift
their orientation during RW formation. Fibres treated with paclitaxel prior to TW induction
showed larger MTA, which resulted in larger MFA in this condition. This might indicate a
reduced ability to shift the orientation of their cortical microtubules. Finally, the capability
of cellulose microfibrils to self-organise in the absence of microtubules was tested in apical
stem segments cultured in vitro using media containing oryzalin, a chemical known to inhibit
microtubule polymerisation. Wood cells treated with oryzalin presented lower MFA
compared to cells cultured in control medium. These results provide evidence that deposition
of parallel aligned cellulose microfibrils in wood cells can occur in the absence of
microtubules, however this autonomous mechanism is secondary to microtubule guidance
(Chan & Coen 2020), which is, therefore, required for fine-tuning the orientation of cellulose
microfibrils. In summary, findings presented in this study suggest that reorientation of the
cortical microtubule array affects cellulose deposition during SCW by ensuring appropriate
orientation of cellulose microfibrils and determining MFA in wood cells. Moreover,
environmental signals, such as gravitational stimulus, can act in wood formation resulting

in alterations in the cell wall, possibly through interaction with microtubules.

It remains to be determined how exactly microtubule organisation participates in the
determination of wood cell wall properties. An issue to be overcome is our current ability to
observe microtubule dynamics in xylary cells via live cell imaging. Immunolabelling
techniques employed in the present study are practical tools to observe intracellular
structures, however due to the nature of the material and the position of xylem cells in a
tree’s body, the use of fixed cells was required. Microtubules are dynamic polymers, thus
images of the array in fixed cells are, at best, snapshots of a continuous process of
reorganisation. Evidence of the occurrence of such dynamic process during RW formation
was presented here, indicated by differences in the number of branched nucleation events
and microtubule angles, for example. In the future, it will be worthwhile to observe these
structures in live wood cells, either in cell culture or in vivo, using a time-lapse approach.
So far, this has been achieved using transdifferentiation of Arabidopsis epidermal cells into

tracheary elements (Kubo et al. 2005; Kondo et al. 2015), which does not necessarily
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represent the processes occurring in woody trees. Therefore, live wood cells cultured in vitro
or live cells in arbor transformed with a fluorescent microtubule-marker could be employed

to study microtubule dynamics during wood development in woody tree species.

In addition, it will be necessary to investigate how differential gene expression and
interactions between microtubules and MAPs cause the cortical microtubule array to
reorganise in response to environmental signals. Recently, Smertenko et al. (2020) described
how MAP20 supresses microtubule depolymerisation in a similar manner to paclitaxel.
Therefore, overexpression of MAP20 might impact microtubule reorganisation during RW
formation, presenting an opportunity to study cellular characteristics controlled by
microtubule dynamics. A promising technique is Induced Somatic Sector Analysis (ISSA)
(Spokevicius et al. 2016), which allows direct comparison between transformed wood
sectors and neighboring non-transgenic tissue. Moreover, tissue sectors transformed using
ISSA and cultured in vitro can potentially be used to produce full transgenic plants for the
study of microtubule dynamics in live cells of plants expressing fluorescent microtubule

markers in combination with differentially regulated MAPs.

Reorientation of cortical microtubules is an important step in RW formation and a
common response to other environmental cues and stress conditions (Wang & Mao 2019).
Future work may use molecular techniques to determine the exact mechanism by which
wood cells sense extracellular stimuli and how this signal is transduced within the cell. At
least two types of mechanosensing molecules were identified in plant cell walls — for
extensive review see Landrein and Ingram (2019) — characterisation of these molecules and
their specific function in wood cells will improve our knowledge of mechanoperception in

plants.

Finally, upregulation of tubulin genes during RW formation has been consistently
reported in both angiosperms (Paux et al. 2005; Qiu et al. 2008; Azri et al. 2014) and
gymnosperms (Villalobos et al. 2012; Li et al. 2013), however exactly how this differential
expression influences microtubule organisation in those cells is not known. In this study,
microtubule organisation was assessed as microtubule density, length of microtubules,
nucleation events and microtubule bundling, but the presented results were not sufficient to
explain upregulation of tubulin genes during RW formation. The method employed here

could not differentiate between tubulin isoforms, but it might be the case that preferred
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isoforms are expressed in RW cells and differently affect microtubule properties and,
consequently, cellular features. For example, EQrTUB1 has been implicated in affecting
MFA of transgenic fibres (Spokevicius et al. 2007). Therefore, protein expression studies
would be necessary to investigate whether some tubulin isoforms are preferred expressed
during RW development. Additionally, dynamics of microtubules formed by different ratios
of preferred RW isoforms could be assessed via living cell imaging to determine whether
microtubules with distinct features play specific roles during SCW deposition.

This study started to unveil the role of tubulins in wood formation by exploring
cortical microtubule array organisation in trees subjected to gravitational stimulus. Results
presented in this thesis provide evidence that microtubules reorganise and reorientate in
response to environmental signals affecting aspects of cell morphology, MFA for instance.
However, other aspects of microtubule dynamics in live cells, how the mechanical stimulus
is sensed by the cell wall and the role of MAPs and tubulins isoforms are awaiting further
investigation (Fig 4.1).
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Figure 4.1: Thesis summary. Environmental signals can impact wood formation resulting in alterations in the
cell wall. To further understand this process, the present study investigated microtubule organisation in
response to gravitational stimulus and reported changes in cell wall features, MFA and cell wall thickness for
instance (red arrow). The participation of mechanosensing molecules, microtubule associated proteins
(MAPs) and tubulin isoforms are still to be investigated (black arrows). Arrowed callouts contain suggested

approaches for the investigation of these processes.
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Appendix A

Visualisation of cortical microtubules was performed using immunolabelling in which anti-
a-tubulin produced in mouse was used as primary antibody and anti-mouse IgG1 CF™488A
antibody produced in goat was used as secondary antibody. To assess whether there was
non-specific binding of the secondary antibody to the sample, longitudinal sections of poplar
wood were incubated with the secondary antibody alone. In addition, incubations with no
antibody and the primary antibody alone were performed to assess the level of lignin
autofluorescence in the samples, slides were visualised under confocal microscope with
404.8 nm laser (Alexa Fluor 430). Samples exhibited some degree of autofluorescence (Fig
A.1Db, e, hand k) but no signal was received with the 488.6 nm laser (Alexa Fluor 488) when
samples were incubated with no antibody or with the primary or the secondary antibodies
alone (Fig A.1 ¢, f and i). Samples incubated with both antibodies as described in Chapter
2.2.2 presented strong signal at 488.6 nm (Fig A.1 I). Therefore, anti-mouse IgG1l
CF™488A specifically bonded to anti-a-tubulin allowing the study of cortical microtubules.
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TD . Alexa Fluor 430 Alexa Fluor 488

anti-mouse IgG1 CF™488A anti-a-tubulin

anti-a-tubulin + anti-mouse I1gG1
CF™488A

Figure A.1: Antibody assay. Longitudinal sections of poplar wood (a-i) and pine apical stem segment (j-1)
incubated with different combinations of primary and secondary antibodies. TD, transmitted light.
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Appendix B

Absolute values for tension (Table B.1) and compression wood traits (Table B.2) regarding

microtubule organisation and cell morphology are compiled here.
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