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Abstract

Polarity is a property of many cell types across a multitude of organisms. In multicellular
organisms, cell polarity can be coordinated forming tissue-wide polarity fields. Coordinated
polarity fields have been described in planar organs in animals, such as the Drosophila wing,
and are implicated in transport, growth and differentiation. In plants, coordinated polarity
fields have been described across the leaf primordia, and in specific developmental contexts,
using PIN proteins. Polarity fields have also been identified in subgroups of leaf epidermal
cells later in development, such as in trichomes and the stomatal lineage. However, it is
unclear whether coordinated polarity is an underlying feature of planar plant organs. Despite
this, predictions have been made that suggest polarity may provide the axial information to
guide growth in plants. In this work, | use ectopic expression of the stomatal protein
BREAKING OF ASYMMETRY IN THE STOMATAL LINEAGE (BASL) to reveal a coordinated tissue-
wide polarity field that exists throughout Arabidopsis thaliana leaf development. Ectopic
BASL localises towards the proximal end of cells and the polarity field revealed diverges in
lateral parts of the lamina at later stages of development, suggesting it may be deformed
during growth. | show that this polarity field is independent of the stomatal lineage and that
cell shape anisotropy is not required for orienting polarity. In addition, | explore mechanisms
involved in polarity coordination, and analyse ectopic BASL polarity in relation to PIN polarity
at serrations. | show that ectopic BASL polarity mirrors epidermal PIN patterns which
suggests a possible common underlying polarity system. Finally, | use a biochemical approach
to identify potential novel factors involved in polarity formation in plants. This work provides
evidence for tissue-wide polarity in leaves that, like in animals, may provide a general cellular

mechanism for guiding growth and differentiation.
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Chapter 1

1 General introduction

1.1 The existence of polarity

“..to construct a part of London, or to find one’s way in a desert, plans or maps are not
enough; one needs a compass or the sun for orientation. Likewise, to build a limb, individual
cells need vectors to tell them in which direction to move, to divide as well as how to orient
extensions, such as cilia, bristles or axons. Multicellular organisms could not be built without
vectors.” (Lawrence et al., 2007)

The statement above alludes to the importance of coordinated vector information (or
polarity) in multicellular organisms. From the coordinated direction of hairs on your arm, to
the cilia on the mouse eye and the trichomes on a Drosophila wing, coordination of polarity
is observable in many multicellular organisms. Some organisms also exhibit a clear polarity
across their body axis: for example, the typical plant is polarised with a root at one end and
a shoot at the other. Polarity is also a property of many single-celled organisms. To explore

the existence and function of polarity, it is first necessary to define this term.

1.1.1 Defining polarity

The term polarity, at its most basic level, refers to an asymmetry to which a vector could be
assigned. Cell polarity therefore refers to an asymmetry within a cell. This definition can be
applied to physical structures, for example the flagella of a bacteria, or molecular
asymmetries, for example proteins localised to one end of a cell. For a single cell, the
definition of polarity is relatively straightforward, but this becomes substantially more

complex when considering multicellular tissues or organisms.

In a multicellular, and often 3D, tissue, individual cell polarities can be coordinated which
raises the issue of defining a polarity field (Figure 1.1). Mathematically, a polarity field is
equivalent to a vector field, where each point has a vector associated with it (Lawrence et
al., 2007). In biological terms, this is often understood as each cell having an individual
polarity. However, the discrete nature of polarity in cells is notably different from the
mathematical definition in which polarity is a continuous phenomenon. Indeed, it has been
argued that there is no universally accepted satisfactory mathematical definition of polarity

for biological use (Axelrod and Bergmann, 2014).
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In a tissue, cell polarity can be coordinated (or not) between neighbouring cells in cell files,
between cell files, and with a tissue axis (Figure 1.1). Arguably all these situations involve a
polarity field. A tissue in which at least some cells are polarised (i.e. possess cell polarity)
could be described as possessing an overall polarity field which could vary from random to
highly coordinated (Figure 1.1 A-D). A situation in which not every cell has a polarity could
be termed a partial polarity field, contrasting with a system in which every cell presents a
polarity (although in biological tissues this tends not to be the case and therefore this
distinction is probably unnecessary). Polarity may be uncoordinated (Figure 1.1 A),
coordinated within but not between cell files (Figure 1.1 B), within and between cell files
(Figure 1.1 C), and even in three dimensions between the cell layers of a tissue (Figure 1.1

D).

CF =
-

A

Figure 1.1 Polarity can be coordinated to different extents in multicellular tissues.
(A) Some cells in a tissue may possess polarity (indicated by a green line representing a

polarity marker and orange arrow representing a polarity vector) which may not be clearly
coordinated across the tissue. (B) Polarity may be coordinated within but not always
between cell files, or (C) polarity may be coordinated within and between cell files. (D) In 3-
dimensional tissue, polarity may also be coordinated between cell layers.

The terms tissue cell polarity (Abley et al., 2013) and planar cell polarity (Goodrich and Strutt,
2011; Jones and Chen, 2007) are often used to refer to a cell-based coordinated polarity field
across a planar tissue (i.e. the situation pictured in Figure 1.1 C or D). Planar cell polarity is
often referred to in animal systems and refers to the polarisation of a field of cells within the

plane of a cell sheet (Jones and Chen, 2007). Tissue cell polarity refers to a vector field across
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a tissue. This is distinct from regional polarity which is a scalar field (Lawrence et al., 2007
Richardson et al., 2016). The term regional polarity refers to spatial variation in regional
identities (Richardson et al., 2016), such as spatially different gene expression levels across
a tissue. A well-studied example of regional polarity is the polarity of the abaxial and adaxial
side of a leaf, where regional differences in the expression of KANADI and HD-ZIP genes,

amongst others, leads to the development of a leaf with two distinct surfaces (Byrne, 2012).

In this work, | will refer to the coordination of cell polarity across a tissue as ‘tissue cell
polarity’ or simply a polarity field. This does not require every cell to possess polarity or that
polarity is coordinated in every cell and cell layer, but that it is broadly coordinated across a
tissue. This is also distinctly different from regional polarity used to describe the asymmetry

across the leaf, rather than polarity at a cellular level.

1.1.2 Polarity in single-celled organisms

Cell polarity is an important feature of single celled organisms as it allows directional
responses such as asymmetric cell division, chemotaxis, and cell migration (Etienne-
Manneville, 2008; Macara and Mili, 2008). In rod-shaped bacteria, for example, the existence
of a flagella at one end of the cell provides evidence for a physical marker of polarity that is
vital for cell motility. In single celled organisms, polarity is often established in response to
an external cue, for example in Dictyostelium discoideum where polarised cell migration
occurs in response to a gradient of chemoattractants (Devreotes and Zigmond, 1988). In
budding yeast, the bud scar from previous divisions provides a polarity cue for further
budding to occur allowing division to take place at the optimum position relative to previous
divisions (Chant and Herskowitz, 1991; Wedlich-Soldner and Li, 2003). The zygote of the
brown algae Fucus polarises in response to external factors (Goodner and Quatrano, 1993;
Jaffe, 1956; Torode et al., 2016). In these cases, asymmetric localisation of proteins,
membrane domains or cellular machinery must underlie the physical cell asymmetries

described.

1.1.3 Polarity in multicellular organisms

In multicellular organisms of both the plant and animal kingdoms, examples of polarity can
be observed which are thought to play an important role at the level of individual cells, for
instance allowing asymmetric responses such as endomembrane trafficking (Li et al., 2016).
However, multicellularity also allows cell polarity to be coordinated to produce tissue level

coordination, allowing communication and transport across a tissue (Meinhardt, 2007).
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1.1.3.1 Polarity in animals

In animals, the best studied example of tissue cell polarity is in Drosophila melanogaster,
where many molecular components involved in establishing cell polarity have been
elucidated (Strutt and Strutt, 2009). In the Drosophila wing, a hair forms at the distal end of
each cell. The hairs all point distally producing a coordinated proximodistal pattern across
the wing (Figure 1.2 A). Coordinated asymmetrical localisation of protein complexes in cells

during wing development underlies the coordinated hair patterns produced.

In Drosophila, two main systems govern the coordinated polarity in the wing: the ‘core’
planar polarity pathway (involving the proteins Vangl, Celsr, Frizzled, Dishevelled and Prickle
amongst others (Henderson et al., 2018)) and the Fat/Dachsous (Ft/Ds) system (Goodrich
and Strutt, 2011). The core planar polarity pathway of the Drosophila wing involves the Wnt
ligand binding to a Frizzled receptor at the cell surface. This triggers recruitment of
Dishevelled to the cell membrane (Wang et al., 2016). Unlike members of the core pathway,
the Ft/Ds proteins do not appear to be clearly polarised in cells, but their important role in
establishing polarity is apparent in the ds mutant which has an unusual swirled pattern of
hairs on the wing (Thomas and Strutt, 2012). It remains unclear how the core system and the

Ft/Ds are linked in establishing polarity (Thomas and Strutt, 2012).

Similarly, in the ependymal brain cells of mice, basal bodies consistently localise to one side
of the hexagonal cells creating coordinated polarity across the tissue and providing further
examples for the molecular basis of polarity in animal tissues (Figure 1.2 C) (Goodrich and

Strutt, 2011).
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Figure 1.2 Physical and molecular markers of polarity exist in both plant and animal
tissues.

(A) Hairs on a Drosophila wing point from proximal to distal positions in a coordinated
manner. Scale bar 20 um. (B) Cells on the ventral petal of Mimulus exhibit coordinated tissue
cell polarity, image from Xana Rebocho (unpublished). Scale bar 50 um. (C) Confocal image
of mouse brain ependymal cells, with cell membranes stained for B-catenin (green) and cilia
basal bodies for y-tubulin (red). In each cell, basal bodies are displaced towards one side
(white arrow) in a coordinated manner. (D) PIN1::PIN1-GFP expression in the primordia of A.
thaliana. PIN1 localises to the apical end of cells. Image taken by Erika Kuchen. A and C are
adapted with permission from Goodrich and Strutt (2011), Cis adapted with permission from
Abley et al. (2013).

1.1.3.2 Polarity in plants

As mentioned above, plants as whole organisms typically appear polarised, with a root at
one end and a shoot at the other. Individual organs also possess regional polarity, such as
the axes of the leaf. As in animals, physical markers of polarity are present in plants, some
cell types also appear polarised, and some molecular markers of polarity have been
characterised. Whilst in some cases molecular polarity markers do underlie the formation of
physical polarised structures, in many examples in the plant kingdom the molecular
foundations have not been elucidated. In general, the molecular mechanisms underlying

polarity in plants are less well understood than in animal systems.

27



General introduction

1.1.3.2.1 Physical markers of polarity in plants

Physical markers of polarity exist in the plant kingdom across different organs. In Arabidopsis
thaliana leaves, trichome development appears to require cell polarity as the divisions in
trichome development are closely correlated with the leaf axis. The first trichome division
takes place along the proximodistal leaf axis, and the second only occurs in the distal branch
resulting in one branch of the trichome pointing proximally and two pointing distally (Bouyer
et al., 2001; Hulskamp et al., 1994). Mutants in trichome development can produce mis-

aligned trichomes with aberrant divisions (Bouyer et al., 2001; Hiilskamp et al., 1994).

The bladder of the carnivorous bladderwort Utricularia gibba also has physical markers of
polarity in four-pronged quadrifid glands found on the inside surface of the bladder (Bushell,
2016). Quadrifid glands are not symmetrical and can be assigned a polarity based on the
angles between the cross-shaped terminal cells of the glands. Across the bladder, these
glands show a coordinated polarity, from the stalk region of the bladder to the mouth of the
trap (Bushell, 2016). Notably, in the case of both trichomes in A. thaliana and quadrifid
glands in U. gibba, the polarity is not coordinated across every cell as not every leaf
epidermal cell produces a trichome and not every bladder cell produces a quadrifid gland
(representing a situation between that shown in Figure 1.1 A and C). Furthermore, the
molecular mechanisms underlying trichome and quadrifid patterning and coordination are

not well understood.

Another physical example of polarity apparent in some plant tissues is petal conical cell
shape. Petal cells can be asymmetric in their shape and coordinated across a tissue, such as
in Mimulus where the tips of cells in the ventral petal are coordinated (Figure 1.2 B). This is
one of very few examples of physical markers of polarity coordinated across every cell in a
plant organ, but it has not been characterised in detail, or studied at the molecular level.
Other species have been reported to show a similar phenomenon and this may play a role in
how insects interact with petals (Whitney et al., 2009). For example, in Arisaema
jacquemontii, modified polarised conical cells exist that form a coordinated pattern across
the petal, pointing down into the trap of this flower (Whitney et al., 2009). Some carnivorous
plant traps also possess these polarised cells that are hypothesised to aid insect capture by
making it easy for insects to slide into a trap but difficult to escape (Juniper et al., 1989; Vogel

and Martens, 2000).
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In roots, the root hair consistently protrudes from the basal end of root hair cells (Masucci
and Schiefelbein, 1994). This patterning in roots is known to involve auxin signalling (Grebe
et al., 2002) and provides further evidence that different plant cell types possess coordinated
polarity. However, roots are cylindrical and therefore do not display planar cell polarity
across a 2D sheet of tissue in the same way as planar organs such as leaves, which | focus on

here.

1.1.3.2.2 Molecular markers of polarity in plants

Members of the auxin efflux carrier PIN-FORMED (PIN) protein family are commonly used as
markers of polarity in plants and have formed the basis of multiple models of polarity
formation (see section 1.4) (Abley et al., 2013; Jonsson et al., 2006; Rolland-Lagan and

Prusinkiewicz, 2005; Stoma et al., 2008).

The eight PIN genes in A. thaliana can be broadly divided into two subfamilies: the ’long’
PINs, which includes all those defined as auxin efflux carriers localised at the plasma
membrane (PIN1-4, PIN7 and usually PIN6), and the other subfamily composed of PIN5 and
PIN8 which mediate internal auxin homeostasis (Krfecek et al., 2009). The tissue context and
specific sequence of PIN proteins controls their polarity (O’Connor et al., 2014; Wisniewska
et al., 2006), with members of the ‘long’ family often, but not always, polarly localised in
different developmental contexts (Kfecek et al., 2009). PIN1, for example, is upregulated in
outgrowth formation and is expressed in the A. thaliana meristem (Reinhardt et al., 2003)
and is distally localised in cells of the primordia (Guenot et al., 2012; Scarpella et al., 2006)
(Figure 1.2 D). Polarised PIN1 expression is also observed in serrations (Bilsborough et al.,

2011; Hay et al., 2006) and ectopic outgrowths (Abley et al., 2016).

In addition to PIN proteins, few other molecular markers of coordinated tissue cell polarity
are known to exist in plant tissues. Members of the NODULIN26-LIKE INTRINSIC PROTEINS
(NIPs) and BORON TRANSPORTERS (BOR1) are polarly localised in a coordinated manner in
roots (Shimotohno et al., 2015; Takano et al., 2010). OCTOPUS, a protein involved in phloem
differentiation, also has a coordinated polar localisation that has also been largely
characterised in roots (Truernit et al., 2012). Likewise, the recently identified SOSEKI (SOK)
protein family are found to be polarly localised in roots; interestingly different members of
this protein family localise to different corners of root cells (Yoshida et al., 2019). The SOK
proteins are reported to possess a DIX domain (Yoshida et al., 2019), which is a motif involved
in polarity establishment in animals (Schwarz-Romond et al., 2007) which might suggest

novel links between the polarity systems of plants and animals. However, examples of
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coordinated tissue-wide polarity markers in plants are largely confined to the roots, with the

exception of PIN proteins.

Markers of coordinated polarity in leaves (beyond the primordia stage) are lacking. The
pavement cells that make up much of the epidermis of A. thaliana leaves are often referred
to as being polarised (Yang, 2008). However, pavement cells appear to possess multiple
polarities (and may be referred to as multi-polar cells), rather than possessing a single cell
polarity. At the molecular level, the interdigitation of pavement cells involves the asymmetric
localisation of proteins including Rho of plants 2 (ROP2), which localises to the lobes of
pavement cells (Fu et al., 2002; Fu et al., 2005). The multi-polar interdigitation of pavement

cells is also reported to be regulated by auxin (Chen et al., 2015; Yang, 2008).

A number of proteins that localise preferentially to one end of the cell have been described
(i.e. markers of cell polarity rather than necessarily tissue cell polarity) within the stomatal
lineage of A. thaliana. BREAKING OF ASYMMETRY IN THE STOMATAL LINEAGE (BASL) is one
such protein which is involved in asymmetric divisions in the stomatal lineage and localises
in a polar crescent at the cell periphery before an asymmetric division (Dong et al., 2009;
Robinson et al., 2011). Other proteins specific to the stomatal lineage, such as POLAR
(Pillitteri et al., 2011) and the BASL-interactor BREVIS RADIX LIKE 2 (BRXL2) (Rowe, 2013), are
polarised in the stomatal lineage, though not in every cell of the lamina (Bringmann and
Bergmann, 2017). Recent work has shown that there is some tissue-level coordination of
BRXL2 polarity in the stomatal lineage with this protein preferentially localising at the
proximal end of meristemoid mother cells (Bringmann and Bergmann, 2017). Polarity in the
stomatal lineage may represent a situation like that shown in Figure 1.1 A, while PIN polarity
may be more similar to the coordinated polarity shown in Figure 1.1 B or C. Thus, the
stomatal lineage provides an indication that some individual cell types are polarised
throughout development, and the coordination of PIN proteins and physical polarity markers
in plants, as described above, suggests coordinated tissue cell polarity exists in at least some
plant tissues. However, it remains unclear whether tissue cell polarity is an underlying

feature of planar plant organs.
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1.2 The role of polarity systems

The existence of coordinated polarity across organs raises the question of what its purpose
or function is in tissues. Multicellularity requires coordinated signalling and transport
between cells. Indeed, it is difficult to imagine how directional transport across a tissue could
occur without polarity. Polarity may also play a role in the patterning and differentiation of

tissues.

Here | will consider the role of polarity in multicellular plant and animals tissues, but it is also
worth noting the importance of polarity in single-celled organisms. In the amoeba D.
discoideum, for example, the absence of an external gradient of chemoattractants prevents
chemotaxis. However, the cells still polarise and move in random orientations (Devreotes
and Zigmond, 1988). In yeast, if the bud scar from the previous division (normally required
as a polarity cue) is removed, the cells can still divide, but only randomly (Chant and
Herskowitz, 1991; Wedlich-Soldner and Li, 2003). Polarisation can also occur in Xenopus
laevis eggs in the absence of the polarity cues that normally direct this process: cortical
rotation occurs in random directions upon egg activation, independent of a sperm entry site
that normally polarises this process (Gerhart et al., 1989). These examples suggest that

polarity forming mechanisms are intrinsic and important, at least in single-celled organisms.

1.2.1 The role of polarity in animal tissues

In Drosophila, where tissue cell polarity has been intensively studied, it is known to play a
role in regulating hair orientation in the wing and eye development (Chen et al., 2015;
Goodrich and Strutt, 2011). More generally in animals, polarity is known to play a role in
morphogenesis and the intercalation of cells in a process called convergent extension during
neurulation and gastrulation in the early embryo (Sebbagh and Borg, 2014; Singh and
Mlodzik, 2012). Disrupted tissue cell polarity can lead to substantial morphological defects,
suggesting it has a crucial role. In humans, for example, neural tube defects (Lei et al., 2010)
leading to malformations such as cleft palate and spina bifida (Kibar et al., 2007; Yang et al.,

2014) can arise when polarity is disrupted.
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1.2.2 The role of polarity in plant tissues

In plant tissues, polarity has been predicted to play a role in patterning and morphogenesis.
However, the lack of evidence for tissue-wide polarity through plant tissues means that its

function is not fully understood.

Work in the stomatal lineage has shown that polarity has a role in patterning and
differentiation. BASL dynamics in stomatal divisions indicate a polarity switching mechanism
that allow the correct and efficient spacing of stomata across the lamina (Robinson et al.,
2011). The basl mutant has excessive numbers of small epidermal cells and incorrectly
spaced stomata that form in clusters (Dong et al., 2009). Whilst this indicates that cell polarity
is important in patterning this lineage, the function of tissue-wide proximodistal
coordination across the stomatal lineage, as revealed by native BRXL2 expression

(Bringmann and Bergmann, 2017), remains unclear.

PIN polarity also plays an important role in plant tissues. Single mutants of most of the PIN
protein family do not display obvious shoot phenotypes under normal conditions (Guenot et
al., 2012). pin1 mutants, however, do have significant developmental phenotypes, indicating
that PIN1 plays a crucial role in the initiation of organs. The pin1 mutant has an impaired
inflorescence meristem which gives rise to naked inflorescences with few or no flowers
(Galweiler et al., 1998; Okada et al., 1991). Treatment of seedlings with polar auxin transport
inhibitors, such as N-1-Naphthylphthalamic Acid (NPA), leads to a similar phenotype to a pin1
mutant, indicating that it is the polarity of PIN1 that is implicated in organogenesis (Okada
et al., 1991). However, pinl mutants are still able to produce leaves and, in some weaker
alleles, flowers (Okada et al., 1991), which makes the role of PIN polarity in development

unclear and could indicate that polarity is not critical for leaf development.

In the leaves of a pin1 mutant, however, serration formation is abolished and a smoother
margin (compared to wild-type) is observed in NPA treated leaves (Hay et al., 2006). In NPA-
treated leaves, PIN1 is reported to localise in a more apolar manner (Hay et al., 2006)
indicating that PIN polarity does play a role in outgrowth formation. Given that auxin, which
is transported by PIN proteins, has multiple crucial functions in plant development, it is
challenging to experimentally or theoretically separate auxin and PIN activity from the polar

element of PIN proteins.

Whilst experimentally testing the function of polarity in plant tissues is challenging, polarity

has been implicated in morphogenesis using theoretical and modelling approaches. In order
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to further discuss the potential role for polarity in guiding growth, it is necessary to first

define and explore the growth of plant tissues.

1.2.2.1 The growth of plants

Planar plant organs, such as leaves and petals, form from a primordium. Even in the case of
complex final organ shapes, such as complex leaf shapes, petal shapes, or other organs such
as the traps of carnivorous plants, the primordia are initially relatively simple in shape.
Through the process of growth, the organ reaches its final shape which, unlike the primordia,
can be complex and vary widely between species. Growth, even of a simple 2D planar organ,
is a complex process with areas of the tissue growing at different rates and in different

directions.

Growth can be defined as an ‘irreversible increase in size’ (Whitewoods et al., 2017), a
definition that spans both tissue and cell growth. Mathematically, growth is a tensor
(Hejnowicz and Romberger, 1984) (Figure 1.3 A). By definition, it therefore has a magnitude
(in 2D or 3D), an axis (also in 2D or 3D) and may have a rotational aspect (Coen et al., 2017;
Hejnowicz and Romberger, 1984). Growth does not have a direction (i.e. no arrowhead can
be assigned to a growth tensor). In development, each aspect of growth may vary across a
tissue (Figure 1.3 B-D). For example, growth rates (a scalar, Figure 1.3 A) could change across
a tissue, and therefore a field of scalars would be required to describe growth rates across a
tissue. Growth can be isotropic (i.e. the same in all directions) or anisotropic (i.e. not the
same in all directions). Whilst some tissues or parts of tissues are thought to grow more
isotropically (Solly et al., 2017), most are known to require anisotropic growth. This has been
demonstrated by measuring growth rates and orientations. The importance of
understanding growth rates and directions in order to study growth has been apparent for

many years, and was recognised by D’Arcy Thompson (Thompson, 1942).

If growth is isotropic across a tissue, then the mathematical description of growth is relatively
simple as the magnitude of growth in different directions is the same (Figure 1.3 B). However,
for anisotropic growth the magnitude of growth in different directions can vary (Whitewoods
and Coen, 2017). In addition, anisotropic growth can be uniform across a tissue (Figure 1.3
C), or the level of growth anisotropy can vary across the tissue (Figure 1.3 D). However,
anisotropic growth should still be described as a tensor, albeit with different magnitudes in
different directions, rather than a vector (which would have a sense, or directional aspect).
This is because the growth of cells and tissues is generally not occurring in a certain direction

relative to a fixed point. Take a single cell in a tissue, for example: the cell expands in both
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directions, rather than in one direction relative to a fixed point. Some cell types, such a pollen
tubes, may grow in a more unidirectional manner, but these exceptions are not considered
here. Describing growth across a tissue therefore requires a potentially complex set of

growth parameters.
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Figure 1.3 Key concepts in describing growth across a tissue.
(A) Summary of concepts key to understanding plant growth, adapted from Whitewoods and

Coen (2017). The mathematical concepts of a scalar, vector and tensor can be used to
describe different aspects of growth across a tissue. Growth itself is described as a tensor
while growth rate is a scalar. (B-D) Growth across a tissue may be described as a field of
growth tensors and varies depending on the type of growth. (B) Uniform isotropic growth
has tensors with equal magnitudes in all directions. (C) Uniform anisotropic growth has
tensors with different magnitudes, but uniform across a tissue. (D) Non-uniform anisotropic
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growth has tensors which vary in magnitude in multiple orientations across the tissue.

The elements of growth described above can be specified in cells, through the action of
genes. However, it is also worth noting that there are properties of growth which are not
specified at the cell or tissue level. The rotational element of growth results from the

mechanical connectivity of tissue. Hence the specified growth (which would occur if each
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part in the tissue could grow without constraints from its surroundings) and the resultant

growth (the growth which actually occurs) may differ (Coen and Rebocho, 2016).

Growth at the cellular level equates to cell elongation. Growth rates are dependent on the
cell wall extensibility, and cell growth is driven by internal turgor pressure (Lockhart, 1965).
The elasticity of the cell wall allows cell expansion in response to turgor pressure, which acts
isotropically. If the cell wall properties are uniform, isotropic expansion of the cell can occur.
Alternatively, non-uniform cell wall properties allow anisotropic cell expansion. The cell wall
properties can be altered by expansins (Cosgrove, 2000; McQueen-Mason and Cosgrove,
1995) and pectin methylesterases (Bosch et al., 2005) which alter cell wall rigidity and hence

influence local growth.

Cellulose fibres in the plant cell wall control directional cell reinforcement. The cell wall is
more extensible in the direction perpendicular to the deposition of cellulose fibres and can
expand along that axis (Williamson, 1990). Cellulose fibres are deposited by cellulose
synthase and microtubule alignments provide tracks for this enzyme (Baskin, 2001; Heath,
1974). Microtubule arrays are therefore key to differential cell expansion and may vary on
different cell faces allowing potential cell anisotropies (Williamson, 1990). Genes that
influence the cell wall properties, microtubule arrays and cellulose deposition can therefore

play a role in specifying the growth rates of cells.

At the whole tissue level, growth has been measured using fluorescent ink dots placed on
the tissue (Remmler and Rolland-Lagan, 2012), air pore positioning (Solly et al., 2017), ink
spots drawn onto the tissue (Das Gupta and Nath, 2015) and marks drawn onto the stem
(Bencivenga et al., 2016). In addition, a common method used to measure growth is the
analysis of clonal sectors in a tissue. This approach can be used in species with naturally
occurring sectors, such as pigment sectors formed by transposon excision in A. majus (Green
et al., 2010). Clonal sectors can also be induced in transformable species using a Cre-lox
recombination system that has been used to induce GFP sectors in plant organs (Gallois et
al., 2002). This approach has provided evidence for the anisotropic growth of leaves (Kuchen
et al,, 2012), petals (Sauret-Glieto et al., 2013) and the meristem (Bencivenga et al., 2016) of

A. thaliana, as well organs of other species (Bushell, 2016; Eldridge et al., 2016).

For anisotropic growth to be coordinated across a tissue, an axiality system may be required
(Coenetal., 2017). A coordinated axiality system can be achieved across a tissue through the

coordination of individual cell axialities. A tissue-wide axiality system can then allow growth
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directions to be coordinated across a tissue. For example, growth rates can be specified (and
modulated by the action of genes) both parallel and perpendicular to the axiality system

(Kennaway et al., 2011).

1.2.2.2 The role of polarity in the growth of plant tissues

One hypothesis for how the coordinated axial information across a tissue could be
established is through a polarity-based axiality system (Kennaway et al., 2011). In a polarity-
based axiality system, individual cell polarities can be coordinated across a tissue by a
chemical signal. The axiality of a polarity vector can provide the directional aspect of a growth

tensor. Growth rates can then be modulated in relation to the axiality system.

Modelling of tissue-level growth using a polarity-based axiality system has been carried out
in multiple organs using the software Growing Polarised Tissue Framework (GFtbox,
Kennaway et al., 2011). This software relies on the existence of a polarity field across the
tissue which can be used to guide growth. ‘Organiser’ regions, which are hypothesised to be
genetically defined, allow the polarity field to be linked to the tissue. Modelling of the A.
majus flower and petal (Green et al., 2010; Rebocho et al., 2017b) was based on the PIN1
localisation patterns in the petal, as observed by immunolocalisation (Rebocho et al., 2017b).
Similarly, in the leaf of barley (Hordeum vulgare), SISTER OF PIN1 localisation and
reorientation patterns were used to inform modelling of this organ (Richardson et al., 2016).
GFtbox modelling of the heart-shaped Capsella rubella silicle has also predicted the existence
of polarity to guide growth (Eldridge et al., 2016). In A. thaliana, both the petal and leaf have
been modelled, based on polar PIN1 patterns in these organs (Kuchen et al., 2012; Sauret-
Gueto et al., 2013). In all these models, there is a requirement for a tissue-wide polarity field

that currently has a limited experimental basis.

Another type of model for the formation of leaf shapes uses information from veins to guide
growth of the tissue (Runions et al.,, 2017). This type of model has a theoretical
computational basis with representations of the leaf margin, main veins and the leaf blade
(modelled as a triangular mesh and not including individual cells). The patterning of
serrations and leaflets at the margin, as well as patterning of the vasculature and the growth
of the leaf blade, are then modelled allowing the production of a diverse range of leaf shapes
(Runions et al., 2017). However, the biological factors controlling lamina growth in this model
are not addressed and the model needs to be tested experimentally. This could be achieved

by analysing clonal sectors in parallel with venation patterns in the leaf.
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1.2.2.3 Growth without polarity

Stress and growth are both tensors and hence, in principle, mechanical stresses (force per
unit area) could be used to directly guide specified growth directions. Growth is not polarised
and therefore hypotheses for the control of growth that do not require polarity, particularly

given the limited experimental evidence for coordinated polarity in plants, are appealing.

A stress-based axiality system requires a cell to be able to sense stresses and orient its growth
accordingly. Microtubules have been shown to reorient around an ablation site in the A.
thaliana meristem in line with the principle orientation of stresses (Hamant et al., 2008). The
meristem is modelled as a pressurised cylinder, under tension due to turgor pressure. This
could allow anisotropic cell wall reinforcement, and therefore specify anisotropic growth
perpendicular to the principle orientation of stresses. Principle stress orientations could be

coordinated across a tissue to allow coordinated anisotropic growth.

A stress-based axiality system has also been used to model growth of the A. thaliana sepal
(Hervieux et al., 2016). In this work, a global stress field is predicted to arise from differential
isotropic growth rates across the sepal. However, in this case, the global stress field needs to
be separated from the cells which are modifying their growth in relation to local stresses.
The model therefore proposes local and global stress-fields that can be differentially sensed
by cells. It is not clear how sensing of stresses, or deciphering local and global stresses, would
work at the cell level (Whitewoods and Coen, 2017). Mechanosensitive ion channels have
been described in plants (Basu and Haswell, 2017; Haswell et al., 2008) but it is unclear how

such channels could measure stresses across a tissue.

In some cases, the growth of planar plant organs has been modelled without the need for an
axiality system, as growth has been proposed to be largely isotropic. This was the case in
work modelling the thallus of the liverwort Marchantia polymorpha (Solly et al., 2017). In
this work, a model of the thallus produced using GFtbox (Kennaway et al., 2011) requires a
factor, termed APEX, that inhibits growth in the apical region of the thallus. Using only
isotropic growth the development of the thallus can be modelled, and recapitulates many of
the key processes of thallus development, including bifurcation, branching and expansion
(Solly et al., 2017). However, it was found that, in order to extend this model to the thinner
thallus of the closely related species Riccia fluitans, anisotropic growth may be required

(Solly, 2015).
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1.2.2.4 Distinguishing between models

Distinguishing between stress and polarity-based hypotheses for the control of anisotropic
growth is a challenge. One clear difference between models of stress-based axiality and
polarity-based axiality is the existence of a polarity field. The existence of a polarity field
would not rule out mechanical stresses as playing a role in directing growth orientations.
Likewise, experiments showing mechanical stresses may alter growth do not preclude
polarity-guided anisotropic growth. However, the lack of evidence for a tissue-wide polarity
field would raise a significant issue for a model that relied on polarity to guide anisotropic

growth.

Many experiments frequently used to show response to either polarity or mechanical stress
may not be straightforward to interpret. For example, stretching and ablation experiments
have been shown to alter polarity markers and microtubule alignments (Bringmann and
Bergmann, 2017; Heisler et al., 2010; Robinson and Kuhlemeier, 2018). In such experiments
it is difficult to negate any wounding response or to measure the stress a tissue is
experiencing, but it remains possible that mechanical stresses, or a gradient of mechanical
stresses, could alter cell or tissue polarity. Whilst some advances have been made recently
in untangling the respective roles of polarity and mechanics in growth, for example in the
development of systems controlling and measuring mechanical stresses in tissue (Robinson

et al., 2017), it remains a complex topic that is difficult to probe experimentally.

1.3 The leaf as a model for studying polarity

Leaves and roots represent probably the most intensively studied plant organs in terms of
development. In leaves, three axes exist: the proximodistal axis from the leaf base to tip, the
mediolateral axis from the midvein to the margin, and the adaxial-abaxial axis from the
ventral to the dorsal surface of the leaf (Byrne, 2012). Within these three axes, leaves
generally exist as flattened tissue and therefore are an appropriate organ for the study of

tissue cell polarity. In this work, | focus on leaves for several reasons.

Leaves represent a relatively easily tractable system, amenable to confocal microscopy and
live-imaging. The growth dynamics of the A. thaliana leaf have been characterised in detail

through live-imaging and cell tracking experiments (Kuchen et al., 2012). Such analysis has
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allowed detailed modelling of leaf development as a continuous tissue, using biologically
extracted parameters for growth rates. Recently, this model has been developed further to
include individual cells and cell types (Fox et al., 2018). Both models, generated in GFtbox,
require polarity-based axiality to guide growth (Fox et al., 2018; Kuchen et al., 2012). The
tissue-wide polarity fields predicted in these models are based on PIN1 polarity patterns in
the young primordia (Guenot et al., 2012; Kuchen et al., 2012; Scarpella et al., 2006) and are

predicted to be maintained throughout development.

In the model of the leaf by Kuchen et al. (2012), for example, a polarity field is required
throughout development. This allows growth to switch to become more perpendicular to
this predicted polarity field at later stages. In the model a factor termed ‘LATE’ is switched
on at later stages of development to enhance growth perpendicular to the hypothesised
polarity field, and this allows the leaf to form its final shape (Kuchen et al., 2012). However,
the polarity patterns in the leaf at later stages of development have so far not been testable

experimentally due to a lack of polarity markers at later developmental stages.

In addition to a predicted tissue-wide polarity field for leaf 1 of A. thaliana, the leaves of this
species also possess serrations. Development of serrations is known to involve PIN1 polarity
convergence points (Hay et al., 2006), and this process has also been modelled (Bilsborough
etal.,2011; Kuchen, 2011). In serrations, the up-the-gradient model has been combined with
observed PIN convergence points and CUP SHAPED COTYLEDON 2 (CUC2) dynamics to form
a model for serration development and spacing. This work proposes that CUC2 may be
required for cell plasticity, allowing the reorientation of PIN1 to form convergence points
along the margin, according to the up-the-gradient model, (Bilsborough et al., 2011). This
model has been extended more recently to include gene expression patterns of the AUX/LAX

family of auxin importers (Kasprzewska et al., 2015).

The regional polarity of the abaxial-adaxial leaf surfaces has been well studied and is
established by the interaction between the dorsal Class Ill HD-ZIP protein REVOLUTA (REV)
(Otsuga et al., 2001) and the ventral protein KANADI1 (KAN1) (Kerstetter et al., 2001). Recent
work imaging REV and KAN1 together with PIN1 has shown that PIN1 is expressed in the
narrow gap between the dorsal and ventral domains during organ initiation (Caggiano et al.,
2017). This work also raises the question of how regional polarity, such as the abaxial-adaxial
distinction in a leaf, may interact with and rely on patterns of cellular polarity, such as PIN or

other cellular markers, during organ initiation.
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Furthermore, A. thaliana has multiple mutants with altered leaf shapes that provide a useful
resource for understanding elements of leaf growth and polarity. For example, the
kanadilkanadi2 (kanlkan2) double mutant has ectopic outgrowths on its abaxial surface
(Eshed et al., 2004) and this system has proved useful in testing models of outgrowth
formation involving polarity (Abley et al., 2016). The kanlkan2 ectopic outgrowths require
PIN1 polarity convergence points to form, and expression analysis of PIN1, CUC2, auxin
importers and YUCCAs (auxin biosynthetic enzymes) during outgrowth formation has been
carried out in this context (Abley, 2014; Abley et al., 2016). This work suggests that the gene
expression patterns observed during outgrowth formation in this context are more
parsimonious with tandem array models (with the flux and intracellular partitioning) than

with convergent alignment models (up-the-gradient) (Abley et al., 2016).

As mentioned previously, the A. thaliana epidermis also demonstrates evidence for cell
polarity, and some evidence for coordinated tissue polarity, in the stomatal lineage
(Bringmann and Bergmann, 2017; Dong et al., 2009; Robinson et al., 2011). There is currently
no evidence that polarity in the stomatal lineage is linked to that of PIN proteins, which may

indicate that the leaf possesses multiple independent polarity fields.

The detailed understanding of A. thaliana leaf growth, a predicted tissue-wide polarity field,
multiple contexts where PIN polarity dynamics are involved in outgrowth formation, and the
existence of multiple well-characterised polarity fields makes the A. thaliana leaf a suitable

system in which to study polarity in plant organs.

1.4 Establishment and coordination of polarity in plants

How polarity systems are established in plants is an area of active research, particularly in
the case of PIN polarity. PIN proteins transport auxin in a polar manner in plant tissues, and
thus auxin has been heavily implicated in the coordination of polarity in plants (Grebe, 2004).
Auxin is also known to have a key role in embryogenesis, primordia initiation and shoot
architecture, as indicated by a lack of shoot initiation in the pin1 mutant and in seedlings

treated with the NPA (Galweiler et al., 1998; Okada et al., 1991).
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1.4.1 Models for polarity establishment and coordination in plants

The observations of PIN protein localisation in different developmental contexts and tissues
has given rise to multiple models to account for the polarisation of PINs by auxin. Discussion
of the PIN protein family as markers of polarity can be found in section 1.1.3.2.2: the models
of how PIN proteins could become polarised and coordinated as part of an axiality system

are briefly described here and are reviewed in Abley et al., (2016).

In the shoot apical meristem, it has been reported that PIN polarities point towards the site
of ectopic auxin application (Bayer et al., 2009); this behaviour has provided the foundation
of the up-the-gradient model (Jonsson et al., 2006). In the up-the-gradient model, PIN is
polarised towards the neighbouring cell with the highest auxin concentration (Jonsson et al.,
2006; Smith et al., 2006). This leads to spontaneous convergence points of PIN with auxin
maxima at the centre, and thus parsimoniously illustrates the behaviour of PIN and auxin
maxima in the meristem during phyllotaxis (Jonsson et al., 2006; Smith et al., 2006). There
are multiple molecular mechanisms that have been proposed to account for the up-the-
gradient behaviour, including auxin sensing (Cieslak et al., 2015) and stress-based sensing
(Heisler et al., 2010). In the up-the-gradient model, PIN is allocated to the membrane
adjacent to the cell wall under the most stress. Auxin is assumed to cause cell wall loosening,
which in turn creates a stress difference between the cells, hence the result is PIN orienting
towards the cell with the highest auxin concentration (Heisler et al., 2010). However, it

remains unclear how cells measure these stress differences (Abley et al., 2016).

An alternative model (with-the-flux model) proposes that PIN proteins localise to
membranes with the highest auxin efflux rates (Rolland-Lagan and Prusinkiewicz, 2005). The
coordination of PIN polarity across a tissue is therefore a result of auxin flux across the tissue.
Flux-based models can account for the patterns of PIN polarity observed during vascular
strand formation (Rolland-Lagan and Prusinkiewicz, 2005), and with some added
assumptions have also been used to account for phyllotactic patterning (Stoma et al., 2008).

How such a flux-sensing mechanism might operate in cells is unclear (Bennett et al., 2014).

A third type of model to account for polarity formation is the intracellular partitioning model
proposed by Abley et al., (2013). This model does not focus specifically on the establishment
and maintenance of PIN polarity and can account for polarity formation in both plant and
animal systems. In this model it is proposed that cells are able to spontaneously polarise,

using intracellular partitioning components in the absence of asymmetries in external cues
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(such as auxin). Two polarity components exist, each in two forms: A and B are diffusible
cytoplasmic forms, and A* and B* are more slowly diffusing membrane bound forms. A* and
B* are located at opposite ends of the cell, and through an interaction network (where A*
inhibits B*, and B* inhibits A*) can form spontaneous polarisation (Abley et al., 2013). PIN
proteins could be recruited by these polarity components. Cell polarisation can then be
coordinated by cell-cell coupling, either directly, as in animals, or indirectly as in plants (Abley

et al., 2013).

These models accounting for different polarisation behaviours can all explain some aspect of
PIN behaviour in developing tissues, but all have biological details or mechanisms which have
not been fully supported experimentally. It is also unclear how the same protein may read
auxin information in different context-dependent ways, something that may become clearer
by studying other systems where these activities are under the control of different PIN1
isoforms (O’Connor et al., 2014). One way to validate and distinguish between models is to
test their predictions in different tissue contexts, particularly with respect to gene expression
patterns. There are multiple models which now combine the more conceptual model types
described above with gene expression patterns, such as in serrations (Bilsborough et al.,

2011) and ectopic outgrowths (Abley et al., 2016).

1.4.2 Polarity coordination in the stomatal lineage

In the case of polarised proteins in the stomatal lineage, it is unclear how their polarity is
established. Recent work using BRXL2 has implicated mechanical stresses in the coordination
of polarity (Bringmann and Bergmann, 2017). This work showed that BRXL2 polarity in the A.
thaliana cotyledon can respond to mechanical stresses across the tissue when the cotyledon
is stretched or cells ablated (Bringmann and Bergmann, 2017). However, given that stress is
a tensor and has no direction, it is not mathematically possible for stresses alone to orient

polarity (Whitewoods and Coen, 2017).

1.4.3 The need for polarity markers in plants

To further understand how polarity is established and coordinated in plant tissues, and
therefore understand mechanisms that might be involved in controlling the growth and
development of plant tissues, it is necessary to have suitable markers of polarity. Whilst PIN
proteins are well-characterised, their lack of coordinated expression in leaves makes them
less useful markers in this organ. In addition, the intrinsic connection between PIN proteins

and auxin, which has multiple roles in plant growth and development, complicates their use
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as polarity markers. The identification of novel polarity markers in plants, such as the recently
identified SOK protein family (Yoshida et al., 2019), may allow testing of models of polarity
establishment and coordination, such as the intracellular-partitioning model (Abley et al.,
2013), and therefore the testing of hypotheses regarding the control of plant growth and

development.

1.5 Aims of this work

This work aims to explore the existence of tissue cell polarity, using the leaf of A. thaliana as
a model. The work aims to establish whether coordinated tissue-cell polarity exists across
the A. thaliana leaf throughout development and in cells outside of the stomatal lineage. The
existence and characterisation of such a polarity field could provide evidence for the control
of anisotropic growth across planar plant organs and could help to elucidate the role of
polarity in development. In addition, robust evidence for a polarity field could allow

distinction between models of development that currently lack experimental evidence.

In this work, the polarly localised stomatal protein, BASL, is used as a tool to explore the
existence of polarity across the leaf. Detailed characterisation of a polarity field across the
leaf would allow multiple hypotheses to be tested regarding polarity in plant tissues. Beyond
characterisation of any polarity system across the leaf, this project therefore has a number

of aims:

e To explore whether tissue cell polarity in leaves exists throughout development.

e To test whether polarity in the leaf is independent of the stomatal lineage.

e To test predictions regarding the role of tissue-wide polarity in the growth and
development of leaves and test whether multiple polarity systems exist in leaves.

e To explore the coordination mechanisms underlying tissue cell polarity in leaves.

e To explore the molecular basis for the establishment of polarity using a biochemical
approach to search for novel potential factors involved in tissue cell polarity in plant

tissues.
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2 Evidence for a tissue-wide polarity field in leaves

Introduction

2.1 Polarity in planar plant organs

Several proteins preferentially localised to one end of the cell (i.e. exhibiting cell polarity)
have been described in plants. Some of these polarly localised proteins exhibit coordination
across planar organs (or regions of organs) in certain contexts, for example PIN proteins in
the young primordia (Guenot et al., 2012; Scarpella et al., 2006) and BRXL2 in the stomatal
lineage (Bringmann and Bergmann, 2017). Here | focus on the Arabidopsis thaliana leaf as a

model for studying polarity in plants.

2.1.1 PIN as a marker of polarity

PIN proteins, the family of auxin transporters, are the most well-studied markers of cell
polarity and tissue cell polarity in plants. In A. thaliana, PIN1 is localised to the distal face of
cells in the early leaf primordia, creating a coordinated tissue polarity pattern (Guenot et al.,
2012; Scarpella et al., 2006). PIN proteins are also expressed in a polar manner in certain
contexts later in development. In serration formation, for example, PIN1 localises to the
distal face of cells below the serration tip, and to the proximal or side face of cells in the
region above the serration tip, creating PIN1 convergence and divergence points at the
serration tip and sinus respectively (Bilsborough et al., 2011; Hay et al.,, 2006). In the
kanadilkanadi2 (kanlkan2) mutant, PIN1 is expressed during the formation of ectopic
kanlkan2 outgrowths where it forms convergence points (Abley et al., 2016). However, in
all of these situations, PIN1 expression is temporally or spatially restricted. In the leaf
primordia, polarised PIN1 expression is observed only up to ~150 um width before
disappearing from the epidermis in a non-uniform manner (Figure 2.1 and Abley et al., 2016).
In other contexts, such as kan1kan2 outgrowths and serration formation, PIN1 expression is
only observed in a subset of cells in the leaf, usually around the outgrowth (Abley et al., 2016;
Bilsborough et al., 2011; Hay et al., 2006). Furthermore, PIN1 expression is not always clearly
polarised (Abley et al., 2016).
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B 190um 1160 um

Figure 2.1 PIN1::PIN1-GFP expression is visible at early stages of leaf development.
(A) PIN1::PIN1-GFP is expressed at very early stages of leaf development, and is polarly

localised to the distal end of cells. Polar localisation of PIN1 is shown in inset in yellow box.
(B) Expression becomes reduced later in development, disappearing in a non-uniform
manner. Here, PIN1 is only visible in the petiole where it appears less polar (inset in yellow
box). (C and D) PIN1 expression is not visible in the epidermis of the lamina at later stages.
White dotted line shows leaf outline. Leaf widths are shown above each leaf. Scale bars are
100 pm.

At the cellular level, PIN polarity is responsible for the directional transport of auxin
(Wisniewska et al., 2006), hence this polarity has major implications for development.
Because PIN proteins are part of the mechanism of polar auxin transport, they are therefore
potentially connected to any underlying mechanism establishing cell polarity. This raises
challenges for using PIN proteins simply as a read-out or marker of polarity, but they do

provide some of the only evidence of coordinated polarity in plant tissues.

Computational models, such as those produced using the ‘Growing polarised tissue
framework’ (GFtbox) (Kennaway et al., 2011), have highlighted the need for coordinated
polarity at the tissue level in the growth of many planar plant organs, particularly in order to
orient anisotropic growth (Eldridge et al., 2016; Green et al., 2010; Kuchen et al., 2012;
Rebocho et al., 2017b; Richardson et al., 2016). Gftbox has also been used to model liverwort
thallus development without a need for polarity (Solly et al., 2017) and other models of plant

growth do not invoke tissue cell polarity (Hervieux et al., 2016).

2.1.2 Polarity at later stages of development

In models of A. thaliana leaf development produced using Gftbox, coordinated tissue polarity
is required in order for the tissue to grow preferentially parallel or perpendicular to a polarity
field (Kuchen et al., 2012). The polarity field in this model is supported by observed PIN1

polarity in the primordia (Scarpella et al., 2006). However, the model predicts the existence
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of a polarity field throughout development, not just at the primordia stage (Figure 2.2).
Indeed, a polarity field throughout development is required in this model to allow growth to
switch to become more perpendicular to the predicted polarity field at later stages (in the
model, a factor termed ‘LATE’ enhances perpendicular growth, Kuchen et al., (2012)). Models
of other planar organs also require the existence of a polarity field throughout development
to allow polarity and growth changes at different developmental stages, for example, in
models of the snapdragon flower (Green et al., 2010; Rebocho et al., 2017b). In computer
models, it is possible that a polarity field could be established at early developmental stages
and attached to the tissue (such as the non-deforming model in Kuchen et al. (2012)).
However, it is difficult to see how such a polarity field could remain independent and not
deform with the tissue, and how new polarity convergence points, such as those described
at serrations and in kanlkan2 mutants would appear (Abley et al., 2016; Bilsborough et al.,
2011). Despite the requirement of some models for a polarity field throughout development,

no known polarity marker currently provides experimental evidence for this.
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Figure 2.2 Modelling predicts a polarity field throughout A. thaliana leaf development.
A. thaliana leaf model predictions (from model in Kuchen et al. 2012) of polarity field at

different stages (progressively later stages A-D), corresponding approximately to the stages
of leaf development shown in Figure 2.1. In the model, LATE comes on between stages shown
in B and C with the effect of enhancing lateral growth. Blue shows POLARISER gradient. Scale
bars 100 pum.

Whilst PIN proteins provide clear evidence for tissue cell polarity in early developmental
contexts, their limited expression at later stages of development means this family of
proteins cannot provide evidence for tissue cell polarity throughout the development of
planar organs. There are, however, other lines of evidence for tissue cell polarity at later

stages.
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One interesting example is trichomes which, in A. thaliana, undergo two successive
branching events, the first of which is aligned with the leaf proximodistal axis (Bouyer et al.,
2001; Halskamp et al., 1994). Trichome branching occurs at developmental stages beyond
the primordium stage, indicating that cells in later developmental stages may have cell

polarity.

Stomata also provide some evidence for cell polarity beyond the primordium stage. Stomata
form in an evenly spaced pattern across the leaf epidermis. The cells of the stomatal lineage
undergo a spiral pattern of cell divisions, involving the stomatal protein BASL (Robinson et
al., 2011). BASL is asymmetrically localised before asymmetric cell division in the stomatal
lineage, indicating that these cells have cell polarity. Recent work has indicated that BRXL2,
an interactor of BASL, is also asymmetrically localised in the meristemoid mother cells
(MMOCs) of the stomatal lineage and, in addition, shows proximodistal coordination across

the tissue (Bringmann and Bergmann, 2017).

Both trichomes and stomata are features of the leaf epidermis, and thus provide evidence
that at least specific cell types in the epidermis may possess polarity throughout
development. Recent work in the A. thaliana leaf has suggested that growth of the
epidermis, perhaps driven by polarity, is the main driving force for overall leaf growth (Fox
et al., 2018). This highlights the important role for tissue cell polarity in the epidermis. Root
hairs provide further evidence for polarity coordinated across a tissue as they are
consistently localised at the rootward end of the root hair cell (Masucci and Schiefelbein,
1994). This is further to the evidence that coordinated cell polarity is important for plant
organs at later developmental stages, but roots are not planar organs and will not be

considered in detail here.

2.1.3 BASL localisation in stomatal lineage cells

In the stomatal lineage, BASL is asymmetrically localised and plays a role in cell polarity. A
polarity switching pattern of cell division in the stomatal lineage has been described and is
responsible for the correct spacing of stomata across the leaf (Robinson et al., 2011). BASL
localises opposite the site of a new cell wall during asymmetric cell division in meristemoid
mother cells (MMCs) (Figure 2.3). basl mutants exhibit defects in stomatal patterning, often
forming clumped stomata (Dong et al., 2009). The localisation of BASL to a crescent at the
cell periphery is critical for its function and preventing peripheral localisation of BASL also

leads to basl mutant characteristics (Dong et al., 2009). Thus, BASL may represent an
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important part of the mechanism of asymmetric cell division in the A. thaliana stomatal
lineage. Interestingly, whilst BASL appears to be a key player in stomatal lineage patterning
in A. thaliana, it does not appear to be a protein conserved across the plant kingdom, with
only a few known species having strong candidates for BASL homologues (Dominique
Bergmann, personal communication). This may indicate a role for other polarity

determinants in the stomatal lineage.

Figure 2.3 BASL::GFP-BASL in meristemoid mother cells localises opposite new cell walls.
Examples of BASL::GFP-BASL showing BASL localised to the cell periphery, opposite the new

cell wall and in a spiral pattern. Location of peripheral BASL (arrows) was tracked for three
divisions until a GMC (blue) formed. Scale bars are 10 um. From Robinson et al. (2011).
Reprinted with permission from AAAS.

Until recently, it was thought that the polarity of stomatal lineage cells was not coordinated
across the tissue. Recent work has shown BRXL2, an interactor of BASL, to be asymmetrically
localised within stomatal lineage cells, and, importantly, to exhibit coordination within these
cells across the tissue in its native context (Bringmann and Bergmann, 2017). It is unclear
whether polarity may also exist outside the stomatal lineage, and at stages where known

polarised proteins, such as PIN1, are not expressed.
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Evidence for a tissue-wide polarity field in leaves

Modelling work in the A. thaliana leaf, and other plant organs, suggests a requirement for
coordinated tissue cell polarity across the tissue. For such models to be biologically validated,
evidence should be provided for such coordinated polarity. In the case of Utricularia gibba,
an aquatic carnivorous plant, modelling of the trap shape has predicted a polarity field that
has been validated, to some extent, with evidence from the coordinated polarity of quadrifid
glands (Bushell, 2016). This example has similarities to the coordination of trichomes on the
A. thaliana leaf, in that quadrifid glands reveal a coordinated polarity, but that is only visible

in a minority of cells across the tissue.

Despite some evidence for physical markers of tissue cell polarity such as trichomes (Bouyer
et al., 2001; Hilskamp et al., 1994) and quadrifid glands (Bushell, 2016), and evidence for cell
polarity in certain cell types and stages of development, for example with PIN proteins
(Bilsborough et al., 2011; Guenot et al., 2012; Scarpella et al., 2006) and with BRXL2 in the
stomatal lineage (Bringmann and Bergmann, 2017), the evidence for coordinated tissue cell

polarity in plants remains lacking.

One method to explore the existence of polarity across A. thaliana leaves is to use known
polarity markers and express them in ectopic contexts. This might allow an understanding of
how such proteins polarise and become coordinated across a tissue. BASL is a good candidate
for overexpressing in leaves, as it is polarised only in the stomatal lineage cells of the leaf
where it undergoes a polarity switching mechanism that has been shown to play a role in
patterning (Dong et al., 2009; Robinson et al., 2011), but has also been reported to be

polarised in ectopic contexts without severe developmental phenotypes (Dong et al., 2009).

2.2 Aims of this work

The aim of this work was to use BASL to explore and characterise tissue cell polarity in A.
thaliana leaves. This project aims to build on previous work by Jordi Chan who used an
inducible system to overexpress BASL in A. thaliana leaves. | aim to use BASL as a marker of
polarity to characterise tissue cell polarity in A. thaliana leaves throughout development, as
well as develop tools to quantify polarity. Characterisation of the polarity in the A. thaliana
leaf could provide insights into how tissue cell polarity may be coordinated and, importantly,
may allow the testing of models and hypotheses involving the growth and development of

plant planar organs.
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The work in this chapter was based on preliminary work by Jordi Chan (John Innes Centre,
Norwich), and software was developed in collaboration with Tjelvar Olsson, Matthew Hartley

and Jake Newman (John Innes Centre, Norwich).

Results

2.3 Ectopic BASL expression in a wild-type background

To explore how BASL might behave in cells of the A. thaliana leaf outside the stomatal
lineage, an inducible 35S::GFP-BASL line was developed using the heat shock system (Figure
2.4) (Gallois et al., 2002) by Jordi Chan, prior to the start of this project. The inducible system
allowed BASL expression in cells outside of the stomatal lineage, whilst avoiding any
potentially pleiotropic effects of expressing BASL outside of the stomatal lineage (for

example cell bulges as has been described previously by Dong et al., (2009)).

Heat-shock
(39°C)

Figure 2.4 A Cre-lox based system was used for inducing BASL expression.
Transgenic plants contain two constructs. One construct has a constitutive promoter (35S,

red arrow) driving the expression of a marker gene (CyPET, blue box). The CyPET sequence
is flanked by loxP sites and tagged with an ER localisation signal. Downstream of this is a GFP-
tagged BASL recombinant sequence (green box). The second construct contains a heat-shock
inducible promoter (35S, red arrow) driving the coding sequence of CRE recombinase (yellow
box). After CRE expression is induced by heat-shock at 39°C, CRE catalyses recombination at
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the lox sites, excising CyPET-ER. This results in GFP-BASL being expressed in random cells
under the 35S promoter. The progeny of these cells will also express 355::GFP-BASL and go
on to form a sector.

2.3.1 Ectopic BASL expression in sectors

To determine where ectopic BASL is localised in individual cells, | induced sectors of 35S5::GFP-
BASL using the Cre-lox heat-shock system. | heat-shocked seedlings 4 DAS (days after
stratification) for 2-3 minutes at 39°C to induce small sectors of 355::GFP-BASL. GFP-BASL
expression was imaged typically 48 hours after heat-shock in leaf 1 (Figure 2.5). Sectors with
only a few cells expressing BASL were produced. The CRE-lox recombination reaction occurs
randomly in cells meaning that, whilst some of the cells BASL was induced in appeared to be
non-stomatal lineage cells (for example Figure 2.5 B, C), their lineage could not be fully

determined in this experiment.

In sectors composed of two cells, the BASL signal localised in a crescent to the proximal end
of both cells (Figure 2.5 B, C). Similarly, in sectors composed of a few cells, BASL was observed
as a crescent of signal and was often detected at the proximal end of cells (Figure 2.5 D, E). |
refer to this preferential proximal localisation as proximal bias. In these sectors, BASL was
often localised to the corners of cells (Figure 2.5 C, E). The localisation of BASL to corners of
cells in sectors allowed identification of which cell the BASL signal belonged to, as the BASL
crescent tended to span a three-way junction between cells (Figure 2.5 C, E). The proximal
bias expression pattern contrasts to endogenous BASL which is transiently expressed in a
spiral pattern in the stomatal lineage (Dong et al., 2009). Thus, 35S::GFP-BASL reveals

asymmetric localisation with proximal bias when induced in sectors in young leaves.
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Figure 2.5 35S::GFP-BASL localises proximally in sectors in a wild-type background.
(A) BASL induced in small sectors across the leaf (magenta and yellow boxes) composed of a

few cells. (B and D) Absence of ER-tagged CFP indicates where sectors are induced. (C and E)
GFP-BASL signal in the sectors localised to the proximal end of the cells (BASL signal indicated
by white arrowhead). White dashed line indicates leaf outline in A, cell outlines in sectors in
B and D and sector outlines in C and E. Scale bars are 100 um in A and 20 pum in B-E.

These results indicate a polarity in cells that might occur in non-stomatal lineage cells,
although at this stage of development, it is difficult to be sure whether cells are stomatal
lineage cells without other markers to show cell fate. These results indicate not just a cell
polarity, but a possible coordinated tissue cell polarity due to the proximal bias observed in
ectopic BASL sectors. This raises the question of whether this proximal bias revealed by
ectopic BASL could exist across a whole tissue, and whether BASL plays any role in cell

polarity and its coordination.

2.3.2 Ectopic BASL expression across the lamina

The proximal bias revealed by induction of 35S5::GFP-BASL in sectors raises the question of
how ectopic BASL behaves if induced across the whole leaf lamina, and at different stages of
development. To address this question, | heat-shocked seedlings for a longer period of time
(typically 20 minutes rather than 2-3) at different developmental stages (heat-shocked
between 2 and 7 DAS), to induce 35S5::GFP-BASL expression across the whole leaf tissue. This

analysis was carried out on leaf 1, unless otherwise stated.
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As observed in sectors, when ectopically expressed across the leaf, BASL signal was observed
as a single crescent at the periphery of cells and appeared to show proximal bias across the
tissue. This polarly localised and seemingly coordinated pattern of ectopic BASL had
previously been observed by Jordi Chan when he developed the heat-shock inducible BASL
line. His results showed the interesting patterning and localisation of ectopic BASL, and these
preliminary observations became the starting point for my work in analysing, characterising

and further exploring the pattern.

In order to assess which cell the BASL signal belonged to, it was important to be able to
visualise the cell outlines. | stained leaves with propidium iodide (P, 2.5 pg/ml) by immersing
seedlings in a solution of Pl for at least 10 minutes before imaging. This allowed the cell

outlines to be visualised and hence enabled allocation of the GFP-BASL signal to specific cells.

| categorised leaves into 4 size classes, based on width (as measured in 2D in Fiji, Schindelin
et al., 2012). The size categories (smaller than 200 um, 200-400 um, 400-800 um, and larger
than 800 um) allowed the BASL pattern in leaves of similar sizes to be compared and pooled,

and compared to other sizes.

In very young leaves of up to 200 um in width, asymmetric BASL signal with proximal bias
was observed (Figure 2.6 A, D). In some of the smallest leaves imaged, the BASL signal was
weak (Figure 2.6 A, D). BASL was often seen across the entire proximal wall of cells in these
small leaves, likely due to the small cell sizes (Figure 2.6 D). For leaves of width approximately
200-400 pum, BASL signal also exhibited a proximal bias across the tissue and was often
observed in the corners of cells (Figure 2.6 B, E). At these stages, the localisation of ectopic
BASL to cell corners results in the signal often spanning a 3-way junction between cells, and
hence the signal could be easily assigned to the expressing cell (Figure 2.6 E). Larger leaves
of between 400 and 800 um in width also showed a proximal bias in ectopic BASL localisation
(Figure 2.6 C, F). In leaves where pavement cells had clearly formed, the BASL signal was
present in a single lobe of the pavement cell (Figure 2.6 F). At all of the stages analysed, BASL
signal was not seen in every cell, despite the long heat-shock which should be sufficient to
induce 35S::GFP-BASL expression in all cells. Thus, ectopic BASL exhibits a proximal bias

across the lamina at different stages of leaf development.
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Figure 2.6 35S::GFP-BASL exhibits proximal bias across the leaf at different stages of
development.
(A-C) Following extended heat-shock, GFP-BASL signal (green) was induced across a whole

leaf at different stages of development. Propidium iodide (red) staining allowed visualisation
of cell outlines and hence which cell the GFP-BASL signal belonged to. White dashed line
indicates leaf outline. (D-F) Close-up regions of A-C (from white boxes). BASL signal was
typically observed in a single lobe of pavement cells, at the proximal end of the cell,
contributing to a proximal bias across the lamina. Scale bars are 100 um in A-C and 20 um in
D-F.

2.3.3 Ectopic BASL expression at later stages of development

To better visualise ectopic BASL particularly at later stages, the inducible 355::GFP-BASL line
was crossed into a plasma-membrane-RFP background (Nelson et al., 2007). This allowed
larger leaves with ectopic BASL to be analysed which did not stain as well with propidium
iodide. | heat-shocked larger seedlings (typically 7 days after stratification (DAS)) to induce
ectopic BASL. In leaves of over 800 um (up to ~1500 um) in width, the ectopic BASL crescent

was localised to a proximal lobe of cells, indicating a proximal bias across the leaf (Figure 2.7
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A, B), similar to at earlier stages. BASL signal was typically localised to a single lobe of
pavement cells, though signal was sometimes localised to the lateral wall of cells, rather than
the most proximal lobe of a cell (asterisks in Figure 2.7 B). Thus, ectopic BASL exhibited
proximal bias in leaves at later stages of development and localised to the lobe rather than

the neck of pavement cells.

Figure 2.7 35S::GFP-BASL localisation is proximal at later stages of development.
Proximal bias is maintained at a later stage of development, using RFP-PM to visualise cell

outlines. (A) Following heat-shock, BASL signal can be induced across a whole leaf at later
stages of development. RFP-PM allows clear visualisation of which cell the GFP-BASL signal
belongs to, and where the signal is localised. White dashed line indicates leaf outline. (B)
Region of leaf in A (white box). BASL signal is observed in a single lobe of pavement cells, at
the proximal end of the cell. Asterisks indicate cells in which the BASL is not localised to the
most proximal lobe of the cell. Scale bar is 100 pum in A and 20 um in B.

| used multiple criteria to identify which cell the BASL signal belonged to. It was possible to
identify the cell to which the BASL signal belonged in cases where BASL overlapped vertices
between cells (3-way junctions). In most cases, the BASL crescent did overlap a 3-way
junction. In these cases, there was only one possible cell that the BASL crescent could be
assigned to (Figure 2.8 A). Analysis of BASL at 3-way junctions confirmed that the BASL signal
was seen in the lobe, and not in the necks of pavement cells. A second way | could determine
which cell the signal was from was the observation that, in some images, the GFP-BASL signal

appeared to bleed slightly into the cytoplasm, again providing clarity regarding which cell to
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allocate the signal to (Figure 2.8 B). It is unclear why the signal sometimes appears to bleed
into the cytoplasm; this may be due to BASL being saturated at one location, or because part

of the top or lower face of the cell has some BASL signal.

Figure 2.8 Three-way junctions and cytoplasm bleeding allow allocation of BASL signal to
a cell.

(A) Three-way junctions between cells makes it clear which cell the GFP-BASL signal belongs
to. Cell outlines are visualised with RFP-PM. White arrowheads indicate BASL signal spanning
a three-way junction. (B) In some high-resolution images, the GFP-BASL signal appears to
bleed into the cytoplasm providing another way to determine which cell the signal belongs
to. Cell outlines are visualised with Pl staining. White asterisks indicate cells in which the
BASL signal appears to bleed into the cytoplasm. Scale bars are 20 um.

It is worth noting that, at all stages analysed, ectopic BASL signal is not always observable in
every cell in the leaf (Figure 2.6 D, E, F and Figure 2.7 B). This observation is despite the long
heat-shock the plants received which should induce expression throughout the seedling. It is
possible that the heat-shock system does not induce expression equally across the leaf (it
was developed to induce sectors across a tissue, (Gallois et al., 2002)). BASL expression is
very weak in some cells, and therefore may not be clearly visible when imaging, especially
when other cells have much stronger expression. Alternatively, a biological rather than
technical reason may account for the lack of BASL in every cell. In the stomatal lineage, BASL
expression is dynamic and tightly regulated (Dong et al., 2009; Zhang et al., 2015; Zhang et
al., 2016b). It is possible that cells have a mechanism for degrading BASL RNA or protein, in

a way comparable to the regulation of BASL in stomatal lineage cells. However, it is unclear
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why ectopic BASL would be absent in some cells rather than others. For example, if this was
the case, it might be expected that ectopic BASL was not localised in meristemoids, and only
in non-stomatal cells. Whilst it is difficult to definitively assign meristemoid identity without
genetic markers, BASL can be observed in some presumed meristemoid cells (Figure 2.6 E)
and is absent in others that are not obviously in the stomatal lineage (Figure 2.6 E). Thus,
ectopic BASL is proximally localised in cells at different developmental stages, but not in

every cell and it remains unclear why expression is variable.

2.4 Quantifying the polarity pattern revealed by BASL

2.4.1 BASL vectors indicate cell polarity

The observation that BASL localises to the proximal end of cells outside of the stomatal
lineage when ectopically expressed indicates that cells have a proximodistal polarity. By
localising to one end of the cell, BASL provides evidence for cell polarity, rather than just cell
axiality. An important distinction is that an arrowhead can be assigned to a cell with polarity,
but this is not possible in a cell with only axiality (Hejnowicz and Romberger, 1984;
Whitewoods and Coen, 2017). In addition, the consistent proximal bias observed when
35S5::GFP-BASL is ectopically expressed suggests that BASL may reveal a coordinated tissue-

wide polarity pattern that can be observed throughout development.

As a leaf deforms, a polarity field may deform with it, as has previously been predicted
(Kuchen et al., 2012), raising the question of how polarity is oriented at different stages. |
needed to be able to quantify the extent of any coordination of BASL polarity. | therefore
worked with Tjelvar Olsson and Matthew Hartley (Scientific Computing, John Innes Centre,
Norwich) to develop an image analysis pipeline to place vectors on cells using BASL signal,
revealing any tissue-level polarity patterns indicated by BASL. Whilst vectors can be assigned
by hand, it was important to ensure polarity vectors were assigned without bias. Knowledge
of a cell’s orientation relative to the leaf could result in a bias with polarity vectors being

incorrectly assigned based on expected, rather than observed results.

2.4.2 Automated polarity vectors

One way to avoid subjectivity in assigning vectors to cells is to use automated analysis tools.

This has the added benefit of often being less labour intensive and preventing human error
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in assigning vectors. An automated analysis tool was developed in collaboration with Tjelvar
Olsson. | contributed to ideas and discussion in the development of software, with Tjelvar

programming and developing the software using Python.

Initially, we aimed to develop a fully automated tool that could assign BASL vectors without
manual input. The automated tool developed by Tjelvar Olsson segmented cells on the leaf
using a watershed algorithm. To find the BASL crescent, the point of maximum intensity of
the BASL signal was used as one end of the vector. To assign the BASL signal to the correct
cell, the assumption that the BASL signal was concave was added (i.e. if an ellipse could be
fitted to the signal within a cell). The centre of this ellipse provided the point for the
arrowhead of the vector. In some flatter leaves, this software was able to successfully
identify BASL signal and assign it to a cell (Figure 2.9 A, B). However, in many other examples,
and in the vast proportion of the data collected, there were multiple issues with this
approach. In many cases, more than one point of signal in the GFP channel was identified by
the software, for example (Figure 2.9, yellow boxes), which could not distinguish between
the BASL signal and chloroplast auto-fluorescence in this channel. This was particularly the
case if the BASL signal was faint and indistinguishable from background fluorescence. In
other cases, the leaves (particularly smaller leaves) were too curved, or the cell outlines too
unclear for the fully automated software to successfully segment cells or assign a high

proportion of BASL vectors (Figure 2.9 C, D).

Given the issues faced, | decided that the fully automated software may not be suitable for
this analysis with the images that | had collected. Further development of this software
would require more advanced segmentation tools, and also more criteria or assumptions,
(such as a minimum size threshold for the BASL crescent or the allocation of a single BASL
vector) in order to be usable with this dataset. | therefore worked with Tjelvar Olsson and
Matthew Hartley to explore the possibility of a semi-automated analysis tool with some

manual input to correctly identify the BASL signal.
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Figure 2.9 Fully automated software could not accurately assign BASL vectors.
(A and B) Leaf examples with successful segmentation, but some incorrectly assigned BASL

vectors. In A, the cell outlines are shown in grey and coloured crescents indicate BASL signal
that has been identified by the software and used as one end of the BASL vector (also shown
in colours). In B, segmented cells are shown in different colours, with BASL vectors shown as
black arrows. Yellow boxes indicate examples of cells where multiple BASL vectors have been
assigned. (C) Leaf example with poor segmentation and therefore incorrect assignment of
BASL vectors. Segmented cells are shown in different colours. Yellow boxes show regions in
which multiple vectors have been assigned. In this example, the incorrect segmentation is
likely due to poor Pl staining and unclear cell outlines across a curved surface. (D) Section of
a leaf with poor assignment of BASL vectors due to incorrect segmentation and multiple BASL
signals being identified (yellow boxes). Scale bars are 50 um.
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2.4.3 Semi-automated polarity vectors

Following the difficulties of developing fully-automated software within the time and
resource constraints, | decided that the priority for any polarity assigning software tool was
to be accurate and unbiased, rather than automated and thus a semi-automated software
was developed. The software (termed ‘Cellsfromleaves’ and detailed in section 6.6.1.1)
consisted of two parts: (1) fitting the surface and segmenting cells; and (2) random rotation
of cells. In addition, a visualisation tool (termed ‘Cellsfromleavestagger’ and detailed in
section 6.6.1.1) was developed to allow BASL signal to be manually identified. The software
was developed in collaboration with Tjelvar Olsson and Matthew Hartley (Scientific
Computing, John Innes Centre, Norwich). Parts 1 and 2 of the software were coded by Tjelvar

Olsson and the visualisation tool was developed by Matthew Hartley.

To overcome the issue of leaf curvature, a pseudo-3D surface was fitted to the leaf using the
cell outlines (either RFP-PM or Pl stained) (Figure 2.10). This then allowed a more accurate
cell segmentation than had been possible using fully automated algorithms. Defining the leaf
surface and cell segmentation depended on multiple parameters that could be adjusted on
a leaf-specific basis to allow analysis of as many confocal images as possible. For example,
wall signal erosion could be added (Figure 2.10 F), small object removal applied (Figure 2.10
D), as well as other standard cell-segmentation processes (Figure 2.10). Projecting cell
outlines and BASL signal onto a surface (Figure 2.10 B, K) had the added benefit of removing

much of the chloroplast auto-fluorescence signal, also captured within the GFP channel.
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Figure 2.10 Semi-automated image analysis (part 1) creates a surface and segments cells.
Example of a leaf in the various stages of semi-automated analysis. (A) A pseudo-3D surface

is fitted using the cell outlines. (B) The cell wall signal (either RFP-PM or Pl-stain) is projected
onto the surface. (C) The signal undergoes thresholding to convert to a binary image. (D)
Small objects (of a defined pixel size) are removed to get rid of noise introduced by
thresholding. (E) The image is inverted and (F) and optional erode step is used to ensure each
cell is enclosed. (G) A connected components algorithm and (H) watershed allow cell
segmentation. (I) Cells outside the a given leaf mask (i.e. not within the leaf region) (J) are
removed. (K) The BASL signal is projected onto the same leaf surface. (L) Both channels after
tensors have been added in part 2 of the software.

To avoid bias in assigning vectors to cells, automatically segmented single cells were
randomly rotated in one of four orientations (part 2 of software) (Figure 2.11 B-D). Individual
cells were then visualised in the rotated position and the BASL signal (Figure 2.11 E, F) was
identified manually by the user (Figure 2.11 G) before the vector information for that cell
was re-rotated back to its original orientation (Figure 2.11 H). The centroid of the cell was
calculated automatically by fitting an ellipse to a segmented cell. The BASL vector is oriented
from the BASL crescent to the cell centroid (Figure 2.11 H and 2.12). | refer to the resulting

vector field as the BASL polarity field (Figure 2.11 I). Thus, vectors can be extracted from cells
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with BASL signal, using a semi-automated approach, and allowing a BASL polarity field to be

visualised across the tissue.

Figure 2.11 Semi-automated image analysis (part 2) rotates cells and allows vectors to be
assigned.
(A) Image processing pipeline of ‘Cellsfromleaves’ software. (B) Raw confocal data is

automatically segmented (see Figure 2.10). (C) Individual cells are identified and position of
centroid is extracted. (D) Individual cells are randomly rotated in one of 4 orientations. (E
and F) BASL signal is identified from merged image of cell and separate colour channels for
clearer visualisation (using ‘Cellsfromleavestagger’ software). (G) BASL signal marked by
hand (indicated by asterisk) to create vector, indicated by white arrow. (H) Cell and vector
are re-rotated back into original position. (I) Process repeated for every segmented cell to
produce a vector field for the leaf. White dashed line in B and | indicates leaf outline.

The resulting vectors describe the BASL polarity for individual cells. The angle of the vector
can be calculated in relation to the proximodistal axis of the leaf (black arrow in Figure 2.12).
This gives an angle describing the orientation of BASL, where 0° would be BASL in a perfectly
proximal position relative to the leaf proximodistal axis (Figure 2.12). Development of this
software and image analysis pipeline allowed BASL vectors to be assigned and | could
therefore use the resulting vector orientations to further analyse tissue level polarity

patterns.
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Figure 2.12 BASL vectors are assigned from the BASL crescent to the cell centroid.
Vectors were assigned from the centre of the BASL crescent to the computational centroid

(red cross) of the cell (orange arrow). This provides the vector angle (a) relative to the
proximodistal axis of the leaf (black arrow).

2.4.4 \Visualising the BASL vectors

In addition to the software developed for assigning BASL vectors, it was necessary to have a
means of visualising the resulting vectors. | collaborated with Jake Newman to develop a
program in Matlab (SampleArrows8) to allow the vector output from the previously
described software to be visualised. Programming of SampleArrows8 was done by Jake
Newman; | contributed ideas and tested the software. The BASL vectors were plotted based
on their orientation, according to a colour map (Figure 2.13). This facilitated clear

visualisation of patterns and preferential orientations across the leaf (Figure 2.13, A).

2.4.5 Testing the software using randomly generated tensors

In order to test the software and the random rotation method, the software also recorded
the vectors before they were re-rotated to their original position. | plotted these non-rotated
vectors and this confirmed that the non-rotated vectors were randomly oriented (Figure 2.13
B). When compared to the rotated vectors, the non-rotated distribution did not appear to
have any preferential orientation (Figure 2.13, compare A and C with B and D). Thus, the
software with random rotation of cells is sufficient to prevent knowledge of a cell’s

orientation in the leaf and eliminate the subjective bias that could be associated with this.

64



Chapter 2

Vector orientations with re-rotation
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Figure 2.13 Testing re-rotation of semi-automated software.
(A) Example of output from semi-automated software (same leaf as in Figure 2.11) where

cells are re-rotated back to their original position. Vectors are coloured based on their
orientation, according to the colour map shown, where red represents a proximodistal
vector and blue represents a disto-proximal vector. (B) Example of output from semi-
automated software (same leaf as in A) where cells are not re-rotated back to their original
position resulting in a random distribution of orientations. Vectors are coloured according to
the colour map shown. Black dotted lines show leaf outline. Scale bars are 100 um. (C)
Quantification of re-rotated BASL vectors, shown in A, indicating a largely proximodistal
distribution. (D) Quantification of BASL vectors not re-rotated, shown in B, indicating a
random distribution of vector orientations.

2.5 BASL vectors in wild type

2.5.1 35S::GFP-BASL is coordinated across a tissue indicating a
polarity pattern

To analyse the pattern revealed across the leaf and quantify any proximal bias, | used
confocal images of 35S5::GFP-BASL from leaves heat-shocked at different developmental
stages (section 2.3.2 and 2.3.3). Confocal images compromising of GFP-BASL signal and cell
outlines (either RFP-PM or Pl stained if necessary) were run through the semi-automated
software described above (Figure 2.11). The resulting vectors were run through the
SampleArrows8 program to plot them according to colour (Figure 2.14 A) and allow

visualisation of the vector orientation across the leaves.
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For leaves of up to approximately 200 um in width, the vectors appeared to be largely
proximodistal in orientation as shown by predominantly red and orange vectors (Figure 2.14
B). There were a few vectors pointing proximally resulting in a noisy distribution, especially
given the relatively low number of vectors on leaves of this size. In leaves of width
approximately 200-400 um, the vectors showed a largely proximodistal orientation (Figure
2.14 C) and seemed to converge slightly towards the leaf tip. In larger leaves of up to 800
um, the vectors also showed a proximal bias across the tissue, again with some noise (Figure
2.14 D). In leaves of over 800 um in width, the proximal bias was also visible. At these later
stages, the vectors in the lower half of the lamina appeared to diverge from a proximodistal
orientation and point diagonally, as shown by yellow and green vectors, indicating a splaying
out polarity pattern (Figure 2.14 E). It was important to analyse multiple leaves in order to
ensure all regions of the leaf were sampled and in order to provide enough vectors to have
statistical power. | therefore carried out the analysis described above on multiple leaves of

varying sizes (Figure 2.15).

| plotted the vector orientations as histograms using data pooled from at least four leaves of
similar sizes to quantify the polarity pattern across the leaf. Using multiple leaves, | was able
to quantify and assign at least 800 BASL vectors in each size category. The histograms of BASL
orientation at each leaf size indicate a proximodistal polarity pattern, with a peak at 0°
degrees representing proximodistal BASL vectors (Figure 2.14 F-1). Notably, whilst it is
possible to mathematically pool the vector orientations from leaves in each size category,
creating a visual representation of the averaged vectors is conceptually and computationally
more challenging as an average leaf shape would need to be generated, averaging vectors in
their associated positions. In this work, | therefore used multiple leaf examples where
possible and was able to pool the vector orientations for statistical purposes, but additional

work would need to be carried out in order to generate an average leaf image combining

raw data from multiple leaves.

Across all leaves analysed (pooled from all leaf sizes), the proportion of BASL vectors outside
the range -80° to 80° was 14%, compared to 45% that would be expected for randomly
distributed angles. Thus, ectopic BASL reveals a coordinated proximodistal polarity pattern

across the leaf lamina at different stages of development.
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Figure 2.14 Analysis of the vector field shows a coordinated pattern across the leaf at
different stages.
(A) Colour wheel used to plot orientation of vectors. (B-E) BASL vectors from individual cells

coloured according to colour wheel indicating ectopic BASL orientation in single
representative leaves of different sizes: (B) up to 200 um, (C) 200-400 um, (D) 400-800 um,
(E) > 800 um width respectively. Additional examples are shown in Figure 2.15. Black outlines
indicate leaf outline. Scale bars are 100 um. (F-l) Histograms showing frequency of ectopic
BASL vector orientation, pooled from multiple individual leaves. (F) up to 200 um width
(n=1042 cells from 15 leaves), (G) 200-400 um width (n=1464 cells from 9 leaves), (H) 400-
800 um width (n=890 cells from 4 leaves) and (1) > 800 um width (n=3642 cells from 4 leaves).
0° degrees represents proximodistal vector. Standard deviation for each histogram shown.

The leaves varied in how much of the leaf lamina contained vectors, but all showed a
proximodistal pattern. In some cases, leaves were not well segmented, often due to poor PI-
staining. This was particularly the case in the proximal lateral lamina. If cell segmentation
was completely incorrect, or BASL location was ambiguous, polarity was not assigned to the
cell. This could also result in a lack of vectors in some regions of the leaf. In addition, as
mentioned previously, not all cells had an observable BASL crescent. Despite poor
segmentation in some leaves, overall, the ectopic BASL pattern was largely proximodistal at
all developmental stages analysed (Figure 2.15). Furthermore, at all stages, the BASL vectors
appeared to be most coordinated in a proximodistal manner in the midvein region of the leaf

(Figure 2.15).
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Figure 2.15 Additional wild-type leaves with 35::GFP-BASL vectors confirm a proximodistal
polarity field.
Ectopic GFP-BASL vectors analysed in additional wild-type leaves using semi-automated

software, showing a proximodistal pattern at all stages analysed. Vector orientation coloured
according to colour map in Figure 2.14 A. Leaves ordered from smallest to largest width.
Black lines show leaf outlines. Scale bars 100 pum.

2.5.2 Down-sampling allows tissue-level patterns to be visualised

In leaves with many thousands of cells it can be difficult to visualise tissue-level patterns such
as the splaying out of the polarity field. To analyse the splaying out of the polarity field, |
needed to be able to average the vectors. The SampleArrows8 program was developed to
allow the vectors on large leaves well-populated with vectors to be down-sampled. This was
achieved using a grid across the leaf to define evenly spaced points, and then averaging the
vector orientations within a certain radius (grid cell) from those points (Figure 2.16 A). It was
important to choose an appropriate grid cell size in order to have a sufficient number of data

points for averaging, but not so large that grid cells overlapped and data points were used
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more than once (Figure 2.16 B). Due to the use of circles for grid cells (which is
computationally most straightforward), there were some ‘gaps’ between grid cells. Vectors
in these gaps were not used in down-sampling. The down-sampled vectors were then

coloured according to their orientation to reveal tissue-wide patterns (Figure 2.16 C).

Down-sampling the BASL vectors for leaves of over 800 um revealed a divergent pattern
across the leaf lamina. Vectors in the midvein appeared highly coordinated in a proximodistal
orientation while those in the lamina diverged away from the midvein (Figure 2.16 B, C).
Thus, at later stages of leaf development the polarity field revealed by BASL is divergent,

rather than proximodistal parallel to the midvein.
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Figure 2.16 Down-sampling allows tissue-wide patterns to be visualised.
(A) Example of circular grid cell used for down-sampling. Grey lines show raw data, red arrow

shows average vector for this grid cell. (B) Representative leaf of > 800 um width (same
example as in 2.14 E) showing grid circles used for down-sampling. Average vectors for each
grid circle shown (coloured arrows), and BASL vectors plotted according to colour map in
2.14 A). (C) Down-sampled output of leaf shown in B showing divergent polarity field. Dotted
black lines show leaf outline. Scale bars are 100 um.
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2.5.3 Higher-order leaves suggest a divergence of BASL vectors
towards serrations

The proximodistal polarity field revealed by ectopic BASL throughout development shows
that such a polarity field exists during the stages of leaf 1 development that have been
previously modelled. To test whether this polarity field is maintained in stages beyond those
analysed so far, | induced ectopic BASL in older seedlings and analysed the BASL polarity. |
heat shocked seedlings ~24 DAS and analysed the pattern of ectopic BASL. In leaf 7, at
approximately 3500 um in width, a proximodistal BASL polarity field was observed when the
leaf was analysed using the previously described software (Figure 2.17 A). This pattern was
confirmed by down-sampling the BASL pattern revealing a strongly proximodistally

coordinated pattern in the midvein region (Figure 2.17 B, D).

Leaves formed later in development also develop multiple clear serrations, unlike leaf 1,
which forms one small pair of serrations (Biot et al., 2016). | noticed that in the proximal
region of the leaf lamina, the polarity pattern diverged, similar to leaf 1 (compare Figure 2.17
B with Figure 2.16 C). In the lateral lamina, many cells indicated a divergent polarity which
appeared to approximately coincide with the positioning of the serration, illustrated by
yellow and green vectors in this region (Figure 2.17 C). However, many of the cells in this
region, particularly margin cells, did not have clear enough BASL, or good enough
segmentation to assign BASL polarity to. In addition, some cells in this region showed a
polarity that appeared to remain more proximodistal, hence additional leaves of this size and
stage need to be analysed to further explore this observation. However, this could indicate
that the divergent polarity pattern observed in the lamina of leaf 1 could perhaps be
accounted for by the lateral expansion of the lamina and the development of serrations. In
addition, the analysis of BASL in higher order leaves indicates that the polarity field is

maintained to more mature stages of development.
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Figure 2.17 Larger, higher order leaves show a proximodistal polarity field and divergence
towards serrations.

(A) Ectopic BASL vectors in leaf 7, plotted according to the colour map shown in Figure 2.14
A. Predominantly red and orange vectors are seen, with more yellow and green vectors in
the lower lamina. (B) Leaf 7 ectopic BASL vectors down-sampled showing a divergent
proximodistal polarity field (same leaf as in A). Black outlines show leaf outline. Scale bars
are 500 um. (C) Close up region shown in magenta (from A) showing the predominance of
divergent yellow and green vectors around the serration. (D) Histogram showing
quantification of vectors shown in A. Note this figure contains data from a single leaf and
additional leaves of this size and stage need to be analysed.

2.6 Size of BASL crescent

BASL is not normally expressed outside stomatal lineage cells, thus suggesting that the
observed ectopic BASL expression reveals a polarity field that does not itself depend on BASL
function. Moreover, basl mutants do not exhibit a clear tissue-level polarity phenotype
outside the stomatal lineage cells (Dong et al., 2009). Ectopic BASL might therefore bind to
interacting partners, for example proteins or lipid domains, that are located proximally in
each cell. | refer to these hypothetical interacting partners as providing a proximal molecular
address. This proximal address may exist in epidermal cells regardless of developmental
stage, accounting for why induction of ectopic BASL reveals a proximodistal polarity field
throughout development. The localisation of BASL to cell corners, or to a single lobe of
pavement cells may reflect a single address located at the proximal extrema of the cell (i.e.

lobes and corners).
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The proximal address may be held autonomously at a fixed length or increase in length as
the cell grows. To distinguish these possibilities, | measured the length of the ectopic BASL
domain at different developmental stages in a wild-type background. Domain length varied
from ~5um to ~45 um and, on average, the BASL domain length increased approximately
threefold for a tenfold increase in cell perimeter (Figure 2.18 A). Interestingly, this increase
in size was at a rate lower than the rate of increase in cell perimeter, so that it became a
smaller proportion of the cell perimeter (from ~30% to ~5% as cell perimeter increased
tenfold) (Figure 2.18 B). This finding suggests that the proximal address does not have a fixed

size limit but may be restricted through interactions with other factors in the cell.
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Figure 2.18 BASL crescent increases in size but does not maintain a constant proportion of
the cell perimeter.
(A) Length of BASL crescent plotted against cell perimeter for leaves of various sizes. (B) BASL

crescent plotted as a proportion of cell perimeter showing proportion decreases as cell
perimeter increases.

2.7 BASL crescent appears as a distinct domain after heat-
shock

There are multiple ways in which BASL might become localised to a crescent at the proximal
end of a cell. One hypothesis is that BASL may appear in a diffuse pattern after heat-shock
and then coalesce on its proximal location. This would indicate that perhaps BASL interacting
with another protein or complex was responsible for creating this proximal address.
Alternatively, BASL may become localised to its proximal location straight away which might
suggest that the proximal address was already positioned and recruited BASL as it was

expressed.
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To understand the potential nature of the molecular address that BASL may interact with
and distinguish between these hypotheses, | imaged BASL appearing after heat-shock.
Seedlings were heat-shocked as normal and placed in an imaging chamber (Chan et al.,
2007). Previous experiments had shown that proteins induced using the Cre-lox heat-shock
system tended to appear by 24 hours after heat-shock (Samantha Fox, personal
communication). Leaves were imaged every hour for 24 hours, or until BASL signal appeared.
Time-lapse imaging leaves after heat-shock induction showed that rather than coalescing,
ectopic BASL appeared in the proximal location from approximately 12 hours after heat-
shock induction and gradually intensified (Figure 2.19). This supports the hypothesis that

ectopic BASL does not itself induce cell polarity but marks a pre-existing polarity.

Figure 2.19 Time lapse imaging after 35S::GFP-BASL induction shows gradual increase in
signal intensity.

(A) 35S5::GFP-BASL induction in a wild type background at 3 (A), 14 (B), 16 (C), and 24 (D)
hours after heat-shock. At 3 hours, no GFP-BASL signal is seen, comparable to uninduced
leaves. Left hand panels show GFP-BASL expression appearing at the proximal end of cells
with increasing intensity. Middle panels show ER-localised CyPET inside the lox sites,
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coloured magenta for clear visualisation. Right hand panels show combined GFP-BASL and
ER-CyPET channels. Scale bars are 10 um. Images are maximum projections of multiple z-
slices to accommodate movement of the leaf during imaging.

2.8 Ectopic BASL polarity is more coordinated in the midvein,
and less coordinated at the tip

Whilst the overall polarity pattern is proximodistal, BASL does not localise proximally in every
cell (as seen in Figure 2.14 B-E). In addition, some regions of the leaf display a divergent BASL
polarity pattern (Figure 2.14 E). The variation observed in the orientations of BASL polarity
can therefore be described in terms of local variation and global variation. Global variation
may include the splaying out pattern across the lamina and the observation that the polarity
pattern is not proximodistal across the whole leaf. The local variation includes the
observation that polarity is more highly coordinated in the midvein compared to other
regions, as well as the noisiness of the pattern. It is useful to distinguish between these types
of polarity variation as there may be distinct reasons underlying the variable coordination

locally and globally.

2.8.1 Local variation in BASL polarity differs across the lamina

One way of exploring the coordination in the variation of the vectors is to analyse the
coordination in the grid cells (similar to downsampling), as each grid cell will have a local
variance (Figure 2.20 C). This was done using the SampleArrows8 software which uses
circular variance to allow variance calculations for vectors (Berens, 2009). Circular variance
is indicative of the spread of vectors but, unlike linear variance, is bounded in the interval [0,
1]. The circular variance will be 0 or close to 0 if all vector orientations point in the same
direction (Figure 2.20 Ci), and 1 if they are spread out evenly around a circle (i.e. randomly
distributed, Figure 2.20 Cii) (Berens, 2009). Thus, circular variance is a measure of the local
heterogeneity of the polarity vectors. | used SampleArrows8 to calculate the circular variance
for samples in a given grid cell. The downsampled vector of each grid cell was coloured
according to its variance (using the colour scheme in Figure 2.20 D) and plotted at its relative
position on the leaf. Circular variance was only assigned if there were at least three vectors
in a grid cell. This allows regions of the leaf that are more or less coordinated to be

highlighted.
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At the later stages of development that were imaged, the polarity of the midvein appeared
to be highly coordinated (Figure 2.20 A, B, white arrows). The lamina also showed fairly high
local coordination (lower circular variance) despite the divergent vector field indicating that
this divergence is a feature of the polarity pattern rather than local noise. Grid cells in the
lamina at the distal end of the leaf showed slightly less local coordination (Figure 2.20 A, B).
The local variance of each grid cell was plotted on a histogram indicating that the circular
variance of most grid cells was below 0.3 (Figure 2.20 D). Thus, there is high local
coordination of the BASL polarity pattern with some regions of the leaf showing higher local

coordination than others.

1 Ci Cii
f

t

A #

\ 1

\ #

vt

\ ' D
\ 1
\ t

\ 1

Fraquency

0.6 08 1

\
1

[
i
[l

'

'

1

Figure 2.20 Ectopic BASL vectors are locally coordinated, particularly in the midvein region.
(A) Leaf showing local variation in ectopic BASL polarity using circular variance. Lowest

variance is observed in the midvein, with higher towards the tip. Down-sampled arrows
shown with variance coloured according to scale in E. (B) Leaf (in A) without background
image for clearer visualisation of variance colour. Leaf outline shown in white dotted line. (C)
Schematics showing how circular variance is calculated. For each grid cell, polarity vectors
(grey) are down-sampled (as in Figure 2.16) and coloured according to the variance within
the grid cell. (Ci) If vectors in a grid cell are all aligned with no variation, the circular variance
is 0 and the average vector (arrow) is coloured white. (Cii) If vectors in a grid cell are randomly
aligned, the circular variance is 1 and the average vector (arrow) is coloured red. (D)
Quantification of circular variance for each grid cell for the leaf in A. Most of the grid cells
have highly coordinated ectopic BASL polarity (circular variance <0.3).
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2.8.2 Local variation in BASL vector could be due to stomatal lineage
cells

Whilst the ectopic BASL polarity is highly coordinated in some regions (Figure 2.20 A), there
are some BASL vectors that do not show a proximodistal direction (Figure 2.14 E). Some of
the local variation in the BASL polarity field seen across the tissue could be due to BASL
orientations in cells of the stomatal lineage where endogenous BASL is known to switch
polarity (Robinson et al., 2011). | imaged regions of the leaf over the course of four days and
observed the patterns of ectopic BASL expression in presumed stomatal lineage cells (based
on shape, size and division patterns in the absence of markers) (Figure 2.21). Where BASL
expression was observed in the stomatal lineage, it appeared to follow the expected
endogenous pattern of BASL, localising to the wall furthest away from a new cell wall
following division (Figure 2.21). This is distinct from the expression pattern observed when
BASL is overexpressed in pavement cells, becoming polarised to the proximal end of the cell,
and therefore could suggest a possible reason for some of the local variation observed in

leaves.
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Figure 2.21 355::GFP-BASL in meristemoids shows a spiral polarity pattern.
Three examples of induced 35S::GFP-BASL in meristemoids, from a leaf imaged over four

days. Panels i and ii are ~48 hours apart, panels ii and iii are ~24 hours apart. Cell outlines
visualised using RFP-PM. White asterisks indicate meristemoids undergoing stomatal
divisions. 35S::GFP-BASL tends to localise opposite the new cell wall (white arrow).
Proximodistal axis indicated. Scale bars are 10 um.

Furthermore, | noticed that many cells assumed to be in the stomatal lineage did not exhibit
clear BASL signal. BASL is known to be transient in stomatal lineage cells, and it therefore
seems likely that BASL is under tight regulation in these cells which could, for example,
involve degradation mechanisms. One hypothesis, therefore, is that ectopic BASL is often

degraded in stomatal lineage cells, and hence often not visible.

To further explore whether cells of the stomatal lineage may contribute to the local variation
observed in the ectopic BASL polarity pattern in leaves, | examined the localisation of BASL

around stomatal cells. In most cases, the BASL did not appear to be disrupted by the stomata
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and was localised to a proximal lobe of cells. However, in multiple instances, BASL signal in
cells adjacent to stomata appeared to be localised to the wall closest to the stomata (Figure
2.22). In some cases, this localisation still marked the proximal end of cells (Figure 2.22 B),
while in others, this resulted in BASL marking the distal end of the cell (Figure 2.22 A). In
some cells, the BASL signal appeared to be possibly disrupted by stomatal lineage cells,
localising to the wall adjacent to the meristemoid and not a lobe of the cell (Figure 2.22 C).
Thus, it appears that cells of the stomatal lineage can disrupt the proximal localisation of
BASL in some instances and contribute to the local variation in BASL polarity pattern

observed in leaves.

Figure 2.22 Proximodistal patterning of ectopic BASL may be disrupted by stomata.
Examples where 35S::GFP-BASL signal in cells adjacent to stomata (A, B), or stomatal lineage

cells (C) appears to be disrupted by stomata. Cells with potentially disrupted BASL vectors
are indicated (white asterisks). Cell outlines visualised using Pl. Proximodistal axis is
indicated. Scale bars are 20 um.

2.9 Ectopic BASL reveals a polarity field independent of
stomatal lineages

Wild-type leaves are composed of a number of cell types: stomatal lineage cells, and non-
stomatal lineage cells, including pavement cells and trichomes. Pavement cells can be
formed from cells that do not enter the stomatal lineage, and also from stomatal lineage
ground cells (SLGCs) (Lau and Bergmann, 2012). SLGCs can differentiate into pavement cells,
or they can adopt meristemoid mother cell fate and undergo asymmetric spacing divisions
to create new meristemoids positioned away from the existing stomatal lineage cells, thus
providing a spacing mechanism for stomatal patterning in A. thaliana (Lau and Bergmann,

2012).
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The results described above using ectopic BASL indicate that a tissue-wide polarity field can
indeed be extended to the non-stomatal cells of the leaf. This raises two important
questions. Firstly, whether the tissue-wide ectopic BASL pattern is dependent on or
connected to the stomatal lineage, and whether such a pattern could be observed
independently of the stomatal lineage. Secondly, whether stomatal patterning could be
adding complexity to a proximodistal polarity revealed by BASL (such as through the non-
proximal localisation of BASL within the meristemoids (Figure 2.21) and in the cells
surrounding the stomata (Figure 2.22)). It is possible that there might be two polarity fields
interacting (or not) in the stomatal lineage. In order to explore these questions, | exploited

the speechless (spch) mutant which does not make stomata.

| crossed the heat-shock inducible 35S5::GFP-BASL line into the speechless background which
does not make stomata or meristemoids (MacAlister et al., 2007). As in wild-type leaves, |
typically imaged GFP-BASL expression 48 hours after heat-shock and used propidium iodide
to stain the leaves and allow visualisation of the cell outlines. When induced in speechless
leaves of varying sizes (up to 200 pum, 200-400 um and 400-800 pum in width), BASL localised
to a crescent at the proximal end of cells (Figure 2.23), similar to that observed in wild-type
background leaves. As in wild-type background leaves, in leaves where lobed pavement cells
had formed, ectopic BASL localised proximally in a single lobe (Figure 2.23 B). Thus, the
coordinated polarity field revealed by ectopic BASL in leaves at different stages of leaf

development is independent of the stomatal lineage.
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Figure 2.23 Inducible 35S::GFP-BASL in speechless leaves localises proximally.
(A) speechless leaf with induced 35S::GFP-BASL and (B) enlarged section of leaf (yellow box)

showing localisation of 35S::GFP-BASL (green). Propidium iodide (Pl) staining shows cell
outlines (red). Scale bar 100 pm in A and 50 um in B.

To quantify the extent of proximal bias in spch, | imaged multiple leaves and processed them
using the custom-developed software described previously (Figure 2.11) to assign unit
vectors to cells expressing ectopic BASL (Figure 2.24 and Figure 2.25). At all developmental
stages analysed (50 - 800um leaf width), BASL vectors were largely proximodistally oriented
in spch, as indicated by predominance of red and orange vectors (Figure 2.24 B-D). Some
vectors deviated from this proximodistal pattern, though very few vectors pointed
proximally (blue vectors in Figure 2.24 B-D and Figure 2.25). speechless leaves of over 800
um in width were not imaged due to slower growth in this mutant compared to wild-type
(Fox et al., 2018). As in wild-type leaves, the proximodistal coordination appeared to be

strongest in the midvein region (Figure 2.24 C, D).
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Figure 2.24 Analysis of the ectopic BASL vector field in speechless shows a coordinated
pattern across the leaf at different stages.
(A) Colour wheel used to plot orientation of vectors. (B-D) BASL vectors from individual cells

of speechless leaves, coloured according to colour wheel indicating ectopic BASL orientation
in representative leaves of different sizes: (B) up to 200 um, (C) 200-400 um and (D) 400-800
pum width respectively. Additional examples are shown in Figure 2.23. Black outlines indicate
leaf outline. Scale bars are 100 um. (E-G) Histograms showing frequency of ectopic BASL
vector orientation in speechless, pooled from multiple individual leaves. (E) up to 200 um
width (n=185 cells from 4 leaves), (F) 200-400 um width (n=1199 cells from 12 leaves) and
(G) 400-800 pum width (n=2063 cells from 9 leaves). 0° degrees represents proximodistal
vector. Standard deviation for each histogram shown.

BASL vector orientations from multiple spch leaves were pooled according to leaf size and
plotted in histograms (Figure 2.24 E-G). For all leaf sizes analysed, the histograms peak at 0°,
similar to in a wild-type background, indicating that the majority of BASL vectors were in the
same direction as the midline vector. | conducted a chi-squared test on the proportion of
vectors outside the range -80° to 80° for comparable leaf sizes. This showed that proportion
of vectors outside the range -80° to 80° was significantly higher for wild type (14%) than for
spch (<10%) (Chi-squared, p < 10°) (Table 2.1). Thus, the ectopic BASL polarity field in a spch

background is more coordinated than ectopic BASL polarity in a wild-type context.
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Figure 2.25 Additional speechless leaves with 35::GFP-BASL vectors confirm a
proximodistal polarity field.
Ectopic GFP-BASL vectors analysed in additional speechless leaves using semi-automated

software, showing a proximodistal pattern at all stages analysed. Vector orientation coloured
according to colour map in Figure 2.24 A. Leaves ordered from smallest to largest width.
Black lines show leaf outlines. Scale bars 100 um.

2.10 Endogenous BASL

The observation that ectopic BASL in a wild-type leaf is significantly less coordinated than in
spch may be accounted for by more variable BASL polarity orientation in the stomatal lineage
cells. This is also suggested by the observation of disrupted proximal localisation of BASL in

some meristemoids (Figure 2.21). Moreover, Bringmann and Bergmann (2017) show BRXL2
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polarity vector orientation within stomatal lineage cells to be ~65% within the -80° to +80°
range. This indicates that polarity in the stomatal lineage may be less coordinated than that
in non-stomatal lineage cells, as shown here by ectopic BASL in spch which is ~¥90% within

the -80° to +80° range.

To test whether BASL is polarised in a coordinated manner within the stomatal lineage and
may be contributing to the variation observed in wild-type leaves, | imaged leaves with
BASL::GFP-BASL, and analysed them using the software pipeline described previously.
BASL::GFP-BASL was asymmetrically localised within individual cells as well as being
expressed in the nucleus (Figure 2.26), as previously described (Dong et al., 2009; Robinson
et al., 2011). Although not obvious from inspection of a single leaf (Figure 2.26 A, B), when
multiple leaves are pooled, proximodistal coordination was observed for BASL::GFP-BASL
vectors (61% within the range -80° to 80°, Figure 2.27) similar to the level of coordination
reported for BRXL2 (Bringmann and Bergmann, 2017). Thus, BASL is coordinated in its native

context in the stomatal lineage.

Figure 2.26 BASL::GFP-BASL reveals proximodistal coordination in the stomatal lineage.
(A) Example leaf showing BASL::GFP-BASL expression (from 50-200 um width range). Yellow

box shows area in B. Scale bar 100 um. (B) Close up region of leaf in A showing BASL::GFP-
BASL expression is seen only in stomatal lineage cells and is asymmetrically localised, as well
as having nuclear localisation. Pl staining shows cell outlines. Scale bar 20 um. (C) BASL
vectors from leaf in A shown, coloured according to colour wheel (shown) indicating
orientation. Scale bar 100 um.
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Figure 2.27 Quantification of BASL::GFP-BASL vectors indicates coordination.

Histogram showing frequency of BASL::GFP-BASL vector orientation, pooled from multiple
leaves from 50-800 um width range, showing coordination of BASL polarity (n=1319 cells
from 21 leaves, ¢ =82.3).

Endogenous BASL polarity (BASL::GFP-BASL) was significantly less coordinated than for
ectopic BASL in spch (67% compared to 91% within the range -80° to 80°, p < 10, Table 2.1,
Figure 2.28). Coordination of ectopic BASL polarity in a wild-type background showed an
intermediate distribution (85% within the range -80° to 80°) (Figure 2.28), and was
significantly more coordinated than BASL::GFP-BASL (p < 107, Table 2.1), suggesting that it
reflects a mixture of two patterns: a strongly coordinated proximodistal pattern in non-

stomatal lineage cells and a weaker coordinated pattern in stomatal lineage cells.
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Orientation of BASL vectors in a native,
wild-type and spch context
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Figure 2.28 35S::GFP-BASL in a wild-type background shows intermediate coordination
between spch and native BASL.

Quantification of BASL vectors in BASL::GFP-BASL (blue), 35S::GFP-BASL in a wild-type
background (green) and 355::GFP-BASL in a spch background (orange) showing relative levels
of polarity coordination. Ectopic BASL polarity in spch is the most coordinated, ectopic BASL
in wild-type has intermediate coordination, and BASL::GFP-BASL is the least coordinated.
Each genotype pooled from at least 20 leaves from 50-800 um. p < 107 for each pairwise
chi-squared comparison between genotypes (Table 2.1).

Table 2.1 Two-way chi-squared tests for comparing BASL vector orientation across
genotypes.

Chi-squared tests comparing BASL vector orientation across genotypes, based on number of
vectors within the range -80° to +80° compared to outside this range. Note that as the
distributions were not normal | used a non-parametric test.

Genotype n = BASL vectors n = leaf number Chi- P value
comparison squared

(df=1)
35S5::GFP-BASL 35S5::GFP-BASL in WT =7038 | 355::GFP-BASL in WT =33 85 p<10°
WT vs 355::GFP- | 355::GFP-BASL in spch = 35S5::GFP-BASL in spch = 26
BASL in spch 3447
35S::GFP-BASL 35S5::GFP-BASL in WT =7038 | 355::GFP-BASL in WT =33 260 p<10°
in WT vs BASL::GFP-BASL =1319 BASL::GFP-BASL =22
BASL::GFP-BASL
35S::GFP-BASL 35S::GFP-BASL in spch = 355::GFP-BASL in spch =26 | 456 p<10°
in spch vs 3447 BASL::GFP-BASL =22
BASL::GFP-BASL | BASL::GFP-BASL =1319

Two hypotheses could account for the weaker polarity coordination in the stomatal lineage.
One is that the proximal address becomes reoriented in stomatal lineage cells, and ectopic

BASL follows this pattern. Alternatively, stomatal lineage cells contain two addresses (i.e.
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two regions with BASL-interacting factors): a proximal address and an address specific to
stomatal lineage cells, which could be competing for BASL localisation. The proximodistal
polarity observed in endogenous BASL may be an indication of the two polarity fields
interacting and the stomatal spiral pattern being deflected by the non-stomatal
proximodistal polarity. Furthermore, competing molecular addresses would account for why
BASL is sometimes proximal in meristemoid cells and sometimes localised in a spiral pattern
more consistent with its native expression pattern (Figure 2.21) (Robinson et al., 2011). The
ectopic BASL polarity field shown here in a wild-type and spch is independent of the stomatal
lineage and therefore may have a different signal or address localising BASL in cells outside
of the stomatal lineage. It is possible that there may be an underlying proximodistal polarity
field, such as that revealed here by ectopic BASL, that the stomatal lineage could alter or co-

opt for patterning the stomatal lineage.

2.11 Discussion

2.11.1 Characterising the ectopic BASL polarity pattern

2.11.1.1 Ectopic BASL reveals a coordinated polarity field throughout development

| have explored the existence of a leaf-wide polarity field using ectopic expression of BASL.
Initial work indicating coordination of the polarity pattern was done by Jordi Chan prior to
the start of this project. | have used an inducible 355::GFP-BASL line to analyse ectopic BASL
in sectors, showing that BASL localises proximally even in sectors composed of only a couple
of cells. | have shown that ectopic BASL localises in a polar manner in epidermal cells,
including non-stomatal cells and that the BASL crescent tends to localise to corners, or a
single proximal lobe of pavement cells. By heat-shocking seedlings of different stages | have
also shown, using quantitative analysis, that ectopic BASL reveals a coordinated polarity field
in leaf one throughout early development (from primordium to over 1000 pum in width). The
polarity field revealed by ectopic BASL in leaves may represent an underlying coordinated

polarity field, though the origin of this coordinated field remains unknown.

The ectopic BASL polarity field shown here is not observable in every cell of the leaf. This
could be simply due to very low and unobservable expression levels in some cells, or a lack

of uniformity in the expression of BASL using the heat-shock system (although seedlings were
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heat-shocked for long enough that every cell should be expressing 35S::GFP-BASL). An
alternative explanation for the lack of BASL expression in every cell is that BASL may be
inherited through cell division, and that it only appears after a delay in recently divided cells.
This could be tested by live-imaging of BASL through multiple cell divisions. Despite this, the
polarity field described here is observable in a much higher proportion of epidermal cells
than just the stomatal lineage (Bringmann and Bergmann, 2017), or trichome cells (Bouyer

et al., 2001; Halskamp et al., 1994) where polarity was previously described.

The BASL polarity field can also be revealed in larger, higher-order leaves where the pattern
also splays out in the lower lamina. In this case, splaying out may be due to growth
perpendicular to the proximodistal axis or, alternatively, could be a result of BASL polarity
being deflected by serrations which are more prominent in higher-order leaves. The large
higher-order leaves imaged here were not of high enough image quality to analyse BASL
polarity in detail around serrations, but this would be an informative context in which to
analyse ectopic BASL polarity in relation to a specific growth pattern. Furthermore, analysis
of BASL around serrations could provide an understanding of the relationship between BASL
and PIN1 polarity as PIN1 polarity is known to show polarity reversal forming convergence
and divergence points around serrations (Bilsborough et al., 2011; Hay et al., 2006). The

relationship between BASL and PIN1 polarity is explored in Chapter 3.

| have shown that the ectopic BASL polarity field splays out in a divergent pattern in later
stages of development and in higher-order leaves. The divergence of the polarity field at later
stages may arise as a result of the lamina growing more in the mediolateral direction while
the petiole remains narrow, as previously modelled by Kuchen et al. (2012). In such models,
a fixed polarity field becomes curved and deformed with the tissue. Alternatively, the
divergence could occur due to propagation of a signal in a divergent pattern across the
lamina. Due to the mechanical connectivity of the tissue, and the unknown origin of the

polarity field described here, these hypotheses remain indistinguishable.

The BASL polarity field described here is markedly different to polarity fields previously
described in plants for a number of reasons. Firstly, the polarity field can be revealed at all
stages of leaf development, unlike, for example, PIN polarity which occurs transiently in
specific developmental contexts (Bilsborough et al., 2011; Guenot et al., 2012; Scarpella et
al., 2006). Furthermore, BASL typically localises to a single lobe of pavement cells, unlike Rho
of plant (ROPs) which localise to multiple lobes of pavement cells (Fu et al., 2002) and are

often linked to polarity formation in pavement cells (Yang, 2008). Previous work has
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suggested a possible link between BASL polarity and the ROP pathway (Dong et al., 2009). In
the hypocotyl cells of rop2 mutants, BASL-mediated cell outgrowths (which are reported with
non-inducible ectopic BASL) appear to be abrogated, consistent with BASL acting upstream
or independent of the ROPs (Dong et al., 2009). The possible connection between BASL and
the ROP pathway cannot account for the localisation to a single lobe, rather than multiple
lobes as is the case with ROPs (Fu et al., 2002). It would be interesting to explore this further,
perhaps by ectopically expressing BASL in mutants of the ROP pathway. This might also
provide further insight into the localisation of BASL in lobe-less cells, which are a common

phenotype of rop mutants (Fu et al., 2002).

2.11.1.2 The ectopic BASL polarity pattern is independent of the stomatal lineage

By overexpressing BASL in the speechless mutant, | found that the ectopic BASL polarity field
is independent of the stomatal lineage. This contrasts with the polarity field described by
Bringmann and Bergmann (2017) which is only observed in stomatal lineage cells and thus is
the first example of a coordinated tissue-wide polarity field, throughout leaf development,
that is independent of the stomatal lineage. The degree of coordination observed for ectopic
BASL in both a wild-type and spch background is higher than that previously described in the
stomatal lineage for BRXL2::BRXL2-GFP in a wild-type background, in which only ~65% of
vectors are within the -80° to 80° range (Bringmann and Bergmann, 2017) and therefore have
a proximodistal orientation. It would be informative in the future to analyse ectopic BASL
polarity in larger spch leaves (>800 um) to allow comparison of the polarity divergence at

this stage compared to wild-type.

The increased coordination of 35S::GFP-BASL in a spch background suggests that the
stomatal lineage contributes to the variation in BASL localisation in a wild-type context. This
is consistent with the results described in this chapter where ectopic BASL localisation
appears to be disrupted by stomata (Figure 2.22), and meristemoids (Figure 2.21).
Meristemoids and stomata are known to grow more quickly than surrounding cells
(Andriankaja et al., 2012). The disruption caused by the stomata could therefore be a result
of mechanical disruption, which would be consistent with the observation that BRXL2
localisation can be altered by mechanical stresses (Bringmann and Bergmann, 2017).
Alternatively, this deflection from a proximal position may be due to ligand signalling from
the stomatal lineage cells. EPIDERMAL PATTERNING FACTOR 1 (EPF1), for example, is active
in determined stomatal lineage cells and has been reported to influence BASL orientation in

neighbouring MMCs (Bringmann and Bergmann, 2017; Dong et al., 2009; Hara et al., 2007).
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In this chapter | have also shown that, similar to BRXL2 (Bringmann and Bergmann, 2017),
BASL is coordinated in the stomatal lineage, albeit to a much lesser extent than when
ectopically expressed. The spiral polarity switching pattern of BASL in the stomatal lineage
has been described previously (Robinson et al., 2011), though overall tissue-level
coordination has not been previously reported for BASL (unlike for the BASL-interactor BRXL2
(Bringmann and Bergmann, 2017)). | hypothesise that the polarity switching of BASL in the
stomatal lineage may be responsible for the lower levels of polarity coordination observed
in the stomatal lineage. Although polarity is critical for stomatal spacing in A. thaliana (Dong
et al., 2009; Robinson et al., 2011), it is unclear why proximodistal coordination within the

stomatal lineage would be functionally important.

One hypothesis that could account for the observation of an endogenous BASL pattern in the
stomatal lineage cells, even when BASL is overexpressed, is that there are competing
proximal addresses in stomatal lineage cells. Stomatal lineage cells could contain a proximal
address (remaining at the proximal end of cells), and a stomatal address which could localise
opposite the new cell wall. In non-stomatal cells, the proximal address appears to dominate,
while in stomatal cells, there may be more correspondence to the stomatal address, perhaps

in a cell-type dependent manner.

2.11.2 Development of software to quantify the polarity field

Through analysing the ectopic BASL polarity field qualitatively, it became clear that
guantitative analysis was necessary to allow comparison of the polarity field between
genotypes and in a non-biased manner. | worked with computer scientists to decide on the
key priorities for development of a polarity quantification tool. After trialling a fully-
automated tool, we decided that a semi-automated tool that segmented cells and randomly
rotated them before manual identification of BASL signal was more useful. This software,
developed by Tjelvar Olsson and Matthew Hartley, with later Matlab code for visualisation
by Jake Newman, was more useful in this context as it allowed me to analyse much more of
the confocal data. The random rotation element of the software was crucial in preventing

bias when assigning BASL vectors, and hence providing confidence in the output.

The software at present requires specific requirements in terms of input images (2-channel
z-stack .tif images) and requires in depth understanding of the adjustable parameters in
order to achieve a well-segmented output. The tool could be developed further in order to

make it more widely usable, for example, by creating a more user-friendly interface for
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parameter searching, or to integrate it into existing software used by the developmental
biology community (e.g. MorphoGraphX, Barbier de Reuille et al., 2015). In addition, for
some high-resolution images, it may be possible to develop fully automated polarity

guantification.

These tools may be the first to allow a non-biased approach to assigning polarity. Previously,
polarity has been assigned to cells by hand (Abley et al., 2016; Bringmann and Bergmann,
2017). While software such as Fiji (Schindelin et al., 2012) can be used to randomise images
for analysis, this is the first case in which random rotation of cells has been used to remove
bias when assigning polarity. The importance of correctly and objectively assigning polarity
is particularly clear where polarised proteins may be less clearly linked to a specific cell than
BASL, such as is often the case with PIN polarity (Abley et al., 2016; Bilsborough et al., 2011;

Sauret-Gleto et al., 2013).

2.11.3 Concluding remarks and future work

This work aimed to characterise the polarity field revealed by ectopic expression of BASL in
the A. thaliana leaf. The polarity described provides evidence for the existence of tissue-wide
polarity across the A. thaliana leaf, at different developmental stages, as has previously been

predicted (Abley et al., 2013; Kuchen et al., 2012).

The existence of such a polarity field supports models requiring polarity fields (Kuchen et al.,
2012). Currently, the polarity field has been described and characterised in detail, but links
need to be made to any potential role it may have in growth and development. This could be
done using growth analysis, for example tracking, as well as analysis of the polarity field in
different developmental contexts, such as serration development or kanadilkanadi2
mutants. The latter experiments would also allow testing of the relationship between BASL

polarity and PIN polarity and are explored in the next chapter.

One key line of exploration will be to analyse ectopic BASL polarity in relation to PIN polarity
and determine if these polarity fields are linked, or independent. It is possible that PIN and
BASL polarity systems are linked, and are both able to respond to elements of a more
fundamental polarity system, for example, to different elements of a molecular address or
intracellular partitioning mechanism (Abley et al., 2013). In addition, it will be useful to
explore potential mechanisms for coordinating the ectopic BASL polarity field. If found to be

linked to PIN polarity, this could be done using auxin treatments or auxin transport inhibitors.
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Importantly, the mechanism underlying the establishment and coordination of the ectopic
BASL polarity field remains unknown. Exploring the potential mechanisms underlying its
coordination could provide insight into the fundamental mechanisms of polarity in plants.
This could be achieved using biochemical approaches to identify novel interactors of ectopic
BASL which could suggest potential candidates for the molecular address | hypothesised: this
is addressed in Chapter 4. Alternatively, it may be useful to explore potentially likely
candidates that have a link with BASL, such as the ROP family, which has been shown to
possibly play a role in the same pathway (Dong et al., 2009), and is hypothesised to have a
similar role in plant polarity to that of homologous Cdc42 proteins in animals (Goldstein and

Macara, 2007; Menke and Scheres, 2009; Suzuki et al., 2002).

Overall, this project has shown the existence of a tissue-wide polarity field throughout A.
thaliana leaf development that is independent of the stomatal lineage. This supports some
models of growth that require a polarity field and, excitingly, could suggest the existence of
fundamental polarity factors and determinants in plants. This system can be used to further
study the role of polarity and patterning in A. thaliana leaf development, as well as the

patterns and mechanisms of tissue cell polarity more broadly in the plant kingdom.
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Chapter 3
3 Testing predictions of a tissue-wide polarity field

Introduction

3.1 The role of a tissue polarity field

The tissue-wide polarity field revealed in A. thaliana leaves using BASL, and described in the
previous chapter, represents the first time a tissue polarity field, that had previously been
predicted (Coen and Rebocho, 2016; Kennaway et al., 2011; Kuchen et al., 2012) has been
described in plant planar organs throughout development in multiple cell types. In this
chapter, | will explore some of the predictions and questions raised by the existence of a

tissue cell polarity field in plants.

Evidence for a coordinated tissue-wide polarity field through development has been
described previously in animal systems, such as the milkweed bug Oncopeltus (Lawrence,
1966) and Drosophila. In Drosophila, the existence of a tissue cell polarity field that has an
important role in development has been well documented and shown to be essential for the
correct anatomy and function of many tissues and organs (Goodrich and Strutt, 2011,

Thomas and Strutt, 2012).

3.1.1 Polarity at the tissue level

Coordinated tissue-wide polarity fields have been hypothesised to play a role in the
development of plant planar organs (Eldridge et al., 2016; Green et al., 2010; Kuchen et al.,
2012; Rebocho et al., 2017b; Richardson et al., 2016). Specifically, at the tissue level, polarity
has been proposed to be one mechanism for orienting anisotropic growth (Coen et al., 2017,
Whitewoods and Coen, 2017). Growth can then be oriented parallel or perpendicular to the
polarity field allowing the formation of simple and complex organ shapes through the action
of genes and regulatory factors. Growth orientations and polarity have previously been
correlated (Bringmann and Bergmann, 2017; Kuchen et al., 2012) but forming causative links
between polarity and growth would ideally require experiments modulating either polarity
or growth which remains technically challenging, not least because the mechanisms

underlying both are not fully understood.
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An alternative hypothesised mechanism for the coordination of anisotropic growth is
mechanical stresses (Hamant et al., 2008; Hervieux et al., 2016). This hypothesis suggests
that growth can be specified in relation to the principle orientation of stresses across a cell

or tissue.

Whilst it is difficult to see how mechanical stresses, which do not have a directional aspect
(no arrowhead), could establish polarity (which does have an arrowhead), it remains possible
that a gradient of stresses could create directionality to establish polarity. In addition,
mechanical stresses could modulate an existing polarity field. This has been reported for
BRXL2 which has been shown to be responsive to mechanical stress by stretching a cotyledon
and laser ablation (Bringmann and Bergmann, 2017). A stress gradient or axial information
from mechanical stresses could be combined with other tissue-organising mechanisms, such

as polarity organisers.

3.1.2 Polarity at the cell level

At the cell level, polarity may also play a role in the coordination of anisotropic growth.
Cellular growth can be isotropic or anisotropic and is controlled by turgor pressure and cell
wall extensibility (Cosgrove, 2016). Turgor pressure provides an isotropic pressure for
growth, while cell wall extensibility can be anisotropic due to the non-uniform cellulose
reinforcement of the wall (Cosgrove, 2005). A polarity system could provide the directional
information needed for non-uniform cell wall reinforcement and it would be interesting to
investigate links between the tissue-cell polarity field revealed by BASL, and the

cytoskeleton.

Pavement cells are often considered to be multi-polar and polarity in these cells has been
linked to the ROP signalling pathway and the formation of lobes (Yang, 2008). ROPs indicate
the multi-polar nature of pavement cells, shown by the localisation of ROP2 to the lobes of
pavement cells (Fu et al., 2002; Fu et al., 2005). This is markedly different to the described
ectopic BASL polarity field and exploring the relationship between BASL and ROPs further
may provide insights into how and why ectopic BASL localises to a single lobe of pavement

cells.

3.1.3 Continuous versus discrete polarity

When modelled across a tissue, for example using GFtBox (Kennaway et al., 2011) polarity is

considered and defined as a mathematical vector where every point in space has an
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associated vector. In this type of modelling, the tissue is considered as a continuous sheet,
without cells allowing polarity to be modelled as a continuum. In a biological tissue, this
mathematical definition of polarity is confounded by the existence of cells. This means that,
instead of each point in space having an associated vector, each cell can have a vector.
However, because cells are discrete rather than continuous entities, this means that cell
polarity has to be assigned relative to another point, such as the cell centroid or leaf axis. In
different situations, it can be helpful to consider a tissue as a continuous canvas, or a
collection of cells, but the associated mathematical differences raise issues that will be

explored in this chapter.

3.2 Ectopic BASL polarity in relation to PIN polarity

PIN proteins represent the best studied polarity markers in plants and much work has been
conducted regarding the polarisation mechanisms of PINs (Boutté et al., 2005; Krecek et al.,
2009; Tanaka et al., 2013; Wisniewska et al., 2006). The polarity field revealed by ectopic
BASL resembles that for PIN1 localisation at early stages of leaf development with some
notable differences. Firstly, whereas ectopic BASL localises proximally, PIN1 in epidermal
cells localises distally (Guenot et al., 2012; Scarpella et al., 2006). Secondly, the ectopic BASL
polarity field described in this work is tissue-wide and can be induced at all stages of leaf
development. This contrasts with PIN1 polarity which is only visible in the very early stages
of leaf development (Guenot et al., 2012; Scarpella et al., 2006) and in specific
developmental situations where new outgrowths form, such as during serration formation

(Bilsborough et al., 2011; Hay et al., 2006).

It is possible that the ectopic BASL polarity field described in the previous chapter is
connected to PIN polarity, either directly or indirectly. For example, PIN proteins could be
involved in establishing polarity in the primordia, with a system (which BASL reveals)
maintaining polarity throughout development. Auxin sources and sinks are able to modulate
PIN polarity and coordination (Abley et al., 2016; Cieslak et al., 2015; Rolland-Lagan and
Prusinkiewicz, 2005) and could hypothetically also be a coordination mechanism for BASL

polarity. Alternatively, PIN and ectopic BASL polarity could be independent.
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3.2.1 Testing of a polarity field in developmental contexts

The existence of a polarity field across the leaf throughout development does not necessarily
indicate a role for polarity in the development of planar plant organs. However, experiments
elucidating the relationship between PIN polarity and ectopic BASL polarity could indicate a

role for this polarity field in the formation of plant organs.

3.3 Mechanisms underlying the establishment and
maintenance of polarity

A key question following the discovery of a tissue-wide polarity field, maintained through
development, is how such a polarity field is generated. This can be broken down into
understanding how polarity is established initially, and how it is coordinated and, unlike PIN1

polarity, maintained throughout development (Abley et al., 2016).

3.3.1 Establishment of polarity

One plausible mechanism for the initial establishment of tissue cell polarity is intracellular
partitioning, as suggested by Abley et al., (2013). This model requires two polarity
components (A and B), which are diffusible and cytoplasmic, and their respective membrane
bound, slowly-diffusing forms (A* and B*). A* and B* are localised to opposite ends of the
cell and, through local feedback and inhibition, and small random fluctuations, are able to
spontaneously polarise in cells. Polarised cells can then become coordinated by direct or
indirect cell-cell coupling mechanisms (Abley et al., 2013). It is possible that the polarity
mechanisms controlling localisation of ectopic BASL to the proximal end of cells is part of an
intracellular partitioning cell-cell coupling mechanism. Whilst the molecular components of
the intracellular partitioning mechanism have not been verified, PIN1 remains a plausible
candidate for establishing cell polarity (although notably the auto-inhibitory behaviour
required for intracellular partitioning has not been shown). Analysis of BASL localisation
compared to PIN1 could aid understanding of the possible molecular components of an

intracellular partitioning model.
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3.3.2 Maintenance and coordination of polarity

Auxin has been suggested as part of the mechanism for polarity coordination in a cell-cell
coupling model (Abley et al., 2013) and is known to play a key role in the development of
plant organs. Inhibition of polar auxin transport, such as using N-1-naphthylphthalamic acid
(NPA), could indicate whether polar auxin transport is required for the coordination of

ectopic BASL.

Another possible system involved in the coordination of polarity across plant tissue is
plasmodesmata. Plasmodesmata allow the passage of small molecules and signals between
cells and thus represent a plausible mechanism for the coordination of signals involved in
the maintenance of polarity across a tissue. These regulated channels between cells are
known to be involved in transport, defence and development (Cheval and Faulkner, 2018;
Lucas and Jung-Youn, 2004; Yadav et al.,, 2014). Whilst many mechanistic aspects of
plasmodesmata function, particularly in a developmental context, remain unknown,
research is increasingly highlighting the fine-tuned and dynamic regulation of these channels

(Cheval and Faulkner, 2018; Cui and Lee, 2016; Tilsner et al., 2016).

3.4 Aims of this work

The work in this chapter aims to test some key predictions associated with the existence of
a coordinated tissue-wide polarity field. | address the differences in understanding polarity
as a continuous or discrete system through analysis of ectopic BASL polarity in contexts
where cell shape is altered. This allows separation of polarity and cell shape which may be
closely correlated in most anisotropic cells. | will also use BY-2 cells to test the role of the

tissue in cell polarity and the coordination of polarity by expressing ectopic BASL in BY-2 cells.

In addition, | test the relationship between the ectopic BASL polarity field described and PIN1
polarity. | analyse situations in which PIN1 and BASL are both expressed such as primordia,
and also situations where PIN1 polarity reversals are seen, such as serrations (Bilsborough et
al., 2011; Hay et al., 2006) and ectopic outgrowths (Abley et al., 2016) which can shed light

on the role of BASL in a developmental context.

Finally, | aim to explore possible mechanisms involved in coordinating and establishing the

ectopic BASL polarity field. | test known coordination mechanisms, for example polar auxin
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transport and plasmodesmata, and systems known to be involved in polarity, for example
microtubules and mechanical stresses. Whilst the discovery of a highly coordinated polarity
field, described in Chapter 2, is interesting, it raises many important questions, and would
have significant relevance if it were shown to have a physiological or developmental role, or

to interact with known polarity systems.

Results

3.5 Polarity and cell shape

The ectopic BASL polarity field described in the previous chapter shows striking similarities
with the polarity field previously proposed to account for orientations of growth in the leaf
of A. thaliana (Figure 3.1, A compared to B) (Kuchen et al., 2012). The observed polarity field
diverges at later stages, and hence appears to be more similar to a deforming model of the
leaf, where the polarity field diverges as the tissue grows, as a result of the tissue connectivity
(Figure 3.1 B), compared to a non-deforming model where the polarity field remains fixed

proximodistally and does not diverge at later stages (Figure 3.1 C).
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Figure 3.1 The downsampled ectopic BASL polarity pattern resembles the predicted
polarity of the deforming organiser-based model from Kuchen et al. (2012).
(A) Downsampled ectopic BASL pattern in a wild-type leaf of width over 800 um with vectors

plotted according to colour map shown (see also Figure 2.16 C). (B) Deforming organiser-
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based model of the leaf and (C) Non-deforming organiser-based model of the leaf from
Kuchen et al. (2012). Leaf of approximately a similar stage to that shown in A. Black arrows
indicate the predicted polarity field, cyan indicates the gradient of POLARISER in the model.
Scale bars are 100 um. B and C adapted from Kuchen et al. (2012). Reprinted with permission
from AAAS.

3.5.1 Artefact of cell anisotropy and polarity

However, as highlighted in section 3.1.3, this similarity between the precited polarity of
computational models and biological data is not straightforward. This is because differences
between the continuous mathematical polarity in the model and the discrete cell-based
biological data. The way polarity is assigned in relation to another point confounds the
interpretation of the polarity pattern. Here | use the cell centroid in assigning polarity to cells,
as is the case in other published studies (Bringmann and Bergmann, 2017). This leads to the

cell shape having a confounding effect on polarity.

For example, suppose BASL is proximal in a circular cell (Figure 3.2 Ai). If that cell becomes
elongated diagonally, either through growth or diagonal division, polarity will also become
diagonal due to polarity vectors being assigned to the cell centroid (Figure 3.2 Aii). This
deviation from proximal occurs even though there has been no change in the positioning of
the BASL signal. This anisotropic cell (Figure 3.2 Aii) would then appear to have the same
polarity vector as a cell in which the polarity was initially divergent or not proximal (Figure
3.2 Bi, Bii). The confounding effect of cell shape therefore makes it very difficult to distinguish
between a polarity field that is parallel to the midline but appears divergent due to cell shape
anisotropy (Figure 3.2 Aii), and one that diverges across the tissue, irrespective of cell shape
(Figure 3.2 B). In models where polarity fields have been predicated using GFtBox (Kennaway
et al., 2011; Kuchen et al., 2012), the lack of cells means that there is no confounding effect

of cell shape.
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Ai Bi

Aii Bii

Figure 3.2 Polarity and long axis information is correlated in anisotropic cells.
(Ai) Schematic of an isotropic cell with BASL localised to the proximal end and (Aii) schematic

of an anisotropic cell where the BASL localised at the proximal end has become deflected
due to deformation of the cell shape (through growth or division). (Bi) Schematic of an
isotropic cell with BASL localised to one side and (Bii) schematic of an anisotropic cell where
the BASL localised at one side has become deflected due to deformation of the cell shape
(through growth or division).

Importantly, this may also be relevant to published work where polarity is often assigned in
relation to the cell centroid (Bringmann and Bergmann, 2017). While any observed
correlations between growth or cell shape and polarity may be a result of polarity guiding
growth, the alternative scenario that growth or cell shape influence polarity cannot be ruled
out. Indeed, it is difficult to see how a polarity could be assigned to anisotropic cells in a way

that does not correlate with the cell long axis.

3.5.2 Ectopic BASL polarity is correlated with cell shape anisotropy

To determine if the BASL polarity field observed is correlated with cell shape and whether it

could therefore be a result of cell shape anisotropy, | first needed to be able to extract and
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quantify cell shape information from leaf images. | collaborated with Jake Newman to
develop the ‘CellLongAxisCorr7’ script in Matlab (referred to as CellLongAxis script) which
allowed the long axis of each segmented cell to be calculated and multiple angles quantified.
The CellLongAxis script was programmed by Jake Newman, Jake and | tested and further

developed the software together, and | used the script for analysis.

When applied to leaf images, this script allowed cell long axes to be assigned to cells (by
fitting an ellipse to each segmented cell) and coloured according to the same colour map as
used previously (Figure 3.3 A). Notably, the colour map is only half that of Figure 3.1 as the
information being visualised here has axiality and not polarity, and hence an arrowhead
cannot be assigned. | plotted the orientations of the cell long axis for cells in numerous leaves
and this confirmed that cell long axes tended to be oriented in line with the leaf midvein axis
(Figure 3.3 B). Similar proximodistal axiality for cells in the A. thaliana leaf have previously

been shown (Fox et al., 2018; Kuchen et al., 2012).

Visualising the overall pattern of cell long axes across a whole lamina with hundreds, or even
thousands of cells is not easy. | therefore used the SampleArrows script (developed by Jake
Newman and described in Chapter 2 and Materials and methods) to down-sample the cell
long axis information across the leaf. This was achieved in a similar way to down-sampling of
the BASL vectors (see Chapter 2) using a grid. However, whilst vectors can be averaged by
adding them, mathematically, this is not possible for tensors. Instead, down-sampling of the
cell long axis orientations was achieved by gathering cell orientations within a certain radius,
normalising and superimposing them onto the same axis, and then performing principle

component analysis (PCA) on the resulting cloud of points.

Down-sampling of the cell long axis orientations confirmed that, on average, cells were
preferentially elongated in a divergent proximodistal (axial) pattern across the leaf lamina.
Cell long axis orientations in the midvein region were highly coordinated in line with the
midvein axis, while those in the proximal lamina had a more divergent angle away from the

midvein (Figure 3.3 C).
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Figure 3.3 Cell long axes across the leaf are similar to proximodistal polarity orientations.
(A) Close-up of cell orientations, plotted for cells that BASL vectors can also be assigned to,

according to colour map in C. Scale bar 20 um. (B) Histogram of orientation of cell long axis
relative to leaf midvein vector (see Figure 3.3) for leaf of width 800 pum+ (shown in C). (C) Cell
long axis data for leaf of width 800 um+ (same leaf as in Figure 3.1 A), down-sampled and
plotted according to colour map shown, showing splaying out of cell orientations across
proximal lamina (yellow and green lines). Note, due to elongation axis being tensors and not
vectors, only half of the full colour map is used. Dotted line shows leaf outline. Scale bar 100
pum.

The pattern of cell orientations strongly resembles the down-sampled ectopic BASL
orientations for the same leaf (compare Figure 3.3 C with 3.1 A). This suggests the BASL
vector orientations may be correlated with the cell long axis orientations. The CellLongAxis
script was used to calculate and output a number of angles, such as the angle between the

assigned ectopic BASL vector and the cell long axis orientation for each cell (Figure 3.4).
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A

1. Cell long axis to leaf p-d vector
2, BASL vector to cell long axis

3. BASL vector to leaf p-d vector

Figure 3.4 Angles between the cell long axis and BASL vector can be calculated.
Schematic shows the three measurable angles involving the cell long axis and ectopic BASL

vector for a pavement cell. (1) The angle between the cell long axis (blue dotted line) and
leaf proximodistal (p-d) vector (black arrow). (2) The angle between the BASL vector (orange
dashed line, see Figure 2.12 for how this is calculated) and the cell long axis. (3) The angle
between the BASL vector (orange dashed line) and the leaf proximodistal vector (black
arrow).

| used the CellLongAxis script to calculate the angle between the ectopic BASL vectors and
the orientation of the cell long axis (Figure 3.4). If the ectopic BASL vector and the cell long
axis orientation were perfectly aligned, this angle would be zero. Plotting this angle for
multiple leaves confirmed that there was a strong correlation between the BASL vector and

the orientation of the cell long axis (Figure 3.5).
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Angle between BASL vector and cell long axis
for leaf width over 800 um
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Figure 3.5 The ectopic BASL vectors correlate with the cell long axis.
Histogram showing frequencies of angle between BASL vector and cell long axis (for leaf of

width over 800 um shown in Figure 3.1 A), indicating correlation between BASL vector and
cell long axis orientation. See Figure 3.4 for how this angle is calculated.

Multiple hypotheses could account for the correlation between the divergent pattern of
ectopic BASL axiality and the cell long axis, though the causative nature of this correlation is
unclear. One possibility is that the divergent pattern of ectopic BASL vector orientations
could be a consequence of the mechanical connectivity of the tissue which could alter or
distort the polarity field as the tissue grows (Coen et al., 2017; Kuchen et al., 2012) (Figure
3.6). However, cell shape anisotropy (itself a result of growth) may also influence polarity
because of the way polarity is assigned to cells (Figure 3.2 and Figure 3.6). Alternatively,
polarity could provide orientation information to influence or guide growth or cell shape

anisotropy (Figure 3.6) (Coen et al., 2017; Whitewoods and Coen, 2017).
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Cell anisotropy confounding
polarity assignment

Connectivity of the tissue
distorts polarity during growth

"

Growth/ lari
cell ansiotropy Polarity

. _“

Polarity providing axiality
to orient anisotropic growth

Figure 3.6 A two-way relationship exists between polarity and growth/cell anisotropy.
Diagram shows possible interconnected relationship between polarity and growth or cell

shape. Polarity may provide axial information to orient anisotropic growth (green arrow and
text). Growth may influence polarity through connectivity of the tissue distorting a polarity
field. Cell anisotropy may influence the measure of polarity due to how polarity is assigned
to anisotropic cells (blue arrow and text).

3.5.3 Isotropic cells allow uncoupling of cell shape and polarity

One way to separate the effect of cell shape from polarity assigning is to analyse isotropic
cells. In isotropic cells, the cell anisotropy cannot influence the polarity vector allowing a
clearer distinction between a proximal polarity signal (Figure 3.2 Ai) and a diagonal or
divergent signal (Figure 3.2 Bi). To explore the potentially confounding effect of cell shape
on assigning polarity, | analysed BASL vectors in a subset of cells from the wild-type

background which had a nearly isotropic shape.

3.5.3.1 Cell eccentricity can be used as a proxy for cell shape anisotropy

The CellLongAxis script allowed determination of a cell’s eccentricity (ratio of the distance
between the foci of the ellipse fitted to a cell and its major axis length), which was used as a
mathematical proxy for anisotropy (Gomez et al., 2016; Rangamani et al., 2013). Eccentricity
is a measure of circularity: shapes with an eccentricity of 0 would be a perfect circle, through
to an eccentricity of 1 which would be a line (Figure 3.7). Quantifying the properties of
complex shapes, such as pavement cells, is challenging (Carter et al., 2017; Zhang et al.,
2011). Recent work has developed Fourier Analysis to allow quantification of such shapes
(Sdnchez-Corrales et al., 2018) but this is mathematically and computationally complex

hence the simpler measure of eccentricity was used here.
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e=0.0 e=0.2 e=05 e=08
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increasing eccentricity >

Figure 3.7 Eccentricity can be used as a measure of cell shape.
Illustration of the eccentricity of different ellipses, from 0 (a perfect circle), to 1 (a straight

line). Eccentricity is a mathematical measure of the round-ness of an ellipse and is used here
as a proxy for cell anisotropy. Eccentricity is the ratio of the distance between the foci of the
ellipse fitted to a cell and its major axis length.

In order to get a number of cells that could be classed as isotropic, or near isotropic, an
eccentricity of 0.6 and below was used as the threshold for isotropy. This provided a number
of cells on leaves over 800 um in width that would be assigned near isotropic and visually

appeared fairly isotropic (Figure 3.8).

e=0.18 e=042 e=0.60 e=0.90

Figure 3.8 Cells with eccentricity of below 0.6 were considered near isotropic.
Examples of cells with their eccentricities, calculated computationally using the CellLongAxis

script. Cells with an eccentricity of less than 0.6 (A-C) were considered near isotropic, while
cells with an eccentricity higher than 0.6 were considered anisotropic (D).

3.5.3.2 BASL in isotropic cells shows a divergent pattern

| analysed the near-isotropic cells (with an eccentricity of less than 0.6) in leaves over 800
um in width in a wild-type background that had been assigned ectopic BASL vectors. Plotting
the cell long axis orientations for near isotropic cells indicated that there was no preferential
orientation (Figure 3.9). This confirmed that the cells selected were sufficiently isotropic; if
anisotropic cells had been selected, the histogram would show a peak at 0 degrees, similar

to Figure 3.3 B.
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Cell long axis orientation for near isotropic cells
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Figure 3.9 Near-isotropic cells show no predominant orientation of cell long axis.
Histogram showing cell long axis orientation relative to the midline vector for near isotopic

cells (total from 4 leaves greater than 800 um in width), showing that this subset of cells has
no preferential long axis orientation.

In this subset of near isotropic cells, the ectopic BASL vectors showed a preferential
proximodistal orientation, including the splayed-out pattern in the proximal region of the
lamina, indicated by predominately red and orange vectors (Figure 3.10). This pattern was
observed across four leaves of width over 800 um (Figure 3.10) and appeared similar to if a

subset of cells was taken from the BASL vectors in wild type.
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Figure 3.10 Ectopic BASL vectors in near-isotropic cells of large leaves were predominantly
proximodistal.

Ectopic BASL vectors in near-isotropic cells of four leaves, all greater than 800 um in width.
BASL vectors were plotted according to the colour map shown. Black dotted line indicates

leaf outline. Scale bars are 100 um.

Furthermore, the histogram of ectopic BASL vector orientations in near-isotropic cells closely
resembled that for all cells across the leaf (Figure 3.11 compared to Figure 2.14 1). This
confirmed that the ectopic BASL localised proximally and the polarity field in this small subset

of cells reflected that described across the whole leaf.
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Orientation of ectopic BASL vectors in
near-isotropic cells
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Figure 3.11 Quantification of ectopic BASL vectors in near isotropic cells showed
preferential proximodistal orientation.
Ectopic BASL vector orientations for near-isotropic cells relative to leaf midvein, data pooled

from 4 leaves with widths over 800 um.

To more clearly visualise the pattern of BASL vectors in isotropic cells across the leaf, |
subdivided multiple large leaves of over 800 um into nine regions, based approximately on
the midvein region and dividing the lamina horizontally into thirds. | measured the assigned
ectopic BASL orientations from isotropic cells in each region using Fiji (Schindelin et al., 2012).
| then averaged the BASL vector orientations in each of the nine sections to give an average
vector for each region of the leaf, independent of cell shape anisotropy (Figure 3.12, Table
3.1). This showed that, in near isotropic cells of the four large leaves analysed, the ectopic
BASL vectors were divergent across the lower lamina and proximodistal in the midvein
region. Thus, the observed divergent proximodistal polarity field is not dependent on cell

shape anisotropy.
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Figure 3.12 Average BASL vector angles from isotropic cells in subdivided regions show a
divergent proximodistal pattern.
Schematic of large leaf illustrating the average BASL vector orientation in each section of a

subdivided leaf from four leaves over 800 um width. Average vectors are shown by black
arrows in each section, average angle of BASL vector is shown in each section. Sections
marked approximately by grey dotted line, approximate average leaf outline shown in green.
Corresponds to data from individual leaves shown in Table 3.1.

Table 3.1 Average vectors from isotropic cells in regions of additional subdivided leaves.
The first row of data shows average vectors for regions of leaf shown in top left panel of
Figure 3.10, the bottom 3 rows show average vectors for leaves in 3 additional leaves (shown
in Figure 3.10), all over 800 pum in width.

Top left | Top Top Mid left | Mid Mid Bottom | Bottom | Bottom
middle right middle right left middle right

-41.1 38.9 -19.3 -24.1 4.5 353 -40.5 -28.0 42.8

-45.3 8.4 19.6 -57.4 -3.5 64.3 -60.4 -4.2 66.6

3.7 11.6 -15.9 -28.0 -20.6 7.2 -36.6 -15.5 19.6

-1.1 35 -26.6 -29.3 -13.2 25.0 -83.0 10.5 86.9
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These results indicate that ectopic BASL polarity shows a divergent pattern at later stages of
leaf development that is not simply a consequence of the way polarity is assigned in relation
to the cell centroid. The divergent polarity pattern described for leaves at later stages of
development may be a consequence of the mechanical connectivity of the growing tissue
(blue arrow and text Figure 3.6); indeed, the splaying out at later stages rather than early
stages would suggest this. In addition, the possibility remains that polarity guides growth
(green arrow and text Figure 3.6). Live-tracking data may allow any causative link to be made
more conclusively, however, a correlation between BASL polarity and growth would likely
still be observed because growth is largely anisotropic across the leaf (Kuchen et al., 2012)
and the issue of assigning polarity in anisotropic cells would arise (Figure 3.2). It is therefore
challenging to explore the relationship between polarity (as measured in relation to the cell

centroid) and growth without confounding effects of cell shape.

3.6 Uncoupling polarity and cell long axis orientation

3.6.1 Cells not in line with proximodistal axis also allow separation of
cell shape and polarity

Given that most pavement cells in the A. thaliana epidermis are approximately aligned with
the proximodistal axis of the leaf, as shown in Figure 3.3, it is challenging to uncouple cell
shape from polarity. It is possible that the localisation of BASL to the proximal end of cells is
due to preferential localisation to the long axis of a cell. Notably, this hypothesis would
require BASL localisation to also respond to additional signals allowing consistent localisation

to the proximal rather than distal end of the cell long axis.

To test whether BASL localised preferentially to one end of the cell long axis, | used the
CellLongAxis software to select the subset of cells in the leaf epidermis in which the long axis
was more than 50 degrees from the proximodistal midline vector and were also anisotropic
(eccentricity of more than 0.6). The CellLongAxis software indicated the BASL polarity axis
(Figure 3.13, green line), the cell long axis (Figure 3.13, blue line), and also the axis through
the most proximal point in the cell (Figure 3.13, red line). The most proximal point was
determined mathematically using the lowest y-coordinate of the cell: it was helpful in order
to assign BASL localisation in relation to the cells, but it is not clear how a cell could determine

the mathematical extrema and therefore this is not a biologically relevant measure. Cells
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could be assigned to one of five categories depending on the BASL localisation: BASL
localisation to one end of the cell long axis (Figure 3.13 A), localisation to the most proximal
point (lowest y-coordinate) of the cell (Figure 3.13, B), localisation that did not align with the
mathematical proximal point of the cell but a neighbouring proximal lobe (Figure 3.13 C),
cells where the most proximal point and long axis were too close to distinguish between
(Figure 3.13 D), and cells in which the BASL vector is not clearly localised to the one end of

the long axis or a most proximal lobe (Figure 3.13 E).
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Figure 3.13 BASL localisation in anisotropic cells oriented more than 50° from the leaf

proximodistal axis was variable.
Examples of ectopic BASL localisation in anisotropic cells (eccentricity >0.6) in which the long

axis was more than 50° from the leaf proximodistal axis. Left hand panels show BASL
localisation, right hand panel shows output of CellLongAxis software that indicates the axis
of the BASL vector (green), cell long axis (blue) and axis through most proximal point (lowest
y-coordinate) of the cell (red) for each corresponding cell (axes from surrounding cells also
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visible in Aii and Eii). Cells could be assigned to one of 5 categories: (A) BASL localisation to
one end of the cell long axis; (B) localisation to the most proximal point of the cell; (C)
localisation that did not align with the mathematical proximal point of the cell but a
neighbouring proximal lobe; (D) cells where the most proximal point and long axis were too
close to distinguish between and (E) cells in which BASL did not clearly localise to one end of
the long axis or a most proximal lobe. Coloured boxes show relation to sectors of pie chart
in Figure 3.14. Examples in A and D are from one leaf, B, C and E are from another leaf. Leaf
proximodistal axis is shown in A and applies to all cells.

| carried out visual analysis and categorisation of 165 cells from two leaves that had
numerous anisotropic cells not in line with the leaf proximodistal axis (Figure 3.14). Across
these two leaves, only ~18% of cells had BASL localised to near one end of the cell long axis
suggesting that BASL is not marking the long axis of cells. In ~25% of cells, the long axis and
most proximal point of the cell couldn’t be distinguished while in over 50% of cells analysed
ectopic BASL localised to the most proximal point of the cell, or a proximal lobe (Figure 3.14).
This data indicated that there was no overall consistent localisation of BASL in relation to the
cell long axis and that there was more of a tendency to mark a proximal lobe of cells. In wild-
type leaves where cells tend to align with the leaf proximodistal axis, this qualitative analysis
is not conclusive, but provides preliminary evidence that BASL tends to localise proximally

rather than to one end of the cell long axis.
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Breakdown of ectopic BASL localisation in
cells where the long axis is mediolateral

M Long axis and proximal point indistinguishable
M Marking long axis
M Marking most proximal point

Neither long axis nor most proximal point

Not clear, not most proximal point mathematically, but a proximal point

Figure 3.14 Ectopic BASL localises to a proximal lobe in more than 50% of anisotropic cells
aligned approximately with the mediolateral axis in a wild-type leaf.
Pie-chart shows proportion of cells in a wild-type leaf with BASL localising to each of the five

categories described (long axis and proximal point indistinguishable (green), BASL marking
one end of the long axis (blue), BASL marking the most proximal point (i.e. lowest y-
coordinate, red), BASL localising to neither long axis nor most proximal point (yellow) and
BASL not clearly marking the cell long axis but localising to a proximal lobe of the cell
(orange). Section colours correspond to coloured boxes in examples in Figure 3.13. 165 cells
from 2 leaves of width >800 um were analysed.

3.6.2 gaplgap2 mutant allows uncoupling of polarity and cell
geometry

As described above, in a wild-type leaf, the long axis of most cells is approximately aligned
with the leaf proximodistal axis (Figure 3.3). Cells in which the long axis is not aligned with
the proximodistal axis allow uncoupling of cell polarity and cell shape, but in a wild-type leaf,
these are relatively rare and analysis of BASL localisation in this subset of cells was variable

(Figure 3.13 and 3.14).

Previous work had observed that the epidermal cells of the Rho GTPase activating proteins
double mutant (RhoGAP, (Stockle et al., 2016), here referred to as gaplgap2) appear to have

a high proportion of cells in which the cell long axis is not alighed with the proximodistal axis
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(Jordi Chan, personal communication). The gaplgap2 double mutant is therefore a useful
tool in exploring how BASL polarity localises independent of cell axis orientation. | crossed
the gaplgap2 double mutant to the inducible 35S5::GFP-BASL line to test if anisotropic cells
whose long axes are aligned perpendicular to the midvein localise BASL to their long-axis, or

to the proximal end (Figure 3.15).

prox-dist long axis
prox-dist long axis

OO

Figure 3.15 Cells in gap1gap2 in which the long axis is not aligned with the proximodistal
axis of the leaf allow uncoupling of polarity and cell orientation.
Cells in a gaplgap2 mutant appear to be often not aligned with the leaf proximodistal axis,

allowing separation of proximodistal polarity and cell long axis orientation. Cells in the
magenta box indicate wild-type orientations; they tend to be aligned parallel to the leaf
midline and a marker (orange) of the proximodistal axis is indistinguishable from a cell long
axis marker (although this could be proximal or distal). The yellow box indicates cells not
aligned with the leaf proximodistal axis (more common in the gaplgap2 mutant). In such
cells, a proximodistal signal would localise to the bottom of the cell, while a long axis marker
would localise to an end (or both ends).

| also crossed the gaplgap2 double mutant with the inducible BASL line that also had an RFP-
plasma membrane line to allow visualisation of the cell outlines. This confirmed the
observation that the cell long axes in gaplgap2 cotyledons were often perpendicular to the
proximodistal axis (Figure 3.16). | used the cotyledons for analysis with BASL as they
appeared to have more cells in which the cell long axis was perpendicular to the

proximodistal axis. The unusual cell orientations observed in this mutant are likely to be a
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result of faulty division planes, which have previously been described in the root (Stockle et

al., 2016).

Another interesting feature of the gaplgap2 mutant is that the pavement cells are lobeless
(Figure 3.16). This simplified the analysis of polarity in this mutant as the pavement cells
could contribute to making the polarity pattern more complex. This also allowed the cell long
axis to be visualised more easily. The lack of lobed pavement cells is likely due to the
interference with the ROP pathway, known to be involved in the formation of pavement cell
lobes (Fu et al., 2005), although this feature of the mutant has not been described as previous

work was conducted largely in roots (Stockle et al., 2016).

Figure 3.16 gaplgap2 mutant has multiple cells in which the long axis is not
proximodistally aligned.
(A, B) Two representative examples of lobeless pavement cells in the gaplgap2 double

mutant. RFP-PM allow visualisation of cell outlines. Images are from two different
cotyledons. Cells with a long axis approximately perpendicular to the proximodistal axis
(shown) are marked with a white asterisk. Scale bars are 100 um.

Despite the unusual shape of the cells in this mutant, and altered cell divisions, the leaves
and cotyledons maintain a relatively wild-type shape (Figure 3.17). One noticeable difference
is that the cotyledons of the gapIgap2 mutant tend to be elongated compared to the wild-
type (Figure 3.17). This may be due to the altered division patterns, although it has not been

characterised previously.
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Figure 3.17 gaplgap2 cotyledons have an elongated cotyledon shape compared to wild

type.

(A) Wild-type seedling (Col-0) and (B) gaplgap2 seedling 6DAS, grown on plates. (C) Close-
up region of A showing rounded cotyledon in wild-type. (D) Close-up region of B showing
elongated cotyledon in gaplgap2. Black dotted lines show cotyledon outline. Scale bars are
500 pm.

| heat-shocked gaplgap2 seedlings carrying 35S::GFP-BASL for 20 minutes 4 or 5 DAS to
induce BASL expression across the leaf and cotyledon. In the cotyledon, a number of cells
could be found that had a long axis aligned perpendicular to the proximodistal axis (outlined
in magenta in Figure 3.18). In these cells, BASL tended to localise to the proximal end of the
cell, which was generally along the long wall of the cell (Figure 3.18 B, C). The BASL signal
was not always observed in the centre of the cell, sometimes towards one end of the other,
but was typically not observed marking either end of the long-axis of perpendicular cells. In
cells that did align the with proximodistal axis, BASL tended to localise proximally (Figure

3.18 B and C), as in wild-type.
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Figure 3.18 355::GFP-BASL in a gap1gap2 cotyledon is typically proximally localised.
35S::GFP-BASL induced in a gaplgap2 cotyledon, showing the cell outlines (Bright-field, A),

GFP-BASL signal (B), and combined cell outlines and BASL signal (C). Four cells in which the
long axis is approximately perpendicular to the proximodistal axis are highlighted with

magenta dotted line. BASL signal in these cells is proximally localised, indicated with orange
arrowheads (B and C). Proximodistal axis is shown in A. Scale bars are 100 um.

To visualise the cell outlines more clearly in the gaplgap2 mutant, | induced BASL in
gaplgap2 seedlings and stained with Pl. As before, 5-day old seedlings were heat-shocked
for 20 minutes and stained with Pl before imaging. This allowed a clearer visualisation of the
cell outlines in the cotyledon and confirmed that the BASL signal tended to localise to the
proximal end of cells in which the long axis was perpendicular to the proximodistal axis
(Figure 3.19). The BASL signal was sometimes observed in the centre of a cell wall (example
in Figure 3.19 A), and sometimes localised to one end of the long edge of the cell (example
in Figure 3.19 B). This confirms that ectopic BASL tends to mark the proximal end of cells,

rather than either end of the long axis of cells (yellow box in Figure 3.15).

The absence of lobes in the gaplgap2 mutant also indicates that ectopic BASL localises
proximally independent of lobes. The PHGAP proteins (absent in this mutant) are part of the
ROP pathway (Stockle et al., 2016) that has previously been linked to cell polarity, albeit
multi-polar cells, rather than a single polarity (Yang, 2008). The ability of BASL to polarly
localise in the absence of this functional pathway suggests that ectopic BASL polarity is at
least partly independent of this signalling pathway. However, previous work has suggested
a potential involvement of BASL acting upstream of the ROP pathway, given that BASL-
mediated cell outgrowths are abrogated in rop2 mutant hypocotyls (Dong et al., 2009).

Quantification of ectopic BASL localisation in the gaplgap2 mutant is required in order to
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further understand the role of BASL in marking the proximal end of cells, and any potential

role in cell growth.

Figure 3.19 35S::GFP-BASL in gap1gap2 cotyledons, stained with PI.
Examples of 355::GFP-BASL induced in a gaplgap2 cotyledon (A, B, C each show a separate

cotyledon). Left hand panels show cell outlines with PI staining, cells with long axes
approximately perpendicular to the proximodistal axis are indicated with an asterisk. Middle
panel shows 35S::GFP-BASL signal. Right hand panel shows combined cell outlines and
35S::GFP-BASL signal. GFP-BASL signal in the cells indicated in left hand panel is highlighted
by a white arrowhead. Uppermost two cells with asterisks in A show examples where BASL
localises to the centre of the cell wall. Leftmost two cells with asterisks in B show examples
where BASL is localised to the end of the cell. Proximodistal axis (same for all three examples)
is shown in A. Scale bars are 100 um.
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3.7 Relationship to PIN polarity

One key question that arises from the ectopic BASL polarity field described in this work is
whether this polarity field is connected to PIN polarity, either directly or indirectly, or
whether the two are independent. It is possible that both polarity markers are part of a
common system, with PIN involved in early establishment of polarity and ectopic BASL
revealing a polarity that is maintained through to later stages. Equally, BASL could be an

independent polarity system with different underlying polarisation mechanisms.

To test the relationship between the ectopic BASL polarity and PIN1 polarity, | developed a
line with inducible 355::mCherry-BASL, in a PIN1::PINI-GFP background with the aim of
analysing the localisations of ectopic BASL and PIN1 in different contexts. Other PIN family
members have different localisations and polarities that may also be worth exploring: | used
PIN1 here as it has a well-characterised polar distribution in young primordia and serrations

(Bilsborough et al., 2011; Guenot et al., 2012; Hay et al., 2006; Scarpella et al., 2006).

Whilst PIN proteins are polarly localised, their polarity orientation in relation to a single cell
can be difficult to assign; in some cases only PIN axiality can be inferred (Abley et al., 2016).
When PIN polarity can be assigned, the vectors are usually oriented pointing towards the PIN
signal (Abley et al., 2016; Hay et al., 2006; Sauret-Giieto et al., 2013). This contrasts to the
vectors that | assign for BASL polarity from signal to centroid (red arrow, Figure 3.20 A). By
assigning BASL vectors this way, the tissue-wide polarity patterns can be compared to those
predicted by modelling of the leaf (Kuchen et al., 2012). In addition, although PIN1 and BASL
localise at the opposite ends of the cell, the cell can be considered to have a single intrinsic
polarity, marked by two different proteins (Figure 3.20). This could be due to multiple
different molecular addresses responding to an underlying polarity system. If PIN1 and BASL
colocalised at one end of a cell (Figure 3.20 B), the vectors would appear to point in different

directions, and would indicate a cell with unusual PIN or BASL localisations (Figure 3.20 B).
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A

Figure 3.20 PIN and BASL vectors are assigned differently.

Schematic showing how PIN and BASL vectors may be assigned in cells expressing both
polarity markers. | assign BASL vectors from the signal to the cell centroid (red). PIN vectors
are usually assigned pointing towards the signal (rather than away from it as in BASL) (green).
(A) In cells where PIN and BASL are localised at opposite ends of the cell, the vectors would
therefore be pointing in the same direction indicating an overall cell polarity. (B) In cells
where PIN and BASL localise together, the vectors would be pointing in opposite directions.

3.7.1 BASL and PIN in early leaf

PIN1 is reported to be polarised in primordia, before expression disappears from the
epidermis in a non-uniform manner when the leaf is approximately 100 um in width (Abley
et al., 2016; Guenot et al., 2012). | previously confirmed these approximate stages of PIN1
dynamics by imaging the PIN1::PIN1-GFP reporter in early leaves (Figure 2.1). Ectopic BASL
expression could be induced and observed in very young leaves, from approximately 50 pm

in width, indicating that ectopic BASL and PIN1 expression could overlap temporally.

To determine the relationship between PIN1 and BASL localisation in primordia, | used the
line with inducible 355::mCherry-BASL and PIN1::PIN1-GFP, allowing both polarity markers
to be visualised in the same cells. In order to visualise ectopic BASL at very early stages of
development, seedlings were heat-shocked when they had just emerged from the seed coat

(2 DAS).

Induction of ectopic BASL in young leaf primordia showed that it localised to the proximal
end of cells at a time when PIN1 was polarly localised to the distal end of cells (Figure 3.21),
indicating that these two polarity markers could be co-expressed. As described previously,
the ectopic BASL localised to a distinct crescent in cells and was not visible in every cell of
the leaf. By contrast, PIN1 had a broader distribution, localising across the whole wall of a
cell, making its polarity harder to assign to individual cells (Figure 3.21 B, C). This difference
in localisation domains of BASL and PIN has also been described previously where PIN1 and

35S::GFP-BASL distributions have been compared in the root (Dong et al., 2009).
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Figure 3.21 35S::GFP-BASL localised at the opposite end of cells to PIN1 in primordia.

(A) Young leaf showing inducible 35S::mCherry-BASL localised to the proximal end of cells
and to cell corners. White arrows indicate manually assigned BASL polarity based on the
curvature of the BASL crescent. (B) PIN1::PIN1-GFP expression for leaf in A shows PIN1
localised to the distal face of cells. (C) 35S::mCherry-BASL and PIN1::PIN1-GFP channels
combined. Yellow box indicates close up section. White dotted lines indicate leaf outline.
Scale bars 20 um in A-C and 10 um in close up regions of C.

| found the inducible 35S::mCherry-BASL line appeared to be more variable than the
inducible 35S::GFP-BASL line. BASL signal was frequently observed in the nucleus as well as
in a crescent at the cortex. Whilst this was also sometimes the case with the inducible
35S::GFP-BASL line, it was more obvious in the mCherry line, possibly due to differences in
the fluorophore and/or insertion site. The BASL signal was sometimes also more patchy in
the mCherry line than in the inducible 355::GFP-BASL line, again, possibly due to differences
in insertion sites, and the multiple generations the 35S5::GFP-BASL line had been taken
through. In the 355::mCherry-BASL line, the proximal localisation of BASL remained the same
in multiple independent lines indicating that, while expression levels may be variable, this
feature of ectopic BASL remains constant. Furthermore, the mCherry fluorophore used when
I made this line was difficult to image in very young primordia due to autofluorescence. This
may have been worsened by the seedlings being stressed by a heat-shock treatment. As a
result, images of whole primordia with PIN1 and clear 35S::mCherry-BASL were difficult to

obtain.

| imaged other young primordia or regions of primordia with 35S::mCherry-BASL and
PIN1::PIN1-GFP and confirmed that BASL and PIN1 tended to localise opposite each other in
young leaves, even when tissue-level patterns were obscured (Figure 3.22). In individual cells

with both BASL and PIN expression, BASL tended to localise proximally, opposite to the distal
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PIN1 localisation (Figure 3.22). This situation resembled the hypothesis shown in Figure 3.20
A.

Figure 3.22 Ectopic BASL and PIN1 localised to the opposite ends of individual cells.
Examples of PIN1::PIN1-GFP and induced 35S::mCherry-BASL in young leaves, heat-shocked

3DAS and imaged 2 days later (A and B) or 3 days later (C and D). Cells are oriented according
to the leaf proximodistal axis in all cases (shown in A). Left hand panel shows ectopic
35S::mCherry-BASL with white arrows manually assigned according to Figure 3.20 from BASL
signal to the centroid. Middle panel shows PIN1::PIN1-GFP expression in the same cell with
yellow arrows showing orientation of PIN1, according to Figure 3.20, from the centroid to
the PIN signal. Note polarity of PIN1 is difficult to assign. Right panel shows combined
channels with white arrows (BASL) and yellow arrows (PIN). White dotted outlines show cell
outline. Scale bars are 10 um.
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3.7.2 BASLin serrations

The localisation of ectopic BASL to the proximal end of the cell in young primordia where
PIN1 is polarised distally, and the maintenance of this proximal localisation throughout
development may suggest that BASL is a proximal marker in all situations. This would
contrast to PIN1 polarity which is known to be involved in, and necessary for, outgrowth and
organ formation (Abley et al., 2016; Hay et al., 2006). To further test the role of the polarity
field revealed by ectopic BASL, it would be interesting to alter the polarity field. However,
this is technically difficult, particularly when the origins and mechanisms underlying the BASL
polarity field are unknown. One way to explore polarity reversals or disruptions and to
further test the relationship with PIN is to analyse situations in which PIN1 polarity is known

to change.

One such situation where PIN1 is reported to show reversals is in developing serrations
where PIN1 at the margin is distally localised below a serration outgrowth, and proximally
localised above the serrations outgrowth (Bilsborough et al., 2011; Hay et al., 2006). This
pattern is repeated along the margin as multiple serrations develop resulting in the
formation of PIN1 convergence points at the serration tip, and divergence points at the sinus

of the serration (Bilsborough et al., 2011).

There are therefore two possibilities for how BASL polarity would behave around a serration
outgrowth (Figure 3.23). Either, BASL may remain proximally localised, even in the cells at
the top of the sinus where PIN is reversed. In this case, BASL and PIN would likely be seen at
the same end of cells in this region of the serrations (Figure 3.23 A). This might suggest that
PIN and BASL are distinct and that the polarity field revealed by ectopic BASL does not play
a role in the formation of outgrowths. Alternatively, it is possible that ectopic BASL will
reorient in a similar way to PIN1. In this case, BASL may be localised to the proximal end of
cells below the serration, and in the distal end of cells above the serration outgrowth,
forming convergence and divergence points like that reported for PIN1 (Bilsborough et al.,
2011; Hay et al., 2006). In this case, | would expect to observe PIN1 and BASL at opposite

ends of the cells in all regions of the developing serration (Figure 3.23 B).
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Figure 3.23 Two hypotheses illustrate possible BASL behaviour at serrations.
Schematic of two hypotheses for how BASL will behave at serrations in relation to previously

reported PIN1 expression. In both cases, PIN1 (green) localises to the distal end of cells below
the serration outgrowth, and at the proximal end of cells above the outgrowth forming a PIN
convergence point at the serration tip, and a divergence point at the sinus (blue asterisks).
In (A), BASL (red) localises at the proximal end of all cells and is therefore localised to the
same end of the cell as PIN1 in cells above the serration outgrowth. In (B), BASL (red) localises
to the proximal end of cells, apart from those above the serration outgrowth where PIN1
reorients. In these cells, BASL localises to the distal end of cells and is therefore always
localised opposite PIN1, mirroring the convergence and divergence points (orange asterisks).

| heat-shocked seedlings for 20 minutes at later stages of development (~8 DAS) to induce
35S::GFP-BASL expression in later leaves as leaf 1 does not develop clear serrations (Biot et
al., 2016). | imaged PIN1 and BASL in later leaves, for example leaf 5 (Figure 3.24), where

more pronounced serrations form (Biot et al., 2016).

Induction of ectopic BASL at later stages showed that co-expression with epidermal PIN1
expression was only observed in developing serrations (Figure 3.24 A-C). Below the
developing serration tip, ectopic BASL was proximally localised (Figure 3.24 A, C, D). Above
the serration sinus, ectopic BASL was also proximal (Figure 3.24 F). In the distal region of the
serration outgrowth, a region of reversed ectopic BASL polarity was observed where BASL

localised to the side or distal wall of cells (yellow arrows, Figure 3.24 E). This resulted in the
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formation of ectopic BASL convergence and divergence points (Figure 3.24 A), mirroring the
polarity pattern of PIN1 previously described (Bilsborough et al., 2011; Hay et al., 2006), with

BASL localising to the opposite end of the cell compared to that reported for PIN1.

Imaging of BASL and PIN1 at serrations was complicated by the 3D curvature at serrations
which made it difficult to image the epidermis and marginal cells and to see all the relevant
cells in one plane. To overcome this issue, the panels in Figure 3.24, particularly D-F are
projections of a few z-slices from the relevant area in order to allow clear visualisation of the
cells in each region. | also imaged multiple different serrations, on higher order leaves
(typically leaf 4 or 5) and confirmed that there was consistently a group of cells at the distal

end of the serration in which BASL polarity was altered (Figure 3.25).
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Figure 3.24 Ectopic 355::mCherry-BASL mirrors PIN1 convergence and divergence points at
serrations.
(A) Serration of leaf 5 showing 35S::mCherry-BASL expression (projection). Arrows indicate

manually assigned BASL polarity based on the curvature of the BASL crescent, yellow arrows
highlight cells in which BASL is not proximally localised and contributes to convergence and
divergence points. (B) PIN1::PIN1-GFP expression at serration shown in D (projection
allowing visualisation of margin cells). (C) 35S::mCherry-BASL and PIN1::PIN1-GFP channels
combined. White dotted lines indicate serration outline. Scale bars 50 um in A-C. (D-F)
Regions of serration shown in A-C in blue, yellow and magenta boxes respectively. Z-slices
selected to allow visualisation of particular cells due to 3D curvature of serrations. Left panel
shows 35S::mCherry-BASL, middle shows PIN1::PIN1-GFP, right shows combined channels.
Arrows indicate manually assigned BASL polarity based on the curvature of the BASL
crescent. Scale bars are 10 um.
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Figure 3.25 Regions of reversed BASL polarity can be seen in the distal region of serrations.
Two examples of induced 35S::GFP-BASL and PIN1::PIN-GFP polarity at serrations of leaf 4

(A-C) and leaf 5 (D-F). (A and D) 35S::mCherry-BASL expression at serration shows BASL
convergence points (projections). Arrows indicate manually assigned BASL polarity based on
the curvature of the BASL crescent; yellow arrows highlight cells in which BASL is not
proximally localised and contributes to convergence and divergence points. (B and E)
PIN1::PIN1-GFP expression at serration shown in A and D respectively. (C and F)
35S::mCherry-BASL and PIN1::PIN1-GFP channels combined for serration shown in A and D
respectively. Z-slices selected to allow visualisation of particular cells due to 3D curvature of
serrations. White dotted lines indicate serration outline. Scale bars are 50 um.

In some serrations, the PIN1 expression was clear and polarised (Figure 3.25 E), whilst in
others it was less clear. By contrast, the localisation of BASL to cell corners made it relatively
easy to tell which cell expression was related to, compared to PIN1 expression which does
not have a preference for corners (e.g. polarity in Figure 3.25 A and D compared to B and E).
This makes ectopic BASL a useful marker of polarity in situations where PIN polarity may be
difficult to assign and where the direction of polarity, rather than the axial information, is
important, for example when comparing and testing models of polarity and growth (Abley,

2014; Abley et al., 2016).
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The observation that BASL polarity forms convergence points at the serration suggests that
the underlying polarity system that ectopic BASL reveals has a role in outgrowth formation.
However, it is unclear whether this is an active role in which this polarity reversal leads to
outgrowth formation, or whether this reversal forms as a consequence of outgrowth

formation.

| was able to image PIN1 and ectopic BASL in serrations at earlier stages of development
(heat-shocked ~6 DAS). In these leaves, as with primordia, imaging the 355::mCherry-BASL
was difficult due to auto-fluorescence. In the few examples | was able to image, | observed
multiple cells towards the distal region of the serration in which BASL was distally localised.
However, this work needs to be repeated to conclusively decipher the timings and
consistency of BASL reorientation at early stages of serration development. In the future, it
would be informative to time-lapse image serration formation using this line or take carefully
staged snapshot images of serration development to establish the timing of BASL

reorientation in relation to outgrowth formation.

3.7.3 Ectopic BASL in kanadilkanadi2 outgrowths

Another context where PIN polarity reversals are reported is in the ectopic 3D outgrowths of
the kanadilkanadi2 double mutant (referred to as kanlkan2) (Abley et al., 2016). These
outgrowths form on the abaxial side of leaves of the kanlkan2 mutant (Eshed et al., 2004)
and may be considered intermediates between serrations and leaf primordia, having aspects
in common with both. kanlkan2 outgrowths have elevated auxin at their tips, dependent on
patterns of auxin biosynthetic enzyme expression (Wang et al., 2011). The formation of these
outgrowths is preceded by PIN1::PIN1-GFP convergence points that form within the

proximodistal pattern of PIN1 in the epidermis (Figure 3.26, Abley et al., 2016).

Figure 3.26 PIN1 forms ectopic convergence points at the tip of kanadil kanadi2
outgrowths, preceding outgrowth formation.
(A-D) Adapted from Abley et al., (2016). PIN1::PIN1-GFP convergence points at the tip of an

emerging kanlkan2 outgrowth, prior to the emergence of an ectopic outgrowth. Images are
(A) 58 hours, (B) 46 hours and (C) 24 hours before (D) outgrowth formation. Yellow dots,
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arrows and lines indicate the cells that form the centre of convergence in (D). Arrows indicate
inferred PIN1 polarities and lines indicate inferred axes of PIN1 distributions. Scale bars are
20 um. The scale bar in A applies to all panels in A-E. (E) Schematic illustrating the
convergence of PIN1 (green) in cells, preceding the kanlkan2 outgrowth.

The kanlkan2 outgrowths therefore represent another developmental situation in which the
relationship between PIN1 and ectopic BASL polarity can be tested. As with serrations, there
are two hypotheses for the behaviour of ectopic BASL at kan1kan2 outgrowths (Figure 3.27).
One hypothesis is that BASL may remain proximally localised around a kanlkan2 outgrowth,
even where PIN1 reorients. This would result in cells towards the distal region of the
outgrowth with PIN1 and ectopic BASL localised to the same end of cells (Figure 3.27 A).
Alternatively, ectopic BASL may reorient mirroring PIN1 reorientation. BASL would therefore
localise opposite PIN1 and localise to the distal end of cells above the outgrowth (Figure 3.27

B).

Figure 3.27 Two hypotheses could account for ectopic BASL behaviour at kanlkan2
outgrowths.
Schematic of two hypotheses for how ectopic BASL will localise at kanlkan2 outgrowths in

relation to previously reported PIN1 expression. In both cases, PIN1 (green) forms a
convergence point, localising to the distal end of cells below the outgrowth, and at the
proximal end of cells above the outgrowth. In (A), BASL (red) localises at the proximal end of
all cells and is therefore localised to the same end of the cell as PIN1 in cells in the distal
region of the kanlkan2 outgrowth. In (B), BASL (red) mirrors PIN1 polarity and forms a
convergence point, localising to the proximal end of cells below the outgrowth, and the distal
end of cells above the outgrowth. Red arrows indicate hypothesised ectopic BASL polarity,
black lines indicate cell outlines.
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To test the behaviour of ectopic BASL around kanlkan2 outgrowths, | initially used the
inducible 35S5::GFP-BASL line to time lapse image GFP-BASL at developing outgrowths. | heat-
shocked seedlings 3 DAS and imaged them over consecutive days. Before an outgrowth was
visible on the abaxial surface of the leaf, ectopic BASL appeared to be proximally localised in
cells where expression could be seen (Figure 3.28 A), though expression was not visible in all
cells of the epidermis. | used PI staining to visualise the cell outlines and transferred the
plants back to plates in between imaging each day. Over the following 2 days, an ectopic
outgrowth formed (Figure 3.28 Biii, Ciii) but no reorientation of BASL was seen (Figure 3.28
Bii, Cii). However, the region of most importance when imaging the outgrowths was the axil
of the outgrowth (closest to the leaf) and this was often obscured and difficult to image so
whilst these results did not show BASL reorientation, this may be a result of the imaging
techniques used. | also noticed that there was often very little, or no, BASL expression in cells
of the outgrowth itself. The reasons for this are unknown but could be due to low or non-
uniform expression of the 35S promoter in young tissue and this may also interfere with the

observation of any BASL reorientation.

| also tried transferring the heat-shocked seedlings to a tracking chamber for time lapse
imaging, similar to the method used by Abley et al., (2016) (data not shown). This was
challenging due to not knowing which regions of the leaf to image, a lack of plasma
membrane marker, and was confounded by the fact that kanlkan2 outgrowths form less
frequently on leaves grown in the imaging chamber (Abley et al., 2016). The preliminary
experiments with this line revealed a need for imaging earlier in development before the
outgrowth was obscured for imaging and a need for a PIN1 marker so that imaging could be

focused on the area where an outgrowth would form.
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Figure 3.28 No reorientation of ectopic BASL was seen during time-lapse imaging of
kan1kan2 outgrowths.
Abaxial surface of a kanlkan2 leaf heat-shocked 3 DAS to induce ectopic BASL expression

and imaged (A) 3 days later, (B) 4 days later and (C) 5 days later. Left panels show leaf surface
and cell outlines. Yellow box shows close-up region in (ii). Middle panels shows 35S::GFP-
BASL expression and cell outlines (Pl stained). White arrows show manually assigned BASL
vectors where expression could be seen. White dotted line shows outgrowth which is visible
in Bii and Cii. Right panels show orthogonal views of the respective stages, cut through at 40
degrees rotation compared to (ii) so panels are proximodistally orientated. White lines in (ii)
and (iii) indicate leaf outline. Scale bars 50 um.

| heat-shocked seedlings containing PIN1::PIN1-GFP and inducible 35S::mCherry-BASL at 4
DAS and imaged them 3 days later. The PIN1 marker provided an indication of whereabouts

the outgrowth would form, and therefore where to look for BASL reorientation. In some
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leaves, | did not observe a clear BASL reorientation (Figure 3.29). BASL was not observable in
every cell, but in some cells in the distal region of the outgrowth where PIN1 and BASL could
both be seen, BASL appeared to be proximally localised, with a few examples of BASL
localised to a side wall (Figure 3.29). In the example shown in Figure 3.29, an upregulation of
PIN1 is seen, but the orthogonal cross-section of the leaf does not indicate that any

outgrowth has formed yet (Figure 3.29 D).

Figure 3.29 Ectopic BASL remains proximal in cells in some kanlkan2 leaves.
(A) Abaxial surface of kanlkan2 leaf (7 DAS) with PIN1::PIN1-GFP and induced 35S::mCherry-

BASL. (B) Induced 35S::mCherry-BASL in kanlkan2 leaf (same as in A) with manually assigned
arrows indicated BASL polarity. White arrows indicate cells in which BASL is proximally

localised, or cells not in the lower half of the lamina where outgrowth formation occurs. (C)
PIN1::PIN-GFP expression in kanlkan2 leaf (shown in A and B). Increased expression in the
lower third of the leaf suggests ectopic outgrowth formation. (D) Orthogonal view of leaf in
A-C but no outgrowth is visible at this stage. Dotted white lines show leaf outline. Scale bars
50 pm.

In other cases, BASL did appear to be localised to the distal end of some cells around the
outgrowth (Figure 3.30). The example in Figure 3.30 shows multiple cells where BASL
localises to the distal or side wall (Figure 3.30 B). PIN1 polarity was difficult to assigh and
therefore it was hard to be sure if PIN1 and BASL were at opposite ends of the cell (Figure
3.30 Q). In this case, the orthogonal section of the leaf indicated a subtle change in shape
suggestive of early outgrowth formation (Figure 3.30 D). These preliminary results suggest
that BASL may reorient in the cells around kanlkan2 ectopic outgrowths, possibly once

outgrowths have formed, (i.e. after reorientation of PIN1).
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Figure 3.30 Ectopic BASL reorients in some cells around some kanlkan2 outgrowths.
(A) Abaxial surface of kanlkan2 leaf (7 DAS) with PIN1::PIN1-GFP and induced 35S::mCherry-

BASL. (B) Induced 35S::mCherry-BASL in kanlkan2 leaf (same as in A) with manually assigned
arrows indicated BASL polarity. White arrows indicate cells in which BASL is proximally

localised, yellow arrows indicate cells in which BASL is distally or side-wall localised. (C)
PIN1::PIN1-GFP expression in kanlkan2 leaf (shown in A and B). Increased expression in the
lower third of the leaf suggests ectopic outgrowth formation. (D) Orthogonal view of leaf in
A-C showing outgrowth formation (white arrowhead). Dotted white lines show leaf outline.
Scale bars 50 pum.

My observations in this mutant indicate that the stage of outgrowth formation may be crucial
to observe BASL polarity reorientations, and that this may occur only in a small number of
cells. It is challenging to decipher whether BASL localisation to the side or distal wall
represents developmentally relevant behaviour, or is associated with the variation known to
exist in ectopic BASL polarity (Chapter 2, Figure 2.20). In future experiments, it will be
necessary to time lapse image multiple individual kanlkan2 leaves at higher resolution in

order to provide more conclusive analysis of ectopic BASL behaviour in this context.

3.7.4 BASL and PIN in roots

Another interesting context in which to analyse the relationship between BASL, PIN1 and
other PINs in the root. In the root, members of the PIN family localise to different faces of
cells in different regions of the root (Feraru and Friml, 2008). In the central stele region, PIN1
localises polarly to the basal end of the cell (rootward end) (Kfecek et al., 2009; Omelyanchuk
et al., 2016; Steinmann et al., 1999). PIN2 localises to the basal side of cortical cells and at
the apical side of the root epidermal cells (Abas et al., 2006; Feraru and Friml, 2008; Miiller
et al., 1998), whilst PIN3 is apolar in roots (Feraru and Friml, 2008). This illustrates the ability
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of PIN proteins to localise to different cell faces in a tissue-specific manner as PIN1 is at the
distal or shootward end of cells in the young leaf (Guenot et al., 2012; Scarpella et al., 2006).
This raises the question of whether PIN1 and BASL localise at opposite ends in the root, as
they do in primordia (Figure 3.21 and Figure 3.22) and serrations (Figure 3.24 and 3.25), or

whether roots represent a situation where PIN1 and BASL colocalise (Figure 3.20 B).

In order to image PIN and BASL in the root, | heat-shocked seedlings 4 DAS and imaged both
markers in the root tip. Ectopic BASL was localised to the rootward end of cells (Figure 3.31
A). The proximal localisation of BASL was clearest in the epidermis but was apparent
throughout the root. PIN1 was localised primarily in the stele, as previously reported, and
was localised at the rootward end of cells (though signal was sometimes not clear enough to
assign clear polarity to, Figure 3.31 B) (Kfecek et al., 2009; Omelyanchuk et al., 2016;
Steinmann et al., 1999). The key region to analyse BASL localisation in was therefore the
stele, where expression would overlap with PIN1. | found BASL expression was difficult to
see in this region in many cells (Figure 3.31 A and C). In cells where BASL expression was
observable, it was localised to the proximal or rootward end of cells, as in the rest of the root
(Figure 3.31 D, top panel). PIN1 expression was not very clear in these cells (Figure 3.31 D,
middle panel), but appeared to be localised at the bottom of cells, as previously described,
possibly sharing localisation domains with BASL in these cells (although this is difficult to

confirm in these images, Figure 3.31 D, bottom panel).

Further imaging of both polarity markers in the stele is required in order to confirm the
localisation of PIN1 and ectopic BASL to the same end of cells. However, this preliminary
result suggests that the relationship between PIN1, auxin and ectopic BASL localisation may
be tissue-context dependent. This result also confirms that of Dong et al., (2009), where
35S5::GFP-BASL was reported to localise to the lower end of cells in different regions of the

root (Dong et al., 2009).
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Figure 3.31 PIN1::PIN1-GFP and 35S::mCherry-BASL may both localise proximally in root
cells.
Root with (A) ectopic 355::mCherry-BASL, (B) PIN1::PIN1-GFP and (C) channels combined. (D)

Close-up of region shown in yellow box in C. Top panel is 355::mCherry-BASL, middle is
PIN1::PIN1-GFP and bottom is combined channels. White dotted line indicates root outline.
Scale bars 50 um in A-C and 10 um in D.

3.8 Coordinating polarity across a tissue

The mechanisms that position ectopic BASL at the proximal end of cells remains unknown.
Given that BASL here is overexpressed under the 35S promoter, it is likely that the polarity
field revealed is not itself dependent on BASL function. Instead, | hypothesise, that BASL
interacts with other factors that are localised to the proximal end of cells forming a proximal
address. The identity of this proximal address and the mechanisms associated with
positioning the proximal address remain unknown. In order to explore the possible
mechanisms by which BASL is polarly localised, | tested how factors that have previously
been associated with the formation of cell polarity and the coordination of signals across a
tissue affect BASL polarity. These factors include polar auxin transport, microtubules and

plasmodesmata.

3.8.1 Ectopic BASL and inhibiting auxin transport with NPA

It has been proposed that polar auxin transport is required for the polar localisation of PIN

proteins, though there are multiple hypotheses for the mechanism by which this occurs
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(Abley et al., 2013; Bilsborough et al.,, 2011; Cieslak et al., 2015; Jonsson et al., 2006;
Mitchison, 1980; Rolland-Lagan and Prusinkiewicz, 2005; Smith et al., 2006). At serrations,
polar auxin transport involving a feedback loop is thought to orient PIN1 towards the
serration tip (Bilsborough et al.,, 2011). Polar auxin transport would be one possible
coordination mechanism that could allow BASL coordination across the tissue, particularly

given the relationship with PIN1 at serrations.

To test the role of polar auxin transport in BASL localisation, | grew seedlings containing
inducible 35S5::GFP-BASL and transferred them to liquid media containing the auxin transport
inhibitor N-1-naphthylphthalamic acid (NPA) (either 10 uM or 100 uM), before heat-shocking
them for 20 minutes to induce BASL. | then imaged the leaves of these seedlings and found
BASL was still able to localise to the proximal end of cells in these leaves, at both
concentrations (Figure 3.32), similar to the DMSO control (data not shown). This suggests
that blocking polar auxin transport is not sufficient to prevent BASL polarisation and
coordination. However, it is possible that polar auxin transport is required for the

establishment of ectopic BASL polarity, but not the maintenance of it.
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10 i NPA 10 uM NIPA

100 pM NPA

Figure 3.32 Ectopic BASL remains polarised in leaves following treatment with NPA.
(A, B) Ectopic 355::GFP-BASL remains polarised to the proximal ends of cells in leaves treated

with 10 uM NPA. The leaf in B was also treated with Pl to allow visualisation of cells outlines.
(C, D) Ectopic 35S::GFP-BASL remains polarised to the proximal ends of cells in leaves treated
with 100 uM NPA. The leaf in D was also treated with Pl to allow visualisation of cells outlines.
Scale bars are 50 um.

| therefore grew seedlings on 100 UM NPA from germination before inducing ectopic BASL 2
DAS. In NPA treated seedlings, which exhibited root and leaf shape phenotypes (Figure 3.33
A-D, Casimiro et al., 2001; Hay et al., 2006), ectopic BASL was still proximally localised (Figure
3.33 E), as in the DMSO control (Figure 3.33 F). This indicates that BASL can still polarise and
be coordinated across the tissue in the absence of polar auxin transport, when inhibited

using NPA.
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Figure 3.33 Ectopic BASL is able to localise polarly in leaves germinated on NPA.
(A) Root of NPA (100 uM) treated seedlings did not produce lateral roots or fully developed

root hairs. (B) Leaf outline of NPA (100 uM) treated seedlings did not produce a wild-type

serration. (C) Root and (D) leaf outline of DMSO treated seedlings showing lateral roots and
root hairs, and serration respectively. Dotted white line indicates leaf outline. Scale bars 100
um in A-D. (E) 35S::GFP-BASL induced in leaves grown on 100 uM NPA remained proximal.
(F) 35S::GFP-BASL induced in leaves grown on DMSO control. Pl staining shows outlines. Scale
bars in E-F are 50 um.

3.8.2 Ectopic BASL and microtubules

The cytoskeleton has often been linked to the coordination of cellular growth (Bichet et al.,
2001; Hamant et al., 2008; Hervieux et al., 2016; Hervieux et al., 2017; Uyttewaal et al., 2012),
and has previously been associated with formation of cell polarity (Asnacios and Hamant,
2012; Heisler et al., 2010). Bringmann and Bergmann (2017), reported a role for the
microtubule severing protein KATANIN in the coordination of BRXL2 polarity across the leaf;
in the katanin mutant BRXL2 was able to polarise, but the coordination across the tissue was

lost.
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It is therefore possible that microtubules, or other components of the cytoskeleton, are
involved in the positioning of ectopic BASL. Microtubules could be involved in positioning of
the proximal address or in the interaction between ectopic BASL and the proximal address.
Using drugs is a common way to probe the impact of the cytoskeleton in various cellular
processes (Bringmann and Bergmann, 2017; Fu et al., 2005; Geldner et al., 2001; Hamant et

al., 2008).

To test if microtubules are required for positioning ectopic BASL, | destabilised microtubules
with 20 uM oryzalin, before heat-shocking seedlings to induce BASL. | wanted to test whether
microtubules were required for the establishment of the ectopic BASL polarity field, rather
than the maintenance of BASL’s proximal localisation. | imaged 35S::TUA6-GFP seedlings
(Ueda et al.,, 1999) after 4 hours of 20 uM oryzalin treatment and confirmed that
microtubules were no longer intact (Figure 3.34 A), compared to the DMSO control (Figure
3.34 B). The 35S::TUA6-GFP and inducible 35S::GFP-BASL seedlings were then heat-shocked
for 20 minutes and kept in oryzalin-containing media for 2 days. 2-days after heat-shock,
35S::TUA6-GFP seedlings were imaged again confirming that the microtubules were still
depolymerised (Figure 3.34 C, D). In the oryzalin treated 35S::GFP-BASL plants, BASL
remained polarised and localised to the proximal end of cells (Figure 3.34 E, F), as in the
DMSO control (Figure 3.34 G). The lack of lobes on the pavement cells in oryzalin-treated
seedlings compared to the control (compare Figure 3.34 E to Figure 3.34 G) also confirmed
that the treatment had depolymerised microtubules, as they are required for pavement cell
lobing (Ambrose and Wasteneys, 2008; Ambrose et al., 2007; Fu et al., 2005). | also stained
seedlings with PI to visualise the cell outlines (Figure 3.34 F). These findings suggest that

microtubules are not required for the polarisation of ectopic BASL.
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Figure 3.34 35S::GFP-BASL localisation remains proximal in cells treated with oryzalin.
(A) 355::TUA6-GFP after treatment with 20 uM oryzalin for 4 hours showing microtubules

depolymerised. (B) 35S:: TUA6-GFP after treatment with DMSO equivalent to 20 M oryzalin
for 4 hours showing microtubules intact. (C) 35S:: TUA6-GFP after treatment with 20 uM
oryzalin for 2 days showing microtubules still depolymerised. (D) 35S:: TUA6-GFP after

treatment with DMSO equivalent to 20 uM oryzalin for 2 days showing microtubules remain
intact. (E) 35S::GFP-BASL remains proximally localised after treatment with 20 UM oryzalin
for 2 days. (F) 35S::GFP-BASL remains proximally localised (cell wall stained with PI (red))
after treatment with 20 uM oryzalin for 2 days. (G) 35S::GFP-BASL proximally localised after
treatment with DMSO equivalent to 20 uM oryzalin for 2 days.

3.8.3 Coordination of ectopic BASL in leaves with closed
plasmodesmata

To test the impact of closing plasmodesmata on the coordination of ectopic BASL polarity, |
crossed the inducible 355::GFP-BASL line into a line carrying 35S::mCherry-TMCT which is
reported to have reduced intercellular flux through plasmodesmata, as shown by flux assays
and an increase in callose deposition (Caillaud et al., 2014). These plants are often stunted
as a result of constitutively closed plasmodesmata, although the phenotypes appear to be
variable and somewhat environmentally sensitive. | heat-shocked seedlings 7 DAS and
imaged them 2 days later. | found that ectopic 355::GFP-BASL remained proximally localised

in a coordinated manner in the leaves of this line (Figure 3.35 A).
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In some seedlings, and particularly in cotyledons, | also observed unusual pavement cell
shapes (Figure 3.35 B). The lobes of the pavement cells were often spiky, rather than rounded
as is normally the case. In this line, this phenomenon seemed to be patchy, not occurring
consistently across all leaves and cotyledons, or all regions of these organs. Unusual
pavement cell shapes in this line and other lines with disrupted plasmodesmata has been
reported previously (Christine Faulkner, personal communication), although it is not known
why this occurs. In regions of the cotyledon where cells appeared spiky, BASL was typically
localised to the proximal end of the cell (Figure 3.35 C). Interestingly, BASL was sometimes
seen in two proximal lobes of the cell, rather than the usual single lobe (Figure 3.35 C, cells
with asterisks), though this was not seen in all cases and would require further investigation
in order to be robust. | had previously observed this on rare occasions in particularly large
cells of the leaf (data not shown), but the occurrence of double-labelled cells appeared more
frequent in section of the cotyledons with closed plasmodesmata. This observation should
be analysed quantitatively with adequate controls, such as analysis of BASL patterning in a

wild-type cotyledon, in order to allow conclusions to be drawn.

Figure 3.35 Ectopic BASL localises to the proximal end of cells when induced in leaves and
cotyledons with constitutively closed plasmodesmata.
(A) 35S5::GFP-BASL induced in 35S::mCherry-TMCT line with constitutively closed

plasmodesmata. BASL localised to the proximal end of cells. (B) 35S::mCherry-TMCT

cotyledons showing spiky lobes in pavement cells. (C) 35S::GFP-BASL induced in cotyledons
with constitutively closed plasmodesmata showing spiky cells. BASL localised to the proximal
end of cells and to two lobes in some cases (cells with asterisks). Scale bars are 100 um.
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3.9 BASL and response to mechanical stress

A key consideration in the establishment of polarity is the role of mechanical stresses. The
ability of mechanical stresses to reorient or be involved in the establishment and
coordination of cell polarity in plants is something that has been hypothesised (Asnacios and
Hamant, 2012; Bhatia et al., 2016; Bringmann and Bergmann, 2017). However, experiments
untangling the role of mechanical stresses in polarity can be very difficult to interpret for a
number of reasons: mechanical cues and polarity are likely both involved in the growth of
tissues and cells, mechanical stresses in a tissue remain very difficult to accurately measure,

and, until now, polarity markers distinct from PINs have not been well characterised.

Recent work by Bringmann and Bergmann (2017) illustrated that the localisation of BRXL2,
an interactor of BASL, can be altered by mechanical forces. This work quantified BRXL2
polarity across the leaf and cotyledon and reported a statistically significant difference in
BRXL2 polarity in cotyledons that had been mechanically stretched compared to those that
had not (Bringmann and Bergmann, 2017). Such a result has significant implications in the
understanding of tissue cell polarity. However, these results are difficult to interpret
conclusively and are complicated primarily by two factors. Firstly, it is necessary in such
experiments that a leaf or cotyledon is experiencing the expected mechanical stress, but this
cannot be easily measured or tested. Whilst some new techniques are being developed for
measuring stresses (Robinson et al., 2017), this was not used in the work of Bringmann and
Bergmann (2017). Secondly, in this work, a statistical approach was used to compare
stretched cotyledons with un-stretched cotyledons. Any differences observed could
therefore be due to other factors, such as analysing different regions of the cotyledon. It
would be useful to be able to conduct a similar experiment imaging leaves or cotyledons
while they were still being stretched, and also comparing the localisation of a polarity marker

before and after stretching in the same tissue.

In order to test the effect of mechanical stress on BASL polarisation, | worked with an
undergraduate student (Jamie Spooner) who developed a device to image cotyledons whilst
under tension. The work outlined below was largely conducted by Jamie, with supervision
from myself, and is included here as preliminary data relevant to understanding the ectopic

BASL polarity field.

In order to image the same leaf, before, during and after stretching, a device needed to be

developed that could stretch leaves, such as the prototype device used in Bringmann and
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Bergmann (2017) and could also fit under a confocal microscope. A device was built, similar
to that used in Bringmann and Bergmann (2017) (following discussions with members of the
workshops team at the John Innes Centre) but using a vice mechanism rather than simply
stretching by hand. During his undergraduate project, Jamie Spooner redesigned this device

and used the same basic idea to build a stretching device that would allow stretching and

imaging at the same time (Figure 3.36 A).

Figure 3.36 A small stretching device allowed seedlings to be imaged whilst being
stretched.
(A) The stretching device (built by Jamie Spooner) uses a vice mechanism glued onto 2

bulldog clips so that, when the screw is turned, the bulldog clips move apart. Silicone-based
membrane is attached between the clips and seedlings stuck onto the membrane.
Membrane and adhesive are the same as used in Bringmann and Bergmann (2017). (B and
C) An A. thaliana seedling attached to the membrane and imaged (B) before stretching and
(C) whilst being stretched. The percentage in B and C shows the amount the membrane has
stretched. Leaf width in B and C is shown. Images in B and C are taken by Jamie Spooner.

Using this device, it was possible to stretch the membrane by 50% and observe a change in
cotyledon shape, becoming wider in the direction of stretch (Figure 3.36 B and C). Jamie was
then able to induce ectopic BASL expression by heat-shock, attach seedlings to a membrane
and stretch them; imaging before stretching (Figure 3.37 A, left panel), straight after
stretching the membrane (Figure 3.37 A, middle panel), and after seven hours (Figure 3.37
A, right panel). Imaging BASL in cotyledons before and after stretching (after 7 hours) did not
reveal any change in the relative BASL localisation in individual cells (Figure 3.37 B and C),
although the positioning relative to the leaf may have varied as a result of rotation and

growth of the tissue (Figure 3.37).
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Figure 3.37 Mechanical stretching of a cotyledon showed no ectopic BASL reorientation.
(A) Cotyledons expressing inducible 35S::GFP-BASL and RFP-PM were imaged whilst stuck to

the stretching device at various stages. TO (left panel) shows the cotyledon before the
membrane is stretched, T1 (middle panel) is whilst the membrane is being stretched by 50%
(imaged just after stretching) and T2 (right panel) is the same cotyledon after being stretched
for 7 hours. Scale bar in A is 500 um. (B) Cotyledon shown in A at TO (before stretch) and (C)
at T2 (50% stretch for 7 hours). BASL signal is marked by coloured arrowheads, corresponding
to the cell with the same coloured dot. Colours are maintained between B and C and show
BASL localisation to the same lobes at both time points. Sale bars in B and C are 100 um.
Images taken by Jamie Spooner.

These results may indicate that mechanical stresses do not alter BASL polarity, which
contrasts to the result shown by Bringmann and Bergmann (2017) with BRXL2. However, a
number of reasons may account for these differences including the difficulties in ensuring
the cotyledon remained adhered to the membrane, and the use of BASL in an ectopic

context, compared to BRXL2 in a native context.
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3.10 Testing polarity outside of a tissue context using BY-2
cells

The work of the previous chapter illustrates that BASL reveals a polarity field that is
independent of the stomatal lineage. Work by Abley et al., (2013) hypothesises that polarity
is a fundamental property of individual cells and predicts that cells can polarise in the
absence of external cues in a non-tissue context. Within a tissue, it is not easy to remove
external cues. To test ideas associated with polarity outside of a tissue context, | used BY-2
cells, a tobacco cell line commonly used in cell biology work (Nagata et al., 1992). These
chains of cells represent a potentially informative situation in which to test not only the
existence of polarity outside the usual plant tissue context (although notably, these cells still
have neighbours), but also to probe possible polarity coordination mechanisms. |
transformed BY-2 cells with 355::GFP-BASL. Transformation of the cell lines with the
inducible 35S::GFP-BASL line would require multiple transformations with different
constructs and therefore, for simplicity, | used the non-inducible 35S::GFP-BASL line.

However, analysis using the inducible line in the future may be informative.

| found that BASL localised to one end of cells within the chain of BY-2 cells in varying
patterns. In some cells chains, the BASL signal appears to be partially coordinated, often
localising to the same end of a number of sequential cells, and sometimes then switching to
the opposite end mid-way through a chain of cells (Figure 3.38 A). The ends of a chain of cells
usually had BASL signal associated with them (Figure 3.38 A-D). In some cases, BASL
appeared to be localised to a region where there was also a protrusion or outgrowth in the
cell or was associated with a potentially unusual division plane (Figure 3.38 B). As observed
in cells in the leaf, BASL often localised to the corners of BY-2 cells (Figure 3.38 A, B).
Generally, each cell had one BASL domain but, in some cells, multiple domains were
observed (Figure 3.38 C, D). Where this was observed, the domains were usually, but not
always, localised at the opposite short ends of the cells (Figure 3.38 C, D). The observation
of multiple BASL domains was often in larger cells (Figure 3.38 C), but not always (Figure 3.38

D) and may suggest that this phenomenon is linked with cell size or age.
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Figure 3.38 35S::GFP-BASL in BY-2 cells is polarly localised.
Examples of 355::GFP-BASL expressed in BY-2 cells. White arrowheads indicate BASL signal.

(A) BASL signal localised to one end of the upper five cells, and the lower end of the lower
two cells. (B) BASL signal localised to one end of each cell. In the third cell from the left, the
signal is not localised to the corner and the fourth cell has an unusual division branching from
anther cell. (C) Example of a chain of cells where BASL localised to both short ends of some
cells. (D) Example of a chain in which the end cells have 2 BASL domains. Scale bars are 50

pum.

The polarisation of BASL to ends and corners of BY-2 cells is intriguing and differs from the
reported axial localisation of PIN1 in BY-2 cells (Boutté et al., 2005). However, these cells are
linked to one another and therefore cannot provide a context in which to test the
spontaneous polarisation of a single cell, as predicted by modelling (Abley et al., 2013). In
order to test whether BASL can remain polarised in a single cell context, | digested the cell

wall of BY-2 cells using cellulase and pectolyase to form protoplasts.
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| imaged the protoplasts after 4-6 hours of digestion and found that, in some protoplasts,
BASL was still able to polarise to one side (Figure 3.39). BASL signal was not observed in all
protoplasts (Figure 3.39 B, C), and in some cases the protoplast had very bright GFP signal
that did not appear polarised (Figure 3.39 A). Cases where polarised BASL signal was
observed indicate that BASL polarisation does not require a cell wall. To further confirm this,
staining of the cell wall, for example with calcofluor, could be conducted to verify that the
cell wall was completely removed. In addition, numbers of protoplasts with polarised BASL

should be quantified.

Figure 3.39 Ectopic BASL can be polarised in individual BY-2 protoplasts.
Example of BY-2 protoplasts (formed from BY-2 cells expressing 35S::GFP-BASL) imaged after

4-6 hours of cell wall digestion. Left hand panel shows bright field image, right hand panel
shows GFP channel. (A) Some protoplasts had very bright apolar GFP signal. (B, C) Some
protoplasts did not express BASL. In other protoplasts, BASL is polarised (white arrow). Scale
bars are 50 um.
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These results provide evidence that polarity can exist in a single plant cell, as suggested by
Abley et al., (2013) and that the cell wall is not required, although it remains possible that

the cell wall plays a role in the coordination of polarity.

Protoplasts can be regenerated into cell chains (Hasezawa and Syono, 1983) in a process
controlled by the cytoskeleton (Zaban et al., 2013). It would be interesting to test whether
BASL is able to remain polarised in regenerated protoplasts and whether the polarity
revealed by BASL could play a role in the anisotropic elongation, growth and division of
regenerating protoplasts. To test whether BASL remains polarised in a stable manner in
protoplasts and whether this might provide insights into the control of cell growth, |
transferred protoplasts (digested for 5 hours in enzyme solution) into FMS (Fukuda,
Murashige and Skoog) media overnight for regeneration (Hasezawa and Syono, 1983; Zaban
et al., 2013). | imaged the protoplasts the next day and was still able to observe polarised
BASL in some protoplasts (Figure 3.40). This indicates that the polarity of BASL may be stable
in protoplasts, although going forward it will be important to use cell wall staining to ensure
that all cells are protoplasts before transferring to regeneration media. | observed some cells
with polarised BASL and with an unusual shape (Figure 3.40 C) which could indicate
regeneration but, after only a few hours, it is more likely that these cells had not fully lost

their cell wall.

150



Chapter 3

)
Qo

Figure 3.40 BASL remains polarised in protoplasts resuspended in regeneration media

overnight.
Examples of protoplasts expressing 355::GFP-BASL that were transferred to regeneration

media (FMS media) after 5 hours of cell wall digestion. Protoplasts were imaged after being
in FMS media overnight. Left hand panel shows bright field image, right hand panel shows
GFP channel. White arrowheads indicate where BASL is polarised in a protoplast. Scale bars
are 100 pm.

| also used the protocol in Zaban et al.,, (2013) to attempt to regenerate protoplasts over
three days. | incubated protoplasts in FMS media in the dark in sealed petri dishes for three
days before imaging. | could not confirm that all cell wall had been removed prior to this and
hence this experiment should be repeated, ensuring this is the case using cell wall staining.

The protoplasts were alive after three days and some showed polarly localised BASL (though
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many did not). The protoplasts had not all kept their spherical shape and were often bulbous
and unusual shapes (Figure 3.41). In these cells, BASL was often localised to the end of
outgrowths (Figure 3.41) and, in some cases, there appeared to be multiple BASL domains
(Figure 3.41 A and C). In addition, | observed cells with two nuclei possibly indicating a failure
in cytokinesis (Figure 3.41 A), although notably | also occasionally observed this in non-

regenerated protoplasts (Figure 3.39 B).
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Figure 3.41 BASL localises to the end of outgrowths in regenerating protoplasts.
Examples of regenerating protoplasts with BASL. Cells were often unusual shapes and not all

cells had BASL signal. When observed asymmetrically, BASL was often localised to the tips of
cell bumps and was sometimes observed in multiple domains (A and C). Left hand panel
shows bright field image, right hand panel shows GFP channel. Magenta outline shows
individual cells with unusual shapes. White arrowheads indicate where BASL is polarised in a
protoplast. Scale bars are 50 um.
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These preliminary results are difficult to interpret conclusively as cells were not confirmed
to have lost their cell wall before protoplast regeneration and results of BASL localisation in
protoplasts and regenerating protoplasts were variable. The regeneration of protoplasts
with polarised BASL could indicate that polarity has a role in outgrowth formation. Primarily,

these results highlight a need for more detailed studies using BASL in protoplasts.

3.11 Discussion

3.11.1 Relationship between cell anisotropy, cell orientation and
polarity

For a tissue-wide polarity field, as described in Chapter 2, to have a significant developmental
or physiological relevance, it needs to be analysed in relation to the growth of cells or tissues.
Whilst previous studies have shown that cell polarity, or predicted polarity, may be
correlated with growth directions (Bringmann and Bergmann, 2017; Kuchen et al., 2012),
here | have highlighted the issues associated with making links between polarity and growth
or cell anisotropy in anisotropic cells. | show that, indeed, BASL polarity and cell shape are
correlated and | have also analysed ectopic BASL polarity in near-isotropic cells. This showed
that the ectopic BASL polarity field diverges at later stages of development independent of
cell anisotropy and this divergent polarity pattern is not simply a consequence of the way

polarity is assigned to the centroid of anisotropic cells.

The issue of assigning cell polarity arises because of the differences between a continuous
mathematical polarity field, often used in computational modelling, in which every point has
a vector, and a discrete polarity field that can exist in a biological tissue with cells. This
distinction between these types of polarity field should be made clear, particularly if
modelling work using a continuous polarity field also contains discrete cells, such as in Fox et

al., (2018).

There is a two-way relationship between polarity and growth, as indicated in Figure 3.6 and
thus it remains difficult to draw conclusions about causality in the relationship between
polarity and growth. Growth may alter polarity due to mechanical connectivity of the tissue,

as shown in the deforming organiser-based model in Kuchen et al. (2012) and polarity could
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plausibly provide directional information to guide growth, as has been previously predicted

(Coen et al., 2017; Kennaway et al., 2011; Kuchen et al., 2012).

In addition, cell divisions further complicate the relationship between growth and cell
polarity. Future work could involve live-tracking of ectopic BASL dynamics, particularly in
regions of the leaf with more isotropic cells and where the confounding effect of cell shape
is therefore reduced. Crossing the ectopic BASL line into different shaped leaves, such as as1
which has rounded leaves (Byrne et al., 2000; Ori et al., 2000) or angustifolia which has long
narrow leaves (Kim et al., 2002; Tsuge et al., 1996) could also prove useful, for example,

through live-tracking and comparison of growth directions and polarity patterns to wild-type.

| have shown that, in addition to cell shape having a confounding effect on cell polarity, cell
long axis orientation also adds complexity to understanding properties of the polarity field. |
show that, in a wild-type leaf, the majority of cells approximately align with the proximodistal
axis of the leaf. To uncouple the relationship between cell polarity and cell long axis
orientation, | analysed ectopic BASL localisation in cells in which the long axis was
approximately mediolaterally aligned in both wild-type leaves and the gaplgap2 cotyledon
and show that BASL tended to localise to the proximal long wall of the cell. This analysis, both
in wild-type and gaplgap2, suggests that the proximal address with which BASL interacts
does not localise to one, or both ends of the cell long axis. Whilst the mechanisms involved
in positioning the proximal address remain unknown, it could indicate that the proximal
address is responsive to a proximally or distally emanating signal, for example, as suggested
in a cell-cell coupling model of polarity establishment (Abley et al., 2013) and in models of A.

thaliana leaf development (Kuchen et al., 2012).

3.11.2 BASL in relation to the ROP pathway and the cytoskeleton

Discussion of pavement cell polarity, involving the ROP pathway, usually refers to pavement
cells being multi-polar. The preference of BASL to localise to a lobe, rather than a neck of
pavement cells, partly resembles the localisation of ROP2 to lobes (Fu et al., 2002; Fu et al.,
2005), and might suggest a link between the ROP pathway and the polarity system underlying
BASL localisation. However, it is difficult to see how a BASL could interact with the ROP
pathway and remain localised to a single lobe. Pavement cell polarity has also been linked to
auxin signalling and the cytoskeleton (Chen et al., 2015; Xu et al., 2010) providing a possible
link between the polarity of a single cell (involving the cytoskeleton and ROP pathway), and

plausible mechanisms for tissue-wide coordination (involving auxin).
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It would be interesting to test the localisation of inducible BASL in rop mutant lines, such as
rop2. In this work, | used gaplgap2 to analyse the role of BASL in cells that do not align with
the leaf midvein axis. The PHGAP proteins (absent in this mutant) are known to interact with
multiple ROPs and show comparable localisation patterns (Stockle et al., 2016). Pavement
cells in the gaplgap2 mutant lack lobes but BASL remains proximally localised in a distinct
domain. This shows that BASL localisation is not dependent on lobes and may be
independent from the ROP pathway. Dong et al., (2009) suggest that BASL may act upstream
or independently of ROPs due to the lack of BASL-induced cell outgrowths in a rop2 mutant.
It would be interesting to quantify this further and perhaps model growth and division in the
gaplgap2 mutant background. The cell orientation pattern is somewhat confounded by the
stomatal divisions. Crossing gaplgap2 to speechless and inducing ectopic BASL in a
gaplgap2spch background would be useful to remove the spiral stomatal divisions which

complicate the analysis of polarity in the double mutant.

| show that ectopic BASL is able to polarise in a coordinated manner in leaves treated with
oryzalin. This suggests that microtubules are not directly involved in the establishment of the
polarity. However, microtubules and the cytoskeleton represent an important plausible
mechanism linking polarity with cell outgrowths and hence further work, for example,
perturbing other parts of the cytoskeleton with drugs, or analysing inducible BASL in mutants
with compromised cytoskeletons will be crucial to understanding the link between cell

polarity and cell growth or development.

3.11.3 Relationship of ectopic BASL polarity field and PIN

| have shown that BASL and PIN1 localise to the opposite sides of cells in the A. thaliana leaf
primordia. Ectopic BASL tends to localise to cell corners in a distinct crescent whilst PIN1
tends to localise across the whole face of the cell. This difference in domains and localisation
patterns might suggest that BASL does not simply localise antagonistically to PIN1 and that
there may be different mechanisms underlying how the two proteins localise at the

membrane.

| have also analysed ectopic BASL and PIN1 expression at serrations and kanlkan2
outgrowths where PIN1 is known to undergo polarity reorientations and form convergence
points (Abley et al., 2016; Bilsborough et al., 2011; Hay et al., 2006). At serrations, | found
that ectopic BASL reorients to localise at the distal of side wall of cells, thus mirroring the

convergence points of PIN1. It would be interesting to further analyse the dynamics of BASL
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localisation during serration development. This might allow more detailed understanding of
the timing of outgrowth formation relative to polarity reversal. If, for example, polarity
reoriented before outgrowth formation occurred, this could provide evidence for polarity
directing growth. In the absence of such experiments, these observations show a relationship
between PIN1 and BASL polarity, but do not currently allow further understanding of the link
between polarity and growth. In my imaging of kanlkan2 outgrowth formation, | observed
some cells where ectopic BASL appeared to reorient where outgrowth formation was likely
to occur. However, there were other instances where reorientation was not seen and
therefore further work is required to draw conclusions about BASL polarity in this context. |
often could not observe BASL signal in the young kanlkan2 outgrowth, perhaps due to using

the 35S promoter.

The observed changes in ectopic BASL polarity at serrations and possible changes around
kanlkan2 outgrowths may suggest interaction between tissue cell polarity, marked by BASL,
and regional polarity factors, such as KANADI and possibly CUC proteins. In future, ectopic
BASL polarity could also be studied in relation to CUC2 expression, for example, by inducing
CUC2 sectors and observing BASL dynamics. Similarly, ectopic BASL may provide a tool for
understanding how individual cell polarities respond to regional polarity factors during leaf
organogenesis. Experiments using ectopic KANADI and HD-ZIP expression, such as those
carried out by Caggiano et al.,, 2017, may elucidate any role of cell polarity in leaf and

outgrowth formation.

The observation that ectopic BASL mirrors PIN1 polarity at serrations suggests the two
polarity systems are linked. A feedback loop involving auxin transport and epidermal PIN1
expression has been shown to be necessary for serration formation: serrations cannot form
in a pin1 mutant, but epidermal PIN1 expression is sufficient to restore serrations
(Bilsborough et al., 2011). PIN1 at serrations is therefore not simply a polarity marker, but
part of the feedback process needed for outgrowth formation (Bilsborough et al., 2011). The
mirrored behaviour of PIN1 and ectopic BASL at serrations suggests that the polarity revealed
by ectopic BASL is coupled to the same polarity-coordinating mechanism as for PIN1.
Whether this is a direct relationship between ectopic BASL and PIN polarity or whether both
polarity markers somehow interact with or respond to a common underlying polarity system

is not clear. The hypothesised molecular address to which ectopic BASL is directed may be
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linked to auxin transport, or another common underlying polarity system to which PIN can

also respond.

| show that growing plants on NPA, or transferring them to NPA after inducing BASL, does
not prevent coordinated ectopic BASL polarisation. This indicates that polar auxin transport
may not be the mechanism positioning BASL to the proximal end of cells, but further
mechanistic work is required, such as testing BASL in pin mutants and biochemical analysis,
to understand the factors and mechanisms responsible for BASL polarisation. It is also worth
noting that NPA does not necessarily inhibit all polar auxin transport in tissues and that, if
some auxin transport occurs, its role in polarity coordination cannot be ruled out. PIN does
not fully disappear from the membrane when treated with NPA. Some reports suggest that
PIN becomes apolar following NPA treatment (Hay et al., 2006) while other studies are less
clear (Heisler et al., 2005; Scarpella et al., 2006); these differences may partly arise due to

the difficulty in assigning PIN polarity.

Whilst the work here focusses on leaves, the root represents a further context in which to
analyse the relationship between PIN and BASL. My preliminary imaging suggests that BASL,
like PIN1 in the vasculature, localises to the rootward end of root cells. This would represent
an unusual context in which PIN1 and BASL colocalise, although further imaging is needed to
confirm this, and it needs to be confirmed that PIN1 and BASL are both proximal in the same
cell type or same cell. It was previously shown that, in the vasculature of equivalently staged
roots (notably not in the same roots), both PIN1 and BASL localise to the rootward end of
cells (Dong et al., 2009). Different members of the PIN family localise differently in a cell type
dependent manner in roots (Krecek et al., 2009), for example, PIN2 localises at the apical end
of cells in the root epidermal cells but is basal in cortical cells (Feraru and Friml, 2008; Mdller
et al., 1998). The relationship between PIN and BASL may therefore be cell-type dependent
and further investigations, for example, in pin mutants and during root hair development,
may provide useful contexts in which to further understand PIN and BASL polarity. In
addition, the results described here raise the question of how ectopic BASL polarity is
established with respect to the meristems of the plant, both the shoot apical meristem and

the root meristem.

3.11.4 Role of plasmodesmata in polarity coordination

| tested the role of plasmodesmata as a potential mechanism involved in the coordination of

polarity across a tissue. | used a line with constitutively closed plasmodesmata (previously
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shown by reduced flux and increased callose deposition, Caillaud et al., 2014) and induced
BASL in this context. | found ectopic BASL could still be polarised in these leaves and also
observed spiky cells in this line where BASL was sometimes localised to two proximal lobes.

It would be interesting to explore this further in the future, quantifying this phenomenon.

These results show that BASL can be coordinated across a tissue even in leaves with reduced
intercellular flux due to increased callose deposition at plasmodesmata, although notably, it
is challenging, or perhaps impossible, to completely close plasmodesmata throughout
development due to their essential role. It might be possible to close plasmodesmata more
using inducible constructs. | would have anticipated any effects of plasmodesmatal closure
to affect cell-cell coordination, which does not appear to be the case. It is therefore possible
that signals involved in coordinating polarity are still able to move through the
plasmodesmata. It is interesting that plasmodesmata closure can also lead to cell shape
phenotypes and, whilst the reason for this remains unknown, plasmodesmata could play an
indirect role in polarity coordination, for example via auxin transport, and thus may warrant

further investigation in the future.

3.11.5 Mechanics and polarity

| started to develop tools to test the role of mechanical stresses in the coordination of tissue
cell polarity and then worked with and supervised an undergraduate project student, Jamie
Spooner, who carried out this preliminary work. He developed a tool, based on that used in
Bringmann and Bergmann (2017), that also allowed leaves or cotyledons to be imaged on a
confocal microscope whilst being stretched. This is an advance on the statistical methods
used previously (Bringmann and Bergmann, 2017) but is relatively simple and easy to make,

unlike some more sophisticated tools recently developed (Robinson et al., 2017).

The initial experiments indicated that mechanical stresses do not alter BASL polarity, which
contrasts to the result shown by Bringmann and Bergmann (2017) with BRXL2. A number of
reasons may account for these differences. It was difficult to ensure the cotyledon remained
flat and stuck to the membrane for the period of stretching. This is important in order to
ensure that the cotyledon was experiencing tension throughout the experiment and is likely
a difficulty found by Bringmann and Bergmann (2017). Without being able to measure the
stress being experienced by the tissue, using more advanced methods such as Robinson et
al., (2017), it is possible that slippage of the leaf on the membrane occurred. Furthermore,

over the period of a few hours, the leaf or cotyledon would have grown which may also serve
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to reduce the tension experienced by the tissue. The direct comparison between stretched
and unstretched leaves made in this work on a small section of tissue using ectopic BASL is
not directly comparable to the statistical approach using native BRXL2 line used in Bringmann
and Bergmann (2017). Whilst these differences may not account for the different results
obtained, it is necessary to repeat these experiments, ideally using the method allowing
imaging whilst stretching rather than a statistical approach, in order to verify any

conclusions.

3.11.6 BASL in BY-2 cells

| conducted preliminary work using 355::GFP-BASL in BY-2 cells to explore polarity outside of
a tissue context and in protoplasts. | showed that BASL tends to localise to the ends of BY-2
cells, sometimes both ends, and has a preference for cell corners, much like in leaves. In
some cell chains, BASL localisation seemed coordinated across multiple cells, but this
observation requires quantification to be conclusive. This localisation pattern of BASL is

markedly different to the axial localisation of PIN1 in BY-2 cells (Boutté et al., 2005).

BY-2 cells also offer a context in which to study polarity inheritance at cell division. In the
stomatal lineage, endogenous BASL localises opposite the new cell wall, creating a spiral
pattern of polarity, as described by Robinson et al., (2011) and shown in Chapter 2 of this
work. It is possible that ectopic BASL also follows this pattern of inheritance. If we take a
single cell with proximally localised ectopic BASL and follow this pattern of inheritance in a
single file of cells, the polarity would become disrupted with some proximodistal polarity
vectors, and some disto-proximal polarity vectors (Figure 3.42 A, Bi, Ci). This division rule
alone would not account for the consistent proximal localisation of BASL in cells.
Alternatively, BASL could be localised proximally in daughter cells following divisions through
an unknown mechanism. In this case, if we start with a cell with proximally localised BASL,
the proximodistal polarity would be amplified through rounds of division (Figure 3.42 A, Bii,
Ciii). A combination of polarity inheritance rules at cell division is also possible, for example,
dependent on cell type and this could lead to a largely proximodistal polarity in cell files, with
polarity vectors that deviate from proximodistal in some cells (Figure 3.42 Cii). Whilst the
rules governing polarity inheritance at cell division remain unknown, the work in Chapter 2
suggests that BASL localisation opposite the new cell wall is not sufficient to generate the
patterns of ectopic BASL seen here. There may be additional rules for polarity inheritance in
non-stomatal cells. BY-2 cells showed coordinated BASL in some cell files and not in others

and therefore could indicate a role for multiple polarity inheritance rules. BY-2 cells
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expressing ectopic BASL represent a useful tool to further understand polarity inheritance at
cell divisions due to their characteristic growth and division in cell files, and their amenability
to live-imaging. In addition, it would be interesting to generate BY-2 or suspension cell lines
that lacked SPCH (and therefore lacked any stomatal fate) and compare the inheritance of

polarity in these cells.
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Figure 3.42 Possible hypotheses for BASL polarity being inherited at cell division.
(A) Ectopic BASL (green crescent) localised at the proximal end of a cell could be inherited in

different ways at cell division. (Bi) Ectopic BASL could remain proximal in daughter cells
following division, or (Bii) ectopic BASL could localise opposite the new cell wall following
division. (Ci-iii) After multiple divisions, proximodistal may have been (Ciii) amplified or (Ci)
disrupted, depending on how BASL polarity is inherited. (Cii) A combination of polarity
inheritance rules at cell division is also possible and would lead to different pattern of
polarity. Red and blue arrows indicate polarity orientation, based on the colour scheme used
in Chapter 2.
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| also showed that BASL can be polarly localised in protoplasts and that this localisation is not
lost within minutes (as is reported to be the case with PIN1 in protoplasts when cell-cell
contact is lost, Boutté et al., 2005). This provides preliminary evidence for the existence of
polarity systems in plant cells in a non-tissue context and may therefore support a model of
polarity establishment involving intracellular partitioning (Abley et al., 2013), though the
molecular components of such a system remain unknown. | show some evidence for the
polar localisation of BASL in regenerating protoplasts which, to some extent, may correspond
to the cell outgrowths observed with 35S::GFP-BASL in roots (Dong et al., 2009). The
anisotropic elongation of BY-2 protoplasts in response to geometic cues has been shown to
be dependent on auxin (Zaban et al., 2015). It would be informative to conduct similar
experiments exploring the role of auxin in BY-2 cells using BASL as a polarity marker. My
results thus far are inconclusive but highlight a need for multiple avenues of future work.
Through developing this BY-2 line, | have provided tools that might be able to address the
role of the cytoskeleton and cell division in cell polarity, the relationship between polarity
and growth, and perhaps the molecular and biochemical mechanisms underlying polarity

establishment and maintenance.

3.11.7 Concluding remarks and future work

This work aimed to test hypotheses and address questions that arise following the
characterisation of a tissue-wide polarity field. In particular, | focussed on the uncoupling of
cell shape and cell orientation from polarity, the relationship between ectopic BASL polarity
and PIN1 polarity, and tested the role of plausible polarity coordination methods. | used
mutants to test the role of BASL in different contexts, as well as analysing ectopic BASL in
different developmental contexts including serrations. | also tested possible systems
involved in polarity establishment and coordination through perturbing the cytoskeleton and
plasmodesmata, and stretching cotyledons. The results from these experiments highlight a
need for further investigation. For example, further controls and experiments are required
to understand why these results with BASL and mechanical stress differ from those of

Bringmann and Bergmann (2017).

This work has shown that PIN1 polarity and BASL polarity are linked, through the analysis of
both polarity markers at serrations. This would suggest that PIN and BASL polarity are also
linked in other situations. The analysis undertaken in this project focuses on epidermal BASL

in the leaves. The vasculature and roots represent two contexts in which PIN polarity is
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markedly different to that in the leaf epidermis. Further imaging, including more time lapse
imaging (as in Abley et al. (2016)) and imaging different plant organs with both BASL and PIN
may provide further insights regarding the relationship between these markers of polarity
and polarity fields. In addition, other mutants, such as pin mutants, rop mutants, and those
with different leaf shapes, combined with live tracking, may allow further insights into the
role of BASL polarity in relation to known polarity systems and allow the role of polarity in

growth to be better understood.

Auxin is considered a likely polarity coordination mechanism and the link between BASL and
PIN polarity indicates that there are indeed shared features between BASL and PIN polarity.
Future work investigating the role of auxin in the establishment and maintenance of BASL
polarity will be informative. It remains possible that the polarity system underlying the
ectopic BASL polarity field is linked to auxin directly, but it may also be the case that auxin is
responsive to other unknown systems underlying polarity. BY-2 cells may represent a useful
way to probe the fundamentals of the underlying polarity system through drug applications

and biochemical approaches.

Whilst | have described the ectopic BASL polarity field and tested its role in different contexts,
a key question remains of what BASL interacts with to reveal this polarity field. | hypothesise
that there is a molecular address in cells which is composed of unknown molecular
components. Discovery of these components will be key to uncovering the mechanisms
involved in the establishment of tissue cell polarity in plant planar organs. To carry out such
investigations, as biochemical approach, such as co-immunoprecipitation, is required to

identity interactors of BASL and potential novel polarity candidates.
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4 Exploring mechanisms of polarity coordination

Introduction

4.1 Interactors of BASL

The work in the previous chapters focuses largely on the heat-shock inducible system to
overexpress 355::GFP-BASL across the tissue. Given that BASL is not endogenously expressed
in most cells of the leaf but localises to a specific small domain when overexpressed, it seems
likely that BASL is binding to or interacting with molecular components at the proximal end
of cells. In previous chapters, | termed this the ‘proximal address’. This address is most likely
composed of a protein, or scaffold of proteins, with which BASL interacts, but it could also
include other molecular components, such as lipid components, or a combination of these

factors.

Given that the localisation pattern of ectopic BASL in the leaf appears to be quite different
from any known polarity markers, such as PINs or native stomatal polarity factors such as
BRXL2, it is possible that the identification of the proximal address could reveal novel plant
polarity components. ldentification of the underlying factors involved could aid the
understanding of how polarity is established and maintained in plant cells and would allow
testing of models of polarity. For example, it is possible that the components of the proximal
address could be part of the intracellular partitioning model of polarity (Abley et al., 2013),

such as components A/A* and B/B* which remain unknown.

To explore and identify potential interactors of BASL, | used two approaches. Firstly, | made
use of a previous screen that used the Split-ubiquitin system to identify putative interactors
of membrane proteins (Jones et al., 2014). Although it lacks membrane binding domains,
BASL was used as a bait protein in this study allowing me to probe this database for potential
BASL interactors. Secondly, | used a biochemical approach to try and extract BASL and any

interacting protein partners.

4.1.1 Using the Membrane-linked Interactome Database

A recent high-throughput study used a mating-based Split-ubiquitin system (mb-SUS) to
identify putative interactions of membrane and signalling proteins (Jones et al., 2014). The

mbSUS assay allows the identification of cytosolic and membrane bound interactions and
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uses the ubiquitin-degradation pathway as a sensor for protein-protein interactions. The
work by Jones et al., (2014) tested 6.4 x 10® pairs of proteins and identified ~12000
interactions, confirming a small proportion of these in planta. One of the proteins used as
bait in this work was BASL and this database therefore could provide potential BASL
interactors that warrant further investigation as candidates involved in the molecular

address.

4.1.2 Using a biochemical approach to identify BASL interactors

Like yeast-2-hybrid approaches, co-immunoprecipitation (co-IP) is frequently used as a
method to confirm interactions between proteins. Co-IP has the advantage of being able to
examine protein-protein interactions in cells and native tissues. It can also be coupled to
mass-spectrometry (mass-spec) analysis and, due to advances in mass-spec and peptide and
protein databases, can also be used to identify novel interacting components of proteins of
interest. This approach has been used to identify novel protein interactions in many areas
(Avila et al., 2015) including flowering time regulation (Questa et al., 2016), development

(Fabregas et al., 2013) and plant immunity (Kadota et al., 2014; Weis et al., 2013).

Recent work has identified the SOK family of proteins which are polarly localised in A.
thaliana and contain a well-conserved N-terminal DIX domain (Yoshida et al., 2019). This
domain is a protein-protein interaction identified in Dishevelled polarity regulation in
animals (Schwarz-Romond et al., 2007) and this domain allows SOK proteins to interact and
potentially form a polar protein scaffold. Using a co-IP with mass spectrometry approach,
common and distinct interactors of SOK proteins have been identified (Dolf Weijers, Maritza

van Dop, personal communication).

4.2 Aims of this work

The aim of this work was to explore potential interactors of BASL in its ectopic context in
order to elucidate molecular components of the proximal address. This work makes use of
an existing database of potential protein interactions as well as using a biochemical approach
to try and identify novel BASL interactors. Identification of novel BASL interactors, identified
from the ectopic BASL polarity patterning, could allow further understanding of the

mechanisms underpinning the establishment of tissue cell polarity in plants. This in turn may
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reveal insights into the role of polarity in development and allow the testing of

computational models.

Results

4.3 Membrane-linked Interactome Database candidates

The recent high-throughput screen for membrane and signalling protein interactions by
Jones et al. (2014) used a mating-based Split-ubiquitin system (mb-SUS) to test interactions
between ~6.4 x 10°® protein pairs. This work identified ~12000 potential protein interactions
in A. thaliana and confirmed a small proportion of these in planta (Jones et al., 2014). A
positive result in the mb-SUS screen occurs if an interaction between two proteins, fused to
the N- and C- terminal parts of ubiquitin (Nub and Cub), brings these regions in proximity
which reconstitutes a ubiquitin protein. This is then recognised by a ubiquitin specific
protease which cleaves the Cub fusion protein to release a transcription factor (TF). The TF
can then activate marker genes by entering the nucleus and this is detected by growth on
selective media (Figure 4.1). Jones et al. (2014) tested interactions in two primary assays and
then tested positive interactions in two secondary assays at different stringencies and
reported interactions that tested positive in all four assays as MIND1 (Membrane- linked
Interactome Database version 1). Protein interactions that also tested positive, but not in all

four assays were also included in an online database.

Marker
TF o
— @
TF Release
AA4/
vy
TF TF

Figure 4.1 The mb-SUS screen was used to identify interactions with membrane proteins.
Bait proteins are fused to N- and C- terminal domains of ubiquitin (Nub and Cub). If the

proteins interact, the Nub and Cub moieties are brought into contact and reconstitute a
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ubiquitin protein (green). This can then be recognised by an endogenous ubiquitin specific
protease that cleaves the Cub fusion protein to release a transcription factor (TF). The TF is
then free to enter the nucleus and activate marker genes whose expression indicates physical
interaction between the proteins of interest. Based on Jones et al. (2014).

BASL was one of the proteins used as bait in this assay, though was predicted to localise to
the nucleus by SUBAcon (a consensus algorithm for unifying the subcellular localization data
of the Arabidopsis proteome) which was the protein localisation software used here (Hooper
et al., 2014). The study undertaken by Jones et al. (2014) identified 32 potential interactors
of BASL (listed in Appendix B, section 7.2). The study found no BASL-interactors that were
positive for both assays in the primary Split-ubiquitin screen and both of the assays in the
secondary screen. However, as noted in the study, this does not preclude that they are
biologically important interactions and they were therefore included in the open-access
online database. This work reported six candidates that were positive for both assays in the
primary screen, and for one out of two assays in the secondary screen (Table 4.1) and |
focussed on these candidates to test their localisation in planta. These six candidates were a
receptor-like kinase (RLK, AT4G20790), a Cornichon-family protein (AT3G12180), VPS60.1
SNF7-family protein (AT3G10640), wall-associated kinase 3 (WAK3, AT1G21240), IQ-domain
6 protein (IQD6, AT2G26180) and purple acid phosphatase 3 (PAP3, AT1G14700) (Table 4.1

and see also Table 7.1).

Table 4.1 Six candidates from Jones et al. (2014) were the best putative BASL interactors.
The six candidates that were positive BASL interactors in both of the Split-ubiquitin assays of

the primary screen, and one out of two assay in the secondary screen are listed, with their
GO Biological process or molecular function (from TAIR).

Candidate | Gene ID SUBAcon GO Biological Process/molecular
localisation function

RLK ATAG20790 | Plasma membrane Protein autophosphorylation

Cornichon | AT3G12180 | Plasma membrane Vesicle-mediated transport

VPS60.1 AT3G10640 | Nucleus Protein, vacuolar and vesicle-mediated
transport

WAK3 AT1G21240 | Plasma membrane Cell surface receptor signalling pathway,
protein phosphorylation

QD6 AT2G26180 | Nucleus Calmodulin binding/microtubules

PAP3 AT1G14700 | Extracellular Dephosphorylation
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4.3.1 Testing putative BASL interactors in N. benthamiana

Before testing the localisation of the putative interactors, | first transiently expressed
35S::GFP-BASL in N. benthamiana to test how ectopic BASL would localise in this system. |
generated the 355::GFP-BASL construct (71253) which contained the same GFP-BASL module
as the heat-shock inducible BASL line. (In this chapter, | refer to this GFP variant as GFP-1). |
imaged leaves 2 days after infiltration and found that, as in A. thaliana, ectopic BASL localised
to a distinct domain in the pavement cells of N. benthamiana (Figure 4.2 A). Unlike in A.
thaliana however, the BASL signal was typically observed in multiple lobes of pavement cells,
though was not present in all lobes. In addition, the signal was not necessarily restricted to
proximal lobes. BASL signal was also frequently observed in the nucleus (Figure 4.2 A). Whilst
there are key differences between the localisation of ectopic BASL in N. benthamiana and A.
thaliana which may be worth exploring in detail and quantifying in the future, the localisation

of BASL to restricted domains in lobes of pavement cells remains similar in both contexts.

| cloned the six most promising candidates from the online interactome database of Jones et
al., (2014) using Golden Gate cloning and tagged them with mCherry. | used mCherry so that
the candidates could be co-expressed with 35S::GFP-BASL and mCherry would also allow
FRET-FLIM experiments to be conducted with these constructs in the future. | aimed to image
the constructs in N. benthamiana following transient expression to test their localisations
and, if potentially interesting, they could be stably transformed into A. thaliana. | chose to
use the 35S promoter to express the genes and ensure they were expressed in the leaf and
also to provide similar levels of expression to ectopic BASL. It is, however, possible that, as
with BASL, the localisation of proteins can vary depending on the promoter, hence it could
be useful in future to also test the localisation of these candidates using their native

promoters.

Despite multiple attempts, | was not able to clone the L1 containing the WAK3 gene. The
coding sequence of this gene underwent recombination when in E. coli, even when using
cells to lower recombination. | therefore decided not to continue with WAK3 due to the
difficulties expressing it in E.coli. WAK3 does, however, represent a potentially interesting
interactor: it might be possible in the future to use different cloning strategies, or to use

wak3 mutants to explore this as a potential BASL interactor.

The remaining five genes were tagged at the N or C terminal end, depending on similar

studies in the literature, and transiently co-expressed with 35S::GFP-BASL in N. benthamiana.
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The RLK and VPS60 protein were tagged with mCherry at the C-terminus, as with previously
tagged proteins in these families (Li et al., 2002; Nickerson et al., 2010), and the cornichon,
IQD6 and PAP3 proteins were tagged at the C- terminal end (Birstenbinder et al., 2017;
Wudick et al., 2018; Zamani et al., 2014). | imaged N. benthamiana leaves with 35S::GFP-

BASL and mCherry-tagged putative interactors 2 days after infiltration.

The RLK showed a clear plasma-membrane localised signal (Figure 4.2 B), similar to the
localisation of many other RLKs (Greeff et al., 2012; Osakabe et al., 2013; Shiu and Bleecker,
2001). Co-expressed ectopic BASL remained localised to distinct domains in the lobes of
pavement cells. Whilst the localisation of this gene does not show the same localisation
pattern as ectopic BASL, it is not possible to rule out interactions without further analysis: it
is possible that the two proteins could be interacting where BASL is localised. Both
35S::mCherry-Cornichon  (AT3G12180, construct 71334) and 35S::mCherry-IQD6
(AT2G26180, construct 71337) were observed in punctate spots, usually near the edge of the
cell (Figure 4.2 C and E respectively). |QD6 has previously been reported to localise to nuclear
bodies (Birstenbinder et al., 2017). These localisations were quite unclear but did not appear
to co-localise with BASL. The lack of localisation to any distinct organelle might suggest that
both constructs were being mis-targeted. It might be possible to tag the genes in different
positions to obtain more convincing localisation patterns for these two putative interactors.
Alternatively, it is possible that they are not expressed in pavement cells or leaves and hence
do not show a clear localisation pattern when overexpressed in this context. When
35S5::VPS60.1-mCherry (AT3G10640, construct 71335) was expressed in N. benthamiana, it
appeared to localise possibly to the cytoplasm (Figure 4.2 D). Transvacuolar strands were
visible and there was also some possible localisation to the endoplasmic reticulum and
nuclear envelope (Figure 4.2 D). This agrees with previous reports of VPS60.1 localising to
the cytoplasm and endosomes (Nickerson et al., 2010). 35S::PAP3-mCherry (AT1G14700,
construct 71338) signal was observed very faintly at the plasma membrane, though the signal

appeared a little ‘fuzzy’ (Figure 4.2 F).
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Figure 4.2 Putative BASL interactors showed differing subcellular localisations in N.
benthamiana.
(A) 355::GFP-BASL in N. benthamiana. Ectopic BASL signal is also shown in each subsequent

panel due to co-expression with the putative interactors. (B) 355::RLK-mCherry (AT4G20790,
construct 71332) localises to the plasma membrane. (C) 35S::mCherry-Cornichon
(AT3G12180, construct 71334) localises in punctate distinct spots, usually near the edge of
the cell. (D) 35S::VPS60.1-mCherry (AT3G10640, construct 71335) localises possibly to the
cytoplasm. Transvacuolar strands are visible, and possibly also the endoplasmic reticulum
and nuclear envelope. (E) 35S::mCherry-IQD6 (AT2G26180, construct 71337) localises
possibly in vesicles. (F) 355::PAP3-mCherry (AT1G14700, construct 71338) localises possibly
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to the plasma membrane, though faintly. All leaves were imaged 2 days after infiltration.
Scale bars are 100 pm.

Out of the five candidates tested transiently in N. benthamiana, none of them showed a
localisation pattern resembling that of BASL. It might be expected that any interactors of
BASL should localise to, or close to, the membrane, given that this is where ectopic BASL
localises. Two of the candidates, 35S::mCherry-Cornichon (AT3G12180, construct 71334,
Figure 4.2 C) and 35S::mCherry-IQD6 (AT2G26180, construct 71337, Figure 4.2 E) did not
localise to the membrane. This may be due to mis-expression, or because these proteins are
not membrane-targeted. The rice cornichon-family protein OsCNIH1 is localised to the
endoplasmic reticulum (Rosas-Santiago et al., 2015) when tagged at the C-terminal end,
whilst cornichon-family proteins in A. thaliana localised to endo-membranes, punctate
structures that colocalise with endoplasmic reticulum markers, and the plasma membrane
in some instances when N-terminal tagged (Wudick et al., 2018). This may indicate that the
localisation of this protein should be tested with both N- and C-terminal tags. The localisation
pattern | observed for PAP3 may agree with previous reports of members of this gene family
localising between the plasma membrane and cell wall (Zamani et al., 2014). Given that the
RLK, VPS60.1 and PAP3 (construct 71332, 71335 and 71338 respectively) all showed possible
plasma-membrane or cytosolic localisations. | therefore decided to create stable
transformation lines in A. thaliana with these three constructs to analyse their expression

further in the system | had previously characterised BASL expression in.

4.3.2 Testing putative BASL interactors in A. thaliana

To test the localisation of the candidates in A. thaliana that appeared membrane bound, |
stably transformed A. thaliana with the constructs 71332 (35S::RLK-mCherry), 71335
(35S::VPS60.1-mCherry) and 71338 (35S::PAP3-mCherry). | imaged various parts of the stably
transformed plants, including the true leaf, cotyledon and root or hypocotyl, to characterise

the localisation of these genes when overexpressed.

The RLK (construct 71332) localised to the plasma membrane in the leaf, cotyledon and very
faintly in some cells of the root (Figure 4.3 A-C). In the root, the signal was weaker and less
clear, and there was also some signal possibly in the nucleus (Figure 4.3 C). This localisation
confirmed the plasma membrane localisation observed in N. benthamiana (Figure 4.2 B) and
agrees with the membrane localisation of other RLKs (Greeff et al., 2012). However, in this

context, it does not indicate any obvious polar localisation. 35S::VPS60.1-mCherry (construct
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71335) also showed a clear plasma membrane localisation in leaves (Figure 4.3 D). In the
cotyledon, a very faint plasma membrane localisation was observed, with much stronger
expression in the stomata and meristemoid cell (Figure 4.3 E). This localisation was intriguing
and could indicate a role in the stomatal lineage that may warrant further investigation.
Signal was also weak in the root and may localise to the plasma membrane and nucleus or
endoplasmic reticulum (Figure 4.3 F) which is similar to the localisation observed for this
construct in N. benthamiana. The PAP3 protein (construct 71338) appeared to localise to the
plasma membrane in the leaf, cotyledon and hypocotyl (Figure 4.3 G-l), but in a rather
unusual non-uniform manner. This localisation could indicate localisation to the region in
between the plasma membrane and cell wall, as was previously reported for AtPAP9 (Zamani

et al., 2014).
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71332 (RLK) 71332 (RLK) 71332 (RLK)

71335 (VPS60) 71335 (VPS60) | F 71335 (VPS60)

71338 (PAP3) | H 71338 (PAP3) | | 71338 (PAP3)

Figure 4.3 Multiple putative BASL interactors were plasma membrane localised in A.
thaliana.
Three putative BASL interactor candidates from transient expression in N. benthamiana were

stably transformed into A. thaliana under the 35S promoter and tagged with mCherry.
Regions of the plant were imaged 7 DAS. (A-C) 35S5::RLK-mCherry (71332) expression in (A)
the leaf, (B) cotyledon and (C) root. All images are from the same insertion line carrying 2
copies (iDNA genetics). (D-F) 35S::VPS60.1-mCherry (71335) expression in (D) the leaf, (E)
cotyledon and (F) root. Images are from three different insertion lines, carrying 3, 1 and 11
copies (in D, E and F respectively, iDNA genetics). (G-I) 35S::PAP3-mCherry (71338)
expression in (G) the leaf, (H) cotyledon and (I) hypocotyl. All images are from the same
insertion line carrying 2 copies (iDNA genetics). Scale bars are 50 um.
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The localisation of these three gene products under the 35S promoter in A. thaliana did not
provide any clear indication of polar localisation. The proteins were all reported to interact
with BASL interactions in the Split-ubiqutin assay previously described by Jones et al. (2014),
but it is possible they do not interact in planta. Alternatively, the proteins may interact with
BASL, but not localise to the proximal end of the cell, as BASL does, when overexpressed.
Further analysis with these candidates, and those that | found to be misexpressed in N.

benthamiana, would be required to understand and clarify any interaction with BASL.

4.4 Protein extraction looking for BASL interactors

To try and identify novel interactors of BASL, | used a biochemical approach. This involved
initially trying to extract BASL from leaf tissue of both A. thaliana and N. benthamiana before
carrying out co-immunoprecipitation to pull down potential binding partners that could be
identified using mass-spectrometry and might play a role in conferring polarity. The methods
used in the following biochemistry work are detailed in the Materials and methods, Section
6.9 and thus are only briefly outlined here, noting any specific differences or adaptations in
each iteration of experiments. In this chapter, | distinguish between variants of GFP in
different constructs: the GFP variant used in the inducible BASL line (used in Chapter 2 and
3), and some constructs in this chapter, is referred to as GFP-1, and a second variant used in

this chapter (eGFP) is referred to as GFP-2 for clarity.

4.4.1 Total protein extraction in A. thaliana

| initially carried out total protein extractions to try to extract BASL from the tissue. | first
carried out total protein extraction in A. thaliana expressing heat-shock induced 35S::GFP-
BASL (GFP-1 as used in Chapter 2 and 3) using non-heat shocked plants as a negative control
(i.e. plants carried the same construct, but were not expressing BASL). | heat-shocked
seedlings for 20 minutes 7 DAS and confirmed expression by confocal microscopy (data not
shown) before collecting ~1.5 g of leaf material four days after heat-shock. The total protein
extraction was carried out using a basic extraction buffer (see extraction buffer 1, section
6.9.3.1). After centrifugation, | retained the supernatant fraction and the pellet to test if BASL
remained in the pellet fraction. | boiled the samples in 2 x SDS-page buffer for 15 minutes to
denature proteins. | then ran the supernatant and pellet fractions for the two samples on a

10% SDS-page gel (Figure 4.4 A) and carried out a western blot (Figure 4.4 B, see section 6.9.7
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and 6.9.8 for details). In the non-heat shocked supernatant sample, and to a lesser degree in
the pellet fraction, | observed a band of approximately 30 kDa on the western blot (Figure
4.4 B, lanes 1 and 3). This band was likely CyPET as antibodies are generally unable to
distinguish GFP and CFP variants, and the non-heat shocked plants were expressing ER-
targeted CyPET. | did not observe any signal in the heat-shocked samples, indicating that
BASL had not been extracted or was too low in concentration to detect (Figure 4.4 B, lanes 2

and 4).

| repeated this approach using the same extraction method (extraction buffer 1), but
including a 35S::TUA6-GFP control sample as a positive control. Notably, the GFP variant in
the inducible 35S5::GFP-BASL line (GFP-1) was not the same as that in the tubulin line, which
raises limitations of using this line as a control, but a control line with the GFP-1 was not
available in A. thaliana. For this western blot, | used a more sensitive ECL exposing kit
(SuperSignal™ West Femto Maximum Sensitivity Substrate) than in the previous attempt in
case GFP-BASL was present at a concentration too low to detect. As before, | observed a
band of approximately 30 kDa in the non-heat shocked sample (Figure 4.4 C, lane 1). This
band appeared stronger on this blot, probably as a result of the more sensitive exposure.
There was a weaker band of the same molecular weight (~30 kDa) in the heat-shocked
sample (Figure 4.4 C, lane 2). This band is at the correct position for GFP or CyPET meaning
it is either GFP that has been cleaved from BASL during the extraction, or it is CyPET protein
from before heat-shocking that has not been degraded. GFP-BASL would be 56 kDa and
therefore does not correspond to the observed band. | observed a band at approximately 80
kDa in the 35S::TUA6-GFP sample which represents the appropriate molecular weight
Tubulin-GFP (Figure 4.4 C, lane 3).
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Figure 4.4 Total protein extraction in A. thaliana did not extract GFP-BASL.
(A) SDS-page gel from total protein extraction in A. thaliana leaves. 1.5 g of raw material was

collected 4 days after heat-shock and total protein extracted, run as supernatant and pellet
fraction. Lane 1 is the non-heat shocked supernatant (SN) sample, lane 2 is the heat-shocked
35S::GFP-BASL (GFP-1) supernatant sample, lane 3 is the non-heat shocked pellet (P) sample
and lane 4 is the heat-shocked 355::GFP-BASL pellet sample. (B) Western blot from the gel in
A, with the same samples used. (C) Western blot for total protein extraction in A. thaliana
using a more sensitive ECL kit and tubulin-GFP control. Lane 1 is the non-heat shocked
35S::GFP-BASL SN sample, lane 2 is the heat-shocked 35S::GFP-BASL SN sample and lane 3 is
35S::TUA6-GFP SN sample. The SigmaMarker™ high range marker (Sigma) was used in A and
B, and RunBlue™ prestained molecular weight marker (Expedeon) was used in C.

The lack of GFP-BASL in these total protein extractions could be accounted for by a number
of reasons. It is possible that GFP was being cleaved from BASL in the extraction process, that
GFP-BASL was degraded on harvesting the samples or during the extraction, that the BASL in
the sample was at an undetectably low concentration, or that the antibodies were not
recognising the GFP-1 variant used in the inducible 35S5::GFP-BASL line. In order to test the
latter of these ideas, | repeated the western blotting with different anti-GFP antibodies to
ensure the lack of GFP-BASL signal was not due to incompatibility between the GFP-1 variant
and the antibody (data not shown, detailed in section 6.9.8.1). These iterations of
experiments yielded the same patterns as those shown in Figure 4.4 and did not show any

evidence of BASL extraction.
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4.4.2 Total protein extraction in N. benthamiana

Given the challenges faced in extracting BASL from A. thaliana, | decided to try using N.
benthamiana for total protein extraction. This transient system provides a much faster and
easier way of generating larger amounts of material to use for optimising conditions for
protein extraction. Whilst there are issues associated with the use of a different system for
identifying novel components, it seemed like a useful and more efficient way to test
extraction conditions before applying them to A. thaliana. The localisation of BASL to
multiple lobes in pavement cells of N. benthamiana remains a key difference from the
localisation in A. thaliana. However, given the similarities in localising to a distinct lobe
domain, the molecular address targeting BASL may well be conserved between the two

systems.

4.4.2.1 Ectopic BASL expression in N. benthamiana

| used construct 71253 (35S::GFP-BASL), which contains the same GFP-1 variant as the heat-
shock inducible 355::GFP-BASL line in A. thaliana, and 35S::LYK5-eGFP as a membrane-bound
eGFP (referred to as GFP-2) positive control (construct kindly provided by Cecilia Cheval and
Christine Faulkner). | infiltrated N. benthamiana leaves and imaged leaves two days later
before confirming the localisation of the proteins using confocal microscopy (Figure 4.5).
GFP-BASL localisation was observed in multiple lobes and in the nucleus of pavement cells,
as described in section 4.3.1 (Figure 4.5 A), whilst LYK5-eGFP localised to the plasma

membrane (Figure 4.5 B), as previously described (Cao et al., 2014).
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Figure 4.5 35S::LYK5-eGFP and 35S::GFP-BASL transiently expressed in N. benthamiana
provide a system for optimising protein extraction conditions.
(A) 355:GFP-BASL (construct 71253, GFP-1) and (B) 35S::LYK5-eGFP (GFP-2) transiently

expressed in leaves of N. benthamiana and imaged 2 days after infiltration. Scale bars 100
um.

4.4.2.2 Optimising protein extraction in N. benthamiana

To initially test the total protein extraction method in N. benthamiana, | used leaves
transiently expressing 35S::GFP-BASL (71253, GFP-1) and used 35S::LYK5-eGFP (GFP-2) and
uninoculated leaves as positive and negative controls respectively. | harvested ~2.5 g of leaf
tissue for each line 2 days after infiltration and used the same extraction conditions as
described above (section 4.4.1) to extract total protein. | ran the supernatant and pellet

fractions on a 10% SDS-page gel (Figure 4.6 A) and western blot (Figure 4.6 B).

| was able to see a band on the blot in the LYK5-eGFP samples ~100 kDa which is the expected
molecular weight for this sample (the molecular weight of LYK5 is 72.5 kDa), and a faint band
at ~27 kDa which is likely GFP-2 (Figure 4.6 B, lane 5). The LYK5-eGFP band was observed in
both the supernatant and pellet fractions (Figure 4.6 B, lane 6). However, there were no
bands in the BASL samples indicating that the BASL had not been extracted from the tissue,
possibly due to the extraction buffer composition, degradation, or due to an undetectably

low concentration of GFP-BASL in the samples (Figure 4.6 B).
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Figure 4.6 N. benthamiana total protein extraction did not extract GFP-BASL.
(A) SDS-page gel from total protein extraction in N. benthamiana leaves. 2.5 g of raw material

was collected 2 days after infiltration into leaves. Lanes 1 and 2 are 35S5::GFP-BASL (GFP-1)
supernatant (SN) and pellet (P) respectively, lanes 3 and 4 are uninoculated leaves SN and P
respectively, lanes 5 and 6 are 35S::LYK5-eGFP (GFP-2) SN and P respectively. (B) Western
blot for the total protein extraction in N. benthamiana (from gel in A). Lanes are the same as
in A. No bands are seen in the 35S::GFP-BASL or uninoculated sample lanes for the SN or P
fractions. A band between 96 and 142 kDa can be seen for LYK5-eGFP (GFP-2) in both the SN
and P fractions.

To try and concentrate the samples and extract BASL | carried out multiple other extractions
using N. benthamiana using the same lines described above (35S::GFP-BASL (GFP-1),
35S::LYK5-eGFP (GFP-2) and uninoculated leaves). | carried out a total-protein extraction
using a high-salt extraction buffer (see section 6.9.3.2 for details) and concentrated the
samples using an acetone precipitation (see section 6.9.3.3 for details). In addition, | tried
adding an additional protease inhibitor (Pefabloc, which is a PMSF alternative) to the
extraction buffer to reduce possible degradation of BASL in the samples. Neither the high-
salt buffer, the acetone precipitation, nor the addition of Pefabloc yielded any different
results to those shown in Figure 4.6. Bands were consistently observed in the LYK5-eGFP

fraction, but not in the uninoculated or GFP-BASL (GFP-1) samples (data not shown).

4.4.2.3 Total protein extraction using eGFP (GFP-2)

The GFP variant used to tag BASL in construct 71253 and the heat-shock inducible 35S::GFP-
BASL (GFP-1) was an older GFP variant, used in the generation of GFP-BASL by Dong et al.
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(2009). One possible reason for not being able to successfully extract BASL is that this GFP
variant may not be recognised by the GFP antibodies being used. 35S::LYK5-GFP that | used
as a positive control contained a standard eGFP variant (GFP-2) and was detectable on
western blots. To check whether the reason BASL was not being extracted was due to the
GFP-1, | generated a construct in which BASL was tagged using a standard eGFP variant (GFP-
2, construct 71572). The protein sequences of these two GFP variants differ in six locations
in the protein, and the GFP-1 variant also seems to have 8 extra amino acids at the C-terminal
end (Figure 4.7). Both these GFP variants can be found in standard vectors. However, it is

possible that the differences could result in differential interactions with GFP-antibodies.

eleseel scoclocsel conclossel secelesesl sseelocsesl

10 20 30 40 50
GFP-2 MVSKGEELFT GVVPILVELD GDVNGHKFSV SGEGEGDATY GKLTLKFICT
GFP-1 M-SKGEELFT GVVPILVELD GDVNGHKFSV SGEGEGDATY GKLTLKFICT
elecee]l cocelocee]| ccceloceel cocelencel ccceleceel
60 70 80 90 100
GFP-2 TGKLPVPWPT LVTTLTYGVQ CFSRYPDHMK QHDFFKSAMP EGYVQERTIF
GFP-1 TGKLPVPWPT LVTTLTYGVQ CFSRYPDHMK RHDFFKSAMP EGYVQERTIF
sleceel ccoolecee]|l scoceleonsel socolssoel cssslsceel
110 120 130 140 150
GFP-2 FKDDGNYKTR AEVKFEGDTL VNRIELKGID FKEDGNILGH KLEYNYNSHN
GFP-1 FKDDGNYKTR AEVKFEGDTL VNRIELKGID FKEDGNILGH KLEYNYNSHN
eleceel ceoeloceel cceelaceel seeelecael caeeleaeel
160 170 180 190 200
GFP-2 VYIMADKQKN GIKVNFKIRH NIEDGSVQLA DHYQONTPIG DGPVLLPDNH
GFP-1 VYIMADKQKN GIKANFKTRH NIEDGGVQLA DHYQONTPIG DGPVLLPDNH
eleceel ceceleceel cceeleceel ceceleceel ccee
210 220 230 240
GFP-2 YLSTQSALSK DPNEKRDHMV LLEFVTAAGI TLGMDELYK- --——-—--—-
GFP-1 YLSTQSALSK DPNEKRDHMV LLEFVTAAGI THGMDELYKG APSYQTX

Figure 4.7 The GFP-1 variant differs from standard eGFP (GFP-2) at multiple residues.
Amino-acid sequences for the GFP-1 and GFP-2 variants used here are shown. GFP-2 (used

in construct 71572) is a standard eGFP that was used in Golden Gate cloning in this project.
GFP-1 (in the inducible BASL line and construct 71253) is an older variant that was used by
Dong et al. (2009) to tag BASL. Residues where the amino acid sequences differ between e
two variants are highlighted and coloured in red.
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| confirmed the localisation of BASL tagged with GFP-2 by transient expression and confocal
imaging in N. benthamiana leaves (Figure 4.8 B). BASL localised predominantly to the lobes
of pavement cells and to nuclei (Figure 4.8 Bi), as described for BASL tagged with GFP-1
(construct 71253, Figure 4.5 A). In addition to the GFP-BASL signal enrichment at lobes, | also
observed signal along the plasma membrane which appeared to be brighter than that for
GFP-1 tagged BASL (compare Figure 4.8 Bi with 4.5 A). Applying a Rainbow LUT to the images
in Fiji indicated that the lobes were still enriched (Figure 4.8 Bii) and that this localisation
remained distinctly different from that for the plasma membrane localised LYK5-GFP (Figure
4.8 A). This difference is likely due to improved brightness in newer variants of fluorescent
proteins, such as GFP-2. The underlying pattern of GFP-BASL appears to be largely the same
and thus this line may represent a useful tool in the biochemical analysis of BASL. It would
be informative to also stably transform A. thaliana with this construct to compare BASL

localisation in this context.
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Figure 4.8 BASL tagged with GFP-2 localised to the lobes of pavement cells.
(Ai) 35S::LYK5-eGFP (GFP-2) imaged two days after infiltration into N. benthamiana leaves;

(Aii) shows the same image as in Ai with a rainbow LUT applied in Fiji to show the areas of
highest signal intensity. (Bi) 35S::eGFP-BASL (GFP-2, construct 71572) imaged two days after
infiltration into N. benthamiana leaves; (Bii) shows the same image as in Bi with a rainbow
LUT applied in Fiji indicating high signal intensity in the lobes and nuclei of cells. Scale bars
are 100 pm.

| transiently expressed 35S::eGFP-BASL (GFP-2, construct 71572) in N. benthamiana leaves
and harvested 2.5 g of leaf tissue 2 days later. | used 35S::LYK5-eGFP and uninoculated
samples as positive and negative controls respectively. | used a similar protein extraction
method as in section 4.4.1 and 4.4.2.2, using extraction buffer 2 (section 6.9.3.4) which
contained 1% NP40, glycerol for increased protein solubility and stability, and pefabloc. | also
compared the reducing agents DTT and B-mercaptoethanol for the BASL-containing samples

to ensure that the proteins were not oligomerising and were properly reduced. The western
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blot for this extraction indicated LYK5-eGFP had been extracted, as shown by a large mass of
signal at ~100 kDa (Figure 4.9 B, lanes 1 and 2). These lanes also showed a strong band at
~28 kDa which may represent GFP-2 and faint bands of ~30 kDa which were also observed in
all other lanes. These bands are likely to be due to non-specific binding as they were also
observed in the negative controls (Figure 4.9 B, lanes 3 and 4) and the BASL samples (Figure
4.9 B, lanes 5-8). The supernatant fractions of the GFP-2 tagged BASL samples also contained
very high bands >142 kDa which seem unusual and could indicate possible oligeromerisation
(Figure 4.9 B lanes 6 and 8). A faint shadow of band was also observed in the BASL samples
between 48 and 71 kDa (white arrowhead in Figure 4.9 B). This suggestion of a band was very
faint, and not easily observable on the blot but, if genuine, would represent a band of

approximately the correct molecular weight for GFP-BASL.
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Figure 4.9 An alternative GFP variant and different reducing agents were tested in total
protein extraction in N. benthamiana.
(A) SDS-page gel from total protein extraction in N. benthamiana leaves using GFP-2 and

comparing DTT and B-mercaptoethanol as reducing agents. Lanes 1 and 2 are Lyk5-eGFP
pellet (P) and supernatant (SN) respectively, lanes 3 and 4 are uninoculated leaves P and SN
respectively, lanes 5 and 6 are 35S::eGFP-BASL (GFP-2) P and SN respectively using B-
mercaptoethanol as the reducing agent, lane 7 and 8 are 35S::eGFP-BASL (GFP-2) P and SN
respectively using DTT as the reducing agent. (B) Western blot for the total protein extraction
in N. benthamiana using GFP-2 and comparing reducing agents (from gel in A). Lanes are the
same as in A. Bands were observed both in the Lyk5-eGFP samples at ~28 kDa and a very
strong, and a large mass of signal at ~100 kDa. Bands of ~30 kDa were observed in all lanes.
A faint shadow was possibly present in lane 6 and 8 (white arrowhead).
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Although the band specific to the BASL samples was very faint and difficult to detect, this
total protein extraction using GFP-2 was the first indication of bands that may be specific to
the BASL samples. It is possible that the bands were very difficult to detect due to the
extraction conditions being unsuitable for BASL extraction, or that BASL was simply at a very
low concentration in the tissue that could not be detected using total protein extraction

methods.

4.4.3 Immunoprecipitation in N. benthamiana

Given that | had not been able to clearly detect GFP-BASL on a western blot using total
protein extraction, despite conducting extractions under many different conditions, |
decided to try to concentrate the samples by carrying out an immunoprecipitation (IP). Some
proteins that have low expression in tissues cannot be observed using western blotting

unless an IP has been carried out (Questa et al., 2016).

I harvested 10 g of leaf material from N. benthamiana transiently expressing 35S::eGFP-BASL
(GFP-2, construct 71572) and 35S::Lyk5-eGFP, as well as uninoculated leaves for negative
controls. The higher amount of starting material was used to increase the overall amount of
BASL protein in the samples. | used a protocol adapted from Questa et al. (2016) and
described in detail in section 6.9.4. After grinding and addition of extraction buffer, samples
were centrifuged and filtered before being incubated with GFP-Trap®_MA beads
(Chromotek). Protein samples were eluted from the magnetic beads and run on a 10 % SDS-
page gel, alongside the samples without IP (Figure 4.10 A). Unfortunately, this gel did not run
evenly, making the sizes of the bands difficult to interpret. After the immunoprecipitation,
Lyk5-GFP showed a band of ~100 kDa (Figure 4.10 A, lane 2) indicating that it had been
successfully isolated by the IP; a similar band was not visible for GFP-BASL (Figure 4.10 A,

lane 4).

The western blot for these samples had a mass of bands for the immunoprecipitation of Lyk5-
eGFP which could not be distinguished and indicated very high amounts of extracted protein
in these samples (Figure 4.10, lane 2). No clear bands were observed in the negative control
samples (Figure 4.10 B, lanes 3 and 4) or in the BASL sample without IP (Figure 4.10 B, lane
5). Where an IP had been carried out on the 35S::eGFP-BASL samples, a band of between 48
and 71 kDa was observed (Figure 4.10 B, lane 6, white arrowhead). There was also some
signal at a very high molecular weight or in the well, and some signals ~33 kDa which could

represent GFP-2 (Figure 4.10 B, lane 6). To confirm the possible specific band and to observe

183



Exploring mechanisms of polarity coordination

the bands more clearly for Lyk5-eGFP, | repeated this IP using new material and re-ran the

samples from the previous attempt alongside (Figure 4.10 C).

In the new samples, | observed a similar pattern of signal on the blot. In the BASL
overexpressor samples, there were bands at ~28 kDa and ~33 kDa that could be GFP-2,
possibly also with some fragment attached, and also a band between 48 and 71 kDa that
could be GFP-BASL (Figure 4.10 C, lane 2). The re-blotted BASL samples only contained the
band between 48 and 71 kDa which could be a result of degradation during storage (Figure
4.10 C, lane 5). The Lyk5-eGFP IP samples (new samples and re-blotted samples) both
showed a lot of signal, particularly ~100 kDa where Lyk5-eGFP would be expected (Figure
4.10 C, lanes 3 and 6). A faint band was observed in the re-blotted Lyk5-eGFP samples
without IP (Figure 4.10 C, lane 9) and no bands were observed in the negative samples (Figure

4.10C, lanes 1, 4 and 7).
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Figure 4.10 Gel and blots of immunoprecipitation in N. benthamiana indicated possible
BASL extraction.
(A) SDS-page gel from N. benthamiana samples containing LYK5 and BASL tagged with GFP-

2 and uninoculated leaves before and after imunopreciptation (IP). Lanes 1 and 2 are
35S::LYK5-eGFP without IP and with IP respectively, lanes 3 and 4 are uninoculated leaves
without IP and with IP respectively, lanes 5 and 6 are 35S::eGFP-BASL without and with IP
respectively. (B) Western blot for the IP in N. benthamiana (from gel in A). Lanes are the
same as in A. A band of between 48 and 71 kDa was observed in the 35S::eGFP-BASL sample
(white arrowhead) that could correspond to GFP-BASL. (C) Western blot for the IP in N.
benthamiana repeated with new samples (lanes 1-2) and re-running samples from the
gel/blot shown in A/B, with diluted LYK5-eGFP samples. Bands were observed in both BASL
IP samples, including a band at the correct molecular weight for GFP-BASL (white
arrowheads, lanes 2 and 5).
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This immunoprecipitation indicated that GFP-BASL may have been extracted. Ideally, | would
hope to see individual bands on the SDS-gel corresponding to BASL and any interacting
partners; multiple clear bands were not observed on this gel (Figure 4.10 A). However, GFP-
BASL is the same molecular weight as Rubisco, which may obscure any GFP-BASL signal on a
Coomassie-stained gel. Additionally, the Coomassie stain is not very sensitive and other
staining techniques, such as silver-staining, could be used to identify proteins on the SDS-gel

with increased sensitivity.

4.4.4 Immunoprecipitation in A. thaliana

4.4.4.1 IPin collaboration with Weijers lab, Wageningen University

Having some indication of BASL extraction following immunoprecipitation in N. benthamiana
(Figure 4.10), | aimed to use A. thaliana to extract BASL and identify any potential interacting
partners using mass-spectrometry (mass-spec). Having had useful discussions regarding the
successful use of IP with mass-spec analysis for the recently identified SOK polar proteins
(Dolf Weijers, personal communication), | collaborated with Maritza van Dop in the Weijers
lab in Wagneningen to conduct a co-immunoprecipitation (co-IP) followed by mass-spec to
identify potential BASL interacting partners in A. thaliana. | used protocols that had been

developed by the Weijers lab to identify SOK protein interactors (section 6.9.5.1).

| used A. thaliana expressing the heat-shock inducible 35S::GFP-BASL (GFP-1) line, heat-
shocked for 20 minutes 6 DAS, and a GFP control line (ER-tagged GFP-2, construct 71028).
Ideally, the GFP-2 variant would have been used for tagging BASL, but an A. thaliana line with
this GFP variant was not available. Likewise, a 355::GFP line using GFP-1 was not available for
use as a control. The difference in GFP variants used therefore represents a limitation of this
experiment. | confirmed the GFP localisation in these lines using confocal microscopy (Figure

4.11) and then harvested tissue for protein extraction.
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Figure 4.11 GFP localisations were confirmed in A. thaliana leaves before harvesting for
co-IP.
(A) A. thaliana leaf expressing 35S::GFP-BASL (GFP-1) following heat-shock induction for 20

minutes at 39 °C, 6 DAS. As previously described, BASL is localised to the proximal end of
cells. (B) A. thaliana leaf expressing a heat-shock inducible 35S:e:GFP control (GFP-2,
construct 71028, provided by Samantha Fox, Coen lab) following heat-shock induction for 20
minutes at 39 °C, 6 DAS. Scale bars are 50 um.

| conducted the co-IP in Wageningen in collaboration with Maritza van Dop and according to
the protocol outlined in section 6.9.5.1. | used three biological replicates for the GFP-BASL
and GFP-control samples and, after immunoprecipitation, the samples were sent for mass-

spectrometry analysis in Wageningen.

Unfortunately, the results for this analysis did not yield a clear list of potential BASL-
interactors. After comparing the three control samples with the three BASL-containing
samples, the only protein that had been significantly differentially identified was BASL
(Figure 4.12 and Appendix C). However, there were only 7 counts of BASL peptides found,
indicating that the reason no other interactors could be identified was due to the lack of
BASL pulled down in this IP. This suggested that the IP did not successfully extract BASL from

the samples.
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Figure 4.12 BASL-interacting partners were not identified from the IP-MS analysis in
Wageningen.

Plot showing proteins found to be significantly differentially present between 35S::GFP-BASL
(GFP-1) samples and GFP-2 control samples. Statistically significant candidates lie above the
black curved lines and only BASL is found in this region. All other proteins were not
differentially present in the BASL and control samples (grey squares). Analysis for this plot
was carried out by the mass-spectrometry facility and members of the Weijers lab, University
of Wageningen.

The very low level of BASL peptides found in the samples meant that other proteins identified
by the mass-spectrometry analysis could not be counted as putative BASL interactors.
Multiple reasons could account for why the immunoprecipitation did not work. One
possibility is that the slightly different extraction conditions used did not allow GFP-BASL to
be isolated, possibly due to the sensitivity of BASL to specific extraction conditions. It is also
possible that the GFP-1 variant used in the A. thaliana heat-shock inducible BASL
overexpressor was not identified by the GFP beads used (notably, these were different from
those | had used for the previously discussed IP experiments). An SDS-gel and western blot
were not carried out with these samples as the whole sample volume was required for mass-
spec in order to allow the maximum possible protein to be detected. However, running a gel
and blot for these samples before and after IP might have helped understand why BASL was

not successfully extracted.
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4.4.4.2 Immunoprecipitation in A. thaliana using previously tested conditions

To test whether the extraction conditions used for the immunoprecipitation carried out in
Wageningen may have been responsible for the lack of BASL found in the samples, | used the
same samples as for the IP described above, using inducible ectopic BASL tagged with GFP-1
(section 4.4.4.1), but used the extraction conditions that | had used previously when | had
been able to observe some possible GFP-BASL signal using N. benthamiana samples (section

4.4.3).

| conducted the immunoprecipitation and ran samples with IP, without IP, and a fraction
from the supernatant leftover after IP (i.e. the fraction containing proteins that did not bind
to the magnetic beads) on an SDS-gel (Figure 4.13 A) and western blot (Figure 4.13 B). No
bands were visible for 355::GFP-BASL (GFP-1) on the gel (Figure 4.13 A, lane 1), but a band of
~29 kDa was observed in the GFP-2 control samples after IP (Figure 4.13 A, lane 4). This
indicated that the IP had worked on the control samples, but not the BASL samples. This was
confirmed by western blotting where a large mass of signal was observed, including between
28 and 33 kDa, for the GFP-2 control fractions (Figure 4.13 B, lane 4), but no clear signal was
observed in the BASL IP fraction (Figure 4.13 B, lane 1). There were some hints of signals in
the BASL IP samples, including possible signal between 28 and 33 kDa which could represent
GFP, but the signal in this lane was very unclear and could not be confirmed (Figure 4.13 B,
lane 1). Signal between 28 and 33 kDa was observed in the BASL fractions without IP and the
leftovers from the IP (Figure 4.13 B, lanes 2 and 3). This seems unusual and could be due to

the recognition of CyPET by the antibodies, or cleaved GFP in these samples.
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Figure 4.13 IP with inducible BASL in A. thaliana did not successfully extract GFP-BASL.
(A) SDS-page gel from A. thaliana samples containing heat-shock inducible 35S::GFP-BASL

(GFP-1) and GFP-control (GFP-2, construct 71028) with IP, no IP, and the remaining fraction
after IP. Lanes 1, 2 and 3 are 35S::GFP-BASL, with IP, without IP, and remaining fraction after
IP respectively. Lanes 4, 5 and 6 are GFP-control, with IP, without IP, and remaining fraction
after IP respectively. (B) Western blot for the IP in A. thaliana (from gel in A). Lanes are the
same as in A. A large mass of signal was observed in the GFP-control IP samples and a band
of ~29 kDa was observed in the GFP-2 control samples without IP. A GFP-sized band was
observed in the BASL non-IP fractions, and possibly the GFP-BASL IP sample.

4.4.5 Testing GFP sequence differences in N. benthamiana

The protein extractions and immunoprecipitation carried out thus far has indicated that a
difference in GFP variants (shown in Figure 4.7) may be responsible for the differences in
extraction success in both A. thaliana and N. benthamiana. This could also account for why
the mass-spectrometry analysis carried out in Wageningen was not successful. In order to
resolve this issue, | extracted protein from 35S::GFP-BASL samples in N. benthamiana
containing both GFP-1 and GFP-2 variants, and samples containing 35S5::GFP-2 (construct
71223, Coen lab) as a positive control. Following IP, the samples were run on the same SDS-

page gel (Figure 4.14 A) and western blot (Figure 4.14 B).

The results from this immunoblot indicate that BASL tagged with GFP-2 may have been
extracted. The band observed for this sample on the western blot was the correct molecular
weight for BASL tagged with GFP-2 (Figure 4.14 B, lane 4, white arrowhead) and is not

observed in the negative controls, nor in the sample containing GFP-1 tagged BASL. No
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specific bands were observed on the Coomassie-stained gel (Figure 4.14 A), but this may be
due to the low sensitivity of the staining, and the fact that GFP-BASL is the same molecular
weight as Rubisco. As expected, the positive 355::GFP (GFP-2) control showed a large band
at the correct molecular weight for GFP following IP (Figure 4.14 B, lane 8). Interestingly,
there was also a band of ~30 kDa in the GFP-BASL (GFP-1) IP samples which could be GFP
(Figure 4.14 B, lane 2). This band is of a similar size to that shown in Figure 4.13 B in the non-
IP samples in A. thaliana: the reason for this discrepency remains unclear and the western
blots should ideally be repeated in both systems to confirm this result. In the N. benthamiana
IP, this band may indicate that GFP-1 could become cleaved from BASL during

immunoprecipitation, and may suggest that GFP-1 variant can be recognised by the GFP

antibodies used, but was not recognised when attached to BASL.
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Figure 4.14 IP in N. benthamiana using GFP-2 indicated GFP-BASL extraction.
(A) SDS-page gel from N. benthamiana samples containing 35S::GFP-BASL (GFP-1, construct

71253), 35S:eGFP-BASL (GFP-2, construct 71572), uninoculated leaves and a 35S::eGFP
control (GFP-2, construct 71223) following IP. Lanes 1 and 2 are 35S::GFP-BASL (GFP-1)
without IP and with IP respectively. Lanes 3 and 4 are 35S::eGFP-BASL (GFP-2) without IP and
with IP respectively. Lanes 5 and 6 are uninoculated leaves without IP and with IP
respectively. Lanes 7 and 8 are 35S::GFP (GFP-2) without IP and with IP respectively. (B)
Western blot for the IP in N. benthamiana (from gel in A). Lanes are the same as in A. A GFP-
sized band was observed in the GFP-BASL (GFP-1) IP sample (lane 2) and a larger band in the
control sample (lane 8). A band was observed between 48 and 71 kDa (white arrowhead) in
the 35S5::eGFP-BASL (GFP-2) IP sample that could correspond to GFP-BASL.
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The observation of a band in the region of the size expected for GFP-BASL was encouraging
and would confirm the results from previous blots where there were indications of GFP-BASL
when GFP-2 was used, but not when the alternative GFP-1 was used. However, a similar sized
band was also observed in the GFP-2 control (Figure 4.14 B, lane 8) which could also indicate
that this band is not specific. The reason for this band in the control sample remains unclear
and thus this immunoprecipitation should be repeated. Ideally, this construct (construct
71572 containing BASL tagged with GFP-2) should be stably expressed in A. thaliana so that
the IP can be repeated in this system to allow identification of possible BASL interactors by
mass spectrometry. However, due to time constraints, | was not able to transform this line
into A. thaliana and therefore decided to send the samples from the immunoprecipitation
conducted in N. benthamiana (Figure 4.14) for proteomics analysis to identify possible

putative BASL interactors in this system.

4.4.5.1 Immunoprecipitation with mass-spec analysis

| sent the samples extracted from N. benthamiana using GFP-2 (described above and shown
in Figure 4.14) for mass-spec analysis at the proteomics facility at the John Innes Centre to
identify the proteins in the samples and therefore potential BASL interacting partners. |
prepared the samples for mass-spec (according to the protocol described in section 6.9.5.2)
and trypsin digest was carried out by Gerhard Saalbach (JIC proteomics facility) before

samples were run on an Orbitrap mass-spectrometer (section 6.9.5.2).

The peptide sequences obtained were searched against the N. benthamiana protein
sequence database (section 6.9.6), identifying 393 proteins. Scaffold was used to analyse this
list of protein candidates, with help from Paul Derbyshire (Proteomics, The Sainsbury
Laboratory, Norwich, see section 6.9.6 for details of the analysis). Proteins with a minimum
of 4 spectral counts and that were either unique to the GFP-BASL bait samples, or were
enriched in the bait samples by at least 1.5-fold compared to the positive and negative
controls, were selected as potential interactors. It remains possible that proteins with a
lower spectral count could interact with BASL, but multiple replicates would need to be
carried out to confirm this therefore, for this data, a cut-off of minimum 4 spectral counts
was used to filter the data. The resulting list of 34 proteins that pass these criteria are shown

in Appendix D.

BASL was detected at relatively high levels in the 35S::eGFP-BASL samples and was found to
be unique to this sample, as expected. The analysis showed a good coverage of the BASL

protein (60%) from the mass-spec analysis (Figure 4.15 A) and the individual spectra for
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identified BASL peptides indicated that the peptide fragmented well at different sites (Figure

4.15 B).
A
AT5GE0880.1 (100%), 29,123.3 Da.
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Figure 4.15 BASL was identified as a unique peptide with good coverage and
fragmentation.

(A) BASL peptide sequence showing good coverage of this protein (60%) from the mass-spec
analysis. Peptides detected are highlighted in yellow, and green highlights modified amino
acids. (B) Example spectra from the detected BASL peptide with the highest Mascot ion score.
The peptide sequence is indicated above in B and the spectrum shows that the peptide
fragmented well at different sites.

The list of proteins differentially identified in the BASL-containing samples includes many
metabolic enzymes and 14-3-3 proteins, as well as a calcium-sensing receptor (with
homology to AT5G23060.1) and actin (Table 4.2). At present, these candidates cannot be
confirmed due to the lack of replicates for this experiment. Some of the candidates identified
in this list, such as actin, are often identified in IP datasets as ‘sticky’ proteins so would need
further analysis and replicates before any conclusions can be drawn. However, this
preliminary data suggests that the extraction of BASL was successful and that this approach

might allow more conclusive identification of potential BASL interactors in the future.
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Table 4.2 Short-list of five protein candidates, including BASL, identified by IP-MS.
List of 5 selected protein candidates, including their peptide count and uniqueness are

shown. These proteins were selected from the complete list of filtered candidates shown in
Appendix D as possible interesting candidates to test further. Their reference to the N.
benthamiana database used is also shown.

Reference in database Identified protein Peptide Peptide Peptide Unique
count count count to
Un- GFP-BASL GFP bait?
infiltrated (bait) (positive)
(negative)
- GFP-BASL (GFP spectra 0 13 0 v
removed to show only
BASL)
Niben101Scf03410g03002.1 Actin-5C 0 9 0 v
sp|P10987|ACT1_DROME
Niben101Scf03493g00020.1 | Actin-3 0 8 0 v
sp|P41113|ACT3_PODCA
Niben101Scf10757g00001.1 14-3-3-like protein, 0 6 0 v
sp|Q6ZKC0|14333_ORYS) GF14-C
Niben101Scf18639g00026.1 Calcium sensing 0 5 3 x
AT5G23060.1 receptor

4.5 Discussion

4.5.1 Putative BASL interactors from mb-SUS screen

| used the membrane interactome database based on a set of mb-SUS assays and conducted
by Jones et al. (2014) to explore the localisation of some of the putative BASL interactors. Six
candidates had been reported by Jones et al. (2014) as interacting with BASL in both primary
screens and one out of two secondary screens. | was able to clone 5 of the 6 candidates and
test their localisation when expressed transiently under a constitutive promoter. | found that
three of the genes showed plasma membrane localisation in N. benthamiana (RLK:
AT4G20790, construct 71332; VPS60.1: AT3G10640, construct 71335; and PAP3: AT1G14700,
construct 71338) and therefore could potentially interact with BASL, though in this context,
none of these candidates showed a polar localisation. It may also be useful to generate
constructs tagging these proteins at both the N- and C- terminal to confirm their localisation.
| also analysed the localisation of these three candidates in A. thaliana leaves, cotyledons

and roots, but did not see any evidence of polar localisation.

| was unable to clone one of the candidate proteins (WAK3) due to recombination in E.coli.

This candidate might be worth testing further, for example by expressing ectopic BASL in
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wak3 mutants, as it is reported to have a role in membrane signalling and protein
phosphorylation, both of which could be relevant to BASL function. Furthermore, whilst | did
not identify any polar localisation of these candidates, it is possible that they do still interact
with BASL but are not responsible for establishing a proximal address, or that these proteins
function as BASL-interactors alongside other factors. Further testing, such as using FRET
FLIM, bimolecular fluorescent complementation (BiFC) assays, and expressing candidates
under their native promoters could indicate in planta BASL-interaction and any potential role

in polarity establishment.

This work also tested the overexpression of BASL in N. benthamiana. | showed that 35S::GFP-
BASL in N. benthamiana is expressed in a polar manner localising to multiple lobes of
pavement cells. This differs from the localisation pattern observed in A. thaliana pavement
cells where ectopic BASL typically localises to a single lobe. One possible explanation for the
localisation to multiple lobes in N. benthamiana is that the number of lobes could relate to
cell size, as cells in N. benthamiana are larger than those in A. thaliana. Further analysis is
required to test the differences in ectopic BASL expression between these two systems. In
addition, the localisation pattern of BASL described here in N. benthamiana conflicts with
that reported by Zhang et al., (2015) who show that overexpression of CFP-BASL in tobacco
cells results in an apolar distribution at the plasma membrane unless co-expressed with the
MAPK kinase kinase YODA (YDA). Given the subtle differences in BASL localisation that |
observed using two different GFP variants, it is possible that this conflict is also a result of

differences in fluorescent proteins.

4.5.2 Protein extraction and co-immunoprecipitation to identify BASL
interactors

| used a biochemical approach to try and extract GFP-BASL from plant tissue. | initially carried
out total protein extraction in A. thaliana and N. benthamiana testing various conditions. |
was not able to observe BASL in these total protein extractions, possibly due to its low
concentration in the total protein samples. | therefore carried out co-immunoprecipitation
in N. benthamiana where there was some evidence of BASL extraction using an alternative
GFP variant. | collaborated with the Weijers lab in Wageningen to carry out an
immunoprecipitation and proteomics analysis using mass-spec in A. thaliana, using
conditions similar to those used to identify novel interactors of the polar SOK proteins.
Unfortunately, this IP did not identify any significant candidates for BASL interactors as BASL

was extracted at very low levels.
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Further analysis in N. Benthamiana indicated that this was likely to be due to the GFP variant
used (GFP-1) not being recognised by the antibodies used, or potentially being cleaved from
BASL. The antibodies used in the collaboration with Wageningen were not the same as those
that | used in N. Benthamiana and it seemed that neither successfully recognised the GFP-1
variant. It may be useful to test a number of different antibodies, including polyclonal
antibodies, to allow detection of this GFP-1 variant. It may also be worth exploring the
possibility that the linker sequence used in the GFP-BASL (GFP-1) sequence initially
developed by Dong et al. (2009), could contribute to the difficulties in detecting this GFP
variant in IP. Ideally, future work would include stable transformation of A. thaliana with the
construct containing the alternative GFP-2 variant (35S::eGFP-BASL) to allow IP and mass-

spec analysis to be carried out in A. thaliana.

However, despite difficulties encountered with conducting IP in A. thaliana, | was able to use
the 35S::eGFP-BASL construct in N. benthamiana to identify potential BASL partners using
mass-spec. At present, these results cannot be confirmed due to the lack of replicates.
However, this list of candidates includes proteins that may be of interest in a developmental
biology or signalling context (Table 7.3, Appendix D). For example, the CAS protein identified
is homologous to an A. thaliana protein that has been reported to localise to the plasma
membrane of HEK293 cells (Tang et al., 2007) and also to chloroplasts (Vainonen et al., 2008).
Interestingly, this protein was also identified in the IP-MS | carried out in Wageningen and

therefore, although both datasets are inconclusive, could warrant further investigation.

The identification of multiple 14-3-3 proteins could be an indication of stress responses, for
example, from infiltration. 14-3-3 proteins are known to localise to different subcellular
organelles, dependent on their isoform and interacting protein partners, and members of
this protein family have been shown to regulate the subcellular redistribution of proteins
between the nucleus and the cytoplasm (Paul et al., 2005). 14-3-3 proteins have also recently
been implicated in hormone signalling and development, including a reported role in PIN
polarity (Keicher et al., 2017), and therefore cannot be ruled out as potentially interesting
candidates (Camoni et al., 2018). The IP-MS approach used here should be repeated, both in
N. benthamiana, and also ideally in A. thaliana, to allow more conclusive identification of

interacting partners of BASL in an ectopic context.

There does not appear to be any overlap between the candidates identified by Jones et al.
(2014) using a mb-SUS approach, and those that | have identified using IP-MS. This may be

due to the different approaches used, and highlights the need to use in planta methods, such
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as FRET-FLIM analysis or Bimolecular fluorescence complementation (BiFC) to confirm any

potential protein interactions identified.

4.5.3 Concluding remarks and future work

The work in this chapter aimed to identify and test putative interactors of BASL that may
represent components of the hypothesised molecular address. The testing of previously
identified candidates from a mb-SUS assay (Jones et al., 2014) did not yield clear results.
However, the approach used to test these candidates, that included fluorescent tagging and
transient expression in N. benthamiana, could be used to test candidates identified in the
future and could be extended to include more detailed protein-interaction analysis (such as

FRET-FLIM).

The biochemical analysis described here identified conditions in which BASL could be
extracted from N. benthamiana tissue and led to the identification of putative interactor
candidates by mass-spec. This work should be repeated in N. benthamiana, and ideally in A.
thaliana, followed by in planta testing of candidates to identify components of the molecular
address. The preliminary data could be of significant importance if candidates were
confirmed to have polar localisations and could represent novel factors involved in polarity

establishment.
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5 Main discussion

5.1 Summary of this work

In this work, | have used inducible overexpression of the stomatal protein BASL to reveal a
coordinated tissue cell polarity field across the A. thaliana leaf. | have characterised the
polarity pattern revealed by BASL in detail using confocal microscopy and shown that BASL
consistently localises to the proximal end of cells. | collaborated with computer scientists to
develop software for quantifying polarity. | have shown that the polarity field revealed by
BASL is present throughout the early stages of development of leaf 1, unlike known markers
of polarity such as PIN1, which is expressed in the primordia, during serration formation and
in the vasculature (Guenot et al., 2012; Hay et al., 2006; Scarpella et al., 2006). | also showed
that the BASL polarity field is independent of the stomatal lineage by characterising the

polarity pattern in the speechless mutant.

| have tested various predictions of a tissue-wide polarity field. | showed that the polarity
field diverges at later stages of leaf development and that this occurs in near isotropic cells
indicating that the divergent polarity pattern is not due to assigning polarity in relation to
the cell centroid. | explored the behaviour of ectopic BASL in developmental contexts,
including serrations, and found that ectopic BASL mirrors the convergence and divergence
polarity points of PIN1 at serrations. | also expressed BASL in BY-2 cells and found that BASL
can localise polarly in BY-2 cells, though is often not coordinated along a filament, and can
remain polarised in BY-2 protoplasts. In addition, | used ectopic BASL to test possible
mechanisms for the establishment and coordination of polarity, including testing the effects

of NPA, oryzalin and mechanical stresses.

Finally, | used a biochemical approach to look for potential novel interactors of BASL, and
tested previously described interactor candidates for polar localisation patterns to try to

identify novel components involved in polarity establishment in plants.
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5.2 Evidence for a polarity field in leaves present throughout
development and independent of the stomatal lineage

Using ectopic BASL, | have characterised a polarity field that exists in the A. thaliana leaf, that
possesses many different characteristics from previously reported polarity fields or polarised

proteins in plant planar organs.

The polarity field revealed by ectopic BASL can be observed in the developing primordia and
localises to the opposite end of cells to PIN1 (Benkova et al., 2003; Scarpella et al., 2006).
However, unlike PIN1, BASL polarity can be observed beyond the developmental stage at
which PIN1 expression is no longer observed (~150 um in width, Abley et al., 2016) and at all

stages of leaf development analysed.

Other physical and molecular markers of polarity have been reported at later stages of leaf
development but differ from the ectopic BASL polarity field. BRXL2 tends to localise at the
proximal end of stomatal lineage cells showing coordinated polarity, albeit to a lesser extent
than described in this work using ectopic BASL (Bringmann and Bergmann, 2017). In addition,
trichomes also have a proximodistal polarity (Bouyer et al., 2001; Hiilskamp and Schnittger,
1998; Hilskamp et al.,, 1994). Both trichome and stomatal lineage polarity fields are
associated with only a subset of cells in the A. thaliana epidermis. The epidermis is thought
to play a key role in growth and the development of a leaf shape (Fox et al., 2018). As such,
a polarity field that exists in the majority of cells across the epidermis could be of significant
importance. At early stages of leaf development there are only a few trichomes and stomata
across the epidermis, meaning any coordinated polarity is not observable in a single
primordium or leaf, limiting their usefulness as markers of polarity. By contrast, the polarity
field described here is observable in a much larger proportion of the cells in the epidermis,

allowing the polarity field to be visualised across a single leaf and in A. thaliana primordia.

Ectopic BASL expression was not observable in every cell despite using the 35S promoter and
typically heat-shocking seedlings for long enough that the Cre-lox recombination reaction
should have occurred in all cells. It is possible that the lack of signal in all cells is due to very
low BASL expression that is not detectable in cells, or that the recombination reaction has
not occurred in all cells. Alternatively, the level of BASL expression or protein may vary
through the cell cycle, as is the case in its native context in the stomatal lineage (Robinson et

al., 2011). It would be informative in future work to follow multiple cell divisions in live-
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tracking of ectopic BASL to understand how BASL is inherited through cell divisions. The
observation that ectopic BASL is often not seen in meristemoid cells of the stomatal lineage
may also suggest that ectopic BASL levels can vary, perhaps through degradation.
Mechanisms for BASL degradation have not been reported, but phosphorylation is known to
be important in targeting BASL to the membrane and determining its polarity during

stomatal development (Zhang et al., 2015; Zhang et al., 2016a).

BASL itself is unlikely to be involved in establishing the tissue-wide polarity. There are
multiple reasons to support this idea. Firstly, in this work, BASL is being overexpressed in
cells in which it would not be expressed in an endogenous context. Secondly, as shown in
this work, BASL does not coalesce on a proximal point in a cell, but signal intensifies in a
proximal location following BASL induction. In addition, | have induced BASL at later stages
of leaf development. BASL would therefore have to quickly establish a polarity field in a
mature tissue after induction and it is not clear how this could be achieved. Finally, BASL
does not seem to be a protein well conserved across the plant kingdom and appears to have
no detectable homologues outside of A. thaliana and a subset of related flowering plants.
Some work has suggested there may be a BASL paralogue in A. thaliana that does have
homologues in other multicellular plants and contains two well-conserved domains (Erich
Schwarz, Joseph Cammarata and Adrienne Roeder, unpublished). Work to date
characterising this paralogue has not shown any clear phenotypes (Joseph Cammarata,
unpublished) and further work is needed to establish the functional relevance of this protein.
This suggests that, if a polarity field is a common feature of cells and tissues, BASL does not
play a role in establishing or maintaining this in other species. Instead, this work suggests a

common underlying polarity coordinated across planar plant organs.

5.3 Polarity and growth

The polarity field described in this work represents evidence for a tissue-wide polarity field
that exists throughout development and could coordinate anisotropic growth, as has been
predicted through modelling (Coen and Rebocho, 2016; Coen et al., 2017; Kennaway et al.,
2011). Anisotropic growth is known to be important for the growth and development of plant
organs, as shown using clonal analysis in many species (Bencivenga et al., 2016; Eldridge et

al., 2016; Green et al., 2010; Kuchen et al., 2012; Sauret-Gleto et al., 2013). In the absence
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of conclusive links to growth, the existence of this polarity field cannot preclude other non-
polarity-based models of development. However, the link between the ectopic BASL polarity
field described here and PIN1 polarity indicates that the BASL polarity field is connected to

systems known to play a role in the growth and development of plant shapes.

| have shown in this work that cell shape anisotropy can complicate interpretations of
polarity due to the fact the cell polarity is assigned relative to points within a cell or leaf. This
differs from a continuous polarity field in mathematical modelling, where polarity is
understood to be a continuous vector field (Kennaway et al., 2011). This is an important
difference which should be taken into account when comparing mathematical polarity fields,
such as in Kuchen et al. (2012), with cell-based biological data. This also highlights the need
to include cells in models of leaf growth, as has recently been implemented in Fox et al.,

(2018).

Previous studies have attempted to link cell polarity to cell shape or growth. Bringmann and
Bergmann (2017), for example, track cell growth and BRXL2 polarity and illustrate that BRXL2
orientation correlates closely with the orientation of cell growth. This work concludes that
BRXL2 is in the position to define growth orientations in meristemoid mother cells
(Bringmann and Bergmann, 2017). In a similar manner, Kuchen et al. (2012) show a similarity
between the growth directions in regions of the tissue and the polarity field predicted by
their leaf model. In these studies, cell shape or growth seems to be correlated with polarity
or predicted polarity. However, it remains difficult to experimentally link growth and polarity

beyond correlation.

It would be informative to examine the ectopic BASL polarity field described in relation to
tissue growth and analyse any correlations. To make more causative links between polarity
and growth would ideally require experiments modulating either polarity or growth, which
remains technically challenging, not least because the mechanisms underlying both are not
fully understood. One possible way of conducting such experiments would be to induce
sectors of proteins that have been proposed to modulate polarity and to use ectopic BASL as
a marker to analyse any changes to the polarity field. Such proteins might include CUC2,
known to play a role in polarity and outgrowth formation at serrations (Bilsborough et al.,
2011) and kanadilkanadi2 outgrowths (Abley et al., 2016), though its precise role remains
unclear (Bilsborough et al., 2011; Hasson et al., 2011; Rebocho et al., 2017a).
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Plausible mechanisms have been suggested for how polarity and growth may be linked at
the cellular level, such as preferential cell wall reinforcement through cellulose deposition
(Baskin, 2005) guided by microtubules (Chan et al., 2010; Gutierrez et al., 2009; Peaucelle et
al., 2015). Whilst links between the cytoskeleton, growth and polarity should be made with
caution, recent work by Jordi Chan suggests that microtubules may be depleted in regions
where BASL is localised (Jordi Chan, personal communication). This could represent a
potential mechanism by which BASL could alter growth at the cellular level and could provide

further evidence that BASL, or the polarity it reveals, are important factors in growth.

5.4 Mechanisms underlying polarity establishment and
coordination

It can be useful to separate the polarity coordination mechanism and the partitioning

mechanism, as is the case in intracellular-partitioning models of polarity (Abley et al., 2013).

5.4.1 Maintenance of polarity systems

The coordination of the proximodistal polarity field throughout the leaf epidermis could be
accounted for by mechanical and/or chemical mechanisms (Abley et al., 2013; Bennett et al.,
2014; Heisler et al., 2010; Hervieux et al., 2016; Sassi and Traas, 2015; Whitewoods and Coen,
2017). In the case of BRXL2 polarity, Bringmann and Bergmann (2017) report that mechanical
stretching can deflect the polarity field, which indicates that tissue-wide mechanical forces
could influence polarity. Preliminary results using ectopic BASL in similar experiments did not
indicate any BASL polarity reorientation, but need to be conducted in more detail to be
conclusive. The nature of polarity as a vector (with an arrowhead) means that tissue stress,
which has axiality but not polarity, is not sufficient to establish the directional aspect of a
vector field (Coen et al., 2017; Goriely, 2017; Hejnowicz and Romberger, 1984); thus, a stress
gradient would be required (Heisler et al., 2010). Alternatively, a biochemical mechanism,
such as flux sensing or cell-cell coupling, may underlie the coordination of the polarity field
(Abley et al.,, 2013; Mitchison, 1980; Rolland-Lagan and Prusinkiewicz, 2005). Such a
mechanism has the advantage of being uncoupled from the stresses generated through

differential growth (Coen et al., 2017).
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At present, the mechanisms underlying the coordination and maintenance of the ectopic
BASL polarity field remain largely unknown. Other polarity proteins, such as the recently
discovered SOK protein family are, like ectopic BASL, relatively insensitive to many hormones
or drugs including those affecting membrane trafficking, cytoskeletal dynamics and protein
degradation (Yoshida et al., 2019). SOK proteins were, however, found to be sensitive to cell
wall degradation (Yoshida et al., 2019), unlike BASL in protoplasts. Future work could provide
insights into the role of the cell wall in polarity and confirm the results shown here, for
example, by staining protoplasts with calcofluor to ensure the entire cell wall has been
degraded. In addition, mutants could be used to further test the mechanisms involved in
BASL polarity coordination. Previous work has indicated that the rootward localisation of
ectopic BASL polarity in roots can be slightly disrupted in the kug mutant (Pietra et al., 2013),
which is allelic to SABRE and thought to play a role in cell expansion and polarity
(Aeschbacher et al., 1995). It would be interesting to test the ectopic BASL polarity field in
the leaves of this mutant and other mutants reported to exhibit altered polarity, such as

trichome mutants (Folkers et al., 1997).

Auxin is the best-known candidate involved in coordination of polarity in plants, and
coordinates the polarity of PIN proteins (Feraru and Friml, 2008; Friml et al., 2003). The
mechanisms underlying this coordination remain disputed and it is possible that multiple
mechanisms exist simultaneously, coordinating PIN polarity in different contexts (Bennett et
al., 2014). Auxin remains a possible candidate for the coordination of the BASL polarity field,
particularly given the observed link to PIN1 polarity at serrations and despite the fact that
experiments inhibiting polar auxin transport using NPA did not disrupt the ectopic BASL
polarity field. It is worth noting that other auxin transport inhibitors, such as 2,3,5-
triiodobenzoic acid (TIBA), could also be tested for a role in perturbing the polarity system.
It also remains possible that an underlying polarity mechanism exists, in which establishment
and coordination could be independent of auxin, and which polarity systems, such as PIN

proteins and ectopic BASL, can respond to and interact with.

5.4.2 Establishment of polarity systems

It is possible that the unknown components of the molecular address with which BASL
interacts are part of the partitioning mechanism involved in the establishment of polarity. To
understand the mechanisms of polarity establishment and maintenance in more detail,
experiments need to be conducted exploring the role of mechanical stresses, auxin and other

unknown BASL interacting partners in ectopic BASL polarity. A key question is whether the

202



Chapter 5

establishment of polarity can arise spontaneously in cells, or whether external cues are

required to polarise cells.

Modelling has indicated that it is possible for both plant and animal cells to spontaneously
polarise in the absence of external cues (Abley et al., 2013). In plants there is relatively little
evidence of this, partly due to the experimental challenges of isolating single plant cells
(notably, this has been done using plant xylem cells (Oda and Fukuda, 2012)). However, |
have shown here that BY-2 protoplasts can be polarised using BASL. Further work will be
necessary to test whether this polarity could arise spontaneously, or whether it is only
observable in cells that previously possessed polarised BASL. In addition, it has been reported
that BY-2 protoplasts are able to elongate anisotropically in response to a geometric cue (a
rectangular microvessel), but without making contact with the walls of the vessel in an auxin
dependent manner (Zaban et al.,, 2015). It would be interesting to conduct similar

experiments using BASL-expressing protoplasts.

In other situations where individual cells from multicellular organisms are analysed, such as
fish epidermal keratocytes, cells can also spontaneously polarise (Marée et al., 2006). In
single-cell polarity models, such as yeast, polarity can arise spontaneously (Altschuler et al.,
2008; Sohrmann and Peter, 2003; Wedlich-Soldner et al., 2004), or in response to external
cues (O’shea and Herskowitz, 2000). By contrast, the zygote of the brown algae Fucus, which
has long been studied as a paradigm of cell polarity, polarises in response to external factors

(Goodner and Quatrano, 1993; Jaffe, 1956; Torode et al., 2016).

At present, one of the only factors known to disrupt BASL polarity at the cellular level is a
chemical known as bubblin, which is a pyridine-thiazole derivative (Sakai et al., 2017).
Bubblin was found from a library of small bioactive molecules. It is reported to disrupt BASL
polarity and induces ectopic retention of the transcription factor SPEECHLESS, resulting in
stomatal clustering (Sakai et al., 2017). It would be interesting to observe the effect on
ectopic BASL polarity in the presence of this compound. However, despite representing a
potential artificial way to alter polarity, this approach is limited in allowing understanding of

the underlying mechanisms of plant polarity establishment and maintenance.

Elucidation of potential components of the molecular address may lead to an understanding
of the signalling and biochemical mechanisms underlying the establishment of tissue-cell
polarity in plants. Some of the candidates isolated in Chapter 4 of this work could represent

interesting lines of evidence worth testing for roles in polarity. For example, the
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identification of a calcium sensing receptor may be worth exploring in more detail to analyse

its localisation and confirm any interaction with BASL.

Further experiments, including those identifying possible novel polarity components, and
modelling will hopefully elucidate mechanisms involved in the establishment of polarity in
plants. It would also be of great interest to compare polarity establishment mechanisms
recently revealed with SOK proteins (Yoshida et al., 2019) to those that may be involved in
BASL polarity, in order to understand whether conserved mechanisms underlie the

polarisation of different polarity markers.

5.5 Evolution of a polarity field

5.5.1 The role of polarity in patterning the leaf epidermis

In addition to influencing growth, a common underlying polarity field in planar plant organs
may also influence patterning and differentiation. For example, trichomes and stomatal
patterning both have an element of proximodistal coordination (Bouyer et al.,, 2001;
Bringmann and Bergmann, 2017; Hilskamp et al., 1994). Polarity is critical for stomatal
spacing in A. thaliana (Lau and Bergmann, 2012; Robinson et al., 2011). However, it remains
unclear why proximodistal coordination in both stomata and trichomes would be

functionally important.

One hypothesis is that the coordination of these components of a leaf reflects evolutionary
history rather than current function. Stomatal patterning mechanisms vary among plant
species (Vatén and Bergmann, 2012). In A. thaliana and many other species, stomata are
evenly spaced (Chater et al., 2017; Dong et al., 2009), however, in many monocots such as
grasses, stomata are highly proximodistally oriented (Cartwright et al., 2009; Raissig et al.,
2016; Rudall et al., 2017). A proximodistal polarity field could represent a highly conserved
system for orienting tissue growth and transport (Meinhardt, 2007; Nelson, 2003; Strutt and
Strutt, 2009). Perhaps various elements of the proximodistal polarity system were co-opted
for stomatal patterning in different plant lineages. For the lineage leading to A. thaliana, co-
option may have led to a polarity-switching mechanism and the evolution of BASL. This
hypothesis would account for why BASL cross-reacts with the proximal address when

ectopically expressed. Other plant lineages, such as grasses, which exhibit strong
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proximodistal coordination in stomatal patterning (Facette and Smith, 2012; Raissig et al.,
2016), might represent different ways of co-opting elements of a common underlying

proximodistal field.

At present, this hypothesis remains difficult to test experimentally. Identification of the
molecular components of the proximal address and analysis of BASL homologues in other
species may provide insights into the evolutionary role of a proximodistal polarity field. In
addition, it would also be interesting to analyse BASL localisation in the stomatal lineage in
more detail, for example to distinguish whether the first divisions of meristemoid mother
cells are proximodistally aligned, with future divisions then occurring in the polarity-

switching spiral pattern (Robinson et al., 2011).

5.5.2 BASL polarity in other contexts

The lack of clear BASL homologues in other species (Dominique Bergmann, personal
communication) raises the question of how other species with evenly spaced stomata
undergo polarity switching. The localisation pattern observed when BASL is ectopically
overexpressed in A. thaliana leaves has elements in common with that observed when BASL
is expressed in N. benthamiana. There does not seem to be a clear BASL homologue in N.
benthamiana which may provide further evidence that BASL is cross-reacting with a more
common underlying polarity system in pavement cells. Whether or not BASL represents a

useful polarity marker in other organs and tissues remains to be seen.

The observed polar localisation of ectopic BASL in BY-2 cells suggests that polarity can exist
outside of a tissue context. This localisation differs from the axial localisation of PIN1 (i.e. to
both the short ends of BY-2 cells) reported in BY-2 cells (Boutté et al., 2005). The polarisation
of BASL in these cells and in protoplasts supports the intracellular partitioning model which
predicted the ability of cells to spontaneously polarise in the absence of neighbours (Abley
et al., 2013). This system also provides an experimental context in which to test hypotheses
and predictions from this type of model, which is currently largely theoretical, in a way which
has not been possible previously. For example, it may now be experimentally possible to
apply auxin gradients to BY-2 cells and observe any response of BASL polarity to such
conditions. BY-2 cells could also allow experiments involving the testing of mechanical
stresses and other factors in the context of polarity. For example, experiments could be

conducted, similar to those in Lynch and Lintilhac (1997) where mechanical stresses are
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applied to protoplasts, or those in Zaban et al. (2015) in which protoplast regeneration is

analysed.

5.5.3 Polarity in single-celled organisms and multicellularity

This work provides the first evidence for a tissue-wide polarity field in planar plant organs
that exists throughout development, independent of the stomatal lineage. However, polarity
systems have been identified and studied for many years in other multicellular systems. In
single-celled systems, such as yeast (Johnson et al., 2011; Slaughter et al., 2009) and algae
(Goodner and Quatrano, 1993; Torode et al., 2016), polarity is known to play a key role in
chemotaxis (Marée et al., 2006; Wedlich-Soldner and Li, 2003). Coordinated polarity systems
in multicellular organisms including Drosophila (Goodrich and Strutt, 2011; Thomas and
Strutt, 2012), zebra-fish (Heisenberg et al., 2000), mice (Wang and Nathans, 2007) and

human tissue (Butler and Wallingford, 2017) have also been described in detail.

The existence of polarity systems in a diverse range of single-celled and multicellular
organisms indicates polarity is evolutionarily ancient. Arguably, the coordination of cell
polarity is necessary in allowing coordination of signals in multicellular organisms, and
ancient polarity establishment mechanisms may provide a basic building block for

establishing tissue polarity (Meinhardt, 2007).

5.6 Tools for understanding polarity

5.6.1 Development of software

The development of software in this work to quantify a polarity field in a semi-automated
manner was an important part of characterising the polarity field in a non-biased way. The
rotation of each cell allowed polarity to be assigned to cells without prior knowledge of a
cell’s position or orientation within the leaf. This method of polarity quantification is unlike
those used previously, where polarity has usually been assigned by hand, for example in
quantification of BRXL2 polarity within the stomatal lineage (Bringmann and Bergmann,
2017). In some cases, particularly when assigning polarity to PIN proteins, it can be very
difficult to confidently assign polarity in a cell and sometimes only an axiality can be assigned
(Abley, 2014; Abley et al., 2016). BASL polarity is often easier to assign than PIN due to its

preferential localisation to cell corners. The software for assigning polarity to a cell that was
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developed as part of this work could therefore be a useful tool to the developmental biology

community for quantifying the polarity of BASL or other markers.

At present, the quantification tools are coded in python, and the visualisation tools in Matlab,
and require specific input image types and coding ability to adjust parameters. However, it
would be possible to develop these tools further, perhaps allowing them to be integrated
into other image analysis packages, such as Fiji (Schindelin et al., 2012) or MorphoGraphX

(Barbier de Reuille et al., 2015) to allow them to be used more readily.

5.6.2 Development of a polarity marker

Adaptation of the Cre-lox heat-shock system (Gallois et al., 2002) to allow inducible ectopic
expression of BASL across the leaf was initially developed by Jordi Chan. This has allowed the
characterisation of the ectopic BASL polarity field in leaves, without the potential pleiotropic

effects of overexpressing BASL in cells (Dong et al., 2009).

My work has focussed on the A. thaliana leaf as a planar plant organ used to characterise
polarity. Coordinated tissue cell polarity has been predicted to be necessary for the
development of many planar plant organs, using computational modelling. For example, the
A. thaliana petal has been predicted to have a divergent polarity field that provides
directionality for orienting anisotropic growth (Sauret-Glieto et al., 2013). In addition, the
Capsella rubella silicle has also been modelled, predicting a polarity field which allows the
heart-shape fruit to form (Eldridge et al., 2016). These examples where a tissue-wide polarity
pattern has been predicted using GFtBox modelling (Kennaway et al., 2011) in A. thaliana
and closely related species could potentially be easily tested using ectopic BASL. This would
allow such models to be tested and refined accordingly. For example, more recent models
of the leaf that include individual cells (Fox et al., 2018) could be refined with knowledge of

the polarity patterns observed using BASL.

Ectopic BASL may also provide a tool for testing models and hypotheses regarding growth
and shape formation in more complex shapes. For example, the 3D trap of Utricularia gibba
has been modelled, and hypotheses have been generated regarding the role of anisotropic
growth and polarity in the formation of this shape (Bushell, 2016; Whitewoods and Coen,
2017).The U. gibba bladder has quadrifid glands on its inside surface that have an asymmetry
providing a physical marker of polarity in some cells across the bladder (Bushell, 2016),
similar to trichomes in the A. thaliana leaf. Work is in progress to test ectopic BASL as a

molecular marker of polarity in the bladder. This would not only provide useful insights into
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the development of complex 3D shapes, but may also indicate that ectopic BASL could be

used as a marker of polarity in more distantly related species.

5.6.3 Development of a biochemical assay for identifying potential
polarity factors

In addition to collaborating to generate software tools as part of this project, and the
inducible BASL system developed, one of the key elements of this work is the identification
of possible components of the proximal address. | used a biochemical approach to try and

identify potential BASL interactors.

During this project, | did not conclusively identify BASL interactors, but | have successfully
conducted a co-immunoprecipitation with mass-spectrometry identification of potential
BASL interactors in N. benthamiana. The list of potential BASL interactors represents a
preliminary list of candidates that may warrant further testing, ideally in A. thaliana as well
as N. benthamiana, to characterise their localisation and establish any role as BASL
interactors. | have tested multiple conditions for BASL extraction which may pave the way

for the identification of novel plant polarity factors in the future.

5.7 Future directions

5.7.1 Understanding the relationship between polarity and growth

This work has characterised a polarity pattern in the leaf epidermis which is reminiscent of
the polarity field predicted through modelling the development of the A. thaliana leaf
(Kuchen et al., 2012). Previous work has predicted that such a polarity field could be
important in providing the directional information to guide anisotropic growth (Coen et al.,
2017; Kennaway et al., 2011). | have provided evidence for a link between the ectopic BASL
polarity field and that of PIN1, which is known to be involved in development and the
generation of shape. Future work should be carried out to further explore the relationship
between the tissue-wide polarity field and growth. This could include a more conclusive
analysis of BASL and PIN in kanadilkanadi2 outgrowths, as well as analysis of the relationship
between BASL and other members of the PIN family, or in different contexts, such as the root

and vasculature.
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Experiments conclusively linking polarity and growth are complicated by a number of factors
including cell shape and anisotropy. In the future, it may be possible to experimentally
modulate growth or polarity. At present, time lapse imaging, particularly using isotropic cells
or cells whose growth axis is not aligned with the proximodistal axis of the leaf, could be used

to unravel the complex relationship between polarity and the growth of a tissue.

In addition to tissue-level growth patterns, it is possible to explore the relationship between
polarity (using ectopic BASL) and cellular level growth. | have showed that BASL can reveal a
coordinated polarity pattern when microtubules have been destabilised using oryzalin.
Several lines of evidence suggest that the cytoskeleton could interact with cell polarity: the
cytoskeleton is known to play a role in the neck and lobe formation of pavement cells (Fu et
al., 2002; Fu et al., 2005), microtubules may be depleted where BASL is localised (Jordi Chan,
personal communication) and actin was highlighted as a possible interacting partner of BASL
in the IP-MS work | conducted. Further work, for example using other cytoskeleton inhibiting
drugs, cytoskeleton mutants, and observing BASL and microtubule dynamics in the same cells

may elucidate any relationship between BASL polarity and cell growth.

5.7.2 Understanding the establishment of polarity

A key question is how cell polarity is established. Models have proposed how polarity may
be established: polarity can arise as a response to external factors or neighbouring cells, or
emerge spontaneously in the absence of external cues (Abley et al., 2013). A key challenge

of future work, therefore, will be to test the mechanisms involved in the polarisation of BASL.

Given that there are likely to be BASL interacting partners involved in the establishment of
polarity, further biochemical work confirming the interacting partners of BASL is necessary.
This could use the preliminary results from the IP-MS conducted as part of this work, and
may provide more conclusive evidence for some of the potential partners | have isolated, or
elucidate novel interactors. Other polarity factors (SOK proteins) recently discovered in
plants have been found to possess a DIX domain (Yoshida et al., 2019), known to be involved
in polarity establishment in animals (Schwarz-Romond et al., 2007). It would be interesting
to see if BASL and SOK polarity systems share common elements. Identification of the
mechanisms underlying polarity formation in plant cells may also pave the way for testing of

polarity models, such as the intracellular partitioning model (Abley et al., 2013).

The BY-2 BASL system that | developed as part of this work may also be a useful tool in

elucidating mechanisms of polarity establishment. It is possible that regenerating BY-2
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protoplasts, for example, could provide useful insights into how polarity is established de-
novo. This system could also be used to analyse how polarity could arise in a single cell, and

how polarity is inherited at cell division (Figure 3.42).

5.7.3 Understanding the polarity coordination mechanisms

In addition to the mechanisms involved in polarity establishment, the mechanisms involved
in polarity coordination across a tissue remain unknown. Future work may build on the
preliminary results | have presented in this work, including testing the role of mechanical
stresses and auxin. In particular, it will be useful to further analyse the response of BASL
polarity to mechanical stresses and to understand why the preliminary results presented
here differ from those using native BRXL2 (Bringmann and Bergmann, 2017). The tool
developed by Jamie Spooner in his undergraduate project work provides a useful but simple
way to directly test BASL polarity in response to mechanical stresses. It would also be
interesting to use more complex tools, such as an automated confocal micro-extensometer
(ACME) (Robinson et al., 2017) to analyse BASL dynamics in response to mechanical stresses
in a more controlled and detailed manner. Such experiments could lead to a better
understanding of the respective roles of polarity and mechanical stresses during growth and

development.

The identification of interacting partners of ectopic BASL may provide insights into polarity
coordination mechanisms. For example, if lipid-domain proteins or receptors appeared to be
interacting with BASL, this might provide clues as to the mechanisms to coordination. The
identification of actin as a putative BASL interactor in the preliminary IP-MS in this work may
suggest, for example, that latrunculin, which depolymerises actin filaments, could be used

to disrupt the actin component of the cytoskeleton and see if this disrupted BASL polarity.

5.7.4 Exploring polarity in other systems

In this work, | have focussed on the characterisation of polarity in the development of the A.
thaliana leaf. The tools developed in this work — both biological and technical — make it
possible to test predictions of polarity patterns in other A. thaliana organs. For example,
polarity predictions have been made in the petal and could be tested using BASL (Sauret-
Gleto et al., 2013). The A. thaliana sepal might also provide an interesting organ in which to
explore BASL polarity, as much work has been undertaken to understand its development
(Hervieux et al., 2016; Hervieux et al., 2017; Tsugawa et al., 2017). Polarity could also be

tested in the organs of other species, such as the C. rubella fruit (Eldridge et al., 2016), the
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bladder of U. gibba (Coen lab, in preparation) and the thallus of Marchantia polymorpha,
which is predicted to not require polarity to undergo its development (Solly et al., 2017).
Thus, this work has provided the plant developmental biology community with tools to

explore the role of polarity in the development of plant organs.

Whilst this work is conducted in plants, it may be of interest to the developmental biology
communities in animals, where planar cell polarity has been characterised in detail (Goodrich
and Strutt, 2011). Comparative analysis of polarity establishment, maintenance, and
involvement with growth between plants and animals could provide novel insights into the

importance of polarity more broadly and its evolution.

5.8 Concluding remarks

This work provides the first evidence of a coordinated tissue-wide polarity field that exists in
A. thaliana leaves throughout development and is independent of the stomatal lineage. This
polarity field is linked to the polarity of PIN proteins and possibly to the growth and
development of plant organs. It is hoped that this work, particularly the preliminary
biochemical analysis, will lead to a deeper understanding of how polarity is established and
maintained in plant tissues. This work has contributed to the field of plant developmental
biology by providing tools that may allow the testing of models of development and, in the
future, will hopefully allow broader questions regarding the growth and development of

plant shapes to be explored.
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6 Materials and methods

6.1 Plant materials and growth conditions

6.1.1 Arabidopsis thaliana growth conditions

A. thaliana plants were grown on plates containing MS media (0.441% Murashidge & skoog
including vitamins, 1% (w/v) glucose, 0.05% (w/v) MES, 1% Difco agar, pH to 5.7) and relevant
antibiotic selection (BASTA, 15 mg/ml, kanamycin 50 mg/ml). Sterilised seeds were stratified
in the dark at 4°C for 3 days, then grown at 20°C in controlled environment long day
conditions (16 hours light and 8 hours dark). Leaves were typically taken from plants up to 9

days after stratification (DAS) for imaging and analysis.

For growing plants on soil (for example, for taking plants through generations), seeds were
sown in John Innes Centre Arabidopsis thaliana Soil Mix (Levington F2 compost with
Intercept and grit in a 6:1 ratio) and grown under long day conditions (16 hours light and 8

hours dark) at 20 °C.

Following dipping with Agrobacterium tumefaciens, plants were grown in a greenhouse

supplemented with artificial light at approximately 22 °C.

6.1.2 Seed sterilisation

A. thaliana seeds were generally sterilised using gas (Cl, gas in desiccator overnight). When
large volumes of seeds were sterilised at once (for example for immunoprecipitation
experiments and the first generation of transgenic lines), surface sterilisation of seeds was
used. Seeds were sterilised used 70% ethanol with 0.05% SDS for 5 minutes, followed by at
least three washes in 100% ethanol. Seeds were then air-dried on sterile filter paper before

being plated.

6.1.3 Nicotiana bethamiana growth conditions

Wild-type N. benthamiana plants were grown in soil in controlled environment rooms under

long day conditions (16 hours light and 8 hours dark) at 22 °C.
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6.1.4 Existing plant material used

A. thaliana lines used in this work that were generated previously are described below. This
includes mutant and reporter lines, and well as the heat-shock inducible 35S5::GFP-BASL line

generated by Jordi Chan. Lines that | generated are described in Section 6.2.

6.1.4.1 Mutants and fluorescent markers

The transgenic lines in the following table were used in this work. The A. thaliana accession

and origin of the line are indicated.

Table 6.1 Mutant and reporter lines used from previously published sources.
Previously developed A. thaliana mutant lines and reporter lines used in this work are listed,
indicating their ecotype and publication where lines are reported.

Arabidopsis thaliana line Background Origin
Heat shock inducible 35S::GFP-BASL Col-0 (Mansfield et al., 2018)
BASL::GFP-BASL Col-0 (Dong et al., 2009)
RFP-plasma membrane (pm-rb) Col-0 (Nelson et al., 2007)
spch mutant (spch-1) Col-0 (MacAlister et al., 2007)
HS::Cre Col-0 (Gallois et al., 2002)
PIN1::PIN1-GFP Col-0 (Benkova et al., 2003)
35S::TUA6-GFP Col-0 (Ueda et al., 1999)
35S::mCherry-TMCT (TMCT) Col-0 (Caillaud et al., 2014)
kanadil kanadi2 Ler (Eshed et al., 2001)
kanadil kanadi2 with PIN1::PIN1-GFP Ler (kanlkan2), (Abley, 2014)

Col-0 (PIN1)
phgapl phgap2 (gaplgap2) Col-0 (Stockle et al., 2016)
Heat-shock inducible 35S::ER-GFP (71028) | Col-0 Coen lab

6.1.4.2 Generation of inducible 35S::GFP-BASL

The inducible 355:GFP-BASL line was made by Jordi Chan according to the following protocol
prior to the start of this project and is described in Mansfield et al., (2018). The generation

of this line is described here for clarity and completeness.

Gateway cloning was used to construct the heat-shock inducible 35S::GFP-BASL line which
required a destination vector and an entry vector. A destination vector was made (referred
to Active Blue destination vector) containing a 35S promoter in front of a CyPET-HDEL
fluorescent marker and a Nos terminator flanked by lox sites. These lox sites allow heat-
shock recombination to remove the fluorescent marker so that the 35S promoter drives the

BASL gene following induction.
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The Active Blue destination vector was made using a pre-existing Gateway vector, pB7WGC2
(Karimi et al., 2005) and the pBOB (Wachsman et al., 2011) vector in 2 steps. In the first step,
a 1175 bp fragment containing lox-HDEL:CyPET:NOS-Terminator-lox was cloned from pBOB
and flanked with Spel and EcoRV sites using a 2-step PCR, involving the primers
F BOB_lox_spel and R_BOB_lox_N, then primers F_BOB_lox_spel and R3_BOB_lox_EcoRV
(Table 6.2). The PCR product was then cloned into TOPO4 (Table 6.2). In the second step,
the pB7WGC2 vector was digested with Spel and BspEl, to excise a 1175 bp fragment
containing ECFP, and replaced with the fragment cloned from pBOB vector (cut out from the
TOPO4 vector using Spel and BspEl) (Table 6.2). The ligation product was transformed into

ccdB-resistant one-shot E. coli.

To introduce GFP-BASL into the destination vector (Table 6.2), an LR reaction (Invitrogen)
was carried out using the Active Blue destination vector and an entry clone containing GFP-
BASL (Dong et al., 2009). The construct was then transformed into A. tumefaciens strain
GV3101 and floral dip method were used (Clough and Bent, 1998) to dip into HS::Cre (Gallois
et al., 2002) containing plants. Three independent lines were obtained showing the same

pattern. The line used here is a single copy, single insert line (iDNA Genetics, Norwich).

Table 6.2 Primers and vectors used in the generation of the heat-shock inducible BASL line.
These primers, vectors and entry clone were used in the generation of the heat-shock

inducible 355::GFP-BASL line, made by Jordi Chan prior to the start of this project. The origin
of the DNA parts is indicated.

DNA Sequence/Name Origin
Primer F_BOB_lox_spel N/A
(GGGACTAGTATCGCGGCCGCTTCGAAA)
Primer R_BOB_lox_N (CTATACGAAGTTATACGCGTCTGT) | N/A
Primer R3_BOB_lox_EcoRV  (GGGATATCATAACTTCG N/A
TATAAAGTATCCTATACGAAGTTATACGCGTCTG)
Vector pBOB vector (Wachsman et al.,
2011)
Vector TOPO4 vector Invitrogen
Vector pB7WGC2 vector (Karimi et al., 2005)
(VIB Gent)
Entry clone | GFP-BASL entry clone (Dong et al., 2009)
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6.1.5 Crossing

The inducible 355::BASL-GFP construct was introduced into mutant and fluorescent marker
backgrounds by crossing. Where possible, the mutant line was used as the female and
pollinated with the homozygous BASL line and then selected in the next generation using
selective media and phenotyping. This was the case when crossing the inducible 35S::GFP-
BASL line to gaplgap2 and TMCT lines. Where necessary, plants were taken through to the

F2 generation and selected by phenotype and fluorescence.

The inducible 35S::BASL-GFP line was crossed to the RFP-PM line (Nelson et al., 2007) and
offspring containing RFP-PM and inducible 35S::BASL-GFP were selected by growing on
selective plates and screening for RFP(using BASTA for 35S::BASL-GFP, and kanamycin for
HS::Cre).

For crossing to spch, the inducible 355::GFP-BASL was crossed to the heterozygous spch-1
mutant plants and offspring containing spch-1 and inducible 35S::BASL-GFP were selected by

phenotype and growing on selective plates.

The kanadilkanadi2 (kanlkan2) double mutants are sterile. In order to generate a line with
the inducible BASL line in the kanlkan2 double mutant, | crossed the BASL line into the
kanl+/-kan2 background which is fertile and can be identified by an upward curled silique
phenotype (Abley, 2014). The F1 offspring of this cross were then selfed and the F2
population was grown on selective media to select for kan1+/-kan2 individuals with inducible
35S5::GFP-BASL and HS::Cre. Plants containing both constructs were grown on soil and
kanl+/-kan2 individuals were identified by their upwardly turned cotyledons (an
intermediate phenotype between wild-type and kanlkan2 double mutants, (Eshed et al.,
2001). The offspring of these plants segregated for kanlkan2 double mutants carrying the
desired constructs which were selected for. The kanlkan2 double mutant seedlings were

identified for experiments based on their clear upwardly curled cotyledon phenotype.

6.1.6 Generation of new plant lines

Multiple A. thaliana lines were generated during this work using the Golden Gate cloning
system (Table 6.3). A detailed description of the Golden Gate cloning methods used, and

details of A. thaliana transformation can be found in section 6.2.
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6.2 Cloning and A. thaliana transformation

6.2.1 Golden gate cloning

Goldengate cloning is a modular cloning system that was used to generate multiple A.
thaliana lines in this work including the heat-shock inducible 35S::mCherry-BASL line,
fluorescent reporters for putative BASL candidates (from Jones et al., 2014) and 35S::GFP-
BASL lines for expression in N. benthamiana. Golden Gate cloning allows the generation of
single binary transformation vectors through progressive stages of cloning and use of
standardised parts. Synthesised level 0 (LO) components are combined to make level 1 (L1)
transcriptional units, which can be combined to make level 2 (L2) multigene units that can
be transformed into plants (Weber et al., 2011). Level 0 modules must be domesticated to
remove Bsal, Bpil and Dralll restriction sites. This cloning method is based on the ability of
bacterial type IS endonuclease restriction enzymes (Bsal, Bpil and ESp3l) to cut downstream
of a specific recognition site. By using specific 3" and 5’ overhangs (fusion sites), fragments
cut by the same type IIS endonuclease can then be linearly ligated by T4 ligase in a given

order (Weber et al., 2011).

6.2.1.1 General Golden Gate protocols

For generating L1 modules, 100 ng of L1 vector backbone was combined with 100 ng of each
LO part, 1.5 pl of 10x BSA (New England Biolabs, NEB), 1.5 pl of 10 x T4 Buffer (NEB), 1 pl of
Bsal enzyme (NEB), 1 ul of T4 ligase (NEB) and H.O to a total volume of 15ul. For L1 constructs
containing a lox component, the 1 pl of Bsal was replaced with a mixture of 0.5 pl of Bsal and
0.5 pl of ESp3l (NEB). The reaction was then incubated in a G-STORM® Thermocycler
(GT40361) with the following program: 3 minutes at 37°C and 4 minutes at 16°C for 40 cycles
followed by 1 cycle of 5 minutes at 50°C and 5 minutes at 80°C. The Thermocycler was then
set to hold the temperature at 10 °C. The completed reaction was transformed into E. Coli
and grown on selective media. Plasmids were then extracted using a miniprep kit (see below)

and sequenced (Eurofins) to confirm correct positioning of components (Table 6.3).

For level 2 module cloning, 100 ng of L2 vector backbone was combined with 100 ng of each
relevant L1 transcriptional unit and 1.5 pl of 10x BSA (NEB), 1.5 pl of 10 x T4 Buffer (NEB), 1
ul of Bpil enzyme (NEB), 1 pl of T4 ligase (NEB) and H>0 to a total volume of 15pl. The reaction
was then incubated in a G-STORM® Thermocycler with the same program described above.

The completed reaction was transformed into E. Coli and grown on selective media. Plasmids
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were then extracted using a miniprep kit (see below) and sequenced (Eurofins) to ensure

correct positioning of components (Table 6.3).
6.2.1.2 Generation of mCherry-tagged putative BASL interactors

To generate the mCherry-tagged putative BASL interactor constructs (from Jones et al.,
2014), | used Golden Gate cloning to drive these reporters under the 35S promoter. An
outline of the constructs indicating the individual components is shown in Figure 6.1 and

detailed below.

The L2 backbone containing a bacterial kanamycin resistance cassette was used. In position
1, a module conferring BASTA plant resistance was used. The standard parts (i.e. those not
containing the MIND gene candidates) were obtained from The Sainsbury Laboratory (TSL)

(http://synbio.tsl.ac.uk/) or ENSA (John Innes Centre, Norwich). The L2 position contained

the putative BASL interactors (synthesised synthetically and domesticated to remove Bsal,
Bpil and Dralll restriction sites), tagged with mCherry at the N or C terminal and driven by
the 35S promoter, with a 35S terminator (Figure 6.1). In position 3, a module containing
CyPET-tagged RC12A (membrane marker) under the Ub10 promoter was used, although this
was not used for subsequent imaging, and an ELE end linker was used (ENSA, JIC, Norwich).
The L1 modules were assembled using ‘P, U, S, C, T" LO parts, according to the protocol
described in Weber et al.,, (2011). These constructs were then used in transient
transformations in N. benthamiana, and stable transformation by floral dipping in A.
thaliana. The plasmid maps for the L1 modules | generated for these 5 constructs generated

can be found in Appendix A.
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Figure 6.1 MIND gene construct outlines generated using Golden Gate cloning.
The plCSL4723 backbone vector was used to generate five MIND constructs, comprising of mCherry-tagged putative BASL interactors, under the 35S promoter.

Components that make up the final level 2 (L2) construct (green) are indicated. Positions 1-3 and the end linker are L1 modules (blue), assembled from LO
parts (red) on individual backbone vectors. Position 2 varies depending on the gene of interest. The ‘P, U, S, C, T' nomenclature refers to that explained in

Weber et al. (2011).
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6.2.1.3 Generation of 355::GFP-BASL constructs

| generated two constructs containing BASL, tagged with 2 different versions of GFP (a
standard widely-used eGFP version in construct 71572 and the version used in the heat-
shock inducible BASL line in 71273) under the control of the 35S promoter. These two
constructs were used for transient expression in N. benthamiana and in biochemistry
experiments. They were generated using Golden Gate cloning, according to the protocol in
Weber et al., (2011), using the L2 backbone vector pICSL4723. In position 1, both constructs
contained the plCSL11024 module which confers Kanamycin resistance in plants. Both
constructs then had dummy modules in position 2 and 3 (due to the previously developed
BASL module being a position 4 module). In position 4, the BASL-containing module was
used, before an end linker (ELE-4-EC41780). Construct 71253 contained the L1 module
EC71248. This L1 was made up of the LO ‘PU’ 35S (EC15058), GFP-BASL as an ‘SC’ component
(EC71137) (using the GFP version found in the heat-shock inducible BASL line) and an Act-2
terminator (EC44300). Construct 71572 contained the L1 module EC71569. This L1 was made
up of the LO ‘PU’ 35S (EC15058), eGFP as an ‘S’ component (EC15094), BASL as a ‘C’
component (EC71284) and a 35S Terminator (EC41414). The plasmid maps for both

constructs can be found in Appendix A.

6.2.1.4 Generation of inducible 355:mCherry-BASL construct

To make the line with inducible 35S::mCherry-BASL and PIN1::PIN1-GFP, | generated a
construct containing inducible 35S::mCherry-BASL and HS::Cre. The construct
(35S::loxmCherry-BASLIoxCyPET-HSP18::CRE-355::BASTA-355::CyPET-RC12A  and  called
inducible 35S::mCherry-BASL (EC71268) for simplicity) was created by Golden Gate cloning
in the vector pAGM4723, according to the protocol in Weber et al., (2011) and described
above (Figure 6.2). The construct contained a module conferring BASTA resistance in position
1, the HS::Cre module in position 2, the lox-module flanking CyPET in position 3, a dummy
position 4 and a membrane marker tagged with CyPET in position 5 (not used in subsequent
imaging in this work). The L1 modules were comprised of LO components from TSL

(http://synbio.tsl.ac.uk/) or ENSA (John Innes Centre, Norwich), or synthetically synthesised

parts that had been domesticated to remove Bsal, Bpil and Dralll recognition sites.

To generate the lox-flanked CyPET L1 module | adapted the standard Golden Gate protocol
to incorporate an additional assembly step, termed Level 0.5 (L0.5), as developed by previous

lab members (Annis Richardson, Samantha Fox). This allowed the heat-shock module, itself
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composed of multiple parts, to be treated as a level 0 part. This was done using the vector
backbone EC10161 which is opened by the enzyme Esp3l to allow the insertion of Level O
modules cut by Bsal, just as for standard Level 1 cloning. This generates loxP flanked modules
in the ‘U’ position suitable for use in subsequent Level 1 assembly (Figure 6.2). Sequences to
be used in loxP-flanked modules were domesticated to remove Esp3l sites in addition to Bsal,
Bpil and Dralll recognition sites. The plasmid maps for this construct can be found in

Appendix A.

This construct was stably transformed into Col-0 containing PIN1::PIN1-GFP and kanadi
mutants containing PIN1::PIN1-GFP (see section 6.2.7.1). The three independent lines used

for imaging contain 1 or 2 copies (iDNA genetics).
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Figure 6.2 The heat-shock inducible 355::mCherry-BASL construct was generated using Golden Gate cloning.
The plCSL4723 backbone vector was used to generate construct EC71268, which contained heat-shock inducible 355::mCherry-BASL and 35S::CyPET-RC12A.

Components that make up the final level 2 (L2) construct (green) are indicated. Positions 1-5 and the end linker are L1 modules (blue), assembled from LO
parts (red) on individual backbone vectors. Position 3 has an additional layer compromising the lox module which is inserted using an additional cloning step.
The ‘P, U, S, C, T" nomenclature refers to that explained in Weber et al. (2011).



Chapter 6

6.2.2 Transformation of E. coli

Transformation of E. coli was carried out by heat-shock using Library efficiency DH5a
chemically competent E. coli (Invitrogen Life Technologies) or Maximum Efficiency One Shot®
OmniMAXm 2 T1 Phage-Resistant Chemically competent E. coli (Invitrogen Life
Technologies). Competent cells were thawed on ice for 10 minutes and 1-5 pl of ligation
produce or plasmid DNA was added to cells and mixed gently. Cells were incubated on ice
for 30 minutes and then heat shocked at 42 °C for 30 seconds, followed by 2 minutes on ice.
250 ul of SOC medium (Invitrogen Life Technologies, 2% Tryptone, 0.5% Yeast Extract, 10
mM NacCl, 2.5 mM KCI, 10 mM MgClz2, 10 mM MgS0as, 20 mM glucose) was then added and
cells were incubated at 37 °C with shaking for 1 hour for recovery. Cells were plated onto LB

(lysogeny broth) plates with relevant antibiotic selection and incubated at 37 °C overnight.

6.2.3 Plasmid preparation

Plasmids from 6 ml of overnight E. coli cultures were purified using Quiagen Miniprep kits
(Quiagen, 27106), according to the manufacturer’s instructions. 50 pl of sterile water was
used for elution of DNA from spin columns. DNA concentration was measured using a
NanoDrop 1000 Spectrophotometer (Thermo Scientific) according to the manufacturer’s

guidelines.

6.2.4 Sequencing

Sequencing reactions were carried out for L1 and L2 components using the primers shown

in Table 6.3. Reactions were sent to Eurofins Genomics for sequencing.
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Table 6.3 Primers used for confirming sequences during Golden Gate cloning.
The primers used for confirming L1 and L2 module sequences are shown below. The primer

name and sequence, and a list of the L1 and L2 modules it was used for sequencing are given.
Sequencing was carried out by Eurofins Genomics.

Primer Name | Sequence Target Constructs sequenced
with this primer

GG3 CCCGCCAATATATCCTGTC Vector backbone | 71332, 71334, 71335,
71337, 71338, 71339,
71341, 71342, 71344,
71345, 71253, 71572,
71569, 71268, 71350,
71351, 71366

GG4 GCGGACGTTTTTAATGTACTG Vector backbone | 71332, 71334, 71335,
71337, 71338, 71339,
71341, 71342, 71344,
71345, 71253, 71572,
71569, 71268, 71350,
71351, 71366

RC12AR GAGAGGAAAGATAAATACCCC RC12A 71268

RC12AF GTTGGTTTGTACTTTGTGTGAAG | RC12A 71332, 71334, 71335,
71337,71338, 71268

mCherry FP1 TGCAGAAGAAAACCATGGGC mCherry 71332, 71334, 71335,
71337, 71338, 71344, 71350

mCherry R P1 CTTGGTCACCTTCAGCTTGG mCherry 71350

mCherry RP2 | GTCCTCGAAGTTCATCACGC mCherry 71339, 71342, 71345

CyPETR CCCAAGTCAGAGTAGTGACTA CyPET 71268, 71366

CyPETF GCTGACCATTATCAACAAAATA | CyPET 71366

GCVF TCAGGGTCAGCTTGCCGTA GFP 71268

Act2TF P1 GCTACCTCCATCTTCACTTGG Act2 terminator 71253

355Term F TTCGCTCATGTGTTGAGCAT 35S terminator 71572

CreTermF CGCTGGAGTTTCAATACCGG Cre terminator 71268

HS Cre R CTTGCGAACCTCATCACTCG Cre Recombinase | 71268

pNOS R CGTGACTCCCTTAATTCTCC NOS promoter 71334, 71337, 71253

6.2.5 Copy number analysis

Copy number analysis was performed by iDNA genetics, Norwich. The BASTA or kanamycin
resistance genes (depending on the construct resistance) were used to determine the
number of transgene copies in T1 plants (i.e. offspring of dipped plants) of all newly
transformed lines. Single copy lines were used where possible, but in some instances, lines
with 2 or more copies were also used for imaging, ensuring that they had the same

phenotypes and localisation patterns as single copy lines.
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6.2.6 Electroporation transformation of Agrobacterium tumefaciens

A. tumefaciens strain GV3101 was used for transformation. 40 pl of electro-competent cells
were defrosted on ice for 10 minutes. ~100 ng of plasmid DNA was added to the cells and
mixed gently before being transferred to pre-chilled cuvettes. For electroporation, cells were
pulsed using the BioRad GenePulser ® Il (Voltage: 1800 V, Capacitance: 25 uF, Resistance:
400 Q). 250 pl fresh, chilled SOC media was added to the cuvette and transferred to 1.5ml
Eppendorf tubes. The cells were incubated for 1 hour at 28 °C before being plated on
selective LB media with the appropriate antibiotics. Plates were incubated for 48 hours at 28

°C.

6.2.7 Stable transformation of A. thaliana by floral dipping

A. thaliana plants were transformed according to the protocol in Clough and Bent, (1998).
Plants were sown and grown for 4-5 weeks in short day conditions and then moved to long

day conditions for dipping when inflorescences are a few centimetres tall.

To prepare cultures for dipping, A. tumefaciens carrying the constructs of choice was grown
on selective LB plates for 48 hours at 28 °C. A single colony was picked into 10 ml liquid LB
with the relevant antibiotics and incubated with shaking overnight at 28 °C. 6ml of this
overnight culture was transferred into 250 ml LB media and incubated for a further 24 hours
at 28 °C. Bacterial cultures were spun down for 20 minutes at 3500 rpm at 4 °C and

resuspended in 2 x 250 ml 5% sucrose solution with Silwet L-77.

For dipping of plants, any pre-formed siliques were removed and plants were dipped in A.
tumefaciens solution for ~30 seconds — 1 minute. Plants were covered for 24 hours to

maintain high humidity and seeds harvested once TO seeds had dried.

6.2.7.1 Dipping into kanadilkanadi2 mutants

The kanadilkanadi2 (kanlkan2) double mutants are sterile and therefore cannot be used for
floral dipping. Instead, to introduce constructs (for example 71268) into the kanlkan2
double mutant, | used the kanl+/-kan2 plants for dipping which can be identified by an
upward curled silique phenotype (Abley, 2014). Floral dipping was carried out as described
above and the T1 offspring were selected on selective media as well as for the kan1+/-kan2
upturned cotyledon phenotype and for the relevant fluorescence. T1 individuals carrying the

desired construct were selfed and the kan1+/-kan2 plants used to generate seed.
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6.3 Heat-shock and imaging

6.3.1 Heat-shock of inducible transgenic lines

Seedlings were heat-shocked by placing sealed plates in water bath at 39 °C for desired
length of time (20 minutes was used to induce BASL across the whole seedlings). Seedlings
were grown in standard conditions after heat-shock for typically at least 2 days before
imaging. Seedlings were heat-shocked at 4 DAS (days after stratification) for sectors and

between 2 and 24 DAS for imaging BASL in leaf 1 (typically 2 - 7 DAS).

6.3.2 Propidium iodide staining

To stain leaves with propidium iodide, leaves were submerged in a 2.5 pg/ml propidium

iodide solution (Sigma, P4170) for at least 15 minutes before imaging.

6.3.3 Confocal imaging

Plants were grown under standard conditions as described above. For confocal imaging of
leaves, depending on leaf size and curvature, whole seedlings or a single leaf (removed using
forceps) were placed on a microscope slide with water and flattened with a coverslip.
Imaging was performed using a x10 or x20 dry lens, or x40 oil lens, on a Leica SP5 confocal
microscope equipped with Leica HyD Hybrid detectors, or a Zeiss 780. For imaging GFP, argon
ion (488 nm) excitation laser was used, collected at 495-530 nm. For PI, mCherry and RFP,
561 nm excitation was used, collected at 625-690 nm for PI, 575-630 for RFP and 600-620
nm for mCherry. For imaging CyPET, a 458 nm excitation was used, collected at 465-490 nm.
For some imaging of BY-2 cells, a VisiTech spinning disc confocal microscope fitted with a
40x/1.3 NA oil objective lens used with GFP excited using the 488 nm line of an argon ion

laser and emitted light filtered through a 500-550-nm band-pass filter.

Leaves were staged according to leaf width and were typically imaged 48-hours after heat-
shock. When imaging induced 35S::GFP-BASL, seedlings were typically heat-shocked for 20

minutes to induce BASL across the entire lamina, and 3 mins to induce sectors.

6.3.3.1 Using the growth chamber/time lapse imaging

Plants were grown under standard conditions as described above and placed in the imaging

chamber described in Calder et al., (2015). Seedlings were imaged in the chamber using the
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settings described above, and the chamber was returned to the growth room with standard

conditions in between imaging.

6.3.3.2 Time lapse imaging of BASL following induction

To image 355::GFP-BASL appearing after induction, 7 day old seedlings were heat-shocked
for 20 mins and placed in an imaging chamber with media as described in Chan et al., (2007).
Leaves were imaged every hour using a Zeiss 780 confocal microscope, with the settings

described above.

6.4 Drug treatments

6.4.1 Oryzalin treatment

Oryzalin (Sigma, 36182) was added to 6-day old seedlings (35S::GFP-BASL line described
above and 35S::GFP-TUAG6 as control line) at a concentration of 20 uM. Seedlings expressing
35S::TUA6-GFP have previously been described (Ueda et al., 1999). 35S5::TUA6-GFP seedlings
confirmed microtubules had depolymerised after 4 hours and seedlings were heat-shocked
to induce BASL expression. Plants were imaged 48 hours after heat-shock and the 355::GFP-

TUAG line was used to confirm the absence of microtubules.

6.4.2 NPA treatment

35S::GFP-BASL seedlings were grown on media containing 100 uM NPA (Chem Service,
12507), or an equivalent concentration of DMSO. Seedlings were heat-shocked 2 DAS and
leaves imaged 3 days later. Propidium iodide staining (described above) was used to visualise

cell outlines.

6.5 Leaf stretching

6.5.1 Developing leaf stretching device

Jamie Spooner developed a leaf-stretching device, based on that of Bringmann and

Bergmann (2017), that also allowed leaves to be imaged on the confocal microscope whilst
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being stretched. The device, pictured in section 3.37 A, used a small vice mechanism to which
two bulldog clips were attached using glue (Gorilla Glue). The piece of elastomer strip
(Sylgard 182) could then be attached between the clips and stretched using the vice
mechanism to move the clips further away from each other. Seedlings were glued to the
elastomer strip using medical adhesive (Hollister 7730) and both the elastomer strip and

adhesive were the same as used by Bringmann and Bergmann (2017).

6.5.2 Leaf stretching and imaging

A. thaliana seedlings expressing inducible 355::GFP-BASL and RFP-PM were grown on plates
in standard conditions (section 6.1.1) and heat-shocked before being adhered to the
elastomer strip suing medical adhesive and a fine paintbrush to prevent damage. Cotyledons
were imaged using confocal microscopy after the seedling had been stuck to the membrane.
The membrane was stretched a given amount (typically increased in length by 50%) and the

seedling imaged again, and after 7 hours of stretching.

6.6 Software development

6.6.1 Developing software for assigning BASL vectors

6.6.1.1 Cells-from-leaves and cells-from-leaves-tagger software

Software for assigning BASL vectors semi-automatically was developed in collaboration with
Tjelvar Olsson and Matthew Hartley (Scientific Computing, John Innes Centre). The software
used for cell segmentation and random rotation of cells is called ‘Cells-from-leaves’ and the
software used for visualisation of the cells and assigning of BASL vectors is ‘Cells-from-leaves-

tagger’. The Cells-from-leaves software is available at : https://github.com/JIC-Image-

Analysis/cells-from-leaves and the ‘Cells-from-leaves-tagger’ software is available at :

https://github.com/JIC-Image-Analysis/cells-from-leaves-tagger.

The ‘Cells-from-leaves’ software used the cell outline channel from confocal stacks to make
a projection of the leaf surface that signal was then projected onto. The cell outline channel
(either plasma-membrane marker or PI stain) then allowed segmentation by a watershed
algorithm. Leaf-specific parameters allowed the surface and segmentation to be customised

according to intensity and quality of image. The centroid for each cell was calculated by
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averaging the x and y coordinates of the cell. BASL signal was projected onto the same

surface.

To avoid bias in knowing the cell orientation and position in the leaf, each segmented cell
was isolated and rotated in one of four random orientations (0, 90, 180, 270 degrees). Each
cell is presented in turn to the user, in the visualisation software ‘Cells-from-leaves-tagger’,
who clicks on the middle of any visible BASL crescent or can choose to skip a cell if there is a
complication (the signal is not easy to identify, or the cell segmentation is wrong, etc). The
tool produces a directory of JSON files and corresponding image files, recording the BASL
orientation in separate files for each cell, along with an image of the cell segmentation.
Lastly, BASL vectors are transformed back into the coordinate system of the whole leaf and

written out to a CSV file along with the coordinates of each cell centroid.

6.6.1.2 MATLAB scripts to quantify the BASL vector field

Two Matlab scripts were developed in collaboration with Jake Newman: one to allow
quantification of the BASL vector field (CellLongAxisCorr7.m) and one to visualise it in a more

informative way (SampleArrows8.m).

6.6.1.2.1 SampleArrows8 software

One script developed, SampleArrows8, is for visualising BASL vectors on the leaf and
downsampling them. This script uses a leaf image and .csv file of BASL vectors (produced by
‘Cells from leaves’). The user identifies the leaf midline which is used to rotate the leaf image
and BASL vectors to allow the image to be vertically oriented. The script contains various
processing and display options, but it is frequently used to display the original BASL arrows
on the leaf, coloured by orientation with respect to the leaf midvein. The colour of each
arrow is determined by a colour map, where 0 degrees represents the proximodistal

direction.

There can be a lot of BASL vectors on a leaf, with some areas having a very high density of
points. BASL vectors can therefore be downsampled to reduce the total number of vectors
displayed and to give a more even spread of BASL vectors across the leaf. Downsampling
uses a triangular grid of points placed over the leaf. For each vertex of the grid, vectors within
the distance Maxdist are averaged. A parameter, neighbourThreshold, ensures that
downsampled BASL vectors are only displayed for samples that exceed the threshold number

of BASL vectors.
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This script can also be applied to cell orientations. This is achieved by gathering cell
orientations within a certain radius, normalising and superimposing them onto the same axis,

and then performing principle component analysis (PCA) on that cloud of points.

6.6.1.2.2 CellLongAxisCorr7 software

The script CellLongAxisCorr7 was developed in collaboration with Jake Newman to allow
qguantification of the BASL vector field. This script calculates various angles: orientation of
cell axis, angle between BASL vector and its cell axis, and angle between BASL vector and leaf
midvein axis. This script uses an image of the leaf and the directory of JSON files to rotate
the cells back to their original orientation and cell masks are derived, allowing cell
eccentricity (ratio of the distance between the foci of the ellipse fitted to a cell and its major

axis length), centroid and orientation of the long axis of the cells to be determined.

For each cell, three angle measurements are made: the angle between the BASL vector (from
the JSON files) and the cell long axis, angle between the BASL vector and the leaf midline axis
(specified by the user), and the angle between the cell long axis and the leaf midline axis.
Subsets of data can be selected by specifying lower and upper threshold values in the script
parameters (for cell eccentricity and orientation relative to the leaf). This script displays the

orientation information as histograms and also writes it out to CSV files for further analysis.

Both the SampleArrows8.m and CellLongAxisCorr7.m scripts are available from

https://github.com/JIC-Image-Analysis/cells-from-leaves/tree/master/matlab scripts.

These scripts also contain a detailed explanation of each of the input parameters.

6.7 Image analysis and statistics

6.7.1 BASL crescent and perimeter measurements

BASL crescent length and cell perimeter were calculated by clicking round the BASL signal
and cell outline using the Fiji measure tool (Schindelin et al., 2012). Cells of different sizes

from multiple different leaves of varying widths were measured.

6.7.2 Isotropic cell selection

To determine average BASL vector orientations for near isotropic cells in regions of the leaf,

CellLongAxisCorr7 was used with a maximum eccentricity value of 0.6, and vectors were
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visualised on the leaf using SampleArrows8. The leaf was then subdivided into 9 regions and

vectors measured in each region measured using Fiji angle tool.

6.7.3 Statistics comparing coordination of vectors

Statistical comparison of BASL vector distributions between genotypes, was performed using
chi-squared tests (df=1, p-values less than 0.01 were considered significant), comparing

frequency of BASL vectors within or outside the range of -80° to 80°, in pairwise tests.

6.7.4 Figure preparation

Figures were assembled using Adobe lllustrator.

6.8 BY-2cells

6.8.1 Stable transformation of BY-2 cells

Wild-type BY-2 cells were transformed with agrobacterium strain GV3101 containing
35S::GFP-BASL (construct 71253 described above, section 6.2.1.3). A. tumefaciens containing
the construct was grown in LB containing appropriate antibiotics (rifampicin 20 mg/ml,
gentamycin 40 mg/ml and kanamycin 50 mg/ml) and grown to an optical density (OD) of 0.5
to 0.8 for about 24 hours at 25-28 °C. 100 pl of agrobacterium culture was then co-cultured
with 4 ml of 3-day-old BY-2 cells in sealed deep petri dishes (100 x 20 mm, Falcon) and kept

horizontal in the dark for 2 days at 25 °C without agitation.

The cultures were then washed by adding 8 ml BY-2 medium (Murashige & Skoog Medium
without vitamins (Formedium) 4.6 g/l, pH 6.0 with NaOH, sucrose 30 g/l, Potassium
Phosphate 0.2 g/I, Myo-inositol 0.1 g/l, thiamine 1 mg (1ml of 0.1g/100ml stock), and 2,4-D
0.2 mg (1 ml of 0.02 g/100ml stock)) and centrifuging at 1000 rpm for 1 minute. The washing
step was repeated five times before resuspending the cells in 1-2 ml of media. The cells were
spread onto deep petri dishes with phytagel containing BY-2 medium (liquid BY-2 recipe with

0.4% phytagel) and the appropriate antibiotics (as above).

Petri dishes were sealed with micropore tape and incubated in a horizontal position in the
dark at 25 °C. After 2-3 weeks, transformed calli were visible. Transformed were grown to

around 1cm in diameter and then transferred into a 50 ml flask of liquid BY-2 medium

231



Materials and methods

containing appropriate antibiotics. The flasks were incubated in the dark at 25 °C with
shaking and grown until thick. When the culture was thick with cells, it was sub-cultured
weekly, maintaining carbenicillin for numerous generations to ensure agrobacterium was

completely eliminated.

6.8.2 Maintenance of BY-2 cell lines

BY-2 cells were sub-cultured weekly by inoculating 3-6 ml of 1 week old BY-2 cells in 100 ml
of room temperature BY-2 medium. Cell cultures were maintained in constant dark, shaking

at ~100 rpm at 25 °C.

6.8.3 Protoplasting of BY-2 cells

To generate protoplasts from BY-2 cells, cells in culture media were centrifuged for 3 minutes
at 1000 rpm and resuspended in an enzyme solution composed of 0.4 M sorbitol (Sigma,
$1876), 2% cellulase R-10 (Yakult pharmaceutical, L0012) and 0.05% pectolyase (P3026,
Sigma). Cells in enzyme solution were incubated at room temperature with shaking for at
least 5 hours. Protoplasts were imaged after this period and left longer in enzyme solution if

necessary to ensure as much of the cell wall was removed as possible.

6.8.4 Regeneration of protoplasts

For regeneration, protoplasts (formed as described above) were washed by spinning at 1000
rpm for 2 minutes and resuspended in sterile FMS media (0.25 M sorbitol (Sigma, $1876), 10
g/l sucrose (Sigma, S0389), 4.3 g/I MS salts (Sigma, M5524), 100 mg/l myoinositol (Sigma,
15125), 0.5 mg/| nicotinic acid (Sigma, N4126), 0.5 mg/I pyroxidine HCI (Sigma, P9755), 0.1
mg/| thiamine HCI (Sigma, T4625). Washing was repeated three times to remove the enzyme
solution. Once washed, the protoplasts were resuspended in FMS media supplemented with
0.1 mg/I NAA (Sigma, N0640) and 1 mg/I BAP (Sigma, B9395) to enhance longitudinal growth
(Zzaban et al., 2013). Droplets of cells in hormone-supplemented media were placed into

sterile petri dishes, sealed, and incubated in the dark at 25 °C for 3 days.

6.8.5 Imaging of BY-2 cells

BY-2 cells and protoplasts were imaged on confocal microscopes using either a Leica SP5
equipped with Leica HyD Hybrid detectors, a Zeiss 780, or a VisiTech spinning disc using the

settings described in Section 6.3.3. Cells or protoplasts were imaged by placing a droplet of
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cells in media onto a microscope slide with a well and using a cover slip. 355::GFP-BASL was

imaged using the settings described in section 6.3.3.

6.9 Biochemistry

6.9.1 N. benthamiana infiltration

For infiltration of N. benthamiana, A. tumefaciens carrying the construct of choice was grown
at 28 °C with shaking for one night in LB media with rifamipicin (50 ug/ml) and the plasmid
selection antibiotic. 2 ml of cell cultures were spun at 6000 rpm for 10 minutes and cells were
resuspended in 1 ml 10 mM MgCl,. The A. tumefaciens solution was diluted to a final OD
between 0.1 and 0.5 using 10 mM MgCl,. Depending on the construct, A. tumefaciens
solution containing the P19 silencing suppressor construct was added in 1/3 volume. For
infiltration, a small hole was made in large N. benthamiana leaves and A. tumefaciens
solution infiltrated in using a syringe. This was repeated across the leaf to saturate it with A.

tumefaciens.

6.9.2 Sample preparation

Protein extraction experiments were carried out in N. benthamiana, stably transformed with
35S::GFP-BASL constructs 71253 and 71572 and GFP controls (71223, see Appendix A), and
A. thaliana with inducible 35S5::GFP-BASL and GFP controls (71028, see Appendix A).

6.9.2.1 Sample preparation for protein extraction using N. benthamiana

Infiltrated N. benthamiana leaves were imaged using a confocal microscope 2 days after
infiltration to confirm localisation of the construct. Leaves were harvested, wrapped in foil
and immersed immediately in liquid N,. If being stored before protein extraction, samples

were transferred to -80 °C.

6.9.2.2 Sample preparation for protein extraction using A. thaliana

For the total protein extraction in section 4.4.1, seedlings were grown on plates under
standard conditions, and were heat-shocked for 20 minutes 7 DAS at 39 °C. To harvest, whole
seedlings were collected from plates and frozen in liquid N,. If being stored before protein

extraction, samples were transferred to -80 °C.
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6.9.3 Total protein extraction

For total protein extraction in both N. benthamiana and A. thaliana, tissue was ground in
liquid N3 using pre-cooled pestles and mortars. A minimal volume of pre-cooled extraction
buffer was added (as little as possible to solubilise the plant material, usually 8-9 ml for3 g
of material). In experiments where Pefabloc® (Sigma) was used, a final concentration of 1
mM was added to the extraction buffer. The extraction buffers used are detailed below, and
the version used is indicated in the results section of each extraction. Samples were then
centrifuged for 10 minutes at 13000 rpm at 4 °C. Pellet and supernatant fractions were
separated and 4 x LDS-buffer added (NuPAGE™, Invitrogen, NPO0O07) containing DTT or B-

Mercaptoethanol as indicated before running on SDS-page gels and western blotting.

6.9.3.1 Extraction buffer 1

The extraction buffer used for total protein extraction in A. thaliana (section 4.4.1) and N.
benthamiana (section 4.4.2.2) was as follows: 50 mM Tris-Cl pH 7.5, 150 mM NacCl, 0.5%
NP40, 1% protease inhibitors.

6.9.3.2 High salt extraction buffer

The high salt extraction buffer used for total protein extraction in N. benthamiana in section

4.4.2.2 was as follows: 50 mM Tris-Cl pH 7.5, 1 M NaCl, 1% NP40, 1% protease inhibitors.

6.9.3.3 Acetone precipitation

For acetone precipitation of total protein samples from N. benthamiana, tissue was ground
in liquid N, and a minimum volume of extraction buffer 1 (section 6.9.3.1) was added. After
spinning at 4 °C at 13000 rpm for 10 minutes, the supernatant was used for acetone
precipitation. 4 x volume of cold acetone was added and incubated at -20 °C for 1 hour to
allow precipitation. Samples were centrifuged for 10 minutes at 10000 rpm at 4 °C and the
supernatant was removed. The acetone was allowed to evaporate for ~15 minutes at room
temperature before the pellet was resuspended in 200 pul of H,0 and sample buffer was

added.

6.9.3.4 Extraction buffer 2

The extraction buffer used for total protein extraction in N. benthamiana (section 4.4.2.3)
was as follows: 50 mM Tris-Cl pH 7.5, 150 mM NacCl, 1% NP40, 5% glycerol, 1% protease
inhibitors, 1 mM Pefabloc® (Sigma).
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6.9.4 Protein extraction for co-immunoprecipitation

Tissue was ground to a very fine powder in liquid N, using pre-cooled pestles and mortars. A
minimal volume of pre-cooled extraction buffer was added (as little as possible to solubilise
the plant material, usually 8-9 ml for 3 g of material). Extraction buffer was made up of 150
mM NacCl, 50 mM Tris-HCI pH 7.5, 5% glycerol, 1% NP40 and 1% protease inhibitors (Sigma).
In experiments where Pefabloc® (Sigma) was used, a final concentration of 1 mM was added
to the extraction buffer. Once extraction buffer was added, the tissue was ground further in
extraction buffer and kept cool using liquid N,. Material was transferred to a falcon tube and
sonicated (amplitude 9, 10 seconds on, 20 seconds off) on ice for 2-3 cycles then incubated
on ice for 15-30 minutes. Material was transferred to clean SS34 tubes and centrifuged at
13000 rpm for 30 minutes at 4 °C and transferred to a fresh tube before being filtered
through 3-4 layers of Miracloth (Calbiochem®).

6.9.5 Immunoprecipitation

Following the protein extraction method outlined above, extracts were distributed across
multiple Eppendorf tubes and incubated with GFP-Trap®_MA magnetic beads (Chromotek)
for 4 hours at 4 °C with slow rotation. Beads were then washed in cold extraction buffer at
least 3 times, with 5 minutes incubation at 4 °C between washes. The extracts were
combined into a single Eppendorf for each line. After three washes, the extraction buffer was
removed and the beads were resuspended in 2x LDS-buffer with 5% B-Mercaptoethanol and

boiled for 15 minutes. Extracts were then run on an SDS-page gel or stored at -20 °C.

6.9.5.1 Co-Immunoprecipitation with mass-spectrometry (Wageningen
collaboration)
A. thaliana seedlings were grown on selective media in square petri dishes with a layer of

sterile membrane (Sefar Nitex 03-20/14) placed on top of the media to aid easy removal of
seedlings from the plate. Seedlings were grown under standard conditions and heat-shocked
for 20 minutes 6 DAS at 39 °C. Whole seedlings were harvested by scraping them from the
membrane and grinding to a fine powder in liquid N,. Samples were stored at -80 °C and

transferred to the Weijers lab, University of Wageningen to carry out the IP-MS.

6.9.5.1.1 Immunoprecipitation with magnetic monoclonal anti-GFP beads (Miltenyi Biotec)

For the immunoprecipitation, a minimum volume of extraction buffer (50 mM Tris-HCI
pH7.5, 150 mM NaCl, 1 % NP40, protease inhibitor mix cocktail (Sigma)) was added (8-9 ml

for 3 g of material) and ground very thoroughly. Material was sonicated on ice 3 times (15
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seconds on, 15 seconds off) and incubated on ice for 30 minutes. The NP40 in the samples
was diluted to 0.2% in the protein extract (using extraction buffer without NP40) and
centrifuged for 15 minutes at 18000 rpm at 4 °C. The supernatant was transferred to a clean
tube and centrifuges again using the same conditions before being filtered through a 40 um
cell strainer. 100 pl anti-GFP Microbeads (Miltenyi Biotec) was added to each sample and
incubated with slow rotation for at least 2 hours at 4 °C. Columns were place in the MACS
Separator (Miltenyi Biotec) and washed with extraction buffer with 0.1% NP40. The cell

lysate was applied to the column and allowed to run through.

Once samples had run through, the columns were rinsed with 4 x 200 pl extraction buffer
with 0.1% NP40 and rinsed with 2 x 500 pl 50 mM NH4HCOs. The beads were eluted from the
columns into Low Bind Eppendorf tubes by adding 50 ul pre-heated (to ~95 °C) hot elution

buffer (50 mM NH4(COs),) to the column. Samples were stored at -20 °C.

6.9.5.1.2 Preparation of Immunoprecipitation samples for Mass Spectrometry

To reduce proteins in the samples, 10 mM DTT (dithiotreitol) in 50 mM NHs;HCOs pH8 was
added to each IP sample and incubated for 1-2 hours at 60 °C. 15 mM iodocetamide in 50
mM NH;HCO; pH8 was added to each IP sample and incubated at least 1 hour at room
temperature in the dark. 1 pl 200 mM cysteine in 50 mM NH4HCO; pH8 was added to each
IP sample to stop the alkylation. For trypsin digestion, 1 pl trypsin was added to each IP
sample and incubated overnight at 20°C with shaking. After a maximum of 16 hours
incubation, 1.5 - 3 pl 10% Trifluoroacetic acid was added to each sample to adjust to pH 3.
Samples were run through a homemade ‘micro-column’ (Weijers lab, Wageningen
University). The columns were washed with 100 ul 0.1% formic acid, transferred to Low Bind
Eppendorf tubes, and eluted using 50 pl 50% Acetonitrile + 50% 0.1% formic acid. Samples
were dried on a Speed-Vac for 2 hours at 30-45 °C to reduce the Acetonitrile content. Sample
volumes were adjusted to 50 pl with 0.1% formic acid and run on LCMS. Analysis of mass-

spec results was carried out by members of the Weijers lab, Wageningen University.

6.9.5.2  Co-Immunoprecipitation with mass-spectrometry (N. benthamiana, JIC)

For the Co-IP with mass-spec analysis (carried out by Gerhard Saalbach, proteomics facility,
JIC), N. benthamiana infiltrated as described in section 6.9.1 were used, and IP was
conducted according to the protocol in section 6.9.4 and 6.9.5 using extraction buffer 2
(section 6.9.3.4). Samples were prepared for mass-spec by running for 5 minutes at 30 mAmp

on a 10% SDS gel without a resolving gel.
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Gel slices were prepared according to standard procedures adapted from Shevchenko et al.,
(2007). Gel slices were cut out and de-stained with 30% ethanol for 30 min at 65 °C. The slices
were then washed in the following solutions; volumes were 1 ml and wash times 15 minutes
unless otherwise stated. The slices were washed with 50 mM TEAB pH 8 (made from 1M
stock from Sigma, T7408) in 50% acetonitrile followed by incubation with 10 mM DTT for 30
min at 55 °C. The DTT solution was removed and IAA solution added (30 mM lodoacetamide
in 50 mM TEAB). Samples were vortexed and incubated for 30 min at room temperature in
the dark. The IAA solution was removed and samples washed with 50 mM TEAB in 50%
acetonitrile. Samples were washed with 50 mM TEAB and then cut into 1x1 mm pieces and
transferred to a fresh Low bind tube. Samples were washed again in 50nM TEAB in 50%
acetonitrile and then 100% acetonitrile to dehydrate the gel slices. The acetonitrile was
removed and a small hole was pierced in the lid of the tubes and dried for 30 minutes in a
speed vac (Eppendorf Concentrator plus) with the lids closed. Samples were then sent to the

JIC proteomics facility for trypsin digestion and mass-spec analysis by Gerhard Saalbach.

For trypsin digestion, the gels were soaked with 50 mM TEAB containing 10 ng/ul Sequencing
Grade Trypsin (Promega) and incubated at 50 °C for 8 h. Peptides were extracted, and
aliquots were analysed by nanolLC-MS/MS on an Orbitrap Fusion™ Tribrid™ Mass
Spectrometer coupled to an UltiMate®” 3000 RSLCnhano LC system (Thermo Scientific). The
samples were loaded and trapped using a pre-column which was then switched in-line to the
analytical column for separation. Peptides were separated on a nanoEase M/Z column (HSS
C18 T3, 100 A, 1.8 um; Waters, Wilmslow, UK) using a gradient of acetonitrile at a flow rate
of 0.25 ul min! with the following steps of solvents A (water, 0.1% formic acid) and B ( 80%
acetonitrile, 0.15 formic acid): 0-4 min 3% B (trap only); 4-15 min increase B to 13%; 15-77
min increase B to 38%; 77-92 min increase B to 55%; followed by a ramp to 99% B and re-

equilibration to 3% B.

Data dependent analysis was performed using parallel CID and HCD fragmentation with the
following parameters: positive ion mode, orbitrap MS resolution = 60k, mass range
(quadrupole) = 300-1800 m/z, MS2 top20 in ion trap, threshold 1.9e4, isolation window 1.6
Da, charge states 2-5, AGC target 1.9e4, max inject time 35 ms, dynamic exclusion 1 count,
15 s exclusion, exclusion mass window 5 ppm. MS scans were saved in profile mode while

MS2 scans were saved in centroid mode.
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6.9.6 Analysis of mass-spectrometry data

Initial analysis of mass-spec data was done by Gerhard Saalbach (proteomics facility, JIC).
Recalibrated peaklists were generated using MaxQuant 1.6.1.0 (Tyanova et al., 2016), using
a database with N. benthamiana protein sequences downloaded from Uniprot (Oct 2015,
603 entries). The final database search was performed with the merged HCD and CID
peaklists from MaxQuant using in-house Mascot Server 2.4.1 (Matrixscience, London, UK).
The search was performed on the N. benthamiana protein sequence database downloaded
from the Solgenomics project (https://solgenomics.net/organism/Nicotiana_benthamiana/
genome, Sept 2018, 57160 entries) to which the sequence of the GFP-BASL construct was
added. For the search, a precursor tolerance of 6 ppm and a fragment tolerance of 0.6 Da
was used. The enzyme was set to trypsin/P with a maximum of 2 allowed missed cleavages.
Oxidation (M) and deamidation (N/Q) were set as variable modifications and carbamido-
methylation (CAM) of cysteine as fixed modification. The Mascot search results were
imported into Scaffold 4.4.1.1 (www.proteomsoftware.com) using identification

probabilities of 99% for proteins and 95% for peptides.

Once imported into Scaffold, the data from the mass-spec analysis was analysed with help
from Paul Derbyshire (Proteomics, The Sainsbury Laboratory, Norwich). Data was exported
into excel using a 99% protein threshold, minimum of 1 peptide, and 95% peptide threshold.
The list of proteins was filtered to remove contaminants (e.g. keratin). Proteins were selected
as possibly relevant interactors if they had a minimum of 4 spectral counts and were either
unique to the GFP-BASL bait samples or were enriched in the bait samples by at least 1.5-

fold compared to the positive and negative controls.

6.9.7 SDS-page gel

| used 10% home-made SDS-page gels composed of 3 ml Acrylamide (30% Acrylamide (w/v)
Ratio 37.5:1, Severn Biotech, 20-2100-05), 2.25 ml 1.5 M Tris pH 8.8, 3.75 ml deionised water,
40 pl 10% ammonium persulfate (A3678, Sigma) solution, and 5 pul N,N,N’,N’-
Tetramethylethylenediamine (T9281, Sigma) for the resolving gel and 0.45 ml Acrylamide,
0.75 ml 0.5 M Tris pH 6.8, 1.8 ml deionised water, 10 ul 10% ammonium persulfate and 5 pl
N,N,N’,N’-Tetramethylethylenediamine for the stacking gel. Extracts were run on the 10% gel
at 30 mAmp for 1 hour 45 minutes; typically 20 pl of extract was loaded onto the gel. | used

the RunBlue™ prestained molecular weight marker (Expedeon) unless otherwise stated. Two
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identical gels were usually run, and one was stained using InstantBlue™ Protein Stain

(Expedeon) for at least one hour.

6.9.8 Waestern blotting

Forimmunoblots, proteins were run on a 10% gel (described in section 6.9.6) and transferred
to a nitrocellulose membrane (GE Healthcare Life Sciences) by wet blotting in 25 mM Tris,
200 mM Glycine and 10% methanol for 1 hour 30 minutes at 200 V. Blots were stained with
Ponceau S solution (P7170, Sigma) for 30 seconds and blocked for at least 1 hour in a 5% milk
(Marvel) solution in Tris-Buffered Saline (TBS) solution. Unless otherwise stated, blots were
incubated overnight at 4 °C with an anti-GFP antibody was used at 1:1000 dilation
(Chromotek, 3H9), washed three times in TBS and incubated with an anti-rat IgG Peroxidase
antibody (A5795, Sigma) for ~3 hours at room temperature. Chemiluminescence detection
was performed with SuperSignal West Pico PLUS Chemiluminescent Substrate
(ThermoFisher Scientific) following manufacturer instructions (unless otherwise stated). In
the blot in Figure 4.4 B, the Amersham ECL Western blotting system was used (RPN2109, GE
Healtcare) was used, and the SuperSignal West Femto Maximum Sensitivity Substrate

(ThermoFisher Scientific) was used for the blot in Figure 4.4 C.

6.9.8.1 Testing antibodies in A. thaliana total protein extraction

The antibodies tested in total protein extraction in A. thaliana were anti-GFP (ab6556,
abcam), used at a 1:1500 dilution with anti-rabbit-HRP at 1:10000, anti-GFP (11814460001,
Roche) used at a 1:1000 dilution with anti-mouse-HRP at 1:10000, and anti-GFP-HRP (130-
091-833, Miltenyi Biotec) used at 1:20000 dilution.
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7 Appendices

7.1 Appendix A: Constructs generated using Golden Gate

For reference, below are the plasmid maps for the L1 and L2 constructs that | generated using
Golden Gate modular cloning during this work, and those generated by other members of
the lab which were used as controls in biochemistry (L2 constructs 71223 and 71028). Each
map is labelled with its plasmid number, and is referred to in the Materials and Methods
section (Section 6.2). Each map has promoters, genes, fluorescent markers, terminators and

Dralll restriction sites labelled and the size of each plasmid is indicated.

Bbs |

Dra il

RLK (AT4G20790) EC71339 35S5-RLK-mcherry-t35S

7306 bp

Dralll

RB
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t355 Bbs!

Dra il

Cornichon (AT3G12180)
oriV

mCherry

ATG

EC71341 35S-mCherry-Cornichon-t35S

p35S (short) 6166 bp

Bbs |

Dra

RB
ORI
b
1355 O\
Dra i
oriV
VPS60 (AT3G10640
EC71342 355-VPS60.1-mCherry-t35S
ATG 6457 bp
p35S (short)

Dra

RB

ORI
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LB

IDQ6 AT2G26180

EC71344 35S-mcherry-IDQ6-t35S
6976 bp

mCherry

ATG
p35S (short)
Bbs |

Bbs |

355
Dra Ili

oriV

PAP3 (AT1G14700

EC71345 35S-PAP3-mcherry-t35S

6850 bp

ATG

p35S (short)

Bbs |
Dra 1l

RB
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LB Drallf

ORI

tNOS

NPTII

ATG
pNOS
Hsp terminator

Cre-U5-Cre
EC71268 pL2-355-Loxp cypet-
HDEL-Loxp-mCherry-BASL-PM-cypet HS18.2p
RB 13940 bp 355
Dra it BASL
mCherry
p35S (short ATG
loxP rev
T 355
HDEL
CyPET
Er-Targ
loxP rev
p35S (short)

355
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nos promoter (A. tumefaciens)

NPTII
ocs terminator (A. tumefaciens)

Act2 terminator
EC71253 pL2 KAN-355-GFP-BASL

9283 bp

GFP-BASL

p35S (short)
Dralil

RB

LB

ORI Dra il

nos promoter (A. tumefaciens)
nptll (E. coli)

NPTII Bsm Bf

ocs terminator (A. tumefaciens)

Dummy p2
Dummy p3

EC71572 355::GFP-BASL (standard eGFP) 1355

8948 bp

BASL

ATG

p35S (short)

Dra Il

RB
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LB Dra Il

ORI .
nos promoter (A. tumefaciens)

nptll (E. coli)
NPTII Bsm BI

ocs terminator (A. tumefaciens)

EC71223 pL2 KAN-
355-GFP-RC12A-t355

9161 bp

t355

RC12A

Ala-Gly linker
eGFP

p35S (short)

Dra Il

RB

tNOS

Bar

nNOS
Act 2 terminator

EC71028 pL2 BAR-p35S-loxPrev-
CyPET-t35S-loxPrev-GFP-tAct

8881 bp | e ER-Targ

Kan

loxP rev
35S p short
RB

ORI
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7.2 Appendix B: Membrane-linked Interactome Database results for BASL

Table 7.1 Result of membrane interactome screen by Jones et al. (2014) using BASL as a bait.

The number of positive interactions in the primary and secondary screen is shown in the last column. Proteins labelled +++- were positive in both the primary assays and one

of two of the secondary assays and were candidates | focussed on.

Nub AGI Nub gene SUBAcon Cub AGI Cub gene SUBAcon Interaction
localisation localisation Score
ATAG20790 Leucine-rich repeat protein kinase protein P. membrane AT5G60880 BASL Nucleus e
AT3G12180 Cornichon family protein P. membrane AT5G60880 BASL Nucleus +++-
AT3G10640 VPS60.1, SNF7 family protein Nucleus AT5G60880 BASL Nucleus +4++-
AT1G21240 WAKS3, wall associated kinase 3 P. membrane AT5G60880 BASL Nucleus )
AT2G26180 1QD6, IQ-domain 6 Nucleus AT5G60880 BASL Nucleus -
AT1G14700 PAP3, purple acid phosphatase 3 Extracellular AT5G60880 BASL Nucleus ++4-
AT5G60880 BASL Nucleus AT4G18195 ATPUP8, purine permease 8 P. membrane o
AT5G60880 BASL Nucleus AT1G64900 CYP89, cytochrome P450, family 89A, peptide 2 E. Reticulum ++--
AT5G59650 Leucine-rich repeat protein kinase protein P. membrane AT5G60880 BASL Nucleus 44
AT5G60880 BASL Nucleus AT1G33080 MATE efflux familv brotein P. membrane +---
AT5G60880 BASL Nucleus AT5G01690 ATCHX27, CHX27, cation/H+ exchanger 27 Vacuole +---
AT5G60880 BASL Nucleus AT1G80910 Protein of unknown function (DUF1712) Cytosol +---
AT5G60880 BASL Nucleus AT1G68680 Unknown Plastid +---
AT5G52860 ABC-2 type transporter family protein P. membrane AT5G60880 BASL Nucleus +---
AT5G58270 STA1, ATM3, Mitochondrion ABC transporter 3 Mitochondrion AT5G60880 BASL Nucleus +---
AT3G57650 LPAT2, lysophosphatidyl acyltransferase 2 E. Reticulum AT5G60880 BASL Nucleus i
ATA4G38690 PLC-like phosphodiesterases superfamily protein Cytosol AT5G60880 BASL Nucleus +---
AT1G72470 EXO70D1, exocyst subunit exo70 family protein D1 Nucleus AT5G60880 BASL Nucleus +---
AT1G21760 FBP7, F-box protein 7 Cytosol AT5G60880 BASL Nucleus +---
AT4G32120 Galactosyltransferase family protein P. membrane AT5G60880 BASL Nucleus i
AT5G44930 ARAD?2, Exostosin family protein Extracellular AT5G60880 BASL Nucleus +---
AT1G19570 DHAR1, DHARS5, dehydroascorbate reductase Cytosol AT5G60880 BASL Nucleus +---
AT1G11000 MLO4, Seven transmembrane MLO family protein P. membrane AT5G60880 BASL Nucleus +---
AT2G24940 MAPR2, membrane-associated progesterone binding protein 2 Cytosol AT5G60880 BASL Nucleus +---
AT1G08770 PRA1.E, prenylated RAB acceptor 1.E P. membrane AT5G60880 BASL Nucleus +---
AT4G35860 ATRAB2C, GB2, GTP-binding 2 Cytosol AT5G60880 BASL Nucleus +---
AT4G14455 BET12, BS14B, Target SNARE coiled-coil domain Golgi AT5G60880 BASL Nucleus +---
AT5G42980 ATH3, TRXH3, TRX3, thioredoxin 3 Cytosol AT5G60880 BASL Nucleus +---
AT1G45145 ATHS5, LIV1, TRX5, thioredoxin H-type 5 Cytosol AT5G60880 BASL Nucleus +---
AT3G62690 ATLS P. membrane AT5G60880 BASL Nucleus +---
AT2G45510 #N/A E. Reticulum AT5G60880 BASL Nucleus +---
AT4G17170 RAB GTPASE HOMOLOG B1C E. Reticulum AT5G60880 BASL Nucleus +---
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7.3 Appendix C: Wageningen IP-MS results

Table 7.2 Wageningen IP-MS results (filtered).
The candidates identified in mass-spec analysis, carried out in Wageningen, are listed, along with their iBAQ (intensity-based absolute quantification) for each sample (3 BASL

samples, 3 control samples), and significance, following analysis carried out by members of the Weijers lab, Wageningen University.

iBAQ
-test Unique |Logt-test [t—test
BASL1 |BASLZ |BASL3 |Controll |ControlZ [Control3 | Significant |Peptides |peptides |p value Difference |Protein IDs Protein names Gene names
2315300] 2328600] 4531700 557100] 1772300{ 336120 3 3 012 -0.23[ A8MRE2;Q5FLO3 Ar5g05210
202240)  453350] 331330 104400]  230450{ 150530 3 3 0.52 -1.32| ABMSES; Q8\WdHT, D8GT'0; Q0WL56;POOHIS; F4 Elongation Factor 1-alpha 1-4 Ar5gE0330;Ar1907330
TP1070) 5523500 22307000 S11540] 624600 12834500 S 4 0.15 0.50] B3HSS52; P107I5, 1077, FAKATE P107I6 Ribulose bisphosphate carbonylase small chain Ar2g35410;RECS-36;RECS-26
1511000 2150000] §337400 G57910] 3347300{ 550550 20 20 0.14 0.27| BEEUAS, BEELAS-2 Pre-mRMN&-processing pratein 404 PRP40&
1703100 2653300 2275300 1453580] 1351300{ 214740 4 4 112 1.70| Fdl4 72, 00512 05FEd; ABMO3E; SFIXE. 23 405 ribozamal pratein S15-144 RPS15;RPS15AID
4217200]  S5151100] 10545000 2057500] 4442600 1415600 12 12 0.73 0.7 Q323 F4ILED; FAILET Ae2g16340
271540] 744360 411660 183540] 591150 88163 3 1 0.24 -0.48|F4T45;PE0035;Z3LHA1 605 ribosomal protein LT-3i4 Ar2gdd120,RPLYCID
035700[ M02300{ 1152000 165540| 23530000 217340 T T 0.08 0. 11| F4IVE 7, P10596-2; F10536 Ribuloze bisphasphate carbonylaselonygenase activase, chloroplastic RCA
11440  443550] 400850 106520] 153540 33753 4 4 0.1 =013 FJL 11, 336521 Importin subunit alpha-2 IMPAZ
2817100 TITEVOO[ S574100{ 1622100 F0O33000] 1404400 =] =] 0.3 -0.33[F4I0G20253212,025212-2,023212-3 Splicing factor UZaf large subunit & ATUZAFBSA; LIZAFESA
G6E1470| 8§32520] 455240 361050] 851310 348420 2 2 176 -0.63[F4J0G6 Aedg36700
5750400| 9620600| 3365000 1437100) T565100{ 1150300 5 5 0.32 0.51|FdJ<C2 A4r5g53500
434170|  7O4550] 133540 101050] 744330 80230 5 5 0.02 -0.07|F4K015,P42637; P42697-2 Oynamin-related protein 14 OL1,0RF14
06000 1r43700[ 532530 S66360[ S253200) SOVE00 13 13 0.66 -0.99| F4k150, Q8L T35-2,08L734 DEAD-box ATP-dependent RMA helicase 3. chloroplastic emb1135,RH3
Z36730) 242120 430510 d0650] 477250 52347 Z Z 0.43 -1.32| FakdY'S ArSgSEEED
2956500 4333500| 1170500 S85500| 1545400{ 775070 5 5 0.03 0.06[ F4ESCT, QI3VHI, GaVKE P43204 F4IMIT 405 ribosomal protein 51-4 Ae5g07080;RPS44;RPS40;RPS46
130330)  214500] 262300 48875 214460 58585 4 4 0.15 -0.13| F4KCES; 22553, Q3CT=T, QALHAS; P2 2354, 065| Probable mediator of BNA pal ll subunit 37e;Heat shock 70 kDa protein 18 |HSCT0-113415;MED3TC/DE
§368100] ¥779500] 3216200 1300100f 2303300 2313600 5 1 0.35 0.33| FakGUZ;P51430 405 ribosomal protein S6-2 EMB3010; RPSEE
1500000 1355000{ 33562000 36T0300{23553000]) 4143400 17 17 0.1 0.35] 003042, P332, F4INEZ Ribulose bisphosphate carbonylase large chain bl
144130{  100SE0) 226140 S4407] 155340 28241 3 3 0.0z 0.02] D04314-2,004314; 004313 P'KA0-binding pratein 12 PEPLPEPZ
245880) 582640| 7585530 63523] 132800| 141360 3 3 0.7 1.28| 004603 505 ribosomal pratein L5, chloroplastic RPLS
1554600] 1853300] 2465500 S67640] 1775800{ 330370 12 il 0.10 0.10] 004655 Probable nucleolar protein 5-1 MOP5-1
4001700] 7515300  G3V710[  738530| 2452200 832450 11 1 0.05 -0.15] 022607 'w0-40 repeat-containing pratein MSld 514
4713400] ST54700| 4304300[ 643550] 4752000{ 2357300 3 3 0.1z 0.06) QELET0; QSFFCO; Histone HZE.1-11 HZE
142450 214230 272320 53375| 334500 51474 3 3 0.2z -0.56| Q3S5RYS: 050008 S-methultetrabudropteroultriglutamate--homocusteine methultransferaze 2| MS2:M31
TH540|  426840] 736760 194540| 622360 243830 2 2 0.35 -0.47| Q2v404; G3EDH2, 050061 505 ribosomal pratein L4, chloroplastic RPL4
1S672000| 165314000f 107353000 S8067500{ 8325000| 4635300 4 4 0.0z 0.04| 030433 305 ribozomal pratein 531, chloroplastic RFPS31
B085200| 5157000| 3430300 1560600| 5324600 634250 3 3 0.33 1.18] Q9L028; 051526, 9CE651 Histone H28 W213160<bxa RATS
10653000] 7320500 3560400 2144000 S7Z6300) 355050 3 z 0.05 0.20] I533141, G5VEST,POC G PO4TTE, 035142 Chilorophyll a-b binding protein 11213, chloroplastic Lhb182;LHCE1. 2 LHCE1.1
342020| 244380| S48450 0| 254820 E515T 4 3 0.00 0.01| P10735: F4HRRS Ribulaze bisphosphate carbonulase small chain 14, chloroplastic RECS-14:FBCS14
3521200 375250]  T31630 93622|  216460| 217430 3 3 0.40 0.37| P16130 305 ribosomal pratein 517, chloroplastic RPS1F
1663400] 5577600] 1323200 443410] 74640 600240 4 4 0.54 1.22| P16151,P42733,065569 405 ribosomal protein ST1-11213 RPS114;RPSTIC;RPS11E
3223200| 5854300] 2105300 1064500| 1412200{ 513370 g g 186 1.18] P17034; ASMOOTLP22738 605 ribosomal protein L3-1 ARP1,RP1
72200 1257v00[  §32260 430510]  &52300{ 417150 3 3 010 -0.03{P17745 Elongation factor Tu, chloroplastic TUFA
1575200] 1865300 2151700[ 326580| 3265500[ 263280 13 12 0.1 0,16 P13366 ATP sunthase subunit beta, chlaroplastic atpB
6510 33402 36316 25054 223520 26640 2 2 0.25 -0.46{ Q3L JE4, P21240, COZ361 Chaperonin 60 subunit beta 11213, chlaroplastic CPNGEOB2; CPMNEOBT,CPMNEOES
326950) T32480| 807240 183300] 857330{ 114030 4 4 012 0.13] P25856; F4HMZ6; Q3L PW0-2, QAL PW0 Glyceraldehyde-3-phosphate dehydrogenasze GAPANZ, chloroplastic GAPATGAPA-2,GAPAZ
45582201 563540| 2872580 244570 567350 134330 3 3 0.16 -0 11| P25857 Glyceraldehyde-3-phosphate dehyudrogenasze GAFE, chlaroplastic GAPE
1622800) 14623001  336000{ 354600] 2484300 357050 S S 0.1 0.13| QIF =54 P25E55,F4HOT Gluceraldehyde-3-phosphate dehydrogenase GAPCE, cytosolic GAPCZ GAPCT
338950) 1168300 411150)  202490)  §81230] 176230 3 3 Q.70 -116|P27521 Chilaraphull a-b binding pratein 4. chlaraplastic LHCA4
5125800| 5854100 2064500 3516200] 3513300{ 166000 5 5 0.0z 0.02| P34755 405 ribasamal pratein 515 RPS154
5733600| 13037000] 4858100 4147500) S5145300{ 3121300 3 3 0.0v -0.13] Q340B0;P42731 6035 ribozomal protein L15-3;605 ribosomal protein L18-2 RPLIGC; RPLISE
2802300| 5§322000] 3706300 1173500| 4055600{ 1023300 2 2 0.53 0.43| P42794-2, P42 795, P42734 605 ribozomal protein L11-2;605 ribosomal protein L11-1 RPLTE;RPL11A
12233000) 21701000 15473000 S5585700[ 673660 4655400 4 4 0.33 1.7 7| Q9SFI5;P43201 403 ribozomal protein 323-1,403 ribosomal protein 323-2 RPSZ348,RPSZ3E
G516500] d4423200] 4435500 1404100] 4424000{ 356540 4 4 135 0.74| QELEM,P43227,F4.J512 805 ribozomal protein L5-1,605 ribosomal protein LE-2 ATLS;RPLEE
2324800| 1555000| 1831600 B46500) 1511800{ S1270 z z 0.01 0.01) QILR33:P4363T 603 ribozomal protein L275-2; 605 ribosomal pratein L27a-3 RPLZTABRPLETALC
1303100 1073100 722280 413800] 2554700 326430 5] 3 0.43 -0.58/ P43658; J35CM3 405 ribosomal protein 52-3;405 ribosomal protein 52-4 RPS2C.HPS20
5063000 3133100] 3076600 578530] 1416600{ 1003600 3 3 0.73 0.53| P43633;,035R<2; Q5L UOE 605 ribosomal protein L13-3; 605 ribosomal protein L13-1 RFL13C;RPL13A
2340000 1225000) 1559000 S05430) 3455600{ S66350 5 5 0.13 0.21[PSETST ATP sunthase subunit alpha, chloroplastic atpdy
130300 1023400) TFI7I50)  366TZ0) 1912600] 220410 3 3 0.37 -0.533|PEETTE Phatosystemn | CP43 reaction center pratein psbC
SO06310) 2535500] 1462300 F12220]  547100{  A01450 3 3 0.05 -0.05[PSETIT 303 ribosomal pratein 52, chloroplastic ps2




iBAG

t-test Unique |Logt-test [t-test
BASL1 |BASLZ |BASL3 |Controll |ControlZ |Control3|Significant |Peptides |peptides |p value Difference |Protein IDs Protein names Gene names
2282700| 4343800| 1345600 TToad0| 2322300| 651860 3 3 0.42 0.25|P56733 305 ribosomal protein 54, chloroplastic psd
2631700 5838100 3576700 1123500| 4463700] 833180 3 3 0.55 -1.16| P56307 305 ribosomal protein 518, chloroplastic ps1d
35764000 75234000{ 59306000 9753500 14617000] 16342000 3 3 0.13 -1.1[P53233;P59232,P53271 Ubiquitin-405 ribosomal protein 527a-213 RPS2TAC.RPSZTAB
7135100 19134000 5381200 7087100| 12132000 3513000 5 5 0.24 -0.32| P53255: A8MR1 Histone H4 AtlgO7EE0
TOG5300] 3251300) 3734700) 6158500 1235300) 474610 3 1 0.50 -1.54) PE153 T, BI0FRS; ASMBWT Q06611 Q33136 Aguaporin PIP1-1214 FIP1-1.PIF1E;PIP1-2PIP14
§23280) 5985730) 66S1V0|  400440| 1355200] 408340 3 3 127 -0.43|P33014 305 ribozomal pratein 55, chloroplastic psS
545450) 965730 1074100 165260] 3046700( 230040 3 3 0.35 -0.23| Q05250;F4IHK 3, 303250-2 Glysine-rich RMA-binding pratein 7 REGT,.CCRZ
436540| 1352000| 13693000 375720| 4325300] 473530 33 30 0.06 -0.32| J35552,P55766 Phospholipase O alpha i PLOALPHAT
2284200 394630 263240 41322 203560 21615 3 3 0.44 0.40| LIASR0, Q56T w'3P2I31% P2IST7 Tubulin beta-3 chain; Tubulin beta=2 chain; Tubulin beta-7 chain TUBEBS; TUBEZ, TUBET
4383000| S0639600) 5121100 0 a 0 + T T 4.40 4.91| QSEPF3;05BPF3-2 Protein BREAKING OF AS+MMETRY IN THE STOMATAL LINEAGE BASL
130:54000) 30754000 | 24350000| 7736200 13450000| 7042200 4 4 0.25 0.14 | QEGWY0
37EE50| 1125600 5849600 228540{ 643350] 210350 4 4 0.23 0.26| JAFMAE; 08G<NT 5 patch domain-containing protein TGH TGH
1615300 3332600 TETI300] 166000 3337500) 1650400 27 27 0.33 =0.55| QEHOUS, OSHOUS -2, 233FH DEAD-box ATP-dependent RNA helicase 42 RH42
130400 2424500 2637600 732570| 3385500) E7¥5350 3 3 0.0v 0.03| ZELY16,93C6C1 Splizing factor UZaf large subunit B UZAFE5E
126310]  B43150] 250650 35263 158610 35305 4 4 122 0.55| GELPFO-2;Q5LPFO Transaription initiation factor TEID subunit 2 TAFZ
T382300( 1757000 3372000 2277500|25324000| 2541300 T | 0.44 -0.54| QEWZTO Putative HACA ribonuclecpratein complex subunit 1-like pratein 1
57402 G3421] 306520 117330[ 16T1700| 172480 3 3 0.42 -1.04| Q33A5 Arlg7E010
4337100 6260300 3037700[ 1368700 4326600 1402100 4 4 0.22 -0.13| Q93G5 405 ribosomal protein 58-1 RPS54A
Z07E300| 1553500) 18320000 013500) 6353200( 1235300 0 3 173 -1.45|034AH3 Iediator of BNA polumerase Il ranscription subunit 36a MEDSEA
SS41T00| 3532000 V415400 2615500 6331700 2444600 S S 017 -0.12 | Qad8 F4F15.330
10357000| 13015000| 3702400 S5231300| 1400300 5542100 -] ] 0.12 -0.40| QIASWE 305 ribazamal pratein 520, chloraplastic RPSz20
13305000) 26055000 | 36572000 2500700| 4514700 3305600 T T 0.52 0.88|QAC514 405 ribosomal protein 57-1 RPSTA
TTOO06E)  137730) 2936340 0| 76653 25335 5 5 166 1.01| QICTET F13K3.16
1341300 1382700{ 361230] 234530 47610 225430 3 3 0.02 0.02| QaFZ76;Q3CICE QICACs 605 ribozomal protein LE-112{3 RPLEA;RPLEE;RPLEC
291G600( 3901400[  1137300{  S04560| 1635400 G00230 ] ] 0.53 0.27 | QACAVD, Q42262 4035 ribosomal protein S3a-112 RPS5A4 RPSEAE
4076300| 4325300) 1359100) 1615200) 3215700[ 1362000 4 4 0.75 -153| QACAxE; QSIHD P42036 405 ribazomal pratein S14-11213 RPS14E;RPS148;RPS14C
27312000) 42350000 T4144000| 10434000| 36551000| 14550000 10 z 0.01 0.01)| QSFESS 605 ribazomal pratein L22-3 RPLZZC
1046500| 1203200 1257100 E3306( 904510 571750 o 3 0.07 -0.17| QIFEFS; QSFEFS-2 Probable mediatar of BNA polumerase Il ranscription subunit 36k MED3EE
3002600| 63582500) 16357000) 3864000) 10441000| 4200000 4 4 0.43 -0.76|QIFJP3 505 ribozomal protein L23, chloroplastic RPL23
B40760| 483400 1755000 89763 338430] 224700 2 2 0.40 0.42| LAFLNg 505 ribozomal protein L27, chloraplastic RPL2T
534570 SVOEG0|  3VI3230 212000 421480 341860 2 z 273 -1.41| QIFMPO Mediator of BMNA polymeraze Il ranscription subunit 13a MEDT34
FEEST0 456130 203730 45437 5718 21821 2z z .06 1.01| Q9FM45 Calcium sensing receptor, chloroplastic CAS
2062500 2218500) 202620 T15520| 1482500 &52080 17 17 0.15 -0.45| GAFNE4.Q5LESA ArSgd0340
STE3E| 157320 23364 23373 126710 11325 -] 4 0.52 -0.62| QAFNRS DOyriamini-related pratein 1E ORPIE
T1000{ 809520{ 4423300 273070] 6551700) 378010 10 10 0.56 -1.85|Q9FVo Mucleolin 1 MUCL1
518460 504330 603250 157350 31460 206260 2 2 0.06 -0.05[Q9FWS4 505 ribosomal protein L31, chloroplastic RPL31
3695300| 10264000] 535530) 1271200) 15V6500( 1241000 g 3 0.03 -0.05| JAF<B5 F25P12.91
Z0532000) 41405000) F71S00)  6172000) 36623000 5725300 43 43 0.0z =0.04| QAL030 HIACH ribonucleopratein comples subunit ¢ CEFS
1330700| 1726400 2305200 535320 7&7EE0| TOSE00 Z Z 0.0 -0.01| QALERY 505 ribozomal pratein 5. chloroplastic PSRPS
5514.300| 23857000 8553300 =2322500| 21750000| 2443500 T T 0.1 -0.50| QALEY'3 HMWCA ribanucleoprotein comples subunit 2-like protein
913550| 915850| 37VS0100 215550| 1636700 245230 5 5 017 0.33|QALFED SART-1family pratein DOT2 0oT2
2145300 2418300 3133300{ 555250| 2047200 1315700 5 5 0.1 -0.27| QAL NE; QIFKAS Ar3g23075
369520] 423330 101170 118650 553330 53802 g 4 0.01 -0.03|23L055 Oyramin-2B ORPZE
4310100 4764300| 34503000 1503300| S054300) 2675400 13 13 0.20 =046 QaLUT ArSgSTiZ0
Z3865000) 40111000) 20407000)  F144500) 14635000] 1347000 24 24 0.03 0.10) QaLVH1 ArSgE0030
8055000 3477800) 3017200) 1342400) 5286300 1765500 5 5 0.06 -0.13) QILXGLESHTJE. QIFLFO 4035 ribazomal pratein 53-1,405 ribazomal pratein 53-2 RPS3E; AtSg15200;RPSIC
60884000| 53602000| 23325000) 23071000 ¥355300| 32313000 T T 0.22 0.47| QaM352-2,09M352, QALZ57,080329 605 ribosomal protein L36-1213 RPL36E;RPL36C; RPL36A
10257000) 5005600| 11237000 3018500| 6737200 4773200 13 17 0.12 -0.11| QIMAEBS Probable nucleclar pratein 5-2 MOPS-2
413320 931330 M27300[ 240440( 652400 155120 4 1 0.17 0.26| LA5705,A8MR1 Splicing factor UZaf small subunit & LIZ&F 354; ATUZAF 354
47z230| 1250400| F355700) 426740 1930700)  THE0OE30 ] 3 0.4 0.44| QASF40,0EY X4 F4KDUS G035 ribosomal protein L4-1 RPL4&; Ar3glE630
2620500| 3360000) 3454700) 1215300) 6372500| 1333500 1% 15 112 -0.71|Q3SCTHOaLTVD TEHZZ.10
333810| V53300 2vVESs0 163650 324480 203160 3 1 0.00 0.00|Q3skz2 405 ribazamal pratein 516-1 RPS164
3915200] 4115500( 123358000 1523700 2351000 2748100 -] [ 0.02 -0.02| QAask=4 505 ribosomal protein L3-1. chloroplastic RPL3A
247570  7V5450|  E547S0 50113] 283330 55437 17 15 0.12 -0.21|Q95R37 Beta-glucosidase 23 BGLUZ3
25650000) 28657000 24311000) 3331800 v533000( 22014000 3 2 0.06 0.13[ 335517 405 ribosomal protein 524-1 RPS244
GP0GT0|  §30400) 4300350 451310[ 133300 232210 3 3 0.45 -0.57 | QAT043;,235IM4 G035 ribosomal protein L14-2;605 ribosomal pratein L14-1 RPL14E; RPL144A
S0FI0| STI0000| FTIGI0N ISTTI00] I0SI000]  JIE0300 1 3 060 QLE6E]CAZUTS 403 ribozomal protein 55-1 BESSE,




7.4 Appendix D: N. benthamiana IP-MS results

Table 7.3 Candidates identified from IP-MS in N. benthamiana (filtered).
The candidates identified by IP-MS, conducted using N. benthamiana leaves, that meet the filtering criteria described in section 6.9.6 are listed. Peptide counts are shown for

the proteins in the un-infiltrated sample, GFP-BASL (GFP-2) sample, and the GFP-2 control. Peptides unique to the GFP-BASL (bait) sample are indicted. Proteins with a peptide
count of <4, that were not unique to or enriched in the BASL sample by 1.5-fold are not shown. The reference to the N. benthamiana database used, and GO and InterPro

(IPR) identifiers are also shown.

Reference in database Identified protein GO and IPR numbers Peptide Peptide Peptide Unique
counts counts counts to
Un-infiltrated GFP-BASL GFP bait?
(negative) (bait) (positive)
- GFP-BASL (GFP spectra - 0 13 0 v
removed to show only BASL)

Niben101Scf01517g05010.1 | L-lactate dehydrogenase IPRO12133, IPR013785 0 17 0 v

sp|C4ZX)7|LLDD_ECOBW

Niben101Scf03410g03002.1 | Actin-5C IPRO04000 0 9 0 v

sp|P10987|ACT1_DROME

Niben101Scf10278g01002.1 | 14-3-3-like protein GF14-C IPRO00308, IPR023409, IPR023410, GO:0019904 0 8 0 v

sp| Q6ZKCO|14333_ORYS)

Niben101Scf03493g00020.1 | Actin-3 IPRO04000 0 8 0 v

sp|P41113|ACT3_PODCA

Niben101Scf02367g04001.1 | 14-3-3-like protein GF14-C IPRO00308, IPR023409, IPR023410, GO:0019904 0 7 0 v

sp|Q6ZKCO|14333_ORYS)

Niben101Scf05959g01005.1 | 14-3-3-like protein GF14 nu IPRO00308, IPR023409, IPR023410, GO:0019904 0 7 0 v

sp|Q96300|14337_ARATH

Niben101Scf03628g14020.1 | General regulatory factor 12 IPRO00308, IPR023409, IPR023410, GO:0019904 0 7 0 v

AT1G26480.1

Niben101Scf02461g00003.1 | Phosphoglycerate kinase IPR001576, GO:0004618, GO:0006096 0 7 0 v

AT1G79550.1

Niben101Scf10757g00001.1 | 14-3-3-like protein, GF14-C IPRO00308, IPR023409, IPR023410, GO:0019904 0 6 0 v

sp| Q6ZKCO|14333_ORYS)

Niben101Scf00477g00017.1 | 14-3-3-like protein, GF14 mu IPRO00308, IPR023409, IPR023410, GO:0019904 0 6 0 v

sp|Q96299|14339_ARATH

Niben101Scf06183g03009.1 | General regulatory factor 9 IPRO00308, IPR023409, IPR023410, GO:0019904 0 6 0 v

AT2G42590.3

Niben101Scf02480g02012.1 | Glycine dehydrogenase IPR0O20581, GO:0003824, GO:0004375, GO:0006544, 0 5 0 v

sp| Q4ZXH2 | GCSP_PSEU2 (decarboxylating) G0:0006546, GO:0030170, GO:0055114
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Reference in database Identified protein GO and IPR numbers Peptide Peptide Peptide Unique
counts counts counts to
Un-infiltrated GFP-BASL GFP bait?
(negative) (bait) (positive)

Niben101Scf06516g04018.1 | 14-3-3-like protein GF14-C IPRO00308, IPR023409, IPR023410, GO:0019904 0 5 0 v
sp|Q6ZKC0|14333_ORYS!
Niben101Scf02366g06014.1 | 14-3-3-like protein GF14 nu IPRO00308, IPR023409, IPR023410, GO:0019904 0 5 0 v
sp|Q96300]14337_ARATH
Niben101Scf04024g00009.1 | Fructose-bisphosphate aldolase | IPRO00741, IPR013785, IPR029768, GO:0003824, 0 5 0 v
AT4G38970.1 2 G0:0004332, GO:0006096
Niben101Scf02452g01003.1 | 30S ribosomal protein S8 IPRO00630, GO:0003735, GO:0005840, GO:0006412 0 4 0 v
sp|A3CT12|RS8_METMJ
Niben101Scf03263g08013.1 | Alcohol dehydrogenase 1 IPR002085, IPR011032, IPR016040, GO:0006069, 0 4 0 v
sp|P25141|ADH1_PETHY G0:0008270, GO:0016491, GO:0051903, GO:0055114
Niben101Scf02062g06004.1 | ADP/ATP carrier 2 IPR0O02067, IPRO23395, GO:0005215, GO:0005743, 0 4 0 v
AT5G13490.1 G0:0006810, GO:0055085
Niben101Scf06157g00010.1 | Peroxisomal acyl-coenzyme A IPRO09075, IPR012258, IPR013786, GO:0003995, 0 4 0 v
sp| 065202 | ACOX1_ARATH oxidase 1 G0:0003997, GO:0005777, GO:0006631, GO:0006635,

G0:0008152, GO:0016627, GO:0050660, GO:0055114
Niben101Scf09304g00002.1 | 30S ribosomal protein S11 IPR0O01971, GO:0003735, GO:0005840, GO:0006412 0 4 0 v
sp|BOC431|RS11_ACAM1
Niben101Scf02842g00014.1 | 60 kDa chaperonin 3 IPR002423, IPR027409, IPR027413, GO:0005524, 0 7 1 x
sp| Q98AX9|CHE03_RHILO G0:0005737, GO:0006457, GO:0042026, GO:0044267
Niben101Scf05349g01011.1 | Chlorophyll a-b binding protein IPR022796, IPR023329, GO:0009765, GO:0016020 0 6 1 x
sp|P04782|CB24_PETSP 25
Niben101Scf07381g02007.1 | 14-3-3-like protein GF14-F IPRO00308, IPR023409, IPR023410, GO:0019904 0 8 2 x
sp|Q06967|14336_ORYSJ
Niben101Scf06668g02002.1 | V-type proton ATPase subunit E | IPR002842, GO:0015991, GO:0033178, GO:0046961 0 4 1 x
sp|Q9SWE7|VATE_CITL
Niben101Scf04287g09002.1 | Dihydroxynaphthoic acid IPRO01753, IPRO14748, IPRO18376, IPR029045, 0 4 1 x
ref|[WP_021018876.1 synthetase G0:0003824, GO:0008152
Niben101Scf05442g02007.1 | Adenosine kinase 2 IPR0O01805, IPR029056, GO:0004001, GO:0006166, 0 4 1 x
sp| Q9LZGO|ADK2_ARATH G0:0016773
Niben101Scf04198g01002.1 | Ferredoxin-dependent IPR002489, IPR013785, GO:0003824, GO:0006537, 0 4 1 x
sp|P55038 | GLTS_SYNY3 glutamate synthase 2 G0:0008152, GO:0015930, GO:0016491, GO:0016638,

G0:0055114
Niben101Scf01517g08001.1 | Chlorophyll a-b binding protein | IPR022796, IPR023329, GO:0009765, GO:0016020 0 4 2 x

sp|P27522|CB13_SOLLC

8
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Reference in database Identified protein GO and IPR numbers Peptide Peptide Peptide Unique
counts counts counts to
Un-infiltrated GFP-BASL GFP bait?
(negative) (bait) (positive)

Niben101Scf04187g00037.1 | Chaperone protein htpG family IPR001404, GO:0005524, GO:0006457, GO:0006950, 0 4 2 x

AT2G04030.1 protein G0:0051082

Niben101Scf08723g02015.1 | Ferredoxin--NADP reductase IPR0O01433, IPRO15701, IPRO17938, GO:0016491, 0 5 3 x

sp|P84981|FENR_POPEU G0:0055114

Niben101Scf18639g00026.1 | Calcium sensing receptor IPRO01763 0 5 3 x

AT5G23060.1

Niben101Scf13942g00028.1 | 50S ribosomal protein L6 IPRO00702, GO:0003735, GO:0005622, GO:0005840, 4 7 2 x

sp|C1B027|RL6_RHOOB G0:0006412, GO:0019843

Niben101Scf21647g01003.1 | V-type ATP synthase alpha IPR005725, IPR027417, GO:0005524, GO:0015991, 5 8 4 x

sp|Q1JDX0|VATA_STRPB

chain

G0:0015992, GO:0016820, GO:0033178, GO:0033180,
G0:0046034, GO:0046961
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7.5 Appendix E: Manuscript

Below is a copy of the manuscript that was published in August 2018, and that is based on
much of the work in Chapters 2 and 3 of this thesis. The supplementary information is
available online.
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SUMMARY

Tissue-wide polarity fields, in which cell polarity is
coordinated across the tissue, have been described
for planar organs such as the Drosophila wing and
are considered important for coordinating growth
and differentiation [1]. In planar plant organs, such
as leaves, polarty fields have been identified for
subgroups of cells, such as stomatal lineages [2],
trichomes [3, 4], serrations [5], or early develop-
mental stages [6]. Here, we show that ectopic induc-
tion of the stomatal protein BASL (BREAKING OF
ASYMMETRY IN THE STOMATAL LINEAGE) reveals
a tissue-wide epidermal polarty field in leaves
throughout development. Ectopic GFP-BASL is typi-
cally localized toward the proximal end of cells and to
one lobe of mature pavement cells, revealing a polar-
ity field that aligns with the proximodistal axis of the
leaf (base to tip). The polarity field is largely parallel to
the midline of the leaf but diverges in more lateral po-
sitions, particularly at later stages in development,
suggesting it may be deformed during growth. The
polarity field is observed in the speechless mutant,
showing that it is inde pendent of stomatal lineages,
and is observed in isotropic cells, showing that cell
shape anisotropy is not required for orenting polar-
ity. Ectopic BASL forms conwvergence and diver-
gence points at serrations, mirroring epidermal PIN
polarity pattems, suggesting a common underlying
polarity mechanism. Thus, we show that similar to
the situation in animals, planar plant organs have a
tissue-wide cell polarity field, and this may provide
a general cellular mechanism for guiding growth
and differentiation.

RESULTS AND DISCUSSION

Ectopic BASL Reveals a Polarity Field Independent of
Stomatal Lineages

Asymmetries across individual cells (cell polarity) can be coordi-
nated across a tissue to give tissue-wide polarity fields [7]. Polar-

2638 Currant Biology 28, 2638-2646, Al.l%u&'t 20, 2018 @ 2018 The Authon(s). Published by Elsaviar Ltd.
BY licensa (http:ficreativecommons.onglicensesby/'d. o).
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ity fields have been imvoked to account for patterns of orented
growth of planar organs, such as leaves [B]. Mathematically, a
polarity field comesponds to each position in space having a vec-
tor (a wector field) [2]. In biclogical terms, these positions may
comespond to individual cells. However, evidence for a tissue-
wide polarity field maintained during planar plant organ develop-
ment has been lacking.

Several proteins preferentially localized to one end of the cell
(i.e., exhibiting cell polarity} have been described in plants,
including PIN-FORMED (PIN) proteins, BASL (BREAKING OF
ASYMMETRY IN THE STOMATAL LINEAGE), BRXL2 (BREVIS
RADIX-LIKE 2), POLAR (POLAR LOCALIZATION DURING
ASMMETRIC DIVISION AND REDISTRIBUTION), OCTOPUS,
BORs (BORON TRAMSPORTERS 1), and NIPs (MODULIN2G-
LIKE INTRINSIC PROTEINS) [2, 10-14]. Some of these proteins,
notably PINT and BRXL2, exhibit polarity coondination in the
developing leaf epidemis. PIN1 is preferentially localized at
the distal end of cells in leaf primordia, but this pattern disap-
pears at later developmental stages [6, 15]. BRXL2 shows pref-
erential localization to the proximal end of calls in the stomatal
lineage [2], compounded by a spiral pattern of polarity switching
involved in stomatal spacing [16].

Here, we use BASL to explone polarity patterns in developing
leaves. BASL has a well-characterized polarity pattern that is
similar to BRXL2, localizing toa crescent in stomatal lineage cells
[2] [16]. Localized BASL domains have also been described in
root cells ectopically expressing BASL [11].

To see if a polarity field could exist across the leaf indepan-
dently of the stomatal pathway, we exploited the spaechiess
(spch) mutant, which lacks stomatal lineages. We induced
expression of 355::GFP-BASL using a heat-shock-inducible
Cre-lox system [17] to avoid potentially pleiotropic effects of
owerexpressing BASL throughout development [11].

Ectopically induced BASL was asymmetrically localized in leaf
epidermal cells of spch (Figure 1 A) Signal typically spanned cell
vartices (three-way junctions, Figure 31F), allowing assignment
to individual cells. In pawement cells, signal was typically
observed in a single lobe, toward the proximal end of the cell.
To quantify the polarty pattem, we assigned cell unit vectors
that pointed from the midpoint of the BASL crescent signal to
the cell centroid (Figure 1B). To avoid subjective bias, we
randomly rotated automatically segmented single cells before
BASL signal was manually identified (Figures 31G-310). Pro-
cessed cells weare then returned to their orginal position and

.
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A) Induced 355:.GFP-BASL in speechless leaf stained with propidium lodide (Pl). Scaie bar is 50 um inright pansl.
(B) BASL vectars jorange ammow) assigned from BASL creacent to cell centroid. a between midine vector (black ammow) and BASL vector.
{C—£) Ectopic BASL vectors colored according 1o color whee! (in C) indicating o onentation in speechiess lsaves of (C) 50-200 pm, (D) 200400 ym, and (E)

400-800 pm width categones. Leaf outines shown.

{F-H) Vector anentation in speechiess leaves pooled from widths (F) 50-200 um {n = 185 cellg, 4 leaves, o = 55.34), (G) 200400 um |n = 1198 calig, 12 leaves,
a =49.43), and {H) 400-800 um |n = 2063 calis, 9 leaves, a = 44.68). O° represents proximodistal vector. Scale bars are 100 pm except for the nght pansl of (A).

See also Figurs S1.

orientation. The BASL vector orientation was calculated with At all developmental stages analyzed, BASL vectors were
respect to the proximodistal midline vector of the leaf (Figure 1B)  largely proximodistally oriented in spch (i.e., BASL localized to-
and plotted according toa color map (Figure 1C). We refer tothe  ward the proximal end of cells; red/orange arows in Figures
resulting vector field as the ectopic BASL polarity field. 1C~1E). Some vectors deviated from this proximodistal pattern,
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particularly toward the leaf tip, though very few vectors pointed
proximally (Figures 1C-1E). BASL vector orientations from mul-
tiple spch leaves were pooled according to leaf size and plotted
in histograms (Figures 1F=1H). More than 90% of the BASL vec-
tors were within the range of — 80" to 80°. Thus, ectopic BASL re-
veals a strongly coordinated proximodistal polarity field across
leaves of different sizes that is independent of stomatal lineages.

The Polarity Field Revealed by Ectopic BASL Is Present
in Wild-Type Leaves

Given that ectopic BASL reveals a proximodistal polarity field in
spch, we might expect a similar field to be present in the non-sto-
matal lineage cells of wild-type leaves. To test this hypothesis,
358::GFP-BASL was induced in a wild-type background at
different developmental stages (Figures 2A-2D). As in spch,
ectopic BASL was predominantly observed at the proximal
end of cells, often at cell comers (Figure 2C) or within single-
pavement cell lobes (Figure 20). These cells included those
above the midvein, which do not develop stomatal Iineages
[18]. Proximal localization was confirmed from analysis of sec-
tors of BASL expression (Figures S1A-S1E), and by polarity
quantification (Figures 2G-2N).

BASL is not normally expressed outside stomatal lineage cells,
suggesting that ectopic BASL expression either induces polarity
or reveals a polarity field that does not itself depend on BASL
function. I ectopic BASL induces polarity, we might expect
signal to gradually coalesce on a proximal domain following in-
duction. Time-lapse imaging leaves after heat-shock induction
showed that, rather than coalescing, ectopic BASL appeared
in its proximal location from approximately 12 hr after heat-
shock induction and gradually intensified (Figure 52). This sug-
gests that ectopic BASL does not itself induce cell polarity but
rather marks a pre-existing polarity.

We hypothesize that ectopic BASL binds to interacting part-
ners—for example, proteins or lipid domains—that are located
proximally in each cell throughout development. We refer to
these hypothetical interacting partners as providing a proximal
maolecular address. Localization of BASL to cell cormers or to a
single lobe of pavement cells may reflect a single address
Iocated at the projamal extrema of the cell. it is also possible
that positioning of the proximal address is modulated by factors
establishing lobe and neck formation [19-21] or located at cedl
COMmers.

The proximal address may be held at a fixed length or in-
crease in kength as the cell grows. To distinguish these possi-

Appendices

bilities, we measured the length of the ectopic BASL domain
at different developmental stages in a wild-lype background.
Domain length increased from ~5 pm to ~45 pm as cells
increased in size, but at a rate lower than the rate of increase
in cell perimeter (Figures 2E and 2F). This finding suggests
that the proximal address does not have a fixed size but may
be restricted through interactions with other factors in the
cell, consistent with a model of polarity establishment involving
intracellular partitioning [22].

The cytoskeleton has previously been associated with forma-
tion of cell polarity [23, 24)]. Totest if microtubules are required for
positioning eclopic BASL, we destabilized microtubules with
oryzalin before inducing BASL. In oryzalin-treated plants,
ectopic BASL was still polarized (Figures S3A-53G), suggesting
that microtubules are not required for the polarization of BASL,
similar to BRXL2 [2].

Wild-Type Exhibits a Combination of Stomatal and Non-
stomatal Polarity Fields

For a comparable stage, the proportion of BASL vectors
outside the range of —80° to 80" was significantly higher for
wild-type than for speh (Table 51). To determine whether the
lower level of proximodistal coordination in wild-type was
caused by more varable BASL polarity orientation in stomatal
lineage cells, we imaged leaves expressing BASL::GFP-BASL
[11]. BASL was asymmetrically localized within individual cells,
as well as expressed in the nucleus (Figures 20 and 2P), as
previously described [11, 16]. Although not obwious from
inspection of a single leaf (Figure 2Q), when multiple leaves
were pooled, proximodistal coordination was observed for
BASL wvectors in BASL::GFP-BASL (Figure 2R), as reported
for BRXL2 [2]. BASL polarity was significantly less coordinated
than for ectopic BASL in gpeh (Table 51). Wild-type back-
ground showed an imtermediate distribution (Figure 25 and
Table 51), suggesting that it reflects a midure of two patterns:
a strongly coordinated proximodistal pattern in non-stomatal
lineage cells and a weaker coordinated pattern in stomatal line-
age cells.

Two hypotheses may account for the weaker polarity coordi-
nation of the stomatal lineage. One is that the proximodistal
address becomes reonented in stomatal lineage cells, and
ectopic BASL follows this pattern. Alternatively, stomatal lineage
cells contain two addresses (i.e., two regions with BASL-inter-
acting factors) that compete for ectopic BASL: a proximal
address and an address specific to stomatal lineages.

Figure 2. Ectopic BASL in a Wild-Type Background and BASL--GFP-BASL Show Coordinated Patterns throughout Development
{8-0 Induced 355:-:GFP-BASL in (&) 50-200 pm and (B) =800 jum width leaves magnified in (C) and (), respectively. Cell outlines shown using Pl staining in G and

RFP-PM in [

{E) Length of BASL crescent against cell perimeter for leaves of various sizes.

{F) BASL crescent length as a proportion of cell perimeter,

{G-J) Ectopic BASL vectors colored according to color wheel (in G) in leaves of (G) S0-200 pm, (H) 200-400 pm, () J00-800 pm and () BO0+ g widths,
{K-N) Vector orientations pooled in leaves of (K) 50-200 um (n = 1042 cells, 15 leaves, o = B4.76), (L) 200-400 um {n = 1464 cells, 9 leaves, o = 57.25), (M)
400-B00 jarn {n = B0 cells, 4 leves, o = 63.67), and (M) 800+ pm (0 = 3642 cells, 4 leaves, o = 52,71) widths,

{0 and P} (0 BASL:-GFP-BASL leaf stained with P1 and magnified in (P).

{Q} BASL vectors from leaf in {0} colored according to color wheel (shown in Gl

{A) BASL vector orlentations in BASLGRP-BASE pooled from multipke leaves from 50-800 pm width (n = 1319 cellz, 21 keaves, o = B2.3).
{S) Percentage frequency of BASL vector onentations for induced 355::GFP-BASL in WT and speechless background and BASL -GARP-BASL.
Each genotype pooled frorm at least 20 keives from 50-800 pm. p < 10 % for each pairwise chi-squared comparison (Table 51). Scale bars are 100 prm in (8), (5),

(G, (O, and () and 20 pm in (G, (D), and (7). See also Figures 51 and 52,
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Figure 3. Ectopic BASL Polarity in a Wild-Type Background Becomes Divergent during Development and Is Present in Near-Isotropic Cells
(A Downsampied vectors in leaf of =800 um width plottad according to color map.
(B) Downsampled ceall long axss for leaf in (A) plotted according to color map. Due to the long axes baing tensars and not vectors, half of the color map isused.

(C) Close-up of ndividual call onentations for leaf in (B). Scale bar 158 20 ym.

(D) Onentaton of call long axs relative to ledf mudine vector for leaf shown in (A) and (B). See aiso Figure S4.
(E) Schamatic of an sotropic call with BASL localzed to the praximal end (lft) and an anisotropic call where BASL polanty vector has become deflected, even

though BASL positon is unchanged (night).
(F) Leaf in (4 with BASL vectors for calis with eccentricity <0.6 plotted.

(G) BASL vector anentation for near-isotropic cdlis raative to leaf midiine vector. Dsta pooled from 4 leaves of 800+ um width.
(H) Leaf in (A) divided into regons with average BASL vector onentations in each secton shown and plotied accarding to color map in (A) See also Table 52,

Scale bars are 100 um except in (C).

The Polarity Field Becomes Divergent during
Development

Tovisualize the ectopic BASL polarity pattem more easily, larger
leaves were downsampled by averaging vector orientations us-
ing a grid (Figure 3A). This analysis showed that vectors in the
midvein region were highly coordinated in a proximodistal orien-
tation, while those in the proximal lamina diverged away fromthe
midvein toward the margin (Figure 3A). The ectopic BASL polar-
ity field shows striking similarities with a polarity field previously
proposed to account for orientations of growth [8]. In both cases,
the polarity field becomes divergent at later stages of develop-
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ment. It has also been shown that the orientation of BRXL2 po-
larity is aligned with the orientation of subsequent growth [2].
These results suggest that polarity may provide orientation infor-
mation to guide growth.

However, this interpretation is complicated because of the
way polarity is assigned in relation to the centroid of the cell.
For example, suppose BASL is proximal in a circular cell (Fig-
ure 3E, left). If that cell becomes elongated diagonally (either
through growth ordiagonal division), polarity willalso become di-
agonal, even though there has been no change in the positioning
of the BASL signal (Figure 3E, right).
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Fgure 4. Ectopic mChemy-BASL Localizes
to the Opposite End of Calls to PIN1 Mirror-
ing Convergence and Divergence Points at
Serrations

{A) Induced 35S:mChemy-BASL in leaf primor-
dum. Amows indicate manually assigned BASL
polarty based on curvature of the BASL aescent.
{B) PIN1:PIN1-GFP in same primordium as (A).
{C) mChemy-BASL and PIN1-GFP signals com-
bined. Yeliow box indicates magnified region of
\aaf. Scale bars are 20 ym in (AHC) and 10 um in
close-up regions of (C).

0) Inducad 358 mChemy-BASL & saraton of
edf 5. Amows ars manually assigned, and yeliow
amrows highlight celis in which BASL is not proxi-
mally localzed.

{€) PIN1:PIN1-GFP in same semation as shown
n (D).

{F) mChamy-BASL and PINI-GFP signals com-
bined. Pr tions allow visualzation of margin
calls, Scale bars are 50 um in (D)+F).

{G4) Magnified reglons of sematon n F) n
blue (G), yellow (H), and magenta () boxes,
respactively. z sices were selected to aliow
visua) on of celis dueto curvature of serrations.
35S8:mChemy-BASL {eft), PIN1:PINI-GFP (mid-
die), and combinad signais {right). White dotted
( ndicate leaf outiine. Scale bars are 10 um
n (G-0.
See also Figure S35,

confimed by calculating the angle be-
tween the BASL vector and the cell long
axis (Figure S4D). Thus, the divergent
pattern of the ectopic BASL polarity field
could be a consequence of cell shape
anisotropy and the way polarity is as-
signed to cells.

To test this possibility, we analyzed
the subset of cells from the wild-type
background, which had a neardy
isotropic shape (Figure S4). Ectopic
BASL vectors of these near-isotropic
cells showed a preferential proximodistal
orientation, including the splayed-out
pattern in the proximal region of the lam-
ina (Figures 3F and 3G). The leaf was
subdivided into regions, and average
vectors from the isotropic cells were
calculated. This also showed the splay-
ing out across the lamina (Figure 3H
and Table S2). Thus, the observed diver
gent proximodistal polarity field is not
dependent on cell shape anisotropy,
consistent with cell polarity orientation

To evaluate the effect of such cell shape anisotropy on polar- being a guiding factor rather than consequence of oriented
ity measurements, we determined the orientation of the long growth.
axis of each cell (Figures 3B and 3C). This showed that, on
average, cells were preferentially elongated in a divergent Ectopic BASL and PIN Mark a Common Polarity Field
pattern like that of the axial component of the ectopic BASL po-  The ectopic BASL polarity field resembles that for PIN1 localiza-
larity field (Figures 3B and 3D), and this comelation was also tion at early stages of leaf development, except that whereas
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BASL localzes proximally, PIN1 in epidermal cells localizes
distally [25]. It is possible that both polarity markers are part of
a comman system, with PIN involved in eady establishment of
polarity and ectopic BASL revealing a polarity that is maintained
through to later stages. To determine the relationship between
PIN1 and BASL localization, we developed a line with indudble
3585::mCherny-BASL also expressing PINT:PINT-GFP so that
both polarity markers could be visualzed in the same cells,
though BASL signal was less uniform across the tissue than in
the inducible 355::GFP-BASL line.

Induction of ectopic BASL in young leaf primordia showed that
it localized to the proximal end of cells (Figure 44) ata time when
PIN1 was expressed. PIN1 had a broader distribution than
ectopic BASL at this stage, making its polarity harder to assign
(Figures 4B and 4C). Induction of ectopic BASL at later stages
showed that co-expression with epidemmal PIN1 expression
was only cbserved in developing semrations ([Figures 40-4F). A
region of reversed ectopic BASL polarity (yellow arrows) was
seen at the distal edge of the serration, creating BASL conver-
gence and divergence points (Figures 4D and 4F=4l). This
BASL polarity pattern mirrors PIN1T comvergence and divergence
points previously described [5], with BASL localizing to the
opposite end of the cell compared to that reported for PINT. It
has bean shown that the PIN1 polarity pattem at serrations de-
pends on a feedback loop involving auxin transport [5], suggest-
ing that the polarity revealed by ectopic BASL is coupled to the
same polarity-coordinating mechanism. To test the role of polar
auxin transport in BASL localization, we grew seedlings on naph-
thyiphthalamic acid (NPA), an auxin transport inhibitor, before
inducing ectopic BASL. In NPA-treated seedlings, which ax-
hibited root and leaf shape phenotypes [26, 27], ectopic BASL
was still proximally localized (Figures S3H-53M). The relation-
ship between PIN, auxin, and ectopic BASL localization can
vary, as ectopic BASL in roots has been shown to localize to
the same end of cells as PIN or the opposite end, depending
on the cell type and PIN family member [11].

Origin of the Polarity Field

The coordination of the proximodistal polarity field throughout
the leaf epidermis could be accounted for by mechanical and/ar
chemical mechanisms [22, 24, 28-31]. The observation that
mechanical stretching of a leaf can deflect the polarity field, as
revealed by BRXLZ recrientation, indicates that tissue-wide me-
chanical forces can influence polarity [2]. Howewver, the nature of
polarity as a vector (with an arrow head) means that tissue stress,
which has axiality but not polarity, is not sufficient to establish the
directional aspect of the vector field [32-34]; thus, a stress
gradient would be required [24]. Alttematively, a biochemical
mechanism, sech as flux sensing or cel-call coupling, may un-
dedie the coordination of the polarity field [22, 35, 36]. Such a
mechanism has the advantage of being uncoupled from the
stresses generated through differential growth [34].

In addition to influencing growth, the polarity field may also in-
fluence patterning and differentiation {e.g., trichomes [3, 4], sto-
matal patteming [16]). Orientation of both BASL and BRXL2 in
stomatal patterning exhibits proximodistal coordination, albeit
much weaker than observed for the non-stomatal lineage cells
in the spch mutant. Although polarity is critical for stomatal
spacing in Arabidopsis [16, 37], it is unclear why proximodistal
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coordination would be functionally important. &k is possible that
the coordination reflects evolutionary history rather than curment
function. Stomatal patterning mechanisms vary among plant
species [11, 38-42]. By contrast, a proximodistal polarity field
may be a highly conserved system for orienting tissue growth
and transport [43-45]. Perhaps various elements of the proximo-
distal polarity system were co-opted for stomatal patterning in
different plant lineages. For the lineage leading to Arabidopsis,
co-option may have led to a polarity-switching mechanism and
the evolution of BASL. This hypothesis would account for why
BASL cross-reacts with the proximal address whan ectopically
expressed. Other plant lineages, such as grasses, which exhibit
strong proximodistal coondination in stomatal patterning [28, 48],
might represent different ways of co-opting elements of a funda-
mental proximodistal field.

Thus, the proximodistal field described here may have pro-
vided key elements that wene co-opted during evolution for
controlling patterns of differentiation and spacing. In addition,
it may provide a consened system for orenting growth inplanar
plant organs, similar to equivalent systems describad for animal
development [1].
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STAR*METHODS

KEY RESOURCES TABLE

REAGEMNT or RESOURCE S0URCE IDENTIFIER

Chemicals, Peptides, and Recombinant Protains

Propidium lodida Sigma-Aldrich Cat# P4170

Spal Sigma-Aldrich 11008343001

BspEl MNew England Cat# ROS405
Biolabs

codB-resistant ona-shot E. col ThermaoFishar Cat# A104E0
Sciantific

Difco agar Becton & Dickinson Cat# 214030

Oryzalin Sigma-Aldrich Cat# 36182

M-1-naphthy phthalamic acid (NPA) ChamSarica N-12507

Critical Commearcial Assays

iDMA genetics copy numbsar analysis iDMA genetics N/A

Expermental Modals: Organizms'Strains

Haat-shock inducible BASL @55::GFP-BASL) This papar NA

BASL::GFP-BASL [11] NAA

RFP-plasma mambranea {pm-rb) [47] CD3-1008

RFP-plasma mambrana with inducible 355::GFP-BASL Thizs papar NA

gsoch mutant (spch-1) [48] NAA

soch with inducible BASL (355 GFP-BASL) This papar NA

HE:Cra 17 NAA

PINT zPIN1-GFP [48] NAA

Haat-shock inducible 355 :mChamy-BASL with PIM1::PIN1-GFP Thizs papar NA

385 :TUAS-GFP 50 N/A

Oligonucleatides

F_BOB_lox_spal (GGGACTAGTATCGCGGCCGECTTCGAAA) This papar NAA

A_BOB_kex_M (CTATACGAAGTTATACGCGTCTGET) This papar NAA

R3_BOB_lox_EcoRV (GGGATATCATAACTTCGTATAAAGTAT This papar N/A

CCTATACGAAGTTATACGCGTCTG)
Recombinant DMA

PBOB wector [51] NAA

TOPO4 vector Invitrogen MNA

PETWGECZ vactor [52] V1B Gant) NAA

GFP-BASL antry clona [11] NAA

Dastination wector with lme- HDEL CyPET :MOS-Te rmin ator-hox Thizs papar NA

{Active blua destination vector)

Saoftware and Algorithms

callfromiaaveas Thizs papar Githuby; https:/fgithu b .com/JIC-Im age-Analysis/
calls-from-laaves

callsfromieavestagger Thizs papar Githuby; https:/fgithu b .com/JIC-Im age-Analysis/
cells-from-leaves-taggar

sampladrrowss Thizs papar Githuby; https:/fgithu b .com/JIC-Im age-Analysis/
calls-from-leaves/trea/mastar’matlab_scripts

callLongAxisConT Thizs papar Githuby; https:/fgithu b .com/JIC-Im age-Analysis/
cells-from-leaves) tree’mastar’matlab_scripts

VolViawer http:/fem pdartswrd.cmp.uea ac. ubiwiki’

BanghamLabyinde:x php'S oftwa res# Viewing,
and_measuring_volumea_images:_VolViewer
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Enrico
Coen (gnrico.coen@jic.ac.uk).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Growth conditions

Ambidopsiz plants weare grown on plates containing MS media (0.441% Murashidge & skoog including vitamins, 1% (w/v) glucose,
0.05 % {w/v) MES, 1% Difco agar, pH t05.7) and relevant antibiotic selection. Seeds were gas or surface sterilized and stratified inthe
dark at 4°C for 3 days, then grown at 20°C in long day conditions (16 hours light, 8 hours dark). Leaves were taken from plants up to
9 days after stratification for imaging and analysis.

Genetic material
The transgenic lines spch-1 [48], HS::Cre [17], BASL:BASL-GFP [11], RFP-PM [47], PINT ::PINT-GFP [49] and 355:TUAB-GFP [50]
are in the Col-0 background.

METHOD DETAILS

Construction of transgenic plants

We used Gateway cloning to construct heat-shock inducible 355::GFP-BASL line which required a destination vector and an entry
wvector. We made a destination wector (which we refer to Active Blue destination wector) containing a 355 promoter in front of a
CyPET:HDEL fluorescent marker and a Nos terminator flanked by lox sites. These lox sites will later allow heat-shock recombination
to remove the fluorescent marker so that the 355 promoter drives a downstream gene of intenest.

The Active Blue destination wector was made using a pre-existing Gateway vector, pBTWGC [52] and the pBOB [51] vector. The
procedure involved 2 steps. In the first step, a 1175 bp fragment containing lox-HDEL:CyPET :NOS-Teminator-lox was cloned from
pBOB and flanked with Spel and EcoRV sites using a 2-step PCR, imwoiving the primers F_BOB_lox_spel and B_BOB_lox_N, then
primers F_BOB_lox_spel and R3_BOB_lox_EcoRV. The PCR product was then cloned into TOPO4. In the second step, the
pBETWGC2 vector was digested with Spel and BspEl, to excise a 1175 bp fragment containing ECFP, and replaced with the fragment
cloned from pBOB wector fcut out from the TOPOY vector using Spel and BspEl). The ligation product was transformed into ccdB-
resistant one-shot E.coli.

To introduce GFP-BASL into the destination vector, an LR reaction (Invitrogen) was camried out using the Active Blue destination
vector and an entry clone containing GFP-BASL [11].

For transformation of Arabidopsis plants, Agrobacterdum tumefaciens strain GV3101 and floral dip method wene used 53] to dip
into HS::Cre [17] containing plants. Three independent lines were obtained showing the same pattern. The line used is a single copy,
single insart line (IDMNA genetics).

The inducible 355::BASL-GFF line was crossad to the heterozygous spoh-7 mutant plants and offspring containing spch-7 and
inducible 355::BASL-GFFP wene selected by phenotype and growing on selective plates (Basta for 355::BASL-GFF, Kanamycin
for H5:Cre). The inducible 355::BASL-GFP line was crossed to the RFP-PM line [47] and off spring containing RFP-PM and inducible
355::BASL-GFP were selected by growing on selective plates and screening for RFP.

To make the line with inducible 355::mCherny-BASL and PINT:PINT-GFP, we generated a construct containing inducible
355::mCherry-BASL and HS::Cre using golden gate cloning and dipped [53] this into PINT::PINT-GFP [43] containing plants. The
line used contains 2 copies (DNA genetics). The 355 loxmChemy-BASLIcxCyPET-HSP1B::CRE-355::Basta-355::CyPET-RC1 2A
(called inducible 355::mChemy-BASL for simplicity} construct was cmeated by Golden Gate cloning in the wector pAGM4T23
(Addgene #48015) as described by Weber at al. (2011). Level 0 modules were domesticated to remove Bsal, Bpil and Dralll restriction
sites and synthesized synthetically. To generate the lox-flanked mCheamry Level 1 module we adapted the standard Golden Gate pro-
tocol to incomporate an additional assembly step, termed Level 0.5. Here the wector backbone EC10161 is opened by the enzyme
Esp3l to alow the insertion of Level 0 modules cut by Bsal, just as for standard Lewel 1 cloning. This generates loxP flanked modules
in the ‘U position suitable for use in subsequent Level 1 assembly. Sequences to be used in loxP-flanked modules were domesti-
cated to be free of Esp3l sites in addition to Bsal, Bpil and Dralll recognition sites. Plasmid maps are available on reguest.

Propidium iodide staining
To stain leaves with propidium iodide, leaves wene submerged in a 2.5 pg'ml propidium lodide solution (Pl - Sigma) for at least
15 minutes before imaging.

Confocal microscopy

For confocal imaging, leaves (typically first true leaf other than for serrations) were placed in water under a coverslip, orin the optical
imaging chamber [54]. Imaging was performed using a x10 or x20 dry lens, or x40 oil lens, on a Leica SP5 confocal microscope
equipped with Leica HyD Hybrid detectors, or a Zeiss 780. For imaging GFP, argon ion (488 nm) excitation laser was used, collected
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at 495-530 nm. For Pl, mChemry and RFP, 561 nm excitation was used, collected at 625-690 nm for Pl, 575-630 for RFP and
B600-620 nm for mChemy. Leaves wene staged according to leaf width and were typically imaged 48-hours after heat-shock.
Seedlings were typically heat-shocked for 20 minutes to induce BASL across the entire lamina, and 3 mins to induce sectors.

To image 355:: GFP-BASL appearing after induction, 7 day old seedlings were heat-shocked for 20 mins and placed in an imaging
chamber with media as described in [55]. Leaves wene imaged every hour using a Zeiss 780 confocal microscope, with the settings
described abowve.

Oryzalin treatment

Oryzalin was added to 6-day old seedlings (355::GFP-BASL line described above and 355::GFP-TUAE as control line) at a concen-
tration of 20 pM. Seedlings expressing 355::TUAG-GFP have previously been described [50]. 355 TUAS-GFP seaedlings confimmed
microtubules had depolymerized after 4 hours and seedlings were heat-shocked to induce BASL expression. Plants wene imaged
48 hours after heat-shock, with 355::GFP-TUAE confiming the absence of microtubules.

NPA treatment
355::GFP-BASL seedlings were grown on media containing 100 uM NPA, or an equivalent concentration of DMS0. Seedlings were
heat-shocked 2DAS and leaves imaged 3 days later. Propidium iodide staining (described above) was used to visualize cell outlines.

QUANTIFICATION AND STATISTICAL ANALYSIS

Cells-from-leaves and cells-from-leaves-tagger software

For assigning BASL wectors, Python software was developed using jicbioimage [56]. It used the cell outline channel (either plasma-
membrane marker or Pl stain) from the confocal stack to make a projection of the leaf surface. The leaf surface projection was usedto
reduce noise by only extracting signal from the volume occupied by the leaf. The cell outline channel extracted from the leaf surface
was then used as input to the watershed algorithm. Leaf-specific parameters allowed the surface and segmentation to be custom-
ised acconding to intensity and quality of image. The centroid for each cell was calculated. BASL signal was also extracted from the
cell surface.

To avoid bias arising from knowledge of the orientation and position of a cell within the context of the whole leaf, each segmented
cellwas presented tothe user in isolation, randomly rotated in one of four orientations (0, 90, 180, 270 degrees). Foreach cellthe usar
then selected a point in the middle of any visible BASL crescent, or chose to skip a cell if there was a complication {j.e., if the signal
was not easy to identify, or the cell segmentation was incorrect). For a sample leaf image, out of 162 cell assignments of BASL, 157
were based on three-way junctions, and 5 were based on concavity of the BASL signal. The tool produced a directory of JSON files
and comesponding image files, recording the BASL arientation in separate files for each cell, along with an image of the cell segmen-
tation. Lastly, BASL vectors wene transformed back into the coordinate system of the whole leaf, and written out to a GV file along
with the coordinates of each cell centroid.

sampleArrows8 software and cellLongAxisCorr? software
We developed two MATLAE scripts, one to allow usto quantify the BASL vector field (cellLongAxisCorr7.m) and one to visualize it ina
maore informative way (sampleArmowsE .m).

One script developed, samplefmrowsB, is for visualizing BASL vectors on the leaf, and down-sampling them. This script uses a leaf
image and .csv file of BASL vectors (produced by ‘cells from leaves'). The user identifies the leaf midline which is used to rotate the
leaf image and BASL wectors to allow the image to be vertically oriented. The script contains varous processing and display options,
but it is frequently used to display the original BASL arrows on the leaf, coloned by arientation with respect to the leaf midwein. The
color of each arrow is determined by a color map, where 0 degrees represents the proximodistal orientation.

There can be a lot of BASL wectors on a leaf, with some areas having a very high density of points. BASL vectors can therefore ba
down-sampled to reduce the total number of vectors displayed and to give a more even spread of BASL wectors across the leaf.
Down-sampling uses a triangular grid of points placed over the leaf. For each vertex of the grid, wectors within the distance Maxdist
are averaged. A parameter, neighborThreshold, ensures that down-sampled BASL wectors are only displayed for samples that
excesd the threshold number of BASL wectors.

This script can also be applied to cell orientations. Thisis achieved by gathering cell orientations within a certain radius, normalizing
and superimposing them onto the same axis, and then performing principle component analysis (PCA) on that cloud of points.

We also developed a script named cellLong AxisCon?, which quantifies the BASL vector field. Thisscript calculates various angles:
origntation of cell axis, angle between BASL wector andits cell axis, and angle between BASL vectorand leaf midvein axis. This script
uses an image of the leaf and the directory of JSON files to rotate the cells back to their original ordentation and cell masks are derived,
allowing cell eccentricity {ratio of the distance between the foci of the ellipse fitted to a cell and its major axis length), centroid and
orientation of the long axis of the cells to be determined.

For each cell, three angle measurements are made: the angle between the BASL vector (from the JSOM files) and the celllong axis,
angle between the BASL vector and the leaf midline axis (specified by the user}, and the angle between the celllong axis and the leaf
midline axis. Subsets of data can be selected by specifying lower and upper threshold values in the script parameters (for cell ec-
centricity and orentation relative to the leaf). The script displays the orientation information as histograms and also writes it out to
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CSV files for further analysis. To select the near-isotropic cells, we first calculated eccentricity of the segmented cells fcell eccentricity
isthe ratio of the distance between the foci ofthe ellipse fitted to a cell and its major axis length). Cells with an eccentricity of lessthan
0.6 were considered near-isotropic.

Further documentation is found in both sampleAmrowsB.m and cellLongAxisCorr7.m. These scripts also contain a detailed expla-
nation of each of the input parameters.

Additional image analysis
BASL crescent length and cell perimeterwene calculated by clicking round the BASL signal and call outline using Fiji [57] measune tool
for cells of different sizes. To detemnine average BASL vector orentations for near isotropic cells in regions of the leaf,
cellLongAxisConT was used with a maximum eccenftricty valee of 0.6, and vectors were visualized on the leaf using
sampleArrows8. The leaf was then subdivided into 9 regions and vectors measured in each region measured using Fiji angle tool.
Statistical comparison of BASL vector distributions between genotypes, was peformed using chi-sguare tests (df =1, p values
less than 0.01 were considenad significant), comparing frequency of BASL vectors within or outside the range of —B0° to 807, in pair-
wise tests.
For z stacks of leaves expressing PINT:PIN-GFP and 355::mCherry-BASL, images were rendered in 30 using Volviewer. For
semrations, Fij was used to create maximum projections for visualization. Specific ranges of z-slices were used to allow visualization
of specific cells.

DATA AND SOFTWARE AVAILABILITY

The custom code that implements the segmentation and random orientation pipeline (cells-from-leaves) is available at:
https.//github. com/JIC-Image-Analysis/cel ls-from- leaves.

The tool for visualizing cell segmentations and selection of BASL signal in the cell jcells-from-leaves-tagger) is available at:
https//github. comyJIC-Image-An alysis/cells-from- leaves -tagger.

MATLAB software for visualization of vectors and angle calculation available at hitps:Ygithub.com/JIC-Image- Analysis’
cells-from-leaves/trea/master/matlab_scripts.

VolViewer available for download from hitp/fempdartsvrd cmp. vea.ac.ukfwiki/BanghamlLab/index. php/SoftwaredViewing
and_measuring_volume_images:_ VolViewer.

ADDITIONAL RESOURCES

Plasmid maps for lines generated and raw data for leaf images available on request.
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8 Abbreviations

Abbreviations

BASL BREAKING OF ASYMMETRY IN THE STOMATAL LINEAGE
BRXL2 BREVIS RADIX LIKE 2

BY-2 Bright Yellow 2

DAS Days after stratification

DMSO Dimethyl sulfoxide

DTT Dithiothreitol

ENSA Engineering Nitrogen Symbiosis for Africa
FMS Fukuda, Murashige and Skoog

GFP Green Fluorescent Protein

GPT Framework Growing Polarised Tissue Framework
iBAQ Intensity-based Absolute Quantification
IP Immunoprecipitation

IP-MS Immunoprecipitation with Mass-spectrometry
JIC John Innes Centre

LO Level 0

L1 Level 1

L2 Level 2

LB Lysogeny broth

LYK Lysin-motif RLK

mb-SUS Mating-based Split Ubiquitin System
MIND Membrane Interactome Database

MS Murashige and Skoog

NPA N-1-Naphthylphthalamic

oD Optical Density

PI Propidium iodide

PIN PIN-FORMED

PM Plasma membrane

PMSF Phenylmethylsulfonyl fluoride

RLK Receptor-like Kinase

ROP Rho of Plants

SOC Super Optimal broth with Catabolite
SOK SOSEKI

WT Wild-type
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