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Introduction

1.1 We will do it the wrong way

“Essentially, all models are wrong, but some are useful.” — famous words by statistician
George E. P. Box.

This thesis is about the use of models to better understand several aspects of plant
growth and development. I distinctly remember a student asking me, during a mandatory
course on modelling for biology students, about the use of models: “why care about
models, as they are wrong anyway?”’

Models are tools: tools to increase our understanding of a particular process. They are
not meant as perfect representations of the process — the original system would be much
more efficient for that. This is not a weakness, but a strength. Only by being simpler
(faster, smaller, slower and/or larger) than the actual system of interest they can help us
understand.

What is the “right” level of simplicity? One may think of the words often attributed
to Einstein, that “everything should be made as simple as possible, but not simpler,” but
this is hardly any answer. The most insightful level of simplification differs per problem,
changes over time and even depends on the scientist asking the question. At the same
moment it might be insightful to expand a model, make a simpler model of the model and
contrast different models of the same thing.

In this thesis I will present several different models of different levels of complexity,
applied at different stages of “the path towards understanding”. Together they show that
there is not a single correct modelling approach. On the contrary, a (bio)diverse approach
can be very powerful.

In a sense, a model is like a hammer. Very beautiful things have been made using
hammers. And yet, anyone proclaiming that the hammer is a true miracle of civilization
and the driver of creativity will be laughed at. A hammer is a hammer. The same goes for
models. There are so many examples of how some model helped us better understand our
world, that it is hard to pick the best one. Yet a model by itself is just a model. Without a
good question, a model deserves gathering dust in a rusty toolbox in the attic.
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1.2 Plant growth and development: different angles

The questions in this thesis are all related to plant growth and development. Contrary to
animals, growth and development remain tightly coupled throughout the entire plant life.
Plant growth and development can be understood on different levels, calling for different
approaches. I will first present an overview of three different levels of thinking about
plant growth and development, illustrated by several examples from the literature. After
that I will introduce the specific scientific content of this thesis.

1.2.1 I: Adaptive plant architecture

Plant growth inevitably involves the continual formation of new organs, such as (side)
roots, branches, leafs and flowers. There is no such thing as a complete plant body plan,
that contains all organs in their “adult” number, as we are so used to in animals. Neverthe-
less, the organs are not formed in random positions. For each organ type, plants control
both the spacing/positioning and timing of their initiation and maturation.

For example, the positioning of new leaves, phyllotaxis, is determined in the shoot api-
cal meristem. The specification of where the next new leaf (primordium) will be formed
occurs through the continual formation of local maxima of the plant hormone auxin within
the shoot apical meristem [1} 2]]. The number of concurrently initiated primordia and their
relative position determines whether the leaves will occur in pairs, whorls, or spread. Cur-
rently, several hypotheses compete for best explaining the formation of these maxima and
the occurrence of different phyllotactic patterns in different species or mutants. Com-
puter models are used extensively on this “battleground”, to test whether the proposed
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mechanism is actually capable of producing the observed patterns [3HS]].

When a new leaf is formed, a so called axillary bud is formed at its base. When a new
branch is formed, it originates there. Typically, branches do not develop immediately, nor
from all nodes. Many axillary meristems remain dormant as long as the apical meristem
(the one at the tip of the shoot/branch they occur on) remains active, a phenomenon called
apical dominance. Several plant hormones interact in the control of apical dominance
and bud dormancy, including auxin, cytokinin and strigolactone [9, [10]. Computer mod-
elling has helped understand the together counterintuitive impacts of different mutations
in auxin and strigolactone signaling on branching patterns [11]].

A key question at this level is how different signals interact in the spatio temporal
coordination of the initiation of specific developmental programs.

1.2.2 II: Coordination of cellular functions

The formation of a new organ is more than just deciding to make one. As the cells divide
to create the building material of the new organ, they have to organize themselves into
tissues. From the beginning the cells giving rise the different tissues have to differentiate
in the correct relative position. The number of cells adopting a certain “faith” also has to
be suitable to fulfil the later demands on that tissue. In Arabidopsis roots, the number of
cell files with a particular function is normally tightly controlled. Mutations and misex-
pression studies in the TMOS/LHW system, key regulators of the number of vascular cell
files, show that the mechanisms controlling differentiation into different vascular tissues
are robust against a far greater degree of variation in the number of vascular cell files
than normally occurs in these plants [12]. Even in normal, wild type, Arabidopsis root
growth there is enough variation in the position of mature cells relative to their origin that
researchers were able to show that a cell’s position rather than its lineage determines its
fate [[13].

These phenomena require the local coordination of developmental decisions, there-
fore some way of communication among cells is essential. A canonical example of cell-
cell communication in animals is the Notch system [[14], a system of a membrane bound
receptor (Notch) and a membrane bound ligand (e.g. Delta) on the opposing cell mem-
brane. The system exaggerates initial differences in the amount of ligand, eventually
dividing cells in “Delta” and “Notch” types. This is used, for example, in selecting a sin-
gle cell from a group of progenitors to become a neuron (that the others will support), a
process called lateral inhibition [15]. This system is also crucial for the determination of
boundaries, such as the dorsal-ventral boundary in the Drosophila wing or somite bound-
aries in vertebrate embryos [14, [15]. Another system with interacting transmembrane
proteins are the planar cell polarity proteins. In Drosophila, the communicating complex
contains, amongst others, Frizzled (Fz) on one side and Strabismus (Stbm) on the other
side. The full complex inhibits the formation of complexes with the opposite orientation
in the interface, sorting out into an Fz and an Stbm side. If a cell has Fz on one side,
it will accumulate Stbm on the other side, thus locally propagating the planar cell polar-
ity (e.g. distal (Fz) / proximal (Stmb) in the wing [16, [17]). Additional mechanism(s)
seem to be required for global coordination over longer distances (noise and irregularities
limit the number of consecutive cells that can be directed by this mechanism in isolation),
for example mechanical forces in wing development [18]], or tissue spanning gradients
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[[L7]. Such local signaling systems do not exist in plants and could not function there,
as plant cells are separated by their walls. A cell wall with a thickness of 200 nm is
considered thin, whereas membrane anchored proteins — because of their size — typically
reach no more than a few nm from the cell membrane. Thus, the wall disallows direct
protein-protein interactions between neighbours across the wall: separated as Pyramus
and Thisbe, but unable to talk.

Plants do have a different system of sending (protein) messages to their neighbours.
Non-cell-autonomous messages are generated in one cell, but affect transcription in a
different cell. One example is the GLABRA/WEREWOLF system, that is involved in
the specification of root hair and trichome cell fate (that is: which cells make these ap-
pendages). Several components in this system move to the neighbouring cell, inducing
the opposite cell fate in a neighbour [19]]. In technical terms: these proteins act non-cell-
autonomously. Non-cell-autonomous proteins can also act in the definition of boundary
layers. One such example is SHORT ROOT (SHR). This is transcribed in the central
cylinder, then moves to the layer surrounding it, where it together with SCARECROW
(SCR) instructs one layer to become the endodermis, the layer that separates the cell wall
continuum in an “inside” and an “outside” part [20]. In this process SHR is sequestrated
by SCR and moves to the nucleus. This is essential to limit the endodermis to a single
layer. If SCR availability is artificially reduced, SHR/SCR becomes active in multiple
layers [21]].

A key question at this level is how local communication functions in the coordination
of cell fate specification and subsequent isolation of determinants.

1.2.3 III: The mechanics behind morphology

Zooming in on the cells, the building blocks of the plant, growth becomes a highly me-
chanical process. It can be compared with the inflation of balloons (cells) [22]. The
resistance of the cells to the (turgor) pressure inside makes them rigid. Contrary to or-
dinary balloons, the cell walls do not yield to pressure in the same way everywhere on
the surface: cell walls are highly anisotropic. This anisotropy allows cells to grow into
different shapes, in close relation with function: stomatal guard cells that open and close
by changing their turgor pressure, leaf epidermal cells shaped as puzzle pieces to make
the epidermis more resistant to tearing by the wind and cells with appendages such as root
hairs for extra absorption surface. The list of examples could be much longer. Even the
“simple” elongated cell shape found in many tissues of the root and shoot internodes are
highly functional: this is what makes these plant parts cover the distance towards more
light, water or nutrients. Plant cells can adopt a wide variety of shapes and yet, when
the wall is chemically removed (in the creation of so called protoplasts), they all turn
spherical.

The cell wall is highly functional in the control of plant growth, but it does come at a
price. Because of their walls, plant cells are by and large unable to move relative to their
neighbours. Cell migration, intercalation and tissue rearrangements are very important
processes in animal morphogenesis, but unavailable to plants. Mechanisms available for
plant morphogenesis are (oriented) cell divisions and (differential) expansion of cells and
wall segments. Misorientation of cell division in crucial places, such as the root stem cell
niche, can result in an abnormal number of cell layers and worse, the lack of whole tissues.
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This is the case in the previously introduced (shr) mutant: the initials that should form
cortex and endodermis, fail to divide periclinally. The single resulting layer differentiates
into cortex, because it lacks the SHR signal [20]. The single round of periclinal divisions
is induced by the SHR/SCR complex. If this complex is not restricted to a single layer,
this results in additional rounds of periclinal divisions and thus additional cell layers [21]].

An extreme example of the impact of local modification of the wall properties is seen
in thread-like appendages such as root hairs. Highly localized expansion combined with a
continuous supply of new wall material can sustain cell growth from their tips [23}124]]. The
direction of this growth can change in response to external signals (e.g. Nod factors),
resulting in root hair curling [23} 25]].

A key question on this level is what controls the orientation of division planes and the
mechanical properties of (parts of) the cell wall.

1.3 Root nodules and symbiotic nitrogen fixation

The original motivation behind much of this thesis’ work comes from legumes, a plant
family known for its symbiotic interaction with nitrogen fixing bacteria, rhizobia. The
legume family contains many of the high protein crops in our diet: such as soy bean, peas,
lentils, beans and peanuts. Other legumes, such as alfalfa and clover are used for organic
nitrogen fertilization, saving energy that otherwise would have been spent on the produc-
tion of artificial nitrogen fertilizer. The fixation of atmospheric nitrogen (N3 ) requires the
breakage of a triple bond. This makes it energy expensive. Moreover, the enzyme the
rhizobia use for this reaction, nitrogenase, is highly sensitive to oxygen. The symbiotic
nitrogen fixation therefore takes place in specialized structures called root nodules. The
presence of oxygen binding leghemoglobin consolidates two paradoxical demands: a low
oxygen pressure for nitrogenase activity and a high oxygen supply to meet the metabolic
demand of nitrogen fixation. The nodules are well connected to the plant’s vascular sys-
tem for transport of fixates and supply of fuel carbohydrates.

The formation of a root nodule starts with recruiting the right bacteria. When in need,
legume roots attract symbiotic rhizobia by the secretion of flavonoid compounds. Most
legume species can only be nodulated by specific strains of rhizobia. The plants recognize
the correct strains by the specific nature of the signaling molecules, called NOD-factors,
secreted by the rhizobia [26]. From the initial entry point in the epidermis, growing root
hairs in model legumes Lotus japonicus and Medicago truncatula, infection threads are
formed that will lead the rhizobia into their future nitrogen fixing location. At the same
time, cell division starts from deeper tissue layers, initially the inner cortex, pericycle and
to a lesser extent the endodermis in Medicago [27] and the middle cortex for Lotus. This
corresponds with the two plant species producing different types of nodules, with differ-
ent morphologies: Medicago produces indeterminate nodules, that maintain meristematic
growth, whereas Lotus forms determinate nodules, in which the meristem terminates upon
nodule maturation [28]].

The nitrogen fixing symbiosis with rhizobia costs a lot of energy of the plant, so
several mechanisms exist to adjust nodule number to nitrogen demand [29, [30].

As many other processes in plant development, the formation of the root nodule it-
self is under the control of plant hormones. After the initial signaling at the epidermis,
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upon recognition of a suitable rhizobium strain, phytohormones are key to the plant side
responses. The earliest discoveries pointing in this direction are the induction of nodule-
like structures using auxin transport inhibitors [31] or cytokinin [32]. Cytokinin is thought
to relay the signal from the epidermis to the site of the first cell divisions [33H35]], which
is itself marked by a local accumulation of auxin [36} |37]]. These two hormones interact
extensively, as cytokinin affects auxin transport [38}[39] and possibly production [40] and
auxin in turn affects cytokinin metabolism [38]].

A key question in this thesis is how these two hormones cooperate in the induction of
root nodule primordia (part IT). As central players, they will be introduced more exten-
sively in the context of the more general theme of integrating information.

1.4 Integrating information

Most growth takes place from populations of dividing cells, called meristems. The spec-
ification, or activation, of new meristems and their rate of activity is coordinated plant
wide to adapt the plant morphology to the demands of the environment. For the internal
communication, the plant employs a range of interacting signaling molecules. A very im-
portant class of these are the phytohormones, such as auxin and cytokinin, but also RNA
molecules [41143]], peptides and small proteins [44] acting in neighbouring cells (non-cell
autonomous) confer internal messages. Even nutrients and sugars can perform signaling
functions and alter the plant’s patterns of growth [45]. All these molecules differ greatly
in their range of action and modes of transportation. As development is a highly spatial
process, it is important to understand how the relevant signals move through the tissue. A
very interesting question related to this is how the transport mode(s) of a signal affect(s)
the range and time scales of its action.

1.4.1 Auxin

The plant hormone auxin occurs in all three parts of this thesis. It has a research history
in plant biology of over a century and has been found to be involved in virtually all major
plant developmental decisions [46]].
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Metabolism The most abundant natural auxin, Indole-3-acetic acid (IAA), is derived
from the amino acid tryptophan. Several routes of auxin synthesis have been described
[47]. They may all play a role in some processes, but the consensus at the momen{] ap-
pears to be that most IAA is synthesised in the following two step process: first tryptophan
is converted to indole-3-puryvic acid by TAA1/TAR proteins [49], which is subsequently
converted to IAA by YUCCA proteins (possibly in several steps) [47,150]. YUCCA pro-
teins, a family of 11 in Arabidopsis, show an expected amount of redundancy in this
organism: no obvious phenotypes are reported for single mutants, but several higher or-
der mutants show defects in for example flower development or specification of the basal
(root) part of the embryo [50, 51]]. Curiously, however, single “YUCCA” mutant sparse
inflorescencel (spil)in maize is clearly affected: a strong reduction in axillary meristem
number results in sparse inflorescences [52]]. Auxin can be conjugated to other molecules,
both reversibly (e.g. for temporal storage) and irreversibly (for degradation) [53].

Transport Auxin is a weak acid (IAA has pK, ~ 4.8). Its protonated form is uncharged
and can therefore passively cross the cell membrane. The apoplast is mildly acidic and
thus contains a fair fraction of protonated auxin (e.g. 24% at pH=5.3). The cytoplasm,
however, is near neutral and thus hardly contains any protonated auxin (e.g. ~ 0.4% at
pH=7.2) [3]]. As only the concentration of protonated auxin matters for the passive influx,
the pH difference has the potential to drive a passive auxin influx against the difference
in total auxin concentration. Its magnitude is mostly determined by the apoplastic pH
as this is closest to the pK,. Moreover, the influx can be enhanced by more than an
order of magnitude by influx carriers such as the AUX1/LAX protein family, that exploit
the proton gradient for the import of deprotonated auxin [54]. They are usually located
homogeneously over the cell membrane, or at higher levels on both apical and basal sides
[55H57]. Efflux of auxin occurs predominantly by active transport through efflux carriers
such as the PIN [58}159] and ABCB [60} [61]] proteins. The membrane PINs often appear
concentrated at specific sides of the cells, giving rise to directional auxin transport [62}
63].

Perception Auxin is perceived by the SCF(TIR1) complex. Upon auxin binding, this
complex ubiquitinates Aux/IAA proteins [64] 65], targeting them for proteasome degra-
dation. The Aux/IAAs are short lived proteins that repress ARFs, auxin responsive tran-
scription factors, by dimerizing with them. The increased degradation of Aux/[AAs upon
auxin perception thus rapidly releases the transcriptional block of the (positive) ARFs,
resulting in auxin induced transcription [66]. Both the Aux/IAAs and the ARF protein
families have many members, differentially expressed throughout the plant, allowing for
diverse responses to the same signaling molecule [67169]. This mechanism is not unique
to auxin. A similar system functions in the perception of jasmonate, another plant hor-
mone, with JAZ proteins instead of Aux/[AAs and COIl in interaction with SCF forming
the intracellular hormone receptor [70} [71]. Besides the intracellular auxin receptor sys-
tem, an extracellular receptor exists: ABP1 (auxin binding protein 1). Auxin binding by

*Opinion of a large fraction of the participants of the “auxin 2012” that this is the predominant pathway for
TAA synthesis, at least in Arabidopsis. 1t is hard, however, to find this claim written in a reviews yet. Best so
far: [48].
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this protein affects the local endocytosis rates of PIN proteins and thus their subcellular
localization [[72H74].

Experimental observation Auxin is active in minute concentrations (typical measure-
ments: tens to hundreds pg per mg fresh weight [75-77], i.e. 0.1-10! uM). Several strate-
gies have been developed to measure auxin. The shoot-to-root movement speed of a pulse
of auxin can be measured using radioactively labelled auxin [78}[79]. Physical concentra-
tions can be measured using mass spectroscopy, although the low concentrations limit the
resolution of such approaches to slices of tissue (e.g. [76]) or, using cell sorters, groups of
cells expressing a certain marker specific for their cell type and developmental stage [77]].
Auxin responses can be monitored using the auxin responsive promotors GH3 or its syn-
thetic derivate DRS [80]. Recently, another auxin response marker has been developed,
that operates further upstream in the auxin perception pathway. This marker is a fluo-
rescent protein fused to part of an Aux/IAA protein, the proteins that are degraded upon
increasing auxin concentrations. Hence, it is a negative marker of auxin concentration
(increases) [81]. Despite recent advances, in many interesting developmental processes
it is still impossible to live monitor auxin concentrations in the desired location, or not
with the desired spatial and temporal resolution. Not surprisingly, computer models have
become very valuable tools in auxin biology [82, [83]. The earliest models focussed on
the propagation of radio-labeled auxin through “linear” tissue [84H86]. With increasing
computer power a plethora of more complex developmental questions came within reach,
on topics such as phyllotaxis [3H6, [87]], venation [7}, I88H90]], apical dominance [11] and
root gradients [54, 91H93|]. In this thesis we use models to address the questions how
auxin transport and gradient formation are affected by symplastic transport (chapter [2)
and how different mechanisms for local auxin accumulation may function in the initiation
of (root) lateral organs, with a particular emphasis on root nodules (part II).

1.4.2 Cytokinin

Cytokinin occurs in the textbooks as auxin’s antagonist. Evidence is accumulating, how-
ever, that the two interact and cooperate in many developmental processes, such as the
aforementioned nodule formation, but also in the specification of xylem and phloem trans-
port tissues [94], the control of root meristem length [38]], control of shoot branching
(together with strigolactone) [9].

Metabolism The rate limiting step in cytokinin biosynthesis is performed by adenosine
phosphate-isopentenyltransferases (IPT) and the irreversible step in its degradation is con-
trolled by cytokinin oxidase/dehydrogenase (CKX) [95]. IPT genes may be induced in
response to auxin [38]].

Perception Cytokinin is perceived by histidine kinases (HKs) at a membrane. The sig-
nal then is transferred to the nucleus by histidine phosphotransfer proteins (HPT). HPTs
then activate a group of transcription factors called response regulators (RR). These RRs
are split in two classes: negative (type A) and positive (type B) regulators of the cytokinin
response [96]. The HKs involved in cytokinin perception were thought to be plasma
membrane localized [96], but the most recent reports suggest localization on the ER [97]].
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Transport Contrary to auxin, not much is known about cytokinin transport [98]. Cy-
tokinins are structurally related to nucleobases and nucleosides. Two families of trans-
porters for these substances can also transport cytokinin with a low affinity: PUP for
nucleobase cytokinins [99} [100] and ENT for nucleoside cytokinins [[101} [102]. No spe-
cific cytokinin transporter has been reported and these non-specific ones are not present
in all relevant tissues. No molecule with known cytokinin transporting function has been
found in the cortex [[LI00H102], for example, but a cytokinin signal does travel from epi-
dermis to cortex and pericycle during the initiation of a nodule primordium in Medicago
[33H35].

Inhibition of symplastic transport in the phloem can significantly reduce the local
pool of cytokinin, e.g. in the root meristem [103], so this mode of transport may also be
important in other situations. Moreover, the developmental defects caused by changes
in callose deposition [[104], which regulates the plasmodesmal aperture (“size exclusion
limit”) [[105]], show that symplastic transport could be of general importance for the hor-
monal regulation of plant development.

1.4.3 Symplastic transport

At the tissue level, the available transportation modes can be split in two categories: sym-
plastically and apoplastically.

The apoplast is all that is outside the cells, that is, mostly the cell walls. Apoplas-
tic transport always consists of two components: getting out of the cell and back in. The
available options include specific carriers (such as for auxin), exo- and endocytosis (secre-
tion and internalization through small vesicles) and diffusion through the cell membrane.
The transport through the wall itself is typically diffusive.

The symplast is everything inside the cell, including narrow channels connecting
neighbouring cells, called plasmodesmata. Symplastic transport can occur by diffusion
[[LO6L [107] through the continuation of the cytoplasm, called the cytoplasmic sleeve. This
is a generic mechanism, available to all sufficiently small molecules, including plant hor-
mones [108]], and therefore called non-targeted symplastic transport. Chaperone proteins
could aid in the targeting of specific molecules to the plasmodesmata and/or their tempo-
ral modification to facilitate their movement through the plasmodesmata [[L09]]. This is
called targeted symplastic transport.

Although plants lack a fast circulation system as in larger animals, they do have spe-
cialized tissues for the long distance transport of nutrients, metabolites and water: the
xylem, which is part of the apoplastic pathway and the phloem, part of the symplastic
pathway. These can also function as a medium for long distance signals.

Viruses [110] and some other intracellular pathogens [111] exploit plasmodesmata
for their movement to neighbouring cells. As viruses typically are too large to pass plas-
modesmata unaided, they employ a range of so called movement proteins that help target
(parts of) the virus to the plasmodesmata and enable their passage [110].

The amount of symplastic transport is heavily regulated. The opening and thus the
amount of transport is mostly regulated through deposition and degradation of callose on
both ends of the channel, in what is called the neck region, by callose synthase (CalS
a.k.a. GSL gene family) and -1,3-glucanase respectively (with further regulation by
other factors) [112]. Modulation of the stability of actin, one of the proteins present inside
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plasmodesmata, also affects their permeability [113] and is needed for the functioning
of at least some viral movement proteins [114]. The proper regulation of symplastic
transport is of such developmental importance, that mutations affecting this are often
embryo or seedling lethal [[115H117]. The number, properties and types of plasmodesmata
are also developmentally regulated [[L18H121]].

Non-cell-autonomous proteins are often so large that they have to move in a targeted
way, although in heart stage Arabidopsis embryos, single GFP (/=240 amino acids, 27
kDa) and 10 kDa F-dextran can move throughout the whole embryo [115}[122]]. Later in
development the movement of free GFP becomes more restricted [122]. A similar trend
is observed in leaves: as they mature, they turn from carbohydrate sinks to sources and
along with this development, the size limit for non-targeted mobility is reduced (from
up to/over 50 kDa in sink leaves) [[123]]. Research on non-cell-autonomous transcription
factor SHR (531 amino acids itself) shows that proteins that can move by non-targeted
symplastic transport in early developmental stages, would require the targeted pathway
later in development. Free GFP expressed under the SHR promotor remains in the vascu-
lar tissue (where SHR is expressed), but when fused to the SHR protein it is taken along
to the endodermis [[124]. This SHR:GFP movement to the endodermis can be blocked by
local overexpression of callose synthase (CalS3), that is by decreasing the plasmodesmata
aperture beyond what is normal for that developmental stage [104]].

A large part of the research on symplastic transport is still in a rather descriptive stage,
that is, there is almost no work on the biophysical behaviour of symplastic transport as a
means of communicating molecular signals. We therefore started with a modelling study
of the simplest (diffusive, non-targeted) form of symplastic transport, addressing basic
questions concerning the biophysical properties of this transport mechanism (part I). This
also serves as input for more complicated developmental questions in chapters[5]and [6]

1.5 Cortical microtubules and wall mechanics

The questions so far are mostly related to description I and II of plant growth and devel-
opment. For the mechanical understanding (III), we turn to the cell wall structure and its
control. The cell wall consists for a large part of cellulose microfibrils. These long fibers
are deposited in highly aligned layers by cellulose synthase complexes. This is thought
to dictate the anisotropic mechanical properties of the cell wall. The movement of these
wall depositing complexes in turn is controlled by the orientation of cortical microtubules
[125L[126]. In dividing cells, the orientation of the microtubule array is also a predictor of
the next division plane.

Microtubules are highly dynamic protein filaments, continually switching between
growing and shrinking states. They are hollow tubes with a diameter of approximately
25 nm, typically consisting of 13 protofilaments or strings of tubulin monomers. Mi-
crotubules grow and shrink by (de)polymerization: the addition (dissociation) of a,
subunits. This &, B structure of the monomers makes microtubules polar structures,
with a +end and a —end [[127]. This polarity also plays an important role in intracellular
transport: motor proteins walking over the microtubules typically walk towards either the
+end, or the —end [128]]. Tubulin monomers are added as GTP-tubulin. After incorpora-
tion, this GTP is hydrolized to GDP. This stochastic process results in a GTP cap at the tip
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of a growing microtubule. This GTP cap is thought to be very important for microbutule
stability. This also explains how obstructing the growth of a microtubule can result in a
catastrophe (switch to the shrinking state): without addition of new monomers its GTP
cap disappears [[129]. In cells, microtubules are decorated by many proteins, which affect
their stability [130].

A very famous microtubule structure is the mitotic spindle. This structure pulls apart
the chromosomes during cell division. In the mitotic spindle, all microtubules originate
with their -end from one of two microtubule organizing centers. Plant cortical micro-
tubules, however, have no such organizing center. Instead, microtubules are nucleated
throughout the whole array [131]. They are attached to the cell membrane. As a result,
their interactions take place in an effectively 2D environment. Consequently, they inter-
act through frequent collisions [[132]. These interactions can be sufficient for spontaneous
alignment [133]], and regulation of microtubule dynamics is a potential source of con-
trol over their alignment and array orientation. Array orientation can also be modified in
response to wall stress [134] and familiar developmental signals, such as auxin [8 [135]].

The first models of the cortical array assume isotropic microtubule nucleation. In
reality, however, the y-tubulin complexes nucleating the microtubules show a high affinity
for existing microtubules [136] and nucleation angles relative to the parent microtubule
show are strongly biased [137]. In chapter[7] we investigate the impact of nucleation from
existing microtubules rather than uniformly distributed over the cortex and the effects of
the specific distribution of nucleation angles as measured by [[137]. In (near) absence of
parent microtubules, for example right after cell division or chemical depolymerization,
the distribution of nucleation angles is not uniform either. This is investigated in chapter
Bl

An interesting protein linking microtubule orientation and cell divisions is the mi-
crotubule severing protein katanin. Although severing at random locations reduces the
average microtubule length and only has detrimental effects on their alignment [138]],
this protein actually promotes microtubule alignment and is important for array reorien-
tation. Loss of function mutants show decreased microtubule alignment. This results in
less elongated cells and resulting stunted plant growth. Also, the nice organisation in cell
files in the root is disrupted, with many oblique division planes, which also results in mi-
sexpression of genes that are normally limited to a single cell layer (cylinder) in the root
[139-142].

With interphase array an division plane orientation so tightly linked, what controls the
orientation of the cortical microtubules becomes a very important question. In chapter 9]
we investigate one possible mechanism.

1.6 Outline

The first part of this thesis is about symplastic transport, addressing basic questions about
its biophysical properties: how fast, how far and what are its consequences? We ap-
proach these questions on a tissue level (chapter[2) and by explicitly considering diffusive
transport through individual channels (chapter [3). The results and simulation platform
extensions of this also appear in the second part, which focuses on the formation of root
lateral organ primordia for nodulation (chapters ] and [6)) and in general (chapter [5)). The
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third part is about the self organisation of cortical microtubules. It starts with two chapters
on their spontaneous alignment, addressing the roles of directed microtubule bound nu-
cleation of new microtubules (chapter[7) and a diagonal bias on microtubule nucleation in
the early steps of array formation (chapter[8). The final chapter (9) is about a mechanism
for array orientation and through this division plane control. This mechanism is under the
control of auxin signaling, thus providing a link between the “biological” and “physical”
control mechanisms of plant growth.



Part I

Symplastic transport
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Plant development is not only a temporal, but also an inherently spatial process, or-
chestrated by developmental signals. To understand how these usually biochemical sig-
nals interact, it is essential to understand how they move through the various plant tissues.
In potential, this movement can be facilitated by specific transporters. For some impor-
tant regulatory molecules, however, such specific transport systems are not known, or not
present in the relevant tissues. All sufficiently small molecules, however, can move from
cell to cell through plasmodesmata, a process called (non-targeted) symplastic transport.
In this part we will investigate the basic biophysical properties of non-targeted symplas-
tic transport: How fast, how far, and in what way do these depend on the size of the
signal molecule? We will also discuss the potential and actual developmental impact of
symplastic transport.







Walking the back alleys: a modelling
study of symplastic transport

In collaboration with Veronica Grieneisen and Yoselin Benitez-Alfonso

Development is not only a temporal, but also an inherently spatial process. To understand
how specific biochemical signals can interact to control development, it is essential to
understand how they move through tissues.

One mechanism for such movement is often overlooked: (non-targeted) symplastic
transport. Nevertheless, many small substances can move symplastically and mutations
affecting the regulation of symplastic transport are often lethal. Here we present a mod-
elling study of its biophysical properties and their implications.

We will first study the transport mechanism in isolation, comparing it with similar
mechanisms. Next, we will investigate how it interferes with the much more thoroughly
studied directed apoplastic transport. We also address its pattern generating properties in
a conceptual way using a Turing-like mechanism. Together this provides an overview of
the biophysical properties of non-targeted symplastic transport and illustrates its major
biological impact.
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2.1 Introduction

Development is not only a temporal, but also an inherently spatial process. To form dif-
ferent tissues, cells have to differentiate and follow different developmental paths. Plant
cells are by and large unable to move relative to each other, so the cell types must dif-
ferentiate in the correct position relative to each other. This requires both coordination
of developmental decisions among cells and cell types and subsequently the isolation of
these decisions to individual cell(type)s. For this coordination plants use a wide range of
signaling molecules. To understand how specific signals can interact to control develop-
ment, it is essential to understand how they move through tissues.

Plants and animals employ quite different systems for intercellular communication.
Animals have several membrane located systems for direct communication between neigh-
bouring cells, such as the Delta-Notch system for lateral inhibition [14}15]] and the planar
cell polarity proteins for local coordination of cell polarity [16}[17]. These systems rely
on protein-protein interactions at the cell membranes of neighbouring cells. Such direct
interactions are impossible among plant cells, as they are separated by thick cell walls.

Plants, however, can perform similar tasks using a range of non-cell-autonomous pro-
teins: protein signals that are transcribed in one cell and affect transcription in another.
Examples are CAPRICE and GLABRA3 (both involved in root hair and trichome specifi-
cation) [19], KNOTTEDI1 (KN1) (involved in leaf development) [[143]] with its Arabidop-
sis homolog SHOOTMERISTEMLESS (STM) and SHORT ROOT (SHR) (involved in
endodermis spe