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1. Abstract 

 

This thesis provides a critical analysis of published work undertaken by the author between 

2005 and 2019. 

A major challenge in biology is to understand how buds comprising just a few cells can 

deform through growth to generate complex plant and animal appendages, like leaves or 

limbs.  In this thesis, I bring together my peer-reviewed publications to focus on how the 

Arabidopsis first leaf attains its shape through coordinated patterns of orientated growth and 

cell division.  I highlight innovative approaches used to track leaf growth in multiple cell layers 

and in different genetic backgrounds.  I present maps of leaf development which reveal 

dynamic, spatiotemporal patterns of orientated tissue growth and cell division.  I present 

models developed through collaborations with computer scientists that provide key insights 

into how leaf shapes are formed during organ morphogenesis via an underlying biochemical-

based polarity system that may also be applicable to more complex shape development.  I 

discuss how the patterns of cell division and cell sizes are correlated and present an integrated 

model that suggests how cell division and growth can be regulated via a dual control 

mechanism with cross connections.  Prior to the work presented here, no previous model had 

been proposed to explain leaf shape transformation according to biologically validated 

observations.  In this work I assess the impact of this research to the field of plant 

developmental biology and suggest that the knowledge gained provides valuable information 

to the plant science community upon which future studies may be based.   
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5. Introduction 

 

5.1. The leaf as a model for organ development 

 

Eudicot leaves exhibit a vast array of morphological diversity, from simple ovate shapes, to 

highly serrated, lobed and compound leaves.  When grown under uniform conditions, 

corresponding leaves of the same species exhibit broadly uniform characteristics and reach a 

determinate size and shape (Pyke, Marrison et al. 1991, Mündermann, Erasmus et al. 2005).  

How genes control development to create such complex shapes remains one of the major 

problems in biology.  The Arabidopsis leaf provides a good model to study morphogenesis, the 

biological process whereby shape is acquired.  A wide range of genetic material is available 

through mutants with varying leaf phenotypes.  The first leaf is a relatively small, flat structure 

that is amenable to imaging from an early stage of development and exhibits a transformation 

from a dome-shaped bud to a simple leaf shape.   

 

 

5.2. Leaf morphology and early development 

 

Leaves are determinate organs.  They arise on the flanks of the shoot apical meristem 

(SAM) in a regular arrangement, or phyllotaxy, as a bulge of a few cells at the site of an auxin 

maxima (Reinhardt, Pesce et al. 2003).  Leaf initiation provides a new orientation of growth 

away from the main stem and defines the proximodistal leaf axis.  Laminae expand in the 

orthogonal orientation, from the midrib to the margins, along the mediolateral leaf axis.  This 

occurs concurrently with dorsiventral or adaxial-abaxial axis establishment (Waites and Hudson 

1995).  Though these anatomical changes have been well described, the question of how 

undifferentiated cells at the SAM transform into a determinate structure remains the subject 

of much scientific debate.   

 

Plant growth is symplastic in that the relative positions of cells are constrained by the cell 

wall with the result that cells do not slide relative to one another (Erickson 1986).  Apart from a 

few specific cases, programmed cell death is not thought to contribute to the shape of plant 

leaves (Gunawardena, Greenwood et al. 2004).  Cell division and cell expansion alone provide 
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the means by which plant organs are formed.  The fact that the leaf surface is contiguous 

suggests that cell behaviour is coordinated across large areas of the tissue.  Shape 

transformation is assumed to be entirely dependent upon modulation of rates and orientations 

of local growth (Green, Kennaway et al. 2010).  This raises the question of how genes control 

tissue deformations through coordinated cellular behaviours.   

 

 

5.3. Coordination of cell division 

 

At initiation, the primordium has been described as a peg-like structure with no blade 

(Esau 1960).  The transition to a flattened blade or lamina is proposed to occur through 

localised meristematic activity in a strip along two opposite sides of the primordium.  This 

region has been termed the 'marginal meristem' and is thought to play a key role in the 

formation of a new leaf organ (Avery 1933, Esau 1977).  Nevertheless, there is a lack of clarity 

about what exact role this region may play and where precisely it is located.  Classical studies 

suggest that marginal meristems drive leaf growth from a row of subepidermal and epidermal 

initials towards the adaxial surface at the very lateral edges (Avery 1933, Esau 1960).  These 

appear as a single cell in each layer in transverse view, and as a band of cells in longitudinal 

view.  Initial cells are proposed to divide periclinally to create cell layers and anticlinally to 

increase surface area.  The intercalary divisions in the derivatives of marginal initials are 

proposed to continue until the final leaf form is attained (Esau 1960).  Later studies raised 

doubts over the spatial and temporal dynamics stipulated by this hypothesis.  It has been 

suggested that marginal meristems are active for a short duration at the very earliest stages of 

development and only responsible for organising the regular array of cell layers 

(Maksymowych and Erickson 1960).  A basal ‘plate meristem’ or ‘blastozone’ is proposed to 

coordinate planar growth concurrent with lamina outgrowth (Maksymowych and Erickson 

1960, Pyke, Marrison et al. 1991, Hagemann and Gleissberg 1996, Donnelly, Bonetta et al. 

1999).  One view is that cells could be supplied to this plate meristem from the junction 

between the leaf blade and petiole (Ichihashi, Kawade et al. 2011).  Genetic studies suggest 

that the juxtaposition of adaxial and abaxial leaf domains at the leaf boundary may play an 

important role in leaf growth.   
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In Antirrhinum, mutations in PHANTASTICA (phan) result in the development of needle-like 

leaves which lack dorsal cell identity and lateral outgrowth (Waites and Hudson 1995).  Lateral 

cell proliferation is predicted to form the lamina via a plate of cells near the ventral boundary 

of the expression domain.  In Nicotiana sylvestris, the ‘bladeless’ mutant (lam1), is 

characterised by leaves that grow to full length but fail to develop laterally.  The long, thin cells 

normally located at the boundary between adaxial and abaxial surfaces are absent (McHale 

and Marcotrigiano 1998).  In Arabidopsis, members of the KANADI (KAN) and PHABULOSA 

(PHB)-like gene families function antagonistically to contribute to abaxial-adaxial patterning, 

together with polar YABBY gene expression; overexpression of KAN2 results in radialized 

abaxialised leaves (Eshed, Izhaki et al. 2004).  Despite these data, the mechanism by which 

domains of adaxial and abaxial identity could generate lamina outgrowth remains unclear.   

 

To understand the process of leaf morphogenesis, it is essential to evaluate patterns of cell 

division in the context of a continually expanding and deforming tissue.  Through this approach 

we can unpick the relationship between the regulation of cell division and growth and attempt 

to uncover the underlying framework for organ development.   

 

 

5.4. Growth can be mathematically described by a tensor field 

  

There are several ways that the expansion of tissue through growth can be defined, 

depending on whether rates vary locally (differential growth), whether growth is equal in all 

directions (isotropic), or whether growth is not equal in all directions (anisotropic).  For the 

purposes of quantifying planar growth, the leaf can be considered as a sheet of tissue in two-

dimensions (2D).   

 

Growth tensors are used to describe growth of biological tissues; these capture relative 

growth rates along orthogonal axes and can be visually represented as ellipses with orthogonal 

lines (Coen, Kennaway et al. 2017, Whitewoods and Coen 2017).  In 2D, a growth tensor 

captures the rate of growth along two orthogonal axes, the sum of which corresponds to areal 

growth rate.  The orientation of highest magnitude is referred to as the principle, or major 

orientation of growth.  Perpendicular to this is the minor orientation of growth.  Growth rates 
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aligned with any other reference point or orientation, such as the leaf midline, can also be 

calculated.  A growth tensor can be defined for any region of tissue delimited by material 

points.   

 

 

5.5. Morphogens 

 

A key principle of development is that undifferentiated cells are provided with unique 

positional information which is interpreted by cells to give rise to spatial patterns.  Morphogen 

gradients have been proposed to provide such positional information (Wolpert 1969, Wolpert 

2011).  Morphogens are substances that form concentration gradients, either within a cell or 

across a field of cells, and elicit cellular responses. In Drosophila, the transcription factor Bicoid 

forms an intracellular gradient across the anterior-posterior axis of the early embryo.  The 

concentration of Bicoid sensed by nuclei determines the effect on target genes in a spatially 

controlled manner (reviewed by (Christian 2012)).  The concentration gradient is diffused 

across a common cytoplasm (nuclei divide in the absence of cell division) and causes a direct 

change in gene expression through targeted effects.  In a multicellular setting, the mechanism 

by which cells receive and interpret a morphogen gradient is more complex.  Proteins are 

thought to be locally produced and transported across a field of cells through the extracellular 

matrix.  Cells within the field must have a mechanism to distinguish small differences in 

morphogen concentration, store and interpret information and translate it into differential 

gene responses. In the mouse limb, digit/non-digit patterning is predicted to be organised by 

underlying morphogen gradients (Hiscock and Megason 2015).   

 

The biological basis whereby cell polarities are established and coordinated in plants is less 

well established.   The plant cell wall provides a barrier between cells that is absent in animal 

cells.  Evidence for the role of morphogen gradients in plants is provided indirectly through the 

observation of polar transport proteins.  Currently the best candidate for a plant morphogen is 

the phytohormone auxin (Bhalerao and Bennett 2003).  Determining how auxin could function 

in plants for tissue patterning would be a breakthrough of great significance.   
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5.6. The relationship between orientated division and growth 

 

One theory of how morphogens could modulate tissue patterning is by influencing the 

orientation of local growth (Green, Kennaway et al. 2010).  Since the position of cell walls does 

not change during development, an interpretation is that walls are aligned along the principle 

direction of growth (Hejnowicz and Romberger 1984). This hypothesis is supported by the 

observations that the plane of cell division tends to be normal to the growth axis (Hofmeister’s 

rule, reviewed by (Lyndon 1994)).  A key question is therefore what the causal relationship is 

between these processes.  A general dogma in plant development is that the orientation of 

new cell walls inserted at cell division specifies the orientation of growth and thus relates to 

organ axiality.  The analysis of periclinal divisions during leaf initiation highlighted the close 

relationship between changes in cell division orientation and the onset of a new axis of organ 

growth (Cunninghame and Lyndon 1986).   Nevertheless, a correlation between cell geometry 

and orientation of division plane does not in itself define causality.  It remains unclear through 

observations of cell plates alone whether division plane orientation is responsible for setting 

the orientation of growth or responding to it.  There are at least three possible hypotheses: 1) 

the orientation of cell division plane influences the orientation of growth, 2) the orientation of 

growth influences the orientation of division plane, 3) growth and division orientations are not 

sequentially linked but coordinated in parallel by some other mechanism.  The origin of 

regulation for each of these possibilities could originate within the cell or alternatively via a 

supracellular mechanism in which control operates at the organismal level.   

 

 

5.7. Cell verses organismal control of morphogenesis 

 

Understanding the role of morphogens and polarity in growth has repercussions for our 

wider understanding of multicellularity and development.  According to cell-theory, individual 

cells function akin to single celled organisms and aggregate together to form a super organism, 

with regulation controlled by homeostatic properties of each cell.  An alternative organismal-

based theory is that individual cells arise as a result of subdivisions of the organism, thus the 

regulation of processes must occur at the level of the organ, or organism, as a whole (Kaplan 

and Hagemann 1991).   
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Traditionally, leaf morphogenesis has been studied from the perspective of cell theory.  

According to this viewpoint, individual cells act as the primary unit of organisation to shape an 

organ through coordinated patterns of division, growth and geometry.  This hypothesis 

predicts a strict correlation between patterns of cell division and regions exhibiting high growth 

rates.  An alternative possibility is that the processes underlying increase in cell number 

through the division execution and increase in cell size through cell expansion are separate and 

under independent regulation (Kaplan and Hagemann 1991).  

 

In this critical analysis I will revisit the cell versus organismal theories to evaluate the 

insights that may be gleaned through my published works on leaf growth.  

 

 

5.8. The role of polarity in oriented growth 

 

Growth of individual plant cells results from the loosening of cell wall material and 

depends on the degree of cell wall extensibility (the ability to irreversibly increase in area) and 

cell turgor (Cosgrove 2005).  Since the physical pressure of turgor is isotropic, growth 

anisotropy can only arise if some walls have greater extensibility in some orientation relative to 

others.  Cell wall extensibility is proposed to depend on the alignment of cellulose fibres 

(Baskin 2005).  A mechanism for guiding cell wall anisotropy according to an underlying axiality 

could be provided by microtubules that function to align cellulose fibres along tracks 

(Whitewoods and Coen 2017).  Such axiality could be defined by the cell itself or relative to a 

tissue-wide axiality system.  Since plant cells are connected by the cell wall, the behaviour of 

individual cells can influence that of others.  Thus, a distinction can be made between how a 

cell would grow in isolation (specified growth) with how a cell grows as part of an 

interconnected tissue under external mechanical constraints (resultant growth).  The resultant 

pattern of growth tensors across a tissue emerges as a consequence of growth specified 

according to underlying orthogonal axes, together with rotations that resolve conflicts 

between neighbouring regions that are specified to grow differently (Whitewoods and Coen 

2017).   
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It is currently unknown how axiality is coordinated within a growing plant tissue.  One 

hypothesis is that the concentration gradient of a morphogen may provide a biochemical-

based polarity field from which orientations are specified (Coen, Rolland-Lagan et al. 2004, 

Green, Kennaway et al. 2010).  Alternatively, axiality could be defined according to mechanical 

signals relative to the principle orientation of stresses (Hamant, Heisler et al. 2008, Hervieux, 

Dumond et al. 2016).  If a cell can sense the principle orientation of stress, then growth may be 

specified in relation to this.  Mechanical stresses result from turgor pressure and conflicts 

derived through differential growth in which regions growing at different rates influence each 

other. Local mechanical conflicts influence microtubule behaviour in sepal epidermal cells 

adjacent to rapidly growing trichomes (Hervieux, Tsugawa et al. 2017).  Stress could influence 

the principle orientations of growth directly, as has been suggested from ablation experiments 

in which microtubules are seen to realign (Hamant, Heisler et al. 2008), or indirectly by 

influencing a biochemical polarity field (Heisler, Hamant et al. 2010).  While stresses may be 

involved, the simplest explanation to explore is the hypothesis that genes influence shape 

through a biochemical-based polarity system.  In this thesis I explore insights gained through 

computer modelling to predict how this could be organised in planta.  
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6. Generation of Leaf Shape Through Early Patterns of Growth 

and Tissue Polarity 

 

In this chapter I outline my contributions to a paper published in the journal Science (Kuchen, 

Fox et al. 2012), reproduced in Appendix 2 with permission from AAAS.  My position as joint 

first author reflects the role I played throughout the entire program of research over more 

than five years.  Erika Kuchen and I contributed equally to the work.  I led the extensive 

program of experiments as outlined below, compiled figures and co-authored all manuscript 

text.   

 

 

6.1. Live imaging enabled leaf ontogeny to be studied dynamically 

 

A major limitation of previous attempts to understand the ontogeny of a leaf is the 

challenge of validating hypotheses with direct observations of changes happening at the tissue 

level at the very earliest stages of development.  The concept that specific regions of the leaf 

function as distinct meristems is an enduring one, despite a lack of direct observations of 

dynamically growing tissues.  Rather, supporting evidence has been gathered via the indirect 

approach of using snapshot images to predict regions undergoing high levels of cell division as 

an indicator of growth.  This association is underpinned by the assumption that cell divisions 

are directly linked to growth and that identifying the location of cell proliferation explains how 

leaves are formed.  There has been a notable lack of discussion about how growth could be 

regulated independently from cell division or alternatively, how patterns of cell divisions in 

specific regions could lead to differential patterns of growth.  Live-imaging the leaf surface 

offers a fresh perspective with which to evaluate pre-existing ideas.  Tracking tissue dynamics 

from the early stages of leaf development enabled the investigation of how growth may be 

coordinated to shape a leaf. 

 

I employed a novel method to directly track Arabidopsis leaf one using time-lapse 

confocal microscopy to visualise fluorescently-labelled cells.  I used an optical-imaging chamber 

in which multiple seedlings can be maintained for several days (Calder, Hindle et al. 2015).  
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Leaf primordia were imaged using time-lapse confocal microscopy from 5 days after 

stratification (DAS), at a width of approximately 100 µm.  In this environment, leaves remain 

relatively flat.  Accordingly, growth analysis was carried out in two dimensions (2D), simplifying 

analysis. 

 

I collaborated with computer scientist Pierre Barbier de Ruille to develop specialist 

software to track growth and generate quantitative measurements.  I manually placed 

thousands of points at cell vertices on each image frame such that growth tensors could be 

calculated for each region of the leaf.  From these data, I generated measurements of growth 

rates, anisotropy and principle orientations of growth.  I manually determined the location of 

the petiole-lamina boundary for each image so that growth from different datasets could be 

compared.  I tracked growth at a cellular level from cells lying approximately over the midline.  

 

 

6.2. Standard growth curves 

 

I generated growth curves for Arabidopsis leaf one from seedlings grown in standard 

conditions on plates.  I measured leaf widths and lengths for multiple seedlings from initiation 

to maturity and used logistic curves to estimate growth rates, the time of leaf initiation and the 

upper asymptote.  From this framework, leaves grown in the chamber could be 

developmentally staged.  These data also provided the context to design clonal analysis 

experiments such that clones were induced and imaged at a controlled developmental stage.  

 

 

6.3. Clonal analysis 

 

I used clonal analysis to estimate patterns of growth from Arabidopsis plants grown in 

standard conditions on plates.  These data were used to validate the results of live-imaging and 

assess model predictions in regions of the leaf that are not amenable to live imaging.  I 

generated sectors of Green Fluorescent Protein (GFP) by heat shock at 3 or 6 days after 

initiation (DAI).  After 3 or 6 days of further growth leaves were removed, flattened and the 

abaxial surface imaged by confocal microscopy.  I used a modified version of the Sector 
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Analysis Toolbox (Green, Kennaway et al. 2010) to analyse clonal patterns by a semi-automatic 

process with manual input.  This generated a virtual composite shape from the mean outlines 

of individual leaves using Procrustes alignment (Gower 1975), normalising for scale and 

position.  Epidermal clones were segmented using a combination of automatic and manual 

segmentation, after which each individual clone was warped onto the mean shape.  To validate 

direct tracking using clonal analysis I manually traced cell fates from time-lapse images and 

compared these to patterns of clones at corresponding developmental stages.  

 

 

6.4. Leaf excision 

 

I repeated leaf excision experiments described in (Sena, Wang et al. 2009) to determine if 

an excised young leaf retains the ability to repattern and regenerate.  I cut leaves in half 

approximately perpendicular to the midvein using micro-scissors and found no regeneration.  I 

developed a novel technique to improve the precision of the cut using a laser dissecting 

microscope.  Following laser excision, I transferred seedlings to the optical-imaging chamber to 

carry out live-imaging of the events immediately following cutting.  I found no regeneration.  

These results undermined previously published reports and supported our model predictions.  

 

 

6.5. Models of leaf growth 

 

I collaborated with computer scientists to employ a mathematical modelling approach to 

investigate mechanisms underlying organ shape and account for my experimental 

observations.  The Growing Polarised Tissue (GPT) framework was used to simulate the leaf as 

a continuous sheet in which regionally expressed factors can interact and propagate 

(Kennaway, Coen et al. 2011).  Polarity is provided by signals that propagate through the tissue 

and is anchored by polarity ‘organisers’.  Model simulations were coded and implemented by 

my co-authors Erika Kuchen and Richard Kennaway.  I contributed to the theoretical 

development and evaluation of models against experimental observations during collaborative 

group sessions led by Professor Enrico Coen.    
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7. Spatiotemporal coordination of cell division and growth 

during organ morphogenesis 

 

In this chapter I outline my contributions to a paper published in the journal PLOS Biology 

((Fox, Southam et al. 2018) reproduced in Appendix 2, licensed under CC BY 2.0) on which I am 

joint first author.  This publication represents the culmination of a huge body of work 

undertaken over several years by myself and a talented group of collaborators, including 

experimentalists and computer scientists.  My role as lead experimentalist was to execute the 

large number of experiments and provide training and day-to-day supervision to PhD students 

who also contributed to the project.  I co-developed hypotheses, produced and compiled all 

figures, co-authored all text, and carried out additional experiments required by reviewers.   

 

 

7.1. Time-lapse imaging 

 

I carried out time-lapse confocal imaging using the optical-imaging chamber at various 

intervals to capture leaf growth from the speechless (spch) mutant and wild type.  I measured 

leaf width prior to converting confocal image stacks into single projections using various image 

processing tools.  For the later stages, when the leaf could not be captured in a single scan, I 

merged multiple overlapping tiled scans to create a single composite image.  I created 

projections of the subepidermal layer using visualisation software to peel off the epidermal 

surface.  Several projections were created for each Z-stack (using different parameters to 

reveal as many cells as possible in approximately the middle of the cell layer) which I then 

manually merged together to create a composite image.  This approach enabled me to 

evaluate corresponding regions of multiple cell layers in the same organ. 

 

 

7.2. Tracking growth and divisions 

 

I quantified growth and division by tracking the displacement of cell vertices and 

incorporating new cell walls as they appeared.  The frequency of cell divisions was not 
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synchronised; neighbouring cells divided at different times and exhibited variation in the 

duration of cell cycle.  Some cells did not divide at all throughout the experiment.  To aid 

visualisation and characterise the pattern across the tissue, I categorised cells at each time 

point according to whether they would undergo division (were competent to divide) during the 

next time interval or at some point during the experiment, or whether they did not divide for 

the remainder of the tracking experiment.  This was visualised using a toolset (Track ‘n’ R) 

created by my co-author Florent Pantin.  I manually identified the first row of nondividing cells 

for each tracking experiment and coloured these and corresponding cells in subsequent images 

to show how these cells were displaced through growth.  I identified the location of the 

petiole-lamina boundary and categorised cells as forming part of the midline or lamina regions 

by tracking linages back from a later time point when these features were more easily 

identifiable.   

 

 

7.3.   Analysis of cell size using 3D segmentation 

 

I carried out segmentation in three dimensions (3D) to validate surface measurements with 

volumetric data.  I collaborated with Professor Robert Sablowski to use modified Python scripts 

(Serrano-Mislata, Schiessl et al. 2015), to measure the external surfaces and volume of 

epidermal and subepidermal cells in 3D.  I used Fiji macros (Schindelin, Arganda-Carreras et al. 

2012) using the 3D Viewer and Point Picker plugins to visualise images and select cells with 

manual input and quality control.  I manually identified corresponding cells in surface 

projections and plotted projected segmentation-based area against vertex-based area, 

segmented surface area and cell volumes.  I found vertex-based cell area to be a good proxy for 

3D cell size.  Cell thickness showed relatively little spatial variation, confirming that the major 

contribution to cell size variation derives from cell area, validating our approach.   

 

 

7.4. Analysis of subepidermal cells in wild type 

 

To visualise subepidermal cells in wild-type leaves, I grew seedlings on plates in standard 

conditions before sampling and fixing leaves to preserve tissue structure.  I used confocal 
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microscopy to image through the entire depth of the leaf before creating projections of the 

subepidermal layer.  I determined that subepidermal cells in wild type are broadly similar to 

those in spch.    

 

 

7.5. Standard growth curves for spch and fama leaf width 

 

I generated growth curves for Arabidopsis leaf one from spch and fama mutant seedlings 

grown on plates.  I measured leaf widths for multiple seedlings at various DAS and used logistic 

curves to fit the data.  I compared these results to the standard curve of wild-type leaves and 

showed that leaf widths are reduced in spch and fama.   

 

 

7.6. Integrated models of growth and cell division 

 

I collaborated with computer scientists to incorporate models of cell division competence 

and execution to our previously published models of leaf growth.  The GPT framework 

(Kennaway, Coen et al. 2011) was used to simulate the leaf as a continuous sheet with an 

additional superimposed layer of virtual cells (v-cells).  Models were implemented by co-

authors Paul Southam, Florent Pantin and Richard Kennaway.   
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8. Supporting papers  

 

In this chapter, I summarise my contribution to several publications on which I am a 

contributing author.   

 

 

8.1. Systems biology approach pinpoints minimum requirements for auxin 

distribution during fruit opening 

 

I provided experimental data that helped to determine how auxin minima are generated 

and maintained in the developing Arabidopsis fruit ((Li, Vroomans et al. 2019) reproduced in 

Appendix 2, licensed under CC BY 2.0).  The valve margin is a highly specialised tissue that 

forms a narrow strip down the entire length of the fruit and is required for fruit opening and 

seed dispersal.  Computer simulations suggested high rates of auxin flux across the valve 

margin lead to the formation of auxin minima.  I employed confocal microscopy to visualise 

how the auxin efflux carrier PIN3 is localised in the valve margin.  A previous study had 

suggested the existence of apolar localisation of PIN efflux carriers in this location but was 

unable to detect these (Sorefan, Girin et al. 2009).  My images confirmed this prediction and 

showed how auxin could be transported from the valve margin to the surrounding tissues.  I 

modified the laser dissection technique that I previously developed for the leaf (Kuchen, Fox et 

al. 2012) to carry out precise ablations in the valve margin.  These partial ablations of valve 

margin tissue confirmed model predictions that leaving any part of the valve margin intact is 

sufficient to redistribute auxin.  My mechanical experiments provided the foundation for a 

genetic approach that ablated the entire valve margin.  

 

 

8.2. Evolution of regulatory interactions controlling floral asymmetry 

 

In Antirrhinum, the transcription factor CYCLOIDIA (CYC) is key regulator of floral 

asymmetry.  I carried out a detailed analysis of Arabidopsis leaves and flowers in which CYC is 

ectopically overexpressed in response to the glucocorticoid inducer dexamethasone (DEX) 

((Costa, Fox et al. 2005) reproduced in Appendix 2 with permission).  I found petals from 
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Arabidopsis grown on DEX to be about 1.5 times larger than wild-type petals.  Conversely, 

leaves grown on DEX were dramatically smaller than wild type, as was the overall stature of the 

plant.  I used scanning electron microscopy to reveal the morphology of cells in induced and 

non-induced leaves and petals.  I found that the effect of CYC on petal area was due to 

increased cell expansion.  Conversely, I showed that CYC repressed growth in leaves through 

reduced cell growth and reduced cell number.  We hypothesised that this was likely through 

early onset of cell division arrest.   

 

 

8.3. Additional collaborations 

 

I provided a genetic resource to reveal how repression of organ boundary genes promotes 

morphogenesis of the Arabidopsis stem ((Bencivenga, Serrano-Mislata et al. 2016) reproduced 

in Appendix 2, licensed under CC BY 2.0). I previously used the Cre-lox recombination system to 

generate clones of ectopic GFP to study growth in the Arabidopsis leaf (Kuchen, Fox et al. 

2012).  A limitation of using this plant line is that expression is down-regulated after 

approximately seven days.  Furthermore, clones were not able to be induced in the SAM.  

Transcriptional gene silencing has previously been associated with multicopy transgenes 

incorporating the 35S promoter of cauliflower mosaic virus (Al-Kaff, Kreike et al. 2000, Tang, 

Newton et al. 2006, Daxinger, Hunter et al. 2008).  To overcome this, I designed and assembled 

a new synthetic version of the lox-flanked construct using golden gate modular cloning 

according to the common syntax ((Patron, Orzaez et al. 2015) on which I am named as an 

author, reproduced in Appendix 2 with permission).  I exchanged β-glucuronidase for cyan 

fluorescent protein such that upon recombination, cells surrounding the GFP clone can be 

visualised using confocal microscopy.  I generated several independent stably transformed 

plant lines containing a single insertion of the construct.  Single copy, hemizygous individuals 

had greatly reduced gene silencing.  I shared this line with Professor Robert Sablowski, who 

used it to visualise clones in the SAM and confirm the origin of the stem by revealing distinct 

patterns of oriented cell division and growth in the central and peripheral regions of the rib 

zone (Bencivenga, Serrano-Mislata et al. 2016).    

 

I developed a transgenic line of Arabidopsis that underpinned two highly cited papers that 

enhance our understanding of microtubule dynamics during plant cell division.  I generated 



 

24 
 

stable transgenic lines of Arabidopsis that incorporate a fluorescently tagged microtubule end 

binding protein AtEB1a-GFP.  The AtEB1a-GFP marks the plus ends of microtubules with a 

comet-like pattern, enabling the transitions of microtubule arrays throughout the division cycle 

to be analysed in suspension cells ((Chan, Calder et al. 2005) reproduced in Appendix 2 with 

permission) and in hypocotyls ((Chan, Calder et al. 2007) reproduced in Appendix 2, licensed 

under CC BY 2.0). 

    

 In 2013 I provided training and supervision for a visiting PhD student, Giulia Castorina, for 

a 4-month placement in the Coen group. I trained Giulia in many techniques, including time 

lapse imaging and provided advice and guidance for her project.  After her departure I 

continued the collaboration with Giulia and her group leader Lucio Conti, contributing to the 

overall direction of research and providing critical analysis.  My contribution to the overall 

project, preparation of the manuscript and response to reviewer’s comments was recognised 

with authorship on the published paper ((Castorina, Fox et al. 2016) reproduced in Appendix 2, 

licensed under CC BY 2.0).   
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9. General Discussion 

 

9.1. Summary of this work 

 

In this work I present a detailed description of the patterns of cell growth and cell 

division that underlie the shape transformation of an Arabidopsis leaf primordium into a 

mature leaf.  I find that growth occurs in a coordinated pattern which exhibits a broadly 

proximodistal gradient in growth rates.  I quantify the temporal dynamics and show that a 

global drop in growth rates is evident at later developmental stages.  I reveal the pattern of 

growth anisotropy and show that initial pattern of growth is mainly orientated parallel with the 

leaf midline.  The major orientation of growth subsequently undergoes a switch to drive lateral 

leaf expansion.  I track the execution of cell division and show that a proximal zone of 

epidermal cell division competence extends with the leaf as it grows, before retracting to the 

base.  I show how patterns of growth rates, cell division and cell sizes are integrated and 

exhibit distinct relationships in different cell layers, genetic backgrounds and growth 

conditions.    

 

These dynamic maps of early organ development provided the basis to formulate and 

evaluate hypotheses of how leaf growth and cell division could be coordinated using 

computational modelling.  The design-build-test iterative process enabled models to be 

developed to match experimental observations and for model predictions to feed-back and 

influence experimental design.  This Systems Biology approach led to a hypothesis which 

explains how a leaf shape can arise with patterns of growth and cell division that closely match 

experimental observations.  The integrated model predicts that orientated growth is 

coordinated by an underlying biochemical-based polarity system and explains how the 

processes of cell division and cell growth could be coordinated by a dual control mechanism via 

common regulatory elements with cross connections.  In this discussion, I evaluate how these 

results contribute to the field of research and previously held views of leaf maturation and 

growth coordination.  I contribute to the long-held debate of how organs form from single cells 

and conclude that aspects of cell theory and organismal theory taken together could account 

for how complex, multicellular organs are formed.    
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9.2. Increase in leaf width and length is exponential at early stages of 

development 

 

Leaf elongation has been described as occurring in several phases according to distinct 

features; firstly a 'rapid but declining growth rate' concurrent with leaf initiation, followed by 

exponential growth and finally a decline in growth rates during leaf maturation (Poethig and 

Sussex 1985).  To explore if this hypothesis accurately reflects macroscopic changes at the 

organ level I measured leaf widths and lengths from multiple individual leaves at different 

developmental stages from primordium initiation to maturity.  Plotting these data revealed 

that growth in width and length could be best approximated by a logistic function ((Kuchen, 

Fox et al. 2012) Fig. S1., reproduced here in Figure 9-1).  The rate of increase in leaf length and 

width are exponential at early stages and subsequently drop to zero as length and width 

plateaus when leaves reach maturity.  Leaf widths from seedlings grown in the optical-imaging 

chamber were evaluated according to this framework and found to be unperturbed for several 

days.  The analysis of epidermal surface growth rates provided the opportunity to develop 

hypotheses that account for how tissue growth could be coordinated to generate changes at 

the organ level.  
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9.3. A proximodistal gradient of growth rates along the leaf midline is present 

from early stages 

 

Live imaging revealed a complex and dynamic field of growth tensors throughout early 

development.  As a first step to understanding spatiotemporal dynamics of this pattern, I 

quantified growth rates parallel to the long axis of the leaf in cells located along the midline.  I 

collaborated with Erika Kuchen to plot these results graphically.  We found that growth occurs 

along the full length of the midline, with rates that varied from the base to tip.  Rates were 

highest at the petiole-lamina boundary and were lowest close to the distal tip. The slope of this 

gradient changed dynamically, from near-linear at early stages to subsequently flattening out 

Figure 9-1. Growth analysis of leaf one. Growth curves for leaf width (black) and length (red), 

with outlines of representative leaves.  Inset shows measurements on a logarithmic scale. 

From Kuchen, Fox et al. 2012.  
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in proximal regions whilst retaining a steep decline close to the leaf tip ((Kuchen, Fox et al. 

2012) Fig. 1., reproduced here in Figure 9-2). 

 

 

The pattern of growth rates described here is broadly consistent with earlier 

observations by George S. Avery in his classic work of 1933, which sought to define the origin 

Figure 9-2. Leaf growth analysis in 1D. Midline proximodistal growth rates for three replicates 

(orange, green, and blue), and 1D models (black and grey lines). Distances from lamina base 

correspond to those on the day indicated by an asterisk. Adapted from Kuchen, Fox et al. 2012. 
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of leaf tissues in Nicotiana tabacum (Avery 1933).  The leaf surface was marked with a 

rectangular network such that changes in the length and width of segments relative to the 

organ could be calculated.  Different regions of the leaf were found to grow at different rates.  

Greater growth was recorded at the base, marginal and central regions relative to the tip.  The 

observation of slower relative growth at the leaf tip together with a study of tissue structure 

prompted the idea that leaf maturity occurs basipetally, with the tip maturing earlier than the 

base.  Quantitative analysis was subsequently carried out using the displacement of points that 

formed the corners of the grid to reveal a gradient in relative areal growth rates (Richards and 

Kavanagh 1943).  A limitation of this approach is that the placing of ink marks on the surface of 

leaves required the tissue to be large enough to access, thus missing early stages during which 

the major shape transformation occurs.   

 

Longitudinal elongation of the young primordium has previously been studied 

indirectly through histological characterisation of tissue sections.  Cell divisions were predicted 

to emanate from a region at the apex, suggesting that a meristematic region is located in this 

zone (Avery 1933, Esau 1977).  It was proposed that the early primordium elongates initially 

through apical growth up until a leaf length of 2-3 mm, after which a switch occurs and growth 

proceeds basipetally (Avery 1933).  My dynamic quantification of growth parallel to the leaf 

midline provides no evidence for apical driven growth.  In contrast, I find a proximodistal 

gradient in growth rates from the earliest stages amenable to tracking, around 0.2 mm length.  

The pattern of differential growth I observe confirms Avery's findings in leaves at later stages 

and suggests that a basipetal pattern is present from the early stages of development.  This 

raises the question of how this pattern of growth could be coordinated.  

 

 

9.4. A proximodistal gradient can account for observed growth rates along the 

midline 

 

Computer modelling was used to explore how the observed pattern of differential 

growth along the midline could be generated.  Models were developed using a limited set of 

factors including a growth-promoting factor, PGRAD.  In a simulation in which an initially linear 

gradient of PGRAD was fixed to the tissue, the pattern of resultant growth rates was similar to 
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those observed experimentally.  The slope of growth rates changed from a linear drop to 

exhibiting an extended downward curve at later stages (Figure 9-2).  This is because regions 

with the highest concentration of PGRAD, grow faster and extend more than regions with 

lower concentrations of PGRAD.  Mathematically recapitulating experimental observations in a 

simplified modelling environment helps to clarify how they might be coordinated biologically.  

Models are underpinned by the idea that a gradient of a growth-promoting factor is fixed to 

the tissue and deforms with growth.  This suggests that cells may have a mechanism to retain 

growth rate information and transmit it to their progeny, via a kind of ‘memory’.   

 

Our initial model was not sufficient to capture the observed temporal variation within 

the growth pattern: growth rates dropped in all regions of the leaf through time.  The global 

drop in growth rates could be accounted for by incorporating a factor that functions to 

negatively regulate growth rates at the later stages.  Thus, a prediction is that a molecular 

regulator may become active at the later stages of development to negatively influence growth 

rates via some sort of ‘timer’.   

 

The modelling described here shows how a differential pattern of growth rates could 

be coordinated in one-dimension (1D) by the graded distribution of a factor.  Thus, a 

mechanism based on long-range signalling could coordinate growth across the tissue: cells 

exhibit growth rates dependent on the concentration of growth-promoting signal they receive.  

The model also suggests a degree of cell autonomous control, since the concentration of 

PGRAD is subsequently ‘remembered’ or maintained by individual cells and their progeny.  To 

explore if such a hypothesis could be extended to account for growth patterns in 2D, I analysed 

patterns of growth across the leaf surface.  

 

 

9.5. Areal growth rates in the epidermis exhibit a complex spatiotemporal 

pattern 

 

Plotting areal growth rates across the surface of the lamina revealed a complex pattern 

that varied in space and time ((Kuchen, Fox et al. 2012) Fig. 1., reproduced here in Figure 9-3).  

Areal growth rates were highest towards the lamina base and in lateral regions, and were 
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generally lower along the midline and towards the tip.  These data are broadly consistent with 

the pattern of growth rates described previously for the tobacco leaf (Avery 1933, Richards and 

Kavanagh 1943) and Xanthium (Erickson 1966) and provide a new opportunity to explore the 

role of anisotropic growth in shape formation. 

 

 

 

 

Areal growth rates can be decomposed from growth tensors in each region to reveal the 

relative contribution of growth in the major and minor orientations.  In addition, growth 

relative to any other orientation can be evaluated mathematically.  Decomposing areal growth 

rates relative to the overall organ axes revealed how the patterns of growth aligned with 

longitudinal extension of the primordium and lateral expansion of the lamina ((Fox, Southam et 

al. 2018) Fig. 1., reproduced here in Figure 9-4).  Growth rates parallel to the leaf midline for 

the whole leaf surface amenable to tracking showed a proximodistal pattern similar to that 

observed for the midline region alone.  In contrast, plotting growth in the mediolaterial 

orientation (perpendicular to the midline) revealed that growth rates increase with proximity 

to the lateral boundaries and decrease towards the leaf midline.  These observations may be 

key to understanding how organ outgrowth is coordinated.  The presence of small cells close to 

the margin has previously been interpreted as evidence for high rates of cell proliferation.  This 

formed the basis of the idea that a meristem coordinates lamina outgrowth through control of 

Figure 9-3. Leaf growth analysis in 2D. Areal growth rates (heat map) at the end of each 

period. Scale bars, 100 m. Adapted from Kuchen, Fox et al. 2012. 
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orientated cell division.  An alternative hypothesis is that proximodistal and mediolaterial leaf 

expansion could be coordinated through coordinated patterns of orientated growth.   
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Figure 9-4. Dynamics of growth in the spch epidermis. Time-lapse imaging of a spch leaf at 

approximately 12-h intervals over 4 d (0–100 h; last time point in series not shown). Data 

shown on the first time point (underlined) for each tracking interval. Leaf widths for the first 

time point (left to right) are 0.15, 0.22, 0.27, 0.31, 0.39, 0.48, and 0.68 mm. (A-C) Cellular 

growth rates (heat maps) for each tracking interval. (A) Areal growth rates.  (B) Growth rates 

parallel to the midline (proximodistal). (C) Growth rates perpendicular to the midline 

(mediolateral). Leaf outline indicated by dotted black line. Grey boxes are aligned to the 

petiole-lamina boundary and extend to 150 or 300 μm. Scale bar, 100 μm. Adapted from Figure 

1 of Fox, Southam et al. 2018. 
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9.6. Leaf growth is highly anisotropic 

 

Despite the limitations of the methodology and mathematical analysis, Avery 

postulated that differentially distributed growth, which he termed 'localised growth', together 

with 'polarised growth' (greater growth in one dimension than another, now termed 

anisotropy) are together responsible for the shape of the organ (Avery 1933).  This hypothesis 

is based on the profound understanding that the patterning of growth itself should be 

considered in addition to the patterns of cell division.  As will be discussed later, many 

subsequent studies used markers of cell division as a proxy with which to make predictions of 

how growth of the organ could be coordinated.  The growth anisotropy of the tobacco leaf 

surface was captured by the quantification of relative growth rates to produce the orientations 

of maximum and minimum growth rates for each segment (Richards and Kavanagh 1943).  

Although this analysis provided only a crude approximation of leaf growth, it is clear from the 

figures that major orientation of growth varies across the surface of the lamina, implying a role 

for growth anisotropy.  The contribution of anisotropic growth has been questioned by 

subsequent reports in Xanthium (Erickson 1966) and tobacco (Poethig and Sussex 1985) that 

concluded leaf growth is largely isotropic. 

 

The role of isotropic growth has recently been explored mathematically through 

conformal mapping in which local angles are preserved after transformational displacement 

through growth.  One report suggested that around 90% of the overall displacement field of 

organ growth could be accounted for by conformal transformations (Alim, Armon et al. 2016).  

Another study suggested conformal leaf growth could be accounted for through differential 

patterns of isotropic growth coordinated according to a linear gradient of a diffusible signal 

molecule (Mitchison 2016).  These analyses did not fully consider regional and temporal 

variations in anisotropy that may be more important at earlier stages of development.   

 

My analysis provides a dataset from which a detailed quantification of the 

spatiotemporal dynamics of the surface relative growth rates could be carried out and from 

which the contributions of growth in different orientations could be evaluated.  

Characterisation of the spatiotemporal dynamics of the major orientations of growth in the 

Arabidopsis leaf showed a complex dynamic pattern of anisotropic and isotropic growth 
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((Kuchen, Fox et al. 2012) Fig. 1., reproduced here in Figure 9-5).  I found growth to be highly 

anisotropic at the earliest stages visualised. The major orientations of growth at this stage are 

aligned broadly parallel to the proximodistal axis of the leaf.  This is consistent with the idea 

that primordium first elongates preferentially along this direction after organ initiation, prior to 

lamina outgrowth.  Dynamic tracking revealed a nuance to this pattern that had not been 

previously predicted.  Growth orientations converge towards the leaf tip in distal regions.  

Furthermore, at later stages of development, I observed that lamina regions close to the 

midline exhibit oblique orientations of growth.  Orientations appear to splay out from the 

midline and angle towards the leaf margin.  In some regions of the lamina growth is isotropic.  

At the latest stage tracked, I observed a switch in orientation with major orientations of growth 

aligned predominantly with the mediolateral axis of the leaf.  Some of these features were also 

captured by an independent study that quantified growth patterns in three dimensions via the 

displacement of fluorescent beads (Remmler and Rolland-Lagan 2012).  Growth anisotropy was 

observed from the earliest stages analysed and found to decrease together with growth rates 

as leaves reached maturity. 

 

 

 

 

This detailed quantitative analysis serves to resolve previous inconsistencies in the 

literature and add weight to the importance of growth anisotropy in shaping a leaf. My 

dynamic description of epidermal leaf growth confirms the extent and character of anisotropic 

Figure 9-5. Principal directions of growth. Black lines, where anisotropy > 10%) at the end of 

each period. Scale bars, 100 mm. Adapted from Kuchen, Fox et al. 2012.  
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growth that underpins early leaf development.  This raises the question of how such a highly 

coordinated pattern of anisotropic growth could be coordinated.  

 

 

9.7. Leaf shape can be coordinated through tissue polarity 

 

The pattern of differential anisotropic growth described here raises the question of 

how the principle orientations of growth are defined and coordinated in planta.  A hypothesis 

to account for how organ shape and tissue polarity could be coordinated by underlying tissue 

polarity organisers has previously been proposed to account for the shape of the snapdragon 

(Antirrhinum) flower (Green, Kennaway et al. 2010).  This theoretical framework has the 

benefit of abstracting away from cells and considers a continuum of interconnected tissue.  

Due to experimental constraints, the snapdragon model could not be validated with direct 

observations of tissue growth patterns.  The Arabidopsis leaf offered an opportunity to explore 

if a similar framework may help explain organ formation in an experimental system in which 

models could be evaluated against quantitative dynamic data.   

 

Models were implemented in 2D using the GPT framework.  Local growth orientations 

are specified parallel and perpendicular to the proximodistal gradient of a factor distributed 

through the canvas, POLARISER (POL).  The distribution of POL is maintained parallel to the 

midline and is independent of tissue deformations.  Growth rates depend on the activity of 

factors that promote or repress growth and simulate the action of genes.  Mechanical 

constraints also affect growth since the tissue is interconnected, as such neighbouring regions 

influence the growth of each other.  Thus, resultant growth rates do not match exactly to the 

underlying specified rates.  Starting with a canvas shape based on the shape and size of a 

young primordium, running the model generated shape changes and patterns of growth rates 

and orientations that broadly match those observed experimentally ((Kuchen, Fox et al. 2012) 

Fig.1, reproduced here in Figure 9-6 A,C). 

It is not clear how such a non-deforming orthogonal pattern of POL could be 

coordinated biologically.  We explored an alternative method of POL propagation in which the 

polarity field deforms with feedback from geometry and tissue growth.  The gradient of POL is 

generated by the antagonistic effects of production at the base by an identity factor and 
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degradation everywhere else at a constant rate.  Propagation rates of POL were varied such 

that the initial distribution of POL was fixed to the initial canvas or at the other extreme, 

continuously deformed with the tissue.  Both models generated similar patterns of resultant 

growth and orientations that matched experimental observations better than the non-

deforming model (Figure 9-6 B,D).  

The modelling described here suggests a mechanism by which genes can control 

orientated growth according to an underlying biochemical-based polarity system.   

 

 

 

Figure 9-6. 2D models. (A) Resultant shape, POL levels and specified growth orientations 

(arrows) for nondeforming and (B) deforming (organiser based) models. (C) Resultant shapes, 

areal growth rates, and directions of growth (black lines, where anisotropy > 5%) for 2D 

nondeforming and (D) deforming (organiser-based) models. Heat map and staging as in Figure 

9-3. Scale bars, 100 m. Adapted from Kuchen, Fox et al. 2012. Models were generated by 

Erika Kuchen. 
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9.8. Leaves are not able to repattern and regenerate following excision 

 

A key feature of the leaf models is that that the spatial pattern of growth rates is 

established early in development.  There is no implication that leaves could spontaneously 

repattern growth and regenerate tissue to reach a predetermined final size.   This hypothesis 

was undermined by a report that suggested young leaves retain the ability to regenerate 

following distal leaf excision (Sena, Wang et al. 2009).   

 

To explore this possibility, I made precise excisions of young leaf tissue and used live-

imaging to monitor any subsequent changes at tissue level.  I found no evidence of re-

patterning or re-generation. In contrast, I found rates below the point of excision largely 

unchanged except for narrow regions very close to the site of excision which appeared slightly 

reduced in growth ((Kuchen, Fox et al. 2012) Fig. 3., reproduced here in Figure 9-7).   
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Figure 9-7 Distal leaf excision. (A) Excision of the distal half of leaf 1 lamina at 6 DAI. Distal 

region was removed after laser cut (pale line). (B) Leaf 1, 6 days after distal excision, viewed 

from the top and (C) from lower (abaxial) side, showing a curved indentation at the tip (arrow). 

(D) Leaf 1 cut at 6 DAI (left) and tracked until 9 DAI (right). Areal growth rates (heat map) 

calculated over the last 24 hours of tracking. Boundary of cut highlighted with magenta line. (E) 

Leaf after tracking growth for 5 days after distal excision. (F) Tracked uncut leaf with a blue line 

shown at a similar position to the cut in (D). (G) Principal directions of growth (black lines, 

where anisotropy >10%) for leaf shown in (D). (H) Excision of the distal half of the canvas and 

(I) output after growth according to the organizer-based model, showing areal growth rates 

and resultant directions of growth (black lines, where anisotropy >5%). Scale bar, 100 mm. 

From Kuchen, Fox et al. 2012. Models in (H) and (I) were generated by Erika Kuchen. 
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The leaf model was modified to simulate distal leaf excision.  Resultant patterns of 

growth rates and the final organ shape matched well to experimental observations.  The model 

helps to explain how previous results could have been misinterpreted.  Excision of a relatively 

large proportion of the young leaf results in only a small absence of material at later stages 

because of differential growth rates.     

 

 

9.9. The pattern of clones does not support the hypothesis that cell division is 

focused at the margin 

 

Thus far I have discussed how the orientations of growth in the lamina region broadly 

align with the mediolateral leaf axis at later stages.  Furthermore, I have shown that 

quantifying growth rates confirms earlier predictions that growth is indeed higher in the lamina 

compared to other regions.  These findings appear to support the idea that a region at the 

margin is important for coordinating lamina outgrowth, yet do not explicitly imply a role for 

coordinated cell division as has previously been proposed. 

 

The idea that lamina outgrowth is coordinated through orientated cell division at the 

abaxial-adaxial leaf boundary underpins a model that generates a flat-leaf structure 

(Hayakawa, Tachikawa et al. 2016).  A simulated cross-section of a leaf was generated through 

mutual inhibition of adaxial-abaxial identities if cells at the margin divide periclinally to 

maintain flatness.  The tissue extends laterally from the margin because after a cell divides, the 

daughter cell closest to the margin will be next to divide again.  A file of related cells was 

generated maintaining the boundary between cell identities.  This model implies that the 

adaxial-abaxial boundary provides a polarity bias to control the cell division axis.  If cell division 

is restricted to the margin, it should be possible to visualise this by tracing cell lineages.   

 

Clonal analysis has previously been used as a tool to investigate cell lineage and the 

origin of leaf tissue in tobacco (Poethig and Sussex 1985).  The method used to generate clones 

was based on irradiation to generate a cell-autonomous mutation, visualised by a colour 

change of the tissue from yellow to dark green.  Variation in mutation frequency was linked to 

cell cycle and thus frequency of cell division.  In contrast to what might be expected, no clones 
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were observed to extend from the margin to the midline.  Thus, the orientation and frequency 

of cell division close to the leaf margin was interpreted to play a minor role on the overall 

growth of the organ.   

 

Direct tracking should provide unequivocal evidence on the patterns of divisions close 

to the margin.  Unfortunately, the most lateral regions of the leaf, particularly regions close to 

the leaf base, are not easily visualised in intact seedlings.  This is due to the curvature of the 

leaf rendering these regions too far away and at an oblique angle from the microscope 

objective.  Furthermore, at early stages, primordia are obscured by the petioles of overlying 

cotyledons.  Growth in lateral regions of Arabidopsis leaves has been visualised by others using 

a long working-distance water immersion objective (Vuolo, Kierzkowski et al. 2018).  The 

optical-imaging chamber is a sealed sterile unit, in which multiple seedlings can be visualised 

through a coverslip.  This system is not compatible with water immersion objectives.  It is 

possible that seedlings could have been mounted at a sideways angle with respect to the 

coverslip, however this proved technically difficult to achieve without damaging other parts of 

the seedling.  As an alternative, I used clonal analysis to estimate patterns of growth across the 

full surface of the leaf.  The expression of GFP is induced via by a 2-component transgenic 

system mediated by Cre-lox recombination (Gallois, Woodward et al. 2002).  After a brief heat 

shock, cells are randomly induced to express GFP cell autonomously, independent of the cell 

cycle.  By limiting the duration of heat shock, the number of induced cells is reduced and a 

random spread of clones generated.  The timing of heat shock and subsequent imaging of 

flattened leaves was matched to complement the developmental stages captured by live 

imaging.  Since clonal analysis could be carried out on seedlings grown on plates, this approach 

also had the benefit of providing a qualitative validation of growth parameters generated from 

plants grown in the chamber.   

 

The size, shape and orientation of induced clones matched well those generated by 

tracing cell fates from live-imaging data ((Kuchen, Fox et al. 2012) Fig S6, reproduced here in 

Figure 9-8).  Clones appear evenly distributed across the surface with no clear bias in any 

region.  A statistical analysis could be carried out to confirm this.  In contrast to what may be 

expected if division was concentrated at the leaf margin, I found few clones to be in direct 
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contact with this region. Furthermore, the pattern of clones does not splay out from the 

margin.  My analysis confirms cell division is dispersed across the leaf surface.   

 

 

 

Figure 9-8 Validation of direct tracking using clonal analysis. (A and C) Cell fates from time-

lapse imaging: (A) Cells tracked from 4 DAI (small leaf on left) to 6 DAI (right leaf) and (C) from 

6 DAI (left leaf) to 8 DAI (right leaf).  Examples of tracked clones are shown enlarged. (B and D) 

Clones induced at 3 DAI (B) or 6 DAI (D) and imaged at comparable developmental stages to (A) 

and (B) respectively (6 DAI and 9 DAI).  Clones from several leaves have been superimposed. 

Scale bars, 100 m. From Kuchen, Fox et al. 2012. 
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Clonal analysis combined with dynamic patterns of growth captured through live 

imaging provides a detailed description of the changes taking place throughout the entire 

epidermal surface during early leaf development.  These provide evidence that leaf 

morphogenesis is coordinated across the surface through orientated patterns of growth and 

dispersed patterns of cell division.  Biologically, tissue grows by the combined processes of cell 

division and cell expansion.  A key question to address is how these processes are integrated 

within a growing tissue.   

 

 

9.10. Integrating patterns of growth and cell division   

 

Patterns of cell proliferation have previously been predicted from fixed specimens 

according to the expression of a molecular marker of cell cycling.  Localisation of cyc1At::GUS 

indicated that cell division is not restricted to cells at the boundary between cell surfaces in 

Arabidopsis, as has been predicted (Hayakawa, Tachikawa et al. 2016).  Cells ceased cycling in 

this region long before those of other leaf tissues (Donnelly, Bonetta et al. 1999).  Mitotic cells 

were initially observed throughout the leaf and gradually became restricted towards the leaf 

base.  This finding was linked with patterns of high growth in basal regions (Avery 1933) and 

supported the idea that patterns of growth could be inferred from regions undergoing cell 

division.  These data lead to the suggestion that cell cycling related to differentiation of specific 

cell types is superimposed on that of general, proliferative cell divisions.  Secondary, 

differentiating divisions were predicted to occur with a distinct spatial pattern that was 

maintained for longer than proliferating divisions (Donnelly, Bonetta et al. 1999). These 

findings align less with the term marginal or plate ‘meristem’ since no evidence was found for 

stem cell initials.  Instead, the term ‘marginal blastozone’, has been proposed to better reflect 

that growth and division may be coordinated in a specific region that is competent for 

organogenesis (Hagemann and Gleissberg 1996). 

 

By simplifying my analysis to ignore cell division and consider how patterns of 

anisotropic growth could be coordinated in isolation we were able to generate a model that 

accounts for leaf morphology through a reductionist approach independent of the unit of the 

cell.  In order to fully understand the process of leaf morphogenesis it was necessary to explore 
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how patterns of cell division and cell sizes relate to the observed patterns of growth and 

determine how these features could be integrated to shape a leaf. 

 

 

9.11. The relationship between cell division and growth can be explored in 

the spch mutant  

 

Analysing patterns of cell proliferation in the epidermal leaf surface through direct 

tracking or via static images of cells undergoing mitosis is complicated because divisions 

leading to the differentiation of specialised cell types are interspersed with general 

proliferating divisions.  It has been proposed that general proliferating divisions are the primary 

contributor to leaf morphogenesis and are coordinated by an independent regulatory pathway 

to the dispersed differentiating divisions (Donnelly, Bonetta et al. 1999, White 2006).  

 

The abaxial surface of Arabidopsis leaf one comprises many stomata which function to 

facilitate gas exchange.  The speechless (spch) mutant lacks divisions in the stomatal lineage 

and exhibits a considerably simplified pattern of divisions (MacAlister, Ohashi-Ito et al. 2006).  

When grown on soil or plates, spch plants are small and pale (MacAlister, Ohashi-Ito et al. 

2006).  In the optical-imaging chamber, in which seedlings are submerged under liquid, leaf 

one of spch is similar in size and shape to WT ((Fox, Southam et al. 2018) S14 Fig., reproduced 

here in Figure 9-9). 
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Figure 9-9. Comparison of wild-type and spch grown in the imaging chamber. Measurements 

of leaf 1 from six independent tracking experiments, two wild-type individuals, and four spch 

individuals (colour key). The initial data point from each tracking experiment was normalised to 

the wildtype logistic curve (solid black line) to enable subsequent growth rates to be 

compared. Pink line shows output leaf widths for the model. Blue line shows output for the leaf 

model tuned to match spch growth in the chamber at later stages.  From S14 Fig. of Fox, 

Southam et al. 2018. 
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The finding that environmental conditions can mitigate the spch growth defect 

suggests it is at least partly physiological in nature and due to the lack of functioning stomata 

rather than changes in the pattern of cell proliferation per se.  Furthermore, this finding 

suggests that the size and shape of a mature leaf is at least partially independent of the 

differentiating divisions that form part of the stomatal lineage.  This hypothesis is supported by 

comparing the phenotype of spch leaves to those of the fama (basic helix-loop-helix 

transcription factor bHLH097) mutant.  Leaves of fama lack functioning stomata yet retain 

asymmetric divisions in the stomatal lineage (Ohashi-Ito and Bergmann 2006).  I found that 

fama mutant leaves attained only slightly larger width to spch mutants when grown on plates, 

consistent with the lack of stomata being the primary cause of reduced growth ((Fox, Southam 

et al. 2018) S14 Fig., reproduced here in Figure 9-10).  Time-lapse imaging of a developing spch 

leaf provided a dataset from which the spatiotemporal patterns of pavement cell divisions and 

growth rates could be analysed. 
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9.12. A proximal zone of division competence explains the dynamics of cell 

division 

 

Tracking cell division competence in spch revealed a coordinated pattern of division 

competence in the epidermal layer ((Fox, Southam et al. 2018) Fig. 1., reproduced here in 

Figure 9-11).  Cells were competent to divide in a specific proximal corridor that spans the 

width of the leaf.  The zone of epidermal division competence has a fixed distal limit that 

extends through growth to a maximum of approximately 300 m from the petiole-lamina 

Figure 9-10. Comparison of wild-type, spch and fama leaf widths.  Width measurements of 

leaf 1 from wild type, spch and fama seedlings grown on plates.  The fitted growth curve of 

wild type (solid black line) was based on a logistic calculation of leaf widths (open squares).  

Adapted from S14 Fig. of Fox, Southam et al. 2018. 
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boundary.  The competence zone later retracted to the base of the leaf.  Retraction occurred 

earlier in the midline region than in the lateral lamina.   

 

 

 

Analysis of wild-type leaves confirmed that the dynamics captured in spch are 

applicable to cells that do not form part of the stomatal lineage in wild type (Fox, Southam et 

al. 2018) Fig.7., reproduced here in Figure 9-12).  These spatiotemporal dynamics help clarify 

previous predictions based on snapshot images and can be used to evaluate the idea that leaf 

growth is coordinated at the margin.   

Figure 9-11. Dynamics of cell division in the spch epidermis. Time-lapse imaging of a spch leaf 

at approximately 12-h intervals over 4 d (0–100 h; last time point in series not shown). Data 

shown on the first time point (underlined) for each tracking interval. Leaf widths for the first 

time point (left to right) are 0.15, 0.22, 0.27, 0.31, 0.39, 0.48, and 0.68 mm.  Cells amenable to 

tracking that were competent to divide (green), and either executed division during the 

interval (light green) or divided in a later interval (dark green). Cells that did not divide (black, 

first row in 0–14 h are coloured orange throughout). For the last interval (74–100 h), cell 

divisions could only be tracked for a subset of cells because of missing data points at 100 h. 

Leaf outline indicated by dotted black line. Grey boxes are aligned to the petiole-lamina 

boundary and extend to 150 or 300 μm. Scale bar = 100 μm. Adapted from Figure 1 of Fox, 

Southam et al. 2018. 
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Figure 9-12. Dynamics of cell division in the wild-type epidermis. Cells amenable to tracking 

from time-lapse imaging of a wild-type leaf at approximately 1-h intervals over 2.5 d (0–57 h, 

last time point in series not shown). Data are visualised over about 12-h intervals and shown 

on first time point (underlined) for each interval. Leaf widths for first time point (left to right) 

are 0.17, 0.23, 0.28, 0.39, and 0.42 mm. (A) Cells amenable to tracking that were competent to 

divide (green) and either executed division during the interval (light green) or divided in a later 

interval (dark green). Cells that did not divide (black). (B) Non-stomatal divisions coloured as 

for (A). Stomatal lineage divisions that executed division during the interval (yellow) or divided 

in a later interval (orange). Leaf outline indicated by dotted black line. The petiole-lamina 

boundary was defined as described in Fig 1. Grey boxes are aligned to the petiole-lamina 

boundary and extend to 150 or 300 μm. Cells within the magenta lines were assigned as being 

destined to form the midline according to their position and shape in the final image. Scale 

bars, 100 μm. Adapted from Fig 7 of Fox, Southam et al. 2018. 
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The smallest leaves tracked were around 100 m width and 150-175 m length, 

appearing as a dome-shape.  At this stage, cotyledons obscure the most lateral and basal 

regions, such that only cells in the middle and tip regions can be visualised.   Epidermal cells are 

similar in size and shape across the surface.  Tracking only the cells that are visible in the first 

time point (excluding those that become visible as the leaf grows and flattens) reveals that 

their progeny form the central and distal region of the leaf in the final time point ((Fox, 

Southam et al. 2018) S2 Fig, reproduced here in Figure 9-13).  Cells in the central region were 

classified as forming the midline (within the black outline) based on their elongated shapes.  

The rest of the leaf tissue must originate from the region between tracked cells and leaf outline 

in the first image.  
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The displacement of tissue through non-uniform growth is captured by the growth 

model and can be visualised through the deformation of a regular grid superimposed onto the 

surface ((Kuchen 2011), reproduced with permission in Figure 9-14).  Higher rates of growth in 

the base region of the leaf, coupled with the restriction on growth in the midline in the 

mediolaterial orientation, result in non-uniform deformation.  The highlighted region 

comprises 39% of the grid in the first time point and 72% in the final time point.   

Figure 9-13. Assignment of the midline and lamina regions. Lineages were traced from cells 

visible at the beginning of the experiment (0 h, left) through to the end (74 h, right) and were 

assigned an arbitrary colour. Cells in the midline (within the black outline) were identified using 

the position and shape of clones (cells of the same lineage) in the final image, as was the 

approximate position of the distal end of the midline (dark grey). Cells outside the midline 

region were classified as being in the lamina. Scale bar, 100 μm. From S2 Fig. of Fox, Southam 

et al. 2018. 
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The observation that differential orientated growth is associated with lamina 

outgrowth helps clarify previous hypotheses.  I show here that divisions are not restricted to 

cells at the adaxial-abaxial epidermal boundary.  In contrast, divisions are dispersed across the 

tissue in a pattern that forms a proximal zone of division competence.  This pattern is broadly 

consistent with the idea that division is coordinated in a blastozone.  The challenge of 

understanding thus becomes how changes at the cellular level are integrated to generate the 

observed patterns at the tissue level.  The temporal and spatial dynamics of the zone of 

division competence provides a unique opportunity to explore how mechanisms underlying the 

control of cell division and the timing of division arrest contribute to organ growth and how 

these processes relate to cell expansion.  

 

 

 

 

 

 

 

 

Figure 9-14. Canvas deformations. The canvas non-uniformly deforms with growth as 

demonstrated by a superimposed grid. Note how the squares are wider towards the 

margin in the last timepoint. Scale bars 100 μm. Adapted from Kuchen 2011. 
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9.13. Dynamics of the competence zone explains the cell cycle arrest front 

progression 

 

The dynamics of cell division arrest underpin much of current thinking relating to leaf 

morphogenesis.  Conceptually, if cells continue to divide for longer, the leaf could end up with 

more cells and reach maturity at a larger size and potentially with an altered shape, assuming 

cells attain their final size.  The timing of cell division arrest is therefore assumed to influence 

final leaf size and shape, as exhibited by mutants which have larger leaves and an increased 

number of cells (Nath, Crawford et al. 2003, White 2006, Li, Zheng et al. 2008).   

 

Cell division arrest and the switch to growth by expansion is associated with leaf 

maturity and presents with a basipetal pattern (Avery 1933, Esau 1977, Donnelly, Bonetta et al. 

1999).  The conventional view that a wave of cell division arrest emanates at the leaf tip and 

progresses gradually towards the leaf base (Donnelly, Bonetta et al. 1999, Nath, Crawford et al. 

2003, White 2006) has been superseded by the idea that exit from proliferation is not such a 

gradual process (Andriankaja, Dhondt et al. 2012).  The dynamics of cell cycle arrest were 

characterised through static images in accordance with leaf size to suggest that rather than a 

basipetal wave, the primary arrest front associated with proliferating divisions remains at a 

fixed distance from the leaf base before retracting (Kazama, Ichihashi et al. 2010).  A computer 

simulation in 1D reproduced arrest front positioning by assuming that division is regulated by 

the concentration of a mobile growth factor.  The transition from proliferation to expansion 

has also been mapped using morphological changes to predict whether cells are proliferative 

or not (Andriankaja, Dhondt et al. 2012).  Cells that are small and round were assumed to be 

more likely to divide than large jigsaw puzzle-shaped cells.  The authors suggested that rather 

than having an absolute fixed distal limit, the proliferation zone increases in absolute size, 

while decreasing in relative length in proportion to the leaf overall.  These complex dynamics 

may require multiple underlying processes acting antagonistically to regulate cell expansion 

and proliferation.   

 

A complication of these experimental approaches is that the dynamics of cell-cycle 

arrest of epidermal proliferative divisions were difficult to discriminate from differentiating 
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divisions.  Tracking divisions in the spch background offered a novel opportunity to explore 

arrest front dynamics.  

 

 

9.14. Organ size can be influenced by changes in cell size and/or cell number 

 

  Live-imaging revealed a proximal zone of cell division competence (Figure 9-11).  Cells 

outside the competence zone continue to grow after they have ceased dividing thus are larger 

than those in the competence zone.  These direct observations confirm some earlier 

predictions of division patterns based on the notion that small, round cells are more likely to 

be mitotic (Andriankaja, Dhondt et al. 2012).  Cell size reflects the antagonistic processes of 

growth through expansion which increases cell size and cell division execution which causes a 

halving in size after each cell cycle (for symmetrical divisions). Cell size thus may be an 

emergent feature of the interplay of these processes.   

   

The relationship between cell division and growth is difficult to characterise in the 

context of a continuously deforming and changing environment.  Since the processes are so 

tightly linked, it can be challenging to disentangle cause from effect.  In theory, cell division 

could drive growth, growth could drive division or independent regulation could act upon both 

processes.  Evidence for a sequential control mechanism appears to be supported by mutants 

in which changes in cell number appear to be compensated for by changes in cell size 

(reviewed by (Horiguchi and Tsukaya 2011)).  This suggests leaves have a mechanism to 

maintain overall organ size.  In other examples, leaves that are reduced in size have smaller, 

fewer cells (Horiguchi, Ferjani et al. 2006).   

 

Exploring the correlations between growth and cell division dynamically and in multiple 

cell layers provided evidence that the relationship may not always be so conserved.  
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9.15. Cell size is negatively correlated with cell division 

 

Analysis of cell surface area in the epidermis revealed a proximodistal gradient in cell 

size that correlated with growth rates and competence to divide ((Fox, Southam et al. 2018) Fig 

4.).  Correlations between cell size and growth rates have previously been reported for the 

Arabidopsis shoot apical meristem (SAM), suggesting an inverse relationship between cell size 

and cell cycle duration whereby smaller cells take longer to divide than larger cells (Jones, 

2017).  I found a negative correlation between these features; regions of the leaf exhibiting 

higher growth rates tend to have smaller cell sizes as well as shorter cell cycle durations.  This 

suggests that correlations between cell size and cell division rates are not universal.  It also 

provides evidence that the mechanism underlying cell size homeostasis in the SAM is not 

compatible with the shape transformation of determinate organs.  There was no fixed 

threshold of growth rates above which cells were competent to divide; the relationship is not 

constant for different regions or developmental stages ((Fox, Southam et al. 2018) Fig. 3I).  This 

suggests that though cell size alone cannot accurately define whether a cell is competent to 

divide, the feature can indicate where divisions are likely to occur within a heterogenic region 

of a leaf.   

 

Thus far I have described growth dynamics in the epidermal cell layer and abstracted 

behaviours to the whole organ level.  This is supported by the general view that the epidermis 

plays an important role in coordinating growth (Savaldi-Goldstein, Peto et al. 2007).  Genetic 

chimeras provide evidence that the epidermis influences cell division in the mesophyll, 

suggesting that this cell type drives expansion of the leaf blade (Marcotrigiano 2010).  In 

Arabidopsis, reticulata mutant leaves have greatly reduced cell density of internal layers yet 

almost normal leaf shape (González-Bayón, Kinsman et al. 2006).  Nevertheless, cell division 

has been predicted to continue in the subepidermis after division has ceased in the epidermis 

(Avery 1933, Donnelly, Bonetta et al. 1999).  It is unclear whether the observed relationships 

between cell division and growth are maintained in this different cell type.   

 

Growing plants under liquid growth media in the chamber renders subepidermal cells 

more amenable to imaging than they would normally be in live specimens.  Since the size of 
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cells is not conserved, analysing tissue dynamics in the subepidermis offered the opportunity 

to explore the relationship between growth rates and cell division in these distinct layers.  

 

 

9.16. The relationship between growth and division is decoupled in the 

subepidermis 

 

Patterns of cell division and cell growth in the epidermis are highly correlated.  One 

hypothesis to explain this is that these processes are regulatory linked.  If this is a conserved 

feature of organ development then we should expect to see similar correlation in other tissue 

layers.   

Adjacent to the abaxial epidermis lies a layer of subepidermal cells.  I used 3D image 

visualisation software to reveal the subepidermal cell layer from spch plants grown in the 

chamber.  I compared patterns of cell division competence, cell size and growth rates to those 

of the adjacent epidermal layer.  Areal growth rates were broadly similar in both the epidermal 

and subepidermal layers, with rates marginally lower in the subepidermis ((Fox, Southam et al. 

2018) S9 Fig., reproduced here in Figure 9-15).   
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Figure 9-15. Comparison of epidermal and subepidermal cell areal growth rates. Average cell 

areal growth rates for each tracking interval are shown on the first image of each interval (time 

point underlined). (A) Epidermis, (B) subepidermis. The patch of cells is also shown at different 

scales for comparison. (C) Epidermis. (D) Subepidermis, showing increase in number of cells 

through division compared to the epidermis. Numbers refer to number of cells. Scale bars, 50 

μm. From S9 Fig. of Fox, Southam et al. 2018. 

 

This difference in growth rates between layers manifests in the appearance of air 

spaces between subepidermal cells which become progressively larger over time ((Fox, 

Southam et al. 2018) Fig. 5., reproduced here in Figure 9-16).  This supports the idea that 

expansion of the leaf is primarily driven by cells in the epidermis.   
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Figure 9-16. Subepidermal cells in spch. (A) Projections of the subepidermal layer, imaged 

approximately every 24 h over 4 d (0–96 h). Leaf widths (left to right) are 0.17, 0.27, 0.39, 0.50, 

and 0.58 mm. A patch of cells was tracked between intervals (cells coloured red). (B) 

Enlargement of the patch of cells in (A) (red outline). (C) Cells outlined in (B), showing 

individual cells (filled pink, outlined red). (D) Enlargement of cells located in the black box of C, 

showing air spaces (white, examples highlighted with black arrows). Scale bars for A, B, C, 50 

μm; scale bar for D, 10 μm. Adapted from Fig. 5. of Fox, Southam et al. 2018. 
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Paul Southam generated plots to graphically represent cell sizes in relation to the 

proximodistal leaf axis.  Cell sizes in the distal region of the subepidermis were considerably 

smaller than the adjacent epidermal cells ((Fox, Southam et al. 2018) Fig. 3AB).  This feature 

can be explained due to an increase in the distal limit of the subepidermal zone of cell division 

competence, whereby cells continue to divide for longer in the distal region thus reducing cell 

areas.  In contrast to what was observed for the epidermis, we found no difference in the mean 

growth rates at early stages for competent and non-competent cells in the subepidermis ((Fox, 

Southam et al. 2018) Fig. 3J).  The relationship between growth and division is not conserved in 

these neighbouring, closely related tissues. 

 

 

9.17. An integrated model predicts cells execute division at a threshold area 

that varies spatiotemporally 

 

Understanding how the observed pattern of cell division competence could be 

generated may help address the question of how cells act as building blocks to shape organs.  If 

the decision-making power lies at the level of the cell, there must be some way for cells to 

sense overall organ size or developmental age such that division continues until maturity is 

reached.  No evidence for such a mechanism has been identified in plants.  An alternative 

possibility is that competence to divide is regulated at the organismal level.  Cells may sense 

the local concentration of a molecular gradient and execute division according to 

predetermined thresholds.  Concentration gradients thus provide positional information which 

determines cellular behaviour. 

 

In this work I have discussed the hypothesis developed through computer modelling 

that indicates that leaf shape may be generated through early patterns of growth and tissue 

polarity.  The information provided by tracking cell proliferation prompted the opportunity to 

explore how growth could manifest at the cellular level though patterns of division execution 

and cell expansion.   

 

Computer modelling was used to explore how the observed dynamics in division 

competence could be regulated.  Since the relationship between growth and division was 
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observed not to be constant, we explored how control of these processes could be achieved 

independently.  For simplicity, a limited number of components was used to represent genetic 

networks underpinning control of cell division and growth.   

 

The leaf growth model (Kuchen, Fox et al. 2012) was adapted to account for the 

pattern of division competence by the incorporation of a superimposed layer of polygons to 

represent virtual cells (v-cells).  A proximal mobile factor (PMF) is generated at the petiole-

lamina boundary and distributed through the canvas creating a concentration gradient.  PMF is 

not fixed to the tissue, thus the profile gradient does not change in response to deformation of 

the tissue.  Competence to divide is specified by a factor (CDIV) that is expressed when v-cells 

encounter a concentration threshold of PMF.  A second component reflects the observed 

variation in cell area at time of division execution and ensures cell division is executed at 

threshold area that varies around a mean.  This interaction introduces a cross-dependency 

between growth and division, since cells grow to reach the threshold size before executing 

division.  Components of the underlying growth regulatory network (PGRAD, and MID) function 

to modulate the threshold area for division.  The pattern of v-cell areas and competence to 

divide broadly matched those observed in the subepidermis ((Fox, Southam et al. 2018) Fig. 

8EF).     

 

A further dependency on CDIV that also requires PGRAD to be above a threshold level 

accounts for the differences observed in the epidermis and reproduces the extension of the 

zone of division competence coincident with tissue growth ((Fox, Southam et al. 2018) Fig. 

8GH).  Earlier retraction of competence in the midline is achieved if MID is inhibited when LATE 

reaches a threshold value.   Thus, the observed patterns of cell division competence and cell 

areas can be accounted for in different cell layers by varying the interactions controlling cell 

division. 

 

A key aspect of these models is that components of cell division and cell expansion are 

regulated independently via a dual control mechanism with cross connections.  The cross 

dependency between cell size and division execution suggests that control of division is 

influenced cell-autonomously and predicts cells have a geometric size-sensing mechanism.  

Feedback from cell size to growth could also explain why cells close to the distal tip appear to 
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have an upper size limit, if maximum cell size checkpoint feeds back to inhibit growth.  Cell size 

reductions in Arabidopsis leaves with manipulated cell cyclin components suggest that the 

relationship between cell size and division frequency can be altered genetically (Kuwabara, 

Backhaus et al. 2011).  

 

 

9.18. The relationship of cell division plane and orientation of growth 

 

Throughout leaf growth, new cell walls in the epidermis are aligned perpendicular to 

the surface, with the consequence that a single layer of cells is maintained (Maksymowych and 

Erickson 1960).  The anticlinal orientation of division plane thus has a major influence on leaf 

anatomy.  In early plant embryogenesis, cell division is highly regulated and correct placement 

of division plane is essential for normal development (Yoshida, Barbier de Reuille et al. 2014).   

 

The patterning of division planes involves cues from cell geometry and is also 

influenced by auxin transport and has been assumed to be the driving force behind orientated 

growth.  Recently, a plant-specific family of polar, edge-localized proteins has been identified 

that interprets global polarity cues to influence cell division orientation and provide a link 

between cell polarity and organismal axes (Yoshida, van der Schuren et al. 2019).  

 

The angle and positioning of new cell walls in planar cell divisions is closely associated 

with growth.  The role of cell polarity switching in the patterning of stomatal lineages is well 

documented and involves control of asymmetrical cell division (Robinson, Barbier de Reuille et 

al. 2011).  The orientation of division in proliferating cells also appears highly regulated, cells in 

the midline preferentially divide perpendicular to the leaf proximodistal axis forming long, thin 

cells.  It is currently unclear whether the placement of division plane specifies the orientation 

of growth or emerges in response to it.   

 

Maize leaves carrying the tangled-1 (tan-1) mutation, have dramatically altered 

patterns of cell division, yet relatively normal shape (Smith, Hake et al. 1996).  This suggests 

that the generation of organ shape during development is largely independent of the control of 

cell division orientation.  In contrast, the spatial regulation of orientated cell divisions in 
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Sarracenia purpurea is key for the formation of the complex pitcher leaves (Fukushima, Fujita 

et al. 2015).  

 

In our leaf models, division of v-cells is specified according to Errera's rule in which the 

new wall is positioned along the shortest path through the centre of the v-cell (Errera 1888).  

The positioning of a division plane is therefore influenced by cell geometry which is in turn a 

product of growth anisotropy, tissue deformations and frequency of division.   The orientation 

of v-cell division is not specified but emerges as a consequence of underlying regulatory 

networks.  Biologically, division plane orientation may also arise in response to several 

integrated processes.  Recent modelling of complex leaf shapes in 3D support the idea that 

planes of division are an emergent property rather than the cause of orientated growth 

(Whitewoods, Gonçalves et al. 2019).   

 

 

9.19. The biological basis of polarity 

 

The work summarised in this thesis makes the prediction that leaf morphogenesis 

depends on patterns of orientated growth that are coordinated by an underlying system of 

tissue cell polarity.  This hypothesis was developed using a simplified framework in which 

growth and division parameters are specified by a distribution of factors through a continuous 

sheet.  Polarity is established by the concentration gradient of a signal that propagates through 

the tissue and is anchored at the boundary.  In a multicellular setting, it is likely that this 

process depends on more complex signalling mechanisms.    

A mechanism of intracellular partitioning has been proposed to account for tissue cell 

polarity in both plants and animals (Abley, De Reuille et al. 2013).  According to this hypothesis, 

a polarity field is coordinated by a proximal organiser that functions to transmit axial 

information through the tissue via a molecular signalling mechanism.  Cell-cell coupling 

coordinates cell polarities in the absence of asymmetric cues.  Our leaf models incorporate an 

identity factor which functions as a source of POL.  It was not necessary to incorporate a sink of 

POL, though this does not exclude the possibility that a minus-organiser could be located at the 

leaf tip.  Indeed, the formation of more complex shapes may depend on the spatiotemporal 

positioning of antagonistic organisers (Lee, Bushell et al. 2019).   
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It would be interesting to explore if our deforming leaf model could account for leaf 

shapes that arise through divergent patterns of allometry such as have been reported (Das 

Gupta and Nath 2015).   

   

Polarised expression of the auxin efflux carrier PIN1 at the distal end of cells in young 

primordia suggest that a proximodistal polarity field is present at the early stages of 

primordium initiation (Scarpella, Marcos et al. 2006).  The expression is transient; it is unclear 

whether polar auxin transport continues through the epidermis at later stages or is fixed at an 

early stage of development.  A role for polar auxin transport in leaf shape formation has been 

identified at later stages through analysis of pin1 mutants that lack serrations in the margin 

(Hay, Barkoulas et al. 2006).  Auxin maxima are generated at the tips of serrations that form 

through feedback between the CUP-SHAPED COTYLEDON2 (CUC2) transcription factor and 

PIN1 convergence (Bilsborough, Runions et al. 2011).  An alternative interpretation of this 

result is that the underlying proximodistal polarity is modulated in these regions due to 

spatiotemporally regulated expression of a minus organiser of tissue cell polarity.  The auxin 

importer LAX1 is expressed at serration tips as well as the distal tips of leaves, while serrations 

are reduced in mutants which lack the AUX1/LAX gene family of auxin importers (Kasprzewska, 

Carter et al. 2015).  Thus, LAX1 may function as a minus-organiser of tissue polarity.   

This idea was explored through analysis of tissue outgrowths in kanadi1/kanadi2 

mutants of Arabidopsis.  Expression of LAX1 was observed at the tip of outgrowths and CUC2 at 

the base, suggesting that these projections may result from alterations in organiser patterning 

leading to polarity convergences (Abley, Sauret-Güeto et al. 2016).   

 

An alternative mechanism of integrating local and global growth patterns has recently 

been explored by combining a previously published model of serration development with a 

model of planar growth (Kierzkowski, Runions et al. 2019).  Cells at the leaf margin provide 

local anisotropic growth which combines with broadly isotropic growth through the leaf to 

produce a leaf shape.  It is not explicitly outlined how polarity within the model is defined but 

since PIN1 transport is incorporated we might assume that auxin transport provides a 

biochemical basis of polarity.  Our models do not depend on such local anisotropies defined at 

the leaf margin, but these could be incorporated via the spatiotemporal control of organiser 

activity to generate serrations (Kuchen 2011).     
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Further evidence for a tissue-wide polarity field is provided through the ectopic 

expression of the stomatal lineage protein, BREAKING OF ASYMMETRY IN THE STOMATAL 

LINEAGE (BASL).  Live imaging revealed coordinated polarised expression of BASL across the 

leaf surface at all developmental stages (Mansfield, Newman et al. 2018).  Furthermore, BASL 

was observed to reorient around serrations, mirroring the pattern of PIN1.  It seems unlikely 

that the primary function of BASL is to provide the molecular basis of tissue-cell polarity, since 

the native expression pattern is restricted to cells undergoing division in the stomatal lineage.  

Rather, BASL may interact with another, currently unknown, molecule, which may function to 

transport auxin, or another as-yet unidentified molecule.  

 

Factors predicted within the leaf models may correspond to the function of individual 

genes or the combined effects of multiple genes. This simplification allows hypotheses to be 

explored unencumbered by the complexities of genetic networks or limitations of current 

knowledge.  My current research is focused on exploring the genetic basis of polarity through 

modulation of candidate organiser genes.  Preliminary results indicate a role for CUC2 as a plus 

organiser of polarity.   
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10. Conclusion 

 

The overarching theme of this thesis is focused on explaining how organs develop 

through integrated patterns of orientated growth and cell division.  Live imaging provided the 

novel opportunity to quantify these dynamic processes at the cellular level.  Computer 

modelling provided the framework to formulate hypotheses to account for experimental 

observations in a dynamically changing system.   

 

The initiation of the lamina has been predicted to occur from a region close to the leaf 

margin and form part of the ‘primary morphogenesis’ of a leaf (Dengler and Tsukaya 2001).  

This idea is underpinned by observations of small cells in the lateral regions and the notion that 

leaf maturation proceeds from tip to base.  By capturing dynamic patterns of cell division and 

growth I provide quantitative measurements that validate and refine these ideas.   

 

Tracking cell vertices demonstrates how a gradient in growth rates results in a large 

portion of the lamina originating from a region near the proximal-lateral margin that is initially 

relatively small.  The dynamics of cell division competence explains how this region is spatially 

and temporally distributed and explains how leaf maturation appears to retract towards the 

leaf base.  Imaging leaf growth from very early stages revealed that cell division occurs in a 

competence zone that is spatially and temporally regulated.  Cell expansion was observed to 

take place throughout development, concurrent with division.  These observations undermine 

the idea that the leaf transitions through distinct phases of development.  In contrast, my 

analysis demonstrates through observations of different cell layers and genetic backgrounds 

that different regions exhibit behaviours that vary spatiotemporally.  

 

Computer modelling revealed how observed patterns of division and growth could be 

regulated via a dual control mechanism with cross connections.  This hypothesis helps 

reconcile the apparent dichotomy between the cellular and organismal-based theories of 

development.  Tissue-wide coordination of growth rates, growth orientations and competence 

to divide are predicted to be coordinated by long-range signals.  The finding that spch and wild-

type leaves grow at similar rates (in the chamber) yet have different cell sizes suggests that 

SPCH acts cell autonomously to promote division at smaller sizes and/or shorter cell cycle 
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durations.  Cell-autonomous size sensing also likely contributes to general spacing divisions.  It 

has previously been proposed that coordination of behaviours could emerge if cells possess a 

mechanism to sense the presence of their neighbours and alter division patterns and cell fates 

accordingly (Meyerowitz 1996, Marcotrigiano 2001).  Our models involve components of both 

organismal control (through the action of long-range signals) as well as aspects of cell theory 

(feedback from cell size) with the only requirement of cell-cell communication being the 

sensing of local concentration gradients.  These results support the idea that both theories can 

be integrated through understanding that the mechanism of plant growth involves cell based 

machinery as well as global regulation (Fleming 2006). Thus, I show how organ morphogenesis 

could involve regulation at both the cell and organismal levels. 

 

The work synthesised here represents many years of research underpinned by novel 

approaches to unlock one of the biggest challenges in biology; understanding how biological 

shapes are formed.  The quality, depth and breadth of data has greatly enhanced our 

understanding of this process.  Instrumental to this has been my role in developing novel 

approaches.  I have supported many other colleagues by sharing my expertise and providing 

training and advice, particularly in the use of time-lapse imaging and tracking growth.  My 

direct observations of changes at the cellular and tissue level have provided much needed 

clarity to the field.  Though there are still many unknowns, the body of work presented here 

provides a solid foundation that will support many future investigations. 
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11.  List of abbreviations 

 

AAAS, American association for the advancement of science 

BASL, BREAKING OF ASYMMETRY IN THE STOMATAL LINEAGE  

CDIV, competence to divide    

CUC, CUP-SHAPED COTYLEDON  

CYC, CYCLOIDIA 

1D, one dimension 

3D, three dimensions  

DAI, days after initiation 

DAS, days after stratification  

DEX, dexamethasone  

GFP, green fluorescent protein  

GPT, growing polarised tissue 

KAN, KANADI   

LATE, a timing factor 

LAX, LIKE AUXIN RESISTANT 

MID, a mediolateral factor 

PGRAD, a graded proximodistal factor 

PMF, proximal mobile factor 

POL, factor determining polarity field  

PHB, PHABULOSA  

PIN, PINFORMED 

SPCH, SPEECHLESS  

SAM, shoot apical meristem 

v-cells, virtual cells 
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S1 Fig. Scatterplots of growth rates parallel and perpendicular to the midline in the spch 

epidermis 
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S2 Fig. Assignment of the midline and lamina regions 
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S3 Fig. Dynamics of cell division and growth in the spch epidermis, additional dataset. 

https://journals.plos.org/plosbiology/article/file?type=supplementary&id=info:doi/10.1371/journal.pbio.2005952.s003
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S4 Fig. Dynamics of cell division and growth in the spch epidermis, additional dataset. 
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S5 Fig. Analysis of epidermal cell size using 3D segmentation. 
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S6 Fig. Cellular areal growth rates of dividing and nondividing cells in the spch epidermis. 
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S7 Fig. Cell division dynamics of the epidermis at high temporal resolution. 
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 S8 Fig. Subepidermal cells in wild-type leaves. 
 

 

https://journals.plos.org/plosbiology/article/file?type=supplementary&id=info:doi/10.1371/journal.pbio.2005952.s008
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S9 Fig. Comparison of epidermal and subepidermal cell areal growth rates. 
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S10 Fig. Comparison of the zone of competence in epidermal and subepidermal layers. 
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S11 Fig. Analysis of subepidermal cell size using 3D segmentation. 
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S12 Fig. Comparison of wild-type and spch primordia. 
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S13 Fig. Quantification of cell area at division execution in wild type. 
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S14 Fig. Comparison of wild-type and spch growth rates in leaf width. 
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S15 Fig. Model setup and regulatory factors. 
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S16 Fig. Resultant growth rates for model output at different developmental stages. 
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S17 Fig. Topological distributions (frequency of n-sided cells) from empirical data and different 
models. 
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S18 Fig. Additional comparisons between chamber- and plate-grown spch leaves. 
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