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ABSTRACT 

Early plant anatomists noted that different plant tissues exhibit contrasting patterns of 

cell division, often juxtaposed against each other (Sachs 2011 [1875]). In some regions of 

the shoot apical meristem (SAM), for example, the angles of new cell walls are highly 

variable, while other regions have regimented cell wall orientation (Bencivenga et al. 

2016). The tight regulation of these cell division patterns implies that cell wall orientation 

is important for plant morphogenesis. However, the relationship between division 

orientation and morphogenesis is poorly understood, because many mutants with wall 

orientation defects have either remarkably normal growth or complex pleiotropic 

phenotypes (Spinner et al. 2013; Kirik et al. 2012; Schaefer et al. 2017). Furthermore, we 

have an incomplete understanding of how division orientation is regulated: many signals 

that direct cell wall orientation have been identified, but the mechanisms and molecular 

components that perceive and translate them into robust cell wall positioning are not 

well-characterised.  

The plant-specific IQ67-domain (IQD) genes encode a large family of calmodulin-binding 

proteins that are implicated in the regulation of morphogenesis. At the cellular level, IQDs 

regulate microtubule organisation and are proposed to act as scaffolds for intracellular 

signalling (Abel et al. 2013; Bürstenbinder, Mitra, et al. 2017). Here I report that members 

of the 1A subfamily of Arabidopsis IQDs localise to mitotic structures, including the 

preprophase band (PPB), cortical division zone (CDZ), and cell plate. Loss of function of 

the entire 1A subfamily (6 genes) impairs the orientation of new cell walls specifically in 

the pith-producing region of the SAM and increases the thickness of the plant stem. I 

propose that, in wild type plants, 1A IQDs are recruited to the PPB/ CDZ to ensure robust 

division plane positioning, while misoriented divisions in loss-of-function mutants drive 

radial stem growth by increasing the number of pith cell files. These results highlight how 

changes to cell division orientation can drive differential organ growth and identify novel 

molecular regulators of cell division orientation. 
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1 INTRODUCTION 

1.1 MORPHOGENESIS т ITќS COMPLICATED! 

Morphogenesis is the process by which biological tissues and organs grow and acquire 

shapes. It is taking place every single moment in every living plant and gives rise to the 

dazzling diversity of plant forms that populate our planet. While morphogenesis is simple 

conceptually, its biological underpinnings are highly complex. The genome does not 

provide a straightforward blueprint for the size and shape of a multicellular organism. Nor 

ċƖĲШƣőĲǃШƣőĲШƚƨůШŸŉШƣőċƣШŸƖŊċŰŔƚůќƚШŔŰĬĲƓĲŰĬĲŰƣШĦŸŰƚƣŔƣƨĲŰƣШƓċƖƣƚШ- namely, its numerous 

cells, with their many different specialised properties. Rather, morphogenesis is an 

emergent property of multiple integrated processes (gene expression, cell division, cell 

growth, hormone levels, biomechanics) operating across different levels of biological 

organisation (cells, tissues, and organs).  These processes interact and overlap, making 

their contributions difficult to disentangle. Elevated hormone levels might regulate gene 

expression, which affects cell wall composition, which affects cell mechanics, which 

affects cell growth, which affects cell division, which affects tissue mechanics, which 

affects gene expression, which affects hormones...etc. Making sense of this complicated 

ƽĲĤШŔƚШťĲǃШƣŸШƨŰĬĲƖƚƣċŰĬŔŰŊШƣőĲШĤċƚŔƚШŸŉШĲċƖƣőќƚ biological diversity. 

Plant morphogenesis is distinct from that of other multicellular eukaryotes (animals, 

fungi), for three many reasons: 

(1) Morphogenesis in plants is largely post-embryonic. Unlike animals, which either 

maintain the same body plan from birth or undergo one or more discrete 

metamorphoses, plants modify their bodies throughout life. Plants change the 

number, size and positioning of organs depending on factors like life-stage, nutritional 

status and the environment. This is a key evolutionary adaptation to a life fixed in one 

place, forced to weather any and all environmental changes in order to survive.  

(2) Plant cells are bound by cellulose cell walls. Thus, like the larger plant body, the plant 

cells are also immobile. This means that morphology necessarily derives solely from 

the magnitude and orientation of cell growth and proliferation. Furthermore, 

mechanical forces are transmitted through connected cell walls, allowing 

coordination of growth at the organ scale (Coen and Cosgrove 2023; Verger et al. 

2018).  
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(3) The green plant lineage evolved multicellularity independently of animals and fungi.  

While some conserved regulators and pathways were recruited convergently during 

the separate origins of multicellularity, the mechanisms and molecular machinery 

that underpin plant multicellularity are largely plant-specific (Leyser 2011; Jarvis et al. 

2003; Harashima et al. 2013) 

Over the last few decades, several key players in plant morphogenesis have been 

identified. Fundamentally, organ size and shape are controlled by the rate, duration and 

direction of cell proliferation and cell enlargement. Both are regulated by phytohormones, 

including auxin, gibberellins, brassinosteroids and cytokinins, and there is frequently 

crosstalk between different hormone signalling pathways (Vanstraelen and Benková 

2012). Hormones primarily regulate gene expression, modulating the level of cell-cycle 

regulators, cell wall loosening enzymes, microtubule (MT)-associated proteins (MAPs) 

and other regulators of cell growth and division (Wang et al. 2018). Microtubular arrays 

affect the orientation of cell division, cell expansion, cell wall mechanics and orchestrate 

many aspects of the cell cycle (Müller 2019; Dixit and Cyr 2004). Mechanical forces, at the 

cell and tissue levels, are also highly influential, since plant cells are pressurised and 

immobile, and cell growth is a turgor-driven process (Coen and Cosgrove 2023).  

These three components т hormones, cytoskeleton and mechanics т are closely coupled 

and the interactions between them largely coordinate development (Sampathkumar et al. 

2014). It is these interactions, and the factors and mechanisms that mediate and tune 

them, that are the focus of much ongoing research. One family of proteins that are 

proposed to play a role in this are the IQ67-domain (IQD) proteins (Dahiya and 

Bürstenbinder 2023; Bürstenbinder, Mitra, et al. 2017). This thesis investigates how 

members of the IQD protein family tune plant morphogenesis, using the Arabidopsis 

thaliana stem as a model system. 

1.2 THE PLANT STEM 

When compared to complex leaf shapes, fractal root networks and showy flowers, the 

stem appears somewhat simple and perhaps uninteresting. However, the stem is 

fundamental to plant growth and adaptation. The backbone of the plant, the stem 

supports the photosynthetic and reproductive organs and thereby determines how 

successfully the plant can feed itself and reproduce. It follows that alterations to stem 

size, shape and architecture (introduced via selective breeding) underpin many of our 
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most agronomically-important crop varieties (Hedden 2003; Liu et al. 2020; Ferrero-

Serrano et al. 2019; Wang et al. 2018) 

Far from a uniform cylinder, the stem contains multiple tissue types. The Arabidopsis 

stem is formed of four concentric tissue layers: pith, vascular bundles, cortex and 

epidermis (fig. 1). The epidermis acts as a barrier to water loss and pathogens, and is 

hypothesised to mechanically constrain growth (Kutschera and Niklas 2007); the vascular 

tissue contains different specialised cell types that transport of water and carbohydrates 

throughout the plant and provide structural support for the stem; the cortex and pith 

comprise thin-walled parenchyma cells. Stem tissue is generated by cell division in the rib 

zone (RZ), a region of the shoot apical meristem (SAM) that sits below the central zone 

(Serrano-Mislata and Sablowski 2018).  

  

Figure 1: The layered organisation of the Arabidopsis  inflorescence stem.  Calcofluor 

white-stained transverse section of plant stem, taken approx. 200 µm from stem tip.  

Key regulators of stem growth include gibberellin signalling and organ boundary genes, 

but few targets of these pathways have been characterised (Serrano-Mislata and 

Sablowski 2018). Chromatin immunoprecipitation sequencing (ChIP-seq) was performed 

to identify targets of two key stem development regulators, REPLUMLESS (RPL) (which 

regulates the expression of organ boundary genes) and REPRESSOR OF GA (RGA) 

(Serrano-Mislata et al. 2017; Bencivenga et al. 2016). These data identified that several 

members of the IQD family might be transcriptionally regulated by these genes, pointing 

to possible roles in stem development.  
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1.3 THE IQD FAMILY 

The members of the IQD protein family are united by the presence of a plant-specific IQ67 

domain. This 67-amino acid domain combines three types of predicted calmodulin (CaM)-

binding motifs т IQ (IQxxxRGxxxR; Pfam 00612), 1-5-10, and 1-8-14 motifs т each present 

in 1-4 copies (Rhoads and Friedberg 1997; Abel et al. 2005). IQD genes have been found in 

all major clades of land plants and in some species of charophyte algae, but are not found 

outside of the Viridiplantae (Dahiya et al. 2023; Abel et al. 2005). In the angiosperm 

lineage, these genes have multiplied and diversified several times over: of the angiosperm 

species characterised, most have around 30 IQD genes (although bread wheat has more 

than 100), comprising up to five subfamilies (1, 2, 3, 4 and 5) (Feng et al. 2014; Wu et al. 

2016; Abel et al. 2005; Mei et al. 2021; Ke et al. 2022). Phylogenetic analysis has 

partitioned the IQD subfamilies further into subclasses (clade 1A, 1B, 1C, 1D, 2A, 2B, 3A, 

3B) (Abel et al. 2005). The subfamilies contain closely related orthologues from diverse 

angiosperm species, indicating that the major IQD lineages already existed when 

monocots and eudicots diverged (Abel et al. 2005). Separate phylogenetic analyses have 

identified slightly different arrangements of subfamilies, but point to an even more ancient 

origin for some IQD subfamilies, in the last common ancestor of all land plants (Dahiya et 

al. 2023). More recent expansion and diversification of the IQD family in angiosperms is 

the consequence of whole genome duplications (Abel et al. 2005).  

The presence of several CaM-recruitment motifs in IQD proteins strongly points towards a 

role in CaM-mediated intracellular signalling. CaMs and CaM-like (CML) proteins are key 

intermediaries in many signalling pathways, since they bind the Ca2+ (a ubiquitous 

secondary messenger) to trigger a wide array of downstream processes. Binding of CaMs 

and CMLs has been verified for several AtIQD proteins (Levy et al. 2005; Mitra et al. 2019; 

Wendrich et al. 2018; Bürstenbinder, Möller, et al. 2017). Binding of some CaMs to IQDs is 

enhanced by Ca2+, but others bind more strongly in low Ca2+ conditions (Wendrich et al. 

2018), suggesting that IQDs may be able to finely modulate cellular responses to Ca2+. 

IQD proteins share additional conserved amino acid motifs located N- and C-terminally of 

the IQ67 domain, the occurrence and spacing of which varies between family members 

(Abel et al. 2005). These additional motifs are important for binding other interacting 

partners (Kumari et al. 2021) and may dictate functional specialisation. Indeed, IQDs are 

predicted to operate as signal-integrating scaffolds, recruiting CaMs and other proteins to 

specific intracellular sites and mediating regulation by Ca2+ (Bürstenbinder, Mitra, et al. 

2017; Mitra et al. 2019; Kölling et al. 2019). The fact that IQDs are also regulated by several 
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phytohormones, including auxin and gibberellins, provides further opportunity for signal 

integration (Möller et al. 2017; Bi et al. 2018; Rashotte et al. 2003; Zentella et al. 2007).  

IQDs play roles in diverse biological processes, including cell and organ morphogenesis 

(Feng et al. 2023; Bürstenbinder, Möller, et al. 2017; Yuanfeng Li et al. 2021), metabolism 

(Levy et al. 2005; Zhao et al. 2025) and response to stressors such as cold, drought, 

herbivory and hypoxia (Zhao et al. 2025; Yuan et al. 2019; Levy et al. 2005; Zhang et al. 

2024). It follows that overexpression of IQDs can confer many agronomically desirable 

traits, including improved tolerance of drought and hypoxia, herbivore deterrence and 

enhanced photosynthesis (Matthes et al. 2022; Yuan et al. 2019; Zhao et al. 2025; Levy et 

al. 2005; Yuan et al. 2022). IQDs hold significant, untapped potential for crop 

improvement, and many IQD family members have been identified in important crop 

species including bread wheat (Ke et al. 2022), rice (Abel et al. 2005), apple (Zhang et al. 

2024), watermelon (Dou et al. 2022), cotton (Rehman et al. 2021), potato (Mei et al. 2021), 

soy bean (Wu et al. 2016), tomato (Bao et al. 2023) and Chinese cabbage  (Yuan et al. 

2019). Because the IQD families in different crop species are typically large, the individual 

genes are likely to have highly specialised functions. This makes them promising targets 

for the modification of specific plant traits, as they are less likely to generate unwanted 

pleiotropic effects. 

A role for IQDs in the regulation of crop morphogenesis is already well-established. Some 

of the earliest links between IQDs and organ morphology were uncovered through 

quantitative trait locus mapping of fruit shape. The sun locus in tomato explains 58 % of 

the variation between an elongated-fruit variety of Solanum lycopersicum and its round-

fruited wild relative Solanum pimpinellifolium (Xiao et al. 2008). The SUN gene encodes an 

IQD protein that, in the elongated variety, is translocated to a different genomic location 

and consequently expressed at a higher level. Similar observations of IQDs differentiating 

fruit morphologies have been made in watermelon (Dou et al. 2018), pepper (Wang et al. 

2024) and cucumber (Pan et al. 2017), and organ elongation or shortening is also a 

consequence of IQD over-expression in model plant systems (Yuanfeng Li et al. 2021; Li et 

al. 2023; Bürstenbinder, Möller, et al. 2017). Other developmental phenotypes generated 

by ectopic IQD expression include helical growth (Wu et al. 2011; Bürstenbinder, Möller, 

et al. 2017; Wendrich et al. 2018), altered leaf serrations and venation (Mckechnie-Welsh 

2021; Wu et al. 2011), reduced root meristem length (Wendrich et al. 2017) and cell shape 

changes (Liang et al. 2018; Mitra et al. 2019). Morphogenetic phenotypes in iqd loss of 

function mutants have been less frequently reported, likely due to genetic redundancy 
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between different members of the IQD family. However, skewed root angle and altered 

leaf pavement cell morphology have been reported for some iqd single gene mutants 

(Feng et al. 2023; Liang et al. 2018; Zang et al. 2021). 

1.3.1 The 1A IQD subfamily 

The 1A subfamily of AtIQD genes has 6 members, AtIQD22 to AtIQD27 (hereafter all 

references to specific IQD genes/ proteins refer to A. thaliana unless otherwise specified). 

Although there is some discrepancy between separate phylogenetic analyses of the 

Arabidopsis IQDs, IQDs 22-27 consistently form a monophyletic subclade within the 

wider IQD family (Abel et al. 2005; Dahiya et al. 2023; Wendrich et al. 2018). Most of these 

genes have received little research attention, although clues to a possible role in 

morphogenesis have emerged from large-scale datasets. In seedlings, IQD22 expression 

is negatively regulated by gibberellins (Zentella et al. 2007), while IQD23, IQD26 and 

IQD27 are >=1.5-fold downregulated in embryos with reduced auxin response (Möller et 

al. 2017; Wendrich et al. 2018). ChIP-seq data indicates that RPL binds DNA sequences 

near five of the six 1A IQDs (IQD22, IQD23, IQD24, IQD26 and IQD27) (Bencivenga et al. 

2016; Mckechnie-Welsh 2021). This suggests that these genes might be transcriptionally 

regulated by RPL, which is expressed in the centre of the RZ  and required for normal RZ 

patterning and stem growth (Bencivenga et al. 2016). 

Individual iqd loss-of-function mutants frequently lack conspicuous morphological 

phenotypes, with more severe phenotypes emerging when multiple mutations are 

combined (Sugiyama et al. 2017; Kumari et al. 2021; Bürstenbinder, Möller, et al. 2017; 

Yang et al. 2021) and IQDs from the same subclade often share similar transcriptional 

regulation, subcellular localisation and function (Kumari et al. 2021; Vaddepalli et al. 

2021; Wendrich et al. 2018). Therefore, to investigate the functions of 1A IQDs, a sextuple 

mutant with loss-of-function alleles for every member of the IQD 1A subfamily was 

generated (iqd22 iqd23 iqd24 iqd25 iqd26 iqd27, hereafter referred to a 1aiqd) 

(Mckechnie-Welsh 2021). The most pronounced phenotype of 1aiqd plants is a thicker 

stem, deriving from a large increase in the number of pith cells (Mckechnie-Welsh 2021). 

Otherwise, the stem and its constituent layers are morphologically normal. Stem growth 

phenotypes have been reported in other IQD studies, but they have been little explored 

(Badmi et al. 2018; Wu et al. 2016). As well as having a thicker stem, the 1aiqd mutant has 

defects in cell division orientation in the central region of the RZ, where pith tissue is 

generated (Mckechnie-Welsh 2021). However, this previous work did not elucidate how or 

why mutating the 1A IQDs caused this cellular phenotype or confirm how it is connected 
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to the increase in stem thickness.  Additional phenotypes of 1aiqd plants include broader, 

flatter leaves with more frequent and deeper serrations, more branching, and more 

spherical seed shape. 1aiqd plants also have a weakly penetrant phyllotactic phenotype: 

4-6% of rosettes have bijugate phyllotaxis, switching to opposite branch pairing at the 

floral transition (Mckechnie-Welsh 2021).  

1.4 RESEARCH AIMS 

The overarching aim of this thesis is to determine how subfamily 1A IQDs regulate stem 

morphology in Arabidopsis at the molecular, cellular and organ levels. In doing so, it aims 

to reveal the biological functions of an understudied group of genes and uncover 

developmental mechanisms that may be applied to plant growth in general. The following 

chapters start at the largest scale, exploring the regulation of stem growth, and 

successively scale down, so that by chapter 4, the molecular components that underpin 

organ-scale changes are the focus.  

Chapter 2 provides a detailed characterisation of stem growth and meristem anatomy of a 

1aiqd mutant to determine if and how changes in oriented cell divisions generate the thick 

stem phenotype. Chapter 3 investigates the expression and subcellular localisation of 1A 

IQDs, to gain insight into how they regulate cell division orientation. Chapter 4 explores 

the molecular mechanism by which IQDs regulate cell division and works towards 

identifying molecular interactors of 1A IQDs.  
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2 ISOLATION AND PHENOTYPIC ANALYSIS OF A SUBFAMILY 1A 

IQD MUTANT 

2.1 INTRODUCTION 

Almost all plant organs derive from populations of dividing stem cells situated inside a 

meristem (Aichinger et al. 2012). Located at the root tips, stem apices and in the 

vasculature, they modulate growth, initiate new organs, and govern tissue maintenance 

and repair.  Meristems underpin much of what makes plant development unique, allowing 

plants to regenerate organs after damage, and modify growth and organ production 

according to their environment and nutritional status.  

Plant meristems are organised into spatially distinct regions that give rise to specific 

tissues or cell layers (Aichinger et al. 2012). This spatial organisation is tightly controlled 

by complex regulatory networks such that changes to the size of meristem regions or 

disruption of the boundaries between them can significantly impact morphogenesis 

(Schoof et al. 2000; Bencivenga et al. 2016). The Arabidopsis SAM comprises three zones: 

the central zone (CZ), which houses slowly dividing stem cells; the surrounding peripheral 

zone (PZ), where cells divide more rapidly and new organs initiate; and the underlying rib 

zone (RZ), which produces new stem tissue. The RZ is further subdivided into a central rib 

meristem, in which cells divide transversely to produce parallel files of pith cells; and the 

peripheral region, which is continuous with the overlying PZ and generates the outer stem 

tissues (epidermis, cortex and vascular bundles) (Sachs 1965; Serrano-Mislata and 

Sablowski 2018). The SAM also has a layered structure: the outermost epidermal layer 

(L1) and the subepidermal layer (L2) divide anticlinally, producing clonally separate cell 

monolayers; the underlying body of the meristem belongs to the L3 layer, and houses cells 

that divide in all different planes (Fletcher 2002). 

The CZ and PZ have been intensely studied, revealing much about how meristematic stem 

cell populations are maintained and how new leaves and flowers are initiated (Barton 

2010). The L1 layer has proved an invaluable model for understanding how cell growth and 

division regulate organ shape (Kierzkowski et al. 2012; Louveaux et al. 2016; Serrano-

Mislata et al. 2015). In contrast, relatively little is known about the growth of the RZ or its 

role in regulating stem development. This is not because the RZ or stem lack real-world 

relevance; on the contrary, modified stem development underpins major yield increases 
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in cereal crops (Hedden 2003). However, the technical challenges of studying the 

relatively inaccessible, 3-dimensional RZ have made it an unattractive research subject.  

Nonetheless, there is a growing body of work on stem development, which highlights the 

particular importance of the cell division regulation in the RZ. Cells divide most actively in 

the top 0.5-2 mm of the stem (Davière et al. 2014) and then rapidly expand until ceasing 

growth a few cm below the apex (Hall and Ellis 2012; Bencivenga et al. 2016). In 

Arabidopsis, activation of cell divisions in the RZ is necessary for the rapid stem 

elongation that accompanies the transition to flowering, and can similarly drive a switch 

from rosette to caulescent growth in Arabidopsis (Ejaz et al. 2021). Furthermore, inhibiting 

gibberellin signalling in just the top 2 mm of the stem potently represses stem elongation, 

underlining the importance of the actively dividing region (Serrano-Mislata et al. 2017).  

3D imaging techniques that, in the absence of live cell tracking, can reconstruct growth 

and cell division patterns, have shed light on oriented growth in the RZ (Bencivenga et al. 

2016; Serrano-Mislata et al. 2017). Cells in the rib meristem consistently divide 

transversely and growth in this region is largely parallel to the main stem axis (Bencivenga 

et al. 2016). Peripheral to the rib meristem, cell division orientation is more variable and 

radial, which correlates with a more radial growth direction (Bencivenga et al. 2016). In rpl 

mutants, ectopic expression of organ boundary genes makes cell division orientation in 

the rib meristem more similar to the RZ periphery (i.e. more variable and radial) 

(Bencivenga et al. 2016). This change is associated with impaired stem elongation, 

suggesting that growth and cell division orientation in the RZ might have significant 

impacts on stem growth. RZ activity can also affect the properties of the SAM 

independently of stem growth: regulation of cell proliferation in the RZ via gibberellin 

signalling and the cell-cycle regulator KRP2, regulates overall meristem size but not stem 

elongation (Serrano-Mislata et al. 2017). 

The 1aiqd mutant has a unique combination of RZ and stem growth phenotypes 

(Mckechnie-Welsh 2021). 1aiqd plants have thicker stems, with mean cross-sectional 

area up to 88% larger than wild type plants. The increase in stem radius derives entirely 

from an increase in the number of pith cell files, ruling out increased secondary growth 

(which occurs in the cambium) as a contributing factor. Associations between altered cell 

number/morphology and organ shape have been reported for other lines with altered IQD 

activity. For example, the elongated fruit shapes of tomatoes overexpressing SlIQD21a or 

SUN are associated with directional changes in cell shape and/or number (Bao et al. 

2023; Wu et al. 2011). Since pith cells derive from the rib meristem, it is plausible that the 
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increase in cell number derives from changes in the RZ. Close inspection of 1aiqd rib 

meristems revealed that most new cell walls are oriented transversally (generating 

vertically stacked daughters), but cell division orientation is overall more variable than in 

wild type plants (Mckechnie-Welsh 2021). Moreover, small numbers of rib meristem cells 

divide radially (the new cell walls running longitudinally from the top to the bottom of the 

cell) in 1aiqd mutants, which is very rarely observed in wild type plants. This produces 

horizontally adjacent daughter cells, which could explain the increased number of pith 

cell files.  

The increase in misoriented cell divisions offers a plausible mechanism to explain the 

increase in pith cell number and stem thickness: radial cell divisions insert new files of 

pith cells and the larger number of radially expanding cells drives increased radial growth 

of the stem. However, drawing a direct line from cell division orientation to growth is not 

trivial. Firstly, cell division orientation responds to cues that coordinate organ-scale 

growth, including mechanical stress and hormone signalling (Mirabet et al. 2018; 

Hoermayer et al. 2024; Yoshida et al. 2014; Louveaux et al. 2016). Therefore, misoriented 

cell divisions could be an output of organ-level changes in oriented growth rather than a 

driver. Furthermore, the placement of a new cell wall does not in itself drive growth т it 

merely subdivides an already-growing entity (a cell), leading some to argue that cell 

division overall contributes little to organ morphogenesis (Burda et al. 2024).  The 1aiqd 

mutant offers an opportunity to test how cell division in the RZ might influence radial stem 

growth. 

2.1.1 Chapter aims 

In this chapter I further characterise the growth and cellular phenotypes of the 1aiqd 

mutant. I firstly describe the generation of a modified 1a iqd sextuple loss-of-function line, 

designed to overcome transgene silencing issues that plagued the original 1aiqd mutant 

line (Mckechnie-Welsh 2021). After confirming that the new line (referred to as 1aiqd-2) 

has the same phenotypes as the original, I characterise vertical and radial growth over 

time and at different levels of spatial and temporal resolution. I then focus on the rib 

meristem, providing a detailed characterisation of the changes in cell geometry, number 

and growth within this region.  
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2.2 RESULTS 

2.2.1 Constructing the 1aiqd-2 mutant 

The sextuple mutant 1aiqd was previously generated by combining one loss-of-function 

CRISPR-Cas9-induced mutation in the IQD24 gene with  T-DNA insertions mutations for 

the remaining five 1A IQD genes (Mckechnie-Welsh 2021). However, work to express 

fluorescent reporters in this genetic background failed. Introduction of several different 

 

  

Figure 2: CRISPR-Cas9 induced mutations in  IQD22 and IQD26 are predicted to 

disrupt and truncate translated protein sequences.  (a) Diagram showing the location of 

the 7 bp region of the IQD22 genomic sequence deleted in the iqd22-5 mutant allele in 

the. (b) Wild type amino acid sequence of IQD22, compared with the predicted amino 

acid sequence that would be translated from the iqd22-5 allele. (c) Diagram showing the 

location of the 8 bp region of the IQD26 genomic sequence deleted in the iqd26-4 mutant 

allele. (d) Wild type amino acid sequence of IQD26, compared with the predicted amino 

acid sequence that would be translated from the iqd26-4 allele. Bold italics indicate 

regions of predicted amino acid sequence that differ from the wild type allele, due to 

frame shift. * indicates a stop codon.  
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reporters into this background, by crossing or transformation, resulted in total or chimeric 

silencing of the reporters (Mckechnie-Welsh 2021). Successive outcrossing determined 

that silencing was associated with the presence of the iqd22-1 and iqd26-3 T-DNA 

insertion alleles. The iqd22-1 and iqd26-3 derive from the SALK and GABI collections, 

respectively. T-DNA insertion mutants from these collections have previously been shown 

  

Figure 3: iqd22-5 and iqd26-4 mutations are predicted to disrupt the most conserved 

protein sequences . Multiple sequence alignment between the protein sequences of the 

1A IQD subfamily. The position of the first amino acids disrupted by the iqd22-5 and 

iqd26-4 mutations, and the location of the IQ67 domain (orange bar), IQ1 and IQ2 motifs 

are indicated. Residues with a high % of equivalence across sequences (based on identity 

and shared physico-chemical properties) are coloured. Letters representing residues that 

are identical in all sequences are coloured white with a red background. Letters 

representing residues that differ between sequences but share physicochemical 

properties are coloured red. Colour-coding was generated using ESPript version 3.0  

https://espript.ibcp.fr/ESPript/cgi -bin/ESPript.cgi (Robert and Gouet, 2014) 

https://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi
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to induce transgene silencing, and different individual T-DNA insertion lines vary in their 

propensity to induce silencing (Daxinger et al. 2008; Mlotshwa et al. 2010). The observed 

transgene silencing was therefore likely to be induced by the presence of the iqd22-1 and 

iqd26-3 alleles, and it was determined that these should be substituted with novel 

CRISPR-Cas9-induced alleles.  

Constructs designed to induce CRISRP-Cas9 mutagenesis in IQD22 and IQD26 were 

introduced into a genetic background containing iqd23-2, iqd24, and iqd27-2. Several 

mutations were induced at both loci, and one allele from each т hereafter referred to as 

iqd22-5 and iqd26-4 т were selected. A line containing all five mutations was crossed 

back to the original 1aiqd mutant to introduce the iqd25-1 allele into the same 

background. Successive rounds of crossing and selfing generated the new sextuple 1aiqd 

mutant, hereafter referred to as 1aiqd-2 to differentiate it from the original version of the 

line.  

iqd22-5 and iqd26-4 are predicted to be loss of function mutations. The iqd22-5 and 

iqd26-4 alleles both contain short (7 bp and 8 bp, respectively) deletions in the first exons 

of their respective proteins. Both deletions generate a frame shift and premature stop 

codon in the protein coding sequence (fig. 2). Multiple sequence alignment of the 1A IQD 

subfamily reveals two regions that are highly conserved across the subfamily т the IQ67 

domain, containing the IQ1 and IQ2 motifs (Abel et al. 2005), and a region rich in 

hydrophobic residues, situated N-terminally relative to the IQ67 domain (fig. 3). The high 

level of amino acid sequence conservation suggests that these regions are important for 

protein function. The iqd22-5 and iqd26-4 are situated N-terminally to these regions (fig. 

3) and are therefore completely disrupt them. 

I have successfully transformed several different transgenes in this line (see Section 2.2.7 

and Chapter 3), indicating that the 1aiqd-2 line is not as prone to transgene silencing as 

the original 1aiqd line.  

2.2.2 Phenotypes of the 1aiqd-2 mutant 

To determine whether the 1aiqd-2 line could replicate the organ phenotypes of the 1aiqd 

mutant, 1aiqd-2 plants were grown alongside wild type col-0 plants and stem diameter 

was measured on the day when the first floral abscission was observed. Diameter was 

measured at three positions on the stem: near the top of the stem at an ink mark approx. 2 

mm from the meristem; where the first silique pedicel meets the stem; at the base of the 

stem (fig. 4a). At all positions, the 1aiqd-2 mutant had significantly larger stem diameter 
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(fig. 4a-d). The 1aiqd-2 diameter was on average 12% larger near the stem apex, 18% 

larger at the first silique, and 21% at the stem base. 1aiqd-2 mutants were also 

significantly shorter (17% short on average) than the wild type at this stage (fig. 4e). This is  

  

Figure 4: 1aiqd-2 stems  are significantly thicker and shorter than the wild type at the 

time of first floral organ abscission.  (a) Stereomicrographs of three plants stems at the 

base, at the position where the pedicel of the first silique attaches to the stem and at a 

pen ink landmark drawn approx. 2 mm from the meristem. Stems shown in the left and 

middle columns of panels have similar dimensions to the mean values for their respective 

genotypes. The stem shown in the right 3 panels is a 1aiqd-2 mutant with dimensions near 

the maximum values recorded for the genotype. (b,c) Photographs showing wild-type (b) 

and 1aiqd-2 (c) plants on day 0, the day when the first abscission of floral organs was 

observed. (d) Stem diameters, measured on day 0 at the positions shown in (a). (e) Stem 

heights, measured on day 0. Black dots and whiskers show mean and 95% confidence 

interval (CI) of the mean. p values were calculated using the Mann Whitney U test. Scale 

bar: 0.5 mm (top and middle panels of (a)), 1 mm (bottom panels of (a)). 
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similar to 1aiqd plants т wild type and 1aiqd plants were measured when they had four 

elongated siliques and 1aiqd was found to be significantly shorter (Mckechnie-Welsh 

2021). The difference may derive from the two lines reaching first floral organ abscission 

at different ages: 1aiqd-2 were measured for the first time significantly earlier than wild 

type plants (Mann Whitney U test,  U = 280, p = 3.4 x 10-5). The median age at first 

measurement for 1aiqd-2 plants was 34 days, whereas for wild type plants it was 37 days. 

The original 1aiqd mutant also displayed a prominent rosette leaf phenotype (Mckechnie-

Welsh 2021), that was reproduced by the 1aiqd-2 mutant. The rosette leaves of the 1aiqd-

2 mutant appear broader and flatter and this was visibly apparent after at least 2.5 weeks 

of growth (fig. 5). Superficially, this is similar to the phenotype of plants of expressing 

IQD22 translationally fused to mCherry, under the control of its native promoter 

  

Figure 5: 1aiqd-2 plants have flatter, rounder -looking looking leaves compared to wild 

type. Photographs of wild type (a,b) and 1aiqd-2 (c,d) rosettes. (a,c) 2.5-week-old plants. 

(b,d) 4-week-old plants. Scale bar: 1 cm 

  

Figure 6: Preliminary indications of a palisade cell division phenotype in the 1aiqd-2 

mutant.  Maximum intensity Z-projections of leaf cross-sections. Fully expanded rosette 
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leaves were sectioned by hand and stained with calcofluor white. Selected palisade cells 

are highlighted in green. Where palisade cells have undergone a periclinal division, the 

two sister cells are highlighted in green and pink.  

(proIQD22::IQD22-mCherry) (Matthes et al. 2022). In leaves, IQD22 expression is specific 

to palisade cells (Matthes et al. 2022; Procko et al. 2022). The leaves of proIQD22:IQD22-

mCherry plants are rounder and thicker than their wild type counterparts and microscopic 

examination revealed that these leaves have an increased number of palisade cell layers , 

ƽőŔĦőШŔƚШċŰШċŰċƣŸůŔĦċũШĦőċƖċĦƣĲƖŔƚƣŔĦШŸŉШљƚƨŰњШũĲċƻĲƚШ(Matthes et al. 2022; Boardman 

1977). A preliminary inspection of 1aiqd-2 rosette leaves revealed that some palisade 

cells had periclinal cell divisions, which are rarely observed in the wild type (fig 6). 

Typically palisade cells divide anticlinally, to maintain a growing single layer of cells, and 

only undergo periclinal conditions when plants are grown under high light conditions 

(Weston et al. 2000). A quantification of leaf thickness and palisade cell layers would be 

necessary to confirm whether the 1aiqd-2 ůƨƣċŰƣШĬŸĲƚШŔŰĬĲĲĬШőċƻĲШċШљƚƨŰњШũĲċŉШ

phenotype, like proIQD22:IQD22-mCherry, but this was beyond the scope of this project. 

If the 1aiqd-2 leaf phenotype does indeed share an anatomical basis with the 

proIQD22:IQD22-mCherry line, this would raise the question of why expressing IQD22 and 

mutating it (alongside the other 5 1A IQDs) would yield a similar outcome. It might reflect 

antagonistic interactions among the 1A IQDs. Alternatively, the proIQD22:IQD22-mCherry 

might be an IQD22 loss-of-function line arising from to transgene-induced silencing or 

dominant negative effects of the IQD22 protein fusion. Functionality of the IQD22 protein 

in this line was not confirmed by mutant complementation, nor was the expression of the 

native IQD22 confirmed by RT-PCR (Matthes et al. 2022).  

2.2.3 Growth dynamics of the 1aiqd-2 mutant post-flowering 

The increase in thickness of 1aiqd-2 stems relative to the wild type implies that the 1aiqd-

2 mutant has a faster radial growth rate. To test this hypothesis, I measured 1aiqd-2 and 

wild type stems two time points: the day when first floral organ abscission was observed 

(day 0) and four days later (day 4). After four days, the increase in stem diameter in 1aiqd-

2 plants was not significantly different from wild type plants, whether measured in 

absolute or relative terms (fig 7a, c).   

Since an increase in growth in one direction might induce a compensatory but inverse 

growth effect in the perpendicular direction, I also measured vertical growth. On each 

plant I drew 24 ink marks at 2 mm intervals, starting 2 mm from the meristem. This divided 

the plant into 25 segments, where segment one was between the meristem and the first 
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mark, and segment 25 was between the lowest mark and the base of the stem. I 

measured the length of each segment on day 0 and day 4, and calculated the difference to 

determine vertical growth. The absolute amount of stem elongation was not significantly 

 

Figure 7: Wild type and 1aiqd-2 plants grow by a similar amount over four days after 

flower abscission . (a) Absolute increase in stem diameter after four days, measured at 

three positions on the stem: the top mark on the stem (approx. 2 mm from the meristem), 

where the first silique is attached to the stem, and the base of the stem. (b) Absolute 

increase in stem height after four days. (c, d) The same data as presented in (a) and (b) but 

expressed as a proportion of the measurement on day 0. (e) Relative increase in the length 

of 2 mm-long stem segments over four days, where segment 1 is the most apical segment. 

Adjusted p values for pairwise comparisons are shown. Initial p values were calculated 

using the Mann Whitney U test. The p values for the whole dataset were than adjusted 

using the Benjamini-Hochberg method. Black dots and whiskers show mean and 95% 

confidence interval of the mean.  
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different between the wild type and mutant (fig. 7b). When stem elongation is expressed 

relative to the starting height, the 1aiqd-2 mutant grew significantly more (fig. 7d). 

However, this result is uninformative because the 1aiqd-2 plants were shorter to begin 

with (fig. 4e) and starting height is unlikely to be important to growth rate, since for both 

lines most vertical growth occurred in only the top 1.4 cm of the stem (segments 1 to 7) 

(fig. 7e). The observation that most elongation occurred in the top 1.4 cm is consistent 

with previous findings (Bencivenga et al. 2016). There was also no difference in elongation 

at the level of individual stem segments (fig. 7e). Therefore, the 1aiqd-2 mutant has a 

comparable rate of stem elongation to the wild type. The same observation has been 

made of the original 1aiqd mutant (Mckechnie-Welsh 2021). 

In summary, the stems of 1aiqd-2 mutants are typically thicker than those of wild type 

plants along the whole length of the stem. However, radial growth during this stage (post 

first floral organ abscission) occurs at a similar rate. 

Based on these findings, there are three possible mechanisms that give 1aiqd-2 mutants a 

thicker stem: 

1. 1aiqd-2 stems exhibit more rapid radial growth than the wild type but only within 

the top 2 mm of the meristem. Therefore, all the difference in stem thickness 

between wild type and mutant stems is established in this region and maintained 

as the stems proceed to grow at a similar rate. This seems reasonable when 

considering a significant difference in stem thickness was observed only 2 mm 

from the meristem in these mature plants. 

2. 1aiqd-2 stems exhibit more rapid radial growth over a larger region than the top 2 

mm, but the difference is too small to detect in older stems. The diameter of new 

stem tissue decreases as the stem grows т i.e. the diameter at the base of a 1 cm 

stem is much greater than the diameter 1 cm from the top of a 15 cm stem. If the 

difference in growth rate between 1aiqd-2 and wild type is proportional to the size 

of the stem, the absolute difference would be greater in smaller plants, and 

therefore easier to detect. 

3. The 1aiqd-2 stems do not exhibit more rapid radial growth than wild type plants. 

Instead, 1aiqd-2 stems are thicker from the outset because the mutant has a 

larger SAM.  
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2.2.4 Growth dynamics of the 1aiqd-2 mutant pre-flowering 

To determine whether 1aiqd-2 plants grow more than wild type plants at an earlier stage of 

development, I performed another growth-tracking experiment. I first measured plants 

when their stems were approx. 6.5 mm tall and tracked their growth over four days, with 

measurements taken at two-day intervals (fig. 8). Although the actual stem heights on day 

0 ranged between 4 and 9 mm, the distributions of heights were statistically similar  

  

Figure 8: Experimental set up for measuring plant growth prior to flowering . 

Photographs of the same wild type (a) and 1aiqd-2 (b) plants on day 0, 2 and 4. Scale bar: 

2 mm. On day 0, plants approx. 6.5 mm tall were marked with ink dots at approximately 1 

mm, 2 mm, 3 mm and 4 mm from the SAM. The same plants were imaged for 

measurement 2 and 4 days later. At each time point, a portion of the plants were 

dissected, fixed in EtOH and retained for microscopic analysis. 

between genotypes, indicating no bias in the sampling (fig. 9a). On day 0, the stems were 

marked with ink dots at approximately 1 mm, 2 mm, 3 mm and 4 mm from the stem apex. 

On days 0, 2, and 4, the stem diameter was measured at the position of each mark. The 
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marks divided the plant into five segments, where segment one is between the stem apex 

and  the 1 mm mark, and segment five is between the 4 mm mark and the stem base. The 

length of these segments was also measured on days 0, 2 and 4. At each time point, I 

dissected a portion of the plants, fixed them in EtOH and retained them for microscopic 

analysis. For these plants, I also measured the diameter at the base of the stem.  

On day 0, the diameter of 1aiqd-2 plants at all 4 marked positions was significantly larger 

than the wild type (fig. 9b-d). The relative difference in diameter was similar across all 4 of 

the marked positions, being 22-24% greater than the wild type. Even at 1 mm from the 

stem apex, 1aiqd-2 stem diameters were on average 0.16 mm (95% CI: 0.1-0.23) or 24% 

larger than the wild type. The differences in stem diameter remained broadly consistent 

over four days: at position 3 (marked approx. 3 mm from the stem apex on day 0), 1aiqd-2 

stem diameters were on average 0.24 mm (95% CI: 0.20-0.28) or 24% larger on day 0,  

0.29 mm (95% CI: 0.24-0.35) or 23.3% larger on day 2 and were 0.29mm (95% CI: 0.21-

0.37) or 19.2% larger on day 4 (fig. 9d,e).  

Between day 0 and day 2, the 1aiqd-2 plants exhibited slightly more absolute radial growth 

than the wild type at position 3: wild type plants grew 0.23 mm (95% CI: 0.22-0.25), while 

1aiqd-2 plants grew 0.29 mm (95% CI: 0.27-0.32) (fig. 10a). A small, although not 

statistically significant, difference was also observed at position 4 т the wild type plants 

grew 0.24 mm (95% CI: 0.22-0.27) and 1aiqd-2 plants grew 0.29 mm (95% CI 0.26 т 0.32). 

However, the two genotypes showed no significant differences in growth at these 

positions when measured over the whole 4-day period (fig. 10c). Since there was no 

significant difference in growth at these positions between days 2 and 4 (i.e. the wild type 

ĬŔĬШŰŸƣШŊƖŸƽШůŸƖĲШŔŰШƣőŔƚШƓĲƖŔŸĬШƣŸШљĦċƣĦőШƨƓњШƽŔƣőШƣőĲШůƨƣċŰƣЯШfig. 10b), this implies that 

any statistically detectable differences established after the first two days were abolished 

by the increased variability in growth over the following two-day period.  

There was no significant difference in stem elongation between the genotypes, either over 

the total length of the stem or within individual segments (fig. 11). Since the plants were 

the same height to begin with and subsequently elongated at the same rate, this implies 

that the difference in height observed at the stage of first floral organ abscission (fig. 4e) 

derive from 1aiqd-2 plants reaching this developmental stage slightly earlier. 
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Figure 9: The 1aiqd-2 thick stem phenotype is evident in the early stages of stem 

growth . (a) The height of 1aiqd-2 and wild type stems on the first day of measurement (day 

0). (b) A wild type and (c) 1aiqd-2 stem, harvested on day 0. Both have stem radii similar to 

the average for the genotype. (d) Stem diameter at ink landmarks drawn approx. 1 mm, 2 

mm, 3 mm and 4 mm from the stem apex (see b and c), and at the base of the stem. 

Sample sizes differ between positions, because accurate stem diameters could not be 

accurately measured for all positions on all plants because they were partially obscured 

by leaves or branches. (e) Stem diameter at the same landmarks, after four days of 

growth. Note that sample sizes are smaller than in (d), because some plants were 

harvested on day 0 and day 2. Adjusted p values for pairwise comparisons are shown. 

Initial p values were calculated using the Mann Whitney U test. The p values for the whole 

dataset were then adjusted using the Benjamini-Hochberg method. Black dots and 

whiskers show mean and 95% CI of the mean. Scale bar: 1 mm 



Chapter 2: Isolation and Phenotypic Analysis of a Family 1A IQD Mutant 

33 
 

Notably, while the amount of radial growth was similar at all positions measured т after 

four days, the increase in diameter was 0.5-0.6mm, or 40-50% т elongation varied 

substantially between segments т segment 3 grew by 1100-1200% over four days,  

  

Figure 10: Wild type and 1aiqd-2 plants grow by a similar amount over two days and 

four days.  Change in stem diameter from day 0 to day 2 (a), day 2 to day 4 (b) and day 0 to 

day 4 (c) expressed in mm (left panels), and as a proportion of the initial diameter on day 0 

(right panels). Stem diameter was measured at ink landmarks drawn approx. 2 mm, 3 mm 

and 4 mm from the stem apex (see fig. 9b,c), and at the base of the stem. There was 

insufficient data for the landmark 1 mm from the stem because in most plants that were 

retained for growth measurements, the stem diameter at this position was obscured by 

branches on day 0. Adjusted p values for pairwise comparisons are shown. Initial p values 

were calculated using the Mann Whitney U test. The p values for the whole dataset were 

then adjusted using the Benjamini-Hochberg method. Black dots and whiskers show 

mean and 95% CI of the mean. 
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whereas segment 1 grew by only ~450% (fig. 11b). Thus, rapid elongation in a particular 

stem region did not influence its radial expansion rate and so radial and vertical growth 

were not closely coupled. This might explain why the increased thickness of 1aiqd-2 

stems did not induce a compensatory reduction in height/ elongation rate.  

These data indicate that the stem thickness phenotype of 1aiqd-2 mutants is established 

early in two senses: the phenotype is already established in stems that have very recently  

 

Figure 11: 1aiqd-2 and wild type stems elongate by a similar amount over two and four 

days. Increase in the length of stem segments and the height of the stem after two (a) and 

four (b) days, relative to the length on day 0. The segments are the distance between ink 

landmarks as shown in fig. 9b,c . Segment (Seg.) 1 is the region between the uppermost 

landmark and the apex of the stem, seg. 2 is between the first and second landmarks and 

so on. Adjusted p values for pairwise comparisons are shown. Initial p values were 

calculated using the Mann Whitney U test. The p values for the whole dataset were then 

adjusted using the Benjamini-Hochberg method. Black dots and whiskers show mean and 

95% CI of the mean. 
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bolted, and the differences are established within ~1 mm of the meristem. Although 

1aiqd-2 plants may exhibit slightly more radial growth in stem regions > 2 mm from the 

apex, this contributes little to the overall difference between genotypes. These findings 

disprove the hypothesis that 1aiqd-2 stems are thicker because they exhibit more rapid 

radial growth over a larger region than the top 2 mm of stem. The two remaining 

hypotheses т (1) 1aiqd-2 stems exhibit more rapid radial growth than wild type but only  

 

Figure 12: Loss of 1A IQD genes affects meristem size and morphology . (a, b) 

Quantification of meristem area (a) and projected area (b) of col-0 and 1aiqd-2 meristems 

across three separate experiments. Area is the total surface area of the meristem; 

projected area is the area of the 2D shape generated by projecting the meristem surface 

ŸŰƣŸШƣőĲШƓũċŰĲШƓĲƖƓĲŰĬŔĦƨũċƖШƣŸШƣőĲШƚƣĲůќƚШƻĲƖƣŔĦċũШċǂŔƚЮ (c) Projected meristem area 

plotted against the square of stem diameter, measured 3 mm from the meristem. (d,e h,i) 

Longitudinal optical sections of propidium iodide (PI)-stained 1aiqd-2 (d, h) and wild type 

col-0 (e,i) meristems. (d,e) are representative of experimental replicate 1 and (h,i) of 

replicate 3. (f,g,j,k) 3D volumetric projections of the same meristems: (d, f), (e,g), (h,j), 

(i,k). Points and whiskers indicate bootstrapped mean and 95% CI of the mean. Mann 

Whitney U tests were used to calculate significance. All plants analysed were approx. five 

weeks old and 6 (+/- 2) mm tall. A minimum of five meristems were analysed per genotype 

per replicate experiment. Scale bars: 50 µm 
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within the top 2 mm of the meristem; (3) 1aiqd-2 stems are thicker from the outset 

because the mutant has a larger meristem size т still require testing. 

2.2.5 Meristem morphology of the 1aiqd-2 mutant 

To determine whether differences in meristem size could explain the thick stem, 

meristems from ~6 mm tall plants (as shown in 9b, c) were imaged. 1aiqd-2 meristems 

were typically larger, measured by both surface area and projected area (the 2D footprint 

made by the meristem) (fig. 12a,b). However, this finding was not consistent across three 

replicate experiments, even though the 1aiqd-2 stem diameters were consistently larger 

(fig. 12c, x axis).  Furthermore, there was no apparent genotype-independent correlation 

between meristem size and stem diameter (fig. 12c). This suggests that the increased 

meristem size is not the cause of the thick stem phenotype. A more consistent phenotype 

of 1aiqd-2 meristems was a flatter, less domed shape, in comparison to wild type 

meristems (fig. 12d-k). This was independent of size, as it was observed even when the 

1aiqd-2 meristem was of comparable size to wild type meristems (fig. 12h-k).  

2.2.6 The effects of 1aiqd-2 on cell division orientation and rib meristem morphology 

The original 1aiqd mutant displayed a disruption of division plane orientation in the rib 

meristem (Mckechnie-Welsh 2021). To establish whether the 1aiqd-2 mutant reproduces 

this finding, and whether it could reasonably explain the thick stem phenotype, I 

quantified the orientation of recently placed cell walls in the rib meristems of wild type 

and 1aiqd-2 plants. 

In the rib meristem, new cell walls are typically inserted transversally to the main axis of 

the stem (which is also the main direction of growth), and this generates parallel files of 

cells. In the 1aiqd-2 mutant, the majority of cells did indeed divide transversally (fig. 13, 

14). However, a sizeable minority deviated significantly, with some new walls even 

running longitudinally from the top to the bottom of the cell (fig. 13c, yellow arrows ).  In 

the wild type, no such extreme wall orientation was observed. One possible explanation 

for 1aiqd-2 plants having extreme wall angles is that these are low probability events, and 

1aiqd-2 plants might have more of them if they have more cell divisions in total.  

Therefore, the density of different wall angles was plotted, and clearly illustrates that 

extreme wall angles make up a larger proportion of wall angles in the mutant (fig. 14b). To 

statistically compare the data, the proportion of wall angles  > 45° degrees were 

considered (since this reflects wall that are closer to vertical than horizontal) and this was 

significantly higher in the 1aiqd-2 mutant (fig. 14c). 
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Figure 13: 1aiqd-2 plants have misoriented cell divisions in the rib meristem.  (a) 

Diagrammatic representation of how wall orientation is calculated. First, a 2D plane is 

fitted to the cell wall. The angle between the vector orthogonal to that plane, and the 

vector for the main vertical axis of the meristem is calculated. For transversal walls 

(typical orientation), this angle will be near 0°. As wall orientation increasingly diverges 

from transversal, the angle increases. (b,c) Single optical sections of fixed PI-stained 

SAMs from wild type Col-0 (a), 1aiqd-2 (b) plants. Meristems were harvested from 5-week-

ŸũĬШƓũċŰƣƚЯШċƣШƣőĲШƚƣċŊĲШљĬċǃШΜњШƚőŸƽŰШŔŰШŉŔŊЮ 8. Transverse sections approx. 100 ͓m from 

the meristem apex (upper panels) and longitudinal sections through the centre of the 

meristem (lower panels) are shown. Recently formed cell walls in the rib meristem are 

coloured on a scale of green to red. See fig. 14 for quantification.  Yellow triangles indicate 

non-transversal cell walls. Scale bars: 50 ͓m  
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Figure 14: 1aiqd-2 plants have an increased frequency of misoriented cell divisions in 

the rib meristem.  Quantification of new cell wall orientation in the rib meristem as 

measured in fixed PI-stained SAMs from wild type Col-0 and 1aiqd-2 plants. Meristems 

were harvested from 5-week-ŸũĬШƓũċŰƣƚЯШċƣШƣőĲШƚƣċŊĲШљĬċǃШΜњШƚőŸƽŰШŔŰШŉŔŊЮ 8.  Five or six 

meristems were analysed per genotype. (a) Angle between wall and main axis (where 

values closer to zero indicate more transversely oriented walls, (see fig 13 for details)). 

Each point represents the angle of an individual wall and each set of points represents the 

walls of an individual meristem. Black dots and whiskers show median and IQR. (b) 

Density plot of the same data shown in (a). Each line represents an individual meristem. 

(c) The proportion of wall angles > 45° in each meristem. Data were analysed using a 

Poisson model. Black dots and whiskers show back-transformed estimates for the rates 

and asymptotic upper and lower confidence levels (conceptually equivalent to mean and 

95% CI).  
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To determine how changes in cell division relate to growth, rib meristem area and cell 

ŰƨůĤĲƖШƽĲƖĲШƕƨċŰƣŔŉŔĲĬШċƣШƣƽŸШƓŸƚŔƣŔŸŰƚаШΣΜШ͓ůШċŰĬШΝΜΜШ͓ůШƻĲƖƣŔĦċũШĬŔƚƣċŰĦĲШŉƖŸůШƣőĲШ

ůĲƖŔƚƣĲůШċƓĲǂЮШ ƣШΣΜШ͓ůШŉƖŸůШƣőĲШċƓĲǂЯШΝċŔƕĬ-2 and wild type rib meristems occupied a 

similar area, although 1aiqd-2 plants had 21% more cells on average (fig. 15a,e). At 

ΝΜΜ͓ůШŉƖŸůШƣőĲШůĲƖŔƚƣĲůЯШΝċŔƕĬ-2 rib meristems were 40% larger than the wild type and 

had 57% more cells (fig. 15b,f). Both genotypes saw an increase in cell number and area 

ŉƖŸůШΣΜШ͓ůШƣŸШΝΜΜШ͓ůЮШÑőĲШƖŔĤШůĲƖŔƚƣĲůШŸŉШƽŔũĬШƣǃƓĲШƓũċŰƣƚШőċĬШċШůĲċŰШŔŰĦƖĲċƚĲШŸŉШΞΟЮΡШ

ĦĲũũƚШыΟΡӖьШċŰĬШΞΞΜΜШ͓ůΞШыΤΣӖьШċƖĲċЮШ[ŸƖШΝċŔƕĬ-2 plants, the increase was much larger - 

ΣΜЮΡШĦĲũũƚШыΤΟӖьШċŰĬШΠΜΜΜШ͓ůΞШыΝΟΝӖьШ(fig 15c,d,g,h).  

Differences in cell size cannot explain why the rib meristem area expands more across 

this distance in the 1aiqd-2 line. Cell cross-sectional area (measured in the plane 

orthogonal to the stem main axis (fig. 16a) and volume were very variable between plants 

of the same genotype (fig. 17a, b). This makes it difficult to discern genotype-level 

differences, but the data do not indicate that the 1aiqd-2 mutants overall had larger cells. 

This is consistent with data from more mature stem tissue, which showed that 1aiqd-2 

pith cells are in fact smaller than the wild type (Mckechnie-Welsh 2021). Therefore, the 

greater expansion of rib meristem area seen in the 1aiqd-2 mutant derives from the 

greater increase in cell number. 

Cell geometry is an important, and the default, determinant of cell division plane 

selection: the most likely division plane is the one with the smallest area that divides the 

cell equally in half (Smith 2001; Besson and Dumais 2011). Therefore, an alteration in 

division plane either arises from a change in cell geometry or the violation of the 

geometric rule. Notably, perturbation of IQD activity (either through mutation or ectopic 

expression) has been shown to modify cell geometry in certain organs and tissues (Feng et 

al. 2023; Liang et al. 2018; Mitra et al. 2019). However, visual inspection of cells with the 

largest deviation in cell division angle, revealed that the inferred shape of the parent cell 

was not conspicuously different from other cells in the tissue or wild type cells, either in 

transverse or longitudinal cross-sections (fig.  13b,c). Indeed, in the longitudinal cross-

section, the new cell wall runs almost parallel to the long axis of the cell, and is therefore 

very different from the plane of minimum area (fig.  13c, yellow arrows ). To quantitatively 

determine whether there were in fact any genotype-level changes in cell geometry that 

might explain the difference in cell division orientation, several cell geometric properties 

were also quantified (fig. 16). 
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Figure 15 : The 1aiqd-2 mutant has increased radial growth of the rib meristem.  

Quantification of rib meristem cell number and cross-sectional area as measured in fixed 

PI-stained SAMs from wild type Col-0 and 1aiqd-2 plants. Meristems were harvested from 

5-week-ŸũĬШƓũċŰƣƚЯШċƣШƣőĲШƚƣċŊĲШљĬċǃШΜњШƚőŸƽŰШŔŰШŉŔŊЮШ8.  Four to six meristems were 

analysed per genotype. (a, b) The number of rib meristem cells in cross-sections 60 ͓ m (a) 

and 100 ͓ m (b) from the meristem apex. (c,d) Difference in cell number between the 100 

m͓ and 60 ͓ m cross-sections, expressed as an absolute difference (number of cells at 

100 ͓ m - number of cells at 60 ͓ m) (c), and as a ratio (number of cells at 100 ͓m ÷ number 

of cells at 60 ͓ m) (d). (e, f) Area occupied by the rib meristem in cross-sections 60 ͓ m (e) 
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and 100 ͓ m (f) from the meristem apex. (g,h) difference in area between the 100 ͓ m and 

60 ͓ m cross-sections, expressed as an absolute difference (area at 100 ͓m - area at 60 

m͓) (g), and as a ratio (area at 100 ͓m ÷ area at 60 ͓m) (h). (i-p) single optical sections of 

PI-stained SAMs from Col-0 (i, j) and 1aiqd-2 (k,l) plants. Longitudinal sections from the 

centre of the meristem (I,k) and transversal sections 100 ͓m from the meristem apex (j,l) 

are shown. Cells in the rib meristem at 60 ͓m and 100 ͓ m from the meristem apex are 

őŔŊőũŔŊőƣĲĬШŔŰШĦŸũŸƨƖЮШÉĦċũĲШĤċƖаШΞΜШ͓ůЮШ7ũċĦťШĬŸƣƚШċŰĬШƽőŔƚťĲƖƚШƚőŸƽШƣőĲШĤŸŸƣƚƣƖċƓƓĲĬШ

mean and 95% CI.  

Unlike the cell size metrics (fig. 17a,b), the distributions of the ratio of cell axes and the 

coefficient of variance (CV) of cell radii (both measures of cell shape) were fairly 

consistent between plants irrespective of genotype (fig. 17c,d ). When the data for each 

genotype were pooled, the distributions of both metrics did not statistically differ between 

genotypes (Anderson-Darling T.AD = -0.62, p = 0.72 and T.AD = -0.71, p = 0.79, 

respectively) (fig. 18a,b), which indicates that the 1aiqd-2 cells were no more or less 

elongated than the wild type. This shows that cell growth anisotropy was unchanged in 

1aiqd-2 rib meristems and implies that the observed changes in cell division orientation 

did not derive from changes in cell shape.  

There were some differences in the cell orientation, measured by calculating the angle 

ĤĲƣƽĲĲŰШƣőĲШĦĲũũќƚШůċŔŰШċǂŔƚШċŰĬШƣőĲШůċŔŰШƻĲƖƣŔĦċũШċǂŔƚШŸŉШƣőĲШƚƣĲůШыfig. 16b). At 60 ͓ m 

from the apex, the cell orientation was highly variable (fig. 17e). This is because the cells 

have yet to acquire the characteristic elongated shape of pith cells (fig. 15i,k). This makes 

the cell axes more similar in length (this is reflected in the ratio of main and secondary 

axes being near 1 (fig. 17c)), meaning there is a lot of variation in which axis is the main 

axis. By 100 ͓m, more cells have an elongated shape, meaning the main axis is more 

clearly defined. In the wild type, most cells were oriented with their main axis at an angle 

of 0-40° relative to the vertical axis of the stem, with a median around 20°. Some more 

extreme angles were observed - these were likely the daughter cells of recent divisions, 

which have a more cubic shape.   In the mutant, the distribution was similar in some 

plants, while a couple of plants had a distribution that was shifted to slightly higher values 

т with median values around 26° and a greater proportion of the distribution between 30° 

and 45° (fig. 17e). This could be explained by the increased radius of 1aiqd-2 plants т cells 

further from the centre of the stem tended to have a larger slope (fig. 18c). There were no 

clear differences in the abundance of more extreme cell angles (> 60°). An increase in cell 
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orientations around 40°, could explain a subtle shift in the distribution of cell division 

angles, but cannot account for an increase of extremely non-transversal cell divisions 

  

Figure 16: Cell geometry measurements quantified in fig 17. (a) Cell cross-sectional 

area. Cells are selected if they are situated a specified vertical distance from the 

meristem apex (60 ͓ůШŔŰШƣőĲШĬŔċŊƖċůьЮШ ШĦĲũũќƚШĦƖŸƚƚ-sectional area (measured in the XY 

ƓũċŰĲЯШƓĲƖƓĲŰĬŔĦƨũċƖШƣŸШƣőĲШůĲƖŔƚƣĲůќƚШƻĲƖƣŔĦċũШċǂŔƚьШċƣШŔƣƚШƽŔĬĲƚƣШƓŸŔŰƣШыƖĲƓƖĲƚĲŰƣĲĬШĤǃШ

the white dashed lines) is measured. (b) Angle between cell main axis (white dashed line) 

and meristem vertical axis (black dashed line). This provides information about cell 

orientation. (c) Ratio of cell axes. The ratio between the length of the cell primary (black 

dashed line) and secondary axis. (d) Coefficient of variance (CV) of cell radii. The distance 

between the cell centroid and every voxel on the cell surface is measured. The CV of these 

values is calculated by dividing the stand deviation by the mean. This provides information 

about the sphericity of the cell.  
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Figure 17 (previous page): Loss of 1A IQD genes has little effect on cell geometry in 

the rib meristem.  Quantification of rib meristem cell geometry: (a) cross-sectional area, 

(b) cell volume, (c) ratio of primary cell axis to secondary cell axis, (d) coefficient of 

variance of cell radii, (e) angle between cell main axis and vertical stem axis. Cells were 

measured from 3D confocal images stacks of fixed PI-stained SAMs from wild type Col-0 

and 1aiqd-2 plants.  Cells were measured if they were within 60 ͓m (left panels) or 100 ͓ m 

(right panels) of the meristem apex. Each point represents the measurement for an 

individual cell and each set of points represents the cells of an individual meristem. 

Meristems were harvested from 5-week-ŸũĬШƓũċŰƣƚЯШċƣШƣőĲШƚƣċŊĲШљĬċǃШΜњШƚőŸƽŰШŔŰШŉŔŊЮШ8.  

Four to six meristems were analysed per genotype. Black dots and whiskers show median 

and IQR.  

2.2.7 Clonal analysis of the 1aiqd-2 mutants 

2.2.7.1 Construction of 1aiqd-2 lines for clonal analysis 

For misoriented cell divisions to drive growth, a radial cell division must generate two 

parallel cell files that contribute more to radial growth than an individual cell file (fig. 19). 

It is not possible to track the growth of cells in the rib meristem by live imaging, because 

the cells are too deep inside the meristem and stem. Therefore, to determine how division 

orientation (and the1aiqd-2 mutations more generally) contribute to the radial growth of 

the stem, I employed the Cre-loxP recombination system (Sieburth et al. 1998; Gallois et 

al. 2002; Bencivenga et al. 2016).  This system marks individual cells and their 

descendants by inducing stable, heritable GFP expression. The system has two 

components: a heat shock-inducible Cre recombinase and an endoplasmic reticulum 

(ER)-tagged GFP reporter that is only expressed when loxP sites are recombined. Existing 

versions of the system carry the loxP:reporter and Cre recombinase components on 

separate T-DNAs (Gallois et al. 2002) and these are either crossed or transformed 

separately into the required lines and those lines are crossed together to generate the 

heat shock-inducible line. To speed up the generation of new plant lines I cloned both 
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Figure 18. Loss of 1A IQD genes does not affect cell shape and is unlikely to directly 

affect cell orientation.  Quantification of rib meristem cell geometry in cells situated 100 

m͓ from the meristem apex. (a) Ratio of primary cell axis to secondary cell axis and (b) 

coefficient of variance of cell radii. Data from 4-6 meristems (shown separately in fig. 

17c,d) per genotype were pooled together. p values were calculated using Anderson-

Darling test to compare distributions. Black dots and whiskers show median and IQR. (c) 

The horizontal distance between the cell centroid and the main vertical axis of the stem 

plotted against the angle between the cell main axis and the vertical axis of the stem. 

Each point represents a single cell and the data were pooled from 4-6 meristems per 

genotype. Black dots and whiskers show median and IQR.  
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Figure 19: Different scenarios could follow a radial cell division.  Diagrammatic 

representation of cell files in the rib meristem, showing the possible outcomes of a radial 

cell division. (a) A typical cell file, with exclusively transverse cell divisions. (b) One radial 

division has generated two adjacent cells that subsequently divided transversally to 

produce parallel cell files. The radial expansion of the cells in adjacent files is small, such 

that the two files are a similar width to the individual cell file in (a). (c) The same scenario 

as shown in (b), except, the cells undergo more radial expansion to be a similar size to the 

cells in the single cell file. 

  

Figure 20: Construct design for heat  shock -inducible cell lineage marking system.  (a) 

Graphical representations of (a) the original plasmid design and (b) the redesigned Cre 

recombinase module, with the AtHSP101 intron inserted into the Cre CDS (the sequences 

ŸŉШƣőĲШƓƖĲĬŔĦƣĲĬШΡќШċŰĬШΟќШƚƓũŔĦĲШƚŔƣĲƚШċƖĲШċŰŰŸƣċƣĲĬШċĤŸƻĲьЮШÑőĲШp35S:loxP:CFP-

ER:loxP:GFP-ER:tActin and proHSP18.2:Cre:tNOS modules were cloned from published 

constructs (Sieburth et al. 1998; Bencivega et al. 2016) and the HSP101 intron was cloned 

from Arabidopsis gDNA.  
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Figure 21: Clonal GFP sectors reveal the insertion of new pith cell files.  Max intensity 

projections of confocal Z-stacks showing GFP-ER-marked clones (green) in the pith tissue 

of longitudinally bisected stem apices. Images were captured 10 days after Cre-catalysed 

loxP recombination. Images from plants with 1aiqd-2 (a-b) and wild type (c-d) 

backgrounds are shown. (b) and (d) are magnifications of the boxed regions in (a) and (c), 

respectively, highlighting bifurcating sectors. White lines in (b) and (d) mark the overall 

shape of the clones. Arrows point in the direction of the SAM. Scale bars: 100 µm (a,c) and 

25 µm (b,d). GFP induction and imaging were performed by Nicole Mol, with guidance 

from Bryony Yates.  
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components onto a single T-DNA (fig. 20a) using Golden Gate cloning. During this 

process, I generated level 1 Golden Gate-compatible modules of the proHSP:Cre and 

p35S:loxP:CFP-ER:loxP:GFP-ER, so that they can be easily reused to clone different heat 

shock inducible constructs. 

My initial attempts to clone the loxP:reporter and Cre recombinase components into the 

same binary vector failed because the plasmids I recovered had already undergone Cre-

lox recombination. This pointed to leaky expression of the Cre recombinase in the host E. 

coli. As well as preventing recovery of the desired plasmid, Cre expression was likely toxic 

to the E. coli, because during the cloning process, I only recovered Cre-recombinase-

containing plasmids at low yields.  

I redesigned the plasmid by inserting an intron into the Cre recombinase coding sequence 

(CDS) to obstruct its expression in E. coli. Because heat shock can affect splicing, I sought 

an intron from a gene that is expressed (and thus successfully spliced) under heat shock 

conditions. I selected the 140 bp intron 2 from AtHSP101 based on the following criteria: 

available data (Winter et al. 2007; Kilian et al. 2007) indicated high expression of the 

mRNA during heat shock; the length of the intron (140 bp) is not divisible by 3, and so will 

introduce a frame shift when inserted into the CDS. I amplified the intron from genomic 

DNA and inserted it into the Cre recombinase CDS between AG and GT residues, to 

ŊĲŰĲƖċƣĲШƣőĲШΡќШċŰĬШΟќШƚƓũŔĦĲШƚŔƣĲƚШыfig. 20b). Otherwise, the final construct design was 

unchanged. I successfully cloned this version and transformed it into Col-0 and 1aiqd-2 

plants.  

2.2.7.2 Inspection of Clonal Sectors 

To inspect the geometry of clonal cell lineages in the pith tissue, plants were imaged 10 

days after heat-shocking. Bifurcating sectors - where a single file becomes two parallel 

files - were frequently observed in 1aiqd-2 plants and at lower frequency in the wild type 

plants (fig. 21). In these bifurcating clones, the cells in the parallel files were a similar 

width to the cells in the single files immediately above or below them (fig. 21b,d). As a 

result, the total width of the parallel files was greater than the individual files (as in fig. 

19c). This indicates that radial cell divisions do insert new cell files and that the resulting 

parallel cell files occupy more space than a single transversally dividing file.  
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2.3 DISCUSSION 

2.3.1 The stem phenotype of the 1aiqd-2 mutants is established at or near the SAM 

In this chapter I investigated the growth of the 1aiqd-2 mutant to identify the factors that 

underpin its large stem diameter. Contrary to my expectations, the 1aiqd-2 stems did not 

have a measurable increase in radial growth rate that would account for the thicker 

stems. Instead, the thicker stem of the mutant is already well-established when stems are 

very small and within a few mm of the stem apex, indicating that the phenotype is 

established at or near the SAM. Indeed, over a short vertical distance (this can be used as 

a proxy for time, since cells in the rib meristem get vertically displaced during growth) 

1aiqd-2 rib meristems increase in area to a much greater extent than the wild type. This is 

associated with an increase in cell number, but not cell size, which is consistent with the 

hypothesis that misoriented cell divisions in the rib meristem drive radial growth by 

inserting new cell files (Mckechnie-Welsh 2021). Furthermore, the shape of Cre-lox GFP 

sectors in the pith showed that a change in the orientation of cell divisions is a plausible 

cause of increased radial growth of the stem. However, I cannot rule out the reverse 

causation - that changes to growth (driven by some third factor e.g. mechanics) drive the 

changes in cell division and rib meristem cell number in the 1aiqd-2 mutant. 

Discriminating between these two hypotheses т that changes in cell division drive growth 

or are a consequence of it - hinges on the mechanism by which 1A IQDs regulate cell 

division orientation. This is the focus of the following two chapters. 

1aiqd-2 is one of very few mutants with reported defects in rib meristem organisation. One 

other that has been characterised in detail is rpl, which, like the 1aiqd-2 mutant, has 

misoriented cell divisions in the rib meristem (Bencivenga et al. 2016). However, rpl and 

1aiqd-2 have very different growth phenotypes: rpl plants display reduced stem 

elongation and small-to-normal-sized rib meristems, whereas 1aiqd-2 plants elongate 

normally and have larger rib meristems (Bencivenga et al. 2016). This raises the question 

of why two plants with similar changes in cell division orientation have such different 

phenotypes. However, the discrepancy may derive from the different underlying 

mechanisms that drive the changes in cell division orientation. The altered cell division in 

rpl is caused by ectopic expression of the organ boundary gene LIGHT SENSITIVE 

HYPOCOTYLS 4, which either narrows the rib meristem or induces rib periphery identity in 

the central meristem (Bencivenga et al. 2016). Changes to organ identity can affect many 

different aspects of plant development, including the development of the vasculature and 

cambium, which, if disrupted can cause stem dwarfing (Bush et al. 2022). Indeed, 
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vascular anatomy is perturbed in rpl (Smith and Hake 2003). While the mechanism that 

underpins the 1aiqd-2/1aiqd phenotype is unclear, it has normal stem elongation and 

vascular anatomy (Mckechnie-Welsh 2021), making it a better model for specifically 

investigating the effects of cell division orientation on growth dynamics and direction.  

I also identified that 1aiqd-2 mutants have altered SAM geometry and, in some cases, 

larger SAMs. This phenotype is unlikely to drive the rib meristem/ stem phenotype 

because it is inconsistent and does not clearly correlate with stem diameter. However, it 

might be a secondary effect of the 1aiqd-2 mutation with inconsistent penetrance, 

possibly arising downstream of changes in the underlying RZ. Indeed, cell proliferation in 

the RZ has previously been shown to modulate overall SAM size by constraining the 

growth of the overlying cell layers (Serrano-Mislata et al. 2017). Meristem size is also 

regulated by a feedback loop involving CLAVATA3 (CLV3) and WUSCHEL (WUS), which 

restricts the domain of stem cell activity in the SAM (Yadav et al. 2011; Clark et al. 1995). 

Some regulatory relationship between the 1A IQDs and the CLV3-WUS pathway cannot be 

ruled out but given there is no relationship between stem diameter and meristem size in 

these data, the pathway would likely have little bearing on stem radial growth. Since 

meristem shape and size impact phyllotaxis (Reinhardt 2004), the sporadic occurrence of 

very large meristems could explain the low penetrance of phyllotactic defects that has 

been observed in the 1aiqd mutant (Mckechnie-Welsh 2021). However, further work is 

required to establish a link between meristem morphology and phyllotaxis in these lines. 

2.3.2 Generation of materials for studying plant development 

Prior work on the developmental effects of the 1aiqd mutant had been hampered by 

transgene silencing which was presumed to originate from the iqd22-1 (SALK 

103903.55.75.x) and iqd26-3 (GK-728F02) alleles (Mckechnie-Welsh 2021). Using CRISPR-

Cas9 mutagenesis I generated new alleles (named iqd22-5 and iqd26-4), which are 

predicted to completely disrupt the IQD22 and IQD26 protein sequences, and I 

incorporated them into a new 1A IQD sextuple mutant line, 1aiqd-2. Because this new line 

is not associated with frequent transgene silencing, transgenic tools can now be used to 

investigate the 1aiqd-2 mutant in much more detail.  

Recent work has highlighted roles for iqd22  specifically in leaf development and hypoxia 

sensing (Matthes et al. 2022; Zhao et al. 2025). Previously published iqd22 mutants derive 

from either a single base substitution that does not affect most of the protein sequence 

(Zhao et al. 2025) or intronic T-DNA substitutions that do not fully knock-out protein 

expression (Matthes et al. 2022). The iqd22-5 allele is a missense mutation that disrupts 
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almost the entire protein sequence, including the IQ67 domain. It therefore offers a useful 

tool to investigate the effects of full iqd22 knock out on these published phenotypes, and 

any others that are yet to be discovered.   

The Cre-loxP system is a powerful tool for studying plant development. By facilitating 

mosaic induction of specific genes it can reveal non-cell-autonomous effects of gene 

expression (Gallois et al. 2004; Sieburth et al. 1998), and reveal 3-dimensional growth 

patterns in inaccessible organs (Bencivenga et al. 2016). In this chapter I describe the 

construction of a new T-DNA architecture for the introduction of heat shock inducible 

transgenes into A. thaliana. This new architecture makes it much more straightforward to 

introduce the Cre-loxP system into different mutant lines, since only a single T-DNA locus 

needs to be introduced via crossing or transgenesis. This is particularly useful for genetic 

backgrounds carrying multiple mutations that make crossing difficult and time-

consuming.  Furthermore, by generating level 1 Golden Gate modules for the constituent 

parts of the Cre-loxP system, I have made it much easier to generate different variants of 

the Cre-loxP system, e.g. using different plant selectable markers or inducible transgenes.
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3 EXPRESSION AND LOCALISATION OF 1A IQD PROTEINS 

3.1 INTRODUCTION 

The 1aiqd-2 mutations cause three phenotypic changes in the stem: disrupted division 

orientation in the rib meristem, increased pith cell number (in the transverse plane) and 

increased stem diameter. A plausible hypothesis links these phenotypes together in a 

causal chain: the disrupted division plane generates more cells in the radial direction, and 

this drives an increase in stem diameter. This hypothesis raises the additional question: 

how do 1A IQDs regulate division plane orientation? This is not a straightforward question 

to answer, for there are many different mechanisms that regulate division orientation and 

several mechanisms through which IQDs have already been shown, or proposed, to 

regulate cellular processes.  

3.1.1 The regulation of cell division orientation in plants 

The process of cytokinesis in plants is distinct from other eukaryotes, requiring plant-

specific proteins and MT structures. For most of the plant cell cycle, the MTs form cortical 

arrays that lie close to the plasma membrane (PM). Towards the end of G2, the MTs (and 

some actin microfilaments) reorganise to form a narrow, cortical ring that encircles the 

cell т the preprophase band (PPB) (fig. 22). The position of the PPB reliably predicts the 

division site, where the new cell wall will ultimately fuse to the existing walls (Livanos and 

Müller 2019). This site is referred to as the cortical division zone (CDZ) and it persists until 

the end of cytokinesis, distinguished by the localised, yet dynamic, accumulation of 

specific proteins (Smertenko et al. 2017).  

ƚШƣőĲШĦĲũũШĲŰƣĲƖƚШůĲƣċƓőċƚĲЯШƣőĲШÂÂ7ШĬŔƚċƚƚĲůĤũĲƚШċŰĬШƣőĲШĦĲũũќƚШĬŸůŔŰċƣŔŰŊШ

microtubular structure becomes the mitotic spindle (fig. 22). After chromatid separation, 

the spindle MTs reorganise and form the phragmoplast (fig. 22). This is a structure of MTs 

and actin microfilaments, situated on opposite sides of, and oriented perpendicular to, 

the plane of the future cell wall. Vesicles, derived from the trans-Golgi network, traffic 

along the phragmoplast MTs to the midline of the phragmoplast. Here they fuse with other 

vesicles, delivering cell wall components to form the cell plate. The cell plate grows 

laterally outwards from the centre, via the fusion of new vesicles at its edges, until it fuses 

ƽŔƣőШƣőĲШƓċƖĲŰƣШĦĲũũќƚШÂ~ШċƣШƣőe division site (Smertenko et al. 2017).  
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Figure 22: Microtubule structures during plant cell division . 

ƚШċШĬĲŉċƨũƣЯШƓũċŰƣШĦĲũũƚШĬŔƻŔĬĲШƚǃůůĲƣƖŔĦċũũǃЯШƓċƖƣŔƣŔŸŰŔŰŊШƣőĲШĦĲũũќƚШĦǃƣŸƓũċƚůŔĦШĦŸŰƣĲŰƣƚШ

more-or-less equally between two daughter cells. A classic geometric rule, identified 150 

years ago, can mostly explain the positioning of the division plane т out of all the planes 

that can generate equally-sized daughters, the selected plane is the one that minimises 

the area of the new cell wall (Smith 2001). This cell geometry-based selection is, however, 

a probabilistic phenomenon: the chance of the minimising division plane being selected 

decreases, when an alternative plane has a similar area (Besson and Dumais 2011).  The 

cell geometries in the 1aiqd-2 mutant rib meristem are unchanged and misoriented cell 

walls diverge significantly from the smallest area rule (Chapter 2). Therefore, changes in 

cell geometry cannot explain the change in cell division orientation.  However, the 

mutations could affect how the cell perceives or responds to geometric and other cues or 

how the initially selected division plane is љƖĲůĲůĤĲƖĲĬњШƣőƖŸƨŊőШƚƨĤƚĲƕƨĲŰƣШƚƣċŊĲƚШŸŉШ

mitosis. 

Although the precise nature of how cells sense their shape is unclear, a long-standing 

model centres the interactions between the nucleus and cell periphery. Cytoplasmic 

strands, which are associated with MTs and actin filaments, radiate from the nucleus to 

the cell cortex (Lloyd et al. 1992). Because these strands are under tension, they seek a 

force-minimising configuration. This corresponds to the shortest distance between the 

nucleus and the cell periphery, and is achieved by migrating the nucleus to thĲШĦĲũũќƚШ

centre (Lloyd 1991; Asada 2019). The PPB then forms in the region with the densest 

accumulation of cytoplasmic strands (Besson and Dumais 2011). The importance of this 

mechanism likely depends on cell type т in some cells nuclear positioning varies little and 


































































































































































































































































