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Abstract

The stem-cell niche at the Shoot Apical Meristem (SAM) in Arabidopsis thaliana under-
goes reorganisation during floral transition. This niche is maintained by a well-studied
negative feedback loop between WUSCHEL and CLAVATAS3, but how this network
evolves during floral transition is unknown. In this study, we use confocal imaging and
a custom cellular-resolution quantitative image analysis pipeline to study the expression
domains of these two genes in the SAM during the floral transition using transcriptional
reporters of WUSCHEL and CLAVATAS in wild-type and two mutant lines. We pro-
vide a first description of their patterning during floral transition. We find a transient
expansion in the expression domain of WUSCHEL - pointing to a role of the rib zone of
the meristem in maintaining stem-cell homeostasis. Our work helps further the current
understanding of stem-cell homeostasis in the shoot apical meristem, and of the organisa-
tion of the SAM in general. It provides a quantitative framework for future experimental
and modelling studies of the system.
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Chapter 1

Introduction

1.1 The cradle of organs - the Shoot Apical Meristem

Plants have the remarkable capacity to produce organs throughout their lifetime - giv-
ing rise to the wonderful diversity of form in the flora we see across the biosphere. This
persistent organogenesis necessitates the maintenance of stem cells in the plant through-
out its life cycle and requires the plant to have tight control over the processes of growth,
molecular patterning, and cell-fate decision-making, regardless of its age or environmental
conditions. The shoot apical meristem (SAM) and the root apical meristem (RAM) are
the primary sites of organ generation in plants, established during embryogenesis (Bow-
man and Eshed, 2000)and harbour stem cells that produce all above- and below-ground
organs, respectively. The SAM is particularly intriguing as it can produce organs of dif-
ferent identities depending on the stage of the plant’s life cycle. It produces leaves during
the vegetative phase and flowers during the reproductive phase. Arabidopsis thaliana is
a particularly valuable system to study plant morphogenesis - since it is an extensively
studied model system with well-characterised mutant lines

The shoot apical meristem in Arabidopsis thaliana is classified into different re-
gions based on the arrangement of different cell types inside the tissue. The expression
of SHOOT MERISTEMLESS (STM) - a homeodomain transcription factor - is usually
used to define the meristematic region (Long et al., 1996). Stem cells are located in an
upward-facing cone-shaped region of reduced growth and division at the very tip of the
meristem - called the central zone (CZ) (Fletcher et al., 1999). Flanking the CZ on all
sides is the peripheral zone (PZ) - the descendants of the stem cells in the CZ move into
this region and differentiate (Barton, 2010); it is a region of extensive cell division - from
which incipient organ primordia emerge - be it leaves or flowers. Cells at the apical tip
of the CZ are organised into layers (Poethig, 1987) - called the L1, L2, and L3 (Lopes
et al., 2021) - due to the anticlinal division(perpendicular to the surface of the meristem)
of stem cells in the CZ. Just below the CZ, with some overlap, is a group of cells called
the organising centre (OC) (Mayer et al., 1998). The cells in the OC are responsible for
specifying and maintaining the stem-cell fate of cells in the CZ. The region below the OC
is called the rib meristem - a site of un-oriented cell division.



Figure 1.1: Organization of the SAM. The SAM in Arabidopsis thalianais organised
into zones. A negative feedback loop between WUSCHEL and CLAVATAS maintains
stem-cell homeostasis. Adapted from (Lopes et al., 2021).

1.2 Stem cell homeostasis in the SAM

1.2.1 The WUSCHEL-CLAVATA3 Feedback Loop

The stem cell niche in the Arabidopsis SAM is maintained by a well-studied transcrip-
tional negative feedback loop between WUSCHEL and CLAVATA3 (Brand et al., 2000;
Schoof et al., 2000). WUS is expressed in the cells of the OC and encodes a diffusible
homeodomain transcription factor that is responsible for the promotion of stem-cell fate
(Mayer et al., 1998) in the CZ through repression of the differentiation programme (Ya-
dav et al., 2011; Daum et al., 2014). Loss-of-function wus mutants have been observed to
produce defective meristems that terminate prematurely (Laux et al., 1996). WUS moves
into the CZ through plasmodesmata (Daum et al., 2014) and activates the transcription
of CLAVATAS - which encodes a small, diffusible peptide - by binding to its promoter
(Yadav et al., 2011). CLV3 is secreted into extracellular space (Brand et al., 2002) and
represses the transcription of WUS by binding to CLV1 receptor proteins (Clark et al.,
1993) at the cell surface. CLV3 loss-of-function mutants exhibit larger meristems and
more organs due to uninhibited WUS expression (Clark et al., 1995; Fletcher et al., 1999).
This forms the basic structure of the negative feedback loop proposed to explain stem-cell
homeostasis in the SAM. While informative, this simple model does not give much insight
into the spatial organisation and confinement of WUS and CLV3 in the SAM. Looking
at the structure of the feedback loop, since CLV3 represses the expression of WUS, one
might find the existence of the region of overlap of WUS and CLVS& expression where
both are maximally expressed counter-intuitive. Recent studies have characterised this
gene regulatory network further and given us a more nuanced understanding of its spatial
behaviour.

Recent studies looking at the homo-dimerisation of WUS have found support for
a model in which WUS monomers promote CLVS3 expression, while WUS homodimers
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repress CLV3 expression (Busch et al., 2010; Daum et al., 2014), taking into account the
differential mobility of WUS monomers and dimers (Fuchs and Lohmann, 2020). An-
other set of studies (Zhou et al., 2015, 2018) looking at the interaction of WUS with
HAIRY MERISTEM (HAM) - a family of transcription factors expressed in the L3 layer
- have established that WUS and HAM form heterodimers. They proposed a model
(Zhou et al., 2018) for the confinement of CLV3 to the CZ in which WUS-HAM het-
erodimers prevent the expression of CLVS3 in the OC while the absence of HAM in the
CZ prevents heterodimerisation and induces expression of CLVS3. This model has been
supported by experimental perturbations in which the ham1.2.3 loss-of-function mutant
showed CLV3 expression in the OC (Zhou et al., 2015), and by computational simu-
lations (Zhou et al., 2018; Gruel et al., 2018) which were able to capture both normal
and mutant behaviour. Another study (Su et al., 2020) has shown that WUS interacts
with STM to form a heterodimer, promoting stronger binding to the CLV3 promoter.
Thus, stem-cell homeostasis in the SAM is a complex and many-layered process, and its
mechanistic understanding necessitates mathematical modelling.

1.2.2 Modelling the WUS-CLV3 Feedback Loop

Biological systems have long provided fertile soil for phenomenological mathematical
models to inform and answer questions of growth, molecular patterning, and differentia-
tion. Formulating phenomenological rules as mathematical models and performing com-
putational simulations have borne considerable fruits in understanding developmental
processes such as morphogenesis and cell-fate determination. The WUS-CLV feedback
loop has also been a receptacle for the sunshine of modellers’ attention, in part due to
the interesting process at hand and in part because of the apparent simplicity of the net-
work motif. The first model of WUS-CLV3 (Jonsson et al., 2005) implemented just the
core feedback loop (refer to Section 1.2.1) coupled with a reaction-diffusion system in a
2-dimensional lattice of cells and was able to recapitulate the expression domain of WUS
in wild-type and physically ablated meristems. However, the model used was based on
the existence of a hitherto unknown mechanism that formed a pattern in the meristem.
Subsequent experimental studies elucidating additional players in the maintenance of the
SAM have enabled the development of more informed and complicated models (Geier
et al., 2008; Hohm et al., 2010; Yadav et al., 2013), which employ more molecular players
and additional interactions - such as cytokinins regulating WUS expression (Gruel et al.,
2018), and peripheral zone and L1 signalling (Gruel et al., 2016, 2018).

While these modelling studies have provided mechanistic insights into the maintenance
and spatial organisation of the WUS and CLVS expression domains, we do not possess
information on how these domains evolve during the floral transition - which represents
a significant amount of reorganisation within the meristem unfolding over quite a short
amount of time.

1.3 The Floral Transition

Plants undergo several developmental transitions throughout their life, and the organs
produced at the SAM have differing identities based on the stage of the plant’s life-cycle.
One developmental transition of particular importance is the floral transition - which
marks the end of the vegetative phase and the beginning of the reproductive phase in
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Figure 1.2: The floral transition in Arabidopsis thaliana a) The SAM shifts from
producing leaves to producing flowers after the floral transition (Baurle and Dean, 2006),
b) The SAM undergoes morphological changes during floral transition(Images by Martina
Cerise - unpublished) c¢) The hypothesised WUS-CLV3 negative feedback loop with AP2
(Wiirschum et al., 2006)

plants (Kinoshita et al., 2020). The SAM goes from producing leaves during the vege-
tative phase, to producing flowers during the reproductive phase. This step is crucial in
determining the survival of the plant and as such, depends on a complex gene regulatory
network that integrates environmental signals such as photoperiod, age, sugar content,
etc with hormonal signalling in the plant. A summary of the different pathways involved
implicated in the floral transition can be found in (Conti, 2017). The floral transition is
a period of pronounced morphological and physiological changes in the SAM. The veg-
etative meristem has a flat apical surface, but during the floral transition meristem, it
adopts a distinct curved structure - in a process referred to as doming (Kinoshita et al.,
2020). The inflorescence meristem is also markedly larger in size than the vegetative
meristem (Laufs et al., 1998). The reason behind this coupling of the floral transition
with doming is still not understood, and studying gene expression domains offers the
exciting possibility of decoupling the same.

APETALA2 (AP2) is a transcription factor involved in multiple pathways that regu-
late flower and seed development (Okamuro et al., 1997). In the floral transition, AP2 is
involved in the age-signalling pathway at the SAM. It acts a repressor of flowering, which
is post-transcriptionally degraded by the microRNA172(miR172) - which accumulates
as the plant ages (O’Maoiléidigh et al., 2021). AP2 shows little expression in the floral
meristem (Wiirschum et al., 2006). AP2 gain-of-function mutants are observed to be
late-flowering, and ap2 loss-of-function mutants are early-flowering. Our interest in A P2
is due to the fact that it has been previously implicated in the WUS-CLV S feedback loop
(Wirschum et al., 2006). AP2 was proposed to promote WUS expression in the SAM;
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and mutations in AP2 have a similar effect to changes in WUS expression on the size of
the SAM - with AP2 gain-of-function mutants producing significantly larger SAMs. AP2
thus provides us with a bridge between the stem-cell niche, meristem morphology, and
the floral transition; and studying the evolution of WUS and CLVS3 expression domains
in AP2 gain- and loss-of-function mutants will allow us to study the effect of AP2 on
the WUS and CLV3 expression domains to better characterise its function in stem-cell
homeostasis.

1.4 Motivations of the study

A common theme in studying the WUS-CLV3 feedback loop in many of the studies
mentioned above is the combined use of experimental perturbations and computational
modelling. Studying a biological system such as the SAM - which undergoes significant
morphological changes - requires researchers to obtain high resolution, time-lapse imaging
data, perform quantitative analysis of these data, perform computational simulations to
validate hypotheses and /or provide predictions to test out experimentally - which would
feedback into this process. This synergistic framework - called computational morpho-
dynamics (Formosa-Jordan et al., 2022) - offers the possibility to efficiently leverage the
developments in each of its constituent fields to in order to answer the biological question
at hand.

Despite the presence of substantial research in understanding the WUS-CLV3 system,
the establishment and maintenance of their expression patterns in the meristem are not
well understood. Using the approach of computational morphodynamics, we aim to
study the evolution of the domains of expression of WUS and CLVS& during the floral
transition. We develop a high-throughput, quantitative image analysis pipeline to study
the spatio-temporal evolution of WUSCHEL and CLAVATAS. Studying the proposed
system requires us to have cellular resolution data on WUS and CLVS3 gene expression
patterns. We use fluorescent transcriptional markers for both WUS and CLVS to visualise
their domains of expression.

1.5 Aims of the study

This study aims to create a quantitative description of the shoot apical meristem in
Arabidopsis thaliana during floral transition using the framework of computational mor-
phodynamics. This includes:

1. Establishing a cellular resolution quantitative image analysis pipeline with the fol-
lowing capacity :

(a) Perform accurate 3D segmentation of cell walls and nuclei in the SAM from
confocal microscopy images of fluorescent marker lines.

(b) Define domains of expression of transcription factors and calculate their effec-
tive concentrations

(c) Extract geometrical features of expression domains and study their evolution

2. To create a quantitative description of the SAM during floral transition. This
involves studying :



(a) Change in meristem morphology during floral transition using a pre-existing
MATLAB code (RegionsAnalysis.

(b) Changes in the spatial organisation of WUS and CLV3 expression domains to
establish new observables indicating floral transition.

(c) The relation between meristem morphology and expression domains of WUS
and CLVS in order to study their coupling

(d) The aforementioned properties in the rAP2 and ap2 12 mutant lines in order
to describe expression domains under flowering-time and size variations.
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Chapter 2

Materials and Methods

2.1 Marker lines and Imaging

2.1.1 Plant growth conditions and genotypes

The lines Arabidopsis thaliana ecotype Columbia-0 wildtype, pAP2::rAP2 B2-1 mu-
tants (Sang et al., 2022) , and ap2 12 (Yant et al., 2010) mutants were used in in this
study. All lines contained transcriptional fusions of pWUS::NLS-Venus and pCLV3::NLS-
mCherry (Pfeiffer et al., 2016), which in the ap2 12 and pAP2::rAP2 B2-1 mutants were
crossed by Dr Martina Cerise. The fluorescent proteins (Venus and mCherry) are tar-
geted to the nucleus by a nuclear localisation signal in these lines. The rAP2 line encodes
a version of the AP2 protein that is resistant to degradation by microRNA 172 (miR172).
miR172 is increasingly expressed with age - hence rAP2 mutants have greater amounts
of AP2 than the wild type at later stages of their life-cycle. The plants were grown under
long-day conditions - 16 hours of light and 8 hours of darkness at 18-22°C - and their
meristems were harvested at 7, 10, 13, 16, and 20 days of growth after seeding.

2.1.2 Sample preparation and confocal microscopy

Meristems of 7 seedlings at 7, 10, 13, 16, and 20 days after seeding were dissected
under a stereoscopic microscope and leaves covering the SAM were carefully removed.
Harvested SAMs were vacuumed twice and fixed in 4% paraformaldehyde maintained at
4°C for 2-3 days, after which they were washed with 1xPBS twice and fixed with 1.5mlL
ClearSee. The meristems were then treated with 1ul. Renaissance solution 2 days prior
to imaging. Four SAMs from each of the aforementioned time-points were imaged by Dr
Martina Cerise and Mirjam Thielen using the Stellaris - 5 confocal microscope.

2.2 Image Processing

2.2.1 Cell segmentation

The acquired images underwent a preprocessing step in which the organ primordia
were removed using the "Pixel Edit" tool in MorphoGraphX. The Renaissance channel
staining the cell walls were segmented using the GASP (Bailoni et al., 2022) algorithm in
PlantSeg (Wolny et al., 2020) after generating cell boundary predictions using the model
“confocal unet bce dice ds3x” (Remadevi Vijayan, 2022). The segmentations were
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Figure 2.1: Cell walls segmented using PlantSeg - visualised in MorphoGraphX. Colours
are used to visualise different cells separately. Scale bars are 20 pm.

manually corrected in MorphoGraphX. The segmented masks were converted to meshes
and their features were quantified using the Heatmap process in MGX.

2.2.2 Nuclear segmentation

The Venus and mCherry channels from each image were merged using the maximal
intensity at each pixel to segment the maximum number of nuclei - since we did not
have a constitutively expressed nuclear marker. Predictions for nuclear boundaries were
generated using the “confocal unet nuclei stain dslx” model in PlantSeg. These pre-
dictions were imported into CellPose (Stringer et al., 2021) and segmented using the
model “nuclei” trained by Dr Athul Vijayan. The segmented masks were then scaled and
reoriented using a Python script.

2.2.3 Connecting Cells to Nuclei

Since cell walls and nuclei were segmented separately, we matched segmented cells
to segmented nuclei. A nucleus was paired to a cell if its centroid lay inside the cell.
Conflicts arising due to one nucleus being split between 2 cells were resolved by pairing
the nucleus with the cell that housed more than 50% of its volume. This was implemented
using the "LineageTracking/Label nuclei" process in MGX.

2.2.4 Coordinate system

A cylindrical coordinate system centred at the apex of the meristem was defined to
describe the spatial organisation of the meristem due to its radial symmetry. The origin
of the coordinate system was manually placed at the apex of the meristem for each image
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Figure 2.2: Nuclei segmented using PlantSeg and CellPose - visualised in MorphoGraphX.
Colours are used to visualise different nuclei separately. Scale bars are 20 pm.

in MGX. The meristem was then aligned with the axes to reduce any tilt during imaging.
The coordinates of the centroids of each cell and nucleus were then extracted using the
Heatmap process in MGX. The coordinate transforms were carried out in Python.

2.2.5 Concentration definitions

The average signal intensity of inside a segmented nucleus was defined as the concen-
tration of a transcription factor inside the nucleus. We assumed that the fluorescence
intensity inside each nucleus is directly proportional to concentrations of the mRNA of
the corresponding transcription factor. A second definition of concentration - given by
the average signal intensity inside each segmented cell was also used. The choice between
normalising signal intensity by nuclear size and normalising by cellular size was made by
studying the relationship between the two. It was observed that cell size grew non-linearly
with nuclear size, especially as one moved into the rib meristem. We also reasoned that
nuclear concentrations would be the more relevant observable for defining the activity of
transcription factors - since they act inside the nucleus.

2.3 Domains of expression

2.3.1 Thresholding

Since we were interested in describing how the activity of transcription factors changed
spatially during the floral transition, we defined domains of expression for each transcrip-
tion factor. In each image, cells with concentration greater than MAX /K were defined to
be part of the domain of expression, MAX is the median of the 20 highest concentrations
of a transcription factor in each meristem. This procedure was used to account for the
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Figure 2.3: Nuclei coloured with CLVS& concentrations - visualised in MorphoGraphX.
Scale bars are 20 pm.

fact that normalisation across time points and genotypes could not be performed due
to the absence of a constitutively expressed nuclear marker. Different values of K were
tested and K = 5 was chosen for simplicity. It is important here to note that while we
define discrete, bounded domains of expression, these boundaries do not necessarily exist
- due to the graded nature of the domain. The “positive” nuclei for each transcription
factor are to be taken as nuclei expressing the particular transcription factor strongly,
as opposed to being the only nuclei affected by its activity. The consisting set of points
consisting of the centroids of “positive” nuclei for each transcription factor were then
clustered using DBSCAN - a density based clustering algorithm (see below for further
details).

2.3.2 Clustering Expression Domains

After applying the aforementioned thresholding method, we applied the clustering algo-
rithm DBSCAN (Ester et al., 1996) (Density Based Spatial Clustering of Applications
with Noise) to the 3D coordinates of each nucleus above the threshold, in order to exclude
nuclei which were spaced far from the bulk of the domain of expression. The algorithm
adds a point to a cluster if there are k£ points within a distance of e units. The parameter
k was manually set to 5. e was calculated separately for each image by plotting nearest
neighbour distances for all pairs of nuclei and selecting the value at which the distance
increases sharply.

2.3.3 Domain features

The following metrics were used to describe the domains of expression of WUS and CLV3

1. Number of cells/nuclei in the domain : The number of nuclei in the clustered
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domain were counted

2. Volume of the domain : the volume of an expression domain was calculated
using two definitions

(a) the sum of the volumes of all the cells in a domain calculated from the seg-
mentation

(b) the volume of the convex hull formed by the centroids of all nuclei in a do-
main. This was calculated using the ConvexHull function from the scipy.spatial
Python Library.

3. Width of the domain : to calculate the width of an expression domain, the cen-
troids of all cells in the domain were projected onto the yz-plane, and the boundary
of the projection (obtained from a convex hull) was fit to an ellipse using a least
squares fitting.

4. Length of the domain : the length of a domain was calculated as the distance
between the apical and basal tip of the domain.

2.4 Meristem Morphology

Morphological features of the meristem such as curvature, height, and width were
quantified using a custom made semi-automatic pipeline, using RegionsAnalyisis Matlab
code. The pipeline involved taking two orthogonal projections of the membrane channel
of each meristem, manually drawing a parabola between the youngest two primordia, and
performing a least squares fitting of this curve to obtain height, width, and curvature as
shown in Figure 2.4.

2.5 Statisical Testing

Tukey’s Honest Significant Difference test was used to compare the a metric across
each pair of timepoints. A p-value of 0.05 was used as threshold to determine if the
difference between two groups was significant. All tests were performed using the Python
module scipy.stats.
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Figure 2.4: Maximal intensity projections on the xz and yz plane are used to draw and fit

parabolas to the meristem and calculate morphological features using the RegionsAnalysis
MATLAB code.
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Chapter 3

Results

3.1 Quantitative characterisation of the wild type shoot
apical meristem during floral transition

First, we established a quantitative description of the SAM in wild type Col-0 during
floral transition, taking into account morphological features and gene expression patterns
of WUS and CLV3. The following features were observed.

3.1.1 The shoot apical meristem undergoes doming during the
floral transition

Morphological changes accompanying the floral transition were quantified by measuring
the height, width, and curvature of the meristem along a time course using a pipeline
from the MATLAB RegionsAnalysis code.

We observed that meristem height and curvature increased from 7 LDs to 13 LDs -
where they reached their maxima, and then decreased until the last time point (Figure
3.1.1 f, g). Meristem width (Figure 3.1.1 h) shows a similar trend, peaking at 16 LDs.
We reason from these observations that the doming phase characteristic of the floral
transition takes place around 13 days after germination in inductive long day conditions.
This exercise allowed us to characterise the meristem at 13 LDs as the transition meristem,
and use it as a temporal reference to study gene expression patterns of WUS and CLV3.

3.1.2 WUSCHEL domain transiently expands into the rib meris-
tem during floral transition

After defining the cells in the WUSCHEL expression domain (see Materials and Meth-
ods), we quantified the changes in WUS domain size and morphology during the floral
transition. We observed an increase in the number of cells in the expression domain from
7 LDs to 13 LDs - with the peak corresponding to the previously determined timing of
floral transition, and a subsequent decrease until the last time point. The size of the
WUS domain was also quantified as the volume of the cells occupying the domain to get
an idea of the means of domain expansion (cell division versus cell expansion). WUS
domain volume showed the same trend as number of cells.

To explore the direction of WUS domain expansion, we measured the distance of
the apical and basal tip of the WUS domain from the apex of the SAM. We observed
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Figure 3.1: The SAM undergoes doming during floral transition. (Top Row)
Maximal intensity projections of Col-0 SAM at 7, 10, 13, 16, and 20 long days after
germination (a, b). The SAM reaches peak height and curvature at 13 LDs (c) The
width of the meristem peaks at 16 LDs. Scale bar represents 20 ym. Each time point
has 4 datapoints. Asterisks denote p-values for Tukey’s HSD test. * - 0.01<p<0.05, ** -
p<0.01, *** p<0.001, ns - p>0.05

that the WUS domain expanded into the rib meristem during floral transition, attaining
maximum length at 13 LDs - exactly at the peak of the transition. We also observed a
significant decrease in the width of the WUS domain from 13 LDs to 20 LDs. Domain
length and width did not show significant correlation, and plotting the ratio of domain
length to width showed that the there was a greater increase in length of the domain than
in the. From these data, we established the behaviour of the WUS domain in wild-type
and inferred that it transiently elongates into the rib meristem during floral transition.

3.1.3 CLV3 domain expands during floral transition

The same procedure described above to characterise the WUS domain was used to
study the evolution of the CLV3 domain. We observed an increase in the number of nuclei
expressing CLV3 from 7 LDs to 16 LDs - where it peaked, and this trend was confirmed
by domain volumes. The basal tip of the CLV3 domain was observed to expand into
the organising centre, with maximum penetration at 16 LDs. The width of the CLVS3
domain showed the same trend as the length. The length and width of the domain
were strongly correlated, and the ratio of length to width did not vary much compared
to the WUS domain’s behaviour - showing a more symmetric increase in domain size.
From these observations, we concluded that the CLV3 domain expands during the floral
transition. The peak of CLV3 domain size falls one time-point after the WUS domain
peaks - in line with the classical negative feedback-loop model in which WUS' expression
activates CLV3 expression, and CLVS3 downregulates WUS expression. The lag between
the WUS and CLV3 expression maxima can be attributed to the time delay between
WUS transcription, and subsequent translation and movement.
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Figure 3.2: WUS domain undergoes transient expansion during the floral tran-
sition.(Top Row)Maximal intensity projections of Venus channel of Col-0 SAM at 7,
10, 13, 16, and 20 long days after germination. (a) The number of cells in the WUS
domain, its (b) volume, (c) and length reach their peaks at 13 LDs and then reduce(d)
The basal tip of the WUS domain (bottom) extends into the rib zone. (e) Width of the
WUS domain. The basal tip of the WUS domain (bottom) extends into the rib zone.
(f) Ratio of domain length to width shows the same trend as size of the domain. Scale
bar represents 20 pm. Each time point has 3-4 data points. Asterisks denote p-values for
Tukey’s HSD test. * - 0.01<p<0.05, ** - p<0.01, *** p<0.001, ns - p>0.05
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Figure 3.3: CLV3 domain expands during the floral transition. (Top Row)
Maximal intensity projections of mCherry channel of Col-0 SAM at 7, 10, 13, 16, and 20
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3.1.4 The coexpression domain of WUS and CLV3 transiently
expands during floral transition

The number of cells in the region that expressed both WUS and CLV3 was observed
to expand from 7 LDs to a maximum at 16 LDs. The length of the domain showed a
similar trend as well. As the apical tip of the WUS domain does not move significantly

during floral transition, we reasoned that this expansion of the overlapping zone was due
to the CLVS domain extending into the OC.

3.1.5 Expression domains scale with meristem size

We studied the correlation between domain features and meristem morphology to see
how expression domains scaled with meristem size. We observed that both the length
and width of the CLV3 domain were strongly correlated with the height and width of
the meristem. This scaling was not observed in case of the width of the WUS domain,
but domain height was observed to be correlated with meristem curvature and height.
In summary, we were able to create a quantitative description of the morphology and
gene expression patterns in the wild-type SAM during floral transition. Next, to study
how SAM morphology evolves during the floral transition in mutants with morphological
defects, we described the SAM in AP2 gain- and loss-of-function mutants using the same
metrics.

3.2 Characterisation of A P2 mutants during floral tran-
sition

3.2.1 AP2 mutants show size defects

We characterised the morphology of the rAP2 and ap2_ 12 mutant lines. The rAP2
line is a gain-of-function mutant in which AP2 is not degraded by miRNA172. We ob-
served that the rAP2 line showed at least equal or greater meristem size than the wild
type at all time points observed - as shown by the trends in meristem height and width
(Figure 3.6 a,b). The evolution of these features showed the same temporal pattern as
the wildtype (Figure 3.6 a-c).

In the ap2 loss-of-function mutant, we observed that the meristems were of the same
size or smaller than the wild-type at all time points - as seen by the trends in height
(Figure 3.6d). We also observed that the curvature, height and width of the meristem
peaked earlier in the ap2 12 line - at 10 LDs, as opposed to 13 LDs in the wildtype. This
behaviour is consistent with the early-flowering phenotype shown by ap2 loss-of-function
mutants

22



a) Meristem Height - rAP2
e ns
€60 ns
2 Line . -
£ Col 0 . ns_
240 o P2 &
I ns © °
£ —_—
% 20 ‘f -
= ns
[} —
)

7LDs  10LDs 13LDs 16LDs 20LDs

Timepoint

d) Meristem Height - ap2_12
_ Line -
Eeo o ap212
= Col_0 ns
S ~ns !
0 40 °
T
€ © ns
g . 3 ¢ :
220 ns . K
[]
2

7LDs  10LDs 13LDs 16LDs 20LDs

Timepoint

Figure 3.6: AP2 mutants

K p<0.001, ns - p>0.05

b) Meristem Width - rAP2
o N

*

ns

B L RLSE

Z60 = - i

E ns

240 ns

[ —_—

% . Line

=20 o Col_0

= o TAP2
7LDs  10LDs 13LDs 16LDs 20LDs

Timepoint
e) Meristem Width - ap2_12

£125 R

£ .

2 L ° ns

£ 100 o ' . i—

ke . . .

g7 oS

€ ° Line

2 50

2 e ap2_12

g 25 Col 0
7LDs  10LDs 13LDs 16LDs 20LDs

Timepoint

~

/um) O

<0.015

0.010

0.005

Meristem Curvature

0.000

o~

f=}
o
(=}

0.015

0.010

0.005

Meristem Curvature (1/pm) —

g
o
S
S

Meristem Curvature - rAP2

ns ns
ns —
.

.
. s ns
—

. . . ns
. ' .
Line ° ‘
Col_0
o TrAP2
7LDs 10LDs 13LDs 16LDs 20LDs

Timepoint

Meristem Curvature - ap2_12

ns

—_— ns
ns ¢ —_—
— s ns
5 ! : :
Line
o ap2_12
Col_0
7LDs 10LDs 13LDs 16LDs 20LDs
Timepoint

show size defects. Maximal intensity projections of the
(Top Row) rAP2 and (Middle Row) ap2 12 SAM at 7, 10, 13, 16, and 20 long days
after germination. Height, width, and curvature of the SAM at 7, 10, 13, 16, and 20 long
days after germination in the rAP2 (a-c) and ap2 12 mutant(d-f) lines. Meristem size
peaks at 10 LDs in the ap2 12 line. Each time point has 4 samples.Scale bar represents
20 pm. Asterisks denote p-values for Tukey’s HSD test. * - 0.01<p<0.05, ** - p<0.01,

23



a) WUS Domain - rAP2 b) 1e5 WUS Domain Volume - rAP2 C) WUS Domain Length - rAP2
300 . ns 1.0 . ns
~ ™ - . s 80 .
5 200 = = . 2 N . E 60 . -
Z : . A . Sos = - 2 : s
C ) . . ° £ $ .
3 . Eo4 §40 . . :
g 100 : ) oo = .
z . > 0.2 . 20 .
0 0.0 0
7LDs  10LDs 13LDs 16LDs 20LDs 7LDs 10LDs 13LDs 16LDs 20LDs 7LDs 10LDs 13LDs 16LDs 20LDs
Timepoint Timepoint Timepoint
d) S Domai - e) - f) . o
0 rAP2 WUS Domain expansion 5 WUS Domain Width - rAP2 , 5WUS Domain Length to Width Ratio - rAP2
—~ : -
Sn i ¢ i 4 40 20 .
3 40 —o- | B : g 5 N *
s $ 53 . : s v 215 “
§ 60 . . . £ " . : . g . .
£ L . 220 210
g 80 SEE = = g -
s ¢ 10 .
% — top 05
2100 .
a bottom 0.0
20 7LDs  10LDs 13LDs 16LDs 20LDs 7LDs  10LDs 13LDs 16LDs 20LDs
7LDs  10LDs 13LDs 16LDs 20LDs Timepoint Timepoint

Timepoint

Figure 3.7: Sustained expansion of the WUS domain in rAP2 mutants. (Top
Row)Maximal intensity projections of Venus channel of Col-0 SAM at 7, 10, 13, 16, and
20 long days after germination. (a,b) Expansion of the WUS domain can be seen from
the trends in number of cells in the domain and volume. (c, d) Length of the WUS
domain shows the same trend.(e) width of the WUS domain does not decrease as in
wild-type (f) Ratio of domain length to width. Each time point has 3-4 samples. Scale
bar represents 20 pum. Asterisks denote p-values for Tukey’s HSD test. * - 0.01<p<0.05,
k- p<0.01, *** p<0.001, ns - p>0.05
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Figure 3.8: WUS domain expands earlier in ap2 12. (Top Row)Maximal inten-
sity projections of Venus channel of Col-0 SAM at 7, 10, 13, 16, and 20 long days after
germination. (a,b) Number of nuclei and volume of cells in the domain do not show
significant changes. (c, d) Length of the WUS domain peaks at 13 LDs. (e) Width of
the WUS domain decreases as in wild-type. (f) Ratio of domain length to width. Each
time point has 3-4 samples. Scale bar represents 20 um. Asterisks denote p-values for
Tukey’s HSD test. * - 0.01<p<0.05, ** - p<0.01, *** p<0.001, ns - p>0.05

3.2.2 WUS domain shows sustained expansion in the rib meris-
tem in the rAP2 mutant

We quantified the size of the WUS domain in the rAP2 mutant as we had done with
the wild-type and observed that there was a similar expansion of the domain from 7 LDs to
13 LDs - seen through both the number of cells and volume of the domain (Figure 3.7a,b).
However, while the domain shrank in wild-type (Figure 3.2) after from 13 LDs to 20 LDs,
this was not observed in rAP2 - which showed sustained WUS domain size through these
time points. The same trend was observed in domain length as well (Figure c,d). Also
in contrast to the wild-type, the WUS domain expanded in the horizontal direction from
13 LDs to 20 LDs (Figure 3.7 ¢). The ratio of domain length to width showed the same
trend as the wild-type.The sustained expansion of the WUS domain is consistent with
the hypothesised stem cell homeostasis network shown in Figure 1.2c. Absence of AP2
degradation by miR172 results in continued activation of WUS.
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Figure 3.9: rAP2 CLV3 domains show the same behaviour as wild-type. (Top
Row) Maximal intensity projections of mCherry channel of Col-0 SAM at 7, 10, 13, 16,
and 20 long days after germination. ((a)) Number of cells (b) Volume of CLV3 domain.
(c, d) Length of the CLV3 domain. (e) Width of the CLV3 domain (f) Ratio of domain
length to width. Each time point has 3-4 samples. Scale bar represents 20 pum. Asterisks
denote p-values for Tukey’s HSD test. * - 0.01<p<0.05, ** - p<0.01, *** p<0.001, ns -
p>0.05

3.2.3 The WUS domain expands earlier in the ap2 12 mutant

In the ap2 12 mutant we observed that there was no significant expansion in the
number or volume of the WUS domain along the time course (Figure 3.8a,b). However,
we observed an increase in the domain length from 7 LDs to 10 LDs (Figure 3.8¢,d),
showing an expansion of the domain into the rib meristem at an earlier stage than the
wild-type (Figure 3.2). We did not observe significant changes in domain width (Figure
3.8¢). The ratio of domain length to width behaved increased from 7 LDs to 10 LDs
(Figure 3.8f), and did not change significantly until the last time point. From these
observations, we concluded that the WUS domain of the ap2 12 mutant line expands
into the rib meristem earlier than in the wild-type - consistent with the early-flowering
phenotype of ap2 loss-of-function mutants.

3.2.4 AP2 mutants show CLV3 expression patterns similar to
wild-type

CLAVATAS domains in the rAP2 (Figure 3.9) and ap2 12 (Figure 3.10) do not show

significant differences from the wild-type (Figure 3.3) in any of the measured domain
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Figure 3.10: ap2 12 CLV3 domains show the same behaviour as wild-type (Top
Row) Maximal intensity projections of mCherry channel of Col-0 SAM at 7, 10, 13, 16,
and 20 long days after germination. (a) Number of cells (b) Volume of CLV3 domain.
(c, d) Length of the CLV3 domain. (e) Width of the CLV8 domain (f) Ratio of domain
length to width. Each time point has 3-4 samples. Asterisks denote p-values for Tukey’s
HSD test. * - 0.01<p<0.05, ** - p<0.01, *** p<0.001, ns - p>0.05
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features. There was an increase in domain size from 7 LDs to 16 LDs in all lines studied.
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Chapter 4

Conclusions and Discussion

4.1 Summary of main results from the study

4.1.1 A cellular resolution image analysis pipeline to study plant
morphogenesis

Plant development involves a plethora of complex morphogenetic processes that re-
quire precise spatio-temporal regulation of gene expression and morphological change.
These patterns are informed by genetics, environmental cues, and cell-cell communi-
cation. Any study of a developmental process hence requires precise spatio-temporal
descriptions of the system of study. The development of advanced cellular resolution
imaging techniques along with advanced 3D image analysis pipelines has provided us
with the means to create such quantitative descriptions. In this study, we evaluated the
performance of different deep-learning-based image segmentation protocols in perform-
ing accurate 3D segmentation of nuclei in the SAM from confocal images of fluorescent
marker lines of Arabidopsis thaliana. We picked an image segmentation pipeline, opti-
mised it for our data, and created a semi-automatic fluorescence quantification pipeline
which can capture the spatial distribution of the concentration of transcription factors
inside nuclei. We then used this pipeline to create a quantitative description of the shoot
apical meristem during floral transition.

4.1.2 Organisation of the SAM during floral transition

We analysed morphological features of the shoot apical meristem and gained a quan-
titative understanding of how the shoot apical meristem changed shape during the floral
transition. From our analysis of the wild-type Col-0, we established a timeline for the
floral transition (in this particular line, under the conditions described in Section 2.1)
allowing us to characterise it as the transition meristem - the intermediary between veg-
etative and inflorescence states. Using this timeline, we were able to use transcriptional
marker lines for WUSCHEL and CLAVATA3 to study how the expression of these key
players in stem-cell homeostasis evolved spatio-temporally during floral transition. We
saw that the SAM underwent dynamic reorganisation during floral transition and ob-
served a previously undocumented expansion of the WUS expression domain into the
rib zone in the transition meristem. We then analysed the SAM of mutant lines. We
observed that this elongation was sustained in the rAP2 mutant line untill our last time-
point of observation - consistent with the late-flowering phenotype shown by the line.
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The WUS domain in ap2 12 mutants expanded into the rib meristem earlier than in the
wild-type, consistent with its early-flowering phenotype. Our observations in the mutant
lines confirm the phenomenon that we observed in the wild-type and its link to the flo-
ral transition.Our results support the hypothesis that AP2 promotes WUS expression.
However, the other hypothesised interaction - AP2 inhibiting CLV3’s repression of WUS,
remains to be tested. Vaidating or falsifying the model further motivates mathematical
modelling of the system.

4.2 Discussion

The shoot apical meristem is the birthplace of all above-ground organs and represents
an important system for the study of stem-cell homeostasis. However, though it is widely
studied, we still lack a precise understanding about how the regions such as the rib meris-
tem are organised, and how it changes during the floral transition. Our understanding of
the SAM grows less and less clear as we move down from the L1 layer into the rib zone,
which represents the least characterised region of the meristem. It remains shrouded in
mystery, and its definitions vary depending on what one reads. One reason for the same
is a lack of organisation in the region - which makes it difficult to study, compared to
systems like the root apical meristem - which has a distinct organisation. This study
highlights the importance of the rib zone in the context of stem-cell homeostasis. The
WUSCHEL CLAVATAS feedback loop is a well-studied system in the field of plant de-
velopment, but its dynamic behaviour during development remains to be studied. We
took first steps in this direction by studying the spatial behaviour of WUS and CLV3
expression during the floral transition.

Our study identified a novel feature in the SAM - that the domain of expression
of WUS expands into the rib zone. This expansion could be due to several mechanisms.
The SAM undergoes doming during floral transition and there is considerable cell ex-
pansion and division during this process. The cells in the WUS domain divide along the
apico-basal axis of the meristem() and this could lead to an expansion of cells exhibiting
WUS expression. This expansion of the WUS domain points to a role for the gene in the
organisation of the rib zone. The scaling behaviour of CLV3 domains to meristem size
suggests the possibility of adaptive scaling of the domain to tissue size, as seen for WUS
in (Gruel et al., 2016). We do not observe the same scaling for WUS in our study.

Our analysis of the AP2 mutant lines agrees with the existing hypothesis that
AP2 promotes WUS expression, although its role in the expansion of the WUS domain
remains unclear. The promotion of WUS expression by AP2 has been hypothesised to be
either by direct promotion or through inhibiting CLV3’s repression on WUS(Wiirschum
et al., 2006). An interesting feature that we observed is that AP2 mutants do not show
differences from wild-type in their CLV3 expression domains. This may be due to the
fact that the effect of WUS on CLV3 follows after a delay, which the time frame of our
study might not have been able to capture.
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4.3 Future Directions and Outlook

Our study has established a quantitative description of the dynamics of WUS and
CLV3 during floral transition. Next steps to further our understanding of the system
could involve explorations in multiple directions under the framework of computational
morphodynamics.

4.3.1 Experimental Studies

We analysed the expression profiles of two genes in the wild-type and two mutant
lines to study stem-cell homeostasis at the SAM. Future studies could look at more gene
expression patterns in the wild-type and in more mutant backgrounds affecting the floral
transition. One step springing directly from our study would be to analyse marker lines
of AP2 and perform the same analysis as we have done here. Such an exploration would
help elucidate more clearly the role of AP2 in stem-cell homeostasis. Another possible
direction is to study where the WUS protein localises using translational fusions. Such a
study would be aided by the image analysis pipeline that we have developed.

4.3.2 Modelling Studies

This study has provided a cell resolution data to assess the WUS-CLV3 feedback loop
model and possible hypotheses for the expansion of the WUS domain during floral tran-
sition. Testing out these hypotheses necessitate the exercise of computational modelling
of the system. Existing models of WUS and CLV3 do not account for their temporal
dynamics. The scaling behaviour of expression domains with meristem size also seem to
be prime ground for modelling studies. The floral transition is a period of extensive cell
growth and division, and models incorporating gene regulatory network dynamics with
cellular growth and division would prove to be stronger tools for studying this particular
system.
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