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RESUME

Ce travail est basé sur le constat du manque de méthodes permettant 1'analyse intégrée des
processus controlant le développement végétatif d'drabidopsis thaliana dans les études
phénotypiques multi-échelles. Un phénotypage préliminaire de la croissance foliaire de 91
génotypes a permis de sélectionner 3 mutants et des variables d'intérét pour une étude plus
poussée du développement de la pousse. Un pipeline de méthodes d'analyses combinant
techniques d'analyse d'images et modé¢les statistiques a été développé pour intégrer les
mesures faites a 1'échelle de la feuille et de la pousse. Des modéles multi-phasiques a
changements de régime semi-markovien ont été estimés pour chaque génotype permettant une
caractérisation plus pertinente des mutants. Ces modeles ont validé 'hypothese selon laquelle
le développement de la rosette peut étre découpé en une suite de phases de développement,
pouvant varier selon les génotypes. Ils ont aussi mis en évidence le role structurant de la
variable « trichome abaxial », bien que les phases de développement ne puissent étre
entiérement expliquées par ce trait. Un 2™ pipeline d'analyses combinant une méthode semi-
automatique de segmentation d'images de 1'épiderme foliaire et l'analyse des surfaces de
cellules par un modele de mélange de lois gamma a parameétres liés par une loi d'échelle a été
développé. Ce modele nous a permis d'estimer la loi du nombre de cycles d'endoréduplication.
Nous avons mis en évidence que cette loi dépendait du rang de la feuille. Le cadre d'analyses
multi-échelles développé et testé durant cette thése devrait étre assez générique pour étre

appliqué a d'autres espeéces végétales dans diverses conditions environnementales.

Mots clés : Développement foliaire, analyse multi-échelles, modele de segmentation,

hétéroblastie, Arabidopsis thaliana, cellules épidermiques.




SUMMARY

This study is based on the observation of a lack of methods enabling the integrated analysis of
the processes controlling the vegetative development in Arabidopsis thaliana during multi-
scale phenotypic studies. A preliminary leaf growth phenotyping of 91 genotypes enabled to
select 3 mutants and different variables of interest for a more in depth analysis of the shoot
development. We developed a pipeline of analysis methods combining image analysis
techniques and statistical models to integrate the measurements made at the leaf and shoot
scales. Semi-Markov switching models were built for each genotype, allowing a more
thorough characterization of the studied mutants. These models validated the hypothesis that
the rosette can be structured into successive developmental phases that could change
depending on the genotype. They also highlighted the structuring role of the ‘abaxial
trichomes' variable, although the developmental phases cannot be explained entirely by this
trait. We developed a second pipeline of analysis methods combining a semi-automatic
method for segmenting leaf epidermis images, and the analysis of the obtained cell areas
using a gamma mixture model whose parameters of gamma components are tied by a scaling
rule. This model allowed us to estimate the mean number of endocycles. We highlighted that
this mean number of endocycles was function of the leaf rank. The multi-scale pipeline of
analysis methods that we developed and tested during this PhD should be sufficiently generic

to be applied to other plant species in various environmental conditions.

Keywords: Shoot development, multi-scale analysis, segmentation model, heteroblasty,

Arabidopsis thaliana, epidermal cells.
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CHAPTER I. CONTEXT, AIM AND STRATEGY OF THE PHD

CHAPTER 1. CONTEXT, AIM AND STRATEGY OF THE PHD

1. PRESENTATION OF DIFFERENT PROCESSES INVOLVED IN ARABIDOPSIS
THALIANA ROSETTE DEVELOPMENT

The shoot system is an essential unit of plant architecture as it bears leaves that play
important roles in photosynthesis, respiration and photorespiration. Therefore, understanding
how leaves develop during shoot formation is an important subject in plant biology research.
Because of its small size, short life cycle and genetic resources available in different stock
centers, Arabidopsis thaliana (A. thaliana) has been selected as a model plant for the
systematic characterization of growth and development (Alonso et al. 2003; Koornneef and
Meinke 2010). There has been extensive recent progress in understanding mechanisms
controlling growth in this species, even if the circuitry that links the different mechanisms
remains unclear. Shoot establishment results from the combination of developmental changes
— 1.e. the succession of events that contribute to the increase in organ number — with growth —
1.e. the irreversible increase in organ dimensions over time. Developmental changes are often
abrupt and take the form of a series of discrete events such as leaf initiation, emergence, or
end of expansion (see also Boyes et al. 2001) for other developmental changes at the whole
plant scale). In contrast, growth, such as the dynamic change in leaf area is gradual and often

takes the form of a trend.

During shoot development leaves are initiated at regular intervals as primordia at specific
sites on the shoot apical meristem (SAM). This is the first manifestation of the leaf that is not
visible by naked eye. The rhythm at which leaf primordia are produced can affect the final
number of leaves as shown in different mutants or different environmental conditions
(Cookson et al. 2005). It is often but not strictly related to the size of the shoot apical
meristem (Clark et al. 1993; Mauseth 2004; Boucheron et al. 2005; Skirycz et al. 2010). Leaf
primordia localization is specified by auxin maxima in a flanking region of the SAM
(Reinhardt et al. 2000), following a spiral phyllotaxy. The genetic, hormonal and
mathematical rules defining this phyllotaxy have been extensively studied (de Reuille et al.

20006; Jonsson et al. 2006; Peaucelle and Laufs 2007; Mandel et al. 2014).
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Figure I-1. Dynamics of leaf 6 area (a) and corresponding changes in absolute (b) and relative (c)
leaf expansion rate for two A. thaliana genotypes, Ler (O) and elo-1 (B) (n = 5 or 6). The curves
fitted in (a) are 3-parameter sigmoids for Ler y = 116.56/[1 + exp — {(t — 17.11)/2.25}] and
elo-y = 120.22/[1 + exp — {(t — 23.18)/2.58}]. For each genotype, leaf development was
characterized by three successive stages shown in (a): dates of initiation, emergence and end of
expansion. They are indicated from left to right by solid upward and dashed downward arrows for
Ler and elo-1 respectively. From Liévre et al. (2013).
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CHAPTER I. CONTEXT, AIM AND STRATEGY OF THE PHD

The leaf primordium is defined as a group of founder cells that develop further into a leaf
after a series of coordinated division and expansion (Horiguchi et al. 2006a; Vanhaeren et al.
2010; Gonzalez et al. 2012). In dicotyledons, these processes co-exist spatially during the first
stages of leaf development. One usually refers to the separation between the cell-proliferative
area and the area where cells stop dividing and begin expanding and differentiating as the
‘cyclic arrest front’ (Nath et al. 2003). It was initially believed that cell proliferation stopped
following a tip-to-base longitudinal gradient, but a recent study demonstrated that, in fact, the
cyclic arrest front remains located at an almost constant distance from the leaf base during a
certain period and then disappears relatively quickly progressing toward the base (Kazama et
al. 2010). Numerous positive and negative regulators of cell proliferation in leaf primordia

have been identified (see Tsukaya 2013 for review).

At the individual leaf level, leaf expansion corresponds to a gradual but non-linear gain of
surface (Figure I-1 (a)). Individual leaves grow at a maximal relative expansion rate — i.e. a
maximal area formed per unit area and unit of time — during the hidden phase (Figure I-1 (c))
whereas absolute leaf expansion rate — i.e. the area formed per unit of time — is low during
this phase (Figure I-1 (b)) (Granier and Tardieu 1998). Upon emergence, relative leaf
expansion rate decreases over time until the cessation of expansion, whereas absolute leaf
expansion rate increases until a maximal value and decreases afterwards (Granier and Tardieu
2009). These trends are similar in eudicots and monocots with differences in the spatial
distribution of expansion rate over the lamina resulting in a long phase with linear expansion,
i.e. constant absolute expansion rate, in monocots that does not occur in eudicots (see Granier

and Tardieu 2009 for details).

In A. thaliana and most flowering plants the cessation of rosette leaf initiation is due to a
change in the SAM identity. This transition is the switch from vegetative to reproductive
development. Environmentally and genetically induced changes in the timing of floral
transition have been extensively studied. We thus start to have a clear knowledge of molecular
networks controlling this transition in 4. thaliana, as well as of the role of environmental
variables such as photoperiod and temperature, as evidenced by recent reviews on the subject
(Amasino 2010; Huijser and Schmid 2011; Srikanth and Schmid 2011; Andrés and Coupland
2012).

Floral transition in A4. thaliana is visible because of the elongation of the primary axis
internodes and the production of novel structures such as flowers. However, as in other higher

plants, A. thaliana undergoes another, earlier, less apparent transition. Its vegetative
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development can be divided into two main phases — a juvenile and an adult vegetative phase
(Poethig 1990; Huijser and Schmid 2011). The transition between these phases, called
vegetative phase change, corresponds to the acquisition of reproductive competence by the
plant. It also involves changes, sometimes quite subtle, in leaves morphological traits. In A.
thaliana, these changes include leaf size, leaf blade length-to-width ratio (Steynen et al. 2001;
Cookson et al. 2007), number and depth of serrations (Rébbelen 1957), patterns of trichome
production (Chien and Sussex 1996; Telfer et al. 1997) and epidermal cell area (Cookson et
al. 2007; Usami et al. 2009). Recent progresses have been made in understanding the
molecular pathways controlling the vegetative phase change (Poethig 2010, 2013; Yang et al.
2011, 2013; Willmann and Poethig 2011; Matsoukas et al. 2013), but the regulation of this

transition remains largely unclear.

The different processes that have been presented here have mainly been studied
individually, but interactions have been highlighted between processes even if, for now, our
knowledge on this field is still limited. The following section presents some examples of these

interactions found in the literature.

2. INTERACTIONS BETWEEN LEAF GROWTH RELATED PROCESSES
OCCURRING AT DIFFERENT SCALES

2.1. Contribution of cell division and expansion to final leaf size

The majority of mutants displaying smaller leaves compared to their wild-type also have
similar decreases in both their number and size of cells in the leaf (Horiguchi et al. 2006a).
Some mutations increasing both number and size of cells also result in larger organs (Feng et
al. 2011). Both the size and number of leaf cells seem to affect and be determinant in the
control of the final sizes of leaves. However, the observation of compensation phenomenon in
leaf morphogenesis, i.e. an abnormal increase in cell volume triggered by a decrease in cell
number, revealed the existence of integration systems linking levels of cell proliferation and
cell expansion in leaves (Tsukaya 2002; Ferjani et al. 2007). A study suggesting that in order
to the compensation phenomenon to be triggered cell proliferation has to decrease below
some threshold (Fujikura et al. 2009) led to the proposal of the existence of a cell-cell
communication system (Kawade et al. 2010). The existence of this threshold could indicate
that the leaf size is to some extent uncoupled from the size and number of cells by the

compensatory system. Moreover, using QTLs analysis and structural equation models, Tisné
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et al. (2008) showed that, at least in some cases, leaf expansion could be controlled at the
level of the leaf itself, and that it can be a driving force for cell proliferation in the leaf. There
is a large debate on that subject in the literature and depending on the studies, cellular
processes are reported or not as engines driving organ growth (Cookson et al. 2005; John and

Qi 2008; Massonnet et al. 2011).

2.2. Impact of flowering transition on leaf area development and its cellular
components

Factors controlling the timing of flowering transition can also affect vegetative
development. Numerous studies have shown that nearly all of the conditions that affect the
timing of floral transition also alter the total number of leaves (Koornneef et al. 1991;
Cookson et al. 2007; Méndez-Vigo et al. 2010; Franks 2011; Itoh and Shimizu 2012). It was
then suggested that the leaf growth phenotype observed in late flowering genotypes could be
due, at least partly, to the delay in flowering time itself. Comparing the dynamics of leaf
production and expansion in a few mutants in the Ler background, RONTUNDA2 mutant
(ron2-1) was identified as the only one with an increased leaf size compared to its wild-type
(Cnops et al. 2004; Cookson et al. 2005). The final size of the 6" leaf formed on the rosette
was increased in ron2-1 (Figure 1-2 (a)) as previously observed on the three first leaves
(Cnops et al. 2004). Overall, rosette leaf number was significantly increased in ron2-1 in
comparison with its wild-type (Figure I-2 (b)). Transferring plants to long day conditions
during early development triggered a synchronization of flowering time in both genotypes and
resulted in similar phenotypes in terms of leaf number and individual leaf areas (Figure 1-2 (¢)
and (d)). Thus, even though there is no doubt that ron2-1 mutation did affect individual leaf
growth, it seemed to be an indirect effect primarily due to an effect on leaf production and/or

floral transition.

An elegant demonstration of some of these interactions has been made by Willmann and
Poethig (2011) using genetics to specifically and directly alter flowering time. The authors
used the polymorphism of FRIGIDA (FRI) and FLOWERING LOCUS C (FLC) genes to
induce a delay in flowering time. FRI is a positive regulator of FLC, FLC being itself an
inhibitor of the floral inductors F7 and SOCI. Therefore, if a plant genome contains
functional alleles for both of these genes (FRI;FLC), a strong repression is applied on F7T and
SOCI and floral transition will occurred later than if one of the genes FRI and FLC is present
as a non-functional allele (f#i,FLC or FRIflc). This study has highlighted that a delay in

flowering time triggers an increase in epidermal cell area, in leaf size and in the final number
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of rosette leaves. It has also shown that a delayed floral transition does not affect the onset of
vegetative phase change but delays it. The duration of the adult vegetative phase was also
extended. The same effects on the leaf area, duration of expansion and epidermal cell area in
individual leaves have been shown when flowering time was delayed by a shortening of day-

length (Cookson et al. 2007).
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Figure I-2. Final number of rosette leaves of Ler (light grey) and ron2-1 (black) plants grown under a
constant day length of 12h (a) or transferred from 12 to 16 h after 15 days following leaf initiation (c).
Changes with time in leaf 6 area of Ler (light grey) and ron2-1 (black) grown under the photoperiods
of 12h (b) or transferred from 12 to 16 h after 15 days following leaf initiation (d). Means with 95 %
confidence intervals are shown (n = 5 plants per genotype and treatment). From Li¢vre et al. 2013.

3. PRACTICES AND PITFALLS IN LEAF GROWTH PHENOTYPING

Frameworks of analysis as well as protocols to assess plant development are shared in the

plant science community (Boyes et al. 2001; Cookson et al. 2010; Rymen et al. 2010).

Identifying the genetic control of shoot growth and the developmental regulators involved

requires a precise characterization of growth phenotypes using robust descriptors of shoot
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organ size and overall geometry, production and growth rates. Because shoot development is
the sum of discrete morphogenetic structures that appear at regularly spaced positions at the
shoot apical meristem flanks over time, spatial and temporal descriptors are commonly used
to measure shoot growth. In most studies, morphological traits are recorded in adult plants but
in a few cases, these datasets are completed with temporal indicators, i.e., specific time-points

at which visible events contributing to final shoot morphology take place.

3.1. Interest of phenotyping leaf growth over time

In large collections of natural variants or mutants, hundreds of genotypes have been
classified according to leaf size, shape or number (Berna et al. 1999; Serrano-Cartagena et al.
1999; Juenger et al. 2005; Tisné et al. 2008; Massonnet et al. 2011; Pérez-Pérez et al. 2011).
In some cases the authors drew conclusions on the genetic controls of ‘leaf growth’ or ‘leaf
production’ from these datasets (Tisn¢ et al. 2008; Ghandilyan et al. 2009). In these studies,
leaf growth traits were measured at a given date after sowing or at a given developmental
stage. However, several examples illustrate that a static ‘picture’ of a growth trait at a given
date or stage does not necessarily reflect what will be the final value of this trait (Cockcroft et
al. 2000). Genotypes with high initial relative leaf expansion rate have generally a shorter
duration of leaf expansion (Cockcroft et al. 2000; Cookson et al. 2005). Conclusions drawn
on traits measured at a given date cannot be generalized to the whole growing period and
another analysis at another date or stage may lead to different conclusions, whatever the scale

of growth analysis.

As illustrated in the section 1 of this chapter (Figure I-1 (a)), individual leaf expansion is a
gradual but non-linear increase in area. Several examples highlighted that measuring final leaf
area only can lead to the omission of underlying alterations in the dynamics of expansion.
Indeed, alterations in final leaf area can be explained by changes in the duration of leaf
expansion and/or the leaf expansion rate, and measuring these traits can give another
dimension to phenotyping studies. It has been reported that environmental cues can affect
individual leaf dynamics in several species. For instance, shading and reduced soil water
content cause a decrease in the maximal leaf expansion rate whereas the duration of leaf
expansion is either maintained or increased (Cookson et al. 2005; Pereyra-Irujo et al. 2008;
Tisné et al. 2010). In a few examples, the increase in duration of leaf expansion compensates
the decrease in maximal leaf expansion rate, in such a way that comparison of final leaf areas

between the different environmental cues or genotypes does not show any alteration (Cookson
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et al. 2006; Aguirrezabal et al. 2006). This is also illustrated in Figure I-1 (a), showing two
genotypes (Ler and elo-1) reaching the same final leaf 6 area but with different dynamics of
leaf expansion. In a similar way, tobacco (Nicotiana tabacum) plants overexpressing the D-
type cyclin, CycD2, display no visible leaf phenotypic differences when observed after
completion of vegetative growth, but only because they have higher rates and shorter
durations of expansion (Cockcroft et al. 2000). In such cases, only the measurement of leaf
area over time can highlight the incidence of the environmental change or of the mutation on

leaf growth, hence their importance in order to collect information as complete as possible.

3.2. Phenotyping leaf growth over time: late differences can be due to early processes

One limit to the comparison of leaf growth curves is due to the difficulty of measuring
early stages of leaf expansion. Precisely measuring the number of initiated leaves requires the
careful dissection of the rosettes using a binocular or a microscope at high magnification,
removal of the cotyledons and subsequent leaves one by one with a scalpel until all primordia
are visible (Cookson et al. 2010). Measuring the leaf initiation rate or the plastochron — the
time interval between the emergence of two successive leaves, i.e. the reciprocal of leaf
initiation rate — requires sequential destructive measurements over time increasing the number
of replicates to be grown together in a single experiment (Cookson et al. 2010). These tasks
are even more tedious in A. thaliana than in other plants due to its small size and, as a
consequence, quantitative datasets with phenotypic characterization of these variables are
often restricted to a limited number of genotypes and/or environmental conditions (Cookson

et al. 2005; Skirycz et al. 2010; Vanhaeren et al. 2010).

Even though recent advances in microscopy and image analysis now allow the assessment
of early stages of leaf growth from leaf initiation on the meristem until emergence, the
throughput of these early measurements is typically low because of the technical constraints
associated with destructive measurements and the necessity to grow a high number of plants
together for sufficient replicates at each sampling time point (Cookson et al. 2005; Wuyts et
al. 2010; Vanhaeren et al. 2010). At the whole plant scale, these methods have shown that
subtle differences in shoot apical meristem volumes contribute to subsequent differences in
leaf emergence rate and rosette expansion rate (Clark et al. 1995; Vanhaeren et al. 2010).
Similarly, at the individual leaf scale, early changes in leaf expansion rate or changes in the
initial size of the primordium impact the growth dynamics later on and can alter final leaf size

(Granier and Tardieu 2009). This is due to the exponential behaviour of early growth phase in
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which absolute leaf expansion rate at a given time depends on the leaf area at that time. It is
then easy to misinterpret growth curves, as early developmental variation can cause

misleading differences in late expansion (Arvidsson et al. 2011; Zhang et al. 2012).

As an example, at the whole plant scale, differences in rosette area observed at a given
date after sowing in a set of genotypes (Figure I-3 (a)) are no longer apparent when the x-
scale is expressed in ‘days after leaf 2 emergence’ revealing here that differences in leaf area
observed throughout the growing period were due to differences in germination rates and/or
early development (Figure I-3 (b)). This illustrates that different conclusions can be drawn if
the time scale is normalized by developmental stages (Arvidsson et al. 2011; Zhang et al.
2012). It is important to keep in mind that phenotypic differences reported at a given date after

sowing can be due to differences in germination rate.
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Figure I-3. Dynamics of whole rosette area over time expressed either as days after sowing (a) or days
after stage 1.02 (b), i.e. when the second leaf emerged in the center of the rosette. Rosette area was
determined on top view images automatically taken in the PHENOPSIS platform (see Figure 1I-1 (c)).
Each point is the mean of 3 plants. From Lievre et al. 2013.

3.3. Comparing growth of successive leaves along the shoot

In the majority of leaf growth phenotyping studies, conclusions on individual leaf growth
are drawn from the comparisons of leaves of same rank, i.e. having the same position on the
plant shoot (Figure II-1 (b)). However, as developed in this chapter, section 1, it is known that
leaves initiated during different phases of the shoot development display different
morphological characteristics, such as final leaf area, leaf blade length-to-width ratio, number
and depth of serrations present on the leaf margin and pattern of trichomes covering. This

phenomenon, called heteroblasty, is observed among the whole plant kingdom and can be
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affected by genetics and/or environmental cues (Lawson and Poethig 1995; Kerstetter and
Poethig 1998; Sylvester and Parker-Clark 2001; Poethig 2013; Matsoukas 2014). There are
also examples showing that when dynamics of expansion are compared among successive
leaves of a same plant, it appears that they grow at different rates and that the whole duration
of their expansion may also differ (Dosio et al. 2003; Cookson et al. 2007). Those
considerations question the relevance of comparing leaves of same rank between two plants
that, because of environmental cues or genetic differences, display overall differences in their

shoot development, such as in vegetative phase change and/or final number of rosette leaves.

Heteroblasty is often linked with the concept of juvenile and adult vegetative
developmental phases in the plant. Although some of the morphological changes within A.
thaliana shoot seem to occur gradually making the distinction between the different phases
subtle, the formation of trichomes on the abaxial face of leaves has been identified as a
relevant marker of the onset of the juvenile-to-adult phase transition (Chien and Sussex 1996;
Telfer et al. 1997; Kerstetter and Poethig 1998). On A. thaliana leaves, trichomes are
specialized cells that taking form of branched ‘hairs’. They are differentiated from a single
epidermal cell. It is commonly admitted that the first rosette leaf having at least one trichome
on its abaxial surface is the first one that was initiated after the onset of the vegetative phase
change. Similarly, the first leaf whose abaxial face is fully and homogeneously covered with
trichomes is considered as the first leaf initiated after the phase change was completed and the
plant has entered the adult vegetative phase. By using this marker, the identity of each leaf of
a rosette can easily be determined, that can give access to information concerning the different
phases of a plant vegetative development (Figure I-4). These kinds of inputs are not
commonly used in A. thaliana leaf growth phenotyping experiments, whereas it could be

interesting to add this data, measured at the individual leaf scale but analyzed as a series along
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Figure I-4. Patterns of trichomes
observed on the abaxial leaf
surface of Col-0 plant. The
identity of leaves is deduced
from these observations. Grey:
absence of abaxial trichomes.
Black: presence of abaxial
trichomes. Adapted from Hunter
et al. 2003.
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4. AIM AND STRATEGY OF THE PHD

As shown in this chapter, analyzing the plant growth phenotype is complex due to the
existence of interactions between processes occurring at different scales, and due to a
variation along the shoot of growth traits measured on individual leaves, that is linked to the
global phase changes occurring at the shoot level. In this context, the aim of my PhD was to
propose and test methods for analyzing such a complexity, considering traits at three different
scales of the shoot system: tissue (leaf epidermis), organ (leaf), and shoot (leaf series), as well
as their relationship to phase changes in shoot ontogeny. This required development of
appropriate statistical methods for integrating different types of data — tissular, morphological,
dimensional and dynamics. From a practical point of view, the main challenge of my PhD
was to elaborate a functional pipeline of analysis methods for phenotyping plant growth at

these three scales, and to help taking into account the effect of leaf position within the shoot.

Our first concern was to acquire proper datasets that were necessary for these analyses:
tissular data on successive leaves of a plant, dynamics of leaf expansion of successive leaves
on a plant, and morphological and dimensional traits giving insights into the leaf status.
Despite the availability of an automated phenotyping platform in the host laboratory and
hundreds of genotypes already grown in this platform since 2002, such a dataset was not
available at the onset of this work. Consequently, the first part of my work was to acquire

datasets at each scale of analyses, with enough replicates for further robust statistical analyses.

To this end, two first experiments were performed on genotypes with contrasted shoot
development. Genotypes were selected, on their leaf-growth phenotype contrasts — without
any knowledge on the underlying genes controlling these leaf growth differences. We first
present a detailed analysis of these genotypes, considering separately the different leaves and
the growth variables at the different macroscopic scales, to highlight the contrasts of leaf

developmental features (Chapter II).

Subsequently, we built integrated models that allowed a global detection of plant phase
changes using all measurements made at different scales, leading to general considerations
regarding this matter. Analyzing successions of developmental phases and changes of leaf
growth traits within each of these phases allowed us to characterize the effect on shoot

development of the selected genotypes mutations (Chapter III).

We then focused on the development of a new pipeline of analysis of tissular data that

enables detecting populations of cells in the epidermis. This pipeline combined a semi-
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automatic method for segmenting leaf epidermis imprints and gamma mixture model used to

analyze the obtained cell area distributions (Chapter V).

Finally, we used one genotype dataset to show how the tissular data that we obtained can
be integrated to the multi-scale analysis method. It finalized the integration of the data from

the cell to the shoot scale (Chapter V).
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CHAPTER II. USE AND LIMITS OF EXISTING PIPELINE OF
ANALYSES FOR COMPARING LEAF GROWTH PHENOTYPES IN A.
THALIANA: A TEST ON 90 T-DNA INSERTION LINES

1. INTRODUCTION

Arabidospsis thaliana (A. thaliana) offers important advantages for researches in genetics
and molecular biology by its relatively small genome size compared to crops (Meinke et al.
1998; AGI 2000). Maize, for example, has a genome of approximately 2,400 Megabase pairs
(Mbp), i.e. around 19 times the size of the 4. thaliana genome while the wheat genome is
16,000 Mbp, i.e. 128 times larger than the 4. thaliana one. Since the completion of the A.
thaliana genome sequence, extensive genetic maps of all 5 chromosomes, together with
efficient methods for mutagenesis and plant transformation have delivered a large range of
genetic and genomic resources to the plant biology research community (Alonso et al. 2003;
O’Malley and Ecker 2010). Different sources of genetic diversity are exploited in A. thaliana
to identify genes controlling many processes involved in plant growth and functioning (see
following listing). In many examples, they have allowed to identify genes controlling the

development of plant leaf area.

e Natural lines corresponding to different ecotypes with natural variation have
been collected by many groups and have been used for Genome Wide Association

Mapping (Atwell et al. 2010).

e Recombinant inbred or near isogenic populations have been created by crosses
of different ecotypes to produce genetically structured populations that are intensively
used to map quantitative trait loci and/or genes controlling shoot growth and

developmental processes (Tisné et al. 2008; Méndez-Vigo et al. 2010).

e Mutated lines have been created from wild-type genetic backgrounds in which
specific individual genes or small groups of ‘candidate’ genes supposed to be involved
in processed associated to leaf growth control are altered via inactivation or over-

expression (Cookson et al. 2005; Massonnet et al. 2011).

e Mutated lines have been created from a same reference genetic background in
which genes or small groups of genes are altered randomly at random positions along

the whole genome (Berna et al. 1999).
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For our study, we took advantage of the recently distributed collection of T-DNA
homozygous A. thaliana mutant lines, originating from the SALK institute. This collection
was generated by the group of Prof. J.R. Ecker (Alonso et al. 2003). At the onset of our work,
a preliminary high-throughput leaf growth screen was performed in Jose Luis Micol group in
Alicante (Elche University). The objective was to systematically search for mutant leaf
phenotypes in the whole collection by a simple screening, looking for easily identifiable leaf
phenotypes. Over 14,000 lines representing 10,846 genes have been analyzed so far leading to
the identification of 255 leaf mutants, including genotypes with altered leaf shape, leaf color
and/or leaf area compared to the wild-type. Interestingly, only 15 % of the genes thus
identified had been previously described in the literature. This genetic material represents a
mine of new information concerning the genetic control of leaf growth. During this first
screening, plants were grown in vitro. Leaf phenotype was scored 18 days after sowing
(DAS). Qualitative criteria to identify lines with unambiguous different leaf phenotypes
compared to the wild-type were: the size of the rosettes compared to the wild-type Columbia
(Col-0) — 1.e. bigger/smaller — and the visible differences in leaf color and/or shape (n = 30);
see Wilson-Sanchez et al. 2014 and poster by Micol et al. (International Conference on

Arabidopsis Research, ICAR 2012) in Appendix VIII.

Our first objective at the onset of this work was to select a few A. thaliana genotypes with
contrasted leaf development from the experiment performed in Jose Luis Micol group to
develop our pipeline of analyses. Two preliminary experiments (thereafter referred as
Experiments 1 and 2) were performed using routine phenotyping methods developed in
LEPSE (Cookson et al. 2010) on 90 SALK mutants (issued from the 255 leaf mutants
identified by Jose Luis Micol group). Different leaf growth variables were measured 18 days
after sowing (as done in Jose Luis Micol group experiment) and at flowering (as usually done
in LEPSE experiments) to identify genotypes with contrasted leaf production and/or leaf
expansion. The main results of these experiments were presented at the ICAR 2012 (see
poster by Liévre et al. in Appendix VII). Afterwards, a subset of 4 contrasted genotypes was
selected from Experiments 1 and 2, for a more in depth study (Experiment 3) with more
replicates per genotype. Additional leaf growth traits were measured during this experiment,
in order to obtain a more complete overview of the plants shoot growth. As it has been
reported in angiosperms, A. thaliana shoot development involves at least three distinct post-
embryonic phases: a reproductively incompetent phase (i.e. juvenile vegetative phase), a
reproductively competent (i.e. adult vegetative phase) and a reproductive phase (Poethig

2003). The juvenile-to-adult transition (vegetative phase change) involves changes in several
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leaf traits such as patterns of abaxial trichomes production, number of serrations, length-to-
width ratio of the leaf blade and size of the petiole and leaf blade (R6bbelen 1957; Telfer et al.
1997; Steynen et al. 2001; Méndez-Vigo et al. 2010). The presence of trichomes on the
abaxial face of the leaf is the clearest marker of the onset of the vegetative phase change, so
we added this trait to the growth measurements performed in Experiment 3. To complete the

overview of A. thaliana shoot growth, individual leaf expansion curves were also measured.

This chapter presents the multi-scale phenotyping analyses performed on the 90 SALK T-
DNA lines and their wild-type, the selection of 4 contrasted genotypes and the more detailed
phenotypical analysis of these 4 genotypes which constitute the baseline dataset used in

Chapter III for the development of our pipeline of analysis methods.

2. MATERIAL AND METHODS

2.1. Biological material

The 90 T-DNA insertion lines used in the Experiments 1 and 2 are listed in Appendix L.
Seeds used were kind gifts from José Luis Micol group. All of them are SALK mutants issued
from the Columbia 0 (Col-0) genetic background. They are homozygous lines as checked by
José Luis Micol group.

2.2. Growth conditions

The 3 experiments were performed in a growth chamber equipped with the PHENOPSIS
automaton (Granier et al. 2006), under controlled air temperature, air humidity and incident
light. For the 2 first experiments, 14 plants of each line (SALK lines and Col-0) were grown
together. Experiment 3 was designed to build solid analysis models from the generated data.
For this purpose, the number of replicates per genotype was increased up to 60 plants. Seeds
were sown in pots filled with a mixture (1:1) of a loamy soil and organic compost.
Micrometeorological conditions were kept constant during the whole duration of the
experiments and homogeneous within the growth chamber (Granier et al. 2006). Light was on
during 16 h per day and provided by a bank of cool-white fluorescent tubes and HQi lamps. It
was measured at the plant level using a photosynthetic photon flux density (PPFD) sensor (LI-
190SB, Li-Cor, Lincoln, NE, USA). Mean micro-meteorological conditions were constant
over the whole duration of experiments and are indicated in Table II-1. Soil water content was

determined before sowing to estimate the amount of dry soil in each pot. Subsequent changes
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in pot weight were due to changes in soil water content (the plant weight was considered as
negligible as it was never higher than 1 g). This allowed the computation and daily automatic
adjustment of soil water content to 0.35 g water g dry soil by the PHENOPSIS automaton
(Granier et al. 2006) with a modified one-tenth-strength Hoagland solution (Hoagland and

Arnon 1950), from sowing to the end of the experiments.

Experiment I ~ Experiment 2  Experiment 3

Day length (h) 16 16 16

Incident PPFD (umol photons m™s™) 176 175 178
Air temperature (°C) 21.9 22.2 20.4
Air humidity (%) 61.4 59.6 60.6
Soil water content (g H,O g dry soil) 0.35 0.35 0.35

Table II-1. Meteorological conditions applied during the experiments.

2.3. Growth measurements

During the three experiments, daily zenithal pictures were taken by the PHENOPSIS
automaton (Figure II-1 (b)) during rosette growth.

For the first two experiments, 7 plants of each genotype were harvested 18 days after
sowing whereas the remaining 7 others were harvested at a common stage of plant
development, stage 6.00, i.e. first flower open (as defined in Boyes et al. 2001). All leaves
that formed the rosette had stopped their expansion at this stage.

At harvesting, rosette fresh weight (without root system or flowering axes) was measured
(mg). Then, successive true leaves of the rosette (cotyledons were excluded) were excised
without their petiole, stuck on a sheet of paper and scanned as shown in Figure II-1 (a).
Individual leaf areas (mm?) were automatically measured with image analysis software
ImageJ (Rasband , National Institutes of Health, USA). Final rosette area (mm?) was
computed as the sum of individual leaf areas. The number of rosette leaves was estimated by
counting the number of true leaves produced after the production of the cotyledons until the
emergence of the primary flowering axis. In Experiments 1 and 2, duration of the vegetative
phase was determined as the time elapsed between the sowing date and the emergence of the
inflorescence, i.e. the bolting stage. This stage was determined by naked-eye on daily zenithal
images taken by the PHENOPSIS automaton. In Experiment 3, in order to overcome possible
differences in germination time, duration of the vegetative phase was determined as the time

elapsed between the apparition of the first true pair of leaves and the apparition of the last

30



CHAPTER II. USE AND LIMITS OF EXISTING ANALYSIS METHODS ON 90 MUTANT LINES

rosette leaf. Mean leaf apparition rate (leaf day ') was computed as the final number of rosette

leaves divided by the duration of vegetative phase.
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Figure II-1. Different types of images taken during the experiments are shown with associated leaf
growth traits. (a) Scan of a dissected rosette after harvest, with different growth traits measured
(destructive measurements). (b) Zenithal images taken by the PHENOPSIS automaton. (¢) Changes
in individual leaf areas can be measured on zenithal images (non-destructive measurements). When
changes in individual leaf areas are plotted over time, sigmoids can be fitted on these data. Inset:
close-up of a zenithal image of a rosette with respective leaf ranks (indicated per order of
apparition).
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Additional measurements were performed on the plants grown during Experiment 3. In
addition to individual leaf area, maximal leaf blade length (mm) and width (mm) were
automatically measured on the leaf scans using the image analysis software ImageJ 1.43C and
blade length-to-width ratio was computed. In addition leaf abaxial surface was observed under
a binocular (X10) for each successive leaves just before they were scanned to identify those
with or without trichomes. Rosette leaves were divided into three categories depending on the
level of covering of their abaxial surface by trichomes. Based on the literature (Telfer et al.
1997; Bollman et al. 2003), leaves without abaxial trichomes were classified as juvenile
leaves, leaves with trichomes (at least one) that did not entirely span their abaxial surface as
transition leaves (trichomes were not distributed homogeneously over the lamina but mainly
present at the base of the leaf), and leaves with trichomes that span their entire abaxial surface
(trichomes distributed homogeneously and at least one within 2 mm of the leaf margin of the
distal tip) as adult leaves. To limit possible stochastic effects, the subsequent leaves on the

shoot had to meet the same criterion or to correspond to the next leaf category.

Projected individual leaf areas were measured using image analysis software ImageJ on
the daily zenithal pictures of the rosette taken by the PHENOPSIS automaton by drawing the
visible part of leaf blade. Petioles were not included in the measurement. In case of overlap
between leaves making a leaf contour too uncertain to be drawn, or when a leaf had revolute
margins (phenomenon of leaf curling) at a point where about 50 % or more of the leaf area
was hidden, the leaf was not measured. The measured areas were used to estimate individual
leaf expansion curves. To do this estimation we chose a nonlinear logistic regression model as
the curves seemed to have a sigmoidal shape with a certain symmetry at the inflection point

(Torres and Frutos 1989). The parametric sigmoid function used was

~ A
" 1+exp{—(t—M)/B}

where A4 is the value of the sigmoid curve plateau — i.e. the estimated final value of the leaf
area; B is a characteristic growth time parameter (inverse of growth rate); and M is the time
corresponding to the inflection point of the sigmoid curve (time of maximum growth). Figure
II-1 (c) shows a collection of estimated logistic functions for successive leaves from leaf areas
measured during the plant growth. However, because of overlapping and leaf curling
phenomena, the estimated final leaf area was frequently under-estimated in comparison to the
measurement made when the plants were harvested and the leaves separated and stuck on a

sheet of paper for scan measurements. This bias increased with leaf rank (because the last
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leaves emerged were the most revolute) and with leaf expansion (increase of the overlap
between leaves). To our knowledge, there is no model enabling to this bias. Our objective was
not to study precisely leaf expansion kinetics but rather to compare expansion curves; we
therefore identified a method to compute a corrected dynamical variable that would enable a
relevant analysis of leaf expansion kinetics from a comparative point of view. We assumed
that the biased estimation of the final leaf surface within the logistic growth model does not
affect substantially the estimation of the characteristic growth duration or of the time of
maximum growth. It allowed us to compute each leaf maximum absolute leaf expansion rate
(LERa, mm? day™) using the characteristic growth duration parameter B estimated using
leaf areas measured on zenithal rosette pictures and the corresponding final leaf area obtained

by dissecting the rosette after harvest (unbiased final leaf area, LA):

LER,,, = LA/4B

2.4. Statistical analyses

All statistical analyses were done using R software (R Core Team 2014). The normality
of each variable distribution was evaluated for each genotype using Shapiro-Wilk test.
Homogeneity of variances between genotypes was tested for each variable using Levene tests.
Differences between Columbia 0 and mutant lines computed means were tested for each
variable using Student t-tests. Linear regression between leaf growth variables were estimated
on the whole data. Pearson correlation coefficients were computed and their significance was

tested using the associated R function.

3. RESULTS

3.1. Lines with contrasted leaf phenotypes could not be identified robustly when leaf
growth variables were compared 18 days after sowing

When the set of 91 genotypes grown together was classified according to total rosette area
or number of leaves 18 days after sowing (Figure 1I-2 (a) and (b)), the ranking did not reflect
what was observed at flowering when rosette development was completed (Figure 11-2 (¢) and
(d)). Interestingly, in this dataset a negative non-linear correlation was found between rosette
area measured 18 days after sowing and the duration of leaf production estimated as the
number of days between the sowing date and bolting (Figure II-2 (e)). The latter stage is
defined as the emergence of the inflorescence in the center of the rosette, just after the last

rosette leaf has emerged (Boyes et al. 2001). This illustrates that rosettes expanding rapidly

33



CHAPTER II. USE AND LIMITS OF EXISTING ANALYSIS METHODS ON 90 MUTANT LINES

early in development have a tendency to stop producing leaves and transit to the reproductive
phase earlier than those that expand more slowly in the beginning of their development
(Figure I1I-2 (e)). They therefore do not necessarily have a larger final leaf area (Figure II-2
(d)).

Measurements at 18 days after sowing Measurements at stage 1st flower open
200 3000
(a) (b)
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Figure II-2. Dissected rosette areca and leaf
number measured 18 days after sowing are
given in (a) and (c), respectively for 90 SALK
T-DNA lines and Col-0. The same data at
flowering are given in (b) and (d),
respectively. Dotted lines correspond to Col-0

values. Means with error bars (standard errors)
are shown for each genotype (n = 7). In all
panels, genotypes are ranked according to
their decreasing rosette area at 18 days. The
relationship between the time to bolting and
the rosette area at 18 days is shown in (e).
From Lievre et al. (2013).
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40 60 80 100 120 140
Rosette area, 18 days after sowing (mm?)
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3.2. Many lines were affected on the different growth variables measured at the
opening of the first flower when compared to the wild-type

Fresh weight and rosette area were affected in the same way for the majority of the lines.
Fresh weight of the rosette, measured at flowering, significantly differed from that of the
wild-type (Col-0) in 66 lines. It was increased in only 7 of them and smaller in the remaining
59 (Figure II-3 (a)). The results obtained for final rosette area were almost the same: it was
significantly larger in the same 7 genotypes and smaller in the remaining 58 lines for which
significant differences from Col-0 rosette area was found (Figure II-3 (b)). Two T-DNA lines
had significant differences in comparison to Col-0 fresh weight value but not in rosette area
data (SALK 145203 and SALK 122867). On the contrary, only 1 line exhibited a
significantly smaller rosette area without having a decrease in rosette fresh weight
(SALK 024759). Figure 1I-4 (a) shows the strong correlation found between these two

variables.

Final leaf 6 area was affected in a fewer lines than the above-described traits: 52 lines
exhibited a significant difference in comparison with Col-0. Three genotypes displayed a

larger leaf 6 area, whereas it was reduced for the other 49 (Figure II-3 (c)).

The final number of rosette leaves was the less affected among the analyzed traits.
Significant differences with Col-0 mean number of rosette leaves (12) were found for only 44
T-DNA lines, 12 of which had an increased number of leaves. Among these 12 genotypes, 8
also exhibited larger rosette area, whereas 29 of the 32 lines with reduced number of leaves
also had decreased final rosette area. It illustrates the positive correlation existing between

these two traits (Figure I1-4 (c) and (d)).

Three T-DNA lines presented a compensation phenomenon between significant alterations
in their leaf 6 area and number of rosette leaves, leading to a final rosette area showing no
significant difference compared to Col-0 one. Two of them (SALK 086630 and
SALK 129352) displayed smaller leaf 6 area coupled with an increased number of rosette
leaves, whereas the other one (SALK 018664) had on the contrary larger individual leaf area

and a lower final number of leaves.
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Figure II-3. Fresh weight of the rosette (mg; (a)), dissected rosette area (mm?; (b)), leaf 6 area
(mm?; (c)), number of rosette leaves (d), duration of vegetative phase (days after sowing; (e)) and
mean leaf apparition rate (leaf day™; (f)) are given for 90 SALK T-DNA lines and Col-0 grown
during Experiments 1 and 2. The first 4 traits were measured at flowering whereas the two others

are the components of leaf apparition dynamics and were computed over time (see material and
methods). Dotted lines and dark gray bars correspond to Col-0 values. Means with standard
deviation are shown for each genotype (n = 7). In all panels, genotypes are ranked according to

their decreasing rosette area at flowering. Five lines that have an interest for our in depth study are
identified by colored bars: SALK 025730, blue; SALK 055458, orange; SALK 048174, green;
SALK 126071, red; SALK 064915, purple.
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Figure 1I-4. Linear relationships between rosette area (mm?) and (a) fresh weight (mg) of the
rosette; (b) leaf 6 area (mm?); (c) number of rosette leaves with all T-DNA lines. Correlations were
estimated using the values measured at flowering on the plants grown during Experiments 1 and 2.
For greater readability, on the graphs each point represents the mean data for a genotype (n = 7).
The linear relationships estimated between the variables are represented by a blue line. r, Pearson
correlation coefficient. 12, coefficient of determination. ***, p-value < 0.001.

Concerning the dynamics of leaf apparition, more lines were affected in duration of
vegetative phase than in mean rate of leaf apparition (respectively 57 and 49 with significant
differences in comparison to Col-0, Figure II-3 (e) and (f)). The duration of vegetative phase
was mostly extended compared to Col-0 (38 lines) whereas mean leaf apparition rate was

mainly reduced in altered T-DNA lines compared to Col-0 (42 lines).

Opposite alterations in leaf apparition dynamics led to a compensation phenomenon
regarding the final number of rosette leaves, which was no significantly different compared to
Col-0 for 18 lines that yet exhibited significant changes in their leaf apparition dynamics. For
examples, see SALK 009798 or SALK 136507 for extended vegetative phase with lower
leaf apparition rate. SALK 126071 and SALK 145203 are the only two lines showing the

opposite type of compensation.
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3.3. Selection of 4 lines with contrasted leaf growth phenotypes for a more in depth
phenotypical study

One specific line, SALK 064915 (purple bars on Figure II-3), particularly differs from the
others, with the strongest alterations in leaf growth variables, of which the highest increases in
both duration of vegetative phase and mean leaf apparition rate, even if the later was not
significant. These changes in leaf apparition dynamics resulted in a mean final number of
rosette leaves largely higher than the one scored in Col-0 (respectively 35 and 12). This line
also presents the most drastic decrease in leaf 6 area, with a final leaf 6 area that reaches only
11 % of Col-0 leaf 6 area. Despite its high number of leaves and because its low individual
leaf area this mutant final rosette area reaches 37 % of Col-0 final rosette area. Consequently,
SALK 064915 plants had extremely shrunken and compact rosettes with high numbers of
senescent leaves on the lower metamers (Figure II-5). The dissection of the rosette at
flowering and the identification of leaf ranks on the rosette were very laborious and,

subsequently, the line unsuitable for the rest of our study.

SALK_064915 — Stage 6.00

Rosette leaves

Figure II-5. Scan of the dissected rosette of a SALK 064915 plant grown during Experiment 1 and
harvested at flowering. Insert: zenithal picture of the same plant taken by the PHENOPSIS
automaton 37 days after the apparition of the first two true leaves.
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Figure II-6. (a) Zenithal pictures of a characteristic rosette of each line taken by the PHENOPSIS
automaton just before flowering. (b) to (f) Results of leaf growth measurements obtained from
Experiments 1 and 2 for Col-0 and the 4 T-DNA insertion lines selected as showing contrasted leaf
growth phenotype in comparison with their Col-0 wild-type. The variables shown are: (b) rosette
area (mm?), (c) leaf 6 area (mm?), (d) number of rosette leaves, (e) time to bolting (days after
sowing) and (f) mean leaf apparition rate (leaf day™) The first 4 traits were measured at flowering
whereas the two others are the components of leaf apparition dynamics and were computed over
time (see material and methods). Means with standard errors are shown for each genotype (n = 7).
Stars indicate when the T-DNA lines value is significantly different compared to the one scored in
Col-0 (Student t-tests): *, 0.01 < p-value < 0.05; **,0.001 < p-value < 0.01; ***, p-value <0.001.

Four genotypes were selected from Experiments 1 and 2: SALK 025730, SALK 048174,
SALK 055458 and SALK 126071 (Figure II-6 (a)). They were chosen because they all
exhibited strongly contrasted leaf growth phenotype in comparison to the Col-0 wild-type
when measured at flowering. We selected them trying to focus on T-DNA insertions that do

not affect every measured trait in order to minimize the number of interactions between leaf-
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growth processes that could be affected by the mutations. Differences described in the
following paragraphs are all significant according to the Student t-tests that were performed

on the dataset.

SALK 025730 was one of the rare lines with a larger final dissected rosette area than Col-
0 one (Figure II-6 (b)). This increase of final rosette area was explained by a larger number of
rosette leaves and no significantly altered individual leaf areas (respectively Figure II-6 (b)
and (d)). This larger number of rosette leaves was due to a longer duration of leaf apparition

(Figure II-6 (1)).

In the three other lines, rosette areas were significantly smaller than Col-0 (Figure II-6
(b)). For SALK 048174, it was due to a shorter number of rosette leaves, triggered by a lower
mean rate of leaf apparition (respectively Figure II-6 (¢) and (f)).

The two other lines had no significant differences concerning the number of rosette leaves
but exhibited smaller final leaf 6 areas when compared to Col-0 (Figure 1I-6 (d)). They were
also altered in the leaf apparition dynamics, but for each one the alterations of the two
underlying variables, duration and rate, compensated each other: SALK 055458 plants had a
longer duration of leaf apparition than Col-0 but a lower mean leaf apparition rate, whereas
SALK 126071 exhibited the opposite phenotype — i.e. a shorter duration of leaf apparition
and a higher mean leaf apparition rate (Figure I1-6 (e) and (f)).

3.4. In depth phenotyping analysis of the 4 contrasted lines

3.4.1. Consistency of leaf growth variables measured on the 4 contrasted lines during the
different experiments

The SALK 025730 line was first identified as a genotype of interest and selected for more
in depth phenotyping analyses (see section above). However, it was excluded of further
analyses because of its complex rosette architecture. Its successive leaves largely overlapped
and were very revolute leaves. Additional measurements, particularly estimation of individual
leaf expansion kinetics from zenithal images, could thus not be done accurately on this line.
Therefore, this line was grown and imaged in Experiment 3 but finally not used for further in

depth phenotyping analyses. Only 3 lines were kept for the complete in-depth analysis.
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Figure II-7. Histograms of leaf growth measurements obtained from Experiment 3 for Col-0 and the 3
T-DNA insertion lines selected. The variables shown are: (a) dissected rosette area (mm?), (b) leaf 6
area (mm?), (c) number of rosette leaves, (d) duration of the vegetative phase (days after apparition of
the first two leaves) and (e) mean leaf apparition rate (leaf.day™), all measured at flowering. Means +
SE (n ~ 50). Stars indicate when the T-DNA lines value is significantly different when compared to
Col-0 (Student t-tests): *, 0.01 < p-value < 0.05; **, 0.001 < p-value < 0.01; ***, p-value < 0.001.

Genotype Rosette area Leaf 6 areca Number of Vegetative Leaf apparitioln
(mm?) (mm?) rosette leaves  phase (days)  rate (leaf day ™)

Mean Mean Mean Mean Mean

Col-0 1790 127 11.5 13.2 0.89
SALK 055458 1118 *** 91 ok 112 ns. 13.8  ns. 0.82 oAk
SALK 048174 1242 *x* 134 9.6 A 124 ns. 0.78 oAk
SALK 126071 1252 *** 70 roHk 12.9  *x* 11.8  *** 1.1 oAk

Table II-2. Results of leaf growth measurements obtained from Experiment 3 for Col-0 and the 3 T-
DNA insertion lines selected as showing contrasted leaf growth phenotype in comparison with their
wild-type Col-0. The variables shown are: (a) dissected rosette area (mm?), (b) leaf 6 area (mm?), (c)
number of rosette leaves, (d) duration of the vegetative phase (days after apparition of the first two
leaves) and (e) mean leaf apparition rate (leaf.day™). Values are means computed for each genotype (n
~ 50). Stars indicate when the T-DNA lines value is significantly different compared to Col-0 (Student
t-tests): *, 0.01 <p-value < 0.05; **, 0.001 < p-value < 0.01; *** p-value < 0.001.
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Regarding the other genotypes selected, the results obtained in Experiment 3 were mostly
consistent with the ones made during Experiments 1 and 2 (Figure 1I-6 and Figure II-7). For
the 3 T-DNA lines final rosette areas were still significantly smaller than Col-0 (p-values <

0.0005; Table II-2 and Figure II-7 (a)).

SALK 048174 plants still displayed a lower mean leaf apparition rate, leading to a lower

number of rosette leaves and consequently to a smaller rosette area (Figure I1-7).

The data also confirmed that the final leaf 6 areas of SALK 055458 and SALK 126071
were significantly smaller than Col-0 ones (Figure II-7 (b)). However, for these two lines,
differences were found concerning the dynamics of leaf apparition. Indeed, the slight increase
in the duration of vegetative phase observed for SALK 055458 with respect to Col-0 was not
significant in the second experiment (Figure II-7 (d)). Despite this difference, there was still
no significant difference for the final number of rosette leaves between those 2 genotypes,

indicating that the lower leaf apparition rate of the mutant line was still compensated (Figure

117 (c)).

On the contrary, the increase in SALK 126071 leaf apparition rate was higher than
previously observed, and, instead of simply compensating the reduced duration of vegetative
phase, led to a significantly higher number of rosette leaves in these T-DNA line plants than

in Col-0 plants (p-value < 0.0005; Figure 1I-7 (c) and (e)).

3.4.2. Analysis of vegetative phase changes gives further insights into the differences
between the numbers of rosette leaves.

The presence of trichomes on the abaxial face of rosette leaves is used as a marker of the
developmental phase during which a leaf as emerged (juvenile vegetative phase, juvenile-to-
adult transition and adult vegetative phase). By considering the number of leaves attributed to
each of those phases as a time indicator, it is possible determinate the onset and the duration

of each phase.

The analysis of the segmentations of the shoot development in developmental phases
considering abaxial trichomes as markers of vegetative phase changes highlighted new
differences between Col-0 and the 3 T-DNA insertion lines grown during Experiment 3.
Significant differences were found in the number of leaves forming the juvenile and transition
phases for the three mutant lines, whereas SALK 055458 and SALK 048174 exhibited the

same mean number of leaves initiated in the adult phase as Col-0 plants (Table II-3).
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SALK 055458 showed a longer series of juvenile leaves, tested as significant even if it
was only by about 1 leaf, and a shorter series of transition leaves, by about 1 leaf too (Table
I1-3). These opposed and quantitatively equivalent changes in developmental phases are
consistent with the fact that there was no significant difference between SALK 055458 and
Col-0 final numbers of rosette leaves. However it gave the information that this line was

slightly affected in both the onset and the duration of the vegetative phase change.

Genotype Juvenile phase Transition phase Adult phase
length (leaves) length (leaves) length (leaves)

Col-0 7.2 3.2 1.1

SALK 055458 7.9 X 1.9  #** 1.1  ns.

SALK 048174 6.8 % 1.5  #** 1.3  ns.

SALK 126071 112 *** 1.5  *** 0.3  ¥**

Table II-3. Developmental phases lengths measured by the number of leaves in each phase, for Col-0
and the 3 T-DNA insertion lines. As explained in the Material and Methods section, the segmentation
was based on the absence (juvenile phase), partial presence (transition phase) or homogeneous
presence (adult phase) of abaxial trichomes on the successive leaves. Values corresponds to means
computed for each genotype (n = 50). Stars indicate the T-DNA lines for which the value is
significantly different compared to Col-0 (Student t-tests): *, 0.01 < p-value < 0.05; **, 0.001 < p-
value < 0.01; *** p-value < 0.001.

The analysis of these developmental phases also showed that the lower number of rosette
leaves exhibited by SALK 048174 plants was mainly due to a shorter transition phase (by
almost 2 leaves; Table II-3). The number of leaves initiated during the juvenile phase was also
lower than Col-0 one, but about less than 1 leaf and the significance level of the difference
was low. Therefore, the onset of vegetative phase change in SALK 048174 plants occurred

almost at the same time as it did in Col-0 plants, but did not take as long to be completed.

In SALK 126071, there were a larger number of leaves initiated during the juvenile phase
that was responsible of the increase in final number of rosette leaves. Both the juvenile-to-
adult transition and the adult phase were shorter than in Col-0 plants (the majority of the
plants did not even have an adult phase), but the resulting difference in number of leaves was
not enough to compensate the one triggered by the previously mentioned increase of leaves

initiated during the juvenile phase (respectively about 2 and 4 leaves; Table II-3).

3.4.3. Variation in final areas between successive rosette leaves of a same genotype;
consistency with results observed for a leaf at a given rank

Differences between individual leaf area of the 90 mutant lines and their wild-type Col-0
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grown during Experiments 1 and 2 were assessed from the comparison of leaf 6 area mean
values. However it was uncertain that these differences observed at one specific leaf rank
were conserved at the other ranks. In order to test this, areas of each successive rosette leaves
obtained from Experiment 3 were compared rank by rank and sorted by order of leaf
apparition on the rosette. The first observation that could be made was that final leaf area
tended to increase for each new leaf produced after the second rank. However, the last

produced leaf had the tendency to exhibit a smaller leaf area than the preceding one (Figure

11-8 (a)).

The differences observed when comparing final leaf 6 areas of Col-0 and mutant lines
were conserved for most leaf ranks. For the SALK 048174 line, leaf areas had no significant
differences compared to Col-0 ones, except for the twelfth (and last) emerged leaf. For the
SALK 055458 and SALK 126071 lines, plants exhibited smaller leaf areas for every rosette
leaf (Figure 1I-8), indicating that the effect of the mutations on leaf expansion concerned all

leaf ranks.

3.4.4. Variation of LER,,,. and length-to-width ratio between successive rosette leaves;
relationship with the final area of the considered leaf

Maximal leaf expansion rates (LER,x) was affected similarly to individual leaf areas. The
observations made for these variables were rigorously the same, whether it was regarding the
variation of the variable between the successive leaves of a same genotype or the consistency
of the effect of a mutation among the different leaf ranks of a given T-DNA line (Figure II-8
(b)). Figure I1-9 (a) illustrates the strong correlation existing between the leaf final area and
the LER,x of the same leaf. This correlation was expected as the final area of each leaf was
used to compute the corresponding LER ., yet, the Pearson coefficient of correlation (r =
0.97) showed how tightly these 2 leaf growth variables are related. In fact, the coefficient of
determination showed that 94 % of the variability of LER,.x can be explained by the linear

relationship between this variable and individual leaf area.

Individual leaf blade length-to-width ratio, as individual leaf areas, tented to increase with
leaf rank, reflecting an increase in the length of the successive leaves (Figure II-8 (c)).
However this increase was not similar for all the genotypes grown during Experiment 3. In
SALK 048174 plants, this trend was quite marked, whereas it was the less pronounced in
SALK 126071 plants, that, in comparison with the other genotypes, had the most elongated

leaves at the lowest ranks and the rounder leaves at the highest ranks.
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The ranks presenting the highest mean leaf areas were not necessarily the ones with the
most elongated leaves (Figure II-8). These two variables were still linked by a linear
relationship. Figure 1I-9 (b) shows the correlation existing between leaf final area and the
length-to-width ratio of the same leaf. The coefficient of determination computed indicates
that about 64 % of the variability observed among the length-to-width ratio values can be

explained by this relationship.
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Figure I1-8. Individual leaf areas (mm?; (a)), maximal leaf expansion rates (LERmax, mm? day™'; (b))
and leaf blade length-to-width ratio (c) are represented rank by rank, sorted by leaf apparition
order. Bars are the mean value by rank computed for each genotype (+ SE).
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Figure I1-9. Linear relationships between individual leaf area (mm?) and (a) corresponding maximal
leaf expansion rate (LERmax, mm? day™); (b) leaf blade length-to-width ratio. Each point represents
an individual leaf (n = 2,274). The linear relationship estimated between the variables is represented
by a blue line. r is the Pearson correlation coefficient and r? the coefficient of determination. ***, p-
value < 0.001.

A noticeable observation for those four leaf growth variables (individual leaf area,
LER ., characteristic growth duration and leaf blade length-to-width ratio) was the absence
of variation between the first two leaves of a given genotype. It was the most striking with the
final leaf area and LER,,,« variables for which the first two true rosette leaves values were

very similar one to another and quite lower than the mean values of the third 3 leaf.

4. DISCUSSION

4.1. Early stage leaf growth phenotyping does not reflect the final leaf growth
phenotype

One of the first outputs from our studies is related to leaf growth phenotyping methods.
Due to technical constraints, leaf growth analyses have often been based on measurements of
a trait or a few traits of interest at a given date, without taking in account plant developmental
stages. The comparisons of leaf growth traits measured at 18 DAS and at the end of the
rosette development on 91 A4. thaliana lines (Experiments 1 and 2) showed that phenotypes
identified at a given date are not conserved over time and that a trade-off exists between the
initial rate of growth and growth duration. These observations support that conclusions drawn
on traits measured at a given date cannot be generalized to the whole growing period and
another analysis at another date or stage may lead to different conclusions, whatever the scale

of growth analysis.
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The trade-off between the initial rate of growth and growth duration is embedded in the
evolutionary framework of life-history theory that predicts that the covarying values of
individual characters are constrained by the use of a limited amount of resources (Vasseur et
al. 2012). In annual plants such as A. thaliana, fitness increases with body size, which can be
achieved by high relative growth rate or by extending the period of growth (Roff 2007;
Metcalf and Mitchell-Olds 2009). Interestingly a similar trade-off has been observed at the
individual leaf scale (Cockcroft et al. 2000). Genotypes with high initial relative leaf
expansion rate have generally a shorter duration of leaf expansion (Cockcroft et al. 2000;

Cookson et al. 2005).

Experiments 1 and 2 had allowed a general characterization of the leaf growth phenotype
of 90 T-DNA insertion lines issued from the SALK collection (Alonso et al. 2003). Only a
very small proportion of the lines identified in our screen were mutated on genes that had
been previously described with a role in leaf development, suggesting that the SALK
collection has a strong potential for identifying new genes controlling growth and improving
kwon molecular networks. Most of the grown genotypes had smaller final rosette (and
individual leaf) areas than their wild-type Col-0, suggesting that a disruption of various

molecular pathways leads to a down-regulation of leaf expansion.

4.2. Considerations regarding the results of the more in depth phenotyping analysis

Experiment 3 was performed growing a larger number of plant replicates per genotype
with the measurements of additional leaf growth variables. Comparison of the results obtained
for the same genotypes but with different sample sizes highlighted the fact that analyzing
datasets with small numbers of independent replicates using statistical hypothesis tests can
lead to groundless conclusions. The matter of sample size determination is quite documented
(Lwanga and Lemeshow 1991; Lenth 2001; Noordzij et al. 2011; Beck 2013) and even if
examples are often taken in medical research, this problematic has to be emphasized to

conduct meaningful studies in plant phenotyping studies.

We extended the study of the effect of T-DNA insertions on individual leaf growth to each
successive rosette leaf, instead of focusing on a given leaf rank. Comparing growth traits of
individual leaves rank by rank when plants have the same number of leaves is not problematic
but a large variation in leaf number is often reported among A. thaliana genotypes. In the
population of recombinant inbred lines used in (Tisné et al. 2008), for example, the number of

rosette leaves varied from 7 to 30 leaves among the different lines.
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In our case, the comparison of Col-0 and SALK 055458 showed that the T-DNA insertion
had the same effect on each rosette leaf. However, this type of comparison can become tricky
when plants with significantly different numbers of leaves are studied. In this case,
conclusions drawn from the analysis of the first appeared leaves can differ from those drawn
when leaves of higher ranks are compared. That could be explained by differences in the
developmental phase of the plant when the compared leaves were initiated, since leaves
initiated during different plant developmental phases can present different morphological and
physiological differences (Poethig 1990, 2003; Matsoukas 2014). One solution to be able to
perform an analysis of the effect of a mutation or a treatment on individual leaf growth that
would be representative of the effect observed among the shoot, would be to synchronize

flowering time among plants as presented in Li¢vre et al. 2013; see Chapter I, Figure I-2.

The number of successive leaves sharing the same identity — defined by the presence of
trichomes on their abaxial face based on Telfer et al. 1997 — is often interpreted as a
characteristic of the duration of the corresponding developmental phase. Here, we made the
observation that SALK 126071 plants have on average an extended series of juvenile leaves
compared to Col-0, without any reduction of transition leaf number and a less marked
decrease in adult leaf numbers. If the number of leaves sharing the same identity really
reflected the duration of the developmental phase, the complete vegetative phase should thus
be longer in the mutant than in its wild-type. Nevertheless, we showed here that, on the
contrary, SALK 126071 vegetative phase was shorter than Col-0 ones, and that the larger

final number of rosette leaves was due to an increased mean apparition rate.

Comparison of shoot development for the analysis of genetic and/or environmental effects
can be tricky because of the multiplicity of the variables that could be involved and because
of the asynchronicity between plants development, raising the question whether comparison
of leaves based on their rank is relevant. Comparing developmental phases (succession and
variation of the leaf-growth traits within each phase) could be a solution. However the
definition of such phases might be complex. In the literature, observed heteroblasty is often
linked to the acquisition of reproductive competence, and vegetative development in A.
thaliana is frequently divided into three developmental phases (juvenile, transition and adult)
using abaxial trichomes patterns as discriminating criterion. However, several studies
highlighted that the relationship between the variation of morphological leaf traits and plant
phase change are not yet clear and that distinguishing genetically determined ontogenetic

changes from those due to plasticity can be difficult (Diggle 2002; Poethig 2010; Huijser and
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Schmid 2011). For example, we observed here that the first two true leaves of the rosette were
both very similar one to another and quite different from the following leaves, considering
their area, shape and maximal expansion rate. Differences between the first postcotyledonary
leaves and the subsequent juvenile leaves have been reported in A. thaliana (Telfer et al.
1997; Steynen et al. 2001) and other species such as Pseudopanax crassifolius (Gould 1993),
Fraxinus pennsylvanica (Merrill 1986), Desmodium paniculatum (Wulff 1985), Medicago
(Damerval 1983), maize (Bongard-Pierce et al. 1996), wheat and barley (Dornbusch et al.
2010). It could be explained by some degree of regulation by the seed environment on the
leaves initiated during embryogenesis (Bongard-Pierce et al. 1996; Jones 1999). The juvenile
vegetative phase (in terms of reproductive competence) could thus be divided into two
developmental phases, and, consequently, phenotypic studies of the shoot vegetative
development might need to be based on four different phases: seedling, juvenile, transition

and adult phases.

These considerations show the interest of developing a new method of analysis to decipher
the structure of 4. thaliana rosette into different developmental phases, taking into account

the variations of different leaf-growth traits along the shoot.
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CHAPTER I11. INTEGRATIVE MODELS FOR ANALYZING A.
THALIANA ROSETTE DEVELOPMENTAL PHASES

1. INTRODUCTION

The genome sequences of model plants such as A. thaliana ecotypes and Brachypodium
dystachion are available. In addition, rice, maize, sorghum (Sorghum vulgare), barley
(Hordeum vulgare) and many dicot and monocot crops are either sequenced or soon will be.
To harness this genomic information for agricultural application, it has to be carefully and
comprehensively linked to plant phenotype. However, phenotypic descriptions of genome-
wide knockout collections are often limited because phenotyping technologies have often
been reported as the bottleneck of phenomic studies (Furbank and Tester 2011). The
annotation ‘no visible phenotype’ occurs frequently and it maybe reveals a lack of capacity
for the plant community to analyze the subtle phenotypic effects of various genetic
modifications. Shoot growth phenotyping per se is not an obstacle anymore in 4. thaliana
since technologies have been developed and are still improved to measure plant traits on the
rosette (Granier et al. 2006, 2014; Arvidsson et al. 2011; Zhang et al. 2012; Fiorani et al.
2012). The challenge is now to integrate the different types of traits that can be acquired at
different scales during phenotyping studies or to identify the most pertinent trait(s) to
compare genotypes. In leaf growth phenotyping studies for example, one can have to analyze
simultaneously dimensional and morphological data on individual leaves (such as leaf areas,
leaf blade length-to-width ratio or number of serrations on the leaf margin), leaf growth
dynamics data (such as leaf expansion rate, duration of leaf expansion), and data measured at
the leaf scale but analyzed as series along the shoot when shoot developmental phases are

investigated (e.g. changes in abaxial trichomes covering with the leaf rank).

When measurements are made for each individual leaf, comparisons are usually made by
analyzing the quantitative or qualitative characteristics of leaves at a given rank — i.e. leaves
that have the same position on the shoot according to the order of their emergence after
germination (Willmann and Poethig 2011; Friedli and Walter 2014). As discussed earlier, this
framework can be used when plants that are compared exhibit the same number of leaves, but,
it raises a problem when they have different leaf numbers as it is often the case when
comparing different genotypes or a same genotype grown in various environmental

conditions. In this context, the phenotypic analysis of the plant shoot structuring it into
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successive developmental phases seems to be the most appropriate framework to compare

shoot development of different genotypes.

Such structuring is based on more or less abrupt changes in the shoot characteristics (e.g.
Dambreville et al. in press). We will refer to these changes as the plant heteroblasty. The term
‘heteroblastic’ was initially introduced by Goebel (1900). It was used to oppose plant species
in which substantial differences were observable between earlier and later formed phytomers,
to species with small and gradual changes along the shoot — the ‘homoblastic’ species.
Nowadays, the definition of the term ‘heteroblasty’ has been extended, and this term is
commonly used to refer to changes in leaf size and/or shape occurring during ontogeny, even
if they are subtle. It has to be noted that ‘heteroblasty’ is sometimes used to refer to
ontogenetic changes only (Zotz et al. 2011). When it refers to the combination of the
observable morphological changes, these changes can be due to several reasons such as
ontogeny, physiological aging, increase in the shoot size (Evans 1972; Day et al. 2002;
Mencuccini et al. 2007), environmental heterogeneity such as soil humidity, light quality,
temperature or nutrients availability (Ray 1987; Lee and Richards 1991; Jones 1995; Bruni et
al. 1996; Fisher et al. 2002; Cutri et al. 2013) and vegetative phase change (Poethig 2003).

Gradual changes occurring along the shoot can be related to individual leaf size and shape,
internode size, branching patterns but also leaf and/or internode growth (Guédon et al. 2001;
Andrieu et al. 2006; Cookson et al. 2007; Willmann and Poethig 2011). These changes in
shoot traits are usually analyzed individually during phenotyping studies, partly because of a
lack of appropriate statistical methods. There is therefore a real challenge in developing
methods that would allow the segmentation of shoot axis development into successive
developmental phases based on the integration of several traits reflecting the heteroblastic

changes.

During the analysis presented in Chapter II we identified three T-DNA insertion lines
(SALK 055458, SALK 048174 and SALK 126071) with contrasted leaf growth
development. They were used here to build multivariate segmentation models in order to
analyze the structuring of A. thaliana rosette. We grew these 3 lines and their Col-0 wild-type
with a large number of replicates for each genotype (n=60). The throughput of the
experiment could be considered as low when considering the number of genotypes grown
together but was high when considering the number of measured plants in total. This high
number of replicates was necessary to compute more robust statistical models to get more

trustworthy conclusions. Most kinematic data that are necessary to quantify spatial and
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temporal changes in leaf growth were obtained here from hand-made measurements that are
time-consuming. As explained in Chapter I, section 1, a leaf can be apprehended as a whole
growing organ, whom development can sometimes control cell division and expansion
processes (Tisné et al. 2008; Tsukaya 2013), making the study of 4. thaliana shoot
development at the macroscopic scale relevant. Because of these considerations and of the
high number of plants that we wanted to grow together for statistical relevance, we first
focused on the macroscopic scale of shoot development. Because of the shortness of the

internodes in A. thaliana rosette, we focused on leaf characteristics.

Even if the main objective of the work presented in this chapter was to develop a model
for A. thaliana shoot growth phenotyping taking into account shoot structuring, the model
outputs have been used (1) to question how vegetative phase change and heteroblasty are
delimited and explore some of the problems that arise in the explicit or implicit link between

them and (2) to characterize the 3 T-DNA insertions lines used to develop this approach.

2. MATERIAL & METHODS

2.1.  Plant material and growth conditions

Four Arabidopsis thaliana (L.) Heynh genotypes were grown during the experiment:
Columbia 0 natural accession (Col-0) and three homozygous T-DNA insertion mutant lines
issued from the SALK institute collection created by the group of Prof. J.R. Ecker (Alonso et
al. 2003). Seeds used were provided by José¢ Luis Micol group (Universidad Miguel
Hernandez, Elche, Alicante, Spain).

Sixty plants of each line were grown together. Seeds were sown in pots filled with a
mixture (1:1) of a loamy soil and organic compost. Plants were grown in a growth chamber
equipped with the PHENOPSIS automaton under controlled air temperature, air humidity and
incident light. Micrometeorological conditions were kept constant during the whole duration
of the experiment and homogeneous within the growth chamber (Granier et al. 2006). Light
was on during 16 h per day and provided by a bank of cool-white fluorescent tubes and HQi
lamps. It was measured at the plant level using a photosynthetic photon flux density (PPFD)
sensor (LI-190SB, Li-Cor, Lincoln, NE, USA). Mean micro-meteorological conditions are
indicated in Table III-1. Soil water content was determined before sowing to estimate the
amount of dry soil in each pot. Subsequent changes in pot weight were due to changes in soil

water content (the plant weight was considered as negligible as it was never higher than 1 g).
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This allowed the computation and daily automatic adjustment of soil water content to 0.35 g
water g dry soil by the PHENOPSIS automaton (Granier et al. 2006) with a modified one-
tenth-strength Hoagland solution (Hoagland and Arnon 1950), from sowing to the end of the

experiments.

Day length (h) 16

Incident PPFD (umol photons m™ s™) 178
Air temperature (°C) 20.4
Air humidity (%) 60.6

Soil water content (g H,O g™ dry soil) 0.36

Table III-1. Mean meteorological conditions applied during plant growth.

2.2. Growth measurements — Image analyses and variables selection

During the experiment, zenithal images of the plants were taken on a daily basis by the
PHENOPSIS automaton to follow rosette growth. Plants were harvested when the first silique
was formed in order to ensure that each individual rosette leaf had completed its expansion (as
previously shown in the group in previous experiments in the same growing conditions). The
successive leaves of the rosette were excised without their petiole, stuck on a sheet of paper in

the order of emergence and scanned.

2.2.1. Leaf morphological characterization

Individual leaf area (mm?), maximal leaf blade length (mm) and width (mm) were
automatically measured on the leaf scans with an image analysis software (Imagel] 1.43C,
Wayne Rasband, National Institutes of Health, USA) and leaf blade length-to-width ratio was

computed.

Leaves were divided into three categories depending on the level of covering of their
abaxial surface by trichomes: leaves without abaxial trichomes, leaves with trichomes (at least
one) that did not entirely span their abaxial surface, and leaves with trichomes that span their
entire abaxial surface (trichomes distributed homogeneously and at least one within 2 mm of
the leaf margin of the distal tip). To limit spurious measurement fluctuations, the subsequent
leaves on the shoot had to meet the same criterion or to correspond to the next leaf category.
In this study, we did not assume that the leaf covering with trichomes defined a priori a
developmental phase (the three categories corresponding respectively to juvenile, transition

and adult leaves according to Telfer et al. 1997 and Bollman et al. 2003). This morphological
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variable was used in conjunction with leaf shape, dimension and growth variables to define

developmental phases with less a priori.

2.2.2. Characterization of leaf expansion kinetics

Projected individual leaf areas were measured with the image analysis software ImageJ
1.43C on the daily zenithal pictures of the rosette taken by the PHENOPSIS automaton by
drawing the visible part of leaf blade. Petioles were not included in the measurement. In case
of overlap between leaves making a leaf contour too uncertain to be drawn, or when a leaf had
revolute margins (phenomenon of leaf curling) at a point where about 50 % or more of the
leaf area was hidden the leaf was not measured. The measured areas were used to estimate
individual leaf expansion curves (Torres and Frutos 1989). The logistic function used to

model leaf expansion is given by

v A
" l+exp{—(t—M)/B}

where A4 is the upper asymptote, i.e. the estimated final leaf surface, B is the characteristic
growth duration (inverse of growth rate), and M is the time corresponding to the inflection

point (time of maximum growth).

The growth duration between a4 and (1-a)A4 with 0 < o < 0.5 given by

t_,—t,=2B log(l_—aj
o

only depends on a and B. Therefore, parameter B corresponds to the growth duration

between a4 and (1— )4 for ar=1/{1+exp(0.5)! =0.38.

Classically the leaf expansion curves are summarized by computing the maximal leaf

expansion rate rate (LERyax):
LER.x=A4/4B

However, in our case, because of leaf overlap and leaf curling phenomena, the estimated
final leaf area A4 was frequently underestimated, making the estimated LER,,x biased.
Moreover, even by using the unbiased final leaf area obtained by rosette dissection to
compute LER.«, the strong correlation between these two variables makes the use of both
redundant. We assumed that the biased estimation of the final leaf area within the logistic
growth model because of leaf overlap does not affect substantially the estimation of the

characteristic growth duration. Consequently, we wused this estimated parameter to
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characterize individual leaf expansion kinetics.

2.2.3. Characterization of the shoot vegetative development

The number of rosette leaves was defined as the number of true leaves produced between
the apparition of the two cotyledons and the emergence of the primary flowering axis
(cotyledons were excluded). Duration of the vegetative phase was determined as the time
elapsed between the emergence of the first pair of true leaves and the emergence of the last
rosette leaf. Mean leaf apparition rate (leaf day™') was computed as the final number of rosette

leaves divided by the duration of the vegetative phase.

2.3. Integrative multi-scale models for analyzing A. thaliana rosette developmental
phases

2.3.1. Building of multivariate sequences for each A. thaliana rosette

Data take the form of multivariate sequences indexed by the leaf rank. The leaf description
at each successive rank combines a morphological variable (ordinal categorical variable with
ordered categories no trichome, partial covering with trichomes, full covering with
trichomes), a shape descriptor (length-to-width blade ratio), the final leaf area and a dynamic
variable (characteristic growth duration extracted from the estimation of a logistic growth

model on the basis of leaf expansion follow-up data).

Because of leaf overlap, the larger the leaf is, the more its surface is underestimated. We
thus chose to incorporate in the multivariate sequences the final leaf area obtained by

dissecting the rosette.

2.3.2. Segmentation models

A key question was whether the rosette growth pattern takes the form of a trend (i.e.
gradual change in the mean level for quantitative variables such as the leaf area) or of a
succession of developmental phases separated by abrupt changes (for instance juvenile leaves
without abaxial trichomes followed by transition leaves partially covered with abaxial
trichomes and then adult leaves fully covered with abaxial trichomes). After some exploratory
analyses, we chose to build two-scale segmentation models on the basis of multivariate
sequences that combine developmental phases and linear trends within phases for quantitative
variables. These two-scale models are semi-Markov switching models (SMSMs) that
generalize hidden semi-Markov chains by incorporating regression models as observation
models. They are formally defined in Appendix II. In our context, the succession and duration

of developmental phases (coarse scale) are represented by a non-observable semi-Markov
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chain while the different leaf descriptors within a developmental phase (fine scale), are
represented by observation models attached to each state of the semi-Markov chain. Hence,
each state of the semi-Markov chain represents a developmental phase. A semi-Markov chain

is defined by three subsets of parameters:

= [nitial probabilities to model which is the first phase occurring in the sequence

measured,
» Transition probabilities to model the succession of developmental phases,

=  Occupancy distributions attached to non-absorbing states (a state is said to be
absorbing if, after entering this state, it is impossible to leave it) to model the phase
length in number of successive leaves. We used, as possible parametric state
occupancy distributions binomial distributions B(d, n, p), Poisson distributions P(d, 1)
and negative binomial distributions NB(d, r, p) with an additional shift parameter

d>1

A SMSM adds observations models to the non-observable semi-Markov chain:

» In the case of the abaxial trichome variable, observation models are simple
categorical observation distributions and the probabilities of observing each category
within a developmental phase were estimated directly. In the case of the three
quantitative variables (length-to-width blade ratio, final leaf area, characteristic growth
duration), we chose to model trends within developmental phases using simple linear
regression models because of the short length of phases (between 2 and 11 successive

leaves).

‘Left-right” SMSM composed of successive transient states followed by a final absorbing
state were estimated on the basis of each dataset. A state is said to be transient if after leaving
this state, it is impossible to return to it. In a ‘left-right” model, the states are thus ordered and
each state can be visited at most once. Each estimated model was used to compute the most
probable state sequence for each observed sequence (Guédon 2003). The restored state
sequence can be viewed as the optimal segmentation of the corresponding observed sequence

into sub-sequences, each corresponding to a given developmental phase.

It is generally assumed, when using SMSMs, that the sequence length is independent of
the process that is supposed to have generated the sequence (Guédon 2003). This assumption
entails that the time spent in the last visited state is ‘censored’ or truncated, i.e. the last

vegetative developmental phase was randomly truncated by the transition to the reproductive
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phase. This is indeed unrealistic. In this study, it was chosen to assume instead that the end of
an observed sequence systematically coincides with the transition from the current state to an
extra absorbing ‘end’ state modeling implicitly the reproductive phase (no observation model
is associated with this end state). Hence, at the end of an observed sequence, the process
systematically jumps to the absorbing end state. In this way, it is possible to model explicitly

the duration of the last vegetative developmental phase.

2.3.3. Selecting the number of states of the underlying semi-Markov chain

Combining results from the literature (Poethig 1990; Telfer et al. 1997) and exploratory
analyses, it was rapidly obvious that at least three transient states were necessary
(corresponding roughly to the first two seedling leaves, juvenile leaves and adult leaves). We
then evaluated the possible number of states from 3 onward (the absorbing ‘end’ state being

not counted).

2.3.4. Illustration with the model built for the Col-0 dataset

We built a five-state model (four transient states corresponding to four successive
vegetative phases and an absorbing ‘end’ state corresponding to the reproductive phase) on
the basis of the Col-0 multivariate sequences; see Figure I1I-1. The four vegetative phases will
be referred to as the seedling phase, the juvenile phase, the transition phase and the adult
phase with reference to the literature; see justifications below. As shown in the transition
graph (Figure III-1 (c)), the succession was not completely deterministic since the adult phase
can be skipped with probability 0.27 — and the transition phase with probability 0.02. Phase
length distributions (expressed in number of successive leaves) associated with each
developmental phase are also shown, above the transition graphs. The mode of each
distribution represents the most probable number of leaves that would compose the
corresponding phase. Coupled with the probabilities of the phases as a function of the leaf
rank (Figure III-1 (b)), it allows the deduction of the most represented segmentation (or
segmentations if two phases strongly overlap) of a Col-0 plant (Figure III-1 (a)). The seedling
phase was in a large majority composed of the first two leaves of the shoot. It was
discriminated by the three quantitative variables: final leaf area, length-to-width ratio of the
leaf blade and characteristic growth duration parameter. In opposition to the following phases
(i.e. the juvenile phase), there was almost no trend in this phase for these traits (Figure I1I-1
(d) and Table III-5). The juvenile phase had 5 leaves in average and mostly began with the
third emerged leaf. The transition phase was constituted from 1 to 5 leaves, with an average of

3 leaves. For the plants that displayed an adult phase, it was mainly composed of 1 leaf (9
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sequences had 2 leaves assigned to this phase, and only 1 sequence had 3 leaves in this
phase). The discriminations between the juvenile, transition and adult phases followed exactly
the organization of the trichome variable: none of the leaves assigned to the juvenile phase
exhibited abaxial trichomes, every leaves assigned to the transition phase had a partial
covering of their abaxial face with trichomes, and those attached to the adult phase had their
abaxial face fully covered with trichomes. The most structuring quantitative variable was the
final leaf area, with changes in the slopes estimated in the successive phases (Figure I1I-1 (d),
Table I1I-5). On the contrary, the less structuring quantitative variable was the leaf-to-width
ratio that, except for the first two emerged leaves, conserved the same slope along the shoot

(Table III-5).

The graph showing the probability for a leaf at rank » to be assigned to a given phase
indicates that the segmentation of Col-0 plants into developmental phases was quite
synchronous among the 49 individuals (Figure III-1 (b)). The main overlaps observed
between two successive phases were at rank 8 (leaves mostly assigned to the transition phase,
and in smaller proportion to the juvenile phase), and at rank 11 (leaves assigned in the same

proportions to the transition and the adult phases).
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Figure III-1. Representations of the segmentation model main outputs obtained for Col-0 dataset. (a)
Representation of a typical Col-0 plant, dissected view to show each leaf rank. Leaves are shown in
order of production, from left to right, and shaded to indicate no abaxial trichomes (light gray) and
abaxial trichomes (black) (b) Probabilities of the developmental phases as a function of the leaf rank.
(c) Graph of transition between phases and phase length distributions. (d) Final leaf area values as a
function of the leaf rank. Trends within each phase are shown in color. Plain lines: most probable
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3. RESULTS

3.1. Validation of the assumption of segmentation in developmental phases

Minimum % of individuals above the Number of possible
probability given thresholds segmentations
0.75 0.9 0.95 Interval Mean
Col-0 0.64 90 59 35 3—-32 12.7
SALK 048174 0.53 70 27 14 6— 18 11.7
SALK 055458 0.42 80 63 33 6— 32 16.5
SALK 126071 0.46 68 28 13 6— 18 15.3

Table III-2. Segmentation uncertainty: minimum posterior probability of the optimal segmentation,
proportions of individuals whose posterior probability of the optimal segmentation is above given
thresholds (0.75, 0.9 and 0.95), number of possible segmentations (lower and higher values, mean).

The posterior probabilities of the optimal segmentations (i.e. weight of the optimal
segmentation among all the possible segmentations of a given observed sequence) were most
often high: 90 % above 0.75 and 59 % above 0.9 for Col-0 to be related to an average of about
12 possible segmentations. The results were similar for SALK 055458 while the
segmentation ambiguity was a bit higher for SALK 0481784 and SALK 126071; see Table
ITI-2. This strengthened the validity of the segmentation assumption. It also allows us to use

the segmentations to accurately interpret the different model outputs.

3.2. Comparison of the segmentations into developmental phases between Col-0
and each T-DNA insertion line

3.2.1. The succession of states is almost deterministic
‘Left-right” five-state SMSMs (four transient states modeling successive vegetative
phases and an absorbing end state modeling the reproductive phase) were built for Col-0,
SALK 055458 and SALK 048174 datasets. These models were then used to segment the
multivariate sequences into successive developmental phases. The fact that states could not be
skipped in most cases was the result of the iterative estimation procedure. The estimated

transition distribution for each transient state i was thus almost degenerate i.e., p,, , ~1 and
p, =0 forj#i+1. The only exception was state 2 with p,,, =0.27 for Col-0, 0.22 for

SALK 055458 and 0.08 for SALK 0481784 (Table III-3).
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Since the adult phase was systematically absent for SALK 126071, we built a four-state
SMSM for this genotype. In this case, the estimated transition probability matrix (i.e. every

transition distributions corresponding to the transient states) was degenerate.

Probability of skipping a phase

Transition phase Adult phase
Col-0 0.02 0.27
SALK 055458 0 0.22
SALK 048174 0 0.08
SALK 126071 0 -

Table I11-3. Probabilities of skipping a phase (i.e. 1 — p; ;4+1) in Col-0, SALK 055458, SALK 048174
and SALK 126071. Probabilities for skipping seedling and juvenile are equal to 0, so only those for
transition and adult phases are shown.

3.2.2. The categorical trichome variable is strongly structuring for the whole shoot
development

For the four genotypes, the seedling and juvenile phases were the only ones composed
only of leaves without abaxial trichomes, indicating that this variable had no role in the
definition of these two developmental phases but could be used to discriminate the juvenile
phase from the transition one. For the three lines for which an adult phase was estimated, it
consisted only of leaves with their abaxial face fully covered with trichomes. However,
differences were observable between the genotypes for the transition phase. In Col-0 and
SALK 048174, the estimated observation distributions for the trichome variable for this
developmental phase showed that it was almost only composed of leaves with abaxial surface
partially covered with trichomes (Table I11-4). Thus, the discrimination between the juvenile,
transition and adult phases fitted almost perfectly the trichomes categories, indicating a strong

structuring role of the variable in the segmentation of the multivariate sequences.

No Partial Full

Col-0 0 1 0
SALK 055458 0.1 0.87 0.03
SALK 048174 0.04 0.96 0
SALK 126071 0.25 0.66 0.09

Table III-4. Estimated observation distribution for the categorical trichome variable (3 ordered
categories: no trichome, partial covering and full covering with trichomes) for the transition phase.
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In SALK 055458 the estimated observation distributions for the trichome variable
showed that the ‘partial covering’ category was still largely the majority one. However, the
probability to observe leaves belonging to different trichome categories in the transition phase

was higher than in Col-0 and SALK 048174 (Table I1I-4).

In contrast, in SALK 126071 the transition phase was more often composed of a mixture
of leaves belonging to the different trichome categories (Table III-4). In this case, the
proportion of leaves fully covered with abaxial trichomes in the transition phase can be
explained by the fact that adult leaves were too rare to enable the definition of a phase for

them and consequently some adult leaves were modeled within the transition phase.

For the three SALK genotypes, the definition of the transition phase could thus not be
strictly made on the ‘partial covering with abaxial trichomes’ category. Coupled with the fact
that this variable cannot discriminate the seedling phase from the juvenile one, this indicates
that the quantitative variables had also a structuring role in the segmentation of the

multivariate sequences into successive developmental phases.

3.2.3. The structuring role of the quantitative variables depends on the developmental
phases and on the genotypes

In extreme scenarios the variation along the shoot of the different leaf growth variables
can either be described as a trend — i.e. a gradual change of variables along the shoot — or as a
succession of stationary phases separated by breakpoints. The models we built segmented the
rosette in three or four distinct developmental phases, depending on the genotype. However,
we assumed that the different quantitative leaf traits (leaf blade length-to-width ratio, final
leaf area and characteristic growth duration) would not be stationary within each phase and
therefore we chose to model trends within developmental phases using simple linear
regression models (see Appendix III for graphic representations). The observation of marked
changes of slopes between two successive phases was used as an indicator of the structuring
role of the variable. The observation of a marked shift differentiating the values of two
successive phases at a given point was also used as an indicator of the structuring role of the

variable.

We have seen previously that trichomes could not be used to differentiate seedling leaves
from juvenile leaves. In contrast, every quantitative leaf growth variable exhibited a marked
change of slope between these two successive phases, except leaf blade length-to-width ratio

in SALK 126071 (Table III-5). In most cases, the slope estimated for the seedling phase was
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not significantly different from zero, reflecting the similarity of the two first epicotylar leaves

development.

Discrimination between the juvenile, transition and adult phases was strongly influenced
by the categorical trichome variable. However, some of the quantitative traits had also a
structuring role for some of these phases, depending on the genotypes. The leaf blade length-
to-width ratio was the less structuring variable for Col-0, SALK 048174 and SALK 126071,
with none or only slight changes in slopes between the 3 last phases (Table III-5 (a)). In
SALK 055458, the variable kept the same slope between the juvenile and the transition
phases, but became stationary in the adult phase. It could thus participate to the differentiation
of the transition and the adult phases. Despite the minor structuring role of this variable, for
Col-0 and SALK 055458 a slight shift could be noted between the juvenile and the transition
(around, respectively 9 and 12; see Appendix III Figures SIII-1 (a) and (b)) phases that was
interpretable since there was no change in slopes. In a similar way, for SALK 048174, a
slight shift (around 9; see Appendix III Figure SIII-1 (c)) separated the leaves assigned to the
transition phase and those assigned to the adult phase. That indicates a more or less marked

change in the leaf blade shape between these two developmental phases.

The analysis of final leaf area along the shoot showed that this variable had a strong
structuring role for Col-0, SALK 048174 and SALK 126071 (Table II-5 (b)). It
discriminates the four phases for Col-0 with a marked change in slope between two
successive phases. The same observations were made regarding SALK 126071 juvenile and
transition phases. For SALK 048174, slopes for juvenile and transition phases were similar
but differentiated by a marked shift (around 30 mm?*; Table III-7 and Appendix III Figure
SIII-2 (c)). On the contrary, for SALK 055458 plants, final leaf areas did not allowed to
discriminate leaves belonging to the juvenile, transition and adult phases, which exhibited

similar slopes (Table III-5 (b)), without marked shifts between these developmental phases.

The characteristic growth duration was the only trait that was decreasing along the shoot —
i.e. the latter in the rosette development a leaf is initiated, the shorter its expansion is. This
variable was also structuring for the genotypes in which four developmental phases were
identified (Col-0, SALK 055458 and SALK 048174). The juvenile and transition phases
were differentiated by a change in slope since the variable was modeled by a decreasing trend
during the juvenile phase and was stationary during the transition phase (Table III-5 (c)). The
transition and adult phases had slopes that did not significantly differed from 0 (Table III-5
(c)) but shifts that differentiated them (respectively about 3, 4 and 3 hours; Table II1-7 and
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Appendix III Figures SIII-3 (a), (b) and (c)). Regarding SALK 126071, comparison of the
estimated slopes showed that the characteristic growth duration differentiated the seedling and
juvenile phases, but barely the juvenile phase from the transition one (Table III-5 (c¢) and

Appendix III Figure SIII-3 (d)).

The fact that the final leaf area increases along the shoot indicates that the corresponding
reduction of the expansion duration was overcome by a stronger increase of the expansion

rate along the shoot.

(a) Length-to-width Seedling Juvenile Transition Adult

ratio phase phase phase phase
Col-0 24 ns. 8.5 8.6 9.3
SALK 055458 1.8 ns. 6.8 6.5 1.7 ns.
SALK 048174 1.2 ns. 9.9 12.2 12.4
SALK 126071 3.0 6.0 1.8 -
Ot Sl T
Col-0 -0.6 n.s. 28.7 39.2 16.8
SALK 055458 0.6 ns. 192 222 16.8
SALK 048174 10.9 26.7 31.3 16 ns.
SALK 126071 2.1 16.3 8.8 -

(c) Characteristic Seedling Juvenile Transition Adult
growth duration phase phase phase phase
Col-0 -0.1 ns. -1.2 -0.7 ns. 0.5 ns.
SALK 055458 1.2 ns. 2.2 -0.1 ns. -04 ns.
SALK 048174 2.3 -1.0 0.1 ns. 0.6 n.s.

SALK 126071 -1.2 ns.  -0.7 -0.8 -

Table III-5. Slopes estimated for each quantitative variable and for each successive developmental
phase. When the estimated slope was not significantly different from 0, ‘n.s.” was indicated near to the
value.

3.2.4. Developmental phases are markedly synchronous between the individuals of a
given genotype

The ‘left-right” SMSMs were built based on the hypothesis that the developmental phases

were asynchronous between the individuals for a genotype. Thus, the model built for a given

genotype enabled to segment individually each multivariate sequences corresponding to a

rosette of this genotype. As a byproduct of the model building, we were able to compute the

probability of the developmental phases as a function of the leaf rank, allowing the evaluation
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of the degree of synchronism between the individuals of a genotype. It has to be noted that
this evaluation takes into account both within- and between-individual variation — i.e. the
variations between the different possible segmentations of an individual and the variations
between the different individuals. Figure III-2 shows the probability graphs drawn for each
genotype. In the four lines, the overlap between the seedling and juvenile phases was
inexistent or very minor. It was also slight between the juvenile and transition phases, with
only one leaf rank where these two phases were equally probable. It shows the synchronicity
of all developmental phases between the individuals for SALK 126071 (as the succession
was only composed of these three developmental phases; Figure I1I-2 (d)), and of the seedling
and juvenile phases for the three other genotypes. For Col-0 and SALK 048174 the
occurrence of the adult phase was also quite synchronous among the individuals (Figure I1I-2
(a) and (c)). A larger overlap was observed between the transition and adult phases for
SALK 055458, reflecting a lower synchronicity between the individuals for these two phases
(Figure III-2 (b)). Overall, the developmental phases were markedly synchronous between the

individuals of a given genotype.
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Figure II1-2. Probability of the developmental phases as a function of the leaf rank for each genotype:
(a) Col-0, (b) SALK 048174, (c) SALK 055458 and (d) SALK 126071. Red: seedling phase. Blue:
juvenile phase. Green: transition phase. Purple: adult phase. Lemon green: reproductive phase.
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3.2.5. The length of the juvenile and transition phases varies between the genotypes

The average length of each developmental phase, expressed in number of successive
leaves, is given in Table III-6. It showed that the seedling phase was mostly composed of the
first two leaves, even if for a small proportion of the plants, it had 3 leaves because of missing
data due to senescent leaves at the first or second leaf rank. The length of the adult phase was
also similar (a bit more than 1 leaf in average) for the three concerned genotypes. However,

differences were found between the juvenile and transition phases estimated for each line.

Regarding these outputs, SALK 055458 had the phase lengths closest to Col-0 ones. The
mean length for each developmental phase was almost exactly the same for this mutant and its
wild-type (Table III-6), resulting in similar final number of rosette leaves for both genotypes
(Figure III-3 (c)). SALK 048174 estimated juvenile phase was similar to the one found in
Col-0. However, the transition phase defined by SALK 048174 model was in average about 1
leaf shorter than in Col-0 plants. In SALK 126071, the juvenile phase was composed of 8
leaves on average, making it far larger than the one identified in Col-0 (Figure III-2, Table
I11-6). As for the transition phase, it seemed to be not impacted by the T-DNA insertion, the

number of leaves assigned to it being less than 1 leaf lower than in Col-0 dataset.

Mean length of phase in number of leaves + standard deviation

Seedling phase Juvenile phase Transition phase Adult phase
Col-0 2.0+0.2 50+1.0 29+1.0 1.3+£0.5
SALK 055458 2.0+0.0 55+1.0 24+1.0 1.2+04
SALK 048174 2.1£0.5 44+1.1 1.5£0.6 1.4£0.5
SALK 126071 22405 82+1.4 22+09 -

Table I1I-6. Mean length of each developmental phase and associated standard deviation for each
genotype. Phase length is expressed in number of successive leaves.

3.3. Effect of the mutations on the values of leaf blade length-to-width ratio, final
leaf area and characteristic growth duration

In addition to altering the organization of plant shoot development, the mutations of the
SALK lines could also affect the leaf growth traits themselves. The asynchronous
segmentations of the plants into successive developmental phases allowed us to compare
leaves that had developed during the same developmental phase. That overcame the problem
of comparison of leaves rank by rank that can be irrelevant when developmental phases are

asynchronous.
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(a) Length-to-width Seedling phase Juvenile phase Transition phase Adult phase
ratio (x100) Lower Higher Lower Higher Lower Higher  Lower Higher
Col-0 Rank 1 2 3 8 7 12 10 14
O -
Value 117 115 123 166 167 209 192 230
Rank 1 2 3 9 7 13 9 14
SALK 055458
- Value 113 115 119 160 159 198 192 200
Rank 1 2 3 8 7 10 8 12
SALK 048174
B Value 118 120 124 173 178 214 199 249
Rank 1 3 3 13 10 16
SALK 126071
- Value 123 129 127 187 179 190
Seedling phase Juvenile phase Transition phase Adult phase
(b) Final leaf area ) ) ) )
Lower Higher Lower Higher Lower Higher Lower  Higher
Rank 1 2 3 8 7 12 10 14
Col-0
Value 24 25 46 190 166 362 315 382
Rank 1 2 3 9 7 13 9 14
SALK 055458
B Value 19 19 36 151 115 248 179 263
Rank 1 2 3 8 7 10 8 12
SALK 048174
- Value 19 30 50 184 187 281 263 327
Rank 1 3 3 13 10 16
SALK 126071
- Value 16 20 24 187 182 235
(¢) Characteristic Seedling phase Juvenile phase Transition phase Adult phase
growth duration  Lower Higher Lower Higher Lower Higher  Lower Higher
Col-0 Rank 1 2 3 8 7 12 10 14
O -
Value 49.0 48.9 47.8 41.6 41.6 38.2 35.6 37.6
Rank 1 2 3 9 7 9 9 14
SALK 055458
Value 54.8 55.9 55.6 42.6 42.2 41.7 38.1 359
Rank 1 2 3 8 7 10 8 12
SALK 048174
- Value 45.2 47 47.8 42.8 40.4 40.6 37.4 39.6
Rank 1 3 3 13 10 16
SALK 126071
- Value 42.8 40.3 46.0 394 39.5 34.9

Table III-7. The lower and the higher ranks of the leaves modeled in each developmental phase and

the corresponding values predicted by the linear models are shown for each genotype. (a) Leaf blade
length-to-width ratio (x100); (b) Final leaf area (mm?); (c) Characteristic growth duration (hours).

SALK 055458 leaves exhibited a lower blade length-to-width ratio than Col-0 leaves,

indicating a tendency to be more rounded, except for the ones of the seedling phase (Table

II1-7 (a)). Their characteristic growth duration increased during the seedling and the juvenile

phases. This trait was also decreased in transition and adult leaves — except for the last formed
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Figure III-3. (a) Duration of the vegetative phase (days after leaf 2 emergence), (b) mean leaf
apparition rate (leaf day™) and (c) final number of rosette leaves of Col-0 and the 3 T-DNA lines.
Means with error bars are shown for each genotype (n = 50). Stars indicate when the T-DNA lines
value is significantly different in comparison to Col-0 (Student t-tests): *, 0.01 < p-value < 0.05;
**0.001 < p-value < 0.01; ***, p-value < 0.001.

leaves — but less markedly (Table III-7 (¢)). Despite this higher duration of expansion within
each phase, SALK 055458 leaves were smaller than wild-type ones (Table III-7 (b)),

implying a decrease in individual leaves expansion rate.

Contrary to SALK 055458, SALK 048174 leaves were slightly more elongated than Col-
0 ones, except for the seedling leaves, as indicated by the measurements of leaf blade length-
to-width ratio. Final leaf areas values were similar to Col-0 values except for adult leaves that
were smaller in the mutant plants than in the wild-type. In a similar way, the mutation did not
affect the characteristic growth duration of the leaves, except for the adult ones, that had a
slightly extended duration of expansion. This indicates that leaves assigned to the adult phase

must have a lower expansion rate in the mutant than in the wild-type.

In SALK 126071 plants, length-to-width ratio was slightly higher than in Col-0 for the
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first-emerged leaves but the increase between the lower and the higher nodes was less
marked, explaining that the last emerged leaves exhibited more rounded blades in the mutant
than in the wild-type. As in SALK 055458, plants exhibited smaller leaves than Col-0 plants
at every leaf rank. The seedling leaves were the only ones for which the characteristic growth
duration was clearly affected, with a shortened duration of expansion. It also had a tendency

to be reduced within the juvenile and transition phases but it was not as pronounced.

3.4. Analysis of global plant shoot development: effects of the mutations on the
duration of the vegetative phase, mean leaf apparition rate and final number of
leaves

SALK 055458 had a significantly lower mean leaf apparition rate compared to Col-0 and
the two genotypes showed no significant differences regarding the duration of their vegetative
phase (Figure II1I-3 (a) and (b)). However, the mutant line exhibited a similar final number of
rosette leaves (Figure III-3 (c)). This could be explained by the fact that even if the slight
lengthening of the vegetative phase in the mutant was not tested as being significant, it was

likely still enough to compensate the decrease of the mean leaf apparition rate.

As SALK 055458 plants, SALK 048174 ones exhibited a significantly lower mean leaf
apparition rate (Figure III-3 (b)). Since it was not compensated by a lengthening of the

vegetative phase, the mutant exhibited an average final number of rosette leaves significantly

lower than Col-0 (Figure III-3 (a)).

Comparison of vegetative phase durations showed that SALK 126071 plants took less
time than Col-0 ones to reach the vegetative-to-reproductive transition (Figure III-3 (a)).
However, the mutant plants also exhibited a largely higher mean leaf apparition rate, leading

to an increase of the final number of rosette leaves (Figure II1-3 (b) and (c)).

4. DISCUSSION

A developmental phase corresponds to a period of time during which an organism or an
organ displays specific morphological and physiological traits. The determination of these
phases generally relies on the observation of a discontinuity in the development, but the
transition between two successive developmental phases can be subtle. When growth and
development are considered together, pre-defined developmental stages are generally used as
stone-marks for the collection of growth data (e.g. Kalu and Fick 1981; Borreani et al. 2003).

A recent study on mango (Mangifera indica L.) highlighted a strong coordination between
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growth and development of shoot growth unit — i.e. the vegetative axis and its attached leaves
— and the inflorescence (Dambreville et al. in press). Here, we used two morphological traits
(abaxial trichomes patterns, leaf blade length-to-width ratio) combined with a dimensional
trait (final leaf area) and a dynamic trait (the characteristic growth duration) to identify
successive developmental phases in 4. thaliana rosette. In this aim, a pipeline of methods
combining semi-automatic image analyses and SMSMs was developed. The different
parameters of SMSMs — transitions probabilities between the different phases, phase length
distributions, and observation models for each trait within each developmental phase —
allowed us to quantitatively analyze how A. thaliana rosette structure was affected by the

mutations in the different genotypes.

4.1. The successive developmental phases structuring A. thaliana rosette are
determined by a combination of leaf growth traits

Vegetative development in plants is generally divided into two developmental phases:
juvenile and adult phases (Poethig 2003). However, heteroblastic variation often follows more
complex patterns. Our approach enabled the identification and characterization of a first
developmental phase that was strongly conserved between the four studied genotypes despite
their difference in whole shoot development previously reported in Chapter II. This phase is
composed of the first two postcotyledonary leaves that share the same characteristics
regarding the various measured leaf growth traits. It is discriminated from the following phase
by a change in slope for the three quantitative variables. The identification of a seedling phase
is consistent with similar observations made in previous studies in A. thaliana (Telfer et al.
1997; Steynen et al. 2001) and in a variety of other species such as Desmodium paniculatum
(Wulff 1985), Fraxinus pennsylvanica (Merrill 1986), Pseudopanax crassifolius (Gould
1993), Eucalyptus (Boland et al. 2006) or wheat and barley (Dornbusch et al. 2010). We
chose to refer to this developmental phase as the ‘seedling phase’ in accordance with some
previous publications (Gould 1993; Boland et al. 2006). As discussed in the previous chapter,
this phase could correspond to the preformation of leaves during embryogenesis, these leaves

being thus subjected to the seed environment (Bongard-Pierce et al. 1996; Jones 1999).

As previously stated, two main developmental phases constitute the vegetative
development — the juvenile and the adult phases. However studies of heteroblasty highlighted
a transition phase, in several species, including species in which the heteroblastic changes
along the shoot are subtle such as A. thaliana. This phase corresponds to the gradual change

from juvenile leaves characteristics to adult leaves characteristics (Bongard-Pierce et al. 1996;
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Kerstetter and Poethig 1998; Jones 1999). In addition to the seedling phase, these three phases
— juvenile, transition and adult phases — were identified using SMSMs in Col-0,

SALK 055458 and SALK 048174 phases, in accordance with the literature.

Commonly, in A. thaliana, the presence or absence of abaxial trichomes is the only marker
used to define developmental phases. Here we showed that even if this variable is quite
determinant for structuring the plant shoot in successive developmental phases, depending on
the studied genotypes it may not be sufficient to define an accurate structuring. Indeed, this
trait cannot be used to discriminate the seedling phase from the juvenile phase. In Col-0 the
juvenile, transition and adult phases correspond exactly to the three categories defined for this
trait — i.e. no covering, partial covering and full covering of the leaf abaxial surface with
trichomes. Length-to-width ratio is the less useful variable to decipher the structuring of plant
shoots, whereas the combined analysis of final leaf area and characteristic growth duration
complete the information given by the abaxial trichome observation. Nevertheless, the
matching between these developmental phases and the trichome variable categories were not
as perfect for SALK 055458 and SALK 048174 indicating a role of at least some of the
quantitative traits used to build SMSMs. As a consequence, the mean phase lengths estimated
using only the abaxial trichome categories (see Chapter II section 3.4.2) and the ones
estimated within SMSMs show some differences. These differences, even if they are slight,
led to different conclusions concerning the effect of T-DNA insertions in the rosette

structuring.

SALK 126071 was a particular case in our study, since only three developmental phases
were identified using SMSM. The seedling phase was still identifiable. In the three other
genotypes the discrimination between the juvenile, transition and adult phases strongly
matched with the three abaxial trichome categories. However, only a very few SALK 126071
plants presented leaves with abaxial surfaces fully covered with trichomes. We therefore
considered that the missing phase was the adult one. Since only a few leaves had abaxial
surfaces fully covered with trichomes, an adult phase might be estimated if the experiment
was conducted with a higher number of individuals. This genotype also stood out from the
others by the fact that the discrimination between the juvenile and the transition phases cannot
be done solely using the abaxial trichome variable either, since 25 % of the leaves assigned to
the transition phase using the estimate SMSM do not have any trichome on their abaxial face.

The analysis of molecular actors that have been recently identified as regulating the

vegetative phase change — the microRNAs miR156 and miR157 and their direct targets the
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SQUAMOSA PROMOTER BINDING PROTEIN-LIKE (SPL) family of transcription factors —
showed that they are differentially expressed in juvenile and adult tissues of a wide range of
plants (Wu and Poethig 2006; Wang et al. 2008; Poethig 2013). Analyzing their expression is
thus a reliable way to investigate vegetative phase change. Another reliable method to
determine the onset of vegetative phase change is to conduct reciprocal transfer experiments,
as it enables the determination of the acquisition of the reproductive competency. This
method involves regularly transferring plants between inductive and non-inductive growth
conditions (for more details, see Mozley and Thomas 1995; Adams et al. 2003; Matsoukas et
al. 2013). However it can be laborious to apply these methods in high-throughput analyses.
Since the vegetative phase change is marked by coordinated changes, sometimes subtle, in the
leaves characters such as leaf shape and size, patterns of trichome covering, vascular patterns,
epicuticular wax and phyllotaxy, these changes are sometimes used as markers of the juvenile
vegetative to adult vegetative phase. Therefore, vegetative phase change has often been
conflated with the concept of heteroblasty, sometimes to such an extent that in some cases
morphological changes can be ascribed to the wrong process. For example, in A. thaliana,
change in the covering of the leaf abaxial surface with trichomes is one of the more marked
changes, making it the most commonly used marker of the vegetative phase change in this
species. However this variable can be altered independently of the reproductive competency
acquisition by some mutations, and is therefore not completely reliable. Thus, depending on
the traits and on the genotypes investigated, results on defining the onset of the vegetative
phase change and the number of nodes this transition encompasses can differ. This matter has
been pointed out in several reviews (Jones 1999; Zotz et al. 2011; Poethig 2013; Matsoukas
2014). It is due to the involvement of other phenomena — such as aging, size increasing (Day
et al. 2002; Mencuccini et al. 2007) and environmental heterogeneity — in the establishment of
the heteroblasty. Since our pipeline of analysis methods determines developmental phases
based on several leaf traits, it reflects the plant heteroblasty in its broadest sense. Associated
to reliable measurements of the vegetative phase change onset, it could be used to study the

links and possible uncoupling between these two processes.

4.2.  Our analysis method gives new insights concerning the effect of the mutations
in T-DNA insertions lines.

Integrating different leaf traits — morphological, dimensional and dynamic — at the shoot

scale allows obtaining a more global view of the alternations a plant can undergo. The

identification of developmental phases structuring A. thaliana rosette using SMSMs enables
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comparing changes in leaf growth traits among leaf successions with a biological meaning
(i.e. belonging to same developmental phase) rather than comparing the alterations at one
arbitrary chosen leaf rank. Our approach also enables to determine possible changes in the
importance of the structuring role of the respective leaf growth traits, possibly creating

interesting trails for research on heteroblasty control.

Concerning the genotypes analyzed during this study, we showed that SALK 055458 was
the line that had the closest shoot profile compared to the Col-0 wild-type. Nevertheless, we
observed in this line a delay in bolting time, an increased phyllochron — i.e. more time elapses
between the emergences of two successive leaves than in Col-0 — and smaller individual
leaves. SALK 055458 is a knockout line for Atlgl4040. This gene encodes a PHOI
(phosphate exporter) homolog protein (PHO1;H3). A recent publication (Khan et al. 2014)
has identified PHOI,;H3 as being involved in the crosstalk between zinc deficiency signaling
and the regulation of phosphate homeostasis in A. thaliana. The phenotypic alterations that
were observed in the mutant are therefore likely to be due to some imbalance in these

elements homeostasis.

SALK 048174 T-DNA is located in At4gl11540, a gene coding for a Cysteine/Histidine-
rich C1 domain family protein. Nothing has been published so far on the function of this
protein. It is annotated as having a protein-disulfide reductase activity and being involved in
intracellular signal transduction and oxidation-reduction process (The Arabidopsis
Information Resource 2014). According to our results, we can assume that it is involved —
directly or not — in mechanism(s) controlling leaf initiation during the vegetative development
of the rosette, resulting to an extended phyllochron. The analysis of the segmentation model
indicates that this decrease in the number of rosette leaves in SALK 048174 only concerned
leaves initiated during the transition phase. The effect of the mutation could thus specifically
affect the activity of the shoot apical meristem during the juvenile-to-adult transition. A more

precise follow-up of the phenology would be necessary to test this hypothesis.

SALK 126071 plants were the ones presenting the strongest differences when compared
to Col-0 rosette structuring. In this line, the T-DNA is inserted in an exon of Atlg04730, a
protein coding gene also named CHROMOSOME TRANSMISSION FIDELITY 18 (CTF18).
This gene is mainly expressed in the shoot apical meristem during the whole plant
development (vegetative and inflorescence apex). Takahashi et al. (2010) demonstrated that
the corresponding protein contributes to sister chromatid cohesion in A4. thaliana cells, in

accordance with what was determined in other eukaryotes. Takahashi’s study did not report
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any effect of the mutation on leaf size. However plants were not grown in the same conditions
as those applied in our experiment and measurements were made earlier in the plant
development (21-day-old plants). Nevertheless, they showed that plants with aggravated sister
chromatid cohesion defect exhibited smaller leaf areas due to restricted cell division. The
decrease in individual leaf area that we observed in our experiment could therefore be due to
an enhanced effect of the mutation in our growth conditions. It could also be related to the
reduction in the duration of the plant vegetative development, as leaves would have less time
to expand after their initiation. Here, comparison with Col-0 showed that SALK 126071
plants had an increased mean leaf apparition rate and an increased final number of rosette
leaves. This increase in final number of leaves can be mainly attributed to the lengthening of
the juvenile phase alone whereas no adult phase could be estimated. The mutation thus
strongly alters the plant vegetative development. That could be directly linked to the activity
of CTF18 in the shoot apical meristem. The decreased time necessary for the plants to reach
bolting might be a compensation phenomenon. It is interesting to observe that some
alterations of SALK 126071 phenotype — lengthened juvenile phase, increased final number
of leaves and increased leaf apparition rate — are similar to the ones observed in plants
overexpressing miR156 (Schwab et al. 2005; Wu and Poethig 2006; Wang et al. 2008, 2009;
Wu et al. 2009; Shikata et al. 2009). However, in these studies the flowering time was
delayed, whereas SALK 126071 plants rather exhibited shortened vegetative phases.
Therefore, even if there might be links between pathways involving these genes, they are

most likely indirect.

In conclusion, the establishment of developmental phases based on the analysis of
morphological, dimensional and dynamic leaf traits integrated at the shoot scale enabled the
determination of the structuring role of the different variables in A. thaliana shoot
development and a more accurate characterization of the effect of the T-DNA insertions at the

macroscopic scale.
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CHAPTER IV. A NEW PIPELINE OF METHODS COMBINING
MACHINE LEARNING APPROACHES FOR IMAGE
SEGMENTATION AND GAMMA MIXTURE MODELS FOR
ANALYZING CELL DIMENSIONS IN A. THALIANA LEAF
EPIDERMIS

1. INTRODUCTION

Growth and development of multi-cellular organisms are characterized by a complex
coordination of cell division and cell expansion (Donnelly et al. 1999; Rymen et al. 2010). In
plants, these cellular processes have been tracked over time and space over simple leaves (as
opposed to compound leaves) and roots. Detailed kinematic analyses have revealed complex
and tightly controlled spatial and temporal patterns of cell division and cell expansion and
how they are modified in genetic variants or upon environmental changes (Bernstein et al.
1993; Granier and Tardieu 1998; Granier et al. 2000; De Veylder et al. 2001; Beemster et al.
2005; Cookson et al. 2005; Fiorani and Beemster 2006). Studies linking molecular data and
kinematically determined cellular growth variables with similar spatial and temporal
resolution have given insights into the genetic networks controlling cell proliferation and

growth (Kalve et al. 2014).

Techniques and frameworks of analyses have been developed to quantitatively and
dynamically assess the cellular processes underlying shoot organ formation and growth
(Donnelly et al. 1999; Rymen et al. 2010). Using these methods, cellular behaviors underlying
leaf shape and size variations have been assessed in large collection of mutants, populations
of recombinant inbred lines and naturally occurring accessions, giving insights into the
genetic control of the cellular variables as well as their coordination and role during leaf
development (Horiguchi et al. 2006b; Tisné et al. 2008; Massonnet et al. 2011; Pérez-Pérez et
al. 2011; Sterken et al. 2012). In most cases, cell density, cell area and cell number are
determined on epidermal peels, imprints or paradermal views of cleared leaves. These
measurements are generally limited to the upper epidermis mainly because of technical
constraints, but also because the epidermis is often considered as the tissue physically limiting
whole leaf expansion (Savaldi-Goldstein and Chory 2008; Marcotrigiano 2010). Mutants with
strong changes in mesophyll cell density, but no change in leaf size have been described,
whereas epidermal cell size or number are often positively correlated with leaf area

(Gonzalez-Bayon et al. 2006; Tisné et al. 2008; Pérez-Pérez et al. 2011). Some genotypes
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however present strong changes in epidermal cell number and size without exhibiting any
change in leaf area (Tisné et al. 2011; Massonnet et al. 2011). For example, a drastic
modification in epidermal cell density is caused by the erecta mutation without any effect on
leaf size Figure IV-1. Cell densities are higher for both the adaxial (2x) and abaxial epidermis
(3x) very early on in leaf development (5 days after initiation). As a consequence, leaf area
cannot be used as a proxy of epidermal cellular variables, highlighting the interest of

investigating the tissular scale in parallel to macroscopic traits.

(a) Whole leaf (b) adaxial epidermis
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Figure IV-1. Phenotyping cell density in a given tissue does not necessarily reflect the cellular phenotype
of other tissues: example of the effects of the erecta mutation on cell number in different leaf tissues.
Changes over time in leaf surface area (full lines) and thickness (dotted lines) (a), for the 6™ leaf of A.
thaliana Col-5 wild-type (Col-5ER, black) and Col-5 harbouring the erecta mutation (Col-5er, grey). Cell
number increases during leaf blade expansion are shown for the adaxial epidermis (b) and the abaxial
epidermis (c) for the two genotypes, revealing a strong effect of the erecta mutation on the dynamics of
cell division in these tissues. From Li¢vre et al. 2013.
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Even if phenotyping shoot growth and development at the macroscopic scale is not a real
bottleneck anymore in A. thaliana due to the range of technologies that have been developed
(see Chapter III), there is still a difficulty for now to obtain high-throughput cellular variable
datasets. Measurements that are necessary to obtain this type of data are often done manually,
and are therefore time-consuming. They are also destructive and usually laborious. This was a
first obstacle in the integration of cellular growth related traits in the pipeline of analysis
presented in Chapter III. As a consequence, we first developed a protocol enabling the semi-
automatic segmentation of leaf epidermis imprints in order to extract cell areas faster and with
a limited risk of error due to observer bias. This was made possible by using a new machine
learning approach for image segmentation made available during my PhD (Sommer et al.

2011).

Another difficulty in integrating cellular data in our multivariate model comes from the
fact that in 4. thaliana, the epidermis is composed of a mosaic of cells differing substantially
in dimensions and presenting a right skewed distribution (see the boxplots in Cookson et al.
2006, see also the Results section in this chapter). In previous leaf growth multi-scale
phenotyping studies, cell area in a tissue was commonly summarized by mean (or median)
and standard (or mean absolute) deviation (Cookson et al. 2005, 2006; Tisné et al. 2008;
Massonnet et al. 2011). However, these statistical descriptors of location and dispersion
constitute a poor summary of cell area distributions and are certainly not sufficient for an in
depth comparison of genotypes affected in cell cycle or cell expansion for examples. Many
studies in different plant species and different organs have reported that the cell dimension
mosaic in tissues is at least partly due to the endoreduplication process and then reflects a
mosaic in cell DNA content (Boudolf et al. 2004; Vlieghe et al. 2007). Regular cell cycle
involves a DNA duplication phase followed by a division phase — i.e. mitosis.
Endoreduplication is a cell cycle variant of multicellular eukaryotes in which mitosis is
skipped and cells repeatedly replicate their DNA, resulting in cellular polyploidy (Figure
IV-2; see De Veylder et al. 2011, for review).

In vivo ploidy maps showed that in 4. thaliana leaf epidermis, this gain in DNA content is
positively correlated with pavement cell size (Melaragno et al. 1993; Boudolf et al. 2004). In
agreement with these observations, numerous studies highlighted a positive correlation
between these two variables (Vlieghe et al. 2005; Dewitte et al. 2007; Tojo et al. 2009;

Roeder et al. 2010). We developed a statistical model to analyze cell area distribution in 4
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thaliana leaf epidermis as a mixture of overlapping distributions, with the hypothesis that

each of these distributions corresponds to a given ploidy level.
Mitotic cell cycle Endoreduplication
S /7 \fz S /7 \j

N ./
G, @ M e s
%

~

\~-

Figure IV-2. Endoreduplication is a modification of the mitotic cell cycle resulting in cellular
polyploidy. Ploidy level (kN) is indicated in the cells. G;, Gap 1 (growth); S, Synthesis (DNA
replication); G,, Gap 2 (growth); M, Mitosis; G, Gap (growth).

2. METHODOLOGICAL DEVELOPMENTS

2.1. Plant material and growth conditions

Plants used in this experiment are the Columbia 0 (Col-0) plants grown during Experiment

3 (see Chapter III section 2.1).

Sixty plants of Columbia 0 (Col-0) natural accession of Arabidopsis thaliana (L.) Heynh
were grown during the experiment. Seeds used were provided by José Luis Micol group

group (Universidad Miguel Hernandez, Elche, Alicante, Spain).

Seeds were sown in pots filled with a mixture (1:1) of a loamy soil and organic compost.
Plants were grown in a growth chamber equipped with the PHENOPSIS automaton under
controlled air temperature, air humidity and incident light. Micrometeorological conditions
were kept constant during the whole duration of the experiment and homogeneous within the
growth chamber (Granier et al. 2006). Light was on during 16 h per day and provided by a
bank of cool-white fluorescent tubes and HQi lamps. It was measured at the plant level using

a photosynthetic photon flux density (PPFD) sensor (LI-190SB, Li-Cor, Lincoln, NE, USA).
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Mean micro-meteorological conditions are indicated in Table IV-1. Soil water content was
determined before sowing to estimate the amount of dry soil in each pot. Subsequent changes
in pot weight were due to changes in soil water content (the plant weight was considered as
negligible as it was never higher than 1 g). This allowed the computation and daily automatic
adjustment of soil water content to 0.35 g water g dry soil by the PHENOPSIS automaton
(Granier et al. 2006) with a modified one-tenth-strength Hoagland solution (Hoagland and

Arnon 1950), from sowing to the end of the experiments.

Day length (h) 16
Incident PPFD (umol photons m™ s™) 178
Air temperature (°C) 20.4
Air humidity (%) 60.6

Soil water content (g H,O g dry soil) 0.36

Table IV-1. Mean meteorological conditions applied during plant growth.

2.2. Image acquisition

Plants were harvested at a common stage of plant development, stage 6.00, i.e. first flower
open (as defined in Boyes et al. 2001). The successive leaves of the rosette were excised
without their petiole, stuck on a sheet of paper and scanned as shown in Figure II-1 (Chapter
IT). After the leaves were scanned, translucent varnish was spread on the adaxial face of each
leaf. The dry varnish made an imprint of the upper epidermis of this leaf. Films were observed
with a microscope coupled with the image analysis software Optimas (6.1, Optimas
Corporation) and images of two different zones of the leaf were taken for cell area

measurement (Figure IV-3).

2.3. Image segmentation using ilastik v.0.5.12

To extract the area of each cell in the images, it is first necessary to identify and delimit
cells. This process, called segmentation, consists of assigning each pixel of an image to the
cell it belongs. Segmentation can either be made manually, automatically or semi-
automatically. Automatic segmentation methods are composed of two main steps: 1)
classification of the pixels in biologically relevant classes; 2) grouping of the pixels assigned
to a given class in one or several connected components. Automatic segmentation methods
may include a preliminary training phase in order to build classification rules on the basis of a

training set. This training phase may require some manual interventions for labelling
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homogeneous regions in tissues. Semi-automatic segmentation methods typically add a post-

processing step of manual correction to automatic segmentation methods.

While a manual segmentation method may be less prone to errors because of the observer
expertise, it is time consuming (more than 800 images to segment, ~ 20 minutes/image) and
is affected by the observer’s prior knowledge — i.e. segmentation can change from one
observer to the other (Chatelain et al. 2013). An automatic segmentation method is less time
consuming than the manual method and is less or not subject to observer’s bias but entails
errors in pixel classification. Semi-automatic segmentation methods combine the advantages

of manual and automatic methods.

Since in our application context it is essential to have as few errors as possible to avoid the
side effects of merging or splitting true cells, we chose to design a semi-automatic pipeline of
methods for segmentation in order to fasten the process and limit the observer’s bias while
keeping a final manual correction step to ensure the best possible segmentation. This semi-
automatic pipeline of methods for segmentation is based on the ilastik software (Sommer et
al. 2011). This software offers a machine-learning algorithm (random forest) that can learn
discriminating pixels using a rather extensive set of feature such as pixel color in several

spaces (RGB, HSV...), local derivatives (edges) or local entropy (texture).

In our pipeline, the first automatic segmentation that labels the image pixels into three
classes (cytoplasm, cell wall and stomates) relies on a random forest classifier implemented in
the ilastik software. Since this is a supervised learning method, the images to be segmented
have to share common characteristics. In particular, the different classes defined by the

observer have to be homogeneous in subsets of images used for the training the classifier.

Figure IV-3. Images of leaf upper epidermis imprints belonging to each category: (a) cell walls
brighter than the background, (b) cell walls darker than the background, and (c) both situations
observable in the same image.
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Thus, the first step of our protocol was to establish categories of homogeneous epidermis
images on the basis of similarities in the aspect of the background and in the characteristics of
cell walls. Epidermis images were grouped into 3 categories: images in which cell walls were
brighter than the background, images in which cell walls were darker than the background,

and images in which both situations were observable (Figure IV-3).

Once the images were grouped into the three categories, training sets were built
independently for each category and epidermis components were manually labelled for the
three categories of images (Figure IV-4 (b)). The pixel metrics that were chosen to drive the
classifiers relied on color, edge, orientation of the intensity and texture in different
neighborhood sizes. These metrics are parameters of the classifiers and are linked to the
properties of the epidermis components we want to separate (sharpness of the walls,
uniformity of the intensity of cytoplasm pixels ...). The metrics learnt on the basis of the
manually labeled pixels were used to assign the rest of the image pixels to the most probable
epidermis component class (Figure IV-4 (c)). For each category of images, the training set
contained around ten images. The trained random forest classifier was then applied to label

the epidermis components in the rest of the images of the category.

Three types of cell components were identified in the images: cell walls, cytoplasm and
stomates. However the quality of the images did not enable an accurate delimitation of guard
cells. We therefore chose to merge stomates and cell walls together, and only measure areas
of pavement cells. Consequently, in the remainder of this section, ‘cell walls’ will refer to cell
walls plus stomates. A morphological smoothing algorithm (binary closing of the cytoplasm)
was applied as a first automatic correction step to reassign pixels of cytoplasm that were
initially assigned to cell walls by the automatic classification. This filter removed small
isolated regions of cell walls. Ultimately, a unique label was attached to each different
connected components of the cytoplasm. Each of this connected component thus
corresponded to a cell (Figure IV-4 (d)). However, a second correction step had to be made
manually, using the image visualization software ImageJ and a Wacom graphic tablet (Figure
IV-4 (e)). Maximizing the quality of the ilastik classification with a carefully designed
training phase was crucial to reduce the time spent in this step (6 minutes on average per
image in our conditions). Finally, from these segmented images in which each pixel was
assigned to its proper cell, the areas were computed by counting the number of pixels in the
region of the cell and multiplying this number by the image resolution (Figure IV-4 (f) and

(h)). During this step, censored and uncensored cells were automatically discriminated,
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because they should be considered separately in the statistical analysis (Figure IV-4 (g)).

In order to validate this semi-automatic method of segmentation, we compared the results
obtained using this method and those obtained using a manual segmentation for a subset of

images (see Appendix IV).

591_04_left_processed_corr_surfaces.txt - Bl
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Figure IV-4. The successive steps of the semi-automatic protocol of leaf epidermis image
segmentation are illustrated in the different panels. (a) Captured image. (b) Captured image plus
manual labelling. Green: cytoplasm, blue: cell walls, pink: stomates. (c) Result of ilastik segmentation.
(d) Classification after automatic correction — i.e. merging of cell walls and stomates, and
morphological filtering. (e) Classification after manual correction. (f) Identification of individual cells.
(g) Discrimination of censored and uncensored cells. (h) Output file after cell area computation.
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2.4. Gamma mixture models incorporating a scaling rule between components

The empirical distribution of cell area is roughly unimodal but highly right-skewed; see
the histogram in Figure IV-5. If we assume that the high dispersion is mainly explained by
endoreduplication with different ploidy levels (e.g. 2C, 4C, 8C and 16C), this entails that the
cell areas cannot be partitioned into disjoint classes, each corresponding to a given ploidy
level. The empirical distribution of cell area is thus a mixture of overlapping distributions,
each corresponding to a given ploidy level. Consequently, some area values can correspond to
cells of different ploidies (Melaragno et al. 1993). No well-separated humps corresponding to
the different ploidy levels are apparent in the empirical distribution (see the histogram in
Figure IV-5) which means that a mixture model is not easily identifiable on this dataset (i.e.

different mixture models could fit equally well the data).

We thus chose to integrate a scaling rule in the mixture model in order to overcome this
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Figure IV-5. Frequency distribution of cell area (n= 60,286). Cell areas were measured on pictures

of leaf epidermis imprints using the semi-automatic segmentation methods presented in section 2.3
of this chapter.
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identifiability problem and to test possible assumptions regarding the area of cells with
replication of the nuclear DNA. Two scaling rules are standard in probability. This can be
illustrated with the example of Gaussian distributions. Let the area of unreplicated cells X be
distributed according to a Gaussian distribution with mean and variance parameters u and 2.
If X~N(u, ?), then the two possible assumptions for the cells with replication of the nuclear

DNA are:

e 2X~N(2u,20?%); convolution assumption (sum of independent and identically

distributed random variables),

e 2X~N(2u,40?); scaling assumption (multiplication of a random variable by a

scaling factor).

These two assumptions only differ in the way the dispersion parameter is affected: in the
convolution case, the variance is multiplied by the scaling factor while in the scaling case, the

standard deviation is multiplied by the scaling factor.

The family of Gaussian distributions is closed under convolution and scaling (in the
probabilistic sense) and the parameters of the Gaussian distribution for the different ploidy
levels are tied. In this case, the estimation of a mixture model consists of estimating the mean
and variance parameters of the Gaussian distribution N (u, 2) for unreplicated cells on the

basis of all the data assuming different ploidy levels for each measured cell area.

We investigated the use of Gaussian distributions but the results were rather
unsatisfactory on our data. We then look for another family of parametric distributions closed
under convolution and scaling and more appropriate for our application. We identified the
family of gamma distributions as an interesting candidate. Two properties of interest of the
gamma distributions are the fact that these distributions are defined on positive real numbers
(and not on all the real numbers such as Gaussian distributions) and are not constrained to be
symmetric but are right-skewed, which is a more realistic assumption for a dimension

resulting from a growth process.
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The probability density function of the gamma distribution of shape parameter @ and

scale parameter [ is given by

a-1
fese ) = segaee (<)
with
- {E(X)Y _ Var(X) )
~ Var(X)’ EWX)

Let the area of unreplicated cells X be distributed according to a gamma distribution of
shape parameter a and scale parameter . If X~Ga(a, 8), then the two possible assumptions

for the cells with replication of the nuclear DNA are:
o 2X~Ga(2a,p); convolution assumption,
e 2X~Ga(a,2p); scaling assumption.

It should be noted that the scaling rule only affects one parameter (fixed scale parameter
and convolution only affecting the shape parameter or fixed shape parameter and scaling, in a

probabilistic sense, only affecting the scale parameter).

We also investigated tying parameter assumptions intermediate between independent
distributions and full tying of the two parameters. The idea was to let unconstrained the
distribution means but to tie the dispersion to the mean for each distribution. More precisely,

if X~Ga(a, ), then:

e 2X~Ga(Aa,p); convolution assumption (constant variance to mean ratio i.e.

coefficient of dispersion; see (1)),

e 2X~Ga(a,Ap); scaling assumption (constant standard deviation to mean ratio

i.e. coefficient of variation; see (1)).

The probability density function of the gamma mixture model with tied parameters is
given by

& 7, a1 X
fl;my, v, Ty—1, @, B) = Z W exp (— E> ,

n=0

where the component weights 7, ...,Ty_; sum to one and a, = 2"a and B, =f

(convolution assumption) or a, = a and 8, = 2™f (scaling assumption). A mixture model is
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thus a linear combination of elementary distributions termed components. The weight
distribution is defined on the consecutive integers 0, 1, ..., M — 1 corresponding, according to
our hypothesis, to the possible numbers of replications (category n thus corresponds to cell
ploidy 2™*1) The mean number of endocycles per category is then 0, 1, 2 or 3 for 2C, 4C, 8C
or 16C respectively.

For each category n, the weight distribution was calculated and it reflected the frequency
of cells in the distribution. As a consequence it was used to estimate the endoreduplication

factor (EF), based on the proposition of Cookson et al. (2006), i.e.
EF = (O X T[ZC) + (1 X 7T4c) + (2 X T[SC) + (3 X 7T16C)

This value gives an estimation of the mean number of endocycles per 100 cells, so if all
the cells were in 2C, this value would be 0, and if all the cells were 16C, the EF would be
300.

A gamma mixture model can be estimated by an application of the Expectation-
Maximization (EM) algorithm, the tying constraints being directly incorporated in the M-step
of the algorithm; see McLachlan and Peel 2000. For the selection of the number of mixture
components and the comparison between mixture models with different tying constraints
between parameters, we applied the Bayesian Information Criterion (BIC). For a gamma

mixture model with tied parameters, this penalized likelihood criterion is given by

R
BIC(M) = ZZ log f (x;; g, -, fin—1, @ B) — (M + 1)logR,

=1

where M + 1 is the number of free parameters (M — 1 free weights and 2 gamma

distribution parameters) and R the sample size.

3. RESULTS

3.1. Identification of the scaling rule and selection of the number of components of the
mixture model

We first estimated gamma mixture models without tying constraints between component
parameters (i.e. a common scale parameter corresponding to the convolution assumption).

BIC favors 3- and 4-independent-component mixture models. We thus investigated in details

these two models. The 3-component model was close to the scaling assumption (shape
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parameter common to the components) and the ratio of means (and standard deviation) for
two consecutive components was close to 2; see Table IV-2. The mean area of unreplicated
cells (890 um?) was realistic assuming that it is underestimated because only uncensored cells
fully included in the image were taken into account in the estimation (examples of cell areas
distribution in Cookson et al. 2006; Fujikura et al. 2007; Elsner et al. 2012); see a discussion

of this issue in the concluding remarks.

Estimated ploidy according to the model categories

2C 4C 8C BIC
] T 0.49 0.29 0.22
ndependent o5 1 232 3838 | 1.86 8977 | 223 14362 | -1016870
parameters

u o a2 | 890 584 | 1670 1224 | 3208 2147
e T, 0.49 0.27 0.24
© « B | 242 3418 | 242 6835 | 242 1367.1 | -1016780
parameters

uo o2 | 827 532 | 1653 1063 | 3306 2126

Table IV-2. 3-component mixture model under the scaling assumption: Estimated shape and scale
parameters under different tying assumptions (independent parameters, tied shape and scale
parameters). Component weights (7r,,) are indicated on the first row, shape (a) and scale (B)
parameters on the second row, mean (x) and standard deviation (6'2) in pum? on the third row for each
tying parameter assumption.

Estimated ploidy distribution

Leaf rank 2C 4C 8C
1 0.32 0.2 0.48
2 0.33 0.16 0.51
3 0.26 0.32 0.42
4 0.23 0.4 0.37
5 0.32 0.39 0.29
6 0.35 0.43 0.22
7 0.43 0.33 0.24
8 0.46 0.35 0.19
9 0.53 0.3 0.17
10 0.6 0.25 0.15
11 0.68 0.17 0.15
12 0.78 0.08 0.14
13-14 0.9 0 0.1

Table IV-3. 3-component mixture model with tied scale and shape parameters under the scaling
assumption: estimated ploidy distribution and mean number of endocycles for each leaf rank. The
shape and scale parameters are common to the different models estimated for each leaf rank and
were previously estimated on the pooled dataset.
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We then re-estimated the component weights for each leaf rank sub-sample (Table IV-3)
on the basis of the components previously estimated on the pooled sample (Table 1V-2),
parameters being tied according to the scaling assumption (shape parameter common to the
components and ratio of scale parameters for two consecutive components equal to 2). Higher
weights were estimated for 2C and for 8C than for 4C for the lowest leaf ranks suggesting that
the first leaves had a low proportion of cells in 4C. When compared to the literature on the
level of ploidy measured by flow cytometry in leaves of A. thaliana this was biologically
unrealistic (Melaragno et al. 1993; Vlieghe et al. 2005; Ferjani et al. 2007). In addition, 4.
thaliana mature leaves have cells with ploidy levels reaching 16C and this was not the case
here with the 3-component model which considered that implicitly the weight for 16C was
nil, on the contrary of what was found in the literature (e.g Galbraith et al. 1991; Melaragno et
al. 1993; Boudolf et al. 2004; Fujikura et al. 2007). For these reasons, we thus discarded this

3-component model.

Estimated ploidy according to the model categories

2C 4C 8C 16C BIC
T, 0.56 0.28 0.12 0.04
Independent | 5| 58 270 | 669 274 | 93 385 | 9.06 694 | -1016830
parameters
o2 | 756 452 | 1833 709 | 3582 1175 | 6287 2089
T 0.61 0.22 0.14 0.03
Tied @ B | 22 402|439 402 | 879 402 | 17.6 402 | -1016970
parameters
u 0% | 883 596 | 1767 843 | 3533 1192 | 7066 1686

Table IV-4. 4-component mixture model under the convolution assumption: estimated shape and scale
parameters under different tying assumption (independent parameters and tied shape and scale
parameters). Component weights (17,,) are indicated on the first row, shape (@) and scale (B)
parameters on the second row, mean (1) and standard deviation (62) in pm? on the third row for each
tying parameter assumption.

For parameter interpretation, it is important to consider the weight of components. In
particular, the scale and shape parameters estimated for 8C and moreover for 16C are far less
reliable than the scale and shape parameters estimated for 2C and 4C because of the lower
number of values corresponding to these categories, of their larger dispersion and of the

absence of visible hump.

The 4-component model was close to the convolution assumption (scale parameter

common to the components) and the ratio of means for two consecutive components was
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close to 2 (and the ratio of standard deviation close to v/2); see Table IV-4. The mean area of
unreplicated cells (756 pm?) was realistic assuming that it is underestimated because only
uncensored cells were taken into account in the estimation and that the proportion of censored

cells was rather high (roughly 2 uncensored cells for a censored cell).

Estimated ploidy distribution Estimated
Leaf rank 2C 4C 8C 16C EF
1 0.43 0.27 0.22 0.08 96
2 0.44 0.23 0.26 0.07 97
3 0.39 0.33 0.22 0.06 95
4 0.39 0.36 0.20 0.05 92
5 0.47 0.32 0.17 0.04 79
6 0.51 0.32 0.14 0.03 69
7 0.57 0.26 0.14 0.03 65
8 0.60 0.26 0.11 0.03 57
9 0.66 0.21 0.11 0.02 48
10 0.72 0.16 0.10 0.02 41
11 0.79 0.10 0.09 0.02 34
12 0.88 0.02 0.08 0.02 24
13-14 0.93 0 0.06 0.01 15

Table IV-5. 4-component mixture model with tied scale and shape parameters under the convolution
assumption: estimated ploidy distribution (frequencies) and estimated endoreduplication factor (EF)
for each leaf rank. The shape and scale parameters are common to the different models estimated for
each leaf rank and were previously estimated on the pooled dataset.

We then re-estimated the component weights for each leaf rank sub-sample (Table IV-5)
on the basis of the components previously estimated on the pooled sample (Table 1V-4),
parameters being tied according to the convolution assumption (scale parameter common to
the components and ratio of shape parameters for two consecutive components equal to 2).
The weight distributions (with low weight estimated for 16C whatever the leaf rank
considering that implicitly the weight for 32C was nil) are far more biologically realistic than
the weight distributions estimated for the 3-component mixture model. Ploidy levels of 32C
can sometimes be detected in studies using flow cytometric analyses (Galbraith et al. 1991;
Cookson et al. 2006; Ferjani et al. 2007), but they could correspond to trichomes nuclei, since
these particular differentiated cells are known to reach such ploidy level (Hiilskamp et al.

1994). As trichomes were not included in our measurements, the absence of fifth component
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corresponding to the 32C ploidy level is not surprising. We thus focus on this 4-component
model relying on the convolution assumption. Figure IV-6 represents the frequency

distribution of cell areas with the estimated mixture law and the underlying gamma

components.
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Figure 1V-6. Frequency distribution of cell areas of adaxial leaf epidermal cells, excluding
trichomes and guard cells (n = 60,286) and representation of the 4-component mixture model with
tied scale and shape parameters under the convolution assumption. To facilitate readability, values
superior to 12,000 pm? do not appear on the graph (27 cells).

3.2. Estimation of the endoreduplication factor in the epidermis using the 4-
component mixture model

The distribution estimated using the 4-component mixture model showed that for most leaves

along the shoot axis, the proportion of cells in the first category was higher than the

proportion of cells in others with a tendency to decrease from a category to the next one
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(Table IV-5). According to our hypothesis that each category corresponds to a level of ploidy,
this would reflect that in each leaf there was a higher proportion of cells with low level of
ploidy which is consistent with results reported in the literature using flow cytometry
measurements to estimate ploidy level (Vlieghe et al. 2005; Ng et al. 2012). Comparing the
distribution along the shoot axis, this model indicates that the proportion of cells in the first
category had a tendency to increase with leaf rank whereas for the second category it tended
to increase with the first ranks and then decreased after the 6™ leaf. For the third and fourth
categories, the proportion of cells had a tendency to decrease with leaf rank. As a
consequence of these shoot structuring, the last leaves formed on the rosette had almost all

cells in a unique category.

From these data, the average number of endocycles per 100 leaf pavement cells could be
estimated and it decreased along the shoot (Table IV-5). This is in accordance with
preliminary results obtained in our team from flow cytometric analysis performed on mature
rosette leaves of Col-0 plants that showed the same tendency in plants grown in short day
conditions and thus exhibiting higher number of rosette leaves (LEPSE, data not shown).
According to our results, this decrease in the estimated average number of endocycles along
the shoot reflects a lower proportion of large pavement cells in the leaves at the upper nodes

of the rosette.

Characteristic growth duration (hours)

0 50 100 150
Estimated endoreduplication factor

Figure IV-7. Linear relationship between the estimated endoreduplication factor and the characteristic
growth duration (hours). Each point represents an individual leaf (n = 416). The blue line represents
the linear relationship estimated between the variables.

Pearson correlation coefficient r = 0.40; p-value = 0.
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By investigating the relationships between the estimated mean number of endocycles and the
estimated characteristic growth duration for each leaf (see Chapter III section 2.2.2 for
computation method), a positive correlation was identified between the estimated mean ploidy
level and the leaf expansion duration (Figure IV-7; r = 0.40, p-value = 0). This could reflect
that cells with low level of ploidy are those who have less time to undergo through successive

numbers of endocycles in leaves rapidly reaching their final size.

4. DISCUSSION

4.1. Semi-automatic method for measuring cell areas in A. thaliana epidermis
imprints: an improvement for analyzing cell size diversity

The prevalence of the cell size diversity has been reported throughout the epidermis of
most A. thaliana organs such as hypocotyls, sepals and leaves but the function of having a
wide range of pavement cell sizes is still unclear. This high diversity in cell size is a problem
to compare genotypes or to analyze the effect of environmental conditions or even to compare
cell size between different leaves structuring the whole shoot on robust bases. Getting robust
descriptors of cell dimensions in a tissue requires the measurements of a high number of cells
which is incompatible with current solutions for automated cell measurements that relies
either on semi-automated or manual analysis of the imaging data, or on expensive and
proprietary software. In this chapter, we proposed and tested a method for the semi- automatic
segmentation and the analysis of large series of leaf epidermal imprints images from
phenotyping experiment. The method relies on recent advances on machine learning applied
to cell biology and involves minimal user interaction. It enables the acquisition of large and

reliable cell area datasets necessary to establish the statistical analyses that may follow.

4.2. Analyzing cell size diversity in A. thaliana epidermis using a 4-component
gamma mixture model

Cell size is controlled by both ploidy-dependent and ploidy-independent pathways
(Cookson et al. 2006; Breuer et al. 2010). This could explain the fact that cells with
different ploidy levels can reach the same size, and thus the overlap between two
successive components in the mixture model, resulting in a cell area distribution that
does not exhibit well-separated humps. However, as previously mentioned, several
studies highlighted a positive correlation between cell size and ploidy level in 4. thaliana

leaf epidermis. One difficulty to investigate this covariation is that flow cytometric

94



CHAPTER IV. PIPELINE OF METHODS FOR ANALYZING TISSULAR SCALE

analyses are destructive and have to be performed on fresh material, which does not
enable to make cell area measurements on the same leaves. Ploidy levels and cell areas
are thus measured on different cells (e.g. Vlieghe et al. 2005; Cookson et al. 2006; Dewitte
et al. 2007; Roeder et al. 2010). A method enables to assess ploidy and to measure areas on
the same cells. It consists in staining nuclei in leaf epidermal peels using DAPI (4',6-
diamidino-2-phenylindole) which allows the visualization of both cell walls and nuclei
using epi-fluorescence microscopy. Cell ploidy is assessed based on the size of the nuclei
which reflects the quantity of genetic material. This method enables to directly analyze
the correlation between a cell ploidy level and its size. It has been applied in a very few
studies on A. thaliana leaves (Melaragno et al. 1993; Boudolf et al. 2004; Elsner et al.
2012), but they all confirmed the positive correlation between these two variable. The
study published by Melaragno et al. 1993 is one of the rare study presenting average cell

area for each ploidy level detected in Col-0 mature rosette leaves.

One have to keep in mind that we presented the data are area-biased because of the limited
size of the image with respect to the area of the largest cells (images covering 356,000 um? of
the leaf with 81 uncensored cells on average whereas some cells can reach areas up to 15,000
um?). The larger the cell is, the higher is the probability of intercepting an image border and
thus of being truncated or censored. Only cells fully included in the image are currently used
in the gamma mixture model estimation and this indeed affects all the identification and
model selection procedure. The next step in this study will thus consist in extending the
estimation algorithm along the lines proposed by Chauveau 1995 in order to use both
uncensored and censored cell area for the estimation of the gamma mixture model. Because of
this consideration and of the absence of well-separated humps corresponding to the different
ploidy levels in the empirical distribution the estimated parameter values should be
interpreted with caution. However, the fact that the parameters estimated for the components
are realistic indicates that the mean numbers of endocycles estimated for each leaf rank are
reliable. This is why the decrease in this estimated mean number of endocycles along the
shoot can be interpreted, in this context, as a reduction of the amount of large cells, leading to
a decrease in the mean cell area. Such decrease of average leaf pavement cell area along 4.
thaliana shoot has been reported in some studies (Cookson et al. 2007; Dewitte et al. 2007;
Usami et al. 2009). Since individual final leaf area increases along the shoot, it indicates that,
on the contrary, the epidermal cell number increases in the leaves at the upper nodes of the
rosette. It supports the thesis that the final leaf area is most driven by cell number than cell

arca.
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In conclusion, the proposed gamma mixture model enabled a more thorough analysis
of the cell area measurements than simple location (mean or median) and dispersion
(standard or mean absolute deviation) descriptors, by estimating both average cell areas
for cells with a given ploidy level, and variation of leaf ploidy level along the shoot.
Coupled with the semi-automatic segmentation method that we developed for images of
leaf epidermis imprints, it enables to take into account the variability of A. thaliana leaf
pavement cell area linked to endoreduplication even in high-throughput phenotypic
experiments. Using this pipeline of methods (image analysis combined with mixture
models) on different genotypes and/or in different environmental conditions could add
value to phenotypic studies that would investigate leaf growth traits from the tissular

scale to the shoot scale.
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CHAPTER V. CONCLUSIONS AND PERSPECTIVES

1. ADDED VALUE OF OUR PIPELINE FOR THE ANALYSIS OF A. THALIANA
SHOOT DEVELOPMENT

Characterization of processes controlling plant shoot growth and how it is affected by
genetic and environment factors posed a difficult challenge due to the large number of genes
in the genomes, and the diversity of environmental conditions that influence shoot growth
phenotypes. Another difficulty is that plant shoot growth phenotype has to be analyzed
dynamically and with a multi-scale approach with sufficient throughput and resolution (see
Chapters I & II, Li¢vre et al. 2013). My PhD project has led to the development a new
pipeline of analysis, combining image analysis techniques and statistical models to integrate
at the shoot scale leaf growth and developmental traits that are commonly analyzed
separately. The Figure V-1 schematically represents the obtained pipeline in its integrality.
This pipeline enables the structuring of A. thaliana rosette into successive developmental
phases based on the changes in several leaf growth variables along the shoot. The organ scale
was investigated with morphological (covering of the leaf abaxial surface with trichomes, leaf
blade length-to-width ratio), dimensional (final leaf area) and dynamic (characteristic growth
duration) traits (Figure V-1 Panels A and B). Their computation was made using both manual
and semi-automatic methods — i.e. Image]J macro and R scripts developed in our lab.
Regarding the analysis of individual leaf expansion, we determined that the characteristic
growth duration could bring more additional information than the commonly used maximum
leaf expansion rate since this latter variable is strongly correlated to the final leaf area
(Chapter II). Testing this pipeline on 3 T-DNA insertion lines and their wild-type (Columbia
0, referred to as Col-0), we demonstrated its usefulness as it enabled to define successive
developmental phases integrating the gradual changes along the shoot of different
morphological, dimensional and dynamics leaf growth traits. By analyzing this structuring
and the changes in the values of each trait within each developmental phase (Figure V-1 Panel
D), we were able to gain new insights on the effect of the mutations on plant shoot

development in comparison with more classical analyses that were used in Chapter II.

97



CHAPTER V. CONCLUSIONS AND PERSPECTIVES

A Organ scale — B Organ scale - Kinetics C Tissular scale
Morphology and dimensions

u....... Sl 00— 00— O #‘ 4§ > {
. . ‘ 1 . .
— ; Computation of individual leaf Semi-automatic method of
growth curves (Imagel, R) segmentation (llastik, manual)

\%

Measurement of several traits
at the end of the rosette growth
(ImageJ, manual)

Gamma mixture model for
analyzing cell areas distribution

\%

<________

Abaxial trichomes
Final leaf area Estimated endoreduplication
Length-to-width ratio [ Characteristic growth duration j factor

o /

\ { /

D Integration to shoot scale

Semi-Markov switching models for analyzing shoot structuring

[ Length and succession of the developmental j [ Observation models for each variable j
il 1 1 300  (a)
+ Data . N
0,5 0,5 0,5 20 " Juvenile phase L

-+

"
R+
A+

+

= Transition phase
= Adult phase

Probability
++

0 T [ e e e 0 f
01234567 0123456 0 3 Number of leaves

Juvenile Transition |0.70 Adult Repro
phase phase phase ductlve
Trichomes none partial full phase

200

150 o

+ + WH.l'M -+

Leaf blade length-to-width ratio (x100)

e I
+
+
50 4
T T T T T T T T T T T T
0.30 3 4 5 6 7 8 9 10 11 12 13 14
Leaf rank
1.0
»
08 - 2
> 4 Juvenile phase
Z 06 - © Transition phase
© + Adult phase
@ 04 Reproductive phase
g o
0.2 \
Synchronicity of oody .
thephases 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Leaf rank

Figure V-1. Schematic representation of the pipeline of analysis methods developed during this PhD, from cell to
shoot. The light green panels correspond to: A, the morphological and dimensional measurements at the organ
(leaf) scale; B, the kinetics at the organ (leaf) scale; C, the tissular (epidermis) scale; and D, the integration of the
different variables at the shoot scale. Image analysis techniques and statistical analyses used for each scale are
indicated in the dark green inserts. The outputs obtained for each scale are indicated in the white inserts.
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Commonly, leaf growth phenotyping studies mainly focus on one or a few leaf ranks. An
originality of this work lies in the fact that developmental and growth traits used to build Col-
0, SALK 055458, SALK 048174 and SALK 126071 datasets were measured at different
scales for each individual leaf composing the rosette. The traits we investigated have been
reported to vary along A. thaliana shoot in studies presenting results for different leaf ranks
(Telfer et al. 1997; Cookson et al. 2007; Willmann and Poethig 2011). The abaxial trichome
variable which is the only one on which different categories of leaves can be defined — i.e.
absence, partial covering and full covering of the abaxial leaf surface with trichomes. Changes
in the other traits are rather gradual than abrupt and can be very subtle. Therefore, even if they
are considered as heteroblastic traits, the delimitation of clear phases in the shoot
development based on these criteria can be tricky. Integrating these different traits at the shoot
scale to build multivariate segmentation models, we demonstrated that developmental phases
can be identified along A4. thaliana rosette shoot, and that these phases are defined by more
than one variable (Figure V-1 Panel D). The most structuring variable was the abaxial
trichome variable for the 4 genotypes we investigated, as expected, but, as shown in the
Chapter III, some other traits also played a role in the discrimination of the successive phases.
Among the quantitative variables, the most structuring ones are the final leaf area and the
characteristic growth duration, whereas the less structuring one is the leaf blade length-to-
width ratio. This result was not expected since changes in leaf shape have often been reported
as markers of heteroblasty (Ashby 1948; Kerstetter and Poethig 1998; Steynen et al. 2001;
Willmann and Poethig 2011).

The multi-scale pipeline of analysis methods allowed to determine which leaf growth traits
are the most important for the shoot structuring into successive developmental phases, and
possibly which ones are the most discriminant between different genotypes and/or
environmental conditions. Thus, it might eventually be used to select variables of interest on
which to focus during leaf growth phenotyping studies, and consequently optimizes the

workload for high-throughput phenotyping.

2. ADDED VALUE OF OUR PIPELINE FOR THE ANALYSIS OF CELL AREA
DIVERSITY IN A. THALIANA LEAF EPIDERMIS

Our in-depth analysis of cell area distribution in leaf epidermis revealed the complexity of
tissular development that results from different processes with complex interactions: cell

division, cell expansion and endoreduplication. The semi-automatic method based on a
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machine learning procedure that we developed to analyze cell area in A. thaliana leaf
epidermis enabled fast and reliable segmenting images of leaf epidermal imprints in
comparison to manual methods (Figure V-1 Panel C). It allowed increasing the number of
cells that could be measured together on the same leaf and then allowed to work on the whole
distribution of cell area diversity in the tissue with enough replicates to make robust statistical
models. This image segmentation method has a particular interest as it facilitates the
integration of cell area measurements in high-throughput phenotypic analyses. The
development of a gamma mixture model for analyzing the resulting data is also a great
improvement since it gives access to more complete information regarding cell area
distribution in the leaf epidermis than classic statistical descriptors of shape and dispersion.
Our hypothesis that the pavement cell area distribution observed in 4. thaliana leaf epidermis
is a mixture of distributions corresponding to the different ploidy levels that can be reached in
this tissue is supported by the literature as different model parameters followed biological
laws (Melaragno et al. 1993; Boudolf et al. 2004). However, this hypothesis could not be fully
validated here. Applying these methods to different mutants affected in the endoreduplication
process could be useful to validate this hypothesis and to test to what extent cell area
distributions can be used (1) to estimate the mean cell area for cell categories corresponding
to each ploidy level and (2) to estimate the mean number of endoreduplication cycles per cell
(see Chapter 1V). This validation is ongoing in LEPSE in the frame of an ANR project (CKI-
Stress, 2013-2017) on the role of endoreduplication in leaf growth with the phenotypic
analyses of A. thaliana mutants affected in cell cycle inhibitors and which present an increase

in the endoreduplication factor in their leaves.

3. INTEGRATING THE ESTIMATED ENDOREDUPLICATION FACTOR IN OUR
PIPELINE TO ANALYSE SHOOT STRUCTURING

Imaging and statistical methods developed in Chapter IV could be used in the future to
complete this pipeline with cellular growth related traits. As en example, we were able to
integrate the estimated endoreduplication factor (EF) computed for each leaf of Col-0 plants
as a new variable into the Col-0 multivariate sequences built using Experiment 3 data (see
Chapter III). In this new setting, the leaf description at each successive rank combines a
morphological variable (ordinal categorical variable with ordered categories no trichome,
partial covering by trichomes, full covering by trichomes), a shape descriptor (length-to-width

blade ratio), a dimensional variable (final leaf area), a dynamical variable (characteristic
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growth duration extracted from the estimation of a logistic growth model on the basis of leaf
expansion follow-up data) and the newly incorporated tissular variable (estimated EF). We
used semi-Markov switching models (SMSMs, defined in Chapter III) to segment
multivariate sequences into successive developmental phases. Concerning the observation
models of each variable in each developmental phase, we made the same assumption as in
Chapter III: categorical observation distributions for the trichome variable and linear
regression models for the four quantitative variables: leaf blade length-to-width ratio, final

leaf area, characteristic growth duration and estimated EF.

Because of the amount of missing tissular data concerning the first two epicotylar leaves,
the first developmental phase modeled without the estimated EF — i.e. the seedling phase —
could not be modeled when this variable was integrated. The lack of tissular data for these
two first leaves was due to their frequent senescence when the plants were harvested, making
the corresponding epidermal imprints unusable. We therefore built a four-state model (three
transient states corresponding to three successive vegetative phases and an absorbing ‘end’
state corresponding to the reproductive phase). For these three developmental phases — i.e.
juvenile, transition and adult phases — the estimated parameters of the model were very
similar to the ones estimated without the estimated EF (Figure V-2). The succession was also
not completely deterministic since the adult phase could be skipped with probability 0.3,
which is close to the probability found without the tissular data (0.27).

Probability

01234567 0123456 2 3 Number of leaves

Juvenile Transition
phase phase

Trichomes none partial

Figure V-2. Graph of transition between phases and phase length distributions estimated using the
Col-0 multivariate sequences integrating the estimated endoreduplication factor as an additional
variable.
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Mean length of phase in number of leaves * standard deviation

Seedling phase  Juvenile phase Transition phase Adult phase

Without
estimated EF

With estimated
EF

- 45+1.0 29+1.0 1.2+0.2

Table V-1. Mean length of each developmental phase and associated standard deviation for the
SMSMs with and without the estimated endoreduplication factor (EF) integrated in the multivariate
sequences. Phase length is expressed in number of successive leaves.

In both cases, the estimated observation distributions for the categorical trichome variable
for each developmental phase showed that the discrimination between these phases fits

exactly the categories of this variable.

The linear regression models estimated for the quantitative variables common to the two
models were almost rigorously alike, except for the one estimated for the final leaf area in the
adult phase; see Table V-2 and Appendix V. For the estimated EF, very slight changes of
slopes were observed between the successive phases. However, these changes of slopes were
still more marked than the ones observed for the length-to-width ratio. Therefore, this variable
does not play a strong role in Col-0 shoot structuring, but is still more structuring than the

shape descriptor we used.
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Figure V-3. Probability of the developmental phases as a function of the leaf rank for Col-0 when
the estimated endoreduplication factors are integrated to the multivariate sequences. Blue: juvenile
phase. Green: transition phase. Purple: adult phase. Lemon green: reproductive phase.
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Seedling Juvenile Transition

(a) Length-to-width ratio phase phase phase Adult phase

Without estimated EF -24 ns. 8.5 8.6 9.3

With estimated EF - 8.9 8.5 9.8

(b) Final leaf area S;Zilsi:g ]‘;‘}’l‘::;e Tr;‘lzist;on Adult phase

Without estimated EF -0.6 ns. 287 39.2 16.8

With estimated EF - 29.3 39.1 25.0

O ghralrisicgrons Sl e T

Without estimated EF -0.1 ns. -1.2 -0.7 ns. 0.5 ns.

With estimated EF - -1.3 -0.6 ns. 0.6 n.s.

(d) Estimated EF S;Zilsi:g ]‘;‘}’l‘::;e Tr;‘lzist;on Adult phase
- -8.6 -6.2 -8.5

Table V-2. Slopes of the trends modeled for each quantitative variable within the successive
developmental phases. When the slope was not significantly different from 0, ‘n.s.” was indicated near
to the value. EF: endoreduplication factor.

The computation of probability of the developmental phases as a function of the leaf rank
showed that the segmentation of Col-0 shoots into successive developmental phases remains

markedly synchronous when the estimated EF is integrated in the model (Figure V-3).

These results indicate that incorporating the estimated endoreduplication factor in the
multivariate sequences used to build Col-0 segmentation model does not markedly change the
structuring of Col-0 shoots in successive developmental phases and the most structuring
variables — abaxial trichomes, final leaf area and characteristic growth duration — remain the
same than the ones identified as such with the model built without the estimated

endoreduplication factors.

This new model illustrates the fact that the analysis approach based on SMSMs presented
in Chapter III can be directly applied with supplementary variables incorporated in the
multivariate sequences. The constraint comes for the potentially higher occurrence of missing

values due to various experimental reasons when incorporating many phenotyping variables.

Adding the estimated endoreduplication factor to our analysis method shows how
incorporating new traits can allow the integration of supplementary scales. Considering the

tissular variables in shoot development analyses can be of great interest as the control of cell
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division and expansion is essential in the establishment of leaf shape and size. Furthermore,
Usami et al. 2009 highlighted a regulatory pathway of cell number and area in 4. thaliana
leaves dependent of miRNAI56 and its target SPL (SQUAMOSA PROMOTER BINDING
PROTEIN-LIKE) genes, which are known to affect heteroblasty by their involvement in
vegetative phase change. This link between heteroblasty and the regulation of cell number and
area further supports the relevance of integrating the tissular scale to analyses investigating

the developmental phases that structure shoot development.

4. WHAT NEXT? INCORPORATING NEW VARIABLES IN THE MULTIVARIATE
PIPELINE AND USING TARGETED GENOTYPES FOR SPECIFIC QUESTIONS

It would be interesting to incorporate the estimated endoreduplication factor in other
datasets in order to see if the weak structuring effect found in Col-0 is conserved or if this
variable can plays a stronger role in shoot structuring in other genotypes and/or environmental
conditions. Among the genotypes we analyzed, SALK 126071 (i.e. ctf18-2; Takahashi et al.
2010) is known to be affected in the cell cycle and the shoot structuring is markedly disturbed
in this mutant. Applying the pipeline of the tissular scale analysis methods to this genotype
and building a SMSM using the estimated endoreduplication factor as a supplementary
variable might therefore give new insights concerning the link between cell cycle regulation
and heteroblasty. One could also consider adding variables such as internode growth
variables, presence or not of axillary buds and/or branching data. This could be particularly
interesting for applying this pipeline of analysis methods to plant species exhibiting other
types of shoot axis. For example, in numerous species, internodes are more elongated than in
A. thaliana rosette and some studies showed that their length is not homogeneous along the
shoot; e.g. in Fournier and Andrieu 2000 (maize); Costa et al. 2012 (Antirrhinum);,

Dambreville et al. in press (mango).

During our study, we used genotypes with mutations that had not been previously
described as having an effect on shoot development. Analyzing genotypes affected in specific
processes using the methods we developed could help obtaining a more global vision of shoot
development. For example, one could consider applying this pipeline to plants with mutations
altering the vegetative phase change. This could enable to better understand and/or take into
account the links between this process and the heteroblasty. These concepts are of great
interest for scientific and economic reasons since they are critically important to understand

the regulation of plant development as well as morphological evolution and life-history
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variation. The functional significance of heteroblasty — in the sense of ontogenetic changes
among the shoot metamers — is extensively discussed in a review of Zotz et al. 2011. The
authors advocates that even if demonstrating unambiguous adaptive value to heteroblasty
under current ecological conditions may be intricate, this phenomena is likely to be inherited
from ancient progenitor in which it provided evolutionary advantage. The regulation of the
onset of the vegetative phase change has also been proposed to have ecological functions,
since variation in the length of the juvenile vegetative phase can avoid low seed yields to the
plants, as it would occur if flowering were to occur while the plants were still small and thus
with limited photosynthetic capacity. In a practical perspective, a better understanding of the
environmental and genetic factors involved in the regulation of this phase change is critical to
improve breeding programs — that are limited by the duration of the juvenile phase — and for

crop scheduling, as discussed in Matsoukas 2014.

For this purpose, we performed a fourth experiment in the same growth conditions than
those applied during Experiment 3 (see Chapter III), with simple and double mutated lines
studied by Patrick Laufs group (Jean-Pierre Bourgin Institut — INRA, Versailles, France) to
investigate the role of several miRNAs in the regulation of processes such as cell proliferation
in developing organs, timing of organs formation or phyllotaxy. The list of the lines is
reported in Appendix VI (Table SVI-1). We used the first steps of our pipeline to constitute
multivariate datasets for these lines. Preliminary analyses showed that these lines exhibit
marked alterations in their leaf developmental phenotype (see Appendix VI, Figure SVI-1).
Analyzing these datasets will therefore bring new insights regarding the links between the
different altered processes and the general vegetative shoot development. For instance, three
lines were affected in the miR156/SPL genes interaction (MIM156, rSPL10 and rSPLY),
which would enable to directly investigate the crosstalk between vegetative phase change and
global rosette heteroblasty. A challenge will be to apply our model to datasets with a limited
number of replicates (between 6 and 11 for these lines), which would enable to analyze high-
throughput experiments — in the sense of performed on a large number of
genotypes/environmental conditions but consequently with a limited number of individuals

per genotype/environmental conditions.

Overall, the pipeline of analyzing methods we developed can be seen as a new approach to
investigate heteroblasty — in its broadest sense — in A. thaliana vegetative shoot, from the
tissular scale to the shoot scale. Understanding the function and regulation of heteroblasty in

higher plants is of great interest for the reasons above-mentioned, however its study can be
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difficult in practical terms. Indeed, truly marked heteroblastic changes are often exhibited by
woody species — such eucalyptus (Boland et al. 2006) — that have long life-cycles and mainly
uncharacterized genomes (Zotz et al. 2011). Being able to quantify this process in the model

plant 4. thaliana could therefore be very useful to progress in this research field.
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APPENDIX I

APPENDIX I. LIST OF THE T-DNA INSERTION LINES GROWN IN

EXPERIMENTS 1 & 2

90 T-DNA insertion lines were selected for their contrasted leaf growth phenotypes

identified in a previous screen performed by José Luis Micol group (Universidad Miguel

Hernandez, Elche, Alicante, Spain). In this table, lines are ranked from the one with the

highest mean rosette area to the one with the lowest mean rosette area 18 days after

sowing. The dotted line indicates the rank of the Col-0 accession (wild-type).

SALK Line

Gene

SALK Line

Gene

SALK Line

Gene

SALK_138229C*
SALK_080604C 2
SALK_119457C*
SALK_018664C 2
SALK_032963C*
SALK_085503C 2
SALK_143422C*
SALK_054681C 2
SALK_009736C *
SALK_045623C*
SALK_021217C*
SALK_145203C*
SALK_026667C*

At1g54840
At1g08135
At4g30410
At4g09000
At5g16270
At2g33420
At2g44650
At5g46115
At1g17130
At5g65050
At3g47640
At4g08540
At5g28250

SALK_126071C*
SALK_053198C*
SALK_019994C *
SALK_019359C 2
SALK_025598C *
SALK_080188C 2
SALK_003718C*
SALK_011867C*
SALK_030786C *

SALK_011586C*
SALK_041291C*
SALK_033455C*
SALK_129352C*
SALK_145983C*
SALK_066708C*
SALK_075797C?
SALK_044119C*
SALK_037549C*
SALK_004741C*
SALK_125189C 2
SALK_117972C*

At1g04730
At5g24470
At1g55370
At4g10920
At2g46970
At5g58970
At3g16950
At5g51750
At3g46790

At3g27620
At2g22680
At3g28860
At3g30180
At4g09340
At4g24175
At5g51770
At2g35040
At2g23220
At1g42980
At1g61310
At2g44100

SALK_021759C*
SALK_034227C?
SALK_055996C *
SALK_020801C 2
SALK_148633C*
SALK_001496C 2
SALK_007854C*
SALK_015522C*
SALK_001004C *
SALK_034684C*
SALK_020615C*
SALK_024759C*
SALK_035676C *
SALK_056529C*
SALK_022117C*
SALK_067582C*
SALK_148403C*
SALK_048174C*
SALK_057052C 2
SALK_072771C*
SALK_061494C*
SALK_017692C*

SALK_142112C*
SALK_009798C*
SALK_008561C*
SALK_040660C*
SALK_086630C*
SALK_101771C*
SALK_003711C‘
SALK_045034C*
SALK_067017C*
SALK_019175C*
SALK_012771C*
SALK_005153C*

At4g32200
At5g59950
At1g32500
At2g01450
At4g20450
At1g62430
At4g11120
At5g36880
At2g30810
At2g22420
At1g76470
At1g48950
At1g10050
At1g20860
At2g01290
At2g32540
At5g61950
At4g11540
At5g54770
At2g07540
At5g35220
At2g29670

At1g74940
At2g23090
At4g20290
At1g79090
At3g50400
At1g18500
At1g71760
At5g17660
At5g52440
At2g31725
At4g25410
At5g13680

SALK_144264C >
SALK_070464C*
SALK_014243C*
SALK_122867C"*
SALK_015088C*
SALK_021618C"*
SALK_046141C"*
SALK_064915C*
SALK_049200C*
SALK_055458C*
SALK_048175C"*
SALK_151603C"*
SALK_145086C*
SALK_075661C*
SALK_130499C >
SALK_065118C"*
SALK_063595C*
SALK_057785C*
SALK_045025C *
SALK_079285C >
SALK_136507C >
SALK_129037C >

At3g19510
At1g74420
At3g52105
At1g18900
At5g61960
At2g47490
At2g03190
At5g23980
At2g04043
At1g14040
At1g30450
At3g62980
At1g13740
At3g13228
At4g31390
At1g53140
At1g20640
At1g22090
At3g20550
At3g17040
At1g78020
At4g13590

! Plants grown in Experiment 1.
? Plants grown in Experiment 2.
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APPENDIX II

APPENDIX II. SUPPLEMENTARY METHODS FOR INTEGRATIVE
MODELS FOR ANALYZING A. THALIANA ROSETTE
DEVELOPMENTAL PHASES

DEFINITION OF SEMI-MARKOV SWITCHING MODELS AND ASSOCIATED
STATISTICAL METHODS

Semi-Markov chains
Let {S,} be a semi-Markov chain with finite-state space {0,...,J —1}. A J-state semi-
Markov chain {S, } is defined by the following parameters:
" initial probabilities 7, = P(S, = j) with Zjﬂ' ;=1
. transition probabilities
- non-absorbing state i: for each j=#i,p;,=P(S, =j|S, #i,5,_ =i) with

Zj L Pi = land p, =0 by convention,

- absorbing state i p, = P(S, =i|S,, =i)=1 and foreach j=i,p, =0.

An explicit occupancy distribution is attached to each non-absorbing state:
d;w)=P(S,n #J>Spuy=Jv=0,.u=2[S,,=j,8 #j), u=L2,..
Sincer =1 is assumed to correspond to a state entering, the following relation is verified:
P(S, #j,S, ., =jv=L..,0)=d,)r,.

We define as possible parametric state occupancy distributions binomial distributions,
Poisson distributions and negative binomial distributions with an additional shift parameter d

(d 21) which defines the minimum sojourn time in a given state.

The binomial distribution with parameters d, n and p (¢=1-p), B(d, n,p) where
0< p<1,is defined by
n-— d u—d _n—u
d;(u)= p g™, u=d,d+1,...,n.
u—d

The Poisson distribution with parameters d and /4, P(d, A1), where / is a real number (A>0

), is defined by
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e—lﬂyu—d

(u—d)!’

d,(u)= u=d,d+1,...

The negative binomial distribution with parameters d, » and p, NB(d, r, p), where r is a

real number (» >0) and 0< p <1, is defined by

u—d+r-1 L
pq, u=d,d+1,...

Semi-Markov switching models

A semi-Markov switching model can be viewed as a pair of stochastic processes {S,, X, }
where the ‘output’ process {X,} is related to the ‘state’ process {S,}, which is a finite-state
semi-Markov chain, by a probabilistic function or mapping denoted by f (hence X, = f(S,)).
Since the mapping f'is such that a given output may be observed in different states, the state
process {S,} is not observable directly but only indirectly through the output process {X,}.
This output process {X,} is related to the semi-Markov chain {S } by the observation (or

emission) models. The output process at time ¢ depends only on the underlying semi-Markov
chain at time ¢. The extension to the multivariate case is straightforward since, in this latter
case, the elementary observed variables at time ¢ are assumed to be conditionally independent

given the state S, =s,.

In the case of the trichome variable, the observation probabilities

b, (y)=P(X,, =y|S, = j) were directly estimated (categorical observation distribution).

In the case of the quantitative/interval-scaled variables (length-to-width ratio, final leaf

area, characteristic growth duration), the e-th output process {X ,,e} is related to the state

process{S, }, by a linear trend model
X.=a, +B 1+, &,~NOo0,).

The maximum likelihood estimation of the parameters of a semi-Markov switching model
requires an iterative optimization technique, which is an application of the EM algorithm.

Once a semi-Markov switching model has been estimated, the most probable state sequence
s’ with its associated posterior probability P(S=s"|X=x) can be computed for each

observed sequence x using the so-called Viterbi algorithm (Guédon 2003). In our application
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context, the most probable state sequence can be interpreted as the optimal segmentation of
the corresponding observed sequence in successive developmental phases; see (Guédon 2003,
2005, 2007) for the statistical methods for hidden semi-Markov chains that directly apply to

semi-Markov switching models.
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APPENDIX III. SUPPLEMENTARY FIGURES FOR INTEGRATIVE
MODELS FOR ANALYZING A. THALIANA ROSETTE
DEVELOPMENTAL PHASES — MACROSCOPIC SCALE

Figure SIII-1 (a) and (b). Leaf blade length-to-width ratio values (x100) are shown as a
function of the leaf rank for (a) Col-0 and (b) SALK 055458. Trends within each phase are
shown in color. Plain lines: most probable phase (i.e. majority of the leaves at the rank have
been assigned to the phase). Dotted lines: alternative phase (with respect to the most probable
phase); shown if probability > 0.04.

300 — (a) Col-0
)
= + +
X
5 250 - ot +
© + 4
£ i -
8 200 —
3 : +
g -
<
S 150 "
@ + + °*
2 +
5 + T4
]
-

50 —

T | T | | T T | T | T T | T
1 2 3 4 5 6 7 8 9 10 11 12 13 14
Leaf rank

300 — (b) SALK_055458
§ + Data
x 50 m Seedling phase
o 50 ® Juvenile phase + * +
© » Transition phase + "
£ ® Adult phase + 4
T 200 - + -
: -
: Pt
= + 8- + +
@ 150 — .
5 % % - 7
o T =
8
o 100 —
©
[¢b]
-

50 —

1 2 3 4 5 6 7 8 9 10 11 12 13 14
Leaf rank

125



APPENDIX III

Figure SIII-1 (¢) and (d). Leaf blade length-to-width values (x100) are shown as a function
of the leaf rank for (¢) SALK 048174 and (d) SALK 126071.
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Figure SIII-2 (a) and (b). Final leaf area values (mm?) are shown as a function of the leaf
rank for (a) Col-0 and (b) SALK 055458. Trends within each phase are shown in color.
Plain lines: most probable phase (i.e. majority of the leaves at the rank have been assigned
to the phase). Dotted lines: alternative phase (with respect to the most probable phase);
shown if probability > 0.04.
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Figure SIII-2 (c) and (d). Final leaf area values (mm?) are shown as a function of the leaf
rank for (c) SALK 048174 and (d) SALK 126071
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Figure SIII-3 (a) and (b). Characteristic growth duration values (hours) are shown as a
function of the leaf rank for (a) Col-0 and (b) SALK 055458. Trends within each phase
are shown in color. Plain lines: most probable phase (i.e. majority of the leaves at the rank
have been assigned to the phase). Dotted lines: alternative phase (with respect to the most
probable phase); shown if probability > 0.04.
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Figure SIII-3 (c¢) and (d). Characteristic growth duration values (hours) are shown as a
function of the leaf rank for (c) SALK 048174 and (d) SALK 126071

90 — (c) SALK_048174

+ Data

Seedling phase
Juvenile phase
Transition phase
Adult phase

80

70

+
H NN

T
+ +

60

—F -
-+

50

40

Characteristic growth duration (hours)

1 2 3 4 5 6 7 8 9 10 M 12
Leaf rank

90

(d) SALK_126071
+
80

30
+

Characteristic growth duration (hours)

©1% + 7t ]
+

20

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Leaf rank

130



APPENDIX IV

APPENDIX IV. COMPARISON BETWEEN MANUAL AND SEMI-
AUTOMATIC IMAGE SEGMENTATION METHODS

In order to test the validity of our protocol, we compared a set of 46 images that were
segmented both manually (using Imagel) and semi-automatically (using the previously
described protocol); see Figure SV-4. To compare the number of cells found by both
segmentations in each image, we computed the distribution of the difference between the
number of cells in the semi-automatic segmentation and the number of cells in the manual

one, normalized by the number of cells in the semi-automatic segmentation (Figure SV-5).

Figure SV-4. Comparison of the two segmentation methods: (a) manual segmentation using ImageJ;
(b) semi-automatic segmentation using Ilastik. Scale bar: 100 um.

[ Y
N D

Number of images
[
H O co (@]

N
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C Nsemi—automatic —C Nmanual

CN
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Figure SV-5. Distribution of the normalized differences between numbers of cells identified by
manual and semi-automatic segmentations for a given image. CN: number of cells.
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The number of cells tends to be similar between the two segmentation methods (+/- 10 %
for 50 cells on average in each image). Individual comparisons by several observers (different
perspectives) highlighted that the cases where the semi-automatic method lead to a higher
number of identified cells than the manual method were mainly due to cell merging during the

manual segmentation.

To quantify the cell area similarity between the two segmentation methods, the overlap
between manually and semi-automatically segmented cells was computed. The metric used to

quantify this overlap was the dice score (DCL-.C,-)’ i.e. the ratio of twice the area (A) of the

intersection of the two cells to the sum of the areas of these two cells.

24(C; N G)
A(C) + A(C)

CiCj =

where C; corresponds to the ImageJ segmentation and C; to the ilastik segmentation.

This score is between 0 (no overlap) and 1 (full overlap) (Figure SV-6). The boxplots
traced for each pair of segmented images show that the scores are globally comprised between
0.6 and 0.9; see Figure SV-8. It should be noted that cell walls and stomates were not
considered as being a part of cells in the semi-automatic segmentation while they were in the
manual segmentation; see Figure SV-4 and Figure SV-6 (c). This explains the systematic
deviation from 1 of the dice scores. The lowest dice scores reflect either cell merging or

splitting (Figure SV-6 (a) and (b)).

(a) Dice score =0.40 (b) Dice score = 0.66 (c) Dice score =0.83

Figure SV-6. The dice score quantifies the overlap between cells found using the manual and semi-
automatic segmentation for a given leaf epidermis imprint image. Yellow: cell defined by manual
segmentation. Blue: cell defined by semi-automatic segmentation. Brown: overlap. (a) and (b): the
manual segmentation identified two separated cells where the semi-automatic segmentation
identified a single cell. In (b), the upper yellow area corresponds to a portion of the image that was
identified as a separated cell using the semi-automatic method. (c) Good match between the two
segmentation methods.
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Figure SV-8. Boxplot representing the distribution of dice scores for different images segmented
manually using ImageJ and semi-automatically using our protocol.
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Figure SV-7. Linear relationship between cell areas obtained using the manual and the semi-
automatic segmentation methods. Each point represents an image of Col-0 leaf adaxial epidermis
imprint (n = 6007). The dotted line represents the linear relationship estimated between the two
variables. Coefficient of determination > = 0.97; p-value = 0.
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The dice score was used to map cells segmented using the two methods by pairing cells
with highest pairwise dice score. From this mapping we were able to compare the areas of
paired cells. As shown in Figure SV-7, cell areas extracted from the two segmentation
methods were strongly correlated (r* = 0.94, p-value = 0), indicating that the methods tend to
agree for the estimation of the area. The fact that the slope was different from 1 is due to the
inclusion of cell walls and stomates into the cell in the manual method, as explained

hereinabove.

The comparison of the two segmentation methods allowed us to validate the semi-
automatic segmentation of images. The cells identified using our semi-automatic
segmentation protocol were close to the ones segmented manually by an observer. In fact, it
can even limit human bias, as we observed that when different perspectives were taken into
account, the manual segmentations presented more errors than the ones obtained semi-
automatically. In conclusion, our semi-automatic segmentation protocol of leaf epidermis
imprints images appears to be reliable, less subject to errors due to human bias and less time

consuming than manual segmentation.
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APPENDIX V. SUPPLEMENTARY FIGURES FOR INTEGRATIVE
MODELS FOR ANALYZING A. THALIANA ROSETTE
DEVELOPMENTAL PHASES

Figure SV-1 (a) and (b). (a) Leaf blade length-to-width ratio values (x100) and (b) final leaf area
(mm?) are shown as a function of the leaf rank for Col-0 dataset incorporating the estimated
endoreduplication factor. Trends within each phase are shown in color. Plain lines: most probable
phase (i.e. majority of the leaves at the rank have been assigned to the phase). Dotted lines: alternative
phase (with respect to the most probable phase); shown if probability > 0.04.
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Figure SV-1 (c¢) and (d). (c¢) Characteristic growth duration (hours) and (d) estimated
endoreduplication factor are shown as a function of the leaf rank for Col-0 dataset incorporating the
estimated endoreduplication factor. Trends within each phase are shown in color. Plain lines: most
probable phase (i.e. majority of the leaves at the rank have been assigned to the phase). Dotted lines:
alternative phase (with respect to the most probable phase); shown if probability > 0.04.
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APPENDIX VI

APPENDIX VI. PRELIMINARY ANALYSES ON MUTANT LINES
INVESTIGATING THE CROSSTALK BETWEEN MIRNA-DEPENDENT
PATHWAYS AND SHOOT DEVELOPMENT IN A. THALIANA

Eight A. thaliana mutant lines and their wild-type Columbia 0 were grown together in the
same conditions than those applied in Experiment 3 presented in the Chapter III (n = 12). The
different leaf traits were computed using the same protocols than the ones described in the

Chapter III. Seeds are kind gift from Patrick Laufs unit (Jean-Pierre Bourgin Institut — INRA,

Versailles, France).

Line designation

Description

Col-0 Wild-type Columbia 0
Line with higher CUP-SHAPED COTYLEDON 2 (CUC2)

CUC2g-m4 expression levels as a result of defective miRI64-dependent
regulation

rSPL10 Line expressing a miR156-resistant of SPL10 gene

rSPL10.CUC2g-m4  Line containing both »SPL10 and CUC2g-m4 mutations

rSPL9Y Line expressing a miR156-resistant of SPL9 gene

MIMIS6 L1.ne pertu.rbllng endogenous miR156 function by overexpressing
miR 156 mimicry targets (MIM156)

kluh (ki) Loss-of-function mutant affected in KLUH/CYP78A5 gene
encoding the cytochrome P450 CYP78AS5 monooxygenase

agol-27 Hypomorphic ARGONAUTE [ (AGO1) mutant

se-1 Line expressing a weak SERRATE (SE) allele

Table SVI-1. List of the mutant lines grown in the fourth experiment mentioned in Chapter V

‘Conclusions and Perspectives’.
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Figure SVI-1. Dissected rosette area (mm?; (a)), leaf 6 area (mm?; (b)), duration of vegetative phase
(days after leaf 2 emergence; (c)), mean leaf apparition rate (leaf day™; (d)), number of rosette leaves
(e) and number of leaves without abaxial trichomes (‘juvenile’ leaves, (f)), with abaxial face partially
(‘transition’ leaves, (g)) and fully (‘adult’ leaves, (h)) covered by trichomes are given for lines grown
during fourth experiment mentioned in Chapter V ‘Conclusions and Perspectives’. Means with
standard errors are shown for each genotype (between 6 and 12 individual per line).
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Detailed phenotypic analyses of leaf growth in SALK T-DNA lines :
A source of variability to reveal new genes controlling shoot development
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Context Results

Leaf growth control is only partly understood and the circuitry
that links the different levels of organization from molecules to
molecular networks, cells, tissue, leaf and whole plant remains
to be uncovered. Many genes controlling leaf growth have not
been characterized as such and have still to be identified.

In this context, we started a large-scale genotype-to-phenotype
association in the sequence-indexed Arabidopsis insertion
mutant collection [developed by Alonso et al., 2003 Science].

Plant Material

A first leaf phenotype-based screen was performed on 16400
T-DNA Arabidopsis mutant lines from the SALK institute
collection [Alonso et al., 2003 Science]. From this analysis, 255
lines were identified with an unequivocal leaf growth
phenotype and as homozygous for the T-DNA. Then, 91 were
selected for a more in depth phenotypic analysis.

Experimental Design

e 1sows  First screen (Miguel Hernandez University of Elche):
W % plants were grown in vitro. Leaf phenotype was scored

< Final rosette area, measured at flowering, significantly
differ from that of the wild-type (Col-0) in 63 lines. It was
larger in 4 of them and smaller in the remaining 59.

Rosstte area at

=1 Signifiesnt difierence wilh Col.0

s oMM SA oiE (k12607 sk oREE

+“+ Many lines were affected
on different growth
variables, exhibiting
sometimes a compensation
phenomenon such as
between the rate and
duration of leaf production,
or the number of leaves and
the individual leaf area.

< Mutated genes of lines identified as different from Col-0
had never been described as involved in shoot
development.

18 days after sowing (DAS). Criteria to identify lines with
un-ambigous leaf phenotypes were : bigger/smaller
rosettes than the wild-type, different leaf color or
different leaf shape (n=30).

'@

Second screen (LEPSE, INRA Montpellier): plants were
grown in soil in the PHENOPSIS phenotyping platform
[Granier et al., 2006 New Phyt]. Their leaf growth
phenotype was scored both at 18 DAS and at flowering
(n=6to 10).

Quantitative measurements included :

Whole rosette
area

/N

Individual |eaf Total number of

o “,
',"

Scans

area rosette leaves
/ i
/ % ,
Maximal rate of leaf Duration of LW ey

emergence leaf production

“» Phenotypes were globally well-conserved between the two
growth conditions when recorded at 18 DAS.

+“+* However, they were not conserved over time.
Plants that were bigger than the wild-type at early stages of development
could finally have the same size or even smaller rosette areas at the end of
their growth.

—— Col-0 mean value

R T

% Some of these differences can be ;

explained by the  negative : -
correlation between early : |
development and the duration of : *
leaf production phase. Ny 0 e e

Ansene aiea 18 DAS (ma)

Plants with large rosettes at 18 DAS flowered earlier than others.

Conclusions

Interestingly, only a very small proportion of the genes identified in our screen had been previously described as required for leaf
development suggesting that the SALK collection has a strong potential for identifying new genes controlling growth and improving
actual molecular networks. However, results issued from rapid high-throughput screens have to be interpreted with caution because
of compensation phenomena during the whole growing period. Our study highlights that it is important to take growth dynamics

into account in plant growth phenotyping to avoid misinterpretations.
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Figure 2.- Genotyping of genuine leaf mutants. Almost three
quarters of all lines genotyped are homozygous for the
annotated insertion, 3.5% harbour a segregating insertion, and
in the remaining 224% the insertion is absent from the
annotated locus.
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Figure 3.- We performed a phenotype-driven screen on a gene-indexed mutant collection. (A) Position of the

252 homozygous T-DNA insertions confirmed in our laboratory so far, laid out using the TAIR map
visualization tool (http://www.arabidopsis.org/ serviets/ViewChromosomes). Numbers on the top of each bar
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Figure 4.- (A) Simplified database schema. It contains phenotypic information of all
T, and T, lines screened, plate and rosette pictures, and the genotyping results
obtained for the lines confirmed as leaf mutants. It also includes the position of the
annotated insertions, provided by The Salk Institute Genomic Analysis Laboratory,
and the Arabidopsis genome structural and functional annotation, available from
TAIR. (B, C) Query page of the database. The user is prompted to choose between a
gene or a phenotype query. If the former option is selected (B), three different input
types can be chosen: AGI codes, Salk codes, and gene keywords. Other options are
also available to refine or format results. If the latter type of query is selected (C),
there are several ways to customize it: confirmed mutants can either be browsed or
searched by their phenotypes using ontology terms (right hand side of figure C);
query can be filtered for mutants with confirmed annotated T-DNA only; finally, it is
possible to retrieve only mutants within a physical genomic interval. (D) Example of
the results that can be obtained for a given line
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Analyse multi-échelles et modélisation de la croissance foliaire chez Arabidopsis thaliana
— Mise au point et test d’un pipeline d’analyses permettant une analyse intégrée du
développement de la cellule a la pousse entiére.

Ce travail est bas¢ sur le constat du manque de méthodes permettant I'analyse intégrée des
processus contrdlant le développement végétatif d'Arabidopsis thaliana dans les études
phénotypiques multi-échelles. Un phénotypage préliminaire de la croissance foliaire de 91
génotypes a permis de sélectionner 3 mutants et des variables d'intérét pour une étude plus
poussée du développement de la pousse. Un pipeline de méthodes d'analyses combinant
techniques d'analyse d'images et modeles statistiques a été développé pour intégrer les
mesures faites a 1'échelle de la feuille et de la pousse. Des modéles multi-phasiques a
changements de régime semi-markovien ont été estimés pour chaque génotype permettant une
caractérisation plus pertinente des mutants. Ces modeles ont validé I'hypothése selon laquelle
le développement de la rosette peut étre découpé en une suite de phases de développement,
pouvant varier selon les génotypes. Ils ont aussi mis en évidence le role structurant de la
variable « trichome abaxial », bien que les phases de développement ne puissent étre
entierement expliquées par ce trait. Un 2nd pipeline d'analyses combinant une méthode semi-
automatique de segmentation d'images de I'épiderme foliaire et l'analyse des surfaces de
cellules par un modele de mélange de lois gamma a parameétres liés par une loi d'échelle a été
développé. Ce modele nous a permis d'estimer la loi du nombre de cycles d'endoréduplication.
Nous avons mis en évidence que cette loi dépendait du rang de la feuille. Le cadre d'analyses
multi-échelles développé et testé durant cette thése devrait €tre assez générique pour étre
appliqué a d'autres espeéces végétales dans diverses conditions environnementales.

Multi-scale analysis and modeling of shoot growth in Arabidopsis thaliana —
Development and testing of a pipeline of analysis methods enabling an integrative
analysis of the development from cell to shoot scale.

This study is based on the observation of a lack of methods enabling the integrated analysis of
the processes controlling the vegetative development in Arabidopsis thaliana during multi-
scale phenotypic studies. A preliminary leaf growth phenotyping of 91 genotypes enabled to
select 3 mutants and different variables of interest for a more in depth analysis of the shoot
development. We developed a pipeline of analysis methods combining image analysis
techniques and statistical models to integrate the measurements made at the leaf and shoot
scales. Semi-Markov switching models were built for each genotype, allowing a more
thorough characterization of the studied mutants. These models validated the hypothesis that
the rosette can be structured into successive developmental phases that could change
depending on the genotype. They also highlighted the structuring role of the ‘abaxial
trichomes' variable, although the developmental phases cannot be explained entirely by this
trait. We developed a second pipeline of analysis methods combining a semi-automatic
method for segmenting leaf epidermis images, and the analysis of the obtained cell areas
using a gamma mixture model whose parameters of gamma components are tied by a scaling
rule. This model allowed us to estimate the mean number of endocycles. We highlighted that
this mean number of endocycles was function of the leaf rank. The multi-scale pipeline of
analysis methods that we developed and tested during this PhD should be sufficiently generic
to be applied to other plant species in various environmental conditions.



