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RESUME

Ce travail est basé sur le constat du manque de méthodes petriiatialyse intégrée des
processus contrélant le développement végétafifabidopsis thaliana dans les études
phénotypiques multi-échelles. Un phénotypage préliminaire de la amoesdoliaire de 91
génotypes a permis de sélectionner 3 mutants et des variabtését'pour une étude plus
poussée du développement de la pousse. Un pipeline de méthodes d'analyseantombi
techniques d'analyse d'images et modéles statistiques dééddoppé pour intégrer les
mesures faites a I'échelle de la feuille et de la pousse.ni@éles multi-phasiques a
changements de régime semi-markovien ont été estimés pour cjéaapigpe permettant une
caractérisation plus pertinente des mutants. Ces modeles ontlvgimithese selon laquelle

le développement de la rosette peut étre découpé en une suite dedehdéesloppement,
pouvant varier selon les génotypes. lls ont aussi mis en évidenéke Istnucturant de la
variable «trichome abaxial», bien que les phases de développameptuissent étre
entierement expliquées par ce trait. Ul @peline d'analyses combinant une méthode semi-
automatiqgue de segmentation d'images de I'épiderme foliairanaelyse des surfaces de
cellules par un modéle de mélange de lois gamma a parafigtrpar une loi d'échelle a été
développé. Ce modéle 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 ka feritladre d'analyses
multi-échelles développé et testé durant cette thése déraitassez générique pour étre

appliqué a d'autres especes végétales dans diverses conditions environnementales

Mots clés : Développement foliaire, analyse multi-échelles, modele de esggtion,
hétéroblastieArabidopsis thaliana, cellules épidermiques.




SUMMARY

This study is based on the observation of a lack of methods enablingetpated analysis of
the processes controlling the vegetative developmeArabidopsis thaliana during multi-
scale phenotypic studies. A preliminary leaf growth phenotyping ofefibtgpes enabled to
select 3 mutants and different variables of interest for g nmodepth analysis of the shoot
development. We developed a pipeline of analysis methods combining iamadysis
techniques and statistical models to integrate the measuremadss at the leaf and shoot
scales. Semi-Markov switching models were built for each genoBipmying a more
thorough characterization of the studied mutants. These models edlitiat hypothesis that
the rosette can be structured into successive developmental phasesould change
depending on the genotype. They also highlighted the structuring rotbeofabaxial
trichomes' variable, although the developmental phases cannot benedp@aiirely by this
trait. We developed a second pipeline of analysis methods combiniegnisastomatic
method for segmenting leaf epidermis images, and the analfysks2 obtained cell areas
using a gamma mixture model whose parameters of gamma compaeetigsi dy a scaling
rule. This model allowed us to estimate the mean number of endacwiehighlighted that
this mean number of endocycles was function of the leaf rank. Tittestale pipeline of
analysis methods that we developed and tested during this PhD sheulifidently generic

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

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

Arabidopsis thaliana, epidermal cells.
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CHAPTERI. CONTEXT, AIM AND STRATEGY OF THEPHD

CHAPTER I. 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 ssars leaves that play
important roles in photosynthesis, respiration and photorespiration. ditegrehderstanding
how leaves develop during shoot formation is an important subjectnhlptdogy research.
Because of its small size, short life cycle and geneticuress available in different stock
centers,Arabidopsis thaliana (A. thaliana) has been selected as a model plant for the
systematic characterization of growth and development (Alonsh @003; Koornneef and
Meinke 2010). There has been extensive recent progress in understaretihgnisms
controlling growth in this species, even if the circuitry thakdi the different mechanisms
remains unclear. Shoot establishment results from the combinationeddplmental changes
— i.e. the succession of events that contribute to the increasgam mumber — with growth —
i.e. the irreversible increase in organ dimensions over time. Q@weintal changes are often
abrupt and take the form of a series of discrete events suelfasitiation, emergence, or
end of expansion (see also Boyes et al. 2001) for other developmieatgles at the whole
plant scale). In contrast, growth, such as the dynamic changafiarka is gradual and often
takes the form of a trend.

During shoot development leaves are initiated at regular inteasgisimordia at specific
sites on the shoot apical meristem (SAM). This is the fiemtifastation of the leaf that is not
visible by naked eye. The rhythm at which leaf primordia are pestigan affect the final
number of leaves as shown in different mutants or different enviroameahditions
(Cookson et al. 2005). It is often but not strictly related to the sfizthe shoot apical
meristem (Clark et al. 1993; Mauseth 2004; Boucheron et al. 2005; Skiragt.z2010). Leaf
primordia localization is specified by auxin maxima in a flanknegion of the SAM
(Reinhardt et al. 2000), following a spiral phyllotaxy. The genetitormonal and
mathematical rules defining this phyllotaxy have been extelysstudied (de Reuille et al.
2006; 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 chamgéxsolute (b) and relative (c)
leaf expansion rate for twh. thaliana genotypes, & (O) andelo-1 (W) (n = 5 or 6). The curves
fitted in (a) are 3-parameter sigmoids foerly = 116.56/[1 + exp — {(t — 17.11)/2.25}] and
elo-ly = 120.22/[1 + exp — {(t — 23.18)/2.58}]. For each genotype, leaf development was
characterized by three successive stages shown in {ak ofinitiation, emergence and end of
expansion. They are indicated from left to right by solid upward asldedadownward arrows for
Ler andelo-1 respectivelyFromLiévre et al (2017).
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The leaf primordium is defined as a group of founder cells thatlaje@arther into a leaf
after a series of coordinated division and expansion (Horiguchi 20@6a; Vanhaeren et al.
2010; Gonzalez et al. 2012). In dicotyledons, these processes co-exatlysghating the first
stages of leaf development. One usually refers to the sepdoatiwaen the cell-proliferative
area and the area where cells stop dividing and begin expandingfendntiating as the
‘cyclic arrest front’ (Nath et al. 2003). It was initially mmled that cell proliferation stopped
following a tip-to-base longitudinal gradient, but a recent study demaded that, in fact, the
cyclic arrest front remains located at an almost consta@ndistirom the leaf base during a
certain period and then disappears relatively quickly progressivayd the base (Kazama et
al. 2010). Numerous positive and negative regulators of cell proiderat leaf primordia

have been identified (see Tsukaya 2013 for review).

At the individual leaf level, leaf expansion corresponds to a gradualododiinear gain of
surface (Figure I-1 (a)). Individual leaves grow at a maxirektive expansion rate — i.e. a
maximal area formed per unit area and unit of time — during ttdehiphase (Figure I-1 (c))
whereas absolute leaf expansion rate — i.e. the area formed pef time — is low during
this phase (Figure I-1 (b)) (Granier and Tardieu 1998). Upon emergezlagiye leaf
expansion rate decreases over time until the cessation of expamkemeas absolute leaf
expansion rate increases until a maximal value and decrdteseseds (Granier and Tardieu
2009). These trends are similar in eudicots and monocots with differemafie spatial
distribution of expansion rate over the lamina resulting in a pdrage with linear expansion,
i.e. constant absolute expansion rate, in monocots that does not oaadicote(see Granier
and Tardieu 2009 for details).

In A. thaliana and most flowering plants the cessation of rosette leddtioit is due to a
change in the SAM identity. This transition is the switch frorgetative to reproductive
development. Environmentally and genetically induced changes in the tiofirftpral
transition have been extensively studied. We thus start to have a clear knowleddgcofan
networks controlling this transition iA. thaliana, as well as of the role of environmental
variables such as photoperiod and temperature, as evidenced by reiesve om the subject
(Amasino 2010; Huijser and Schmid 2011; Srikanth and Schmid 2011; Andrés and Coupland
2012).

Floral transition inA. thaliana is visible because of the elongation of the primary axis
internodes and the production of novel structures such as flowers. Hoagweiother higher

plants, A. thaliana undergoes another, earlier, less apparent transition. Its vegetati

17



CHAPTERI. CONTEXT, AIM AND STRATEGY OF THEPHD

development can be divided into two main phases — a juvenile and an ayhittive phase
(Poethig 1990; Huijser and Schmid 2011). The transition between these,ptaltes
vegetative phase change, corresponds to the acquisition of reproductipetence by the
plant. It also involves changes, sometimes quite subtle, in leaves moipabtagjts. InA.
thaliana, these changes include leaf size, leaf blade length-to-width(&eynen et al. 2001;
Cookson et al. 2007), number and depth of serrations (Rébbelen 1957), patteicisome
production (Chien and Sussex 1996; Telfer et al. 1997) and epidermaleee(lCpokson et
al. 2007; Usami et al. 2009). Recent progresses have been made istantieg the
molecular pathways controlling the vegetative phase change (§@éthh, 2013; Yang et al.
2011, 2013; Willmann and Poethig 2011; Matsoukas et al. 2013), but the regulatios of

transition remains largely unclear.

The different processes that have been presented here have rmeerly studied
individually, but interactions have been highlighted between processasfetor now, our
knowledge on this field is still limited. The following section presents somepgarof 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 comparehleio wild-type also have
similar decreases in both their number and size of cells ife#figHoriguchi et al. 2006a).
Some mutations increasing both number and size of cells alsoinelsmiier organs (Feng et
al. 2011). Both the size and number of leaf cells seem to affedbeamigterminant in the
control of the final sizes of leaves. However, the observation opeongation phenomenon in
leaf morphogenesis, i.e. an abnormal increase in cell volume &dydpgr a decrease in cell
number, revealed the existence of integration systems linkingsle¥ekell proliferation and
cell expansion in leaves (Tsukaya 2002; Ferjani et al. 2007). A stgdyesting that in order
to the compensation phenomenon to be triggered cell proliferation hdectease below
some threshold (Fujikura et al. 2009) led to the proposal of the moastaf a cell-cell
communication system (Kawade et al. 2010). The existencesothitgshold could indicate
that the leaf size is to some extent uncoupled from the size anbenwh cells by the

compensatory system. Moreover, using QTLs analysis and struetjuration models, Tisné
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et al. (2008) showed that, at least in some cases, leaf expansidnbe controlled at the
level of the leaf itself, and that it can be a driving foxmeckll proliferation in the leaf. There
is a large debate on that subject in the literature and dependirtbe studies, cellular
processes are reported or not as engines driving organ growth ¢@aeikal. 2005; John and
Qi 2008; Massonnet et al. 2011).

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

Factors controlling the timing of flowering transition can alaffect vegetative
development. Numerous studies have shown that nearly all of the conthadreffect the
timing of floral transition also alter the total number of lea{&oornneef et al. 1991,
Cookson et al. 2007; Méndez-Vigo et al. 2010; Franks 2011; Itoh and Shimizu 2@¢&3. It
then suggested that the leaf growth phenotype observed in late figugemotypes could be
due, at least partly, to the delay in flowering time its€dmparing the dynamics of leaf
production and expansion in a few mutants in tlee thackground RONTUNDA2 mutant
(ron2-1) was identified as the only one with an increased leafcsirgared to its wild-type
(Cnops et al. 2004; Cookson et al. 2005). The final size of'tHea formed on the rosette
was increased imon2-1 (Figure 1-2 (a)) as previously observed on the three first leaves
(Cnops et al. 2004). Overall, rosette leaf number was significamthgased irron2-1 in
comparison with its wild-type (Figure I-2 (b)). Transferringmibk to long day conditions
during early development triggered a synchronization of flowering time in bottyges and
resulted in similar phenotypes in terms of leaf number and individabhreas (Figure 1-2 (c)
and (d)). Thus, even though there is no doubtriba2-1 mutation did affect individual leaf
growth, it seemed to be an indirect effect primarily due toffecteon leaf production and/or

floral transition.

An elegant demonstration of some of these interactions has beerbyn#démann and
Poethig (2011) using genetics to specifically and directly 8ibevering time. The authors
used the polymorphism dRIGIDA (FRI) and FLOWERING LOCUS C (FLC) genes to
induce a delay in flowering timd=Rl is a positive regulator dfLC, FLC being itself an
inhibitor of the floral inductorsFT and SOC1. Therefore, if a plant genome contains
functional alleles for both of these genERI(FLC), a strong repression is applied [6h and
SOC1 and floral transition will occurred later than if one of the gdffel andFLC is present
as a non-functional alleldr(;FLC or FRI;flc). This study has highlighted that a delay in

flowering time triggers an increase in epidermal cell areéeaf size and in the final number
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of rosette leaves. It has also shown that a delayed floraliticsmm does not affect the onset of
vegetative phase change but delays it. The duration of the adult wegetatise was also
extended. The same effects on the leaf area, duration of expansiepi@eanal cell area in
individual leaves have been shown when flowering time was delayadsbgrtening of day-
length (Cookson et al. 2007).
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Figure 1-2. Final number of rosette leaves ef [light grey) andon2-1 (black) plants grown under a
constant day length of 12h (a) or transferred from 12 to 16 hl&ftdays following leaf initiation (c).
Changes with time in leaf 6 area dadrlL(light grey) andon2-1 (black) grown under the photoperiods
of 12h (b) or transferred from 12 to 16 h after 15 days followingite@tion (d). Means with 95 %
confidence intervals are shown (n = 5 plants per genotype and treatmemt)LiEvre et al. 2013.

3. PRACTICES AND PITFALLS IN LEAF GROWTH PHENOTYPING

Frameworks of analysis as well as protocols to assess platbgi@eat 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 developmemfalaters involved

requires a precise characterization of growth phenotypes using méamiptors of shoot
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organ size and overall geometry, production and growth rates. Bestanstedevelopment is
the sum of discrete morphogenetic structures that appear atrtggaced positions at the
shoot apical meristem flanks over time, spatial and temporalipkessrare commonly used
to measure shoot growth. In most studies, morphological traite@eded in adult plants but
in a few cases, these datasets are completed with tempocaitand] 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 gesotyave been
classified according to leaf size, shape or number (Berna E239; Serrano-Cartagena et al.
1999; Juenger et al. 2005; Tisné et al. 2008; Massonnet et al. 2011PERée2t al. 2011).
In some cases the authors drew conclusions on the genetic contitelsf girowth’ or ‘leaf
production’ from these datasets (Tisné et al. 2008; Ghandilyan 20G8). In these studies,
leaf growth traits were measured at a given date aftemgouri at a given developmental
stage. However, several examples illustrate that a spadture’ of a growth trait at a given
date or stage does not necessarily reflect what will beriabvalue of this trait (Cockcroft et
al. 2000). Genotypes with high initial relative leaf expansion rate lggnerally a shorter
duration of leaf expansion (Cockcroft et al. 2000; Cookson et al. 2005). Concldsaoms
on traits measured at a given date cannot be generalized whtie growing period and
another analysis at another date or stage may lead tcediffenclusions, whatever the scale

of growth analysis.

As illustrated in the section 1 of this chapter (Figure I-}, (aglividual leaf expansion is a
gradual but non-linear increase in area. Several examples higlligiat measuring final leaf
area only can lead to the omission of underlying alteratiortta dynamics of expansion.
Indeed, alterations in final leaf area can be explained bggesain the duration of leaf
expansion and/or the leaf expansion rate, and measuring thésectma give another
dimension to phenotyping studies. It has been reported that environmerstatactuaffect
individual leaf dynamics in several species. For instance, shadidgeduced soil water
content cause a decrease in the maximal leaf expansion ateas the duration of leaf
expansion is either maintained or increased (Cookson et al. 200§raPkevgo et al. 2008;
Tisné et al. 2010). In a few examples, the increase in duratieafoéxpansion compensates
the decrease in maximal leaf expansion rate, in such a wagotingiarison of final leaf areas

between the different environmental cues or genotypes does not show eatioal{€ookson
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et al. 2006; Aguirrezabal et al. 2006). This is also illustratedguar€ I-1 (a), showing two
genotypes (B&r andelo-1) reaching the same final leaf 6 area but with differemadyics of
leaf expansion. In a similar way, tobacdddptiana tabacum) plants overexpressing the D-
type cyclin, CycD2, display no visible leaf phenotypic differean@enen observed after
completion of vegetative growth, but only because they have higlies and shorter
durations of expansion (Cockcroft et al. 2000). In such cases, only theremeast of leaf
area over time can highlight the incidence of the environmenagaigehor of the mutation on
leaf growth, hence their importance in order to collect information as cngdgossible.

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

One limit to the comparison of leaf growth curves is due to tfieuwty of measuring
early stages of leaf expansion. Precisely measuring the nahingrated leaves requires the
careful dissection of the rosettes using a binocular or a mapesat high magnification,
removal of the cotyledons and subsequent leaves one by one witpel sadl all primordia
are visible (Cookson et al. 2010). Measuring the leaf initiationaiatbe plastochron — the
time interval between the emergence of two successive leageshe reciprocal of leaf
initiation rate — requires sequential destructive measurementsimmeencreasing the number
of replicates to be grown together in a single experiment (Coaisah 2010). These tasks
are even more tedious . thaliana than in other plants due to its small size and, as
consequence, quantitative datasets with phenotypic characterizatibesef variables are
often restricted to a limited number of genotypes and/or environmemntditions (Cookson
et al. 2005; Skirycz et al. 2010; Vanhaeren et al. 2010).

Even though recent advances in microscopy and image analysidlomvire assessment
of early stages of leaf growth from leaf initiation on the istem until emergence, the
throughput of these early measurements is typically low beadube technical constraints
associated with destructive measurements and the necessity ta ¢igtv number of plants
together for sufficient replicates at each sampling time g@iabkson et al. 2005; Wuyts et
al. 2010; Vanhaeren et al. 2010). At the whole plant scale, these métdnamshown that
subtle differences in shoot apical meristem volumes contributebequent differences in
leaf emergence rate and rosette expansion rate (Clark B994; Vanhaeren et al. 2010).
Similarly, at the individual leaf scale, early changes &f Bxpansion rate or changes in the
initial size of the primordium impact the growth dynamicsrlate and can alter final leaf size

(Granier and Tardieu 2009). This is due to the exponential behavioulygeanth phase in
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which absolute leaf expansion rate at a given time depends oratregda at that time. It is
then easy to misinterpret growth curves, as early developmentativa 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 reaetéeobserved at a given
date after sowing in a set of genotypes (Figure I-3 (a)harnger apparent when the x-
scale is expressed in ‘days after leaf 2 emergence’lnegdeere that differences in leaf area
observed throughout the growing period were due to differences innggion rates and/or
early development (Figure I-3 (b)). This illustrates that diffié conclusions can be drawn if
the time scale is normalized by developmental stages (Arvidssah 2011; Zhang et al.
2012).lt is important to keep in mind that phenotypic differences reported at a giveaftgate

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

3.3. Comparing growth of successive leaves along the shoot

In the majority of leaf growth phenotyping studies, conclusions on individatigrowth
are drawn from the comparisons of leaves of same rank, i.e. hergame position on the
plant shoot (Figure 1I-1 (b)). However, as developed in this chagaetion 1, it is known that
leaves initiated during different phases of the shoot development disjpigyent
morphological characteristics, such as final leaf areapledke length-to-width ratio, number
and depth of serrations present on the leaf margin and pattern ofrteéshmvering. This

phenomenon, called heteroblasty, is observed among the whole plant kingdomnaoel c
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affected by genetics and/or environmental cues (Lawson and PAd&®hg Kerstetter and
Poethig 1998; Sylvester and Parker-Clark 2001; Poethig 2013; Matsoukas 2044).afe
also examples showing that when dynamics of expansion are conmgrametd) successive
leaves of a same plant, it appears that they grow at diffextest and that the whole duration
of their expansion may also differ (Dosio et al. 2003; Cookson et al. 20biose
considerations question the relevance of comparing leaves of saknbetaveen two plants
that, because of environmental cues or genetic differences, disgafl @ifferences in their

shoot development, such as in vegetative phase change and/or final number of rossite leave

Heteroblasty is often linked with the concept of juvenile and adult tatge
developmental phases in the plant. Although some of the morphologicajeshaithinA.
thaliana shoot seem to occur gradually making the distinction between tleeediffphases
subtle, the formation of trichomes on the abaxial face of leavesdbéen identified as a
relevant marker of the onset of the juvenile-to-adult phase tranftluen and Sussex 1996;
Telfer et al. 1997; Kerstetter and Poethig 1998). Mnthaliana leaves, trichomes are
specialized cells that taking form of branched ‘hairs’. Theyd#ferentiated from a single
epidermal cell. It is commonly admitted that the first rosket# having at least one trichome
on its abaxial surface is the first one that was initiateer #ie onset of the vegetative phase
change. Similarly, the first leaf whose abaxial fackiily and homogeneously covered with
trichomes is considered as the first leaf initiated afteptizse change was completed and the
plant has entered the adult vegetative phase. By using thiemtu& identity of each leaf of
a rosette can easily be determined, that can give access to informatiemounthe different
phases of a plant vegetative development (Figure I-4). These kinds o$ iaputnot
commonly used irA. thaliana leaf growth phenotyping experiments, whereas it could be
interesting to add this data, measured at the individual leaf scale but dredyaeeries along

the shoot.

Figure I-4. Patterns of trichomes

observed on the abaxial leaf

Col surface of Col-0 plant. The
identity of leaves is deduced

YY " ‘ from these observations. Grey:

absence of abaxial trichomes.

y Black: presence of abaxial
Juvenile leaves  Transition leaves Adult leaves 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 cordp&eto the
existence of interactions between processes occurring atediffecales, and due to a
variation along the shoot of growth traits measured on individual lethagsis linked to the
global phase changes occurring at the shoot level. In this contexipthaf my PhD was to
propose and test methods for analyzing such a complexity, consittaitsgat three different
scales of the shoot system: tissue (leaf epidermis), orgsh @ad shoot (leaf series), as well
as their relationship to phase changes in shoot ontogeny. This requieldpdeent of
appropriate statistical methods for integrating differentgygfedata — tissular, morphological,
dimensional and dynamics. From a practical point of view, the maiteoge of my PhD
was to elaborate a functional pipeline of analysis methods for phemgtpfnt growth at
these three scales, and to help taking into account the effect of leaf position watbhoot.

Our first concern was to acquire proper datasets that weessay for these analyses:
tissular data on successive leaves of a plant, dynamicsfaXeansion of successive leaves
on a plant, and morphological and dimensional traits giving insights hetdeaf status.
Despite the availability of an automated phenotyping platfornthé host laboratory and
hundreds of genotypes already grown in this platform since 2002, sdataget was not
available at the onset of this work. Consequently, the firstgiarty work was to acquire

datasets at each scale of analyses, with enough replicates for furthéstatistical analyses.

To this end, two first experiments were performed on genotypesceaittrasted shoot
development. Genotypes were selected, on their leaf-growth phenaiyfrasts — without
any knowledge on the underlying genes controlling these leaf lyrdifferences We first
present a detailed analysis of these genotypes, consideringtsgptire different leaves and
the growth variables at the different macroscopic scales, toighghhe contrasts of leaf

developmental featuré€hapter I1).

Subsequently, we built integrated models that allowed a globaltidetexd plant phase
changes using all measurements made at different scedetindg to general considerations
regarding this matter. Analyzing successions of developmentaéplzaml changes of leaf
growth traits within each of these phases allowed us to characthe effect on shoot

development of the selected genotypes mutations (Chapter IlI).

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

enables detecting populations of cells in the epidermis. This pipetimbined a semi-
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automatic method for segmenting leaf epidermis imprints and gamixture model used to

analyze the obtained cell area distributions (Chapter V).

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

the cell to the shoot scale (Chapter V).
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CHAPTER Il. 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 sizepared to crops (Meinke et al.
1998; AGI 2000). Maize, for example, has a genome of approximately Rldg@base pairs
(Mbp), i.e. around 19 times the size of thethaliana genome while the wheat genome is
16,000 Mbp, i.e. 128 times larger than #ethaliana one.Since the completion of tha&.
thaliana genome sequence, extensive genetic maps of all 5 chromosomes, rtogtthe
efficient methods for mutagenesis and plant transformation have edligelarge range of
genetic and genomic resources to the plant biology research comrfAloiiso et al. 2003;
O’Malley and Ecker 2010). Different sources of genetic diveesigyexploited irA. thaliana
to identify genes controlling many processes involved in plant gromdhfinctioning (see
following listing). In many examples, they have allowed to idgngiénes controlling the

development of plant leaf area.

* Natural lines corresponding to different ecotypes with naturahtiamn have
been collected by many groups and have been used for Genome Wid&tkssoc
Mapping (Atwell et al. 2010).

* Recombinant inbred or near isogenic populations have been createmsbgscr
of different ecotypes to produce genetically structured populatiabste intensively
used to map quantitative trait loci and/or genes controlling shoot tlgrawd

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

* Mutated lines have been created from wild-type genetic backgraumndsch
specific individual genes or small groups of ‘candidate’ genes sagpgode involved
in processed associated to leaf growth control are alterecha@iviation or over-

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

* Mutated lines have been created from a same referencecgemekground in
which genes or small groups of genes are altered randomly at rgpudaons along

the whole genome (Berna et al. 1999).
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For our study, we took advantage of the recently distributed collectiom-DNA
homozygousA. thaliana mutant lines, originating from the SALK institute. This collenti
was generated by the group of Prof. J.R. Ecker (Alonso et al. 2008)e Anhset of our work,
a preliminary high-throughput leaf growth screen was performddsa Luis Micol group in
Alicante (Elche University). The objective was to systeradlficsearch for mutant leaf
phenotypes in the whole collection by a simple screening, lookingafily identifiable leaf
phenotypes. Over 14,000 lines representing 10,846 genes have been awalgzézhding to
the identification of 255 leaf mutants, including genotypes withealtéaf shape, leaf color
and/or leaf area compared to the wild-type. Interestingly, only 16f%he genes thus
identified had been previously described in the literature. This igemeterial represents a
mine of new information concerning the genetic control of leafvtiro During this first
screening, plants were grown vitro. Leaf phenotype was scored 18 days after sowing
(DAS). Qualitative criteria to identify lines with unambiguousfatiént leaf phenotypes
compared to the wild-type were: the size of the rosettes aechpa the wild-type Columbia
(Col-0) — i.e. bigger/smaller — and the visible differences indeldr and/or shape (n = 30);
see Wilson-Sanchez et al. 2014 and poster by Micol et al. (IntmmabtConference on
Arabidopsis Research, ICAR 2012) in Appendix VIII.

Our first objective at the onset of this work was to seldetaA. thaliana genotypes with
contrasted leaf development from the experiment performed inLloseMicol group to
develop our pipeline of analyse§wo preliminary experiments (thereafter referred as
Experiments 1 and 2)ere performed using routine phenotyping methods developed in
LEPSE (Cookson et al. 2010) on 90 SALK mutants (issued from the 255nigahts
identified by Jose Luis Micol group). Different leaf growth vargblvere measured 18 days
after sowing (as done in Jose Luis Micol group experiment) afholnadring (as usually done
in LEPSE experiments) to identify genotypes with contrastefl deaduction and/or leaf
expansion. The main results of these experiments were preseriteel I@AR 2012 (see
poster by Lievre et al. in Appendix VII). Afterwards, a subset abntrasted genotypes was
selected from Experiments 1 and 2, for a more in depth study (BE)eri3) with more
replicates per genotype. Additional leaf growth traits werasmed during this experiment,
in order to obtain a more complete overview of the plants shoot growtht has been
reported in angiosperm4, thaliana shoot development involves at least three distinct post-
embryonic phases: a reproductively incompetent phase (i.e. juvenitatreg phase), a
reproductively competent (i.e. adult vegetative phase) and a reprodpbise (Poethig

2003). The juvenile-to-adult transition (vegetative phase change) involvegesha several
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leaf traits such as patterns of abaxial trichomes production, mushiserrations, length-to-
width ratio of the leaf blade and size of the petiole and leaf blade (Robbelen 1957¢falfe
1997; Steynen et al. 2001; Méndez-Vigo et al. 2010). The presencelaimegs on the
abaxial face of the leaf is the clearest marker of thetavfsthe vegetative phase change, so
we added this trait to the growth measurements performed in ExqerB. To complete the

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

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

Chapter Il 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 siesl lin Appendix .
Seeds used were kind gifts from José Luis Micol group. All of threnSALK mutants issued
from the Columbia 0 (Col-0) genetic background. They are homozygous $irddeeked by
José Luis Micol group.

2.2. Growth conditions

The 3 experiments were performed in a growth chamber equippedhgitRHENOPSIS
automaton (Granier et al. 2006), under controlled air temperatuteraidity and incident
light. For the 2 first experiments, 14 plants of each line (SAbKsl and Col-0) were grown
together. Experiment 3 was designed to build solid analysis madaistiie generated data.
For this purpose, the number of replicates per genotype was ircigase 60 plantsSeeds
were sown in pots filled with a mixture (1:1) of a loamy soil amganic compost.
Micrometeorological conditions were kept constant during the wholatidar of the
experiments and homogeneous within the growth chamber (Granie2@08@). Light was on
during 16 h per day and provided by a bank of cool-white fluorescentandddQi lamps. It
was measured at the plant level using a photosynthetic photon flux density) (&Bbr (LI-
190SB, Li-Cor, Lincoln, NE, USA). Mean micro-meteorological conditiorese constant
over the whole duration of experiments and are indicated in Tabl&tilwater content was
determined before sowing to estimate the amount of dry soil lmatc Subsequent changes
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in pot weight were due to changes in soil water content (the wkight was considered as
negligible as it was never higher than 1 g). This alloweddneputation and daily automatic
adjustment of soil water content to 0.35 g watérdgy soil by the PHENOPSIS automaton
(Granier et al. 2006) with a modified one-tenth-strength Hoagsahation (Hoagland and

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

Experiment1  Experiment2 Experiment 3

Day length (h) 16 16 16

Incident PPFD (umol photonss™) 176 175 178
Air temperature (°C) 21.9 22.2 20.4
Air humidity (%) 61.4 59.6 60.6
Soil water content (g #© g* dry soil) 0.35 0.35 0.35

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

2.3. Growth measurements

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

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

At harvesting, rosette fresh weight (without root system or ftmgeaxes) was measured
(mg). Then, successive true leaves of the rosette (cotyledoesewxeluded) were excised
without their petiole, stuck on a sheet of paper and scanned as shdugure 1l-1 (a).
Individual leaf areas (mm?2?) were automatically measured withge analysis software
ImageJ (Rasband , National Institutes of Health, USA). Final teosssea (mm?2) was
computed as the sum of individual leaf areas. The number of ressteslwas estimated by
counting the number of true leaves produced after the production of thedooty until the
emergence of the primary flowering axis. In Experiments 1 awidiration of the vegetative
phase was determined as the time elapsed between the sowiagdl#dte emergence of the
inflorescence, i.e. the bolting stage. This stage was determinaakby-eye on daily zenithal
images taken by the PHENOPSIS automaton. In Experiment 3, intordeercome possible
differences in germination time, duration of the vegetative piwasedetermined as the time

elapsed between the apparition of the first true pair of leamdsthe apparition of the last

30



CHAPTERII. USE AND LIMITS OF EXISTING ANALYSIS METHODS ONOO MUTANT LINES

rosette leaf. Mean leaf apparition rate (leaf ayas 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 expatismare shown with associated leaf
growth traits. (a) Scan of a dissected rosette after starwith different growth traits measured

(destructive measurements). (b) Zenithal images taken by the PHEBl@#8maton. (c) Changes

in individual leaf areas can be measured on zenithal images (nionetige measurements). When

changes in individual leaf areas are plotted over time, sdpraan be fitted on these data. Inset:
close-up of a zenithal image of a rosette with respectigé rienks (indicated per order of

apparition).
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Additional measurements were performed on the plants grown duringifgepe 3. In
addition to individual leaf area, maximal leaf blade length (namd width (mm) were
automatically measured on the leaf scans using the imagesisnsdftware ImageJ 1.43C and
blade length-to-width ratio was computed. In addition leaf abaxial surfaxelgarved under
a binocular (X10) for each successive leaves just before theyseanaed to identify those
with or without trichomes. Rosette leaves were divided into thtegaaes depending on the
level of covering of their abaxial surface by trichomes. Base the literature (Telfer et al.
1997; Bollman et al. 2003), leaves without abaxial trichomes wessified as juvenile
leaves, leaves with trichomes (at least one) that did not lgrgpan their abaxial surface as
transition leaves (trichomes were not distributed homogeneous|yttw/déamina but mainly
present at the base of the leaf), and leaves with trichomespratheir entire abaxial surface
(trichomes distributed homogeneously and at least one within 2 ntine ¢éaf margin of the
distal tip) as adult leaves. To limit possible stochasticceffehe 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 imaggsenabftware ImageJ on
the daily zenithal pictures of the rosette taken by the PHEN®&8omaton by drawing the
visible part of leaf blade. Petioles were not included in the uneaent. In case of overlap
between leaves making a leaf contour too uncertain to be drawn, oranbaf had revolute
margins (phenomenon of leaf curling) at a point where about 50 % er ohthe leaf area
was hidden, the leaf was not measured. The measured areasse@i® estimate individual
leaf expansion curves. To do this estimation we chose a nonlinesicdoggression model as
the curves seemed to have a sigmoidal shape with a cemametyy at the inflection point

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

_ A
“1+exd-(t-M)/B}

whereA is the value of the sigmoid curve plateau — i.e. the estimated final value ddfthe le
area;B is a characteristic growth time parameter (inverse of groate); andV is the time
corresponding to the inflection point of the sigmoid curve (time ofimam growth). Figure
lI-1 (c) shows a collection of estimated logistic functions tarcessive leaves from leaf areas
measured during the plant growth. However, because of overlappindeahcdurling
phenomena, the estimated final leaf area was frequently undeetest in comparison to the
measurement made when the plants were harvested and the lgmrasegeand stuck on a

sheet of paper for scan measurements. This bias increased afitlarie (because the last
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leaves emerged were the most revolute) and with leaf expansmease of the overlap
between leaves). To our knowledge, there is no model enabling to thi©brasbjective was
not to study precisely leaf expansion kinetics but rather to camgpgransion curves; we
therefore identified a method to compute a corrected dynamidableathat would enable a
relevant analysis of leaf expansion kinetics from a comparptug of view. We assumed
that the biased estimation of the final leaf surface withindgistic growth model does not
affect substantially the estimation of the characteristavtr duration or of the time of
maximum growth. It allowed us to compute each leaf maximum abdehftexpansion rate
(LERmax mm2 day?) using the characteristic growth duration param@terstimated using
leaf areas measured on zenithal rosette pictures and the corregpiomali leaf area obtained

by dissecting the rosette after harvest (unbiased final leaf arg¢a, LA

LER,,.x = LA/4B

2.4. Statistical analyses

All statistical analyses were done using R software (R Geam 2014). The normality
of each variable distribution was evaluated for each genotype usingr&idlk test.
Homogeneity of variances between genotypes was testedcfovaaable using Levene tests.
Differences between Columbia 0 and mutant lines computed meanstesézd for each
variable using Student t-tests. Linear regression between taafihgvariables were estimated
on the whole data. Pearson correlation coefficients were computeateangignificance was

tested using the associated R function.

3. RESULTS

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

When the set of 91 genotypes grown together was classified acgtodivtal rosette area
or number of leaves 18 days after sowing (Figure 1I-2 (a) B)dthe ranking did not reflect
what was observed at flowering when rosette development wadeteoh (Figure 11-2 (c) and
(d)). Interestingly, in this dataset a negative non-linear ctioelavas found between rosette
area measured 18 days after sowing and the duration of leaf poodestimated as the
number of days between the sowing date and bolting (Figure 11-2T(e®) latter stage is
defined as the emergence of the inflorescence in the centee obsette, just after the last

rosette leaf has emerged (Boyes et al. 2001). This illastthgt rosettes expanding rapidly
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early in development have a tendency to stop producing leaves asitl twmethe reproductive

phase earlier than those that expand more slowly in the beginhitigeio development

(Figure 1I-2 (e)). They therefore do not necessarily havegeidinal leaf area (Figure 11-2

(d)).
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Figure 1I-2. Dissected rosette area 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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3.2. Many lines were affected on the different growth variables masured at the
opening of the first flower when compared to the wild-type

Fresh weight and rosette area were affected in the sagnéomthe majority of the lines.
Fresh weight of the rosette, measured at flowering, significatilered from that of the
wild-type (Col-0) in 66 lines. It was increased in only 7 of treexd smaller in the remaining
59 (Figure 11-3 (a)). The results obtained for final rosette arei@ almost the same: it was
significantly larger in the same 7 genotypes and smaller imethaining 58 lines for which
significant differences from Col-0 rosette area was found (€igeB (b)). Two T-DNA lines
had significant differences in comparison to Col-0 fresh weightevalt 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 deme& rosette fresh weight
(SALK_024759). Figure 1I-4 (a) shows the strong correlation foundvdesi these two

variables.

Final leaf 6 area was affected in a fewer lines than the atesaibed traits: 52 lines
exhibited a significant difference in comparison with Col-0. €hgenotypes displayed a

larger leaf 6 area, whereas it was reduced for the other 49 (Figure 1I-3 (c))

The final number of rosette leaves was the less affected amhengnalyzed traits.
Significant differences with Col-0 mean number of rosette legh@swere found for only 44
T-DNA lines, 12 of which had an increased number of leaves. Among ff#egenotypes, 8
also exhibited larger rosette area, whereas 29 of the 32 litlesesiuced number of leaves
also had decreased final rosette area. It illustrates thevposdrrelation existing between
these two traits (Figure 1I-4 (c) and (d)).

Three T-DNA lines presented a compensation phenomenon between sigrifieeations
in their leaf 6 area and number of rosette leaves, leading talardisette 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 increaseter of rosette
leaves, whereas the other one (SALK 018664) had on the contrary tatiygdual leaf area

and a lower final number of leaves.
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Figure 1I-3. Fresh weight of the rosette (mg; (a)), disseotsette area (mmz; (b)), leaf 6 area
(mmz2; (c)), number of rosette leaves (d), duration of vegetgihase (days after sowing; (e)) and
mean leaf apparition rate (leaf dayf)) are given for 90 SALK T-DNA lines and Col-0 grown
during Experiments 1 and 2. The first 4 traits were measuriohadring whereas the two others

Genotypes

are the components of leaf apparition dynamics and were computetinoegisee material and
methods). Dotted lines and dark gray bars correspond to Col-Osvalleans with standard

deviation are shown for each genotype (n = 7). In all panels, gesadypeaanked according to
their decreasing rosette area at flowering. Five lingshidnge an interest for our in depth study are

identified by colored bars: SALK 025730, blue; SALK 055458, orange; SALKLT#8green;
SALK 126071, red; SALK_064915, purple.
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rosette; (b) leaf 6 area (mm?2); (c) number of rosette leaitbsall T-DNA lines. Correlations were
estimated using the values measured at flowering on the ptamia guring Experiments 1 and 2.
Forgreaer readability, on the graphs each point represents the meafordatgenotype (n = 7).
The linear relationships estimated between the variableepresented by a blue line. r, Pearson
correlation coefficient. r2, coefficient of determination. ***, p-value < 0.001.

Concerning the dynamics of leaf apparition, more lines welectafl in duration of

vegetative phase than in mean rate of leaf apparition (resglgcdi7 and 49 with significant

differences in comparison to Col-0, Figure 1I-3 (e) and (f)). damtion of vegetative phase

was mostly extended compared to Col-0 (38 lines) whereas mdaaplearition rate was

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

Opposite alterations in leaf apparition dynamics led to a compamsghenomenon

regarding the final number of rosette leaves, which was no signily different compared to

Col-0 for 18 lines that yet exhibited significant changes in teairapparition dynamics. For
examples, see SALK 009798 or SALK 136507 for extended vegetative phthsower
leaf apparition rate. SALK 126071 and SALK_ 145203 are the only two lim@sisg the
opposite type of compensation.
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3.3. Selection of 4 lines with contrasted leaf growth phenotype®if a more in depth
phenotypical study

One specific line, SALK_064915 (purple bars Figure 11-3), particularly differs from the
others, with the strongest alterations in leaf growth variables, of whedhighest increases in
both duration of vegetative phase and mean leaf apparition rate, etrenl#dter was not
significant. These changes in leaf apparition dynamics resultedmean final number of
rosette leaves largely higher than the one scored in Col-O (teehe85 and 12)This line
also presents the most drastic decrease in leaf 6 area, fivitlt leaf 6 area that reaches only
11 % of Col-0 leaf 6 area. Despite its high number of leavedacause its low individual
leaf area this mutant final rosette area reaches 37 % & @udl rosette area. Consequently,
SALK_064915 plants had extremely shrunken and compact rosettes with highrewhbe
senescent leaves on the lower metamers (Figure I[I-5). Tseation of the rosette at
flowering and the identification of leaf ranks on the rosetteewsry laborious and,

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

SALK_064915 — Stage 6.00

Top view
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Rosette leaves

Figure II-5. Scan of the dissected rosette of a SALK_064915 plawingduring Experiment 1 and
harvested at flowering. Insert: zenithal picture of the esgiant taken by the PHENOPSIS
automaton 37 days after the apparition of the first two true leaves.
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Figure 11-6. (a) Zenithal pictures of a characteristic teset each line taken by the PHENOPSIS
automaton just before flowering. (b) to (f) Results of leadwgh measurements obtained from
Experiments 1 and 2 for Col-0 and the 4 T-DNA insertion lines selesteshowing contrasted leaf
growth phenotype in comparison with their Col-0 wild-type. The vagkhown are: (b) rosette
area (mm?), (c) leaf 6 area (mm32), (d) number of rosetteesede) time to bolting (days after
sowing) and (f) mean leaf apparition rate (leaf Japhe first 4 traits were measured at flowering
whereas the two others are the components of leaf apparition dgnandcwere computed over
time (see material and methods). Means with standard ereshawn for each genotype (n = 7).
Stars indicate when the T-DNA lines value is significadilfyerent 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_025736, 8A8174,
SALK_ 055458 and SALK 126071 (Figure 1I-6 (a)). They were chosen bedhageall
exhibited strongly contrasted leaf growth phenotype in comparisonet@ol-0 wild-type
when measured at flowering. We selected them trying to fonuE-DNA insertions that do

not affect every measured trait in order to minimize the numberterfactions between leaf-
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growth processes that could be affected by the mutations. édiffes described in the
following paragraphs are all significant according to the Stutdtasts that were performed

on the dataset.

SALK_025730 was one of the rare lines with a larger final dissecsatte area than Col-
0 one (Figure 1I-6 (b)). This increase of final rosette aremexplained by a larger number of
rosette leaves and no significantly altered individual leaf airespectively Figure 11-6 (b)

and (d)). This larger number of rosette leaves was due to a longgioduwf leaf apparition
(Figure 11-6 (f)).

In the three other lines, rosette areas were significantbller than Col-0 (Figure 11-6
(b)). For SALK 048174, it was due to a shorter number of rosettesletaiggered by a lower

mean rate of leaf apparition (respectively Figure 11-6 (c) and (f)).

The two other lines had no significant differences concerninguh®er of rosette leaves
but exhibited smaller final leaf 6 areas when compared to Calgar@-11-6 (d)). They were
also altered in the leaf apparition dynamics, but for each onealthetions of the two
underlying variables, duration and rate, compensated each othdf 885458 plants had a
longer duration of leaf apparition than Col-O but a lower mean |gadraon rate, whereas
SALK_ 126071 exhibited the opposite phenotype — i.e. a shorter duration opfeait@n

and a higher mean leaf apparition rate (Figure 11-6 (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 intarestselected for more
in depth phenotyping analyses (see section above). However, itxohsledl of further
analyses because of its complex rosette architecture.citessive leaves largely overlapped
and were very revolute leaves. Additional measurements, partjcatnnation of individual
leaf expansion kinetics from zenithal images, could thus not be dooeataty on this line.
Therefore, this line was grown and imaged in Experiment 3ifmlty not used for further in

depth phenotyping analyses. Only 3 lines were kept for the complete in-depthsanalysi
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Figure 1I-7. Histograms of leaf growth measurements obtained fograrnent 3 for Col-0 and the 3
T-DNA insertion lines selected. The variables shown arediézected rosette area (mm2), (b) leaf 6
area (mm3), (c) number of rosette leaves, (d) duration ofdfetative phase (days after apparition of
the first two leaves) and (e) mean leaf apparition rasd.flay’), all measured at flowering. Means +
SE (n ~ 50). Stars indicate when the T-DNA lines valueagisificantly 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.

Rosette area Leaf6area  Number of Vegetative  Leaf apparition

Genotype (mm?2) (mm?2) rosette leaves phase (days) rate (leaf day)
Mean Mean Mean Mean Mean

Col-0 1790 127 115 13.2 0.89

SALK_ 055458 1118 ** 91 rkk 11.2 ns. 13.8 n.s. 0.82 kk

SALK 048174 1242  ** 134 9.6 ¥k 124 n.s. 0.78 ok

SALK_126071 1252 ** 70 rx 129 11.8 = 11 i

Table 1I-2. Results of leaf growth measurements obtained fromrigxgret 3 for Col-0 and the 3 T-
DNA insertion lines selected as showing contrasted leaf grptwhotype in comparison with their
wild-type Col-0. The variables shown are: (a) dissectedteoaeea (mm?), (b) leaf 6 area (mm?), (c)
number of rosette leaves, (d) duration of the vegetative pdags after apparition of the first two
leaves) and (e) mean leaf apparition rate (leaf)dayalues are means computed for each genotype (n
~ 50). Stars indicate when the T-DNA lines value is significadifferent 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 mnkeqie3 were mostly
consistent with the ones made during Experiments 1 and 2 (Figaranidl Figure II-7). For
the 3 T-DNA lines final rosette areas were still sigaifity smaller than Col-0 (p-values <
0.0005; Table II-2 and Figure 11-7 (a)).

SALK_ 048174 plants still displayed a lower mean leaf apparition leiding to a lower

number of rosette leaves and consequently to a smaller rosette areal(FHgure

The data also confirmed that the final leaf 6 areas of SALK_058488SALK 126071
were significantly smaller than Col-0 ones (Figure II-7 (b)pwdver, for these two lines,
differences were found concerning the dynamics of leaf apparitideed, the slight increase
in the duration of vegetative phase observed for SALK 055458 with respeot-@was not
significant in the second experiment (Figure 11-7 (d)). Degspiie difference, there was still
no significant difference for the final number of rosette ledtsveen those 2 genotypes,

indicating that the lower leaf apparition rate of the mutar& Was still compensated (Figure
11-7 (c)).

On the contrary, the increase in SALK 126071 leaf apparition ratehvwgher than
previously observed, and, instead of simply compensating the reduceidrdofategetative
phase, led to a significantly higher number of rosette leavidgege T-DNA line plants than
in Col-0 plants (p-value < 0.0005; Figure 11-7 (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 rosetteslésused as a marker of the
developmental phase during which a leaf as emerged (juvenile \egegthaase, juvenile-to-
adult transition and adult vegetative phase). By considering the numleaves$ attributed to
each of those phases as a time indicator, it is possible ded¢entine onset and the duration

of each phase.

The analysis of the segmentations of the shoot development in deeel@brphases
considering abaxial trichomes as markers of vegetative phasgeshdighlighted new
differences between Col-0 and the 3 T-DNA insertion lines growmgltExperiment 3.
Significant differences were found in the number of leaves forthi@guvenile and transition
phases for the three mutant lines, whereas SALK 055458 and SALK_048174eekHileit

same mean number of leaves initiated in the adult phase as Col-0 plants (Table 11-3
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SALK_055458 showed a longer series of juvenile leaves, tested ascsighiéiven if it
was only by about 1 leaf, and a shorter series of transitionsiebayeabout 1 leaf too (Table
[I-3). These opposed and quantitatively equivalent changes in develgbrpbases are
consistent with the fact that there was no significant differdsetween SALK_055458 and
Col-0 final numbers of rosette leaves. However it gave the intamahat this line was

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

Juvenile phase Transition phase Adult phase

Genotype length (leaves) length (leaves) length (leaves)
Col-0 7.2 3.2 11
SALK_055458 7.9  ww 1.9 o+ 1.1 ns.
SALK 048174 6.8 * 15 1.3 ns.
SALK 126071 112 15 o 0.3 **

Table 1I-3. Developmental phases lengths measured by the nofmkeaves in each phase, for Col-0
and the 3 T-DNA insertion lines. As explained in the Materal Blethods section, the segmentation
was based on the absence (juvenile phase), partial presentgti@inaphase) or homogeneous
presence (adult phase) of abaxial trichomes on the successis.l&/alues corresponds to means
computed for each genotype (n = 50). Stars indicate the T-DNA foresvhich 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 ¢éhenlonber of rosette
leaves exhibited by SALK 048174 plants was mainly due to a shoneitioa phase (by
almost 2 leaves; Table 1I-3). The number of leaves initiated during the juvenik\whaslso
lower than Col-0 one, but about less than 1 leaf and the significaneledf the difference
was low. Therefore, the onset of vegetative phase change in SALK_0pE&it4 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 duvengivenile phase
that was responsible of the increase in final number of rosettedeBoth the juvenile-to-
adult transition and the adult phase were shorter than in Col-O pthatsngjority of the
plants did not even have an adult phase), but the resulting differenaenber of leaves was
not enough to compensate the one triggered by the previously mentionesencfdeaves

initiated during the juvenile phase (respectively about 2 and 4 leaves; T&hle II-

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 Anestheir wild-type Col-0
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grown during Experiments 1 and 2 were assessed from the coompafifeaf 6 area mean
values. However it was uncertain that these differences obsatvede specific leaf rank
were conserved at the other ranks. In order to test this, areaslofuccessive rosette leaves
obtained from Experiment 3 were compared rank by rank and sorted by airdeaf
apparition on the rosette. The first observation that could be madéhatainal leaf area
tended to increase for each new leaf produced after the secondH@mkyver, the last
produced leaf had the tendency to exhibit a smaller leaf areahtgweceding one (Figure
11-8 (a)).

The differences observed when comparing final leaf 6 area®led @nd mutant lines
were conserved for most leaf ranks. For the SALK 048174 line, lea$ &xad no significant
differences compared to Col-0 ones, except for the twelfth (atddemerged leaf. For the
SALK_055458 and SALK_126071 lines, plants exhibited smaller leaf areasdoy rosette
leaf (Figure 11-8), indicating that the effect of the mutatiomsleaf expansion concerned all

leaf ranks.

3.4.4. Variation of LERma and length-to-width ratio between successive rosette |leaves;
relationship with thefinal area of the considered |eaf

Maximal leaf expansion rates (LEE) was affected similarly to individual leaf areas. The
observations made for these variables were rigorously the sdmther it was regarding the
variation of the variable between the successive leaves ofi@@anotype or the consistency
of the effect of a mutation among the different leaf ranks a¥engl-DNA line (Figure 11-8
(b)). Figure 11-9 (a) illustrates the strong correlation txgs between the leaf final area and
the LERqax Of the same leaf. This correlation was expected as thedieal of each leaf was
used to compute the corresponding LERYyet, the Pearson coefficient of correlation=(r
0.97) showed how tightly these 2 leaf growth variables are relatddct, the coefficient of
determination showed that 94 % of the variability of kERcan be explained by the linear

relationship between this variable and individual leaf area.

Individual leaf blade length-to-width ratio, as individual leaf ar¢anted to increase with
leaf rank, reflecting an increase in the length of the suieeessaves (Figure 11-8 (c)).
However this increase was not similar for all the genotypesrgauring Experiment 3. In
SALK 048174 plants, this trend was quite marked, whereas it was theri@sounced in
SALK_ 126071 plants, that, in comparison with the other genotypes, had thelomustted
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 nosardgethe ones with the
most elongated leaves (Figure 1I-8). These two variables wttelinked by a linear
relationship. Figure 1I-9 (b) shows the correlation existing betwleaf final area and the
length-to-width ratio of the same leaf. The coefficient of aeteation computed indicates
that about 64 % of the variability observed among the length-to-witith values can be

explained by this relationship.
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Figure 1I-8. Individual leaf areas (mm?2; (a)), maximal legiansion ratesLERm.x, mm2 day’; (b))
and leaf blade length-to-width ratio (c) are represented rantatly, sorted by leaf apparition
order. Bars are the mean value by rank computed for each genotype (+ SE).
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Figure II-9 Linear relationships between individual leaf area (mm2) (@phaorresponding maxir
leaf expansion rate (LERmax, mm? diy(b) leaf blade length-taddth ratio. Each point represe
an individual leaf (n = 2,274). THear relationship estimated between the variablespiesente
by a blue line. r is the Pearson correlation coefficient angertoefficient of determination. ***, p-
value < 0.001.

A noticeable observation for those four leaf growth variables (o leaf area,
LERmax Characteristic growth duration and leaf blade length-to-widtb)ratas the absence
of variation between the first two leaves of a given genotypead the most striking with the
final leaf area and LER variables for which the first two true rosette leaves valuee w

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

4, DiscussIiON

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

One of the first outputs from our studies is related to leaf grgvémotyping methods.
Due to technical constraints, leaf growth analyses have oftenblased on measurements of
a trait or a few traits of interest at a given date, withaking in account plant developmental
stages. The comparisons of leaf growth traits measured at 18aDA%t the end of the
rosette development on # thaliana lines (Experiments 1 and 2) showed that phenotypes
identified at a given date are not conserved over time and thedexoff exists between the
initial rate of growth and growth duration. These observations suppoddheiusions drawn
on traits measured at a given date cannot be generalized whtte growing period and
another analysis at another date or stage may lead tcediffenclusions, whatever the scale

of growth analysis.
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The trade-off between the initial rate of growth and growth tcurdas embedded in the
evolutionary framework of life-history theory that predicts thia¢ covarying values of
individual characters are constrained by the use of a limitediaihof resources (Vasseur et
al. 2012). In annual plants such/fAaghaliana, fitness increases with body size, which can be
achieved by high relative growth rate or by extending the peafodrowth (Roff 2007;
Metcalf and Mitchell-Olds 2009)nterestingly a similar trade-off has been observed at the
individual leaf scale (Cockcroft et al. 2000). Genotypes with highalnrelative leaf
expansion rate have generally a shorter duration of leaf expa(Sockcroft et al. 2000;
Cookson et al. 2005).

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

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

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

Experiment 3 was performed growing a larger number of planicagégs per genotype
with the measurements of additional leaf growth variables. Comparison osthis @btained
for the same genotypes but with different sample sizes higatigtite fact that analyzing
datasets with small numbers of independent replicates usingicihtig/pothesis tests can
lead to groundless conclusions. The matter of sample size deteéomiisaquite documented
(Lwanga and Lemeshow 1991; Lenth 2001; Noordzij et al. 2011; Beck 2013vendif
examples are often taken in medical research, this probtemas to be emphasized to

conduct meaningful studies in plant phenotyping studies.

We extended the study of the effect of T-DNA insertions on indiVieaé growth to each
successive rosette leaf, instead of focusing on a given leaf rankpating growth traits of
individual leaves rank by rank when plants have the same number of Ieanat problematic
but a large variation in leaf number is often reported amfantaliana genotypes. In the
population of recombinant inbred lines used in (Tisné et al. 2008), for exattg@inumber 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 tymenpfarison can become tricky
when plants with significantly different numbers of leaves araistl. In this case,
conclusions drawn from the analysis of the first appeared |leavediffer from those drawn
when leaves of higher ranks are compared. That could be explainedfdrgrdiés in the
developmental phase of the plant when the compared leaves werednisace leaves
initiated during different plant developmental phases can preseatetiffimorphological and
physiological differences (Poethig 1990, 2003; Matsoukas 2014). One solutenatble to
perform an analysis of the effect of a mutation or armeat on individual leaf growth that
would be representative of the effect observed among the shoot, wouldsiectoonize

flowering time among plants as presented in Lievre et al. 2013; see Ché&jgerd, |-2.

The number of successive leaves sharing the same identity —ddbfirtbe presence of
trichomes on their abaxial face based on Telfer et al. 1995 eftén interpreted as a
characteristic of the duration of the corresponding developmental phase.Wwé made the
observation that SALK_126071 plants have on average an extended seus=ndéjleaves
compared to Col-0, without any reduction of transition leaf number atebsamarked
decrease in adult leaf numbers. If the number of leaves sharingathe identity really
reflected the duration of the developmental phase, the complete wegetaise should thus
be longer in the mutant than in its wild-type. Nevertheless, vesvad here that, on the
contrary, SALK_126071 vegetative phase was shorter than Col-O ones, amigetlheatger

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

Comparison of shoot development for the analysis of genetic amifiooremental effects
can be tricky because of the multiplicity of the variables tloald be involved and because
of the asynchronicity between plants development, raising theigqueghether comparison
of leaves based on their rank is relevant. Comparing developmentas [fraseession and
variation of the leaf-growth traits within each phase) could ksolation. However the
definition of such phases might be complex. In the literature, obséetedoblasty is often
linked to the acquisition of reproductive competence, and vegetativdopgeent in A.
thaliana is frequently divided into three developmental phases (juvenile, ttcamand adult)
using abaxial trichomes patterns as discriminating criterioowedder, several studies
highlighted that the relationship between the variation of morphololgiabtraits and plant
phase change are not yet clear and that distinguishing gdigetietermined ontogenetic
changes from those due to plasticity can be difficult (Diggle 2B02thig 2010; Huijser and
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Schmid 2011). For example, we observed here that the first two tues lebthe rosette were
both very similar one to another and quite different from the follous@ages, considering
their area, shape and maximal expansion rate. Differencesdretive first postcotyledonary
leaves and the subsequent juvenile leaves have been repoAedhatiana (Telfer et al.
1997; Steynen et al. 2001) and other species suBkeadopanax crassifolius (Gould 1993),
Fraxinus pennsylvanica (Merrill 1986), Desmodium paniculatum (Wulff 1985), Medicago
(Damerval 1983), maize (Bongard-Pierce et al. 1996), wheat and l{Bxdenbusch et al.
2010). It could be explained by some degree of regulation by theesggdnment on the
leaves initiated during embryogenesis (Bongard-Pierce et al. 1886s 1999). The juvenile
vegetative phase (in terms of reproductive competence) could thus kleddivito two
developmental phases, and, consequently, phenotypic studies of the shootiveegeta
development might need to be based on four different phases: seedlimglejuvansition

and adult phases.

These considerations show the interest of developing a new method of anal¢gsigpher
the structure of. thaliana rosette into different developmental phases, taking into account

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

1. INTRODUCTION

The genome sequences of model plants sucdh #sliana ecotypes andrachypodium
dystachion are available. In addition, rice, maize, sorghuBorghum wvulgare), barley
(Hordeum vulgare) and many dicot and monocot crops are either sequenced or soon. will be
To harness this genomic information for agricultural applicatiohas to be carefully and
comprehensively linked to plant phenotype. However, phenotypic descriptiapeEnome-
wide knockout collections are often limited because phenotyping techemlbgve often
been reported as the bottleneck of phenomic studies (Furbank and Z@%figr The
annotation ‘no visible phenotype’ occurs frequently and it maybealewelack of capacity
for the plant community to analyze the subtle phenotypic effectvadbus genetic
modifications. Shoot growth phenotyping per se is not an obstacle aymaAr thaliana
since technologies have been developed and are still improved tarenplst traits on the
rosette (Granier et al. 2006, 2014; Arvidsson et al. 2011; Zhang et al. 20i&hiFet al.
2012). The challenge is now to integrate the different typesaid$ tthat can be acquired at
different scales during phenotyping studies or to identify the rpesinent trait(s) to
compare genotypes. In leaf growth phenotyping studies for exampleaoreaee to analyze
simultaneously dimensional and morphological data on individual leauek @s leaf areas,
leaf blade length-to-width ratio or number of serrations on thé reargin), leaf growth
dynamics data (such as leaf expansion rate, duration of leaf expamsd data measured at
the leaf scale but analyzed as series along the shoot when shelaipdesntal phases are

investigated (e.g. changes in abaxial trichomes covering with theatdgf

When measurements are made for each individual leaf, comparigonsuatly made by
analyzing the quantitative or qualitative characteristiceafes at a given rank — i.e. leaves
that have the same position on the shoot according to the order otiteigence after
germination (Willmann and Poethig 2011; Friedli and Walter 2014). Asisked earlier, this
framework can be used when plants that are compared exhibit the same nuledezfbut,
it raises a problem when they have different leaf numbers &s dften the case when
comparing different genotypes or a same genotype grown in variousoreneintal

conditions. In this context, the phenotypic analysis of the plant shootusingcit into
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successive developmental phases seems to be the most appropneedrk to compare

shoot development of different genotypes.

Such structuring is based on more or less abrupt changes in the shaotetisdics (e.qg.
Dambreville et al. in press). We will refer to these charagethe plant heteroblasty. The term
‘heteroblastic’ was initially introduced by Goebel (1900). It wasdu® oppose plant species
in which substantial differences were observable betweenreamlielater formed phytomers,
to species with small and gradual changes along the shoot -hdheblastic’ species.
Nowadays, the definition of the term ‘heteroblasty’ has been extemaedthis term is
commonly used to refer to changes in leaf size and/or shapeingaduring ontogeny, even
if they are subtlelt has to be noted that ‘heteroblasty’ is sometimes used to tefe
ontogenetic changes only (Zotz et al. 2011). When it refers to théimaton of the
observable morphological changes, these changes can be due to smasyat such as
ontogeny, physiological aging, increase in the shoot @mans 1972; Day et al. 2002;
Mencuccini et al. 2007), environmental heterogeneity such as soil hynlight quality,
temperature or nutrients availability (Ray 1987; Lee and Richards 168&s 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 intlieigiusize and shape,
internode size, branching patterns but also leaf and/or internode dBuddon et al. 2001;
Andrieu et al. 2006; Cookson et al. 2007; Willmann and Poethig 2011). These <lmange
shoot traits are usually analyzed individually during phenotyping studetly because of a
lack of appropriate statistical methods. There is thereforealactellenge in developing
methods that would allow the segmentation of shoot axis developmentuotessive
developmental phases based on the integration of several tréattimgf the heteroblastic

changes.

During the analysis presented in Chapter Il we identified tAir&NA insertion lines
(SALK 055458, SALK 048174 and SALK 126071) with contrasted leaf growth
development. They were used here to build multivariate segmentatidelsnin order to
analyze the structuring & thaliana rosette We grew these 3 lines and their Col-0 wild-type
with a large number of replicates for each genotype (n = 60). thiteughput of the
experiment could be considered as low when considering the numigenofypes grown
together but was high when considering the number of measured piaotali This high
number of replicates was necessary to compute more robustcsthtisbdels to get more
trustworthy conclusionsMost kinematic data that are necessary to quantify spatial and
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temporal changes in leaf growth were obtained here from hand-meagurements that are
time-consuming. As explained in Chapter I, section 1, a leaf capprehended as a whole
growing organ, whom development can sometimes control cell divigiohexpansion
processes (Tisné et al. 2008; Tsukaya 2013), making the study tifaliana shoot
development at the macroscopic scale relevant. Because ofctiresiderations and of the
high number of plants that we wanted to grow together for statisgtevance, we first
focused on the macroscopic scale of shoot development. Because of tinesshof the

internodes irA. thaliana rosette, we focused on leaf characteristics.

Even if the main objective of the work presented in this chaptertavaevelop 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 $igtenabla
delimited and explore some of the problems that arise in thec#gxgliimplicit link between
them and (2) to characterize the 3 T-DNA insertions lines used to develop this Approac

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-DNAiamsentitant lines
issued from the SALK institute collection created by the grouprof. J.R. Ecker (Alonso et
al. 2003). Seeds used were provided by José Luis Micol group (Udagrdviiguel

Hernandez, Elche, Alicante, Spain)

Sixty plants of each line were grown together. Seeds were sowots filled with a
mixture (1:1) of a loamy soil and organic compost. Plants werergihowa growth chamber
equipped with the PHENOPSIS automaton under controlled air tempegturemidity and
incident light. Micrometeorological conditions were kept constant duhegwvhole duration
of the experiment and homogeneous within the growth chamber (Gearaér2006). Light
was on during 16 h per day and provided by a bank of cool-white fluorescesitatuthéd Qi
lamps. It was measured at the plant level using a photosynthetanphot density (PPFD)
sensor (LI-190SB, Li-Cor, Lincoln, NE, USA). Mean micro-meteorolalgiconditions are
indicated in Table Ill-1. Soil water content was determined reefowing to estimate the
amount of dry soil in each pot. Subsequent changes in pot weight wet@ chenges in soil

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

experiments.

Day length (h) 16
Incident PPFD (umol photonsts?®) 178
Air temperature (°C) 20.4
Air humidity (%) 60.6

Soil water content (g 0 g* dry soil) 0.36

Table 11I-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 takendaily basis by the
PHENOPSIS automaton to follow rosette growth. Plants were hadvesen the first silique
was formed in order to ensure that each individual rosette leaf had completguhiisier (as
previously shown in the group in previous experiments in the same growmaiions). The
successive leaves of the rosette were excised without thielepstuck on a sheet of paper in

the order of emergence and scanned.

2.2.1. Leaf morphological characterization

Individual leaf area (mm?2), maximal leaf blade length (mm) andthw(mm) were
automatically measured on the leaf scans with an image analyware (ImageJ 1.43C,
Wayne Rasband, National Institutes of Health, USA) and leaf léadgh-to-width ratio was

computed.

Leaves were divided into three categories depending on the level aingowé their
abaxial surface by trichomes: leaves without abaxial trichomes sl@atletrichomes (at least
one) that did not entirely span their abaxial surface, and leattesrishomes that span their
entire abaxial surface (trichomes distributed homogeneously dadsatone within 2 mm of
the leaf margin of the distal tip). To limit spurious meas@eniluctuations, the subsequent
leaves on the shoot had to meet the same criterion or to corregpitredriext leaf category.
In this study, we did not assume that the leaf covering withhdmes defined priori a
developmental phase (the three categories corresponding respetctiyaenile, transition

and adult leaves according to Telfer et al. 1997 and Bollman 20@8). This morphological
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variable was used in conjunction with leaf shape, dimension and grovidiblgarto define

developmental phases with lespriori.

2.2.2. Characterization of leaf expansion kinetics

Projected individual leaf areas were measured with the iranglysis software ImageJ
1.43C on the daily zenithal pictures of the rosette taken by the PREN automaton by
drawing the visible part of leaf blade. Petioles were not inclini¢de measurement. In case
of overlap between leaves making a leaf contour too uncertain to be drawn, or wHdrad lea
revolute margins (phenomenon of leaf curling) at a point where about &0m6re of the
leaf area was hidden the leaf was not measured. The measwasdvere used to estimate
individual leaf expansion curves (Torres and Frutos 1989). The logisttidn used to

model leaf expansion is given by

Y= A
1+exg—(t-M)/B}

whereA is the upper asymptote, i.e. the estimated final leaf sufaisethe characteristic
growth duration (inverse of growth rate), alidis the time corresponding to the inflection

point (time of maximum growth).

The growth duration betweesn and (1—-a)A with 0 < a < 0.5 given by
t,—t, = ZBIog(l_—aj
a

only depends om and B. Therefore, parametdd corresponds to the growth duration
betweenaA and (L-a)A for a =1/{1+exp0.5)} =0.38.

Classically the leaf expansion curves are summarized bywong the maximal leaf

expansion rate rate (LERY:
LERmax=A/4B

However, in our case, because of leaf overlap and leaf curlingpptema, the estimated
final leaf areaA was frequently underestimated, making the estimatedhEBased.
Moreover, even by using the unbiased final leaf area obtained byerabssection to
compute LERax the strong correlation between these two variables makes ehef beth
redundant. We assumed that the biased estimation of the finarésafwithin the logistic
growth model because of leaf overlap does not affect substartti@lestimation of the

characteristic growth duration. Consequently, we used this edfimpéeameter 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 tres lgaduced between
the apparition of the two cotyledons and the emergence of thearriffowering axis
(cotyledons were excluded). Duration of the vegetative phase wasnoeteé as the time
elapsed between the emergence of the first pair of true leadeth@ emergence of the last
rosette leaf. Mean leaf apparition rate (leaf ayas computed as the final number of rosette

leaves divided by the duration of the vegetative phase.

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

2.3.1. Building of multivariate sequencesfor each A. thaliana rosette

Data take the form of multivariate sequences indexed by the leaf ranlkeafiescription
at each successive rank combines a morphological variable (ordiegbigeal variable with
ordered categories no trichome, partial covering with trichonfie, covering with
trichomes), a shape descriptor (length-to-width blade ratio), tlaél&af area and a dynamic
variable (characteristic growth duration extracted from thtemation of a logistic growth

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

Because of leaf overlap, the larger the leaf is, the morentsce is underestimated. We
thus chose to incorporate in the multivariate sequences the firfahrea obtained by

dissecting the rosette.

2.3.2. Segmentation models

A key question was whether the rosette growth pattern take®rimeof a trend (i.e.
gradual change in the mean level for quantitative variables asiche leaf area) or of a
succession of developmental phases separated by abrupt changesdfame juvenile leaves
without abaxial trichomes followed by transition leaves parti@bvered with abaxial
trichomes and then adult leaves fully covered with abaxial trickpmdéter some exploratory
analyses, we chose to build two-scale segmentation models on ikeobasultivariate
sequences that combine developmental phases and linear trends vasen fur quantitative
variables. These two-scale models are semi-Markov switching Isnd@MSMs) that
generalize hidden semi-Markov chains by incorporating regressamelm as observation
models. They are formally defined in Appendix Il. In our contextstieession and duration

of developmental phases (coarse scale) are represented by a eomolessemi-Markov
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chain while the different leaf descriptors within a developmentals@h(fine scale), are
represented by observation models attached to each state efrthblarkov chain. Hence,
each state of the semi-Markov chain represents a developmental Atsasei-Markov chain

is defined by three subsets of parameters:

= |nitial probabilities to model which is the first phase occuyyiimthe sequence

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

= Occupancy distributions attached to non-absorbing states (asstatiel to be
absorbing if, after entering this state, it is impossible teelag to model the phase
length in number of successive leaves. We used, as possible parasiate
occupancy distributions binomial distributionsdBiq, p), Poisson distributions &(1)
and negative binomial distributions NBf, 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 modelsiaple
categorical observation distributions and the probabilities of obseeaoly category
within a developmental phase were estimated directly. In the oaghe three
guantitative variables (length-to-width blade ratio, final leaf areaachkexistic growth
duration), we chose to model trends within developmental phases using smept
regression models because of the short length of phases (betwadi P successive

leaves).

‘Left-right” SMSM composed of successive transient statdevield by a final absorbing
state were estimated on the basis of each dataset. Asstaie to be transient if after leaving
this state, it is impossible to return to it. In a ‘left-righitddel, the states are thus ordered and
each state can be visited at most once. Each estimated modesedato compute the most
probable state sequence for each observed sequence (Guédon 2003). Ted stster
sequence can be viewed as the optimal segmentation of the correspbsginged sequence
into sub-sequences, each corresponding to a given developmental phase.

It is generally assumed, when using SMSMs, that the sequergth Isnindependent of
the process that is supposed to have generated the sequence (Gu8jlohhZd@ssumption
entails that the time spent in the last visited state isswed’ or truncated, i.e. the last
vegetative developmental phase was randomly truncated by the oransithe reproductive
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phase. This is indeed unrealistic. In this study, it was chosesstone instead that the end of
an observed sequence systematically coincides with the toaniiim the current state to an
extra absorbing ‘end’ state modeling implicitly the reproduqgpiase (no observation model
is associated with this end state). Hence, at the end of an obseyeence, the process
systematically jumps to the absorbing end state. In this wesypdssible to model explicitly

the duration of the last vegetative developmental phase.

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

Combining results from the literature (Poethig 1990; Telfer.e137) and exploratory
analyses, it was rapidly obvious that at least three transiam¢sswere necessary
(corresponding roughly to the first two seedling leaves, juveralekeand adult leaves). We
then evaluated the possible number of states from 3 onward (théiagsend’ state being

not counted).

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

We built a five-state model (four transient states corresponttingpur successive
vegetative phases and an absorbing ‘end’ state corresponding &ptbductive phase) on
the basis of the Col-0 multivariate sequences; see Figure 1ll-1. Thedgetative phases will
be referred to as the seedling phase, the juvenile phase, thednapkiise and the adult
phase with reference to the literature; see justificatlmiew. As shown in the transition
graph (Figure 11I-1 (c)), the succession was not completebranistic since the adult phase
can be skipped with probability 0.27 — and the transition phase with prob&biizy Phase
length distributions (expressed in number of successive leaves)iaésdowith each
developmental phase are also shown, above the transition graphs. The medeh of
distribution represents the most probable number of leaves that wounigose the
corresponding phase. Coupled with the probabilities of the phases adianfuiche leaf
rank (Figure 1lI-1 (b)), it allows the deduction of the most represk segmentation (or
segmentations if two phases strongly overlap) of a Col-0 planirg-igj-1 (a)). The seedling
phase was in a large majority composed of the first two leafethe shoot. It was
discriminated by the three quantitative variables: final leaé,alength-to-width ratio of the
leaf blade and characteristic growth duration parameter. In oppasittbe following phases
(i.e. the juvenile phase), there was almost no trend in this phateesar traits (Figure 1lI-1
(d) and Table 11I-5). The juvenile phabkad 5 leaves in average and mostly began with the
third emerged leaf. The transition phase was constituted from 1 to 5 leavean\aierage of
3 leaves. For the plants that displayed an adult phase, it was/roamposed of 1 leaf (9
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sequences had 2 leaves assigned to this phase, and only 1 sequeBckdaes in this
phase). The discriminations between the juvenile, transition andpdusiées followed exactly
the organization of the trichome variable: none of the leaves adsigribe juvenile phase
exhibited abaxial trichomes, every leaves assigned to the ianghase had a partial
covering of their abaxial face with trichomes, and thoselat to the adult phase had their
abaxial face fully covered with trichomes. The most structugungntitative variable was the
final leaf area, with changes in the slopes estimated inutteessive phases (Figure 111-1 (d),
Table III-5). On the contrary, the less structuring quantitativeabie was the leaf-to-width
ratio that, except for the first two emerged leaves, condehe same slope along the shoot
(Table 111-5).

The graph showing the probability for a leaf at ranto be assigned to a given phase
indicates that the segmentation of Col-0 plants into developmental phasesjuite
synchronous among the 49 individuals (Figure 1lI-1 (b)). The main ap®&rbbserved
between two successive phases were at rank 8 (leaves nss#giiyesl to the transition phase,
and in smaller proportion to the juvenile phase), and at rank 11 (leasigsemsin the same

proportions to the transition and the adult phases).
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Figure lll-1. Representations of the segmentation model main subptdined for Col dataset. (i
Representation of a typical Col-0 plant, dissected view to slaoW keaf rank. Leaves ashiown it
order of production, from left to right, and shaded to indicate no ab@ahomes (light grayanc
abaxial trichomes (blacKp) Probabilities of the developmental phases as a functidredéaf ranl
(c) Graph of transition between phases and phase length distribtipisnal leaf area values a
function of the leaf rank. Trends within each phase are shown in. &on lines:most probabl
phase (i.e. majority of the leaves at the rank have been assigthedphaseDotted linesalternativ
phase (with respect to the most probable phase); shown if probability > 0.04.
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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 IlI-2. Segmentation uncertainty: minimum posterior priipalf the optimal segmentation,
proportions of individuals whose posterior probability of the optisedmentation is above given
thresholds (0.75, 0.9 and 0.95), number of possible segmentations (lower and Higieemaan).

The posterior probabilities of the optimal segmentations (i.e. wesfhthe optimal
segmentation among all the possible segmentations of a given abseguesnce) 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_0554bie whe
segmentation ambiguity was a bit higher for SALK 0481784 and SALK_1260& T ad#e
I1I-2. This strengthened the validity of the segmentation assumjtialso allows us to use

the segmentations to accurately interpret the different model outputs.

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

3.2.1. Thesuccession of statesis almost deterministic

‘Left-right’ five-state SMSMs (four transient states modglisuccessive vegetative
phases and an absorbing end state modeling the reproductive pleasd)uilt for Col-0,
SALK_ 055458 and SALK 048174 datasets. These models were then used totsdgme
multivariate sequences into successive developmental phases. flthatfatates could not be
skipped in most cases was the result of the iterative estimptiocedure. The estimated

transition distribution for each transient stat®as thus almost degenerate i.p.

i"it+1

=1 and
p, =0 forj#i+1. The only exception was state 2 with , = 027 for Col-0, 0.22 for
SALK_055458 and 0.08 for SALK_0481784 (Table I1I-3).
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Since the adult phase was systematically absent for SALK 12607uyilve four-state
SMSM for this genotype. In this case, the estimated transition lmtibypanatrix (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 I1I-3. Probabilities of skipping a phase (iLe- p; ;1) in Col-0, SALK 055458, SALK 048174
and SALK_ 126071. Probabilities for skipping seedling and juvenilee@oal 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 thenaslycomposed
only of leaves without abaxial trichomes, indicating that thisaléei had no role in the
definition of these two developmental phases but could be used to disteitfiaguvenile
phase from the transition one. For the three lines for which an adsk ples estimated, it
consisted only of leaves with their abaxial face fully covength trichomes. However,
differences were observable between the genotypes for théigranzhase. In Col-0 and
SALK 048174, the estimated observation distributions for the trichomablarfor this
developmental phase showed that it was almost only composed of vadvabaxial surface
partially covered with trichomes (Table 1ll-4). Thus, the dmaration between the juvenile,
transition and adult phases fitted almost perfectly the trich@ategyories, indicating a strong

structuring role of the variable in the segmentation of the multivariate rssggie

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 llI-4. Estimated observation distribution for the categdbririchome variable (3 ordered
categories: no trichome, partial covering and full covering witharnees) for the transition phase.
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In SALK 055458 the estimated observation distributions for the trichomabiari
showed that the ‘partial covering’ category was still Igrdke majority one. However, the
probability to observe leaves belonging to different trichome caesgior the transition phase
was higher than in Col-0 and SALK_048174 (Table 111-4).

In contrast, in SALK 126071 the transition phase was more often compoaeadixture
of leaves belonging to the different trichome categoriesbl@ 11l-4). In this case, the
proportion of leaves fully covered with abaxial trichomes in the ittansphase can be
explained by the fact that adult leaves were too rare tbleetiae 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 transitiomsphcould thus not be
strictly made on the ‘partial covering with abaxial trichonezdegory. Coupled with the fact
that this variable cannot discriminate the seedling phase fronuvhgile one, this indicates
that the quantitative variables had also a structuring rolehén 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 diffesahgrowth variables
can either be described as a trend — i.e. a gradual changéablesanlong the shoot — or as a
succession of stationary phases separated by breakpoints. The wmthei#t segmented the
rosette in three or four distinct developmental phases, dependithg genotype. However,
we assumed that the different quantitative leaf traits (ésde length-to-width ratio, final
leaf area and characteristic growth duration) would not be statiovithin each phase and
therefore we chose to model trends within developmental phases usiple dinear
regression models (see Appendix Ill for graphic representations)oldservation of marked
changes of slopes between two successive phases was used asaor ioflthe structuring
role of the variable. The observation of a marked shift differemgiathe values of two
successive phases at a given point was also used as an indicawswbicturing role of the

variable.

We have seen previously that trichomes could not be used to diffexresgmdling leaves
from juvenile leaves. In contrast, every quantitative leaf groxatiable exhibited a marked
change of slope between these two successive phases, excéfadedength-to-width ratio

in SALK_126071 (Table 11I-5). In most cases, the slope estimatedhidosededling phase was
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not significantly different from zero, reflecting the simiy of the two first epicotylar leaves

development.

Discrimination between the juvenile, transition and adult phases tveagly influenced
by the categorical trichome variable. However, some of thatgatve traits had also a
structuring role for some of these phases, depending on the gendtlgpdsaf blade length-
to-width ratio was the less structuring variable for Col-0L&A048174 and SALK 126071,
with none or only slight changes in slopes between the 3 last phasds (-5 (a)). In
SALK_ 055458, the variable kept the same slope between the juvenilehartdansition
phases, but became stationary in the adult phase. It could thus prticifiee differentiation
of the transition and the adult phases. Despite the minor structotegfrthis variable, for
Col-0 and SALK 055458 a slight shift could be noted between the juvenilarninsition
(around, respectively 9 and 12; see Appendix Ill Figures SllI-arfd) (b)) phases that was
interpretable since there was no change in slopes. In a simijarfovraSALK 048174, a
slight shift (around 9; see Appendix Il Figure SllI-1 (c)) saped the leaves assigned to the
transition phase and those assigned to the adult phase. That indicates or less marked

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

The analysis of final leaf area along the shoot showed thatahisble had a strong
structuring role for Col-0, SALK 048174 and SALK 126071 (Table 1I-5 (b)). It
discriminates the four phases for Col-0 with a marked changslojpe between two
successive phases. The same observations were made regardkigl36071 juvenile and
transition phases. For SALK_048174, slopes for juvenile and transition phasesimilar
but differentiated by a marked shift (around 30 Inifable 11I-7 and Appendix Ill Figure
SllI-2 (c)). On the contrary, for SALK 055458 plants, final leafaarelid not allowed to
discriminate leaves belonging to the juvenile, transition and adu#tephavhich exhibited
similar slopes (Table 11I-5 (b)), without marked shifts between theseajevehtal phases.

The characteristic growth duration was the only trait thatdeaseasing along the shoot —
i.e. the latter in the rosette development a leaf is initiatetshorter its expansion is. This
variable was also structuring for the genotypes in which four develdpmghases were
identified (Col-0, SALK_055458 and SALK 048174). The juvenile and transition phases
were differentiated by a change in slope since the variatdeneaeled by a decreasing trend
during the juvenile phase and was stationary during the transition @rade 111-5 (c)). The
transition and adult phases had slopes that did not significantlyediffeom O (Table 11I-5
(c)) but shifts that differentiated them (respectively about 8nd 3 hours; Table 1ll-7 and
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Appendix Il Figures SllI-3 (a), (b) and (c)). Regarding SALK_ 126071, gamson of the
estimated slopes showed that the characteristic growth duratieredifated the seedling and
juvenile phases, but barely the juvenile phase from the transitiorfTaixe 111-5 (c) and
Appendix 11l Figure SlII-3 (d)).

The fact that the final leaf area increases along the shdichtes that the corresponding
reduction of the expansion duration was overcome by a strongersearéahe expansion

rate along the shoot.

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

ratio phase phase phase phase
Col-0 -24 ns. 85 8.6 9.3
SALK_055458 1.8 n.s. 6.8 6.5 1.7 n.s.
SALK 048174 1.2 ns. 9.9 12.2 12.4
SALK_126071 3.0 6.0 1.8 -

. Seedlin Juvenile  Transition Adult
(b) Final leaf area g

phase phase phase phase
Col-0 -0.6 ns. 287 39.2 16.8
SALK_055458 0.6 ns. 19.2 22.2 16.8
SALK_ 048174 10.9 26.7 31.3 16 n.s.
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 n.s. 0.5 n.s.
SALK 055458 1.2 ns. 2.2 -0.1 ns. -0.4 n.s.
SALK 048174 2.3 -1.0 0.1 ns. 0.6 ns.
SALK 126071 -1.2 ns. 0.7 -0.8 -

Table 1lI-5. Slopes estimated for each quantitative variablé for each successive developmental
phase. When the estimated slope was not significantly differenttfréms.” 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 tiatdevelopmental phases
were asynchronous between the individuals for a genotype. Thus, thebudidfdr a given
genotype enabled to segment individually each multivariate sequeaesponding to a
rosette of this genotype. As a byproduct of the model building, we alde to compute the

probability of the developmental phases as a function of the lgafallowing the evaluation
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of the degree of synchronism between the individuals of a genotyjpas ko be noted that
this evaluation takes into account both within- and between-individualtioaria i.e. the
variations between the different possible segmentations of andodivand the variations
between the different individuals. Figure 1lI-2 shows the probabiliplgs drawn for each
genotype. In the four lines, the overlap between the seedling andilguy@ases was
inexistent or very minor. It was also slight between the juveal transition phases, with
only one leaf rank where these two phases were equally probatitews the synchronicity
of all developmental phases between the individuals for SALK_126071 (esitlbession
was only composed of these three developmental phases; Fig2r@))| and of the seedling
and juvenile phases for the three other genotypes. For Col-0 and SALK 048174 t
occurrence of the adult phase was also quite synchronous among Wdualdi(Figure 111-2
(@ and (c)). A larger overlap was observed between the toensihd adult phases for
SALK_ 055458, reflecting a lower synchronicity between the individualthiese two phases
(Figure 1lI-2 (b)). Overall, the developmental phases were marlsstiichronous between the

individuals of a given genotype.
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Figure 1lI-2. Probability of the developmental phases as aimof the leaf rank for each genotype:
(a) Col-0, (b) SALK 048174, (c) SALK 055458 and (d) SALK 126071. Red: seephase. Blue:
juvenile phase. Green: transition phase. Purple: adult phase. Lemon gpeeductive phase.
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3.2.5. Thelength of the juvenile and transition phases varies between the genotypes

The average length of each developmental phase, expressed in rafnsuecessive
leaves, is given in Table IlI-6. It showed that the seedling plvasemostly composed of the
first two leaves, even if for a small proportion of the plants,dth#eaves because of missing
data due to senescent leaves at the first or second leafl fenlength of the adult phase was
also similar (a bit more than 1 leaf in average) for theetlsmcerned genotypes. However,

differences were found between the juvenile and transition phases estionaadif line.

Regarding these outputs, SALK_ 055458 had the phase lengths closesOtor@s. The
mean length for each developmental phase was almost exactly theosdinne hutant and its
wild-type (Table 111-6), resulting in similar final number of ette leaves for both genotypes
(Figure 111-3 (c)). SALK_ 048174 estimated juvenile phase was amtd 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 phaseceraposed of 8
leaves on average, making it far larger than the one identifie@li® Q~igure IlI-2, Table
[1I-6). As for the transition phase, it seemed to be not impduyeitie T-DNA insertion, the

number of leaves assigned to it being less than 1 leaf lower than in Col-O 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 21+05 44+1.1 1.5+0.6 1.4+05
SALK_126071 22+05 82+14 22+09 -

Table llI-6. Mean length of each developmental phase and assbaitendard 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 lengtto-width ratio, final
leaf area and characteristic growth duration

In addition to altering the organization of plant shoot developmeninttiations of the
SALK lines could also affect the leaf growth traits themselv&he asynchronous
segmentations of the plants into successive developmental phasesdallswo compare
leaves that had developed during the same developmental phase. That etbecanoblem
of comparison of leaves rank by rank that can be irrelevant whextopenental phases are

asynchronous.
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(a) Length-to-width Seedling phase Juvenile phas Transition phase Adult phase
ratio (x100) Lower Higher Lower Higher Lower Higher  Lower Higher
ColD Rank 1 2 3 8 7 12 10 14
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
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 phas Transition phase Adult phase
(b) Final leaf area ) ) i ]
Lower Higher Lower Higher Lower Higher Lower  Higher

ColD Rank 1 2 3 8 7 12 10 14
Value 24 25 46 190 166 362 315 382
Rank 1 2 3 9 7 13 9 14
SALK_055458
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
(c) Characteristic Seedling phase Juvenile phas Transition phase Adult phase
growth duration Lower Higher Lower Higher Lower Higher  Lower Higher
ColD Rank 1 2 3 8 7 12 10 14
Value 49.0 48.9 47.8 416 416 38.2 35.6 37.6
Rank 1 2 3 9 7 9 9 14
SALK_055458
Value 54.8 55.9 55.6 426 422 41.7 38.1 35.9
Rank 1 2 3 8 7 10 8 12
SALK_048174
Value 45.2 47 47.8 428 404 40.6 37.4 39.6
Rank 1 3 3 13 10 16

SALK_126071
- Value 42.8 40.3 46.0 39.4 39.5 34.9

Table IlI-7. The lower and the higher ranks of the leaves mddeleach developmental phaaed
the correspondingalues predicted by the linear models are shown for each gen@ypdeeaf blade
length-to-width ratio (x100); (b) Final leaf area (mm?); (c) Chemastic growth duration (hours).

SALK_055458 leaves exhibited a lower blade length-to-width ratio thalr0 Geaves,
indicating a tendency to be more rounded, except for the ones of thmggdase (Table
[lI-7 (a)). Their characteristic growth duration increased dutiregseedling and the juvenile

phases. This trait was also decreased in transition and aduk feaxeept for the last formed
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Figure 11I-3. (a) Duration of the vegetative phase (days &d&f 2 emergence), (b) mean leaf
apparition rate (leaf ddy and (c) final number of rosette leaves of Col-0 and the 3 A-Dis.
Means with error bars are shown for each genotype %0). Stars indicate when the T-DNA lines
value is significantly different in comparison to Col-0 (Studetests): *, 0.01 < p-value < 0.05;
** (0.001 < p-value < 0.01; ***, p-value < 0.001.

leaves — but less markedly (Table 111-7 (c)). Despite thghdr duration of expansion within
each phase, SALK_055458 leaves were smaller than wild-type onéte (k7 (b)),

implying a decrease in individual leaves expansion rate.

Contrary to SALK_055458, SALK 048174 leaves were slightly more elongjaaedCol-
0 ones, except for the seedling leaves, as indicated by the nmeastg®f leaf blade length-
to-width ratio. Final leaf areas values were similar to Ce&lues except for adult leaves that
were smaller in the mutant plants than in the wild-type. limdas way, the mutation did not
affect the characteristic growth duration of the leaves, eXoepghe adult ones, that had a
slightly extended duration of expansion. This indicates that leasggnad 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 thmi€ol-0 for the
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first-emerged leaves but the increase between the lower and gher modes was less
marked, explaining that the last emerged leaves exhibited more cbhlades in the mutant
than in the wild-type. As in SALK 055458, plants exhibited smaller k#van Col-0 plants
at every leaf rank. The seedling leaves were the only oneghfoh the characteristic growth
duration was clearly affected, with a shortened duration of expansi@isolhad 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 mations 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 comipar€ol-0 and
the two genotypes showed no significant differences regarding thtaruof their vegetative
phase (Figure 11I-3 (a) and (b)). However, the mutant line exkiil@teimilar final number of
rosette leaves (Figure 111-3c)). This could be explained by the fact that even if the slight
lengthening of the vegetative phase in the mutant was not tesbaingssignificant, 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 hesdn
apparition rate (Figure 111-3 (b)). Since it was not compensated lengthening of the
vegetative phase, the mutant exhibited an average final numhesetter leaves significantly
lower than Col-0 (Figure IlI-3 (a)).

Comparison of vegetative phase durations showed that SALK_ 126071 plants 4ok le
time than Col-0 ones to reach the vegetative-to-reproductive ticangFigure I1I-3 (a)).
However, the mutant plants also exhibited a largely higher mahmapparition rate, leading
to an increase of the final number of rosette leaves (Figure 111-3 (b) and (c))

4, DiscuUssION

A developmental phase corresponds to a period of time during which ansangaman
organ displays specific morphological and physiological traits. Therrdeation of these
phases generally relies on the observation of a discontinuity in théopesnt, but the
transition between two successive developmental phases can be Wlnie growth and
development are considered together, pre-defined developmental ataggenerally used as
stone-marks for the collection of growth data (e.g. Kalu and F984; Borreani et al. 2003).
A recent study on mangdJ@ngifera indica L.) highlighted a strong coordination between
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growth and development of shoot growth unit — i.e. the vegetative rakigsaattached leaves
— and the inflorescence (Dambreville et al. in press). Here, acktu® morphological traits
(abaxial trichomes patterns, leaf blade length-to-width ratimhbined with a dimensional
trait (final leaf area) and a dynamic trait (the chamastic growth duration) to identify
successive developmental phasedirthaliana rosette. In this aim, a pipeline of methods
combining semi-automatic image analyses and SMSMs was devel@ped.different
parameters of SMSMs — transitions probabilities between theaftff@hases, phase length
distributions, and observation models for each trait within each develdpmphase —
allowed us to quantitatively analyze how thaliana rosette structure was affected by the

mutations in the different genotypes.

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

Vegetative development in plants is generally divided into two develu@mphases:
juvenile and adult phases (Poethig 2003). However, heteroblastic variggarfafows more
complex patterns. Our approach enabled the identification and chaatater of a first
developmental phase that watsongly conserved between the four studied genotypes despite
their difference in whole shoot development previously reported in @hHpiThis phase is
composed of the first two postcotyledonary leaves that share the echamacteristics
regarding the various measured leaf growth traits. It isidigtated from the following phase
by a change in slope for the three quantitative variables. Thafidation of a seedling phase
is consistent with similar observations made in previous studi@stimaliana (Telfer et al.
1997; Steynen et al. 2001) and in a variety of other species sibxsasdium 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 phas®ordance with some
previous publications (Gould 1993; Boland et al. 2006). As discussed in the prelvapisr,
this phase could correspond to the preformation of leaves during erabegig, these leaves

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

As previously stated, two main developmental phases constitute thdatiwege
development — the juvenile and the adult phases. However studiesroblestty highlighted
a transition phase, in several species, including species in whidetbblastic changes
along the shoot are subtle suchfashaliana. This phase corresponds to the gradual change

from juvenile leaves characteristics to adult leaves chaistate (Bongard-Pierce et al. 1996;
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Kerstetter and Poethig 1998; Jones 1999). In addition to the seedling peasdhtee phases
— juvenile, transition and adult phases — were identified using SM8M<ol-0,
SALK_ 055458 and SALK 048174 phases, in accordance with the literature.

Commonly, inA. thaliana, the presence or absence of abaxial trichomes is the only marker
used to define developmental phases. Here we showed that even \Jérihisle is quite
determinant for structuring the plant shoot in successive developrpbatsds, depending on
the studied genotypes it may not be sufficient to define an decstracturing. Indeed, this
trait cannot be used to discriminate the seedling phase frojuviagile phase. In Col-0 the
juvenile, transition and adult phases correspond exactly to the thegemes defined for this
trait — i.e. no covering, partial covering and full covering of tred Bbaxial surface with
trichomes. Length-to-width ratio is the less useful variabetmpher the structuring of plant
shoots, whereas the combined analysis of final leaf area ancttehnistec growth duration
complete the information given by the abaxial trichome observatiomerttheless, the
matching between these developmental phases and the trichonideveai@gories were not
as perfect for SALK_055458 and SALK 048174 indicating a role of at kmase of the
guantitative traits used to build SMSMs. As a consequence, the pheae lengths estimated
using only the abaxial trichome categories (see Chapteeclios 3.4.2) and the ones
estimated within SMSMs show some differences. These diffeseroen if they are slight,
led to different conclusions concerning the effect of T-DNA iises in the rosette

structuring.

SALK_126071 was a particular case in our study, since only threédogevental phases
were identified using SMSM. The seedling phase was still iinit. In the three other
genotypes the discrimination between the juvenile, transition and pbakes strongly
matched with the three abaxial trichome categories. Howeveraordyy few SALK_126071
plants presented leaves with abaxial surfaces fully coverdd michomes. We therefore
considered that the missing phase was the adult one. Since onlyleaf@g had abaxial
surfaces fully covered with trichomes, an adult phase miglgsbmated if the experiment
was conducted with a higher number of individuals. This genotype @ed sut from the
others by the fact that the discrimination between the juvenil¢henmansition phases cannot
be done solely using the abaxial trichome variable either, singe @5he leaves assigned to
the transition phase using the estimate SMSM do not have any trichome on their abaxial f

The analysis of molecular actors that have been recently iéen@$ regulating the
vegetative phase change — the microRNAs miR156 and miR157 and tkeetrtdngets the
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SQUAMOSA PROMOTER BINDING PROTEIN-LIKE (SPL) family of transcription factors —
showed that they are differentially expressed in juvenile and tiskiies of a wide range of
plants (Wu and Poethig 2006; Wang et al. 2008; Poethig 2013). Analyzingxtbeassion is
thus a reliable way to investigate vegetative phase chakggther reliable method to
determine the onset of vegetative phase change is to conducbecatipansfer experiments,
as it enables the determination of the acquisition of the reprodumbngetency. This
method involves regularly transferring plants between inductive andndantive growth
conditions (for more details, see Mozley and Thomas 1995; Adams28108; Matsoukas et
al. 2013). However it can be laborious to apply these methods in high-tprdgugnalyses.
Since the vegetative phase change is marked by coordinated £hsmgetimes subtle, in the
leaves characters such as leaf shape and size, patteinkaht covering, vascular patterns,
epicuticular wax and phyllotaxy, these changes are sometiradsagsnarkers of the juvenile
vegetative to adult vegetative phase. Therefore, vegetative phasge chas often been
conflated with the concept of heteroblasty, sometimes to suchtent ékat in some cases
morphological changes can be ascribed to the wrong process. &uoplex inA. thaliana,
change in the covering of the leaf abaxial surface witdhdmes is one of the more marked
changes, making it the most commonly used marker of the vegepdiase change in this
species. However this variable can be altered independently oépheductive competency
acquisition by some mutations, and is therefore not completefbleliThus, depending on
the traits and on the genotypes investigated, results on defining teiecbribe vegetative
phase change and the number of nodes this transition encompasgeéfecarnhis matter has
been pointed out in several reviews (Jones 1999; Zotz et al. 2011; Poethigi2@d®; kas
2014). It is due to the involvement of other phenomena — such as agamqaeasing (Day
et al. 2002; Mencuccini et al. 2007) and environmental heterogeneitye @stablishment of
the heteroblasty. Since our pipeline of analysis methods determive®mlaental phases
based on several leaf traits, it reflects the plant heterghlasis broadest sense. Associated
to reliable measurements of the vegetative phase change brsetdibe used to study the

links and possible uncoupling between these two processes.

4.2. Our analysis method gives new insights concerning the effeat the mutations
in T-DNA insertions lines.
Integrating different leaf traits — morphological, dimensional ayrthdhic — at the shoot
scale allows obtaining a more global view of the alternationsaat glan undergo. The

identification of developmental phases structuraghaliana rosette using SMSMs enables
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comparing changes in leaf growth traits among leaf successitimsaviiological meaning
(i.e. belonging to same developmental phase) rather than compariadietfations at one
arbitrary chosen leaf rank. Our approach also enables to detgpossile changes in the
importance of the structuring role of the respective leafvtrotraits, possibly creating
interesting trails for research on heteroblasty control.

Concerning the genotypes analyzed during this study, we showeglAhkt 055458 was
the line that had the closest shoot profile compared to the Col-Gywpitd Nevertheless, we
observed in this line a delay in bolting time, an increased plyboc— i.e. more time elapses
between the emergences of two successive leaves than in-Cahk@ smaller individual
leaves. SALK 055458 is a knockout line for Atlgl404Bis gene encodes a PHOL1
(phosphate exporter) homolog protein (PHO1;H3). A recent publicationn(khal. 2014)
has identifiedPHO1;H3 as being involved in the crosstalk between zinc deficiency signalin
and the regulation of phosphate homeostasis. ithaliana. The phenotypic alterations that
were observed in the mutant are therefore likely to be duertee Smbalance in these

elements homeostasis.

SALK_ 048174 T-DNA is located in At4g11540, a gene coding for a Cysteiriefides
rich C1 domain family protein. Nothing has been published so far on theofuraf this
protein. It is annotated as having a protein-disulfide reductasetaend being involved in
intracellular signal transduction and oxidation-reduction process (Ahabidopsis
Information Resource 2014). According to our results, we can as$ané ts involved —
directly or not — in mechanism(s) controlling leaf initiation duting vegetative development
of the rosette, resulting to an extended phyllochron. The analytie glegmentation model
indicates that this decrease in the number of rosette leaved_kh 848174 only concerned
leaves initiated during the transition phase. The effect of thatimatcould thus specifically
affect the activity of the shoot apical meristem during tivenile-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 diffeneheescompared
to Col-0 rosette structuring. In this line, the T-DNA is insertedn exon of Atlg04730, a
protein coding gene also namEHROMOSOME TRANSMISSON FIDELITY 18 (CTF18).
This gene is mainly expressed in the shoot apical meristermgduhie whole plant
development (vegetative and inflorescence apex). Takahashi et al. (R9fOhstrated that
the corresponding protein contributes to sister chromatid cohesién thaliana cells, in
accordance with what was determined in other eukaryotes. Takahstsldy did not report
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any effect of the mutation on leaf size. However plants wergrootn in the same conditions
as those applied in our experiment and measurements were méde ieathe plant
development (21-day-old plants). Nevertheless, they showed that planeggravated sister
chromatid cohesion defect exhibited smaller leaf areas due ttectezs cell division. The
decrease in individual leaf area that we observed in our experameldlt therefore be due to
an enhanced effect of the mutation in our growth conditions. It couldbalselated to the
reduction in the duration of the plant vegetative development, as leavdd have less time
to expand after their initiation. Here, comparison with Col-0 showetl $ALK_ 126071
plants had an increased mean leaf apparition rate and an incfieatetumber of rosette
leaves. This increase in final number of leaves can be matnlyuééd to the lengthening of
the juvenile phase alone whereas no adult phase could be estimated.ufBtiennthus
strongly alters the plant vegetative development. That could belylilieked to the activity
of CTF18 in the shoot apical meristem. The decreased time agcéssthe plants to reach
bolting might be a compensation phenomenon. It is interesting to obsenvesotina
alterations of SALK 126071 phenotype — lengthened juvenile phase,sedréaal number
of leaves and increased leaf apparition rate — are sitaldhe ones observed in plants
overexpressing miR156 (Schwab et al. 2005; Wu and Poethig 2006; Wang et akGi)8,
Wu et al. 2009; Shikata et al. 2009). However, in these studies therifigwtime was
delayed, whereas SALK 126071 plants rather exhibited shortened vegegtatges.
Therefore, even if there might be links between pathways involVieget genes, they are

most likely indirect.

In conclusion, the establishment of developmental phases based on tysisaoél
morphological, dimensional and dynamic leaf traits integratébdeashoot scale enabled the
determination of the structuring role of the different variablesAinthaliana shoot
development and a more accurate characterization of the effinet 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 charaetery a complex
coordination of cell division and cell expansion (Donnelly et al. 1999; Ryehal. 2010)ln
plants, these cellular processes have been tracked ovemtihspace over simple leaves (as
opposed to compound leaves) and roots. Detailed kinematic analysessaledr&€omplex
and tightly controlled spatial and temporal patterns of cell dnisind cell expansion and
how they are modified in genetic variants or upon environmental chaBgassiein et al.
1993; Granier and Tardieu 1998; Granier et al. 2000; De Veylder et al. Ré@dister et al.
2005; Cookson et al. 2005; Fiorani and Beemster 2006). Studies linking moldataiaand
kinematically determined cellular growth variables with samilspatial and temporal
resolution have given insights into the genetic networks controllatigpecoliferation and
growth (Kalve et al. 2014).

Techniques and frameworks of analyses have been developed to tjualytitand
dynamically assess the cellular processes underlying shoat éogaation and growth
(Donnelly et al. 1999; Rymen et al. 2010). Using these metlketlglar behaviors underlying
leaf shape and size variations have been assessed in largeocotbéenutants, populations
of recombinant inbred lines and naturally occurring accessions, giusights into the
genetic control of the cellular variables as well as thewordination and role during leaf
developmen{Horiguchi et al. 2006b; Tisné et al. 2008; Massonnet et al. 2011; Pérez-et
al. 2011; Sterken et al. 2012n most cases, cell density, cell area and cell number are
determined on epidermal peels, imprints or paradermal views ofedldaaves. These
measurements are generally limited to the upper epidermislymaecause of technical
constraints, but also because the epidermis is often considerediasuehysically limiting
whole leaf expansion (Savaldi-Goldstein and Chory 2008; Marcotrigiano 20at3nts with
strong changes in mesophyll cell density, but no change insieafhave been described,
whereas epidermal cell size or number are often positivelyelated with leaf area

(Gonzalez-Bayédn et al. 2006; Tisné et al. 2008; Pérez-Pérez 2214l). Some genotypes
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however present strong changes in epidermal cell number andviiimeit exhibiting any
change in leaf area (Tisné et al. 2011; Massonnet et al. 2011)exBorple, a drastic
modification in epidermal cell density is caused bydieeta mutation without any effect on
leaf size Figure IV-1. Cell densities are higher for both the adaxiab(®kabaxial epidermis
(3x) very early on in leaf development (5 days after initiatiors).aAconsequence, leaf area
cannot be used as a proxy of epidermal cellular variables, Hghtigthe interest of

investigating the tissular scale in parallel to macroscopic traits.

160 250 100
a) Whole leaf —_ b) adaxial epidermis
140 _( ) S 90 | (b) p
—
T 120 Col-5ER 20 g 80
E o =70 t
£ 100 | 150 3 3 60 -
© L =
9 80 | =~ £ 50 |
R 3 2
© 60 | 100 » = 40 |
—— ot iy )
8 w0 | - = o 30 -
= 50 3 2 20
20 F S 10
0 L & 1 1 1 1 1 1 1 0 0 l 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20 22 0 25 50 75 100 125 150
Time after leaf 6 initiation (days) Leaf 6 area (mm?)
200
S 180 | (c) abaxial epidermis
o
S 160
= 140 |
é 120
5 100 +
c
— 80
()]
O 60
(Vo]
Hg 40
— 20
0

0O 25 50 75 100 125 150
Leaf 6 area (mm?2)

Figure 1V-1.Phenotyping cell density in a given tissue does not necesszftégt the cellular phenoty
of other tissues: example of the effects of ¢hecta mutation on cell number in different leaf tissi
Changes over time in leaf surface area (full lines) aiukribss (dotted lines) (a), for th& Gaf of A.
thaliana Col-5 wild-type (Col-ER, black) and Col-5 harbouring tleeecta mutation (Col-&r, grey). Cel
number increases during leaf blade expansion are shown for thelaadermis (b) and the abiak
epidermis (c) for the two genotypes, revealing a strong efffettte erecta mutationon the dynamics
cell division in these tissues. From Liévre et al. 2013.
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Even if phenotyping shoot growth and development at the macroscomdsscait a real
bottleneck anymore iA. thaliana due to the range of technologies that have been developed
(see Chapter l1ll), there is still a difficulty for now to obt&igh-throughput cellular variable
datasets. Measurements that are necessary to obtain thef tig@ are often done manually,
and are therefore time-consuming. They are also destructivesaatly laborious. This was a
first obstacle in the integration of cellular growth relateadtdrin the pipeline of analysis
presented in Chapter Ill. As a consequence, we first developed agbretabling the semi-
automatic segmentation of leaf epidermis imprints in order ta&xtell areas faster and with
a limited risk of error due to observer bias. This was madehlpedsy using a new machine
learning approach for image segmentation made available dugnBhid (Sommer et al.
2011).

Another difficulty in integrating cellular data in our multivagatnodel comes from the
fact that inA. thaliana, the epidermis is composed of a mosaic of cells differing aatiskty
in dimensions and presenting a right skewed distribution (see the boxplotokson et al.
2006, see also the Results section in this chapter). In previougrmath multi-scale
phenotyping studies, cell area in a tissue was commonly sunethdriz mean (or median)
and standard (or mean absolute) deviation (Cookson et al. 2005, 2006; {T&En@@08;
Massonnet et al. 2011). However, these statistical descriptoiscation and dispersion
constitute a poor summary of cell area distributions and arantentet sufficient for an in
depth comparison of genotypes affected in cell cycle or cellnsipa for examples. Many
studies in different plant species and different organs have reépbee the cell dimension
mosaic in tissues is at least partly due to the endoredupficatbcess and then reflects a
mosaic in cell DNA content (Boudolf et al. 2004; Vlieghe et24l07). Regular cell cycle
involves a DNA duplication phase followed by a division phase — i.e. ®itosi
Endoreduplication is a cell cycle variant of multicellular eukayoin which mitosis is
skipped and cells repeatedly replicate their DNA, resulting llulae polyploidy Figure
IV-2; see De Veylder et al. 2011, for review).

In vivo ploidy maps showed that A thaliana leaf epidermis, this gain in DNA content is
positively correlated with pavement cell size (Melaragno.et@33; Boudolf et al. 2004). In
agreement with these observations, numerous studies highlighted a positie&ation
between these two variables (Vlieghe et al. 2005; Dewitte.e206l7; Tojo et al. 2009;

Roeder et al. 2010). We developed a statistical model to analyzareldistribution inA
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thaliana leaf epidermis as a mixture of overlapping distributions, withhyygothesis that

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

Na ./
G, @ M e s
s (®

~
~

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

2. M ETHODOLOGICAL DEVELOPMENTS

2.1. Plant material and growth conditions

Plants used in this experiment are the Columbia 0 (Col-0) plaswsgiuring Experiment
3 (see Chapter lll section 2.1).

Sixty plants of Columbia 0 (Col-0) natural accessio@bidopsis thaliana (L.) Heynh
were grown during the experiment. Seeds used were provided byLuiss&licol group

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

Seeds were sown in pots filled with a mixture (1:1) of a loaoilyand organic compost.
Plants were grown in a growth chamber equipped with the PHEN®ORutomaton under
controlled air temperature, air humidity and incident light. Micgteorological conditions
were kept constant during the whole duration of the experiment and hoeoogenithin the
growth chamber (Granier et al. 2006). Light was on during 16 h peamth provided by a
bank of cool-white fluorescent tubes and HQi lamps. It was measutiee plant level using
a photosynthetic photon flux density (PPFD) sensor (LI-190SB, Li-Corplon®E, USA).
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Mean micro-meteorological conditions are indicated in Table IVdll \Bater content was
determined before sowing to estimate the amount of dry soil npatc Subsequent changes
in pot weight were due to changes in soil water content (the wkight was considered as
negligible as it was never higher than 1 g). This alloweadohgputation and daily automatic
adjustment of soil water content to 0.35 g watérdgy soil by the PHENOPSIS automaton
(Granier et al. 2006) with a modified one-tenth-strength Hoagéahation (Hoagland and

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

Day length (h) 16
Incident PPFD (umol photonsts?®) 178
Air temperature (°C) 20.4
Air humidity (%) 60.6

Soil water content (g ¥ ¢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 developmen®6.8@dgee. first flower
open (as defined in Boyes et al. 2001). The successive leavee obdette were excised
without their petiole, stuck on a sheet of paper and scanned as shévwgurie II-1(Chapter
I). After the leaves were scanned, translucent varnish waadsprethe adaxial face of each
leaf. The dry varnish made an imprint of the upper epidermis of this leaf. Filraobwserved
with a microscope coupled with the image analysis software @gti(®.1, Optimas
Corporation) and images of two different zones of the leaf werentéde cell area

measurement (Figure 1V-3).

2.3. Image segmentation using ilastik v.0.5.12

To extract the area of each cell in the images, it is fiesessary to identify and delimit
cells. This process, called segmentation, consists of assigaihgpexel of an image to the
cell it belongs. Segmentation can either be made manually, autallyator semi-
automatically. Automatic segmentation methods are composed @f m@ain steps: 1)
classification of the pixels in biologically relevant classtsgrouping of the pixels assigned
to a given class in one or several connected components. Automatiergation methods
may include a preliminary training phase in order to build classibn rules on the basis of a

training set. This training phase may require some manual intementor labelling
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homogeneous regions in tissues. Semi-automatic segmentation mggiodytadd a post-

processing step of manual correction to automatic segmentation methods.

While a manual segmentation method may be less prone to errousdeddahe observer
expertise, it is time consuming (more than 800 images to segm@® minutes/image) and
is affected by the observer’'s prior knowledge — i.e. segmentaian change from one
observer to the other (Chatelain et al. 2013). An automatic segrantatithod is less time
consuming than the manual method and is less or not subject to olssérasrbut entails
errors in pixel classification. Semi-automatic segmentatioroalst combine the advantages

of manual and automatic methods.

Since in our application context it is essential to have as few eg@esaible to avoid the
side effects of merging or splitting true cells, we chosgetign a semi-automatic pipeline of
methods for segmentation in order to fasten the process and linobseever's bias while
keeping a final manual correction step to ensure the best poss@iteentation. This semi-
automatic pipeline of methods for segmentation is based on th& Baftivare (Sommer et
al. 2011). This software offers a machine-learning algorithm (ranfdoest) that can learn
discriminating pixels using a rather extensive set of feagudd as pixel color in several
spaces (RGB, HSV...), local derivatives (edges) or local entropy (texture

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

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

Figure IV-3.Images of leaf upper epidermis imprints belonging to each agtegp) cell wall
brighter than the background, (b) cell walls darker than tlekgoaund,and (c) both situatiol
observable in the same image.
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Thus, the first step of our protocol was to establish categoriesmbgeneous epidermis
images on the basis of similarities in the aspect of thiegibacnd and in the characteristics of
cell walls. Epidermis images were grouped into 3 categoriegemin which cell walls were
brighter than the background, images in which cell walls wereeddinan the background,

and images in which both situations were observable (Figure 1V-3).

Once the images were grouped into the three categories, traspiisgwere built
independently for each category and epidermis components were madabelled for the
three categories of images (Figure 1V-4 (b)). The pixel iceethat were chosen to drive the
classifiers relied on color, edge, orientation of the intensitg #exture in different
neighborhood sizes. These metrics are parameters of the elassifid are linked to the
properties of the epidermis components we want to separate (sksampingse walls,
uniformity of the intensity of cytoplasm pixels ...). The metriearht on the basis of the
manually labeled pixels were used to assign the rest of thrgeipigels to the most probable
epidermis component class (Figure 1V-4 (c)). For each cateijargjages, the training set
contained around ten images. The trained random forest classifsethen applied to label
the epidermis components in the rest of the images of the category.

Three types of cell components were identified in the imagdkwalls, cytoplasm and
stomates. However the quality of the images did not enable arasecdelimitation of guard
cells. We therefore chose to merge stomates and cell wghsher, and only measure areas
of pavement cells. Consequently, in the remainder of this sectidinyadts’ will refer to cell
walls plus stomates. A morphological smoothing algorithm (binarsirg of the cytoplasm)
was applied as a first automatic correction step to reagskghs of cytoplasm that were
initially assigned to cell walls by the automatic clasatfion. This filter removed small
isolated regions of cell walls. Ultimately, a unique labelsvadtached to each different
connected components of the cytoplasm. Each of this connected component thus
corresponded to a cell (Figure IV-4 (d)). However, a secondatmmestep had to be made
manually, using the image visualization software ImageJ andcawgraphic tablet (Figure
IV-4 (e)). Maximizing the quality of the ilastik classificat with a carefully designed
training phase was crucial to reduce the time spent in thps(6teninutes on average per
image in our conditions). Finally, from these segmented imageshichveach pixel was
assigned to its proper cell, the areas were computed by cotimimgimber of pixels in the
region of the cell and multiplying this number by the imagmigion (Figure IV-4 (f) and

(n)). During this step, censored and uncensored cells were aig@liyatiscriminated,
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because they should be considered separately in the statistical anadyses ¥4 (g)).

In order to validate this semi-automatic method of segmentat®mrompared the results

obtained using this method and those obtained using a manual segmeiaiath subset of

images (see Appendix V).

Fichier Edition Format

N R O B N

| 591_04 _left_processed_corr_surfaces.txt - Bl|

.206000000000000000e+03
. 328000000000000000e+03
.123000000000000000e+03
.495000000000000000e+03
. 728000000000000000e+03
.070000000000000000e+02
.000000000000000000e+00
.000000000000000000e+00
.033000000000000000e+03
.126000000000000000e+03
.610000000000000000e+03
. 502000000000000000e+03
. 640000000000000000e+03

Affichage
Affichage

(h)

Figure IV-4. The successive steps of the semi-automatic
segmentation are illustrated in the different panels. (a) Gaptimage. (b) Captured imagpus
manual labelling. Green: cytoplasm, blue: cell walls, pink: stomates. (ojtRégdastik segmentatian
(d) Classification after automatic correction — i.e. merging cefl walls and stomates, and
morphological filtering. (e) Classification after manual coicect(f) Identification of individual cell:
(g) Discrimination of censored and uncensored cells. (h) Output filecaftearea computation.

Scale bar: 100 pum.
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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 lyiglght-skewed; see
the histogram in Figure IV-5. If we assume that the high dispeisi mainly explained by
endoreduplication with different ploidy levels (e.g. 2C, 4C, 8C and 16()gentails that the
cell areas cannot be partitioned into disjoint classes, eachsporrding to a given ploidy
level. The empirical distribution of cell area is thus a mixtfr@verlapping distributions,
each corresponding to a given ploidy level. Consequently, some anes ¢ah correspond to
cells of different ploidies (Melaragno et al. 1993). No well-safg@r humps corresponding to
the different ploidy levels are apparent in the empirical Oistion (see the histogram in
Figure IV-5) which means that a mixture model is not eadiytifiable 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 mod®lder to overcome this
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Figure IV-5. Frequency distribution of cell area (n= 60,286). Celisvere measured on pictures

of leaf epidermis imprints using the semi-automatic segmentation mettesgsed in section 2.3
of this chapter.
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identifiability problem and to test possible assumptions regardirgatea of cells with
replication of the nuclear DNA. Two scaling rules are standanrobability. This can be
illustrated with the example of Gaussian distributions. Let tha af unreplicated cells be
distributed according to a Gaussian distribution with mean and vargmarameterg andao?.
If X~N(u,c?), then the two possible assumptions for the cells with replicatitmeafuclear
DNA are:

s 2X~N(2u,20?); convolution assumption (sum of independent and identically
distributed random variables),

s 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 panaimetéfected: in the
convolution case, the variance is multiplied by the scaling fadtdew the scaling case, the

standard deviation is multiplied by the scaling factor.

The family of Gaussian distributions is closed under convolution anthgogh the
probabilistic sense) and the parameters of the Gaussian distributitre different ploidy
levels are tied. In this case, the estimation of a mixture hoodsists of estimating the mean
and variance parameters of the Gaussian distribifigno?) for unreplicated cells on the

basis of all the data assuming different ploidy levels for each measlirattee

We investigated the use of Gaussian distributions but the results vather
unsatisfactory on our data. We then look for another family ohpetréc distributions closed
under convolution and scaling and more appropriate for our application. Wdigkttie
family of gamma distributions as an interesting candidate pwperties of interest of the
gamma distributions are the fact that these distributions &reedeon positive real numbers
(and not on all the real numbers such as Gaussian distributions)eamok @onstrained to be
symmetric but are right-skewed, which is a more realistsuraption for a dimension

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

scale parametét is given by

flxa,p)= FJ(C;_;Q exp (— %) :

with

_{EX)Y? _ Var(X)
~ Var(X)’ O EX)

(1)

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

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

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

probabilistic sense, only affecting the scale parameter).

We also investigated tying parameter assumptions intermedittedre independent
distributions and full tying of the two parameters. The idea wasttanconstrained the
distribution means but to tie the dispersion to the mean for eacibulisin. More precisely,

if X~Ga(a, B), then:

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

coefficient of dispersion; see (1)),

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

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

The probability density function of the gamma mixture model weld parameters is

given by

an—l p( X)
exp(——] .
n)ﬁ ﬁn
where the component weights,, ..., T,_; sum to one andy, = 2"a and B, =f

(convolution assumption) @r,, = a andf,, = 2"™f (scaling assumption). A mixture model is

ME

fxmy, o, Ty—g, @, f) =
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thus a linear combination of elementary distributions termed compon€hés weight
distribution is defined on the consecutive inteders ..., M — 1 corresponding, according to
our hypothesis, to the possible numbers of replications (categimys corresponds to cell
ploidy 2"*1) The mean number of endocycles per category is then 0, 1, 2 or 3 #C28C

or 16C respectively.

For each categony, the weight distribution was calculated and it reflected trgutrecy
of cells in the distribution. As a consequence it was used toatstitime endoreduplication

factor (EF), based on the proposition of Cookson et al. (2006), i.e.
EF = (0 X T[zc) + (1 X 7T4c) + (2 X Tfsc) + (3 X 7-[16C)

This value gives an estimation of the mean number of endocycald9peells, so if all
the cells were in 2C, this value would be 0, and if all the getle 16C, the EF would be
300.

A gamma mixture model can be estimated by an application of MpecEtion-
Maximization (EM) algorithm, the tying constraints being disemcorporated in the M-step
of the algorithm; see McLachlan and Peel 2000. For the selectithre @iumber of mixture
components and the comparison between mixture models with diffgregt donstraints
between parameters, we applied the Bayesian Information Crit@i@). For a gamma
mixture model with tied parameters, this penalized likelihood criterion is given by

R
BIC(M) = 2 z log £ (xi; oy ., 1, @, B) — (M + 1)logR,
i=1

where M + 1 is the number of free paramete® £ 1 free weights and 2 gamma

distribution parameters) ariRithe sample size.

3. RESULTS

3.1. lIdentification of the scaling rule and selection of the nmber of components of the
mixture model

We first estimated gamma mixture models without tying comssrdoetween component
parameters (i.e. a common scale parameter corresponding to theutionvassumption).

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

these two models. The 3-component model was close to the scatngp®n (shape

88



CHAPTERIV. PIPELINE OF METHODS FOR ANALYZINGTISSULAR SCALE

parameter common to the components) and the ratio of means (addrdtdeviation) for

two consecutive components was close to 2; see Table IV-2. Thearezanf unreplicated
cells (890um?) was realistic assuming that it is underestimated beamigeincensored cells
fully included in the image were taken into account in the esbm&examples of cell areas
distribution in Cookson et al. 2006; Fujikura et al. 2007; Elsner et al. 2625 discussion

of this issue in the concluding remarks.

Estimated ploidy according to the model categories

2C 4C 8C BIC
- 0.49 0.29 0.22
L”;?;f;‘if:‘ B 232 3838 186 8977 223 14362 -1016870
52 890 584 1670 1224 3208 2147
, T 0.49 0.27 0.24
-[:I)-;ergmeters B 242 3418 242 6835 242  1367.1-1016780
52 827 532 1653 1063 3306 2126

Table IV-2. 3-component mixture model under the scaling assumptiémaisd shape and scale
parameters under different tying assumptions (independent pgaraméied shape and scale
parameters). Component weights,] are indicated on the first row, shape) (and scale f)
parameters on the second row, mganand standard deviatiomr?) in um2 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 shapenptees under the scaling
assumption: estimated ploidy distribution and mean number of endofyclesch leaf rank. The
shape and scale parameters are common to the different neetiglated for each leaf rank and

were previously estimated on the pocdatase.
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We then re-estimated the component weights for each leaf uvbrgasnple (Table IV-3)
on the basis of the components previously estimated on the pooled samge IM-2),
parameters being tied according to the scaling assumption (sh@peepar common to the
components and ratio of scale parameters for two consecutive compemeaitso 2). Higher
weights were estimated for 2C and for 8C than for 4C for the lowest leafgaggssting that
the first leaves had a low proportion of cells in 4C. When comparée literature on the
level of ploidy measured by flow cytometry in leavesAofthaliana this was biologically
unrealistic (Melaragno et al. 1993; Vlieghe et al. 2005; Ferjaal.2007). In additionA.
thaliana mature leaves have cells with ploidy levels reaching 16Citaadvas not the case
here with the 3-component model which considered that implicitly #ightvfor 16C was
nil, on the contrary of what was found in the literature (e.g Galtbedial. 1991; Melaragno et
al. 1993; Boudolf et al. 2004; Fujikura et al. 2007). For these reagerthus discarded this

3-component model.

Estimated ploidy according to the model categories

2C 4C 8C 16C BIC
= 0.56 0.28 0.12 0.04
Independent 5 58 270 669 274 93 385 906 694 -1016830
parameters
4 o 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
4 o? 883 596 1767 843 3533 1197066 1686

Table 1V-4. 4-component mixture model under the convolution assumpstmated shape and scale
parameters under different tying assumption (independent peremand tied shape and scale
parameters). Component weights,] are indicated on the first row, shape) (and scale {)
parameters on the second row, mganand standard deviatiosr{) in pm2 on the third row for each
tying parameter assumption.

For parameter interpretation, it is important to consider the hveaf components. In
particular, the scale and shape parameters estimated for 8Coaglvar for 16C are far less
reliable than the scale and shape parameters estimated ford2€8Cabecause of the lower
number of values corresponding to these categories, of their laggperglon and of the

absence of visible hump.

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

common to the components) and the ratio of means for two consecutive cormpeasnt
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close to 2 (and the ratio of standard deviation clos&)psee Table IV-4. The mean area of
unreplicated cells (756m?) was realistic assuming that it is underestimated becanige
uncensored cells were taken into account in the estimation arttié¢h@oportion 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 shajengters under the convolution
assumption: estimated ploidy distribution (frequencies) and dstiendoreduplication factor (EF)
for each leaf rank. The shape and scale parameters are comihendifferent models estimated for
each leaf rank and were previously estimated on the pooled dataset.

We then re-estimated the component weights for each leaf uvbrgasnple (Table IV-5)
on the basis of the components previously estimated on the pooled saaiple IM-4),
parameters being tied according to the convolution assumption (scafegb@r common to
the components and ratio of shape parameters for two consecutive corapameitto 2).
The weight distributions (with low weight estimated for 16C what the leaf rank
considering that implicitly the weight for 32C was nil) aae fhore biologically realistic than
the weight distributions estimated for the 3-component mixture modaetyHevels of 32C
can sometimes be detected in studies using flow cytometricsasa((albraith et al. 1991;
Cookson et al. 2006; Ferjani et al. 2007), but they could correspond to trichaobeis since
these particular differentiated cells are known to reach suctyplevel (Hulskamp et al.
1994). As trichomes were not included in our measurements, the abséifitecoimponent
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corresponding to the 32C ploidy level is not surprising. We thus fatuki® 4-component
model relying on the convolution assumption. Figure IV-6 represdmgs fiequency

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

components.
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8000 [ 1\
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g —4c
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g 5000 A
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et
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4000 - 16C
——mixture
3000 H
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//
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Figure IV-6. Frequency distribution of cell areas of adaxial lepidermal cells, excluding
trichomes and guard cells (h = 60,286) and representation of thrapboent mixture model with
tied scale and shape parameters under the convolution assunitifacilitate readability, values
superior to 12,000 um?2 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 showddrthaost leaves

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

proportion of cells in others with a tendency to decrease fromtegary to the next one
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(Table 1V-5). According to our hypothesis that each categorgsponds to a level of ploidy,
this would reflect that in each leaf there was a higher ptiopoof cells with low level of
ploidy which is consistent with results reported in the liteemtusing flow cytometry
measurements to estimate ploidy level (Vlieghe et al. 20@5etN\al. 2012). Comparing the
distribution along the shoot axis, this model indicates that the pgropaf cells in the first
category had a tendency to increase with leaf rank whewedisef second category it tended
to increase with the first ranks and then decreased aftef"ttea® For the third and fourth
categories, the proportion of cells had a tendency to decreakelasit rank. As a
consequence of these shoot structuring, the last leaves formed msé¢kie had almost all

cells in a unique category.

From these data, the average number of endocycles per 100 leafepa\eeiis could be
estimated and it decreased along the shoot (Table IV-5). Thia &ccordance with
preliminary results obtained in our team from flow cytometridyans performed on mature
rosette leaves of Col-0 plants that showed the same tendeptanis grown in short day
conditions and thus exhibiting higher number of rosette leaves (LE®&8& not shown).
According to our results, this decrease in the estimated aveuagiger of endocycles along
the shoot reflects a lower proportion of large pavement cellseitetaves 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 endoriedtiph factorand the characteris
growth duration (hours). Each point represents an individub(ea 416). The bludine represen
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 noméedocycles and the
estimated characteristic growth duration for each leaf (Gespter Il section 2.2.2 for
computation method), a positive correlation was identified between the estinedaghidy
level and the leaf expansion duration (Figure IV-%;0.40, p-value = 0). This could reflect
that cells with low level of ploidy are those who have less tonendergo through successive

numbers of endocycles in leaves rapidly reaching their final size.

4, DiscuUsSION

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

The prevalence of the cell size diversity has been reportedgtizatithe epidermis of
mostA. thaliana organs such as hypocotyls, sepals and leaves but the function md avi
wide range of pavement cell sizes is still unclear. Thik Higersity in cell size is a problem
to compare genotypes or to analyze the effect of environmental oosditi even to compare
cell size between different leaves structuring the whole shroobbust bases. Getting robust
descriptors of cell dimensions in a tissue requires the measurenfea high number of cells
which is incompatible with current solutions for automated cell oreasents that relies
either on semi-automated or manual analysis of the imaging datan expensive and
proprietary software. In this chapter, we proposed and tested a methbd §emi- automatic
segmentation and the analysis of large series of leaf epidemmpaints images from
phenotyping experiment. The method relies on recent advances on niaehimeg applied
to cell biology and involves minimal user interaction. It enablesatugiisition of large and
reliable cell area datasets necessary to establish the statintgdes 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 gididy-independent pathways
(Cookson et al. 2006; Breuer et al. 2010). This could explainfabe that cells with
different ploidy levels can reach the same size, #mgs the overlap between two
successive components in the mixture model, resulth a cell area distribution that
does not exhibit well-separated humps. However,pesviously mentioned, several
studies highlighted a positive correlation betweeh size and ploidy level iA. thaliana
leaf epidermis. One difficulty to investigate thisvariation is that flow cytometric
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analyses are destructive and have to be performeftesin material, which does not
enable to make cell area measurements on the szawed. Ploidy levels and cell areas
are thus measured on different cells (e.g. Vlieghed.2005; Cookson et al. 2006; Dewitte
et al. 2007; Roeder et al. 2010). A method enables to assess phaidg measure areas on
the same cells. It consists in staining nucleieaflepidermal peels using DAPI (4',6-
diamidino-2-phenylindole) which allows the visualime of both cell walls and nuclei
using epi-fluorescence microscopy. Cell ploidy isessed based on the size of the nuclei
which reflects the quantity of genetic material. §imethod enables to directly analyze
the correlation between a cell ploidy level andsitze. It has been applied in a very few
studies onA. thaliana leaves (Melaragno et al. 1993; Boudolf et al. 2004; Elsner et al.
2012), but they all confirmed the positive correlaticgtvieen these two variable. The
study published by Melaragno et al. 1993 is one of the study presenting average cell

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

One have to keep in mind that we presented the data are arahd#aaase of the limited
size of the image with respect to the area of the largist(iceages covering 356,000 pum?2 of
the leaf with 81 uncensored cells on average whereas someatetlsach areas up to 15,000
pum32). The larger the cell is, the higher is the probabilitintgrcepting an image border and
thus of being truncated or censored. Only cells fully included irntlage are currently used
in the gamma mixture model estimation and this indeed affecthelldentification and
model selection procedure. The next step in this study will thusstansextending the
estimation algorithm along the lines proposed by Chauveau 1995 in aordeset both
uncensored and censored cell area for the estimation of the gammamirtlel. Because of
this consideration and of the absence of well-separated humps coriagponthe different
ploidy levels in the empirical distribution the estimated patem values should be
interpreted with caution. However, the fact that the paramesérsated for the components
are realistic indicates that the mean numbers of endocyclesmatst for each leaf rank are
reliable. This is whythe decrease in this estimated mean number of endocyclesth®ng
shoot can be interpreted, in this context, as a reduction of the amdargeo€ells, leading to
a decrease in the mean cell area. Such decrease of aksagavement cell area aloig
thaliana shoot has been reported in some studies (Cookson et al. 2007; Dewitt@G£7;
Usami et al. 2009). Since individual final leaf area increasegydhe shoot, it indicates that,
on the contrary, the epidermal cell number increases in thesl@awtbe upper nodes of the
rosette. It supports the thesis that the final leaf aresos driven by cell number than cell

area.
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In conclusion, the proposed gamma mixture modeblktha more thorough analysis
of the cell area measurements than simple locafimean or median) and dispersion
(standard or mean absolute deviation) descriptoysestimating both average cell areas
for cells with a given ploidy level, and variatior keaf ploidy level along the shoot.
Coupled with the semi-automatic segmentation metinad we developed for images of
leaf epidermis imprints, it enables to take inte@mt the variability ofA. thaliana leaf
pavement cell area linked to endoreduplication ewenhigh-throughput phenotypic
experiments. Using this pipeline of methods (imagelysis combined with mixture
models) on different genotypes and/or in differenvieEonmental conditions could add
value to phenotypic studies that would investigataf Igrowth 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 hmwaffected by
genetic and environment factors posed a difficult challenge diee targe number of genes
in the genomes, and the diversity of environmental conditions that inflisdomd growth
phenotypes. Another difficulty is that plant shoot growth phenotype hdee tanalyzed
dynamically and with a multi-scale approach with sufficienbtighput and resolution (see
Chapters | & I, Liévre et al. 2013). My PhD project has ledthe development a new
pipeline of analysis, combining image analysis techniques anstisttmodels to integrate
at the shoot scale leaf growth and developmental traits thatcarsmonly analyzed
separately. The Figure V-1 schematically represents theneltauipeline in its integrality.
This pipeline enables the structuring Af thaliana rosette into successive developmental
phases based on the changes in several leaf growth variablesh&@hgot. The organ scale
was investigated with morphological (covering of the leaf abaxirface with trichomes, leaf
blade length-to-width ratio), dimensional (final leaf area)l dynamic (characteristic growth
duration) traits (Figure V-1 Panels A and B). Their computatios wade using both manual
and semi-automatic methods — i.e. ImageJ macro and R scriptopsel/an our lab.
Regarding the analysis of individual leaf expansion, we deterntimedthe characteristic
growth duration could bring more additional information than the commonty msgimum
leaf expansion rate since this latter variable is stronglyeleded to the final leaf area
(Chapter 1l). Testing this pipeline on 3 T-DNA insertion lines dradrtwild-type (Columbia
0, referred to as Col-0), we demonstrated its usefulnessesmliled to define successive
developmental phases integrating the gradual changes along the afhabfferent
morphological, dimensional and dynamics leaf growth traits. Byyaing this structuring
and the changes in the values of each trait within each developmental phase {1 Panel
D), we were able to gain new insights on the effect of the roataton plant shoot

development in comparison with more classical analyses that were used iar@hapt
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A Organ scale — B Organ scale - Kinetics C Tissular scale
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growth curves (ImagelJ, R) segmentation (llastik, manual)
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Figure V-1.Schematic representation of the pipeline of analysis mett®dsoped during this PhD, from cel
shoot. The light green panels correspond toth&, morphological and dimensional measurements at the
(leaf) scale; B, the kinetics at the orgaraflescale; C, the tissular (epidermis) scale; and Dintiegration of th
different variables at the shoot scale. Image analysimitees and statistical analyses used for each sci
indicated in the dark green inserts. The outputs obtained for eachrecamidieated in the white inserts.
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Commonly, leaf growth phenotyping studies mainly focus on one or éetdwanks. An
originality of this work lies in the fact that developmental araivgin 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. This tke& investigated have been
reported to vary along. thaliana shoot in studies presenting results for different leaf ranks
(Telfer et al. 1997; Cookson et al. 2007; Willmann and Poethig 2011). Thmlateghome
variable which is the only one on which different categories afde can be defined — i.e.
absence, partial covering and full covering of the abaxial leaf surfittériehomes. Changes
in the other traits are rather gradual than abrupt and can be very shbtiefofe, even if they
are considered as heteroblastic traits, the delimitation ofr gdsases in the shoot
development based on these criteria can be tricky. Integrating theserdiffaits at the shoot
scale to build multivariate segmentation models, we demonstratedetrelopmental phases
can be identified along. thaliana rosette shoot, and that these phases are defined by more
than one variable (Figure V-1 Panel D). The most structuringabMa was the abaxial
trichome variable for the 4 genotypes we investigated, as tdyduut, as shown in the
Chapter 1ll, some other traits also played a role in theithgtation of the successive phases.
Among the quantitative variables, the most structuring ones arentieldaf area and the
characteristic growth duration, whereas the less structuringsotie leaf blade length-to-
width ratio. This result was not expected since changes inHapéshave often been reported
as markers of heteroblasty (Ashby 1948; Kerstetter and Poethig $8981en et al. 2001;
Willmann and Poethig 2011).

The multi-scale pipeline of analysis methods allowed to determine whicrteath traits
are the most important for the shoot structuring into successiedogenental phases, and
possibly which ones are the most discriminant between different ygpesotand/or
environmental conditions. Thus, it might eventually be used to seleables of interest on
which to focus during leaf growth phenotyping studies, and consequentiypizgsi 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 epidersusaled the complexity of
tissular development that results from different processes withplex interactions: cell

division, cell expansion and endoreduplication. The semi-automatic methed basa
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machine learning procedure that we developed to analyze regll ia A. thaliana leaf
epidermis enabled fast and reliable segmenting images ofejgdermal imprints in
comparison to manual methods (Figure V-1 Panel C). It allowedasiage the number of
cells that could be measured together on the same leaf and thveadalb work on the whole
distribution of cell area diversity in the tissue with enougtiicates to make robust statistical
models. This image segmentation method has a particular in@sest facilitates the
integration of cell area measurements in high-throughput phenotymtysas. The
development of a gamma mixture model for analyzing the resullatg is also a great
improvement since it gives access to more complete informatigardiag cell area
distribution in the leaf epidermis than classic statisticacdptors of shape and dispersion.
Our hypothesis that the pavement cell area distribution obsernfedhaliana leaf epidermis
is a mixture of distributions corresponding to the different pltedls that can be reached in
this tissue is supported by the literature as different modelers followed biological
laws (Melaragno et al. 1993; Boudolf et al. 2004). However, this hypothesis could ndybe f
validated here. Applying these methods to different mutants affected endoreduplication
process could be useful to validate this hypothesis and to test toewtesit cell area
distributions can be used (1) to estimate the mean cell arealfarategories corresponding
to each ploidy level and (2) to estimate the mean number of endocadigplicycles per cell
(see Chapter IV). This validation is ongoing in LEPSE in tae& of an ANR project (CKI-
Stress, 2013-2017) on the role of endoreduplication in leaf growth with the ybienot
analyses oA. thaliana mutants affected in cell cycle inhibitors and which presenbherease

in the endoreduplication factor in their leaves.

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

Imaging and statistical methods developed in Chapter IV could beiughd future to
complete this pipeline with cellular growth related traits. Asegample, we were able to
integrate the estimated endoreduplication factor (EF) computecdbrleaf of Col-0 plants
as a new variable into the Col-0 multivariate sequences built &sipgriment 3 data (see
Chapter 1ll). In this new setting, the leaf description at esgtessive rank combines a
morphological variable (ordinal categorical variable with ordergdgeaies no trichome,
partial covering by trichomes, full covering by trichomeshape descriptor (length-to-width

blade ratio), a dimensional variable (final leaf area), a myeel variable (characteristic
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growth duration extracted from the estimation of a logistic gnawbdel on the basis of leaf
expansion follow-up data) and the newly incorporated tissularblar{@stimated EF). We
used semi-Markov switching models (SMSMs, defined in Chapter &l)ségment
multivariate sequences into successive developmental phases. rogndée observation
models of each variable in each developmental phase, we madanrtheassumption as in
Chapter 1ll: categorical observation distributions for the trichovaeable and linear
regression models for the four quantitative variables: leafeblangth-to-width ratio, final

leaf area, characteristic growth duration and estimated EF.

Because of the amount of missing tissular data concerning shéwo epicotylar leaves,
the first developmental phase modeled without the estimated EFthe.seedling phase —
could not be modeled when this variable was integrated. The lacésofar data for these
two first leaves was due to their frequent senescence when the wire harvested, making
the corresponding epidermal imprints unusable. We therefore bioilirastate model (three
transient states corresponding to three successive veggihtises and an absorbing ‘end’
state corresponding to the reproductive phase). For these threeptesetal phases — i.e.
juvenile, transition and adult phases — the estimated parameteng ofiddel were very
similar to the ones estimated without the estimated EF (FM&e The succession was also
not completely deterministic since the adult phase could be skipjedpmbability 0.3,

which is close to the probability found without the tissular data (0.27).
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Figure V-2. Graph of transition between phases and phase lengthutishs estimated using tl
Col-0 multivariate sequences integrating the estimated endoreatiglicfactor as an additiot
variable.
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Mean length of phase in number of leaves * standard deviation

Seedling phase  Juvenile phase Transition phase Adult phase

Without

, 2.0 0.2 5.0 + 1.0 29+1.0 13+05
estimated EF
With esti ted
EFI estinate ; 45+1.0 29+1.0 12402

Table V-1. Mean length of each developmental phase and asdostatedard deviation for the
SMSMs with and without the estimated endoreduplication factBy {{iegrated in the multivariate
sequences. Phase length is expressed in number of successive leaves.

In both cases, the estimated observation distributions for the datdgochome variable
for each developmental phase showed that the discrimination betives® phases fits

exactly the categories of this variable.

The linear regression models estimated for the quantitativebles common to the two
models were almost rigorously alike, except for the one egthfat the final leaf area in the
adult phase; see Table V-2 and Appendix V. For the estimated BFshgitt changes of
slopes were observed between the successive phases. However, dhgss offi slopes were
still more marked than the ones observed for the length-to-width ratio. Tlegrbiiervariable
does not play a strong role in Col-0 shoot structuring, but is sbiterstructuring than the

shape descriptor we used.
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Figure V-3. Probability of the developmental phases as a functithre deaf rank for Col-O when
the estimated endoreduplication factors are integrated toltésariate sequences. Blue: juvenile
phase. Green: transition phase. Purple: adult phase. Lemon green: rigpequhase.
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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 Szid;sizg J ‘;‘;earie Tr;ﬁziion Adult phase

Without estimated EF -0.6 ns. 287 39.2 16.8

With estimated EF - 29.3 39.1 25.0

(c) ((;ll::::iztsristic growth S;ic;lsizg ]1;\}7lear;i€1}e Tr;?lzistfi}on Adult phase

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

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

(d) Estimated EF Szid;sizg J ‘;‘;earie Tr;ﬁziion Adult phase
- -8.6 -6.2 -8.5

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

The computation of probability of the developmental phases as a funttiba leaf rank
showed that the segmentation of Col-0 shoots into successive develdpgohests remains
markedly synchronous when the estimated EF is integrated in the model (Figure V-3)

These results indicate that incorporating the estimated endoredigpidactor in the
multivariate sequences used to build Col-0 segmentation model doearketiy change the
structuring of Col-0 shoots in successive developmental phaseshanuast structuring
variables — abaxial trichomes, final leaf area and charsiitegrowth duration — remain the
same than the ones identified as such with the model built wittigeit estimated

endoreduplication factors.

This new model illustrates the fact that the analysis apprbased on SMSMs presented
in Chapter 1ll can be directly applied with supplementary varglheorporated in the
multivariate sequences. The constraint comes for the potentiaigrhogcurrence of missing

values due to various experimental reasons when incorporating many phenotygiblpsari

Adding the estimated endoreduplication factor to our analysis methods show
incorporating new traits can allow the integration of supplemgrseales. Considering the

tissular variables in shoot development analyses can be ofiggeyast as the control of cell
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division and expansion is essential in the establishment of leaé¢ simapsize. Furthermore,
Usami et al. 2009 highlighted a regulatory pathway of cell numbeéraaea inA. thaliana
leaves dependent ohiRNA156 and its targetSPL (SQUAMOSA PROMOTER BINDING
PROTEIN-LIKE) genes, which are known to affect heteroblasty by their invawenm
vegetative phase change. This link between heteroblasty and theioegodatell number and
area further supports the relevance of integrating the tisscéde 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 QUESTIO NS

It would be interesting to incorporate the estimated endoreduplicaior fin other
datasets in order to see if the weak structuring effect foul@bifd is conserved or if this
variable can plays a stronger role in shoot structuring in other genotyg/es environmental
conditions. Among the genotypes we analyzed, SALK 12607 1c(il8-2; Takahashi et al.
2010) is known to be affected in the cell cycle and the shoot singtarmarkedly disturbed
in this mutant. Applying the pipeline of the tissular scale amalysthods to this genotype
and building a SMSM using the estimated endoreduplication factor aip@ementary
variable might therefore give new insights concerning the link dxtweell cycle regulation
and heteroblasty. One could also consider adding variables such asdategrowth
variables, presence or not of axillary buds and/or branching datcdhid be particularly
interesting for applying this pipeline of analysis methods to paeties exhibiting other
types of shoot axis. For example, in numerous species, internodes@elongated than in
A. thaliana rosette and some studies showed that their length is not homogeatmayshe
shoot; e.g. in Fournier and Andrieu 2000 (maize); Costa et al. 28a@rrHinum);

Dambreville et al. in press (mango).

During our study, we used genotypes with mutations that had not beewouphe
described as having an effect on shoot development. Analyzing genatfpeted in specific
processes using the methods we developed could help obtaining a morevigiobhadf shoot
development. For example, one could consider applying this pipelinents plah mutations
altering the vegetative phase change. This could enable to bettestandeand/or take into
account the links between this process and the heteroblasty. Thesptsoare of great
interest for scientific and economic reasons since they digally important to understand

the regulation of plant development as well as morphological evolutidnlite-history
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variation. The functional significance of heteroblasty — in thesesef ontogenetic changes
among the shoot metamers — is extensively discussed in a reviéetzoét al. 2011. The
authors advocates that even if demonstrating unambiguous adaptive osdigeeroblasty
under current ecological conditions may be intricate, this phenomsdikaly to be inherited
from ancient progenitor in which it provided evolutionary advantage.régelation of the
onset of the vegetative phase change has also been proposed to haveaédotagions,
since variation in the length of the juvenile vegetative phase cad woiseed yields to the
plants, as it would occur if flowering were to occur while the glavgre still small and thus
with limited photosynthetic capacity. In a practical perspectwvietter understanding of the
environmental and genetic factors involved in the regulation of this phasge is critical to
improve breeding programs — that are limited by the duration gtittemile phase — and for
crop scheduling, as discussed in Matsoukas 2014.

For this purpose, we performed a fourth experiment in the same gcowtlitions than
those applied during Experiment 3 (see Chapter Ill), with simple antlel mutated lines
studied by Patrick Laufs group (Jean-Pierre Bourgin Institut -AINVRersailles, France) to
investigate the role of several miRNAs in the regulation of psasesuch as cell proliferation
in developing organs, timing of organs formation or phyllotaxy. Theodlisthe lines is
reported in Appendix VI (Table SVI-1). We used the first si@fpsur pipeline to constitute
multivariate datasets for these lines. Preliminary analgbesved that these lines exhibit
marked alterations in their leaf developmental phenotype (see Appéhdeigure SVI-1).
Analyzing these datasets will therefore bring new insigbgmrding the links between the
different altered processes and the general vegetative shoobiaeet. For instance, three
lines were affected in theiR156/SPL genes interactionMIM156, rSPL10 and rSPL9),
which would enable to directly investigate the crosstalk betwegetattve phase change and
global rosette heteroblasty. A challenge will be to apply our modeatasets with a limited
number of replicates (between 6 and 11 for these lines), which woulddoamalyze high-
throughput experiments — in the sense of performed on a large number of
genotypes/environmental conditions but consequently with a limited numbediveiduals

per genotype/environmental conditions.

Overall, the pipeline of analyzing methods we developed can be seen as a newhapproac
investigate heteroblasty — in its broadest sense A: thaliana vegetative shoot, from the
tissular scale to the shoot scale. Understanding the functioregualhtion of heteroblasty in

higher plants is of great interest for the reasons above-mentionedyéroits study can be
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difficult in practical terms. Indeed, truly marked heteroblasiianges are often exhibited by
woody species — such eucalyptus (Boland et al. 2006) — that have leogcldée and mainly
uncharacterized genomes (Zotz et al. 2011). Being able to quansifgrtdess in the model

plantA. thaliana could therefore be very useful to progress in this research field.
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APPENDIXI

APPENDIX | . 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% At1g54840 SALK_021759C'  At4g32200 SALK_144264C2>  At3g19510
SALK_080604C> At1g08135 SALK_034227C*  At5g59950 SALK_070464C'  At1g74420
SALK_119457C?  At4g30410 SALK_055996C2  At1g32500 SALK_014243C'  At3g52105
SALK_018664C>  At4g09000 SALK_020801C* At2g01450 SALK_122867C'  At1g18900
SALK_032963C? At5g16270 SALK_148633C2 At4g20450 SALK_015088C"  At5g61960
SALK_085503C* At2g33420 SALK_001496C* Atl1g62430 SALK_021618C'  At2g47490
SALK_143422C% At2g44650 SALK_007854C' At4g11120 SALK_046141C'  At2g03190
SALK_054681C> At5g46115 SALK_015522C' At5g36880 SALK_064915C*'  At5g23980
SALK_009736C2 Atl1g17130 SALK_001004C? At2g30810 SALK_049200C*'  At2g04043
SALK_045623C*  At5g65050 SALK_034684C' At2g22420 SALK_055458C"'  At1g14040
SALK_021217C? At3g47640 SALK_020615C* Atl1g76470 SALK_048175C*'  At1g30450
SALK_145203C' At4g08540 SALK_024759C'  At1g48950 SALK_151603C*'  At3g62980

_ SALK_026667C f____/_A_t_S_g_z_g_z_f_,p__ SALK_035676C2 At1g10050 SALK_145086C*'  At1g13740
SALK_126071C2 Atl1g04730 SALK_056529C' At1g20860 SALK_075661C'  At3g13228
SALK_053198C' At5g24470 SALK_022117C* At2g01290 SALK_130499C>  At4g31390
SALK_019994C? At1g55370 SALK_067582C' At2g32540 SALK_065118C*'  At1g53140
SALK_019359C*  At4g10920 SALK_148403C' At5g61950 SALK_063595C"  At1g20640
SALK_025598C%  At2g46970 SALK_048174C' At4g11540 SALK_057785C*  At1g22090
SALK_080188C* At5g58970 SALK_057052C*  At5g54770 SALK_045025C>  At3g20550
SALK_003718C? At3g16950 SALK_072771C' At2g07540 SALK_079285C2  At3g17040
SALK_011867C' At5g51750 SALK_061494C' At5g35220 SALK_136507C*>  At1g78020
SALK_030786C2  At3g46790 SALK_017692C' At2g29670 SALK_129037C?  At4g13590
SALK_011586C' At3g27620 SALK_142112C' At1g74940 ! Plants grown in Experiment 1.
SALK_041291C* At2g22680 SALK_009798C'  At2g23090 ? Plants grown in Experiment 2.
SALK_033455C' At3g28860 SALK_008561C'  At4g20290
SALK_129352C2 At3g30180 SALK_040660C*' At1g79090
SALK_145983C' At4g09340 SALK_086630C"  At3g50400
SALK_066708C' At4g24175 SALK_101771C? At1g18500
SALK_075797C*  At5g51770 SALK_003711C' Atl1g71760
SALK_044119C*' At2g35040 SALK_045034C? At5g17660
SALK_037549C' At2g23220 SALK_067017C'  At5g52440
SALK_004741C% At1g42980 SALK_019175C' At2g31725
SALK_125189C* Atlg61310 SALK_012771C* At4g25410
SALK_117972C' At2g44100 SALK_005153C* At5g13680
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APPENDIX Il. 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 spai®...,J -1} . A J-state semi-

Markov chain{S} is defined by the following parameters:
. initial probabilities7; = P(S, = j) with Z;’TJ =1;
" transition probabilities
- non-absorbing state: for each jzi,p, =P(S =j|S #i,S,=i) with
Zj# P; =land p;, = 0by convention,

- absorbing state p; =P(§ =i|S_, =i) =1 and for eachj zi,p, =0.

An explicit occupancy distribution is attached to each non-absorbing state:
d;u)=P(S.yn? .Sy =1v=0,...,u-2[§,=],5§#j), u=12..
Sincet =1 is assumed to correspond to a state entering, the following relation is verified:
P(S #j,S., =i.v=1....t)=d,(t)7,.

We define as possible parametric state occupancy distributions hindisiributions,
Poisson distributions and negative binomial distributions with an addisbifalparameted

(d =1) which defines the minimum sojourn time in a given state.

The binomial distribution with parameteds n and p (q=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 parametdrand/, P@, 1), wherel is a real numberA>0
), is defined by
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e—/lAu—d
(u—-d)!’

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

The negative binomial distribution with parametdys andp, NB(d, r, p), wherer is a

real number ( >0) and0< p<1, is defined by

p'g, u=d,d+1,...

dj(u):(u_dﬂ_lj

-1

Semi-Markov switching models

A semi-Markov switching model can be viewed as a pair of stochasttesse$S, X, }
where the ‘output’ procesEX, } is related to the ‘state’ proce§S}, which is a finite-state
semi-Markov chain, by a probabilistic function or mapping denoteid(bgnce X, = f (S ).
Since the mappingis such that a given output may be observed in different stagestaie
process{S} is not observable directly but only indirectly through the output psof%,}.
This output proces$X,} is related to the semi-Markov cha{} by the observation (or

emission) models. The output process at tirdepends only on the underlying semi-Markov
chain at timet. The extension to the multivariate case is straightforwara sincthis latter
case, the elementary observed variables atttiane assumed to be conditionally independent

given the state§ =s.

In the case of the trichome variable, the observation probabilities

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

In the case of the quantitativaeterval-scaled variables (length-to-width ratio, final leaf

area, characteristic growth duration), t¢h output proceSi{Xt,e} is related to the state

proces$S}, by a linear trend model
Xt,e :aj,e+18j,et+£j,e’ gj,e~ N(O’ajze)

The maximum likelihood estimation of the parameters of a seankd¥ switching model
requires an iterative optimization technique, which is an apmlicaisf the EM algorithm.

Once a semi-Markov switching model has been estimated, the nobstbpe state sequence
s with its associated posterior probabilitf(S=s |X =x) can be computed for each

observed sequenceusing the so-called Viterbi algorithm (Guédon 2003). In our application
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context, the most probable state sequence can be interpreted asnia sggmentation of
the corresponding observed sequence in successive developmentgl sgméesiedon 2003,
2005, 2007) for the statistical methods for hidden semi-Markov chaingditkatly apply to
semi-Markov switching models.
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APPENDIX Ill. SUPPLEMENTARY FIGURES FOR INTEGRATIVE
MODELS FOR ANALYZING A. THALIANA ROSETTE
DEVELOPMENTAL PHASES —MACROSCOPIC SCALE

Figure SllI-1 (a) and (b). Leaf blade length-to-width ratedues (x100) are shown as a
function of the leaf rank for (a) Col-0 and (b) SALK_055458. Trends withath ¢ghase are

shown in color. Plain lines: most probable phase (i.e. majority dethwes at the rank have
been assigned to the phase). Dotted lines: alternative phalsedgspect to the most probable
phase); shown if probability > 0.04.
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Figure SllI-1 (c) and (d)Leaf blade length-to-width values (x100) are shown as a function
of the leaf rank for (c) SALK_048174 and (d) SALK 126071.
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Figure SllII-2 (a) and (b). Final leaf area values (mmé&)simown as a function of the leaf
rank for (a) Col-0 and (b) SALK 055458. Trends within each phase are shovator.
Plain lines: most probable phase (i.e. majority of the leavée atbhk have been assigned
to the phase)Dotted lines: alternative phase (with respect to the most propablee);
shown if probability > 0.04.
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Figure SllII-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 SlII-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 wehich phase

are shown in cololain lines: most probable phase (i.e. majority of the leavit®e abnk
have been assigned to the phaBejted lines: alternative phase (with respect to the most
probable phase); shown if probability > 0.04.
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Figure SllII-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
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APPENDIX IV. COMPARISON BETWEEN MANUAL AND SEMI -
AUTOMATIC IMAGE SEGMENTATION METHODS

In order to test the validity of our protocol, we compared a sd6aimages that were
segmented both manually (using ImageJd) and semi-automatigalgg the previously
described protocol); see Figure SV-4. To compare the number of foahsl by both
segmentations in each image, we computed the distribution of theeddéibetween the
number of cells in the semi-automatic segmentation and the numbetlin the manual

one, normalized by the number of cells in the semi-automatic segmentatiore(&\-5).

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

(SR
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Number of images
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Figure SV-5. Distribution of the normalized differences betweumbers of cells identified by
manual and semi-automatic segmentations for a given iridigeumber of cells.
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The number of cells tends to be simiteatween the two segmentation methods (+/- 10 %
for 50 cells on average in each image). Individual comparisons byasebservers (different
perspectives) highlighted that the cases where the semi-awtametinod lead to a higher
number of identified cells than the manual method were mainly due to celhgeéhging the

manual segmentation.

To quantify the cell area similarity between the two segatem methods, the overlap
between manually and semi-automatically segmented cellsamaguted. The metric used to

quantify this overlap was the dice scoﬁbikj), i.e. the ratio of twice the arga) of the

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

B 24(C;n C;)
A +A(G)

Ci,Cj

whereC; corresponds to the ImageJ segmentationCamal the ilastik segmentation.

This score is between 0 (no overlap) and 1 (full overlap) (Figur&)S\rhe boxplots
traced for each pair of segmented images show that the scores allg glwharised between
0.6 and 0.9; see Figure SV-8. It should be noted that cell walls anctetonvere not
considered as being a part of cells in the semi-automatmcesggtion while they were in the
manual segmentation; see Figure SV-4 and Figure SV-6 (c). Xplaires the systematic
deviation from 1 of the dice scores. The lowest dice scores treditner 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 betweenfoalid using the manual and semi-
automatic segmentation for a given leaf epidermis impriagen Yellow: cell defined by manual
segmentation. Blue: cell defined by semi-automatic segmentationnBoverlap. (a) and (b): the
manual segmentation identified two separated cells where theagtamatic segmentation
identified a single cell. In (b), the upper yellow area correspoma portion of the image that was
identified as a separated cell using the semi-automaticotie(c) Good match between the two
segmentation methods.
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Figure SV-8. Boxplot representing the distribution of dice sctoeslifferent images segmented
manually using ImageJ and semi-automatically using our protocol.
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Figure SV-7. Linear relationship between cell areas obtained) tlse manual and the semi-
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variables. Coefficient of determination=90.97; p-value = 0.
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The dice score was used to map cells segmented using the thwadmby pairing cells
with highest pairwise dice score. From this mapping we weretabdempare the areas of
paired cells. As shown in Figure SV-7, cell areas extracteah fthe two segmentation
methods were strongly correlated £0.94, p-value = 0), indicating that the methods tend to
agree for the estimation of the area. The fact that the slopeliff@rent from 1 is due to the
inclusion of cell walls and stomates into the cell in the manuethod, as explained

hereinabove.

The comparison of the two segmentation methods allowed us to validatsemi-
automatic segmentation of images. The cells identified using @uni-automatic
segmentation protocol were close to the ones segmented manuallydigerver. In fact, it
can even limit human bias, as we observed that when different parepegere taken into
account, the manual segmentations presented more errors than the amesdodemi-
automatically. In conclusion, our semi-automatic segmentation quiotef leaf epidermis
imprints images appears to be reliable, less subject to elwerto 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-widthoratlues (x100) and (b) final leaf area
(mm?2) are shown as a function of the leaf rank for Col-0 dat&setrporating the estimated
endoreduplication factor. Trends within each phase are shown in Bddn lines: most probable
phase (i.e. majority of the leaves at the rank have begmnas 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 @ouand (d) estimate
endoreduplication factor are shown as a function of the leaf man®dl-0 dataset incorporatirige
estimated endoreduplication factor. Trends within each phasghawen in color.Plain lines mos
probable phase (i.e. majority of the leaves at the rank haredssigned to the phasBptted lines
alternative phase (with respect to the most probable phase); shanwbability > 0.04.
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APPENDIX VI. PRELIMINARY ANALYSES ON MUTANT LINES
INVESTIGATING THE CROSSTALK BETWEEN MI RNA-DEPENDENT
PATHWAYS AND SHOOT DEVELOPMENT IN A. THALIANA

Eight A. thaliana mutant lines and their wild-type Columbia O were grown togethtre

same conditions than those applied in Experiment 3 presented in therGhdpte 12). The

different leaf traits were computed using the same protocatsttiemones described in the

Chapter Ill. Seeds are kind gift from Patrick Laufs unit (Jeam€Bourgin Institut — INRA,

Versailles, France).

Line designation

Description

Col-0

CUC2g-n¥

rSPL10
rSPL10.CUC2g-m4
rsSPL9

MIM156

Kiuh (Klu)

agol-27

se-1

Wild-type Columbia O

Line with higher CUP-SHAPED COTYLEDON 2 (CUC2)
expression levels as a result of defectivR164-dependent
regulation

Line expressing a miR156-resistantSs.10 gene
Line containing botmSPL10 andCUC2g-m4 mutations
Line expressing a miR156-resistantS5L9 gene

Line perturbing endogenous miR156 function by overexpressing
mMiR156 mimicry targetsMIM156)

Loss-of-function mutant affected irKLUH/CYP78A5 gene
encoding the cytochrome P450 CYP78A5 monooxygenase

HypomorphicARGONAUTE 1 (AGO1) mutant
Line expressing a wesdERRATE (SE) allele

Table SVI-1. List of the mutant lines grown in the fourth expent mentioned in Chapter V
‘Conclusions and Perspectives'.
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Figure SVI-1. Dissected rosette area (mmz; (a)), leak@ émm?; (), duration of vegetative phs
(days after leaf 2 emergence; (c)), mean leaf appariitn(reaf day; (d)), number of rosette leay
(e) and number of leaves without abaxial trichomes (‘juvenibvds, (f)), with abaxial face partic
(‘transition’ leaves, (g)) and fully (‘fadult’ leaves, (lgdpvered by trichomes are given for lirggewr
during fourth experiment mentioned in Chapter V ‘Conclusions and Ptk Means witl
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

José Manuel Pérez-Pérez?

Context

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

o ‘ woss First screen (Miguel Hernandez University of Elche):
Lo plants were grown in vitro. Leaf phenotype was scored
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 :

. n" ""

SN

Total number of
rosette leaves

/ \

Maximal rate of leaf Duration of ! Days anter sowing
emergence leaf production

Whole rosette
area

Individual leaf
area

Conclusions

LLEPSE, UMR 759, INRA-SUPAGRO, France; 2 Universidad Michel Hernandez, Spain
email : lievre@supragro.inra.fr

(il %
Maryline Liévre!, Mathilde Bettembourg?, Myriam Dauzat!, David Wilson-Sanchez?, | fﬁ‘lN?A
, Maria Rosa Ponce?, Jose Luis Micol?, Christine Granier! ~ ~

ational de la Recherche Agrosomique

Montpellier

s Agro

Results

“* 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.

Rosette area at
flowering (mm?)

= Significant difirence with Col-n

saux 25730

Ee

Rotatts Arsa (mav')

”Lm

e s swcass

!‘é

Final aewa of et & )

% Many lines were affected
on different growth
variables, exhibiting
sometimes a compensation
phenomenon such as

bt

sEHEE

’ "~r ﬂ ey &‘Qpﬁ_.l"\f
between the rate and _ aad
duration of leaf production, : eI
or the number of leaves and | | A TN

. P e Yy 3
the individual leaf area. TEEES LA

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

“+ 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

*» Some of these differences can be : ¢

explained by the  negative

correlation between early 1

development and the duration of { * -

leaf production phase. o m % ® ® W w

Rosetie area 18 DAS ma)

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

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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T, lines
exhibiting
anormal leaves
2 567 518
2,500 450 79*

18,900 3,017

Ts genuine
mutants
confirmed

studied

Completed 16,400

In progress

Total

SALK_060836C (Al5901350)

SALK_048891C (At5g01730) — 5 ;
SALK_051857C (At5g02270)

SALK_088750C (A|5902510)\
SALK_011035C (At5g04140)

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/ servlets/ViewChromosomes). Numbers on the top of each bar
identify the 5 A (B) Er it of a domly chosen interval showing € loci
disrupted by T-DNA msemons with their oorrespnndlng Salk codes and rosette phenotypes observed. Scale
bars: 2 mm.

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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T, and Ty 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 cades, 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 chrabidopsis thaliana
— Mise au point et test d’un pipeline d’analyses permettant une analysatégrée du
développement de la cellule a la pousse entiére.

Ce travail est basé sur le constat du manque de méthodes aptrattalyse intégrée des
processus contrbélant le développement végétafifadidopsis thaliana dans les études
phénotypiques multi-échelles. Un phénotypage préliminaire de la amosdoliaire de 91
génotypes a permis de sélectionner 3 mutants et des variabtését'pour une étude plus
poussée du développement de la pousse. Un pipeline de méthodes d'analyseantombi
techniques d'analyse d'images et modéles statistiques déédoppé pour intégrer les
mesures faites a I'échelle de la feuille et de la pousse.niéles multi-phasiques a
changements de régime semi-markovien ont été estimés pour cjéaapigpe permettant une
caractérisation plus pertinente des mutants. Ces modeles ontlVait¢hése selon laquelle

le développement de la rosette peut étre découpé en une suite dedghdsesloppement,
pouvant varier selon les génotypes. lls ont aussi mis en évidenéke Istnucturant de la
variable «trichome abaxial», bien que les phases de développameptissent étre
entierement expliquées par ce trait. Ul @peline d'analyses combinant une méthode semi-
automatique de segmentation d'images de I'épiderme foliairanalyse des surfaces de
cellules par un modéle de mélange de lois gamma a parafigtrpar une loi d'échelle a été
développé. Ce modéle 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 k& feritladre d'analyses
multi-échelles développé et testé durant cette these détraitassez géneérique pour étre
appliqué a d'autres especes végétales dans diverses conditions environnementales

Multi-scale analysis and modeling of shoot growth irabidopsisthaliana —
Development and testing of a pipeline of analysis methods enabling andgtative
analysis of the development from cell to shoot scale.

This study is based on the observation of a lack of methods enablintetated analysis of
the processes controlling the vegetative developmeArabidopsis thaliana during multi-
scale phenotypic studies. A preliminary leaf growth phenotyping ofefibtgpes enabled to
select 3 mutants and different variables of interest for g nmodepth analysis of the shoot
development. We developed a pipeline of analysis methods combining iamadysis
techniques and statistical models to integrate the measuremadss at the leaf and shoot
scales. Semi-Markov switching models were built for each geno@iimying a more
thorough characterization of the studied mutants. These models edlitiat hypothesis that
the rosette can be structured into successive developmental phasesodld change
depending on the genotype. They also highlighted the structuring rotbeofabaxial
trichomes' variable, although the developmental phases cannot benedpaiirely by this
trait. We developed a second pipeline of analysis methods combiniegnisastomatic
method for segmenting leaf epidermis images, and the analfysiee obtained cell areas
using a gamma mixture model whose parameters of gamma compaeetitsl &y a scaling
rule. This model allowed us to estimate the mean number of endacyiehighlighted that
this mean number of endocycles was function of the leaf rank. Tittestale pipeline of
analysis methods that we developed and tested during this PhD shauiffitiently generic
to be applied to other plant species in various environmental conditions.



