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ABSTRACT

In most multicellular organisms, signals and nutrients are transported throughout the body by a
vascular system. For normal development and optimal function, no area of the body should thus
be devoid of vessels. Therefore, the growth of tissues and their vascularization must be tightly
coordinated, and understanding the molecular basis of this coordination is a key question in
biology. In animals, signals from proliferating nonvascular tissues promote their vascularization;
in turn, vessels signal back to surrounding nonvascular tissues to control their growth and
development. By contrast, in plant organs, vascular and nonvascular tissues differentiate from
the same precursor cells; yet it is possible that the logic that integrates the growth of tissues and
their vascularization in plants is no different from that in animals. Here, I investigated this
possibility for Arabidopsis leaves, in which internal, ground cells proliferate and differentiate
into either mesophyll or veins. I combined: (i) molecular genetic interference with core
regulators of cell cycle progression and cell differentiation; (ii) cellular imaging of cell fate
markers; and (iii) analysis of vein network topology. And I used this combined approach to show
that cell proliferation inhibits progression of ground cells to mesophyll fate, thus permitting their
recruitment into veins, and that cessation of cell proliferation permits progression of ground cells
to mesophyll fate, thus preventing their recruitment into veins. Though this logic resembles that
of tissue patterning in animal appendages, it is different from that which integrates tissue growth
and vascularization in animal organs. What molecular mechanisms control the integration of
tissue growth and vascularization in plant organs? By combining (i) molecular genetic
interference with core regulators of cell cycle progression and signaling pathways, (ii)
topological analysis of vein networks, and (iii) imaging of cell proliferation markers, I show that

leaf growth and vascularization are integrated by the activity of two pathways that
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antagonistically control cell proliferation and vein network formation: transcriptional input
provided by the CINCINNATA-related TCP (for TEOSINTE
BRANCHEDI1/CYCLOIDEA/PROLIFERATING CELL FACTOR) proteins inhibits these
processes; transduction of the signaling molecule auxin mediated by the MONOPTEROS
transcription factor promotes them. My results thus suggest a molecular mechanism that controls
the unique logic by which timing of cessation of cell proliferation integrates tissue growth and

vascularization in plants.
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CHAPTER 1: GENERAL INTRODUCTION

1.1 Introduction

In most multicellular organisms, signals and nutrients are transported throughout the body by a
vascular system. In plants, such vascular system is composed of a network of continuous
vascular strands that connect different areas of an organ and different organs of a plant (Esau,
1965).

Mature vascular strands are cylinders composed of two vascular tissues: xylem—toward the
inside in cylindrical organs on the upper side in flat organs—and phloem—toward the outside in
cylindrical organs on the lower side in flat organs. Xylem is composed of tracheary elements,
parenchyma cells and fibers (Esau, 1965), and mainly transports water and minerals from the
roots, which absorb them from the soil, to the leaves, where water will evaporate through
transpiration (Taiz and Zeiger, 2006). Phloem is composed of sieve elements, parenchyma cells,
fibers and sclereids (Esau, 1965), and mainly transport the products of photosynthesis from
source tissues, such as leaves, to sink tissues, such as roots (Taiz and Zeiger, 2006).

During plant growth by lengthening—primary growth—xylem and phloem differentiate from
within bundles of files of narrow, elongated vascular-precursor procambial cells (Esau, 1965). In
plants and organs that undergo growth by thickening—secondary growth—a layer of procambial
cells remains in each vascular strands between the xylem and phloem formed during primary
growth. During secondary growth, this layer of procambial cells resumes cell division to give

rise to the vascular cambium, from which secondary xylem and phloem will differentiate.

1.2 Leaf vein patterns

In dicot leaves, vascular strands—or veins—are arranged in a hierarchical branching pattern with
one or more centrally located midveins that extend the length of the leaf and are continuous with

the vascular strands of the stem (Nelson and Dengler, 1997). Lateral veins branch from the



midvein and extend laterally into the leaf lamina toward the leaf margin, where they can end
freely or where they can curve and connect back to the midvein or to more apically located
lateral veins to form closed loops. Minor veins branch from midvein and loops, and connect to
other veins, or end freely in the leaf lamina.

In monocot leaves, veins are arranged in a grid-like pattern in which major veins extend
parallel to one another along the length of the leaf, and minor veins connect transversely major

veins (Nelson and Dengler, 1997).

1.3 Leaf vein development

In the leaf, veins form de novo from within the population of isodiametric, polygonal cells—the
ground cells—that make up the inner tissue at early stages of leaf development (Foster, 1952;
Pray, 1955). The sequence of events that lead to vein formation has been investigated in detail in
Arabidopsis thaliana. In this species, expression and localization of the plasma-membrane-
localized transporter of the plant signalling molecule auxin PIN-FORMED1 (PIN1) suggests two
different vein ontogenies (Scarpella et al., 2006; Wenzel et al., 2007).

(1) Each midvein and lateral vein is initiated in association with an epidermal “convergence
point”: a point in the epidermis of the leaf margin in which PINT1 localization to the plasma
membrane is directed toward a single epidermal cell. Each epidermal convergence point is
associated with a broad domain of PIN1 expression in the inner tissue that connects the
epidermal convergence point with a pre-existing vein; within such broad domain of PIN1
expression, PIN1 is localized isotropically to the plasma membrane. Over time, each broad
domain of PIN1 expression narrows to a site of vein formation, in which PINT1 is localized to the
side of the plasma membrane away from the convergence point and toward the pre-existing vein.

(2) Minor veins form from PIN1 expression domains with no association with epidermal
convergence points and that branch from pre-existing veins. Initially, all minor veins end freely
in the leaf inner tissue, and PIN1 is localized to the side of the plasma membrane toward the pre-
existing veins. However, over time, some minor veins can become connected to pre-existing

veins at both sides; at the ends of these “connected” veins, PIN1 is localized to the side of the



plasma membrane toward the pre-existing veins, and the two, opposite PIN1 polarities are joined
by a “bipolar” cell: a cell with PINT1 localized to two opposite sides of the plasma membrane.

PIN1 expression behaviour during loop formation shows that each loop is formed by a minor
vein branching from a lateral vein (Scarpella et al., 2006; Wenzel et al., 2007). Initially the minor
vein ends freely in the leaf inner tissue, but over time it connects to the midvein or to more
apically located lateral veins. As in all other connected veins, at the ends of each loop, PIN1 is
localized to the side of the plasma membrane toward the pre-existing veins it connects to, and the
two, opposite PIN1 polarities are joined by a bipolar cell.

Domains of PIN1 expression in the inner tissue are initially broad and overlap with broad
domains of expression of the auxin-response transcription factor MONOPTEROS (MP) (Donner
et al., 2009; Wenzel et al., 2007). As broad domains of PIN1 expression, broad domains of MP
expression narrow over time until they become restricted to sites of vein formation.

Within broad expression domains of PIN1 and MP, ground cells destined to become
procambial cells start expressing the class Il HOMEODOMAIN-LEUCINE ZIPPER (HD-ZIP
1IT) gene ARABIDOPSIS THALIANA HOMEOBOXS (ATHBS), the GRAS (after GIBBERELLIC
ACID INSENSITIVE, REPRESSOR OF gibberellic acidl-3, and SCARECROW) transcription
factor gene SHORT-ROOT (SHR), and the enhancer-trap J1721(Baima et al., 1995; Donner et al.,
2009; Gardiner et al., 2011; Kang and Dengler, 2004; Sawchuk et al., 2007; Scarpella et al.,
2004). Unlike expression of PIN1 and MP, however, expression of ATHBS, SHR and J1721 is
initiated in narrow domains.

Finally, cells expressing ATHBS, SHR and J1721 will elongate simultaneously along the
length of a vein to differentiate into procambial cells, an event which is marked by the onset of
expression of the enhancer-trap lines ET1335 and Q0990 (Sawchuk et al., 2007; Scarpella et al.,
2004).

1.4 Auxin transport and vascular strand formation

Many signals can promote vascular cell differentiation (Aloni, 1987; Cano-Delgado et al., 2010;

Fukuda, 2004; Vera-Sirera et al., 2010), but among such signals auxin remains unique because it
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is the only substance that not only promotes the differentiation of vascular cells but aligns this
differentiation along continuous lines to form vascular strands (Berleth, 2000; Sachs, 1981).

Evidence of the effect of auxin on the formation of vascular strands was first derived from
the results of experiments in which auxin had been applied locally to mature tissues. In these
tissues, auxin application induces the differentiation of single files of cells into continuous
vascular strands that extend basally from the site of auxin application toward the pre-existing
vasculature. As such, auxin-induced vascular differentiation response is characterized by unique
properties.

(1) The response is localized to the site of auxin application.

(2) The response is polar, as it is directed toward pre-existing vasculature that is located
basally to the site of auxin application.

(3) The response is continuous, as it produces uninterrupted vascular cell files.

(4) The response is constrained laterally, as vascular differentiation is restricted to strips of
cells rather than clouds of cells surrounding the site of auxin application.

(5) The response requires polarly transported auxins, and it is obstructed by polar auxin
transport inhibitors, suggesting that the underlying mechanism recruits the machinery that
polarly transports auxin.

Auxin is in fact produced in immature shoot organs and transported toward the roots through
vascular strands (Michniewicz et al., 2007; Normanly, 2010; Zhao, 2010). This apical-basal
polarity of auxin transport is thought to derive from the polar localization of auxin efflux
proteins to the basal plasma membrane of auxin-transporting cells (Raven, 1975; Rubery and
Sheldrake, 1974). As a weak acid, in fact, indole-3-acetic acid (IAA)—the most abundant auxin
in plants—is protonated at the acidic pH of the extracellular space. This apolar form of [AA can
freely diffuse into the cell. However, at the neutral intracellular pH, IAA is negatively charged
and can only leave the cell through specialized efflux proteins.

These observations form the basis of the “auxin canalization hypothesis” (Sachs, 1981,
1991). The hypothesis postulates that a positive feedback exist between auxin transport through a
cell and the cell’s auxin conductivity. The hypothesis predicts that the applied auxin initially
moves by diffusion with no preferred orientation, and that auxin efflux proteins are randomly

distributed. By efficiently transporting auxin along the apical-basal auxin-transport polarity of



the tissue, the pre-existing vasculature would act as an auxin sink and orient auxin movement in
neighbouring cells, polarizing the localization of auxin efflux proteins in these cells. The
initiation of polar auxin transport in these cells would be gradually enhanced by positive
feedback between auxin transport and efflux protein localization. By draining auxin in an
increasingly more efficient and polar way, these cells would in turn induce polar auxin transport
and polarization of efflux protein localization in the cells above them, and inhibit the same
processes in their lateral neighbours. Iteration of these events would result in preferential
transport of auxin through limited cell files, which would eventually differentiate into vascular
strands.

The localization of the plasma-membrane-localized auxin efflux protein of Arabidopsis PIN1
marks the presumed auxin-efflux side of the cell (Petrasek and Friml, 2009). Therefore, the
polarity of auxin transport can be inferred from the localization of PIN1 proteins at the plasma
membrane. Consistent with predictions of the canalization hypothesis, local application of auxin
to pea tissues induces broad domains of PIN1 expression between the site of auxin application
and a pre-existing vascular strand. Over time, broad domains of PIN1 expression, in which PIN1
is localized isotropically to the plasma membrane, narrow to define sites of auxin-induced
vascular-strand formation, in which PINT1 is localized to the side of the plasma membrane away
from the source of auxin and toward the pre-existing vascular strand.

Consistent with a role for auxin transport in vein development, vein patterns are abnormal in
leaves of pinl mutants and of plants grown on auxin transport inhibitors (Mattsson et al., 1999;

Sieburth, 1999).

1.5 Auxin signalling and leaf vascular development

The auxin signal is transduced by multiple pathways (Leyser, 2010); best understood is that
which ends with the transcriptional activation or repression of auxin-responsive genes by
transcription factors of the AUXIN RESPONSE FACTOR (ARF) family (Chapman and Estelle,
2009).



At low concentrations of auxin in the cell, proteins of the AUXIN/INDOLE-3-ACETIC
ACID (AUX/TAA) family bind to ARF transcription factors, preventing them from inducing
transcription of their target genes (Mockaitis and Estelle, 2008). At higher concentrations of
auxin in the cell, auxin is bound by auxin receptors of the TRANSPORT INHIBITOR
RESISTANT1/AUXIN SIGNALLING F-BOX PROTEIN (TIR1/AFB) family. TIR1/AFB
receptors are the F-box-protein subunit of the SCETRVAFB (Skp1-Cull-F-box protein) E3
ubiquitin ligase complex. Auxin binding to the receptor facilitates the interaction between the
receptor itself and proteins of the AUXIN/INDOLE-3-ACETIC ACID (AUX/IAA) family,
which are poly-ubiquitinated by the SCFTRVAFB and thus targeted for degradation by the 26S
proteasome. Degradation of AUX/IAA protein releases ARF transcription factors from
inhibition, thus allowing them to induce transcription of their target genes through ARF binding
to Auxin Response Elements (AuxREs) located in the promoter of their target genes.This model
is probably an over-simplification because it only explains the function of the minority of ARF
transcription factors. In fact, only five of the 22 ARF proteins in Arabidopsis (ARF5/MP, ARF6,
ARF7/NPH4, ARF8 and ARF19) have been shown to be able to activate transcription of target
genes, while the remaining 17 have been shown, at least in protoplast, to act as repressors of
transcription (Guilfoyle and Hagen, 2007).

That auxin signalling is required for vascular differentiation is suggested by two pieces of
evidence.

(1) Veins form along domains of expression of ARF target genes—such as expression of
ATHBS, which is directly controlled by ARF5/MP—and of activity of synthetic promoters
composed of multimers of AuxREs (Donner et al., 2009; Mattsson et al., 2003).

(2) Vascular differentiation is reduced in leaves of mutants in auxin signalling components
(Alonso-Peral et al., 2006; Candela et al., 1999; Esteve-Bruna et al., 2013; Hardtke and Berleth,
1998; Przemeck et al., 1996; Strader et al., 2008)



1.6 Leaf cell proliferation and leaf vascular development

The product of animal embryogenesis is a miniature version of the adult animal (Wolpert et al.,
2015). During post-embryonic development, this miniature version will grow to reach the size of
the adult animal, and no new organs will be formed during this growth. By contrast, plants
continue to form new organs throughout their life. This is possible because plant cells retain the
ability to proliferate and differentiate. During normal development, this property is limited to
cells that are spatially segregated. For example, cells at the shoot tip proliferate to self-regenerate
and to give rise to daughter cells that proliferate and differentiate to form leaves and flowers, and
vascular cells in the root proliferate and differentiate to form lateral roots. However, all plant
cells can artificially be induced to resume cell proliferation and differentiation, such that a whole
new plant can be formed from a single somatic cell.

Despite these unique properties, as in animals, progression through the cell cycle in plants is
promoted by complexes between members of the EARLY 2 FACTOR (E2F) and the
DIMERIZATION PARTNER (DP) families of transcriptional regulators [(reviewed in (Dewitte
and Murray, 2003; Gutierrez, 2009; Inze and De Veylder, 2006)]. The activity of E2F/DP
complexes is inhibited by binding of the non-phosphorylated form of the RETINOBLASTOMA-
RELATED (RBR) protein. Phosphorylation of RBR by complexes between cyclin-dependent
kinases (CDKs) and their regulatory proteins, the cyclins, leads to RBR degradation and thus to
activation of E2F/DP complexes. The formation of CDK/cyclin complexes is stimulated by
growth promoting signals (eg. auxin and sucrose), and the activity of CDK/cyclin complexes is
inhibited by INTERACTORS OF CDC2 KINASE (ICKs)/KIP-RELATED PROTEINS (KRPs).

Several pieces of evidence suggest a role for cell proliferation in vein development.

(1) Leaf vascular cells proliferate longer than any other cell in the leaf (Donnelly et al., 1999;
Kang and Dengler, 2002).

(2) Simultaneous loss of function of all four CYCLIN A (CYCA) genes of Arabidopsis—all of
which are expressed during vein development—Ileads to reduced proliferation of leaf vascular

cells (Donner and Scarpella, 2013; Vanneste et al., 2011).



(3) Overexpression of the transcription factor AINTEGUMENTA (ANT) leads to prolonged
leaf expression of CYCD3; 1, prolonged leaf cell proliferation and formation of more minor-veins
in Arabidopsis (Kang et al., 2007; Mizukami and Fischer, 2000).

(4) Overexpression of ICK1/KRP1 leads to premature cessation of leaf cell proliferation and

formation of fewer minor veins (Kang et al., 2007).

1.7 Scope and outline of the thesis

The evidence discussed above strongly suggests a role for auxin signalling in vein network
formation; by contrast, the evidence that suggests a role for leaf cell proliferation in vein network
formation is indirect. Though overwhelming evidence supports a role for auxin in cell
proliferation [reviewed in (Demeulenaere and Beeckman, 2014)], such evidence was derived
from results of experiments in roots or tissue culture; the evidence that auxin signalling controls
leaf cell proliferation is instead scarce (Hu et al., 2003; Perez-Perez et al., 2010; Schruff et al.,
2005), and no evidence is currently available that suggests a role of auxin-signalling-dependent
leaf cell-proliferation in vein network formation. The scope of my Ph.D. thesis was to understand
whether and how cell proliferation controls vein network formation, and whether auxin-
signalling-dependent vein-network formation is mediated by leaf cell proliferation.

The relative timing of cessation of cell proliferation and onset of cell differentiation controls
tissue patterns of animal organs [e.g., (Lopez-Rios et al., 2012; Towers et al., 2008; Zhu et al.,
2008)], but it is unclear whether it controls tissue patterns of plant organs. In Chapter 2, I address
this problem for Arabidopsis leaves, in which internal, ground cells proliferate and differentiate
into either mesophyll or veins (Kang and Dengler, 2004; Scarpella et al., 2004). By prolonging
or prematurely ceasing cell proliferation, and by delaying or prematurely promoting cell
differentiation, I show that cell proliferation inhibits progression of ground cells to mesophyll
fate, thus permitting their recruitment into veins, and that cessation of cell proliferation permits
progression of ground cells to mesophyll fate, thus preventing their recruitment into veins.
Therefore, the relative timing of cessation of cell proliferation and onset of cell differentiation

controls tissue patterns of plant as well as of animal organs, suggesting that the logic of organ



tissue patterning is conserved between plants and animals despite their independent evolution of
multicellularity.

The best understood auxin signalling pathway relies on the function of a family of ARF
transcription factors (Chapman and Estelle, 2009), but only the function of one of them—
ARF5/MP—seems to be crucial for vascular differentiation (Donner et al., 2009; Hardtke et al.,
2004; Przemeck et al., 1996). Thus analyses of vascular defects of mp mutants have advanced,
and will continue to advance, our understanding of the role of auxin signalling in vascular
differentiation. Unfortunately, an mp allelic series in the widely used Columbia wild-type
background of Arabidopsis is lacking. In Chapter 3 (Odat et al., 2014), I address this limitation
by extending the characterization of two known mp mutant alleles in the Columbia background
of Arabidopsis, and by identifying and characterizing four new alleles of mp in the Columbia
background. Among these four new mp mutant alleles, I find the first low-expression allele of
mp and the strongest Columbia allele of mp.

In Chapter 4, I use the low-expression allele of mp I identified and characterized in Chapter 3
(Odat et al., 2014) to test the hypothesis that vein network defects of mp result from defects in
leaf cell proliferation. By prolonging or prematurely ceasing leaf cell proliferation in WT or mp
background, I show that vein network defects of mp result from premature cessation of leaf cell
proliferation. Moreover, I show that the promoting effects of MP on leaf cell proliferation and
vein network formation are antagonized by the functions of CINCINNATA (CIN)-related TCP for
TEOSINTE BRANCHED1/CYCLOIDEA/PROLIFERATING CELL FACTOR) (Cubas et al.,
1999) genes. My results suggest a molecular mechanism underlying the logic by which timing of
cessation of cell proliferation integrates tissue growth and vascularization in plants—a logic that
seems to be different from that underlying integration of tissue growth and vascularization in
animals [e.g., (Cleaver and Melton, 2003)].

My results suggest that vein network formation results, at least partially, from the interaction
of two pathways that antagonistically control leaf cell proliferation: MP-dependent auxin
signalling, which promotes leaf cell proliferation, and CIN-TCP-dependent transcriptional
regulation, which inhibits it (Chapter 4). Likewise, other inputs of auxin in plant development
result from the interaction of auxin signalling with other, nonoverlapping pathways [reviewed in

(Kuppusamy et al., 2009)]. To identify new nonoverlapping pathways—as well as additional



components of the leaf cell-proliferation pathway—that interact with auxin signalling in vein
network formation, I characterized in Chapter 5 putative genetic suppressors of the mp
phenotype that had recently been identified (E. Scarpella, unpublished).

Finally, in Chapter 6, I propose and discuss a hypothesis to account for the mechanism by
which the interaction between auxin signalling and cell proliferation results in vein network

formation.
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CHAPTER 2: CONTROL OF LEAF TISSUE PATTERN BY GROUND
CELL PROLIFERATION

2.1 Introduction

The relative timing of cessation of cell proliferation and onset of cell differentiation is thought to
control organ tissue patterns. In animals, this view is well supported by evidence. For example,
in vertebrate limb development, premature cessation of mesenchyme proliferation and early
onset of chondrogenic differentiation leads to formation of fewer digits, while prolonged
mesenchyme proliferation and delayed onset of chondrogenic differentiation leads to formation
of more digits (Lopez-Rios et al., 2012; Towers et al., 2008; Zhu et al., 2008).

As in animals, progression through the cell cycle in plants is promoted by complexes
between members of the EARLY 2 FACTOR (E2F) and the DIMERIZATION PARTNER (DP)
families of transcriptional regulators [reviewed in (Dewitte and Murray, 2003; Inze and De
Veylder, 2006)]. The activity of E2F/DP complexes is inhibited by binding of the non-
phosphorylated form of the RETINOBLASTOMA-RELATED (RBR) protein. Phosphorylation
of RBR by complexes between cyclin-dependent kinases (CDKs) and their regulatory proteins,
the cyclins, leads to RBR degradation and thus to activation of E2F/DP complexes. The activity
of CDK/cyclin complexes is inhibited by INTERACTORS OF CDC2 KINASE (ICKs)/KIP-
RELATED PROTEINS (KRPs).

While many core cell-cycle regulators are conserved between plants and animals (Harashima
et al., 2013), key regulators of cell differentiation are not. For example, SMAD transcription
factors (Benazet et al., 2012; Derynck et al., 1996; Retting et al., 2009) are absent in plants, and
CIN-TCP (for CINCINNATA-related TEOSINTE
BRANCHED1/CYCLOIDEA/PROLIFERATING CELL FACTOR) transcription factors (Cubas
et al., 1999; Efroni et al., 2008; Koyama et al., 2010; Nath et al., 2003; Ori et al., 2007; Palatnik
et al., 2003; Sarvepalli and Nath, 2011; Schommer et al., 2008) are absent in animals.
Nevertheless, it is possible that the logic of cell differentiation is conserved between plants and
animals. Consistent with this possibility, both SMAD4 and TCP4 induce expression of CDK
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inhibitors (Gomis et al., 2006a; Gomis et al., 2006b; Schommer et al., 2014; Seoane et al., 2004).
However, it remains unclear whether the relative timing of cessation of cell proliferation and
onset of cell differentiation controls tissue patterns of plant organs [e.g., (Kang et al., 2007;
McKown and Dengler, 2009; Scarpella et al., 2004; Wenzel et al., 2012)]. Here we address this
problem for the internal tissues of Arabidopsis thaliana (L.) Heynh. leaves.

In Arabidopsis leaves, internal, ground cells proliferate and differentiate into either
mesophyll or vascular tissues (Kang and Dengler, 2004; Scarpella et al., 2004). By prolonging or
prematurely ceasing ground cell proliferation, and by delaying or prematurely promoting leaf
cell differentiation, we show that cell proliferation inhibits progression of ground cells to
mesophyll fate, thus permitting their recruitment into veins, and that cessation of cell
proliferation permits progression of ground cells to mesophyll fate, thus preventing their
recruitment into veins. Therefore, the relative timing of cessation of cell proliferation and onset

of cell differentiation controls tissue patterns of plant as well as of animal organs.

2.2 Results and Discussion

2.2.1 Specification to mesophyll and vascular fates in Arabidopsis leaves

The vein network of mature first-leaves of Arabidopsis consists of: a central midvein; lateral
veins that branch from the midvein, and that contact apically the midvein or other lateral veins to
form closed loops; and minor veins that branch from midvein and loops, and that contact other
veins or terminate free of contact (Candela et al., 1999; Kinsman and Pyke, 1998; Mattsson et
al., 1999; Nelson and Dengler, 1997; Sieburth, 1999; Steynen and Schultz, 2003; Telfer and
Poethig, 1994) (Figure 2.1Ni). In Arabidopsis leaf development, loops form after the midvein,
and in the same area of the leaf, minor veins form after the loops (Kang and Dengler, 2004;
Mattsson et al., 1999; Sawchuk et al., 2007; Scarpella et al., 2004; Sieburth, 1999) (Figure
2.1Nii). Loops and minor veins form first in the apical part of the leaf and then in progressively
more basal parts of it (Kang and Dengler, 2004; Mattsson et al., 1999; Sawchuk et al., 2007;
Scarpella et al., 2004; Sieburth, 1999) (Figure 2.1Nii).

Five tissue layers can be distinguished in cross sections of mature leaves of dicotyledonous
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Figure 2.1. Ground cell proliferation and specification to mesophyll and vascular fates. (A-
M) Confocal laser scanning microscopy of Arabidopsis first leaves respectively 2 (A-C), 3 (D-
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F), 4 (G-LL,M), and 5 (J,K) days after germination (DAG). (A-K) Blue: autofluorescence. (A-M)
Green: ATHBS::nCFP expression. Red: expression of LHCB2.3::nYFP (A,D,G,J,M),
CYCBI;1::CYCBI;1:YFP (B,E,H,K), or LHCA6::nYFP (C,F,L,L). (L,M) Close-ups of second
(L) or first (M) loops (see Dii for close-up positions). Top right: markers. Bottom left:
reproducibility index. (N) (i) The vein network of mature leaves of Arabidopsis consists of
midvein (m; dark green), loops (I; green), and minor veins (mv; light green). (ii) In Arabidopsis
leaf development (left to right), loops (green) form after the midvein (dark green), and in the
same area of the leaf, minor veins (light green) form after the loops. Loops and minor veins form
first in the apical part of the leaf, and then in progressively more basal parts of it. Boxes illustrate
positions of close-ups in L (magenta) and M (blue). (ii1) Five tissue layers can be distinguished
in cross sections of mature leaves: upper epidermis (ue; light grey); palisade mesophyll (pm;
light blue); middle layer (ml), comprising veins (v; green) and upper spongy mesophyll (um;
red); lower spongy mesophyll (Im; dark blue); lower epidermis (le; dark grey). (iv) Leaf
intercostal area (ia; yellow), i.e. area comprised by midvein (dark green) and loop (green), and
leaf intramarginal area (ma; orange), i.e. area external to loop. Scale bars: 10 um in A-C,L,M; 20
pm in D-F; 50 um in G-I; 100 pm in J,K.
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plants [reviewed in (Foster, 1936)] (Figure 2.1Niii): (1) upper epidermis; (2) palisade mesophyll;
(3) middle layer; (4) lower spongy mesophyll; (5) lower epidermis. The middle layer comprises
veins and upper spongy mesophyll (Figure 2.1Niii), both of which typically differentiate from
middle-layer ground cells [reviewed in (Stewart, 1978; Tilney-Bassett, 1986)]. In Arabidopsis,
the pattern with which ground cells are specified to vascular fate has been characterized (Kang
and Dengler, 2004; Sawchuk et al., 2007; Scarpella et al., 2004), but the pattern with which
ground cells are specified to mesophyll fate is unknown. In Arabidopsis, expression of
LHCB2.3::nYFP [nuclear yellow fluorescent protein (YFP) expressed by the LIGHT
HARVESTING COMPLEX B2.3 (LHCB2.3) promoter] is initiated in ground cells that have been
specified to mesophyll fate (Sawchuk et al., 2008). Therefore, to characterize the pattern of
specification of middle-layer ground cells to upper- spongy mesophyll or vascular fate, we
simultaneously imaged expression of the mesophyll-fate-specification marker LHCB2.3::nYFP
(Sawchuk et al., 2008) and of the vascular-fate-specification marker ATHBS::nCFP [nuclear
cyan fluorescent protein (CFP) expressed by the ARABIDOPSIS THALIANA HOMEOBOX 8
(ATHBS) promoter] (Sawchuk et al., 2007) in first leaves of Arabidopsis 2, 3, 4 and 5 days after
germination (DAG).

LHCB2.3::nYFP expression was first detected in 3-DAG leaves, throughout the areas
comprised within the midvein and first-loop domains of ATHBS8::nCFP expression [i.e. the first
intercostal areas (Figure 2.1Niv)] and approximately half-way down the areas external to the
first-loop domains of ATHBS::nCFP expression [i.e. the first intramarginal areas (Figure
2.1Niv)] (Figure 2.1A,D). In 4-DAG leaves, LHCB2.3::nYFP expression had extended to the
most basal part of the second intercostal areas and approximately half-way down the second
intramarginal areas (Figure 2.1G). Finally, in 5-DAG leaves LHCB2.3::nYFP expression had
extended to the whole leaf blade (Figure 2.1J). In agreement with previous observations
(Sawchuk et al., 2008), the expression domains of LHCB2.3::nYFP and those of ATHB&::nCFP
were mutually exclusive (Figure 2.1M). Therefore, our results suggest an apical-basal wave of
specification of middle-layer ground cells to upper-spongy mesophyll fate, and mutual

exclusivity of upper-spongy mesophyll and vascular fates in leaf development.
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2.2.2 Ground cell proliferation and vein network formation

Signals that induce vascular fate specification are unable to override mesophyll differentiation
(Scarpella et al., 2006). By contrast, conditions that promote premature differentiation of ground
cells into mesophyll prevent their specification to vascular fate (Scarpella et al., 2004); however,
what controls the onset of mesophyll differentiation—and thus vein formation—is poorly
understood. One possibility is that cessation of cell proliferation instructs ground cells to
differentiate into mesophyll (Kang et al., 2007). Seemingly consistent with this possibility, the
apical-basal wave of specification to upper-spongy mesophyll fate—as visualized by the pattern
of initiation of LHCB2.3::nYFP expression in leaf development (Figure 2.1A,D,G,J)—seems to
be complementary to the reported apical-basal wave of cessation of cell proliferation in the
internal tissues of the leaf—as visualized by the pattern of cessation of expression of the mitotic
cyclin CYCLIN B1;1 (CYCBI;1) in leaf development (Donnelly et al., 1999; Kalve et al., 2014;
Kang and Dengler, 2002; Kazama et al., 2010). However, only by 5 DAG had expression of
CYCBI1;1::CYCBI;1:YFP (CYCBI;1:YFP fusion protein expressed by the CYCBI, I promoter)
subsided in the middle-layer ground cells of the apical part of the leaf, whereas LHCB2.3::nYFP
was expressed in those cells already since 3 DAG (Figure 2. 1A,D,H,K). Therefore, mesophyll
fate specification precedes cessation of ground cell proliferation in leaf development, suggesting
that cessation of cell proliferation may simply permit ground cells to progress to a fate that has
already been specified. Here we tested the hypothesis that cessation of cell proliferation prevents
recruitment of ground cells into veins by permitting progression to mesophyll fate.

The hypothesis predicts that premature cessation of ground cell proliferation will lead to
formation of networks of fewer veins. To test this prediction, we used a variant of ICK2/KRP2
(KRP2 here after) in which the putative protein degradation signal (De Veylder et al., 2001;
Torres Acosta et al., 2011) had been removed (KRP2%7**7), and a dominant-negative variant of
CDKA;1 (CDKA;1P™6Ny (Hemerly et al., 1995); we expressed KRP22737 and CDKA;1P!46N by
the LHCAG6 promoter (Sawchuk et al., 2008), which is active in all ground cells except those that
have been specified to vascular fate—as visualized by nonoverlapping expression of
LHCAG6::nYFP and ATHBS::nCFP in leaf development (Figure 2.1C,F,I,L) (Sawchuk et al.,
2008); and we calculated the cardinality index—a measure of the number of veins in a network

(Verna et al., 2015)—of vein networks of mature first-leaves of LHCA6::KRP24737 and
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LHCAG6::CDKA;1PN "and compared it with that of vein networks of control mature first-
leaves.

The cardinality index of LHCA6::KRP24737 and LHCA6::CDKA ;1PN was lower than that
of the control (Figure 2.2A-C,I), suggesting that premature cessation of ground cell proliferation
leads to formation of networks of fewer veins.

The hypothesis also predicts that delayed cessation of ground cell proliferation will lead to
formation of networks of more veins. To test this prediction, we used a hyperactive variant of
CYCD3;1 (CYCD3;15%3%34) (Menges et al., 2006), fusions between E2Fa or DPa and the
activation domain (AD) of the Herpes simplex virus type 1 VIRION POLYPEPTIDE 16 (VP16)
(Campbell et al., 1984) (E2Fa:VP16 and DPa: VP16, respectively), and an artificial microRNA
targeting RBR (amiRBR); we expressed CYCD3;15**3A E2Fa:VP16, DPa:VP16 and amiRBR by
the LHCAG6 promoter; and we calculated the cardinality index of vein networks of mature first-
leaves of LHCA6::CYCD3;13344 LHCAG6::E2Fa:VP16, LHCA6::DPa:VP16 and
LHCA®6::amiRBR, and compared it with that of vein networks of control mature first-leaves.

The cardinality index of LHCA6::CYCD3;15%44 LHCAG6::E2Fa:VP16, LHCA6::DPa:VP16
and LHCAG6::amiRBR was higher than that of the control (Figure 2.2A,E-I), suggesting that
delayed cessation of ground cell proliferation leads to formation of networks of more veins.

Premature onset of mesophyll differentiation interferes with progression of vein formation,
thus leading to formation of leaves in which lateral veins occasionally fail to contact apically
other veins (Scarpella et al., 2004). If premature cessation of ground cell proliferation permitted
premature progression to mesophyll fate, premature cessation of ground cell proliferation should
also lead to formation of leaves in which lateral veins occasionally fail to contact apically other
veins—i.e. leaves with open loops. We tested this prediction by calculating the percentage of
mature first-leaves of LHCA6::KRP22737 and LHCA6::CDKA ;1PN with open loops, and
compared it with the percentage of control mature first-leaves with open loops.

Whereas no control mature first-leaf had open loops, ~15% of mature first-leaves of
LHCAG6::KRP227-7 and LHCA6::CDKA ;1PN had open loops (Figure 2.2D).

In conclusion, our results are consistent with the hypothesis that cessation of cell
proliferation prevents recruitment of ground cells into veins by permitting progression to

mesophyll fate.
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Figure 2.2. Ground cell proliferation and vein network formation. (A-C,E-H) Dark-field
illumination of mature first leaves of control plants (A), or of plants expressing
LHCAG6::KRP22737 (B), LHCA6::CDKA; 1PN (C), LHCA6::CYCD3;15334 (E),
LHCAG6::E2Fa:VP16 (F), LHCA6::DPa:VP16 (G) or LHCAG6::amiRBR (H). (D) Percentage of
mature first leaves with 0 or >1 open loops. Difference between LHCA6::KRP2273-7 and control,
and between LHCA6::CDKA ;1PN and control was significant at P<0.05 (*) by Kruskal-Wallis
and Mann-Whitney test with Bonferroni correction. Sample population sizes: control, 35;
LHCAG6:: KRP247397 37 LHCA6::CDKA;1P'N 59 (1) Cardinality index of mature first leaves
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expressed as mean + SEM. Difference between LHCA6::KRP2277 and control, between
LHCAG6::CDKA ;1PN and control, between LHCA6::CYCD?3;1%**4 and control, between
LHCAG6::E2Fa:VP16 and control, between LHCA6::DPa:VP16 and control, and between
LHCAG6::amiRBR and control was significant at P<0.01 (**) or P<0.001 (***) by F-test and #-
test with Bonferroni correction. Sample population sizes: control, 35; LHCA6::KRP24737 37,
LHCAG6::CDKA;1PN 59: LHCA6::CYCD3;1%3%44, 35; LHCAG6::E2Fa: VP16, 38;

LHCAG6::DPa:VP16, 34; LHCA6::amiRBR, 48. Scale bars: 1 mm in A ,E-H; 0.5 mm in B,C.
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2.2.3 Ground cell proliferation and mesophyll fate specification

To test whether premature cessation of ground cell proliferation permitted premature progression
to mesophyll fate, we compared LHCB2.3::nYFP expression in first-leaf development of
LHCAG6::KRP2273-7 and WT.

Though in very few nuclei (one to three), LHCB2.3::nYFP was already expressed in
LHCAG6::KRP2273-7 Jeaf primordia 2 DAG—a stage at which WT leaf primordia failed to
express LHCB2.3::nYFP (Figure 2.3A,E). Furthermore, at comparable stages of leaf
development, LHCB2.3::nYFP expression had extended to more-basal positions in
LHCAG6::KRP227-7 than in WT (Figure 2.3B,C,F,G,I). We observed a similar shift in the front
of LHCB2.3::nYFP expression to more-basal positions in LHCA6::CDKA; 1PN first leaves
(Figure 2.3H). Therefore, our results suggest that premature cessation of ground cell proliferation
permits premature progression to mesophyll fate.

We next tested whether delayed cessation of ground cell proliferation delayed progression to
mesophyll fate by comparing LHCB2.3::nYFP expression in first-leaf development of
LHCAG6::CYCD3;15% and WT.

LHCB2.3::nYFP was expressed in only very few nuclei (one to three) of
LHCAG6::CYCD3;15%4 Jleaves 3 DAG—a stage at which, in WT, LHCB2.3::nYFP was already
expressed in the apical half of the leaf (Figure 2.3B,J). Furthermore, at comparable stages of leaf
development, LHCB2.3::nYFP expression had extended to less-basal positions in
LHCAG6::CYCD3;15*%4 than in WT (Figure 2.3C,D,I,K,L). We observed a similar shift in the
front of LHCB2.3::nYFP expression to less-basal positions in first leaves of
LHCAG6::E2Fa:VP16, LHCAG6::DPa:VP16 and LHCA6::amiRBR (Figure 2.3M-0). Therefore,
our results suggest that delayed cessation of ground cell proliferation delays progression to

mesophyll fate.

2.2.4 Leaf cell differentiation and vein network formation

Delayed cessation of ground cell proliferation delays progress to mesophyll fate and leads to

formation of networks of more veins (Figures 2.2, 2.3). We asked whether a similar effect on
vein network formation were induced by delayed onset of leaf cell differentiation. To address

this question, we used microRNA319a (miR319a), which targets five of the eight members of the
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Figure 2.3. Ground cell proliferation and mesophyll fate specification. (A-H,J-O) Confocal
laser scanning microscopy with (A) or without (B-H,J-O) transmitted light. White:
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LHCB2.3::nYFP expression in first leaves of WT plants (A-D) or of plants expressing
LHCAG6::KRP2273*7 (E-G), LHCA6::CDKA ;1PN (H), LHCA6::CYCD3;153434 (J-L),
LHCAG6::E2Fa:VP16 (M), LHCA6::DPa:VP16 (N) or LHCAG6::amiRBR (O). Top right: leaf age
in days after germination (DAG). Bottom left: reproducibility index. Dashed magenta line
delineates leaf primordium outline. (I) Position of basal front of LHCB2.3::nYFP expression in
4-DAG first leaves (see Materials and methods for details), expressed as percentage of leaf blade
length (0: leaf apex; 100: leaf base) + SEM. Difference between LHCA6::KRP247>*7 and
control, and between LHCA6::CYCD3;15**34 and control was significant at P<0.01 (**) or
P<0.001 (***) by F-test and #-test with Bonferroni correction. Sample population sizes: control,
11; LHCA6::KRP247>97 10; LHCA6::CYCD3;153434 10. Scale bars: 20 um in A,E; 50 um in
B,C,F-H,J,LK.M-O; 100 um in D,L.
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CIN-TCP family of positive regulators of cell differentiation (Cubas et al., 1999; Efroni et al.,
2008; Koyama et al., 2010; Nath et al., 2003; Ori et al., 2007; Palatnik et al., 2003; Sarvepalli
and Nath, 2011; Schommer et al., 2008)—all five of which are expressed in the leaf, as
visualized by expression of TCP::TCP:YFPs (TCP:YFP fusion proteins expressed by the
respective TCP promoters) (Figure 2.4A-E); we overexpressed miR319a by the UBIQUITIN 10
(UBQ10) promoter (Norris et al., 1993); and we calculated the cardinality index of vein networks
of UBQ10::miR319a mature first-leaves, and compared it with that of vein networks of WT
mature first-leaves.

The cardinality index of UBQ10::miR319a was higher than that of WT (Figure 2.4F,G,L),
suggesting that delayed onset of leaf cell differentiation leads to formation of networks of more
veins.

Premature cessation of ground cell proliferation leads to premature progress to mesophyll
fate, formation of networks of fewer veins, and formation of leaves with open loops (Figures 2.2,
2.3). We asked whether a similar effect on vein network formation were induced by premature
onset of leaf cell differentiation. To address this question, we used a fusion between the VP16
activation domain and an miR3[9-resistant variant of TCP10 (mTCP10) (Figure 2.5); we
overexpressed mTCP10:VP16 by the UBQ10 promoter; we calculated the cardinality index of
vein networks of UBQ10::mTCP10:VP16 mature first-leaves, and compared it with that of vein
networks of WT mature first-leaves; and we calculated the percentage of
UBQI10::mTCP10:VP16 mature first-leaves with open loops, and compared it with the
percentage of WT mature first-leaves with open loops.

The cardinality index of UBQ10::mTCP10:VP16 was lower than that of WT (Figure
2.4F,H,L), suggesting that premature onset of leaf cell differentiation leads to formation of
networks of fewer veins. Furthermore, nearly 85% of UBQ10::mTCP10:VP16 mature first-
leaves had open loops, whereas only 2.5% of WT mature first-leaves had open loops (Figure
2.4M). Therefore, our results suggest that the effects on vein network formation of premature
onset of leaf cell differentiation mimic those of premature cessation of ground cell proliferation,
and the effects on vein network formation of delayed cessation of ground cell proliferation are
mimicked by delayed onset of leaf cell differentiation.

We finally asked whether the effects of delayed onset of leaf cell differentiation on vein
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Figure 2.4. Leaf cell differentiation and vein network formation. (A-E) Confocal laser
scanning microscopy. White: Expression of TCP2::TCP2:YFP (TCP2:YFP fusion protein
expressed by the TCP2 promoter) (A), TCP3::TCP3:YFP (B), TCP4::TCP4:YFP (C),
TCP10::TCP10:YFP (D) or TCP24::TCP24:YFP (E) in first leaves 4 days after germination.
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Bottom left: reproducibility index. Dashed magenta line delineates leaf primordium outline. (F-J)
Dark-field illumination of mature first leaves of WT (F) or cycd3;2 (1) plants, or of plants
expressing UBQ10::miR319a or UBQ10::mTCP10:VP16 in the WT background (G and H,
respectively), or UBQ10::miR319a in the cycd3;2 background (J). (L) Cardinality index of
mature first leaves expressed as mean = SEM. Difference between UBQ10::miR319a and WT,
between UBQ10::mTCP10:VP16 and WT, and between UBQ10::miR319a;cycd3;2 and
UBQ10::miR319a was significant at P<0.01 (**) or P<0.001 (***) by F-test and ¢-test with
Bonferroni correction. (M) Percentage of mature first leaves with 0 or >1 open loops. Difference
between UBQ10::mTCP10:VP16 and WT was significant at P<0.001 (***) by Kruskal-Wallis
and Mann-Whitney test with Bonferroni correction. Sample population sizes: WT, 40;
UBQ10::miR319a, 23; UBQ10::mTCP10:VP16, 30; cycd3;2, 24; UBQ10::miR319a;cycd3, 2, 30.
(N) Summary and interpretation. During leaf development, ground cells progress to either
mesophyll or vascular tissue fate (black arrows). Cell proliferation inhibits progression of ground
cells to mesophyll fate (black blunt-ended line), thus permitting their recruitment into veins;
conversely, cessation of cell proliferation permits progression of ground cells to mesophyll fate,
thus preventing their recruitment into veins. This account by no means excludes that cell
proliferation might also directly promote progression of ground cells to vascular fate (grey
arrow). Scale bars: 50 um in A-E; 1 mm in F,H-J; 0.5 mm in G.
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TCP10 +841 AGGGGTACCCTTCAGTCCAGT +861
T o I O O o I I I o B I

mTCP10 +841 AGGGGAACCTTGCAGAGTAGT +861

\ J \ J\ J \ J\ J \ J\ J

R G T L O S S

Figure 2.5. mTCP10 vs. TCP10. Alignment of partial sequences of TCP10 (AT2G31070) and
mTCP10, and their translation. Coordinates are relative to start codon. Shaded positions indicate
synonymous substitutions introduced to change, as previously done (Palatnik et al., 2003), the
miR319 target site into a nontarget sequence
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network formation were mediated, at least partly, by delayed cessation of leaf cell proliferation.
Were this so, the effects of delayed leaf cell differentiation on vein network formation should be,
at least partially, suppressed by mutation in a positive regulator of leaf cell proliferation. To test
this prediction, we determined whether mutation in CYCD3,2 (Dewitte et al., 2007;
Swaminathan et al., 2000) lowered the cardinality index of vein networks of UBQ10::miR319a
mature first-leaves.

The cardinality index of cycd3;2 was no different from that of WT (Figure 2.4F,I,L), but the
cardinality index of UBQ10::miR319a;cycd3;2 was lower than that of UBQ10::miR319a (Figure
2.4G,J,L). Therefore, our results suggest that the effects of delayed onset of leaf cell
differentiation on vein network formation are mediated, at least partly, by delayed cessation of
leaf cell proliferation, an account that is consistent with the inhibitory function on cell

proliferation of recently identified targets of TCP4 (Schommer et al., 2014).

2.2.5 Control of leaf tissue pattern by ground cell proliferation

It has long been known that during leaf development ground cells progress to either one of two
tissue fates: mesophyll or vascular (Flot, 1905); but what controls this decision is still poorly
understood. Our results suggest that cell proliferation inhibits progression of ground cells to
mesophyll fate, thus permitting their recruitment into veins, and that cessation of cell
proliferation permits progression of ground cells to mesophyll fate, thus preventing their
recruitment into veins (Figure 2.4N). This account is consistent with the inability of ground cells
that have progressed to mesophyll fate to respond to vein-formation-inducing signals (Scarpella
et al., 2006), and with the responsiveness of minor vein formation to changes in leaf cell
proliferation (Kang et al., 2007).

One alternative account of our results is that cell proliferation permits files of ground cells to
progress to vascular fate, and that files of ground cells that have progressed to vascular fate non-
cell-autonomously inhibit progression of surrounding ground cells to mesophyll fate. However,
this less-parsimonious account is inconsistent with the unresponsiveness of the timing of
vascular fate specification to changes in leaf cell proliferation (Kang et al., 2007), and with the
inability of vein-formation-inducing signals to override progression of ground cells to mesophyll

fate (Scarpella et al., 2006).
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Available evidence suggests that within both plant and animal tissues the timing of cessation
of cell proliferation controls progression to cell fate. For example, in mouse, premature cessation
of cell proliferation in neural progenitors leads to formation of neural tubes in which early-
specified cell types differentiate at the expense of late-specified ones (Hatakeyama et al., 2004).
Likewise, in Arabidopsis roots, premature cessation of cell proliferation in vascular precursors
leads to the formation of vascular cylinders in which the early-specified xylem cell-types
differentiate at the expense of the late-specified phloem cell-types (Mahonen et al., 2000).
Further, in Arabidopsis sepals, premature cessation of epidermal cell proliferation permits
progression to giant-cell fate at the expense of small-cell fate, and prolonged cell proliferation
permits progression to small-cell fate at the expense of giant-cell fate (Roeder et al., 2012). Our
results suggest that the timing of cessation of cell proliferation controls not only progression to
cell fate within tissues but progression to tissue fate within organs. This is not unprecedented in
animals [e.g., (Lopez-Rios et al., 2012; Towers et al., 2008; Zhu et al., 2008)], but it is to some
extent unexpected that plants, which have evolved multicellularity independently of animals
[reviewed in (Grosberg and Strathmann, 2007)], may have converged to a similar strategy. In
leaves, this strategy could account for the close correlation between leaf growth and vein
formation that prevents functional mistakes—for example, areas of the leaf without vein supply
(Sachs, 1989). Future work will show how common this strategy is in the control of tissue

patterns of other plant-organs.

2.3 Materials and methods

2.3.1 Plants
Origin and nature of lines, and oligonucleotide sequences are in Table 2.1 and 2.2, respectively.
Seeds were sterilized and germinated, seedlings and plants were grown (seedlings: ~60 pmol m™

s'!; plants: 80 pmol m™ s!), and plants were transformed as described in (Sawchuk et al., 2008).
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Table 2.1. Origin and nature of lines

Line Origin/Nature
LHCB2.3::nYFP (Sawchuk et al., 2008)
ATHBS::nCFP (Sawchuk et al., 2007)

CYCBI;1:CYCBI;1:YFP

LHCA6::nYFP
LHCAG6::KRP2273-97

LHCAG6::CDKA;1P!46N

LHCAG6::CYCD3;153434

LHCAG6::E2Fa:VP16

Translational fusion of CYCBI,1 (AT4G37490; -
1068 to +712; primers: ‘CycB1;1 Eco Forw’ and
‘CycBI1;1 Bam Rev’) to EYFP-N1 (Clontech)

(Sawchuk et al., 2008)

Transcriptional fusion of LHCA6 (AT1G19150; -391
to -1; primers: ‘A6 HindIIl FORW’ and ‘Sall A6
rev’) to KRP2 (AT3G50630) cDNA (GenBank
accession no.: AK176528; RIKEN resource no.:
pdal4901 (Seki et al., 1998; Seki et al., 2002); +1 to
+213 and +292 to +630; primers: ‘KRP2-3 BamHI’
and ‘KRP2-4 EcoRV’; ‘KRP2-1 EcoRV’ and
‘KRP2-2 Kpnl’)

Transcriptional fusion of LHCA6 (AT1G19150; -391
to -1; primers: ‘A6 HindIIl FORW’ and ‘Sall A6
rev’) to CDKA,; 1 (AT3G48750) cDNA (GenBank
accession no.: AY090353; RIKEN resource no.:
pda07963 (Seki et al., 1998; Seki et al., 2002); +1 to
+885; primers: ‘CDKA DN Forw’ and ‘CDKA DN
rev’; ‘CDKA-Sall forw’” and ‘CDKA Sall rev’)

Transcriptional fusion of LHCA6 (AT1G19150; -391
to -1; primers: ‘A6 HindIIl FORW’ and “Sall A6
rev’) to CYCD3,1 (AT4G34160) cDNA (GenBank
accession no.: AK221712; RIKEN resource no.:
pdal5584 (Seki et al., 1998; Seki et al., 2002); +1 to
+1131; primers: ‘NEW CYCD SA FORW’ and
‘CYCD SA Rev’; ‘CYCD-Sall forw’ and ‘CYCD-
BamHI rev’)

Transcriptional fusion of LHCA6 (AT1G19150; -391
to -1; primers: ‘A6 HindIIl FORW’ and “Sall A6
rev’) to translational fusion of E2Fa (AT2G36010)
cDNA (GenBank accession no.: BT026376; ABRC
clone no.: U85762; +1 to + 1542; primers: ‘BamHI-
E2Fa Forw’ and ‘Xhol-E2Fa rev’) to VP16
activation domain (GenBank accession: HM585511;
a kind gift of D. Weijers; +1 to +237; primers:
‘Xhol-VP16 forw’ and ‘Kpnl-VP16 rev’)
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LHCAG6::DPa:VP16

LHCAG6::amiRBR

TCP2::TCP2:YFP

TCP3::TCP3:YFP

TCP4::TCP4:YFP

TCP10::TCP10:YFP

TCP24::TCP24:YFP

Transcriptional fusion of LHCA6 (AT1G19150; -391
to -1; primers: ‘A6 HindIIl FORW’ and ‘Sall A6
rev’) to translational fusion of DPa (AT5G02470)
cDNA (GenBank accession no.: AK117135; RIKEN
resource no.: pdal0164; +1 to + 876 (Seki et al.,
1998; Seki et al., 2002); primers: ‘Sall-DPa Forw’
and ‘Xhol-DPa rev’) to VP16 activation domain
(GeneBank accession: HM585511; a kind gift of D.
Weijers; +1 to +237; primers: ‘Xhol-VP16 forw’ and
‘Kpnl-VP16 rev’)

Transcriptional fusion of LHCA6 (AT1G19150; -391
to -1; primers: ‘A6 HindIIl FORW’ and “Sall A6
rev’) to an artificial microRNA (Ossowski et al.,
2008; Schwab et al., 2006) targeting RBR
(AT3G12280; primers: ‘pRS300 A’ and IV
miRBR*a’; ‘Il miRBR-a’ and ‘IIIl miRBR*s’; ‘I
miRBR-s’ and ‘pRS300 B’)

Translational fusion of TCP2 (AT4G18390; -3105 to
+1095; primers: ‘TCP2 pro Sall Forw’ and ‘TCP2
BamHI Rev’) to EYFP (primers: ‘YFP BamHI linker
Forw’ and ‘YFP Kpnl Rev’)

Translational fusion of 7CP3 (AT1G53230; -3119 to
+1173; primers: ‘TCP3 pro Sall Forw’ and ‘TCP3
Sall rev’) to EYFP (primers: “YFP BamHI linker
Forw’ and ‘YFP Kpnl Rev’)

Translational fusion of 7TCP4 (AT3G15030; -3032 to
+1260; primers: ‘TCP4 pro Xhol Forw’ and ‘TCP4
BamHI Rev’) to EYFP (primers: “YFP BamHI linker
Forw’ and ‘YFP Kpnl Rev’)

Translational fusion of TCP10 (AT2G31070; -1150
to +1086; primers: ‘TCP10 prom Forw (Xhol)” and
‘TCP10 rev (BamHI)’) to EYFP (-10 to + 725
relative to the transcription start site; primers: ‘YFP
BamHI linker Forw’ and ‘YFP Kpnl Rev’)

Translational fusion of 7TCP24 (AT1G30210; -3111
to +972; primers: ‘TCP24 pro Sall Forw’ and
‘TCP24 BamHI rev’) to EYFP (primers: ‘YFP
BamHI linker Forw’ and ‘YFP Kpnl Rev’)
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UBQ10::miR319a Transcriptional fusion of UBQ10 (AT4G05320; -
1516 to -1; primers: ‘UBQ10 HindIII Forw’ and
‘UBQ10 Smal Rev’) to miR319a (AT4G23713; -55
to +335 relative to the transcription start site;
primers: ‘gJaw Kpnl forw’ and ‘gJAW BamHI rev’)

UBQI10::mTCP10:VP16 Transcriptional fusion of UBQ10 (AT4G05320; -
1516 to -1; primers: ‘UBQ10 HindIII Forw’ and
‘UBQ10 Smal Rev’) to translational fusion of
mTCP10 (GeneArt AG; Figure 2.5; primers:
‘TCP10-Xhol Forw’ and ‘TCP10-EcoRI Rev, and
‘mTCP10 end Forw’ and 'mTCP10 end Rev’) to
VP16 activation domain (GeneBank accession:
HM585511; a kind gift of D. Weijers; +1 to +237;
primers: ‘Xhol-VP16 forw’ and ‘Kpnl-VP16 rev’)

cyced3;2 (Dewitte et al., 2007; Swaminathan et al., 2000)

Unless otherwise indicated, all coordinates are relative to the start codon. The Arabidopsis full-
length cDNA clones of KRP2, CDKA; 1, CYCD3,1 and DPa were developed by the plant
genome project of RIKEN Genomic Sciences Center.
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Table 2.2. Oligonucleotide sequences

Name

Sequence (5' to 3')

CycBI1;1 Eco Forw
CycBI1;1 Bam Rev
A6 HindIll FORW
Sall A6 rev
KRP2-3 BamHI
KRP2-4 EcoRV
KRP2-1 EcoRV
KRP2-2 Kpnl
CDKA DN Forw
CDKA DN rev
CDKA-Sall forw
CDKA Sall rev

New CYCD SA Forw

CYCD SA Rev
CYCD-Sall forw
CYCD-BamHI rev
BamHI-E2Fa Forw
Xhol-E2Fa rev
Xhol-VP16 forw
Kpnl-VP16 rev

TACGAATTCGGGAACCATAGCTACACCACACC
ATAGGATCCTTCTCTCGAGCAGCAACTAAAC
ACTAAGCTTCGTTCGCCGGAGTAAGAG
GATGTCGACCTTTGATTCGTGGGGAGATG
TAAGGATCCATGGCGGCGGTTAGGAGAAG
GAGGATATCTCGCCGTCGTACTATAACAAC
CAGGATATCAAATCGAAACGGAGAATCG
ACTGGTACCTCATGGATTCAATTTAACCCACTC
ACTGAAGCTTGCTAATTTTGGACTGGC
GAGTTTGTGCGGCGATCAATCAAC
CTGGTCGACATGGATCAGTACGAGAAAG
ATAGTCGACCTAAGGCATGCCTCCAAG
CGTCGTCGTCGGCCCCGCAGCAACAAC
TTGGTGGGTTGCACGAACTCGCTGACC
ATAGTCGACATGGCGATTCGGAAGGAGG
GTCGGATCCTTATGGAGTGGCTACGATTG
ATAGGATCCATGTCCGGTGTCGTACGATC
TATCTCGAGTCTCGGGGTTGAGTCAACAGC
ATACTCGAGGCCCCCCCGACCGATGTCAG
CGTGGTACCCTACCCACCGTACTCGTCAATTC

Sall-DPa Forw TCAGTCGACATGAGTATGGAGATGGAGTTG

Xhol-DPa rev ATTCTCGAGGCGAGTATCAATGGATCCCG

pRS300 A CTGCAAGGCGATTAAGTTGGGTAAC

IV miRBR*a GAAAACTCTGAATTACCTTGTTATCTACATATATATTCCT

II miRBR-a GATAGCAAGGTAATTGAGAGTTATCAAAGAGAATCAATGA
IIT miRBR*s GATAACAAGGTAATTCAGAGTTTTCACAGGTCGTGATATG
I miRBR-s GATAACTCTCAATTACCTTGCTATCTCTCTTTTGTATTCC
pRS300 B GCGGATAACAATTTCACACAGGAAACAG

TCP2 pro Sall Forw
TCP2 BamHI Rev

CTTGTCGACGACCAAGAAGCAGACACGTGC

GCGGGATCCTCGTTCTTGCCTTTACCCTTATG
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YFP BamHI linker Forw
YFP Kpnl Rev

TCP3 pro Sall Forw
TCP3 Sall rev

TCP4 pro Xhol Forw
TCP4 BamHI Rev

TCP10 prom Forw
(Xhol)

TCP10 rev (BamHI)
TCP24 pro Sall Forw
TCP24 BamHI rev
UBQ10 HindIII Forw
UBQI10 Smal Rev
glaw Kpnl forw
gJAW BamHI rev
TCP10-Xhol Forw
TCP10-EcoRI Rev
mTCP10 end Forw
mTCP10 end Rev

ATAGGATCCAGGTGTGAGCAAGGGCGAGGAGC
ATAGGTACCCTAGATAGATCTCTTGTACAGCTC
GTTGTCGACGGAGGACTTGCATAGGTAGAG
CATGTCGACCTATGGCGAGAATCTGATGAAGC
ACTCTCGAGGTGGTCATCGGGTCGATTGG
TGAGGATCCACATGGCGAGAAATAGAGGAAG
CGACTCGAGATTGTTTTGATGCATGCCCAG

GCGGGATCCTCGAGGTGTGAGTTTGGAGGAG
CGTGTCGACTGAATCTACTTATTGGAGCAAG
TACGGATCCTCTCTCCTTTCCTTTGCCTTGTC
CTCAAGCTTTCCCATGTTTCTCGTCTGTC
CGACCCGGGCTGTTAATCAGAAAAACTCAG
GTCGGTACCTGTTCATACACTTAATACTCGC
GACGGATCCTCTTCTTCACCTATCCATGGC
ACACTCGAGATGGGACTTAAAGGATATAGC
GTAGAATTCGAGGTGTGAGTTTGGAGGAGAAG
CAGGATGACAACAACATGGTCTCAAG
TGCAGGAATTCGAGGTGTGAGTTTG
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2.3.2 Imaging

Developing leaves were mounted and imaged as in (Sawchuk et al., 2013), except that emission
was collected from ~5-um-thick optical slices. Marker-line-specific imaging parameters are in
Table 2.3. Position of basal front of LHCB2.3::nYFP expression was equated to basal-most point
of leaf blade length where fluorescence signal in 8-bit, grayscale images acquired at identical
settings exceeded by more than 3 standard deviations average local background (estimated from
a ~1,500—pixel area containing fluorescent features of no interest), and was measured with the
Plot Profile plugin of ImageJ (National Institutes of Health). Mature leaves were fixed in 3:1
ethanol:acetic acid, rehydrated in 70% ethanol and water, cleared briefly (few seconds to few
minutes) in 0.4 M sodium hydroxide, washed in water and mounted in 1:3:8
water:glycerol:chloral hydrate (Sigma-Aldrich Corp., St. Louis, MO). Mounted leaves were
imaged as in (Odat et al., 2014). (Chapter 3) Image brightness and contrast were adjusted by
linear stretching of the histogram with ImageJ (National Institutes of Health). Images were
cropped with Photoshop (Adobe Systems Inc., San Jose, CA) and assembled into figures with
Canvas (ACD Systems International Inc., Victoria, BC).

2.3.3 Vein network analysis

Vein networks were analyzed as in (Verna et al., 2015). Briefly, number of “touch points” (TPs;
TP defined as point where a vein end contacts another vein), “end points” (EPs; EP defined as
point where an “open” vein—a vein that contacts another vein only at one end—terminates free
of contact with another vein), and “exit points” (XPs; XP defined as point where a vein exits leaf
blade and enters leaf petiole) in dark-field images of cleared mature leaves was calculated with
the Cell Counter plugin of ImageJ (National Institutes of Health). Because a vein network can be
understood as an undirected graph in which TPs, EPs and XPs are vertices and veins are edges,
and because each vein is incident to two TP, a TP and an XP, a TP and an EP, or an XP and an
EP, the cardinality index—a measure of the size (i.e. the number of edges) of a graph—is a
proxy for the number of veins and is calculated as: [(TPs+XPs—EPs)/2]+EPs, or:
(TPs+XPs+EPs)/2.
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Table 2.3. Imaging parameters

A
Line Laser Wavelength  Main dichroic First secondary Second Emission filter
(nm) beam splitter dichroic beam secondary (detector)
splitter dichroic beam
splitter
LHCB2.3::EYFP Ar 514 HFT 405/514/594 NFT 595 NFT 515 BP 520-555 IR
(PMT?3)
TCP2::TCP2:EYFP Ar 514 HFT 405/514/594 NFT 595 NFT 515 BP 520-555 IR
(PMT?3)
TCP3::TCP3:EYFP Ar 514 HFT 405/514/594 NFT 595 NFT 515 BP 520-555 IR
(PMT3)
TCP4::TCP4:EYFP Ar 514 HFT 405/514/594 NFT 595 NFT 515 BP 520-555 IR
(PMT3)
TCP10:: TCP10:EYFP Ar 514 HFT 405/514/594 NFT 595 NFT 515 BP 520-555 IR
(PMT3)
TCP24:: TCP24:EYFP Ar 514 HFT 405/514/594 NFT 595 NFT 515 BP 520-555 IR
(PMT3)
B
Multi-marker lines Single-marker lines Laser Wavelength Main First Second Emission
(nm) dichroic secondary secondary filter
beam plitter dichroic dichroic (detector)
beam beam plitter
splitter
ATHBS::nCFP; ATHBS::nCFP Ar 458 HFT NFT 595 NFT 545 BP 475-
LHCB2.3::nYFP 458/514 525
(PMT2)
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ATHBS::nCFP;
CYCBI;1::CYCBI1,1:YFP

ATHBS::nCFP;
LHCAG6::nYFP

LHCB2.3::nYFP

Chlorophyll

ATHBS8::nCFP

CYCBIL;1:CYCBI,1:YFP

Chlorophyll

ATHBS::nCFP

LHCAG6::nYFP

Chlorophyll

Ar

Ar

Ar

Ar

Ar

514

458

458

514

458

458

514

458

HFT
458/514

HFT
458/514

HFT
458/514

HFT
458/514

HFT
458/514

HFT
458/514

HFT
458/514

HFT
458/514

NFT 595

NFT 595

NFT 595

NFT 595

NFT 595

NFT 595

NFT 595

NFT 595

NFT 515

NFT 545

NFT 515

NFT 545

NFT 515

BP 520-
555 IR
(PMT3)

604-700
(META)

BP 475-
525
(PMT2)

BP 520-
555 IR
(PMT3)

604-700
(META)

BP 475-
525
(PMT2)

BP 520-
555 IR
(PMT3)

604-700
(META)
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CHAPTER 3: CHARACTERIZATION OF AN ALLELIC SERIES IN THE
MONOPTEROS GENE OF ARABIDOPSIS

3.1 Introduction

Auxin is a central regulator of plant development: during embryogenesis, it controls patterning of
the embryo parts; during post-embryonic development, it controls the patterned formation of
lateral shoot organs and lateral roots, and of their tissues (De Smet and Jurgens, 2007). The auxin
signal is transduced by multiple pathways (Leyser, 2010); best understood is that which ends
with the transcriptional activation or repression of auxin-responsive genes by transcription
factors of the AUXIN RESPONSE FACTOR (ARF) family (Chapman and Estelle, 2009).

Of the 22 ARF genes in Arabidopsis thaliana (Guilfoyle and Hagen, 2007), MONOPTEROS
(MP)/ARFS is the only one whose mutation results in conspicuous patterning defects in embryos
and seedlings (Okushima et al., 2005). In mp embryos and seedlings, hypocotyl and root are
typically replaced by a conical structure with no apparent cellular organization (“basal peg”), but
weak mutant alleles occasionally form a short hypocotyl (Berleth and Jurgens, 1993) or both
hypocotyl and root (Cole et al., 2009; Donner et al., 2009; Schlereth et al., 2010). In mp, the two
cotyledons may be separate—as in wild-type (WT)—they may be fused to varying extents, or a
single cotyledon may be formed (Berleth and Jurgens, 1993). Invariably, however, the vein
network of mp cotyledons is simplified (Berleth and Jurgens, 1993). The severity of these defects
has been shown to be inversely proportional to the amount of residual MP function and has thus
been conventionally used as criterion to define allele strength (Berleth and Jurgens, 1993; Cole et
al., 2009; Donner et al., 2009; Hardtke and Berleth, 1998; Schlereth et al., 2010).

Most mp alleles are in the Landsberg erecta background (Berleth and Jurgens, 1993), and only
seven, recessive mp alleles have been reported in the widely used Columbia (Col) background:

33 and mpS3'°/arf5-2) and five only partially characterized

two extensively characterized (mp
(mp©12, mp9?°, mpBS133 arf5-1 and mpB4#°) (Cole et al., 2009; Donner et al., 2009; Hardtke and
Berleth, 1998; Okushima et al., 2005; Przemeck et al., 1996; Schlereth et al., 2010; Weijers et

al., 2005a). One of these five mp alleles (mp©?’) appears to be extinct and thus unavailable for
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analysis. We show that two of the four remaining, partially characterized mp alleles reported to

851354 and mpB#1#°) are in fact not in this background. We

be in the Columbia background (mp
extend characterization of the remaining two Columbia alleles of mp (mp©’? and arf5-1), and we
identify and characterize four new alleles of mp in the Columbia background (mp-11, mp-12, mp-
13 and mp-14), among which the first low-expression allele of mp (mp-11) and the strongest
Columbia allele of mp (mp-13). These genetic resources provide the research community with
new experimental opportunities for insight into the function of MP-dependent auxin signalling in

plant development.

3.2 Results and Discussion
We were unable to induce germination of seed stocks of mp©?’; it is therefore possible that this

allele has to be considered extinct and thus unavailable for further analysis. Because WT-looking

BS1354 B4149

siblings of mp and mp appeared different from Col plants, we characterized their
background and found that mp®5/3°4is in a Col/Wassilewskija mixed background (Figure 3.1B)
and mpB4# is in the Utrecht background (Figure 3.1C). We thus excluded these two alleles from
further analysis.

The inviability of mp©? seed stocks and the non-Col backgrounds of mp?5/3° and mpB#!# left
only mp®’? and arf3-1 as partially characterized mp alleles in the Col background. We thus
surveyed available resources and identified seven additional, putative alleles of mp in the Col
background: lines WiscDsLox489-492C10, SAIL 1265 F06, SALK 144183, SALK 149553,
WiscDsLoxHs148 11H, WiscDsLoxHs148 12G and SALK 001058.

None of the 30 plants that grew from the seed stock of line SALK 144183 (predicted to have
an insertion in the first intron of MP) or of the 60 plants that grew from the seed stock of line
WiscDsLoxHs148 12G (predicted to have an insertion in the 10 exon of MP) had mp-like
defects. Furthermore, we were unable to confirm the presence of insertion in MP in any of those
plants. Finally, none of the progeny of those plants (~50 seedlings/plant) had mp-like defects. It
is thus possible that lines SALK 144183 and WiscDsLoxHs148 12G are incorrectly annotated

or that seeds that have inherited those insertions are extremely infrequent in the currently
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SAIL_1265_F06 SALK_001058
(mp-11) arf5-1 (mp-14)
M M
-680 AGCGCA -675 +1513 ATGCAC +1518 +3316 TACACT+3321

-975 AAA‘ATA -970 +490 CACR'TT +495  +2024 TGAAAAG +2029

WiscDsLox489-492C10 SALK_149553 WiscDsLoxHs148 _11H
(mp-12) (mp-13)
+285 ACAGGA AATTTC +2751

ROC1
MP

Figure 3.1. Mutations in the MP gene. (A) Schematic diagram of the MP gene indicating
position of insertions (black triangles) in mp mutants (top) or nature of molecular lesion in mp’?
(bottom). Coordinates are in nucleotides relative to the first nucleotide of the start codon. Lines
depict promoter (blue, -1500 to -1) or introns (grey). Boxes depict translated exons: brown,
sequences with unclear function (+1 to +309 and +3744 to +3827); green, sequence encoding the
DNA-binding domain (Ulmasov et al., 1999a) (+310 to +2018); teal, sequence encoding the
activation domain (Tiwari et al., 2003) (+2019 to +3312); orange, sequence encoding the
carboxyl-terminal dimerization domain (Guilfoyle and Hagen, 2012) (+3313 to +3743). Dashed
line depicts region of MP deleted in mp©’? and replaced with a sequence identical to sequences
on all chromosomes (grey font, 5’-end of deletion) or with a sequence identical to gene
AT1G16400 (grey font, 3’-end of deletion). See text for details. (B) Analysis of SSLP markers
CIW11, CIW20, and NGA151 in Columbia (c), mpB5/3* (s), and Wassilewskija (w). 1, molecular
weight marker (Haelll-digested pBluescript II). (C) Analysis of SSLP markers NGA151,
NGA106, and NGA249 in Columbia (c), mp®##° (b), and Utrecht (u). 1, molecular weight marker
(Haelll-digested pBluescript II). (D) RT-PCR analysis of MP expression in 4-day-old seedlings
of Columbia (c), SAIL 1265 F06/mp-11 (m), and WiscDsLox489-492C10 (d). The nearly
evenly expressed ROC! (Lippuner et al., 1994) was used as control. 1, molecular weight marker
(Haelll-digested pBluescript II).
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available stocks.

We found a T-DNA insertion after nucleotide -973 of MP—nucleotide coordinates are
relative to the first nucleotide of the start codon—in line WiscDsLox489-492C10 (Figure 3.1A),
but seedlings homozygous for such insertion had no defects or reduction in MP transcript (Figure
3.1D). We thus excluded line WiscDsLox489-492C10 from further analysis.

Here we extend the characterization of the Col alleles mp©’?

and arf3-1, and we characterize
four new alleles of mp in the Col background, including the first low-expression allele and the
strongest Col allele.

We first determined the precise location of insertion in lines SAIL 1265 FO06,
SALK 149553, WiscDsLoxHs148 11H, and SALK 001058, and in arf5-1. We found a T-DNA
insertion after nucleotide -678 of MP in line SAIL 1265 F06 (Figure 3.1A); seedlings
homozygous for such insertion had lower levels of MP transcript (Figure 3.1D). Line
SALK 149553 has a T-DNA insertion in the second intron of MP (Figure 3.1A). arf5-1 has a T-
DNA insertion in the eighth exon of MP, which encodes part of the DNA-binding domain (DBD)
(Ulmasov et al., 1999b) (Figure 3.1A). Line WiscDsLoxHs148 11H has a T-DNA insertion in
the 10" exon of MP, at the beginning of the sequence encoding the activation domain (AD)
(Tiwari et al., 2003; Ulmasov et al., 1999a) (Figure 3.1A). And line SALK 001058 has a T-
DNA insertion in the 11" exon of MP, at the beginning of the sequence encoding for the
carboxyl-terminal domain (CTD), which mediates interaction with ARF proteins or with
repressors of the AUX/TAA family (Guilfoyle and Hagen, 2012) (Figure 3.1A). Next, we
determined by PCR the nature of the MP lesion in mp“’? and found that in this allele part of the
MP gene was missing. By Vectorette PCR, we found that the missing sequence extended from
nucleotide +288 to nucleotide +2748 (Figure 3.1A). We isolated 435 bp of the sequence that
preceded nucleotide +2748 of MP in mp®’? and found it to be identical to the sequence from
nucleotide +2076 to nucleotide +1641 of gene AT1G16400. We also isolated 34 bp of the
sequence that followed nucleotide +288 of MP in mp“’? and found it to be identical to a
sequence present on all five chromosomes. Our results are thus consistent with those of RFLP
GI2

mapping, suggesting that the mp
and Berleth, 1998).

allele is the result of a large chromosomal defect (Hardtke
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We next analyzed the axis of seedlings homozygous for mp®’? or arf5-1, or for insertions
SAIL 1265 F06, SALK 149553, WiscDsLoxHs148 11H, or SALK 001058. WT seedlings can
be formalized as a top-to-bottom sequence of pattern elements: shoot meristem, cotyledons, and
seedling axis—composed of hypocotyl and root (Capron et al., 2009) (Figure 3.2A). In ~20-25%
of the progeny of self-fertilized plants heterozygous for mp©/? (n=667) or arf5-1 (n=626), or for
insertions SAIL 1265 F06 (n=823), SALK 149553 (n=669), or WiscDsLoxHs148 11H
(n=735), hypocotyl and root were replaced by a basal peg lacking the central vein typical of WT
hypocotyl and root (Figure 3.2A,B,D,E,G). Approximately 22% (n=784) of the progeny of self-
fertilized plants heterozygous for insertion SALK 001058 were rootless; the hypocotyl was
missing from most rootless seedlings, but a short hypocotyl with its central vein was formed in
small proportion (<1%) of them (Figure 3.2C,F). The proportion of rootless seedlings in the
progeny of self-fertilized plants heterozygous for mp®’? or arf3-1, or for insertions
SAIL 1265 F06, SALK 149553, WiscDsLoxHs148 11H, or SALK 001058, was not
significantly different from that expected for a recessive phenotype associated with mutation in a
single nuclear gene as tested by Chi-squared test. We renamed SAIL 1265 F06, SALK 149553,
WiscDsLoxHs148 11H, and SALK 001058 as mp-11, mp-12, mp-13, and mp-14, respectively.

Next, we analyzed cotyledon patterns of seedlings homozygous for mp©’?, arf5-1, mp-11,
mp-12, mp-13, or mp-14. WT seedlings had two separate cotyledons (Figure 3.3E). Nearly 75%
of mp-11 seedlings had two separate cotyledons, and all mp-11 seedlings had at least one

G12 geedlings had two separate cotyledons,

cotyledon (Figure 3.3E). Approximately 50% of mp
and all mp©/? seedlings had at least one cotyledon (Figure 3.3E). The spectrum of cotyledon
pattern phenotypes of arf5-1 seedlings was similar to that of mp-12 seedlings: ~35-45% of
seedlings had two separate cotyledons, and ~5% of seedlings had no cotyledons (Figure 3.3E).
And the spectrum of cotyledon pattern phenotypes of mp-13 seedlings was similar to that of mp-
14 seedlings: ~15-20% of seedlings had two separate cotyledons, and ~5% of seedlings had no
cotyledons (Figure 3.3E).

Finally, we analyzed cotyledon vein patterns of seedlings homozygous for mp®’?, arf3-1, mp-

11, mp-12, mp-13, or mp-14. Four days after germination, nearly 75% of WT cotyledons had a

central midvein and at least four vein loops (phenotype class I); ~25% had a simpler vein pattern,
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Figure 3.2. Seedling axis defects of mp alleles. (A-G) Dark-field illumination of seedlings 3
days after germination. (A,B,E) WT. c, cotyledon; h, hypocotyl; r, root. (C,D,F,G) mp. (A-D)
Live. (E-G) Cleared; mature veins appear bright due to their refraction properties. (B,E)
Hypocotyl-root transition zone. Detail of an area as boxed in (A). (C,F) Hypocotyl-basal peg
transition zone. (D,G) Basal peg. Scale bars: 1 mm in A; 0.1 mm in B-G.
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Figure 3.3. Cotyledon pattern defects of mp alleles. (A-D) Dark-field illumination of seedlings
4 days after germination illustrating phenotype classes: Class I, two separate cotyledons (A);
Class 11, fused cotyledons (B); Class III, single cotyledon (C); Class IV, no cotyledons (D).
Other, infrequent cotyledon-pattern defects were grouped in Class V (not shown). (E) Percentage
of seedlings in phenotype classes. Sample population sizes: WT, 191; mp-11, 168; mp-12, 188;
arf5-1, 164; mp-13, 179; mp-14, 172; mp©'2, 207. Scale bars: 0.5 mm in A-C; 0.25 mm in D.
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with a central midvein and up to three loops (class II) (Figure 3.4A,B,F). Nearly 35% of mp-11
cotyledons belonged to class I, ~45% belonged to class II, ~5% had no loops (class III), ~10%
had a vein pattern in which the midvein bifurcated near the cotyledon tip (class V), and nearly
5% had no veins (class V) (Figure 3.4C-F). Most (~55%) of mp-14 cotyledons belonged to class
I, and the remaining ~45% were nearly equally distributed among classes III-V (Figure 3.4F).
The spectrum of vein pattern phenotypes of mp-12 cotyledons was similar to that of arf3-1
cotyledons and of mp®’? cotyledons: ~5-10% belonged to class II, ~65-70% to class I1I, and 25-
35% to class V (Figure 3.4F). Approximately 45% of mp-13 cotyledons belonged to class III,
and ~50% belonged to class V (Figure 3.4F).

Our results suggest that mp-11 is the weakest of the Col alleles characterized here and the
first low-expression allele of mp. Insertion after nucleotide -973 of MP in line WiscDsLox489-
492C10 results in WT-looking individuals with normal levels of MP transcript. By contrast,
insertion after nucleotide -678 of MP in mp-11 results in ~30% reduction in levels of MP
transcript and defects in hypocotyl and root formation, cotyledon separation and vein patterning.
This suggests that the 295-bp region of the MP promoter from nucleotide -972 to nucleotide -
678—which contains putative binding sites for several transcription-factor families (Figure
3.5)—might be required for MP function in these processes. Though it will be interesting to
determine whether any of the putative regulatory elements in this promoter region are required
for functional MP expression, the low-expression allele mp-11 could already be used to test the
hypothesis that MP expression dynamics are dependent on MP levels (Lau et al., 2011).

Our results also suggest that mp-13 is the strongest Col allele available. mp-13 has an
insertion at the beginning of the sequence that encodes MP’s AD. It is difficult to explain how
such mutation could result in stronger defects than those of mp©’?, in which the entire sequence
encoding MP’s DBD is missing. However, part of the sequence encoding MP’s AD and the
entire sequence encoding MP’s CTD are present in mp©/?, and a similar ARF fragment has been
shown to be sufficient to enhance auxin-responsive gene expression (Ulmasov et al., 1999a).
Should the mp®©!? allele be transcribed and translated, the resulting gene product might thus

account for the weaker defects of mp©/?

relative to those of mp-13. Alternatively, should the mp-
13 allele be transcribed and translated, the resulting protein—presumably lacking AD and

CTD—might still be able to occupy MP binding sites in target promoters. Binding of such

44



F

80
60
40 = - g — i { g - - i

22 ! iﬁ
80
B i o e i o e e

40
o |

80
60 ———-
40 " S . o g —

[ 15
0 =

80
60 DIPERRell BaIt o il
40 e e

20 +—-———1 -0 -
0

80
60

40 +——— - —-
20
0

80
60 M
20 + -
8 ]
80
60
40 SO — T ——
20 ER R — S — _——
0

v vV
WT

Figure 3.4. Vein pattern defects of mp alleles. (A,B) Vein pattern of WT mature cotyledon. In
(A), yellow, midvein; blue, vein loops. (B-E) Dark-field illumination of cleared cotyledons 4
days after germination illustrating phenotype classes: Class I, unbranched midvein and four or
more loops (B); Class III, solitary, unbranched midvein (C); Class IV, bifurcated midvein (D);
Class V, no veins (E). Class Il is defined by unbranched midvein and up to three loops (not
shown). Other, infrequent vein-pattern defects were grouped in Class VI (not shown). (F)
Percentage of cotyledons in phenotype classes. Samples population sizes: WT, 191; mp-11, 168;
mp-12,188; arf5-1, 164; mp-13, 179; mp-14, 172; mp©’?, 207. Scale bars: 0.5 mm in B-E.
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Figure 3.5. Putative transcription-factor binding sites in the 295-bp region of the MP
promoter from nucleotide -972 to nucleotide -678. Putative binding sites for transcription
factors of the ARR-B (Hosoda et al., 2002), bZIP (Jakoby et al., 2002; Satoh et al., 2004), CBF
(Bezhani et al., 2001), DOF (Yanagisawa, 2002), EIL (Kosugi and Ohashi, 2000), GATA (Reyes
et al., 2004), MYB (Prouse and Campbell, 2012), and SPL (Birkenbihl et al., 2005) families are
below sequence. Putative transcription-factor binding sites were identified as in (Donner and
Scarpella, 2012). Presence of intact core sequence for each bioinformatically identified
transcription-factor binding site was manually confirmed.
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truncated protein might prevent binding of ARF proteins whose function is redundant to that of
MP [e.g., (Hardtke et al., 2004)] and might thus account for the stronger defects of mp-13
relative to those of mp“®’?. However, these and other possibilities remain to be tested
experimentally.

Unlike the defects of all the other mp alleles characterized here, the defects of mp-14
appeared more or less severe depending on the phenotype feature used to assess strength: as
weak alleles in other backgrounds (Berleth and Jurgens, 1993), mp-14 seedlings occasionally
form a short hypocotyl with a central vein; by contrast, cotyledon separation defects of mp-14 are
similar to those of mp-13, the strongest Col allele; and vein pattern defects of mp-14 are
intermediate between those of mp-13 and those of mp-11, the weakest allele described here. mp-
14 has an insertion at the beginning of the sequence encoding for MP’s CTD, which mediates
interaction with ARF proteins or AUX/IAA repressors (Guilfoyle and Hagen, 2012). The
unusual behavior of mp-14 might thus reflect the uneven contribution of these interactions to
different developmental processes. This conclusion is consistent with the finding that
mp>3°/arf5-2, which has an insertion only a few nucleotides downstream of the location of the
mp-14 insertion, has completely penetrant defects only in some of the developmental processes
that depend on MP (Cole et al., 2009; Donner et al., 2009; Schlereth et al., 2010); it is also
consistent with the finding that an MP protein lacking the entire CTD supplies semidominant
functions only in a subset of MP-dependent developmental processes (Krogan et al., 2012).

In conclusion, by characterizing six mutant alleles of MP in the Col background—including
four new alleles, among which the first low-expression allele and the strongest Col allele—we
have provided the research community with new genetic resources to understand the role of MP-

dependent auxin signalling in plant development.
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3.3 Materials and methods

3.3.1 Plants
Origin of lines is in Table 3.1. Unless otherwise stated, seeds were sterilized and germinated as
in the work by (Sawchuk et al., 2008). Genotyping strategies are in Table 3.2. Oligonucleotide

sequences are in Table 3.3.

3.3.2 Vectorette PCR

About 500 ng of mp©’? DNA were digested with Csp6l for two hours and ligated to a vectorette
unit generated by annealing the “V-PCR FORWARD” and “V-PCR rev” oligonucleotides (Table
3.3). The sequences flanking the ligated vectorette unit were amplified with Phusion High-
Fidelity DNA Polymerase (Thermo Fisher Scientific inc., Waltham, MA) and the “V3” and “MP
prol forw”, or the “V3” and “MP vecl Rev”, oligonucleotides (Table 3.3). The resulting product
was amplified with the “V4” and “MP pro3 forw”, or the “V4” and “MP vec2 Rev”,

oligonucleotides (Table 3.3), and sequenced

3.3.3 RT-PCR

Total RNA was extracted as in the work by (Chomczynski and Sacchi, 1987) from 4-day-old
seedlings grown in half-strength Murashige and Skoog salts (Caisson Laboratories, North Logan,
UT), 15 g 1! sucrose (BioShop Canada Inc., Burlington, Canada), 0.5 g I"' MES (BioShop
Canada Inc.), pH 5.7, at 25°C under continuous light (~65 umol m™ sec-') on a rotary shaker at
50 rpm. RT-PCR was performed on 100 ng of total RNA with the “MP 1993 geno” and
“WiscDsLoxHs148 12G/149 11H RP” oligonucleotides (Table 3.3), and with the “ROC1 F”
and “ROCI1 R” oligonucleotides (Beeckman et al., 2002) (Table 3.3), using the Access RT-PCR
System (Promega, Fitchburg, WI).

3.3.4 Imaging

Three-day-old seedlings were fixed, cleared, and mounted as in (Scarpella et al., 2004). Images
were acquired with an Olympus SZ61TR (Olympus Corporation, Shinjuku, Japan) or an
Axiolmager.M1 (Carl Zeiss AG, Oberkochen, Germany) microscope equipped with an AxioCam
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Table 3.1. Origin of lines.

Name

Origin

mpBSI354
mp84149

SALK 144183
WiscDsLoxHs148 12G

WiscDsLox489-492C10
mpG1?

arf5-1

mp-11/SAIL 1265 F06
mp-12/SALK 149553
mp-13
/WiscDsLoxHs148 11H
mp-14/SALK 001058

(Hardtke and Berleth, 1998)

(Weijers et al., 2005b)

ARBC; (Alonso et al., 2003)

ARBC (CS914207); (Nishal et al., 2005; Woody et al., 2007;

Zhang et al., 2003)

ARBC (CS858306); (Woody et al., 2007)
(Hardtke and Berleth, 1998)

(Okushima et al., 2005)

ARBC (CS879048); (Geisler et al., 2002)
ARBC; (Alonso et al., 2003)

ARBC (CS914200); (Nishal et al., 2005; Woody et al., 2007;

Zhang et al., 2003)

ARBC; (Alonso et al., 2003)
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Table 3.2. Genotyping strategies.

Name

Strategy

SALK 144183

WiscDsLoxHs148 12G

WiscDsLox489-492C10

mpG12

arf5-1
mp-11/SAIL 1265 F06
mp-12/SALK 149553

mp-13/WiscDsLoxHs148 11H

mp-14/SALK 001058

MP:'SALK 144183 LP'and ' SALK 144183 RP';
mp.: 'SALK 144183 RP'and ' LBb1.3'

MP: WiscDsLoxHs148 12G/148 11H LP 'and
WiscDsLoxHs148 12G/149 11H RP'; mp:
WiscDsLoxHs148 12G/149 11H RP 'and 'L4'

MP: "WiscDsLox489-492C10 LP' and '"WiscDsLox489-
492C10 RP'; mp: "WiscDsLox489-492C10 RP' and
'p745'

MP: 'BS1354-F' and 'BS1354-R"; mp: ' G12 inst 2 forw '
and ' MP vec2 Rev'

MP: 'SALK 023812 LP"and 'SALK 023812 RP' mp: '
MP2082-AS 'and 'LBb1.3";

MP: SAIL 1265 FO6LP 'and' SAIL 1265 FO6RP;
mp:' SAIL_ 1265 FO6RP 'and 'LB3'

MP:'SALK_149553 LP' and 'SALK_ 149553 RP'; mp:
'SALK 149553 RP' and 'LBb1.3'

MP: WiscDsLoxHs148 12G/148 11H LP 'and
WiscDsLoxHs148 12G/149 11H RP'; mp:
WiscDsLoxHs148 12G/149 11H RP 'and 'L4'

MP: 'SALK_001058 LP' and 'SALK_001058 RP"; mp
'SALK_001058 RP' and 'LBb1.3'
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Table 3.3. Oligonucleotide sequences.

Name

Sequence (5'to 3')

SALK 144183 LP
SALK 144183 RP
LBbl.3

WiscDsLoxHs148 12G/148 11

HLP

WiscDsLoxHs148 12G/149 11

HRP
L4

WiscDsLox489-492C10LP
WiscDsLox489-492C10RP

p745

BS1354-F
BS1354-R

G12 inst 2 forw
MP vec2 Rev
SALK 023812 LP
SALK 023812 RP
MP2082-AS

SAIL 1265 FO6LP
SAIL 1265 FO6RP
LB3

SALK 149553 LP
SALK 149553 RP
SALK 001058 LP
SALK 001058 RP
CIW11 Primer 1
CIW11 Primer 2
CIW20 Primer 1
CIW20 Primer 2
NGA151 Primer 1
NGA151 Primer 2
NGA106 Primer 1
NGA106 Primer 2
NGA249 Primer 1
NGA249 Primer 2

AGAAACCTCCATGTGTGCTTG
AATTCCTCTGGTTTGTCCTGG
ATTTTGCCGATTTCGGAAC
TTTGTCCTTTGAAAATGTGCC

GTTAGCTTGTTTTGTGGCTGC

TGATCCATGTAGATTTCCCGGACATGAAG
GGCTCTTGCCTCTTCTCTTTC
TTGGAAAGGAAAAGAACACCC
AACGTCCGCAATGTGTTATTAAGTTGTC
GAGATGGCCTGGTTCTAAGTGGC
GCCAGTTCAACATCTCGGTTATCG
GGATAAAGGTTTGATGCCAAGCGTG
CAAGAGACTGGAAGGAAGAGACTTGTG
GAGAGGAAGTAAGCACCCGAC
TCATTACATCCAGGCTCATCC

ATGGATGGAGCTGACGTTTGAGTTCGGACTCAAA
CGTCAGCTCCATCCA
GCTTCATCTCTTCAAGCAAGG

TCCCAAAGTCTCACCACTCAC
TAGCATCTGAATTTCATAACCAATCTCGATACAC
AATTCCTCTGGTTTGTCCTGG-
AGAAACCTCCATGTGTGCTTG
ATGGACTTGAGCAGTCAATGG
CCTTCTTCACTCATCTGCTGG
CCCCGAGTTGAGGTATT
GAAGAAATTCCTAAAGCATTC
CATCGGCCTGAGTCAACT
CACCATAGCTTCTTCCTTTCTT
CAGTCTAAAAGCGAGAGTATGATG
GTTTTGGGAAGTTTTGCTGG
TGCCCCATTTTGTTCTTCTC
GTTATGGAGTTTCTAGGGCACG
GGATCCCTAACTGTAAAATCCC
TACCGTCAATTTCATCGCC
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V-PCR FORWARD
V-PCR rev

V3

MP prol forw
MP vecl Rev
V4

MP pro3 forw
MP 1993 geno
ROCI1 F
ROCI R

TACAGGAGAGGACGCTGTCTGTCGAAGGTAAGGA
ACGGACGAGAGAAGGGAGAG
CTCTCCCTTCTCGAATCGTAACCGTTCGTACGAGA
ATCGCTGTCCTCTCCTG
ATCGTAACCGTTCGTACGAGAATCGC
GAGAGAGAAAGAGAAGAGGCAAGAGC
CATCTTGAGCAAAGCTAGTGTTGTTG
ACCGTTCGTACGAGAATCGCTGTC
GCTAAAGCCTAGTTAGTGTTGAGTGTGG
TCGGGTCAGTCCATGGGATATCG
CAAACCTCTTCTTCAGTCTGATAGAGA
GAGTGCTCATTCCTTATTTCTGGTAG
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HR camera (Carl Zeiss AG, Oberkochen, Germany) or a Hamamatsu ORCA-AG camera
(Hamamatsu Photonics K.K., Hamamatsu, Japan), respectively. Brightness and contrast were
adjusted by linear stretching of the histogram with ImageJ (Rasband, 1997). Images were
cropped with Adobe Photoshop 7.0 (Adobe Systems Inc., San Jose, CA) and assembled into
figures with Canvas 8.0 (ACD Systems Inc., Victoria, Canada)
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CHAPTER 4: CONTROL OF LEAF VASCULARIZATION BY CELL
PROLIFERATION

4.1 Introduction

In most multicellular organisms, signals and nutrients are transported throughout the body by a
vascular system. For normal development and optimal function, no area of the body should thus
be devoid of vessels. Therefore, the growth of tissues and their vascularization must be tightly
coordinated, and understanding the molecular basis of this coordination is a key question in
biology.

In animals, signals from proliferating nonvascular tissues, mostly consisting of angiogenic
mitogen factors such as the vascular endothelial growth factor A, promote their vascularization
(Keck et al., 1989; Leung et al., 1989). In turn, vessels signal back to surrounding nonvascular
tissues to control their growth and development [reviewed in (Cleaver and Dor, 2012)]. By
contrast, in plant leaves, vascular and nonvascular tissues differentiate from the same precursor
cells (Flot, 1905), and the relative timing of cessation of proliferation and onset of differentiation
of these precursor cells controls the pattern of vascular and nonvascular tissues in the leaf: cell
proliferation inhibits progression of precursor cells to nonvascular fate, thus permitting their
recruitment into veins, and cessation of cell proliferation permits progression of precursor cells
to nonvascular fate, thus preventing their recruitment into veins (Chapter 2). Therefore, despite
the different development logics, in both plant and animal organs patterns of vascular and
nonvascular tissues are controlled by the timing of cessation of cell proliferation.

As in animals, progression through the cell cycle in plants is promoted by complexes
between transcriptional regulators members of the EARLY 2 FACTOR (E2F) and the
DIMERIZATION PARTNER (DP) families [reviewed in (Dewitte and Murray, 2003; Inze and
De Veylder, 2006)]. The activity of E2F/DP complexes is inhibited by the non-phosphorylated
form of the RETINOBLASTOMA-RELATED (RBR) protein. Phosphorylation of RBR by
complexes between cyclin-dependent kinases (CDKs) and their regulatory proteins, the cyclins,

leads to RBR degradation and thus to activation of E2F/DP complexes. The activity of
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CDK/cyclin complexes is inhibited by INTERACTORS OF CDC2 KINASE (ICKs)/KIP-
RELATED PROTEINS (KRPs).

In both plants and animals, the timing of cessation of cell proliferation is controlled by
antagonistic signals. On the one hand, transcription factors such as TCP4 (for TEOSINTE
BRANCHED1/CYCLOIDEA/PROLIFERATING CELL FACTOR4) and SMADA4, for example,
promote expression of CDK inhibitors and inhibit cell proliferation in plants and animals,
respectively (Gomis et al., 2006a; Gomis et al., 2006b; Schommer et al., 2014; Seoane et al.,
2004). On the other hand, signals that promote cell proliferation act antagonistically to those that
inhibit cell proliferation. For example, in animals, the transcription factor ACTIVATING
PROTEINI promotes CYCLIN DI (CYCDI) expression (Brown et al., 1998), promotes cell
proliferation (Kovary and Bravo, 1991), and antagonizes SMAD function (Verrecchia et al.,
2001). In plants, the transcription factor AINTEGUMENTA promotes CYCD3, ] expression and
cell proliferation (Mizukami and Fischer, 2000), but the effects of the loss of its function on vein
networks are mild (Kang et al., 2007). By contrast, vein networks are most dramatically affected
by loss of function of the transcription factor MONOPTEROS (MP) (Przemeck et al., 1996),
which transduces the plant signal auxin [reviewed in (Chapman and Estelle, 2009; Guilfoyle and
Hagen, 2007)]. The mp phenotype is suppressed by loss of ALTERED MERISTEM PROGRAM1
(AMP]I) function (Vidaurre et al., 2007), which is associated with higher expression of CYCD3
(Nogue et al., 2000; Riou-Khamlichi et al., 1999). However, the mechanism by which amp1
suppresses mp seems to be unrelated to the cell cycle defects (Li et al., 2013). Therefore, whether
vein network defects of mp result from defects in leaf cell proliferation is unknown.

Here we tested the hypothesis that vein network defects of mp result from premature
cessation of leaf cell proliferation. This hypothesis was suggested by two pieces of evidence: (1)
premature cessation of precursor cell proliferation leads to the formation of vein networks
resembling those of mp (Chapter 2) (Donner et al., 2009; Kang et al., 2007; Przemeck et al.,
1996); (2) premature cessation of cell proliferation during embryo development leads to
formation of seedlings that, as mp seedlings, lack roots (Berleth and Jurgens, 1993; Hemerly et
al., 2000). By prolonging or prematurely ceasing leaf cell proliferation in WT or mp background,
we show that vein network defects of mp result from premature cessation of leaf cell
proliferation. Moreover, we show that the promoting effects of MP on leaf cell proliferation and

vein network formation are antagonized by the functions of CINCINNATA-related TCP (CIN-

55



TCP) genes. Our results suggest a molecular mechanism by which timing of cessation of cell

proliferation integrates tissue growth and vascularization in plants.

4.2 Results and Discussion

4.2.1 MONOPTEROS functions in Arabidopsis vein-network topology

The vein network geometry of mature first-leaves of Arabidopsis is defined by lateral veins that
branch from a central midvein, and that connect apically to the midvein or to other lateral veins
to form closed loops; and by minor veins that branch from midvein and loops, and that connect
to other veins or terminate free of contact (Candela et al., 1999; Kinsman and Pyke, 1998;
Mattsson et al., 1999; Nelson and Dengler, 1997; Sieburth, 1999; Steynen and Schultz, 2003;
Telfer and Poethig, 1994) (Figure 4.1A). Whereas vein network geometry is reproducible from
leaf to leaf (Candela et al., 1999; Kinsman and Pyke, 1998; Mattsson et al., 1999; Nelson and
Dengler, 1997; Sieburth, 1999; Steynen and Schultz, 2003; Telfer and Poethig, 1994),
topological features of the vein network, such as the number of veins in a leaf and whether a vein
will connect to another vein at both ends or one end will terminate free of contact with other
veins, are unpredictable (Candela et al., 1999; Kang and Dengler, 2004; Kinsman and Pyke,
1998; Sawchuk et al., 2007; Scarpella et al., 2004; Steynen and Schultz, 2003).

To quantify and compare effects of genes on vein network topology, we used the cardinality
index—a proxy for the number of veins (Verna et al., 2015) (Chapter 2)—and the percentage of
leaves in which lateral veins failed to contact apically other veins (i.e. percentage of leaves with
open loops)—a measure of vein connectedness (Carland et al., 1999; Scarpella et al., 2004;
Steynen and Schultz, 2003) (Chapter 2)—because these two descriptors can be compared
statistically across genotypes and conditions to identify reproducible patterns and their controls
(Carland et al., 1999; Scarpella et al., 2004; Steynen and Schultz, 2003; Verna et al., 2015)
(Chapter 2).

To determine functions of the MP gene of Arabidopsis in vein network topology, we used the
mp-11 mutant allele because in this weak allele, unlike in stronger mp alleles, vascular

differentiation is only mildly affected (Odat et al., 2014) (Chapter 3).
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The cardinality index of vein networks of mature first leaves was lower in mp than in the
control and the percentage of mature first leaves with open loops was higher in mp than in the
control (Figure 4.1A,B,1,J), suggesting that MP promotes the formation of veins and their

connection into networks.

4.2.2 Leaf cell proliferation and vein network topology

The hypothesis that mp defects in vein network topology result from premature cessation of leaf
cell proliferation predicts that the effects on vein networks of premature cessation of leaf cell
proliferation mimic those of mp mutation. To test this prediction, we used a variant of
ICK2/KRP2 (KRP2 here after) in which the putative protein degradation signal (De Veylder et
al., 2001; Torres Acosta et al., 2011) had been removed (KRP22737) (Chapter 2), and a
dominant-negative variant of CDKA;1 (CDKA;1P!#%N) (Hemerly et al., 1995) (Chapter 2); we
expressed KRP24737 and CDKA; 1PN by the RIBOSOMAL PROTEIN S5A4 (RPS5A4) promoter,
which is active in all dividing cells (Weijers et al., 2001); and we calculated the cardinality index
of vein networks of mature first leaves of RPS5A::KRP2273%7 and RPS5A::CDKA ;1PN and
the percentage of mature first leaves of RPS5A::KRP2273-7 and RPS5A::CDKA; 1PN with
open loops, and compared them with those of control and mp.

The cardinality index of vein networks of RPS5A::KRP227**7 and RPS5A::CDKA;1P146N
was lower than that of the control, and the percentage of leaves of RPS5A::KRP2473-7 and
RPS5A::CDKA;1P"N with open loops was higher than that of the control (Figure 4.1A,C,D,1,J),
suggesting that premature cessation of leaf cell proliferation inhibits the formation of veins and
their connection into networks, and thus that the effects on vein network topology of premature

cessation of leaf cell proliferation mimic those of mp mutation.

4.2.3 Leaf cell proliferation and MP-dependent vein network topology

If mp defects in vein network topology resulted from premature cessation of leaf cell
proliferation, such defects should be suppressed, at least partially, by prolonged leaf cell
proliferation. To test this prediction, we used a hyperactive variant of CYCLIN D3;1
(CYCD3;153%4%4) (Menges et al., 2006) (Chapter 2), and a fusion between the activation domain
of the Herpes simplex virus type 1 VIRION POLYPEPTIDE 16 (VP16) (Campbell et al., 1984)
and E2Fa (E2Fa:VP16) (Chapter 2); we expressed CYCD3;15434 and E2Fa:VP16 by the RPS54
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Figure 4.1. MP-dependent auxin signaling, cell proliferation and vein network formation in

Arabidopsis leaves. (A-H) Dark-field illumination of mature first leaves of control (A), mp-11
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(B), RPS5A::KRP247397 (C), RPS5A::CDKA; 1PN (D), RPS5A::CYCD3;1534 (E),
RPS5A::E2Fa: VP16 (F), RPS5A::CYCD3;15%4;mp-11 (G), and RPS5A::E2Fa:VP16;mp-11
(H). (I) Cardinality index of vein networks of mature first leaves expressed as mean = SEM.
Difference between mp-11 and control, between RPS5A::KRP24737 and control, between
RPS5A::CDKA; 1PN and control, between RPS5A::CYCD3;1%3*%4 and control, between
RPS5A::E2Fa: VP16 and control, between RPS5A::CYCD3;15%4;mp-11 and mp-11, and
between RPS5A::E2Fa:VP16;mp-11 and mp-11 was significant at P<0.05 (*), P<0.01 (**) or
P<0.001 (***) by F-test and #-test with Bonferroni correction. (J) Percentage of mature first
leaves with 0 or >1 open loops. Difference between mp-11 and control, between
RPS5A::KRP227397 and control, between RPS5A::CDKA ;1PN and control, between
RPS5A::CYCD3;15*%:mp-11 and mp-11, and between RPS5A::E2Fa:VP16;mp-11 and mp-11
was significant at P<0.05 (*) by Kruskal-Wallis and Mann-Whitney test with Bonferroni
correction. Sample population sizes: control, 26; mp-11, 26; RPS5A::KRP2473-7, 31;
RPS5A::CDKA;1P"6N 32 RPSSA::CYCD3;133%4, 30; RPS5A::E2Fa: VP16, 30;

RPS5A::CYCD3;15%%:mp-11, 23; RPS5A::E2Fa:VP16;mp-11, 31. Scale bars: 0.5 mm in A-F;

0.25 mm in G,H.
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promoter in WT and mp backgrounds; and we compared the cardinality index of vein networks
of mature first leaves, and the percentage of mature fist leaves with open loops, of
RPS5A::CYCD3;153%A RPS5A:: E2Fa:VP16, RPS5A::CYCD3;15%4,mp,
RPS5A::E2Fa:VP16;mp, control and mp.

The cardinality index of vein networks of RPS5A::CYCD3;15*%4 and RPS5A::E2Fa: VP16
was higher than that of the control (Figure 4.1A,E,F.I), suggesting that prolonged leaf cell
proliferation promotes the formation of veins. The cardinality index of vein networks of
RPS5A::CYCD3;15*4;mp and RPS5A::E2Fa: VP16;mp was higher than that of mp (Figure
4.1B,G-I)—though not as high as those of the control (Figure 4.1A,I)—suggesting that mp
defects in vein formation result, at least partially, from premature cessation of leaf cell
proliferation. Further, the percentage of leaves with open loops of RPS5A::CYCD3;133*4;mp
and RPS5A::E2Fa: VP16;mp was lower than that of mp (Figure 4.1J), suggesting that mp defects

in vein connectedness result, at least partially, from premature cessation of leaf cell proliferation.

4.2.4 CIN-TCP-dependent repression of leaf cell proliferation and MP-dependent vein
network topology

mp defects in vein network topology result, at least partially, from premature cessation of leaf
cell proliferation; therefore, such defects should be suppressed, at least partially, by mutation in
negative regulators of leaf cell proliferation. Available evidence suggest that CIN-TCP (for
CINCINNATA-related TEOSINTE BRANCHED1/CYCLOIDEA/PROLIFERATING CELL
FACTOR) transcription factors (Cubas et al., 1999) may be among such negative regulators: (1)
CIN-TCP transcription factors promote expression of inhibitors of cell proliferation (Schommer
et al., 2014); (2) mutation in CIN-TCP genes or overexpression of microRNA319a (miR319a),
which targets five of the eight members of the CIN-TCP family (Palatnik et al., 2003), leads to
prolonged leaf cell proliferation (Efroni et al., 2008; Nath et al., 2003); (3) gain of CIN-TCP
function leads to premature cessation of cell proliferation (Sarvepalli and Nath, 2011); (4)
defects in vein network topology induced by prolonged leaf cell proliferation mimic those
induced by miR319a overexpression (Chapter 2; furthermore, compare Figure 4.1E,F with Figure
4.2C); (5) defects in vein network topology induced by miR319a overexpression are partially
suppressed by mutation of CYCD3;2 (Chapter 2). Therefore, we asked whether mp defects in
vein network topology could be suppressed, at least partially, by reduction in CIN-TCP function.
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To address this question, we overexpressed miR319a by the UBIQUITIN10 (UBQ10) promoter
(Norris et al., 1993) in WT (Chapter 2) and mp backgrounds; and we compared the cardinality
index of vein networks of mature first leaves, and the percentage of mature first leaves with open
loops, of UBQ10::miR319a, UBQ10::miR319a;mp, WT and mp.

As previously reported (Chapter 2), the cardinality index of UBQ10::miR319a vein networks
was higher than that of WT vein networks (Figure 4.2A,C,I), suggesting that CIN-TCP-
dependent repression of leaf cell proliferation inhibits vein formation. The cardinality index of
UBQI10::miR319a;mp vein networks was higher than those of mp vein networks (Figure
4.2B,C,I)—though not as high as that of WT vein networks (Figure 4.2A,1)—suggesting that mp
defects in vein formation result, at least partially, from CIN-TCP-dependent repression of leaf
cell proliferation. Further, the percentage of UBQ10::miR319a;mp leaves with open loops was
lower than that of mp leaves with open loops (Figure 4.1K), suggesting that mp defects in vein
connectedness result, at least partially, from CIN-TCP-dependent repression of leaf cell
proliferation.

Because miR319a can target other genes in addition to CIN-TCP genes (Palatnik et al., 2003;
Palatnik et al., 2007), we asked whether partial suppression of mp defects in vein network
topology by UBQ10::miR319a resulted from reduction in CIN-TCP function. To address this
question, we compared the cardinality index of vein networks of mature first leaves, and the
percentage of mature fist leaves with open loops, of WT and tcp4,tcp10 (tcp4; 10 hereafter) cin-
tcp double-mutant grown in the absence or presence of the auxin antagonist auxinole, which
competitively blocks binding of auxin to TRANSPORT INHIBITORI1 (TIR1)/AUXIN
SIGNALING F-BOX (AFB) receptors and thus inhibits TIR1/AFB-mediated auxin responses,
including ARF-dependent gene expression (Hayashi et al., 2012).

The cardinality index of #cp4, 10 vein networks was higher than that of WT vein networks
(75.4+2.5, n=26 vs. 38.5+1.9, n=26; P<0.001, F-test and #-test with Bonferroni correction)
(Figure 4.2E,G), suggesting that 7TCP4/TCP10-dependent repression of leaf cell proliferation
inhibits vein formation. The cardinality index of vein networks was lower, and the percentage of
leaves with open loops was higher, in WT grown in the presence of auxinole than in WT grown
in the absence of it (14.2+0.9, n=27 vs. 38.5£1.9, n=26; P<0.001, F-test and ¢-test with
Bonferroni correction) (Figure 4.2E,F,K), suggesting that TIR1/AFB-mediated auxin signaling

promotes the formation of veins and their connection into networks. The cardinality index of
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Figure 4.2. TIR1/AFB-mediated, MP-dependent auxin signaling, CIN-TCP-dependent

inhibition of cell proliferation and vein network formation. (A-H) Dark-field illumination of
mature first leaves of WT (A), mp-11 (B), UBQ10::miR319a (C), UBQ10::miR319a;mp-11 (D),
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control-grown WT (E), auxinole-grown WT (F), control-grown tcp4,tcp10 (G), and auxinole-
grown tcp4,tcpl0 (H). (I) Cardinality index of vein networks of mature first leaves expressed as
mean + SEM. Difference between mp-11 and control, between UBQ10::miR319a an//d control,
and between UBQ10::miR319a;mp-11 and mp-11 was significant at P<0.001 (***) by F-test and
t-test with Bonferroni correction. (J) Auxinole-induced reduction in cardinality index of vein
networks of mature first leaves, expressed as percentage ratio = SEM of the mean cardinality
index of vein networks of mature first leaves developed in the presence of auxinole to the mean
cardinality index of vein networks of mature first leaves developed in the absence of auxinole.
Difference between tcp4;tcpl0 and WT was significant at P<0.05 (*) by F-test and #-test. (K)
Percentage of mature first leaves with 0 or >1 open loops. Difference between mp-11 and
control, between UBQ10::miR319a and control, between UBQ10::miR319a;mp-11 and mp-11,
and between auxinole-grown WT and control-grown WT was significant was significant at
P<0.05 (*) by Kruskal-Wallis and Mann-Whitney test with Bonferroni correction. Sample
population sizes: WT, 31; mp-11,27; UBQ10::miR319a, 28; UBQ10::miR319a;mp-11, 24;
control-grown WT, 26; auxinole-grown WT, 27; control-grown tcp4,tcp10, 26; and auxinole-
grown tcp4,tcpl0, 22. Scale bars: 0.5 mm in A,C,E,G,H; 0.25 mm in B,D,F.
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vein networks was also lower in tcp4, 10 grown in the presence of auxinole than in tcp4, 10
grown in the absence of it (34.14£2.8, n=22 vs. 75.4+2.5, n=26; P<0.001, F-test and ¢-test with
Bonferroni correction) (Figure 4.2G,H); however, it was proportionally less reduced than in WT
(Figure 4.2J). Further, the percentage of tcp4, 10 leaves with open loops was unchanged by
growth in the presence of auxinole (Figure 4.2K). We conclude that the defects in vein network
topology induced by auxinole-mediated inhibition of TIR1/AFB-mediated auxin signaling result,
at least partially, from TCP4/TCP10-dependent repression of leaf cell proliferation, and thus that
partial suppression of mp defects in vein network topology by UBQ10::miR319a results from
reduction in CIN-TCP function.

4.2.5 MP- and CIN-TCP-dependent expression of cell cycle regulators

Partial suppression of mp defects in vein network topology by reduction in CIN-TCP-dependent
repression of leaf cell proliferation may reflect opposite effects of mp and UBQ10::miR319a on
the expression of at least some cell cycle regulators. We tested this prediction by analyzing the
expression of CDKA;1::CDKA;1:GUS (CDKA;1:GUS fusion protein expressed by the CDKA, I
promoter) (Adachi et al., 2009), CYCD3;1::GUS (GUS reporter expressed by the CYCD3, ]
promoter) (Dewitte et al., 2007; Masubelele et al., 2005; Riou-Khamlichi et al., 1999),
CYCD3;2::GFP:GUS (GFP:GUS fusion protein expressed by the CYCD3, 2 promoter) (Dewitte
et al., 2007) and CYCD3;3::GFP:GUS (Dewitte et al., 2007) in first leaves of WT, mp and
UBQI10::miR319a 4 days after germination. We focused on these cell cycle regulators because
they are key integrators of developmental signals [reviewed in (Inze and De Veylder, 2006;
Meijer and Murray, 2001; Nieuwland et al., 2009; Ramirez-Parra et al., 2005)].

Consistent with previous reports (Adachi et al., 2009), CDKA;1::CDKA;1:GUS was
expressed ubiquitously in WT leaves, though more strongly in their basal parts (Figure 4.3A).
CDKA;1::CDKA;1:GUS expression was extremely weak in mp and UBQ10::miR319a, but
expression was weaker in mp and stronger in UBQ10::miR319a (Figure 4.3B,C).

In agreement with previous reports (Dewitte et al., 2007), CYCD3;1::GUS was expressed at
the tip and lateral outgrowth of WT leaves (Figure 4.3D). No CYCD3;1::GUS expression was
detected in mp, in UBQ10::miR319a CYCD3;1::GUS expression was stronger and additional,
lateral foci of expression were detected (Figure 4.3E,F), consistent with the more-serrated leaves

of this background (Figure 4.2A,C).
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Figure 4.3. MP-dependent auxin signaling, CIN-TCP-dependent inhibition of cell
proliferation and expression of cell cycle regulators. (A-L) Differential-Interference-Contrast
illumination of first leaves 4 days after germination of WT (A,D,G,J), mp-11 (B,E,H,K), and
UBQ10::miR319a (C,F,LLL), expressing CDKA;1::CDKA;1:GUS (A-C), CYCD3;1::GUS (D-F),
CYCD3;2::GFP:GUS (G-I), and CYCD3;3::GFP:GUS (J-L). Bottom left: reproducibility index.
Scale bars: 50pum in A-L.
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As previously reported (Dewitte et al., 2007), CYCD3;2::GFP:GUS and CYCD3;3::GFP:GUS
were expressed ubiquitously in WT leaves, though expression of CYCD3;2::GFP:GUS was
stronger than that of CYCD3;3::GFP:GUS (Figure 4.3G,J). Expression of both
CYCD3;2::GFP:GUS and CYCD3;3::GFP:GUS was undetectable in mp and stronger in
UBQ10::miR319a (Figure 4.3H,ILK,L).

In conclusion, the opposite effects of mp and UBQ10::miR319a on the expression of
CDKA; 1, CYCD3;1, CYCD3,2 and CYCD3; 3 is consistent with the hypothesis that mp defects in
vein network topology result from defective leaf cell proliferation and that such defects are
suppressed, at least partially, by reduction in CIN-TCP-dependent inhibition of leaf cell

proliferation.

4.2.6 Integration of tissue growth and vascularization by cell proliferation

How the growth of tissues and their vascularization are coordinated is a key, yet unanswered,
question in biology. Our results suggest that in leaves these two processes are integrated by the
activity of two pathways that antagonistically control the expression of CDKA and CYCD3, cell
proliferation, and the formation of veins and their connection into networks (Figure 4.4): CIN-
TCP genes inhibit these processes; MP-dependent auxin signaling promotes them.

How cell proliferation controls tissue growth is self-evident; how it instead controls tissue
vascularization is unclear. Our results suggest that the patterning mechanism that controls vein
formation requires fields of minimum cell numbers to generate a developmental outcome; such
minimum cell numbers would only infrequently be achieved in mp, leading to vein formation
defects. This may be similar to vascular strand formation during Arabidopsis embryogenesis, in
which a single inner cell divides to give rise to a vascular cell and a ground cell (Gillmor et al.,
2010; Mansfield and Briarty, 1991); in mp, failure of such inner cell to divide would invariably
lead to failure in embryonic vascular-strand formation (Berleth and Jurgens, 1993; De Rybel et
al., 2013; Ohashi-Ito et al., 2013). Likewise, it is possible that in mp leaves, cell proliferation
defects lead to loss of the middle cell layer from which veins form (Foster, 1936; Stewart, 1978;
Tilney-Bassett, 1986). Moreover, premature cessation of cell proliferation in mp would promote
progression of precursor cells to mesophyll fate, thus preventing them to respond to vascular-

fate-promoting auxin signals (Chapter 2).
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Figure 4.4. Summary and interpretation. During leaf development, MP-dependent auxin
signaling promotes (black arrows), and CIN-TCP genes inhibit (black blunt-ended line),
CDKA/CYCD3-mediated cell proliferation. Cell proliferation inhibits progression of ground
cells to mesophyll fate, thus permitting their recruitment into veins; conversely, cessation of cell
proliferation permits progression of ground cells to mesophyll fate, thus preventing their
recruitment into veins. This account by no means excludes that cell proliferation might also
directly promote progression of ground cells to vascular fate (grey arrow).
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One other, non-mutually exclusive possibility is that MP-dependent cell proliferation permits
files of precursor cells to progress to vascular fate, and that files of precursor cells that have
progressed to vascular fate non-cell-autonomously inhibit progression of surrounding precursor
cells to mesophyll fate (Chapter 2). The logic of this less-parsimonious account is similar to that
underlying integration of tissue growth and vascularization in animals [e.g., (Cleaver and
Melton, 2003)]; however, such logic is inconsistent with the apparent unresponsiveness of the
timing of vascular fate specification to changes in leaf cell proliferation (Kang et al., 2007), and
with the inability of vein-formation-inducing auxin signals to override progression of precursor
cells to mesophyll fate (Scarpella et al., 2006). Our results thus suggest a molecular mechanism
underlying the unique logic by which timing of cessation of cell proliferation integrates tissue

growth and vascularization in plants.

4.3 Materials and methods

4.3.1 Plants

Origin and nature of lines, genotyping strategies and oligonucleotide sequences are in Tables
4.1-4.3. For all experiments, seeds were sterilized as in (Sawchuk et al., 2008). For auxinole-
related experiments, seeds were germinated and seedlings grown in half-strength Murashige and
Skoog salts (Caisson Laboratories Inc.), 15 g I"! sucrose (BioShop Canada Inc.), 0.5 g 1" MES
(BioShop Canada Inc.), pH 5.7, at 25°C under continuous light (~80 pmol m™ s!) on a rotary
shaker at 50 rpm. Auxinole (Hayashi et al., 2012) (a generous gift of Ken-ichiro Hayashi) was
dissolved (50 mM) in dimethyl sulfoxide; dissolved auxinole was added to growth medium (50
uM) just before sowing and was replaced weekly. For all other experiments, seeds were
germinated, seedlings and plants were grown (~80 pmol m™ s™!), and plants were transformed as

in (Sawchuk et al., 2008).

4.3.2 Imaging
Mature leaves were fixed, cleared and mounted as in Chapter 2. Mounted leaves were imaged as
in (Odat et al., 2014). B-glucuronidase (GUS) activity in developing leaves was detected, and

leaves were fixed, cleared and mounted as in (Scarpella et al., 2004) Marker-line-specific
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Table 4.1. Origin and nature of lines

Line

Origin/Nature

mp-11
RPS5A::KRP2473-97

RPS5A::CDKA;]P!46N

RPS5A::CYCD3;153%4

RPS5A::E2Fa:VP16

UBQ10::miR319a

tep4-1

tepl0-1
CDKA;1::CDKA;1:GUS
CYCD3;1::GUS

CYCD3;2::GUS:GFP
CYCD3;3::GUS:GFP

((Odat et al., 2014); Chapter 3)

Transcriptional fusion of RPS54 (AT3G11940; -2236 to -1;
primers: ‘RPS5a Xhol Forw’ and ‘RPS5a Sall Rev’) to
KRP24737 (Chapter 2)

Transcriptional fusion of RPS54 (AT3G11940; -2236 to -1;
primers: ‘RPS5a Xhol Forw’ and ‘RPS5a Sall Rev’) to
CDKA; 1PN (Chapter 2)

Transcriptional fusion of RPS54 (AT3G11940; -2236 to -1;
primers: ‘RPS5a Xhol Forw’ and ‘RPS5a Sall Rev’) to
CYCD3;15%4 (Chapter 2)

Transcriptional fusion of RPS54 (AT3G11940; -2236 to -1;
primers: ‘RPS5a Xhol Forw’ and ‘RPS5a Sall Rev’) to
E2Fa:VP16 (Chapter 2)

(Chapter 2)

(Schommer et al., 2008)

(Koyama et al., 2010)

(Adachi et al., 2009)

(Masubelele et al., 2005; Riou-Khamlichi et al., 1999)
(Dewitte et al., 2007)

(Dewitte et al., 2007)

69



Table 4.2. Genotyping strategies

Line Strategy

mp-11 MP: ‘SAIL 1265 FO6LP’ and ‘SAIL 1265 FO6RP’; mp:
‘SAIL 1265 FO6RP’and ‘LB3’

tep4-1 TCP4: “tcp4 geno LP’ and ‘tcp4 geno RP’; tcp4: ‘tcp4 geno RP’
and ‘LBb1.3’

tepl0-1 TCPI10: ‘tcpl0 geno LP’ and ‘tcp 10 geno Rp’; tcp10: “tcp 10

geno Rp’ and ‘LBb1.3’
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Table 4.3. Oligonucleotide sequences

Name Sequence (5'to 3')
RPS5a Xhol Forw ATACTCGAGAGCAGGAGATCTATCAGTGC
RPS5a Sall Rev ATAGTCGACGGCTGTGGTGAGAGAAACAGAG

SAIL 1265 FO6LP
SAIL 1265 FO6RP
LB3

tcp4 geno LP

tcp4 geno RP
LBbl.3

tcp10 geno LP
tcpl10 geno Rp

GCTTCATCTCTTCAAGCAAGG
TCCCAAAGTCTCACCACTCAC
TAGCATCTGAATTTCATAACCAATCTCGATACAC
TTGGGACCAAAAGATTACGTG
ACTATCATCATCAGCATCCGC
ATTTTGCCGATTTCGGAAC
AGCAGCTTTCAGGTAGCTGTG
TGATGATCCCAAGAACGAAAC
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Table 4.4. Marker-line-specific conditions of 3-glucuronidase (GUS) detection

Line Concentration of Fe?"/Fe*" salts Incubation time
CDKA;1::CDKA;1:GUS 5 mM each 2 hours
CYCD3;1::GUS 1 mM each 16 hours
CYCD3;2::GUS:GFP 5 mM each 4 hours
CYCD3;3::GUS:GFP 2 mM each 2 hours
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conditions of detection are in Table 4.4. Mounted leaves were imaged with an Axiolmager.M1
microscope (Carl Zeiss AG), and a MicroPublisher 5.0 digital camera (QImaging). Image
brightness and contrast were adjusted by linear stretching of the histogram with ImageJ (National
Institutes of Health). Images were cropped with Photoshop (Adobe Systems Inc.), and assembled

into figures with Canvas (ACD Systems International Inc.).

4.3.3 Vein network analysis

Vein networks were analyzed as in (Verna et al., 2015) and Chapter 2.
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CHAPTER 5: CHARACTERIZATION OF GENETIC SUPPRESSORS OF
THE monopteros PHENOTYPE

5.1 Introduction

Auxin is a key regulator of plant development: during embryogenesis, it controls the formation
of embryo parts; during post-embryonic development, it controls the formation of shoot organs,
lateral roots, and their tissues (De Smet and Jurgens, 2007). The auxin signal is transduced by
multiple pathways, the best characterized of which ends with the activation or repression of
transcription of auxin-responsive genes by transcription factors of the AUXIN RESPONSE
FACTOR (ARF) family (Chapman and Estelle, 2009). Of the 22 ARFs in Arabidopsis (Guilfoyle
and Hagen, 2007), only one—MONOPTEROS (MP)/ARF5 (Hardtke and Berleth, 1998)—seems
to have nonredundant functions in plant development (Okushima et al., 2005). Therefore, to
understand auxin’s actions in plant development, varied approaches have been applied to the
identification of direct targets of MP function (Cole et al., 2009; Donner et al., 2009; Konishi et
al., 2015; Schlereth et al., 2010; Yamaguchi et al., 2013; Zhao et al., 2010). However, at least
some of auxin’s inputs in plant development result from the interaction of auxin signal
transduction with other, nonoverlapping pathways [reviewed in (Kuppusamy et al., 2009)]. For
example, vein network formation results, at least partially, from the interaction of two pathways
that antagonistically control leaf cell proliferation: MP-dependent auxin signaling, which
promotes leaf cell proliferation, and CIN-TCP (for CINCINNATA-related TEOSINTE
BRANCHED1/CYCLOIDEA/PROLIFERATING CELL FACTOR)-dependent transcriptional
regulation, which inhibits it (Chapter 4).

In animals, many such interactions between pathways have been identified by screening for
genetic suppressors [e.g., (Hodgkin, 2005; Huang and Sternberg, 2006)]. A suppressor mutation
is defined as a second mutation that suppresses the phenotypic effects of a first mutation. To
identify new nonoverlapping pathways—as well as additional components of the leaf cell-
proliferation pathway—that interact with auxin signal transduction in vein network formation, it
would thus be highly desirable to identify genetic suppressors of the mp phenotype.
Unfortunately, all mp alleles identified so far are sterile (Berleth and Jurgens, 1993; Cole et al.,
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2009; Donner et al., 2009; Hardtke and Berleth, 1998; Odat et al., 2014; Okushima et al., 2005;
Przemeck et al., 1996; Weijers et al., 2005a) (Chapter 3), precluding a suppressor screen in an
mp background. However, mp defects can be bypassed by a fusion between the MP protein and
the hormone-binding domain of the vertebrate glucocorticoid receptor (MP::MP:GR) (Krogan et
al., 2014). In the absence of a ligand (e.g., dexamethasone, or DEX), fusions between
transcription factors and GR such as MP:GR are sequestered in the cytoplasm by multiple
proteins, including heat-shock proteins (Picard et al., 1988). In the presence of DEX, the MP:GR
fusion protein is released from the cytoplasmic complexes and transferred to the nucleus, where
it can activate the expression of MP targets.

Seeds of mp plants containing the MP::MP:GR transgene (MP::MP:GR;mp) were
mutagenized with ethyl methanesulfonate, and sterility was bypassed in the resulting ~12,500
M1 plants by spraying them with DEX (E. Scarpella, unpublished). Most of the ~125,000 M2
plants—derived from the self-fertilization of the M1 plants—were sterile, but 276 M2 plants
were fertile to varying extent and thus identified as putative suppressors of the mp phenotype;

here I report their initial characterization.

5.2 Results and Discussion

276 M2 plants were identified in a screen for genetic suppressors of the mp phenotype that were,
to varying extent, fertile; however, 14 of these 276 M2 plants failed to produce enough seeds and
were thus no further analyzed (Figure 5.1). The remaining 262 M2 plants produced abundant
seeds and might be WT contaminants, contain a mutation that suppresses the mp phenotype, or
have residual nuclear expression of MP::MP:GR. To eliminate WT contaminants, I sowed M3
seeds progeny of these 262 M2 plants on medium containing gluphosinate ammonium, to which
the MP::MP:GR construct confers resistance.

The M3 progeny of 196 of these 262 M2 plants were sensitive to gluphosinate ammonium,
suggesting that they are WT contaminants. By contrast, the M3 progeny of the remaining 66 M2

plants were resistant to gluphosinate ammonium, suggesting that they contain a mutation that
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Figure 5.1. Overview of characterization of putative genetic suppressors of the mp
phenotype. In red, experimental path followed.
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suppresses the mp phenotype or have residual nuclear expression of MP::MP:GR. For each of
these 66 M2 lines, I grew eight M3 plants to maturity.

The M3 progeny of 35 of these 66 M2 lines were sterile (Table 5.1), suggesting that
suppression of the mp phenotype in these lines is not heritable (e.g., these lines had residual
nuclear expression of MP::MP:GR). The M3 progeny of the remaining 31 M2 lines were fertile
(Table 5.1)—though to varying extent—suggesting that these lines contain a mutation that
suppresses the mp phenotype. To eliminate lines with incomplete penetrance of suppression of
the mp phenotype, I sowed ~50 M3 seeds for each of these 31 M2 lines.

In the absence of dexamethasone, MP::MP:GR;mp seedlings are invariably rootless (Krogan
et al., 2014). If in an M2 line the suppression of the mp phenotype were completely penetrant and
the mp suppressor mutation were homozygous—irrespective of whether the mp suppressor
mutation were recessive or dominant—all the M3 seedlings progeny of such M2 line should have
a root. If, on the other hand, in an M2 line the suppression of the mp phenotype were
incompletely penetrant and the mp suppressor mutation were homozygous—irrespective of
whether the mp suppressor mutation were recessive or dominant—Iess than 100% of the M3
seedlings progeny of such M2 line should have a root.

If in an M2 line the suppression of the mp phenotype were completely penetrant and the mp
suppressor mutation were recessive and heterozygous, 25% of the M3 seedlings progeny of such
M2 line should have a root. If, on the other hand, in an M2 line the suppression of the mp
phenotype were incompletely penetrant and the mp suppressor mutation were recessive and
heterozygous, less than 25% of the M3 seedlings progeny of such M2 line should have a root.

If in an M2 line the suppression of mp phenotype were completely penetrant and the mp
suppressor mutation were dominant and heterozygous, 75% of the M3 seedlings progeny of such
M2 line should have a root. If, on the other hand, in an M2 line the suppression of the mp
phenotype were incompletely penetrant and the mp suppressor mutation were dominant and
heterozygous, less than 75% of the M3 seedlings progeny of such M2 line should have a root.

All the M3 seedlings progeny of eight of the 31 M2 lines had a root (Table 5.2), suggesting
that these lines were homozygous for a completely penetrant suppressor of the mp phenotype.
Between 68% and 97% of the M3 seedlings progeny of the remaining 23 M2 lines had a root
(Table 5.2), suggesting that these lines contained: (i) an incompletely penetrant suppressor of the

mp phenotype at the homozygous state; (ii) an incompletely penetrant, dominant suppressor of
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Table 5.1. Fertility of M2 lines

M2 line Fertility
1-4-1 +
2-3-1 +
2-9-1 +
3-9-1 -
3-9-3

4-1-1

4-3-1 -
4-3-2 +
5-2-12 +
5-10-1 +
6-7-1 +
6-7-3 +
6-7-4 +
8-5-1 +
9-2-3 +
9-4-1 +
9-4-2 +
9-7-1 +
9-7-3 +
9-7-5 +
9-7-6 +
10-9-1 -
16-5-1 +
18-9-1 +
18-10-1 +
18-10-2 +
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18-10-3 +
21-1-1 -
21-2-1 -
21-3-1 -
21-4-1 -
21-5-1 -
21-6-1 -
21-7-1 -
21-8-1 -
21-9-1 -
21-10-1 -
21-11-1 -
21-12-1 -
22-1-1 -
22-2-1 -
22-3-1 -
22-4-1 -
22-5-1 -
22-6-1 -
22-7-1 -
22-8-1 -
22-9-1 -
22-10-1 -
22-12-1 -
23-1-1 -
23-2-1 -
23-3-1 +
23-4-1 +
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24-11-4
24-11-7
25-3-1
25-3-2
25-3-3
25-9-1
26-4-1
26-5-1
26-6-1
26-8-1
26-9-1
26-12-1
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Table 5.2. Penetrance of mp suppression in M2 lines

M2 line No.of  No.of 3:1 X?value  Fails to 1:3 X?value  Fails to
M3 rootless exceed 3:1 exceed 1:3
seedlings M3 X2 critical X2 critical
with root seedlings value (3.84) value

(3.84)

1-4-1 39 0 13.00 N 204.75 N

2-3-1 36 0 12.00 N 189.00 N

2-9-1 63 0 21.00 N 330.75 N

3-9-3 37 2 8.21 N 183.20 N

4-1-1 38 5 4.10 N 173.30 N

4-3-2 57 7 6.75 N 262.35 N

5-2-12 15 4 0.16 Y 59.47 N

5-10-1 42 7 3.00 Y 184.64 N

6-7-1 23 6 0.29 Y 91.74 N

6-7-3 23 4 1.49 Y 100.35 N

6-7-4 39 8 1.60 Y 164.74 N

8-5-1 46 8 2.99 Y 200.70 N

9-2-3 23 4 1.49 Y 100.35 N

9-4-1 18 5 0.13 Y 70.56 N

9-4-2 49 16 0.01 Y 182.75 N

9-7-1 38 11 0.17 Y 147.19 N

9-7-5 28 5 1.71 Y 121.58 N

9-7-6 34 1 9.15 N 172.87 N

10-9-1 20 4 0.89 Y 84.93 N

16-5-1 41 8 1.97 Y 174.998 N

18-9-1 38 0 12.67 N 199.50 N

18-10-1 27 6 0.82 Y 112.06 N

18-10-2 34 16 1.307 Y 109.4898 N

18-10-3 43 4 6.82 N 204.24 N
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the mp phenotype at the heterozygous state; or (iii) a completely penetrant, dominant suppressor
of the mp phenotype at the heterozygous state.

Because I wished to focus on completely penetrant, recessive suppressors of the mp
phenotype, I determined the pattern of inheritance of the mp suppressor mutations in the eight
M2 lines that were homozygous for a completely penetrant suppressor of the mp phenotype. To
this aim, I crossed M3 plants progeny of each of these eight M2 lines to MP/mp.

Should an mp suppressor mutation be recessive, I would expect half of the seedlings in the
F1 progeny of such crosses to be rootless. By contrast, should an mp suppressor mutation be
dominant, I would expect all the seedlings in the F1 progeny of such crosses to have a root.

Based on these expectations and on the phenotype of the F1 progeny of the cross between
MP/mp and M3 plants progeny of each of the eight M2 lines that were homozygous for a
completely penetrant suppressor of the mp phenotype (Table 5.3), I conclude that the mp
suppressor mutation is dominant in five of the eight M2 lines and recessive in the remaining
three M2 lines (M2 lines 2-3-1, 25-3-1 and 25-3-2).

To determine the number of genes defined by the three recessive, completely penetrant mp
suppressor mutations, I crossed M3 plants progeny of M2 lines 2-3-1, 25-3-1 and 25-3-2 with
one another.

Should M3 plants progeny of two different M2 lines contain mutations in the same mp
suppressor gene, I would expect all the seedlings in the F1 progeny of such crosses to have a
root. By contrast, should two plants contain mutations in different mp suppressor genes, I would
expect all the seedlings in the F1 progeny of such crosses to be rootless.

Based on these expectations and on the phenotype of the F1 progeny of the three possible
pairwise crosses between M3 plants progeny of M2 lines 2-3-1, 25-3-1 and 25-3-2 (Table 5.4), |
conclude that these M2 lines contain mutations in a single mp suppressor gene.

To determine whether suppression of the mp phenotype in M2 lines 2-3-1, 25-3-1 and 25-3-2
depended on the presence of the MP::MP:GR construct, I attempted to isolate a WT-looking
mp/mp plant lacking the MP::MP:GR construct in the F2 progeny of a cross between an M3 plant
progeny of M2 line 25-3-2 and MP/mp. I would expect to find, on average, one WT-looking
mp/mp plant lacking the MP::MP:GR construct in 64 F2 plants of such a cross.

I genotyped 98 WT-looking F2 plants of a cross between an M3 plant progeny of M2 line
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Table 5.3. Phenotype of F1 progeny of crosses between M2 lines and MP/mp

M2 line No. of F1 No. of rootless 1:1 X2 value Fails to exceed
seedlings with F1 seedlings 1:1 X2 critical
root value (3.84)

1-4-1 47 10 24.02

2-3-1 21 17 0.42 Y

2-9-1 30 1 27.13 N

18-9-1 24 24.00 N

23-3-1 39 33.39 N

24-11-7 56 0 56.00 N

25-3-1 33 25 1.10 Y

25-3-2 38 26 2.25 Y
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Table 5.4. Phenotype of F1 progeny of crosses between M2 lines

M2 lines crossed  No. of F1 No. of 1:1 X2 value Fails to exceed 3:1 X?
seedlings rootless F1  critical value (3.84)  critical value (3.84)
with root seedlings

2-3-1 and 25-3-1 24 0 24 N

2-3-1and 25-3-2 59 0 59 N

25-3-1 and 25-3-2 64 0 64 N
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25-3-2 and MP/mp for the presence of the MP::MP:GR construct, and found 29 plants lacking
the MP::MP:GR construct. I genotyped these 29 plants for the presence of the MP and mp
alleles, and found 17 MP/mp plants but no mp/mp plants.

This was somewhat unexpected because the probability of finding a WT-looking mp/mp
plant lacking the MP::MP:GR construct among 98 WT-looking F2 plants of a cross between an
M3 plant progeny of M2 line 25-3-2 plant and MP/mp is ~80%. In any case, the mp suppressor
mutation should be present at the homozygous state in 25% of the 17 MP/mp F2 plants lacking
the MP::MP:GR construct, and at the heterozygous state in half of them.

If the mp suppressor mutation were present at the homozygous state in an MP/mp F2 plant
lacking the MP::MP:GR construct, all the F3 seedlings progeny of such F2 plant should have a
root. If, on the other hand, the mp suppressor mutation were present at the heterozygous state in
an MP/mp F2 plant lacking the MP::MP:GR construct, 3/16 of the F3 seedlings progeny of such
F2 plant should be rootless.

For none of the 17 MP/mp F2 plants lacking the MP::MP:GR construct was the F3 progeny
exclusively composed of seedlings with root; however, three MP/mp F2 plants lacking the
MP::MP:GR construct segregated rootless seedlings in a 3:13 ratio in the F3 generation (Table
5.5), suggesting that the mp suppressor mutation was present at the heterozygous state in these
three MP/mp F2 plants.

In a further attempt to isolate a WT-looking mp/mp plant lacking the MP::MP:GR construct,
I grew F3 plants progeny of one of the three MP/mp F2 plants lacking the MP::MP:GR construct
that was supposedly heterozygous for the mp suppressor mutation (plant no. 14). I would expect
to find, on average, one WT-looking mp/mp plant lacking the MP::MP:GR construct in 16 such
F3 plants.

I genotyped for the presence of the MP and mp alleles 58 WT-looking F3 plants progeny of
plant no. 14—which lacked the MP::MP:GR construct, was heterozygous for mp, and was
supposedly heterozygous for the mp suppressor mutation—but found no mp/mp plants.

This was unexpected because the probability of finding a WT-looking mp/mp plant among 58
WT-looking plants progeny of a plant (plant no. 14) that lacked the MP::MP:GR construct, was
heterozygous for mp, and was supposedly heterozygous for the mp suppressor mutation is ~98%.

The inability to find a WT-looking mp/mp plant lacking the MP::MP:GR construct in the
progeny of a cross between line 25-3-2 and MP/mp suggests that the mp suppressor effect of the
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Table 5.5. Phenotype of F3 progeny of MP/mp F2 plants lacking MP::MP:GR derived from
cross between M2 line 25-3-2 and MP/mp

F2 plant No.of F3  No. of 3:1 X2 Fails to 13:3X?>  Fails to exceed
seedlings  rootless value exceed 3:1 value 13:3 X2 critical
withroot  F3 X2 critical value (3.84)
seedlings value (3.84)
1 32 10 0.03 Y 0.71 Y
2 39 6 3.27 Y 0.87 Y
3 34 10 0.12 Y 0.46 Y
4 34 13 0.18 Y 245 Y
5 33 12 0.07 Y 1.85 Y
6 33 6 1.92 Y 0.29 Y
7 42 6 4.00 N 1.23 Y
8 33 12 0.07 Y 1.85 Y
9 28 17 3.92 N 10.69 N
10 44 3 8.69 N 4.72 N
11 32 3 5.04 N 2.38 Y
12 33 17 2.16 Y 7.63 N
13 39 13 0 Y 1.33 Y
14 125 27 4.25 N 0.1 Y
15 41 9 1.31 Y 0.02 Y
16 150 0 17.00 N 11.77 N
17 22 7 0.01 Y 0.55 Y
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mutation in line 25-3-2 depends on the presence of the MP::MP:GR construct. One possibility to
account for this behavior is that in the presence of such mp suppressor mutation the MP:GR
fusion protein becomes constitutively active. For example, the mutation could reside in a gene
encoding HEAT-SHOCK PROTEIN90 (HSP90), and prevent HSP90 from binding the MP:GR
fusion protein. One other possibility is that the mutation resides in the GR domain of the MP:GR
fusion protein, and prevent the MP:GR fusion protein from binding HSP90. In either case, in the
absence of DEX the MP:GR fusion protein would no longer be sequestered in the cytoplasm by
HSP90 but constitutively translocated to the nucleus.

Future research will determine whether the mp suppressor effects of the mutations in the
dominant suppressors or in the incompletely penetrant suppressors (Tables 5.2 and 5.3) depend

on the presence of the MP::MP:GR construct.

5.3 Materials and methods

Seeds were sterilized and germinated, and plants were grown as described (Sawchuk et al.,
2008). The mp©’? allele (Hardtke and Berleth, 1998), which lacks the region from nucleotide
+288 to nucleotide +2748 of the MP gene (Odat et al., 2014) (Chapter 3), was used for all
experiments. The origin of MP::MP:GR;mp®’? has been reported (Krogan et al., 2014). The MP
and mp®©!? alleles were genotyped as in (Odat et al., 2014) (Chapter 3). The MP::MP:GR
construct was genotyped by primers ‘MP Seq 4750/2369° (5°-
ATGGCAGAAAATTGCGACACC-3’) and ‘GR BsrGI Rev’ (5°-
ACGTGTACAGTCATTTTTGATGAAAC-3").
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CHAPTER 6: DISCUSSION

6.1 Conclusion summary

In most multicellular organisms, signals and nutrients are transported throughout the body by a
vascular system. For normal development and optimal function, no area of the body should thus
be devoid of vessels. Therefore, the growth of tissues and their vascularization must be tightly
coordinated, and understanding the molecular basis of this coordination is a key question in
biology. In animals, signals from proliferating nonvascular tissues promote their vascularization
(Keck et al., 1989; Leung et al., 1989); in turn, vessels signal back to surrounding nonvascular
tissues to control their growth and development [reviewed in (Cleaver and Dor, 2012)]. By
contrast, in plant leaves, vascular and nonvascular tissues differentiate from the same precursor
cells (Flot, 1905); yet it is possible that the logic that integrates the growth of tissues and their
vascularization in plants is no different from that in animals. The scope of my PhD thesis was to
investigate this possibility for Arabidopsis leaves, in which internal, ground cells proliferate and
differentiate into either mesophyll or veins (Kang and Dengler, 2004; Scarpella et al., 2004).

My results suggest that cell proliferation inhibits progression of ground cells to mesophyll
fate, thus permitting their recruitment into veins, and that cessation of cell proliferation permits
progression of ground cells to mesophyll fate, thus preventing their recruitment into veins
(Chapter 2). This logic resembles that of tissue patterning in animal appendages [e.g., (Lopez-
Rios et al., 2012; Towers et al., 2008; Zhu et al., 2008)], but it is different from that which
integrates tissue growth and vascularization in animal organs [e.g., (Cleaver and Melton, 2003)].
What molecular mechanisms control the integration of tissue growth and vascularization in plant
organs?

My results suggest that leaf growth and vascularization are integrated by the activity of two
pathways that antagonistically control cell proliferation and vein network formation:
transcriptional input provided by the CINCINNATA-related TCP (for TEOSINTE
BRANCHEDI1/CYCLOIDEA/PROLIFERATING CELL FACTOR) proteins (Cubas et al.,
1999) inhibits these processes; transduction of the signaling molecule auxin mediated by the

MONOPTEROS transcription factor (Hardtke and Berleth, 1998) promotes them (Chapters 3 and
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4). My results thus suggest a molecular mechanism that controls the unique logic by which
timing of cessation of cell proliferation integrates tissue growth and vascularization in plants.

In the Discussion section of the respective chapters, I provided an account of how I reached
these conclusions from the experimental data, how these conclusions could be integrated with
one another and with those of studies of others to advance our understanding of vein
development and of how tissue growth and vascularization are controlled and integrated in
plants. Here I instead wish to attempt to account for the mechanism by which the interaction
between auxin signalling and cell proliferation results in vein network formation. The hypothesis
I propose below should be understood as an attempt to develop a conceptual framework to guide

future experimentation, rather than an exhaustive mechanistic account.

6.2 A model of vein formation by auxin-dependent cell proliferation

Five tissue layers can be distinguished in cross sections of mature leaves of dicotyledonous
plants [reviewed in (Foster, 1936)] (Figure 6.1A): (1) upper epidermis; (2) palisade mesophyll;
(3) middle layer; (4) lower spongy mesophyll; (5) lower epidermis. The middle layer comprises
veins and upper spongy mesophyll, both of which typically differentiate from middle-layer
ground cells [reviewed in (Stewart, 1978; Tilney-Bassett, 1986)]. Clonal analysis in
dicotyledonous plants has shown that at early stages of leaf tissue development each of the three
nonepidermal, inner tissue layers is composed of a single layer of cells; near the margin of the
leaf, all the three single-cell layers derive from successive divisions of the L2 single-cell layer of
the shoot apical meristem (SAM), whereas in central regions of the leaf the middle single-cell
layer directly derives from the L3 single-cell layer of the SAM (Stewart, 1978; Tilney-Bassett,
1986) (Figure 6.1A). The three inner single-cell layers near the margin of developing
Arabidopsis flowers seem to derive from cell divisions of the L2 layer of the SAM that are
oriented parallel to the lateral axis of flower primordium outgrowth (Reddy et al., 2004). Though
it is unknown whether and how the three inner single-cell layers derive from the L2 of the SAM
during Arabidopsis leaf development, it seems that only upon formation of all the three inner
single-cell layers does the middle one initiate expression of middle-layer-specific genes
(Matsumoto and Okada, 2001; Nakata et al., 2012; Nakata and Okada, 2012; Shimizu et al.,
2009).
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Marginal

L1/epidermis L2 . L3 upper spongy mesophyll (central area) . central area veins
. palisade mesophyll/upper spongy mesophyll (marginal area)/lower spongy mesophyll

. cells initiate expression of middle-layer-specific genes .marginal area veins

Figure 6.1. A model of vein formation by auxin-dependent cell proliferation. (A) Clonal
analysis in dicotyledonous plants has shown that the L1 layer of the SAM will give rise to the
leaf epidermis. In the central region of the leaf, the middle single-cell layer—which will give rise
the veins—is derived from the L3 single-cell layer of the SAM. In the marginal regions of the
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leaf, all three inner single-cell layers derive from successive divisions of the L2 single-cell layer
of the SAM. (B) I propose that the three inner single-cell layers near the margin of developing
Arabidopsis leaves derive from cell divisions of the L2 layer of the SAM. In WT, the L2 cells
will divide twice in order to form the three single-cell layers, the middle one of which will give
rise to the veins. Because of premature cessation of cell proliferation in mp leaves, the L2 cells
will occasionally fail to complete one of the two cell divisions which will prevent the formation
of the three single-cell layers, and this will prevent vein formation.
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I propose that as in Arabidopsis flower development, the three inner single-cell layers near
the margin of developing Arabidopsis leaves derive from cell divisions of the L2 layer of the
SAM that are oriented parallel to the lateral axis of leaf primordium outgrowth (Reddy et al.,
2004) (Figure 6.1B). Because of premature cessation of cell proliferation in mp leaves (Chapter
4), I propose that in this background at least one of such formative cell divisions fails to occur
(Figure 6.1B). Because it seems that only upon formation of all the three inner single-cell layers
does the middle one initiate expression of middle-layer-specific genes (Matsumoto and Okada,
2001; Nakata et al., 2012; Nakata and Okada, 2012; Shimizu et al., 2009), because premature
cessation of cell proliferation leads to premature progression to mesophyll fate (Chapter 2), and
because cells that have progressed to mesophyll fate are insensitive to auxin-dependent vein-
formation signals (Scarpella et al., 2006), failure to occur in mp of at least one of the cell
divisions that I propose give rise to the three, inner single-cell layers of the developing leaf
would lead to loss of the middle single-cell layer and of the veins that from it derive (Figure
6.1B). Likewise, defects in vein formation induced by premature cessation of leaf cell
proliferation in a WT MP background—for example by interfering with cell cycle progression in
the leaf (Chapters 2 and 4)—would be expected to result from loss of the middle single-cell layer
because of failure to occur of at least one of the cell divisions that I propose give rise to the three,
inner single-cell layers of the developing leaf. Conversely, delayed cessation of leaf cell
proliferation—for example by reduction in CIN-TCP function (Chapters 2 and 4)—would be
expected to prolong the leaf’s ability to form at its margin a middle single-cell layer and thus the
veins that from it derive. Finally, delaying cessation of cell proliferation in an mp background
would restore, at least partially, the leaf’s ability to form at its margin a middle single-cell layer
and thus the veins that from it derive.

Not only can this hypothesis account for my results but it provides a mechanistic explanation
for the observation that reduction or loss of MP function mainly leads to loss of vein formation
near the margin of the leaf, where the formation of the middle single-cell layer would depend on
divisions of the L2 layer of the SAM, whereas the formation of the veins in the central region of
the leaf, where the middle single-cell layer would directly derive from the L3 single-cell layer of
the SAM, is relatively unaffected (Berleth and Jurgens, 1993; Donner et al., 2009; Odat et al.,
2014; Przemeck et al., 1996) (Chapter 3). Further, this hypothesis is consistent with vascular cell
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formation during embryogenesis and the origin of the vascular defects in mp embryos. In fact,
the first vascular cells of Arabidopsis form from the periclinal division of the lower tier of inner
cells of the dermatogen-stage embryo (Gillmor et al., 2010; Mansfield and Briarty, 1991), and
this division fails to occur in mp embryos, leading to loss of vascular cell formation in the
embryo axis (Berleth and Jurgens, 1993; De Rybel et al., 2013; Ohashi-Ito et al., 2013).

Finally, the hypothesis I proposed is predictive, and many of the predictions it generates are
immediately testable. For example, the hypothesis predicts defects in middle-layer formation in
mp leaves, which could be tested by analyzing the expression of middle-layer-specific genes
such as the WUSCHEL-RELATED HOMEOBOXI (WOXI) and PRESSED FLOWER/WOX3 for
which reporters are available (Nakata and Okada, 2012; Shimizu et al., 2009). Further, the
hypothesis predicts premature progression of ground cells to mesophyll fate in mp leaves, which
could be tested by analyzing the expression of the mesophyll specification marker

LHCB2.3::nYFP (Sawchuk et al., 2008) (Chapter 2).

6.3 Unresolved questions and future approaches

Even though future experimental tests, including those suggested above, were to support the
hypothesis I proposed, many questions would remain to be addressed. For example, the
hypothesis relies on cell divisions in the L2 of the SAM that are oriented parallel to the lateral
direction of leaf primordium outgrowth. What would control such orientation?

The available data seem to be equally consistent with both an MP-dependent and an MP-
independent control of orientation of cell division. As it is sufficient to increase cell proliferation
in an mp background to restore vein formation, the mechanism that controls the orientation of
cell division would seem to be independent of MP function and would fail to operate in mp
simply because of lack of substrate: cells dividing in the correct positions. On the other hand, the
mechanism that controls the orientation of cell division could still depend on MP function but
could simply be less sensitive to reductions in MP function than the MP-dependent control of
cell proliferation.

Though it remains unclear whether MP-dependent auxin signalling controls the orientation of

cell division, at least some evidence exists that the orientation of cell division is controlled by
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auxin transport (Petrasek et al., 2002). Because of the interdependency of auxin transport, auxin
signalling and vein formation (reviewed in Chapter 1), it will thus be difficult—if not altogether
impossible—to evaluate intuitively the results of experimental tests designed to discriminate
between MP-dependent and MP-independent control of orientation of cell division; a more
precise formulation—a mathematical one, one that can be simulated computationally—may be
necessary. Computer simulation could predict experimental conditions at which the hypotheses
of MP-dependent and MP-independent control of orientation of cell division behave divergently,
thereby providing with informative experimental tests to differentiate the ability of these
hypotheses to describe plausibly vein formation and thus moving us one step closer to
understanding how the growth of tissues and their vascularization are coordinated in plants—a
key question to address if we are to understand how multicellular organisms develop and

function.
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