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Abstract 

Most multicellular organisms solve the problem of long-distance transport of water, signals and 

nutrients by means of networks of cells and tissues such as the vascular systems of plants and 

animals. What controls the formation of vascular systems is thus a key question in biology. In 

animals, where this question has been addressed extensively, the formation of the vascular 

system requires direct cell-cell interaction and, at least in part, cell migration. Both cell migration 

and direct cell-cell interaction are precluded in plants by a cell wall that holds cells apart and in 

place. Therefore, plants form vascular systems differently from animals. 

The mechanism by which plants form their vascular systems is poorly understood, but 

available evidence places the plant signal auxin and its polar transport through plant tissues at the 

core of such mechanism. How auxin and its polar transport induce vein formation is unclear, but 

the prevailing hypothesis has long been that the GNOM (GN) guanine-nucleotide exchange 

factor for ADP-ribosylation-factor GTPases, which regulates vesicle formation in membrane 

trafficking, coordinates the cellular localization of auxin transporters of the PIN-FORMED (PIN) 

family between cells. The resulting cell-to-cell, polar transport of auxin would coordinate the 

polar localization of PIN proteins between auxin-transporting cells and control polar 

developmental processes such as vein formation. Contrary to predictions of the hypothesis, 

however, vein formation occurs in the absence of PIN proteins or any known intercellular auxin 

transporter; instead, auxin-transport-independent vein patterning relies, at least in part, on auxin 

signal transduction and GN controls both auxin transport and signalling to induce vein formation. 

Whereas mechanisms by which GN may control PIN polarity and derived polar auxin 

transport have been suggested, it is unclear how GN could control auxin signalling, which takes 

place in the nucleus and is inherently non-polar. The most parsimonious account is that auxin 
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signalling leads to the production of proteins which control vein patterning redundantly with 

auxin transport and whose localization is controlled by GN. Here we tested predictions of this 

hypothesis by a combination of gene expression screening and molecular genetic analysis and 

identified a family of putative candidates for such proteins. 

The current hypothesis of vein formation proposes that GN controls both auxin transport 

and auxin signalling to induce vein formation. However, plants in which both auxin transport and 

signalling are compromised phenocopy only weak alleles of gn such as fewer roots (fwr), 

suggesting the presence of additional, yet-to-be-identified GN-dependent pathways that act 

redundantly to auxin signalling and transport to induce vein formation. To identify such 

pathways, we screened for mutations that rescued the fragmented vein-pattern phenotype of gnfwr 

and identified and characterized seven genetic suppressors of gn. 

Finally, for the future characterization of the auxin signalling targets that control vein 

patterning redundantly with auxin transport and of the genes whose mutation suppresses the 

phenotype of gn, we identified and characterized GAL4/GFP enhancer-trap lines for the targeted 

misexpression of genes of interest in specific cells and tissues of developing leaves. 

My results identify GN-dependent auxin-transport-independent pathways of vein 

formation in plants, a process whose logic is thus far unprecedented in multicellular organisms.  
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Chapter 1: General introduction 

1.1 The plant vascular system 

In many multicellular organisms, transport of water, nutrients and signals happens through tissue 

networks such as the vascular system of plants (Taiz et al, 2015). The vascular system of plants 

consists of vascular strands that interconnect the different parts of an organ and the different 

organs of a plant (Esau, 1965). Vascular strands are bundles of continuous files of vascular cells 

arranged next to one another. In different organs, vascular strands are named differently: 

vascular cylinder or stele in roots; vascular bundles in stems; and veins in flat organs like 

cotyledons, leaves, petals and sepals.  

Mature vascular strands are cylinders composed of two types of vascular tissues: xylem 

and phloem (Esau, 1965). In roots, xylem is found at the centre of the vascular cylinder; from 

this central xylem core, xylem "spokes" extend to the periphery of the vascular cylinder and 

phloem is found between the xylem spokes. In stems, xylem is found at the inner side of the 

vascular bundle and phloem at the outer side of the bundle. In flat organs, xylem is found at the 

adaxial (i.e. dorsal) side and phloem at the abaxial (i.e. ventral) side of the veins (Esau, 1965).  

Xylem — composed of tracheary elements, parenchyma cells and fibres — mainly 

transports water and minerals, whereas phloem — composed of sieve elements, companion cells, 

fibres and sclereids — mainly transports photosynthates (Esau, 1965; Taiz et al, 2015)  

1.2. Formation of the first vascular cells 

In Arabidopsis, the first vascular cells form during the transition from the dermatogen to the 

globular stage of embryogenesis (Scheres et al, 1994). 
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The Arabidopsis dermatogen-stage embryo consists of eight outer cells, which are the 

precursors of the epidermis and eight inner cells, which are the precursors of all other tissue 

types. These eight inner cells divide longitudinally, resulting in four innermost cells, which in the 

basal half of the embryo will elongate to form procambial cells, the precursors of all vascular 

cells (Esau, 1965; Scheres et al., 1994). Even though the first vascular cells are anatomically 

recognizable in globular-stage embryos, vascular markers are already expressed in dermatogen-

stage embryos, suggesting that the identity of those first vascular cells had been specified earlier 

(Smit et al., 2020).  

1.3. Auxin signalling and the formation of the first vascular cells 

Formation of the first vascular cells requires signal transduction of the plant hormone auxin: 

dermatogen-stage embryos of mutants in auxin signalling components express vascular-specific 

markers abnormally — if at all — and the eight inner cells of these embryos fail to divide 

longitudinally and to form procambial cells in early-globular-stage embryos (Berleth & Jurgens, 

1993; Hamann et al., 1999; Hobbie et al., 2000; Dharmasiri et al., 2005; Yoshida et al., 2014; 

Smit et al., 2020).  

Auxin signal transduction is the result of the interaction between two families of proteins: 

the AUXIN RESPONSE FACTOR (ARF) family of transcription factors and the 

AUXIN/INDOLE-3-ACETIC-ACID-INDUCIBLE (AUX/IAA) family of transcriptional 

repressors (recently reviewed in Powers & Strader, 2020). 

The Arabidopsis genome codes for 29 AUX/IAA proteins, which contain three conserved 

domains (Powers & Strader, 2020). Domain I contains an EAR (ETHYLENE-RESPONSIVE 

ELEMENT-BINDING FACTOR-associated amphiphilic repression) motif that binds members 

of the TOPLESS (TPL)/TPL-RELATED (TPR) family of transcriptional co-repressors. Domain 
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II is the auxin-binding domain and the PHAGOCYTIC OXIDASE/BUD EMERGENCE1 (PB1) 

domain (previously referred to as domains III/IV) binds ARF proteins. 

The Arabidopsis genome encodes 23 ARF proteins, which contain three conserved 

domains (Powers & Strader, 2020). The DNA-binding domain binds to auxin responsive 

elements (AuxREs) — specific sequences of DNA found within the promoters of auxin inducible 

genes. The middle domain confers transcriptional-activation- or transcriptional-repression-

specificity and the PB1 domain binds other ARF or AUX/IAA proteins. 

At low levels of intracellular auxin, AUX/IAA proteins bind ARF proteins and prevent 

them from activating gene expression (Powers & Strader, 2020). At high levels of intracellular 

auxin, auxin binds both the F-box subunit of the SCFTIR1/AFB (S-PHASE-KINASE-

ASSOCIATED PROTEIN1 – CULLIN – F-BOXTRANSPORT INHIBITOR RESISTANT1 / AUXIN SIGNALLING 

F-BOX) E3 ubiquitin ligase complex and domain II of an AUX/IAA protein. Binding of auxin to 

the SCFTIR1/AFB complex and an AUX/IAA protein leads to the transfer of ubiquitin from the 

SCFTIR1/AFB complex to the AUX/IAA protein. The ubiquitinated AUX/IAA protein is targeted 

for degradation, thereby relieving ARF proteins from repression and allowing them to activate 

expression of their targets. 

Though this model explains the mode of action of activating ARF proteins, it does not 

explain how repressor ARF proteins act. One possibility is that repressor ARF proteins repress 

transcription by directly binding to TPL/TPR proteins (Causier et al., 2012). One other 

possibility is that repressor ARF proteins bind to AuxRE sites and thus compete with activating 

ARF proteins (Chandler, 2016). 
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1.4. Auxin transport and the formation of vascular strands 

Though auxin signalling is required for the formation of vascular cells, auxin transport seems to 

play a role in their organization into vascular strands (Berleth et al., 2000; Sachs, 1981). This 

role of auxin transport is suggested by experiments in which auxin is applied to mature plant 

tissues. Indeed, auxin application causes the differentiation of continuous files of vascular cells 

into vascular strands that connect the applied auxin to the pre-existing vascular strands.  

The auxin-induced vascular-strand formation is characterized by the following properties: 

(1) the response is local, as it is initiated at the site of auxin application; (2) it is polar, as it is 

oriented toward the pre-existing vascular strands basal to the site of auxin application; (3) it is 

continuous, as it generates uninterrupted files of vascular cells; (4) it is constrained laterally, as 

only narrow strips of cells, rather than all the cells near the site of auxin application, differentiate 

into vascular cells (Berleth et al., 2000; Sachs, 1981). These properties suggest that the auxin-

induced vascular-differentiation response recruits polar signals that already exist in plant tissues 

and that probably correspond to the polar transport of auxin. 

Auxin is indeed synthesized in apical, immature regions of the plant and transported to 

the root tip through vascular strands (Michniewicz et al., 2007; Normanly, 2010; Zhao, 2010). 

The apical-basal transport of auxin has been suggested to be the result of the polar localization of 

auxin efflux proteins to the basal plasma membrane of auxin-transporting cells (Raven, 1975; 

Rubery & Sheldrake, 1974). Indeed, the weak acid indole-3-acetic acid (IAA), which is the most 

abundant auxin in plants, is non-charged in the acidic extracellular space and can freely diffuse 

into the cells through the plasma membrane. By contrast, in the more alkaline intracellular space, 

IAA becomes negatively charged and therefore can no longer diffuse freely through the plasma 
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membrane. As such, specialized auxin efflux proteins, which are encoded by members of the 

PIN-FORMED (PIN) family, transport auxin out of the cell (Petrasek et al., 2006). 

These observations form the basis of the “auxin canalization hypothesis”, which 

postulates that the more a cell transports auxin, the better it becomes at transporting auxin (Sachs 

1981, 1991, 2000). This hypothesis proposes that positive feedback exists between auxin 

movement through a cell and localization of auxin efflux proteins to the site where auxin leaves 

the cell. The hypothesis predicts that the pre-existing vascular strands will gradually restrict 

dispersed auxin flow to preferential auxin transport through files of cells. These cell files will 

eventually differentiate into vascular strands that connect the applied auxin to the pre-existing 

vascular strands. 

Consistent with predictions of the auxin canalization hypothesis, local application of 

auxin results in broad PIN1 expression domains between the site of auxin application and the 

pre-existing vascular strands (Mazur et al., 2016; Sauer et al., 2006). Broad domains of PIN1 

expression become restricted to sites of auxin-induced vascular-strand formation in which PIN1 

is localized to the side of the plasma membrane opposite to the source of auxin application and 

toward the pre-existing vascular strands. 

1.5. The pattern of veins in the leaf 

In the leaves of eudicots such as Arabidopsis, the vein network is composed of a central I-shaped 

midvein; lateral veins, which branch from the midvein and connect to distal veins to form loops; 

and minor veins, which branch from the midvein and loops and either end freely or connect to 

other veins (Telfer & Poethig, 1994; Nelson & Dengler, 1997; Kinsman & Pyke, 1998; Candela 

et al., 1999; Mattsson et al., 1999; Sieburth, 1999; Steynen & Schultz, 2003; Sawchuk et al., 
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2013; Verna et al., 2015). Minor veins and loops curve near the leaf margin to give rise to a 

scalloped vein network outline. 

1.6. Vein patterning, vein formation, auxin transport and auxin 

signalling 

The vein pattern of Arabidopsis leaves is, at least in part, the combined result of auxin transport 

and auxin signalling (Verna et al., 2019).  

Expression and polar localization of PIN1 to the plasma membrane suggest that veins are 

formed by two different mechanisms: one by which the midvein and lateral veins are formed; the 

other by which minor veins are formed (Scarpella et al., 2006; Wenzel et al., 2007). 

Midvein and lateral veins form from broad PIN1 expression domains (PEDs) in the leaf 

inner tissue and PIN1 is localized isotropically, or nearly so, in the plasma membrane of the cells 

in those broad PEDs (Benkova et al., 2003; Reinhardt et al., 2003; Scarpella et al., 2006; Wenzel 

et al., 2007; Bayer et al., 2009; Hay et al., 2006; Heisler et al., 2005). Over time, broad PEDs 

become restricted to sites of formation of midvein and lateral veins and in the cells of midvein 

and lateral veins, PIN1 becomes localized to the side of the plasma membrane facing the pre-

existing veins the PEDs connect to. Broad PEDs are associated with convergence points of PIN1 

polarity in the epidermis of the shoot apical meristem and developing leaves, but convergence 

points of epidermal PIN1 polarity and positioning of midvein and lateral veins are not causally 

related to one another (Govindaraju et al., 2020). 

In contrast to midvein and lateral veins, minor veins form from PEDs that are not 

associated with epidermal convergence points of PIN1 polarity and instead branch from pre-

existing veins (Scarpella et al., 2006; Wenzel et al., 2007; Marcos & Berleth, 2014). Over time, a 
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few of those PEDs will weaken and disappear, but most of them will become restricted to narrow 

sites of minor vein formation (Marcos & Berleth, 2014). PEDs associated with minor vein 

formation can remain connected to pre-existing veins on one side only, in which case PIN1 is 

localized to the side of the plasma membrane facing the pre-existing veins the PEDs connect to 

(Scarpella et al., 2006; Wenzel et al., 2007; Marcos & Berleth, 2014). However, PEDs can, over 

time, connect to pre-existing veins on both sides and at the ends of these PEDs, PIN1 is localized 

to the sides of the plasma membrane facing the pre-existing veins the PEDs connect to. The two 

resulting opposite polarities are connected by a “bipolar cell”, a cell where PIN1 is localized to 

two opposite sides of the plasma membrane. 

Vein loops have a composite origin: minor-vein-associated PEDs branch from lateral-

vein-associated PEDs and connect to the midvein or other lateral veins to form continuous loops 

(Scarpella et al., 2006; Wenzel et al., 2007). At the ends of each loop-associated PED, PIN1 is 

localized to the sides of the plasma membrane facing the pre-existing veins the PED connects to 

and the opposite PIN1 polarities are connected by a bipolar cell. 

If vascular strand formation only depended on the polarity of auxin transport, which in 

turn depends on PIN protein localization (Wisniewska et al., 2006), the most severe pin mutants 

should form no vascular strands. Instead, mutants in all the PIN genes with vein patterning 

function (pin1;3;4;6;7;8) form veins in a reproducible, albeit abnormal, pattern, suggesting that 

there is residual vein patterning activity in these mutants (Verna et al., 2019). Because 

pin1,3,6;4;7;8 leaves respond to auxin application by forming new veins, the residual vein‐

patterning activity in these mutants must be provided, at least in part, by auxin signalling. 

Auxin signalling had never been associated with vein patterning because auxin signalling 

mutants have a normal vein pattern, albeit with fewer veins (Przemeck et al., 1996; Hardtke & 
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Berleth, 1998; Candela et al., 1999; Alonso-Peral et al., 2006; Strader et al., 2008; Esteve-Bruna 

et al., 2013; Verna et al., 2019). Instead, plants in which both auxin transport and auxin 

signalling are compromised have vein pattern defects that are more severe than those of plants in 

which only auxin transport is compromised (Verna et al., 2019). In the most severe cases, 

vascular cells are no longer aligned along the length of the vein but are arranged in seemingly 

random orientations. These findings support the conclusion that the residual vein patterning 

activity of auxin transport mutants is provided by auxin signalling; it furthermore suggests that 

the relationship between auxin transport and auxin signalling in vein patterning is asymmetrical. 

Plants with compromised auxin transport have an abnormal vein pattern (Sawchuk et al., 2013, 

Verna et al., 2015, Verna et al., 2019; Mattsson 1999; Sieburth 1999), suggesting that auxin 

transport is essential for vein patterning even in the presence of a normal auxin signalling 

pathway. By contrast, plants with compromised auxin signalling have a normal vein pattern 

(Przemeck et al., 1996; Hardtke & Berleth, 1998; Candela et al., 1999; Alonso-Peral et al., 2006; 

Strader et al., 2008; Esteve-Bruna et al., 2013; Verna et al., 2019), suggesting that auxin 

signalling is not required for vein patterning in the presence of a normal auxin transport pathway. 

In conclusion, auxin transport can compensate for the absence of auxin-signalling-dependent 

vein patterning activity, but auxin signalling cannot compensate for the absence of auxin-

transport-dependent vein patterning activity (Verna et al., 2019). 

1.7. Scope and outline of the thesis 

The evidence discussed above suggests that auxin induces the polar formation of veins and that 

such inductive and orienting property of auxin depends on the function of PIN genes. How auxin 

precisely controls PIN gene function and derived polar formation of veins is unclear, but the 

prevailing hypothesis has long been that the GNOM (GN) guanine-nucleotide exchange factor 
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for ADP-ribosylation-factor GTPases, which regulates vesicle formation in membrane 

trafficking, coordinates the cellular localization of PIN proteins between cells; the resulting cell-

to-cell, polar transport of auxin would coordinate the polar localization of PIN proteins between 

auxin-transporting cells and control polar developmental processes such as vein formation 

(reviewed in, e.g., (Berleth et al., 2000; Richter et al., 2010; Nakamura et al., 2012; Linh et al., 

2018)). Contrary to predictions of the hypothesis, however, auxin-induced polar vein-formation 

occurs in the absence of PIN proteins or any known intercellular auxin transporter (Verna et al., 

2019), suggesting the presence of auxin-transport-independent vein-patterning pathways. The 

goal of my M.Sc. research was to identify such pathways in Arabidopsis leaves. 

The auxin-transport-independent vein-patterning activity relies, at least in part, on auxin 

signalling and GN turns out to be controlling both auxin transport and signalling to induce vein 

formation (Verna et al., 2019) (Figure 1.1). Whereas mechanisms by which GN may control PIN 

polarity and derived polar auxin transport have been suggested (reviewed in (Richter et al., 2010; 

Luschnig and Vert, 2014); see also (Naramoto et al., 2014) and references therein), it is unclear 

how GN could control auxin signalling, which takes place in the nucleus and is inherently non-

polar (reviewed in (Leyser, 2018)). The most parsimonious account is that auxin signalling leads 

to the production of proteins which control vein patterning and whose localization is controlled 

by GN. In Chapter 2, we tested this hypothesis and identified a family of putative candidates for 

such proteins that includes the receptor-like kinase PHLOEM INTERCALATED WITH 

XYLEM (PXY) (Fisher & Turner, 2007). 

The current hypothesis of vein formation proposes that GN controls both auxin transport 

and auxin signalling to induce vein formation (Verna et al., 2019). However, plants in which 

both auxin transport and signalling are compromised phenocopy only weak alleles of gn,  
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Figure 1.1. Control of auxin-transport- and auxin-signalling-dependent vein patterning by 

GNOM 

Genetic interaction network controlling vein patterning. Arrows indicate positive effects.  
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suggesting the presence of additional, yet-to-be-identified GN-dependent pathways that act 

redundantly to auxin signalling and transport to induce vein formation. To identify such 

pathways, in Chapter 3 we identified and characterized six genetic suppressors of the fragmented 

vein-pattern phenotype of the fewer roots allele of gn. 

The identification of putative candidate proteins which are targets of auxin signalling, 

which control vein patterning and whose localization is controlled by GN required gene 

misexpression by different promoters. This imposed the burden of generating different constructs 

for different gene and promoter combinations. This approach could have been simplified if 

GAL4/GFP enhancer-trap lines existed in Columbia-0 — the genotype of reference in 

Arabidopsis (Koornneef and Meinke, 2010) — with which to drive expression of genes of 

interest in desired cells and tissues of developing leaves. Unfortunately, such lines were not 

available when I started my M.Sc.. In Chapter 4, we addressed this limitation and provided 

GAL4/GFP enhancer-trap lines in the Col-0 background of Arabidopsis for the identification and 

manipulation of cells and tissues in developing leaves (Amalraj et al., 2020). 

Finally, in Chapter 5 we propose and discuss a hypothesis to account for how the auxin 

signalling target PXY — identified in Chapter 2 — could control vein formation redundantly 

with auxin transport.  



 
 

12 

Chapter 2: Identification and characterization of new 

GNOM-dependent regulators of vein patterning 

2.1. Introduction 

Most multicellular organisms solve the problem of long-distance transport of signals and 

nutrients by means of tissue networks such as the vascular system of vertebrate embryos and the 

vein network of plant leaves. How vascular networks are formed is thus a key question in 

biology. In vertebrates, the formation of the embryonic vascular system relies on direct cell-cell 

interaction and, at least in part, on cell migration (e.g., (Noden, 1988; Xue et al., 1999)). By 

contrast, both direct cell-cell interaction and cell migration are precluded in plants by a cell wall 

that keeps cells apart and in place. Therefore, vascular networks form differently in plants. 

How plants form vein networks in their leaves is unclear; however, auxin is so far the 

only known molecule that can induce vascular strand formation in plant tissues (reviewed in 

(Sachs, 1981; Berleth et al., 2000; Sawchuk and Scarpella, 2013; Ravichandran et al., 2020)). 

This unique property of auxin seems to depend on its polar transport through plant tissues 

(Thompson, 1966). Indeed, auxin is primarily synthesized in immature apical organs, such as 

leaf and flower primordia and is transported basally to the roots through vascular strands (Went, 

1928; Thimann and Skoog, 1934; Avery, 1935; Wangermann, 1974). The resulting apical-basal 

transport of auxin seems to depend on the polar localization of auxin transporters of the PIN-

FORMED (PIN) family to the basal plasma-membrane of auxin-transporting cells (Petrasek et 

al., 2006; Wisniewska et al., 2006). 

How plants coordinate PIN polar localization between auxin-transporting cells is unclear, 

but for the past 20 years the prevailing hypothesis has been that GNOM (GN) — a guanine-
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nucleotide exchange factor for ADP-ribosylation factors that regulates vesicle formation in 

membrane trafficking — controls the cellular localization of PIN proteins; the resulting cell-to-

cell, polar transport of auxin would coordinate PIN polarity between auxin-transporting cells and 

control polar developmental processes such as vein formation (reviewed in, e.g., (Berleth et al., 

2000; Richter et al., 2010; Nakamura et al., 2012; Linh et al., 2018)). Contrary to predictions of 

this hypothesis, however, vein formation occurs in the absence of PIN proteins or any known 

intercellular auxin transporter; it turns out that auxin-transport-independent vein patterning 

relies, at least in part, on auxin signalling and that GN controls both auxin transport and 

signalling to induce vein formation (Verna et al., 2019). 

Whereas mechanisms by which GN may control PIN polarity and derived polar auxin 

transport have been suggested (reviewed in (Richter et al., 2010; Luschnig and Vert, 2014); see 

also (Naramoto et al., 2014) and references therein), it is unclear how GN could control auxin 

signalling, which takes place in the nucleus and is inherently nonpolar (reviewed in (Leyser, 

2018)). The most parsimonious account is that auxin signalling leads to the production of 

proteins which control vein patterning and whose localization is controlled by GN (Verna et al., 

2019). These proteins, if existing, would be expressed at lower levels in plants in which both 

auxin transport and auxin signalling are inhibited than in plants in which only auxin transport is 

inhibited. By leveraging this expectation, here we combined gene expression screening and 

molecular genetic analysis to test the hypothesis that auxin signalling leads to the production of 

proteins which control vein patterning synergistically with auxin transport and whose 

localization is controlled by GN. 



 
 

14 

2.2. Results & discussion 

2.2.1. A gene expression screen for auxin signalling targets that control vein 

patterning synergistically with auxin transport 

To test the hypothesis that auxin signalling leads to the production of proteins which control vein 

patterning synergistically with auxin transport and whose localization is controlled by GN, we 

screened for genes whose expression is lower in plants in which both auxin transport and auxin 

signalling are inhibited than in plants in which only auxin transport is inhibited. 

To identify such genes, we first sequenced mRNA from (1) 4-day-old leaves of WT 

grown in the presence of 100 μM N‐1‐naphthylphthalamic acid (NPA), which inhibits auxin 

transport (Morgan and Söding, 1958) and of the double mutant transport inhibitor response1 ; 

auxin signalling f-box2 (tir1;afb2), which lacks the two auxin receptors that most contribute to 

auxin signalling (Dharmasiri et al., 2005), grown in the presence of 100 μM NPA; and (2) 4-day-

old leaves of WT grown in the presence of 25 μM NPA and of WT grown in the presence of 25 

μM NPA and 10 μM phenylboronic acid (PBA), which inhibits auxin signalling (Matthes and 

Torres-Ruiz, 2016). We found (1) 21,572 genes that were expressed in both NPA-grown WT and 

NPA-grown tir1;afb2; and (2) 21,585 genes that were expressed in both NPA-grown WT and 

PBA and NPA-grown WT (Figure 2.1).  

We next asked for which genes expression was (1) ≥1.5-fold higher in NPA-grown WT 

than in NPA-grown tir1;afb2 and (2) ≥1.5-fold higher in NPA-grown WT than in PBA- and 

NPA-grown WT. We found (1) 1,877genes whose expression was ≥1.5-fold higher in NPA-

grown WT than in NPA-grown tir1;afb2 and (2) 4,066 genes whose expression was ≥1.5-fold 

higher in NPA-grown WT than in PBA- and NPA-grown WT (Figure 2.1).  



 
 

15 

 

 

Figure 2.1. Flowchart of screen for auxin signalling targets that control vein patterning 

synergistically with auxin transport 

Proportional Venn diagrams of number of genes expressed in the indicated genotypes and  

treatments.  
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Finally, we asked for which genes expression was both ≥1.5-fold higher in NPA-grown 

WT than in NPA-grown tir1;afb2 and ≥1.5-fold higher in NPA-grown WT than in PBA- and 

NPA-grown WT. We found 887 such genes (Figure 2.1). 

Because GN regulates protein trafficking to the plasma membrane (reviewed in (Richter 

et al., 2010; Luschnig and Vert, 2014); see also (Naramoto et al., 2014) and references therein), 

we expect genes encoding proteins which control vein patterning synergistically with auxin 

transport, whose expression is controlled by auxin signalling and whose localization is controlled 

by GN to encode proteins that are localized to the plasma membrane or secreted to the 

extracellular space. Therefore, we asked which of the 887 genes whose expression was both 

≥1.5-fold higher in NPA-grown WT than in NPA-grown tir1;afb2 and ≥1.5-fold higher in NPA-

grown WT than in PBA- and NPA-grown WT encoded proteins that are predicted to be localized 

to the plasma membrane or secreted to the extracellular space. By means of the SUBA4 tool 

(Hooper et al., 2017), we found 292 such genes (Figure 2.1). 

2.2.2. Contribution of auxin signalling targets to vein network formation 

Two hundred ninety-two genes (1) are expressed at lower levels in plants in which both auxin 

transport and auxin signalling are inhibited than in plants in which only auxin transport is 

inhibited and (2) encode proteins that are predicted to be localized to the plasma membrane or 

secreted to the extracellular space (Figure 2.1). 

To test whether such auxin signalling targets control vein network formation, we selected 

28 of the 292 genes because they belong to families that have been shown to have functions in 

cell polarization, auxin signalling, auxin transport, or vascular development (Wu et al., 2001; 

Cheung et al., 2003; Lukowitz et al., 2004; DeYoung et al., 2006; Mouchel et al., 2006; Fisher 
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and Turner, 2007; Lavy et al., 2007; Ceserani et al., 2009; Scacchi et al., 2009; Beuchat et al., 

2010; Hazak et al., 2010; Agusti et al., 2011; Lin et al., 2012; Chen et al., 2013; Nibau et al., 

2013; Uchida and Tasaka, 2013; Wang et al., 2013; Choi et al., 2014; Smékalová et al., 2014; 

Matthes and Torres-Ruiz, 2016; Enders et al., 2017; Ruiz Sola et al., 2017; Li et al., 2019) (Table 

2.1). We identified mutants in those 28 genes and, for 18 of them, in their 25 most-closely 

related genes (Table 2.1). Should those 53 genes mediate auxin signalling functions in vein 

network formation, their mutants would have vein network defects similar to those of auxin 

signalling mutants; we asked whether that were so. 

WT Arabidopsis grown under normal conditions forms separate leaves whose vein 

networks are defined by at least four reproducible features : (1) a narrow I‐shaped midvein that 

runs the length of the leaf; (2) lateral veins that branch from the midvein and join distal veins to 

form closed loops; (3) minor veins that branch from midvein and loops and either end freely or 

join other veins; (4) minor veins and loops that curve near the leaf margin, giving a scalloped 

outline to the vein network (Telfer and Poethig, 1994; Nelson and Dengler, 1997; Kinsman and 

Pyke, 1998; Candela et al., 1999; Mattsson et al., 1999; Sieburth, 1999; Steynen and Schultz, 

2003; Sawchuk et al., 2013; Verna et al., 2015; Verna et al., 2019) (Fig. 2.2A,B,E). 

Vein networks of tir1;afb2 and PBA-grown WT deviate from those of WT grown under 

normal conditions in two respects: (1) closed loops were often replaced by open loops, i.e. loops 

that contact the midvein or other loops at only one of their two ends; (2) veins were often 

replaced by “vein fragments”, i.e. stretches of vascular elements that fail to contact other 

stretches of vascular elements at either one of their two ends (Verna et al., 2019) (Fig. 2.2C–D)  
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Table 2.1. Auxin signalling targets and closely related genes of 

which we assessed function in vein network formation 

Auxin signalling target Closely related genes Function 

 Locus ID Gene Name Locus ID Gene name 

AT5G51350 MOL1   Vascular development 

(Agusti et al., 2011) 

AT3G05140 RBK2   Auxin signalling (Enders 

et al., 2017) 

AT5G05160 RUL1   Vascular development 

(Agusti et al., 2011) 

AT1G71830 SERK1   Vascular development 

(Li et al., 2019) 

AT2G01950 VH1/BRL2   Vascular development 

(Cesarani et al., 2008) 

AT3G49670 BAM2 AT3G23920 

 

BAM1 Vascular development 

(Deyoung et al., 2006) 

  AT4G17090 BAM3 

AT2G47160 BOR1 AT3G62270  BOR2 Auxin signalling 

(Matthes and Torres-

Ruiz, 2016) 

AT1G15460 BOR4 AT3G06450  BOR3 

  AT1G74810  BOR5 
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Auxin signalling target Closely related genes Function 

 Locus ID Gene Name Locus ID Gene name 

AT1G80760 NIP6;1/NLM7 AT4G10380 NIP5;1/NLM6 

 

Auxin signalling 

(Matthes and Torres-

Ruiz, 2016) 

AT3G09070 OPS AT2G38070 OPL Cell polarization and 

vascular development 

(Ruiz Sola et al., 2017) 

AT5G61480 PXY/TDR AT1G08590 PXL1 Vascular development 

(Fisher et al., 2007) AT4G28650 PXL2 

AT2G36570 PXC1   Vascular development 

(Wang et al., 2013) 

AT5G01890 PXC2    

AT2G41820 PXC3    

AT5G16490 RIC4 AT1G27380 RIC2 Cell polarization (Wu et 

al., 2001) AT4G28556 RIC7 AT2G20430 RIC6 

AT1G17140 RIP1/ICR1   Auxin signalling, cell 

polarization and vascular 

development (Lavy et al., 

2007, Hazak et al., 2010) 

AT1G78430 RIP2/ICR4   

AT4G28950 ROP9/RAC7 AT3G48040 ROP10/RAC8 Auxin signalling and cell 

polarization (Nibau et al, 
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Auxin signalling target Closely related genes Function 

 Locus ID Gene Name Locus ID Gene name 

2013, Cheung et al., 

2003, Choi et al., 2014) 

 AT5G62880 ROP11/RAC10  

AT1G31880 BRX/NLM9 AT3G14000 BRXL2 Auxin signalling, cell 

polarization and vascular 

development (Mouchel at 

al., 2006, Scacchi et al., 

2009, Beuchat et al., 

2010) 

AT2G35600 BRXL1 AT1G54180 BRXL3  

AT5G20540 BRXL4    

AT2G26330 ER/QRP1 AT5G62230 ERL1 Auxin signalling, cell 

polarization and vascular 

development (Uchida et 

al., 2013, Chen et al., 

2013) 

AT5G07180 ERL2    

AT2G42800 RLP29 AT1G34290 RLP5 Auxin signalling and cell 

polarization (Lukowitz et 

al., 2004, Smekalova et 

al., 2014) 
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Auxin signalling target Closely related genes Function 

 Locus ID Gene Name Locus ID Gene name 

AT5G45770 RLP55 AT1G65380 RLP10/CLV2  

 AT1G80080 RLP17/TMM  

 AT4G18760 RLP51/SNC2  

 AT5G65830 RLP57  

 AT1G63700 YDA/EMB71  

AT1G11130 SCM/SUB AT2G20850  SRF1  Vascular development 

(Lin et al., 2012) 

  AT4G03390  SRF3  

AT3G02640 TMP AT5G16250 TMPL Unknown 



 
 

22 

 

Figure 2.2. Contribution of auxin signalling to vein patterning 

(A,B) Vein pattern of WT mature first leaf. In A: green, midvein; yellow, loops; cyan, minor 

veins. (B–D) Dark-field illumination of mature first leaves illustrating phenotype classes (top 

right): class I, narrow I-shaped midvein and scalloped vein-network outline (B); class II, open 

vein-network outline (C); class VI, fragmented vein network and open vein-network outline (D). 

(E) Percentages of leaves in phenotype classes. Difference between tir1;afb2 and WT was 

significant at P<0.001 (***) by Kruskal- Wallis and Mann-Whitney test with Bonferroni 

correction. Sample sizes: WT, 43; tir1;afb2, 41. Bars: (B–D) 1 mm.
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We divided the 28 auxin signalling targets of which we tested the contribution to vein 

network formation in three groups: (1) genes for which we did not address possible functional 

redundancy with closely related genes; (2) genes for which we partially addressed possible 

functional redundancy with closely related genes; (3) genes for which we fully addressed 

possible functional redundancy with closely related genes. 

2.2.2.1. Genes for which we did not address possible functional redundancy 

with closely related genes 

The vein networks of more lateral growth1 (mol1), rho-related-protein-from-plants-binding 

protein kinase2 (rbk2), reduced in lateral growth1 (rul1), somatic embryogenesis receptor-like 

kinase1 (serk1) and vascular highway1 / brassinosteroid-insensitive1-like2 (vh1/brl2; vh1 

hereafter) were no different from those of WT (Figure 2.3), suggesting that the respective WT 

genes have no function in vein network formation or their function is redundant. 

2.2.2.2. Genes for which we partially addressed possible functional 

redundancy with closely related genes 

The vein networks of the barely any meristem1 (bam1), bam2, bam3, requires high boron1 

(bor1), bor2, bor3, bor4 and bor5 single mutants and the bam1 bam3 (bam1;3 hereafter), bor1;2, 

bor1;3 and bor4;5 double mutants were no different from those of WT (Fig. 2.4B,C), suggesting 

that the respective WT genes have no function in vein network formation or their function is 

redundant.  
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Figure 2.3. Contribution of auxin signalling targets to vein patterning 

(A–E) Percentages of leaves in phenotype classes (defined in Figure 2.2). Sample sizes: WT, 41 

(A); WT, 39 (B); WT, 40 (C); WT, 42 (D); WT, 40 (E); mol1, 40; rbk2, 41; rul1, 43; serk1, 44;  

vh1, 40.  
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Figure 2.4. Contribution of auxin signalling targets to vein patterning 

Dark-field illumination of mature first leaf illustrating phenotype class III (top right): narrow Y-

shaped midvein and scalloped vein-network outline; class IV: narrow Y-shaped midvein and 
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open vein-network outline (not shown); class V: fragmented vein network (not shown). (B–J) 

Percentages of leaves in phenotype classes (defined above and in Figure 2.2). Difference 

between nip5;1 and WT, nip6;1 and WT, nip5;1;6;1 and nip5;1, ops and WT, pxy and WT, 

MP::PXYΔK;pxy and pxy, ric4 and WT, ric6 and WT, ric7 and WT, ric6;7 and ric7, rip1;2 and 

WT and rop9 and WT was significant at P<0.05 (*), P<0.01 (**), or P<0.001 (***) by Kruskal- 

Wallis and Mann-Whitney test with Bonferroni correction. Sample sizes: WT, 41 (B); WT, 46 

(C); WT, 51 (D); WT, 42 (E); WT, 39 (F); WT, 41 (G); WT, 42 (H); WT, 47 (I); WT, 47 (J); 

bam1, 42; bam2, 42; bam3, 39; bam1;3, 41; bor1, 42; bor2, 53; bor3, 49; bor4, 47; bor5, 47; 

bor1;2, 41; bor1;3, 43; bor4;5, 39; nip5, 50; nip6, 49; nip5;6, 49; ops, 40; opl, 42; ops;opl 41; 

pxy, 56; pxl1, 40; pxl2, 42; MP::PXYΔK;pxy, 52; MP::PXYΔK;pxy;pxl1, 36; 

MP::PXYΔK;pxy;pxl2, 37; pxc1, 36; pxc2, 33; pxc3, 39; pxc1;3, 37; pxc2;3, 38; 

MP::PXYΔK;pxy, 49; MP::PXYΔK;pxy;pxc1, 40; MP::PXYΔK;pxy;pxc2, 39; 

MP::PXYΔK;pxy;pxc3, 40; ric2, 43; ric4, 40; ric6, 38; ric7, 48; ric6;7, 41; rip1, 40; rip2, 39; 

rip1;2, 40; rop9, 61; rop10, 36; rop11, 40; rop9;10, 42; rop9;11, 44; MP::ROP9T20A;rop9, 41. 

Bar: (A) 1 mm.  
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By contrast, in ~25% of the leaves of nod26-like intrinsic protein5;1 / nod26-like major 

intrinsic protein6 (nip5;1/nlm6; nip5;1 hereafter) and nip6;1/nlm7 (nip6;1 hereafter), loops were 

open or midveins were Y-shaped (Fig. 2.4A,D), suggesting that NIP5;1 and NIP6;1 non-

redundantly control vein network formation. Because the vein network defects of nip5;1;6;1 

were more severe than those of nip5;1 but no different from those of nip6;1 (Fig. 2.4D), we 

conclude that NIP6;1 acts upstream of NIP5;1 in the same vein-network formation pathway. 

In ~50% of the leaves of octopus (ops), loops were open or veins were fragmented (Fig. 

2.4E), suggesting that OPS non-redundantly controls vein network formation. By contrast, the 

vein networks of octopus-like2 (opl2) were no different from those of WT (Fig. 2.4E), 

suggesting that OPL2 has no nonredundant functions in vein network formation. Moreover, 

because the vein networks of ops;opl2 were no different from those of ops (Fig.2 4E), we 

conclude that OPL2 also lacks functions in vein network formation that are redundant to those of 

OPS. Alternatively, OPL2 functions in OPS-dependent vein network formation are masked by 

redundancy with other OPL genes. 

In 25% of the leaves of phloem intercalated with xylem / tracheary element 

differentiation inhibitory factor receptor (pxy/tdr; pxy hereafter), loops were open, midveins 

were Y-shaped, or veins were fragmented (Fig. 2.4F), suggesting that PXY non-redundantly 

controls vein network formation. To test whether PXY also controlled vein network formation 

redundantly, we created — as previously done for other receptor kinases (Amaya et al., 1991; 

Ueno et al., 1991; Hemmati-Brivanlou and Melton, 1992) — a dominant-negative version of 

PXY that has the ligand-binding domain but lacks the signal transduction domain (PXYΔK) 

(Table 2.2) (Fig. 2.5A,B); we overexpressed PXYΔK in the pxy background by the   
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Table 2.2. Origin and nature of lines 

Line  Origin/nature 

mol1-1 SAIL 384_A06 (ABRC); Agusti et al., 2011 

rbk2-K272 SALK_033272 (ABRC); contains a single T-DNA insertion at position 

+184 of RBK2 (AT3G05140) 

rul1-2 SALK_121868C (ABRC); Agusti et al., 2011 

serk1-1 SALK_044330 (ABRC); Albrecht et al., 2005 

vh1-K625 SALK_142625C (ABRC); contains a single T-DNA insertion at 

position +126 of VH1 (AT2G01950) 

bam1-3 CS16304 (ABRC); DeYoung et al., 2006 

bam2-T967 GK-791G02-024967(ABRC); contains a single T-DNA insertion at 

position +64 of BAM2 (AT3G49670) 

bam3-2 CS800012 (ABRC); DeYoung et al., 2006 

bor1-3 SALK_037312 (ABRC); Kasai et al., 2011 

bor2-K630 SALK_206630C (ABRC); contains a single T-DNA insertion at 

position +94 of BOR2 (AT3G62270) 

bor3-K011 SALK_016011 (ABRC); contains a single T-DNA insertion at position 

+164 of BOR3 (AT3G06450) 

bor4-K793 SALK_133793(ABRC); contains a single T-DNA insertion at position 

+126 of BOR4 (AT1G15460) 

bor5-T946 GK-786D04-024946 (ABRC); contains a single T-DNA insertion at 

position +75 of BOR5 (AT1G74810) 
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Line  Origin/nature 

nip5;1-1 SALK_122287C (ABRC); Takano et al., 2006 

nip6;1-1 SM 3.15719 (ABRC); Tanaka et al., 2008 

ops-2 SALK_139316 (ABRC); Truernit et al., 2012 

opl2-1 SALK_004773C (ABRC); Ruiz Sola et al., 2017 

pxy-3 CS9872 (ABRC); Fisher et al., 2007 

MP::PXYΔK Transcriptional fusion of MP (AT1G18950; -3281 to -1; 

primers: “MP SalI Fwd” and “MP BamHI Rev”) to the sequence 

encoding PXYΔK (AT5G61480; +1 to +2148; primers “PXY-K 

BamH1 Fwd” and “PXYK Kpn1 Rev”) 

pxl1-1 SALK_001782 (ABRC); Etchells et al., 2013 

pxl2-1 SALK_114354C (ABRC); Etchells et al., 2013 

pxc1-3 WISCDSLOX470G6 (ABRC); Wang et al., 2013 

pxc2-K351 SALK_055351C (ABRC); contains a single T-DNA insertion at 

position +89 of PXC2 (AT5G01890) 

pxc3-K805 SALK_092805C (ABRC); contains a single T-DNA insertion at 

position +189 of PXC3 (AT2G41820) 

ric4-K799 SALK_015799C (ABRC); contains a single T-DNA insertion at 

position +136 of RIC4 (AT5G16490) 

ric2-K885 SALK_070885 (ABRC); contains a single T-DNA insertion at position 

+128 of RIC2 (AT1G27380) 

ric6-K237 SALK_066237 (ABRC); contains a single T-DNA insertion at position 

+198 of RIC6 (AT2G20430) 
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Line Origin/nature 

ric7-K781 CS923572 (ABRC); contains a single T-DNA insertion at position +137 

of RIC7 (AT4G28556) 

rip1-LG05 SAIL_265_G05 (ABRC); contains a single T-DNA insertion at position 

+141 of RIP1 (AT1G17140) 

rip2-LG04 SAIL_1234_G04 (ABRC); contains a single T-DNA insertion at 

position +105 of RIP2 (AT1G78430) 

rop9-LG06 SAIL_222_C06 (ABRC); contains a single T-DNA insertion at position 

+154 of ROP9 (AT4G28950) 

rop10-K190 SALK_030190 (ABRC); contains a single T-DNA insertion at position 

+94 of ROP10 (AT3G48040) 

rop11-K681 SALK_039681 (ABRC); contains a single T-DNA insertion at position 

+112 of ROP11 (AT5G62880) 

MP::ROP9T20A Transcriptional fusion of MP (AT1G18950; -3281 to -1; 

primers: “MP SalI Fwd” and “MP BamHI Rev”) to ROP9T20A 

(AT4G28950; +1 to +1417; primers: “ROP9-DN Fwd” and “ROP9-DN 

Rev” and “ROP9-BamH1 Fwd” and “ROP9-Kpn1 Rev”) 

brxl4-K411 SALK_022411C (ABRC); contains a single T-DNA insertion at 

position +163 of BRXL4 (AT5G20540) 

brx(Uk-1);brxl1-

1;brxl2-1;brxl3-1 

Briggs et al., 2006 

er-105 CS89504 (ABRC); Torii et al., 1996 

erl2-1 CS6588 (ABRC); Shpak et al., 2004  
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Line Origin/nature 

er-105;erl2-1 Shpak et al., 2004 

er-105;erl1-2;erl2-1 Shpak et al., 2004 

rlp5-1 SALK_112291 (ABRC); Wang et al., 2008 

rlp10-1 GABI_686A09 (ABRC); Wang et al., 2008 

rlp17-1 CS6140 (ABRC); Wang et al., 2008 

rlp29-1 SALK_022220 (ABRC); Wang et al., 2008 

rlp55-1  SAIL_633_E08 (ABRC); Wang et al., 2008  

rlp51-1 SALK_143038 (ABRC); Wang et al., 2008 

rlp57-1 SALK_077716 (ABRC); Wang et al., 2008 

yda-1 CS6392 (ABRC); Lukowitz et al., 2004 

yda-2 CS6393 (ABRC); Lukowitz et al., 2004 

scm-2 SALK_086357 (ABRC); (Kwak et al., 2005) 

srf1-2 SALK_081679 (ABRC); Eyuboglu et al., 2007 

srf3-1 SALK_204435 (ABRC); Eyuboglu et al., 2007 

MP::SCMΔK Transcriptional fusion of MP (AT1G18950; -3281 to -1; 

primers: “MP SalI Fwd” and “MP BamHI Rev”) to the sequence 

encoding SCMΔK (AT1G11130; +1 to +2654; primers “SCM-K 

BamH1 Fwd”and “SCM-K Kpn1 Rev”) 

RPS5A::SCMΔK Transcriptional fusion of RPS5A (AT3G11940; -2236 to –1; 

primers: “RPS5A SmaI For” and “RPS5A SmaI Rev”) to the 

sequence encoding SCMΔK (AT41G11130; +1 to +2654; primers 

“SCM-K Kpn1 Fwd” and “SCM-K Kpn1 Rev”) 
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Line Origin/nature 

tmp-K336 SALK_060336 (ABRC); contains a single T-DNA insertion at position 

+102 of TMP (AT3G02640) 

tmpl-K814 SALK_031814C (ABRC); contains a single T-DNA insertion at 

position +73 of TMPL (AT5G16250) 
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Figure 2.5. Structure of dominant-negative variant constructs 

(A) Domain structure of WT LRR-RLK proteins. (B) Domain structure of MP::PXYΔK. (C) 

Domain structure of MP::ROP9T20A. (D) Domain structure of RPS5A::SCMΔK.  
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MONOPTEROS (MP) promoter, which is active in developing veins (Sawchuk et al., 2013); and 

we analyzed the vein networks of the resulting MP::PXYΔK;pxy. Because the vein networks 

defects of MP::PXYΔK;pxy were more severe than those of pxy (Fig. 2.4F), we conclude that 

PXY also controls vein network formation redundantly. We next asked whether such redundant 

functions were provided by PXY-LIKE1 (PXL1) and PXL2, mutation of which leads to normal 

vein networks (Fig. 2.4F). To address this question, we analyzed vein networks of 

MP::PXYΔK;pxy;pxl1 and MP::PXYΔK;pxy;pxl2. Because the vein networks defects of 

MP::PXYΔK;pxy;pxl1 and MP::PXYΔK;pxy;pxl2 were no different from those of 

MP::PXYΔK;pxy (Fig. 2.4F), we conclude that PXL1 and PXL2 have no function in PXY-

dependent vein network formation or their functions are redundant with each another’s. 

The vein networks of pxy/tdr-correlated1 (pxc1), pxc2, pxc3, pxc1;3 and pxc2;3 were no 

different from those of WT (Fig. 2.4G), suggesting that PXC genes have no nonredundant 

functions in vein network formation. Because of the similarity between PXC genes and PXY/PXL 

genes (Wang et al., 2013), we asked whether PXC genes functioned redundantly with PXY/PXL 

genes in vein network formation. To address this question, we analyzed vein networks of 

MP::PXYΔK;pxy;pxc1, MP::PXYΔK;pxy;pxc2 and MP::PXYΔK;pxy;pxc3. Because the vein 

networks defects of MP::PXYΔK;pxy;pxc1, MP::PXYΔK;pxy;pxc2 and MP::PXYΔK;pxy;pxc3 

were more severe than those of MP::PXYΔK;pxy (Fig. 2.4G), we conclude that PXC genes have 

no function in PXY-dependent vein network formation or their functions are redundant with one 

another’s. 

The vein networks of rho-related-protein-from-plants-interactive cdc42 rac-interactive-

binding motif-containing protein2 (ric2) were no different from those of WT (Fig. 2.4H), 

suggesting that RIC2 has no nonredundant functions in vein network formation. By contrast, in 
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~15–30% of the leaves of ric4, ric6 and ric7, loops were open or midveins were Y-shaped (Fig. 

2.4H), suggesting that RIC4, RIC6 and RIC7 non-redundantly controls vein network formation. 

Because the vein network defects of ric6;7 double mutant were more severe than those of ric7 

but no different from those of ric6 (Fig. 2.4H), we conclude that RIC6 acts upstream of RIC7 in 

the same vein-network formation pathway. 

The vein networks of rho-related-protein-from-plants-interactive partner1 / interactor of 

constitutively active rho-related-protein-from-plants1 (rip1/icr1; rip1 hereafter) and rip2/icr4 

(rip2 hereafter) were no different from those of WT (Fig. 2.4I), suggesting that RIP1 and RIP2 

have no nonredundant function in vein network formation. Because in ~25% of the leaves of 

rip1;2 loops were open or midveins were Y-shaped (Fig. 2.4I), we conclude that RIP1 and RIP2 

function redundantly with each other in vein network formation. 

In ~15% of the leaves of rho-related protein from plants9 / rat-sarcoma-related-c3-

botulinum-toxin-substrate-like7 (rop9/rac7; rop9 hereafter), loops were open or midveins were 

Y-shaped (Fig. 2.4J), suggesting that ROP9 non-redundantly controls vein network formation. 

By contrast, the vein networks of rop10/rac8 (rop10 hereafter) and rop11/rac10 (rop11 

hereafter) were no different from those of WT (Fig. 2.4J), suggesting that ROP10 and ROP11 

have no nonredundant functions in vein network formation. To test whether ROP10 and ROP11 

functioned redundantly with ROP9 in vein network formation, we analyzed the vein networks of 

rop9;10 and rop9;11. Because the vein network defects of the rop9;10 and rop9;11 were no 

different from those of rop9 (Fig. 2.4J), we conclude that ROP10 and ROP11 have no function in 

ROP9-dependent vein network formation or their functions are redundant with each other’s. To 

test whether ROP9 has any redundant functions in vein network formation, we created — as 

previously done (Feiguelman et al., 2018) — a dominant-negative version of ROP9 (ROP9T20A) 
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(Table 2.2) (Fig. 2.5C); we overexpressed ROP9T20A by the MP promoter in the rop9 

background; and we analyzed the vein networks of the resulting MP::ROP9T20A;rop9. Because 

the vein network defects of MP::ROP9T20A;rop9 were no different from those of rop9 (Fig. 2.4J), 

we conclude that ROP9 has no redundant functions in vein network formation. 

2.2.2.3. Genes for which we fully addressed possible functional redundancy 

with closely related genes 

The vein networks of the brevix-radis-like4 (brxl4) single mutant were no different from those of 

WT, but in ~40% of the leaves of brx;brxl1;2;3, loops were open or midvein were Y-shaped 

(Fig. 2.6A). Because the vein networks of brx;brxl1;2;3;4 were no different from those of 

brx;brxl1;2;3 (Fig. 2.6A), we conclude that BRXL4 has no function in vein network formation. 

By contrast, BRX and BRXL1–3 control vein network formation, but their relative contribution 

remains undetermined. 

The vein networks of erecta / quantitative resistance to plectosphaerella1 (er/qrp1; er 

hereafter) were no different from those of WT, but in ~20% of the leaves of er-like2 (erl2), loops 

were open, midveins were Y-shaped, or veins were fragmented (Fig. 2.6B). Because the vein 

network defects of er;erl2 were more severe than those of erl2 (Fig. 2.6B), we conclude that ER 

controls vein network formation redundantly with ERL2. By contrast, the vein network defects of 

er;erl1;2 were no different from those of er;erl2 (Fig. 2.6B); therefore, ERL1 has no function in 

vein network formation.  

The vein networks of receptor-like protein5 (rlp5), rlp10/clavata2 (rlp10/clv2; rlp10 

hereafter), rlp17 / too many mouths (rlp17/tmm; rlp17 hereafter), rlp29, rlp17;29 and rlp55 were  
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Figure 2.6. Contribution of auxin signalling targets to vein patterning 

(A–E) Percentages of leaves in phenotype classes. Class I–VI defined in Figures 2.2 and 2.4; 

class VII: Y-shaped midvein and fragmented vein network (not shown); class VIII: Y-shaped 

midvein, open vein-network outline and fragmented vein network (not shown). Difference 

between brx;brxl1;2;3 and WT, erl2 and WT, er;erl2 and erl2, rlp51 and WT, rlp57 and WT, 

yda-1 and rlp51, yda-1 and rlp57, yda-2 and rlp51, yda-2 and rlp57, scm and WT, scm;srf1 and 

scm, scm;srf3 and scm, tmp and WT and tmpl and WT was significant at P<0.05 (*), P<0.01 

(**), or P<0.001 (***) by Kruskal- Wallis and Mann-Whitney test with Bonferroni correction. 
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Sample sizes: WT, 49 (A); WT, 40 (B); WT, 43 (C); WT, 44 (D); WT, 45 (E); brxl4, 50; 

brx;brxl1;2;3, 47; brx;brxl1;2;3;4, 48; er, 75; erl2, 106; er;erl2, 74; er;erl1;2, 55; rlp5, 41; rlp10, 

43; rlp17, 54; rlp29, 42; rlp51, 42; rlp55, 51; rlp57 43; rlp17;29, 45; rlp51;55, 46; yda-1, 23; 

yda-2, 27; scm, 106; srf1, 41; srf3, 39; scm;srf1, 70; scm;srf3, 76; scm;srf1;3, 71; 

MP::SCMΔK;scm, 44; tmp, 46; tmpl, 57.  
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no different from those of WT (Fig. 2.6C), suggesting that the respective WT genes have no 

function in vein network formation or their function is redundant. By contrast, in ~20% of the 

leaves of rlp51 / suppressor of nonexpresser-of-pathogen-related-genes1-1 constitutive2 

(rlp51/snc2; rlp51 hereafter) and rlp57, loops were open and midveins were Y-shaped (Fig. 

2.6C), suggesting that RLP51 and RLP57 non-redundantly control vein network formation. 

Because the vein network defects of the rlp51;55 double mutant were no different from those of 

rlp51 (Fig. 2.6C), we conclude that RLP55 has no function in vein network formation or its 

function is redundant. 

RLP-dependent signalling in development is mainly mediated by YODA / EMBRYO-

DEFECTIVE71 (YDA/EMB71; YDA hereafter) (reviewed in (He et al., 2018; Zhang et al., 

2018)). Therefore, to test whether the RLP family has functions in vein network formation 

beyond those provided by RLP51 and RLP57, we compared the vein networks of yda with those 

of rlp51 and rlp57. Because the vein network defects of yda are more severe than those of rlp51 

and rlp57 (Fig. 2.6C), we conclude that the RLP family has functions in vein network formation 

beyond those provided by RLP51 and RLP57. 

In ~80% of the leaves of scrambled/strubbelig (scm/sub; scm hereafter), loops were open, 

midveins were Y-shaped, or veins were fragmented (Fig. 2.6D), suggesting that SCM non-

redundantly controls vein network formation. To test whether SCM also controlled vein network 

formation redundantly, we analyzed the vein networks of double and triple mutants between scm 

and mutations in SUB-RECEPTOR FAMILY1 (SRF1) and SRF3, which have no nonredundant 

function in vein network formation (Fig. 2.6D). Furthermore, we created — as previously done 

(Kwak et al., 2014) — a dominant-negative version of SCM that has the ligand-binding domain 
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but lacks the signal transduction domain (SCMΔK) (Table 2.2) (Fig. 2.5D); we overexpressed 

SCMΔK in the scm background by the broadly active RIBOSOMAL PROTEIN S5A (RPS5A) 

promoter (Weijers et al., 2001); and we analyzed the vein networks of the resulting 

RPS5A::SCMΔK;scm.  

The vein network defects of scm;srf1 and scm;srf3 were milder than those of scm; the 

vein network defects of scm;srf1;3 were no different from those of scm;srf1 and scm;srf3; and 

the vein network defects of RPS5A::SCMΔK;scm were no different from those of scm;srf1;3 

(Fig. 2.6D). Therefore, we conclude that SCM promotes vein network formation and that, at least 

in part, it does so by repressing the inhibitory function of SRF1 and SRF3. Furthermore, we 

conclude that SCM has no redundant functions in vein network formation. 

Finally, in ~15% of the leaves of transmembrane protein (tmp) and tmp-like (tmpl), loops 

were open, midveins were Y-shaped, or veins were fragmented (Fig. 2.6E), suggesting that TMP 

and TMPL non-redundantly control vein network formation. We were unable to identify plants 

that are tmp homozygous and tmpl heterozygous, tmp heterozygous and tmpl homozygous, or 

tmp homozygous and tmpl homozygous among 48 plants progeny of selfed TMP/tmp;TMPL/tmpl 

plants (Table 2.3), suggesting that the double mutant is gametophytic lethal and that TMP and 

TMPL redundantly control a fundamental cellular function. 

In conclusion, our results suggest that vein network formation is controlled by the auxin 

signalling targets BRX and BRXL1–3; ERL2 and, redundantly with ERL2, ER; NIP5 and NIP6; 

OPS; PXY, non-redundantly and redundantly with PXY-related genes; RIC4, RIC6 and RIC7; 

RIP1 and RIP2, redundantly with each other; RLP51 and RLP57, through YDA; ROP9; SCM; and 

TMP and TMPL. 
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Table 2.3. Genotype distribution in progeny of selfed 

TMP/tmp;TMPL/tmpl plants 

Genotype Expected frequency Observed frequency 

(Proportion) 

TMP/TMP;TMPL/TMPL 0.0625 0.0930 (4/43) 

TMP/TMP;TMPL/tmpl 0.1250 0.2330 (10/43) 

TMP/TMP;tmpl/tmpl 0.0625 0.2090 (9/43) 

TMP/tmp;TMPL/TMPL 0.1250 0.1860 (8/43) 

TMP/tmp;TMPL/tmpl 0.2500 0.1160 (5/43) 

TMP/tmp;tmpl/tmpl 0.1250 0.000 (0/43) 

tmp/tmp;TMPL/TMPL 0.0625 0.1630 (7/43) 

tmp/tmp;TMPL/tmpl 0.1250 0.000 (0/43) 

tmp/tmp;tmpl/tmpl 0.0625 0.000 (0/43) 

Difference between observed and theoretical frequency distributions of TMP/tmp;tmpl/tmpl, 

tmp/tmp;TMPL/tmpl and tmp/tmp;tmpl/tmpl was significant by Pearson’s chi-squared (χ2) 

goodness-of-fit test (α=0.05, dF=1).  
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2.2.3. Interaction between auxin transport and auxin signalling 

targets in vein patterning 

Eleven groups of auxin signalling targets control, redundantly or non-redundantly, vein network 

formation (Figures 2.4 and 2.6). Were these genes controlling vein patterning synergistically  

with auxin transport, the vein network defects of their mutants would be enhanced by growth in 

the presence of NPA, which phenocopies loss of auxin-transport-dependent vein patterning 

activity (Verna et al., 2019); we asked whether that were so. 

Consistent with previous reports (Mattsson et al., 1999; Sieburth, 1999; Verna et al., 

2019), growth in the presence of NPA reproducibly induced characteristic vein‐pattern defects in 

WT: (1) the vein network comprised more lateral veins; (2) lateral veins failed to join midvein 

but ran parallel to it to form a wide midvein; (3) lateral veins ended in a marginal vein that 

closely paralleled the leaf margin, giving a smooth outline to the vein network; (4) veins were 

thicker (Fig. 2.7A,E). 

By comparison, leaves of NPA-grown tir1;afb2 and NPA-and PBA-grown WT had a 

narrower midvein and a denser and more reticulated vein network; furthermore, the vein network 

outline of NPA-grown tir1;afb2 and NPA-and PBA-grown WT was jagged because of narrow 

clusters of vascular elements that were oriented perpendicular to the leaf margin and that were 

laterally connected by veins or that, in the most severe case, were aligned in seemingly random 

orientations (Verna et al., 2019) (Fig. 2.7B,E). 

The vein pattern defects of NPA-grown brx;brxl1;2;3, er;erl2, nip6;1, ops, ric4, ric6, 

rip1;2, rlp51, rlp57, rop9, tmp, tmpl and yda were no different from those of NPA-grown WT 

(Fig. 2.7B,E). By contrast, the vein patterns of NPA-grown scm were intermediate between those 

of scm and of NPA-grown WT (Fig. 2.7A,E), suggesting that scm is, at least partially, insensitive  
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Figure 2.7. Contribution of auxin signalling targets and auxin transport to vein patterning 

(A–D) Dark-field illumination of mature first leaves illustrating phenotype classes (top right): 

class α, narrow midvein and apically thickened vein-network outline (A, NPA-grown scm); class 
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β, wide midvein, more lateral-veins and conspicuous marginal vein (B); class γ, narrow midvein, 

dense vein network and jagged vein-network outline (C, NPA-grown tir1;afb2; D, NPA-grown 

MP::PXYΔK;pxy). (E) Percentages of leaves in phenotype classes. Difference between NPA-

grown tir1;afb2 and NPA-grown WT, between NPA- and PBA-grown WT and NPA-grown WT, 

between NPA-grown scm and NPA-grown WT and between NPA-grown MP::PXYΔK;pxy and 

NPA-grown WT was significant at P<0.001 (***) by Kruskal-Wallis and Mann-Whitney test 

with Bonferroni correction. Sample sizes: NPA-grown WT, 75; NPA-grown tir1;afb2, 39; NPA-

grown brx;brxl1;2;3, 37; NPA-grown er;erl2, 52; NPA-grown nip6;1, 38; NPA-grown ops, 39; 

NPA-grown MP::PXYΔK;pxy, 41; NPA-grown ric4, 42; NPA-grown ric6, 43; NPA-grown 

rip1;2, 40; NPA-grown rlp51, 40; NPA-grown rlp57, 38; NPA-grown yda-1, 30; NPA-grown 

yda-2, 28; NPA-grown rop9, 41; NPA-grown scm, 53; NPA-grown tmp, 38; NPA-grown tmpl, 

39. Bars: (A–D) 1 mm.  
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to NPA. Nevertheless, because the vein network defects of none of those mutants were enhanced 

by growth in the presence of NPA, we conclude that the respective WT genes do not control vein 

patterning synergistically with auxin transport; however, it is possible that such synergistic 

function is masked by functional redundancy among those genes or with other members of their 

respective families. 

Consistent with available evidence (Schuetz et al., 2008), er;erl1;2 formed no leaves in 

the presence of NPA (Table 2.4), suggesting that auxin-dependent ER/ERL-mediated signalling 

and auxin transport synergistically control leaf formation. 

Finally, the vein pattern defects of NPA-grown MP::PXYΔK;pxy were no different from 

those of NPA-grown tir1;afb2 and NPA- and PBA-grown WT (Fig. 2.7C–E) (Verna et al., 

2019), suggesting that auxin-dependent PXY-mediated signalling and auxin transport 

synergistically control vein patterning. 

2.3. Conclusions 

To understand how plants uniquely control the formation of their vascular networks, we sought 

to identify targets of auxin signalling which control vein patterning synergistically with auxin 

transport and whose localization is controlled by GN. 

We found 11 groups of auxin signalling targets that encode proteins that (1) are predicted 

to be localized to the plasma membrane or secreted to the extracellular space and (2) redundantly 

or non-redundantly control vein network formation: BRX and BRXL1–3; ERL2 and, redundantly 

with ERL2, ER; NIP5 and NIP6; OPS; PXY, non-redundantly and redundantly with PXY-related 

genes; RIC4, RIC6 and RIC7; RIP1 and RIP2, redundantly with each other; RLP51 and RLP57, 

through YDA; ROP9; SCM; and TMP and TMPL. 
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Table 2.4. Phenotype distribution in NPA-grown progeny of selfed 

er/er;ERL1/erl1;erl2/erl2 plants 

Phenotype Observed frequency 

(Proportion) 

Expected frequency1 

Leafed Seedlings 0.7705 (47/61) 0.75 

Leafless Seedlings 0.2295 (14/61) 0.25 

Difference between observed and theoretical frequency distributions of leafed and leafless 

seedlings was not significant by Pearson’s chi-squared (χ2) goodness-of-fit test (α=0.05, dF=1). 

  

 
1 Based on the hypothesis that leafless seedlings are er/er;erl1/erl1;erl2/erl2. 
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Of these 11 groups, we found that the group composed of ER, ERL1 and ERL2 controls 

leaf formation synergistically with auxin transport and that composed of PXY and related genes 

controls vein patterning redundantly with auxin transport. Because the ER/ERL and the PXY/PXL 

families redundantly control vascular tissue patterning in stem and hypocotyl  

(Wang et al., 2019), it will be interesting to test whether such functional redundancy extends to 

vein patterning. 

Members of the ER/ERL and PXY/PXL families are predicted to localize to the plasma 

membrane, but clear evidence of such localization is only available for TDR/PXY (Hirakawa et 

al., 2008). In the future, it will be interesting to test whether the members of those families 

indeed localize to the plasma membrane and whether their localization depends on GN. 

Finally, it is of course possible that other groups of auxin signalling targets control vein 

patterning synergistically with auxin transport but that their function is masked by lethality — as 

for TMP and TMPL, for example — or functional redundancy with members of the same or other 

families. In the future, it will be interesting to test also these possibilities. Already now, however, 

we have identified at least one auxin-signalling-dependent pathway — that in which PXY and 

related genes function — which controls vein patterning synergistically with auxin transport. 

This finding is consistent with the hypothesis that GN induces vein formation by controlling, in 

addition to auxin transport, the localization of proteins produced in response to auxin signalling 

(Verna et al., 2019). 
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2.4. Materials & methods 

2.4.1. Plants 

Origin and nature of lines, genotyping strategies and oligonucleotide sequences are Tables 2.2, 

2.5 and 2.6, respectively. Seeds were sterilized and sown as in (Sawchuk et al., 2008). NPA were 

dissolved in dimethyl sulfoxide and dissolved chemicals were added (25 μM final NPA 

concentration, unless otherwise noted) to growth medium just before sowing. Stratified seeds 

were germinated and seedlings and plants were grown under continuous light (~100 μmol m-2 s-

1) as described previously (Verna et al., 2019). Plants were transformed and representative lines 

were selected as in (Sawchuk et al., 2008). 

2.4.2. Imaging 

Mature leaves were fixed in 6 : 1 ethanol : acetic acid, rehydrated in 70% ethanol and water and 

mounted in 8 : 2 : 1 chloral hydrate : glycerol : water. Mounted leaves were imaged as in (Odat 

et al., 2014). Image brightness and contrast were adjusted by linear stretching of the histogram in 

the Fiji distribution (Schindelin et al., 2012) of ImageJ (Schneider et al., 2012; Schindelin et al., 

2015; Rueden et al., 2017). 

2.4.3. RNA Isolation and sequencing 

Total RNA was extracted as in (Chomczynski and Sacchi, 1987) from 4-day-old leaves of 

seedlings grown in half-strength Murashige and Skoog salts, 15 g l-1 sucrose, 0.5 g l-1 MES, pH 

5.7, at 23°C under continuous light (~80 μmol m-2 s-1) on a rotary shaker at 50 rpm. DNA was 
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Table 2.5. Genotyping strategies 

Line Strategy 

mol1-1 MOL1: “MOL1-SAIL_384_A06-LP” and “MOL1-

SAIL_384_A06-RP”; mol1-1: “LBb1.3” and “MOL1-

SAIL_384_A06-RP” 

rbk2-K272 RBK2: “RBK2-SALK_033272-LP” and “RBK2-SALK_033272-

RP”; rbk2-K272: “LBb1.3” and “RBK2-SALK_033272-RP” 

rul1-2 RUL1: “RUL1-SALK_121868-LP” and “RUL1-SALK_121868-

RP”; rul1-2: “LBb1.3” and “RUL1-SALK_121868-RP” 

serk1-1 SERK1: “SERK1-SALK_044330-LP” and “SERK1-

SALK_044330-RP”; serk1-1: “LBb1.3” and “SERK1-

SALK_044330-RP” 

vh1-K625 VH1: “VH1/BRL2-SALK_142625-LP” and “VH1/BRL2-

SALK_142625-RP”; vh1-K625: “LBb1.3” and “VH1/BRL2-

SALK_142625-RP” 

bam1-3 BAM1: “BAM1-SALK_015302-LP” and “BAM1-

SALK_015302-RP”; bam1-3: “LBb1.3” and “BAM1-

SALK_015302-RP” 

bam2-T967 BAM2: “GABI_791G02 LP” and “GABI_791G02 RP”; bam2-

T967: “8404” and “GABI_791G02 RP” 

bam3-2 BAM3: “BAM3-SALK_044433-LP” and “BAM3-

SALK_044433-RP”; bam3-2: “LBb1.3” and “BAM3-

SALK_044433-RP” 
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Line Strategy 

bor2-K630 BOR2: “BOR2_SALK_206630_LP” and 

“BOR2_SALK_206630_RP”; bor2-K630: “LBb1.3” and 

“BOR2_SALK_206630_RP” 

bor3-K011 BOR3: “BOR3_SALK_016011_LP” and 

“BOR3_SALK_016011_RP”; bor3: “LBb1.3” and 

“BOR3_SALK_016011_RP” 

bor4-K793 BOR4: “BOR4_SALK_133793_LP” and 

“BOR4_SALK_133793_RP”; bor4: “LBb1.3” and 

“BOR4_SALK_133793_RP” 

bor5-T946 BOR5: “BOR5_CS475450_LP” and “BOR5_CS475450_RP”; 

bor5-T946: “8474” and “BOR5_CS475450_RP” 

nip5;1-1 NIP5;1: “nip5;1-1_SALK_122287_LP” and “nip5;1- 

1_SALK_122287_RP”; nip5;1-1: “LBb1.3” and “nip5;1- 

1_SALK_122287_RP” 

nip6;1-1 NIP6;1: “nip6;1-1_CS106354_LP” and “nip6;1- 

1_CS106354_RP”; nip6;1-1: “Spm32” and “nip6;1- 

1_CS106354_RP” 

ops-2 OPS: “ops-2_SALK_139316_LP” and “ops- 

2_SALK_139316_RP”; ops-2: “LBb1.3” and “ops- 

2_SALK_139316_RP” 

  

  



 
 

51 

Line  Strategy 

opl2-1 OPL2: “opl2-1_SALK_004773_LP” and “opl2-

1_SALK_004773_RP”; opl2-1: “LBb1.3” and “opl2-

1_SALK_004773_RP” 

pxy-3 PXY: “SEQ. P_ SALK_026128 LP” and “SEQ. P_ 

SALK_026128 

RP”; pxy-3: “LBb1.3” and “SEQ. P_ SALK_026128 RP” 

pxl1-1 PXL1: “PXL1-SALK_001782-LP” and “PXL1-SALK_001782-

RP”; pxl1-1: “LBb1.3” and “PXL1-SALK_001782-RP” 

pxl2-1 PXL2: “PXL2-SALK_114354-LP” and “PXL2-SALK_114354-

RP”; pxl2-1: “LBb1.3” and “PXL2-SALK_114354-RP” 

pxc1-3 PXC1: “PXC1-WiscDsLox470G6 -LP” and “PXC1-

WiscDsLox470G6-RP”; pxc1-3: “p745” and “PXC1-

WiscDsLox470G6-RP” 

pxc2-K351 PXC2: “PXC2-SALK_055351-LP” and “PXC2-SALK_055351-

RP”; pxc2-K351: “LBb1.3” and “PXC2-SALK_055351-RP” 

pxc3-K805 PXC3: “PXC3-SALK_092805-LP” and “PXC3-SALK_092805-

RP”; pxc3-805: “LBb1.3” and “PXC3-SALK_092805-RP” 

ric4-K799 RIC4: “RIC4_SALK_015799_LP” and 

“RIC4_SALK_015799_RP”; 

ric4-K799: “LBb1.3” and “RIC4_SALK_015799_LP” 

ric2-K885 RIC2: “RIC2-SALK_070885-LP” and “RIC2-SALK_070885-

LP”; ric2-K885: “LBb1.3” and “RIC2-SALK_070885-RP”  
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Line  Strategy 

ric6-K237 RIC6: “RIC6_SALK_066237_LP” and 

“RIC6_SALK_066237_RP”; 

ric6-K237: “LBb1.3” and “RIC6_SALK_066237_RP” 

ric7-K781 RIC7: “RIC7_CS923572_LP” and “RIC7_CS923572_RP”; ric7-

K781: 

“LBb1.3” and “RIC7_CS923572_RP” 

rip1-LG05 RIP1: “RIP1/ICR1_CS812315_LP” and 

“RIP1/ICR1_CS812315_RP”; rip1_LG05: “LB3” and 

“RIP1/ICR1_CS812315_RP” 

rip2-LG04 RIP2: “RIP2_CS878725_LP” and “RIP2_CS878725_RP”; rip2-

LG04: 

“LBb1.3” and “RIP2_CS878725_RP” 

rop9-LG06 ROP9: “ROP9_CS872231_LP” and “ROP9_CS872231_RP”; 

rop9-LC06: “LB3” and “ROP9_CS872231_RP” 

rop10-K190 ROP10: “ROP10_SALK_030190_LP” and 

“ROP10_SALK_030190_RP”; rop10-K190: “p745” and 

“ROP10_SALK_030190_RP” 

rop11-K681 ROP11: “ROP11/ROP10-1-SALK_039681-LP” and 

“ROP11/ROP10-1-SALK_039681-RP”; rop11-K681: “LBb1.3” 

and “ROP11/ROP10-1-SALK_039681-RP” 
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Line  Strategy 

brx(Uk-1);brxl1-1;brxl2-

1;brxl3-1 

BRX/brx(Uk-1): “brx (Uk-1) FP” and “brx (Uk-1) HinF1 RP”; 

HinfI 

BRXL1: “BRXL1_SALK_038885_LP” and 

“BRXL1_SALK_038885_RP”; brxl1-1: “LBb1.3” and 

“BRXL1_SALK_038885_RP” 

BRXL2: “BRXL2_SALK_032250_LP” and 

“BRXL2_SALK_032250_RP”; brxl2-1: “LBb1.3” and 

“BRXL2_SALK_032250_RP” 

BRXL3: “BRXL3_SALK_017909_LP” and 

“BRXL3_SALK_017909_RP”; brxl3-1: “LBb1.3” and 

“BRXL3_SALK_017909_RP” 

er-105 ER: “ERg2248” and “ERg3016rc”: er-105: “ERg2248” and “er-

105rc” 

erl1-2 ERL1: “erl1- 2 ERL1g4411” and “ERL1g2846; erl1-2: “JL202” 

and “erl1- 2 ERL1g4411” 

erl2-1 ERL2: “erl 2- 1 erl2g2166” and “erl 2-1 ertj3182”; erl2-1: “erl 1- 

2 JL202” and “erl2-1 ertj3182” 

rlp10-1 RLP10: “RLP10-GABI_686A09_LP” and “RLP10-

GABI_686A09_RP”; rlp10-1: “8404” and “RLP10-

GABI_686A09_RP” 
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Line  Strategy 

rlp17-1 RLP17: “RLP17- FLAG014F03_LP” and “RLP17- 

FLAG014F03_RP”; rlp17-1: “Ws-LP” and “RLP17- 

FLAG014F03_RP” 

rlp29-1 RLP29: “SALK_02220_ATRLP29_LP” and 

SALK_02220_ATRLP29_RP”; rlp29-1: “LBb1.3” and 

“SALK_02220_ATRLP29_RP” 

rlp5-1 RLP5: “SALK_112291_ATRLP5_LP” and 

“SALK_112291_ATRLP5_RP”; rlp5-1: “LBb1.3” and 

“SALK_112291_ATRLP5_RP” 

rlp51-1 RLP51: “SALK_143038_ATRLP51_LP” and 

“SALK_143038_ATRLP51_RP”; rlp51-1: “LBb1.3” and 

“SALK_143038_ATRLP51_RP” 

rlp55-1 RLP55: “SAIL_633_E08_ATRLP55_LP” and 

“SAIL_633_E08_ATRLP55_RP”; rlp55-1: LB3 and 

“SAIL_633_E08_ATRLP55_RP” 

rlp57-1 RLP57: “SALK_077716_ATRLP57_LP” and 

“SALK_077716_ATRLP57_RP”; rlp57-1: 

“LBb1.3” and “SALK_077716_ATRLP57_RP” 

yda-1 YDA: “YDA-1 LP” and “YDA-1 RP”; yda-1: PCR followed by 

digestion with Tru1I enzyme at 65°C 

scm-2 SCM: “scm-2 SALK_086357 LP” and “scm-2 SALK_086357 

RP”; scm-2: “LBb1.3” and “scm-2 SALK_086357 RP” 
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srf1-1 SRF1: “SALK_081679_LP” and “SALK_081679_RP”; srf1-1: 

“LBb1.3” and “SALK_081679_RP” 

srf2-1 SRF2: “SALK_204435_LP” and “SALK_204435_RP”; srf2-1: 

“LBb1.3” and “SALK_204435_RP” 

tmp-K336 TMP: SALK_060336_LP” and SALK_060336_RP”; tmp-K336: 

“LBb1.3” and SALK_060336_RP” 

tmpl-K814 TMPL: “SALK_031814_LP” and “SALK_031814_RP”; tmpl-

K814: “LBb1.3” and “SALK_031814_RP” 
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Table 2.6. Oligonucleotide sequence 

Name  Sequence (5’ to 3’) 

MOL1-SAIL_384_A06-LP TTT CAC CTT GGA AAC TGT TGG 

MOL1-SAIL_384_A06-RP TCA ACA CTC CTG AAG TTT CCG 

RBK2-SALK_033272-LP AGA AAC CAT GGA GGA GAG AGC 

RBK2-SALK_033272-RP ACT TTC CCT GAA TTT TCA CCG 

RUL1-SALK_121868-LP GTA ACA TTC CTT CCG GTC TCC 

RUL1-SALK_121868-RP GAG TTA AAG GTG TCT TCC CGG 

SERK1-SALK_044330-LP ATA CAC AAA AGT GAA ACG GCG 

SERK1-SALK_044330-RP TAA TGA CAC AGA GAG GCC ACC 

VH1/BRL2-SALK_142625-LP GTC CGA TTC CTC AGA GAG GTC 

VH1/BRL2-SALK_142625-RP GTT GGT CTT TTC CCG CTT AAG 

BAM1-SALK_015302-LP GGA GCT AAT TGC GGA TTA ACC 

BAM1-SALK_015302-RP GGA ACT AAA CCG GAG AGG TTG 

GABI_791G02 RP GTT AGC TCG TTA CCG GAA ACC 

BAM3-SALK_044433-LP CTG CAA CTT CTT CTC CGT TTG 

BAM3-SALK_044433-RP GAT TCC TTC GAA ACT CGG ATC 

bor1-3_SALK_037312_LP ATG CTT GAT GTT CCA ATC GTC 

bor1-3_SALK_037312_RP  ATC CAT GTG AGA CCA AAG CAG 

BOR2_SALK_206630_LP AAA TCG AGA CGC AAC AAA CAC 

BOR2_SALK_206630_RP TTAC TTT GCC TTC ATG GCA ATC 

BOR3_SALK_016011_LP TTA GCT GTA TTA GGC GCT TGC 

BOR3_SALK_016011_RP TTG TTG CAT TGT TTC TGA TGC 
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Name  Sequence (5’ to 3’) 

BOR4_SALK_133793_LP TTT AAA ATG GAA AAT TGG CCC 

BOR4_SALK_133793_RP AAA CGT ATC ACG GAT CAC GAG 

BOR5_CS475450_LP CCA GGG ATC TCC TCA TAC TCC 

BOR5_CS475450_RP TCT GTT TCT TCC TCT GCA AGC 

nip5; 1-1_SALK_122287_LP TCC TAG CTC CAT TTT CGT TTT C 

nip5; 1-1_SALK_122287_RP CTC CAA GTG TGA CGT AAA CCC 

nip6; 1-1_CS106354_LP TCA TCG TTG GTT CAA ACA CTG 

nip6; 1-1_CS106354_RP TTG CTC CAT CTC AAA AGC TTC 

ops-2_SALK_139316_LP CAC ACC GTT GGT TTG GTT AAC 

ops-2_SALK_139316_RP TCT TCC TCT AAA AAG CCT CCG 

opl2-1_SALK_004773_LP AAA CAA ATG GCT TGT CCC TTC 

opl2-1_SALK_004773_RP TTC GTC GAT TAC ACT TCT GGG 

SEQ. P_ SALK_026128 LP CCC CAC ACA AAA ACC ATA ATG 

SEQ. P_ SALK_026128 RP AAA AAT CGA GAA GCT TGA GGG 

PXL1-SALK_001782-LP AAT CGA TGG TCT ATC CTT CGG 

PXL1-SALK_001782-RP TAT GCG GTG GAG TTC TAC CAC 

PXL2-SALK_114354-LP ACC TCT ATG CCA CAC ACC AAG 

PXL2-SALK_114354-RP CAA GCT CTG ACG GAA TCT CAC 

PXC1-WiscDsLox470G6 -LP CAC ACT CTT CCG TCT CCA AAC 

PXC1-WiscDsLox470G6 -RP TCT AAC ACC GCC TTG TAC ACC 

PXC2-SALK_055351-LP CAA TCT CTC GGG AAG TCT TCC 

PXC2-SALK_055351-RP CCT TCT CTC ACC GTC TCA CAC 
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Name  Sequence (5’ to 3’) 

PXC3-SALK_092805-LP TTC ATC ACT TGC ACT GTC TCG 

PXC3-SALK_092805-RP GAC TGC TCA GAT TCC CTA CCC 

RIC4_SALK_015799_LP CCA GAA GTT CTA CTC CCC GAG 

RIC4_SALK_015799_RP CAA AAC ATT TGG TGG GTT GTC 

RIC2-SALK_070885-LP TTT GGG GAC AAG GTC AGT ATG 

RIC2-SALK_070885-RP GAA TCT TTC GTA ACC CTT CCG 

RIC6_SALK_066237_LP ACG ACA CGT ATT CGA ATC CTG 

RIC6_SALK_066237_RP GGC TAC AAC TTG TAA CCG CAC 

RIC7_CS923572_LP CTG GAC TCT GCT CGT GAA ATC 

RIC7_CS923572_RP AAA TAG GAA ATC CAA CGG ACG 

RIP1/ICR1_CS812315_LP ACA AAA GAA TGA AAC ATG CGG 

RIP1/ICR1_CS812315_RP GAT CAG ACG GTT GGA ATG 

RIP2_CS878725_LP TGT CAG ACC GAT TGA TAA GGG 

RIP2_CS878725_RP GCG CCA CTA AGT GAG AGT GAG 

ROP9_CS872231_LP TGT CAT TTA AAA TTG GCC CAC 

ROP9_CS872231_RP TTT GAA TTT ACC GGC AGT GTC 

ROP10_SALK_030190_LP CTC GCC GTT ACT AAG GGA ATC 

ROP10_SALK_030190_RP TGA TGC CCT TAG ATG TTC TGG 

ROP11/ROP10-1-SALK_039681-LP ATT GAC AGT GGT GCC TTC AAC 

ROP11/ROP10-1-SALK_039681-RP CGA TTC GTA ACG CCA TAC TTG 

BRXL4_SALK_022411_LP TTG AGC AAA GGA GAC AAC ATC 

BRXL4_SALK_022411_RP GGG TTT TTG ATT AGC CGA GAC 
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Name  Sequence (5’ to 3’) 

brx (Uk-1) FP CCA TAC CCT TTC ATG GGT GGA AGT 

brx (Uk-1) Hinf1 RP GAT ATG AAC ACC AGG TTC TAC TTG AGC 

GAT 

BRXL1_SALK_038885_LP CGA CTG AGC AGA GAT GGA TTC 

BRXL1_SALK_038885_RP CAG ACA GAG GTG AGG AGG ATG 

BRXL2_SALK_032250_LP TCA AAA GTT GAC AAA ATG CGG 

BRXL3_SALK_017909_LP TTC TGG GTT TTG CTT GAA ATG 

BRXL3_SALK_017909_RP GCC AAA ATA CCC ATC CTT GAC 

BRXL4_SALK_022411_LP TTG AGC AAA GGA GAC AAC ATC 

BRXL4_SALK_022411_RP GGG TTT TTG ATT AGC CGA GAC 

ERg2248  AAG AAG TCA TCT AAA GAT GTG A 

er-105rc  AGC TGA CTA TAC CCG ATA CTG A 

ERg3016rc  AGA ATT TTC AGG TTT GGA ATC TGT 

erl 2-1 ertj3182 ACA AAT CTG AGA GAG TTA ATG CAA AGC 

AG 

erl1g4411 CCG GAG AGA TTG TTG AAG G 

JL202  CAT TTT ATA ATA ACG CTG CGG ACA TCT 

AC 

erl2g2166 GCC TAT TCC ACC AAT ACT TG 

ertj3182.rc ACA AAT CTG AGA GAG TTA ATG CAA AGC 

AG 

RLP17- FLAG014F03_LP GTT CAC GAA GCG GTC GGA 
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Name  Sequence (5’ to 3’) 

RLP17- FLAG014F03_RP CAA CGA TCC ACA GCT TGT GAG 

Ws-2 CGG CTA TTG GTA ATA GGA CAC TGG 

SALK_112291_AtRLP5_LP TCA CAG TTT TGC CCT CGT ATC 

SALK_112291_AtRLP5_RP TGC GTG TTT GAC TCT ACA TGC 

SALK_022220_AtRLP29_LP CCA CAC GTG TCA CTT TCA GTC 

SALK_022220_AtRLP29_LP CTA CAC CTT CCG GGA TTC TTC 

SALK_143038_ATRLP51_LP ACC AGA CCG GTT TAA GAT TGG 

SALK_143038_ATRLP51_RP TGA GTG GGA ACC AAC TAA ACG 

SAIL_633_E08_ATRLP55_LP CTC TTA ACC ACC GTC TCC TCC 

SAIL_633_E08_ATRLP55_RP CAA ACG ACA CCT TTT AGC GAG 

SALK_077716_ATRLP57_LP  AAT GAA CCC TCC CTA TTG CTG 

SALK_077716_ATRLP57_RP ATG AAA GCT CTA TAA TGC GCG 

YDA-1 LP GGT GGA TCC TCA TGG ACG AG 

scm-2 SALK_086357 LP GTT CCT GTG AGC TTG TTG TCC 

scm-2 SALK_086357 RP TAT CAC TTT GGG AGC ACC ATC 

SALK_081679_LP GTC CTTG AGG GGA AGA TCT TG 

SALK_081679_RP TCT TAC CAA TCC TGA CGA TGG  

SALK_204435_LP  TGG CAG AAT TCG AGA ATG AAC 

SALK_204435_RP TGA GTA GCG TTA GGA GGC AAG 

SALK_060336_LP GAT TAC AAC ACA GAG CCC ACC 

SALK_060336_RP GAT CGT GTT CTT CGA GCT CTG  

SALK_031814_LP TTT CTG CAC CTC TAT TTG TTG C 
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Name  Sequence (5’ to 3’) 

SALK_031814_RP TGG GCC CAC CTT ATT AAA ATC 

LBb1.3 ATT TTG CCG ATT TCG GAA C 

Spm32 TAC GAA TAA GAG CGT CCA TTT TAG AGT 

GA 

LB3 TAG CAT CTG AAT TTC ATA ACC AAT CTC 

GAT ACA C 

P745 AAC GTC CGC AAT GTG TTA TTA AGT TGT C 

  



 
 

62 

removed with Invitrogen’s TURBO DNA-free TM kit and RNA quality was evaluated with an 

RNA 6000 Nano chip on an Agilent 2100 Bioanalyzer. RNA was delivered to the service 

provider BGI (Shenzen, China), where it was sequenced using a BGISEQ instrument, with a 

single-end, 50-bp protocol. 

2.4.4. Gene expression analysis 

Clean reads, from which primers and low-quality bases had been trimmed, were delivered by the 

service provider as fastq files. Analysis was done by Dr. M.K. Deyholos (University of British 

Columbia). The fastq files were uploaded to NCBI SRA and were mapped to the Arabidopsis 

reference genome ((Lamesch et al., 2012), TAIR10 Release, https://phytozome.jgi.doe.gov/) 

using HISAT2 (Kim et al., 2015) with default parameters. The resulting SAM files were sorted 

using samtools (view -Su, sort) ((Li et al., 2009) and the sorted output, along with the current 

Arabidopsis genome annotation (TAIR10 Release downloaded from 

https://phytozome.jgi.doe.gov in .gff3 format) were used as input for the StringTie assembler 

(Pertea et al., 2016) and differential gene expression was calculated using cuffdiff (Trapnell et 

al., 2012).  
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Chapter 3: Identification and characterization of genetic 

suppressors of the gnomfewer roots phenotype 

3.1. Introduction 

Multicellular organisms transport water, nutrients and signals through tissue systems such as the 

vascular systems of plants and animals. Therefore, how vascular systems are formed is a key 

question in biology. In animals, formation of the vascular system relies on direct cell-to-cell 

communication and at least in part on cell migration (e.g., (Noden, 1988; Xue et al., 1999)) — 

two processes that are precluded in plants because of a cell wall that keeps cells apart and in 

place. Therefore, vascular systems form differently in plants. 

How vascular systems form in plants is unclear, but the current hypothesis proposes that 

EMB30/GNOM (GN hereafter) — a guanine-nucleotide exchange factor for ADP-ribosylation 

factors that regulates vesicle formation in membrane trafficking (Shevell et al., 1994; Busch et 

al., 1996; Steinmann et al., 1999) — controls both polar transport and signal transduction of the 

plant hormone auxin to induce vein formation (Verna et al., 2019). However, plants in which 

both auxin transport and signalling are compromised phenocopy only weak gn alleles (Verna et 

al., 2019), suggesting the presence of additional, yet-to-be-identified GN-dependent pathways 

that act redundantly to auxin signalling and transport to induce vein formation. 

To identify auxin-transport and auxin-signalling-independent vein-patterning pathways 

controlled by GN, it would be highly informative to identify suppressors of the gn phenotype. 

However, strong and intermediate gn alleles are seedling lethal (Franzmann et al., 1989; Mayer 

et al., 1993; Koizumi et al., 2000; Geldner et al., 2004; Okumura et al., 2013; Moriwaki et al., 

2014; Verna et al., 2019) and it is thus impossible to obtain a homozygous seed stock of those 
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alleles to be used for mutagenesis. Fortunately, the fewer root weak allele of gn (gnfwr), which is 

characterized by fragmented vein networks in its leaves (Verna et al., 2019), can instead be 

maintained as homozygous (Okumura et al., 2013). Here we report the identification and initial 

characterization of suppressors of the fragmented vein-pattern phenotype of gnfwr. 

3.2. Results & discussion 

3.2.1. Identification of genetic suppressors of the gnomfewer roots phenotype 

To identify vein patterning pathways controlled by GN, we screened for mutations that suppress 

the fragmented vein networks of gnomfewer roots (gnfwr) leaves (Verna et al., 2019). To facilitate 

visualization of vein networks, we introduced in the gnfwr background a cytoplasmic YFP 

expressed by the SHORT-ROOT promoter (SHR::4xYFP), which is active in vascular tissues 

(Gardiner et al., 2011). 

The vein pattern of first leaves is complete no earlier than 8 days after germination 

(DAG) (Scarpella et al., 2004), but that of cotyledons is already complete by 4 DAG (Sieburth, 

1999). We reasoned that if gnfwr cotyledons had the same vein pattern defects as gnfwr leaves and 

if such defects correlated with defects in SHR::4xYFP expression pattern, mutations that 

suppress the fragmented vein pattern of gnfwr could be identified in cotyledons of live 4-DAG 

seedlings by fluorescence stereomicroscopy; we tested whether that were so. 

Cotyledons of 7-DAG gnfwr seedlings have fragmented vein networks and such a defect 

correlates with a defective SHR::4xYFP expression pattern in 4-DAG cotyledons (Figure 3.1). 

Therefore, to identify mutations that suppress the fragmented vein pattern of gnfwr, we screened 

for mutations that suppress the fragmented pattern of SHR::4xYFP expression in cotyledons of 

live 4-DAG gnfwr seedlings by fluorescence stereomicroscopy.  
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Figure 3.1. Vein Networks and SHR expression in gnfwr cotyledons 

(A–D) Top right: genotype. Bottom left: reproducibility index, i.e. number of cotyledons with  

the displayed features / number of cotyledons analyzed. (A,B) Dark-field illumination of cleared 

mature cotyledons 7 days after germination (DAG). (C,D) Epifluorescence microscopy of 4-

DAG cotyledons. Look-up table (ramp in C) visualizes global background (black), 

autofluorescence (blue) and levels of YFP expression (cyan to white through green and yellow). 

Scale bars: (A,B) 1 mm; (C,D) 0.5 mm.  
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3.2.1.1. Mutagenesis 

We mutagenized ~14,000 seeds of SHR::4xYFP; gnfwr with 0.3% ethyl methanesulfonate (EMS) 

and ~7,000 seeds of SHR::4xYFP; gnfwr with 0.5% EMS. Because we expect gnfwr suppressors to 

be fertile, we sowed the mutagenized (M1) seeds in pools. Available evidence suggests up to 

50% lethality in the M1 population (Odat, 2015). Therefore, we sowed M1 seeds in pools of 

~200 seeds each, which is expected to lead to ≥100 M1 plants / pool. 

We sowed 70 pools of M1 seeds for the population generated by mutagenesis with 0.3% 

EMS (“0.3%-EMS population”) and 20 pools of M1 seeds for the 0.5%-EMS population. The 

average number of M1 plants / pool was 176 ± 8 (n=30) for the 0.3%-EMS population and 98 ± 

5 (n=20) for the 0.5%-EMS population, suggesting ~10% lethality for the 0.3%-EMS population 

and ~50% lethality for the 0.5%-EMS population. 

Efficient mutagenesis is expected to result in albino sectors in 0.1–1% of M1 plants 

(Lightner and Caspar, 1998). Therefore, to assess mutagenesis efficiency, we counted the 

number of M1 plants with albino sectors. 

We found 65 M1 plants with albino sectors in 30 pools of the 0.3%-EMS population and 

39 M1 plants with albino sectors in 10 pools of the 0.5%-EMS population. The M1 plants from 

the 0.5%-EMS population, in which ~4% of the M1 plants had albino sectors, were sterile, 

suggesting that each M1 plant in the 0.5%-EMS population contains at least one gametophytic 

lethal mutation. By contrast, the M1 plants in the 0.3%-EMS population, in which ~1% of the 

M1 plants had albino sectors, were fertile. 

We harvested in pools M2 seeds of the 0.3%-EMS population — derived from the selfing 

of the respective M1 plants — and to assess the saturation level of mutagenesis in the 0.3%-EMS 

M1 population, we counted the number of fusca (fus) mutant seeds in the 0.3%-EMS M2 seed 
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population. Because there are 14 FUS genes in Arabidopsis (Miséra et al., 1994) and because the 

Poisson formula suggests that at least five mutant alleles per gene are required to infer that a 

genome has been saturated with mutations (Jürgens et al., 1991), at least 70 M1 plants 

segregating fus mutants in the M2 population have to be recovered to infer that the genome has 

been saturated with mutations. 

Because 12 M2 individuals have to be examined to recover at least one recessive mutant 

with P=0.80 (Jürgens et al., 1991; Redei and Koncz, 1992), we inspected >12 M2 seeds / M1 

plant. Because there were ~176 M1 plants / pool in the 0.3%-EMS population, we weighed 

>2,112 M2 seeds / M1 pool for 30 0.3%-EMS M1 pools and counted their number of fus seeds. 

Because it is impossible to know whether two fus seeds found in the same M2 seed pool derive 

from the same M1 plant or from two different ones, we conservatively assumed that all the fus 

seeds found in an M2 seed pool derived from the same M1 plant. In other words, we equated the 

number of M2 seed pools that contain fus seeds with the number of M1 plants segregating fus 

mutants in the M2 generation. 

We found that 29 of the 30 0.3%-EMS M1 pools contained fus seeds, suggesting that there is 

at least one M1 plant in each of those 29 pools that is segregating the fus mutation. Therefore, the 

average number of mutant alleles per FUS gene in the 30 M1 pools is 2.1 and according to the 

Poisson formula the level of mutagenesis saturation in those ~5,280 M1 plants is 88%. 

Consequently, the level of mutagenesis saturation in the entire 0.3%-EMS M1 population is 

>99%. We conclude that the entire Arabidopsis genome has been saturated with mutations in the 

0.3%-EMS M1 population.  
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3.2.1.2. Screening 

To identify at least one recessive gnfwr suppressor with 80% probability, we sowed >2,112 M2 

seeds for each of the 30 M1 pools of the 0.3%-EMS population for which we had calculated the 

level of mutagenesis saturation and screened with a fluorescence stereomicroscope M2 seedlings 

4 and 5 DAG. We screened nearly 65,000 M2 seedlings progeny of ~5,280 M1 plants and 

transferred to soil ~750 putative gnfwr suppressors with WT-looking pattern of SHR::4xYFP 

expression in their cotyledons. 

The vein pattern in the mature first leaves of ~740 of those ~750 putative gnfwr 

suppressors was no different from that of gnfwr, suggesting that in those ~740 M2 plants the 

suppression was specific to the cotyledon vein pattern or to the expression of SHR::4xYFP. By 

contrast, the vein pattern in the mature first leaves of the remaining 10 putative gnfwr suppressors 

was no different from that of WT, suggesting that in those 10 M2 plants the suppression was not 

specific to the cotyledon vein pattern or to the expression of SHR::4xYFP. 

We genotyped the 10 putative gnfwr suppressors with WT-looking pattern of SHR::4xYFP 

expression in their cotyledons and of veins in their leaves and found that four of them were 

homozygous or heterozygous gnfwr-to-GN revertants. By contrast, the six remaining putative 

gnfwr suppressors were gnfwr homozygotes, suggesting that they contain second-site mutations 

that suppress the gnfwr phenotype. 

3.2.2. Characterization of genetic suppressors of the gnfwr phenotype 

3.2.2.1. Inheritance 

We identified six M2 plants that contain second-site mutations that suppress the gnfwr phenotype 

(Figure 3.2). To determine the pattern of inheritance of those second-site mutations, we crossed 
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Figure 3.2. Leaf vein networks of suppressors of the gnfwr phenotype 

(A–H) Dark-field illumination of cleared first leaves 14 DAG; top right: genotype. Scale bars: 

(A–H) 1 mm.
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to gnfwr M3 plants that (1) derived from the selfing of those six M2 plants, (2) were homozygous 

for the gnfwr mutation and (3) had a WT-looking vein pattern in their mature first leaves; we then 

analyzed the vein patterns in the mature first leaves of the resulting F1 plants. 

All (n=20) the F1 plants resulting from the cross between suppressor line P4-25 and gnfwr 

had fragmented vein networks in their leaves, suggesting that the effects of the respective 

suppressor mutation are recessive and the mutation is homozygous in the M3 plant that was used 

for that cross. 

All (n=17) the F1 plants resulting from the cross between suppressor line P17-14 and 

gnfwr had WT-looking vein patterns in their leaves, suggesting that the effects of the 

corresponding suppressor mutation are dominant and completely penetrant and the mutation is 

homozygous in the M3 plant that was used for that cross. 

Approximately 90% (16/18) of the F1 plants resulting from the cross between suppressor 

line P17-33 and gnfwr, ~75% (14/19) of the F1 plants resulting from the cross between suppressor 

line P21-8 and gnfwr and ~60% (11/19) of the F1 plants resulting from the cross between 

suppressor line P26-3 and gnfwr had WT-looking vein patterns in their leaves, suggesting that the 

effects of the respective suppressor mutations are dominant and incompletely penetrant and the 

mutations are homozygous in the M3 plants that were used for those crosses. 

Finally, ~40% (6/16) of the F1 plants resulting from the cross between suppressor line 

P21-29 and gnfwr had WT-looking vein patterns in their leaves, suggesting that the effects of the 

corresponding suppressor mutation are dominant and completely penetrant and the mutation is 

heterozygous in the M3 plant that was used for that cross. Consistent with this interpretation, 

~75% (28/36) of the M4 plants progeny of the M3 plant that was used for the cross to gnfwr had 
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WT-looking pattern, which is no different from the expected frequency distribution by Pearson’s 

chi-squared (χ2) goodness-of-fit test (α=0.05, dF=1). 

3.2.2.2. Penetrance 

To determine the degree of penetrance of the effects of the suppressor mutations on the gnfwr 

phenotype, we analyzed the vein patterns in the mature first leaves of M4 plants that were 

homozygous for both the gnfwr and the suppressor mutations. 

All the leaves (n=36) of the M4 plants homozygous for the suppressor mutations in lines 

P4-25 and P17-14 had WT-looking vein patterns, suggesting that the penetrance of the respective 

suppressor mutations is complete. 

By contrast, ~90% of the leaves (n=35) of M4 plants homozygous for the suppressor 

mutation in line P17-33, ~80% of the leaves (n=40) of M4 plants homozygous for the suppressor 

mutation in line P21-8 and ~90% of the leaves (n=33) of M4 plants homozygous for the 

suppressor mutation in line P26-3 had WT-looking vein patterns, suggesting that the penetrance 

of the respective suppressor mutations is incomplete. 

3.2.2.3. Intra- or extragenicity 

The penetrance of the suppressor mutations in lines P4-25 and P17-14 is complete. To determine 

whether the respective suppressor mutations are intragenic or extragenic, we crossed plants 

homozygous for both the gnfwr and the respective suppressor mutations to WT plants and 

analyzed the vein patterns in the mature first leaves of the resulting F2 plants. 

All (n=97) the F2 plants derived from the cross between WT and plants homozygous for 

both the gnfwr and the suppressor mutations in line P4-25 had WT-looking vein patterns, 
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suggesting with P>0.99 that the corresponding suppressor mutation is intragenic or closely 

linked to the gnfwr mutation. Sequencing of the gnfwr coding sequence in two plants homozygous 

for both the gnfwr and the suppressor mutation in line P4-25 failed to identify mutations in 

addition to the gnfwr mutation, suggesting that the suppressor mutation in line P4-25 is extragenic 

and closely linked to the gnfwr mutation, or is intragenic and outside of the gnfwr coding sequence. 

Four of the 95 F2 plants derived from the cross between WT and plants homozygous for 

both the gnfwr and the suppressor mutations in line P17-14 had fragmented vein networks, 

suggesting that the corresponding suppressor mutation is extragenic. However, the difference 

between observed and expected frequency distributions of F2 plants with fragmented vein 

networks was significant by Pearson’s chi-squared (χ2) goodness-of-fit test (α=0.05, dF=1), 

suggesting that the suppressor mutation in line P17-14 is linked to the gnfwr mutation, which is 

located at position 4,792,019 on chromosome 1. Because the recombination frequency between 

two points on a chromosome is 1 – √(1 – 2x), where x is the frequency of recombinant 

phenotypes in an F2 population, the recombination frequency between gnfwr and the suppressor 

mutation in line P17-14 is ~0.088, or ~8.8 cM, which in Arabidopsis corresponds to ~2,200 kb 

(Lukowitz et al., 2000). Therefore, the suppressor mutation in line P17-14 is located between 

positions ~4,789,819 and ~4,794,219 on chromosome 1. 

3.3. Conclusions 

To identify GN-dependent pathways that act redundantly to auxin signalling and transport to 

induce vein formation, we screened for genetic suppressors of the gnfwr phenotype. We identified 

six second-site such mutations that suppress the fragmented vein pattern of gnfwr leaves. The 

effects of one of those six mutations are recessive, whereas the effects of the remaining five 

mutations are dominant. The effects of the recessive mutation and of one of the five dominant 
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mutations are completely penetrant; the effects of the other four dominant mutations are 

incompletely penetrant. 

In the future, it will be important to understand whether the completely penetrant, 

recessive suppressor mutation is intra- or extragenic — for example, by determining whether any 

mutation exists outside of the gnfwr coding sequence in that suppressor line. It will also be 

important to test whether any of the suppressor mutations is allele-specific, which could be less 

informative of GN-dependent vein-patterning pathways, by assessing the ability of the mutations 

to rescue the phenotype of other weak alleles of gn — for example, gn-18 (Verna et al., 2019). 

Finally, it will be interesting to sequence the whole genome of all the extragenic, non-allele-

specific gn suppressors to identify the corresponding suppressor mutations. 

3.4. Materials & methods 

3.4.1. Plants 

Origin and nature of the SHR::4xYFP and gnfwr lines are in (Okumura et al., 2013; Marquès-

Bueno et al., 2016). The GN and gnfwr alleles were genotyped as in (Verna et al., 2019). 

Approximately 14,000 seeds (~0.28 g or 560 μl) of SHR::4xYFP;gnfwr were incubated with 40 

ml of 0.3% or 0.5% w/v ethyl methanesulfonate (Sigma-Aldrich M0880) in 50-ml conical tubes 

on a rocking platform O/N at 22℃. After mutagenesis, seeds were washed 10 times, 30 minutes 

each, with 50 ml of sterile water; transferred to sterile 0.1% w/v agar at a final density of ~20 

seeds/ml; stratified for 4 days at 4℃; and sowed on soil-filled trays (~10 ml, i.e. 200 seeds/pool; 

10 pools/tray). M2 seeds were sterilized as in (Lindsey et al., 2017); all other seeds were 

sterilized as in (Sawchuk et al., 2008). Sterilized seeds were sown and stratified as in (Sawchuk 
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et al., 2008). Stratified seeds were germinated and seedlings and plants were grown as described 

previously (Verna et al., 2019). 

3.4.2. Imaging 

Seedlings and developing cotyledons were mounted and imaged as in (Sawchuk et al., 2008). 

Mature leaves were fixed in 6 : 1 ethanol : acetic acid, rehydrated in 70% ethanol and water and 

mounted in 8 : 2 : 1 chloral hydrate : glycerol : water. Mounted leaves were imaged as in (Odat 

et al., 2014). Image brightness and contrast were adjusted by linear stretching of the histogram in 

the Fiji distribution (Schindelin et al., 2012) of ImageJ (Schneider et al., 2012; Schindelin et al., 

2015; Rueden et al., 2017).  
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Chapter 4: GAL4/GFP enhancer-trap lines for identification 

and manipulation of cells and tissues in developing 

Arabidopsis leaves2 

4.1. Introduction 

The unambiguous identification of cell and tissue types and the selective manipulation of their 

properties is key to our understanding of developmental processes. Both the unambiguous 

identification and the selective manipulation can most efficiently be achieved by the GAL4 

system (Brand and Perrimon, 1993). In such a system, a minimal promoter in a construct 

randomly inserted in a genome responds to neighboring regulatory elements and activates the 

expression of a gene, included in the same construct, encoding a variant of the GAL4 

transcription factor of yeast; the same construct also includes a GAL4-responsive, UAS-driven 

lacZ, GUS, or GFP, which reports GAL4 expression. Independent, phenotypically normal lines, 

in which the construct is inserted in different genomic locations, are selected because they 

reproducibly express the GAL4-responsive reporter in cell- or tissue-specific patterns. Lines with 

cell- or tissue-specific GAL4-driven reporter expression can then be used to characterize the 

behavior of the labeled cells or tissues (Yang et al., 1995), to identify mutations that interfere 

with that behavior (Guitton et al., 2004), or to identify genes expressed in the labeled cells or 

 
2 Adapted from Amalraj, B., Govindaraju, P., Krishna, A., Lavania, D., Linh, N. M., Ravichandran, S. J. and 

Scarpella, E. (2020). GAL4/GFP enhancer-trap lines for identification and manipulation of cells and tissues in 

developing Arabidopsis leaves. Dev Dyn 279, 1127-1146.  
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tissues by cloning the DNA flanking the insertion site of the enhancer-trap construct (Calleja et 

al., 1996). Furthermore, lines with cell- or tissue-specific GAL4 expression can be crossed with 

lines with UAS-driven RNAi constructs to trigger cell or tissue-specific gene silencing (Nagel et 

al., 2002), dominant-negative alleles to interfere with the WT gene function in specific cells or 

tissues (Elefant and Palter, 1999), toxic genes to induce cell- or tissue-specific ablation (Reddy 

1997), or genes of interest to investigate necessary or sufficient functions in specific cells or 

tissues (Gunthorpe et al., 1999). Though the GAL4 system does not allow to restrict the 

expression of UAS-driven transgenes to a temporal window that is narrower than that in which 

GAL4 is expressed, the system allows exquisite spatial control of transgene expression (McGuire 

et al., 2004). 

One of the first implementations of the GAL4 system in Arabidopsis was the Haseloff 

collection of GAL4/GFP enhancer-trap lines, in which an endoplasmic-reticulum-localized GFP 

(erGFP) responds to the activity of a fusion between the GAL4 DNA-binding domain and the 

activating domain of VP16 of Herpes simplex (Berger et al., 1998; Haseloff, 1999). The Haseloff 

collection is the most extensively used GAL4 system in Arabidopsis (e.g., (Sabatini et al., 1999; 

Weijers et al., 2003; Laplaze et al., 2005; Sawchuk et al., 2007; Gardner et al., 2009; Wenzel et 

al., 2012)), even though it is in the C24 background. This is problematic because the phenotype 

of hybrids between C24 and Col-0, generally considered the reference genotype in Arabidopsis 

(Koornneef and Meinke, 2010), is different from that of either parent (e.g., (Groszmann et al., 

2014; Kawanabe et al., 2016; Radoeva et al., 2016; Zhang et al., 2016)). The use of GAL4/GFP 

enhancer-trap lines in the C24 background to investigate processes in the Col-0 background thus 

imposes the burden of laborious generation of ad-hoc control backgrounds. Therefore, most 

desirable is the generation and characterization of GAL4/GFP enhancer-trap collections in the 
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Col-0 background. Two such collections have been reported: the Berleth collection, which has 

been used to identify lines that express GAL4/GFP in vascular tissues (Ckurshumova et al., 

2009); and the Poethig collection, which has been used to identify lines that express GAL4/GFP 

in stomata (Garnder et al., 2009). 

Here we screened the Poethig collection; we provide a set of lines for the specific 

labeling of cells and tissues during early leaf development and we show that these lines can be 

used to address key questions in plant developmental biology. 

4.2. Results & discussion 

To identify enhancer-trap lines in the Col-0 background of Arabidopsis with reproducible GAL4-

driven GFP expression during early leaf development, we screened the collection that Scott 

Poethig had generated with Jim Haseloff’s GAL4/GFP enhancer-trap construct (Fig. 4.1A) and 

had donated to the Arabidopsis Biological Resource Center. We screened 312 lines for GFP 

expression in first leaves 4 and 5 DAG by fluorescence stereomicroscopy (see Materials & 

Methods); 29 lines satisfied this criterion (Table 4.1). In 10 of these 29 lines, we detected GFP in 

specific cells or tissues in first leaves 4 and 5 DAG by epifluorescence microscopy (see 

Materials & Methods); nine of these 10 lines were phenotypically normal (Table 4.1). We 

imaged GFP expression in first leaves of these nine lines from 2 to 5 DAG by confocal laser 

scanning microscopy. 

The development of Arabidopsis leaves has been described previously (Pyke et al., 1991; 

Larkin et al., 1994; Telfer and Poethig, 1994; Kinsman and Pyke, 1998; Candela et al., 1999; 

Donnelly et al., 1999; Mattsson et al., 1999; Kang and Dengler., 2002; Kang and Dengler., 2004; 

Mattsson et al., 2003; Scarpella et al., 2004). Briefly, at 2 DAG the first leaf is recognizable as a 

cylindrical primordium with a midvein at its center (Fig. 4.1B). By 2.5 DAG, the primordium has  
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Figure 4.1. Poethig GAL4/GFP enhancer-trap lines and Arabidopsis leaf development 

(A) Cell- or tissue-specific enhancers in the Arabidopsis genome (blue line) activate transcription 

(dashed arrow) of a codon-usage-optimized translational fusion between the sequence encoding 

the GAL4 DNA-binding domain and the sequence encoding the activating domain of the Viral 

Protein 16 of Herpes simplex (GAL4:VP16) in a T-DNA construct (red line) that is randomly 

inserted in the Arabidopsis genome. Translation of the GAL4:VP16 fusion gene (solid arrow) 

leads to cell- or tissue-specific activation of transcription of a UAS-driven, endoplasmic-

reticulum-localized, improved GFP gene (mGFP5) (Siemering et al., 1996; Haseloff et al., 1997). 
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Crosses between lines with cell- or tissue-specific expression of GAL4:VP16 and lines with 

UAS-driven genes of interest (GOIs) lead to activation of GOI transcription in specific cells or 

tissues. See text and (Berger et al., 1998; Haseloff, 1999) for details. (B–J) First leaves. Top 

right: leaf age in days after germination (DAG); see Materials & methods for definition. (B–F) 

Development of leaf and veins; increasingly darker grays depict progressively later stages of 

vein development. (B) Side view, median plane. Abaxial (ventral) side to the left; adaxial 

(dorsal) side to the right. (C–F) Front view, median plane. See text for details. (G–J) 

Development of stomata and trichomes in abaxial (left) or adaxial (right) epidermis. Front 

ventral (left) or dorsal (right) view, epidermal plane. See text for details. Ab: abaxial; Ad: 

adaxial; Ap: apical; Ba: basal; Hv: minor vein; Hy: hydathode; L1, L2 and L3: first, second and 

third loop; La: lateral; Lm: lamina; Md: median; Me: marginal epidermis; Mv: midvein; Pe: 

petiole; St: stoma; Tr: trichome. 
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Table 4.1. Origin and nature of lines 

ABRC 

stock no. 

Donor 

stock no. 

Expression in 

developing leaves 

Tissue- and/or stage-

specific expression 

Phenotypically 

normal 

CS24240 E53 Na ··· ··· 

CS24241 E306 N ··· ··· 

CS24242 E337 N ··· ··· 

CS24243 E362 N ··· ··· 

CS24244 E456 N ··· ··· 

CS24245 E513 N ··· ··· 

CS24246 E652 N ··· ··· 

CS24247 E751 N ··· ··· 

CS24248 E788 N ··· ··· 

CS24249 E829 N ··· ··· 

CS24250 E1012 N ··· ··· 

CS24251 E1075 N ··· ··· 

CS24252 E1195 N ··· ··· 

CS24253 E1247 N ··· ··· 

CS24254 E1287 N ··· ··· 

CS24255 E1324 N ··· ··· 

CS24256 E1332 Yb N ··· 

CS24257 E2042 N ··· ··· 

CS24258 E2065 N ··· ··· 

CS24259 E2072 N ··· ··· 

CS24260 E2119 N ··· ··· 

CS24262 E2168 N ··· ··· 

CS24264 E2242 N ··· ··· 

CS24265 E2263 N ··· ··· 

CS24266 E2271 N ··· ··· 

CS70072 E1092 N ··· ··· 
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ABRC 

stock no. 

Donor 

stock no. 

Expression in 

developing leaves 

Tissue- and/or stage-

specific expression 

Phenotypically 

normal 

CS70073 E1100 N ··· ··· 

CS70074 E1127 N ··· ··· 

CS70075 E1128 N ··· ··· 

CS70076 E1130 N ··· ··· 

CS70077 E1155 N ··· ··· 

CS70078 E1161 N ··· ··· 

CS70079 E1176 N ··· ··· 

CS70080 E1222 N ··· ··· 

CS70081 E1223 N ··· ··· 

CS70082 E1237 N ··· ··· 

CS70083 E1238 N ··· ··· 

CS70084 E1250 N ··· ··· 

CS70085 E1252 N ··· ··· 

CS70086 E1271 N ··· ··· 

CS70087 E1289 Y N ··· 

CS70088 E1304 N ··· ··· 

CS70089 E1322 N ··· ··· 

CS70090 E1325 N ··· ··· 

CS70091 E1331 N ··· ··· 

CS70092 E1341 N ··· ··· 

CS70093 E1344 N ··· ··· 

CS70094 E1356 N ··· ··· 

CS70095 E1361 N ··· ··· 

CS70096 E1362 N ··· ··· 

CS70097 E1370 N ··· ··· 

CS70098 E1387 N ··· ··· 

CS70099 E1388 N ··· ··· 

CS70100 E1395 N ··· ··· 



 
 

82 

ABRC 

stock no. 
Donor 

stock no. 
Expression in 

developing leaves 
Tissue- and/or stage-

specific expression 
Phenotypically 

normal 

CS70102 E1405 N ··· ··· 

CS70103 E1416 N ··· ··· 

CS70104 E1439 N ··· ··· 

CS70105 E1439m N ··· ··· 

CS70106 E1457 N ··· ··· 

CS70107 E1567 N ··· ··· 

CS70108 E1570 N ··· ··· 

CS70109 E1607 N ··· ··· 

CS70110 E1626 N ··· ··· 

CS70111 E1627 N ··· ··· 

CS70112 E1628 N ··· ··· 

CS70113 E1638 N ··· ··· 

CS70114 E1644 N ··· ··· 

CS70115 E1662 N ··· ··· 

CS70116 E1663 Y N ··· 

CS70117 E1665 N ··· ··· 

CS70118 E1678 N ··· ··· 

CS70119 E1684 N ··· ··· 

CS70120 E1689 N ··· ··· 

CS70121 E1691 N ··· ··· 

CS70122 E1701 N ··· ··· 

CS70123 E1728 N ··· ··· 

CS70125 E1751 N ··· ··· 

CS70126 E1765 N ··· ··· 

CS70127 E1767 N ··· ··· 

CS70128 E1785 N ··· ··· 

CS70129 E1786 N ··· ··· 

CS70130 E1797 N ··· ··· 
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ABRC 

stock no. 
Donor 

stock no. 
Expression in 

developing leaves 
Tissue- and/or stage-

specific expression 
Phenotypically 

normal 

CS70131 E1801 N ··· ··· 

CS70132 E1809 N ··· ··· 

CS70133 E1815 N ··· ··· 

CS70134 E1817 N ··· ··· 

CS70135 E1818 N ··· ··· 

CS70136 E1819 N ··· ··· 

CS70137 E1825 N ··· ··· 

CS70138 E1828 N ··· ··· 

CS70139 E1832 N ··· ··· 

CS70140 E1833 N ··· ··· 

CS70141 E1853 N ··· ··· 

CS70142 E1868 N ··· ··· 

CS70143 E1950 N ··· ··· 

CS70144 E1998 N ··· ··· 

CS70145 E2034 N ··· ··· 

CS70146 E217 N ··· ··· 

CS70147 E562 N ··· ··· 

CS70148 E1001 N ··· ··· 

CS70149 E1368 N ··· ··· 

CS70150 E1690 N ··· ··· 

CS70151 E1704-1 N ··· ··· 

CS70152 E1704-3 N ··· ··· 

CS70153 E1715 N ··· ··· 

CS70154 E1723 N ··· ··· 

CS70155 E1735 N ··· ··· 

CS70156 E1935 N ··· ··· 

CS70157 E1967 N ··· ··· 

CS70158 E2014 N ··· ··· 
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ABRC 

stock no. 
Donor 

stock no. 
Expression in 

developing leaves 
Tissue- and/or stage-

specific expression 
Phenotypically 

normal 

CS70159 E2057 N ··· ··· 

CS70160 E2207 N ··· ··· 

CS70161 E2406 N ··· ··· 

CS70162 E2408 Y Y Y 

CS70163 E2410 N ··· ··· 

CS70164 E2415 N ··· ··· 

CS70165 E2425 N ··· ··· 

CS70166 E2425 N ··· ··· 

CS70167 E2441 N ··· ··· 

CS70168 E2443 N ··· ··· 

CS70169 E2448 N ··· ··· 

CS70170 E2491 N ··· ··· 

CS70171 E2502 N ··· ··· 

CS70172 E2513 N ··· ··· 

CS70173 E2563 N ··· ··· 

CS70174 E2609 N ··· ··· 

CS70175 E2633 N ··· ··· 

CS70176 E2676 N ··· ··· 

CS70177 E2692 Y N ··· 

CS70178 E2724 N ··· ··· 

CS70179 E2763 N ··· ··· 

CS70180 E2764 N ··· ··· 

CS70181 E2779 N ··· ··· 

CS70182 E2861 N ··· ··· 

CS70183 E2862 N ··· ··· 

CS70184 E2897 N ··· ··· 

CS70185 E2904 N ··· ··· 

CS70186 E2905 N ··· ··· 
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ABRC 

stock no. 
Donor 

stock no. 
Expression in 

developing leaves 
Tissue- and/or stage-

specific expression 
Phenotypically 

normal 

CS70187 E2947 N ··· ··· 

CS70188 E2993 N ··· ··· 

CS70189 E3004 N ··· ··· 

CS70190 E3006 N ··· ··· 

CS70191 E3017 N ··· ··· 

CS70192 E3065 N ··· ··· 

CS70193 E3134 N ··· ··· 

CS70194 E3190 N ··· ··· 

CS70195 E3198 N ··· ··· 

CS70196 E3258 N ··· ··· 

CS70197 E3267 N ··· ··· 

CS70198 E3298 N ··· ··· 

CS70199 E3313 N ··· ··· 

CS70200 E3317 Y Y N 

CS70201 E3430 N ··· ··· 

CS70202 E3459 N ··· ··· 

CS70203 E3462 N ··· ··· 

CS70204 E3474 N ··· ··· 

CS70205 E3478 N ··· ··· 

CS70206 E3501 N ··· ··· 

CS70207 E3505 N ··· ··· 

CS70208 E3530 N ··· ··· 

CS70209 E3531 N ··· ··· 

CS70210 E3598-1 N ··· ··· 

CS70211 E3598-2 N ··· ··· 

CS70212 E3637 N ··· ··· 

CS70213 E3642 N ··· ··· 

CS70214 E3655 Y N ··· 
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ABRC 

stock no. 
Donor 

stock no. 
Expression in 

developing leaves 
Tissue- and/or stage-

specific expression 
Phenotypically 

normal 

CS70215 E3683 N ··· ··· 

CS70216 E3700 N ··· ··· 

CS70217 E3754 N ··· ··· 

CS70218 E3756 N ··· ··· 

CS70219 E3783 Y N ··· 

CS70220 E3806 N ··· ··· 

CS70221 E3816 N ··· ··· 

CS70222 E3826 N ··· ··· 

CS70223 E3876 N ··· ··· 

CS70224 E3879 N ··· ··· 

CS70225 E3880 N ··· ··· 

CS70226 E3885 Y N ··· 

CS70227 E3912 Y Y Y 

CS70228 E3927 N ··· ··· 

CS70229 E3930 Y N ··· 

CS70230 E3963 N ··· ··· 

CS70231 E3980 N ··· ··· 

CS70232 E4009 N ··· ··· 

CS70233 E4028 Y N ··· 

CS70234 E4058 N ··· ··· 

CS70235 E4096 N ··· ··· 

CS70236 E4104 N ··· ··· 

CS70237 E4105 N ··· ··· 

CS70238 E4110 N ··· ··· 

CS70239 E4118 Y N ··· 

CS70240 E4129 N ··· ··· 

CS70241 E4148 N ··· ··· 

CS70242 E4150 N ··· ··· 
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ABRC 

stock no. 
Donor 

stock no. 
Expression in 

developing leaves 
Tissue- and/or stage-

specific expression 
Phenotypically 

normal 

CS70243 E4151 N ··· ··· 

CS70244 E4162 N ··· ··· 

CS70245 E4223 N ··· ··· 

CS70246 E4247 N ··· ··· 

CS70247 E4256 N ··· ··· 

CS70248 E4272 N ··· ··· 

CS70249 E4285 N ··· ··· 

CS70250 E4295 Y Y Y 

CS70251 E4350 N ··· ··· 

CS70252 E4396 N ··· ··· 

CS70253 E4411 N ··· ··· 

CS70254 E4423 N ··· ··· 

CS70255 E4491 N ··· ··· 

CS70256 E4506 Y N ··· 

CS70257 E4522 Y N ··· 

CS70258 E4583 N ··· ··· 

CS70259 E4589 N ··· ··· 

CS70260 E4633 N ··· ··· 

CS70261 E4680 N ··· ··· 

CS70262 E4695 N ··· ··· 

CS70263 E4715 N ··· ··· 

CS70264 E4716 Y Y Y 

CS70265 E4722 Y Y Y 

CS70266 E4751 N ··· ··· 

CS70267 E4791 N ··· ··· 

CS70268 E4801 N ··· ··· 

CS70269 E4811 N ··· ··· 

CS70270 E4812 N ··· ··· 
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ABRC 

stock no. 
Donor 

stock no. 
Expression in 

developing leaves 
Tissue- and/or stage-

specific expression 
Phenotypically 

normal 

CS70271 E4820 N ··· ··· 

CS70272 E4856 Y N ··· 

CS70273 E4907 N ··· ··· 

CS70274 E4930 N ··· ··· 

CS70275 E4940 N ··· ··· 

CS70276 E4970 N ··· ··· 

CS70277 E5008 N ··· ··· 

CS70278 E5025 N ··· ··· 

CS70279 E5026 N ··· ··· 

CS70280 E5085 N ··· ··· 

CS70281 E5096 Y N ··· 

N, No; Y, Yes  
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elongated and expanded (Fig. 4.1C). By 3 DAG, the primordium has continued to expand and 

the first loops of veins (“first loops”) have formed (Fig. 4.1D). By 4 DAG, a lamina and a petiole 

have become recognizable, second loops have formed and minor veins have started to form 

the top half of the lamina (Fig. 4.1E). By 5 DAG, lateral outgrowths (hydathodes) have become 

recognizable in the lower quarter of the lamina, third loops have formed and minor vein 

formation has spread toward the base of the lamina (Fig. 4.1F). Leaf hairs (trichomes) and pores 

(stomata) can be first recognized at the tip of 2.5- and 3-DAG primordia, respectively and their 

formation spreads toward the base of the lamina during leaf development (Fig. 4.1G–J). 

Consistent with previous observations (Huang et al., 2014), E100>>erGFP was expressed 

at varying levels in all the cells of 2-, 2.5-, 3- and 4-DAG leaf primordia (Fig. 4.2B–E). 

Consistent with previous observations (Krogan and Berleth, 2012), E861>>erGFP was 

expressed in all the inner cells of the 2-DAG primordium, though more strongly in its innermost 

cells (Fig. 4.2F). At 2.5 DAG, expression had been activated in the lowermost epidermal cells of 

the primordium margin and persisted in all the inner cells of the bottom half of the primordium; 

in the top half of the primordium, weaker expression persisted in inner cells, except near the 

midvein, where by then it had been terminated (Fig. 4.2G). At 3 DAG, expression continued to 

persist in all the inner cells of the bottom half of the primordium, though expression was stronger 

in the areas where second loops were forming; in the top half of the primordium, weaker 

expression had become restricted to the midvein, first loops and minor veins (Fig. 4.2H). At 4 

DAG, expression in the top half of the leaf remained restricted to the midvein, first loops and 

minor veins and in the bottom half of the leaf it had declined in inner cells between the first 

loops and the developing second loops (Fig. 4.2I). In summary, E861>>erGFP was expressed  
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Figure 4.2. Expression of E100>>, E861>> and E4295>>erGFP in leaf development 

(A) Look‐up table visualizes global background (black) and erGFP expression levels (red to 

white through yellow). (B–Q) First leaves. Top right: leaf age in days after germination (DAG); 
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see Materials & methods for definition. (B–M,O–Q) Confocal laser scanning microscopy. 

Bottom left: genotype. Look‐up table (ramp in A) visualizes erGFP expression levels (red to 

white through yellow). Blue: autofluorescence. Black: global background. Dashed green line 

delineates leaf outline. White arrowhead points to epidermal expression. (B,F,J) Side view, 

median plane. Abaxial (ventral) side to the left; adaxial (dorsal) side to the right. (C–E,G–

I,L,M,O–Q) Front view, median plane. (K) Front ventral view, subepidermal plane (left); front 

view, median plane (right). (N) Increasingly darker grays depict progressively later stages of 

vein development. Boxes illustrate positions of closeups in O, P and Q. See Table 4.2 for 

reproducibility of expression features. Bars: (B,C,F,G,J,K) 30 µm; (D,E,H,I,L,M) 60 µm; (O–Q) 

10 µm. 
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Table 4.2. Reproducibility of expression and pattern features 

Figure Panel 
No. leaves with displayed features / 

no. analyzed leaves 
Assessed expression or pattern features 

4.2 B 15/18 Ubiquitous 

4.2 C 15/17 Ubiquitous 

4.2 D 19/19 Ubiquitous 

4.2 E 33/33 Ubiquitous 

4.2 F 26/29 Inner cells 

4.2 G 29/29 Vascular cells in top half of primordium, inner cells in basal half of 

primordium 

4.2 H 31/31 Vascular cells in top half of primordium, inner cells in basal half of 

primordium 

4.2 I 19/19 Vascular cells in top half of leaf, inner cells in basal half of leaf 

4.2 J 16/19 Abaxial inner cells 

4.2 K 34/36 Abaxial inner cells & middle tissue layer 

4.2 L 24/25 Abaxial inner cells & middle tissue layer 

4.2 M 34/34 Abaxial inner cells & middle tissue layer 

4.2 O 14/14 Inner, nonvascular cells 

4.2 P 14/14 Inner, nonvascular cells 

4.2 Q 14/14 Inner, nonvascular cells 

4.3 A 26/28 (abaxial) 15/28 (adaxial) Upper third of adaxial epidermis & whole abaxial epidermis 
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Figure Panel 
No. leaves with displayed features / 

no. analyzed leaves 
Assessed expression or pattern features 

4.3 B (left) 30/30 Whole epidermis 

4.3 B (right) 22/23 Top three-quarters of epidermis & trichomes 

4.3 C (left) 15/15 Whole epidermis 

4.3 C (right) 14/14 Top three-quarters of epidermis & trichomes 

4.3 D (left) 18/18 Whole epidermis 

4.3 D (right) 16/16 Epidermis of whole lamina and petiole midline & trichomes  

4.3 E 16/16 Trichomes 

4.3 F 17/18 Top three-quarters of marginal epidermis 

4.3 G 14/14 Whole marginal epidermis 

4.3 H 16/16 Whole marginal epidermis 

4.3 I 59/59 Whole epidermis 

4.3 J (left) 45/45 Whole epidermis 

4.3 J (right) 42/42 All cells of marginal epidermis, except few cells in top half of 

primordium 

4.3 K (left) 21/21 Whole epidermis, including stomata 

4.3 K (right) 33/38 Bottom quarter and few cells in top three-quarters of marginal epidermis 

4.3 L (left) 21/21 Whole epidermis, including stomata 

4.3 L (right) 31/31 Bottom quarter and few cells in top three-quarters of marginal epidermis 

4.3 M 29/30 Absent 

4.3 N 26/26 Top quarter of primordium 
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Figure Panel 
No. leaves with displayed features / 

no. analyzed leaves 
Assessed expression or pattern features 

4.3 P 18/18 Whole leaf 

4.3 Q 31/33 Absent 

4.3 R 19/21 Top quarter of primordium 

4.3 S 23/28 Top half of lamina 

4.3 T 16/18 Top three-quarters of lamina 

4.4 A 22/22 Midvein 

4.4 B 30/30 Midvein 

4.4 C 16/17 Midvein & first loop 

4.4 D 34/48 Midvein & first and second loop 

4.4 E 25/25 Absent 

4.4 F 20/20 Midvein 

4.4 G 27/37 Midvein & first loop 

4.4 H 24/28 Midvein & first and second loop 

4.6 A NDa Narrow midvein & scalloped vein-network outline 

4.6 B 19/20 Shapeless vascular cluster 

4.6 C 32/46 Midvein & first and second loop 

4.6 D 21/21 Shapeless vascular domain 

4.6 E 16/23 Midvein & first and second loop 

4.6 F 18/18 Broad vascular domain 

4.6 G 21/21 Narrow midvein & scalloped vein-network outline 
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Figure Panel 
No. leaves with displayed features / 

no. analyzed leaves 
Assessed expression or pattern features 

4.6 H 19/19 Broad vascular zone 

a
Not Determined  
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ubiquitously at early stages of inner-cell development; over time, however, expression became 

restricted to developing veins. As such, expression of E861>>erGFP resembles that of 

MONOPTEROS and PIN-FORMED1, which marks the gradual selection of vascular cells from 

within the leaf inner tissue (Scarpella et al., 2006; Wenzel et al., 2007). 

E4295>>erGFP expression was restricted to inner cells in 2-, 2.5-, 3- and 4-DAG leaf 

primordia (Fig. 4.2J–M,O–Q). At 2 DAG, E4295>>erGFP was expressed almost exclusively in 

the inner cells of the abaxial side of the primordium (Fig. 4.2J), but by 2.5 DAG E4295>>erGFP 

was additionally expressed in the middle tissue layer (Fig. 4.2K), from which veins form 

(Stewart 1978; Tilney-Bassett 1986). Expression persisted in the inner cells of the abaxial side 

and of the middle tissue layer in 3- and 4-DAG primordia (Fig. 4.2L,M). High-resolution images 

of the middle tissue layer showed that expression was excluded from developing veins (Fig. 

4.2O–Q), suggesting that it marks inner, non-vascular cells. Therefore, expression of 

E4295>>erGFP resembles that of LIGHT HARVESTING COMPLEX A6 and SCARECROW-

LIKE32 (Sawchuk et al., 2008; Gardiner et al., 2011) and that of J0571>>erGFP in the C24 

background (Wenzel et al., 2012). 

As described below, expression of E4259>>erGFP and E4722>>erGFP was restricted to 

the epidermis at all analyzed stages (Fig. 4.3A–L).  

At 2 DAG, E4259>>erGFP was expressed in the upper third of the adaxial epidermis and 

in the whole abaxial epidermis, though expression was stronger in the top half of the primordium 

(Fig. 4.3A). By 2.5 DAG, E4259>>erGFP was strongly expressed in the whole abaxial epidermis 

and the top three-quarters of the marginal epidermis; E4259>>erGFP was also expressed in the 

top three-quarters of the adaxial epidermis, but expression was stronger in the top half of the 

primordium (Fig. 4.3B,F). At 3 DAG, E4259>>erGFP was strongly expressed in the top three-  
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Figure 4.3. Expression of E4259>>, E4722>>, E2408>> and E4716>>erGFP in leaf 

development 

(A–T) Confocal laser scanning microscopy. First leaves. Top right: leaf age in days after 
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 germination (DAG); see Materials & methods for definition. Bottom left: genotype. Look‐up 

table (ramp in Fig. 4.2A) visualizes erGFP expression levels (red to white through yellow). Blue: 

autofluorescence. Black: global background. Dashed green line delineates leaf outline. (A,I,M) 

Side view, median plane. Abaxial (ventral) side to the left; adaxial (dorsal) side to the right. (B–

D) Front ventral (left) or dorsal (right) view, epidermal plane. (E) Closeup of trichome in D, 

right. (F–H) Front view, median plane. (J–L) Front ventral view, epidermal plane (left); front 

view, median plane (right). (N–P) Front dorsal view, epidermal plane. (Q–T) Front ventral view, 

epidermal plane. See Table 4.2 for reproducibility of expression features. Bars: 

(A,B,F,I,J,M,N,Q) 30 µm; (C,D,E,G,H,K,L,O,P,R,S,T) 60 µm. 
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quarters of the adaxial epidermis and in the whole marginal epidermis and strong expression 

persisted in the whole abaxial epidermis (Fig. 4.3C,G). At 4 DAG, strong expression persisted in  

the whole marginal epidermis, continued to persist in the whole abaxial epidermis and 

E4259>>erGFP was now strongly expressed also in the adaxial epidermis of the whole lamina 

and the petiole midline (Fig. 4.3D,H). At all analyzed stages, E4259>>erGFP was expressed in 

trichomes but was not expressed in mature stomata (Fig. 4.3B–H). In conclusion, expression of 

E4259>>erGFP resembles that of ARABIDOPSIS THALIANA MERISTEM LAYER1 

 (Lu et al., 1996; Sessions et al., 1999), which marks epidermal cells and whose promoter is used 

to drive epidermis-specific expression (e.g., (Takada and Jürgens, 2007; Bilsborough et al., 2011; 

Kierzkowski et al., 2013; Govindaraju et al., 2020)). 

E4722>>erGFP was expressed in all the epidermal cells of the 2-DAG primordium, 

though more weakly at its tip (Fig. 4.3I). E4722>>erGFP was expressed in all the epidermal cells 

of the 2.5-DAG primordium too, except at its margin, where expression had been terminated in a 

few cells of its top half (Fig. 4.3J). At 3 DAG, expression persisted in all the epidermal cells, 

except at the primordium margin, where expression had been terminated in most of the cells of 

its top three-quarters (Fig. 4.3K). At 4 DAG, expression continued to persist in all the epidermal 

cells, except at the leaf margin, where expression had been terminated in nearly all the cells of its 

top three-quarters (Fig. 4.3L). Unlike E4259>>erGFP, E4722>>erGFP was expressed in stomata 

but was not expressed in trichomes (Fig. 4.3J–L). 

At all analyzed stages, expression of E2408>>erGFP and E4716>>erGFP was restricted 

to trichomes and stomata, respectively (Fig. 4.3M–T). E2408>>erGFP was first expressed in 

developing trichomes at the tip of the 2.5-DAG primordium (Fig. 4.3M,N). By 3 DAG, 

E2408>>erGFP was expressed in the developing and mature trichomes of the top three-quarters  



 
 

100 

of the primordium (Fig. 4.3O) and by 4 DAG in those of the whole lamina (Fig. 4.3P). 

E4716>>erGFP was first expressed in stomata at the tip of the 3-DAG primordium (Fig. 

4.3Q,R). By 4 DAG, E4716>>erGFP was expressed in the stomata of the top half of the lamina 

(Fig. 4.3S) and by 5 DAG in those of its top three-quarters (Fig. 4.3T). 

At all analyzed stages, expression of E2331>>erGFP and E3912>>erGFP was restricted 

to developing veins (Figure 4.4). E2331>>erGFP was expressed in both isodiametric and 

elongated cells of the midvein in 2- and 2.5-DAG primordia (Fig. 4.4A,B). By 3 DAG, 

E2331>>erGFP was expressed in first loops and by 4 DAG in second loops and minor veins 

(Fig. 4.4C,D). E3912>>erGFP was first expressed in the midvein of the 3-DAG primordium 

(Fig. 4.4E,F). By 4 DAG, E3912>>erGFP was expressed in first loops and by 5 DAG in second 

loops and minor veins (Fig. 4.4G,H). These observations suggest that expression of 

E3912>>erGFP is initiated later than that of E2331>>erGFP in vein development. Furthermore, 

because the expression of E2331>>erGFP resembles that of the preprocambial markers 

ATHB8::nYFP, J1721>>erGFP and SHR::nYFP (Sawchuk et al., 2007; Donner et al., 2009; 

Gardiner et al., 2011), we suggest that E2331>>erGFP expression marks preprocambial stages of 

vein development, a conclusion that is consistent with E2331>>erGFP expression during 

embryogenesis (Gillmor et al., 2010). Finally, because E3912>>erGFP expression resembles that 

of the procambial marker Q0990>>erGFP in the C24 background (Sawchuk et al., 2007), we 

suggest that E3912>>erGFP expression marks procambial stages of vein development. 

In the lines characterized above, GFP was expressed in specific cells and tissues during early leaf 

development; however, as it is most frequently the case for other enhancer-trap lines (e.g., 

(Ckurshumova et al., 2009; Gardner et al., 2009; Gardiner et al., 2011; Wenzel et al., 2012;  
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Figure 4.4. Expression of E2331>> and E3912>>erGFP in leaf development 

(A–H) Confocal laser scanning microscopy. First leaves. Top right: leaf age in days after 

germination (DAG); see Materials & methods for definition. Bottom left: genotype. Look‐up 

table (ramp in Fig. 3.2A) visualizes erGFP expression levels (red to white through yellow). Blue: 

autofluorescence. Black: global background. Dashed green line delineates leaf outline. (A) Side 

view, median plane. Abaxial (ventral) side to the left; adaxial (dorsal) side to the right. (B–H) 

Front view, median plane. See Table 4.2 for reproducibility of expression features. Bars: (A,B,E) 

30 µm; (C,D,F–H) 60 µm. 
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Radoeva et al., 2016)), in the lines reported here GFP was additionally expressed in other organs 

(Figure 4.5). To show the informative power for plant developmental biology of the lines 

characterized above, we selected the E2331 line, which marks early stages of vein development 

(Fig. 4.4A–D). 

In WT leaves, the elongated vascular cells are connected to one another into continuous 

veins (Esau 1965) (Fig. 4.6A). By contrast, in mature leaves of the gnom (gn) mutant, putative 

vascular cells fail to elongate and to connect to one another into continuous veins; instead, they 

accumulate into shapeless clusters of seemingly disconnected and randomly oriented cells 

(Shevell et al., 2000; Verna et al., 2019) (Fig.43.6B). Though the cells in these clusters have 

some features of vascular cells (e.g., distinctive patterns of secondary cell-wall thickenings), they 

lack others (e.g., elongated shape and end-to-end connection to form continuous veins). 

Therefore, it is unclear whether the clustered cells in gn mature leaves are abnormal vascular 

cells or nonvascular cells that have recruited a cellular differentiation pathway that is normally, 

but not always (e.g., (Solereder 1908; Kubo et al., 2005; Yamaguchi et al., 2010)), associated 

with vascular development. To address this question, we imaged E2331>>erGFP expression in 

developing leaves of WT and gn. 

As shown above (Fig. 4.4D), E2331>>erGFP was expressed in midvein, first and second 

loops and minor veins in WT (Fig. 4.6C). In gn, the pattern of E2331>>erGFP expression in 

developing leaves recapitulated that of vascular differentiation in mature leaves (Fig. 4.6B,D), 

suggesting that the putative vascular cells in the shapeless clusters are indeed vascular cells, 

albeit abnormal ones. 
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Figure 4.5. Expression of E100>>, E861>>, E4295>>, E4259>>, E4722>>, E2408>>, 

E4716>>, E2331>> and E3912>>erGFP in seedling organs 

(A–AA) Epifluorescence microscopy. Seedlings 5 days after germination (see Materials & 

methods for definition). Bottom left: genotype. Look‐up table (ramp in AA) visualizes global 

background (black) and levels of autofluorescence (blue to cyan) and erGFP expression (green to 

white through yellow). (A–I) Cotyledon. (J–R) Hypocotyl. (P) Inset: stoma. (S-AA) Root. (A–I) 

Front view, median plane. (J–L,Q–AA) Median plane. (M–P) Median (top) or tangential 

(bottom) plane. Bars: (A–I) 500 µm.; (J–AA) 100 µm.  
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Figure 4.6. E2331-mediated visualization and manipulation of developing veins 

(A–H) First leaves. Top right: leaf age in days after germination (DAG); see Materials & 

methods for definition. Bottom left: genotype and treatment. (A,B,G,H) Dark-field microscopy 

of cleared leaves. (C–F) Confocal laser scanning microscopy. Look‐up table (ramp in Fig. 4.2A) 

visualizes erGFP expression levels (red to white through yellow). Blue: autofluorescence. Black: 

global background. Dashed green line delineates leaf outline. Front view, median plane. See 

Table 4.2 for reproducibility of expression and pattern features. Bars: (A,B,G,H) 500 µm; (C–F) 

60 µm. 
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Auxin signals are transduced by multiple pathways (reviewed in (Leyser 2018) and 

(Gallei et al., 2020)); best characterized is the auxin signalling pathway that releases from 

repression activating transcription factors of the ARF family, thereby allowing them to induce 

transcription of auxin-responsive genes (reviewed in (Powers and Strader, 2019)). Auxin 

signalling is thought to be required for vein formation because mutations in genes involved in 

auxin signalling or treatment with inhibitors of auxin signalling leads to the formation of fewer, 

incompletely differentiated veins (Przemeck et al., 1996; Hardtke and Berleth, 1998; Mattsson et 

al., 2003; Verna et al., 2019). Increasing auxin signalling by means of broadly expressed 

mutations or transgenes leads to the formation of supernumerary veins, suggesting that auxin 

signalling is also sufficient for vein formation (Krogan et al., 2012; Garett et al., 2012). This 

interpretation assumes that it is the increased auxin signalling in the cells that normally would 

not differentiate into vein elements that leads those cells to differentiate in fact into such 

elements. However, it is also possible that it is the increased auxin signalling in the cells that 

normally differentiate into vein elements that leads the flanking cells, which normally would not 

differentiate into such elements, to do in fact so. To discriminate between these possibilities, we 

increased auxin signalling in developing veins by expressing by the E2331 driver a 

dexamethasone (dex)-inducible, constitutively active variant of the MP protein — the only 

activating ARF with non-redundant functions in vein formation (Stamatiou, 2007). As previously 

reported (Schena et al., 1991; Krogan et al., 2012; Smetana et al., 2019), we constitutively 

activated MP by deleting domains III and IV, which are required for ARF repression (Tiwari et 

al., 2003; Wang et al., 2005; Krogan et al., 2012) and fused the resulting MPΔIII/IV to a 

fragment of the rat glucocorticoid receptor (GR) (Picard 1998) to confer dex-inducibility. We 
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imaged E2331>>erGFP expression in developing leaves and vein patterns in mature leaves of 

E2331>>MPΔIII/IV:GR grown with or without dex. 

Consistent with previous observations (Fig. 4.4D; Fig. 4.6C), in developing leaves of 

E2331>>MPΔIII/IV:GR grown without dex, E2331>>erGFP was expressed in narrow domains 

(Fig. 4.6E). By contrast, E2331>>erGFP was expressed in broad domains in developing leaves 

of dex-grown E2331>>MPΔIII/IV:GR (Fig. 4.6F). Whether with or without dex, the patterns of 

E2331>>erGFP expression in developing leaves of E2331>>MPΔIII/IV:GR presaged those of 

vein formation in mature leaves: narrow zones of vein formation in the absence of dex; broad 

areas of vascular differentiation in the presence of dex, often with multiple veins running parallel 

next to one another (Fig. 4.6G,H). Though the areas of vascular differentiation in dex-grown 

E2331>>MPΔIII/IV:GR are not as broad as those of leaves in which MPΔIII/IV is expressed in 

all the inner cells (Krogan et al., 2012), they are broader than those of E2331>>MPΔIII/IV:GR 

grown without dex. These observations suggest that, at least in part, it is the increased auxin 

signalling in the cells that normally differentiate into vein elements that leads the flanking cells, 

which normally would not differentiate into such elements, to do in fact so. Our conclusion is 

consistent with interpretations of similar findings in other plant organs (e.g., (Simon et al., 1996; 

Pautot et al., 2001; Hay et al., 2003; Fukaki et al., 2005; Nakata et al., 2018)) and, more in 

general, with organ-specific interpretations of genetic mosaics that span multiple organs in other 

organisms (e.g., (Morgan et al., 1919; Sturtevant 1920; Sturtevant 1932)). Nevertheless, we 

cannot rule out an effect on leaf vein patterning of increased auxin signalling in the vascular 

tissue of non-leaf organs, where E2331>>erGFP is also expressed (Fig. 4.5H,Q,Z); in the future, 

that possibility will have to be addressed by complementary approaches such as clonal analysis 

(e.g., (Posakony et al., 1991; Burke and Basler., 1996)). 
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In conclusion, we provide a set of GAL4/GFP enhancer-trap lines in the Col-0 

background of Arabidopsis for the specific labeling of cells and tissues during early leaf 

development (Figure 4.7) and we show that these lines can be used to address key questions in 

plant developmental biology. 

4.3. Materials & methods 

4.3.1. Plants 

Origin and nature of GAL4 enhancer-trap lines are in Table 4.1. gn-13 (SALK_045424; ABRC) 

(Alonso et al., 2003; Verna et al., 2019) contains a T-DNA insertion after nucleotide +2835 of 

GN and was genotyped with the “SALK_045424 gn LP” (5’-TGATCCAAATCACTGGGTTTC-

3’) and “SALK_045424 gn RP” (5’-AGCTGAAGATAGGGAATTCGC-3’) oligonucleotides 

(GN) and with the “SALK_045424 gn RP” and “LBb1.3” (5’-ATTTTGCCGATTTCGGAAC-3’) 

oligonucleotides (gn). To generate the UAS::MPΔIII/IV:GR construct, the UAS promoter was 

amplified with the “UAS Promoter SalI Forward” (5’-

ATAGTCGACCCAAGCGCGCAATTAACCCTCAC-3’) and the “UAS Promoter XhoI 

Reverse” (5’-AGCCTCGAGCCTCTCCAAATGAAATGAACTTCC-3’) oligonucleotides; 

MPΔIII/IV was amplified with the “MP Delta XhoI Forward” (5’-

AAACTCGAGATGATGGCTTCATTGTCTTGTGTT-3’) and the “MP EcoRI Reverse” (5’-

ATTGAATTCGGTTCGGACGCGGGGTGTCGCAATT-3’) oligonucleotides; and a fragment of 

the rat glucocorticoid (GR) receptor gene was amplified with the “SpeI GR Forward” (5’-

GGGACTAGTGGAGAAGCTCGAAAAACAAAG-3’) and the “GR ApaI Reverse” (5’-

GCGGGGCCCTCATTTTTGATGAAACAG-3’) oligonucleotides. Seeds were sterilized and 

sown as in (Sawchuk et al., 2008). Germination was synchronized as in (Scarpella et al., 2004).   
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Figure 4.7. Expression Map of E100>>, E861>>, E4295>>, E4259>>, E4722>>, E2408>>, 

E4716>>, E2331>> and E3912>>erGFP in leaf development 

First leaves. Top: leaf age in days after germination (DAG); see Materials & methods for 

definition. 2-DAG leaf primordium: side view, median plane; abaxial (ventral) side to the left, 

adaxial (dorsal) side to the right. Leaves 2.5–4 DAG: front view, median plane. 2.5-/3-DAG leaf 

composite: front ventral (left) or dorsal (right) view, epidermal plane. Map illustrates inferred 

overlap and exclusivity of expression. See text for details.  
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We refer to “days after germination” (DAG) as days after exposure of stratified seeds to light. 

Stratified seeds were germinated and seedlings were grown at 22°C under continuous fluorescent 

light (~80 µmol m‐2 s‐1). Plants were grown at 24°C under fluorescent light (~85 µmol m‐2 s‐1) in 

a 16‐h‐light/8‐h‐dark cycle. Plants were transformed and representative lines were selected as in 

(Sawchuk et al., 2008). 

4.3.2. Chemicals 

Dexamethasone (Sigma-Aldrich, catalogue no. D4902) was dissolved in dimethyl sulfoxide and 

was added to growth medium just before sowing. 

4.3.3. Imaging 

Seedlings were imaged with a 1.0x Planapochromat (NA, 0.041; WD, 55 mm) objective of a 

Leica MZ 16FA stereomicroscope equipped with an HBO103 mercury vapor short-arc lamp and 

an Andor iXonEM+ camera. GFP was detected with a 480/40-nm excitation filter and a 510-nm 

emission filter, or with a 470/40-nm excitation filter and a 525/50-nm emission filter. Seedling 

organs were imaged with a 5x Fluar (NA, 0.25; WD, 12.5 mm) or a 20x Planapochromat (NA, 

0.8; WD, 0.55 mm) objective of an Axio Imager.M1 microscope (Carl Zeiss) equipped with an 

HBO103 mercury vapor short-arc lamp and a Hamamatsu ORCA-AG camera. GFP was detected 

with a BP 470/40 excitation filter, an FT495 beam splitter and a BP 525/50 emission filter. 

Developing leaves were mounted and imaged as in (Sawchuk et al., 2013), except that emission 

was collected from ~1.5–5-μm-thick optical slices. Fluorophores were excited with the 488-nm 

line of a 30-mW Ar laser; GFP emission was collected with a BP 505–530 filter and 

autofluorescence was collected between 550 and 754 nm. Mature leaves were fixed in 3 : 1 or 6 : 
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1 ethanol : acetic acid, rehydrated in 70% ethanol and in water, cleared briefly (few seconds to 

few minutes) — when necessary — in 0.4 M sodium hydroxide, washed in water, mounted in 

80% glycerol or in 1 : 2 : 8 or 1 : 3 : 8 water : glycerol : chloral hydrate and imaged as in (Odat et 

al., 2014). In the Fiji distribution (Schindelin et al., 2012) of ImageJ (Schneider et al., 2012; 

Schindelin et al., 2015; Rueden et al., 2017), grayscaled RGB color images were turned into 8-bit 

images; when necessary, 8-bit images were combined into stacks and maximum-intensity 

projection was applied to stacks; look-up-tables (Sawchuk et al., 2007) were applied to images or 

stacks and brightness and contrast were adjusted by linear stretching of the histogram.  
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Chapter 5: General discussion 

5.1. Conclusion summary 

The evidence discussed in Chapter 1 suggests that the plant hormone auxin induces the polar 

formation of veins and that such inductive and orienting property of auxin depends on the 

function of PIN-FORMED (PIN) genes (reviewed in Berleth et al., 2000; Linh et al., 2018). How 

auxin precisely controls PIN gene function and derived polar formation of veins is unclear, but 

the prevailing hypothesis has long been that the GNOM (GN) guanine-nucleotide exchange 

factor for ADP-ribosylation-factor GTPases, which regulates vesicle formation in membrane 

trafficking, coordinates the cellular localization of PIN proteins between cells; the resulting cell-

to-cell, polar transport of auxin would coordinate the polar localization of PIN proteins between 

auxin-transporting cells and control polar developmental processes such as vein formation 

(reviewed in Berleth et al., 2000; Richter et al., 2010; Nakamura et al., 2012; Linh et al., 2018). 

Contrary to predictions of the hypothesis, however, auxin-induced polar vein-formation occurs in 

the absence of PIN proteins or any known intercellular auxin transporter (Verna et al., 2019), 

suggesting the presence of auxin-transport-independent vein-patterning pathways. The goal of 

my M.Sc. research was to identify such pathways in Arabidopsis leaves. 

The auxin-transport-independent vein-patterning activity relies, at least in part, on auxin 

signalling and GN turns out to be controlling both auxin transport and signalling to induce vein 

formation (Verna et al., 2019). Whereas mechanisms by which GN may control PIN polarity and 

derived polar auxin transport have been suggested (reviewed in (Richter et al., 2010; Luschnig 

and Vert, 2014); see also (Naramoto et al., 2014) and references therein), it is unclear how GN 

could control auxin signalling, which takes place in the nucleus and is inherently non-polar 
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(reviewed in Leyser, 2018). The most parsimonious account is that auxin signalling leads to the 

production of proteins which control vein patterning and whose localization is controlled by GN. 

In Chapter 2, we tested this hypothesis and identified a family of putative candidates for such 

proteins that includes the receptor-like kinase PHLOEM INTERCALATED WITH XYLEM 

(PXY) (Fischer & Turner, 2007) (Figure 5.1). 

The current hypothesis of vein formation proposes that GN controls both auxin transport 

and auxin signalling to induce vein formation (Verna et al., 2019). However, plants in which 

both auxin transport and signalling are compromised phenocopy only weak alleles of gn (Verna 

et al., 2019), suggesting the presence of additional, yet-to-be-identified GN-dependent pathways 

that act redundantly to auxin signalling and transport to induce vein formation. To identify such 

pathways, in Chapter 4 we identified and characterized six genetic suppressors of the fragmented 

vein-pattern phenotype of the fewer roots allele of gn (Figure 5.2). 

The identification of putative candidate proteins which are targets of auxin signalling, 

which control vein patterning and whose localization is controlled by GN required gene 

misexpression by different promoters. This imposed the burden of generating different constructs 

for different gene and promoter combinations. This approach could have been simplified if 

GAL4/GFP enhancer-trap lines existed in Columbia-0, the genotype of reference in Arabidopsis 

(Koornneef and Meinke, 2010), with which to drive expression of genes of interest in desired 

cells and tissues of developing leaves. Unfortunately, such lines were not available when I 

started my M.Sc.. In Chapter 4, we addressed this limitation and provided GAL4/GFP enhancer-

trap lines in the Col-0 background of Arabidopsis for the identification and manipulation of cells 

and tissues in developing leaves (Amalraj et al., 2020).  
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Figure 5.1. Interpretation summary 

Genetic interaction networks controlling GNOM-mediated auxin-transport- and auxin-signalling-

dependent vein patterning. Arrows indicate positive effects. (A) Derived from results in Chapter 

2. (B) Derived from results in Chapter 3.  
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In the discussion section of the respective chapters, we provided an account of how we 

drew conclusions from results and how those conclusions could be integrated with one another 

and with those in studies of others to advance our understanding of vein formation. Here we 

instead wish to propose and discuss a hypothesis to account for how the auxin signalling target 

PXY — identified in Chapter 2 — could control vein formation redundantly with auxin transport. 

This hypothesis should be understood as an attempt to develop a conceptual framework to guide 

future experimentation and not as an exhaustive mechanistic account. 

5.2. Premises 

Abundant evidence — discussed in Chapter 1 — suggests that vein formation depends on the 

polar transport of auxin through plant tissues (reviewed in Berleth et al., 2000; Sachs, 1981; Linh 

2018). In turn, polar auxin transport depends on the polar localization of auxin transporters of the 

PIN-FORMED (PIN) family to the basal plasma membrane of auxin-transporting cells. 

Therefore, if vein formation only depended on polar auxin transport and if polar auxin transport 

only depended on the polar localization of PIN proteins, the most severe pin mutants should form 

no veins. However, mutants in all the PIN genes with vein patterning function (pin1;3;4;6;7;8) 

form veins in a reproducible, albeit abnormal pattern, suggesting the presence of residual vein 

patterning activity in these mutants (Verna et al., 2019). 

That auxin application to pin1;3;4;6;7;8 leaves gives rise to narrow veins, as opposed to 

broad areas of vascular differentiation and that such veins are oriented from the auxin application 

site toward the base of the leaf (Verna et al., 2019) suggests that auxin-induced vein formation in 

pin1;3;4;6;7;8 leaves is a polar response and this polar response is based on a positive feedback 

that laterally restricts vascular differentiation. The most parsimonious account for these 

observations is that auxin moves polarly in pin1;3;4;6;7;8 leaves and that the movement of auxin 
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out of the mutant cells has a positive feedback on the cells' ability to move auxin. But how could 

auxin move polarly in the absence of PIN auxin transporters? 

Because auxin cannot diffuse freely out of the cells (Raven, 1975; Rubery & Sheldrake, 

1974), polar auxin movement in pin1;3;4;6;7;8 leaves may be mediated by specialized auxin 

transporters with vein patterning function other than PIN proteins. Such specialized auxin 

transporters cannot be members of the ABCB or AUX1/LAX families of auxin transporters 

because abcb and aux1/lax mutants have no vein pattern defects and their mutation fails to 

enhance vein pattern defects of pin mutants (Verna et al., 2019). Therefore, if such specialized 

auxin transporters exist, they must be novel. But they also must be insensitive to the effects of 

auxin transport inhibitors like N-1-naphthylphthalamic acid (NPA) because WT leaves 

developed in the presence of NPA phenocopy pin1;3;4;6;7;8 leaves and NPA fails to induce 

additional defects in pin1;3;4;6;7;8 leaves (Verna et al., 2019). Finally, such specialized auxin 

transporters must be inefficient because very little — if any — auxin is transported in the 

presence of auxin transport inhibitors like NPA (e.g., Keitt & Baker 1966). Therefore, while 

possible, the existence of such specialized auxin transporters is unlikely. What is the origin then 

of the residual vein patterning activity in pin1;3;4;6;7;8 leaves? 

It turns out vein patterning in pin1;3;4;6;7;8 leaves depends on auxin signalling (Verna et 

al., 2019). Whereas auxin signalling mutants have a normal vein pattern, albeit with fewer veins 

(Przemeck et al., 1996; Hardtke & Berleth, 1998; Candela et al., 1999; Alonso-Peral et al., 2006; 

Strader et al., 2008; Esteve-Bruna et al., 2013; Verna et al., 2019), plants in which both auxin 

transport and auxin signalling are inhibited have vein pattern defects that are more severe than 

those of plants in which only auxin transport is inhibited (Verna et al., 2019). In the most severe 

cases, vascular cells are no longer aligned along the length of the vein, but are arranged in 
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seemingly random orientations. How auxin signalling, which takes place in the nucleus and is 

inherently non-polar (reviewed in (Leyser, 2018)), could contribute to the polar propagation of 

the auxin signal is unclear. However, our results suggest that such function of auxin signalling is 

mediated, at least in part, by the auxin signalling target PXY and related proteins (Chapter 2). 

Indeed, vein pattern defects of leaves in which both auxin transport and PXY-mediated 

signalling are inhibited phenocopy leaves in which both auxin transport and auxin signalling are 

inhibited. But how could PXY-mediated signalling contribute to polar auxin movement and 

positive feedback of auxin movement on itself? 

One possibility to account for auxin movement in the absence of PIN auxin transporters 

is that auxin moves through the plasmodesmata (PD) intercellular channels. We know such 

movement is possible (Han et al., 2014); the size of PD aperture is developmentally regulated 

(Kim et al., 2002); the size of PD aperture depends on auxin signalling (Han et al., 2014, Sager et 

al., 2020); the size of PD aperture is regulated by callose production and degradation (Vaten et 

al., 2011); and callose-mediated PD aperture controls vein patterning (N.M. Linh and E. 

Scarpella, unpublished). 

5.3. Hypothesis 

Based on the premises above, I hypothesize that PXY is localized to PD and is a component of a 

signalling pathway that controls callose-mediated regulation of PD aperture size in response to 

auxin movement through PD. 

5.4. Experimental tests 

1. The hypothesis predicts that PXY is localized to PD. To test this prediction, we propose to 

create a translational fusion of PXY to the sequence encoding YFP and express the resulting 
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PXY:YFP fusion by the PXY promoter in the pxy mutant background. Should the PXY:YFP 

fusion be functional and be expressed in PXY’s native domain, we would expect the vein pattern 

defects of pxy (Chapter 2) to be rescued by PXY::PXY:YFP. We would then cross 

PXY::PXY:YFP;pxy plants with plants expressing GFP-tagged PD markers (e.g., MOVEMENT 

PROTEIN17, PLASMODESMATA-LOCALIZED PROTEIN and PLASMODESMATA 

CALLOSE-BINDING PROTEIN1 (Fitzgibbon et al., 2013, Simpson et al., 2008)). Because it is 

unknown whether any of the available PD markers label all the PD in all the cells at all the stages 

of their development, we would cross PXY::PXY:YFP;pxy plants to multiple PD markers. We 

would then image YFP and GFP in the resulting F1 plants and measure the extent of fluorescent 

signal colocalization. Should PXY be localized to PD, as the hypothesis proposes, we would 

expect YFP and GFP signals to be, at least in part, colocalized. 

2. The hypothesis predicts that defects induced by inhibition of PXY-mediated signalling should 

enhance defects induced by inhibition of PIN-mediated auxin transport. That NPA induces more 

severe defects in MP::PXYΔK;pxy than in WT and that the defects of NPA-grown 

MP::PXYΔK;pxy match those of NPA- and PBA-grown WT and of NPA-grown tir1;afb2 

(Chapter 2) is consistent with that prediction. To more stringently test the prediction, we propose 

to create the MP::PXYΔK;pxy;pin1;3;4;6;7;8 background and analyze the vein pattern of its 

mature leaves. We expect the vein pattern defects of MP::PXYΔK;pxy;pin1;3;4;6;7;8 to match 

those of NPA- and PBA-grown WT and NPA-grown tir1;afb2. 

3. The hypothesis predicts that defects induced by mutation in CLE41, CLE42 and CLE44, which 

encode ligands of PXY (Hirakawa et al., 2008; Etchells and Turner, 2010), should enhance 

defects induced by inhibition of PIN-mediated auxin transport. To test this prediction, we 

propose to grow the cle41;42;44 mutant in the presence of NPA, create the 
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cle41;42;44;pin1;3;4;6;7;8 background and analyze the vein pattern of their mature leaves. We 

expect the vein pattern defects of NPA-grown cle41;42;44 and cle41;42;44;pin1;3;4;6;7;8 to 

match those of NPA-grown MP::PXYΔK;pxy, MP::PXYΔK;pxy;pin1;3;4;6;7;8, NPA- and PBA-

grown WT and NPA-grown tir1;afb2. 

4. The hypothesis predicts that auxin application to leaves in which both PXY-mediated 

signalling and PIN-mediated auxin transport are inhibited should lead to the formation of broad 

veins, the formation of broad areas of vascular differentiation, or the failure to form vascular 

tissue altogether. To test this prediction, we propose to apply auxin to the developing leaves of 

NPA-grown MP::PXYΔK;pxy, MP::PXYΔK;pxy;pin1;3;4;6;7;8, NPA-grown cle41;42;44 and 

cle41;42;44;pin1;3;4;6;7;8 and analyze the vein pattern of their mature leaves. We expect auxin 

application to those leaves to lead to the formation of broad veins, the formation of broad areas 

of vascular differentiation, or the failure to form vascular tissue altogether.  

5. The hypothesis predicts that defects induced by inhibition of PXY-mediated signalling should 

enhance defects induced by inhibition of callose production or degradation. To test this 

hypothesis, we propose to combine the gsl8 or cals3-d mutations — which, respectively, produce 

limited or excess amounts of callose (Vaten et al., 2011; Chen at al., 2009) — with 

MP::PXYΔK;pxy and cle41;42;44 and analyze the vein pattern of their mature leaves. We expect 

the vein pattern defects of MP::PXYΔK;pxy;gsl8, cle41;42;44;gsl8, MP::PXYΔK;pxy;cals3-d, 

cle41;42;44;cals3-d to be more severe than the addition of those of MP::PXYΔK;pxy or 

cle41;42;44, on the one hand and gsl8 and cals3-d, on the other. 

6. Finally, the hypothesis predicts that the defects induced by inhibition of PXY-mediated 

signalling should cause defects in callose production or degradation. To test this hypothesis, we 

propose to visualize callose in MP::PXYΔK;pxy and cle41;42;44 by histochemical stainings 
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(Schenk et al., 2015, Herburger et al., 2016). We expect the amount of callose in 

MP::PXYΔK;pxy and cle41;42;44 to be different from that in WT. 

5.5. Directions 

The hypothesis proposed above should not be understood as an exhaustive mechanistic account 

but as an attempt to develop a conceptual framework to guide future experimentation. 

Nevertheless, and even though the hypothesis makes testable predictions, because of the 

complexity of vein patterning, it may be difficult to evaluate intuitively the results of 

experimental tests of those predictions; a more precise formulation of the hypothesis — a 

mathematical one, one that can be simulated computationally — may be necessary. In the most 

optimistic scenario, iterative cycles of computational simulations and experimentation will take 

us closer to understanding how plant vascular systems form and how the mechanisms by which 

vascular systems form in plants compare to those by which vascular systems form in animals — 

a key question to address if we are to understand how multicellular organisms develop and 

function.  
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