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ABSTRACT 

Vascular networks transport water, signals and nutrients in both plants and animals; what 

controls the formation of these networks is thus a central question in biology. In animals, 

vascular network formation requires direct cell-cell communication and often cell movements, 

both of which are precluded in plants by a wall that holds cells in place; therefore, plants form 

vascular networks, such as the vein networks of leaves, by a different mechanism. Furthermore, 

many animal vascular networks are stereotyped; by contrast, the vein networks of plant leaves 

are both reproducible and variable. Consider, for example, the vein network of an Arabidopsis 

leaf: lateral veins branch from a single midvein and connect to distal veins to form loops; minor 

veins branch from midvein and loops and connect to other veins to form a mesh; and loops and 

minor veins curve near the leaf margin to lend a scalloped outline to the vein network. Features 

of the vein network such as these are reproducible from leaf to leaf—so much so that they are 

used to define species. By contrast, the number of veins differs from leaf to leaf, and whether a 

vein will connect to another vein on both ends or one end will terminate free of contact with 

other veins is unpredictable; this is always so for minor veins, but even loops can occasionally 

fail to connect to other veins at one end. This coexistence of reproducibility and variability 

argues against a rigid specification of leaf vein networks and instead suggest a self-organizing 

mechanism that functionally integrates vein network formation with leaf growth. 

Varied evidence implicates the plant signal auxin and its polar transport through plant 

tissues in the control of vein network formation. (i) Expression of the PIN-FORMED1 (PIN1) 

auxin transporter of Arabidopsis is initiated in broad domains of leaf inner cells that become 

gradually restricted to files of vascular precursor cells in contact with pre-existing, narrow PIN1 

expression domains. Within broad expression domains, PIN1 is localized isotropically—or 
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nearly so—to the plasma membrane of leaf inner cells. As expression of PIN1 becomes 

gradually restricted to files of vascular precursor cells, PIN1 localization becomes polarized to 

the side of the plasma membrane facing the pre-existing, narrow PIN1 expression domains with 

which the narrowing domains are in contact. (ii) Auxin application to developing leaves induces 

formation of broad expression domains of isotropically localized PIN1. Such domains become 

restricted to the sites of auxin-induced vein formation, and PIN1 localization becomes polarized 

toward the pre-existing vasculature. (iii) Both restriction of PIN1 expression and polarization of 

PIN1 localization initiate and proceed away from pre-existing, narrow PIN1 expression domains 

and are delayed by chemical inhibition of auxin transport. (iv) Auxin transport inhibitors induce 

characteristic vein-pattern defects, similar to—though stronger than—those of pin1 mutants. 

Therefore, available evidence suggests that auxin induces the polar formation of veins and that 

such inductive and orienting property of auxin strictly depends on the function of PIN1 and of 

possibly the other seven PIN genes in Arabidopsis.  

Here I tested these hypotheses. My results suggest that: (i) PIN-mediated auxin transport 

controls both reproducible and variable features of leaf vein networks. (ii) PIN1 is the only 

known gene to be nonredundantly required for both the reproducible features of leaf vein 

networks and their variable ones. (iii) The expression of PIN1 that is required for vein network 

patterning depends on a 205-bp region of the PIN1 promoter that contains conserved putative 

binding-sites for transcription factors of the MYELOBLASTOMA and DNA-BINDING WITH 

ONE FINGER families. (iv) Auxin-induced polar-vein-formation occurs in the absence of the 

function of PIN proteins or of any known intercellular auxin transporter. (v) The auxin-transport-

independent vein-patterning activity relies on auxin signaling. (vi) A polarizing signal that 

depends on the function of the GNOM guanine-nucleotide exchange factor for ADP-
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rybosilation-factor GTPases, which regulates vesicle formation in membrane trafficking, acts 

upstream of both auxin transport and auxin signaling in leaf vein formation. My results define 

new inputs of auxin in the control of vein network formation. 
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CHAPTER 1: GENERAL INTRODUCTION 

 

1.1 Cell polarity and its coordination 

 

During development, cell behaviors such as expansion and division are coordinated between 

cells along preferential or exclusive orientations or directions (Wolpert et al. 2015). In plants, for 

example, cells in epidermal files of the root form hairs by locally expanding at their basal outer 

side (Masucci and Schiefelbein 1994; Fischer et al. 2006), and cells in epidermal sheets of shoot 

organ primordia expand and divide along the proximodistal orientation (Reddy et al. 2004; 

Kuchen et al. 2012). How are these orientations and directions specified within cells and 

coordinated between cells? 

In animals, where this question has been addressed extensively, the anisotropic 

localization of cellular components such as proteins provides cells with an internal compass that 

points in a specific direction (Goodrich and Strutt 2011). These cell anisotropies, or cell 

polarities, are then coordinated between cells, often by mechanisms that rely on direct interaction 

between proteins bridging the plasma membranes of neighboring cells. These types of 

mechanisms are precluded in plants by a wall that separates the cells’ plasma membranes. How 

then is cell polarity coordinated in plants? 

 

1.2 Coordination of cell polarity during auxin-induced 

vascular-strand formation 

 

That the formation of vascular strands is an expression of coordination of cell polarity was first 

suggested by experiments in which auxin had been applied to mature plant tissues (Kraus et al. 

1936; Jacobs 1952; Sachs 1968). Indeed, application of auxin to various tissues leads to the 
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formation of continuous files of vascular cells that connect the applied auxin to the pre-existing 

vascular strands basally to the site of auxin application (Fig. 1.1A). This polar response requires 

the application of polarly transported auxins (Dalessandro and Roberts 1971) and is blocked by 

inhibitors of polar auxin transport (Gersani 1987), suggesting that it depends on the ability of the 

responding tissue to transport auxin polarly. 

Normally, auxin is produced in large amounts in immature shoot-organs (Thimann and 

Skoog 1934; Avery 1935) and is transported to the roots through vascular strands (Went 1928; 

Wangermann 1974) (Fig. 1.1B). This apical-basal polarity of auxin transport is thought to derive 

from the localization of auxin efflux proteins at the basal end of auxin-transporting cells (Rubery 

and Sheldrake 1974; Raven 1975) (Fig. 1.1B). Indeed, as a weak acid, auxin is mostly negatively 

charged at the neutral intracellular pH and can efficiently leave the cell only through specialized 

plasma-membrane-localized efflux proteins (Fig. 1.1B). This model is certainly a simplification, 

but calculations based on known parameters suggest that it can account for the observed polar 

transport (Mitchison 1980b); it can also account for the auxin-induced vascular-differentiation 

response, provided that auxin movement through a cell positively feed back on the localization 

of auxin efflux proteins to the site where auxin leaves the cell, as put forward by the “auxin 

canalization hypothesis” (Sachs 1991a; Sachs 2000).  

This hypothesis proposes that in the cells between a site of auxin application and the pre-

existing vascular strands, the applied auxin would initially move by diffusion in varied 

directions, and that in these cells, auxin efflux proteins would be localized isotropically, or 

nearly so, to the plasma membrane (Fig. 1.1C). By efficiently transporting auxin along their 

original, apical-basal auxin-transport polarity, the pre-existing vascular strands would act as 

auxin sinks, thereby directing auxin movement in the neighboring cells and polarizing the 

localization of auxin efflux proteins in these cells. The induction of polar auxin transport in these 

cells would be gradually enhanced by positive feedback between auxin transport and efflux 

protein localization. By draining auxin increasingly more efficiently and polarly, these cells 

would in turn induce polar auxin transport and polarization of efflux protein localization in the 

cells above them, and inhibit the same processes in their lateral neighbors. Reiteration of these 

steps would result in preferential transport of auxin through limited cell files, which would  
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Figure 1.1. Coordination of cell polarity during auxin-induced vascular strand formation. 

(A) Application of polarly transported auxins (orange) to plant tissues in which auxin is 

transported from top to bottom induces differentiation of vascular cells in continuous lines to 

form vascular strands (light gray) that connect the applied auxin to the pre‐existing vascular 

strands (dark gray) basal to the application site. After (Sachs 1968, 1991b). (B) Left: auxin 

(orange) is produced in large amounts in immature shoot‐organs and transported (orange arrows) 

to the roots by vascular strands. Middle: the shoot‐to‐root, apical‐basal polarity of auxin 

transport derives from the polar localization of efflux transporters of the PIN‐FORMED (PIN) 

family (red) at the basal plasma‐membrane of vascular cells. Right: specialized efflux 

transporters are required for auxin to leave efficiently the cell (orange arrows) as auxin is mostly 

negatively charged at intracellular pH; by contrast, auxin is mostly uncharged at extracellular pH 
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and can thus diffuse efficiently into the cell (dark gray arrows). Auxin can also enter the cell by 

the activity of transporters of the AUXIN RESISTANT1 (AUX1)/LIKE AUX1 family (Peret et 

al. 2012) and leave the cell by the activity of transporters of the ATP-BINDING CASSETTE 

B/P-GLYCOPROTEIN/MULTIDRUG RESISTANCE family (Geisler and Murphy 2006), the 

nonpolar localization of which is, for simplicity, not shown. (C) Successive stages (connected by 

arrows) of vascular strand formation in response to application of auxin (orange circle) according 

to the “auxin canalization hypothesis”. Positive feedback between cellular auxin efflux (orange 

arrows) and localization of auxin efflux proteins to the cellular site of auxin exit gradually 

polarize auxin transport (increasingly thicker orange‐arrows). This occurs first in cells in contact 

with the pre‐existing vascular strands (dark gray), which transport auxin along the original, 

apical‐basal polarity of the tissue and thus orient auxin transport toward themselves. Large polar‐

auxin‐transport capacity in selected cells leads to vascular differentiation (light gray) and drains 

auxin away from neighboring cells, thus inhibiting their differentiation. Reiteration of the 

process forms a continuous vascular strand that connects the applied auxin to the pre‐existing 

vascular strands basal to the site of auxin application. Figure inspired by (Sachs 1991a). 
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eventually differentiate into vascular strands. During this process, chance localization of efflux 

proteins would be stabilized by positive feedback between auxin transport and efflux protein 

localization, resulting in random elements in the course of the selected cell files and deviations 

from the shortest paths for auxin transport. 

The localization of the five plasma-membrane-localized members of the PIN- FORMED 

(PIN) family of auxin efflux proteins of Arabidopsis marks the presumed auxin-efflux side of 

cells (Petrasek et al. 2006; Wisniewska et al. 2006). Therefore, the polarity of auxin transport can 

be inferred from the localization of PIN proteins at the plasma membrane. Local application of 

auxin to mature tissue induces the formation of broad PIN1-expression domains (PEDs hereafter) 

that connect the applied auxin to the pre-existing vascular strands (Sauer et al. 2006). Initially, 

PIN1 is localized isotropically, or nearly so, to the plasma membrane of the cells in these broad 

domains. However, over time, PIN1 localization becomes polarized: toward the pre-existing 

vascular strands basal to the site of auxin application, in the cells along the domains’ midline; 

and toward the domains’ midline, in the cells flanking it. Furthermore, over time, broad PEDs 

narrow to sites of auxin-induced vascular-strand formation. In these narrow PEDs, PIN1 

localization suggests auxin transport away from the applied auxin and toward the pre-existing 

vascular strands basal to the site of auxin application. Both the narrowing of broad PEDs and the 

polarization of PIN1 localization initiate and proceed away from the pre-existing vascular 

strands. Therefore, experimental observations of coordination of cell polarity during auxin-

induced vascular-strand formation are consistent with predictions of the auxin canalization 

hypothesis. 

Not all the predictions of the auxin canalization hypothesis seem, however, to be 

supported by experimental observations (Runions et al. 2014). For example, the prediction of 

low levels of auxin in developing vascular strands (Mitchison 1980a; Rolland-Lagan and 

Prusinkiewicz 2005) seems to be inconsistent with experimental observations (Mattsson et al. 

2003; Scarpella et al. 2003). However, this apparent inconsistency can be resolved by assuming 

active import of auxin into vascular cells (Kramer 2004), mobilization of auxin sequestered 

within vascular cells (Sawchuk et al. 2013; Verna et al. 2015) (Chapter 2), limiting supply of 

auxin efflux proteins within the cell (Feugier et al. 2005) or auxin transport toward the vascular 

strand from the cells flanking it (Bayer et al. 2009). 
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These observations suggest that vascular strand formation in response to auxin 

application is an expression of coordination of cell polarity the essence of which is captured by 

the auxin canalization hypothesis. But is that so also for the vascular strands that form during 

normal development? 

 

1.3 Coordination of cell polarity during vein network 

patterning 

 

All plant organs and their parts are supplied with interconnected vascular strands. This is 

nowhere more evident than in leaves, where vascular strands, or veins, form conspicuous 

networks that largely reflect the shape of the leaf (Ettinghausen 1861; Ash et al. 1999; Dengler 

and Kang 2001). In the rounded leaves of many eudicots—for example, Arabidopsis—lateral 

veins branch from a single midvein and contact distal veins to form vein loops; minor veins 

branch from midvein and loops, and either end freely or contact other veins to form a mesh; and 

loops and minor veins curve near the leaf margin to lend a scalloped outline to the vein network  

(Troll 1939; Gifford and Foster 1988; Nelson and Dengler 1997) (Fig. 1.2A). In the elongated 

leaves of many monocots—for example, grasses like maize—vein loops are compressed laterally 

and are stretched along the length of the leaf, such that midvein and lateral veins seem to be 

parallel to one another (Troll 1939; Gifford and Foster 1988; Nelson and Dengler 1997) (Fig. 

1.2B). 

In both eudicots and monocots, polar localization of PIN1 and related proteins at the 

plasma membrane of epidermal cells at the shoot apex suggests that auxin transport converges 

toward sites of leaf primordium formation (Benkova et al. 2003; Reinhardt et al. 2003; Scarpella 

et al. 2006; Carraro et al. 2006; Lee et al. 2008; Bayer et al. 2009; Johnston et al. 2015) (Fig. 

1.2C,D). Epidermal “convergence points” of PIN1 polarity correlated with sites of primordium 

formation become associated with broad inner PEDs that will narrow to sites of midvein 

formation. Likewise, sites of leaf lateral growth and positions of broad inner PEDs correlated 

with lateral vein formation seem to be connected to one another through epidermal convergence 

points of PIN1 polarity at the leaf margin (Hay et al. 2006; Scarpella et al. 2006; Wenzel et al. 
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Figure 1.2. Coordination of cell polarity during vein network patterning. (A) In many 

eudicot leaves, lateral veins (LVs) branch from a single midvein (M); minor veins branch from 

midvein and lateral veins, and either end freely (“open” veins; OVs; red) or contact other veins 

(“closed” veins; CVs; yellow); and vein loops form from the fusion of lateral veins (red) and 

closed minor veins (yellow) (E). (B) In many monocot leaves, vein loops are compressed 

laterally and are stretched along the length of the leaf, such that midvein and lateral veins seem 

to be parallel to one another; and midvein and lateral veins are connected laterally by minor 

veins. (C,D) In both eudicots (C) and monocots (D), polar PIN1 localization in epidermal cells of 

the shoot apex (orange arrows) suggests auxin transport toward discrete spots (orange) that 

become associated with sites of leaf primordium formation. Epidermal “convergence points” of 

PIN1 polarity correlated with sites of primordium formation become associated with broad inner 

PIN1 expression domains (PEDs hereafter) that will narrow to sites of midvein (M) formation 

(light gray). Over time, PIN1 localization becomes polarized (orange arrows) in the cells in these 

broad domains: toward pre-existing PEDs, in the cells along the broad domains’ midline; and 

toward the broad domains’ midline, in the cells flanking it. Both the narrowing of broad PEDs 

and the polarization of PIN1 localization initiate and proceed away from pre-existing PEDs, in 

which PIN1 localization is polarized. P0 and P1: successive stages of leaf primordium 

development. (D,E) In both monocots (D) and eudicots (E), polar PIN1 localization in epidermal 
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cells of the primordium margin (orange arrows) suggests auxin transport toward discrete spots 

(orange) that become associated with sites of primordium lateral growth. Epidermal convergence 

points of PIN1 polarity correlated with sites of primordium lateral growth become associated 

with broad inner PEDs that will narrow to sites of lateral vein (LV) formation (light gray). Over 

time, PIN1 localization becomes polarized (orange arrows) in the cells in these broad domains: 

toward pre-existing PEDs (dark gray), in the cells along the broad domains’ midline; and toward 

the broad domains’ midline, in the cells flanking it. Both the narrowing of broad PEDs and the 

polarization of PIN1 localization initiate and proceed away from pre-existing PEDs (dark gray), 

in which PIN1 localization is polarized (orange arrows). (E) In eudicots, broad inner PEDs 

correlated with the formation of minor veins (MVs) (light gray) form in contact with pre-existing 

PEDs (dark gray) within the expanding leaf. Over time, PIN1 localization becomes polarized 

(orange arrows) in the cells in these broad domains: toward pre-existing PEDs, in the cells along 

the broad domains’ midline; and toward the broad domains’ midline, in the cells flanking it. Both 

the narrowing of broad PEDs and the polarization of PIN1 localization initiate and proceed away 

from pre-existing PEDs, in which PIN1 localization is polarized (orange arrows). Initially, 

minor-vein-correlated PEDs contact pre-existing veins at one end only (“open” PEDs), but they 

can extend to contact other veins at both ends (“closed” PEDs). Open PEDs have a single 

polarity; closed PEDs have two, opposite polarities, which are coordinated by the formation of a 

“bipolar” cell: a cell in which PIN1 localization is polarized at both ends (F). Each vein loop 

form from the fusion of a lateral-vein-correlated PEDs and a minor-vein-correlated closed PEDs. 

Broad minor-vein-correlated PEDs can gradually disappear instead of narrowing and polarizing. 

Arrows connect successive stages of leaf development. (F) Polar localization of PIN1 (red) in 

files of vascular cells (light gray) suggests auxin transport toward pre-existing veins (dark gray; 

for simplicity, PIN1 expression in pre-existing veins is not shown). In open veins, a single auxin-

transport polarity exists; in closed veins, the two opposite polarities are coordinated by a bipolar 

cell (asterisk): a cell with PIN1 at both ends. 
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2007) (Fig. 1.2D,E). Inhibition of polar auxin transport or higher auxin levels because of local 

auxin application reduce spacing of epidermal convergence points of PIN1 polarity and lead to 

the formation of more closely spaced leaf primordia, and of more and more closely spaced lateral 

veins, as in pin1 mutants (Okada et al. 1991; Bennett et al. 1995; Mattsson et al. 1999; Sieburth 

1999; Reinhardt et al. 2000; Scarpella et al. 2006; Guenot et al. 2012; Sawchuk et al. 2013; 

Verna et al. 2015) (Chapter 2). 

These observations suggest that a single mechanism controls positioning of leaf 

primordia at the shoot apex and of midvein and lateral veins in the leaf. This mechanism seems 

to depend on the positioning of epidermal convergence points of PIN1 polarity, which in turn 

seems to depend on auxin levels and transport, and is consistent with the hypothesis that broad 

leaves evolved from branched systems of cylindrical organs with a vein in their center (Beerling 

and Fleming 2007; Alvarez et al. 2016).   

Unlike the broad inner PEDs correlated with the formation of midvein and lateral veins, 

those correlated with the formation of minor veins in eudicot leaves are not associated with 

epidermal convergence points of PIN1 polarity; instead, broad inner PEDs correlated with the 

formation of minor veins form in contact with pre-existing PEDs within the expanding leaf 

(Scarpella et al. 2006; Wenzel et al. 2007; Marcos and Berleth 2014) (Fig. 1.2E).  

Irrespective of whether broad inner PEDs are associated with epidermal convergence 

points of PIN1 polarity, PIN1 is localized isotropically, or nearly so, to the plasma membrane of 

the cells in broad inner domains (Carraro et al. 2006; Scarpella et al. 2006; Wenzel et al. 2007; 

Lee et al. 2008; Marcos and Berleth 2014; Johnston et al. 2015) (Fig. 1.2C–E). Over time, PIN1 

localization becomes polarized: toward pre-existing PEDs, in the cells along the broad domains’ 

midline; and toward the broad domains’ midline, in the cells flanking it. Furthermore, over time, 

broad PEDs narrow to sites of vein formation. Both the narrowing of broad PEDs and the 

polarization of PIN1 localization initiate and proceed away from pre-existing PEDs and are 

delayed by auxin transport inhibition. Inhibition of polar auxin transport or higher auxin levels, 

occurring naturally at leaf margin outgrowths or induced experimentally by local direct auxin 

application, lead to the formation of broader inner PEDs (Aloni et al. 2003; Mattsson et al. 2003; 

Hay et al. 2006; Scarpella et al. 2006; Wenzel et al. 2007) . Nevertheless, even these broader 
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PEDs eventually narrow to sites of vein position, and also this narrowing is delayed by auxin 

transport inhibition.  

All these features can be accounted for by the positive feedback between polarization of 

PIN1 localization and polar auxin transport proposed by the auxin canalization hypothesis 

(Mitchison 1980a; Mitchison 1981; Sachs 1991a; Sachs 2000; Feugier et al. 2005; Rolland-

Lagan and Prusinkiewicz 2005; Fujita and Mochizuki 2006b; Stoma et al. 2008; Bayer et al. 

2009; Walker et al. 2013; O'Connor et al. 2014; Cieslak et al. 2015).  

Broad inner PEDs associated with the formation of minor veins in eudicot leaves can 

gradually disappear instead of narrowing and polarizing (Marcos and Berleth 2014) (Fig. 1.2E). 

This excess of PEDs and reversal of PIN1 expression suggest competition of PEDs for a limiting 

amount of auxin (Sachs 2003). At any given stage of leaf tissue development, details of PIN1 

expression—the number of new PEDs; their shape, size and position; which of these domains 

will outcompete the others for the limiting amount of auxin—would thus not only depend on 

positive feedback between polarization of PIN1 localization and polar auxin transport: they 

would no less depend on chance variation in the local production of auxin; on the number, shape, 

size and position of pre-existing PEDs; and in their varied efficiency to drain auxin from the 

tissue. Therefore, the formation of new PEDs would continuously build upon previous ones.  

Initially, the broad inner PEDs associated with the formation of minor veins contact pre-

existing PEDs at only at one of their two ends (“open” PEDs), but they can extend to contact 

other PEDs at both their ends (“closed” PEDs) (Scarpella et al. 2006; Wenzel et al. 2007; Marcos 

and Berleth 2014). The formation of such “closed” PEDs is promoted by auxin transport 

inhibition (Mattsson et al. 1999; Sieburth 1999; Verna et al. 2015) (Chapter 2), suggesting that 

contacts are favored, or occur exclusively, between PEDs that have yet to differentiate high 

polar-auxin-transport capacity or auxin-transport-mediated auxin levels. 

Within narrow PEDs, PIN1 localization suggests auxin transport towards pre-existing 

PEDs (Scarpella et al. 2006; Wenzel et al. 2007; Marcos and Berleth 2014) (Fig. 1.2D–F). In 

open PEDs, PIN1 localization is polarized to the side of the cells that faces the pre-existing PEDs 

contacted by the open PED, thus resulting in a single polarity. Also in closed PEDs, PIN1 is 

polarized to the side of the cells that faces the pre-existing PEDs contacted by the closed PEDs. 

However, because both ends of the closed PEDs contact pre-existing PEDs, the closed PEDs is 
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composed of two segments, each with a single polarity, opposite to that of the other. The two 

opposite polarities are coordinated by the formation of a “bipolar” cell: a cell in which PIN1 

localization is polarized at both ends.   

In eudicot leaves, individual loops form from the fusion of a lateral-vein-correlated PED, 

which is associated with an epidermal convergence point of PIN1 polarity, and a minor-vein-

correlated closed PED, which is not associated with an epidermal convergence point of PIN1 

polarity (Scarpella et al. 2006; Wenzel et al. 2007) (Fig. 1.2A,E).  

It is currently unknown whether PIN1 expression and localization behave during the 

formation of minor veins and loops in monocot leaves as they do in eudicot leaves; however, 

computational modeling suggests that, provided different leaf growth patterns, the same vein-

patterning mechanism can account for the different vein networks of monocot and eudicot leaves 

(Runions et al. 2005; Fujita and Mochizuki 2006a).  

In conclusion, available evidence suggests that, as vascular strand formation in response 

to auxin application, vein network formation in normal leaf development is an expression of 

coordination of cell polarity, many aspects of which are consistent with computational 

simulations of the auxin canalization hypothesis (Mitchison 1980a; Mitchison 1981; Sachs 

1991a; Sachs 2000; Feugier et al. 2005; Rolland-Lagan and Prusinkiewicz 2005; Feugier and 

Iwasa 2006; Fujita and Mochizuki 2006b; Stoma et al. 2008; Bayer et al. 2009; Smith and Bayer 

2009; Alim and Frey 2010; Wabnik et al. 2010; Walker et al. 2013; Lee et al. 2014; Cieslak et al. 

2015; Abley et al. 2016). Nevertheless, in its most basic form, the auxin canalization hypothesis 

predicts the formation of networks of “open” veins (i.e. veins that contact other veins at only one 

of their two ends) (Mitchison 1980a; Feugier et al. 2005; Rolland-Lagan and Prusinkiewicz 

2005; Fujita and Mochizuki 2006b). However, the formation of “closed” veins (i.e. veins that 

contact other veins at both their ends) could result from vein meeting at points of maximum 

auxin levels (Dimitrov and Zucker 2006) or from repeated shifts in the locations of auxin 

production (Sachs 1975, 1989; Aloni et al. 2003; Rolland-Lagan and Prusinkiewicz 2005; 

Runions et al. 2005). Both hypotheses are consistent with the observation of bipolar cells, and 

further predict maximum auxin levels in these cells; however, this prediction remains to be tested 

experimentally.  
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1.4 Control of coordinated cell polarity during vein network 

patterning 

 

Auxin transport inhibition or higher auxin levels delay coordination of cell polarity during vein 

formation; however, given enough time, eventually cell polarity becomes coordinated even under 

those conditions (Hay et al. 2006; Scarpella et al. 2006; Wenzel et al. 2007). By contrast, 

mutation of specific Arabidopsis genes seems to interfere, to varying extents, with coordination 

of cell polarity during vein formation.  

 Mutants in FORKED1/VASCULAR-NETWORK3-BINDING PROTEIN often fail to form 

bipolar cells (Steynen and Schultz 2003; Naramoto et al. 2009; Hou et al. 2010). This reduced 

ability to coordinate cell polarity along closed PEDs often leads to their “opening” and thus to 

vein networks with very few closed veins (Fig. 1.3A,B). Nevertheless, these mutants are still 

able to coordinate cell polarity along open PEDs, which have a single polarity.  

 More severe loss-of-function of the same pathway in the vascular network3/scarface 

single mutant or in the cotyledon vascular pattern2 (cvp2); cvp2-like1 double mutant leads to the 

inability to coordinate cell polarity even along open PEDs (Carland et al. 1999; Deyholos et al. 

2000; Koizumi et al. 2000; Carland and Nelson 2004; Koizumi et al. 2005; Scarpella et al. 2006; 

Sieburth et al. 2006; Carland and Nelson 2009; Naramoto et al. 2009). The inability of these 

mutants to coordinate cell polarity along PEDs leads to cessation of PIN1 expression in some of 

the cells in a PED before any of the cells in the domain become coordinately polarized (Scarpella 

et al. 2006; Naramoto et al. 2009). The cells that cease to express PIN1 differentiate into 

nonvascular cells, while the remaining “fragments” of PEDs differentiate into isolated stretches 

of vascular cells (Fig. 1.3C). Nevertheless, these vein “fragments” still form along the paths 

where continuous veins would form in wild type (Fig. 1.3A,C). 

 Defects are even more severe in mutants of EMBRYO DEFECTIVE30/GNOM (GN 

hereafter) (Mayer et al. 1993; Shevell et al. 1994; Busch et al. 1996). In gn embryos, individual 

cells localize PIN1 polarly, but they seem to have entirely lost the ability to coordinate cell 

polarity between them (Steinmann et al. 1999), leading to shapeless clusters of disconnected and 
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Figure 1.3. Control of coordinated cell polarity during vein network patterning. (A) In wild-

type leaves of Arabidopsis, the ability to coordinate cell polarity during vein network patterning 

leads to networks of continuous veins that are frequently closed and in which the axis of the 

vascular cells is aligned with the axis of the vein. (B–D) Progressive reduction in the ability to 

coordinate cell polarity during vein network patterning leads to vein networks with very few 

closed veins, as in forked1/vascular-network3-binding protein mutant leaves (B); vein networks 

in which vein fragments form along paths defined by initially continuous PIN1-expression-

domains, as in vascular network3/scarface mutant leaves (C); or shapeless clusters of 

disconnected and randomly oriented vascular cells, as in emb30/gnom mutant cotyledons (D).   
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 randomly oriented vascular cells at the center of the seedling’s cotyledons (Mayer et al. 1993; 

Steinmann et al. 1999; Geldner et al. 2004) (Fig. 1.3D).  

Based on their molecular identity and cellular localization, all these proteins have been proposed 

to localize or retain PIN1 to the plasma membrane, polarize PIN1 localization at the plasma 

membrane or maintain such polar localization [e.g., (Geldner et al. 2003; Koizumi et al. 2005; 

Sieburth et al. 2006; Kleine-Vehn et al. 2008; Carland and Nelson 2009; Naramoto et al. 2009; 

Naramoto et al. 2010; Prabhakaran Mariyamma et al. 2017)]. However, it remains unclear how 

loss of such proposed function fails to affect the plasma-membrane localization of PIN1 or its 

polarization, and instead affect the coordination of such cell polarity. 

 

1.5 Beyond coordination of PIN1 polar localization 

 

The thought implicit in most of the literature on coordination of cell polarity in plants is that the 

polar localization of PIN1 and related proteins is not only a marker of cell polarity but is 

essential to cell polarity and its coordination. And indeed, this seems to be suggested by the most 

severe phenotype classes of pin multiple mutants (Friml et al. 2003). However, evidence is also 

available that seems to suggest that though PIN1 and related proteins contribute to cell polarity 

and its coordination, they and their polar localization are not essential to or sufficient for it 

(Fischer et al. 2006; Bilsborough et al. 2011; Guenot et al. 2012; Kierzkowski et al. 2013). 

Finally, yet other evidence is consistent with the possibility that PIN1 and related proteins are 

only a readout of an upstream polarity signal (Heisler et al. 2010). Future research will have to 

reconcile these seemingly contrasting pieces of evidence if we are to understand how cell 

polarity is coordinated in plants. 

 

1.6. Scope and outline of the thesis 

 

The evidence discussed above suggests that the formation of leaf vein networks is an expression 

of coordination of cell polarity that is controlled by auxin transport. The scope of my Ph.D. 
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thesis was to understand the contribution of auxin transport to vein network formation in 

Arabidopsis leaves. 

Leaf vein networks are characterized by reproducible features such as the presence of 

lateral veins that branch from a single midvein and connect to distal veins to form loops; of 

minor veins that branch from midvein and loops and connect to other veins to form a mesh; and 

of loops and minor veins that curve near the leaf margin to lend a scalloped outline to the vein 

network. Features such as these are so reproducible that they are used to define species [e.g. 

(Klucking 1995)]; by contrast, features such as the number of veins and their connectedness are 

variable. 

In Chapter 2 (Verna et al. 2015), we asked whether PIN-mediated auxin transport, which 

is known to control reproducible features of leaf vein networks (Okada et al. 1991; Mattsson et 

al. 1999; Bilsborough et al. 2011; Sawchuk et al. 2013), also controlled their variable features. 

We found that auxin transport mediated by PIN1, PIN5, PIN6 and PIN8 controls the formation 

of leaf veins and their connection into networks; therefore, our results suggest that PIN-mediated 

auxin transport controls both reproducible and variable features of leaf vein networks.  

PIN1 is the only known gene to be nonredundantly required for both the reproducible 

features of leaf vein networks and their variable ones. The PIN1 protein is expressed in all the 

cells of the leaf at early stages of tissue development; over time, however, epidermal expression 

becomes restricted to the basal-most cells and inner expression becomes restricted to files of 

vascular precursor cells (Galweiler et al. 1998; Benkova et al. 2003; Reinhardt et al. 2003; 

Heisler et al. 2005; Petrasek et al. 2006; Scarpella et al. 2006; Wenzel et al. 2007; Bayer et al. 

2009; Sawchuk et al. 2013; Marcos and Berleth 2014).  

In Chapter 3, we sought to understand the cis-regulation of PIN1 function in patterning of 

leaf vein networks. We found that the expression of PIN1 that is required for vein network 

patterning depends on the 205-bp region of the PIN1 promoter from -699 to -495, which contains 

conserved putative binding-sites for transcription factors of the MYELOBLASTOMA and DNA-

BINDING WITH ONE FINGER families. 

The evidence discussed above also suggests that auxin controls coordination of cell 

polarity and derived polar-vein-formation and that such inductive and orienting property of auxin 
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strictly depends on the function of PIN1 and possibly other PIN genes. How auxin precisely 

controls coordination of cell polarity and derived polar-vein-formation is unclear, but the current 

hypothesis is that the GN guanine-nucleotide exchange factor for ADP-rybosilation-factor 

GTPases, which regulates vesicle formation in membrane trafficking, coordinates the cellular 

localization of PIN1 and possibly other PIN proteins between cells (Steinmann et al. 1999); the 

resulting cell-to-cell, polar transport of auxin would propagate cell polarity across tissues, and 

control polar developmental processes such as vein formation (Sachs 1991a). 

In Chapter 4, we tested this hypothesis. We found that auxin-induced polar-vein-

formation occurs in the absence of PIN proteins or any known intercellular auxin transporter; 

that the auxin-transport-independent vein-patterning activity relies on auxin signaling; and that a 

GN-dependent coordinating signal acts upstream of both auxin transport and signaling. 

Finally, in Chapter 5, I propose and discuss two hypotheses on the upstream regulators of 

PIN1 functional expression in leaf vein patterning. 
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CHAPTER 2: CONTROL OF VEIN NETWORK 

TOPOLOGY BY AUXIN TRANSPORT 

 

2.1 Introduction 

 

Water, signals and nutrients are transported within and between the organs of most multicellular 

organisms by tissue networks. What controls the formation of tissue networks is thus a central 

question in biology. In animals, many of these networks are stereotyped (Lu and Werb 2008); by 

contrast, the vein networks of plant leaves are both reproducible and variable (Sachs 1989; 

Berleth et al. 2000). Consider, for example, the vein network of an Arabidopsis thaliana leaf 

(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): lateral veins branch from 

a single midvein and connect to distal veins to form loops; minor veins branch from midvein and 

loops, and connect to other veins to form a mesh; and loops and minor veins curve near the leaf 

margin to lend a scalloped outline to the vein network. Patterning features of the vein network 

such as these are reproducible from leaf to leaf—so much so that they are used as a taxonomic 

characteristic [e.g., (Klucking 1995)]. By contrast, topological features of the vein network are 

variable (Kinsman and Pyke 1998; Candela et al. 1999; Steynen and Schultz 2003; Kang and 

Dengler 2004; Scarpella et al. 2004; Sawchuk et al. 2007): the number of veins differs from leaf 

to leaf, and whether a vein will connect to another vein on both ends or one end will terminate 

free of contact with other veins is unpredictable; this is always so for minor veins, but even loops 

can occasionally fail to connect to other veins at one end.  

While no evidence is available that associates patterning features of vein networks with 

the networks’ functional traits, abundant evidence exists that associates functional traits of vein 

networks with the networks’ topological features [reviewed in (Roth-Nebelsick et al. 2001; Sack 

and Scoffoni 2013)]; yet our knowledge of the signals that control vein network topology is 

limited, and most of such signals also control vein network patterning [e.g., (Koizumi et al. 2000; 
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Cheng et al. 2006; Sieburth et al. 2006; Petricka et al. 2008; Donner et al. 2009; Garrett et al. 

2012; Krogan et al. 2012)]. One of very few exceptions (Casson et al. 2002; Clay and Nelson 

2005; Baima et al. 2014) is the control of vein network topology by intracellular transport of the 

plant signal auxin suggested by genetic evidence: leaves of double mutants in the genes encoding 

the endoplasmic-reticulum (ER)-localized PIN-FORMED6 (PIN6) and PIN8 auxin transporters 

of Arabidopsis (Petrasek et al. 2006; Mravec et al. 2009; Bosco et al. 2012; Ding et al. 2012; 

Bender et al. 2013; Cazzonelli et al. 2013; Sawchuk et al. 2013) have higher vein-density 

(Sawchuk et al. 2013); the vein density defect of pin6;pin8 leaves is suppressed by mutation of 

the gene encoding the ER-localized PIN5 auxin transporter (Mravec et al. 2009; Sawchuk et al. 

2013; Ganguly et al. 2014); overexpression of PIN6 or PIN8 results in lower vein-density, and 

overexpression of PIN5 results in the opposite defect (Sawchuk et al. 2013). 

In contrast to the control of vein network topology by intracellular auxin transport, no 

genetic evidence is available in support of a role for the cell-to-cell transport of auxin in control 

of vein network topology; yet such a role seems to be suggested by imaging and inhibitor 

studies. Expression of the PIN1 auxin efflux protein (Galweiler et al. 1998; Petrasek et al. 2006) 

is initiated in broad domains of leaf inner cells that become gradually restricted to files of 

vascular precursor cells in contact with pre-existing, narrow PIN1 expression domains (Benkova 

et al. 2003; Reinhardt et al. 2003; Heisler et al. 2005; Scarpella et al. 2006; Wenzel et al. 2007; 

Bayer et al. 2009; Sawchuk et al. 2013; Marcos and Berleth 2014). Within broad expression 

domains, PIN1 is localized isotropically—or nearly so—at the plasma membrane (PM) of leaf 

inner cells. As expression of PIN1 becomes gradually restricted to files of vascular precursor 

cells, PIN1 localization becomes polarized to the side of the PM facing the pre-existing, narrow 

PIN1 expression domains with which the narrowing domains are in contact. Initially, PIN1 

expression domains are in contact with pre-existing domains at one end only, but they can 

eventually become connected to other PIN1 expression domains at both ends. Inhibitors of 

cellular auxin efflux delay the restriction of PIN1 expression domains and the polarization of 

PIN1 localization (Scarpella et al. 2006; Wenzel et al. 2007), and induce the formation of more 

veins (Mattsson et al. 1999; Sieburth 1999).  

The polar localization of PIN1 to the PM of vascular cells—toward pre-existing veins 

and ultimately the root tip—is thought to determine the polarity of intercellular auxin transport 
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(Wisniewska et al. 2006): from the immature shoot-organs, where auxin is produced in large 

amounts (Thimann and Skoog 1934; Avery 1935), to the roots (Went 1928; Wangermann 1974). 

By contrast, the directions of ER-PIN-mediated intracellular auxin-transport are unclear. 

Available evidence suggest that PIN5 transports auxin from the cytoplasm to the ER lumen 

(Mravec et al. 2009; Sawchuk et al. 2013), and that PIN6 and PIN8 transport it from the ER 

lumen to the cytoplasm or the nucleus (Bosco et al. 2012; Ding et al. 2012; Bender et al. 2013; 

Cazzonelli et al. 2013; Sawchuk et al. 2013), the envelope of which is continuous with the ER 

membrane (Graumann and Evans 2011; Oda and Fukuda 2011); alternatively, PIN5, PIN6 and 

PIN8 could transport in the same direction but have different affinities for different auxins with 

different developmental functions [e.g., (Ludwig-Muller 2012)]. 

Here we asked whether PIN1-mediated intercellular auxin-transport controlled vein 

network topology and, if so, whether it interacted with the control of vein network topology by 

ER-PIN-mediated intracellular auxin-transport. To address this question, we introduced 

descriptors of vein network topology that enable quantification of vein number, connectedness 

and continuity, and combined these topological descriptors with cellular imaging and molecular 

genetic analysis to quantify the contribution of PIN1, PIN5, PIN6 and PIN8 to vein network 

topology. We derived cellular expression and genetic interaction maps of these genes in vein 

network formation, and suggest that the interaction between PIN1-mediated intercellular auxin-

transport and ER-PIN-mediated intracellular auxin-transport controls the formation of veins and 

their connection into networks. 

 

2.2 Results and discussion 

 

2.2.1 Expression of PIN1, PIN5, PIN6 and PIN8 during leaf 

development 

Veins form sequentially during Arabidopsis leaf development: the formation of the midvein is 

followed by the formation of the first loops of veins (“first loops”), which in turn is followed by 
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the formation of second loops and minor veins (Mattsson et al. 1999; Sieburth 1999; Kang and 

Dengler 2004; Scarpella et al. 2004) (Fig. 2.1A–C). 

Two distinct auxin-transport pathways have overlapping functions in control of 

Arabidopsis vein-network patterning (Sawchuk et al. 2013). One pathway—mediated by the PM-

localized PIN1 protein—transports auxin intercellularly (Galweiler et al. 1998; Petrasek et al. 

2006); the other pathway—mediated by the ER-localized PIN5, PIN6 and PIN8 proteins—

transports auxin intracellularly (Petrasek et al. 2006; Mravec et al. 2009; Bosco et al. 2012; Ding 

et al. 2012; Bender et al. 2013; Cazzonelli et al. 2013; Sawchuk et al. 2013; Ganguly et al. 2014).  

Consistent with their role in control of vein network patterning (Mattsson et al. 1999; 

Bilsborough et al. 2011; Guenot et al. 2012; Sawchuk et al. 2013), PIN1 (AT1G73590), PIN6 

(AT1G77110) and PIN8 (AT5G15100) are expressed in developing veins, though with different 

dynamics: expression of PIN1 and PIN6 is initiated in broad domains of leaf inner cells, domains 

that over time become restricted to single files of vascular precursor cells (Scarpella et al. 2006; 

Wenzel et al. 2007; Sawchuk et al. 2013; Marcos and Berleth 2014) (Fig. 2.1D–I); by contrast, 

PIN8 expression is restricted from early on to single files of leaf vascular cells (Sawchuk et al. 

2013) (Fig. 2.1J–L). It remains unclear, however, whether these different dynamics of PIN 

expression comprise onset of PIN expression at different stages of leaf development. 

To address this question, we compared expression of PIN1, PIN6 and PIN8 in first leaves 

2, 3 and 4 days after germination (DAG). To visualize PIN expression, we used functional 

translational fusions (PIN promoter driving expression of the respective PIN:reporter fusion 

protein) (Benkova et al. 2003; Gordon et al. 2007; Sawchuk et al. 2013) or transcriptional fusions 

(PIN promoter driving expression of a reporter protein) (Sawchuk et al. 2013) (Table 2.1); 

whenever we used transcriptional fusions, their expression matched that of the respective, 

functional translational fusions (Sawchuk et al. 2013) (Fig. 2.2), suggesting that those PIN 

promoters contain all the regulatory elements required for functional expression of the respective 

genes. 

While expression of a PIN1::PIN1:GFP translational fusion (PIN1 promoter driving 

expression of PIN1:GFP fusion protein) and of a PIN6::YFPnuc transcriptional fusion (PIN6 

promoter driving expression of a nuclear yellow fluorescent protein) was already visible 2 DAG 
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Figure 2.1. Expression of PIN1, PIN5, PIN6 and PIN8 of Arabidopsis during first leaf 

development. (A–R) Top right: leaf age in days after germination (DAG) and expression-

reported gene (D–R). (D–R) Bottom left: reproducibility index. (A–C) Midvein, loops and minor 
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veins form sequentially during leaf development (Mattsson et al. 1999; Sieburth 1999; Kang and 

Dengler 2004; Scarpella et al. 2004); increasingly darker gray depicts progression through 

successive stages of vein development. Boxes in (C) illustrate positions of close-ups in (Q) 

(cyan) and (R) (orange). (D–R) Confocal laser scanning microscopy with (J,M,N) or without (D–

I,K,L,O-R) transmitted light; first leaves. Yellow: expression of PIN1::PIN1:GFP (D-F), 

PIN6::YFPnuc (G–I), PIN8::YFPnuc (J–L), PIN5::YFPnuc (M–Q), PIN5::PIN5:GFPMGS (R, 

left) or PIN5::PIN5:GFPAG (R, right). Blue: autofluorescence (R). Dashed magenta line 

delineates leaf primordium outline. hv, minor veins; l1, first loop; l2, second loop; mv, midvein. 

Bars: (D,G,J,M,R) 10 m; (E,H,K,N) 25 m; (F,I,L,O–Q) 50 m.  
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Table 2.1. Origin and nature of lines. 

Line Origin/Nature 

PIN1::PIN1:GFP Benkova et al. 2003 

PIN1:PIN1:CFP Gordon et al. 2007; ABRC; introgressed into Col-0 

PIN6::YFPnuc Sawchuk et al. 2013 

PIN6::CFPnuc Transcriptional fusion of PIN6 (AT1G77110; -3784 to -1; primers: ‘PIN6 

prom SalI F’ and ‘PIN6 prom BamHI R’) to ECFP:3xNLS (Clontech 

Laboratories Inc.) 

PIN6::PIN6:GFPMGS Sawchuk et al. 2013 

PIN6::PIN6:GFPRLB Bender et al. 2013 

PIN8::YFPnuc Sawchuk et al. 2013 

PIN8::PIN8:GFPMGS Sawchuk et al. 2013 

PIN8::PIN8:GFPZD Ding et al. 2012 

PIN5::YFPnuc Transcriptional fusion of PIN5 (AT5G16530; -3279 to -3; primers: ‘PIN5 

SpeI KpnI transc forw’ and ‘PIN5 AgeI transc rev’) to EYFP:3xNLS 

(Clontech Laboratories Inc.) 

PIN5::PIN5:GFPMGS Translational fusion of PIN5 (AT5G16530; -4311 to +3606; primers: 

‘PIN5 extra prom XhoI forw’ and ‘PIN5 extra prom SalI rev’, ‘PIN5 

prom XhoI forw’ and PIN5 4991 BamHI rev’, ‘PIN5 4992 XbaI forw’ 

and ‘PIN5 UTR SacI rev’, ‘PIN5 extra UTR SmaI forw’ and ‘PIN5 extra 

UTR SacI rev’) to EGFP (Clontech Laboratories Inc.; insertion at +1712 

of PIN5; primers: ‘EGFP BamHI forw’ and ‘EGFP XbaI rev’); reverts the 

cotyledon phenotype of pin1;5;6;8 to that of pin1;6;8 

PIN5:PIN5:GFPAG Ganguly et al. 2014 

DR5rev::YFPnuc Heisler et al. 2005; Sawchuk et al. 2013 

pin1-1 Goto et al. 1987; Galweiler et al. 1998; Sawchuk et al. 2013; WT at the 

TTG1 (AT5G24520) locus; contains a G-to-A transition at position +431, 

resulting in a stop codon after amino acid 143 

pin5-4 Mravec et al. 2009 

pin6 Sawchuk et al. 2013 

pin8-1 Bosco et al. 2012 

RPS5A::PIN1 Kind gift of P. Dhonukshe 
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RPS5A::PIN6 Sawchuk et al. 2013 

MP::PIN6 Sawchuk et al. 2013 

MP::PIN8 Sawchuk et al. 2013 

MP::PIN5 Sawchuk et al. 2013 
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Figure 2.2. Expression of PIN1, PIN6 and PIN8 in Arabidopsis first leaves. (A–H) Confocal 

laser scanning microscopy; first leaves 4 days after germination. Bottom left: reproducibility 

index and reporter identity. Yellow: expression of PIN1::PIN1:GFP (A), PIN1::PIN1:CFP (B), 

PIN6::YFPnuc (C), PIN6::CFPnuc (D), PIN6::PIN6:GFPMGS (E), PIN6::PIN6:GFPRLB (F), 

PIN8::YFPnuc (G), PIN8::PIN8:GFPMGS (H), or PIN8::PIN8:GFPZD (I). Blue: autofluorescence 

(A,F,H,I). Dashed magenta line delineates leaf primordium outline. Boxes in (E) and (H) 

illustrate positions of close-ups in (F) and (I), respectively. Bars: (A–E,G,H) 100 m; (F,I) 20 

m. 
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 (Fig. 2.1D,G), expression of PIN8::YFPnuc was first detected 3 DAG (Fig. 2.1J,K), suggesting 

that PIN8 expression is initiated after the onset of expression of both PIN1 and PIN6. 

PIN5 (AT5G16530) is expressed in veins of mature leaves (Mravec et al. 2009; She et al. 

2010), but its expression during leaf development is unknown. Transcriptional and translational 

fusions of PIN5 are expressed in similar domains (Mravec et al. 2009; She et al. 2010; Ganguly 

et al. 2014), suggesting that the PIN5 promoter contains all the regulatory elements required for 

PIN5 expression. Thus, to visualize PIN5 expression during leaf development, we imaged 

PIN5::YFPnuc expression in first leaves 2, 3, 4, 5 and 5.5 DAG. 

Expression of PIN5::YFPnuc was first detected in the midvein of 4-DAG leaves (Fig. 

2.1M–O); at 5 DAG, PIN5::YFPnuc was additionally expressed in first loops (Fig. 2.1P), and at 

5.5 DAG PIN5::YFPnuc was additionally expressed in second loops and minor veins (Fig. 

2.1Q). Thus our results suggest that PIN5 expression is initiated after PIN8 expression (Fig. 

2.1K,N,O) and that, as PIN8, PIN5 is expressed from early on in single files of leaf vascular cells 

(Fig. 2.1K,L,O–Q).  

Expression of PIN5 in single files of leaf vascular cells—suggested by PIN5::YFPnuc 

expression—was supported by expression of two functional (Table 2.1) (Ganguly et al. 2014) 

PIN5::PIN5:GFP translational fusions (Fig. 2.1R). 

 

2.2.2 Expression of PIN1, PIN5, PIN6 and PIN8 in leaf vascular cells 

 

Because PIN1, PIN5, PIN6 and PIN8 are all expressed in developing veins (Fig. 2.1), we asked 

whether these genes were expressed in the same vascular cells. To address this question, we 

imaged pairwise combinations of fluorescent reporters of PIN1, PIN5, PIN6 and PIN8 in 

midvein cells of 4-DAG first leaves—where these genes are expressed (Fig. 2.1F,I,L,O)—and 

quantified reporter coexpression. 

In none of the 20 analyzed leaves coexpressing PIN5::YFPnuc and PIN6::CFPnuc (PIN6 

promoter driving expression of a nuclear cyan fluorescent protein) were cells expressing 

PIN5::YFPnuc ever on the same plane as cells expressing PIN6::CFPnuc: cells expressing 
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PIN5::YFPnuc were located ventrally, while cells expressing PIN6::CFPnuc were located 

dorsally (Fig. 2.3A–C). Likewise, in none of the 20 analyzed leaves coexpressing PIN8::YFPnuc 

and PIN6::CFPnuc were cells expressing PIN8::YFPnuc ever on the same plane as cells 

expressing PIN6::CFPnuc: cells expressing PIN8::YFPnuc were located ventrally, while cells 

expressing PIN6::CFPnuc were located dorsally (Fig. 2.3D–F). And though cells expressing 

PIN5::YFPnuc or PIN8::PIN8:GFPMGS were both on the same ventral plane (Fig. 2.3G–I), only 

less than 3% of the cells expressing either reporter expressed both (Fig. 2.3S).  

Approximately 95% of PIN5::YFPnuc-expressing cells expressed PIN1::PIN1:GFP, but 

only ~25% of the PIN1::PIN1:GFP-expressing cells that were on the same ventral plane as cells 

expressing PIN5::YFPnuc expressed this reporter (Fig. 2.3J–L,S). Likewise, ~90% of 

PIN8::YFPnuc-expressing cells expressed PIN1::PIN1:GFP, but only ~25% of the 

PIN1::PIN1:GFP-expressing cells that were on the same ventral plane as cells expressing 

PIN8::YFPnuc expressed this reporter (Fig. 2.3M–O,S). Finally, consistent with previous 

observations (Sawchuk et al. 2013), ~95% of PIN6::YFPnuc-expressing cells expressed 

PIN1::PIN1:GFP, and ~75% of the PIN1::PIN1:GFP-expressing cells that were on the same 

dorsal plane as cells expressing PIN6::YFPnuc expressed this reporter (Fig. 2.3P–S). 

Thus our results suggest that PIN5, PIN6 and PIN8 are expressed in mutually exclusive 

domains of leaf vascular cells, and that the PIN1 cellular-expression domain overlaps with—but 

extends beyond—the ER-PIN cellular-expression domain.  

 

2.2.3 Unique and redundant functions of PIN1, PIN5, PIN6 and 

PIN8 in control of vein network topology 

 

PIN1, PIN5, PIN6 and PIN8 control vein network patterning (Mattsson et al. 1999; Bilsborough 

et al. 2011; Guenot et al. 2012; Sawchuk et al. 2013); we asked what their functions are in 

control of vein network topology.  
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Figure 2.3. Expression of PIN1, PIN5, PIN6 and PIN8 in leaf vascular cells. (A–R) Top 

right: expression-reported gene. Confocal laser scanning microscopy; first leaves. (A–R) 

Expression of PIN5::YFPnuc (A,G,J), PIN6::CFPnuc (B,E), PIN8::YFPnuc (D,M), 

PIN8::PIN8:GFPMGS (H), PIN1::PIN1:GFP (K,N,Q), PIN6::YFPnuc (P), and respective overlays 

(C,F,I,L,O,R). (S) Proportional Venn diagrams of percentage of cells expressing fluorescent 

reporters in 25-m-by-25-m midvein regions of 4-day-old first leaves (1 region per midvein) in 

different pairwise combinations of reporters. Sample population sizes: 

PIN5::YFPnuc;PIN8::PIN8:GFPMGS, 40 leaves (41 PIN5::YFPnuc-expressing cells; 39 

PIN8::PIN8:GFPMGS-expressing cells); PIN5::YFPnuc;PIN1::PIN1:GFP, 26 leaves (30 
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PIN5::YFPnuc-expressing cells; 119 PIN1::PIN1:GFP-expressing cells); 

PIN8::YFPnuc;PIN1::PIN1:GFP, 25 leaves (34 PIN8::YFPnuc-expressing cells; 122 

PIN1::PIN1:GFP-expressing cells); PIN6::YFPnuc;PIN1::PIN1:GFP, 31 leaves (127 

PIN6::YFPnuc-expressing cells; 174 PIN1::PIN1:GFP-expressing cells). d, dorsal focal plane; v, 

ventral focal plane. Bars: (A–R) 5 m. 
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To characterize vein network topology, we derived (see Methods and Fig. 2.15 for 

details) and used three descriptors based on numerical graph invariants: a cardinality index, a 

continuity index and a connectivity index.  

The cardinality index is a proxy for the number of “veins” (i.e. stretches of vascular 

elements that contact other stretches of vascular elements at least at one of their two ends) in a 

network (Fig. 2.4A).  

The continuity index quantifies how close a vein network is to a network with the same 

number of veins but in which at least one end of each “vein fragment” (i.e. a stretch of vascular 

elements that are free of contact with other stretches of vascular elements) contacts a vein. The 

continuity index ranges from 0—for a network of sole vein fragments—to 1—for a network 

without vein fragments (Fig. 2.4A).  

The connectivity index quantifies how close a vein network is to a network with the same 

number of veins but in which both ends of each vein or vein fragment contact other veins. The 

connectivity index ranges from 0—for a network of “open” veins (i.e. veins that contact vein 

fragments or other veins only at one end)—to 1—for a network of “closed” veins (i.e. veins that 

contact vein fragments or other veins at both ends) (Fig. 2.4A). 

Though the number of veins in a leaf is variable and it is unpredictable whether a 

developing vein will remain open at maturity (Kinsman and Pyke 1998; Candela et al. 1999; 

Steynen and Schultz 2003; Kang and Dengler 2004; Scarpella et al. 2004; Sawchuk et al. 2007), 

the cardinality and connectivity indices of vein networks in different populations of WT leaves 

grown in identical conditions were reproducible (Figs. 2.4,2.6,2.11 and 2.13). This observation 

suggests that while the outcome of vein formation events is unpredictable for single veins, it is 

predictable—within the limits of statistical variation—for networks of veins. Thus—as for non-

stereotyped animal-networks [reviewed in (Thompson et al. 2013)]—topology descriptors such 

as the cardinality and connectivity indices can be compared statistically across genotypes and 

conditions to identify reproducible patterns and their controls.  

The continuity index of vein networks in different populations of WT leaves grown in 

identical conditions was also reproducible (Fig. 2.5)—a finding consistent with the stringent 

requirement for continuity of tissue systems with transport function such as vein networks, and  
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Figure 2.4. Functions of PIN1, PIN5, PIN6 and PIN8 in control of vein network topology. 

(A) Schematics of vein networks with low or high cardinality index (top row), minimum—i.e. 

0—or maximum—i.e. 1—continuity index (middle row), or minimum—i.e. 0—or maximum—

i.e. 1—connectivity index (bottom row). (B) First leaves. Indices are expressed as mean ± SE. 

Difference between pin6;8 and WT cardinality indices, between pin1 and WT cardinality indices, 

between pin1;6 and pin1 cardinality indices, between pin1 and WT connectivity indices, and 

between pin1;6 and pin1 connectivity indices was significant at P<0.05 (*), P<0.01 (**) or 

P<0.001 (***) by F-test and t-test with Bonferroni correction. Sample population sizes: WT, 30; 

pin5, 30; pin6, 30; pin8, 27; pin6;8, 28; pin5;6;8, 28; pin1, 45; pin1;5, 57; pin1;6, 47; pin1;8, 37. 
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Figure 2.5. Functions of PIN1, PIN5, PIN6 and PIN8 in control of vein continuity. First 

leaves. Indices are expressed as mean ± SE. Sample population sizes as in Fig. 2.4B (A), Fig. 2.6 

(B), Fig. 2.8D (C), Fig. 2.11E (D) or Fig. 2.13 (E).    
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with the successful use of vein fragmentation as diagnostic criterion for the identification of 

mutants in genetic screens (Carland et al. 1999; Deyholos et al. 2000; Koizumi et al. 2000).  

The continuity index of none of the mutants or transgenics in our study was different 

from that of WT (Fig. 2.5), suggesting that PIN1, PIN5, PIN6 and PIN8 have no function in 

control of vein continuity or their functions in this process are redundant. 

Consistent with previous observations (Sawchuk et al. 2013), the vein network topology 

of pin5, pin6 or pin8 was no different from that of WT (Fig. 2.4B); by contrast, the cardinality 

and connectivity indices of pin1 vein networks were higher than those of WT vein networks (Fig. 

2.4B), suggesting that PIN1 inhibits the formation of veins and their connection.  

We next asked whether PIN5, PIN6 or PIN8 acted redundantly with PIN1 in inhibition of 

vein formation and connection. The vein network topology of neither pin1;pin5 (pin1;5 

hereafter) nor pin1;8 differed from that of pin1 (Fig. 2.4B); however, the cardinality and 

connectivity indices of pin1;6 vein networks were higher than those of pin1 vein networks (Fig. 

2.4B), suggesting that PIN6 acts redundantly with PIN1 in inhibition of vein formation and 

connection.  

Next, we asked whether PIN5 or PIN8 acted redundantly with PIN6 in PIN1-dependent 

inhibition of vein formation and connection. The vein network topology of pin1;5;6 was no 

different from that of pin1;6 (Fig. 2.6), but the cardinality index of pin1;6;8 vein networks was 

higher than that of pin1;6 vein networks (Fig. 2.6), suggesting that PIN8 acts redundantly with 

PIN6 in PIN1-dependent inhibition of vein formation; by contrast, the connectivity index of 

pin1;6;8 vein networks was no different from that of pin1;6 vein networks (Fig. 2.6), suggesting 

that PIN8 has no function redundant to that of PIN6 in PIN1-dependent inhibition of vein 

connection. Because the vein network topology of neither pin6 nor pin8 differed from that of WT 

(Fig. 2.4B), but the cardinality index of pin6;8 vein networks is higher than that of WT (Fig. 

2.4B), PIN6 and PIN8 also have redundant functions in inhibition of vein formation that are 

independent of PIN1. Thus the enhancement of pin1;6 cardinality defects by PIN8 could be 

interpreted as the result of the simultaneous loss of the PIN1-dependent pathway and of the 

parallel, PIN6/PIN8-dependent, PIN1-independent pathway—rather than evidence that PIN8 acts 

redundantly with PIN6 in PIN1-dependent inhibition of vein formation. However, we do not  
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Figure 2.6. Functions of PIN5 and PIN8 in PIN1/PIN6-dependent control of vein network 

topology. First leaves. Indices are expressed as mean ± SE. Difference between pin1;6;8 and 

pin1;6 cardinality indices was significant at P<0.001 (***) by F-test and t-test with Bonferroni 

correction. Sample population sizes: pin1;6, 103; pin1;5;6, 104; pin1;6;8, 98; pin1;5;6;8, 109. 
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favor this interpretation because the cardinality defect of pin1;6;8 is much greater than the sum 

of the cardinality defects of pin1 and pin6;8. 

We finally asked whether PIN5 acted redundantly with PIN6 and PIN8 in PIN1-

dependent or PIN1-independent inhibition of vein formation. The vein network topology of 

pin1;5;6;8 was no different from that of pin1;6 (Fig. 2.6) and that of pin5;6;8 was no different 

from that of WT (Fig. 2.4B), suggesting that pin5 suppresses the effects of pin6 and pin8 on 

PIN1-independent inhibition of vein formation. In agreement with interpretations of similar 

genetic interactions in other organisms [e.g., (Aguilera and Klein 1989; Hudson et al. 1990; Fan 

and Klein 1994)], the most parsimonious account for our observations is that PIN5 promotes 

vein formation; that PIN6 and PIN8 redundantly and completely inhibit PIN5-dependent 

promotion of vein formation; and that these functions of PIN5, PIN6 and PIN8 are independent 

of PIN1. Further, because expression of PIN5 and PIN8 is initiated at post-formative stages of 

vein development (Sawchuk et al. 2013) (Fig. 2.1), these genes most likely control vein 

formation indirectly—for example, through feedback on vascular precursor cells located in 

more-immature parts of the leaf [e.g., Baima et al. 2014; reviewed in (Hsu and Fuchs 2012; Hsu 

et al. 2014)]. Finally, because PIN5, PIN6 and PIN8 are expressed in nonoverlapping sets of 

vascular cells (Fig. 2.3), the genetic interaction between these genes—as that between other 

genes expressed in mutually exclusive domains [e.g.: (Briscoe et al. 2000; Hirakawa et al. 2008; 

Sims et al. 2009; Etchells and Turner 2010; Stein et al. 2010) and references therein]—

presumably reflects underlying cell-cell interactions. 

 

2.2.4 Redundant functions of PIN1, PIN6 and PIN8 in control of 

auxin distribution in developing leaves 

 

PIN1 inhibits vein formation, and PIN6 acts redundantly with PIN1 in inhibition of vein 

formation and with PIN8 in PIN1-independent inhibition of vein formation (Figs. 2.4,2.6). We 

asked whether such redundancy extended to control of auxin distribution in developing leaves, 

which is known to control vein formation (Mattsson et al. 1999; Sieburth 1999; Mattsson et al. 

2003; Cheng et al. 2006; Scarpella et al. 2006; Wenzel et al. 2007; Sawchuk et al. 2013). To 
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address this question, we imaged expression of the auxin reporter DR5rev::YFPnuc (Heisler et 

al. 2005; Brunoud et al. 2012; Sawchuk et al. 2013) in 4-DAG first leaves of WT, pin6;8, pin1 

and pin1;6. 

As previously reported (Mattsson et al. 2003; Scarpella et al. 2006; Donner et al. 2009; 

Sawchuk et al. 2013), in WT the DR5 promoter was strongly active in narrow domains that 

coincide with sites of vein formation (Fig. 2.7A). Consistent with previous observations (Bosco 

et al. 2012; Ding et al. 2012; Bender et al. 2013; Cazzonelli et al. 2013; Sawchuk et al. 2013), 

DR5rev::YFPnuc expression was weaker in pin6;8 than in WT, but domains of DR5rev::YFPnuc 

expression were equally narrow in pin6;8 and WT (Fig. 2.7A,B). Levels of DR5rev::YFPnuc 

expression were lower, and domains of DR5rev::YFPnuc expression were broader, in pin1 than 

in WT or pin6;8 (Fig. 2.7A–D); and DR5rev::YFPnuc expression levels were even lower, and 

DR5rev::YFPnuc expression domains even broader, in pin1;6 (Fig. 2.7C–F).  

Thus our results suggest that the redundancy between PIN1, PIN6 and PIN8 that 

underlies control of vein formation extends to control of auxin distribution in developing leaves 

(see Conclusions).  

 

2.2.5 Homologous and nonhomologous functions of PIN1 and PIN6 

in vein network formation 

 

PIN6 acts redundantly with PIN1 in control of vein network patterning (Sawchuk et al. 2013) 

and topology (Fig. 2.4B); however, the redundancy between PIN1 and PIN6 is unequal: the 

patterning and topology of pin6 vein networks are no different from those of WT vein networks 

but those of pin1 vein networks are, suggesting that PIN1 can provide all—or nearly all—the 

functions of PIN6 in vein network formation and that, by contrast, PIN6 is unable to provide all 

the functions of PIN1 in this process. Such unequal redundancy could reflect nonhomologous 

functions of PIN1 and PIN6 in vein network formation—a possibility consistent with the 

different localization of PIN1 and PIN6: PIN1 is predominantly localized to the PM (Galweiler 

et al. 1998), while PIN6 is predominantly localized to the ER (Sawchuk et al. 2013). On the  
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Figure 2.7. Expression of DR5rev::YFPnuc in pin developing leaves. (A–D) Confocal laser 

scanning microscopy; first leaves 4 days after germination. Look-up table (ramp in C) visualizes 

expression levels. Top right: genotype. Bottom left: reproducibility index. Dashed white line 

delineates leaf primordium outline. Images in A, B, C and E were taken at identical settings and 

show increasingly weaker DR5rev::YFPnuc expression in pin6;8, pin1 and pin1;6. Images in A, 

D and F were taken by matching signal intensity to detector’s input range (~4% saturated pixels), 

and show increasingly broader DR5rev::YFPnuc expression domains in pin1 and pin1;6. Bars: 

(A–F) 50 m. 
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other hand—at least in other organisms—redundant, homologous functions can be provided by 

proteins that are localized to different cellular compartments [e.g.:(Jin et al. 2008; Kouranti et al. 

2010) and references therein]. Further, at least some of the functions of PIN1 in vein network 

formation depend on PIN1 expression in leaf epidermal cells (Bilsborough et al. 2011; 

Kierzkowski et al. 2013)—leaf epidermal cells that fail, by contrast, to express PIN6 (Sawchuk 

et al. 2013) (Fig. 2.1). Thus the unequal redundancy of PIN1 and PIN6 in vein network 

formation could alternatively be accounted for by their different expression domains.  

To test these possibilities, we used the promoter of the RIBOSOMAL PROTEIN S5A 

(RPS5A) gene (AT3G11940)—highly active in developing organs, including their epidermal 

cells (Weijers et al. 2001)—to express PIN1 (RPS5A::PIN1) or PIN6 (RPS5A::PIN6) in the pin1 

background, and compared phenotype features of RPS5A::PIN1;pin1 and RPS5A::PIN6;pin1 

with those of pin1 and WT.  

We first asked whether PIN6 could provide functions in control of vein network 

patterning homologous to those of PIN1. The patterning of ~15% of the vein networks of 

RPS5A::PIN1 and RPS5A::PIN6, and—as previously reported (Sawchuk et al. 2013)—of nearly 

50% of pin1 vein networks was abnormal (Fig. 2.8A–D). RPS5A::PIN1 shifted the spectrum of 

vein network patterning of pin1 toward the vein network patterning of WT but RPS5A::PIN6 

failed to do so (Fig 2.8A–D), suggesting that PIN6 is unable to provide functions in control of 

vein network patterning homologous to those of PIN1. 

We next asked whether PIN6 could provide functions in control of vein network topology 

homologous to those of PIN1. The cardinality and connectivity indices of RPS5A::PIN1 vein 

networks were lower than those of WT vein networks (Fig. 2.8E), supporting that PIN1 inhibits 

vein formation and connection. The cardinality index of RPS5A::PIN6 vein networks was higher 

than that of WT vein networks (Fig. 2.8E), suggesting that ectopic expression of PIN6 in the 

epidermis promotes vein formation. As reported above (Fig. 2.4B), the cardinality and 

connectivity indices of pin1 vein networks were higher than those of WT vein networks (Fig. 

2.8E). RPS5A::PIN1 shifted the cardinality index of pin1 vein networks toward that of WT vein 

networks but RPS5A::PIN6 failed to do so (Fig. 2.8E), suggesting that PIN6 is unable to provide 

functions in vein formation homologous to those of PIN1. By contrast, both RPS5A::PIN1 and 

RPS5A::PIN6 shifted the connectivity index of pin1 vein networks toward that of WT vein  
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Figure 2.8. Functions of PIN1 and PIN6 in vein network formation. (A–C) Dark-field 

illumination of mature first leaves illustrating phenotype classes: unbranched, narrow midvein 

and scalloped vein-network outline (A); bifurcated midvein and scalloped vein-network outline 
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(B); fused leaves with scalloped vein-network outline (C). (D) Percentages of leaves in 

phenotype classes. Difference between RPS5A::PIN1 and WT, between RPS5A::PIN6 and WT, 

between pin1 and WT, and between RPS5A::PIN1;pin1 was significant at P<0.05 (*), P<0.01 

(**) or P<0.001 (***) by Kruskal-Wallis and Mann-Whitney test with Bonferroni correction. 

Sample population sizes: WT, 65; RPS5A::PIN1, 55; RPS5A::PIN6, 58; pin1, 116; 

RPS5A::PIN1;pin1, 71; RPS5A::PIN6;pin1, 140. (E) First leaves. Indices are expressed as mean 

± SE. Difference between RPS5A::PIN1 and WT cardinality indices, between RPS5A::PIN6 and 

WT cardinality indices, between pin1 and WT cardinality indices, between RPS5A::PIN1;pin1 

and pin1 cardinality indices, between RPS5A::PIN1 and WT connectivity indices, between pin1 

and WT connectivity indices, between RPS5A::PIN1;pin1 and pin1 connectivity indices, and 

between RPS5A::PIN6;pin1 and pin1 connectivity indices was significant at P<0.05 (*), P<0.01 

(**) or P<0.001 (***) by F-test and t-test with Bonferroni correction. Sample population sizes as 

in (D). Bars: (A–C) 1 mm. 

  



41 

 

networks (Fig. 2.8E), suggesting that PIN6 can provide functions in vein connection homologous 

to those of PIN1. Interpretations of similar genetic interactions in other organisms [e.g., 

(Hodgkin 1986; Maruyama et al. 1989; Han et al. 1990)] suggest that the suppression of vein 

connectedness defects of pin1 by RPS5A::PIN6 can be accounted for by at least two 

mechanisms. One possibility is that PIN6 acts downstream of PIN1 in the same pathway that 

controls vein connection; we do not favor this hypothesis, however, because it fails to predict the 

observed (Figs. 2.4,2.6) enhancement of vein connectedness defects of pin1 by pin6. 

Alternatively, vein connection may be unfavored at high auxin levels (Sachs 1968), which would 

be the result of at least two separate pathways: PIN1-mediated auxin transport toward sites of 

vein formation (Scarpella et al. 2006; Wenzel et al. 2007; Bayer et al. 2009; Marcos and Berleth 

2014) (Fig. 2.7) and PIN6-mediated increase in auxin levels within developing vascular cells 

(Bender et al. 2013; Cazzonelli et al. 2013; Sawchuk et al. 2013) (Fig. 2.7) (see Conclusions).  

In addition to vein network formation, PIN6 acts redundantly with PIN1 in cotyledon 

patterning, and as in vein network formation, the redundancy between PIN1 and PIN6 in 

cotyledon patterning is unequal (Sawchuk et al. 2013). We thus asked whether PIN6 could 

provide functions in cotyledon patterning homologous to those of PIN1; our results (Fig. 2.9) 

suggest that it cannot. 

Finally, RPS5A::PIN1 reverted the pin-shaped, sterile inflorescences of pin1 to WT-

looking, fertile inflorescences but RPS5A::PIN6 failed to do so (Fig. 2.10), suggesting that PIN6 

is unable to provide functions in inflorescence development homologous to those of PIN1. 

In summary, PIN6 was unable to provide functions homologous to those of PIN1 in 

control of vein network patterning, vein formation, cotyledon patterning and inflorescence 

development. Thus the unequal redundancy between PIN1 and PIN6 in these processes is 

unlikely the result of their different expression and might instead be accounted for by their 

nonhomologous functions—a conclusion consistent with the opposite effects of PIN1 and PIN6 

on intercellular auxin transport (Cazzonelli et al. 2013). By contrast, PIN6 was able to provide 

functions in vein connection homologous to those of PIN1, suggesting that PIN6 expression 

normally limits PIN6’s ability to compensate for the effects of loss of PIN1 function in vein 

connection. 
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Figure 2.9. Functions of PIN1 and PIN6 in cotyledon patterning. (A–E) Dark-field 

illumination of 4-day old seedlings illustrating phenotype classes: two separate cotyledons (A); 

fused cotyledons and separate single cotyledon (B); three separate cotyledons (C); fused 

cotyledons (D); single cotyledon (E). (F) Percentages of seedlings in phenotype classes. 

Difference between pin1 and WT, and between RPS5A::PIN1;pin1 and pin1 was significant at 

P<0.05 (*) or P<0.001 (***) by Kruskal-Wallis and Mann-Whitney test with Bonferroni 

correction. Sample population sizes: WT, 78; RPS5A::PIN1, 68; RPS5A::PIN6, 32; pin1, 88; 

RPS5A::PIN1;pin1, 47; RPS5A::PIN1;pin1, 73. Bars: (A–C) 1 mm; (D,E) 0.5 mm. 
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Figure 2.10. Functions of PIN1 and PIN6 in inflorescence development. (A–F) Four-week-

old plants. Top right: genotype. Bottom left: reproducibility index. WT plants normally form 

fertile flowers (A), while pin1 plants never do (Goto et al. 1987; Okada et al. 1991) (D). Bars: 5 

mm. 

  



44 

 

2.2.6 Homologous functions of PIN6 and PIN8 in PIN1-dependent 

vein-network formation 

 

PIN8 acts redundantly with PIN6 in PIN1-dependent control of vein network patterning 

(Sawchuk et al. 2013) and vein formation (Fig. 2.6); however, the redundancy between PIN6 and 

PIN8 in PIN1-dependent control of vein network formation is unequal: the patterning and 

cardinality index of pin1;8 vein networks are no different from those of pin1 vein networks, but 

those of pin1;6 vein networks are; thus PIN6 can provide all the functions of PIN8 in PIN1-

dependent control of vein network patterning and vein formation, but PIN8 is unable to provide 

all the functions of PIN6 in these processes. Further, PIN8 seems to have no function in 

PIN1/PIN6-dependent vein connection. The unequal functions of PIN6 and PIN8 in vein 

network formation could be accounted for by the different expression of PIN6 and PIN8 during 

vein development (Sawchuk et al. 2013) (Figs. 2.1,2.3), but it could also reflect nonhomologous 

functions of PIN6 and PIN8 in this process.   

To test these possibilities, we expressed PIN6 or PIN8 by the promoter of the 

MONOPTEROS (MP) gene (AT1G19850) (MP::PIN6 or MP::PIN8)—highly active in 

developing veins (Sawchuk et al. 2013)—in the pin1;6 background, and compared defects of 

MP::PIN6;pin1;6 and MP::PIN8;pin1;6 with those of pin1;6 and pin1.  

We first asked whether PIN8 could provide functions in PIN1-dependent control of vein 

network patterning homologous to those of PIN6. As previously reported (Sawchuk et al. 2013), 

the vein network patterning of MP::PIN6 and MP::PIN8 was no different from that of WT (Fig. 

2.11A–E). By contrast, the patterning of nearly 60% of pin1 vein networks was abnormal, and 

pin6 shifted the spectrum of vein network patterning of pin1 toward more severe phenotype 

classes (Sawchuk et al. 2013) (Fig. 2.11A–E). The spectrum of vein network patterning of 

MP::PIN6;pin1;6 was no different from that of pin1 and that of MP::PIN8;pin1;6 was no 

different from that of MP::PIN6;pin1;6 (Fig. 2.11A–E), suggesting that PIN8 can provide 

functions in PIN1-dependent control of vein network patterning homologous to those of PIN6. 

We next asked whether PIN8 could provide functions in PIN1-dependent control of vein 

network topology homologous to those of PIN6. Consistent with previous observations  
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Figure 2.11. Functions of PIN6 and PIN8 in PIN1-dependent vein network formation. (A–

D) Dark-field illumination of mature first leaves illustrating phenotype classes: conspicuous 

marginal vein (A); fused leaves with conspicuous marginal vein (B); wide midvein (C); fused 
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leaves with wide midvein (D). Phenotype classes I–III as in Fig. 2.5. (E) Percentages of leaves in 

phenotype classes. Difference between pin1 and WT, and between pin1;6 and pin1 was 

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

correction. Sample population sizes: WT, 53; pin1, 46; pin1;6, 42; MP::PIN6, 54; MP::PIN8, 49; 

MP::PIN6;pin1;6, 45; MP::PIN8;pin1;6, 60. (F) First leaves. Indices are expressed as mean ± SE. 

Difference between pin1 and WT cardinality indices, between pin1;6 and pin1 cardinality 

indices, between MP::PIN6 and WT cardinality indices, between MP::PIN8 and WT cardinality 

indices, between pin1 and WT connectivity indices, between pin1;6 and pin1 connectivity 

indices, between MP::PIN6 and WT connectivity indices, and between MP::PIN8 and WT 

connectivity indices was significant at P<0.001 (***) by F-test and t-test with Bonferroni 

correction. Sample population sizes as in (E). Bars: (A,B,D) 1 mm; (C) 0.25 mm. 
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(Sawchuk et al. 2013), MP::PIN6 and MP::PIN8 induced similar defects—as it frequently results 

from overexpression of genes with homologous functions [e.g., (Balcells et al. 1988; Hadwiger 

et al. 1989; Parkhurst et al. 1990)]: the cardinality and connectivity indices of both MP::PIN6 

and MP::PIN8 vein networks were lower than those of WT vein networks (Fig. 2.11F), 

supporting that PIN6 inhibits vein formation and connection, and suggesting that PIN8 can 

inhibit vein connection in addition to vein formation. As reported above (Fig. 2.4B), the 

cardinality and connectivity indices of pin1 vein networks were higher than those of WT vein 

networks and those of pin1;6 vein networks were higher than those of pin1 vein networks (Fig. 

2.11F). The vein network topology of MP::PIN6;pin1;6 was no different from that of pin1 and 

that of MP::PIN8;pin1;6 was no different from that of MP::PIN6;pin1;6 (Fig. 2.11F), suggesting 

that PIN8 can provide functions in PIN1-dependent control of vein network topology 

homologous to those of PIN6. 

In addition to PIN1-dependent vein-network formation, PIN8 acts redundantly with PIN6 

in PIN1-dependent cotyledon patterning, and as in PIN1-dependent vein network formation, the 

redundancy between PIN6 and PIN8 in PIN1-dependent cotyledon patterning is unequal 

(Sawchuk et al. 2013). We thus asked whether PIN8 could provide functions in PIN1-dependent 

cotyledon patterning homologous to those of PIN6; our results (Fig. 2.12) suggest that it can.  

In summary, PIN8 was able to provide functions homologous to PIN6 in PIN1-dependent 

vein network formation and cotyledon patterning. Thus the unequal redundancy between PIN6 

and PIN8 is unlikely the result of nonhomologous functions and might instead be accounted for 

by their different expression. Just as the ER-PIN genes PIN6 and PIN8 redundantly control 

PIN1-dependent vein network formation, the redundancy between the PM-PIN genes PIN1, 

PIN2, PIN3, PIN4 and PIN7 underlies—to varying extents—many other developmental 

processes [e.g., (Benkova et al. 2003; Friml et al. 2003; Blilou et al. 2005; Vieten et al. 2005; 

Fischer et al. 2006; Guenot et al. 2012)]. In the development of embryos and roots, PM-PIN 

genes compensate for loss of one another’s function by their ectopic expression in the domain of 

the gene whose function has been lost (Blilou et al. 2005; Vieten et al. 2005). For example, in 

pin7 embryos PIN4 becomes expressed at earlier stages of development and in the domain in 

which PIN7 is normally expressed, thereby compensating for loss of PIN7 function (Vieten et al. 

2005). By contrast, in the pin1;6 background PIN8 expression remains restricted to post- 
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Figure 2.12. Functions of PIN6 and PIN8 in PIN1-dependent cotyledon patterning. (A,B) 

Dark-field illumination of 4-day old seedlings illustrating phenotype classes: partially fused cup-

shaped cotyledons, side view; inset: top view (A); completely fused cup-shaped cotyledon, side 

view; inset: top view (B). Phenotype classes a–e as in Fig. 2.9. (C) Percentages of seedlings in 

phenotype classes. Difference between pin1 and WT, between pin1;6 and pin1, and between 

MP::PIN6;pin1;6 and pin1;6 was significant at P<0.01 (**) or P<0.001 (***) by Kruskal-Wallis 

and Mann-Whitney test with Bonferroni correction. Sample population sizes: WT, 53; pin1, 52; 

pin1;6, 55; MP::PIN6, 54; MP::PIN8, 49; MP::PIN6;pin1;6, 47; MP::PIN8;pin1;6, 62. Bars: (A) 

0.5 mm; (B) 0.25 mm. 
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formative stages of vein development (Sawchuk et al. 2013), supporting that PIN8 controls vein 

network formation by feeding back on vascular precursor cells located in more-immature parts of 

the leaf. 

 

2.2.7 Functions of PIN5 in PIN6/PIN8-dependent control of vein 

network topology 

 

PIN6 has functions in control of vein network topology beyond control of PIN5 function (Fig. 

2.6). We asked whether PIN5 could provide functions in control of vein network topology that 

are independent of control by PIN6 or PIN8. 

To address this question, we used plants expressing PIN5 by the MP promoter 

(MP::PIN5) because the vein density of MP::PIN5 leaves is higher than that of WT leaves 

(Sawchuk et al. 2013). We reasoned that if PIN5 could provide functions that are independent of 

control by PIN6 or PIN8, at least some of the effects of MP::PIN5 on vein network topology 

should persist in the MP::PIN6 or MP::PIN8 backgrounds. By contrast, if all PIN5’s functions 

depended on control by PIN6 or PIN8, the effects of MP::PIN6 or MP::PIN8 on vein network 

topology should mask those of MP::PIN5.  

Consistent with previous observations (Sawchuk et al. 2013), the cardinality index of 

MP::PIN5 vein networks was higher than that of WT vein networks (Fig. 2.13), supporting that 

PIN5 promotes vein formation. As reported above (Fig. 2.11), the cardinality and connectivity 

indices of MP::PIN6 and MP::PIN8 vein networks were lower than those of WT vein networks 

(Fig. 2.13). Because the vein network topology of MP::PIN5;MP::PIN6 was no different from 

that of MP::PIN6 and that of MP::PIN5;MP::PIN8 was no different from that of MP::PIN8 (Fig. 

2.13), we conclude that no function of PIN5 escapes control by PIN6 or PIN8.  
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Figure 2.13. Functions of PIN5 in PIN6/PIN8-dependent control of vein network topology. 

First leaves. Indices are expressed as mean ± SE. Difference between MP::PIN5 and WT 

cardinality indices, between MP::PIN6 and WT cardinality indices, between MP::PIN8 and WT 

cardinality indices, between MP::PIN6 and WT connectivity indices, and between MP::PIN8 and 
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WT connectivity indices was significant at P<0.05 (*) or P<0.001 (***) by F-test and t-test with 

Bonferroni correction. Sample population sizes: WT, 27; MP::PIN5, 48; MP::PIN6, 32; 

MP::PIN8, 32; MP::PIN5;MP::PIN6, 31; MP::PIN5;MP::PIN8, 40.  
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2.2.8 Conclusions 

 

Vein network formation is redundantly, but nonhomologously, controlled by PIN1-mediated 

intercellular auxin transport and PIN6/PIN8-mediated intracellular auxin transport (Fig. 

2.14A,B). How to account for such functional overlap? 

The “auxin canalization hypothesis” proposes that a positive feedback between auxin 

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

the cell leads to the selection of cell files from within a field of cells; such cell files would 

become exposed to inductive levels of auxin, would differentiate into efficient auxin-transport 

canals—the veins—and would drain auxin from the surrounding areas (Sachs 1991a; Sachs 

2000). Auxin drainage by developing veins would lower auxin levels in the surrounding areas 

below those levels which inhibit growth (Ljung et al. 2001; Keller et al. 2004), growth would 

resume, and new fields of cells would be generated in which the whole process could be repeated 

(Sachs 1989).  

The predictions of the auxin canalization hypothesis have been rigorously tested and are 

supported by computer simulation of mathematical models (Mitchison 1980a; Mitchison 1981; 

Rolland-Lagan and Prusinkiewicz 2005); nevertheless, inconsistencies seem to exist between 

experimental evidence and hypothesis’ predictions. For example, the hypothesis appears unable 

to predict the experimentally observed high levels of auxin in veins (Mattsson et al. 2003; 

Brunoud et al. 2012); however, such levels could be, at least in part, the result of PIN1-mediated 

auxin transport toward sites of vein formation (Bayer et al. 2009) (Figs. 2.7,2.14D), and of 

PIN6/PIN8-mediated increase in auxin levels within developing vascular cells (Bosco et al. 

2012; Ding et al. 2012; Bender et al. 2013; Cazzonelli et al. 2013; Sawchuk et al. 2013) (Fig. 

2.7,2.14D). We suggest that because of the lower auxin levels in pin6;8 (Bosco et al. 2012; Ding 

et al. 2012; Bender et al. 2013; Cazzonelli et al. 2013; Sawchuk et al. 2013) (Fig. 2.7), auxin 

would be drained more efficiently in leaves of this background, leaf growth would resume 

sooner, and veins would form faster—a prediction supported by the faster formation of vein-

associated domains of PIN1 expression in pin6;8 (Sawchuk et al. 2013)—thus leading to the 

formation of networks of more veins (Fig. 2.14C). Because of the reduced intercellular auxin- 
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Figure 2.14. Summary and interpretations. (A) Unique and redundant functions of PIN1, 

PIN5, PIN6 and PIN8 in vein network formation (magenta, inhibiting functions; green, 

promoting functions), and derived mutant phenotypes. It is possible that PIN8’s functions extend 

to overlap with PIN6’s in PIN1-dependent inhibition of vein network formation. (B) Genetic 

interaction map of PIN1, PIN5, PIN6 and PIN8 in vein network topology. Arrows indicate 

positive effects; blunt-ended lines indicate negative effects. (C) DR5-promoter-activity-derived 

auxin levels and distribution in developing leaves (left; lower levels are in lighter tints; for 

simplicity, differences within leaves are ignored), and vein networks in mature leaves (right). (D) 

Cellular expression map of PIN1, PIN5, PIN6 and PIN8 in vein development. See text for 

details. 
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transport in pin1 (Okada et al. 1991), auxin would accumulate for longer periods in leaves of this 

background before inducing efficient drainage canals, thereby exposing more cells to inductive 

levels of auxin—a prediction consistent with the broader domains of DR5rev::YFPnuc 

expression in pin1 (Fig. 2.7)—and thus leading to the formation of networks of more veins (Fig 

2.14C). Because of the additionally lower levels of auxin in pin1;6—suggested by the mimicry 

of pin1;6 defects by reduction of auxin levels in pin1 (Sawchuk et al. 2013) and by the lower 

levels of DR5rev::YFPnuc expression in pin1;6 than in pin1 (Fig. 2.7)—auxin would accumulate 

for even longer periods before inducing efficient drainage canals, thereby exposing even more 

cells to inductive levels of auxin—a prediction consistent with the broader domains of 

DR5rev::YFPnuc expression in pin1;6 than in pin1 (Fig. 2.7)—and thus leading to the formation 

of networks of even more veins (Fig. 2.14C).  

Closed veins form during leaf development from open-vein precursors that become 

connected with other vein precursors at both ends (Kang and Dengler 2004; Scarpella et al. 2004; 

Scarpella et al. 2006; Sawchuk et al. 2007; Wenzel et al. 2007; Marcos and Berleth 2014). 

Accounting for the formation of closed veins has long been a challenge for the auxin canalization 

hypothesis [reviewed in (Smith and Bayer 2009; Jönsson and Krupinski 2010; Scarpella and 

Helariutta 2010; Prusinkiewicz and Runions 2012; Sawchuk and Scarpella 2013)]. Loss of 

function of PIN1 and PIN6 leads to network of veins that are more frequently closed, and 

overexpression of PIN1, PIN6 or PIN8 leads to the opposite defect; thus—consistently with the 

observation that vein connections form at early stages of tissue development (Kang and Dengler 

2004; Scarpella et al. 2004; Scarpella et al. 2006; Sawchuk et al. 2007; Wenzel et al. 2007; 

Marcos and Berleth 2014)—our results suggest that connection may be favored—or occur 

exclusively—between vein precursors that have yet to differentiate high auxin-transport capacity 

or high auxin-transport-mediated auxin levels.  

 

2.3 Materials and methods 
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2.3.1 Plants 

 

Origin and nature of lines, genotyping strategies and oligonucleotide sequences are Table 2.1, 

Table 2.2 and Table 2.3, respectively. Seeds were sterilized and germinated, plants were grown 

and transformed, and representative lines were selected as described in Sawchuk et al. 2008. 

 

2.3.2 Imaging 

 

Developing leaves were mounted and imaged as in Sawchuk et al. 2013. Marker-line-specific 

imaging parameters are in Table 2.4 and Table 2.5. Mature leaves were fixed in 3:1 

ethanol:acetic acid, rehydrated in 70% ethanol and water, cleared briefly (few seconds to few 

minutes) in 0.4 M sodium hydroxide, washed in water and mounted in 1:3:8 

water:glycerol:chloral hydrate (Sigma-Aldrich Co. LLC). Mounted leaves were imaged as in 

(Odat et al. 2014). Image brightness and contrast were adjusted by linear stretching of the 

histogram with ImageJ (National Institutes of Health). Images were cropped with Photoshop 

(Adobe Systems Inc.) and assembled into figures with Canvas (ACD Systems International Inc.). 

 

2.3.3 Analysis of vein network topology 

 

We define a “touch point” (TP) as the point where a vein end contacts another vein or a vein 

fragment, an “end point” (EP) as the point where an open vein terminates free of contact with 

another vein or a vein fragment, and a “break point” (KP) as each of the two points where a vein 

fragment terminates free of contact with veins or other vein fragments (Fig. 2.15). Because it is 

impractical to determine the TP between a vein that exits a leaf and the vein system of the plant 

axis, or the KP in proximity of the vein system of the plant axis of a vein fragment that exits a 

leaf, we define an “exit point” (XP) as the point where a vein or a vein fragment exits the leaf 

lamina and enters the leaf petiole (Fig. 2.15), and equate an XP to a TP. The number of TPs, EPs,  
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Table 2.2. Genotyping strategies. 

Line  Strategy 

pin1-1 

In RPS5A::PIN1 background: ‘0.28 PIN1p SalI’ and ‘pin1-1 R’, and TatI. In all 

other backgrounds: ‘pin1-1 F’ and ‘pin1-1 R’, and TatI; or ‘Pin1-1 WT KpnI 

Fwd’ and ‘Pin1-1 WT KpnI Rev’, and KpnI 

pin5-4 
PIN5: ‘SALK_042994 LP’ and ‘SALK_042994 RP’; pin5: ‘SALK_042994 RP’ 

and ‘LBb1.3’ 

pin6 

PIN6 (in MP::PIN6 background): ‘PIN6 prom seq forw’ and ‘PIN6 spm R’; 

PIN6 (in all other backgrounds): ‘PIN6 spm F’ and ‘PIN6 spm R’; pin6: ‘PIN6 

spm F’ and ‘Spm32’ 

pin8-1 PIN8: ‘SALK_107965 LP’ and ‘SALK_107965 RP’; pin8: ‘SALK_107965 RP’ 

and ‘LBb1.3’ 

RPS5A::PIN6 ‘PIN6 ox SmaI forw’ and ‘PIN6 ox Ecl136II rev’ 

MP::PIN6 ‘PIN6 ox SmaI forw’ and ‘PIN6 ox Ecl136II rev’ 

MP::PIN8 ‘SALK_107965 RP’ and ‘WiscDsLox489-492C10 RP’ 

MP::PIN5 ‘PIN5 ox SmaI forw’ and ‘PIN5 ox BamHI rev 2’ 
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Table 2.3. Oligonucleotide sequences. 

Name Sequence (5' to 3') 

PIN5 SpeI KpnI transc forw ATAACTAGTGGTACCGAGAGAGAGAGAGAGAGAC  

PIN5 AgeI transc rev CTCACCGGTTTTTATCAGAAAAATAGAAATGTTGCAG 

PIN5 extra prom XhoI forw ATACTCGAGAGCAGGCGAATCAGGAAGATCAAC 

PIN5 extra prom SalI rev ATTGTCGACTCTCTCTCTCTCTCTCTCTCTCTCTCTC 

PIN5 prom XhoI forw ATTCTCGAGACGGAGAAAGGAGAAGAAC 

PIN5 4991 BamHI rev ATAGGATCCTCCATATTCCTTAGCAAAAATGAAC 

PIN5 4992 XbaI forw ATGTCTAGATTACATGCAGATGTTCTAAG 

PIN5 UTR SacI rev ATAGAGCTCATTCGGTTGAGGAGAAAG 

PIN5 extra UTR SmaI forw ATTCCCGGGCAATATGAAGATAAAAGGG 

PIN5 extra UTR SacI rev ATAGAGCTCAGCCACGAACAGAAACCATCAAG 

EGFP BamHI forw TATGGATCCGTGAGCAAGGGCGAGGAG 

EGFP XbaI rev TATTCTAGACTTGTACAGCTCGTCCATGC 

PIN6 prom SalI F GCGGTCGACTGATGATTGTTTAAGATAAG 

PIN6 prom BamHI R TCTGGATCCTCTTTGCCTCTTCTTCTTC 

0.28 PIN1p SalI GCGGTCGACTACACGTAAACTACTTTTG 

pin1-1 R TTCCGACCACCACCAGAAGCC 

pin1-1 F ATGATTACGGCGGCGGACTTCTA 

Pin1-1 WT KpnI Fwd TTCTCTCTCTCGACACTCCCC 

Pin1-1 WT KpnI Rev CAAAGAGAAAGAGCATGAGTGGGTAC 

SALK_042994 LP TGTGGTTGTGGGAGAGAAGTC   

SALK_042994 RP AAATTTGGACTTACGCTGTGC 
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LBb1.3 ATTTTGCCGATTTCGGAAC 

PIN6 prom seq forw GGTAATCTCGTCAACAAGTCTC 

PIN6 spm R GGAGTTCAAAGAGGAATAGTAGCAGAG 

PIN6 spm F CATAACGAAGCTAACTAAGGGGTAATCTC 

Spm32 TACGAATAAGAGCGTCCATTTTAGAGTG 

SALK_107965 LP TGAAAGACATTTTGATGGCATC 

SALK_107965 RP CCAAATCAAGCTTTGCAAGAC 

PIN6 ox SmaI forw ATACCCGGGATGATAACGGGAAACGAATTCTAC 

PIN6 ox Ecl136II rev ATTGAGCTCTCATAGGCCCAAGAGGACG 

WiscDsLox489-492C10 RP TTGGAAAGGAAAAGAACACCC 

PIN5 ox SmaI forw ATACCCGGGATGATAAATTGTGGAGA 

PIN5 ox BamHI rev 2 ATTGGATCCTCAATGAATAAACTCCAGAGC 
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Table 2.4. Imaging parameters: single-marker lines. 

Line Laser Wavelength 

(nm) 

Main dichroic 

beam splitter 

First secondary 

dichroic beam splitter 

Second secondary 

dichroic beam splitter 

Emission filter 

(detector) 

PIN1::PIN1:CFP Ar 458 HFT 458/543 NFT 595 NFT 545 BP 475–525 

PIN6::YFPnuc Ar 514 HFT 405/514/594 NFT 595 NFT 515 BP 520–555 IR 

(PMT3) 

PIN6::CFPnuc Ar 458 HFT 458/543 NFT 595 NFT 545 BP 475–525 

PIN8::YFPnuc Ar 514 HFT 405/514/594 NFT 595 NFT 515 BP 520–555 IR 

(PMT3) 

PIN1::PIN1:GFP Ar 488 HFT 405/488/594 NFT 545 NFT 490 BP 505–530 

(PMT3) 

PIN5::YFPnuc Ar 514 HFT 405/514/594 NFT 595 NFT 515 BP 520–555 IR 

(PMT3) 

DR5rev::YFPnuc Ar 514 HFT 405/514/594 NFT 595 NFT 515 BP 520–555 IR 

(PMT3) 
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Table 2.5. Imaging parameters: double-marker lines. 

Double-marker lines Single-marker lines Laser Wavelength 

(nm) 

Main dichroic 

beam splitter 

First 

secondary 

dichroic 

beam 

splitter 

Second 

secondary 

dichroic 

beam 

splitter 

Emission 

filter 

(detector) 

PIN1::PIN1:GFP; 

autofluorescence 

PIN1::PIN1:GFP Ar 488 HFT 405/488/594   507–593 

(META) 

Autofluorescence Ar 488 HFT 405/488/594   507–593 

(META) 

PIN6::PIN6:GFPMGS; 

autofluorescence 

PIN6::PIN6:GFPMGS Ar 488 HFT 405/488/594   507–593 

(META) 

Autofluorescence Ar 488 HFT 405/488/594   507–593 

(META) 

PIN6::PIN6:GFPRLB; 

autofluorescence 

PIN6::PIN6:GFPRLB Ar 488 HFT 405/488/594 Mirror NFT 545 BP 505–
530 

(PMT2) 

Autofluorescence Ar 488 HFT 405/488/594 Mirror NFT 545 BP 600–
650 

(PMT3) 

PIN8::PIN8:GFPMGS; 

autofluorescence 

PIN5::PIN5:GFP Ar 488 HFT 405/488/594   507–593 

(META) 

Autofluorescence Ar 488 HFT 405/488/594   507–593 

(META) 

 

 



61 

 

PIN8::PIN8:GFPZD; 

autofluorescence 

PIN8::PIN8:GFPZD Ar 488 HFT 405/488/594 Mirror NFT 545 BP 505–
530 

(PMT2) 

Autofluorescence Ar 488 HFT 405/488/594 Mirror NFT 545 BP 600–
650 

(PMT3) 

PIN5::PIN5:GFP; 

autofluorescence 

PIN5::PIN5:GFP Ar 488 HFT 405/488/594   507–593 

(META) 

Autofluorescence Ar 488 HFT 405/488/594   507–593 

(META) 

PIN1::PIN1:GFP; 

PIN5::YFPnuc 

PIN1::PIN1:GFP Ar 488 HFT 405/488/594   507–593 

(META) 

PIN5::YFPnuc Ar 488 HFT 405/488/594   507–593 

(META) 

PIN1::PIN1:GFP; 

PIN6::YFPnuc 

PIN1::PIN1:GFP Ar 488 HFT 405/488/594   507–593 

(META) 

PIN6::YFPnuc Ar 488 HFT 405/488/594   507–593 

(META) 

PIN1::PIN1:GFP; 

PIN8::YFPnuc 

PIN1::PIN1:GFP Ar 488 HFT 405/488/594   507–593 

(META) 

PIN8::YFPnuc Ar 488 HFT 405/488/594   507–593 

(META) 
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PIN6::CFPnuc; 

PIN5::YFPnuc 

PIN6::CFPnuc Ar 458 HFT 458/514 NFT 595 NFT 545 BP 475–
525 

(PMT2) 

PIN5::YFPnuc Ar 514 HFT 458/514 NFT 595 NFT 515 BP 520–
355 IR 

(PMT3) 

PIN8::PIN8:GFP; 

PIN5::YFPnuc 

PIN8::PIN8:GFP Ar 488 HFT 405/488/594   507–593 

(META) 

PIN5::YFPnuc Ar 488 HFT 405/488/594   507–593 

(META) 

PIN6::CFPnuc; 

PIN8::YFPnuc 

PIN6::CFPnuc Ar 458 HFT 458/514 NFT 595 NFT 545 BP 475–
525 

(PMT2) 

PIN8::YFPnuc Ar 514 HFT 458/514 NFT 595 NFT 515 BP 520–
355 

(PMT3) 
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Figure 2.15. Analysis of vein network topology. Dark-field illumination of cleared mature first 

leaf (MP::PIN6) illustrating vein network elements. A “vein fragment” (magenta box) is incident 

to two “break points” (KPs; magenta dots)—the points where a vein fragment terminates free of 

contact with veins or other vein fragments. An “open vein” (blue box) is incident to a “touch 

point” (TP; yellow dot)—a point of contact between a vein and vein fragments or other veins—

and an “end point” (EP; blue dot)—the point where an open vein terminates free of contact with 

another vein or a vein fragment. A “closed vein” (yellow box) is incident to two TPs. A vein or a 

vein fragment exits the leaf lamina and enters the leaf petiole (green box) by an “exit point” (XP; 

green dot). See text for details. Bar: 1 mm. 
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KPs and XPs in dark-field images of cleared mature leaves was calculated with the Cell Counter 

plugin of ImageJ (National Institutes of Health).  

A vein network can be understood as an undirected graph in which TPs, EPs, KPs and 

XPs are vertices, and veins and vein fragments are edges. Because each vein is incident to two 

TPs, a TP and an XP, a TP and an EP, or an XP and an EP, the cardinality index—a measure of 

the size (i.e. the number of edges) of a graph—is a proxy for the number of veins and is 

calculated as: [(TP+XP−EP)/2]+EP, or: (TP+XP+EP)/2. 

The continuity index quantifies how close a vein network is to a network with the same 

number of veins but in which at least one end of each vein fragment contacts a vein, and is thus 

calculated as the ratio of the cardinality index of the first network to the cardinality index of the 

second network: [(TP+XP+EP)/2]/[(TP+XP+EP+KP)/2], or: (TP+XP+EP)/(TP+XP+EP+KP).  

The connectivity index quantifies how close a vein network is to a network with the same 

number of veins but in which both ends of each vein or vein fragment contact other veins, and is 

thus calculated as the ratio of the number of closed veins in the first network to the number of 

closed veins in the second network (i.e. the cardinality index of the second network): 

[(TP+XP−EP)/2]/[(TP+XP+EP+KP)/2], or: (TP+XP−EP)/(TP+XP+EP+KP). 
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CHAPTER 3: TRANSCRIPTIONAL CONTROL OF PIN1-

DEPENDENT VEIN NETWORK PATTERNING 

 

3.1 Introduction 

 

The problem of long-distance transport is solved in most multicellular organisms by tissue 

networks; how these networks form is thus a key question in biology. In some tissue networks, 

such as the vessel networks of mammals and the airway systems of insects, the formation of 

network elements is driven by cell movements [e.g., (Samakovlis et al. 1996; Gerhardt et al. 

2003)]; in others, such as the vein networks of insect wings and plant leaves, it is not (Bryant 

1970; García-Bellido and Merriam 1971). 

Unlike the vein networks of insect wings, which are invariant [compare, for example, 

(Bier 2000) and (De Celis 2003)], the vein networks of plant leaves are both reproducible and 

variable (Sachs 1989; Berleth et al. 2000). Consider, for example, the vein network of an 

Arabidopsis leaf (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): lateral 

veins branch from an I-shaped midvein and connect to distal veins to form loops; minor veins 

branch from midvein and loops and connect to other veins to form a mesh; and loops and minor 

veins curve near the leaf margin to lend a scalloped outline to the vein network. Features of the 

vein network such as these are reproducible from leaf to leaf, so much so that they are used as a 

taxonomic characteristic [e.g., (Klucking 1995)]. By contrast, features such as the number of 

veins; their shape, length and position; and whether they contact other veins at both their ends or 

only one of them, and if so which one, differ from leaf to leaf (Kinsman and Pyke 1998; Candela 

et al. 1999; Steynen and Schultz 2003; Kang and Dengler 2004; Scarpella et al. 2004; Sawchuk 

et al. 2007; Rolland-Lagan et al. 2009; Price et al. 2011; Dhondt et al. 2012; Verna et al. 2015) 

(Chapter 2). 
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The PIN-FORMED1 (PIN1) gene of Arabidopsis is the only known gene to be 

nonredundantly required for both the reproducible features of leaf vein networks and their 

variable ones. Leaves of pin1 mutants occasionally fail to separate (“fused leaves”), and their 

midvein often branches near the leaf tip into a Y-shaped vein (Okada et al. 1991; Mattsson et al. 

1999; Bilsborough et al. 2011; Sawchuk et al. 2013). Furthermore, the vein networks of pin1 

leaves have more veins, which are more frequently connected to other veins on both ends (Verna 

et al. 2015) (Chapter 2). The plasma-membrane-localized PIN1 protein catalyzes cellular efflux 

of the plant signal auxin and is expressed in all the cells of the leaf at early stages of tissue 

development; over time, however, epidermal expression becomes restricted to the basal-most 

cells and inner expression becomes restricted to files of vascular precursor cells (Galweiler et al. 

1998; Benkova et al. 2003; Reinhardt et al. 2003; Heisler et al. 2005; Petrasek et al. 2006; 

Scarpella et al. 2006; Wenzel et al. 2007; Bayer et al. 2009; Sawchuk et al. 2013; Marcos and 

Berleth 2014).  

Here we sought to understand the cis-regulation of PIN1 function in the patterning of leaf 

vein networks. We found that the expression of PIN1 that is required for vein network patterning 

depends on the 205-bp region of the PIN1 promoter from -699 to -495, which contains conserved 

putative binding-sites for transcription factors of the MYELOBLASTOMA and DNA-BINDING 

WITH ONE FINGER families. 

 

3.2 Results and Discussion 

 

3.2.1 Functional activity of the Arabidopsis PIN-FORMED1 

promoter in vein network patterning 

 

In Arabidopsis leaf development, the formation of the midvein is followed by the formation of 

the first loops of veins (“first loops”), which in turn is followed by the formation of the second 

and third loops, and of minor veins in the area delimited by midvein and first loops (Mattsson et 
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al. 1999; Sieburth 1999; Kang and Dengler 2004; Scarpella et al. 2004; Sawchuk et al. 2007) 

(Fig. 3.1A–D). Loops and minor veins form first in the apical part of the leaf and then 

progressively closer to the base of it, and minor veins form after loops in the same area of the 

leaf (Fig. 3.1B–D). 

Consistent with previous reports (Benkova et al. 2003; Reinhardt et al. 2003; Heisler et 

al. 2005; Scarpella et al. 2006; Sawchuk et al. 2007; Wenzel et al. 2007; Bayer et al. 2009; 

Sawchuk et al. 2013; Marcos and Berleth 2014), a fusion of the PIN-FORMED1 (PIN1) open 

reading frame to YFP driven by the 4,171-bp PIN1 upstream sequence (“promoter”) and 1,173-

bp PIN1 downstream sequence (PIN1::gPIN1:YFP) (Xu et al. 2006) was expressed in all the 

cells of the leaf at early stages of tissue development; over time, however, epidermal expression 

became restricted to the basal-most cells and inner expression became restricted to files of 

vascular precursor cells (Fig. 3.1E–H). 

We first asked whether PIN1::gPIN1:YFP expression were recapitulated by the activity 

of the 4,171-bp PIN1 promoter. To address this question, we imaged expression of a nuclear 

YFP driven by the 4,171-bp PIN1 promoter (PIN1::nYFP) in first leaves 2, 2.5, 3 and 4 days 

after germination (DAG). 

Just as PIN1::gPIN1:YFP expression (Fig. 3.1E–H), PIN1::nYFP was expressed in all the 

inner cells of the leaf at early stages of tissue development, and over time this expression became 

restricted to files of vascular precursor cells (Fig. 3.1I–M). Unlike PIN1::gPIN1:YFP and 

PIN1::gPIN1:CFP [a fusion of the PIN1 open reading frame to CFP driven by the 3,506-bp PIN1 

promoter and 2,181-bp PIN1 downstream sequence (Gordon et al. 2007)] (Fig. 3.1E–H,M), 

however, PIN1::nYFP was only expressed in very few epidermal cells at the tip of 2-DAG leaves 

and at the margin of 2.5-DAG leaves (Fig. 3.1I–M), and this expression was very infrequent 

(Fig. 3.1I,J); PIN1::nYFP expression in epidermal cells at the leaf margin was more frequent at 3 

and 4 DAG but was still limited to very few cells (Fig. 3.1K–M). Because a fusion of the PIN1 

coding sequence to GFP driven by the 4,168-bp PIN1 promoter (PIN1::cPIN1:GFP) was hardly 

expressed in epidermal cells, we conclude that the already limited activity of the 4,168-bp PIN1 

promoter in the leaf epidermis is suppressed post-transcriptionally by the PIN1 coding sequence 

and that the epidermal expression characteristic of PIN1 is encoded in the gene’s introns or 

downstream sequence. 
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Figure 3.1. PIN1 expression in Arabidopsis first-leaf development. (A–P). Top right: leaf age 

in days after germination (DAG); bottom left: reproducibility index (in white for inner-tissue 

expression; in green or yellow for epidermal expression). (A–D) Midvein, loops and minor veins 



69 

 

form sequentially in leaf development (Mattsson et al. 1999; Sieburth 1999; Kang and Dengler 

2004; Scarpella et al. 2004; Sawchuk et al. 2007); increasingly darker greys depict progressively 

later stages of vein development. Box in (D) illustrates position of closeup in (M). (E–P) 

Confocal laser scanning microscopy with (E–L) or without (M–P) transmitted light; first leaves. 

Lookup tables in (E–H)—ramp in (E)—and in (I–L)—ramp in (I)—visualize expression levels. 

Green arrowheads in (I–L) and yellow arrowheads in (M,P) point to epidermal expression. (Q–S) 

Dark-field illumination of mature first leaves illustrating phenotype classes: I-shaped midvein 

and scalloped vein-network outline (Q); Y-shaped midvein and scalloped vein-network outline 

(R); fused leaves with scalloped vein-network outline (S). (T) Percentages of leaves in phenotype 

classes. Difference between pin1 and WT, between PIN1::cPIN1:GFP;pin1 and pin1 and 

between PIN1::gPIN1:GFP;pin1 and pin1 was significant at P < 0.001 (***) by Kruskal-Wallis 

and Mann-Whitney test with Bonferroni correction. Sample population sizes: WT, 40; pin1, 60; 

ATML1::cPIN1:GFP, 49; PIN1::cPIN1:GFP, 48; PIN1::gPIN1:GFP, 55; 

ATML1::cPIN1:GFP;pin1, 55; PIN1::cPIN1:GFP;pin1, 51; PIN1::gPIN1:GFP;pin1, 60. hv, 

minor vein; l1, first loop; l2, second loop; l3, third loop; mv, midvein. Bars: (E,I,M) 10 μm; (J,K) 

15 μm; (C,G) 20 μm; (H,L,N–P) 50 μm; (Q) 1 mm; (R–S) 2 mm. 
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We next asked what the function in vein network patterning was of PIN1 expression in 

leaf epidermis and inner tissue. To address this question, we expressed in WT and pin1 mutant 

backgrounds: (1) cPIN1:GFP driven by the epidermis-specific ARABIDOPSIS THALIANA 

MERISTEM LAYER1 promoter (Sessions et al. 1999) (ATML1::cPIN1:GFP) (Fig. 3.1N); (2) 

PIN1::cPIN1:GFP, which is expressed in the leaf inner tissue (Fig. 3.1O); (3) PIN1::gPIN1:GFP 

[a fusion of the PIN1 open reading frame to GFP driven by the 4,171-bp PIN1 promoter and 

1,173-bp PIN1 downstream sequence; (Xu et al. 2006)], which as PIN1::gPIN1:YFP and 

PIN1::gPIN1:CFP (Fig. 3.1E–H,M) is expressed in both leaf epidermis and inner tissue (Fig. 

3.1P). We then compared vein network patterns of mature first leaves of WT, pin1, 

ATML1::cPIN1:GFP, PIN1::cPIN1:GFP, PIN1::gPIN1:GFP, ATML1::cPIN1:GFP;pin1, 

PIN1::cPIN1:GFP;pin1 and PIN1::gPIN1:GFP;pin1. 

Consistent with previous reports (Sawchuk et al. 2013; Verna et al. 2015) (Chapter 2), the 

vein network patterns of nearly 50% of pin1 leaves were abnormal (Fig. 3.1Q–T). The vein 

network patterns of ATML1::cPIN1:GFP, PIN1::cPIN1:GFP and PIN1::gPIN1:GFP were no 

different from the vein network pattern of WT (Fig. 3.1Q–T). Both PIN1::gPIN1:GFP and 

PIN1::cPIN1:GFP shifted the phenotype spectrum of the vein network patterns of pin1 toward 

the vein network pattern of WT, but ATML1::cPIN1:GFP failed to do so (Fig. 3.1Q–T). 

These observations suggest that PIN1 expression in epidermal cells is insufficient for 

PIN1-dependent vein-network patterning. By contrast, PIN1 function in vein network patterning 

depends mainly, or only, on the expression of PIN1 in leaf inner tissue, which is controlled by 

the activity of the PIN1 promoter. 

 

3.2.2 Cis-regulation of PIN1 function in vein network patterning 

 

We next asked what cis-regulatory elements were required for PIN1 function in vein network 

patterning. To address this question, we deleted increasingly longer regions from the 5’-end of 

the 4,168-bp PIN1 promoter avoiding the disruption of putative transcription-factor binding-sites 

identified by bioinformatics tools (see Materials & Methods) (Fig. 3.2A); used the resulting 15  
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Figure 3.2. Function of PIN1 promoter fragments in PIN1-dependent vein-network 

formation. (A) PIN1 promoter. Coordinates relative to start-codon’s first nucleotide. (B) 

Percentages of leaves in phenotype classes (defined in Fig. 3.1). Difference between pin1 and 

WT, between [-2,320,-14]::cPIN1:GFP;pin1 and pin1, between [-1,893,-14]::cPIN1:GFP;pin1 

and pin1,between [-1,725,-14]::cPIN1:GFP;pin1 and pin1, between [-1,529,-

14]::cPIN1:GFP;pin1 and pin1,between [-1,449,-14]::cPIN1:GFP;pin1 and pin1, between [-

1,370,-14]::cPIN1:GFP;pin1 and pin1,between [-1,278,-14]::cPIN1:GFP;pin1 and pin1, between 

[-1,161,-14]::cPIN1:GFP;pin1 and pin1,between [-1,005,-14]::cPIN1:GFP;pin1 and pin1, 

between [-811,-14]::cPIN1:GFP;pin1 and pin1,between [-761,-14]::cPIN1:GFP;pin1 and pin1 

and between [-699,-14]::cPIN1:GFP;pin1 and pin1 was significant at P < 0.05 (*), P < 0.01 (**) 

or P < 0.001 (***) by Kruskal-Wallis and Mann-Whitney test. Sample population sizes: WT, 41; 

pin1, 57; PIN1::cPIN1:GFP, 47; [-2,320,-14]::cPIN1:GFP, 47; [-1,893,-14]::cPIN1:GFP, 54; [-

1,725,-14]::cPIN1:GFP, 51; [-1,529,-14]::cPIN1:GFP, 51; [-1,449,-14]::cPIN1:GFP, 53; [-

1,370,-14]::cPIN1:GFP, 50; [-1,278,-14]::cPIN1:GFP, 52; [-1,161,-14]::cPIN1:GFP, 51; [-

1,005,-14]::cPIN1:GFP, 53; [-811,-14]::cPIN1:GFP, 27; [-761,-14]::cPIN1:GFP, 51; [-699,-

14]::cPIN1:GFP, 49; [-494,-14]::cPIN1:GFP, 47; [-482,-14]::cPIN1:GFP, 52; 

PIN1::cPIN1:GFP;pin1, 54; [-2,320,-14]::cPIN1:GFP;pin1, 51; [-1,893,-14]::cPIN1:GFP;pin1, 
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56; [-1,725,-14]::cPIN1:GFP;pin1, 58; [-1,529,-14]::cPIN1:GFP;pin1, 58; [-1,449,-

14]::cPIN1:GFP;pin1, 45; [-1,370,-14]::cPIN1:GFP;pin1, 58; [-1,278,-14]::cPIN1:GFP;pin1, 62; 

[-1,161,-14]::cPIN1:GFP;pin1, 58; [-1,005,-14]::cPIN1:GFP;pin1, 52; [-811,-

14]::cPIN1:GFP;pin1, 29; [-761,-14]::cPIN1:GFP;pin1, 40; [-699,-14]::cPIN1:GFP;pin1, 58; [-

494,-14]::cPIN1:GFP;pin1, 67; [-482,-14]::cPIN1:GFP;pin1, 44. 
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PIN1 promoter fragments (Fig. 3.2A)—collectively referred to as ΔPIN1 hereafter—to drive 

cPIN1:GFP expression in WT and pin1 mutant backgrounds; and compared vein network 

patterns of mature first leaves of WT, pin1, PIN1::cPIN1:GFP, ΔPIN1::cPIN1:GFP, 

PIN1::cPIN1:GFP;pin1 and ΔPIN1::cPIN1:GFP;pin1. 

Consistent with previous reports (Sawchuk et al. 2013; Verna et al. 2015) (Chapter 2) and 

as shown above (Fig. 3.1Q–T), the vein network patterns of nearly 50% of pin1 leaves were 

abnormal (Fig. 3.2B). As also shown above (Fig. 3.1Q–T), the vein network patterns of 

PIN1::cPIN1:GFP were no different from the vein network pattern of WT (Fig. 3.2B). The vein 

network patterns of ΔPIN1::cPIN1:GFP were also no different from the vein network pattern of 

WT (Fig. 3.2B). As shown above (Fig. 3.1Q–T), PIN1::cPIN1:GFP shifted the phenotype 

spectrum of the vein network patterns of pin1 toward the vein network pattern of WT (Fig. 

3.2B). Also [-2,320,-14]::cPIN1:GFP, [-1,893,-14]::cPIN1:GFP, [-1,725,-14]::cPIN1:GFP, [-

1,529,-14]::cPIN1:GFP, [-1,449,-14]::cPIN1:GFP, [-1,370,-14]::cPIN1:GFP, [-1,278,-

14]::cPIN1:GFP, [-1,161,-14]::cPIN1:GFP, [-1,005,-14]::cPIN1:GFP, [-811,-14]::cPIN1:GFP, [-

761,-14]::cPIN1:GFP and [-699,-14]::cPIN1:GFP shifted the phenotype spectrum of the vein 

network patterns of pin1 toward the vein network pattern of WT (Fig. 3.2B). By contrast, [-494,-

14]::cPIN1:GFP and [-482,-14]::cPIN1:GFP failed to do so (Fig. 3.2B). 

The [-699,-14] fragment was thus the shortest PIN1 promoter fragment that drove 

cPIN1:GFP expression so as to shift the phenotype spectrum of the vein network patterns of pin1 

toward the vein network pattern of WT, and the [-494,-14] fragment was the longest promoter 

fragment that failed to do so. We therefore conclude that the 205-bp region of the PIN1 promoter 

between -699 and -495 is required for PIN1 function in vein network patterning. 

 

3.2.3 Cis-regulation of PIN1 functional expression in vein network 

patterning 

 

We then asked what the domains of activity were of the 15 PIN1 promoter fragments (Fig. 

3.2A). To address this question, we imaged ΔPIN1::cPIN1:GFP expression in 4-DAG first 

leaves. 
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Consistent with the activity of the PIN1 promoter reported by PIN1::nYFP expression 

(Fig. 3.1I–M), and as shown above (Fig. 3.1O), the 4,168-bp PIN1 promoter drove cPIN1:GFP 

expression in all the veins and in nearly all the inner cells in the area delimited by the midvein 

and by second and third loops (Fig. 3.3A). The [-2,320,-14], [-1,893,-14], [-1,725,-14], [-1,529,-

14] and [-1,449,-14] fragments drove cPIN1:GFP expression in all the veins (Fig. 3.3B–F). The 

[-1,370,-14], [-1,278,-14] and [-1,161,-14] fragments drove cPIN1:GFP expression in the 

midvein, first loops and very few epidermal cells at the leaf margin (Fig. 3.3G–I). The [-1,005,-

14], [-811,-14], [-761,-14] and [-699,-14] fragments drove cPIN1:GFP expression in the most 

apical part of the midvein and first loops, and in very few epidermal cells at the leaf margin (Fig. 

3.3K–M). Finally, the [-494,-14] and [-482,-14] fragments drove cPIN1:GFP expression only in 

very few epidermal cells at the leaf margin (Fig. 3.3N,O). 

Because the [-699,-14] fragment was the shortest PIN1 promoter fragment that drove 

cPIN1:GFP expression in midvein and first loops and the [-494,-14] was the longest one that 

failed to do so, we conclude that the 205-bp region of the PIN1 promoter between -699 and -495 

is required for expression in midvein and first loops. Because this same region of the PIN1 

promoter is also required for PIN1 function in vein network patterning (Fig. 3.2B), we further 

conclude that PIN1 expression in midvein and first loops is required for PIN1 function in vein 

network patterning. 

 

3.2.4 Cis-regulatory elements controlling PIN1 functional expression 

in vein network patterning 

 

To identify conserved transcription-factor binding sites in the 205-bp region of the PIN1 

promoter that is required for PIN1 functional expression in vein network patterning, we 

compared the sequence of this promoter region of Arabidopsis thaliana with that of the 

corresponding promoter region in species of the Brassicaceae family of Lineage I (Franzke et al. 

2011) and for which whole-genome sequence is available. 
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Figure 3.3. Activity of PIN1 promoter fragments in developing leaves. (A–O). Confocal laser 

scanning microscopy; first leaves 4 days after germination. Green, cPIN1:GFP expression; red, 

autofluorescence. Yellow arrowheads point to epidermal expression. Top right: promoter 

fragment coordinates; bottom left: reproducibility index (in white for inner-tissue expression; in 

yellow for epidermal expression). Bars: (A–O) 50 μm. 

  



76 

 

The 205-bp region of the PIN1 promoter that is required for PIN1 functional expression 

in vein network patterning contains two conserved putative binding-sites for transcription factors 

of the MYELOBLASTOMA (MYB) family (Prouse and Campbell 2012) and three conserved 

putative binding-sites for transcription factors of the DNA-BINDING WITH ONE ZINC 

FINGER (DOF) family (Yanagisawa 2002) (Fig 3.4). Therefore, it is possible that MYB or DOF 

transcription factors control PIN1 functional expression in vein network patterning. 

However, it is also possible that PIN1 functional expression in vein network patterning 

depends on unknown transcription-factor binding sites that overlap the 3’-end of the 205-bp 

region of the PIN1 promoter or are in the conserved parts of that promoter region where no 

known transcription-factor binding sites were identified. 

It is also possible that the cis-regulatory elements controlling PIN1 functional expression 

in vein network patterning are highly degenerate and thus that their sequence is not conserved, or 

that the sequence of such elements is conserved but that of the surrounding promoter context is 

not, as in some gene regulatory networks of both plants and animals (Wilson and Odom 2009; 

Dowell 2010; Moyroud et al. 2011). 

Finally, consistent with some findings in animals [reviewed in (Carroll et al. 2005; Wray 

2007)], it is also possible that PIN1 expression is not conserved in Brassicaceae and that the cis-

regulatory elements controlling PIN1 functional expression in vein network patterning of 

Arabidopsis thaliana are thus in the non-conserved parts of the 205-bp promoter region. 

Though it will be interesting to identify the transcription factors that bind the 205-bp 

region of the PIN1 promoter that is required for PIN1 functional expression in vein network 

patterning, our results already define cis-regulation of PIN1 function in this process. 

 

3.3 Materials and methods 
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Figure 3.4. Conserved cis-regulatory elements in PIN1 promoter in Brassicaceae species. Sequence alignment of the 205-bp 

region of the PIN1 promoter of Arabidopsis thaliana between -699 and -495 (chromosome 1, position 27,659,063–27,659,287) 

that is required for PIN1 function in vein network patterning with corresponding regions in Arabidopsis hallerii (scaffold 146, 

position 30,168–30,215; and scaffold 21,076, position 5,681–5,807), Arabidopsis lyrata (scaffold 2, position 3,670,880–

3,670,921; and scaffold 2, position 15,881,035–15,881,162), Boechera stricta (scaffold 697, position 125,664–125,703; and 

scaffold 10,273, position 35,418–35,541), Capsella grandiflora (scaffold 8,914, position 410–434; and scaffold 17,308, position 

11,728–11,822) and Capsella rubella (scaffold 5, position 384,331–384,361; scaffold 1, position 6,467,999–6,468,037; and 

scaffold 2, position 11,229,465–11,229,560). Grey highlight, sequence identity. Conserved, putative transcription-factor binding 

sites are below sequence alignment. 
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3.3.1 Plants 

 

Origin and nature of lines and oligonucleotide sequences are in Tables 3.1 and 3.2. Seeds 

were sterilized and sown as in Sawchuk et al. 2008. Stratified seeds were germinated and 

seedlings were grown at 22°C under continuous fluorescent light (~80 µmol m-2s-1). Plants 

were grown at 25°C under fluorescent light (~100 μmol m-2s-1) in a 16-h-light/8-h-dark cycle. 

pin1-051 was genotyped with the “pin1 GK LP” and “pin1 GK RP” primers (WT allele) and 

with the “pin1 GK RP” and “o8409” primers (mutant allele). Plants were transformed and 

representative lines were selected as described in Sawchuk et al. 2008. 

 

3.3.2 Imaging 

 

Developing leaves were mounted and imaged as in Sawchuk et al. 2013. Light paths are in 

Tables 3.3. and Table 3.4 Images in stacks were aligned with the Scale Invariant Feature 

Transform algorithm (Lowe 2004) and maximum-intensity projection was applied to aligned 

image stacks in the Fiji distribution (Schindelin et al. 2012) of ImageJ (Schneider et al. 2012; 

Schindelin et al. 2015; Rueden et al. 2017). Mature leaves were fixed in 6 : 1 ethanol : acetic 

acid, rehydrated in 70% ethanol and water, mounted in 8 : 2 : 1 chloral hydrate : glycerol : water 

and imaged as in Odat et al. 2014. Image brightness and contrast were adjusted by linear 

stretching of the histogram in Fiji. Images were rotated and cropped in Affinity Photo (Serif 

Europe Ltd. Nottingham, UK) and assembled into figures in Affinity Designer. 

 

3.3.3 Bioinformatics 

 

Sequences were retrieved with Phytozome 12 (Goodstein et al. 2012) 

(http://www.phytozome.net/). Putative transcription-factor binding sites were identified with  
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Table 3.1. Origin and nature of lines. 

Line Origin/Nature 

PIN1::gPIN1:YFP Xu et al. 2006 

PIN1::nYFP Transcriptional fusion of PIN1 (AT1G73590; -4,171 to -1; primers: 

‘PIN1 transc 4171 forw’ and ‘PIN1 transc rev’) to HTA6:EYFP 

(Zhang et al. 2005) 

PIN1::gPIN1:CFP Gordon et al. 2007 

PIN1::cPIN1:GFP Transcriptional fusion of PIN1 (-4,168 to -14; primers ‘XhoI full 

length PIN1p F’ and ‘BamHI PIN1p rev’) to translational fusion of 

PIN1 cDNA (GenBank accession no. AY093960; ABRC clone no. 

U12338; primers ‘BamHI PIN1 cDNA F’ and ‘KpnI PIN1 cDNA 

R’) to EGFP (Clontech insertion after +651 of PIN1; primers ‘XhoI 

GFP no ATG Fwd’ and ‘XhoI GFP no* Rev’) 

ATML1::cPIN1:GFP Transcriptional fusion of ATML1 (AT4G21750; -5,016 to -1,597, 

primers ‘XhoI ATML1 p F’ and ‘BamHI ATML1p R’) to 

translational fusion of PIN1 cDNA (GenBank accession no. 

AY093960; ABRC clone no. U12338; primers ‘BamHI PIN1 cDNA 

F’ and ‘KpnI PIN1 cDNA R’) to EGFP (Clontech; insertion after 

+651 of PIN1; primers ‘XhoI GFP no ATG Fwd’ and ‘XhoI GFP 

no* Rev’) 

PIN1::gPIN1:GFP Xu et al. 2006 

pin1-051 NASC; GK-051A10-012139 (Kleinboelting et al. 2012); contains a 

T-DNA insertion after +2234 of PIN1 

[-2,320,-14]::cPIN1:GFP Transcriptional fusion of PIN1 (-2,120 to -14, primers ‘XhoI 2300 

PIN1p F’ and ‘BamHI PIN1p rev’) to translational fusion of PIN1 

cDNA (GenBank accession no.: AY093960; ABRC clone no.: 
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U12338; primers ‘BamHI PIN1 cDNA F’ and ‘KpnI PIN1 cDNA 

R’) to a sequence encoding EGFP (Clontech; insertion after +651 of 

PIN1; primers ‘XhoI GFP no ATG Fwd’ and ‘XhoI GFP no* Rev’) 

[-1,893,-14]::cPIN1:GFP Transcriptional fusion of PIN1 (-1,893 to -14, primers ‘SalI 1900 

PIN1p F’ and ‘BamHI PIN1p rev’) to translational fusion of PIN1 

cDNA (GenBank accession no.: AY093960; ABRC clone no.: 

U12338; primers ‘BamHI PIN1 cDNA F’ and ‘KpnI PIN1 cDNA 

R’) to a sequence encoding EGFP (Clontech; insertion after +651 of 

PIN1; primers ‘XhoI GFP no ATG Fwd’ and ‘XhoI GFP no* Rev’) 

[-1,725,-14]::cPIN1:GFP Transcriptional fusion of PIN1 (-1,725 to -14, primers ‘SalI 1700 

PIN1p F’ and ‘BamHI PIN1p rev’) to translational fusion of PIN1 

cDNA (GenBank accession no.: AY093960; ABRC clone no.: 

U12338; primers ‘BamHI PIN1 cDNA F’ and ‘KpnI PIN1 cDNA 

R’) to a sequence encoding EGFP (Clontech; insertion after +651 of 

PIN1; primers ‘XhoI GFP no ATG Fwd’ and ‘XhoI GFP no* Rev’) 

[-1,529,-14]: cPIN1:GFP Transcriptional fusion of PIN1 (-1,529 to -14, primers ‘PIN1 prom 

1.5 SalI Fwd’ and ‘BamHI PIN1p rev’) to translational fusion of 

PIN1 cDNA (GenBank accession no.: AY093960; ABRC clone no.: 

U12338; primers ‘BamHI PIN1 cDNA F’ and ‘KpnI PIN1 cDNA 

R’) to a sequence encoding EGFP (Clontech; insertion after +651 of 

PIN1; primers ‘XhoI GFP no ATG Fwd’ and ‘XhoI GFP no* Rev’) 

[-1,449,-14]::cPIN1:GFP Transcriptional fusion of PIN1 (-1,449 to -14, primers ‘SalI 1450 

PIN1p F’ and ‘BamHI PIN1p rev’) to translational fusion of PIN1 

cDNA (GenBank accession no.: AY093960; ABRC clone no.: 

U12338; primers ‘BamHI PIN1 cDNA F’ and ‘KpnI PIN1 cDNA 

R’) to a sequence encoding EGFP (Clontech; insertion after +651 of 

PIN1; primers ‘XhoI GFP no ATG Fwd’ and ‘XhoI GFP no* Rev’) 
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[-1,370,-14]::cPIN1:GFP Transcriptional fusion of PIN1 (-1,370 to -14, primers ‘SalI 1350 

PIN1p F’ and ‘BamHI PIN1p rev’) to translational fusion of PIN1 

cDNA (GenBank accession no.: AY093960; ABRC clone no.: 

U12338; primers ‘BamHI PIN1 cDNA F’ and ‘KpnI PIN1 cDNA 

R’) to a sequence encoding EGFP (Clontech; insertion after +651 of 

PIN1; primers ‘XhoI GFP no ATG Fwd’ and ‘XhoI GFP no* Rev’) 

[-1,278,-14]::cPIN1:GFP Transcriptional fusion of PIN1 (-1,278 to -14, primers ‘SalI 1270 

PIN1p F’ and ‘BamHI PIN1p rev’) to translational fusion of PIN1 

cDNA (GenBank accession no.: AY093960; ABRC clone no.: 

U12338; primers ‘BamHI PIN1 cDNA F’ and ‘KpnI PIN1 cDNA 

R’) to a sequence encoding EGFP (Clontech; insertion after +651 of 

PIN1; primers ‘XhoI GFP no ATG Fwd’ and ‘XhoI GFP no* Rev’) 

[-1,161,-14]::cPIN1:GFP Transcriptional fusion of PIN1 (-1,161 to -14, primers ‘SalI 1160 

PIN1p F’ and ‘BamHI PIN1p rev’) to translational fusion of PIN1 

cDNA (GenBank accession no.: AY093960; ABRC clone no.: 

U12338; primers ‘BamHI PIN1 cDNA F’ and ‘KpnI PIN1 cDNA 

R’) to a sequence encoding EGFP (Clontech; insertion after +651 of 

PIN1; primers ‘XhoI GFP no ATG Fwd’ and ‘XhoI GFP no* Rev’) 

[-1,005,-14]::cPIN1:GFP Transcriptional fusion of PIN1 (-1,005 to -14, primers ‘SalI 1kb 

PIN1p F’ and ‘BamHI PIN1p rev’) to translational fusion of PIN1 

cDNA (GenBank accession no.: AY093960; ABRC clone no.: 

U12338; primers ‘BamHI PIN1 cDNA F’ and ‘KpnI PIN1 cDNA 

R’) to a sequence encoding EGFP (Clontech; insertion after +651 of 

PIN1; primers ‘XhoI GFP no ATG Fwd’ and ‘XhoI GFP no* Rev’) 

[-811,-14]::cPIN1:GFP Transcriptional fusion of PIN1 (-811 to -14, primers ‘SalI 800 

PIN1p F’ and ‘BamHI PIN1p rev’) to translational fusion of PIN1 

cDNA (GenBank accession no.: AY093960; ABRC clone no.: 

U12338; primers ‘BamHI PIN1 cDNA F’ and ‘KpnI PIN1 cDNA 
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R’) to a sequence encoding EGFP (Clontech; insertion after +651 of 

PIN1; primers ‘XhoI GFP no ATG Fwd’ and ‘XhoI GFP no* Rev’) 

[-761,-14]::cPIN1:GFP Transcriptional fusion of PIN1 (-761 to -14, primers ‘PIN1 prom 

0.75 Sal1 Fwd’ and ‘BamHI PIN1p rev’) to translational fusion of 

PIN1 cDNA (GenBank accession no.: AY093960; ABRC clone no.: 

U12338; primers ‘BamHI PIN1 cDNA F’ and ‘KpnI PIN1 cDNA 

R’) to a sequence encoding EGFP (Clontech; insertion after +651 of 

PIN1; primers ‘XhoI GFP no ATG Fwd’ and ‘XhoI GFP no* Rev’) 

[-699,-14]::cPIN1:GFP Transcriptional fusion of PIN1 (-699 to -14, primers ‘SalI 700 

PIN1p F’ and ‘BamHI PIN1p rev’) to translational fusion of PIN1 

cDNA (GenBank accession no.: AY093960; ABRC clone no.: 

U12338; primers ‘BamHI PIN1 cDNA F’ and ‘KpnI PIN1 cDNA 

R’) to a sequence encoding EGFP (Clontech; insertion after +651 of 

PIN1; primers ‘XhoI GFP no ATG Fwd’ and ‘XhoI GFP no* Rev’) 

[-494,-14]::cPIN1:GFP Transcriptional fusion of PIN1 (-494 to -14, primers ‘PIN1p no 

DOFs SalI FWD’ and ‘BamHI PIN1p rev’) to translational fusion of 

PIN1 cDNA (GenBank accession no.: AY093960; ABRC clone no.: 

U12338; primers ‘BamHI PIN1 cDNA F’ and ‘KpnI PIN1 cDNA 

R’) to a sequence encoding EGFP (Clontech; insertion after +651 of 

PIN1; primers ‘XhoI GFP no ATG Fwd’ and ‘XhoI GFP no* Rev’) 

[-482,-14]::cPIN1:GFP Transcriptional fusion of PIN1 (-482 to -14, primers ‘0.47 PIN1p 

SalI’ and ‘BamHI PIN1p rev’) to translational fusion of PIN1 cDNA 

(GenBank accession no.: AY093960; ABRC clone no.: U12338; 

primers ‘BamHI PIN1 cDNA F’ and ‘KpnI PIN1 cDNA R’) to a 

sequence encoding EGFP (Clontech; insertion after +651 of PIN1; 

primers ‘XhoI GFP no ATG Fwd’ and ‘XhoI GFP no* Rev’) 
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Table 3.2. Oligonucleotide sequences. 

Name Sequence (5’ to 3’) 

PIN1 transc 4171 forw GGGGACAAGTTTGTACAAAAAAGCAGGCTATGATCCGAT

TGGATTCG 

PIN1 transc rev GGGGACCACTTTGTACAAGAAAGCTGGGTCTTTTGTTCGC

CGGAGAAG 

XhoI full length PIN1p F TGTCTCGAGATCCGATTGGATTCGGTCTG 

BamHI PIN1p rev AAGGGATCCGAGAAGAGAGAGGGAAGAGAG 

BamHI PIN1 cDNA F new TTAGGATCCATGATTACGGCGGCGGACTTC 

KpnI PIN1 cDNA R CTCGGTACCTCATAGACCCAAGAGAATGTAG 

XhoI GFP no ATG Fwd TTACTCGAGAGTGAGCAAGGGCGAGGAGCTGTT 

XhoI GFP no* Rev TATCTCGAGTACTTGTACAGCTCGTCCATGCCGAG 

XhoI ATML1 p F GCCCTCGAGTTTACATTGATTCTGAACTG 

BamHI ATML1p R GATGGATCCTAACCGGTGGATTCAGGGAG 

pin GK LP ACTCTTTGGCAAACACAAACG 

pin1 GK RP CTCTCAGATGCAGGTCTAGGC 

o8409 ATATTGACCATCATACTCATTGC 

XhoI 2300 PIN1p F CCGCTCGAGTAAATTATTCCATTGGCGTTG 

SalI 1900 PIN1p F ACCGTCGACCATAACCATAAGTCAAGCCG  

SalI 1700 PIN1p F CCTGTCGACTGGAATGTGAAAAAATCCTGC 

PIN1 prom 1.5 SalI Fwd GGCGTCGACTTCGGATTGCATAACCTA 

SalI 1450 PIN1p F CGGGTCGACGTACTATATATTATTATTATGC 

SalI 1350 PIN1p F GGTGTCGACGAACTGTGTTTGTATGGGATG 

SalI 1270 PIN1p F CCTGTCGACCATCAACCCATTGCTTTTTG 

SalI 1160 PIN1p F GGCGTCGACCTACGTATTTATGTTCAATAAAAC 

SalI 1kb PIN1p F ACCGTCGACCGCAACTACAACTGTAAATG 

SalI 800 PIN1p F GCCGTCGACAGACTTCTATCTTTAAAACC 

PIN1 prom 0.75 Sal1 Fwd GCCGTCGACTCGAGCCTTATATCATCA 

SalI 700 PIN1p F GCCGTCGACTCAATACCAAAAATCCCATC 

PIN1p no DOFs SalI FWD AATGTCGACCACAAGGCCGCCTCTTTCAC 

0.47 PIN1p SalI TAAGTCGAC TCTTTCACTATCCCCAAAGC 
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Table 3.3. Light paths: single-marker lines. 

Line Laser Wavelength 

(nm) 

Main dichroic 

beam splitter 

First secondary 

dichroic beam 

splitter 

Second secondary 

dichroic beam 

splitter 

Emission filter 

(detector) 

PIN1::gPIN1:YFP Ar 514 HFT 405/514/594 NFT 595 NFT 515 BP 520–555 IR 

(PMT3) 

PIN1::YFPnuc Ar 514 HFT 405/514/594 NFT 595 NFT 515 BP 520–555 IR 

(PMT3) 
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Table 3.4. Light paths: multiple-marker lines. 

Multiple-marker 

lines 

Single-marker lines Laser Wavelengt

h (nm) 

Main dichroic 

beam splitter 

First 

secondary 

dichroic 

beam 

splitter 

Second 

secondary 

dichroic 

beam 

splitter 

Emission 

filter 

(detector) 

PIN1::gPIN1:CFP; 

PIN1::nYFP; 

autofluorescence 

PIN1::gPIN1:CFP Ar 458 HFT 458/514 NFT 595 NFT 545 BP 475–525 

(PMT2) 

PIN1::nYFP Ar 514 HFT 458/514 NFT 595 NFT 515 BP 520–355 

IR (PMT3) 

Autofluorescence Ar 458 HFT 458/543   BP 475–525 

PIN1::cPIN1:GFP; 

autofluorescence 

PIN1::cPIN1:GFP Ar 488 HFT 405/488/594   507–593 

(META) 

Autofluorescence Ar 488 HFT 405/488/594   507–593 

(META) 

ATML1::cPIN1:GFP; 

autofluorescence 

ATML1::cPIN1:GFP Ar 488 HFT 405/488/594   507–593 

(META) 

Autofluorescence Ar 488 HFT 405/488/594   507–593 

(META) 

PIN1::gPIN1:GFP; 

autofluorescence 

PIN1::gPIN1:GFP Ar 488 HFT 405/488/594   507–593 

(META) 

Autofluorescence Ar 488 HFT 405/488/594   507–593 

(META) 

ΔPIN1::cPIN1:GFP; 

autofluorescence 

ΔPIN1::cPIN1:GFP Ar 488 HFT 405/488/594   507–593 

(META) 

Autofluorescence Ar 488 HFT 405/488/594   507–593 

(META) 
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AthaMap (Steffens et al. 2004) (http://www.athamap.de/), PLACE (Higo et al. 1999) 

(http://www.dna.affrc.go.jp/PLACE/), Plant CARE (Lescot et al. 2002) 

(http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) and rVISTA 2.0 (Loots and 

Ovcharenko 2004) (http://rvista.dcode.org) using the TRANSFAC professional V10.2 library for 

plants and 0.75-similarity matrix. 
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CHAPTER 4: A TISSUE-CELL-POLARIZING SIGNAL 

UPSTREAM OF AUXIN TRANSPORT AND SIGNALING 

CONTROLS VEIN PATTERNING 

 

4.1 Introduction 

 

How cell polarity is coordinated between cells within tissues is a central question in biology. In 

animals, this tissue cell polarization requires direct cell-cell communication and often cell 

movements (Goodrich and Strutt 2011), both of which are precluded in plants by a wall that 

holds cells in place; therefore, plants coordinate tissue cell polarity by a different mechanism. 

The formation of veins is a spectacular expression of tissue cell polarization in plants 

(Sachs 1991a; Sachs 2000; Boutte et al. 2007; Nakamura et al. 2012). This is already reflected in 

the relation between the parts of the mature vein, and between the mature vein and the parts of 

the plant: vascular elements are elongated along the axis of the vein and connected to one 

another at their ends (Esau 1942); and because veins primarily connect shoot organs with roots 

(Dengler 2006), veins and their elements are unequal at their ends—one end connects to shoot 

tissues, the other to root tissues—and are therefore polar (Sachs 1975). Not all the mature veins 

in closed networks such as those of Arabidopsis leaves have unambiguous shoot-to-root polarity, 

but the vein networks themselves are polar (Sachs 1975). 

But that vein formation is an expression of tissue cell polarization is most evident in 

developing leaves. Consider, for example, the formation of the midvein at the centre of the 

cylindrical leaf primordium. Initially, the plasma-membrane (PM)-localized PIN-FORMED1 

(PIN1) protein of Arabidopsis (Galweiler et al. 1998), which catalyzes cellular efflux of the plant 

signal auxin (Petrasek et al. 2006), is uniformly expressed in all the inner cells of the leaf 

primordium (Benkova et al. 2003; Reinhardt et al. 2003; Heisler et al. 2005; Scarpella et al. 

2006; Wenzel et al. 2007; Bayer et al. 2009); over time, however, PIN1 expression becomes 
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gradually restricted to the file of cells that will form the midvein. PIN1 localization at the PM of 

the inner cells is initially isotropic, or nearly so, but as PIN1 expression becomes restricted to the 

site of midvein formation, PIN1 localization becomes polarized: in the cells surrounding the 

developing midvein, PIN1 localization gradually changes from isotropic to medial, i.e. toward 

the developing midvein, to mediobasal; in the cells of the developing midvein, PIN1 becomes 

uniformly localized toward the base of the leaf primordium, where the midvein will connect to 

the pre-existing vasculature. Both the restriction of PIN1 expression and the polarization of PIN1 

localization initiate and proceed away from pre-existing vasculature, and are therefore polar. 

The correlation between tissue cell polarization, as expressed by the polarization of PIN1 

localization; polar auxin transport, as expressed by the auxin-transport-polarity-defining 

localization of PIN1 (Wisniewska et al. 2006); and polar vein formation does not seem to be 

coincidental. Auxin application to developing leaves induces the formation of broad expression 

domains of isotropically localized PIN1; such domains become restricted to the sites of auxin-

induced vein formation, and PIN1 localization becomes polarized toward the pre-existing 

vasculature (Scarpella et al. 2006). Both the restriction of PIN1 expression and the polarization 

of PIN1 localization are delayed by chemical inhibition of auxin transport (Scarpella et al. 2006; 

Wenzel et al. 2007), which induces vein pattern defects similar to, though stronger than, those of 

pin1 mutants (Mattsson et al. 1999; Sieburth 1999; Sawchuk et al. 2013). 

Therefore, available evidence suggests that auxin induces tissue cell polarization and 

derived polar-vein-formation, and it seems that such inductive and orienting property of auxin 

strictly depends on the function of PIN1 and possibly other PIN genes. How auxin precisely 

induces tissue cell polarization and derived polar-vein-formation is unclear, but the current 

hypothesis is that the GNOM (GN) guanine-nucleotide exchange factor for ADP-rybosilation-

factor GTPases, which regulates vesicle formation in membrane trafficking, coordinates the 

cellular localization of PIN1 and possibly other PIN proteins between cells (Steinmann et al. 

1999); the resulting cell-to-cell, polar transport of auxin would propagate cell polarity across 

tissues, and control polar developmental processes such as vein formation (Sachs 1991a). 

Here we experimentally tested this hypothesis. We found that auxin-induced polar-vein-

formation occurs in the absence of PIN proteins or any known intercellular auxin transporter; 
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that the auxin-transport-independent vein-patterning activity relies on auxin signaling; and that a 

GN-dependent tissue-cell-polarizing signal acts upstream of both auxin transport and signaling. 

 

4.2 Results 

 

4.2.1 Contribution of the GNOM gene to Arabidopsis vein 

patterning 

 

We asked whether defects in coordination of PIN1 polarity and possible derived defects in polar 

auxin transport during embryogenesis of gnom (gn) mutants (Steinmann et al. 1999) were 

associated with vein pattern defects in mature leaves. 

WT Arabidopsis grown under normal conditions forms separate leaves whose vein 

networks are defined by at least four reproducible features (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) (Fig. 4.1A,B): (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, lending 

a scalloped outline to the vein network. 

In the leaves of both gnfwr (Okumura et al. 2013) and gnB/E (Geldner et al. 2004), veins 

were often replaced by “vein fragments”, i.e. stretches of vascular elements that failed to contact 

other stretches of vascular elements at least at one end (Fig. 4. 1C,D,L). In addition, the vein 

network of gnB/E leaves was denser and its outline was thicker near the leaf tip (Fig. 4.1D,L). 

The vein network was denser also in all the leaves of gnR5 (Geldner et al. 2004), in nearly 

70% of those of gnvan7 (Koizumi et al. 2000) and in ~40% of those of gnvan7+fwr;gn-13—in which 

we combined the van7 and fwr mutations (Table 4.1) (Fig. 4.1E,L). However, in those  
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Figure 4.1. Contribution of the GNOM gene to Arabidopsis vein patterning. (A,B) Vein 

pattern of WT mature first leaf. In (A): red, midvein; orange, loops; gray, minor veins. (B–K) 

Dark-field illumination of mature first leaves illustrating phenotype classes (top right in B–H): 
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class 0, narrow I-shaped midvein and scalloped vein-network outline (B); class a1, dense vein 

network and apically thickened vein-network outline (not shown); class a2, narrow I-shaped 

midvein and fragmented vein network (C); class a3, dense, fragmented vein network and apically 

thickened vein-network outline (D); class a4, wide midvein, dense network of thick veins and 

jagged vein-network outline (E); class a5, dense network of thick veins that fail to join the 

midvein in the bottom half of the leaf and pronouncedly jagged vein-network outline (F); class 

a6, wide midvein and shapeless vascular cluster (G); class a7, fused leaves with wide midevin 

and shapeless vascular cluster (not shown); class a8, shapeless vascular cluster (H). (I–K) Details 

of vascular clusters illustrating vascular elements uniformly oriented perpendicular to the leaf 

margin (I) (class a4), vascular elements oriented randomly at the apical side of the cluster and 

parallel to the leaf axis at the proximal side of the cluster (J) (classes a6 and a7) and random 

orientation of vascular elements (K) (class a8). (L) Percentages of leaves in phenotype classes. 

Difference between gnfwr and WT, between gnB/E and WT, between gnR5 and WT, between gnvan7 

and WT, between gn-13;gnvan7+fwr and WT, between gnSALK103014 and WT, between gn-13 and 

WT and between emb30-8 and WT was significant at P<0.001 (***) by Kruskal-Wallis and 

Mann-Whitney test with Bonferroni correction. Sample population sizes: WT, 58; gnfwr, 43; 

gnB/E, 80; gnR5, 93; gnvan7, 109; gn-13;gnvan7+fwrno.5, 97, gn-13; gnvan7+fwrno.7,  93; gnSALK_103014, 

32; gn-13, 56; emb30-8, 45. Bars: (B) 1 mmm; (C,E) 0.75 mm; (D,F) 0.5 mm; (G,H) 0.25 

mm;(I–K) 50 µm. 
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Table 4.1. Origin and nature of lines. 

Line Origin/Nature 

fwr (gnfwr) Okumura et al. 2013 

gnB/E Geldner et al. 2004 

gnR5 Geldner et al. 2004 

van7/emb30-7 (gnvan7)  Koizumi et al. 2000 

gnvan7+fwr gnvan7 (-2127 to +5388; primers: ‘GN Fwd NotI’ and ‘GN Rev 

NotI’) containing the fwr mutation (primers: ‘fwr-mutagenesis 

F’ and ‘fwr-mutagenesis R’) 

gnSALK_103014 ABRC; Okumura et al. 2013 

emb30-8 ABRC; Moriwaki et al. 2013) 

gn-13 ABRC; SALK_045424 (Alonso et al. 2003); contains a T-

DNA insertion after +2835 of GN (AT1G13980) 

PIN1::PIN1:GFP Benkova et al. 2003 

PIN2::PIN2:GFP Xu and Scheres 2005 

PIN3::PIN3:GFP Zadnikova et al. 2010 

PIN4::PIN4:GFP Translational fusion of PIN4 (AT2G01420; -4598 to +3095; 

primers: ‘PIN4 prom PstI forw’ and ‘PIN4 1032 SalI rev’, 

‘PIN4 1033 SalI forw’ and ‘PIN4 UTR EcoRI rev’) to EGFP 

(Clontech; insertion after +1032 of PIN4; primers: ‘EGFP SalI 

Forw’ and ‘EGFP SalI Rev’) 

PIN7::PIN7:GFP Translational fusion of PIN7 (AT1G23080; -1537 to +2830; 

primers: ‘PIN7 prom SalI forw’ and ‘PIN7 UTR KpnI rev’) to 
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EGFP (Clontech; insertion after +921 of PIN7; primers: 

‘EGFP SacI forw’ and ‘EGFP SacI rev’) 

pin1-1 ABRC; WT at the TTG1 (AT5G24520) locus (Galweiler et al. 

1998; Goto et al. 1987; Sawchuk et al. 2013) 

pin1-134 Derived from Atpin1::En134 (Galweiler et al. 1998); contains 

a 4-bp (AATT) insertion between +134 and +135 of PIN1 

(AT1G73590), resulting in a stop codon after amino acid 62. 

pin3-3 Friml et al. 2002b 

pin4-2 Friml et al. 2002a 

pin7En Blilou et al. 2005 

eir1-1 (pin2) ABRC; Roman et al. 1995; Luschnig et al. 1998  

toz-1 Griffith et al. 2007 

mpG12 Hardtke and Berleth 1998 

pin6 ABRC; Sawchuk et al. 2013 

pin8-1 ABRC; Bosco et al. 2012 

ABCB1::ABCB1:GFP Dhonukshe et al. 2008; Mravec et al. 2008 

ABCB19::ABCB19:GFP Mravec et al. 2008; Dhonukshe et al. 2008 

pgp1-100 (abcb1) ABRC; Lin and Wang 2005 

mdr1-101 (abcb19) ABRC; Lin and Wang 2005 

ucu2-4 (twd1) ABRC; Perez-Perez et al. 2004 

AUX1::AUX1:YFP Band et al. 2014 

LAX1::LAX1:YFP Peret et al. 2012 
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LAX2::LAX2:YFP Peret et al. 2012 

LAX3::LAX3:YFP Fabregas et al. 2015 

aux1-21;lax1;2-1;3  Bainbridge et al. 2008 

aux1-355 ABRC; SALK_020355 (Alonso et al. 2003); contains a T-

DNA insertion after +631 of AUX1 (AT2G38120)  

lax1-064  ABRC; SALK_071064 (Alonso et al. 2003); contains a T-

DNA insertion after +814 of LAX1 (AT5G01240) 

axr1-3 ABRC; Lincoln et al. 1990 

axr1-12 ABRC; Lincoln et al. 1990 

tir1-1;afb2-3 Savaldi-Goldstein et al. 2008 

DR5rev::nYFP Heisler et al. 2005; Sawchuk et al. 2013 
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leaves all the veins were thicker, lateral veins failed to join the midvein and ran parallel to it to 

form a “wide midvein”, and the vein network outline was jagged because of narrow clusters of 

vascular elements that were oriented perpendicular to the leaf margin and that were laterally 

connected by veins (Fig. 4.1E,I,L). These features were enhanced in ~20% of the leaves of gnvan7, 

in ~55% of those of gnvan7+fwr;gn-13 and in ~5% of those of gnSALK_103014 (Okumura et al. 2013): 

the vein network was denser, veins failed to join the midvein in the bottom half of the leaf, and 

the vein network outline was pronouncedly jagged (Fig. 4.1F,L). 

In the few remaining leaves of gnvan7 and gnvan7+fwr;gn-13 and in most of those of 

gnSALK_103014, of emb30-8 (Moriwaki et al. 2013) and of the new allele gn-13 (Table 4.1), a 

central, shapeless vascular cluster was connected with the basal part of the leaf by a wide 

midvein; vascular elements were oriented randomly at the distal side of the cluster and 

progressively more parallel to the leaf axis toward the proximal side of the cluster (Fig. 4.1G,J–

L). 

Finally, in the remaining leaves of gnSALK_103014, gn-13 and emb30-8, vascular 

differentiation was limited to a central, shapeless cluster of randomly oriented vascular elements 

(Fig. 4.1H,K,L). 

 

4.2.2 Contribution of plasma-membrane-localized PIN proteins to 

vein patterning 

 

Were the vein pattern defects of gn the sole result of loss of PIN1-dependent polar auxin-

transport induced by defects in coordination of PIN1 polarity, the vein pattern defects of gn 

would be phenocopied by mutation in all the PIN genes with function in PIN1-dependent vein 

patterning; we asked whether that were so. 

In Arabidopsis, the PIN family of auxin transporters is composed of eight members 

(Paponov et al. 2005; Krecek et al. 2009; Viaene et al. 2012): PIN5, PIN6 and PIN8, which are 

primarily localized to the endoplasmic reticulum (ER) (Mravec et al. 2009; Bosco et al. 2012; 

Ding et al. 2012; Sawchuk et al. 2013); and PIN1, PIN2, PIN3, PIN4 and PIN7, which are 
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primarily localized to the plasma membrane (PM), and catalyze cellular auxin efflux (Chen et al. 

1998; Galweiler et al. 1998; Luschnig et al. 1998; Muller et al. 1998; Friml et al. 2002a; Friml et 

al. 2002b; Friml et al. 2003; Petrasek et al. 2006). Sequence analysis divides the PM-localized 

subfamily of PIN (PM-PIN) proteins into three groups: the PIN1 group, the PIN2 group and the 

PIN3 group, which also contains PIN4 and PIN7 (Krecek et al. 2009; Viaene et al. 2012). 

Mutants of the PM-PIN gene PIN1 are the only pin single mutants with vein pattern 

defects, and the vein pattern defects of double mutants between pin1 and mutants of the PM-PIN 

genes PIN2, PIN3, PIN4 or PIN7 are no different from those of pin1 single mutants (Sawchuk et 

al. 2013), suggesting that either PIN2, PIN3, PIN4 and PIN7 have no function in PIN1-

dependent vein patterning or their function in this process is redundant. To discriminate between 

these possibilities, we first assessed the collective contribution to PIN1-dependent vein 

patterning of the PM-PIN genes of the PIN3 group (PIN3, PIN4 and PIN7), whose translational 

fusions to GFP (Zadnikova et al. 2010) (Table 4.1) are all expressed—as are translational fusions 

of PIN1 to GFP (Benkova et al. 2003; Heisler et al. 2005; Scarpella et al. 2006; Sawchuk et al. 

2007; Wenzel et al. 2007; Bayer et al. 2009; Marcos and Berleth 2014)—in both epidermal and 

inner cells of the developing leaf (Fig. 4.2A,C–E). 

Consistent with previous reports (Sawchuk et al. 2013; Verna et al. 2015) (Chapter 2), the 

vein patterns of most of the pin1 leaves were abnormal (Fig. 4.2F,G,L).  

pin3pin4pin7 (pin3;4;7 hereafter) embryos were viable and developed into seedlings 

(Table 4.2) whose vein patterns were no different from those of WT (Fig. 4.2L). pin1;3;4;7 

embryos were viable (Table 4.3) and developed into seedlings (Table 4.4) whose vein pattern 

defects were more severe than those of pin1: no pin1;3;4;7 leaf had a WT vein pattern; 

pin1;3;4;7 veins were thicker; and ~15% of pin1;3;4;7 leaves were fused (Fig. 4.2H–L). 

Cotyledon pattern defects of pin1;3;4;7 were no different from those of pin1 (Fig. 4.3A–H), but 

pin1;3;4;7 seedlings were smaller than pin1 seedlings (Fig. 4.4A,B). 

Next, we asked whether mutation of PIN2—whose translational fusion to GFP (Xu and 

Scheres 2005) is only expressed in epidermal cells in the developing leaf (Fig. 4.2B)—changed 

the spectrum of vein pattern defects of pin1;3;4;7. pin2;3;4;7 embryos were viable and developed 

into seedlings (Table 4.2) whose vein patterns were no different from those of WT (Fig. 4.2L). 

pin1;2;3;4;7 embryos were viable (Table 4.3) and developed into seedlings (Table 4.4) whose  
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Figure 4.2. Contribution of plasma-membrane-localized PIN proteins to vein patterning. 

(A–K) Top right: expression-reported gene, phenotype class or genotype. (B–E) Bottom left: 

reproducibility index. (A–E) Confocal laser scanning microscopy with (A) or without (B–E) 
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transmitted light; 4-day-old first leaves. Dashed magenta line delineates leaf outline. (A) 

PIN1::PIN1:GFP expression. (B) PIN2::PIN2:GFP expression. (C) PIN3::PIN3:GFP expression. 

(D) PIN4::PIN4:GFP expression. (E) PIN7::PIN7:GFP expression. (F–I) Dark-field illumination 

images of mature first leaves illustrating phenotype classes: class b1, Y-shaped midvein and 

scalloped vein-network outline (F); class b2, fused leaves with scalloped vein-network outline 

(G); class b3, thick veins and scalloped vein-network outline (H); class b4, fused leaves with 

thick veins and scalloped vein-network outline (I). (J,K) Differential interference images of 

details of WT (J) or pin1-1;3;4;7 (K) illustrating normal (classes 0, b1 and b2) or thick (classes 

b3 and b4) veins, respectively. (L) Percentages of leaves in phenotype classes. Difference 

between pin1-1 and WT, between pin1-134 and WT, between pin1-1;3;4;7 and pin1-1, and 

between pin1-134;3;4;7 and pin1-134 was significant at P<0.001 (***) by Kruskal-Wallis and 

Mann-Whitney test with Bonferroni correction. Sample population sizes: WT, 58; pin2;3;4;7, 49; 

pin3;4;7, 102; pin1-1, 81; pin1-134, 48; pin1-1;3;4;7, 75; pin1-134;3;4;7, 45; pin1-1;pin2;3;4;7, 

99. Bars: (A–E) 0.1 mm; (F–H) 1 mm; (I) 5 mm; (J,K) 50 µm. 
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Table 4.2. Embryo viability of WT, pin3;4;7 and pin2;3;4;7. 

Genotype of self-fertilized parent 

Proportion of viable embryos 

in siliques of self-fertilized 

parent (no. of non-aborted 

seeds / total no. of seeds) 

 Percentage of 

viable seeds in 

siliques of self-

fertilized parent 

WT (Col-0) 293/293 100 

pin3/pin3;pin4/pin4;pin7/pin7 275/276 99.6 

pin2/pin2;pin3/pin3;pin4/pin4;pin7/pin7 271/271 100 

 

Difference between pin3;4;7 and WT and between pin2;3;4;7 and WT was not significant by 

Kruskal-Wallis and Mann-Whitney test with Bonferroni correction. 
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Table 4.3. Embryo viability of toz, mp, pin1, pin1;3;4;7, pin1;2;3;4;7 and pin1;3;4;6;7;8. 

Genotype of self-fertilized parent 

Proportion of 

viable embryos 

in siliques of 

self-fertilized 

parent (no. of 

non-aborted 

seeds / total no. 

of seeds) 

Percentage 

of viable 

seeds in 

siliques of 

self-

fertilized 

parent 

TOZ/toz-1 202/278 72.7 

MP/mpG12 264/265*** 99.6 

PIN1/pin1-1 254/260*** 97.7 

PIN1/pin1-134 257/258*** 99.6 

PIN1/pin1-1;pin3/pin3;pin4/pin4;pin7/pin7 269/272*** 98.9 

PIN1/pin1-134;pin3/pin3;pin4/pin4;pin7/pin7 280/281*** 99.6 

PIN1/pin1-1;pin2/pin2;pin3/pin3;pin4/pin4;pin7/pin7 276/278*** 99.3 

PIN1/pin1-1;pin3/pin3;pin4/pin4;pin6/pin6;pin7/pin7;pin8/pin8 266/268*** 99.2 

 

Difference between negative control for completely penetrant embryo lethality (mpG12) and 

positive control for completely penetrant embryo lethality (toz-1), between pin1-1 and toz-1, 

between pin1-134 and toz-1, between pin1-1;3;4;7 and toz-1, between pin1-134;3;4;7 and toz-1, 

between pin1-1;2;3;4;7 and toz-1 and between pin1-1;3;4;6;7;8 and toz-1 was significant at 

P<0.001 (***) by Kruskal-Wallis and Mann-Whitney test with Bonferroni correction. Difference 

between pin1-1 and mpG12, between pin1-134 and mpG12, between pin1-1;3;4;7 and mpG12, 

between pin1-134;3;4;7 and mpG12, between pin1-1;2;3;4;7 and mpG12 and between pin1-

1;3;4;6;7;8 and mpG12 was not significant by Kruskal-Wallis and Mann-Whitney test with 

Bonferroni correction.  
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Table 4.4. Embryo viability of pin1, pin1;3;4;7, pin1;2;3;4;7 and pin1;3;4;6;7;8. 

Genotype of self-fertilized parent 

Proportion of 

embryo-viable 

mutants in 

progeny of 

self-fertilized 

parent (no. of 

mutant 

seedlings / 

total no. of 

seedlings) 

Percentage 

of embryo-

viable 

mutants in 

progeny of 

self-

fertilized 

parent 

PIN1/pin1-1 66/239 27.6 

PIN1/pin1-134 53/227 23.3 

PIN1/pin1-1;pin3/pin3;pin4/pin4;pin7/pin7 52/196 26.5 

PIN1/pin1-1-134;pin3/pin3;pin4/pin4;pin7/pin7 56/228 24.6 

PIN1/pin1-1;pin2/pin2;pin3/pin3;pin4/pin4;pin7/pin7 61/263 23.2 

PIN1/pin1-1;pin3/pin3;pin4/pin4;pin6/pin6;pin7/pin7;pin8/pin8 65/260 25.0 

 

Difference between observed and theoretical frequency distributions of embryo-viable mutants in 

the progeny of self-fertilized heterozygous parents was not significant by Pearson’s chi-squared 

(χ2) goodness-of-fit test (α=0.05, dF=1). 
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Figure 4.3. Cotyledon patterns of pin mutants. (A–G) Dark-field illumination of 3-day-old 

seedlings illustrating phenotype classes (bottom left): class α1, two separate cotyledons (A); 

class α2, fused cotyledons and separate single cotyledon (B); class α3, three separate cotyledons 

(C); class α4, fused cotyledons (D); class α5, single cotyledon (E); class α6, small, hood-like 

cotyledon (F: left, front view; right, side view); class α7, cup-shaped cotyledon, side view (inset: 
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top view) (G). (H) Percentages of seedlings in phenotype classes. Difference between pin1-1 and 

WT was significant at P<0.001 (***), between pin1-1;3;4;7 and pin1-1 and between pin1-

1;3;4;6;7;8 and pin1-1 was significant at P<0.01 (**) and between pin1-1;2;3;4;7 and pin1-1 was 

significant at P<0.05 (*) by Kruskal-Wallis and Mann-Whitney test with Bonferroni correction. 

Sample population sizes: WT, 58; pin3;4;7, 55; pin2;3;4;7, 55; pin6;8, 50; pin1-1;3;4;7, 76; pin1-

1;2;3;4;7, 80; pin1-1;3;4;6;7;8, 65. Bars: (A–E) 0.5 mm; (F) 0.25 mm; (G) 0.2 mm. 
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Figure 4.4. pin mutant seedlings. (A–D) Dark-field illumination composite of 3-day-old seedlings; genotypes below respective 

seedlings (A) or top right (B–D). (A) Overview. Because the seedling lineup was wider than the stereomicroscope’s field of view, 

overlapping images of parts of the lineup were acquired and combined to reconstruct the original lineup. (B–D) Details. Bars: (A) 2 

mm; (B–D) 0.5 mm. 
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vein pattern defects were no different from those of pin1;3;4;7 (Fig. 4.2L). Cotyledon pattern 

defects of pin1;2;3;4;7 were no different from those of pin1;3;4;7 (Fig. 4.3A–H), and size of 

pin1;2;3;4;7 seedlings was similar to that of pin1;3;4;7 seedlings (Fig. 4.4A–C). 

In conclusion, the PIN3 group of PM-PIN genes (PIN3, PIN4 and PIN7) provides no 

nonredundant function in vein patterning, but it contributes to PIN1-dependent vein patterning; 

PIN1 and the PIN3 group of PM-PIN genes redundantly restrict vascular differentiation to 

narrow zones; and PIN2 seems to have no function in any these processes. Most important, loss 

of PM-PIN function fails to phenocopy the vein pattern defects of gn (Figs. 4.1,4.2). 

 

4.2.3 Contribution of PIN genes to vein patterning 

 

Expression and genetic analyses suggest that the PM-PIN proteins PIN1, PIN3, PIN4 and PIN7 

redundantly define a single intercellular auxin-transport pathway with vein patterning functions 

whose loss fails to phenocopy the vein pattern defects of gn (Figs. 4.1,4.2). The ER-localized 

PIN (ER-PIN) proteins PIN6 and PIN8 define a distinct, intracellular auxin-transport pathway 

with vein patterning functions that overlap with those of PIN1 (Sawchuk et al. 2013; Verna et al. 

2015) (Chapter 2). We asked what the collective contribution of these two auxin-transport 

pathways were to vein patterning and whether mutation in all the PIN genes with vein patterning 

function phenocopied the vein pattern defects of gn.  

As previously reported (Sawchuk et al. 2013), the vein pattern of pin6;8 was no different 

from that of WT (Fig. 4.5C). pin1;3;4;6;7;8 embryos were viable (Table 4.3) and developed into 

seedlings (Table 4.4) whose vein patterns differed from those of pin1;3;4;7 in three respects: (1) 

the vein network comprised more lateral veins; (2) lateral veins failed to join the 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, lending a smooth outline to the vein network (Figs. 4.2,4.5A–C). 

Mutation of PIN6 and PIN8 in the pin1;3;4;7 background shifted the distribution of pin1;3;4;7 

cotyledon pattern phenotypes toward stronger classes (Fig. 4.3A–H), but the size of 

pin1;3;4;6;7;8 seedlings was similar to that of pin1;3;4;7 seedlings (Fig. 4.4A,B,D).  
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Figure 4.5. Contribution of PIN genes to vein patterning. (A,B) Dark-field illumination of 

mature first leaves illustrating phenotype classes (top right): class b7, wide midvein, more 

lateral-veins and conspicuous marginal vein (A); class b8, fused leaves with wide midvein, more 

lateral-veins and conspicuous marginal vein (B). (C) Percentages of leaves in phenotype classes 

(Classes 0, b3 and b4 defined in Figs. 4.1,4.2). Difference between pin1-1;3;4;6;7;8 and pin1-

1;3;4;7 was significant at P<0.001 (***) by Kruskal-Wallis and Mann-Whitney test with 

Bonferroni correction. Sample population sizes: WT, 51; pin6;8, 47; pin1-1;3;4;7, 49; pin1-

1;3;4;6;7;8, 73. Bars: (A,B) 0.5 mm. 
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Because pin6;8 synthetically enhanced vein pattern defects of pin1;3;4;7, we conclude 

that the intercellular auxin-transport pathway mediated by the PM-PIN proteins and the 

intracellular auxin-transport pathway mediated by the ER-PIN proteins provide overlapping 

functions in vein patterning. Nevertheless, loss of PIN-dependent vein patterning function fails to 

phenocopy the vein pattern defects of gn (Figs. 4.1,4.5). 

 

4.2.4 Genetic versus chemical interference of auxin transport 

 

Loss of PIN-dependent vein patterning function fails to phenocopy the vein pattern defects of gn 

(Figs. 4.1,4.5), suggesting that these latter are not the sole result of loss of PIN-dependent polar 

auxin-transport induced by defects in coordination of PIN polarity. However, it is possible that 

the vein pattern defects of gn result from additional or exclusive defects in PIN-independent 

polar auxin-transport pathways; we asked whether that were so.  

Cellular auxin efflux is inhibited by a class of structurally related compounds referred to 

as phytotropins, exemplified by N-1-naphthylphthalamic acid (NPA) (Katekar and Geissler 

1980; Sussman and Goldsmith 1981). Because PM-PIN proteins catalyze cellular auxin efflux 

(Chen et al. 1998; Petrasek et al. 2006), we first asked whether defects resulting from 

simultaneous mutation of all the PM-PIN genes with vein patterning function were phenocopied 

by growth of WT in the presence of NPA. To address this question, we compared defects of 

pin1;3;4;7 to those induced in WT by growth in the presence of 100 µM NPA, which is the 

highest concentration of NPA without toxic, auxin-efflux-unrelated effects (Petrasek et al. 2003; 

Dhonukshe et al. 2008). Because leaves develop more slowly at this concentration of NPA 

(Mattsson et al. 1999; Sieburth 1999), to ensure maximal vascular differentiation we allowed 

them to grow for four weeks before analysis.  

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

concentration of NPA only rarely induced leaf fusion in WT (see Fig. 4.7I for one such rare 

occurrence) but reproducibly induced characteristic vein-pattern defects: (1) the vein network 

comprised more lateral veins; (2) lateral veins failed to join the midvein but ran parallel to it to 
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form a wide midvein; (3) lateral veins ended in a marginal vein that closely paralleled the leaf 

margin, lending a smooth outline to the vein network; (4) veins were thicker (Fig. 4.6A,D,E,H).  

By contrast, 20% of pin1;3;4;7 leaves were fused, and though pin1;3;4;7 veins were 

thick, pin1;3;4;7 vein patterns lacked all the other characteristic defects induced in WT by NPA 

(Fig. 4.6B,H). However, such defects were induced in pin1;3;4;7 by 100 µM NPA (Fig. 4.6F,H), 

suggesting that this background has residual NPA-sensitive vein-patterning activity. The vein 

pattern defects induced in WT or pin1;3;4;7 by NPA were no different from those of 

pin1;3;4;6;7;8 (Fig. 4.6C,D–F,H). Because no additional defects were induced in pin1;3;4;6;7;8 

by 100 µM NPA (Fig. 4.6G,H), the residual NPA-sensitive vein-patterning activity of pin1;3;4;7 

is likely provided by PIN6 and PIN8.  

In conclusion, our results suggest that growth in the presence of 100 µM NPA 

phenocopies defects of loss of PIN-dependent vein patterning function; that in the absence of this 

function any residual NPA-sensitive vein-patterning activity—if existing—becomes 

inconsequential; and that loss of neither PIN-dependent vein-patterning function nor NPA-

sensitive vein-patterning activity phenocopies the vein pattern defects of gn (Figs. 4.1,4.6). 

 

4.2.5 Contribution of ABCB genes to vein patterning 

 

Loss of PIN-dependent vein-patterning function or NPA-sensitive vein-patterning activity fails to 

phenocopy the vein pattern defects of gn (Figs. 4.1,4.6), suggesting that these latter are not the 

sole result of loss of PIN-dependent or NPA-sensitive polar auxin-transport induced by defects in 

coordination of PIN polarity. However, it is possible that the vein pattern defects of gn result 

from additional or exclusive defects in another polar auxin-transport pathway; we asked whether 

that were so. 

Cellular auxin efflux is catalyzed not only by PM-PIN proteins but by the PM-localized 

ATP-BINDING CASSETTE B1 (ABCB1) and ABCB19 proteins (Geisler et al. 2003; Geisler et 

al. 2005; Bouchard et al. 2006; Petrasek et al. 2006; Blakeslee et al. 2007; Wu et al. 2007), 

whose fusions to GFP (Dhonukshe et al. 2008; Mravec et al. 2008) are expressed at early stages  
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Figure 4.6. Genetic versus chemical interference of auxin transport. (A–G) Top right: 

genotype and treatment. (A–G) Dark-field illumination (A–D,F,G) or confocal laser scanning 

microscopy (E) of mature first leaves. (A) WT. (B) pin1-1;3;4;7. (C) pin1-1;3;4;6;7;8. (D) 
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NPA-grown WT. (E) Detail illustrating thick veins in NPA-grown WT (compare with Fig. 

4.2J). (F) NPA-grown pin1-1;3;4;7. (G) NPA-grown pin1-1;3;4;6;7;8. (G) Percentages of 

leaves in phenotype classes (defined in Figs. 4.1,4.2,4.5). Sample population sizes: WT, 38; 

pin1-1;3;4;7, 30; pin1-1;3;4;6;7;8, 73; NPA-grown WT, 41; NPA-grown pin1-1;3;4;7, 58; 

NPA-grown pin1-1;3;4;6;7;8, 48. Bars: (A–D,F,G) 0.5 mm, (E) 25 µm. 
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of leaf development (Fig. 4.7A,B). We asked whether ABCB1/19-mediated auxin efflux was 

required for vein patterning.  

Embryos of abcb1 and abcb19 were viable, but ~15% of abcb1;19 embryos died during 

embryogenesis (Tables 4.5); nevertheless, the vein patterns of abcb1, abcb19 and abcb1;19 were 

no different from the vein pattern of WT (Fig. 4.7E,F,I), suggesting that ABCB1/19-mediated 

auxin efflux is dispensable for vein patterning.  

Developmental functions of ABCB1/19-mediated auxin transport overlap with those of 

PIN-mediated auxin transport (Blakeslee et al. 2007 ; Mravec et al. 2008). We therefore asked 

whether vein pattern defects resulting from simultaneous loss of function of PIN1, PIN3 and 

PIN6 or induced in WT by 100 µM NPA, which phenocopies loss of PIN-dependent vein-

patterning activity (Fig. 4.6), were enhanced by simultaneous mutation of ABCB1 and ABCB19.  

pin1;3;6 embryos were viable (Table 4.6) and developed into seedlings (Table 4.7). The 

proportion of embryos derived from the self-fertilization of 

PIN1/pin1;pin3/pin3;pin6/pin6;abcb1/abcb1;abc19/abcb19 that died during embryogenesis was 

no different from the proportion of embryos derived from the self-fertilization of 

abcb1/abcb1;abc19/abcb19 that died during embryogenesis (Table 4.7), suggesting no 

nonreduntant functions of PIN1, PIN3 and PIN6 in ABCB1/19-dependent embryo viability. 

Consistent with previous reports (Blakeslee et al. 2007 ; Mravec et al. 2008), mutation of 

ABCB1 and ABCB19 in the pin1;3;6 background shifted the distribution of pin1;3;6 cotyledon 

pattern phenotypes toward stronger classes (Fig. 4.8). However, the spectrum of vein pattern 

phenotypes of pin1;3;6;abcb1;19 was no different from that of pin1;3;6 and the vein pattern 

defects induced in abcb1;19 by NPA were no different from those induced in WT by NPA (Fig. 

4.7C,D,G–I), suggesting no vein-patterning function of ABCB1 and ABCB19 in the absence of 

function of PIN1, PIN3 and PIN6 or of PIN-dependent vein-patterning activity.  

ABCB1 and ABCB19 are members of a large family (Geisler and Murphy 2006); 

therefore, vein patterning functions of ABCB1/19-mediated auxin efflux might be masked by 

redundant functions provided by other ABCB transporters. The TWISTED 

DWARF1/ULTRACURVATA2 (TWD1/UCU2; TWD1 hereafter) protein (Kamphausen et al. 

2002; Perez-Perez et al. 2004) is a positive regulator of ABCB-mediated auxin transport  
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Figure 4.7. Contribution of ABCB genes to vein patterning. (A,B,E–H) Top right: expression-

reported gene, genotype and treatment. (A–B) Bottom left: reproducibility index. (A–B) 

Confocal laser scanning microscopy; 5-day-old first leaves. Dashed magenta line delineates leaf 



113 

 

outline. (A) ABCB1::ABCB1:GFP expression. (B) ABCB19::ABCB19:GFP expression. (C–H) 

Dark-field illumination of mature first leaves. (C,D) Phenotype classes: class b5, thick veins and 

conspicuous marginal vein (C); class b6, fused leaves with thick veins and conspicuous marginal 

vein (D). (I) Percentages of leaves in phenotype classes (Classes 0, b1, b2, b7 and b8 defined in 

Figs.4.1,4.2,4.5). Difference between pin1-1;3;6 and WT, between twd1 and WT and between 

NPA-grown WT and WT was significant at P<0.001 (***) and between NPA-grown twd1 and 

NPA-grown WT was significant at P<0.05 (*) by Kruskal-Wallis and Mann-Whitney test with 

Bonferroni correction. Sample population sizes: WT, 41; abcb1;19, 40; pin1-1;3;6, 80; pin1-

1;3;6;abcb1;19, 62; NPA-grown WT, 43; NPA-grown abcb1;19, 46; twd1, 41; NPA-grown twd1, 

46. Bars: (A–B) 0.1 mm; (C–H) 0.5 mm. 
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Table 4.5. Embryo viability of WT, abcb1, abcb19, abcb1;19 and twd1. 

Genotype of self-fertilized 

parent 

Proportion of viable embryos in 

siliques of self-fertilized parent (no. of 

non-aborted seeds / total no. of seeds) 

 Percentage of 

viable seeds in 

siliques of self-

fertilized parent 

WT (Col-0) 294/294 100 

abcb1/abcb1 269/272 98.9 

abcb19/abcb19 271/276 98.2 

abcb1/abcb1;abcb19/abcb19 276/332*** 83.1 

twd1/twd1 245/265*** 92.4 

 

Difference between abcb1;19 and WT and between twd1 and WT was significant at P<0.001 

(***) and between abcb1 and WT and between abcb19 and WT was not significant by Kruskal-

Wallis and Mann-Whitney test with Bonferroni correction. 
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Table 4.6. Embryo viability of toz, mp, pin1;3;6 and pin1;3;6;abcb1;19. 

 

Genotype of self-fertilized parent 

Proportion of 

viable embryos in 

siliques of self-

fertilized parent 

(no. of non-

aborted seeds / 

total no. of seeds) 

Percentag

e of viable 

seeds in 

siliques of 

self-

fertilized 

parent 

TOZ/toz-1 202/277 72.9 

MP/mpG12 255/256*** 99.6 

PIN1/pin1-1;pin3/pin3;pin6/pin6 263/266*** 98.9 

PIN1/pin1-1;pin3/pin3;pin6/pin6;abcb1/abcb1;abcb19/abcb19 240/284*/*** 84.5 

 

Difference between negative control for completely penetrant embryo lethality (mpG12) and 

positive control for completely penetrant embryo lethality (toz-1) and between pin1-1;3;6 and 

toz-1 was significant at P<0.001 (***) and between pin1-1;3;6;abcb1;19 and toz-1 was 

significant at P<0.05 (*) by Kruskal-Wallis and Mann-Whitney test with Bonferroni correction. 

Difference between pin1-1;3;6;abcb1;19 and mpG12 was significant at P<0.001 (***) and 

between pin1-1;3;6 and mpG12 was not significant by Kruskal-Wallis and Mann-Whitney test 

with Bonferroni correction. 
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Table 4.7. Embryo viability of pin1;3;6 and pin1;3;6;abcb1;19.  

Genotype of self-fertilized parent 

Proportion of 

embryo-viable 

mutants in 

progeny of self-

fertilized parent 

(no. of mutant 

seedlings / total 

no. of seedlings) 

Percentage 

of embryo-

viable 

mutants in 

progeny of 

self-

fertilized 

parent 

PIN1/pin1-1;pin3/pin3;pin6/pin6 80/361 22.2 

PIN1/pin1-1;pin3/pin3;pin6/pin6;abcb1/abcb1;abcb19/abcb19 74/335 22.1 

 

Difference between observed and theoretical frequency distributions of embryo-viable mutants in 

the progeny of self-fertilized heterozygous parents was not significant by Pearson’s chi-squared 

(χ2) goodness-of-fit test (α=0.05, dF=1). 
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Figure 4.8. Cotyledon patterns of pin, abcb and aux1/lax mutants. Percentages of seedlings in 

phenotype classes (defined in Fig. 4.3). Difference between pin1-1;3;6 and WT, between pin1-

1;3;6;abcb1;19 and pin1-1;3;6 and between pin1-1;3;6;aux1-355;lax1-064 and pin1-1;3;6 was 

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

correction. Sample population sizes: WT, 56; abcb1;19, 75; aux1-355;lax1-064, 87; pin1-1;3;6, 

120; pin1-1;3;6;abcb1;19, 94; pin1-1;3;6;aux1-355;lax1-064, 110. 
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(Geisler et al. 2003; Bouchard et al. 2006; Bailly et al. 2008; Wu et al. 2010; Wang et al. 2013). 

Consistent with this observation, defects of twd1 are more severe than, though similar to, those 

of abcb1;19 (Geisler et al. 2003; Bouchard et al. 2006; Bailly et al. 2008; Wu et al. 2010; Wang 

et al. 2013). We therefore reasoned that analysis of twd1 vein patterns might uncover vein 

patterning functions of ABCB-mediated auxin transport that could not be inferred from the 

analysis of abcb1;19. 

Approximately 25% of twd1 leaves had Y-shaped midveins and ~15% of twd1 leaves 

were fused (Fig. 4.7I), suggesting possible vein-patterning functions of TWD1-dependent ABCB-

mediated auxin transport. However, vein pattern defects induced in twd1 by 100 µM NPA were 

no different from those induced in WT or abcb1;19 by NPA (Fig. 4.7I), suggesting that vein 

patterning functions of TWD1-dependent ABCB-mediated auxin transport—if existing—become 

inconsequential in the absence of PIN-dependent vein-patterning activity. By contrast, NPA 

enhanced leaf separation defects of twd1 (Fig. 4.7I), suggesting overlapping functions of TWD1-

dependent ABCB-mediated auxin transport and NPA-sensitive auxin transport in leaf separation. 

In conclusion, the residual vein patterning activity in pin mutants or their NPA-induced 

phenocopy is not provided by ABCB1, ABCB19 or TWD1-dependent ABCB-mediated auxin 

transport and loss of PIN- and ABCB-mediated auxin transport fails to phenocopy vein pattern 

defects of gn (Figs. 4.1,4.7). 

 

4.2.6 Contribution of AUX1/LAX genes to vein patterning 

 

Loss of PIN- and ABCB-mediated auxin transport fails to phenocopy vein pattern defects of gn 

(Figs. 4.1,4.7), suggesting that these latter are not the sole result of loss of PIN-dependent, NPA-

sensitive or ABCB-dependent polar auxin-transport. However, it is possible that the vein pattern 

defects of gn result from additional or exclusive defects in yet another auxin-transport pathway; 

we asked whether that were so. 

Auxin is predicted to enter the cell by diffusion and through an auxin influx carrier 

(Rubery and Sheldrake 1974; Raven 1975). In Arabidopsis, auxin influx activity is encoded by 
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the AUX1, LAX1, LAX2 and LAX3 (AUX1/LAX) genes (Parry et al. 2001; Yang et al. 2006; 

Swarup et al. 2008; Peret et al. 2012), whose translational fusions to YFP (Peret et al. 2012) are 

all expressed at early stages of vein development (Fig. 4.9A–D). We thus asked whether 

AUX1/LAX-mediated auxin influx was required for vein patterning. aux1;lax1;2;3 embryos 

were viable (Table 4.8). Because the vein patterns of aux1;lax1;2;3 were no different from those 

of WT (Fig. 4.8E,G,I), we conclude that AUX1/LAX function is dispensable for vein patterning.  

We next asked whether contribution of AUX1/LAX genes to vein patterning only became 

apparent in conditions of extremely reduced PIN-mediated auxin transport. To address this 

question, we tested whether vein pattern defects resulting from simultaneous loss of function of 

PIN1, PIN3 and PIN6 or induced in WT by 100 µM NPA, which phenocopies mutation of all the 

PIN genes with vein patterning function (Fig. 4.6), were enhanced by simultaneous mutation of 

AUX1 and LAX1 or of all AUX1/LAX genes, respectively.  

pin1;3;6;aux1;lax1 embryos were viable (Table 4.9) and developed into seedlings (Table 

4.10). The spectrum of vein pattern phenotypes of pin1;3;6;aux1;lax1 was no different from that 

of pin1;3;6, and the vein pattern defects induced in aux1;lax1;2;3 by NPA were no different from 

those induced in WT by NPA (Fig. 4.9F,H,I), suggesting no vein-patterning function of 

AUX1/LAX genes in conditions of extremely reduced auxin transport. On the other hand, 

mutation of AUX1 and LAX1 in the pin1;3;6 background shifted the distribution of pin1;3;6 

cotyledon pattern phenotypes toward stronger classes (Fig. 4.8), and NPA induced leaf fusion in 

aux1;lax1;2;3 but not in WT (Fig. 4.9I), suggesting that AUX1/LAX-mediated auxin influx and 

NPA-sensitive auxin transport have overlapping functions in cotyledon and leaf separation and 

that—consistent with previous observations (Reinhardt et al. 2003; Bainbridge et al. 2008; 

Kierzkowski et al. 2013)—AUX1/LAX-mediated auxin influx contributes to maintaining 

cotyledon and leaves separate in conditions of reduced auxin transport. Nevertheless, loss of 

PIN- and AUX1/LAX-mediated auxin transport fails to phenocopy the vein pattern defects of gn 

(Figs. 4.1,4.9). 
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Figure 4.9. Contribution of AUX1/LAX genes to vein patterning. (A–H) Top right: 

expression-reported gene, genotype and treatment. (A–D) Bottom left: reproducibility index. (A–

D) Confocal laser scanning microscopy; 4-day-old first leaves. Dashed cyan line delineates leaf 
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outline. (A) AUX1::AUX1:YFP expression. (B) LAX1::LAX1:YFP expression. (C) 

LAX2::LAX2:YFP expression. (D) LAX3::LAX3:YFP expression. (E–H) Dark-field 

illumination of mature first leaves. (I) Percentages of leaves in phenotype classes (defined in 

Figs. 4.1,4.2,4.5,4.7). Difference between pin1-1;3;6 and WT, between NPA-grown WT and WT 

and between NPA-grown aux1-21;lax1;2;3 and NPA-grown WT was significant at P<0.001 

(***) by Kruskal-Wallis and Mann-Whitney test with Bonferroni correction. Sample population 

sizes: WT, 53; aux1-21;lax1;2;3, 60; aux1-355;lax1-064, 77; pin1-1;3;6, 75; pin1-1;3;6;aux1-

355;lax1-064, 58; NPA-grown WT, 46; NPA-grown aux1-21;lax1;2;3, 40. Bars: (A–D) 0.1 mm; 

(E–H) 1 mm. 
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Table 4.8. Embryo viability of WT, aux1, lax1, aux1;lax1 and aux1;lax1;2;3. 

Genotype of self-fertilized parent 

Proportion of viable 

embryos in siliques of self-

fertilized parent (no. of non-

aborted seeds / total no. of 

seeds) 

Percentage of 

viable seeds in 

siliques of self-

fertilized 

parent  

WT (Col-0) 272/274 99.3 

aux1/aux1-355 266/267 99.6 

lax1/lax1-064 265/267 99.2 

aux1/aux1-355;lax1/lax1-064 278/281 98.9 

aux1/aux1-21;lax1/lax1;lax2/lax2-1;lax3/lax3 261/262 99.6 

 

Difference between aux1-355 and WT, between lax1-064 and WT, between aux1-355;lax1-064 

and WT and between aux1-21;lax1;2-1;3 and WT was not significant by Kruskal-Wallis and 

Mann-Whitney test with Bonferroni correction. 
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Table 4.9. Embryo viability of toz, mp, pin1;3;6 and pin1;3;6;aux1;lax1. 

Genotype of self-fertilized parent 

Proportion of 

viable embryos 

in siliques of 

self-fertilized 

parent (no. of 

non-aborted 

seeds / total no. 

of seeds) 

Percenta

ge of 

viable 

seeds in 

siliques 

of self-

fertilized 

parent 

TOZ/toz-1 185/244*** 75.8 

MP/mpG12 220/220 100 

PIN1/pin1-1;pin3/pin3;pin6/pin6 259/261*** 99.2 

PIN1/pin1-1;pin3/pin3;pin6/pin6;aux1/aux1-355;lax1/lax1-064 280/282*** 99.3 

 

Difference between negative control for completely penetrant embryo lethality (mpG12) and 

positive control for completely penetrant embryo lethality (toz-1), between pin1-1;3;6 and toz-1 

and between toz-1 and pin1-1;3;6;aux1-355;lax1-064 was significant at P<0.001 (***) and 

between pin1-1;3;6 and mpG12 and between pin1-1;3;6;aux1-355;lax1-064 and mpG12 was not 

significant by Kruskal-Wallis and Mann-Whitney test with Bonferroni correction. 
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Table 4.10. Embryo viability of pin1;3;6 and pin1;3;6;aux1;lax1. 

Genotype of self-fertilized parent 

Proportion of 

embryo-viable 

mutants in 

progeny of self-

fertilized parent 

(no. of mutant 

seedlings / total 

no. of seedlings) 

Percentag

e of 

embryo-

viable 

mutants 

in 

progeny 

of self-

fertilized 

parent 

PIN1/pin1-1;pin3/pin3;pin6/pin6 87/390 22.3 

PIN1/pin1-1;pin3/pin3;pin6/pin6;aux1/aux1-355;lax1/lax1-064 109/489 22.3 

 

Difference between observed and theoretical frequency distributions of embryo-viable mutants in 

the progeny of self-fertilized heterozygous parents was not significant by Pearson’s chi-squared 

(χ2) goodness-of-fit test (α=0.05, dF=1). 
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4.2.7 Genetic interaction between GN and PIN genes 

 

The vein pattern defects of gn are not the sole result of loss of PIN-dependent auxin transport 

(Figs. 4.1,4.5,4.6); however, they could be the result of abnormal polarity of PIN-mediated auxin 

transport induced by defects in coordination of PIN polarity. Were that so, the vein pattern 

defects of gn would depend on PIN genes and therefore the vein pattern defects of gn;pin 

mutants would resemble those of pin mutants; we tested whether that were so. 

We first asked what the phenotype were of the quintuple mutant between the strong allele 

gn-13 (Fig. 4.1) and mutation in PIN1, PIN3, PIN4 and PIN7—i.e. the PM-PIN genes with vein 

patterning function (Fig. 4.2). 

Consistent with previous observations (Mayer et al. 1993; Shevell et al. 1994), in gn 

seedlings hypocotyl and root were replaced by a basal peg and the cotyledons were most 

frequently fused (Figs. 4.10A,C;4.11A,B). 

As shown above (Figs. 4.3A,H;4.4A,B), pin1;3;4;7 seedlings had hypocotyl, short root 

and a single cotyledon or two, either separate or fused, cotyledons (Figs. 4.10A,B;4.11B). 

A novel phenotype segregated in approximately one-sixteenth of the progeny of plants 

homozygous for pin3, pin4 and pin7 and heterozygous for pin1 and gn (256/3624)—no different 

from the one-sixteenth frequency expected for the gn;pin1;3;4;7 homozygous mutants by 

Pearson’s chi-squared (χ2) goodness-of-fit test (α=0.05, dF=1). We genotyped 10 of the seedlings 

with the novel mutant phenotype and found they were gn;pin1;3;4;7 homozygous mutants. 

gn;pin1;3;4;7 seedlings had hypocotyl, no root and the cotyledons were fused (Figs. 

4.10A,D;4.11B). 

WT cotyledons had an unbranched midvein and three or four loops (Figs. 4.12A,B,K). 

All the veins of pin1;3;4;7 cotyledons were thick, and all pin1;3;4;7 cotyledons had three or four 

loops (Figs. 4.12C,D,K). In pin1;3;4;7 cotyledons, the distal end of the first loops joined the 

midvein more proximally than in WT and minor veins branched from midvein and loops  
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Figure 4.10. pin and gn mutant seedlings. (A–F) Dark-field illumination composite of 3-day-

old seedlings. (A) Overview. (B–F) Details. Genotypes below respective seedlings (A) or top 

right (B–F). Bars: (A) 2 mm; (B–F) 0.25 mm. 
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Figure 4.11. Cotyledon patterns of pin and gn mutants. (A) Dark-field illumination of a 5-

day-old seedling illustrating phenotype class α8 (no cotyledons). (B) Percentages of seedlings in 

phenotype classes (classes α1–α7 defined in Fig. 4.3). Difference between pin1-1;3;4;7 and WT, 

between pin1-1;3;4;6;7;8 and WT, between gn-13 and WT, between gn-13;pin1-1;3;4;7 and 

pin1-1;3;4;7 and between gn-13;pin1-1;3;4;6;7;8 and pin1-1;3;4;6;7;8 was significant at P<0.001 

(***) by Kruskal-Wallis and Mann-Whitney test with Bonferroni correction. Sample population 

sizes: WT, 111; pin1-1;3;4;7, 135; pin1-1;3;4;6;7;8, 147; gn-13, 72; gn-13;pin1-1;3;4;7, 84; gn-

13;pin1-1;3;4;6;7;8, 93. Bar: (A) 0.5 mm. 
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Figure 4.12. Cotyledon vein patterns of pin and gn mutants. (A,B) Vein pattern of WT 

mature cotyledon. In (A): red, midvein; orange, vein loops. (B–J) Dark-field illumination of 

mature cotyledons. Top right: phenotype class or genotype. (B–G) Phenotype classes: class 0, I-

shaped midvein and three or four loops (B); class b1, I-shaped midvein, thick veins and minor 

veins (I); class b2, Y-shaped midvein, thick veins and minor veins (J); class b3, thick veins, 

loops joining midvein at base of cotyledon and apically thickened vein-network outline (K); 

class a1, shapeless vascular cluster with short stretches of vascular elements connecting cluster 

to base of cotyledon (L); class a2, shapeless vascular cluster (M). (H–J) Dark-field illumination 

of mature cotyledons of gn-13;pin1-1;3;4;7 (class a1) (N) or gn-13;pin1-1;3;4;6;7;8 (class a1) (I, 

side view; J, top view). (Q) Percentages of cotyledons in phenotype classes. Difference between 
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pin1-1;3;4;7 and WT, between pin1-1;3;4;6;7;8 and WT, between gn-13 and WT, between gn-

13;pin1-1;3;4;7 and pin1-1;3;4;7 and between gn-13;pin1-1;3;4;6;7;8 and pin1-1;3;4;6;7;8 was 

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

correction. Sample population sizes: WT, 52; pin1-1;3;4;7, 65; pin1-1;3;4;6;7;8, 63; gn-13, 57; 

gn-13;pin1-1;3;4;7, 65; gn-13;pin1-1;3;4;6;7;8, 57. Bars: (B–J) 0.25 mm. 
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(Fig. 4.12C,D,K). Approximately 60% of pin1;3;4;7 cotyledons had an I-shaped midvein, while 

the remaining ~40% of them had a Y-shaped midvein (Fig. 4.12C,D,K). 

Consistent with previous observations (Mayer et al. 1993; Shevell et al. 1994), in ~70% 

of gn cotyledons short stretches of vascular elements connected the proximal side of a central, 

shapeless cluster of randomly oriented vascular elements with the basal part of the cotyledon, 

while vascular differentiation was limited to a central, shapeless vascular cluster in the remaining 

~30% of gn cotyledons (Fig. 4.12F,G,K). The vein pattern defects of gn;pin1;3;4;7 cotyledons 

were no different from those of gn cotyledons (Fig. 4.12H,K), suggesting that the vein pattern 

phenotype of gn cotyledons is epistatic to that of pin1;3;4;7 cotyledons. Likewise, the vein 

pattern defects of gn;pin1;3;4;7 leaves were no different from those of gn leaves (Fig. 

4.13A,B,E), suggesting that the vein pattern phenotype of gn leaves is epistatic to that of 

pin1;3;4;7 leaves. 

We next asked what the phenotype were of the septuple mutant between the strong allele 

gn-13 (Fig. 4.1) and mutation in all the PIN genes with vein patterning function (Fig. 4.5). 

As shown above (Figs. 4.3A,H;4.4A,D), pin1;3;4;6;7;8 seedlings had hypocotyl, short 

root and a single cotyledon or two fused cotyledons (Figs. 4.10A,E;4.11B). 

A phenotype similar to that of gn;pin1;3;4;7 segregated in approximately one-sixteenth of 

the progeny of plants homozygous for pin3, pin4, pin6, pin7 and pin8 and heterozygous for pin1 

and gn (222/3231)—no different from the one-sixteenth frequency expected for the 

gn;pin1;3;4;6;7;8 homozygous mutants by Pearson’s χ2 goodness-of-fit test (α=0.05, dF=1). We 

genotyped 10 of the seedlings with the novel mutant phenotype and found they were 

gn;pin1;3;4;6;7;8 homozygous mutants. As gn;pin1;3;4;7 seedlings, gn;pin1;3;4;6;7;8 seedlings 

had hypocotyl and no root, but unlike gn;pin1;3;4;7 seedlings ~90% of gn;pin1;3;4;6;7;8 

seedlings had completely fused cup-shaped cotyledons (Figs. 4.10A,F;4.11B). 

The vein pattern defects of pin1;3;4;6;7;8 cotyledons were similar to those of pin1;3;4;7 

cotyledons, but in ~85% of pin1;3;4;6;7;8 cotyledons the loops joined the midvein at the base of 

the cotyledon and the top half of the vein network outline was thick (Fig. 4.12C–E,K). The vein 

pattern defects of gn;pin1;3;4;6;7;8 cotyledons were no different from those of gn cotyledons 

(Fig. 4.12I–K), suggesting that the vein pattern phenotype of gn cotyledons is epistatic to that of  
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Figure 4.13. Genetic interaction between GN and PIN genes. (A–D) Dark-field illumination 

of mature first leaves. Top right: genotype and treatment. (E) Percentages of leaves in phenotype 

classes (defined in Fig. 4.1,4.2,4.5). Difference between pin1-1;3;4;7 and WT, between pin1-

1;3;4;6;7;8 and WT, between gn and WT, between gn-13;pin1-1;3;4;7 and pin1-1;3;4;7, between 

gn-13;pin1-1;3;4;6;7;8 and pin1-1;3;4;6;7;8 and between NPA-grown gn-13 and pin1-1;3;4;6;7;8 

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

correction. Sample population sizes: WT, 63; pin1-1;3;4;7, 53; pin1-1;3;4;6;7;8, 52; gn-13, 69; 

gn-13;pin1-1;3;4;7, 21; gn-13;pin1-1;3;4;6;7;8, 15; NPA-grown gn-13, 60. Bars: (A–D) 0.5 mm. 
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pin1;3;4;6;7;8 cotyledons. Likewise, the vein pattern defects of gn;pin1;3;4;6;7;8 leaves were no 

different from those of gn leaves (Fig. 4.13C,E), suggesting that the vein pattern phenotype of gn 

leaves is epistatic to that of pin1;3;4;6;7;8 leaves. Finally, 100 µM NPA, which phenocopies loss 

of PIN-dependent vein-patterning activity (Fig. 4.6), failed to induce additional vein pattern 

defects in gn leaves (Fig. 4.13D,E). 

In conclusion, our results suggest that the vein pattern defects of gn are not the result of 

either the sole loss of PIN-dependent auxin transport or the sole abnormal polarity of PIN-

mediated auxin transport induced by defects in coordination of PIN polarity. 

 

4.2.8 Response of pin leaves to auxin application 

 

The uniform vein-pattern phenotype of pin1;3;4;6;7;8 was phenocopied by growth of WT in the 

presence of high concentration of NPA (Fig. 4.6). Moreover, the vein-pattern phenotype of 

pin1;3;4;6;7;8 was unchanged by NPA treatment, and the NPA-induced vein-pattern phenocopy 

of pin1;3;4;6;7;8 was unchanged by mutation in any known intercellular auxin-transporter (Fig. 

4.7,4.9). These observations suggest that the function of known intercellular auxin-transporters 

in vein patterning is dispensable in the absence of the auxin transport activity of PIN1, PIN3, 

PIN4, PIN6, PIN7 and PIN8. Because auxin transport is thought to be essential for auxin-

induced vascular-strand formation [reviewed in (Sachs 1981; Berleth and Mattsson 2000; Aloni 

2010; Sawchuk and Scarpella 2013)], we asked whether auxin induced vein formation in 

pin1;3;4;6;7;8, and consequently whether veins were formed by an auxin-dependent mechanism 

in pin1;3;4;6;7;8. To address this question, we applied lanolin paste containing 1% of the natural 

auxin indole-3-acetic acid (IAA) to one side of developing leaves of WT and pin1;3;4;6;7;8 and 

recorded tissue response in mature leaves.  

Consistent with previous reports (Scarpella et al. 2006; Sawchuk et al. 2007), IAA 

induced formation of extra veins in ~70% of WT leaves (27/38) (Fig. 4.14A,B), while ~30% of 

WT leaves (9/38) failed to respond to IAA application.  

 



133 

 

                                        

Figure 4.14. Response of pin leaves to auxin application. (A–F) Top right: genotype and 

treatment. Dark-field illumination of mature first leaves of WT (A,B) or pin1-1;3;4;6;7;8 (C–F) 

at side of application of lanolin paste (A,C) or lanolin paste containing 1% IAA (B,D–F). Bars: 

(A) 0.5 mm; (B–E) 0.25 mm; (F) 0.1 mm.  
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The effects of IAA on pin1;3;4;6;7;8 leaves were variable. In 40% of the leaves (28/70), 

IAA induced formation of extra veins (Fig. 4.14C,D). In ~60% of the leaves in which IAA 

induced formation of extra veins (17/28), IAA also induced tissue outgrowth of varied shape 

(Fig. 4.14E,F). In 30% of pin1;3;4;6;7;8 leaves (21/70), IAA induced tissue outgrowth but failed 

to induce formation of extra veins in the leaf; however, in nearly 80% of the pin1;3;4;6;7;8 

leaves in which IAA induced tissue outgrowth [30/(17+21)=30/38], IAA also induced formation 

of vascular strands in the outgrowth (Fig. 4.14E,F). Finally, as in WT, 30% of pin1;3;4;6;7;8 

leaves (21/70) failed to respond to IAA application in any noticeable way. 

We conclude that pin1;3;4;6;7;8 leaves respond to vein-formation-inducing auxin signals 

and consequently that veins are formed by an auxin-dependent mechanism in the absence of 

PIN-mediated auxin transport. 

 

4.2.9 Contribution of auxin signaling to vein patterning 

 

Leaves of pin1;3;4;6;7;8 respond to vein-formation-inducing auxin signals (Fig. 4.14), 

suggesting that the residual vein-patterning activity in those leaves may be provided by an auxin-

dependent mechanism. We therefore asked what the contribution of auxin signaling to vein 

patterning were in the absence of PIN-dependent vein patterning activity. 

To address this question, we used mutants in AUXIN-RESISTANT1 (AXR1), which lack a 

required post-translational modification of the auxin receptor complex [reviewed in (Calderon-

Villalobos et al. 2010)], and double mutants in TRANSPORT INHIBITOR RESPONSE1 (TIR1) 

and AUXIN SIGNALING F-BOX2 (AFB2), which lack the two auxin receptors that most 

contribute to auxin signaling (Dharmasiri et al. 2005). 

As in leaves of weak gn alleles (Fig. 4.1), in ~40–50% of the leaves of both axr1 and 

tir1;afb2 veins were replaced by vein fragments (Fig. 4.15B,F). In addition, loops were open in 

most of the leaves of axr1 and tir1;afb2 (Fig. 4.15A,B,F). 

We next asked whether axr1 or tir1;afb2 enhanced the vein pattern defects induced by 

100 µM NPA, which phenocopies loss of PIN-dependent vein-patterning activity (Fig. 4.6). 
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Figure 4.15. Contribution of auxin signaling to vein patterning. (A–E) Dark-field 

illumination of mature first leaves illustrating phenotype classes (top right): class c1, open vein-

network outline (A); class c2, open vein-network outline and fragmented vein network (B); class 



136 

 

b7 (defined in Fig. 4.5) (C); class b7/a4, wide midvein, more lateral-veins, dense network of 

thick veins and conspicuous marginal vein (D); class b8/a4, fused leaves with wide midvein, 

more lateral-veins, dense network of thick veins and conspicuous marginal vein (not shown); 

class a4 (defined in Fig. 4.1) (E). (F) Percentages of leaves in phenotype classes (Classes 0, a2 

and b8 defined in Figs. 4.1,4.5). Difference between axr1-3 and WT, between axr1-12 and WT, 

between tir1;afb2 and WT, between pin1-1;3;4;6;7;8 and WT, between NPA-grown WT and 

WT, between NPA-grown axr1-3 and NPA-grown WT, between NPA-grown axr1-12 and NPA-

grown WT, between NPA-grown tir1;afb2 and NPA-grown WT and between axr1-3;pin1-

1;3;4;6;7;8 and pin1-1;3;4;6;7;8 was significant at P<0.001 (***) by Kruskal-Wallis and Mann-

Whitney test with Bonferroni correction. Sample population sizes: WT, 47; axr1-3, 41; axr1-12, 

41; tir1;afb2, 42; pin1-1;3;4;6;7;8, 63; NPA-grown WT, 146; NPA-grown axr1-3, 101; NPA-

grown axr1-12, 103; NPA-grown tir1;afb2, 65; axr1-3;pin1-1;3;4;6;7;8, 62. Bars: (A,B) 1 mm; 

(C–E) 0.75 mm. 
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Approximately 20% of the leaves of NPA-grown axr1 and ~3% of those of NPA-grown 

tir1;afb2 resembled those of NPA-grown WT or of pin1;3;4;6;7;8 (Fig. 4.15C,F). However, 

~25% of the leaves of NPA-grown axr1 and nearly 40% of those of NPA-grown tir1;afb2 

resembled those of intermediate gn alleles: veins were thicker, the vein network was denser and 

its outline was jagged because of narrow clusters of vascular elements that were oriented 

perpendicular to the leaf margin and that were laterally connected by veins (Figs. 4.1;4.15E,F). 

Finally, nearly 60% of the leaves of NPA-grown axr1 and tir1;afb2 had features intermediate 

between those of NPA-grown WT or of pin1;3;4;6;7;8 and those of intermediate gn alleles (Fig. 

4.15D,F). 

We next asked whether the spectrum of vein pattern defects of NPA-grown axr1 and 

tir1;afb2 were recapitulated by the axr1;pin1;3;4;6;7;8 septuple mutant. 

axr1;pin1;3;4;6;7;8 embryos were viable (Table 4.11) and developed into seedlings 

(Table 4.12) that resembled pin1;3;4;6;7;8 seedlings (Figs. 4.16A,B;4.17); however, the 

spectrum of vein pattern defects of axr1;pin1;3;4;6;7;8 was no different from that of NPA-grown 

axr1 (Fig. 4.15D–F). 

These observations suggest that the residual vein-patterning activity in pin1;3;4;6;7;8 is 

provided, at least in part, by AXR1- and TIR1/AFB2-mediated auxin signaling. Because 

reduction of AXR1- and TIR1/AFB2-mediated auxin signaling synthetically enhanced vein 

pattern defects resulting from loss of PIN-dependent vein-patterning activity, we conclude that 

PIN-mediated auxin transport and AXR1- and TIR1/AFB2-mediated auxin signaling provide 

overlapping functions in vein patterning. Finally, the similarity between the vein pattern defects 

of NPA-grown axr1 and tir1;afb2 and of axr1;pin1;3;4;6;7;8, on the one hand, and those of 

intermediate gn alleles, on the other, suggest that the vein pattern defects of gn are caused by 

simultaneous defects in auxin transport and signaling. 

 

4.2.10 Auxin response in gn 

 

Were the vein pattern defects of gn the result not only of abnormal polarity or loss of PIN-

mediated auxin transport but of defects in auxin signaling, the vein pattern defects of gn might be  
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Table 4.11. Embryo viability of toz, mp, pin1;3;4;6;7;8, pin1;3;4;6;7;8;axr1, gn and gn;axr1. 

Genotype of self-fertilized parent 

Proportion of 

viable 

embryos in 

siliques of 

self-fertilized 

parent (no. of 

non-aborted 

seeds / total 

no. of seeds) 

Percentage 

of viable 

seeds in 

siliques of 

self-

fertilized 

parent  

TOZ/toz-1 190/239 79.5 

MP/mpG12 261/262*** 99.6 

PIN1/pin1-1;pin3/pin3;pin4/pin4;pin6/pin6;pin7/pin7;pin8/pin8 243/244*** 99.6 

axr1/axr1-3;PIN1/pin1-1 

;pin3/pin3;pin4/pin4;pin6/pin6;pin7/pin7;pin8/pin8 
240/248*** 96.8 

GN/gn-13 248/252*** 98.4 

GN/gn-13;axr1/axr1-3 264/270*** 97.8 

GN/gn-13;axr1/axr1-12 178/183*** 97.3 

 

Difference between negative control for completely penetrant embryo lethality (mpG12) and 

positive control for completely penetrant embryo lethality (toz-1), between pin1-1;3;4;6;7;8 and 

toz-1, between pin1-1;3;4;6;7;8;axr1-3 and toz-1, between gn-13 and toz-1, between gn-13;axr1-

3 and toz-1 and between gn-13;axr1-12 and toz-1 was significant at P<0.001 (***), between 

pin1-1;3;4;6;7;8 and mpG12, between pin1-1;3;4;6;7;8;axr1-3 and mpG12, between gn-13 and 

mpG12, between gn-13;axr1-3 and mpG12 and between gn-13;axr1-12 and mpG12 was not 

significant by Kruskal-Wallis and Mann-Whitney test with Bonferroni correction. 
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Table 4.12. Embryo viability of pin1;3;4;6;7;8;axr1, gn, gn;axr1. 

Genotype of self-fertilized parent 

Proportion of 

embryo-viable 

mutants in 

progeny of 

self-fertilized 

parent (no. of 

mutant 

seedlings / 

total no. of 

seedlings) 

Percentage 

of embryo-

viable 

mutants in 

progeny of 

self-

fertilized 

parent 

axr1/axr1-3;PIN1/pin1-1 

;pin3/pin3;pin4/pin4;pin6/pin6;pin7/pin7;pin8/pin8 
66/277 23.8 

GN/gn-13 101/411 24.6 

GN/gn1-13; axr1/axr1-3 74/321 23.0 

GN/gn1-13; axr1/axr1-12 70/276 25.4 

 

Difference between observed and theoretical frequency distributions of embryo-viable mutants in 

the progeny of self-fertilized heterozygous parents was not significant by Pearson’s chi-squared 

(χ2) goodness-of-fit test (α=0.05, dF=1). 
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Figure 4.16. pin and axr1 mutant seedlings. (A–C) Dark-field illumination composite of 3-

day-old seedlings; genotypes below respective seedlings (A) or top right (B,C). (A) Overview. 

Because the seedling lineup was wider than the stereomicroscope’s field of view, overlapping 

images of parts of the lineup were acquired and combined to reconstruct the original lineup. 

(B,C) Details. Bars: (A) 2 mm; (B,C) 0.5 mm. 
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Figure 4.17. Cotyledon patterns of pin and axr1 mutants. Percentages of seedlings in 

phenotype classes (defined in Fig. 4.3). Difference between pin1-1;3;4;6;7;8 and WT and 

between gn-13 and WT was significant at P<0.001 (***) and between gn-13;axr1-12 was 

significant at P<0.05 (*) by Kruskal-Wallis and Mann-Whitney test with Bonferroni correction. 

Sample population sizes: WT, 59; axr1-3, 49; pin1-1;3;4;6;7;8, 50; axr1-3;pin1-1;3;4;6;7;8, 146; 

gn-13, 62; axr1-12, 47; gn-13;axr1-3, 70; gn-13;axr1-12, 50.   
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associated with reduced auxin response and the reduced auxin response of gn should be 

recapitulated by that of NPA-grown axr1; we asked whether that were so. 

To address this question, we imaged and compared expression of the auxin response 

reporter DR5rev::nYFP (Heisler et al. 2005; Sawchuk et al. 2013) in first leaves of WT, 

pin1;3;4;6;7;8, NPA-grown WT, axr1, gn and NPA-grown axr1 4 days after germination. 

As previously shown (Sawchuk et al. 2013; Verna et al. 2015) (Chapter 2), strong 

DR5rev::nYFP expression was mainly associated with developing veins in WT (Fig. 4.18A). In 

pin1;3;4;6;7;8 and NPA-grown WT, DR5rev::nYFP expression was weaker and mainly confined 

to areas near the margin of the leaf (Fig. 4.18B–E). DR5rev::nYFP expression was weaker also 

in axr1 but was still associated with developing veins (Fig. 4.18F,G). Finally, in both gn and 

NPA-grown axr1, DR5rev::nYFP expression was much weaker and diffused across large areas 

of the leaf (Fig. 4.18H–K), suggesting that the vein pattern defects of gn are associated with 

reduced auxin response and that the reduced auxin response of gn is recapitulated by NPA-grown 

axr1. 

Did PIN-mediated auxin transport and AXR1- and TIR1/AFB2-mediated auxin signaling 

provide overlapping functions in vein patterning and were the vein pattern defects of gn caused 

by simultaneous defects in auxin transport and signaling, the vein pattern defects of gn;axr1 

mutants would resemble those of gn mutants; we tested whether that were so. 

gn;axr1 seedlings resembled gn seedlings (Figs. 4.17;4.19A–C) and the vein pattern 

defects of gn;axr1 were no different from those of gn (Fig. 4.20A–C), suggesting that the 

phenotype of gn is epistatic to that of axr1. 

We conclude that that the vein pattern defects of gn are caused by simultaneous defects in 

auxin transport and signaling. 
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Figure 4.18. Expression of DR5rev::nYFP in developing leaves. (A–K). Confocal laser 

scanning microscopy; first leaves 4 days after germination. Look-up table (ramp in F) visualizes 

expression levels. Top right: genotype and treatment. Bottom left: reproducibility index. Dashed 

white line delineates leaf outline. Images in A,B,D,F,H,J were taken at identical settings. Images 

in A,C,E,G,I,K were taken by matching signal intensity to detector’s input range (~5% saturated 

pixels). Bars: (A–K) 50 μm 
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Figure 4.19. gn and axr1 mutant seedlings. (A–D) Dark-field illumination composite of 3-day-

old seedlings; genotypes below respective seedlings (A) or top right (B–D). (A) Overview. 

Because the seedling lineup was wider than the stereomicroscope’s field of view, overlapping 

images of parts of the lineup were acquired and combined to reconstruct the original lineup. (B–

D) Details. Bars: (A) 2 mm; (B–C) 0.5 mm. 
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Figure 4.20. Genetic interaction between GN and AXR1. (A,B) Dark-field illumination mature 

first leaves. Top right: genotype. (C) Percentages of leaves in phenotype classes (defined in Figs. 

4.1,4.2,4.5). Difference between axr1-3 and WT, between axr1-12 and WT and between gn-13 

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

Bonferroni correction. Sample population sizes: WT, 49; axr1-3, 42; axr1-12, 49; gn-13, 47; gn-

13;axr1-3, 45; gn-13;axr1-12, 45. Bars: (A,B) 0.75 mm. 
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4.3 Discussion 

 

4.3.1 Control of vein patterning by carrier-mediated auxin transport 

 

Overwhelming experimental evidence places polar auxin transport at the core of the mechanism 

that defines sites of vein formation [reviewed in (Sachs 1991a; Berleth and Mattsson 2000; 

Sawchuk and Scarpella 2013)]. The polarity of auxin transport is determined by the asymmetric 

localization of auxin effluxers of the PIN family at the plasma membrane (PM) of auxin-

transporting cells (Wisniewska et al. 2006). Therefore, one would predict that loss of the 

function of all the PM-localized PIN (PM-PIN) proteins should lead to loss of reproducible vein-

pattern features, or perhaps even, in the most extreme case, to the inability to form veins. Neither 

prediction is, however, supported by evidence: mutants in all the PM-PIN genes with vein 

patterning function—PIN1, PIN3, PIN4 and PIN7—or in all the PM-PIN genes—PIN1–PIN4 

and PIN7—form veins, and these veins are arranged in reproducible, though abnormal, patterns. 

The most parsimonious account for the discrepancy between the observed and expected mutant 

defects is that vein patterning is controlled by additional, PM-PIN-independent auxin-transport 

pathways. 

The existence of PM-PIN-independent auxin-transport pathways with vein patterning 

function can also be inferred from the discrepancy between the vein pattern defects resulting 

from simultaneous mutation in all the PM-PIN genes with vein patterning function, or in all the 

PM-PIN genes, and the vein pattern defects induced by NPA, which is thought to be a specific 

inhibitor of carrier-mediated cellular auxin-efflux (Rubery 1990; Dhonukshe et al. 2008). The 

vein pattern defects of WT grown in the presence of NPA are more severe than those of 

pin1;3;4;7 or pin1;2;3;4;7, suggesting the existence of NPA-sensitive auxin-transport pathways 

with vein patterning function in addition to the PM-PIN-dependent pathway, a suggestion that is 

supported by the observation that growth in the presence of NPA enhances the vein pattern 

defects of pin1;3;4;7 to match those induced in WT by NPA. 
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Such PM-PIN-independent NPA-sensitive auxin-transport pathway with vein patterning 

function depends on the activity of the endoplasmic-reticulum (ER)-localized PIN6 and PIN8, as 

inferred from the identity of the vein pattern defects resulting from simultaneous mutation of 

PIN1, PIN3, PIN4 and PIN6-PIN8 and those induced in WT by NPA, and from the inability of 

NPA to induce further defects in pin1;3;4;6;7;8. Moreover, that NPA- grown WT phenocopies 

pin1;3;4;6;7;8, that no further defects can be induced in pin1;3;4;6;7;8 by NPA, and that 

pin1;3;4;6;7;8 and growth on NPA lead to the formation of veins arranged in reproducible 

patterns suggest no residual NPA-sensitive vein-patterning activity beyond that provided by 

PIN1, PIN3, PIN4, PIN6, PIN7 and PIN8, and therefore also the existence of NPA-insensitive 

vein-patterning pathways. It is of course possible that PIN6 and PIN8 are partially localized to 

the PM, and PM-localization of PIN6 and of the ER-PIN PIN5 has been reported (Ganguly et al. 

2014; Bennett et al. 2016; Simon et al. 2016; Ditengou et al. 2018). Most important, however, 

that would not preclude the existence of NPA-insensitive vein patterning pathways. 

These NPA-insensitive vein-patterning pathways are unlikely to be mediated by known 

intercellular auxin transporters—the AUX1/LAX auxin influxers (Yang et al. 2006; Swarup et al. 

2008; Peret et al. 2012) and the ABCB auxin effluxers (Geisler et al. 2005; Bouchard et al. 2006; 

Petrasek et al. 2006)—as their mutation fails to enhance the vein pattern defects of pin1;3;6 and 

of the NPA-induced phenocopy of pin1;3;4;6;7;8. Though it remains undetermined whether the 

NPA-insensitive vein-patterning pathways depend on the function of known intracellular auxin 

transporters [e.g., (Barbez et al. 2012)], such pathways contribute to the polar propagation of the 

inductive auxin signal: indeed, as in WT, application of auxin to pin1;3;4;6;7;8 leaves induces 

the formation of veins that connect the applied auxin to the pre-exiting vasculature basal to the 

site of auxin application. 

 

4.3.2 Control of vein patterning by auxin signaling 

 

The residual NPA-insensitive auxin-dependent vein-patterning activity of pin1;3;4;6;7;8 

depends, at least in part, on the signal transduction mediated by the TIR1/AFB auxin receptors 
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and their post-translational regulator AXR1. Loss of AXR1 or of TIR1 and AFB2, the two auxin 

receptors that most contribute to auxin signaling (Dharmasiri et al. 2005), induces entirely new 

vein-pattern defects in pin1;3;4;6;7;8 or in its NPA-induced phenocopy, defects never observed 

in pin1;3;4;6;7;8 or NPA-grown WT: in the more-severely affected leaves of axr1;pin1;3;4;6;7;8 

and NPA-grown tir1;afb2, the end-to-end alignment of vascular elements oriented with their axis 

along the axis of the vein is often replaced by the clustered differentiation of abnormally oriented 

vascular cells. Not only are these defects never observed in pin1;3;4;6;7;8 or NPA-grown WT, 

but they are more severe than the predicted sum of the defects of pin1;3;4;6;7;8 and NPA-grown 

WT. These observations are particularly interesting because genetic analysis of auxin signaling 

components had so far implicated auxin signaling only in the differentiation of normally 

patterned veins (Przemeck et al. 1996; Hardtke and Berleth 1998; Hardtke et al. 2004; Alonso-

Peral et al. 2006; Candela et al. 2007; Pérez-Pérez et al. 2010). Instead, the mutual synthetic 

enhancement between the vein pattern defects of reduced auxin signaling and those of reduced 

auxin transport suggests nonhomologous redundancy of auxin signaling and transport in vein 

patterning. Such redundancy is unequal, however: whereas auxin transport is required for vein 

patterning even in the presence of normal auxin signaling, the vein patterning activity of auxin 

signaling is only exposed in conditions of compromised auxin transport. 

How auxin signaling, inherently non-directional, could propagate polar information is 

unclear. One possibility is that auxin diffuses through plasmodesmata (PD) intercellular 

channels—a possibility that had previously been suggested (Mitchison 1981) and that has 

recently encountered some experimental support (Han et al. 2014)—and that the size of the PD 

aperture or the proportion of PD in the transverse walls of incipient vascular cells are positively 

regulated by auxin signaling. Rapid, efficient PIN-mediated transport of auxin across the PM 

would normally limit or dominate the slow, inefficient diffusion of auxin through PD. But in the 

absence of PM-PIN-mediated transport, auxin would predominantly or exclusively move through 

PD, thereby exposing the relevance of such movement for vein patterning. Though PD aperture 

is greater at sites that seem to overlap with sites of maximum auxin signaling and vein formation 

(Mattsson et al. 2003; Kim et al. 2005), and though mathematical models of diffusion-mediated 

auxin transport successfully recapitulate aspects of vein formation (Mitchison 1981; Rolland-

Lagan and Prusinkiewicz 2005), the possibility that auxin movement through PD controls vein 

patterning remains to be experimentally tested. 
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4.3.3 A tissue-cell-polarizing signal upstream of auxin transport and 

signaling 

 

The vein pattern defects of leaves in which both transport and transduction of the auxin signal 

are compromised are never observed in leaves in which either process is; yet those defects are 

not unprecedented: they are observed—though in more extreme form—in leaves of gn mutants, 

suggesting that GN might control both transport and transduction of the auxin signal. 

Though it is unclear how the ARF GEF activity of GN might control auxin signaling, the 

suggestion is supported by the epistasis of the vein pattern defects of gn to those of axr1 and is 

consistent with genetic analysis placing GN upstream of auxin signal transduction in the 

formation of the apical-basal polarity of the embryo (Mayer et al. 1993), a process that depends 

on polar auxin signaling from the embryo vascular strand (Weijers et al. 2006). 

Seemingly less surprising is the conclusion that GN controls PM-PIN-mediated auxin 

transport: indeed, the ARF GEF activity of GN is required for the coordinated polarization of 

PIN1 localization during embryogenesis (Steinmann et al. 1999). However, if failure to 

coordinate the polarization of the localization of PIN1—and possibly other PM-PIN proteins—

were the cause of the vein pattern defects of gn, one would predict these defects to be dependent 

on PM-PIN function and therefore masked by those of pin1;3;4;7 in the gn;pin1;3;4;7 mutant. 

The epistasis of the vein pattern defects of gn to those of pin1;3;4;7 instead suggests that: (i) the 

vein pattern defects of gn are independent of PM-PIN function and therefore not the sole result 

of loss or abnormal polarity of PIN-mediated auxin transport; (ii) GN acts upstream of PM-PIN 

genes in vein patterning; (iii) the tissue-cell-polarizing function of GN entails more than the 

regulation of PM-PIN-mediated auxin transport and of the coordinated polarization of PM-PIN 

localization. Our conclusions are consistent with more-severe epidermal-cell-polarity defects in 

gn than in pm-pin mutants, defects which are associated with normal localization of PM-PIN 

proteins (Fischer et al. 2006). 

Polarization of PIN1 localization and orientation of microtubule arrays during patterned 

formation of shoot lateral organs seem to be controlled by an upstream mechanical signal from 

the cell wall (Heisler et al. 2010). Because cell wall composition and properties are abnormal in 
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gn (Shevell et al. 2000), it will be interesting to test whether GN contributes to the production of 

such mechanical signal with functions beyond the polarization of PIN1 localization and whether 

the functions of this mechanical signal overlap with those of the GN-dependent signal upstream 

of auxin transport in vein patterning. 

Independently of a possible function of GN in mechanical signaling, one of the functions 

of GN beyond the regulation of PM-PIN-mediated auxin transport is the control of auxin 

transport mediated by the endoplasmic-reticulum (ER)-localized PIN6 and PIN8, a conclusion 

suggested by the epistasis of the vein pattern defects of gn to those of pin1;3;4;6;7;8. Though it is 

unclear how GN could control ER-PIN-mediated auxin transport, it is possible that such control 

is indirect and mediated by GN function in ER-Golgi trafficking (Richter et al. 2007). 

As severe as they may be, the defects resulting from mutations in GN and PIN genes 

neither interfere with completion of embryogenesis nor obliterate embryo patterning or vein 

formation, suggesting that additional tissue-cell-polarizing signals exist beyond those provided 

by these genes. It will be focus of future research the identification of such signals. 

 

4.4 Materials and methods 

 

4.4.1 Plants 

 

Origin and nature of lines, genotyping strategies and oligonucleotide sequences are in Tables 4.1, 

4.13 and 4.14. Seeds were sterilized and sown as in Sawchuk et al. 2008. Stratified seeds were 

germinated and seedlings were grown at 22°C under continuous fluorescent light (~80 µmol 

m−2s−1). Plants were grown at 25°C under fluorescent light (~110 μmol m−2 s−1) in a 16-h-light/8-

h-dark cycle. Plants were transformed and representative lines were selected as described in 

Sawchuk et al. 2008. 
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Table 4.13. Genotyping strategies. 

Line Strategy 

fwr (gnfwr) ‘FWR for’ and ‘FWR REV2’; EcoRI 

van7/emb30-7 (gnvan7) ‘van7 Hpa1 FP’ and ‘van7 Hpa1 RP’; HpaI  

gn-13 GN: ‘SALK_045424 gn LP’ and ‘SALK_045424 gn RP’; gn: 

‘SALK_045424 gn RP’ and ‘LBb1.3’ 

pin1-1 ‘pin1-1 F’ and ‘pin1-1 R’; TatI 

pin1-134 ‘pin1-1 F’ and ‘pin1-134 R mse-I’; MseI 

pin3-3 ‘pin3-3 F’ and ‘pin3-3 R’; StyI 

pin4-2 PIN4: ‘PIN4 forw geno II’ and ‘PIN4en rev Ikram’; pin4: ‘PIN4en 

rev Ikram’ and ‘en primer’  

pin7En PIN7: ‘PIN7en forw Ikram’ and ‘PIN7en rev’; pin7: ‘PIN7en rev 

Ikram II’ and ‘en primer’ 

eir1-1 (pin2) ‘eir1-1 F’ and ‘eir1-1 R’; BseLI 

pin6 PIN6: ‘PIN6 spm F’ and ‘PIN6 spm R’; pin6: ‘PIN6 spm F’ and 

‘Spm32’ 

pin8-1 PIN8: ‘SALK_107965 LP’ and ‘SALK_107965 RP’; pin8: 

‘SALK_107965 RP’ and ‘LBb1.3’ 

pgp1-100 (abcb1) ABCB1: ‘SALK_083649 pgp1-100 LP’ and ‘SALK_083649 pgp1-

100 RP’; abcb1: ‘SALK_083649 pgp1-100 RP’ and ‘LBb1.3’ 

mdr1-101 (abcb19) ABCB19: ‘SALK_033455 atmdr1-101 LP’ and ‘SALK_033455 

atmdr1-101 RP’; abcb19: ‘SALK_033455 atmdr1-101 RP’ and 

‘LBb1.3’ 

ucu2-4 (twd1) UCU2: ‘SALK_012836 twd1 LP’ and ‘SALK_012836 twd1 RP’; 

ucu2: ‘SALK_012836 twd1 RP’ and ‘LBb1.3’ 

aux1-21 ‘aux1-21 Fwd’ and ‘aux1-21 Rev’; ApaLI 

lax1 LAX1: ‘lax1 Fwd’ and ‘lax1 WT Rev’; lax1: ‘lax1 fwd’ and ‘lax123 

mutant Rev’ 

lax2-1 LAX2: ‘lax2 Fwd’ and ‘lax2 WT Rev’; lax2: ‘lax2 fwd’ and ‘lax123 

mutant Rev’ 
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lax3 LAX3: ‘lax3 Fwd’ and ‘lax3 WT Rev’; lax3: ‘lax3 fwd’ and ‘dSpm5’ 

aux1-355 AUX1: ‘SALK_020355 LP (aux1)’ and ‘SALK_020355 RP (aux1)’; 

aux1: ‘SALK_020355 RP (aux1)’ and ‘LBb1.3’ 

lax1-064 LAX1: ‘SALK_071064 lax1 LP’ and ‘SALK_071064 lax1 RP’; lax1: 

‘SALK_071064 lax1 RP’ and ‘LBb1.3’ 

axr1-3 ‘AXR1-Acc1’ and ‘AXR1-15’; SalI 

axr1-12 ‘axr1-12 forw’ and ‘axr1-12 rev’; DraI 

tir1-1 ‘tir1-1F2’ and ‘tir1-1R2’, BsaI 

afb2-3 AFB2: ‘AFB2+F’ and ‘AFB2-TR’; afb2: ‘pROK-LB’ and ‘AFB2-TR’ 
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Table 4.14. Oligonucleotide sequences. 

Name Sequence (5’ to 3’) 

FWR for AAGAGCCAAGATCACAGCCTACTG 

FWR REV2 GAGAGCACGCGCAAGCTGCAACAAG 

van7 Hpa1 FP ATCCGTGCCCTTGATCTAATGGGAG 

van7 Hpa1 RP CACTTTTCTTAGTCCTTGAACAAGCGTTAA 

GN Fwd NotI TCTGCGGCCGCTCTAGAGGTGTGTATGATAATG 

GN Rev NotI TTTGCGGCCGCTCTAGAAATCGAAATCCGTCTC 

fwr-mutagenesis F GCTTGCGCGTGCTCTCATTTGGGC 

fwr-mutagenesis R TGCAACAAAAATTCAGCTTGTAGAAACTTGCTTTCG 

SALK_045424 gn LP  TGATCCAAATCACTGGGTTTC 

SALK_045424 gn RP  AGCTGAAGATAGGGAATTCGC 

LBb1.3 ATTTTGCCGATTTCGGAAC 

PIN4 prom PstI forw TCTCTGCAGTTTGTGTATCTTAATTATTTGAGTATG 

PIN4 1032 SalI rev TATGTCGACGTCATGGCTCGCTTTGCTATC 

PIN4 1033 SalI forw TATGTCGACGCTAAGGAGCTTCACATG 

PIN4 UTR EcoRI rev TACGAATTCCAGTATAAACCACTTAACTAGAAAC 

EGFP SalI Forw TATGTCGACGTGAGCAAGGGCGAGGAG 

EGFP SalI Rev TATGTCGACCTTGTACAGCTCGTCCATGC 

PIN7 prom SalI forw TAAGTCGACAAAAATAATATTTTTATTTAAGATAATTATG 

PIN7 UTR KpnI rev TATGGTACCCTTTCTCAAATAATCTC 

EGFP SacI forw TAAGAGCTCAGGTGAGCAAGGGCGAGGAG 

EGFP SacI rev TATGAGCTCCCTTGTACAGCTCGTCCATGC 

pin1-1 F ATGATTACGGCGGCGGACTTCTA 

pin1-1 R TTCCGACCACCACCAGAAGCC 

pin1-134 R mse-I CTCAGCTTCAGTTTCCAAAGGTTG 

pin3-3 F GGAGCTCAAACGGGTCACCCG 

pin3-3 R GCTGGATGAGCTACAGCTATATTC 

PIN4 forw geno II GTCCGACTCCACGGCCTTC 

PIN4en rev Ikram ATCTTCTTCTTCACCTTCCACTCT 
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en primer GAGCGTCGGTCCCCACACTTCTATAC 

PIN7en forw Ikram CCTAACGGTTTCCACACTCA 

PIN7en rev TAGCTCTTTAGGGTTTAGCTC 

PIN7en rev Ikram II GGTTTAGCTCTGCTGTGGAGTT 

eir1-1 F TTGTTGATCATTTTACCTGGGACA 

eir1-1 R GGTTGCAATGCCATAAATAGAC 

PIN6 spm F CATAACGAAGCTAACTAAGGGGTAATCTC 

PIN6 spm R GGAGTTCAAAGAGGAATAGTAGCAGAG 

Spm32 TACGAATAAGAGCGTCCATTTTAGAGTG 

SALK_107965 LP TGAAAGACATTTTGATGGCATC 

SALK_107965 RP CCAAATCAAGCTTTGCAAGAC 

SALK_083649 pgp1-

100 LP 

GAAGACTGCGACAAGGACAAG 

SALK_083649 pgp1-

100 RP 

GCAAGAGCGATGTTGAAGAAC 

SALK_033455 atmdr1-

101 LP 

GCAATTGCAATTCTCTGCTTC 

SALK_033455 atmdr1-

101 RP 

CTCAGGCAATTGCTCAAGTTC 

SALK_012836 twd1 LP GTGAAGCTGAGGTCTTGGATG 

SALK_012836 twd1 RP TATGGCCTGAAACAGCAAACC 

aux1-21 Fwd CTGGAAAGCACTAGGACTCGC 

aux1-21 Rev AAGCGGCGAAGAAACGATACAG 

lax1 Fwd ATATGGTTGCAGGTGGCACA 

lax1 WT Rev GTAACCGGCAAAAGCTGCA 

lax123 mutant Rev AAGCACGACGGCTGTAGAATAG 

lax2 Fwd ATGGAGAACGGTGAGAAAGCAGC 

lax2 WT Rev CGCAGAAGGCAGCGTTAGCG 

lax3 Fwd TACTTCACCGGAGCCACCA 

lax3 WT Rev TGATTGGTCCGAAAAAGG 
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dSpm5 CGGGATCCGACACTCTTTAATTAACTGACACTC 

SALK_020355 LP 

(aux1) 

GGCTCCCGTAAAATAAAGCAC 

SALK_020355 RP 

(aux1) 

AATTATCGTTGGTTTCAGGTGG 

SALK_071064 lax1 LP CAATAGTAGTCTCCGGGGAGG 

SALK_071064 lax1 RP ACAACACAAGCTTGGTTGGAC 

AXR1-Acc1 AAACCAACTTAACGTTTGCATGTCG 

AXR1-15 TCTCATATGTACTTTTCCTCGTCCTCTTCAC 

axr1-12 forw CCGAGCAGCATCCCAAAAC 

axr1-12 rev GTTGGCAGCAAATCTGTCCG 

SALK_045424 gn LP  TGATCCAAATCACTGGGTTTC 

SALK_045424 gn RP  AGCTGAAGATAGGGAATTCGC 

tir1-1F2 AGCGACGGTGATTAGGAGG 

tir1-1R2 CAGGAACAACGCAGCAAAA 

AFB2+F TTCTCCTTCGATCATTGTCAAC 

AFB2-TR TAGCGGCAATAGAGGCAAGA 

pROK-LB GGAACCACCATCAAACAGGA 
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4.4.2 Chemicals 

 

N-1-naphthylphthalamic acid (Chem Service Inc.) was dissolved in dimethyl sulfoxide; 

dissolved NPA was added to growth medium just before sowing. Indole-3-acetic acid (Sigma-

Aldrich Co. LLC.) was dissolved in melted (55°C) lanolin (Sigma-Aldrich Co. LLC.); the IAA-

lanolin paste was applied to first leaves 4 days after germination and was reapplied weekly. 

 

4.4.3 Imaging 

 

Developing leaves were mounted and imaged as in Sawchuk et al. 2013. Light paths are in Table 

4.15. Mature leaves were fixed in 3 : 1 or 6 : 1 ethanol : acetic acid, rehydrated in 70% ethanol 

and water, cleared briefly (few seconds to few minutes) in 0.4 M sodium hydroxide, washed in 

water and mounted in 1 : 2 : 8 or 1 : 3 : 8 water : glycerol : chloral hydrate (Sigma-Aldrich Co. 

LLC.) and imaged as in Odat et al. 2014. Image brightness and contrast were adjusted by linear 

stretching of the histogram in in the Fiji distribution (Schindelin et al. 2012) of ImageJ 

(Schneider et al. 2012; Schindelin et al. 2015; Rueden et al. 2017). Images were rotated and 

cropped in Affinity Photo (Serif Europe Ltd. Nottingham, UK) and assembled into figures in 

Affinity Designer. 
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Table 4.15. Fluorescent-protein-specific light paths. 

Fluorescent 

protein 

Laser Wavelength Main dichroic 

beam splitter 

First secondary 

dichroic beam 

splitter 

Second secondary 

dichroic beam 

splitter 

Emission filter 

(detector) 

GFP Ar 488 HFT 405/488/594 NFT 545 NFT 490 BP 505–530 (PMT3) 

YFP Ar 514 HFT 405/514/594 NFT 595 NFT 515 BP 520–555 IR 

(PMT3) 
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CHAPTER 5: GENERAL DISCUSSION 

 

5.1 Conclusion summary 

 

The scope of my Ph.D. thesis was to understand the contribution of the transport of the plant 

signal auxin to vein network formation in Arabidopsis leaves.  

Leaf vein networks are characterized by reproducible features such as the presence of 

lateral veins that branch from a single midvein and connect to distal veins to form loops; of 

minor veins that branch from midvein and loops and connect to other veins to form a mesh; and 

of loops and minor veins that curve near the leaf margin to lend a scalloped outline to the vein 

network. Features such as these are so reproducible that they are used to define species [e.g., 

(Klucking 1995)]; by contrast, features such as the number of veins and their connectedness are 

variable. We found that auxin transport mediated by PIN-FORMED (PIN) proteins controls both 

reproducible and variable features of leaf vein networks (Verna et al. 2015) (Chapter 2). 

PIN1 is the only known gene to be nonredundantly required for both the reproducible 

features of leaf vein networks and their variable ones. The PIN1 protein is expressed in all the 

cells of the leaf at early stages of tissue development; over time, however, epidermal expression 

becomes restricted to the basal-most cells and inner expression becomes restricted to files of 

vascular precursor cells (Galweiler et al. 1998; Benkova et al. 2003; Reinhardt et al. 2003; 

Heisler et al. 2005; Petrasek et al. 2006; Scarpella et al. 2006; Wenzel et al. 2007; Bayer et al. 

2009; Sawchuk et al. 2013; Marcos and Berleth 2014). We found that the expression of PIN1 

that is required for vein network patterning depends on the 205-bp region of the PIN1 promoter 

from -699 to -495, which contains conserved putative binding-sites for transcription factors of 

the MYELOBLASTOMA and DNA-BINDING WITH ONE FINGER families (Chapter 3). 

The current hypothesis of auxin control of vein formation is that the GN guanine-

nucleotide exchange factor for ADP-rybosilation-factor GTPases, which regulates vesicle 
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formation in membrane trafficking, coordinates the cellular localization of PIN1 and possibly 

other PIN proteins between cells (Steinmann et al. 1999); the resulting cell-to-cell, polar 

transport of auxin would propagate cell polarity across tissues and control vein formation (Sachs 

1991a). Instead, we found that auxin-induced vein formation occurs in the absence of PIN 

proteins or any known intercellular auxin transporter; that the auxin-transport-independent vein-

patterning activity relies on auxin signaling; and that a GN-dependent coordinating signal acts 

upstream of both auxin transport and signaling (Chapter 4). 

In the Discussion section of the respective chapters, I provided an account of how I 

reached these conclusions from the experimental data, how these conclusions could be integrated 

with one another and with those in studies of others to advance our understanding of vascular 

development, and what the implications of such conclusions are for aspects of plant development 

beyond the formation of leaf vascular tissue (e.g. Fig 5.1). Here I instead wish to propose and 

discuss two hypotheses on the upstream regulators of PIN1 functional expression in leaf vein 

patterning. These hypotheses should be understood as an attempt to develop a conceptual 

framework to guide future experimentation and not as an exhaustive mechanistic account. 

  

5.2 Hypothesis 1: a MYELOBLASTOMA transcription 

factor is the upstream regulator of PIN1 functional 

expression in leaf vein patterning 

 

The results in Chapter 3 suggest that the region of the PIN1 promoter between -699 and -495 is 

required for PIN1 functional expression in leaf vein patterning. This promoter region contains 

two conserved, putative binding sites for transcription factors of the MYELOBLASTOMA 

(MYB) family, which suggests that a MYB transcription factor is the upstream regulator of PIN1 

functional expression in leaf vein patterning. Below I present evidence consistent with this 

hypothesis. 
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Figure 5.1. Contribution of thesis to knowledge of control of vein patterning by auxin. 

Summary of knowledge before and after thesis. Black arrows indicate gene functions and genetic 

interactions inferred from results of experimental tests; grey arrows indicate surmised functions 

and interactions. (A) Derived from results in Sawchuk et al. 2013. (B) Derived from results and 

hypotheses in Mayer et al. 1993 and Steinmann et al. 1999. (C) Derived from results in Chapter 

4. 
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5.2.1 Evidence from expression analysis 

 

The most parsimonious expectation is that a transcription factor and its target genes are 

expressed in overlapping domains. As PIN1 (Scarpella et al. 2006; Wenzel et al. 2007), both the 

ASYMMETRIC LEAVES1 (AS1) gene of Arabidopsis, which encodes a MYB transcription factor, 

and its homolog in maize ROUGH SHEATH2 (RS2) are expressed in broad domains of leaf inner 

cells that over time become restricted to developing veins (Timmermans et al. 1999; Tsiantis et 

al. 1999b; Byrne et al. 2000; Iwakawa et al. 2007). 

Though its expression in leaves is unknown, the MYB77 gene of Arabidopsis is expressed 

in the root vascular cylinder (Shin et al. 2007), where PIN1 is also expressed (Galweiler et al. 

1998; Friml et al. 2002a). 

 

5.2.2 Evidence from transcriptional activation studies 

 

That the region of the PIN1 promoter between -699 and -495 is required for PIN1 functional 

expression in leaf vein patterning (Chapter 3) suggest that that region is bound by a positive 

regulator of PIN1 functional expression in leaf vein patterning. 

In barrelclover/Medicago, mutation of MEDICAGO TRUNCULATA PHANTASTICA, 

homologous to AS1, leads to lower expression of MEDICAGO TRUNCULATA PIN-FORMED10 

(Ge and Chen 2014).  

In Arabidopsis, overexpression of MYB77 leads to higher expression of PIN1, and 

mutation of MYB77 leads to lower response of PIN1 expression to auxin (Shin et al. 2007). 

Likewise, in as1 mutants the expression of LATERAL ORGAN BOUNDARIES, PHABULOSA, 

PHAVOLUTA and REVOLUTA is reduced (Byrne et al. 2002; Fu et al. 2007). 

Though indirect, these observations suggest that these MYB genes positively regulate the 

expression of their targets. However, direct evidence is available that at least some MYB 

transcription factors bind their targets and activate their expression. For example, AS1 forms a 
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complex with the zinc-finger CONSTANS that binds the promoter of FLOWERING TIME and 

activates its expression (Song et al. 2012), and the MYB transcription factor of Arabidopsis 

FOUR LIPS binds the promoters of PIN3 and PIN7 and activates their expression (Wang et al. 

2015). 

 

5.2.3 Evidence from genetic analysis 

 

The most parsimonious expectation is that mutation of a transcription factor results in defects 

overlapping to those resulting from mutation in its targets. 

As pin1 (Okada et al. 1991), the rs2 mutant of maize has defects in polar auxin transport 

(Tsiantis et al. 1999a). Furthermore, rs2 leaves have multiple midveins, a defect that can be 

induced in WT by growth in the presence of auxin transport inhibitors (Tsiantis et al. 1999a), 

suggesting that those leaf vein pattern defects of rs2 are the result of reduced auxin transport, as 

those of pin1 are suggested to be (Mattsson et al. 1999). 

As pin1 leaves (Wenzel et al. 2007; Verna et al. 2015) (Chapter 2), the leaves of the 

myb77 mutant of Arabidopsis have lower expression of DR5 (Shin et al. 2007), and in as1 

mutant leaves lateral veins fail to connect to the midvein, leading to “wide midveins” (Sun et al. 

2002) like those induced by auxin transport inhibitors or by mutation in PIN genes (Mattsson et 

al. 1999; Sieburth 1999; Sawchuk et al. 2013) (Chapter 4).  

One other expectation is that the defects resulting from double mutation of a transcription 

factor and its target would be no different from those resulting from mutation of the sole 

transcription factor. Because the defects of the as1;pin1 double mutant are more severe than 

those of either as1 or pin1 (Hay et al. 2006), if AS1 regulated PIN1 functional expression in leaf 

vein patterning it would have to do so redundantly with other transcription factors. 
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5.3 Hypothesis 2: a DNA-BINDING WITH ONE FINGER 

transcription factor is the upstream regulator of PIN1 

functional expression in leaf vein patterning 

 

The results in Chapter 3 suggest that the region of the PIN1 promoter between -699 and -495 is 

required for PIN1 function in leaf vein patterning. This promoter region contains three 

conserved, putative binding sites for transcription factors of the DNA-BINDING WITH ONE 

FINGER (DOF) family, which suggests that a DOF transcription factor is the upstream regulator 

of PIN1 functional expression in leaf vein patterning. Below I present evidence consistent with 

this hypothesis. 

 

5.3.1 Evidence from expression analysis 

 

As PIN1 (Steinmann et al. 1999; Friml et al. 2003), the DOF3.2/DOF6 gene of Arabidopsis is 

expressed in embryo vascular tissues (Rueda-Romero et al. 2012). As PIN1 (Scarpella et al. 

2006; Wenzel et al. 2007), DOF1.1/OBP2, DOF2.1, DOF2.4, DOF4.6, DOF5.3 and DOF5.8 are 

expressed in leaf veins (Skirycz et al. 2006; Konishi and Yanagisawa 2007; Gardiner et al. 

2010). As PIN1 (Galweiler et al. 1998; Friml et al. 2002a; Vieten et al. 2005), DOF3.6/OBP3 is 

expressed in the vascular tissues of the cotyledons, hypocotyl and roots (Ward et al. 2005). 

Finally, as PIN1 (Vieten et al. 2005; Scarpella et al. 2006; Wenzel et al. 2007), 

AtDOF5.5/CYCLING DOF FACTOR1 (CDF1), DOF5.2/CDF2, DOF3.3/CDF3 and 

DOF2.3/CDF4 are expressed in veins of cotyledons and leaves (Imaizumi et al. 2005; Fornara et 

al. 2009). 
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5.3.2 Evidence from transcriptional activation studies 

 

Mutation of the DOF ACTING IN SEED EMBRYOGENESIS AND HORMONE 

ACCUMULATION gene of Medicago/barrelclover leads to lower expression of the homolog of 

PIN1 in Medicago/barrelclover (Noguero et al. 2015). Likewise, expression of many genes is 

lower in the cdf1;2;3;5 quadruple mutant of Arabidopsis, suggesting that DOF transcription 

factors can activate expression of their targets (Fornara et al. 2015). More direct evidence of this 

ability is available, however. 

The PROLAMIN-BOX BINDING FACTOR of barley binds the promoter and activates the 

expression of hordeins storage proteins (Mena et al. 1998). The PROLAMIN-BOX BINDING 

FACTOR of maize binds the promoter and activates the expression of zein storage proteins 

(Marzábal et al. 2008). The ZmDof1 and ZmDof2 of maize bind to promoters and activate 

expression of different genes in maize protoplasts (Yanagisawa and Sheen 1998; Yanagisawa 

2000). 

In Arabidopsis, DOF binding sites have been shown to be required for expression in leaf 

veins and guard cells (Gardner et al. 2009; Cominelli et al. 2011). Finally, DOF5.8 binds the 

promoter and activates the expression of NAC DOMAIN CONTAINING PROTEING 69 (He et al. 

2015). 

 

5.3.3 Evidence from genetic analysis 

 

Mutant phenotypes have revealed little about DOF function, possibly due to redundancy — 

Arabidopsis contains 37 putative DOF genes (Yanagisawa 2002). But overexpression of 

DOF5.8, as that of PIN1 (Verna et al. 2015) (Chapter 2), represses the formation of minor veins 

(Konishi and Yanagisawa 2015). 
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 5.4 Future approach 

 

The evidence presented above is consistent with the possibility that MYB or DOF transcription 

factors regulate PIN1 functional expression in leaf vein patterning. Here I wish to suggest how 

this possibility could be tested experimentally and what the next steps could be should neither 

MYB nor DOF transcription factors be upstream regulators of PIN1 functional expression in leaf 

vein patterning. 

1. To test whether the putative MYB or DOF binding-sites in the [-699,-14] promoter 

fragment are required for PIN1 functional expression in leaf vein patterning, I propose to mutate 

each of them separately in the [-699,-14] promoter fragment, use these mutant versions of the 

promoter fragment to drive PIN1 expression in the pin1 mutant background and test their ability 

to rescue the leaf vein pattern defects of pin1. Failure of either mutated version of the promoter 

fragment to rescue those defects would suggest requirement of the mutated binding site. 

Alternatively, the ability of both mutated versions of the promoter fragment to rescue the leaf 

vein pattern defects of pin1 would suggest that neither binding site is required for PIN1 

functional expression in leaf vein patterning.  

2. Either way, to identify all the transcription factors that bind to the [-699,-14] promoter 

fragment I propose to use this sequence as bait in a yeast one-hybrid screen. 

3. I propose to generate translational fusions to, for example, YFP of the transcription 

factors identified in the yeast one-hybrid screen (see point 2) to test whether their expression in 

leaves overlaps with the activity of the [-699,-14] promoter fragment. 

4. I propose to test whether the transcription factors whose expression overlaps with the 

activity of the [-699,-14] promoter fragment (see point 3) bind that promoter region in vivo by 

chromatin immunopreciptation using translational fusions of those transcription factors to, for 

example YFP and anti-YFP antibodies.  

5. I propose to identify mutants of the transcription factors whose expression overlaps 

with the activity of the [-699,-14] promoter fragment (see point 3) . The most parsimonious 

expectation is that those mutants have leaf vein pattern defects similar to those of pin1; however, 
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because of redundancy, they may not, in which case I would propose to overcome such 

redundancy by turning those activating transcription factors into repressors by fusion to portable 

repressor domains [e.g., ETHYLENE-RESPONSIVE ELEMENT-BINDING FACTOR—EAR; 

(Hiratsu et al. 2003)].  

Further, I propose to analyze the activity of the [-699,-14] promoter fragment into those 

transcription factor mutants or transgenics; I expect the activity of the [-699,-14] promoter 

fragment to resemble that of the [-480,-14] promoter fragment, which lacks the region required 

for PIN1 functional expression in leaf vein patterning.  

I also propose to analyze the genetic interaction between those transcription factor 

mutants or transgenics and pin1; I expect the double mutant between those mutants or 

transgenics and pin1 to have leaf vein pattern defects similar to those of the transcription factor 

mutants or transgenics if no transcription factor other than that mutated regulated PIN1 

functional expression in leaf vein patterning; otherwise, I expect those mutants or transgenics to 

enhance the leaf vein pattern defects of pin1. 

Finally, I propose to overexpress PIN1by the MP or RPS5A promoter (Verna et al. 2015) 

(Chapter 2), for example in the transcription factor mutants or transgenics; I expect the leaf vein 

pattern defects of those mutants or transgenics to be, at least in part, rescued.  
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