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Abstract  

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

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

the vein network of plant leaves; therefore, how vascular networks form is a key question in 

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

cell interaction and, at least in part, on cell migration, both of which are precluded in plants 

by a cell wall that keeps cells apart and in place; therefore, vein networks form differently 

in plant leaves. 

How leaf vein networks form is unclear, but available evidence suggests that the 

polar transport of the plant signal auxin is required for vein patterning. Functions of polar 

auxin transport in vein patterning in turn depend on functions of the PIN-FORMED1 (PIN1) 

auxin transporter. At early stages of leaf tissue development, PIN1 polar localization at the 

plasma membrane of epidermal cells is directed toward single cells along the marginal 

epidermis of developing leaves. These ñconvergence pointsò of epidermal PIN1 polarity are 

associated with broad domains of PIN1 expression in the inner tissue of the leaf; these broad 

domains will over time become restricted to the narrow sites where major veins will form. 

Consistent with those observations, for the past 15 years the prevailing hypotheses 

of leaf vein patterning have proposed that convergence points of epidermal PIN1 polarity 

lead to the formation of local peaks of auxin level in the epidermis, and that that auxin is 

transported by PIN1 from the epidermal convergence points into the inner tissue where it 

will lead to vein formation. As such, these hypotheses predict that epidermal PIN1 

expression is strictly required for vein patterning. I tested this prediction in Arabidopsis 
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thaliana by a combination of targeted gene expression, molecular genetic analysis, and 

cellular imaging, and found it unsupported: epidermal PIN1 expression is neither required 

nor sufficient for PIN1-dependent vein patterning, whereas PIN1 expression in the inner 

tissues of the leaf turns out to be both required and sufficient for PIN1-dependent vein 

patterning. 

To identify regulatory inputs upstream of PIN1-dependent vein patterning, I next 

sought regulatory elements that are necessary for that component of PIN1 expression in the 

inner tissues of the leaf that is required for PIN1-dependent vein patterning. By means of a 

combination of promoter deletion, molecular genetic analysis, and cellular imaging, I found 

that vascular expression of PIN1 is required for PIN1-dependent vein patterning; that such 

vascular expression of PIN1 depends on the 151-bp region of the PIN1 promoter from -645 

to -495; and that that region of the PIN1 promoter contains putative binding sites for 

members of an uncharacterized plant-specific family of transcription factors. 

Finally, for the future characterization of such putative upstream regulators of PIN1 

expression, I identified and characterized GAL4/GFP enhancer-trap lines for the targeted 

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

In conclusion, my results refute all vein patterning hypotheses based on polar auxin 

transport from the epidermis and suggest alternatives for future tests. Further, my results 

have identified regulatory inputs that are required for PIN1-dependent vein patterning, and 

have generated the resources to characterize those regulatory inputs. 
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Chapter 1: General Introduction 

1.1 The Plant Vascular Network 

In most multicellular organisms, the long-distance transport of signals and nutrients occurs 

through tissue networks such as the vascular network. In animals, the formation of vascular 

networks often relies on direct cell-cell interaction and cell movement (e.g., Noden, 1988; 

Xue et al., 1999). By contrast, cell-cell interaction and cell movement are precluded in plants 

by a wall that holds cells apart and in place; therefore, vascular networks form differently in 

plants. 

Plant vascular networks are composed of continuous vascular strands that connect 

with one another the different parts of an organ and the different organs of the plant (Esau, 

1965). In different organs, vascular strands are named differently: for example, veins in flat 

organs such as cotyledons, leaves, sepals, and petals; vascular bundles in the stem; and 

vascular cylinder in the root. 

Mature vascular strands are cylinders composed of two vascular tissues ð xylem 

and phloem (Esau, 1965). Xylem is found at the center of vascular strands in cylindrical 

organs and at the upper side of vascular strands in flat organs. Phloem is found at the 

periphery of vascular strands in cylindrical organs and at the lower side of vascular strands 

in flat organs. Xylem is composed of tracheary elements, parenchyma cells, and fibers, and 

mainly transports water and minerals. Phloem is composed of sieve elements, parenchyma 

cells, fibers, and sclereids, and mainly transports photosynthesis products. 

Vascular cells first form during embryogenesis. In Arabidopsis thaliana L. Heyn. 

(Arabidopsis hereafter), the dermatogen-stage embryo is composed of eight outer cells and 

eight inner cells (Mansfield and Briarty, 1991). Longitudinal division of the four basalmost 

inner cells results in four innermost cells that elongate to become procambial cells, the 

precursors of all mature vascular cells (Esau, 1965; Mansfield and Briarty, 1991). 

Procambial cells also form de novo during the development of flat organs like leaves (Foster, 
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1952; Pray, 1955). Throughout the life of a plant, vascular strands lengthen and thicken as 

procambial cells continually divide transversely and longitudinally (Esau, 1965). 

1.2 Leaf Vein Patterns 

In most rounded leaves of dicots such as Arabidopsis, the vein network is composed of a 

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

form loops; and minor veins, which branch from the midvein and loops, and may connect to 

other veins. Minor veins and loops curve near the leaf margin to give rise to a scalloped vein-

network outline (Telfer and Poethig, 1994; Nelson and Dengler, 1997; Kinsman and Pyke, 

1998; Candela et al., 1999; Mattsson et al., 1999; Sieburth, 1999; Steynen and Schultz, 2003; 

Sawchuk et al., 2013; Verna et al., 2015). 

In most elongated leaves of monocots such as maize, vein loops are stretched and 

laterally compressed, giving rise to a network in which midvein and lateral veins seem to 

run parallel to one another along the length of the leaf (Troll, 1939; Gifford and Foster, 1988; 

Nelson and Dengler, 1997). 

1.3 Leaf Vein Development 

During leaf development, veins form de novo from the inner tissue of the leaf, which also 

gives rise to the mesophyll tissue (Esau, 1965). In Arabidopsis, the expression and polar 

localization at the plasma membrane of PIN-FORMED1 (PIN1), which catalyzes cellular 

efflux of the plant signaling molecule auxin (Petrasek et al., 2006), suggests that veins are 

formed by two different mechanisms (Scarpella et al., 2006; Wenzel et al., 2007). 

The midvein seems to form from sites of convergence of PIN1 polarity in the 

epidermis of the shoot apical meristem (Benkova et al., 2003; Reinhardt et al., 2003; Carraro 

et al., 2006; Scarpella et al., 2006; Lee et al., 2008; Bayer et al., 2009; Johnston et al., 2015) 

(Fig. 1.1). These ñconvergence pointsò mark the positions where the new leaf primordia will 

be formed and are associated with broad PIN1-expression domains in the inner tissue of the 

leaf primordium; over time, these broad PIN1-expression domains become restricted to 

the site of midvein formation, and PIN1 becomes localized to the basal side of  the plasma  
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Figure 1.1. Auxin Transport During Leaf Development. P0, P1 indicate successive stages 

of leaf development. Arrows indicate directions of auxin transport. M, midvein. Redrawn 

from Scarpella and Helariutta, 2010. 
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membrane in the vascular cells of the midvein. Likewise, lateral veins seem to form from 

convergence points of PIN1 polarity in the marginal epidermis of the developing leaf (Hay 

et al., 2006; Scarpella et al., 2006; Wenzel et al., 2007) (Fig. 1.2). These convergence points 

are associated with broad PIN1-expression domains in the inner tissue of the developing 

leaf; over time, these broad PIN1-expression domains become restricted to the sites of lateral 

vein formation, and in the vascular cells of the lateral veins PIN1 becomes localized to the 

side of the plasma membrane facing the midvein. 

By contrast, minor veins form from PIN1 expression domains that branch from pre-

existing veins and have no association with epidermal convergence points of PIN1 polarity 

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

all minor veins end freely in the inner tissues of the leaf, and PIN1 is localized to the side of 

the plasma membrane facing the pre-existing veins the minor veins connect to. However, 

over time minor veins can become connected to pre-existing veins on both sides. At the ends 

of these ñconnectedò veins, PIN1 is localized to the side of the plasma membrane facing the 

pre-existing veins the minor veins connect to; the resulting opposite PIN1 polarities are 

joined by a ñbipolarò cell, a cell where PIN1 is localized to two opposite sides of the plasma 

membrane. 

PIN1 expression during loop formation suggests that each loop is formed by a minor 

vein branching from a lateral vein (Scarpella et al., 2006; Wenzel et al., 2007) (Fig. 1.2). 

Initially, the minor vein ends freely in the inner tissue of the leaf, but over time it connects 

to the midvein or to other lateral veins. Like in all connected veins, at the ends of each loop 

PIN1 is localized to the side of the plasma membrane facing the pre-existing veins the loop 

connects to, and the two, opposite PIN1 polarities are joined by a bipolar cell. 

Domains of PIN1 expression in the leaf inner tissue are initially broad and overlap 

with broad domains of expression of the auxin-response transcription factor 

MONOPTEROS (MP) (Donner et al., 2009; Wenzel et al., 2007). Just like for the broad 

domains of PIN1 expression, over time the broad domains of MP expression become 

gradually restricted to sites of vein formation. Within the broad expression domains of PIN1 

and MP, cells that will differentiate into procambial cells express the class III 

HOMEODOMAIN-LEUCINE ZIPPER (HD-ZIP III) gene ARABIDOPSIS THALIANA   
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Figure 1.2. Auxin Transport During Lateral Vein, Minor Vein , and Marginal Vein 

Development. Arrows indicate directions of auxin transport. ST, serration tip; L3, third loop; 

LV, lateral vein; M, midvein; HV, minor vein; MV, marginal vein. Redrawn from Scarpella 

and Helariutta, 2010. 
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HOMEOBOX8 (ATHB8) and the GRAS (after GIBBERELLIC ACID INSENSITIVE, 

REPRESSOR OF gibberellic acid1-3, and SCARECROW) gene SHORT-ROOT (SHR) 

(Donner et al., 2009; Gardiner et al., 2011). 

1.4 Auxin Transport and Vascular Strand Formation 

The plant signaling molecule auxin is the only known molecular that can induce vascular 

strand formation when applied to plant tissues. The auxin-induced vascular-differentiation 

response is characterized by five properties (Sachs, 1981; Berleth et al., 2000): (1) the 

response is local, as the vascular strands are initiated at the site of auxin application; (2) the 

response is polar, as the newly formed vascular strand are oriented toward the pre-existing 

vascular strands basal to the site of auxin application; (3) the response is continuous, as it 

results in the formation of uninterrupted files of vascular cells; (4) the response is constrained 

laterally, as only narrow strips of cells, rather than all the cells near the site of auxin 

application, differentiate into vascular cells; (5) the response requires polarly transported 

auxins, and auxin transport inhibitors obstruct the response (Thompson and Jacobs, 1966; 

Dalessandro and Roberts, 1971; Gersani, 1987), suggesting that the auxin-induced vascular 

differentiation response recruits a polar process that already exists in plant tissues and that 

may correspond to the polar transport of auxin itself. 

Auxin is indeed primarily synthesized in young shoot organs, such as leaf and flower 

primordia, and is mainly transported to the root tip through the vascular strands 

(Michniewicz et al., 2007; Normanly, 2010; Zhao, 2010). This apical-basal polarity of auxin 

transport depends on the polar localization of auxin transporters of the PIN-FORMED (PIN) 

family at the basal plasma membrane of auxin-transporting cells (Wisniewska et al., 2006). 

Indeed, the weak acid indole-3-acetic acid (IAA), the most abundant auxin in plants, is non-

charged in the acidic extracellular space and can therefore freely diffuse into the cells 

through their plasma membrane (Rubery and Sheldrake, 1974; Raven, 1975). By contrast, 

in the more alkaline intracellular space, IAA becomes negatively charged and can therefore 

leave the cell only through specialized efflux carrier proteins. 

These observations form the basis of the ñauxin canalization hypothesisò, which 

proposes that auxin transport through a cell positively feeds back on the cellôs auxin 
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conductivity (Sachs, 1981). This positive feedback would gradually restrict an initially 

dispersed auxin flow to preferential auxin-transport through narrow strips of cells, which 

would eventually differentiate into vascular strands. 

In Arabidopsis, the localization of PIN proteins at the plasma membrane marks the 

presumed site of cellular auxin efflux (Petrasek et al., 2006; Wisniewska et al., 2006). 

Therefore, directions of polar auxin transport can be deduced from the localization of PIN 

proteins at the plasma membrane. Consistent with predictions of the auxin canalization 

hypothesis, local application of auxin induces PIN1 expression in broad domains that 

connect the applied auxin to the preȤexisting vasculature and that over time become restricted 

to sites of vascular strand formation (Sauer et al., 2006; Scarpella et al., 2006). In these 

domains, PIN1 is initially distributed homogeneously throughout the plasma membrane; 

over time, however, PIN1 distribution becomes polarized to suggest auxin transport away 

from the site of auxin application and toward the preȤexisting vasculature basal to the site of 

auxin application. Consistent with a role for auxin transport in vascular strand formation, 

mutation of PIN genes or development in the presence of auxin transport inhibitors delays 

the restriction of PIN1 expression domains and the polarization of PIN1 localization, and 

leads to defects in vein network formation (Mattsson et al., 1999; Sieburth, 1999; Scarpella 

et al., 2006; Sawchuk et al., 2013; Verna et al., 2015). 

1.5 Auxin Signaling and Vein Formation 

Once auxin is transported into a cell, it triggers a signal transduction cascade that leads to 

the activation or repression of auxin responsive genes by the transcription factors of the 

AUXIN RESPONSE FACTOR (ARF) family (Chapman and Estelle, 2009). 

When the concentration of cellular auxin is low, the transcriptional repressors of the 

AUXIN/INDOLE -3-ACETIC ACID (AUX/IAA) family interact with ARFs; this prevents 

ARFs from inducing the transcription of their target genes (Mockaitis and Estelle, 2008). 

When the concentration of auxin is high, TRANSPORT INHIBITOR RESPONSE1/AUXIN 

SIGNALING F-BOX PROTEIN (TIR1/AFB) receptor complexes and AUX/IAAs bind 

auxin, thereby forming a TIR1/AFB-auxin-AUX/IAA complex. This association leads to the 

ubiquitination of AUX/IAAs, followed by their degradation by the 26S proteasome. In this 
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way, ARFs are released from inhibition and can induce the transcription of their target genes. 

This model, however, fails to explain the mechanism of action of the ARFs that act as 

transcriptional repressors (Guilfoyle and Hagen, 2007). 

Available evidence suggests that auxin signaling is required for vein formation: 

(1) Expression domains of targets of activating ARFs and expression domains of synthetic 

auxin-responsive promoters overlap with sites of vein formation (Mattsson et al., 2003; 

Donner et al., 2009; Konishi et al., 2015). 

(2) Leaves lacking the function of auxin signaling components or their targets have vein 

defects (Przemeck et al., 1996; Hardtke and Berleth, 1998; Alonso-Peral et al., 2006; 

Strader et al., 2008; Esteve-Bruna et al., 2013). 

1.6 Scope and Outline of the Thesis 

The evidence discussed above suggests that vein patterning is controlled by auxin transport 

and that auxin transport is in turn controlled by PIN1. PIN1 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 tissue expression becomes restricted to 

developing veins (Benkova et al., 2003; Reinhardt et al., 2003; Heisler et al., 2005; Scarpella 

et al., 2006; Hay et al., 2006; Wenzel et al., 2007; Bayer et al., 2009; Sawchuk et al., 2013; 

Marcos and Berleth, 2014). The scope of my M.Sc. thesis was to understand the function of 

PIN1 expression in the different tissues of the leaf in PIN1-dependent vein patterning, and 

what controlled that component of PIN1 expression that is required for PIN1-dependent vein 

patterning. 

The current hypotheses of vein patterning by auxin transport propose that in the 

epidermis of the developing leaf PIN1-mediated auxin transport converges toward peaks of 

auxin level. From those convergence points of epidermal PIN1 polarity, auxin would be 

transported in the inner tissue of the leaf where it would give rise to the midvein and lateral 

veins. In Chapter 2, we tested predictions of this hypothesis and found them unsupported: 

epidermal PIN1 expression is neither required nor sufficient for PIN1-dependent vein 

patterning, whereas inner-tissue PIN1 expression turns out to be both required and sufficient 
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for PIN1-dependent vein patterning. Our results refute all vein patterning hypotheses based 

on auxin transport from the epidermis and suggest alternatives for future tests. 

In Chapter 3, we sought to identify the cis-regulatory element that are required for 

that component of PIN1 expression in the inner tissues of the leaf that is relevant to PIN1-

dependent vein patterning. We found that vascular expression of PIN1 is required for PIN1-

dependent vein patterning and that such vascular expression of PIN1 depends on the 151-bp 

region of the PIN1 promoter from -645 to -495. 

Testing the function in PIN1-dependent vein patterning expression in the different 

tissues of the leaf (Chapter 2) required expression of PIN1 by different promoters. This 

imposed the burden of generating different constructs for different promoter::PIN1 

combinations. This approach could be simplified if GAL4/GFP enhancer-trap lines existed 

in Columbia-0, the genotype of reference in Arabidopsis (Koornneef and Meinke, 2010), 

with which to drive expression of genes of interest in desired cells and tissues of developing 

leaves. Unfortunately, such lines were not available when I started my M.Sc.. In Chapter 4, 

we addressed this limitation and provided GAL4/GFP enhancer-trap lines in the Col-0 

background of Arabidopsis for the identification and manipulation of cells and tissues in 

developing leaves. 

Finally, in Chapter 5 I propose and discuss a hypothesis on the upstream regulators 

of PIN1 functional expression in PIN1-dependent vein patterning. 
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Chapter 2: Vein Patterning by Tissue-Specific Auxin Transport 

2.1 Introduction 

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

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

the vein networks of plant leaves; therefore, how vascular networks form is a key question 

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

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

both of which are precluded in plants by a wall that keeps cells apart and in place; therefore, 

vascular networks form differently in plant leaves. 

How leaf vein networks form is unclear, but available evidence suggests that polar 

transport of the plant signal auxin is non-redundantly required for vein patterning (Mattsson 

et al., 1999; Sieburth, 1999). Such non-redundant functions of polar auxin transport in vein 

patterning in turn depend on non-redundant functions of the PIN-FORMED1 (PIN1) auxin 

transporter (Galweiler et al., 1998; Petrasek et al., 2006; Sawchuk et al., 2013; Verna et al., 

2019; Zourelidou et al., 2014). At early stages of leaf development, PIN1 polar localization 

at the plasma membrane of epidermal cells is directed toward single cells along the marginal 

epidermis (Bayer et al., 2009; Benkova et al., 2003; Hay et al., 2006; Heisler et al., 2005; 

Reinhardt et al., 2003; Scarpella et al., 2006; Wenzel et al., 2007). These convergence points 

of epidermal PIN1 polarity are associated with broad domains of PIN1 expression in the 

inner tissue of the developing leaf, and these broad domains will over time become restricted 

to the narrow sites where the midvein and lateral veins will form. 

Consistent with those observations, the prevailing hypotheses of vein patterning 

propose that convergence points of epidermal PIN1 polarity contribute to the formation of 

local peaks of auxin level in the epidermis, and that that auxin is transported by PIN1 from 

the epidermal convergence points into the inner tissues of the leaf, where it will lead to vein 

formation (reviewed in Prusinkiewicz and Runions, 2012; Runions et al., 2014); see also 

(Alim and Frey, 2010; Hartmann et al., 2019, and references therein). As such, these 

hypotheses predict that epidermal PIN1 expression is required for vein patterning. Here we 
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tested this prediction and found it unsupported: epidermal PIN1 expression is neither 

required nor sufficient for vein patterning; instead, PIN1 expression in the inner tissues turns 

out to be both required and sufficient for vein patterning. Our results refute all the current 

hypotheses of vein formation that depend on polar auxin transport from the epidermis and 

suggest alternatives for future testing. 

2.2 Results and Discussion 

2.2.1 PIN1 Expression During Arabidopsis Vein Patterning 

In Arabidopsis leaf development, the formation of the midvein precedes the formation of the 

first loops of veins (ñfirst loopsò), which in turn precedes the formation of the second loops 

(Kang and Dengler, 2004; Mattsson et al., 1999; Sawchuk et al., 2007; Scarpella et al., 2004; 

Sieburth, 1999) (Fig. 2.1AïC). The formation of second loops precedes the formation of 

third loops and that of minor veins in the area delimited by the midvein and the first loops 

(Fig. 2.1C,D). Loops and minor veins form first near the top of the leaf and then 

progressively closer to its bottom, and minor veins form after loops in the same area of the 

leaf (Fig. 2.1BïD). 

Consistent with previous reports (Bayer et al., 2009; Benkova et al., 2003; Heisler et 

al., 2005; Marcos and Berleth, 2014; Reinhardt et al., 2003; Sawchuk et al., 2007; Sawchuk 

et al., 2013; Scarpella et al., 2006; Verna et al., 2019; Wenzel et al., 2007), a fusion of the 

PIN-FORMED1 (PIN1) open reading frame to YFP driven by the PIN1 promoter 

(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 

basalmost cells, and inner-tissue expression became restricted to developing veins (Fig. 

2.1EïH). 

We asked whether PIN1::gPIN1:YFP expression were recapitulated by the activity 

of the PIN1 promoter. To address this question, we imaged expression of a nuclear YFP 

driven by the PIN1 promoter (PIN1::nYFP) in first leaves 2, 2.5, 3, and 4 days after 

germination (DAG). 
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Figure 2.1. PIN1 Expression During Arabidopsis Vein Patterning. (AïM). Top right: 

leaf age in days after germination (DAG). Abaxial side to the left in (A,E,I). (AïD) Midvein, 

loops, and minor veins form sequentially during leaf development (Kang and Dengler, 2004; 

Mattsson et al., 1999; Sawchuk et al., 2007; Scarpella et al., 2004; Sieburth, 1999); 

increasingly darker grays depict progressively later stages of vein development. Box in (D) 

illustrates position of closeup in (M) and in Figs. 2.2D,J and 2.4D,J. (EïM) Confocal laser 

scanning microscopy with (EïL) or without (M) transmitted light. Bottom left: 

reproducibility index, i.e. no. of leaves with the displayed inner-tissue expression (no. of 

leaves with the displayed epidermal expression) / no. of leaves analyzed. Look-up tables in 
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(EïH) ð ramp in (E) ð and in (IïL) ð ramp in (I) ð visualize expression levels. Green 

arrowheads in (IïL) and yellow arrowhead in (M) point to epidermal expression; white 

arrowhead in (M) points to convergence point of PIN1 polarity. hv, minor vein; l1, first loop; 

l2, second loop; l3, third loop; mv, midvein. Scale bars: (E,I,M) 10 ɛm; (F,J) 20 ɛm; (G,K) 

50 ɛm; (H,L) 100 ɛm. 
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Just like PIN1::gPIN1:YFP (Fig. 2.1EïH), PIN1::nYFP was expressed in all the 

inner cells of the leaf at early stages of tissue development, and over time this inner-tissue 

expression became restricted to developing veins (Fig. 2.1IïL). However, unlike 

PIN1::gPIN1:YFP and PIN1::gPIN1:CFP (Gordon et al., 2007) (Fig. 2.1EïH,M), 

PIN1::nYFP was expressed in very few epidermal cells at the tip of 2-DAG primordia and 

at the margin of 2.5-DAG primordia, and this epidermal expression was very rare (Fig. 

2.1I,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. 2.1KïM). Moreover, these 

PIN1::nYFP-expressing epidermal cells were not those that contributed to convergence 

points of epidermal PIN1 polarity (Fig. 2.1M). 

Because a fusion of the PIN1 coding sequence to GFP driven by the PIN1 promoter 

(PIN1::cPIN1:GFP) was hardly expressed in leaf epidermal cells (Fig. 2.2C,D,I,J), we 

conclude that the already limited activity of the PIN1 promoter in the leaf epidermis is 

suppressed post-transcriptionally by the PIN1 coding sequence and that the leaf epidermal 

expression characteristic of PIN1 is encoded in the geneôs introns. 

2.2.2 Tissue-Specific PIN1 Expression in PIN1 Non-Redundant Functions 

in Vein Patterning 

During leaf development, PIN1 is expressed in all the tissues ð the epidermis, the vascular 

tissue, and the nonvascular inner tissue (Fig. 2.1). We asked what the function in PIN1-

dependent vein patterning were of PIN1 expression in these tissues. To address this question, 

we expressed in the WT and pin1 mutant backgrounds 

(1) PIN1::gPIN1:GFP, which like PIN1::gPIN1:YFP and PIN1::gPIN1:CFP (Fig. 2.1Eï

H,M) is expressed in all the tissues of the developing leaf (Fig. 2.2A,G); 

(2) cPIN1:GFP driven by the epidermis-specific ARABIDOPSIS THALIANA 

MERISTEM LAYER1 promoter (Sessions et al., 1999) (ATML1::cPIN1:GFP) (Fig. 

2.2B,H); 

(3) PIN1::cPIN1:GFP, which is expressed in the leaf inner tissues (Fig. 2.2C,D,I,J) 
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Figure 2.2. Tissue-Specific PIN1 Expression in PIN1-dependent Vein Patterning. (Aï

L). Confocal laser scanning microscopy with (D,J) or without (AïC,EïI,K,L) transmitted 

light; first leaves 4 DAG. Green, GFP expression; red, autofluorescence. Yellow arrowheads 


