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“When you come out of the storm, you won’t be the same person who walked in. That’s what this

storm’s all about” — Haruki Murakami
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ABSTRACT

Plant vascular tissues are supporting and conductive tissues composed of two major components,
xylem and phloem. These tissues transport water, food, hormones and minerals within the plant. In
my thesis work, | used the Arabidopsis root as a model system to study vascular tissue formation.

The first part of my thesis work is focused on the formation of xylem, the water transporting
tissue. In the Arabidopsis root, the xylem is organized as an axis of cell files with two distinct cell
fates: the central metaxylem and the peripheral protoxylem. It has been previously reported that
high and low expression levels of the class Il HD-ZIP transcription factors promote metaxylem
and protoxylem identities, respectively. In this work, we provide evidence that auxin biosynthesis
promotes HD-ZIP 1ll expression and metaxylem formation. We observed that plants with
mutations in auxin biosynthesis genes, such as trp2-12, wei8 tar2, or the quintuple yucca mutant,
as well as plants treated with a pharmacological inhibitor of auxin biosynthesis, show reduced
expression of the HD-ZIP I11 genes accompanied by specific defects in metaxylem formation. We
were able to induce a partial rescue of the metaxylem defects by introducing an endogenous auxin
supply. In addition, some of the patterning defects can be suppressed by synthetically elevating
HD-ZIP 111 expression in the stele of the Arabidopsis root.

The second part of my thesis work is focused on phloem tissue formation. Phloem is the tissue
responsible for long-distance molecular transport and signaling. The conductive components of the
phloem, the sieve elements, rely on specific junctions between the conducting cells in the form of
highly perforated sieve areas. We identified mutations in the CHER1 (CHOLINE TRANSPORTER
LIKE 1) locus of Arabidopsis which result in altered phloem conductivity, reduced sieve pore
density, and defects in sieve pore formation. CHER1 encodes a member of a poorly characterized
choline transporter-like protein family in plants and animals. We provide data showing that CHER1
facilitates choline transport, localizes to the trans-Golgi network, and is associated with the late
stage of phragmoplast formation during cytokinesis. Interestingly, CHERL1 has a sustained, polar
localization in forming sieve plates, which is consistent with its function in the elaboration of the

sieve areas.



1. INTRODUCTION

1.1 PLANT VASCULAR TISSUE SPECIFICATION
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Figure 1 Schematic representation of the plant vascular system. On the right sight a whole plant
picture is presented with blue arrow indicating phloem transport and red arrows — xylem transport.
On the right side the transporting elements of phloem and xylem are presented. Modified from
Ursache et al, 2014.

As part of their adaptation to various environmental conditions, vascular plants have developed a
specialized tissue system, the vascular system, which provides mechanical support and functions
as a delivery system for various resources, such as water, mineral nutrients, sugars and amino acids,
throughout the plant body. The vascular system connects all of a plant’s organs, from the shoot to
the root, and is composed of two tissue types, xylem and phloem (Figure 1). In addition, the

vascular tissues serve as an efficient long-distance communication system, responsible for the



delivery of various signals to coordinate developmental and physiological processes at the whole-
plant level (Lucas et al., 2013).

The development of vascular tissues starts during embryogenesis. At the early globular stage in
Arabidopsis embryos, the cells located inside the protoderm divide and give rise to the ground
tissue precursors and the vascular stem cell initials, the procambium. Later, at the late globular
stage, four procambial cells undergo periclinal divisions resulting in the formation of the future
pericycle and vascular primordium. Subsequently, during the late stages of embryonic development,
the procambium continues to divide until it establishes a radial vascular pattern identical to the one
observed in the post-embryonic primary root (De Rybel et al., 2014). As individual procambial
cells undergo periclinal divisions, they give rise to the procambium tissue, which divides to produce
specialized xylem and phloem. At the same time, some of the procambium cells remain
undifferentiated. These cells, located between the differentiating xylem and phloem, ensure the
continuous formation of vascular tissues in rapidly growing organs such as young roots, stems, and
leaves during primary growth.

The organization of the vascular tissues is distinct in each organ of the postembryonic plant body.
In the root, these tissues form a vascular cylinder, a structure that is surrounded by the radial tissues
— pericycle, endodermis, cortex and epidermis. Xylem develops in the central axis and branches
toward the pericycle, whereas the two poles of phloem develop perpendicular to the xylem axis
(Figure 2).

Cortex Figure 2 Schematic

Endodermis representation of the

Pericycle Arabidopsis thaliana root
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Metaxylem

In the aboveground parts of a seedling, the vascular initials first form and start to differentiate in

the cotyledon mid-veins and cotyledonary nodes; only later does the vasculature progress towards



the hypocotyl and roots to form a continuous network of functional vascular cells (Bauby et al.,
2007).

Two distinct phases of growth and development are characteristic for gymnosperms and many
dicotyledons. During primary development, primary xylem and phloem differentiate from cells that
are derived from the procambium. At this stage, plants increase their biomass mainly in the apical
dimension. After the primary vascular tissues are formed, cambium tissue generated from the
procambium promotes the formation of secondary xylem and phloem, which undergo secondary

growth to increase the biomass of stems and roots in the radial dimension (Ursache et al., 2013).

1.2 XYLEM TISSUE SPECIFICATION AND DIFFERENTIATION

Xylem, the water transporting tissue, differentiates from the procambium during primary
development, as mentioned above. In the Arabidopsis root, 4-5 cell files of xylem vessels are
formed in the central axis of the vascular cylinder (Figure 2). During differentiation, the xylem
vessels develop lignified secondary cell walls and undergo programmed cell death. This leaves
behind a sturdy, lignified and hollow cell wall structure suited for water conduction (Fukuda, 1997;
Oda and Fukuda, 2012). Two types of xylem vessels form in the root — protoxylem and metaxylem.
Protoxylem strands, which develop first, form at the periphery of the xylem axis and have a
characteristic spiral pattern of lignin deposition. The metaxylem is specified later in the center of
the axis; it has wider vessels and is characterized by a reticulate pattern of lignin deposition. The
lignin strengthens the xylem cell walls for water transport and provides support to the stems and
roots.

Xylem development and specification in the Arabidopsis root is hormonally and transcriptionally
regulated (Kondo et al., 2014; Schuetz et al., 2013).

The plant hormone cytokinin has been shown to be involved in the specification of protoxylem
vessels in Arabidopsis roots (Mahonen et al., 2000). The reduction of cytokinin by expressing a
cytokinin degradation enzyme results in the formation of extra protoxylem (Mahonen et al., 2006).
This indicates that the number of protoxylem vessels depends on cytokinin levels. Cytokinin
signaling pathway is initiated by the receptors ARABIDOPSIS HISTIDINE KINASE 2-4 (AHK?2,
AHK3, and CRE1/AHK4/WOL) (Kieber and Schaller, 2014). AHK mutants develop extra
protoxylem files due to the reduced cytokinin sensitivity (Kondo et al., 2011; Mahonen et al., 2006).



Furthermore, the wol mutant exhibits a more severe xylem phenotype, in which phloem cells are
completely lost and only protoxylem vessels are formed in the root stele (Mahonen et al., 2006;

Scheres et al.,, 1995). As described previously, the cytokinin signal is transduced via
phosphotransfer from AHKs to ARABIDOPSIS HISTIDINE PHOSPHOTRANSFER PROTEIN

(AHP). The quintuple AHP mutant ahpl ahp2 ahp3 ahp4 ahp5 exhibits the extra protoxylem

phenotype similar to that of ahk. (Hutchison et al., 2006). All together this indicates that cytokinin

negatively regulates protoxylem specification via AHKs and AHPs. On the other hand, high level

of another important plant hormone, auxin, directly up-regulates the expression of AHP6, a
negative regulator of cytokinin signaling, in the protoxylem vessel position via auxin-responsive

elements in its promoter. AHPG6 differs from other AHP’s, because it lacks the conserved histidine
residue which is required for phosphotransfer (Mahonen et al., 2006). The inhibition of polar auxin

transport blocks AHP6 expression in the protoxylem vessel position, resulting in the loss of
protoxylem vessels (Bishopp et al., 2011a). PIN-mediated polar auxin transport induces AHP6
expression, which in turn attenuates cytokinin signaling at the protoxylem position (Bishopp et al.,

2011b).

The regulation of xylem development and specification involves the action of SHORT ROOT (SHR)
and SCARECROW (SCR), which are members of the GRAS family of transcription factors, and the

Class 1l HD-ZIPs, PHABULOSA (PHB), PHAVOLUTA (PHV), REVOLUTA (REV), ATHBS8 and

CORONA/ATHBA15. Carlsbecker et al (2010) showed that SHR proteins produced in the root
vascular cylinder move to the endodermis layer, where they activate the expression of SCR. SHR

and SCR then form a complex which activates two microRNAs (miR), miR165 and miR166, which

are expressed in the endodermis. Subsequently, miR165/166 move back into the stele to target the

MRNAs of stele-specific HD-ZIP 111 TFs and control the specification of meta- and proto-xylem

(Carlsbecker et al., 2010; Miyashima et al., 2011). The lack of miR-mediated mRNA degradation

leads to increased levels of HD-ZIP 111 expression and the formation of metaxylem in the place of

protoxylem. By contrast, in multiple HD-ZIP 11l knockout mutants, the central metaxylem is

replaced by protoxylem. Moreover, quintuple HD-ZIP Il mutants fail to develop any xylem in the

root (Carlsbecker et al., 2010). Together, these data indicate that high and low expression levels of
the HD-ZIP Ill transcription factors determine the metaxylem and protoxylem identities,

respectively.



The essential role of the HD-ZIP 11 genes in xylem formation has also been demonstrated in other
organisms. Expression of the HD-ZIP 111 genes is induced during xylogenesis in Zinnia mesophyll
cell cultures (Demura et al., 2002; Ohashi-Ito et al., 2002; Ohashi-Ito and Fukuda, 2003). In poplar,
the ectopic expression of a microRNA-resistant version of the Populus REVOLUTA gene induces
xylem formation towards the stem periphery and ectopic cambium formation in cortex layers
(Robischon et al., 2011).

Recently it was reported that the boundary between the procambium domain and xylem axis is
determined by transcription factors called AT-HOOK MOTIF NUCLEAR LOCALIZED
PROTEINs (AHLs). The ahl3 and ahl4 single mutants develop ectopic protoxylem vessels and
ectopic metaxylem vessels in the place of procambium adjacent to the xylem axis. AHLA4 is
produced in the procambium and moves into the xylem axis where it is required for correct
boundary formation between the procambium and the xylem (Zhou et al., 2013). ahl mutants
exhibit altered auxin and cytokinin responses, but the relationship between these proteins and
hormonal control of xylem formation is unclear.

Two NAC-domain transcription factors, VASCULAR-RELATED NAC-DOMAIN6 (VNDG6) and
VND?7, have been shown to be the master regulators of xylem cell fate determination. VND6 has
been reported to promote the differentiation of metaxylem and VND7 to promote protoxylem cell
fate. Furthermore, the ectopic expression of VNDG6 and VND?7 is able to switch the fate of various
cells to metaxylem and protoxylem, respectively (Kubo et al., 2005; Ohashi-Ito et al., 2010;
Yamaguchi et al., 2008). VND6 and VND?7 directly up-regulate the genes involved in the processes
essential for xylem tissue maturation, such as programmed cell death and secondary cell-wall
thickening (Ohashi-Ito et al., 2010; Yamaguchi et al., 2011).

1.3 PHLOEM DEVELOPMENT

The phloem tissue in plants can be thought of as analogous to the networks of the circulatory and
nervous systems found in animals. In plants, phloem is the tissue that carries photosynthetic
products, hormones, proteins and miRNAs throughout the body. Primary phloem consists of
conductive sieve elements (SE) and their neighboring companion cells (CC). At the interface
between individual SE are the sieve plate areas with multiple sieve pores, perforations which

facilitate the movement of various macromolecules (Figure 3).



Both SE and CC originate from phloem precursor cells in the procambium. However, the SE
undergo dramatic changes in their morphology, unlike the CC. During maturation, the SE
experience degradation of their nucleus, vacuoles, rough endoplasmic reticulum (ER) and Golgi.
These changes all help to establish an efficient route for trafficking through the SE. Unlike xylem,
SE cells remain living, as they retain a plasma membrane and some of their organelles, such as the
smooth ER, mitochondria and plastids.

The maturation and survival of SE requires a close developmental and functional association with
their neighboring CC (Esau, 1950; Sjolund, 1997; Wu and Zheng, 2003).

The CC and SE are connected with each other by numerous branched plasmodesmata (PD) located
on the lateral cell walls in specialized areas known as lateral sieve areas. By traversing the wall
between SE and CC, PD allow communication between them and supply the mature and enucleate

SE with energy, assimilates and macromolecular compounds, such as proteins and RNA (Baker et

al., 2013).
A
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Figure 3 A graphical image showing the developmental stages of phloem sieve element maturation;
modified from Ursache et al (2014).



The PD develop in the newly forming walls of dividing SE and CC, though they can also form
across existing walls. Each PD consists of a plasma membrane-lined channel at the center of which
is found an appressed form of ER, the desmotubule. The space between the plasma membrane (PM)
and the desmotubule (DT) is referred to as the cytoplasmic annulus or symplastic space. This space
serves as a channel through which various molecules can diffuse from cell to cell. Proteins located
on the ER lumen and plasma membrane divide the symplastic space into smaller microchannels
which have the ability to dilate significantly in order to allow the passage of larger molecules
(Benitez-Alfonso, 2014; Maule et al., 2011). It has also been proposed that the desmotubule may
act as a pathway for the intercellular movement of certain molecules through PD, though it is not
the main route for plasmodesmatal transport (Cantrill et al., 1999). Furthermore, certain proteins,
such as chaperones, have been suggested to localize at the DT lumen, where they unfold the
macromolecules passing through PD and allow them to fit through the narrow passage (Lucas et
al., 2001).

PD also form in the sieve plates, where they connect the cytoplast of adjacent SE. During
development, the PD in sieve plates undergo significant structural changes. One of the critical
factors initiating these changes is callose, a f1,3-glucan which is normally deposited around the
PD. During the late stages of SE development, when the nucleus and most of the cell’s organelles
are degraded, callose is removed from the necks of PD, leading to a significant increase of the PD
lumen. Recent studies have demonstrated that two callose synthases, CALS3 and CALS7, are
involved in depositing callose at the neck region of the PD, thus regulating the PD size exclusion
limit (Vaten et al., 2011; Xie et al., 2011).

Finally, the process of sieve pore formation is complete when the DT disintegrates and the pore
becomes completely open. The exact mechanism of sieve pore formation from PD remains elusive
and awaits further investigation. Several studies have provided evidence that the sieve pores are
essential in determining the transport velocity of phloem contents and have a major impact on the
resistance inside the sieve tube. It is predicted that phloem conductivity is highly dependent on the
density, length and diameter of the sieve pores (Thompson, 2006; Thompson and Holbrook, 2003).
Phloem SE and CC differentiation is one of the least understood developmental processes in plants.
One of the key players in phloem development is ALTERED PHLOEM DEVELOPMENT (APL),
a MYB transcription factor which has been shown to play an essential role in SE and CC
differentiation. Loss of APL function in the apl mutant results in the absence of phloem SE and CC



(Bonke et al., 2003). Additionally, apl mutants develop ectopic xylem vessel-like cells, hybrids
between xylem and phloem, at the phloem poles (Truernit et al., 2008). Ectopic expression of APL
in the vascular bundles inhibits the formation of xylem. Together, these findings indicate that APL
possesses two roles: one is to promote phloem differentiation and the other is to repress xylem
differentiation (Bonke et al., 2003). Recently a regulatory mechanism was discovered where APL
is transcriptionally targeting another transcription factor, NAC45, which in turn orchestrates
several phloem SE-specific processes, such as SE enucleation, perinuclear organelle clustering and
cytosol degradation (Furuta et al., 2014).

Another important player involved in phloem differentiation is OCTOPUS (OPS). OPS, a polarly
localized membrane-associated protein of unknown function, has been shown to be initially
expressed in the provascular cells at the heart stage of embryogenesis. Later, during vascular tissue
differentiation, it becomes restricted to the phloem cell lineage (Bauby et al., 2007; Truernit et al.,
2012). OPS expression is detected earlier than APL, in the phloem and procambium initials near
the QC. The loss of function of OPS results in reduced cotyledon vein complexity and
discontinuous protophloem formation, leading to impaired long-distance transport. In ops, the file
of protophloem cells with thickened cell walls is interrupted by cells that have not undergone the
characteristic cell wall thickening. By contrast, overexpression of OPS leads to accelerated phloem
differentiation and increased cotyledon vein complexity (Truernit et al., 2012). These phenotypes
all indicate that OPS is involved in the process that leads to the differentiation of a continuous
phloem network.

Another transcription factor that affects vascular stem cell activity and phloem formation was
recently identified. HCA2 (HIGH CAMBIAL ACTIVITY2) has been shown to be highly expressed
in the cambium, phloem and interfascicular parenchyma. Ectopic expression of HCA2 causes the
upregulation of phloem and cambium marker genes. However, HCA2 seems to act mainly as a
transcriptional activator promoting the formation of interfascicular cambium. When HCA2 was
suppressed, the arrest of interfascicular cambium formation was observed with no major phenotype
in phloem formation (Guo et al., 2009).

LATERAL ROOT DEVELOPMENT 3 (LRD3) is another important gene which regulates early
phloem development and controls phloem transport. It encodes a LIM-domain protein of unknown
function. It is expressed specifically in the CC, and loss of LRD3 function leads to a reduction of
callose levels in the root meristem, early SE, and the PD that connect CC to SE. In addition, the



unloading of pSUC2::GFP and carboxyfluorescein diacetate (CFDA) dye at the root tip is severely
limited in Ird3 roots, suggesting reduced phloem delivery to the root tip. Interestingly, exogenous
auxin treatment is able to rescue the defects in phloem development and unloading in Ird3 roots,

suggesting that auxin plays an important role in early phloem development (Ingram et al., 2011).

1.4 AUXIN TRANSPORT AND SIGNALING

Auxin is a small signaling molecule which is required for nearly every aspect of the plant growth
and development, including embryonic formation of the apical-basal axis, vascular development,
postembryonic organogenesis, tropistic growth, fruit development, stress response, senescence,
and apical dominance (Zhao, 2010). Experiments performed by Charles Darwin and his son,
Francis, on phototropic bending of canary grass and oat coleoptiles led to the discovery of this plant
hormone. The Darwins suggested that a mobile “influence” produced at the tip of the coleoptile
moves to the bending or differentially growing region and causes the coleoptile to grow towards
light (Darwin, 1880). The compound was later identified and named auxin (from the Greek word
“auxein” which means “to grow”) (Went 1928).

Indole-3-acetic acid (IAA), the most abundant naturally occurring auxin, regulates various aspects
of plant development by modulating the transcription of auxin responsive genes to control the
balance between cell division, elongation, and differentiation. An important advance in our
understanding of how IAA affects the expression of various genes was the identification of the
TRANSPORT INHIBITOR RESPONSE1/AUXIN SIGNALING F-BOX (TIR1/AFB) nuclear
receptors, members of the F-box family of proteins. When bound to 1AA, TIR1/AFBs form a
complex with AUXIN RESISTANT/INDOLE- 3-ACETIC ACID INDUCIBLE (Aux/IAA)
repressor proteins. At low auxin levels, the Aux/IAA proteins, together with the transcriptional co-
repressor TOPLESS (TPL), bind to and inhibit the transcriptional activity of the auxin response
factors (ARFs), a group of transcription factors that regulate auxin responsive genes. High auxin
levels promote the formation of the TIR1I/AFB-IAA-Aux/IAA complex which, in turn, targets the
Aux/IAA proteins for degradation (Hayashi, 2012). This frees the ARFs to bind to genes containing
auxin response elements in their promoters, thus activating or repressing their transcription.

An alternative signaling pathway that does not involve transcriptional regulation has also been
proposed. This pathway has been suggested to act through ABP1, a putative auxin receptor located



at the lumen of the endoplasmic reticulum (ER) and partially secreted to the cell walls. ABP1 was
identified as an auxin binding protein (Timpte, 2001) and, as shown in several studies, it plays an
essential role in early embryogenesis, root development, leaf expansion, cell morphogenesis, and
the subcellular distribution of the PIN auxin efflux carriers. The molecular function of ABP1 and
its associated players has been recently demonstrated (Robert et al., 2010; Xu et al., 2014). The
actions of the canonical TIR1/AFB pathway and the proposed transcription-independent ABP1
pathway can be coordinated to regulate gene transcription (Tromas et al., 2013).

The regulation of cellular processes by auxin signaling is highly dependent on auxin levels. Both
auxin metabolism and cell-to-cell auxin transport contribute to the spatiotemporal distribution of
auxin. Auxin movement from cell to cell is carried out by auxin influx and efflux carriers located
at the plasma membrane. The most predominant auxin, IAA, is protonated in the apoplast and is
able to diffuse into cells. However, the difference in pH between apoplast (pH 5.5) and cytosol (pH
7) causes IAA to become deprotonated in the cytoplasm, after which it can no longer diffuse out
of the cell. Efficient cell-to-cell auxin movement therefore requires directed and active efflux out
of cells (Benjamins and Scheres, 2008).

Three major families of auxin carriers have been reported so far. The AUXIN-RESISTANT1
(AUX1)/AUX1-LIKE (LAX) proteins are the auxin influx carriers, while the PINFORMEDs
(PINSs), together with ATP-binding-cassette B (ABCB)/P-glycoproteins (PGP), are responsible for
auxin efflux (Grunewald and Friml, 2010). Recently, a study described a new group of proteins,
the PIN-LIKES (PILS), as auxin transporters mediating intracellular auxin transport (Barbez et al.,
2012). The PIN proteins are particularly critical in defining the directionality of auxin flow and the
formation of local auxin gradients. These proteins are asymmetrically localized on the plasma
membrane and have the ability to dynamically change their intracellular distribution in response to

developmental and environmental signals (Grunewald and Friml, 2010).

1.5 AUXIN BIOSYNTHESIS AND ITS ROLE IN PLANT DEVELOPMENT

Auxin homeostasis has a major impact on plant growth and development. However, auxin
production and degradation remain poorly understood.

Traditionally, auxin has been thought to be produced primarily in the aerial parts of the plant, from
where it is delivered to the rest of the body (Ljung et al., 2001). However, local auxin biosynthesis
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has been shown in other tissues, such as the meristematic region of the root tip (Ljung et al., 2005),
where it has a major developmental impact. Many genes involved in auxin (IAA) biosynthesis are
strongly expressed in the root apical meristem, where the highest auxin concentration has been
detected (Ljung et al., 2005). Together with polar auxin transport, local auxin biosynthesis is
involved in the formation of an auxin gradient within the root apex (Petersson et al., 2009). In the
root, auxin biosynthesis plays an essential role in processes such as cell division, differentiation,
and elongation, as well as lateral root initiation and development (Overvoorde et al., 2010).

IAA can be produced via tryptophan (Trp)-independent and Trp-dependent pathways. The Trp-
independent auxin biosynthesis pathway is not well characterized, and its biological relevance is
unclear. Evidence for its existence consists primarily of feeding studies using labelled 1AA
precursors and different tryptophan biosynthesis mutants in Arabidopsis and maize. Although little
is known about the intermediates in the proposed Trp-independent pathway, indole and indole-3-
glycerol phosphate (IGP) have been suggested to act as potential precursors for IAA synthesis in
the absence of L-Trp (Chandler, 2009; Normanly et al., 1993; Zhao, 2010).

Trp-dependent 1AA biosynthesis is better characterized and has been shown to be the
developmentally important source of auxin. The Trp-dependent auxin biosynthesis pathways can
be divided into the indol-3-yl pyruvic acid (IPA), indole-3-acetamide (IAM), tryptamine (TAM)
and indole-3-acetaldoxime (IAOx) pathways (Korasick et al., 2013). Although many components
have already been discovered, debates about the auxin production routes in the Trp-dependent
pathways still continue.

Four main putative Trp-dependent routes contribute to auxin biosynthesis in plants, and they are
defined by the first metabolic intermediate produced from Trp:

1. The indole-3-pyruvic acid (IPyA) pathway.

This two-step pathway seems to be the major source of IAA in plants. Here, the tryptophan
aminotransferase TAA1l and its homologues TAR1 and TAR2 convert L-Trp into IPyA.
Subsequently, the YUCCA enzymes synthesize IAA from IPyA (Stepanova et al., 2008; Stepanova
etal., 2011; Won et al., 2011) (Figure 4). In addition, indole-3-acetaldehyde (IAAId) is thought to
be an intermediate in this pathway (Mashiguchi et al., 2011; Normanly, 2010).

The TAA1 gene (also known as WEI8) was identified simultaneously in two independent screens,
one for shade avoidance (Tao et al., 2008) and the other for root-specific ethylene sensitivity
(Stepanova et al., 2008). The level of IAA in wei8 tar2 double mutants, mutated in both TAA1 and
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its close homologue TAR?2, is strongly reduced, causing defects in root gravitropism, root meristem
maintenance, apical hook formation and gynoecium development (Stepanova et al., 2008).
Moreover, treatment with L-kynurenine (L-Kyn), a compound that specifically inhibits
TAAL/TAR activity, phenocopies the defects observed in wei8 tar2 mutants (He et al., 2011).
The YUCCA genes have been demonstrated to be important for the development of the Arabidopsis
embryo, leaf (Cheng et al., 2007; Wang et al., 2011), vasculature, flower (Cheng et al., 2006), and
fruit (Eklund et al., 2010), as well as phyllotaxis (Pinon et al., 2013). They also play an important
role in normal development and the response to various stress conditions in other plant species,
such as rice, maize and potato (Bernardi et al., 2012; Gallavotti et al., 2008; Kim et al., 2013;
Ohashi-Ito et al., 2002; Yamamoto et al., 2007).

Indole

TSB1, TSB2

L-tryptophan (L-Trp)

TAA1/TAR’s

Indole-3-pyruvic acid (IPyA)

YUCCA

Indole-3-acetic acid (IAA)

Figure 4 The main Trp-dependent auxin biosynthesis pathway; see Korasick et al. (2013) for more

detailed information on auxin biosynthesis pathways.

Recently, Chen and colleagues (Chen et al., 2014) demonstrated that a group of YUCCA genes
(YUC3, YUCS5, YUC7, YUCS8 and YUC9) are essential for Arabidopsis root development. These
genes are specifically expressed in the root and inactivation of all five genes (yucQ) results in
reduced auxin levels and agravitropic root growth. The yucQ mutant phenotype is rescued on media

supplemented with auxin or by overexpressing a YUC gene in yucQ shoots. This suggests that local
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root-based auxin production is critical to maintain sufficient auxin levels for proper root
development.

2. The indole-3-acetamide (IAM) pathway

IAM has been found in many plant species, including Arabidopsis, maize, rice and tobacco (Novak
et al., 2012; Sugawara et al., 2009). IAM hydrolases, enzymes which catalyze the conversion of
IAM into IAA, have been isolated from Arabidopsis and tobacco (Nemoto et al., 2009; Pollmann
et al., 2006). The iaaM/iaaH genes from Agrobacterium tumefaciens have been widely used to
create endogenous auxin sources in different plant species.

3. The tryptamine (TRA) pathway

TRA is found in low levels in pea and Arabidopsis. It has been suggested that tryptophan
decarboxylases (TDCs) catalyze the conversion of L-Trp into TRA (Mano and Nemoto, 2012).
How exactly TRA is converted into IAA and which enzymes are catalyzing this step, is currently
unknown.

4. The indole-3-acetaldoxime (IAOXx) pathway

In this pathway, the cytochrome P450 monooxygenases CYP79B2 and CYP79B3 catalyze the
conversion of L-Trp to IAOx, the common precursor for camalexin, indole glucosinolates and IAA
(Sugawara et al., 2009).

Indole-3-acetonitrile (IAN) is a putative IAA precursor that is synthesized from IAOx (Sugawara
et al., 2009) and is found in very high concentrations in Arabidopsis tissues (Novak et al., 2012;
Sugawara et al., 2009). Nitrilases (NITs) have been suggested to convert IAN into IAA (Normanly
et al., 1997; Park et al., 2003), but conclusive evidence for the role of these genes in IAA
biosynthesis is still missing.

In addition to above compounds, indole-3-butyric acid (IBA) has been suggested to function as an
IAA precursor and to have a significant impact on Arabidopsis seedling development. It undergoes
peroxisomal B-oxidation to form IAA (Strader and Bartel, 2011).

The levels of IAA are regulated not only by de novo synthesis, but also by conjugation and
degradation. The function of auxin conjugates and their effect on plant development remains
unclear, though they have been found to be stored in seeds. Genes involved in IAA conjugation
include members of the auxin-inducible GH3 family of amido-synthases and amido-hydrolases.

The major products of IAA degradation are 2-oxoindole-3-acetic acid (0xIAA) and oxIAA-glucose
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(oxIAA-GlIc) (Korasick et al., 2013). However, the genes involved in 1AA catabolism have not

been identified so far.

1.6 METABOLISM AND TRANSPORT OF CHOLINE

Choline is a water soluble quaternary ammonium compound. It is needed to synthetize the major
membrane lipid, phosphatidylcholine, and so is an essential compound in plants and other
eukaryotes. Choline is an essential nutrient for humans and is required for the normal function of
all of our body’s cells, the brain and nervous system, liver function and the transport of nutrients
throughout the human body.

Choline is also found in homogenized tissues of a variety of plants. The biosynthesis pathway of
choline in plants is different from what has been described in other eukaryotes. The key enzyme in
the plant choline synthesis pathway is phosphoethanolamine N-methyltransferase (PEAMT),
which catalyzes the three methylation steps required to convert phosphoethanolamine into
phosphocholine (Cruz-Ramirez et al., 2004; Datko and Mudd, 1988; Nuccio et al., 2000).
Phosphocholine, in turn, can be dephosphorylated to free choline, as observed in some plant species,
such as spinach (Summers and Weretilnyk, 1993), or incorporated into phosphatidylcholine and
then metabolized to free choline, as observed in tobacco and Arabidopsis (Cruz-Ramirez et al.,
2004; McNeil et al., 2000). Free choline can also be directly phosphorylated by a choline kinase to
produce phosphocholine.

XIPOTL1 (XPL1), a gene encoding a PEAMT in Arabidopsis, has been previously identified and
shown to be important for proper root development. Mutation of XPL1 causes various defects in
root development, such as increased lateral root formation, a reduced number of root hairs, and cell
death in the root epidermis (Cruz-Ramirez et al., 2004). This indicates that the PEAMT-dependent
phosphocholine biosynthesis pathway plays an important role in root development and that the
components of this pathway act as signals for cell integrity.

Another important compound produced from choline is glycine betaine, which plays a significant
role in the response to various environmental stress conditions, such as high levels of salts and low
temperatures. However, plant species vary in their capacity to synthesize glycine betaine. Some
plants, such as spinach and barley, accumulate high levels of glycine betaine, while others, such as
Arabidopsis and tobacco, do not synthesize this compound (Weretilnyk et al., 1989).
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Several studies indicate the involvement of another choline-derived metabolite, acetylcholine, in
various developmental processes in plants. In many animals, including humans, acetylcholine acts
as a neurotransmitter. The presence of acetylcholine and enzymes involved in acetylcholine
synthesis and decomposition has been detected in a variety of plants (Momonoki, 1992; Momonoki
etal., 1998; Wessler et al., 2001). For example, acetylcholinesterase is suggested to be involved in
a myriad of physiological processes in plants, such as heat tolerance, phytochrome signal
transduction (Jaffe, 1970), regulation of the stomatal aperture (Madhavan et al., 1995),
gravitropism (Momonoki, 1997), germination (Beri and Gupta, 2007), and root development
(Bamel et al., 2007).

It was recently demonstrated that free choline and some choline-derived metabolites are released
by germinating seeds and move to the extracellular space to affect the interaction of plants and
plant-associated microbes, such as P. syringae. The extracellular release of these compounds
allows their interception and exploitation by plant-associated microbes, providing a selective
advantage for microbes that are adapted to maximally exploit choline (Chen et al., 2013).

In animals, a number of studies have demonstrated that inter- and intracellular choline transport is
performed by different transporter systems which can be divided in three major groups:
polyspecific organic cation transporters (OCTs) with a low affinity for choline, high affinity
choline transporters (CHTs) and the intermediate-affinity choline transporter like proteins (CTLS)
(Traiffort et al., 2005). Our knowledge concerning choline transport in plants is very limited. Early
studies using isotope-labeled choline indicated that the compound can be transported into plant
cells by carriers. Furthermore, phosphocholine, a choline derivative, is found in xylem exudate
(Gout et al., 1990). This organic phosphate ester might serve as storage for phosphate and nitrogen,
and it is distributed throughout the plant by the vascular system. The idea that choline can be taken
up from the media and distributed within the plant is further supported by the observation that
externally supplied choline can rescue the developmental defects of the xipotl choline biosynthesis
mutant (Cruz-Ramirez et al., 2004). In addition, choline can be transported by the proline
transporter BvBet/ProT1, which is specifically expressed in phloem and xylem parenchyma of
sugar beet (Yamada et al., 2011).
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2. AIMS OF THE STUDY

Two genetic screens based on pAtSUC2::GFP and pAHPG6::GFPer misexpression were conducted
in our laboratory to find novel regulators of vascular development in Arabidopsis. The screens
resulted in the identification of the trp2-12, trp2-13, cher1-1, cher1-2 and cher1-3 mutants with an
altered vascular phenotype. The trp2-12 and trp2-13 mutants show defects in metaxylem
specification, whereas the cherl-1 and cherl-2 mutations result in altered phloem transport and
abnormal formation of sieve plates and sieve pores.
The specific aims of the study were:

1. To identify the genes behind the trp2-12, trp2-13, cherl1-1 and cherl-2 phenotypes;

2. To understand how auxin biosynthesis regulates HD-ZIP 11l expression and metaxylem

specification.
3. To understand the role of CHER1 and choline transport in phloem development,

specifically in sieve plate and sieve pore formation.
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3. MATERIALS AND METHODS

The materials and methods used are described in the corresponding publications. The methods used
in this study are summarized in Table 1 with references to the publications in which they have been

used.

Table 1 Methods used in this study. Those in brackets were used by co-authors in the indicated

publications.

Method Publication
Ethyl methane sulfonate (EMS) mutagenesis n, (1
Mutant screen based on molecular marker misexpression (M, (1

Gene identification through positional cloning I, 1
DNA sequencing I, 1
Whole genome Illumina sequencing ()]
Phylogenetic analyses I, 1
Genetic crossing of Arabidopsis I, 11, 11
Polymerase chain reaction (PCR) analysis I, 11, 11
Plasmid construction I, 11, 1
Agrobacterium mediated transformation of Arabidopsis I, 11, 1
Histological sectioning of plastic embedded samples I, 1
Fuchsin staining I, 11, 11
Light microscopy I, 1, 11
Confocal light microscopy I, 1, 1l
Histological staining of GUS activity I, 1
4',6-diamidino-2-phenylindole (DAPI) staining I

In situ RNA hybridization I

Serial block-face scanning electron microscopy (SBEM) ()]

3D reconstruction of confocal stack images I

Xenopus oocyte uptake assay ()]
Structural Electron Microscopy (SEM) (1
Immunogold labelling ()]

17



4. RESULTS AND DISCUSSION

4.1 FORWARD GENETICS SCREENS TO IDENTIFY NOVEL REGULATORS OF
VASCULAR DEVELOPMENT IN ARABIDOPSIS THALIANA

To identify novel regulators of plant vascular tissue specification, we carried out two independent
ethyl methanesulfonate (EMS) mutagenesis screens based on misexpression of two vascular-
specific molecular markers, pSUC2::GFP and pAHP6::GFPer. The Arabidopsis SUC2 gene
encodes a sucrose transporter which is expressed in the phloem companion cells and is essential
for the loading of sucrose into phloem sieve elements and its long-distance transport. The free and
mobile version of GFP expressed under the control of the companion cell-specific pSUC2 promoter
moves into the sieve elements, gets transported rootwards, and is unloaded symplastically in the
root tip (Stadler et al., 2005).

AHP6 encodes a pseudo-phosphotransfer protein which counteracts cytokinin signaling and allows
the formation of protoxylem. Endoplasmic reticulum (ER) targeted pAHPG6::GFPer is expressed
in a highly specific pattern associated with protoxylem (Mahonen et al., 2006). Furthermore, the
expression of pAHP6::GFPer has been shown to be promoted by auxin transported via the phloem
(Bishopp et al., 2011b).

Both screens resulted in the isolation of several mutants with altered vascular development
(Publications I and I1). In my thesis work, I identified and characterized two of the isolated mutants.
This allowed me to uncover novel genes and pathways critical for proper vascular tissue

differentiation.

4.2 FROM AUXIN BIOSYNTHESIS TO DEVELOPMENTAL EVENTS

Several mutant seedlings that failed to unload GFP into the root tip were isolated from the
pSUC2::GFP screen. Two of the mutants, trp2-12 and trp2-13, exhibited an obvious and severe
phenotype which included agravitropic root growth and small leaves with dark venation. A detailed
examination of root xylem axis in these mutants revealed defects in xylem patterning. In the
vascular cylinder of wild-type Arabidopsis roots, the xylem axis consists of two central metaxylem

(MX) files flanked by two protoxylem (PX) poles. The identified mutants differed from wild-type,
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exhibiting severely impaired MX formation. These mutant roots either lacked MX or formed
discontinuous MX files. Consistent with a MX-specific vascular phenotype, expression of the PX-
specific marker pAHP6::GFPer was unaffected in trp2-12 roots, whereas expression of the
MX/procambium marker pACAULIS5 (pACL5)::GFPer (Muniz et al., 2008) was severely reduced
or absent. To identify the mutation causing such severe changes in MX specification, we used PCR-
based positional cloning to establish a mapping window containing several potential candidate
genes. Subsequent sequencing of the candidate genes led to the identification of point mutations
for two alleles in the At5g54810 locus, which encodes TRYPTOPHAN SYNTHASE BETA-
SUBUNIT 1 (TSB1/TRP2). As Trp is a precursor for auxin biosynthesis and TSB1 is specifically
responsible for the conversion of indole into tryptophan, we next analyzed whether the auxin
response might be altered in trp2-12 seedlings. As we expected, the auxin signaling reporters
pDR5::GFPer and plAA2::GFP/GUS were detected at reduced levels in the root meristem and
xylem axis of trp2-12 seedlings. Based on these observations, we speculated that Trp biosynthesis
or Trp-dependent auxin biosynthesis might play an important role in metaxylem specification
(Publication I).

Trp is a precursor not only for auxin, but also for a variety of other compounds essential to plant
life. To check if the MX-specific defects were directly due to a reduction in Trp synthesis or
resulted from reduced Trp-derived IAA production, we decided to check if other mutants in the
Trp-dependent auxin biosynthesis pathway exhibited similar defects in metaxylem specification.
We screened the Arabidopsis eFP Browser (Winter et al., 2007) to find genes expressed in the root
tip and found complex expression patterns of genes involved in Trp-dependent auxin biosynthesis,
with several being preferentially expressed in the quiescent center and its surrounding tissues. We
decided to investigate whether the TAAL (WEI8), TAR2 and YUCCA genes might function in
vascular tissue development, as TAAL/TAR and YUCCA act downstream of TSB1 in the same
biosynthetic pathway. We checked the status of xylem formation in the combinatorial mutants of
both the TAAL/TAR and YUCCA genes, the double mutant wei8 tar2 (mutations in both TAA1 and
TAR2) and the multiple combinatorial mutant yuccaQ (mutations in YUCCA3, YUCCAS5, YUCCA?7,
YUCCAS8 and YUCCADY). Interestingly, while PX formed properly at the peripheral position of the
xylem axis in wei8 tar2 and yuccaQ, ectopic PX formation was observed in the central MX position.
In addition, we observed a dramatic reduction of pACL5::GFPer expression in the wei8 tar2
mutant. These observations suggest that Trp-dependent auxin biosynthesis via the TAAL/TAR-
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YUCCA pathway in the non-vascular tissues is required for MX differentiation in the central
domain of the xylem axis in the Arabidopsis root (Publication I).

L-Kynurenine (Kyn), a recently discovered auxin biosynthesis inhibitor, acts as an alternate
substrate for TAAL/TAR and competitively blocks the activity of these enzymes. To test whether
we could pharmacologically block MX differentiation and mimic the wei8 tar2 phenotype, we
treated wild-type seedlings with Kyn. Following Kyn treatment, we observed a reduction of
pPACL5::GFPer expression, reduced auxin perception and elevated levels of the auxin-
downregulated reporter DII-VENUS (Brunoud et al., 2012) in the xylem axis, confirming the
inhibitory effect of Kyn on auxin biosynthesis. As we expected, Kyn mimics the wei8 tar2
phenotype and leads to the conversion of MX into PX in the central domain of xylem axis, where
MX normally develops. Altogether, these results suggest that the xylem phenotype in wei8 tar2
and Kyn-treated plants is due to a reduction of auxin levels in the xylem axis.

To further confirm that reduced auxin levels cause the conversion of MX into PX, we generated
several transgenic lines expressing the bacterial auxin biosynthesis gene iaaH. We cloned iaaH
under promoters specific for the root meristem (pTSB1::iaaH) and QC (quiescent center)
(pPWOX5::XVE>>iaaH). We observed reduced responsiveness to Kyn when seedlings were
additionally supplied with the substrate of IAAH, IAM (indoleacetamide). This suggests that iaaH-
mediated endogenous auxin production can restore sufficient auxin levels to maintain MX
formation under conditions inhibiting the TAAL/TAR auxin biosynthetic pathway.

Interestingly, none of the analyzed genes have metaxylem specific expression. TSB1 and its
homologous genes are expressed in the ground tissue initials cells (Publications | and 1ll), the
ground tissue and the columella. TAAL is strongly expressed in the QC and the protoxylem. The
expression of TAR2 comes very late in the elongation zone. The analyzed root-specific YUCCA
genes are mostly expressed in QC and its surrounding region (Publication I). The difference
between the expression domain of these genes and their place of action, the metaxylem, suggests
the need for an efficient transport system to distribute auxin and its precursors in order to maintain

proper metaxylem formation.
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4.3 TRP-DEPENDENT AUXIN BIOSYNTHESIS VIA THE TAA-YUCCA PATHWAY IS
REQUIRED FOR PROPER HD-ZIP |1l EXPRESSION AND METAXYLEM
SPECIFICATION

The HD-ZIP 111 family of transcription factors plays a critical role in a variety of developmental
processes essential to plant life. One such process is xylem differentiation. As explained in the
introduction, the dosage of HD-ZIP 111 determines whether xylem cells will become metaxylem or
protoxylem. A high dose of HD-ZIP 111 specifies metaxylem and low dose protoxylem (Carlsbecker
etal., 2010).

Given that our auxin biosynthesis mutants could all form PX but not MX, we wondered whether
they had lower HD-ZIP 111 levels in the xylem. Indeed, we discovered reduced transcript levels of
PHB, AtHB8, AtHB15 and PHYV in root tips of the trp2-12 mutant and Kyn-treated plants. These
findings led us to propose a model wherein auxin regulation of the activity of the HD-ZIP 111 genes
leads to lower HD-ZIP 111 levels following inhibition of auxin biosynthesis, and the reduced HD-
ZIP 111 activity results in protoxylem formation. In Kyn-treated plants and the trp2-12 mutant, the
level of auxin and thus HD-ZIP Il is not sufficient to maintain proper MX formation.

Several gain of function mutants, such phb-7d and phb-1d, have been shown to have increased HD-
ZIP 111 expression levels as a result of mutations in the miRNA165/166 targeting sites. These
mutations allow the HD-ZIP 111 to escape miRNA165/166-mediated degradation, resulting in the
upregulation of the HD-ZIP 111 gene in the stele. As these mutants exhibit high HD-ZIP 111 levels,
they develop ectopic metaxylem (Carlsbecker et al., 2010). We used these mutants as a tool to
check our model by testing whether the ectopic MX phenotype of the phb7-d mutant could be
reverted by inhibiting auxin biosynthesis with Kyn. We observed a partial rescue of PX
development in phb7-d mutants after Kyn treatment (Publication I). This supports our hypothesis
that Trp-dependent auxin biosynthesis controls xylem specification by regulating the activity of
the HD-ZIP 111 genes.
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4.4 AUXIN BIOSYNTHESIS AND AUXIN TRANSPORT: BOTH ARE ESSENTIAL, BUT
THEY HAVE DIFFERENT EFFECTS ON XYLEM SPECIFICATION

As described above, all of our identified auxin biosynthesis mutants exhibit MX-specific defects:
trp2-12 forms protoxylem but fails to form metaxylem, and the wei8 tar2 and yuccaQ mutants form
ectopic PX in place of MX (Publication I). By contrast, it has been previously shown that inhibition
of polar auxin transport (PAT) by NPA only affects cells at the PX position and does not have an
effect on MX. Seedlings treated with NPA often lack PX or develop incomplete PX files (Bishopp
et al., 2011a). This is an interesting observation, because it suggests a functional and spatial
separation between auxin biosynthesis and PAT in xylem type specification (Publication II1). The
metaxylem position seems to be more dependent on changes in auxin levels produced via the Trp-
dependent pathway, whereas PX requires active auxin transport to maintain its identity (Figure 5).
Such a separation could be partially due to spatially isolated regulatory pathways for MX and PX.
PX formation is dependent on an auxin-cytokinin regulatory loop. In this loop, AHP6, a cytokinin
signaling inhibitor, is promoted by auxin actively delivered by the PIN auxin transporters. In turn,
AHP6 inhibits cytokinin signaling and allows PX to form. At the same time, AHP6 acts
downstream of the HD-ZIP 111 genes, since in multiple HD-ZIP 111 mutants ectopic PX is formed
followed by expansion of the AHP6 domain (Bishopp et al., 2011a; Carlsbecker et al., 2010). By
contrast, the MX position lacks AHP6 expression, and the fact that NPA removes only PX suggest
that MX is less dependent on active PAT and more dependent on a different transport system. In
addition, the formation of PX and MX might be highly dependent on the levels of IAA and HD-
ZIP 111 in the stele. Since PX formation requires only a low dose of HD-ZIP |11, the level of auxin
in the xylem axis after the inhibition of IAA biosynthesis might still be sufficient to maintain PX
formation. MX, on the other hand, requires higher dose of HD-ZIP 111 and therefore might be very

sensitive to even subtle changes in IAA levels.
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Figure 5 Proposed functional separation between Trp-dependent auxin biosynthesis and polar

auxin transport in xylem specification.

45 CHER1 (CHOLINE TRANSPORTER RELATED 1) - A NOVEL REGULATOR OF
PHLOEM SIEVE PLATE AND SIEVE PORE DEVELOPMENT

In the second project of this thesis, we carried out a misexpression screen of pAHP6::GFPer, an
ER-targeted GFP fused to the promoter of AHP6, a cytokinin signaling inhibitor. pAHP6::GFPer
is normally expressed in a highly specific pattern associated with protoxylem and the adjacent
pericycle cells, and its expression pattern is known to respond to the transport status of the phloem.
The screen resulted in the isolation of a mutant with altered, often expanded, pAHP6::GFPer
expression. We mapped the mutant and used whole genome sequencing to identify the causal
mutation in one of the Arabidopsis CTL homologues, At3g15380, referred to here as CHERL.

In Arabidopsis, seven genes share sequence similarity with the CTL genes of animals and yeast. In
this study, we show that one of the CTL homologues, CHER1, mediates choline transport and that
mutation of this gene leads to an altered choline metabolite profile and severe defects in phloem
sieve plate and sieve pore formation. As a result of these defects, phloem transport is impaired.

In our study, we observed that CHERL is expressed in several tissues, where it localizes to the
trans-Golgi network (TGN) and transiently to the forming cell plate during cell division. In addition,
during phloem development, CHER1 has a polar localization pattern associated with young and

developing phloem sieve plates. The expression pattern suggested to us that CHER1 may function
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in early phloem development. To follow up on this idea, we analyzed vascular conductivity in the
cherl-1 mutant by using pSUC2-GFP as a marker. In contrast to wild-type, where pSUC2::GFP
is translocated from CC to SE and unloaded symplastically into the root meristem, unloading of
GFP from the protophloem into the root meristem was blocked in the cherl-1 mutant. In addition,
reduced symplastic transport was observed in cherl-1 mutants expressing pSUC2::SpoGFP, a
Sporamin fused to GFP to increase the protein’s size (Publication II). In order to understand why
phloem transport was so severely affected, we investigated phloem development in the cherl-1
mutant. We observed severe phloem patterning defects in cross sections of mutant roots, as well as
a disrupted pattern of the phloem-specific marker pAPL::GFPer. This confirmed our suspicion that
the disruptions in phloem transport result from defects in the continuous differentiation of phloem

cells.

wild type

nuclear degradation and cytoplasmic dilution

cher1 mutant

nuclear degradation and cytoplasmic dilution

Figure 6 SBEM images of sieve tubes and reconstructed sieve plate images of wild type and cher1l.
“White cells” in the longitudinal images represent sieve elements with degraded nuclei and diluted
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cytoplasm. Sieve plates were taken from different developmental stages of phloem sieve element
development.

The intriguing polar localization of CHERL in early phloem sieve elements suggested that it may
play a role in the elaboration of sieve plates. Using serial block-face scanning electron microscopy
(SBEM), we compared serially-sectioned roots of wild-type and cherl (Figure 6).

We focused specifically on the forming sieve plates, where CHER1 expression was observed. We
found that cherl plants have a reduced sieve plate area and reduced sieve pore density when
compared to wild-type. Sieve pores are essential for the transport of various molecules from one
sieve element to the next, thereby enabling long distance transport throughout the plant body. A
reduction in sieve pore number in cherl is therefore likely to explain the impaired transport of GFP
in the phloem observed with pSUC2::GFP. Interestingly, we observed that the differentiation of
sieve pores is also affected. In wild-type roots, the sieve pores lose the desmotubules located in
their symplastic space during maturation. This process is severely affected in the cherl mutant,
where most of sieve pores still retained their desmotubules even at very late stages of development
(Figure 7).

wild-type
DT PM ? %
CwW C
developing sieve plate mature sieve plate
cher1-1
developing sieve plate mature sieve plate

Figure 7 Sieve pore formation is affected in cherl mutant
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4.6 CHER1 FACILITATES CHOLINE TRANSPORT

The CHER1 protein consists of 700 amino acids, with 10 predicted trans-membrane spanning
domains similar to the predictions of most CHOLINE TRANSPORTER LIKE (CTL) proteins from
other organisms. In Arabidopsis, seven genes have been annotated as encoding CTL proteins based
on their DNA sequence. We took a closer look at the CHER1 protein and compared it with other
known CTL proteins from various organisms. The in silico analysis using multiple alignment with
other CTLs revealed that CHERL is closest in homology to the animal CTL proteins and is distinct
from the other six Arabidopsis CTL-like proteins. We also tested whether CHERL1 is able to
transport choline in oocytes, a system which has served as a very efficient test of the transport
capability of various proteins form different organisms. We observed that expression of in vitro
transcribed, tagged CHER1 RNA was able to increase choline uptake 1.3-fold, which is similar to
the uptake rates observed with tagged human CTL1. Moreover, our analysis of the transport
Kinetics revealed that CHERL1 increased the Vmax Of a high affinity component of choline transport
in the oocytes. A similar effect on Vmax has been previously observed with the rat rCTL1a and
rCTL1b proteins. We used auxin (IAA) and glucose as controls, and the uptake of both compounds
by oocytes was not affected by the expression of CHERL.

Mutation of the CHERL1 gene leads to disturbed homeostasis of choline and its derivative,
phosphocholine, in the Arabidopsis root, as shown by measurement of the total content of these
molecules in the roots of wild-type and cherl seedlings. Furthermore, we analyzed the expression
of pAPL::GFPer and the distribution of freely moving GFP driven by the pSUC2 promoter during
phloem development in the biosynthetic xipotl mutant, which also shows reduced levels of choline
and phosphocholine. Similar to cherl-1, we observed reduced movement and unloading defects of
pSUC2::GFP, in addition to the fragmented expression pattern of pAPL::GFPer in the phloem of
xipotl and an increased number of sieve element-like cells in the root cross-section. Taken together,
these data indicate that CHERL1 facilitates choline transport and maintains choline homeostasis
during root (and phloem) development in Arabidopsis (Publication II).
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4.7 CHER1 EXPRESSION PATTERN - BUILDING SIEVE PLATES AND CELL PLATES

As indicated above, we observed that CHER1 localizes to the TGN in most root tissues. In the
phloem, CHERL is polarly localized at the forming sieve plates. In dividing cells, CHER1 has a
cell plate-specific expression pattern associated with the phragmoplast, a specific structure that
forms during late cytokinesis. We were curious to see if there was a difference between the CHER1
expression pattern in transverse sections of sieve plates and cell plates. Using confocal z-sectioning
to reconstruct a 3D image, we observed that CHER1 forms a sustained pattern in the early sieve
plates. By contrast, in the dividing tissues of the outer layers of the root, CHER1 forms a ring-like
pattern coinciding with very late stages of phragmoplast formation. The different localizations of
CHERL in the early phloem and dividing cells of other tissues suggest a different mode of action
of CHERL1 during sieve plate and cell plate formation. In the forming sieve plates, the sustained
pattern of CHER1 suggests that a continuous recycling of CHER1 from the TGN to the sites of
forming plates is required. This pattern can be easily disturbed by the application of BFA, a drug
commonly used to inhibit endocytotic recycling. Moreover, we observed interesting behavior of
two dynamin-related proteins, DRP1A and DRP1C, which are involved in clathrin-mediated
endocytosis in plants. Both DRP1A and DRP1C localize to the cell plate and the plasma membrane
of expanding and fully expanded interphase cells. Interestingly, we found that both proteins exhibit
a polarized and sustained pattern similar to that of CHERL1 at sieve plates. Taken altogether, our
observations suggest that a BFA-sensitive endocytotic recycling mechanism is involved in the
maintenance of the polar CHERL pattern in developing sieve element cells (Publication I1). Further
investigations will be required to clarify the exact mechanism and function of CHERL1 in sieve
plate formation.

CHERZ1 was only detected during the late stages of phragmoplast formation in dividing cells. This
suggests that it has a very specific function at this stage of cell division. We hypothesize that
CHERZ1 might be involved in providing building materials for the construction of the cell plate,
especially during the late steps of phragmoplast formation. As CHERL is expressed in both the
TGN and the forming phragmoplast, it is likely that CHERL1 is delivered via vesicular transport to
the site of the forming plate, where it provides material for building the plate (Publication I1).

Perhaps choline-derived compounds could serve as building material, since CHER1 mediates the
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transport of choline. However, the exact mechanism through which CHER1 contributes to cell

plate formation is currently unclear and awaits further investigation.
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5. CONCLUDING REMARKS

In the first part of my thesis work, | have shown that TRP-dependent auxin biosynthesis via the
TAA-YUCCA pathway is required for proper HD-ZIP 1ll expression and metaxylem tissue
specification. This work, together with several other recent studies, highlights the developmental
role of auxin biosynthesis. Polar auxin transport is often not sufficient to establish and maintain
certain developmental events; local auxin biosynthesis is additionally required (Publications I and
).

We were also able to reveal the essential role of Trp-dependent auxin biosynthesis in the
specification of meta- and protoxylem, although many questions still remain unanswered. One
important question is why the inhibition of Trp-dependent auxin biosynthesis affects only the
metaxylem, while blocking polar auxin transport leads to very specific protoxylem defects.

It would be also interesting to investigate whether the regulatory pathway described in this thesis
is conserved throughout the plant kingdom. Taking into account that the HD-ZIP I11 transcription
factors and auxin biosynthetic enzymes described above are present in the majority of plants,
including basal species, it seems likely that the metaxylem specification pathway is a highly
conserved process.

In the second part of my thesis work, | identified CHER1, a novel regulator of phloem sieve plate
and sieve pore formation. The expression pattern of CHER1 in the early phloem correlates with the
sieve plate and sieve pore phenotype we found in the corresponding loss of function cherl mutant.
Furthermore, our choline uptake experiments in Xenopus oocytes indicated that CHER1 facilitates
choline transport (Publication I1). However, the exact mechanism by which CHER1 functions in
phloem sieve plate and sieve pore maturation is still unclear. In the future, it would be interesting
to identify and study components which are active upstream and downstream of CHER1 and
investigate exactly how choline and its derivatives contribute to sieve plate and sieve maturation.
Further studies of the function of CHER1 will also contribute to our currently limited understanding
of how phloem sieve plates and sieve pores form.

CHER1 also has a very interesting expression pattern in the dividing cells of the outer layers. This
pattern is associated with the later stages of cell plate formation, when the phragmoplast forms a
ring-like structure. Why CHERL is required specifically at this stage is currently unknown. As

CHERL1 acts as choline transport facilitator, certain components synthesized from choline might be
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specifically required to finalize the cell plate building process. What these components are and how
CHERL1 participates in the process of cell plate formation remains to be discovered in the future.
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SUMMARY IN FINNISH

Kasvien johtojanteet koostuvat p&dosin kahdesta solutyypistd, puu- ja nilasoluista, jotka tukevat
kasvia ja ovat erilaistuneet veden, ravintoaineiden, kasvihormonien sekd mineraalien
kuljettamiseen kasvin eri osien valilla. Vaitostydssani tutkin johtosolukon muodostumista kayttaen
mallina lituruohon juurta.

Vaitostyoni ensimmaéinen osio pureutuu puusolukon eli ksyleemin, vettd kuljettavan putkiston
muodostumiseen. Lituruohon padjuuressa kahdenlaiset puusolut muodostavat keskuslierioon
poikittaisen akselin jonka kummassakin paadyssa on yksi ns. protoksyleemi solu ja niiden valissa
metaksyleemi soluja. Aiempien tutkimusten perusteella on tiedetty ettd HD-ZIP 1l
transkriptiofaktorin korkea ilmenemistaso edistdd metaksyleemin erilaistumista kun taas alhainen
taso on kytkoksissd protoksyleemiin. Vaitostyoni puitteissa selvitimme ettd kasvihormoni
auksiinin tuotanto edistdd HD-ZIP 111 ilmenemisté ja siten myds metaksyleemin muodostumista.
Poikkeavan alhainen auksiinin maara kasveissa joiden auksiinin tuotantoa oli heikennetty joko
geneettisin tai kemiallisin menetelmin alensi HD-ZIP I1I ilmenemistd, mikd puolestaan johti
poikkeavuuksiin metaksyleemin erilaistumisessa. Né&itd poikkeavuuksia voitiin osittain korjata
nostamalla joko auksiinin maarééa tai HD-ZIP 111 ilmenemistasoa juuren keskuslieridssa.
Vaitostyoni toisessa osassa tutkin nilan muodostumista. Nila on erikoistunut useiden molekyylien
pitkdnmatkan kuljetukseen, mika perustuu siivilaputkien huokosellisten poikkiseinien eli
siivildlevyjen ominaisuuteen yhdistaa perékkaiset siivilaputkisolut toisiinsa pitkéksi solujonoksi.
Havaitsimme ettd lituruoholla siivildlevyjen huokoisuus ja siten siivilaputkien kuljetuskyky
poikkeaa normaalista jos CHER1 (CHOLINE TRANSPORTER LIKE 1) geenin toiminta on
estynyt. CHER1 proteiini paikallistuu kehittyviin siivildputkiin polaarisesti ennakoiden
siivildlevyn sijaintia, ja on siis siivilalevyjen kehittymisen kannalta tarke jo varhaisessa vaiheessa.
Liséksi osoitimme ettd CHER1 osallistuu koliinin kuljetukseen, paikallistuu solutasolla Golgi

verkostoon, ja liittyy tiettyjen rakenteiden muodostumiseen solunjakautumisen yhteydessa.
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