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Abstract
Roberts, C. J. 2012. Cell-to-Cell Signalling in Arabidopsis Root Development. Acta
Universitatis Upsaliensis.  Digital Comprehensive Summaries of Uppsala Dissertations from
the Faculty of Science and Technology 979. 61 pp. Uppsala. ISBN 978-91-554-8487-3.

Development in multicellular organisms requires a strict balance between cell division and
differentiation. The simple architecture of the Arabidopsis thaliana root makes it an ideal model
for studying molecular mechanisms controlling both the transition from cell division to cell
differentiation and cell fate determination. The class III Homeodomain-Leucine Zipper (HD-ZIP
III) transcription factors (TFs) are well known developmental regulators, controlling important
aspects of embryogenesis, shoot meristem activity, leaf polarity and vascular patterning.
The HD-ZIP III TFs are under post-transcriptional control of microRNA165 (miR165) and
miR166. In this thesis, I present a cell-to-cell signalling pathway underlying root vascular
patterning and describe signaling pathways downstream of the HD-ZIP III TFs in their control
of root development. The TF SHORTROOT (SHR), moves from the vascular stele cells
to the surrounding endodermal cell layer. We show that SHR acts here to transcriptionally
activate MIR165A and MIR166B, and the miR165/6 produced in the endodermis act non-cell
autonomously to post-transcriptionally restrict HD-ZIP III mRNA levels in the peripheral stele.
The resulting graded HD-ZIP III activity domain in the radial stele dose-dependently determines
vascular cell type; high levels of HD-ZIP III in the central stele result in metaxylem formation
while lower levels in the peripheral stele result in protoxylem. We provide evidence that the
HD-ZIP III factors act as de novo xylem specifiers, because the quintuple mutant lacking all
five HD-ZIP III genes forms no xylem. Furthermore, reducing the plasmodesmatal aperture
through callose accumulation inhibits the bi-directional mobility of both signalling molecules,
providing evidence that both SHR and miR165/6 move cell-to-cell via plasmodesmata to control
root development.

I present downstream components of the miR165/HD-ZIP III TFs in the root meristem,
identified through a time-course induction of miR165 coupled to transcriptome analyses. This
experiment revealed novel roles for HD-ZIP III TFs in vascular patterning and meristem size
control. I show that HD-ZIP III directed repression of auxin hormone signalling in the xylem axis
is essential for proper xylem differentiation. Furthermore, I provide data to show that they also
control the balance of reactive oxygen species in the root meristem, thereby directing meristem
size and ultimately controlling root growth.
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Introduction 

Developmental regulation of a multicellular organism: 
using Arabidopsis as a model 
Cell division and cell fate specification are important factors to ensure nor-
mal growth and development of multicellular organisms. The patterning of 
tissues within organs and the connectivity throughout the organism body are 
key features that must be tightly controlled in order to maintain proper func-
tionality of the organism. Both plants and animals have stem cell niches 
which are tightly controlled molecularly, however plant cells cannot migrate 
due to their connective cell walls and as such, positional cues are vital for 
cell fate specification (van den Berg et al. 1995; van den Berg et al. 1997).  

The Arabidopsis thaliana root is simply patterned and continuously grow-
ing which allows for an ideal system to study cell division, cell differentia-
tion, and tissue patterning (Benfey and Scheres 2000; Dolan et al. 1993). In 
the root meristem, stem cells are organized around central organizing cells 
(quiescent center cells). As the stem cell initials divide, they produce daugh-
ter cells that are pushed further away from the stem cell niche and they begin 
to differentiate. I am interested in mechanisms that direct cell specification 
and tissue patterning, and I aim to understand the molecular control behind 
these processes. Using the Arabidopsis root as a model system, I have been 
studying the molecular mechanisms regulating root meristem patterning, 
with a particular focus on vascular specification and the involvement of the 
HD-ZIP III transcription factor family in this process. 

Patterning in the Arabidopsis root 
Introduction to root anatomy 
There are three morphological zones in the primary root (Figure 1A) (Dolan 
et al. 1993). The division zone (DZ) is made up of dividing stem cell daugh-
ter cells and includes the cells between the quiescent center (QC) and the 
transition zone (TZ). The TZ is the point at which cells in different cell line-
ages begin to differentiate, as they stop dividing and start to elongate. 
Shootward of the TZ is the elongation and differentiation zone (EDZ), where 
cells rapidly elongate and differentiate to maturity. 
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Figure 1. Arabidopsis root anatomy and model of HD-ZIP III regulated vascu-
lar patterning. (A) Longitudinal view of a wild type (wt) Arabidopsis primary root 
with the division zone (DZ), transition zone (TZ) and elongation/differentiation zone 
(EDZ) marked; black arrow, QC; white arrow, cortex TZ. Scale bar, 50 µm. (B) 
Schematic of a radial and a longitudinal view of the primary root with color-coded 
cell types. Upper right diagram shows a depiction of a regulatory pathway control-
ling HD-ZIP III expression. (C) Xylem phenotype of HD-ZIP III mutants and 
CRE1::MIR165A; metaxylem, dark green; protoxylem, light green. 

Viewed radially, the Arabidopsis root is bisymmetrically patterned (Fig-
ure 1B). The vasculature is located centrally in the root and organized within 
the vascular cylinder (or stele). Within the stele, there is an axis of xylem 
cells, with protoxylem in the peripheral and metaxylem cells in the central 
part of the axis. The xylem axis is flanked on each side by the phloem poles 
comprised of sieve element cells and neighboring companion cells. Procam-
bial cells fill the stele in the space between the xylem and phloem, and the 
stele is bordered with a layer of pericycle cells. Outside the stele, there are 
two concentric rings of cells making up the ground tissue, the endodermis 
and cortex, and an outer layer of epidermis.  

Vascular tissues in Arabidopsis are made up of xylem, phloem and pro-
cambium/cambium. Xylem and phloem differentiate as conducting cell 
types, while the procambium/cambium have a pluripotent capacity. 
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Procambium and cambium 
The Arabidopsis preprocambial tissues are established early in embryogene-
sis when specific periclinal divisions occur within the innermost part of the 
root, hypocotyl and cotyledons. These preprocambial tissues are patterned 
later during embryogenesis to define areas of xylem, phloem and procambi-
um, with each organ having a specific provascular tissue pattern (Scheres et 
al. 1994). After germination, the initial vascular pattern is continued through 
the activity of initials within the shoot and root apical meristems. 

After continued growth, the procambium divides periclinally to form the 
cambium which then yields secondary xylem and phloem (Dolan et al. 
1993); it is the secondary xylem that is the major constituent of wood. Since 
primary root growth shares similar developmental features to both root and 
shoot secondary growth, understanding primary growth and development 
would likely result in information applicable to the understanding of wood 
formation (Elo et al. 2009; Nieminen et al. 2004). 

Xylem 
During primary development, xylem cells differentiate from the procambi-
um, or preprovascular cells, after embryogenesis. Xylem tissues are made up 
of tracheary elements (TEs), xylem fibers and xylem parenchyma cells 
(Bollhöner et al. 2012; Zhou et al. 2011). Water and mineral conduction 
throughout the plant mainly occurs by TEs. Xylem vessel elements consist 
of long, continuous strands of connected TEs that span from the root tip 
throughout the plant. When TEs differentiate, they lay down intricate ligni-
fied secondary cell walls and ultimately undergo programmed cell death, 
leaving behind a sturdy, lignified and hollow cell wall structure for water 
conduction (Fukuda 1997). These lignified secondary cell walls provide 
rigidity for the high-pressured water that moves through these vessels (Elo et 
al. 2009).  

There are two types of xylem TEs which differentiate in the Arabidopsis 
primary root: protoxylem and metaxylem (Figure 1B and C). Protoxylem is 
characterized by spiral or annular lignification and differentiates in the xy-
lem axis periphery. In contrast, metaxylem is characterized by dense lignifi-
cation in a pitted or reticulate pattern and differentiates in the central xylem 
axis. 

Phloem 
Primary phloem also develops from procambial tissues after embryogenesis 
(Elo et al. 2009). Phloem is made up of conducting sieve element cells and 
neighboring companion cells. The sieve elements of phloem are anucleate 
living cells that have adjoining sieve plates containing pores that enable con-
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tinuous transport. Companion cells, neighboring the sieve elements, load the 
phloem with molecules to transport. Phloem is responsible for the transport 
of solutes, such as sugars from photosynthesis, hormones, proteins and even 
miRNAs, all of which have been identified in phloem (Oparka and Turgeon 
1999; Yoo et al. 2004). 

Apical and vascular meristems 
Post-embryonically, meristems are responsible for maintaining the growth 
and development of the plant. Within the meristem is the stem cell niche. 
The stem cell niche within the root apical meristem (RAM) is made up of 
stem cells called quiescent center (QC) cells, which rarely divide, and stem 
cell initials. Most of these initials divide anticlinally to reproduce themself 
and provide a daughter cell, which also divides anticlinally. Yet, some of 
these root stem cell initials, such as the cortex/endodermis cell initial, divide 
first anticlinally to produce a daughter cell which then divides periclinally. It 
is the periclinal division that produces progenitors of the endodermis and 
cortex cell lineages (Di Laurenzio et al. 1996; Scheres et al. 1995). 

In addition to the shoot apical meristem (SAM) and the RAM, there are 
vascular meristems made of pluripotent procambial or cambial tissues which 
divide periclinally. In Arabidopsis root primary growth, pluripotent procam-
bial cells form between xylem and phloem in the stele. During primary 
growth in shoots, procambial activity in the primary vascular bundles forms 
the fascicular cambium and connects with procambium in the interfascicular 
cambial regions, creating a circular ring called the vascular cambium. Sec-
ondary development can be defined as the point at which the cambium be-
gins to divide periclinally in an organized manner, which results in second-
ary xylem and phloem development. In roots, secondary growth occurs from 
the procambial cells and the pericycle to establish the vascular cambium (Elo 
et al. 2009; Nieminen et al. 2004). 

Stem cell populations must be highly regulated and maintained for proper 
growth and development. This meristem maintenance occurs through a com-
plex network of regulatory genes and signals, such as hormones. The essen-
tial role that meristems play on plant growth and development highlights the 
need for understanding more about the intricate molecular networks regulat-
ing tissue patterning and cell division versus differentiation in meristems. 
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Molecular control of cell specification and tissue 
patterning 

Vascular tissue specification 
A key innovation in the evolution of land plants was the development of 
vascular tissues (Floyd and Bowman 2007). Vascular tissues provide a con-
nective system by which plants can transport water, sugars, and hormones to 
all parts of the plant. Additionally, vascular tissues give strength and rigidity 
to plants, enabling plants to overcome the challenges of land life. Despite the 
importance of the vascular system for land plant evolution and general land 
plant development, little is known, compared to the control of apical meri-
stems, about what genetically regulates the development of root vasculature 
(Bollhöner et al. 2012; Scarpella and Helariutta 2010; Zhou et al. 2011).  

While there have been some recent findings on the molecular control of 
root vascular patterning (Bishopp et al. 2011a; Carlsbecker et al. 2010; 
Mähönen et al. 2006a; Mähönen et al. 2000; Miyashima et al. 2011; Muniz 
et al. 2008; Yamaguchi et al. 2010a), much of knowledge about vascular 
patterning has come from studies on shoot tissue, including leaves and stems 
(Scarpella and Helariutta 2010), and the results on research in the shoot 
make up the bulk of what is discussed in the following sections. It should 
also be noted that the Zinnia TE transdifferentiation cell culture system 
(Fukuda 1997) has also been used to shed light on much of the molecular 
control behind the actual secondary cell wall and programmed cell death 
processes of xylem differentiation.  
A role for hormone-directed vascular specification 
Plant hormones, also called phytohormones, are organic signaling molecules 
produced by the plant and can act locally or be transported through the vas-
culature, or through other means, to other cells in order to initiate a cellular 
response. Hormones regulate many growth and development processes, in-
cluding cell division, elongation and differentiation.  

Two hormones in particular, auxin and cytokinin, have been well studied 
for their roles in cell growth and differentiation. The hormone auxin has 
concentration peaks which preclude xylem differentiation; a model for aux-
in-induced formation of vasculature, called the canalization hypothesis, sug-
gests that vasculature is formed by a feedback mechanism in which the 
transport of auxin in cells further increases the capacity of those cells for 
polar auxin transport, which subsequently triggers the differentiation of 
those cells into vasculature (Sachs 1981). Cytokinin signaling receptor mu-
tants also show defects in vascular cell identity specification, and a cytokinin 
signaling inhibitor has been shown to inhibit protoxylem differentiation 
(Higuchi et al. 2004; Mähönen et al. 2006a; Mähönen et al. 2006b). These 
two hormones will be described in more detail below. 
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Auxin synthesis and localization 
The phytohormone auxin has been well studied, and it is known that auxin is 
involved in cell division, cell expansion, vascular differentiation, and 
maintenance of the RAM (Benjamins and Scheres 2008). Auxin was thought 
to be synthesized in young leaves, but recent studies have shown that many 
tissues are able to synthesize auxin and that root apical tissues have a high 
capacity for synthesis of the predominant auxin indole-3-acetic acid (IAA) 
(Ljung et al. 2001; Marchant et al. 2002; Petersson et al. 2009). Shoot-
synthesized auxin is transported from the shoot to the root through two pro-
cesses, one being a long-distance transport through the phloem and this is a 
source to sink movement, while the other is an active cell-to-cell transport 
referred to as polar auxin transport (PAT) (Tromas and Perrot-Rechenmann 
2010). 

Auxin, in its protonated form (IAA-H) is diffusible into cells because of 
the pH difference between the apoplast (pH 5.5) and the cytosol (pH 7) 
(Benjamins and Scheres 2008). In the cytoplasm, auxin is deprotonated 
(IAA-) and requires directed, active efflux out of the cell. This regulated 
efflux from membrane-bound proteins such as PIN-FORMED (PIN) proteins 
gives directionality to auxin transport and is the basis for PAT (Benjamins 
and Scheres 2008; Galweiler et al. 1998; Goldsmith 1966; Sachs 1981). 

Role of PIN efflux proteins 
Auxin has been shown to play a critical role in cell division in the root meri-
stem. The majority of PIN proteins are auxin efflux transporters which are 
polarly located on the plasma membrane and are involved in PAT (Friml et 
al. 2002a; Friml et al. 2002b; Galweiler et al. 1998; Muller et al. 1998). PIN 
positioning is crucial for PAT, as their location on the plasma membrane 
determines the path auxin travels through the plant (Blilou et al. 2005; 
Wisniewska et al. 2006). Recently, it has been shown that PIN proteins are 
initially non-polar when deposited on the membrane and gain polarity only 
through clathrin-mediated endocytotic recycling (Dhonukshe et al. 2008; 
Geldner et al. 2001; Robert et al. 2010).  

PIN proteins are important for setting up the auxin gradient in the root 
meristem, and their localization can be modified during developmental re-
sponses such as gravity sensing or organ development (Teale et al. 2006). In 
the root, PINs direct auxin flux rootward down the central part of the root, 
and then out to the epidermis to be redirected back at the TZ (Blilou et al. 
2005). There are eight PIN members, and each has its own specific and 
sometimes overlapping expression pattern in the RAM. PIN1 resides at the 
basal end of vascular cells, but can weakly be detected in the cortex (basally) 
and epidermis (apically) (Galweiler et al. 1998). PIN2 is located basally in 
cortex cells and apically in epidermal and lateral root cap cells (Muller et al. 
1998). PIN3 does not show strong polar localization in the columella, but is 
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localized basally in vascular cells and laterally towards the vasculature in 
pericycle cells in the elongation zone where it re-directs auxin back to estab-
lish the auxin maximum in the root meristem (Friml et al. 2002b). PIN4 is 
localized in the QC and surrounding initials and is basally localized in 
provascular cells (Blilou et al. 2005; Friml et al. 2002a). PIN7 is located 
laterally and basally in meristematic and EDZ provascular cells and co-
localizes with PIN3 in the columella (Friml et al. 2003). Recent analysis of 
PIN radial patterning has shown that PIN1 and PIN7 also direct auxin later-
ally in the procambium towards the xylem axis (Bishopp et al. 2011a). PIN5 
on the other hand, has recently been identified as being localized to the en-
doplasmic reticulum where it regulates auxin intracellularly (Mravec et al. 
2009). PIN efflux proteins help to create an auxin maximum just below the 
stem cell niche, and this maximum is reinforced by the reflux loop of auxin 
guided by PIN2, PIN3 and PIN7 at the TZ (Blilou et al. 2005). Together, 
PIN proteins act redundantly to control auxin circulation and the formation 
of an auxin maximum in the root (Blilou et al. 2005).  

Auxin signalling 
When auxin enters the cell, whether via diffusion or through auxin influx 
carriers such as AUXIN-RESISTANT MUTATION 1 (AUX1), it is sensed 
by receptors of the TRANSPORT INHIBITOR RESPONSE 1 (TIR1) family 
(Dharmasiri et al. 2005; Kepinski and Leyser 2005). The interaction between 
auxin and the TIR1/SCF receptor complex stabilizes the interaction between 
the TIR1 complex and AUXIN/INDOLE-3-ACETIC ACID (Aux/IAA) tran-
scriptional inhibitors (Tan et al. 2007). Aux/IAA proteins are generally 
bound to AUXIN RESPONSE FACTORs (ARFs), repressing their transcrip-
tion factor (TF) activity. Under low auxin conditions, Aux/IAA proteins 
dimerize with DNA-bound ARFs and inhibit their ability to activate or re-
press transcription (Kim et al. 1997; Ulmasov et al. 1997a; Ulmasov et al. 
1997b). Upon elevated auxin levels, IAA proteins are ubiquinated and des-
tined for degradation by the 26S proteasome, thereby de-repressing ARF 
activity (Guilfoyle and Hagen 2007; Teale et al. 2006; Tiwari et al. 2004; 
Tiwari et al. 2001; Ulmasov et al. 1997a; 1999). 

There are 23 ARFs and 29 Aux/IAA proteins (Remington et al. 2004). 
Many of the Aux/IAA genes were identified based on their quick transcrip-
tional induction by auxin (Abel and Theologis 1996). The IAA protein do-
main II has been shown to promote the interaction with ubiquitin ligase 
complexes, and mutations in or loss of domain II lead to highly reduced IAA 
protein degradation and suppressed auxin response (Dharmasiri et al. 2005; 
Dreher et al. 2006; Gray et al. 2001; Ouellet et al. 2001; Tian et al. 2003). 
Similarly to other IAA proteins, IAA20 and IAA30 are transcriptionally in-
duced by auxin (Rademacher et al. 2012; Sato and Yamamoto 2008a), but 
uniquely to these two paralogs they encode IAA proteins lacking domain II, 
rendering these proteins resistant to ubiquitination in response to auxin 
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(Dreher et al. 2006). Hence, it has been suggested that these proteins would 
act as dampening factors to reduce the response to high auxin signalling 
(Sato and Yamamoto 2008b).  Because of such a high number of ARFs 
which recognize and may compete for binding to AuxRE sequences, it is an 
interesting hypothesis that differential expression of ARFs in cells and tis-
sues plays a crucial role in downstream auxin signalling (Guilfoyle and 
Hagen 2007).  

Using genetic auxin signalling reporters, such as DR5 which contains tan-
dom AuxRE sequences fused to a GUS or GFP sequence, it was possible to 
visualize where auxin transcriptional activation occurred in tissues (Bishopp 
et al. 2011a; Sabatini et al. 1999; Ulmasov et al. 1997b). In the primary root, 
auxin signalling maxima are observed in the xylem axis, QC and columella, 
with a peak in the protoxylem position and columella initials.  

Vascular specification directed by auxin signaling  
In classical experiments, applied auxin to the side of hypocotyl segments 
induced the transdifferentiation of ground tissues to form continuous vascu-
lar strands connecting to the existing vascular bundle (Sachs 1981). 

Increased knowledge about auxin signalling and transport components 
has lead to a better understanding of auxin’s fundamental role in vascular 
specification. The venation pattern of leaves has been a model for studying 
vascular patterning. Growing seedlings on polar auxin transport inhibitors 
creates discontinuous vascular strands in developing leaves, indicating PAT 
is required for continuous vascular differentiation from developing procam-
bial tissues (Mattsson et al. 1999; Sieburth 1999).  

The auxin response marker DR5 is present in thin domains of leaf provas-
cular tissues preceding the visualization of differentiated procambial ana-
tomical markers, indicating the transport of auxin in these tissues is a signal 
for procambial differentiation (Mattsson et al. 2003). Auxin efflux, as visual-
ized by PIN1, is directed basally in embryonic provascular cells and postem-
bryonically in xylem and procambial cells and has been shown to be an indi-
cator of auxin flow (Galweiler et al. 1998; Scarpella et al. 2006; Steinmann 
et al. 1999; Wenzel et al. 2007). When analyzed spatially and temporally, 
PIN1 exhibits a dynamic expression pattern during leaf venation, beginning 
with a broad nonpolar expression pattern in isodiametric cells and narrowing 
while becoming basally localized to procambial cells in later leaf stages 
(Wenzel et al. 2007). PIN1 has been shown to direct auxin flow to specific 
‘convergent points’ on the epidermis of leaves and these become the sites of 
major veins (Scarpella et al. 2006). The position of these convergent points 
is a self-organizing process dependent on auxin and auxin-directed PIN1 
(Scarpella et al. 2006). The pin1 mutant has reduced auxin transport and has 
increased vascular tissue where auxin accumulates (Galweiler et al. 1998). 
This vascular accumulation is a phenocopy of plants grown on auxin 
transport inhibitors (Mattsson et al. 1999). Together, these data suggest a 
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role for auxin transport-directed positive regulation of vascular differentia-
tion in leaves. 

In leaves, an elevated auxin level in preprocambial cells is established 
through a self-organizing system where PIN1 polarly directs auxin flow, and 
auxin signalling releases MONOPTEROS/ARF5 (MP) which in turn regu-
lates PIN1 expression (Scarpella et al. 2006; Wenzel et al. 2007). MP is then 
also free to directly activate ATHB8 and its expression predicts the sites of 
vascular cell fate, narrows the preprocambial domain and stabilizes these 
cells against auxin perturbations (Baima et al. 1995; Baima et al. 2001; 
Donner et al. 2009; Kang and Dengler 2002; 2004).   

Recently, Bishopp, et al. (2011) demonstrated the importance of auxin 
signalling for the formation of protoxylem in roots. Alterations of PAT with 
auxin transport inhibitor 1- naphthylphthalamic acid (NPA) inhibits protoxy-
lem formation, and PIN or auxin signalling mutants, such as pin1 and axr3-
1, resulted in discontinuous protoxylem or no protoxylem at all. Further sup-
port came from the radial analysis of PIN patterning, which revealed a role 
for PINs in directing auxin towards the vascular axis. Together, their results 
highlighted the role of auxin transport and signalling for root vascular pat-
terning. 

Cytokinin biosynthesis and signaling 
In Arabidopsis, cytokinin biosynthesis is rate-limited by the ATP/ADP-
ISOPENTENYLTRANSFERASE (IPT) gene family, consisting of IPT1 and 
IPT3-8 and the tRNA IPT homologues IPT2 and IPT9, and each gene having 
differential and sometimes overlapping expression patterns (Miyawaki et al. 
2004; Miyawaki et al. 2006). Null IPT multiple mutants such as ipt1 ipt3 
ipt5 ipt7 and ipt3 ipt5 ipt7 are dwarfed and have dramatically reduced cyto-
kinin levels (Miyawaki et al. 2006). Cytokinins have been suggested to act 
both locally and as long-distance signals, because IPT genes have expression 
patterns in vascular tissues (Matsumoto-Kitano et al. 2008; Miyawaki et al. 
2004). Results have shown that cytokinin transport from the shoot to the root 
(basipetally) occurs through the phloem (Bishopp et al. 2011b). Impairing 
phloem-transported cytokinin causes reduced transport of cytokinin to the 
root, altered auxin signalling as seen by radially broadened PIN7 and DR5 
domains, and altered vascular patterning including both gain and loss of 
protoxylem (Bishopp et al. 2011b). 

Cytokinin signaling is mediated via a two-component signaling pathway, 
so that cytokinin is recognized by transmembrane Arabidopsis histidine ki-
nase receptors ARABIDOPSIS HISTIDINE KINASE 2 (AHK2), AHK3 and 
AHK4/CYTOKIN RESPONSE1 (CRE1) (Hwang and Sheen 2001). AHK4 
was originally identified through the wooden leg (wol) and cre1 mutant al-
leles (Inoue et al. 2001; Mähönen et al. 2000). The AHKs are autophosphor-
ylated, and cytokinin perception by the AHKs allows the transfer of the 
phosphoryl group from the AHK to one of six ARABIDOPSIS HISTIDINE 
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PHOSPHOTRANSFER (AHP1-6) proteins (Bishopp et al. 2009). The phos-
phoryl group is then relayed from AHP1-5 to members of the ARABIDOP-
SIS RESPONSE REGULATOR (ARR) transcription factor family, consisting 
of type-B ARRs, which activate transcription of cytokinin response genes, 
and type-A ARRs which are negative regulators of cytokinin signalling 
(Hwang and Sheen 2001; Mason et al. 2005; Sakai et al. 2000; Sakai et al. 
2001). AHP6, in contrast to the other AHPs, cannot accept a phosphoryl 
group because it lacks the conserved histidine residue required for phos-
phorelay, and it inhibits the phosphorelay between both AHK and AHP and 
between AHP and ARR proteins (Mähönen et al. 2006a).  

Vascular patterning directed by cytokinin signalling 
The cytokinin signaling receptor AHK4 is involved in specifying xylem cell 
fate early in root development. The wol mutant is a dominant negative allele 
of AHK4, as it has an amino acid change in the extracellular cytokinin bind-
ing domain and lacks the ability to bind cytokinin and thus is locked in its 
phosphatase form. The wol mutant has markedly fewer cells in the stele and 
differentiates only protoxylem in the whole of the vascular cylinder 
(Mähönen et al. 2000; Mähönen et al. 2006b; Scheres et al. 1995). The triple 
cytokinin signalling mutant, ahk2 ahk3 cre1, phenocopies wol, suggesting 
that cytokinins play an important role in root stele cell division, root elonga-
tion and cell differentiation (Higuchi et al. 2004; Mähönen et al. 2006a). 
Loss of cytokinin signalling, such as in multiple ARR mutants, also yields 
vascular defects, such that protoxylem often forms throughout the xylem 
axis similar to the wol mutant (Argyros et al. 2008; Ishida et al. 2008). 

The phosphotransfer inhibitor AHP6 was shown to inhibit protoxylem 
formation by direct inhibition of cytokinin signaling at the protoxylem and 
neighboring pericycle positions (Mähönen et al. 2006a). The ahp6-1 mutant 
has a loss of protoxylem, and its expression is suppressed by exogenous 
cytokinin application. The inhibition of AHP6 by cytokinin also results in 
loss of protoxylem, indicating there is a negative feedback loop between 
AHP6 and cytokinin signalling in defining the protoxylem position. 

Crosstalk between cytokinin and auxin in root vascular patterning 
There are several examples of cytokinin and auxin crosstalk. In the RAM, a 
recent mutually inhibitory pathway of cytokinin and auxin signalling was 
elucidated. It was shown that AHP6 is transcriptionally activated by auxin 
signalling, and that cytokinin can modify auxin maxima and transport 
through the modification of PIN expression and localization (Bishopp et al. 
2011a). Furthermore, phloem-transported cytokinin is important for setting 
boundaries of auxin and cytokinin maxima, and inhibition of this transport 
causes modifications to PIN7 localization and auxin reporter expression, 
resulting in altered protoxylem patterning (Bishopp et al. 2011b). 
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HD-ZIP III transcription factors   
The class III homeodomain-leucine zipper (HD-ZIP III) transcription factors 
are made up of conserved domains, including a DNA-binding homeodomain 
and a leucine zipper domain involved in dimerization (Ariel et al. 2007; 
Schena and Davis 1992; Wenkel et al. 2007).  In addition, these TFs contain 
a START domain, predicted to be involved in sterol/lipid binding, a START-
adjacent domain (SAD), and a MEHKLA domain, which shares similarity to 
the PAS domains that are involved in detecting light, oxygen, and redox 
potential (Magnani and Barton 2011; Mukherjee and Burglin 2006; Ponting 
and Aravind 1999). Post-transcriptionally, HD-ZIP III mRNA expression is 
negatively regulated by miR165/6, which binds to a complementary se-
quence found in the START domain (Rhoades et al. 2002; Tang et al. 2003). 

The HD-ZIP III family is comprised of 5 members of DNA-binding tran-
scription factors (Emery et al. 2003) PHABULOSA (PHB), PHAVOLUTA 
(PHV), REVOLUTA (REV), CORONA/ATHB15 (CNA) and ATHB8, each 
having distinct and overlapping roles in tissue specification. The HD-ZIP III 
TFs act to pattern vascular bundles and are involved in regulating the devel-
opment of different organs, including stems, leaves and shoot apical meri-
stems (Emery et al. 2003; Eshed et al. 2001; Kim et al. 2008; McConnell and 
Barton 1998; McConnell et al. 2001; Prigge et al. 2005).  

Despite their redundant function, vascular alterations in stems occur even 
after losing just one member, as single loss-of-function REV and CNA mu-
tants have alterations in stem vascular patterning (Prigge et al. 2005). The 
HD-ZIP III TFs have individual roles and can act synergistically and/or an-
tagonistically to achieve proper vascular patterning. Their differential roles 
are clearly noticeable in different multiple mutants; for example, the rev 
phb/+ mutant has more severe vascular bundle defects than the rev single 
mutant, while rev cna athb8 has a slight suppression of vascular patterning 
defects of rev (Prigge et al. 2005). Particularly, ATHB8 has a characterized 
role in xylem determination in shoots. Early studies have shown that overex-
pression of ATHB8 induces the differentiation of procambium into xylem 
(Baima et al. 2001). In leaves, the expression of ATHB8 is detectable in pro-
cambial cells before they gain procambial characteristics, indicating a role 
for ATHB8 in specifying procambial cell fate (Kang and Dengler 2002). 

Little is known about what is upstream of the HD-ZIP III transcription 
factors, and even less is known about what they are transcriptionally regulat-
ing in order to relay tissue polarity and patterning molecularly to the cells in 
which they are expressed. Recent evidence has made a direct link to auxin 
and the HD-ZIP III factors during vascular patterning. Evidence shows that 
the auxin response factor MONOPTEROS (MP) directly activates ATHB8 in 
leaf vascular tissues to specify preprocambial cell fate and stabilize auxin 
signalling in these cells for proper vein formation in leaves (Donner et al. 
2009). 
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The HD-ZIP III factors have distinct expression patterns in different plant 
tissues. During embryogenesis, PHB, PHV, CNA and REV become restricted 
to the apical portion of the globular embryo; later in embryogenesis their 
expression is restricted to the adaxial domain of the cotyledons and provas-
culature, while PHB and REV are also expressed in the SAM (Emery et al. 
2003; McConnell et al. 2001; Otsuga et al. 2001; Prigge et al. 2005). ATHB8 
has no strong early embryonic pattern, but later in embryogenesis ATHB8 
expresses strongly in the provasculature (Prigge et al. 2005). During leaf 
initiation, PHB, PHV, and REV are expressed in the middle of the SAM and 
then expression becomes localized to the adaxial domain of newly emerging 
leaf primordia (Eshed et al. 2001; Juarez et al. 2004b; McConnell et al. 
2001). All five members are expressed in the vasculature in the shoot, how-
ever, ATHB8 is the only member that is exclusively expressed in the vascu-
lature (Baima et al. 1995; Emery et al. 2003; Prigge et al. 2005). Thus, the 
HD-ZIP III expression patterns support their role in initiating meristems, 
determining tissue polarity and directing vascular patterning (Emery et al. 
2003; Eshed et al. 2001; McConnell et al. 2001; Otsuga et al. 2001; Prigge et 
al. 2005).  

In roots, HD-ZIP III gene expression was observed through transcription-
al and translational GFP reporters. Interestingly, it was clear that the tran-
scriptional domain was broader for PHB (stele, ground tissue and QC) and 
ATHB8 (xylem axis and QC) than the protein expression domain for PHB 
(central stele only) and ATHB8 (only in the xylem axis only) (Lee et al. 
2006). Thus, the differential transcriptional and translational expression do-
mains may reflect their post-transcriptional regulation by microRNAs 
(miRNAs). 

Mechanism of miR165/6 regulation 
MiRNAs are small non-coding RNA (sRNA) molecules, around 21 nucleo-
tides long, that in plants bind to a complementary or nearly complementary 
sequence of a target mRNA which is then targeted for degradation (Reinhart 
et al. 2002). It has been noted that many plant miRNAs target developmental 
transcription factors, which suggests these miRNAs play a major role in 
post-transcriptional regulation during the development and differentiation 
process (Rhoades et al. 2002). Recent advances in miRNA research have 
shown that they also play an integral part in environmental response, such as 
stress response and plant immunity (Li et al. 2012; Sunkar et al. 2012; 
Sunkar and Zhu 2004). 

The steps of plant miRNA processing are fast becoming elucidated, 
though there is still much about their mode of action that is not well under-
stood (Voinnet 2009). Initially, a primary transcript (pri-miRNA) is tran-
scribed from the MIRNA gene. The pri-miRNA contains a seven-methyl 
guanosine (7mG) cap at the 5’ end and a poly-A tail at the 3’end. The cap-
binding complex (CBC), known for recruiting the spliceosome complex in 
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mRNA, also associates with the 5’ end and has been shown to be necessary 
for proper miRNA processing (Laubinger et al. 2008). The pri-miRNA is 
cleaved to create a long precursor miRNA transcript (pre-miRNA) that con-
tains a large stem-loop structure, which is then cleaved to a short stem-loop 
containing pre-miRNA structure, and finally cleaved to a miRNA:miRNA* 
duplex (miRNA is the guide strand, and miRNA* is the strand that is de-
graded) (Kurihara and Watanabe 2004; Reinhart et al. 2002; Xie et al. 2005; 
Zhu et al. 2011). The splicing steps are done by DICER-LIKE 1 (DCL1), an 
RNase III-like enzyme, which acts in a complex with HYPONASTIC 
LEAVES 1 (HYL1), a double-stranded RNA binding protein, and SER-
RATE (SE), a C2H2 zinc-finger protein required for precise and efficient 
processing (Dong et al. 2008; Grigg et al. 2005; Kurihara et al. 2006; 
Kurihara and Watanabe 2004; Laubinger et al. 2008; Lobbes et al. 2006; 
Park et al. 2002; Vazquez et al. 2004; Yang et al. 2006). DCL1, HYL1 and 
SE interact together in nuclear processing centers called D-bodies and are 
responsible for all of the precursor cleavages from the pri-miRNA to the 
miRNA:miRNA* duplex (Fang and Spector 2007; Kurihara et al. 2006). 
Losing the function of DCL1, SE, or HYL1 results in an accumulation of 
pri-miRNAs and a decrease of mature miRNAs (Dong et al. 2008; Kurihara 
and Watanabe 2004; Laubinger et al. 2008; Vazquez et al. 2004; Yang et al. 
2006).  

Before exiting the nucleus, the 3’ ends of the miRNA:miRNA* duplex 
are methylated by HUA ENHANCER 1 (HEN1), which is necessary to pre-
vent uridilation and degradation (Li et al. 2005; Yang et al. 2006). The 
miRNA:miRNA* duplex is then exported to the cytoplasm likely via the 
plant exportin 5 ortholog, HASTY (Park et al. 2005). The duplex is then 
incorporated into a RNA-induced silencing complex (RISC) containing an 
ARGONAUTE (AGO) protein, which is likely AGO1 (Khvorova et al. 
2003; Schwarz et al. 2003). AGO1 proteins contain 2 conserved domains, a 
PAZ domain for small RNA binding and a PIWI domain known for RNA 
cleavage (Song et al. 2004). It is in this RISC complex where the target 
mRNA is post-transcriptionally cleaved. 

Post-transcriptional regulation of HD-ZIP III required for proper shoot 
development 
It was predicted that HD-ZIP III transcripts are targeted by miR165 and 
miR166 based on sequence near-complementarity (Reinhart et al. 2002; 
Rhoades et al. 2002). There are two genes that encode miR165 
(MIR165A/B), and 7 genes that encode miR166 (MIR166A-G). The mature 
miRNAs produced from these 9 genes differ by only 1 nucleotide at the 3’ 
end (Bao et al. 2004; Emery et al. 2003; Reinhart et al. 2002; Rhoades et al. 
2002). It was shown that PHV transcripts in the adaxialized overexpresser 
phv-1d were not cleaved as efficiently as PHV wt mRNA (wt PHV tran-
scripts were cleaved >14-fold compared to phv-1d mRNA), clearly indicat-
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ing the necessity for post-transcriptional miRNA regulation of HD-ZIP III 
mRNA for proper plant development (Tang et al. 2003).  

Both the phb-1d and phv-1d mutants show strong adaxialization of shoot 
tissues and an enlarged SAM in addition to an expanded expression of PHB 
and PHV mRNA, respectively, into the abaxial portion of shoot tissues 
(McConnell and Barton 1998; McConnell et al. 2001). In both these mutants, 
there is a single nucleotide change that maps to the complementary 
miR165/6 sequence (Mallory et al. 2004). It was concluded that the severe 
phb-d phenotype is caused by the inability or inefficiency of miR165/6 to 
bind to the phb-d mRNA target sequence to ultimately restrict phb-d mRNA 
to the adaxial tissue domain; furthermore, the phenotype was not the result 
of an amino-acid change in the mRNA, as concluded from analyses of silent 
mutations in the miRNA target site (Mallory et al. 2004; McConnell et al. 
2001). The miRNA target site has different sensitivities to cleavage based on 
where mismatches may lie, so that mismatches at the 3’ end of the miRNA 
are more tolerable than mismatches at the 5’ end (Mallory et al. 2004). Tak-
en together, miRNA restriction of PHB and PHV to the adaxial portion of 
developing organs is important for adaxial tissue specification (McConnell 
and Barton 1998; McConnell et al. 2001; Rhoades et al. 2002; Tang et al. 
2003).  

Differential expression domains and roles for MIR165/6 genes 
Not all MIRNA genes are created equal. Laser-microdissection of maize 
shoot meristems revealed that miR166 precursors had differential and over-
lapping expression patterns sometimes even outside the expression domain 
of mature miR166, indicating that individual MIR166 genes may have diver-
sified roles, and furthermore, their expression is likely regulated on many 
different levels (Nogueira et al. 2009; Nogueira et al. 2007). Promoter re-
porters of MIR165 and MIR166 genes indicated they have overlapping and 
distinct expression domains in different Arabidopsis tissues (Jung and Park 
2007).  

Where are mature miR165 and miR166 expressed? In maize, the gene 
ROLLED LEAF1 (RLD1) is high similar to the Arabidopsis gene REVO-
LUTA (Juarez et al. 2004a; Nelson et al. 2002). The maize rld1 mRNA is 
detectable in the shoot meristem, the vasculature and the adaxial portion of 
leaf primordia, similar to Arabidopsis HD-ZIP III expression. In the miR-
NA-resistant Rdl1-O mutant, rdl1 expression was expanded to abaxial leaf 
tissue, similar to the expanded PHB expression in phb-1d (Juarez et al. 
2004a; McConnell et al. 2001). In situ hybridization analysis of maize shoots 
revealed that miR166 expression was strongest in the abaxial leaf tissues and 
formed a gradient into older adaxial leaf tissues, which was highly comple-
mentary to rld1 expression (Juarez et al. 2004a). Additionally, miR166 was 
expressed in the phloem, suggesting miR166 may even act as a mobile polar-
izing signal regulating HD-ZIP III expression.  
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Other genetic regulators of vascular development 
Many of the genetic components characterized as xylem regulators are in-
volved in either secondary cell wall patterning and/or programmed cell death 
processes of xylem differentiation. One such example is the gene ACAULIS5 
which has been shown to act as a signal regulating xylem differentiation by 
delaying cell death in order to achieve a completed secondary cell wall pat-
tern (Muniz et al. 2008). ACL5 encodes an enzyme involved in thermo-
spermine synthesis and is expressed in vascular tissues. The acl5 mutant 
forms only annular, spiral and reticulate vessel elements, like protoxylem, 
but no pitted vessel elements, like metaxylem (Muniz et al. 2008). Applica-
tion of spermine in the Zinnia xylem cell culture system revealed a role for 
spermine in delaying tracheary element appearance and differentiation while 
further stimulating the more elaborate pitted metaxylem cell wall patterning 
(Muniz et al. 2008); the application of thermospermine inhibits the differen-
tiation of TEs almost completely (Kakehi et al. 2010). Therefore, it was sug-
gested that ACL5 acts to prolong the time for growth and/or expansion of 
xylem cells to allow for a more intricate secondary cell wall deposition that 
is required for metaxylem cells (Muniz et al. 2008). 

Several NAM/ATAF/CUC (NAC) domain containing transcription fac-
tors have been linked to xylem specification. Both VASCULAR-RELATED 
NAC-DOMAIN 6 (VND6) and VND7 have been described as vascular mas-
ter switches between metaxylem and protoxylem differentiation, respective-
ly, and their suppression results in the inhibition of vessel element differenti-
ation (Kubo et al. 2005; Yamaguchi et al. 2010a). VND-INTERACTING 1 
and 2 (VNI1/2) were found to bind to VND proteins, and VNI2 specifically 
binds to VND7 to transcriptionally repress vessel differentiation genes 
downstream of VND7 (Yamaguchi et al. 2010b). XYLEM NAC DOMAIN 1 
(XND1) acts as a transcriptional repressor of xylem formation by inhibiting 
secondary cell wall biosynthesis and programmed cell death (Zhao et al. 
2008). 

To date, the only known genetic factor defining phloem specification is 
ALTERED PHLOEM DEVELOPMENT (APL) (Bonke et al. 2003). APL is 
expressed in sieve elements and companion cells which are differentiating. 
The loss-of-function mutant apl lacks companion cells and sieve elements in 
the root and forms xylem-like cells in the place where sieve elements would 
normally develop. Therefore, APL plays a role in phloem specification and 
may also have a role in the inhibition of xylem differentiation during vascu-
lar development (Bonke et al., 2003). 

Specification of radial patterning and maintenance of the QC 
Radial patterning in the Arabidopsis root requires a highly regulated set of 
cell divisions and cell specifications. There are many factors that are in-
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volved in determining proper radial patterning in the root, including both 
genetic and hormonal components. The following text describes a few of the 
known molecular pathways determining proper radial patterning in Ara-
bidopsis. 

Early mutant analyses of root development revealed two genes in particu-
lar which are responsible for ground tissue differentiation (Benfey et al. 
1993; Scheres et al. 1995). Mutants in either SHORTROOT (SHR) or 
SCARECROW (SCR) genes result in a short root and the loss of the cortex 
and endodermal cell division, forming just one mutant ground tissue layer 
instead (Scheres et al. 1995). The cortex-endodermal cell initial normally 
divides to give rise to two cell files, the inner endodermis and outer cortex 
cell files, but in both shr and scr mutants, this division only gives rise to one 
cell file (Di Laurenzio et al. 1996; Helariutta et al. 2000; Scheres et al. 
1995). Characterization of this shared mutant ground tissue layer led to a 
recognizable difference between these two loss-of-function mutants. The 
loss of scr lead to a ground tissue layer which maintains cell identities of 
both the endodermis and cortex, suggesting SCR is required for cell division 
but not for cell identity specification (Di Laurenzio et al. 1996). On the other 
hand, shr ground tissue had no endodermal characteristics indicating SHR is 
required for cell division and cell differentiation (Benfey et al. 1993). 

Loss of SHR leads to vascular patterning defects and genome-wide stud-
ies revealed that SHR directly binds to stele-specific genes and regulates 
their transcription (MAGPIE and NUTCRACKER) (Levesque et al. 2006). 
Additionally, SHR regulates a number of vascular patterning genes indirect-
ly, including the HD-ZIP III genes. Markers for stele initial and progeny 
identity are downregulated in the shr background in addition to decreased 
stele cell numbers, suggesting a role for shr in determining stele cell initial 
divisions and identity specification in addition to the already characterized 
role in ground tissue specification (Levesque et al. 2006).  

SCR is part of the GRAS family of transcription factors, and its expres-
sion is restricted to the endodermis, cortex-endodermal cell initial, and the 
QC (Di Laurenzio et al. 1996). SHR is also a GRAS family transcription 
factor, and its mRNA expression is strictly in the stele (Helariutta et al. 
2000; Sabatini et al. 2003). SHR protein localization reveals it moves out of 
the stele to the SCR expression domain, the endodermis, cortex-endodermal 
initial, and QC (Nakajima et al. 2001). Further analysis revealed SHR 
movement is required for SCR expression, and together they are required for 
the cortex-endodermal division and specification and for QC identity 
(Helariutta et al. 2000; Nakajima et al. 2001; Sabatini et al. 2003). Ectopic 
expression of SHR results in supernumerary cell numbers with endodermal 
identity (Helariutta et al. 2000). SHR is prevented from moving beyond the 
SCR expression domain, because SCR binds to SHR and sequesters it in the 
nucleus creating a safety mechanism for ensuring a single endodermal layer 
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and reinforcing a positive feedback loop that promotes SCR transcription 
(Cui et al. 2007; Helariutta et al. 2000).  

Determination of meristem size 
In order to properly regulate root development, there should be a balance of 
new cell generation and cell differentiation. Therefore, the maintenance of 
the stem cell niche and the regulation of meristem size are essential for root 
growth. Supernumerary meristematic cells often lead to a much larger meri-
stem and a longer root, while fewer meristematic cells often lead to reduced 
meristem size and short root length and can even result in complete con-
sumption of the meristem (Casamitjana-Martinez et al. 2003; Dello Ioio et 
al. 2007; Sabatini et al. 2003).  

Balance of auxin versus cytokinin determines meristem size 
Cytokinin and auxin influence the size of the root meristem. Exogenous ap-
plication of cytokinin decreases the number of cells in the meristem; con-
versely, exogenous auxin increases the number of cells in the meristem 
(Blilou et al. 2005; Dello Ioio et al. 2007). Cytokinins are active at the transi-
tion zone (TZ), where they promote cell differentiation (Dello Ioio et al. 
2007). It has been shown that cytokinin signal perception, as detected by 
AHK3, is relayed to type-B ARR1 and ARR12 at the TZ. This two-
component cytokinin signaling relay acts on the cell differentiation rate at 
the TZ, which in turn controls both the meristem size and growth rate (Dello 
Ioio et al. 2007). 

The crosstalk between cytokinin and auxin occurs through SHORT HY-
POCOTYL 2/IAA3 (SHY2), a member of the Aux/IAA family. ARR1 induc-
es SHY2 transcription. The loss-of-function SHY2 mutant has a larger root 
meristem, phenocopying an exogenous auxin application. Conversely, the 
gain-of-function SHY2 mutant displays a smaller meristem, phenocopying 
exogenous cytokinin application (Dello Ioio et al. 2008; Knox et al. 2003; 
Tian et al. 2003). SHY2 negatively regulates auxin transport through the 
transcriptional regulation of PIN genes (Dello Ioio et al. 2008). This redis-
tributes auxin and leads to cell differentiation (at the TZ). Since SHY2 is an 
Aux/IAA gene, high auxin mediates the degradation of the SHY2 protein. 
SHY2 also promotes cytokinin biosynthesis through the induced expression 
of IPT5 at the TZ. SHY2 therefore is a mediator of both cytokinin and auxin 
signaling in the root meristem, so that both pathways can find a mutual bal-
ance through SHY2 protein levels and an equal rate of cell division and cell 
differentiation (Dello Ioio et al. 2008). 
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Balance of superoxide versus hydrogen peroxide determines meristem 
size 
Reactive oxygen species (ROS) signalling plays multiple roles over a broad 
range of species, from bacteria to plants to mammals (Reviewed by (Apel 
and Hirt 2004; Mittler et al. 2011). ROS are produced as byproducts of dif-
ferent metabolic processes, and by their oxidative nature, they are damaging 
to DNA, proteins and lipids. ROS production can occur in chloroplasts, pe-
roxisomes, mitochondria, the plasma membrane and the apoplastic space. 
Generally, ROS byproducts are scavenged or detoxified by antioxidants and 
enzymes such as peroxidases or superoxide dismutases. However, plants can 
also produce ROS by activating oxidase and peroxidase enzymes in response 
to environmental stimuli, such as biotic or abiotic stresses including patho-
gen attack, high light, drought, temperature changes and wounding; it has 
been shown that a cell-autonomous ROS signal can travel to different plant 
parts as fast as 8.4cm/min (Miller et al. 2009; Mittler et al. 2011).  

Too high ROS levels are lethal to cells, and so the balance of ROS is 
tightly controlled for cell integrity and is often used as a growth regulatory 
signal (Apel and Hirt 2004). Commonly generated ROS are superoxide and 
hydrogen peroxide. Peroxidases generally reduce hydrogen peroxide, and 
this process plays a role in cell wall lignification; depending on the microen-
vironment, ROS can either loosen or stiffen plant cell walls (Liszkay et al. 
2004; Marjamaa et al. 2009). Polar root hair cell elongation is a well-studied 
developmental process that relies on ROS signalling. During root hair elon-
gation, the cell wall must be loosened and stiffened directionally, and this is 
affected by the activity of ROOT HAIR DEFECTIVE 2/Respiratory burst 
oxidase homolog C (RHD2/RbohC), a NADPH-oxidase enzyme localized on 
the plasma membrane and catalyzes superoxide production. Blocking ROS 
formation through NADPH-oxidases inhibits root hair growth; root hairs 
tightly control the location of extracellular ROS generation, such that high 
ROS at the root hair cell flanks rigidifies the wall while low ROS levels are 
maintained at the root tip where the cell wall is rapidly expanding (Foreman 
et al. 2003; Monshausen et al. 2007). 

Analysis of ROS localization in root meristems revealed that superoxide 
is localized throughout the DZ and in the vasculature in the TZ while hydro-
gen peroxide was localized mostly in the cell walls of the EDZ but not in the 
meristem (Dunand et al. 2007; Tsukagoshi et al. 2010). Increasing hydrogen 
peroxide or decreasing superoxide reduces root growth, while scavenging 
hydrogen peroxide increases root growth, indicating their balance may be 
vital for controlling the rate of root growth (Dunand et al. 2007). It was 
shown that the basic helix-loop-helix transcription factor UPBEAT1 (UPB1) 
directly represses the expression of three peroxidases, PEROXIDASE 39 
(PER39), PER40 and PER57, and this repression is required for a proper 
balance of superoxide to hydrogen peroxide for setting the size of the meri-
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stem and the TZ point (Tsukagoshi et al. 2010). Increasing UPB1 leads to 
less superoxide, more hydrogen peroxide and a smaller meristem, while the 
converse happens with reduced UPB1 activity, indicating UPB1 regulates 
ROS balance in the root to set the TZ ensuring proper root meristem growth. 
Interestingly, the UPB1 directed regulation of meristem size appears to act 
independently of the SHY2/ARR1 mediated meristem size pathway, since 
altered UPB1 expression does not affect the expression of SHY2/ARR1 and 
UPB1 expression is not affected by exogenous application of auxin or cyto-
kinin (Tsukagoshi et al. 2010). 
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Aims 

During my PhD, my aim has been to identify and understand novel molecu-
lar mechanisms controlling root meristem patterning and vascular cell fate 
using the simply organized Arabidopsis thaliana root meristem as a model 
organ for developmental studies. I have been studying the role of a small 
family of transcription factors, the class III homeodomain-leucine zipper 
(HD-ZIP III) family, which are well known for their regulation of shoot de-
velopment. However, whether or not these transcription factors have a role 
in root development and to what extent they may control root cell fate is 
largely unknown. Therefore, more specifically, my aim as a PhD student has 
been to characterize the role of the HD-ZIP III factors in root cell patterning 
and growth, and particularly focus on their role in vascular cell fate. In order 
to do this, the controlled expression of these transcription factors was studied 
and mechanisms for their regulation were sought. Furthermore, as the HD-
ZIP III factors act to control the expression of other genes, I also endeavored 
to uncover novel downstream regulatory networks controlled by the HD-ZIP 
III factors that are important for the ultimate administration of their function 
in root development, focusing on their control of meristem size and vascular 
cell patterning.  
 
 



 31 

Methods overview 

I aimed to understand the regulation of root development by identifying mo-
lecular pathways that control different aspects of the developmental process, 
including cell proliferation and cell specification. To address these aims, I 
employed a variety of methods to identify and assess expression domains 
and levels, characterize molecular functions and visualize phenotypic conse-
quences in root development.  

Molecular and phenotypic cell type analyses 
To understand molecular changes in different mutants versus wild type, I 
assessed changes in expression patterns of different reporter lines, such as 
GFP and GUS fusions. More specifically, I introduced, by crossing or trans-
formation, and analyzed transgenic reporter lines which aided in the under-
standing of cell type identity or patterning alterations in different genetic 
mutant backgrounds. To visualize these markers in tissues, I performed vari-
ous staining techniques coupled to dark interference contrast (DIC) light 
microscopy and/or laser confocal microscopy imaging.  

Because I looked at genes involved in vascular patterning, I frequently 
used xylem as a biological marker for cell patterning changes. To distinguish 
between protoxylem and metaxylem, I stained for lignin and visualized tis-
sues using either light or confocal laser microscopy. Using these methods, I 
characterized variations in xylem patterning in numerous mutants and trans-
genic lines. When analyzing meristem cell numbers and xylem patterning 
simultaneously, I cleared the tissues and visualized the root phenotype using 
DIC light microscopy. 

Molecular biology 
I employed molecular cloning techniques and introduced transgenic con-
structs into Arabidopsis for various analyses. I checked the cloning efficacy 
by sequence analysis. I employed these methods to generate transgenic lines 
with tissue and hormone signalling reporters and for creating inducible 
transgenic lines for the temporal assessment of gene function in planta. 

RNA expression studies 
Since the molecular mechanisms studied were regulated on different levels, 
transcriptionally and post-transcriptionally, I frequently employed methods 
to visualize and quantify RNA levels. I used in situ hybridization extensively 
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to visualize RNA expression domains in sectioned tissues in a semi-
quantitative manner in the RAM. To this end, I used this method to detect 
RNA expression with riboprobes, and I optimized and applied the in situ 
hybridization method for the detection of miRNAs with locked nucleic acid 
(LNA) probes. I systematically analyzed serial sections from the resulting in 
situ hybridization experiments using DIC light microscopy and Leica imag-
ing. The comparison of in situ hybridization domains together with transcrip-
tional and translational marker line domains provided a broader understand-
ing of the regulatory processes involved during root development.  

As I worked with transcription factors and aimed to understand their regu-
lation on downstream targets, I used quantitative Real-time PCR (qPCR) to 
quantify RNA transcript levels in mutants or upon induction of a transgene 
or hormone treatment. To ensure that I identified changes that were im-
portant for root meristem development, I dissected root tips for RNA extrac-
tion. To assess global transcriptome alterations, I designed and performed 
microarray analyses using Affymetrix GeneChip arrays to quantify RNA 
expression changes in the root meristem after a time-course induction of a 
miRNA (labeling, hybridization and normalization were performed by the 
Uppsala Array Platform). Using the normalized microarray data, I identified 
enriched categories of genes and novel pathways affected by the miRNA 
over time. 
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Results and Discussion 

The results and discussion are presented to emphasize the scientific hypothe-
ses and conclusions that the results supported, while describing concisely 
selected results that steered us to those conclusions. Everything discussed 
has been put in the context of root development.  
 
Non-cell autonomous regulation of HD-ZIP III levels 
controls vascular patterning and root growth 

PHB regulates cell identity in the root (I) 
A novel allele regulating root development was identified from an EMS 
mutagenesis screen as having both a short root and altered SUC2::GFP ex-
pression in the root tip. The novel mutant allele was mapped by colleagues 
to a point mutation in the microRNA (miRNA) target site of the gene 
PHABULOSA (PHB), and this gain-of-function allele was named phb-7d. 
Further characterization of phb-7d indicated that PHB has a role in root vas-
cular development, particularly in promoting metaxylem. High and ectopic 
PHB levels resulted in ectopic metaxylem in the place of protoxylem, and 
sometimes metaxylem even formed within the pericycle cells neighboring 
the endoderms. We assessed if other cell types were affected by ectopic 
PHB, and indeed, deviations in the patterning of other cell type markers 
(http://www.plantsci.cam.ac.uk/Haseloff/) indicated that PHB is involved in 
stele cell specification, including both vascular (xylem and phloem) and 
pericycle cell types. 

Restriction of HD-ZIP III by miR165/6 to the central stele is 
essential for vascular patterning and root growth (I) 
Transcriptional and translational reporters indicated the HD-ZIP III genes 
may have individual and overlapping expression patterns in the root (Lee et 
al. 2006), however, they were also suggested to not have a major effect on 
root vascular anatomy due to functional redundancy (Hawker and Bowman 
2004).  

Assessing RNA expression domains are clearly important for the under-
standing of the functional domain of these post-transcriptionally regulated 
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factors, as supported by the observation that ectopic expression in phb-7d 
results in vascular cell identity changes. We investigated the mRNA expres-
sion patterns of all five HD-ZIP III genes in radial cross sections of wild 
type primary roots by in situ hybridization (Figure 2A). We saw that the 
expression of the HD-ZIP III members overlaps in the central metaxylem 
domain. Both PHB and CNA mRNA expression peaked in the metaxylem 
domain, and their expression was also detectable in the neighboring protoxy-
lem and procambial cells. ATHB8 mRNA was expressed in the xylem axis. 
REV had a differential expression pattern depending on the proximity to the 
QC; in sections near the QC, REV was expressed broadly in vascular and 
procambial tissues, but in more shootward sections, REV expression was 
reduced or completely gone from the metaxylem domain (as shown in Figure 
2A). The expression pattern of PHV was too weak to discern. 

 
Figure 2. HD-ZIP III and miR165/6 expression in wild type and icals3m roots 
(A) In situ hybridization showing the expression of all five HD-ZIP III mRNA tran-
scripts in wild type (wt) root radial cross-sections (images from Jan Dettmer and 
Satu Lehesranta). Far left image shows PHB expression in the miR165/6 resistant 
phb-7d mutant. (B) In situ hybridization with LNA probes detecting miR166 expres-
sion in root meristems. Images are serial cross-sections, approx. 7 µm apart; QC in 
second image from left. Control was a 3bp-missmatch LNA probe (Carlsbecker, et 
al. 2010). (C) PHB expression in wt roots without (0h) or with (12h) icals3m induc-
tion in the ground tissue. (D) miR165 and PHB expression in shr J0571; 
UAS::MIR165; UAS::icals3m without (0h) or with (24h) icals3m induction. (C and 
D, modified from Vatén, et al. 2011). Asterisks mark the endodermis (or ground 
tissue in shr). 

Since PHB promoter activity is active throughout the stele and endo-
dermis (sometimes cortex also) (Lee et al. 2006), but PHB mRNA and pro-
tein domains are located only in the central stele, presumably miR165/6 act 
in the stele periphery and ground tissue to restrict PHB. We asked what the 
PHB expression domain looked like in phb-7d (miRNA-resistant) roots, 
which should indicate the action of miR165/6-mediated restriction in root 
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patterning. Indeed, PHB was ectopically expanded in phb-7d roots radially 
throughout the stele and ground tissue (Figure 2A) and longitudinally ex-
panded more shootward. The expression and phenotypic data together em-
phasized the importance of miR165/6 restriction of PHB to the central stele 
for correct vascular development. 

Endodermal SHR controls vascular patterning through post-
transcriptional repression of PHB (I) 
SHORTROOT (SHR) protein is produced in the stele and moves to the 
neighboring endodermis where it activates SCARECROW (SCR) expression, 
and this mobility is important for proper division of the cortex-endodermal 
initial and specification of the cortex and endodermal tissues (Gallagher et 
al. 2004; Helariutta et al. 2000; Nakajima et al. 2001). Our collaborators 
observed that both shr and scr loss of function mutants formed ectopic met-
axylem in the place of protoxylem, similar to phb-7d. Additional similarities 
came from shared cell type marker alterations in both shr and phb-7d. While 
SHR is found in both stele and endodermal tissues, SCR is not expressed in 
the stele, suggesting it has a non-cell autonomous regulation on vascular 
patterning. Furthermore, it is SHR activity in the ground tissue along with 
SCR and not SHR in the stele which is important for the vascular patterning 
and root growth regulation, since both the xylem and short root defects of 
shr could only be rescued by expressing SHR in the ground tissue (shr-2 
J0571, UAS::SHR:YFP), and not with stele-driven SHR or ground-tissue 
driven SCR.  

We asked whether the phb-7d phenotype is the result of altered SHR ex-
pression, but we found no deviation of SHR::SHR:GFP in phb-7d roots, 
indicating SHR was not downstream of PHB. By contrast, all five HD-ZIP 
III transcripts were elevated in both shr and scr mutants (Levesque et al. 
2006), indicating that the HD-ZIP III factors are downstream of SHR/SCR 
regulation. In line with this, loss of both SHR and PHB (phb shr) rescued the 
shr root length and vascular patterning defects (the athb8 shr and cna shr 
double mutants also rescued vascular patterning to a lesser extent), indicat-
ing that SHR acts upstream of PHB. 

To analyze if SHR regulates PHB on a transcriptional or a post-
transcriptional level, we assessed the expression of PHB promoter and trans-
lational GFP reporters in wt and shr. PHB was transcribed in the same tissue 
domains in both wt and shr, but PHB protein localization in wt was restrict-
ed to the central stele, whereas PHB was detectable throughout the stele and 
endodermis in shr roots, similar to the domain of the PHB transcriptional 
reporter. In line with these results, PHB mRNA was also detectable in all shr 
stele cells. Together, these results indicate that SHR regulates PHB post-
transcriptionally to control vascular patterning and root growth. 



 36 

SHR directly activates MIR165A/166b in the endodermis (I) 
We asked whether SHR-directed post-transcriptional control of PHB may 
occur through miR165/6 regulation. Indeed, mature miR165/6 levels were 
reduced in both shr and scr roots, as seen by qPCR. There are 9 genes en-
coding miR165/6: MIR165A/B and MIR166A-G (Reinhart et al. 2002). Eight 
of these genes were tested for possible root expression patterns by assessing 
promoter::GFP expression in wt roots. Only pMIR165A::GFP and 
pMIR166B::GFP had detectable expression patterns in the root. While 
MIR165A was expressed specifically in the endodermal cell layer, MIR166B 
was expressed strongest in the endodermis and qc and weakly in the cortex 
and epidermal cell layers. Miyashima, et al. (2011) independently observed 
endodermis specific expression of MIR165A and MIR166B, and additionally 
observed MIR166A is also specifically expressed in the endodermis and QC. 
Expression of both of these markers were dramatically decreased or not de-
tectable in shr and scr backgrounds, suggesting that they are likely transcrip-
tionally regulated by SHR and SCR. Chromatin immuno-precipitation 
(ChIP) coupled with qPCR studies revealed an enrichment of the SHR pro-
tein on the promoter region of both MIR165A and MIR166B. Hence, these 
data indicate that SHR is a direct positive regulator of MIR165A and 
MIR166B. 

Non-cell autonomous activity of miR165/6 restricts HD-ZIP IIIs 
to the central stele (I) 
PHB is the only HD-ZIP III gene whose promoter expression domain over-
laps with the ground tissue layer where MIR165A/166B are expressed, and 
furthermore, all of the HD-ZIP III mRNA and protein domains (Lee et al. 
2006) were restricted within the stele, indicating that the miRNAs in the 
ground tissue act non-cell autonomously to regulate HD-ZIP III expression. 
We tested whether miR165/6 could act non-cell autonomously. As indicated 
by sensor GFP studies, the activity domain of miR165/6 revealed that they 
are active not only in their transcriptional domain, but also in the stele pe-
riphery in wt. However, no differential sensor pattern was detected in shr.  

We then asked where the miR165/6 expression domain is in roots – are 
they found outside the endodermal cell layer as suggested by the sensor GFP 
data? In situ hybridization with LNA probes revealed that miR165/6 was 
expressed in all root meristem cells at and above the QC (Figure 2B). Just 
above the QC, miR165/6 expression was strongest in the cortex and epider-
mis and weaker in the endodermis and stele tissues, a pattern complementary 
to the transcriptional domain of PHB. In sections more shootward from the 
QC, the expression of miR165/6 became more ubiquitous in all tissues. The 
expression domain was similar in shr, but markedly weaker. Analysis of the 
radial miR165/6 expression pattern in situ in loss-of-function HD-ZIP III 
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mutants, in which target mRNA is reduced (Prigge et al. 2005), revealed that 
miR165/6 was less differentially distributed compared to wt roots, indicating 
that the in situ results reflected the free distribution of miR165/6.  

We then asked if we could rescue the shr mutant effects of ectopic PHB 
and resulting vascular patterning defects (ectopic metaxylem and loss of 
protoxylem) by just expressing MIR165A in the ground tissue. This would 
support that SHR activation of MIR165A in the ground tissue is essential for 
the non-cell autonomous restriction of PHB to the central stele and ultimate-
ly for proper cell specification and root growth. Indeed, driving MIR165A in 
the inherently low miR165/6 shr background (UAS::MIR165A; shr J0571) 
rescued protoxylem formation. Furthermore, the expression of both PHB and 
CNA was restricted from the stele periphery to the central stele, as detected 
by in situ hybridization. Similar results were observed in the scr background 
as well. Together, these results indicate that SHR and SCR non-cell autono-
mously regulate vascular patterning by transcriptionally activating 
MIR165A/MIR166B, and that miR165/6 restrict HD-ZIP III transcripts with-
in the stele, which is important for the correct specification of xylem cell 
types.  

Non-cell autonomous HD-ZIP III regulation relies on symplastic 
cell-to-cell communication (II) 

Two semi-dominant alleles of CALLOSE SYNTHASE 3/GLUCAN-
SYNTHASE LIKE 7 (CALS3) gene were identified in the same screen in 
which phb-7d was identified, and a third allele was later identified in a sepa-
rate screen; the alleles were termed cals3-1d/2d/3d. Vascular patterning in 
these mutants was similarly defective, such that cals3-d mutants had short 
roots and formed ectopic metaxylem in the place of protoxylem. Callose, a 
ß-1,3-glucan molecule, is deposited at the plasma membrane around plasmo-
desmata (PD) (Radford et al. 1998). Plasmodesmata (PD) are channels con-
necting neighboring cells allowing cytoplasm to be shared between cells. 
Molecules may pass between plasmodesmata either selectively or through 
passive diffusion, the second being dependent on the size exclusion limit set 
by the aperture opening (Kim 2005; Roberts and Oparka 2003). Callose ac-
cumulation can be developmentally regulated, and its accumulation around 
the PD neck region, as induced by a callose synthase enzyme, has been 
shown to physically reduce the size of the neck region, and thus the aperture 
of PD (Levy et al. 2007). 

Expression studies indicated CALS3 was broadly expressed in the root, 
though perhaps a bit stronger expressed in the stele. We then asked whether 
CALS3 was involved in callose deposition at PD. Functional characteriza-
tion of CALS3 was analyzed using the estrogen (XVE) inducible icals3m 
construct, containing the additive cals3-1d and -2d dominant mutations, and 
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this construct was driven under different promoters. Directed expression of 
icals3m caused callose accumulation in areas surrounding PD cell-to-cell 
connections and resulted in a reduction of the PD aperture. This suggested 
that the cals3-d phenotypes were likely resulting from hindered PD transport 
of mobile signals reliant on cell-to-cell communication for proper root 
growth and development. 

Based on the shared phenotypes of cals3-d, phb-7d and shr mutants and 
others’ results showing that regulated callose synthase expression can modi-
fy PD aperature (Levy et al. 2007), we tested whether PD disruption by 
cals3-d may interfere with the trafficking of SHR and miR165 to regulate 
PHB. We tested whether the cals3-d vascular phenotype could be the result 
of hindered symplastic signalling between the stele and endodermis. Loss of 
PHB rescued much of the protoxylem defects of the cals3-d alleles, similar 
to the rescue of shr (Paper I). Directed induction of icals3d in the endo-
dermis resulted in increased and expanded PHB levels in the stele (Figure 
2C). Therefore, PHB is the main cause of the vascular defects in cals3-d, and 
PHB is regulated by a non-cell autonomous factor reliant on symplastic mo-
bility between endodermis and stele tissues. 

We then tested if SHR could be the mobile factor reliant on plasmodes-
mata for inter-cellular movement from the stele to the endodermis, which 
could explain the increased PHB expression and vascular phenotype caused 
by cals3-d. Indeed, SHR mobility to the endodermis was hindered when 
icals3d was induced in the stele, as seen by severely reduced 
SHR::SHR:GFP in the endodermis. These results suggest that the phenotype 
observed in icals3-d alleles could be the result of reduced mobility of SHR 
to the endodermis and thereby inability to activate MIR165A/166B and sub-
sequently restrict PHB. However, it was unknown whether miR165/6 also 
rely on symplastic cell-to-cell communication to move from the endodermis 
inward to regulate PHB. 

We therefore tested if cell-to-cell symplastic transport is important for 
miR165/6 mobility to regulate PHB and ultimately, vascular patterning. We 
previously observed that ground tissue expressed MIR165A in a low 
miR165/6 background (shr J057; UAS::MIR165A) could non-cell autono-
mously restrict PHB and CNA mRNA in the stele (Paper I). Introduction of 
the icals3m line allowed the directed induction of callose in the ground tis-
sue, the same tissue in which MIR165A is expressed. Without induction, 
miR165 spatial expression domain was strong and ubiquitous throughout the 
primary root radius (like in wt, Paper I) and PHB expression was restricted 
to the central part of the stele, as presented also in Paper I (Figure 2D). After 
induction of icals3m, miR165 accumulated in the ground tissue, as indicated 
by a differentially darker stain in the ground tissue as compared to the sur-
rounding epidermal and stele tissues, which displayed a considerably weaker 
staining (Figure 2D). Furthermore, after icals3d induction, PHB expression 
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was strong and evenly expanded into all stele cells, indicating a reduced 
miRNA-mediated restriction of PHB transcripts in the stele periphery.  

Taken together, induced callose deposition affected the PD aperture size, 
which effectively restricted SHR protein movement from the stele to the 
endodermis and hindered the outward mobility of miR165 (and/or it’s pre-
cursors) from the ground tissue to the stele, ultimately affecting the PHB 
expression domain and altering vascular patterning (model shown in Figure 
1B). These results emphasize a novel reliance of the bi-directional move-
ment of SHR and its targets miR165/6 upon symplastic mobility for non-cell 
autonomous regulation of PHB, ultimately highlighting the significance of 
cell-to-cell communication during root development.  

HD-Zip III factors specify xylem de novo and dose-dependently 
regulate xylem cell type (I) 
Such a complex bi-directional signalling mechanism ensures proper levels of 
HD-ZIP III expression, and their expression has dramatic consequences on 
the growth and development of the root, highlighting their role in controlling 
root development. To understand the individual and overlapping roles of 
these transcription factors in root development, we further characterized 
their contribution in root growth and vascular patterning.  

HD-ZIP III factors act to promote metaxylem specification, as indicated 
by the two PHB gain-of-function mutants phb-1d and phb-7d which most 
often formed metaxylem ectopically in the place of protoxylem, whereas wt 
invariably formed protoxylem next to metaxylem in each vascular pole in the 
root (Figure 1C). The phb-d mutants also formed ectopic metaxylem fre-
quently in the cell neighboring the endodermis, which would normally be the 
pericycle. Also, phb-d mutants had reduced stele cell numbers indicating the 
HD-ZIP III factors may act to repress stele cell proliferation. 

We then showed that in conditions with reduced HD-ZIP III levels, pro-
toxylem formed in the place of metaxylem. We analyzed nearly all single, 
double, triple, quadruple mutant combinations (kindly shared with us by Dr. 
Michael J. Prigge) in addition to the quintuple mutant for alterations in vas-
cular patterning. In contrast to the gain-of-function mutants, reduced HD-
ZIP III TF levels lead to ectopic protoxylem in the metaxylem domain (Fig-
ure 1C). For example, the double mutant phb athb8 had the most severe vas-
cular alterations of the double mutants analyzed, often forming two protoxy-
lem strands next to a metaxylem strand in each xylem pole, supporting over-
lapping roles for PHB and ATHB8 in specifying metaxylem cell fate. All of 
the triple mutants had altered vascular patterning to varying degrees. Most 
often protoxylem formed in both the protoxylem and metaxylem domains, 
but metaxylem usually formed in the central-most xylem position. The two 
triple mutants containing the loss of both PHB and ATHB8, athb8 phb phv 
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and athb8 cna phb sometimes had complete inhibition of metaxylem for-
mation and thus only formed protoxylem. These two mutants also had radial 
patterning defects, such that the most peripheral cell in the xylem axis 
neighboring the pericycle often did not differentiate, and they also had slight 
increases in stele cell numbers. This further indicates that the HD-ZIP III TF 
family plays a role in promoting metaxylem formation and repressing cell 
proliferation, since the loss of multiple members leads to protoxylem in the 
place of metaxylem and increased stele cell numbers. Furthermore, they 
affect radial patterning and cell specification, as lowered HD-ZIP III expres-
sion levels reduced the frequency of xylem forming in the most peripheral 
xylem position.  

Losing any four of the five members resulted in a protoxylem-only xylem 
phenotype, where protoxylem formed ectopically in the place of metaxylem 
and no metaxylem was observed (Figure 1C). We further characterized the 
radial patterning of athb8 cna phb phv and cna phb phv rev, and observed 
that frequently these mutants also had no xylem differentiation in the periph-
eral xylem cell next to the pericycle. This radial patterning phenotype was 
more frequent in the quadruple mutants than the triple mutants, and these 
quadruples also had many more (up to nearly twice as many) stele cells 
compared to wt. Furthermore, the athb8 cna phb phv mutant often formed a 
tri- or tetra-arch stele pattern. Together, these results reflect a dose-
dependent regulation by the HD-ZIP III TFs on vascular cell patterning as 
well as cell proliferation. Losing all five members results in a primary root 
with no xylem formation and relatively normal stele cell numbers.  

We conclude that the HD-ZIP III members suppress stele cell prolifera-
tion and promote metaxylem cell specification at high levels; while at lower 
levels, they allow protoxylem specification and stele cell proliferation. Be-
cause the loss of all five members results in a root with no xylem, it appears 
that they act as de novo xylem specifiers and are required for xylem to dif-
ferentiate in the primary root. 

HD-ZIP III factors reduce meristem size and root length (III) 
PHB clearly controls root growth, as the gain-of-function phb-7d mutant was 
initially identified as having a short root (Paper I). We further quantified 
alterations in HD-ZIP III directed root growth by measuring the meristem 
size and root length of different HD-ZIP III mutants. The phb-7d mutant had 
a significantly shorter root than wt by four days post germination (dpg). 
Since root length and meristem size can be correlated (Dello Ioio et al. 
2007), we quantified meristem cell numbers in phb-7d and wt (as measured 
by the number of non-elongated cortex cells in a cell file in the division 
zone, Figure 1A).  In line with the root length measures, phb-7d mutants had 
a smaller meristem than wt at 2 dpg, and the meristem continued to decrease 
over time until 6 days post germination (dpg), where the phb-7d meristem no 
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longer had discernable non-elongated cortex cells. Conversely, the loss-of-
function athb8 cna phb phv mutant had a significantly longer root and a sig-
nificantly larger root meristem. Together, these results indicate that the lev-
els of HD-ZIP III TFs influence root length through the regulation of meri-
stem size. 

HD-ZIP III factors regulate downstream signalling 
processes ensuring proper root development (III and IV) 
Global expression analysis reveals HD-ZIP III downstream 
targets (III) 
Despite their major role in tissue patterning and cell differentiation control, 
as of yet, very little is known about the downstream targets of the HD-ZIP 
III factors which implement their patterning effects. Global transcript studies 
using microarrays to determine the effect of overexpression of the Zinnia 
HD-ZIP III gene ZeHB-12 (a REV homologue) implicated the REV homo-
logue in regulating genes involved in developing xylem parenchyma cells 
but not genes regulating TE secondary cell wall or cell death processes 
(Ohashi-Ito et al. 2005). Further indications of HD-ZIP III downstream tar-
gets came from microarrays done on miR165-overexpressing plants, indicat-
ing the HD-ZIP III family may repress genes involved in anthocyanin bio-
synthesis, vascular development and auxin signalling (Zhou et al. 2007). A 
recent study to identify REV downstream targets using ChIP-seq revealed a 
role for REV in directly regulating the expression of genes involved in aux-
in-induced shade avoidance response (Brandt et al. 2012).  

Others and we have observed that HD-ZIP III mutants display alterations 
in root length (Carlsbecker et al. 2010; Miyashima et al. 2011) and meristem 
size, and recent results indicate that a connection between PHB and cytokin-
in may play a role in controlling meristem size (Dello Ioio et al. 2012). To 
better understand how the HD-ZIP III transcription factors mediate root vas-
cular patterning, meristem size and root growth, we created a stele-specific 
miR165 inducible construct. Upon induction, the expression of PHB, PHV, 
CNA and ATHB8 levels were significantly decreased and vascular patterning 
changes similar to the athb8 cna phb phv mutant were observed. Using this 
line, I performed a time-course global transcriptome analysis with dissected 
root meristems to identify early and later downstream targets of the HD-ZIP 
III factors in their control of root development.  
Over all time-points, 6h, 10h and 24h of miR165 induction, there were 997 
genes that were significantly altered by miR165, and by inference, reduced 
HD-ZIP III expression. The majority of transcriptional changes occurred at 
10 hours post-induction, and most of these changes were upregulated genes. 
We were not able to detect any significant changes in the genes associated 
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with the SHY2/ARR1-pathway for meristem size determination as a re-
sponse to miR165 induction, suggesting that the HD-ZIP III TFs are not 
directly influencing these components. Since ARR1 is required for the re-
sponse of both PHB and miR165 to cytokinin (Dello Ioio et al, 2012), it 
would appear that PHB is acting downstream of ARR1 in meristem size 
determination. While there were no changes in the SHY2-ARR1 pathway 
after miR165 induction, we did find transcriptional changes in genes in-
volved in ROS regulation, as analysis of enriched gene ontology categories 
indicated multiple overlapping categories having to do with peroxidase ac-
tivity and response to reactive oxygen species (ROS). These results suggest-
ed that the HD-ZIP III TFs may regulate ROS balance. 

HD-ZIP III TFs control meristem size through modification of 
ROS levels (III) 
The enrichment of ROS related ontologies after miR165 induction was inter-
esting, as alterations in ROS distribution over the meristem can modify me-
ristem size (Tsukagoshi et al. 2010). The relative distribution and level of 
superoxide (O2

. –), predominantly in the division zone, and hydrogen perox-
ide (H2O2), found in more differentiated cells, has been shown to influence 
the point at which cells begin to differentiate and thereby start to elongate, 
thus regulating the position of the transition zone (Dunand et al. 2007; 
Tsukagoshi et al. 2010). After miR165 induction, we detected an upregula-
tion in the expression of various peroxidase and NADPH-oxidase encoding 
genes. The ROS O2

. – is produced by NADPH oxidases; H2O2 can be reduced 
by the activity of peroxidases (Apel and Hirt 2004; Cosio and Dunand 2009; 
Monshausen et al. 2007; Passardi et al. 2004; Tsukagoshi et al. 2010).  

To test whether the HD-ZIP III factors may regulate meristem size 
through the control of ROS in the root, we stained for ROS and chemically 
modified ROS levels to observe the phenotypic output on root development. 
In line with the genetic support from the arrays, high HD-ZIP III TF levels 
correlated with a small meristem and low superoxide levels, and a reduction 
in H2O2 rescued much of the meristem size defects. Conversely, low HD-ZIP 
III TF levels resulted in a larger meristem and correlated higher superoxide 
levels, and inhibition of peroxidase or NADPH-oxidase activity rescued the 
meristem size and root length to that of wt. Taken together, these results 
suggest that the HD-ZIP III TFs operate to determine the differentiation sta-
tus of root meristem cells by modulating levels of the ROS O2

. – and H2O2 

through the transcriptional repression of a number of NADPH oxidase and 
peroxidase encoding genes. 

Thus, it is conceivable that the HD-ZIP III TFs act as an important signal-
ing node in the control of root meristem size and root growth. We propose 
that they would respond to alterations in cytokinin and redox state, and 
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transmit this to changes in cellular hormone homeostasis and ROS levels. as 
well as alterations in redox state, with the developmental output being an 
alterations in the cellular differentiation state and thus in meristem size and 
root growth rate. 

  

HD-ZIP III directed xylem patterning acts independently of 
cytokinin signalling (IV) 
Previous results showing reduced or enhanced root length in the gain or loss-
of-function HD-ZIP III mutants (Paper III), respectively, in addition to alter-
ations in the expression of ARABIDOPSIS HISTIDINE PHOSPHOTRANS-
FER PROTEIN 6 (AHP6) (Paper I), an inhibitor of cytokinin signalling, 
together indicate that the HD-ZIP III factors may promote cytokinin levels or 
signalling. AHP6 was not detectable in the phb-7d mutant and was ectopical-
ly expressed in the athb8 cna phb phv mutant (Paper I), correlating with the 
xylem patterning alterations in these mutants. AHP6 acts as a negative regu-
lator of cytokinin signalling and is in turn negatively regulated by cytokinin 
signalling (Mähönen et al. 2006a). We asked if the vascular patterning al-
terations in a reduced HD-ZIP III background could be due to high levels of 
AHP6 inhibiting cytokinin signalling and allowing protoxylem formation in 
the central xylem axis. However, further characterization of cytokinin signal-
ling in altered HD-ZIP III backgrounds revealed that, while HD-ZIP III mu-
tants do display indications of altered cytokinin signalling, the vascular pat-
terning does not appear to be affected by these alterations. Since it has been 
shown that the cytokinin-mediated inhibition of AHP6 occurs through auxin 
signalling (Bishopp et al. 2011a), one hypothesis is that altered AHP6 ex-
pression and cytokinin signalling in HD-ZIP III mutant backgrounds may 
reflect modifications in auxin maxima. 

HD-Zip III factors regulate auxin signalling in the central stele 
for proper vascular patterning (IV) 
We then tested if we could observe altered auxin signalling correlated with 
altered HD-ZIP III TF levels. Indeed, low HD-ZIP III activity resulted in 
increased auxin signalling reporter expression in central xylem positions. 
Conversely, ectopic PHB resulted in low auxin signalling reporter expres-
sion, which was not recoverable with increasing auxin levels. We asked 
whether the changes observed could be explained by alterations in PIN lev-
els. However, we found no alterations in expression after miR165 induction 
of any of the PIN genes (Paper III and IV).  

In order to identify possible candidate genes involved in auxin signalling 
downstream of the HD-ZIP III TFs, we probed the results of the above-
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described array experiment assessing transcriptional changes in the root me-
ristem after miR165 induction (Paper III). A number of auxin signalling 
genes were upregulated after miR165 induction, including AHP6. Interest-
ingly, two auxin-signalling genes that are known to be upregulated by auxin 
were repressed after miR165 induction, and thus likely would be activated 
by HD-ZIP III TFs. These two factors are known to act as auxin signalling 
repressors, and we hypothesize that the HD-ZIP III TFs may promote their 
expression to dampen auxin signalling in the central stele. To test whether 
PHB is able to promote the expression these two auxin-signalling genes, we 
analyzed their expression in phb-7d root meristems. Indeed, both genes were 
transcriptionally upregulated in phb-7d, indicating that PHB alone is suffi-
cient to regulate their expression. Furthermore, one of them is known to be 
expressed in an overlapping domain with PHB in the primary root 
(Rademacher et al. 2012), and radial imaging revealed that it is expressed in 
the xylem axis. 

If the regulation of this auxin-signalling repressor gene would be im-
portant for vascular patterning, we expected that alterations in its expression 
would lead to vascular patterning defects. In line with this hypothesis, we 
observed that ectopic expression conferred xylem patterning defects similar 
to phb-7d while a null mutant displayed vascular defects similar to what is 
observed in double and triple loss-of-function HD-ZIP III mutants. Together, 
these results indicate that the ectopic protoxylem phenotype observed in 
loss-of-function HD-ZIP III mutants is at least in part caused by high auxin 
signalling in the stele, likely in the central xylem axis, and this data supports 
a role for the HD-ZIP III TFs in regulating auxin sensitivity. We propose 
that the HD-ZIP III transcription factors would act to repress auxin signal-
ling through an activation of auxin-signalling repressor genes in the central 
stele cells and that this is an important function in their regulation of root 
vascular patterning. 
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Summary and Outlook 

We have shown that the HD-ZIP III expression domains are generally over-
lapping in the central stele and peak in the metaxylem domain. Our results 
suggest that their expression is required for the suppression of auxin signal-
ling in the central xylem axis in order to promote metaxylem development, 
and this may occur through their transcriptional control of auxin signalling 
suppressor genes. The levels of the HD-ZIP III factors negatively control 
meristem size and root length and they also actu to regulate vascular pattern-
ing and radial growth. We show that the HD-ZIP III TFs act to suppress 
superoxide levels and/or promote hydrogen peroxide levels to regulate meri-
stem size and root length, and it is the imbalance of superoxide versus hy-
drogen peroxide that causes much of the meristem size defects observed in 
the constitutive gain- and loss-of-function mutants. While we observed re-
sults that support a role for HD-ZIP III factors controlling cytokinin levels 
and this may have effects on root meristem size and growth as recently 
shown by others (Dello Ioio et al. 2012), this does not appear to be an early 
response to altered HD-ZIP III levels nor does HD-ZIP III-mediated vascular 
patterning appear to act through cytokinin signalling. We show that the HD-
ZIP III transcription factors not only dose-dependently specify protoxylem 
and metaxylem cell types, but they are in fact required for xylem formation 
in the primary root. They also act to control overall stele cell numbers for 
proper radial growth.  

Clearly, a tight control over the activity of these transcription factors is 
important for normal plant growth. We have uncovered a bi-directional sig-
nalling pathway in which the stele-expressed transcription factor SHR moves 
out to the endodermis via plasmodesmata, whereby it activates 
MIR165A/166B. The products of these genes, miR165/6, then move outward 
and restrict HD-ZIP III mRNA to the central stele. This cell-to-cell signal-
ling ultimately leads to a graded distribution of HD-ZIP III expression, with 
the highest levels in the central xylem domain, promoting metaxylem, and 
lower levels in the peripheral xylem domain, allow protoxylem. 

Root development relies on the synthesis, mobility and sensitivity of mo-
bile signalling molecules, including hormones, reactive oxygen species, 
small RNAs, and transcription factors. We present results which support that 
these signalling mechanisms and pathways converge into one overall aim, 
proper root patterning and growth. The non-cell autonomous action of sig-
nalling molecules is required for the regulation of the HD-ZIP III transcrip-
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tion factor family. In turn, these factors control downstream developmental 
processes through the complex regulation of other mobile signalling pro-
cesses, including ROS and auxin signalling. Taken together, this complex 
signalling network is tightly controlled to ensure proper root cell specifica-
tion and root growth. 

In the future, it would be informative to identify direct targets of the HD-
ZIP III factors, to better understand how they exert their impact on such pro-
cesses. Along these lines, it would be interesting to test whether PHB would 
directly activate the auxin signalling repressor genes to ensure the suppres-
sion of auxin signalling to differentially specify metaxylem versus protoxy-
lem. Because of tight associations between environmental stress and ROS 
signalling, one could speculate that the HD-ZIP III factors may be a media-
tor between these two processes in order to modify root growth based upon 
changing environmental conditions. Further studies on the direct role of HD-
ZIP III mediated ROS regulation is necessary to identify the molecular 
mechanisms by which they modify the reduction-oxidation environment in 
the root. It would of course be interesting to test whether ROS signalling 
may create a feedback that would affect the expression domain or activity of 
the HD-ZIP III factors, as it has been shown that HD-ZIP III DNA-binding 
ability can be affected by oxidizing environments (Comelli and Gonzalez 
2007). 
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Svensk sammanfattning 

I multicellulära organismer som till exempel växter, är utveckling en process 
som innefattar celldelning, följt av koordinerad specificering av dotterceller-
na, vilka därmed kan bilda olika vävnadstyper. Dessa processer är under 
strikt molekylär kontroll. Jag har använt mig av roten hos modellväxten 
Arabidopsis thaliana eftersom den enkla men precisa strukturen av olika 
celltyper i roten utgör en idealisk modell för att studera de molekylära mek-
anismer som kontrollerar cellspecificering. En specifik karaktär för växtcel-
ler är att de har cellväggar. Det förhindrar cellmobilitet och därför spelar 
istället signalering mellen celler en avgörande roll under utvecklingsproces-
sen.  

I skottet regleras meristemets aktivitet samt bladens och ledningsvävna-
dens utveckling av klass III Homeodomain-Leucine Zipper (HD-ZIP III) 
proteiner. Om dess är viktiga även för rotens meristem och reglering av hur 
celler anläggs där, och hur detta i så fall går till, är till stor del okänt. I den 
här avhandlingen presenterar jag en dubbelriktad signaleringsmekanism 
avsedd att kontrollera nivån av HD-ZIP III-faktorer under rotens utveckling. 
Vidare visar jag att nivån av HD-ZIP III-faktorer bestämmer vilken typ av 
kärlceller som ska bildas, men också storleken på meristemet, och därmed 
rotens tillväxthastighet. 

Vi har visat att en transkriptionsfaktor, kallad SHORTROOT (SHR) och 
känd sedan tidigare för sin kontroll av hur vissa delar av rotens vävnader 
anläggs, kan förflytta sig från ledningsvävnaden i stelen ut till det omgi-
vande cell-lagret som kallas endodermis, där den aktiverar generna MIR165a 
och 166b. Därefter förflyttar sig de aktiverade miR165/6-molekylerna ut från 
endodermis och in till stelen där de begränsar nivåerna av HD-ZIP IIIs 
mRNA i de yttre delarna av stelen. Denna dubbelriktade mobilitet visade sig 
vara beroende av plasmodesmataförbindelser, då mobiliteten av signalmole-
kylerna SHR och miR165/6 begränsades om vi inducerade kallos-bildning i 
plasmodesmata-porerna. En begränsning av nivåerna av HD-ZIP III-faktorer 
är nödvändig för korrekt anläggning av vävnaderna i rotens ledningsvävnad. 
Detta kan lätt ses genom att olika typer av kärlceller anläggs beroende nivån 
av HD-ZIP III-faktorer i cellen. En högt nivå i centrala delar av stelen speci-
ficerar metaxylem medan en lägre i yttre delar ger protoxylem. Om alla fem 
HD-ZIP III-generna är utslagna bildas inga kärl alls vilket indikerar att de 
krävs för att specificera kärlvävnad. Nivån av HD-ZIP III-faktorer påverkar 
också på ett dosberoende sätt rotmeristemets storlek. Mutanter med en för-
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höjd HD-ZIP III nivå har färre steleceller, ett mindre meristem och en kor-
tare rot, medan mutanter med lägre nivå av HD-ZIP III-faktorer än normalt 
har fler celler i stelen, ett större meristem och en längre rot. 

Jag har även försökt identifiera nedströmsgener och nya signalvägar för 
HD-ZIP III-faktorerna, för att kunna förstå hur de kan kontrollera cell-och 
vävnadsanläggning samt rotmeristemtillväxt. Efter induktion av miR165 i 
rotmeristemet, vilket medför att nivån av HD-ZIP III-faktorer minskar, 
gjorde jag en analys av de globala förändringar i transkriptomet som detta 
medförde. Den här analysen avslöjade nya funktioner för HD-ZIP III-
faktorerna som har att göra med mekanismer för signalering mellan celler 
via både reaktiva syreradikaler (ROS) och hormoner. 

ROS-signalering har betydelse för svar på både biotiska och abiotiska 
stresser i växter. Men växter kontrollerar också bildandet av ROS för att 
reglera utvecklingsprocesser som till exempel storleken på rotens meristem, 
vilket avgörs av var celldelningen slutar och cellelongeringen och differenti-
eringen tar vid. Jag visar att HD-ZIP III-faktorerna reglerar ROS-balansen i 
rotmeristemet. Man kan se en betydande transkriptionell uppreglering av 
gener som är inblandade i förmedling och svar på ROS som en konsekvens 
av miR165-induktion. Induktion av miR165 ökar nivåerna av superoxid i 
meristemet, och denna ökning av ROS sammanfaller med nedregleringen i 
nivåerna av HD-ZIP III-faktorer och en ökad meristemstorlek. Infärgning för 
ROS och förändring av ROS-balansen i de olika HD-ZIP III-mutanterna 
visade att deras förändrade meristemstorlek delvis är ett resultat av ändrade 
ROS-nivåer. 

Utöver påverkan av ROS observerade vi, en kort tid efter miR165-
induktion och påföljande nedreglering av HD-ZIP III-faktorer i meristemet, 
en tydlig förändring i genuttryck för faktorer som är inblandade i auxinsigna-
lering. Auxin är ett växthormon som är aktivt under nästan all delar av väx-
ters utveckling. Hög nivå av auxinsignalering leder till nedbrytning av IAA-
proteiner vilket gör att auxinresponsfaktorer (ARF) frigörs från den inaktive-
ring som IAA-proteinerna utövar på ARFarna. ARFarna kan då i sin tur re-
glera olika gener som svar på hög auxinnivå. Auxinsignaleringsmaxima i 
rotmeristemet återfinns i xylemet, meristemets organicerande centrum (QC, 
quiescent center) samt i rotmössan. Längs xylemaxeln är auxinsignaleringen 
som högst i det yttre protoxylemet och lägre i det centrala metaxylemet. Jag 
påvisar att HD-ZIP III-faktorerna behövs för att nedreglera auxinsignale-
ringen i den centrala xylemaxeln, och att detta är av avgörande betydelse för 
bildningen av metaxylem och protoxylem. 

Detta arbete visar för första gången hur cell-till-cell-signalering via en 
transkriptionsfaktor och ett miRNA spelar en avgörande roll för cellers spe-
cificering under anläggningen av komplexa vävnader. Deras rörlighet mellan 
cellerna är avgörande för att specificera aktivitetsområden och nivåer av 
HD-ZIP III-faktorer i stelen. Nivån av HD-ZIP III-faktorer specificerar olika 
celltyper, t ex protoxylem och metaxylem, vilket bestämmer det mönster i 
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vilken ledningsvävnaden anläggs. Dessutom kontrollerar nivån av dessa 
faktorer rotmeristemets storlek. Slutligen presenterar jag en ny roll för HD-
ZIP III-faktorerna i att kontrollera andra signaleringsmekanismer, särskilt 
ROS och auxin, för att säkerställa en korrekt specificering av celltyper, me-
ristemets storlek samt rotens tillväxt.  
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