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INVITED REVIEW

Omics and modelling approaches for understanding regulation of asymmetric cell
divisions in arabidopsis and other angiosperm plants
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† Background Asymmetric cell divisions are formative divisions that generate daughter cells of distinct identity.
These divisions are coordinated by either extrinsic (‘niche-controlled’) or intrinsic regulatory mechanisms and are
fundamentally important in plant development.
† Scope This review describes how asymmetric cell divisions are regulated during development and in different cell
types in both the root and the shoot of plants. It further highlights ways in which omics and modelling approaches have
been used to elucidate these regulatory mechanisms. For example, the regulation of embryonic asymmetric divisions
is described, including the first divisions of the zygote, formative vascular divisions and divisions that give rise to
the root stem cell niche. Asymmetric divisions of the root cortex endodermis initial, pericycle cells that give rise
to the lateral root primordium, procambium, cambium and stomatal cells are also discussed. Finally, a perspective
is provided regarding the role of other hormones or regulatory molecules in asymmetric divisions, the presence of
segregated determinants and the usefulness of modelling approaches in understanding network dynamics within
these very special cells.
† Conclusions Asymmetric cell divisions define plant development. High-throughput genomic and modelling
approaches can elucidate their regulation, which in turn could enable the engineering of plant traits such as stomatal
density, lateral root development and wood formation.

Key words: Asymmetric cell division, embryo, root, stomata, lateral root, cortex endodermis initial, omics,
Arabidopsis thaliana, Zea mays, maize.

INTRODUCTION

Asymmetric divisions are fundamentally important for plant
morphogenesis

Asymmetric cell divisions are fundamental for multicellular or-
ganism development. The generation of daughter cells with dis-
tinct identities is referred to as the ‘asymmetric’ propertyof these
cell divisions. In some cases, distinctly specified daughter cells
are then the precursors for a cell type population that will prolif-
erate, as will be described in the section on embryonic and lateral
root divisions. In others, the initial cell retains its ability to pro-
liferate, as will be described in the section on the cortex/endoder-
mis initial and on procambium and cambium. In arabidopsis
stomatal asymmetric divisions, however, there is further
(though limited) proliferation of both the initial and the daughter
cells. Asymmetric cell divisions in all plant species are consid-
ered to be formative because they establish axis and organ polar-
ity, tissue patterning and morphogenesis. The orientation of
asymmetric cell divisions can be periclinal (parallel to the
plane of elongation) and act to regulate the overall shape and

pattern of the plant (Robinson et al., 2011) or anticlinal
(against the plane of elongation). In tissues such as the epidermis,
where all cell divisions are anticlinal, division orientations rela-
tive to other landmarks are critical.

Looking to the inside: intrinsic asymmetric divisions

Asymmetry can be determined by either intrinsic or extrinsic
mechanisms (summarized in Fig. 1). In intrinsic asymmetric cell
divisions, there is unequal segregation of identity determinants
within the cell. This unequal segregation can be accomplished
by an intrinsic signal, including competitive segregation of
determinants, or post-translational protein modifications. In
most plant cells, a pre-prophase band marks the division site
and placement of the cell plate during cytokinesis (Rasmussen
et al., 2011). Consequently, to carry out an intrinsic asymmetric
cell division in plants, the position of the pre-prophase band
and hence the orientation of the cell division plane have to be
regulated and coordinated with cell identity-determinant
distribution.

# The Author 2014. Published by Oxford University Press on behalf of the Annals of Botany Company. All rights reserved.

For Permissions, please email: journals.permissions@oup.com

Annals of Botany 113: 1083–1105, 2014

doi:10.1093/aob/mcu065, available online at www.aob.oxfordjournals.org

mailto:sbrady@ucdavis.edu


The ultimate peer pressure: defining your identity based on external
influence

Extrinsic asymmetric divisions are also referred to as ‘niche-
controlled’ asymmetric cell divisions. Here, the division plane
is oriented to position the daughter cells such that they will be
located in distinct niches, or local environments, and exposed
to different intercellular identity-determining signals. In some
cases this extrinsic signal may be from a neighbouring cell that
has secreted a signal or provides a biomechanical stimulus.
Alternatively, the extrinsic signal may be a gradient of a signal-
ling molecule across a field of cells.

Asymmetric divisions in plants versus animals

Despite asymmetric cell divisions being of fundamental im-
portance in both plants and animals, development differs in key
ways between plants and animals. Firstly, plant cells are fixed in
position by the rigid extracellular cell wall (Cosgrove, 2005),
leading to structural differences in cytokinesis compared with
animals – specifically, the use of a contractile ring in animals
versus wall building preceded by positioning of a pre-prophase
band in plants (Rasmussen et al., 2011). Furthermore, these
cell walls prevent cell migration, a central process in animal

development (Lauffenburger and Horwitz, 1996). Secondly, the
plant continues to initiate and establish new organs post-
embryonically. While animals develop a predetermined number
of limbs in the embryo, plants reiterate organogenesis.
Asymmetric cell divisions play a crucial role in enabling post-
embryonic organogenesis, for example in lateral root initiation
(Malamy and Benfey, 1997; Malamy and Ryan, 2001; De Smet
et al., 2008) and in lateral branching via the shoot apical meristem
(Lee and Clark, 2013). Additionally, plants exhibit increased
complexity in development as environmental cues feed into the
regulation of asymmetric cell divisions that produce new organs
(Zhang and Forde, 1998). Extrinsic signals are of particular
importance to plants, since most plant cells are pluripotent and
cell fate is largely under positional regulation (van den Berg
et al., 1995, 1997; Reinhardt et al., 2003, 2005).

In order to generate two daughter cells of separate identities,
molecules that regulate distinct identities must be deployed.
Similar classes of molecules have been described in plants and
in animals, including ligand–receptor pairs (Clark et al., 1997;
Rojo et al., 2002, Tanaka et al., 2002; Fisher and Turner, 2007;
Fuller and Spradling, 2007; Hirakawa et al., 2008; De Smet
et al., 2008), signalling pathway components (Yu et al., 2003;
Schweisguth, 2004; Le Borgne et al., 2005; Song et al., 2006),
transcription factors (Spana and Doe, 1995; Nakajima et al.,
2001; Schlereth et al., 2010) and microRNAs (Emery et al.,
2003; Lu et al., 2008; Cordes et al., 2009; Zhao et al., 2009;
Carlsbecker et al., 2010). While the classes of molecules are
similar, the exact gene products identified to date are distinct
between the kingdoms.

Asymmetric cell divisions in animal embryonic development
that have been elucidated in the greatest mechanistic detail are
intrinsic. This is exemplified by the behaviours of Drosophila
neuronal precursors, which employ unequal division of cell iden-
tity determinants such as the Notch pathway repressor Numb, to
yield sensoryorgan precursor and neuroblast cells (Schweisguth,
2004; Le Borgne et al., 2005), the transcription factor Prospero
(Spana and Doe, 1995) and the inhibitor of ribosome biogenesis
and cell growth Brat in Drosophila ganglion mother cells
(Betschinger et al., 2006).

In animals, niche-controlled or extrinsic mechanisms can be
important when cells are confined to a particular position.
Forexample, human myeloid stem cell daughter identity is deter-
mined by extracellular haematopoietic growth factors (Clark and
Kamen, 1987). Daughter cell identity in the Drosophila ovarian
germ line is determined by unequal levels of the diffusible
ligands Dpp and Gbb from surrounding cells (Fuller and
Spradling, 2007). We will discuss in detail a range of plant devel-
opmental processes that are currently understood to be niche-
controlled, namely embryo development, primary root initial
cell divisions and differentiation, lateral root initiation and (pro)-
cambial development. Furthermore, we will discuss stomatal
development, as it is a unique example of acombination of intrin-
sic and niche-controlled identity determination.

Using omics and modelling approaches to characterize plant
asymmetric cell divisions

In both plants and animals, asymmetric cell divisions occur
in small cell populations that are not always experimentally tract-
able, and their regulation likely requires complex, dynamic
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Cell undergoing asymmetric cell division

Daughter cell

Daughter cell with identity determined by the signal

Signal that determines daughter cell identity or 
induces aspects of asymmetric cell division

Surrounding cell where the signal originates from

Intrinsic asymmetric cell division

Extrinsic asymmetric cell division

FI G. 1. Intrinsic and extrinsic asymmetric divisions. (A) In intrinsic asymmetric
cell divisions the polarity of the division plane and the daughter cell identity are
determinedby the distributionof intrinsic determinants. (B) In extrinsic, or niche-
controlled, asymmetric cell divisions the polarityand/or daughtercell identityare
determined by the distribution of extrinsic signals, such as non-cell-autonomous
transcription factors or signalling peptides from neighbouring cells. These sche-
matic figures reflect the theoretical framework. The same colour palette is used in
all figures to show the roles of the different players involved in asymmetric cell

divisions.
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interactions. Traditional approaches to studying asymmetric cell
divisions have involved mutagenesis and screening for altered
fate or division phenotypes, and many core regulatory factors
have been identified in this fashion (Benfey et al., 1993;
Scheres et al., 1995; Laux et al., 1996; Fisher and Turner,
2007; MacAlister et al., 2007; Dong et al., 2009). However,
these forward genetics approaches are limited in their depth.
Furthermore, interfering with asymmetric cell divisions that
occur early during embryogenesis can cause embryo lethality.
Recent advances in ‘omic’ approaches can lend themselves to
deepening our understanding of these regulatory interactions.
For example, cell type-specific gene expression and chromatin
modification studies (Brady et al., 2007; Mustroph et al., 2009;
Deal and Henikoff, 2010; Sozzani et al., 2010; Pillitteri et al.,
2011), DNA–protein interactions (Levesque et al., 2006;
Gaudinier et al., 2011) and high-throughput phenotypic screen-
ing (Bruex et al., 2012; Kang et al., 2013; Sankar et al., 2014) can
be combined with computing tools such as co-expression ana-
lyses (Brady et al., 2007; Sozzani et al., 2010), network analysis
(Bruex et al., 2012) and modelling (Savage et al., 2008;
Robinson et al., 2011; Cruz-Ramirez et al., 2012). For each of
the developmental processes reviewed, we will discuss how
these approaches have benefited their elucidation.

ZYGOTE AND EMBRYO POLARITY

At the beginning: asymmetric divisions in the embryo

Plant embryogenesis is the first morphogenetic phase of life, and
it generates the precursors of all major tissues, as well as the stem
cells that maintain these tissues post-embryonically (Weigel and
Jurgens, 2002). While in some plants divisions appear chaotic, at
least at the histological level (Johri et al., 1992), other species,
including arabidopsis, have highly regular division patterns
(Fig. 2A) (Jürgens and Mayer, 1994). This is one of the reasons
why arabidopsis (i.e. Arabidopsis thaliana) has become an im-
portant model for studying the genetic control of embryo pattern-
ing, growth and development (De Smet et al., 2010a). The
regularity of division planes in arabidopsis embryos is such
that mutant phenotypes can easily be discerned based on aberra-
tions in individual cell division planes (Mayer et al., 1991;
Scheres et al., 1994). As will be detailed below, these stereotyp-
ical division planes are the result of intricate genetic control, and
often generate cells with new, unique gene expression patterns
and properties.

The first round of cell division in the embryo is formative in
nature (Jürgens and Mayer, 1994). Regulation of cell polarity
is important for the asymmetric division of the zygote
(Fig. 2B). A zygote divides to generate an embryonic and an
extra-embryonic lineage (suspensor). Later, cells in the embry-
onic lineage divide periclinally to the embryonic surface to gen-
erate the protoderm (Fig. 2C). One division round later, a
population of inner cells divide periclinally and ground and vas-
cular tissues form (Fig. 2D). Finally, the establishment of the root
meristem organizer, the quiescent centre (its precursor is called
the ‘hypophysis’) and the central root cap derives from a
typical asymmetric division of the suspensor cell closest to the
embryonic lineage (Fig. 2E). Through this series of regulated
asymmetric divisions, within a few days a 50-celled embryo is

formed that contains tissue precursors, stem cell organizer(s)
and presumably also the primordial stem cells.

These processes have long been dissected using forward gen-
etics approaches, and a series of key regulators have thus been
identified (reviewed in De Smet et al., 2010a). However, the
number of critical regulators identified through genetics is
limited, and it seems that weak mutant phenotypes, feedback
and likely feedforward regulation as well as redundancy obstruct
the facile identification of new regulatory components. In the fol-
lowing, we will first discuss what ‘systems’ approaches have
been taken in the embryo, and will next exemplify how such strat-
egies have helped our understanding of aspects of regulation in
three different formative division events.

Systems approaches in early arabidopsis embryogenesis

Cell type-specific transcript profiling has become an import-
ant tool, in particular in post-embryonic root biology. Most
studies published to date have used fluorescence-activated cell
sorting to isolate cells that are genetically marked by a green
fluorescent protein (GFP)-expressing transgene (Birnbaum
et al., 2003; Brady et al., 2007). A critical premise is that the
cells to be isolated are accessible or can be easily disassociated.
Neither of these is true for embryos, which are encapsulated in
the seed coat and fruit. Hence, enzymatic or mechanical disrup-
tion is extremely challenging. Several studies have used micro-
dissection to isolate entire embryos of defined stages to
determine their transcriptome, and these have helped to
provide a global view of the complexity of and changes in tran-
scription in time (Autran et al., 2011; Xiang et al., 2011;
Nodine and Bartel, 2012). However, the absence of tissue speci-
ficity is a major limitation, especially for genes expressed in only
a few cells or at low levels. To circumvent these issues, several
groups have used laser capture microdissection of fixed and em-
bedded fruits to isolate embryo domains for transcript profiling
(Casson et al., 2005; Spencer et al., 2007; Le et al., 2010;
Belmonte et al., 2013). As the amount of RNA and its quality
is limited in such an experiment, and because the spatial reso-
lution is not limited to single cell types, the data obtained are
useful but do not allow characterization of the molecular transi-
tions associated with cell fate determination. Other methods,
such as the two-component nuclear labelling strategy INTACT
(Deal and Henikoff, 2010), have the potential to overcome
such issues (Palovaara et al., 2013). However, at present it is chal-
lenging to generate regulatory networks underlying early
embryo development in the absence of high-quality cell type-
specific transcript data.

The first cell division

After fertilization, the zygote divides to generate a small upper
cell and a large lower cell (Fig. 2B). While the upper (apical) cell
is the source of most cells in the embryo, the lower (basal) cell
forms the filamentous suspensor that positions the embryo
within the seed and donates its uppermost derivative to the
embryo during root initiation (Hamann et al., 1999). Hence,
this division creates an embryonic lineage and an extra-
embryonic lineage that differ in their cellular division patterns,
but also in the expression of several genes (Haecker et al.,
2004) as well as in their competence to respond to the hormone
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auxin (Rademacher et al., 2011, 2012). Despite its central
importance for plant development, the molecular underpinnings
of this first, evidently asymmetric, division are largely unknown.

Surprisingly few mutations have been found that affect this div-
ision (Zhang and Laux, 2011). The egg cell is polarized prior to
fertilization; its nucleus is positioned in the upper part and a large

Embryonic

A

B

D

F

C

E

WOX2 mRNA

ATML1 mRNA

Auxin and TMO7

Procambium

Pericycle

WOX8/9 mRNA

Inner Vascular tissue Quiescent centre

ColumellaGround tissueProtodermExtra-embryonic

FI G. 2. Asymmetric and formative divisions pattern the arabidopsis embryo. (A) Stages of arabidopsis embryogenesis with the zygote at the left and the transition
stage at the right. Cell division patterns are depicted and nuclei are represented as circles. Cell types are coloured as indicated in the legend. (B) Division of the zygote.
The egg cell nucleus moves to the centre of the cell shortly after fertilization. Subsequently, the zygote repolarizes and divides along a plane close to the position of the
nucleus. This division separates embryonic and extra-embryonic fates. WOX2 (red) and WOX8/9 (blue) mRNAs are indicated as spheres. It is not clear whether tran-
scripts segregate or arise de novo after zygote division. (C) At the eight-cell stage, all cells undergo a typical asymmetric division that separates protodermal and inner
cell identity. Red spheres mark ATML1 mRNA. (D) Inner cells at the 16-cell stage divide asymmetrically to give rise to vascular (inner) and ground (outer) tissue cells.
(E) The upper extra-embryonic (suspensor) cell (also termed hypophysis) divides asymmetrically and generates the precursor to the quiescent centre and the columella
root cap initial. Both auxin and TMO7 protein (marked as red spheres) are transported from pro-embryo cells to the hypophysis. (F) Series of cross-sections through the
lower hemisphere of 32-cell to late globular stage embryos showing the formative divisions in the vascular tissue that give rise to the establishment of the tissue, as well

as the separation of a pericycle layer.
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vacuole occupies most of the remaining cell volume. It has long
been thought that the asymmetric division follows from this po-
larization, but recent findings have challenged this simple model.
The WRKY2 transcription factor is required for asymmetric
zygote division, and acts after fertilization (Ueda et al., 2011).
By carefully analysing zygote polarity and division in wild-type
and wrky2 mutants, Ueda et al. discovered that in wild-type the
zygote depolarizes shortly after fertilization (Fig. 2B). This is
followed by immediate repolarization. The WRKY2 gene
appears to act in this second step (Ueda et al., 2011). Thus, egg
cell polarity is not simply carried over to the zygote, but
instead the first asymmetric division involves an active repolar-
ization mechanism. Which cues direct repolarization is an un-
answered question, but this may involve both intrinsic and
extrinsic cues.

The zygote is positioned in a highly polar environment with a
cell attachment to the maternal cells on the lower side and the
sperm entry site on its upper surface, which could provide extrin-
sic asymmetry. Segregation of lineage-specific transcripts is in
part involved in specification of asymmetric cell identity.
WRKY2 is a direct upstream regulator of the WOX8 and
WOX9 genes (Ueda et al., 2011). WOX8 and WOX9 encode
homeodomain transcription factors that are required for proper
specification of suspensor cell identity (Breuninger et al.,
2008). WOX8 and WOX9 mRNAs are co-expressed with the
homologous WOX2 mRNA in the zygote. Upon division, these
transcripts are separated into apical and basal cells of the
embryo. WOX2 transcript is limited to the apical cell while
WOX8 and WOX9 are found in the basal cell (Haecker et al.,
2004). It remains to be shown that this is based on segregation,
not de novo transcription, but the reverse-genetic identification
of the WOX genes and their WRKY2 regulator now allows a sys-
tematic dissection of the regulatory network driving asymmetric
zygote division. Such dissection will be greatly helped bya better
definition of the apical and basal cell transcriptomes, such as has
been described in tobacco (Ma et al., 2011).

Formative vascular divisions in the embryo

Early during embryogenesis, precursor cells are established
for the major tissues. Their numbers are limited and formative
divisions are required to increase the population of distinct
tissue initials. In the vascular tissue, for example, four precursors
are initiallyspecified, yet the final vascularcylinder in the embry-
onic root encompasses up to 40 cell files (Scheres et al., 1994; De
Rybel et al., 2013), and contains at least four cell types: peri-
cycle, xylem, phloem and procambium (Fig. 2F). A central ques-
tion is how the formative divisions that generate these cell files
are controlled to attain the appropriate and species-specific cell
file number. Given the axiality of the embryo, formative divi-
sions in this tissue are by definition periclinal (perpendicular
to the surface and axis), while proliferative divisions are anti-
clinal.

Root development in the embryo strictly depends on the
MONOPTEROS/AUXIN RESPONSE FACTOR5 (MP/ARF5)
transcription factor (Hardtke and Berleth, 1998). Among the
defects in the mp mutant is an inability to undergo periclinal
vascular divisions (De Rybel et al., 2013). A set of likely
direct MP targets was identified in a transcript profiling approach
(Schlereth et al., 2010) and recent characterization of one of

these, TARGET OF MONOPTEROS5 (TMO5), revealed a mech-
anism for local control of periclinal, formative division. TMO5
encodes a basic helix–loop–helix (bHLH) transcription factor
and is activated in all procambial cells by MP (Schlereth et al.,
2010). A double mutant with its closest homologue TMO5-
LIKE1 (T5L1) causes a 2-fold decrease in vascular cell file
number through impaired periclinal division (De Rybel et al.,
2013). There is a striking similarity to the phenotype of the lone-
some highway (lhw) mutant, also affected in a bHLH transcrip-
tion factor (Ohashi-Ito and Bergmann, 2007). A proteomics
screen for TMO5 protein complex components identified
LHW as its dimeric partner (De Rybel et al., 2013), and
genetic analysis suggests that dimerization is critical for function
(De Rybel et al., 2013). Both TMO5 and LHW have multiple
close homologues that also heterodimerize, suggesting highly
redundant functions. Indeed, higher-order mutations lead to
complete loss of vascular periclinal cell divisions and loss of
the tissue. The overlap of TMO5 and LHW protein accumulation
marks a small domain in embryo and root vascular tissue, and
overlaps well with the domains in which periclinal divisions
occur. Strikingly, misexpressing both TMO5 and LHW together
is able to trigger periclinal divisions in all other cell types of
the root (De Rybel et al., 2013). This suggests that the overlap-
ping patterns of TMO5 and LHW protein accumulation define
where asymmetric divisions are initiated in the plant. Given
that TMO5 and LHW encode transcription factors, further
genetic control will be involved in determining cell division
orientation. Nonetheless, this is a clear example of how system-
atic target gene identification and proteomics have identified a
protein complex that integrates developmental cues to locally
trigger a formative division.

Asymmetric hypophysis division

The division that gives rise to the quiescent centre (QC) and
the columella initial cell is highly asymmetric (Fig. 2E). The
plane of division of the dome-shaped hypophysis cell is asym-
metric, such that the upper cell is much smaller than the lower
cell. The plane of this division is crucial for root initiation, and
auxin response is required for its correct execution. The auxin re-
sponse marker DR5-GFP is expressed in the hypophysis prior to
its division (Friml et al., 2003) and mutations that interfere with
auxin response inhibit the asymmetric division (Weijers et al.,
2006; Rademacher et al., 2012). The machinery responsible
for this division asymmetry has not yet been addressed, but
recent work has led to the identification of signals that promote
this division or the specification of cell fates after division.
The division requires MP activity. However, MP is expressed
and acts in the adjacent embryonic cells, which suggested
non-cell-autonomous action and potentially extrinsic or niche-
controlled asymmetric division (Weijers et al., 2006). The inter-
cellular signalling between the embryo proper and the hypophy-
sis involves directional transport of auxin. The auxin transporter
PIN1 localizes to the lower membrane of the embryonic cells and
PIN1 expression is lost in the mp mutant (Weijers et al., 2006).

Auxin response in the suspensor is not limited to the upper-
most cell, but extends to one or two cells subtending it (Friml
et al., 2003; Weijers et al., 2006). Hence, auxin response alone
is unlikely to be sufficient for the establishment of this asymmet-
ric cell division. In a microarray-based screen for MP targets, the

Kajala et al. — Regulation of plant asymmetric cell divisions 1087



TMO7 bHLH transcriptional regulator was identified (Schlereth
et al., 2010). TMO7 transcription is directly controlled by MP in
the embryonic cells, and RNAi suppression of TMO7 causes
mp-like rootless defects. Localization of the TMO7–GFP
protein showed that it moves to the adjacent hypophysis cell. In
support of a role for TMO7 movement in hypophysis establish-
ment, the mp mutant defect could be partially suppressed by pro-
viding TMO7 protein in suspensor cells (Schlereth et al., 2010).
Thus, the specification and asymmetric division of the hypophy-
sis root precursor relies on two directionally transported mobile
signals: auxin and TMO7 protein. Again, a genome-wide tran-
script profiling approach has allowed the identification of novel
extrinsic signals in asymmetric cell division.

GROWING GROUND TISSUE: THE CORTEX
ENDODERMIS INITIAL CELLS

There is increasing evidence that the maintenance of stem cells in
plant post-embryonic tissue is controlled by signals from the
local microenvironment, commonly known as the stem cell
niche (Scheres, 2007). The stem cell niche in the arabidopsis
root consists of the vascular initials, epidermis/lateral root cap
initials, columella initials, cortex/endodermis initials (CEI),
and the QC cells. The QC cells function to regulate and maintain
the surrounding stem cells in their undifferentiated state (van den
Berg et al., 1995). The initial cells continually undergo stereo-
typic asymmetric divisions to produce daughter cells that are se-
quentially displaced from the stem cell niche and start to
differentiate. The overall result of this process is organized cell
layers where entire cell lineages, from stem cells to differentiated
progeny, are constrained spatiallyand longitudinally within files.
In some cases, asymmetric divisions of distinct initial cells are
coordinated temporally. For instance, the division of the epider-
mis/lateral root cap initial is coordinated with that of the colu-
mella initials to produce an organized root tip that protects the
stem cell niche (Wenzel and Rost, 2001; Baum et al., 2002).
Of all the asymmetric divisions that occur in the root stem cell
niche, those of the CEI are best described at the molecular
level using a combination of genomics and modelling
approaches. SHORT-ROOT (SHR) and SCARECROW (SCR)
regulate the asymmetric divisions of CEI cells that give rise to
the endodermal and cortical layers, collectively called the
ground tissue. CEI cells undergo two asymmetric divisions,
one anticlinal division to reproduce itself and a CEI daughter
cell (CEID), and one periclinal division of the newly created
CEID that leads to the formation of the ground tissue.

Early genetic screens and molecular analyses revealed the lo-
cation and function of the mobile GRAS family transcription
factor SHR and its downstream target, SCR (DiLaurenzio
et al., 1996). The SHR protein is initially produced in the vascu-
lature and moves to the QC, CEI and endodermis, where it upre-
gulates expression of SCR (Helariutta et al., 2000; Nakajima
et al., 2001; Gallagher et al., 2004; Levesque et al., 2006; Cui
et al., 2007; Gallagher and Benfey, 2009). Mutations in either
SHR or SCR result in the formation of a single ground tissue
layer. While scr mutants express both endodermis and cortex
specific markers, shr mutants express only cortex-specific
markers. Both SHR and SCR are involved in the regulation of for-
mative divisions, but only SHR is required for endodermal spe-
cification. However, the role of SHR in specification of the

asymmetric identity of CEID cells is less clear (Benfey et al.,
1993; DiLaurenzio et al., 1996). SCR limits the number of endo-
dermal cell layers through the regulation of SHR movement. SCR
RNAi lines, expressing reduced levels of SCR, show increased
movement of SHR and the formation of a third layer within the
ground tissue. Thus, SCR blocks SHR movement and any subse-
quent formative divisions (Cui et al., 2007). Accordingly, SCR
directly interacts with SHR, which leads to the sequestration of
SHR into the nucleus of endodermal cells (Cui et al., 2007).
Additionally, it was shown that SCR binds its own promoter
and thus autoregulates (Sabatini et al., 2003; Heidstra et al.,
2004; Cui et al., 2007). Recently, another protein, SHORT-
ROOT INTERACTING EMBRYONIC LETHAL (SIEL), has
been shown to interact with SHR and to promote its movement
(Koizumi et al., 2011). The C2H2 zinc finger transcription
factors JACKDAW (JKD) and MAGPIE (MGP) also interact
with SHR and SCR and may affect SHR movement. Indeed,
JKD alters SCR expression in the ground tissue (Heidstra
et al., 2004). Mutations in JKD result in a third layer within the
ground tissue as a consequence of periclinal divisions in the cor-
tical cells (Welch et al., 2007). A reduction in MGP activity can
partially rescue the jkd phenotype, thus suggesting that MGP
opposes the role of JKD in the SHR/SCR network (Welch
et al., 2007). Since MGP is negatively regulated by
RETINOBLASTOMA-RELATED (RBR), a protein shown to
promote cellular differentiation, it was thought that RBR might
interact with SHR and SCR (Welch et al., 2007). Bimolecular
fluorescence complementation assays showed that RBR binds
to SCR through a specific amino acid motif, the LxCxE motif
(Cruz-Ramirez et al., 2012). RBR binding to SCR through its
LxCxE motif spatially restricts formative divisions while disrup-
tion of this binding leads to the formation of an additional cell
layer in the ground tissue (Cruz-Ramirez et al., 2012, 2013).
These results suggest that RBR interaction with SCR counteracts
the ability of SCR to induce formative divisions (Cruz-Ramirez
et al., 2012) (Fig. 3).

Omics and modelling approaches have been elegantly used to
characterize the main players that regulate asymmetric cell divi-
sions in ground tissue. In order to identify genes responsible for
cell division in the CEIs and their daughter cells, SHR and SCR
expression was induced in an SHR mutant background and
ground tissue cells were isolated at several time points after in-
duction using fluorescence-activated cell sorting and microarray
analysis. The cell cycle regulator CYCLIND6;1 (CYCD6;1) was
identified and confirmed as a direct transcriptional target of SHR
by chromatin immunoprecipitation (Sozzani et al., 2010).
CYCD6;1 was shown to inactivate RBR by phosphorylation,
therefore indirectly influencing SCR activity (Sozzani et al.,
2010; Cruz-Ramirez et al., 2012). Additional computational
modelling approaches have been used in an iterative fashion to
aid our understanding of the dynamic interactions of SHR,
SCR, RBR and CYCD6;1. Specifically, the use of mathematical
models has led to the non-intuitive prediction that in the stem cell
niche high levels of auxin would bias the circuit in favour of high
SHR–SCR activity and a subsequent formative cell division.
When tested, these predictions suggested the presence of bist-
ability due to a nested positive feedback loop (SCR positive feed-
back loop and CYCD6 repression of the RBR repressor)
(Cruz-Ramirez et al., 2012; Sozzani and Iyer-Pascuzzi, 2014).
The positive influence of auxin focuses CYCD6;1 expression
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in the CEI/D and the bistability due to the nested feedback loop
ensures that the formative cell division will only take place in the
CEI/D. Together, this example of multiple approaches and the
acquisition of cell type and temporal stage-specific data beauti-
fully illustrate the power of these techniques to identify more
players that regulate formative asymmetric divisions.

Despite much advancement in our understanding of how spe-
cific networks work to control different stem cell populations in
their cellular context, a comprehensive model of the extrinsic
nature of the QC on regulating asymmetric divisions of initial
cells as a whole is still missing. Describing how regulatory
signals propagate across cells and finding the link between net-
works sustaining different stem cells will be important contribu-
tions to our understanding of stem cell niche maintenance.

ASYMMETRIC CELL DIVISIONS DURING
LATERAL ROOT INITIATION

Lateral roots are key contributors to root system architecture that
arise post-embryonically from the primary root as a result of
several asymmetric cell divisions (Peret et al., 2009; De Smet,
2012; Smith and De Smet, 2012). In arabidopsis, a limited, pre-
specified set of pericycle cells adjacent to a xylem pole will
undergo asymmetric, anticlinal cell divisions (referred to as
‘lateral root initiation’) to form unequally sized daughter cells
(De Smet et al., 2008). This is followed by a 908 shift in the

axis of division upon which the small daughter cells divide peri-
clinally in an outward manner to form a core of cells with differ-
ent identities (Malamy and Benfey, 1997; Dubrovsky et al.,
2001) (Fig. 4). Through a series of cell divisions and differenti-
ation steps, a lateral root primordium is formed that eventually
emerges through overlying tissues of the primary root. Thus, a
new stem cell niche, which in turn controls the further growth
of the lateral root, is then generated (Malamy and Benfey,
1997; Swarup et al., 2008; Peret et al., 2009; De Smet and
Beeckman, 2011; Goh et al., 2012; De Smet, 2012; Lavenus
et al., 2013; Lucas et al., 2013a). Intriguingly, tissues overlaying
a lateral root primordium influence the shape of the primordium
(Lucas et al., 2013a). Here we highlight what pre-initiation
events and anticlinal and periclinal asymmetric cell divisions
are taking place during early stages of lateral root development.
Several events need to occur sequentially, or need to come to-
gether in a small number of pericycle cells, before asymmetric
cell division occurs, such as priming, cell cycle progression,
founder cell establishment, symmetry breaking, nuclear migra-
tion and auxin response.

Before a morphologically distinct asymmetric cell division

Developmental decisions on the distribution of lateral roots
take place in the distal zone of the root tip in the basal meristem
region (Fig. 4). Studies using a DR5::GUS (an auxin-responsive
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FI G. 3. The cortex/endodermis initial asymmetric division. Schematic representation of the SHR/SCR/CYCD6/RBR network, which regulates the cortex/endoder-
mis initial (CEI) asymmetric cell division that give rises to both the cortical and the endodermal layer. The mobile transcription factor SHR moves from the vasculature
to the adjacent cells (quiescent centre, CEI and endodermis), where it activates transcription of SCR. SHR and SCR interact and subsequently activate CYCD6
expression, which negatively regulates RBR by post-translational modification, namely phosphorylation. A high auxin gradient biases CYCD6 expression in the
CEIs and limits the asymmetric cell division taking place only in the CEI/D. Black arrows represent protein movement, red represents repression and green represents

activation.
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marker) time series (De Smet et al., 2007; De Rybel et al., 2010)
and in vivo, real-time visualization of DR5::LUCIFERASE ex-
pression, together with genome-wide gene expression studies
(Moreno-Risueno et al., 2010), suggest that periodic auxin re-
sponse, along with oscillating waves of gene expression, func-
tions as an endogenous clock-like mechanism. The clock
output is the formation of prebranch sites that are future sites
of lateral root primordia in a regular pattern along the primary
root (De Smet et al., 2007; Moreno-Risueno et al., 2010; Van
Norman et al., 2013) (Fig. 4). An auxin response maximum
occurs in xylem elements adjacent to the xylem pole pericycle
(XPP) cells in the root basal meristem. These are the cells that
get primed, providing them with the competence to undergo
lateral root initiation (De Smet et al., 2007; Parizot et al.,
2008, 2012). Interestingly, the cytokinin response is repressed
in the priming and initiation region of the root. Accordingly,
ectopic cytokinin overproduction in the basal meristem is in-
hibitory to lateral root initiation (Bielach et al., 2012). To
further explore these developmental decisions in the basal meri-
stem, using a marker-based chemical biology approach,
a non-auxin like molecule, named naxillin, was identified
(De Rybel et al., 2012). This chemical promotes auxin response
specifically in the basal meristem region, where founder cell
identity is established, and can be used as a tool to unravel
the molecular networks surrounding priming and founder
cell identity establishment.

Under controlled growth conditions, the primary root displays
a root-waving pattern. The left–right positioning of the lateral
roots along the primary root axis correlates with the root curva-
ture, with the lateral roots forming on the convex sides of the
bends in the root (Fortin et al., 1989; De Smet et al., 2007;
Ditengou et al., 2008; Laskowski et al., 2008; Lucas et al.,
2008). Bending of the root induces a mechanical strain, which
exhibits activation in local competence of XPP cells caused
by changes in local auxin distribution and signalling (Ditengou
et al., 2008; Laskowski et al., 2008; Laskowski, 2013).
However, expression of the auxin-responsive ARABIDOPSIS
HISTIDINE PHOSPHOTRANSFER PROTEIN 6 (AHP6) sug-
gests that an auxin response maximum may occur in XPP cells
before the root bends (Bishopp et al., 2011).

GATA23 is the earliest known marker for lateral root develop-
ment that was identified by meta-analysis of transcriptomic data
sets for lateral root initiation (Parizot et al., 2010; De Rybel et al.,
2010). GATA23 is expressed in XPP cells before the first asym-
metric division. The GATA23 RNAi line shows a decrease
in the number of emerged and non-emerged primordia. On the
other hand, GATA23 overexpression caused an increase in the
number of founder cells observable by a high occurrence
of ectopic primordia (De Rybel et al., 2010). An AUXIN/
INDOLE-3-ACETIC ACID28 (AUX/IAA28)-dependent auxin
signalling mechanism controls GATA23 expression in the basal
meristem, regulating lateral root founder cell specification
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players regulating these processes is indicated for the distinct steps.
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prior to lateral root initiation and root waving (Fig. 4) (Rogg et al.,
2001; Brady et al., 2007; De Rybel et al., 2010; Yadav et al.,
2010).

Subsequent to priming, XPP cells pass through a developmen-
tal window for lateral root initiation in which, at minimum auxin
concentration, the XPP cells have a high probability of becoming
specified founder cells (Fig. 4) (Dubrovsky et al., 2008, 2011).
The endodermis assists in the transition from the founder cell
state to the lateral root initiation phase via an auxin reflux
pathway between endodermal cells and the adjacent founder
cells. This is achieved through laterally localized PIN3 expres-
sion in overlaying endodermal cells reinforcing auxin movement
to founder cells. The pin3 mutant exhibits a dramatic delay in the
onset of lateral root initiation following foundercell specification
(Marhavy et al., 2013). PIN7 also regulates founder cell specifi-
cation, with a mutation in pin7 affecting the number of primordia
(Benková et al., 2003; Marhavy et al., 2013). Taken together,
these findings show that auxin accumulation through AUXIN
RESISTANT1 (AUX1, an auxin influx carrier)–PIN based trans-
porter activity and their positive feedback and cross-regulation
control lateral root initiation both intrinsically (establishment of
an auxin maximum within the founder cells) and extrinsically
(auxin flux from the endodermis) (Laskowski et al., 2008).
When a local auxin concentration maximum is reached, the cells
proceed to lateral root initiation (Dubrovsky et al., 2008;
Benková et al., 2009). Cytokinins also affect this process by
repressing many PIN proteins, thereby preventing the proper
auxin gradient establishment that is required for respecification
of lateral root founder cells (Li et al., 2006; Laplaze et al., 2007;
Chang et al., 2013). Recent studies suggest that cytokinin may
aid as a positional signal for the formation of new lateral root
primordia (Chang et al., 2013).

Transition from founder cell to lateral root initiation

Following the increased auxin response in lateral root founder
cell pairs, several AUX/IAA–ARF factors interact together.
This leads to the migration of nuclei towards the common cell
wall, a morphological feature of lateral root founder cells prepar-
ing forasymmetric cell division (Fig. 4) (De Smet et al., 2007; De
Rybel et al., 2010). The SOLITARY ROOT (SLR)/IAA14–
ARF7–ARF19 module regulates this synchronous migration
(De Smet et al., 2007; Dubrovsky et al., 2008; De Rybel et al.,
2010; Goh et al., 2012). The slr-1 and arf7 arf19 mutants,
when treated with excess auxin, show abnormal nuclear migra-
tion and asymmetric cell divisions (De Rybel et al., 2010).
Lateral root initiation closely follows the nuclear migration in
the differentiation zone (Dubrovsky et al., 2011). In parallel,
pericycle cells need to swell radially before undergoing asym-
metric cell divisions (Vermeer et al., 2014). It is essential that
the overlying endodermis accommodates this, as blocking the
auxin response in the endodermis leads to the absence of asym-
metric pericycle cell divisions (Vermeer et al., 2014).

Control of cell cycle activity is crucial for lateral root founder
cells to undergo asymmetric cell divisions (Beeckman et al.,
2001; Himanen et al., 2002; DiDonato et al., 2004; Vanneste
et al., 2005; Jurado et al., 2010; De Smet et al., 2010b; Sanz
et al., 2011). It is key that the cells remain in a mitotically com-
petent state prior to an asymmetric cell division, which is sug-
gested to be maintained by the ABERRANT LATERAL ROOT

FORMATION 4 (ALF4)-encoded nuclear protein (with the alf4
mutant displaying no lateral root initiation) (Beeckman et al.,
2001; DiDonato et al., 2004; Dubrovsky et al., 2008). The tran-
sition of XPP cells fromG1to S and the ensuing cell cycle progres-
sion are stimulated by auxin. These ‘primed’ cells reactivate the
cell cycle only when they reach the lateral root initiation zone
(Casimiro et al., 2003), emphasizing the fact that activating cell
cycle-related genes alone is not sufficient to initiate a new lateral
root (Vanneste et al., 2005). Blocking either early auxin response
(in a gain-of-function slr mutant) or transport [using the transport
inhibitor N-1-naphthylphthalamic acid (NPA)] results in the
absence of lateral root initiation (Casimiro et al., 2001; Himanen
et al., 2002; Vanneste et al., 2005). Gain-of-function mutations
in SLR/IAA14 (Fukaki et al., 2002, 2005; Vanneste et al., 2005)
and IAA28 (Rogg et al., 2001; Dubrovsky et al., 2009; De
Rybel et al., 2010) negatively regulate lateral root formation
through the inactivationof ARF7and ARF19,whichare necessary
for activation of lateral root initiation genes. The slr mutants are
agravitropic and show a complete lack of lateral roots (Fukaki
et al., 2002); additionally, arf7 arf19 double mutants exhibit
fewer lateral roots owing to inhibition of the auxin-induced peri-
cycle cell division that is required for lateral root initiation
(Wilmoth et al., 2005; Okushima et al., 2007; Dubrovsky et al.,
2009). ARF7 and ARF19 together activate LATERAL ORGAN
BOUNDARIES-DOMAIN16/ASYMMETRIC LEAVES2-
LIKE18 (LBD16/ASL18) and LBD29/ASL16 (Okushima
et al., 2007), with LBD16 being expressed specifically in the
lateral root foundercells before the first asymmetric cell division.
LBD16/ASL18, along with other related LBDs, regulate the es-
tablishment of asymmetry of the founder cell (Goh et al., 2012).
The E2Fa transcription factor promotes asymmetric cell divi-
sions during lateral root initiation (De Smet et al., 2010b;
Berckmans et al., 2011). E2Fa expression is regulated by the
LBD18–LBD33 dimer, which is in turn regulated by the auxin
signalling pathway (Berckmans et al., 2011). The auxin-
mediated G1-to-S transition is inhibited by the INTERACTOR
OF CYCLIN-DEPENDENT KINASE (CDK)/KINASE-
INHIBITORY PROTEIN (KIP)-RELATED PROTEIN (ICK/
KRP) family of proteins, with the krp2 mutants showing
increased lateral root density. Activation of the cell cycle
occurs by the formation of a complex with ICK2/KRP2 and
CDKA;1–CYCD2;1, thus inhibiting the activity of ICK2/
KRP2 and increasing the activity of CDKA;1–CYCD2;1 and
subsequently increasing lateral root density (Himanen et al.,
2002; Ren et al., 2008; Sanz et al., 2011). Other D-type cyclin
(CYCD) subunit genes (CYCD4;1 and CYCD3;1) are also
known to be involved in lateral root initiation (Himanen et al.,
2002). In addition, A2-type cyclins (CYCA2 s) are involved in
early G2-to-M transition of the cell cycle during lateral root ini-
tiation. Accordingly, a triple cyca2;234 mutant show a delay in
the expression of mitotic regulators, while the auxin signalling
and G1-to-S regulatory genes remain unaffected (Vanneste
et al., 2011). S-PHASE KINASE-ASSOCIATED PROTEIN
2A (SKP2A), a cell cycle F-box protein, positively regulates
lateral root initiation.Auxin binds directly toSKP2Aand regulates
the proteolysis of cell cycle-repressing transcription factors in a
TRANSPORT INHIBITOR RESPONSE 1 (TIR1)–AUXIN
SIGNALING F BOX PROTEIN (AFB) auxin receptor-
independent pathway. Overexpression of SKP2A in the tir1
mutant background induces lateral root initiation and skp2a
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mutants show an auxin-resistant root growth phenotype (Jurado
et al., 2008, 2010). A close homologue, SKP2B, is contrastingly
involved in negative regulation of cell division in founder cells.
skp2b mutants display higher numbers of stage I and II primordia,
suggesting involvement of skp2b in the first asymmetric cell div-
ision (Manzano et al., 2012). Finally, in addition to auxin, cytoki-
nins act directly on lateral root founder cells, blocking the G2–M
cell cycle transition (Li et al., 2006). The positioning of lateral root
initiation sites is also controlled by PLETHORA3 (PLT3), PLT5
and PLT7, transcription factors that are expressed in the founder
cells. Their activity (downstream of ARF7 and ARF19) restricts
the region of lateral root initiation to a single focus, ensuring
that clusters of adjacent or opposite lateral roots are not formed
(Hofhuis et al., 2013).

Anticlinal asymmetric divisions of pericycle cells

The pair of founder cells undergo the first formative anticlinal
asymmetric cell divisions, giving rise to two small daughter cells
and two larger flanking cells – a stage I primordium (Fig. 4) (De
Smet et al., 2008). This is an exception to the generality in roots
that asymmetric formative divisions are largely periclinal. This
pattern of asymmetric cell division occurs simultaneously in
two or three pairs of adjacent pericycle cell files (Kurup et al.,
2005). The small daughtercells are characterized by the differen-
tial expression of several genes. For example, ARABIDOPSIS
CRINKLY4 (ACR4), encoding a receptor-like kinase, was identi-
fied through an integrated systems biology approach involving
transcript profiling of auxin-activated XPP cells in a highly syn-
chronized time course subjected to fluorescence-activated cell
sorting (De Smet et al., 2008). This led to a list of differentially
expressed genes potentially involved in lateral root initiation
with high spatiotemporal resolution and associated with asym-
metric cell division. ACR4 was one of the main candidates iden-
tified (De Smet et al., 2008). ACR4 promotes a first formative
asymmetric, anticlinal cell division in two neighbouring peri-
cycle cells, resulting in a small and large flanking cell (De
Smet et al., 2008).

Following the first asymmetric division, the small daughter
cells exhibit an auxin maximum (Benková et al., 2003), which
occurs around the time when BDL/IAA12-MP/ARF5-dependent
signalling occurs (De Smet et al., 2010b). The BDL/IAA12–MP/
ARF5-dependent auxin response helps patterning of the lateral
root downstream of SLR/IAA14–ARF7–ARF19. Accordingly,
the hemizygous gain-of-function bdl mutants (ProBDL:bdlhem)
and weak loss-of-function mpS319 mutants show abnormalities
in pericycle divisions and irregularly positioned lateral roots
(De Smet et al., 2010b). Interestingly, the presence of ARF7–
ARF19-independent lateral root formation is revealed by
REDUCED LATERAL ROOT FORMATION, a cytosolic
protein with a cytochrome b5-like haem/steroid binding domain
(Ikeyama et al., 2010). This is evident by the rlf-1 mutation
having an inhibitory effect on anticlinal cell division of the
founder cells, thereby affecting lateral root initiation. However,
auxin-inducible expression of LBD16/ASL18 and LBD29/ASL16
genes remains unaffected in the rlf-1 mutant. Some ROOT
GROWTH FACTOR (RGF)/GOLVEN (GLV)/CLE-LIKE (CLEL)
genes, encoding small signalling peptides, are expressed in stage
I primordia (Fernandez et al., 2013a, b). CLEL6 or CLEL7 affect
the regular pattern of asymmetric cell division leading to lateral

root primordium formation, suggesting the possibility of their
role in later asymmetric divisions (Meng et al., 2012).

Periclinal asymmetric division of pericycle cells

Subsequent to the anticlinal divisions, the cell division plane
shifts by 908 for the next asymmetric cell division. Here, cells
divide in an outward (periclinal) manner forming a second
layer (stage II primordium) (Fig. 4) (Malamy and Benfey,
1997; De Smet et al., 2008). Strict control of cell division orien-
tation is required for de novo organogenesis and shape formation.
Several proteins are implicated in this process (De Smet and
Beeckman, 2011; Rasmussen et al., 2011). Recently a-Aurora
kinases (AUR1 and AUR2), which were also identified in the
systems approach mentioned above for ACR4 (De Smet et al.,
2008), have been found to influence the mechanism by which
the switch in the plane of division occurs during asymmetric
cell division in lateral roots. The aur1-2 aur2-2 double mutants
exhibit randomly oriented cell divisions instead of distinct cell
layers during primordium development, and a change in
growth dynamics that affects lateral root development.
However, the dome shape of the lateral root primordia that
develop and that display irregular cell division patterns remained
unaffected (Van Damme et al., 2011; Lucas et al., 2013a).
Evidence of difference in cell identity between the distinct cell
layers after the periclinal division is provided by the End199
GUS marker, and this reflects activation of endodermis identity
in addition to the distinction between the inner and outer layer of
cells in the stage II primordium. This is also one of the earliest
observed instances of differential expression between the cell
layers (Malamy and Benfey, 1997).

VASCULAR PROCAMBIUM AND CAMBIUM
ASYMMETRIC CELL DIVISIONS

Vascular procambium and cambium cells are a lateral or dis-
persed stem cell niche found in vascular plants (Esau, 1965).
Procambial cells are responsible for radial primary growth pro-
ducing primary vascular tissues, while cambial cells are respon-
sible for secondary growth leading to radial thickening (Esau,
1965). Procambium can be found in stems, leaves, hypocotyl
and roots. In all cases these cell populations undergo asymmetric
cell divisions to produce additional layers of xylem or phloem.
These cells can be considered as asymmetric amplifying cells
such that they produce one daughter cell, which will continue
to have procambial or cambial cell identity and another daughter
cell with either phloem cell identity or xylem cell identity. The
patterning and position of cells within vascular bundles differs
depending on organ and developmental stage. Primary stems
contain multiple vascular bundles, arranged circumferentially
(Esau, 1965) (Fig. 5A). Procambium is located across the diam-
eterof each bundle (parallel to the stem epidermis) as intervening
tissue between phloem and xylem. After cells originating from
primary meristems have elongated and matured, primary
growth stops. At the start of secondary growth in the stem, fasci-
cular cambium is induced from procambium and interfascicular
cambium is induced from interfascicular parenchyma located
between the vascular bundles, leading to secondary stem
where the patterning and position of the cambium changes.
Here, vascular cambium is a concentric cylinder of tissue,
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located between xylem and phloem cells. Together, these three
tissues (vascular cambium, xylem and phloem) generally form
continuous concentric rings (Esau, 1965) (Fig. 5A). In arabidop-
sis, secondary growth occurs at the base of the inflorescence stem
and in the root in their final growth stages, as well as hypocotyls
after bolting (Ragni et al., 2011), and in Populus, a model organ-
ism for cambium development in trees, secondary growth gives
rise to the bulk of the woody tissue in the stem. The root procam-
bium and cambium are similarly located between the xylem and
phloem cells, and carry out the identical function of dividing
asymmetrically to produce more cells for all three cell types
(Fig. 5). Here we will concentrate on the current understanding
of niche-controlled stem cell identity determination in procambial
and cambial symmetric cell divisions, based on work carried out
mainly in arabidopsis inflorescence stems, but also in arabidopsis
hypocotyls and roots and poplar (Populus spp.) stems.

Extrinsic signalling determines the orientation and (pro)cambial
cell proliferation . . .

The pathways promoting asymmetric cell division are con-
served in many of the angiosperm stem cell niches. Vascular

procambium and cambium, just like the organizing centre
of the shoot apical meristem (SAM) and root QC, use a short
mobile peptide signal, CLAVATA3/ESR-related (CLE), a
receptor-like kinase and a WUSCHEL-related homeobox
(WOX) transcription factor to promote stem cell identity in a
niche- or extrinsically controlled fashion (Laux et al., 1996;
Mayer et al., 1998; Schoof et al., 2000; Sarkar et al., 2007; De
Smet et al., 2008; Nardmann and Werr, 2013), as shown in
Fig. 5B.

The procambium-mobile CLE peptides were first detected in
Zinnia elegans mesophyll-to-tracheary element transdifferen-
tiating in vitro cultures. A 12-amino acid CLE peptide was iden-
tified in the extracellular fraction and named after its function as
tracheary element differentiation inhibitory factor (TDIF) (Ito
et al., 2006). Its close homologues in arabidopsis, CLE41/44
and CLE42, are also capable of repressing tracheary element dif-
ferentiation (Ito et al., 2006) and promoting the proliferative cap-
ability of procambium and cambium cells (Whitford et al.,
2008). Interestingly, these 12-amino acid peptides are synthe-
sized and secreted from phloem, a daughter cell type resulting
from an asymmetric division of a procambial or cambial cell
(Hirakawa et al., 2008).
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FI G. 5. Procambium and cambium asymmetric divisions. (A) Diagram of across-section of primaryand secondarystems. Primarystems have vascular bundles where
asymmetric divisions of procambium (also called fascicular cambium) produce cells for procambium, phloem and xylem. When the stem transitions from primary to
secondary growth, interfascicular cambium is induced, which allows cambium, phloem and xylem to form continuous rings around the stem. (B) Schematic showing

the known interactions in the PXY/TDR signalling pathway across the cell types in the stem.

Kajala et al. — Regulation of plant asymmetric cell divisions 1093



The receptor interacting with these CLE peptides is synthesized
in procambial cells adjacent to phloem cells. The procambium-
expressed receptor-like kinase PHLOEM INTERCALATED
WITH XYLEM (PXY) was first identified as a regulator of the
orientation of the procambial division in arabidopsis inflorescence
stem (Fisher and Turner, 2007), and again later as the
procambial-expressed TDIF RECEPTOR (TDR) by homology
with leucine-rich repeat receptor-like kinases (LRR-RLKs) that
recognizes CLE peptides (Hirakawa et al., 2008). The interaction
of PXY/TDR with phloem-derived CLE41 regulates the procam-
bial and cambial division orientation in inflorescence stems and
hypocotyls (Etchells and Turner, 2010). However, PXY is not
the sole factor responsible for regulating cambial divisions,
based on a pxy loss-of-function phenotype and recent evidence
suggesting that ethylene response factors that include ERF109
and ERF018 are expressed in procambial cells and act in a parallel
pathway to control cell divisions (Etchells et al., 2012).

By similarity to the signalling pathways in the SAM and QC,
the WOX transcription factors were likely able to regulate pro-
cambium cell division. Indeed, WOX4 and WOX14 function
downstream of CLE41/TDIF and PXY/TDR (Hirakawa et al.,
2010; Etchells et al., 2013). An additional hormonal input is pro-
vided by the auxin-dependent activation of WOX4, linking long-
distance signalling with cell division in this niche (Suer et al.,
2011). WOX4 and WOX14 regulate the number of cell divisions
but not their orientation or vascular patterning (Ji et al., 2010;
Etchells et al., 2013). Hence, orientation is regulated by a down-
stream target of PXY/TDR other than WOX4 or WOX14.
Additionally, as with stomatal asymmetric cell divisions, the
phloem-expressed receptor kinase ERECTA has been shown to
have a role in the orientation of the procambial divisions
(Etchells et al., 2013). ERECTA interacts with the cysteine-rich
peptides EPFL4/CHALLAH-LIKE2 and EPFL6/CHALLAH
secreted from the endodermis (Uchida and Tasaka, 2013), but
as ERECTA is expressed in phloem and PXY/TDR in procam-
bium and cambium, the interaction of their downstream path-
ways has not been deciphered so far.

Taken together, these findings indicate that the amplifying
asymmetric divisions of procambium and cambium appear to
be niche-controlled. A local signal, CLE41/42/44/TDIF, regu-
lates both the orientation of cell division through unidentified
targets and proliferation through WOX4 and WOX14. For the
root procambium, there is evidence that a similar, if not the
same, pathway might regulate these asymmetric cell divisions.
Promoter studies (Hirakawa et al., 2008) and the root cell type-
specific expression profiling data set (Brady et al., 2007) show
that PXY/TDR is expressed in root procambium and root
xylem, CLE41 and CLE44 in the root phloem and WOX14
throughout the root. WOX4 has also been shown to regulate
root procambium proliferation in tomato (Ji et al., 2010).

. . . but many other signals affect (pro)cambium development

However, there are also other players in procambium and
cambium development that have not been fully integrated with the
model described above. These include DOF5.6/HIGH CAMBIAL
ACTIVITY, a transcription factor likely to act in the initiation
of the interfascicular cambium (Guo et al., 2009), XYLEM
INTERMIXED WITH PHLOEM, an LRR-RLK that appears to
prevent differentiation of the procambium and cambium (Bryan

et al., 2012), the histidine-kinase CYTOKININ-INDEPENDENT1
and cytokinin receptors ARABIDOPSIS HISTIDINE KINASE2
(AHK2),AHK3andAHK4,whicharerequiredforprocambiumpro-
liferation (Mahonen et al., 2000; Hejatko et al., 2009).

The balance of HD-ZIP III transcription factors (REVOLUTA,
PHABULOSA, PHAVOLUTA, CORONA, AtHB8) and
KANADI transcription factors also affect procambium and
cambium development. KANADIs act to inhibit PIN expression
and auxin transport (Ilegems et al., 2010) and regulate procam-
bium and cambium proliferation through regulation of WOX4.
ATHB-8 is transcriptionally activated in pre-procambium by
auxin via MONOPTEROS. ATHB-15 is expressed in a
procambium-specific manner in arabidopsis and Zinnia, and
popREVOLUTA and PtrHB7 are expressed in the cambium of
Populus and regulate initiation of procambium and cambium ac-
tivity during primaryand secondary growth, respectively (Baima
et al., 2001; Ohashi-Ito and Fukuda, 2003; Donner et al., 2009;
Robischon et al., 2011; Zhu et al., 2013). It is apparent that the
regulation of procambium and cambium proliferation and the
identity and orientation of their divisions are mechanistically
complex and that both long- and short-distance signals feed
into the regulation.

To understand the regulation of procambium and cambium
cell divisions and stem cell identity further, systems biology
approaches have been adopted. As methods for isolating very
rare cell types in arabidopsis have developed, different
approaches have been taken to identify the transcripts upregu-
lated in the cambium. First, large-scale transcript profiling
studies for arabidopsis inflorescence stem vasculature used in-
duction of secondary growth in vasculature by different
methods, including application of increased weight (Ko et al.,
2004) or exogenous auxin (Wenzel et al., 2008). More recently,
a method combining induction of secondary growth byapical ex-
ogenous auxin application and laser capture microdissection
identified two previously uncharacterized LRR-RLKs that regu-
late cambium activity, REDUCED IN LATERAL GROWTH1
(RUL1) and MORE LATERAL GROWTH1 (MOL1) (Agusti
et al., 2011). In silico work to identify genes co-expressed with
PXY/TDR and other transcripts known to accumulate in procam-
bium and cambium also identified an LRR-RLK, PXY/
TDR-CORRELATED1 (PXC1) (Wang et al., 2013). In order
to start understanding how all these different inputs and players
work together in vascular development, a model of interactions
in arabidopsis procambium, phloem and xylem has been put to-
gether, allowing postulation of new interactions (Benitez and
Hejatko, 2013). However, many of the interactions remain
uncharacterized and our understanding of the regulation of pro-
cambium and cambium activity can be guided using other
species with more extensive cambial tissue.

In woody species like trees, the vascular cambium gives rise to
the great majorityof the biomass in the form of wood. The origin-
al understanding of the role of auxin in vascular cambium was
obtained from expression patterns of polar auxin transporters
in hybrid aspen (Populus tremula × tremuloides) (Schrader
et al., 2003). The transcriptome from Populus tremula stem tan-
gential thin sections, including the cambium region, one of the
first high spatial resolution transcriptome profiles in a non-
arabidopsis species (Schrader et al., 2004). Vascular cambium
regulators identified from hybrid aspen (Populus tremula ×
alba) include the ARBORKNOX genes, PtaARK1 and
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PtaARK2 (Groover et al., 2006; Du and Groover, 2010) and their
regulator LATERAL ORGAN BOUNDARIES DOMAIN-family
transcription factor PtaLBD1 (Yordanov et al., 2010), which
are not known to be involved in procambial or cambial develop-
ment in arabidopsis.

Specification of asymmetric cell identity in the procambium and
cambium: xylem versus phloem

The asymmetric cell division of procambium and cambium
produces daughter cells that differentiate into either phloem or
xylem. The identity of either phloem cell or xylem cell appears
to be regulated by signals other than the PXY/TDR pathway.
An LIM-domain protein, LATERAL ROOT DEVELOPMENT
3 (LRD3), promotes early phloem development (Ingram et al.,
2011), an MYB transcription factor, ALTERED PHLOEM
DEVELOPMENT (APL), functions in later stages of phloem dif-
ferentiation and repression of xylem differentiation (Bonke et al.,
2003; Truernit et al., 2008) and a membrane-associated protein,
OCTOPUS (OPS), functions in the promotion of phloem con-
tinuity and protophloem differentiation (Truernit et al., 2012).
Xylem cell specification and differentiation has been studied
more comprehensively (Zhang et al., 2014). It is largely regu-
lated by the Class III homeodomain leucine zipper (HD-ZIP
III) transcription factors. Five HD-ZIP IIIs, PHABULOSA,
PHAVOLUTA, REVOLUTA, CORONA/ATHB-15 and
ATHB-8, are both necessary and sufficient for xylem cell speci-
fication and differentiation (Carlsbecker et al., 2010; Ilegems
et al., 2010) and for radial patterning of the vasculature in con-
junction with antagonistically acting KANADI transcription
factors (Emery et al., 2003). Expression of the HD-ZIP IIIs
is restricted to the vascular domain in roots by the mobile
microRNA 165/166, from the endodermal layer, induced by
SHR and SCR (Carlsbecker et al., 2010) and upregulated by ex-
ternally applied brassinosteroids (Ohashi-Ito and Fukuda, 2003).
With respect to asymmetric cell specification activity, the down-
stream specification of a daughter cell with procambium identity
and with xylem identity is regulated in a complex manner by
HD-ZIP III transcription factors. Many other transcription
factors have been shown to regulate xylem cell specification, in-
cluding the NAC domain transcription factors VND6 and VND7
and their downstream targets (extensively reviewed in Lucas
et al., 2013b).

Completing our understanding of asymmetric divisions in
procambial and cambial cells

There remains much room for traditional genetic, biochemical
and systems biology approaches to guide our mechanistic under-
standing of asymmetric cell division activity in the procambium
and cambium. Specifically, a major missing piece of knowledge
concerns the positional influences that determine either xylem
identity or phloem identity. Mapping the expression and protein
profiles of these procambium and cambium cells over different
developmental time points to determine the cues that influence
division and asymmetric identity at cell type-resolution is
greatly needed. Furthermore, protein–protein and protein–
DNA interactions of the identified signalling pathway compo-
nents could expand our knowledge of the pathway and elucidate
how cell polarity, the cell proliferation rate and daughter cell

identity are regulated on a molecular level. Also, resolving the
microRNA, transcript and protein accumulation, epigenetic
modification and hormone activity profiles in fine cell type-
specific detail would allow more accurate modelling of vascular
development.

STOMATAL DEVELOPMENT IN ARABIDOPSIS
AND MAIZE: ASYMMETRIC DIVISIONS IN

DISPERSED POPULATIONS

Developmentally important asymmetric divisions can also occur
outside of organized niches. One such example is in the stomatal
lineage of the aerial epidermis. Stomata serve as adjustable
valves though which carbon dioxide (CO2) from the atmosphere
and water vapour from the plant interior are exchanged. Each
stoma consists of a pair of sister epidermal cells (guard cells,
GCs) around a central pore. Both the pattern and the fate specifi-
cation of the guard cells (and their precursors) are associated with
asymmetric and oriented divisions.

Recent evolutionary studies indicate that asymmetric divi-
sions are associated with the stomata in many angiosperm
lineages (Rudall et al., 2013), though molecular studies are so
far restricted to two major groups of flowering plants: monocots,
for which the grasses maize and rice serve as representatives, and
dicots, for which arabidopsis is the primary model. Recent data
from these systems point to models in which expression of
cell type-specific transcription factors is guided by extensive
local cell–cell signalling in regulating asymmetric divisions
(Pillitteri and Torii, 2012). Moreover, these transcription
factors and signals are required for the products of the asymmet-
ric divisions to be correctly specified and arranged in a function-
ally adaptive pattern. However, there is also evidence that
pre-divisional (intrinsic) cell polarities must be established for
the stomatal asymmetric divisions, and several polarly localized
proteins have been identified. To connect with previous tissue
discussions, we will begin with monocot stomatal development
because its spatiotemporal gradients bear superficial similarity
to the situation in the root cortex/endodermis initial asymmetric
divisions, and then move on to arabidopsis development, in
which the asymmetric divisions represent a departure from the
other systems.

In grasses, stomatal development proceeds in a well-defined
gradient wherein the distal tip of the leaf bears the oldest and
most mature cells and the base contains the youngest cells
(Nelson and Langdale, 1992). Early asymmetric divisions are
abundant in the proximal portions of the leaf (base) and differen-
tiation proceeds in an orderly fashion as the distal tip is
approached (Fig. 6A). Within these general zones, guard
mothercells (GMCs, the immediate precursorcell type of the sto-
matal guard cells) are generated in specific cell files by asymmet-
ric cell divisions. In the epidermis, all divisions are anticlinal, but
the GMC-generating divisions are also all oriented in the same
direction relative to the base–tip axis. In grasses, stomatal com-
plexes consist of fourcells: the GCs immediately surrounding the
stomatal pore and two subsidiary cells on either side of the GCs
(Fig. 6A). To generate this unit, the GMC sends a polarizing
signal to its lateral neighbours. The neighbours become subsid-
iary mother cells (SMCs) and the interaction between GMC
and SMC results in movement of the SMC nucleus towards the
site of GMC contact, followed by a highly asymmetric division
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of the SMC (Fig. 6A) to carve off a small subsidiary cell (SC).
The GMC then divides symmetrically to form the proper guard
cells and the whole complex undergoes radical cell morphology
changes to produce a final functional unit (Bergmann and Sack,
2007).

Thus far, genes required for the asymmetric divisions that that
specify GMC cell identity have not been identified. Two
LRR-RLKs, PANGLOSS1 (PAN1) and PAN2, however, have
been shown to be required for two aspects of the SMC asymmet-
ric division, specifically the orientation of SMC divisions and the
specification of SC cell fate. Mutations in either PAN1 or PAN2
lead to defects in the alignment of the SMC nucleus with the cell
edge that faces the GMC. This alignment failure results in abnor-
mal cell division orientation and defects in subsidiary cell iden-
tity and shape (Gallagher and Smith, 2000; Cartwright et al.,
2009; Zhang et al., 2012). PAN1 and PAN2 proteins accumulate
in strikingly polarized sites at the SMC periphery corresponding
to where the SMCs contact the GMC (Cartwright et al., 2009;
Zhang et al., 2012) (Fig. 6A) and PAN2 is genetically upstream
of PAN1 for this localization (Zhang et al., 2012). ROP family

GTPases appear to be downstream effectors of the PANs, as
they have been shown to accumulate at the GMC-adjacent site
in a PAN-dependent manner and are also required for proper
asymmetric divisions (Humphries et al., 2011).

Based on observations of nuclear and cytoskeletal movement
and PAN protein localization prior to and during the asymmetric
divisions, it appears that an extrinsic signal from the GMC is re-
sponsible for generating an intrinsic asymmetry in the SMC. An
attractive model is that after signal-guided localization of the
PANs, their activity (mediated via ROPs) organizes the SMC
cytoskeleton and recruits the SMC nucleus. There are,
however, some complications in this explanation. First, the cue
from the GMC that positions PAN1 and PAN2 is unknown,
and these proteins are never visible except in their polarized pos-
ition (i.e. they are not first uniformly present at the plasma mem-
brane and then concentrated at the GMC site), so it is unclear how
early in a polarity hierarchy these proteins act. Secondly, al-
though predicted to be kinases, PAN1 and PAN2 are either
missing an essential residue for kinase activity and/or not able
to phosphorylate themselves or a generic substrate in vitro
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FI G. 6. General schemes for asymmetric divisions (ACD) in stomatal development. (A) Stomatal development in the grasses. Cells are arranged in linear files along
the length of the leaves. In alternate files at the base of the leaf, asymmetric divisions generate guard mother cells (GMCs, blue). GMCs signal to the neighbouring cell
files, inducing the migration of subsidiary mother cell (SMC) nuclei towards the point of contact with the GMCs and the subsequent asymmetric and oriented cell
division of the SMCsto form the subsidiary cells. This is facilitated by the polarized proteins PAN1 and PAN2 (yellow lines). (B) In dicots such as arabidopsis, stomatal
precursors are not arranged in files and an additional step precedes the formation of GMCs. The initiation of the stomatal lineage is an asymmetric division of a mer-
istemoid mother cell (MMC, white) to produce a meristemoid (green) and a stomatal lineage ground cell (SLGC). A meristemoid can divide again in an ‘amplifying
division’, renewing itself and producing another SLGC (lower pathway) and an SLGC can divide to create another meristemoid in a ‘spacing division’ (upper pathway).
These divisions require the transcription factors SPCH, SCRM1 and SCRM2. There is evidence for intrinsic polarization of proteins such as BASL and POLAR (red
lines) during both amplifying and spacing divisions. Meristemoids derived from either amplifying or spacing divisions will eventually differentiate into GMCs (blue;
dependent on MUTE, SCRM1 and SCRM2) that later undergo a single symmetric division to form guard cells (purple). In arabidopsis, there are no cells equivalent to

the subsidiary cells in the grasses.
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(Cartwright et al., 2009; Zhang et al., 2012). Identification of
interaction partners of the PAN proteins is likely to be a very pro-
ductive future direction.

Arabidopsis stomatal development

In maize, the linear arrangement of mature stomata is pre-
dicted by the linear arrangement of cell files and the asymmetric
cell divisions within them. No such early predictive pattern exists
in arabidopsis leaves. Instead, arabidopsis stomatal precursors
are the products of divisions in a dispersed and apparently ran-
domly selected group of cells in the immature epidermis
(Fig. 6B). These initial cells in the pathway [the so called meris-
temoid mother cells (MMCs)] are not yet associated with any
specific gene expression profile or location, so they are defined
retrospectively. Asymmetric division of the MMC creates two
differently sized daughters, a smaller meristemoid and a larger
stomatal lineage ground cell (SLGC) (Fig. 6B). Both daughters
can undergo additional asymmetric divisions, but the nature
and cell fate outcome of these divisions differs. The meristemoid
can undergo asymmetric ‘amplifying’ divisions (Bergmann and
Sack, 2007), with the smaller daughter of each division round
retaining meristemoid identity and the larger becoming an
SLGC. An SLGC may differentiate into a large, lobed, pavement
cell, or may become an MMC, dividing asymmetrically in a
‘spacing division’ to create a secondary meristemoid (Fig. 6B).
The spacing divisions of SLGCs are so named because they are
not only asymmetric, but are also oriented such that there is
always at least one epidermal cell placed between a newly
formed meristemoid and previously specified stomata or
GMCs. Regardless of whether a meristemoid was produced via
amplifying or spacing divisions, it will eventually differentiate
into a GMC that undergoes a single symmetric division to
produce the paired guard cells of the stoma.

In arabidopsis spacing divisions, cell–cell signalling plays a
key role. Several receptors and receptor like-kinases have been
implicated: the LRR receptor-like protein TOO MANY
MOUTHS (TMM) was the first to be identified (Nadeau and
Sack, 2002) and subsequently the LRR-RLKs ERECTA,
ERECTA-LIKE1 and ERECTA-LIKE2 [collectively referred
to as the ERECTA family (ERf)] were shown to mediate stomatal
signalling through direct interactions with TMM (Shpak et al.,
2005; Lee et al., 2012). Loss of TMM or ERf function results
in mispatterned and excessive numbers of stomata, suggesting
that the kinases orient asymmetric division and repress stomatal
fate at various stages of lineage progression. Although TMM and
the ERf belong to the same broad receptor class as maize PAN1/
2, the proteins are not close relatives, nor has polarized subcellu-
lar localization been reported for TMM or the ERf (Nadeau and
Sack, 2002; Lee et al., 2012). Additionally, ERECTA does
appear to be an active kinase (Lease et al., 2001). Upstream of
these receptors, a number of small, secreted peptides of the
EPIDERMAL PATTERNING FACTOR LIKE (EPFL) family,
appear to be the guiding cues. The founding member of the
family, EPF1 (Hara et al., 2007), and its closest homologue
EPF2 (Hara et al., 2009; Hunt and Gray, 2009) are both
expressed specifically in stomatal lineage cells and both
repress stomatal production, though they appear to act at slightly
different stages and are ligands for different ERECTA receptor
family members (Lee et al., 2012). Because the ligand and

receptors are expressed in overlapping cells in the epidermis,
one question that emerges is whether a single cell responds to
the EPF signal it generates (an intrinsic or autocrine signal), or
whether stomatal lineage cells block their own signals and
respond only to those from their neighbours (an extrinsic or para-
crine signal). Interestingly, a similar issue arises in mammalian
epidermis, where Wnt signalling is responsible for regulating
stem-cell like divisions and Wnt signals are both created and per-
ceived by the same cell types (Habib et al., 2013). It is also dif-
ficult to uncouple a role for the ligands and receptors in
orienting cell divisions versus regulating cell division rates, as
ligand overexpression limits cell numbers, thus indirectly pre-
venting misoriented divisions. Given the complexity in the
EPF/ERf pathway and recent evidence for cross-talk with other
signalling pathways (Gudesblat et al., 2012; Kim et al., 2012),
systemic analysis of ligand and receptor expression pattern and
binding properties (Lee et al., 2012) combined with modelling
approaches to estimate the contribution of specific ligand–
receptor (and higher order receptor-receptor) combinations to
individual events (Ruiz-Herrero et al., 2013) will be needed.

As in the embryo and root, transcription factors play a critical
role in asymmetric division and cell fate establishment in the sto-
matal lineage (Lai et al., 2005; Ohashi-Ito and Bergmann, 2006;
Kutter et al., 2007; MacAlister et al., 2007; Pillitteri et al., 2007;
Kanaoka et al., 2008). When considering the genes whose dis-
ruption or overexpression yields the most dramatic phenotypes,
the bHLH factors rise to prominence; here five bHLH transcrip-
tion factors serve as major cell fate regulators in the stomatal
lineage (Ohashi-Ito and Bergmann, 2006; MacAlister et al.,
2007; Pillitteri et al., 2007; Kanaoka et al., 2008). Three of
these five [SPEECHLESS (SPCH), MUTE and FAMA] are
expressed in restricted cell types and regulate corresponding in-
dividual stages of lineage progression (MacAlister et al., 2007;
Ohashi-Ito and Bergmann, 2007; Pillitteri et al., 2007). Two
factors in particular, SPCH and MUTE, bookend the asymmetric
division phase, with SPCH promoting initiation of asymmetric
divisions (formation of MMCs) and MUTE terminating the self-
renewing division phase of these cells.

The position of SPCH at the start of the lineage and its unique
possession of a domain capable of being phospho-regulated by
MAPK and brassinosteroid-related (BIN2) kinases (Lampard
et al., 2008; Gudesblat et al., 2012; Kim et al., 2012) have
made this protein a prime target of interest for asymmetric div-
ision. Without SPCH, asymmetric divisions are eliminated in
the leaf epidermis, suggesting that SPCH is necessary for allow-
ing specific types of division. The SPCH protein is expressed
very early in leaf development, possibly in all cells, but in a wild-
type leaf it is highly regulated such that, before an asymmetric
division, it accumulates in the MMC nucleus and is then inherited
by both daughters, but is rapidly extinguished in the SLGC.
Following SPCH–GFP expression over many days, Robinson
et al. (2011) were able to derive a model for pattern formation
in a subset of stomatal lineage cells. This model suggested that
the presence of SPCH protein permitted cells to divide before
they had doubled in size. Small size is correlated with meriste-
moid identity, so by controlling where SPCH accumulates it is
possible to control which cells are meristemoids (stem cells)
and which differentiate into a slow or non-dividing epidermal
cell. Amplifying division-based patterning is essentially a
lineage-based mechanism – the history, but not the neighbours
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of a cell determine its fate. This patterning mechanism cannot
apply to all stomatal cells; for example, signalling from neigh-
bours is a requirement for organizing spacing divisions.
However, it does highlight one of the best examples of intrinsic
asymmetry generation in plants. It also requires an intrinsic polar-
izing factor that can ‘read’ the history of previous divisions and
orient new divisions.

The best candidate to be the polarizer is the novel, plant-
specific protein BREAKING OF ASYMMETRY IN THE
STOMATAL LINEAGE (BASL) (Dong et al., 2009). BASL is
expressed primarily in asymmetrically dividing stomatal
lineage cells, and its genetic disruption leads to stomatal
lineage divisions with reduced physical and marker expression
asymmetry and with defects in their final identity. In basl, pro-
ducts of the defective asymmetric divisions will sometimes all
become stomata, or all become non-stomatal epidermal cells.
This suggests that BASL is not required for a specific cell iden-
tity, but rather for helping to enforce differences (Dong et al.,
2009). It is not only its function but also its dynamic protein lo-
calization that links BASL to polarity generation. In cells about
to undergo an asymmetric division, BASL is found in the
nucleus, but begins to accumulate in a cortical crescent. The cres-
cent is positioned such that it is reliably inherited by the larger
daughter. After division, the smaller daughter may express
BASL in the nucleus, whereas the larger has BASL both in the
nucleus and at the cortex (Dong et al., 2009). Time-lapse experi-
ments tracing BASL dynamics in single cells revealed two pos-
sible developmental trajectories for each daughter. The smaller
(meristemoid) can become a GMC, losing nuclear BASL in
the process, or it can divide again asymmetricallyafter first estab-
lishing a new cortical crescent. The larger (SLGC) can differen-
tiate into a non-stomatal epidermal cell, losing nuclear BASL
(but sometimes retaining the cortical crescent), or it can divide
asymmetrically to form a secondary meristemoid, a fate that cor-
related with retention of both nuclear and cortical BASL.
Production of a secondary meristemoid (via a spacing division)
requires that the SLGC reorient its axis of polarity in order to
maintain one-cell spacing. This reorientation is reflected in the
cortical BASL crescent’s relocation to the opposite side of the
cell, ensuring that it is distal to the newly forming meristemoid.
In signalling mutants such as tmm, where division orientations
are disrupted, BASL still exhibits normal accumulation in
nuclei and at the crescent, but the location of the crescent is incor-
rect, suggesting that stomatal lineage cells generate a polarity
using a BASL-related mechanism, but that this intrinsic polarity
can be reoriented upon external cues (Dong et al., 2009). Such a
situation is reminiscent of Wnt signalling in animal embryos,
where a signal from a neighbour can reorient the division plane
of an asymmetric division (Goldstein et al., 2006).

While BASL localization is intriguing, its lack of functional
domains has made its precise function in asymmetric divisions
difficult to ascertain. The model of Robinson et al. (2011) pre-
dicts that BASL would have to work pre-divisionally to guide
the nucleus to an asymmetric location, thus acting intrinsically
to specify asymmetry. Overexpression of BASL can lead to loca-
lized outgrowths, leading to another model, in which BASL is
required post-divisionally for expanding the SLGC cell (Dong
et al., 2009). This latter phenotype is dependent on normal
ROP GTPase signalling, suggesting a potential commonality
between the division orientation of the SMCs of the maize

stomatal complexes and the divisions of the stomatal MMCs.
A greater understanding of the mechanics of polarization is
needed. While classical cell biology may answer this question,
transcriptional profiling of the stomatal lineage can also add to
the repertoire of polarity factors, as shown recently for another
novel protein, POLAR (Pillitteri et al., 2011).

PERSPECTIVES

Similarities in molecular mechanisms of extrinsic asymmetric
divisions amongst plant cells

Cell division and expansion-based morphogenesis necessitated
by encasement in rigid walls means that plant cells are in predict-
able and long-term spatial relationships with their neighbours.
Because of this, it is theoretically possible for most formative
divisions to rely only on external (signalling) control of asym-
metric divisions. Among the extrinsically regulated asymmetric
divisions discussed throughout this review, the present data
support multiple common regulatory mechanisms, including
small peptide/receptor-like kinase signalling, hormone signal-
ling, mobile transcription factors and nuclear migration. Many
molecule classes are similar in different cell populations, sug-
gesting general mechanisms by which asymmetric cell divisions
can be regulated in plants. RLKs have been described to function
in lateral root initiation (ACR4), procambium and cambium de-
velopment (PXY) and stomatal development (PAN1/PAN2,
ERf). These molecules are membrane-bound and are thus posi-
tioned appropriately as mediators of extrinsic signalling. The
exact peptide(s) responsible for signalling have been identified
for procambium and cambium signalling (CLE41/42 and 44)
and for arabidopsis stomata (EPF1/2), but they remain to be iden-
tified for the remaining receptors. Conversely, CLEL6 and
CLEL7 are small peptides that play a role in later asymmetric
divisions within lateral root development, although their corre-
sponding LRR-RLK has not been identified (Meng et al.,
2012). The ERECTA LRR-RLK influences both (pro)cambial
and stomatal development, demonstrating one case where a
single receptor can regulate asymmetric cell division in multiple
cell types (Shpak et al., 2005; Lee et al., 2012; Etchells et al.,
2013). Perhaps this conservation of function is due to the fact
that these are examples of asymmetric amplifying divisions.

Mobile transcription factors are of particular importance in
root development. The TMO7 bHLH transcription factor
protein is produced in the apical cells of the embryo, but
moves into the basal hypophysis cell to regulate its asymmetric
division (Schlereth et al., 2010). SHR, a GRAS-family transcrip-
tion factor protein, moves from vascular tissue into the cortex/
endodermis initial to regulate its asymmetric division
(Nakajima et al., 2001). Evidence of the intricate dynamics of
mobile factor regulation is further provided by the regulation
of microRNA 165/166, which is directly transcriptionally down-
stream of SHR and its partner SCR (Carlsbecker et al., 2010;
Miyashima et al., 2011). microRNA 165/166 diffuses in a gradi-
ent into the vasculature, thereby regulating levels of the HD-ZIP
III factors, which then regulate asymmetric divisions of procam-
bial cells and xylem identity.

Hormones provide an alternative regulatory mechanism.
Auxin is essential for multiple formative asymmetric divisions
within the embryo, including the generation of procambial cell
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files (De Rybel et al., 2013), the hypophysis division that gives
rise to the QC and the columella initial cell (Schlereth et al.,
2010) and in the adult plant, including the cortex/endodermis
initial (Cruz-Ramirez et al., 2012), procambial and cambial
cells (Suer et al., 2011) and multiple formative divisions
within the lateral root (De Smet et al., 2007; Dubrovsky et al.,
2008, 2011; Parizot et al., 2008; Moreno-Risueno et al., 2010;
Bishopp et al., 2011). One classic example of the generation of
a niche is by targeted auxin flux from endodermis cells to neigh-
bouring pericycle cells in order to specify the founder cell that
will eventually form the lateral root primordia (Marhavy et al.,
2013). In stomatal precursor divisions, PIN proteins and auxin
signalling components regulate cell size and fate asymmetries
as well as the number of precursor cell divisions (Le et al.,
2014). Cytokinin is also becoming implicated in many of these
processes. Cytokinin negatively influences lateral root priming,
lateral root founder cell specification and the first asymmetric
division of founder cells (Li et al., 2006; Laplaze et al., 2007;
Chang et al., 2013). In some cases, cytokinin acts by opposing
auxin through repression of PIN proteins. Cytokinin plays a
primary role in promoting procambial cell proliferation, with
mutations in the cytokinin receptor resulting in greatly reduced
numbers of procambial cells and thereby fewer vascular cells
(Mahonen et al., 2000).

Recent advances in high-resolution, real-time microscopy have
revealed that nuclear migration plays a role in two formative
asymmetric divisions – the first asymmetric division of pericycle
cells and stomatal cell development – and, given the connections
between nuclear position and pre-prophase band placement
(Facette and Smith,2012), it is likely that any physicallyasymmet-
ric division will involve pre-divisional nuclear and organellar
migration. Two distinct classes of molecules have been shown
to regulate migrations. In lateral roots, the SLR/IAA14–ARF7–
ARF19 module regulates the migration of founder cell nuclei
towards their common cell wall just prior to lateral root initiation
(De Smet et al., 2007; Dubrovsky et al., 2008; De Rybel et al.,
2010; Goh et al., 2012). In the case of maize stomatal cells,
GMCs signal to neighbouring cell files and induce the migration
of a subsidiary mother cell nuclei towards the GMC cell, a
process that requires the RLKs PAN1 and PAN2 (Gallagher and
Smith, 2000; Cartwright et al., 2009; Zhang et al., 2012). So, al-
though nuclear migration is a common mechanism that appears
to signal asymmetric cell division, the molecular regulators
known thus far belong to different classes.

Are there other classes of molecules that may extrinsically
regulate asymmetric cell divisions but which have not been char-
acterized? A novel non-auxin molecule, naxillin, has been used
to characterize the role of an auxin precursor in lateral root initi-
ation (De Rybel et al., 2012). Cytosolic Ca2+ is known as a
classic signalling molecule and changes in the cytosolic Ca2+

level have been observed in roots upon induction of a mechanical
stress. Blocking of the calcium channel impedes both changes in
cytosolic Ca2+ and the production of lateral root primordia after
bending, suggesting involvement of Ca2+ signalling in transla-
tion of the mechanical forces to a developmental response in
lateral root primordium development (Richter et al., 2009;
Toyota and Gilroy, 2013; Laskowski, 2013). Furthermore,
recent studies suggest that callose-dependent plasmodesmatal
symplastic transport plays a role in lateral root initiation and dis-
tribution. The activity of two callose-degrading enzymes,

b-1,3-glucanase, plasmodesma-localized b-1,3 glucanase 1
(PdBG1) and PdBG2, affects symplastic connectivity, which is
indicated by the pdbg1,2 double mutants exhibiting restricted
plasmodesmatal transport, increased lateral root density and dis-
torted primordium patterning (Benitez-Alfonso et al., 2013;
Vanstraelen and Beeckman, 2013). In the future, even more
players are likely to be identified that establish distinct niches
that control asymmetric cell divisions.

Elucidation of intrinsic molecular mechanisms

Intrinsic mechanisms are certainly less well characterized
than extrinsic ones in plant cells. Potential exceptions to extrinsic
control are seen in the early divisions of the arabidopsis stomatal
lineage, where mechanisms are needed to distinguish between
the two daughters of an asymmetric division without reference
to any obvious external constant (such as proximity to specific
landmarks or alignment along growth axes). In these cells,
BASL and POLAR proteins mark restricted areas of the cell per-
iphery before division, indicating that these cells have the intrin-
sic ability to move components to regions that would be
differentially inherited. Paradoxically, however, although ana-
lysis of BASL and POLAR revealed this polarization capacity,
neither BASL nor POLAR is truly differentially segregated: a
nuclear pool of BASL is inherited by both daughters (Dong
et al., 2009) and POLAR is enriched but not exclusively
present on one side of the cell (Pillitteri et al., 2011). In both
cases, it is the post-divisional behaviours of the proteins that
show clear differences between sisters. While these sister cell
differences could be amplifications of programmes started by
differential segregation of components, they could equally be
explained by post-divisional communication between the sister
cells. Likewise, the ‘master regulator’ activities of SPCH and
MUTE have made it appealing to consider them as segregated
determinants, but the details of their expression patterns make
this unlikely. When SPCH or MUTE expressing cells divide,
both daughters inherit maternal proteins; it is differential main-
tenance of the proteins that distinguish the daughters
(MacAlister et al., 2007; Pillitteri et al., 2007, 2008; Lampard
et al., 2008; Robinson et al., 2011).

Other examples of intrinsic control can be hypothesized based
on available data. For instance, auxin is polarly transported both
into and out of a cell, and thus an auxin gradient can be estab-
lished within a cell and could guide asymmetric cell divisions.
An auxin maximum within lateral root founder cells is certainly
required for an asymmetric division to take place (Geldner et al.,
2004; Laskowski et al., 2008; Okumura et al., 2013). During em-
bryogenesis, the egg cell undergoes two polarization steps, and
these steps may require segregating determinants. Single-cell
measurements of protein, transcript and small RNA abundance
will be required to determine whether such molecules do
exhibit segregation within the cell that leads to division and dif-
ferential identity acquisition.

Remaining questions regarding plant asymmetric divisions

While characterizing the molecular mechanisms regulating
asymmetric cell divisions, novel questions have been generated
and still others remain to be answered. First, with respect to
signals that are required to initiate cell division, focused
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co-accumulation of signalling factors have been identified.
Examples include TMO7/LHW, whose co-localization pro-
motes embryonic vascular cell asymmetric divisions (De
Rybel et al., 2013). Conversely, RBR and SCR are localized
within the same cell and their physical interaction represses
asymmetric cell division within the cortex/endodermis initial
(Cruz-Ramirez et al., 2012). Phosphorylation via CYCD6;1
inhibits the RBR–SCR interaction and permits division
(Cruz-Ramirez et al., 2012). Further, adding complexity to this
story, auxin promotes CYCD6;1 accumulation and JACKDAW
negatively controls the extent of asymmetric divisions (Welch
et al., 2007). Therefore, a full characterization of the initiation
of asymmetric divisions must encompass an inventory of pro-
teins that could participate in protein complexes that limit as
well as promote the number of asymmetric cell divisions.

The stereotyped orientation of the cell division plane in an
asymmetric division furthermore appears to not be a generaliz-
able rule across plant cells. For instance, in lateral root primordia
the first few divisions are required to be stereotyped in theirorien-
tation (and the AUR kinases have been shown to regulate this
orientation), but later divisions do not need to adhere to this
rule in order for normal lateral root morphogenesis to occur
(De Smet et al., 2008). The plane of division appears to be of
great importance in cambial divisions in order to generate con-
centric cylinders of xylem, cambium and phloem files, since
mutations in the PXY/TDR receptor result in a disorganized
pattern; however, the mechanism by which the organization
occurs is still unknown, as is the mechanism by which xylem
and phloem are found on opposing sides of the procambium
(Fisher and Turner, 2007). In the arabidopsis embryo, highly
regular division patterns occur, while in other plant species the
divisions can appear morphologically chaotic, suggesting that,
at least evolutionarily, stereotyped organization may be dispens-
able. Furthermore, with respect to the cortex/endodermis initial,
defects in divisions of this cell’s embryonic precursors can be
rescued after embryogenesis by unknown mechanisms, again
suggesting that orientation can be dispensable (Sozzani et al.,
2010). Addressing these questions in each cell type will require
tools to uncouple cell division orientation from factors that
specify distinct cell identities.

Network dynamics and the role of cell type-specific data acquisition

Feedback and feedforward regulation add additional complex-
ity and precision to the regulation of these extremely important
cell divisions during plant development. In the case of the
cortex/endodermis initial and stomatal cells, modelling
approaches have proven essential to elucidate these mechanisms
(Robinson et al., 2011; Cruz-Ramirez et al., 2012). In the future,
more comprehensive mapping of all factors that play a role in
asymmetric cell divisions will be needed, as will mechanisms
to carefully measure the dynamics of these interactions at cell-
type resolution. Application of such computational approaches
to the acquisition of data with high spatial and temporal reso-
lution will likely provide answers to some of these remaining
questions regarding the asymmetric divisions of plant cells.
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