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Abstract

The Arabidopsis root has been the subject of intense research over the past decades. This research
has led to significantly improved understanding of the molecular mechanisms underlying root
development. Key insights into the specification of individual cell types, cell patterning, growth
and differentiation, branching of the primary root, and responses of the root to the environment
have been achieved. Transcription factors and plant hormones play key regulatory roles. Recently,
mechanisms involving protein movement and the oscillation of gene expression have also been
uncovered. Root gene regulatory networks controlling root development have been reconstructed
from genome-wide profiling experiments, revealing novel molecular connections and models.
Future refinement of these models will lead to a more complete description of the complex
molecular interactions that give rise to a simple growing root.
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INTRODUCTION

Roots are plant organs that typically lie below the surface of the soil, where they grow and
respond to a variety of environmental barriers and insults. Roots not only provide structural
support to the aerial portion of the plant but also acquire nutrients and water vital to plant
growth. Thus, overall plant survival depends on appropriate root development, growth, and
function. Study of root development, however, is challenging because roots are inaccessible
and observation often requires invasive measures. Additionally, the root systems of many
plant species are highly complex, making characterization of basic developmental
mechanisms intractable.

The study of root development has been greatly advanced through the use of the model
organism Arabidopsis thaliana. Roots of Arabidopsishave a very simple cellular
organization and can be easily grown in nonsoil media, which facilitates analysis.
Knowledge of Arabidopsis root development is derived from work over the past 25 years,
which began with classical genetic experiments and has been accelerated by the use of
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modern molecular biology and genomics techniques. We now have a picture of the
molecular state of individual cell types, at different developmental stages, and in response to
various stimuli, at a level of detail that is unavailable for any other organ. This in-depth
characterization has propelled the root to the forefront of the field of plant developmental
biology.

Here we provide an overview of our present understanding of how Arabidopsis root
development is controlled at the molecular level, from initiation in the embryo to elaboration
in the adult plant. We highlight recent studies of the root apical meristem (RAM), a region
of the root tip consisting of undifferentiated cells that give rise to the different cells of the
root. The pathways and mechanisms regulating patterning of the tissues and developmental
zones of the root, the production of lateral roots (LRs), and root responses to environmental
stimuli are discussed. We suggest future prospects and give an overview of how genome-
scale data are being used to model and probe the gene regulatory networks controlling root
development and response.

EMBRYOGENESIS: THE MAKING OF A ROOT

Apical-basal polarity of the embryo is established early in embryogenesis as a shoot
meristem positioned between embryonic leaves (cotyledons) at the top (apical) end and an
embryonic root and root meristem at the bottom (basal) end (93). In Arabidopsis
embryogenesis (Figure 1) the zygote first divides asymmetrically to produce a smaller apical
cell that divides vertically to produce the proembryo, and a larger basal cell that divides
horizontally to produce the suspensor connecting the embryo to maternal tissue. The
uppermost suspensor cell is later specified to become the founder cell of the root meristem,
called the hypophysis. The hypophysis divides asymmetrically to generate an upper lens-
shaped cell that subsequently becomes the quiescent center (QC) and a lower basal cell from
which the columella stem cells and columella are derived. The proembryo concurrently
contributes stem cells for the root vascular, ground, and epidermal tissues (129). Thus, root
formation during embryogenesis involves coordination between the two embryo poles.

Embryonic WOX Expression

A few factors have been shown to be involved in the making of an embryonic root.
WUSCHEL-related homeobox (WOX) genes, encoding transcription factors (TFs), are
expressed in dynamic and partially overlapping patterns during embryogenesis from the
single-cell zygote through the eight-cell embryo stage (Figure 14) (64). WOX expression
coincides with cell fate decisions during embryogenesis, suggesting that WOX TF-mediated
gene regulation underlies these decisions. However, mutations in these WOX TFs do not
result in strong embryonic phenotypes (64), indicating that additional factors function with
WOX in embryonic patterning. Further experiments will likely identify these factors and
determine the exact role of WOX pathways in cell fate decisions during embryogenesis and
their involvement with the plant hormone auxin (64).

Auxin Regulates Embryonic Root Formation

Many factors that control embryonic root formation implicate the involvement of auxin. For
example, genetic perturbation of auxin transport [ pinformedl,3,4,7 (pin1,3,4,7) (50); gnom
(82, 95, 141, 171)], perception [transport inhibitor responsel (tirl); auxin signaling f-
box1,2,3 (afb1,2,3) (40)], or synthesis [ yuccal,4,10,11 (31); tryptophan aminotransferase of
Arabidopsisl (taal); tryptophan aminotransferase related1,2 (tar1,2) (143)] prevents
embryonic root formation. Further, the hypophysis is not specified and roots are not formed
in mutants lacking MONOPTERQOS (MP)|AUXIN RESPONSE FACTORS (ARF5), which
is one of the 23 ARF genes encoding auxin-induced TFs (68). ARF activity is inhibited by
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auxin (Aux)/indole-3-acetic acid (IAA) proteins such as BODEN-LOS (BDL)/INDOLE-3-
ACETIC ACID INDUCIBLE12 (IAA12). Dominant mutations in BDL/IAA12 render it
insensitive to auxin-dependent degradation and lead to root phenotypes similar to mplarf5
(66, 67, 164).

Intriguingly, even though MP/ARF5 and BDL/IAA12 interact and are involved in
hypophysis specification, these proteins are not expressed in the hypophysis (66, 165).
Instead, they are expressed in provascular cells adjacent to the hypophysis, where auxin-
induced degradation of BDL/IAA12 releases MP/ARF5 from cotranscriptional repression by
BDL/IAA12 and TOPLESS (147, 165). This derepression of MP/ARF5 allows upregulation
in the provascular cells of A/N1, an auxin transporter thought to direct auxin flow basally
into the hypophysis. In turn, PIN1-mediated accumulation of auxin in the hypophysis is
proposed to affect hypophysis specification through the action of additional auxin-
responsive Aux/IAA and ARF pairs expressed in the hypophysis (165). Potential candidate
Aux/IAAs and ARFs expressed in the embryo involved in hypophysis specification are
emerging (117, 118, 164).

Recently, microarrays of MP revealed TARGET OF MP (TMO) genes that mediate
signaling from the proembryo to the hypophysis (132). Four 7MO genes (TMO3, -5, -6, and
-7) are coexpressed with MP in the proembryo provascular cells adjacent to the hypophysis.
Two of these genes (7MO5and TMO?) encode basic helix-loop-helix TFs and are
functional, direct MP targets as their promoters are directly bound by MP. Further, TMO5 or
TMO?7 expression in mp mutants partially rescues the mp rootless phenotype, which
suggests that these genes are important downstream targets of MP. Strikingly, when
Schlereth et al. (132) evaluated TMO5 and TMO7 expression patterns, they found that
TMOTY protein, and not TMOS5, was expressed in the hypophysis and affected hypophysis
divisions when knocked down. Further experiments showed that TMO7 protein moves from
the cytoplasm and nucleus of provascular cells to the nucleus of the hypophysis. This TMO7
movement provided a mechanism by which MP exerts its non-cell-autonomous effects on
the hypophysis (132, 165).

Chemical inhibition of auxin transport also interferes with specification of the hypophysis
and root formation, consistent with a role for PIN transporters in root formation (50, 63).
Taken together with the localization of PINs and auxin responses during embryogenesis, this
observation led to a proposed model describing how auxin accumulation and transport
establish not only the apical-basal axis but also the hypophysis (Figure 1) (50). In the two-
cell stage, PIN7 in the basal cell facilitates auxin transport to the apical cell to generate an
auxin response maximum. Until the globular stage of embryogenesis, PIN7 is apically
localized in the suspensor cells of the basal cell lineage, and this localization maintains the
auxin maximum in the proembryo (Figure 14). During the early globular stage, an auxin
response maximum in the presumptive hypophysis then arises from concurrent localization
of PIN1 to the basal membranes of the inner cells of the proembryo and redistribution of
PIN7 to the basal membrane of suspensor cells (Figure 14) (50). Thus, provascular
localization of PIN1 combined with a reversal in PIN7 polarity might specify the hypophysis
during embryogenesis and lead to root formation.

Other Hormones Regulate Embryonic Root Formation

Despite its key role, auxin is insufficient to form a root. This is because auxin response as
detected by synthetic reporters is not specific to the precursor cell of the hypophysis and is
insufficient to specify the hypophysis (165). Cytokinin response, visualized by a synthetic
reporter, is detected specifically in the hypophysis and its apical daughter cell (Figure 156)
(103). This finding suggests that cytokinin regulates the hypophysis and subsequent
production of the embryonic root. Interestingly, auxin response viewed by a synthetic
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reporter has an inverse profile to that of cytokinin response. Auxin response is found in the
basal daughter cell produced from the asymmetric hypophyseal cell division (Figure 15).
Further, auxin induces two repressors of cytokinin response, ARABIDOPSIS RESPONSE
REGULATORY7 (ARR7) and ARR15, in this basal hypophyseal cell (103). Thus, the
antagonistic action of auxin and cytokinin regulates the establishment of the root meristem
in the specific spatiotemporal context of the hypophyseal cell division.

In addition to cytokinin and auxin, other hormones/regulators might impact root formation
during embryogenesis. Intriguingly, the direct targets of MP, TMO5and TMO?7, were
previously identified and implicated in response and/or signaling of cytokinin or gibberellin
and brassinosteroids, respectively (85, 119, 132, 162). This finding suggests that other
hormones and growth regulators act in hypophysis specification and that crosstalk between
them is important for root formation. Indeed, crosstalk between brassinosteroids and auxin is
implicated in this process. Mutants have been isolated that affect signaling of both of these
factors and also exhibit defects in hypophysis specification, such as brassinosteroid
insensitive 1-ems-suppressor interacting myc-like protein and brevis radix (29, 101, 126).
Future studies should identify additional factors involved in embryonic events that lead to
hypophyseal cell specification and division and determine how these factors are integrated
with hormonal signals to orchestrate root formation.

PATTERNING THE ROOT APICAL MERISTEM

The RAM established during embryogenesis provides new cells for the growing root; it
contains a set of initial cells (stem cells) that surround the QC, a group of less mitotically
active cells. Together these form the stem cell niche, similar in concept to that found in
animals (Figure 24) (127, 139). Stem cells on the shootward and lateral sides of the QC
produce the vascular, endodermal, cortex, epidermal, and lateral root cap (LRC) cells,
whereas stem cells on the rootward face of the QC produce the columella root cap. Stem cell
daughters generate single-cell files that extend along the longitudinal root axis and form
distinct tissue layers (Figure 24). Counterintuitively, although a mature tissue type has a
distinct cell lineage and is derived from a single initial cell, cell position rather than lineage
determines cell identity (79, 154).

Stem Cell Niche

The QC is essential for specification of the stem cell niche and maintenance of the
undifferentiated state of stem cell initials (155). QC identity is specified by two parallel
pathways: the PLETHORA (PLT) pathway and the SHORT ROOT (SHR)/SCARECROW
(SCR) pathway (2, 55, 123). Loss-of-function alleles of these genes result in loss of QC
identity and premature termination of root growth. The PL T genes encode AP2-domain
transcription factors (55), whereas SHR and SCR encode members of the GRAS
[GIBBERELLIN INSENSITIVE (GAI), REPRESSOR OF GA1-3 (RGA), SCR] family of
transcription factors (2, 123). The highest levels of PLT proteins are found in the niche,
where they promote cell division (55). SHR moves from the stele into the adjacent cell
layers to activate SCR transcription (35, 72, 86). SCR expression in the QC maintains QC
and stem cell identity through a cell-autonomous mechanism (123). Expression patterns of
different enhancer-trap QC markers are altered in the p/tas opposed to the shrand scr
mutant backgrounds, indicating that these genes regulate the stem cell niche through parallel
mechanisms (2).

QC cells appear to produce a short-range signal maintaining stem cell identity because stem
cells in direct contact with a laserablated QC cell differentiate (155). This signal might be
WOXS5 or its direct target(s), as WOX5is expressed in the QC and is required non-cell-
autonomously to prevent stem cell differentiation (125). WOX5 acts downstream of SHR

Annu Rev Plant Biol. Author manuscript; available in PMC 2013 May 07.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Petricka et al.

Stele

Page 5

and SCR but not the PLT proteins (125). Restriction of WOX5 expression to the QC
regulates the size of the stem cell pool by a mechanism similar to that of the shoot (22, 61,
81, 104, 120): The CLAVATA3/EMBRYO SURROUNDING REGION (CLE) peptide
CLEA40 acts through the receptor-like kinase ARABIDOPSIS CRINKLY4 (ACR4) to
exclude WOX5 expression outside of the QC (140). Other regulators of stem cell identity
include small peptides called root meristem growth factors, which promote postembryonic
maintenance of the stem cell niche through posttranscriptional regulation of the PLT
proteins (94, 180), and JACKDAW (JKD), a C2H2 zinc finger TF necessary for SCR
expression in the QC (166). JKD expression itself is dependent on SCR, suggesting a
complex feedback between these two regulators.

Plant vasculature includes xylem and phloem vessels that transport vital water and nutrients
(xylem) and photosynthates (phloem) to and from the shoot. In Arabidopsis roots, the
vasculature is organized into a central cylinder or stele, which contains xylem and phloem
interspersed with undifferentiated procambial cells and a surrounding pericycle layer (Figure
2b). These tissues are derived from the set of pericycle/vascular initials proximal to the QC
(43, 109, 129). Vasculature grows longitudinally during primary growth and radially during
secondary growth (for a recent review of secondary growth, see 178).

Whereas the root’s outer tissues exhibit radial symmetry, the stele is bilaterally symmetric.
A transverse section through a mature Arabidopsis root (Figure 26) reveals a central axis of
xylem cells with protoxylem at the poles and metaxylem in the center. Two phloem bundles
are found at the poles of the axis perpendicular to the xylem axis. LONESOME HIGHWAY
(LHW) is a key regulator of this bilateral symmetry (108). In /Aiw mutants, only single
xylem and phloem poles are formed.

Phloem consists of sieve elements and companion cells that arise from asymmetric divisions
of phloem/procambial initial cells (7, 18, 91). The MYB TF ALTERED PHLOEM
DEVELOPMENT (APL) promotes phloem development and also represses xylem identity.
In ap/ mutants, phloem identity is lost, and cells with xylem characteristics appear at the
phloem poles instead (18).

The two types of xylem, protoxylem and metaxylem, differ in structure and function.
Protoxylem cells have spiral cell wall thickenings, are smaller, differentiate early, and are
usually destroyed as the plant matures, whereas metaxylem cells have pitted cell wall
thickenings, differentiate later, are larger, and form the water-conducting vessels of the
plant. Correct patterning of xylem depends on positional information provided by SHR
because in sArand scr mutants, metaxylem differentiates ectopically in place of protoxylem.
Carlsbecker et al. (27) showed that after SHR moves from the stele into the endodermis, its
activation of SCR allows SHR/SCR activation of microRNA165/166 (miR165/166)
expression. In turn, miR165/166 moves back into the stele to repress class 111 homeodomain-
leucine zipper (HD-ZIP 111) TF expression at the stele periphery. The dosage of HD-ZIP
expression specifies the type of xylem: High levels promote metaxylem formation, whereas
low levels promote protoxylem formation. Loss of function of all five HD-ZIP TFs results in
complete loss of xylem cells, indicating that these genes are essential for xylem identity
(27). VASCULAR RELATED NAC-DOMAIN PROTEING (VND6) and VD7 are also
important for xylem specification. Ectopic expression of VAD6 induces ectopic metaxylem
formation, whereas ectopic expression of VND~7induces ectopic protoxylem (83). Further
examination of direct targets of these genes (110, 174) and genes enriched in xylem
precursor cells and differentiating xylem cells (19) will likely provide future insights into the
mechanisms that underlie the development and differentiation of xylem tissues.
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Cytokinin also plays an essential role in vascular patterning. Mutation of the CRE cytokinin
receptor gene WOODEN LEG [WOLICRE1LARABIDOPSIS HISTIDINE KINASE4
(AHK4)], either alone or in combination with the cytokinin receptors AHKZ2and AHKS3,
results in many fewer procambial cells, and all cells differentiate as protoxylem (26, 128).
Consistently, an inhibitor of cytokinin activity, ARABIDOPSIS HISTIDINE
PHOSPHOTRANSFER PROTEIN 6 (AHP6) promotes protoxylem identity (90). Thus,
cytokinin signaling is essential for specification of phloem and metaxylem cell types.

Ground Tissue

Cortex and endodermal cell layers are derived from the cortex/endodermal initial (CEI)
cells, which divide anticlinally to regenerate themselves and produce the CEI daughter
(CEID) cells. The CEID cells then divide periclinally to generate the endodermal and cortex
precursors (Figure 2¢). The TFs SHR and SCR, which act as key regulators of this process,
were first isolated based on their short-root mutant phenotypes (9, 128). Both shrand scr
mutants have a single ground tissue layer, indicating that SHR and SCR control asymmetric
division of the CEID cell (41, 72). In the sArmutant, this single layer of ground tissue
displays only cortex features, whereas in the scrmutant it has characteristics of both
endodermis and cortex (9, 41). These data suggest that SHR plays an additional role in
endodermal specification. Further SHR and SCR characterization led to a model of
endodermal cell specification whereby SHR protein moves from the stele into the
endodermis and directly upregulates SCR and JKD expression, which in turn leads to
restriction of SHR movement to a single cell layer of endodermis (35, 106, 166). SHR and
SCR then act in a complex to regulate downstream targets promoting CEID division and
endodermal cell specification (35, 86). Recent work has demonstrated a direct link between
organ patterning and division of the CEID cell via SHR/SCR direct upregulation of the cell
cycle regulator gene CYCLIN D6 (CYCD6) (137).

Epidermis, Lateral Root Cap, and Columella

The LRC and columella form a protective cell layer that continually sloughs off as the root
tip explores new territory. Along with the epidermis, these tissues constitute the exterior
surface of the root. Columella cells function in gravity sensing, whereas epidermal root hairs
play an important role in water and nutrient uptake. The columella originates from division
of the columella initials located rootward from the QC, whereas the epidermis and LRC are
derived from the epidermis/LRC initials found lateral to the QC. The epidermis/LRC initials
divide periclinally to produce a daughter cell that will become a new layer of the LRC and
anticlinally to produce a daughter cell that will differentiate into epidermal tissue (Figure
2d). The NAC domain TFs FEZ and SOMBRERO (SMB) are important for the periclinal
divisions of the columella and epidermis/LRC initial cells; fez mutants have reduced
columella and LRC layers, whereas sombrero mutants have increased cell layers (169). FEZ
is expressed in the initial cells, where it autonomously promotes cell division and
nonautonomously promotes SMB expression in the daughter cells. SMB in turn represses
FEZ expression in the daughter cells, thereby restricting divisions to the initial cells (169).
Maturation of the root cap is determined by SMB, BEARSKINI (BRNI), and BRNZ2 (12). A
key feature of the root cap is the regulated detachment of cells into the soil. In smb mutants
the LRC cells fail to detach, whereas in brn1 brn2 double mutants the columella root cap
cells fail to detach (12).

Future studies will continue to shed light on how cell identity is specified in the RAM.
Important questions include how asymmetric cell division is controlled and how this process
gives rise to cell lineages with different fates. Given that positional information plays a key
role in cell identity, understanding signaling pathways in the root will also contribute
significantly to our understanding of root patterning.
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DEVELOPMENTAL ZONES OF THE ROOT

New cells produced by the stem cell initials in the RAM progress through three distinct
developmental phases on their way to maturity (Figure 34). In the meristematic zone (MZ2),
they divide multiple times to generate a pool of cells that will elongate and differentiate. In
the elongation zone (EZ), cells lose their ability to divide and increase in length by many
times their width. Finally, in the differentiation zone (DZ), cells acquire their specialized
characteristics and functions.

Cell Proliferation and Division in the Meristematic Zone

Mitotic competence in the meristem decreases with increasing distance from the stem cell
niche, until cells finally exit the cell cycle at the boundary, or transition zone (TZ), between
the MZ and EZ. The position of this boundary determines the size of the meristem, which is
directly related to the rate of root growth (8). Hormones play a key role in delineating the
position of the TZ (discussed below), but ultimately regulation occurs at the level of the cell
cycle. In animals, exit from the mitotic cell cycle into endoreduplication is a key step toward
differentiation and is largely controlled by repression of mitotic cyclin-dependent kinase
activity by the ubiquitin ligase-containing anaphase-promoting complex/cyclosome (APC/C)
(136, 175). A similar process appears to occur in Arabidopsis. HOBBITICELL DIVISION
CYCLE 27 HOMOLOG B (CDC27B) is a homolog of a core component of the APC/C
complex, and hobbit cdc27b mutations cause cell division defects in the RAM (16, 115,
135). The CELL CYCLE SWITCH PROTEIN 52A (CCS52A) genes are Arabidopsis
homologs of genes that control APC/C activity. The CCS52A1 isoform promotes
differentiation in the TZ, whereas CCS52A2 promotes quiescence in the QC (159). Finally,
HIGH PLOIDYZ2 (HPY2), a small ubiquitin-like modifier (SUMO) E3 ligase, prevents
endocycle onset in meristematic cells by promoting the expression of mitotic cell cycle
regulators (76). The PL T genes may act through HPY2to promote the mitotic cell cycle
because RAM size is not enlarged in steroid-induced PLT2-GR /Apy2 plants compared with
controls. Additionally, HPYZ2 expression in meristematic cells requires the PL 7 genes (76).
These results suggest that HPY2 is an effector of auxin control of cell division in the
meristem. Recent evidence indicates that the balance of reactive oxygen species also
controls the transition from proliferation to differentiation. UPBEAT, a basic helix-loop-
helix TF expressed at the TZ, directly regulates peroxidases that alter the distribution of
reactive oxygen species. Cell proliferation requires high levels of O, whereas high H,0,
induces differentiation (150).

Cellular Expansion in the Elongation Zone

Expansion of root cells in the EZ contributes to primary root growth and is largely regulated
by plant hormones (discussed below). Cells transitioning from the mitotic cycle in the MZ to
a period of elongation undergo cellular changes in preparation for rapid unidirectional
growth, including development of a central vacuole, cytoskeletal reorganization, and
increases in cell width (161). Rapid cell expansion is associated with vacuole expansion
through water uptake (33). Consistently, the tonoplast aquaporin GAMMA TONOPLAST
INTRINSIC PROTEIN (GAMMA-TIP) is specifically expressed in the MZ where cells
begin rapid elongation (88), and plant cells defective in vacuole expansion do not elongate
(130, 134).

Changes in cell walls are also important for cell expansion (34, 36). The transverse
orientation of cortical microtubules (like rings around a barrel) is thought to control the
polar expansion of cells by providing a track for cellulose synthase for new cell wall
deposition. This idea is supported by mutants such as boterol (botl) and fragile fiber (fra2),
which exhibit defects in cell expansion associated with misoriented cortical microtubules
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and cellulose microfibrils (13, 23). However, other cell expansion mutants, such as radially
swollen4 (rsw4) and rsw7, have normal microtubule and cellulose microfibril arrays,
indicating that oriented cellulose microfibrils are insufficient for polar expansion of root
cells (71, 168). Expansion defects in mutants of genes involved in cellulose synthesis, such
as rswi-3and procuste, highlight the importance of cell wall assembly and modification in
root cell elongation (3, 47). The COBRA (COB) gene also regulates polar expansion of root
cells and encodes a member of a family of glycosylphosphatidylinositol (GPI1)-anchored
proteins located at the interface between the plasma membrane and the cell wall (20, 131).
COB is specifically localized to the longitudinal sides of expanding cells, where it
influences unidirectional growth in the EZ (131). Finally, roothairless mutants are defective
in the endocycle and have short roots with small cells, suggesting that an increase in DNA
content through the cell cycle is necessary for cell expansion (144).

Features of the Differentiation Zone: Casparian Strip and Root Hair Formation

After cells reach their final size, they enter the DZ, where they acquire specialized
characteristics. Relatively little is known about the molecular mechanisms underlying the
switch to a differentiating state. Two notable features of the DZ include the Casparian strip
and root hairs.

The Casparian strip consists of lignin and suberin deposits between the transverse walls of
endodermal cells (Figure 356) that form an impermeable barrier preventing apoplastic
(through spaces between cells) entry of water and solutes into the central vascular cylinder.
Thus, molecules must traverse the cytoplasm of endodermal cells via transporters to enter
vascular tissues. The CASP genes (CASP1-5) are preferentially enriched in the endodermis
and encode plasma membrane—localized proteins (14, 121). Time-lapse imaging of green
fluorescent protein (GFP)-tagged CASPs revealed that the proteins first localize to the
perimeter of the plasma membrane and then slowly aggregate to the domain of Casparian
strip formation (CSD). When expressed in other cell layers, CASP proteins mainly localize
to the plasma membrane but not to the CSD, indicating that other endodermal-specific
factors are necessary for proper CASP localization. The CASP proteins are also instructive
for the Casparian strip because CASP expression precedes CSD formation and the Casparian
strip in caspl casp3 mutants is a patchy noncontiguous structure. Interestingly, the CASP
proteins are localized to the EZ and DZ, indicating that differentiation begins prior to the
morphological appearance of differentiated structures (121).

Another key feature of the DZ is the development of root hairs. Epidermal cells produced in
the RAM become hair cells or nonhair cells based on their position relative to the underlying
cortical cells. An epidermal cell in contact with two cortex cells will develop as a hair cell,
whereas one adjacent to a single cortex cell will become a nonhair cell (Figure 3¢). Many
studies have revealed a cadre of components involved in the specification and differentiation
of hair and nonhair cells (reviewed in detail in 149). Within nonhair cells, a complex
involving TRANSPARENT TESTA GLABRAL (TTG1), GLABRA3 (GL3), ENHANCER
OF GLABRA3 (EGL3), and WEREWOLF (WER) activates the expression of GL2 and
CAPRICE (CPC). Activation of GL2 results in nonhair cell fate. In a form of lateral
inhibition, CPC then travels into the neighboring presumptive hair cell, where it competes
with WER for binding to the TTG1/GL3/EGL3 complex. Repression of WER by
SCRAMBLED (SCM) in the presumptive hair cells tips the balance, allowing CPC to
outcompete WER, resulting in loss of activation of GL2and consequent hair cell
specification. SCM is a leucine-rich-repeat receptor-like kinase that was predicted to repress
WER specifically in hair cells through transduction of a signal coming from the overlying
cortical cell junction. Recent evidence suggests that this signal is produced downstream of
JKD in cortical cells. The greater contact surface between hair cells and the two overlying
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cortex cells likely results in greater signal and specific activation of SCM in hair cells
(Figure 3¢) (70).

In the DZ, root hairs emerge at the base of root hair cells. Root hair bulging is associated
with cellular changes (reviewed in detail in 149), including the influx of CaZ* and K* ions,
phospholipid signaling, rearrangement of the cytoskeleton, acidification of the cell wall, and
reassembly and synthesis of new cell wall material. Auxin accumulates at high
concentrations at the root hair tip, sustaining tip growth. Notably, differences in size
between presumptive hair and nonhair cells are evident even in the MZ (45). These data
suggest that differentiation of epidermal cell types, similar to differentiation of the Casparian
strip in endodermal cells, begins long before the final appearance of root hairs in the DZ.
Future studies will begin to unravel the molecular events that lead from specification of cell
types in the root tip to fully differentiated cells. It will be interesting to determine whether
there is a general differentiation signal or whether this process is controlled independently in
the different cell types.

HORMONAL CONTROL OF ROOT GROWTH

Auxin

The major plant hormones—abscisic acid (ABA), brassinosteroids, cytokinin, ethylene,
gibberellic acid (GA), and IAA (auxin)—are key regulators of the cell division (in the MZ)
and elongation (in the EZ) that contribute to primary root growth. In the past few decades,
their biosynthesis, catabolism, perception, and transport have been elucidated. Protein
degradation of repressors is a common mechanism in the response and/or signaling of most
of these regulators, except for ABA and cytokinin, which act through phosphorylation of
TFs by kinases. These hormonal pathways and molecular mechanisms were characterized
through mutant analyses that also uncovered mutants common to multiple hormonal
responses, pointing to hormonal crosstalk in root growth (10, 172).

From the earliest studies, hormonal responses of plants have been both intriguing and
mysterious. For example, in 1936, Thimann (148) noted the enigmatic ability of applied
auxin to both stimulate root initiation and inhibit root elongation. Indeed, auxin, ABA, and
brassinosteroids act to promote or inhibit root growth depending on the concentration
applied to Arabidopsisroots (6, 32, 38, 46, 48, 105, 160, 176). Recent reports have shown
that the auxin biosynthesis genes are expressed specifically in the root stem cell niche,
where they increase auxin levels (19, 142, 143). However, auxin is thought to accumulate
mainly in the primary root tip by polar transport from the shoot, largely via the action of
directional transporters such as the PINs (17, 56, 60). Each of the PINs localizes to different
cell types, and study of p/n mutants in conjunction with the synthetic reporter of auxin
response, DR5:GUS, revealed that both rootward auxin transport and lateral auxin
redistribution are crucial for root meristem maintenance (17, 60).

These data suggested the existence of an auxin reflux loop that generates an auxin gradient
in the root. In the current model, auxin is first transported by PINs from the shoot rootward
through the root vasculature and then laterally redistributed in the root cap to the external
root cell types; auxin is then transported back toward the shoot via PINs in the external
layers. To maintain an auxin maximum in the root stem cell niche, auxin reflux is proposed
to occur at the transition from the root MZ to EZ by auxin transport from the external root
layers back to, and downward into, the root vascular auxin stream by PINZ1, PIN3, and PIN7.
Root responses to the auxin gradient are then mediated, at least in part, by the activation of
auxin response factors, such as the TFs MP and NONPHOTOTROPIC HYPOCOTYL4
(NPH4) (2). These TFs, in turn, are thought to activate an expression gradient of PLT
proteins that activate P/ expression and act in a dosage-dependent fashion: At locations of
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high PLT concentrations the root stem cell niche is formed and maintained, at sites of
moderate PLT concentrations cell proliferation occurs in the root meristem, and at regions of
low PLT concentrations root cells differentiate (2, 55). The auxin and PLT gradients thus
provide a plausible explanation for how auxin can regulate stem cell maintenance as well as
root cellular proliferation, elongation, and differentiation via its localization and
concentration.

Auxin-Cytokinin Antagonism

Although auxin has a central role in the control of root growth, other hormones are also
required for proper establishment and maintenance of cellular proliferation and elongation in
the root. Root meristem size is enlarged in multiple mutants of the ATP/ADP
isopentenyltransferases (IPTs) that catalyze the rate-limiting step of cytokinin biosynthesis
and in the cytokinin receptor AHK3 and its suggested downstream target ARR1. In contrast,
meristem size is reduced by exogenous cytokinin application, indicating that cytokinin
inhibits cell division (37, 96). However, the rate of cell division in the MZ is unaffected.
Further, expression of cytokinin oxidase-dehydrogenase gene 1 specifically in the TZ
between dividing and elongating root cells drastically reduces endogenous cytokinins in that
region and phenocopies triple jpt mutants. Together, these data suggest that cytokinins
reduce the number of dividing cells and inhibit root growth by promoting cellular
differentiation in the TZ (37).

A subsequent microarray study of roots overexpressing ARRI revealed that SHORT
HYPOCOTYLZ2 (SHY2)I!IAA3—a member of the IAA protein family that heterodimerizes
with ARFs, preventing the activation of auxin responses—was an ARR1 direct target,
pointing to a mechanism for the long-hypothesized antagonism between auxin and cytokinin
in root growth (37, 38). Further experiments showed that SHY2/IAA3 upregulates cytokinin
biosynthesis via IPT5. These experiments also showed that SHY2/IAA3 activation by
cytokinin results in downregulation and a restricted expression domain of the auxin
transporters PINI, PIN3, and PIN7. Thus, an antagonistic auxin-cytokinin network functions
at the border between the MZ and EZ through induction of SHY2/IAA3 by the AHK3
cytokinin receptor and ARRZ; in turn, SHY2/IAAS3 interferes with auxin transport by PINs.
Auxin-induced expression of cytokinin biosynthesis by IPT5 is simultaneously activated by
SHY2/1AA3 to generate a negative-feedback loop (38). This antagonistic auxin-cytokinin
network provides the molecular basis for the opposite effects observed in root meristem size
(enlarged and reduced, respectively) resulting from exogenous cytokinin or auxin treatment
(37, 38). In summary, auxin promotes cell division, whereas cytokinin promotes
differentiation.

Gibberellic Acid as an Integrator of Auxin-Cytokinin Antagonism

Interestingly, GA might be the integrator of auxin-cytokinin hormonal antagonism. GA has
been described as altering both cell proliferation and elongation in the endodermis to control
root growth (1, 151, 152). Downstream of auxin, GA promotes cell division in the MZ, and
mutations in GA biosynthesis or signaling genes, like auxin mutations, result in roots that
exhibit reduced meristem size (1, 52, 151, 152). Further supporting the positive relationship
between auxin and GA is the fact that auxin induces the degradation of DELLA proteins that
repress GA signaling involved in the promotion of root elongation and the expression of GA
biosynthesis genes in the root MZ and TZ (49). GA has also been reported to repress the
root growth inhibition mediated by cytokinin (59, 100). Taken together, these findings of
GA interactions with auxin and cytokinin suggest that GA plays an important role in the
auxin-cytokinin antagonism regulating root growth.
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Other Hormones

Adding another layer of complexity, brassinosteroids also control root growth by affecting
cell division in the MZ (58, 62). Although this is similar to the effect of GA on root growth,
only brassinosteroids seem to alter the expression of regulators of the stem cell niche, such
as SCRand WOX5, for the maintenance of stem cell identity and organization (58, 62).
Similar to brassinosteroids, ABA and ethylene also regulate QC divisions; however, unlike
brassinosteroids, regulators of the stem cell niche are expressed in divided QC cells,
suggesting that the identity of these cells is maintained (112). These studies also suggest that
the effects of brassinosteroids and ethylene on root growth by the induction and regulation
of QC divisions are partially independent of auxin, whereas ABA-induced QC divisions
might result from alterations in auxin responses modulated by MP (58, 112, 177). Future
work might address whether and how ABA, brassinosteroid, and ethylene signaling are
integrated with cytokinin, GA, and auxin to affect QC divisions and/or root growth. These
future studies will also likely focus on the integration of developmental regulators at the
cellular level because brassinosteroids, GA, and cytokinin have been shown to control
growth of the entire root organ by activity in a specific cell layer (epidermis, endodermis,
and vasculature, respectively) (1, 37, 151, 152).

BRANCHING TO PRODUCE LATERAL ROOTS

Primary Root Branching

After the pattern of the primary root has been established and the individual cell types have
begun to differentiate, further growth results from branching of the primary root to produce
an indeterminate and dynamic root system. The root system is largely composed of LRs and
the primary root. LRs form in the DZ from mature pericycle cells positioned adjacent to the
xylem poles, called the xylem pole pericycle (Figure 4). A subset of these cells, called
founder cells, are stimulated to divide to form a lateral root primordium (LRP) (15). LRs
initiate with these first anticlinal cell divisions of the founder cells during the first stage of
LRP development. Including this first stage, there are seven stages that typify LRP
development (Figure 4) (92). During the last stages, the LRP begins to resemble the primary
root tip. Subsequent emergence of the LR through the parent root epidermis is thought to
occur primarily via cell expansion. After emergence, the apical meristem of the LR is
activated and begins growing. To generate the Arabidopsisroot system, LRs arise iteratively
along the primary root such that the newest LRPs are positioned rootward from the older
LRPs and LRs (44). Further elaboration of the root system occurs through iterative
branching of the LRs. It remains an open question how cellular-level processes of LR
formation are coordinated to generate the overall architecture of the root system.

The Role of Auxin in Lateral Root Initiation

The plant hormone auxin has emerged as an important player in LR production. An early
study exposing pea roots to exogenous auxin found that auxin treatment induces LR
formation (148). Later studies in Arabidopsis showed that auxin treatment can induce LRPs
along the length of the xylem pole pericycle cells (73, 84). LR initiation that is mediated by
auxin involves cell cycle activation in founder cells through the control of cyclin pathways
(73, 124, 157). Indeed, mutations in genes involved in auxin biosynthesis, response,
signaling, and/or transport have defects in the density and/or development of LRs (28, 40).
Perhaps the best-known of these genes is SOL/TARY-ROOT (SLR)! IAA14. Gain-of-
function /aal4 mutants lack LRs owing to a block in auxin-induced pericycle divisions (53,
54). Recent work has revealed factors functioning downstream of SLR/IAA14 that include
NPHAARF7, ARF19, and their downstream transcriptional targets (53, 75, 111, 170).
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Collectively, these studies have led to a model whereby when auxin is present, Aux/IAA
transcriptional repressors, such as SLR/IAA14, interact directly with the auxin receptor
TIR1 and are targeted for degradation. The degradation of Aux/IAA repressors would allow
ARFs, such as ARF7 and ARF19, to activate transcription of auxin-responsive genes, which
is predicted to lead to LR initiation (53, 111). Future work elucidating the mechanisms
controlling LR initiation will likely focus on refining this model and on potential crosstalk
between auxin and other hormones (113).

Iterative Production of Lateral Roots

The question of how the iterative production of LRs along the main root axis is controlled is
another central focus of recent research. Auxin has been hypothesized to regulate LR
production prior to LR initiation by priming subsets of pericycle cells to become founder
cells, forming an LR prebranch site. In accordance with this idea, stronger, periodic staining
of the synthetic auxin-responsive reporter DR5:GUS (122) was found in the basal meristem,
near the TZ (39). This spatiotemporal pattern of staining was correlated with LR initiation,
leading the authors to hypothesize that auxin in the basal meristem regulates the positioning
of LRs along the primary root (39).

However, a more recent study found that auxin is not sufficient to specify prebranch sites
along the primary root. Time-lapse imaging of the DR5 promoter element coupled to the
luciferase coding region (DR5:LUC) allowed in vivo characterization of the reporter over
time. Observations of DR5:LUC revealed oscillations of expression that occurred with a
periodicity of approximately six hours in a region broader than the basal meristem, called
the oscillation zone. The appearance of an expression site always led to the production of
LRPs (98). To determine whether these oscillations were related to changes in auxin levels,
the authors fused the promoters of /AA7, SLRIIAA14, and /AA1910 the luciferase reporter
and tested for response to exogenous auxin applied in the zone where DR5:LUC was found
to oscillate (98). The p/AA19.LUC reporter had a similar expression and dose response to
exogenous auxin as DR5:LUC. However, p/AA19.LUC did not exhibit oscillatory behavior,
and exogenous auxin applied with or without auxin transport inhibitors could not induce
prebranch sites. This suggested that auxin was unlikely to be sufficient to generate the
periodic pulses of DR5:LUC expression (98). This conclusion leads to a number of
interesting questions about LR production (see sidebar, Questions About Lateral Root
Production).

One prominent question remains: If auxin is not sufficient to generate prebranch sites, then
what regulates the production of these sites? Clues to the answer might be found among the
endogenous genes that show oscillatory expression in the same region as DR5:LUC (98).
For instance, the SHATTERPROOF TFs were found to oscillate and, when mutated,
affected the number of prebranch sites (98). Future work will determine the upstream
regulators and downstream targets of these TFs and their potential regulation of prebranch
formation. Although temperature, sucrose concentrations, and day length do not appear to
alter the number of prebranch sites along the main root, it is possible that other
environmental factors perturb the oscillations associated with prebranch site formation and
LR emergence. Candidates include gravity (98), strigolactones (78), other hormones, and a
host of nutrients that are absent or excessively concentrated in soil known to perturb LR root
branching and development (113). Alternatively, the number of prebranch sites may remain
constant while these environmental factors alter the subsequent development and emergence
of LRPs.
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ROOT RESPONSES TO STIMULI

Root development does not adhere strictly to a predefined genetic program, but instead is
highly responsive to changing environmental conditions. Signals such as gravity, light,
water, and touch stimulate changes in the direction or rate of growth as well as in the
number of LRs. Abiotic stressors such as salt, drought, heat, or cold as well as nutrient
deprivation and toxicity (potassium, phosphorus, nitrogen, iron, sulfur) also cause a host of
phenotypic and molecular responses. In many cases, it is not yet clear which of these
responses act to mitigate the effects of the stress and which are symptoms of the stress.
Although extensive research has been performed on the signal transduction pathways that
constitute the initial response of plants to various environmental stimuli, little is known
about how these stimuli affect development (74, 153). Root responses to gravity and salt
stress are relatively well characterized and will be considered here as examples.

Response to Gravity

The phenomenon of gravitropism has been a focus of research since the nineteenth century
(for reviews, see 30, 99). The classic starchstatolith hypothesis posits that gravity is
perceived primarily in the columella root cap cells by specialized cells called statocytes.
Statocytes contain starch-filled plastids (amyloplasts) that are denser than the cytoplasm.
Reorientation of roots causes sedimentation of amyloplasts to the bottoms of cells, which
triggers the redistribution of auxin, resulting in greater growth on the upper side of the root
relative to the lower side. This growth differential results in a characteristic curvature of the
root tip, which realigns the growth and gravity vectors.

QUESTIONS ABOUT LATERAL ROOT PRODUCTION
* What regulates the gene expression oscillations that generate prebranch sites?
* How early are oscillations detected? Do they occur during embryogenesis?

*  What is the specific role of phytohormones in the positioning, initiation,
development, and outgrowth of lateral roots?

*  How do different cell types and populations generate and act on information
from oscillations?

*  What triggers lateral root initiation, which begins with asymmetric divisions of
founder cells?

e When, where, and how are founder cells specified?

» Isthere a relationship between the processes and timing of root and shoot
branching?

Recent studies provide molecular evidence for this model. The auxin efflux carrier PIN3 is
initially distributed throughout the plasma membrane of statocytes, but is redistributed to the
lower side of statocytes upon gravistimulation (51). This redistribution requires
endomembrane-localized ALTERED RESPONSE TO GRAVITY1 (ARG1) and ARG1-
LIKE2 (ARL2) (69) through an unknown mechanism. PIN3 relocalization directs auxin
laterally, where it flows through the auxin influx and efflux carriers AUX1 and PIN2 in the
LRC and is transported to the epidermal cells. The resulting asymmetric accumulation of
auxin on the lower side of the root inhibits cell elongation (102, 146). This response may be
essentially a modulation of the auxin reflux loop that acts to precisely position the transition
from cell division to elongation under normal developmental conditions (see Hormonal
Control of Root Growth, above). Auxin is normally required to maintain cell division in the
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meristem, and reduction of shootward auxin transport through the LRC and epidermal cells
results in a decrease in meristem size (17). Thus, it is possible that the redistribution of auxin
toward the lower side of the root maintains these cells in a more meristematic state, keeping
them in a cell division pattern, whereas cells on the upper side of the root progress more
quickly to elongation (11).

Response to High Salinity

High soil salinity is a very different type of environmental stimulus than gravity. The plant’s
first response to salinity is to maintain low levels of cytosolic Na* in the root through
compartmentalization into vacuoles, export into the soil, or selective ion uptake (reviewed in
181). When this response fails, Na* accumulates in the cytosol, resulting in toxicity. In
addition to this ionic stress, high salinity also imposes an osmotic stress similar to that
imposed by drought. Salt stress affects the root in all developmental zones. Cell division is
reduced in the MZ and cell expansion is attenuated in the EZ, resulting in reduced overall
growth (167). Cells also expand radially in the EZ (25), and root hair outgrowth is
suppressed in the DZ (65). Salt stress additionally results in agravitropic growth (145) as
well as reduced LR number under high-salt conditions and enhanced LR number under
moderate-salt conditions (163, 182).

The effects of salt stress on gravitropism and LR development appear to be mediated by
changes in auxin distribution (163, 182). Mild salt stress promotes the accumulation of auxin
in developing LRPs, preventing their developmental arrest and resulting in greater numbers
of LRs (182). This auxin accumulation appears to be mediated by the SOS (salt overly
sensitive) signaling pathway (179). The agravitropism exhibited by salt-stressed roots is due
to repression of transcription and localization of PINZ2, resulting in reduced shootward auxin
reflux in the LRC and epidermal cells (145).

Transcriptional profiling at the level of individual cell types has advanced our understanding
of how roots respond to salt stress. Dinneny et al. (42) profiled six different cell types for
changes in expression in response to salt exposure. Of the 3,862 total genes differentially
expressed in any cell layer, the majority were significantly changed in expression in only
one cell type. This key finding indicates that individual cell types in the root respond
differently to salt stress, likely executing key cell type—specific functions that together
constitute the whole root response. Although most gene expression changes were specific to
individual cell types, not all cell types responded with equal sensitivity. In particular, cells in
the cortex, epidermis, and stele exhibited the greatest numbers of differentially expressed
genes, indicating a primary role for these tissues in mediating the salt stress response.
Notably, expression of COB, RSW3, and KOBITOI—three genes required to repress radial
cell expansion during normal development (24, 114, 131)—was reduced in the cortex and
epidermis, suggesting a mechanism for the salt-induced radial expansion of these tissues. In
further support of this hypothesis, the authors also demonstrated that a hypomorphic allele
of COB enhances the salt-induced radial swelling (42). Further mining of these data sets will
likely provide key future insights into how roots respond to salt stress.

Root responses to environmental stimuli such as gravity and high salt involve both a
perception/signaling component and a final translation of those signals into a developmental
response. The developmental response involves changes in the root system architecture
through modifications of the rate and direction of primary root growth and the positioning
and outgrowth of LRs. Different mechanisms must be in place to perceive the wide array of
environmental stimuli. However, it is likely that these signals converge to directly modify
basal developmental pathways. In the case of gravity and salt, both of these stimuli appear to
converge on the auxin pathway to modulate development. One open question is how
environmental stimuli affect LR development. In the case of salt stress, it appears to be LR
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outgrowth that is affected. It is unknown whether environmental signals can also regulate
LR initiation through modulation of prebranch site selection. Future studies will continue to
explore the complex responses of roots to environmental stimuli and the mechanisms by
which these signals affect development.

ROOT GENE REGULATORY NETWORKS

Root development and response to the environment are thought to be controlled by gene
regulatory networks. Recent genome-wide studies describing the Arabidopsis transcriptome,
metabolome, and proteome as well as genome-wide TF binding have facilitated the
reconstruction of gene regulatory networks and the investigation of pathways functioning in
them (for a review, see 97). Useful deliverables of genome-wide studies include expression
maps that provide valuable information about the expression profiles of many individual
molecular components, the relationships between them, and global expression trends or
patterns. The next challenging step will be to reconstruct gene regulatory networks from
these maps and integrate maps of different data types (e.g., transcriptome and proteome) so
that outcomes of network perturbances might be reliably predicted (116). Such an
understanding of gene regulatory networks in the Arabidopsis root promises to inform
studies aimed at predictions and manipulations of traits of agronomic importance in crop
species.

Expression Maps

An expression map provides a multifaceted representation of the spatial, temporal, or
environmental-responsive expression of many genes, metabolites, or proteins in an organism
or cell type. The transcriptomes and proteomes of whole seedlings or roots have been
extensively profiled for a variety of developmental stages, hormonal treatments, and
environmental conditions (5, 57, 80, 133, 173). Laser-capture microdissection followed by
microarray analysis has also been used to isolate and profile RNA from the basal domains of
globular-stage embryos as well as the root pole of heart- and torpedo-stage embryos (138).
These studies have produced maps that allow global comparison of expression patterns in
the root with those of other organs or conditions. However, much of the cell- and tissue-
level information is diluted or missing from these root-organ maps. Fluorescence-activated
cell sorting of GFP-marked cell populations has allowed isolation and transcriptional
profiling at cell type resolution in the root (14, 19, 42, 77, 107). Maps generated by these
studies have revealed expression patterns in individual cell types and in response to
environmental perturbations, as well as profiles of genes uncharacterized by whole-organ
studies (133).

Coexpression of Genes

Transcriptional expression maps have been heavily exploited to infer relationships between
genes and gene function based on coexpression of genes. For this purpose, the
transcriptional profiles of genes are computationally clustered. Clustered genes are prime
suspects for being coregulated or functioning in the same pathway or process. Coexpression
analyses of whole-root or seedling data have suggested interesting global phenomena: Genes
that are physically close on a given chromosome are more likely to be coexpressed (14,
133), the initial transcriptional response to abiotic stress involves an adjustment in energy
balance (80), and hormonal responses are temporally regulated and involve crosstalk (57).
Cell type—level coexpression analyses in the root have revealed expression domains of genes
that are involved in hormonal processes (14), spatiotemporal gene expression signatures that
imply the existence of previously unknown cellular functions (19), and genes that respond to
different abiotic stresses in discrete cell types (42, 77). Thus, coexpression analyses using
data from gene expression maps provide valuable candidate functions for unknown genes
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and insight into how genes function together in space and time and in response to the
environment.

Reconstruction of Gene Regulatory Networks

Transcriptional expression maps have also been used to reconstruct gene regulatory
networks. In Arabidopsis, gene regulatory networks have been reconstructed from data that
include whole roots (89, 156) or from root cell type—specific data (19, 21). These
reconstructed regulatory networks have led to novel predictions and transcriptional modules,
some of which were demonstrated experimentally. Interesting transcriptional modules have
been uncovered from mining these gene regulatory networks, including those governing
stress and energy signaling (4). Expression data are more powerful in identifying regulatory
networks when combined with TF binding information (116). In the root, this has been used
to identify modules involved in asymmetric cell division (137), iron homeostasis (87),
abiotic stress (77), and the balance between root cell proliferation and differentiation by
reactive oxygen species (150). These studies demonstrate the power of gene regulatory
networks to reveal novel players and mechanisms functioning in root development and
response.

Despite the advances in understanding gene regulatory networks in the root, much of the
molecular complexity inherent to them remains to be untangled. For example, information
about TF binding, metabolites, small RNAs, proteins, and protein-protein interactions have
not yet been acquired at the cell type level in roots. Future work will focus on obtaining and
integrating these with gene expression maps to elucidate, improve, and refine the molecular
details of root regulatory networks.

CONCLUDING REMARKS

Development of the Arabidopsis root is a dynamic process that involves a complex interplay
between transcriptional regulators and plant hormones. In particular, auxin plays a role in
nearly every aspect of root development. The auxin pathway provides a common point of
convergence that may allow the integration of many different environmental and
endogenous cues, leading to a coordinated morphogenic response. Understanding the
Avrabidopsis root as a system will require the integration of many different types of data to
understand how RNA, proteins, and metabolites interact to produce a developmental
outcome. The modeling of gene regulatory networks is one way researchers are addressing
and will continue to address this complexity. Advances from these efforts will strengthen the
accuracy of predictions used for manipulation of crop species for desirable phenotypic traits.
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Glossary
RAM root apical meristem
LR lateral root
Founder cdlls xylem pole pericycle cells that divide to form a lateral root
primordium
QC quiescent center
TF transcription factor
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Stem cell niche the microenvironment that maintains the stem cells; includes the
quiescent center and stem cells

LRC lateral root cap

Protoxylem small cells that differentiate early and are usually destroyed as the
plant matures

Metaxylem large cells that form the water-conducting vessels of the plant

CEl cortex/ endodermal initial

CEID cortex/ endodermal initial daughter

Mz meristematic zone

EZ elongation zone

Dz differentiation zone

TZ transition zone

Csb Casparian strip domain

ABA abscisic acid

GA gibberellic acid

Xylem pole pericycle pericycle cells adjacent to the xylem poles, some of which will
give rise to lateral roots

LRP lateral root primordium

Prebranch site a group of cells in the primary root that statically express DR5:
LUC and are competent to form a lateral root
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Figure 1.

The making of an embryonic root: a schematic of early embryogenesis. (&) The 1-16-cell
embryonic stages. WOX genes are expressed in differential and overlapping patterns that
might regulate cell fate decisions, including the specification of apical-basal polarity at the
2-cell stage by WOX2in the apical cell (yellow) and WOX8and WOX9in the basal cell
(pink). Auxin also establishes this polarity as the PIN7 transporter (/ight blue) directs auxin
apically from the basal and suspensor cells into the apical portion of the embryo. The blue
arrows denote the direction of auxin flow in these early stages; the blue stars indicate the
cells where auxin response maxima are observed. () The early and late globular stages.
During these stages the precursor cell to embryonic root formation, the hypophyseal cell
(peach), is specified and then divides asymmetrically to produce different root cell lineages.
Expression of the transcription factor MP (green) results in upregulation of 7A/O7RNA in
the proembryo. In turn, some of the TMO7 proteins move into the presumptive hypophyseal
cell to specify hypophyseal cell identity. Auxin also establishes this identity as it is
transported into the hypophyseal cell by PIN1 carriers (yellow) of the proembryo and out of
this cell by basally localized PIN7 carriers (gray) in the suspensor cells. As a result of
transport, a maximum of auxin response is seen in the hypophyseal cell and the uppermost
suspensor cell of the early globular stage (b/ue stars). Cytokinin response (red stars) is
observed in the same cells as auxin response at this stage. However, after hypophyseal
division, cytokinin and auxin responses are found in the apical and basal daughter cells,
respectively, of the late-globular-stage embryo. This inverse expression profile is thought to
be important for subsequent specification of embryonic root tissues. Yellow and blue arrows
indicate the direction of auxin transport.
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Figure 2.

Patterning the root apical meristem. (4) Organization of the root apical meristem. Different
cell types are arranged in cell files along the length of the root. The magnified region shows
the stem cell niche and regulatory interactions that maintain it. SHR expressed in the stele
moves into the quiescent center (QC) and cortex/endodermal initial (CEI) cells to maintain
QC and stem cell identity; WOX5 maintains identity of the surrounding stem cells. WOX5
expression is confined to the QC through repression by ACRA4, triggered by the CLE40
signal originating from differentiating columella cells. PL T expression throughout the niche
also maintains QC and stem cell identity. (6) Organization of cell types within the stele. The
diagram shows a cross section of the root tip. The pattern of cell types in the stele is
bilaterally symmetric: A central axis of xylem is flanked by two phloem bundles. (¢)
Divisions of the CEI. The CEl first divides anticlinally to give rise to the CEI daughter
(CEID) cell. The CEID then divides periclinally to give rise to the cortex and endodermal
cell lineages. Activation of CYCD6by SHR and SCR plays an important role in this
asymmetric cell division. (d) Divisions of the epidermis/lateral root cap (LRC) initial. The
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epidermis/ LRC initial divides first periclinally to produce an LRC cell and then anticlinally
to produce an epidermal cell. FEZ, expressed in the initial, represses SMB in the LRC
daughter cell. SMB then represses FEZ, restricting it to the initial cells. Figure adapted from
Reference 158.
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Figure 3.

Developmental zones of the Arabidopsisroot. (&) Distinct developmental zones, shown in a
longitudinal section through the primary root. Cell division occurs in the meristematic zone,
cell expansion and elongation occur in the elongation zone, and cell differentiation
(indicated by the formation of root hairs) occurs in the differentiation zone. The zone of
transition between the meristematic and elongation zones is also indicated. (£) Cross section
of the root tip showing the Casparian strip, which forms an impermeable barrier between
endodermal cells such that water and nutrients must pass through endodermal cells en route
to the vasculature. (¢) Specification of root hairs. WER binds to a complex of other factors
and activates GL2and CPC in nonhair cells. CPC then moves to presumptive hair cells,
where it competes with WER for binding to the complex. Signaling through SCM represses
WER, which tips the balance in favor of CPC. The CPC-containing complex cannot
upregulate GLZexpression, allowing specification of hair cell fate. The greater surface area
between hair cells and overlying cortex cells may allow greater transmission of a JKD-
dependent signal, which preferentially activates SCM in presumptive hair cells.
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Lateral root development. (&) Schematic of the differentiation zone, showing a slice through
the longitudinal axis of the primary root in the differentiation zone. Lateral roots are initiated
in the pericycle cell layer (red) when anticlinal cell divisions occur in a subset of cells in this
layer. (b) Stages of lateral root development. In stage I, small pericycle cells are seen that
result from the anticlinal divisions in this layer. During stage 11, the cells of stage I divide
periclinally to form inner and outer layers. By stage 111, the dome shape of the lateral root
primordium (LRP) is apparent owing to the periclinal divisions of the outer layer and
absence of these divisions in the more peripheral cells. The three-layered LRP of stage 111
becomes a four-layered LRP as a result of periclinal divisions during stage IV. In stage V,
the cells of all layers undergo anticlinal divisions to generate an LRP that begins to push
through the cortex layer of the primary root. In stage VI, the LRP starts to resemble a mature
root tip, with epidermal, cortex, and endodermal cell layers from the outside to the inside of
the LRP, respectively. The innermost tissue, the stele, becomes distinguishable and the LRP
continues to undergo anticlinal cell divisions as it enlarges during stage VII. At the end of
this stage, the LRP is about to emerge from the epidermis of the parent primary root as a
lateral root.
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