
PP70CH17_Beeckman ARjats.cls March 30, 2019 11:31

Annual Review of Plant Biology

Molecular and Environmental
Regulation of Root
Development
Hans Motte,1,2 Steffen Vanneste,1,2,3

and Tom Beeckman1,2

1Department of Plant Biotechnology and Bioinformatics, Ghent University, 9052 Ghent,
Belgium
2Center for Plant Systems Biology, VIB, 9052 Ghent, Belgium;
email: tom.beeckman@ugent.vib.be
3Lab of Plant Growth Analysis, Ghent University Global Campus, Incheon 21985,
Republic of Korea

Annu. Rev. Plant Biol. 2019. 70:465–88

First published as a Review in Advance on
March 1, 2019

The Annual Review of Plant Biology is online at
plant.annualreviews.org

https://doi.org/10.1146/annurev-arplant-050718-
100423

Copyright © 2019 by Annual Reviews.
All rights reserved

Keywords

root development, root architecture, lateral root, gravitropism, root
meristem

Abstract

In order to optimally establish their root systems, plants are endowed with
several mechanisms to use at distinct steps during their development. In this
review, we zoom in on the major processes involved in root development
and detail important new insights that have been generated in recent studies,
mainly using the Arabidopsis root as a model. First, we discuss new insights in
primary root development with the characterization of tissue-specific tran-
scription factor complexes and the identification of non-cell-autonomous
control mechanisms in the root apical meristem. Next, root branching is
discussed by focusing on the earliest steps in the development of a new lat-
eral root and control of its postemergence growth. Finally, we discuss the
impact of phosphate, nitrogen, and water availability on root development
and summarize current knowledge about the major molecular mechanisms
involved.
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ترجمه
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Meristem:
a discrete group of
undifferentiated cells
with high division
capacity responsible
for producing new
tissues and organs

Rhizotron:
a laboratory set up to
observe and study
roots in soil
conditions, usually by
growing roots on a
transparent surface
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1. INTRODUCTION

In plants, root systems represent the below-ground organs that develop from the root apical meris-
tem initiated during embryogenesis and possibly from multiple not-root-borne adventitious root
apical meristems. After germination, root systems continue to expand in size to become as exten-
sive as—or even to considerably exceed—their above-ground parts. Depending on the species,
root systems show a high level of morphological diversity varying from deeply penetrating to
shallow and horizontally extending roots, with all possible combinations in between. This evolu-
tionarily acquired diversity provides plants with a means to adapt to local climatological and/or
edaphic conditions. In plant communities, such morphological diversification allows for a strat-
ification of root systems from different plant species thereby evading too much competition for
water and nutrients. It is unsurprising that, due to their inaccessibility, the study of root systems has
been neglected for a long time.This has resulted in a serious lack of knowledge about root biology
as compared with the shoot. However, over the last couple of years, the root research community
has grown rapidly, and it has become nearly impossible to keep up with the recent appearance
of new methods, approaches, and protocols to study roots. Advanced digital photography, X-ray
computed tomography, transparent soils, automated rhizotron and aeroponic installations, high-
throughput 3D reconstructions, and fluorescence-based and luminescence-based imaging systems
have all recently been developed and improved (156) and will contribute to a better understanding
of root system architecture in the near future. At the same time, the well-established Arabidopsis
reference organism, which ushered in a new era in root developmental studies now 25 years ago
(32), has continuously been used and is still valid to use in identifying genes involved in root de-
velopmental processes. The achievements of the Arabidopsis root community have led to a broader
understanding of fundamental aspects of root biology, such as meristem organization, gravitropic
response, root branching, and, more recently, the response of roots toward their environment.
This review zooms in on these recent developments obtained primarily in the Arabidopsis refer-
ence organism with some exceptions in Section 4 on nutrient and water availability, where recent
data has also been obtained on other species.
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Transit-amplifying
cells: cells in the
meristem that arise
from stem cells and
divide a finite number
of times until they
become differentiated

Quiescent center:
a region in the root
apical meristem where
cell division proceeds
very slowly or not at all

Columella: a tissue
layer in the central
part of the root cap
below the quiescent
center where cells are
arranged in columns

2. REGULATION OF ROOT GROWTH BY THE ROOT
APICAL MERISTEM

Generally, young growing roots have a relatively simple radial organization in which the vascular
cylinder or stele is surrounded by concentric ground tissue layers (cortex, endodermis) and de-
lineated from the environment by a root epidermis or rhizodermis that can produce root hairs.
The root tip is surrounded by a root cap, a protective tissue, which, according to fossil records,
was already present in lycophytes of the Devonian period (58, 90). Besides its radial structure, the
root consists of roughly three longitudinal zones: the meristematic, elongation, and differentia-
tion zones (Figure 1). In the meristematic zone (meristem), all cell types derive from one or more
precursors or stem cells located at the very tip (stem cell niche).

As stem cells divide, they generate tissue-specific transit-amplifying cells, which in turn divide
anticlinally to produce the bulk of cells constituting the meristem. Cells that leave the meristem
start to anisotropically expand (in the elongation zone) and later mature into their final shape and
function (in the differentiation zone). The rate of cell proliferation and subsequent elongation
propels the root stem cell niche forward through the soil and defines the rate of root growth.

2.1. Transcriptional Control of the Stem Cell Niche and the Proximal Meristem

Most of our knowledge about meristem functioning comes from the Arabidopsis meristem, where
stem cells are situated around a four-celled quiescent center. Genetic or physical ablation of the
quiescent center cells causes collapse of the meristem, a loss of proliferative activity, and the onset
of differentiation; this indicates the role of the quiescent center in preventing differentiation of
the stem cells (139, 151). This key function of the quiescent center in root meristem organization
depends largely on the activity of theWUSCHEL-LIKEHOMEOBOX5 (WOX5) transcription
factor (121).WOX5 is expressed specifically in the quiescent center, where it prevents cell prolif-
eration via suppression of CYCD3;3 expression (40). From the quiescent center,WOX5 can move
into the abutting cells, where it represses differentiation. In the columella stem cells, a WOX5–
TOPLESS-HISTONE DEACETYLASE19 complex is formed to prevent differentiation (109).
Homologs of WOX5 identified in both other dicots and more anciently diverged lineages have
been found to functionally complement the wox5mutant (163), suggesting that the role ofWOX5
in the stem cell niche is widely conserved.

Members of the PLETHORA (PLT) transcription factor family are master regulators of root
organogenesis. Mutants in multiple PLTs have profound effects on root meristem organization,
including a defective stem cell niche (1). No strong reduction in WOX5 expression was observed
in plt1 plt2 double mutants (121), but ectopic activation of PLT1 causes expansion of the WOX5
expression domain into the cortex-endodermis initial daughter cells (124). Very strong PLT over-
expression during embryogenesis results in ectopic root development, whereas intermediate PLT
doses keep transit-amplifying cells proliferative and inhibit elongation (1, 43, 88), illustrating a
dose-dependent readout of PLT levels. This is consistent with a central role for PLTs in root
meristem zonation. Analysis of the PLT-responsive transcriptional network corroborates PLTs
as master regulators of root organogenesis via the activation of proliferation and repression of
differentiation (120).

The key to the coordinative function of PLT in root meristem zonation lies in the PLT pro-
tein gradients that exist across the meristem (43, 88). In the root stem cells, where PLT levels
are highest, PLT activates MIR396 to degrade mRNA of the proliferation-inducing GROWTH-
REGULATING FACTOR (GRF), which in turn represses PLT expression in transit-amplifying
cells (112). This feedback mechanism contributes to confining the PLT expression domain more
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Figure 1

Anatomy of the primary root and the pathways that contribute to root growth by regulating cell divisions in the meristematic zone or
elongation of the cells in the elongation zone and environmental cues affecting these pathways (red arrows). (a) Detailed view of the root
meristem and the molecular players contributing to the cell divisions in the meristem and meristem organization. (b) Growing root.
Both the cell divisions via the molecular players indicated in panel a as the cell elongation depends on the auxin level, and hence auxin
transport (indicated by dashed blue arrows) as well. In the elongation zone, auxin induces cell expansion via the concerted activity of
SAURs, AHAs, and cell wall–modifying proteins. NRT1.1 activates auxin signaling. ROS signaling impedes cell expansion by stiffening
the cell wall. (c) A root subjected to a directional stimulus. Differential auxin transport caused by relocalization of PIN3 and PIN7 auxin
transporters in the columella results in a shift in auxin transport (indicated by different arrow sizes) and thus in auxin distribution. High
auxin levels inhibit cell elongation. As such, the root bends toward the high auxin level side. Environmental cues that have an impact on
one of the pathways presented in the figure are indicated in red. Abbreviations: AHA, ArabidopsisH+-ATPase; AUX1, Auxin transporter
protein 1; Cd, cadmium; Cu, copper; HDA19, HISTONE DEACETYLASE19; NRT1.1, NITRATE TRANSPORTER 1.1; PIN,
PIN-FORMED; PLT, PLETHORA; ROS, reactive oxygen species; SAURs, Small Auxin Up RNAs; SCR, SCARECROW; SHR,
SHORT-ROOT; TCP, PLANT-SPECIFIC TEOSINTE-BRANCHED CYCLOIDEA PCNA; TPL, TOPLESS; WOX5,
WUSHEL-LIKE HOMEOBOX5; Zn, zinc.

or less to the stem cell niche. Yet, the PLT proteins can be found throughout the meristem (43).
Based on cell-to-cell movement and dilution via cell division, gradients of these stable proteins are
established across the meristem and translate via a dose-dependent readout into its longitudinal
meristem zonation (88). PLT protein stability depends heavily on sulfated ROOT GROWTH
FACTOR (RGF)/GOLVEN (GLV) peptide signaling. Exogenous application of RGF/GLV
causes expansion of the root apical meristem (148), similar to plants overexpressing PLT, whereas
higher-order mutants defective in RGF/GLV and RGF receptors have severe defects in meristem
organization, which are associated with reduced PLT protein levels (91, 104, 165).

468 Motte • Vanneste • Beeckman



PP70CH17_Beeckman ARjats.cls March 30, 2019 11:31

Plasmodesmata:
microscopic channels
that traverse the cell
walls of plant cells and
allow for symplastic
movement of signaling
molecules

Asymmetric cell
division: involves
polarization of the
mother cell to produce
two daughter cells with
different cell fates;
typical of stem cells

The GRAS transcription factor SCARECROW (SCR) has a cell-autonomous function that
partially defines quiescent center identity (119), regulates cortex-endodermis initial daughter cell
division (24, 126), and stimulates endodermis differentiation (75). In addition, SCR activates
MIR165 in the endodermis, which diffuses into the surrounding tissues to control nonradially
symmetric vascular bundle patterning (19) and transit-amplifying cell proliferation (122).

To be able to affect these distinct processes, SCR forms tissue-specific higher-order transcrip-
tion factor complexes. One of the main interaction partners of SCR is the stele-expressed GRAS
transcription factor, SHORTROOT (SHR), which moves symplastically through plasmodesmata
into the SCR expression domain (81, 141). In these cell types, SHR activates the expression of
not only SCR but also BIRD zinc fingers [e.g., JACKDAW ( JKD),NUTCRACKER, BLUE JAY,
andMAGPIE], which are additional regulatory components of the SCR-SHR transcription factor
complex (82, 93). The formation of such higher-order transcription factor complexes provides a
means for tissue-specific activation ofWOX5,CYCD6;1, or CASP1 (82). In the cortex-endodermis
initial daughter cells, SCR-SHR-BIRD complexes activate CYCD6;1 expression to promote the
asymmetric cell division that leads to the formation of the ground tissue defined by the endodermis
and cortex (26, 57, 126), an activity that can be enhanced by auxin (24). In addition, the BIRDs JKD
and BALD IBIS (BIB), together with SCR, constrain SHRmovement via nuclear retention, while
JKD and BIB repress the CYCD6;1-inducing capacity of the SCR-SHR complex (82). The SCR-
SHR complex activates cell division, but its transcriptional activity is also coupled to the cell cycle
through direct interaction of SCR with the canonical cell cycle repressor RETINOBLASTOMA
RELATED (RBR) and proteasomal degradation of SCR and RBR during cell division (24, 25).
The recent identification of the PLANT-SPECIFIC TEOSINTE-BRANCHEDCYCLOIDEA
PCNA (TCP) transcription factors as a bridging factor between PLT and SCR complexes for di-
rect activation ofWOX5 expression (124) further supports the emerging theme that higher-order
complexes in overlapping expression domains of different key regulators delineate tissue-specific
developmental programs in the root meristem.

2.2. Auxin Distribution Tunes Root Apical Meristem Organization
and Root Elongation

Root development results from the concerted action of multiple plant hormones (21). Among
these, auxin stands out as a key instructive signal on which many, if not all, other plant hormones
converge to regulate root development.Already during embryogenesis, auxin distribution patterns
determine the position aroundwhich the embryonic roots starts developing.Later in development,
auxin distribution patterns in and around the meristem instruct root meristem organization, re-
generation after damage, tropic root growth, and lateral root spacing.

Analysis of the spatial dynamics of auxin-responsive genes, the readout of synthetic auxin-
signaling reporters, and simulations of auxin transport consistently predict the existence of a phys-
ical auxin gradient that is centered on the very tip of themeristem and that gradually lowers toward
the end (8, 11, 17, 49, 74).

Indeed, a steep auxin-signaling gradient with its peak on the quiescent center is required to
maintain columella stem cell identity (134), cell division, and columella shedding (36). Moreover,
gradients of auxin and PLT proteins across the root meristem are tightly interconnected (15,
43, 49, 146). Auxin can induce PLT expression, and PLT directly controls PIN-mediated auxin
transport and auxin biosynthesis (1, 120). However, the PLT gradient in the root meristem is
not a direct readout of the auxin gradient. Instead, the effects of auxin on meristem zonation
can be separated in two cooperative responses (88): (a) a slow response that is connected to the
PLT expression domain and that subsequently translates into a gradient via diffusion and cell
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TRANSPORT
INHIBITOR
RESPONSE 1
(TIR1)-based
signaling: nuclear
auxin signaling based
on auxin binding to the
F-box TRANSPORT
INHIBITOR
RESPONSE 1 auxin
receptor

Reactive oxygen
species (ROS)
signaling: in addition
to generating oxidative
stress in cells,
byproducts of aerobic
metabolism can induce
specific signaling to
regulate biological and
physiological processes

division–based protein dilution and (b) a superimposed, fast response controlling proliferation,
elongation, and differentiation.

The fast auxin response probably allows for the integration of environmental challenges in root
growth while maintaining normal root meristem organization. This is particularly relevant dur-
ing the root’s navigation through the soil in search of water and nutrients while avoiding obstacles
and stresses. Very low auxin concentrations stimulate root elongation in Arabidopsis (10). Con-
versely, minute auxin increases potently inhibit root elongation via a nontranscriptional branch of
TRANSPORT INHIBITOR RESPONSE 1 (TIR1)-based signaling (38). Therefore, many reg-
ulating stimuli of root elongation increase auxin levels in the elongation zone to modulate root
growth.

The redirection of auxin flows within the meristem, as seen during tropisms, allows for asym-
metric auxin distribution in the root tip, differential inhibition of elongation, and, as a conse-
quence, reorientation of the root growth direction (reviewed in 56). PIN3 and PIN7 are key to
redirecting the auxin as they relocalize in the columella upon directional stimuli (41, 70). Subse-
quently,PIN2 and AUX1 transport auxin shootward and are thus essential inmost tropisms but are
not responsible for changed auxin distribution (14, 22, 83, 86, 96, 138). Of important note is that
not all tropisms act through modulation of auxin homeostasis and signaling (56). Hydrotropism,
which is the bending of the root toward a higher water potential, is such an example and is actually
dependent on abscisic acid (ABA) (2, 132).

The mechanism by which low auxin levels stimulate elongation is poorly understood but
is probably similar to the one that acts in the shoot (10, 62). In hypocotyls, auxin sensing via
a TIR1/AUXIN-SIGNALING F-BOX (AFB)-based mechanism activates the transcription of
Small Auxin Up RNAs (SAURs). These SAURs activate plasma membrane–localized proton
ATPases (AHAs) to lower apoplastic pH, thereby promoting cell expansion due to the activa-
tion of expansins and other cell wall–modifying proteins (127, 131). However, the rapid and re-
versible inhibition of root elongation also depends on TIR1-based auxin signaling via an unknown
nontranscriptional mechanism (38). Interestingly, inhibition of auxin signaling via expression of
a stabilized AXR3/INDOLE-3-ACETIC ACID17 (IAA17) isoform in the expanding epidermal
cells renders root growth partially resistant to auxin (129), suggesting that more downstream com-
ponents of canonical transcriptional auxin signaling are involved in this nontranscriptional path-
way. However, the best characterized interaction partners of Aux/IAAs, such as AXR3/IAA17, are
auxin-response transcription factors (ARFs), raising the possibility of still unidentified intracellu-
lar targets of the auxin-dependent TIR-Aux/IAA interaction.

Notably, reactive oxygen species (ROS) signaling affects root growth independently from auxin.
More specifically, ROS signaling modulates the balance between cell proliferation and elongation
(136), controls PLT expression in the root meristem (155), and is even involved in quiescent center
identity by controlling SCR and SHR expression (160).

3. ROOT BRANCHING

3.1. Lateral Roots

In angiosperm roots, branching occurs through the formation of lateral roots, which, strictly
speaking, are roots that form off of an existing root. This is opposed to adventitious roots, which
are produced from nonroot tissues. During evolution, the first roots appeared in the Early De-
vonian in the lycophytes, but they did not produce lateral roots. In these first land plants, roots
colonized the soil by repeatedly cleaving their apices thereby producing twin root meristems.This
bifurcation process can still be observed in the extant representatives of the lycophytes, such as
Selaginella (42). In the euphyllophytic lineage extending toward the seed plants, roots evolved a
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Protoxylem: the
first-formed xylem cell
type developing from
the procambium,
confined between,
centrally, the
metaxylem and,
peripherally, the
pericycle

Anticlinal division:
cell division occurring
at right angles to the
tissue or organ surface

DR5 auxin-response
marker: a synthetic
promoter construct
activated upon auxin
perception that can be
fused to reporter
genes, such as
luciferase

Transition zone:
a region in the root tip
located between the
apical meristem and
the basal elongation
region

Prebranch site:
a region in the young
root with strong
DR5-luciferase activity
correlated with early
stages of lateral root
formation

second time (58, 59). In this evolution, roots acquired the capacity to expand laterally into the
soil by producing lateral roots, which represents a much more efficient root branching strategy
that not only increases branching capacity but also provides developmental plasticity to chang-
ing soil conditions (95). The contribution of these different root types to the mature root sys-
tem varies among the different taxa. In general, monocotyledons, such as the grasses, predomi-
nantly use adventitious roots that bear lateral roots to build their fibrous root systems, whereas
dicotyledons, such as Arabidopsis, predominantly produce a taproot system with a prevailing pri-
mary root that is the source of all lateral roots and their branches. In the following sections,
we zoom in on the early developmental steps of the latter, which has been extensively studied
in Arabidopsis.

3.1.1. Xylem pole pericycle cells. In Arabidopsis, as in the majority of the angiosperms, new
lateral roots initiate in the pericycle at the xylem poles, termed the xylem pole pericycle (XPP)
cells. The pericycle is a single-layered tissue that surrounds the central vascular tissue of the root
(Figure 2). Because it is confined within the endodermis, the pericycle is commonly regarded
as being part of the stele. Moreover, there is accumulating evidence that pericycle cells at the
phloem versus xylem poles differ from each other in postembryonic roots and instead have fea-
tures in common with their respective neighboring vascular tissues. Support for this hypothesis
comes from a study of marker lines for pericycle identity, analysis of mutants defective in vascular
development, and use of ultrastructural analysis, which together have argued for the existence of
at least two different pericycle cell identities—each of them closely associated with the adjacent
vascular elements (106). AHP6, a negative regulator of cytokinin signaling, is required for normal
protoxylem formation (87).AHP6 is expressed in the developing protoxylem and in the associated
pericycle cell files. This suggests that the specification of XPP cells as competent to form lateral
roots is correlated with vascular patterning. Based on the AHP6 expression pattern, starting from
the stem cell area near the quiescent center, specification of XPP cell files seems to already hap-
pen in the pericycle initials. However, once specified, several developmental steps are required to
produce lateral roots from a subset of the XPP cells. Especially for this part of lateral root devel-
opment there is still a lot to discover. Yet, while taking into account the latest insights, and to our
best knowledge, the following chronological steps can be discriminated: (a) specification of lateral
root founders in a subset of XPP cells, (b) lateral root initiation (the first visible event marked by
an asymmetric cell division pattern), (c) lateral root primordium formation (during which a new
meristem is established), and (d) lateral root emergence (passage of the primordium through the
overlying cells) (Figure 2).

3.1.2. Specification of lateral root founder cells: the root cap and oscillations in auxin re-
sponse. Due to continued anticlinal division and cell elongation, XPP cells leave the meristem
and become exposed to an auxin-signaling maximum, as can be visualized by the DR5 auxin-
response marker (28). Because this maximum is not constitutive but rather shows recurrent peaks
that are interrupted by periods of low auxin response, the idea of an oscillatory behavior in gene
expression was proposed and the region of the root where this occurs was termed the oscillation
zone. The oscillation zone describes a region in the root tip roughly stretching from the transi-
tion zone into the elongation zone (94). The dynamics of the auxin-signaling peaks can be studied
using a DR5::luciferase (DR5::LUC) reporter, and the occurrence of the peaks can be correlated
with the sites of later lateral root initiation. This correlation holds true as long as the amplitude
of the peak in auxin response is strong enough and as long as it is maintained into the elongation
zone (154).These strongDR5::LUCmaxima are evenmaintained into the differentiation zone and
are regarded as prebranch sites because they represent the sites of founder cell specification and

www.annualreviews.org • Regulation of Root Development 471



PP70CH17_Beeckman ARjats.cls March 30, 2019 11:31

PREBRANCH  SITE

Lateral root cap cell death

Root cap cells

Auxin signaling

Pericycle

EL
O

N
G

AT
IO

N
 Z

O
N

E 
D

IF
FE

RE
N

TI
AT

IO
N

 Z
O

N
E

M
ER

IS
TE

M

Xylem
Phloem

Metaxylem

Lateral root precursor or primordium cells

OSCILLATION  ZONE

P6HHA 6AAAAAAA PP6HP6

6P6PHHA 6A P6HP6

AHP6

AHP6

GATA23
IAA28

RALFL34

M
AK

R4

SLR
ARF7/19
LBD16

GLV6

PLTs

WOX5, SHR-SCR, PINs

PIN3
PIN7

PIN7PIN7

LZY/DRO/NGRLZY/DRO/NGRLZY/DRO/NGR

Phosphate 
deficiency

N deficiency

PHR1

     NRT1.1
(auxin transport)

CLE-CLV1

Nitrate

NRT1.1 (signaling)

AFB3

Ammonium

AMT1;3

S, Mg, or Fe
deficiency

K, Ca, Zn, Mn, or B
deficiency

Water (locally)

PIN3, 
    TAA1

Activation
Inhibition
Auxin transport
Subsequent events
Induction of oscillation

a

b c

d

(Caption appears on following page)

472 Motte • Vanneste • Beeckman



PP70CH17_Beeckman ARjats.cls March 30, 2019 11:31

Figure 2 (Figure appears on preceding page)

Pathways that contribute to lateral root initiation, formation, and outgrowth, as well as environmental cues affecting these pathways (red
arrows). (a) Cross-section of an Arabidopsis root showing the vascular bundle and xylem pole pericycle cells, in Arabidopsis possible lateral
root founder cells, marked by increased AHP6 expression. (b) Lateral root initiation is preceded by a recurrent cell death of lateral root
cap cells that induce an auxin signaling oscillation in the elongation zone. From these cells marked by a persistent auxin signal, a
prebranch site, which has the competence to form a lateral root primordium, may originate. (c) Lateral root primordium formation.
The onset of primordium formation is hallmarked by coordinated nuclear migration in two or more adjacent xylem pole pericycle cells
and followed by a series of well-organized cell divisions. The different steps before or during lateral root formation require the
contribution of specific molecular players as indicated. Red arrows indicate an effect during lateral root initiation or formation. (d ) An
emerged lateral root. At first, the gravitropic response is suppressed, allowing an initial horizontal outgrowth of the lateral root. Later
in development, gravitropic growth is partially restored (differential auxin transport indicated by blue dashed arrows). Abbreviations:
AFB3; AUXIN SIGNALING F-BOX3; AHP6, ARABIDOPSIS HISTIDINE PHOSPHOTRANSFER PROTEIN 6; AMT1;3,
AMMONIUM TRANSPORTER1;3; ARF, AUXIN RESPONSE FACTOR; B, boron; Ca, calcium; CLE, CLAVATA3-LIKE; CLV1,
CLAVATA1; Fe, iron; GATA23, GATA TRANSCRIPTION FACTOR 23; GLV6, GOLVEN6; IAA28, INDOLE-3-ACETIC ACID
INDUCIBLE 28; K, potassium; LBD16, LOB DOMAIN-CONTAINING PROTEIN 16; LZY/DRO/NGR, LAZY/DEEPER
ROOTING/NEGATIVE GRAVITROPIC RESPONSE OF ROOTS; MAKR4, MEMBRANE-ASSOCIATED KINASE
REGULATOR4; Mg, magnesium; Mn, manganese; NRT1.1, NITRATE TRANSPORTER 1.1; PIN, PIN-FORMED; PLT,
PLETHORA; RALFL34, RALF-LIKE 34; S, sulfur; SLR, SOLITARY-ROOT; SCR, SCARECROW; SHR, SHORT-ROOT; TAA1,
TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS1; WOX5,WUSHEL-LIKE HOMEOBOX5; Zn, zinc.

lateral root initiation (94, 140). Following the appearance of the auxin maximum, new root tissue
is produced by the continuous activity of the root meristem, and, for some time (it takes 4–6 h for
a new peak to be observed), cells leave the meristem without being exposed to an auxin-response
maximum; the process is then repeated (94, 153, 154). This periodicity correlates well with the
recurrent programmed cell death of the most distal lateral root cap cells and the temporary release
of auxin from these cells into the root meristem (154). The periodicity of programmed cell death–
derived auxin further correlates with the oscillation and the formation of prebranch sites (154).
In other words, the dynamics of programmed cell death in the root cap appear to be involved in
steering the oscillation pattern to result in the recurrent formation of prebranch sites. The ques-
tion of how the programmed cell death dynamics in the root cap are regulated remains, however,
unanswered. The transcriptional regulator SOMBRERO (SMB) controls the persistence of lat-
eral root cap cells. Using an inducible overexpression construct of SMB, it was possible to induce
precocious programmed cell death in the root cap, resulting in roots that were temporarily devoid
of a root cap. During this period of growth in the absence of a lateral root cap, no oscillation in
DR5 expression could be observed and no prebranch sites were formed. In smbmutants, however,
programmed cell death was delayed and lateral root spacing was strongly impeded (154). The link
between the rate of root cap formation and root branching might represent a mechanism by which
plants control the spacing of lateral roots or at least a way for them to adjust the number of lateral
roots in order to keep up with the elongation rate of the primary root.

3.1.3. Prebranch sites: specification of lateral root founder cells and initiation. The pre-
branch sites, as visualized using theDR5::LUC reporter, encompass a broad region of the root that
starts at the end of the elongation zone and spreads into the differentiation zone. The low cellular
resolution of the DR5::LUCmarker does not allow one to determine exactly when and how many
XPP cells become specified as lateral root founder cells in each prebranch site. However, by com-
parative analysis with light and confocal microscopy studies using the DR5::GFP or DR5::GUS
marker lines, it can be deduced that, within the prebranch sites, lateral root founder cells become
specified by a new, strongly focused auxin-response maximum in one or two adjacent XPP cells
(37).The outcome of the specification event is that two adjacent XPP cells undergo radial swelling,
which is accommodated by the relaxation of the overlying endodermal cells (142), and dramatically
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repolarize, which is reflected in the migration of their nuclei toward the common anticlinal cell
wall (27). This process is initiated in one cell file and reiterated in the neighboring founder cells.
As such, founder cell specification can start in one single XPP cell, and gradually more cells are
recruited to create a group of about 11 founder cells (72). After repolarization and radial swelling,
founder cells divide asymmetrically, and a central cluster of small cells flanked by larger cells is
generated. In a comprehensive cell lineage study using light sheet-based fluorescence microscopy
allowing for in vivo recording of the complete process of lateral root formation, it became clear
that not all founder cells contributed equally to the lateral root primordium (147). XPP cells in
the median cell file contribute to the majority (76%) of the cells in the primordium.

3.1.4. Specification of lateral root founder cells: candidate regulators. Few candidate reg-
ulators for lateral root founder cell specification have been proposed so far, and the lack of data
on their interdependence hinders us from proposing a unifying model for founder cell specifica-
tion. In the absence of further insight into their mode of action, we are therefore forced to merely
list these components. The GATA23 transcription factor is transcriptionally induced specifically
in XPP cells before nuclear migration (27) and provides the best approximation of a founder
cell–specification factor. After lateral root initiation, GATA23 expression decreases and soon dis-
appears from young lateral root primordia. Genetic data underline its potential role as a founder
cell–specification factor with altered numbers of lateral roots and disturbed spacing of primordia.
Its expression is controlled upstream by an auxin-signaling cascade involving IAA28 and its in-
teracting ARF binding factors (ARF5, ARF6, ARF7, ARF8, and ARF19) in the transition zone of
the root (27); however, the GATA23 downstream signaling remains enigmatic. Furthermore, the
rather weak lateral root phenotypes of loss-of-function and gain-of-function mutants, together
with its outsider position within the GATA family of transcription factors having a Brassicaceae-
specific degenerate LLM domain at the C terminus (12), do not support its central role as a con-
served regulator of lateral root founder cell specification.

The F-box protein S-Phase Kinase-Associated Protein2B (SKP2B) is expressed in founder
cells, lateral root primordia, and the root apical meristem. SKP2B negatively regulates the cell
cycle and lateral root formation because it represses meristematic and founder cell divisions (89).
This suggests that, during lateral root formation, the over-proliferation of pericycle cells is enough
of a risk to require a mechanism for deaccelerating the cell cycle.

Recently, the identification of the TARGET OF LBD SIXTEEN 2–RECEPTOR-LIKE
KINASE7 (TOLS2-RLK7) pathway, a peptide hormone-receptor signaling cascade that prevents
lateral root primordia from forming in close proximity, led to additional evidence for the existence
of cell-division-restraining mechanisms in founder cells (135).

MEMBRANE-ASSOCIATED KINASE REGULATOR4 (MAKR4), a downstream molecu-
lar component of the auxin pulses coming from the root cap (153), accumulates at the plasma
membrane of XPP cells before nuclear migration. Loss-of-function mutants show fewer lateral
root primordia and fewer lateral roots but unaltered lateral root prebranch sites, suggesting that
MAKR4 helps to convert lateral root prebranch sites into lateral root primordia.

Like the above-mentioned genes, LATERAL ORGAN BOUNDARIES DOMAIN16 (LBD16)/
ASYMMETRIC LEAVES2-LIKE18 (ASL18) is also expressed in lateral root founder cells and
gradually increases its transcription during nuclear migration and asymmetric cell division.When
LBD16 is dominantly repressed using an LBD16-SRDX construct, lateral root founder cell specifi-
cation still occurs normally; however, nuclear migration and subsequent asymmetric cell division
is blocked, prohibiting lateral root initiation to take place (47). Therefore, LBD16, whose ex-
pression in founder cells is controlled by the SOLITARY ROOT (SLR)/IAA14-ARF7-ARF19
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auxin-signaling module, might be required to break the symmetry of the founder cells, allowing
repolarization and asymmetric cell division.

GLV6, which encodes a small signaling peptide, is transcribed in the founder cells prior to
nuclear migration and asymmetric cell division (39). An excess of GLV6 peptide seems to impede
the polarization of founder cells required to set up the first asymmetric cell divisions. The result
is that cells tend to divide more symmetrically. In addition, divisions are not restricted to a limited
number of founder cells; instead excessive anticlinal divisions are induced.

Another gene encoding a small signaling peptide, RALF-LIKE 34 (RALFL34), is expressed
in lateral root founder cells before asymmetric cell division. Based on the reduced GATA23 ex-
pression in ralfl34 mutants, it might be a component of an upstream regulatory mechanism (98).
However, ralfl34 mutants show phenotypic resemblance with GATA23 gain-of-function plants,
which have more stage I primordia clustered together, precluding a straightforward hypothesis
for its role in the early steps of lateral root formation.

The PLT transcription factor genes, PLT3, PLT5, and PLT7, are expressed during the early
developmental stages of lateral root formation, and their earliest expression has been described
as taking place in a subset of pericycle cells prior to the first founder cell division (60). All three
transcription factors, indeed, show early accumulation in two migrated nuclei, as demonstrated by
the use of PLT-YFP protein fusions.There is, however, no demonstrated expression of these genes
prior to nuclear migration, suggesting that the transcription factors might become expressed after
the repolarization of pericycle founder cells.

3.1.5. Postinitiation steps of lateral root formation. Recent work has indicated that the early
activation of PLT genes in incipient stage I primordia is essential to regulate the postinitiation
steps of lateral root formation and is required to regulate the asymmetric periclinal cell divisions
that generate a two-layered primordium (stage II) (35, 48). The occurrence of these periclinal
divisions can be regarded as the first sign of a 90° turn in the polarity of the cells involved and of
the generation of proximal (inner) and distal (outer) domains in the primordium. After stage II,
genes have been found whose expression pattern differs between the inner and outer layers of the
primordium, such as the family members PLT1 and PLT2 and theGRAS transcription factors SHR
and SCR (35). The latter were described previously for their role in regulating the cellular pattern
of the root (see Section 2.1). The cellular pattern contributing to the root’s dome shape is essential
for the successful outgrowth and emergence of the primordium. For example, plt3 plt5 plt7 triple
mutants show abnormal cell division patterns and irregular cell shapes whose variable morphology
makes it difficult for the primordium to emerge from the parent root.On its way to the surface, the
newly formed organ needs to grow through three overlying cell layers: the endodermis, cortex, and
epidermis. In recent years, it has become increasingly clear that in addition to its own organization,
a tight integration of molecular signaling and of mechanical aspects between the lateral root and
the surrounding tissue is essential for the outgrowth and emergence of the primordium. For a
recent review of this complex but fascinating facet of lateral root formation, we refer the reader
to Stoeckle et al. (128).

3.2. Lateral Root Emergence and Root Branch Angle

After emergence, lateral roots grow, at least initially, away from the primary axis of the plant at
nonvertical orientations. This contributes to the radial expansion of the root system, increases
access to important resources, and enhances anchoring in the soil. Early emerging lateral roots
still lack an elongation zone and grow perpendicular to the primary root (54, 114). As the roots
grow out, usually gravity will affect differential cell elongation, and the roots will start to bend at
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the gravitropic set-point angle (31). Interestingly, aftermaking this angle, the lateral roots continue
to grow during a so-called plateau phase,maintaining the same gravitropic set-point angle and not
showing a purely gravitropic response (114). This plateau phase is variable, and early lateral roots
generally show a longer plateau phase compared with later lateral roots (115). The plateau phase
ends after another gravitropic response, which leads to a second bending and stronger vertical
growth, usually—at least in the Arabidopsis accession Col-0—resulting in an angle between 0° and
30° (114, 115). As such, during the different phases of lateral root emergence and growth, the
gravitropism signaling is weakened or counteracted to generate the nonvertical growth of lateral
roots.

Although the lateral root meristem resembles many aspects of the primary root meristem, they
clearly have distinct molecular programs in response to gravity, and this distinction is useful to op-
timize root system architecture. One partial cause of this difference might be due to the LAZY
(LZY)/DEEPER ROOTING (DRO)/NEGATIVE GRAVITROPIC RESPONSE OF ROOTS (NGR)
genes, which affect auxin flow. The triple lzy1 lzy2 lzy3 mutant, for example, leads to an inverse
auxin redistribution and asymmetry of PIN3 expression in the columella of the lateral root but not
in the primary root (133). As a consequence, lzy1 lzy2 lzy3—just like the single lzy2 or lzy3/dro1
mutants—has lateral roots with a more horizontal or even an upward growth direction but nor-
mally growing primary roots (52, 133, 158). The difference with the primary root might be the
presence of a fourth member of this family, LZY4/DRO2/NGR3. Independent of the direction of
initial root growth, ngr1 ngr2 ngr3 (which is similar to lzy2 lzy3 lzy4) triple mutants show almost
entirely negative gravitropic growth of the primary root (44). This observation further supports
the presence of a mechanism that is dependent on sensing the gravity vector, but which causes
the root to grow in the opposite direction of the gravity vector (116). Again, a different response
is present in the lateral roots of ngr1 ngr2 ngr3 triple mutants: Lateral roots grow in a horizon-
tal position independent of gravity—even in seedlings manually reoriented perpendicular to the
gravity vector (158).

Hence, outgrowing lateral roots are subjected to (gravi)tropic mechanisms that are similar to
those of the primary root, but the different regulation of these and other mechanisms counteracts
total downward growth and contributes to the radial expansion of the root system.

3.3. Lateral Roots Versus Adventitious Roots

Lateral and adventitious roots share key elements of genetic and hormonal regulatory networks
but are subject to different regulatory mechanisms, and we refer to excellent recent reviews com-
paring lateral and adventitious roots (13, 78). Such comparisons are not so straightforward, how-
ever: The recent identification of lateral roots in Arabidopsis that can be produced on primary
roots outside the normal acropetal sequence in soil conditions or upon wounding in medium
(123) challenges the sharp distinction between lateral and adventitious roots, according to their
original definitions. Additional support to classify these nonacropetal roots as adventitious can
be found in the molecular regulation of their initiation. Whereas ARF7 and ARF19 transcrip-
tion factors are essential during lateral root initiation in activating the downstream LBD16 tran-
scriptional regulator, in adventitious root formation, ARF7 and ARF19 function is taken over by
another transcription factor, WOX11 (77). Interestingly, although they are also produced from
the primary root pericycle, the nonacropetal roots in Arabidopsis seem to require WOX11 rather
than ARF7 or ARF19 activity for their initiation (123). Therefore, it should be logical that the
molecular discrimination betweenWOX11-mediated roots and ARF7/ARF19-mediated roots co-
incide with the lateral-versus-adventitious-root distinction, but this is not the case. ARF7 and
ARF19 have been shown to control adventitious root formation from Arabidopsis hypocotyls (149),
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precluding a molecular basis for the longstanding morphological discrimination between lateral
and adventitious roots. Taken together, these data clearly indicate the existence of different types
of lateral roots, whether they can be considered as adventitious or not. The presence of alterna-
tive mechanisms to induce lateral roots surely enhances root branching capacity, e.g., in the case
of unusual situations, such as wounding, or exceptional environmental conditions as is the case for
WOX11-mediated roots in Arabidopsis. In persistent roots of other dicot plants, it was reported
that roots can even be produced from secondary tissues (105), which would again argue for the
idea that roots can indeed produce real adventitious roots in addition to lateral roots. In these
perennial species, the molecular mechanisms responsible for generating roots are still to be deter-
mined.Recently, it was reported that mechanical stress can induce the growth of adventitious roots
from older parts of the root, for example, on the Arabidopsis taproot, which had already undergone
secondary thickening (5). The authors of this study demonstrated that this happened by convert-
ing the initials of the cambium, which normally produced xylem and phloem mother cells, into
founder cells for new lateral roots. This transition seems to be mediated byWOX11 together with
the PRE3/ATBS1/bHLH135/TMO7 transcription factor and suggests that the vascular cambium
might replace pericycle competences during the emergence of new lateral and adventitious roots
from a secondary structure.

4. ROOT RESPONSES TO ENVIRONMENTAL CUES

4.1. Nutrients and Nutrient Starvation

Mineral nutrients are essential in plants for structural, signaling, or metabolic components and,
hence, are of major importance for plant growth.As these nutrients are almost exclusively acquired
from the soil, the root system is key in retrieving them and is highly responsive to changes in nutri-
tional conditions. Especially as nutrients show a generally heterogeneous distribution in the soil,
a plastic root system is important. More specifically, roots may respond to nutrient starvation or
nutrient-rich patches by developing a root system that allows greater exploration or greater nu-
trient acquisition, respectively. In addition, certain nutrients—particularly mobile nutrients, such
as nitrate—tend to be more abundant in deeper soil layers, whereas immobile nutrients—for ex-
ample, phosphate—are more abundant in the upper soil (46). Mobile and immobile nutrients
require different root systems for optimal acquisition. A high density in lateral roots, for example,
is favorable for the acquisition of immobile nutrients but inefficient for the acquisition of mobile
nutrients (157). Similarly, a deep and steep root system is more favorable for the acquisition of
mobile nutrients but is a wasted investment for the plant if immobile nutrients are the limiting
factor (85).During evolution, plants acquired ways for their roots to respond to changing nutrients
and optimized their root systems accordingly. In the following subsections, we give for the most
important nutrients an overview of how plants react to nutrient availability with respect to their
root system architecture. In terms of the underlying molecular pathways, we focus specifically on
Arabidopsis.

4.1.1. Phosphate. Phosphate represents the roots’ sole source of phosphorus, which is a ma-
jor element in several important cellular components (e.g., nucleic acids, phospholipids, and ATP)
and, hence, is crucial for plant fitness. As a consequence, plant roots are highly responsive to phos-
phate starvation. Phosphate deficiency generally induces a shallow root system in order to increase
topsoil exploration or foraging by inhibiting primary root growth, stimulating axial branching, and
favoring a more horizontal growth angle of adventitious roots (84, 107). In Arabidopsis, phosphate-
dependent root growth inhibition is partially caused by an enhanced iron uptake. Indeed,
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phosphate starvation typically induces the secretion of organic acids that help to release anionic
phosphate from bound cations, but these acids also release iron at the same time (7, 33, 92, 97).
Iron subsequently leads to callose deposition at the plasmodesmata, which prevents correct SHR
movement; affects the expression of SHR,SCR, andWOX5; and results in advanced differentiation
of root meristem cells (53, 97). Additionally, the increase in iron results in ROS signaling in the
elongation zone, thereby stimulating cell wall stiffening and further reinforcing root growth in-
hibition (7). The enhanced branching results in more root tips, which represent the predominant
sites of phosphate uptake (66). Both the higher lateral root density and the decreased gravitropic
set-point angle of lateral roots (6, 108, 117) are parameters strongly affected by auxin and auxin
signaling. tir1 afb3 auxin receptor mutants are resistant to the phosphate starvation–induced de-
crease in the gravitropic set-point angle (117), whereas tir1 afb2 afb3 triple mutants show no lateral
root induction at low phosphate levels (108). Furthermore, phosphate starvation was shown to in-
duce auxin-signaling maxima and TIR1 expression in lateral root primordia (99, 108), suggesting
that it might locally enhance auxin sensitivity.

Recent progress in phosphate research has led to a relatively good understanding of phosphate
starvation signaling (reviewed in 4, 23, 55, 64, 110) with a central role for the transcription fac-
tor PHOSPHATE STARVATION RESPONSE1 (PHR1) to target a broad range of phosphate
starvation–responsive genes (18, 20). Among the possible PHR1 targets are a number of promi-
nent auxin-signaling components, which might point to a relatively direct link between phosphate
starvation signaling and auxin-affected lateral root formation and gravitropic set-point angle. In-
deed, in addition to the major auxin receptor TIR1, the lateral root–related ARF7 and ARF19, and
the PIN2-affecting phosphatase PP2A-2, other presumptive PHR1 targets are the phospholipase
Dζ2 (PLDζ2) and the kinaseWAG2 (20, 23, 102). Remarkably,ARF7 and ARF19 are possible tar-
gets of PHR1 at the same time that they control PHR1 expression. PHR1 overexpression partially
rescues the lateral root phenotype of the arf7/arf19mutant; hence, additional PHR1 targets seem
to be important for phosphate starvation–induced lateral root formation (61).

4.1.2. Nitrogen. As the central element in amino acids and proteins, nitrogen is obviously of
the utmost importance to plant functioning. Nitrogen is taken up by the roots mainly in the
form of ammonium or nitrate. These two forms have different, sometimes opposing properties
and affect root system architecture in particular ways (69). Ammonium is described as inhibiting
root elongation and gravitropism, whereas nitrate stimulates root elongation. If locally present,
both nitrogen forms stimulate root branching in a broad range of plant species (34, 76, 80, 111),
thereby enabling root systems to forage for nitrogen in heterogeneous soil environments (118). In
nitrogen-poor regions of the soil, root growth is probably suppressed through the activation of the
auxin transport function of NITRATE TRANSPORTER 1.1 (NRT1.1), impeding auxin accu-
mulation in lateral root primordia and, hence, inhibiting their further development (16, 71). Alter-
natively, nitrogen deficiency might suppress the outgrowth of lateral root primordia by inducing
CLE peptides that activate CLAVATA1 signaling (3). Another peptide family, the C-terminally
encoded peptides (CEP), are also induced in the root upon nitrogen deficiency and are trans-
ported to the shoot to induce CEP DOWNSTREAM1 (CEPD1) and CEPD2 (130). CEPDs are
transported back to the root (100) to induce several genes in nitrate-rich, growing root parts,
including NRT2.1 and NRT1.1 (100, 130). Here, the receptor function of NRT1.1 becomes im-
portant and induces a signaling pathway controlling lateral root initiation, lateral root elongation,
and primary root elongation (143). This pathway includes the TCP20 transcription factor (51),
which was recently shown to interact with PLTs and SCR to control WOX5 expression (124).
Activation of NRT1.1 also leads to the induction of AFB3, which encodes an auxin receptor im-
portant for both primary root growth and lateral root density (144, 145). In contrast, overall mild

478 Motte • Vanneste • Beeckman



PP70CH17_Beeckman ARjats.cls March 30, 2019 11:31

nitrate starvation can have positive effects on root development. Low nitrogen levels induce, via
AGAMOUS-LIKE21 (AGL21), auxin-biosynthesis genes leading to increased auxin levels in lat-
eral root primordia and lateral roots to stimulate initiation and elongation (159). For ammonium,
the situation is less clear. Ammonium-induced lateral root initiation occurs in an AMMONIUM
TRANSPORTER1;3 (AMT1;3)-dependent way but does not seem to be dependent on ammo-
nium uptake. Moreover, mutation in AMT1;1, having similar ammonium transport properties as
AMT1;3, does not seem to affect root branching, and this argues for a signaling function for
AMT1;3 (76). In addition to its local, positive effect on lateral root development, ammonium in-
hibits primary and lateral root elongation (79). As in phosphate starvation,ROS plays a central role
in this (80, 150). In Lotus japonicus, AMT1;3 contributes to the inhibition of root elongation, again,
independent of ammonium uptake levels, supporting a role for AMT1;3 in ammonium signaling
(113).

Hence, both nitrogen forms, especially if locally present, have a positive effect on lateral root
formation, and, conversely, nitrogen deficiency generally reduces lateral root formation. This
strategy allows plants to minimize the cost of their metabolic requirements for root branching
and to invest in root elongation for nutrient foraging. Indeed, maize lines producing fewer lateral
roots were shown to perform better upon nitrogen deficiency by developing a deeper root system
that acquired more nitrogen (161).

4.1.3. Other nutrients. In addition to nitrogen and phosphate, other nutrients may also have
a clear effect on the root system, but very little is known about the controlling mechanisms. In
Arabidopsis, sulfur, magnesium, and iron deficiencies lead to a reduction in lateral root density,
whereas deficiencies in potassium, calcium, zinc, manganese, and boron result in an increased
lateral root density (50, 67, 68). With the exception of zinc-deficient roots, the increase in lateral
root density is accompanied by an inhibition of primary root growth; therefore, it is not always
clear to what extent lateral roots are effectively induced by the nutrient deficiency. Manganese
excess is shown to have a negative effect on auxin biosynthesis and PIN4 and PIN7 expression,
which is probably associated with the reduction in lateral root density (164). Similarly, an excess
of iron represses PIN2 and negatively affects lateral root formation (73) while it induces AUX1 to
trigger root elongation (45). Multiple other genes involved in root development might, however,
be affected by iron deficiency as indicated by an in silico analysis showing iron-deficiency-specific
differential expression profiles for PIN4, TIR1, LBD16, and LBD29 (45).

4.2. Water and Drought

Water is obviously of major importance for plants, and roots have developed different strategies
to forage specifically for water. Drought, if not too severe, will enhance root growth, allowing
plants to explore deeper layers of the soil for water (152). Similarly, induction of DRO1 results
in a steeper root system and an increase in drought tolerance (137, 158). This, however, does
not involve a specific drought response but instead is based on an enhanced gravitropism. The
DRO1 example nicely illustrates the benefits of a steep and deep ideotype to cope with drought
(85). Drought sensing and the downstream signaling leading to growth responses involve a com-
plex and not yet fully understood network, with a key role for ABA signaling. ABA is indeed
essential for the drought response and rapidly increases upon drought stress (63, 152). ABA is
shown to induce the PIN2 and AUX1 auxin transporter encoding genes, resulting in increased
auxin redistribution toward the epidermal and cortical cells to stimulate cell elongation (152).
Hydrotropism is also regulated by ABA (2, 30, 132) but does not require auxin transport or auxin
redistribution (65, 125). Low water potential is sensed at the elongation zone and not at the root
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tip as is the case for other tropisms (29, 30). The lower water potential affects ABA signaling
specifically in the cortical cells of the elongation zone triggering cell expansion and, hence, en-
abling the root to bend toward the higher water potential. In contrast to water stress–induced and
auxin-dependent root elongation, ABA itself is central for cell elongation during hydrotropism
(30).

Unequal water distribution in the soil also affects lateral root formation. As such, lateral roots
will be preferentially positioned toward available water in a process known as hydropatterning (9).
In contrast, the complete absence of water, for instance in an air gap, will arrest lateral root for-
mation. This was recently termed xerobranching (101). The hydropatterning and xerobranching
mechanisms are both adaptive toward water availability to allow roots to efficiently use internal re-
sources.The general arrest of lateral root initiation in locally dry microenvironments may point to
a similar control mechanism for the two responses. Xerobranching coincides with increased ABA
signaling, which is, similar to other water or drought responses, probably key in this mechanism
(101). In contrast, hydropatterning is unaffected in ABA-signaling mutants, indicating that ABA is
not required for this response (9). Although hydropatterning would still be regulated by a drought
response, it would involve the auxin machinery. It is suggested that posttranslational modification
of the important lateral root factor ARF7 (see Section 3.1.4), specific at the air side of the root,
triggers its binding to the IAA3/SHORT HYPOCOTYL 2 (SHY2) to form a transcriptional re-
pressor complex and block auxin-responsive gene expression required for lateral root formation.
Nonmodified ARF7 proteins at the water side do not bind to the IAA3/SHY2 repressor and induce
the lateral root genetic program (103).

Like nitrogen starvation, maize lines with fewer but longer lateral roots are also more tolerant
to drought. This suggests that reduced lateral root formation in dry microenvironments can be
favorable for plants to cope with general drought stress conditions (162).

5. PERSPECTIVES

Thanks to the efforts of a rapidly growing root community, we have finally reached the point
where it is not a matter of course anymore to call the below-ground parts of plants the hidden
half. Progress in our understanding of root biology has come from different angles. Depending
on the aspect of root development that is the subject of study, the level of resolution, ranging
from signaling molecules to root system architecture, can be very different as is exemplified in
the present review. It is obvious that the longstanding in-depth work on root development mainly
performed using the Arabidopsis reference organism has generated considerable insights into the
development of the primary root. The primary root with its meristem and stem cell niche has
revealed a lot of its secrets.We are not dealing anymore with one single transcription factor; tran-
scriptional networks have been uncovered and higher-order transcription factor complexes have
been identified.Great methodological advances in the discovery and validation of protein–protein
interactions have recently heralded a new era in root developmental studies, and we anticipate that
this will generate important novel contributions in investigations of lateral root formation and re-
sponses to environmental cues. At present, very little information is available about the protein
networks that control these developments. A second important new trend is the increased effort to
observe and study root developmental processes in vivo. The generation of specific reporter lines
combined with improved microscopic installations allows for a dynamic analysis of developmental
processes that were hitherto invisible and were not even thought to exist.The use of theDR5::LUC
marker is exemplary for this trend and has introduced new developmental stages prior to lateral
root initiation with concepts such as prebranch sites and the oscillation zone. Other markers have
contributed to the recognition of the involvement of the root cap in root branching.More in vivo
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studies, eventually making simultaneous use of multiple reporter constructs, promise to generate
spectacular new findings when combined with the induction of environmental stress conditions.
We strongly believe that the coming years will be as exciting as what we have experienced during
the last decade and will shed light on the fine-tuned regulation of root developmental programs
in normal and suboptimal conditions.

SUMMARY POINTS

1. Decades of root research using the Arabidopsis model system has led to deep knowledge
of the molecular mechanisms regulating root development. Our review illustrates that
present-day root research is still steadily improving and deepening our understanding
of root developmental processes.

2. Three examples of how the root developmental field has progressed recently are the dis-
coveries of nontranscriptional but TIR-dependent root growth regulation, a WOX11-
dependent alternative lateral root pathway, and posttranslational modifications affecting
the action of ARF7 on lateral root formation.

3. In contrast to the level of insight acquired into the molecular regulation of root devel-
opment, the understanding of how environmental cues interact with the pathways con-
trolling root growth and lateral root formation remains limited, despite its importance
to future applied research strategies.

4. Based on current progress and the widening scope of an increasing root research com-
munity, more and more pathways at the intersection of environment–root development
have the potential to become demystified in the near future. This was recently exempli-
fied by the elucidation of the hydropatterning pathway.
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