fco;m Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

www.cshperspectives.org

Auxin Control of Root Development

Paul Overvoorde', Hidehiro Fukaki?, and Tom Beeckman®*

'Department of Biology, Macalester College, St. Paul, Minnesota 55105

*Department of Biology, Kobe University, Rokkodai 1-1, 657-8501, Kobe, Japan

*Department of Plant Systems Biology, Flanders Institute for Biotechnology (VIB),

Technologiepark 927, B-9052 Ghent, Belgium

“Department of Plant Biotechnology and Genetics, Ghent University, B-9052 Ghent, Belgium

Correspondence: tom.beeckman@psb.ugent.be

A plant’s roots system determines both the capacity of a sessile organism to acquire nutrients
and water, as well as providing a means to monitor the soil for a range of environmental
conditions. Since auxins were first described, there has been a tight connection between
this class of hormones and root development. Here we review some of the latest genetic,
molecular, and cellular experiments that demonstrate the importance of generating and
maintaining auxin gradients during root development. Refinements in the ability to
monitor and measure auxin levels in root cells coupled with advances in our understanding
of the sources of auxin that contribute to these pools represent important contributions to our
understanding of how this class of hormones participates in the control of root development.
In addition, we review the role of identified molecular components that convert auxin
gradients into local differentiation events, which ultimately defines the root architecture.

he early characterization of auxins as “root

forming hormones of plants” established a
long-standing link between this class of small
molecules and root development (Went 1929;
Thimann and Went 1934). As with the aerial
portion of the plant body, a series of iterative
modules produces the overall root architecture;
the root, which is established during embryo-
genesis, gives rise to new lateral roots in a con-
tinuous, indeterminate manner. Evidence from
many studies highlights the central role of aux-
ins in orchestrating the final root architecture.
Defining the role of auxins as a component of
endogenous developmental programs as well
as in mediating environmental stimuli to shape

the final root architecture remains at the heart of
many active research programs. Here we review
some recent discoveries that demonstrate the
importance of auxin gradients and the conver-
sion of this information into molecular
responses that coordinate root development.

CELLULAR ORGANIZATION OF A ROOT

A single root contains a number of cell types,
which can be discerned by visual and molecular
markers (Dolan et al. 1993; Birnbaum et al.
2005; Laplaze et al. 2005; Brady et al. 2007).
The development, organization, and patterning
of these cell types is typically described using

Editors: Mark Estelle, Dolf Weijers, Ottoline Leyser, and Karin Ljung

Additional Perspectives on Auxin Signaling available at www.cshperspectives.org

Copyright © 2010 Cold Spring Harbor Laboratory Press; all rights reserved; doi: 10.1101/cshperspect.a001537

Cite this article as Cold Spring Harb Perspect Biol 2010;2:a001537



g’é’;ﬁf\b Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

www.cshperspectives.org

P. Overvoorde, H. Fukaki, and T. Beeckman

terminology that encompasses the circumferen-
tial, radial, and longitudinal structure of an
individual root (Fig. 1). Along the proximal-
distal axis a root is characterized by a series
of developmental zones (Fig. 1) (Ishikawa and
Evans 1995). The quiescent center (QC) pro-
motes its neighboring cells to continuously
produce initial cells that give rise to cell files.
Through time, cells arising near the QC under-
go additional rounds of division and become
displaced from the root meristematic zone. The

region of growing root where the rate of cell
division slows and cell expansion begins is
known as the basal meristem (Fig. 1) (Beemster
etal. 2003; De Smet et al. 2007; Nieuwland et al.
2009). Subsequently, cells become part of the
elongation zone and then the differentiation
zone. As such, the longitudinal axis of a root
represents a constantly renewing gradient of
cell differentiation. Although many of the devel-
opmental events that regulate patterning and the
capacity to form lateral roots are not observable,
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Figure 1. Cellular organization and the “inverted fountain” of auxin movement in the root tip of Arabidopsis.
(A) Magnified view of the meristematic zone of the root tip that highlights the transport-mediated “reflux”
of auxin from the lateral root cap through the epidermis to the basal meristem and then back towards the
root tip. (B) The proximal—distal organization of the root arises from the iterative process of cell division
and expansion of four types of stem cell initials, which are immediately adjacent to the mitotically inactive
quiescent center cells: The epidermal/lateral root cap initials, which give rise to the epidermis and lateral root
cap, the collumella initials, which contribute to the central portion of the root cap, the cortex/endodermal
initials sustain the formation of the ground tissue, and the vascular initials give rise to the vascular tissues
and the pericycle. Indicated on the left of the root are the root apical meristem (AM), elongation zone (EZ),
differentiation zone (DZ), and the basal meristem (BM). (C) Cross section of root in the elongation zone
highlighting the circumferential and radial organization of the root. The position of trichoblast and
atrichoblast cell files are indicated. Also shown is the location of the protoxylem and protophloem that give
rise to the diarch symmetry of the mature Arabidopsis root. (D) Cross section of an immature root showing
the radial organization of cell files.
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the epidermal root surface bears easy detectable
markers of the transition between these distinct
zones: An increased length of epidermal cells
demarcates the transition between the meriste-
matic and elongation zones and the appearance
of root hairs marks the start of the differentia-
tion zone.

SHOOT-DERIVED AUXIN CONTRIBUTES
TO ROOT ORGANIZATION

Auxins, a class of essential plant hormones,
orchestrate almost every aspect of plant growth
and development (Woodward and Bartel 2005;
Vanneste and Friml 2009). In roots, the most well-
characterized auxin-associated phenotypes are
the dose-dependent increase in the length of
epidermal-derived root hairs, the bimodal ef-
fect of auxin concentration on primary root
length, the dose-dependent increase in number
of lateral root primordia, and the response to
gravity (Pitts et al. 1998; Rahman et al. 2002;
Ishida et al. 2008; Peret et al. 2009). Proper out-
put of auxin signaling depends on the interplay
of the transport, biosynthesis, conjugation, and
signaling of this class of small molecules. Be-
cause the role of auxin during embryogenesis
is covered in another monograph of this series
(Moller and Weijers 2009), we focus here on
recent findings related to auxin and postem-
bryonic root development.

Auxin can be synthesized in young leaves
and cotyledons (Ljung et al. 2001). The same
long-distance pathway that carries carbohy-
drates from “source” to “sink” also facilitates
the bulk flow of auxin and other hormones
such as ABA and cytokinins as well as mRNA
and proteins (Robert and Friml 2009). Because
bulk flow provides the driving force through
membraneless phloem channels, the rate of
auxin movement is rapid, reaching speeds of
up to 7 cm/h in the roots of Populus tremula
and Vicia faba (Eliasson 1972; Tsurumi and
Wada 1980). The symplastic isolation of the
sieve elements and companions cells along
this transport route likely drives the movement
of TAA towards the root tip, which represents
the major sink tissue.

Auxin Control of Root Development

Although auxin is transported over long
distances, our understanding of its role dur-
ing development comes primarily from studies
focused on sink tissues such as root tips, where
cells are largely undifferentiated and where
auxin movement through the apoplast would
not be impeded by secondary cell walls. Simi-
larly, the protonation of auxin in the acidic envi-
ronment of the cell wall facilitates its movement
by diffusion across cell membranes. It is not
until the molecule becomes ionized in the less
acidic cytoplasm that movement through sink
tissue becomes limited and requires the involve-
ment of integral membrane transport proteins
to control directional movement. Commonly
referred to as “polar auxin transport” (PAT)
this mechanism of directing auxin distribution
clearly differs from the long-distance transport
described earlier. The rates of PAT in roots of
Phaseolus vulgaris, Pisum sativum, and Arabi-
dopsis thaliana are 10 mm/h, which is at least
significantly slower than auxin movement
through the phloem. PAT is the outcome of
the coordinated activities of several membrane
transport protein families that facilitate auxin
influx (e.g, AUXIN RESISTANT1 [AUX1]
and LIKE-AUX1 [LAX]) (Bennett et al. 1996;
Swarup et al. 2001) and efflux (e.g., members
of the P-GLYCOPROTEIN ABC transporter
family [Geisler and Murphy 2006] and the PIN-
FORMED [PIN] proteins [Petrasek et al.
2006]). The molecular, cellular, and biochemi-
cal aspects of these proteins have been the focus
of a number of excellent reviews (Paponov et al.
2005; Petrasek and Friml, 2009; Vanneste and
Friml, 2009).

AUXIN GRADIENTS ARE CONVERTED TO
LOCAL DIFFERENTIATION EVENTS

The local control of auxin levels generates
regional concentration gradients and local
maxima that are crucial for establishing and
maintaining a root primordium (reviewed by
Benjamins and Scheres 2008). The cellular levels
of auxin, in turn contribute to the regula-
tion of gene expression that defines cell fate
and pharmacological or genetic disruptions
of auxin movement dramatically impacts root
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patterning (Aida et al. 2004; Galinha et al. 2007).
A cell differentiation process in roots that
strongly relies on cellular auxin gradients is
the formation of root hairs. During this process
the auxin-driven cell elongation of root hairs
is supported by AUXI1-directed auxin import
into nonroot hair forming epidermal cells
(Jones et al. 2009).

Modeling of auxin distribution based solely
on shoot-derived auxin moving by diffusion
and PIN-directed efflux through structured
sink tissue predicts the formation of a strong
auxin maximum in the distal meristem (Gri-
eneisen et al. 2007). In computer-based models,
the source of IAA, whether simulated as being
applied or produced endogenously, does not
affect the maintenance of the auxin maximum
(Laskowski et al. 2008). Experimentally, the
analysis of cell-sorted root cells provides the
most direct evidence of auxin gradients in
the root, including the predicted maximum in
the QC (Petersson et al. 2009). Importantly,
genetic or pharmacological manipulation of
PAT that disturbs the maintenance of the auxin
maximum dramatically alters the patterning
of the root tip (Reed et al. 1998; Sabatini et al.
1999; Benjamins et al. 2001; Friml et al. 2002;
Lewis et al. 2007; Benjamins and Scheres 2008).

The PAT-installed auxin maximum in the
QC creates an organizing center that organizes
the root tip through contact with neighboring
stem cell initials (van den Berg et al. 1997;
Sabatini et al. 1999). Stem cells divide asymme-
trically to produce two daughter cells: one that
retains stem cell identity and the other that
undergoes additional divisions and moves to-
ward differentiation. The maintenance of stems
cells ensures the continued contribution of new
cells to the apical meristem and underlies the
indeterminate growth of the root (Sena et al.
2009). The availability of a stem cell pool has
also been associated with the high regeneration
capacity of roots (Xu et al. 2006). The presence
of a stem cell population, however, is not a
prerequisite for regenerating a root from differ-
entiating cells because Arabidopsis lines that do
not properly maintain a stem cell niche are still
capable of regenerative reprogramming of the
root apex after removal of the tip including

the QC (Sena et al. 2009). Furthermore, the
early events towards reestablishing an organized
root meristem in this system likely relies on
reestablishing auxin gradients through PAT as
many of the genes whose RNAs are up-regulated
in the first 24 h are auxin responsive while
blocking auxin transport inhibits root regener-
ation (Sena et al. 2009).

Although it is clear that the proper move-
ment of auxin in the root tip is required
for root patterning, our understanding of how
cells interpret this information to create a
molecular response that leads to developmental
changes remains in its infancy. The PLETHORA
(PLT1-4) genes represent a subclade of AP2
transcription factors that are required to define
the root-stem cell niche (Aida et al. 2004). The
promoter activities of these genes are strongly
correlated with auxin levels, suggesting that
PLT protein levels directly reflect the underlying
auxin gradients. Furthermore, although these
genes are differentially expressed in a graded
fashion in the root tip, their overlapping expres-
sion patterns leads to maximal PIT protein
levels in the stem cell zone (Galinha et al.
2007). This expression pattern also coincides
with that of the radial patterning genes SCR
and SHR, which provide parallel inputs in spec-
ifying root stem cells (Aida et al. 2004). Based
on several lines of evidence, including the
ability of ectopically expressed PLT2 to direct
the formation of root meristems in shoots and
the inability of plt1/plt2 plants to specify root
stem cells, even in the presence of high exo-
genous auxin, it appears that high PLT levels
promote stem cell identity and maintenance,
that intermediate PLT levels promote mitotic
activity of stem cell daughters, and that cells
with the lowest PLT levels are capable of differ-
entiation (Aida et al. 2004; Galinha et al. 2007).
Both experimental data (Blilou et al. 2005) and
computer modeling (Grieneisen et al. 2007;
Laskowski et al. 2008) highlight the importance
of auxin distribution and the accompanying
gradients in PLT gene expression. Since the PLT
genes are also required for PIN gene transcrip-
tion, this feed-forward mechanism would help
stabilize the auxin maximum in the QC (Blilou
et al. 2005).
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Root-generated Auxin Contributes to Root
Development

Despite being the first plant hormone identi-
fied, experimental evidence detailing multiple
auxin biosynthetic pathways has only recently
been reported (Zhao et al. 2001; Zhao et al.
2002; Woodward and Bartel 2005; Cheng et al.
2006; Seidel et al. 2006; Normanly 2009). In
addition to being made in the shoots, auxin is
also made in the roots (Muller et al. 1998; Ljung
et al. 2001; Ljung et al. 2005; Stepanova et al.
2005; Stepanova et al. 2008; Tkeda et al. 2009;
Yamada et al. 2009). Because many of the pro-
teins involved belong to multigene families
and several chemical intermediates have yet to
be identified, the contribution of each pathway
to developmental processes remains to be deter-
mined (reviewed by Woodward and Bartel
2005; Normanly 2009). What has become clear,
however, is that many of the genes involved in
the synthesis of auxin are expressed in roots
and that root-generated auxin contributes to
the maintenance of the gradients and maxima
required for normal root development. (Ljung
et al. 2005; Ikeda et al. 2009; Petersson et al.
2009). Many auxin biosynthesis genes are
expressed in the root tip and high-resolution
auxin-measurements in specific cell types after
fluorescent activated cell sorting revealed the
sites of auxin biosynthesis in the root apex
(Petersson et al. 2009). These sites of synthesis
contribute to the pools of auxin available for
PAT and are consistent with previously de-
scribed auxin gradients and regional maxima.
Several distinct lines of experimental evi-
dence supports the idea that root-derived auxin
contributes to the maintenance of a proper
hormone gradient in the root. First, evidence
for the role of auxin biosynthesis routes in roots
came from the characterization of the WEAK
ETHYLENE INSENSITIVE (wei2 and wei7)
and TRANSPORT INHIBITOR RESPONSE 7
(tir7-1) mutants (Ljung et al. 2005; Stepanova
et al. 2005). These mutants suppress the high
auxin phenotypes of the auxin-overproducing
SUPERROOT (surl or sur2) and disrupt one of
the two subunits of anthranilate synthase, an
enzyme that catalyzes the rate limiting formation

Auxin Control of Root Development

of anthranilate from chorismate during tryp-
tophan synthesis. The failure of specific cells
to produce tryptophan lowers their capacity
to produce indole-3-acetic acid, which impairs
root growth (Ljung et al. 2005; Stepanova et al.
2005).

Second, the pdxI mutants are unable to pro-
duce pyridoxal phosphate, vitamin Bg (Chen
and Xiong 2005), which in turn impairs the
capacity of these plants to convert tryptophan
to IAA. These plants have a short primary
root with a reduced root meristem size. Re-
ciprocal grafting experiments established that
shoot-derived auxin could not rescue these phe-
notypes and that root-derived auxin is required
for proper postembryonic root growth (Chen
and Xiong 2009). Third, a mutation in the pro-
tein kinase domain of the Raf-like kinase, CON-
STITUTIVE TRIPLE RESPONSE 1 (CTRI)
leads to increased IAA synthesis in roots, indi-
cating that it is likely a negative regulator of
auxin formation. The higher auxin levels in the
ctrl plants disrupt the auxin gradient in the
root tip and alter the proximal —distal placement
of root hairs, which is a hallmark of root epi-
dermal cell polarity (Ikeda et al. 2009). Based
on these observations, it appears that root-
generated auxin plays a critical role in maintain-
ing the planar polarity of root epidermal cells.

Finally, three groups working on independ-
ent mutants, wei8 (Stepanova et al. 2008), sav3
(Tao et al. 2008), and tir2 (Yamada et al. 2009),
with auxin-related phenotypes showed that
their mutants fall in an aminotransferase
(TRYPTOPHAN AMINOTRANSFERASE of
Arabidopsis, TAA). Biochemical studies estab-
lished that the encoded enzyme catalyzes the
transamination of tryptophan to form indole
pyruvic acid, which in turn can be converted
to IAA. In faa mutants, the defects in gravitrop-
ism and vascular tissue differentiation correlate
with the reduced IAA levels found in these
plants. Furthermore, the enhanced expression
of this gene on the lower side of a bending
root might contribute to a positive regulatory
loop that is active during root gravitropism
(Yamada et al. 2009).

These examples clearly establish the impor-
tance of root-derived auxin pools and future
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studies will have to deal with this extra level of
complexity to obtain a more realistic view on
root development.

AUXIN HOMEOSTASIS IN ROOTS

The majority of IAA in Arabidopsis is found
conjugated through ester or amide linkages to
sugars, amino acids, or peptides (Ljung et al.
2005). In addition to de novo biosynthesis,
the formation or hydrolysis of these conjugates
provides an additional mechanism to finely
control the cellular level of free auxin (Wood-
ward and Bartel, 2005). Disturbance of the
auxin homeostasis can have dramatic effects
on root growth and development as is illustrated
by the TAA-ALANINE RESISTANT4 (iar4)
mutants that have a twofold higher level of IAA-
Glu conjugates and have strong reduction in
the number of lateral roots combined with
other low-auxin phenotypes such as dimin-
ished root hair initiation and elongation (Quint
et al. 2009). The authors provide evidence
that the loss of ability to release free IAA from
conjugates, especially in root tissue where the
IAR4 is most strongly expressed, leads to altered
root responses, which can be rescued by auxin
application. The IAR4 gene encodes a putative
mitochondrial pyruvate dehydrogenase Ela-
subunit and the biochemical role of this protein
in IAA deconjugation and root morphogenesis
awaits further work.

Although conjugation of IAA is thought to
reduce the pool of active IAA, a recent study
provided evidence that the Trp conjugate of
IAA (and also of jasmonic acid) can act as inde-
pendent signaling compounds. This antago-
nism of the Trp-IAA conjugate relies on TIR1
functioning, but the mode of action is not clear,
as the conjugates did not interfere with IAA in
the pull-down assays (Staswick 2009).

Auxin can also be found as a side chain—
lengthened indole-3-butyric acid (IBA). IBA,
initially described as a synthetic auxin that in-
duces rooting in woody plant cuttings (Cooper
1935), is an endogenous plant compound
(Epstein et al. 1989; Ludwig-Miller 2000).
Genetic studies led to the identification of per-
oxisomal enzymes that are most likely involved

in the conversion of IBA to free IAA (Zolman
et al. 2000; Zolman et al. 2007; Zolman et al.
2008). The 50% reduction in lateral root for-
mation seen when the IBA-RESISTANT genes
contain mutations demonstrates that the IBA-
derived IAA pool contributes to the regulation
of root architecture. Moreover, interference with
IBA efflux from roots by mutation of the PLEI-
OTROPIC DRUG RESISTANCE8/ABCG36 ATP
Binding Cassette Transporter (PDR8) gene leads
to higher IBA content in the root tip that, in
turn, increases lateral root production, suggest-
ing that PDR8 normally inhibits lateral root for-
mation by transporting away part of the IBA
pool in root tips (Strader and Bartel 2009).
These new insights concerning IBA-transport
and conversion show the importance of this
compound for root architecture. Many ques-
tions, however, remain unanswered, including
how, when, and where IBA is synthesized,
whether IBA can serve as a signaling molecule
on its own, what pathway(s) are involved in its
conversion to IAA, and what components regu-
late IBA distribution in roots.

LATERAL ROOT DEVELOPMENT RELIES
ON BOTH ROOT- AND SHOOT-DERIVED
AUXIN POOLS

The roles of multiple plant hormones and the
effects of environmental signals demonstrate
that auxin is the dominant regulator of lateral
root development (reviewed by Benkova and
Hejatko 2009; Fukaki and Tasaka 2009). In
many dicot plants including Arabidopsis, lateral
roots are initiated from root pericycle cells
adjacent to the protoxylem poles of the parent
root (Beeckman et al. 2001). Although there
remains a paucity of data that defines the molec-
ular machinery responsible for generating a
lateral root, recent observations indicate that
the process progresses through at least four rec-
ognizable phases: priming, initiation, pattern-
ing, and emergence (Malamy 2009; Peret et al.
2009). Each of these phases is controlled or at
least influenced by auxin.

The first visible events of lateral root forma-
tion are the divisions of a few pericycle cells sit-
uated adjacent to a protoxylem pole. These cell
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division events are commonly designated as
“lateral root initiation.” Because the entire pro-
toxylem pole pericycle shows a strong cell pro-
liferation competence (Beeckman et al. 2001)
and every pericyle cell adjacent to a xylem pole
shows the capacity to divide in response to
elevated auxin levels (Himanen et al. 2002;
Himanen et al. 2004; Dubrovsky et al. 2008), it
is believed that important control mechanisms
exist to restrict lateral root initiation to certain
sites and time-points during root growth.
Before pericycle cell division many cell cycle-
related genes such as cyclins and cyclin-depend-
ent kinases (CDKs) are activated in auxin-
treated Arabidopsis roots, suggesting that auxin
promotes lateral root initiation by activating cell
cycle-related genes. Inhibition of the GI1-to-S
transition by overexpression of KIP-RELATED
PROTEIN2 (KRP2), a CDK inhibitor, decreased
the number of lateral roots (Himanen et al.
2002). In addition, disruption of the D-type
cyclin CYCD41 results in lower lateral root
density, which can be rescued by low concen-
trations of exogenous auxin (Nieuwland et al.
2009). These data argue for the existence
of a local, finely tuned, and cell-specific regu-
lation of the cell cycle before lateral root
initiation.

The regular spacing and positioning of lat-
eral root primordia correlates with a priming
event that targets only a few pericycle cells as
they exit the basal meristem (Fig. 1) (De Smet
etal. 2007). These founder cells become primed
due to an auxin response maximum that arises
in the neighboring protoxylem cells. The auxin
response maximum in the basal meristem and
the concomitant priming is not continuous
but oscillates with a period of 15 h, which is
in turn reflected in the regular spacing of lateral
root along the root axis (Fig. 2).

After priming, initiation of new lateral roots
occurs through the characteristic asymmetric,
anticlinal cell divisions of two adjacent protoxy-
lem pericycle cells of the same cell file. This
results in two pairs of shorter and longer daugh-
ter cells (Beeckman et al. 2001; De Smet et al.
2007). After the daughter cells replicate, peri-
clinal cell divisions establish a lateral root pri-
mordium with two cell layers. Subsequently,

Auxin Control of Root Development

additional cell divisions and cell differentiation
lead to the patterning of a mature lateral root
with the radial and distal-basal axis and its
root meristem (Malamy and Benfey, 1997).

The formation of lateral roots involves both
shoot- and root-derived auxin pools. Phloem-
based transport of IAA from the leaf to the
root at the seedling stage is essential for the
emergence, but not the initiation, of lateral
roots in Arabidopsis and genetic or pharmaco-
logical manipulation of this auxin flow disrupts
lateral root formation (Reed et al. 1998; Bha-
lerao et al. 2002; Wu et al. 2007). Furthermore,
experiments with the IAA transport inhibitor
NPA show that IAA movement through the
root tip is essential for lateral root initiation,
whereas shoot-derived transport is required for
lateral root emergence (Casimiro et al. 2001).
In contrast, stimulation of the shoot-to-root
transport by growing rice plants in saturated
humidity increased the number of emerged lat-
eral roots (Chhun et al. 2007). Unfortunately,
in the latter study, the authors did not make a
distinction between emerged and nonemerged
lateral roots thus leaving open the question of
whether in rice the shoot-derived auxin was
stimulatory specifically for emergence or rather
served to promote the entire lateral root forma-
tion process, including initiation.

Because the root is continuously elongating,
lateral root priming, initiation and emergence
are not only separated in time, but also in space
(Fig. 2). These temporal and spatial differences
likely impact the combinations of auxin signal-
ing components that are available to mediate
the subsequent developmental steps. Recently,
additional auxin-mediated control of lateral
root emergence has been identified through
the characterization of the lax3 mutant (Swarup
etal. 2008). The LAX3 (LIKE AUX1 3) gene enc-
odes an auxin influx transporter and its expres-
sion is up-regulated in the cells of the cortex
and epidermis that overly a developing primor-
dium. Induction of LAX3-expression occurs
along with the formation of an auxin maximum
within the growing primordia and triggers a
positive feedback loop in the adjacent cells by
stimulating LAX3-dependent auxin uptake.
The increased auxin levels in turn stimulate
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Figure 2. Spatial and temporal factors govern the formation of lateral root primordia. The regular spacing of
lateral root primordia arises from pulses of auxin signaling in the basal meristem. The basal meristem
encompasses the set of cells that are transitioning from the meristematic region into the elongation zone and
thus includes cells that are undergoing division as well as elongation. In seedlings that are grown in constant
light, pulses of auxin signaling, highlighted in purple, occur with a periodicity of 15 h. The response to
auxin signaling in the xylem cells primes the adjacent pericycle cells (shown in red) so that they are
competent to become lateral root founder cells (shown in green) upon a second, auxin-dependent signal in
the differentiation zone (De Smet et al. 2007). As such, the pulses of auxin in the basal meristem coupled
with the continuous growth of the root leads to the observed regular spacing of lateral root primordia. HAG,

hours after germination.

the expression of cell wall remodeling genes
that are crucial for regulated local cell separation
and passage of the primordia through the outer
cell layers (Swarup et al. 2008).

In general, mutations or transgenes affect-
ing auxin biosynthesis, auxin metabolism,
auxin transport, and auxin signaling influence
the ability to form lateral roots. The existence
of several types of mutations specifically inhib-
iting lateral root initiation, lateral root morpho-
genesis, or lateral root emergence, indicate
that auxin is necessary not only for lateral root
initiation but also for lateral root primor-
dium development and emergence, respectively
(Fukaki and Tasaka 2009). Mutations in multi-
ple PIN family members disrupt auxin-induced

lateral root primordium development, which
results in the accumulation of layers of divided
pericycle cells (Benkova et al. 2003). In addi-
tion, functional analysis of AUXI/LAX family
members revealed that AUX1 is required for lat-
eral root initiation because of its role in the basi-
petal auxin transport from the root tip toward
the basal region through outer cell layers (lateral
root cap and epidermis) (Swarup et al. 2001;
De Smet et al. 2007), whereas LAX3 promotes
lateral root emergence by affecting auxin in-
flux of the outer endodermis and cortex cells
(Swarup et al. 2008). These studies show that
the regulation of distinct auxin transport sys-
tems are active at different stages of lateral root
formation.
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AUXIN SIGNALING IN ROOT CELLS

The combination of auxin transport, pro-
duction, degradation, and conjugation in the
cells of a plant ultimately define, over time,
the “auxin status” of a given cell. Superimposed
on the auxin status is the capacity of a given cell
to generate a biochemical, physiological, or
molecular response to the given level of auxin.
These responses could be continuous or defined
by a threshold level of auxin depending on the
level and characteristics of the signaling com-
ponents present in a given set of cells. In this
way, the same auxin concentration can promote
cell expansion in hypocotyls while inhibiting
cell elongation in favor of cell division in the
root meristem.

A number of the molecular components
involved in auxin signaling have been identified.
Auxin signaling occurs through its ability to
stabilize the interaction of the TRANSPORT
INHIBITOR RESPONSE 1 (TIR1) protein, or
the closely related AUXIN F-BOX PROTEINs
(AFBs), with members of the Aux/IAA protein
family, which is encoded by 29 genes. The TIR1
and AFBs provide substrate specificity for the
E3 ubquitin-ligase activity of Skp1-Cull-F-box
(SCF) complexes (Chapman and Estelle 2009).
The IAA-stabilized interaction of SCF'™® or AFP
leads to Aux/TAA ubiquitination and the re-
moval of these proteins by the 26S proteasome
(Maraschin et al. 2009).

The majority of Aux/IAA proteins contain
four conserved domains (I, IL, III, and IV) and
based on the analysis of representative members
of this family, these domains contribute discrete
surfaces that enable distinct protein—protein
interactions. Domain I facilitates the interaction
with TOPLESS], a corepressor of transcription
(Szemenyei et al. 2008), domain II creates a
cooperative auxin-binding site with TIR1 (Tan
et al. 2007), and domains III and IV mediate
interactions among members of the Aux/IAA
protein family as well as DNA-binding proteins
that belong to the AUXIN RESPONSE FACTOR
(ARF) transcription factors (Kim et al. 1997;
Ulmasov et al. 1997), which are encoded by
a 23-member gene family. As such, although
direct evidence for capacity of each domain to

Auxin Control of Root Development

mediate identical interactions is lacking, the
scaffolding function of the Aux/IAA proteins
and the regulation of specificity and/or affinity
for distinct interacting partners provides a
molecular basis for the fine-tuned, cell-specific
responses to endogenous and applied auxin
(Lokerse and Weijers 2009). The high degree
of redundancy provided by multiple genes
that encode components of the auxin signaling
pathway continues to provide challenges to a
refined understanding of the unique and over-
lapping function of individual, or subsets of,
these genes during plant growth and develop-
ment (Okushima et al. 2005; Overvoorde et al.
2005).

Aux/IAA Proteins Contribute to Root
Development

The control of postembryonic root growth and
lateral root formation is tightly regulated by
auxin and represents a robust developmental
system for studying auxin signaling. Gain-
of-function mutations in IAAI/AXR5, IAA3/
SHY2,IAA12/BDL, IAA14/SLR, IAA18/CRANE,
TAAT9/MSG2, and TAA28 genes lead to plants
with altered capacity to form lateral roots
(Tian and Reed, 1999; Rogg et al. 2001; Fukaki
et al. 2002; Tatematsu et al. 2004; Yang et al.
2004; Uehara et al. 2008; Ploense et al. 2009).
Although a detailed, direct comparison of the
root-related phenotypes of these mutants has
not been performed, the slr-1/iaal4 and iaa28
gain-of-function plants show the strongest
reduction in lateral root formation and likely
play a prominent role in lateral root formation
(Rogg et al. 2001; Fukaki et al. 2002). Particu-
larly, the slr-1/iaal4 mutant has no lateral roots
because of the inhibition of anticlinal cell
divisions for lateral root initiation at the proto-
xylem pericycle (Fukaki et al. 2002; Vanneste
et al. 2005). These observations indicate that
the Aux/IAA proteins function as negative regu-
lators during the lateral root process by inacti-
vating ARF-mediated transcription, which is
required for lateral root formation.

The phenotypic differences among gain-of-
function mutants in Aux/IAA proteins are part-
ly caused by the differential expression patterns
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of Aux/IAA members. When the Aux/IAA is
expressed in tissues where lateral roots are initi-
ated, the gain-of-function mutation results in a
defect in lateral root formation (e.g., slr-1/iaal4,
shy2/iaa3, msg2/iaal9, axr5/iaal, craneliaal8,
and iaa28). In contrast, stabilizing mutations
in Aux/IAA genes that are expressed in the
root epidermis alter gravitropic responses and
reduce the number of root hairs that form
(e.g., axr2/iaa7, axr3/iaal7, slr-1/iaal4). Fur-
ther support for these generalizations come
from the observation that ectopic expression
of the slr-1/iaal4 protein from the stele-specific
SHR promoter results in the strong reduction in
lateral root formation but does not affect root
gravitropism and root hair formation (Fukaki
et al. 2005). In contrast, the SLR/IAAI4 pro-
moter drives expression in both the root epider-
mis and the stele and the slr-1/iaal4 mutant,
shows defects in lateral root formation, root
gravitropism, and root hair formation (Fukaki
et al. 2005; Vanneste et al. 2005). Although the
tissue-specific expression profiles of all Aux/
IAAs have not been examined, Aux/TAA mem-
bers have distinct and overlapping functions
in the regulation of auxin-mediated root growth
and development (Overvoorde et al. 2005).

In addition to differences in expression
profiles, several reports exploit the distinct
root phenotypes—root hair formation, gravi-
tropism, lateral root formation—conferred by
shy2/iaa3, axr3/iaal7, and slr-1/iaal4 gain-of-
function mutations to assess the specificity
of the encoded proteins for controlling root
growth and patterning (Knox et al. 2003;
Weijers et al. 2005; Muto et al. 2007). The results
of these promoter-swap experiments provide
additional evidence that distinct patterns of
expression impart one level of regulating the
contribution of an Aux/IAA protein to a devel-
opmental response. More intriguing, however,
are the observations that when different Aux/
IAA proteins are expressed in the same develop-
mental context, they generate nonoverlapping
responses, which indicates that unique pro-
tein—protein interactions likely determine the
role of specific polypeptides encoded by this
large gene family (Knox et al. 2003; Weijers
et al. 2005; Muto et al. 2007). The final cellular

response appears to be determined by a combi-
nation of gene expression pattern as well as bio-
chemical properties of the encoded proteins.

The stabilized forms of the Aux/IAA repres-
sors likely exert their effect through domain III-
and IV-mediated interactions with the ARF
proteins. Intragenic suppressors of axr3/iaal7
(Rouse et al. 1998) or axr2/iaa7 (Nagpal et al.
2000) phenotypes are caused by point muta-
tions that alter domain III of these stabilized
proteins and impairs their capacity to homo-
and hetero-dimerize (Ouellet et al. 2001). Re-
cently, the observation that ARF1 and ARF7/
NPH4 interact in vivo and in vitro with
MYB77, one of 125-proteins belonging to the
MYB R2R3-subfamily of transcription factors,
and that TAA19/MSG?2 interacts with MYB77
in coimmunoprecipitation experiments indi-
cates that a larger number of protein—protein
interactions may need to be considered (Shin
et al. 2007).

ARF Proteins Contribute to Root
Development

The combination of forward and reverse genetic
approaches also highlight the importance of
ARF proteins during lateral root formation
(Tatematsu et al. 2004; Okushima et al. 2005;
Wilmoth et al. 2005). Loss-of-function muta-
tions in either ARF7/NPH4 or ARF19 lead to
the mild reductions in lateral roots formed,
where as the double arf7/arf19 mutant shows a
dramatic delay in lateral root formation, indi-
cating these genes are capable of performing
similar functions in the root (Okushima et al.
2005; Wilmoth et al. 2005). In yeast two-hybrid
assays, the ARF7 and ARF19 proteins interact
with a number of Aux/IAA proteins, including
IAA3/SHY2, 1AA12/BDL, 1AA14/SLR, 1AA17/
AXR3, TAAI8/CRANE, and IAA19/MSG2
(Ouellet et al. 2001; Tatematsu et al. 2004;
Fukaki et al. 2005; Uehara et al. 2008). The
extent to which these heterotypic interactions
occur in the root remains to be determined. It
is likely that additional factors participate in
the lateral root formation process as lateral roots
do form after 14 d in an arf7/arf19 background
(Fukaki et al. unpublished results). In addition,
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exogenous auxin can restore the production of
low numbers of lateral roots in these double
mutants (Wilmoth et al. 2005), but not in the
iaal4/arf7/arfl9 triple mutant (Fukaki et al.
unpublished results), suggesting that additional
AREFs play a role during lateral root formation.

Recently, ARF5/MP and its interacting part-
ner IJAA12/BDL, which play a well-characterized
role during embryogenesis (Hamann et al. 2002;
Weijers et al. 2006), were also shown to be in-
volved in postembryonic lateral root formation
(De Smet et al. 2010). Both gain-of-function
bdl and loss-of-function mp mutants displayed
lateral root defects such as severe reduction in
emerged lateral roots and clustering of primor-
dia. As lateral root initiation is still possible in
these mutants and because ectopic expression
of ARF5/MP resulted in the induction of lateral
roots in a iaal4/slr mutant background, the
ARF5/MP- IAA12/BDL pair defines an addi-
tional auxin response module that is active after,
but not downstream of, the ARF7/ARF19-
IAA14/SLR dependent control of lateral root
initiation.

ARF7 and ARF19 positively regulate the
expression of many auxin-responsive genes
(Okushima et al. 2005). Among the direct tar-
gets of ARF7 and ARF19 are LATERAL ORGAN
BOUNDARIES-DOMAIN (LBD)/ASYMMET-
RIC LEAVES2-like (ASL) genes LBD16/ASL18
and LBD29/ASL16, which encode plant specific
nuclear proteins that are important for lateral
root initiation (Okushima et al. 2007). Overex-
pression of LBD16 and LBD29 partially rescued
the arf7arfl9 lateral root phenotype whereas
overexpression of LBD16-fused to the tran-
scriptional-repressor domain (SRDX) inhibited
lateral root formation, indicating that LBD16
and other auxin-inducible LBD proteins regu-
late lateral root initiation downstream of
ARF7/19 (Okushima et al. 2007). Although the
molecular function of these LBD proteins
remains unknown, these studies reinforce the
importance of auxin-mediated gene expres-
sion cascades during the process of lateral root
formation.

Auxin also plays a role during lateral root
primordium establishment, likely through the
activity of undefined ARF protein(s). The PUCHI

Auxin Control of Root Development

gene, encodes a putative transcription factor
that contains an AP2 domain, which is neces-
sary for both correct lateral root primordium
establishment and floral primordium develop-
ment (Hirota et al. 2007; Karim et al. 2009).
Application of auxin induces PUCHI expres-
sion in roots and this expression is dependent
on the auxin-responsive elements in the PUCHI
promoter, which suggests that undefined ARF
proteins regulate PUCHI expression during lat-
eral root primordium development (Hirota
et al. 2007).

In addition to activating transcription,
transient expression assays suggest that ARF
proteins can also function as transcriptional
repressors (Ulmasov et al. 1999; Tiwari et al.
2003). The root phenotype of the arfl0/arfl6
double mutants provides genetic evidence that
some ARFs function as negative regulators.
The arfl0/arfl6 knockout line produces more
lateral roots, whereas the arfl0 or arfl6 single
mutants show no root phenotypes (Wang
et al. 2005). Furthermore, the overexpression of
microRNA160, which targets ARF10, ARF16,
and ARF17 leads to an increased number of
lateral roots and a reduction in primary root
growth (Mallory et al. 2005; Wang et al. 2005).
Interestingly, the expression of a microRNA
resistant form of ARF17 leads to a dose-depend-
ent reduction in lateral root numbers (Mallory
et al. 2005).

Multiple ARFs are also subject to posttran-
scriptional regulation via transacting small-
interfering RNA (Allen et al. 2005; Williams
et al. 2005). The microRNA390 participates
the generation of mature TAS3 tasiRNAs, which
target ARF3 and ARF4 transcripts (Mont-
gomery et al. 2008). The expression of one of
the two MIR390 genes, MIR390D is specifically
up-regulated by auxin and not affected by other
plant hormones. Given the recent discovery
that tasiRNAs targeting ARFs act in a noncell
autonomous manner (Chitwood et al. 2009),
defining the regulation and role of these mole-
cules during lateral root formation will add to
our understanding of this dynamic process.
Taken together these results highlight the
importance of posttranscriptional regulation
of ARFs to fine-tune the complex web of
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protein—protein interactions that govern root
development.

MULTIPLE PATHWAYS OF AUXIN
PERCEPTION FUNCTION IN ROOTS

The many examples of lateral root defects due to
impaired auxin response suggest that multiple
signaling pathways function to regulate this
developmental process. For instance, the obser-
vations that loss of TIRI leads to a ~50% reduc-
tion in lateral roots density, implies that related
AFB’s or undefined pathways also regulate this
process (Gray et al. 2001). In addition to our
understanding of the TIR1/AFB-Aux/IAA-ARF
mediated auxin signaling, recent reports also
indicate roles for the AUXIN BINDING PRO-
TEIN 1 (ABP1) (Tromas et al. 2009) and the
Arabidopsis heterotrimeric G-proteins in medi-
ating auxin responses (Mudgil et al. 2009).

Despite the many lines of evidence that
point towards auxin signaling as the dominant
regulator of lateral root formation, there are
reports that suggest auxin-independent mecha-
nisms might be sufficient to induce lateral root
initiation. For instance an examination of the
effect of mechanically stimulating a root dem-
onstrated a closely linked influx of Ca** into
pericycle cells, which was capable of initiating
lateral root primordia even in auxin transporter
and receptor/response mutants including tirl
(Richter et al. 2009).

In addition, signaling pathways that involve
other plant hormones also influences the role of
auxin in roots. For instance, there is accumulat-
ing evidence for a rate-limiting role of the
brassinosteroid pathway in the auxin response
(Nemhauser et al. 2004; Hardtke et al. 2007;
Kuppusamy et al. 2008; Vert et al. 2008). Global
gene expression analyses have indicated that
auxin-responsive gene expression is impaired
in brevis radix (brx) mutants (Mouchel et al.
2006). brx mutants display impaired root growth
because of decreased cell proliferation in the
root meristem and vasculature and generally
reduced cell elongation (Mouchel et al. 2004).
Interestingly, the brx stunted root phenotype
and impaired auxin-responsive gene expres-
sion can be partially restored by application

brassinosteroids to the medium (Mouchel et al.
2006). Furthermore, expression of BRX is itself
strongly induced by auxin (Mouchel et al
2006). Consistently, BRX expression is no lon-
ger auxin-responsive in brx mutants, suggest-
ing that auto-regulatory feedback exists. BRX
is localized to the plasma membrane and raising
the auxin content in cells and/or auxin fluxes
through cells results in a translocation of the
protein to the nucleus (Scacchi et al. 2009).
As such, BRX could represent a cellular compo-
nent that helps translate auxin levels or fluxes
recorded at the plasma membranes into tran-
scriptional responses in the nucleus. Although
outside the scope of this review, readers inter-
ested in additional examples of plant hormone
cross-talk in root patterning, growth, and devel-
opment are referred to a number of more com-
prehensive reviews (Benkova and Hejatko 2009;
Fukaki and Tasaka 2009; Perilli et al. 2009).
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