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Abstract In higher plants, lateral root (LR) formation is a major contributor to root architecture in the soil. Although it is
well known that auxin promotes LR formation, the molecular mechanisms that regulate auxin-mediated LR formation are
still largely unknown. Recent molecular genetic studies using Arabidopsis mutants have shown that normal auxin signaling
mediated by two families of transcriptional regulators, Aux/IAAs (Auxin/Indole-3-Acetic Acid; repressors of auxin-
responsive transcription) and ARFs (Auxin Response Factor; activators or repressors of auxin-responsive transcription), is
necessary for LR formation. Auxin-responsive transcription mediated by SLR/IAA14 and ARF7/ARF19 in the root
pericycle is particularly important for LR initiation. This review summarizes what is known about the auxin signaling that
regulates LR formation in Arabidopsis, and discusses the role of Aux/IAAs and ARFs for LR initiation and subsequent

primordial development.
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The root systems of higher plants are developed through
the production of many lateral and adventitious roots
which enable the plant to absorb water and nutrients
efficiently and to sustain the aerial shoots (Fitter 1996). It
is well known that LR formation is dependent on auxin,
but the molecular mechanisms that regulate auxin-
mediated LR formation are still largely unknown.
Recently, the Aux/TAA and ARF (Auxin Response
Factor) families of Arabidopsis transcriptional regulators
have been shown to be important for mediating auxin
signaling in LR formation.

Several good reviews on LR development (Malamy
and Benfey, 1997a; Casimiro et al. 2003) and on auxin
signaling (Berleth et al. 2004; Dharmasiri and Estelle
2004; Woodward and Bartel 2005) have been published.
This mini-review focuses on what is known about auxin
signaling in the regulation of LR formation in
Arabidopsis.

Lateral root development in Arabidopsis

The primary root (tap root) of higher plants is derived
from embryonic root developed during embryogenesis.
In contrast, LRs develop from the inner cell layer of
the parental roots (primary roots, existing LRs, and
adventitious roots) as a post-embryonic organ. In the
case of Arabidopsis, LRs are initiated from the anticlinal

ARFs, Aux/IAAs, auxin, lateral root formation, pericycle, SLR/IAA14.

cell divisions in the root pericycle adjacent to the two-
protoxylem poles (protoxylem pericycle) (Laskowski et
al. 1995; Malamy and Benfey 1997a; Beeckman et al.
2001; Casimiro et al. 2001; Himanen et al. 2002;
Casimiro et al. 2003). These divided cells then undergo
periclinal cell divisions to make daughter cells (outer
layer) and inner pericycle cells, becoming a young LR
primordium (Malamy and Benfey 1997a; Casimiro
et al. 2001). The LR meristem is established after a
series of cell divisions and cell differentiation in the
primordium, which promotes subsequent LR growth.
The cellular organization of the established LR meristem
is structurally indistinguishable from that of the primary
root meristem, suggesting the existence of a
common machinery for root patterning. However, the
developmental processes of LR initiation are different
from those of embryonic root initiation, indicating that
there are important differences in the molecular
mechanisms between embryonic root and LR initiation.
A recent study has shown that most of the cells in
Arabidopsis LR primordia are derived from the central of
the three protoxylem pericycle cell files adjacent to the
xylem pole (Kurup et al. 2005). Although apparently
genetically determined in Arabidopsis, it is unknown
why LRs are initiated from the protoxylem pericycle,
rather than from the protophloem pericycle.

Abbreviations: ARF, Auxin Response Factor; Aux/IAA, Auxin/Indole-3-Acetic Acid; IAA, indole-3-acetic acid; LR, lateral root; NAA, 1-naphthale-
neacetic acid; NPA, N-I1-naphthylphthalamic acid; PCIB, p-chlorophenoxyisobutyric acid; SLR, SOLITARY-ROOT; 2,4-D, 2,4-dichlorophenoxy-

acetic acid.
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Lateral root initiation is dependent on auxin

In Arabidopsis, exogenous auxin (eg. [AA, NAA, and
2,4-D) promotes LR initiation (Laskowski et al. 1995;
Fukaki et al. 2002; Himanen et al. 2002), whereas auxin
transport inhibitors (eg. NPA) and the anti-auxin PCIB
block LR initiation (Reed et al. 1998; Casimiro et al.
2001; Oono et al. 2003), indicating that LR initiation is
dependent on auxin. With the use of NPA and NAA,
Himanen et al. (2002) established an inducible LR
system. In this system, when Arabidopsis seedlings
grown on NPA-containing medium for 72 hours after
germination are transferred onto NAA-containing
medium, the pericycle cells of these seedlings begin
synchronous division. This allows changes in the
expression of cell cycle-related genes during auxin-
induced LR initiation to be monitored, and indicate that
cell cycle regulation is one of the critical points for
auxin-mediated LR initiation (Himanen et al. 2002,
2004).

Mutational analyses in Arabidopsis have also shown
that LR initiation depends on auxin, as mutations
affecting auxin biosynthesis and transport have been
shown to affect the number of LRs. The super
rootl/rootylalf] mutants that overproduce IAA have an
increased number of LRs (Boerjan et al. 1995; Celenza
et al. 1995; King et al. 1995). On the other hand, mutants
defective in polar auxin transport, such as the aux!, axr4
and tir3/doci/big, have fewer LRs (Hobbie and Estelle
1995; Ruegger et al. 1997; Gil et al. 2001; Bhalerao et al.
2002; Marchant et al. 2002). These mutations change the
level of endogenous free IAA in roots, affecting the
number of LR initiations along the primary root. In
addition, overexpression of the DFLI/GH3-6 gene,
which encodes an enzyme that decreases free IAA level
by amino acid conjugation, also results in a reduction in
LR initiation (Nakazawa et al. 2001; Staswick et al.
2005). These observations indicate that normal auxin
biosynthesis and transport are necessary for LR
initiation.

The role of auxin signaling in LR initiation

In addition to the mutations affecting auxin levels,
studies on mutations affecting auxin sensitivity have
shown the importance of auxin signaling in LR initiation.
In plant cells, auxin signals are captured by TIRI1
(TRANSPORT INHIBITOR RESISTANCEL), an F box
protein that has been shown to function as an auxin
receptor (Dharmasiri et al. 2005a; Kepinski and Leyser
2005). The tirl mutant has a decreased number of LRs
compared to the wild type (Ruegger et al. 1998). Three
additional TIR1-related F box proteins, called AFBI,
AFB2, and AFB3, also function in auxin response
(Dharmasiri et al. 2005b). Triple or quadruple mutants in

TIR1/AFBs have pleiotropic auxin-related phenotypes,
including the lack of LRs, indicating that TIRI/AFBs
act as auxin receptors for LR formation in addition
to the other auxin-mediated growth and developmental
processes (Dharmasiri et al. 2005b). Auxin signals
captured by TIRI/AFBs promote the ubiquitination of
the Aux/IAA (Auxin/Indole-3-Acetic Acid) proteins,
repressors of auxin-responsive transcription, through
SCFTIRVAFBIZE 'E3 ybiquitin-ligase complexes and the
degradation of Aux/IAA proteins by the 26S proteasome
(Gray et al. 2001; Zenser et al. 2001; reviewed by
Dharmasiri and Estelle 2004; Dharmasiri et al. 2005b).
This allows auxin-responsive transcription regulated by
ARF (Auxin Response Factor) proteins that can act as a
transcriptional activator or repressor. Mutations in the
subunits of SCETRVAFBI2S complexes (ASK1, ASK2,
AtCulinl/AXR6 and RBX1) and in the components
that regulate the activity of SCFTRVAFBIZ3 complexes
through the RUB/Nedd8 conjugation pathway (AXRI,
ECR1, RCEI1, RUBs, SGT1b/ETA3, CANDI/ETA2 and
COP9 signalosome) result in the accumulation of
Aux/IAA proteins, thereby repressing the normal auxin
response (reviewed by Dharmasiri and Estelle 2004;
Woodward and Bartel 2005). Such defects in the
SCFTIRVAFBIZS dependent  degradation of Aux/IAA
proteins also decrease the number of LRs (Dharmasiri et
al. 2003).

Aux/IAAs and ARFs: transcriptional
regulators for auxin-mediated growth and
development, including LR formation

The control of auxin-responsive transcription mediated
by Aux/IAAs and ARFs also has an important role in
auxin-mediated growth and development (reviewed by
Hagen and Guilfoyle 2002; Liscum and Reed 2002;
Berleth et al. 2004). There are 29 Aux/IAA and 23 ARF
family members in the Arabidopsis genome (Hagen and
Guilfoyle 2002; Liscum and Reed 2002; Remington et
al. 2004). ARF proteins bind to the auxin-responsive
elements (AuxREs) in the promoters of the many auxin-
responsive genes, and activate or repress the transcription
of their target genes (Guilfoyle et al. 1998; Ulmasov et
al. 1997a, 1997b, 1999a, 1999b, Tiwari et al. 2003;
Wang et al. 2005). The C-terminus domains (CTD)
of ARFs are responsible for homodimerization and
heterodimerization with other ARFs, and also for
heterodimerization with Aux/IAA proteins (Figure 1;
Kim et al. 1997; Ulmasov et al. 1999b; Hardtke et al.
2004; Tatematsu et al. 2004; Fukaki et al. 2005). Most
Aux/IAA proteins have four highly-conserved domains
(I-IV) (Figure 1; Abel et al. 1995; reviewed by Reed
2001; Liscum and Reed 2002). Domains III and IV are
similar to the CTDs of ARFs, and are also responsible
for heterodimerization with ARF proteins (Figure 1; Kim
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Figure 1. Structure of Aux/IAA and ARF proteins. Domain II of

Aux/IAA protein is important for stability of the protein; an amino acid
substitution in the highly-conserved five amino acids (GWPPV; Gly-
Trp-Pro-Pro-Val, a consensus among IAA3, IAA14, IAA19, and
TAA28 proteins) in this domain stabilizes the protein. The amino acid
sequences in this domain are shown for the shy2-1/iaa3, slr-1/iaal4,
msg2-1/iaal9, and iaa28-1 mutant proteins. Substituted amino acids are
indicated in bold. The Aux/IAAs and ARFs interact through domains
III and IV. DBD; DNA binding domain, MR; middle region.

et al. 1997; Ulmasov et al. 1999b; Ouellet et al. 2001;
Hardtke et al. 2004; Tatematsu et al. 2004). Domain I
can inactivate ARF function, thereby repressing auxin-
responsive transcription (Tiwari et al. 2004). Domain II
is important for instability of the protein and the
interactions with SCFTRVAFBI2S complexes (Figure 1;
Colén-Carmona et al. 2000; Worley et al. 2000; Ouellet
et al. 2001; Ramos et al. 2001; Tiwari et al. 2001;
Dharmasiri et al. 2005b). As noted above, auxin-
dependent degradation of the Aux/IAA proteins through
SCFTRVAFBIZS complexes allows the ARFs to function in
auxin-responsive transcription (Dharmasiri et al. 2005b).
On the other hand, gain-of-function mutations in domain
IT block interactions between Aux/IAA proteins and the
SCFTRVAFBIZE complexes, thus increasing the stability
of Aux/IAA proteins (Figure 1; Colén-Carmona et al.
2000; Worley et al. 2000; Gray et al. 2001; Ouellet et al.
2001; Dharmasiri et al. 2005b), resulting in constitutive
inactivation of ARF functions (Tiwari et al. 2004). These
gain-of-function mutations in domain II have been
identified in several Aux/IAA genes (iaallaxr5, iaa3/
shy2, iaa6/shyl, iaa7laxr2, iaal2/bdl, iaal4/slr, iaal7/
axr3, iaal8, iaal9/msg2, iaa28/iar2) (Rouse et al. 1998;
Tian and Reed 1999; Nagpal et al. 2000; Reed et al.
2001; Rogg et al. 2001; Fukaki et al. 2002; Hamann et
al. 2002; Tatematsu et al. 2004; Yang et al. 2004; Figure
1). Most of these iea mutants have pleiotropic
phenotypes in auxin-related growth and development,
reduced sensitivity to exogenous auxin, and altered gene
expression in response to auxin (reviewed by Reed et al.
2001; Liscum and Reed 2002).

Among the gain-of-function mutants, shy2/iaa3,
slrliaal4, msg2/iaal9 and iaa28-1 are severely defective
in LR formation (Figure 2; Tian and Reed 1999; Rogg et
al. 2001; Fukaki et al. 2002; Tatematsu et al. 2004).
Shy2/iaa3 and msg2liaal9 form few LRs in young
seedlings until 10 days after germination, but these
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Figure 2. LR formation is blocked in the slr and arf7 arfl9 mutants
in Arabidopsis. Ten-day-old wild type (WT; Columbia), sir-1/iaal4
(slr; Fukaki et al. 2002) and nph4-1 arf19-1 (arf7 arf19; Okushima et
al. 2005) mutant plants are shown. After growth on standard MS
medium (Fukaki et al. 2002), seedlings were transferred to fresh
medium for the photograph.

mutants formed several LRs in mature plants 3 weeks
after germination (Tian and Reed 1999; Tatematsu et al.
2004; Fukaki et al. unpublished results). The iaa28-1
mutant also has few LRs in mature plants (Rogg et al.
2001). In contrast, the slr-1/iaal4 mutant forms no LRs
even after the inflorescence stems bolt (Fukaki et al.
2002), indicating that the stabilized slr-1/iaal4 protein
has the ability to constitutively block LR initiation.
These observations suggest either that there are
functional differences among these iaa proteins or that
expression of [4A genes are regulated differently in
roots.

Forward and reverse genetic analyses have identified
the ARF genes required for LR formation (Tatematsu et
al. 2004; Okushima et al. 2005; Wilmoth et al. 2005).
The arf7 arf19 double mutants also have few LRs, while
single arf7 or arfl9 mutants have a weak or subtle
phenotype in LR formation, indicating that there are
overlapping functions of ARF7 and ARF19 (Figure 2;
Okushima et al. 2005; Wilmoth et al. 2005). Both ARF7
and ARF19 act as transcriptional activators (Tiwari et al.
2003; Wang et al. 2005), suggesting that ARF7 and
ARF19 activate the target genes necessary for LR
initiation. Since ARF7 and ARF19 are expressed in the
stele tissues where /4414 is expressed (Fukaki et al.
2002; Okushima et al. 2005; Wilmoth et al. 2005), it is
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thought that the stabilized slr-1/iaal4 protein in the slr-1
mutant may repress ARF7/ARF19 functions through
interactions between domains III and IV. Indeed, IAA14
was shown to interact with ARF7 and ARF19 in the
yeast two-hybrid system (Fukaki et al. 2005), strongly
suggesting that ARF7 and ARF19 are partners of
SLR/IAA14 for LR initiation (Figure 3). Since the other
IAAs, including SHY2/IAA3, MSG2/IAA19, and IAA28
also interact with ARF7 and ARF19 in the yeast two-
hybrid assays (Tatematsu et al. 2004; Weijers et al. 2005;
Okushima, Fukaki and Tasaka, unpublished results),
these Aux/[AA proteins probably contribute to the
inactivation of ARF7/ARF19 function, thereby blocking
LR initiation with SLR/IAA14 (Figure 3). It will be
necessary to confirm whether these Aux/IAAs interact
with ARF7/ARF19 in planta, especially in the root
pericycle. However, there remains the possibility that the
other ARFs are also involved in LR initiation.

Auxin-responsive transcription mediated by
SLR/IAA14 and ARF7/ARF19 in LR initiation

The slr mutation blocks auxin-induced pericycle cell
divisions for LR initiation, indicating that auxin-

Auxin
Bind to auxin receptors
TIR1/AFB1/2/3
SCFTIR1/AFBs complexes

Ubiquitination and degradation
of Aux/IAAs

SLR/IAA14,
SHY2/IAA3, MSG2/IAA19, IAA28

Repress ARF activity

ARF7, ARF19

v
Activation of auxin-responsive LR initiation genes

\ 4
LR initiation

Figure 3. Auxin signaling pathway model for LR initiation. Auxin is
captured by TIR1/AFB1/2/3 auxin receptors. Auxin signals promote
the ubiquitination of Aux/IAAs through the SCFTRVAFBIZ3 g3
ubiquitin ligase complexes and degradation of Aux/IAAs by the 26S
proteasome. Degradation of Aux/IAAs (SLR/IAA14, SHY3/IAA3,
MSG2/1AA19, and IAA28), resulting in inactivation of ARF7/ARF19
function, allows ARF7/ARF19 to activate the target genes required for
LR initiation.

responsive transcription mediated by SLR/IAA14 is
important for LR initiation in Arabidopsis (Fukaki et al.
2002). These results strongly suggest that the stabilized
slr-1 protein inactivates the ARFs (probably ARF7 and
ARF19) that positively regulate LR initiation. Expression
profiling with DNA microarray analysis has shown
that the s/r mutation alters expression of many kinds of
genes (genes involved in cell cycle regulation, auxin-
biosynthesis, -metabolism, -transport, and -signaling)
(Vanneste et al. 2005). Target genes that trigger LR
initiation, and which are regulated by ARFs interacting
with SLR/IAA14 (probably ARF7 and ARF19; Figure 3)
should be present in the Arabidopsis genome. Global
expression analysis in the arf7 arfl9 double mutant using
DNA microarrays has also shown that both ARF7 and
ARF19 regulate transcription of many kinds of auxin-
responsive genes containing AuxRE in their promoters
(Okushima et al. 2005). Functional and expression
analyses of these candidates will give us the necessary
information to understand how ARF7/ARF19 promotes
LR initiation.

The role of tissue-specific auxin signaling
in LR development

Although LRs are initiated from the protoxylem
pericycle in Arabidopsis, it has not been shown which
tissues are important for auxin signaling in LR initiation,
nor where the individual signal events take place. To
understand the role of tissue-specific auxin signaling for
LR formation, transgenic Arabidopsis plants expressing
the stabilized slr-1/iaal4-GR (glucocorticoid receptor
hormone binding domain) fusion protein under the
control of tissue-specific promoters were analyzed in
detail (Fukaki et al. 2005). This study has shown that
expression of stabilized slr-1/iaal4-GR either in the stele
or specifically limited to the protoxylem pericycle blocks
LR initiation in a dexamethazone-dependent manner.
These results indicate that normal auxin signaling
mediated by ARFs and Aux/IAAs in the root stele,
especially in the protoxylem pericycle, is necessary for
LR initiation. In addition, expression of slr-1/iaal4-GR
under the control of either the ARF7 or ARFI19
promoters also blocked LR initiation (Fukaki et al.
2005). These results support the hypothesis that mIAA14
inactivates ARF7/ARF19 functions in the s/r mutant,
thereby blocking LR initiation. On the other hand,
ectopic expression of stabilized slr-1/iaal4-GR during
LR primordium formation under the control of the
SCARECROW promoter, which is expressed in the LR
primordium (Di Laurenzio et al. 1996; Malamy and
Benfey 1997a, 1997b), blocked normal LR primordial
formation during early stages, or caused aberrant LR
development with disorganized LR meristems (Fukaki et
al. 2005). These results indicate that normal auxin



signaling mediated by ARFs and Aux/IAAs in LR
primordia is also important for correct LR primordial
development (Fukaki et al. 2005). This conclusion posed
a new question as to how auxin signaling regulates LR
primordial development. It has been shown that auxin
signaling mediated by ARF5/MP and BDL/IAA12
regulate embryonic root formation during embryogenesis
(Hardtke and Berleth 1998; Hamman et al. 2002; Weijers
et al. 2005). Although it has not been determined
whether a similar auxin signaling pathway functions
during LR primordial development, further study with
the tissue-specific expression system of the stabilized
IAA protein will be helpful to understand the role of
auxin signaling in LR primordial development.

Perspectives

Auxin biosynthesis, metabolism, transport, and
signaling are important for LR formation. Of particular
note has been the discovery that LR initiation in
Arabidopsis is dependent on auxin signaling mediated
by SCFMRVAFBIZS auxin receptor complexes and the
transcriptional regulators ARF7/ARF19 and several
Aux/IAAs (SLR/TAA14, SHY3/IAA3, MSG2/1AA19,
and [AA28) (Figure 3). However, there are still
unanswered questions as to the details of LR
development in Arabidopsis: 1) what determines the LR
initiation sites along the root apical-basal axis, 2) why
are LRs initiated only from the protoxylem pericycle,
and not from the protophloem pericycle, 3) what kinds of
ARF7/ARF19-regulated genes contribute to initiate LRs,
and 4) how does auxin signaling control LR primordial
development? In order to identify the factors involved in
LR initiation, the suppressor mutants of s/r-/ that initiate
LRs in the s/r-1 background have been isolated (Fukaki
and Tasaka, unpublished results). Mutational analyses in
combination with global expression analyses should be
able to allow dissection of the regulatory pathways of
auxin-mediated LR formation.

Lateral root development in Arabidopsis is a good
model system to study the important issues in plant
biology, such as meristem and organ formation, plant
hormone signaling, cell fate determination, and cell
cycle regulation. Understanding the molecular basis of
Arabidopsis LR development will be invaluable for
understanding LR formation in other plant species, and
to provide the tools for modification of plant root
systems for efficient shoot growth and increasing crop
yield, particularly in drought, high salinity or other high-
stress environmental conditions.
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