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Abstract

Root branching happens through the formation of new meristems out of a limited number of pericycle cells
inside the parent root. As opposed to shoot branching, the study of lateral root formation has been
complicated due to its internal nature, and a lot of questions remain unanswered. However, due to the
availability of new molecular tools and more complete genomic data in the model species Arabidopsis, the
probability to find new and crucial elements in the lateral root formation pathway has increased.
Increasingly more data are supporting the idea that lateral root founder cells become specified in young
root parts before differentiation is accomplished. Next, pericycle founder cells undergo anticlinal asym-
metric, divisions followed by an organized cell division pattern resulting in the formation of a new organ.
The whole process of cell cycle progression and stimulation of the molecular pathway towards lateral root
initiation is triggered by the plant hormone auxin. In this review, we aim to give an overview on the
developmental events taking place from the very early specification of founder cells in the pericycle until the
first anticlinal divisions by combining the knowledge originating from classical physiology studies with new
insights from genetic-molecular analyses. Based on the current knowledge derived from recent genetic and
developmental studies, we propose here a hypothetical model for LRI.

Abbreviations: AGP, arabinogalactan protein; CDK, cyclin dependent kinase; KRP, Kip related protein;
LR, lateral root; LRI, lateral root initiation; RAM, root apical meristem

Introduction

During embryogenesis, both primary root apical
and shoot apical meristems are established, guar-
anteeing the tender growth of the seedling soon
after germination in the subterranean as well as
aerial environment. The success of the further
outgrowth of the seedling mainly depends on the
way root and shoot become capable of exploring
the environment. For this purpose, roots and
shoots branch intensively. Lateral branches in the
shoot develop from axillary buds, which are
derived from axillary meristems composed of cells

of the shoot apical meristem that never underwent
cell enlargement or vacuolation and, therefore, are
often regarded as detached meristems (Steeves and
Sussex, 1989). In this respect, a lateral branch in
the shoot has a clear developmental continuity
with the shoot apical meristem and its outgrowth
involves the activation of an existing meristem
rather than de novo conception of a new meristem.

At first sight, root branching differs fundamen-
tally from shoot branching, because no lateral
appendices and thus no axillary meristems or
axillary buds are formed at the root apical
meristem (RAM). In contrast, lateral roots (LRs)
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develop from a small group of pericycle cells (or
endodermis cells in ferns) situated deep inside the
parent root that are not associated with lateral
organs. The first visible events of LR formation
seem to occur at some distance from the growing
tip in the more mature part of the root (Casimiro
et al., 2001). Therefore, the pericycle cells involved
were originally considered as differentiated at the
moment of LR initiation (LRI). This characteristic
has produced the general concept that dedifferen-
tiation and renewal of cell division is required for
LRI. However, by using Arabidopsis thaliana (L.)
Heynh. as model system, new studies have found
evidence that the founder cells (those pericycle
cells that will initiate primordia) continue or stay
at least competent to divide after leaving the RAM
(Dubrovsky et al., 2000; Beeckman et al., 2001),
implying that dedifferentiation is not very com-
mon and root and shoot branching might not
differ fundamentally.

Another intriguing aspect of LR formation is
that only a limited number of pericycle cells
become specified as founder cells in a well-defined
spatial order. Although the elements involved in
founder cell specification are far from clarified,
LRI is unambiguously susceptible to a fine-tuned
endogenous control mechanism. LRs are regularly
spaced along the main root and neatly arranged on
longitudinal rows according to the internal vascu-
lar construction (Charlton, 1996, and references
therein).

Once specified and activated, the founder cells
undergo series of precisely oriented cell divisions,
giving rise to a LR primordium that will grow
through the cortex of the parent root. Based on the
division patterns involved, several developmental
stages have been defined and differentiation of the
different cell types seems to begin already at the
earliest stages (Malamy and Benfey, 1997). Final-
ly, the primordium will reach the root surface,
penetrate the epidermis, and start its life into the
soil environment. At the moment of emergence a
highly organized structure with differentiated cells
can be observed and a fully functional meristem is
established. Because of the endogenous origin of
LRs, the study of their formation has been
problematic and a lot of questions remain to be
answered.

Here, we aim at giving an overview on the
developmental events that take place from the very
early specification of founder cells in the pericycle

until the birth of the new meristem by combining
knowledge originating from classical physiology
studies and some new insights from genetic-molec-
ular analyses.

How is founder cell identity determined?

The first control point in LR formation is charac-
terized by the specification of founder cells in the
pericycle that will give rise to a LR primordium.
Unfortunately, this specification is imperceptible
and, to date, no marker genes are available that
could facilitate the study of this crucial event.
Thus, how, when, and where the founder cell
identity is laid down is unknown. Based on size
and placement of the LR primordia, it can be
deduced that in most species founder cell specifi-
cation happens in pericycle cells at the xylem poles.
According to Dubrovsky et al. (2000), approxi-
mately 11.3% of the divisions in the protoxylem
pericycle result in founder cell formation and,
hence, establish a lineage leading to LR formation.
Until now, there is no consensus on the number of
founder cells that contribute to LRI. The average
number has been estimated in several ways in
various species and no unique basic number
has been proposed: 24 (Davidson, 1965) or 162
(MacLeod and Thompson, 1979) for Vicia faba, 30
for Raphanus sativus (Blakely et al., 1982), around
11 (Laskowski er al., 1995) or a minimum of 3
(Dubrovsky et al., 2001) for Arabidopsis. No
mutants have been reported with differences in
founder cell specification and it is not known if
variation in the number of founder cells may affect
the size or shape of LRs, as is the case for leaves
(Byrne et al., 2001).

While there is no clarity on the number, even
less is known on the site in the root where
founder cells become specified. The first morpho-
logical and visible events that follow founder cell
specification are transverse and asymmetric divi-
sions that occur in most species far from the root
apex in a fully differentiated region, eventually
leading to the conclusion that founder cell spec-
ification also takes place in this part of the root.
However, under certain experimental conditions,
LRI could be induced very near the root tip
(Gladish and Rost, 1993; Baum et al., 1998).
Some species initiate spontaneously LR primordia
in the meristem itself (Mallory et al., 1970). In the



latter study the authors were unable to make the
distinction between the proliferative divisions of
the meristem and those involved in early primor-
dium formation.

Therefore, founder cell identity is most likely
specified in the RAM itself or at least in close
proximity of the tip. Whether the mechanisms
involved in the radial patterning of the meristem
itself play a role in this process is not clear.
Normal LRI still goes on in the sydra mutants that
present a defective radial pattern with supernu-
merous cell layers and aberrant vascular pattern-
ing in the root tip (Souter et al., 2004). Apparently,
in such roots with seriously disorganized RAMs,
normal specification of LR founder cells can still
proceed.

The pericycle as an ‘extended meristem’

The specification of LR founder cells in the root
apex does not at all concur with the generally
accepted idea that LRs are initiated by the
dedifferentiation of pericycle cells distal to the
meristem. Indeed, LRI has since long been con-
sidered to occur after re-entry of pericycle cells
into the cell cycle from an arrested G2 phase
(Blakely and Evans, 1979; Laskowski et al., 1995;
Malamy and Benfey, 1997).

However, during recent years, experimental
evidence is accumulating that argues against this
dedifferentiation concept. In maize seedlings, the
time interval between meristem exit and LRI by
pericycle cells was found to be relatively short
(Dubrovsky and Ivanov, 1984), leaving little, if
any, time for differentiation. Furthermore, in
Arabidopsis and Medicago sp., the pericycle has
been shown to have constitutive potency to divide,
because of the constitutive expression of at least
two core cell cycle genes, the cyclin-dependent
kinase CDKA;I and the cyclin CYCA2;1 (Beeck-
man et al., 2001; Roudier et al., 2003). Further-
more, pericycle cells have been observed that
actually continue to divide at either the xylem
(Arabidopsis thaliana, Pisum sativum, and Allium
cepa) or phloem poles (Daucus carota), depending
on the site of LRI (Lloret et al., 1989; Dubrovsky
et al., 2000). However, most of these divisions do
not result in LRI, and are purely proliferative.
Accordingly, based on the genetic and phenotypic
characterization of the a/f4-1 mutant (see also

873

below), DiDonato et al. (2004) have found evi-
dence that the pericycle shares properties with
meristems, i.e. the ability to continue cell division.
It was proposed that the ALF4 protein keeps the
pericycle in an indispensable mitosis-competent
state, because the alf4-1 mutant failed to express
CYCBI;1::GUS in the pericycle. The pericycle
would then play a central role in creating the
developmental plasticity needed for root system
development. Even at the cytological level, peri-
cycle cells at the xylem poles seem to exhibit
constitutively meristematic features, such as large
nuclei, small vacuoles and dense cytoplasm
(Himanen et al., 2004).

In conclusion, the protoxylem pole pericycle
cells most probably do not have to dedifferentiate
prior to LRI, but seem to be susceptible to rapid
division. Based on their undifferentiated nature,
the pericycle cells beyond the RAM could be called
an ‘extended meristem’, as proposed earlier by
Casimiro et al. (2003).

The first division of the founder cells or lateral
root initiation

After specification, pericycle founder cells proceed
to the second hallmark of LR formation, namely the
first formative division, which is generally equated
with LRI itself, because it represents the first visible
event. The orientation of these divisions is chiefly
transversal and anticlinal, immediately followed by
periclinal divisions. In earlier literature, usually
anticlinal and periclinal divisions were (or could)
not be distinguished with regard to LRI (Esau,
1965; Fahn, 1974). Yet, evidence is abundant that a
series of anticlinal divisions precede periclinal
divisions (Casimiro et al., 2003).

Cell divisions that give rise to daughter cells
with various fates are essential to generate the
multitude of different cell types present in multi-
cellular organisms. In plants, the control of the cell
division plane has traditionally been considered
important for the formation of regular patterns.
The onset of several developmental programs in
plants, such as embryogenesis and stomata forma-
tion, coincides with asymmetric divisions.

Clearly, during LRI, the first anticlinal divi-
sions are asymmetric and divide the pericycle
founder cells in unequally sized daughter cells.
Asymmetric division is probably the most
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common type of division at the onset of LRI,
because it has been observed in nearly all analyzed
species so far: Allium cepa (Casero et al., 1993),
Zea mays (Bell and McCully, 1970; Ashford and
McCully, 1973; Casero et al., 1995), Raphanus
sativus (Blakely et al., 1982), Lactuca sativa
(Zhang and Hasenstein, 1999), and Oryza sativa
(Kawata and Shibayama, 1965). Also, in Arabid-
opsis, it could be demonstrated that longitudinally
adjacent pericycle cells divide in such a manner
that two shorter cells are produced next to each
other (Casimiro et al., 2001; Figure 1A). These
two small daughter cells represent the center of a
future primordium. This type of LRI was desig-
nated ‘longitudinal bicellular’ (Dubrovsky et al.,
2001). However, Dubrovsky et al. (2001) also
described a ‘longitudinal unicellular’ initiation,
when only one pericycle cell becomes a founder
cell for the entire longitudinal extent of the LR
primordium. Nonetheless, this type of initiation
appears to be less common.

In Arabidopsis, the study of LRI is facilitated
through markers, such as the mitotic cyclin
CYCBI;I1::GUS for the first anticlinal division
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(Beeckman et al., 2001) and DR5::GUS for the
auxin response (Benkova et al., 2003). How the
positioning of the division plane is regulated
during LRI is still unclear. It is assumed that the
asymmetric division is preceded by a nuclear
migration, because nuclei displaced towards the
neighboring cell can be observed on longitudinal
sections during asymmetrical transverse divisions
(Casero et al., 1993). However, this nuclear move-
ment has not yet been proven in vivo.

In summary, within pericycle founder cells, the
nuclei are thought to move towards one end,
followed by an anticlinal asymmetric division of
the central smaller cell. The newly divided cells are
apparently susceptible to repolarizing stimuli,
because the asymmetric divisions result in the
formation of a new organ with a polarity perpen-
dicular to that of the original parent root.

The site of lateral root initiation

In most species, the origin of LR primordia is
distal to the main root apex in the differentiation

Figure 1. Morphological and anatomical characteristics of the pericycle and LRI in Arabidopsis. (A) The first visible manifestation
of LRI, i.e. the alignment of two short cells in the midst of two larger cells (cell walls are indicated with arrowheads). (B) Trans-
verse section through an emerging LR opposite the xylem pole. (C) Two distinct pericycle cell populations can be recognized, one
opposite the xylem pole (yellow) and one opposite the phloem pole (orange). Symbols: C, cortex; En, endodermis; Ep, epidermis;

Pe, pericycle; Ph, phloem; X, xylem.



zone, which seems to coincide with the appearance
of the first vascular elements, i.e. the protophloem
(Mallory et al., 1970), or the differentiating or
mature protoxylem (Charlton, 1996). However,
this spatial relationship with vascular tissue dif-
ferentiation is not a prerequisite for LRI, because
in a few species, such as Marsilea, Ceratopteris,
Eichornia, Pistia, Musa, Cucurbita (Dubrovsky
and Rost, 2003), and Cladopus javanicus (Koi and
Kato, 2003), LRI occurs within the RAM, where
no vascular tissue has differentiated yet.

The site of LRI appears to be controlled by the
RAM or at least a factor derived from it. The
removal of the root apex in various species could
stimulate LRI primarily in the region behind the
cutting site (McCully, 1975), which might proba-
bly be the result of the removal of an inhibitory
factor originating from the RAM. A few reports
suggested that the phytohormone cytokinin would
play this role during LRI (Torrey, 1962, Blakely
et al., 1972).

The most remarkable and least understood
aspect related to the LRI site is the circumferential
spacing around the parent root axis, hinting at a
tight relationship with the internal vascular struc-
ture. Indeed, in most species, the site of primordia
development is exclusively restricted to pericycle
cells opposite the xylem pole (e.g. Lactuca sativa
cv. Baijianye [Zhang and Hasenstein, 1999], Raph-
anus sativus [Casero et al., 1995], Helianthus
annuus [Casero et al., 1995], Pisum sativum [Lloret
et al., 1989], and Arabidopsis thaliana [Dubrovsky
et al., 2001]) (Figure 1B). However, several excep-
tions have been reported that form LRs at the
phloem poles, such as Daucus carota, Zea mays
(Casero et al., 1995), Triticum vulgare (Foard
et al., 1965), and Oryza sativa (Nishimura and
Maeda, 1982). It is striking that these exceptions
appear to belong mainly to monocotyledonous
species.

It is not clear what determines the specificity
for xylem or phloem pole, but this pattern also
occurs in species that initiate LRs in the endoder-
mis. In Marsilea quadrifolia (Lin and Raghavan,
1991) and the fern Ceratopteris richardii (Hou
et al., 2004), LRs arise from endodermis cells
located opposite the protoxylem poles within the
meristematic region of the parent root.

Obviously, the position of LRs in the vicinity of
a xylem pole must have an important develop-
mental advantage. Other processes also favor the
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xylem pole as initiation site. Root nodule forma-
tion (Heidstra et al., 1997) and nematode infection
(Golinowski et al., 1997) are strongly correlated
with the xylem. It can be assumed that a direct
contact with that part of the vascular transport
system might be beneficial for these processes,
because xylem is responsible for the root-shoot
transport of water and dissolved ions. Even when
the LR is initiated in front of the phloem, as is the
case for maize, the developing primordia encom-
pass two xylem strands later on (Bell and McCully,
1970), which might enhance the contact even
more. Another more mechanical interpretation
attributes a protecting function to the xylem in
offering resistance against the pressure exerted
upon the stele by the growing primordium (Barlow
et al., 2004).

The heterogeneous nature of the pericycle

As mentioned above, LRs are specifically initiated
at either the xylem or phloem pole. Several
detailed studies on the pericycle cell layer in
various species have suggested the existence of
two different cell types even before any sign of
LRI. In roots of Daucus carota, a species with
phloem pole-specific LRI, the pericycle is uniseri-
ate opposite the phloem and has two layers of cells
in front of the xylem pole (Casero et al., 1998).
In several species, the cells in front of the xylem
pole are shorter than those in front of the phloem
(Luxova, 1975; Blakely et al., 1982; Casero et al.,
1989a; Lloret et al., 1989; Dubrovsky et al., 2000).
Also pericycle cells at the xylem pole are more
radially expanded than those in front of the
phloem pole (Laskowski ez al., 1995). In addition,
some cytological features, i.e. the presence of
spherical granules in the cytoplasm in a part of
the pericycle cells and different affinities for methyl
blue staining, have been described, allowing the
recognition of alternating populations of cells in
the pericycle at a very early stage of differentiation
(Toriyama 1978a, 1978b). Additionally, structural
heterogeneities at the level of the cell surface of
pericycle cells have been observed. Using mono-
clonal antibodies for arabinogalactan proteins
(AGPs) and extensins, Knox etz al. (1989) and
Casero et al. (1998) have shown radial differences
within the pericycle of several species. In carrot,
AGPs have been specifically localized at the xylem
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pericycle and extensins in pericycle cells at the
phloem pole, whereas in pea, pericycle cells labeled
with anti-AGP have been found at the phloem
poles and with anti-extensin at the xylem pole.
AGPs and extensins might be essential in the
coordination of cell proliferation and cell expan-
sion, making them likely candidates to regulate the
cell diameter and meristematic status of the xylem
pole pericycle cells as opposed to those at the
phloem pole.

Also at the level of the distribution of plasmo-
desmata, phloem and xylem pole pericycle cells
differ. Although the entire pericycle seems to be
radially interconnected through plasmodesmata,
numerous plasmodesmatal connections between
the pericycle and the metaphloem companion cells
have been observed, while this was less apparent
between the pericycle and xylem tissues (Wright
and Oparka, 1997; Complainville et al., 2003).

In contrast to other cells generated by the
RAM, in Arabidopsis, pericycle cells adjacent to
the protoxylem poles of the vascular cylinder
continue to cycle without interruption during their
passage through the elongation and differentiation
zones (Dubrovsky et al., 2000; see above). The files
of shorter pericycle cells maintain a proliferative
activity for a greater period than the longer cells
(Rost et al., 1988; Casero et al., 1989b; Dubrovsky
et al., 2000). However, only some of the dividing
pericycle cells are committed to the asymmetric,
formative divisions that give rise to LR primordia
(Dubrovsky et al., 2000).

The above examples illustrate that the pericycle
is not at all homogenous and that clear differences
between the cells at either phloem or xylem pole
allow us to distinguish two populations within the
pericycle tissue layer (Figure 1C). However, it is
unclear what comes first. Are the differences
within the pericycle a demonstration of the
potency for LRI or does potency for LRI give
rise to these differences?

Auxin and the cell cycle at the onset of lateral
root initiation

So far, we have focused mainly on the structural and
cytological peculiarities of LRI. Plants tightly
control LRI because LRs are initiated at well-
defined positions (see above); but, through which
mechanism this happens is not yet fully understood.

Nevertheless, it is obvious that auxin plays a
dominant role in this process. The application
(Torrey, 1950; Himanen et al., 2002) and endoge-
nous overproduction (Boerjan et al., 1995; Celenza
et al., 1995; King et al., 1995) of auxin result in an
increase in the LR number. More recently, in-depth
analyses have strongly confirmed the role of auxin
during LRI. Firstly, Benkova et al. (2003) have
shown the presence of auxin and/or auxin response
just prior to and during the asymmetric division
with an auxin-responsive promoter, DR5::GUS.
Secondly, several other auxin-related genes are
expressed during LRI (Marchant et al., 2002;
Tatematsu et al., 2004). Thirdly, when auxin trans-
port is inhibited, LRI is also prevented (Casimiro
etal., 2001).

So, auxin is clearly required for the initial cell
divisions during LRI. How auxin interacts with
the cell cycle is the central theme of a review by
Vanneste et al. (2005). Here, we will briefly
summarize the most striking new findings
concerning this interaction.

Recently, Himanen et a/. (2002) have demon-
strated that auxin, while triggering LRI, connects
to the cell cycle at the Gl-to-S transition. This
specific interaction might coincide or even be
crucial for the determination of founder cell
identity. Although the majority of the different
components of the basic cell cycle machinery in
plants has been identified (De Veylder ef al., 2003),
it is not unambiguously clear which cell cycle genes
are primarily involved during LRI. One widely
accepted aspect is the high level of cell division
competence of the xylem pole pericycle cells, as
illustrated by the expression of the CDKA,1 gene
(Beeckman et al., 2001). It would be logic to
conclude that during LRI, auxin would directly
activate this CDKA;I with the anticlinal divisions
as a consequence. However, the activity of CDKs
is controlled at various levels such as phosphory-
lation, interaction with inhibitory and docking
proteins, and, last but not least, binding of a
cyclin-regulatory subunit. Therefore, cyclins are
the most patent factors to think of while searching
for auxin-induced CDK activity. Interestingly, in
mammals, the G1-to-S transition is initiated by the
de novo synthesis of D-type cyclins (Weinberg, 1995)
and D-type cyclin levels in Arabidopsis cell suspen-
sions are highly responsive to the addition of auxin
(Fuerst et al., 1996; Richard et al., 2002). On the
other hand, even at the CDK expression level itself,



auxin might induce cell division because the plant-
specific CDKBI;l seems to be induced by auxin
(Richard et al., 2002; Himanen et al., 2002). B-type
cyclins genes, such as CYCBI;I, expressed at the
initiation sites (Beeckman et al., 2001) might not be
primarily involved in the auxin-mediated cell cycle
activation; their expression is most probably the
consequence of reactivated cell division, which
would explain that ectopic expression of CYCBI, 1
driven by the CDKA, I promoter does not result in
enhanced LRI (Doerner et al., 1996). Besides these
putative positive regulators, a negative control,
exerted by CDK inhibitors or Kip-related proteins
(KRPs) plays a crucial, albeit less clear, role. The
KRP?2 gene is downregulated upon auxin treatment
and, when overexpressed, strongly reduces the LR
number (Himanen ef al., 2002). This gene is strongly
expressed in those regions where no LRI occurs, i.e.
in pericycle cells opposite a LRI site and at the
phloem poles, both in Arabidopsis and radish
(Himanen et al., 2002). However, until now, no
promoting effect upon LRI through a direct inter-
ference with cell cycle regulation has been detected.

The genetic analysis of lateral root initiation

Several approaches have been undertaken to
elucidate the genetic control of LRI, but genes
directly controlling LRI have not been identified
yet. We will give an overview of the outcome of
genetic research that uses mainly Arabidopsis as
model species.

Auxin plays a dominant role in LRI (see above)
and this characteristic feature has been successfully
exploited in several mutant screenings. As a result,
several mutants have been identified in auxin
signaling (axr mutants, tirl, msg2-1, shy?2), auxin
transport (auxl and pin mutants), and auxin
homeostasis (alfl, ydkl, dfil) with a distinct LR
phenotype (see Table 1, and references therein).
Because it is impossible to focus on all of the
identified mutants in the framework of this review,
we will restrict ourselves to those genes that, based
on the mutant phenotypes, might be directly
involved in LRI, more precisely the asymmetric
division that initiates a LR. It should be empha-
sized that LRI does not necessarily have to be
affected in mutants with a reduction in clearly
visible, outgrown LRs. A detailed examination of
the occurrence or absence of asymmetric divisions
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in the xylem pole pericycle is required before a
mutant can be categorized as LRI mutant. Such
analyses lack unfortunately in most of the mutants
described.

Most of the LR mutants (approximately 40%
of those listed in Table 1) are affected in a specific
part of the auxin pathway and their phenotypes
can usually be rescued or mimicked through auxin
application (Boerjan et al., 1995, Marchant et al.,
2002). In addition to the well-known auxin
mutants, several other mutants have also been
described with a defect in LRI. A more or less
equal number of mutants have a reduced or
increased number of LRs (Table 1).

Only two Arabidopsis mutants, sir-1 (Fukaki
et al., 2002) and alf4-1 (Celenza et al., 1995), are
not capable of initiating any LRs. In the sir-1
mutant, the AUX/IAA protein TAA14 is stabi-
lized, strongly inhibiting the auxin-signaling path-
way towards LRI, with a nearly complete
inhibition of the anticlinal division in the pericycle
and a complete block of the periclinal divisions in
the divided pericycle cells (Fukaki et al., 2002).

Recently, DiDonato et al. (2004) have shown
that ALF4 functions independently from auxin
signaling but is instead required to maintain the
pericycle in a mitosis-competent state needed for
LR formation. The competent state appears to be a
prerequisite for the very first asymmetric divisions,
because no such divisions and no CYCBI, I expres-
sion are observed in the mutant. Curiously, the
expression of CDKBI;1::GUS increases in the
alf4-1 pericycle, which might suggest a delay or
block of the cell cycle soon after DNA synthesis and
prior to the onset of CYCBI;I expression. Sec-
ondly, it puts forward the idea that auxin-indepen-
dent control mechanisms on cell cycle regulation are
operating just before the actual first divisions and
that the above described auxin-induced Gl-to-S
transition is only part of the story.

On the other hand, all induced cell cycle
activation in pericycle cells does not necessarily
have to result in LRI. In weak gnom alleles, the
whole pericycle shows a homogeneous prolifera-
tion when stimulated with auxin; however, the
mutants are not able to specifically trigger LRI
(Geldner et al., 2004). It is hypothesized that
GNOM would be a critical factor in determining
the polarity of the daughter cells through interfer-
ence with the localization of auxin efflux carriers
(PINs). This localization would canalize and
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accumulate auxin in some cells of the pericycle,
which, in turn, would proliferate and deplete auxin
from the adjacent cells, thus, inhibiting their
proliferation. This GNOM/PIN-mediated auxin
canalization might be the crucial factor in deter-
mining founder cell identity and/or the driving
force for the asymmetric divisions.

Most of our knowledge on the genetic control on
LR formation has been acquired from research on
dicotyledonous species. In monocots, only a small
number of mutants related to root formation have
been found (Table 1) and only one maize mutant,
Irtl, lacks LRs (Hochholdinger and Feix, 1998).
Interestingly, although all different types of early
postembryonic roots are completely devoid of LRs
in this mutant, the later formed crown roots on the
stem form LRs, indicating the presence of at least
two root-type or phase-specific pathways for LRI in
maize and maybe also in other monocots. The genes
corresponding to these mutants have not been
cloned yet, but these studies are useful to under-
stand the mechanism of root development in mono-
cots that might be at some point fundamentally
different from that in dicots.

Besides the dominant role of auxin, several
other hormones (cytokinins and abscisic acid) and
nutrients (nitrate, phosphate, and sugar) affect LR
formation (Table 1). As mentioned earlier LR
formation is not restricted to LRI (Malamy and
Benfey, 1997), so LR phenotypes can arise from
impeding other developmental stages. A few genes
involved in LR emergence have been described
(Hunter et al., 2003; Neuteboom et al., 2003). De
Smet et al. (2003) have shown that abscisic acid
prevents primordium outgrowth just after emer-
gence through an arrest in meristem activation.
Changes in nitrate and phosphate availability have
been found to affect LR formation and elongation
(Zhang and Forde, 1998; Williamson et al., 2001;
Linkohr et al., 2002). A mutation in one of the
genes that controls the above mentioned pathways
and stages might result in altered root architecture
(Table 1), although they are not necessarily
involved in LRI

Expression analysis of lateral root initiation
Several genes have been described that are

expressed in the pericycle and/or during early
LRI in several plant species (Keller and Lamb,

1989; Wyatt et al., 1993; Taylor and Scheuring,
1994; Williams and Sussex, 1995; Liu and Ekra-
moddoullah, 2003; Tan et al., 2003). However,
such small-scale expression analyses did not result
in the identification of important positive regula-
tors of LRI.

In addition to the ‘one-gene’ approaches, few
studies have been undertaken to analyze LRI on a
larger scale, by using cDNA substraction or
microarray analysis (Sussex er al., 1995; Neute-
boom et al., 1999; Himanen et al., 2004). All of the
approaches are again based on the knowledge that
auxin triggers LRI. Sussex er al. (1995), who
analyzed gene expression patterns in newly orga-
nizing radish LRs on the basis of two subtracted
cDNA libraries enriched for genes that are
expressed at specific times and stages in LR
development after auxin application, mainly iden-
tified ribosomal proteins. Neuteboom et al. (1999)
isolated and characterized ¢cDNA clones corre-
sponding with mRNAs that accumulate during
auxin-induced LR formation, e.g. AIR1, AIRS3,
AIR9 and AIRI12. Although most probably
involved at some point during LR formation,
these proteins appeared not to be crucial regula-
tors for LRI. For instance, AIR3 (a protein that
possesses all the characteristics of subtilisin-like
proteases) might weaken cell-to-cell connections
and thus facilitate LR emergence (Neuteboom
et al., 1999).

The genes identified in the above two approaches
obviously do not play a key regulatory role but are
required in starting up the basic machinery during
LRI or are involved at later stages of LR develop-
ment. To identify important genes involved in the
actual LRI process, a more targeted approach is
required. Recently, Himanen et al. (2004) per-
formed a broad-scale transcript profiling using a
LR-inducible system, in which most xylem pole
pericycle cells were synchronously activated by
auxin transport inhibition followed by auxin appli-
cation (Himanen er al., 2002). Of 4600 genes
analyzed, 906 significantly differentially regulated
genes were identified. Most of the key aspects in the
cascade towards LRI were present in this dataset,
which includes genes involved in auxin transport
and signaling (LAX3, IAA2, and IAA11), Gl-to-S
transition (E2Fa and Histone H4) and G2-to-M
transition (CYCBI;1, CYCB2;1, and CDKBI;1).
This transcript profiling study is the first report that
reflects the transcriptional changes during root
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branching in Arabidopsis and that might identify
key regulators. Notwithstanding the identification
of several core cell cycle genes involved in LRI, this
approach still gave an incomplete view, because it
was not performed on a genome-wide scale.

More focused genome wide approaches are
currently undertaken such as the use of mutants as
negative controls (S. Vanneste, unpublished data)
or tissue specific approaches (I. De Smet, unpub-
lished data) in broad-scale transcription profiling
studies. These strategies will allow us to narrow
down the number of potential players in LRI. So,
even though expression analyses on a larger scale
may result in the identification of several genes
involved in LRI, no functional correlation has
been successfully demonstrated yet.

Conclusion

Although the importance of (lateral) root research,
recently emphasized by Epstein (2004), and the
increasing interest of scientists in the hidden half
of the plant (Table 1), the key regulatory genes,
directly involved in promoting LRI, still have to be
identified. All the known mutants, transgenes, and
expression patterns taken together, it is clear that

the most progress has been made on the aspects of
auxin synthesis, polar transport, signal transduc-
tion, and degradation that affect LR development
but are not direct triggers of LRI. Various genes
involved in one of the above processes affecting
LR development have been described (Table 1).

Based on the current knowledge derived from
genetic and developmental studies described
above, we propose a hypothetical model for LRI
(Figure 2). Although the precise order, timing, and
localization of the several activities leading to LRI
are not fully determined, an early and maybe the
very first event is the specification of the LR
founder cells. How this is established is not
known, but it probably takes place in or nearby
the RAM. Secondly, the xylem pole pericycle cells
enter the S-phase, a process clearly induced by
auxin that coincides with an inhibition of cell
division at the phloem pole, as illustrated by the
KRP2 protein (Himanen et al., 2002).

After the DNA synthesis has been completed,
ALF4 is required to bring the cells in a mitosis-
competent state. Both the G1-to-S transition and
the achievement of the mitotic competence con-
trolled by ALF4 appear not to be restricted to a
small subset of pericycle cells at the xylem poles.
Based on cell cycle gene expression studies

i ? auxin
GNOM
) o T e And
ALF4 PIN1 e
Founder 9 Mediated Mediated
Cell Mitotic Auxin Asymmetric
specification G1-8 Competence Accumulation Division

— > > ¥ #
— e
o (o

Figure 2. Hypothetical model for LRI (for clarity, only one xylem pole pericycle cell file is partly depicted). From left to right, a
cascade of possible events is represented, the first event being the specification of the founder cells (1). Up to now, the initial trigger for
founder cell specification is unknown (as indicated by ‘?°). Secondly, part of or the whole cell file undergoes an auxin-induced G1-to-S
transition (2), which is followed by a premitotic phase mediated by ALF4 (3). Then, an auxin gradient is built up in the founder cells
through the GNOM-mediated targeting of the auxin efflux carrier PIN1 to particular cell walls (4). Finally, the asymmetric division is
initiated (5; thick line).



(Beeckman et al., 2001; DiDonato et al., 2004) and
the cytological meristematic properties of the
protoxylem pole pericycle cells, it is more than
likely that besides the LR founder cells other
pericycle cells are also kept in a cell division-
susceptible state. This state would explain the
capacity of plant roots to respond rapidly to
environmental signals by producing new LRs out
of the acropetal sequence. Finally, local auxin
accumulation in the founder cells is built up via the
GNOM/PIN1-controlled auxin efflux (Geldner
et al., 2004). This auxin accumulation is believed
to induce the asymmetric divisions of the founder
cells and represents the onset for LR formation. In
conclusion, LRI appears to depend on the inter-
play between auxin, cell cycle progression, cell
fate, and the developmental status of the pericycle.
When all these elements together are met in a few
cells, LRI can proceed.

Acknowledgements

The authors wish to thank Martine De Cock for
help in preparing the manuscript. This work was
supported by grants from the Interuniversity
Poles of Attraction-Belgian Science Policy (P5/
13). I.D.S. and S.V. are indebted to the “Vlaams
Instituut voor de Bevordering van het Wet-
enschappelijk-Technologisch Onderzoek in de
Industrie” for predoctoral fellowships.

References

Aida, M., Beis, D., Heidstra, R., Willemsen, V., Blilou, I.,
Galinha, C., Nussaume, L., Noh, Y.S., Amasino, R. and
Scheres, B. 2004. The PLETHORA genes mediate pattern-
ing of the Arabidopsis root stem cell niche. Cell 119: 109—
120.

Ashford, A.E. and McCully, M.E. 1973. Histochemical localiza-
tion of f-glycosidases in roots of Zea mays 111 f-glucosidase
activity in the meristems of lateral roots. Protoplasma 77:
411-425.

Baima, S., Possenti, M., Matteucci, A., Wisman, E., Altamura,
M.M., Ruberti, I. and Morelli, G. 2001. The Arabidopsis
ATHB-8 HD-zip protein acts as a differentiation-promoting
transcription factor of the vascular meristems. Plant Physiol.
126: 643-655.

Bak, S., Tax, F.E., Feldmann, K.A., Galbraith, D.W. and
Feyereisen, R. 2001. CYP83B1, a cytochrome P450 at the
metabolic branch point in auxin and indole glucosinolate
biosynthesis in Arabidopsis. Plant Cell 13: 101-111.

883

Barlier, 1., Kowalczyk, M., Marchant, A., Ljung, K., Bhalerao,
R., Bennett, M., Sandberg, G. and Bellini, C. 2000. The
SUR?2 gene of Arabidopsis thaliana encodes the cytochrome
P450 CYP83B1, a modulator of auxin homeostasis. Proc.
Natl. Acad. Sci. USA. 97: 14819-14824.

Barlow, P.W., Volkmann, D. and Baluska, F. 2004. Polarity
in roots. In: K. Lindsey (Ed.), Annual Plant Reviews,
Polarity in Plants, vol. 12, Blackwell Publishing Ltd, Oxford,
UK, pp. 192-241.

Baum, S.F., Karanastasis, L. and Rost, T.L. 1998. Morphoge-
netic effect of the herbicide Cinch on Arabidopsis thaliana
root development. J. Plant Growth Regul. 17: 107-117.

Beeckman, T., Burssens, S. and Inzé, D. 2001. The peri-cell-
cycle in Arabidopsis. J. Exp. Bot. 52: 403-411.

Bell, J.K. and McCully, M.E. 1970. A histological study of
lateral root initiation and development in Zea mays.
Protoplasma 70: 179-205.

Benjamins, R., Quint, A., Weijers, D., Hooykaas, P. and
Offringa, R. 2001. The PINOID protein kinase regulates
organ development in Arabidopsis by enhancing polar auxin
transport. Development 128: 4057-4067.

Benkova, E., Michniewicz, M., Sauer, M., Teichmann, T.,
Seifertova, D., Jiirgens, G. and Friml, J. 2003. Local, efflux-
dependent auxin gradients as a common module for plant
organ formation. Cell 115: 591-602.

Blakely, L.M. and Evans, T.A. 1979. Cell dynamics studies on the
pericycle of radish seedling roots. Plant Sci. Lett. 14: 79-83.

Blakely, L.M., Durham, M., Evans, T.A. and Blakely, R.M.
1982. Experimental studies on lateral root formation in radish
seedling roots. 1. General methods, developmantal stages, and
spontaneous formation of laterals. Bot. Gaz. 143: 341-352.

Blakely, L.M., Rodaway, S.J., Hollen, L.B. and Croker, S.G.
1972. Control and kinetics of branch root formation in
cultured segments of Haplopappus ravenii. Plant Physiol. 50:
35-42.

Boerjan, W., Cervera, M.-T., Delarue, M., Beeckman, T.,
Dewitte, W., Bellini, C., Caboche, M, Van Onckelen, H.,
Van Montagu, M. and Inzé, D. 1995. Superroot, a recessive
mutation in Arabidopsis, confers auxin overproduction.
Plant Cell 7: 1405-1419.

Brady, S.M., Sarkar, S.F., Bonetta, D. and McCourt, P. 2003.
The ABSCISIC ACID INSENSITIVE 3 (ABI3) gene is
modulated by farnesylation and is involved in auxin signaling
and lateral root development in Arabidopsis. PlantJ. 34: 67-75.

Byrne, M., Timmermans, M., Kidner, C. and Martienssen, R.
2001. Development of leaf shape. Curr. Opin. Plant Biol. 4:
38-43.

Casero, P.J., Casimiro, I. and Knox, P. 1998. Occurrence of cell
surface arabinogalactan-protein and extensin epitopes in
relation to pericycle and vascular tissue development in the
root apex of four species. Planta 204: 252-259.

Casero, P.J., Casimiro, I. and Lloret, P.G. 1995. Lateral root
initiation by asymmetrical transverse divisions of pericycle
cells in four plant species: bij Raphanus sativus, Helianthus
annuus, Zeamays and Daucus carota. Protoplasma 188: 49-58.

Casero, P.J., Casimiro, I., Rodriguez-Gallardo, L., Martin-
Partido, G. and Lloret, P.G. 1993. Lateral root initiation by
means of asymmetric transversal divisions of the pericycle
cells in adventitious roots of A/lium cepa. Protoplasma 176:
138-144.

Casero, P.J., Garcia-Sanchez, C., Lloret, P.G. and Navascués,
J. 1989a. Morphological features of pericycle cells in relation
to their topographical location in onion adventitious roots.
New Phytol. 112: 527-532.



884

Casero, P.J., Garcia-Sanchez, C., Lloret, P.G. and Navascués,
J. 1989b. Changes in cell length and mitotic index in vascular
pattern-related pericycle cell types along the apical meristem
and elongation zone of the onion root. Protoplasma 153:
85-90.

Casimiro, I., Beeckman, T., Graham, N., Bhalerao, R., Zhang,
H., Casero, P., Sandberg, G. and Bennett, M.J. 2003.
Dissecting Arabidopsis lateral root development. Trends
Plant Sci. 8: 165-171.

Casimiro, 1., Marchant, A., Bhalerao, R.P., Beeckman, T.,
Dhooge, S., Swarup, R., Graham, N., Inz¢é, D., Sandberg,
G., Casero, P.J. and Bennett, M. 2001. Auxin transport
promotes Arabidopsis lateral root initiation. Plant Cell 13:
843-852.

Celenza, J.L. Jr., Grisafi, P.L. and Fink, G.R. 1995. A pathway
for lateral root formation in Arabidopsis thaliana. Genes
Develop. 9: 2131-2142.

Charlton, W.A. 1996. Lateral root initiation. In: Y. Waisel, A.
Eshel and U. Kfkafi (Eds.), Plant Roots: The Hidden Half,
2nd ed., Marcel Dekker, New York, pp. 149-173.

Cheng, J.C., Seeley, K.A. and Sung, Z.R. 1995. RMLI and
RML2, Arabidopsis genes required for cell proliferation at
the root tip. Plant Physiol. 107: 365-376.

Chhun, T., Taketa, S., Tsurumi, S. and Ichii, M. 2003.
Interaction between two auxin-resistant mutants and their
effects on lateral root formation in rice (Oryza sativa L.).
J. Exp. Bot. 54: 2701-2708.

Christensen, S.K., Dagenais, N., Chory, J. and Weigel, D. 2000.
Regulation of auxin response by the protein kinase PINOID.
Cell 100: 469-478.

Complainville, A., Brocard, L., Roberts, 1., Dax, E., Sever, N.,
Sauer, N., Kondorosi, A., Wolf, S., Oparka, K. and Crespi, M.
2003. Nodule initiation involves the creation of a new
symplasmic field in specific root cells of medicago species.
Plant Cell 15: 2778-2791.

Cruz-Ramirez, A., Lopez-Bucio, J., Ramirez-Pimentel, G.,
Zurita-Silva, A., Sanchez-Calderon, L., Ramirez-Chavez,
E., Gonzalez-Ortega, E. and Herrera-Estrella, L. 2004. The
xipotl mutant of Arabidopsis reveals a critical role for
phospholipid metabolism in root system development and
epidermal cell integrity. Plant Cell 16: 2020-2034.

Davidson, D. 1965. Cytological chimeras in roots of Vicia faba.
Bot. Gaz. 126: 149-154.

De Smet, I., Signora, L., Beeckman, T., Inzé, D., Foyer,
C.H. and Zhang, H. 2003. An abscisic acid-sensitive
checkpoint in lateral root development of Arabidopsis.
Plant J. 33: 543-555.

De Veylder, L., Joubes, J. and Inzé, D. 2003. Plant cell cycle
transitions. Curr. Opin. Plant Biol. 6: 536-543.

Dean, G., Casson, S. and Lindsey, K. 2004. KNAT6 gene of
Arabidopsis is expressed in roots and is required for correct
lateral root formation. Plant Mol. Biol. 54: 71-84.

Delarue, M., Prinsen, E., Onckelen, H.V., Caboche, M. and
Bellini, C. 1998. Sur2 mutations of Arabidopsis thaliana
define a new locus involved in the control of auxin
homeostasis. Plant J. 14: 603—-611.

DiDonato, R.J., Arbuckle, E., Buker, S., Sheets, J., Tobar,
J., Totong, R., Grisafi, P., Fink, G.R. and Celenza, J.L.
2004. Arabidopsis ALF4 encodes a nuclear-localized pro-
tein required for lateral root formation. Plant J. 37:
340-353.

Doerner, P., Jorgensen, J.E., You, R., Steppuhn, J. and Lamb,
C. 1996. Control of root growth and development by cyclin
expression. Nature 380: 520-523.

Dubrovsky, J.G. and Rost, T.L. 2003. Lateral root initiation.
In: B. Thomas, D.J. Murphy and B.G. Murray (Eds.), Plant
Sciences Encyclopedia of Applied Plant Sciences, Academic
Press, pp. 1101-1107.

Dubrovsky, J.G. and Ivanov, V.B. 1984. Certain mechanisms of
lateral root initiation in germinating maize roots. Fiziol.
Biokhim. Kul’'t Rast. 16: 279-284.

Dubrovsky, J.G., Doerner, P.W., Colon-Carmona, A. and
Rost, T.L. 2000. Pericycle cell proliferation and lateral root
initiation in Arabidopsis. Plant Physiol. 124: 1648-1657.

Dubrovsky, J.G., Rost, T.L., Colon-Carmona, A. and Doerner,
P. 2001. Early primordium morphogenesis during lateral root
initiation in Arabidopsis thaliana. Planta 214: 30-36.

Epstein, E. 2004. Plant biologists need to get back to their
roots. Nature 430: 829.

Esau, K. 1965. Plant Anatomy., 2nd ed., Wiley, New York.

Fahn, A. 1974. Plant Anatomy., 2nd ed., Pergamon Press,
Oxford.

Faure, J.D., Vittorioso, P., Santoni, V., Fraisier, V., Prinsen,
E., Barlier, I., Van Onckelen, H., Caboche, M. and Bellini,
C. 1998. The PASTICCINO genes of Arabidopsis thaliana
are involved in the control of cell division and differentia-
tion. Development 125: 909-918.

Foard, D.E., Haber, A.H. and Fishman, T.N. 1965. Initiation
of lateral root primordia without completion of mitosis and
without cytokinesis in uniseriate pericycle cells. Am. J. Bot.
52: 580-590.

Fuerst, R.A.U.A., Soni, R., Murray, J.A.H. and Lindsay, K.
1996. Modulation of cyclin transcript levels in cultured cells
of Arabidopsis thaliana. Plant Physiol. 112: 1023-1033.

Fukaki, H., Tameda, S., Masuda, H. and Tasaka, M. 2002.
Lateral root formation is blocked by a gain-of-function
mutation in the SOLITARY-ROOT/|IAAI4 gene of Arabid-
opsis. Plant J. 29: 153-168.

Gaedeke, N., Klein, M., Kolukisaoglu, U., Forestier, C.,
Muller, A., Ansorge, M., Becker, D., Mamnun, Y., Kuchler,
K., Schulz, B., Mueller-Roeber, B. and Martinoia, E. 2001.
The Arabidopsis thaliana ABC transporter AtMRPS controls
root development and stomata movement. EMBO J. 20:
1875-1887.

Geldner, N., Richter, S., Vieten, A., Marquardt, S., Torres-Ruiz,
R.A.,Mayer, U. and Jiirgens, G. 2004. Partial loss-of-function
alleles reveal a role for GNOM in auxin transport-related,
post-embryonic development of Arabidopsis. Development
131: 389—400.

Gladish, D.K. and Rost, T.L. 1993. The effects of temperature
on primary root growth. Environ. Exp. Bot. 33: 243-258.
Golinowski, W., Sobczak, M., Kurek, W. and Grymaszewska,
G. 1997. The structure of syncytia. In: C. Fenoll, F.M.W.
Grundler and S.A. Ohl (Eds.), Kluwer Academic Publishers,

pp. 80-97.

Gray, W.M., Muskett, P.R., Chuang, H.W. and Parker, J.E.
2003. Arabidopsis SGT1b is required for SCF(TIR1)-medi-
ated auxin response. Plant Cell 15: 1310-1319.

Hegedus, D., Yu, M., Baldwin, D., Gruber, M., Sharpe, A.,
Parkin, 1., Whitwill, S. and Lydiate, D. 2003. Molecular
characterization of Brassica napus NAC domain transcrip-
tional activators induced in response to biotic and abiotic
stress. Plant Mol. Biol. 53: 383-397.

Heidstra, R., Yang, W.C., Yalcin, Y., Peck, S., Emons, A.M., van
Kammen, A. and Bisseling, T. 1997. Ethylene provides
positional information on cortical cell division but is not
involved in Nod factor-induced root hair tip growth in
Rhizobium-legume interaction. Development 124: 1781-1787.



Himanen, K., Boucheron, E., Vanneste, S., de Almeida Engler,
J., Inzé, D. and Beeckman, T. 2002. Auxin-mediated cell
cycle activation during early lateral root initiation. Plant Cell
14: 2339-2351.

Himanen, K., Vuylsteke, M., Vanneste, S., Vercruysse, S.,
Boucheron, E., Alard, P., Chriqui, D., Van Montagu, M.,
Inzé, D. and Beeckman, T. 2004. Transcript profiling of early
lateral root initiation. Proc. Natl. Acad. Sci. USA 101: 5146—
5151.

Hobbie, L. and Estelle, M. 1995. The axr4 auxin-resistant
mutants of Arabidopsis thaliana define a gene important
for root gravitropism and lateral root initiation. Plant J. 7:
211-220.

Hobbie, L., McGovern, M., Hurwitz, L.R., Pierro, A., Liu, N.Y .,
Bandyopadhyay, A. and Estelle, M. 2000. The axr6 mutants of
Arabidopsis thaliana define a gene involved in auxin response
and early development. Development 127: 23-32.

Hochholdinger, F. and Feix, G. 1998. Early post-embryonic
root formation is specifically affected in the maize mutant
Irtl. Plant J. 16: 247-255.

Hochholdinger, F., Park, W.J. and Feix, G.H. 2001. Cooperative
action of SLR1 and SLR2 is required for lateral root-specific
cell elongation in maize. Plant Physiol. 125: L1529-L1539.

Hou, G., Hill, J.P. and Blancaflor, E.B. 2004. Developmental
anatomy and auxin response of lateral root formation in
Ceratopteris richardii. J. Exp. Bot. 55: 685-693.

Hu, Y.X., Wang, Y.X., Liu, X.F. and Li, J.Y. 2004. Arabidopsis
RAV1 is down-regulated by brassinosteroid and may act as a
negative regulator during plant development. Cell Res. 14:
8-15.

Hunter, C.A., Aukerman, M.J., Sun, H., Fokina, M. and
Poethig, R.S. 2003. PAUSED encodes the Arabidopsis
exportin-t ortholog. Plant Physiol. 132: 2135-2143.

Kanyuka, K., Praekelt, U., Franklin, K.A., Billingham, O.E.,
Hooley, R., Whitelam, G.C. and Halliday, K.J. 2003.
Mutations in the huge Arabidopsis gene BIG affect a range
of hormone and light responses. Plant J. 35: 57-70.

Karlowski, W.M. and Hirsch, A.M. 2003. The over-expression
of an alfalfa RING-H2 gene induces pleiotropic effects on
plant growth and development. Plant Mol. Biol. 52: 121-133.

Kawata, S. and Shibayama, H. 1965. On the lateral root
primordia formation in the crown roots of rice plants. Proc.
Crop Sci. Soc. Jpn. 33: 423-431.

Keller, B. and Lamb, C.J. 1989. Specific expression of a novel
cell wall hydroxyproline-rich glycoprotein gene in lateral
root initiation. Genes Dev. 3: 1639-1646.

Kim, S.H., Arnold, D., Lloyd, A. and Roux, S.J. 2001.
Antisense expression of an Arabidopsis ran binding protein
renders transgenic roots hypersensitive to auxin and alters
auxin-induced root growth and development by arresting
mitotic progress. Plant Cell 13: 2619-2630.

King, J.J., Stimart, D.P., Fisher, R.H. and Bleecker, A.B. 1995.
A mutation altering auxin homeostasis and plant morphol-
ogy in Arabidopsis. Plant Cell 7: 2023-2037.

Knox, J.P., Day, S. and Roberts, K. 1989. A set of cell surface
glycoproteins forms an early marker of cell position, but not
cell type, in the root apical meristem of Daucus carota L.
Development 106: 47-56.

Koi, S. and Kato, M. 2003. Comparative developmental
anatomy of the root in three species of Cladopus (Podo-
stemaceae). Ann. Bot. 91: 927-937.

Krusell, L., Madsen, L.H., Sato, S., Aubert, G., Genua, A.,
Szczyglowski, K., Duc, G., Kaneko, T., Tabata, S., de
Bruijn, F., Pajuelo, E., Sandal, N. and Stougaard, J. 2002.

885

Shoot control of root development and nodulation is
mediated by a receptor-like kinase. Nature 420: 422-426.
Lally, D., Ingmire, P., Tong, H.Y. and He, Z.H. 2001.
Antisense expression of a cell wall-associated protein kinase,
WAKA4, inhibits cell elongation and alters morphology. Plant

Cell 13: 1317-1331.

Laskowski, M.J., Williams, M.E., Nusbaum, H.C. and Sussex,
ILM. 1995. Formation of lateral root meristems is a
two-stage process. Development 121: 3303-3310.

Li, H., Shen, J.J., Zheng, Z.L., Lin, Y. and Yang, Z. 2001. The
Rop GTPase switch controls multiple developmental
processes in Arabidopsis. Plant Physiol. 126: 670-684.

Lin, B.L. and Raghavan, V. 1991. Lateral root initiation in
Marsilea quadrifolia. 1. Origin and histogensis of lateral
roots. Can. J. Bot. 69: 123-135.

Lincoln, C., Britton, J.H. and Estelle, M 1990. Growth and
development of the axr! mutants of Arabidopsis. Plant Cell
2: 1071-1080.

Linkohr, B.I., Williamson, L.C., Fitter, A.H. and Leyser, H.M.
2002. Nitrate and phosphate availability and distribution
have different effects on root system architecture of Arabid-
opsis. Plant J. 29: 751-760.

Liu, J.J. and Ekramoddoullah, A.K. 2003. Root-specific
expression of a western white pine PR10 gene is mediated
by different promoter regions in transgenic tobacco. Plant
Mol. Biol. 52: 103-120.

Liu, W., Xu, Z.H., Luo, D. and Xue, H-W. 2003. Roles of
OsCKIl1, a rice casein kinase I, in root development and
plant hormone sensitivity. Plant J. 36: 189-202.

Lloret, P.G., Pulgarin, A. and Navascués, J. 1989. The
behaviour of two cell populations in the pericycle of Allium
cepa, Pisum sativum, and Daucus carota during early lateral
root development. Ann. Bot. 63: 465-475.

Luxova, M. 1975. Some aspects of the differentiation of
primary root tissues. In: J.G. Torrey and D.T. Clarkson
(Eds.), The Development and Function of Roots, Academic
press, New York, pp. 73-90.

MacLeod, R.D. and Thompson, A. 1979. Development of
lateral root primordia in Vicia faba, Pisum sativum, Zea
mays and Phaseolus vulgaris: rates of primordium formation
and cell doubling times. Ann. Bot. 44: 435-449.

Magidin, M., Pittman, J.K., Hirschi, K.D. and Bartel, B. 2003.
ILR2, a novel gene regulating IAA conjugate sensitivity and
metal transport in Arabidopsis thaliana. Plant J. 35: 523-534.

Mabher, E.P. and Martindale, S.J. 1980. Mutants of Arabidopsis
thaliana with altered responses to auxins and gravity.
Biochem. Genet. 18: 1041-1053.

Malamy, J.E. and Benfey, P.N. 1997. Organization and cell
differentiation in lateral roots of Arabidopsis thaliana.
Development 124: 33-44.

Malamy, J.E. and Ryan, K.S. 2001. Environmental regulation
of lateral root initiation in Arabidopsis. Plant Physiol. 127:
899-909.

Mallory, T.E., Chiang, S., Cutter, E.G. and Gifford, E.M. Jr
1970. Sequence and pattern of lateral root formation in five
selected species. Am. J. Bot. 57: 800-809.

Marchant, A., Bhalerao, R., Casimiro, I., Eklof, J., Casero,
P.J., Bennett, M. and Sandberg, G. 2002. AUXI1 promotes
lateral root formation by facilitating indole-3-acetic acid
distribution between sink and source tissues in the
Arabidopsis seedling. Plant Cell 14: 589-597.

McCully, M.E. 1975. The development of lateral roots. In: J.G.
Torrey and D.T. Clarkson (Eds.), The Development and
Function of Roots, Academic Press, pp. 105-124.



886

Mikami, Y., Horiike, G., Kuroyanagi, M., Noguchi, H.,
Shimizu, M., Niwa, Y. and Kobayashi, H. 1999. Gene for
a protein capable of enhancing lateral root formation. FEBS
Lett. 451: 45-50.

Muday, G.K., Lomax, T.L. and Rayle, D.L. 1995. Character-
ization of the growth and auxin physiology of roots of the
tomato mutant, diageotropica. Planta 195: 548-553.

Nakazawa, M., Yabe, N., Ichikawa, T., Yamamoto, Y.Y.,
Yoshizumi, T., Hasunuma, K. and Matsui, M. 2001. DFLI,
an auxin-responsive GH3 gene homologue, negatively reg-
ulates shoot cell elongation and lateral root formation, and
positively regulates the light response of hypocotyl length.
Plant J. 25: 213-221.

Neuteboom, L.W., Ng, J.M., Kuyper, M., Clijdesdale, O.R.,
Hooykaas, P.J. and van der Zaal, B.J. 1999. Isolation and
characterization of cDNA clones corresponding with
mRNAs that accumulate during auxin-induced lateral root
formation. Plant Mol. Biol. 39: 273-287.

Nishimura, S. and Maeda, E. 1982. Cytological studies on
differentiation and dedifferentiation in pericycle cells of
excised rice roots. Jpn. J. Crop Sci. 51: 553-560.

Nodzon, L.A., Xu, W.H., Wang, Y., Pi, L.Y., Chakrabarty, P.K.
and Song, W.Y. 2004. The ubiquitin ligase XBAT32 regulates
lateral root development in Arabidopsis. Plant J. 40: 996—1006.

Oyama, T., Shimura, Y. and Okada, K. 1997. The Arabidopsis
HYS5 gene encodes a bZIP protein that regulates stimulus-
induced development of root and hypocotyl. Genes Dev. 11:
2983-2995.

Pfluger, J. and Zambryski, P. 2004. The role of SEUSS in auxin
response and floral organ patterning. Development 131:
4697-4707.

Poupart, J. and Waddell, C.S. 2000. The rib1 mutant is resistant
to indole-3-butyric acid, an endogenous auxin in
Arabidopsis. Plant Physiol. 124: 1739-1751.

Rampey, R.A., LeClere, S., Kowalczyk, M., Ljung, K., Sand-
berg, G. and Bartel, B. 2004. A family of auxin-conjugate
hydrolases that contributes to free indole-3-acetic acid levels
during Arabidopsis germination. Plant Physiol. 135: 978-988.

Rashotte, A.M., DeLong, A. and Muday, G.K. 2001. Genetic
and chemical reductions in protein phosphatase activity alter
auxin transport, gravity response, and lateral root growth.
Plant Cell 13: 1683-1697.

Richard, C., Lescot, M., Inzé, D. and De Veylder, L. 2002.
Effect of auxin, cytokinin, and sucrose on cell cycle gene
expression in Arabidopsis thaliana cell suspension cultures.
Plant Cell Tiss. Org. 69: 167-176.

Rogg, L.E., Lasswell, J. and Bartel, B. 2001. A gain-of-function
mutation in TAA28 suppresses lateral root development.
Plant Cell 13: 465-480.

Rost, T.L., Jones, T.J. and Falk, R.H. 1988. Distribution and
relationship of cell division and maturation events in Pisum
sativum (Fabaceae) seedling roots. Am. J. Bot. 75: 1571-1583.

Roudier, F., Fedorova, E., Lebris, M., Lecomte, P., Gyorgyey,
J., Vaubert, D., Horvath, G., Abad, P., Kondorosi, A. and
Kondorosi, E. 2003. The Medicago species A2-type cyclin is
auxin regulated and involved in meristem formation but
dispensable for endoreduplication-associated developmental
programs. Plant Physiol. 131: 1091-1103.

Ruegger, M., Dewey, E., Gray, W.M., Hobbie, L., Turner, J.
and Estelle, M. 1998. The TIRI protein of Arabidopsis
functions in auxin response and is related to human SKP2
and yeast grrlp. Genes Dev. 12: 198-207.

Ruegger, M., Dewey, E., Hobbie, L., Brown, D., Bernasconi,
P., Turner, J., Muday, G. and Estelle, M. 1997. Reduced

naphthylphthalamic acid binding in the #ir3 mutant of
Arabidopsis is associated with a reduction in polar auxin
transport and diverse morphological defects. Plant Cell 9:
745-757.

Sawa, S., Ohgishi, M., Goda, H., Higuchi, K., Shimada, Y.,
Yoshida, S. and Koshiba, T. 2002. The HAT2 gene, a
member of the HD-Zip gene family, isolated as an auxin
inducible gene by DNA microarray screening, affects auxin
response in Arabidopsis. Plant J. 32: 1011-1022.

Scanlon, M.J., Henderson, D.C. and Bernstein, B. 2002.
SEMAPHOREI! functions during the regulation of ances-
trally duplicated knox genes and polar auxin transport in
maize. Development 129: 2663-2673.

Souter, M.A., Pullen, M.L., Topping, J.F., Zhang, X. and
Lindsey, K. 2004. Rescue of defective auxin-mediated gene
expression and root meristem function by inhibition of
ethylene signalling in sterol biosynthesis mutants of Arabid-
opsis. Planta 219: 773-783.

Steeves, T.A. and Sussex, I.M. 1989. Patterns in Plant Devel-
opment., 2nd.nd ed., Cambridge University Press .

Steindler, C., Matteucci, A., Sessa, G., Weimar, T., Ohgishi,
M., Aoyama, T., Morelli, G. and Ruberti, I. 1999. Shade
avoidance responses are mediated by the ATHB-2 HD-zip
protein, a negative regulator of gene expression. Develop-
ment 126: 4235-4245.

Subramanian, S., Rajagopal, B. and Rock, C.D. 2002. Harle-
quin (hlq) and short blue root (sbr), two Arabidopsis mutants
that ectopically express an abscisic acid- and auxin-inducible
transgenic carrot promoter and have pleiotropic effects on
morphogenesis. Plant Mol. Biol. 49: 93-105.

Sussex, .M., Godoy, J.A., Nancy, M.K., Laskowski, M.J.,
Nusbaum, H.C., Welsch, J.A. and Williams, M.E. 1995.
Cellular and molecular events in a newly organizing
lateral root meristem. Phil. Trans. R. Soc. Lond. B. 350:
39-43.

Takase, T., Nakazawa, M., Ishikawa, A., Kawashima, M.,
Ichikawa, T., Takahashi, N., Shimada, H., Manabe, K. and
Matsui, M. 2004. ydkI-D, an auxin-responsive GH3 mutant
that is involved in hypocotyl and root elongation. Plant J.
37: 471-483.

Tan, B.C., Joseph, L.M., Deng, W.T., Liu, L., Li, Q.B., Cline,
K. and McCarty, D.R. 2003. Molecular characterization of
the Arabidopsis 9-cis epoxycarotenoid dioxygenase gene
family. Plant J. 35: 44-56.

Tatematsu, K., Kumagai, S., Muto, H., Sato, A., Watahiki,
M. K., Harper, R.M., Liscum, E. and Yamamoto, K.T. 2004.
MASSUGU?2 encodes Aux/IAA19, an auxin-regulated pro-
tein that functions together with the transcriptional activator
NPH4/ARF7 to regulate differential growth responses of
hypocotyl and formation of lateral roots in Arabidopsis
thaliana. Plant Cell 16: 379-393.

Taylor, B.H. and Scheuring, C.F. 1994. A molecular marker for
lateral root initiation: the RSI-1 gene of tomato
(Lycopersicon esculentum Mill) is activated in early lateral
root primordia. Mol. Gen. Genet. 243: 148-157.

Tian, C.E., Muto, H., Higuchi, K., Matamura, T., Tatematsu,
K., Koshiba, T. and Yamamoto, K.T. 2004. Disruption and
overexpression of auxin response factor 8 gene of Arabidop-
sis affect hypocotyl elongation and root growth habit,
indicating its possible involvement in auxin homeostasis in
light condition. Plant J. 40: 333-343.

Tian, Q. and Reed, J.W. 1999. Control of auxin-regulated root
development by the Arabidopsis thaliana SHY2/IAA3 gene.
Development 126: 711-721.



To, J.P., Haberer, G., Ferreira, F.J., Deruere, J., Mason, M.G.,
Schaller, G.E., Alonso, J.M., Ecker, J.R. and Kieber, J.J.
2004. Type-A Arabidopsis response regulators are partially
redundant negative regulators of cytokinin signaling. Plant
Cell 16: 658-671.

Toriyama, H. 1978a. Observational and experimental studies of
the meristem of leguminous plants 1. Effects of acetylcholine,
red light and far-red light upon the protoplasts of root tip
meristem. Cytologia 43: 325-337.

Toriyama, H. 1978b. Observational and experimental studies of
the meristem of leguminous plants II. Differentiation of the
pericycle in the root tips of Pisum sativum. Cytologia 43:
705-716.

Torrey, J.G. 1950. The induction of lateral roots by indoleacetic
acid and root decapitation. Am. J. Bot. 37: 257-264.

Torrey, J.G. 1962. Auxin and purine interactions in lateral root
initiation in isolated pea root segments. Physiol. Plant. 15:
177-185.

Ullah, H., Chen, J.G., Temple, B., Boyes, D.C., Alonso, J.M.,
Davis, K.R., Ecker, J.R. and Jones, A.M. 2003. The beta-
subunit of the Arabidopsis G protein negatively regulates
auxin-induced cell division and affects multiple developmen-
tal processes. Plant Cell 15: 393-409.

Vanneste, S., Maes, L., De Smet, 1., Himanen, K., Naudts, M.,
Inzé, D. and Beeckman, T. 2005. Auxin regulation of cell cycle
and its role during lateral rootinitiation. Physiol. Plant 123(2):
139-146.

Weinberg, R.A. 1995. The retinoblastoma protein and cell cycle
control. Cell 81: 323-330.

Werner, T., Motyka, V., Laucou, V., Smets, R., Van
Onckelen, H. and Schmulling, T. 2003. Cytokinin-deficient
transgenic Arabidopsis plants show multiple developmental
alterations indicating opposite functions of cytokinins in
the regulation of shoot and root meristem activity. Plant
Cell 15: 2532-2550.

Willemsen, V., Wolkenfelt, H., Vrieze, G.de, Weisbeek, P. and
Scheres, B. 1998. The HOBBIT gene is required for
formation of the root meristem in the Arabidopsis embryo.
Development 125: 521-531.

887

Williams, M.E. and Sussex, [.M. 1995. Developmental regula-
tion of ribosomal protein L16 genes in Arabidopsis thaliana.
Plant J. 8: 65-76.

Williamson, L.C., Ribrioux, S.P., Fitter, A.H. and Leyser,
H.M. 2001. Phosphate availability regulates root system
architecture in Arabidopsis. Plant Physiol. 126: 875-882.

Wright, K.M. and Oparka, K.J. 1997. Metabolic inhibitors
induce symplastic movement of solutes from the transport
phloem of Arabidopsis roots. J. Exp. Bot. 48: 1807-1814.

Wyatt, R.E., Ainley, W.M., Nagao, R.T., Conner, T.W. and
Key, J.L. 1993. Expression of the Arabidopsis AtAux2-11
auxin-responsive gene in transgenic plants. Plant Mol. Biol.
22: 731-749.

Xie, Q., Frugis, G., Colgan, D. and Chua, N.H. 2000. Arabid-
opsis NACI transduces auxin signal downstream of TIR1 to
promote lateral root development. Genes Dev. 14: 3024-3036.

Xie, Q., Guo, H.S., Dallman, G., Fang, S., Weissman, A.M.
and Chua, N.H. 2002. SINATS promotes ubiquitin-related
degradation of NACI to attenuate auxin signals. Nature
419: 167-170.

Yang, X., Lee, S., So, J.H., Dharmasiri, S., Dharmasiri, N., Ge,
L., Jensen, C., Hangarter, R., Hobbie, L. and Estelle, M.
2004. The IAA1 protein is encoded by AXRS5 and is a
substrate of SCFTIRI1. Plant J. 40: 772-782.

Zhang, H. and Forde, B.G. 1998. An Arabidopsis MADS box
gene that controls nutrient-induced changes in root archi-
tecture. Science 279: 407-409.

Zhang, H. and Forde, B.G. 2000. Regulation of Arabidopsis root
development by nitrate availability. J. Exp. Bot. 51: 51-59.
Zhang, H., Jennings, A., Barlow, P.W. and Forde, B.G. 1999.
Dual pathways for regulation of root branching by nitrate.

Proc. Natl. Acad. Sci. USA 96: 6529-6534.

Zhang, N. and Hasenstein, K.H. 1999. Initiation and elonga-
tion of lateral roots in Lactuca sativa. Int. J. Plant Sci. 160:
511-519.

Zolman, B.K., Silva, I.D. and Bartel, B. 2001. The Arabidopsis
pxal mutant is defective in an ATP-binding cassette trans-
porter-like protein required for peroxisomal fatty acid beta-
oxidation. Plant Physiol. 127: 1266-1278.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


