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Abstract

The locations in which lateral roots arise are determined by local peaks of auxin response driven by whole-plant 
physiology. The architecture of a plant root system adapts it to the conditions in which it grows: large shoot systems 
demand large root systems, and growth in soils that have low or patchy nutrient distributions is often best managed 
by non-uniform patterns of root branching. It is not surprising then that the regulation of lateral root spacing is respon-
sive to a wide array of stimuli. Molecular genetic studies have outlined a mechanism by which multiple modules of 
auxin response in specific cell types drive lateral root initiation. These peaks of auxin responsiveness are functionally 
controlled by the growth of the plant and the changing environmental conditions it experiences. Thus, the process of 
lateral root initiation, which depends on strong local auxin response, is globally mediated.
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Introduction

The architecture of plant root systems is highly variable. It 
depends on many factors including the density of branching 
and the location(s) in which the branches form. Maintaining 
flexibility as to where branch roots are positioned allows 
plants to adapt to a wide range of environmental conditions. 
This overcomes some of the potential disadvantages of being 
rooted in place. Flexibility in formation of the root system 
also allows plants to coordinate the extent of the under-
ground system with the mechanical and nutritional needs of 
the above-ground portion of the plant. This review focuses on 
what has been learned about the mechanisms that establish 
the pattern of lateral root (LR) placement along the main 
root in the model plant Arabidopsis thaliana.

A large body of  work has indicated that auxin, a plant 
hormone that impacts many aspects of  plant development, 
is a primary regulator of  lateral root initiation (LRI). Plants 
that are treated with auxin or that overproduce it form 
more LRs, while plants that are impaired in auxin signal-
ling form fewer (for a review, see Fukaki et al., 2007). The 
role of  auxin, however, is not simple. Auxin is involved in 

many of  the steps that occur prior to the asymmetric cell 
divisions that mark the formation of  lateral root primordia 
(LRP) (De Smet et al., 2010). Additionally, both the level of 
auxin and the plants’ ability to respond to it are controlled 
by events that are distributed throughout the plant body. The 
probability of  forming an LR at any given location along the 
longitudinal axis of  the parent root thus resembles the prob-
ability of  a crowd gathering for an event at a given place and 
time. The likelihood varies depending on the ability of  the 
participants to arrive at the location, which in turn depends 
on fluctuations in traffic that are linked to the size of  the 
city and such discrete events as football games or road con-
struction that alter the flow of traffic in local regions. The 
tendency to gather is also affected by the presence of  ticket-
takers, people who interact with those who arrive, and per-
mit the assembly to occur. This review is thus divided into 
three sections: a first which traces the sequence of  molecular 
events that lead to LR formation in relation to the locations 
in which they occur, a second that addresses how nutrients 
regulate the response generally though not exclusively by 
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altering sensitivity to auxin, and, finally, a consideration of 
factors that control auxin levels. This last section will empha-
size the emerging realization that auxin flow from the shoot 
and from the root tip varies in time and space. An alternative 
model that is not based on changes in auxin response is also 
discussed. Work in the field of  LRI has truly blossomed in 
the past few years and it has not been possible to include all 
of  it; apologies are given to all those whose work has been 
omitted.

The location of LRI is governed by several 
clear rules

While the position in which LRs form can and does vary, 
some aspects of positioning appear to be controlled by fixed 
rules. These are especially clear in the radial dimension.

Radial positioning is limited to the xylem pole pericycle

LRs arise from the pericycle, a ring of  cells just interior 
to the endodermis. The radial position is restricted to cells 
that are located adjacent to the large protoxylem elements, 
the xylem pole pericycle (XPP) (Parizot et al., 2008). These 
XPP cells form two longitudinal files within the root, each 
of  which has some meristematic properties. When root 
explants are cultured on shoot-inducing medium, divisions 
in the XPP give rise to shoot meristems, with longitudinal 
spacing similar to that of  LRP, supporting the view that 
XPP cells retain a high potential for organogenesis with-
out being entirely committed to LR formation (Atta et al., 
2009). Gene expression in the XPP shows a much larger 
commonality between the XPP and the protoxylem cells 
than would be expected by chance alone, perhaps reflect-
ing their common origin (Parizot et  al., 2012). Together, 
the data indicate that LRI in unmodified, wild-type roots is 
restricted to a single cell type.

LRI occurs on the outer, convex side of curves

LRs frequently emerge on curves, and, when they do so, they 
are always on the outer, convex side (DeSmet et  al., 2007; 
Ditengou et al., 2008; Laskowski et al., 2008; Richter et al., 
2009). Unlike many rules in biology that are really just mod-
estly increased tendencies for one outcome over another, the 
side of a curve on which LRs emerge is essentially invariant, 
and remains so even in PIN mutants that affect the pattern of 
auxin transport within the root (Laskowski et al., 2008). This 
suggests that a robust developmental pathway focuses LRI on 
the convex side of curves.

Zone of inhibition

Studies on the longitudinal spacing of  LRs have identified a 
minimum distance by which LRP are separated: 300 μm in 
wild-type roots of  the Col-0 ecotype grown on agar plates 
(Dubrovsky et  al., 2006). This minimum distance can be 

modified by growing wild-type roots in nutrient conditions 
that enhance expression of  TIR1. Such roots have LRP that 
are spaced more closely than usual, even when the roots 
have few enough LRP that there is plenty of  empty space 
available. Clustering of  LRP occurs in both radial and lon-
gitudinal dimensions, and overcomes the typical 300  μm 
zone of  inhibition (see Supplementary fig. 1 in Pérez-Torres 
et al., 2008). These data suggest that the zone of  inhibition 
may be related to the level of  auxin response in cells sur-
rounding the LRP. Additional support for this idea comes 
from the observation that expression of  three PLETHORA 
transcription factors, genes that are regulated down-
stream of  auxin and which themselves regulate auxin levels 
(Galinha et al., 2007), prevent clustering of  LRP (Hofhuis 
et al., 2013).

Searching for the parking lot: the 
longitudinal origin of LRI

While the crowds that gather at specific locations presum-
ably know why the location was chosen, the rules governing 
the longitudinal location of  LRP formation have remained 
unclear. It is hypothesized that the location(s) are estab-
lished by the combined action of  two auxin response mod-
ules (DeSmet et  al., 2010). In the first stage, a group of 
cells located near the root tip in a region called the basal 
meristem receives signals that enhance LRI. The result of 
such signalling may prime patches of  cells, giving them an 
increased probability of  giving rise to LRs (DeSmet et al., 
2007; Moreno-Risueno et al., 2010). In the second stage, a 
subset of  pericycle cells divide to form LRP. The first vis-
ible distinction between the founder cells that undergo this 
formative division and their neighbours is a local increase in 
auxin response. This is generally measured by increased sig-
nalling from the auxin response promoter DR5::GFP (green 
fluorescent protein) and occurs in a region that ranges from 
2.7 mm to 4.8 mm from the root tip (Dubrovsky et al., 2011). 
This section begins with a discussion of  the potential for 
auxin response in the root meristem and then traces events 
associated with LRI shootward from there, as depicted in 
Fig. 1.

The concentration of  endogenous auxin (IAA) in the 
root was mapped and IAA levels were found to be high in 
the root meristem, with a maximum in the quiescent cen-
tre (QC). Substantially elevated levels extend shootward 
through the meristem, declining near the start of  the elon-
gation zone. Interestingly, the level of  auxin in the pericycle 
is notably lower than in the cells that neighbour it. These 
data were based on a combination of  fluorescence-activated 
cell sorting (FACS) of  14 lines with tissue-specific promot-
ers that drive expression of  GFP, and gas chromatogra-
phy-selected reaction mode-mass spectroscopy (Petersson 
et  al., 2009). This pattern is a snapshot in time that may 
fluctuate due to changes in auxin synthesis, degradation, or 
transport. The entire root including the pericycle appears 
capable of  IAA synthesis and established LRP are sites 
of  auxin synthesis (Ljung et al., 2005), but to date there is 
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no evidence to suggest that local auxin synthesis precedes 
founder cell specification. How then are specific pericycle 
cells activated?

LRI may follow peaks of auxin response in the basal 
meristem

De Smet et al. (2007) observed peaks of auxin response in the 
basal meristem that vary with time and correlate with LRP 
formation. They hypothesized that these pulses of auxin are 
the initial events that lead to LRI. They also noted that the 
peaks of auxin response correlate with the waving pattern 
of growth that their plants displayed. Such waving growth 
depends on auxin transporters and has been hypothesized to 
depend on gravity (Oliva and Dunand, 2007); however, roots 
grown in microgravity still retain a wavy growth pattern (Paul 
et al., 2012). It will be interesting to see if  light, gravity, circa-
dian rhythms, or other factors affect the observed pulses of 
auxin response and LRI.

The idea that LRI begins with pulses of auxin in the basal 
meristem is supported by the fact that the spatial pattern of 
LRP formation depends on TIR1/AFB family auxin recep-
tors. These F-box proteins work in conjunction with the 
SCFTIR/AFB E3 ubiquitin ligase to target and degrade specific 
proteins in response to auxin. Degradation of AUX/IAA pro-
teins liberates auxin response factors (ARFs) that then serve 
as transcriptional regulators (for a review, see Chapman and 
Estelle, 2009). Transcriptional fusions have shown that the 
TIR1, AFB1, AFB2, and AFB3 auxin receptors are expressed 
at high levels in the root tip near the QC. Expression of 
TIR1, AFB2, and AFB3 trails off  near the basal meristem, 
while expression of AFB1 remains substantial throughout the 
root, with the highest levels in the central vasculature (Parry 
et al., 2009; Supplementary fig. 6 in Pérez-Torres et al., 2008). 
Treating roots with 1-naphthaleneacetic acid (NAA), a syn-
thetic auxin that can enter cells without the aid of auxin input 
carriers, confirms that there is a gradient of responsiveness. 
After addition of NAA, LRP form along the entire length of 
the root, but are most concentrated in the basal meristem (De 
Smet et al., 2007). In tir1afb2 afb3 triple mutants some LRP 
still form, but the tendency to form in the region closest to 
the root tip is diminished and the variance in the longitudinal 
position at which they appear is dramatically wider than in 
the wild type (Dubrovsky et al., 2011). Taken together, these 
data suggest that events leading to the initiation of LRP 
occur near the end of the meristem in a region where TIR1/
AFB receptor expression is high.

In separate studies, expression of the LRI-inducing tran-
scription factor GATA23 has been shown to occur in patches 
in the XPP just shootward of the meristem, prior to founder 
cell division (De Rybel et al., 2010). These patches arise some 
hours after the peaks of DR5 expression that are observed 
in synchronously germinated plants, and are blocked by 
treatment with an inhibitor of TIR1-based signalling, PEO-
IAA. This suggests that expression of GATA23 depends on 
pulses of auxin response in the basal meristem. Pulses of 
auxin may lead to GATA23 expression by degrading IAA28. 
IAA28 is expressed in the basal meristem and its stabilized 
form inhibits LRI (Rogg et al., 2001; De Rybel et al., 2010). 
Overexpression of GATA23 behind the XPP-specific GAL4 
driver J0121 increases the density of LRP and can lead to 
formation of clusters of LRs, indicating that expression of 
GATA23 plays a role in LRI.

Fig. 1.  Diagram showing some of the factors influencing auxin 
response within the root during the process of lateral root 
initiation. The bottom section shows the approximate level of IAA 
(white=low, dark blue=high). This is highest in the meristem and 
notably low in the pericycle. TIR1/AFB auxin receptors (textured 
regions) are expressed throughout the root, with the highest levels 
of expression in the meristem and central vasculature, including 
the pericycle. IAA28, whose expression inhibits that of GATA23, 
is present shootward of the meristem. As a member of the AUX/
IAA family, it is subject to rapid degradation in response to auxin. 
The upper section of the drawing shows auxin transport changes 
associated with founder cell division on gravitropically induced 
curves. The AUX1 auxin influx protein accumulates in pericycle 
cells on the outer, convex side and remains present as a subset 
of those cells undergo radial expansion and division. PIN3 and 
PIN7 levels are often reduced rootward of the site of founder cell 
division. The proposed reflux loop that would permit auxin to 
cycle multiple times through the region is indicated, along with the 
potential for auxin flow from overlying cell layers.
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Oscillatory production of pre-branch sites

A fascinating alternative model is that LRI is controlled by 
regular, periodic production of pre-branch sites, which are 
described as groups of cells that have the capacity to form 
LRP (Moreno-Risueno et al., 2010). These sites are defined by 
oscillating waves of gene expression. Evidence for the model 
is drawn from microarray experiments showing that when the 
primary root is carefully dissected, separate pieces cut from 
the same relative location exhibit distinct gene expression pro-
files. The expression level of the auxin response reporter DR5 
was determined in each of the root segments, and clusters of 
genes whose high or low expression correlates with DR5 were 
observed. Surprisingly, the group of genes whose expression 
correlates with DR5 is not highly enriched in genes known to 
be involved in LR formation (Moreno-Risueno et al., 2010). 
It will be interesting to see how these results fit with the pro-
posal being made here.

Events occurring at the site of founder cell division

The first indication that founder cell division is about to occur 
is the accumulation of a strong auxin response maximum, 
reported as a peak in DR5 expression. This increase in auxin 
response occurs coordinately with accumulation of the auxin 
import facilitator AUX1–YFP (yellow fluorescent protein). 
Because expression of the auxin importer AUX1 is enhanced 
by auxin, an initial increase in auxin import sets up a posi-
tive feedback loop that drives formation of a localized auxin 
maximum (Laskowski et al., 2008). When LRI is induced by 
gravitropic curvature, enhanced expression of AUX1–YFP 
occurs in patches of the pericycle on the outer side of curves. 
These patches of AUX1–YFP-expressing cells are longer 
than the patch of founder cells that divide soon thereafter, 
but become concentrated around the founder cells with time 
(Laskowski et al., 2008).

Although formation of an auxin maximum may usually 
follow the priming or specification events described above, 
any treatment that results in high levels of auxin in the per-
icycle in this region can result in LRI. This was shown by 
older experiments in which exogenous treatment activated 
LRI throughout the root (Laskowski et al., 1995), and more 
recently by elegant experiments in which a clonal activation 
system was used to drive expression of the auxin biosynthetic 
enzyme iaaM in small patches of pericycle cells (Dubrovsky 
et al., 2008). The number of cells with enhanced auxin bio-
synthetic capacity corresponded to the extent by which LRI 
increased. These treatments also disrupted the regular pattern 
of LRI, permitting LRP to form more closely to one another 
than normally occurs. This indicates that a large number of 
XPP cells are competent to respond to auxin, though only 
some of them are regularly triggered to form auxin maxima.

Formation of a peak of DR5 expression is under control 
of GNOM/FEWER ROOTS (Okumura et  al. 2013). The 
partial loss-of-function mutant fwr has elevated levels of 
free IAA and shows expression of DR5 throughout wide 
stretches of the root vasculature, but these roots fail to pro-
duce strong, local peaks of DR5 and formation of LRP is 

severely impaired. Although GNOM has been shown to regu-
late PIN1 in the embryo, no change in PIN1–GFP expression 
was seen in roots of fwr. Primary root growth is unaffected 
in these mutants, suggesting that the effect is specific to LRI 
(Okumura et al., 2013). Further examination of these lines 
may reveal important mechanisms underlying the positioning 
of LR formation.

Once an auxin maximum has been established, several fac-
tors interact, leading to nuclear migration and asymmetric 
division of the founder cells. Auxin-mediated destruction 
of the transcriptional repressor SOLITARY-ROOT/IAA 14 
initiates an ARF-based transcriptional cascade (for a review, 
see Fukaki et al., 2007). Degradation of SOLITARY ROOT/
IAA14 activates ARF7 and ARF19, which directly target 
LBD transcription factors (Okushima et al., 2007). Plants car-
rying loss-of-function mutations in both ARF7 and ARF19 
make few LRs; however, expressing LBD16 in the XPP of 
arf7,arf19 partially rescues LR formation, strongly support-
ing the idea that LBD16 regulates LRI (Goh et al., 2012a). 
Additional LBD genes likewise participate in the early stages 
of LR formation (Lee et al., 2009; Berckmans et al., 2011; 
Feng et al., 2012a, b).

Asymmetric cell division in the founder cells can also 
be regulated by small peptides in the CLE-like fam-
ily. Overexpression of  the CLE-like peptides CLEL6 or 
CLEL7 inhibits the regular pattern of  asymmetric cell divi-
sion leading to LRP formation (Meng et al., 2012). Though 
CLEL6 and CLEL7 may not be expressed in XPP early 
enough to be involved in the first asymmetric cell division, 
other related family members are expressed in stage I LRP 
(Fernandez et al., 2013), and family members may well act 
in a redundant fashion. Peptide signalling may act in con-
cert with transcriptional regulation to organize this stage 
of LRI.

Coincident with founder cell division, three PLT genes, 
PLT3, PLT5, and PLT7, become expressed. Inducible over-
expression of these in arf7, arf19 also rescues LR formation 
(Hofhuis et  al., 2013). Thus members of the LBD, CLEL/
GLV, and PLT gene families are all early effectors of LRI.

Environmental conditions can regulate LRI 
by modulating auxin response

The model for rhizotactic patterning described here assumes 
that the auxin response is the central component that estab-
lishes new LRs. The incredible ability that plants have to 
respond to their environment allows us to test our hypoth-
eses by determining how environmental influences interact 
with the developmental pathways. In the case of LRI, there is 
ample support for the centrality of the auxin response as the 
key regulatory factor.

Phosphate

Root architecture is strongly influenced by the level of avail-
able phosphate. In low phosphate conditions, elongation of 
the primary root is inhibited while LRI and LR elongation 
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are promoted, resulting in a root system that can more effi-
ciently explore the upper reaches of the soil. These upper 
regions tend to contain higher levels of available phos-
phate (for reviews, see Péret et  al., 2011; Niu et  al., 2012). 
The promotion of LRI by low phosphate is notable in that 
it occurs in the absence of altered auxin levels (Pérez-Torres 
et al., 2008). Instead, expression of the auxin receptor TIR1 
is enhanced in the central vasculature of the root including 
the pericycle. Loss-of-function mutants of tir1 do not exhibit 
increased LRI in response to low phosphate, indicating that 
TIR1 is required for the phosphate response (Pérez-Torres 
et  al., 2008). Increased TIR1 expression in response to low 
phosphate is a prime example of an environmentally regu-
lated increase in auxin sensitivity.

Nitrate

The plant response to nitrate is complex, involving both 
systemic and local reactions, but adding nitrate to plants 
growing in a low nitrate environment increases the total 
density of  LRs. In parallel to the response to low phos-
phate, the increase in LRI depends on enhanced expression 
of  a TIR1/AFB auxin receptor, AFB3. Increased expres-
sion in response to nitrate is specifically seen for AFB3 
and not other individual members of  the TIR1/AFB family 
(Vidal et al., 2010). Thus enhanced levels of  AFB3 increase 
the probability of  inducing an LR by increasing auxin 
sensitivity.

General nutritional status

In general, the nutrient status of the plant is related to the 
density of LRI, as shown by multiple experiments in which 
LR formation correlates with enhanced sucrose supply (for a 
review, see Roycewicz and Malamy, 2012). In a recent survey 
of gene expression, about two-thirds of the known auxin-
regulated genes were found to be regulated by glucose, raising 
the possibility that the effect of glucose on LRI acts in part 
through changes in auxin response (Mishra et al., 2009); how-
ever, further work is needed to determine if  the response to 
glucose acts through any of these changes or if  the changes 
in expression are also the result of a general nutritional 
enhancement.

The recent observation that IAA18 can move across a 
graft junction (Notaguchi et  al., 2012) raises the intriguing 
possibility that the shoot and root growth could be intercon-
nected via movement of signalling molecules in the phloem. 
Expression of IAA18 inhibits LRI, probably by inhibiting the 
action of ARF7 and ARF19 (Uehara et al., 2008). Grafting 
pieces of shoot tissue that express the stabilized crane-2/iaa18 
to wild-type rootstocks results in fewer LRs in a 3 cm long 
region near the root tip than are formed when similar grafts 
are made with wild-type scions (Notaguchi et  al., 2012). 
Because the rate of phloem transport depends on source–sink 
relationships between the root and shoot, a phloem-mobile 
inhibitor of LRI has the potential to integrate LRI with 
shoot growth as cargo from the phloem is unloaded in grow-
ing regions of the root.

Auxin concentrations in the zone of LRI are 
mediated by whole-plant physiology

Nutritional and environmental conditions modulate the level 
of auxin within the root, as well as the ability to respond to it. 
For example, wild-type roots respond to high osmotic condi-
tions with increased levels of free IAA and increased numbers 
of emerged LRs (Kinoshita et al., 2012). This increase in free 
auxin depends on up-regulation of the auxin de-conjugating 
enzyme IAA-Ala Resistant3 (IAR3), which occurs as a result 
of a reduction in accumulation of the microRNA miR167a/b 
that targets it (Kinoshita et al., 2012).

Movement of auxin from shoot to root impacts LRI

Auxin transport from the shoot to the root promotes both 
LRI and elongation. Early experiments showed that radioac-
tive auxin applied to the shoot accumulates at sites of LR 
formation (Rowntree and Morris, 1979), and extensive exper-
iments have confirmed that the flow of auxin from the shoot 
has a large effect on LR emergence (Bhalerao et al., 2002). 
That shoot-derived auxin also impacts LRI is suggested 
by classic cotyledon-removal experiments which decrease 
the number and density of LRP (Wightman and Thimann, 
1980; Hinchee and Rost, 1986). Furthermore, treating plants 
with the auxin transport inhibitor naphthylphthalamic acid 
(NPA) at the root–shoot junction or at points along the roots 
results in a dramatic reduction in emerged LRs rootward of 
the application site (Reed et  al., 1998). These observations 
gave rise to the general view that auxin moves from the shoot 
through the central vasculature of the primary root toward 
the root tip as a single, continuous stream.

The level of auxin reaching the root varies strongly with the 
age of the plant. A pulse of auxin has been observed reach-
ing the root between 5 d and 7 d after germination (Bhalerao 
et  al., 2002). Interestingly, there is a rough correspondence 
between auxin levels, which increase with age up to at least 8 
d after germination (Bhalerao et al., 2002), and the density of 
LRP, which also increases with age of the root (Lucas et al., 
2008a).

Auxin levels also vary with the curvature of the root. 
Increases in the level of DR5::GFP expression on the outer 
side of the central vasculature were observed in response to 
curving roots (Laskowski et  al., 2008), and this correlates 
with the increased presence of emerged LRs on the outside 
of curves. Computer simulations in which auxin flowing 
from the shoot moves through a network of auxin transport-
ers approximating that observed in the root have shown that 
curves may affect auxin flow by increasing the opportunity 
for lateral transport. Such an effect could potentially lead to 
the formation of a reflux loop in which the same molecules 
of auxin flow through the curved region several times before 
moving on to more rootward sections. This could explain the 
observed increase in auxin response in curved regions and 
would be expected to have a promoting effect on LR emer-
gence as well as LRI (Laskowski et al., 2008).

Indeed, recent work supports the idea that auxin flow from 
cells overlying the pericycle may contribute to founder cell 
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division (Marhavý et al., 2013). PIN3 is specifically expressed 
in endodermal cells that overlie regions of the pericycle with 
enhanced levels of DR5::GFP expression. To test whether 
lateral transport from the endodermis to the pericycle could 
contribute to LRI, roots were manually curved and the time 
to subsequent events was measured. Loss-of-function pin3 
mutants are delayed in the formation of strong auxin maxima 
that precede nuclear migration. The first asymmetric division 
of the founder cells is also delayed. Expressing PIN3 behind 
the SCR promoter, which is expressed throughout the endo-
dermis, largely rescues this pin3-mediated delay in LR devel-
opment. Thus, auxin flow from the cell layer external to the 
pericycle probably contributes to the peak of auxin response 
that leads to founder cell division (Marhavý et al., 2013).

The fact that mechanical manipulation increases LRI 
raised the possibility that the increase in auxin response on 
the outside of curves could be potentiated by mechanosens-
ing (Ditengou et  al., 2008; Laskowski et  al., 2008; Richter 
et al., 2009). The formation of emerged LRs on the convex 
side of a curve has now been shown to require a functional 
version of the jasmonate receptor COI1 (Raya-Gonzalez 
et al., 2012). Although the plant hormone jasmonate is best 
known for its role in plant defence, application of the methyl 
ester of jasmonate (MeJA) alters the localization of auxin 
transporters, induces several genes involved in auxin biosyn-
thesis, and results in enhanced LRI (Sun et al., 2009, 2011). 
The jasmonate receptor COI1 is also required for several 
touch-mediated responses in the shoot, including the inhi-
bition of elongation of Arabidopsis inflorescences. In that 
case, the same stimulus that affects the response also leads 
to increased levels of JA (Chebab et al., 2012). If  a similar 
response pathway existed in roots, then the increased elonga-
tion of cells on the convex side of a curve could potentiate 
an increase in mechanosensing, leading to JA production and 
subsequent LRI.

Another example in which heterogeneity of rootward 
auxin transport may contribute to LRI is found in the auxin 
efflux carriers PIN3 and PIN7 that exhibit discontinuities in 
expression within the central vasculature of the primary root. 
The level of fluorescence from PIN3–GFP and PIN7–GFP 
labelled fusion proteins is frequently lower on the rootward 
side of a curve than the shootward side (Laskowski et  al., 
2008; Lewis et al., 2011). Such decreases in PIN expression 
could lead to accumulation of auxin on the shootward side 
of the discontinuity. Treatment with the ethylene precursor 
1-aminocyclopropane-1-carboxylic acid (ACC) increases 
auxin transport from the shoot toward the root in a PIN3- 
and PIN7-dependent manner, and raises the expression level 
of these fluorescently tagged proteins such that they exhibit 
uniformly high expression. ACC also inhibits LRI, suggest-
ing that the discontinuity of PIN expression in the vascula-
ture might influence LRI (Lewis et al., 2011).

This more nuanced view of the effect of the rootward 
transport stream does not necessarily conflict with the classi-
cal view that auxin transport into the root increases LRI. For 
example, the auxin-responsive gene ABI4 inhibits the root-
ward auxin transport stream, possibly through PIN1 whose 
expression level correlates with ABI4 expression, and in 

which no discontinuities were reported. abi4 loss-of-function 
mutants have more densely spaced LRP, as would be expected 
if  the auxin level in the primary root were uniformly increased 
(Shkolnik-Inbar and Bar-Zvi, 2010).

A growing body of evidence further suggests that the dis-
tribution of LRs may be affected by the development of 
pre-existing LRP. Several mutants that are impaired in early 
stages of LR outgrowth display increased LRP densities, and 
this is often accompanied by the appearance of closely spaced 
clusters of LRP (De Smet et al., 2008; Swarup et al., 2008; 
Goh et  al., 2012a, b; Hofhuis et  al., 2013). This basic cor-
relation is also seen in untreated wild-type plants. The aver-
age distance separating two emerged LRs is larger than the 
distance around LRP that are delayed in emergence (Lucas 
et al., 2008b). The cause of this correlation between LRP out-
growth and LRP spacing is not clear. The failure of LRP to 
develop may somehow increase the tendency to form subse-
quent LRP. This possibility is consistent with the observation 
that gain-of-function shy2-101 plants, which are impaired in 
LR emergence, show large increases in the total amount of 
free IAA within the root (Goh et al., 2012b). Alternatively, 
the tendency of LRs to emerge could be enhanced when they 
arise far from existing LRP. Either way, the observations sug-
gest that LRP may themselves affect subsequent LRs.

Shootward auxin transport

Auxin is transported from the root tip through the epider-
mal and cortical cell layers toward the end of the elongation 
zone (Blilou et al., 2005), and it has been hypothesized that 
this shootward transport stream plays a role in LRI. Mutant 
stm seedlings that lack a shoot meristem produce a density 
of LRs similar to that of the wild type, which suggests that 
LRI is induced by a root-based auxin supply (Casimiro et al., 
2001). Further experimentation is required to determine 
the extent to which auxin coming from the shoot is actually 
reduced, as earlier experiments in pea showed that the coty-
ledons were a primary factor in maintaining LR density in 
the early stages of seedling growth (Wightman and Thimann, 
1980). Several plants with impaired LRI carry mutations in 
genes that are expressed in the root cap (Moreno-Risueno 
et al., 2010), a fact that may support the importance of such 
a transport stream.

LRI is enhanced by gravitropic stimuli

Although questions about the general mechanism of LRI 
remain, there is a broad consensus that gravitropic stimuli 
induce LRI (DeSmet et  al., 2007; Ditengou et  al., 2008; 
Laskowski et al., 2008; Lucas et al., 2008b; Moreno-Risueno 
et al., 2010). Lucas et al. (2008b) showed that the magnitude 
of LRI varies depending on the interval between gravitropic 
inductions, with intervals of 6 h leading to LRI in nearly 
100% of cases. The fluctuation in responsiveness may reflect 
changes in auxin response. The root cap might act as a capac-
itor, accumulating some factor for a period of time before 
releasing it all at once in response to gravitropic stimulation. 
In such a case, the amount of response would depend on 
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the level of the LRI-promoting factor accumulated prior to 
gravistimulation (Lucas et al., 2008b).

More recently, the pattern of auxin flow in the root tip 
has been shown to undergo a sharp transition during the 
gravitational response. Auxin response was followed by a 
fluorescent reporter fused to the DII domain from Aux/IAA 
proteins. This domain, and hence the entire reporter, is rap-
idly degraded in response to auxin (Brunoud et  al., 2012). 
Surprisingly, the differential in auxin response on the two 
sides of a gravitropically stimulated root suddenly disap-
peared when the root reached ~45 ° curvature (Band et al., 
2012). Immediately after the roots are placed in a horizontal 
orientation, the statoliths, which are large, relatively heavy 
plastids in the columella cells, came to rest on the bottom side 
of the root. As the root curves, the surface that these objects 
rested on acquired an increasingly steep slope and, when the 
curvature of the root reached ~45 °, they fell to the new bot-
tom, which was then closest to the root tip. It was proposed 
that this change in the location of the statoliths may initiate 
auxin redistribution (Band et al., 2012), and one possibility is 
that balancing auxin levels on the two sides of the root may 
occur via a pulse of auxin moving toward the outer, convex 
side of curves in or near the basal meristem. Regardless of the 
mechanism, the redistribution of auxin that occurs around 
this degree of curvature is remarkable in the suddenness of 
its onset.

Both auxin redistribution in the root tip and the formation 
of LRs that occurs in response to gravity exhibit an unusually 
sharp threshold at the same degree of root curvature. Roots 
curved >45 ° essentially always form new LRs at the site of 
the bend, whereas roots curved just <45 ° have essentially no 
effect on LRI (compare fig. 1E in Laskowski et al., 2008 with 
fig. 3E in Band et al., 2012). This raises the possibility that 
these events may be causally linked. Gravitropically induced 
pulses of auxin movement could be synonymous with at least 
some of the pulses of auxin response seen in the basal meris-
tem (DeSmet et al., 2007; Moreno-Risueno et al., 2010). The 
details of such an auxin flow are far from worked out; indeed, 
it is still possible that the redistribution of auxin occurs as 
a result of auxin destruction on the lower side of the root 
rather than movement toward the upper side, but the poten-
tial for synthesis is intriguing and deserves future attention.

Conclusions and future perspectives

A large body of evidence supports a model whereby the lon-
gitudinal positioning of LRI is a probabilistic event whose 
frequency is specified by the combination of auxin levels and 
auxin responsiveness in pericycle cells within the region of 
LRI. Events occurring in a variety of locations in the plant 
may lead to pulses of auxin response in the basal meristem 
that trigger subsequent progression toward founder cell divi-
sion. Whether as a result of these or other mechanisms, the 
creation of an auxin maximum near the shootward end of 
the elongation zone then suffices to permit the asymmet-
ric divisions of the pericycle that lead to LRI. Whether the 
environmental effects that impact LRI exert their influence 
through changes in auxin response in the basal meristem or 

through local effects in the region of founder cell division 
remains unknown for many cases, and it will be interesting to 
see what the answers are. In general, however, environmental 
conditions modulate the tendency to form LRI primarily by 
altering the extent to which plants respond to existing auxin 
signals.

It will be exciting to discover how the rules for LRI relate 
to those of organ formation in other contexts. To what extent 
is the formation of adventitious roots, roots that initiate from 
locations other than the main root, controlled by the same or 
similar gene families? Because adventitious roots do not form 
close to the basal meristem, some differences between LRI and 
adventitious root formation might be expected. Determining 
where the similarities lie can shed light on the extent to which 
the process of organ formation is conserved and may provide 
insights that could impact methods used for plant propaga-
tion and agriculture. Likewise, it is interesting to compare 
LRI with the formation of new organs at the shoot apical 
meristem. In contrast to LRI, which is highly responsive to 
environmental inputs, the phyllotactic patterning of shoots is 
comparatively stable. The processes that pattern the root and 
shoot do share a common basis in that formation of both 
leaf and root primordia is promoted by auxin. Nonetheless, 
given the differences in the contexts in which they occur, it 
was surprising that a recent study identified a common set 
of transcription factors involved in both rhizotaxis and phyl-
lotaxis. Determining the extent to which the mechanisms that 
regulate rhizotactic and phyllotactic patterning are conserved 
will be a fascinating area of future discovery.
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