
Context, Specificity, and Self-Organization
in Auxin Response

Marta Del Bianco and Stefan Kepinski

University of Leeds, Faculty of Biological Sciences, Leeds, LS2 9JT, United Kingdom

Correspondence: s.kepinski@leeds.ac.uk

Auxin is a simple molecule with a remarkable ability to control plant growth, differentiation,
and morphogenesis. The mechanistic basis for this versatility appears to stem from the highly
complex nature of the networks regulating auxin metabolism, transport and response. These
heavily feedback-regulated and inter-dependent mechanisms are complicated in structure
and complex in operation giving rise to a system with self-organizing properties capable
of generating highly context-specific responses to auxin as a single, generic signal.

The regulation of plant development is domi-
nated by specific distributions of the plant

hormone auxin. From the specification of api-
cal–basal axis in the embryo to the control of
anisotropic growth in response to gravity and
light, this simple molecule is able to regulate
both pattern and growth throughout the life
cycle of the plant (Leyser 2005). The principal
reason for this capacity for control is that auxin,
unlike other known plant hormones, can be ac-
tively transported in a coordinated, direction-
al manner such that gradients may be formed
that, in various guises, direct numerous distinct
developmental phenomena (Tanaka et al. 2006).
Although the phenomenology of auxin move-
ment and distribution in the growing plant
has been largely established (Bennett et al.
1996; Benkova et al. 2003; Friml et al. 2003;
Blilou et al. 2005; Bandyopadhyay et al. 2007;
Grieneisen et al. 2007; Petersson et al. 2009), the
link between differences in auxin concentration
and outputs in terms of changes in growth and

development is not well understood. What is
abundantly clear is that the context in which
the auxin signal is received is of utmost impor-
tance (Kieffer et al. 2010). These contexts can be
developmental or environmental. The former is
exemplified by the fact that accumulation of
auxin in the pericycle of the root prompts the
formation of a lateral root whereas a similar
accumulation at the flank of the shoot apex
gives rise to a leaf, or at a later stage, a flower
(Benkova et al. 2003; Reinhardt et al. 2003). A
different kind of contextual change is imposed
by environmental fluctuation. Here, in addition
to changes in auxin distribution such as those
observed in response to gravity or light, the
auxin sensitivity of a given developmental set-
ting can be altered to modulate development
(Perez-Torres et al. 2008).

Auxin responsiveness can be classed broadly
as genomic or nongenomic. In the first, auxin
controls development by altering programs of
gene expression, whereas in the second auxin
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acts by regulating cell biology and physiology di-
rectly without requiring transcriptional change
(Tromas et al. 2010a,b). Although our under-
standing of the latter is currently fragmentary,
the picture is much clearer for the control of
gene expression by auxin. This is represented
by a “minimal” system of transcriptional regula-
tors, which is simple in overall architecture but
highly complex and nonlinear in operation
with the capacity to generate arange of transcrip-
tional control that is both qualitative (i.e., the
type of output) and quantitative (i.e., the rate
of change in output) in nature.

Importantly, auxin response and auxin dis-
tribution are themselves tightly linked (Leyser
2005). Multiple feedback loops mean that these
phenomena are highly interdependent, giving
rise to a system with self-organizing properties,
capable of much higher levels of developmen-
tal control. Thus as a developmental regulator,
auxin defies simple classification. In some situ-
ations it appears to act merely as a permissive
signal, triggering a latent response appropriate
to that cell-type once a certain threshold con-
centration of auxin is reached. In others, its in-
fluence is more complex, almost instructive in
nature. Understanding how these different auxin
response contexts are specified and how spatial
differences in responsiveness are related to the
active and directed movement of auxin is one
of the key questions in plant developmental
biology. This article seeks to explore these ques-
tions by examining the capacity of the auxin
response system to generate complex and con-
text-specific information and by highlighting
the features of this system that enable it to act
as an integrator of so many different signals con-
trolling plant development.

BASIC MECHANISMS OF RESPONSE

The context-specific responses to auxin ob-
served throughout the plant can be thought of
as the product of two “landscapes,” a landscape
of auxin concentration and a landscape of auxin
responsiveness. The former is the net result of
auxin metabolism and transport throughout
the plant (Woodward and Bartel 2005). These
are themselves complex subjects and so only

the immediately relevant features will be con-
sidered briefly here. The first of these is that the
steady state of the global pool of active auxin in
the plant is determined not only by the balance
of IAA synthesis and degradation but also by a
system of IAA conjugation in which IAA can
be inactivated by its conjugation to sugars or
amino acids and peptides. Several of these con-
jugation events are reversible meaning that this
is a mechanism by which active auxin can be
temporarily removed from the system (Wood-
ward and Bartel 2005).

Although spatial differences in the activity
of these homeostatic mechanisms contribute
significantly to patterns of auxin accumulation
it is active and directed cell-to-cell movement
of auxin that is the primary determinant of
the gradients and highly asymmetric localiza-
tions of auxin that drive so much of develop-
ment (Benkova et al. 2003; Tanaka et al. 2006).
Active intercellular auxin transport is mediated
by a system of membrane proteins prominent
among which are the AUX1/LAX family of ami-
no acid permeases for auxin influx and the PIN
and ABCB (or PGP) families of transmembrane
proteins for auxin efflux from the cell (Bennett
et al. 1996; Tanaka et al. 2006; Bandyopadhyay
et al. 2007). Crucially the subcellular distribu-
tion and abundance of PIN proteins can be dy-
namically and coordinately regulated so that
across a field of cells the direction and flux of
auxin can be tightly controlled (Benkova et al.
2003; Tanaka et al. 2006).

In addition to controlled distribution, an-
other important component of auxin’s versatil-
ity as a signaling molecule is that, as mentioned
above, responses to auxin are complex and
highly context-dependent. These cell- and tis-
sue-specific responses (the landscape of auxin
responsiveness) are determined principally by
spatial variation in the auxin signaling ma-
chinery that leads specifically to changes in
gene expression (Lokerse and Weijers 2009;
Kieffer et al. 2010). Experiments in which plants
are treated with a variety of auxins show that
several hundred genes are either up- or down-
regulated in response (Okushima et al. 2005).
These genomic responses can be extremely
rapid, with new transcripts being detected in
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as little as 6 min after treatment (Abel et al.
1995). The induction of these rapidly induced
genes is insensitive to the protein synthesis
inhibitor cycloheximide confirming that these
are primary early auxin response genes (Abel
et al. 1995). Further, the fact that cycloheximide
alone is sufficient to induce these genes indi-
cates that they are under the control of a short-
lived repressor protein (Abel et al. 1995).
Understanding the nature and regulation of
these repressors has led to the identification of
a network of auxin receptors and transcription
factors sufficient to account for how auxin can
turn genes on, and by extension, turn others off.

The Aux/IAA and ARF Transcription Factors

There are at least two families of transcription
factors known to affect specifically transcrip-
tional responses to auxin. These are the auxin

response factors or ARFs, and the Aux/IAA co-
repressor proteins. Most Aux/IAA genes are
themselves auxin inducible and encode highly
unstable nuclear proteins with a characteris-
tic four domain structure (Fig. 1A) (Abel et al.
1994; Abel et al. 1995). In contrast, only a hand-
ful of ARF genes are induced by auxin and en-
code relatively stable nuclear proteins with a
three domain structure (Ulmasov et al. 1997a;
Guilfoyle et al. 1998; Okushima et al. 2005;
Salmon et al. 2008). These are both large fami-
lies in Arabidopsis, with 29 Aux/IAAs and 23
ARFs (Liscum and Reed 2002).

ARFs can bind to so-called auxin response
elements (AuxREs) in the promoters of auxin-
regulated genes via a VP1-like B3 DNA-bind-
ing domain toward the amino terminus of the
protein (Ulmasov et al. 1997a; Guilfoyle et al.
1998; Ulmasov et al. 1999b). These AuxREs are
characterized by the occurrence of TGTCNC
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Figure 1. Schematic representation of the AFB-Aux/IAA-ARF system and feedback relationships with polar
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dimers (left) and interaction between families can also occur involving ARFs and Aux/IAAs (top right), and
Aux/IAAs and TIR1/AFBs (bottom right). (C) The complexity of feedback regulation in auxin response. Lines
ending in bars indicate inhibition, whereas lines ending in arrowheads indicate activation. Possible mechanisms
of action are indicated by dashed lines.

Context, Specificity, and Self-Organization in Auxin Response

Cite this article as Cold Spring Harb Perspect Biol 2011;3:a001578 3



elements (frequently TGTCTC) that often in-
volve coupling elements (Ulmasov et al. 1997b;
Guilfoyle et al. 1998; Ulmasov et al. 1999b).
Synthetic promoters containing palindromic
or direct repeats of these six nucleotides are suf-
ficient to confer auxin-inducibility to cis-regu-
lated reporters (as in the DR5- class of auxin
response reporters) (Ulmasov et al. 1997a; Ul-
masov et al. 1997b). Once bound, current data
suggest that ARFs can have one of two activi-
ties, either activation or repression of the target
gene (Ulmasov et al. 1999a; Tiwari et al. 2003)
(Fig. 1C). This appears to be dependent on the
make-up of a variable region between the de-
fined amino- and carboxy-terminal domains
known as the middle region (MR) (Fig. 1A).
MRs that are Q-rich promote transcription
whereas MRs rich in P/S/T residues act as
repressors (Ulmasov et al. 1999a; Tiwari et al.
2003). Of the 23 ARFs in Arabidopsis, only five
(ARFs 5, 6, 7, 8, and 19) fall into the activating
class whereas the remainder are repressors
(Ulmasov et al. 1999a; Tiwari et al. 2003). It is
important to note that this assignment of ARFs
as activators or repressors is based almost entire-
ly on a transient expression assay in Arabidopsis
protoplasts and thus it is possible that ARFs
may possess different functions in vivo and in
different cellular contexts. For the purposes of
discussion here, ARFs with a demonstrated ca-
pacity to act as transcriptional activators are re-
ferred to as ARFA and those which have been
shown to be able to act as repressors, as ARFR

to indicate the apparent inherent regulatory char-
acteristics of the proteins.

At the carboxyl terminus of the ARF protein
is a pair of protein-protein interaction domains
known as domains III and IV. These domains
allow a variety of dimers to be formed including
homodimers and heterodimers within the ARF
family and crucially, heterodimers with the sec-
ond family of auxin-related transcription fac-
tors, the Aux/IAAs (Kim et al. 1997; Kepinski
and Leyser 2002; Guilfoyle and Hagen 2007)
(Fig. 1A,B).

Aux/IAA proteins do not appear to bind
DNA themselves but can affect the transcription
of ARF-regulated genes by dimerising with ARFs
(Tiwari et al. 2001; Guilfoyle and Hagen 2007).

This is because Aux/IAAs possess a potent
transcriptional repression activity conferred by
domain I of the protein (Tiwari et al. 2004).
Domain I contains an ERF-associated am-
phiphilic repression (EAR)-type motif which
allows interaction with the corepressor pro-
tein TOPLESS (TPL) (Szemenyei et al. 2008)
(Fig. 2B). TPL and TPL-related proteins (TPRs)
are related to the Groucho/Tup1 family of co-
repressors which act by recruiting histone de-
acetylases (HDACs) to the target locus thereby
bringing about a repressed, transcriptionally
inactive chromatin state (Szemenyei et al.
2008). TPL/TPR proteins are predicted to act
in a similar way so that Aux/IAAs, by dimerising
with AuxRE-bound ARFs, bring about repres-
sion by recruiting TPL and associated HDAC
activities to that particular locus (Szemenyei
et al. 2008). In theory, this is not the only way
that Aux/IAAs can affect transcription of ARF-
regulated genes. Because the regulatory events
at the AuxRE depend so heavily on the balance
of ARF-ARF and ARF-Aux/IAA dimers, the
fact that Aux/IAAs appear to be able to interact
readily with each other and many ARF family
members means that there is significant scope
for effects due to blocking and sequestration
which may occur either at or away from the pro-
moters of ARF-regulated genes (Fig. 2C,E).

Auxin Regulation of the
Aux/IAA-ARF System

How then does auxin affect events at the
AuxRE? The key to understanding this and so
how information is carried in this system lies
in the dynamic changes in the abundance
of Aux/IAA repressors in response to auxin
stimulation. With a few exceptions, Aux/IAAs
are very unstable proteins with recorded half-
lives as short as six minutes (Abel et al. 1994)
and crucially, their instability is enhanced by
auxin (Gray et al. 2001; Zenser et al. 2001).
The degradation of Aux/IAAs is mediated by
the ubiquitin-proteasome system in which tar-
get proteins are marked for degradation in the
26S proteasome by their covalent modification
with the peptide modifier ubiquitin (Gray
et al. 2001; Moon et al. 2004; Maraschin et al.
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2009) (Fig. 2F). The conjugation of ubiquitin to
Aux/IAA proteins is catalysed by an E3 ubiqui-
tin-ligase complex called SCFTIR1/AFB (Gray
et al. 1999; Gray et al. 2001; Dharmasiri et al.
2005b). SCF-type E3s are so called because they
consist of, among other proteins, a SKP sub-
unit (termed ASK proteins in Arabidopsis), a
CULLIN subunit and an F-box protein (Moon
et al. 2004). It is the F-box protein component
that is responsible recruiting specific target
proteins for ubiquitination by the core ASK
and CULLIN subunits and associated catalytic
factors. In the case of Aux/IAAs, the cognate
F-box protein is TIR1, or one of 5 other related
F-box proteins called Auxin F-box proteins
(AFBs) (Ruegger et al. 1998; Dharmasiri et al.
2005b). The specific selection of Aux/IAAs is
mediated by an interaction between a set of
leucine-rich repeats (LRRs) in TIR1 and a
short, so-called, “degron” motif within domain
II of the Aux/IAA (Fig. 1B) (Ramos et al. 2001;
Tan et al. 2007). Consistent with the auxin-
induced instability of Aux/IAAs, auxin en-
hances this interaction and does so in a star-
tlingly short signal transduction chain: auxin
itself is bound directly between TIR1 and the
Aux/IAA, thereby increasing the affinity of the
ternary complex and thus the opportunity for
ubiquitination of the bound Aux/IAA through
the action associated E2 ubiquitin conjugating
enzymes (Dharmasiri et al. 2005a; Kepinski
and Leyser 2005; Tan et al. 2007) (see Cal-
deron-Villalobos et al. 2010).

These dynamic changes in Aux/IAA pro-
tein abundance are the primary drivers of auxin-
induced transcriptional change and together,
the AFB-Aux/IAA-ARF system represents a core
minimal mechanism in auxin response (Fig. 1C,
orange box). Although likely incomplete, this
network of physically interacting components
forms a contiguous mechanistic link between
the arrival of auxin in a cell and outputs in terms
of gene expression control: when auxin levels
are low, Aux/IAAs are relatively stable and are
able to interact with DNA-bound ARFs, thereby
inducing a TPL-mediated repressive chromatin
state at those loci. As auxin levels rise, increased
SCFTIR1/AFB-mediated ubiquitination prompts
a rapid drop in Aux/IAA levels, relieving

repression of a range of ARFA target genes
(Figs. 1C, 2). Because most Aux/IAA genes are
themselves subject to regulation by the Aux/
IAA-ARF system (Abel et al. 1995), a crucial
negative feedback loop is formed that allows
repression to be returned to the system and,
as will be discussed later, leads to a complex
control of the steady-state levels of indivi-
dual Aux/IAA proteins. Additionally, auxin can
affect the topology of the Aux/IAA-ARF system
through the induction of certain ARF genes,
most notably ARF19 (Okushima et al. 2005).
Importantly, ARF19 seems to regulate its own
auxin-induced expression thereby forming a
direct and positive feedback loop (Okushima
et al. 2005).

Clearly, this is a generic and rather abstract
view of the system’s operation and one that takes
no account of the numbers of different Aux/
IAAs and ARFs involved. In particular, the
established corepressor activity of the Aux/
IAAs raises the question of the extent to which
interactions between Aux/IAAs and repressing
ARFR are of consequence and indeed, whether
they occur at all in vivo. The mechanism of
ARFR-mediated repression is yet to be fully
established but unless quantitative differences
in the level and/or type of repression at a partic-
ular locus are meaningful in a signaling context,
the formation of Aux/IAA-ARFR dimers on an
AuxRE would appear not to be significant. Al-
though Aux/IAA-ARFR interactions have been
shown by yeast-two-hybrid analysis (Ouellet
et al. 2001), there are reports that interactions
between Aux/IAAs and ARFR are weaker than
those with ARFA (Tiwari et al. 2003). It seems
more likely that ARFR contribute to auxin re-
sponse by competing with ARFA for AuxRE
binding sites, thereby offering a mechanism to
alter the sensitivity of those targets to auxin ac-
cording to the relative levels of relevant ARFA

and ARFR in a particular tissue or cell type.
Nevertheless it is still possible that Aux/IAAs
could affect ARFR activity by interfering with
the formation of ARFR dimers through blocking
or sequestration as noted earlier.

It is also the case that not all members of the
AFB, Aux/IAA and ARF families in Arabidopsis
conform to the typical structure and biology
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described earlier. For example, two AFB pro-
teins, AFB4 and AFB5 can be distinguished
from the rest of the AFB family both structurally
by a long amino-terminal extension and genet-
ically (in the case of AFB5) because in contrast
to loss-of-function in TIR1, AFB1, AFB2, and
AFB3, which all confer resistance to exogenous
auxin, afb5 mutants are slightly hypersensi-
tive to IAA (Dharmasiri et al. 2005b; Walsh
et al. 2006). In the case of the Aux/IAAs, several
members (IAAs 20, 30, 32, 33, and 34) lack a
recognizable domain II degron motif suggest-
ing that these Aux/IAAs might be long-lived
proteins, something that has been confirmed
in the case of IAA20 (Dreher et al. 2006).
Lastly, of the 23 ARFs in Arabidopsis ARFs 3/
ETTIN, 13, 17 and 23 lack carboxy-terminal di-
merization domains (CTDDs) (Guilfoyle and
Hagen 2007). ARF23 contains a stop codon in
its DNA-binding domain and may be a pseudo-
gene. The particular significance (if any) of the
lack of CTDDs in these ARFs is not clear, al-
though the striking floral phenotypes associated
with loss-of-function of ARF3/ETTIN show
that CTDDs are not absolutely required for
some ARF functions (Sessions et al. 1997). It
is worth noting that some ARFs have been
shown in in vitro assays to bind more stably to
AuxREs as ARF-ARF dimers and that this
more stable binding requires the presence of
the CTDDs (Ulmasov et al. 1999b).

SPECIFICITY AND INFORMATION
PROCESSING AT THE CELLULAR LEVEL

The complex mechanisms underlying auxin
distribution set up a landscape of auxin con-
centration throughout the plant to which indi-
vidual cells respond appropriately. How this
happens is still far from clear. Importantly, it
is not known how or if a field of cells experi-
encing a gradient of auxin can interpret that
gradient in a quantitative way or the extent to
which outputs can be linear and continuous
or more stepped and threshold-dependent or
indeed, if more than one mode of control can
operate simultaneously. The core AFB-Aux/
IAA-ARF mechanism provides a means to turn
genes on and off in response to auxin but to

understand the capacity of this system to re-
spond differently to different kinds of auxin
stimulation it is useful to break the system
down into the key sets of interactions among
the different family members. These are: the
interaction of the AFB receptors with auxin and
Aux/IAA proteins (the perception event); the
Aux/IAA-ARF event; the Aux/IAA-corepressor
event; and finally, the ARF-promoter event. At
several steps in this network of physical interac-
tions specificities and binding preferences, either
predicted or proven to exist, provide a means to
generate specific responses to auxin pulses of dif-
fering length and amplitude in the cell.

Specific Interactions in the
AFB-Aux/IAA-ARF System

At the level of auxin perception, genetic and
biochemical analysis points to significant func-
tional specificity among the six TIR1/AFB
receptors (Dharmasiri et al. 2005b; Parry et al.
2009). This is perhaps not surprising given
that among the 24 or so Aux/IAAs with recog-
nizable domain II degron motifs there is signifi-
cant variation at more than half of the degron
positions (Dreher et al. 2006). Thus it is high-
ly likely that this structural variation among
both receptors and Aux/IAAs will be reflected
in a range of affinities for each receptor-auxin-
Aux/IAA complex. In turn, such differences
in affinity would be predicted to translate to
differences in Aux/IAA stability and indeed
the half-lives of Aux/IAA proteins range from
extremely short at 6 min to much longer at 80
min (Dreher et al. 2006). Therefore this spec-
ificity in the very first step of TIR1/AFB-
mediated auxin signal transduction has the
potential to affect profoundly the balance of
downstream interactions between Aux/IAAs
and ARFs and so, how the auxin signal in that
particular cell is interpreted.

Next, specific interactions among Aux/
IAAs and ARFs represent the class of inter-
actions with perhaps the greatest potential to
encode information in the system. Because
different ARFA proteins seem to regulate dis-
tinct asz well as overlapping subsets of auxin-
regulated genes, binding preferences among
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Aux/IAAs and ARFs represent a way to direct
repression to particular sets of loci. Several lines
of evidence support the existence of such bind-
ing preferences but most convincing are data
from the analysis of semi-dominant stabiliz-
ing mutations in several Arabidopsis Aux/IAA
genes. Although there are very few pheno-
types associated with loss of Aux/IAA function
(Overvoorde et al. 2005), gain-of-function
mutations in different Aux/IAAs give rise to a
range of striking phenotypes, some common
and some entirely opposite (Liscum and Reed
2002). It is the latter group that are informa-
tive here because although some differences
can be attributed to the expression pattern of
the stabilized proteins, several of these opposite
phenotypes persist when the mutant proteins
are expressed in the same cell type and/or
from the same promoter (Knox et al. 2003;
Weijers et al. 2005a; Muto et al. 2007). A good
example is the effect of stabilized SHY2/IAA3
and AXR3/IAA17 proteins on the production
of root hairs. Driven by the same inducible pro-
moter, too much IAA3 protein results in longer
root hairs whereas too much IAA17 protein
stops root hair production all together (Knox
et al. 2003). Whatever the details of the molec-
ular basis of these phenotypes, it is clear that
these mutant proteins can do different things
and although there are other possibilities, the
most parsimonious explanation is that they
are interacting predominantly with different
ARFs, which are in turn targeting distinct sub-
sets of auxin-regulated loci. This idea is consis-
tent with recent domain-swapping experiments
in which the carboxy-terminal dimerization
domains of mutant axr3-1 and shy2-2 proteins
were exchanged. This work showed that when
driven by the AXR3 promoter, only chimeric
proteins with the carboxy-terminal dimeri-
zation domains of AXR3 were able to bring
about the dramatic reduction in root hair pro-
duction characteristic of the axr3-1 mutant
(A. Readshaw, L. Armitage, S. Kepinski, and
O. Leyser, unpubl.). Thus, in this context at
least, the bulk of the distinct function of
AXR3 can be accounted for by specific inter-
actions with other ARFs and/or Aux/IAAs
(or indeed, as yet unknown auxiliary factors).

In addition it is possible that in other contexts
or for other Aux/IAAs, specific interactions
between Aux/IAAs and TPL/TPR proteins
could also be significant, especially in the event
of highly tissue-specific patterns of TPL/TPR
expression.

A corollary of the apparent existence of
binding preferences among Aux/IAA and ARF
proteins is that there must also be specificity
in the binding of ARF proteins to different cis-
regulatory elements. This idea that individual
ARFs or subsets of ARFs regulate particular
sets of genes is consistent with a number of
studies but has not been shown unequivocally
(Hardtke et al. 2004; Okushima et al. 2005).
Indeed, very little is known about the nature
of the interactions between ARFs and the cis-
regulatory elements of their target genes. A
number of these elements which contribute
to the auxin responsiveness of various pro-
moters have been characterized but only the
TGTCTC-containing AuxRE motifs have been
associated with ARF binding (Ulmasov et al.
1997a; Ulmasov et al. 1999b). Gel shift experi-
ments using various ARFs identified different
tolerances for substitutions of residues at þ5
and þ6 in the consensus TGTCTC AuxRE pro-
viding some experimental support for selectiv-
ity in ARF-DNA interactions (Ulmasov et al.
1999b). It is highly likely that coupling and aux-
iliary cis elements and associated transcription
factors will also have a significant impact on
binding specificity and further that entirely
non-TGTCNC-based AuxREs will exist (Guil-
foyle et al. 1998). All of these ideas require a rig-
orous and systematic analysis.

Complex Regulation Within the
AFB-Aux/IAA-ARF System

The significance of binding specificities within
the AFB-Aux/IAA-ARF system in terms of in-
formation processing becomes clear when we
think about the temporal changes in topology
of the Aux/IAA-ARF mechanism in response
to auxin and other stimuli. The principal mech-
anism of change here is the modulation of Aux/
IAA levels and the fact that the rate of change
of concentrations of different Aux/IAAs in
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response to auxin varies considerably across
the family (Dreher et al. 2006). As well as varia-
tion in Aux/IAA half-lives, Aux/IAA genes are
induced by exogenous auxin over a range of
time and dose response profiles, some gene tran-
scripts taking minutes to reach maximal levels
with others taking hours (Abel et al. 1995).
These two phenomena are of course linked by
multiple individual Aux/IAA feedback loops
which, because of the binding preferences at
the level of Aux/IAAs and ARFs, and ARFs
and target genes (including Aux/IAAs), makes
the control of Aux/IAA levels across the family
likely to be highly nonlinear. Further com-
plexity arises from the fact that several ARF
genes are also induced by auxin over relatively
short time frames (Okushima et al. 2005; M.
Kieffer and S. Kepinski, unpubl.), introducing
the probability of amplifying positive feedback
loops within the networks. Together this all
means that information is carried principally
in the coming and going of Aux/IAAs, with
the output of the system at any given point
being determined by the relative abundance
of Aux/IAAs and ARFs. It is therefore easy to
see how the duration and magnitude of differ-
ences in the abundance of any two Aux/IAAs
of distinct function in a responding cell can
represent a “piece” of information (Fig. 3). The
challenge is to understand precisely how Aux/
IAA (and ARF) abundance changes in response
to auxin and other signals, and to know which
downstream gene sets are regulated by which
ARFs.

This is a non-trivial problem and indeed the
complexity of the Aux/IAA-ARF system with
its highly looped feedback architecture means
that there are a wide range of possible gene ex-
pression control behaviors, which are not im-
mediately apparent outside of a computational
framework. Modeling of simple Aux/IAA-ARF
systems containing only one or two species of
ARF and Aux/IAA has shown that as well as
straightforward graded outputs in response to
graded changes in auxin concentration, these
simple systems can show bistability, that is, the
system can output in one of two steady-states
but not in any intermediate states (Middleton
et al. 2010; G. Mirams, A. Middleton, L. Bridge,

M. Kieffer, J. King and S. Kepinski, unpubl.).
Such bistable (or even multistable) switches are
common throughout prokaryotic and eukary-
otic biological systems and are important in
terms of development because they can convert
graded inputs into switch-like “on/off” outputs
(Brandman and Meyer 2008). This allows the
generation of sharp transcriptional borders,
and hence sharp transitions between develop-
mental phases. In extreme cases these switches
can be nonreversible but more commonly, bi-
stable control systems are able to return to pre-
vious states but show hysteresis, meaning that
the system can maintain a given state for some
time after the loss of input signal required
to achieve that state in the first place (Ferrell

A

B

C

D
D

IAAq

ARFx ARFy ARFz

IAAr

IAArIAAqIAAp

AFBa AFBb

GENE1 GENE2

Figure 3. Schematic representation of the complexity
generated by differential interaction in the auxin
pathway machinery. Hypothetical interaction net-
work of the AFB receptors with Aux/IAA proteins
(A), Aux/IAAs with ARFs (B), and ARFs with differ-
ent target genes (C) are shown as arrows. The thick-
ness of lines indicates the affinity of the interaction.
Further complexity is generated by feedback loops
of Aux/IAA (D) and ARF (not drawn) expression.
As shown, Aux/IAAs can directly repress their own
transcription (right) or that of other Aux/IAAs
(left). Note that the tissue-specific lack of one or more
factors would change auxin responsiveness and target
gene expression.
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2002; Ninfa and Mayo 2004). Another impor-
tant and related feature of such bistable switches
is that their response to a given level of input sig-
nal is dependent on the history of the cell, so
that a low level of input signal that is insufficient
to induce a response in a cell in an inactive state
can be sufficient to maintain an pre-existing ac-
tivated state. It is worth pointing out that the
type of gene expression control at work, graded
or switchlike, would depend on the connectiv-
ity in the AFB-Aux/IAA-ARF networks and
importantly in the “wiring” to the downstream
target genes. This means that it is perfectly pos-
sible for more than one type of behavior to orig-
inate from overlapping and largely similar Aux/
IAA-ARF topologies in a single cell.

AUXIN GRADIENTS, AUXIN RESPONSE,
AND DEVELOPMENTAL CONTROL

These ideas about the possible modes of auxin’s
control of gene expression are directly relevant
to a number of auxin-regulated phenomena,
which in all cases appear to be dependent on
thresholds of auxin response. To explore these
it is useful to think about auxin signaling in
the context of the auxin gradients and accumu-
lations that correlate with developmental events
and transitions. This is less straightforward than
it might at first appear because of the extreme
difficulty measuring auxin levels in vivo. There-
fore most of what is known about auxin distri-
bution in planta has been inferred indirectly
from a combination of auxin response, for the
most part using the synthetic auxin responsive-
promoter DR5 (Ulmasov et al. 1997b), and the
occurrence and polarity of PIN auxin efflux car-
riers to indicate the vector of auxin flux (Ben-
kova et al. 2003; Friml et al. 2003; Tanaka et al.
2006). This pragmatic approach to the difficulty
of tracking auxin distribution is a reasonable
one as long as it is remembered that expres-
sion driven by DR5 elements, itself mediated
by Aux/IAAs and ARFs, is not necessarily a lin-
ear readout of auxin levels in a given tissue and
is likely to also be influenced by tissue-specific
variations in auxin responsiveness. Neverthe-
less, accepting these caveats, there does seem
to be a credible case to support the existence

of at least two broad classes of auxin gradient;
those that are shallow, in which there appear
to be relatively modest changes in concentration
across a field of cells, and those that are very
steep, in which adjacent cells seem to have
dramatically different levels of auxin (Tanaka
et al. 2006; Grieneisen et al. 2007). The latter
are more usefully described as auxin maxima
(or minima) and a prime example is of the in-
duction of lateral root primordia. Here, PIN-
mediated auxin accumulation in one or two
cells of the xylem-pole pericycle is sufficient
to initiate a lateral root primordium and sub-
sequent patterns of PIN protein expression
and polarity sustain an auxin distribution that
drives the entire lateral root developmental pro-
gram (Casimiro et al. 2001; Benkova et al. 2003;
De Smet et al. 2006). Interestingly, the regular
spacing of lateral roots in Arabidopsis seems to
be based on a transient oscillatory increase in
AFB-Aux/IAA-ARF activity in pericycle cells
that are transiting the basal root meristem, sev-
eral millimeters distal to the eventual site of lat-
eral root emergence (De Smet et al. 2007). This
suggests that this early auxin response might
prime subsets of xylem-pole pericycle cells to
respond differently (more readily) to later auxin
activation of primordium initiation in the older
root (De Smet et al. 2007). It is therefore pos-
sible that this priming of otherwise identical
pericycle cells represents a hysteretic presensiti-
zation of the system.

The fact that all xylem-pole pericycle cells
can form lateral root founder cells in response
to high levels of auxin suggests that initiating
a lateral root is merely a case of exceeding a
threshold auxin concentration (Benkova et al.
2003). This idea of thresholds of responsiveness
is played out most elegantly in the shoot apical
meristem (SAM) where complex PIN-mediated
patterns of auxin accumulation and ARF-me-
diated response drive the induction of lateral
organs such as leaves and flowers from the mer-
istem flanks (Reinhardt et al. 2003; Heisler et al.
2005). The single layer of epidermis (L1) in the
peripheral zone (PZ) of the SAM represents a
field of cells within which existing primordia
act as auxin sinks (Fig. 4A). The consequent de-
pletion of auxin from adjacent PZ tissue means
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that new primordia are formed only at a cer-
tain minimal distance from existing primordia,
giving rise to a regular arrangement of lateral
organs known as phyllotaxis (Reinhardt et al.
2003). PIN1 expression and polarity in the L1

layer is responsible for the generation of auxin
maxima via a so-called “up the gradient” model
for PIN protein polarization, where as the name
suggests, PIN proteins are orientated so that
auxin is pumped out toward to adjacent cells
with the highest auxin concentration (Jonsson
et al. 2006; Smith et al. 2006). This is one of
the many examples of self-organization in auxin
biology. As well as putative non-genomic effects
of auxin on PIN protein retention at the plasma
membrane that could contribute to an up-the-
gradient flow (Paciorek et al. 2005), the fact
that PIN1 is induced by auxin via the AFB-
Aux/IAA-ARF system is another positive feed-
back component of this mechanism (Vieten
et al. 2005). In this way a convergence point is
formed that marks precisely the incipient pri-
mordium and once a threshold concentration
of auxin is reached, primordium initiation is
begun (Reinhardt et al. 2003; Bayer et al. 2009).
In addition to this, experimental and mathe-
matical modeling approaches have identified
the possibility of a second auxin-dependent
developmental transition in the primordium
program, triggered once an even higher auxin
concentration threshold is reached at the con-
vergence point (Bayer et al. 2009): Midway
through primordium development auxin flow
switches from predominantly toward the con-
vergence point in the L1 layer to away from it
and down into the underlying tissues as part
of the specification of the vasculature that will
form the midvein of the developing leaf (Sachs
2000; Reinhardt et al. 2003) (Fig. 4A). This
demands an opposite “with-the-flux” polariza-
tion of PIN proteins which is part of a more
general concept of self-organization in auxin
biology known as the canalization hypothesis
which proposes that increasingly narrow paths
or “canals” for auxin transport can be formed
by the action of positive feedback loops acting
at the level of individual cells (Sachs 2000; Sauer
et al. 2006). Recent modeling work evaluating
these seemingly incompatible arrangements of
PINs has raised the possibility that both mech-
anisms could operate simultaneously in a given
cell with the balance of activity between them
determined by thresholds of auxin concentra-
tion (Bayer et al. 2009).

P1
PZ

MZTZEDZ SCN

PZ
A

B

I1

CZ

Figure 4. Auxin distribution and flux at the root and
shoot apical meristems. Predicted auxin distribution
is represented by shades of grey, where darker means
higher concentration. Green arrows represent flux
with arrowhead representing the direction of the
flow and thickness is proportional to the flux of
auxin. (A) In the shoot apical meristem, PIN-medi-
ated auxin transport generates a discrete auxin maxi-
mum in the peripheral zone (PZ), known as the
convergence point, which marks the site of the incip-
ient primordium (I1). Above a certain threshold con-
centration, a lateral organ is initiated (in this case P1).
Once the developing primordium reaches a certain
stage, a new flux of auxin down and away from the
convergence point is initiated, which guides the spec-
ification of vascular tissue. The distribution of auxin
in the central zone (CZ) is still unknown and there-
fore has not be represented. (B) In the root meristem
PIN-mediated polar transport generates an auxin
maximum at the root tip that positions and maintains
the stem-cell niche (SCN), and an auxin gradient
throughout the meristematic zone (MZ) that sustains
cell proliferation. Auxin is transported to the root tip
through the central vascular tissue and then from the
SCN is moved laterally and up and away from the tip.
Importantly, a significant proportion of the basipetal
auxin flow is refluxed back into the central acropetal
flow at the transition zone (TZ). This system of polar
auxin transport is predicted to generate a gradient of
auxin that is very high in the SCN, moderately high in
the meristematic zone (MZ) and much lower in the
elongation/differentiation zone (EDZ).
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Gradients of Auxin Concentration
and Response in the Root Tip

These examples of very defined and highly
asymmetric localizations of auxin and auxin re-
sponse are taken from developmental contexts
in which an existing field of cells is subsequently
patterned by local auxin accumulation or flux.
The second class of auxin gradient, that of the
shallower, graded distributions occurs in more
complicated developmental scenarios in which
auxin is tightly linked with the production of
the cells that it is subsequently proposed also
to regulate. The two principal examples here
are of the root apex and the vascular cambium
in the wood-forming tissues of trees. In the root
apex, the stem cell niche (SCN), containing the
quiescent center and stem cells, gives rise to all
cell types of the root (Sabatini et al. 1999). Cells
laid down behind the SCN as the root apex
advances remain mitotically active for a period
before beginning to elongate and differentiate
(Beemster and Baskin 1998). Thus the prox-
imo-distal axis of the root tip can be divided
into at least two broad zones; the meristemat-
ic zone in which cells divide and the elonga-
tion/differentiation zone in which proliferation
gives way to cell elongation and differentiation
(Beemster and Baskin 1998; Moubayidin et al.
2009).

Mathematical modeling, supported as far as
possible by experimental observation, suggests
that this longitudinal pattern of developmental
transitions can be correlated with an overall gra-
dient of auxin, which shifts from high in the
root apex to low in the elongation and differen-
tiation zones (Grieneisen et al. 2007; Petersson
et al. 2009) (Fig. 4B). A dynamic and coordi-
nated system of PIN protein expression and
orientation moves auxin around the growing
root tip creating a distal auxin maximum that,
with other inputs, positions and maintains
the SCN (Blilou et al. 2005; Xu et al. 2006).
Proximal to this, an accompanying diminishing
gradient of auxin appears to play a role in regu-
lating the extent of proliferation in the meristem
and thus the transition to elongation and differ-
entiation (Blilou et al. 2005; Grieneisen et al.
2007). PINs are arranged so that the main flux

of auxin is down the central vascular tissues
into the SCN auxin maximum (Fig. 4B). From
here, auxin is moved laterally outward through
the lateral root cap and back up and away from
the tip through the lateral root cap and epider-
mis. Importantly, at the transition zone between
the meristematic and elongation zones, PIN
proteins are orientated so that a significant por-
tion of the auxin flowing away from the tip is
refluxed laterally back into the central acropetal
flow (Blilou et al. 2005). This reflux loop con-
tributes to the maintenance of both the discrete
distal maximum and overall to the high levels of
auxin throughout the meristem relative to the
adjacent elongation zone, creating a steeper drop
in auxin concentration acrossthe MZ/EZ bound-
ary that has been proposed to prompt the transi-
tion to elongation and differentiation (Grieneisen
et al. 2007). Importantly, mathematical modeling
of the PIN system in the root tip has shown that it
possesses impressive self-organizing properties
and is predicted to be capable of generating the
observed patterns of auxin distribution, even in
the absence of feedbacks with auxin response
(Grieneisen et al. 2007).

The extent to which auxin responses along
the proximo-distal root axis are mediated by the
AFB-Aux/IAA-ARF system is not entirely clear.
It is certainly involved the positioning of the
SCN by regulating indirectly the expression of
members of the PLETHORA (PLT) family of
AP2-domain transcription factors which are re-
quired for stem cell maintenance (Sabatini et al.
1999; Aida et al. 2004). In turn, PLTexpression is
required for the proper expression of the PIN
proteins that mediate both the formation of
the distal auxin maximum and the root tip aux-
in reflux loop more generally (Aida et al. 2004;
Blilou et al. 2005). This positive feedback loop
is thus another stabilizing input into self-organ-
izing auxin distribution in the root tip.

Although PLTexpression and other evidence
of high levels of AFB-Aux/IAA-ARF activity in
the SCN could be considered to be a straightfor-
ward case of response to an auxin maximum,
PLTs may also have other dose-dependent func-
tions in addition to the maintenance of the SCN
that could be related to the interpretation of a
proximal-distal auxin gradient. The expression
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of the four PLT family proteins with demon-
strated functions in the root tip (PLT1, PLT2,
PLT3, and BABY BOOM [BBM]) is highest in
the SCN, diminishing to varying extents into
the proximal meristem (Galinha et al. 2007).
In addition to the loss of stem cells, plt mu-
tant combinations also have a short meris-
tem phenotype. The targeted misexpression of
PLT2 in only the proximal meristem of plt1
plt2 mutants is sufficient to suppress this meris-
tem phenotype without rescuing distal stem cell
defects suggesting that PLT2 can have an input
into proliferation in the meristem spatially
and temporally separate from that which con-
trols stem cell maintenance (Galinha et al.
2007). What is less clear is the extent to which
the lower levels of PLT in the meristem represent
a fundamentally distinct regulation of cellular
activity from that observed in the SCN. Cer-
tainly, without further genetic intervention to
release the effects of parallel inputs into SCN
specification (via the down-regulation of the
RETINOBLASTOMA (RBR) pathway), induci-
ble overexpression of PLT by itself is not suffi-
cient to increase the size of the stem cell pool
(Galinha et al. 2007). Thus it is not possible to
know whether differences in higher and lower
doses of PLT direct truly different aspects stem-
ness and meristemness respectively. Further,
because of the feedback relationships between
PLTs and auxin distribution it is difficult to
assess the extent to which PLT expression and
action represents a functional readout of a
proximo-distal auxin gradient. For example it
is also possible that PLT2 misexpression in the
proximal meristem affects auxin homeostasis
in the MZ and thus has indirect effects on pro-
liferation through parallel AFB-Aux/IAA-ARF-
independent mechanisms.

The Morphogen Question

Regardless of whether or not gradients of PLT
are a readout of auxin levels in the root that
mediate changes in cellular activity as cells
transit away from the SCN, there seems little
doubt that high concentrations of auxin are
required for the specification of the SCN, mod-
erately high concentrations are required to

sustain division in the root meristem and as a
corollary of this, elongation and differentiation
are only possible at much lower levels still. This
being the case the question of whether auxin can
be considered a morphogen has often been
raised, the answer to which has invariably been
no owing to the rather strict nature of the mod-
ern definition of a morphogen (Sabatini et al.
1999; Bhalerao and Bennett 2003; Benkova
et al. 2009). This subject has been covered exten-
sively elsewhere and so comment here will be
restricted to pointing out how very different
and more complex these developmental scenar-
ios are from animal embryo context in which
the modern morphogen concept was con-
structed (Wolpert 1969). Although the central
idea of Wolpert’s iconic French flag hypothesis
can be grafted to these putative plant examples
of morphogen action it is important to remem-
ber that these are dynamic growing structures
and so every cell in the morphogenetic field
has arisen in the same peak of auxin concentra-
tion. What follows from this is that the potential
of a cell to respond to auxin in the next unit of
developmental space is the product of auxin
concentration and the prevailing auxin signal-
ing topology at that point or in other words,
each cell’s response will be dependent on the his-
tory of previous responses to higher levels of
auxin further up the gradient. In its require-
ments of the cell’s ability to distinguish different
levels of stimulation this then is distinct from the
situation where a field of cells derives positional
information from a morphogenetic gradient.
Here, it is a temporal as much as a spatial ques-
tion because the question is of how a single cell
behaves during a descent down an auxin concen-
tration gradient formed as the auxin maximum
in the root tip moves farther away.

Auxin as a Self-Organizer

There are of course examples in plant devel-
opment in which an existing field of cells is pat-
terned by auxin. Again, the inter-primordium
L1 layer of the SAM is a good example, but
here cells in the PZ field will do only one of
two things; make a leaf or a flower primordium
if auxin concentrations are high enough, or
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continue with a default stem tissue program
if they are not (Reinhardt et al. 2003). Thus
strictly speaking auxin is simply a permissive
signal for lateral organ initiation in the SAM.
If not a morphogen then, can we at least say
whether there are circumstances in which auxin
can be an instructive signal? Put another way, is
there any example in normal development in
which different concentrations of auxin within
a field of cells can induce more than two fates
or states (i.e., a prestimulation fate and a poststi-
mulation fate)? Indeed it is difficult to find any
example in which this condition is met. Despite
this, the argument for an instructive role for
auxin in development has been advanced
(Reinhardt et al. 2003) and can be supported
if auxin’s capacity to self-organize is considered.
Several examples of self-organization have
already been highlighted here and in all of these
cases the underlying mechanism is the regula-
tory feedback between auxin transport and
auxin response (e.g., Fig. 1C). From this point
of view, the auxin transport-auxin response
“module” that underlies phyllotactic patterning
possesses a high level of instructive capacity;
without the requirement for signals other than
auxin, responses at the level of individual cells
lead to the emergence of pattern across tissues.

Self-Organization in Time as Well as Space

As well as the spatial control generated by feed-
back between auxin transport and response, the
many feedback loops between individual com-
ponents of the AFB-Aux/IAA-ARF system pro-
vide another layer of self-organizational capacity
that can operate over time within individual
cells and their descendants. An example is of
the priming of xylem-pole pericycle cells for
later activation as lateral root founder cells as
described above (De Smet et al. 2007). The
idea that one specific AFB-Aux/IAA-ARF to-
pology can give rise to another with a different
potential to respond to auxin is a powerful one
because it provides a means to generate a more
complex and multilayered response to a simple
auxin input signal. Instances of evolving auxin
signaling topologies are beginning to come to
light. For example, for some time it has been

known that a regulatory module consisting of
the Aux/IAA SOLITARY ROOT (SLR/IAA14)
and the ARFs NPH4/ARF7 and ARF19 is re-
quired for lateral root initiation and organogen-
esis (Fukaki et al. 2002; Vanneste et al. 2005).
More recently a second module involving
the Aux/IAA BODENLOS (BDL)/IAA12 and
the ARF MP/ARF5 has been shown to act after
SLR-ARF7/19 and indeed the over-expression
of MP was able to suppress the lateral rootless
phenotype of slr (De Smet et al. 2010b).
Although it is not clear whether the induction
of this BDL/MP module is directly dependent
on ARF7/19 regulation, BDL is certainly an
auxin-inducible gene and there is evidence
that MP expression is also moderately induced
by auxin treatment (Abel et al. 1995; Wenzel
et al. 2007).

This concept of auxin signaling topologies
self-organizing over time is also relevant to the
robustness of auxin-regulated development.
This is because a system that depends on a se-
quence of auxin-triggered events can be buf-
fered against fluctuation and noise in auxin
concentration so that quantitative differences
in auxin input need not affect the qualitative
output. For example, in response to treatment
with high levels of auxins such as IAA or NAA,
the xylem-pole pericycle responds by initiat-
ing many LR primordia, each developing as
a more or less perfectly-formed lateral root
(Benkova et al. 2003). Thus, across a range of
auxin input signals, the integrity of the individ-
ual LR developmental program is maintained.
Drilling down further into the LR development
program reveals yet more examples of highly
feedback-regulated downstream modules that
contribute to the robustness and integrity of
development. For example, the transcription
factor NAC1, a positive regulator of LR develop-
ment is induced by auxin in an ARF-dependent
manner but this induction is also accompanied
by the expression of both the micro RNA
miR164 which negatively regulates NAC1 tran-
script levels and the ubiquitin ligase SINAT5
which targets the NAC1 protein for degradation,
suggesting that only a brief input from NAC1 is
required for normal lateral root development
(Xie et al. 2000; Xie et al. 2002; Guo et al. 2005).
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DEVELOPMENTAL CONTEXT
AND AUXIN RESPONSE

Whatever the self-organizing capacity of auxin
to pattern developmental events in time and
space, the nature of those events is constrained
by developmental context as evidenced by the
unmistakably root- and shoot-specific outcomes
of auxin accumulation in the xylem-pole peri-
cycle and PZ of the shoot apex respectively.
How then are these auxin response contexts
set? Considering the rather fundamental nature
of this question, surprisingly little is known
of how variation in auxin responsiveness is
specified. There are two principal levels at
which a specific auxin response context can be
established: spatial variation in either the core
AFB-Aux/IAA-ARF system or the connections
of downstream effectors to different context-
specific AFB-Aux/IAA-ARF modules. It is ex-
tremely likely that, as a general rule for auxin
action, variation at both of these levels would
be required to allow the flexibility necessary
for appropriate developmental outputs to be
generated in each distinct developmental con-
text. The process of organogenesis at the SAM
highlights a possible exception in which spatial
variation in the AFB-Aux/IAA-ARF system
alone may be sufficient to account for spec-
ification of a distinct auxin response context.
This is because it is only the PZ of the SAM,
and not the adjacent central zone (CZ), that
can respond to auxin with the development of
a lateral organ (Reinhardt et al. 2000; Reinhardt
et al. 2003). Analysis of DR5::GFP across the
entire shoot apex after treatment with exo-
genous auxin shows that AFB-Aux/IAA-ARF
action in the CZ is suppressed in some way,
pointing to differences in AFB-Aux/IAA-ARF
topology between these meristem zones (de
Reuille et al. 2006). It is also entirely possible
that other factors outside of the known AFB-
Aux/IAA-ARF system might contribute to
context-specific responses: the identification
of novel ARF interactors such as the Myb tran-
scription factor MYB77 (Shin et al. 2007) has
highlighted the possibility that auxiliary factors
might bind to ARFs or other components of the
AFB-Aux/IAA-ARF system to modulate their

activity. From this viewpoint, the core AFB-
Aux/IAA-ARF module would provide a basic
scaffold of auxin regulation into which auxiliary
(transcription) factors are integrated to gener-
ate distinct auxin response contexts.

Patterning Spatial Variation in Auxin
Responsiveness

The evidence for tissue- and cell-type-specific
variation in Aux/IAA and ARF expression in
particular is abundant (Abel et al. 1995; Birn-
baum et al. 2003; Weijers et al. 2006; Brady
et al. 2007) but for the most part little is known
of the functional significance of this variation
and in no case has a mechanistic link to an
upstream patterning mechanism been made.
Perhaps the best understood developmental
context in this respect is the Arabidopsis embryo
(for review see Möller and Weijers 2009). Here,
MP/ARF5 and BDL/IAA12 contribute to the
initiation of the embryonic root by specifying
the uppermost cell of the suspensor (the extra-
emryonic column of cells that supports the
embryo proper) to become the hypophysis
(Weijers et al. 2006; Schlereth et al. 2010).
Importantly MP and BDL expression is con-
fined to the central cells of the proembryo
immediately above the suspensor cells. From
here they act to promote the transport of auxin
to the incipient hypophysis by regulating the
expression of the PIN protein PIN1 (Weijers
et al. 2006). This generates a maximum of
AFB-Aux/IAA-ARF-mediated response that is
essential for hypohysis specification. Interest-
ingly the the Aux/IAAs and ARFs that mediate
the hyphophyseal response to auxin are distinct
from MP and BDL: although loss-of-function
mp mutants and stabilized gain-of-function
bdl mutants both fail to specify the hypophysis
and consequently lack a root, the expression of
mutant bdl protein in the hypophysis has no
effect on embryonic root development (Weijers
et al. 2006). Recent work has identified a basic
helix-loop-helix transcription factor, itself a
target of MP (TARGET OF MONOPTEROS 7,
TMO7), that is also required for hypophysis
specification. Importantly, TMO7 moves from
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its site of synthesis in the central cells to the hy-
pophysis providing another MP-mediated input
into embryonic root development (Schlereth
et al. 2010).

This BDL-MP activity is part of the elabora-
tion of an initial apical-basal asymmetry that
exists in the egg cell even before fertilization
(Friml et al. 2003; De Smet et al. 2010a). An
asymmetric zygotic division creates a smaller
apical cell that divides to form the proembryo
and a larger basal cell that is the origin of the
suspensor tissue (De Smet et al. 2010a). This
suggests that proembryo and suspensor-specific
AFB-Aux/IAA-ARF topologies may be traced
back to the inherent asymmetry of the egg
cell. Both the mechanism of patterning these
distinct auxin response contexts and the origin
of the initial asymmetry in the egg cell are
unknown. In the case of the latter it would
not be entirely unexpected if auxin was found
to be a (maternal) polarizing signal here too.
Also, the fact that DR5 activity precedes that
of BDL/MP expression in the proembryo might
suggest that yet another AFB-Aux/IAA-ARF
topology is required for this initial response
(Friml et al. 2003), again hinting at the possibil-
ity of evolving Aux/IAA-ARF regimes. Indeed,
despite the existence of very dramatic fluxes
of auxin initially up to the apical cells and
then down to the hypophysis, the fundamental
apical-basal axis appears remarkably resistant
to perturbation of auxin homeostasis (Friml
et al. 2003; Weijers et al. 2005b). This could be
yet another example of sequential, temporally-
damped, feedback-regulated, self-organization
of AFB-Aux/IAA-ARF activity and auxin move-
ment conferring developmental robustness
across a range of auxin concentrations.

Contextual Inputs—Environmental
Regulation of Auxin Response

So far auxin has been discussed in isolation,
principally to draw attention to its remarkable
capacity for self-organization and develop-
mental control. Of course, the auxin response
system operates as part of a much larger system
and is connected at many levels, or nodes, to
other signaling subsystems within the plant,

including those for the other major plant
hormones (Kieffer et al. 2010; Stewart and
Nemhauser 2010). The integration of intrinsic
developmental and extrinsic environmental
signals in the auxin response system is a crucial
component of the postembryonic plasticity of
plant development. Although there are many
examples of signal integration via the modula-
tion of auxin distribution, responses to light
and gravity being obvious cases, most relevant
here are environmental signals whose primary
effect is to alter development by altering the
sensitivity of tissues to auxin (Perez-Torres
et al. 2008). A good example is of the root re-
sponse to phosphate starvation, which includes
an increase in lateral rooting and root hair
length and a decrease in the growth of the pri-
mary root. These phenotypes are reminiscent
of auxin treatment and a recent study has
revealed at least one component of this similar-
ity in response by demonstrating that Pi starva-
tion promotes the expression of the auxin
receptor TIR1, rendering the root hypersensi-
tive to IAA and promoting auxin response
(Perez-Torres et al. 2008).

The modulation of auxin sensitivity via
TIR1/AFB regulation has also been implicated
in the defense response to the pathogen P. syr-
ingae. Bacterial infection induces the expres-
sion of the micro-RNA miR393 which nega-
tively regulates TIR1, AFB2, and AFB3 mRNA,
thereby diminishing auxin response and re-
stricting pathogen growth (Navarro et al. 2006).
These examples of signal-induced changes in
auxin sensitivity represent another dimension
of contextual control in which intrinsic auxin-
regulated developmental processes can be mod-
ulated to optimize the fitness of the plant.

CONCLUSIONS

The remarkable versatility of auxin as a signal-
ing molecule has led to a search for unifying
concepts that may explain its repeated use as a
developmental regulator. This article has fo-
cused on the capacity of the AFB-Aux/IAA-
ARF system both alone and in combination
with feedback regulation of auxin transport,
to interpret and effect responses to variation
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in auxin distribution by forming context-spe-
cific and often self-organizing response mod-
ules. It is important to point out that other
auxin signaling systems, such as those involving
ABP1, have received little attention here (see
Tromas et al. 2010b for detailed review). These
additional systems of course add further layers
of control and complexity to auxin response.
Recent work also suggests ABP1-mediated sig-
naling is also linked by feedback loops to both
AFB-Aux/IAA-ARF-mediated response (Tro-
mas et al. 2010a,b). It is also the case that even
in this extended discussion on the topic, sim-
plifications have been made for sake of clarity.
Perhaps the most obvious is the idea of pairs
of Aux/IAAs and ARFs regulating particular
processes. While it is true that in the case of
BDL and MP for example, these proteins have
been shown to work together, this does not
mean that other coexpressed ARFs and Aux/
IAAs (especially the latter) do not contribute
to MP-mediated responses. It is more likely
that the affinities between any given Aux/IAA
and ARF pair will range from very low to very
high and therefore outputs in any given cell at
a given time will be the product of a complex
set of interactions.

The picture that emerges is one of almost
unfathomable complexity and certainly suffi-
cient flexibility to regulate different proces-
ses simultaneously in time and space, and with
constant reference to environmental signals. At
the same time, the ability now to address auxin
response at a mechanistic level, taking a rational
and where possible quantitative and mathe-
matical approach to understanding the genetic
and biophysical interactions of the core AFB-
Aux/IAA-ARF components and their down-
stream targets in each developmental context,
provides an extremely powerful framework
within which fundamentally new understand-
ing of plant biology can be generated. Because
auxin impacts on so much of development,
it is reasonable to begin to think of how multi-
scale computational models of auxin distribu-
tion and response could form the fabric of
organ- and organism-level models of plant de-
velopment. Such an approach, while presently
extremely challenging both experimentally and

mathematically, offers perhaps the greatest op-
portunity to capture the plasticity of develop-
ment in all its glorious complexity.
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