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Auxin perception: in the IAA of the beholder
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Abstract

Auxin signaling through the SCFT'RL_Aux/IAA-ARF pathway is one of the best-studied plant
hormone response pathways. Components of this pathway, from receptors through to transcription
factors, have been identified and analyzed in detail. Although we understand elementary aspects of
how the auxin signal is perceived and leads to a transcriptional response, many questions remain
about the in vivo function of the pathway. Two crucial issues are the tissue-specificity of the
response, i.e. how distinct cell types can interpret the same auxin signal differently, and the
response to a signaling gradient, i.e. how a graded distribution of auxin can elicit distinct
expression patterns along its range. Here, we speculate on how signaling through the canonical
SCFTIRL Aux/IAA-ARF pathway may achieve divergent responses.

Introduction

Auxin plays a central role in nearly every aspect of plant development as well as in
numerous adaptations to environmental cues. How this growth signal is differentially
perceived and interpreted by individual cells to yield the plethora of varying molecular,
physiological and growth responses is a central and historic question in plant biology
(Darwin and Darwin 1888). Indole-3-acetic acid (henceforth also auxin) is the predominant
form of auxin and is found across plant — and algal — species (Lau et al. 2009 for review).
Other endogenous auxinic compounds have also been discovered, but these molecules are
not as well-studied (i.e. indole-3-butyric acid, phenylacetic acid and 4-chloroindole-3-acetic
acid) (Simon and Petrasek 2011 for review). Auxin distribution is highly regulated,
especially within the embryo and growth centers of the apical and cambial meristems where
auxin concentration gradients are formed that guide cellular differentiation (see Bhalerao
and Bennett 2003, Bennett and Scheres 2010, Ha et al. 2010, Peris et al. 2010 for reviews).
Furthermore, auxin distribution is dynamically modified in response to external stimuli such
as light or gravity (Swarup et al. 2005, Ding et al. 2011). Such changes in auxin input elicit a
distinct output in different tissues. For example, increased auxin levels lead to cell
elongation in the hypocotyl whereas expansion is inhibited in the root. Thus, cells need to be
able to discretely sense and interpret changes in auxin distribution that occur both through
developmental time and as a result of reactive fluctuations.
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Indole-3-acetic acid is a simple aromatic carboxylic acid that is found in the nanomolar to
micromolar range in planta (Edlund et al. 1995, Uggla et al. 1996, Petersson et al. 2009). In
the apoplast, auxin is principally in its protonated form, allowing diffusion across the plasma
membrane, whereas the relatively alkaline cytosolic conditions lead to acidification and
intracellular accumulation of the molecule. Auxin import is further facilitated by the influx
carriers AUXIN RESISTANT 1/LIKE AUXIN RESISTANT (AUX1/LAX) (Bennett et al.
1996), as well as the P-GLYCOPROTEIN 4 (AtPGP4) (Santelia et al. 2005) and the
NITRATE TRANSPORTER 1 (NRT1.1) (Krouk et al. 2010). Auxin efflux can only be
achieved by active transport and is mediated by plasma membrane localized members of the
PINFORMED family of efflux carriers (PIN) (Petrasek et al. 2006), as well as AtPGP1 and
19 (reviewed in Geisler and Murphy 2006). It is the cell type-specific polar localization of
the exporters (as well as AtPGP4 and NRT1.1) that generates a flux of auxin within tissues
and actively regulates auxin distribution. Environmental and developmental cues relayed by
additional small signaling molecules, as well as auxin itself, lead to altered expression and
localization of PIN efflux carriers and hence a redistribution of local auxin levels (see
Vanneste and Friml 2009 for review). Auxin elicits both immediate (non-transcriptional)
responses, such as cell-wall acidification and effects on endocytosis (Robert et al. 2010,
Takahashi et al. 2012), as well as a vast array of transcriptomic responses consisting of
thousands of auxin-responsive genes (Goda et al. 2008, Paponov et al. 2008, Chapman et al.
2012).

In this article, we review our current understanding of how auxin might elicit diverse outputs
in different cell types and discuss how a graded distribution of auxin concentration can lead
to defined responses along its range. We will focus in particular on regulation of the
transcriptional response downstream of the nuclear SCFT'RLAux/IAA co-receptor complex
(Calderon Villalobos et al. 2012).

The SCFTRLI-Aux/IAA auxin-receptor complex regulates ARF activity

The TIR1 (TRANSPORT INHIBITOR RESISTANT 1) component of the SCFTIRL
Aux/IAA auxin receptor complex was first identified in an Arabidopsis forward-genetic
screen for auxin-transport-inhibitor resistant mutants (Ruegger et al. 1997). In Arabidopsis,
TIR1 is a member of a six-gene clade of F-box proteins that also includes AUXIN
SIGNALING F-BOX PROTEIN 1 through 5 (AFB1-5) (Dharmasiri et al. 2005). tirl
mutants show retarded growth and diminished stature in addition to a resistance to auxin
(Ruegger et al. 1998). Successive elimination of AFB1, AFB2 and AFB3 in tirl mutants
leads to exacerbation of the growth defects and increased auxin resistance (Dharmasiri et al.
2005). In vitro assays and mutant analysis have shown that AFB4 and AFB5 are also
involved in auxin perception (Greenham et al. 2011).

TIR1 and the AFBs are F-box components of a nuclear SCF-type E3 ubiquitin ligase, which
target the Aux/IAA (AUXIN/INDOLE-3-ACETIC ACID INDUCIBLE) proteins for
degradation by the 26S proteasome via polyubiquitination (Gray et al. 2001, Petroski and
Deshaies 2005, dos Santos Maraschin et al. 2009). In addition to a conserved F-box domain,
the TIR1/AFB proteins contain a leucine-rich-repeat (LRR) domain that binds the Aux/IAA
transcriptional repressors (Gray et al. 1999, Tan et al. 2007). Crucially, the binding of Aux/
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IAAs to the TIR1/AFBs, is dependent on auxin (Gray et al. 2001, Dharmasiri et al. 2005,
Kepinski and Leyser 2005, Tan et al. 2007). Auxin in effect works as molecular glue
between the TIR1 LRR binding pocket and the recognition domain (DII) in the Aux/IAA
proteins. In addition, biochemical studies indicate that both TIR1 and the Aux/IAA proteins
are required for auxin binding and therefore function as co-receptors (Calderon Villalobos et
al. 2012). Auxin promotes the formation of the co-receptor complex which in turn facilitates
ubiquitination and degradation of the Aux/IAAs and consequent de-repression of the
transcriptional auxin response (Figure 1).

Auxin-induced transcriptional changes are mediated by AUXIN RESPONSE FACTOR
(ARF) B3-type transcription factors, which bind to the auxin response elements (AuxRE) in
the promoters of auxin-responsive genes (Ulmasov et al. 1997, see Guilfoyle and Hagen
2007 for review). Based on protein sequence homology, the family of ARFs can be broadly
subdivided into “Q-rich” activator-ARFs and “non-Q-rich” repressor-ARFs, which promote
and inhibit transcription at AuxRE, respectively (Guilfoyle and Hagen 2007). At low auxin
levels, the (activating) ARFs are bound by Aux/IAAs (Tiwari et al. 2001), which recruit the
TOPLESS co-repressor and associated chromatin-modification machinery, thereby
inhibiting transcription (Szemenyei et al. 2008). The transcriptional repression of
(activator-)ARF activity is released upon auxin-induced Aux/IAA degradation, leading to an
induction of gene expression (Guilfoyle and Hagen 2007). ARF activation of transcription is
further modulated independently of auxin levels by repressor-ARFs, presumably also via
chromatin modification (UImasov et al. 1999, see Tiwari 2003 for review, Causier et al.
2012). It is worth noting that the ARF family members have been divided into so-called
activators and repressors based on their behavior in transient and heterologous assays with a
limited number of promoters, both groups of proteins may display more complex behaviors
in planta.

Several direct ARF target genes have been identified using different methods, including
transient expression in protoplasts, chromatin immunoprecipitation, transcriptomic analysis
of auxin signaling mutants, activation of gene expression in the presence of translational
inhibitors, or simply because they are up-regulated by auxin treatment and contain an
AUXRE in their promoter (UImasov et al. 1997, Hardtke et al. 2004, Okushima et al. 2005,
Okushima et al. 2007, Cole et al. 2009, Schlereth et al. 2010). Direct ARF-mediated, auxin-
responsive genes include genes involved in auxin signaling itself (e.g. the Aux/I AA co-
receptors and GRETCHEN HAGEN 3 (GH3) auxin amido-conjugases) (Hagen and
Guilfoyle 1985, Nemhauser et al. 2006) as well as transcription factors implicated in the
high-order regulation of development (e.g. LATERAL ORGAN BOUNDARY DOMAIN
CONTAINING PROTEINs and TARGET OF MONOPTEROS 7) (Okushima et al. 2007,
Schlereth et al. 2010). Intriguingly, some auxin-responsive genes show diffuse, graded
expression patterns, e.g. select Aux/IAAs, whereas others display defined expression
domains, e.g. certain LBDs (Okushima et al. 2007, Vernoux et al. 2011). Moreover, some
are induced ubiquitously by auxin treatment while the induction of others is restricted to
specific tissues (Paponov et al. 2008).
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How could the SCFTRI-Aux/IAA-ARF pathway mediate divergent responses

in different cell types?

Auxin elicits differing responses depending on the cellular context in which it is perceived
(reviewed in Kieffer et al. 2010); either promoting or inhibiting particular cellular processes,
such as cell division and cell expansion, and inducing or repressing the transcription of
specific genes contingent on cell-identity and developmental age. It is posited that the
SCFTIRL Aux/IAA-ARF pathway is modular and that mixing-and-matching of the different
members within the three families of proteins generates an auxin response tailored to a
specific cell type (reviewed in Weijers and Jurgens 2004, De Smet et al. 2010, Calderon
Villalobos et al. 2012, Rademacher et al. 2012). Indeed, individual family members differ in
their spatial expression patterns. Transcriptional reporters indicate that the TIRL/AFBs are
widely expressed throughout the plant, but translational fusions suggest that post-
transcriptional regulation of TIRL/AFB restricts spatial protein expression levels (Parry et al.
2009). This may be partly due to the action of the small RNA miR393 (Vidal et al. 2010,
Chen et al. 2011, Si-Ammour et al. 2011). The family of Aux/IAAs (consisting of 29
members in Arabidopsis) (Overvoorde et al. 2005) also appears to have divergent tissue-
specific gene expression. However, a systematic analysis of spatial reporter-gene expression
for this family has not been conducted and visualization of native, basal Aux/IAA protein
expression levels is hampered by the high turnover rate of translational reporter fusions
(Lokerse and Weijers 2009 for review). A more comprehensive analysis of spatial ARF
gene-expression in the seedling root and embryo demonstrates that this family (consisting of
23 members in Arabidopsis) is differentially expressed in various cell types and
developmental zones (Rademacher et al. 2011). ARF protein expression levels may also be
expected to be different from the relative promoter activities as several ARFs have been
shown to be subject to post-transcriptional or post-translational regulation (Fahlgren et al.
2006, Salmon et al. 2008, Rosado et al. 2012). Thus, there are definite differences in the
cellular composition of the SCFT'RLAux/IAA-ARF pathway and these may form the basis
of the specificity of the transcriptional response.

If differences in the cellular composition of the SCFT'RL_Aux/IAA-ARF pathway help
determine the specificity of the response, there must be family member-dependent
differences in the component interactions. TIR1/AFB-Aux/IAA interactions have been
tested by in vitro co-immunoprecipitation as well as auxin-dependent yeast 2-hybrid assays
(Gray et al. 2001, Greenham et al. 2011, Calderon Villalobos et al. 2012, Yu et al. 2013).
Results indicate that the affinity of TIR1 and the AFBs for the Aux/IAA co-receptors differs
for the various Aux/IAA family members (Calderon Villalobos et al. 2012). A number of
approaches, particularly yeast 2-hybrid tests, have documented homo- and heterodimeric
interactions between members of the Aux/IAA and ARF families (reviewed in Guilfoyle and
Hagen 2012). One large-scale study suggested that, in general, the Aux/IAAs bind more
strongly to the activating ARFs than the repressing ARFs (Vernoux et al. 2011). However,
this study is subject to the usual caveats concerning yeast 2-hybrid data. In fact, a recent
study indicates that ARF9, a member of the “non-Q-rich” repressor class, interacts with
IAA10 in plant cells, and that this interaction has an important function during
embryogenesis (Rademacher et al. 2012). Ultimately, the specificity of the SCFT'RLAux/

Physiol Plant. Author manuscript; available in PMC 2015 May 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Bargmann and Estelle Page 5

IAA-ARF-mediated transcriptional response must lie in the DNA-binding site preference of
the different ARFs; this implies that there is more to ARF-DNA binding than recognition of
the AuxRE (TGTCTC) alone. Furthermore, homotypic and heterotypic interactions of the
ARFs indicate that multiple recognition sequences in close proximity may be involved in the
binding of particular ARF dimers to the DNA (Ulmasov et al. 1999). Thus, there are three
interaction levels in the SCFT!RL-Aux/IAA-ARF pathway where the expression and
interaction properties of divergent family members within the separate modules could
theoretically direct the cellular transcriptional response elicited by changes in auxin levels
(Figure 2).

Aside from the divergent expression of TIR1/AFB, Aux/IAA, and ARF family members,
cell type-specific auxin responses may also be influenced by additional regulators of the
SCFTIRL Aux/IAA-ARF pathway. For instance, TIR1 activity was recently shown to be
modulated by nitric oxide-mediated S-nitrosylation, leading to increased TIR1-Aux/IAA
interaction (Terrile et al. 2012). There are reports that the Aux/IAAs and ARFs are
phosphorylated (Colon-Carmona et al. 2000, Vert et al. 2008). Furthermore, both Aux/IAAs
and ARFs may interact with additional transcription factors to modify the expression of their
targets, e.g. MYB77 has been shown to interact with ARF7 (Shin et al. 2007), KANADI
proteins interact with ARF3 (Kelley et al. 2012) and HEATSHOCK FACTOR 9 interacts
with IAA27 in sunflower (Carranco et al. 2010).

Finally, many tissue-specific auxin-responsive genes may be indirect auxin targets,
regulated by auxin-induced or -repressed transcription factors. Direct tissue-specific
regulation of just a few secondary transcription factors could lead to highly divergent
outcomes in overall transcriptional responses. Alternatively, the SCFTIRL-Aux/IAA-ARF
pathway may directly and broadly regulate secondary transcription factors that then relay
specificity by interacting with tissue-specifically expressed co-factors.

How could an auxin gradient elicit distinct expression domains through the
SCFTRL-Aux/IAA-ARF pathway?

Auxin gradients give positional information and guide cellular maturation in growth centers
such as the vascular cambium and the root apical meristem. These concentration gradients
are thought to function to drive distinct expression patterns in the cells along their range to
stage development from cell division through to cell expansion and differentiation (see
Bhalerao and Bennett 2003 for review). According to this thesis the relationship between
local auxin concentration levels and auxin-responsive gene expression is not a simple linear
one; higher auxin levels may not necessarily elicit stronger induction or repression
respectively for all auxin-sensitive genes. This suggests that separate branches of the
SCFTIRL Aux/IAA-ARF pathway have different sensitivity to auxin and may be discretely
activated along a concentration gradient.

Notably, assessment of the interaction of TIR1 and AFBs with Aux/IAAs using auxin-
dependent yeast-2-hybrid assays has shown that distinct F-box-Aux/IAA pairs indeed have
different auxin dose-response dependencies in their interactions (Calderon Villalobos et al.
2012). In vitro analysis of the dissociation constants for auxin binding among different
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TIR1/AFB-Aux/IAA co-receptor pairs has demonstrated a broad spectrum (encompassing
orders of magnitude) of auxin-sensing capability that is mostly governed by the Aux/IAA
component of the complex (Calderon Villalobos et al. 2012). In addition, heterologous
reconstitution of the TIRL/AFB-mediated degradation of fluorescently tagged Aux/IAAS in
yeast has recently demonstrated that there are major differences in the degradation dynamics
of Aux/IAAs in vivo (Havens et al. 2012). These findings suggest that different local auxin
concentrations result in distinct relative levels of the Aux/IAAs present in a particular cell.
Assuming that there are differences among the interaction specificities of the Aux/IAAs and
ARFs expressed in cells along a concentration range, different sets of ARF target genes may
be activated at different local auxin concentrations. Further investigation of TIR1/AFB-
Aux/IAA interactions has identified putative determinants in this differential binding.
Residues outside of the DIl of Aux/IAAs are likely involved, as the interaction and
degradation-rates of full-length Aux/IAA proteins is markedly different from that of
truncations or the isolated DIl (Havens et al. 2012). A screen for tirl mutants with altered
binding properties performed using the auxin-dependent yeast 2-hybrid interaction assay has
recently pinpointed two specific mutations on the outside of the LRR binding pocket that
lead to increased auxin-mediated TIR1/AFB-Aux/IAA interaction and caused an auxin-
hypersensitive phenotype when expressed in planta (Yu et al. 2013). These studies indicate
that differences in the auxin-dependent, TIR1/AFB-assisted degradation dynamics of Aux/
IAAs could generate distinct thresholds of expression along an auxin gradient and that
features outside of the known interaction interfaces of the TIR1/AFB-Aux/IAA co-receptor
complex may modulate the sensitivity to auxin in an as yet unknown manner.

Additionally, feedback regulation of the SCFT'RL-Aux/IAA-ARF pathway could lead to
non-linear dose-response curves for auxin-sensitive transcription. The expression of several
Aux/1AA genes is strongly induced by auxin and thus forms a regulatory negative-feedback
loop (Tiwari et al. 2001). Differences in Aux/IAA protein synthesis and degradation rates at
varying auxin levels may therefore affect complex input to output relations. Some ARFs are
also induced by auxin, potentially refining the response (Lau et al. 2011). Together with
additional auxin-responsive regulators of the SCFT'RL-Aux/IAA-ARF pathway (e.g.
MYB77, whose gene expression is also induced by auxin) (Shin et al. 2007), the picture that
emerges is one of a complex self-regulating network that could produce diverse
transcriptional interpretations of gradual changes in local auxin levels.

Perspective

Although the SCFTIRL Aux/IAA-ARF pathway is a relatively well-studied plant hormone
signaling pathway, there are still many questions to be addressed in order to better
understand its in vivo function. For example, the current model does not account for direct
auxin-mediated repression of transcription. Generally, auxin down-regulated genes are
affected at later time-points, compared to auxin-induced genes, suggesting that repression
may be mostly indirect and the result of the primary induction of repressors (Paponov et al.
2008). Further investigation is required to ascertain if (and how) the pathway acts to directly
repress transcription. An additional key issue concerns the specificity of the different ARF
family members. The phenotypes of individual arf mutants vary considerably, indicating
redundant and non-overlapping function (Hardtke et al. 2004). Further studies will assess
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whether these differences are, at least in part, due to differences in ARF target genes.
Another intriguing observation that merits more attention is the finding that separate cell-
lineages in the (root) meristem may maintain individual and highly divergent auxin
concentration gradients, as visualized by the recently developed DII-Venus biosensor
(Brunoud et al. 2012). This may indicate that the regulation of cellular maturation by auxin
is not generic across cell types but may involve cell lineage-specific interpretation of
isolated signaling gradients.

Recently, cell type-specific analysis of genome-wide auxin responses in four different
tissue-specific GFP-marker lines of the seedling root was accomplished by the use of
fluorescence activated cell sorting (Bargmann et al. 2013). This study demonstrated that
different cell types have both divergent and parallel transcriptomic responses to auxin
treatment. Interestingly, the AuxRE was found to be over-represented only in the promoters
of genes with relatively equal induction in all four cell types analyzed, suggesting that the
more cell type-specific auxin responses may be mediated by alternate promoter elements.
Cross reference of the auxin-response data with spatial expression data in the root showed
that a gene’s response to auxin treatment predicts its endogenous spatial expression along
the longitudinal axis of the root, with auxin-induced genes generally displaying high
meristematic expression and vice versa for auxin-repressed genes. This correlation could be
indicative of meristematic auxin distribution in the root apex being a determinant in the
spatial expression of thousands of genes. Further analysis of large-scale auxin- and spatial-
expression datasets as well as transcription factor-target sets may be able to dissect cell type-
specific and graded auxin responses to reveal separate modes of gene regulation.

Interestingly, recent studies indicate that AUXIN BINDING PROTEIN 1 (ABP1) is a
negative regulator of the SCFT'RL_Aux/IAA-ARF pathway (Tromas et al. 2013). ABP1 is a
well-characterized cell surface receptor that has been implicated in a number of rapid non-
transcriptional auxin responses (see Napier et al. 2002, Tromas et al. 2010, Sauer and
Kleine-Vehn 2011 for reviews). Conditional inactivation of ABP1 results in a number of
growth defects in seedlings and also affects the expression of auxin-regulated genes (Braun
et al. 2008, Effendi et al. 2011). Strikingly this group shows that loss of ABP1 acts to
suppress the phenotype caused by loss of the TIR1/AFB F-box proteins. ABP1 knockdown
also increased Aux/IAA degradation. These results suggest that auxin perception at the cell
surface may influence nuclear auxin-receptor sensitivity (Tromas 2013). These examples
show there may be many additional inputs to the SCFT'RL_Aux/IAA-ARF pathway that
could impart contextual specificity of the response.

There are many interesting avenues for further research on the transcriptional response to
changes in auxin concentration levels through the SCFT'RL-Aux/IAA-ARF pathway.
Availability of gain-of-function mutants of the different Aux/IAAs (Li et al. 2009) and
ARFs (Krogan et al. 2012) makes it possible to study the (in)activation of particular
branches of the SCFT'R1-Aux/IAA-ARF pathway and may help in the identification of
distinctive transcriptional targets downstream of specific Aux/IAA and ARF family
members. Large-scale systematic studies (e.g. chromatin immunoprecipitation analysis of
the Aux/IAA and ARF families) will give insight on the range of variability in the
specificity and overlap of this crucial auxin signal transduction pathway. However, the
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process of auxin perception is probably much more complex than we currently appreciate
and also involves signal transduction through pathways not (yet) associated with the
canonical pathway. It is likely that future study of this pathway and its interactions will yield
fruitful outcomes for years to come.
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Fig. 1.
The SCFTIRL.Aux/IAA-ARF auxin-response pathway. A cartoon of the interactions in the

canonical nuclear auxin receptor complex and its effects on auxin-induced transcription. The
TIR1/AFB interaction with the Aux/IAA co-receptor/transcriptional repressors increases at
higher auxin concentrations, promoting Aux/IAA ubiquitination and degradation. The
transcriptional activity of activator ARFs is modulated by the levels of Aux/IAAs and
repressor ARFs.
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Fig. 2.
Fine-tuning the transcriptional auxin response through the SCFT'RL-Aux/IAA-ARF

pathway. The modular nature of the members of the SCFT'RL_Aux/IAA-ARF pathway may
allow for specific outputs of pathway activation, depending on the cellular expression of
family members with distinct interaction affinities. In Arabidopsis there are 6 auxin F-box
receptors (TIR1 and AFB1-5), 29 Aux/IAA co-receptors, 5 activator ARFs (ARF5-8 and
ARF19) and 18 repressor ARFs (of which ARF2, 12, 14, 15, 19, 20, 21 and 22 contain
recognized transcriptional repression domains and the remaining ten may have as yet
undescribed transcription factor activities). Red and green arrows indicate theoretical
negative and positive regulation, respectively.
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