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Auxin influences all aspects of plant growth and development and exerts its function at scales
ranging from the subcellular to the whole-organism level. A canonical mechanism for auxin
signaling has been elucidated, which is based on derepression of downstream genes via
ubiquitin-mediated degradation of transcriptional repressors. While the combinatorial
nature of this canonical pathway provides great potential for specificity in the auxin response,
alternative noncanonical signaling pathways required tomediate certain processes have been
identified. One such pathway affects gene regulation in a manner that is reminiscent of
mechanisms employed in animal hormone signaling, while another triggers transcriptional
changes through auxin perception at the plasmamembrane and the stabilization of transcrip-
tional repressors. In some cases, the exact perception mechanisms and the nature of the
receptors involved are yet to be revealed. In this review, we describe and discuss current
knowledge on noncanonical auxin signaling and highlight unresolved questions surrounding
auxin biology.

The effects of auxin during plant development
were first documented in the 1800s, when it

was postulated that the movement of so-called
“growth regulators” between tissues influenced
both morphogenesis and responses to abiotic
stimuli, such as gravity and light (for review,
see Enders and Strader 2015). However, indole
3-acetic acid (IAA), the natural auxin predom-
inantly responsible for mediating these effects,
was not isolated from plants until much later
(Haagen-Smit et al. 1941). Auxin has morpho-
genic properties and is implicated in signaling
over both short and long distances, as well as in
rapid responses to environmental fluctuations
and long-term developmental processes (for re-
view, see Bhalerao and Bennett 2003; Cho et al.
2007; Mroue et al. 2018; Zhao 2018).

Auxin has a profound effect on gene expres-
sion. The exogenous application of auxin to a
variety of tissues has demonstrated its genome-
wide effects, which include the modulation of
hundreds to thousands of genes depending on
cellular context (Paponov et al. 2008; Simonini
et al. 2017; Kalve et al. 2020). An elegant molec-
ular mechanism for how auxin controls gene
expression has been elucidated (for review, see
Salehin et al. 2015; Weijers and Wagner 2016;
Leyser 2018). Central to this mechanism are
proteins of the TRANSPORT INHIBITOR RE-
SPONSE1/AUXIN SIGNALING F-BOX (TIR1/
AFB) family, which act as auxin receptors. In the
absence of auxin, repression is maintained at
target loci through the Aux/IAA-mediated re-
cruitment of TOPLESS/TOPLESS-RELATED
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(TPL/TPR) corepressors (Fig. 1; Szemenyei et al.
2008).Upon auxin binding, TIR1/AFBs increase
their affinity toward Aux/IAA transcriptional
repressors to facilitate their degradation, and
thereby relieve the repression of transcription
factors belonging to the AUXIN RESPONSE
FACTOR (ARF) family (Dharmasiri et al.
2005; Kepinski and Leyser 2005). Plants with
mutations in components of the TIR1/AFB
pathway have severe developmental defects,
demonstrating the prominent role of this path-
way in relaying the auxin signal (Berleth and
Jürgens 1993; Leyser et al. 1993; Hamann et al.
1999; Prigge et al. 2020). In this review, we will
refer to this TIR1/AFB-based mechanism as the
canonical auxin signaling pathway or simply the
canonical pathway.

An open question in the field of plant biol-
ogy is how canonical auxin signaling can facili-
tate the vast array of processes involving auxin.
The duplication and neofunctionalization of
pathway components are likely to contribute
to this versatility. For example, the Arabidopsis
genome encodes six TIR1/AFB receptors, 29
Aux/IAAs, and 23 ARFs operating in different
combinations in different tissues (Salehin et al.
2015). However, several observations have at
some point seemed incompatible with signaling
through the canonical pathway either due to
their distinct temporal or spatial occurrences,
or because they were thought to be regulated

by distinct receptors. These observations are
(1) acid growth (Hager et al. 1971; for review,
see Arsuffi and Braybrook 2018; Gallei et al.
2020), (2) auxin-induced cytoskeletal rearrange-
ments (Bergfeld et al. 1988; for review, see Sauer
and Kleine-Vehn 2011; Zhu and Geisler 2015),
(3) rapid root-growth inhibition (Fendrych et al.
2018), (4) the rapid influx of Ca2+ during grav-
itropism (Monshausen et al. 2011), (5) TIR1/
AFB2-independent inhibition of PIN cycling
(Paciorek et al. 2005; Robert et al. 2010), (6)
localization of canonical pathway components
to the cytosol (Wang et al. 2016; Powers et al.
2019), and (7) the limited interaction between
repressive ARFs and Aux/IAA repressors (Ver-
noux et al. 2011). While some of these phenom-
ena have since been shown to require canonical
pathway components (Dindas et al. 2018; Fen-
drych et al. 2018; Uchida et al. 2018), or to occur
independently of auxin in the case of microtu-
bule rearrangements (Adamowski et al. 2019),
the mechanisms underlying others have not yet
been elucidated. Evidence for alternative auxin
signaling mechanisms has gradually accumulat-
ed, and such mechanisms may contribute to the
versatility of the auxin response throughout de-
velopment. Here, we provide a summary of re-
cent findings in this area and aim to highlight
critical questions that must be answered to ob-
tain a more comprehensive understanding of
auxin biology.
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Figure 1.The canonical auxin signaling pathway. In the absence of auxin, AUXINRESPONSE FACTORS (ARFs)
are bound by Aux/IAA repressor proteins, which recruit transcriptional corepressors and prevent the expression
of auxin-responsive genes. Auxin increases the affinity between the TIR1/AFB auxin receptor complex and Aux/
IAAs, which are subsequently ubiquitinated and degraded. ARFs are then free to activate the expression of auxin-
responsive genes. (ARE) Auxin-responsive element, (B3) B3 DNA-binding domain, (DD) dimerization domain,
(MR) middle region, (PB1) Phox and Bem1 domain.
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INCOMPATIBILITIES BETWEEN AUXIN
EFFECTS AND THE CANONICAL PATHWAY

The acid growth hypothesis was proposed
around 50 years ago (Hager et al. 1971) and is
one of the many phenomena that prompted the
idea of noncanonical auxin signaling. In acid
growth, auxin activates the movement of
protons into the apoplast through the plasma
membrane (PM) proton-pumping ATPase (PM
H+-ATPase). The acidification of the apoplast
upon proton accumulation leads to alterations in
the properties of the cell wall, promoting hyper-
polarization of the PM to allow turgor pressure-
mediated cell expansion (Kutschera 1994; Hager
2003; Takahashi et al. 2012; Arsuffi and Bray-
brook 2018). The activity of PM H+-ATP-
ases depends on their phosphorylation status,
and phosphorylation was observed in tir1 afb2
double mutants implying that auxin receptors
other than TIR1 and AFB2 are responsible for
regulating ATPase activity (Takahashi et al. 2012).

Initially, it was proposed that AUXIN-
BINDING PROTEIN1 (ABP1) was responsible
for mediating nontranscriptional, rapid auxin
responses such as cell expansion, cytoskeletal
rearrangement, and the inhibition of endocytic
PIN cycling (Chen et al. 2001, 2014; Robert et al.
2010) and could therefore be considered a can-
didate for the non-TIR1/AFB receptor in acid
growth (Sauer and Kleine-Vehn 2011). Howev-
er, it has since been shown that abp1 loss-of-
function does not cause developmental defects
in Arabidopsis, and its importance in auxin bi-
ology is now disputed (Dünser andKleine-Vehn
2015; Gao et al. 2015; Habets and Offringa
2015).

Later, it was discovered that a subset of the
SMALL AUXIN UP-RNA (SAUR) gene family
are induced through the canonical pathway and
inhibit the activity of PP2C-D protein phospha-
tases to promote PM H+-ATPase phosphoryla-
tion, thus directly linking the activity of the
TIR1/AFB pathway to acid growth (Fig. 2;
Spartz et al. 2014). A synthetic auxin response
system has since been developed, using a convex
auxin ligand (cvxIAA), which hijacks the down-
stream auxin signaling machinery in the pres-
ence of a concave TIR1 (ccvTIR1) receptor

(Uchida et al. 2018). When expressing this syn-
thetic ccvTIR1 receptor in the tir1 afb2 double
mutant under control of the endogenous TIR1
promoter, treatment with cvxIAA-induced
SAUR19 expression, acid growth, and PM H+-
ATPase phosphorylation, providing conclusive
evidence that the canonical pathway regulates
acid growth (Uchida et al. 2018). Consistent
with Takahashi et al. (2012), treatment of the
tir1 afb2 mutant with natural IAA also induced
H+-ATPase phosphorylation. Moreover, rapid
cell elongation in response to natural IAA was
still observed in the tir1 afb2 ccvTIR1 line, sug-
gesting that other auxin receptors contribute to
this response. Whether these receptors include
other members of the AFB family remains to be
established (Uchida et al. 2018).

A second phenomenon that suggested a role
for noncanonical signaling during growth and
development is auxin-mediated root growth in-
hibition. Using microfluidics and live imaging,
Fendrych et al. (2018) showed that root growth
was rapidly inhibited upon the exogenous appli-
cation of auxin on a time scale that is incompat-
ible with a transcriptional response. Equally,
removal of auxin led to the rapid reestablishment
of root growth, suggesting a rapid and reversible
mechanism of auxin-mediated growth regula-
tion. Interestingly, the response still depends on
TIR1/AFB, which suggests the existence of a non-
transcriptional output from the canonical path-
way (Fendrych et al. 2018; Dubey et al. 2020).

Root growth inhibition on the lower side of
the root forms the basis of gravitropism (Shih
et al. 2015), and gravistimulation is followed by
the redistribution of auxin in the root, PM de-
polarization, and the influx of Ca2+. Although
auxin-mediated calcium signaling was initially
thought to occur independently of the canonical
receptors (Monshausen et al. 2011), the influx of
Ca2+ depends on the intracellular perception of
auxin through the canonical pathway and on the
CNGC14 Ca2+ channel (Shih et al. 2015; Dindas
et al. 2018).

The involvement of the canonical receptors
in these rapid responses raises questions on how
the nuclear-localized TIR1/AFBs can mediate
nontranscriptional signaling and alterations in
signaling components at the PM (Retzer et al.
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2018). Both Fendrych et al. (2018) and Dindas
et al. (2018) speculated that canonical pathway
components may be translocated out of the nu-
cleus tomediate their effects at the cell periphery.
TIR1/AFBs have been observed in the cytosol,
and upon their stabilization, when mutations in
the receptors release them from their associated
E3 ubiquitin ligases, auxin-resistant phenotypes
were observed (Yu et al. 2015; for review, see
Kubeš andNapier 2019). Prigge et al. (2020) ob-
served that fluorescently tagged TIR1 exhibited
a predominantly nuclear localization, whereas
AFB1 was primarily cytosolic and AFB2-5 par-
titioned between the nucleus and the cytoplasm
(Prigge et al. 2020). Furthermore,TIR1/AFBs are
chaperoned by cytoplasmic Heat-Shock Protein

90s (HSP90s), which appears to stabilize the re-
ceptors to promote their nuclear localization and
temperature-dependent auxin responses (Wang
et al. 2016). It remains unclear whether localiza-
tion of the canonical receptors to the cytosol has
physiological consequences; however, other ca-
nonical pathway components have been ob-
served in the cytosol. ARF7 and ARF19 were
found to form cytoplasmic assemblies with
physiological consequences on auxin sensitivity
(Powers et al. 2019), although this nucleocyto-
plasmic partitioning has not to date been linked
to HSP90 activity.

Another open question relating to ARF
function in the canonical pathway is the role of
ARF repressors in gene regulation. ARF proteins
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Figure 2.Auxin triggers the up-regulation of SAUR19 through the canonical signaling pathway. SAUR19 inhibits
PP2C-D activity leading to the phosphorylation and activation of H+-ATPases, the acidification of the apoplast,
and acid growth.

H.M. McLaughlin et al.

4 Cite this article as Cold Spring Harb Perspect Biol 2021;13:a039917



are B3-type transcription factors that have been
divided into specific classes based on phylogeny
and ability to activate/repress gene expression
(Tiwari et al. 2003; Finet et al. 2013; Mutte
et al. 2018). The ARF family in Arabidopsis
has 23members with a general domain structure
where the DNA-binding domain is situated in
the amino-terminal half followed by a middle
region (MR) and a carboxy-terminal Phox and
Bem1 (PB1) domain. The amino acid sequence
of the MR dictates the function of the ARF
as either activating (A-ARFs) or repressive
(B-ARFs and C-ARFs) (Tiwari et al. 2003). At
the carboxy-terminus, most ARFs contain a PB1
domain that facilitates Aux/IAA interactions,
repressing ARF activity in the absence of auxin
(Salehin et al. 2015).

The canonical model of auxin signaling pro-
poses that the lifting of Aux/IAA-mediated re-
pression in the presence of auxin leads to the
expression of auxin-responsive genes. This
model fits well with the activity of A-ARFs, but
the role of B-ARFs and C-ARFs in this model
was less clear until recently. Through a study in
the liverwort, Marchantia polymorpha, which
contains one ARF of each class, it was demon-
strated that the B-ARFs competewithA-ARFs to
bind auxin response elements (AREs) in the pro-
moters of common target genes independently
of auxin (Kato et al. 2020). Whether B-ARFs
function in a similar way in Arabidopsis where
the ARF clade has undergone expansion is un-
known; however, it has been shown that B- and
C-ARFs have a limited capacity to interact with
theAux/IAA repressors despite the presence of a
carboxy-terminal PB1 domain, suggesting that
they may also function as auxin-independent
transcriptional repressors in Arabidopsis (Ver-
noux et al. 2011; Piya et al. 2014).

ETT-MEDIATED AUXIN SIGNALING

ETT, ARF13, ARF17, and ARF23 are atypical
ARFs that entirely lack the PB1 domain required
for interactions with Aux/IAAs (Guilfoyle and
Hagen 2007; Lokerse and Weijers 2009). While
the carboxyl termini of ARF13, ARF17, and
ARF23 are simply truncated, ETT contains a
region at its carboxy terminus, which does not

share homology with other eukaryotic proteins.
This domain was named the ETTIN-specific
(ES) domain (Simonini et al. 2016). Given
their atypical domain structures, these ARFs
do not fit into the canonical model of signaling.
So far, no biological function has been assigned
to ARF13 or ARF23, but ARF17 is important for
pollen development and anther dehiscence
(Yang et al. 2013; Wang et al. 2017; Xu et al.
2019), although the molecular mechanism is
unknown.

ett loss-of-function mutants have a range of
auxin-related phenotypes most prominently
during gynoecium development (Sessions and
Zambryski 1995; Sessions et al. 1997). In addi-
tion, defects in ovule integument development,
lateral root emergence, and primary branch for-
mation have been reported (Sessions and Zam-
bryski 1995; Sessions et al. 1997; Garcia et al.
2006; Marin et al. 2010; Kelley et al. 2012; Simo-
nini et al. 2016). The auxin-related developmen-
tal defects of ett mutants led to the hypothesis
that ETT can mediate auxin signaling indepen-
dentlyof the canonical pathway. It was suggested
that ETT translates local auxin concentrations to
developmental outputs in the gynoecium, but
the molecular mechanisms underpinning this
were unknown (Nemhauser et al. 2000; Pekker
et al. 2005; Simonini et al. 2016). Since then, data
supporting a mechanism that is fundamentally
different from canonical auxin signaling are
emerging. For example, it has been established
that several protein–protein interactions involv-
ing ETT are sensitive to the natural auxin, IAA,
but not other auxinic compounds (Simonini
et al. 2016). Several of these interactions are
with transcription factors belonging to a range
of different families and it has been hypothe-
sized that such interactions are relevant for aux-
in responsiveness of specific tissues or cell types
during development (Simonini et al. 2016). As
auxin levels rise, interactions between ETT and
its protein partners are broken. Chromatin im-
munoprecipitation (ChIP) experiments have
shown that ETT remains bound to the DNA of
its target loci both in the presence and absence of
auxin (Simonini et al. 2016). Moreover, a ge-
nome-wide analysis of ETT-mediated gene reg-
ulation showed that the transcriptome regulated
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by ETT changes dynamically depending on the
auxin levels (Simonini et al. 2016, 2017). For a
subset of targets that were analyzed in further
detail, ETT-dependent, auxin-responsive gene
expression was shown to be independent of the
canonical pathway (Kuhn et al. 2020). Biophys-
ical data have shown that ETT is able to directly
interact with the auxin molecule via the ES do-
main suggesting that binding of auxin disrupts
the interaction between ETT and its partners
(Kuhn et al. 2020).

Like animal genomes, plant genomes en-
code corepressors of the conserved Tup1/
GROUCHO/TLE family, and their functions
have been described in both monocots and di-
cots (Long et al. 2006; Liu et al. 2019). In Arabi-
dopsis, this family is comprised of TOPLESS
(TPL) and TPL-related (TPR) proteins and has
been shown to associate with transcription fac-
tors affecting most aspects of plant development
(Causier et al. 2012). The molecular function of
TPL was first described in the context of auxin
signaling where TPL was found to interact with
Aux/IAAs when auxin levels are low to repress
gene expression. As auxin levels increase and
Aux/IAAs dissociate from ARFs, TPL also dis-
sociates from the locus to allow derepression
(Szemenyei et al. 2008). TPL-mediated repres-
sion occurs through the recruitment of histone
deacetylases (HDACs) such as HDA19, which
maintain a repressed state at target loci that can
subsequently be reversed upon Aux/IAA degra-
dation andTPLdissociation (Krogan et al. 2012).

Members of the TPL/TPR family also play a
central role in ETT-mediated auxin signaling.
Under low auxin conditions, ETT can interact
directly with TPL/TPR proteins, but this inter-
action is disrupted when auxin concentrations
rise (Fig. 3A).The interactionoccurs via a repres-
sive motif in the ES domain of ETT with the
amino acid sequence RLFG found as a common
motif in proteins interacting with TPL/TPR
(Causier et al. 2012; Liu et al. 2019; Kuhn et al.
2020).

Generally, hormone signaling in plants in-
volves the ubiquitination and subsequent degra-
dation of transcriptional repressors upon ligand
perception and facilitates the activation of gene
expression (for review, see Santner and Estelle

2010; Kelley and Estelle 2012). The canonical
auxin signaling pathway provides one such ex-
ample (Salehin et al. 2015; Weijers and Wagner
2016).

In contrast, hormone signaling in animals
often involves direct binding of the hormone
ligand (as in thyroid hormone [TH] signaling)
or an effector protein (as in Wingless [Wnt]/
β-catenin signaling) to transcription factors.
For instance, in the absence of TH, the thyroid
hormone receptor (THR) binds its target genes
in complex with corepressors that attract
HDACs to the locus to maintain the chromatin
in a repressed state. When TH levels increase,
TH binds to the DNA-bound THR resulting in
a conformational change and the exchange of
corepressors for coactivators, triggering the re-
cruitment of histone acetyl transferases (HATs)
and the activation of target-gene expression (Fig.
3B; Tsai and O’Malley 1994).

In Wnt/β-catenin signaling the perception
of the Wnt ligand at the PM triggers the release
of β-catenin from the degradasome (Fig. 3C;
Gammons and Bienz 2018). Components of
the degradasome are sequestered at the PM
forming the signalosome, allowing β-catenin
to accumulate and enter the nucleus. Here, β-
catenin associates with components of the en-
hanceosome, including the DNA-bound TCF
transcription factor. Wnt association triggers a
conformational change and the dissociation of
GROUCHO corepressors and activatesWnt-re-
sponsive gene expression.

The mechanism by which ETT relays
changes in auxin levels is reminiscent of the
TH and Wnt/β-catenin pathways in animals.
Like THR and TCF, ETT is constitutively bound
to at least a subset of its targets; however, it re-
mains to be established whether ETT is involved
in the formation of an activating complex upon
ligand perception as in the case of THR during
TH perception (Fig. 3). A fundamental differ-
ence between the ETT-mediated and canonical
models of auxin signaling is that the former does
not in its core mechanism invoke the require-
ment for protein degradation to activate gene
expression. To reinstate repressive conditions
in the canonical pathway, a new pool of Aux/
IAA repressorsmust first be synthesized. In con-
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trast, the ETT-based mechanism is immediately
reversible, thus providing an ability to function
in specialized processes where a fast and revers-
ible response is important.

The evolutionaryorigin of the ETT-mediated
auxin signalingpathway is so far unknown.While
the canonical pathway is conserved at least back
to the extant bryophytes such asM. polymorpha
(Mutte et al. 2018; Kato et al. 2020), homologs of
ETT do not appear outside the angiosperm phy-

lum and ETT-mediated signaling may therefore
be absent in nonflowering plants. The domains
and residues in ETT-ES known to be important
for auxin perception and TPL interaction are
highly conserved throughout the angiosperms
(Finet et al. 2010; Kuhn et al. 2020). ETT proteins
in the basal angiosperms, such as Amborella
trichopoda, contain a carboxy-terminal PB1
domain, as well as the conserved RLFG motif
required for interaction with TPL/TPR, and this
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is likely to represent the ancestral state of ETT
(Fig. 4; Finet et al. 2010, 2013; Causier et al.
2012; Kuhn et al. 2020). The PB1 domain was
then lost independently in several lineages of ex-
tant angiosperms, including in the magnoliids
and monocots (Finet et al. 2013).

The closest homolog of ETT in Arabidopsis
is another B-ARF, ARF4 (Pekker et al. 2005). A
phylogenetic study strongly suggested that ETT
and ARF4 were generated by a duplication event
that took place after angiosperms diverged from
gymnosperms, but before the last common an-
cestor of extant angiosperms (Finet et al. 2010).

In contrast to ETT, ARF4 contains a carboxy-
terminal PB1 domain and was previously shown
to interact with Aux/IAA repressors, indicating
its regulation via canonical auxin signaling in
Arabidopsis (Vernoux et al. 2011). ETT and
ARF4 have overlapping functions and arf4
loss-of-function mutants severely enhance de-
fects of ettmutants (Pekker et al. 2005). Intrigu-
ingly, ARF4 is also truncated through alternative
splicing in several angiosperm lineages, suggest-
ing that the truncation of ETT and ARF4 pro-
teins generally has a functional relevance (Finet
et al. 2013). Experiments involving chimeric
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ETT and ARF4 constructs suggested that the
unique carboxy-terminal domain of ETT is im-
portant for its function, and that ARF4 function
similarly depends on the presence of the PB1
domain (Finet et al. 2010). Further domain
swap experiments using ETT and ARF4 do-
mains from species across the angiosperm line-
age will be required to fully understand how and
when ETT and ARF4 adopted distinct func-
tions, and to reveal the evolutionary origins of
ETT-mediated auxin signaling.

Several mutant screens carried out in Arabi-
dopsis to identify genetic factors critical for devel-
opment or auxin responsiveness led to the dis-
covery of genes encoding components of the
canonical pathway (Berleth and Jürgens 1993;
Leyser et al. 1993; Hardtke and Berleth 1998; Ha-
mann et al. 1999). This clearly reflects the pre-
dominance of this pathway and its importance
throughout the plant life cycle. The ETT-based
mechanism is not employed to such an extent;
however, its immediate reversibility suggests that
it is particularly well-suited for certain processes
such as the changing of tissue polarity (Simonini
et al. 2016). Finally, given the mechanistic con-
servation between ETT-based auxin signaling
and certain animal hormone pathways, it is pos-
sible that direct binding of plant hormones or
other small molecules to transcription factors is
a more common mechanism of regulating gene
expression in plants than previously expected.
Approaches involving highly sensitive proteo-
mics and biophysics techniques will be essential
to elucidate other such mechanisms.

NONCANONICAL SIGNALING THROUGH
PROTEIN KINASES

Auxin gradients underpin the formative cell di-
vision and expansion patterns that are required
for appropriate organ morphogenesis and the
formation of the plant body plan (for review,
see Bhalerao and Bennett 2003; Friml 2003).
While auxin-mediated cell expansion has been
widely studied, and many of the mechanisms
relating to asymmetric cell growth have been
elucidated (for review, see Majda and Robert
2018; Du et al. 2020), processes involved in cell
division patterning aremore poorly understood.

The Trans-Membrane Kinase 1 (TMK1) path-
way has been implicated in regulating both dif-
ferential cell elongation and the establishment of
cell division patterns in response to auxin.

There are four kinases in the TMK subfamily
in Arabidopsis, all of which contain an extracel-
lular leucine-rich-repeat (LRR) motif linked to
an intracellular kinase domain through a single
transmembrane region (Dai et al. 2013). The
TMK subfamily was first linked to auxin signal
transduction when the phenotypes of tmk mu-
tant combinations were analyzed. While single
mutants showed no obvious phenotypic abnor-
malities, double, triple, and quadruple mutants
showed cell expansion and proliferation defects,
miniaturized organs, infertility, and a reduced
sensitivity to exogenously applied auxin (Dai
et al. 2013). TMK1 has since been implicated in
apical hook maintenance, lateral root develop-
ment (along with TMK4), and pavement cell
morphogenesis (Xu et al. 2014; Cao et al. 2019;
Huang et al. 2019). The roles of other TMK fam-
ilymembers in auxin signaling have not yet been
elucidated.

TMK1 was initially thought to regulate aux-
in-mediated signaling through its interaction
with Auxin-Binding Protein 1 (ABP1) at the
PM (Xu et al. 2010, 2014). It was observed that
the auxin-mediated activation of the TMK1
pathway triggered Rho-like GTPases from
plants (ROPs) at the PM, leading to alterations
in the cytoskeleton and the distribution of PINs
that seemed to be important for lobe develop-
ment in the pavement cells of the leaves (Xu et al.
2010, 2014). However, the significance of ABP1
in plant biology has since been put into question
(Gao et al. 2015; Habets andOffringa 2015), and
so the receptor responsible for extracellular aux-
in binding and subsequent TMK1 activation re-
mains elusive.

The TMK1 pathway was discovered using
the apical hook as a model system (Cao et al.
2019; for review, see Gallei et al. 2020). The
apical hook is a structure produced after germi-
nation in dicots that protect the shoot apical
meristem and cotyledons from damage as the
hypocotyl elongates through the soil in search
of light. Its formation is facilitated through
asymmetric growth on either side and this pro-
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cess is regulated by auxin (for review, see Abbas
et al. 2013). The production of the apical hook
occurs in three stages: formation, maintenance,
and opening. During the formation phase, auxin
is concentrated at the concave (inner) side of the
apical hook, inhibiting cell elongation, while the
convex (outer) side of the hook elongates. This
difference in growth leads to hook bending.

Auxin biosynthesis mutants show variable
phenotypes relating to the abolition of differen-
tial growth in the apical hook (Cao et al. 2019).
Ectopic auxin production in the yuc1-Dmutant
represses growth at the convex side of the apical
hook, while auxin deficiency in thewei8-3 tar2-1
mutant promoted growth at the concave side,
highlighting that the asymmetric distribution
of auxin is vital for differential growth and apical
hook formation. The tmk1mutant also exhibit-
ed growth at the concave side of the apical hook.
However, the exogenous application of auxin,
which rescued defects in thewei8-3 tar2-1 apical
hook, did not rescue the tmk1 phenotype, im-
plying that tmk1 was impaired in auxin percep-
tion and/or signaling.

The carboxyl-terminus of TMK1 is cleaved
during the maintenance phase at the concave
side of the apical hook, in response to the rela-
tively high concentrations of auxin present in
this region of the hypocotyl (Fig. 5A; Cao et al.
2019). The carboxy-terminal TMK1 fragment is
then translocated to the nucleus, where it inter-
acts with and phosphorylates the Aux/IAA
repressors, IAA32 and IAA34, leading to their
stabilization and ultimately the repression of
growth at the concave side of the apical hook.
Unlike Aux/IAA proteins in the canonical
pathway, IAA32 and IAA34 lack the degron do-
main required for interaction with TIR1/AFB
receptors and are stabilized in the presence
of auxin by TMK1-mediated phosphoryla-
tion (Calderon-Villalobos et al. 2010; Cao
et al. 2019). Under low auxin concentrations,
TMK1 is inactive and IAA32/34 are destabilized,
allowing auxin-responsive gene expression and
growth (Fig. 5B).

The TMK1-mediated auxin signaling path-
way has also been implicated in the control of
mitogen-activated protein kinase (MAPK) sig-
naling (Fig. 5C; Huang et al. 2019). Lateral root

emergence requires tight regulation of cell divi-
sion and expansion. Auxin maxima form at the
locations where lateral roots begin to initiate,
and disruption of auxin distribution (De Smet
et al. 2007) or of MAPK signaling (Zhu et al.
2019) caused defects in lateral root develop-
ment. It was previously observed that the appli-
cation of exogenous auxin triggered the activa-
tion ofMAPK signaling in the root, although the
mechanism by which this occurs is unknown
(Mockaitis and Howell 2000).

Huang et al. (2019) showed that auxin trig-
gers the activation of TMK1 and TMK4, which
directly interact with and phosphorylate the
MAPK-kinases (MAPKKs) 4/5 through their
carboxy-terminal intracellular kinase domains.
MAPK3/6 were reported to act downstream of
MAPKK4/5 in response to several stimuli and
are coexpressed with TMK1 during lateral root
emergence. The tmk1 tmk4 double mutant and
RNAi knockdown lines of mapkk4/5 and
mapk3/6 all showed the same defects in lateral
root emergence and aberrant cell division pat-
terning in the emerging lateral root primordia,
suggesting a shared role in regulating these pro-
cesses (Huang et al. 2019).

In wild-type plants, the application of auxin
triggers lateral root emergence. In auxin-defi-
cient mutants, which produce no lateral roots,
lateral root development can be restored by the
application of auxin (Huang et al. 2019). The
lateral root phenotypes in the tmk1 tmk4 double
mutant, and mapkk4/5 and mapk3/6 RNAi
knockdown lines, could not be rescued in this
manner implying that the TMK1/4-MAPKK4/
5-MAPK3/6module transduces the auxin signal
during lateral root development. Furthermore,
the level of MAPK3/6 phosphorylation directly
correlated with the levels of auxin in the lateral
root, and MAPK3/6 phosphorylation was abol-
ished in the tmk1 tmk4 but not in tir1 afb2 afb3
mutant lines, showing that this TMK1/4-depen-
dent pathway is independent of canonical auxin
signaling.

Auxin was previously shown to regulate lat-
eral root emergence through the IDA-HAE/
HSL2 pathway, which is also upstream of the
MAPKK4/5-MAPK3/6 module (Kumpf et al.
2013; Zhu et al. 2019). This raises questions about
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how peptide and phytohormone signaling mod-
ules undergo cross talk to regulate developmental
processes, and how specificity in signaling is es-
tablished through shared signaling modules. The
canonical pathway also has important roles dur-
ing lateral root development, and the exact
relationships between all of the auxin-related
pathways will now need to be dissected to get a
global viewof auxin signaling and its regulationof
the lateral roots (for review, see He and Meng
2020). Lateral root emergence phenotypes have
also been reported in both ett-3 (Simonini et al.
2016), and canonical receptor mutants (Prigge
et al. 2020), and lateral roots may therefore pro-

vide an excellentmodel system inwhich to dissect
interactions between all currently known auxin-
mediated signaling pathways.

Other noncanonical Aux/IAAs that lack the
degron domain have been implicated in growth
and development, including IAA20, IAA30, and
IAA33. The iaa20 iaa30 double mutant pro-
duced ectopic protoxylem implying at least a
partially redundant role for these Aux/IAAs in
xylem patterning (Müller et al. 2016). The ex-
pression of both IAA20 and IAA30 is induced by
auxin through the binding of MONOPTEROS
(MP)/ARF5 to their promoters, these Aux/IAAs
then bind to MP repressing its activity in a feed-

A High (IAA) Low (IAA)

High (IAA)Low (IAA)

TMK1

TMK1/4 TMK1/4

Lateral root

development

TMK1

Growth repression

MKK4/5 MKK4/5
MPK3/6 MPK3/6

Growth

ARE ARE Auxin-responsive gene ARE ARE Auxin-responsive gene

ARF ARF

P P

P
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IAA32/
IAA34

IAA32/IAA34

C
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Figure 5. Trans-Membrane Kinase 1 (TMK1)-mediated auxin signaling during apical hook maintenance and
lateral root emergence. (A) Relatively high auxin concentrations at the concave side of the apical hook activate the
cleavage of the TMK1 carboxyl terminus. (B) At the convex side of the apical hook, relatively low auxin
concentrations promote growth due to the destabilization of IAA32/34. The carboxyl-terminus of TMK1 is
translocated to the nucleus, where it phosphorylates and stabilizes IAA32/34 to repress gene expression and
inhibit growth. (C) Under high auxin conditions, TMK1 phosphorylates MKK4/5, triggering the downstream
phosphorylation of MPK3/6 to regulate lateral root emergence.
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back loop (Sato and Yamamoto 2008; Krogan
et al. 2014; Müller et al. 2016). The expression
levels of these noncanonical Aux/IAAs and
MP are further modulated by the HD-ZIP tran-
scription factor PHABULOSA (PHB), which
stabilizes the auxin response to allow proper
xylem development (Müller et al. 2016). It re-
mains unclear whether IAA20 and IAA30 are
phosphorylated to modulate their stability, or
whether they function downstream of a kinase-
mediated auxin signaling pathway such as the
TMK1 pathway.

IAA33 maintains stem cell identity in the
root by competing with the canonical Aux/
IAA IAA5 to bind ARF10 and ARF16, thereby
maintaining the repression of these ARFs in the
presence of auxin (Lv et al. 2020). IAA33 is sta-
bilized in response to auxin through its phos-
phorylation by MAPK14, and this stabilization
is required for normal stem cell identity specifi-
cation in the distal root. It is still unclear how
auxin triggers the activation of MAPK14, al-
though it is plausible that it could occur through
a TMK1-like pathway.

Phosphorylation is a very rapid and revers-
ible change and is an appealing alternative
mechanism to explain how the auxin signal
can be transduced so swiftly; however, the
TMK1 pathway is yet to be directly linked to
any of these rapid auxin responses, and many
of them have since been shown to be TIR1/AFB-
dependent (Fendrych et al. 2018; Uchida et al.
2018; Dubey et al. 2020).

CONCLUDING REMARKS

While the combinatorial nature of the TIR1/
AFB-Aux/IAA-ARF pathway of auxin signaling
provides great potential to explain diverse effects
of auxin on plant development, there is mount-
ing evidence for the existence of alternative non-
canonical signaling pathways to mediate certain
processes. A common theme in noncanonical
auxin signaling is the loss of key domains from
canonical pathway components that then allows
them to be recruited as novel signaling modules.
For instance, the loss of the degron domain from
IAA32/34 in the TMK1-mediated pathway and
the PB1 domain from ETT have allowed these

pathways to regulate specific developmental
processes independently of the canonical path-
way. Moreover, canonical auxin receptors
have now been linked to nontranscriptional
mechanisms and it seems likely that canoni-
cal and noncanonical pathways are connected
into a wider auxin signaling network that is
carefully integrated to regulate a wide range of
processes.

The existence of different pathways bywhich
auxin relays its effect opens the door for poten-
tial interactions between these mechanisms that
would increase the potential for specificity in the
auxin response. Understanding such interac-
tions will therefore be crucial to fully compre-
hend the versatility of auxin function in plant
biology. Auxin has been intensely studied by
plant scientists for decades and there is little
doubt that this hugely important plant hormone
will continue to provide scientific excitement
and fascination for a long time to come.
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