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Auxin has always been at the forefront of research in plant physiology and development.
Since the earliest contemplations by Julius von Sachs and Charles Darwin, more than a
century-long struggle has been waged to understand its function. This largely reflects the
failures, successes, and inevitable progress in the entire field of plant signaling and develop-
ment. Here I present 14 stations on our long and sometimes mystical journey to understand
auxin. These highlights were selected to give a flavor of the field and to show the scope and
limits of our current knowledge. A special focus is put on features that make auxin unique
among phytohormones, such as its dynamic, directional transport network, which integrates
external and internal signals, including self-organizing feedback. Accented are persistent
mysteries and controversies. The unexpected discoveries related to rapid auxin responses
and growth regulation recently disturbed our contentment regarding understanding of the
auxin signaling mechanism. These new revelations, along with advances in technology,
usher us into a new, exciting era in auxin research.

GOSPEL—UNIQUE NATURE OF AUXIN AS A
SIGNALING MOLECULE

Among the most remarkable features of this
chemically inconspicuous derivative of

tryptophan, indole-3-acetic acid, is its ability
to Influence Almost Anything (IAA) (Paque
and Weijers 2016). This versatility can either
highlight auxin’s universal importance, or it
can be presented as an argument against its ac-
tion as a specific signaling molecule. While the
proponents of the latter are unlikely to number
among the readers of this review, one has to
agree that the ability of auxin to directly or in-
directly affect virtually any physiological or de-
velopmental process in plants is one of its great-
est mysteries. Other plant signaling molecules
also havemultiple effects, but auxin is the undis-

puted champion. Only the list of developmental
effects would be endless, ranging from game-
tophyte development, early embryogenesis
and, throughout the whole life of the plant, all
the way to senescence and programmed cell
death. In decades of studies, it became obvious
that auxin acts as a main developmental trigger,
but also as a coordinative signal between indi-
vidual cells, different tissues, different parts of
the plant, and even between the plant and envi-
ronment. Thus, obvious questions are (1) How
can auxin accomplish this feat of regulating so
many apparently unrelated processes? and (2)
What are the unique features of auxin compared
to other signals that make this possible?

Concerning the mechanism that allows
such a staggering diversity of auxin effects, it is
clear that several auxin signaling pathways are at
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work (Fig. 1). The most studied and presumably
the major mechanism for auxin-mediated tran-
scriptional reprogramming is based on the nucle-
ar TRANSPORT INHIBITOR RESPONSE1/
AUXIN-SIGNALINGF-BOX (TIR1/AFB) auxin
receptors and potentially involves hundreds of
possible combinations of downstream transcrip-
tional repressors and activators from Aux/IAA
(auxin/indole-3-acetic acid) and ARF (AUXIN
RESPONSE FACTOR) families (for review, see
Morffy and Strader 2021), which can be also reg-
ulated by posttranslationalmodifications (Orosa-
Puente et al. 2018). In addition, auxin regulates
transcription through at least two other mecha-
nisms, in which transmembrane kinase (TMK)
or ARF3 (ETTIN) signaling components are in-
volved (for review, see McLaughlin et al. 2021).
Furthermore, TIR1/AFB- and TMK-mediated
pathways have branches involved in rapid, non-
transcriptional auxin effects (for review, see Du-
bey et al. 2021). These distinct but likelymutually
intertwined auxin perception and downstream
signaling machineries provide a rich mechanistic
basis for the multitude of cellular and develop-
mental auxin effects.

When contemplating what makes auxin
unique among plant signaling molecules, the ob-
vious answer seems to be its directional intercel-
lular transport (for review, see Hammes et al.
2021). Similar to other plant hormones, auxin
(IAA) is synthesized in many tissues with differ-
ent efficiency (for review, see Casanova-Sáez et
al. 2021). The two-step, indole-3-pyruvic acid
(IPyA)-based IAA synthesis from tryptophan
emerged as the main mechanism for auxin pro-
duction. The key importance of localized synthe-
sis in several developmental contexts has already
beendemonstrated (for review, seeMazzoni-Put-
man et al. 2021); however, it is the movement
from the places of biosynthesis to other cells
and tissues that empowers auxin to act as a ver-
satile coordinative signal.

It is a defining feature of hormonal-type sig-
naling molecules to have their production and
action at distinct places, which necessitates trans-
port. Nonetheless, for auxin, transport is much
more than that. Indeed, although transport and
transporters of other plant hormones have been
identified, the directional, regulated transport

across tissues (so-called polar auxin transport
[PAT]) is, based on our current state of knowl-
edge, unique to auxin (Fig. 2). As will be de-
scribed in more detail later, it is the PAT with
its exceptional capacity to respond to endogenous
and exogenous signals (Fig. 3) and to self-regulate
and self-organize (Fig. 4) that gives auxin the
decisive charm to work its universal magic.

Thus, the mysterious plethora of auxin ef-
fects is made possible by multiple, heavily
branched signaling pathways and a large gang
of downstream signaling components. It can be
also attributed to the unique property of auxin
being locally synthesized and directionally
transported by an elaborated transport system
that integrates many internal and external sig-
nals (for review, see Adamowski and Friml
2015). This mechanism generates auxin gradi-
ents and local maxima and minima. The result-
ing auxin readout then elicits a specific response
in a given cell. In roots, it has been shown that
the amplitude of transcriptional auxin response
follows the predicted auxin gradient (Bargmann
et al. 2013; for review, see Roosjen et al. 2018);
nonetheless, auxin action as a bona fidemorpho-
gen (i.e., different auxin concentrations elicit dif-
ferent responses in the same cells) has not been
demonstrated. In most contexts, it acts as a per-
missive rather than instructive signal, “a universal
trigger of change” in a developmental program, a
change that is predefined by the combination of
receptors anddownstream signaling components
in different target cells, and ultimately leads to a
multitude of very diverse responses (formulated
in Vanneste and Friml 2009).

STATION 1: GET EQUIPPED FOR
PILGRIMAGE—NEW TOOLS AND
METHODS

As in all of science, curiosity, reasoning, and in-
tuition accompanied by hard work and a great
deal of passion have been the main prerequisites
of progress in the auxin field. Nonetheless, the
emergence of new technologies was the necessary
ingredient and repeatedly provided a crucial
push. This has been particularly evident in the
last decade with a dramatic improvement in all
different “omics” technologies and imaging
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methods, both on the side of equipment and ge-
netically encodedmarkers. Noteworthy is the de-
velopment of the vertical microscope (vonWan-
genheim et al. 2017) coupled to a microfluidic
device, which allows real-time observation of
root growth and developmental processes with
subcellular resolution that was instrumental to
identify a nontranscriptional branch of TIR1/
AFB signaling (Fendrych et al. 2018; Serre et al.
2021).

Access to next-generation sequencing tech-
nologies tremendously supported genetic stud-
ies, including the mapping of mutants (Rowan
et al. 2017), GWAS (Ogura et al. 2019), and the
development of new genetic models, for exam-
ple, for evolutionary studies such as the mor-
phologically simple Klebsormidium (Hori et al.
2014) or the more complex Chara (Nishiyama
et al. 2018) algae. Transcriptomics, now ap-
proaching the single-cell resolution limit (Seyf-
ferth et al. 2021), is changing the way we ap-
proach questions related to auxin functions in

transcriptional reprogramming (Bargmann et
al. 2013; Wendrich et al. 2020). Similar develop-
ments in proteomics and phosphoproteomics
(Smith et al. 2020; Han et al. 2021) promise to
advance our knowledge of nontranscriptional
aspects of auxin signaling. Further improve-
ments inmetabolomics, especially allowing sub-
cellular resolution, will boost our knowledge on
compartmentalization of auxin and its metabo-
lism (Pěnčík et al. 2018).

Chemical tools have a long tradition in the
auxin field and help dissect different facets of
auxin function (Ma et al. 2018). Inhibitors
such as naphthylphthalamic acid (NPA) have
multiple targets, including (1) a low-affinity ef-
fect on actin-mediated trafficking (Dhonukshe
et al. 2008; Zhu et al. 2016), and (2) a high-
affinity association with PIN-FORMED (PIN)
auxin transporters (Abas et al. 2021; Teale
et al. 2021). Nonetheless, these inhibitors were
invaluable in establishing a versatile role for aux-
in transport in plant development (for review,

Figure 1. Auxin biosynthesis, homeostasis, and signaling. The main precursor for IAA (indole-3-acetic acid)
biosynthesis, L-tryptophan (L-Trp), is synthesized in chloroplasts. The dominant IAA biosynthesis pathway in
Arabidopsis is via indole-3-pyuvic acid (IPyA). Free IAA is either oxidized or conjugated to, for example, amino
acids and sugars (for review, see Zhang and Peer 2017 and Casanova-Sáez et al. 2021). IAA can either enter cells
through the plasmamembrane (PM)-localized H+/auxin symporter AUX1/LAX or diffuse through the PM in its
protonated form (IAAH). Inside the cell, IAA is predominantly in an anionic form, necessitating export, which is
mediatedmainly by PIN proteins at the PM (for review, see Hammes et al. 2021). PIN proteins undergo constant
endocytic cycling and are degraded in the vacuole (for review, see Adamowski and Friml 2015). Auxin influences
these processes by an unclear mechanism involving myosin phosphorylation (Han et al. 2021). So-called short
PINs and PILSmediate auxin in- and efflux in the endoplasmic reticulum (ER) (for review, see Abdollahi Sisi and
Růžička 2020).WAT1 is an auxin transporter located in the tonoplast (Ranocha et al. 2013). In the nucleus, auxin
binds to the canonical TIR1/AFB-Aux/IAA receptor complex and activates transcription via ubiquitination and
degradation of Aux/IAA transcriptional repressors, which releases repressive ARF-Aux/IAA-TPL (TOPLESS)
complexes (for review, see Morffy and Strader 2021). This pathway also regulates transcription of CAMEL. The
CAMEL/CANAR complex at the PM interacts with and phosphorylates PINs (Hajný et al. 2020). Furthermore,
auxin in the nucleus also releases the repressive complex between ETTIN/ARF3 (ETT) and other transcription
factors such as INDEHISCENT (IND), causing transcriptional reprogramming required for various develop-
mental processes. Transmembrane kinase (TMK) proteins are components of cell surface auxin signaling. Auxin
can trigger the cleavage of the carboxy-terminal kinase domain of TMK1, which then translocates to the nucleus,
where it regulates transcription by binding to the noncanonical AUX/IAAs (for review, see McLaughlin et al.
2021). TMK1 also mediates the auxin effect on AHA phosphorylation leading to apoplast acidification (Li et al.
2021b; Lin et al. 2021). It is unclear how auxin triggers the TMK pathway. The possible function of ABP1 as an
auxin receptor in the apoplast and its role in the ER remains controversial (for review, see Napier 2021). TIR1/
AFB auxin signaling, by an unknown mechanism, also mediates apoplast alkalinization and PM depolarization
(Li et al. 2021b; Serre et al. 2021) and Ca2+ influx (Dindas et al. 2018; for review, see Dubey et al. 2021). Green-
filled circles depict auxin molecules. Grey dashed arrows indicate hypothetical regulations. Blue arrows indicate
IAA biosynthesis and orange arrows indicate metabolic pathways. Figure based on data in Skalický et al. (2018)
and Gallei et al. (2020).
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Figure 2. PIN-dependent auxin transport network generating local auxin maxima and gradients. (1) Maternally
produced auxin is transported to the embryo proper, where it accumulates and regulates development (Robert
et al. 2018). At early globular stage, auxin production starts at the embryo apex, auxin transport routes reverse,
and a new auxin maximum is generated for the root pole specification (Robert et al. 2013; Wabnik et al. 2013).
Auxin production is indicated by green stars. (2) Converging auxin fluxes in the epidermis of the shoot apical
meristem generate auxin maxima for organ initiation. From the developing primordia, auxin is canalized toward
preexisting vasculature (Benková et al. 2003). (3) Light diverges auxin fluxes toward the shaded side of the shoot
(Ding et al. 2011), where auxin accumulates (Friml et al. 2002b) and promotes bending. It remains unclear
whether this is the primary, causal mechanism. (4) Gravity stimulation diverges auxin fluxes toward the lower
side of the shoot (Rakusová et al. 2011), where auxin accumulates and promotes bending. At a later stage, auxin
accumulation leads to PIN relocation to the inner cell sides, thus equalizing the auxin distribution and termi-
nating bending (Rakusová et al. 2016). (5) Gravity stimulation diverges auxin fluxes in root columella toward the
lower root side, where auxin accumulates (Luschnig et al. 1998; Friml et al. 2002b). Auxin promotes its own flow
along the lower root side (Baster et al. 2013) delivering auxin to the elongation zone where it inhibits growth
(Fendrych et al. 2018), leading to downward bending of the root. (6) Multiple, redundant PIN fluxes converge to
generate an auxin gradient in the central root meristem, which maintains cell divisions and fate specification
(Friml et al. 2002a). (7) Auxin flow through the lateral root primordium generates an auxin maximum at the tip,
which is partly dissipated by the flow through the epidermis (Benková et al. 2003). Gray arrows indicate direction
of growth after gravity or light stimulation. Green shading shows auxin accumulation. Darker green indicates
higher auxin levels than lighter green. g denotes direction of gravity.
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see Michniewicz et al. 2007). Inhibitors of auxin
biosynthesis, as well as agonists and antagonists
of specific auxin signaling mechanisms, are also
widely used (for review, see Hayashi 2021). The
latter ones were, for example, instrumental to
confirm a TIR1/AFB-independent binding site
that mediates the auxin effect on endocytic traf-
ficking (Robert et al. 2010; De Vriese et al. 2019;
Oochi et al. 2019) or TIR1/AFB involvement in
rapid root growth inhibition (Fendrych et al.
2018). Also very useful is a synthetic biology
tool activating specifically TIR1/AFB signaling
by means of the engineered receptor (concave
TIR1–ccvTIR1) and fitting ligand (convex
IAA–cvxIAA), which does not bind to endoge-
nous TIR1 (Uchida et al. 2018; for review, see
Wright et al. 2021).

Mathematical modeling has aided the plan-
ning and interpretation of experimental work in

the auxin field for decades (for review, see Pru-
sinkiewicz and Runions 2012). Many models
recapitulate auxin transport fluxes and local
auxin maxima in different contexts such as em-
bryos (Wabnik et al. 2013) and roots (for review,
see Rutten et al. 2021). The self-organizing pro-
cesses such as phyllotaxis in shoots (for review,
see Cieslak et al. 2021) or leaf venation (for re-
view, see Lavania et al. 2021) with their under-
lying mathematical beauty hold a special fasci-
nation.

STATION 2: TRUE AND FALSE PROPHETS—
AUXIN AND ITS ANALOGS

What exactly do we mean when talking about
auxin? In contrast to some other plant hormones,
where a relatively diverse group of chemical com-
pounds has similar physiological effects, by nat-
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Figure 3. Hormonal regulation of PIN trafficking. PIN auxin exporters undergo constant, subcellular endocytic
recycling, which assists inmaintaining polar localization (Kleine-Vehn et al. 2011) and integrates various signals.
PINs can as well be directed from the plasma membrane (PM) to the vacuole through the trans-Golgi network
(TGN)/endosomal network for lytic degradation. Environmental and developmental signals, including hor-
mones, can modulate various steps of PIN trafficking, thus changing PIN incidence at the PM. This eventually
fine-tunes directionality and capacity of auxin transport leading to adaptation of plant growth and development.
Figure based on data reviewed in Semeradova et al. (2020).
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ural auxin we typically mean indole-3-acetic acid
(IAA). In addition, 4-chloro-indole-3-acetic acid
(4-Cl-IAA) and phenylacetic acid (PAA) can be
found in plants. The former is found rarely and
the latterappears tobemuch less potent than IAA
(for review, see Cook 2019). Indole-3-butyric
acid (IBA) has auxin-like effects when applied
exogenously to plants, but it appears to be more
of an IAA precursor or a storage form. The per-
sistently debated question about IBA is, however,
whether it is present at physiologically relevant
concentrations in plant tissues (Novák et al. 2012;
for review, see Frick and Strader 2018). Besides
IAA biosynthesis (mainly from L-Trp) and irre-
versible oxidation, much of IAA is present in
storage (IAA conjugates and methyl-IAA) and
catabolite (amide-linked conjugates) forms (for

review, see Casanova-Sáez et al. 2021). Widely
used synthetic auxins such as 1-naphthaleneace-
tic acid (1-NAA) and 2,4-dichlorophenoxy acetic
acid (2,4-D) are more chemically stable, but it
must be taken into account that they are metab-
olized and transported differently compared to
IAA (Simon et al. 2013).

STATION 3: PLACES OF WORSHIP—
SUBCELLULAR AUXIN DISTRIBUTION

One of the biggest enigmas in the auxin field is its
subcellular distribution (Fig. 1). In the future,
fluorescently labeled auxins, specific anti-IAA
antibodies, direct, sufficiently sensitive geneti-
cally encoded auxin sensors, and subcellular frac-
tionations coupled to metabolomicsmay provide

A

B

C

D

Figure 4.Canalization processes for vasculature formation and regeneration. (A) Auxin source (dark green color)
polarizes originally homogenous cells to create a directional transport (blue arrows) away from the source. The
self-organizing property of auxin transport allows to canalize auxin from an initially broad domain into a narrow
channel with high auxin-transporting capacity. (B) Auxin maximum in a cotyledon tip drives auxin canalization
in a conserved pattern, demarcating the position of future vasculature. Transport-independent patterning mech-
anisms are likely also involved (Verna et al. 2019; for review, see Lavania et al. 2021). (C) The shoot apex is a well-
known source of auxin, which keeps lateral buds inhibited. Once the apex is removed, the closest lateral bud is
released from the inhibition and becomes a new dominant auxin source. Auxin canalization from this bud guides
vasculature formation, connecting the lateral bud to the preexisting stem vasculature (Balla et al. 2011). (D)
Wounding of stem vasculature results in a local auxin accumulation above the wound. Subsequently, auxin is
canalized around the wound to initiate reconnection of the preexisting vasculature (Sauer et al. 2006; Mazur et al.
2016). Local external auxin application to the side of the stem also triggers auxin channel formation and guides
formation of vasculature (Mazur et al. 2020b). Other cases of auxin canalization are during organogenesis at the
shoot apical meristem and during embryogenesis (see Fig. 2).
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more reliable insights; but for now, we are infer-
ring this information indirectly from the locali-
zation of auxin receptors, transporters, and met-
abolic enzymes. IAA, as a small molecule, would
freely diffuse through the cytosol and connected
nucleus, where the majority of TIR1/AFB auxin
receptors reside. Another place where auxin ac-
cumulates is the vacuole as suggested by the pres-
ence of the WALLS ARE THIN1 (WAT1) auxin
transporter and confirmed by metabolomics
on isolated vacuoles (for review, see Skalický
et al. 2018). However, what auxin does there is
completely unclear.

The endoplasmic reticulum (ER) has always
been on the radar of auxin researchers, originally
because AUXIN-BINDING PROTEIN1 (ABP1)
is localized there alongwith some auxinmetabol-
ic enzymes (for review, seeWoodward andBartel
2005; Kriechbaumer et al. 2016; Sanchez Carran-
za et al. 2016). The ER received evenmore prom-
inence through the discovery that some trans-
porters from PIN (Mravec et al. 2009) and
PIN-LIKES (PILS; Barbez et al. 2012) families
are localized at the ER membrane. Transport-
mediated intracellular redistribution of auxin
and its metabolites between compartments
with different sets of metabolic enzymes and
receptors would allow a rapid regulation of auxin
metabolism and signaling (for review, see Ab-
dollahi Sisi and Růžička 2020). In addition, given
that receptors for ethylene (Bisson et al. 2009)
and cytokinin (Antoniadi et al. 2020; Kubiasová
et al. 2020) are also localized at the ER, this
subcellular compartment may play an underap-
preciated role as a hub for hormone signaling,
metabolism, and cross talk (for review, see Friml
and Jones 2010).

Unanswered questions related to the subcel-
lular auxin distribution are (1) how auxin cross-
es the apparently highly oxidative environment
of the apoplast, and (2) the importance of auxin
movement through plasmodesmata (for review,
see Paterlini 2020).

STATION 4: NEWADDITIONS TO THE OLD
TESTAMENT—RAPID CELLULAR RESPONSES

Rapid cellular responses were the bread and but-
terof auxin signaling in the premolecular era. The

discovery that auxin regulates protein expression
(for review, see Abel and Theologis 2010) was a
milestone that turned the focus of the field to the
developmental responses mediated by transcrip-
tional reprogramming. Given the speed of tran-
scription and translation, any effects that take less
than a few minutes can be considered nontran-
scriptional.

A classic rapid effect is the depolarization of
the PM, which in roots is linked with apoplast
alkalinization and cytosolic Ca2+ transients (for
review, see Dubey et al. 2021). These processes
have recently enjoyed a renaissance due to their
recently confirmed link to root gravitropism.
Given that they are nontranscriptional, these re-
sponses were proposed to require a yet uniden-
tified auxin receptor (Monshausen et al. 2011;
Shih et al. 2015; for review, see Leyser 2018).
Recent findings, however, suggest that rapid,
auxin-mediated root growth inhibition requires
TIR1/AFB receptors (Dindas et al. 2018; Fen-
drych et al. 2018; Li et al. 2021b; Serre et al.
2021).

Another rapid, nontranscriptional, and in-
deed TIR1/AFB-independent process is the aux-
in effect on endocytic trafficking of PIN auxin
transporters (Paciorek et al. 2005; Robert et al.
2010). As a potential mechanism involved in the
auxin feedback regulation of its own transport
and its polarization (Mazur et al. 2020a; Han
et al. 2021), this response has received substan-
tial attention. Recently, the original interpreta-
tion that involves auxin inhibiting endocytosis
has been revised with new tools and approaches
(Narasimhan et al. 2021) and it appears that
auxin rather targets actin/myosin-related as-
pects of endocytic PIN trafficking (Arieti and
Staiger 2020; Han et al. 2021).

The recent identification of an ultrafast, aux-
in-triggered protein phosphorylation response
in Arabidopsis roots came as a surprise. It
appears that hundreds of proteins involved in
a wide variety of cellular functions, different
from those targeted by transcriptional regula-
tion, become differentially phosphorylated
within 2 min of auxin treatment (Han et al.
2021). This dataset provides a rich resource to
tackle the nontranscriptional auxin responses at
molecular level.

J. Friml
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STATION 5: ALPHA AND OMEGAOF AUXIN
ACTION—GROWTH

The word “auxin” is derived from the Greek
“auxano”= “to grow,” which indicates that the
effect on growth was at the very beginning of
auxin research. Despite being the most classical
of auxin effects, studies of the underlying mech-
anism still bring surprises, such as the recent
identification of a noncanonical branch of
TIR1/AFB auxin signaling and the implication
of TMK1-based cell surface auxin signaling in
growth regulation (see also stations 6 and 7).

One of the biggest enigmas of plant physi-
ology is how shoots grow upward and roots
downward. In both cases, auxin accumulates at
the lower organs’ side, but promotes growth in
shoots and inhibits it in roots. Not only is the
sign of the effect opposite but also the timing is
different with a much faster reaction in roots
(<30 sec) than in shoots (>10 min). How the
same signal can trigger such opposite responses
remains a mystery.

Plant cells have special features—a very high
turgor pressure (comparable to a car tire) and
rigid cell walls. Any growth regulation mecha-
nism must therefore directly or indirectly target
these two parameters. Although several alterna-
tives for a cellular mechanism underlying
growth have been proposed, such as microtu-
bule reorientation or vacuole fragmentation,
the classical acid growth hypothesis has stood
the test of time and has retained its prominence
to explain the auxin-mediated growth promo-
tion in shoots (for review, see Gallei et al. 2020).
It states that H+ export across the PM increases
the membrane potential, which drives second-
ary ion influx, ultimately leading to higher tur-
gor pressure. At the same time, such apoplast
acidification leads to the activation of pH-sensi-
tive enzymes that loosen the cell wall. Higher
turgor and lower cell wall rigidity then together
result in cell expansion (for review, see Arsuffi
and Braybrook 2018). Indeed, this has been
nicely demonstrated in shoots, where auxin per-
ceived by the canonical, transcriptional TIR1/
AFB pathway ultimately activates the PM
H+-ATPases (AHAs), leading to apoplast acidifi-
cation and growth promotion (Spartz et al. 2014;

Fendrych et al. 2016; Ren et al. 2018; for review,
see Dubey et al. 2021). Recently, a parallel mech-
anism for a direct activation of H+ export by the
cell surface kinase TMK1, which phosphorylates
and activatesH+-ATPases, has been identified (Li
et al. 2021b; Lin et al. 2021). This should lead to
apoplast acidification and growth promotion;
however, as mentioned earlier, these processes
in the shoot are strictly dependent on TIR1/
AFB activity and occur with a delay of about
10 min (Fendrych et al. 2016). Therefore, the
functional connection between TIR/AFB and
TMK pathways for a cooperative promotion of
shoot growth still needs to be clarified.

In roots, auxin inhibits growth, and, as recent
manipulations of external pH demonstrated, the
acid growth principle also underlies this effect.
The TMK1-AHA signaling module also acts in
roots, mediating apoplast acidification, but this
effect is overshadowed by the more dominant
TIR1/AFB-mediated apoplast alkalinization,
which occurs byanunknowncellularmechanism
(Li et al. 2021b). These two antagonistic path-
ways, which converge on the regulation of apo-
plastic pH, thus presumably prime roots for rapid
changes in growth direction important for the
efficient navigating of the soil. Thus, the TMK1-
AHAmechanism between shoot and root is con-
served, but what causes roots to react oppositely
to shoots is the addition of the nontranscriptional
TIR1/AFB signaling branch mediating apoplast
alkalinization.

STATION 6: NOTHING GROWS TO HEAVEN
—CANONICAL AUXIN SIGNALING

A dozen years ago, the field of auxin signaling
appeared to be comfortably simple. Genetic
work had identified and characterized mutants
such as tir1 (transport inhibitor response1) and
axr1 (auxin resistant1), whose root growth was
insensitive to auxin (for review, see Lavy and Es-
telle 2016; Leyser 2018) and molecular biology
studies had explored the mechanism of auxin-
mediated transcription. A beautiful synthesis of
these two threads (Gray et al. 2001) culminated in
a somewhat unexpected realization that TIR1 it-
self is themajor part of the auxin receptor (Dhar-
masiri et al. 2005; Kepinski and Leyser 2005).
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Downstream, the essentially unlimited combina-
tions of Aux/IAA repressors and ARF transcrip-
tion factors can remodel the transcriptomes of
individual cells in myriad different ways (Barg-
mann et al. 2013; for review, see Morffy and
Strader 2021).

In our admiration of this elegantmechanism,
by association, it was tacitly assumed that this
pathway also accounts for the inhibitory auxin
effects on root growth, not least because this
was the phenotypic trait originally used to iden-
tify the key mutants including tir1. This notion
was further reinforced byelucidation of the TIR1/
AFB-mediated transcriptional mechanism, by
which auxin promotes growth in shoots (for re-
view, see McLaughlin et al. 2021). Although the
gravitropic response and auxin effects in roots are
fast, the exact timingwas unclear and, thus, either
transcription regulation was assumed to be rapid
enough to account for this, or TIR1/AFB-inde-
pendent signaling mechanisms were invoked
(Monshausen et al. 2011; Shih et al. 2015; for
review, see Leyser 2018). The vertical microscope
coupled with root microfluidics allowed a de-
tailed evaluation of growth kinetics and revealed
a visible decrease in root growth within 30 sec
after auxin treatment. This, and pharmacological
interference with de novo protein synthesis,
showed beyond any doubt that auxin-mediated
root growth inhibition is nontranscriptional.
Nonetheless, the involvement of a TIR1/AFB
pathway has been unequivocally confirmed using
mutants and the engineered ccvTIR1/cvxIAA
system. Therefore, the only interpretation recon-
ciling these new observations is that TIR1/AFB
auxin signaling has a nontranscriptional branch
that regulates root growth (Fendrych et al. 2018).
This unexpected notionwas further reinforced by
observations that very rapid cytosolic Ca2+ spikes
also require TIR1/AFB signaling (Dindas et al.
2018). The more cytosolic-resident AFB1 mem-
ber of the TIR1/AFB family has been proposed to
mediate these rapid effects (Prigge et al. 2020).

The next challenge is to discover the mecha-
nism(s) bywhich this elusiveTIR1/AFB signaling
branch alkalizes the apoplast to inhibit root
growth. This would require a direct action at the
PM, potentially activating some H+ leakage
mechanism that would lead to immediate apo-

plast alkalinization (Li et al. 2021b) and mem-
brane depolarization (Serre et al. 2021). Whether
these interdependent processes are also linked to
the cytosolic Ca2+ transients (Shih et al. 2015),
what the underlying cellular mechanism is, and
how TIR1/AFB auxin receptors trigger it are the
most imminent questions.

STATION 7: RISING HERESY—
NONCANONICAL AUXIN SIGNALING

The overwhelming success of genetic andmolec-
ular biology approaches led to the identification
of the TIR1/AFB-Aux/IAA-ARF transcriptional
signaling module, which outshined other possi-
ble auxin signaling mechanisms. An unexpected
twist to Aux/IAA- and ARF-mediated regulation
of transcription came from studies of atypical
members of these two protein families.

ARF3 (also called ETTIN) lacks the typical
domain required for Aux/IAA interaction and
instead harbors a so-called ETTIN-specific do-
main. IAA binds directly to this domain, thus
disrupting the interaction of ETTIN to a number
of different regulators, such as the TOPLESS
(TPL) transcriptional repressor (Simonini et al.
2016; Kuhn et al. 2020). Such direct binding of a
hormonal signal (here IAA) to a transcriptional
regulator is reminiscent of similar mechanisms
known from animals, for example, for thyroid
hormones (for review, see McLaughlin et al.
2021). It will be interesting to see whether this
type of direct regulation identified for ETTIN
also applies to other signaling molecules and/or
transcriptional regulators.

Similar to ARFs, also among Arabidopsis
Aux/IAA transcriptional repressors, there are
few nonconformists, such as IAA33, which
lack domains that interact with TIR1/AFB and
which, unlike canonical Aux/IAAs, are induced
and/or stabilized by auxin to maintain the root
stem cells (Ding and Friml 2010; Lv et al. 2020).
Two other noncanonical Aux/IAAs (IAA32 and
IAA34) are targeted and phosphorylated by the
kinase domain of TMK1, which is cleaved in
response to auxin. This auxin-mediated cleav-
age of TMK1 and the potential nuclear translo-
cation of its kinase domain provides an elegant
mechanism of how cell-surface TMK-based and
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nuclear TIR1/AFB-based auxin signaling con-
verge on an overlapping set of transcriptional
regulators, which in this case regulates the dif-
ferential growth in the apical hook (Cao et al.
2019; Baral et al. 2021).

TMK signaling has been, however, mainly
implicated in rapid, nontranscriptional auxin re-
sponses. TMK1 interacts with and phosphory-
lates H+-ATPase pumps and activates them,
which leads to apoplast acidification. This sup-
ports the transcriptional TIR1/AFB-mediated
mechanism for growth promotion in shoots
(Lin et al. 2021) and counteracts the nontran-
scriptional TIR1/AFB-mediated mechanism for
growth inhibition in roots (Li et al. 2021b). The
TMK pathway has been shown to play other aux-
in-related roles such as lateral root primordia de-
velopment (Huang et al. 2019), puzzle-like shap-
ing of leaf epidermal cells (Xu et al. 2010), and
regulation of auxin biosynthesis (Wang et al.
2020). The established downstream effectors of
TMKs are Rho of Plants (ROPs), small GTPases
that regulate a plethora of cellular activities (for
review, see Feiguelman et al. 2018). Interestingly,
auxin induces sterol- and lipid-dependent nano-
clustering of both TMK1 (Pan et al. 2020) and
ROP6 (Platre et al. 2019), but the interdepen-
dence and relevance of these processes still re-
main unclear. As such, TMK has now been well
established to mediate the auxin effect on multi-
ple cellular and developmental processes and
more are likely to follow. However, the key ques-
tion remains: How is auxin perceived by this
pathway? That was once a neat niche for a role
of ABP1.

STATION 8: CRUCIFIED AND WAITING FOR
RESURRECTION—ABP1

Onlya fewproteins in theplantfield have a longer
history than ABP1, which was first identified in
the early 1970s as a protein that can bind auxin
(Hertel et al. 1972), and none has been such a
persistent subject of controversy. ABP1 was
born to the field with high hopes as the first can-
didate for a plant hormone receptor. Excellent
biochemical work, including ABP1 cocrystalliza-
tionwith auxin, confirmed the high affinity bind-
ing of maize ABP1 to 1-NAA (Woo et al. 2000).

ABP1 further rose to prominence through the
suggestion that it played an important role in
auxin-sensitive endocytic trafficking of PIN aux-
in transporters (Robert et al. 2010) in puzzle-
shaped epidermis morphology (Xu et al. 2010)
and, in particular, through its association with
the cell-surface localized TMK receptor-like ki-
nase (Xu et al. 2014).

Unfortunately, many features of the ABP1
function remain unclear startingwith its place of
action. The majority of ABP1 can be found, as
suggested by the ER retention signal, in the ER,
where, however, the pH is not favorable to auxin
binding. In the apoplast, pH ismore suitable and
ABP1 presence there would be required for the
majority of its proposed roles, but localization
studies have not been entirely conclusive (for
review, see Napier 2021).

Genetic studies stirred even more controver-
sy. A study in Arabidopsis claimed that abp1
knockout mutants are embryo lethal, based on
two independent alleles and complementation
experiments (Chen et al. 2001). Although these
lines were not used to generate any insight into
the ABP1 function, they perpetuated a belief
about the essential role of ABP1 in plant devel-
opment. The first cracks in this prominence ap-
peared in 2014 at the “Auxins and Cytokinins in
Plant Development” meeting (ACPD Prague
2014; acpd.cas.cz/?page_id=42), where the fail-
ure to complement the abp1 embryo lethal phe-
notype was reported. The following year, all hell
broke loose for ABP1. The failed complementa-
tion was published (Grones et al. 2015), the al-
leged embryo lethality was explained by the mu-
tation in a neighboring gene (Dai et al. 2015;
Michalko et al. 2015), and verified abp1 knockout
alleles without any obvious growth defects were
reported (Gao et al. 2015). Authors of the latter
concluded: “ABP1 is not required for either auxin
signaling orArabidopsisdevelopment” (Gao et al.
2015). The crucifixion was complete.

Nonetheless, we might have thrown out the
baby with the bathwater. There is no doubt that
these critical reports are among the most impor-
tant in the ABP1 field and that the originally
believed essential role of ABP1 in development
is not correct. In fact, amore comprehensive phe-
notype analysis of abp1mutants confirmed these
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notions and revealed only minor growth defects
(Gelová et al. 2021). On the other hand, at least
one or a few ABP1 sequences can be found in
almost all available genomes of streptophytes, ar-
guing that the ABP1 function provides a selective
advantage. More importantly, independent gain-
of-function lines show a wide range of cellular
and development defects (Gelová et al. 2021).
Some, such as in Brefeldin A-sensitive endocytic
PIN trafficking and its auxin regulation (Nara-
simhan et al. 2021), are exactly opposite to those
observed in the lines that down-regulate the
ABP1 function using antisense or monoclonal
anti-ABP1 antibody technologies (Tromas et al.
2009). Notably, abp1 versions with a mutation in
the auxin-binding site do not have this effect
(Robert et al. 2010; Čovanová et al. 2013; Grones
et al. 2015; Gelová et al. 2021). These internally
consistent observations cannot be easily dis-
missed and support the role of ABP1 in mediat-
ing the auxin effect on endocytic trafficking
(Robert et al. 2010): a feedback regulation im-
portant for auxin canalization.

It is possible that ABP1 acts redundantly with
other members of the large cupin family that are
then also targeted by the knockdown lines; this
would be consistent with all observations. Alter-
natively, the phenotypes of knockdown lines are
an artefact of the expression system used and the
opposite phenotypes in gain-of-function are a
coincidence. Only future meticulous evaluation
of (1) binding of natural auxin IAA to Arabidop-
sisABP1, and (2) test of physiological importance
of this binding, along with (3) genetic analysis
with verified abp1 knockouts, will decide about
the sequel of this intriguing story.

STATION 9: ALMIGHTY IN DEVELOPMENT—
AUXIN AS AVERSATILE TRIGGER

Already early pharmacological experiments with
synthetic auxins and inhibitors of auxin transport
suggested a broad developmental importance of
auxin (Liu et al. 1993). However, its rise to unri-
valed prominence as a versatile developmental
signal camewith the establishment of amolecular
link of many patterning mutants with transcrip-
tional auxin signaling or auxin transport. The
next crucial insight came with the detection of

asymmetric auxin activity using DR5 reporters
of transcriptional auxin signaling (Ulmasov
et al. 1997), so-called auxin gradients and local
auxin maxima in many developmental contexts
(Benková et al. 2003; Friml et al. 2003; Heisler et
al. 2005; Scarpella et al. 2006), such as embryo
(for review, see Verma et al. 2021), root (for re-
view, see Cavallari et al. 2021), shoot (for review,
see Pernisová and Vernoux 2021), flower (for
review, see Cucinotta et al. 2021), leaf venation
(for review, see Lavania et al. 2021), and others.
These reports typically include the visualization
of both localized auxin response and PIN-depen-
dent PAT in conjunction with pharmacological
and genetic manipulations of PAT and down-
stream auxin signaling. Whereas PIN1 and
PIN2 act largely nonredundantly when mediat-
ing organogenesis at the shoot apical meristem
and root gravitropic response, respectively, they
act redundantly in a mutually compensatory
manner in most other developmental processes
(Vieten et al. 2005). When PINs were shown to
act as auxin exporters (Petrášek et al. 2006) and
their subcellular polar localization to determine
the directionality of auxin flow between cells
(Friml et al. 2004; Wisniewska et al. 2006) and
TIR1/AFB-Aux/IAA-ARF transcriptional auxin
response was established (Dharmasiri et al.
2005; Kepinski and Leyser 2005), all necessary
components were in place.

With auxin and its transport being implicated
in an increasing number of developmental pro-
cesses and the demonstration that local auxin
maxima are sufficient to induce shoot and root
organogenesis (Reinhardt et al. 2000; Dubrovsky
et al. 2008), the general concept gradually crystal-
ized into a scheme of how auxin coordinates de-
velopment in vascular plants. Various PIN pro-
teins are expressed in different parts of the plant
and mediate directional auxin fluxes through
their polar localization, which converge to gener-
ate auxin gradients or local auxin maxima (Fig.
2). Auxin accumulating in these cells is interpret-
ed by transcriptional auxin signaling. Notably,
different cell types in different developmental
contexts remodel their transcriptomes in re-
sponse to auxindifferently; this variety is presum-
ably enabled by different combinations of TIR1/
AFB receptors and downstream Aux/IAA and
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ARF transcriptional regulators in target cells
(Vernoux et al. 2011; Calderón Villalobos et al.
2012; Bargmann et al. 2013; for review, see Ma
et al. 2021). Auxin, which is distributed via a
PIN-dependent network, thus acts as a versatile
facilitator or trigger of predefined change in the
developmental program (formulated in Benková
et al. 2009; Vanneste and Friml 2009). Often in
conjunctionwith the indispensable localized aux-
in biosynthesis, as shown for maternal control of
embryogenesis (Robert et al. 2018), apical-basal
axis establishment (Robert et al. 2013), or shoot
apical meristem patterning (Brumos et al. 2018),
it is nevertheless its unique directional transport
system that empowers auxin to signal between
different plant parts and to act as a major coor-
dinative signal in plant development.

STATION 10: THY WILL BE DONE—
INTEGRATION THROUGH A DYNAMIC
AUXIN TRANSPORT NETWORK

The auxin transport network requires multiple
critical molecular components (for review, see
Hammes et al. 2021). Among these, polarly local-
ized PIN auxin exporters are not only mediating
flow directionality, but on account of their dy-
namic ability to change their localization, they
also redirect auxin fluxes in response to various
external and internal signals. Such dynamic re-
polarization is enabledbyaconstitutive endocytic
recycling of PIN proteins (Dhonukshe et al.
2007), which allows PIN subcellular relocation
after each cycle of internalization by a process
called transcytosis (Kleine-Vehn et al. 2008).
PIN phosphorylation, which occurs at differ-
ent residues by different kinases (for review, see
Barbosa et al. 2018; Tan et al. 2021), is a promi-
nent mechanism controlling PIN polarity and
activity. PIN phosphorylation is not only crucial
for maintaining PINs at the specific polar do-
mains (Glanc et al. 2021) but also for their dy-
namic repolarization (for review, see Rakusová
et al. 2015).

One of the best-characterized examples of
this concept is gravitropism, which aligns the
growth of plants with a gravity vector. The grav-
ity is perceived in seed plants by sedimentation
of starch-containing amyloplasts (statoliths) in

root columella or shoot starch sheath (for re-
view, see Su et al. 2020). As shown in Arabidop-
sis, several PIN proteins are expressed in the very
same cells and polarize to the bottom cell sides
after gravistimulation (Friml et al. 2002b;
Kleine-Vehn et al. 2010; Rakusová et al. 2011).
This redirects auxin fluxes accordingly toward
the lower side of the organ, where auxin pro-
motes growth (in the shoot) or inhibits growth
(in the root) (for review, see Roychoudhry and
Kepinski 2021) causing the organ to bend. The
mechanism, by which statolith sedimentation
leads to PIN relocation, remains unclear but
likely involves NEGATIVE GRAVITROPIC
RESPONSE OF ROOT (NGR)/LAZY1-LIKE
(LZY) proteins (Ge and Chen 2016; Furutani
et al. 2020) and PIN protein phosphorylation
(Grones et al. 2018). Also, during the shoot pho-
totropic response, the same PINs gradually po-
larize to the cell sides away from the light (Ding
et al. 2011) providing a possible mechanism for
generating an auxin asymmetry during photo-
tropic bending. Nonetheless, the causality and
underlying mechanism are less clear here, but
PIN phosphorylation is involved again (Ding
et al. 2011; Haga et al. 2018).

Additional external signals such as nutrient
availability can influence auxin biosynthesis or
signaling (for review, see Casal and Estevez
2021). Nonetheless, they often have an impact
on development through PIN-dependent auxin
transport (for review, see Leftley et al. 2021).
This is exemplified by nitrate-dependent PIN2
dephosphorylation and polarity rearrangements
that modulate root growth during the forage for
nitrogen resources (Ötvös et al. 2021) or phos-
phorus deficiency inhibiting PIN2 degradation
and thus promoting root hair development (Lin
et al. 2020).

Plant pathogen studies focused mainly on
auxin biosynthesis and signaling (for review,
see Kunkel and Johnson 2021), but it is conceiv-
able that modification of PIN-dependent auxin
transport will also be involved. Thus, the dy-
namic auxin distribution network serves as a
unique, plant-specific mechanism to integrate
different signals from the environment and
translate these into auxin gradients and auxin
maxima, which modify plant development.

Fourteen Stations of Auxin
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STATION 11: FIRST AMONG EQUALS—
AUXIN CROSS TALKOVER A TRANSPORT
NETWORK

Complex interactions between different path-
ways are a hallmark of signaling in plants. This
occurs on multiple levels: synthesis, transport,
response, or sharing signaling components (for
review, see Mazzoni-Putman et al. 2021). For
auxin, a prominent way of integrating other sig-
naling pathways is again through a PIN-depen-
dent auxin distribution network, either by reg-
ulating PIN transcription or dominantly by
targeting different aspects of PIN subcellular
trafficking and polar distribution (Fig. 3; for re-
view, see Semeradova et al. 2020).

Cytokinins (CKs) are hormones whose
action in controlling cell division and differenti-
ation has been linked to auxin. In root gravitrop-
ism (Pernisova et al. 2016) and lateral root
formation (Marhavý et al. 2011), cytokinins
were shown to regulate PIN degradation and po-
larity via canonical CYTOKININ RESPONSE1
(CRE1)/ARABIDOPSIS HISTIDINE KINASE4
(AHK4) receptors and an unclear downstream,
nontranscriptional mechanism (Marhavý et al.
2011). Similarly, gibberellic acid (GA), using the
canonical DELLA pathway, has a nontranscrip-
tional inhibitory effect on PIN vacuolar delivery.
Here, it targets the retromer and cytoskeleton as-
pects of this process (Salanenka et al. 2018). This
mechanism plays a role in root gravitropism, in
which an asymmetric accumulation of gibberellin
at the lower root side presumably stabilizes PIN2
there and promotes the auxin flow along the low-
er side of the root (Löfke et al. 2013). Salicylic acid
(SA) also interferes with Brefeldin A-sensitive
endocytic trafficking of PINs (Du et al. 2013).
In this case, the canonical signaling components
are not involved but salicylic acid binds to PRO-
TEINPHOSPHATASE 2A (PP2A), inhibiting its
activity and thereby enhancing PIN2 phosphor-
ylation leading to its reduced polar membrane
localization (Tan et al. 2020a). Structurally related
aspirin and other anti-inflammatory painkillers
target TWISTED DWARF1-regulated actin dy-
namics and auxin transport (Tan et al. 2020b).
PIN trafficking is also targeted by abscisic acid
(ABA) through PP2A, in this case via PP2A in-

teraction with its canonical PYRABACTIN RE-
SISTANCE (PYR)/PYR-LIKE (PYL) receptors
(Li et al. 2020). Jasmonate (JA) (Sun et al. 2011)
and brassinosteroids (BR) (Retzer et al. 2019) also
influence PIN trafficking and degradation using
their canonical signaling components, presum-
ably through a nontranscriptional mechanism
that has yet to be identified. In addition, strigo-
lactones (SLs) cooperate closely with auxin in
regulating shoot branching and the formation
of vascular tissue and its regeneration, all ofwhich
involve the formation of PIN-expressing, auxin-
transporting channels (Sauer et al. 2006; Balla
et al. 2011). Indeed, strigolactones promote PIN
depletion from the PM in shoots (Shinohara et al.
2013), which presumably occurs by uncoupling
auxin feedback during PIN-mediated canaliza-
tion. This strigolactone effect on auxin feedback
provides a cellular mechanism by which strigo-
lactones execute their role in a multitude of aux-
in-mediated processes (Zhang et al. 2020).

It is remarkable and certainly biased by
choice of experiments that almost any tested
plant hormone has some impact on the PIN-
dependent auxin transport network. In many
cases, it remains to be clarified how direct and
specific such effects are; but available partial or
full elucidation of the underlying molecular
mechanisms shows that these observations pro-
vide an excellent starting point to unravel non-
transcriptional mechanisms and branches of
many plant hormonal signaling pathways.

STATION 12: SHOW ME THE WAY—
POLARIZATION AND CANALIZATION

The prominent regulation of PIN-dependent
auxin transport is carried out by auxin itself.
Such feedback is a main prerequisite of the so-
called auxin canalization, a hypothesis originally
proposed for the flexible and self-organizing for-
mation of the vasculature (for review, see Sachs
2000). Auxin has the unique property to promote
the formation of its own polarized transporting
channels from the auxin source through initially
homogeneous tissues, which then guide vascula-
ture formation (for review, see Bennett et al. 2014;
Ravichandran et al. 2020; Lavania et al. 2021).
Indeed, a gradual, coordinated establishment of
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polarized, PIN-expressing channels prior to vas-
culature formation has been observed (Fig. 4): (1)
connecting new organs at the shoot apical meri-
stem (Benková et al. 2003) and lateral buds
released from dormancy (Balla et al. 2011) with
the preexisting vasculature network; (2) during
vasculature regeneration following wounding
(Sauer et al. 2006; Mazur et al. 2016); and (3) in
leaf venation (Scarpella et al. 2006), where an
additional patterning mechanism operates
(Verna et al. 2019). Some processes, such as api-
cal-basal embryo patterning (Robert et al. 2013;
Wabniket al. 2013) or terminationof tropic shoot
bending (Rakusová et al. 2016), do not involve
any formation of channels but still involve feed-
back regulation of PIN polarity by auxin.

The experimental system that enables local
auxin application on the Arabidopsis stem con-
firmed that auxin is the main signal sufficient to
induce channel formation (Mazur et al. 2020b),
although other short-range signals are likely to be
involved. It is conceptually intriguing how an ini-
tially homogenous mass of cells can collectively
coordinate and propagate polarities throughout
the tissue, with each individual cell positioning
PINs on the correct cell side away from the auxin
source and toward the sink. Although it is clear
that it must somehow involve the integration of
information from immediate neighbors as well as
global tissue context, the underlyingmechanisms
remain mysterious.

Based on modeling, different mechanisms
have been proposed for how information that
guides PIN polarity can be transmitted between
cells. The first mechanism involves an auxin ef-
fect on growth and transmission of mechanical
stresses via the cell wall and microtubule orienta-
tion influencing PINpolarity (Heisler et al. 2010).
Another proposes a combination of intracellular
andextracellularauxinperception,which, respec-
tively, influences PIN transcription or PIN endo-
cytic trafficking that leads to a different PIN sta-
bilization on opposite cell sides (Wabnik et al.
2010). Basic prerequisites of thesemodels are ful-
filled: (1) PINs are clustered at the polar domains
and linked to the cell wall (Boutté et al. 2006;
Feraru et al. 2011; Li et al. 2021a); and (2) auxin
regulates PIN expression through TIR1/AFB sig-
naling (Vieten et al. 2005) and modulates, by a

different signaling mechanism, PIN trafficking
and incidence at the PM (Paciorek et al. 2005;
Robert et al. 2010; Han et al. 2021). Notably,
TIR1/AFB signaling and endocytic PIN traffick-
ing are indeed required for the formation of auxin
channels from localized auxin sources (Mazur
et al. 2020a).

Nonetheless, molecular insights into canali-
zation remain limited. TIR1/AFBs signaling reg-
ulates, via the transcription factor WRKY23
(Prát et al. 2018), the expression of CANA-
LIZATION-RELATED AUXIN-REGULATED
MALECTIN-TYPE RECEPTOR-LIKE KI-
NASE (CAMEL). CAMEL forms a complex
with the CANALIZATION-RELATED RECEP-
TOR-LIKEKINASE (CANAR) to phosphorylate
PINs and thus guide their polarity during cana-
lization (Hajný et al. 2020).CAMEL andCANAR
as receptor-like kinases at the PM represent
potential receptors for the hypothetical short-
range canalization signal but its identity remains
elusive.

In addition to the identity of CAMEL/
CANAR ligand, another mystery is how auxin
enters the canalizationmechanism. It is unlikely
that this happens only indirectly through regu-
lation of CAMEL expression, but whether this
occurs through regulation of growth and ten-
sions or actually through extracellular auxin per-
ception remains an open question. An enticing
possibility is the involvement of extracellularly
localized ABP1, which would be in line with its
proposed role in PIN endocytic trafficking
(Robert et al. 2010; Grones et al. 2015).

With the identification of the first genetic
components of canalization, an important step
has been taken to move canalization from a
more theoretical and conceptual exploration of
cellular mechanisms toward tangible studies of a
molecular mechanism of this fascinating and
developmentally crucial process.

STATION 13: MIRACULOUS HEALINGS—
AUXIN IN REGENERATION

Plants are famous for their ability to regenerate
tissues, organs, or even thewhole organism from
a single cell. Early studies on wounded tissue
regeneration, which relied on external auxin ap-
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plications, implicated a role of auxin (for review,
see Bloch 1941). Later it was shown that auxin
biosynthesis and signaling are specifically acti-
vated in wounded tissues (e.g., in leaf explants to
mediate de novo root formation) (Liu et al. 2014;
Chen et al. 2016; Xu et al. 2017). These studies
suggest that auxin, while not necessarily being a
part of thewounding signal, is a key player in the
required reprogramming of the cell fates neces-
sary for the regeneration of lost tissues.

Also in roots, fully or partly removed meri-
stems can be restored completely (Sena et al.
2009). Here, auxin influences stem-cell-like di-
visions and the subsequent acquisition of cor-
rect cell fates, which is crucial for the reestab-
lishment of the stem cell niche after it has been
removed microsurgically (Xu et al. 2006), died
from cold stress (Hong et al. 2017), or by the
complete removal of the root tip (Efroni et al.
2016). Insights into the cellular processes asso-
ciated with wound healing have been gained
through the novel combination of targeted ab-
lation of individual root cells with a UV laser
followed by an automatic tracking (for review,
see Hoermayer and Friml 2019; Marhava et al.
2019).

Much of the downstream processes activat-
ed by auxin in the context of regeneration re-
main unclear, but single-cell transcriptomics
and similar approaches will certainly bring the
much-needed insights. Auxin contributes to the
expression of wound-responsive genes like
ETHYLENE RESPONSE FACTOR115 (ERF115;
Zhou et al. 2019; Canher et al. 2020; Hoermayer
et al. 2020). In turn, ERF115 expression sensi-
tizes cells to auxin signaling (Canher et al. 2020)
and increases auxin biosynthesis in cells (Mato-
sevich et al. 2020). Hence, roots under reduced
auxin levels display a decreased regeneration ca-
pacity. Auxin also influences the regeneration
capacities in the root through its effect on cell
expansion. Auxin, inhibiting or promoting
growth, depending on the context, affects the
regeneration efficiency, which leads to a lack of
regeneration or overproliferation (Hoermayer
et al. 2020).

Therefore, auxin, which executes its classical
role in regulating cell expansion, division, and
cell fate reprogramming, plays key roles in prac-

tically all stages of plant tissue and organ regen-
eration.

STATION 14: GENESIS—SEARCHING FOR
AUXIN BEGINNINGS

We conclude our way of auxin with the search
for its origins. How did it all start and how did
auxin evolve to become the universal coordina-
tive signal of vascular plants? These questions
can now be approached with insights into the
genomes of bryophytes (= a group of land
plants, sister to vascular plants) and charophytes
(= green algae that are sister to land plants). By
studying the properties of auxin response and
molecular and genetic properties across charo-
phytes, bryophytes, and vascular plants, we can
now begin to deduce the properties of the re-
sponse system at different times in the evolution
of land plants. While molecular and genetic re-
sources are readily available in Arabidopsis and
bryophytes, they are still limited in charophytes.

Available evidence from bryophytes suggests
that the first land plants had the key components
of auxin biology in place: the IPyA biosynthetic
pathway, the PAT components, and TIR1/AFB-
Aux/IAA-ARF transcriptional auxin response
(for review, see Bowman et al. 2021; Suzuki
et al. 2021). The key role of auxin at this stage is
best demonstrated by a complete loss of differen-
tiation in M. polymorpha mutants lacking IAA
biosynthesis (Eklund et al. 2015). An interesting
recent hypothesis proposes that IAA first served
as an exogenous indicator of the presence of nu-
trient-rich decomposing organic matter and
thereby stimulated the production of rhizoids in
bryophytes (for review, see Sheldrake 2021). As
cell death was coopted in bryophytes and vascu-
lar plants as part of development, IAA may have
taken on a new role as an endogenous hormone.
During land plant evolution, a simple, primordial
auxin system has expanded, allowing functional
diversification within the involved gene families.
Examples of this are the stepwise functional in-
novations within the PIN family, which occurred
at three distinct evolutionary milestones, the or-
igin of (1) land plants, (2) vascular plants, and (3)
flowering plants. Rapid root gravitropic response,
which involved the coevolution of cell polarity,
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and trafficking machineries, root anatomical fea-
tures, as well as auxin cellular responses are other
examples of complex and recent evolutionary in-
novations in seed plants (Zhang et al. 2019).

The true mystery lies, nevertheless, in watery
ages before plants colonized the land. Given the
simplicity of IAA biosynthesis and the fact that
microbes can also synthesize auxin and use it as a
signal—a feat extensively exploited in plant–mi-
crobe interactions (for review, see Kunkel and
Johnson 2021)—it is perhaps not unexpected
that algae would make a similar choice of signal-
ingmolecule. Charophytes such asCharadohave
a defined response to auxin (Klämbt et al. 1992),
but what the auxin function was before plants
acquired morphological complexity—a classic
auxin playground in the land plants—is unclear.
Auxin (IAA) and related metabolites can be de-
tected in all tested algae species (Žižková et al.
2017), which is, however, no proof of its role as
a signalingmolecule. There is no indication that a
full TIR1/AFB-Aux/IAA-ARF signaling module
is present or that there is any meaningful tran-
scriptional auxin response (Mutte et al. 2018;
Nishiyama et al. 2018). Nonetheless, wherever
tested, charophyte algae have PIN components
of PAT (for review, see Vosolsobě et al. 2020),
which most likely act as specific auxin exporters,
as demonstrated for the PIN from the filamen-
tous alga Klebsormidium (Skokan et al. 2019).

Why this morphologically simple algae
would transport auxin to their surroundings re-
mains entirely unclear. As a quorum-sensing
signal? As a growth inhibitor that offers an ad-
vantage over the competitors that are not
equipped with auxin export machinery? Or
does it simply want to get rid of the unwanted
and potentially toxic metabolic product? An-
swering these questions will be an important
step on our way to understand the beginnings
of the spectacular rise of auxin to become the
major developmental signal of land plants.
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