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Auxin regulates the transcription of auxin-responsive genes by the TIR1/AFBs-Aux/IAA-ARF
signaling pathway, and in this way facilitates plant growth and development. However, rapid,
nontranscriptional responses to auxin that cannot be explained by this pathway have been
reported. In this review, we focus on several examples of rapid auxin responses: (1) the
triggering of changes in plasma membrane potential in various plant species and tissues,
(2) inhibition of root growth, which also correlates with membrane potential changes, cyto-
solic Ca®* spikes, and a rise of apoplastic pH, (3) the influence on endomembrane trafficking
of PIN proteins and other membrane cargoes, and (4) activation of ROPs (Rho of plants) and
their downstream effectors such as the cytoskeleton or vesicle trafficking. In most cases, the
signaling pathway triggering the response is poorly understood. A role for the TIRT/AFBs in
rapid root growth regulation is emerging, as well as the involvement of transmembrane
kinases (TMKs) in the activation of ROPs. We discuss similarities and differences among
these rapid responses and focus on their physiological significance, which remains an

enigma in most cases.

he phytohormone auxin plays a central role
Tin plant physiology and development. Ac-
cording to our current understanding, it does
so by changing gene expression profiles that
largely depend on the developmental context
and varying auxin concentrations. There are,
however, numerous reports from the premolec-
ular auxin era as well as recent publications
showing that auxin can initiate rapid responses
at the level of organs, cells, and subcellular struc-
tures. The rapidity of these responses rules out
the involvement of gene transcription and
mRNA translation. The eukaryotic trans-
cription rate is ~1.4 kbp per minute, and the
translation rate ~5 amino acids per second

(BioNumbers BNID 111158,104598; Milo et al.
2010). Thus, we can very roughly estimate that
an average-length protein of 400 amino acids
(Ramirez-Sanchez et al. 2016) needs at least 2

min to be transcribed and translated if all other
processes (such as auxin signaling, mRNA pro-
cessing, nuclear export, and protein maturation)
are disregarded. The earliest measurable effect of
the canonical auxin transcriptional pathway (the
auxin-induced growth) typically shows a 10-20

min lag phase (Senn and Goldsmith 1988;
Fendrych et al. 2016). Therefore, we arbitrarily
consider responses that happen within a few
minutes as rapid, nontranscriptional events
that must involve rapid electrochemical re-
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sponses and/or posttranscriptional modifica-
tions.

During canonical auxin transcriptional sig-
naling, when the concentration of auxin drops,
the Aux/IAA proteins heterodimerize with the
auxin response factors (ARFs) and inhibit aux-
in-responsive gene transcription (Weijers et al.
2005; Han et al. 2014). Auxin coreceptors TIR1/
AFBs are F-box proteins, components of the
SKP1-Cullin-F-box (SCF)-E3 ubiquitin ligase
complex (Ruegger et al. 1998; Dharmasiri et al.
2005; Kepinski and Leyser 2005; Dezfulian et al.
2016). When auxin concentration increases,
TIR1/AFB F-box proteins bind via auxin to
Aux/IAA proteins, which results in Aux/IAA
ubiquitylation and degradation (Gray et al.
2001; Tan et al. 2007), releasing the inhibition
of ARFs. Aux/IAAs interact with auxin and
TIR1/AFB via the degron domain (DII), which
seals the ligand-binding groove in TIR1/AFB.
The degron domain is conserved within the
family; the dynamics of degradation mainly de-
pends on the carboxy-terminal domain (Calde-
rén Villalobos et al. 2012; Moss et al. 2015; Win-
kler et al. 2017). Recently, Niemeyer et al. (2020)
and Ramans Harborough et al. (2019) revealed
that the KR motif embedded in the intrinsic
disorder region (IDR) upstream of the degron
confers alternative auxin-independent-binding
contacts with TIR1. Therefore, before the actual
auxin-induced transcriptional changes, many
rapid nontranscriptional events occur, which
influence protein localization such as the Aux/
IAA relocalization toward the proteasome,
protein posttranslational modification, and
abundance. This system of auxin-induced Aux/
TAA degradation was exploited as a powerful tool
to rapidly control protein levels in yeast and in
animal cell lines (Nishimura et al. 2009, 2020;
Holland et al. 2012). And possibly, some of the
nontranscriptional auxin effects that we discuss
in this review might be linked to these early
phases of the TIR1/AFB-Aux/IAA signaling.

DYNAMICS OF AUXIN AND PROTON
TRANSPORT ACROSS MEMBRANES

Polar auxin transport is essential for develop-
ment (Petra$ek and Friml 2009). At the cellular

level, auxin fluxes depend on the combination of
auxin chemical properties and the controlled
activity and localization of influx and efflux aux-
in carriers (Bennett et al. 1996; Galweiler et al.
1998; Petrasek et al. 2006). To understand the
rapid effects of auxin, we need to discuss how
auxin travels across membranes, focusing on as-
sociated ion transport processes.

Auxins, as weak acids, are partly undissoci-
ated in the acidic apoplast (pH 4.5-5.5) (Barbez
et al. 2017), and the uncharged IAA can enter
the cell by diffusion. At the more alkaline cyto-
plasmic pH, IAA releases its H" and is trapped
in the cell. Plasma membrane (PM) permeabil-
ity for the JAA™ anion is ~100 to 1000 times
lower than for IAA (Raven 1975; Delbarre
et al. 1996). Uptake of undissociated IAA will
continue until the IAA concentration outside
and inside equilibrates (Rubery and Sheldrake
1974). Therefore, the existence of H" gradient
(acidic outside) should result in auxin accumu-
lation in the cell even without active transporters
(Fig. 1; Lomax et al. 1985).

The natural auxin IAA™ is imported with
two protons (Rubery and Sheldrake 1974; Hertel
etal. 1983; Lomax et al. 1985) by the AUX1/LAX
family of transporters (Swarup and Péret 2012).
Consequently, the proton gradient or the proton
motive force fuels AUX1/LAX activity (Lomax
et al. 1985). On the other hand, at higher apo-
plastic pH, the substrate of AUX1/LAX import-
er IAA™ (Carrier et al. 2008) is more abundant.
Finally, AUX1/LAX affinity depends on pH, its
optimum being at pH ~ 5.5 (Carrier et al. 2008).
Taken together, these factors explain the non-
monotonic dependence of IAA influx on pH
observed in several studies (Rubery and Shel-
drake 1974; Loper and Spanswick 1991; Yang
et al. 2006).

Auxin is exported out of cells by the polarly
localized Pin Formed (PIN) and apolar ATP-
binding cassette subfamily B (ABCBs) trans-
porters (for review, see Petrasek and Friml
2009); some ABCBs can also import auxin (Ka-
mimoto et al. 2012; Kube$ et al. 2012). The
structure of PIN proteins and their mechanisms
of action remain utterly unknown (Zwiewka
et al. 2019). We are not aware of any report
that PINs cotransport ions. If we assume that
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Figure 1. Possible scenarios that could explain the underlying mechanisms of auxin-induced cell depolarization.
(A) Proton influx driven by auxin/proton symport. Import of auxin into the cell participates in the accumulation
of 2H"/1TAA™ by AUX1/LAX and/or 1H" by diffusion (dissociation of IAAH at cytoplasmic pH 7). Such
accumulation of cytoplasmic-positive charges could increase membrane potential. This could stimulate the
proton pump activity, which in turn would fuel auxin import by AUX1/LAX. (B) Inhibition of the proton
pump by an intracellular auxin receptor. Similar to A, auxin influx participates in the accumulation of protons
in the cytoplasm. In this model, this process is enhanced by the inhibition of the proton pump by active signaling
event(s) from auxin receptor(s). (C) Regulation of the activities of ion channels/carriers by intracellular auxin
receptor(s). Inhibition of cations efflux or activation of influx and reciprocally for anions could influence
membrane potential by accumulation of positive charges in the cytoplasm. The actual mechanism of depolari-
zation is likely to be a combination of these scenarios.

Apoplastic pH 4.7 > 50% IAA~

PINs transport the IAA™ (at cytoplasmic pH 7.2,
99.7% of TAA is in the IAA™ form), then PINs
would act as facilitators of IAA™ diffusion since,
in physiological conditions, the concentration of
IAA™ in the cytoplasm will always be higher
than in the adjacent apoplast. A bile acid-so-
dium symporter was used as a template for
PIN2 modeling (Retzer et al. 2017), indicating
a possible relationship. This carrier harnesses
the energy of the Na" gradient (Zhou et al.
2014); however, generalizing this mechanism
to PIN proteins would be a wild speculation.
Determining the electrical signature of an ac-
tively transporting PIN could help resolve the

question of what, apart from IAA, PINs actually
transport (Zwiewka et al. 2019).

Auxin influx, both by diffusion and carrier-
mediated transport, requires a proton gradient
across the PM. At the same time, the entry of
IAA is accompanied by the entry of H', one per
molecule in the case of diffusion and two per
molecule in the case of AUX1/LAX-mediated
import. IAA influx therefore reduces the proton
motive force and is even electrogenic in the case
of AUX1/LAX influx. From what we currently
understand, it is impossible to conclude whether
auxin efflux directly contributes to ion fluxes
across the PM, but the depletion of the cytoplas-
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mic IAA™ pool by its efflux promotes the influx
carrier activity indirectly and thus contributes to
AUX1/LAX-mediated H" influx.

AUXIN TRIGGERS RAPID CHANGES IN
PLASMA MEMBRANE POTENTIAL

Application of auxin to various plant tissues
causes very rapid (within seconds) concentra-
tion-dependent changes in membrane poten-
tial. This potential reflects the difference in
cytoplasmic and apoplastic electrical potentials.
In resting conditions, in plants, this difference is
maintained by active pumping of positively
charged protons into the apoplast (Sze 1985).
This active process depletes the cytoplasmic po-
tential of positive charges and leads to a mem-
brane potential of approximately —120 to —160
mV (Sze et al. 1999). A negative membrane po-
tential allows secondary active transport of mol-
ecules and is essential for cellular energetics.
Rapid fluxes of ions in/out of the cell can dras-
tically influence membrane potential causing
accumulation of positive charges (depolariza-
tion) or the accumulation of negative charges
(hyperpolarization) (Weisenseel and Meyer
1997).

Auxin rapidly depolarized PM in coleoptiles
of monocots (Goering 1979; Bates and Gold-
smith 1983; Felle et al. 1991), in maize (Felle
et al. 1991), and white mustard (Tretyn et al.
1991) root hairs. More recently, depolarization
was recorded in Arabidopsis thaliana root hairs
(Dindas et al. 2018, 2020) and root epidermis
(Paponov et al. 2019a). Surprisingly, in white
mustard root hairs, picomolar IAA triggered
the opposite response—a rapid hyperpolariza-
tion (Tretyn et al. 1991). Moreover, in proto-
plasts (cells with cell walls removed and floating
in an isotonic medium), auxin triggered an out-
ward current of positive charge in a rapid man-
ner (~1 min) (Ruck et al. 1993).

In some tissues, the depolarization was fol-
lowed by PM hyperpolarization (in 10-20 min);
this response was only triggered by active auxins
that triggered growth, whereas weak acids with
comparable concentrations did not trigger hy-
perpolarization (Bates and Goldsmith 1983).
The slow hyperpolarization response could re-

sult from the activation of H"-ATPase, leading
to proton extrusion and acid growth of coleop-
tiles and hypocotyls. This process is governed by
the transcriptional activity of the TIR1/AFB1-
Aux/TAA coreceptor (Takahashi et al. 2012;
Fendrych et al. 2016; Uchida et al. 2018). On
the other hand, instantaneous membrane po-
tential responses constitute, without any doubt,
a clear nontranscriptional reaction to auxin.
What is this response caused by? What is the
receptor, if any, triggering it? And, importantly,
what is its biological meaning?

PM potential changes by auxin could be
achieved by several scenarios (Fig. 1; Tretyn
et al. 1991): (1) short-circuiting the primary
transport by secondary active transport (co-
transport of H', by AUX1/LAX, for example),
(2) inactivating the primary transport (H'-
ATPase), and (3) changing the PM permeability
for ions by regulating transporter and channel
activities (such as Ca** and K*). In addition,
weak acids themselves, in high concentrations,
could lower cytosolic pH, which leads to H*-
ATPase stimulation (Bates and Goldsmith
1983; Felle et al. 1991).

Unfortunately, reports vary as to what extent
different auxins and weak acids trigger PM de-
polarization. Both active auxins (IAA, 1-NAA,
and 2,4-D) and inactive analogs (2-NAA and
2,3-D) induced rapid PM depolarization (Bates
and Goldsmith 1983; Felle et al. 1991; Tretyn
et al. 1991; Dindas et al. 2018, 2020; Paponov
et al. 2019a). There are indications that rapid
depolarization depends on the proton-auxin
symport by AUX1/LAX: First, the response is
considerably diminished at high pH (Felle
et al. 1991; Paponov et al. 2019a), consistent
with the above-mentioned AUX1/LAX depen-
dence on proton motive force and pH. Second,
the depolarization response in root hairs is dras-
tically diminished in the auxI mutant (Dindas
et al. 2018). However, 1-NAA, which is not a
substrate of AUX1/LAX import (Tretyn et al.
1991; Delbarre et al. 1996; Yang et al. 2006),
depolarizes PM as well, as does the biologically
inactive 2-NAA, at least to some extent (Felle
et al. 1991; Tretyn et al. 1991; Paponov et al.
2019a; Dindas et al. 2020). In addition, auxin
efflux via PIN2 contributes to PM depolariza-
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tion (Dindas et al. 2018; Paponov et al. 2019a),
possibly by indirectly enhancing AUX1/LAX
activity by depleting the intracellular auxin.
Auxin transporters are thus important actors
in the auxin-induced depolarization.

The fact that picomolar IAA triggered a rap-
id hyperpolarization in root hairs (Tretyn et al.
1991) could hint to the existence of an auxin
receptor rapidly stimulating H*-ATPase. There
is recent evidence that, in Arabidopsis root hairs,
rapid PM depolarization depends on the TIR1/
AFB-Aux/IAA auxin coreceptor. The tirl/afb2/
3 triple mutant lacking three of six receptors
showed a decreased depolarization response,
and the pretreatment with auxinole (a TIR1/
AFB-Aux/IAA inhibitor; Hayashi et al. 2012)
decreased the depolarization response (Dindas
et al. 2018). However, the possibility that aux-
inole itself triggered depolarization, which
would mask the auxin response, cannot be ex-
cluded (cf. Supplemental Fig. 4e,f in Dindas
et al. 2018). The authors confirmed that the
tirl/afb2/3 phenotype was not caused by the
lack of AUX1 expression, opening the possibility
that the TIRI/AFB coreceptor might indeed
trigger signaling that leads to depolarization re-
sponse and thus be directly involved in rapid,
nontranscriptional signaling.

We can therefore speculate that depolariza-
tion is triggered jointly by auxin transport pro-
cesses, an active signaling response, and in cases
of higher concentrations can involve the direct
effect of weak acids. However, the most impor-
tant question remains—what is the biological
significance of auxin-induced depolarization?
It is hard to imagine a situation in soil when a
root hair would suddenly be flushed with micro-
molar [AA, even though it was shown that
strains of Bradyrhizobium japonicum can se-
crete up to 20 uM IAA into the medium (Mi-
namisawa and Fukai 1991). Root hair growth is
indeed regulated by auxin, but this regulation
depends on the TIR1/AFB-Aux/IAA-ARF tran-
scriptional signaling (Mangano et al. 2017; Bho-
sale et al. 2018).

With the boom of molecular biology, many
clearly nontranscriptional auxin effects have not
been extensively studied (e.g., Marten et al.
1992) and the molecular pathways involved re-

Nontranscriptional Auxin Responses

main unknown. Plant electrophysiology, in con-
trast to animal electrophysiology, has fallen out
of fashion. However, in recent years, efforts have
been made to revive those techniques and it is of
great importance to now create links between
physiology and molecular biology as there are
possibly many more rapid auxin responses to be
revealed.

ROOT GROWTH INHIBITION BY AUXIN

Whereas the biological significance of auxin-in-
duced depolarization remains a mystery, there is
one rapid effect of auxin with an evident func-
tion, root growth inhibition by auxin. During
root gravitropic response, auxin flows shoot-
ward to the lower root side by the coordinate
action of PIN2 and AUX1 (Young et al. 1990;
Band et al. 2012; Adamowski and Friml 2015)
where it inhibits cell elongation. This cellular
response is thus the motor of gravitropic root
bending. Auxin influences cell expansion of oth-
er plant organs as well (for review, see Du et al.
2020); however, outside of the root, the effect is
mediated by the canonical TIR1/AFB-Aux/
IAA-mediated gene transcription (Fendrych
et al. 2016; Uchida et al. 2018; Du et al. 2020).

In nanomolar and higher concentrations,
IAA rapidly inhibits root growth (Evans et al.
1994; Monshausen et al. 2011; Scheitz et al.
2013); the detectable inhibition starts within
60 sec of auxin treatment (Shih et al. 2015; Fen-
drych et al. 2018; Prigge et al. 2020). Such rapid-
ity effectively rules out the involvement of TIR1/
AFB-Aux/IAA-ARF-mediated gene transcrip-
tion. The involvement of transcription has not
been formally disproven, but the translation in-
hibitor, cycloheximide, could not prevent the
IAA-triggered growth inhibition (Fendrych
et al. 2018). Interestingly and surprisingly, root
growth inhibition response is quickly reversible
—roots started to resume growth within 3 min
after removal of IAA from the medium even
after an 80-min inhibition (Fendrych et al.
2018). This indicates that this auxin response
is “rapid and nontranscriptional” for a long
time, and that roots can slow down and speed
up rapidly, depending on the current auxin con-
centration in the cell.

Cite this article as Cold Spring Harb Perspect Biol 2021;13:a039891 5
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Indeed, auxin must enter the cell to trigger
growth inhibition; Arabidopsis roots lacking the
AUX1 auxin influx carrier did not respond to
low IAA concentrations, but inhibited growth
rapidly when treated with the PM-permeable
1-NAA auxin analog (Fendrych et al. 2018).

The underlying molecular pathway remains
unknown, but in agreement with the effect of pH
on the cell wall extensibility, inhibition is corre-
lated with alkalinization of the root surface and
cell walls. In corn roots, the addition of IAA or
1-NAA led to simultaneous growth inhibition
and an increase in the bathing medium pH;
2-NAA had no effect (Evans et al. 1980; Liithen
and Bottger 1988). Imaging, using pH-sensitive
dye, revealed that the addition of IAA caused
near-instantaneous alkalinization of the root
surface in the transition and elongation zones
of Arabidopsis root tip. The response of the
aux] mutant to 100 nM TAA was less than the
control (Monshausen et al. 2011), which is con-
sistent with the finding that auxI requires higher
IAA doses to trigger growth inhibition (Fen-
drych et al. 2018). Also, the cell wall pH, visual-
ized by the apopHusion sensor (Gjetting et al.
2012) and a pH-sensitive dye HPTS (Barbez
et al. 2017), rose in response to IAA. The alka-
linization of root surface and cell wall is probably
caused by proton influx into cells, as Monshau-
sen et al. (2011) showed that the auxin-induced
alkalinization is accompanied by a “small but
significant” decrease of pH inside the cells.

Could the alkalization of the root apoplast be
caused directly by the AUX1-mediated IAA-H"
symport? Probably not, because even low IAA
concentrations trigger apoplast alkalinization.
Also, IAA and PM-permeable 1-NAA can trig-
ger alkalinization in the auxI mutant. The key
protein to understand the connection between
apoplastic pH, auxin, and membrane potential
changes is the Cyclic Nucleotide-Gated Channel
14 (CNGCI14) putative calcium channel. Exter-
nally and locally applied IAA induced a rapid
cytoplasmic calcium transient, as fast as the pH
change along the root axis (Monshausen et al.
2011; Dindas et al. 2018). Moreover, blocking
calcium channels by lanthanide impaired the
calcium transient and the pH response (Mon-
shausen et al. 2011; Shih et al. 2015). The cngc14

mutant did not accumulate calcium in the cyto-
plasm after auxin treatment had impaired apo-
plastic alkalization and delay in rapid growth
response (Shih et al. 2015; Dindas et al. 2018).
These observations demonstrate the connection
between rapid calcium signaling and extracellu-
lar alkalization in response to auxin.

Indeed, a massive influx of positively
charged calcium into the cytoplasm could create
a significant membrane depolarization and, in-
versely, IAA-triggered proton influx could trig-
ger calcium transient, as pH and calcium spiking
are tightly connected (Behera et al. 2018). How-
ever, cytosolic calcium concentration, measured
by Shih and Dindas, returns to the resting level
immediately after reaching the peak value (with-
in 1.5 min). On the other hand, the depolariza-
tion is maintained over the course of several
minutes (as measured in Dindas et al. 2018; Pa-
ponov et al. 2019a) and proton influx lasts much
longer (Shih etal. 2015). One could propose that
calcium is the secondary messenger in auxin-
induced depolarization, and this response is
maintained by a nontranscriptional activation
of ion channels.

THE NONTRANSCRIPTIONAL FACE
OF TIR1/AFB-AUX/IAA AUXIN RECEPTORS

Itis well established that the TIR1/AFB-Aux/IAA
pathway is involved in root growth inhibition,
and the respective mutants show auxin insensi-
tivity and agravitropism (e.g., Ruegger et al. 1998;
Knox et al. 2003). But what about the rapid re-
sponse? Based on a tirl-1/afbl-3/afb2-3/afb3-4
quadruple mutant, Scheitz et al. (2013) showed
that TIR1/AFBs are required for growth inhibi-
tion, while others claim that auxin-induced rapid
pH change is unaffected in tir1 and tir1-1/afb2-3/
afb3-4 mutants (Monshausen et al. 2011). Fen-
drych et al. (2018) showed that the tir1-1/afb2-1/
afb3-1 triple mutant has a decreased growth re-
sponse. Using the modified ccvTIR1 receptor and
cvxIAA auxin, this group also showed that the
rapid growth response can be triggered directly
by the ccvTIRI protein, even though the response
was slightly delayed compared to the control sit-
uation (Fendrych et al. 2018). Finally, when ana-
lyzing the phenotypes of multiple combinations
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of TIR1/AFB mutations, Prigge et al. (2020) dis-
covered that each mutant combination lacking
the AFB1 protein showed a defect in rapid growth
inhibition. The so far enigmatic AFBI1 coreceptor
thus might be crucial for rapid growth response,
while the other paralogs also contribute to the
response. In conjunction with the impairment
of membrane potential changes in the tirl/afb
mutants (see above), this indicates that the
TIR1/AFB pathway, so far studied exclusively in
connection with transcriptional regulation, has a
fast, nontranscriptional signaling branch (Fig. 2).

Unlike TIR1, which localizes to the nucleus,
some AFBs are both cytoplasmic and nuclear,
and this is most prominent in the case of AFB1
(Prigge et al. 2020). Interestingly, the AFB1 pro-

Nontranscriptional Auxin Responses

tein harbors a polymorphism relative to other
members of the family (E8K), which, when in-
troduced into TIR1, untethers TIRI from the
SCF complex, increases its levels, and reduces
its ability to respond to auxin (Yu et al. 2015).
Is AFBI1 associated with the SCF complex to
trigger root growth inhibition? Does the cyto-
plasmic localization of AFB1 matter for the rap-
id response? These exciting questions should be
solved in the near future.

Finally, it remains unclear what the “real
life” significance of the rapidity of auxin root
growth inhibition is. Unlike organs growing in
the air, roots embedded in soil cannot grow
back, thus making a turn too late means no re-
turn. But regardless of the adaptive value of the

IAA-
B
PINs
ABCBs -
<
IAA- 2 Ca2t am
-
CNGC14
Cytoskeleton
@ =
/ 22
IAAH IAA- + H* . ‘ o
IAA— IAA— ----------------------------------------
/ - \
AUX1 Nucleus

2H* 2H* k

Transcriptional
signaling

7

~_—

Figure 2. Schematic model of nontranscriptional auxin signaling at the cellular level. (A) Auxin entering the cell
by influx or diffusion activates the TIR1/AFB receptors in the nucleus or possibly in the cytoplasm. Further, these
receptors activate Ca>* and H" fluxes at the plasma membrane (PM) via an unknown signaling branch and lead to
root growth inhibition. (B) Auxin activates ROPs (Rho of plants) by unknown mechanism(s), possibly via the
TMKI1 receptor. Lipid composition and organization of the membrane play a key role (magenta triangles).
Activation by cytoplasmic auxin has not been excluded (C). Activated ROPs trigger downstream events including
changes in PIN endomembrane trafficking, cytoskeletal reorganization, and activation of the TOR (target of

rapamycin) pathway.
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response, roots do react quickly to internal aux-
in during gravitropism and the cngcl4 mutant
shows a mild delay in gravitropic bending that
corresponds to the delay in reaction to auxin
added externally (Shih et al. 2015). On the other
hand, the single afbl mutant that showed a
much stronger defect in response to external
auxin than cngcl4 did not have a detectable
problem during gravitropism and a gravitropic
defect appeared only in the higher-order mutant
combinations (Prigge et al. 2020).

AUXIN AND ENDOCYTOSIS

In the last 15 years, the field of rapid auxin re-
sponses has been dominated by another nontran-
scriptional auxin effect: inhibition of endocytosis
by auxin. The reason for this interest was that the
auxin effect on endocytosis could provide a
mechanistic explanation for auxin flux canaliza-
tion, a symmetry-breaking process that ensures
vascular connectivity during auxin-induced vas-
cular tissue differentiation (Ravichandran et al.
2020). Inhibition of endocytosis by auxin postu-
lated extracellular auxin perception and local PIN
accumulation due to reduced PIN removal from
the PM. As a result, auxin promotes its own efflux
because more PINs pump more auxin toward the
apoplastic auxin maximum (Paciorek et al. 2005;
Robert et al. 2010). Auxin inhibits the intracellu-
lar accumulation of PINs, other membrane
cargoes, and, importantly, PM-derived vesicles
labeled by FM4-64. This means that the entire
endocytotic flow is affected (Paciorek et al.
2005) through inhibiting clathrin-mediated en-
docytosis (Robert et al. 2010). Endocytosis rate
was mostly approximated by using Brefeldin A
(BFA), which helps visualize cargoes that under-
go constitutive recycling (Geldner et al. 2001).
BFA bodies accumulate both endocytosed
cargoes (e.g., FM4-64) and newly synthesized
proteins (Reichardt et al. 2007; Jasik et al. 2016).
Consequently, Jasik et al. (2016) used PIN2
tagged with a photoconvertible fluorescent pro-
tein to monitor the endocytosis rate of specific
protein pools more directly. Whereas auxins de-
creased PIN2 accumulation in BFA bodies as ex-
pected, neither 1-NAA nor IAA reduced PIN2
removal from the PM. Instead, the delivery of

PIN2 to the PM was affected. This could be ex-
plained by an effect on endomembrane traffick-
ing or PIN2 expression, but not by inhibition of
PIN2 endocytosis. On the other hand, in the same
PIN2-expressing root cells, 1-NAA triggered the
detachment of clathrin light chains from the PM
(Robertetal. 2010), indicating that 1-NAA some-
how influences the PM pool of clathrin. Clearly,
we need detailed and quantitative analysis of aux-
in effects on endocytosis and endomembrane
trafficking to clarify these discrepancies.

The effect of auxin on cargo accumulation in
BFA bodies requires high concentrations of the
hormone. Importantly, the most potent inhibi-
tor of accumulation of PINs in BFA bodies is
1-NAA, with a near-maximum effect of around
5 uM (Paciorek et al. 2005). The native auxin
IAA was effective only in combination with an
antioxidant, which should protect the labile IAA
molecule. Paponov et al. (2019b) readdressed
this discrepancy between IAA and 1-NAA and
confirmed that 1-NAA inhibited PIN accumu-
lation in BFA bodies at 10 uM, but IAA did so
only at very high concentrations (100 uM). The
inactive 2-NAA (with respect to physiological
auxin response) triggers a similar cargo accu-
mulation inhibition as 1-NAA, which was also
shown independently by Simon et al. (2013). In
the original Paciorek et al. (2005) publication,
however, 2-NAA did not elicit the inhibitory
response. Similarly, in tobacco cells, 1-NAA
had a stronger inhibitory effect than IAA (Jelin-
kovi et al. 2015). In contrast with these results,
there is evidence that genetically increased IAA
auxin levels led to reduced BFA accumulation of
cargoes (Paciorek et al. 2005). In addition, in a
gravistimulated root, the cells on the lower side,
which accumulate higher levels of IAA, showed
signs of auxin-inhibited PIN internalization
(Paciorek et al. 2005). The concentration of
IAA in gravistimulated root cells was estimated
to be approximately in the range of tens of nano-
molars (Band et al. 2012). This means that a
long-lasting increase of internal auxin could
trigger the changes in PIN internalization.
This is in sharp contrast with the transient na-
ture of the effect when 1-NAA is applied exter-
nally: after ~2 h of treatment, the accumulation
of membrane cargoes resumes and the clathrin
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light chain PM localization recovers (Robert
et al. 2010). Once again, there are significant
disagreements between publications and it is
not clear to what extent the effect is relevant
for the native IAA auxin and thus for the actual
physiology and development of the plant.

Is this phenomenon a nontranscriptional
auxin response? The effect is clearly rapid as it
can be triggered by a short (<5 min) 1-NAA
treatment. Pharmacological inhibition of tran-
scription and translation did not interfere with
the 1-NAA effect, which also points to the non-
transcriptional nature of the response (Paciorek
et al. 2005). In addition, there is evidence that
the effect is not mediated by the TIR1/AFBI1-
Aux/IAA coreceptor or the downstream auxin-
regulated gene transcription (Robert et al. 2010).
However, there is one publication that claims
exactly the opposite—that the response depends
on TIR1/AFB-mediated auxin signaling and the
downstream sterol composition of membranes
(Pan et al. 2009).

The concentration ranges and spectra of
auxin analogs show that the cargo accumulation
inhibition is a molecularly distinct process from
the pathway that leads to root growth inhibition.
Furthermore, these effects do not behave simi-
larly to the rapid membrane potential changes.
The effective spectrum of concentrations and
auxin analogs resembles the binding preferences
of the ABP1 (Badescu and Napier 2006). Using
ABPI1 knockdown lines, expression of ABPI
variants and the abp1-5 point mutation, Robert
et al. (2010) showed that the process is con-
trolled by ABP1. Later, Xu et al. (2014) showed
that ABP1 activates ROPs (Rho of plants) via the
interaction with the transmembrane kinase 1
(TMK1) membrane receptor, which explained
the missing link between apoplastic ABP1 and
effects on membrane trafficking. However, in
2015, Gao et al. demonstrated that true ABP1
knockouts do not show any major developmen-
tal phenotypes. This was a hard hit for the model
because the null mutation of ABP1 was suppos-
edly lethal (Chen et al. 2001), and thus demon-
strated the importance of ABP1-mediated reg-
ulation of PIN endocytosis. Furthermore,
Michalko et al. (2016) demonstrated that the
phenotype of the ABP1 knockdown lines was

Nontranscriptional Auxin Responses

not caused by the down-regulation of ABP1
protein. Finally, Paponov et al. (2019a) showed
that in the true ABP1 knockout lines, 1-NAA
still inhibits PIN accumulation in BFA bodies.
In summary, it is not clear which receptor and
signaling pathway participates in this process.

AUXIN AND ROPs

The existence of an apoplastic or PM-localized
auxin receptor has been proposed for years, and
the receptor-like kinase TMKI is an excellent
candidate. TMK1 seems to regulate both a
non-TIR/AFB transcriptional pathway (through
noncanonical IAAs; Cao et al. 2019) as well as a
nontranscriptional pathway, in which the signal
is transduced through ROP GTPases (Xu et al.
2014; Pan et al. 2020).

ROPs belong to a plant-specific, small
GTPase superfamily. Like other G-proteins,
ROPs act as GTPases that can cycle rapidly be-
tween active (GTP-bound) and inactive (GDP-
bound) forms based on interaction with their
regulatory proteins (for review, see Feiguelman
et al. 2018). The first clues that G-proteins may
be involved in auxin signaling came from bulk
biochemical experiments, where biologically ac-
tive auxins (IAA, 1-NAA, and 2,4-D) caused a
rapid increase in active G-binding protein levels
on vesicle membranes of rice coleoptiles (Zaina
et al. 1990). On the other hand, the inhibitor of
G-protein activation, GDP-f-S, blocked swell-
ing of wheat protoplasts induced by selected
hormones, including 1-NAA (Bossen et al.
1991). These data point to possible activation
of any class of GTPases present in the cell frac-
tions tested, but so far, only ROPs were reported
to be auxin responsive. Tobacco ROP NtRacl
became gradually activated within minutes
when seedlings were grown on 1-NAA (Tao
et al. 2002), and even finer timescale experi-
ments revealed that Arabidopsis ROP2 and
ROP6 are activated in protoplasts after only
30 sec of 1-NAA treatment; this is, beyond
doubt, too fast to be transcriptionally regulated
(Xuetal. 2010). Activation of these ROPs by the
natural auxin TAA was also demonstrated (Xu
et al. 2014). In all three studies, the total amount
of ROP proteins remained unaffected, clearly
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indicating a nontranscriptional modulation of
their activity.

Auxin perception and signal transduction
upstream of ROPs are still enigmatic. Originally,
physical interaction of TMK1 with ABP1 upon
auxin binding was shown to be responsible for
ROP activation (Xu et al. 2014). However, re-
cently, the same group postulated that auxin
triggers sterol-dependent nanoclustering of
TMK1 that is upstream of ROP6 nanoclustering
and activation (Fig. 2; Pan et al. 2020). S-acyla-
tion of conserved residues within a G-domain of
ROP6 is known to induce its transient activation
and association with membrane lipid rafts, while
the GTPase activity remains unaffected (Sorek
etal. 2010), and this lipid modification is crucial
for the ROP6 activation in the auxin-TMK1
pathway (Pan et al. 2020). However, regulation
of ROP6 behavior at the PM seems to be more
complex. In roots, another phospholipid, phos-
phatidylserine is required for rapid stabilization
of the GTPase into immobile nanoclusters in
response to auxin (quantified after 5 min
1-NAA treatment). Abolishing the lipid interac-
tion (but not the GTPase activity) has a direct
impact on ROP6 localization and auxin re-
sponse (Platre et al. 2019). Furthermore, ROP6
binds to phosphatidylglycerol, which activates
the GTPase in a dose-dependent manner (Han
et al. 2018). Clearly, TMK1 membrane organi-
zation and correct lipid composition play a key
role in the activation of ROPs. Nevertheless, we
do not understand how and where auxin is per-
ceived. Although the direct interaction of ROPs
with membrane phospholipids modulate their
localization and activity, the spatiotemporal reg-
ulation is the function of specific activating
(RopGEFs) and inhibiting proteins (RopGAPs,
RopGDiIs), and we have to bear in mind that
these regulatory proteins are also controlled by
various interactors including fast-responding
kinases (for review, see, e.g., Fehér and Lajko
2015).

Besides TMKI1, mitogen-activated protein
kinases (MAPKSs) rapidly and transiently re-
spond to auxin. Although relatively high con-
centrations of auxin were used (20 uM), only
IAA, 1-NAA, and 2,4-D were able to trigger
the MAPK activation in Arabidopsis roots, but

not the inactive auxin analog PCIB (clofibric
acid) (Mockaitis and Howell 2000). The auxin-
induced MAPK phosphorylation cascade in-
volving MKK3, MPK1, and RBK1 (ROP BIND-
ING PROTEIN KINASE 1) was then shown to
regulate cotyledon expansion and root elonga-
tion in Arabidopsis seedlings through the activ-
ity of ROP4 and ROP6 (Enders et al. 2017).

What is the cellular and physiological role of
auxin activation of ROPs? One of the effects is
unexpectedly connected to the reinitiation of
mRNA translation via the TOR (target of rapa-
mycin) pathway (Fig. 2). After activation by aux-
in (1-NAA 100 nM), ROP2 directly interacts
with TOR and promotes its activation, which
becomes profound 60-120 min after the treat-
ment. TOR is a conserved protein kinase that
acts as a general growth “sensor,” linked to pro-
tein synthesis. In Arabidopsis, auxin enhances
its activity by phosphorylation through active
ROP2. When activated, TOR promotes transla-
tional reinitiation of certain (LORF-containing)
mRNAs. These mRNAs can be stored in a cell
and, after a certain signal, they assemble into
polysomes and are translated. Because of the
rather slow activation process, TOR involve-
ment in the rapid auxin response remains ques-
tionable (Schepetilnikov et al. 2013, 2017).

In planta, when ROP activity is perturbed,
auxin-related phenotypes often emerge. In par-
ticular, this research has focused on how ROPs
influence PM localization and trafficking of
PINs that, in turn, influence auxin fluxes and
levels. Polar recruitment of PINs in Arabidopsis
seedlings was shown to be regulated by ICR1
(interactor of constitutive active ROP1), and
auxin treatment (1-NAA) induced ICR1 expres-
sion within 30 min (Hazak et al. 2010). Similar-
ly, PIN2 recycling in roots depends on ROP6
activation by its GEF-protein SPIKE1 (Lin
et al. 2012). Whereas the gravitropic root bend-
ing of the rop6 mutant is slower (Lin et al. 2012;
Han et al. 2018), both overexpression and con-
stitutively active ROP6 bend their roots faster
and more than wild-type (WT) plants (Han
et al. 2018; Platre et al. 2019). The auxin-ROP-
PIN hypothesis has been studied and established
in detail on a model system of cotyledon pave-
ment cells, where lobe formation was postulated
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to be auxin regulated (for review, see Chen et al.
2015). In Arabidopsis, mutants with affected
auxin biosynthesis ( yuc 1/2/4/6) or ROP signal-
ing (rop2RNAi/rop4-1) share similar features,
such as reduced lobe number and length. Addi-
tion of exogenous auxin (1-NAA) increased the
number of lobes in both WT and the auxin bio-
synthetic mutant, but not in the ROP signaling
mutant. Furthermore, a similar phenotype of
pavement cells was shared by abpl-5, pinl,
and tmkl mutants (tmkI1234), and none of
them could be rescued by application of external
auxin (1-NAA). Based on additional experi-
ments, the authors postulated a model of a pos-
itive feedback loop where auxin gets recognized
by the ABP1-TMK1 complex leading to ROP
activation, cytoskeleton remodeling via its effec-
tors and, finally, to PIN1 endocytosis, relocali-
zation, and auxin redistribution to lobe-initia-
tion sites (Xu et al. 2010, 2014; Nagawa et al.
2012). However, independent characterizations
of the lobe phenotypes of mutants brought more
doubt on the model; pavement cells of abpl
knockouts (represented by two null alleles,
abpl-TD1 and abpl-cl) do not differ from
WT, and they form more lobes in response to
1-NAA (Gao et al. 2015). Similarly, pavement
cells of ric4 (ROP2 effector) or pinl-1 mutants
were indistinguishable from WT. In addition,
PIN1-GFP protein driven by its native promoter
was not expressed in developing pavement cells.
Nevertheless, other PINs (PIN3, PIN4, and
PIN?7) did localize to the PM of expanding pave-
ment cells, but their mutations (either single or
multiple) still resulted in reduced cell area but
not lobe number, indicating their role in cell
expansion but not lobe initiation (Belteton
et al. 2018). Clearly, the model requires more
experimental attention and deserves revision.
ROP signaling has a direct link to actin re-
modeling (e.g., through SCAR/WAVE, activa-
tors of ARP2/3 complex with actin-nucleation
activity) (Feiguelman et al. 2018). One impor-
tant question is whether microfilaments remod-
eling after ROP activation occurs rapidly enough
to act as a messenger. Alternatively, is microfil-
ament remodeling simply a component of the
growth response? Arieti and Staiger (2020) fol-
lowed actin dynamics in vivo in Arabidopsis

Nontranscriptional Auxin Responses

roots after short-term auxin treatment. At the
whole-cell level, after 20-30 min of IAA treat-
ment, the actin network was denser, less bun-
dled, and, interestingly, more organized. Shorter
treatment of just 5 min was, however, not suffi-
cient to trigger all these changes. An analysis of
individual filaments that can detect finer modi-
fications revealed that a 7-min treatment with
10 nM IAA had a significant impact on actin
filament behavior, especially on unbundling
throughout both the elongation and transition
zone of a root. None of these effects were detect-
able in the auxl mutant, indicating that auxin
needs to enter the cell (i.e., it cannot trigger actin
remodeling from an apoplast located receptor/
signal). Together with the timing of actin re-
modeling, it is plausible that cytoskeleton reacts
to the rapid growth inhibition and associated
physiological changes.

Actin, the downstream target of ROPs that
orchestrates both cell morphogenesis and ex-
pansion, also dynamically responds to auxin
treatment. Still, too many conclusions, especial-
ly in pavement cells studies, are based on tran-
sient biolistic experiments that may provide
misleading data. We need a detailed characteri-
zation of microfilament dynamics within the
first minutes following auxin treatment (prefer-
entially IAA) in various tissues/organs to dissect
the actin role in the rapid auxin responses. De-
spite the contradictions in the data and gaps in
the models, auxin seems to activate certain ROP
GTPases in a transcription-independent way,
and ROPs interaction with membrane phospho-
lipids is crucial for their activation and signal
transduction (Fig. 2). Interestingly, based on
one study (Pan et al. 2009), membrane phos-
pholipid composition depends on auxin signal-
ing via the TIR1/AFB pathway. A putative PM
located receptor/receptor-like kinase has been
considered so far as an upstream regulator of
ROPs, but could the TIR1/AFB nontranscrip-
tional signaling also play a role? And besides
ROPs, are there any other GTPases involved?

CONCLUDING REMARKS

Auxin triggers several classes of undoubtedly
rapid, nontranscriptional responses. We at-
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tempted to discuss the most prominent ones in
this review. We think it is critical to clarify
which of these are physiologically relevant.
Do these responses occur during normal plant
growth and development? Although explicitly
including the concentration of hormone used
in experiments might seem too meticulous, we
did so to stress the differences in effectiveness
of various auxinic compounds for different
auxin rapid responses. Different auxin analogs
should not be freely interchanged in interpre-
tation of data and development of models.
We believe it is time to shift experimental at-
tention to the effects of lower auxin concentra-
tions that trigger detectable physiological
responses.

What do the rapid responses have in com-
mon? What are the receptors through which
auxin triggers the responses? It is possible that
some of the responses do not require a receptor,
being triggered directly by the hormone. The
weak acid effects discussed in the membrane
potential section are one example. Other re-
sponses might be activated indirectly by other
auxin-triggered processes, for example by the
substantial physiological changes that growth
inhibition causes in roots. But for others, it is
important to unravel the molecular mechanisms
that connect auxin perception and the execution
of the response. Are there still unknown auxin
perception sites in the cell walls, the PM, or the
cytoplasm? How is the famous TIR1/AFB-Aux/
IAA coreceptor connected to the growth and
regulating processes? What activates the
ROPs? These and other questions guarantee
that the auxin research will not be boring in
the future.
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