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ABSTRACT

Auxin (IAA) is versatile signalling molecule of plants, currently classified as plant
hormone. But there are data suggesting that auxin is acting also as plantspecific
morphogen, electricresponses inducing transmitter, and as general signalling molecule
used for plantbacteria communication. Our previous data revealed that auxin is associated
with secretory endosomes and also highly enriched within cell walls of cells active in
transcellular auxin transport. Our present data, based on in vivo non-invasive auxin flux
recordings, reveal that auxin is secreted out of synaptic-like domains specialized for efflux
of auxin in root apex cells highly active in polar cellcell transport of auxin. We obtained
both genetic and pharmacological evidence that phospholipase D{2 drives vesicular
secretion of auxin for its polar transcellular transport in the transition zone of the root
apex. Secretion of auxin via secretory vesicles has far-reaching consequences not only for
our understanding of cell-cell auxin transport but also for plant sciences as a whole.

INTRODUCTION

Polar transport of auxin (IAA) is a characteristic feature of almost all plant cells which
are inherently polarized into the auxin-influx (input) pole and the auxin-efflux (output)
pole. Ever since Charles Darwin predicted! and Fritz Went discovered® polar transport
of auxin as the principal mechanism underlying plant polarity and organ movements,
numerous papers were published on this most important phenomenon in plant sciences.
Early papers revealed that auxin transport is an active process requiring continuous respira-
tion, supply of cellular energy in form of ATP, and physiological temperatures.>-> Here we
provide in vivo pharmacological and genetic evidence that substantial portion of the polar
transport of auxin in root apices is driven by vesicle-mediated secretion regulated by the
PLDC2 activity and its product PA. In the PLD2 mutant and after 1-butanol treatment,
auxin fluxes measured by the IAA-sensitive microelectrode are strongly supressed despite
undisturbed PINs localization.

From almost 35 years old study we know that centrifugal displacement of cytoplasm
either stimulates efflux of auxin, if cytoplasm accumulates at the auxin-efflux pole, or has
just the opposite effect if it accumulates at the auxin-influx pole.® This interesting finding
supported even older observations by Rainer Hertel, Helen Goldsmith and their colleagues
that auxin-efflux pole is stimulated in polar auxin secretion both via sedimented protoplast
aided by the sedimented statoliths and via mechanically-induced centrifugal relocation of
cytoplasm.?” Together with tight dependence of the polar auxin transport on continuous
energy supply and physiological temperature, these and other findings resulted eventually
in the secretory theory of polar auxin transport. Unfortunately, this secretory theory was
only vaguely articulated and was eventually replaced by the chemiosmotic theory of polar
auxin diffusion in seventies of the last century.®? Although the ‘passive’ chemiosmotic
theory was often presented as an alternative to the ‘active’ polar secretory theory of auxin
transport,” both theories, in fact, deal with different aspects of the polar auxin transport.
The secretory theory deals with the active auxin efflux whereas the chemiosmotic theory
deals mainly with the passive auxin influx due to lipophilic weak acid nature of auxin and
pH differences between the cytoplasm and cell wall. Ever since the polar auxin transport
was shown to be dependent on active respiration and continuous ATP supply,¢ with the
efflux being the decisive process, auxin efflux carriers were postulated and looked for.%?

Recently, manipulation of secretory activities, via phospholipase D{2 mutant and over-
expressing lines'® as well as its signalling product phosphatidic acid (PA), supported our
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earlier auxin immunolocalization data!! that the vesicular recycling
and secretion, and not just the bare presence of PINs at the plasma
membrane, are essential for polar cell-cell auxin transport.'>12 Here
we have accomplished further analysis of these mutant and transgenic
plants and obtained the ultimate evidences of the essential roles of
vesicular secretion for the polar transport of auxin in root apices
of Arabidopsis. Using non-invasive method!? allowing sensitive
and precise in vivo recordings of auxin transport in growing root
apices,'>"14 we have been able to analyze auxin tranport in mutant
plants with disturbed vesicle recycling-based secretion.!? Our data
provide evidence for vesicular secretion of auxin in root apices of

Arabidopsis.

MATERIALS AND METHODS

Plant materials and chemical reagents. Transgenic lines containing
DRS5::GUS in wild-type and p/d{2 plants were decribed in our recent
paper,!® T2 and T3 homozygous generations were used for GUS
activity detection. Seven-day-old transgenic seedlings were treated
with PA (final concentrations of 10, 20 or 50 uM), 1-butanol
(0.4 or 0.8%, v/v) for 24 h or 48 h, BFA (50 uM) for 2.5 h, then
washed with ddH,O. After treatment, seedlings were incubated with
solution containing X-Glue (final concentration at 0.5 mg/mlL)
for 3 h, finally visualized using Nomarski optics on a Leica DMR
microscope with a Leica DC300F digital camera after removal of
chlorophyll.

PA (P9511) and BFA (B-7651) were purchased from Sigma-
Aldrich. 1-Butanol (HPLC-grade) was purchased from Sinopharm
Chemical Reagent. All plant materials were derived from Arabidopsis
Columbia (Col-0) ecotype.

Recording of root apex auxin fluxes using an IAA-selective self-
referencing microelectrode. The procedure for the fabrication of
the TAA-selective microsensor have already been reported.'!"1? The
microelectrodes were utilized as vibrating probes to monitor IAA
fluxes in the root apex following the procedures described in our
recent papers.!!"14 Plants were grown in hydroponic cultures. All
experiments were performed on roots 3 dag.

Microscopy of the GFP plants. We used DR5::GFP of Arabidopsis
thaliana for the investigation of auxin signalling. The seeds were
surface sterilised and placed on ¥2 MS culture medium (for details
see ref. 11) containing vitamins and 1% sucrose that was solidi-
fied by 0.8% agar. Seedlings were grown in vertical position under
continuous light for three days.

Three day-old seedlings were transferred to microscopic slides that
were modified into thin chambers by cover-slips. Chambers were
filled with the same liquid medium but without agar and placed in
sterile glass cuvettes containing the medium at a level that reached
the open lower edge of the chambers. This allows free exchange of
medium between chambers and the cuvette. Seedlings were grown
in vertical position under continuous light for 12-24 hours. During
this period the seedlings stabilised root growth and proceeded in the
formation of new root hairs. For the treatments IAA (1 uM), BFA
(35 uM), PA (10 uM), 1-butanol (0.4%), 3-butanol (0.4%) or a
double treatment respectively were applied to this system. Imaging
was done with a confocal laser scanning microscope (ICS Leica or/

and Clsi Nikon).
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Figure 1. PLD{2 expression. The PLD{2 reporter expression in the distal portion
of the transition zone increases after BFAtreatment (2,5h) and a PA+treatment
whereas the reporter signal disappears after freatment with 1-butanol.

RESULTS

PLDC2 is expressed at a narrow band of cells in the root apex:
distal part of the root apex transition zone. PLD{2 is expressed in
narrow band of cells (Fig. 1) corresponding to the distal portion of
the transition zone (0.20—0.35 mm from the root apex).!> Brefeldin
A (BFA) and phosphatidic acid (PA) treatments increase this local
PLDE2 expression, whereas inhibition of PLD{2 activity via 1-
butanol inhibits this local PLD{2 expression in the root apex (Fig. 1).

PA generated via PLD activity is essential for the auxin
maximum at the distal portion of the root apex transition zone.
PLD{2 activity affects the auxin maximum in the distal part of the
transition zone of root apices (Fig. 2), which is the most active part
from the whole plant body with respect of the polar auxin trans-
port.!® Both DR5::GUS (Fig. 2A) and DR5:GFP (Fig. 2B) lines
showed increased auxin maximum at the root tip after PA treatments
and loss of this maximum after inhibition of the PLD{2 activity with
1-butanol (Fig. 2).

PLDC2 activity is responsible for vesicular secretion of auxin
at the root apex transition zone. In order to assess role of PLD{2
activity on the polar auxin transport, we have taken advantage of
recently introduced new technique which can monitor auxin fluxes
in intact organs of living plants.!? This technique is based on bathing
of roots in well-defined solution enriched with auxin which is then
taken up into endogenous streams of polar auxin transport. Using
this new technique, we report here that the PLDC2 activity is respon-
sible for about 40% of auxin transport via vesicular secretion in the
particular root apex region which we have characterized as the distal
part of the transition zone of the root apex.!> Importantly, both the
PLDE2 overexpression line and PA treated roots show higher auxin
transport specifically (and only) in this particular root apex region
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Figure 2. Auxin maximum in the root tip. (A) DR5::GUS in wildtype and
PLD¢2 plants. BFA treatment for 2.5 h and PA, T-butanol for 48 h. Bar =
50 um. (B) With the DR5::GFP are shorter treatment times (~4 h) sufficent
to monitor changes in the transcription pattern of the DR5 reporter. Bar =
50 um

when we scored increase by about 30 % (Fig. 3A and C). In line with
this, both in the p/d¢2 mutant and 1-butanol-treated roots, there is
of about 40% drop of the auxin transport in this root apex zone
(Fig. 3B-D). Importantly, there is no change in the polar auxin trans-
port in cells of the elongation region (Fig. 3). As brefeldin A (BFA) is
not able to inhibit further the already lowered auxin transport in the
PLD{2 mutant, our data implicate that from all 12 PLDs expressed
in Arabidopsis genome,!” it is particularly the PLDE2 which is
responsible for vesicular secretion of auxin at the root apex.

Our results are surprising: significant amount (about 40%) of
polar auxin transport in the root apex zone with the highest rate of
polar auxin transport'® and with the maximum of expression of the
PLDE2 is due to the PA-driven vesicular recycling and secretion.
It emerges that only the PA produced specifically by the PLD{2
activity is relevant in this respect.

DISCUSSION

Active efflux (pumping out) of auxin was hypothesized to be
mediated by polarly localized putative auxin carriers within the
plasma membrane. About ten years ago, first of these carriers were
identified in several laboratories and subsequent localization of
proteins and analysis of mutants confirmed almost all expectations.
Numerous papers have been published on both efflux carriers of the
PIN family and influx carriers of AUX family (for recent reviews see
refs. 16 and 18-21). All this was interpreted as the final evidence for
the chemiosmotic theory which is generally accepted now despite
several published observations which contradict several predictions of
this theory.!! Importantly, this theory predicts that the localization
of PINs at the plasma membrane is tightly linked with the activity of
polar auxin transport. Both pharmacological and mutant approaches
document that this is not the case. For instance, the powerful inhib-
itor of vesicular secretion brefeldin A (BFA) is well known to block
the polar auxin transport within few minutes of its

A B application despite the fact that PINs are still located
250 wr 250 T and their presumptive site of action—at the plasma
'f; ——— WT/PA (20uM) ‘: —— WT/ 1-butanol membrane.!! In addition, since earlier studies we
o 2001 —e— WT/PA (50pM) o 2007 == m : i‘hl“a"": also know that low temperature stops polar transport
—e -but . .
E E - ane of auxin. Low temperature blocks endocytosis (for
TE> TEJ plant cells see ref. 22), locking PINs at the plasma
= < o0 membrane. This strongly suggest that the endo-
E E cytic vesicular recycling at the plasma membrane is
< < 50- essential for the polar auxin transport. In fact, this
< < f dependency of auxin efflux on vesicle recycling was
0 3 genetically confirmed in recent studies.?3>% In addi-
2 0.00 2 tion, the classical inhibitors of polar auxin transport,
D 250 TIBA and NPA, were demasked as general inhibitors
- - ——WT of the endocytosis-dependent vesicle recycling.?%4
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o o :
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the plasma membrane does not support full activity of the polar
auxin transport.!%11

Here we have used non-invasive technique allowing sensitive and
continuous monitoring of auxin fluxes at root apices. Our previous
data showed convincingly that this technique monitors reliably
manipulation of endogenous polar auxin streams either with classical
auxin inhibitors'? or with mutants of maize'! and Arabidopsis.!14
These endogenous auxin streams are robust enough to sustain even
large sudden increases of extracellular auxin but are sensitive both
to the classical auxin transport inhibitors (TIBA and NPA), recently
discovered to act as inhibitors of endocytosis and vesicle recy-
cling,3%4 and to powerful inhibitor of vesicular secretion, brefeldin
A.'2 Exogenous auxin fails to disturb these robust internal auxin
flows but restores them in control root apices, as indicated by the
recovered meristem sizes, in the pinlpin2 and pinlpin2pin7 double
and triple murtants.?

These data show that specifically PLDL2, and no other PLD
from the rest of eleven PLDs expressed in Arabidopsis,!” is special-
ized for this vesicular regulation of the polar auxin transport in the
distal portion of the transition zone in root apices. Interestingly in
this respect, PLD{2 shows similarities to animal/human PLDs.!”
As brefeldin A has almost no effect on the polar auxin transport in
the PLD¢{2 mutant (Fig. 3D), we suggest that the BFA-sensitive
auxin polar transport, driven by vesicle recycling mediated PIN1
and PIN2 cycling, needs the PLD{2 produced PA. This conclusion
has also far-reaching consequences for our understanding of the polar
transport of auxin. Expression of the PLD{2 corresponds exactly
to the root apex region which is relevant for the PLD{2/PA-driven
vesicular secretion of auxin.'® This root zone expresses four PINs
(1, 2, 3, 7) and three PGPs,1%2! the highest numbers of IAA trans-
porters ever scored for any part of the plant body.?! It is also this root
apex region in which the basipetal transport in the epidermis joins
the acropetal transport in the stele.?’ Previous results and our in vivo
recordings show that this particular root region has by far the highest
rate of auxin transport.!2"14 So this specific root apex zone is unique
from the polar auxin transport perspective.

There are several important conclusions in respect of the PLD{2
activity and roles of PINs in polar auxin transport. As recycling of
PINGs is essential for the polar auxin transport in root apices®>24 and
as recycling of both PIN2!9 and PIN1 (unpublished data) depends
on the vesicular secretion driven by the PLDL2 activity, the auxin
transport not sensitive to manipulation of PA levels coming from the
PLD{2 activity is accomlished either via PGP-type ABC transporters
which are abundantly expressed in this root apex zone!31421
small hypothetical population of non-cycling PINs transporting
auxin across the plasma membrane.?? Attractive scenario remain that
PINGs are both auxin exporters and receptors.2°

Genetic evidence and auxin immunolocalization in maize roots
also strongly suggested that auxin is secreted as a cargo via recycling
vesicles trafficking between secretory endosomes and polarized auxin
secreting cell poles.'®!! In addition, Arabidopsis H*-pyrophos-
phatase VP1, which acidifies vacuoles and presumably endosomes
in plant cells, was reported to control auxin transport in a similar
manner?’ as here reported PLDC2. Although these authors did not
mention the possibility of auxin secretion, in the commentary article
to this report, hypothetical X compartment was postulated to play a
role in polar auxin transport.?® Our data suggest that this X compart-
ment might be a secretory endosome supporting auxin transport via

or via
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vesicular recycling. This scenario is strongly supported not only by
immunolocalization of auxin enriched within endosomes at those
cross-walls (synapses) which actively transport (secrete) auxin'! but
also by showing that PIN1 is abundant at plasmodesmata/pit-fields?”
which are enriched with F-actin, plant-specific myosin VIII,3° and
which show abundant endocytic recycling.?132 Intriguingly in this
respect, BIG protein of Arabidopsis is homologous to CALOSSIN/
PUSHOVER protein of Drosophila that is involved in vesicle recy-
cling during neuronal synaptic transmission in Drosophila,®® and is
important for polar transport of auxin®* and for auxin-modulated
endocytosis in plants.>
Identity of vesicular/endosomal transporters enriching auxin
within endosomes of the plant endocytic network®® awaits their
identification but PINs remain a hot candidates for this neurotrans-
mitter-like vesicular loading transporters. The most attractive scenario
would be that PINs act as transporters at vesicles/endosomes and as
receptors at the plasma membrane. In this context, it is also possible
to easily explain strong coupling observed between polar auxin trans-
ort“® and elongation growth of plant cells—both of which are direc
port?® and elongation growth of plant cells—both of which are direct
outcome of the secretory pathway activity.
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