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Cell Polarity Signaling in Arabidopsis Involves
a BFA-Sensitive Auxin Influx Pathway

AUX1 as one component of a novel BFA-sensitive
auxin transport pathway polarizing cells toward a hor-
mone maximum.
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Göran Sandberg,5 Maarten Terlou,2

Klaus Palme,3 Malcolm J. Bennett,4

and Ben Scheres1,6

Results and Discussion1 Department of Molecular Cell Biology and
2 Department of Image Processing and Design

Polar auxin transport has been implicated in the coordi-Utrecht University
nation of plant cell and organ polarity [1] and is thoughtPadualaan 8
to be mediated by auxin efflux carriers [3, 8]. The Arabi-3584 CH Utrecht
dopsis PIN1 and PIN2 (also called EIR1/AGR1) proteinsThe Netherlands
represent two presumptive efflux carriers [9–13]. Con-3 Max-Delbrück-Laboratorium in der
sistent with this proposed function, pin1 and pin2 mu-Max-Planck-Gesellschaft
tants show defects attributed to disturbed polar auxinCarl-von-Linne-Weg 10
transport, such as disturbances in vascular strand for-D-50829 Köln
mation or root gravitropism [9–13]. Moreover, the asym-Germany
metric plasma membrane distribution of both proteins4 School of Biological Sciences
correlates with proposed routes of polar auxin transportUniversity Park
[8–10]. A second carrier system facilitates auxin influxUniversity of Nottingham
into plant cells [14] and Arabidopsis AUX1 represents aNG7 2RD Nottingham
presumptive influx carrier [5, 6]. Recently, polar and axialUnited Kingdom
localization of AUX1 has been reported for root vascular5 Umeå Plant Science Center
and epidermis cells [15]. These observations raise theDepartment of Forest Genetics and
question whether, contrary to present views, the influxPlant Physiology
carrier system contributes to the regulation of cell po-The Swedish University of Agricultural Sciences
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To causally assess an involvement of auxin transport-Sweden
ers in establishment of apical-basal trichoblast polarity,
we analyzed Arabidopsis eir1 and aux1 mutants for de-
fects in this process. We applied two criteria for changesSummary
in trichoblast polarity: apical-basal shifting of hair initia-
tion and formation of double hairs from trichoblasts.Coordination of cell and tissue polarity commonly in-
Both markers are invariable in wild-type and can bevolves directional signaling [1]. In the Arabidopsis root
reliably quantified [2]. Three aux1 mutant alleles ana-epidermis, cell polarity is revealed by basal, root tip-
lyzed displayed apical shifting of hair initiation (Figuresoriented, hair outgrowth from hair-forming cells (tri-
1B, 1F, 1G, and 1L) and a low frequency of double hairchoblasts) [2]. The plant hormone auxin displays polar
formation that, nonetheless, was �30 times higher thanmovements [1, 3] and accumulates at maximum con-
in the wild-type (Figures 1C and 1D, Table 1). By con-centration in the root tip [4, 5]. The application of polar
trast, eir1 mutants defective in epidermally expressedauxin transport inhibitors [3] evokes changes in tri-
PIN2 protein [10, 11] did not reveal changes in apical-choblast polarity only at high concentrations and after
basal trichoblast polarity (Figures 2E and 2I; Table 1).long-term application [2, 4]. Thus, it remains open
Loss of AUX1 function caused the observed pheno-whether components of the auxin transport machinery
types, since the defects were rescued in aux1 seedlingsmediate establishment of trichoblast polarity. Here we
transformed with the wild-type genomic AUX1 sequencereport that the presumptive auxin influx carrier AUX1
carrying an insertion for an HA-epitope tag (Figures 1H[6, 7] contributes to apical-basal hair cell polarity.
and 1I; Table 1). These results provide the first link be-AUX1 function is required for polarity changes induced
tween a molecular component of the auxin transportby exogenous application of the auxin 2,4-D, a prefer-
machinery and establishment of apical-basal epidermalential influx carrier substrate. Similar to aux1 mutants,
polarity in Arabidopsis.the vesicle trafficking inhibitor brefeldin A (BFA) inter-

We further examined the contributions of differentferes with polar hair initiation, and AUX1 function is
auxin transport systems by external application of auxinrequired for BFA-mediated polarity changes. Consis-
analogs, which are differentially transported by influxtently, BFA inhibits membrane trafficking of AUX1, tri-
and efflux carriers [14]. The synthetic auxin 2,4-dichloro-choblast hyperpolarization induced by 2,4-D, and al-
phenoxyacetic acid (2,4-D) constitutes a preferentialters the distal auxin maximum. Our results identify
substrate for the auxin influx system, while 1-naphtha-
lene acetic acid (1-NAA) enters cells by diffusion and is6 Correspondence: b.scheres@bio.uu.nl
efficiently exported by the efflux system [14]. Seedlings7 Present address: Entwicklungsgenetik, Zentrum für Molekularbio-
grown on 20 nM 2,4-D initiated root hairs from a morelogie der Pflanzen, Universität Tübingen, Auf der Morgenstelle 3,

D-72076 Tübingen, Germany. basal position than untreated controls (Figures 1E and
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moted trichoblast hyperpolarization and maintained
double hair formation (Figure 1M; Table 1). By contrast,
1-NAA rescued the aux1 double hair phenotype and
conferred partial basal hair shifting (Figure 1N; Table
1). The 1-NAA-mediated rescue of the aux1 phenotype
suggests that polar hair initiation either involves addi-
tional, as yet unidentified, efflux components or that
increasing the intracellular auxin concentration in the
trichoblast is sufficient to correct the aux1 polarity de-
fects. Nevertheless, trichoblast hyperpolarization in-
duced by 2,4-D required AUX1 activity which identifies
AUX1 as an influx carrier component mediating apical-
basal polarity.

Polar auxin transport inhibitors strongly interfered
with trichoblast polarity only after long-term application
at high concentrations [2, 4]. To uncover more specific
modulators, we examined effects of different auxin
transport and membrane trafficking inhibitors [17–19].
The vesicle trafficking inhibitor brefeldin A (BFA) [20]
most strongly and specifically affected apical-basal tri-
choblast polarity in a concentration-dependent manner.
BFA (1 �M) induced subtle but clear apical shifting of
hair initiation (Figures 2B and 2E), while 2.5 �M BFA
caused strong apical shifting in extreme cases resulting
in hair formation from apical trichoblast ends (Figures 2C
and 2F). Additionally, this concentration induced double
hair formation at low frequency (Figure 2D; Table 1).
Thus, a BFA-sensitive pathway is required for establish-
ment of apical-basal polarity in the Arabidopsis root
epidermis.

Hitherto, BFA was believed to interfere with the auxin
efflux but not the influx carrier machinery, as concluded
from auxin transport experiments on plant cell cultures
and tissue segments [18, 19, 21]. Consistent with action
on efflux carriers, BFA abolishes polar membrane local-
ization and cycling of Arabidopsis PIN1 [22, 23]. In light
of the similar phenotypes induced by BFA application
and aux1 mutation, we addressed whether BFA mightFigure 1. aux1 Mutations and Exogenous Auxin Application Affect

Trichoblast Polarity interact with AUX1 during establishment of trichoblast
polarity. In aux1 mutants, apical shifting could not be(A) Arabidopsis trichoblasts wild-type Columbia (Col). (A–D) White

arrowheads, cell walls. Scale bars, 20 �m. (B and C) aux1-7. (D) aux1- enhanced by 1 �M BFA (Figure 2G), and aux1 conferred
21. (E) Col 20 nM 2,4-D. (F–N) Frequency distributions of average hair partial resistance to the effect of 2.5 �M BFA (Figure
initiation per root (30 roots, 150 trichoblasts each). Apical-basal 2H) when compared to wild-type (Figures 2E and 2F)
initiation ratios indicate relative positions of hair initiation. 0 � basal,

and eir1 mutants (Figures 2I and 2J) (see also Table1 � apical, compare to (A). (F–L) Col wild-type control (black). (F)
1). Thus, AUX1 function is required for BFA action onaux1-21 (gray). (G) aux1-22 (gray). (L) aux1-7 (gray). (I) aux1-7AUX1
trichoblast polarity suggesting AUX1 as one component(gray). (H) aux1-22HA-AUX1 (gray). (J) Col 20nM 2,4-D (gray). (K) Col

100 nM 1-NAA (gray). (M–N) aux1-7 control (black). (M) aux1-7 20 of a BFA-sensitive pathway.
nM 2,4-D (gray). (N) aux1-7 100 nM 1-NAA (gray). Significance level We further examined whether BFA affects 2,4-D action
for independence of distributions is p � 0.05. p values are indicated on trichoblast polarity. Concomitant application of 20
as highly significant: **p � 0.001 and ***p � 0.0001.

nM 2,4-D and 1 �M BFA completely inhibited the hyper-
polarizing activity of 2,4-D (Figure 2K; Table 1). By con-

1J). We refer to basal shifting of hair initiation as tri- trast, 100 nM 1-NAA induced basal shifting when applied
choblast “hyperpolarization.” The influx carrier sub- together with BFA (Figure 2L; Table 1). BFA inhibition
strate 2,4-D exerted hyperpolarizing activity in a concen- of 2,4-D action further supported that auxin influx com-
tration range similar to the naturally occurring auxin ponents act in a BFA-sensitive pathway.
indole-3-acetic acid (IAA) [2]. In contrast, higher 1-NAA We reasoned that AUX1 membrane trafficking might
concentrations (100 nM 1-NAA) were required to induce be a target for BFA interference and immunolocalized
trichoblast hyperpolarization (Figure 1K; Table 1). The the functional HA-AUX1 fusion protein (Figure 1H) [15]
uptake of 2,4-D and IAA into Arabidopsis root tips re- after incubation of seedlings with BFA. As reported pre-
quired AUX1 function [7, 16]. Therefore, we reasoned viously, in control roots, AUX1 localized to apical ends
that 2,4-D action on apical-basal trichoblast polarity of protophloem cells (Figures 3A and 3B) as well as
might also involve AUX1 activity. Consistent with this apical and basal ends of epidermal cells (Figures 3C

and 3D) [15]. BFA treatment resulted in disruption ofassumption, aux1 seedlings were resistant to 2,4-D-pro-
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Table 1. Quantitative Effects of Mutations in Auxin Transporters, Auxin, and BFA Treatments on Apical-Basal Cell Polarity

Cell Length (�m) Initiation Length (�m) Apical-Basal Initiation Ratio Double Hairs (%)

Col 156 � 14 18 � 1 0.12 � 0.005 0.1 (n � 3000)
eir1-1 186 � 12 21 � 2 0.12 � 0.01 0.2 (n � 3000)
aux1-7 168 � 4 26 � 2 0.16 � 0.02 2.9 (n � 2000)
aux1-21 170 � 17 29 � 2 0.17 � 0.01 2.9 (n � 3000)
aux1-22 185 � 6 28 � 2 0.15 � 0.01 3.1 (n � 3000)
aux1-22 HA-AUX1 145 � 11 18 � 3 0.12 � 0.01 0.1 (n � 3000)
aux1-7 AUX1 174 � 9 20 � 1 0.12 � 0.01 ND
Col 10 nM 2,4-D 154 � 6 15 � 1 0.10 � 0.003 0 (n � 3000)
Col 20 nM 2,4-D 114 � 10 10 � 1 0.09 � 0.002 0 (n � 3000)
aux1-7 20 nM 2,4-D 177 � 6 27 � 1 0.155 � 0.005 3.0 (n � 2700)
aux1-7 100 nM 1-NAA 149 � 8 18 � 1 0.12 � 0.01 0.1 (n � 3000)
Col 100 nM 1-NAA 128 � 13 12 � 1 0.095 � 0.003 0 (n � 3000)
Col 1 �M BFA 160 � 8 27 � 3 0.17 � 0.01 0.5 (n � 3000)
Col 2.5 �M BFA 138 � 9 46 � 5 0.34 � 0.04 1.3 (n � 2000)
aux1-7 1 �M BFA 179 � 10 25 � 2 0.14 � 0.01 2.6 (n � 2500)
aux1-7 2.5 �M BFA 161 � 9 44 � 4 0.28 � 0.03 3.4 (n � 2200)
aux1-22 1 �M BFA 186 � 3 26 � 2 0.14 � 0.01 ND
aux1-22 2.5 �M BFA 170 � 3 45 � 4 0.27 � 0.03 ND
eir1-1 1 �M BFA 170 � 2 28 � 3 0.17 � 0.01 ND
eir1-1 2.5 �M BFA 195 � 7 70 � 11 0.36 � 0.05 1.2 (n � 3000)
Col 20 nM 2,4-D 1 �M BFA 141 � 6 24 � 3 0.17 � 0.01 0.4 (n � 3000)
Col 100 nM 1-NAA 1 �M BFA 126 � 6 17 � 2 0.13 � 0.01 0 (n � 3000)

Data are means derived from three independent experiments including 50 cells from 10 roots each. Standard deviations are indicated. For
double hair analyses, n � total numbers of cells analyzed are indicated. ND, not determined.

AUX1 plasma membrane localization (Figures 3E–3H). ence. It remains open which part of the AUX1 expression
domain mediates establishment of trichoblast polarityIn protophloem cells, AUX1-positive material coalesced

into intracellular patches (Figures 3E and 3F) similar to and BFA-induced polarity changes. We are currently
constructing clonal analysis systems to clarify this point.previously described “BFA compartments” [22–24]. In

BFA-treated epidermal cells, AUX1 label displayed a Our observations are consistent with two models. First,
changes in trichoblast polarity may result from a dis-more uniform cytoplasmic distribution (Figures 3G and

3H). Additionally, BFA affected AUX1 staining in colu- turbed relay of auxin transport from protophloem, colu-
mella, or lateral root cap cells toward the polarizingmella cells and AUX1 membrane localization in lateral

root cap cells (data not shown). We conclude that mem- trichoblast. Thus, they may involve disturbance of non-
cell-autonomous AUX1 function. Alternatively, our re-brane trafficking of AUX1 is sensitive to BFA interference

and suggest that BFA may act on AUX1 localization sults can be explained by defects in cell-autonomous
AUX1 function and BFA interference with AUX1 in theduring establishment of trichoblast polarity.

We finally addressed whether BFA affects the endoge- polarizing trichoblast. The finding that AUX1 mediates
acropetal and basipetal auxin transport would be con-nous auxin distribution in the root tip. We employed

transgenic plants harboring auxin-responsive promot- sistent with both hypotheses [15]. Based on the epider-
mal polarity defects in aux1, AUX1 localization in epider-ers fused to the GUS reporter gene [4, 15, 25] to estimate

local changes in auxin responses. Additionally, we de- mal cells, and the requirement of AUX1 function for BFA
action on this cell layer, we favor the following model.termined free auxin levels in the root tip by high-resolu-

tion gas chromatography-selected reaction monitoring- The distal auxin maximum provides an organizing cue
for polarization of epidermal cells, and AUX1 relays thismass spectrometry (GC-SRM-MS) [26]. Expression of

the auxin-responsive DR5::GUS reporter (Figure 3I) was information in the polarizing trichoblast by establishing
an inter- or intracellular concentration difference.enhanced in upper columella cells in seedlings grown

on 2.5 �M BFA (Figure 3J). Similarly, GC-SRM-MS mea- The subtle phenotype and the partial resistance of
aux1 mutants to higher BFA concentrations suggest thatsurements demonstrated an increase of free IAA in the

distal millimeter of the root at this BFA concentration such a signal relay involves additional components. Ac-
cordingly, changes in the distal auxin maximum oc-(Figure 3K). The IAA2::GUS reporter gene (Figure 3L)

revealed a weak but consistent increase of expression curred at BFA concentrations to which aux1 conferred
only partial resistance. Therefore, it remains open whichin the quiescent center and upper columella cells under

BFA treatment (Figure 3M). Together, these results sug- other BFA-sensitive factors are involved in establish-
ment of epidermal polarity and whether changes in thegest BFA action on auxin redistribution from the distal

auxin maximum. auxin maximum account for the observed polarity phe-
notypes. Additional, as yet to be identified, BFA-sensi-Our observations indicate that at least one molecular

component of the auxin transport machinery, AUX1, tive components may cooperate to transport and sense
a directional auxin cue from the distal maximum andconstitutes part of a system polarizing epidermal cells

toward a hormone maximum. Three independent lines include factors mediating overt features of cell polarity
in the polarizing trichoblast. Consistent with the latterof evidence presented suggest that, contrary to current

views, the influx carrier system is subject to BFA interfer- view, polar localization of Rop-type GTPases to the in-
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Figure 3. BFA Interferes with AUX1 Localization and Auxin Distri-
bution

(A–H) Localization of HA-tagged AUX1 (HA-AUX1) in aux1-22 mutant
background. (A–D) DMSO controls. (A and B) Protophloem cells. (C
and D) Epidermis cells. (E–H) Treatment with 100 �M BFA for 3 hr.
(E and F) Protophloem cells. (G and H) Epidermal cells. (A–H) Scale
bars, 10 �m. (I and J) Root tip-localized DR5::GUS expression in
5-day-old seedlings. (I) DMSO control. (J) 2.5 �M BFA. (K) GC-SRM-
MS analysis of IAA accumulation in the first 1 mm of the root in day
5 seedlings. (L and M) Root tip-localized IAA2::GUS expression in
day 5 seedlings. (L) DMSO control. (M) Seedlings grown on 2.5 �M
BFA.

cipient site of hair initiation has recently been shown to
provide an additional target for BFA interference [27].

Experimental ProceduresFigure 2. BFA Changes Trichoblast Polarity and Acts on Auxin Influx
Components

Plant Material and Growth Conditions(A–D) Arabidopsis seedlings grown on BFA or auxins as indicated.
aux1 and eir1 mutant alleles, HA-tagged, and non-tagged AUX1(A) Col trichoblasts as of Figure 1A. (A–D) White arrowheads, cell
genomic rescue constructs have been described previously [6, 11,walls. Scale bars, 20 �m. (B) Col 1 �M BFA. (C and D) Col 2.5 �M
15, 28, 29]. Seeds were sterilized and imbibed, then germinated onBFA. (E–L) Frequency distributions of apical-basal hair initia-

tion per root (compare Figure 1). (E and F) Col (black). (E) Col 1 �M
BFA (gray). (F) Col 2.5 �M BFA (gray). (G and H) aux1-7 control
(black). (G) aux1-7 1 �M BFA (gray). (H) aux1-7 2.5 �M BFA (gray).
Note that (H) aux1-7 2.5 �M BFA (gray) is different from (F) Col 2.5 ilar to (E) Col (black) (p � 0.71). (K) Col 1 �M BFA (black) Col 20 nM
�M BFA (gray) (p � 0.01). (I and J) eir1-1 (black). (I) eir1-1 1 �M BFA 2,4-D 1 �M BFA (gray). (L) Col 1 �M BFA (black); Col 100 nM 1-NAA
(gray). (J) eir1-1 2.5 �M BFA (gray). Note that (I) eir1-1 (black) is sim- 1 �M BFA (gray).
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