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Auxins represent an important class of plant hormone
that regulate plant development. Plants use specialized
carrier proteins to transport the auxin indole-3-acetic
acid (IAA) to target tissues. To date, efflux carrier-medi-
ated polar auxin transport has been assumed to represent
the sole mode of long distance IAA movement. Local-
ization of the auxin permease AUX1 in the Arabidopsis
root apex has revealed a novel phloem-based IAA trans-
port pathway. AUX1, asymmetrically localized to the
plasma membrane of root protophloem cells, is proposed
to promote the acropetal, post-phloem movement of
auxin to the root apex. MS analysis shows that IAA ac-
cumulation in aux1 mutant root apices is impaired, con-
sistent with an AUX1 phloem unloading function.
AUX1 localization to columella and lateral root cap tis-
sues of the Arabidopsis root apex reveals that the auxin
permease regulates a second IAA transport pathway. Ex-
pression studies using an auxin-regulated reporter sug-
gest that AUX1 is necessary for root gravitropism by
facilitating basipetal auxin transport to distal elongation
zone tissues.
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Auxins represent important regulators of plant develop-
ment (Davies 1995) and are unique among plant signal-
ing molecules in being subject to polar transport (Lomax
et al. 1995). Studies using auxin transport inhibitors have
shown that the polarity of auxin movement provides an
important developmental signal during embryogenesis
(Liu et al. 1993), lateral root initiation (Casimiro et al.
2001), leaf vascular patterning (Mattsson et al. 1999), and

root gravitropism (Marchant et al. 1999; Rashotte et al.
2000; Parry et al. 2001). Plants use specialized influx and
efflux carriers to mobilize the major form of auxin, in-
dole-3-acetic acid (IAA) from cell to cell (for review, see
Palme and Gälweiler 1999). Molecular genetic studies in
Arabidopsis thaliana have identified putative auxin in-
flux and efflux carrier components encoded by the AUX1
(Bennett et al. 1996) and AtPIN/AGR/EIR gene se-
quences (Chen et al. 1998; Gälweiler et al. 1998; Lusch-
nig et al. 1998; Müller et al. 1998; Utsuno et al. 1998),
respectively. AUX1 belongs to the auxin amino acid per-
mease (AAAP) family of proton-driven transporters (Ben-
nett et al. 1996), whereas AtPIN sequences exhibit ho-
mology to bacterial transporters (Palme and Gälweiler
1999). Mutations in the Arabidopsis gene AtPIN1 dis-
rupt polar auxin transport (Okada et al. 1991), embryo
patterning (Liu et al. 1993), and vascular development
(Mattsson et al. 1999), whereas aux1 mutants exhibit an
agravitropic root phenotype (Maher and Martindale
1980).

Auxins are initially synthesized in the shoot apex,
then transported to their target tissues. In the root, aux-
ins are transported in both an acropetal (base-to-apex)
and basipetal (apex-to-base) direction within inner and
outer tissues of the root apex, respectively. Rubery and
Sheldrake (1974) and Raven (1975) proposed in their
chemiosmotic hypothesis that the polarity of auxin
movement is provided by the asymmetric localization of
auxin efflux carriers (Rubery and Sheldrake 1974). The
asymmetric localization of several AtPIN proteins has
been reported recently, consistent with the chemios-
motic hypothesis (Galweiler et al. 1998; Müller et al.
1998). However, the role of the auxin influx carrier dur-
ing polar auxin transport remains unclear (Parry et al.
2001), prompting us to investigate AUX1 localization in
planta. Our studies reveal that AUX1 performs a dual
auxin transport function in the Arabidopsis root apex,
facilitating acropetal and basipetal auxin transport in
protophloem and lateral root cap cells, respectively. We
report that to perform this dual transport function,
AUX1 exhibits a complex pattern of subcellular localiza-
tion.

Results and Discussion

Functional epitope-tagged AUX1 proteins facilitate
localization studies in the root apex

Mutant and inhibitor studies have led to the conclusion
that the auxin influx carrier regulates root gravitropism
(Marchant et al. 1999; Parry et al. 2001). To investigate
the signaling function(s) of the auxin influx carrier at the
cellular level, AUX1 was localized in the Arabidopsis
root apex. The AUX1 protein was visualized by use of an
epitope-tagging approach. A single copy of the nine
amino acid hemagglutinin (HA) motif was fused to either
terminus of AUX1, creating N and C HA–AUX1 epitope-
tagged proteins under the control of native AUX1 regu-
latory sequences, then transformed into the aux1-22 null
allele background. Cosegregation studies revealed that
one copy of the N and C HA–AUX1 transgenes were
sufficient to rescue the agravitropic phenotype of the
aux1-22 mutant allele (data not shown). Complementa-
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tion of aux1-22 by either transgene confirmed that both
versions of the epitope-tagged protein fully replaced the
function of endogenous AUX1 in gravitropic signaling.
HA–AUX1 localization in transgenic root apical tissues
was visualized by use of indirect immunofluorescense
microscopy. Both N (Fig. 1) and C (data not shown) HA-
tagged AUX1 versions were detected in identical pat-
terns within a discrete subset of stele, columella, lateral
root cap, and epidermal cells.

AUX1 protophloem localization defines a novel auxin
transport pathway in roots

HA–AUX1 was detected within two discrete cell files of
the stele (Fig. 1B) as well as in stele initials (Fig. 1H). A
radial section through a GUS-stained AUX1�uidA root
apex (Fig. 1E) illustrates stelar AUX1 expression in both
protophloem poles (Fig. 1D). The transition of proto-
phloem cells to mature phloem in roots involves the
formation of a sieve plate and occurs in the region of

maximum growth rate (Esau 1965). The epitope-tagged
protein and the GUS reporter are detected in the basal
half of the elongation zone (Fig. 1B,C), indicating that
AUX1 stele expression is limited to protophloem cells.

To date, polar auxin transport in the xylem paren-
chyma has been assumed to represent the sole conduit
for IAA transport to roots (Palme and Gälweiler 1999).
However, significant concentrations of free IAA (∼ 1 µM)
have been detected in the phloem, although its physi-
ological significance is unclear (Baker 2000). Neverthe-
less, the cellular pathway for post-phloem transport in
roots remains to be established (Bret-Harte and Silk
1994; Fisher and Oparka 1996). Protophloem cell files
represent a likely route, but these cells would require
carriers to unload IAA from the phloem, as they retain an
intact PM prior to sieve plate formation (Esau 1965). In
this respect, localization of HA–AUX1 in the proto-
phloem cell PM is significant. Interestingly, HA–AUX1
localization in the protophloem cell PM appeared asym-
metric (Fig. 1F). Localization of AUX1 to the upper PM of

protophloem cell files (Fig. 1F) would
facilitate the acropetal, post-phloem
movement of IAA, prompting us to
investigate its subcellular distribu-
tion further. Separation of the proto-
phloem PM from its cell wall prior to
detection revealed that PM HA–
AUX1 was associated with the upper
membrane (Fig. 1G). Double-labeling
experiments designed to localize HA–
AUX1 relative to the asymmetric root
stele marker, AtPIN1 (J. Friml and K.
Palme, in prep.) revealed that the pro-
teins were preferentially targeted to
the upper and lower protophloem PM
domains, respectively (Fig. 1G and in-
set).

The aux1 mutation disrupts IAA
accumulation at the root apex

The asymmetric localization of
AUX1 and AtPIN1 to the upper and
lower plasma membranes of protoph-
loem cell files (Fig. 1G) would be ex-
pected to facilitate the acropetal,
post-phloem movement of IAA. On
the basis of this model, mutations in
AUX1 would be predicted to disrupt
post-phloem IAA unloading in the
root apex. To test this possibility,
IAA levels were measured directly by
use of high-resolution gas chromatog-
raphy-selected reaction-monitoring
mass spectrometry (GC–SRM–MS) in
the apical 5 mm of wild-type and
aux1 Arabidopsis roots divided into
1-mm segments. Wild-type root tis-
sues accumulated highest IAA levels
in the most apical 1-mm segment
(Fig. 2A; students t test, P = 0.022). In
contrast, aux1 root apical tissues
failed to accumulate IAA at a signifi-
cantly higher level than in more basal
segments (Fig. 2A; P = 0.19). Direct

Figure 1. AUX1 is expressed in a subset of columella, lateral root cap, and stele tissues.
(A) Schematic of Arabidopsis root apical tissue organization. (Yellow) Lateral root cap;
(gray) columella; (royal blue) epidermis; (green) cortex; (red) endodermis; (turquoise) peri-
cycle; (white) vasculature; (orange) QC and initials (Marchant et al. 1999). (B) Immuno-
localization of HA–AUX1 in the root apex using confocal microscopy. (C) DIC image of
whole-mount GUS-stained AUX1�uidA root apex. (D) Schematic of root radial tissue
organization highlighting protophloem (magenta) and protoxylem (black) poles. (E) Ra-
dial section of GUS-stained AUX1�uidA root illustrating protophloem expression. (F)
Asymmetric immunolocalization of HA–AUX1 in protophloem cell file. (G) Dual label-
ing of HA–AUX1 (green) and AtPIN1 (red) in protophloem cell file. (H) Immunolocal-
ization of HA–AUX1 in stele initials/S2 layer. (I) Immunolocaliation of HA–AUX1 in S2
PM. (J) Immunolocalization of HA–AUX1 in LRC (main and inset) and CEZ (main)
epidermal cells. Scale bars for B,C,E,H,I, 20 µm;; F, 2 µm, and G,J, 10 µm.
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comparison of IAA levels in the apical 1 mm of wild-type
and aux1 roots highlighted the reduced capacity of mu-
tant root apical tissues to accumulate IAA (Fig. 2A;
P = 0.012) consistent with a phloem-unloading defect.
On the basis of these observations, we propose that
AUX1 unloads IAA from the mature phloem, then deliv-
ers the hormone directly to the root meristem via the
protophloem cell files (Fig. 1B).

AUX1 localization in gravity-sensing columella cells
appears dynamically regulated

Our localization studies revealed that AUX1 is expressed
in selected columella cells (Fig. 1B). The columella tissue
represents the site of gravity perception in the root apex
(Blancaflor et al. 1998). Gravity perception is mediated
by starch granules (statoliths) that sediment in response
to a gravity stimulus. Localization of HA–AUX1 to the
columella tissue suggests that the auxin permease facili-
tates IAA redistribution following a gravitropic stimu-
lus.

AUX1 expression is limited to a single tier of statolith-
containing columella cells (Fig. 1B,H,I). The three tiers of
statolith-containing cells (termed S1–S3) arise after re-
peated divisions of the columella initials. Subsequent
divisions of columella initials introduce new tiers of
cells that displace the proceeding tier toward the root tip
(Fig. 1A). HA–AUX1 was limited to the S2 tier in the
majority of roots analyzed (Fig. 1H). However, in a mi-
nority of roots, HA–AUX1 was located in the S1 layer
(Fig. 1B), reflecting that AUX1 is first detected as colu-
mella cells undergo the S1 to S2 transition.

Laser ablation experiments have shown the impor-
tance of the S1 and S2 layers for gravity perception (Blan-
caflor et al. 1998). The strict temporal expression of HA–
AUX1 in the S1/S2 layers may have important func-
tional significance for gravitropism. Acting as an auxin
permease, AUX1 would enable the central tier of gravity-
sensing columella cells to accumulate sufficient IAA to
initiate a gravitropic response. Closer inspection of the
subcellular distribution of AUX1 in S2 cells revealed an
apparently dynamic pattern of localization. In >80% of
roots analyzed, the HA–AUX1 signal was associated
with the S2 cell cytoplasm (Fig. 1H). However, in ∼ 10%
of roots, S2 HA–AUX1 was observed at the cell periphery
(Fig. 1I) or was undetectable in the remainder (data not

shown). Cells were imaged at different optical depths to
confirm localization. Moreover, our observations are
consistent with subcellular fractionation experiments
on wild-type Arabidopsis roots (R. Swarup, unpubl.).

The apparent variability of HA–AUX1 S2 subcellular
localization and detection may indicate dynamic regula-
tion of PM targeting and turnover, respectively. Func-
tionally, if the gravity perception machinery regulates
AUX1 PM targeting, a gravitropic stimulus may cause S2
cells to transiently accumulate sufficient IAA to initiate
a gravitropic response. Significantly, differences in the
intensity of GUS staining have been observed between
wild-type and aux1 columella tissues expressing the
auxin inducible reporter IAA2�uidA (Fig. 2B,C). Our re-
sults suggest that AUX1, and hence auxin, are involved
during the early stages of gravity signal transduction.

AUX1 facilitates basipetal auxin transport

LRC cells are proposed to facilitate the basipetal redis-
tribution of IAA from the columella to epidermal cells
(Estelle 1996). LRC cells overlay the gravitropic response
tissues of the distal elongation zone (DEZ), the initial
site of root gravitropic curvature (Fig. 1A; Ishikawa and
Evans 1993). HA–AUX1 is expressed in the lateral root
cap (LRC; Fig. 1B,J) and epidermal cells that have lost
contact with the LRC and are entering the central elon-
gation zone (CEZ; Fig. 1J). The LRC/CEZ patterns of ex-
pression suggest that AUX1 may facilitate basipetal
transport of IAA in these tissues. To test whether aux1 is
defective for basipetal auxin transport, the spatial ex-
pression pattern of the auxin-responsive IAA2�uidA re-
porter gene was compared in a mutant versus wild-type
background. Whereas IAA2�uidA was strongly ex-
pressed in protoxylem poles of both genetic backgrounds
(Fig. 2B–D), clear differences in GUS staining were
observed between wild-type and mutant LRC/DEZ/
CEZ tissues (Fig. 2B,C). The absence of detectable
IAA2�uidA expression in aux1 LRC/DEZ/CEZ tissues
(Fig. 2C) is consistent with the mutation disrupting ba-
sipetal auxin transport (Rashotte et al. 2001). Our results
suggest that the aux1 agravitropic root phenotype results
from either disruption of basipetal auxin transport, and/
or the loss of AUX1 expression in gravity-sensing colu-
mella cells. We are currently expressing AUX1 in dis-
crete subdomains of the aux1 root apex to clarify this
point.

Figure 2. Analysis of IAA accumulation in wild-type and aux1 Arabidopsis root apices. (A) High resolution IAA quantitation in
Arabidopsis wild-type (�) and aux1 (�) root segments. (B) DIC image of whole-mount GUS-stained wild-type IAA2�uidA root apex.
(C) DIC image of whole-mount GUS-stained aux1 IAA2�uidA root apex. (D) Radial section of GUS-stained wild-type IAA2�uidA root
apex. Scale bars, 50 µm.
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The aux1 root agravitropic phenotype can be rescued
by the lipophilic synthetic auxin, 1-NAA (Yamamoto
and Yamamoto 1998; Marchant et al. 1999; Fig. 3C,E). In
contrast, auxins that require influx carrier activity such
as 2,4D are unable to rescue aux1 root gravitropism (Fig.
3G,I). The ability of a membrane permeable auxin (Del-
barre et al. 1996) to bypass the auxin uptake defect of the
mutant and fully restore aux1 gravitropism led March-
ant et al. (1999) to conclude that AUX1 must play a per-
missive (rather than regulatory) function during gravit-
ropism. The nonasymmetric localization of AUX1 in lat-
eral root cap cells (Fig. 1J) is consistent with this
conclusion, in which the auxin influx carrier would
serve only to permeabilize (rather than actively direct)
the redistribution of auxin following a gravitropic stimu-
lus. Instead, the polarity of basipetal auxin transport is
likely to be regulated by the apical PM localization of the
auxin efflux carrier component, AtPIN2, in LRC cells (J.
Friml and K. Palme, unpubl.). As a substrate of the auxin
efflux carrier (Delbarre et al. 1996), 1-NAA should be
able to move basipetally from LRC cell to cell. We di-
rectly tested whether 1-NAA mediated rescue of aux1
root gravitropism resulted from the restoration of basip-
etal auxin transport by use of the aux1 IAA2::uidA line.
We observed that the restoration of aux1 root gravitro-
pism by 10−7M 1-NAA (Fig. 3E) coincided with the in-
duction of GUS activity in DEZ/CEZ tissues (Fig. 3F),
indicative of basipetal auxin transport activity. In con-
trast, 10−8M 1-NAA failed to elicit either response (Fig.
3C,D). We conclude that the dose-dependent relation-
ship between 1-NAA rescue of aux1 gravitropism (Fig.
3E) and the restoration of IAA2::uidA expression in mu-
tant LRC/DEZ/CEZ tissues (Fig. 3F) provides further evi-
dence to support the importance of basipetal auxin trans-
port for root gravitropic signal transduction (Rashotte et
al. 2000).

The inability of aux1 LRC cells to deliver auxin to the
rapidly growing cells of the DEZ/CEZ represents a likely
basis for the mutant agravitropic root phenotype. This
defective auxin redistribution model is also likely to ex-
plain the auxin-resistant root growth phenotype of the

aux1 mutant (Maher and Martindale 1980). The mutant
exhibits a reduced level of sensitivity toward the auxins
2,4D and IAA that represent substrates of the auxin in-
flux carrier (Delbarre et al. 1996), whereas retaining a
wild-type level of sensitivity toward the lipophilic auxin,
1-NAA (Yamamoto and Yamamoto 1998; Marchant et
al. 1999). To determine the basis for the differential
auxin sensitivity of the mutant, aux1 IAA2�uidA seed-
lings were grown in the presence of the 10−8 and 10−7 M
1-NAA and 2,4D. At a 10−8 M concentration, neither
auxin resulted in a significant retardation of aux1 root
growth or induced IAA2�uidA reporter expression (Fig.
3D,H) relative to the untreated control (Fig. 3B). In con-
trast, 10−7 M 1-NAA caused ∼ 30% root growth inhibi-
tion (data not shown) and was associated with the induc-
tion of IAA2�uidA expression in LRC/DEZ/CEZ tissues
(Fig. 3F). However, an equivalent concentration of 2,4D
caused no root growth retardation (data not shown) and
failed to induce further IAA2�uidA expression (Fig. 3J).
Our results imply that the aux1 2,4D resistant root
growth phenotype results from the inability of mutant
LRC cells to deliver the auxin to, and therefore repress,
the elongation of DEZ/CEZ cells.

Implications

The results presented here provide new insight into sev-
eral key aspects of auxin transport. Our results question
the traditional view that polar auxin transport represents
the long-distance IAA transport pathway in plants. We
conclude from MS measurements (Fig. 2A) that a signifi-
cant proportion of root apical IAA is unloaded by AUX1
from a phloem source. The localization of AUX1 in the
protophloem poles (Fig. 1B,C,E) has revealed a novel apo-
plastic transport pathway for delivering phloem-borne
IAA to the root apex. The asymmetric distribution of
influx (and efflux) carrier proteins (Fig. 1G) in protophloem
pole cells would promote the acropetal movement of
IAA to the root apex. Our results are likely to provide a
model for other phloem-mobilized constituents such as
sucrose, whose mechanism of unloading at the root apex
remains controversial (Bret-Harte and Silk 1994; Fisher
and Oparka 1996). In addition to its novel phloem-re-
lated unloading function, we have shown that AUX1 fa-
cilitates auxin transport in columella/LRC/CEZ tissues
(Fig. 2). Therefore, AUX1 performs a dual function, facil-
itating acropetal and basipetal auxin transport within in-
ner and outer tissues of the root apex, respectively.

Our study has revealed a complex pattern of AUX1
subcellular localization (Fig. 1). Protophloem pole cells
target AUX1 to their upper PM surface (Fig. 1F,G),
whereas no evidence of polar localization is apparent in
LRC cells (Fig. 1J, see inset). Similarly, the constitutive
polar trafficking of AUX1 in protophloem pole cells con-
trasts the apparent dynamic pattern of AUX1 localiza-
tion in columella cells (Fig. 1H,I). This complex pattern
of AUX1 targeting in different root cell types contrasts
the basal localization of AtPIN1 in Arabidopsis inflores-
cence and post-midglobular stage embryo cells (Gäl-
weiler et al. 1998; Steinmann et al. 1999). Our colocal-
ization results have revealed that AUX1 and AtPIN1 are
targeted to apical and basal ends of protophloem cells
(Fig. 1G), suggesting that the targeting of each auxin car-
rier is regulated distinctly, in agreement with earlier
physiological studies (Delbarre et al. 1998; Morris and
Robinson 1998). However, antibody-based studies have

Figure 3. Restoration of aux1 gravitropism by 1-NAA coin-
cides with basipetal auxin redistribution. Root gravitropic phe-
notype of aux1-100 (A,C,E,G,I) and corresponding IAA2�uidA
reporter expression pattern (B,D,F,H,J) when grown in the ab-
sence (A,B) or presence of 10−8 M 1-NAA (C,D), 10−7 M 1-NAA
(E,F), 10−8 M 2,4D (G,H), or 10−7 M 2,4D (I,J). Scale bars in
A,C,E,G,I, 2 mm; B,D,F,H,J, 50 µm.
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observed recently that the vesicular trafficking inhibitor
Brefeldin A is capable of disrupting AUX1 and AtPIN1
targeting (Steinmann et al. 1999; J. Friml and M. Bennett,
unpubl.). Both proteins therefore appear to represent sub-
strates of the polar membrane trafficking system. Ge-
netic screens designed to identify mutations that disrupt
targeting of auxin carriers are in progress (Steinmann et
al. 1999; Sieberer et al. 2000; R. Swarup and M.J. Bennett,
unpubl.). Given the diverse pattern of localization de-
scribed in this work (Fig. 1), AUX1 provides an ideal
marker to study the underlying mechanisms that regu-
late protein targeting, and hence cell polarity, in plants.

Materials and methods
Transformation of epitope-tagged AUX1 transgenes
The 9-amino-acid HA epitope tag was introduced 2 amino acids from
either N or C terminus in the AUX1 genomic clone pBS4.6BX by use of
a PCR-based approach. N and C HA–AUX1 were subcloned into a BIN19-
based kanamycin-resistant plant transformation vector (Bevan 1984).
Transformation of Arabidopsis (Col. aux1-22) was performed by the flo-
ral dip method (Clough and Bent 1998). Complementation experiments
were performed on segregrating populations (T2 generation) of aux1-22
transformed with N and C HA–AUX1 transgenes. Bulk segregant analy-
sis on four lines segregating 3:1 for root gravitropism showed that the N
and C HA–AUX1 transgenes were present in only gravitropic seedlings.

Immunolocalization of AUX1 and AtPIN1 proteins
The AUX1 immunolocalization and visualization was performed as de-
scribed in Müller et al. (1998). Fixed and permeabilized 4-day-old Arabi-
dopsis seedlings were incubated with an anti-HA antibody (Boehringer,
1:200) and subsequently with an anti-rat Oregon green-coupled second-
ary antibody (Molecular Probes, 1:200). To visualize AUX1 at the PM
(Fig. 1F), following immunolocalization, roots were partially dehydrated
in 60% ethanol for 30 min, and cells in protophloem files were mechani-
cally detached. For AtPIN1 and HA–AUX1 colocalization, a specific rab-
bit polyclonal antibody (Gälweiler et al. 1998) was used (1:100) together
with a rat anti-HA antibody (Boehringer, 1:200). The primary antibodies
were visualized using a mixture of TRITC-coupled anti-rabbit IgG
(Sigma, 1:200) and oregon green anti-rat IgG (Molecular Probes, 1:200).

Expression studies using the GUS reporter
The AUX1�uidA reporter construct was generated as described in
Marchant et al. (1999). The IAA2�uidA reporter gene was constructed by
fusing the uidA-coding sequence to the −424 to +1 IAA2 promoter se-
quence in a binary vector, which was then transformed into wild-type Ws
plants (Clough and Bent 1998). A single-copy line was selected and out-
crossed into an aux1 mutant background (aux1-100). AUX1�uidA and
IAA2�uidA seedlings were stained for GUS activity (Willemsen et al.
1998) for 3 h, cleared (Malamy and Benfy 1997), and mounted in 50%
glycerol. Root tissues for sectioning were fixed, dehydrated, and embed-
ded in Technovit 7100 resin (Scheres et al. 1994). Then, 4-µm sections
were dried onto glass slides, stained with 0.05% ruthenium red solution
for 8 min, and mounted in DePeX (Merck Ltd.) prior to photography.

MS-based IAA analysis
Root tips were cut in 1-mm sections and collected in 0.05 M phosphate
buffer (pH 7.0). For each sample, 50 root sections were pooled. Samples
were extracted, purified, and analyzed by GC–SRM–MS (Edlund et al.
1995). Calculation of isotopic dilution was based on the addition of 100
pg of [13C6]IAA/sample.
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