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Differential distribution of the plant hormone auxin within tissues
mediates a variety of developmental processes. Cellular auxin levels
are determined bymetabolic processes including synthesis, degrada-
tion, and (de)conjugation, as well as by auxin transport across the
plasmamembrane.Whereastransportof freeauxinssuchasnaturally
occurring indole-3-acetic acid (IAA) is well characterized, little is
known about the transport of auxin precursors and metabolites.
Here,we identify amutation in theABCG37 gene ofArabidopsis that
causes thepolar auxin transport inhibitor sensitive1 (pis1) phenotype
manifested by hypersensitivity to auxinic compounds. ABCG37 enc-
odes the pleiotropic drug resistance transporter that transports
a range of synthetic auxinic compounds as well as the endogenous
auxin precursor indole-3-butyric acid (IBA), but not free IAA. ABCG37
and its homolog ABCG36 act redundantly at outermost root plasma
membranesand,unlikeestablishedIAAtransporters fromthePINand
ABCB families, transport IBA out of the cells. Our findings explore
possible novel modes of regulating auxin homeostasis and plant de-
velopment by means of directional transport of the auxin precursor
IBA and presumably also other auxin metabolites.
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Plants have evolved outstanding capacities to adapt their me-
tabolism and development to respond to their environment.

Changes in the availability and distribution of endogenous sig-
naling molecules—plant hormones—play important roles in these
responses (1). The phytohormone auxin, perceived by TIR1/AFB
receptor proteins and interpreted by downstreamnuclear signaling
pathway, is an important signal that mediates transcriptional de-
velopmental reprogramming (reviewed in refs. 2 and 3). The dif-
ferential distribution of auxin within tissues is essential for many
adaptive responses including embryo and leaf patterning, root and
stem elongation, lateral root initiation, and leaf expansion (4).
Differential distribution of the major active auxin, IAA, depends
on its intercellular transport and metabolic processes that involve
biosynthesis by several pathways and release from storage forms
including amide- or ester-linked conjugates with amino acids,
peptides, and sugars (reviewed in ref. 5). The role of another en-
dogenously occurring auxinic compound IBA is still unclear. It has
been proposed that IBA acts independently of IAA (6), but
a number of recent genetic findings suggest that IBA functions as
an important precursor to IAA during conversion resembling
peroxisomal fatty acid β-oxidation (5, 7). Besides metabolism,
a crucial process controlling cellular auxin levels is the directional,
intercellular auxin transport that depends on specialized influx
and efflux carriers (reviewed in ref. 8). IAA transporters include
amino acid permeases-like AUXIN RESISTANT1 (AUX1) me-
diating auxin influx (9–11), the PIN-FORMED (PIN) efflux

carriers (12–14), and the MULTIDRUG RESISTANCE/P-
GLYCOPROTEIN (PGP) class of ATP-Binding Cassette (ABC)
auxin transporters (15–18). Despite the demonstrated importance
and wealth of knowledge on the transport of IAA, the mechanism
and physiological relevance of transport of its precursors and
metabolites remain elusive.

Results
pis1 Mutant Is Hypersensitive to Exogenous IBA. To understand the
mechanisms of auxin homeostasis regulation, we analyzed one of
the early characterized mutants, polar auxin transport inhibitor
sensitive1 (pis1), of Arabidopsis thaliana that is hypersensitive to
different auxinic (and/or auxin transport interfering) compounds,
but not to the active, natural auxin IAA (19). pis1 mutant roots
show strongly enhanced sensitivity to auxinic compounds in-
cluding synthetic auxins (2,4-D and 2-NOA) and inhibitors of
auxin transport (1-NOA, NPA, PBA, and TIBA) (19) (Fig. 1A).
When naturally occurring auxins were tested, pis1 showed nor-
mal sensitivity to IAA and PAA, but increased sensitivity to IBA
(Fig. 1A and Fig. S1A). To test whether the increased pis1 sen-
sitivity to auxins is also reflected at the level of auxin signaling,
we introduced DR5rev::GFP auxin response reporter (20, 21)
into pis1-1 plants. Whereas no obvious changes in DR5 activity
were observed on control medium (Fig. 1B), application of 2,4-
D, NPA, or IBA, but not IAA, led to a broad activation of DR5
expression in pis1 roots at concentrations markedly lower than in
wild-type seedlings (Fig. 1 C and D, and Fig. S1 B and C). Thus,
DR5-monitored auxin signaling in pis1 shows increased sensi-
tivity to auxinic compounds similarly to other phenotypic aspects.

PIS1 Codes for Polarly Localized ABCG37 ATP-Binding Cassette Trans-
porter.We mapped the pis1-1 mutation using 2,800 chromosomes
to an 80-kb region on the lower arm of chromosome 3. Sequencing
candidate genes revealed a mutation that leads to an altered
splicing and deletion of 9 amino acids in the gene coding for
the previously characterized protein ABCG37/PDR9 (22, 23),
a member of the G-subgroup of ATP-binding cassette (ABC)
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transporters (24) (Fig. 2A). The altered splicing was confirmed by
sequencing the ABCG37 cDNA from pis1-1 seedlings (Fig. 2A and
Fig. S1D). Allelic complementation analyses of pis1-1 with the
abcg37 T-DNA insertion mutant (pdr9-2) (22) confirmed that the

auxin hypersensitivity of pis1 results from loss of ABCG37 function
(Fig. 2C). Moreover, ABCG37 overexpression in 35S::GFP-
ABCG37 lines complemented the pis1-1 mutation and conferred
increased resistance of roots to IBA and 2,4-D (Fig. 1A). These
and previous (22, 23) findings on changed auxin sensitivity in loss-
and gain-of-function abcg37 alleles suggest a role of ABCG37 as
exporter for auxinic compounds, but this function has not so far
been demonstrated directly.
We localized ABCG37 in planta using polyclonal anti-

ABCG37 antibodies and detected the ABCG37 signal exclusively
at the outermost sides of lateral root cap and epidermal cells of
the wild-type (25), but not pis1-1 (Fig. 2B Inset), root tips. In the
abcg37 gain-of-function allele pdr9-1 (22), the ABCG37 locali-
zation pattern was normal as in the wild type (Fig. S2C). This
outer polar localization was confirmed by visualizing GFP-
ABCG37 in 35S::GFP-ABCG37 roots (25) (Fig. S2 A and B).

ABCG36 and ABCG37 Act Redundantly.Notably, the ABCG37 trans-
porter shows an almost identical localization pattern as the ho-
mologous ABCG36/PDR8/PEN3 transporter (Fig. 3A), which
functions in pathogen responses (26), cadmium transport (27),
and also in regulation of IBA sensitivity and IAA homeostasis
(28). To uncover possible common roles of these transporters,
we generated a double mutant lacking function of both ABCG36
and ABCG37. Root growth assays showed increased sensitivity
to IBA of both single mutants and even stronger hypersensitivity
of the double mutant (Fig. 3B). Nonetheless, the specificity of
ABCG36 and ABCG37 action to different compounds does not
overlap completely, in particular for synthetic compounds. For
example, abcg37 (Fig. 1A), but not abcg36 (28), conveys in-
creased sensitivity to the synthetic auxin 2,4-D, but both act re-
dundantly on its analog with a longer side chain, 2,4-DB (Fig.
S3D). Furthermore, these ABC transporters are important for
normal development, including root hair elongation (Fig. S3 A
and B), and cotyledon expansion (Fig. S3C). Not all aspects of
development show similar genetic interactions between abcg36
and abcg37, however. Whereas the double mutant is more sen-
sitive to IBA than either parent in root elongation assays (Fig. 3B),
the double mutant does not show additive defects in root hair
growth (Fig. S3B) and shows antagonistic action in cotyledon ex-
pansion (Fig. S3C). In addition, the pdr9-1 gain-of-function mu-
tant (22) shows opposite phenotypes in root hair growth as
compared with the loss-of-function mutant (Fig. S3 B and C).
Altogether, these data suggest that ABCG36 and ABCG37, de-
spite having not completely overlapping properties and showing
complex contributions in different tissues, redundantly act on IBA
sensitivity and multiple aspects of primary root development.
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Fig. 1. Loss-of-function pis1 mutant is hypersensitive to auxinic compounds
including natural auxin IBA. (A) abcg37 (pis1-1 allele) root growth is hyper-
sensitive to different auxinic compounds (PBA, 1-NOA, 2-NOA, and 2,4-D) and
the natural auxin precursor IBA, but not to the active auxin IAA; over-
expression of GFP-ABCG37 in pis1-1 background confers resistance to IBA and
2,4-D. *, different from Col-0 control, P < 0.01 by ANOVA. (B) DR5rev::GFP in
thepis1-1mutant does not showanydetectable difference comparedwith the
wild-type on the control medium. (C and D) Hypersensitivity of pis1-1 to
auxinic compounds is reflected by increased induction of DR5rev::GFP auxin
response reporter at suboptimal concentrations of IBA (C) and 2,4-D (D).
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Fig. 2. pis1 mutant carries mutation in the ABCG37 gene for ATP-binding
cassette transporter. (A) The G to A substitution in pis1-1 affects ABCG37
splicing, resulting in a 9-aa deletion in the first ATP-binding AAA domain. (B)
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1 fails to complement the pdr9-2 mutant allele of ABCG37 (seedlings germi-
nated on 200 nMNPA; note the oversensitivity to NPAmanifested by reduced
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Fig. 3. Localization and functional overlap of ABCG37 and ABCG36. (A)
ABCG37 colocalizes with ABCG36-GFP in immunolocalization experiments.
(B) The abcg36 abcg37 (pen3-4 pdr9-2) double mutant shows enhanced
sensitivity to IBA compared with either single mutant as manifested by in-
hibition of root growth (sensitivity of each line was significantly different
from others at 2 and 4 μM IBA; P < 0.05 by ANOVA).
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ABGC36 and ABCG37 Regulate IBA Accumulation in Planta. To ad-
dress the function of ABCG36 and ABCG37 in regulating IBA
homeostasis more directly in the place where their localization
overlaps, we compared [3H]IAA and [3H]IBA accumulation in
root tips excised from abcg36 and abcg37 single and double
mutants. As reported previously (23, 28), abcg36 and abcg37 root
tips displayed wild-type accumulation of [3H]IAA but hyper-
accumulated [3H]IBA in this assay (Fig. 4A). Importantly, root
tips of abcg36 abcg37 double mutants accumulated even more
[3H]IBA than single mutants (Fig. 4A), consistent with the en-
hanced sensitivity of the double mutant to IBA in the root
elongation assay (Fig. 3B). These results from root were cor-
roborated by transport assays using protoplasts derived from
pis1-1 mutant leaves. pis1 protoplasts exported significantly less
[3H]IBA, [3H]2,4-D, and [3H]NPA than wild-type protoplasts,
but showed unchanged [3H]IAA export (Fig. 4B and Fig. S4A).
The activity of ABCG37 in leaves protoplasts is in line with al-
tered cotyledon area in various abcg37 mutants (Fig. S3C);
however, it remains unclear what would be the exact physiolog-
ical role and relevant endogenous substrates for the ABCG37-
mediated transport in the aerial tissues.
These results demonstrate that ABCG37 acts redundantly

with ABCG36 in regulating IBA but not IAA accumulation,
presumably acting as exporters of IBA (and other synthetic
auxinic compounds) from cells.

ABCG37 Transports IBA in Heterologous Systems. To directly test the
ability of ABCG37 to export IBA and synthetic auxins, we ex-
amined transport activity of ABCG37 expressed in heterologous
systems. Expression of ABCG37 in the budding yeast Saccha-
romyces cerevisiae, where it localizes to the endoplasmic re-
ticulum (Fig. S4B), led to increased retention of [3H]2,4-D and
[3H]IBA (Fig. 4C), suggesting transport activity of ABCG37 for
IBA and other auxinic compounds.
Because the non-plasma membrane localization of ABCG37 in

S. cerevisiae impedes direct interpretations, we expressed ABCG37
in a recently established Schizosaccharomyces pombe transport
system (29), where it localized to the plasma membrane (Fig. S4C).
No significant [3H]IAA transport was found in cells expressing
ABCG37 (Fig. S4D), even at concentrations five times higher than
previously shown for the PIN and ABCB auxin exporters (29). In
assays with lower [3H]IBA concentrations, no difference in net
accumulation was seen in a cell expressing ABCG37 as compared
with controls (Fig. S4E). However, [3H]IBA saturation of the
system resulted in a significant decrease in net accumulation in
cells expressing ABCG37 (Fig. 4D), consistent with ABCG37
acting as exporter for IBA. The longer activity lag phase in the
assay (Fig. 4D) can be explained by more rapid diffusive uptake of
[3H]IBA in S. pombe cells as compared with [3H]IAA.
We also examined the ability of ABCG37 to transport auxinic

compounds in mammalian HeLa cells, which do not contain
endogenous ABCG-type proteins (24). ABCG37 conferred sig-
nificant export of [3H]2,4-D and [3H]IBA (Fig. 4E). As reported
previously for other ABC-type transporters and PIN proteins
(13, 16), ABCG37 showed decreased substrate specificity when
expressed in heterologous systems and was able to transport
other weak organic acids, including IAA (Fig. S4F). Nonetheless,
the unchanged sensitivity to IAA of abcg37 loss- and gain-of-
function mutants and lack of transport activity for IAA in root
and protoplast assays strongly suggest that IAA is not an en-
dogenous substrate of ABCG37. We also tested the IBA trans-
port activity of the well established IAA transporters PIN1, PIN7
(13), ABCB1, and ABCB19 (16). For those proteins, we did not
detect any [3H]IBA transport activity (Fig. 4F), indicating that
IBA and IAA use different efflux transporters.
In summary, the data from root, protoplast, and heterologous

systems directly demonstrate that ABCG37 acts as a broad sub-

strate specificity exporter for synthetic auxinic compounds, which
also transports the endogenous auxin precursor IBA but not IAA.

ABCG37 Function Influences Auxin Transport and Homeostasis in the
Root Tip. Next, we tested the relevance of ABCG37 transport
function to intercellular auxin distribution in the root tip. We
applied [3H]IAA, [3H]2,4-D, and [3H]IBA to the root columella
cells of intact roots of wild-type and abcg37 gain- and loss-of-
function seedlings (pdr9-1 and pdr9-2, respectively). Consistent
with an export function for ABCG37, the whole-root uptake
assays (subsequently excised 400-μm root tip segment) showed
that uptake of IBA and probably 2,4-D, but not IAA, decreased
in the pdr9-1 gain-of-function mutant and increased in the pdr9-2
loss-of-function mutant (Fig. 5B).
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Fig. 4. ABCG37 transports IBAandother auxinic compounds. (A) Theabsence
ofbothABCG36andABCG37 leads to increased [3H]IBAaccumulation (P<0.05
by ANOVA) in root tips, but does not affect [3H]IAA accumulation. (B) abcg37
(pis1-1) leaf mesophyll protoplasts show significantly lower export of [3H]IBA
as compared with the wild-type protoplasts (P < 0.05 by ANOVA). (C) Ex-
pression of ABCG37 in S. cerevisiae leads to ABCG37 accumulation in the en-
doplasmic reticulum and increased retention of [3H]2,4-D and [3H]IBA
(significantly different from the vector control, Student’s t test, P < 0.05). (D)
Expression of ABCG37 in S. pombe cells results in a decreased [3H]IBA accu-
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We also tested basipetal auxin distribution using a discontin-
uous media microscale assay (30). Whereas there were no sig-
nificant changes in transport of [3H]IAA, the abcg37 loss-of-
function mutant roots showed less transport capacity for [3H]
IBA, and the GFP-ABCG37 overexpressor showed more trans-
port capacity for [3H]2,4-D and [3H]IBA (Fig. 5A).
Because IBA is proposed to be an IAA precursor (5), we

tested whether IBA is converted to IAA as it moves from the
root apex. HPLC analysis of auxins extracted from root segments
2 h after IBA application on the columella cells revealed that
most of the [3H]IBA is converted into the [3H]IAA by the time it
reaches the region 2.4–4 mm above the root apex (Fig. 5C). We
conclude that ABCG37 regulates auxin distribution and ho-
meostasis in roots by excluding IBA from the root apex, but does
not act directly in basipetal transport. Given the rapid conversion
of IBA to IAA in the root tip, we hypothesize that ABCG37
might be an additional regulator of auxin homeostasis there.

Discussion
Differential distribution of the plant hormone auxin within tis-
sues mediates a large variety of developmental processes in
plants (1, 4). Here, we show that in addition to local biosynthesis
(31–33), subcellular compartmentalization (34), and cell-to-cell
transport (4) of active IAA, auxin distribution can also be influ-
enced by directional transport of the IAA precursor IBA across
the plasma membrane. The established auxin exporters (13, 16)
do not seem to use IBA as a substrate. Physiological data and
transport assays from the heterologous systems establish the G-
class ATP-binding cassette protein ABCG37 as exporter for IBA.
ABCG37 shows broad substrate specificity for various auxinic
compounds, including synthetic auxins and auxin transport inhib-

itors, but not the endogenous auxin IAA. It is possible that
ABCG37 also transports other auxin metabolites, but this remains
to be determined. Given the typical lower specificities of ABCG
transporters (ref. 24 and references therein), it is also possible that
ABCG37 plays a role in the transport of other, auxin-unrelated
molecules. ABCG37 acts redundantly with ABCG36 in mediating
root auxin homeostasis and development. Both proteins show
a remarkable polar localization at the outermost side of root cells
(25, 28) that implies IBA transport from the root into the sur-
rounding environment. Notably, some microorganisms, including
plant symbionts, produce IBA (35, 36), raising the intriguing
possibility that the ABCG37-dependent transport of IBA, and/or
structurally similar compounds, mediates interactions between the
root and complex soil microflora.

Materials and Methods
Material and Growth Conditions. Arabidopsis seedlings were grown under
a 16-h photoperiod, 22/18 °C, on 0.5× MS medium with sucrose as described
in ref. 21, unless indicated otherwise. The following mutants, transgenic
plants, and constructs were described previously: pis1-1 (19), pdr9-2 (22),
pen3-4 (26), and DR5rev::GFP (21). For 35S::GFP-ABCG37, the ABCG37 ge-
nomic fragment was cloned into a pBluescript-derived pEPA vector (37). The
fusion construct was subcloned into binary pML-BART (38) and transformed
into pis1-1 mutants.

The following chemicals were used: 2-(1-pyrenoyl)benzoic acid (PBA), 1-
and 2-naphtoxyacetic acid (1- and 2-NOA), indole-3-acetic acid (IAA), 2,4-
dichlorophenoxyacetic acid (2,4-D), 2,4-dichlorophenoxybutyric acid (2,4-DB),
indole-3-butyric acid (IBA), benzoic acid, quercetin, p-aminobenzoic acid
(PABA), phenylacetic acid (PAA), salicylic acid (all from Sigma), and brefeldin
A (Molecular Probes).

Localization Analysis and Confocal Microscopy. DR5rev::GFP signal in 5-d-old
seedlings in Arabidopsis was observed as described in ref. 21. For 2,4-D and
NPA experiments, plants were germinated on selected compound. For IBA
and IAA DR5rev::GFP observations, to minimize potential metabolic con-
versions, seedlings were incubated in the auxin-supplemented liquid me-
dium for 4 h.

Immunolocalizations in 5-d-old seedlings were done as described in ref. 39
with anti-ABCG37 (22) (1:500) and CY3-conjugated anti-rabbit (1:600; Dia-
nova) antibodies. For confocal laser scanning microscopy, Leica TCS SP2
equipment was used. Images were processed in Adobe Photoshop.

Mutation Characterization and Double Mutant Isolation. The predicted pis1-1
mutation in the donor splicing site was confirmed by RT-PCR and sequencing
of the prevailing misspliced product.

All mutants were in the Col-0 accession. The pdr9-2 (SALK_050885) mutant
(22) was crossed to the pen3-4 (SALK_000578) mutant (26). PCR analysis of F2
plants was used to identify double mutants. pdr9-2 was identified as de-
scribed in ref. 23. Amplification of ABCG36/PDR8 with PDR8-1 (GTATCACC-
CAACTAAATCCTCACG) and PDR8-2 (ATCTGTTACACGGCCAAAGTTAG) yields
a 1,450-bp product in wild type and no product in pen3-4. Amplification
with PDR8-1 and LB1-SALK yields an ∼450-bp product in pen3-4 and no
product in wild type.

Phenotype Analysis. The root growth compound sensitivity of pis1-1was tested
at 3–8 concentrations on 6-d-old seedlings, and root length on control media
reached ≈20 mm [corresponds to 100%, pis1-1 root length was not signifi-
cantly different from wild type (19)]. At least 15 seedlings were processed for
each concentration, and at least three independent experiments were done,
giving the same statistically significant results; representative experiments
are presented. Equal variances of values were verified by the Levene test, and
the Kruskal–Wallis nonparametric test was performed simultaneously with
ANOVA. Data were statistically evaluated with NCSS 2007.

For IAA-, IBA-, and 2,4-DB-responsive root elongation assays of double
mutants, primary root lengths of seedlings grown for 8 d with the indicated
auxin concentration were measured. Seedlings were grown at 22 °C under
continuous illumination through yellow long-pass filters to slow indolic
compound breakdown (40).

For cotyledon expansion assays, cotyledons of 7-d-old seedlings grown
under continuous white light at 22 °C were removed and mounted. Coty-
ledons were imaged using a dissecting microscope, and cotyledon area was
measured using NIH Image software (http://rsb.info.nih.gov/ij).
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Fig. 5. ABCG37 is involved in regulation of auxin homeostasis in the root
tip. (A) Basipetal transport of columella-applied auxins: GFP-ABCG37 over-
expression results in an increase in apparent diffusive movement of [3H]IBA
and its nonpolarly transported analog [3H]2,4-D into the 2-mm segment
adjoining the region of application, whereas loss of ABCG37 function results
in decreased basipetal movement of the signal derived from [3H]IBA appli-
cation, indicating more specific exclusion of IBA (*, P < 0.05 by ANOVA). (B)
Uptake of columella-applied auxins: In a replicate assay, gain (pdr9-1) or loss
(pdr9-2) of ABCG37 function leads to reduced or increased, respectively,
uptake of [3H]2,4-D and [3H]IBA, but not [3H]IAA (*, significantly different
from Col-0, P < 0.05 by ANOVA). (C) HPLC determination of radiolabeled IAA
and IBA obtained from serial sections (0.4–2.4 mm and 2.4–4.4 mm from the
root apex) 2 h after application of 100 fmol of [3H]IBA to root columella cells
(ratio in 2-mm section significantly different from that in 4-mm section, P <
0.001 by ANOVA). The results indicate that [3H]IBA is converted to [3H]IAA.
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For root hair assays, roots of 5-d-old vertically grown seedlings grown
under continuous white light at 22 °C were imaged using a dissecting mi-
croscope and root hair lengths from 4 mm of root adjacent to the root-shoot
junction and measured using NIH Image software.

Transport Measurements. Auxin accumulation in excised root tips was mea-
sured as described in ref. 28. Leaf protoplast transport assays were per-
formed as described in ref. 16. Available microarray databases predict
a moderate leaf ABCG37 expression (41), at similar levels as examined in PIN
proteins (16).

S. cerevisiae assays were performed as described in ref. 16 with ABCG37
cDNA cloned as the HA-tagged version into the NotI site of the yeast shuttle
vector, pNEV (42). Relative IAA export was calculated from retained radio-
activity as follows: (radioactivity in the yeast at t = 10 min) − (radioactivity in
the yeast at t = 0) · (100%)/(radioactivity in the yeast at t = 0 min).

S. pombe assays were performed as described in ref. 29, where a pTM
isolated cDNA fragment of ABCG37 was subcloned into the pREP41 vec-
tor. The results show the accumulation of the radioactivity in cells.
Determination of ABCG37 plasma membrane localization was done by
two-phase partitioning followed by Western blot analysis as described in
ref. 43.

Transport activities in HeLa cells were determined as described in refs. 13
and 16. Net efflux is expressed as DPM/10,000 cells divided by the amount of
auxin retained by cells transformed with empty pTM1 vector minus the
amount of auxin retained by cells transformed with ABCG37. The data
presented are averaged datasets from three independent experiments.
Student’s t tests were run for individual pairwise comparisons and then
compared by ANOVA using the Newman–Keuls post hoc test, followed for P
values close to 0.05 by Dunnett’s and Tukey’s tests.

The IBA transport measurements of auxin exporters were conducted as
described in ref. 44, using 60 nM [3H]IAA (21 Ci·mmol−1; American Radio-
labeled Chemicals), 60 nM [3H]IBA (18.9 Ci·mmol−1, HPLC-purified; American
Radiolabeled Chemicals), and 180 nM unlabeled IBA (Sigma).

Root tip-applied auxin transport was measured as described in refs. 16 and
30, with the following modifications: a 10-nL (root tip uptake) or 6-nL (ba-
sipetal root transport) droplet with 1 μM radioactively labeled auxin ([3H]
IAA, 18 Ci·mmol−1; [3H]2,4-D, 21 Ci·mmol−1; [3H]IBA, 21 Ci·mmol−1; American
Radiolabeled Chemicals) was applied on the third tier of columella cells.
After 2 h, the root cap was removed and radioactivities of excised 2-mm root
tip segments were measured. [3H]IBA was repurified by HPLC to remove
contaminants before use.

The HPLC analysis of transported [3H]IBA signal was accomplished by
extraction in methanol and separation in a 10–100% methanol/2% formic
acid gradient with radiodetection compared with IAA and IBA standards.
Significance was tested by ANOVA followed by the Newman–Keuls test.
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