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Summary

¢ The ability of the plant hormone auxin to enter a cell is critical to auxin transport and signal-
ing. Auxin can cross the cell membrane by diffusion or via auxin-specific influx carriers. There
is little knowledge of the magnitudes of these fluxes in plants.

e Radiolabeled auxin uptake was measured in protoplasts isolated from roots of Arabidopsis
thaliana. This was done for the wild-type, under treatments with additional unlabeled auxin
to saturate the influx carriers, and for the influx carrier mutant auxin resistant 1 (aux1). We
also used flow cytometry to quantify the relative abundance of cells expressing AUX1-YFP in
the assayed population.

e At pH 5.7, the majority of auxin influx into protoplasts — 75% — was mediated by the influx
carrier AUX1. An additional 20% was mediated by other saturable carriers. The diffusive
influx of auxin was essentially negligible at pH 5.7.

e The influx of auxin mediated by AUX1, expressed as a membrane permeability, was
1.5+0.3 ums . This value is comparable in magnitude to estimates of efflux permeability.
Thus, auxin-transporting tissues can sustain relatively high auxin efflux and yet not become

depleted of auxin.

Introduction

The plant hormone auxin (indoleacetic acid (IAA)) plays a role
in the regulation of nearly every aspect of growth and develop-
ment. Key to its many functions is the fact that auxin is trans-
ported cell to cell by at least three families of auxin-specific
carrier proteins: the ATP-BINDING CASSETTE B (ABCB)
family of carriers, the PIN-FORMED (PIN) family of auxin
efflux carriers, and the AUXIN RESISTANT 1/LIKE AUXI1
(AUX1/LAX) family of influx carriers (Zazimalova et al., 2010).
These proteins transport auxin synthesized in one part of the
plant to act on cells that are millimeters or even centimeters dis-
tant. They also allow auxin to be efficiently segregated between
tissues, so that auxin transport and signaling are both strongly tis-
sue-specific (Kramer, 2004; Brunoud ez al., 2012).

The basic model of auxin movement is called ‘polar auxin
transport’ (Kramer & Bennett, 20006). It depends in part on the
fact that the apoplastic pH is weakly acidic, while the cytosol is
near-neutral (Fasano eral, 2001). In the apoplast, a fraction of
the auxin molecules are protonated (IAAH) and therefore mem-
brane-permeable, while virtually all the auxin molecules in the
cytosol are ionized (IAA—) and membrane-impermeable. Apo-
plastic auxin can enter a cell in two ways: via influx carriers or by
diffusion of its protonated form through the membrane. How-
ever, once inside the cell, ionized auxin can exit only via efflux
carriers. The polar localization of efflux carriers in a tissue results
in the polar cell-to-cell flux of auxin (Wisniewska ezal., 2006;
Kramer etal., 2011).
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Besides long-distance transport, the characterization of auxin
carriers in the last 15 yr has revealed a diversity of additional phe-
nomena. During plant development, feedbacks between PIN
polarity and auxin concentration in a tissue can result in localized
auxin maxima that trigger the development of new meristems
(Reinhardt ez al., 2003; Dubrovsky et al., 2008) or new vascular
tissues (Sauer ez al., 2006; Bayer etal., 2009). Studies have also
revealed important roles for influx carriers, which function to
sequester auxin in specific cells or tissues (Swarup ezal, 2005,
2008).

Considering that auxin transport and accumulation both
depend critically on influx across the plasma membrane, it is
perhaps surprising that the relative contributions attributable to
diffusion and influx carriers remain largely uncharacterized. The
function of various auxin carriers has been probed by assaying the
uptake and efflux of radio-labeled IAA in tissues, cell cultures,
and heterologous systems (Loper & Spanswick, 1991; Delbarre
eral., 1994, 1996; Geisler ez al., 2005; Petrasek ez al., 2006; Yang
etal., 2006; Yang & Murphy, 2009; Hosek ezal., 2012). How-
ever, the use of these assays to estimate numerical values for the
influx in planta is rarely attempted. In addition, there are appar-
ently no reports of influx measurements where the relative contri-
butions of different carriers were distinguished. This has
hampered the quantitative understanding of auxin transport and
its predictive modeling.

Here, we quantified the diffusive and carrier-mediated influx
of auxin in Arabidopsis thaliana roots. We used a protoplast sys-
tem, as this allowed us to precisely control the external auxin
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concentration, as compared with tissues or organs, where the
auxin environment of each cell is determined by the transport
activity of neighboring cells. The heterogeneity of our protoplast
suspensions was accounted for using microscopy to measure the
range of cell sizes, and by using flow cytometry to measure the
fraction of AUX1-positive protoplasts. This allowed us to mea-
sure influx for a specific auxin carrier.

Materials and Methods

Plant growth and protoplast preparation

Arabidopsis thaliana L. (Heynh) seeds were surface-sterilized with
25% bleach for 10 min, rinsed three times with sterile water, and
held at 4°C for 48 h. Stratified seeds were plated on modified
Hoagland’s medium (as described in Baskin & Wislon, 1997)
and grown vertically for 14d in constant light (¢. 100 pmol
m s ! and temperature (¢. 22°C). All material was in the
Columbia background. The line expressing tagged AUXI
(proAUX-AUX-YFP), described previously (Swarup ez al., 2004),
was the generous gift of Malcolm Bennett (University of Not-
tingham, Nottingham, UK). The lines proPINI:PINI-GFP,
proPIN2:PIN2-GFP, and aux1-22 were obtained from the Ara-
bidopsis Biological Resource Center (ABRC; Columbus, OH,
USA).

To make protoplasts, roots from 14-d-old plants were removed
from plates and placed in a plasmolysis solution (0.5 M mannitol
and 20 mM CaCl,) for 1 h. They were then placed in a solution
for digestion containing 0.5 M mannitol, 0.1% bovine serum
albumin (BSA), 5 mM CaCl,, 5 mM MES buffer, pH 5.7, 5 mM
KCl, 0.4% Cellulase-RS (Yakult, Tokyo, Japan), and 0.1% Pec-
tolyase-Y23 (GoldBiotechnology, St Louis, MO, USA). Roots
were digested in the dark at room temperature for 4 h. The digest
solution was next filtered through a 40-um mesh strainer (BD
Biosciences, San Jose, CA, USA) and then through 22-25-pum
Miracloth (EMD Millipore, Billerica, MA, USA). The cell sus-
pension was spun down at 100 gfor 7 min, washed with modified
wash buffer (154 mM NaCl, 62.5 mM CaCl,, 5 mM KCl, 2 mM
MES, pH 5.7, 2 mM MgCl,, 10 mM glucose and 0.5 M manni-
tol) (Yoo etal., 2007) and spun again at 100 g for 7 min. The
supernatant was removed and protoplasts were re-suspended in c.
1 ml of fresh wash buffer and counted on a hemacytometer.

Uptake assay

After the cell concentration had been determined, cells were
diluted to the desired concentration in wash buffer and incu-
bated for ¢. 1h in 10 pM tri-iodobenzoic acid (TIBA) to sup-
press auxin efflux, before assaying uptake. For uptake assays,
cells were separated into 1.25-ml aliquots. At time zero, 10 nM
[5-°’H(N)]-indoleacetic acid (Perkin Elmer, Waltham, MA,
USA; ¢ 25Cimmol ") was added to each aliquot. At each
time-point, 250 ul was collected on Whatman GF/A glass
microfiber filters (Fisher Scientific, Atlanta, GA, USA) under the
vacuum from a water aspirator. Filters were washed with 2 ml of
wash buffer, immediately placed in scintillation fluid (Research
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Products International, Mount Prospect, IL, USA), and counted
the next day (LS 6500; Beckman Coulter, Brea, CA, USA).
Counts were converted to mmol [PH-IAA] based on the specific
activity. Cell-free assays were performed in parallel to determine
nonspecific binding to the filters. The mean of these nonspecific
counts was subtracted as background.

Flow cytometry

Protoplasts were prepared as described in the section ‘Plant
growth and protoplast preparation’, except that the digestion
period was for 14h. After washing, cells were incubated for
10 min in 10 pM propidium iodide (PI) and then run through a
flow cytometer (BD LSRII; BD Biosciences, San Jose, CA, USA).
The PI was used as an assay for cell viability. Protoplasts with dis-
proportionately high red signals, ¢. 5% of the total, were pre-
sumed dead and excluded from further analysis. Photomultiplier
settings were kept the same for each experiment, allowing com-
parison across runs. For each experiment, at least 30 000 cells
were counted for each genotype.

pH dependence of uptake

We estimated the pH dependence of auxin uptake using curve fits
to the data in fig. 9 of Loper & Spanswick (1991) and fig. 3(A)
of Yang eral. (2006). Data points were extracted using IMAGE]
v1.43 (http://imagej.nih.gov/ij/). The curve fit was made using
KALEIDAGRAPH v4.1 (Synergy, Reading, PA, USA) and a phenom-
enological curve fit equation of the form f (pH)=¢ exp (g
pH + ¢, pH? + ¢3 pH?), where ¢; are four fit parameters.

Results

Validating the protocol

We used root protoplasts of A. thaliana to quantify auxin uptake.
In our assay, tritiated auxin is added to a suspension of protop-
lasts at time zero and aliquots are removed at desired times and
separated from the medium by vacuum filtration. Radioactivity
in the collected material is counted and converted to a cellular
concentration of auxin.

Because of concerns that auxin would saturate the influx carrier
or trigger physiological changes, the exogenous concentration of
labeled auxin was chosen to be as low as possible while still pro-
viding enough disintegrations to yield statistically valid results. A
concentration of 10 nM IAA resulted in a signal that was reliably
above background and still within the physiological range of
intercellular TAA (we show in the next section that the influx car-
riers saturate at a concentration two orders of magnitude higher
than this). Because the measured cellular concentration of radio-
labeled auxin would typically reflect the net balance of uptake
and efflux, we included an inhibitor of auxin efflux, tri-iodoben-
zoic acid (TIBA), in the protoplast medium. We found that add-
ing TIBA to the uptake medium approximately tripled label
retention by protoplasts in auxin for 8 min (retention with
10 uM TIBA: 843 4 144 zmol *H-TAA per cell; retention with
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no TIBA: 300 4 96 zmol *H-IAA per cell; mean & SEM, n=3),
confirming that TIBA inhibits efflux in this system.

One important question is the degree to which protoplasts
from root cells retain their auxin transport activities. The tran-
script profiling data of Birnbaum ezal. (2003) suggest that pro-
toplasting does not significantly change the transcript levels of
known auxin carriers. Here, we further addressed this question
by comparing images of fluorescent AUX1-YFP in whole roots
and protoplasts (Fig. 1a,b). Both preparations have a qualitatively
similar pattern of fluorescence. In the protoplasts, the majority of
the signal remains at the plasma membrane and the overall inten-
sity remains high. This contrasts with PIN1-GFP and PIN2-
GFP, which in protoplasts lose their preferential localization to
the plasma membrane (Fig. 1¢,d). The loss of PIN localization
from the plasma membrane might be attributable to stress during
protoplasting (Nakayama ez al., 2012) or because the cell wall is
needed for stable localization. The latter possibility is suggested
by the observation that PIN1-GFP in tobacco BY-2 cells remains
on the plasma membrane immediately after protoplasting
(Boutté ez al., 2006). Thus, in root protoplasts, influx is plausibly
maintained at levels comparable to those found in the root, while
efflux is likely to be diminished. Indeed, an inhibitory effect of
protoplasting on auxin efflux was previously reported (Petersson
etal., 2009).

The majority of IAA uptake is carrier-mediated

In A. thaliana root protoplasts, auxin uptake for the first 2 min
was approximately linear, followed by a decrease in uptake rate at
later times (Fig.2). The linearity for the first 2 min implies
uptake without complicating factors. The decrease in uptake rate
at later times was probably attributable to a gradual equilibration
between influx and efflux (Hosek eral, 2012), although the
absence of a clear plateau means we cannot rule out a role for
auxin-induced changes in the protoplasts (e.g. altered cytosolic
pH or carrier activity). To avoid these uncertainties, our quanti-
tative analysis focused on the uptake curve at early times.
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To determine how much of the uptake was carrier-mediated,
we supplemented the incubation medium with unlabeled (i.e.
‘cold’) TAA, intended to saturate the influx carriers. At the 2 min
mark, 1 pM cold TAA reduced the uptake rate by ¢. 75% and
10 uM cold IAA reduced it by ¢. 90%. This result is broadly con-
sistent with the half-saturation constants measured for the uptake
carriers AUX1 and LAX3, both being ¢. 850 nM (Yang ezal.,
2006; Swarup et al., 2008). As diffusive uptake of IAAH across
the lipid membrane does not saturate, this suggests that
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Fig.2 Uptake of >H-IAA in Arabidopsis thaliana root protoplasts. At time
t=0, 10 nM 3H-1AA was added to the suspension medium. Aliquots were
then sampled at the times indicated. Uptake is expressed on a per cell
basis for wild-type (WT; with additional 0, 1, and 10 mM unlabeled IAA),
aux1-22, and proAUX1:AUX1-YFP expressed in the aux7-22 background.
Error bars, + SEM, withn=13, 5, 5, 3 and 7, respectively, from the top to
the bottom of the figure. Lines are guides to the eye. The medium
included 10 uM tri-iodobenzoic acid (TIBA) to inhibit auxin efflux.

AUX1-YFP

Fig. 1 Carrier localization in Arabidopsis
thaliana roots and protoplasts. (a, b)
Confocal microscope images showing
membrane localization of AUX1-YFP in (a)
an intact proAUX1:AUX1-YFP root and (b)
isolated root protoplasts. (c, d) Confocal
microscope images of protoplasts showing
cytoplasmic localization of (c) PIN2-GFP and
(d) PIN1-GFP. Bars, 10 um. Abbreviations:
AUX1, auxin influx carrier AUXIN
RESISTANT 1; PIN, auxin efflux carrier family
PIN-FORMED.
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carrier-mediated uptake constitutes ¢. 90% of the auxin influx in
our system. This analysis will be made more precise in the
following sections.

In A. thaliana, recognized auxin influx carriers include the four
members of the AUX1/LAX family (Péret ezal, 2012) and at
least two ABCB carriers (Terasaka ez al, 2005; Kamimoto et al.,
2012; Kubes etal, 2012). We focus on the contribution from
AUXI, because it is the most thoroughly studied carrier, and
required for root gravitropism (Bennett ez 4l., 1996). To quantify
the contribution to auxin influx made by the AUX1 carrier, we
assayed uptake in protoplasts derived from awxl-22, a partial
loss-of-function mutant. Strikingly, uptake into root protoplasts
from auxI-22 was reduced by ¢. 80% as compared with wild-type
(Fig. 2). This reduction was comparable in magnitude to the
reduction imposed by saturating concentrations of cold IAA,
which implies that most of the saturable influx took place via
AUXI1. In other words, AUX1 was the predominant auxin influx
carrier in our protoplasts.

Measuring the relative abundance of AUX1-positive cells

To determine the proportion of root cells that expressed AUX1,
we used flow cytometry. We took advantage of a line in which
AUXI1-YFP is expressed under its native promoter in the aux1-22
background (Swarup ezal., 2004). In the uptake assay described
in the previous section, root protoplasts from this line had an
uptake rate that was less than, but still comparable to, that of
wild-type (Fig. 2). Plotting the intensity of red fluorescence (from
propidium iodide) versus green fluorescence (from AUXI-YFP)

(a) 1600 - -
Wild type

1200

800 |- =

400 |- -

Green intensity (arbitrary units)

[ =

-100 0 100 200 300

Red intensity (arbitrary units)

(b) 1600 | T .
AUX1-YFP
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revealed a population of YFP-positive cells in the transgenic line
that were not present in the wild-type protoplasts (Fig. 3). The
gate used to count AUXI-positive cells was selected using the
green channel, and chosen to exclude at least 98% of the wild-
type protoplasts. AUX1-YFP cells with a green-channel intensity
greater than this threshold were counted as AUXI-positive.
Repeating this in independent experiments gave consistent
results, with an average value for the AUX1-positive protoplast

fraction of 35% =+ 5% (SEM, »=5).

Permeability of the plasma membrane to IAA

To facilitate comparisons between experiments, it is convenient
to re-express the influx in terms of a membrane permeability. In
the case of negligible efflux, the equation defining permeability is
J=P Ci, where Jis the flux entering the cell, C,, is the external
auxin concentration, and P is the membrane permeability. The
units of flux are moles per unit membrane area per unit time, so
the units of permeability are im s~ '. The total amount of labeled
auxin accumulating in one protoplast, Z, is then a linearly
increasing function of 7 the time elapsed since the addition of
label to the medium:
L=APCyt Eqn 1
where A is the surface area of a spherical protoplast (i.e. 4TR%,
where Ris the radius).

At early times (r <120's), uptake of radiolabeled IAA into pro-
toplast suspensions was evidently linear with time, but the use of
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Fig. 3 Flow cytometry assay for AUX1 content. (a, b) Representative plots of green versus red channel intensities for Arabidopsis thaliana protoplasts
derived from roots of (a) wild-type and (b) proAUX1::AUX1-YFP. Cells were subjected to flow cytometry after staining with propidium iodide. Cells with
green intensity greater than that indicated by the blue line were taken as AUX1-YFP positive. N =30 000 cells for each genotype. The red channel is
PE-Texas Red-A. The green channel is AlexaFluor488-A. The average background noise level has been subtracted from both channels, so some dim cells
have negative values (Herzenberg et al., 2006). Abbreviations: AUX1, auxin influx carrier AUXIN RESISTANT 1.
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Eqn 1 is nontrivial because of the heterogeneity of the protoplast
population. In our samples, there was a range of carrier expres-
sion levels (and hence permeabilities) and cell radii. We
accounted for this heterogeneity by using averages, as follows.
Eqn1 can be written as: L; = (47R?)P;C.i t, where the i sub-
script denotes parameters for an individual protoplast. Then,
summing over all /V protoplasts in the population gives the total
accumulated label, L, as

N

Lo =Y (4nR?) P;Coxct Eqn 2
=1

and this sum can be rewritten as an average

Lot = 4N (R*P) Coet Eqn 3

where the angle bracket denotes an average over all protoplasts in
the sample.

The heterogeneity of the sample thus enters the calculation
only through the term in angle brackets in Eqn 3, <R*P>. This
term simplifies if there are no correlations between protoplast
radius and permeability, which appears to be approximately true
for our system. Flow cytometry showed little or no correlation
between the intensity of the AUXI-YFP signal and the forward-
scattered signal that provided a measure of cell size (Fig.4)
(Shapiro, 1995). Confocal microscopy of proAUX1:AUX1-YFP
protoplasts was generally consistent with these results, showing
bright and dim protoplasts at all sizes. Therefore, we assume that
radius and permeability are independent, in which case <R*P>

1600 IS —— T

1200 |-

800 -

400 -

Green intensity (arbitrary units)

. 1
0 100 200 300 400
Forward scatter intensity (arbitrary units)

Fig. 4 Flow cytometry analysis comparing AUX1-YFP expression level and
cell size in Arabidopsis thaliana root protoplasts. Green intensity gives a
measure of AUX1-YFP content, and the forward scatter intensity (channel
FSC-A) provides an approximate measure of cell volume. N =30 000 cells,
from one representative experiment. Abbreviations: AUX1, auxin influx
carrier AUXIN RESISTANT 1.
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simplifies to <R*> <P>, the product of the average membrane
permeability of the protoplast population and the average
squared radius. Eqn 3 can then be rewritten as an expression for
the average membrane permeability as:

_ (Lot/N2)
(P) = 47 (R?) Coye

Eqn 4
where the numerator, (L,,/N%), is the linear (early-time) slope of
the uptake curves plotted in Fig. 2. This slope was determined
numerically by fitting a straight line passing through the origin,
using ¥* minimization as described by Bevington (1969) and
implemented using MAPLE v.14 (maplesoft.com).

The average squared radius of protoplasts <R*> was obtained
from measurements of protoplast diameter in bright-field micro-
graphs of ¢. 100 protoplasts each, sampled from aliquots during
the uptake experiments. The average squared radius was indistin-
guishable among the studied genotypes and, for the wild-type,
was 39.2 4 3.2 um? (SEM, =8 biological replicates).

The permeability values we obtained were consistent with our
earlier discussion of uptake (Fig. 5). We found that uptake in the
influx carrier mutant auxI-22 was reduced by 75% as compared
with the wild-type, and uptake with 10 pM cold IAA added to
saturate all influx carriers was reduced by 95%. We can therefore
ascribe 75% of the measured uptake to AUX1, 20% to other car-
riers (and also, possibly, to residual AUX1 activity in auxl-22),
and 5% to diffusion. In other words, diffusive influx was essen-
tally negligible at this pH.

Next, we estimated an average permeability specifically for the
AUXI influx carrier. Subtracting the permeability of awux1-22
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z |
S 0.4- -
©
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0.2 7 I L
- |
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1 1 1 1 I

Wild type proAUX1: aux71-22 Wild type Wild type
AUX-YFP +1 uM +10 uM
cold IAA  cold IAA

Fig.5 Auxin uptake permeability in Arabidopsis thaliana root protoplasts.
Values are for the membrane permeability of *H-IAA during auxin uptake,
calculated for the various experiments shown in Fig. 2. Bars plot
mean =+ SEM, with n=3 or larger in all cases. Letters distinguish means
whose equality is rejected, according to a t-test, at P <0.05.
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from that of the wild-type gives P=0.52 + 0.09 um s~ ', an esti-
mate for the permeability attributable to the AUX1 carrier, but
averaged over all protoplasts in the suspension. However, our flow
cytometry results allow us to adjust this for the fraction of AUX1-
positive cells, /=35 4 5% of the total. Our estimate for the aver-
age membrane permeability attributable to the AUXI carrier in
AUXI1-positive cells is thus Py, = P/f=1.54+0.3 pm s L

Permeability as a function of pH

In A. thaliana roots, the apoplast ranges from pH 4.5 to 6.0
(Fasano etal., 2001; Monshausen etal, 2011). It is therefore
interesting to consider how the permeabilities measured here (at
a medium pH of 5.7) will vary as a function of pH.

The diffusive influx of auxin is expected to depend linearly on
the fraction of IAA in the protonated form (IAAH), as the anion
(IAA—) is membrane-impermeable. The protonated fraction of
auxin as a function of pH is £=1/(1 + 10°P""PX) where pK=4.7
is the acid-base dissociation constant of IAA (Goldsmith ez al,
1981). The diffusive permeability of auxin will thus depend on
medium pH as

Piaan

Pyigr

where Piaap is the permeability of the membrane to IAAH, and
Pgis the diffusive permeability one would measure at a given
pH. Assuming that the permeability measured at a saturating
concentration of 10 M cold IAA at pH 5.7 represents diffusive
influx exclusively (i.e. Pgg), then Eqn5 gives Piaapp=0.35 £
0.22 ums™". This number is in good agreement with prior
results: Paapi=0.4 pums ' for tobacco leaf protoplasts, and
Piaa=0.5ums ™" for suspension-cultured tobacco cells (Del-
barre et al., 1994, 1996).

Estimating the pH dependence of auxin influx carriers is
more complicated. Published measurements of carrier-mediated
influx show a broad maximum in uptake rate between pH 5
and 6, and an abrupt decrease in uptake at more basic pH val-
ues. Data on the exact location of the uptake maximum are
equivocal. Of the two studies of AUXI in heterologous sys-
tems, one shows a peak at pH 5.5 (Carrier ezal, 2008), the
other near pH 6.0 (Yang ezal, 20006). Earlier studies in planta
do not characterize the carrier type, and generally show an
uptake peak closer to pH 5.0 (Rubery, 1978; Loper & Spans-
wick, 1991). To make an estimate for the variation in uptake
as a funcdon of pH, we fitted curves to the uptake data of
Loper & Spanswick (1991) and Yang ezal. (2006), with influx
maxima near pH 5 and pH 6, respectively (Fig. 6 inset). These
fits predict no more than a factor of 3 variation in P4, over
the whole physiological range of pH.

Fig. 6 shows the predicted ratio of AUX1-mediated to diffusive
influx. We see a large variation in the flux ratio, ranging over
nearly two orders of magnitude. This suggests that fluctuations in
apoplast pH observed, for example during root acclimation or
gravitropism (Fasano ez al., 2001; Monshausen ez al., 2011), have
a significant impact on the distribution of auxin in a tissue.
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Fig. 6 Influx versus pH. Two estimates are shown for the ratio of carrier-
mediated to diffusive auxin influx in AUX1-positive cells of Arabidopsis
thaliana, using estimates for carrier uptake shown in the inset. Inset: pH
dependence of AUX1, estimated using phenomenological curve fits to the
data of Loper & Spanswick (1991) and Yang et al. (2006); blue and red
lines, respectively. Both curves have been normalized to the permeability
reported here for AUX1-positive cells, 1.5 ums ™", at pH 5.7.
Abbreviations: AUX1, auxin influx carrier AUXIN RESISTANT 1.

Discussion

In this study we quantified both carrier-mediated and passive dif-
fusion of auxin into A. thaliana root protoplasts. Our results
allow us to distinguish the action of a single influx carrier, AUX1,
from the action of other influx carriers and from diffusive influx.
Remarkably, AUX1 accounted for 75% of all the auxin influx in
our root protoplast system, with much of the remainder con-
ducted by other saturable carriers. Diffusion accounted for only
5% of the total influx, consistent with earlier work that found a
low diffusive permeability for protonated auxin (Delbarre ezal.,
1996). These values provide a quantitative, as opposed to a quali-
tative, understanding of auxin fluxes in cells, vital for the con-
struction of accurate models of auxin transport and accumulation
within plant tissues.

To better understand the relationship between membrane per-
meability and cell auxin content, it is helpful to consider a single
cell undergoing both auxin influx and efflux. The flux of auxin
into the cell is /i, = Pgux Cexo where Pgyy is the membrane per-
meability attributable to both carriers and diffusion, and C,, is
the external auxin concentration. Similarly, the flux of auxin out
may be written approximately as /o, = Pefiux Gin» Where Pegyyy is
the membrane permeability attributable to efflux carriers and G,
is the cytosolic concentration (for the sake of simplicity we will
ignore the complicating factors due to polar localization of efflux
carriers and the resulting cytosolic auxin gradients). A steady state
is achieved when efflux equals influx, /. = /.. Rewriting this, we
obtain
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C}n/C;x( - inﬂux/Pefﬂux Eqn 6

In other words, the ratio of permeabilities establishes the
potential for a cell to accumulate auxin from its environment.
The analysis of the steady-state situation in a real plant dssue is
complicated by the presence of neighboring cells (Kramer, 2004),
but Eqn 6 is a useful first approximation.

Previously, it was pointed out that a file of cells engaged in
auxin transport must be able to accumulate auxin from the sur-
rounding tissue, otherwise the efflux carriers will quickly deplete
auxin from the file and the auxin flux would be negligible
(Kramer, 2004). Cells engaged in transport are therefore expected
to have an accumulation ratio G,/ C,,, comparable to 1 or higher.
By Eqn 6, this requires that the influx permeability is comparable
to or larger than the efflux permeability.

To estimate the influx-to-eflux permeability ratio in plant
cells, we can take advantage of available data for auxin transport
speed. The mathematical analysis of an isolated file of model
plant cells shows that transport speed is comparable to the efflux
permeability, and computer simulations of whole tissues show
no major changes to this conclusion (Mitchison, 1980; Gold-
smith ezal., 1981; Kramer, 2002, 2004). A recent review of pub-
lished auxin speeds found a wide range of values, 0.5-5 pm s L
with a median value of 2 ums ' (Kramer efal, 2011). We
therefore take 2 um's™ ' as an estimate for the efflux permeability
of actively transporting cells. Comparing this to the diffusive
permeability measured here, on the order of 0.1 um s ! we see
that diffusive influx alone is insufficient to counteract the deple-
tion of auxin driven by efflux in transporting tissues. This sug-
gests the necessity of auxin influx carriers. Our value for the
permeability of AUXI, 1.5 ums ', is comparable to our esti-
mate for the efflux permeability, and therefore of the correct
magnitude to function in auxin accumulation. It should also be
remembered that this is an average value, and that the cells with
the highest levels of AUXI in the root apex will have a larger
permeability.

The necessity of influx carriers for the accumulation of auxin
within a transporting file has received its clearest validation in the
case of AUX1 in the A. thaliana root apex. AUX1 is expressed in
a continuous layer of cells that passes from the columella to the
lateral root cap, and then to the epidermis of the root elongation
zone (Swarup et al., 2001). This pathway transmits the asymmet-
ric auxin gradient from the gravity-sensing cells of the columella
to the auxin-responsive cells of the elongation zone, and the loss-
of-function mutant aux] is agravitropic. It was argued in Swarup
etal. (2005) that the agravitropic phenotype was attributable to a
lack of transport competence in the pathway. Our measurements
are consistent — auxin diffusion alone is not fast enough to over-
come the depletion of auxin by PIN2 efflux carriers in this path-
way. The conclusion that AUX1 regulates auxin accumulation in
the root apex has recently been validated in Band eral. (2014),
who found semi-quantitative agreement between observations of
a fluorescent auxin reporter construct and a computer model of
auxin distribution in the root.

Our results also shed light on the relative importance of AUX1
and other influx carriers in the root. In A. thaliana, AUX1 has
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three paralogs (Péret eral., 2012), and two ATP-binding-cassette
transporters, ABCB4 and ABCB21, have also been shown to
import auxin (Terasaka ezal, 2005; Kamimoto eral, 2012;
Kubes ez al., 2012). In this study, we measured only the carrier-
specific influx for AUXI, but it contributed the majority (75%)
of auxin uptake in our system. Perhaps this is why, of the six,
only AUXI was discovered in a mutant screen. We cannot con-
clude from this that AUX1 is more efficient than the other carri-
ers. Rather, the uptake we observe is a combined effect of carrier
permeability, cell size, and the fraction of cells that express a
given carrier. The relative importance of these effects for all six
influx carriers is a topic for future investigation.

It is interesting to compare our observations with common
assumptions about auxin influx found in computer models of
plant growth and development. One class of models includes
permeabilities similar to those discussed here (e.g. Swarup ezal.,
2005; Band ez al., 2014). These models have historically been used
when the pattern of influx carriers is believed to play an important
functional role. A second class of models distinguishes carrier-
mediated influx from diffusive influx, but with permeabilities that
differ from ours in substantial ways (e.g. Wabnik ezal., 2010).
These models should be treated with caution, although it is possi-
ble that the influx permeabilities in aerial tissues are different from
those measured here for the root. A third class of models — by far
the most common — treat influx as a general property and do not
distinguish carrier-positive from carrier-negative cell types (e.g.
Grieneisen ez al., 2007; Abley ez al., 2013). These models will be
qualitatively useful, but might miss important features of the
auxin partitioning driven by influx carriers.

Lastly, we note that our results suggest that apoplast pH has a
key role in regulating auxin distribution between neighboring
cells or tissues. Returning to Eqn 6, it is interesting to consider
the partitioning of apoplastic auxin between AUX1-positive and
AUXI-negative cells. These two cell types will accumulate auxin
in the ratio of their influx permeabilities. We pointed out in the
previous section that carrier-mediated permeability depends only
weakly on pH, while diffusive influx has an exponential depen-
dence on pH. As illustrated in Fig. 5, acidification of the apoplast
can increase diffusive influx dramatically, and this would be
expected to change the partitioning of auxin between AUXI-
positive and AUXI-negative tissues. The importance of pH
effects have recently been examined by Steinacher eral (2012),
who used a computer model to conclude that apoplastic pH may
play a significant role in the regulation of auxin transport. The
functional interplay of auxin-triggered acidification and pH-regu-
lated auxin partitioning remains to be explored (Fasano eral.,
2001; Monshausen ezal., 2011).
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