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Abstract

The molecular basis of cellular auxin transport is still not fully understood. Although a number of carriers have been

identified and proved to be involved in auxin transport, their regulation and possible activity of as yet unknown

transporters remain unclear. Nevertheless, using single-cell-based systems it is possible to track the course of auxin

accumulation inside cells and to specify and quantify some auxin transport parameters. The synthetic auxins 2,4-

dichlorophenoxyacetic acid (2,4-D) and naphthalene-1-acetic acid (NAA) are generally considered to be suitable tools

for auxin transport studies because they are transported specifically via either auxin influx or efflux carriers,

respectively. Our results indicate that NAA can be metabolized rapidly in tobacco BY-2 cells. The predominant

metabolite has been identified as NAA glucosyl ester and it is shown that all NAA metabolites were retained inside the

cells. This implies that the transport efficiency of auxin efflux transporters is higher than previously assumed. By

contrast, the metabolism of 2,4-D remained fairly weak. Moreover, using data on the accumulation of 2,4-D measured

in the presence of auxin transport inhibitors, it is shown that 2,4-D is also transported by efflux carriers. These results

suggest that 2,4-D is a promising tool for determining both auxin influx and efflux activities. Based on the accumulation

data, a mathematical model of 2,4-D transport at a single-cell level is proposed. Optimization of the model provides

estimates of crucial transport parameters and, together with its validation by successfully predicting the course of

2,4-D accumulation, it confirms the consistency of the present concept of cellular auxin transport.
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Introduction

Auxin is a signal molecule that is present in plant tissues in

nanomolar concentrations (Davies, 2010). A fast and tight

control of auxin levels is necessary for the proper regulation of

plant growth and development and for responses to environ-

mental stimuli. Such control is realized via two basic pro-

cesses: auxin metabolism, and its transport within and

between cells. Auxin metabolism, including biosynthesis,

conjugation, de-conjugation and degradation (Normanly

et al., 2010; Ludwig-Müller, 2011), as well as intracellular

distribution (Mravec et al., 2009; Tromas et al., 2010) and

intercellular distribution (Petrášek and Friml, 2009; Peer et al.,

2011) determine the availability of auxin for its transporters

(facilitators) in the plasma membrane (PM). The numbers and

activities of auxin transporters determine the directional flow

of auxin through plant tissues (Zažı́malová et al., 2010;

Leyser, 2011).

The physical-chemical nature of auxin molecules under-

lies the mechanism of their transport across the PM. Since

auxins are weak acids, the degree of their dissociation

depends on pH. Intracellular (cytoplasmic) pH in plant cells

is approximately 7, resulting in the almost complete

dissociation of auxin molecules and thus providing basis
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for trapping auxin anions inside cells as anions can only be

excreted through an (always limited) number of PM-located

facilitators. These facilitators, postulated to be localized

asymmetrically on the PM, together with passive diffusive

auxin uptake can mediate polar auxin transport through the

tissue (‘chemiosmotic hypothesis’: Rubery and Sheldrake,

1974; Raven, 1975; Goldsmith, 1977).

Although there is no need for active auxin transporters

according to the chemiosmotic hypothesis, there are several

types of transport proteins with specific features. Proteins of

the AUX1/LAX subfamily of PM amino acid permeases

(Parry et al., 2001b) play a role in active auxin influx as well

as some of the ABCB pumps such as CjMDR1/ABCB1

(Shitan et al., 2003) or ABCB4 (Terasaka et al., 2005; Cho

et al., 2007). Moreover, it was indicated (Yang and Murphy,

2009) and recently confirmed (Kubeš et al., 2012) that

ABCB4 functions as the auxin concentration-driven influx/

efflux transporter. The efflux of auxin, on the other hand, is

mediated by transporters from the PIN protein family as well

as by ABCB1, ABCB19 and the above-mentioned ABCB4

under different conditions (Geisler and Murphy, 2006;

Petrášek and Friml, 2009; Titapiwatanakun and Murphy,

2009; Zažı́malová et al., 2010). Collectively, all the trans-

porters are indispensable for various developmental events,

for example, cell elongation, pattern formation or shoot and

root branching (see review by Petrášek and Friml, 2009).

A dominant factor responsible for the co-ordination of these

developmental events is the emergence and maintaining of cell

polarity that is determined by the asymmetrical distribution of

PIN efflux carriers over the surface of the cell (Gälweiler et al.,

1998). However, the precise molecular nature of the mecha-

nism controlling PIN localization on the PM is neither entirely

clarified nor experimentally proven yet. For this reason,

several mathematical models have recently been proposed in

order to examine the numerous hypotheses on PIN localiza-

tion and the mechanism of cell polarity establishment.

One of the well-known processes co-ordinated through

auxin transport regulation is the initiation of vein formation.

It was addressed by Sachs (1969), who proposed a plausible

scenario how auxin-conductive channels of polarized cells

could form in undifferentiated tissue, thus preceding and

determining the formation of vasculature. His canalization

hypothesis suggested a positive feedback between the flow of

a signal molecule (auxin) and the capacity of its flow. This

concept, later formulated mathematically by Mitchison

(1980a) and Mitchison et al. (1981), formed the basis for

future mathematical models that suggested re-localization of

PIN1 efflux carriers in response to auxin flow (Feugier et al.,

2005; Fujita and Mochizuki, 2006).

Another principle of auxin transport regulation was often

implemented to construct models capable of reproducing

the specific patterns of auxin concentration maxima in the

surface layer of the shoot apical meristem during phyllo-

taxis. In these models, auxin concentration in adjacent cells

was usually used as the signal modulating carrier localiza-

tion (Jönsson et al., 2006; Smith et al., 2006).

The suggested existence of these two regulatory mechanisms

based on different signals (auxin flow and auxin concentra-

tion) raised the question about their possible integration or

replacement by a single one (Smith and Bayer, 2009; Garnett

et al., 2010). Consequently, several models emerged attempt-

ing to find a unifying auxin-related mechanism that modulates

the localization of PINs (Merks et al., 2007; Stoma et al.,

2008; Bayer and Smith et al., 2009). Later on, more

mechanisms and hypotheses were implemented into computa-

tional studies of auxin transport and the regulation of its

polarity. These include hypothetical auxin receptors diffusible

through the cell wall (Wabnik et al., 2010), effects of the tissue

mechanics and the resulting mechanical stresses on PIN

localization (Heisler et al., 2010), and auxin-induced cell wall

acidification (Steinacher et al., 2012).

As mentioned above, these models focus mainly on testing

hypotheses. This fact may be accompanied by several issues.

First, cell representation may be considerably simplified, for

example, by omitting cell wall compartments (Stoma et al.,

2008; Bayer and Smith et al., 2009) as originally proposed by

Mitchison (1980b) and discussed by Kramer (2008) and/or by

neglecting inner cell compartments (Merks et al., 2007;

Wabnik et al., 2011). Second, the parameter values may be

arbitrary (Feugier et al., 2005), adopted from different systems

(Steinacher et al., 2012) or estimated roughly (Heisler and

Jönsson, 2006). Third, the models mostly lack computationally

exploitable experimental data. Obviously, some of these short-

comings and limitations can be resolved by further research

into cellular auxin transport enhanced by data-driven mathe-

matical modelling aimed at characterizing the components of

auxin transport in detail and specifying their parameters.

The relative contributions of auxin influx and auxin efflux

transporters were investigated in the past using a cell-based

system relying on different substrate specificities of the

respective carriers (Delbarre et al., 1996). Competition

experiments on auxin influx or efflux, which were

performed using externally applied radiolabelled tracer and

a non-labelled competitor, revealed saturable components

involved in the uptake of 2,4-dichlorophenoxy acetic (2,4-

D) and the native indole-3-acetic acid (IAA) as well as in

the efflux of IAA and naphthalene-1-acetic acid (NAA).

Besides the non-labelled competitors, specific auxin trans-

port inhibitors can be used to separate the influx and efflux

activities. Inhibitors of auxin influx carriers include

the synthetic compounds 1-naphthoxyacetic acid (1-NOA),

2-naphthoxyacetic acid (2-NOA), 3-chloro-4-hydroxyphenyl-

acetic acid (CHPAA), and the natural chromosaponin

(Imhoff et al., 2000; Rahman et al., 2001; Laňková et al.,

2010). Inhibitors of auxin efflux carriers include synthetic

phytotropins 1-naphthylphthalamic acid (NPA), 2-(1-pyre-

noyl)benzoic acid (PBA), cyclopropyl propane dione (CPD),

2,3,5-triiodobenzoic acid (TIBA), and natural flavonoids

(Rubery, 1990; Petrášek et al., 2003; Peer and Murphy, 2007).

In general, it was postulated that NAA enters cells

predominantly by diffusion and its accumulation level is

controlled by efflux carriers (Delbarre et al., 1996). By

contrast, 2,4-D was transported into the cells mainly by influx

carriers and it was found to be a substrate for auxin efflux

carriers only at concentrations above 100 lM. Natural auxin

IAA was shown to be a substrate for both types of carriers as
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well as being able to enter cells passively in considerable

amounts. Similar auxin transport characteristics were sub-

sequently confirmed in Arabidopsis root cells of the aux1-7

mutant deficient in auxin influx carrier (Yamamoto and

Yamamoto, 1998; Parry et al., 2001a; Rahman et al., 2001).

Using these data, Kramer and Bennett (2006) calculated that

the contribution of carrier-mediated uptake is about 10-times

higher than uptake by diffusion in Arabidopsis root cells.

Besides the transport of auxin, Delbarre et al. (1996) also

addressed auxin metabolism and showed that, in tobacco

Xanthi XHFD8 cells, NAA was metabolized during a

15 min incubation to one dominant metabolite, assumed to

be a glucose ester conjugate, while 2,4-D remained non-

metabolized during the test period. IAA metabolism was

approximately two times slower compared with NAA

metabolism in Xanthi cells.

The work by Delbarre et al. (1996) still presents the most

elaborated experimentally derived cellular concept of auxin

transport characterization, even though the present analyt-

ical methods render some of the results outdated. The

potential of mathematical analysis of the accumulation data

had not been fully utilized there, as only a rough mathe-

matical wireframe, that was not defined as a proper model,

was used. The variety of auxin transport inhibitors available

at present is also considerably broader and better character-

ized: in particular, the specific auxin influx inhibitor

CHPAA represents a substantial improvement over their

system that lacked a feasible influx inhibitor. Finally, the

auxin metabolic profiles determined by TLC at Delbarre

et al. (1996) should be considered for revision using more

advanced methods, such as HPLC and/or MS.

The goal of this work is to describe auxin transport

pathways at the cellular level more comprehensively, using

the following combination of experimental and theoretical

approaches. (i) The updated methodology of the measure-

ment of accumulation of radiolabelled auxins in tobacco

BY-2 cell suspensions. (ii) HPLC metabolic profiling of

auxins in cells and media during the time span of the

accumulation experiments and successive analysis of the

metabolites (GC-MS). (iii) The construction of a data-

driven mathematical model of cellular auxin transport in

order to validate the experimental results.

Our experimental data, directly supported by the conse-

quently derived mathematical model of the cellular trans-

port of 2,4-D, provide new insight into the metabolism and

transport of NAA and 2,4-D and further reveal the

parameters of 2,4-D transport that are consistent with the

auxin transport characteristics observed earlier.

Materials and methods

Plant material

Cells of tobacco line BY-2 (Nicotiana tabacum L. cv. Bright
Yellow-2; Nagata et al., 1992) were cultured in a liquid medium
containing 3% (w/v) sucrose, 4.3 g l�1 Murashige and Skoog salts,
100 mg l�1 inositol, 1 mg l�1 thiamine, 0.2 mg l�1 2,4-D, and 200
mg l�1 KH2PO4; pH 5.8. Cells of tobacco line Xanthi (Nicotiana
tabacum L. cv. Xanthi XHFD8; Muller et al., 1985) were cultured

in Gamborg B5 liquid medium (Gamborg et al., 1968) containing
0.176 mg l�1 2,4-D and 0.1 mg l�1 kinetin. Both cell lines were
cultured in darkness at 26 �C on an orbital incubator (Sanyo
Gallenkamp, Schöller Instruments Inc., Prague, Czech Republic)
at 150 rpm and 32 mm orbit, and subcultured weekly. Stock BY-2
and Xanthi calli were maintained on media solidified with 0.6%
(w/v) agar and subcultured monthly.

Chemicals

3-chloro-4-hydroxyphenylacetic acid (CHPAA), 2,4-dichlorophe-
noxy acetic acid (2,4-D) and all commonly used chemicals were
supplied by Sigma-Aldrich, Inc. (St Louis, USA) and Duchefa
(Haarlem, The Netherlands). 1-naphthylphthalamic acid (NPA)
was supplied by OlChemIm Ltd. (Olomouc, Czech Republic).
3H-benzoic acid (3H-BeA [43H]) and 3H-2,4-dichlorophenoxyacetic
acid (3H-2,4-D) (both of specific radioactivity 20 Ci mmol�1), as
well as 3H-naphthalene-1-acetic acid (3H-NAA) (specific radioac-
tivity 25 Ci mmol�1) were supplied by American Radiolabeled
Chemicals, Inc. (St Louis, USA).

Auxin accumulation assays

Auxin accumulation in 2-d-old cells was measured according to
Delbarre et al. (1996) as adapted for BY-2 cells by Petrášek et al.
(2003). Two minutes before the beginning of the accumulation assay
(i.e. addition of labelled auxin), if required, the inhibitors CHPAA,
NPA or their combination were added from 50 mM dimethyl
sulphoxide (DMSO) stock solutions to give a final concentration of
10 lM. Radiolabelled auxins (3H-2,4-D or 3H-NAA) were added to
give a 2 nM final concentration. 0.5 ml aliquots of cell suspension
were collected every 10 s (approximately 60 samples per one run)
and accumulation of the label was terminated by rapid filtration
under reduced pressure on 22 mm diameter cellulose filters. The cell
cakes on filters were transferred to scintillation vials, extracted with
0.5 ml of 96% ethanol for 30 min, followed by the addition of 4 ml
of scintillation solution (EcoLite Liquid Scintilation Fluid, MP
Biomedicals, Solon, USA). Radioactivity was determined by liquid
scintillation counting with automatic correction for quenching
(Packard Tri-Carb 2900TR, Packard-Canberra, Meridian, CT,
USA). The results of auxin accumulation were expressed as pmols
of particular auxin accumulated per 106 cells. All treatments were
done in at least three biological repetitions.

HPLC metabolic profiling

Two-day-old tobacco BY-2 or Xanthi cells were prepared for
experiments by equilibration with the uptake buffer as described
above for the accumulation assays (Delbarre et al., 1996). Experi-
ments were performed in the uptake buffer under standard
cultivation conditions. After the addition of 3H-BeA, 3H-NAA or
3H-2,4-D (final concentration 20 nM), the cells were incubated for
0, 10 or 20 min. Cells and cultivation medium (uptake buffer in
this case) were collected and frozen in liquid nitrogen (200 mg of
fresh weight of cells and 10 ml medium per sample). Extraction
and purification of auxin metabolites were performed as described
(Dobrev and Kamı́nek, 2002; Dobrev et al., 2005). The metabolites
were separated on HPLC consisting of a series 200 autosampler, lc
pump, and a 235C diode array detector (Perkin Elmer, Shelton,
USA) using a Luna C18(2) 15034.6 mm, 3 lm column (Phenom-
enex, Torrance, USA), mobile phase A: 40 mM CH3COONH4,
(pH 4.0) and mobile phase B: CH3CN/CH3OH, 1/1, (v/v). The flow
rate was 0.6 ml min�1 with linear gradient 30–50% B for 10 min,
50–100% B for 1 min, 100% B for 2 min, and 100–30% B for
1 min. The column eluate was monitored with 235C DAD
followed by a Ramona 2000 flow-through radioactivity detector
(Raytest GmbH, Straubenhardt, Germany) after online mixing
with three volumes (1.8 ml min�1) of liquid scintillation cocktail
(Flo-Scint III, Perkin Elmer). The radioactive metabolites were
identified on the basis of a comparison of their retention times
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with authentic standards. For the presentation of results, the total
integrated area of chromatogram plots was normalized based on
the equalization of total accumulated radiolabel.

Identification of the unknown NAA metabolite

Tobacco BY-2 cells were incubated with 10 lM NAA for 2 h. The
main NAA metabolite M1 (retention time 15 min) was purified as
for the metabolite profiling of radioactive NAA above. M1 was
then applied to LC-ESI-MS/MS, which consisted of HPLC
Ultimate 3000 (Dionex, Sunnyvale, USA) coupled to a hybrid
triple quadrupole/linear ion trap 3200 Q TRAP (AB Sciex, Foster
City, USA). MS was set at negative mode. Solution of M1 in
1 mM CH3COOH in 50% methanol was infused into MS and full-
scan mass spectra, and product ion and precursor ion scans were
recorded. To study the stability of M1 under mild alkaline
conditions, the M1 was poured into 0.1 M NH4OH and incubated
at room temperature. Every 5 min, an aliquot was injected into the
LC/MS separated on column Luna C18(2)-HST, 5033 mm, 2.5 lm
(Phenomenex, Torrance, USA), isocratic 60% A: 2 mM
CH3COOH and 40% B: CH3CN at 0.3 ml min�1 flow rate. MS
was set at multiple reaction monitoring mode with records of
Q1>Q3 transitions of NAA (185>141), M1 (347>141), glucose
(179>89), and 2,4-D (219>161, internal standard). The main BeA
metabolite (retention time 2.52 min) was similarly identified.

Mathematical modelling

The mathematical model of 2,4-D transport between the intracellu-
lar and extracellular environment was defined and mathematically
formulated by a set of differential equations for each experimental
setup (various inhibitor combination, see Figs 3 and 4). These sets
were analytically solved for intracellular concentration, giving
a formula of a function describing the time-course of 2,4-D
concentration inside the cell. Using 3H-2,4-D accumulation data
measured under the effect of inhibitors (CHPAA, NPA or both
CHPAA and NPA), parameter optimization was then performed by
altering parameter values in order to minimize the value of objective
function defined as summed squares of residuals (differences
between measured and simulated values of intracellular 2,4-D
concentration). Each set of parameters was used to simulate all
experimental variants (all inhibitor combinations and repetitions) at
a time, and all squared residuals were summed with equal weights to
obtain a single value of the objective function. Since the objective
function had many local minima, the optimization problem was
solved using the following combination of gradient-based and
enumerative numerical methods. Over three million of the initial
parameter sets were randomly generated within the probable
parameter value range, and from all these starting points
a gradient-based optimization algorithm was initiated. From the
results obtained here, the set of parameters appropriate for the
deepest found minimum of the objective function was then declared
to be the final parameter estimate. The acquired parameter estimates
were then used to simulate the course of inhibitor-free 3H-2,4-D
accumulation (control) in order to validate the model. Sensitivity
analysis was performed by plotting the relative change of the
objective function value against the relative change of the value of
each parameter, while the other parameters remained constant at
their optimal estimates. Resulting curves, therefore, represent
sections through the objective function near its minimum. All
calculations were performed using the MATLAB software package
(The MathWorks Inc., Natick, MA, USA).

Results

2,4-D as a tool for probing cellular auxin transport

To evaluate auxin transport at the cellular level, the

mathematical model has to take into account not only

passive diffusion, active influx, and active efflux of auxin

molecules, but also their metabolic conversions. Therefore,

the rate of metabolism was determined in BY-2 cells of the

synthetic auxins 2,4-D and NAA, which are widely used to

track auxin influx and efflux, respectively. Conversion of
3H-NAA into the corresponding metabolites occurred almost

immediately (within a few seconds) after 3H-NAA addition

to the cell suspension (Fig. 1A). One major metabolite M1

(see Supplementary Figs S3 and S4 at JXB online) covering

approximately 50% of total radioactivity and five minor

metabolites were observed. Importantly, no significant

amount of any metabolite was found in the incubation

medium. This observation indicates that products of NAA

metabolism, including the predominant metabolite M1, are

unable to translocate across the PM and therefore remain

inside the cells. The major metabolite, M1, was identified as

naphthalene-1-acetic acid-glucosyl-ester (NAA-Glc) (more

details of NAA metabolism are given in Fig. 1A for BY-2

and in Supplementary Fig. S1A at JXB online for Xanthi).

In contrast to NAA, metabolism of 2,4-D in BY-2 cells

was fairly slow. Compared with the rapid metabolic conver-

sion of NAA to the one predominant metabolite, NAA-Glc,

2,4-D was only partially metabolized to minor amounts of

three unknown metabolites as the relative levels of 3H-2,4-D

decreased slightly during the 20 min incubation with a parallel

increase of one of the minor metabolites (Fig. 1B; see

Supplementary Fig. S1B at JXB online). Relative levels of
3H-2,4-D in the incubation medium remained constant and

only traces of its three metabolites were observed, indicating

that the products of 2,4-D metabolism remain mainly inside

cells, similarly to metabolites of other weak acids tested (Fig.

1B; see Supplementary Fig. S1B at JXB online).

Altogether, 2,4-D is much more resistant to metabolic

conversions compared with NAA or BeA (Fig. 1C; see

Supplementary Fig. S1C at JXB online), thus making 2,4-D

a promising tool for probing the characteristics of cellular

auxin transport and offering an opportunity for the applica-

tion of mathematical modelling based on quantitative data.

Characterization of the dynamics of 2,4-D transport at
the cellular level

Since the metabolism of 2,4-D in BY-2 cells is negligible

during 10 min of application and thus does not significantly

affect the intracellular 2,4-D concentration, the dynamics of

2,4-D transport was investigated in these cells using accumu-

lation assays within this limited time span. The cells rapidly

accumulated 3H-2,4-D from the media, with gradually

decreasing accumulation speed as the fluxes in both direc-

tions (into and out of cells) were equilibrating (Fig. 2A).

Since 2,4-D is a good substrate for auxin influx carriers

(Delbarre et al., 1996) it was not surprising that CHPAA—a

specific auxin influx inhibitor (Imhoff et al., 2000, Laňková

et al., 2010)—effectively decreased the accumulation of 2,4-D

compared with the non-treated control (Fig. 2A, B; see

Supplementary Fig. S2A at JXB online). Surprisingly,

application of the auxin efflux inhibitor NPA significantly

increased accumulation of 3H-2,4-D (Fig. 2C; see
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Supplementary Fig. S2B at JXB online). This indicates that

a significant portion of 3H-2,4-D can be actively transported

out of the cells.

Since 2,4-D has been shown to be transported poorly

in planta (Ito and Gray, 2006) and it was demonstrated to

be a poor substrate for auxin efflux carriers ABCB1 and

ABCB19 (Titapiwatanakun et al., 2009), the activity

of other types of NPA-sensitive auxin efflux transporters

(Petrášek et al., 2006; Yang and Murphy, 2009;

Kubeš et al., 2012) was probably reflected in our data.

Fig. 1. Metabolism of 3H-NAA, 3H-2,4-D, and 3H-BeA in tobacco BY-2 cells and in culture media. (A) NAA is rapidly metabolized to major

metabolite M1 (identified as NAA glucosyl ester with a retention time of 7.7 min), which is predominant in the cells at 10 min and 20 min. No

changes of NAA levels and only one minor metabolite peak were observed in the incubation medium, indicating that products of NAA

metabolism (including the predominant NAA glucosyl ester) remained inside the cells. (B) 2,4-D is only partially metabolized to three unknown

products. Thus the levels of 2,4-D slightly decreased during 20 min incubation, with a concurrent increase of an unknown metabolite at

a retention time of 10.87 min. Levels of 2,4-D in the incubation medium remained constant and only three minor metabolites were observed,

indicating that the products of 2,4-D metabolism also remained in the cells. (C) BeA was quickly metabolized to one predominant product at

a retention time of 2.52 min (identified as BeA glucosyl ester) and one unknown minor product at a retention time of 4.75 min. A slight decrease

of BeA content was observed in the incubation medium. Both metabolites were detected in the medium only as insignificant traces, indicating

that these products remained in the cells. The percentages of individual peak activities were determined and normalized according to the

corresponding activities in the total samples (100 %).
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Furthermore, the combination of both CHPAA and NPA

resulted in a strikingly slower rate of 2 nM 3H-2,4-D

accumulation in contrast to the accumulation in controls

(Fig. 2D; see Supplementary Fig. S2C at JXB online). It

seems that, under these conditions, CHPAA and NPA

effectively blocked both influx and efflux carriers, and that

the resulting slow 2,4-D accumulation curve reflected net

diffusive uptake resulting from a combination of diffusive

influx and diffusive efflux.

Altogether, these results further support 2,4-D as a

suitable tool for probing cellular auxin transport since not

only active influx of 2,4-D but also its active efflux takes

part in 2,4-D accumulation.

Mathematical model of 2,4-D transport on a single cell
level

To check if the proposed concept of auxin transport is valid

and consistent with the experimental data and to establish

auxin transport characteristics for a single cell, a mathemat-

ical model of 2,4-D transport was designed using the

presented results to formulate its basic assumptions and

quantitative experimental data on 2,4-D accumulation for

its construction and validation. The model of 2,4-D

transport was constructed with the following assumptions.

(i) BY-2 cell suspension consists of individual and

identical cells of constant volume, and the number of the

cells (suspension density) does not change during the

accumulation assay

Obviously, all BY-2 cells in the cell population are neither

identical, nor are they in the same phase of their

development within the subculture period. Since a 2-d-old

cell population was always used for the accumulation

measurements, most of the cells were young cells in a similar

phase of development, with a constant proportion of

dividing and interphasic cells. So, the situation has been

simplified here in that all cells in the population have the

same capacity for auxin-transport processes.

(ii) Once inside the cell, 2,4-D is distributed homoge-

neously within the entire cell volume

Cell compartmentalization can hardly be neglected from

the biological point of view, but experimental data do not

require any inner cell compartments to be incorporated in

the model and thus they do not even allow identification of

any cell compartment-related parameters. Besides, the

young cells used in accumulation assays have a high

proportion of cytosol to other compartments.

(iii) 2,4-D is not metabolized in the cells within the 10 min

of the accumulation assay

Our results (see above) have provided the evidence for

such an assumption.

Fig. 2. Accumulation of 3H-2,4-D measured in the presence of the auxin transport inhibitors CHPAA, NPA or their combination in

tobacco BY-2 cells. (A) Accumulation of 3H-2,4-D (2 nM) in the control (EtOH only). (B) Treatment with CHPAA (10 lM in EtOH)

decreased 2,4-D accumulation by inhibiting the active auxin influx. (C) NPA (10 lM in EtOH) increased 2,4-D accumulation by inhibiting

the active auxin efflux. (D) Combination of both inhibitors (CHPAA and NPA) revealed the net diffusion of 2,4-D into the cells.

Corresponding model output curves reproducing (B, C, D) or predicting (A) 3H-2,4-D accumulation are shown. Only one (the best fitting)

accumulation data set (a single experimental run) is plotted in each graph for the sake of picture clarity. See Supplementary Fig. S2 at

JXB online for complete plots of accumulation curves.
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(iv) Number and activity of carriers do not change during

the accumulation

The addition of 2 nM radiolabelled 2,4-D at the

beginning of the accumulation assay is not expected to

produce any changes in the activity of the PM auxin

carriers, and the authors are not aware of any report that

would question this assumption.

(v) The kinetics of auxin influx and efflux carriers is linear

Based on the results of Delbarre et al. (1996), auxin

carriers do not exhibit saturating behaviour until micromolar

concentrations of auxins are reached. Since the extracellular

concentration of 3H-2,4-D was 2 nM and its intracellular

concentration did not exceed 100 nM, it is assumed that just

the linear part of carrier kinetics applies under the conditions

used. In other words, that the 2,4-D flux through particular

types of carrier is linearly proportional to the concentration

of 2,4-D in its source compartment, that is, extracellular

concentration for influx and vice versa.

(vi) Carrier inhibitors block the activity of carriers

entirely and do not affect other cellular characteristics

When CHPAA is applied, complete inhibition of the

active auxin influx is assumed, as well as complete in-

hibition of the active auxin efflux in the case of NPA

application. No changes in carrier localization were ob-

served up to 30 min after CHPAA treatment (Laňková

et al., 2010), and only processes other than auxin transport

might be affected at high NPA concentrations (Petrášek

et al., 2002, 2003; Dhonukshe et al., 2005, 2008).

Various combinations of auxin carrier inhibitors were

used to alter the experimental setup in order to obtain data

for the characterization of respective participating transport

mechanisms. When CHPAA and NPA were applied simul-

taneously, only the passive diffusion of 3H-2,4-D contrib-

uted to its net uptake. Such data, therefore, allowed the

values of 2,4-D diffusion parameters to be identified.

Individual application of CHPAA or NPA enabled optimi-

zation of values for the efflux or influx parameters, re-

spectively. Although the optimization could be performed

in such a stepwise manner, an algorithm for simultaneous

parameter optimization was employed instead to achieve

greater precision (see the Materials and methods).

Besides the proper parameters of the model, a constant

vertical offset was added to the model solution as another

parameter and optimized to let the model compensate for

auxin contaminating the cells surface and thus causing

a shift of the accumulation curve. Nevertheless, the final

value of the offset parameter provided by the optimization

process was relatively low compared with the levels of 3H-

2,4-D accumulation (Table 1; Fig. 2; see Supplementary

Fig. S2 at JXB online), suggesting that contamination of the

cell surface is substantially less important than that

observed earlier by Delbarre et al. (1996). The final

parameter values (Table 1) were validated by simulating the

course of control 3H-2,4-D accumulation (i.e. accumulation

without inhibitors), demonstrating that the model can

predict the shape of accumulation curves under various

experimental conditions (Fig. 2A). Plasma membrane

properties for 2,4-D (Table 2) were calculated from 2,4-D-

transport-parameter estimates according to Figs 3 and 4.

Further details about the construction of the mathematical

model are given in Figs 3 and 4.

Discussion

The synthetic auxins NAA and 2,4-D represent useful tools

for single-cell-based auxin transport studies because of the

distinct specificity of auxin influx and efflux carriers,

particularly in tobacco cells (Delbarre et al., 1996; Petrášek

et al., 2006). Since some metabolic activity of tobacco cells

especially towards NAA was reported earlier (Delbarre et al.,

1994, 1996), its metabolism in relation to the possible

interference of metabolites formed with the processes of

auxin transport was investigated first. The incubation of cells

with radiolabelled NAA, 2,4-D or the non-auxin weak acid

BeA revealed metabolic changes that were fastest for BeA

and NAA. Glucosyl ester conjugates represented the major

form of respective metabolites as shown for NAA in this

work and also by Kai et al. (2007) for IAA. Such glucosyl

ester conjugates or other auxin metabolites were not detected

in the cultivation media and therefore did not seem to be

substrates for the auxin efflux transporters. Assuming an easy

accessibility of glucose in cells, these findings are consistent

with reports about the importance of IAA conjugation and

conjugate hydrolysis for the regulation of auxin homeostasis

in mosses, hornworts, pteridophytes, and seed plants, in

contrast to charophytes and liverworts where auxin regula-

tion is controlled by the balance between the rates of

biosynthesis and degradation (reviewed by Cooke et al.,

2002).

It has been shown here that auxin metabolites remain

trapped inside cells. This finding has an important conse-

quence for accumulation assays based on radiolabelled

auxin. Because auxin molecules are labelled preferably on

the ring structures, the label stays inside cells in the form of

Table 1. Optimized parameter values

Symbol Parameter Value Unit

pI Intracellular fraction of

protonated 3H-2,4-D

5.56310�5 –

kD Diffusion parameter 40.8 s�1

kE Efflux parameter 3.00310�3 s�1

kI Influx parameter 2.44310�1 s�1

offset Apparent increase of
3H-2,4-D accumulation

5.05310�2 pmol mil�1. cells

Table 2. Calculated PM permeability and transport activities for

2,4-D

Symbol Property Value Unit

kDiff Diffusive permeability 2.35310�4 m s�1

kEff Efflux carrier transport activity 1.73310�8 m s�1

kInf Influx carrier transport activity 1.41310�6 m s�1
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auxin metabolite(s) and thus the real intracellular concen-

tration of free (labelled) auxin is lower than expected. This

implies that the true transport efficiency of PIN and/or

ABCB auxin efflux transporters is even higher than pre-

viously assumed for auxins that are metabolized quickly. In

the case of the widely used NAA, free 3H-NAA represented

Fig. 3. Mathematical model of 3H-2,4-D uptake by diffusion or both diffusion and efflux. (A) In the presence of CHPAA and NPA, it is

assumed that the active influx and efflux, respectively, of 3H-2,4-D are completely blocked. This is indicated in the scheme by expressions

stating that the densities of the respective 3H-2,4-D fluxes through the plasma membrane are null. Symbols indicate the amount of 3H-2,4-D

transported by influx carriers, dnInf , the amount of 3H-2,4-D transported by efflux carriers, dnEff , expressed per unit of time, dt, and a unit of

plasma membrane area, dS. The only non-zero flux of 3H-2,4-D is, therefore, caused by diffusion. In a corresponding equation, dnDiff
represents the amount of passively transported 3H-2,4-D, kDiff is the diffusion permeability of plasma membrane, pe and pi represent the

fraction (relative amount) of protonated (not dissociated) 3H-2,4-D in the extracellular and intracellular space, respectively. Since both

extracellular (CE) and intracellular (CI) concentrations of 3H-2,4-D change during accumulation, the extracellular concentration was

expressed using the initial extracellular concentration [CE(0)], the intracellular concentration, cell suspension density (number of cells in units

of suspension volume, dens), and cell volume (volume of a single cell, VC) as indicated in the bottom of the scheme. This expression was

then used to substitute for the 3H-2,4-D extracellular concentration in the diffusion equation. To obtain the final differential equation of the

model (1), the diffusion permeability of plasma membrane (kDiff), which is a universal property of the membrane independent of cell

dimensions, was replaced by the diffusion parameter (kD), which is a rate-constant specific to the particular cell geometry represented by its

volume (VC) and surface area (SC). (B) In the presence of CHPAA, the active 3H-2,4-D influx is assumed to be completely inhibited, while the

active efflux and diffusion of 3H-2,4-D is unaffected. Therefore, the mathematical representation of 3H-2,4-D flux by diffusion remains

identical to the one derived in (A). In the case of the active efflux, the flux of 3H-2,4-D is assumed to be proportional to the source

(intracellular) concentration of dissociated 3H-2,4-D (i.e. a linear kinetics of efflux carriers is assumed). The appropriate parameter—the auxin

efflux carrier activity of the membrane (kEff)—is transformed again into the cell-specific rate constant kE, the efflux parameter, according to

the same principle used for diffusion parameters described above in (A). The efflux parameter (kE) is then used in the final differential

equation (2) of the model.
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from less than a half (c. 30 s after its addition to the cell

suspension) to about a fifth (after 10 min) of overall

accumulated radioactivity (Fig. 1), thus resulting in a 2–5-

fold underestimation, respectively, of its efflux rate. In the

case of the Michaelis–Menten efflux kinetics used by

Delbarre et al. (1996), the half-saturation concentration

would be affected in the opposite way (2–5-fold over-

estimated), while the parameter maximum transport capac-

ity would remain unchanged. However, Delbarre et al.

(1996) expressed the concentration of NAA corresponding

to the half-saturation of NAA efflux as the extracellular

NAA concentration, and so this value cannot be updated

and discussed in the context of the experiments and the

model presented here.

While the use of NAA as a tool for the precise

characterization of auxin efflux depends on a detailed

understanding of its metabolic changes, 2,4-D is metabo-

lized fairly weakly and slowly. The high metabolic stability

of 2,4-D is probably due to the substitution by two halogen

(Cl) atoms, since halogenation of organic molecules has

been considered to play an important role in their metabolic

degradation, bioactivity, and conformation (Katekar 1979;

Fero et al., 2006). Therefore, 2,4-D was used in this work

for probing the transport characteristics of auxin influx and

efflux carriers. Although 2,4-D had previously been recog-

nized as a poor substrate for efflux carriers (Delbarre et al.,

1996), in our experiments the application of the auxin efflux

inhibitor NPA led to a pronounced increase in 3H-2,4-D

Fig. 4. Mathematical model of 3H-2,4-D uptake by diffusion and influx, or by a combination of diffusion, influx and efflux. (A) In the

presence of NPA, the active 3H-2,4-D efflux is assumed to be completely inhibited, while the active influx and diffusion of 3H-2,4-D are

unaffected. Therefore, the mathematical representation of 3H-2,4-D flux by diffusion remains unchanged. In the case of an active influx,

the flux of 3H-2,4-D is assumed to be proportional to the source (extracellular) concentration of dissociated 3H-2,4-D (i.e. a linear kinetics

of influx carriers is assumed). The appropriate parameter—influx carrier activity of the membrane (kInf)—is again transformed into the cell-

specific rate-constant kI, the influx parameter, to obtain the final differential equation (3) of the model. (B) With no inhibitor present in the

medium, all of the three transport mechanisms (i.e. diffusion, active influx, and active efflux) take part in the net uptake of 3H-2,4-D by the

cell. Therefore, the contributions of all these three processes are combined in the final differential equation (4) of the model.
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levels, suggesting that 2,4-D is also a substrate for active

auxin efflux. This is consistent with previous data showing

that, in tobacco cell line VBI-0, 2,4-D could be partly

transported across the plasma membrane via auxin efflux

carriers (Petrášek et al., 2002; Paciorek et al., 2005), and that

the over-expression of the Arabidopsis gene PIN7 in BY-2

tobacco cells resulted in an increased efflux of 2,4-D

(Petrášek et al., 2006). The overall accumulation of 3H-2,4-D

after treatment with the specific auxin influx inhibitor

CHPAA revealed an essential contribution of influx carriers

to 3H-2,4-D uptake, consistent with the previous conclusion

(Delbarre et al., 1996). Using the combination of inhibitors

CHPAA and NPA for blocking auxin influx and efflux,

respectively, the contribution of diffusion has been ‘sepa-

rated’ from total 2,4-D accumulation. Although 2,4-D has

been generally considered not to penetrate through PM via

passive diffusion, our data show that the contribution of

passive diffusion should not be overlooked (Fig. 5; see

Supplementary Fig. S6 at JXB online).

The results of the 3H-2,4-D accumulation experiments,

together with their interpretation presented above, provide an

image of short-term cellular transport of 2,4-D. On the basis

of this image a mathematical model was constructed. The fact

that the model can reproduce, and even successfully predict,

the levels of 2,4-D accumulated by tobacco cells supports the

proposed system, confirming its consistency and a fairly

accurate agreement with the data. Moreover, optimization of

the model produced estimates of crucial 2,4-D transport

parameters such as diffusive permeability of the PM and

transport activities of the efflux and influx carriers (Table 2).

Obviously, the values of these parameters are specific to

the particular plant material and experimental conditions,

and therefore cannot be taken as generally valid. Neverthe-

less, they can be discussed and to some extent also

compared with analogous parameters stated elsewhere.

Delbarre et al. (1996) presented Michaelis–Menten kinetic

parameter values for 2,4-D influx from which an equivalent

of our influx parameter (kI) can be calculated. Assuming no

carrier saturation whatsoever, this gives a value of 0.013

s�1. This value corresponds to our 2,4-D influx parameter

estimate (kI¼0.24 s�1), pointing at some key aspects of

different methodology. Since Delbarre et al. (1996) satu-

rated the carriers with cold 2,4-D in order to measure their

kinetics, the fact that they underestimated the efflux of 2,4-

D was likely to interfere with the influx activity. Conse-

quently, concurrent saturation of both auxin influx and

efflux would decrease the significance of the observed

saturable component (because the common portions of

saturated influx and efflux would be mutually compensated,

leaving just their difference visible). This could result in

apparently lower participation of influx on overall 2,4-D

accumulation. The simultaneously saturated portions of

influx and efflux would then contribute to the non-saturable

part of 2,4-D uptake. A part of this non-saturable

component was interpreted by Delbarre et al. (1996) as cell

surface contamination, which explains their surprisingly

high value of this parameter. By contrast, parameter

estimates and the sensitivity analysis in our model (Table

S1; see Supplementary Fig. S5 at JXB online) render cell

surface contamination insignificant.

When comparing our 2,4-D efflux and influx parameters

(kE¼0.003 s�1 and kI¼0.24 s�1) with each other, dominance

of the influx activity over efflux of 2,4-D is evident (Fig. 5;

see Supplementary Fig. S6 at JXB online). However, the

intracellular concentration of 2,4-D rises very quickly and

compensates a considerable portion of the massive differ-

ence between 2,4-D influx and efflux rate constants. For

instance, at the state of equilibrium (to which the late phase

of 2,4-D accumulation is relatively close) the intensity of

active efflux corresponds to about 70% of the intensity of

2,4-D influx (Fig. 5).

It should be stressed that the assumption of homoge-

neous distribution of 2,4-D within the cells by neglecting

inner cell compartments seriously limits the solidity of the

efflux parameter estimate. This is because the retention of

2,4-D in an intracellular compartment would result in the

Fig. 5. Comparison of relative contribution of 2,4-D transport processes on a cellular level. The mathematical model predicts the relative

contributions of the three distinct 2,4-D transport processes in the following model situations: initial phase of 2,4-D accumulation (2,4-D

in the medium, no 2,4-D in cells), wash-out of accumulated 2,4-D to auxin-free medium, and a steadystate. Shades of grey represent

2,4-D concentrations in intracellular and extracellular space. Notice that, in the case of an equilibrium (2,4-D concentrations, both inside

and outside the cell, do not change), the 2,4-D level is higher inside the cell.
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difference between the actual cytoplasmic 2,4-D concentra-

tion and the modelled value, that was simply averaged over

the cell volume. Therefore, a different value of the

appropriate rate constant–—the efflux parameter—would

be necessary to simulate the observed flux. The extent of the

bias of the present efflux parameter estimate could be

assessed approximately by the change of the estimated value

if a plant material with significantly less or more pro-

nounced cellular compartmentalization is used. However, if

suitable data directly reflecting cell compartmentalization

are available in the future, the present model can be

modified in an attempt to characterize the intracellular

compartments such as the ER, which was proposed to play

a role in intracellular auxin signalling (Mravec et al., 2009;

Wabnik et al., 2011).

The estimate of intracellular fraction of protonated
3H-2,4-D (pI¼5.56310-5) can be verified by calculating the

appropriate value of intracellular pH according to the

Henderson–Hasselbach equation. The resulting intracellular

pH value of 7.15 is fairly plausible and thus supports the

credibility of this parameter estimate. The issue of auxin-

related pH dynamics links our model closely to the work by

Steinacher et al. (2012), who specialized in this matter with

their mathematical model of auxin-induced cell wall acidifi-

cation. Although they were dealing with natural IAA, it is

noteworthy that their model, which so far does not integrate

any auxin transport data, could be supported by the

experimentally assisted approach to the modelling of auxin

transport presented here.

Taken together, a single-cell-based system of experimen-

tal–computational characterization of auxin transport is

introduced. Mathematical modelling is used here as a tool

for interpretation and validation of experimental data

applying an ‘analytical approach’ to derive the model in

direct relation to the data. This concept harvests new

biological information from the data and, moreover, the

model itself has a potential to produce parameter estimates

and to complement existing models of hypothetical auxin

transport regulation mechanisms.

Supplementary data

Supplementary data can be found at JXB online.

Supplementary Table S1. Table of known parameters and

conditions.

Supplementary Fig. S1. Metabolism of 3H-NAA, 3H-2,4-

D, 3H-BeA in Xanthi tobacco cells and media at time

0 (approximately 20 s) and 10 min of incubation.

Supplementary Fig. S2. Complete plots of 3H-2,4-D (2

nM) accumulation curves measured under the effects of the

auxin transport inhibitors CHPAA, NPA, and their combi-

nation (10 lM in EtOH) in BY-2 tobacco cells.

Supplementary Fig. S3. Identification of the main NAA

metabolite (NAA glucosyl ester).

Supplementary Fig. S4. Confirmation of the ester bond in

the NAA major metabolite (identified as NAA glucosyl

ester).

Supplementary Fig. S5. Sensitivity of model-data fit quality

to parameter change.

Supplementary Fig. S6. Detailed simulation of the model

accumulation assay.
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Auxin transporters: why so many? Cold Spring Harbor Perspectives in

Biology 2, a001552.

Auxin transport at cellular level: new insights supported by mathematical modelling | 3827
D

o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/jx
b
/a

rtic
le

/6
3
/1

0
/3

8
1
5
/5

4
3
0
7
7
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2


