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INTRODUCTION

Auxins play a crucial role in the regulation of spatial and temporal aspects of
plant growth and development'. As well as being required for the division,
enlargement and differentiation of individual plant cells, auxins also function
as signals between cells, tissues and organs. In this way they contribute to
the coordination and integration of growth and development in the whole
plant and to physiological responses of plants to environmental cues (63). At
the individual cell level, fast changes or pulses in hormone concentration may
function to initiate or to terminate a developmental process. In contrast, the
maintenance of a stable concentration of the hormone (homeostasis) may be
necessary to maintain the progress of a developmental event that has already
been initiated. It should be stressed that both transmembrane transport and
metabolic processes such as biosynthesis, degradation and conjugation,

! Abbreviations: ARF, auxin response factor; ABC, ATP-binding cassette; BFA, brefeldin A;
CHX, cycloheximide; 2,4-D, 2.4-dichlorophenoxyacetic acid; GEF, guanine nucleotide
exchange factor; MNK, Menkes copper-transporting ATPase; NAA, 1-naphthaleneactic acid;
NPA, 1-N-naphthylphthalamic acid; NBP, NPA-binding protein; PM, plasma membrane;
TIBA, 2,3,5-triiodobenzoic acid.
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operate together to regulate the momentary
concentration of the active hormone
molecule in target cells and cell
compartments (97; Fig. 1).

Auxins such as indole-3-acetic acid
(IAA) mediate interactions between cells,
tissues and organs over both short
distances (for example, between adjacent
cells) and over very long ones (for example
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Figure 1. Scheme of the metabolic and . New approaches to_ the physmlqu of
transport  processes  involved in @uXin transport, and rapid advances in our
regulating the momentary level of knowledge of the molecular and genetic
auxin in a plant cell or its mechanisms that underlie it, have
compartments. Full arrows: transport dramatically increased our understanding
processes; dotted arrows: metabolic ¢ the process in the nine years that have
PrOCESSES. elapsed since auxin transport was
discussed in the last edition of this book
(48). It has become increasingly clear that polar auxin transport is a very
dynamic and complex process and one that is regulated at many different
levels.

This chapter describes and analyses these recent developments. The
earlier work on which they were based has been reviewed elsewhere (33, 42);
several comprehensive reviews analyse the recent discoveries relating to the
mechanism, regulation, molecular genetics and significance in development
of polar auxin transport (4, 19, 22, 59, 63, 64, 97). The reader is referred to
these for further background information.

It is impossible to discuss polar auxin transport without reference to the
direction of transport in the plant and the orientation of auxin-transporting
cells with respect to plant poles and axes. The terminology in general use has
the potential to confuse, not least because in plant developmental biology the
base of the developing embryo equates to the apex (i.e. the youngest,
meristematic, end) of the growing root. Thus the basal end of a cell refers to
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the end nearest the root pole
and the apical end to that
a) nearest the shoot pole,
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Aoyt 25 AW +— Baasl
B

T LONG-DISTANCE AUXIN
Figure 2. The nomenclature used in the text to define N{OQYVEMENT -

the directions of auxin transport in a plant or plant
organ and apical and basal ends of root and shoot PATHWAYS AND

cells. The apical end of a cell is defined here as the MECHANISMS
end nearest the shoot tip, regardless of whether the cell
is located in the root or the shoot. A = Apical end of Two physiologically distinct
cell; B = basal end of cell. and spatially separated
pathways function to transport
auxin over long distances through plants. Firstly, auxin is translocated
rapidly by mass flow with other metabolites in the mature phloem. Secondly,
auxin is transported downwards towards the root tips from immature tissues
close to the shoot apex by a much slower (ca. 7-15 mm h™), carrier-
dependent, cell-to-cell polar transport (33). Early experiments (14) suggested
that some of the auxin reaching the root tip might be re-exported basipetally
through the root, possibly in the cortex.

Non-Polar Translocation of Auxin in Vascular Tissues

IAA is a natural constituent of phloem sap and is exported in physiologically
significant quantities by source leaves (1). Furthermore, labeled auxins
applied directly to source leaves, and IAA synthesized by source leaves from
applied tryptophan, are also rapidly loaded into the phloem and exported (1,
and references therein). Only traces of endogenous IAA are normally found
in xylem sap (1) and it is unlikely that the mature xylem functions as a major
pathway for long-distance auxin movement.

The TAA that is loaded into mature phloem in source leaves is
translocated passively in solution in the phloem sap to sink organs and tissues
where unloading of phloem-mobile assimilates occurs. Thus the direction
and speed of auxin translocation in this pathway will be subject to all the
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factors that influence phloem translocation (58). This makes the phloem an
unlikely route for the transmission of a signal molecule involved in the fine-
tuning of growth and development. Nevertheless, significant quantities of
IAA occur in phloem sap and it is clear that the total amount of auxin that is
delivered by the phloem to sink tissues is considerable. Consequently, the
high concentration of TAA detected in young (sink) leaves at the shoot apex
(often uncritically assumed to indicate high rates of local biosynthesis of
IAA) results from both local synthesis (47) and IAA accumulation following
unloading of phloem-mobile auxin synthesized in source leaves (1).

In addition to having roles in the loading and unloading of phloem
mobile assimilates in source and sink tissues (58), the IAA translocated in the
phloem also is a major source of the IAA transported in the long distance
polar auxin transport pathway (see below).

The Long Distance Polar Auxin Transport Pathway

Auxin exported by the apical tissues of intact dicotyledonous plants moves
downwards through the stem and root by a mechanism that has all the
characteristics of the slow, polar transport first described from coleoptile and
stem segments (33, 59). In stems, this transport occurs basipetally, but not
acropetally (Fig. 2), at velocities around 10 mm h™; is blocked by inhibitors
of polar auxin transport (see below); and is competed by other growth-active
auxins such as I-naphthaleneactic (NAA) and 2,4-dichlorophenoxyacetic
acid (2,4-D). In both herbaceous and woody dicotyledonous species the
pathway for the root-directed long distance polar transport of auxin includes
the vascular cambium and its partially differentiated derivatives, including
differentiating xylem vessels and xylem parenchyma (44, 62).
Environmental treatments and experimental conditions that reduce or inhibit
cambial activity correspondingly reduce long distance polar auxin transport.

Communication Between Polar and Non-Polar Pathways

Of particular interest and importance is the question of whether the two long-
distance auxin transport pathways — the polar pathway in immature cells and
the translocation pathway in mature vascular elements — are isolated from
each other, or whether auxin moving in one pathway can enter the other. The
answer to this question has considerable bearing on the sources of auxin
present in the polar transport pathway.

There is little evidence to indicate that auxin enters the phloem from the
polar transport pathway; on the contrary, a number of reports suggest that it
does not (10). In contrast, there is both physiological and genetic evidence
that phloem-translocated auxin is transferred to the long distance polar auxin
transport system (10). For example, when [1-'"*C]JIAA was applied to a
mature leaf of pea (Pisum sativum L.) it was exported in the phloem
(indicated by recovery of label in aphid colonies on the internodes above and
below the fed leaf). However, efflux of ['*C] from 30 mm stem segments
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excised 4h after labelling occurred in the basipetal, but not in the acropetal,
direction and was prevented by inclusion of 1-N-naphthylphthalamic acid
(NPA), an inhibitor of polar auxin transport (see later). This polar, NPA-
sensitive efflux clearly suggests that auxin had entered the polar transport
system from the phloem. The quantity of auxin that effluxed basipetally from
the stem segments was dramatically reduced when very young tissues at the
shoot apex were excised, suggesting that the transfer of auxin from the
phloem to the polar transport pathway occurred mainly in the younger sink
tissues of the shoot apex. A possible explanation for this is that the transfer
of IAA from the phloem to the polar transport system may require carrier-
mediated radial transfer through undifferentiated cells.

PHYSIOLOGICAL ASPECTS OF POLAR TRANSPORT

Carrier-Mediated Auxin Transport: The Role of Efflux Carriers

An early indication that polar auxin movement involved carrier-mediated
cell-to-cell transport was the observation that 2,3,5-triiodobenzoic acid
(TIBA), a known inhibitor of polar auxin transport, stimulated the net uptake
of labelled IAA in Zea mays L. coleoptile segments (37). This indicated that
efflux rather than influx of IAA was inhibited by TIBA and therefore that
efflux was more important than uptake in determining polar transport.
Together with the already known facts that polar transport could take place
against an overall concentration gradient, was sensitive to inhibitors of
energy metabolism, and could continue in the absence of cytoplasmic
continuity between adjacent cells (33, 42), these observations led to
suggestions that auxin uptake and efflux by cells were mediated by energy-
dependent influx and efflux carriers (37). Polarity of transport was believed
to result from small differences in net auxin efflux between the two ends of a
cell, and polar transport was envisaged as involving active (polar) “secretion”
of auxin by carriers from the end of one cell, diffusion of auxin through the
intervening wall space, and active uptake of auxin by an adjacent cell.

An important milestone in the efforts to explain the mechanism of polar
auxin transport was the proposal that net polar transport of auxin through
cells could be explained by differences between their two ends in their
relative permeabilities to dissociated and undissociated auxin molecules (76,
79; Fig. 3). Being relatively lipophilic, undissociated molecules of some
auxin species (e.g. IAA and NAA, but not 2-4,D) readily enter cells by
diffusion across the plasma membrane (PM) from the surrounding wall space.
Because the cytoplasm is normally far less acid than the wall space (typically
around pH 7.0 and pH 5.5 respectively), a high proportion of the auxin
molecules which enter the cells by diffusion dissociate after crossing the PM,
the extent to which they do so depending on the dissociation constant of the
auxin species concerned. Because auxin anions cannot readily penetrate the
PM, they become “trapped” in the cytoplasm. Undissociated auxin will
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continue to move into the cell as

long as an inwardly directed
concentration gradient in
undissociated auxin persists. As

concentration equilibrium is
approached, the total concentration
of auxin in the cell (dissociated plus
undissociated) will exceed the total
concentration in the more acidic
wall space, where the concentration
of auxin anions will be considerably
lower. Thus, when a pH gradient is
maintained across the PM, diffusion
alone can appear to drive
accumulation of auxin against a
gradient in its concentration! Unlike
the polar secretion model (see
above), which assumes primary
activation of the transport catalysts,
the “chemiosmotic polar diffusion
model” requires only secondary
energy expenditure in order to
maintain the transmembrane pH
gradient (Fig. 3).

As in the polar secretion
model, an asymmetric distribution
of auxin anion efflux carriers in the
PM will lead to a polarized leakage
of auxin anions from a cell (79), and
if the asymmetry of carrier
distribution is repeated in each cell
in a file of contiguous cells, it would
amplify the polarized leakage of
auxin and lead to a net polar
movement of auxin through tissue.

Auxin Uptake Carriers
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Figure 3. Components of transmembrane
auxin transport according to the chemiosmotic
polar diffusion model (33). A membrane pH
gradient (maintained by plasma membrane H'-
ATPases) drives diffusive accumulation of
undissociated auxin molecules. At the higher
pH of the cytoplasm, some of the auxin
molecules which enter the cell dissociate. The
plasma membrane is relatively impermeable to
auxin anions (IAA’), which are “trapped” in
the cytoplasm and can only exit or enter the
cell through the action of specific influx
(upper; light shading) and efflux (lower; heavy
shading) carrier systems. Asymmetry in the
distribution of the two carrier systems, more
especially the efflux carrier, results in a net
polar transport of auxin through the cell.

Despite the prominence given to the efflux carrier in polar transport, it
quickly became clear that a functionally distinct class of auxin anion carriers
is also involved in auxin uptake. This was first suggested by observations
that auxin uptake by suspension cultured cells (79) and tissue segments (15),

possessed a saturable component.

Elegant experiments demonstrated that

auxin uptake into sealed outside-out zucchini (Cucurbita pepo L.) hypocotyl
PM vesicles was a saturable, carrier-mediated process specific for growth
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active auxins. Subsequently, it was found that carrier-mediated uptake was
electrogenic and probably involved a proton symport in which two protons
were transported for each I[AA” anion (48).

Although undissociated IAA can readily enter cells by diffusion across
the PM, at the low concentrations of endogenous IAA likely to be present in
the extracellular wall space in intact plants, it is probable that high affinity
uptake carriers provide a more efficient means of effecting auxin uptake than
diffusion. A key role for auxin influx carriers in polar auxin transport and in
the loading of auxin into and unloading from the long distance transport
pathway in the phloem is now supported both by physiological and
biochemical observations and by evidence from recent molecular genetics
studies (discussed in detail later).

Auxin Efflux Carriers Are Multi-Component Systems

It is probable that auxin efflux carriers are multi-component systems
consisting of at least two, but possibly more individual protein components,
each with a different function (61). The synthetic auxin transport inhibitor
NPA strongly inhibits auxin efflux and consequently stimulates auxin
accumulation by cells (59, 78). The mechanism by which NPA inhibits polar
auxin transport remains a matter of debate and will be discussed later in this
chapter, but available evidence suggests that it is mediated by a specific, high
affinity, NPA-binding protein (NBP; 78). Protein synthesis inhibitors such as
cycloheximide (CHX) rapidly uncouple carrier-mediated auxin efflux from
the inhibition of efflux by NPA, but in the short-term do not affect auxin
efflux itself or the saturable binding of NPA to microsomal membranes (61).
These observations suggest that the NBP and the efflux catalyst are separate
proteins that may interact through a third, rapidly turned over transducing
protein (16, 49, 59,
63).

cooH @["‘f*‘ @
@' N © Polar Auxin
I 1 0 Transport Inhibitors

2.3 5-riiodobenzoicacid  1-N-naphthylphthalamic acid (Npa) 21 NPA-Bmdmg
(TIBA) (phytotropin) Proteins

COOH Inhibitors of polar

OH
H OV@OH @ ©© auxin transport (Fig. 4)
m ¢ have been very useful

o 0 ©© tools with which to

OH g . .
investigate both the
quercetin 1-pyrenoylbenzoic acid { PBA) mechanism and
(flavonoid) {phytotropin) regulation of polar
transport and the role
Figure 4. Examples of inhibitors of polar auxin transport. Of auxin transport plays
these, only quercetin occurs naturally. in the control of plant
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development. The auxin transport inhibitors NPA and TIBA have been
mentioned already. NPA, the most widely used of these, belongs to a class of
structurally related synthetic compounds — phytotropins — characterized by
their inhibition of auxin-dependent tropic responses, (78). Most reports
indicate that the phytotropins interfere with polar auxin transport by strongly
inhibiting auxin efflux from cells and a characteristic feature of their action is
that auxin accumulates in treated cells. When stems of intact plants are
ringed with a preparation containing NPA, root-directed basipetal transport of
auxin is blocked and auxin accumulates in tissues above the NPA-treated
region (e.g. 10). Despite the fact that most responses to NPA are best
interpreted in terms of inhibition of efflux, a few reports suggest that under
some circumstances influx carrier activity may also be sensitive to NPA (17).

Phytotropin action is mediated through a putative phytotropin-binding
(NPA-binding) receptor protein, the NBP. For reasons already discussed, it
is likely that the NBP is a separately synthesised and targeted regulatory
protein that is functionally associated with the efflux catalyst. Interestingly,
an NBP detected by an indirect immunofluorescence technique, using
monoclonal antibodies raised against a membrane associated NPA-binding
protein from zucchini hypocotyl tissue, exhibited a predominantly polar
(basal) localization in cells associated with the vascular tissue in pea stem
sections (40). This was the first direct evidence for the polar localization in
cells of a protein believed to be associated with polar auxin transport.

Despite one report that the NBP is an integral membrane protein (8), the
weight of evidence indicates that the NBP is probably a peripheral membrane
protein that is located on the cytoplasmic face of the PM and is associated
with the actin cytoskeleton (63, 64). Several studies have demonstrated that
TIBA does not compete with NPA for high affinity binding sites on the NBP,
implying the probable existence of different binding sites for different classes
of polar auxin transport inhibitors.

All the first-discovered polar auxin transport inhibitors were synthetic
compounds. Nevertheless, NBPs are almost universally distributed in the
plant kingdom, suggesting that the NBP performs an essential function in
plant cells. Although this function may not necessarily involve the regulation
of polar auxin transport, the possibility remains that natural equivalents of the
phytotropins exist and that through association with the NPA-binding site,
they regulate auxin carriers. A screen for phenolic compounds which both
promoted net accumulation of labelled IAA by zucchini hypocotyls segments
and competed with labelled NPA for binding sites on membrane fractions
isolated from zucchini hypocotyls, led to the discovery of a group of
naturally-occurring flavonoids which were both ligands for the NPA binding
site and inhibitors of TAA efflux (41). When several of these compounds
were compared, their ability to inhibit NPA binding was directly correlated
with their ability to stimulate IAA accumulation (41). Flavonoids, therefore,
might be natural regulators of auxin efflux carriers. In support of this, the
flavonoid-deficient Arabidopsis mutant ##4 (transparent testa 4) was found to
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have altered patterns of auxin distribution resulting from higher than normal
auxin efflux (67). The lesion in auxin transport could be corrected by
application of the missing intermediate in the flavonoid biosynthetic
pathway, naringenin.

Rapid Turnover and Cycling of the Auxin Efflux Carrier

A significant recent discovery was that auxin efflux catalysts turnover very
rapidly in the PM. This was first revealed by investigations of the effect of
the inhibitors of vesicle traffic to the PM, monensin and brefeldin A (BFA),
on the accumulation of IAA by zucchini (Cucurbita pepo L.) hypocotyl
segments (59, 77; Fig. 5), and of the effect of BFA on NAA accumulation by
suspension-cultured tobacco cells (Nicotiana tabacum L.; 16). Both
monensin and BFA very rapidly stimulated IAA or NAA accumulation
(depending on system), but in neither system did they affect the accumulation
of 2,4-D (16, 60). Because 2,4-D is a readily transported substrate for auxin
uptake carriers but not, in most species, for auxin efflux carriers (17), these
observations indicated that the target for BFA action was the efflux carrier
system. This is supported by an observed reduction in the efflux of NAA or
IAA (but not of 2,4-D) from pre-loaded cells and tissue segments in the
presence of BFA (16, 60). Also consistent with this conclusion is the ability
of BFA to abolish polar (basipetal) auxin transport in long (30 mm) pea and
zucchini stem
segments amn.
Significantly, BFA
does not affect
saturable NPA
binding to micro-
somal preparations
from zucchini
providing additional
evidence that the
o NBP and the auxin
additions
efflux catalyst are
l different  proteins
77). Compared
with responses to
CHX, the lag time
for which may be
| . i up to 2.0 h in
20 40 &0 80 zucchini, the lag for
Time (min) BFA action is very
Figure 5. The effect of inflight additions (arrow; 22 min from short  (minutes or
start) of brefeldin A (BFA; 30 pM)) and cycloheximide (CHX; 10 less; 16,  77).

uM) on the time-course of accumulation of ['*C]JIAA by 2 mm Furthermore, the
zucchini hypocotyl segments. (Redrawn from 77).
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response to BFA is unaffected by CHX (Fig. 5).

Taken together, these observations provided strong indirect evidence that
an essential component of the auxin efflux carrier system (possibly the efflux
catalyst itself) is targeted to the PM through the BFA-sensitive secretory
system, and that this component turns over very rapidly at the PM without the
need for concurrent protein synthesis; this implies the existence of internal
pools of the carrier protein (16, 60, 77). It has been argued that because such
pools would be of finite capacity, the high rates of efflux carrier turnover
revealed by these experiments could only be sustained if a proportion of the
carriers cycled between the PM and the proposed pools (77).

Rapid cycling of PM-located carriers and receptors in animal cell
systems is well documented. Examples of particular interest in relation to the
auxin efflux carriers include the Menkes copper-transporting ATPase (MNK)
and the insulin-dependent GLUT4 glucose transporter. Similarities exist
between the cycling of GLUT4 in insulin-sensitive mammalian cells and the
putative cycling of auxin efflux catalysts in plant cells (59, 64). Cycling of
GLUT4 involves an endosomal pathway, whilst MNK cycles between the
PM and the trans Golgi network. The steady-state distribution of MNK
protein between the PM and the frans Golgi network depends on substrate
(Cu ions) levels in the cell (59). This property is of particular interest
because there is indirect evidence to show that the targeting of auxin carriers
to the PM also may be stimulated by the carrier substrate itself, namely IAA
(59).

The Role of the Cytoskeleton in Auxin Carrier Traffic and Cycling

The actin cytoskeleton plays an important role in directing vesicular traffic to
delivery sites at the PM and to other membrane-enclosed compartments in the
cell. It has been known for several years that the NBP is closely associated
with actin filaments (49, 63, 64).

The link between the high affinity NBP and the actin cytoskeleton
suggests that NBPs may play a role in directing the polar distribution of auxin
efflux carriers, which have been shown to cycle along actin filaments (30).
However, the link remains to be proven experimentally.

Irrespective of whether NPA acts through the NBP, NPA action does not
involve changes in the structure of the actin cytoskeleton; NPA has been
shown recently to have no effect on the arrangement of either microtubules or
actin filaments in BY-2 tobacco cells, even at concentrations well above that
required to saturate the inhibition of auxin efflux (72).

THE GENETICS OF AUXIN TRANSPORT

Although physiological and biochemical approaches have provided much
information about the process of polar auxin transport and its role in plant
development, they have told us little about the molecular identity and

10
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molecular regulation of components of the polar auxin transport system.
Recent developments in plant molecular genetics, particularly the analysis of
Arabidopsis mutants affected in polar transport, or in responses to auxins or
auxin transport inhibitors, have enabled major advances to be made in our
understanding of the process. Some of these developments are now
described.

AUXI1 Proteins — Components of Auxin Influx

A mutant referred to as auxin I (auxl) has been pivotal in attempts to identify
genes that encode auxin influx carrier catalysts (3). The root agravitropic and
auxin-resistant phenotype of aux/ (Fig. 6B) is consistent with a defect in auxin
influx, but similar phenotypes have been observed also in mutants defective in
auxin response (46). The AUXI gene encodes a protein that shares significant
similarity with plant amino acid permeases — this favours a role for AUX1 in the
uptake of the tryptophan-like IAA (3). Despite the fact that final biochemical
proof of AUX1 function as an auxin uptake carrier is still lacking, several lines
of evidence strongly support its involvement in auxin influx. The strongest
support comes from a detailed analysis of the aux/ phenotype. It has been
demonstrated that the membrane permeable NAA rescues the aux/ root
agravitropic phenotype much more efficiently than the less membrane
permeable IAA or 2,4-D and that this rescue coincides with restoration of polar
auxin transport in this mutant (53, 96). Moreover, the aux! phenotype can be
mimicked by growing seedlings on media containing the recently identified
(39) inhibitors of auxin influx, 1-naphthoxyacetic and 3-chloro-4-
hydroxyphenylacetic acids (71). The most direct support for AUX1 as an
influx component comes from auxin uptake assays in aux/ and wild type
roots. Roots of aux/ accumulated significantly less auxin influx substrate
2,4-D than do wild-type roots but no such difference was found for the
membrane-permeable NAA or the [AA-like tryptophan (53).

Recently the AUX1 protein was localized within Arabidopsis root tissue
using an epitope tagging approach (86). It was detected in a remarkable
pattern in a subset of protophloem, columella, lateral root cap and epidermal
cells, exclusively in the root tips. Most interestingly, the polar localization of
AUX1 has been detected in the protophloem cells at the apical side opposite
to that of PIN1 protein (Fig. 6C). However, the root tips of aux/ contain less
free auxin than wild type, probably due to defects in long distance auxin
distribution from apex to the root. This paradox between local expression
and long-distance effect of AUXI, taken together with its localization at the
upper side of protophloem cells, suggests a role of AUXI protein in the
protophloem in unloading auxin from the mature phloem into the polar auxin
transport system in the root tip. AUXI is a member of the small gene family in
Arabidopsis. However the characterization of the other members of this family
has not yet been reported (87).

11
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Figure 6 (Color plate on page xxx). A. The “knitting needle” like phenotype of the
Arabidopsis pin mutant. B. Root agravitropic phenotype of the Arabidopsis aux/ mutant. C.
Polar localization of the putative auxin influx carrier AUX1 (green) at the apical side and the
putative auxin efflux carrier PIN1 (red) at the basal side of protophloem cells in an
Arabidopsis root. D. Polar localization of PIN2 (green) at the apical side of lateral root cap
and epidermis cells in an Arabidopsis root. The less polar localization of PIN2 in cells of the
cortex is also visible. E. Basal localization of PIN1 (yellow) in xylem parenchyma cells in a
longitudinal section of an Arabidopsis inflorescence. F. PIN4 localization (red) around the
hypophysis and at the basal side of the subtending suspensor cell, in a globular stage
Arabidopsis embryo. DAPI stained nuclei are depicted in blue. G. PIN4 localization (green) in
the central root meristem. Basal localization in vascular and endodermis/cortex initials and
their daughter cells; less pronounced basal localization in the quiescent centre; and non-polar
localization in columella cells. (A, E from 70; B, C from 86; D from 21; F, G from 20).

12
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PIN Proteins —
Components of the
Auxin Efflux
Machinery

In the early nineties, the
knitting needle-like pin-
formed 1 (pinl) mutant
Figure 7. Predicted topology of the AtPIN1 protein showing phenotype of Arabid-
conserved transmembrane domains at the N- and C-termini OpSiS was described
and the large, central, hydrophilic loop. (Fig. 6A). This strongly

resembled plants treated
with inhibitors of auxin efflux. Furthermore, basipetal auxin transport in this
mutant is strongly reduced (69). The AtPINI gene has now been cloned by
transposon tagging and has been found to encode a transmembrane protein
with similarity to a group of transporters from bacteria (Fig. 7). It has been
suggested that AtPINI represents an important component of auxin efflux
carrier (26). Alternatively, and equally likely on the basis of currently
available genetic evidence, AtPIN1 could act as a regulator of auxin efflux.
The Arabidopsis PIN gene family consists of eight members, four of which
have been characterized in detail in relation to their expression, localization
and role in plant development (22). Homologous genes have been found in
all other plant species examined, including maize, rice and soybean. To date
the proposed auxin efflux catalyst function of AtPIN proteins has not been
verified biochemically. Nevertheless, there are several lines of evidence
which strongly support such a role for the AtPIN proteins:

1. The AtPIN protein primary sequences and predicted topology suggest a
transport function.

The AtPIN proteins share more than 70% similarity and have a closely
similar topology - two highly hydrophobic domains with five to six
transmembrane segments linked by a hydrophilic region (Fig. 7).
Transporters of the major facilitator class display similar topology. Moreover
AtPIN proteins were demonstrated to share limited sequence similarity with
known prokaryotic and eukaryotic transporters (12, 51, 65, 70, 90).

2. Yeast cells expressing AtPIN2 accumulate less auxin and related
compounds.
The only heterologous system used to address PIN transport activity has been
yeast cells with an altered ion homeostasis (51). When AtPIN2 is
overexpressed in such yeast cells they exhibit enhanced resistance to the
toxin fluoroindole, a substance with a limited structural similarity to auxin
(51). Other experiments demonstrated that these cells also retain less
radioactively labeled auxin (12). The decreased accumulation of labeled
auxin or its analogs support an auxin efflux function for AtPIN2 in yeast.
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Nevertheless, attempts to demonstrate changes in auxin transport rate in such
cells have so far failed, leaving this issue unresolved.

3. AtPIN proteins have a polar distribution in auxin transport-competent
cells.

The chemiosmotic hypothesis (see earlier) predicts that auxin efflux carriers
are asymmetrically localized in cells and that this polar localization
determines the direction of the net auxin flux (76, 79). Coincidence between
the polarity of distribution and the known direction of the auxin flux has been
demonstrated for several AtPIN proteins. AtPIN1 protein is localized at the
basal side of elongated parenchymatous xylem and cambial cells of Arabidopsis
inflorescence axes where polar auxin transport occurs in the basipetal direction
(26, 70). In contrast, the AtPIN2 protein was polarly localized at the upper
side of the lateral root cap and epidermis cells (Fig. 6D; 21, 65) again in
accordance with a basipetal auxin stream from the root tip. The AtPIN3
protein localizes predominantly to the lateral side of shoot endodermal cells
(Fig. 8B; 23) and the polar localization of AtPIN4 in root tip directs towards
columella initials, the site of auxin accumulation (Fig. 6G; 20).

4. Atpin mutants are defective in polar auxin transport.

One of the strongest arguments for the involvement of PIN proteins in auxin
transport is a reduction of polar auxin transport in A¢pin mutants, which
directly correlates with loss of A¢PIN expression in the corresponding tissue.
This was demonstrated for basipetal auxin transport in stem of the Atpinl
mutant and in the root of the Atpin2 mutant (69, 74).

5. Disruption of AtPIN function cause changes in cell specific auxin
accumulation.

Auxin accumulation has been indirectly monitored in Arabidopsis by
determining the activity of auxin-responsive constructs such as DR5::GUS
(81). Where compared, this seems to correlate well with direct IAA
measurements (11, 20). Using this approach, it has been found that changes
in cell-specific auxin accumulation in several A#pin mutants are correlated
with a loss of AtPIN expression in the corresponding cells. Such correlations
have been demonstrated for Atpin2 (eirl) mutant roots after gravistimulation
(51) and for Atpin4 mutant roots and embryos (20). In addition, Atpin2
(agrl) root tips preloaded with radioactively labeled TAA retain more
radioactivity than similarly treated wild type roots (12).

6. Phenotypes of Atpin mutants can be phenocopied by auxin efflux
inhibitors.

Defects observed in Atpin mutants are in processes that are known to be

regulated by polar auxin transport and they can be phenocopied by treatment

of wild type plants with auxin efflux inhibitors. Examples include the A#pinl

embryonic and aerial phenotype (69); the defect in root and shoot
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Figure 8 (Color plate on page xxx). A. Elevated DR5 auxin reporter response (blue) in the
outer layer of a gravistimulated Arabidopsis hypocotyl. The direction of basipetal (red arrows)
and lateral (orange arrows) polar auxin flows is depicted, as well as the non-polar phloem
transport of auxin (dashed line). B. Lateral localization of PIN3 in endodermal cells seen in
longitudinal section of an Arabidopsis inflorescence. C. Directions of auxin flow derived
from the polar localization of various PIN proteins in the Arabidopsis root. PIN3 localization
(green) symmetrically around the columella cells is visible. Relocation of PIN3 to the basal
side of columella cells after gravity stimulation (inset). D. Seedling phenotypes of smt/
mutant. Arrows shows triple cotyledon seedling. E. Changes in PIN3 polar localization in the
columella of the sm¢! mutant. F. Comparison of wild type Arabidopsis and gnom mutant
seedlings. G. Polar localization of PIN1 in Arabidopsis root cells. H. Internalization of PIN1
after the BFA treatment. 1. Reconstitution of PIN1 polar localization after the BFA removal.
J. No internalization of polarly localized PIN1 (red) and internalisation of KNOLLE (green)
after BFA treatment in the BFA-resistant GNOM transgenic plant. (A, C from 19; B from 23;
D, E from 95; F and J reproduced by courtesy of Niko Geldner).
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gravitropism in Atpin2 and Atpin3 mutants, respectively (23, 52); the defect
in hypocotyl and root elongation in light, in apical hook opening and in
lateral root initiation, which have been reported for A#pin3 mutants (23); and
the Atpin4 root meristem pattern aberrations, which can be also found in
seedlings germinated on low concentrations of auxin efflux inhibitors (20).
The data accumulated so far provides an extensive body of evidence to
argue that AtPIN proteins are crucially involved in auxin efflux.
Nevertheless, the central question of whether PIN proteins represent transport
or regulatory components of auxin efflux still remains unresolved. To
answer this question, auxin transport assays will have to be developed to
establish directly the carrier functions of different the PIN proteins and to
determine their substrate specificities, affinities and kinetic properties.

ABC Transporters — More Auxin Transport Proteins?

Recently, a combination of genetic and biochemical approaches has
implicated another protein family in auxin transport, namely the so-called
multidrug resistance (MDR) proteins, a sub-family of the ATP-binding
cassette (ABC) transporters (54). In mammalian system these
transmembrane proteins enhance the export of chemotherapeutic substances.
Two of them, AtMDRI1 and AtPGPI, were originally identified in
Arabidopsis as having anion channel-related functions. Nevertheless, the
corresponding mutants and double mutants also exhibited phenotypic
aberrations consistent with defects in polar auxin transport, such as reduced
apical dominance, a lower rate of basipetal auxin transport and also reduced
NPA binding. The AtMDR1 and AtPGP1 proteins may transport auxins
across both the PM and across intracellular membranes (68; 50). The
proteins were isolated by affinity chromatography and were also able to bind
NPA in vitro or when expressed in yeast cells. In spite of this, membranes
prepared from A¢mdrl mutants still exhibited up to 60% of the NPA binding
found in wild type and NPA was able to reduce auxin transport to
background levels in the mutant (68). This implies that other NPA-binding
protein(s), in addition to MDRs, must be present in Arabidopsis cells (64).

Another ABC transporter, AtMRPS, has also been implicated in auxin
biology (25). The corresponding mutant mrp5-1 displays reduced root
growth, increased lateral root formation and higher than normal auxin levels
in roots. Thus although much detailed information for ABC transporters is
still lacking, especially on their expression and subcellular localization, their
direct or indirect connection to the polar auxin transport, and especially to
NPA-mediated processes, seems to be established.

Mutations Indirectly Affecting Polar Auxin Transport

In a mutant screen designed to identify components of polar auxin transport
based on the fact that auxin efflux inhibitors reduce root elongation, several
mutants were isolated in which roots were able to elongate in the presence of
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such inhibitors. These mutants were designated tir (transport inhibitor
response; 80), and seven tir loci (tirl - tir7) have now been identified.
Several of these mutants have been molecularly characterized and this has
revealed that the primary defects are in auxin signaling rather than in polar
auxin transport. The most relevant for polar auxin transport research is the
tir3 mutant. This displays a variety of morphological defects including
reduced elongation of root and inflorescence stalks, decreased apical
dominance and reduced lateral root formation. Both auxin transport and
NPA binding activity are reduced in the #ir3 mutant (80). It has been
suggested that the 7/R3 gene may encode the NBP (see above) or some
closely related protein (38). The corresponding gene has been characterized
and renamed BIG to reflect the unusually large size of the protein it encodes.
This has been identified as a protein with several putative Zn-finger domains
homologous to the Drosophila CALOSSIN/PUSHOVER (CAL/O) protein
(32). A defect in CAL/O interferes with neurotransmitter release in
Drosophila. In Arabidopsis the big/tir3/docl mutations interfere with an
effect of auxin efflux inhibitors on subcellular movement of a putative auxin
efflux carrier AtPIN1 (32), supporting a role for BIG in vesicle trafficking,
although the mechanism of this action is not clarified yet (22, 49, 64).

Another mutant, pis! (polar auxin transport inhibitor-sensitive 1),
isolated in a similar screen, displays a phenotype in many respects opposite to
that of the #ir mutants — it is hypersensitive to some auxin efflux inhibitors
(24). This has led to speculation that PISI may encode a negative regulator
of the auxin efflux inhibitor pathway. However, lack of molecular data
leaves this an open question.

Other genetic work has pointed to a role for phosphorylation in polar
auxin transport. A mutant called rcnl (roots curl in NPA) has been isolated,
the roots of which curl in the presence of NPA, in contrast to straight root
growth in wild type (27). This mutant has reduced root and hypocotyl
elongation and is defective for apical hook formation. The RCNI gene was
found to encode a regulatory subunit of protein phosphatase 2A. RCN1 may
control the level of phosphorylation and thereby the activity of a component
involved in polar auxin transport (27; and see below). This possibility has
been strengthened by the recent finding that the »cn mutant displays enhanced
basipetal auxin transport, a phenotype feature which has also been observed
in plants treated with a phosphatase inhibitor cantharidin (75). In addition,
the pinoid (pid) mutants in the gene coding for a serine-threonine protein
kinase (13) display defects in the formation of flowers and cotyledons, thus
resembling plants treated with auxin efflux inhibitors. Moreover basipetal
auxin transport in pid inflorescences is reduced. The PID protein has been
proposed to be involved either in polar auxin transport or auxin signaling.
Detailed studies correlating PID expression data with knock out and tissue
specific overexpression phenotypes demonstrate that PID action is not cell or
organ autonomous and it is sensitive to auxin efflux inhibitors (2). These
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data favor the hypothesis that PID is involved in long distance signaling and
functions as a positive regulator of auxin transport (2).

Several other Arabidopsis mutants with possible roles in polar auxin
transport have been identified in a screen for plants with early developmental
aberrations (57). Seedlings of the mutant monopteros (mp) lack roots and
display defects in cotyledon establishment (5). The adult plants show
measurable reduction in basipetal auxin transport which, however, might be
the result of a reduced vasculature. The MP gene codes for auxin response
factor 5 (ARFS), a transcription factor, which mediates auxin dependent
activation of gene expression (55). It is possible that MP regulates
expression of polar auxin transport components. Another mutant with strong
seedling phenotype cephalopod/orc has been shown to display defects in
auxin transport and cell polarity (95). CPH encodes sterol methyl transferase
1 (SMT1) — a protein involved in biosynthesis of plant sterols (83). The polar
localization of the PIN efflux components is defective in the cph/orc/smtl
mutant (Fig. 8E), which can account for the defect in polar auxin transport.
However, cause and effect in the relationship between PIN localization and
cell polarity, and how the defect in sterol membrane composition interferes
with this remains unclear.

The connection to polar auxin transport is more clearly characterized in
the case of another early development mutant, gnom (gn), which was isolated
from the same screen as mp (57). Embryos of gn mutants display a variety of
aberrations, including defects in apical-basal patterning, and fused or
improperly placed cotyledons (Fig. 8F). Most of these defects are
reminiscent to defects observed when embryos are cultivated in the presence
of polar auxin transport inhibitors (35). The GN gene was cloned and the GN
protein demonstrated to have guanine nucleotide exchange factor (GEF)
activity for small ARF-type GTPases (85). These small GTPases are known
to play a role in the control of intracellular vesicle trafficking. It has been
shown that gn mutant embryos have defects in the correct localization of the
polar auxin transport component PIN1 (85). Moreover, recent elegant
experiments with GN engineered to be resistant to the inhibitor of vesicle
trafficking, BFA (29), show that GN is directly involved in the trafficking of
PIN proteins from the endosomes to their polarly localized domain in the PM
(Fig. 8J). These observations complete the connection between the polar
auxin transport related gn phenotype and GN function in vesicle trafficking.

SUBCELLULAR DYNAMICS OF POLAR AUXIN TRANSPORT
COMPONENTS

Physiological evidence, which indicates that efflux carrier proteins have a
very short half-life in the PM and probably cycle between the PM and an
unidentified intracellular compartment, was described above. Subsequent
work at the genetic and molecular levels has confirmed the dynamic nature of
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the asymmetrically localized PIN proteins. It has been discovered that
mutations in the Arabidopsis intracellular vesicle trafficking regulator
GNOM, an ARF GEF (see above), interfere with the correct localization of
the AtPIN1 protein at the PM during embryogenesis (85). Similarly,
chemical inhibition of ARF GEFs by BFA causes the disappearance of PIN1
label from the PM (Fig. 8G) and its intracellular accumulation (Fig. 8H; 30).
This reversible BFA effect (Fig. 81) also occurs in the presence of the protein
synthesis inhibitor CHX, thus demonstrating that the internalized AtPIN1
originated from the PM and not as a result of de novo protein synthesis
(Fig.5).

Together, therefore, physiological and molecular studies have provided
good evidence that AtPIN1 cycles rapidly between the PM and a so-called
“BFA” compartment, recently characterized as an accumulation of
endosomes (29). This model has been corroborated by electron microscopy
studies, which detected the homologous PIN3 protein not only at the PM but
frequently also in intracellular vesicles (20). The action of drugs that disrupt
the structure of the cytoskeleton indicated that AtPINI-containing vesicles
were transported predominantly along the actin cytoskeleton. However in
dividing cells, tubulin was also required for correct PIN1 traffic (30).

Recently, experiments using BFA have also demonstrated turnover in
the PM of the auxin influx component — the AUX1 protein (34). It seems
that the cycling of polar auxin transport components is an essential part of
auxin transport since interfering with the cycling process by treatment with
BFA, auxin efflux inhibitors, or drugs that depolymerize actin, as well as
genetically through mutation of GN, also interfere with auxin efflux and
polar auxin transport regulated plant development (16, 30, 60).

Thus previous models of polar auxin transport which envisaged long-
lived carriers located asymmetrically in the PM, must now be substantially
modified to take account of the new information which demonstrates that
auxin carriers (or, perhaps, carrier complexes) are much more dynamic
structures than they were originally believed to be. An important unresolved
question is the role of AtPIN cycling in polar auxin transport. Several
possible scenarios can be conceived:

Firstly, a high turnover of polar auxin transport components would
provide the flexibility to allow rapid changes to be made in carrier
distribution in the PM and provide a mechanism for the rapid redirection of
auxin fluxes in response to environmental or developmental cues (19, 59).
This, in turn, would contribute to developmental plasticity underlying
adaptive processes such as tropisms, initiation of lateral organs or regulation
of meristem activity (see below).

A second possibility is that components of polar auxin transport may
have a dual receptor/transporter function (36). In this case cycling might be
part of a mechanism for signal transduction and receptor regeneration, as is
known for some other kinds of receptors. The issue of dual sensor and
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transport functions has been extensively discussed in relation to sugar carriers
in yeast cells and in plants (45).

Perhaps the most exciting possibility is that vesicle trafficking itself is a
part of the auxin transport machinery and that, in a manner analogous to the
mechanism of neurotransmitter release in animals, auxin is a vesicle cargo,
released from cells by polar exocytosis (22). In this model PIN localization
in endosomes and recycling vesicles would have an entirely new significance.
Instead of being PM localized “auxin channels”, PIN proteins would mediate
the accumulation or retention of auxin in the vesicles in which auxin would
be translocated to the corresponding cell pole. Some support of this scenario
comes from experiments using anti-IAA antibodies and electron microscopy,
in which auxin was found in small vesicles near the PM (84). Moreover, the
BIG protein, which is involved in polar auxin transport and PIN1 subcellular
trafficking (see above), is a homologue of calossin (32), a protein that
mediates vesicle recycling in Drosophila during synaptic transmission.

Regardless of how well any of these scenarios (or combinations of
them) eventually turn out to fit the true picture, recent advances have made it
abundantly clear that gaining an understanding of the cellular mechanisms
controlling the subcellular dynamics of the auxin carriers will be crucial if we
are to fully understand polar auxin transport.

REGULATION OF POLAR AUXIN TRANSPORT

It might be expected that a system as complex as the one that mediates polar
auxin transport will be subject to regulation at a variety of different levels.
Polar transport requires the expression of many genes and the synthesis of the
corresponding proteins; it requires the targeting of these proteins to defined
locations in the cell and at the PM; it involves their metabolic turnover and
their cycling; and, in the case of both the transport catalysts themselves and
probably also the NBPs, the direct or indirect regulation of their activity. A
brief description of some aspects of the regulation of these processes is given
here.

The Role of Phosphorylation

The results of physiological experiments indicate that at least some of the
processes involved in polar auxin transport are energy-dependent and that
phosphorylation/dephosphorylation processes are probably involved in the
regulation of the activity of some of the carrier systems. The role of
reversible phosphorylation in the regulation of auxin transport has been
comprehensively reviewed elsewhere (63) and will be discussed only briefly
here. The likely involvement in this regulation of a protein kinase encoded
by the Arabidopsis PINOID gene (AtPID), and of protein phosphatase 2A
(PP2A), the regulatory A subunit of which is coded by the AfRCN1 gene, was
described above. Studies of auxin transport in seedling roots of rcnl mutants
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(in which PP2A activity is reduced) and in cultured tobacco cells treated with
various kinase and phosphatase inhibitors, suggest that reversible
phosphorylation acts at several different loci in the regulation of polar auxin
transport (16, 63). Furthermore, it is likely that reversible phosphorylation
and phytotropin action (see below) interact in this regulation. In tobacco
cells, kinase inhibitors very rapidly and strongly inhibit auxin efflux without
affecting auxin influx (16). In roots of rcnl seedlings the sensitivity of
acropetal transport to NPA is drastically reduced, suggesting a role for PP2A
in NPA function; in contrast, the basipetal return flow of auxin from the root
tip is increased substantially and is unaffected by NPA. In this case, PP2A
seems to act as a negative regulator of the polar transport system (63, 75).

Nevertheless, it is still not clear how directly, or at what levels the
products of RCNI and PID intervene in the polar auxin transport process and
whether they influence the expression and localization, or the activity of the
proteins involved. It is also not known how protein phosphorylation-
dephosphorylation affects the interaction between the NBP and the auxin
efflux carrier system; one recent suggestion is that the reversible
phosphorylation loop may mimic or control the activity of the putative, and
apparently dynamic, transducing protein proposed to couple the NBP and
efflux catalyst action (61, 97). Gaining a clear understanding of the putative
role of reversible phosphorylation in the regulation of auxin transport remains
a challenge for the future.

The Role of Phytotropins

Phytotropins (such as NPA) have contributed significantly to our
understanding of the auxin transport machinery (59, 78). The point has also
been made that phytotropins are synthetic compounds with, as yet, no
unequivocally identified endogenous equivalent. Some flavonoids have been
shown to be competitors of saturable NPA binding to membrane preparations
and to inhibit polar auxin transport (9, 41, 78). There is some evidence to
show that these endogenous compounds, perhaps together with
aminopeptidases, are involved in regulation of auxin transport (66).

How do phytotropins act? At a functional level they simply inhibit
auxin efflux, resulting in auxin accumulation by cells. This action appears to
require interaction with the NBP, but little is known about the molecular
mechanisms involved. Besides, phytotropins may participate in two other
cellular processes related to polar transport of auxin: Firstly, some
experimental data (73) suggest that NBP is involved in the establishment and
the maintenance of polarity of cell division (see below). Secondly,
phytotropins have been shown to play a role in auxin efflux carrier cycling
through a general inhibitory action on vesicle-mediated traffic to the PM (30,
but see72). Studies of the trafficking of PIN1 and other unrelated proteins in
Arabidopsis roots have revealed that high concentrations of auxin transport
inhibitors interfere with vesicle traffic to and from the PM (30). This has led
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to the suggestion that the action of phytotropins on the inhibition of auxin
efflux is in fact the result of a non-specific inhibition of protein trafficking,
including that of auxin efflux carriers. However, recent observations on BY-
2 tobacco cells have revealed that the inhibition of auxin efflux by NPA is
much more efficient than the inhibition caused by the well-established
inhibitor of protein traffic, BFA, and that BFA, but not NPA, affects some of
the intracellular structures related to the trafficking machinery, including the
actin cytoskeleton (72). These findings argue against a causal link between a
general role of NPA and other phytotropins in vesicle-trafficking and auxin
efflux inhibition. Rather, they suggest that a population of auxin efflux
catalysts exists which is NPA-sensitive but insensitive to inhibitors of
vesicle-mediated traffic.

Generally, the mechanism of regulation of auxin afflux by phytotropins
and other inhibitors of polar auxin transport still remains unclear and it is
apparent that more work on this topic is needed.

Synthetic Inhibitors of Auxin Influx

In contrast to auxin efflux carriers, work on the physiology of auxin influx
carriers has suffered from lack of specific inhibitors. Like efflux carriers,
influx carriers may be inhibited by phytotropins such as NPA, but to a very
much smaller extent (17). Recently, a promising new group of auxin influx
inhibitors of the aryl and aryloxyalkylcarboxylic acid type has been identified
(39). Of these, 1-naphthoxyacetic and 3-chloro-4-hydroxyphenylacetic acids
have been reported to inhibit auxin influx carrier activity substantially. Both
compounds also disrupt root gravitropic responses and in wild type plants
mimic the auxin influx carrier mutation aux/ (71; see above). However,
further work in this area is required and we still know nothing about the
molecular mechanism by which these compounds inhibit auxin influx carrier
function.

Regulation by Auxin and Other Hormones

Auxin itself is needed for the induction of new polar auxin transport
pathways, for example during induction and axial development of new
vascular tissues (7). A continuous supply of auxin is also necessary to
maintain the auxin polar transport system itself. The ability of tissue to
transport auxin in a polar manner rapidly decreases following loss of the
auxin source, although NPA-sensitive accumulation of auxin is unaffected
(33). In both these cases a role for auxin in the regulation of auxin carrier
distribution is indicated (59). It remains largely unknown how auxin
gradients themselves might establish (or re-establish) new polar transport
pathways or change the direction of existing polar transport pathways in
response to environmental or internal cues.

Data about the action of other plant hormones on auxin transport are
scarce. Much of the currently available information relates to the effects of
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ethylene on auxin transport in excised segments of various plant organs, such
as maize coleoptiles, bean petioles, cotton stems and petioles (33). In
contrast to ethylene, cytokinins have been reported to prevent the decrease in
auxin transport in excised tissues in the absence of an auxin source (33).
Recently an Arabidopsis mutant was characterised (91) showing alteration in
the collaboration between ethylene and auxin, possibly at the level of auxin
transport. Nevertheless, the mechanism of the ethylene response is still
unclear.

There are some indications that other hormones, including abscisic acid,
brassinosteroids and gibberellins, may be involved in the control of auxin
transport (88). The physiological importance of mutual control of transport
processes for individual phytohormones, including IAA, is obvious; gaining
an understanding of the mechanisms by which individual hormones interact
at the level of transport remains a major challenge for future research.

AUXIN TRANSPORT AND PLANT DEVELOPMENT

The developmental responses of plants to modifications to the normal
patterns of auxin flow make it abundantly clear that auxin transport plays a
crucial role in the regulation of development. A bewildering variety of
processes may be affected, ranging from cell division, through establishment
of polar axes, cell differentiation, pattern formation, histogenesis and
organogenesis, to the coordination and integration of biochemical and
physiological activities in different regions of the plant body. In some of
these processes, auxin transport clearly delivers a signal that acts as a switch,
or regulates the progress and rate of a process. In other cases the direction of
auxin flow, or, perhaps, tissue gradients in auxin concentration that result
from transport, endow auxin transport with both directional qualities and
some features characteristic of a morphogen. Here, a few selected examples
of the relationship between auxin transport and development will be
discussed in order to explore the diversity of this relationship and of the
mechanisms probably involved (93).

Cell Division, Initiation of Polarity, and Cell Elongation

Cell division and cell differentiation underpin plant development and in most
plant cells differentiation is associated with expansion. The majority of cells
in the plant body enlarge by diffuse growth, which is frequently polar in
character; i.e. cells tend to elongate preferentially along one axis. Therefore,
a mechanism is required to ensure that traffic of secretory vesicles containing
material destined for the cell wall and PM is targeted in such a way that it is
distributed towards the proper regions of the cell. Auxin seems to be part of
the mechanism involved, although to date experimental data relating to this
mechanism is fragmentary and incomplete.
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Figure 9. Effect of 1-N-naphthylphthalamic acid (NPA) on the polarity of cell division of
suspension-cultured cells of Nicotiana tabacum L. line VBI-0. a. Cells grown in control
medium, day 9. b. Cells grown in control medium supplemented with NPA (final
concentration 10 uM), day 9. Note abnormal cell division planes (black arrows). Scale bars =
50 um. (Modified from 73).

Attempts to explore the role of polar auxin transport in the initiation of
cell division and in the establishment of polarity at the single cell level have
been hampered by lack of a suitable model system. The wide diversity of cell
types within even a relatively simple structure, such as the seedling root of
Arabidopsis, makes it almost impossible to investigate either biochemical or
some cytological aspects of auxin transport at the cell level in a meaningful
way. Because of this, attention is increasingly focussing on the development
of cell suspension culture systems in which individual cells separate easily
and in which the stages of cell development can be readily synchronised.
Although so far no such system is available for Arabidopsis, recent studies
suggest that some well-defined tobacco cell lines (28) may provide a suitable
alternative model system in which to conduct parallel studies of the genetic,
cellular and biochemical aspects of polar auxin transport.

Immobilised cultured cells of Nicotiana tabacum L., derived from leaf
mesophyll protoplasts, have been used to study cell elongation in initially
spherical cells after the addition of NAA (92). No polar ion fluxes, typical of
those found in tip growth, were detected, indicating that the positional
information required to establish a polar axis was delivered by a different
signal, possibly auxin itself. A model was proposed whereby an auxin flux
initiated a signal cascade that resulted in a reorientation of microtubules
which guided deposition of cellulose in the cell wall. The resulting
modification of the cell wall mechanics promoted elongation growth.

Changes in auxin (NAA) accumulation and auxin efflux carrier activity
during the growth cycle of another model tobacco cell line have also been
studied in detail (73). Although the level of NAA accumulation remained
relatively stable over a subculture period, the sensitivity of cells to NPA
changed markedly and reached a maximum at the onset of division.
Treatment of cells with NPA delayed the onset of cell division but did not
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prevent it. However, when cell division commenced a significant proportion
of the NPA-treated cells exhibited loss of cell polarity and abnormal
orientation of cell division (73; Fig. 9). These observations, together with
data suggesting that the NBP may affect the localization of auxin efflux
carriers (32, 49), indicate that in tobacco cells the NPA-sensitive directed
traffic of auxin efflux carriers to the specific regions at PM may regulate the
orientation of cell division (73).

An interesting link between cell polarity and the sterol composition of
cell membranes has been described recently (95) from cephalopod/orc
mutants of Arabidopsis (see above). In the mutants the PIN proteins, but not
AUXI1, are mislocalized and the mutants show a wide range of polarity
defects. As neither membrane fluidity nor vesicle trafficking seems to be
impaired, mutation of the CPH/ORC/SMTIgene may disrupt the docking of
proteins to specific membrane microdomains or lipid rafts (95). Together the
data reveal the importance of a balanced membrane sterol composition for
auxin efflux and for promoting cell polarity in Arabidopsis.

Auxin Transport and Vascular Development

The role of auxin in the induction of vascular tissues is covered in depth in
chapter E2 and treatment of the topic here will be confined to a brief
examination of the possible part played by polar auxin transport itself in
determining the axes and pathways of vascular development.

Vascular differentiation normally takes place along well defined
pathways initially laid down in the embryo as provascular strands of narrow,
elongated cells early in the development of an organ (6). Although usually
predictable, the ease with which new axes of vascular development may arise
following wounding and/or hormone application demonstrate considerable
flexibility in vascular patterning (6, 82). It is now clear that vascular
differentiation occurs along axialized (canalized) auxin flows. These may be
generated naturally by auxin originating in the apical regions of developing
organs, including the developing embryo itself, or experimentally by organ
removal and replacement with exogenous auxin (6, 82). Canalized auxin
flows may themselves by mediated by PIN proteins (see earlier). In auxin
transport mutants or in plants treated with polar auxin transport inhibitors,
abnormal patterns of vascular development frequently occur. For example,
following application of increasingly high concentrations of NPA to
Arabidopsis seedlings, the normal pattern of rosette leaf vein formation
becomes increasingly disrupted (56). This observation is consistent with the
canalization hypothesis (82,), which postulates that through a feedback
mechanism, an initially weak polar auxin flow through a file of cells renders
them more conductive and increases polar auxin flow. This will tend to
“drain” surrounding tissues until a point is reached at which the concentration
of auxin in the conducting cells exceeds some critical threshold required for
vascular differentiation. The postulated feedback mechanism is unknown,
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but the ability of auxin to stimulate the accumulation of H'-ATPase protein at
the PM and for BFA to inhibit auxin-mediated growth and secretion of cell
wall proteins leads to speculation that auxin may promote Golgi-dependent
traffic of components of the polar auxin transport system itself (59).
Precisely how the canalized auxin flow regulates the differentiation of
vascular elements remains uncertain, but the transported auxin probably up-
regulates the activity of ARF proteins such as MP by removing their
inhibition by AUX/IAA proteins such as BODENLOS (BDL). This enables
the ARFs to interact with appropriate auxin responsive elements and activate
genes involved in early axialization and development of provascular strands

(93).

Tropisms

Tropisms are permanent changes in the direction of growth of an organ
caused by differential growth rates on either side of the organ in response to a
directional environmental stimulus such as light (phototropism) or gravity
(gravitropism). The Cholodny-Went hypothesis (94) proposed that the
different growth rates on either side of an organ resulted from an unequal
distribution of auxin between its two sides in response to the stimulus. To
explain the different directions of root and shoot growth in response to a
stimulus (i.e. roots are positively gravitropic, shoots negatively gravitropic)
the hypothesis proposed that in shoots a high auxin concentration promoted,
and in roots inhibited, cell elongation resulting in bending responses in
opposite directions. Many experiments have demonstrated a differential
distribution of auxin or of auxin response following stimulation and these
have been correlated with the change in growth rate and the bending response
(Fig. 8A). Because auxin efflux inhibitors interfere with the asymmetric
distribution of auxin and tropisms, polar auxin transport has been implicated
as the process by which asymmetric auxin distribution is achieved (19).
Radial polar transport of auxin has been proposed to facilitate the exchange
of auxin between the main basipetal stream in shoot vasculature and
peripheral regions where control of elongation occurs. Molecular support for
these proposals was obtained following the identification of auxin efflux
component PIN3. The PIN3 protein is involved in hypocotyl and root
tropisms and is localized in shoot at the lateral side of endodermal cells (Fig.
8B), where it is perfectly positioned to regulate radial auxin flow (23). Since
the lesions in tropic responses in pin3 mutants are rather subtle, other PIN
proteins may functionally replace PIN3 (23).

In roots gravitational stimuli are perceived in the root cap but the growth
response occurs in the elongation zone where elevated auxin levels on the
lower side inhibit growth, causing downward bending. Results have shown
that the initial response is a lateral redistribution of auxin towards the lower
side in the root cap itself, from where it is transported basipetally to the
elongation zone (Fig. 8C; 74, 81). Both efflux and influx components of
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polar auxin transport are involved in these processes. Localization and
mutant studies suggest that the putative influx carrier AUX1 facilitates auxin
uptake into the lateral root cap and epidermis region and the efflux regulator
PIN2 mediates directional translocation towards the elongation zone (Fig.
8C; 19)

How is polar auxin transport linked to the perception of a stimulus, such
as gravity? Gravity is perceived by sedimentation of starch containing
organelles (statoliths) in the columella region of the root cap and in shoot
endodermis (“starch sheath™). The presence of PIN3 in these cells suggested
the possibility that gravity perception and auxin redistribution are coupled via
PIN3. This possibility has now been tested in gravistimulated Arabidopsis
roots. During normal downward growth of the root the majority of PIN3 is
located symmetrically at the columella cell boundaries. However, within two
minutes of gravistimulation, the position of PIN3 changes and it becomes
relocated towards the new lower end of the cells (Fig. 8C, inset). Thus PIN3
is ideally placed to mediate an auxin flow towards the lower side of root (Fig.
10). Interestingly, AUXI1 is also localized in columella cells, both at the PM
and internalized. One possibility is that AUX1 mediates auxin influx into the
columella after gravistimulation, thereby creating a temporary pool of auxin
needed for asymmetric redistribution in a PIN3-dependent pathway.

But how is PIN3 so rapidly relocated after the perception of a stimulus?
The answer may lie in the rapid cycling of PIN proteins along the actin
cytoskeleton, as already discussed above. Such a mechanism would provide
the necessary rapidity and flexibility of response, which is unlikely to be
achieved through de novo protein synthesis and targeting.

An important question remains for future investigation in relation to

Figure 10. Model of root gravitropism. Auxin is provided to the root tip through the stele, is
laterally distributed symmetrically from the columella and is basipetally transported through
the lateral root cap and epidermis to the elongation zone of the root. After reorientation of the
root, statoliths in the columella sediment to the lower side of the cells (inset), PIN3 auxin
transport proteins are relocated and facilitate auxin transport to the lower side of root. From
there auxin is transported to the elongation zone, where it inhibits elongation resulting in
downward bending.
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gravitropism: How is the sedimentation of statoliths connected to PIN3
relocation? Several observations suggest that the actin cytoskeleton
reorganizes during statolith sedimentation. Thus, the actin dependent
intracellular traffic of PIN3 could be redirected along the sedimentation
routes and PIN3 would preferentially accumulate at the lower side of the cell.

However, so far there is only indirect evidence that it is indeed PIN3
relocation that mediates auxin redistribution. The presence of both statoliths
and PIN3 in the shoot endodermis suggests that a similar mechanism
involving relocation of PIN3 and/or other PIN proteins also operates during
shoot tropisms - but this too remains to be demonstrated unequivocally.

Another important issue concerns phototropism. Although it seems to
be well established that PIN-dependent asymmetric auxin distribution also
underlies this process, the mechanism by which light direction acts to
influence lateral redistribution of auxin remains unknown and is a topic for
future investigations (63).

Patterning - Polar Auxin Transport and the Maintenance of a
Morphogen Gradient

The role of auxin and polar auxin transport in roots is not restricted to growth
responses. Exogenous manipulation of auxin levels as well as analysis of
mutants impaired in auxin signaling, have demonstrated a role for auxin in
the regulation of patterns of cell division and differentiation (Fig. 11; 43, 80)
and have renewed the debate about a possible role for auxin as a morphogen
(81). From an animal standpoint, rigorous definition of a morphogen
requires: (i) the formation of a stable concentration gradient of the compound
in question; (ii) that the compound itself should directly instruct” the
responding cells (and not work through another signalling pathway); and (iii)
that the magnitude of the response (of a cell) should depend on morphogen
concentration.  Evidence is accumulating, albeit mainly indirect, to
demonstrate that auxin shares some of these properties. Chemical analysis
has revealed a graded distribution of free auxin in Scots pine stem (89) and
along the Arabidopsis root (11). These findings have been corroborated
indirectly by the use of auxin response reporters (DR5::GUS) to indirectly
visualize auxin gradients within the root meristem (Fig. 11), forming a
maximum in the columella initial cells (20, 81). Intriguingly, the auxin efflux
component PIN4 is expressed in this region and asymmetrically positioned
towards cells with increased DR5::GUS response (Fig. 6G). Moreover pin4
mutations, as well as chemical inhibition of auxin efflux, disrupt the spatial
pattern of distribution of the DR5::GUS response. These findings suggest
that efflux-driven auxin transport actively maintains the auxin gradient. The
observed changes in the auxin gradient are accompanied by various
patterning defects and correlate well with changes in cell fate. Thus it
appears that efflux-dependent auxin distribution is linked with cell fate
acquisition and thus correct meristem patterning. However, as yet we know
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too little about auxin gradient perception and downstream signalling to be
able to pinpoint the direct effect on instructed cells. The emerging model of
active, regulated, polar transport-driven auxin gradients differs from the
classical view of animal morphogens, which are supposed to freely diffuse
from a localized source. Interestingly, in the animal field too, the morphogen
concept is being revised, since the gradients of classical morphogens such as
Decapentaplegic or Wingless appear to be actively maintained by vesicular
trafficking (18), thus showing similarities to GNOM-regulated polar auxin
transport (see earlier).

It seems that auxin and its graded distribution also plays a role in
patterning of embryos. Exogenous manipulation of auxin homeostasis in in
vitro cultured Brassica embryos demonstrated a role for polar auxin transport
in the establishment of the apical-basal axis and in cotyledon separation (35).
Genetic studies with mutants
impaired in auxin signalling,
such as mp, bdl and auxin
resistant 6 (axr6), as well as
with the gn mutant impaired in
proper localization of PIN
proteins, further strengthen this
hypothesis. Possible auxin
distribution and polar auxin
transport routes in embryos can
be indirectly inferred from the
polar localization of the PIN1
and PIN4 proteins, which are
expressed in embryos (Fig. 6F).
In such a model, auxin would be
transported through the outer
layers towards the future
cotyledon tips and then through
the centre towards the embryo
base (corresponding to the
location of the DR5::GUS
response maximum) and further

Figure 11. Arabidopsis root meristem pattern. The
quiescent centre (QC) in the middle is surrounded
by undifferentiated initials, including the columella
initials (Ci), which give rise to columella (C), where
starch containing statoliths occur (stained here by

lugol). Other differentiated cell types such as
epidermis (Epi), cortex (Cor), endodermis (End),
stele (Ste) and lateral root cap (LRC) are indicated.
This regular and invariant pattern correlates with
the auxin gradient, which displays its maximum in
the columellainitials. (Reproduced with permission
from 19).
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exported through the suspensor
(Fig. 12). Nonetheless there is
still a substantial amount of
experimental work needed to
verify this model and to clearly
pinpoint the role of auxin in
embryo development. So,
despite the fact that we can not
with our present knowledge
decide whether auxin rigorously
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Figure 12. Model of auxin transport and distribution
during Arabidopsis embryogenesis. Most auxin is
transported in a PIN1- and PIN4-dependent manner to
the basal part of the embryo, where the root meristem is
specified. mp, bdl, gn and pin4 show defectsin root pole
establishment. Additional sites of auxin accumulation
appear at the tips of forming cotyledons. mp, gn, pid and
pinl are defective in cotyledon establishment. Presumed
sites of auxin accumulation are indicated by shading
(grey). Arrows indicate routes of auxin efflux. Proteins
involved in embryo patterning and related to auxin
transport (encircled) or responses are depicted.

fulfils the definition of a morphogen, it certainly meets the most important
criteria of it — it exhibits a graded distribution and it is involved in patterning
processes. However the important issue of the interpretation of auxin
gradients remains a challenge for future research.

Acknowledgements

The authors acknowledge the support for their work from the UK Royal Society and the
Academy of Sciences of the Czech Republic under the European Science Exchange Scheme
(DAM), VolkswagenStiftung (JF) and the Grant Agency of the Academy of Sciences of the
Czech Republic (EZ, project No. A6038303).

References

1. Baker DA (2000) Long-distance vascular transport of endogenous hormones in plants and
their role in source:sink regulation. Israel J. Plant Sci 48: 199-203

2. Benjamins R, Quint A, Weijers D, Hooykaas P, Offringa R (2001) The PINOID protein
kinase regulates organ development in Arabidopsis by enhancing polar auxin transport.
Development 128: 4057-4067

3. Bennett MJ, Marchant A, Green HG, May ST, Ward SP, Millner PA, Walker AR, Schulz
B, Feldmann KA (1996) Arabidopsis AUXI gene: a permease-like regulator of root
gravitropism. Science 273: 948-950

4. Bennett MJ, Marchant A, May ST, Swarup R (1998) Going the distance with auxin:
unravelling the molecular basis of auxin transport. Philos Trans R Soc Lond B Biol Sci
353: 1511-1515

5. Berleth T, Jiirgens G (1993) The role of the monopteros gene in organising the basal body
region of the Arabidopsis embryo. Development 118: 575-587

6. Berleth T, Mattsson J, Hardtke CS (2000) Vascular continuity, cell axialisation and auxin.
Plant Growth Regul 32: 173-185

7. Berleth T, Sachs T (2001) Plant morphogenesis: long-distance coordination and local
patterning. Curr Opin Plant Biol 4: 57-62

8. Bernasconi P, Patel BC, Reagan JD, Subramanian MV (1996) The N-1-
naphthylphthalamic acid-binding protein is an integral membrane protein. Plant Physiol
111: 427-432

9. Brown DE, Rashotte AM, Murphy AS, Normanly J, Tague BW, Peer WA, Taiz L, Muday
GK (2001) Flavonoids act as negative regulators of auxin transport in vivo in
Arabidopsis. Plant Physiol 126: 524-535

10. Cambridge AP, Morris DA (1996) Transfer of exogenous auxin from the phloem to the
polar auxin transport pathway in pea (Pisum sativum L). Planta 199: 583-588

30



11.

12.

13.

14.

15.

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

D.A. Morris, J. Friml and Eva Zazimalova

Casimiro I, Marchant A, Bhalerao RP, Beeckman T, Dhooge S, Swarup R, Graham N,
Inze D, Sandberg G, Casero PJ, Bennett M (2001) Auxin transport promotes Arabidopsis
lateral root initiation. Plant Cell 13: 843-852

Chen R, Hilson P, Sedbrook J, Rosen E, Caspar T, Masson PH (1998) The Arabidopsis
thaliana AGRAVITROPIC 1 gene encodes a component of the polar-auxin-transport
efflux carrier. Proc Natl Acad Sci USA 95: 15112-15117

Christensen SK, Dagenais N, Chory J, Weigel D (2000) Regulation of auxin response by
the protein kinase PINOID. Cell 100: 469-478

Davies PJ, Mitchell EK (1972) Transport of indoleacetic acid in intact roots of Phaseolus
coccineus. Planta 105: 139-154

Davies PJ, Rubery PH (1978) Components of auxin transport in stem segments of Pisum
sativum L. Planta 142: 211-219

Delbarre A, Muller P, Guern J (1998) Short-lived and phosphorylated proteins contribute
to carrier-mediated efflux, but not to influx, of auxin in suspension-cultured tobacco cells.
Plant Physiol 116: 833-844

Delbarre A, Muller P, Imhoff V, Guern J (1996) Comparison of mechanisms controlling
uptake and accumulation of 2,4-dichlorophenoxy acetic acid, naphthalene-1-acetic acid,
and indole-3-acetic acid in suspension-cultured tobacco cells. Planta 198: 532-541
Entchev EV, Gonzalez-Gaitan MA (2002) Morphogen gradient formation and vesicular
trafficking. Traffic 3: 98-109

Friml J (2003) Auxin transport — shaping the plant. Curr Opin Plant Biol 6: 7-12

Friml J, Benkova E, Blilou I, Wisniewska J, Hamann T, Ljung K, Woody S, Sandberg G,
Scheres B, Jiirgens G, Palme K (2002) AtPIN4 mediates sink-driven auxin gradients and
root patterning in Arabidopsis. Cell 108: 661-673

Friml J, Benkova E, Mayer U, Palme K, Muster G (2003) Automated whole mount
localisation techniques for plant seedlings. Plant J 34: 115-124

Friml J, Palme K (2002) Polar auxin transport - old questions and new concepts? Plant
Mol Biol 49: 273-284

Friml J, Wisniewska J, Benkova E, Mendgen K, Palme K (2002) Lateral relocation of
auxin efflux regulator PIN3 mediates tropism in Arabidopsis. Nature 415: 806-809

Fujita H, Syono K (1997) PIS1, a negative regulator of the action of auxin transport
inhibitors in Arabidopsis thaliana. Plant J 12: 583-595

Gaedeke N, Klein M, Kolukisaoglu U, Forestier C, Miiller A, Ansorge M, Becker D,
Mamnun Y, Kuchler K, Schulz B, Mueller-Roeber B, Martinoia E (2001) The
Arabidopsis thaliana ABC transporter AfMRP5 controls root development and stomata
movement. EMBO J 20: 1875-1887

Gilweiler L, Guan C, Miiller A, Wisman E, Mendgen K, Yephremov A, Palme K (1998)
Regulation of polar auxin transport by AtPIN1 in Arabidopsis vascular tissue. Science
282:2226-2230

Garbers C, DeLong A, Deruéere J, Bernasconi P, S6ll D (1996) A mutation in protein
phosphatase 2A regulatory subunit affects auxin transport in Arabidopsis. EMBO J 15:
2115-2124

Geelen DNV, Inzé¢ D (2001) A bright future for the Bright Yellow-2 cell culture. Plant
Physiol 127: 1375-1379

Geldner N, Anders N, Wolters H, Keicher J, Kornberger W, Muller P, Delbarre A, Ueda
T, Nakano A, Jirgens G (2003) The Arabidopsis GNOM ARF-GEF mediates endosomal
recycling, auxin transport, and auxin-dependent plant growth. Cell 112: 219-230

Geldner N, Friml J, Stierhof Y-D, Jiirgens G, Palme K (2001) Auxin transport inhibitors
block PIN1 cycling and vesicle trafficking. Nature 413: 425-428

Geldner N, Hamann T, Jiirgens G (2000) Is there a role for auxin in early embryogensis?
Plant Growth Regul 32: 187-191

Gil P, Dewey E, Friml J, Zhao Y, Snowden KC, Putterill J, Palme K, Estelle M, Chory J
(2001) BIG: a calossin-like protein required for polar auxin transport in Arabidopsis.
Genes Dev 15: 1985-1997

31



Auxin transport

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Goldsmith MHM (1977) The polar transport of auxin. Annu Rev Plant Physiol 28: 439-
478

Grebe M, Friml J, Swarup R, Ljung K, Sandberg G, Terlou M, Palme K, Bennett MJ,
Scheres B (2002) Cell polarity signaling in Arabidopsis involves a BFA-sensitive auxin
influx pathway. Curr Biol 12: 329-334

Hadfi K, Speth V, Neuhaus G (1998) Auxin-induced developmental patterns in Brassica
Jjuncea embryos. Development 125: 879-887

Hertel R (1983) The mechanism of auxin transport as a model for auxin action. Z
Pflanzenphysiol 112: 53-67

Hertel R, Leopold AC (1963) Versuche zur Analyses des Auxintransports in der
Koleoptile von Zea mays L. Planta 59: 535-562

Hobbie LJ (1998) Auxin: Molecular genetic approaches in Arabidopsis. Plant Physiol
Biochem 36: 91-102

Imhoff V, Muller P, Guern J, Delbarre A (2000) Inhibitors of the carrier-mediated influx
of auxin in suspension-cultured tobacco cells. Planta 210: 580-588

Jacobs M, Gilbert SF (1983) Basal localization of the presumptive auxin transport carrier
in pea stem cells. Science 220: 1297-1300

Jacobs M, Rubery PH (1988) Naturally occurring auxin transport regulators. Science 241:
346-349

Kaldewey H (1984) Transport and other modes of movement of hormones (mainly
auxins). /n TK Scott, ed, Encyclopedia of Plant Physiology, New Series, Vol 10,
Hormonal Regulation of Development II. Springer-Verlag, Berlin, Heidelberg, pp 80-148
Kerk N, Feldman L (1994) The quiescent centre in roots of maize - initiation,
maintenance, and role in organization of the root apical meristem. Protoplasma 183: 100-
106

Lachaud S, Bonnemain JL (1982) Xylogénése chez les dicotylédones arborescentes. III.
Transport de 1’auxine et activité cambiale dans les jeunes tiges de Hétre. Can J Bot 60:
869-876

Lalonde S, Boles E, Hellmann H, Barker L, Patrick JW, Frommer WB, Ward JM (1999)
The dual function of sugar carriers: transport and sugar sensing. Plant Cell 11: 707-726
Lincoln C, Britton JH, Estelle M (1990) Growth and development of the axr/ mutants of
Arabidopsis. Plant Cell 2: 1071-1080

Ljung K, Bhalerao RP, Sandberg G (2001) Sites and homeostatic control of auxin
biosynthesis in Arabidopsis during vegetative growth. Plant J 28: 465-474

Lomax TL, Muday GK, Rubery PH (1995) Auxin transport. /n PJ Davies ed, Plant
Hormones: Physiology, Biochemistry and Molecular Biology, Ed 2. Kluwer Academic
Publishers, Dordrecht, Boston, London, pp 509-530

Luschnig C (2001) Auxin transport: Why plants like to think BIG. Curr Biol 11: R831-
R833

Luschnig C (2002) Auxin transport: ABC proteins join the club. Trends Plant Sci 7: 329-
332

Luschnig C, Gaxiola RA, Grisafi P, Fink GR (1998) EIR1, a root-specific protein
involved in auxin transport, is required for gravitropism in Arabidopsis thaliana. Genes
Dev 12: 2175-2187

Mabher EP, Martindale SJB (1980) Mutants of Arabidopsis thaliana with altered responses
to auxins and gravity. Biochem Genet 18: 1041-1053

Marchant A, Kargul J, May ST, Muller P, Delbarre A, Perrot-Rechenmann C, Bennett MJ
(1999) AUXI1 regulates root gravitropism in Arabidopsis by facilitating auxin uptake
within root apical tissues. EMBO J 18: 2066-2073

Martinoia E, Klein M, Geisler M, Bovet L, Forestier C, Kolukisaoglu U, Miiller-RSber B,
Schulz B (2002) Multifunctionality of plant ABC transporters — more than just
detoxifiers. Planta 214: 345-355

Mattsson J, Ckurshumova W, Berleth T (2003) Auxin signaling in Arabidopsis leaf
vascular development. Plant Physiol 131: 1327-1339

32



56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

D.A. Morris, J. Friml and Eva Zazimalova

Mattsson J, Sung ZR, Berleth T (1999) Responses of plant vascular systems to auxin
transport inhibition. Development 126: 2979-2991

Mayer U, Ruiz RAT, Berleth T, Misera S, Jiirgens G (1991) Mutations affecting body
organization in the Arabidopsis embryo. Nature 353: 402-407

Morris DA (1996) Hormonal regulation of source-sink relationships: an overview of
potential control mechanisms. /n E Zamski, AA Schaffer eds, Photoassimilate distribution
in plants and crops. Marcel Dekker Inc, New York, Basel, Hong Kong, pp 441-465
Morris DA (2000) Transmembrane auxin carrier systems - dynamic regulators of polar
auxin transport. Plant Growth Regul 32: 161-172

Morris DA, Robinson JS (1998) Targeting of auxin carriers to the plasma membrane:
differential effects of brefeldin A on the traffic of auxin uptake and efflux carriers. Planta
205: 606-612

Morris DA, Rubery PH, Jarman J, Sabater M (1991) Effects of inhibitors of protein
synthesis on transmembrane auxin transport in Cucurbita pepo L. hypocotyl segments. J
Exp Bot 42: 773-783

Morris DA, Thomas AG (1978) A microautoradiographic study of auxin transport in the
stem of intact pea seedlings (Pisum sativum L.). ] Exp Bot 29: 147-157

Muday GK, DeLong A (2001) Polar auxin transport: controlling where and how much.
Trends Plant Sci 6: 535-542

Muday GK, Murphy AS (2002) An emerging model of auxin transport regulation. Plant
Cell 14: 293-299

Miiller A, Guan C, Gélweiler L, Ténzler P, Huijser P, Marchant A, Parry G, Bennett M,
Wisman E, Palme K (1998) AtPIN2 defines a locus of Arabidopsis for root gravitropism
control. EMBO J 17: 6903-6911

Murphy AS, Hoogner KR, Peer WA, Taiz L (2002) Identification, purification and
molecular cloning of N-1-naphthylphthalamic acid-binding plasma membrane-associated
aminopeptidases from Arabidopsis. Plant Physiol 128: 935-950

Murphy A, Peer WA, Taiz L (2000) Regulation of auxin transport by aminopeptidases
and endogenous flavonoids. Planta 211: 315-324

Noh B, Murphy AS, Spalding EP (2001) Multidrug resistance-like genes of Arabidopsis
required for auxin transport and auxin-mediated development. Plant Cell 13: 2441-2454
Okada K, Ueda J, Komaki MK, Bell CJ, Shimura Y (1991) Requirement of the auxin
polar transport system in the early stages of Arabidopsis floral bud formation. Plant Cell
3: 677-684

Palme K, Gilweiler L (1999) PIN-pointing the molecular basis of auxin transport. Curr
Opin Plant Biol 2: 375-381

Parry G, Delbarre A, Marchant A, Swarup R, Napier R, Perrot-Rechenmann C, Bennett
MJ (2001) Novel auxin transport inhibitors phenocopy the auxin influx carrier mutation
aux]. Plant J 25: 399-406

Petrasek J, Cerna A, Schwarzerova K, Elékner M, Morris DA, Zazimalova E (2003) Do
phytotropins inhibit auxin efflux by impairing vesicle traffic? Plant Physiol 131: 254-263
Petrasek J, Elckner M, Morris DA, Zazimalova E (2002) Auxin efflux carrier activity and
auxin accumulation regulate cell division and polarity in tobacco cells. Planta 216: 302-
308

Rashotte AM, Brady SR, Reed RC, Ante SJ, Muday GK (2000) Basipetal auxin transport
is required for gravitropism in roots of Arabidopsis. Plant Physiol 122: 481-490

Rashotte AM, DeLong A, Muday GK (2001) Genetic and chemical reductions in protein
phosphatase activity alter auxin transport, gravity response, and lateral root growth. Plant
Cell 13: 1683-1697

Raven JA (1975) Transport of indoleacetic acid in plant cells in relation to pH and
electrical potential gradients, and its significance for polar [AA transport. New Phytol 74:
163-172

Robinson JS, Albert AC, Morris DA (1999) Differential effects of brefeldin A and
cycloheximide on the activity of auxin efflux carriers in Cucurbita pepo L. J Plant Physiol
155: 678-684

33



Auxin transport

78.

79.
80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Rubery PH (1990) Phytotropins: receptors and endogenous ligands. Symp Soc Exp Biol
44:119-146

Rubery PH, Sheldrake AR (1974) Carrier-mediated auxin transport. Planta 188: 101-121
Ruegger M, Dewey E, Hobbie L, Brown D, Bernasconi P, Turner J, Muday G, Estelle M
(1997) Reduced naphthylphthalamic acid binding in the #r3 mutant of Arabidopsis is
associated with a reduction in polar auxin transport and diverse morphological defects.
Plant Cell 9: 745-757

Sabatini S, Beis D, Wolkenfelt H, Murfett J, Guilfoyle T, Malamy J, Benfey P, Leyser O,
Bechtold N, Weisbeek P, Scheres B (1999) An auxin-dependent distal organizer of
pattern and polarity in the Arabidopsis root. Cell 99: 463-472

Sachs T (2000) Integrating cellular and organismic aspects of vascular differentiation.
Plant Cell Physiol 41: 649-656

Schrick K, Mayer U, Martin G, Bellini C, Kuhnt C, Schmidt J, Jirgens G (2002)
Interactions between sterol biosynthesis genes in embryonic development of Arabidopsis.
Plant J 31: 61-73

Shi L, Miller I, Moore R (1993) Immunocytochemical localization of indole-3-acetic acid
in primary roots of Zea mays. Plant Cell Environ. 16: 967-973

Steinmann T, Geldner N, Grebe M, Mangold S, Jackson CL, Paris S, Gélweiler L, Palme
K, Jirgens G (1999) Coordinated polar localization of auxin efflux carrier PIN1 by
GNOM ARF GEF. Science 286: 316-318

Swarup R, Friml J, Marchant A, Ljung K, Sandberg G, Palme K, Bennett M (2001)
Localization of the auxin permease AUX1 suggests two functionally distinct hormone
transport pathways operate in the Arabidopsis root apex. Genes Dev 15: 2648-2653
Swarup R, Marchant A, Bennett MJ (2000) Auxin transport: providing a sense of
direction during plant development. Biochem Soc T 28: 481-485

Swarup R, Parry G, Graham N, Allen T, Bennett M (2002) Auxin cross-talk: integration
of signalling pathways to control plant development. Plant Mol Biol 49: 411-426

Uggla C, Mellerowicz EJ, Sundberg B (1998) Indole-3-acetic acid controls cambial
growth in Scots pine by positional signaling. Plant Physiol 117: 113-121

Utsuno K, Shikanai T, Yamada Y, Hashimoto T (1998) AGR, an Agravitropic locus of
Arabidopsis thaliana, encodes a novel membrane-protein family member. Plant Cell
Physiol 39: 1111-1118

Vandenbussche F, Smalle J, Le J, Saibo NJM, De Paepe A, Chaerle L, Tietz O, Smets R,
Laarhoven LJJ, Harren FJM, Van Onckelen H, Palme K, Verbelen J-P, Van Der Stracten
D (2003) The Arabidopsis mutant a/A! illustrates a cross talk between ethylene and auxin.
Plant Physiol 131: 1228-1238

Vissenberg K, Feijo JA, Weisenseel MH, Verbelen J-P (2001) Ion fluxes, auxin and the
induction of elongation growth in Nicotiana tabacum cells. J Exp Bot 52: 2161-2167
Vogler H, Kuhlemeier C (2003) Simple hormones but complex signalling. Curr Opin
Plant Biol 6: 51-56

Went FW (1974) Reflections and speculations. Annu Rev Plant Physiol 25: 1-26
Willemsen V, Friml J, Grebe M, van den Toorn A, Palme K, Scheres B (2003) Cell
polarity and PIN protein positioning in Arabidopsis require STEROL
METHYLTRANSFERASE] function. Plant Cell 15: 612-625

Yamamoto M, Yamamoto KT (1998) Differential effects of 1-naphthaleneacetic acid,
indole-3-acetic acid and 2,4-dichlorophenoxyacetic acid on the gravitropic response of
roots in an auxin-resistant mutant of Arabidopsis, aux1. Plant Cell Physiol 39: 660-664
Zazimalova E, Napier RM (2003) Points of regulation for auxin action. Plant Cell Rep 21:
625-634

34









	2004  MORRIS et al_Transport of auxin_Plant Hormones Book_Davies
	Colorplate1 _ 2004  Morris et al_Transport of auxin
	Colorplate2 _ 2004  Morris et al_Transport of auxin

