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ABSTRACT

In shoots, polar auxin transport is basipetal (that is,
from the shoot apex toward the base) and is driven
by the basal localization of the auxin efflux carrier
complex. The focus of this article is to summarize the
experiments that have examined how the asymmet-
ric distribution of this protein complex is controlled
and the significance of this polar distribution. Ex-
perimental evidence suggests that asymmetries in
the auxin efflux carrier may be established through
localized secretion of Golgi vesicles, whereas an at-
tachment of a subunit of the efflux carrier to the
actin cytoskeleton may maintain this localization. In

addition, the idea that this localization of the efflux
carrier may control both the polarity of auxin move-
ment and more globally regulate developmental po-
larity is explored. Finally, evidence indicating that
the gravity vector controls auxin transport polarity is
summarized and possible mechanisms for the envi-
ronmentally induced changes in auxin transport po-
larity are discussed.
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INTRODUCTION

The mechanism by which cells and tissues develop
and maintain polarity is a growing area of study. In
mammalian systems, a number of proteins have
been examined to understand how asymmetric cel-
lular localization is established and maintained. In
asymmetric cells, such as epithelial or nerve cells,
there are mechanisms both for initially sorting pro-
teins into different membrane domains and for
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maintaining the localization after initial sorting is
complete (Drubin and Nelson 1996; Nelson and
Grindstaff 1997). Protein sorting through directed
vesicle targeting is critical for establishment of asym-
metry (Nelson and Grindstaff 1997), whereas at-
tachment to the actin cytoskeleton, either directly or
through large protein complexes, maintains the
asymmetric localization (Colledge and Froehner
1998; Froehner 1993).

In plant cells, one of the best-understood ex-
amples of a protein with asymmetric cellular local-
ization is the auxin efflux carrier, which controls
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Figure 1. Schematic model of the chemiosmotic hypoth-
esis for polar auxin transport. Protonated IAA in the cell
wall space can enter the cell either by diffusion or by an
uptake carrier. Once in the more basic cytoplasm, the TAA
dissociates and can exit only by the auxin efflux carrier.
The names of the protein that may constitute auxin trans-
porters are in parentheses. Reprinted from Muday (2000)
with kind permission from Kluwer Academic Publishers.

polar auxin transport. Auxins, of which indole-3-
acetic acid (IAA) is the predominant naturally oc-
curring hormone, move through plants by a unique
polar transport mechanism (reviewed in Goldsmith
1977; Lomax and others 1995). This polar move-
ment of auxin in the shoot is a cell-to-cell move-
ment from the shoot apex toward the base. Polar
auxin transport results in an auxin gradient down
the length of the plant, with the highest auxin con-
centrations found in the regions of greatest elonga-
tion (Ortuno and others 1990). There are two pro-
tein complexes that control auxin movement into
and out of cells (Lomax and others 1995). These
protein complexes, the auxin uptake carrier, and the
auxin efflux carrier, respectively, are shown in Fig-
ure 1. IAA can move into cells both passively, be-
cause it is hydrophobic when protonated, and
through an uptake carrier. The amount and direc-
tion of polar auxin transport are thought to be con-
trolled by the auxin efflux carrier. Basal localization
of an auxin efflux carrier in cells of the plant stem
has also been proposed to determine the polarity of
IAA transport (Galweiler and others, 1998; Jacobs
and Gilbert 1983; Rubery and Sheldrake 1974).
This review focuses on the asymmetric localiza-
tion of the auxin efflux carrier. Evidence will be
summarized that indicates that the auxin efflux car-
rier complex may be directed to one membrane
through vesicle targeting and that this protein com-

plex interacts with the actin cytoskeleton to fix this
protein in one domain of the plasma membrane. In
addition, the idea is explored that this localization of
the efflux carrier may control both the polarity of
auxin movement and globally regulate developmen-
tal polarity. Finally, experimental results are sum-
marized that suggest that environmental stimuli can
change the polarity of auxin transport, and the pos-
sible roles of the cytoskeleton in mediating these
alterations in auxin transport direction are dis-
cussed.

B10CHEMICAL CHARACTERIZATION OF THE
AUXIN EFFLUX CARRIER

A biochemical dissection of the auxin efflux carrier
has increased our understanding of the regulation of
this protein complex and how its localization to the
basal plasma membrane controls the polarity of
auxin movement. The efflux carrier complex ap-
pears to be composed of at least two polypeptides.
One polypeptide is an integral membrane trans-
porter presumably encoded by one of the members
of the PIN gene family (Palme and Galweiler 1999).
A second polypeptide (the NPA-binding protein)
binds synthetic inhibitors of auxin efflux, including
naphthylphthalamic acid, and may act as a regula-
tory polypeptide (Dixon and others 1996; Muday
2000). The existence of a third, rapidly turned over
protein that connects these two subunits has also
been suggested (Morris and Robinson 1998; Morris
and others 1991).

Several members of the PIN gene family in Ara-
bidopsis have been identified (Galweiler and others
1998; Miiller and others 1998), indicating that there
are multiple auxin efflux carriers with distinct ex-
pression patterns (Palme and Gélweiler 1999). Four
groups published the isolation of the PIN2 gene,
within several months, but using different names.
PIN2 is equivalent to EIRI, AGRI, and WAV6 (Chen
and others 1998; Luschnig and others 1998; Miiller
and others 1998; Utsuno and others 1998). Plants
with mutations in either PINI or PIN2 have pheno-
types consistent with tissue-specific alterations in
auxin transport (Galweiler and others 1998; Miiller
and others 1998; Okada and others 1991) and have
alterations in auxin transport in the affected tissues
(Chen and others 1998; Okada and others 1991;
Rashotte and others 2000). PIN genes encode pro-
teins with 10 membrane-spanning domains and
have similarities to other membrane transport pro-
teins (Chen and others 1999). The protein products
of these genes show an asymmetric localization in
the plasma membrane that is consistent with con-
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trolling the polarity of auxin movement (Galweiler
and others 1998; Miiller and others 1998). It has
been suggested, therefore, that the PIN genes en-
code one polypeptide of the auxin efflux carrier.

Until the recent identification of the PIN proteins,
most studies of the auxin efflux carrier focused on
the NPA-binding protein. The activity of this protein
can be followed using a binding assay with [*H]-
NPA. NPA binds with high affinity to a single class of
NPA-binding proteins associated with the zucchini
plasma membrane (Muday and others 1993). There-
fore, this assay has allowed extensive biochemical
characterization of the NPA-binding protein. In ad-
dition, an [*H]-azido NPA derivative has been syn-
thesized (Voet and others 1987) and has been used
to identify a 23-kDa protein that binds both NPA
and TAA (Zettl and others 1992).

Several lines of evidence suggest that the protein
that binds inhibitors of auxin efflux, including NPA,
is distinct from the PIN gene products. Treatments
with inhibitors of protein translation or protein pro-
cessing in the Golgi apparatus prevent the NPA-
mediated reductions in auxin transport without al-
tering the amount of NPA-binding activity (Morris
and Robinson 1998; Morris and others 1991;
Wilkinson and Morris 1994). These results suggest
that the NPA-binding and auxin-efflux activities are
on separate proteins and support the idea that a
third protein may connect them (Morris and others
1991).

In addition, it appears that the NPA-binding pro-
tein is peripherally associated with the plasma mem-
brane, and the NPA binding site is on the cytoplas-
mic face of the membrane (Muday 2000). Treatment
of plasma membrane vesicles with concentrated salt
solutions released the NPA-binding protein into the
supernatant after ultracentrifugation, suggesting
that NPA binds to a peripheral protein (Cox and
Muday 1994). Furthermore, the NPA-binding pro-
tein is still active in pellets obtained after detergent
solubilization of plasma membranes followed by ul-
tracentrifugation (Butler and others 1998; Cox and
Muday 1994). These pellets should be almost free of
lipids, yet most NPA-binding activity was recovered
in these pellets, suggesting that the NPA-binding
protein does not require a lipophilic environment to
be active (Butler and others 1998; Cox and Muday
1994).

Biochemical evidence suggests that NPA-binding
activity is localized to the cytoplasmic face of the
plasma membrane. Several investigators have ex-
amined the protease sensitivity of NPA-binding ac-
tivity in plasma membranes isolated from zucchini
hypocotyls. Treatment of intact right-side-out
vesicles with protease does not lead to loss of NPA-

binding activity (Bernasconi and others 1996; Dixon
and others 1996), whereas disruption of membranes
by detergent, followed by protease treatment, results
in a total loss of NPA-binding activity (Bernasconi
and others 1996). Furthermore, plasma membrane
vesicles have been subjected to several different
treatments that should convert them to an inside-
out orientation (Bernasconi and others 1996; Dixon
and others 1996; Hertel and others 1983), although
the effectiveness of these treatments was only veri-
fied by analysis of marker enzymes in one case
(Dixon and others 1996). In two of these reports,
inside-out vesicles had twofold to fourfold increases
in NPA-binding activity and fourfold to fivefold in-
creases in protease sensitivity of NPA-binding activ-
ity compared with right-side-out vesicles (Dixon and
others 1996; Hertel and others 1983). Therefore, the
NPA-binding site appears to be localized to the cy-
toplasmic face of the membrane and poised for in-
teraction with the cytoskeleton.

EvVIDENCE FOR NPA-BINDING PROTEIN
INTERACTION WITH ACTIN

One of the hallmarks of proteins that interact with
the cytoskeleton is their retention in the pellet after
ultracentrifugation of detergent-extracted mem-
branes (Carraway 1992). So, the first experiments
designed to ask whether the NPA-binding protein
interacts with the cytoskeleton involved examina-
tion of the behavior of this protein during detergent
extractions. Although several reports in the litera-
ture indicate that some NPA-binding activity can be
released from the membrane by detergent treat-
ment, all of these procedures resulted in very low
yields of soluble NPA-binding activity (Bernasconi
and others 1996; Cox and Muday 1994; Jacobs and
Gilbert 1983; Sussman and Gardner 1980). In two of
these reports, the amount of NPA-binding activity in
the detergent-insoluble pellet was quantified and, in
both cases, most of the activity was in the detergent-
insoluble pellet (Cox and Muday 1994; Sussman
and Gardner 1980).

When either purified zucchini plasma mem-
branes or fresh and relatively crude extracts of zuc-
chini are treated with Triton X-100, almost all of the
NPA-binding activity and the cytoskeletal proteins,
actin and tubulin, were in the pellet after ultracen-
trifugation (Butler and others 1998). The abundance
of NPA-binding activity and actin in the detergent-
insoluble pellet is decreased by treatments with
drugs or agents that fragment the actin filaments
(F-actin). There is a twofold decrease by addition of
cytochalasin D or a fourfold to 10-fold decrease on
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treatment with the buffer Tris, depending on the Tris
concentration (Butler and others 1998; Cox and
Muday 1994). In addition, treatment with phalloi-
din, an F-actin stabilizing drug, increased both the
amount of pelletable actin and NPA-binding activity
by greater than threefold. In contrast, taxol treat-
ment stabilized microtubules and resulted in an in-
crease in pelletable tubulin after detergent solubili-
zation but caused no detectable change in pelletable
NPA-binding activity (Butler and others 1998).
These partitioning experiments indicate that treat-
ments that stabilize actin increase the NPA-binding
activity recovered in the detergent-insoluble cyto-
skeleton fractions, whereas treatments that destabi-
lize the actin cytoskeleton decrease the amount of
NPA-binding activity recovered in these samples.
Therefore, these results are consistent with an actin
interaction of the NPA-binding protein, but more
direct demonstration was necessary to strengthen
these results.

It was also necessary to ask whether the NPA-
binding protein interacts directly with purified actin
filaments. F-actin affinity chromatography is one
approach to demonstrate this interaction. First, a
procedure for purification of zucchini hypocotyl ac-
tin using its ability to bind the enzyme DNase I was
developed and used to obtain purified F-actin (Hu
and others 2000). A variety of methods were used to
demonstrate that the actin was native, including the
demonstration of the ability of actin monomers (G-
actin) to bind profilin, to bind and inhibit DNase I
activity, and to form filaments as judged by ultra-
centifugation, native gel electrophoresis, and elec-
tron microscopy (Hu and others 2000; Muday
2000).

Purified and functional zucchini hypocotyl actin
was then used to prepare both G- and F-actin col-
umns. BSA was used to create a third affinity matrix
to test for nonspecific protein interactions (Hu and
others 2000). The selectivity of the F-actin column
was demonstrated by examination of binding of ver-
tebrate a-actinin to the F-actin column. Purified
a-actinin was shown to bind tightly to the F-actin
but weakly to the G-actin column (Hu and others
2000).

To test for the ability of the NPA-binding protein
to interact with actin filaments, Tris and detergent-
solubilized plasma membranes, enriched in actin
and actin-binding proteins, were used as the starting
sample for chromatography on the actin columns.
NPA-binding activity was retained by the F-actin
column and reproducibly eluted with high salt con-
centrations. In five separate experiments, NPA-

binding activity was localized to one or two fractions
eluted from the F-actin column and was signifi-
cantly greater than the activity eluted from a BSA
column or an F-actin column to which no solubi-
lized proteins were applied (Hu and others 2000).
The selective elution of NPA-binding activity from
the F-actin column is the strongest evidence to date
indicating the association of the NPA-binding pro-
tein with the actin cytoskeleton.

DRrRUGS THAT FRAGMENT THE ACTIN
CYTOSKELETON REDUCE POLAR
AUXIN TRANSPORT

The interaction of the NPA-binding protein with the
actin cytoskeleton may be necessary for either
movement of auxin across the membrane or for the
polar localization of the efflux carrier complex. If
either of these hypotheses is correct, disruption of
the actin cytoskeleton would be predicted to reduce
polar auxin transport.

Treatments of either corn coleoptiles (Cande and
others 1973) or zucchini hypocotyls (Butler and
others 1998) with cytochalasins have been shown to
reduce auxin transport. The effect of cytochalasin D
on auxin transport was measured in zucchini hypo-
cotyls (Butler and others 1998). The goal of this ex-
periment was to determine whether basipetal auxin
transport was reduced by this treatment without af-
fecting acropetal diffusion of IAA or diffusion of the
weak acid control, benzoic acid. Zucchini hypocotyl
segments treated with and without cytochalasin D
are simultaneously loaded with [?H]-IAA and [!*C]-
benzoic acid, and the amount of radioactivity mov-
ing in either direction is quantified. When zucchini
hypocotyls are treated with cytochalasin D, there is
a statistically significant reduction (as judged by Stu-
dent’s ¢ test) in basipetal auxin transport, as shown
in Table 1 (data from Butler and others 1998). The
average and standard error of 10 separate experi-
ments, each with six replicates, is reported. This 1.4-
fold reduction in transport is not at the level of dif-
fusion, because there are no changes in the amount
of either basipetal benzoic acid movement or acro-
petal auxin transport. Because this assay measures
passive diffusion from the segment, as well as polar
transport, each measurement contains some back-
ground diffusion. The level of background diffusion
can be assessed by examining the percentage of ei-
ther acropetal auxin movement or benzoic acid dif-
fusion. Basipetal IAA transport can be normalized by
subtracting the amount of diffusion (calculated by
averaging percentage of BA movement in either di-
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Table 1. Cytochalasin D Reduces Polar Auxin Transport

% Transport®

—Cytochalasin D +Cytochalasin D p Value®
Basipetal IAA 19.0+1.2 133 +£1.1 <0.005
Acropetal TAA 8.0+04 8.8 +0.8 >0.2
Basipetal BA 7.0 £0.9 7.0£0.8 >0.2
Normalized Basipetal TAA© 11.3 5.6

“The percent transport is the average and standard error of 12 separate experiments.

"The % transport in the absence and presence of 200 uM cytochalasin D is compared by Student’s t test.

‘Normalized basipetal IAA transport was calculated by subtracting the background diffusion (the average of the % of
acropetal IAA and % basipetal BA transport) from the % basipetal IAA transport.

Reprinted from Muday (2000), with kind permission from Kluwer Academic Publishers.

rection and acropetal TAA movement) from the
amount of basipetal auxin transport. The magnitude
of the effect of cytochalasin D treatment increases to
twofold when the normalized values are compared
(Table 1).

If an intact actin cytoskeleton is required for lo-
calization of the auxin efflux carrier complex,
should fragmentation of actin filaments with cyto-
chalasin lead to a total loss of auxin transport? This
question can be considered by examination of the
model in Figure 2. If the efflux carriers are totally
randomized, then transport should be reduced to
the level of diffusion. Basipetal IAA transport is re-
duced by cytochalasin D treatment but not to the
level of diffusion. However, the cytochalasin D treat-
ment was for 1 h, and this may not have been suf-
ficient time to allow all the efflux carriers to ran-
domize. In addition, there may have been partial
recovery of polar auxin transport capacity during
the 1.5-h transport period. These results are consis-
tent with the model shown in Figure 2, although
more complex possibilities cannot yet be eliminated.

To more directly examine the role of the actin
cytoskeleton in localization of the auxin efflux car-
rier, immunocytochemical analysis of the proteins
that constitute this protein complex after treatment
with drugs that fragment actin will be extremely
valuable. Antibodies that recognize PIN proteins,
which encode a polypeptide that is predicted to be
part of the efflux carrier, can be used to observe the
localization. Antibodies against PIN1 and PIN2 have
already been used to show the polar localization of
these protein complexes (Galweiler and others
1998; Miiller and others 1998). The experimental
results summarized here lead to the simple predic-
tion that cytochalasin treatment will randomize the
PIN protein localization.

EVIDENCE FOR VESICLE TARGETING IN
ESTABLISHMENT OF THE ASYMMETRIC
LocALIZATION OF THE EFFLUX CARRIER

The initial establishment of the polarity of the auxin
efflux carrier may require the localized targeting of
vesicles. Several reports have used the drugs mon-
esin and Brefeldin A (BFA), which are inhibitors of
Golgi vesicle secretion, and examined their effects
on auxin transport. Monensin reduced auxin efflux
activity without reducing the amount of NPA-
binding activity associated with microsomal mem-
branes (Wilkinson and Morris 1994). This result
both supported the idea that the efflux carrier has
several distinct proteins, with transport and NPA
binding being mediated by two different proteins
and implicated vesicle targeting in controlling the
localization of auxin transport proteins (Wilkinson
and Morris 1994). Later experiments using Brefeldin
A more clearly demonstrated that auxin efflux, and
not auxin influx, depends on vesicle targeting (Del-
barre and others 1998; Morris and Robinson 1998).
In addition, these studies provided evidence that the
efflux carrier activity is rapidly turned over, which
may have important implications in the changes in
auxin transport polarity in response to environmen-
tal stimuli, as discussed later (Delbarre and others
1998; Morris and Robinson 1998).

Additional experimental evidence even more
strongly implicated vesicle targeting in auxin efflux
carrier localization (Steinmann and others 1999).
The effect of Brefeldin A on the localization of the
PIN1 protein was examined in developing Arabidop-
sis lateral roots. PIN1 accumulated at the cell bound-
aries in untreated roots, but Brefeldin A treatment
randomized this localization (Steinmann and others
1999). The localization of the PIN1 protein was also
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examined in embryos of the gnom mutant, which do
not make the protein target of BFA. In the gnom
embryos, PIN1 protein appeared disorganized with
no coordinated polar localization (Steinmann and
others 1999), reminiscent of the effect of BFA treat-
ment. (Steinmann and others 1999) suggest that the
BFA-sensitive GNOM protein regulates the vesicle
trafficking required for the coordinated polar local-
ization of auxin efflux carriers, which in turn deter-
mine the direction of auxin flow. Because embryos
of the gnom mutant show defects in the apical-basal
axis (Mayer and others 1993), it may be that the
failure to establish polar auxin transport could lead
to these axis defects. The ability of auxin transport
inhibitors to cause embryo abnormalities (discussed
later) that are similar to those in gnom mutants is
consistent with this hypothesis (Steinmann and oth-
ers 1999).

Together, these results suggest that integral mem-
brane proteins of the efflux carrier move through
the Golgi vesicle transport pathway and that this
pathway could differentially target proteins to the
basal membrane. Because most experimentation in-
dicates that the NPA-binding protein is a peripheral
membrane protein on the cytoplasmic face of the
membrane (see preceding), this protein would not
move through the Golgi and would presumably as-
sociate with the efflux carrier on the face of the
membrane. Therefore differential targeting of
vesicles containing the integral membrane proteins
of the auxin efflux carrier protein complex, com-

With Cytochalasin D

Figure 2. Model for the ef-
fect of cytochalasin D on polar
auxin transport. A file of un-
treated cells (left) are com-
pared with those treated with
cytochalasin D (right). The
fragmentation of actin fila-

Reduced ments by cytochalasin D is
Polar shown, as well as the ran-
Transport domization of the auxin efflux

carrier complex as a result of
loss of actin structure, which
may serve to localize this pro-
tein. Reprinted from Muday
(2000) with kind permission
from Kluwer Academic Publish-
ers.

@ NPA Binding
Protein
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bined with an interaction of the entire protein com-
plex with the actin cytoskeleton, could then explain
both the establishment and maintenance of the
asymmetric localization of the auxin efflux carrier
protein complex.

AUXIN TRANSPORT MAY INFLUENCE
DEVELOPMENTAL POLARITY

The experimental results discussed in the preceding
suggest a mechanism for the asymmetric cellular lo-
calization of the auxin efflux carrier complex
through both vesicle targeting and attachment to
the actin cytoskeleton. It is also possible that this
auxin efflux carrier asymmetry may play an impor-
tant role in the formation of developmental asym-
metry. A number of recent reports using both ge-
netic mutants and auxin transport inhibitor treat-
ments have linked auxin transport to embryo and
vascular development.

Several Arabidopsis mutants have been identified
that have altered embryo development and appear
to have a primary defect in auxin response or ho-
meostasis. The monopteros mutant, which has a mu-
tation in an auxin response factor gene (Hardtke and
Berleth 1998), has both embryo and vascular devel-
opmental defects (Berleth and Jiirgens 1993; Prze-
meck and others 1996). The vascular developmental
defects of monopteros can also be phenocopied by
growth of Arabidopsis plants in the presence of auxin
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transport inhibitors (Mattsson and others 1999). The
bodenlos mutant has reduced auxin sensitivity and
has a similar phenotype to monopteros (Hamann and
others 1999). The axr6 mutants have both develop-
mental and vascular pattern defects and are also less
sensitive to applied auxins (Hobbie and others
2000). Finally, the embryo pattern mutant fass has
defects in auxin homeostasis (Fisher and others
1996; Torres-Ruiz and Jiirgens 1993). Together
these results link auxin responsiveness and homeo-
stasis to development.

Additional studies have indicated that embryo de-
velopment is directly tied to the ability to properly
transport auxin. Numerous studies have found that
treatment of developing embryos with auxin trans-
port inhibitors leads to abnormal pattern formation.
Specifically, application of auxin efflux inhibitors led
to the development of altered shapes of embryos in
carrot (Schiavone 1988; Schiavone and Cooke
1987), Ipomoea (Chee and Cantliffe 1989), mustard
(Liu and others 1993), wheat (Gélweiler and others
1998), and Brassica (Hadfi and others 1998). In ad-
dition, Arabidopsis PIN1 plants, which have a muta-
tion in a gene predicted to encode an auxin efflux
carrier (Galweiler and others 1998), have develop-
mental abnormalities, which are similar to those of
plants that have been treated with auxin transport
inhibitors (Hadfi and others 1998; Liu and others
1993). Together these studies link auxin transport to
the later stages of embryo development.

The isolation of more embryo developmental mu-
tants may provide additional insight into the link
between auxin transport and embryo development.
One such intriguing mutant is the maize mutant
lachrima, which is blocked in embryogenesis at the
proembryo/transition stage border. This is the same
stage of embryo development that is blocked when
embryos are treated with auxin transport inhibitors
(Stiefel and others 1999). The recent identification
of the mutated gene in lachrima shows that this mu-
tation is in a gene encoding a transmembrane pro-
tein named TM20. TM20 is predicted to have 20
membrane-spanning domains and is expressed in
the meristem and in developing embryos (Stiefel
and others 1999). Many features of this mutant, the
TM20 protein, and its expression pattern are consis-
tent with TM20 being an auxin transport protein.
Tests of this hypothesis are now possible with the
isolation of the TM20 gene (Stiefel and others 1999).

Two additional studies have examined the role of
auxin transport in the early stages of embryo devel-
opment. First, auxin transport in early embryogen-
esis was examined by inspection of the PIN1 protein
localization in Arabidopsis embryos (Steinmann and
others 1999). When the localization of the PIN1 pro-

tein is examined in wild-type embryos, polar local-
ization becomes detectable in the midglobular stage
(Steinmann and others 1999). Although this result
is not consistent with auxin transport asymmetry
developing at the first cell divisions in the embryo,
several alternative mechanisms could mediate early
asymmetries. Asymmetries in other members of the
PIN gene family could occur at earlier embryo de-
velopmental stages, or early asymmetries in auxin
transport may be conveyed by localized activation of
a subset of auxin efflux carriers.

Additional experiments have explored the role of
auxin transport in Fucus embryos (Basu and Muday,
unpublished). In the single-celled symmetric zygotes
of the brown alga, Fucus, embryo fertilization occurs
outside the algae, so that the very earliest stages of
embryo development can be readily analyzed and
manipulated. The earliest evidence of Fucus embryo
polarity is detectable within 24 h after fertilization
when the site of formation of a single rhizoid be-
comes evident (Goodner and Quatrano 1993).
Treatment of Fucus embryos with auxin transport
inhibitors leads to formation of embryos with double
rhizoids or branched rhizoids (Basu and Muday, un-
published). The auxin transport inhibitor-treated
Fucoid embryos are reminiscent of the altered em-
bryo structures resulting from similar treatments of
somatic embryos from land plants.

In Fucus embryos, the site of rhizoid initiation is
environmentally controlled, with light being the
best-studied signal (Goodner and Quatrano 1993).
As discussed later, there is a long history of experi-
ments suggesting that the polarity of auxin move-
ment across whole organs can change in response to
light and gravity gradients. Therefore, the possibility
that auxin transport also plays a role in the environ-
mentally induced polarity of Fucus embryo develop-
ment was examined. When Fucus embryos are ex-
posed to auxin transport inhibitors, light and gravity
gradients no longer control the site of rhizoid for-
mation, but the site becomes random (Basu and
Muday, unpublished).

These results suggest a role for auxin transport in
the establishment of polarity during the transition
from single cells to more complex embryos, yet a
precise explanation for this effect is not yet possible.
Changes in the organization of the actin cytoskele-
ton have been implicated in the early stages of Fucus
polarity development (Alessa and Kropf 1999; Kropf
and others 1989). Therefore, one possibility is that
the interactions between the actin cytoskeleton and
auxin transport proteins could be important in the
initial stages of polarity development, because em-
bryos go from one symmetric cell to two unequal
and polar cells. It may be that either auxin move-
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ments or asymmetries in auxin transport proteins
are necessary for reinforcement of the signals that
are needed to determine the site of rhizoid initiation
(Basu and Muday, unpublished). Direct tests of
these hypotheses await further experimentation.

AUXIN TRANSPORT POLARITY CHANGES IN
RESPONSE TO ENVIRONMENTAL STIMULI

A particularly interesting feature of auxin transport
polarity is the ability of alterations in the net direc-
tion of auxin movement to occur in response to
changing gradients of light and gravity. In addition
to polar transport down the length of plant tissues,
auxin can also move laterally across gravity or light-
stimulated shoots and roots. The Cholodny-Went
hypothesis, originally proposed in 1937, suggests
that the lateral transport of auxin across gravity or
light-stimulated plant tissues drives differential
growth (Evans 1991; Muday and others 2000; Tre-
wavas 1992). Lateral redistribution of radiolabeled
IAA has been measured in both shoots (Parker and
Briggs 1990) and roots (Young and others 1990),
and the redistribution of IAA has been shown to
precede differential growth and the gravity response
(Parker and Briggs 1990). Application of auxin ef-
flux inhibitors to growing plants completely inhibits
the gravity response of roots of a number of plant
species, under conditions where growth still occurs
(Katekar and Geissler 1980; Muday and Haworth
1994, Rashotte and others 2000). The effect of the
auxin transport inhibitor NPA on gravity response is
very rapid, with application at the time of gravi-
tropic stimulation completely inhibiting gravitropic
bending (Rashotte and others 2000).

Although the validity of the Cholodny-Went hy-
pothesis has been debated (Trewavas 1992), recent
molecular and genetic evidence has provided addi-
tional support to this hypothesis (Chen and others
1999). One powertful test of this hypothesis has been
through the construction of transgenic plants with
an auxin responsive promoter driving the expres-
sion of B-glucuronidase. The redistribution of auxin-
induced gene expression across gravity-stimulated
shoots (Li and others 1991) or roots (Li and others
1999) is consistent with changes in lateral auxin
transport. The ability of auxin transport inhibitors to
block both differential auxin-regulated gene expres-
sion and gravitropic bending suggests that lateral
auxin transport is required for differential gene ex-
pression and that localized changes in auxin sensi-
tivity are not sufficient to control this differential
growth.

Another approach that has shown the depen-

dence of the gravity response on auxin transport has
been the isolation of plants with mutations in auxin
transport proteins that result in an agravitropic phe-
notype. The aux! and allelic eirl/agri/Atpin2/wavé
mutants have agravitropic roots (Chen and others
1999) and appear to encode auxin influx and efflux
carriers, respectively (Bennett and others 1996;
Chen and others 1998; Galweiler and others 1998;
Luschnig and others 1998; Marchant and others
1999; Miller and others 1998; Utsuno and others
1998). Roots of agr! accumulate more radiolabeled
IAA than wild-type roots, which is consistent with
an inhibition of auxin efflux (Chen and others
1998), whereas auxI roots show reduced ['4C] 2, 4D
accumulation (Marchant and others 1999). The re-
cent development of assays to measure polar auxin
movement in the roots of Arabidopsis has revealed a
reduction in polar auxin transport in roots of eirl
(Rashotte and others 2000). Together, these results
suggest that auxin transport plays an important role
in controlling plant gravity response.

Although these results link lateral auxin transport
to gravity response, some experimental results do
not easily fit the simple interpretation of the
Cholodny-Went hypothesis. The growth character-
istics of roots in response to gravitropic stimulation
have been carefully examined with computerized
image analysis, and the pattern of root growth is not
as simple as initially predicted (Evans 1991). The
root overresponds to gravity, turning from horizon-
tal to vertical to beyond vertical, and then growth
switches from one root side to the other, to allow
reorientation to the vertical (Ishikawa and others
1991). In addition, roots grown on high concentra-
tions of auxin can still respond to gravity, even
when growth is almost totally inhibited (Ishikawa
and Evans 1993; Muday and Haworth 1994). These
results, which appear contradictory to the
Cholodny-Went hypothesis, indicate that the role of
auxin in root growth and gravity response is com-
plex, and additional experimentation will be re-
quired to completely understand how gravitropic
growth is controlled (Trewavas 1992).

The mechanisms by which auxin transport can be
influenced by changes in the gravity vector are still
completely unknown. It is not yet clear whether the
same protein complex controls auxin efflux during
both polar and lateral movement of IAA. If multiple
auxin efflux carrier complexes are used, then grav-
ity-induced lateral auxin transport could require ex-
pression of a gene encoding another carrier or could
be mediated by differential activation of one gene
product. The presence of multiple PIN genes, with
distinct expression patterns and subcellular localiza-
tion suggests that multiple efflux carriers are likely
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to be involved (Palme and Géalweiler 1999). The re-
sults from treatments with Brefeldin A suggest that
the efflux carriers are rapidly turned over, which
indicates that differential synthesis of alternative ef-
flux carriers with different polar distributions could
rapidly change the polarity of auxin movement
(Delbarre and others 1998; Morris and Robinson
1998). In addition, differential activation of efflux
carriers could also be mediated by phosphorylation,
because there are several lines of experimentation
that indicate auxin transport is regulated by changes
in phosphorylation state of cellular proteins (Ber-
nasconi 1996; Delbarre and others 1998; Deruere
and others 1999).

An additional question that remains is whether
the actin cytoskeleton plays a role in controlling lat-
eral auxin transport. Although a role of the actin
cytoskeleton in gravity response has been suggested
(Sievers and others 1996), this point is not resolved.
Two groups have examined the effect of cytochala-
sin on root gravity response (Blancaflor and Hasen-
stein 1997; Staves and others 1997). One group
found that cytochalasin D had no effect on root
gravitropism in three species (Staves and others
1997). A second report indicated that concentrations
of cytochalasin B that were sufficient to fragment
actin filaments in many root tissues did not affect
gravitropic bending, whereas similar concentrations
of cytochalasin D lead to a significantly reduced rate
of gravitropic bending (Blancaflor and Hasenstein
1997). These studies have been complicated by dif-
ficulties in visualization of actin in columnella cells
that are the site of root gravity perception (Blanca-
flor and Hasenstein 1997; Blancaflor and others
1998). Recent progress in methods for actin staining
in columnella cells will be useful in demonstrating
that these actin-fragmenting drugs were able to
completely perturb actin in the relevant tissues (Col-
lings and others 2000). At present, these results sug-
gest that actin filaments are not necessary for lateral
auxin transport. Identification of the proteins that
mediate lateral auxin transport will allow a direct
test of whether actin filaments play a role in control
of this direction of auxin movement.

CONCLUSIONS

The results from these studies indicate that a regu-
latory subunit of the auxin efflux carrier, the NPA-
binding protein, directly interacts with actin fila-
ments. The actin association of the NPA-binding
protein may localize the auxin efflux carrier com-
plex to the plasma membrane on one end of the cell
and thereby control the polarity of auxin transport.

Antibodies that recognize two different isoforms of
an integral membrane protein of the auxin efflux
carrier, PIN proteins, show that these proteins are
localized to the plasma membrane on one end of the
cell (Galweiler and others 1998; Miiller and others
1998). In addition, treatment of zucchini hypocotyls
and corn coleoptiles with cytochalasin B or D re-
duces polar auxin transport (Butler and others 1998;
Cande and others 1973). It will be interesting to see
whether similar treatments of plants with cytocha-
lasin D will randomize the localization of PIN1 pro-
teins. A randomization would be consistent with the
actin cytoskeleton being required to maintain the
polar distribution of the auxin efflux carrier protein
complex.

Other studies in both plants and animals have
demonstrated the importance of the actin cytoskel-
eton in maintenance of cell polarity. In yeast and the
brown alga, Fucus, initial establishment of cell polar-
ity requires an intact actin cytoskeleton (Goodner
and Quatrano 1993; Li and others 1995) and is pre-
ceded by changes in the organization of the actin
cytoskeleton (Alessa and Kropf 1999; Ayscough and
Drubin 1996; Chant 1999; Kropf and others 1989).
To maintain cellular polarity, a number of plasma
membrane proteins that have asymmetric localiza-
tion maintain their distribution by attachment to the
actin cytoskeleton. In the developing zygotes of Fu-
cus, the dihydropyridine receptor has been shown to
develop asymmetric localization that also requires
an intact actin cytoskeleton (Shaw and Quatrano
1996). Both the acetylcholine receptor of neurons,
and the Na+, K+-ATPase of epithelial cells have po-
lar distributions that are required for their function
(Apel and Merlie 1995; Froehner 1993). Evidence
for both of these protein complexes indicates that
attachment to the actin cytoskeleton controls their
localization (Froehner 1993; Nelson and Hammer-
ton 1989). The acetylcholine receptor is a particu-
larly interesting example, because one of the pro-
teins in the complex is a 43-kDa peripheral mem-
brane protein (rapsyn) that is associated with the
actin cytoskeleton. In mice deficient for this protein,
the acetylcholine receptor fails to localize properly
(Gautam and others 1995). The NPA-binding pro-
tein may function in a similar way to localize the
efflux carrier.

Although partial understanding of how and when
auxin transport polarity is established and main-
tained is now possible, many important questions
still remain. Although much evidence now suggests
that auxin transport polarity is established early in
development and is required for normal develop-
ment, it is unclear how auxin transport may control
the development of cellular or tissue level asymme-
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tries. Another unanswered question is how auxin
transport polarity can vary between tissues and with
changing environmental gradients. Although plant
shoots transport auxin in only a basipetal polarity,
roots have a more complex pattern of auxin move-
ment, with two distinct polarities occurring in two
different tissues (Rashotte and others 2000; Reed
and others 1998). The identification of a large PIN
gene family with members with tissue-specific gene
expression patterns and distinct localization patterns
can begin to explain this complexity (Géalweiler and
others 1998; Miiller and others 1998; Palme and
Galweiler 1999). What is not yet clear is the mecha-
nism by which light or gravity induces changes in
the polarity of auxin transport within the same cell
and/or tissue. These questions will be the direction
of studies by many investigators in coming years.
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