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AUX1 regulates root gravitropism in Arabidopsis by
facilitating auxin uptake within root apical tissues
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Plants employ a specialized transport system composed
of separate influx and efflux carriers to mobilize the
plant hormone auxin between its site(s) of synthesis
and action. Mutations within the permease-like AUX1
protein significantly reduce the rate of carrier-mediated
auxin uptake within Arabidopsisroots, conferring an
agravitropic phenotype. We are able to bypass the
defect within auxin uptake and restore the gravitropic
root phenotype of aux1 by growing mutant seedlings
in the presence of the membrane-permeable synthetic
auxin, 1-naphthaleneacetic acid. We illustrate that
AUX1 expression overlaps that previously described
for the auxin efflux carrier, AtPIN2, using transgenic
lines expressing anAUX1 promoter:: uidA (GUS) gene.
Finally, we demonstrate that AUX1 regulates gravi-
tropic curvature by acting in unison with the auxin
efflux carrier to co-ordinate the localized redistribution
of auxin within the Arabidopsisroot apex. Our results
provide the first example of a developmental role for
the auxin influx carrier within higher plants and supply
new insight into the molecular basis of gravitropic
signalling.
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Introduction

such as IN-naphthylphthalamic acid (NPA) has greatly

facilitated our understanding of the physiological impor-

tance of auxin transport (Katekar and Geissler, 1977).
Perturbations in gravitropism, lateral root initiation, vascu-
lar differentiation and embryonic patterning represent
examples of effects reported following treatment of plant
tissues with NPA (reviewed by Bennedt al,, 1998).

All auxin transport inhibitors described to date target
the phytotropin binding site within the auxin efflux carrier
(reviewed by Lomaxet al, 1995). Morriset al. (1991)
have proposed that the auxin efflux carrier comprises at
least three components: a transmembrane carrier protein,
an NPA binding protein and a third, labile regulatory
component. Several genes have been identified within the
model plant,Arabidopsis thalianavhich encode putative
auxin efflux carrier components. These genes include
the bacterial transporter-like family of EIR/PIN/AGR
sequences (Chent al,.1998; Géweiler et al, 1998;
Luschniget al, 1998; Mdler et al, 1998; Utsuncet al,
1998); TIR3 which encodes (or regulates the activity of)
the NPA binding protein based on the reduced rate of
polar auxin transport and NPA binding activity of the3
mutant (Rueggeet al,, 1997); andRCNJ, an ortholog of
regulatory subunit A of protein phophatase 2A, which
represents a putative regulator of efflux carrier activity
(Garber=et al, 1996). Many of the morphological changes
exhibited byArabidopsisplants that are mutated in one
of the putative efflux carrier components can be pheno-
copied in wild-type ..plants following NPA treatment
(Okadaet al, 1991; Géweiler et al, 1998), emphasizing
the developmental importance of the auxin efflux carrier.

Auxin influx carrier activity was first described by
Rubery and Sheldrake (1974). Physiologists have ques-
tioned the importance of carrier-mediated auxin uptake
since the protonated form of IAA is capable of diffusing
across plant membranes (Goldsmith, 1977). Determining
the developmental importance of carrier-mediated 1AA
uptake has been hampered by the lack of suitable auxin
influx-carrier specific inhibitors (Lomayet al, 1995).
Molecular genetic studies withiArabidopsishave led to
the identification of the agravitropic mutaatix1(Maher
and Martindale, 1980). Thaux1 mutant of Arabidopsis

Plant hormones influence almost every aspect of plantdisplays an altered growth response to the auxins IAA
growth and development (Davis, 1995). Auxins are con- or 2,4-dichlorophenoxyacetic acid (2,4-D) (Maher and
sidered unique amongst plant hormones in demonstratingMartindale, 1980). TheAUX1 gene has been cloned

a polarity in their movement (reviewed by Goldsmith,

1977). Indole-3-acetic acid (IAA), the major form of auxin

and found to encode a highly hydrophobic polypeptide
featuring between 10 and 12 transmembrane spanning

in higher plants, is first synthesized within young apical domains (Bennett al, 1996). Co-linearity with a family
tissues, then conveyed to its basal target tissues employingpf plant amino acid permeases (Bennett al, 1996;
a specialized delivery system termed polar auxin transport Fischeret al, 1998) has prompted suggestions that AUX1

(reviewed by Lomaet al,, 1995). IAA is transported into

performs a transport function, facilitating the uptake of

and out of the cell across the plasma membrane throughthe amino acid-like signalling molecule, 1AA. Theux1

the activities of the auxin influx and efflux carriers,

mutant therefore provides a promising experimental tool

respectively. The identification of auxin transportinhibitors with which to address the function of the auxin influx
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carrier duringArabidopsisdevelopment. We report that 2.4-D TAA
mutations within AUX1 impair auxin influx carrier activity.
Furthermore, we demonstrate that AUX1 regulates root
gravitropism by facilitating auxin uptake within the root
apical tissues.

2H+

Results 1-NAA
The aux1 mutant is defective in carrier-mediated

auxin uptake

We have obtained several lines of evidence indicating
that AUX1 regulates auxin uptake carrier activity within
Arabidopsisroots. First, mutations within thAUX1 gene
selectively confer an altered root growth response towards
auxins which require carrier-mediated uptake. Delbarre
et al. (1996) have observed previously that the influx
carrier facilitates the uptake of IAA and the synthetic
auxin 2,4-D, but not the lipophilic auxin, 1-naphthalene-
acetic acid (1-NAA), which enters the cell via diffusion
(Figure 1A). We have examined whether there was any
alteration in the response afix1roots towards exogen-
ously applied 2,4-D, IAA and 1-NAA using a root elonga-
tion bioassayArabidopsiswild-type andauxl seedlings
were germinated in the presence of either 2,4-D, I1AA or
1-NAA (Figure 1B, C and D, respectively). All three
auxins inhibit wild-type Arabidopsisroot elongation at
the illustrated concentrations. In contrasix1root growth
continues in the presence of either 2,4-D or IAA (Figure
1B and C) but is selectively inhibited by 1-NAA (Figure
1D). A reduced rate of auxin influx withimux1 roots
should impair the inhibitory properties of IAA and 2,4-D,
but would fail to attenuate the effects of the membrane | PO AT iRy
permeable auxin, 1-NAA. Dose—response curves confirm 20 100 200 400
thatauxlroot growth exhibits a wild-type level of sensitiv- E [1-NAA] (nM)

!ty toward,s 1'N’_A‘A (Figure 1E) but has at least a 10'f0!d Fig. 1. (A) The auxins IAA, 2,4-D and 1-NAA adopt either carrier-
increase in resistance to IAA and 2,4-D compared with mediated or diffusion-based modes of entry into plant cells,

the wild-type (Picketet al. 1990). The selective response respectively. (B-E) The growth of theux1mutant is less sensitive

of auxl roots towards IAA and 2,4-D versus 1-NAA is than wild-type to auxins requiring carrier-mediated uptake. Wild-type
therefore diagnosiic of impaired Rormone upiake.  ArUIOPSEe) snamuit T seings (19n) s germnated
We have further tested the auxin influx carrier model 4x10-7m 1-NAA (D) and grown for 5 days in constant white light.

for AUX1 function by directly assaying the transport (E) Dose—response curve for wild-type (Columbia ecotype) @undl-7
properties ohux1roots. Root segments from 3- to 5-week- root elongation in the presence of varying concentrations of 1-NAA
old Arabidopsisplants grown in sterile liquid culture were (see Materials and methods). Results are expressed as a percentage
incubated with radiolabelled auxins. As a substrate for "¢aive to the growth on hormone-free medium. Bars, 4 mm.

both auxin influx and efflux carriers, IAA exhibits biphasic

titration curves when incubated with plant tissues, leading no discernible difference betweesuxl and wild-type

to several reported experimental anomalies including could be detected when identical uptake experiments were
increased levels of apparent IAA uptake in the presence performed using the membrane-diffusible auxin 1-NAA,
of saturating concentrations of unlabelled IAA (Edwards the IAA-like amino acid tryptophan or the acid-trap
and Goldsmith, 1980; Morris and Robinson, 1998). In the control, benzoic acid (data not shown). The selectivity of
light of these observations we have used the syntheticthe transport defect withiaux1roots is therefore consist-
auxin 2,4-D since it represents a substrate for the auxin ent with an auxin uptake carrier function for the permease-
influx carrier alone and therefore exhibits a monophasic like protein, AUX1.

titration curve (Delbarrest al, 1996). Short-term auxin

accumulation assays were performed in the presence orThe diffusible auxin 1-NAA is able to rescue the
absence of excess unlabelled 2,4-D in order to measureaux1 agravitropic root phenotype

diffusion versus total uptake, respectively (Figure 2A), Our results suggest that theuxl mutant has reduced
and hence calculate the saturable, carrier-mediated uptakearrier-mediated auxin uptake activity (Figures 1 and 2).
value (Figure 2B). The values illustrated within Figure 2 AUX1 could therefore regulate gravitropism by mediating
represent data collected from 20 independent uptakethe uptake of auxin into elongating root cells. We rational-
experiments using{C]2,4-D, each performed in triplicate.  ize that if AUX1 function is specifically associated with
In summary, wild-typeArabidopsisroots accumulated auxin uptake, the membrane permeable auxin, 1-NAA
>2-fold more [4C]2,4-D thanaux1(Figure 2). In contrast,  should bypass thauxl lesion within auxin uptake and
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['*C)2,4-D Accumulation ratio

0.1

0.0 -
wild-type  aux 1-100

Fig. 2. The saturable uptake of the auxin 2,4-D is reducedurl
mutant root cultures.AX) Root fragments fronArabidopsiswild-type
andaux1-100mutant plants were incubated for 5 min with 150 nM
[*C]2,4-D. The }*C]2,4-D accumulation ratio represents the ratio of
the radioactivity retained per unit weight of root tissue to the
radioactivity per unit volume of incubation medium (Materials and
methods). Ratios are meart (SE) of values obtained in 20
independent experiments, each in triplicate. (A) Total and diffusion-
based accumulations were measured in the absence or presence of
50 uM unlabelled 2,4-D, respectivelyBf The saturable uptake of the
auxin 2,4-D is reduced imaux1mutant root cultures. The saturable
component of 14C]2,4-D accumulation was calculated by subtracting
diffusion-based from total accumulation.

restore root gravitropism. We have tested whether 1-NAA
could rescue theauxl1 agravitropic root phenotype by
germinating mutant seedlings on medium containing levels
of 1-NAA well below the 1Gg for root elongation (Figure
1E). On hormone-free medium, roots afix1 seedlings
grew in arandomized manner (Figure 3A), whereas mutant
roots germinated in the presence of A0 1-NAA
grew vertically, exhibiting a positive gravitropic response
(Figure 3B). Similarly, 1-NAA was also able to fully
restore a root bending response within gravity-stimulated
dark grownauxlseedlings (Figure 3C and D), confirming
that 1-NAA rescued gravitropism (rather than photo-
tropism) within mutant roots. The ability of 1-NAA to
restore gravitropic root growth withiraux1l seedlings
exhibited a dose-dependent relationship, in which the
direction ofauxl1root growth became progressively more
randomized at hormone concentrationd 0’ M (data
not shown).

In order to demonstrate the specificity of the effect of
1-NAA on theaux1mutant phenotype we have performed
an identical experiment using the agravitropic auxin-
response mutantgxr2 (Wilson et al, 1990) andaxr3
(Leyseret al,, 1996). Roots of bothxr2 andaxr3seedlings

Fig. 3. The lipophilic auxin 1-NAA is able to restore the gravitropic
root growth of theaux1 mutant. Mutantaux1-7seedlings were
germinated in the absencA @ndC) or presenceR andD) of 10°'M
1-NAA. Seedlings were either grown vertically for 5 days in constant
white light (A and B) or placed vertically in white light for 24 h
followed by 48 h in the dark, then turned through 90° and grown for a
further 24 h in the dark (C and D). Bars, 3 mm.

Fig. 4. (A and D) The agravitropic root growth phenotype of the auxin
response mutan&xr2 andaxr3 cannot be rescued by 1-NAA. The
axr2-1andaxr3-1 mutants were germinated on either hormone-free
medium @ andC) or medium containing T6M 1-NAA (B andD)

and grown vertically in constant white light for 5 day& &ndF) The
agravitropic root growth phenotype afix1can only be partially
rescued by 2,4-D. Thaux1-7mutant was germinated on either
hormone-free medium (E) or medium containing 20-'M 2,4-D (F)

and grown vertically in constant white light for 5 days. Bar, 5 mm.

appeared plagiotropic when grown in the absence (Figure sequence represents a member ofAh&IAA gene family

4A and C) or presence of 1-NAA (Figure 4B and D). Our
inability to bypass the agravitropic defect within ther3
mutant, for example, is likely to reflect that thReXR3
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(Rouseet al, 1998).
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Fig. 5. (A) Schematic illustration of root apical tissues delineating root
cap (RC), meristematic (M) and elongation zone (EB). The AUX1
promoter drives GUS reporter gene expression within the majority of
tissues within the primary root apex with the exception of the upper
three tiers of columella cells within the root cap. Nine-day transgenic
Arabidopsisseedlings were stained for GUS activity using conditions
designed to minimize diffusion (see Materials and methods),
embedded, then sectioned and viewed under bright field.

The synthetic auxin 2,4-D would not be expected to be
as efficient in bypassing thauxl lesion due to the
requirement for its carrier-mediated uptake (Figure 1A).
We observed that roots @fux1 seedlings germinated in
the presence of 210" M 2,4-D exhibited reduced root

AUX1 facilitates auxin transport in Arabidopsis
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Fig. 6. NPA is able to block 1-NAA-mediated rescue of thex1l
agravitropic mutant phenotype. Mutant seedlings were germinated on
either hormone free mediund\}, or medium containing 10M

1-NAA (B), 2x10°'M NPA (C) or 2x10"'M NPA and 10’M 1-NAA
(D) and grown for 5 days in constant white light. The orientation of
root growth of 50 independeriux1seedlings was measured after

5 days. Each root was assigned to one of twelve 30° sectors. The
length of each bar represents the percentage of seedlings showing
direction of root growth within that sector. (A) Roots of untreated
auxlroots remained plagiotropic; whereas (B) 1-NAA treatment
completely restores gravitropism, (C) NPA has little effect on the
plagiotropic phenotype cduxl1roots, but (D) blocks the ability of
1-NAA to rescue theaux1gravitropic phenotype.

shaped cells at the apex compose the columella tissue
which senses changes in root orientation using starch filled
plastids termed statoliths (Blancaflet al, 1998). The
root meristem, lying immediately behind the columella
tissues, represents the zone of root cell division. The files
of cells originating from the meristem demarcate the
individual tissues which make up the mature root (Dolan
et al, 1993). Each cell progressively enlarges longitud-
inally as it passes through the zone of elongation. GUS

coiling (Figure 4F) in contrast to the seedlings grown staining can be detected within every tissue of the LL4
on hormone-free medium (Figure 4E). However, the root which is distal to its meristem, extending back to the
restoration of root gravitropism as obtained with 1-NAA distal and central elongation zones (Figure 5). Closer
(Figure 3B) was never observed using a similar range of scrutiny reveals that the meristematic initials, their elongat-

2,4-D concentrations below its &g for root elongation
(data not shown).

AUXT1 is expressed within tissues associated with
gravitropic signal transduction
The coordinated redistribution of auxin within the root

ing daughter cells and the lateral root cap stain for GUS
activity. In contrast, little or no GUS activity could be
detected within the upper three tiers of the gravity-sensing
columella cells within the root capAUX1 expression is
therefore most closely associated with root tissues which
transduce and respond to, rather than initially perceive,

apex has been proposed to regulate root curvature follow-the gravitropic stimulus.

ing a gravitropic stimulus (Evans, 1991). We have previ-
ously observed that thAUX1 mRNA is localized to the
primary root apex using whole-mouint situ hybridization
(Bennettet al,, 1996). We have performed a more detailed
examination of theAUX1 expression pattern within the
Arabidopsisprimary root in order to pinpoint the specific
tissues within which AUX1 functions. A 2.2 kbAUX1
promoter fragment was fused to to@A (GUS) reporter
gene (Jeffersomt al, 1987) and transformed into wild-
type Arabidopsis(May et al, 1998). All transgenic lines

1-NAA requires auxin efflux carrier activity to

rescue aux1 root gravitropism

The spatial expression of AUX1 within the epidermal and
cortical tissues of the root apex (Figure 5) overlaps with
the pattern recently described.for the putative auxin efflux
carrier component, AtPIN2 (Mier et al, 1998). As a
substrate for the auxin efflux carrier (Delbare¢ al,
1996), the ability of 1-NAA to rescue traixlagravitropic
phenotype (Figure 3B and D; Figure 6B) may reflect its

selected expressed the GUS reporter gene in an identicakcapacity to enter root cells by diffusion and be remobilized

pattern within Arabidopsisroot and shoot meristematic

via the auxin efflux carrier. In order to investigate the

tissues. The spatial expression of the GUS reporter within requirement for auxin carrier activity to redistribute 1-

the primary root apex for one of these transgenic lines,

termed LL4, was characterized in greater detail.

A longitudinal section through a GUS-stained LL4
root highlights the tissue organization of tAeabidopsis
primary root apex (Figure 5). The collection of cuboid-

NAA within root apical tissues following gravistimulation,

we have examined whether the efflux carrier inhibitor,
NPA, is able to disrupt the ability of 1-NAA to rescue
the aux1 agravitropic phenotype. NPA treatment clearly
reverses the ability of 1-NAA to rescaixlgravitropism
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(Figure 6D), whereas the addition of NPA alone has little etiolated pea epicotyls by down-regulating auxin efflux
effect on theauxl agravitropic phenotype (Figure 6C) carrier activity (Suttle, 1988). Such observations suggest
though the roots tend to be less tightly coiled. Our that ethylene mediates many of its growth regulatory
observations suggest that the ability of 1-NAA to rescue the effects by acting as a global regulator of the auxin transport

aux1 agravitropic phenotype reflects its polar movement
within root apical tissues through its capacity to enter
cells by diffusion and then act as a substrate for auxin
efflux carrier activity.

Discussion

The permease-like AUX1 polypeptide represents a
component of the auxin influx carrier machinery

machinery.

Root gravitropism requires auxin influx carrier

activity

Auxin transport plays an important role during root
gravitropism. Earlier workers have demonstrated that roots
treated with inhibitors which block auxin efflux carrier
activity disrupt gravitropism (reviewed by Lomaet al,,
1995). Results presented in this study highlight the impor-

We report several independent lines of evidence which tance of auxin influx carrier activity for root gravitropism.

conclude that thé\UX1 gene encodes a component of the
auxin influx carrier. Auxin accumulation experiments
demonstrate thaauxlroots have a significantly reduced
capacity to mediate the uptake of the auxin influx carrier
substrate, 2,4-D (Figure 2), yet retain a wild-type level
of uptake for the membrane permeable auxin 1-NAA.
Mutations within AUX1 selectively impair the action of
auxins that require carrier-mediated uptake (Figure 1).
The selective response afux1 towards IAA and 2,4-D
versus 1-NAA contrasts with that described for other auxin
signalling mutants such aaxr2 which indiscriminately

We have demonstrated that roots of thux1mutant have
impaired carrier-mediated auxin uptake activity (Figures 1
and 2). Artificially elevating the rate of phytohormone
uptake into plant cells by growing mutant seedlings in the
presence of the membrane-diffusible auxin 1-NAA restores
root gravitropism (Figure 3). In contrast, the less diffusible
auxin 2,4-D only partially restores root gravitopism (Figure
4). We conclude that the reduced rate of auxin uptake into
root apical cells represents the physiological basis for the
agravitropic root phenotype of tleix1mutant. Moreover,
the response aduxlroots towards 1-NAA (Figures 1 and

perturbs responses towards all three hormones (Wilson3) suggests that the auxin signalling machinery within the

et al, 1990). Evangt al. (1994) have observed previously
that elongatingauxl1roots exhibited a significant delay in
their response to inhibitory levels of IAA compared to
axr2 and wild-typeArabidopsis prompting the authors to
suggest that theauxl mutant was defective for auxin
uptake.

The AUX1gene encodes a highly hydrophobic polypep-

aux1 root is essentially intact and that the biochemical
defect is limited to the auxin uptake machinery. This

contrasts with the agravitropic phenotype of the mutant
axr3 which cannot be bypassed by 1-NAA (Figure 4), in

agreement with its genetic lesion disrupting a later step
within the auxin signalling pathway (Rouse al, 1998).

tide containing 10-12 transmembrane spanning domainsRoot gravitropism requires local auxin transport

whose primary sequence exhibits homology with a family

mediated by auxin influx and efflux carrier

of plant and fungal amino acid transport proteins (Bennett components AUX1 and AtPIN2

et al, 1996; Fischeret al, 1998). However,auxl is

Microautoradiographic studies have highlighted the pres-

unlikely to represent an amino acid permease mutation ence of two separate auxin transport streams within roots

since wild-type andauxl1 roots exhibit identical rates of
uptake for the indole amino acid tryptophan. AUX1 lacks
sequence homology with the recently described family of
auxin efflux carrier proteins which appear related to a
family of bacterial transporters (Cheest al, 1998;
Gdweiler et al,, 1998; Luschniget al,, 1998; Mdler et al,,
1998; Utsuncet al,, 1998). Auxin influx and efflux carrier

(Tsurumi and Ohwaki, 1978). The polar auxin transport
stream mediates basipetal, long distance movement of
IAA from its apical site(s) of synthesis, whereas during
local auxin transport within the root apex IAA is redistribu-
ted acropetally amongst the rapidly dividing and growing
cells of the meristematic and elongation zones, respectively
(Figure 7). Components from both auxin transport streams

proteins therefore appear to have originated from separatehave recently.been identified (Bennettal, 1996; Chen

families of transporter sequences.

et.al, 1998; Géweiler et al, 1998; Luschniget al,, 1998;

We note that the modified phytohormone response Muller et al, 1998; Utsunoet al, 1998). These studies

signatures oaduxlandAtpin2 mutants parallel the known
substrate specificities of the auxin influx and efflux carriers,
respectively (Delbarret al, 1996). The increased resist-
ance ofauxl roots towards exogenous IAA and 2,4-D
contrasts with the elevated sensitivity éttpin2 roots
towards 1-NAA (Cheret al, 1998; Mdler et al., 1998).
Mutations withinAUX1 and AtPIN2 also confer elevated

have concluded that AUX1 and AtPIN2 are expressed
within root apical tissues mediating local auxin transport
(Figure 5; Mdler et al, 1998), whereas AtPIN1 is localized

within vascular tissues associated with polar auxin trans-
port (Gdweiler et al, 1998). Until these recent studies,

the relative importance of local versus polar auxin transport
in root gravitropism had been unclear since phytotropins

resistance towards the plant hormone ethylene and itssuch as NPA block both auxin transport pathways. Molecu-

precursor, 1-aminocyclopropane-1-carboxylic acid (ACC)
(Pickettet al, 1990; Cheret al, 1998; Luschniget al,
1998; Mdler et al, 1998). Epistasis experiments indicate
that AUX1 and AtPIN2 (EIR1) act downstream of the
ethylene receptoETR1and its signal transduction com-
ponent,EIN2 (Romanet al, 1995). Ethylene has been
demonstrated to influence polar auxin transport within
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lar genetic studies have now demonstrated that mutations
within AUX1 and AtPIN2 (but notAtPIN1) cause agravi-
tropic root phenotypes (this study; Chext.al, 1998;
Gdweiler et al, 1998; Luschniget al, 1998; Mdler et al,,
1998; Utsunoet al, 1998), indicating that local auxin
transport is of primary importance to root gravitropism.
We have presented evidence that auxin influx and
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is unlikely to create a differential auxin distribution during
gravitropism. The restoration of gravitropism using the
membrane-diffusible auxin 1-NAA suggests instead that
the influx carrier is simply required to overcome the
biophysical limitations of membrane diffusion imposed
on the endogenous auxin, IAA (Figure 3). Our observations
therefore infer that the influx carrier acts to facilitate, rather
than regulate, the uptake of auxin during a gravitropic
root bending response. Nevertheless, we and others have
demonstrated that the efflux carrier is also required during
a..gravitropic response (Figure 6; Cheat .al, 1998;
Gdweiler et al,, 1998; Luschniget al., 1998; Mdler et al.,
1998; Utsunoet al, 1998). However, we are currently
unable to ascertain whether the efflux carrier acts by
facilitating symmetrical auxin movement (Figure 7A), or
undertakes a more complex role, to create a gradient of
auxin following a gravitropic stimulus (Figure 7B). If the
facilitator model operated (Figure 7A), the efflux carrier
would simply act in unison with the auxin influx carrier
to facilitate the symmetrical redistribution of auxin within
wild-type root apical tissues. Within this model, no hor-
mone gradient would be formed and auxin would act
instead as a permissive signal. Alternatively, if auxin
performed the regulatory function attributed to the phyto-
hormone within the Cholodny—Went hypothesis (Figure
7B), it would have to pass through the auxin efflux carrier
to impose the formation of a gradient.

Several researchers have questioned the original evid-
ence supporting auxin redistribution-based models for root

Fig. 7. Contrasting models for the role of auxin transport during root

gravitropism featuring either facilitatived) or regulatory B) modes gravitropism, arguing that auxin levels were frequently
of action for auxin. The (upper) single, large arrow signifies polar measured following the completion of a gravitropic
auxin transport whereas the (lower) bifurcated arrow represents local  response and that Iogarithmic (rather than arithmetic)
auxin transport mediating hormone redistribution within root apical differences between upper and lower surfaces were neces-
tissues.

sary to account for the dramatic changes in organ elonga-
tion (Trewavas, 1992). However, several studies have
, ) , ) , demonstrated that auxin redistribution occurs prior to a
efflux carriers act in unison to coordinate the localized gravitropic response (Harrison and Pickard, 1989; Parker
redistribution of IAA within root apical cells (Figure 6). gng Briggs, 1990; Youngt al, 1990; lono, 1991) and
Our model is supported by the observation that auxin tnat arithmetic changes in auxin distribution are sufficient
influx and efflux carrier components AUX1 and AtPIN2 5 account for gravitropic curvature (Migliaccio and Rayle,
are expressed in an overlapping pattern within root apical 1989). Nevertheless, an exclusively auxin transport-based
tissues (Figure 5; Mler etal, 1998). The AUX1 transcript  model cannot fully account for the complex pattern of
is expressed within all root apical tissues from the root elongation which occurs on the upper and lower side of
cap to the distal/central elongation zone with the exception a gravity stimulated organ (Ishikawet al, 1991). For

of the upper three tiers of the columella tissues (Figure example, a transport-based model could not explain how
5). The AtPIN2 protein has been immunolocalized within tissues on the upper and lower surfaces reverse their
epidermal and cortical cells of the distal/central elongation relative growth rates prior to the root reaching the vertical.
zone (Mdler et al, 1998) which represents a subset of In response to these observations, Evans (1991) has
the tissues expressing the GUS transgene under the contrgproposed a model which better describes the dynamic
of theAUX1promoter (Figure 5). Significantly, the AtPIN2  changes in elongation taking place within gravitropically
protein has been immunolocalized to the basal end of stimulated root tissues, combining asymmetric changes in
elongating root cells (Miler et al, 1998), prompting auxin transport rates with alterations in tissue sensitivity.
suggestions that its asymmetric subcellular distribution Changes in auxin sensitivity are proposed to arise as a
underpins the localized redistribution of auxin within the result of adaptation by root cells following the initial
root apex (Figure 7). We are currently attempting to gravity-induced redistribution of IAA by the auxin trans-
determine whether AUX1 is also required to be localized port machinery. Whilst seeming complex, the identification
asymmetrically within root apical cells, in an apical Of gravitropic regulators such as AUX1, PIN2 and AXR3
orientation, to channel auxin redistribution. provides an ideal starting point with which to dissect such
a challenging biological question.

Auxin: gravitropic regulator or permissive signal? .
The Cholodny-Went hypothesis proposes that the auxin Materials and methods
transport machinery regulates gravitropism by creating an Assay for auxin sensitivity of root growth

asymmetric gradient of au>§in _Within root apica| tiSSUQS Wild-type (Columbia ecotype) anaux1-7(Pickettet al, 1990; Bennett
(Evans, 1991). Our results indicate that the influx carrier et al, 1996) seed was surface sterilized (Forsthoefedl, 1992) and

2071



A.Marchant et al.

sown onto MS agar [4.3 g/L MS salts (Sigma), 1% sucrose and 1% dried onto glass slides and stained for 8 min in an aqueous 0.05%
bactoagar, pH to 6.0 with 1 M KOH] containing either 1M 2,4-D, ruthenium red solution. The samples were mounted in DePeX (BDH,
2X1077 M IAA or 4x107 M 1-NAA. The seed was vernalized in the ~ Poole, UK) prior to photography.

dark at 4°C for 48 h and then germinated vertically under constant light
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