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Long-standing models propose that plant growth responses to
light or gravity are mediated by asymmetric distribution of the
phytohormone auxin'~>. Physiological studies implicated a
specific transport system that relocates auxin laterally, thereby
effecting differential growth*; however, neither the molecular
components of this system nor the cellular mechanism of auxin
redistribution on light or gravity perception have been identified.
Here, we show that auxin accumulates asymmetrically during
differential growth in an efflux-dependent manner. Mutations in
the Arabidopsis gene PIN3, a regulator of auxin efflux, alter
differential growth. PIN3 is expressed in gravity-sensing tissues,
with PIN3 protein accumulating predominantly at the lateral cell
surface. PIN3 localizes to the plasma membrane and to vesicles
that cycle in an actin-dependent manner. In the root columella,
PINS3 is positioned symmetrically at the plasma membrane but
rapidly relocalizes laterally on gravity stimulation. Our data
indicate that PIN3 is a component of the lateral auxin transport
system regulating tropic growth. In addition, actin-dependent
relocalization of PIN3 in response to gravity provides a mech-
anism for redirecting auxin flux to trigger asymmetric growth.
Plants orientate their growth with respect to the direction of light
(phototropism) or gravity (gravitropism)'. As early as 1926 a widely
accepted model for plant tropisms, the Cholodny—Went hypothesis,
was presented”. It proposes differential distribution of the plant
hormone auxin in lateral direction on gravity or light stimulation.
Subsequently, different auxin levels elicit differential growth rates,
which ultimately lead to bending of the shoot or root”. Visualization
of asymmetrically distributed auxin response in gravistimulated
tobacco stems® and Arabidopsis roots® experimentally supported
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this hypothesis. Polar auxin transport represent a plausible means of
lateral auxin distribution, as its chemical inhibition affects differ-
ential growth responses such as tropisms and apical hook for-
mation”®. Physiologically characterized components of polar
auxin transport are cellular efflux carriers, whose polar localization
within cells is thought to determine the direction of auxin flux’. The
recently identified PIN genes of Arabidopsis appear to encode
essential components of these carriers’. A role of PIN2 in regulation
of basipetal auxin transport and gravitropism in root®'®'" as well as
a role of PIN1 in basipetal auxin transport in the stem have been
reported'%; however, so far the molecular basis of shoot tropic
responses remains elusive. Lateral auxin transport with a specific,
laterally localized auxin efflux carrier was proposed” to explain the
exchange of auxin between vasculature, where the main basipetal
auxin stream occurs'’, and peripheral tissues controlling
elongation'®. Nevertheless the lack of any molecular data support-
ing this concept still leaves the existence of such a system in
question.

We analysed the relationship between auxin efflux, auxin redis-
tribution and differential growth responses in Arabidopsis hypo-
cotyls. Growth responses were examined and auxin levels indirectly
visualized using the synthetic DR5::GUS auxin reporter'”, whose
activity correlates with direct auxin measurements'®'”. Seedlings
grown under standard conditions displayed normal phototropic
and gravitropic curvature accompanied by an asymmetric
DR5::GUS expression suggesting elevated auxin levels on the more
elongated side of the hypocotyl (Fig. 1a, ¢). In contrast, seedlings
that did not undergo light or gravity stimulation showed lower and
uniform expression of the DR5::GUS reporter (data not shown).
Seedlings subjected to light and gravity stimulation with simul-
taneous auxin efflux inhibition failed to show any differential
DR5::GUS expression as well as tropic curvature (Fig. 1b, d).
Differential DR5::GUS expression was also detected during the
process of apical hook formation (Fig. le), and seedlings grown
on auxin efflux inhibitors failed to show asymmetric auxin distri-
bution and apical hook formation (data not shown). These results
show that asymmetric growth of the shoot correlates with auxin
efflux-dependent asymmetric auxin distribution, and implicate the
existence of auxin efflux components involved in asymmetric
growth responses.

The auxin efflux carrier candidates are PIN proteins, although
their function in the regulation of differential growth has not been
reported””®. We screened for new members of the PIN gene family
and analysed corresponding knockout mutants for differential
growth defects. One of the genes, PIN3, was isolated from genomic
and complementary DNA libraries with probes derived from the
conserved region of PINI. The deduced PIN3 protein shares 67%
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Figure 1 Auxin response during differential hypocotyl growth. a—d, Expression of the
DR5::GUS reporter in hypocotyl of untreated (@, ¢) or auxin efflux inhibitor (NPA)-treated
(b, d) wild-type seedlings upon stimulation by light (a, b) or gravity (¢, d). Insets show
details of DR5.:GUS expression. Scale bars, 400 wm. e, Asymmetric expression of
DR5::GUS reporter in the apical hook of an etiolated seedling. Scale bar, 50 wm.
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identity to PIN1, displays the characteristic three-domain topology
with about 10 transmembrane domains characteristic of all PIN
proteins”®, and shows similarity to bacterial transporters and
detoxification carriers, suggesting the same biochemical function
for PIN proteins in auxin efflux”®. By a reverse genetic strategy'®
two mutant alleles designated as pin3-1 and pin3-2 were identified
(Fig. 2a). From the progeny of pin3-2 a stable, footprint mutant
allele exhibiting a deletion of two base pairs, designated pin3-3, was
isolated. PIN3 expression (data not shown) and immunolocaliza-
tion (Fig. 4e) studies demonstrated that all three alleles were null.

pin3 mutants display defects in differential growth. Gravitropic
and phototropic responses as well as apical hook maintenance are
reduced in pin3 mutants (Fig. 2b—d and Table 1). pin3 seedlings also
display shorter hypocotyls and roots than wild-type seedlings when
grown in light (Fig. 2f and Table 1). However, no such differences
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Figure 2 pin3 mutants. a, Exon/intron organization of PIN3 on chromosome 1 showing
positions of £n-1 elements in pin3-1and -2 alleles. b, ¢, pin3 hypocotyls are defective in
gravitropic (b) as well as phototropic (c) responses. Scale bars, 500 um. d, pin3 mutants
are defective in root gravitropism. Each gravistimulated 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. e, f, Dark-grown pin3 seedlings (€) have the
same length of hypocotyls and roots as wild type, but display defects in apical hook
maintenance. Light-grown pin3 seedlings (f) display shorter hypocotyls and roots
compared with wild type. Scale bars, 500 wm. g—i, Hypocotyl epidermis cells of pin3 (h)
and NPA-grown wild-type (i) seedlings show reduced length compared with untreated
wild type (g). Arrowheads indicate cell boundaries. Scale bars, 10 wm. The following pin3
alleles are depicted: pin3-1 (b), pin3-2 (¢, d) and pin3-3 (e, f, h).
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were observed in dark-grown seedlings (Fig. 2e and Table 1).
Shorter hypocotyl epidermis cells in pin3 suggested that this
phenotype was caused by a defect in cell elongation (Fig. 2g, h
and Table 1). The specificity of the pin3 phenotype was further
confirmed by identification of two revertants displaying wild-type
phenotype among homozygous pin3-2 seedlings. Sequencing of the
PIN3 locus in both plants confirmed the excision of the En-I
transposon and restoration of the wild-type PIN3 coding sequence.
All defects in pin3 mutants can be mimicked by growing wild-type
plants on auxin efflux inhibitors (Fig. 2i and Table 1)”'?°, further
supporting a role for PIN3 in auxin efflux. The pin3 mutation does
not abolish differential growth to the same extent that auxin efflux
inhibitors at increased concentrations do. This suggests some level
of functional redundancy between PIN3 and other PIN protein(s).

Northern blot analysis revealed the presence of PIN3 transcripts
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Figure 3 Expression of the PIN3 gene. a—d, PIN3::GUS transgenic seedlings show GUS
staining in the apical hook (b), around the hypocotyl vasculature (¢), and in the root
pericycle (arrow) and columella (arrowhead) (d). Scale bars, 50 um. e—g, PIN3 mRNA
was detected by in situ hybridization in hypocotyl (e), stem (f) starch sheath (arrows) and
root columella (arrowheads) (g) cells. Insets show sense controls (e—g). Scale bars:
200 wm (e), 100 wm (f) and 20 um (g). Longitudinal sections (e, f) and whole-mount
preparations (a—d, g) are shown.
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Table 1 Quantitative effects of pin3 mutations and auxin efflux inhibition

Measurement Col-0 (n) pin3 (n) NPA* (n)
Hypocotyl length in light (mm) 221 +£0.16 (58) 1.68 = 0.15 (66) 1.43+0.14 (56)
Root length in light (cm) 241 +0.22 (58) 1.70 £ 0.16 (66) 1.67 £0.16 (56)
Hypocotyl length in dark (cm) 1.32+0.18 (54) 1.35=0.12 (62) 1.41 =015 (62)
Root length in dark (cm) 0.77 = 0.07 (54) 0.78 = 0.14 (62) 0.85+ 0.11 (62)
Hypocotyl cell length (wm) 101.8 + 10.2 (63) 75.5 = 8.40 (54) 72,2 +7.90 61)
Hypocotyl gravitropism (deg) 78.1+16.9 (78) 31.8+15.0 (81) - -
Hypocotyl phototropism (deg) 725+ 15.5 (65) 40.0 = 9.70 (72) - -
Opened apical hooks (%) 16.2 £ 9.67 (81) 65.4 + 8.02 97) - -

Wild-type plants treated with NPA.

predominantly in the shoot and root (data not shown). The staining
of transgenic seedlings carrying the PIN3 promoter fused to the (-
glucuronidase (GUS) gene revealed PIN3::GUS expression associ-
ated with vasculature (Fig. 3a). Detailed inspection revealed GUS
staining in the apical hook of the etiolated seedling (Fig. 3b), in the
shoot endodermis (starch sheath) around the vasculature (Fig. 3c),
and in the root pericycle and columella (Fig. 3d). To localize the
PIN3 protein, PIN3-specific antibodies were raised and immuno-
localization experiments performed. The PIN3 protein was found at
the periphery of shoot starch sheath as well as root pericycle and
columella cells (Fig. 4a—e). Longitudinal sections revealed that
PIN3 is localized in a polar way predominantly at the lateral,
inner side of the starch sheath as well as root pericycle cells (Fig.

Figure 4 Localization of the PIN3 protein. a, b, PIN3 protein localizes to the surface of
hypocotyl (a) and stem (b) starch sheath cells. Scale bars, 50 um (@) and 100 pm ().
¢, d, Longitudinal view of stem starch sheath (¢) and root pericycle (d) cells shows lateral
localization of PIN3 at the inner cell surface. Scale bars: 10 um (¢) and 5 um (d). e, In the
root tip, PIN3 is found uniformly in the columella cell boundaries. Inset shows no PIN3
staining in the pin3 mutant. Scale bar, 20 um. Transversal (a, b) and longitudinal (c)
sections, and whole-mount (d, €) preparations are shown. The PIN3 protein signal is
visualized by green coloration.

808

%4 © 2002 Macmillan Magazines Ltd

4¢, d). In a minor portion of the cells an additional basal or uniform
localization of PIN3 was observed (data not shown). In contrast,
only uniform distribution of PIN3 in root columella cells was
detected (Fig. 4e). No PIN3 signal was detected in pin3 knockout
mutants (Fig. 4e, inset). PIN3 messenger RNA localization using in
situ hybridization confirms the GUS and immunolocalization
staining patterns (Fig. 3e—g).

Anti-PIN3 immunogold labelling revealed signals at the plasma
membrane (Fig. 5a) and frequently in vesicles of about 70 nm
diameter, similar in size to exocytotic vesicles (Fig. 5b), suggesting
a dynamic subcellular movement of PIN3. The PIN3 protein
appears to cycle rapidly between the plasma membrane and unde-
fined endosomal compartments, since the incubation of seedlings
with the exocytosis inhibitor Brefeldin A (BFA) led to internaliz-
ation of PIN3 (Fig. 5d, compare with c), also in the presence of the
protein synthesis inhibitor cycloheximide (Fig. 5f, compare with e).
Pericycle cells show an accumulation of the PIN3 label in peri-
nuclear compartments (Fig. 5d), very similar to previously
described BFA compartments®'. In contrast, in columella cells
PIN3 internalizes in smaller compartments without any regular

Figure 5 Subcellular localization, actin-dependent cycling and gravity-dependent
asymmetric relocation of the PIN3 protein. a, b, Immunogold electron microscopy shows
PIN3 at the plasma membrane (a) and in vesicles (b). cw, cell wall; mv, membrane vesicle.
Scale bars, 50 nm. ¢—g, Actin-dependent cycling of PIN3. Localization of PIN3 in
columella (e—g) and pericycle (¢, d) cells. Internalization of PIN3 after BFA (d),
cycloheximide/BFA (f) and latrunculin B (g) treatments. Untreated controls (¢, €) are
shown. Perinuclear compartments are indicated by arrows in d. Scale bars, 5 um (c, d)
and 10 pm (e—g). h—j, Relocation of PIN3 in columella cells after a change in the gravity
vector after 2 min (h) and 10 min (i). After 1h the PIN3 localization domain expands in
lateral root cap (indicated by arrows) and in columella initials (j). Scale bars, 10 um. The
apparent gravity vectors are indicated by arrowheads.
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positioning (Fig. 5f). A similar pattern of PIN3 localization was
observed when the actin cytoskeleton was disrupted by latrunculin
B (Fig. 5g) or cytochalasin D (data not shown) treatment,
suggesting an actin-dependent cycling of PIN3. A similar cycling
pattern has been demonstrated for the homologous PIN1 protein;
however, the biological meaning of this process remains unclear”'.
PIN3, in contrast to PIN1, was frequently detected in vesicles,
suggesting that PIN3 cycles more rapidly or that the equilibrium
of intracellular PIN3 pools is shifted more in favour of the inter-
nalized PIN3 pool.

The rapid PIN3 cycling in gravity-sensing cells (starch sheath,
columella)®? raised the possibility that this cycling may provide the
mechanism for rapid relocalization of PIN3 after perception of an
environmental stimulus. We examined the localization of the PIN3
protein in columella cells after a change in the gravity vector.
Already at 2 min after root rearrangement, the originally symmetric
PIN3 distribution (Fig. 5e) becomes asymmetric, with most of the
PIN3 protein at the lateral side of columella cells (Fig. 5h). After
5min the relocalization of PIN3 protein appeared to be complete
(Fig. 51), and was maintained up to 20 min afterwards (data not
shown). One hour after gravity stimulation the asymmetry of the
PIN3 localization was observed at the tissue level. PIN3 protein was
detected in an enlarged, asymmetric localization domain including
columella initial and lateral root cap cells (Fig. 5j, compare with e
and Fig. 4e).

Our findings provide the molecular evidence in support of the
classical Cholodny—Went model for tropic growth?. We show that
asymmetric growth correlates with auxin efflux-dependent asym-
metric auxin distribution and requires laterally localized PIN3
protein. Developmental requirements for PIN3, its localization, as
well as the proposed biochemical function for PIN proteins make
PIN3 a likely candidate for an efflux component of the lateral auxin
transport system. The actin-dependent cycling and rapid relocaliza-
tion of PIN3 in cells containing gravity-sensing statoliths®*, taken
together with previous findings supporting a direct role of the actin
cytoskeleton in gravity perception®>**, imply a cellular mechanism
for the regulation of asymmetric auxin distribution and differential
growth. After a change of the gravity vector, actin-enmeshed
statoliths® sediment, causing reorganization of the actin cytoske-
leton. Thus PIN3 is redirected towards one side of the columella
cells and determines direction of auxin flux, which leads to asym-
metric auxin accumulation and differential growth. It is possible
that tropic responses of shoots are regulated by a similar mechan-
ism, as the loss of PIN3 or the PIN3-containing starch sheath
correlate with the shoot agravitropic phenotype®. 0

Methods

Materials used

The PIN3 gene was identified in a bacterial artificial chromosome genomic library (http://
www.mpimp-golm.mpg.de/mpi-mp-map/) with PIN1 probe (nucleotides 1-385;
GenBank accession number AF089084). The full-length PIN3 cDNA was isolated from a
stem cDNA library (GenBank accession number AF087818). The PIN3::GUS construct
was generated by fusion of a PCR-amplified fragment (nucleotides -1,764 to -1) upstream
of the ATG codon and the GUS gene. We used the following probes and primers:
nucleotides 999—1449 of the PIN3 ¢cDNA, 5 -TCCTCTCACTTCTTCTTCTTCCTC-3';
5 -TTTATTT ATCTTTTCTTTGTCTCG-3'.

Phenotype analyses

Seedlings were grown as described previously'’. For hypocotyl bending, 3-day-old
etiolated DR5::GUS, Col-0 (Columbia ecotype) and pin3 seedlings were transferred and
orientated on vertical plates with or without 10 pM 1-N-naphthylphthalmic acid (NPA),
immediately subjected to the gravity or unilateral light stimulation for 20 h stained for
GUS activity, and photographed. The root gravitropism was scored in the dark in 3-day-
old, light-grown seedlings, 6 h after turning the roots 135°. The quantification of responses
was performed with Adobe Illustrator software. Apical hook opening was scored 50 h after
germination in vertically grown, etiolated seedlings. The described defects were observed
in all alleles examined (pin3-1, -2 and -3).

Expression and localization analysis
Histochemical staining for GUS activity, northern blot analysis, in situ hybridization,
immunolocalization and immunogold electron microscopy were performed as
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described'*'?. PIN3-specific antibodies were generated using a recombinant protein
corresponding to amino acids 334—483. Affinity-purified primary anti-PIN3, fluorescein
isothiocyanate-conjugated and CY3-conjugated anti-rabbit secondary antibodies
(Dianova) were diluted 1:40, 1:200 and 1:600, respectively. Brefeldin A (Molecular Probes)
and latrunculin B (Duchefa) treatments were performed with corresponding controls
before immunolocalization as described?'. For the gravitropism treatment, before
immunolocalizations, plates with vertically grown seedlings were placed horizontally, and
samples were fixed directly on plates at specific time points.
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