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T
he phytohormone auxin plays a major

role in the coordination of plant devel-

opment (1). Classical models propose

that the strict directionality of intercellular

auxin transport depends on the polar subcellular

localization of transport components (2). PIN

auxin transport facilitators show such polar

localization (3–5), but whether this is sufficient

to determine the direction of auxin flow re-

mains unclear. To investigate this question, we

modified PIN polarity and examined directional

auxin translocation during root gravitropism in

Arabidopsis thaliana. This translocation occurs

by upward PIN2-dependent auxin flow in

epidermal cells along the lower side of the root

from the place of gravity perception (root tip)

to the place of growth response

(elongation zone) (6, 7).

We designed hemagglutinin

(HA) epitope–tagged PIN1 and

PIN2 genes under the transcrip-

tional control of the PIN2 promot-

er and introduced these into pin2

mutants. PIN1 and PIN2 have

distinct polar localization in their

normal expression domains (4–6),

and expressing them in the same

cells could determine whether PIN

polarity depends on cell type or

PIN sequence–based signals. Con-

sistent with normal PIN2 expres-

sion, we detected protein fusions

in cortex and epidermal cells (fig.

S1, A and B). In cortex cells, both

proteins were localized at the

lower (basal) side. However, in

epidermal cells, endogenous PIN2

(in wild type) and PIN2:HA were

always localized at the upper

(apical) side, whereas PIN1:HA

was observed at the lower side,

creating a situation where PIN1

and PIN2 were localized to oppo-

site sides of the same cell (Fig.

1A). These data demonstrate that

the polarity of PIN localization

is determined not only by cell

type–specific signals, but also by

sequence-specific signals within

PIN proteins.

We also examined PIN1 con-

structs that may interfere with any

sequence-based polarity signals, for example,

the insertion of the green fluorescent protein

(GFP) coding sequence at different positions

within the PIN1 coding sequence. These con-

structs were functional and showed normal local-

ization patterns in the endogenous PIN1 domain

(fig. S1H). When placed under the PIN2 pro-

moter, they typically (e.g., PIN1:GFP-2) showed

localization, similar to PIN1:HA, at the lower

side of epidermis cells, with the exception of

PIN1:GFP-3, which showed localization at the

upper side (Fig. 1A).

The availability of two versions of PIN1

with contrasting polarities allowed us to test the

relationship between polarity and the direction

of auxin flow by examining auxin translocation

during gravity response. Auxin translocation to

the lower side of the root (as visualized by the

DR5rev::GFP auxin response reporter) after

gravistimulation was not observed in pin2 mu-

tants but was completely restored in PIN2:HA

lines (Fig. 1B). Whereas PIN1:HA protein at the

lower side of epidermal cells failed, PIN1:GFP-3

at the upper side was able to mediate the

gravitropic auxin translocation (Fig. 1B). Conse-

quently, PIN2:HA and PIN1:GFP-3, but not

PIN1:HA or PIN1:GFP-2, rescued the root

gravitropic response of pin2 mutants (Fig. 1, C

and D). Thus, the localization of PIN proteins

at the upper side of epidermal cells correlated

with their ability to facilitate upward auxin

movement for root gravitropic response.

The only variation between plants that ex-

press PIN1:HA or PIN1:GFP-3 is the engi-

neered PIN1 coding sequence. This difference

alone is sufficient to change the polarity of PIN1

and, as a direct consequence, change its ability

to mediate auxin flow in a given direction for

the regulation of root gravitropism. This result

shows that PIN polarity is a primary direction-

determining factor in auxin transport in

meristematic tissues and provides a crucial

piece in the puzzle of how auxin flows can be

redirected via rapid changes in PIN polarity in

response to developmental and environmental

signals.

References and Notes
1. S. Kepinski, O. Leyser, Curr. Biol. 15, R208 (2005).
2. R. Swarup, M. Bennett, Dev. Cell 5, 824 (2003).
3. J. Friml et al., Nature 415, 806 (2002).
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Fig. 1. (A) Polar localizations of PIN2:HA and PIN1:GFP-3 at the
upper and PIN1:HA and PIN1:GFP-2 at the lower side of root
epidermal cells as determined by coimmunolocalization with anti-
PIN and anti-HA or anti-GFP antibodies. The inset shows
localization of PIN1:GFP-2 (red) and PIN2 (green) on the opposite
sides of the same wild-type cells. Arrowheads indicate the apical
or basal polarity of PIN localization. (B) PIN2:HA and PIN1:GFP-3,
but not PIN1:HA, when introduced in pin2 mutants, mediate the
unidirectional translocation of auxin to the lower side of the root
after gravistimulation as monitored by DR5rev::GFP. The inset
shows DR5rev::GFP pattern in the wild type. (C) In pin2 mutants,
PIN2:HA and PIN1:GFP-3, but not PIN1:HA and PIN1:GFP-2,
mediate gravitropic root growth. (D) Quantitative evaluation of
root gravitropism confirms that PIN2:HA and PIN1:GFP-3, but
not PIN1:HA or PIN1:GFP-2, can functionally replace PIN2.
Scale bars in (A), 5 mm; in (B), 25 mm.
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