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Within a multicellular tissue cells may coordinately form a singular or multiple polar axes, but it is unclear 
whether a common mechanism governs different types of polar axis formation. The phosphorylation status of PIN 
proteins, which is directly affected by the PINOID (PID) protein kinase and the PP2A protein phosphatase, is known 
to regulate the apical-basal polarity of PIN localization in bipolar cells of roots and shoot apices. Here, we provide 
evidence that the phosphorylation status-mediated PIN polarity switch is widely used to modulate cellular processes 
in Arabidopsis including multipolar pavement cells (PC) with interdigitated lobes and indentations. The degree of 
PC interdigitation was greatly reduced either when the FYPP1 gene, which encodes a PP2A called phytochrome-
associated serine/threonine protein phosphatase, was knocked out or when the PID gene was overexpressed (35S::PID). 
These genetic modifications caused PIN1 localization to switch from lobe to indentation regions. The PP2A and PID 
mediated switching of PIN1 localization is strikingly similar to their regulation of the apical-basal polarity switch of 
PIN proteins in other cells. Our findings suggest a common mechanism for the regulation of PIN1 polarity formation, 
a fundamental cellular process that is crucial for pattern formation both at the tissue/organ and cellular levels. 
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Introduction

In multicellular tissues, polarization or shape forma-
tion is coordinated among all cells within the popula-
tion of a particular cell type so that they take the same 
polar or shape feature. For instance, in higher plants PIN 
proteins are polarized to the bottom end of cells in the 
root stele to direct the top-to-bottom auxin flow. In the 

leaf epidermis, all pavement cells (PCs) take the shape 
of interdigitated jigsaw puzzle pieces. However, it is 
unknown whether there is a unifying mechanism under-
lying the coordinated cell polarization or shape change 
during the development of multicellular tissues.  

Cell intercalation is an important cellular mechanism 
for developmental patterning in multicellular organisms 
[1-5]. Arabidopsis leaf PCs forming interdigitated lobes 
and indentations serve as a model system for the study of 
the mechanism underpinning cellular intercalation [6-11]. 
Our previous studies show that the interdigitated pat-
tern of cell expansion in PCs involves two Rho GTPase-
dependent pathways. The ROP2 GTPase is activated in 
the lobing region to promote lobe formation [6, 9]. The 
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ROP6 GTPase is localized in the indenting region to re-
strict outgrowth and promote indentation formation [9, 
11]. Mutual inhibition between ROP2 and ROP6 helps 
to establish alternating lobing and indenting regions 
along the plasma membrane (PM), generating a wave-
like cell outline in PCs [9, 11]. Both ROP2 and ROP6 
pathways are activated by auxin through the cell surface 
auxin binding protein 1 (ABP1) [12]. In the lobe region, 
auxin is transported to the cell surface by the PIN1 auxin 
exporter, which is localized to the lobe PM [12]. By 
activating both ROP2 and ROP6, PIN1-exported auxin 
coordinates lobe formation with indentation promotion. 
Consequently PIN1 is polarly localized to the lobe PM 
in an interdigitated manner. However, the mechanism 
underlying the interdigitated PIN1 localization pattern is 
not clear. 

PIN proteins localize to the same ends of bipolar cells 

to control directional auxin flow and auxin-gradient 
formation [13]. It is known that protein phosphatase 
2A (PP2A) and Ser/Thr protein kinase PINOID (PID) 
directly modulate the phophorylation status of PM-
localized PINs and antagonistically mediate apical-basal 
polar targeting of PINs in roots and shoot apex in Ara-
bidopsis [14-17]. In wild-type roots, PIN1 preferentially 
localizes to the basal end of stele cells to transport auxin 
from top to bottom. PIN1 hyper-phosphorylation induced 
by PID overexpression or PP2A downregulation caused 
PIN1 to switch from the basal to the apical side [14-17]. 
In the shoot apex, hypo-phosphorylated PIN proteins are 
switched from the apical to the basal side [16].

In this work, we demonstrate that the interdigitated 
pattern of PIN1 localization modulates interdigitated 
cell-expansion patterning in Arabidopsis leaf epidermal 
PCs and that PID- and PP2A-dependent phosphoryla-

Figure 1 PC shape phenotype in fypp1 mutant and 35S::PID lines. (A) Representative PC shapes in the cotyledons from Col 0, 
fypp1-1, 35S::FYPP1 fypp1-1 and 35S::PID seedlings grown on agar medium 3 days after germination. White dotted outlines 
indicate the boundary of a single cell. Bars = 50 µm. (B) Quantitative analysis of mean lobe numbers in PCs of the third day 
cotyledon of Col 0, fypp1-1, fypp1-2, 35S::FYPP1 fypp1-1 and 35S::PID. Mean lobe numbers per area were measured as 
previously described [12]. Both fypp1 alleles and 35S::PID show significantly fewer lobe numbers compared to Col 0 control 
(indicated by triple stars, P < 0.001, t-test). Mean lobe numbers in 35S::FYPP1 fypp1-1 were not significantly different from 
those of Col 0 (P > 0.01). (C) RT-PCR analysis of FYPP1 transcript levels in fypp1-1, fypp1-2 and 35S::FYPP1 fypp1-1. (D) 
T-DNA insertion positions of fypp1-1 and fypp1-2. The location of T-DNA insertion (443 bp after ATG) in fypp1-1 was analyzed 
by Tail-PCR and sequencing. The T-DNA insertion site at 5′ UTR in fypp1-2 (obtained from ABRC) was confirmed by PCR 
genotyping.
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tion status regulates PIN1 polarity switch between lobes 
and indentations, as in the apical-basal polarity switch in 
bipolar cells. This finding reveals a unifying mechanism 
for PIN-protein polarization that is involved in cell-cell 
coordination of cell expansion and auxin flow and auxin-
gradient formation essential for tissue and organ pattern-
ing in plants. 

Results

Genetic screen for mutations causing defects in interdigi-
tated pattern of cell expansion in Arabidopsis PCs

To investigate mechanisms underlying the interdigitat-
ed pattern of PC expansion, we screened for T-DNA in-
sertion mutations causing defective interdigitation (DID) 
in cotyledon PCs and isolated did1-1, which exhibited 
greatly reduced lobing at the early stage of PC develop-
ment. We quantitatively analyzed the did-1 phenotype by 
measuring mean lobe numbers/area (lobes/µm2) in PCs 

of cotyledons 3 days after germination (Figure 1A) and 
the third true leaves (Figure 2A). In day 3 cotyledons, the 
did1-1 mutant had almost half of the lobe numbers (3.0 
× 10−3/µm2) compared with wild type (5.6 × 10−3/µm2) 
(Figure 1B). Similar defects were found in true leaves 
(Figure 2A). In the third true leaves, wild-type and did-1 
cells had 2.9 × 10−3 lobes/µm2 and 1.6 × 10−3 lobes/µm2, 
respectively (Figure 2B). 

DID1 encodes the FYPP1 PP2A protein phosphatase
Tail-PCR analysis revealed that did1-1 contained a 

T-DNA insertion into the first intron (443 bp behind the 
ATG start codon) of the FYPP1 gene, which encodes a 
phytochrome-associated serine/threonine protein phos-
phatase [18]. Another fypp1 insertion line containing a 
T-DNA inserted in the 5′ UTR, 135 bp front of the ATG 
start codon (Figure 1D), did1-2/fypp1-2, showed a simi-
lar phenotype (Figure 1A and B). RT-PCR analysis in-
dicated fypp1 lines showed dramatic decrease in FYPP1 

Figure 2 PC lobe formation in fypp1 and 35S::PID true leaves is insensitive to auxin treatment. (A) Representative images 
of PCs from the third true leaves of Col 0, fypp1-1, fypp1-2 and 35S::PID plants 2 days after treatment with MS liquid (DMSO 
control) and MS liquid containing 20 nM NAA. The outlines indicate typical cell shapes. Bars = 50 µm. (B) Quantitative analy-
sis of mean lobe numbers in PCs of the third true leaves of Col 0, fypp1-1, fypp1-2 and 35S::PID with or without NAA treat-
ment. NAA treatment increased mean lobe numbers/area significantly in Col 0 (P < 0.001, t-test) but not in fypp1-1, fypp1-2 
and 35S::PID. 
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transcripts. Furthermore, the PC phenotype in did1-1/
fypp1-1 was fully rescued by the 35S::FYPP1 construct 
stably introduced into the mutant (Figure 1A, 1B and 
1C). The did1/fypp1 mutants also showed clearly shorter 
lobes in day 3 cotyledons, and this short-lobe phenotype 
was also rescued by 35S::FYPP1 (Supplementary infor-
mation, Figure S1). 

PCs in loss-of-function fypp1 mutants are similar to 
those in gain of PID function mutants

FYPP1/DID1 belongs to the PP2Ac family, whose 
members are catalytic subunits of the PP2A protein phos-
phatase complex. Members of the PP2Aa family, includ-
ing PP2AA1, PP2AA2 and PP2AA3, which are regula-
tory subunits of the PP2A complex, have been shown 
to control the status of phosphorylation of PIN proteins 
[14]. We found that PP2AA also affects pavement cell 
morphogenesis. The pp2aa1 pp2aa3 double mutant with 

strong defects in root development also shows a great 
decrease in lobe formation in PCs of cotyledons (2.035 × 
10−3 lobes /µm2) compared with wild type (4.994 × 10−3 
lobes /µm2) (Supplementary information, Figure S2A and 
S2B). PP2AA acts antagonistically with PID [19-22] to 
modulate the phosphorylation status of PIN proteins and 
the polarity of their localization in roots and shoot apices 
[14-17]. Indeed a gain of PID function line (35S::PID) 
showed a defect in PC interdigitation similar to that in 
the did1-1 mutant (Figure 1A and 1B). Because PID- and 
PP2A-mediated PIN phosphorylation status regulates 
PIN polarity, these results imply that auxin transport may 
modulate the formation of the PC interdigitation pattern.

Exogenously applied auxin does not rescue PC lobe for-
mation in fypp1 and 35S::PID

We considered two possible mechanisms by which 
FYPP1-mediated auxin transport may regulate PC in-

Figure 3 PIN1 localization is altered in 35S::PID and fypp1-1 PCs. (A) Subcellular localization of PIN1 was examined by us-
ing immunostaining with anti-PIN1 antibody as described in procedures. PIN1 was localized preferentially at the apical PM of 
lobes in Col 0 PCs, but in the PM of indentation regions in 35S::PID PCs. In fypp1-1 PCs, PIN1 was also shifted to the PM of 
indentation regions, but could sometimes be found in both lobe and indentation regions of the PM. Bars = 15 µm. (B) Sche-
matic representation of PIN1 localization at the apical PM of lobes (1), indentation region of the PM (2) and both sides (3) of 
the cells. (C) Quantitative analysis of PIN1 localization patterns. The number indicates percentage of PM regions showing a 
particular localization pattern in PCs from three indicated lines: (1) PIN1 localization only to the lobe side, (2) PIN1 localiza-
tion only to the indentation side and (3) PIN1 localization to both sides. The PIN1 localization pattern was quantified from 
more than 100 randomly chosen PCs.
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terdigitation. FYPP1-mediated auxin transport could be 
required for the overall accumulation of auxin in leaves/
cotyledons, which could act as a global signal to coor-
dinate cell shape changes in the leaf epidermis. In this 
case, auxin transport-dependent auxin accumulation in 
cotelydons/leaves would be expected to occur prior to the 
formation of the jigsaw-puzzle PC shape. Alternatively, 
FYPP1 could mediate PIN1 localization to the tip of 
lobe, which has been implicated in the regulation of PC 
interdigitation [12]. We reason that if FYPP1/PID-medi-
ated auixn transport only affects global auxin accumula-
tion in cotyledon/leaf, the PC interdigitation defect in the 
fypp1/did1 mutants and the 35S::PID lines should be res-
cued by exogenously applied auxin, as was the yuc1 yuc2 
yuc4 yuc6 quadruple mutant defective in auxin biosyn-
thesis [12]. In contrast, we would predict that FYPP1 and 
PID directly affect PIN1 localization to the lobe PM if 
these lines fail to respond to exogenous auxin, as seen in 
loss of PIN function mutants [12]. We treated the 3-week 
seedlings with 20-nM naphthalene-1-acetic acid (NAA, 
a synthetic auxin) in liquid MS medium. After 2-3 days 
of incubation, the third true leaves were stained with 
5 µg/ml FM4-64 or FM1-43 for 1 h for visualization of 
PC shapes. Small protrusions were notably increased in 
wild-type PCs by 2 days after NAA treatment. The mean 
lobe numbers increased from 2.863 × 10−3 lobes/µm2 to 
4.439 × 10−3 lobes/ µm2. In contrast, fypp1-1, fypp1-2 
and 35S::PID mutants did not respond to this treatment 
(Figure 2A and 2B). Similar results were obtained with 
3-day-old cotyledons (data not shown). Based on these 
results, we conclude that the direct cause of the interdigi-
tation defect in the fypp1 mutants and the 35S::PID lines 
was not related to overall auxin accumulation in leaves 
that might be PIN dependent. 

PIN1 localization is altered in 35S::PID and fypp1-1 
PCs

We next tested the hypothesis that FYPP1 regulates 
the polar subcellular localization of PIN1 to the lobe tip 
in PCs, which is critical for the interdigitated pattern of 
PC shapes [12]. PIN1 is preferentially localized to the 
PM of lobe regions and thus displays an interdigitated 
pattern of localization along the PM of two neighboring 
cells bordered by the cell wall [12]. To analyze the effect 
of PID/FYPP1-mediated phosphorylation [14, 16, 17] on 
PIN1 localization, we conducted PIN1 immunostaining 
in PCs of Col-0 wild-type control, 35S::PID and fypp1-
1 leaves, and quantified regions of cells displaying PIN1 
localization preferentially to lobes or indentations, or 
non-preferentially to both indentations and lobes (Figure 
3A). The quantitative data showed that in wild-type PCs, 
90% cell regions (73/81) had preferential PIN1 localiza-

tion to lobes and only 10% cell regions displayed PIN1 
localization to indentation regions (9%) or even PIN1 
distribution to the PM (1%). In 35S::PID PCs, PIN1 lo-
calization was switched to the PM of indentation regions 
(Figure 3A). In 35S::PID leaves, 90% of cell regions dis-
played PIN1 localization to indentations, whereas 10% 
of cell regions showed PIN1 localization to lobes (4%) 
and even distribution to the PM (6%) (Figure 3B, 3C). In 
fypp1-1, PIN1 localization also lost the lobe preference 
and became preferentially localized to indentations as in 
35S::PID cells, although a significant proportion of cells 
displayed even PIN1 distribution to the PM (Figure 3A). 
In this line, only 8% cell regions had PIN1 localized to 
lobes, while 92% of them showed PIN distribution even-
ly to the PM (41%) or preferentially to indentations (51%) 
(Figure 3B, 3C). These results suggest that PID kinase 
and PP2A phosphatase have opposite effects on PIN1 
distribution between the lobe and indentation regions of 
PCs.

PIN1 level affects PC shape
On the basis of the above observations, we hypoth-

esize that PID and PP2A directly influence PIN1 local-
ization patterns and subsequently the PC interdigitation 
pattern. This hypothesis is consistent with our previous 
observations that pin1 loss-of-function mutations induce 
defects in the PC interdigitation pattern [12] and that PC 
interdigitation patterning defect in pin1 and pp2a mutant 
could not be rescued by auxin (Figure 2; [12]). To further 
test this hypothesis, we analyzed PC phenotype and PIN1 
localization in PCs overexpressing PIN1. In 35S::PIN1 
cotyledons, PCs displayed a dramatic increase in the 
number of lobes and a decrease in the size of lobes (Figure 
4A, 4B). The number of lobes in 35S::PIN1 cotyledons 
(4.958 × 10−3 lobes/µm2) was nearly doubled compared 
to wild-type cotyledons (2.823 × 10−3 lobes/µm2) (Fig-
ure 4A and 4B). Furthermore, PIN1 localization in the 
35S::PIN1 leaves was also altered. Compared to wild-
type cells, the preference of PIN1 for the lobe region of 
the PM was much less pronounced (Figure 4C). In most 
cases, PIN1 tended to be more evenly distributed to the 
PM. The increased PM region containing PIN1 could 
explain the PC phenotype in 35S::PIN1 leaves (increased 
number of lobes with smaller lobe size).

Discussion

Our results indicate that a PID/PP2A-mediated signal-
ing system is a universal mechanism for the regulation of 
PIN1 polarity in various cells regardless of the number 
of polarity axes in the cell or functional properties of the 
cell. Previous studies show that PID/PP2A modulates 
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PIN1 polarity switch in bipolar cells involved in auxin 
flow and auxin-gradient formation in both root and shoot 
cells [14, 16]. Similarly, in bipolar guard cells PID over-
expression induced PIN1 localization to switch from the 
inner region of the PM to outer region (Supplementary 
information, Figure S3A and S3B, and Figure 5C). In-
terestingly, here we show that PID/PP2A regulates PIN1 
polarity switch between regions of cells for outgrowth 
(lobe formation) and suppression of outgrowth (indent 
formation) in interdigitated PCs with multiple polar axes 
pointing at various directions. 

PID- and PP2A-mediated changes in PIN distribution 
in PCs are strikingly similar to PID- and PP2A-mediated 
PIN polarity switch between the basal and apical ends of 
root or shoot cells (Figure 5B). For example, PID overex-
pression or loss-of-function mutations in PP2AA (encod-
ing a regulatory subunit of PP2A) caused PIN proteins 
to shift from the basal to the apical end of root cells [14, 
16, 17], resembling the PIN1 polarity shift from lobes 
to indentations induced by 35S::PID or FYPP1 knock-
out. Recent reports show that PID and PP2A regulate 

the phosphorylation status of PIN proteins to control the 
polarity switch by affecting their directional endocytic 
recycling in these cells [14-17, 23, 24]. We propose that 
in PCs PID- and PP2A-modulated phosphorylation status 
similarly controls the PIN1 polarity switch between lobes 
and indentations (Figure 5A). The hypo-phosphorylated 
PIN1 (through the action of PP2A) is localized to the 
lobe region of the PM, while hyper-phosphorylated PIN1 
(through the action of PID) is localized to the indented or 
non-lobing region of the PM. In wild-type cells, PID is 
likely to be rate-limiting, controlling a balanced level of 
PIN1 de-phosphorylation mediated by PP2A. In loss-of-
PP2A or gain-of-PID cells, PIN1 phosphorylation level 
is tipped toward hyper-phosphorylation, causing PIN1 to 
localize to indentation or non-lobing regions. Our find-
ings not only reveal a new mechanism for the control of 
the interdigitation patterning in PCs, i.e., PIN1 phospho-
rylation status modulates PIN1-dependent PC interdigi-
tation patterns, but also demonstrate the conservation of 
this signaling mechanism in the regulation of different 
forms of cell polarity. 

Figure 4 PC interdigitation pattern and PIN1 localization are altered in 35S::PIN1 cotyledons. (A) Representative shapes of 
PCs from cotyledons of Col 0 and 35S::PIN1 seedlings 4 days after germination. Bars = 50 µm. (B) Quantitative analysis of 
lobe numbers in PCs of 4-day-old cotyledons in Col 0 and 35S::PIN1. 35S::PIN1 cotyledons shown in (A). 35S::PIN1 clearly 
increased PC lobe formation (P < 0.001, t-test). (C) PIN1 immunostaining in Col 0 and 35S::PIN1. In 35S::PIN1, PIN1 tended 
to accumulate to a high level in a large area of the PM within one PC. PIN1 was localized evenly to the PM at both opposing 
sides. White arrowheads show PIN1 localizations at indentation part, while white arrows indicate PIN1 localizations at lobing 
area. Bars = 15 µm.
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Given the significance of PIN polarity in plant pattern 
formation, the molecular mechanisms for PIN polarity 
control are important topics in cell and developmental 
biology, but are still poorly understood. The conservation 
of a PIN polarity switch mechanism in PCs opens up the 
possibility to use PCs for the study of this mechanism. 
This has clear advantages, as it has recently been shown 
that auxin promotes PIN1 localization to the lobe region 
of the PM through the auxin activation of the ABP1-
ROP2 signaling pathway [12]. This pathway promotes 
the accumulation of fine cortical actin microfilaments to 
the tip of lobes and inhibits the internalization of PIN1 [9, 
12]. Downregulation of this pathway induced PIN1 inter-
nalization in PCs [12]. Recent reports suggest that PID- 
and PP2A-mediated phosphorylation status of PIN pro-
teins also regulates their endosomal trafficking to affect 
polarity switch in bipolar cells in root and shoot apices 
[14-17, 23, 24]. Furthermore, there are precedents sug-
gesting that ROP signaling also regulates PIN localiza-
tion in these cell types [25-27]. Finally, ABP1 has been 
shown to affect PIN internalization in multipolar PCs 
as well as bipolar root cells [12, 28]. These findings un-
derscore the conservation of the mechanisms underlying 

PIN polarization between bipolar cells and interdigitated 
PCs. Evidence suggests that ROP signaling is regulated 
by the ABP1 auxin receptor, which appears to act at the 
cell surface [12, 28]. PID-mediated PIN1 phosphoryla-
tion is also suggested to occur at the PM [23, 24]. These 
observations raise an interesting possibility that ROP sig-
naling and PID/PP2A-modulated PIN phosphorylation 
likely act coordinately or in the same signaling network 
to regulate PIN polarization. Therefore, our studies open 
up a new research direction in understanding how ROP 
signaling interfaces with the PID/PP2A-dependent phos-
phorylation switch in the control of PIN polarization, po-
lar cell growth, auxin flow and auxin-gradient formation. 

Materials and Methods

Plant materials and growth conditions
Arabidopsis seeds were surface sterilized with 75% ethanol + 

0.05% TritonX-100 for 10 min, sedimented and resuspended in 
95% ethanol for 1-2 min. After ethanol was removed, seeds were 
allowed to dry in air briefly before being plated on MS (Murashige 
and Skoog) agar or sowed in soil. Following stratification at 4 °C 
for 3-4 days, they were incubated at 22 oC in a growth room under 
16-h light/8-h dark cycles. 

Figure 5 Schematic view of the PID/PP2A-mediated PIN1 polarity switch in different cell types. (A) In PCs, PINOID kinase 
and FYPP1 phosphatase mediate reversal of the PIN1 polarity between lobes and indentations. We propose that hyper-phos-
phorylated and hypo-phosphorylated PIN1 is preferentially sorted for indentation and lobe tip targeting, respectively. Blue ar-
rows represent PIN1 polarity switch. Red arrows show auxin transport direction. (B) In root cells, PINOID and PP2A mediate 
the apical-basal switch of PIN proteins. Hyper-phosphorylated PIN is preferentially targeted to the apical side, while hypo-
phosphorylated PIN stays at the basal side. (C) PIN1 localization in guard cells. Hyper-phosphorylated PIN1 accumulates at 
the outer sides of the kidney-shaped guard cells, while hypo-phosphorylated PIN1 is targeted to the inner sides.
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T-DNA insertion lines fypp1-2 (CS830707) was obtained from 
the Ohio State University Arabidopsis Biological Resource Cen-
ter (ABRC). The 35S::PID line was previously described [16, 
19]. The pp2aa1 pp2aa3 double mutant was created by crossing 
pp2aa1 (rcn1 (root curling on NPA1)) to pp2aa3 (rcnL2) [29, 30]. 

Complementation of fypp1-1 by 35S::FYPP1
The coding sequence of FYPP1 gene (At1g50370) was ampli-

fied by RT-PCR using rTaq polymerase (TaKaRa) and FYPP1-
specific primers, 5′-GGGGACAAGTTTGTACAAAAAAGCAG-
GCTTCatggatttagatcaatgga-3′ and 5′-GGGGACCACTTTGTA-
CAAGAAAGCTGGGTTtcacaggaaataaggaac-3′, which contain 
attB recombination sites (Capital letters). The PCR product was 
cloned into pDONR (Invitrogen) by BP reaction and subsequently 
into the Gateway destination vector pH35GS (Riken Plant Sci-
ence Center) using LR reactions. The FYPP1 sequence in the 
pDONR vector was confirmed by sequencing prior to subcloning 
into the destination vector. The final construct was introduced into 
Agrobacterium tumefaciens and transformed into the fypp1-1 mu-
tant.

RT-PCR of analysis of FYPP1 expression
RNA was extracted using the RNeasy Plant Mini Kit (Qiagen), 

and was reverse-transcribed using SuperScript II First-Strand Syn-
thesis System (Invitrogen). PCR amplification of the cDNA tem-
plate was carried out by using FYPP1-specific primers: FYPP1-
N-F 5′-GGTCATGTTCCCGAGACCAATTAC-3′ and FYPP1-N-R 
5′-CACATTCCCACAACGGTAGCA-3′ (“N” means FYPP1 non-
conserved domain). As a loading control, the same template cDNA 
was used for PCR amplification of the constitutively expressed 
ubiquitin gene involving two primers: 

N-UBQ 5′-GGTGCTAAGAAGAGGAAGAAT-3′ and C-UBQ 
5′-CTCCTTCTTTCTGGTAAACGT-3′ (“N” and “C” means N-
terminal and C-terminal, respectively)

Microscopic analysis of PC shape
PC shapes of Arabidopsis cotyledons or true leaves were ana-

lyzed using confocal microscopy (Leica SP2 confocal microscope). 
The cell outlines were visualized using UV laser excitation (exci-
tation: 351 nm or 364 nm, 50% laser power and emission: 400-600 
nm) [12], because cell walls of these cells emit auto-fluorescence 
excitable by this wavelength. Alternatively, cell outlines were 
stained with 5 µg/ml FM4-64 (N-(3-triethylammoniumpropyl)-4-
(6-(4-(diethylamino) phenyl)-hexatrienyl) pyridinium dibromide) 
dye or 5 µg/ml FM1-43 (N-(3-triethylammonium)propyl)-4-(4-
(dibutylamino)styryl) pyridinium dibromide) and imaged using 
confocal microscopy with TRITC and FITC filters. Stack images 
(1.0- to 2.0-µm increments) were collected from more than 200 
cells from five individual plants. Additional image quantification 
was conducted using MetaMorph software. Adobe Photoshop CS 
was used for text editing of all images.

Auxin treatment
NAA (Sigma) was dissolved in DMSO and prepared as a stock 

solution of 20 µM, which was added into liquid MS to obtain a fi-
nal concentration of 20 nM for seedling treatments. Each treatment 
was repeated at least three times with three independent seedlings/
line.

Immunofluorescence microscopy
PIN1 localization was examined by immunostaining following 

a previously described procedure [31]. True leaves from 2-week-
old seedlings were cut into small pieces about 2.5 mm2 and imme-
diately submerged into a fixation buffer (PEMT (50mM PIPES PH 
= 6.8, 5mM EGTA, 1mM Mg2+, 0.05% TX-100) plus 1.5% form-
aldehyde) for 1 h. Fixed leaf tissues were washed in PEMT two to 
three times for 10 min each, blotted on slides, overlaid with cover 
glass, and plunged into liquid N2 until well frozen. Frozen tissues 
were shattered by applying pressure on a chilled smooth surface 
and washed into petri dish with cold permeabilization buffer (1× 
PBS, 1% TX-100) while tissue was still frozen. Shattered tissue 
pieces were incubated in room temperature for 2 h, transferred to 
wash buffer (1× PBS, 50mM glycine) in eppendorf tubes, and in-
cubated for 30 min. The fixed tissues were incubated with the pri-
mary antibody (anti-PIN1, 1:1 000) 37 oC for 3 h and washed with 
the wash buffer three times for 10 min each. The FITC-conjugated 
anti-rabbit IgG (1:200, Sigma) secondary antibody was then added 
and incubated at 37 oC for 1-3 h. Stained tissues were washed with 
PBS three times for 10 min each and transferred into 0.1% (w/V) 
para-phenylene diamine in 1:1 PBS-glycerol. Following overnight 
incubation at 4 oC, stained tissues were observed under a Leica 
SP2 confocal microscope system using a 63× water lens. Stack 
images were taken by scanning at 0.5- to 1.0-µm increments. Lobe 
and indentation regions containing PIN1 were quantified from 
over 100 cells from three independent experiments. Preferential 
localization of PIN1 to lobes or indentation or equal localization to 
both regions was determined by eyeballing of the confocal stacked 
images.
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