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Puzzle-shaped pavement cells provide a powerful model system to
investigate the cellular and subcellular processes underlying com-
plex cell-shape determination in plants. To better understand
pavement cell-shape acquisition and the role of auxin in this pro-
cess, we focused on the spirals of young stomatal lineage ground
cells of Arabidopsis leaf epidermis. The predictability of lobe forma-
tion in these cells allowed us to demonstrate that the auxin response
gradient forms within the cells of the spiral and fluctuates based on
the particular stage of lobe development. We revealed that specific
localization of auxin transporters at the different membranes of
these young cells changes during the course of lobe formation, sug-
gesting that these fluctuating auxin response gradients are orches-
trated via auxin transport to control lobe formation and determine
pavement cell shape.

Arabidopsis | pavement cells | auxin response gradient | auxin
transporter | lobe formation

he leaf epidermis is an important architectural control ele-

ment that regulates the growth of underlying tissues and the
overall form of the organ. In Arabidopsis thaliana, the anticlinal
walls of the pavement cells in the leaf epidermis are undulated
and create the impression of a jigsaw puzzle-like pattern, since
neighboring cells perfectly interdigitate with each other. Due to
their interdigitated shape requiring synchronized growth regu-
lation, pavement cells in particular offer a unique system to
improve our understanding of how plant cells reach their final
morphology. In order to better understand cell-shape acquisi-
tion, we took advantage of the developmental synchrony of a
subpopulation of leaf epidermal pavement cells, stomatal lineage
ground cells (SLGCs), found in anisocytic stomatal complexes.
These cells are produced during asymmetrical division of mer-
istemoid cells, which can divide three consecutive times, pro-
ducing up to three monoclonal SLGCs before differentiating into
a guard mother cell and stoma (Fig. 1 4 and B) (1, 2).

Results and Discussion

Pavement Cell First Lobe Formation Is Orchestrated in a Systematic
and Synchronous Manner. We focused our analyses on first-lobe
formation in the youngest of the SLGCs, which are always po-
sitioned beside a meristemoid or stoma (SLGC 1 in Fig. 1 A and
B). We observed that the youngest SLGC (SLGC 1 in Fig. 1C)
systematically forms its first lobe into an older neighboring cell at
the membrane/wall unit that is positioned opposite the neighboring
stoma (SLGC 2 in Fig. 1C). We quantified the outgrowth angle of
the first lobe (defined as an outgrowth ratio of greater than 1,1 or
10%; Materials and Methods) of the youngest SLGCs (as an ex-
ample, see SLGC 2 in Fig. 1C) with respect to the position of the
neighboring stoma. All first-lobe outgrowths occurred approxi-
mately perpendicular to the position of the stoma (Fig. 1D).

This system allowed us to predict rather accurately where the
first lobe of a nonlobed SLGC would form and thus directly
focus on lobe initiation. We took advantage of this synchronous
system of lobe development to investigate the role of auxin in
first-lobe formation in pavement cells.

www.pnas.org/cgi/doi/10.1073/pnas.2007400117

Auxin Regulates Pavement Cell-Lobe Formation in a Dose-Dependent
Manner. Previous studies suggest that pavement cell-lobe acqui-
sition is tightly regulated by auxin (3-5). Therefore, we quanti-
tatively analyzed the size and shape of pavement cells of the
auxin overproduction mutant yucID, in which the YUCI gene is
driven by the 35S promoter. Both the size and lobe number of
pavement cells were increased in yuclD compared with the wild
type (SI Appendix, Fig. S1 A and B). Moreover, we investigated
the size and shape of pavement cells in wild-type plants exposed
to different concentrations of 1-naphthaleneacetic acetic acid
(NAA) and indole-3-acetic acid (IAA), revealing dose-dependent
effects of the treatments (SI Appendix, Fig. S1 C-F). Our results
suggest that both pavement cell size and lobe formation are dose-
dependently regulated by auxin. These findings reveal an analo-
gous dose-dependent nature of auxin regulation of pavement cell
development to that which has previously been identified for many
other developmental processes, such as primary root growth, root
hair growth, initiation of lateral root primordia, or root cap self-
renewal (6-10).

Auxin activity is mainly transcribed through the nuclear auxin
signaling pathway composed of the F box-containing TRANS-
PORT INHIBITOR RESISTANT1/AUXIN SIGNALING F BOX
(TIR1/AFB) proteins, the transcriptional corepressors AUXIN/
INDOLE-3-ACETIC ACID (Aux/IAA), and the AUXIN
RESPONSE FACTOR transcription factors (11). We analyzed
the size and shape of pavement cells in different tir//afb mutants
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Fig. 1. SLGCs are the ideal system to study cell-shape acquisition. (A) Image
of pavement cells from the third leaf of Arabidopsis (cell walls are stained
with propidium iodide). (B) Outlines of the cells in the image from A with
marked spiral patterning originating from asymmetric divisions of mer-
istemoid cells. Numbers mark the cell stage in the spiral from the youngest
(7) to the oldest (3) and arrows mark the clockwise or counterclockwise di-
rection of the spiral. M, meristemoid; S, stoma. (C) Asymmetric division of
the meristemoid cell produces a new meristemoid cell and an SLGC (1).
During growth and development, the SLGC (2) always produces its first lobe
(marked with an arrow) into an older neighboring cell. Example of an older
SLGC (3) forming three lobes (marked with arrows) into older neighboring
cells. (D) Position of first-lobe outgrowth in SLGCs. In these cells the vast
majority of lobe outgrowth occurs opposite the stoma. Each bar represents
the proportion of analyzed lobes for which outgrowth occurred in the in-
dicated 15° angle range. Angles were measured from the lobe outgrowth to
the center of the neighboring stoma. n = 47 lobes. (Scale bars, 20 um.)

treated with a low NAA concentration (20 nM). While tirl/afbl/
afb2 and afb4/afb5 mutants exhibited increased cell area similar
to the wild type after auxin treatment, tir/ and afbl/afb2 mutants
exhibited decreased cell area (SI Appendix, Fig. S2 A and C).
Only the afb4/afb5 mutant showed an auxin-induced increase in
lobe number as observed in the wild type, whereas lobe number
in all of the other mutants was insensitive to auxin treatment (S/
Appendix, Fig. S2 B and C). These data suggest that fluctuating
auxin levels during lobe acquisition might trigger formation of
different combinations of TIR1/AFB and Aux/IAA coreceptor
complexes with a wide range of auxin-binding affinities, which
lead to specific response outputs (12-14).

Auxin Response Gradients within Anisocytic Complexes Play a Role in
Regulating Lobe Formation. To further dissect the role of auxin in
lobe formation, we examined the distribution of the auxin sig-
naling reporter DR5::Venus-NLS (nuclear localization signal)
(15) in the leaf epidermal plane. The presence of nuclearly lo-
calized DRS signal was observed in almost every pavement cell
(SI Appendix, Fig. S3A4), suggesting that intracellular auxin is
present throughout the different stages of pavement cell growth
and development. The expression of the auxin-responsive pro-
moter DR5 has been used as a proxy for auxin concentration in
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several tissues such as the root meristem, shoot apical meristem,
and lateral root founder cells (15-18). In many cases, this as-
sumption has been confirmed by the observation of the more
direct DII-Venus reporter (19-21). It is therefore most likely
that DRS expression directly correlates with auxin concentration
in pavement cells as well. The permanent presence of auxin,
however, hindered us from using DII-Venus, as no DII signals
could be observed in the pavement cells. We next focused on
DRS signals specifically within the spirals of anisocytic stomatal
complexes. In order to analyze auxin response during lobe for-
mation, we divided the spiral anisocytic complexes into three
groups, corresponding to three developmental stages (Fig. 24):
1) nonlobed youngest SLGC next to a meristemoid; 2) nonlobed
youngest SLGC next to a stoma; and 3) lobed youngest SLGC
next to a stoma.

As observed previously (22), just after asymmetric division of
the meristemoid, DRS signal levels were similar in both newly
formed cells—the new meristemoid and the youngest SLGC
(Fig. 2B). Ultimately, after a series of asymmetric divisions, the
meristemoid transitions into a guard mother cell and conse-
quently divides symmetrically to form two guard cells (Fig. 24).
As has been shown previously (22), this is accompanied by a
decrease in auxin reporter signal intensity in the guard mother
cell, suggesting auxin deprivation (Fig. 2C). Remarkably, when
we closely analyzed DRS signal throughout the individual cells of
the stomatal complexes, we discovered a gradient of auxin re-
sponse within the spirals. In stage 1 complexes, the DRS signal
usually increased with increasing cell age within the cells of the
spirals, with the weakest signal in the meristemoid cell (youn-
gest) and strongest in the largest (oldest) cell (Fig. 2D), and this
was the case in 85% of stage 1 spirals (Fig. 2 D and H). For stage
2 spirals, we observed a similar ascending DRS signal gradient in
82% of cases (Fig. 2 E and H). However, by stage 3, once the first
lobe was formed, the occurrence of such an ascending DRS
signal gradient had reduced to only 46% of cases (Fig. 2 F and
H), suggesting that lobe development in the youngest SLGCs
may coincide with a change in auxin response distribution within
the cells of the spirals. In contrast, 35% of the cells in the spirals
in stage 3 exhibited a descending DRS signal gradient, with the
highest DRS signal found in the youngest, now lobed, SLGC
(Fig. 2G). We next investigated the possible correlation between
DRS intensity and cell area or developmental stage of SLGCs.
However, within the same leaf, we could observe SLGCs at the
same developmental stage with similar cell area but different
DRS5 signal intensity and vice versa (SI Appendix, Fig. S3B),
strongly arguing against such a correlation. Overall, these results
agree with our findings of dose-dependent auxin regulation of
cell growth and lobe formation. Lobing is not just a consequence
of cell growth, but cell growth and lobing are connected and
regulated in auxin-dependent manner. There are several exam-
ples of mutants such as CA-rop2 and anyl that exhibit cellular
growth without lobing (23, 24). On the other hand, mur3-1 mu-
tants exhibit bigger pavement cells, but fewer lobes per cell, than
the wild type (25).

Our results suggest that establishment of a low auxin response
in the youngest SLGC of anisocytic complexes is linked with first-
lobe formation in this cell. Additionally, our data indicate that
the auxin response level in SLGCs is not constant throughout
development but rather dynamically changes during the forma-
tion of the first lobe. Analogous dynamic fluctuations of auxin
concentrations, orchestrated by active cellular transport rather
than auxin biosynthesis, have been described during phyllotaxis
(26-28). Moreover, similar dynamic fluctuations in auxin levels,
as indicated by DRS5 expression, as well as oscillating auxin-
responsive gene expression, have been observed during lateral
root initiation (17, 18, 29) but have not been previously shown to
play a role in cell-shape regulation.

Grones et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2007400117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2007400117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2007400117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2007400117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2007400117/-/DCSupplemental

[m)

—>

—

AD

H

m Ascending gradient = Not ascending gradient
100% -

90% -
80% -

70% -

60% -

50% -

40% -

30%

20% -

10% -

Percentage of ascending DR5 gradients in anisocytic spirals

0%

4

Stage 2 Stage 3

Stage 3

Stage 1

Stage 2 Stage 3

Fig. 2. Ascending auxin response gradient within the spirals of stomatal complexes. (A) Scheme representing the fate of a meristemoid cell, which can
undergo either an asymmetric (AD) or symmetric (SD) division to produce an SLGC or stomatal guard cells, respectively. Numbers represent three different
stages into which the spiral complexes were divided: 1) nonlobed youngest SLGC next to a meristemoid; 2) nonlobed youngest SLGC next to a stoma; and 3)
lobed youngest SLGC next to a stoma. Asterisks mark the youngest SLGC in each stage. MMC, meristemoid mother cell. (B) DR5::Venus-NLS expression is
similar in the newly formed meristemoid and SLGC after an asymmetric division. (C) Depletion of the DR5::Venus-NLS signal from the guard mother cell
before a symmetric division. (D-F) Representative images of DR5::Venus-NLS signal distribution within anisocytic stomatal complexes at the different stages
shown in A. The directions of the spiral division patterns are shown by arrows. (G) Example of a descending youngest-to-oldest DR5 signal gradient, with the
youngest SLGC exhibiting highest DR5::Venus-NLS signal distribution within a single anisocytic spiral. The direction of the spiral division pattern is shown by
an arrow. (B-G) Cell walls are stained with propidium iodide. Numbers represent quantified DR5 fluorescence signal intensity in the nucleus. Underlined
numbers mark the youngest SLGC. (Scale bars, 10 um.) (H) Quantification of the frequency of ascending DR5 signal distribution gradients from youngest to

oldest cells within anisocytic stomatal complexes at the different stages shown in A; n values are displayed in the graph.

Auxin Transport Rather than Biosynthesis Contributes to Auxin Response
Gradient Formation in the Anisocytic Spiral Complexes. Our results
suggest that auxin response gradients, which are known to be crucial
for coordinating the patterning of organs (16, 30, 31), might also
play a role in pavement cell-shape acquisition. Auxin gradients
could potentially be generated by local auxin biosynthesis and/or
polar auxin transport. We therefore investigated the potential role
of auxin biosynthesis in auxin gradient formation within young de-
veloping leaves, which have been shown to be the main sites of
auxin production in Arabidopsis (32). We analyzed the DRS5 signal
distribution within the spirals of anisocytic stomatal complexes of
the auxin overproduction mutant yucID. The distribution of as-
cending compared with nonascending DRS gradients within the
spirals was similar in yucID and wild type (Fig. 34). This suggests

Grones et al.

that auxin biosynthesis might not be the direct process influencing
auxin gradient establishment within the anisocytic spirals. Besides
auxin biosynthesis, several other processes such as auxin catabolism,
conjugation, or transport have also been shown to participate in the
regulation of cellular auxin concentration (33).

To address the potential role of auxin transport during the
lobe-formation process, we focused on one mutant deficient in
PIN-FORMED (PIN) auxin exporters (pin3/4/7) (34), one de-
ficient in AUXIN-RESISTANT1 (AUX1)/LIKE AUX1 (AUX/
LAX) auxin importers (auxI) (35-37), and two deficient in ATP-
binding cassette protein subfamily B (ABCB) auxin exporters
(abcbl, abeb19) (38-41), for which most of the affected genes
have previously been shown to be expressed in leaves (22, 38, 42,
43). Remarkably, all of the mutants analyzed exhibited a strong

PNAS | July7,2020 | vol. 117 | no.27 | 16029

PLANT BIOLOGY



mA i i = Not

100%

90%

ic spirals

80%

70%

60%

50%

DR5

40%

30%

20%

10%

% 1124 34 § 28 17 § 23 g 21 17 412§ 9 1413 8 23 4 16 § 16 159 8 f 12
: Stage 1 Stage 2 Stage 3 Stage 1 Stage 2 Stage 3 Stage 1 Stage 2 Stage 3 Stage 1 Stage 2 Stage 3 Stage 1 Stage 2 Stage 3 Stage 1 Stage 2 Stage 3
Col yuc1D pin3/4/7 aux1 abcb1 abcb19

T 80 _ 08
E
= 70 )
©
& I “ 08
@ 60 ©
Py (o]
< [0}
Q 50 @
% 7
3 4 g
g S 06
§ 30 g
2 2 S
b £ 05
g 10 3
2 S
3 0 0.4
o
(&)
- 0.
T 200 L 08
= * o
=180 2
[} »
g 160 w07
« O
= 140 )
(&)
@ 120 2
-
@ )
% 100 g 0.6
[}
o o
2 80 1 o
S w0 I £
2 205
5 40 E
§ 2 2
= o
& 0 04
o
N Q N o
(o) N’ [¢)
& & Q,\g.(\ JEE I3
N s
T 400 Q 038
5 ™
= [}
© 350 * g
o Iz
% 300 T 07
pir o
©
3 250 =
] e
# %
g %-” 06
< S
<3 2
® =
s 2 05
s 8
3 o
o 04
» N N S N N N
o 0\0 \b‘(\ R » 9\ ® »\0 b‘(\ 3 0 &
o) “ \ N 9 0
& ¥ ¢ RO S
v & ¥ *

Fig. 3. Auxin transport mutants reveal defects in auxin reporter distribution in anisocytic stomatal spirals. (A) Quantification of the frequency of ascending
DR5::Venus-NLS signal distribution gradients from youngest to oldest cells within anisocytic stomatal complexes at the different stages (shown in Fig. 2A) in
Col, yuc1D, aux1, abcb1, abcb19, and pin3/4/7 mutants. n values are displayed in the graphs. (B) Cell area and circularity quantification of the youngest SLGCs
from the anisocytic stomatal complexes of the mutants at stage 1, 2, or 3. Asterisks on the schemes mark the youngest SLGCs, on which the quantifications
were performed. Error bars correspond to +SE. Statistical significance compared with the Columbia wild type was tested by Wilcoxon test (*P < 0.05, **P <
0.01, ***P < 0.001).
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decrease in the occurrence of ascending youngest-to-oldest cell
DRS5 signal gradient patterns within the spirals in all three stages
(Fig. 34), compared with that found for wild type. Our results
therefore strongly suggest that the establishment of an auxin
gradient in the anisocytic spirals is driven by auxin transport.

Auxin has been shown to play an important role in lobe for-
mation as it stimulates the asymmetric distribution of PIN pro-
teins, regulators of local auxin accumulation (3, 44, 45).
Therefore, we evaluated the cell area and shape of the youngest
SLGCs within the spirals of the yucID auxin biosynthesis mutant
and pin3/4/7, auxl, abcbl, and abcb19 auxin transporter mutants.
We observed a significant increase in the cell area of the yuciD
mutant at stages 2 and 3 compared with the wild type. However,
the auxin transport mutants exhibited a significant decrease of
cell area preferentially at stage 3 (Fig. 3B). This would suggest
that an increased and stable concentration of auxin induces
growth, as we observed with exogenous auxin treatment (S
Appendix, Fig. S1). Since it would make little sense to measure
the lobe number in the youngest SLGCs from the spirals, we
focused on circularity, which was shown previously to correlate
with changes in lobe number during pavement cell development
(25). We observed significant changes in the circularity of the
youngest SLGCs in auxin transporter mutants, but not in the
yuclD mutant, compared with the wild type (Fig. 3B). Our re-
sults indicate that the role of auxin transporters in establishing a
robust auxin response gradient is specifically important already
at the very first stages of cell morphology.

Defects in auxin transport lead to alteration in pavement cell
shape (3). Recently, Belteton et al. questioned the involvement
of PIN proteins in lobe formation, as their analysis of the pini-I
and triple pin3/4/7 mutants did not reveal a significant decrease
in average lobe number per cell during cotyledon development
(46). We analyzed the geometry of pavement cells of mixed
developmental stages in the third leaves in a variety of pin, aux/
lax, and abcb mutants and found that the majority of the tested
mutants exhibited various defects in cell area and lobe number
(SI Appendix, Fig. S4), which correlates both with previous re-
ports for the pinl mutant (3) and with findings that auxin
transport and distribution regulate stomatal patterning (22).
While performing cell-geometry analysis, we also noticed that
some of the mutants displayed an increased number of mer-
istemoids (marked by arrowheads in SI Appendix, Fig. S4C).
Therefore, we used the dataset from the pavement cell-geometry
analysis and quantified the number of meristemoids. We found
that the pin3/4/7 triple mutant, which was severely affected in
pavement cell-lobe number (SI Appendix, Fig. S4B), also dis-
played the highest percentage of meristemoid cells (ST Appendix,
Fig. S54), which indicates that the severe disruption of auxin
transport negatively affects pavement cell development.

To clarify whether the apparent discrepancy in the recent
findings could be caused by differences between the tissues used,
we also analyzed the size and shape of pavement cells in coty-
ledons of the wild type and the pin3/4/7 triple mutant. In-
terestingly, like Belteton et al., we also observed decreased cell
area, but no significant difference in the number of lobes in the
pin3/4/7 mutant compared with the wild type (SI Appendix, Fig.
S5B), suggesting that cotyledons might use different cell shape-
regulatory mechanisms from true leaves.

Taken together, our results demonstrate the coordinated and
redundant roles of various auxin transporters in the fine-tuning
of the dynamic auxin gradients necessary for pavement cell
growth and shape acquisition.

Auxin Transporter Localization Dynamically Changes during Lobe Formation.
Next, to dissect the potential roles of selected auxin transporters
during formation of lobes, we examined the localization of fluo-
rescently tagged versions of PIN3, PIN4, PIN7, AUXI, LAXI,

Grones et al.

ABCBI1, ABCB4, and ABCBI19 proteins in the youngest SLGCs
throughout first-lobe development. Interestingly, ABCB4-GFP (green
fluorescent protein) was not visibly expressed in pavement cells, and
within the leaf epidermis was only detectable in fully developed sto-
mata (SI Appendix, Fig. S3C), which likely explains why we did not
observe any pavement cell-size or -shape defects in abcb4 mutants (57
Appendix, Fig. S4). Similarly, in our hands, PIN4-GFP was not
expressed in pavement cells and was therefore unsuitable for quanti-
fication (SI Appendix, Fig. S3D). To investigate the localization of the
other auxin transporters, we divided the anisocytic stomatal complexes
into the same three stages as described earlier (Fig. 24) and measured
fluorescence intensity on the plasma membranes of the youngest
SLGCs in each stage. We defined the SLGC perimeters beside and
opposite the meristemoid or stoma as the basal and apical SLGC
sides, respectively, and the other two perimeters as the lateral SLGC
sides (Fig. 4 A, H, and O). Moreover, we then performed plasmolysis
experiments to separate the plasma membranes and distinguish pre-
cisely where the fluorescently tagged proteins localized, to investigate
the likely directions of auxin flow (method described in SI Appendix,
Fig. S6).

While the distribution patterns of PIN7-GFP, LAX1-Venus,
ABCBI1-GFP, and ABCB19-GFP on the SLGC sides did not
change much between the different stages (SI Appendix, Fig.
S7 A, B, E, F, I, and J), some dynamic redistributions of these
proteins between the adjacent membranes from one stage to
another were observed (SI Appendix, Fig. S7 C, D, G, H, K, and
L). However, the most striking localization pattern fluctuations
were observed for PIN3-GFP and AUXI1-Venus. At stage 1
(Fig. 44), PIN3-GFP preferentially localized at the basal side of
the SLGCs (Fig. 4 B and D), which actually corresponded to the
membrane of the adjacent meristemoid (Fig. 4 E and G), while
at the apical and lateral sides PIN3-GFP was rather localized at
the SLGC membranes (Fig. 4 E and G). In contrast to PIN3-
GFP, AUX1-Venus exhibited higher signal intensity at the apical
and lateral sides of SLGCs (Fig. 4 C and D), where the protein was
localized specifically at the adjacent cell membranes (Fig. 4 F and
G). However, at the basal side, AUX1-Venus preferentially lo-
calized to the membrane of the SLGC (Fig. 4 F and G). In-
terestingly, after stoma development, during stages 2 (Fig. 4H) and
3 (Fig. 40), the signal intensity of PIN3-GFP at the basal side
lowered considerably (Fig. 4 1, K, P, and R), and the localization of
basal PIN3-GFP changed from the adjacent cell to the SLGC
membrane (Fig. 4 L, N, S, and U). Furthermore, the localization
of AUX1-Venus during stage 2 and especially after lobe formation
at stage 3 changed from being preferentially localized either at
adjacent cell or SLGC membranes to being more equally dis-
tributed between the membranes of the different cells (Fig. 4 J, K,
M, N, Q,R, T, and U).

Protein phosphorylation, as one of the posttranslational
modifications, has been shown multiple times to alter PIN pro-
tein localization or its response upon various stimuli (47-49).
Recently, lines with mutations mimicking constitutive dephos-
phorylated (PIN3-2A) or phosphorylated (PIN3-2D) status of
predicted phosphorylation sites in the PIN3 protein have been
published (47). We evaluated pavement cell shape, PIN3 local-
ization at the youngest SLGC membranes, and PIN3 localization
at the plasmolysis-separated plasma membranes of SLGCs and
neighboring cells in these lines. We observed no effects on cell
area but did observe a minor increase in the lobe number of the
PIN3-2A dephosphorylated variant compared with the wild type
(SI Appendix, Fig. S§ A and B). Examination of protein locali-
zation at the membranes of SLGCs at different stages revealed
no differences compared with the wild type (SI Appendix, Fig.
S8C). Plasmolysis experiments revealed only minor changes in
the PIN3-2A and PIN3-2D protein distribution among the
membranes of the youngest SLGC and its neighbors, which
mostly resembled those of the wild type (SI Appendix, Fig. S8D).
Overall, these data suggest that phosphorylation status of PIN3
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has no effect on its localization on the youngest SLGC mem-
branes. Moreover, as shown before in SI Appendix, Fig. S4, al-
teration of only one auxin transporter does not have a major
impact on pavement cell-lobe development, due to high re-
dundancy within auxin transporters.

Together, our results suggest a directional auxin flow from the
meristemoid toward the youngest neighboring SLGC via the
basal membrane, coordinated by specific auxin transporter lo-
calization patterns, during stage 1 (Fig. 54). Simultaneously,
auxin is distributed from the SLGCs to the other, non-
meristemoid, adjacent cells via the apical and lateral SLGC
membranes, which might serve to regulate the specific auxin
level within the SLGCs necessary at this stage (Fig. 54). The
removal of auxin from the meristemoid facilitates its symmetric
division and stomatal formation (22), leading to stage 2, in which
many of the auxin transporters have now altered their localiza-
tion patterns (Fig. 5B). Finally, at stage 3, after lobe establish-
ment, further relocalization of the auxin transporters likely leads
to a reversal in the direction of auxin flow toward the SLGC,
which might play a role in an increase of auxin levels in these
cells to inhibit further lobe expansion (Fig. 5C). In conclusion,
this work unravels the importance of remarkably dynamic auxin
response gradients, tightly controlled by complicated, alternating
auxin transporter localization patterns, in regulating complex
plant cell shapes.

Materials and Methods

Plant Material and Growth Conditions. Before sowing, Arabidopsis thaliana
seeds were sterilized (2 min in 70% ethanol with Tween 20, replaced with
95% ethanol for 2 min, and left until dry) and stratified at 4 °C for 48 h for
uniform germination. Seedlings were grown for 14 d at 22 °C with 16 h of
light per day on vertical plates of growth medium containing 1/2 Murashige
and Skoog medium (MS) and 1% sucrose (Thermo Scientific) at pH 5.6 with
0.7% agar (Duchefa Biochemie). Epidermal pavement cells were analyzed on
the adaxial side of the third leaf (in order of appearance: cotyledons, leaf 1,
leaf 2, leaf 3), which were 6- to 8-mm-long and 4- to 5-mm-wide, from
14-d-old Arabidopsis plants as described previously (25). When cotyledons
were analyzed, these were taken from 10-d-old Arabidopsis seedlings and
also analyzed on the adaxial side. For performing auxin treatments, 10-d-old
Arabidopsis seedlings possessing only first and second leaves were trans-
ferred on 1/2 MS plates containing the indicated concentrations of NAA or
IAA and grown for 4 more days. Mock treatment was performed with equal
volumes of solvent (dimethyl sulfoxide; Sigma-Aldrich). For pavement cell-
shape analysis and live imaging, the following Arabidopsis lines were used:
heterozygous pin1-5 (3); pin3-4 (50); pin4-1 (51); pin7-2 (50); pin3-5/pin4-3
(22); pin3-5/pin7-2 (52, 53); pin4-3/pin7-2 (16); pin3-5/pin4-3/pin7-2 (provided
by Héléne S. Robert, CEITEC, Brno, Czechia); aux1-21 (54); aux1/lax1/lax2 (55);
abcb1, abcb19, and abcb1/abcb19 (38, 39); abcb4 (40); yuc1D (56); DR5:Venus-NLS
(15); 35S::PIP2-GFP (57); PIN3::PIN3-GFP (58); PIN4::PIN4-GFP (59); PIN7::PIN7-GFP
(60); AUX1:AUX1-Venus and LAX1::LAX1-Venus (61); ABCB1::ABCB1-GFP and

Stage 1

Stage 2 Stage 3

= AUX1 = PIN3 =PIN7 = ABCB1

Fig. 5. Model representing auxin transporter distribution at different
membranes of SLGCs and adjacent cells. (A) Distribution of auxin trans-
porters at stage 1. (B) Distribution of auxin transporters at stage 2. (C) Dis-
tribution of auxin transporters at stage 3. Line thickness represents
transporter abundance. Yellow arrows represent auxin flow.
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ABCB19::ABCB19-GFP (62); ABCB4::ABCB4-YFP (40); PIN3::PIN3-YFP, PIN3::PIN3-
YFP-2A, and PIN3::PIN3-YFP-2D (47); tir1-1 (63); tir1-1/afb1-3/afb2-3 (64); and
afb1-2/afb2-3 and afb4-2/afb5-5 (65). Columbia (Col-0) or Wassilewskija (Ws-0)
ecotypes were used as wild-type controls in seedling-growth experiments. All
mutants were genotyped before used. Genotyping primers can be found in S/
Appendix, Table S1.

Confocal Microscopy Image Acquisition. For pavement cell-shape analysis, the
third leaves from 14-d-old Arabidopsis seedlings were collected. Leaves were
fixed for 90 min in a solution of absolute ethanol and glacial acetic acid (9:1),
rehydrated in descending ethanol concentrations (70, 50, 40, 30, 20, 10%),
and stored in 50% glycerol solution. Fixed leaves were treated with propi-
dium iodide (2 pM, 1 mL; Sigma-Aldrich) for visualization of the cell outline
using a confocal microscope (Zeiss; LSM 780) with a 25x differential in-
terference contrast (DIC) 0.8 water-immersion objective. Propidium iodide
was excited by a 561-nm laser line. At least four leaves and two images per
leaf (50 to 100 cells per image) from the middle of the leaf blade were
analyzed from each line/treatment. The experiments were repeated
three times.

For pavement cell-shape analysis of cotyledons, 10-d-old seedlings were
used. Cotyledons were directly stained in propidium iodide (2 pM, 1 mL;
Sigma-Aldrich) and imaged using a 25x DIC 0.8 water-immersion objective
mounted on a confocal microscope (Zeiss; LSM 780). Propidium iodide was
excited by a 561-nm laser line. The experiment was repeated three times.

For DR5 signal distribution and auxin transporter distribution analysis, live-
cell microscopy was also performed using a confocal microscope (Zeiss; LSM
780) with a 40x C-Apo 1.2 water-immersion objective. Venus or GFP was
excited by 514- and 488-nm laser lines, respectively. Leaves were treated
with propidium iodide (2 uM, 1 mL; Sigma-Aldrich) for visualization of the
cell outline. The acquired images were analyzed using ImageJ (NIH; http:/
rsb.info.nih.gov/ij). Quantification of DR5:Venus-NLS signal and auxin
transporter localization on membranes of SLGCs was performed on
maximal-intensity projections of Z scans. The DR5 gradients were only ana-
lyzed in developed spirals consisting of a meristemoid/stoma and three
SLGGs, in which the ascending or descending pattern must be followed
throughout all these cells. The experiment was repeated three times.

Plasmolysis was performed using a 1 M NaCl solution, in which the leaves
were incubated for 5 min. The images were acquired analogously as for auxin
transporter distribution. The quantification was performed by separate
analysis of different slices of Z scans as described in S/ Appendix, Fig. S6. The
experiment was repeated three times.

Pavement Cell-Size and -Shape Analysis. The area and lobe number of pave-
ment cells of mixed developmental stages were measured as follows. Con-
focal microscopy raw images from four different third leaves were
preprocessed in order to enhance cell-wall signal using the following Image)
functions: subtract background and enhance contrast. Images were seg-
mented using CellSeT (66). Stomata were then filled with background. Area
was measured for each cell using the analyze particles function in
ImageJ. Lobe number was estimated automatically using the skeletonize
function and the plugin analyze skeleton. Cell-area values were log-
transformed to reduce skewness and statistics was performed using the
Wilcoxon test in R software. Experiments were always repeated three times
in three independent biological replicates, which showed the same patterns.
Only the data from one representative experiment are presented in the
figures, and n values in the figure legends represent the total number of
cells analyzed in that one particular experiment.

SLGC Lobe Outgrowth Angle Quantification. Nonlobed SLGCs were considered
as cells with an outgrowth ratio <1:1 (<10%) and lobed SLGCs as cells with an
outgrowth ratio >1:1 (>10%). Outgrowth ratio was calculated by dividing
the membrane length by the Euclidean point distance (the minimal distance
between two cell corners of the membrane where the lobe will be/has
formed). The positioning of the first SLGC lobe was analyzed by measuring
the angle between the highest point of the lobe (tip) and the center of the
neighboring stoma.

Data Availability. All data underlying the study are available in the paper or S/
Appendix, and all material discussed in the paper will be made available to
readers upon request.
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