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ABSTRACT

Leaf shape is highly variable within and among plant species, ranging from slender to oval shaped. This is

largely determined by the proximodistal axis of growth. However, little is known about how proximal–distal

growth is controlled to determine leaf shape. Here, we show that Arabidopsis leaf and sepal proximodistal

growth is tuned by two phytohormones. Two class A AUXIN RESPONSE FACTORs (ARFs), ARF6 and ARF8,

activate the transcription of DWARF4, which encodes a key brassinosteroid (BR) biosynthetic enzyme. At

the cellular level, the phytohormones promotemore directional cell expansion along the proximodistal axis,

as well as final cell sizes. BRs promote the demethyl-esterification of cell wall pectins, leading to isotropic

in-plane cell wall loosening. Notably, numerical simulation showed that isotropic cell wall loosening could

lead to directional cell and organ growth along the proximodistal axis. Taken together, we show that auxin

acts through biosynthesis of BRs to determine cell wall mechanics and directional cell growth to generate

leaves of variable roundness.
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INTRODUCTION

A fundamental question in biology is to understand how genetic

information directs organ shape formation (Coen et al., 2017;

Gilmour et al., 2017; Das Gupta and Tsiantis, 2018). The

complex 3D organ form emerges from coordinated cell

behaviors. Genetic approaches have proven to be very

powerful in identifying genes, especially upstream regulatory

genes that determine tissue patterning. However, it remains

poorly understood how the upstream genetic inputs are

translated by cellular effectors to direct cell and organ shaping.

It is also unclear how cell behaviors are coordinated to enable

tissue-scale organization.
M

As typical plant organs, plant leaves are an attractive system to

address these questions (Du et al., 2018; Kuchen et al., 2012;

Malinowski et al., 2011; Runions et al., 2017). After initiation

from the shoot apical meristem, leaf primordia develop in three

orthogonal axes, including the adaxial–abaxial (also called dorso-

ventral) axis in the up–downdirection, theproximodistal axis in the

longitudinal direction, and the mediolateral axis in the middle-to-

side direction of the leaf (Figure 1A), to form planar leaves that

balance photosynthesis and evapotranspiration. Growth along
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Figure 1. ARF6 and ARF8 promote leaf and sepal proximodistal growth.
(A) Schematic of three axes of leaves marked by arrows: proximodistal (pr-di) axis, mediolateral (me-la) axis, and adaxial–abaxial (ad-ab) axis.

(B) Silhouettes of the oldest cauline leaves of Col-0 and arf6 arf8 plants.

(C)Quantifications of length, width, length–width ratio, and area of cauline leaves shown in (B). Data are presented as mean ± SD for 12 individual plants.

**P < 0.01 (Student’s t-test).

(D) Phenotypes of stage 14 flowers and their abaxial sepals of Col-0 and arf6 arf8 plants.

(E) Quantifications of length, width, length–width ratio, and area of sepals shown in (D). Data are presented as mean ± SD for 12 individual sepals. **P <

0.01 (Student’s t-test).

(F) Agarose transverse sections of leaf primordia stained with FB28 (red) showing pARF6:n3GFP (green) and pARF8:n3GFP (green) expression. The left

panels show confocal images, and the right panels are heatmaps showingGFP signal intensity. P4 and P5 indicate the fourth and fifth youngest primordia,

respectively.

(G) Reconstructed optical transverse and longitudinal sections of inflorescence apices stained with FM4-64 (red) showing pARF6:n3GFP (green) and

pARF8:n3GFP (green) expression. The planes of longitudinal sections are depicted bywhite dotted lines. m,meristem. Scale bars correspond to 1 cm (B),

1 mm (D), 25 mm (F), and 50 mm (G).
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the adaxial–abaxial, proximodistal, and mediolateral axes

determines the thickness, length, and width of leaves,

respectively.Whereasgrowth in theadaxial–abaxial axis is usually

conserved (Zhao et al., 2020), the balance between the

proximodistal and mediolateral axes is highly divergent between

and within species, resulting in dazzlingly variable leaf shapes.

By modulating growth along these two axes, a range of leaf

shapes can be obtained, such as linear, oblong, elliptical, and

orbiculate. On top of that, further elaborations can generate a

wider spectrum of leaf morphology, such as serrations, lobes

and leaflets. Many other leaf-like organs, such as sepals, share

similar developmental programs. Sepals are initiated from the flo-

ral meristem and develop into a leaf-like form. Despite the differ-

ence in cell shape, cell size, and organ size, leaves and sepals

share many similarities in form acquisition, and are regulated by
950 Molecular Plant 14, 949–962, June 7 2021 ª The Author 2021.
shared gene regulatory networks. For example, ASYMMETRIC

LEAVES1mutations result in reduced growth along the proximo-

distal axis in both leaves and sepals (Sun et al., 2002).

Recent theoretical and experimental work showed how

patterning and growth along leaf margins generate serrations,

lobes, and leaflets in simple and compound leaves (Runions

et al., 2017; Kierzkowski et al., 2019). On the other hand, we

know much less about how proximodistal and mediolateral

growth rates are balanced. Computational modeling has shown

that varying growth along these two axes would lead to leaf

shapes ranging from obcordate to ovate and elliptical (Kuchen

et al., 2012; Runions et al., 2017). The biochemical and

biophysical mechanisms underlying these theoretical models

are urgently demanded.
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The phytohormone auxin plays a significant role in leaf initiation

at the shoot apical meristem periphery (Reinhardt et al.,

2000, 2003; Shi and Vernoux, 2019). Two class A AUXIN

RESPONSE FACTORs (ARFs), MONOPTEROS (MP) and

NONPHOTOTROPIC HYPOCOTYL4, mediate the adaxial–

abaxial polarity-dependent mediolateral growth (Guan et al.,

2017). These ARFs are activated along the leaf margin to

promote blade formation. Moreover, the leaf margin auxin

activity can be discontinuous. The interaction between polar

auxin transport and the expression of CUP-SHAPED COTY-

LEDON2 transcription factor forms interspersed auxin activity

peaks, which form marginal protrusions or leaflets (Bilsborough

et al., 2011; Ben-Gera et al., 2012).

In this study, we show that auxin signaling also contributes to

the promotion of proximodistal growth, and that this is mediated

by brassinosteroid (BR) biosynthesis and signaling. Two addi-

tional class A ARFs activate the expression of a key BR biosyn-

thesis gene to promote BR biosynthesis in the leaf epidermis

layer. BR modulates cell wall pectin methyl-esterification and

wall mechanics, which is expected to be isotropic. Notably,

computational modeling revealed that modulating isotropic

wall mechanics may lead to directional cellular and organ

growth in leaves and sepals. Thus, phytohormone signals that

lack subcellular resolution may direct anisotropic cellular, and

organ growth.
RESULTS

ARF6 and ARF8 promote proximodistal growth

To study the roles of auxin in leaf morphology, we analyzed mu-

tants of class A ARF genes (Guilfoyle and Hagen, 2007), and

found that leaves and leaf-like organs of arf6 arf8 plants were

more rounded than comparably staged wild-type plant organs

(Figure 1B–1E). This change was more obvious in cauline

leaves and sepals. Whereas leaves and sepals of arf6 arf8

plants had comparable widths as the wild type, their lengths

were significantly reduced (Figure 1B–1E). Total leaf and sepal

area was also reduced for arf6 arf8 (Figure 1C and 1E).

By using in situ hybridization, we found thatARF6was enriched in

the adaxial domain of young leaf primordia (P4 leaf primordium in

Supplemental Figure 1) but was ubiquitously expressed in older

leaf primordia (P6 leaf primordium in Supplemental Figure 1),

and that ARF8 was mainly enriched in the epidermis and

adaxial domain of P4 and P6 leaf primordia (Supplemental

Figure 1). Through analyzing expression patterns of ARF6 and

ARF8 fluorescence reporters, we found that ARF6 was

enriched in the epidermis and adaxial domain of P4 and P5 leaf

primordia, and that ARF8 was specifically expressed in the

epidermis of P3–P5 leaf primordia (Figure 1F). In addition,

strong signals were found in stipules for both genes (Figure 1F).

ARF8 was also enriched in the floral primordium epidermis,

whereas ARF6 was enriched in the epidermis of young floral

primordia but was also expressed in the inner cells of older

floral primordia (Figure 1G). Since epidermal restriction plays an

important role in organ shape determination (Kutschera and

Niklas, 2007; Boudon et al., 2015; Qi et al., 2017; Zhou et al.,

2020), we speculate that epidermal auxin signaling mediated by

ARF6 and ARF8 affects proximodistal growth.
M

DWF4 mediates proximodistal growth

To understand the downstream effects of epidermal auxin

signaling, we searched for publicly available auxin-responsive

and epidermal-specific datasets (Goda et al., 2008; Tian et al.,

2019). DWARF4 (DWF4), encoding a key enzyme in BR

biosynthesis (Choe et al., 1998), is both auxin activated and

epidermal enriched. Consistent with previous reports (Azpiroz

et al., 1998; Reinhardt et al., 2007), dwf4 mutant plants had

substantially reduced proximodistal growth (Figure 2).

Homozygous plants for the E1439 allele lack DWF4 transcripts

and have an intermediate proximodistal growth reduction in

cauline leaves and sepals (Figure 2 and Supplemental Figure 2).

The dwf4-102 allele expresses truncated DWF4 transcripts

(Supplemental Figure 2), completely lacks cauline leaves, and

has a dramatic reduction in the proximodistal growth and the

total area of sepals (Figure 2C and 2D). Consistently,

overexpressing DWF4 led to increased proximodistal growth,

both in cauline leaves and sepals, and increased total area in

cauline leaves (Figure 2).
To test whether auxin signaling can activate DWF4 expression,

we treated shoot tissues with the auxin analog 2,4-

dichlorophenoxyacetic acid (2,4-D). Quantitative reverse-tran-

scription PCR (qRT–PCR) analysis indicated that a 2 h 2,4-D

treatment rapidly activated the expression of GFP in an auxin-

responsive pDR5::NLS-GFP reporter line, even in the presence

of the protein synthesis inhibitor cycloheximide (CHX)

(Figure 3A). 2,4-D treatment also rapidly activated DWF4 expres-

sion in the presence of CHX (Figure 3B), suggesting that

activation of DWF4 does not require de novo protein synthesis.

In addition, DWF4 expression was significantly reduced in arf6

arf8 shoot tissues (Figure 3C), suggesting that these two ARF

activators play leading roles in activating DWF4 expression.

Consistently, the expression of DWF4 was detected mostly in

the epidermis of leaf and floral primordia (Figure 3E–3G), and

significantly overlaps with expression patterns of ARF6 and

ARF8 (Figures 1F and 1G; Supplemental Figure 1). RNA in situ

hybridization revealed reduced DWF4 expression in the

epidermis of arf6 arf8 sepal primordia (Figure 3H), consistent

with a significant reduction of DWF4 transcript in arf6 arf8

inflorescence apices shown by qRT–PCR (Figure 3D).
TheDWF4 promoter region contains two auxin response element

(AuxRE) core motifs, a canonical and a non-canonical AuxRE, the

latter one is sufficient for ARF7 recruitment (Chung et al., 2011).

To investigate whether the ARF6 and ARF8 proteins directly

induce DWF4 expression, we employed transient expression

assays in Arabidopsis leaf protoplasts to test the effects of

ARF6 and ARF8 on pDWF4::firefly luciferase (Luc) reporter

expression. We constructed constitutively active truncated

proteins of ARF6 and ARF8 that lack domains III and IV. The

truncated proteins, termed ARF6D and ARF8D, are predicted to

escape the negative regulation conferred by repressive Aux/IAA

binding partners (Krogan et al., 2012). We observed that both

ARF6D and ARF8D promoted expression of pDWF4::Luc

(Figure 3I). In addition, we performed a yeast one-hybrid assay

and found that ARF6 could bind to the promoter fragment

of DWF4 containing the canonical AuxRE motif but not the

non-canonical motif containing fragment, while ARF8 could not

bind to either the canonical or the non-canonical AuxRE
olecular Plant 14, 949–962, June 7 2021 ª The Author 2021. 951



Figure 2. DWF4 promotes leaf and sepal proximodistal growth.
(A) Silhouettes of the oldest cauline leaves of Col-0, E1439, 35S:DWF4, and arf6 arf8 plants.

(B) Quantifications of length, width, length–width ratio, and area of cauline leaves shown in (A). Data are presented as mean ± SD for more than 12

individual plants. *P < 0.05, **P < 0.01 (Student’s t-test).

(C) Phenotypes of stage 13 flowers and their abaxial sepals of Col-0, dwf4-102, E1439, 35S::DWF4, and arf6 arf8 plants.

(D) Quantifications of length, width, length–width ratio, and area of sepals shown in (C). Data are presented as mean ± SD for more than 12 individual

sepals. **P < 0.01 (Student’s t-test). Scale bars correspond to 1 cm (A) and 0.5 mm (C).
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motif-containing fragment (Figure 3J and 3K). Taken together, our

data indicated that DWF4 expression is directly activated by

ARF6 and directly or indirectly activated by ARF8. Furthermore,

the bound motif by ARF6 is different from that by ARF7 (Chung

et al., 2011).

To test whether the reduction of DWF4 expression accounts for

the reduced proximodistal growth in arf6 arf8 plants, we applied

24-epibrassinolide (EBL) to arf6 arf8 inflorescence apices and

found significant restoration of proximodistal growth in sepals

(Figure 3L and 3M). Moreover, the degree of restoration is

positively correlated with the EBL concentration.

Taken together, our data indicate that an auxin–BR crosstalk pro-

motes leaf proximodistal growth. This would predicate that BR

signaling modulates leaf shape. Indeed, we observed similar

proximodistal growth reduction in mutants defective in BR

signaling (Figure 4) (Pérez-Pérez et al., 2002; Wang et al.,

2018), although it is unknown how BR signaling promotes

directional growth.
The phytohormone crosstalk changes cell geometry

To uncover how auxin and BR guide cell growth and further direc-

tional organ growth, we measured abaxial cauline leaf and sepal

epidermal cell geometry (Figure 5A–5F). We observed that arf6

arf8 leaf pavement cells were shorter in the proximodistal

direction, but slightly wider in the mediolateral direction

(Figure 5A and 5B). Sepal epidermal cells from arf6 arf8 were

shorter in the proximodistal direction than wild-type cells but
952 Molecular Plant 14, 949–962, June 7 2021 ª The Author 2021.
had comparable width in the mediolateral direction (Figure 5C

and 5D). dwf4-102 sepal epidermal cells showed a similar

reduction of growth in the proximodistal direction (Figure 5E and

5F). We found comparable cell numbers along the proximodistal

direction among Columbia-0 (Col-0), arf6 arf8, dwf4-102, E1439,

and 35S::DWF4 sepals (Supplemental Figure 3A–3C),

suggesting that the phytohormone crosstalk does not affect cell

division. Of note, the number of giant cells was reduced in dwf4-

102 sepals (Supplemental Figure 3A and 3D).

We further performed time-lapse imaging to better understand

the details of cell growth (Figure 5G–5I). Using MorphoGraphX

(Barbier de Reuille et al., 2015), we segmented abaxial sepal

epidermal cells for two time points at 12 h intervals and

analyzed their growth properties. We measured the ratio of cell

deformation in the maximal direction to the minimal direction

during the growth interval, and referred to this as ‘‘growth

anisotropy.’’ Since sepals at early stages are undergoing high

anisotropic growth along the proximodistal direction (Hervieux

et al., 2016), growth anisotropy is taken as the change of

proximodistal/mediolateral length ratio. Growth anisotropy

includes both growth direction and growth rate along each axis,

and these parameters may simultaneously change. We also

measured cell growth rate as the change of cell size over time.

We observed that cell growth rate was lower, and cell size was

smaller in E1439 and dwf4-102 (Figure 5G–5I). Furthermore, cell

growth anisotropy in E1439 and dwf4-102 was also

substantially reduced compared with controls (Figure 5G and

5I), which is consistent with directional sepal growth along the

proximodistal axis.



Figure 3. ARF6 and ARF8 directly activate the expression of DWF4.
(A) qRT–PCR analysis ofGFP expression in pDR5::NLS-GFP rosette leaves after 2 h 2,4-D, CHX treatment, and their co-treatment. Data are presented as

mean ± SD for three independent experiments. **P < 0.01 (Student’s t-test).

(B) qRT–PCR analysis of DWF4 expression in Col-0 rosette leaves after 2 h 2,4-D, CHX treatment, and their co-treatment. Data are presented as mean ±

SD for three independent experiments. **P < 0.01 (Student’s t-test).

(C and D) qRT–PCR analysis of DWF4 expression in Col-0 and arf6 arf8 seedlings (C) and inflorescence (D). Data are presented as mean ± SD for three

independent experiments. **P < 0.01 (Student’s t-test).

(E) The pattern of DWF4 transcript accumulation in transverse sections of leaf primordia of a Col-0 plant. AS, antisense probe; S, sense probe.

(F) A transverse section of leaf primordia of a heterozygous E1439 plant stained with FB28 (red) showingDWF4 (green) expression. The left panel shows a

confocal image, and the right panel is a heatmap showing GFP signal intensity.

(legend continued on next page)
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Figure 4. BR signaling determines leaf and sepal proximodistal growth.
(A) Vegetative phenotypes of 1-month-old Col-0, bri1-5, and bin2-1 plants.

(B) Silhouettes of the oldest cauline leaves of Col-0, bri1-5, and bin2-1 plants.

(C) Phenotypes of stage 13 flowers and their abaxial sepals of Col-0, bri1-5, and bin2-1 plants.

(D) Quantifications of length, width, and length–width ratio for cauline leaves shown in (B). Data are presented as mean ± SD for more than 12 individual

plants. **P < 0.01 (Student’s t-test).

(E) Quantifications of length, width, and length–width ratio for sepals shown in (C). Data are presented as mean ± SD for more than 12 individual sepals.

**P < 0.01 (Student’s t-test). Scale bars correspond to 1 cm (A and B) and 1 mm (C).
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The phytohormone crosstalk regulates pectin
demethyl-esterification and reduces wall elasticity

Cell wall mechanics strongly influence cell growth (Ali et al., 2014;

Sampathkumar et al., 2014). In the root, BRs promote demethyl-

esterification of pectic homogalacturonan (HG) (Wolf et al.,

2012). We used the monoclonal antibody 2F4 and LM19

(Verhertbruggen et al., 2009), which specifically labels low

methyl-esterified and demethyl-esterified HG, respectively, to

analyze the demethyl-esterification status of HG in sepal cross-

sections. We quantified the mean fluorescence levels of 2F4

and LM19 signals in adaxial and abaxial epidermal cells, respec-

tively, and found that 2F4 and LM19 signal intensities were

decreased in dwf4-102 adaxial epidermal cells, and that 2F4

signal intensity was also decreased in dwf4-102 abaxial

epidermal cells (Figure 6A–6C and Supplemental Figure 4),
(G) The pattern of DWF4 transcript accumulation in a series of transverse sec

(H) Comparison of DWF4 transcript accumulation in longitudinal sections of

bridization. Note the decrease of expression levels in arf6 arf8 sepals, shown

(I) The relative activity of pDWF4::LUC induced by ARF6D and ARF8D in proto

independent experiments. **P < 0.01 (Student’s t-test).

(J)Schematic of the 1 kb promoter of theDWF4 gene. The green box indicates

indicates a canonical AuxRE (50-TGTCTC-30, -381 ~ -386) site. The underlying

(K) Y1H assay of DWF4 genomic fragments shown in (J) with ARF6, ARF8, o

(L) Phenotypes of stage 13 flowers and their abaxial sepals of arf6 arf8 after

control.

(M) Quantifications of length, width, and length–width ratio of sepals shown in

(Student’s t-test). Scale bars correspond to 25 mm (E–H) and 1 mm (L).
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suggesting that BRs promote HG demethyl-esterification in se-

pals as in roots.

HG demethyl-esterification changes multiple facets of wall me-

chanics. Tensile stretching assays show that HG demethyl-

esterification increases wall plasticity, which is expected to

be isotropic in-plane (Wang et al., 2020). At the same

time, nanoindentation assays indicate that HG demethyl-

esterification reduces elastic modulus normal to the wall surface

(Peaucelle et al., 2011; Wang et al., 2020). As it is impossible to

isolate sepal walls for tensile stretching assays, we performed

atomic force microscopy (AFM)-based nanoindentation assays

to measure the elastic modulus of the abaxial epidermal cell

wall in living cauline leaves and sepals (Figure 6D and 6E;

Supplemental Figure 5). We randomly selected multiple cells
tion through an inflorescence apex of Col-0 plant.

the stage 3 flower sepals of Col-0 and arf6 arf8 plants through in situ hy-

by the red arrows. se, sepal.

plast, normalized by the mock. Data are presented as mean ± SD for three

a non-canonical AuxRE (50-TGTGCTC-30, -683 ~ -689) site, and the red box

lines represent the DNA fragments used for Y1H assay.

r AD (pDEST22) plasmid as control.

treatment with 1.5 mM 24-epibrassinolide (EBL), 15 mM EBL, or water as

(L). Data are presented as mean ± SD for 12 individual sepals. **P < 0.01



Figure 5. The phytohormone crosstalk
modulates anisotropic cell growth.
(A) Morphologies of abaxial epidermal cells of the

oldest cauline leaves of Col-0 and arf6 arf8 plants.

(B)Quantifications of cell lengths of cauline leaves

shown in (A) along proximodistal and mediolateral

axes, respectively. Distal, middle, and proximal

regions were separately quantified. Data are pre-

sented as mean ± SD for the average value from

20 cells of a plant; 10 individual plants were used

for quantification. *P < 0.05, **P < 0.01 (Student’s

t-test).

(C) Morphologies of abaxial epidermal cells of

stage 14 flower sepals of Col-0 and arf6 arf8

plants.

(D) Quantifications of cell lengths of sepals shown

in (C) along proximodistal and mediolateral axes,

respectively. Distal, middle, and proximal regions

were separately quantified. Data are presented as

mean ± SD for the average value from 20 cells of a

sepal; 10 individual sepals were used for quanti-

fication. *P < 0.05 (Student’s t-test).

(E) Morphologies of abaxial epidermal cells of

stage 14 flower sepals of Col-0 and dwf4-102

plants.

(F) Quantifications of cell lengths of sepals shown

in (E) along proximodistal and mediolateral axes,

respectively. Distal, middle, and proximal regions

were separately quantified. Data are presented as

mean ± SD for the average value from 20 cells of a

sepal, 10 individual sepals are used for quantifi-

cation. *P < 0.05, **P < 0.01 (Student’s t-test).

(G) Heatmaps of cellular growth rate and cellular

growth anisotropy quantified based on cell lineage

maps for abaxial sepal cells of stage 3 flowers of

Col-0, E1439, and dwf4-102 plants.

(H) Quantifications of cell area for sepals shown in

(G). Each data column is displayed in boxplots. **P

< 0.01 (Student’s t-test).

(I) Quantifications of cellular growth rate and

cellular growth anisotropy for sepals shown in (G).

The cellular growth rate was calculated as the ratio

of cell area in the corresponding growth interval.

Cellular growth anisotropy is calculated as the

ratio of cell deformation in themaximal direction to

the minimal direction in the corresponding growth

interval. Each data column is displayed in box-

plots. **P < 0.01 (Student’s t-test). Scale bars

correspond to 25 mm (A), 50 mm (C and E), and

20 mm (G).
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within each spatial domain from wild-type, arf6 arf8, E1439, and

35S::DWF4 leaves and from the middle domain of their sepals.

The strong dwf4-102 allele lacks cauline leaves and its sepals

are too small to perform reliable AFM measurements. By quanti-

tatively comparing the elastic moduli of epidermal cell walls from
Molecular Plant 14, 94
comparable regions without vertical (anti-

clinal) cell walls below, we found that

arf6 arf8 and E1439 leaves and sepals

had higher elastic moduli than wild type,

and 35S::DWF4 leaves and sepals had

a lower elastic modulus (Figure 6D and

6E; Supplemental Figure 5). Although
the indentation modulus of the weak E1439 allele and

35S::DWF4 sepals and leaves are significantly different from

the wild type, we could not detect significant differences in

fluorescence intensity by LM19 immunolabeling, likely due to its

low sensitivity.
9–962, June 7 2021 ª The Author 2021. 955



Figure 6. The phytohormone crosstalk reg-
ulates pectin demethyl-esterification and
wall elasticity.
(A) Transverse sections through sepals of stage 8

flowers of Col-0 and dwf4-102 plants stained with

DAPI (red) showing 2F4 labeling (green) of low

methyl-esterification HG.

(B) Heatmaps of 2F4 signal intensity in (A). ad,

adaxial side; ab, abaxial side. The yellow dotted

lines indicate the epidermal cells used for quanti-

tative analysis of 2F4 signal intensity.

(C) Quantitative analysis of 2F4 signal intensity in

(B). Data are presented as mean ± SD for more

than 12 individual sepals. *P < 0.05, **P < 0.01

(Student’s t-test).

(D) Quantifications of the apparent Young’s

modulus of epidermal cells obtained by AFM for

distal, middle, and proximal regions of cauline

leaves of Col-0, E1439, arf6 arf8, and 35S::DWF4

plants. A total of 10 cells in five leaf samples were

recorded per region for each plant, with epidermal

cell topography and elasticity provided in

Supplemental Figure 5A. Data are presented as

mean ± SD. *P < 0.05, **P < 0.01 (Student’s t-test).

(E) Quantifications of the apparent Young’s

modulus of epidermal cells obtained by AFM for

middle region of sepals of Col-0, E1439, arf6

arf8, and 35S::DWF4 plants. A total of five cells

in five sepal samples were recorded for each

plant, with epidermal cell topography and

elasticity provided in Supplemental Figure 5B.

Data are presented as mean ± SD. *P < 0.05, **P

< 0.01 (Student’s t-test).

Scale bar corresponds to 50 mm.
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Modulating isotropic wall mechanics may affect
directional growth

The above chain of molecular events suggests that a crosstalk of

phytohormones regulates in-plane isotropic wall mechanics.

How do wall mechanics regulate directional cell and organ

growth? To this end, computational modeling offers a way to un-

derstand growth and geometry (Roeder et al., 2011; Ali et al.,

2014; Runions et al., 2017; Whitewoods and Coen, 2017).

Plant cell growth is determined by the balance between turgor

pressure and wall restriction. Whereas turgor pressure is uniform

and isotropic, anisotropic wall restriction leads to asymmetric cell

growth (Ali et al., 2014; Sampathkumar et al., 2014). The

orientation of the rigid cellulose microfibrils commonly provides

directional restrictions to wall expansion. The pattern of

cellulose microfibrils relies on cortical microtubule (CMT)

orientation (Paredez et al., 2006). In sepals, CMTs generally

align more in the mediolateral direction, as shown by the MBD-

GFP reporter (Hervieux et al., 2016). We observed comparable

MBD-GFP alignment in 35S::DWF4 sepals (Supplemental

Figure 6). These observations are consistent with stronger

restriction of expansion along the mediolateral direction, and

more expansion along the proximodistal direction.

We first developed a cell growth model to describe cell shape

changes resulting from the balance between turgor and wall re-

striction. Thewall was set to be anisotropic, and the elasticity ma-

trix was split into two parts: one isotropic, and the other aniso-
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tropic in a fixed direction. The former part represents

mechanical restriction derived from pectin, hemicellulose, and

isotropically aligned cellulose, whereas the latter part corre-

sponds to anisotropic cellulose microfibrils. To model growth,

we treated the elastic and plastic regimes separately and

modeled growth incrementally. Based on turgor pressure and

wall elasticity, we computed the equilibrium shape of each

step, which provides the initial shape for the following step.

Turgor is then applied again in the subsequent step (see

Supplemental information for more details).

Based on experimental observations, we fixed anisotropic wall

restriction, and altered the levels of isotropic wall restriction to

recapitulate different levels of elastic modulus in each genotype.

By altering isotropic wall restriction, we obtained different levels

of directional cell growth (Figure 7A and 7B). When the isotropic

wall restriction is increased, we obtained reduced growth

anisotropy and growth rate, mimicking the dwf4 mutants.

Consistently, reducing the isotropic wall restriction resulted in

more anisotropic growth and increased growth rate, mimicking

35S::DWF4 cells.

We next modeled sepal and leaf growth using a finite element

method that accounts for the outer epidermal walls as a contin-

uous two-dimensional surface (Hervieux et al., 2016). Starting

with a semicircular shape, a primordium is under uniform turgor

pressure. After the maturation gradient (Andriankaja et al.,

2012; Hervieux et al., 2016; Kuchen et al., 2012), we assigned



Figure 7. Isotropic wall biomechanical
property may influence cell and organ
growth anisotropy.
(A) Cell directional growth model results of Col-0,

dwf4-102, E1439, and 35S::DWF4 plants. The

magenta dotted line indicates the original shape of

the cell (square), and the black solid line indicates

the cell shape after growth.

(B) The predicted cell growth anisotropy in Col-0,

dwf4-102, E1439, and 35S::DWF4 plants.

(C)Sepal growth simulation results of Col-0, dwf4-

102, E1439, and 35S::DWF4 plants. The first row

represents the original shape (half-circle) of the

sepal; the second row represents the early

extension of the sepal; the third row represents

the late-stage shape. The heatmap shows the

growth anisotropy in different types and different

stages of the plants.

(D) The predicted length–width ratio for the late-

stage sepals of Col-0, dwf4-102, E1439, and

35S::DWF4 plants.
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the elastic modulus to increase along the proximodistal axis with

the tip having the highest value. On top of that, we applied a

directional wall restriction in the mediolateral direction. Wall

mechanics and growth were described similarly to the above

model. This model reproduces early sepal development

(Figure 7C and 7D), including the sharp decay in growth rate

(Hervieux et al., 2016; Fox et al., 2018).

Whenwe altered the isotropic wall restriction, we obtained sepals

with different levels of proximodistal growth (Figure 7C and 7D).

The model predictions were well lined with the experiments,

and revealed a nonlinear negative relationship between the

length/width ratio of a cell and its isotropic wall elastic modulus

(Supplemental Figure 7), which is inferred from the underlying

elastodynamics simulations. When the isotropic wall restriction

was increased, we obtained reduced proximodistal growth,

mimicking dwf4 and BR signaling mutants. Consistently,

reducing isotropic wall restriction resulted in extended

proximodistal growth, mimicking the growth pattern of

35S::DWF4 plants. In contrast, mediolateral growth was only

mildly affected. Through sensitivity analysis, we showed that

our model conclusion is robust in the reasonable parameter

space (Supplemental Figure 7B).

DISCUSSION

Plantorganmorphogenesisarises fromcoordinatedchanges incell

shape determined by cell wall mechanics and subsequent wall re-

striction. Patterns of gene expression define cell behaviors in part

by controlling cell wall biomechanics. We investigate how a tran-

scriptional regulation connecting two phytohormone pathways in-

fluences the orientation of cell growth to generate different leaf

shapes. To this end, we combined molecular and genetic studies

with cellular-level growth andmechanical data. Coupledwith theo-

retical modeling, we showed that auxin and BRs isotropically influ-

ence wall mechanical properties, which remarkably translates into

directional cell and organ growth to determine leaf roundness.

At the level of gene regulation, we found that two class A ARFs,

ARF6 and ARF8, were expressed mainly in the epidermis. As part
M

of the auxin signaling pathway, ARF6 and ARF8 promote proximo-

distal growth in leaves and sepals. By contrast, MP, a related class

A ARF, activatesWOX gene expression in internal cells, which pro-

motes mediolateral growth (Guan et al., 2017). The expression

patterns of MP and ARF6/ARF8 are largely complementary. We

further showed that ARF6 and ARF8 promote the expression of

the BR biosynthetic gene DWF4 through direct or indirect binding

to its promoter region. Like ARF6 and ARF8, the DWF4 transcript

is also enriched in the epidermis. Thus, epidermal BR signaling is

downstream of auxin to promote proximodistal growth. This

model is in line with the proposal that epidermal restriction plays

an important role in organ shape determination (Kutschera and

Niklas, 2007; Boudon et al., 2015; Qi et al., 2017; Zhou et al.,

2020). Note that the phenotype of arf6 arf8 leaves is milder than

that of the strong dwf4-102 allele, suggesting the potential

involvement of additional ARF genes and other genes in

regulating DWF4 expression.

At the cellular effectors level, our data showed that the auxin and

BR crosstalk promoted HG demethyl-esterification in sepals and

leaves, as in other organs and tissues (Wolf et al., 2012;

Braybrook and Peaucelle, 2013). This regulation provides a link

between upstream regulatory genes and signaling molecules to

downstream cellular effectors. We found that HG demethyl-

esterification correlates with reduced cell wall nanoscale indenta-

tion elastic modulus as measured by AFM. This is likely associ-

ated with increases in isotropic in-plane wall plasticity (Wang

et al., 2020). Our theoretical analysis explained why modulating

the isotropic wall mechanical property can result in directional

cell and organ growth. Together with a reduction in growth

anisotropy, cell growth, i.e., the change of cell size, is also

reduced in the mutants and shown by simulations. As

mentioned earlier, these parameters are interconnected. For an

anisotropically growing cell, more growth would further

increase the anisotropy of cell shape. Auxin and BR promote

proximodistal growth more than mediolateral growth, leading to

increased growth anisotropy and growth rate in general.

Leaf roundness is an important factor affecting adaptation to the

environment.Previouswork showed thatmodulatingamechanical
olecular Plant 14, 949–962, June 7 2021 ª The Author 2021. 957
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feedbackmechanism can change leaf shape roundness (Hervieux

et al., 2016). Our findings provide a remarkable example in which

modulating isotropic wall mechanical properties can also impact

directional growth. Change of leaf roundness is a classical BR

signaling phenotype, although the underlying mechanism

remains unknown. Our findings explain why BR signaling, whose

components are usually isotropic at the subcellular level, can

regulate directional cell and organ growth.

METHODS

Growth conditions

Arabidopsis thaliana plants were grown on soil in a growth chamber under

constant light at 22�C. For phenotype observation of cauline leaves and

sepals, plants were grown under constant light conditions until they had

three to five siliques. For gene expression analysis in leaves, plants

were grown under short-day conditions (8 h light/16 h dark) for 15 days

before in situ hybridization or low-melting agarose sectioning.

Genetic material

The Arabidopsis thaliana ecotype Col-0 was used as the wild type. The

arf6-1 arf8-2 (CS24632) (Okushima et al., 2005), E1439 (CS70104)

(Reinhardt et al., 2007), dwf4-102 (SALK_020761) (Nakamoto et al.,

2006), 35S::DWF4 (Belkhadir et al., 2012), bin2-1 (Li et al., 2001),

pARF6::n3GFP, pARF8::n3GFP (Rademacher et al., 2011), and

pDR5::NLS-GFP (De Rybel et al., 2010) are in the Col-0 background.

The bri1-5 mutant is in the Wassilewskija-2 (Ws-2) background (Noguchi

et al., 1999). The 35S::GFP-MBD is in the Ws-4 background (Hervieux

et al., 2016). 35S::DWF4 35S::GFP-MBD was generated by crossing.

Chemical treatment, RT–PCR and qRT–PCR

For 2,4-D treatment, a 1 M stock solution of 2,4-D in DMSO was diluted

with 1/2 MS liquid medium to a final concentration of 5 mM. 1/2 MS liquid

medium with only DMSO was used as a mock control. For 2,4-D and

CHX treatment, a 1 M stock solution of 2,4-D and a 10 mM stock solution

of CHX in DMSO were diluted with 1/2 MS liquid medium to a final concen-

tration of 5 mM and 10 mM, respectively. 1/2 MS liquid medium with only

DMSO was used as a mock control. Seedlings grown on 1/2 MS medium

for 10 days under constant light were soaked in the above treatment

solutions.

For EBL treatment, a 1 M stock solution of EBL in ethyl alcohol was diluted

with water to a final concentration of 1.5 or 15 mM. Water was used as a

mock control. Four-week-old plants under constant light were sprayed

three times at 2-day intervals with the above treatment solutions.

Total RNA was extracted from seedlings with roots and cotyledons

removed or inflorescences using the AxyPrep Multisource RNA Miniprep

Kit (Corning) according to the manufacturer’s instructions. The first strand

of cDNA was synthesized using the TransScript One-Step gDNA Removal

and cDNA Synthesis SuperMix (TransGen Biotech) and then used as the

templates for RT–PCR or qRT–PCR. qRT–PCR was performed on a Bio-

Rad CFX96 real-time detection system using the KAPA SYBR FAST

qPCR kit (Kapa Biosystems). ACTIN2 (AT3g18780) was used as the refer-

ence gene to normalize the relative expression for qRT–PCR analysis. The

primers used in RT–PCR or qRT–PCR are listed in Supplemental Table 1.

In situ hybridization

The probe for ARF6 was generated through amplifying nucleotides +1180

to +2370 of the ARF6 coding sequence with primers oFD119 and oFD120.

The probe of ARF8 was generated through amplifying nucleotides +1138

to +2099 of the ARF8 coding sequence with primers oFD121 and oFD122.

The probe of DWF4 was generated through amplifying nucleotides +1

to +1068 of the DWF4 coding sequence with primers oFD123 and

oFD124. The PCR fragments were cloned into the pGEM-T Easy vector
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(Promega) for in vitro transcription using the Digoxigenin Labeling Kit

(Roche). The long probes were then hydrolyzed to an average length of

150 bp and resuspended in 50% formamide at the desired concentra-

tions. Primers for amplifying probes are listed in Supplemental Table 1.

Nonradioactive in situ hybridization was performed on 8 mm paraffin sec-

tions cut with a Leica RM2255 rotary microtome as described previously

(Zhang et al., 2017). Both the hybridization and washing processes were

performed at 55�C, with signal development at room temperature.

Yeast one-hybrid assay

To make the bait constructs for yeast one-hybrid assay, the promoter

fragments of DWF4 were amplified from genomic DNA and inserted into

pAbAi vector (Clontech). To make the prey constructs, the coding se-

quences of ARF6 and ARF8 were amplified from cDNA and inserted into

the pDEST22 (Life Technologies) vector, respectively. The primers used

for vector construction were listed in Supplemental Table 1.

The bait plasmids were linearized by BstBI restriction enzyme and inte-

grated into yeast strain Y1HGOLD using polyethylene glycol (PEG)-medi-

ated transformation according to the manufacturer’s instructions (Yeast

Hand Book; Clontech, PT3024-1). After selection on media lacking uracil

and verification by PCR using an AbAr gene-specific primer and a yeast

genome-specific primer, bait strains were tested for background AbAr

expression. According to the manufacturer’s manual (Matchmaker Gold

Yeast One-Hybrid Library Screening System, Clontech, 630491), prey

plasmids were directly transformed into bait strains through PEG-

mediated transformation, and transformants were selected on media

lacking uracil and tryptophan but containing 500 ng/ml aureobasidin A

(AbA). An equal amount of transformed yeast culture was plated on me-

dium lacking uracil and tryptophan without addition of AbA to control for

transformation efficiency. Positive interactions were identified based on

growth ability after transformation on AbA-containing medium for

3 days. All interactions were validated by retesting using the same

procedure.

Transient expression in protoplasts

The truncated coding sequences of ARF6 (2352 bp downstream of the

start codon) and ARF8 (2112 bp downstream of the start codon), termed

ARF6D and ARF8D, were amplified from Arabidopsis cDNA by PCR and

inserted into the pUC19-p35S-FLAG-RBS vector, respectively (Feng

et al., 2012). To generate the DWF4 promoter-driven Luc vector,

1942 bp upstream of the DWF4 start codon was amplified from Arabidop-

sis genomic DNA. PCR fragments were inserted into the corresponding

sites of the pFRK1::Luc vector (Feng et al., 2012). The primers used for

vector construction are listed in Supplemental Table 1.

Isolation of Arabidopsis protoplasts and PEG-mediated transfection were

performed as described previously (Zhao et al., 2017). The transformation

of only the pDWF4::Luc construct into protoplasts was used for mock

control.

Agarose sectioning

For agarose sectioning, seedlings were grown in 1/2 MS medium under

short-day conditions for 15 days after seed germination. Seedling roots

and cotyledons were removed, collected, and immediately immersed in

precooled 2.5% paraformaldehyde (PFA) (Sigma-Aldrich) at pH 7.0, vac-

uum infiltrated for 30 min at 4�C, and then stored overnight at 4�C. The
fixed tissue samples were washed with 10% (w/v) sucrose with 1% PFA

at pH 7.0 for 20 min, 20% sucrose with 1% PFA at pH 7.0 for 20 min,

and 30% sucrose with 1% PFA at pH 7.0 for 30 min, successively. The

samples were then embedded in 6% (w/v) low-melting agarose (Promega)

liquid gel at 30�C and placed at 4�C for 15 min to solidify. Sections of 40–

50 mmwere made using a Leica VT1000S vibratome and then stained with

0.01% Fluorescent Brightener 28 (FB28) (Sigma-Aldrich) for 20 min in
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darkness. After three washes in water, sections were examined using a

confocal laser scanning microscope as detailed below.
Live imaging

For live imaging of epidermal cell geometry of cauline leaves or sepals,

plants were grown under constant light conditions until they had three

to five siliques. The oldest cauline leaves and stage 13/14 flower sepals

were detached and 10 mg/ml FM4-64 (Thermo Fisher) plus 0.01% (v/v)

Silwet-77 (Coolaber) were applied for 10 min. The abaxial side of cauline

leaves and sepals were facing upward under coverslips and examined us-

ing a confocal laser scanning microscope.

For live imaging of sepals or flowers, we used fine forceps and fine syringe

tips to carefully remove siliques and old flowers (older than stage 3) under

a stereomicroscope (Nikon, SMZ18). The dissected inflorescence apex

was directly imaged (for CMT array imaging) or stained with 10 mg/ml

FM4-64 for 10 min on ice before imaging. Live imaging was performed us-

ing a 603 water immersion lens. For time-lapse live imaging, the water

was discarded and the dissected inflorescence apex was transferred

back to the growth medium (1/2 MS medium with 1% agarose on the

top) and cultured in vitro for 12 h under long-day conditions before imag-

ing at the next time point. Confocal stacks were acquired at 10243 1024-

pixel resolution. For accurate curvature analysis (i.e., the analysis of cell

growth rate, cell growth anisotropy and CMT array anisotropy in Mor-

phoGraphX), the distance between stacks was set to 0.5 mm.
Optical microscopy, confocal microscopy, and scanning
electron microscopy

The optical photographswere taken using a Nikon SMZ1000 stereoscopic

microscope or an Olympus BX60 microscope equipped with a Nikon DS-

Ri1 camera head. Confocal imaging was performed using a Nikon A1

confocal laser scanning microscope. To detect 40,6-diamidino-2-

phenylindole (DAPI) (Sigma-Aldrich) and FB28 staining, a 405 nm laser

line was used for excitation, and emission was collected at 425–475 nm.

To detect the GFP signal, a 488 nm laser line was used for excitation,

and emission was collected at 500–530 nm. To detect FM4-64 staining,

and Alexa Fluor 546 signal, a 561 nm laser line was used for excitation,

and emission was collected at 660–740 nm. Scanning electron micro-

scopy was performed using the Hitachi S-3000N variable pressure scan-

ning electron microscopy.
Image analysis

The optical sectioning of the confocal image stacks and cell lengths along

different directions were analyzed using Nikon NIS-Elements software.

Time-lapse confocal series were processed using MorphoGraphX as

described previously (Barbier de Reuille et al., 2015) and as detailed

below. The confocal stacks of a flower were converted to TIFF format

using FIJI (Schindelin et al., 2012) and subsequently imported into

MorphoGraphX. The TIFF image stacks were processed with Gaussian

blur and edge detect to extract a solid shape of the flower.

Subsequently, the solid shape was loaded with a triangular mesh on its

surface using 5 mm cubes. After the mesh was smoothed and

subdivided several times to reach �200 000 vertices and to have a

similar shape as the original stacks, FM4-64 signal was projected perpen-

dicularly onto the extracted surface using a depth of 1–3 mm from the

epidermis within the stacks. After sepal cells were manually seeded and

segmented, cell lineage in the 12 h time interval was determined manually

by matching mother and daughter cell labels. Heatmaps of cell growth

rate were produced using the cell lineage map and shown with the ratio

of cell area during the 12 h time interval (cell area at the second time point

divided by the cell area at the first time point). The resulting values of the

heatmap of the cellular growth rate were exported and analyzed in Excel.

Cell areas were exported by using the heatmap function inMorphoGraphX

and analyzed in Excel.
M

For the analysis of cell growth anisotropy, after the mother and daughter

stacks were processed with fixed corners, the heatmap of cell growth

anisotropy was generated using the correspondence of corners between

mother and daughter cells and shown with the ratio of cell deformation in

the maximal direction to the minimal direction in the 12 h time interval. The

resulting values of the heatmap of cell growth anisotropy were exported

and analyzed in Excel. Heatmaps of cell growth rate and cell growth

anisotropy in the 12 h time interval were displayed on the first time point.

For the analysis of CMT array orientation and anisotropy, the confocal

stacks of a sepal were processed in MorphoGraphX to segment the indi-

vidual cells by using the above procedures, and then the principle orien-

tation and the heatmap of anisotropy of CMT arrays were computed

based on a related algorithm in MorphoGraphX. The resulting values of

the heatmap of CMT array anisotropy were exported and analyzed in

Excel.

The measurement of fluorescence intensity was described previously (Shi

et al., 2016).
Immunohistochemistry

The immunofluorescence labeling of demethyl-esterified HG was

described previously (Qi et al., 2017) and is detailed below. Arabidopsis

inflorescence apices were collected and placed in precooled methanol,

vacuum infiltrated for 30 min at 4�C, and stored overnight at 4�C. After
dehydration, apices were embedded in Steedman’s wax composed of

PEG 400 distearate and 1-hexadecanol (Sigma-Aldrich). The wax ribbons

of 6 mm sections were cut using a Lecia RM2255 microtome. After rehy-

dration, the sections were pretreated for 1 h with 2% (w/v) BSA in T/Ca/

S (20 mM Tris–HCl, 1 mM CaCl2, 150 mM NaCl [pH 8.2], for the 2F4 anti-

body) or PBS (for the LM19 antibody) buffer and incubated overnight with

the antibody hybridoma supernatant (PlantProbes) diluted 1:500 in buffer

containing 0.1% (w/v) BSA. After three washes in buffer with 0.1% (v/v)

Tween 20, sections were incubated for 1 h with secondary Alexa Fluor

546 goat anti-mouse IgG (Thermo Fisher, for the 2F4 antibody) or Alexa

Fluor 546 goat anti-rat IgG (Thermo Fisher, for the LM19 antibody), diluted

1:750 in buffer containing 0.1% (w/v) BSA. After additional rinses in buffer

with 0.1% (v/v) Tween 20, sections were stained with 1 mg/ml DAPI for

5 min. After three washes in water, sections were mounted in ProLong

Antifade (Thermo Fisher) under coverslips and examined using a confocal

laser scanning microscope.
AFM

AFM indentation experiments were carried out with a BioScope Catalyst

AFM (Bruker) as described previously (Qi et al., 2017). The experimental

setup is expected to have limited influence by turgor pressure.

PeakForce QNM AFM was used to record surface topology and create

an elastic modulus map. All measurements were performed using

standard pyramidal silicon nitride probes (SCANASYST-AIR; Bruker)

with triangular cantilevers. The probe’s tip radius of 2 nm was given by

the manufacturer, and its spring constant was around 0.4 N/m. Each

probe was calibrated based on a relative calibration method by �10 nm

indentation on the Bruker’s polystyrene test sample (PDMS-SOFT-2

with 3.5 megapascals), in water. The topology and elastic modulus

images were collected, based on 10 nm indentation setting, with a size

of 20 3 20 mm2 in cauline leaves and 5 3 5 mm2 in sepals, and at a

resolution of 512 3 512 pixels. A 0.5 Hz scanning rate was used and the

Possion’s rate was set as 0.5. For our samples, we obtained over

262 144 elastic modulus values for 512 3 512 pixel for each scanned

image.

Cauline leaves with a 2 mm width and sepals with a 1 mm width were de-

tached from stems or flowers and then used for the measurement. The

abaxial side of cauline leaves and sepals were facing upward and then

adhered to a Petri dish using nail polish. All indentation experiments
olecular Plant 14, 949–962, June 7 2021 ª The Author 2021. 959
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were carried out in water at room temperature. The data were analyzed

using Nanoscope Analysis version 1.8 software and Excel.

Quantification and statistical analysis

For phenotypic quantification (as shown in Figures 1C, 1E, 2B, 2D, 3M, 4D,

and 4E), length, width, and area of cauline leaves and sepals were

measured using FIJI, the values of length, width, and area were

exported and analyzed with Excel to calculate the average length,

width, length–width ratio, and area. The resulting data were presented

as mean ± SEM, and at least 12 individual cauline leaves or sepals were

used for quantification. Statistical analysis was performed using Student’s

t-test in Excel, and P values less than 0.05 were considered significantly

different for any set of data.

For gene expression analysis via in situ hybridization (as shown in

Supplemental Figure 1 and Figure 3E, 3G, and 3H), two biological

replicates were performed, and each biological replicate was run in at

least five plants for antisense probe hybridization and at least two plants

for sense probe hybridization. For gene expression analysis via low-

melting agarose sectioning (as shown in Figures 1F, 1G, and 3F), at

least three independent plants were analyzed. For signal intensity

measurement of LM19 and 2F4 (as shown in Figure 6C and

Supplemental Figure 4C), at least 12 independent sepals were analyzed

with FIJI. Statistical analysis was performed using a Student’s t-test in

Excel, and P values less than 0.05 were considered as significantly

different for any set of data.

For qRT–PCR analysis (as shown in Figure 3A–3D), at least three

independent biological replicates were used for each sample and each

biological replicate run in technical triplicate. For transient transfection

assays in Arabidopsis protoplasts (as shown in Figure 3I), at least three

independent biological experiments were performed and each run in

technical triplicate. Statistical analysis was performed using a Student’s

t-test in Excel, and P values less than 0.05 were considered as

significantly different for any set of data.

For quantification of cell lengths of cauline leaves and sepals along prox-

imodistal and mediolateral axes, 200 cells from 10 plants were used for

quantification (as shown in Figure 5B, 5D, and 5F). Statistical analysis

was performed using a Student’s t-test in Excel, and P values less than

0.05 were considered as significantly different for any set of data. For

quantification of cell area, cellular growth rate, and cellular growth

anisotropy of sepals (as shown in Figure 5H and 5I), data are displayed

in boxplots, and n represents the number of cells from three individual

plants used for quantification. The details are as follows: Col-0 (n =

112), E1439 (n = 144), and dwf4-102 (n = 124). Statistical analysis was per-

formed using Student’s t-test in Excel, and P values less than 0.05 were

considered significant for any set of data.
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