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ABSTRACT The spatial gradient of signaling molecules is pivotal for establishing developmental patterns of multicellular or-
ganisms. It has long been proposed that these gradients could arise from the pure diffusion process of signaling molecules be-
tween cells, but whether this simplest mechanism establishes the formation of the tissue-scale gradient remains unclear.
Plasmodesmata are unique channel structures in plants that connect neighboring cells for molecular transport. In this study,
we measured cellular- and tissue-scale kinetics of molecular transport through plasmodesmata in Arabidopsis thaliana devel-
oping leaf primordia by fluorescence recovery assays. These trans-scale measurements revealed biophysical properties of diffu-
sive molecular transport through plasmodesmata and revealed that the tissue-scale diffusivity, but not the cellular-scale
diffusivity, is spatially different along the leaf proximal-to-distal axis. We found that the gradient in cell size along the develop-
mental axis underlies this spatially different tissue-scale diffusivity. We then asked how this diffusion-based framework functions
in establishing a signaling gradient of endogenous molecules. ANGUSTIFOLIA3 (AN3) is a transcriptional co-activator, and as
we have shown here, it forms a long-range signaling gradient along the leaf proximal-to-distal axis to determine a cell-prolifer-
ation domain. By genetically engineering AN3 mobility, we assessed each contribution of cell-to-cell movement and tissue
growth to the distribution of the AN3 gradient. We constructed a diffusion-based theoretical model using these quantitative
data to analyze the AN3 gradient formation and demonstrated that it could be achieved solely by the diffusive molecular transport
in a growing tissue. Our results indicate that the spatially different tissue-scale diffusivity is a core mechanism for AN3 gradient
formation. This provides evidence that the pure diffusion process establishes the formation of the long-range signaling gradient
in leaf development.
INTRODUCTION
Many developmental patterns are critically dependent on
spatial gradients of signaling molecules in multicellular or-
ganisms. A seminal work theoretically postulated that pure
diffusion of signaling molecules from a restricted source is
sufficient to establish such tissue-scale gradients (1).
Despite the prominence of this diffusion-based framework
in development (2,3), quantitative studies, mainly conduct-
ed in animal developmental systems, have not yet demon-
strated this hypothetical model in multicellular tissues.
This is due to complex processes involved in morphogen
transport in animals, such as interactions with proteogly-
cans, that influence the tissue-scale mobility of signaling
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molecules, in addition to rapid extracellular diffusion
(4–6). This complex interplay makes it difficult to link
cellular-scale molecular transport with tissue-scale mobility
to understand signaling-gradient formation. Given this situ-
ation, the diffusion-based model is still restricted in a
Drosophila Bicoid (Bcd) gradient within a syncytium, a sin-
gle multinucleated cell without growth (7–12).

In plants, some signaling molecules form such long-range
gradients by intercellular mobility to determine the cell-pro-
liferation domain (13,14). Tissue growth is also proposed to
be involved in the spread of signaling molecules through
cell-lineage transport (14–19). It is thus important to quan-
titatively evaluate these two modes of molecular transport to
address how tissue-scale signaling gradients are formed in a
growing tissue. However, integrative approaches using
quantitative imaging and theoretical analyses to precisely
explain the mechanism of the gradient formation in plants
are largely limited (14,20,21).
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Leaves of Arabidopsis thaliana (Arabidopsis) is one
model system used to experimentally and theoretically
examine tissue patterning in plants (22–25). The flat leaf tis-
sue is composed of essentially immobile cells surrounded by
rigid cell walls. Quantitative imaging would be possible in
this tissue because of its moderate size (�200 mm in length,
corresponding to 30–50 cells). Interestingly, plasmodes-
mata, cellular channel structures unique to plants, directly
connect neighboring cells to facilitate non-selective molec-
ular trafficking (26–28). The aperture size of plasmodes-
mata and molecular size are well established as critical
elements to determine molecular mobility through plasmo-
desmata (26–28). This simple mode of molecular transport
suggests that developing leaf tissue could be a potential
morphogenetic field, in which the diffusion-based frame-
work is working. Thus, it is of great interest to test this hy-
pothesis by linking tissue-scale molecular mobility with its
cellular-scale kinetics by quantitative imaging in leaves.
This would uncover whether the general framework of the
diffusion-based model is viable in developmental patterning
of multicellular organisms.

Cell-proliferation activity is uniform in an entire part of
the Arabidopsis leaf primordia at a very young stage and
is then arrested from the distal part, followed by post-mitotic
cell differentiation. The cell-proliferation domain is main-
tained at a constant distance from the junction between
leaf blade and petiole during early leaf development
(29–34). ANGUSTIFOLIA3 (AN3, also called GRF-
INTERACTING FACTOR1) is a transcriptional co-acti-
vator that activates cell proliferation in the leaf primordia
(35,36). The an3 mutant shows defective cell proliferation,
in which cell number is decreased by >70% compared with
the wild-type (WT) (35). On the other hand, overexpression
of AN3 activates cell proliferation, resulting in larger leaves
(35). It has been revealed that AN3 is incorporated into
chromatin remodeling complexes to modulate a broad spec-
trum of gene expression involved in the transition from cell
proliferation to cell differentiation (37,38). At the molecular
level, AN3 plays a pivotal role in regulating cell-prolifera-
tion activity in leaf primordia and hence in leaf tissue
patterning. However, it remains unclear how AN3 regulates
the spatiotemporal dynamics of cell proliferation in leaves,
because cell proliferation occurs more broadly than a tissue
where the AN3 gene is expressed (26,35).

Here, we measured tissue- and cellular-scale molecular
mobilities in the leaf primordia by fluorescence recovery as-
says using green fluorescent protein (GFP) to characterize
biophysical properties of non-selective macromolecular
trafficking through plasmodesmata. Based on these quanti-
tative data, we constructed a diffusion-based theoretical
model that connects cellular-scale molecular trafficking to
tissue-scale distribution. This model was then applied to
the endogenous signaling molecule AN3, which was shown,
in this study, to form a long-range gradient along the leaf
proximal-to-distal axis to determine the cell-proliferation
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domain. In combination with this theoretical analysis, we
experimentally evaluated each contribution of intercellular
mobility and cell-lineage transport of AN3 by genetically
engineering AN3 mobility. Our experimental and theoret-
ical approaches demonstrated that pure diffusion in a
growing tissue is sufficient to explain AN3 gradient forma-
tion, and they therefore suggested a core mechanism for
determination of the cell-proliferation domain in growing
leaf tissue.
MATERIALS AND METHODS

Plant materials and growth conditions

The Arabidopsis WT line used in this study was Colombia-0. The

35S::GFP line was established using a previously reported vector (39) by

the floral dip method (40). The an3-4/pAN3::AN3-GFP and an3-4/

pAN3::AN3-3xGFPs lines have been described elsewhere (41). Plants

were grown on rockwool at 22�C under a 16-h light (fluorescent illumina-

tion at�50 mmol m�2 s�1)/8-h dark cycle and watered daily with 0.5 g L�1

Hyponex solution (Hyponex, Osaka, Japan).
Square fluorescence recovery after
photobleaching assay

First, leaf primordia dissected from 6- or 10-day-old 35S::GFP seedlings

were soaked in phosphate-buffered saline (PBS) on a glass slide. Micro-

scopic observation was performed from the adaxial side of the leaf

primordia using a coverslip (24 � 36 mm, thickness no. 1, 0.12–

0.17 mm; Matsunami, Osaka, Japan).

Microscopy was performed using a confocal laser-scanning microscope

with an objective lens Plan-Apochromat 20�/0.75 NA and a 488-nm Argon

laser on standby (LSM510 equipped with a META device; Carl Zeiss, Ober-

kochen, Germany). The pinhole was set to 120 mm in diameter, which yields

a 10-mm optical slice in this condition. Fifteen z-stack images of size 512�
512 pixels were acquired at 2-mm steps and 5-min intervals before and after

photobleaching over a 95-min period. The laser intensities were 100% and

7% for photobleaching and time-lapse imaging, respectively. A subepider-

mal cell plane was selected from z-stack collections for image analysis. We

confirmed that leaky fluorescence from adjacent cell layers was undetect-

able. A region of interest (ROI) that was 54 � 54 mm was photobleached

for the square fluorescence recovery after photobleaching (FRAP) assay.

A one-dimensional profile of GFP fluorescence intensity along the leaf

proximal-to-distal and medial-to-lateral axes was defined as an average in-

tensity over a width of 18.4 mm. Because this analysis region was 18 mm

away from the ROI edge along the leaf proximal-to-distal axis, GFP move-

ment perpendicular to the axis was negligible in our observation time span.

The averaged intensity was normalized by GFP fluorescence intensity

outside of the ROI. The boundary between the GFP-positive and GFP-nega-

tive regions was defined by a threshold fluorescence intensity of 5.0 a.u. to

quantify the GFP recovery as velocity. This value corresponded to 5–10%

of GFP fluorescence intensity in the non-photobleached region.

All image analyses and numerical simulations, unless otherwise

described, were conducted using customized scripts written in MATLAB

software, R2012b, with Statistics and Machine Learning Toolbox, Image

Processing Toolbox, Optimization Toolbox, and Curve Fitting Toolbox

(The MathWorks, Natick, MA).
Single-cell FRAP assay

Leaf samples were prepared and imaged as described in Square FRAP

Assay. An ROI within a cell was used for photobleaching. The GFP
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intensity in the photobleached cell was measured manually for each time

point. Experimental data from the single-cell FRAP assay (from 0 to

45 min after photobleaching) was fitted by an exponential function as

IðtÞ ¼ ðI0 � ImaxÞeð�t=tÞ þ Imax; (1)

where I(t) and I0 are GFP fluorescence intensities at time t and just after

photobleaching, respectively; Imax is a maximal GFP fluorescence inten-

sity, determined directly from the time-course data; and t is a time con-

stant of GFP diffusivity. I0 and t are free parameters and are

determined by minimizing the residual sum of squares. We confirmed

that the time constant of GFP diffusivity in the leaf lower half was not

larger than that in the upper half when we analyzed the data from the sin-

gle-cell FRAP assay from 0 to 95 min after photobleaching using the

exponential function

IðtÞ ¼ ðI0 � IconvÞeð�t=tÞ þ Iconv; (2)

where Iconv is a free parameter for the convergence value of GFP fluores-

cence recovery during observation (Fig. S2 A). Iconv, in addition to I0 and

t, was determined by minimizing the residual sum of squares.

Given that GFP fluorescence was stably recovered in a single-exponen-

tial manner throughout observation in our single-cell FRAP assay, we

judged that GFP trafficking through plasmodesmata was not perturbed

by, e.g., plasmodesmata gating due to damages by tissue excision and/

or photobleaching treatment. Indeed, a similar timescale of protein diffu-

sivity through plasmodesmata was observed in other published works, in

which protein diffusivities were non-invasively measured using the photo-

convertible fluorescence protein Dendra2 (26 kDa) and its fusion protein

(42,43).
Measurement of the projected cell area

Subepidermal palisade cells in the images of the square FRAP assay at

the leaf upper and lower halves were outlined as shown (Fig. 3 A) to mea-

sure the projected area. Each cell position in the image was determined

by a centroid, represented as pixel coordinates. This image analysis

was performed using custom MATLAB script (described below). Spatial

distribution of cell size along the leaf proximal-to-distal axis was esti-

mated from these independent photographs. Cell length was measured

by ImageJ software at an arbitrary part of a cell in the leaf upper and

lower halves using the same image sets as for the square FRAP assay

(http://imagej.nih.gov/ij/).
Quantification of AN3-GFP and AN3-3xGFPs
distributions

The first leaf primordia were dissected from the 6-day-old an3-4/

pAN3::AN3-GFP and an3-4/pAN3::AN3-3xGFPs lines and subjected to

confocal microscopy (LSM510 equipped with a META device; Carl Zeiss).

Subepidermal tissue in the adaxial side was selected for observation of

AN3-GFP and AN3-3xGFPs signals. We observed three independent lines

for AN3-GFP and AN3-3xGFPs distributions and obtained reproducible

results.

We developed a MATLAB package that allowed us to interactively mea-

sure the GFP fluorescence intensity and cellular parameters from the

confocal images. The outlines of cells or nuclei were determined manually

based on the fluorescence signal. The results were displayed in another win-

dow, which enabled us to check and correct the segmentation. The fluores-

cence intensity, projected area, and centroid of the cells or nuclei,

represented as pixel coordinates, were determined automatically. More

than 1450 nuclei from 12 independent leaves were analyzed for AN3-

GFP and AN3-3xGFPs intensity.
Detection of nuclei in S-phase cells by EdU
absorption experiment

Six-day-old seedlings were cut at the hypocotyls, and above-ground parts

were floated on 10-mM 5-ethynyl-20-deoxyuridine (EdU) solution for 3 h

under normal growth conditions. Detection of EdU was performed as

described elsewhere (44). The subepidermal palisade cells were examined

by confocal microscopy as described above. Since cells showed a polygonal

shape in the leaf primordia, the observed fluorescence was derived just from

the dividing cells, not from the endoreduplicating cells.
Mathematical models and simulations

We here summarized our mathematical models and simulation methods.

More details are described in the Supporting Material.

Model setup: We considered a simplified one-dimensional geometry to

simulate the tissue-scale GFP mobility (Fig. S3) and the AN3 gradient

formation along the proximal-to-distal axis of a growing leaf tissue

(Fig. S4). Our models consist of discrete cells in which synthesis and degra-

dationof a signalingmolecule and its diffusive transport betweenneighboring

cells occur. We directly measured cell-size distribution based on the experi-

mental observations (Figs. 3 B and S2D) and incorporated it into the models

to analyze the tissue-scale molecular dynamics in a realistic spatial field. All

parameters for the simulations are summarized in Tables S1–S3.

Molecular synthesis and degradation: We assumed that GFP synthesis

and degradation are negligible in the timescale of our model for tissue-scale

GFP mobility based on the experimental observations in the square and sin-

gle-cell FRAP assays (Figs. S1, A and B, and S2 B).

In contrast, to model the AN3 gradient formation, we considered that

AN3 is produced and maintained at a constant level in time within the

source cells at the proximal boundary. The number of the source cells

was determined by analyzing the AN3-3xGFPs gradient (Fig. 5 C). We

investigated the degradation process with our model using a wide range

of the degradation constant and found that the AN3 gradient could not be

achieved if we included active degradation (Fig. S7). This is intuitively

consistent with the longer timescale of the AN3 gradient formation. Based

on these data, we considered that protein degradation is negligibly small in

the AN3 gradient formation.

Diffusive molecular transport: We focused on molecular movement

across the cell-cell boundary through plasmodesmata, because movement

in the cytoplasm was much faster, so that the intracellular molecular profile

was kept uniform (Fig. 2 A). Molecular transport was modeled as Fick’s law

of diffusion, where the molecular flux across the cell-cell boundary is pro-

portional to a difference in molecular concentration between these cells.

Because the kinetic constant was experimentally measured by the single-

cell FRAP assay (Fig. 2 C), a change in plasmodesmata pattern, if there

was any, was intrinsically implemented in our simulations.

Tissue growth mediated by cell division: Although the timescale for the

tissue-scale GFP mobility was�45 (or�90) min, that for the AN3 gradient

formation was �48 h. Because the cell cycle of leaf cells at the stage we

considered is �16 h (31,45), tissue growth mediated by cell division occurs

in the AN3 gradient formation but not in the tissue-scale GFP movement.
RESULTS

Tissue-scale molecular mobility is spatially
different along the leaf proximal-to-distal axis

We first characterized tissue-scale molecular mobility using
Arabidopsis leaf primordia constitutively expressing a gene
encoding a GFP (molecular mass, 27 kDa) as a model
system for molecular transport through the plasmodes-
mata. In our square FRAP assay, GFP fluorescence was
Biophysical Journal 113, 1109–1120, September 5, 2017 1111
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irreversibly photobleached in a rectangular ROI correspond-
ing to �50 cells (Fig. 1 A). After photobleaching, the
intensity of GFP fluorescence was scanned from the prox-
imal to the distal parts of the observed region (Fig. 1 A;
Movie S1). Recovery of GFP fluorescence at the center of
the ROI was undetectable, at least until 45 min after
A

B

C

E F

D
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photobleaching (Fig. S1, A and B), suggesting that de
novo GFP synthesis and GFP influx into the ROI plane
across cell layers was negligible in this timescale and that
the recovery of GFP fluorescence depended on the move-
ment of GFP between cells within the same layer. We
found that recovery of GFP fluorescence around the distal
FIGURE 1 Spatial difference of tissue-scale

macromolecular trafficking in leaf primordia. (A

and B) Constitutively expressed GFP was photo-

bleached in the leaf primordia (magenta dashed

box). After photobleaching, recovery of GFP

fluorescence was scanned along the leaf

proximal-to-distal axis, as indicated by the gray

stripe (A), and plotted against the position of the

analysis region from the proximal to the distal end

(B). Scale bar, 10 mm. Representative data are

shown. a.u,. arbitrary unit. (C) Boundaries of GFP

fluorescence moved inward over time (e.g., from

t0 to t1). A representative picture at time t0 (green)

merged with that at time t1 (magenta) is shown.

Blue and red arrows indicate movement distances

of the distal- and proximal-side boundaries from

t0 to t1 as defined by threshold fluorescence inten-

sity at 5.0 a.u. (D) Movement distances of the

distal-side boundary (blue) and proximal-side

boundary (red) in the lower half were plotted

against time after photobleaching (n ¼ 12). The

data from 0 to 45 min after photobleaching (dashed

arrow) were used for further analysis to avoid the

effect of de novo GFP synthesis. See also Fig. S1,

A and B. (E) VD and VP in the upper half, middle re-

gion, and lower half. Each box includes the data

from 25 to 75%, with the horizontal line as the me-

dian. Outlying values >50% are indicated as cir-

cles. The p value was calculated according to the

Mann-Whitney test (n ¼ 12). n.s., non significant

(p > 0.05). (F) VD in the lower half and VP in the

middle region are shown as blue and red arrows,

respectively. There were no significant differences

between these velocities. In sum, GFP mobility

occurred in a non-directional manner, but it was

lower in the most proximal part of the leaf lower

half. To see this figure in color, go online.



Dynamics of AN3 Gradient in Leaves
part of the ROI was greater than in the proximal part at the
lower half of the leaf primordia (Fig. 1 B). This preferential
recovery in a distal-to-proximal direction was less obvious
at the upper half of the leaf primordia (Fig. 1 B). We
did not detect any preferential recovery along the leaf
medial-to-lateral axis in either the upper or lower half in
the same samples (Fig. S1, C and D). These data showed
that tissue-scale GFP mobility varied along the leaf prox-
imal-to-distal axis.

In the square FRAP assay, a sharp boundary of GFP fluo-
rescence between the ROI and the surrounding region
became smooth and moved inward over time. We defined
the distal- and proximal-side boundaries by threshold fluo-
rescence intensity at 5.0 a.u. and quantified their velocities
(VD and VP, respectively) (Fig. 1, C and D). The VD was
significantly three times greater than the VP at the lower
half (Fig. 1 E). There were no significant differences
between VD and VP in the middle region or the upper half
(Fig. 1 E). To know whether this spatial difference of tis-
sue-scale GFP mobility is induced by preferential protein
flow in the distal-to-proximal direction, we measured VD

in the lower half and VP in the middle region within an
overlapping part and found no significant differences
(Fig. 1, E and F). This indicated that there was no convec-
tion dynamics of GFP mobility, nor was there preferential
flow mediated by polar distribution of plasmodesmata in
the distal-to-proximal direction. The GFP fluorescence
recovered in a non-preferential manner at the lower half
when we examined older leaf primordia in which cell
proliferation was entirely arrested (Fig. S1, E and F). We
thus concluded that tissue-scale GFP mobility in the most
proximal part of the leaf primordia was significantly slower
than that in the other parts (Fig. 1 F).
A gradient in cell size induces the spatial
difference of tissue-scale diffusivity

We next examined kinetics of GFP mobility between
neighboring cells using a single-cell FRAP assay, in which
A B
GFP fluorescence in a single targeted cell was irreversibly
photobleached and then monitored over time (Fig. 2 A).
Because recovery of GFP fluorescence within the targeted
cell occurred uniformly (Fig. 2 A), intracellular movement
of GFP was considered to be much more rapid than
intercellular movement through the plasmodesmata. These
data indicated that the kinetics of GFP fluorescence
recovery was largely determined by GFP mobility through
plasmodesmata. Recovery of GFP fluorescence reached
the level present before photobleaching, and the kinetics
were well fitted with a single exponential function
(Figs. 2 B and S2 A). GFP fluorescence intensity in cells
adjacent to the targeted cell was constant during the
observation period (Fig. S2 B). These results strongly sug-
gest that GFP mobility through plasmodesmata is a pure
diffusion process. We obtained the characteristic time (t)
of the exponential GFP recovery from the fitting curves
(t ¼ 22 5 3 and 28 5 6 min in the lower and upper
halves, respectively) (Figs. 2 C and S2 C). Although a
longer characteristic time indicates lower diffusivity, the
time in the lower half was largely similar to (or was not
larger than) that in the upper half (Figs. 2 C and S2 C).
This result indicates that the spatial difference of tissue-
scale mobility could not be explained by a difference in
the cellular-scale diffusivity along the leaf proximal-to-
distal axis. These data thus suggested that an additional
element contributes to tissue-scale GFP mobility in leaf
primordia.

Cell-proliferation activity is higher at the leaf proximal
part and decreases toward the leaf distal part (30–34).
This causes cell-size gradient along the leaf proximal-to-
distal axis (38 5 5 and 66 5 10 mm2 at the lower and up-
per halves, respectively) (Figs. 3, A and B, and S2 D). We
hypothesized that tissue-scale GFP mobility is slowed
down in the leaf proximal part because the cells are
smaller, as GFP must pass through more plasmodesmata
to travel a given distance. In other words, because the
effective diffusion coefficient (D) of tissue-scale GFP
mobility is described as D � cell size/t (mm2/min),
C

FIGURE 2 Uniform cellular-scale GFP diffu-

sivity along the leaf proximal-to-distal axis. (A)

Constitutively expressed GFP was photobleached

in a single cell (magenta-outlined area). Scale

bar, 10 mm. (B) Recovery kinetics of GFP fluores-

cence plotted as a function of time after photo-

bleaching. Data for three representative leaves,

with exponential fits (to the data from 0 to 45 min

after photobleaching) in each leaf upper and lower

half, are shown. See also Fig. S2 A. (C) Time

constant of GFP diffusivity between cells in the

leaf upper and lower halves. The mean 5 SD are

shown by the vertical lines (n ¼ 7). To see this

figure in color, go online.
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FIGURE 3 Cell-size gradient underlies the

spatially different tissue-scale GFP diffusivity. (A)

GFP fluorescence images of subepidermal palisade

cells in the leaf upper and lower halves. Represen-

tative cells are outlined in white (left), and their

diagrams are shown (right). Scale bars, 10 mm.

(B) Distribution of average cell size binned by

distance at 10-mm intervals from the leaf base.

The mean5 SD from more than eight independent

leaf primordia (n ¼ 16–37 cells in each position)

are shown in red. Gray dots indicate each cell

size. (C) Computed relative fluorescence intensity

from our diffusion-based numerical simulation for

the square FRAP assay was plotted against the

relative position (see Figs. 1 B and S3 for summary

diagrams of the simulation). a.u., arbitrary unit. (D)

Simulated movement distance of distal- and

proximal-side boundaries of the leaf upper half

(black squares) and lower half (blue and red

circles), plotted as a function of time after photo-

bleaching. (E) The ratio between VD and VP was

determined from experiment and simulation in the

upper and lower halves. See also Fig. 1 E. All

parameters used are summarized in Table S1. To

see this figure in color, go online.
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cell-size gradient may contribute to the spatially different
tissue-scale GFP mobility. To test this hypothesis, we simu-
lated tissue-scale GFP mobility using the measured value
for GFP diffusivity between neighboring cells in uniform
or differential cell-size fields along the leaf proximal-to-
distal axis (see Fig. S3 for details of the simulation). We
here considered simplified one-dimensional geometry,
because tissue-scale GFP mobility along the leaf medial-
to-lateral axis was uniform in both the upper and lower
halves (Fig. S1, C and D). When we implemented the dif-
ferential cell size to simulate tissue-scale GFP mobility in
the lower half, VD became two times greater than VP, in
contrast to the uniform cell-size field in the upper half
(Fig. 3, C–E). This result was in good agreement with
1114 Biophysical Journal 113, 1109–1120, September 5, 2017
data from the square FRAP assay (Fig. 3 E). A difference
of >2.5 in the time-constant value is required to reproduce
the spatial difference of tissue-scale GFP mobility in a uni-
form cell-size field in the upper half (Fig. 4). Such a differ-
ence in values lies outside the 95% confidence interval of
our measured data (Figs. 2 C and S2 C), further excluding
the possibility that the local GFP diffusivity through plas-
modesmata is modulated along the leaf proximal-to-distal
axis to produce the spatial difference of tissue-scale
mobility. Based on these results, we concluded that tis-
sue-scale mobility is determined by a simple sum of diffu-
sive transport through the plasmodesmata and that a
gradient in cell size underlies the spatial difference of tis-
sue-scale diffusivity.
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FIGURE 4 In silico perturbation experiment on local GFP diffusivity. (A)

The time constant of GFP diffusivity in the distal half was set to 100, 80, 60,

40, or 20%, compared with that in the proximal half (100% fixed), and

fluorescence recovery was computed through the constant cell-size field

(4, 6, or 8 mm) over time by diffusion-based numerical simulation. See

also Fig. S3. (B) Ratios of VD to VP (VD/VP) from the in silico experiment.

Magenta, green, and black bars indicate data on 4-, 6-, and 8-mm constant-

cell-size fields, respectively. The time constant in the proximal half was 2.5

times larger than that in the distal half when we used 40% as the time con-

stant in the distal half. To see this figure in color, go online.

Dynamics of AN3 Gradient in Leaves
A pure diffusion process is a core mechanism in
establishing the AN3 signaling gradient

To examine how a spatial difference of tissue-scale diffu-
sivity works for gradient formation of endogenous signaling
molecules and its developmental relevance, we examined
the transcriptional co-activator AN3 (molecular mass,
22 kDa) (35–38). The AN3 promoter is active within the
most proximal part of the leaf primordia, whereas the cell-
proliferation domain is formed more broadly in the distal
part (26,35). One potential explanation for this spatial
inconsistency is that AN3 moves along the leaf proximal-
to-distal axis from the localized source, in addition to the
inner-to-outer axis (41). To investigate AN3 mobility, we
observed spatial distribution of AN3 in leaf primordia
using an3-4 transgenic lines expressing AN3 fused with
GFP (AN3-GFP) or fused tandemly with three GFPs
(AN3-3xGFPs) under the control of the functional AN3
promoter (an3-4/pAN3::AN3-GFP and an3-4/pAN3::AN3-
3xGFPs, respectively) (41). In contrast to the AN3-GFP,
the AN3-3xGFPs is not capable of moving between cells
due to its larger molecular size (41,46), suggesting that
AN3 protein transport is mediated through plasmodesmata.
The AN3-GFP expressed by the AN3 promoter rescues the
cell-proliferation defect in the an3-4 genetic background,
resulting in normal leaf size comparable to the WT, in the
an3-4/pAN3::AN3-GFP (41). Although constitutively ex-
pressed AN3-3xGFPs by cauliflower mosaic virus 35S
promoter also could complement the defective proliferation
and smaller leaf size in the an3-4 genetic background, the
an3-4/pAN3::AN3-3xGFPs shows defective proliferation
and smaller leaves compared to the WT (41,46). When we
compared the distribution patterns of these AN3-GFP and
AN3-3xGFPs, the AN3-GFP signal was broader than that
of AN3-3xGFPs (Fig. 5 A), indicating that AN3-GFP moved
between cells along the leaf proximal-to-distal axis. To
investigate whether the AN3 movement contributed to
establishing the cell-proliferation domain, we examined
the distribution of proliferating cells in both lines. Prema-
ture arrest of cell proliferation was detected specifically in
the leaf distal part of an3-4/pAN3::AN3-3xGFPs, when
compared to an3-4/pAN3::AN3-GFP (Fig. 5 B). This result
indicated that AN3 forms a graded distribution along the
leaf proximal-to-distal axis through mobility to regulate
the proliferation domain.

Lastly, based on the spatial difference of tissue-scale
diffusivity, we quantitatively analyzed the AN3-GFP and
AN3-3xGFPs distributions along the leaf proximal-to-distal
axis to examine AN3 gradient formation. The AN3-3xGFPs
was produced in a restricted source tissue and transported by
dilution, through cell proliferation, away from the source
(cell-lineage transport). In this scheme, the AN3-3xGFPs
level becomes half after cell division in the target tissue,
but due to subsequent cell growth, its distribution length is
doubled along the developmental axis when the one-dimen-
sional geometry is considered. An expression gradient
established solely by cell-lineage transport in the targeted
tissue is thus inversely proportional to the number of cells
from the source tissue. This is theoretically proposed to
follow a power-law form as

CðxÞ ¼ a=x; (3)

where a is a constant value, x is the cell number away from
the leaf base, and C(x) is the intensity of AN3-3xGFPs at

position x (14–19,47) (see Fig. S4 A for details). To compare
this theoretical prediction with the in vivo AN3-3xGFPs
distribution, we quantified the expression profile of AN3-
3xGFPs along the leaf proximal-to-distal axis. Fluorescence
intensity was maintained at a high level from the first to fifth
Biophysical Journal 113, 1109–1120, September 5, 2017 1115
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FIGURE 5 AN3 gradient formation by pure diffusion process in a growing leaf tissue. (A) Leaf primordia from an3-4/pAN3::AN3-3xGFPs (upper) and

an3-4/pAN3::AN3-GFP (lower). DIC (left), GFP fluorescence (middle), and their merged images (right) are shown. Scale bars, 50 mm. (B) Distribution of

proliferating cells in leaf primordia. A DIC image merged with EdU-positive signal (blue) is shown (left). Numbers of EdU-positive nuclei per 20 � 40 mm

area (white rectangles) at leaf lower and upper parts were counted. The mean 5 SD with the p value from the Student’s t-test are shown (n > 12). n.s.,

non-significant (p > 0.05). Scale bars, 50 mm. (C and D) Distribution profiles for AN3-3xGFPs and AN3-GFP fluorescence intensities along the leaf

proximal-to-distal axis. Normalized intensities of AN3-3xGFPs (C) and AN3-GFP (D) in nuclei are plotted as a function of cell number and distance

from the leaf base, respectively. The mean of AN3-3xGFPs and AN3-GFP intensities binned by cell position (red dots in C) and distance from the leaf

base at 5-mm intervals (blue dots in D) are indicated. A fitting curve with a power-law gradient to the AN3-3xGFPs profile in the targeted tissue is shown

in black in (C). Simulated curves through the 4-mm constant-cell-size field (orange) and the differential (from 4 to 8 mm) cell-size field (black) are shown in

(D). a.u., arbitrary unit. The green shaded area indicates the region of source tissue. RSS, residual sum of squares. (E) Difference in AN3-GFP intensity

between simulated and experimentally determined profiles. The differences of the simulated curve with 4-mm constant cell size (orange) and with differential

cell size (black) against experimentally measured values are plotted as a function of the distance from the leaf base. Mean deviations were calculated based on

the data for 20–120 mm from the leaf base. All parameters used are summarized in Table S2. To see this figure in color, go online.

Kawade et al.
cells (corresponding to 0–20 mm) along the axis, and
dropped steeply as the distance from the leaf base increased
(Fig. 5 C). The AN3-3xGFPs profile more than six cells
away from the leaf base was well-fitted by the power-law
form (a ¼ 5.6, with fitting accuracy r2 ¼ 0.65; Fig. 5 C).
These data indicated that AN3-3xGFPs was produced
in the source tissue located at the most proximal part of
the leaf primordia (first to fifth cells), and spread into the
targeted tissue by cell-lineage transport (away from the sixth
cell).
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The AN3-GFP profile showed a longer-range distribution
than the AN3-3xGFPs profile in the targeted tissue (Fig. 5
D). We performed a one-dimensional simulation for forma-
tion of an AN3-GFP gradient, in which AN3-GFP spread
from a restricted source tissue by diffusive transport through
plasmodesmata in combination with cell-lineage transport
(see Fig. S4 for details). Using the values determined exper-
imentally by a single-cell FRAP assay and quantitative
analysis of the AN3-3xGFPs profile, our simulation summa-
rized the AN3-GFP gradient in the targeted tissue well
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(Fig. 5 D). Strikingly, the mean deviation between measured
and simulated AN3-GFP profiles, except at the furthermost
distal part, was <5% (Fig. 5 E). This higher reproducibility
was also maintained when we used the theoretically pre-
dicted diffusivity of two tandemly fused GFPs, which is
experimentally shown to be capable of moving through
plasmodesmata in a non-selective fashion (28) (54 kDa,
t ¼ 40 min; mean deviation of 14%; Figs. S5 A and S6).
These values were much better than those found assuming
constant cell size from the leaf base (mean deviations of
23% (t ¼ 25 min; Fig. 5, D and E) and 31% (t ¼ 40 min;
Fig. S6 A)). Therefore, we concluded that the spatial differ-
ence of tissue-scale diffusivity could be a critical mecha-
nism for formation of the long-range AN3 gradient along
the leaf proximal-to-distal axis, which further guides spatial
distribution of cell-proliferation activity (Fig. 6).
DISCUSSION

We have addressed the key question of how a dynamic
signaling gradient is established in a growing tissue. First,
using trans-scale florescence recovery assays, we character-
ized the distribution of molecular diffusivity in leaf
primordia and found that tissue-scale diffusivity, but not
cellular-scale diffusivity, is spatially varied along the prox-
imal-to-distal axis. Our work uncovered that the gradient in
cell size underlies this phenomenon, strongly suggesting
that tissue-scale molecular mobility can be described as a
diffusion process if position-dependent cell size is appropri-
ately considered. Second, by genetically engineering AN3
mobility, we quantitatively dissected the contributions of
diffusive transport through the plasmodesmata and of tissue
growth in establishing the AN3 gradient. Based on these
data, we concluded that the simplest mechanism of diffusion
could be a core determinant for the AN3 gradient formation.
This is, to our knowledge, the first report linking cellular-
scale diffusion to tissue-scale diffusivity, thereby showing
how the long-range signaling gradient is formed along
the developmental axis of compartmentalized tissue. In
addition, we proposed that this signaling gradient contrib-
utes to determination of the cell-proliferation domain. We
thus suggest that the diffusion equation fulfills the dynamic
formation of a signaling gradient, and hence a tissue growth
mechanism, as conceptualized in the seminal work of
Crick (1).
Diffusion-based framework for signaling-gradient
formation in a growing tissue

Most studies of signaling-gradient formation hypothesized
that mobility of the signaling molecule is uniform within or-
gan primordia. However, inhomogeneous distribution of the
cell-proliferation rate occurs widely in a growing tissue in
animals and plants (30,48–50). We pointed out that such a
spatial difference could induce differential cell-size distri-
bution; thereafter, it plays an important role in determina-
tion of spatially different tissue-scale diffusivity and
establishment of a signaling gradient. In contrast to tissue-
scale diffusivity, our data showed that cellular-scale diffu-
sivity is uniform along the leaf proximal-to-distal axis.
The characteristic time for GFP diffusivity on a cellular
scale measured by the single-cell FRAP assay (t ¼
�25 min) is similar to the mobility of the animal morphogen
Decapentaplegic restricted by non-diffusive hindrance
factors (t ¼ 10–30 min at the 10 mm scale), although its
extracellular diffusion is much faster (t on the order of
several seconds at the 10 mm scale) (2,6). These data indi-
cate that, in plants, diffusive molecular transport between
neighboring cells through plasmodesmata is a major deter-
minant of tissue-scale mobility, in contrast to the case for
animals, in which non-diffusive processes are rate-limiting
steps (2,6,51). This difference highlights that the diffu-
sion-based framework is a critical system for signaling
gradient formation in particular in plants.

Plasmodesmata shape and density might be changed
depending on cellular developmental stage, as observed dur-
ing the physiological transition from sink to source leaves
(52,53). Plasmodesmata conductivity is also affected by
Biophysical Journal 113, 1109–1120, September 5, 2017 1117
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callose deposition around its neck region, which is involved
in the modulation of mobility of signaling molecules
(27,54,55). However, we demonstrated that local molecular
transport through plasmodesmata is comparable between
the upper and lower halves of leaf primordia by single-
cell FRAP assay. This result indicates that changes in
local molecular mobility by plasmodesmata modifications
are not obvious or, if there were any, they might have
canceled each other out, resulting in uniform cellular-scale
diffusivity throughout the leaf primordia at this develop-
mental stage.
Dynamics of AN3 signaling and proliferation
control in leaves

Our study showed that the AN3 signaling gradient became
steeper when we perturbed the AN3 mobility, resulting in
premature arrest of cell proliferation in the leaf distal part.
Manipulation of the AN3 expression level by overexpression
or antisense/RNA interference experiments revealed that
cell-proliferation activity was well correlated with expres-
sion level in leaf primordia (35,56,57). These facts strongly
suggest that the concentration gradient of AN3 plays an
important role in regulating cell-proliferation dynamics
along the leaf proximal-to-distal axis. We speculate that
spatial difference of tissue-scale diffusivity along the leaf
proximal-to-distal axis might help to maintain the higher
AN3 concentration in the leaf proximal part for vigorous
proliferation, and also to form long-range distribution to-
ward the leaf distal part for lower, but detectable, prolifera-
tion activity. Despite differences in molecular components
and tissue contexts, a developmental mechanism using the
spatial gradient of a signaling molecule to regulate determi-
nate tissue growth might be a preferable strategy across
kingdoms.

Emerging evidence suggests that mechanical stress due to
tissue growth induces feedback regulation on cell-prolifera-
tion activity in Arabidopsis petals and Drosophila wing
discs (48,58,59). Given a relationship between the AN3
gradient and the proliferation activity, the shape of the
AN3 gradient would be affected by mechanical feedback
in response to tissue growth. Such a regulatory architecture
operating in time and space has been suggested as a pro-
prioception system for tight regulation of tissue growth
(48,60–62). Our proposed framework would be a basis to
consider a dynamic regulatory principle that integrates
genetic and non-genetic cues for robust patterning in multi-
cellular organisms. Because AN3 is capable of moving
across cell layers (41), the inter-cell-layer mobility would
affect the AN3 distribution when we consider a longer
timescale. It would be interesting to test this cross talk in
future work using a more complex model than our one-
dimensional one that incorporates this inter-cell-layer
movement and also mechanical feedback in three-dimen-
sional geometry. Implementing the kinetics of AN3 mobility
1118 Biophysical Journal 113, 1109–1120, September 5, 2017
in this future model will also be helpful for further investi-
gation of AN3 gradient formation.
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1. Supporting Materials and Methods 
 
Mathematical models and simulations 
(1) Tissue geometry and growth 
We adopted a one-dimensional model to simulate the tissue-scale mobility of GFP in 
the square FRAP assay (Fig. S3) and AN3 gradient formation (Fig. S4) as differences in 
GFP mobility along the leaf medial-to-lateral axis were not significant (Figs. S1C and 
S1D). Cells were indexed from the leaf proximal part as 1, 2, …, i. We introduced 
parameter j to distinguish the number of cell divisions as 1, 2, …, j. Each cell had a 
length Li;j, and fluorescence intensity Fi;j, where i and j denoted the cell index and the 
number of cell divisions, respectively (Figs. S3 and S4). 

The time span of GFP fluorescence recovery was from 0 to 45 min, so cell 
division would be negligible for simulation of tissue-scale GFP mobility in the square 
FRAP assay. In contrast, we implemented cell division for long-term simulation of the 
AN3 gradient formation (Fig. S4). Cells divide after each cell cycle, but kept their initial 
size by cell elongation, which promotes tissue growth. Protein concentration was 
distributed equally into the two daughter cells after cell division as; 
 

! 

F2i"1; j+1 = F2i; j+1 = Fi; j /2. (S1) 
 
(2) Protein diffusivity and degradation 
Because the single-cell FRAP assay showed that intracellular movement of GFP was 
much more rapid than our observed timescale, we considered the GFP fluorescence 
intensity in a cell as a discrete and uniform single unit. Our single-cell FRAP assay 
revealed that protein movement through the plasmodesmata could be approximated as a 
pure diffusion process. The GFP influx into cell i in a given small time ∆t, is thus 
described as a discrete event by; 
 

! 

"Ci = Di,i+1 Fi+1 # Fi( ) #Di#1,i Fi # Fi#1( ){ }$ "t , (S2) 
where Di-1,i is a characteristic kinetic parameter of GFP diffusivity between cell i-1 and i, 
which was determined by the single-cell FRAP assay (Figs. S3 and S4). We omitted the 
cell cycle index j to simplify the notation. With a position-independent kinetic rate of 
linear protein degradation kdeg, time-evolution of the protein concentration in the cell i is 
expressed as; 
 

! 

"Ci = Di,i+1 Fi+1 # Fi( ) #Di#1,i Fi # Fi#1( ) # kdeg $ Fi{ }$ "t , (S3) 
which was solved with ∆t = 0.1 sec for a total of 216 steps (= 6553.6 sec) (Fig. S3). 
 
(3) Parameters 
Our simulation included the three parameters; cell length, and GFP diffusivity and 
degradation (Figs. S3 and S4). Cell length was estimated from the pictures used for the 
square FRAP assay (Fig. 3B; Fig. S2D). The kinetic parameter for GFP diffusivity 
(Di-1,i) was determined by the single-cell FRAP assay. Because GFP fluorescence 
intensity in non-photobleached cells was almost constant in time in the single-cell 
FRAP assay (Fig. S2B), the characteristic time constant of the exponential recovery of 
GFP in a cell i (τ) and kinetic parameters Di-1,i and Di,i+1 were related as; 
 

! 

Di"1,i +Di,i+1 =1/# . (S4) 
Given that the recovery kinetics of the single-cell FRAP assay exhibited weak position 
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dependency in the leaf primordia, there was little difference in the diffusion parameters 
between neighboring cells (Di-1,i and Di,i+1). Thus, we determined the kinetic parameters 
in our simplified one-dimensional model as; 
 

! 

Di"1,i = Di,i+1 =1/2# . (S5) 
Long-term simulation of the AN3 gradient formation in growing tissue requires 

four additional parameters: initial setting of cell number, number of source cells that 
produce the AN3 protein, number of cell divisions and duration of the cell cycle (Fig. 
S4). We assumed that the duration of the cell cycle was 16 h, based on previous 
observations (1,2). The other three parameters were determined by analyzing the 
AN3-3xGFPs distribution (described below). 
 
(4) Numerical simulation for the square FRAP assay 
To simulate the square FRAP assay in the leaf upper and lower halves, we determined 
that 32 and 37 cells, respectively, have uniform relative fluorescence intensity (= 1.0) at 
an initial state (Fig. S3). We reproduced photobleaching in the square FRAP assay by 
decreasing the intensity to 0 at t = 0 in the 8 and 13 cells located at the centers of the 
leaf upper and lower halves, respectively. Re-distribution of GFP was investigated by 
numerical simulation using the experimentally determined kinetic parameter of GFP 
diffusivity (Fig. 2C). We considered that the fluorescence intensity in the cells at tissue 
boundaries remained constant because of the observation that photobleaching had little 
effect on the protein concentration in cells located far from the bleached region. We 
determined that kdeg was negligibly small (10-10), as the GFP fluorescence is kept 
constant without de novo production (Fig. S1A and S1B; Fig. S2B). This simulation 
uniquely determines the value of GFP fluorescence in each cell after calculation. 
 
(5) Numerical simulation for tissue-scale AN3-GFP and AN3-3xGFPs distributions 
AN3-3xGFPs is transported solely by dilution through cell proliferation because 
AN3-3xGFPs is not capable of moving between cells (3,4). Thus, the distribution of 
AN3-3xGFPs could be approximated by the power-law form; 
 

! 

C x( ) = F0  

! 

0 " x " x0( ) , (S6) 
 

! 

C(x) = F0 " x1 /(x # x0)  

! 

x0 < x( ) . (S7) 
A region where cells produce the AN3-3xGFPs but do not proliferate is indicated by x0. 
To the best of our knowledge, this x0 region has not been recognized in the leaf 
primordia. In addition, the power-law gradient could explain the distribution of 
AN3-3xGFPs when x0 is assumed to be zero. F0 and x1 denoted the fluorescence 
intensity and size of source tissue in which cells divide and produce AN3-3xGFPs, 
respectively. We checked that the time span of de novo AN3-GFP production is 
negligible until 45 min after photobleaching similar to the GFP (Fig. S5B). In this 
model, the AN3-3xGFPs intensity must be related to uniformly spaced values such as 
cell number from the leaf base (or distance from the leaf base in constant cell-size field) 
since the AN3-3xGFPs could spread only by growth dilution through cell proliferation 
as represented by power-law form C(x), which is inversely proportional to the position x. 
The normalized intensities of AN3-3xGFPs at the fifth and 23rd cells were 1.01 and 0.12, 
respectively. The ratio of these values was 0.12/1.01, which is ~ (1/2)3, indicating that 
the concentration of AN3-3xGFPs in the source cell was diluted to (1/2)3 by cell 
division during the gradient formation. Because there is no report of active proteolysis 
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of AN3-GFP and AN3-3xGFPs, the ratio indicates that cell division occurs three times 
during the formation of the AN3-3xGFPs gradient. We determined that the number of 
source cell x1 = 5, based on the AN3-3xGFPs profile along the leaf proximal-to-distal 
axis (Fig. 5C). This was justified by fitting a curve of the power-law gradient to the 
experimental data on the AN3-3xGFPs distribution, giving C(x) = 5.6/x. Because C(x1) 
was ~1.01, we could approximate that x1 was ~ 5.5. Because our simulation for the 
AN3-GFP gradient formation required an even number for the source cell number, we 
used x1 = 4 for the initial condition of simulation. Realistic leaf length at this 
developmental stage (around 200 µm) could be achieved by this initial condition after 
uniform cell division at three times (230 µm). These estimations, together with 
parameters determined above, enabled us to test our model for the AN3-GFP gradient 
formation without parameter tuning. Thus, we could uniquely determine the value of 
AN3-GFP intensity in each cell. In contrast to the power-law AN3-3xGFPs gradient, we 
analyzed the AN3-GFP profile as a function of distance from the leaf base to 
incorporate cell-size gradient in our simulation model. To compare the experimentally 
measured and simulated values for the AN3-GFP gradient, cell index i was converted to 
distance from the leaf base based on given cell length. The cell-length distribution was 
determined essentially based on the experimental observation (Fig. 3B and S2D). 
Testing the sensitivity of degradation coefficient in our theoretical model supported the 
assumption that there is no active proteolysis of AN3-GFP and AN3-3xGFPs in the 
gradient formation. All parameters are summarized in Tables S1-S3 in the Supplemental 
Information. 
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2. Figures S1-S7 
 

 
 

Fig. S1. Characterization of the square FRAP assay. (A and B) Fluorescence from de 
novo synthesized GFP is negligibly small. GFP fluorescence was observed in the center 
of the ROI [ROI, magenta dashed box; analysis region, blue (1.8 × 1.8 µm)] (A), and 
was plotted against time after photobleaching (B). The medians (solid line), with 
25–75% values of data, are shown (B). (C and D) GFP mobility on a tissue scale is not 
varied along the leaf medial-to-lateral axis. Constitutively expressed GFP was 
photobleached (magenta dashed box) in the subepidermal palisade cells of the first leaf 
primordia in 6-day-old 35S::GFP transgenic lines. Intensity of GFP fluorescence was 
scanned along the leaf medial-to-lateral axis [gray stripe (18.4-µm width)] over time (C), 
and was plotted against the position of the analysis region from medial (0 µm) to lateral 
(92.1 µm) (D). a.u., arbitrary unit. (E) Schematic illustration of the observed region 
(black square) in the square FRAP assay using older leaf primordia detached from 
10-day-old 35S::GFP lines. Cell proliferation was arrested in the entire region of the 
leaf primordia (5). (F) VD and VP, velocities of the medial side boundary (VM) and the 
lateral side boundary (VL), respectively, in the lower half of the older leaf primordia. 
Boxes include the data from 25 to 75% values. Horizontal line in each box shows the 
median value, where n = 12 and n.s. denotes non-significant (p > 0.05). 
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Fig. S2. Recovery kinetics of GFP fluorescence in single-cell FRAP assay from 0 to 
95 min after photobleaching; and size of subepidermal cells in the leaf upper and 
lower halves. (A) Recovery kinetics of GFP fluorescence plotted as a function of time 
after photobleaching, with -0 being before photobleaching. Squares and circles show 
GFP fluorescence in the leaf upper and lower halves, respectively. Three representative 
data, with exponential fits, in each region are shown. Exponential fitting was performed 
using data from 0 to 95 min after photobleaching. (B) GFP fluorescence intensity in 
cells adjacent to the targeted cell in single-cell FRAP assay. GFP fluorescence was 
observed in cells adjacent to the targeted cell and plotted against time before and after 
photobleaching. Representative data for three independent cells are shown. (C) Time 
constant (τ) of GFP diffusivity between neighboring cells in the leaf upper and lower 
halves determined by fitting the recovery profile in (B) with a single exponential 
recovery. The mean ± s.d. values from seven independent experiments are shown. (D) 
Cell length is measured in an arbitrary portion of cells in the leaf upper and lower 
halves. The mean ± s.d. (n = 8–11 cells in each position) are shown. 
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Fig. S3. Diagram of diffusion-based numerical simulation for the square FRAP 
assay. (A) One-dimensional geometry for simulation of tissue-scale GFP mobility in the 
square FRAP assay. Uniform and differential cell-size fields were prepared for the leaf 
upper and lower halves, respectively. Relative fluorescence intensity was then set to 
zero in a center of analysis area (white region) to reproduce photobleaching, followed 
by modeling the intensity in each cell based on protein diffusion between neighboring 
cells. Threshold fluorescence intensity at 0.3 a.u. was used to define the distal and 
proximal side boundaries. (B) Composition of the numerical simulation for the square 
FRAP assay. Cell index (i), cell length (L), relative fluorescence intensity (F), protein 
diffusivity between cells (D), and protein degradation rate (kdeg) are used. See 
Mathematical models and simulations section in the Supporting Materials and Methods 
and Table S1. 
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Fig. S4. Diagram of diffusion-based numerical simulation for AN3-GFP gradient 
formation. (A) Cell-lineage transport of AN3-GFP through targeted cells away from 
source cells in one-dimensional geometry. We implemented protein diffusion between 
neighboring cells during this cell-lineage transport for 48 h and analyzed relative 
fluorescence intensity along the leaf proximal-to-distal axis for simulation of AN3-GFP 
gradient formation. Initial state for theoretical simulations of the AN3-GFP and the 
AN3-3xGFPs gradients constitutes of four cells expressing AN3 at a constant level, 
which was determined by analyzing the AN3-3xGFPs distribution. Distance from leaf 
base was converted by a given cell length after the simulation to investigate an 
importance of differential cell-size distribution in the establishment of the AN3-GFP 
gradient. (B) Composition of our numerical simulation for the AN3-GFP gradient 
formation. Cell index (i), cell length (L), relative fluorescence intensity (F), cell division, 
protein diffusivity (D), and protein degradation rate (kdeg) were used. See Mathematical 
models and simulations section in the Supporting Materials and Methods and Table S2. 



 9 

 

 
 
Fig. S5. Characterization of GFP diffusivity and de novo AN3-GFP synthesis. (A) 
Normalized diffusion coefficients of GFP (27 kDa), tandemly fused two GFPs (2xGFPs, 
54 kDa), three GFPs (3xGFP, 81 kDa), and four GFPs (4xGFPs, 108 kDa) were 
estimated by a relationship between diameters of plasmodesmata (p) and spherical 
molecule (s), based on our previous theoretical model (6). Two parameters are involved 
in this model; (1) geometric effect of plasmodesmata on the permeability of the 
molecule (F1), 
 

! 

F1 = "(p /2 # s)2 /"(p /2)2 = (1# 2s / p)2 , (S8) 
and (2) hydrodynamic drag force on a sphere molecule in the plasmodesmata (F2) (7). 
After calculation, the normalized diffusion coefficient was plotted as a function of the 
plasmodesmata diameter. Because AN3-3xGFPs was not capable of moving between 
cells in the leaf primordia (3,4) and molecular size of 4xGFPs was close to 
AN3-3xGFPs (103 kDa), we presumed that the plasmodesmata diameter was less than 
33 nm. Diffusivity of 2xGFPs was estimated at 62 % of the GFP diffusivity when we 
assumed that the plasmodesmata diameter was 30 nm. The characteristic time of 
2xGFPs diffusivity between neighboring cells was 40 min under this assumption, in 
contrast to the GFP diffusivity, which had a characteristic time of 25 min. (B) 
Fluorescence from de novo synthesized AN3-GFP was undetectable during 45 min after 
photobleaching in the an3-4/pAN3::AN3-GFP. Square FRAP assay was performed as 
essentially described in Figure S1A. AN3-GFP fluorescence in a nucleus in a center of 
ROI was measured before photobleaching, just after photobleaching and 45 min after 
photobleaching. The mean ± s.d. values from eight independent experiments are shown. 
Student’s t-test was performed (n = 8). n.s. denotes non-significant (p > 0.05). 



 10 

 

 
 
Fig. S6. Numerical simulation of AN3 gradient formation using theoretically 
predicted diffusivity of 2xGFPs. (A) Experimentally determined mean of AN3-GFP 
intensity binned by distance from the leaf base at 5-µm intervals (blue dots), simulated 
curves using diffusivity of GFP (characteristic time = 25 min) with 4-µm constant cell 
size (orange solid line), and with differential cell size from 4 to 8 µm (black solid line). 
In addition, we simulated the AN3-GFP gradient using diffusivity of 2xGFPs 
(characteristic time = 40 min), with 4-µm constant cell size (orange dashed line) and 
with differential cell size from 4 to 8 µm (black dashed line). (B) Difference in 
AN3-GFP intensity between simulated and experimentally determined profiles. The 
differences in simulated curves using diffusivity of GFP (characteristic time = 25 min), 
with 4-µm constant cell size (orange solid line) and differential cell size from 4 to 8 µm 
(black solid line), and using diffusivity of 2xGFPs (characteristic time = 40 min) with 
4-µm constant cell size (orange dashed line) and with differential cell size from 4 to 8 
µm (black dashed line) against experimentally measured values are plotted as a function 
of distance from the leaf base. Mean deviations were calculated based on the data from 
20 to 120 µm from the leaf base. a.u., arbitrary unit. See Mathematical models and 
simulations section in the Supporting Materials and Methods. All parameters used are 
summarized in Table S3 
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Fig. S7. Sensitivity of AN3 gradient formation to protein degradation. (A) 
Experimentally determined mean of AN3-GFP intensity binned by distance from the 
leaf base at 5-µm intervals (blue dots) and simulated curves using various protein 
degradation coefficients from 10-0 to 10-10. Numerical simulation was performed with 
characteristic time = 25 min and differential cell size from 4 to 8 µm. (B) Difference in 
AN3-GFP distribution between simulated and experimentally determined profiles 
represented as residual sum of square. 
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3. Tables S1-S3 
 
Table S1. Parameters used for the simulation of the square FRAP assay. 
Time constant in the leaf upper half 28 min 
Time constant in the leaf lower half 22 min 
Degradation coefficient 10-10 sec-1 

Cell size in the leaf upper half 8 µm x 32 cells 
Cell size in the leaf lower half 8 µm x 17 cells, 7 µm x 1 cell, 6 µm x 1 

cell, 5 µm x 1 cell, 4 µm x 15 cells 
Boundary edge intensity 0.3 a.u. 
 
 
Table S2. Parameters used in the diffusion and growth simulation for the 
AN3-GFP gradient formation. 
Time constant 25 min 
Duration of cell cycle 16 hours (1,2) 
Cell division 3 times 
Source cell number 4 cells 
Degradation coefficient 10-10 sec-1 

Cell size for constant cell-size field 4 µm constant 
Cell size for differential cell-size field 4 µm x 1 cell, 5 µm x 1 cell, 6 µm x 1 cell, 7 

µm x 1 cell, followed by 8 µm cells 
 
 
Table S3. Parameters used in the diffusion and growth simulation for the 
AN3-GFP gradient formation with theoretically estimated 2xGFPs diffusivity. 
Time constant 40 min 
Duration of cell cycle 16 hours (1,2) 
Cell division 3 times 
Source cell number 4 cells 
Degradation coefficient 10-10 sec-1 

Cell size for constant cell-size field 4 µm constant 
Cell size for differential cell-size field 4 µm x 1 cell, 5 µm x 1 cell, 6 µm x 1 cell, 7 

µm x 1 cell, followed by 8 µm cells 
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4. Movie S1. Recovery of GFP fluorescence in the square FRAP assay. 
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