Model-Based Analysis of Arabidopsis Leaf Epidermal
Cells Reveals Distinct Division and Expansion Patterns
for Pavement and Guard Cells![WIlOAl

Leila Kheibarshekan Asl? Stijn Dhondt?, Véronique Boudolf, Gerrit T.S. Beemster, Tom Beeckman,
Dirk Inzé, Willy Govaerts, and Lieven De Veylder*

Department of Applied Mathematics and Computer Science, Ghent University, 9000 Ghent, Belgium (L.K.A.,
W.G.); Department of Plant Systems Biology, VIB, 9052 Ghent, Belgium (L.K.A., S.D., V.B,, G.T.S.B,, T.B,, D.I,
L.D.V.); Department of Plant Biotechnology and Bioinformatics, Ghent University, 9052 Ghent, Belgium (S.D., V.B,,

G.TSB., TB, DI, LD.V); and Department of Biology, University of Antwerp, 2020 Antwerp, Belgium (G.T.S.B.)

To efficiently capture sunlight for photosynthesis, leaves typically develop into a flat and thin structure. This development is
driven by cell division and expansion, but the individual contribution of these processes is currently unknown, mainly because
of the experimental difficulties to disentangle them in a developing organ, due to their tight interconnection. To circumvent this
problem, we built a mathematic model that describes the possible division patterns and expansion rates for individual
epidermal cells. This model was used to fit experimental data on cell numbers and sizes obtained over time intervals of 1 d
throughout the development of the first leaf pair of Arabidopsis (Arabidopsis thaliana). The parameters were obtained by a
derivative-free optimization method that minimizes the differences between the predicted and experimentally observed cell
size distributions. The model allowed us to calculate probabilities for a cell to divide into guard or pavement cells, the
maximum size at which it can divide, and its average cell division and expansion rates at each point during the leaf
developmental process. Surprisingly, average cell cycle duration remained constant throughout leaf development, whereas no
evidence for a maximum cell size threshold for cell division of pavement cells was found. Furthermore, the model predicted
that neighboring cells of different sizes within the epidermis expand at distinctly different relative rates, which could be
verified by direct observations. We conclude that cell division seems to occur independently from the status of cell expansion,

whereas the cell cycle might act as a timer rather than as a size-regulated machinery.

In most plant species, the above-ground plant body
is dominated by leaves, the organs specialized in
photosynthesis. This process converts carbon dioxide
into organic components utilizing energy from sun-
light, making leaves the energy production site and the
growth engine of plants. To maximize its light-capturing
capacity, a leaf is typically flat and thin. This character-
istic shape is established during the leaf developmental
process. Leaves arise on the flanks of the shoot apical
meristem (SAM) at auxin accumulation sites (Benkova
et al., 2003). At these positions, a number of cells start
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to bulge out from the meristem and eventually will
form the basis of the leaf primordium when cell di-
vision proceeds (Reinhardt et al., 2000; Pien et al,,
2001). Dorsiventrality is specified early during pri-
mordium development and defines the adaxial and
abaxial sides of the leaf (Bowman, 2000). Divisions at
the margin of the primordium drive leaf blade incep-
tion. Further expansion of the leaf blade is controlled
by a strong preference for anticlinal divisions, leading
primarily to lateral outgrowth of the different tissue
layers, of which the epidermis is the main layer driving
leaf growth (Donnelly et al., 1999; Savaldi-Goldstein
et al., 2007).

During leaf development of dicotyledonous spe-
cies, a cell proliferation phase, characterized by ac-
tively dividing cells, is followed by a cell expansion
phase, characterized by cell growth and differentiation.
After expansion, cells mature and the final leaf size is
reached (Beemster et al., 2005). At the proliferation-to-
expansion phase transition, cell division ceases along a
longitudinal gradient from leaf tip to base (Donnelly
et al.,, 1999). In the epidermis, the onset of differenti-
ation coincides with the formation of stomata (De
Veylder et al., 2001). A stomatal complex consists of
two guard cells that control the aperture of the stoma-
tal pore. Starting from a precursor meristemoid cell, a
series of subsequent asymmetric divisions produce a
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number of guard mother and daughter cells. Subse-
quently, the guard mother cells divide symmetrically
into two guard cells, ending the stomatal lineage. The
daughter cells undergo cell fate specifications identical
to those of the majority of the cells produced during
the proliferation phase, resulting in puzzle-shaped
pavement cells (Larkin et al., 1997; Geisler et al., 2000).

The final leaf size is determined by the total number
of cells and the average cell size that result from cell
division and cell expansion, respectively. Although the
dynamics of these processes can be analyzed rigor-
ously by the leaf growth kinematics (Fiorani and
Beemster, 2006), knowledge of cell cycle duration,
cell expansion, and their interaction at the individual
cell level is still poorly understood, not only because
of technical obstacles to study these phenomena, but
also because a reduced cell proliferation is often
compensated by an increase in cell size and vice
versa (Tsukaya, 2002). Here, the individual cell sizes
of pavement and guard cells were measured sepa-
rately throughout leaf development. By fitting a math-
ematical model to these data, we could estimate the
division and expansion parameters of pavement and
guard cell populations within the growing leaf sepa-
rately, allowing us to gain a better and more detailed
insight into the processes that define leaf growth.
Imaging of epidermal cells gave a good correlation
between predicted and experimental cell growth data,
supporting the model.

RESULTS
Following Leaf Growth during Development

Recent developments in microscopic and imaging
technologies suggest that cell tracking is the most
suitable manner to disentangle cell division and ex-
pansion in plants, allowing cells to be followed for 3
to 4 d and applied successfully to the root, the SAM,
and sepals (Reddy et al., 2004; Campilho et al., 2006;
Fernandez et al., 2010; Roeder et al., 2010). However, to
cover the entire leaf development, a much longer time
frame is needed. Furthermore, with these techniques
only local observations can be made, which are not
always easily correlated to global growth characteris-
tics. Therefore, a general kinematic analysis of leaf
growth in Arabidopsis (Arabidopsis thaliana) was used
as a starting point (De Veylder et al., 2001). In this
approach, the first developing leaf pair (leaves 1 and 2)
was harvested on a daily basis 5 to 25 d after sowing
(DAS). Leaves 1 and 2 were selected because they are
nearly indistinguishable and probably the best syn-
chronized among replicate plants. Microscopic draw-
ings of abaxial epidermal cells were made at 25% and
75% of the distance from the base to the tip of the leaf,
giving an estimate of the average cell area. To approx-
imate the total cell number per leaf, these average cell
areas were combined with the measured total leaf area.
When analyzed on a daily basis, average cell division
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and relative expansion rates can be calculated. Plotting
of the leaf size evolution on a logarithmic scale re-
vealed a linear increase until day 11, indicating expo-
nential growth (Fig. 1A). From day 12 onward, relative
leaf expansion rates decreased and the mature leaf size
was reached approximately at 20 DAS. A similar
evolution could be observed for the total cell number
(Fig. 1B), with cell division rates being high until day
10 (Fig. 1C). Cell sizes remained relat1vely constant
until day 10 (approximately 100 um %), whereas from
day 10 onward, the average cell size increased ap-
proximately 10-fold by day 20, as the result of cell
expansion in the absence of cell division (Fig. 1D).
Coinciding with the decrease in cell division rate, the
stomatal index (fraction of guard cells among all cells)
increased linearly (Fig. 1E). The relative leaf expansion
rates were the highest during the high division rate
period (Fig. 1F). When pavement and stomatal cells
are considered separately, the total number of pave-
ment cells increased gradually from day 5 to 14, while
the number of guard cells continued to increase until
day 17 (Supplemental Fig. S1), indicating that divi-
sions giving rise to guard cells continued approxi-
mately 3 d longer than those forming pavement cells.

Cell Size Distributions

Although the kinematic data give an indication of the
general growth processes during leaf development,
leaves are considered as homogenous cell populations,
which is a simplification because the epidermis con-
sists of multiple cell types, each with distinct size
characteristics at different time points during devel-
opment. Furthermore, pavement cells and guard cells
are interdependent, because pavement cells are formed
together with stomata (Geisler et al., 2000). Addition-
ally, the 51ze of pavement cells ranges from 50 up to
20,000 um?, illustrating the heterogeneity of the pop-
ulation. A better insight into the cell area distribution
was gained by extension of the image analysis al-
gorithm used for the kinematic analysis to allow size
measurements of individual guard and pavement
cells. To ascertain that the obtained data were repre-
sentative for the complete leaf, we compared the data
obtained from extrapolation of the measurements of
cell sizes at two reference positions (25% and 75%
between base and tip of the leaf blade) with those of
microscopic drawings of five complete leaves at the
transition from cell proliferation to cell expansion
(namely in 9-d-old leaves). At this time point, the
largest differences across the leaf would be expected
because of the cell cycle arrest front that propagates
along the leaf axis (Donnelly et al., 1999). Comparison
of the data extracted from the complete leaves with
those from the leaf reference sections revealed no
significant differences for the average cell number and
cell area. Furthermore, plotting of the cell size distri-
butions also yielded a good overlay between the data
resulting from the complete leaf and the leaf sections
(Supplemental Fig. S2), demonstrating that the data
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Figure 1. Kinematic growth data

for the first true leaf pair of Arabi-
dopsis seedlings. A, Leaf area. B,
Total cell number. C, Cell division
rate. D, Mean cell area. E, Stomatal
index. F, Relative leaf elongation
rate.
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sampling at the two reference positions is a valid ap-
proach to estimate cellular parameters for the com-
plete leaf.

According to the cell area measurements as de-
scribed above, 97% of the pavement cells of 5-d-old
leaves were smaller than 100 um? whereas at day 8,
only 62% of the cells had a size below this threshold,
indicating that pavement cell sizes increase already
during the cell proliferation phase. Early in the ex-
pansion phase, at 10 DAS, the max1mum cell size
detected was approximately 1,600 um? and 95% of the
pavement cells were smaller than 500 um? From day
11 onward, the pavement cell area distribution broad-
ened and the pavement cell population was distrib-
uted over a large range of cell sizes (Fig. 2A). Guard

cell sizes ranged from 25 to 150 um?, with a mean area
of approximately 75 pm?. During leaf development,
cell sizes increased continuously, reaching a maximum
size of azpproximately 300 um? and an average area of
150 wm® at 25 DAS (Fig. 2B).

To obtain quantitative information about the changes
in cell size distributions during leaf development, we
used the frequency distribution of the cell areas of
pavement and guard cells for the whole leaf on day i
(for details, see Supplemental Text S1). This absolute
representation of the data revealed that from day 5 to
12, most pavement cells were very small (less than 300
um?) and that the number of these small cells in-
creased significantly from day 6 to day 9 (Fig. 2C),
corresponding to the high cell division rate during
these days. From day 9 until day 12, the peak of the
distribution curves was less pronounced and was
accompanied by a high proportion of large cells, of
which the number increased until day 17, after which
the distribution of pavement cells remained relatively
stable. The guard cell distribution was different. The
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graph had a symmetrical bell shape with a peak at the
mean, revealing a roughly normal size distribution of
guard cell sizes (Fig. 2D). Prior to day 9, the number of
guard cells was low, but afterward increased signifi-
cantly until day 17, indicating that most divisions of
guard mother cells, leading to the formation of sto-
mata, occurred relatively late during the epidermal
development. After day 17, the complete guard cell
size distribution continued to shift to the right, imply-
ing that cells had ceased dividing and continued to
expand.

Mathematical Model for Leaf Development

To study in more detail the crucial parameters for
cell division and cell expansion during leaf develop-
ment, we built a general mathematical model that
takes only the pavement and guard cells into account,
because in our experimental system it is impossible to
distinguish pavement from stomatal precursor cells.
The model is based on the overall kinematics of leaf
growth (Fig. 1), on the changes in size distribution of
pavement and guard cells between successive days in
function of cell expansion (Fig. 2), and on the changes
in cell identity with each division event. Therefore, all
possible transitions were considered that a cell can
undergo from one day to the next: A precursor cell
might either expand and divide into two pavement
cells or two guard cells, or expand in the absence of
division, whereas guard cells do not divide, but can
expand. The model included a maximum guard cell
size (GC,,,,). As the final division in the stomatal
lineage is symmetric, pavement cells larger than twice
this size (2GC,,,,), cannot divide into two guard cells.
Additionally, a hypothetical threshold was introduced
above which pavement cells can no longer divide
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Figure 2. Cell size distributions
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(PC,,.)- Apart from these, specific parameters used in
the model were the average cell cycle duration time
(T.), average relative cell growth rates for pavement
(gpc) and guard cells (g5¢), and the probabilities p, and
p, for a precursor cell to divide into pavement or guard
cells, respectively. p; (equal to 1 — p; — p,) represented
the probability for a pavement cell not to divide
during a 24-h period. These probabilities represent
different developmental pathways at the population
level, rather than the status of an individual cell. This
means that in principle cells that did not divide at day
i, and in this way contribute to p, at that day, can still
divide at day i + 1. This restriction to the population
level is intrinsic to kinematic growth analysis, which
does not track individual cells. PC_ .., T., $pc, Sccr P1r
and p, are allowed to vary from day to day, whereas
GC,,,.» @5 @ maximum size, remains constant through-
out development.

Subsequently, we identified the different develop-
mental categories for pavement cells at any given day
(Fig. 3A). The first category contains cells with an area
below 2GC,,, that can either divide into pavement or
guard cells or stop dividing, contributing to fractions
p, and p,. The second category contains cells with an
area between 2GC,_ . and PC_, that can no longer
become guard cells, because the resulting cells would
exceed the maximum threshold size for guard cells.
Therefore, a fraction p; of the cells in this category
divided into pavement cells and the remainder (1 — p,)
expanded without division. The third category contains
cells with an area above PC,,, that can no longer divide.

Plant Physiol. Vol. 156, 2011

A precursor cell with an area a* at day i could
develop into a cell with area a at day i + 1 through
several scenarios, called flows. These flows were de-
fined by the state of cells at day i and i + 1 and the
number of divisions required for the corresponding
transition. Due to the 1-d time steps in the experimen-
tal data, in particular whether T, is <24 h or =24 h,
strongly affects the possible number of divisions dur-
ing this time interval. The average cell cycle duration
in a fully proliferating tissue, represented by days 5 to
8 in our analysis, was calculated to be 25.6 * 5.4 h
(Supplemental Table S1). In a previous study, the aver-
age cell cycle duration for a fully proliferating tissue
was found to be 20.7 h (De Veylder et al., 2001). Thus, to
simplify the model, we restricted the parameter space
by assuming that (on average) T. = 18 h, implying that
each pavement cell can undergo at most two divisions
inld.

Based on these assumptions, eight possible flows
(F,—Fg) for pavement cells and one flow (F,) related to
guard cells were defined (Fig. 3B). Flow F, involves
pavement cells that do not divide in 1 d, but only
expanded. For dividing cells, possibilities differ based
on whether the cell cycle duration time is shorter or
longer than 24 h. For flows F,, F;, and F,, T. was =24 h
and pavement cells divide within 1 d either once (F),)
or twice (F;) into pavement cells or guard cells (F,). In
flow F, for the sake of simplicity, both newborn
pavement cells are assumed to be dividing into pave-
ment cells. Because T. > 18 h, not many cells take part
in this flow and therefore the number of missed events
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Figure 3. Different scenarios of division and A
expansion of pavement and guard cells over a

1-d interval. A, Size categories of pavement

cells. B, Global scheme of the possible flows

for pavement and guard cells. The flows are

defined based on the fates of the cells and the
duration of the cell cycle. PC and GC, Pave-

ment and guard cells, respectively.

¥

-

must be small. When T, > 24 h, pavement cells can
divide at most once in 1 d. In flow F,, pavement cells
divide once, while in flow F;, they were dividing, but
do not complete their division cycle within the 1-d
time step. Flow F; is related to the pavement cells that
divide into guard cells and flow Fg to those that are in
the process of dividing into guard cells, but do not
complete the division in the 1-d time step. Finally, flow
F, represents guard cells that expanded only.

For these flows, we constructed functions for the
transitions between the size distributions of pavement
and guard cells from a given day i, to the next. Al-
though all flows differed, they have a common basic
structure. To describe these functions mathematically,
we introduced G (a*) as the distribution of cells (pave-
ment or guard cells) with area 4* at day i that are
transformed by the k-th flow and F}™ (a) as the distri-
bution of cells (pavement or guard cells) with area a at
day i + 1 into which they are transformed. We also
introduced f,, as a function defined by f,, (a) = a%,
meaning that a cell with area a at day i + 1 originates
from a cell with area a* that follows the k-th flow at day
i. Therefore, for a small distance &, the radius around
ais:

fula—e) =a —¢ (1)
fxla+e)=a +e (2)
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where ¢, and &, are both approximately equal to

We. If N, (g) is the number of cells at day 7 +1 in
[a —¢, a + €] that originates from the k-th flow, then this
corresponds to Nfl—l(f) cells in [a* — &, a* + ] at day i,
where 1, is the number of cells at day i +1 that
originate from one cell at day i through the k-th flow.
Hence, the distribution of cells with areaa at day i +1is
given by:

o - i i o
— Gi(a)me hgolw (4)
— GL(ful@)fix@) (5)

Boala)

where fi i (a) = m =%~ . The mathematical description
of each flow and explicit form of each f,, and f,,
is given in the model file (see Supplemental Text
S1). Using the functions F,, F,,...F,, we predicted
the distribution of cells with area a at day i + 1 as
follows

= Y E@) + FY () ®)

k=1

D (a)
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7
Dgc(a) = Y (@) + 7' (a) (7)
k=6
where Dyt (a) and D2 (a) are the predicted distribu-
tions of pavement and guard cells, at day i + 1, re-
spectively. The right-hand sides of Equations 6 and 7
are obtained by using Equation 5 and the experimental
distributions of pavement and guard cells at day i.

Parameter Estimation

The predicted distributions (Egs. 6 and 7) were used
to optimize the value of the parameters on which the
functions F,, F,,...F, depend, by optimizing the fit
to the experimental data. To assess the optimization
problem, two phases in the development of the leaf are
considered: one that represents days 5 to 17, when cells
divide regularly, implying that both cell division and
expansion might happen simultaneously for some
cells, and one from days 18 to 25, when the final cell
numbers are reached and all cells stop dividing (Sup-
plemental Fig. S1). Absence of cell division in the
second stage of development reduces the number of
parameters because both probabilities p; and p, are 0.
Moreover, because of the lack of cell division, the
maximum threshold for cell division of pavement cells
(PC,,,,) is irrelevant and can be eliminated. Therefore,
Spcr 8o and GC, . are the remaining parameters to be
estimated within the second phase of development.

In the first phase of development, some a priori
restrictions to the model are imposed to reduce the
range in which parameters needed to be optimized.
First, because no cell can divide into guard cell and
pavement cell simultaneously, it is considered that p, +
p, = 1. Second, we assume that at the early stages of
leaf development all cells divide (p; + p, = 1 at days 5,
6, and 7), which is supported by the uniform expres-
sion of cell cycle marker genes in young leaves (de
Almeida Engler et al., 2009). Accordingly, the number
of cells during early leaf development approximately
doubled every 24 h (Supplemental Table S1). Lastly,
based on the size increase of guard cells over time (Fig.
2B), the maximum threshold for precursor cells to
divide into guard cells (2GC,,,,) is based on GC,_,,
computed in the second phase, which is then applied
to the first phase. With the model and the experimental
distributions of the pavement and guard cells on a
given day, we predicted the distributions for the next
day. Although a best fit for the distribution of the
guard cells at the earliest time points was difficult to
find because of the low number of guard cells at the
early stage of leaf development, experimental and com-
puted data fitted well from 9 DAS onward (Supple-
mental Figs. S3 and S4).

Constancy of Average Cell Cycle Duration

Cell division rates quantify the rate at which cells
progress through the cell cycle. In the kinematic growth
analyses, the cell division rate decreased progressively

Plant Physiol. Vol. 156, 2011
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(Fig. 1C). However, because division rates are calcu-
lated based on the total number of leaf cells, the ob-
served decrease might be due to a reduction in the
fraction of cells proliferating, an increase in the aver-
age cell cycle length, or a combination of both. To un-
derstand how the average division rate is controlled, it
is essential to quantify the fraction of cells dividing
into pavement (p,) and guard (p,) cells. As computed
by the model, p, decreased gradually during leaf de-
velopment, while p, increased, indicating a shift from
basal proliferation to cell division in the stomatal line-
age (Fig. 4A). The probability p, had the largest values
between days 10 to 14, meaning that most stomata
were produced during these days. After day 14, both
probabilities dropped and decreased to 0, representing
the exit of cell division during leaf development as
indicated by an increase in probability p,;, in which
more than 80% of the cells did not divide after day 16.

Because the model allows us to split the total num-
ber of cells in a proliferative and an expanding pop-
ulation at the different stages of leaf development, a
slow down in the cell division rate can be discrimi-
nated from a reduction in the proliferative fraction.

A
=
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-]
)
S
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Time (days after sowing)
B 50
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— 30 "
<
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Figure 4. Predicted cell division parameters during leaf development.
A, Probabilities for alternative divisions; p1: pavement cells, p2: guard
cells, p3: no division. B, Average cell cycle duration.
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Average cell cycle duration (T.) can be derived from
the cell division rate and was determined for each day
during leaf development. As discussed above, the
impact of T, in the model ended after day 18, when cell
division stopped completely. Immediately prior to
that, between days 16 and 18, the optimization results
fluctuated a lot (Supplemental Fig. S5), implying that
the proliferative fraction was too small to obtain re-
liable results. For earlier time points, however, a stable
output value was obtained. Remarkably, when differ-
ent days are compared, the obtained T, value is nearly
constant (Fig. 4B), indicating that the reduced cell
division rate over the complete leaf during develop-
ment by kinematic analysis was seemingly not caused
by an increase in average cell cycle duration, but solely
by a decrease in the proliferative fraction within the
leaf.

Nonexistence of Size Threshold for Division

One of the parameters included in the model was
the maximum guard cell size GC,,,,, which was des-
ignated a maximum threshold because guard mother
cells, identified as pavement cells in our analysis, must
have an area smaller than 2GC,_, as a necessary con-
dition for division into guard cells. As discussed above,
the threshold for guard cells was calculated easily in
the second stage of development (from days 18-25),
when no cells divided. When we assumed the thresh-
old to be constant, the parameter optimization proce-
dure provided a value equal to 354 um?, which was
only a little above that of the maximum guard cell size

of 300 um?* found in the experimental data (Fig. 2),
illustrating the accuracy of the optimization methods.
The value of GC_,, indicated that cells with an area
larger than approximately 700 um? are unable to
divide into guard cells.

In contrast to the robust value obtained for GC,_, in
nearly all simulations, the optimized parameter value
for the threshold above which no divisions into pave-
ment cells occur (PC, ) yielded erratic values. In
cases with an optimal solution, the experimental cell
size distribution (used to build the model) and the
computed cell size distribution profiles strongly devi-
ated (Fig. 5, A and B), implying that the found optimum
was a spurious one. To strengthen this observation,
simulations were done with fixed values for PC_,, =
300, 500, 1,000, and 10,000 um? at day 11 to 12, when
the leaf consists of both dividing and expanding cells.
Consistently with the behavior of the model with fitted
PC,,,,, small fixed values of PC__, resulted in a sharp
deviation from the experimental data (Fig. 5C). As the
PC,., value increased, the discrepancy between exper-
imental and computed data gradually disappeared,
which might be explained by the fact that most cells
were smaller than the threshold and, thus that the
PC,,. value became less relevant. These observations
demonstrate that the imposition of a threshold value
for cell division in pavement cells is not compatible
with the assumptions underlying the model. The
nonexistence of a threshold for pavement cell division
indicates that the size of a cell does not exclude it from
dividing into a set of pavement cells, i.e. size alone
does not prevent division. In accordance with this
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ment cell size distribution with optimized o 30 030 =
and imposed PC,_ values. A and B, Com- a | PC, =174 um’ o PC =238um
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model prediction, pairs of relatively large pavement
cells separated by a straight cell wall, indicative of a
recent cell division event, could be observed in the
epidermis of 14-d-old leaves (Supplemental Fig. S6).

Growth Rates of Epidermal Cells

The difference in maximum cell sizes found for
pavement and guard cells suggests that the two cell
types might expand at different rates. Therefore, the
model allows for different relative growth rates (RGRs)
for pavement and guard cells. Cell division and cell
expansion are considered independently and RGRs
do not only apply to expanding, but also proliferation
cells.

The model results indicated that pavement cells had
a high and increasing RGR from day 5 to day 13, with a
profound increase between day 10 and 13 (Fig. 6A).
From day 13 onward, the RGR declined steeply, sug-
gesting that pavement cells grew faster in the young
proliferating than in the older expanding leaves. Even-
tually, growth stopped completely after day 18. These
observations are consistent with the experimental data
because the average cell area of pavement cells in-
creased from 86 um? in the young leaf to nearly 1,500
pm?® between days 7 and 16, but did not change
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significantly after that (Fig. 1D). Similarly, guard cells
displayed higher RGRs in the young than in the old
leaves. Initially, the RGR of pavement cells was higher
than that of guard cells, but from day 18 onward,
stomata grew faster than pavement cells (Fig. 6A).
After day 18, pavement cells did not d1V1de hence,
the RGR of small pavement cells (<300 um?) could be
calculated by measuring the shift in the distribution
peak in the experimental size distribution graphs (Fig.
2C). The average RGR of small cells determined this
way was 0.009/h, whereas the average RGR from day
18 until day 25 for all pavement cells calculated by the
model was 0.0009/h (Fig. 6A). These results suggest
that during the last days of leaf development, small
pavement cells grow 10-fold faster than the average
population. To confirm the surprising finding that
adjacent cells of different size grow at different rates,
we performed confocal imaging to directly measure
RGRs for individual pavement and guard cells over a
36-h time interval. Cell-tracking experiments on leaves
at17 DAS confirmed that pavement cells smaller than
300 um? grew faster than large ones (P value = 3.65e-5,
Student’s t test; Fig. 6, C and D). The average RGRs of
small pavement cells decreased steeply from approx-
1mately 0.015 to 0.005 in the size range between 30 and
300 um?®. In larger cells, a relatively constant RGR was

Figure 6. Differential cell growth rates

during leaf development. A, Average
RGRs of pavement (gpc) and guard cells
(8c0)- &'pc is the experimentally observed
average RGR of small pavement cells from
days 18 to 25. B, Experimental mean area
of pavement and guard cells. C to E, Live
imaging of epidermal cell growth in
leaves. C, RGRs of pavement and guard
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measured. Small guard cells (<100 wm?) also grew
faster than large ones (P value = 0.0017, Student’s ¢
test; Fig. 6, C and E). In contrast to pavement cells,
guard cells did not display a biphasic growth pattern,
but a steady decrease in RGR with their cell size.
Strikingly, at the transition of day 17 to 18 the average
RGR of pavement cells measured by live imaging
(0.0065/h) was nearly identical to the value obtained
by the model (0.0061/h), independently confirming
the model predictions (Fig. 6A).

DISCUSSION

Leaf development of Arabidopsis is driven by two
processes, cell division and cell expansion (Green and
Bauer, 1977). As both processes are intimately inter-
twined, their individual contribution to leaf growth is
not easily studied experimentally. Here, we developed
a mathematical model based on the fates of the two
epidermal cells types found in the abaxial epidermis of
the first leaf pair of Arabidopsis to fit experimentally
derived data obtained over the course of its develop-
ment from a young dividing leaf primordium into an
adult organ. This model allowed us to disentangle cell
division and cell expansion parameters for the indi-
vidual cell types.

Differential Cell Expansion within the Leaf Epidermis

Individual cell size measurements yielded cell area
distributions during leaf development. When the RGRs
of guard cells and pavement cells were compared, the
growth of these two cell types followed distinctly
different dynamics. The guard cells initially grow
more slowly but steadily, whereas the large pavement
cells initially grow faster, but stop around day 16.
Differences in RGRs between adjacent cells are sur-
prising and have, to our knowledge, not been inves-
tigated in leaves. In the root, this problem has been
studied by measuring cell sizes of different cell types
(Beemster and Baskin, 1998). Root growth is linear
and symplastic, meaning that neighboring cells grow
uniformly, without altering the positions of adjacent
walls. As a consequence, at a given distance from the
tip, all cells have by definition the same relative elon-
gation rate (Green, 1976). This constraint implies that
differences in mature cell sizes reflect differences in
cell proliferation (Beemster and Baskin, 1998). In com-
parison, leaf growth is much more complex. As a leaf
is a flat, exponentially growing structure with small
and large cells dispersed over the epidermal surface,
several parameters have to be taken into account in
the equations. Time-lapse cell-tracking experiments
on 17-d-old leaves indicate that small pavement and
guard cells grow faster than large cells. Furthermore,
modeling results indicated that relative cell growth
rate of pavement cells is tightly regulated during
development, peaking during the early leaf expansion
phase, followed by a rapid reduction and no growth
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occurring at maturity. In other words, cells exiting the
proliferative status grow faster than those being in full
expansion phase. A high increase in the RGR was seen
between days 10 and 14. Interestingly, this time frame
coincides with the strongest increase in cellular DNA
content through endoreduplication (Supplemental
Fig. S7). During the endoreduplication cycle, cells do
not divide but continue to increase their DNA content.
A positive correlation is often seen between cell size
and the level of endoreduplication (Sugimoto-Shirasu
and Roberts, 2003). The observed correlation between
the increase in relative cell growth rate and elevation
in DNA content supports the generally assumed hy-
pothesis that endoreduplication drives cell growth.

Taken together, the model reveals substantial dif-
ferences in RGRs within the epidermal layer. Because
guard cells, and small and large pavement cells are
dispersed throughout the leaf, due to the patterning in
the stomatal lineage, adjacent guard and pavement
cells of various sizes might expand at different relative
rates within the developing epidermis. Differential
expansion of tissue layers in cylindrical organs, such
as stems and roots, results in tissue tension, often re-
directing growth, as in the case of shoot phototropism
and root gravitropic curvature (Liscum and Stowe-
Evans, 2000; Swarup et al., 2005). Leaf epinasty is also
the consequence of differential growth of the abaxial
and adaxial sides (Keller and Van Volkenburgh, 1997).
Within one single tissue layer of a flat tissue structure,
such as the abaxial leaf epidermis, tension is more
difficult to translate into motion to release pressure.
Disturbance of symplastic growth in the root by in-
ducing differences in relative cell expansion rates be-
tween tissue layers causes cells to rupture and distort
root growth (Ubeda-Tomaés et al., 2009). However in
the leaf, no cell ruptures are detected within the
epidermis. Possibly, the lobes of epidermal pavement
cells offer a way to dissipate the tissue tension. Re-
markably, the characteristic jigsaw puzzle shape of
pavement cells is established at the proliferation-to-
expansion transition. Thus, the appearance of the puzzle
shape fits with the moment at which differential rel-
ative cell expansion rates in adjacent cells would first
appear. Furthermore, the emergence of lobes leading
to the puzzle shape is preceded by the reorganization
of cortical microtubules (Panteris and Galatis, 2005;
Kotzer and Wasteneys, 2006) and application of exter-
nal mechanical stresses to a tissue results in realign-
ment of microtubules parallel to the maximal stress
directions (Hamant et al., 2008). Based on these obser-
vations, it could be speculated that the occurrence of
tissue tension within the epidermis layer, caused by
differential cell expansion, might realign cortical mi-
crotubules and trigger the puzzle-shape formation.
More experimentation will be required to validate this
intriguing hypothesis.

Interestingly, at maturity, the guard cells in Arabi-
dopsis leaves are elevated above the surrounding pave-
ment cells, presumably to increase their evaporative
capacity. Faster relative growth of the guard cells and
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surrounding smaller pavement cells compared to the
larger pavement cells that make up the bulk of the
tissue area could explain the development of this
elevation.

Control of Cell Cycle Duration

In the root, divisions in the meristematic zone en-
sure a constant cell production and indeterminate
growth. While cells mature, they are displaced from
the root tip and enter the elongation zone (Beemster
et al., 2003). Thus, in the root, the developmental stages
are separated in space. Furthermore, in the root mer-
istem, practically all cells divide actively, implying that
the cell division rate calculated for the meristem is a
good overall average. In contrast, in leaves, the devel-
opmental stages are separated in time. Moreover, at
the proliferation-to-expansion phase transition, the cell
cycle arrest front that follows a longitudinal gradient,
is accompanied by the differentiation of the first sto-
mata (Donnelly et al., 1999; De Veylder et al., 2001),
whereas cells at earlier stages in the stomatal lineage,
dispersed through the leaf, keep proliferating for mul-
tiple days (Bergmann and Sack, 2007). Because of these
constraints, the average cell division rate calculated on
the basis of an increase in total cell number can only be
measured experimentally during the early develop-
mental stages, when all cells participate in division.
Our mathematical model yielded probabilities for a
cell to divide into two pavement cells, into two guard
cells, or to exit the mitotic cycle, allowing the calcula-
tion of the proliferative fraction and the corresponding
average cell cycle duration throughout the complete
leaf development. Surprisingly, although the cell cycle
length can vary significantly between adjacent cells
within the SAM and sepals (Reddy et al., 2004; Roeder
et al., 2010), the average cell cycle duration over the com-
plete leaf epidermis remained constant during devel-
opment. This observation is analogous to the situation
in roots, where average cell cycle duration is consid-
ered to be constant between cell types and between
different positions in the meristem (Ivanov et al., 2002).
Moreover, the average cell cycle duration of approx-
imately 20 h found for the leaf is comparable to that
for the root (Beemster and Baskin, 1998). These data
indicate that the constancy of cell cycle duration is
widespread and that the basal cell division rate is
strongly conserved at a cellular level (Baskin, 2000).

Interaction between Cell Division and Cell Growth

For decades, cell biologists have been interested
in the process that links cell size and cell division
(Neufeld and Edgar, 1998), but the interaction is cur-
rently unclear. Some reports have argued that epider-
mal pavement cells of Arabidopsis leaves divide only
rarely at a cell size larger than 400 um? (Donnelly et al.,
1999; Geisler et al., 2000), suggesting a possible size
threshold preventing cell division. By contrast, a study
on the root meristem hinted at the lack of a maximum
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cell size threshold for cell division, because cells divide
at very different sizes (Ivanov et al.,, 2002; Beemster
et al., 2003). Similarly, our mathematical model sug-
gests no threshold for cell division, because such a
threshold would result in a deviation from the ob-
served cell size distributions. Furthermore, cell size
distributions show that the average pavement cell size
increases during the proliferation phase. Thus, in the
leaf epidermis, cells of different sizes divide, provid-
ing additional evidence for the nonexistence of a fixed
threshold size for division. Moreover, the increase in
cell size during proliferation points toward a disequi-
librium between cell growth and cell division. The
constant average cell cycle duration implies that this
increase in cell size is due to relative cell expansion
rates exceeding cell division rates, uncoupling cell size
from cell division. In conclusion, in wild-type plants,
cell division seems to be relatively independent of the
status of cell expansion, whereas the cell cycle might
act more as a timer than as a size-regulated machinery.
Interestingly, studies of mutants and transgenic lines
have revealed that cell division and cell expansion are
somehow coordinated by multiple mechanisms, so that
inhibition of one will be compensated by increased
activity of the other and vice versa (Ferjani et al., 2007).
The new model-based analysis of cell size distributions
of mutants displaying this compensation phenomenon
could be a manner to pinpoint the underlying mech-
anisms.

MATERIALS AND METHODS
Plant Material and Growth Conditions

Wild-type Arabidopsis (Arabidopsis thaliana) Heyhn. plants of the Columbia-0
accession were used for kinematic analysis of leaf growth. The plasma membrane
marker 355::GFP-PIP2a was used for live imaging of epidermal cell growth (Cutler
et al., 2000). Seeds for in vitro analysis were sterilized in 3% bleach for 15 min and
sown on medium containing 0.5X Murashige and Skoog medium (Duchefa)
solidified with 9 g/L plant tissue culture agar (Lab M) on round plates (1013;
Becton-Dickinson). After a stratification period of 2 d, the plates were placed in a
growth chamber under long-day conditions (16 h of light, 8 h of darkness) at 22°C
with a light intensity of 80 to 100 mE m™? s ™! supplied by cool-white fluorescent
tubes (Spectralux Plus 36W/840; Radium).

Kinematic Growth and Image Analysis

Leaf growth kinematics were analyzed as described (De Veylder et al.,
2001). The leaf blade area of leaves 1 and 2 of five plants at 5 to 24 DAS was
measured from dark-field binocular (days 8-24) or differential interference
contrast light microscopy images (days 5-7). Microscopic drawings containing
approximately 100 cells, located 25% and 75% from the tip and the base of the
leaf blade on the abaxial side of each leaf were made with a drawing tube
attached to the microscope equipped with differential interference contrast
optics. The microscopic drawings were scanned for digitization. An in-house
developed image analysis algorithm was subsequently used to automatically
extract detailed measurements from the microscopic drawings, such as total
area of the drawing, total number of cells, and number of stomata. Kinematic
growth characteristics were calculated and plotted from these measurements.
Extension of the image analysis algorithms allowed discrimination between
pavement and guard cells and individual cell area measurements for these
two cell types separately. Guard cells were extracted as cells <500 um?®
neighboring the stomatal pores. The remaining cells were designated as
pavement cells. These cell measurements were pooled by day and allowed the
construction of cell area distributions. Therefore, cell areas of pavement and
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guard cells were classified into bins of 100 um? and 25 um? respectively.
Relative and absolute frequency distributions were plotted with MATLAB.
The image analysis algorithms were written in C++ scripts and used the SDC
morphology toolbox for C++ (www.mmorph.com/cppmorph/).

Live Imaging of Epidermal Cell Growth in the Leaf

At 16 DAS, three complete plants harboring the plasma membrane marker
35S::GFP-PIP2a (Cutler et al., 2000) were transferred under sterile conditions
from in vitro plates to a round microscopic chamber (Warner instruments)
with liquid 0.5X Murashige and Skoog growth medium (Duchefa). One leaf of
the first leaf pair of each plant was flattened on the bottom of the chamber by
overlaying it with a block of solidified agar. The abaxial epidermis was imaged
with a confocal microscope with the software package LSM510 (Zeiss) from 17
to 18 DAS. Z stacks were recorded at five different positions with 12-h
intervals over a total period of 36 h. Epidermal cells in the Z stacks were
projected onto a single reconstructed view with the extended depth of field
plug in (Forster et al., 2004) for Image] (http://rsbweb.nih.gov/ij). Cell
lineages were manually tracked and measured at each time point with
Image]. The RGRs for each cell were calculated as the average RGR of this cell
over the different time intervals. Growth rates of 53 pavement cells and 13
guard cells were tracked over time.

Flow Cytometry Analysis

Plant material was chopped in 200 uL of Cystain UV Precise P Nuclei
extraction buffer (Partec), supplemented with 800 uL of staining buffer. The
mix was filtered through a 50-um green filter and read through the Cyflow MB
flow cytometer (Partec). The nuclei were analyzed with the FloMax software.
The endoreduplication index was calculated from the percentages of each
ploidy class with the formula: endoreduplication index = (0 X %2C) + (1 X %
4C) + (2 X %8C) + (3 X %16C) + (4 X %32C).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Experimental and smoothed total number of
pavement and guard cells during leaf development.

Supplemental Figure S2. Validation of data extraction of two reference
points for the whole-leaf cellular data analysis.

Supplemental Figure S3. Comparison between experimental and model-
predicted cell size distributions of pavement cells.

Supplemental Figure S4. Comparison between experimental and model-
predicted cell size distributions of guard cells.

Supplemental Figure S5. Result of 100 optimizations for the cell cycle
duration.

Supplemental Figure S6. Putative recently divided pavement cells.

Supplemental Figure S7. Endoreduplication kinetics during leaf devel-
opment.

Supplemental Table S1. Initial estimation of the average cell cycle dura-
tion T,.

Supplemental Text S1. Mathematical description model.
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