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SUMMARY

Early leaf growth is sustained by cell proliferation and
subsequent cell expansion that initiates at the leaf
tip and proceeds in a basipetal direction. Using
detailed kinematic and gene expression studies to
map these stages during early development of the
third leaf of Arabidopsis thaliana, we showed that
the cell-cycle arrest front did not progress gradually
down the leaf, but rather was established and
abolished abruptly. Interestingly, leaf greening and
stomatal patterning followed a similar basipetal
pattern, but proliferative pavement cell and forma-
tive meristemoid divisions were uncoordinated in
respect to onset and persistence. Genes differen-
tially expressed during the transition from cell
proliferation to expansion were enriched in genes
involved in cell cycle, photosynthesis, and chloro-
plast retrograde signaling. Proliferating primordia
treated with norflurazon, a chemical inhibitor of retro-
grade signaling, showed inhibited onset of cell
expansion. Hence, differentiation of the photosyn-
thetic machinery is important for regulating the exit
from proliferation.

INTRODUCTION

The plant leaf, by providing the basis for energy capture, is at the
core of plant growth and ultimately an important part of human
economic activities. Leaf development is extremely plastic and
leaf size depends on genetic predisposition, leaf position, and
environmental conditions. Many specific aspects of leaf devel-
opment have been studied in the model plant Arabidopsis
thaliana, including leaf initiation (Barbier de Reuille et al., 2006),
abaxial/adaxial differentiation (Braybrook and Kuhlemeier,
2010), vascular development (Scarpella et al., 2010), stomatal
development (Peterson et al., 2010), cell-cycle regulation (Don-
nelly et al., 1999; Beemster et al., 2005; Boudolf et al., 2009),
and trichome formation (Pesch and Hulskamp, 2009). Extensive
collections of mutants in leaf shape and size have been gener-
ated (Berna et al., 1999; Horiguchi et al., 2006), but the regulatory

networks that control growth and final organ size are still poorly
understood (Byrne, 2005; Gonzalez et al., 2009). The develop-
ment of a growing dicotyledonous leaf has been divided into
three main stages: primordium initiation, primary morphogen-
esis, and secondary morphogenesis (Donnelly et al., 1999).
Leaf primordia initiate off the flanks of the shoot apical meristem
at regions of high auxin and low cytokinin accumulation (Traas
and Monéger, 2010). During primary morphogenesis, leaf growth
is sustained by successive cell divisions and specific structures,
such as trichomes, vasculature, and stomata, begin to form.
Lastly, during secondary morphogenesis, the cells cease prolif-
erating and begin to expand, mainly by cell wall loosening that
continues to fuel further leaf growth (Cosgrove, 2005). Thus,
the overall change in cell size in a growing organ over time
depends on the balance between cell growth and division rates
(Green, 1976). As dividing cells also grow, we use the terms
“proliferation” to refer to this joint activity (Beemster and Baskin,
1998) and “expansion” to cell growth without cell division.

The transition from cell proliferation to expansion is a complex
process with many factors interacting to create a network of
growth control at both the transcript and protein levels (Gonzalez
et al., 2009). Over time, the transition was shown to proceed in
a gradient down the leaf, with cell proliferation first ceasing in
the tip and then progressively down the longitudinal axis
(Donnelly et al., 1999; Kazama et al., 2010). Differences in the
timing of this transition will affect the number of cells formed
and therefore potentially also leaf size. To date, numerous leaf
size mutants have been described (Lee et al., 2006; Gonzalez
et al.,, 2009; Horiguchi et al., 2009; Pérez-Pérez et al., 2009).
Some genes have been found also that alter leaf size by affecting
the transition from primary to secondary morphogenesis, such
as SHORT-ROOT, DA1, and AINTEGUMENTA (Mizukami and
Fischer, 2000; Li et al., 2008; Horiguchi et al., 2009; Dhondt
etal., 2010) and KLUH/CYP78A5 and GRF5 have been proposed
to play a role in the arrest front progression (Gonzalez et al.,
2010; Kazama et al., 2010). Curiously, inhibition of cell prolifera-
tion is often compensated by an induction in cell expansion, so
that the effects on the whole organ size are often strongly dimin-
ished (De Veylder et al., 2001; Tsukaya, 2002, 2003; Beemster
et al., 2003).

Transcriptome analysis of leaves at proliferation and expan-
sion stages has allowed for the identification of many genes
specific for proliferation and expansion (Beemster et al., 2005),
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whereas other transcriptome studies have identified marker
genes that can be used as predictors of the differentiation status
of leaves (Efroni et al., 2008). Although these studies have
contributed to the broad understanding of leaf and rosette devel-
opment, many questions remain regarding which transcriptional
events occur precisely during the crucial transition from primary
to secondary morphogenesis. These transcriptional events are
of prime interest because they could potentially regulate the final
cell number and, thus, the overall leaf size.

Here, we characterized the progression of the third leaf of
Arabidopsis through the transition from primary to secondary
morphogenesis by using our image analysis algorithms to visu-
alize and quantify the size and shape of the cells and transcrip-
tome analysis to show that the transition from cell proliferation
to expansion occurs abruptly and simultaneously with the onset
of photomorphogenesis. We provide evidence that retrograde
signaling from chloroplasts can affect the onset of transition
from proliferation to expansion, revealing a previously unknown
level of regulatory complexity during the transition from primary
to secondary morphogenesis.

RESULTS

Image Analysis as a Tool to Quantify Positional Changes
in Cell Morphology

In theory, the timing of the transition between primary and
secondary morphogenesis determines the number of cells and,
thus, to some extent, the final leaf size. This transition occurs
when a significant increase in cell size is observed (Donnelly
et al.,, 1999; Tsukaya, 2002; Beemster et al., 2003, 2005) and
when the cell morphology changes from circular for proliferating
cells to the typical jigsaw puzzle-shape for expanding and mature
pavement cells. To map these morphological changes, third
leaves of in vitro grown Arabidopsis seedlings were harvested
daily from day 8 to 14 after stratification, which spans the transi-
tion from primary to secondary leaf morphogenesis. At these time
points, the length of the leaves increased throughout the time
series from 0.29 + 0.01 mm (SEM) to 1.92 + 0.12 mm (SEM)
(data not shown). Representative leaves from each time point
were used to microscopically draw the cells of the abaxial
epidermis along the complete proximal-distal axis. As individual
drawings contained up to 7,000 cells, we developed specific
image-analysis algorithms to quantify and visualize the morpho-
logical and positional information of each cell (Figure 1). For this
data extraction, guard cells and extremely large pavement cells
lining the leaf margins and overlaying the midvein (see Figure S1
available online) were excluded from the drawings, because their
size and shape were not representative for the developmental
stage of the leaf. Pavement cell shape was measured with a
circularity score ranging from 1 to 0, with 1 indicating a perfect
circle. As the value approached 0, cells were progressively
more lobed, indicative of expanding cells. Cell area, cell circu-
larity, and the position of the center of mass of the pavement cells
relative to the leaf tip were recorded. Cell shape and size gradi-
ents along the leaf lengths were visualized by coloring cells
according to parameter values (Figures 1E and 1F). These in-
house developed image-analysis algorithms allowed us to clearly
visualize (Figures 1E and 1F) and quantify the changes in cell
morphology along the length of transitioning leaves.

Pavement Cell Size and Shape: Indicators of the
Developmental Stage during Early Leaf Development

At early time points (days 8 and 9), the cells maintained a high
circularity and a low and relatively constant average cell area
(approximately 100 um? across the entire leaf length), a conse-
quence of balanced cell division and cell growth rates and indic-
ative of cell proliferation. At the start of day 10, cells in the leaf
tip became larger and less circular, indicative of cell expansion
(Figure 2), whereas at days 13 and 14, the cells at the leaf base
also showed increased cell areas and reduced circularity
scores, implying that the cells started to expand at all positions
along the leaf length (Figure 2). Thus, at days 8 and 9, the
third leaf consisted entirely of proliferating cells, whereas at
day 10, the cells in the leaf tip started to expand and those
at the base continued to proliferate. This gradient of cell prolif-
eration and expansion persisted through days 11 and 12. At
days 13 and 14, the majority of cells at the leaf base also began
to expand. Interestingly, the trends of both changes in cellular
shape and area were similar across the leaf length (Figures 2A
and 2B). Between days 9 and 10, when the transition to cell
expansion began at the tip, the cells differed significantly in
both shape and area. As the pavement cell area increased in
expanding cells, so too did the lobing of the cell (Figure S2).
Thus, image analysis revealed that size and shape of pavement
cells are correlated indicators of the developmental stage of
the leaf.

The Cell Proliferation Gradient of Pavement Cells Is
Established Rapidly and Then Abruptly Disappears

To characterize how the cell-cycle arrest front migrates along the
leaf, we used cell area and circularity as parameters to delimit the
proliferation and expansion zones in the leaf. As leaf 3 at days 8
and 9 consisted completely of proliferating cells, it was possible
to use these two time points to establish size and shape thresh-
olds to define proliferating cells. With a confidence interval of
99%, the criteria for proliferation were a circularity score greater
than 0.3894 and a cell area smaller than 261.38 pm? (Figure 3A).
These thresholds were applied to the later time points to deter-
mine which cells fit the shape and size criteria for proliferation
(Figure S3). Subsequently, we performed image analysis to visu-
alize these cells and to extract positional information (Figure 3B).
The proliferation zone was defined as the region of the leaf where
at least 90% of the cells in a bin met the proliferation criteria
defined above (Figure 3B). At days 8 and 9, proliferating cells
occurred at every position along the leaf, whereas, at days 13
and 14, nowhere could leaves qualify as proliferative anymore.
From these analyses, we observed that the proliferation zone
of the leaf comprised 63%, 53%, and 38% of the proximal-distal
leaf axis at days 10, 11, and 12, respectively (Figure 3B). These
findings were confirmed by profiling a CYCB1;1-D-box:GUS-
GFP translational fusion (Figure S4A). The B-type cyclin gene
CYCB1;1 was expressed uniformly throughout all cell layers,
further supporting the use of the epidermis as a marker for
tracking cell proliferation in the leaf (Figure S4B). Thus, between
days 9 and 10, the proliferation zone was rapidly delimited; from
days 10 to 12, it gradually decreased across the proximal-distal
axis throughout transition; and between days 12 and 13, it was
rapidly consumed because no zones had more than 90% prolif-
erative cells anymore.
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Figure 1. Image Analysis of a Microscopic Drawing of the Abaxial Epidermis of the Third Leaf 12 Days after Stratification

(A) Original microscopic drawing.

(B and C) Guard cells were identified as cells with an area smaller than 500 um adjacent to the stomatal pores.

(D) Pavement cells randomly colored for visualization of individual cells.

(E) Pavement cells color-coded according to cell size. The color gradient (red-yellow-green-cyan-blue) represents an exponential scale, ranging from the
minimum to the maximum cell size measured in the image.

(F) Pavement cells color-coded according to circularity. The color gradient represents a linear scale ranging from the minimum to the maximum cell circularity
measured in the image. See also Figure S1 for a representative preprocessed leaf drawing.

Characterization of the Proliferation and Expansion proliferation and expansion zones increased in absolute size as
Zones throughout Early Leaf Development the leaf developed. For the proliferation zone, this growth was
Although the relative length spanned by the proliferation zone achieved primarily through an increase in cell number, because
in the leaf base decreased throughout development, both the the average cell area remained constant throughout the
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Figure 2. Spatial Distributions of Cell Size and Shape along the Length of the Leaf
The progressive change in cell area and cell shape along the length of the leaf was quantified by calculating the average size and shape of cells within

10-percentile distance bins ranging from the base to the tip of the leaf.
(A) Average cell area in function of the position along the leaf.

(B) Average cell circularity along the leaf. To accommodate for the increasing length of the leaf, position was expressed as the relative distance from the tip to the
base and averages were calculated for all cells located in 10% intervals. For both cell area and cell shape, representative images are shown for day 9 (prolif-
erative), day 11 (in transition), and day 14 (expanding) with the tip and base of each leaf aligned with one another to show the relative changes in cell size and shape
across leaves at different time points. The color gradient (red-yellow-green-cyan-blue) represents an exponential and linear scale for cell size and circularity,
respectively, ranging from the minimum to the maximum measurement in the total time series. Scale bar represents 0.1 mm. Error bars represent the SEM. See

also Figure S2 for correlations between cell sizes and shapes.

developmental time series (Figure 3C). For the expansion zone,
the cell area increased by 24% between days 10 and 12,
whereas its size tripled during the same period (Figure 3C), indi-
cating that the increase in expansion zone size was also primarily
due to an increased number of cells shifting from the proliferation
to expansion state. Interestingly, the proportion of cells main-
tained within each zone was highly constant during transition.
At all three transition time points (days 10, 11, and 12), approxi-
mately 80% of all the cells in the leaf were found in the prolifera-
tion zone and approximately 1,000 new cells were recruited
each day into the expansion zone to keep a proportion of
20% of the total cells (Figure 3C). Thus, even though the frac-
tion of the leaf made up by the proliferation zone gradually
decreased, the absolute size of this zone continued to increase
until day 12, after which it abruptly disappeared. The only

constant throughout the transition period was the proportion of
cells within the two zones.

Stomatal Patterning and Pavement Cell Transition
Follow Different Developmental Gradients

Stomatal development during the transition from proliferation to
expansion was analyzed in function of position along the leaf by
image analysis. To this end, the stomatal index (Sl), i.e., the frac-
tion of guard cells in the total population of epidermal cells in
a certain region, was calculated throughout the time course on
the same images used for the pavement cell measurements.
On days 8 and 9, the SI at the tip of leaf 3 was approximately
0.14, indicating that even before any pavement cells had begun
to expand, stomatal guard cells had already differentiated in the
same area (Figure 4A). At day 10, the Sl ranged between 0.1 and
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Figure 3. Definition and Characterization of the Proliferation and Expansion Zones
(A) Distribution of cell area and shape measurements of samples at days 8 and 9. Shaded box indicates 99% of the data points used to define the criteria for

annotating the proliferation status of the cells for the subsequent time points.

(B) Percentage of cells in each time point that exceeded the proliferation thresholds set in (A) across the relative length of the leaf. Representative images are
shown for the three time points during the transition (days 10, 11, and 12). Red-colored cells were defined as expanding according to the cell proliferation criterion
established. Red lines mark the boundary region between the expanding and proliferation zones of the leaf.

(C) Relative and absolute areas of the proliferation and expansion zones for time points during the transition. The length of the proliferation arrest front from the leaf
base is not to scale. Scale bar represents 0.1 mm. Error bars represent the SEM. See also Figures S3 and S4.

0.25 throughout the entire length of the leaf, excluding only the
proximal 15% (Figure 4A), indicating that stomatal differentiation
had already occurred even in the highly proliferative zone in the
leaf base. Over the subsequent time points, the Sl continued to
increase throughout the length of the leaf and, at day 14, meris-
temoids, the stomatal precursor cells, were still present in the

tips and bases of the leaves, implying a continued stomatal
formation even after the last time point in the analysis (Figure 4B).
Moreover, the Sl continued to rise even through day 21, once all
pavement cells were completely expanded (Skirycz et al., 2010).
Nevertheless, at day 14, the leaf tip already showed final values
for the SI. These data indicate that stomatal differentiation also
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Figure 4. Stomatal Development along the Length of the Leaf

(A) Stomatal index (Sl) along the relative length of the leaf.

(B) Image from the distal region (top) and basal region (bottom) of an expanding
leaf at day 13. Meristemoids are cells with the highest circularity and are
colored red, whereas guard cells are white. Error bars represent the SEM.

follows a temporal and spatial gradient in leaves, but that this
gradient is independent from the one driving the transition from
pavement cell proliferation to expansion.

Transcriptome Analysis during Transition

To identify the molecular events associated with early leaf devel-
opment, gene expression profiles from whole leaves at six devel-
opmental time points (day 8 to day 13) were analyzed with
AGRONOMICS1 tiling arrays (Rehrauer et al., 2010). This
genome-wide array probes both the sense and antisense
strands, with over 29,920 gene models represented by at least
three probes. Over 9,585 genes were differentially regulated
between at least two time points, 1,761 of which were not
present on the Affymetrix ATH1 microarrays (see Experimental
Procedures) (Figure S5A and Table S1). To characterize the
gene expression patterns, differentially expressed genes were
clustered with a cluster affinity search technique (CAST) (Ben-
Dor et al., 1999). A total of 35 clusters were found, with 80% of
the genes present in the six main clusters (Figure S6). In general,
these six clusters showed gradual expression changes (Figure 5):
in the 4,767 genes of clusters 1, 3, and 4, the expression gradu-
ally decreased, whereas in the 2,916 genes of clusters 2, 5,
and 6, it gradually increased. Functional enrichment, as deter-
mined by PageMan (Usadel et al., 2006), revealed that upregu-
lated genes in clusters 2, 5, and 6, were enriched in genes
involved in photosynthesis, cell wall synthesis, secondary
metabolism, and transport, whereas the downregulated genes
in clusters 1, 3, and 4, were enriched for genes involved in
general transcription, chromatin remodeling, DNA synthesis,
cell cycle, and translation (Figure 5). Of the total number of differ-
entially expressed genes, 18.9% were present only on the tiling
array. A similar percentage of tiling array-specific genes were
observed within each of these six main clusters. However, the

genes that were not clustered, or were in clusters with less
than 20 genes, had a much higher proportion, 69% of genes,
present only on the tiling array. This observation indicated that
the differentially expressed genes present only on the tiling array
had distinct expression patterns (Figure S5B). Moreover, as seen
previously (Redman et al., 2004; Laubinger et al., 2008; Rehrauer
et al., 2010), the expression of many of these genes was low
(Figure S5C).

The Sharp Transition from Cell Proliferation

to Expansion at Days 10 and 13 Is Supported

by the Transcriptome

The morphometric data revealed that cell expansion began
abruptly in the tip of leaf 3 at day 10 and in the leaf base at
day 13 (Figure 2). To identify more precisely which molecular
events coincided with these changes, each pair of consecutive
days were compared directly (see Experimental Procedures,
Figure 6A, and Figure S7). The majority of transcriptional
changes occurred between days 9 and 10, with 2,208 transcripts
differentially expressed, of which most were present in clusters 1
and 2. Remarkably, a second wave of transcriptional regulation
was observed between days 12 and 13 with 463 transcripts
differentially expressed (Figure 6A). Between these abrupt
transitional shifts, few transcriptional changes were observed.
No more than a total of 210 genes were differentially regulated
between days 10 and 12 (Table S1). Genes activated during
both transcriptional shifts of differentiation were involved in
controlling cell wall formation, primarily the arabinogalactin
proteins, fasciclin-like arabinogalactans, expansins, and cellu-
lose synthases, whereas the downregulated genes functioned
mostly in cell cycle and cell division (Figures S5B-S5E). Although
the same processes were affected at both transitions, the spe-
cific genes differed. Genes involved in cell division were enriched
at both transitions, but the D-type cyclin gene CYCD3;2 was the
only core cell-cycle gene (Vandepoele et al., 2002) that was
repressed during the two transitions and, interestingly, the cell-
cycle-inhibitory gene SIAMESE-RELATED1 (SMR1) was the
only cell-cycle gene activated over the time course. SMR1 is
highly similar to SIAMESE (SIM), which has been shown previ-
ously to promote endoreduplication (Churchman et al., 2006).
This molecular evidence supported the observed morphological
transition from cell proliferation to expansion that happens
rapidly between days 9 and 10 (onset of cell expansion) and
days 12 and 13 (end of cell proliferation) (Figures S5B-S5E),
although the precise mechanism probably differs.

Chloroplast Differentiation: An Important Regulator

of the Simultaneous Onset of Cell Expansion

and Photosynthesis

From the image analysis, we observed that stomata were already
visible in the leaf by day 9 (Figure 4) and, correspondingly,
between days 8 and 9, carbonic anhydrase transcripts and
proteins responsible for shuttling carbon dioxide and regulating
stomatal opening and closure were upregulated (Figure S7)
(Hu et al., 2010). Thus, this suggests that leaf 3 could start
functioning as a photosynthetically active tissue just before the
onset of cell expansion. Functional enrichment analysis revealed
that indeed, besides cell proliferation and expansion, many
processes were affected between days 9 and 10, including
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For clustering, a threshold parameter of 0.759 and a minimum of 20 genes per cluster were used (red, underrepresented; blue, overrepresented). Selected genes
previously shown to be involved in leaf development are identified in the cluster they belong. See also Figures S5 and S6 and Table S1 for more details on the
transcriptional analysis.
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Figure 6. Differentially Expressed Genes between Sequential Time Points

(A) Venn diagram (http://bioinformatics.psb.ugent.be/webtools/Venn/) of total numbers of differentially regulated genes specifically between sequential pairwise
comparisons.

(B and C) Selected significantly differentially expressed genes specifically between days 9 and 10 and days 12 and 13, respectively, with FC >0.5 or <—0.5 and
p value < 0.05.

(D and E) Expression profiles of core cell-cycle regulators that were significantly differentially expressed (p value < 0.05) between days 9 and 10 and between
days 12 and 13, respectively. See also Figure S7.
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Figure 7. Transcriptional and Morphological Events during Onset of Photomorphogenesis
(A and B) Selected significantly differentially expressed genes specifically between days 9 and 10 with FC >0.5 or <—0.5 involved in photosynthesis and transport,

respectively.

(C) Leaf greening shown for days 9, 10, and 11. Scale bar represents 0.25 mm.

(D) Expression profiles for genes differentially expressed in publicly available NF data sets and between days 9 and 10; x axis is days after stratification.

photosynthesis (photosystems | and Il, photorespiration, and
Calvin cycle) and transport (sugar and water) (Figures 7A and
7B and Figure S7), conspicuously coinciding with the greening
of the leaf tip at day 10 that followed a similar basiplastic devel-
opmental pattern (Figure 7C). Most interestingly, transcripts in
tetrapyrrole synthesis, the biochemical precursors of chloro-
phylls and hemes, were significantly enriched in cluster 5, which
showed increasing expression between days 8 and 9, when the
leaf is still fully proliferating (Figure 5). Curiously, the tetrapyrrole
pathway was not affected in the branch leading to heme forma-

tion; instead, most upregulated genes were upstream of Mg-pro-
toporphyrinogen IX formation, an intermediate in chlorophyll
biosynthesis that has been implicated in retrograde signaling
(Voigt et al., 2010). These results suggest that chloroplastic
retrograde signaling might precede the transition to cell expan-
sion and differentiation of the photosynthetic machinery.

To investigate whether retrograde signaling plays a crucial role
in the transition from cell proliferation to expansion, we manipu-
lated this signaling pathway by means of norflurazon (NF),
a chemical inhibitor of chloroplast differentiation that had been
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Figure 8. Effects of NF Treatment on the Cell-Cycle Arrest Front

(A) Image of plants at day 11 transferred to NF at day 8. Leaf 3 is indicated by
red arrows (note the lack of greening). Scale bar represents 1 mm. Inset is
pCYCB1;1::D-box:GUS images and starch staining of leaf 3 at day 10. Scale
bar represents 0.25 mm.

(B) MAPMAN representations of enriched genes differentially expressed at
day 9 in the third leaves from plants transferred to NF on day 8.

used to detect nuclear genes that might be targeted by retro-
grade signaling (Koussevitzky et al., 2007). The differentially
expressed genes between days 9 and 10 were significantly
enriched with genes also found to be differentially expressed in
publicly available microarray data sets of plants treated with
NF (Strand et al., 2003). In the up- and downregulated genes
between days 9 and 10, a 4-fold (p value 9.57 x 10~'"%) and
2-fold (p value 1.30 x 1079 enrichment was found with genes
that were downregulated and upregulated in the publicly avail-
able NF data sets, respectively, with most genes showing
opposing expression patterns during early leaf development
and NF treatment (Figure 7D). To test the specific effects of NF
and, thus, chloroplast retrograde signaling on transitioning
leaves, plants were analyzed at the transcriptomic and cellular
levels after transfer to NF at day 8. Leaf 3 did not develop chlo-
roplasts and, consequently, was blocked in local chloroplast
retrograde signaling (Figure 8A). Transcriptional profiling of
leaf 3 from these plants revealed that cell wall and water trans-
port proteins were downregulated at day 9, after 1 day of NF
treatment (Figure 8B). Simultaneously, markers of chloroplast
oxidative stress, such as CSD2, were upregulated, indicating
that the NF actively affected the sampled tissues and, more
specifically, those genes involved in cell expansion and chloro-
plastic oxidative stress responses. At day 10, photosynthesis
was inhibited because transcripts involved in photosystem |
and Il were downregulated (data not shown) and, in contrast to
wild-type leaves, those treated with NF did not accumulate
starch (Figure 8A, inset). Cellular analysis revealed that, at day
10, cells of leaves grown on NF were smaller throughout the
leaf, even in the proliferation zone, but to a much greater extent
in the leaf tip than at the leaf base (data not shown). Similarly, the
position of the cell-cycle arrest front in NF-treated samples was
closer to the leaf tip (Figure 8C) and leaves grown on NF had
a higher cell production rate (Figure 8D) between days 9 and
10 than those grown on Murashige and Skoog (MS) medium,
suggesting that the delayed transition is not due to a general
inhibition of the developmental processes. These results were
confirmed by the CYCB1;1-D-box:GUS-GFP line in which the
proliferation zone extended farther along the proximal distal
axis in NF-treated than in MS-grown leaves (Figure 8A, inset).
To determine whether NF stimulated cell proliferation or
inhibited the onset of cell expansion, we transferred plants to
NF on day 7 instead of day 8 and harvested leaves 24 hr and
48 hr after transfer. Cellular analysis of these leaves revealed
that cell division was unaffected because the cell production
was the same in NF-treated and MS-grown leaves, thus indi-
cating that NF did not directly affect cell proliferation, but rather
inhibited the onset of cell expansion (Figure 8D). Taken together,
these data suggest that retrograde signaling from the chloro-
plasts is a key factor driving the transition from cell proliferation
to cell expansion.

(C) Representative images showing the arrest front position at day 10 for leaf 3
of plants grown on NF and control media (MS). Cells are color-coded based on
cell size. Scale bar represents 0.1 mm.

(D) Graphical representations of the relative position of the arrest front from the
tip of the leaf and average cell division rate between days 8 and 9 and days 9
and 10 in MS and NF-treated samples. Error bars represent the SEM.
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DISCUSSION

The aim of this study was to profile the growth of the leaf at the
cellular level by means of image-analysis algorithms and to iden-
tify the overall transcriptional responses in young developing
leaves to identify how the regulatory networks driving overall
leaf development processes are coordinated. The transcriptome
profiling allowed us to discern events in the epidermis, such as
stomatal formation, and photomorphogenesis in the mesophyll,
whereas the epidermal profiling provided the phenotypic charac-
terization of leaf growth at the cellular level. The epidermis was
found to be a good marker of cell division status for both the
epidermis and mesophyll at these early stages of development.
These findings were supported by previous studies that revealed
that epidermal cell size correlated well with the mitotic index
(Donnelly et al., 1999) and could regulate the overall growth of
the leaf (Savaldi-Goldstein et al., 2007; Marcotrigiano, 2010).

Transition to Cell Expansion Is Abrupt

Our current understanding of the transition to secondary
morphogenesis is that postmitotic cellular expansion begins in
the leaf tip, followed by a cellular differentiation front that moves
gradually down the leaf in a basipetal direction (Donnelly et al.,
1999; Efroni et al., 2010). From our detailed analyses, it became
evident that the transition from primary to secondary morpho-
genesis was not as gradual as previously thought, despite the
gradual expression patterns in the many transcriptional regula-
tors during these time points. No predominant “waves” of tran-
scriptional activity were linked to the differentiation status of the
leaf (Efroni et al., 2008), probably because leaf development was
followed with high resolution during a short time. Previously,
genes of which the expression peaks served as age-specific
markers (Efroni et al., 2008) were significantly enriched in
the differentially expressed genes of our data set, confirming
their developmental importance (data not shown). Taken on a
whole-leaf basis, the onset of secondary morphogenesis ap-
peared to progress gradually down the leaf length, but enhanced
temporal and spatial resolution revealed two crucial shifts in the
transition to secondary morphogenesis in leaf 3.

Possible Mechanisms for Coordinating Cell-Cycle

Arrest Front Progression

Although establishment and shutdown of the developmental
gradient did not occur gradually, the progression of the arrest
front during transition did. Throughout transition, the proliferation
zone increased in absolute size, but decreased in the relative
length spanned from the leaf base. The relative amount of cells
maintained within the proliferation and expansion zones was
almost constant across all three time points with 80% + 4%
(SEM) of all cells contained in the proliferation zone. The progres-
sion of the cell-cycle arrest front had been hypothesized to be
driven by diffusion of a mobile growth factor, inducing cell prolif-
eration and entering the leaf via the petiole (Kazama et al., 2010).
One possible candidate, KLUH (KLU), was identified as regu-
lating such a mobile growth factor and was shown to work in a
non-cell-autonomous manner (Anastasiou et al., 2007; Eriksson
et al,, 2010). However, taking our results into account, it seems
more likely that the progression of the cell-cycle arrest front
results from a balance between multiple antagonistic processes
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that act within the expansion and proliferation zones of the tran-
sitioning leaf. Such a mechanism might be a consequence of
the antagonistic activities of the class | and Il TCP genes in the
control of the expression of cyclin and ribosomal protein genes
during cell proliferation (Li et al., 2005), but it is unclear whether
they are the main players in the regulation of this gradient.

Coordinated Onset of Cell Expansion and
Photosynthesis

As mentioned above, the largest number of transcriptional
changes was seen between days 9 and 10 and functional enrich-
ment analysis revealed overrepresentation of genes involved in
cell cycle and cell proliferation as well as photosynthesis, carbon
sequestration, and sugar and water transporters. Thus, we
hypothesized that this time point is critical not only for the estab-
lishment of secondary morphogenesis within the leaf, but also
for the onset of photosynthesis. Previously, transcripts of the
small subunit of ribulose-1,5-bisphosphate-carboxylase had
already been detected in less than 100-um-long leaf primordia
of Amaranthus hypochondriacus (Ramsperger et al., 1996), but
the specific timing of onset of photosynthesis in Arabidopsis is
still unknown. Imaging revealed that intense greening of the tip
of leaf 3 occurred at day 10, overlapping with the region that
simultaneously underwent cellular expansion. This observation
provides further support that the leaf becomes photosyntheti-
cally active at the same time as it shifts from primary to
secondary morphogenesis.

Role of Chloroplastic Retrograde Signaling in Regulating
Onset of Cell Expansion
Interestingly, a group of genes responsible for tetrapyrrole
biosynthesis in chloroplasts were already significantly upregu-
lated prior to most other photosynthetically active enzymes
and genes involved in cell expansion, indicating that chloroplast
differentiation might initiate before the abrupt transition to cell
expansion and photosynthesis. Inhibition of organellar DNA
replication is known to repress nuclear DNA replication (Blamire
et al., 1974; Rose et al., 1975). To date, the roles of chloroplast
retrograde signals coordinating such events are still unclear,
although tetrapyrroles, plastid gene expression, reactive oxygen
species, and abscisic acid, all are proposed to be involved
(Galvez-Valdivieso and Mullineaux, 2010; Voigt et al., 2010). In
our data set, only genes that were differentially expressed
between days 9 and 10 were strongly enriched with NF-regu-
lated genes (Koussevitzky et al., 2007), providing evidence that
retrograde signaling takes place during the abrupt induction of
cell expansion and photomorphogenesis. Thus, because chloro-
plast development preceded that of general photosynthetic
maturity and cell expansion, and because retrograde signaling
from the chloroplast to the nucleus had been shown to affect
nuclear replication and CDKA activity (Kobayashi et al., 2009),
chloroplast differentiation was postulated to be a key regulator
during early leaf development coordinating and triggering
the exit of cell proliferation and subsequent cellular differentia-
tion in the context of both photosynthetic maturity and cell
expansion.

In NF-treated leaves, the normal onset of cellular expansion in
the leaf tip was strongly inhibited. Two possible situations might
explain this phenomenon. First, by blocking retrograde signaling,
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cell proliferation was stimulated, thus prolonging the persistence
of the cell proliferation zone. This possibility is improbable
because retrograde signaling from chloroplasts probably takes
place in the leaf tip where the majority of the chloroplasts
are differentiated instead of in the leaf base where they are still
undifferentiated. Second, by blocking chloroplast retrograde
signaling, the onset of cell expansion was inhibited and, coinci-
dentally, cells in the proliferation zone continued to divide until
they received a signal to begin expanding. As the size of cells
in NF-treated leaves was much more reduced in the tip than
those at the base, this possibility seems most plausible and
was corroborated by the fact that cell production in NF-treated
leaves did not differ from that of MS-grown leaves harvested
prior to the onset of transition to cell expansion. Hence, when
chloroplast retrograde signaling was blocked, the cell-cycle
arrest front was inhibited, primarily due to direct inhibition of
cell expansion rather than to prolongation of proliferation. These
findings strongly support the idea that proper onset of cell
expansion in the leaf tip requires a retrograde signal from the
chloroplasts.

Role of Meristemoids in Leaf Growth

Each meristemoid has been shown to divide asymmetrically
anywhere from one to three times before giving rise to guard
mother cells that will divide symmetrically to form two stomatal
guard cells (Peterson et al., 2010). Thus, for every stoma formed,
one to three pavement cells arise from its meristemoid
precursor. Therefore, the period of meristemoid proliferation is
also crucial for determining the final size and shape of the leaf,
as corroborated by the development of a dome-shaped enlarged
leaf in plants that do not express the genes PEAPOD1 (PPD1)
and PPD2, which control the arrest of proliferation in meriste-
moids (White, 2006). In the leaf epidermis, 30% of the cells are
guard cells and the remaining 70% are pavement cells, of which
48% are estimated to have arisen from asymmetric divisions of
the stomatal lineage (Geisler et al., 2000; Bergmann and Sack,
2007). Thus, meristemoids dictate not only cell patterning, but
also regulate the formation of the majority of the pavement cells
within the leaf epidermis.

The proliferation program of meristemoids in the epidermis of
leaf 3 seemed, intriguingly, independent of the proliferation
program of their surrounding pavement cells. Even before any
pavement cells had begun expanding, already differentiated
stomata were present in the tip of the abaxial leaf epidermis.
Moreover, the proliferation of meristemoids also persisted
much longer than that of the pavement cells. Already during early
leaf development, the Sl increased gradually over the proximal-
distal axis of the leaf to reach a value in the leaf tip at day 13 that
was comparable to the overall Sl in the mature leaf (Skirycz et al.,
2010). Hence, meristemoid patterning and shutdown of meriste-
moid proliferation also followed a basipetal gradient, confirming
the existence of a previously proposed second cell-cycle arrest
front that progressed from tip to base and determined arrest
of meristemoid division (White, 2006). However, timing and
progression of this secondary arrest front differs substantially
from that of the first front that arrests proliferative pavement
cell divisions.

In the future, characterization of meristemoid activity with mer-
istemoid marker genes would provide an interesting perspective

on how the meristemoid arrest front progresses and, more
precisely, how meristemoid divisions contribute to the overall
cell number and patterning in the leaf epidermis. Currently, no
suitable marker lines can be used in young leaves because
most lines have been profiled in highly expanded leaf tissues
instead of in fully proliferating tissues and those that have been
profiled in leaf primordia do not show meristemoid specificity
(Shpak et al., 2005).

In conclusion, we can begin to unravel the role that early leaf
development plays in determining the major aspects of leaf
morphology, including size, shape, and productivity. From our
data, transition from cell proliferation to expansion in pavement
cells is clearly not as gradual as commonly assumed and this
has strong implications for the regulation of the final leaf size.
In fact, the timing of this transition was not only abrupt, but
also concurrent with photomorphogenesis. The coregulation of
these two transitions may be crucial in understanding how leaves
control their cellular differentiation status. Interestingly, by block-
ing chloroplast-derived retrograde signals, the onset of cell
expansion and photomorphogenesis could be inhibited in the
leaf tip. In other words, it is crucial for leaves to tightly coordinate
the developmental timing of both emergence of cellular expan-
sion and photomorphogenesis, at least in part, by means of
a signal from the chloroplasts.

EXPERIMENTAL PROCEDURES

Plant Material and Growth Conditions

Seeds of A. thaliana (L.) Heyhn. ecotype Columbia-0 (Col-0) and CYCB1;1-D-
box:GUS-GFP (Eloy et al., 2011) were grown on half-strength MS medium
(Murashige and Skoog, 1962) and stratified at 4°C for 2 days on plates that
were placed in growth rooms kept at 22°C and 16-hr day/8-hr night cycles.
Seedlings were harvested at 8, 9, 10, 11, 12, 13, and 14 days after sowing in
triplicate. Some of the plants were used for image analysis and others for tran-
scriptome analysis. Tissues for tiling array and image analysis were always
harvested at the same time of day, 3 hr after the lights were on. Plants for
the NF experiments were grown on permeable nylon meshes on half-strength
MS media until day 8, at which time they were transferred to media supple-
mented with 5 uM NF. Plants were harvested at days 9 and 10 for transcrip-
tomic and cellular analyses.

GUS Staining

CYCB1;1-D-box:GUS plants were infiltrated with heptane for 5 min, left to
dry for 5 min, and then were immersed in GUS staining solution as described
(Beeckman and Engler, 1994). Plants were vacuum infiltrated for 15 min,
subsequently incubated at 37°C for 24 hr, and cleared with 100% ethanol
at room temperature for approximately 4 hr. Samples were mounted in
lactic acid and imaged under bright-field illumination on a binocular
microscope.

Microscopy for Epidermal Cell Size Measurements

Seedlings were cleared in 70% ethanol and the third leaf was removed from
the plant and mounted in lactic acid on a microscope slide. The total leaf blade
area was measured for 10 representative leaves from each time point under
a dark-field binocular microscope. Abaxial epidermal cells along the complete
proximal-distal axis of the leaves were drawn with a microscope equipped with
differential interference contrast optics (DM LB with 40x and 63X objectives;
Leica) and a drawing tube. The entire abaxial epidermis was drawn for samples
of representative leaves at days 12 and 13. To image the greening of the leaf,
leaf 3 was harvested directly from seedlings at days 9, 10, and 11 with preci-
sion microdissection scissors and a binocular microscope. The dissected
leaves were mounted in water and imaged directly under a binocular micro-
scope with bright-field illumination.
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Image Analysis

The microscopic drawings of the abaxial epidermis were scanned for digitali-
zation. Atypically large cells at the leaf margin and overlaying the midvein were
removed with Photoshop (Adobe Systems). Automated preprocessing of the
images included: closing small drawing gaps, erasing small extrusions
(drawing overshoots), and equally thinning of all the lines. Extraction of
stomatal pores allowed the positioning of the stomata within the leaf and the
identification of guard cells (cells <500 um neighboring the stomatal pores).
The remaining nonguard cells were identified as pavement cells and were
used for morphological analysis. For each pavement cell, we determined the
center of mass, the cell size, and circularity [4rc*(area/perimeter)]. All data
were calibrated according to the microscopic enlargement used to produce
the drawings. The cells were color-coded according to their size and circu-
larity, along an exponential and linear scale, respectively. The color gradient
(red-yellow-green-cyan-blue) ranged from the minimum to the maximum
size/circularity measured within the image or within the complete set of figures.
The image analysis algorithms were written in C++ scripting, making use of the
SDC Morphology Toolbox for C++ (http://www.mmorph.com/cppmorph/) and
the Imaged macro language (http://rsbweb.nih.gov/ij/). All data were analyzed
by scripts written in Perl programming language (http://www.perl.org/) and
graphs were plotted with Gnuplot (http://www.gnuplot.info/). Image and data
analysis scripts are available upon request.

Material for Transcriptomic Analysis

Seedlings for transcriptomic analysis were placed in RNAlater (Ambion) and
stored at 4°C until leaf 3 could be dissected from the plant. Plants stayed in
RNAlater no longer than 5 days and dissected on a cooling plate under
a stereomicroscope with precision microdissection scissors. The excised
leaves were deposited in a new tube, frozen, and ground with a 3-mm
metal ball (Retsch MM301). A minimum and maximum of 64 (day 13) and
256 (day 8) leaves per replicate were harvested.

RNA Extraction

RNA was extracted from the samples, each replicate independently, with the
RNeasy mini kit (QIAGEN) and on-column DNase digestion by means of the
Qiacube (QIAGEN) robot.

AGRONOMICS1 Tiling Array Hybridizations and Data Analysis

RNA samples were prepared at the Eidgendssische Technische Hochschule
(ETH; Zurich, Switzerland) with the microarray target preparation method 3
and hybridized as described (Rehrauer et al., 2010). Expression data were pro-
cessed with Robust Multichip Average (RMA; background correction, normal-
ization, and summarization) as implemented in BioConductor (Irizarry et al.,
20083; Gentleman et al., 2004). Dynamic probe selection was performed, only
keeping probes that changed in expression over the six time points (Rehrauer
et al., 2010). The BioConductor package Limma was used to identify differen-
tially expressed genes (Smyth, 2004). Genes that were differentially expressed
between at least two time points were identified with a moderated F-test and
a corrected p value of 0.05. Pairwise comparisons between time points were
tested with moderated t statistics and eBayes method as implemented in
Limma. p values were corrected for multiple testing (for each contrast sepa-
rately with topTable; Hochberg and Benjamini, 1990). The differentially ex-
pressed genes were CAST clustered with TMEV, a threshold parameter of
0.759, and a limit of minimum 20 genes per cluster. Transcription factors
were identified by their annotation in the Gene Ontology (GO) and the
Arabidopsis Gene Regulatory Information Server (AGRIS) databases (Davuluri
et al., 2003; Harris et al., 2004). Differentially expressed genes were compared
to gene expression data from publicly available microarrays downloaded from
the Gene Expression Omnibus (GEO) (Edgar et al., 2002). Significant overlaps
between these data sets were identified by means of Fisher’s exact tests,
followed by Bonferroni p value correction. Functional enrichments were
calculated with PageMan (Usadel et al., 2006) and visualized with MAPMAN
(Thimm et al., 2004).

ACCESSION NUMBERS

Microarray data have been deposited in the NCBI Gene Expression Omnibus,
and the GEO series accession number is GSE33936.
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