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The coordination of ploidy and cell size differs between cell layers
in leaves
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ABSTRACT
Growth and developmental processes are occasionally accompanied
by multiple rounds of DNA replication, known as endoreduplication.
Coordination between endoreduplication and cell size regulation
often plays a crucial role in proper organogenesis and cell
differentiation. Here, we report that the level of correlation between
ploidy and cell volume is different in the outer and inner cell layers of
leaves of Arabidopsis thaliana using a novel imaging technique.
Although there is a well-known, strong correlation between ploidy and
cell volume in pavement cells of the epidermis, this correlation was
extremely weak in palisade mesophyll cells. Induction of epidermis
cell identity based on the expression of the homeobox geneATML1 in
mesophyll cells enhanced the level of correlation between ploidy and
cell volume to near that of wild-type epidermal cells. We therefore
propose that the correlation between ploidy and cell volume is
regulated by cell identity.
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INTRODUCTION
Ploidy levels are closely associated with cell size in many organisms
(Mendell et al., 2008; Fox and Duronio, 2013; Matsunaga et al.,
2013). Increases in the ploidy level in somatic cells are
accomplished through endoreduplication, which is also known as
endoreplication or the endocycle. Specifically, the cell cycle skips
the mitotic phase, including the segregation of sister chromatids or
chromosomes after DNA replication, resulting in polyploid cells.
Rapid DNA replication is believed to contribute to the activation of
metabolism for cell growth and differentiation, as well as resistance
to DNA damage (Adachi et al., 2011) and parasitic infections
(Vieira et al., 2013).
Studies using the model plant Arabidopsis thaliana have

shown that a high ploidy level caused by endoreduplication is
reflected by enhanced cell expansion (Breuer et al., 2010). For
example, differentiation and morphogenesis of large, single-celled
trichomes (Hülskamp et al., 1999), extensive elongation of

hypocotyls under dark conditions (Jakoby and Schnittger,
2004) and the differentiation of giant cells in the sepal epidermis
(Roeder et al., 2010) depend on enhanced cell expansion by
endoreduplication. Furthermore, in pavement cells of the leaf
epidermis, the distribution of cell size correlates directly with ploidy
level (Melaragno et al., 1993), indicating that cell size is under the
control of endoreduplication. However, this universal correlation
between ploidy and cell size seems to have been overestimated in
A. thaliana. First, because of the difficulty in making observations
at the single cell level in the inner cell layers, measurements of cell
size and ploidy levels by microscopy have only examined the
epidermal cells in the outermost L1 layer. All previous
measurements of the size of palisade mesophyll cells in A.
thaliana mutants and transgenic plants indicate that the palisade
mesophyll cells did not show a ploidy correlated, multi-peak
distribution pattern for size, as observed in epidermal cells (Tsuge
et al., 1996; Kim et al., 1998; Horiguchi et al., 2006; Ferjani et al.,
2007). However, our previous measurements provided a mean cell
size with a small standard deviation of the palisade mesophyll cells
(Kim et al., 1998; Horiguchi et al., 2006; Ferjani et al., 2007;
Fujikura et al., 2007).

Conventional flow cytometry to detect endoreduplication is
typically performed on leaf segments and data on the level of
endoreduplication are thought to be predominantly for the inner
tissues (because the proportion of epidermis is low compared with
inner tissue), strongly suggesting that the inner tissues also exhibit
extensive endoreduplication. However, many previous studies
suggest that the relationship between the ploidy level and cell size
is not always as simple as in A. thaliana epidermis. For example, the
relationship between the ploidy level and cell size in sepals is not
necessarily linear (Roeder et al., 2012). Bourdon et al. (2011) also
suggest that cell size is not only dependent on ploidy levels but
also upon the position of the cell within the tissue according to
an analysis of tomato pericarp. Moreover, whole-genome
tetraploidization experiments showed that the size of tetraploid
cells is not always twice the volume of diploid cells in palisade
tissues and pollen grains (Tsukaya, 2013). Instead, some genetic
regulatory systems are believed to control ploidy-dependent cell
enlargement.

In this study, we measured the ploidy levels and size of leaf
palisade mesophyll cells of A. thaliana. A combination of a new
in situ imaging technique and genetic analysis revealed that cell
identity regulates the relationship between ploidy level and cell size.

RESULTS AND DISCUSSION
A new technique enables optical measurement of the ploidy
level in inner leaves
First, the ploidy levels of inner mesophyll protoplasts were
compared with conventional data obtained from whole leaf tissues
without removing the epidermis for the first set of foliage leaves ofReceived 18 August 2015; Accepted 15 February 2016
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Columbia wild-type (WT) A. thaliana. On the basis of flow
cytometry data, leaves (Fig. 1A, black) and inner mesophyll
protoplasts (Fig. 1A, red) showed a similar ploidy distribution
pattern. Flow cytometry data on leaves of an epidermis-specific
nuclear-tagged line, pATML1::H2B-mGFP (Roeder et al., 2010),
also clearly indicated that both epidermis (Fig. 1B, green) and inner
tissue (Fig. 1B, purple) exhibit endoreduplication at a similar level.
By contrast, a single-peak distribution was observed for the size of

mesophyll protoplasts (Fig. 1C). This was suggestive of a different
relationship between ploidy level and cell size in mesophyll
compared with epidermal cells. To analyse this relationship in
mesophyll cells, a novel technique that renders tissues transparent
was developed to avoid scattering light and autofluorescence from
cell walls and chloroplasts by treating the samples with 2,2′-
thiodiethanol after fixation (Fig. 1D,E). This new optical technique
enabled deep imaging using normal confocal microscopy into the
inner multicellular layers in clarified plant structures. Our method
(termed TOMEI, for transparent plant organ method for imaging) is
unique in that transparent leaves are prepared rapidly in only 3-4 h,
compared with previous techniques, which may take several days or
weeks (Warner et al., 2014; Kurihara et al., 2015). This method is
also applicable to other species and organs (Hasegawa et al., 2016).
By staining DNA with DAPI in combination with 3D analysis
software, DNA content was quantitatively measured as an integrated
intensity based on DAPI fluorescence units per cell nucleus. We
used the 30-day-old first set of foliage leaves of WT plants, where
growth stopped at the mature stage (Fig. 1F). The relative
fluorescence unit is a doubling value obtained by dividing the
integrated intensity of the nucleus by the average value of the
integrated intensity from the nucleus of five guard cells. We counted
the cell number per relative fluorescence unit and classified cells
into four ploidy levels (2C to 16C; Fig. 1G). This histogram again
indicated that palisade mesophyll cells in a subepidermal layer show
extensive endoreduplication.

Different correlation levels betweenploidyandcell volume in
the leaf layers
Next, the relationship between ploidy level and cell volume in the
pavement cells of the epidermis and palisade mesophyll cells was
analysed based on optical measurements of the transparent leaves.
Here, we calculated the Spearman rank correlation coefficient as a
non-parametric measure of correlation (Fig. 2C,D, Table 1). In
pavement cells, the correlation between ploidy and cell volume
was strong (P<0.01, rs=0.59), but not significant in the palisade
mesophyll cells (P=0.99). Moreover, the dispersion of cell
volume at a given ploidy level was larger in palisade mesophyll
cells than in the epidermis. Each leaf was analysed separately to
demonstrate the reproducibility of the correlation in independent
samples (Fig. S1, Table S1). This indicates that the relationship
between cell volume and ploidy could be dependent on cell
identity.

The degree of ploidy dependency on cell size is known to
be affected by genetic mutations during whole-genome
tetraploidization (Breuer et al., 2007; Tsukaya, 2008, 2013). To
explorewhether this is also the case for endoreduplication-dependent
cell volume control, some mutants with enhanced endoredupliation
were measured using the tissue-clearing technique (Fig. 2A,B).
RPT2a and RPT5a belong to the AAA ATPase family of the 26S
proteasome regulatory particle (Sonoda et al., 2009; Sako and
Yamaguchi, 2010), and CYCA2;3 is a key regulator of the endocycle
(Imai et al., 2006). To compare ploidy dependency in the control of
cell size, the correlation was calculated based on the C-value and the
cell volume in each cell (Fig. 2C-J, Fig. S1, Table 1, Table S1). The
correlation between ploidy and cell volume in pavement cells
differed between WT and mutants, and also between palisade
mesophyll and pavement cells. At higher ploidy levels, the
correlation seemed to be somewhat clear, even in palisade
mesophyll cells. An important point is that palisade mesophyll
cells had a larger basal cell volume than that of pavement cells
(compare Fig. 2D,F,H,J with C,E,G,I). In other words, the correlation

Fig. 1. A novel tissue-clearing technique enables analysis of ploidy levels
inmesophyll cells. (A) Ploidy levels obtained fromwhole-leaf samples of wild-
type (WT) leaves (shown in black) and from mesophyll protoplasts of the same
WT leaves from which the epidermis was peeled off (in red), respectively. Flow
cytometry analysis was performed using 3-week-old first leaves. Typical ploidy
distribution patterns from three independent trials are presented (n>102 cells).
(B) Flow cytometry data on the first set of leaves collected from 3-week-old
pATML1::H2B-mGFP plants. In this line, as reported previously (Roeder et al.,
2010), nuclei from epidermis (shown in green) could be distinguished using
GFP markers from those from the inner tissues (shown in purple), and allowed
us to compare the endoreduplication level between epidermis and inner
tissues. (C) Size distribution of protoplasts from the first set of leaves of
3-week-old plantlets. Values represent the projected area of protoplasts under
the microscope. (D,E) The first foliage leaf of 30-day-old WT before (D) and
after (E) transparency treatment. Grid squares equal 1 mm2. (F) 3D view of
nuclei stained with DAPI in 30-day-old WT leaves. Scale bar: 50 μm.
(G) Histogram of relative fluorescence units and cell numbers in WT palisade
mesophyll cells from 10 first foliage leaves of 30-day-old WT plants. Each bar
indicates 2C (green), 4C (blue), 8C (orange) and 16C (red).
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between ploidy and cell volume is weaker at higher ploidy levels in
palisade mesophyll cells because of the presence of a larger ‘basal’
cell volume that is independent of the ploidy level. If so, cell volume
could be divided into ‘basal’ and ploidy-dependent parts; the former
is smaller in the epidermis and larger in mesophyll cells.

Cell identity of leaves determines the volume of each cell
We hypothesized that switching from the palisade mesophyll
identity to the epidermis identity can alter the relationship between
cell volume and ploidy level in inner cells of leaves. To test this
hypothesis, we used an estradiol-inducible ATML1-expressing line

Fig. 2. The progression of
endoreduplication varied between
tissues. (A,B) Ratio of ploidy levels in
pavement cells (A) and palisade mesophyll
cells (B) in WT and mutants examined here.
(C-J) Relative fluorescence units and cell
volume for individual epidermal cells (C,E,G,I)
and palisade mesophyll cells (D,F,H J) in
30-day-old first foliage leaves of WT (C,D),
rpt2a-1 (E,F), rpt5a-4 (G,H) and cycA2;3 (I,J)
plants. rs indicates the Spearman rank
correlation coefficient. Data were collected
from at least three different samples, and at
least 50 pavement cells and 84 palisade
mesophyll cells were analysed. The statistical
results are summarized in Table 1.

Table 1. Correlation by Spearman rank coefficient test

Line Cell type P rs N No. of leaves Correlation*

WT Pavement cell 7.626e−07 0.5865 63 4 Strong
Palisade mesophyll cell 0.9876 – 102 3 No correlation

rpt2a-1 Pavement cell 1.670e−08 0.7164 52 3 Strong
Palisade mesophyll cell 0.1554 – 122 3 No correlation

rpt5a-4 Pavement cell <2.2e−16 0.8371 62 4 Strong
Palisade mesophyll cell 0.08829 – 84 3 No correlation

cycA2;3 Pavement cell <2.2e−16 0.8718 67 4 Strong
Palisade mesophyll cell 5.053e−04 0.3576 92 3 Weak

DMSO Pavement cell <2.2e−16 0.6821 68 3 Strong
Palisade mesophyll cell 0.02382 0.2998 57 3 Weak

ATML1 induced Pavement cell <2.2e−16 0.7767 64 4 Strong
Palisade mesophyll cell 3.562e−05 0.4640 73 3 Medium

*Correlation: strong, rs>0.55; medium, 0.40<rs<0.55; weak, rs<0.40.
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harbouring proRPS5A::ATML1/pER8 and proATML1::nls-3xGFP
(Takada et al., 2013; Fig. 3A-F). ARABIDOPSIS THALIANA
MERISTEM LAYER 1 (ATML1) is a transcription factor that is
specifically expressed in the outermost cell layer, and whose ectopic
induction generates epidermal features such as stomatal guard cells
and trichome-like cells in the mesophyll (Lu et al., 1996; Sessions
et al., 1999). Because strong expression of ATML1 induced a severe
growth defect, we selected an appropriate induction level of ATML1,
which allowed the transgenic line (line #35) to maintain a normal
leaf layer structure (Takada et al., 2013). In the absence of
β-estradiol,ATML1was expressed only in epidermal cells (Fig. 3B,C).
After β-estradiol treatment, ectopic expression of ATML1 was
observed as GFP fluorescence in palisade mesophyll cells,
indicating that the fate of the mesophyll cells had been changed

towards that of epidermal cells (Fig. 3E-H). In addition, the mRNA
transcript levels of inducible ATML1 and the epidermal marker
genes FIDDLEHEAD (FDH) and ECERIFERUM 5 (CER5) were
increased after treatment with β-estradiol (Fig. S2; Yephremov et al.,
1999; Pruitt et al., 2000; Pighin et al., 2004). Under these
conditions, 21-day-old seedlings showed reduced growth and
generated only a few ectopic guard cells in the mesophyll tissue
after 7 days of growth on the normal plate followed by 14 days of
β-estradiol treatment (Fig. 3G,H).

We next compared the relationship between cell volume and
ploidy level in palisade mesophyll cells before and after the
induction of ATML1. Results were quite different for epidermal
pavement cells (P<0.01, rs=0.68) and palisade mesophyll cells
(P<0.05, rs=0.30) from dimethyl sulfoxide (DMSO)-treated control

Fig. 3. The relationship between ploidy and cell volume of
ATML1-induced palisade mesophyll cells. (A-F) Effects of ATML1
expression in proRPS5A-ATML1 upon β-estradiol treatment (D-F)
and in the controls (A-C). (A,D) Plant seedlings treated with
β-estradiol or DMSO (as a control) for 14 days, after a further 7 days of
growth in MS medium. Fluorescence images of ATML1::NLS-3xGFP
(green) and PI (red) in the epidermis (B,E) and in the palisade
mesophyll (C,F) are shown. Scale bars: 10 mm (A,D) and 40 μm
(B,C,E,F). (G,H) Ectopic guard cells. Panel H shows a magnified
image of a part of the panel G, shown in a box. Scale bars: 50 μm
(G) and 25 μm (H). (I,K) The relationship between relative
fluorescence units and cell volume for individual pavement and
palisademesophyll cells in 21-day-old proRPS5A-ATML1 plants after
14 days of DMSO treatment (I) and β-estradiol treatment (K). rs
indicates the Spearman rank correlation coefficient. A total of 68
pavement cells and 57 palisade mesophyll cells for I and 64
pavement cells and 73 palisade mesophyll cells for K were analysed.
(J,L) Comparison of ploidy levels in pavement and palisade
mesophyll cells in 21-day-old proRPS5A-ATML1 line after 14 days of
DMSO (J) and β-estradiol (L) treatment.
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plants (Fig. 3I, Fig. S3, Table 1, Table S1), compared with WT
plants (Fig. 2A,B). The control plants showed differential
progression of endoreduplication between the epidermis and
palisade tissues (Fig. 3J); higher levels of endoreduplication were
observed in DMSO-treated control plants compared with WT plants
(Fig. 2E,F). After induction of ATML1, progression of
endoreduplication was similar in the different tissues (Fig. 3L).
Interestingly, after induction of ATML1 expression, the Spearman
rank correlation coefficient of the palisade mesophyll cells (P<0.01,
rs=0.46; Fig. 3K, Fig. S3, Table 1, Table S1) was significantly
increased compared with cells without ATML1 (rs=0.30; Fig. 3I,
Fig. S3, Table 1, Table S1). These results clearly demonstrate that
cell identity plays an important role in the regulation of cell volume.
It is noteworthy, considering our findings here, that the effect of
constitutive SIMEASE (SIM) expression (which strongly enhances
endoreduplication) on the increase in cell volume was also reported
to be far stronger in the epidermis than in parenchymatous cells of
leaves (see fig. 6E,F in Churchman et al., 2006). This variation
might also be due to differences in the dependency of cell volume on
ploidy level.
Previous analyses of endoreduplication were mainly performed

using flow cytometry on whole leaves, which contained numerous
mesophyll cells and a single layer of epidermal cells. By contrast,
microscopy analyses on the correlation between ploidy levels and
cell size have focused on the epidermis. These methods have been
misleading and resulted in an overestimation of the relationship
between ploidy levels and cell size in leaves. However, our results
obtained using a tissue-clearing technique clearly show that cell
volume control through endoreduplication differs in the epidermis
and palisade tissues. The cell volume of palisade mesophyll cells
appeared to be more conservative and stable against an increase in
ploidy levels than epidermal cells. The robustness of the cell size in
palisade mesophyll cells is probably derived from the physiological
requirements of their important role in photosynthesis. The palisade
layer is tightly packed, and thus each cell must be uniform in size. In
addition, there must be a favourable ratio of cytosolic volume to total
cell volume for efficient photosynthesis. Conversely, epidermal
cells must be heterogeneous to ensure that the epidermal sheet is
tolerant of tearing forces. That is, heterogeneous polyploidy and
ploidy-dependent cell enlargement might offer mechanical
resistance. Although cell proliferation in epidermis and mesophyll
cells is coordinated by a signal from the mesophyll cells in a
developing leaf primordia (Kawade et al., 2013), the final extension
of the leaf blade by cell expansion is triggered by the epidermis
(Zörb et al., 2015; Savaldi-Goldstein et al., 2007; Horiguchi and
Tsukaya, 2011). These differential roles of the cell layers might also
be associated with the different ploidy dependencies of cell size
regulation. Indeed, the phenomenon of compensation (Tsukaya,
2008; Horiguchi and Tsukaya, 2011; Hisanaga et al., 2015), i.e.
abnormally enhanced cell expansion in the palisademesophyll cells,
is typically independent of endoreduplication.
Previously, it was shown that pollen grains, petal epidermis and

palisade mesophyll cells showed different ploidy dependencies for
cell size in a whole-genome tetraploidization system (Breuer et al.,
2007; Tsukaya, 2008). At this time, it is not possible to determine
whether pollen, epidermal or palisade types represent the default for
ploidy dependency of cell size regulation. However, the induction of
epidermis identity in the inner cells of leaves results in a shift from the
palisade mesophyll cell type relationship between cell volume and
ploidy to the pavement cell type. Our results suggest that the weak
palisade mesophyll cell type dependency on ploidy levels for cell
enlargement is the default. In addition, although polyploidymight not

be directly associatedwith cell volume, it is positively associated with
genetic pathways (Tsukaya, 2013). This study highlights the need for
precise tissue-specific analyses to understand the mechanism
underlying the coordination between cell volume and organ size.

MATERIALS AND METHODS
Plant materials and growth conditions
pATML1::H2B-mGFP (Roeder et al., 2010), rpt2a-1 (Sonoda et al., 2009),
rpt5a-4 (Sako and Yamaguchi, 2010), cycA2;3 (Lu et al., 1996) and
RPS5A-ATML1/pER8 (Takada et al., 2013) were described previously.
Arabidopsis thaliana (Col-0) was grown on rockwool under a 16 h light:8 h
dark cycle or in continuous light at 22°C, as described previously (Fujikura
et al., 2007; Kozuka et al., 2005). For chemical induction of ATML1
expression, plants were germinated on Murashige and Skoog (MS) agar
plates [0.5×MS salts, 1% sucrose, and 0.8% agar (pH 5.8)] and grown in a
plant chamber (CL-301, TOMY, Tokyo) under a 16 h light:8 h dark cycle at
22°C. After 7 days, seedlings were transferred to a MS agar plate containing
10 μM β-estradiol and grown for 14 days. β-estradiol was dissolved in
dimethyl sulphoxide (DMSO) and the same volume of DMSOwas added as
a control.

Flow cytometry
The first set of foliage leaves was collected for analysis of flow cytometry,
as described previously (Kozuka et al., 2005) using EPICS XL and the BD
Accuri C6 Flow Cytometer (Becton Dickinson). Protoplast isolation was
performed as described previously (Wu et al., 2009).

Technique for rendering leaves transparent
The first foliage leaves of 30-day-old seedlings were fixed in a mixture of
ethanol and acetic acid (3:1) for 2 h. The samples were washed with 70%
ethanol for 30 min and then incubated in sterile water for 5 min. After
incubation in PBS for 10 min, the samples were stained with 5 μg/ml
4′,6-diamidino-2-phenylindole (DAPI) for 5 min and washed with PBS
four times. To make the sections transparent, samples were incubated in
97% 2,2′-thiodiethanol (v/v in PBS buffer) for 30 min.

Microscopy and data analysis
Seedlings were observed under an inverted fluorescence microscope (IX-81,
Olympus) equipped with a confocal scanning unit (CSU-X1, Yokogawa)
and a sCMOS camera (Neo 5.5 sCMOS, Andor) and a confocal microscope
(FY1000, Olympus). One stack of 0.5 μm z-axis steps was collected. The
cell volume was measured using ImageJ software (NIH; Fig. S2). To
measure the intensity of integrated DAPI fluorescence, images were
analysed using MetaMorph (Universal Imaging Corporation). The ploidy
level was estimated optically according to the DAPI fluorescence intensity
and normalized to the integrated intensity of guard cell nuclei. We fitted the
cell volume of a palisade mesophyll cell to a cylinder. We calculated the cell
volume by multiplication of the maximum cell area by the height along the
z-axis (Fig. S4). Spearman rank coefficient tests were performed using R
(v3.2.0) open software for statistical analysis.

Quantitative real-time PCR
Seven-day-old seedlings of #35 lines were transferred to plates with or
without 10 µM β-estradiol medium. After estradiol treatment, total RNAwas
extracted from shoot tissue of 10-day-old plants using the RNeasy Plant
Mini kit (Qiagen). cDNAwas synthesized using the Verso cDNA synthesis
kit (Thermo Fisher Science). Quantitative real-time PCR was performed
using Thunderbird SYBR qPCR mix (TOYOBO) and the Thermal Cycler
Dice Real Time System III (Takara). The housekeeping gene encoding
subunit A3 of protein phosphatase 2A was used for normalization in
quantitative real-time PCR (Czechowski et al., 2005). PCR primer
sequences are listed in Table S2.
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De Veylder, L., Walker, J. D., Zheng, Z., Oppenheimer, D. G. et al. (2006).
SIAMESE, a plant-specific cell cycle regulator, controls endoreplication onset in
Arabidopsis thaliana. Plant Cell 18, 3145-3157.

Czechowski, T., Stitt, M., Altmann, T., Udvardi, M. K. and Scheible,W.-R. (2005).
Genome-wide identification and testing of superior reference genes for transcript
normalization in Arabidopsis. Plant Physiol. 139, 5-17.

Ferjani, A., Horiguchi, G., Yano, S. and Tsukaya, H. (2007). Analysis of leaf
development in fugu mutants of Arabidopsis reveals three compensation modes
that modulate cell expansion in determinate organs. Plant Physiol. 144, 988-999.

Fox, D. T. and Duronio, R. J. (2013). Endoreplication and polyploidy: insights into
development and disease. Development 140, 3-12.

Fujikura, U., Horiguchi, G. and Tsukaya, H. (2007). Dissection of enhanced cell
expansion processes in leaves triggered by a defect in cell proliferation, with
reference to roles of endoreduplication. Plant Cell Physiol. 48, 278-286.

Hasegawa, J., Sakamoto, Y., Nakagami, S., Aida, M., Sawa, S. and Matsunaga,
S. (2016). Three-dimensional imaging of plant organs using a simple and rapid
transparency technique. Plant Cell Phyiol. (in press).

Hisanaga, T., Kawade, K. and Tsukaya, H. (2015). Compensation: a key to
clarifying the organ-level regulation of lateral organ size in plants. J. Exp. Bot. 66,
1055-1063.

Horiguchi, G. and Tsukaya, H. (2011). Organ size regulation in plants: insights
from compensation. Front. Plant Sci. 2, 24.

Horiguchi, G., Fujikura, U., Ferjani, A., Ishikawa, N. and Tsukaya, H. (2006).
Large-scale histological analysis of leaf mutants using two simple leaf observation
methods: identification of novel genetic pathways governing the size and shape of
leaves. Plant J. 48, 638-644.

Hülskamp, M., Schnittger, A. and Folkers, U. (1999). Pattern formation and cell
differentiation: trichomes in Arabidopsis as a genetic model system. Int. Rev.
Cytol. 186, 147-178.

Imai, K. K., Ohashi, Y., Tsuge, T., Yoshizumi, T., Matsui, M., Oka, A. and
Aoyama, T. (2006). The A-type cyclin CYCA2;3 is a key regulator of ploidy levels
in Arabidopsis endoreduplication. Plant Cell 18, 382-396.

Jakoby, M. and Schnittger, A. (2004). Cell cycle and differentiation. Curr. Opin.
Plant Biol. 7, 661-669.

Kawade, K., Horiguchi, G., Usami, T., Hirai, M. Y. and Tsukaya, H. (2013).
ANGUSTIFOLIA3 signaling coordinates proliferation between clonally distinct
cells in leaves. Curr. Biol. 23, 788-792.

Kim, G.-T., Tsukaya, H. and Uchimiya, H. (1998). The ROTUNDIFOLIA3 gene of
Arabidopsis thaliana encodes a new member of the cytochrome P-450 family that
is required for the regulated polar elongation of leaf cells. Genes Dev. 12,
2381-2391.

Kozuka, T., Horiguchi, G., Kim, G.-T., Ohgishi, M., Sakai, T. and Tsukaya, H.
(2005). The different growth responses of the Arabidopsis thaliana leaf blade and
the petiole during shade avoidance are regulated by photoreceptors and sugar.
Plant Cell Physiol. 46, 213-223.

Kurihara, D., Mizuta, Y., Sato, Y. and Higashiyama, T. (2015). ClearSee: a rapid
optical clearing reagent for whole-plant fluorescence imaging. Development 142,
4168-4179.

Lu, P., Porat, R., Nadeau, J. A. and O’neill, S. D. (1996). Identification of a
meristem L1 layer-specific gene in Arabidopsis that is expressed during
embryonic pattern formation and defines a new class of homeobox genes.
Plant Cell 8, 2155-2168.

Matsunaga, S., Katagiri, Y., Nagashima, Y., Sugiyama, T., Hasegawa, J.,
Hayashi, K. and Sakamoto, T. (2013). New insights into the dynamics of plant
cell nuclei and chromosomes. Int. Rev. Cell Mol. Biol. 305, 253-301.

Melaragno, J. E., Mehrotra, B. and Coleman, A. (1993). Relationship between
endopolyploidy and cell size in epidermal tissue of Arabidopsis. Plant Cell 5,
1661-1668.

Mendell, J. E., Clements, K. D., Choat, J. H. and Angert, E. R. (2008). Extreme
polyploidy in a large bacterium. Proc. Natl. Acad. Sci. USA 105, 6730-6734.

Pighin, J. A., Zheng, H., Balakshin, L. J., Goodman, I. P., Western, T. L., Jetter,
R., Kunst, L. and Samuels, A. L. (2004). Plant cuticular lipid export requires an
ABC transporter. Science 306, 702-704.

Pruitt, R. E., Vielle-Calzada, J.-P., Ploense, S. E., Grossniklaus, U. and Lolle,
S. J. (2000). FIDDLEHEAD, a gene required to suppress epidermal cell
interactions in Arabidopsis, encodes a putative lipid biosynthetic enzyme. Proc.
Natl. Acad. Sci. USA 97, 1311-1316.

Roeder, A. H. K., Chickarmane, V., Cunha, A., Obara, B., Manjunath, B. S. and
Meyerowitz, E. M. (2010). Variability in the control of cell division underlies sepal
epidermal patterning in Arabidopsis thaliana. PLoS Biol. 8, e1000367.

Roeder, A. H. K., Cunha, A., Ohno, C. K. and Meyerowitz, E. M. (2012). Cell cycle
regulates cell type in the Arabidopsis sepal. Development 139, 4416-4427.

Sako, K. and Yamaguchi, J. (2010). How does the plant proteasome control leaf
size? Plant Signal. Behav. 5, 1119-1120.

Savaldi-Goldstein, S., Peto, C. and Chory, J. (2007). The epidermis both drives
and restricts plant shoot growth. Nature 446, 199-202.

Sessions, A., Weigel, D. and Yanofsky, M. F. (1999). The Arabidopsis thaliana
MERISTEM LAYER 1 promoter specifies epidermal expression in meristems and
young primordia. Plant J. 20, 259-263.

Sonoda, Y., Sako, K., Maki, Y., Yamazaki, N., Yamamoto, H., Ikeda, A. and
Yamaguchi, J. (2009). Regulation of leaf organ size by the Arabidopsis RPT2a
19S proteasome subunit. Plant J. 60, 68-78.

Takada, S., Takada, N. and Yoshida, A. (2013). ATML1 promotes epidermal cell
differentiation in Arabidopsis shoots. Development 140, 1919-1923.

Tsuge, T., Tsukaya, H. and Uchimiya, H. (1996). Two independent and polarized
processes of cell elongation regulate leaf blade expansion in Arabidopsis thaliana
(L.) Heynh. Development 122, 1589-1600.

Tsukaya, H. (2008). Controlling size in multicellular organs: focus on the leaf. PLoS
Biol. 6, e174.

Tsukaya, H. (2013). Does ploidy level directly control cell size? Counterevidence
from Arabidopsis genetics. PLoS ONE 8, e83729.

Vieira, P., Escudero, C., Rodiuc, N., Boruc, J., Russinova, E., Glab, N., Mota, M.,
De Veylder, L., Abad, P., Engler, G. et al. (2013). Ectopic expression of Kip-
related proteins restrains root-knot nematode-feeding site expansion.NewPhytol.
199, 505-519.

Warner, C. A., Biedrzycki, M. L., Jacobs, S. S., Wisser, R. J., Caplan, J. L. and
Sherrier, D. J. (2014). An optical clearing technique for plant tissues allowing
deep imaging and compatible with fluorescence microscopy. Plant Physiol. 166,
1684-1687.

Wu, F.-H., Shen, S.-C., Lee, L.-Y., Lee, S.-H., Chan, M.-T. and Lin, C.-S. (2009).
Tape-Arabidopsis sandwich – a simpler Arabidopsis protoplast isolation method.
Plant Methods 5, 16.

Yephremov, A., Wisman, E., Huijser, P., Huijser, C., Wellesen, K. and Saedler,
H. (1999). Characterization of the FIDDLEHEAD gene of Arabidopsis reveals a
link between adhesion response and cell differentiation in the epidermis. Plant
Cell 11, 2187-2201.

Zörb, C., Mühling, K. H., Kutschera, U. and Geilfus, C.-M. (2015). Salinity stiffens
the epidermal cell walls of salt-stressed maize leaves: is the epidermis growth-
restricting? PLoS ONE 10, e0118406.

1125

RESEARCH REPORT Development (2016) 143, 1120-1125 doi:10.1242/dev.130021

D
E
V
E
LO

P
M

E
N
T

http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.130021/-/DC1
http://dev.biologists.org/lookup/suppl/doi:10.1242/dev.130021/-/DC1
http://dx.doi.org/10.1073/pnas.1103584108
http://dx.doi.org/10.1073/pnas.1103584108
http://dx.doi.org/10.1073/pnas.1103584108
http://dx.doi.org/10.1073/pnas.1103584108
http://dx.doi.org/10.1111/j.1365-313X.2011.04568.x
http://dx.doi.org/10.1111/j.1365-313X.2011.04568.x
http://dx.doi.org/10.1111/j.1365-313X.2011.04568.x
http://dx.doi.org/10.1111/j.1365-313X.2011.04568.x
http://dx.doi.org/10.1105/tpc.107.054833
http://dx.doi.org/10.1105/tpc.107.054833
http://dx.doi.org/10.1105/tpc.107.054833
http://dx.doi.org/10.1105/tpc.107.054833
http://dx.doi.org/10.1016/j.pbi.2010.10.006
http://dx.doi.org/10.1016/j.pbi.2010.10.006
http://dx.doi.org/10.1105/tpc.106.044834
http://dx.doi.org/10.1105/tpc.106.044834
http://dx.doi.org/10.1105/tpc.106.044834
http://dx.doi.org/10.1105/tpc.106.044834
http://dx.doi.org/10.1104/pp.105.063743
http://dx.doi.org/10.1104/pp.105.063743
http://dx.doi.org/10.1104/pp.105.063743
http://dx.doi.org/10.1104/pp.107.099325
http://dx.doi.org/10.1104/pp.107.099325
http://dx.doi.org/10.1104/pp.107.099325
http://dx.doi.org/10.1242/dev.080531
http://dx.doi.org/10.1242/dev.080531
http://dx.doi.org/10.1093/pcp/pcm002
http://dx.doi.org/10.1093/pcp/pcm002
http://dx.doi.org/10.1093/pcp/pcm002
http://dx.doi.org/10.1093/jxb/erv028
http://dx.doi.org/10.1093/jxb/erv028
http://dx.doi.org/10.1093/jxb/erv028
http://dx.doi.org/10.3389/fpls.2011.00024
http://dx.doi.org/10.3389/fpls.2011.00024
http://dx.doi.org/10.1111/j.1365-313X.2006.02896.x
http://dx.doi.org/10.1111/j.1365-313X.2006.02896.x
http://dx.doi.org/10.1111/j.1365-313X.2006.02896.x
http://dx.doi.org/10.1111/j.1365-313X.2006.02896.x
http://dx.doi.org/10.1016/S0074-7696(08)61053-0
http://dx.doi.org/10.1016/S0074-7696(08)61053-0
http://dx.doi.org/10.1016/S0074-7696(08)61053-0
http://dx.doi.org/10.1105/tpc.105.037309
http://dx.doi.org/10.1105/tpc.105.037309
http://dx.doi.org/10.1105/tpc.105.037309
http://dx.doi.org/10.1016/j.pbi.2004.09.015
http://dx.doi.org/10.1016/j.pbi.2004.09.015
http://dx.doi.org/10.1016/j.cub.2013.03.044
http://dx.doi.org/10.1016/j.cub.2013.03.044
http://dx.doi.org/10.1016/j.cub.2013.03.044
http://dx.doi.org/10.1101/gad.12.15.2381
http://dx.doi.org/10.1101/gad.12.15.2381
http://dx.doi.org/10.1101/gad.12.15.2381
http://dx.doi.org/10.1101/gad.12.15.2381
http://dx.doi.org/10.1093/pcp/pci016
http://dx.doi.org/10.1093/pcp/pci016
http://dx.doi.org/10.1093/pcp/pci016
http://dx.doi.org/10.1093/pcp/pci016
http://dx.doi.org/10.1242/dev.127613
http://dx.doi.org/10.1242/dev.127613
http://dx.doi.org/10.1242/dev.127613
http://dx.doi.org/10.1105/tpc.8.12.2155
http://dx.doi.org/10.1105/tpc.8.12.2155
http://dx.doi.org/10.1105/tpc.8.12.2155
http://dx.doi.org/10.1105/tpc.8.12.2155
http://dx.doi.org/10.1016/B978-0-12-407695-2.00006-8
http://dx.doi.org/10.1016/B978-0-12-407695-2.00006-8
http://dx.doi.org/10.1016/B978-0-12-407695-2.00006-8
http://dx.doi.org/10.1105/tpc.5.11.1661
http://dx.doi.org/10.1105/tpc.5.11.1661
http://dx.doi.org/10.1105/tpc.5.11.1661
http://dx.doi.org/10.1073/pnas.0707522105
http://dx.doi.org/10.1073/pnas.0707522105
http://dx.doi.org/10.1126/science.1102331
http://dx.doi.org/10.1126/science.1102331
http://dx.doi.org/10.1126/science.1102331
http://dx.doi.org/10.1073/pnas.97.3.1311
http://dx.doi.org/10.1073/pnas.97.3.1311
http://dx.doi.org/10.1073/pnas.97.3.1311
http://dx.doi.org/10.1073/pnas.97.3.1311
http://dx.doi.org/10.1371/journal.pbio.1000367
http://dx.doi.org/10.1371/journal.pbio.1000367
http://dx.doi.org/10.1371/journal.pbio.1000367
http://dx.doi.org/10.1242/dev.082925
http://dx.doi.org/10.1242/dev.082925
http://dx.doi.org/10.4161/psb.5.9.12479
http://dx.doi.org/10.4161/psb.5.9.12479
http://dx.doi.org/10.1038/nature05618
http://dx.doi.org/10.1038/nature05618
http://dx.doi.org/10.1046/j.1365-313x.1999.00594.x
http://dx.doi.org/10.1046/j.1365-313x.1999.00594.x
http://dx.doi.org/10.1046/j.1365-313x.1999.00594.x
http://dx.doi.org/10.1111/j.1365-313X.2009.03932.x
http://dx.doi.org/10.1111/j.1365-313X.2009.03932.x
http://dx.doi.org/10.1111/j.1365-313X.2009.03932.x
http://dx.doi.org/10.1242/dev.094417
http://dx.doi.org/10.1242/dev.094417
http://dx.doi.org/10.1371/journal.pbio.0060174
http://dx.doi.org/10.1371/journal.pbio.0060174
http://dx.doi.org/10.1371/journal.pone.0083729
http://dx.doi.org/10.1371/journal.pone.0083729
http://dx.doi.org/10.1111/nph.12255
http://dx.doi.org/10.1111/nph.12255
http://dx.doi.org/10.1111/nph.12255
http://dx.doi.org/10.1111/nph.12255
http://dx.doi.org/10.1104/pp.114.244673
http://dx.doi.org/10.1104/pp.114.244673
http://dx.doi.org/10.1104/pp.114.244673
http://dx.doi.org/10.1104/pp.114.244673
http://dx.doi.org/10.1186/1746-4811-5-16
http://dx.doi.org/10.1186/1746-4811-5-16
http://dx.doi.org/10.1186/1746-4811-5-16
http://dx.doi.org/10.1105/tpc.11.11.2187
http://dx.doi.org/10.1105/tpc.11.11.2187
http://dx.doi.org/10.1105/tpc.11.11.2187
http://dx.doi.org/10.1105/tpc.11.11.2187
http://dx.doi.org/10.1371/journal.pone.0118406
http://dx.doi.org/10.1371/journal.pone.0118406
http://dx.doi.org/10.1371/journal.pone.0118406


Development 143: doi:10.1242/dev.130021: Supplementary information 

 

 

 

Fig. S1. The relationship between ploidy and cell volume in individual leaves of WT and mutants. 

The relationship between relative fluorescence units and cell volume of individual pavement (A, C, E and 

G) and palisade mesophyll cells (B, D, F and H). The relative fluorescent units and cell volume of all cells 

were optically estimated using 30-day-old first foliage leaves of WT (A, B), rpt2a-1 (C, D), rpt5a-4 (E, F), 

and cycA2:3 (G, H). The regression line was described based on data derived from each leaf. The statistical 

results are shown in Table S1. pv; pavement cells, pl; palisade mesophyll cells.  
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Fig. S2. Expression analysis after estradiol induction. The analysis of expression levels of inducible 

ATML1, endogenous ATML1, FDH and CER5. Bars indicated ± SE (n = 3-5). A house-keeping gene 

encoding the A3 subunit of protein phosphatase 2A was used for normalization. RNA samples were 

isolated from shoot tissue of plants after DMSO (-) or -estradiol treatment (+) for 3 days. The relative 

expression level is the ratio compared with DMSO-treated line #35. Bar graph shows the mean value, and 

error bars indicate SE. Asterisks indicate significance according to Student's t-test. *p < 0.05 vs DMSO 

treatment; **p < 0.01 vs DMSO treatment. 
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Fig. S3. The relationship between ploidy and cell volume of individual leaves in the estradiol 

induction line. The relationship between relative fluorescence units and cell volume of individual 

pavement (A, C) and palisade mesophyll cells (B, D). The relative fluorescent units and cell volume of all 

cells were optically estimated using the 21-day-old proRPS5A-ATML1 line after 14 days of DMSO 

treatment (A, B) and ß-estradiol treatment (C, D). The regression line was described based on data derived 

from each leaf. The statistical results are shown in Table S1. pv; pavement cells, pl; palisade mesophyll 

cells. 
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Fig. S4. Method of optical measurement of cell volume. (A) Fluorescence images show a serial cross 

section of a palisade mesophyll cell from the adaxial to abaxial side in 0.5-μm steps. The palisade 

mesophyll cell is derived from the first foliage leaf of 30-day-old WT. The green line in the middle section 

represents the cross-sectional area. The arrow head and arrow indicate a chloroplast and a nucleus, 

respectively. (B) A schematic figure shows the calculation of cell volume. The cell volume of a palisade 

mesophyll cell was calculated by multiplication of the maximum cell area by the height along the Z axis. 
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Table S1. Correlation by Spearman rank coefficient test in individual leaves 

Line Cell type p rs N 

WT 

pv_1 0.0442 0.4975 17 

pv_2 0.0111 0.6464 15 

pv_3 0.0037 0.8182 11 

pv_4 < 2.2e-16 0.8451 20 

pl_1 0.5693 - 32 

pl_2 0.2970 - 35 

pl_3 0.0072 -0.4496 35 

rpt2a-1 

pv_1 0.0007 0.8352 14 

pv_2 0.0045 0.7275 14 

pv_3 0.0005 0.6704 24 

pl_1 0.9303 - 21 

pl_2 0.0290 -0.3655 36 

pl_3 0.6839 - 65 

rpt5a-4 

pv_1 < 2.2e-16 0.8456 17 

pv_2 0.000096 0.8265 16 

pv_3 < 2.2e-16 0.8893 15 

pv_4 0.0009 0.8022 14 

pl_1 0.2225 - 26 

pl_2 0.9819 - 39 

pl_3 0.3275 - 19 

cycA2;3 

pv_1 0.0002404 0.8114 15 

pv_2 0.0000067 0.8670 17 

pv_3 < 2.2e-16 0.8754 19 

pv_4 < 2.2e-16 0.8706 16 

pl_1 0.0007 0.6130 28 

pl_2 0.0036 0.4483 41 

pl_3 0.0439 0.4259 23 

DMSO 

pv_1 < 2.2e-16 0.9143 15 

pv_2 0.0004 0.5633 37 

pv_3 0.0029 0.7088 16 

pl_1 0.6124 - 20 

pl_2 0.1736 - 18 
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pl_3 0.4399 - 19 

ATML1 induced 

pv_1 < 2.2e-16 0.9143 15 

pv_2 0.0008 0.7857 15 

pv_3 0.0509 0.5000 16 

pv_4 0.0007 0.7358 18 

pl_1 0.0131 0.5202 22 

pl_2 0.0125 0.4541 30 

pl_3 0.0035 0.6169 21 

     

pv; pavement cells    

pl; palisade mesophyll cells    
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Table S2. Primer sequences for quantitative RT-PCR 

Gene Direction Nucleotide sequence Reference 

Inducible ATML1 
Forward CCTTGCTTCGAGTCAATAGTG   

Reverse TAGCGAATCCGGATGGTAAC Takada et al. (2011) 

Endogenous 

ATML1 

Forward TTAAAGCCGCTCTGGCCTGCGAC 
Takada et al. (2011) 

Reverse AGGTGCGTTCTTGACTTCCTTTGGAG 

FDH 
Forward TTCCGCCACCGCAAAAACCAATG 

Takada et al. (2011) 
Reverse TGCCGCGTGGAAGCAAAAATGC 

CER5 
Forward GAATCCAAGTTTGCTGTTGAG   

Reverse TGTCTCCCGAATCCTTTGAG Takada et al. (2011) 

PDF1 
Forward CCGTAAGGTTTGAGGATGC 

  
Reverse GATGGAGTGGAAGGAGTTGG 

PP2AA3 
Forward TAACGTGGCCAAAATGATGC Czechowski et al. 

(2005) Reverse GTTCTCCACAACCGCTTGGT 
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