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Phytohormones regulate plant growth from cell division to organ development. Jasmonates (JAs) are signaling molecules that
have been implicated in stress-induced responses. However, they have also been shown to inhibit plant growth, but the
mechanisms are not well understood. The effects of methyl jasmonate (MeJA) on leaf growth regulation were investigated in
Arabidopsis (Arabidopsis thaliana) mutants altered in JA synthesis and perception, allene oxide synthase and coi1-16B (for coronatine
insensitive1), respectively. We show that MeJA inhibits leaf growth through the JA receptor COI1 by reducing both cell number
and size. Further investigations using flow cytometry analyses allowed us to evaluate ploidy levels and to monitor cell cycle
progression in leaves and cotyledons of Arabidopsis and/or Nicotiana benthamiana at different stages of development.
Additionally, a novel global transcription profiling analysis involving continuous treatment with MeJA was carried out to
identify the molecular players whose expression is regulated during leaf development by this hormone and COI1. The results
of these studies revealed that MeJA delays the switch from the mitotic cell cycle to the endoreduplication cycle, which
accompanies cell expansion, in a COI1-dependent manner and inhibits the mitotic cycle itself, arresting cells in G1 phase
prior to the S-phase transition. Significantly, we show that MeJA activates critical regulators of endoreduplication and affects
the expression of key determinants of DNA replication. Our discoveries also suggest that MeJA may contribute to the
maintenance of a cellular “stand-by mode” by keeping the expression of ribosomal genes at an elevated level. Finally, we
propose a novel model for MeJA-regulated COI1-dependent leaf growth inhibition.

In plants, jasmonates (JAs) form a group of oxylipins
(oxygenated fatty acids) produced via the octadeca-
noid pathway (for review, see Balbi and Devoto, 2008;
Schaller and Stintzi, 2009; Wasternack and Kombrink,
2010). The volatile phytohormone methyl jasmonate
(MeJA), produced through the activity of JA carboxyl

methyltransferase (Seo et al., 2001), is an easy-to-
handle JA conjugate extensively used in biological
assays (Staswick et al., 1992; Pauwels et al., 2008). The
roles of these lipid-derived hormones (signaling mol-
ecules) have been traditionally studied in the context
of plant biotic and abiotic stress-mediated responses
such as pathogen attack, wounding, or drought
(Reymond et al., 2004; Devoto et al., 2005; Browse, 2009;
Yoshida et al., 2009; Avanci et al., 2010; Harb et al.,
2010). They are also implicated in plant development
by influencing processes like senescence, secondary
metabolism, and reproduction (Devoto et al., 2002;
Avanci et al., 2010; De Geyter et al., 2012). More re-
cently, evidence has emerged for a role for JA-mediated
responses in cell cycle progression. JA blocks syn-
chronized tobacco (Nicotiana tabacum) Bright Yellow-2
cell cultures in both G1 and G2 phases (�Swiątek et al.,
2002), and the G2 arrest is combined with a reduced
accumulation of cyclinB1;1 and the cyclin-dependent
kinase CDK-B (�Swiątek et al., 2004). Similarly, in
Arabidopsis (Arabidopsis thaliana) cell cultures, MeJA-
mediated arrest of the cell cycle in G2 is associated
with the repressed expression of mitotic phase genes
(Pauwels et al., 2008). Although JAs have been impli-
cated in plant growth inhibition and mitosis (Yan et al.,
2007; Zhang and Turner, 2008; Brioudes et al., 2009;
Chen et al., 2011), little is known about the molecular
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mechanisms through which this class of hormones
regulates the dynamic process of plant organ devel-
opment and growth.
Plant organ development is the result of strict spatial

and temporal genetic control and the coordination of
cell division, growth, and differentiation (Beemster
et al., 2003; Tsukaya, 2005; Harashima and Schnittger,
2010; Gonzalez et al., 2012). However, the role of cell
cycle regulation and cell division in plant growth and
organ development is controversial. Some experimental
data are most easily interpreted from the “cellular per-
spective,” where cell division drives growth, whereas
other observations are more consistent with the “or-
ganismal perspective,” according to which cell division
is merely a consequence of organ growth and to a large
extent facultative (Massonnet et al., 2010). In the plant
Arabidopsis, two types of cell cycle have been identified:
the mitotic cell cycle and the endocycle (or endore-
duplication cycle). The process of endoreduplication,
which is an increase of ploidy levels via rereplication of
DNA in the absence of mitosis (M phase), has been as-
sociated with cell expansion, where an increased cell
volume is driven by internal turgor pressure (Sugimoto-
Shirasu and Roberts, 2003). However, increased ploidy
level by endoreduplication appears not to be the unique
determinant of plant cell size (Massonnet et al., 2010).
For example, some Arabidopsis dwarf mutants defective
in hormone signaling or cell wall biosynthesis retain
similar ploidy levels to the wild type but exhibit reduced
cell size (Caño-Delgado et al., 2000; Ishida et al., 2009).
Conversely, some Arabidopsis or tobacco mutant lines
overexpressing key cell cycle regulatory genes have al-
tered ploidy levels but do not differ in cell size (De
Veylder et al., 2001; Jasinski et al., 2002; Hu et al., 2006).
In leaf development, once founder cells are recruited
into leaf primordia, cells actively proliferate and the
growth of the first true leaves correlates with a switch
for most cells to begin endoreduplication with a basip-
etal polarity (Donnelly et al., 1999; Beemster et al., 2005).
Recently, the occurrence of endoreduplication has

been associated with an increased potential for further
cell functions (De Veylder et al., 2011), such as the ca-
pacity for future cellular growth (Breuer et al., 2010), the
regulation of responses against plant pathogen attacks
(Chandran et al., 2010; Wildermuth, 2010), or a role in
the maintenance of cell fate (Bramsiepe et al., 2010). In
terms of cellular machinery, although basic plant cell
cycle and growth regulators have become increasingly
well characterized during Arabidopsis development
(Gutierrez, 2009; Boruc et al., 2010; Van Leene et al.,
2010, 2011), little is known about their precise regulation/
coordination. It has been shown that cell cycle progres-
sion and the switch from the mitotic to the endoredu-
plication cycle result from the accurate and sequential
activity of a conserved core set of regulators implicated in
DNA replication and mitosis (Inzé and De Veylder, 2006;
Gutierrez, 2009; De Veylder et al., 2011). In animals, E2F
transcription factors are major components of this path-
way. At the end of the G1 phase, CDK-cyclin complexes
phosphorylate the retinoblastoma protein bound to E2F

factors, allowing them to activate the expression of genes
required for the onset of the synthesis (S) phase, such as
Cell Division Control6 (CDC6), CDC10-dependent transcript
(CDT1), Origin Recognition Complex (ORCs), and Mini
Chromosome Maintenance proteins (MCMs; Attwooll et al.,
2004). In plants, two activating E2F proteins, E2Fa (De
Veylder et al., 2002; Stevens et al., 2002) and E2Fb
(Magyar et al., 2005), have been characterized and likely
function according to this model (Bosco, 2010). The
transcriptional down-regulation of premitotic/mitotic
regulators to inhibit mitosis (Wuarin et al., 2002; Inzé
and De Veylder, 2006), combined with maintaining
G1-S CDK activity levels to continue DNA replication,
contributes to the switch from the mitotic cycle to the
endocycle (for review, see De Veylder et al., 2011).
Following DNA replication, a key decision within the
G2 phase of the cell cycle is whether to commit to
mitosis or engage in cycles of repeated DNA synthesis.
In plants, endocycle onset involves the selective inac-
tivation of M phase-promoting factors, such as the B1-
type CDK (CDKB1;1), through proteolytic destruction
of its cyclin partner, CYCA2;3 (Boudolf et al., 2009).
The cell cycle regulation machinery is tightly coordi-
nated temporally and spatially during plant develop-
ment by the action of phytohormones (Gutierrez, 2009;
Gonzalez et al., 2010; Dudits et al., 2011). Several studies
involving plant hormones such as auxin (Perrot-
Rechenmann, 2010), abscisic acid (�Swiątek et al., 2002;
Skirycz and Inzé, 2010), brassinosteroids (Clouse, 2011),
GAs (Achard et al., 2009), or cytokinins (Haberer and
Kieber, 2002) show how hormonal signaling networks
are able to modulate cell division parameters to impact
plant growth and development.

JA-synthesis and JA-perception mutants have proven
to be efficient tools to dissect JA-mediated plant re-
sponses (Berger, 2002; Devoto and Turner, 2003;
Lorenzo and Solano, 2005; Browse, 2009). In our analysis,
we use the JA-biosynthesis mutant aos, in which the
single Allene Oxide Synthase (AOS) gene in Arabidopsis
has been knocked out (Park et al., 2002) and the pro-
duction of JA and its precursors is impaired (von Malek
et al., 2002). In the aosmutant, JA downstream signaling
can be rescued by exogenous JAs. The second key
mutant analyzed here is coi1-16 (for coronatine insensi-
tive1), which displays a JA-insensitive phenotype in-
termediate between that of the wild type and other coi1
alleles; this mutant has been the system of choice in our
study, as in several others, because it is conditionally
male fertile and can be maintained as a homozygous
line (Ellis and Turner, 2002). The identification and
study of coi1 mutants (Feys et al., 1994) led to the dis-
covery that COI1 plays a crucial role in the JA signaling
pathway (Xie et al., 1998; Yan et al., 2009). The COI1
gene encodes a 66-kD F-box protein that is part of an E3
ubiquitin-ligase complex of the SKP1/CUL1/F-box
type (SCF; Devoto et al., 2002; Xu et al., 2002). In the
SCFCOI1 complex, COI1, the JA-Ile receptor (Chini et al.,
2007; Thines et al., 2007; Fonseca et al., 2009; Yan et al.,
2009), targets repressor components of transcriptional
responses to JAs, the jasmonate ZIM-domain (JAZ)
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proteins, for ubiquitination and subsequent degrada-
tion by the 26S proteasome system (Chini et al., 2007;
Thines et al., 2007; Gfeller et al., 2010).

While MeJA has been proven to generally inhibit
plant growth and to negatively affect mitosis, how this
signaling molecule affects specific aspects of plant de-
velopment remains unclear. In this study, we assess the
role of JA signaling in cell cycle control and evaluate the
contributions of COI1, AOS, and MeJA in Arabidopsis
plants to these processes. Our studies have provided
new insights into the cellular basis of the MeJA-induced
stunting of plant growth and how MeJA interferes with
the switch from proliferative growth to differentiation.
First, the results of our studies reveal that MeJA delays
the switch from the mitotic cell cycle to the endoredu-
plication cycle in a COI1-dependent manner as well as
inhibits the mitotic cycle itself, arresting the cell cycle
in G1 prior to the S transition. These data allow us to
propose a novel model for MeJA-regulated COI1-
dependent leaf growth inhibition. Second, a novel global
transcriptional profiling of Arabidopsis seedlings grown
in medium containing MeJA was carried out to identify
the molecular players whose expression is regulated
during leaf development by this hormone via COI1.
Significantly, we show that MeJA activates critical reg-
ulators of endoreduplication and affects the expression
of key determinants of DNA replication. Together, our
discoveries also suggest that MeJAmay contribute to the
maintenance of a cellular “stand-by mode” by main-
taining a high level of expression of ribosomal genes.

RESULTS

MeJA Negatively Affects Cell Cycle Progression during
Leaf Development in Arabidopsis

We set out to understand the mechanisms through
which JAs affect growth and development in the
Arabidopsis leaf by studying the mutants coi1-16B and
aos and their corresponding genetic background plant
Col glabrous1 (gl1). At 9 d after stratification (DAS),
leaves 3 and 4 began to emerge for all the untreated
seedlings (Fig. 1), and the aos mutant appeared to be
the largest of these followed by coi1-16B. When grown
in the presence of MeJA, all seedlings appeared less
developed in comparison with their untreated coun-
terparts. However, this did not have a major effect on
leaf emergence. In any case, the development of coi1-
16B-treated seedlings was not affected as dramatically
as were the Col gl1 and aos seedlings.

We measured the leaf area of in vitro-grown Col gl1,
coi1-16B, and aos plants, harvesting leaves 1 and 2 at 9,
13, and 19 DAS. This kinematic analysis showed that
leaf growth was dramatically inhibited by MeJA
treatment in Col gl1 and aos plants (i.e. about 80% of
leaf area growth inhibition) consistently at all stages of
development (Fig. 2, A and B; Supplemental Table S1).
The inhibition is evident also for the coi1-16B mutant,
although to a much lesser extent than for Col gl1 and
aos, and in a more pronounced manner at 9 DAS.

At the same time points, the epidermal cell areas
were determined. It has been shown previously that
the development of the epidermal cells reflects that of
other cell types in the leaf (Beemster et al., 2005) and
that the epidermis is the tissue driving organ growth
(Savaldi-Goldstein et al., 2007; Marcotrigiano, 2010;
Hacham et al., 2011; Skirycz et al., 2011). Early during
development in leaf dividing cells, minor inhibitory
effects in Col gl1 and aos, and no inhibitory effect in
coi1-16B, were seen. At 13 DAS, MeJA clearly inhibited
the expansion of the cell area in Col gl1 (62%) and aos
(56%), and this inhibition was obviously reduced in
coi1-16B and comparable to that occurring at 19 DAS in
the three tested genotypes (Fig. 2, C and D; Supplemental
Table S1). The number of cells in Col gl1 and aos was
greatly reduced in the presence of MeJA at all stages
of development (i.e. about 75%). This cell number
MeJA-induced reduction was really restrained in coi1-
16B at 13 and 19 DAS (Fig. 2, E and F; Supplemental

Figure 1. Rosette phenotype of MeJA-treated (+) and untreated (2)
wild-type and mutant Arabidopsis plants at different stages of devel-
opment. Plants were grown in vitro and photographed at 9, 13, and 19
DAS. Bar = 5 mm.

1932 Plant Physiol. Vol. 161, 2013

Noir et al.

http://www.plantphysiol.org/cgi/content/full/pp.113.214908/DC1
http://www.plantphysiol.org/cgi/content/full/pp.113.214908/DC1
http://www.plantphysiol.org/cgi/content/full/pp.113.214908/DC1
http://www.plantphysiol.org/cgi/content/full/pp.113.214908/DC1


Figure 2. MeJA alters the evolution of the leaf area by affecting cell size and cell number differentially and in a COI1-dependent
manner. Kinematic analysis of leaf growth of Col gl1, coi1-16B, and aos throughout their development is shown. Plants were
grown in vitro in the absence (2) or presence (+) of 50 mM MeJA. Leaves 1 and 2 were harvested at 9, 13, and 19 DAS to
measure the leaf area (A), the epidermal cell area (C), and the number of epidermal cells per leaf (E). MeJA inhibition (%) has
been calculated for the leaf area (B), the epidermal cell area (D), and the number of epidermal cells per leaf (F). Values denote
averages6 SE of at least three biological replicates (n = 4–21, where n is the number of plants analyzed per biological replicate).
In A, C, and E, continuous and dashed lines indicate untreated (2) and MeJA-treated (+) samples, respectively. C and E use a
log10 scale.
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Table S1). These data, taken together, suggest that the
negative effect on leaf growth triggered by MeJA is
the result of the dramatic reduction in cell number
and of an evident (even if less pronounced) reduction
in cell size. Both effects are largely COI1 dependent.
The reduction in cell number is more evident during
proliferation, while cell size is particularly reduced
when cells start expanding.

MeJA Alters Nuclear DNA Content by Delaying the Onset
of Endoreduplication in a COI1-Dependent Manner

It has been shown that in Arabidopsis, leaves initiate
at the flank of the meristem and that their initial
growth is driven by cell proliferation (Donnelly et al.,

1999). At a later stage, starting from the tip onward,
cells will exit the mitotic cycle and begin to expand.
This transition is indicated by the onset of endoredu-
plication, resulting in ploidy levels higher than 4C
(Beemster et al., 2005). To better understand the effect
of MeJA treatment on the cell cycle and differentiation,
the ploidy distribution was examined by flow cytom-
etry in the first true pair of leaves and cotyledons. At 9
DAS, in untreated and MeJA-treated Col gl1 and coi1-
16B, most of the leaf nuclei exhibit a 2C or 4C DNA
content (Fig. 3, A and B), consistent with a high mitotic
activity at this stage of development (Beemster et al.,
2005). Correspondingly, at this stage, the cells entering
the endocycle are represented mainly by the 8C frac-
tion. Following growth on MeJA, this fraction is de-
creased in the aos mutant to the level observed in Col

Figure 3. MeJA alters nuclear DNA
content and delays the onset of en-
doreduplication in a COI1-dependent
manner during leaf and cotyledon de-
velopment. Quantitative analysis is
shown for flow cytometry data per-
formed on the first true pair of leaves (1
+2) or cotyledons at 9, 13, and 19 DAS
of Col gl1 (A), coi1-16B (B), and aos
(C) mutants. The values represent av-
erage frequencies of the observed
ploidy (or C) levels of three indepen-
dent biological replicates 6 SE. D, EI
calculated from the flow cytometry
data on the first true pair of leaves
(top panel) or cotyledons (bottom panel).
EI represents the average number of
endocycles undergone by a typical
nucleus {EI = [(0*%2C) + (1*%4C) +
(2*%8C) + (3*%16C) + (4*%32C)]/
100}. Continuous and dashed lines in-
dicate untreated and treated samples,
respectively. For all panels, seedlings
were grown in vitro on medium in the
absence (2) or presence (+) of 50 mM

MeJA. The analyses were performed on
at least 20,000 nuclei isolated from 10
to 15 pairs of leaves/cotyledons for
each ploidy measurement. Flow cyto-
metry experiments were repeated at
least three times for each genotype
using independent biological replicates.
Error bars indicate SE.
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gl1 (Fig. 3C). Notably, MeJA shifts the balance of 2C
and 4C toward 2C in Col gl1 and aos, while this is
unchanged in coi1-16B. At 13 DAS, when the transition
from proliferation to expansion occurs in Arabidopsis
leaves (Beemster et al., 2005), the 2C or 4C DNA con-
tent frequency is decreased with respect to the earlier
time point in all genotypes. Upon MeJA treatment in
Col gl1 and aos leaves, both 2C and 4C fractions are
increased, while in coi1-16B, they remain largely un-
changed. A very similar pattern is observed in 19-DAS
leaves. Again, upon MeJA treatment in Col gl1 and aos
leaves, both 2C and 4C fractions are increased, while
they remain unaffected in coi1-16B. In cotyledons, in
the absence of MeJA treatment, and at every time point
in Col gl1 and coi1-16B seedlings, we observed a higher
or similar percentage of nuclei for cells entering into
the endocycle, whereas in aos seedlings, we observed
similar percentages (8C–32C) compared with those
with high mitotic activity (2C and 4C). At all time
points, while MeJA causes an increase of the 2C or 4C
fraction and a corresponding decrease of the 8C to 32C
fractions in Col gl1 and aos (Table I), remarkably, the
percentages of nuclei in these two collective fractions
remain unchanged by MeJA in coi1-16B. Examina-
tion of the ploidy distribution by flow cytometry is
a measure of cellular differentiation and can be
expressed as an endoreduplication index (EI; Fig. 3D).
The EI represents the average number of endocycles
undergone by a given nucleus. This parameter typi-
cally increases during leaf development, while cotyle-
dons, where divisions cease before the end of embryo
ontogeny and growth depends mainly on cell expan-
sion, show precociously high EI values (Mansfield and
Briarty, 1992; Tsukaya, 1994). Plotting the EI obtained
from our flow cytometry data (Fig. 3; Table I;
Supplemental Table S2) revealed that the average
number of endocycles in Col gl1 and aos is reduced by
MeJA treatment in both leaves and cotyledons. The
effect of MeJA is particularly evident in leaves at 13
and 19 DAS. The EI of coi1-16B upon MeJA treatment
does not change at any time point for both leaves and
cotyledons.

To investigate the dynamics of ploidy changes fol-
lowing MeJA treatment, we extended the analysis of
the flow cytometry data by monitoring cell cycle pro-
gression in the treated and untreated Arabidopsis first
leaf pair as well as in Nicotiana benthamiana cotyledons.
We analyzed the cell cycle progression of 9-DAS
Arabidopsis seedlings grown continuously in vitro in
the presence or absence of MeJA (Supplemental Fig.
S2) and Arabidopsis seedlings grown in the absence of
treatment up to 8 DAS and then transferred to MeJA-
containing medium and analyzed 48 and 96 h after
treatment (i.e. at 10 and 12 DAS, respectively). We also
tested the ability of leaves to recover from the treat-
ment 48 h after retransfer on medium without MeJA
(Fig. 4B). Similar experiments were performed on N.
benthamiana seedlings during development from 10 to
21 DAS (Fig. 4A). In Col gl1 at 48 h after MeJA treat-
ment, we observed similar alterations of DNA content
to those caused by continuous treatment. Again, the
ploidy balance was unchanged in coi1-16B (Supplemental
Fig. S1). In both Arabidopsis and N. benthamiana, MeJA
treatment causes a significantly increased frequency of
nuclei remaining at the G1 phase of the cell cycle after
48 h. The population of nuclei in the G2/M fraction
consequently decreases in comparison with the con-
trol. The G2/M fraction progressively decreases after
prolonged treatment, indicating that the cell cycle is
arrested in G1 prior to the S transition. Such a decrease
is particularly evident in N. benthamiana throughout
the time course, while in Arabidopsis, this is clearer at
the earlier time points before the onset of endoredu-
plication. The effect of MeJA appears to be reversible
once the seedlings are transferred back to hormone-
free medium (Fig. 4).

MeJA Treatment Down-Regulates the Expression and
Spatial Distribution of the Core Cell Cycle Marker
CYCB1;1:Dbox-GUS Early after Treatment

To further test the negative effect of MeJA on cell
proliferation, we analyzed in leaf and root organs the

Table I. Frequency of nuclei exhibiting 2C to 4C or 8C to 32C DNA content in first true leaves and cotyledons of Arabidopsis Col gl1, coi1-16B, and
aos in the absence (2) or presence (+) of MeJA

The values represent sums of the corresponding 2C + 4C and 8C + 16C + 32C level fractions illustrated in Figure 3, A to C. The analyses were
performed on at least 20,000 nuclei isolated from 10 to 15 pairs of leaves/cotyledons for each ploidy measurement. Flow cytometry experiments
were repeated at least three times for each genotype using independent biological replicates.

Plant Variable

Leaves 1 + 2 Cotyledons

9 DAS 13 DAS 19 DAS 9 DAS 13 DAS 19 DAS

2 + 2 + 2 + 2 + 2 + 2 +

Col gl1 % 2C + 4C 95.0 93.2 50.2 84.4 43.4 61.9 44.9 66.8 43.5 59.8 46.9 59.8
% 8C + 16C + 32C 5.0 6.8 49.8 15.6 56.6 38.1 55.1 33.2 56.5 40.2 53.1 40.2

coi1-16B % 2C + 4C 95.6 96.9 58.8 69.0 48.7 50.9 45.6 43.6 42.1 42.0 41.1 40.7
% 8C + 16C + 32C 4.4 3.1 41.2 31.0 51.4 49.1 54.4 56.4 57.9 58.0 58.9 59.3

aos % 2C + 4C 79.2 95.1 54.8 78.9 49.3 64.0 50.6 53.6 48.9 56.9 49.9 58.3
% 8C + 16C + 32C 20.8 4.9 45.2 21.1 50.7 36.0 49.4 46.4 51.1 43.1 50.1 41.7
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mitotic activity of pCYCB1;1:Dbox-GUS transgenic
lines, which allowed us to visualize cells at the G2-to-
M transition of the cell cycle, reflecting mitotic activity
in a very sensitive manner (Colón-Carmona et al.,
1999). Arabidopsis CYCB1;1:Dbox-GUS seedlings were
grown on control medium for 10 DAS until the third
true leaf was fully proliferating (Skirycz et al., 2011).
Seedlings were subsequently transferred to control or
50 mM MeJA-containing medium for 48 h. The overall
GUS activity was much weaker in the treated leaves, in
agreement with Zhang and Turner (2008). Signifi-
cantly, this reduction indicates a spatial reduction in
the number of active mitotic cells once the hormone is
taken up from the medium (Fig. 5A). While CYCB1;1-
GUS signals are normally detected in a punctate pat-
tern across the root meristem, both the intensity and
the number of CYCB1;1-GUS-positive cells dropped
substantially in MeJA-treated roots, mirroring the re-
sults obtained in leaves (Fig. 5B). Supporting evidence
from propidium iodide staining and confocal micros-
copy showed that the size or cellular organization of
the root meristem were not reduced or altered, re-
spectively, by treatment (Supplemental Fig. S3). Taken
together, these results strongly suggest that the tran-
scriptional and/or posttranscriptional repression of
the CYCB1;1 cell cycle regulator is a part of the cellular
responses triggered by MeJA to block cell proliferation.

In the Primary Root Organ, MeJA Reduces Cell Length and
the Size of Mitotic Nuclei But Does Not Affect the Size of
the Meristem

The effects of MeJA were also scrutinized in the root
growth context, and our studies confirmed that in the
primary roots, MeJA reduces the length of mature cells
(Supplemental Fig. S4; Supplemental Table S3). While
the total root length of untreated coi1-16B is compa-
rable to that of Col gl1 and aos, as expected (Staswick
et al., 1992), MeJA dramatically inhibited the total
growth of the root in Col gl1 and aos, whereas coi1-
16B’s reduced sensitivity to MeJA resulted in a much
lower inhibition. Differential interference contrast
(DIC) microscopy was used to determine the cell
length between fully expanded root hairs on the same
cell file of the root in the epidermic mature zone in
both MeJA-treated and untreated plants. MeJA inhibits
the elongation of the cells in Col gl1 and aos (63% and
67%, respectively), although to a lower extent with
respect to the entire root organ. In coi1-16B, the elon-
gation of the cell was inhibited about 36%, in agree-
ment with previous reports (Adams et al., 2010). While
the root hair distribution was not obviously affected by
the mutations analyzed or by MeJA treatment, the
length of fully elongated root hairs in the mature re-
gion was also negatively affected by MeJA treatment

Figure 4. MeJA alters cell cycle progression dur-
ing leaf and cotyledon development. Cell cycle
analysis of flow cytometry data was performed on
the cotyledons at 10, 12, 14, 18, and 21 DAS in
N. benthamiana (A) or on the first true pair of
leaves (1+2) at 8, 10, and 12 DAS of Col gl1 and
coi1-16B Arabidopsis plantlets (B). Seedlings
were vertically grown in vitro on standard me-
dium for 10 (A) or 8 (B) DAS and transferred to
medium containing (+) or not containing (2) 50
mM MeJA. Seedlings growing on MeJA-containing
medium were retransferred to MeJA-free medium
(+/2) at 14 (A) or 10 (B) DAS. The values repre-
sent average frequencies of the observed cell
cycle phases (G1, S, or G2/M) of at least five in-
dividual seedlings on independent biological
replicates. Error bars indicate SE.
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(Supplemental Fig. S4; Supplemental Table S3). In
addition, the cellular organization of the root meristem
was verified, and the distance between the quiescent
center (QC) and the first visible elongating cell was
measured in 6-d-old wild-type roots untreated or
continuously treated with MeJA. UponMeJA treatment,
no significant effect on the length of the meristematic
zone was observed between the three genotypes
(Supplemental Fig. S3; Supplemental Table S4).

Finally, quantification of nuclear surface area visu-
alized by histone 2B-yellow fluorescent protein (H2B-
YFP; Campilho et al., 2006) fusion proteins using
confocal microscopy was performed according to Ishida
et al. (2010) in 6-d-old wild-type roots untreated or
continuously treated with MeJA. Following exposure
to MeJA, the average size of the nuclei in Arabidopsis
root cells of the meristematic and elongation zones was
reduced (Fig. 6A). The analysis of the distribution of
the nuclear size along the root meristem demonstrated
that in the presence of MeJA, the number of smaller,
premitotic nuclei was higher with respect to the un-
treated meristem (Fig. 6B). In fact, the average per-
centage of nuclei with size above 50 mm was 87% and
39% in untreated and treated samples, respectively. In
addition, in treated root meristems, a higher number
of smaller nuclei was distributed along a distance of
about 250 mm (largely corresponding to the extent of
the meristem) from the QC when compared with the
untreated samples. These data, clearly supporting the
data obtained in leaves, indicate that MeJA reduces
the number of endocycling nuclei in roots as well, and
the enrichment in smaller nuclei following MeJA
treatment in proximity to the QC is suggestive of a cell
cycle arrest in the G1 phase.

Molecular Understanding of the Action of MeJA on Cell
Cycle Regulation during Leaf Development Using
Full-Genome Transcript Profiling

Publicly available microarray studies conducted on
whole seedlings and single time points designed
mainly to analyze the role of JAs with regard to their
function during stress and defense are unsuitable to
dissect the MeJA-dependent signaling underlying
the physiological responses we have observed in
planta. Hence, we have undertaken a novel full-genome

Figure 5. MeJA treatment negatively affects cell proliferation in leaves
and roots by down-regulating the expression of CYCB1;1. Leaf 3 at 12
DAS (A; bar = 1 mm) and root tip at 6 DAS (B; bar = 50 mm) of Arab-
idopsis seedlings carrying pCYCB1;1:Dbox-GUS were transferred for
48 h on medium without (2MeJA) or with (+MeJA) 50 mM MeJA. Blue
staining indicates mitotic activity. Representative images of numerous
independent biological replicates are shown.

Figure 6. MeJA triggers a reduction of nucleus size in Arabidopsis root cells. Quantification of nuclear surface area visualized
by H2B-YFP fusion proteins in 6-d-old roots untreated and treated with 50 mM MeJA was performed according to Ishida et al.
(2010). A, Average nuclear area, defined as total pixel intensities of H2B-YFP signals per individual nucleus, was quantified
within cells of the same epidermal layers in the meristem and the elongation zone of untreated and MeJA-treated roots. B,
Nuclear area plotted against the distance from the QC. The dotted line indicates the average size at the time of the first
endocycles. Representative results are shown for 6-d-old untreated (triangles) and MeJA-treated (diamonds) wild-type roots.
Data were obtained from at least three biological replicates (n = 18–47).
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transcription profiling to dissect the effect of MeJA on
the cell cycle and differentiation using the well-
established Arabidopsis leaf as a model system. We
present here new data about MeJA inducibility, de-
velopmental regulation, as well as COI1 and AOS de-
pendency at the same time.

Plant microarray studies have revealed that JA sig-
naling alters gene expression and that genes induced
by MeJA generally required COI1 in Arabidopsis (for
review, see Balbi and Devoto, 2008; Acosta and
Farmer, 2010; Avanci et al., 2010). We dissected here
MeJA-dependent global transcriptional regulation
during leaf development using the Arabidopsis ATH1
full-genome DNA arrays (Affymetrix; NASCARRAY-
568/573). We performed global expression profiling of
the first true leaves of Col gl1 and coi1-16B at the three
developmental stages described and of aos at 13 DAS
in the presence and absence of MeJA. The MeJA-treated
and control samples were compared pairwise at the
three time points for each genotype. Global statistical
analysis in Col gl1 samples revealed differential regu-
lation by MeJA of an increasing number of genes over
time: 695, 1,886, and 2,261 up-regulated and 726, 1,433,
and 2,239 down-regulated transcripts at 9, 13, and 19
DAS, respectively, under MeJA growth conditions. In
the aos mutant at 13 DAS, 2,486 and 2,281 genes are
up- or down-regulated, respectively, and about 80% of
the genes differentially regulated in Col gl1 are also
differentially regulated in this mutant. On average,
about 90% of the MeJA differentially regulated genes
in Col gl1were COI1 dependent. This finding is largely
in agreement with previous studies (Devoto et al.,
2005; Chini et al., 2007; Thines et al., 2007). In treated
Col gl1 plants, about 66% and 53% of the genes up-
and down-regulated, respectively, at 9 DAS were
similarly regulated at later time points (13 and 19
DAS). In addition, we observed that in untreated Col
gl1, 656 and 2,143 transcripts were up-regulated and
1,596 and 3,012 transcripts were down-regulated at 13
and 19 DAS, respectively, when compared with 9
DAS. Globally, about 30% of the genes that are dif-
ferentially regulated in Col gl1 during leaf develop-
ment are COI1 dependent. Interestingly, about 60% of
the developmentally regulated COI1-dependent genes
are not differentially regulated by MeJA. This could be
suggestive of a role for COI1 in the development of the
leaf that is irrespective of MeJA (Supplemental Table
S5). The differentially regulated transcripts in Col gl1
grown in the presence of MeJA were subjected to
Gene Ontology (GO) analysis. As expected, among
the main GO terms overrepresented for the genes
up-regulated at 9 DAS are those associated with
response to wounding and JA stimulus. At 13 and
19 DAS, we observed an enrichment of GO cate-
gories associated with the ribonucleoprotein com-
plex, ribosome, and ribosome biogenesis (Supplemental
Table S6).

To validate the effectiveness of the continuous MeJA
treatment used for microarray experimental condi-
tions, the expression levels of transcripts known to be

of JA-responsive genes were confirmed. Noteworthy
and previously unreported, the expression of several
JAZ genes as well as their ability to be induced by
MeJA change during leaf development in both Col gl1
and aos (Fig. 7; Supplemental Fig. S5; Supplemental
Table S5).

Several reports have suggested that JAs play a role
in cell wall synthesis (Koda, 1997; Caño-Delgado et al.,
2000; Ellis and Turner, 2001; Ellis et al., 2002), although
the association between JAs and cell expansion is
limited (Brioudes et al., 2009). Therefore, we monitored
the expression of genes associated with cell expansion
and loosening (López-Juez et al., 2008). Examples of
significantly up-regulated and COI1-dependent genes
are EXPA10, CSLA01, CSLA11, CSLA15, XTH11, and
XTH25, and among the down-regulated genes are
EXPA8 and CESA2 (Fig. 7; Supplemental Fig. S5;
Supplemental Table S5).

Previous studies on the effect of MeJA on the cell
cycle have been carried out on actively dividing and
synchronized cell cultures (�Swiątek et al., 2002, 2004;
Pauwels et al., 2008). Our study, in planta, uses, to our
knowledge for the first time, the leaf system repre-
senting an asynchronous population of cells at various
stages of the cell cycle to study the effect of JAs on the
cell cycle. To further validate our data with a focus of
gaining a better understanding of the action of MeJA
on cell proliferation, we verified the expression of
genes identified as differentially regulated in previ-
ously published experiments using the first leaf pair at
similar time points during development (Beemster
et al., 2005). Reassuringly, in our analysis, 93% of the
known cell cycle genes fall into the described “prolif-
eration” category, being consistently down-regulated
during development (Fig. 7; Supplemental Fig. S5;
Supplemental Table S5).

MeJA Activates Critical Regulators of Endoreduplication
and Affects the Expression of Key Determinants of
DNA Replication

Based on our observations showing the MeJA-
mediated negative effects on leaf development and re-
duced cell proliferation, our molecular analysis focused
first on transcripts of core cell cycle regulators previously
identified in a global analysis by Menges et al. (2005)
and genome-wide analyses by Vandepoele et al. (2002)
and López-Juez et al. (2008). We focused our attention
on analyzing MeJA-dependent changes in gene ex-
pression, and we present here robust multiarray aver-
age (RMA) expression levels as hierarchical clustered
heat maps of Col gl1, coi1-16B, and aos samples (Fig. 7;
Supplemental Fig. S5). In addition, quantitative real-
time (QRT)-PCR was used to monitor the expression
of selected genes differentially regulated upon MeJA
treatment in our microarray analysis. Namely, the re-
sults related to S-phase gene markers and DNA repli-
cation licensing genes (i.e. CDC6A, PCNA1, RNR1,
and HTA10), regulators of cell division (i.e. CYCD1;1),
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Figure 7. Clustering display of classes of selected genes differentially regulated by MeJA and/or during development in Col gl1,
aos, and coi1-16B at 9, 13, and 19 DAS. A, MeJA-responsive transcription factors. B, Cell expansion. C, Cell proliferation. D, S
phase. E, Ribosomal. RMA-normalized values are displayed.
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markers with a role in the switch to endoreduplication
(i.e. CYCA2;3, CYCD3;1, and CYCD3;3), M-phase gene
markers (i.e. CYCB1;1 and CYCP2;1), and ribosomal
genes (i.e. RPS6A and EBP1) are presented in Figure 8
for Col gl1 and coi1-16B and in Supplemental Figure S6
for aos for all three time points in addition to that an-
alyzed for this mutant in the microarrays. Overall,
for all genes tested, the QRT-PCR and microarray data
showed extremely consistent expression patterns, in-
dicating excellent reliability of the array results.

In order to investigate whether a particular phase of
the cell cycle or cellular process associated with it was
affected in our experiments, we searched our data set
for (1) the expression of 39 M-phase genes identified by
Pauwels et al. (2008; cluster 5 therein) and described as
being down-regulated by MeJA; (2) 76 genes associ-
ated with the DNA synthesis phase (S phase) and en-
coding prereplication complex (pre-RC) components
selected primarily from previous studies (Masuda
et al., 2004; Menges et al., 2005); as well as (3) histones
(http://chromdb.org/; López-Juez et al., 2008). Our
analysis shows, in agreement with previous studies,
that many core cell cycle regulators such as cyclins are
expressed at higher levels early during leaf develop-
ment and that transcript levels decrease at later time
points; however, the expression of the majority of these
genes was not affected by MeJA (Supplemental Table
S5). This is the case in our analysis for the expression of
CYCB1;1, an M-phase marker gene. On the contrary,
but still in agreement with Beemster et al. (2005), the
gene CYCP2;1 is not developmentally regulated in
untreated leaves irrespective of the genotype, whereas
upon MeJA treatment, the expression of this other
M-phase marker is down-regulated in Col gl1 and aos
(Figs. 7 and 8; Supplemental Figs. S5 and S6). Our
microarray study does not show consistent down-
regulation of the M-phase genes as identified by
Pauwels et al. (2008; Supplemental Table S5).

Notably, the transcripts of D3-type cyclins, negative
regulators of endoreduplication such as CYCD3;1,
CYCD3;2, and CYCD3;3 (Dewitte et al., 2007), are up-
regulated in Col gl1 at the later time points when
grown on MeJA-containing medium. The expression of
CYCD3;1, and CYCD3;3 decreases during develop-
ment irrespective of the genotype tested, in agreement
with Beemster et al. (2005). These genes have been
shown to repress the switch of the mitotic cell cycle
toward endocycling (Dewitte et al., 2007), and strik-
ingly, upon MeJA treatment, their levels of expression
are increased consistently in Col gl1 and aos but to a
greatly reduced extent in coi1-16B (Figs. 7 and 8;
Supplemental Fig. S6; Supplemental Table S5). Such
change may contribute to inhibiting the endoredupli-
cation mechanisms triggered by MeJA (Fig. 3). Our
QRT-PCR analysis confirmed the expression pattern
of another negative regulator of endoreduplication,
CYCA2;3 (At1g15570; Imai et al., 2006), as being sim-
ilar to the above genes in Col gl1. With the exception of
CYCD3;2 (At1g47210; Yu et al., 2003), all the above
genes are significantly up-regulated also in the aos

mutant (Fig. 8; Supplemental Fig. S6), providing in-
dependent evidence for the reproducibility of our re-
sults. Moreover, the cell cycle inhibitor KRP7 is also
up-regulated in Col gl1 and the aos mutant at the
later time points when grown on MeJA-containing
medium. On the contrary, genes such as CYCD1;1, and
CDK8/CDKE;1 are down-regulated by MeJA in a
COI1-dependent manner in both Col gl1 and aos.

A fundamental regulatory mechanism controlling
cell division is licensing DNA for replication at late
G1 phase, allowing cells to progress into S phase
(Inzé, 2005). This process is regulated by the assembly
of ORC subunits, CDC6, CDT1, and MCMs onto
replication origins, forming the pre-RC (Castellano
et al., 2004; Blow and Dutta, 2005; Diaz-Trivino et al.,
2005; Masuda et al., 2008; Costas et al., 2011). Out of
73 S-phase genes analyzed (López-Juez et al., 2008),
34 were differentially regulated by MeJA in Col gl1,
and of these, 29 were up-regulated. Of these, 23 were
also up-regulated in aos at 13 DAS in a COI1-dependent
manner (Figs. 7 and 8; Supplemental Figs. S5 and
S6). This category includes MCM3, MCM4, and
MCM7, ORC3 and ORC6, PROLIFERATING CELL
NUCLEAR ANTIGEN1 (PCNA1) and PCNA2, as
well as RIBONUCLEOTIDE REDUCTASE1 (RNR1)/
CRINKLY LEAVES8. These genes have been identi-
fied as putative target genes for the transcription
factor E2FA in a study evaluating the transcriptional
reprogramming caused by the overexpression of the
proliferation-promoting, differentiation-inhibiting
pair E2FA/DPa (Vandepoele et al., 2005). We ana-
lyzed the expression of 193 positively or negatively
regulated putative E2FA-DPa target genes described
by Vandepoele et al. (2005) and classified by López-
Juez et al. (2008) and found that several of them are
also differentially regulated in the presence of MeJA
(Supplemental Fig. S5; Supplemental Table S5). We
observed that MeJA increases the expression of some
“E2F up” genes and at the same time delays or fails to
induce that of “E2F down” genes. Regarding CDC6A,
another known E2F target gene in Arabidopsis, it has
been shown previously that its overexpression stim-
ulated cell proliferation and triggered extra endo-
cycles in leaf in a cell type-specific manner (Castellano
et al., 2001, 2004). Our analysis shows that in un-
treated Col gl1, the expression of CDC6/CDC6A
(At2g29680) does not change during development in
either Col gl1 or aos, while CDC6A is down-regulated
by MeJA in both genotypes at all time points and in
coi1-16B at 13 DAS (Figs. 7 and 8). The regulation of
CDC6A is consistent with the reduction of cell pro-
liferation (Fig. 2) and the repression of endoredupli-
cation at 13 and 19 DAS (Fig. 3) in MeJA-treated
leaves.

We show here as well that a number of class H2A and
H2B histones required for the onset of the S phase (for
review, see Desvoyes et al., 2010) are up-regulated in the
presence of MeJA in both Col gl1 and aos. For example,
the expression of the H2A class histone HTA10, which
is down-regulated during development, is induced by
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Figure 8. QRT-PCR validation of
microarray-detected changes in MeJA-
responsive genes in Col gl1 and coi1-
16B. Single RNA samples from each
time point tested for microarray analy-
sis were used in triplicate for relative
QRT-PCR (as a ratio against the geo-
metric mean of two internal control
genes; Vandesompele et al., 2002). For
details, see “Materials and Methods.”
The genes were selected as represen-
tative of those differentially regulated
in the first leaf pair of Col gl1 in com-
parison with coi1-16B during develop-
ment upon continuous MeJA treatment.
The black and gray lines represent the
expression levels from QRT-PCR and
from RMA-normalized microarray values
from Affymetrix ATH1, respectively; con-
tinuous and dashed lines represent un-
treated and treated samples, respectively.
Both QRT-PCR and microarray expression
levels are shown as log2 fold change.
Data are averages 6 SE of three indepen-
dent biological replicates, two of which
are independent from the microarray ex-
periments. For each genotype, data from
the 9-DAS untreated sample are used as
the baseline expression value (calibrator).
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MeJA in Col gl1 and aos at the later time points in a
COI1-dependent manner (Figs. 7 and 8; Supplemental
Fig. S5). The PCNA functions as a sliding clamp for
DNA polymerase and is a key factor in DNA replication
as well as DNA repair and maintenance of heterochro-
matic regions, cell cycle regulation, and programmed
cell death (Tsurimoto, 1998; Blow and Dutta, 2005;
Raynaud et al., 2006). We found that the expression of
PCNA1 and PCNA2 is induced by MeJA in Col gl1 and
aos at 13 and 19 DAS but not in coi1-16B. Finally, the
RNR, comprising two large (R1) and two small (R2)
subunits, catalyzes a rate-limiting step in the production
of deoxyribonucleotides needed for DNA replication
and repair (Wang and Liu, 2006). In Arabidopsis, the
large RNR1 subunit is encoded by a single-copy gene
and the small RNR2 subunit by three genes (Philipps
et al., 1995; Wang and Liu, 2006). In our experiments, the
expression of RNR1 (At2g21790) is down-regulated at
later stages during development, and its expression is
induced by MeJA in Col gl1 and aos at 13 and 19 DAS
but not in coi1-16B. RNR2A (At3g23580) is also up-
regulated by MeJA at all time points in Col gl1 and
aos, and this is COI1 dependent (Figs. 7 and 8;
Supplemental Fig. S5; Supplemental Table S5). Alto-
gether, while growth conditions in the presence of MeJA
result in plant development retardation, these differen-
tial S-phase gene regulations suggest that all the ma-
chinery necessary to initiate DNA synthesis prerequisite
for further cell proliferation is maintained or prepared in
the cells as a stand-by “ready-to-go” status waiting for
favorable growth conditions.

MeJA Maintains High Expression of Ribosomal Genes

The rate of protein synthesis is key to cellular growth,
and stimulation of the expression of genes encoding
components of the translational apparatus occurs in
cycling cells and upon the addition of auxin in plant
cells (Trémousaygue et al., 2003; Gao et al., 2008). In
multicellular organisms, it is debated whether the fac-
tors determining growth impose their influence on or-
gans as a whole or whether they regulate growth and
proliferation at the cellular level (Tsukaya and Beemster,
2006). Therefore, we also analyzed genes coding for ri-
bosomal proteins (a nonredundant list of 166 genes as
classified by López-Juez et al., 2008) to evaluate whether
the translational capacity of the leaf cells was affected in
the presence of MeJA. In our experiment, most ribo-
somal genes are down-regulated during leaf develop-
ment in a COI1-independent manner, with the highest
expression levels being at the earliest time point (9 DAS)
in Col gl1. In the untreated leaves, the global expression
level of these ribosomal genes shows an inverse corre-
lation with leaf size: while it is evident that the size of aos
and coi1-16B leaves at 13 DAS is bigger than Col gl1 (Fig.
2), the expression levels of the ribosomal genes in the
two mutants are significantly lower at this time point
(where the expression levels are aos # coi1-16B , Col
gl1; Fig; 7; Supplemental Fig. S5). Remarkably, upon

MeJA treatment, the expression levels of 140 ribosomal
genes are significantly up-regulated by MeJA at one
time point at least, and the levels of expression of 72 of
them are maintained as high as in the 9-DAS untreated
samples throughout the development of the leaf in Col
gl1. All these genes are also up-regulated by MeJA at 13
DAS in aos (Fig. 7; Supplemental Fig. S5), and the ma-
jority of them are differentially regulated by MeJA and
COI1 dependent. A MeJA-dependent reduction in leaf
size of aos and Col gl1 is associated with higher global
gene expression levels (Fig. 7; Supplemental Fig. S5).
The expression analysis of RIBOSOMAL PROTEIN S6A
(RPS6A; At4g31700), for example, is down-regulated at
later stages during development, and MeJA induces the
expression of RPS6A in Col gl1 and aos at 13 and 19 DAS
in a COI1-dependent manner (Figs. 7 and 8). ERBB-3-
BINDING PROTEIN1 (EBP1) is a possible link between
ribosome biosynthesis and cell proliferation, and its
stability may influence plant growth via auxin signaling
(Squatrito et al., 2004; Horváth et al., 2006). As the ex-
pression of EBP1 (At3g51800) was consistent with that
of ribosomal genes up-regulated by MeJA, we checked
the expression of the 103 EBP1 coregulated genes
(Horváth et al., 2006). Of these, 94 are up-regulated by
MeJA at one time point at least and are COI1 dependent
(Supplemental Fig. S5).

DISCUSSION

Cell division, endoreduplication, and expansion are
alternative strategies contributing to plant organ growth
and size (Massonnet et al., 2010). JAs have been long
associated with the inhibition of plant growth (Creelman
and Mullet, 1997) and more recently have been de-
scribed as negatively affecting cell cycle progression in
cell cultures (�Swiątek et al., 2002, 2004; Pauwels et al.,
2008) and generally mitosis in plants (Zhang and
Turner, 2008). In this study, using Arabidopsis seedlings
at 9, 13, and 19 DAS as a developmental model, a
physiological characterization of the JA mutants coi1-16B
and aos combined with global transcription profiling
allowed us to dissect the link between JA signaling, cell
cycle regulation, and leaf growth control and to provide
novel insights in planta on the effect on the cellular
machinery with respect to previous studies.

MeJA Reduces Both Cell Division and Cell Expansion and
Delays the Onset of Endoreduplication during Leaf and
Root Development

Our findings indicate that MeJA treatment strongly
affects leaf area size in both Col gl1 and aos seedlings.
The kinematic analysis (Fig. 2) revealed that MeJA
reduces cell number and size in a COI1-dependent
manner. These changes are associated with the re-
duction of cell proliferation and, during the transition
phase (13 DAS), when the cell division rates decrease
faster than the expansion rates (Donnelly et al., 1999),
also with the negative effect of MeJA on cell expansion.
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The determination of nuclear DNA content of whole
first true leaves and cotyledons showed that the gen-
eral pattern in the untreated samples was similar to
that defined by Beemster et al. (2005; Fig. 3). In the aos
mutant, leaves 1 and 2 exhibit a fraction of 8C DNA
that is much higher than in Col gl1, suggesting that a
lack of endogenous JAs may trigger an increase in the
endocycling cell fraction, in agreement with the larger
cell size observed at this stage (Figs. 2 and 3). In later
leaf development stages of Col gl1 and aos, MeJA
treatment increased the proportion of cells with lower
ploidy levels. These findings indicate that the seedlings
grown in the presence of MeJA had undergone fewer
endoreduplication cycles, although without compen-
sating with extra mitosis that is also temporarily
arrested, and that COI1 mediates these responses. Al-
together, these observations suggest that MeJA treat-
ment negatively affects the switch from the mitotic
cycle to the endocycle. The lack of endogenous JAs in
the aos mutant may promote an earlier onset of en-
doreduplication. At the same time, this observation
strengthens the direct role of MeJA in the delayed
timing of the endocycle onset. Therefore, we hypoth-
esize that plants continuously subjected to MeJA
treatment might be kept in stand-by mode, while ar-
resting the mitotic cycle, to exit it later during devel-
opment. A delay in the onset of endoreduplication was
observed already in Arabidopsis plants after 48 h of
treatment (Supplemental Fig. S1). The cell cycle anal-
ysis (Fig. 4; Supplemental Fig. S2) revealed that
removal from MeJA rapidly results in cellular
proliferation recovery, possibly as a result of the stand-
by mode induction. It is remarkable that within the 48-
h time frame, the seedlings are capable of flushing out
MeJA, cease to respond, and show cell cycle changes.
Therefore, more than an exit from proliferation, we
observe inhibition and entry in stand-by mode; as a
result, both the rate of division and entry into en-
doreduplication are negatively affected. Interestingly,
several analyses report cross talk between JAs and
GAs (Navarro et al., 2008; Cheng et al., 2009; Hong
et al., 2012; Yang et al., 2012). This other class of plant-
specific hormones plays crucial roles in the mecha-
nisms promoting plant growth and development,
notably by triggering the degradation of plant growth
repressors, the DELLA proteins (for review, see Harberd
et al., 2009). Reinforcing the role of DELLAs as integrators
of plant hormone and environmental change re-
sponses, recent studies have shown the interaction of
DELLAs with JAZ proteins (Hou et al., 2010; Wild
et al., 2012; Yang et al., 2012) as well as the MYC2
transcription factor (Hong et al., 2012; Wild et al.,
2012). In addition, DELLAs negatively affect plant
organ growth by reducing both cell proliferation and
cell expansion (Achard et al., 2009). It is then tempting
to speculate that JA-triggered growth inhibition could
be fine tuned by binding competition among JAZ,
DELLA, and MYC2 proteins.
Due to the greater reduction observed in the root

length (80%) rather than the cell length, the data

suggest that exogenous MeJA inhibits both root-cell
proliferation and root-cell elongation, the latter to a
greater extent. These observations are in agreement
with those showing that MeJA reduces cell size in
leaves and that this process is COI1 dependent. The
process of endoreduplication normally occurs in ex-
panding root hairs (Sugimoto-Shirasu and Roberts,
2003; Sugimoto-Shirasu et al., 2005; Guimil and
Dunand, 2007). The comparison of the effect of MeJA
and the role of COI1 in root cells and root hair cells
would suggest that COI1 has a differential role in
mediating endoreduplication and/or cell expansion.
This is also consistent with data showing that COI1
was required for 1-aminocyclopropane-1-carboxylic
acid-induced root growth inhibition but was not re-
quired for 1-aminocyclopropane-1-carboxylic acid-
induced root hair elongation (Adams et al., 2010).
The quantification of nuclear surface area with H2B-
YFP showed that the endocycle is initiated farther
away from the QC (Fig. 6). These observations
strengthen the role of MeJA in inhibiting proliferation
in G1/S as well as in delaying the onset of endore-
duplication in root cells as in leaves. Moreover, the
lack of a MeJA effect on the cellular organization of the
root meristem (Supplemental Fig. S3) highlights fur-
ther that a block of endoreduplication is not neces-
sarily indicative of cell cycle arrest.

Effects of MeJA on the Expression of the Core Cell Cycle
Regulator CYCB1;1

The repression of pCYCB1;1:Dbox-GUS after 48 h of
exposure to MeJA (Fig. 5) indicates that MeJA reduces
the number of cells that are actively dividing, con-
tributing to the reduction of the number of cells for-
ming the leaf. It is at the G2/M transition that the
cell can choose to switch to the endocycle rather than
proceed through mitosis (Zhiponova et al., 2006). Re-
cently, Skirycz et al. (2011) distinguished different
mechanisms of cell cycle inhibition depending on the
duration of continuous osmotic stress during early leaf
development in Arabidopsis. Previously, Skirycz and
Inzé (2010) showed that within 72 h of stress impo-
sition, cell proliferation in leaves was again identical
to the control conditions and suggested that leaves
adapted to a restrictive environment established a new
steady state, referred to as the adaptive growth re-
sponse. In our analysis, it is also possible, therefore,
that the 48-h MeJA treatment induces different re-
sponses compared with the continuous treatment ap-
plied elsewhere in our study. Thus, it is possible that
we are monitoring acute responses after 48 h com-
pared with adaptive responses upon continuous
treatment. The inhibition of the G1/S transition mir-
rored by an increase in G1 following MeJA treatment
(Fig. 4) could not only explain a decreased mitotic ac-
tivity but at the same time cause a delayed onset of
endoreduplication (Fig. 3). This could also explain the
lack of a compensation effect where increased cell size

Plant Physiol. Vol. 161, 2013 1943

How Jasmonate Controls Leaf Growth

http://www.plantphysiol.org/cgi/content/full/pp.113.214908/DC1
http://www.plantphysiol.org/cgi/content/full/pp.113.214908/DC1
http://www.plantphysiol.org/cgi/content/full/pp.113.214908/DC1


would make up for reduced cell numbers. Interest-
ingly, Massonnet et al. (2010) postulate that leaf
growth functions as a hub driving cellular processes
where leaf growth is necessary to drive endoredupli-
cation and a direct compensation mechanism between
cell division and endoreduplication does not neces-
sarily occur. Our data show that MeJA treatment re-
duced the expression of pCYCB1;1:Dbox-GUS as well
as the relative size of the cell proliferation zone in both
leaf and root after 48 h. In addition, in leaves, MeJA
delays the onset of endoreduplication as well as
blocking G1 prior to S transition. While it is not de-
batable that a reduction in CYCB1;1 expression can be
associated with a decrease in G2/M, it cannot be ex-
cluded that this observation is actually mirroring the
effect of the inhibition of the G1/S transition.

The Transcriptional Regulation of Specific Clusters of Cell
Cycle Genes Supports a Role for MeJA in the Switch from
Mitotic Cycle to Endocycle while Preparing for Recovery

Recently, targeted proteomics has uncovered and
mapped several interactions of core cell cycle genes
(Boruc et al., 2010; Van Leene et al., 2010, 2011). While
our study has been informed by previous ones carried
out with JA and MeJA in synchronized, actively di-
viding Bright Yellow-2 or Arabidopsis cell cultures
(�Swiątek et al., 2002, 2004; Pauwels et al., 2008), it has
revealed several differences with important physio-
logical relevance for the whole plant system. These
previous results suggested that the effect of JA is
dependent on the cell cycle stage of the cells when
treated. We recognized, therefore, the importance of
analyzing the effect of MeJA in the leaf system, which
contains cells at different phases of the cell cycle and is
also undergoing differentiation to highlight specific
differentially expressed regulators. We successfully
verified in our study that the expression of genes as-
sociated with cell proliferation in leaf is down-
regulated during development, but we showed that
the majority of these were not differentially regulated
by MeJA (Fig. 7). In our experiment, the obvious ab-
sence of expression blockage of genes associated with
proliferation or M phase, shown by Pauwels et al.
(2008) in cell cultures, could be explained by the in-
herent properties of the leaf system containing actively
dividing and differentiating cells in varying ratios
according to the developmental stage analyzed. This
observation further strengthens the relevance of our
analysis for plant development. Actually, the system
certainly proved successful in highlighting specific
clusters of genes with physiological relevance to our
observations.

The null mutation cyca2;3 correlates with a faster
endocycle onset, and its overexpression results in a
cellular phenotype similar to that of the Arabidopsis
overexpressing tobacco CYCA3;2, showing up-
regulated S-phase histones but inhibited cell differen-
tiation and endoreduplication (Yu et al., 2003).

Moreover, the switch to the endocycle requires that at
least the expression of CYCD3;1 is turned off, and the
triple mutant cycd3;1-3 showed premature onset of
endoreduplication, indicating that the normal function
of CYCD3 is to delay this (Dewitte et al., 2003, 2007).
According to current models, CYCD3;1 in complex
with CDKA;1 regulates cell cycle entry by phospho-
rylation of RBR1, leading to the release of RBR1-bound
E2F transcription factors to drive the expression of
genes required for the cell cycle phase transitions (for
review, see Magyar, 2008). In accordance, cycd3;1-3 has
smaller organs with fewer cells, whereas ectopic ex-
pression of CYCD3;1 inhibits organ growth by re-
pressing differentiation, further supporting its role in
maintaining the balance between cell proliferation and
differentiation (Dewitte et al., 2003, 2007). In our study,
we show that the transcripts of CYCD3;1, CYCD3;2,
and CYCD3;3 genes are up-regulated at the later time
points during development upon MeJA treatment both
in Col gl1 and aos in a COI1-dependent manner. A
similar up-regulation pattern is associated with
CYCA2;3. Taken together, these unforeseen results
support our physiological observations that the onset
of endoreduplication is delayed upon continuous
MeJA treatment (Figs. 7 and 8; Supplemental Table S5).
At the same time, this would contribute to the main-
tenance of the MeJA-induced stand-by mode. Arabi-
dopsis cycd1;1 loss-of-function homozygous mutants
show delayed onset of cell division activity and fewer
dividing root apical meristem cells, resulting in a lower
rate of cell division. On the contrary, the overex-
pression of early-activated D-type cyclins such as
CYCD1;1 promotes the increase of the number of cy-
cling cells within the root apex (Masubelele et al.,
2005). Consistent with the above, and given that
CYCD1;1 is transcriptionally reduced in Col gl1 and
aos upon MeJA treatment, we conclude that MeJA-
dependent inhibition of cell division onset in Arabi-
dopsis may also occur through CYCD1;1 and that this
mechanism is COI1 dependent.

The activity of CDK-cyclin complexes controlling
the cell cycle at different checkpoints is suppressed by
negative regulators known as Kip-related proteins
(KRPs) in Arabidopsis (De Veylder et al., 2011), a class
of CDK inhibitors coordinating cell cycle progression,
The expression pattern of the cell cycle inhibitor KRP7
is comparable to those of CYCD3;3 and CYCA2;3
in our analysis (Supplemental Fig. S5; Supplemental
Table S5). The reduction of the expression of CYCP2;1
by MeJA adds to the evidence that this hormone may
affect the ability of the cell to initiate division (Fig. 8).

The mechanisms regulating growth by cell expan-
sion remain to be elucidated (for review, see Powell
and Lenhard, 2012). Our investigation of a number of
genes with a recognized role in cell expansion (as
classified by López-Juez et al., 2008) revealed a complex
picture with about 30% of the genes in this category
being up- or down-regulated in a COI1-dependent
manner during development, which is certainly worth
investigating in future studies.
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MeJA Negatively Affects Cell Cycle Progression and the
Initiation of DNA Replication, Maintaining the Cell’s
Ability to Recover from Treatment

CDC6 and CDT1 are essential factors for DNA
replication licensing in eukaryotes because they recruit
the MCM DNA helicases that open the replication
forks (for review, see De Pamphilis, 2003). Namely, it
was observed that overexpression of CDC6/CDC6A
(At2g29680) or CDT1a did not affect overall plant
development but stimulated endoreduplication
(Castellano et al., 2001, 2004), and these two proteins
accumulate in limiting amounts for DNA replication
licensing. The repression of the expression of CDC6 in
our experiments (Figs. 7 and 8) suggests that MeJA
may act on this key limiting factor to stall the S phase
prior to replication and, consequentially, the G2 phase
prior to endoreduplication. These data support the
hypothesis that MeJA contributes to inhibiting the in-
itiation of DNA replication, in agreement with the G1
increase upon MeJA treatment shown by our analyses
in both Arabidopsis and N. benthamiana (Fig. 4). Other
pre-RC components such as MCMs and ORCs, as well
as a number of genes encoding class H2A and H2B
histones, are transcriptionally up-regulated upon
MeJA treatment at later stages of development and are
COI1 dependent (Fig. 7; Supplemental Fig. S5). While
this may not be crucial for blocking DNA replication/
initiation of S phase, it may represent an indicator of
the function of MeJA/JAs in preparing the cell for a
fast recovery once the inhibition is released. The ex-
pression of CDT1A and CDT1B does not seem to be
affected by MeJA; nevertheless, it has been shown that
Armadillo BTB Protein1 (ABAP1) directly interacts
with AtORC1a/b and AtCDT1 homologs and might
possibly hamper DNA replication through direct in-
teraction with pre-RC. In AtTCP24-mediated signal-
ing, ABAP1 associates with AtTCP24 and controls
AtCDT1a/b homoeostasis by enhancing the tran-
scription repression of AtCDT1A/B (Masuda et al.,
2008). The probe for ABAP1 is not located on the
Affymetrix ATH1 chip, so we analyzed its expression
using QRT-PCR. MeJA negatively affects the expres-
sion of ABAP1 in Col gl1 and aos at the later time points
in a COI1-dependent manner (Fig. 8; Supplemental Fig.
S6). It is intriguing to think that decreased ABAP1 ex-
pression upon MeJA treatment could correlate to a de-
creased complex with TCP24 and that this may result in
diminished inhibition of CDT1 expression. Whether
MeJA down-regulation of CDC6 could represent the
limiting factor for DNA replication remains to be clar-
ified. ABAP1 also could be repressed as part of the
stand-by response.
Our experiments show that the expression of the

sliding clamps PCNA1 and PCNA2 is induced by
MeJA and is COI1 dependent (Fig. 8; Supplemental
Fig. S6). PCNA promoters have been shown to contain
the cis-regulatory elements “site II motif” and telobox.
A conserved topological association between these
two elements is observed in the promoter of genes

expressed in cycling cells as well as in Arabidopsis
genes encoding ribosomal proteins. Interestingly, telo-
boxes are also observed within the promoters of other
plant genes expressed in late G1 such as RNRs, raising
the possibility that this element could be involved in
a common regulatory process that connects the ex-
pression of a set of genes at the G1/S transition
(Trémousaygue et al., 2003). RNR2A is up-regulated by
MeJA and is COI1 dependent. TSO2 expression is
similarly regulated (Fig. 7; Supplemental Fig. S5),
TSO2 encodes one of the three ribonucleotide re-
ductase small subunit genes in Arabidopsis, and the
double mutant tso2 rnr2a showed extensive pro-
grammed cell death, which correlates with accumu-
lating DNA damage. TSO2 is sufficient to provide
enough RNR activity to support normal plant devel-
opment (Wang and Liu, 2006). In Arabidopsis, besides
developmental phenotypes, mutation in RNR1 (csl8)
does not alter endoreduplication and limited the sup-
ply of deoxyribonucleotides (Garton et al., 2007). The
association of MeJA with increased levels of RNR1,
RNR2A, and TSO2 may highlight a possible role for
this hormone in maintaining normal development and
genome stability while reacting to the stress.

We found that MeJA treatment up-regulates the
expression levels of nucleosome core S-phase histones
of classes H2A and H2B (Fig. 7; Supplemental Fig. S5).
While it is not known at this stage whether these
changes will be accompanied by local changes in the
structure of the chromatin and/or have an effect on
cell fate, it appears here that MeJA has an active role in
ensuring the availability of these histones. This could
represent an additional way for the cell to be promptly
ready to restore homeostasis once the stress is over. It
will be interesting to investigate whether MeJA has an
active functional role in regulating these mechanisms
also in the light of the previously reported regulation
of histone deacetylases by JAs (Devoto et al., 2002;
Zhou et al., 2005; Wu et al., 2008).

Overall, our data suggest that while MeJA partici-
pates in the repression of DNA replication, where
MeJA-mediated down-regulation of CDC6 would
represent one of the limiting factors for DNA replica-
tion, this hormone seems to prepare the cells to pro-
gress through the cell cycle once released from the
treatment. Altogether, it is clear that MeJA plays a role
in these complex mechanisms ultimately regulating
growth that will be worth clarifying through future
studies. These novel findings are included in our
model summarizing the main effects exerted by MeJA
on the cell cycle and endocycle mediated by COI1 (Fig.
9). Our flow cytometry analysis showed that MeJA
delays the onset of endoreduplication. At the same
time, MeJA increases the expression of endoredupli-
cation repressors such as D3-type cyclins and of
CYCA2;3 genes as well as down-regulates the expres-
sion of the endocycle promoter CDC6A. Supportive
evidence is also provided by the reduction in leaf cell
size and a reduction of the nuclei size in the treated
root, suggesting a delay in differentiation. The down-
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regulation of CDC6A, a well-known DNA replication
licensing gene, might indicate that MeJA could hinder
the function of the pre-RC and contribute to inhibiting
the G1/S transition. Our cell cycle analysis, showing
that an increase in G1 follows MeJA treatment already
after 48 h, would support this hypothesis. However,
MeJA positively regulates the expression of S-phase
genes, several of them encoding pre-RC components,
DNA replication, and DNA repair. This could indicate
that MeJA maintains a competent environment to
guarantee prompt recovery after stress. The inhibitory
effect of MeJA on the mitotic activity is suggested by
the decrease in the expression of the G2/M-phase
marker CYCB1;1:Dbox-GUS in both leaf and root.
The reduction in leaf cell number we observed is in
agreement with the above. MeJA-dependent repres-
sion of the positive regulator of cell division CYCD1;1
might also contribute to inhibiting mitotic activity.

MeJA Maintains a Cellular Stand-By Mode by Keeping
High the Expression of Ribosomal Genes

We have observed that upon MeJA treatment, the
expression levels of many ribosomal genes are up-
regulated by MeJA and maintained at constitutive
levels, as in untreated young seedlings (Fig. 7). Among
these is RPS6A, one of the two functionally equivalent
cytoplasmic RPS6s reported to promote plant growth
(Creff et al., 2010). Interestingly, both rps6a and rps6b
knockout mutants show a growth-retarded phenotype,
and hypomorphic rps6a alleles have been linked to
negative effects on cell proliferation (Horiguchi and
Tsukaya, 2011). Another example is EBP1, a nucleolar
double-stranded RNA-binding protein. Horváth et al.

(2006) have shown that, via modulating the levels of
EBP1 in potato (Solanum tuberosum) and Arabidopsis,
this gene regulates plant organ growth and affects the
expression of different cell cycle genes as well as RBR1
protein level. These authors also showed that this
candidate cell-autonomous factor stimulates the ex-
pression of CYCD3;1. Our observations are consistent
with this in showing that MeJA acts positively on the
expression levels of these two genes as well as on EBP1
coregulators and additional cyclins involved in endo-
reduplication (Supplemental Fig. S5). This is also in
agreement with Massonnet et al. (2010) suggesting that
endoreduplication in leaf cells could be controlled by
leaf growth itself. MeJA seems to contribute to the re-
gulation of both by affecting mitosis, delaying en-
doreduplication and the start of replication, but at
the same time establishing a replication-competent

Figure 9. Main MeJA effects on the cell cycle and endocycle mediated
by COI1. Depicted are a normal mitotic cell cycle and an endocycle
where cells rereplicate DNA in the absence of intervening mitoses.
White and gray-shaded shapes indicate genes up- and down-regulated
by MeJA, respectively.

Figure 10. Working model summarizing some of the key processes
revealed to be regulated by continuous MeJA treatment to control leaf
size. A, The combination of cell size and cell number determines the
total leaf size, and this is regulated by MeJA. B, Inverse correlation
between leaf size and ribosomal gene expression. To a MeJA-dependent
reduction in leaf size of aos and Col gl1 corresponds higher global
ribosomal gene expression levels. (This figure is adapted and expanded
from Sugimoto-Shirasu and Roberts, 2003.)
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environment to guarantee a prompt recovery. The
maintenance of high transcript levels of ribosomal
proteins as well as histones and pre-RC components
by MeJA could put the cell in a stand-by mode ready
to go. As a result, to the greatest leaf MeJA-dependent
growth inhibition (Fig. 2) correspond the highest levels
of ribosomal genes (Fig. 7; Supplemental Fig. S5). A
model summarizing some of the key processes revealed
to be regulated by continuous MeJA treatment to con-
trol leaf size is proposed here (Fig. 10).

CONCLUSION

Our study shows that MeJA contributes to driving
two possibly independent strategies to rescheduling
the energy between stress responses and growth.
Blocking mitosis (G2/M transition) could represent a
fast way to block cell division and keep the plant in a
ready-to-go state to quickly reinstate homeostasis once
the stress signal is released. Alternatively, blocking the
cell cycle before the completion of DNA replication
(G1/S) could represent a more cost-effective way of
slowing down without embarking on the expensive
process of DNA replication. In this scenario, MeJA
may contribute to holding back DNA replication by
negatively affecting the assembly of the pre-RC and at
the same time maintaining appropriate cell conditions
to ensure a fast recovery. Our results in planta dem-
onstrate that the definition of “JA-mediated inhibition
of cell proliferation” accepted so far is rather simplistic,
and we have identified a much more complex regu-
latory network, containing novel elements balancing
MeJA-regulated trade off between growth ability and
stress tolerance, that will be exciting to study further.
Our research sheds light on a rather unprecedented
MeJA-regulated COI1-dependent leaf growth control
mechanism and supports the existence of this mech-
anism in Arabidopsis as well as in N. benthamiana,
opening the doors to uncoupling MeJA stress to in-
crease yield and to increase the production of defense-
related secondary metabolites.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

The Arabidopsis (Arabidopsis thaliana) lines coi1-16 (At2g39940; Ellis and
Turner, 2002), subjected to backcrossing to eliminate a pen2 mutation (Westphal
et al., 2008), aos (At5g42650; N6149), H2B-YFP (Campilho et al., 2006), and
pCYCB1;1:Dbox-GUS (Colón-Carmona et al., 1999) have been described. For
clarity, we refer to the coi1-16 line used here as coi1-16B (for backcrossed). The
mutant lines coi1-16B and aos are in the Col gl1 background that is referred to as
the wild type in this study. Because environmental conditions during seed for-
mation as well as seed storage duration can affect seed vigor, all the analyses on
coi1-16B, aos, and Col gl1 were performed on synchronized seeds (i.e. harvested
at the same time and in the same light conditions). Germination tests were also
performed to confirm that in our conditions, no significant difference in ger-
mination time was observed between the lines used. Col gl1, aos, coi1-16B, and
Nicotiana benthamiana seeds were sterilized in 100% ethanol for 2 min. Ethanol
was removed, and 20% sodium hypochloride (12%, w/v) and 0.1% Tween 20
were added to seeds and mixed for 10 min. Seeds were repeatedly washed with
sterile deionized water before sowing on buffered (1% MES, pH 5.8) 0.53

Murashige and Skoog medium (Duchefa) supplemented with 1% Suc and 0.8%
phytoagar (Duchefa), containing 50 mM MeJA (Bedoukian Research) when in-
dicated. For in vitro culture, plants were grown at a density of one plant per
3 cm2. After cold treatment in the dark for 3 d (stratification), seeds were incu-
bated under 16-h/8-h light/dark cycle conditions at 22°C with a light intensity
of 100 to 120 mmol m22 s21.

Leaf Measurements

First true leaves of Arabidopsis seedlings grown on horizontal plates as
described above were collected at 9, 13, and 19 DAS, cleared in 100% ethanol,
mounted in DL-lactic acid on microscope slides, and photographed. Leaf ab-
axial epidermal cells (40–100 cells) were drawn for four to 21 leaves with a
DMLB microscope (Leica) using a DIC objective. Photographs of leaves and
drawings were used to measure the leaf area and calculate the average cell
area and number with ImageJ software (http://rsb.info.nih.gov/ij/). Leaf and
cell areas were used to calculate cell numbers.

Root Measurements

In both MeJA-treated and untreated plants, primary root, cell, and root hair
lengths were measured in 6-d-old seedlings vertically grown (75° to the hor-
izontal). The length of a cell was determined between two fully expanded root
hairs on the same cell file via high-resolution images using DIC microscopy
and ImageJ software. This was done for six to 10 cells per plant. The length of
fully grown root hairs was also measured. A minimum of eight seedlings per
genotype were analyzed, and three independent biological replicates were
performed. Percentage inhibition in the MeJA-treated seedlings was calcu-
lated. As described by Ishida et al. (2009), root meristem organization was
visualized using seedlings stained with 5 mg mL21 propidium iodide solution,
and root nuclei were visualized using transgenic plants harboring H2B-YFP
fusion protein constructs. Samples were observed using a Carl Zeiss LSM510
META confocal laser microscope. To measure nucleus size in the root meri-
stem, three to six confocal optical sections, collected at approximately 1-mm
intervals using identical confocal settings, were merged. Surface areas of in-
dividual nuclei within the same epidermal cell files were measured using
ImageJ software.

GUS Staining Analysis

Arabidopsis pCYCB1;1:Dbox-GUS seedlings were germinated and verti-
cally grown on control medium for 10 DAS and subsequently transferred to
control or 50 mM MeJA-containing medium for 48 h. Histochemical GUS
staining was performed as described by Ishida et al. (2009) and imaged using
DIC microscopy for the roots or a dissecting microscope (Nikon) for the leaves.

Flow Cytometry Experiments and Ploidy Measurement

Ploidy levels were measured using the Cystain UV Precise P high-resolution
DNA staining kit (Partec) according to the manufacturer’s instructions and
adapting a procedure from Dolezel et al. (2007). Briefly, nuclei from leaves or
cotyledons of seedlings grown under in vitro conditions were released in
nuclei extraction buffer (Partec) by lightly chopping the leaves with a razor
blade, stained with 49,6-diamidino-2-phenylindole buffer, and filtered through
a Celltrics 30-mm mesh (Partec). At least 20,000 nuclei isolated from approx-
imately 10 to 15 pairs of leaves/cotyledons were used for each ploidy mea-
surement using a Partec PAS flow cytometer and FloMax software (Partec)
recording the relative fluorescence intensities. The FloMax software was also
used to perform cell cycle analysis. Flow cytometry experiments were repeated
at least three times for each genotype using independent biological replicates.

Microarray Experiments and Data Analysis

The first true leaves of Col gl1 and coi1-16B at 9, 13, and 19 DAS grown
horizontally on Murashige and Skoog medium as described above with and
without 50 mM MeJA were collected, snap frozen immediately, and stored at
280°C until further RNA extraction. aos samples were collected at 13 DAS only.
Total RNA was isolated using Tri Reagent according to the manufacturer’s
instructions (Sigma-Aldrich). Isolated RNA was further purified using RNeasy
mini columns (Qiagen) according to the manufacturer’s instructions. After
quality controls, copy RNA, labeling, hybridization, and scanning of the high-
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density oligonucleotide microarrays (Arabidopsis ATH1 genome array;
Affymetrix) were performed at the Nottingham Arabidopsis Stock Centre
microarray platform (http://affymetrix.arabidopsis.info/). Data were gener-
ated from two independent biological replicates for all samples but the 19-
DAS time point, for which only one replicate was available (Affymetrix;
NASCARRAY-568/573). ATH1 Expression Profiling and Data Analysis RNA
samples were hybridized to single Affymetrix ATH1 Genome arrays at the
Nottingham Arabidopsis Stock Centre.

Expression data were processed with RMA (background correction, nor-
malization, and summarization) as implemented in BioConductor (Irizarry
et al., 2003a, 2003b; Gentleman et al., 2004). The microarray data were checked
for anomalous RNA degradation by ordering and grouping the probes for the
ATH1 array according to their 59 to 39 position. In order to check the repro-
ducibility of the biological replicates, (1) dendrograms using hierarchical
clustering of the correlation between any two pairs of CEL files based on the
normalized expression of all their probe sets and (2) scatterplots of normalized
expression values for individual genes between replicates and samples were
drawn (Supplemental Fig. S7, A and B). The BioConductor package Limma,
which employs a hierarchical model to estimate the t statistics, was used to
identify differentially expressed genes (Smyth, 2004). The default settings from
the front-end package affylmGUI were employed (Wettenhall et al., 2006). The
hierarchical model applied by Limma allows computing Student’s t tests for
samples where only one replicate was available. False discovery rate-corrected
P , 0.05 was used as a cutoff (Benjamini and Hochberg, 1995). Finally, any
genes that did not display at least a 1.5-fold change between any two geno-
types or time points or between treated versus untreated samples within a
genotype were removed. The remaining list was considered a robust set of
differentially expressed genes. Venn diagrams with the numbers of genes up-
regulated or down-regulated at each time point were used to compare the
results between the three genotypes (Oliveros, 2007). We performed GO
analysis using the DAVID package (Huang et al., 2007a, 2007b) of the dif-
ferentially regulated transcripts in Col gl1. Clustered heat maps and similarity
trees were produced with The Institute for Genomic Research Multi Experi-
ment Viewer (www.tm4.org/mev/).

QRT-PCR Analysis

Using plant material grown as described above for the microarray exper-
iments, purification of total RNA from plant material was performed as de-
scribed using the RNeasy plant mini kit (Qiagen). Analysis of total RNA yield
was performed on a Nanodrop spectrophotometer (Labtech). One microgram
of total RNA from each sample was used for complementary DNA (cDNA)
preparation. cDNA preparation was performed using the QuantiTect_Reverse
Transcription kit (Qiagen) that includes a genomic DNA removal step. Real-
time amplification in the presence of SYBR Green was performed using Pre-
cision Mastermix as per the manufacturer’s instructions. Accordingly, no more
than one-tenth of the final PCR volume derived from the finished reverse
transcription reaction was used. Standard amplification protocols were used
and carried out on a Rotor-gene Q real-time machine (Qiagen; Corbett Re-
search RG-6000). All reactions took place in triplicate. Melting curves were
analyzed to check primer specificity. We assessed the primer reaction effi-
ciencies using the Comparative Quantitation Report for all genes of interest
and the reference genes. All primer reaction efficiencies were comparable
around 90%. Levels of each transcript as a ratio against the geometric mean
(Vandesompele et al., 2002) of the two internal control genes At5g55840 and
At5g17510, identified using the Arabidopsis geNorm reference gene selection
kit (Primerdesign) and the qBase software package (Hellemans et al., 2007),
were quantified using the comparative threshold cycle calculation. For each
genotype, data from the 9-DAS untreated sample were used as the baseline
expression value (calibrator). Primers were designed using QuantPrime
(http://quantprime.mpimp-golm.mpg.de/; Arvidsson et al., 2008) and set-
tings to maximize the cDNA and single primer specificity. The primers used in
this study are listed in Supplemental Table S7.

Supplemental Data

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

Supplemental Figure S1. Alteration of nuclear DNA content and delay of
the onset of endoreduplication after 48 h of MeJA treatment.

Supplemental Figure S2. Continuous MeJA treatment alters the cell cycle
progression during leaf development.

Supplemental Figure S3. MeJA treatment does not significantly affect the
size of the root meristem.

Supplemental Figure S4. MeJA inhibition of growth and cell elongation in
roots.

Supplemental Figure S5. RMA expression levels and clustering display of
main gene categories analyzed.

Supplemental Figure S6. QRT-PCR validation of microarray-detected
changes of MeJA-responsive genes in aos.

Supplemental Figure S7. Quality control of microarray data.

Supplemental Table S1. MeJA-mediated inhibition of the leaf growth of
Arabidopsis mutants.

Supplemental Table S2. Flow cytometric analysis of first true leaves or
cotyledons of Arabidopsis Col gl1, coi1-16B, and aos in absence or pres-
ence of MeJA.

Supplemental Table S3. MeJA effects on root growth.

Supplemental Table S4. Distance of the quiescent center from the first
visible elongating cell.

Supplemental Table S5. Genes affected by MeJA treatment during leaf
development.

Supplemental Table S6. Main GO categories for genes up-regulated by
MeJA.

Supplemental Table S7. Primers used for QRT-PCR.
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