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ABSTRACT 
Leaf shapes and sizes vary naturally from simple with smooth, serrated or lobed margins to compound with a few or a lot of leaflets. 
Simple leaves develop through gradients of cell division and cell expansion from tip to base, resulting in a fully differentiated mature leaf 
without meristematic activity, referred to as a determinate structure. Cell numbers and cell expansion influence leaf size and shape as 
observed by manipulation of the core cell cycle or cell wall extensibility. However, mechanisms exist that compensate changes in leaf 
growth by affecting cell expansion or number, which indicates that leaf size is also under supracellular control. Foliar morphology is used 
for classification in botany, demonstrating its genetic and evolutionary basis. A developmental biology approach is taken to identify the 
molecular control of leaf size and shape by using a limited number of model species. Mutational and transgene analysis in Arabidopsis 
thaliana has uncovered more than 100 loci important for simple leaf development. Regulatory genes, such as transcription factors, have 
been shown to regulate leaf growth and development, of which some might act upstream of the hormonal responses and core cell cycle. 
Chromatin modification complexes are involved in the control of leaf growth and might form the interface with developmental and 
environmental cues to influence leaf formation – a phenomenon known as leaf plasticity. In contrast to simple leaves, compound leaves 
develop discernable meristems that will form leaflets along the rachis. Molecular-genetic work in snapdragon (Antirrhinum majus), 
tomato (Solanum lycopersicum), and pea (Pisum sativum) identified independent molecular pathways for compound leaf development. 
These regulatory pathways have previously been shown to be important for meristem identity and suggest that compound leaves can be 
considered as transitional forms from determinate simple leaves to indeterminate shoots. The use of developmental genes for applications 
in agriculture, horticulture and ornamentals will be discussed. 
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THE ORIGIN OF LEAVES 
 
The shoot apex 
 
During embryogenesis, a rudimentary plant axis is estab-
lished with a shoot apical meristem (SAM) and a root apical 
meristem (RAM) (Weigel and Jürgens 2002). After em-
bryogenesis, most plant organs are formed by the activities 
of these apical meristems. The meristems mediate indeter-

minate growth and local formative divisions establish cell 
lineage patterns of new organs. The SAM is a domain 
where stem cells are continuously produced and provide the 
material for the formation of new organs, such as leaves 
(Fig. 1A) (Bäurle and Laux 2003; Cole et al. 2006). After 
germination, the SAM starts to produce lateral organs and 
stem tissues that are organized in the so-called phytomers. 
The SAM consists of distinctive zones with respect to cell 
division activity and developmental destination, and has 
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been the subject of early developmental research and is still 
today (Sussex 1989; Laufs et al. 1998). In the central zone, 
stem cells stay in an indeterminate state and, upon division, 
they replenish themselves, but also produce daughter cells 
for the peripheral zone where they are recruited to initiate 
leaf primordia, or for the rib zone, where they contribute to 
the formation of internodium tissue. The stem cells are 
maintained in an undifferentiated state in specialized niches. 
Differentiation of the stem cell progeny outside the niche is 

affected by positional signals from more mature tissues. So 
far, genetic approaches have identified some key players in 
meristematic signaling; although most signals that relay the 
positional information await elucidation (Bäurle and Laux 
2003). Clonal analysis has shown that stem cells are not 
permanent but can differentiate when they are displaced 
from the summit of the dome-shaped SAM, indicating that 
stem cell identity is not an inherent property of a given line-
age but rather is conferred to cells by positional cues (Ruth 
et al. 1985). The SAM is also layered into L1, L2, and L3 
that are the progenitor of epidermal tissues, of palisade and 
spongy parenchyma (and the sporogenic cells), and vascular 
tissues, respectively. Organ formation takes place in the 
peripheral zone of the SAM where a group of 15-30 cells 
derived from all three meristem layers become assigned to 
an incipient organ primordium (Fig. 1A) (Furner and Pum-
frey 1992; Irish and Sussex 1992). 

The origin of the SAM is embryonic, based on the ex-
pression of the SHOOT MERISTEMLESS (STM) gene star-
ting from the late globular stage and marking the future 
SAM in the early heart-shaped embryo (Long and Barton 
1998). STM is essential for SAM formation as shown by the 
stm knockout phenotype that produces seedlings without 
SAM (Barton and Poethig 1993; Long et al. 1996). STM en-
codes a KNOX domain/three-amino-acid loop extension 
(TALE)-HD-type transcription factor (Cole et al. 2006) and 
probably acts as transcriptional regulator in promoting SAM 
development and maintenance (Endrizzi et al. 1996). The 
TALE-HD factors have DNA binding activity because they 
were shown to interact with other groups of TALE-HD pro-
teins in animals (Penkov et al. 2000). In plants, evidence is 
accumulating that KNOX/TALE-HD proteins interact with 
another class of TALE-HD gene products, the BEL1-like 
homeodomain (BLH) proteins (Bellaoui et al. 2001; Smith 
and Hake 2003; Bhatt et al. 2004). One of the first signs of 
organ initiation is the down-regulation of STM expression 
in the organ founder cells, while maintaining the expression 
in other parts of the meristem (Long et al. 1996), presume-
bly allowing the onset of ASYMMETRIC LEAVES1 (AS1) 
and AS2 gene expression at leaf initiation sites of the SAM; 
in turn these genes repress meristematic cell fate by down-
regulating the KNOTTED-like genes, KNAT1, KNAT2, and 
KNAT6 in Arabidopsis thaliana that are also expressed in 
specific domains of the SAM (Lincoln et al. 1994; Byrne et 
al. 2000, 2002). How STM expression is down-regulated at 
the site of organ intiation remains to be unravelled (Bäurle 
and Laux 2003). The STM gene is the ortholog of the maize 
(Zea mays) KNOTTED1 (KN1) gene that, upon ectopic ex-
pression in maize leaves, reverts the determinate to the in-
determinate state, resulting in the production of knots (Voll-
brecht et al. 1991). KN1 was the first plant protein whose 
plasmodesmal trafficking has been identified (Lucas 1995); 
that report emphasizes the importance of plasmodesmal 
cell-to-cell communication in developmental processes. 

A genetic model has been proposed for self-regulation 
of the SAM. The CLAVATA (CLV) genes are responsible 
for the repression of growth in the central zone (Clark et al. 
1997; Fletcher et al. 1999; Brand et al. 2000) and encode 
components of a signaling cascade that regulates WUS-
CHEL (WUS) activity (Laux et al. 1996; Trotochaud et al. 
1999; Schoof et al. 2000). WUS is a homeodomain protein 
that keeps stem cells in their indeterminate state through a 
negative feedback loop with CLV3 (Mayer et al. 1998). 
Instead of self-maintaining stem cells, cells in the apex dif-
ferentiate in the wus mutant (Laux et al. 1996). The WUS 
expression domain, just beneath the stem cell zone is called 
the “organizing center” and is comparable to the quiescent 
center in the RAM (van den Berg et al. 1997; for review, 
see Weigel and Jürgens 2002; Rademacher and Weijers 
2007). 
 
Leaf initiation from the SAM 
 
Leaf primordia originate at the SAM peripheral zone and 
have a multicellular origin because cells are recruited from 

Fig. 1 Leaf initiation and proliferation. (A) Longitudinal section 
through a 6-day-old SAM of a wild-type plant. (B) Transverse section 
through a 12-day-old wild-type shoot apex. (C-F) Cell division profiles 
during the development of the first leaf in Arabidopsis ecotype C24 with a 
pCYCB1;1-GUS reporter line for measuring cell division activity (Van 
Lijsebettens and Clarke 1998; ©Elsevier, reprinted with kind permission). 
(C) 9-day-old, (D) 11-day-old, (E) 12-day-old, (F) 15-day-old first leaf. 
Bar = 50 �m [A and B], 100 �m [C and D], 500 �m [E and F]. 
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different SAM layers (Fig. 1A, 1B). Initiation of leaf re-
quires the coordination of a group of founder cells in the 
SAM and cytoplasmic continuity through plasmodesmata 
has been postulated to play a role in the supracellular con-
trol of morphogenesis (Lucas 1995). A leaf primordium is 
initiated by periclinal cell division in the L2 layer, gene-
rating a new axis (proximal-distal) of growth away from the 
SAM (Medford et al. 1992). Upper and lower epidermis are 
formed by anticlinal division of the L1 layer and periclinal 
and anticlinal divisions of the L2 layer give rise to the inner 
tissues of the leaf (Furner and Pumfrey 1992). At emer-
gence (4 days after sowing in Arabidopsis), leaf primordia 
have radial symmetry and immediately acquire dorsiventral 
asymmetry by flattening the side that faces the SAM, by 
formation of the first trichomes at the dorsal tip, and of 
small structures (stipules) at the base of the dorsal side that 
quickly degenerate (Van Lijsebettens and Clarke 1998). 

Leaves have a precisely determined position relative to 
one another. This pattern or phyllotaxis has been laid down 
in the SAM (Irish and Sussex 1992; Medford et al. 1992). 
In Arabidopsis, the first leaves are opposed to each other, 
the third leaf is perpendicular to the axis formed by the first 
two, and the fourth leaf forms at an angle of 137� and is the 
start of the spiral phyllotaxis of the subsequent leaves (Fig. 
1B). The sites of leaf initiation coincide with spots of auxin 
accumulation at the SAM and a model has been proposed 
for phyllotactic patterning by polar auxin transport (Rein-
hardt et al. 2003). The leaf initiation site is delineated by 
molecular markers, such as AS1, whose position at the peri-
phery of the SAM depends on that of previously formed 
primordia. At the leaf inception site, no STM expression fits 
the exit from the proliferative to a differentiation state of the 
primordium founder cells in which AS1 gene activity is de-
repressed. AS1 in Arabidopsis (Byrne et al. 2000), its ortho-
log ROUGH SHEATH2 (RS2) in maize (Timmermans et al. 
1999; Tsiantis et al. 1999), and PHANTASTICA (PHAN) in 
snapdragon (Waites et al. 1998), the so-called ARP genes, 
are Myb-type transcription factors that are important for 
promoting adaxial fate in leaf primordia and whose function 
is conserved in monocots and dicots. Upon recessive muta-
tion of the ARP genes, some of the KNOX genes are ecto-
pically expressed in the leaves where they are normally in-
active (Schneeberger et al. 1998; Byrne et al. 2000; Ori et 
al. 2000). A dominant gain-of-function mutation at the KN1 
locus changes the cell fate into indeterminate and creates in-
determinate foci in the leaf lamina, indicating the impor-
tance of KN1 gene down-regulation in the switch from the 
indeterminate to determinate state in lateral organ formation 
(Van Lijsebettens and Clarke 1998). Microsurgical experi-
ments on the potato (Solanum tuberosum) shoot apex have 
shown that the SAM communicates with leaf primordia and 
that a signal is required to induce polarity in the leaf pri-
mordium. Incisions between the SAM and the primordium 
resulted in radial symmetrical rather than dorsiventral 
asymmetrical leaves (Sussex 1955). Although the signal is 
still unknown today, the genetic factors for polarity have 
been identified: these are AS1 and the HD-ZIPIII transcrip-
tion factors PHABULOSA, PHAVOLUTA and REVOLUTA 
(dorsal identity), and the GARP genes, YABBY and FILA-
MENTOUS (ventral identity) (Sawa et al. 1999; Siegfried et 
al. 1999; Kerstetter et al. 2001; McConnell et al. 2001). 
Knockout mutations in the polarity genes cause radializa-
tion of the leaf. The polarity genes are used as dorsal and 
ventral markers to study polarity in leaf mutants (Nelissen 
et al. 2003). Analysis of their genetic interactions resulted 
in a model for foliar dorsoventrality (for review, see Bow-
man 2004). In conclusion, a number of transcription factors 
determine the developmental dimensions of the simple leaf. 
Identification of the upstream signaling cascades that regu-
late and coordinate these transcription factors will be the 
focus of future research. 

 
 
 
 

Compound or dissected leaves: A transition state 
to shoot 
 
KNOX ectopic expression in several species 
 
From a botanical point of view, the compound leaf has 
evolved earlier than the simple leaf and compound leaves 
have arisen several times in evolution. Therefore, the exis-
tence of different molecular mechanisms is to be expected 
that steer compound leaf formation. The ontogeny of com-
pound leaves in dicotyledonous plants is distinct from that 
of simple leaves because the former have a marginal meri-
stem, called blastozone, along both sides of the leaf primor-
dium that produces leaflets (Hagemann and Gleissberg 
1996). In contrast, simple leaves have no delineated meri-
stem in their primordia, but instead develop by intercalary 
or diffuse growth as indicated by the gradient of the mitotic 
marker gene pCYCB1;1-GUS during leaf growth (Fig. 1C-
F). The distinct meristems in the primordia of compound 
leaves reflect a phase of indeterminate growth and, there-
fore, compound leaves are considered as a transitional state 

Fig. 2 Genes involved in compound leaf formation. (A) Wild-type Ara-
bidopsis rosette leaf grown on Murashige and Skoog (MS) medium (B) 
Rosette leaf of FIL>>BP Arabidopsis plants expressing the KNAT1/BP 
gene under the FIL promoter, grown on MS medium (Hay et al. 2006; 
©The Company of Biologists, reprinted with kind permission). (C) Wild-
type pea leaf with two pairs of leaflets, three pairs of tendrils, and a termi-
nal tendril. (D) unifoliata leaf in pea with a single leaflet (Hofer et al. 
1997; ©Elsevier, reprinted with kind permission). 
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between the determinate state of the simple leaf and the 
indeterminate state of a shoot (Tsiantis and Hay 2003). 

The indeterminate state of meristems is controlled by 
the KNOTTED1-type homeobox transcription factors, such 
as STM and KNAT in Arabidopsis. The function of KNOX 
genes is to maintain indeterminate cell state and to suppress 
differentiation. Repression of these genes at the leaf initia-
tion sites of the SAM is essential in simple leaf formation in 
dicotyledonous and monocotyledonous plants and requires 
the activity of the ARP class of Myb-type transcription fac-
tors. Loss-of-function mutations in ARP genes induce ec-
topic KNOX gene expression and abnormal leaf develop-
ment (Waites et al. 1998; Tsiantis et al. 1999; Timmermans 
et al. 1999; Byrne et al. 2000). Misexpression of the KNOX 
genes, KNAT1 and KNAT2, in Arabidopsis leaves resulted 
in transgenic plants with highly lobed leaves. The lobes ori-
ginated at the serrations of the simple leaf and had features 
of leaves themselves because of the presence of stipules, 
suggesting a role for KNOX gene regulation in the evolution 
of leaf diversity (Fig. 2A, 2B) (Lincoln et al. 1994; Chuck 
et al. 1996). In the compound-leafed tomato, KNAT1 ex-
pression was demonstrated in leaf primordia, in contrast to 
simple-leafed species, and its overexpression caused super-
compoundness with leaves containing up to 2000 leaflets 
(Hareven et al. 1996; Janssen et al. 1998). More studies in 
compound-leafed or dissected-leafed species showed that 
“ectopic” expression of KNOX genes in the leaf primordia 
occurred naturally (Bharathan et al. 2002). In Cardamine 
hirsuta (bittercress), a wild relative of Arabidopsis, dissec-
ted leaf formation also correlated with the presence of 
KNOX gene activity (Hay and Tsiantis 2006). The conclu-
sion was that naturally occurring KNOX gene expression in 
leaf primordia could impose a state of indeterminacy to 
cells and could account for dissection, lobing, or com-
poundness and, to some extent, explain natural variation in 
leaf shape. 
 
KNOX and plant hormones 
 
In the simple leaves of transgenic lettuce (Lactuca sativa) 
transformed with an overexpression construct of the Arabi-
dopsis KNAT1, lobing was observed, in addition to accumu-
lation of specific types of cytokinins (Frugis et al. 2001). 
Resemblance was noticed with phenotypes of plants over-
expressing the isopentenyltransferase (IPT) gene that en-
codes an enzyme for cytokinin biosynthesis and with trans-
genic lines overexpressing KNOX (Hewelt et al. 1994). In-
deed, in IPT-overexpressing transgenic lines, ectopic KNOX 
expression was measured (Rupp et al. 1999). The question 
was whether the phenotypic alterations in the KNAT1 over-
expression lines, i.e. the partial reversion to indeterminate 
growth, are the effect or the cause of cytokinin accumula-
tion (Frugis et al. 2001). Today, there are different argu-
ments to say that cytokinin accumulation is a consequence 
of the induction of cytokinin biosynthesis genes, such as 
IPT5 and IPT7, by KNOX gene overexpression (Jasinski et 
al. 2005; Yanai et al. 2005; Sakamoto et al. 2006). In other 
words, the cytokinin accumulation is downstream of the in-
duced KNOX gene expression. The question remains whe-
ther there is a feedback loop between cytokinin biosynthesis 
and KNOX gene expression. 

KNOX gene expression represses gibberellin20 (GA20) 
oxidases that are involved in GA biosynthesis. So, meriste-
matic activity goes together with low GA content and fits 
with the view that GA promotes cell differentiation. The 
antagonistic role of GA was further demonstrated by sup-
pression of the KNOX overexpression phenotypes upon ad-
dition of external GA that reverted lobing or compoundness 
back to simple leaf shape (Sakamoto et al. 2001; Hay et al. 
2002). Moreover, high cytokinin levels are necessary and 
sufficient to stimulate GA2 oxidase, which is involved in 
GA catabolism, and represents a second mechanism to es-
tablish a low GA regime in meristems (Jasinski et al. 2005). 

Leaf initiation at the SAM occurs through induction of 
AS1 gene expression and repression of KNOX. In addition, 

initiation of leaf primordia coincides with local auxin 
maxima in the SAM (Reinhardt et al. 2003). A relationship 
between the promotion of leaf organ growth by auxin and 
the leaf fate pathway defined by AS1/KNOX was demons-
trated with double mutant analysis and molecular marker 
lines. Auxin and AS1/KNOX activities are two independent 
pathways that converge as shown by ectopic KNAT1/BP ex-
pression in auxin resistance 1 (axr1) mutants, defective in 
auxin degradation, and by the new leaf phenotype of as1 
axr1 double mutants. Auxin activity is also required later in 
leaf development to control leaf shape by regulating the ini-
tiation of marginal serrations (Hay et al. 2006). 
 
LEAFY ectopic expression in pea 
 
In pea, the compound leaf pattern of leaflets and tendrils is 
gradually formed over a time period of four plastochrons. 
During this period, form is determined but little growth oc-
curs. At a later stage, the primordium grows at a relatively 
fast rate, but only in accordance with the organization deter-
mined earlier (Sachs 1969). KNOX gene activity was not 
detected in leaf primordia of pea (Hofer et al. 2001), in 
contrast to other compound-leafed species, such as tomato 
(Hareven et al. 1996). Different molecular mechanisms 
might be at the basis of compound leaf development in pea. 
Various leaf mutants exist in pea with so-called homeotic 
phenotypes in which either leaflets were converted to ten-
drils, such as in the afila mutant, or tendrils to leaflets, such 
as the tendril-less mutant, or leaflets and tendrils to a sin-
gle-leaf lamina, such as the unifoliata mutant (Fig. 2C, 2D) 
(Marx 1987). The UNIFOLIATA (UNI) gene is the homolog 
of the FLORICAULA gene in snapdragon and of the LEAFY 
(LFY) gene in Arabidopsis that are MADS-box transcription 
factors specifying floral meristem identity (Coen et al. 
1990; Weigel et al. 1992). Loss-of-function mutation of the 
LFY gene results in the conversion of floral meristems into 
shoot-like structures. The function of LFY in floral develop-
ment is to specify determinate growth: if it had the same 
function in leaves, then more dissected and indeterminate 
leaves would be expected in loss-of-function mutants. On 
the contrary, the uni mutant reduced leaf dissection. As a 
consequence, the UNI/LFY gene must play role in the late-
ral leaf organs opposite to that in the lateral flower organs. 
The role of the UNI gene has been postulated to maintain a 
transient phase of indeterminacy that precedes determina-
tion in leaves (Hofer et al. 1997). 

In conclusion, analysis in several species showed that 
dissected or compound leaves are a transitional form from 
the determinate simple leaf to the indeterminate shoot. Ac-
quisition of indeterminacy by the leaf primordia upon initi-
ation and early growth stages is situated in the blastozone 
with local meristems and results in lamina dissection or 
leaflet formation. In most species analyzed, this meriste-
matic activity in the leaf primordia coincides with ectopic 
KNOX gene activity and suggests that KNOX gene modula-
tion in leaves might be responsible for natural variation in 
leaf shape. In pea, ectopic activation of LFY is correlated 
with compound leaf formation. Therefore, different molecu-
lar pathways might explain the multiple independent origin 
of dissected leaves during evolution. 
 
LEAF GROWTH DIMENSIONS 
 
Cell division and cell expansion in growth 
 
Leaf growth is a three-dimensional process with proximo-
distal, dorso-ventral, and medio-lateral planes and perfect 
coordination across the dimensions is needed. Each of these 
dimensions is filled by an intrinsically determined amount 
of cells that are produced by oriented cell divisions and that 
expand in a regulated manner. In plants, cell size enlarges 
by cell growth, total cytoplasmic macromolecular mass 
increase, and cell expansion, cell volume augmentation 
through vacuolation. Furthermore, highly polyploid nuclei 
are associated with increased cell size via enhanced cell 
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growth (Sugimoto-Shirasu and Roberts 2003; Lee et al. 
2004). The factors that control the numbers, sites, and 
planes of divisions and couple these processes to coordinate 
cell expansion are not well understood (Meyerowitz 1997). 
Also environmental stimuli regulate growth of an organ; 
thus, in the meristem perfect coordination is required 
between developmental controls and growth-regulating me-
chanisms. 

Two theories are used to explain organ formation: the 
“Cell Theory” that states that organ size and shape are 
merely determined by their building blocks, the cells and 
the “Organismal Theory” that proposes that organ shape is 
predetermined by a higher order control mechanism and 
that this preset form is filled up with cells (for review, see 
Tsukaya 2003). A “Neo Cell Theory” adds a level of cel-
lular communication to the original Cell Theory that would 
allow compensatory effects by, for example, cell enlarge-
ment in response to reduced cell numbers (Tsukaya 2002). 
The Cell Theory implies that individual characteristics of 
cells determine the morphogenesis of an organ. The simple 
leaf is a suitable model to investigate this question and has 
been used in micromanipulation experiments to study the 
effect of local activation of cell division or expansion on 
shape (Fleming 2002; Wyrzykowska et al. 2002). Trans-
genic tobacco (Nicotiana tabacum) plants were transformed 
with inducible constructs of either a cyclin gene that trig-
gered cell cycle and, thus, cell divisions, or an expansin 
gene that stimulated cell wall relaxation and cell expansion. 
The outcome of local activation of cell division was a leaf 
lamina with an indentation, while the cell expansion resul-
ted in a lobe. These responses demonstrated the impact of 
cell growth vs. division status of the cellular building 
blocks on leaf shape and supported the Cell Theory. The 
Organismal Theory was originally based on work on green 
algae in which similar thallus shapes could be observed, 
irrespective of their organization in syncytia (multinucleate) 
or single (uninucleate) cells (Kaplan and Hagemann 1991); 
it separates the three levels of genetic regulation, namely 
the intrinsic leaf shape, the cell size and shape, and the ex-
tent and orientation of cell divisions. As a result, the Orga-
nismal Theory states that genetic information specifies the 
leaf form independently of size and shape of cells and, 
hence, that leaf size control is at the whole organ level 
(Green 1976). The Neo Cell Theory links the regulation of 
cell division and expansion and observes that reduced cell 
numbers are sometimes partially balanced by increased cell 
size. Such compensation responses appear to be especially 
common for misexpression of regulators of cell division 
(Hemerly et al. 1995, 2000; Mizukami and Fisher 2000; 
Boudolf et al. 2004). In many cases, the cell size increase is 
mediated by polyploidization that results from DNA repli-
cation without cell division (Boudolf et al. 2004). However, 
cell expansion to compensate reduced cell numbers can oc-
cur not only during cell cycle but also post-mitotically and, 
therefore, increased ploidy levels are not always required to 
activate compensation (Ferjani et al. 2007). Also environ-
mental conditions, such as shading and moderate soil water 
deficit, might trigger responses in which the reduced cell 
numbers associate with an increase in cell size (Aguirre-
zabal et al. 2006; Cookson et al. 2006). 

The observed complexity in growth and developmental 
mutants suggests that a higher level coordination of cell 
division, cell growth, and morphogenesis must exist. Tradi-
tionally, mutants and transgenic lines are evaluated based 
on responses in cell number and size (Tsukaya 2003). How-
ever, different growth responses are expected from the mis-
expression of factors from different regulatory pathways, 
involving morphogenic transcription factors or regulators of 
cell cycle, cell growth, or epigenetic control. Furthermore, 
various organs appear to respond differently because cell 
expansion rarely occurs in roots to compensate reduced cell 
numbers (Ferjani et al. 2007; Fleury et al. 2007). A growth 
hypothesis has been presented (Fleming 2006) that takes 
into account the expected phenotypic difference of cell 
cycle mutants vs. cell growth mutants. Similarly to the yeast 

models, the cell cycle mutants are predicted to result in 
reduced number of cells that are large in size, while the cell 
growth mutants will end up with more, but smaller, cells. 
Adding another level of complexity, some genes have been 
shown to regulate the developmental timing of proliferation 
and expansion during leaf development (Mizukami and Fis-
cher 2000; Autran et al. 2002). Reevaluation of the growth 
theories from the point of view of different classes of mu-
tants might help understanding the growth process and faci-
litate predicting the outcomes of forward and reverse gene-
tics for application purposes. 
 
Measuring growth parameters 
 
In Arabidopsis, the size and shape of leaves vary during the 
life cycle, a phenomenon called heteroblasty (Fig. 3A). 
Based on morphology (trichome formation on the adaxial 
and/or abaxial epidermis) and physiology (trichome forma-
tion upon addition of GA), rosette leaves are classified as 
early juvenile (leaves 1 and 2), late juvenile (leaves 3 and 4), 
and adult (leaves 5 to 7 or 8) (Telfer et al. 1997). Cauline 
leaves are formed after bolting at the inflorescence. Dif-
ferent growth stages of the first leaves have been analyzed 
histologically and showed gradients of cell division, cell 
expansion, and cell differentiation from leaf tip to basis and 
dorsal to ventral side (Pyke et al. 1991). Gradients of cell 
division activity during leaf development have been studied 
more recently and confirmed with the pCYCB1;1-GUS mar-
ker gene for mitosis (Fig. 1C-F) (Van Lijsebettens and 
Clarke 1998; Donnelly et al. 1999). Obviously, comparison 
of leaf growth between mutants and wild types would be 
difficult due to different developmental rate and should be 
interpreted with caution. 

One way to deal with the problem of gradual growth 
and development is to work on fully expanded leaves, 
because they can be considered as standardized material in 
which cell size and cell number are constant and are repre-
sentative of total cell expansion and cell division that con-
tribute to the final leaf size and shape. For cellular para-
meter determination, the focus is on one particular leaf at 
fully expanded stage, either leaves 1 or 2, as in our research 
group (Nelissen et al. 2003, 2005; Fleury et al. 2007), on 
leaf 5 (Tsuge et al. 1996), or leaf 6 (Cookson et al. 2005) 
for various reasons. Leaves 1 and 2 allow material to be ob-
tained early in the life cycle, are small in size and easy to 
manipulate for microscopical or histological analyses. Some 
research groups prefer leaf 5 or 6, because they correspond 
to the adult type and originate later in the life cycle, allow-
ing, for instance, measurement of the effect of environmen-
tal conditions on their growth (Granier et al. 2006). Lamina 
length, width, and area are analyzed by image analysis on 
green or cleared leaves (Cnops et al. 2004). Cleared leaves 
serve also for differential interference contrast microscopy 
to determine leaf growth parameters, such as length, width, 
and area, in the epidermis (Fig. 3B) (Cnops et al. 2004). 
Overall cell numbers (epidermis) can be calculated from the 
lamina area and cell size (Fig. 3B) (Cookson et al. 2005). 
However, cell numbers (palisade) can also be experimen-
tally calculated in serially transverse or longitudinal sec-
tions of the leaf (Fig. 3C) (Tsuge et al. 1996; Nelissen et al. 
2003; Fleury et al. 2007). 

Another manner to deal with gradual growth and deve-
lopment is to follow cellular parameters of cell division and 
expansion in a time course, the so-called kinematic analysis 
on leaves 1 and 2 (Beemster et al. 2005; Fleury et al. 2007) 
or on leaf 6 (Cookson et al. 2005). The kinematic growth 
analysis is often correlated with flow cytometric data in 
which ploidy levels are measured. In the growing Arabi-
dopsis leaves 1 and 2, the epidermis proliferates until day 
12 after germination, cells expand until day 19 whereafter 
cell maturity is reached. The proliferative phase coincides 
with a high 2C/4C DNA content representative for cell divi-
sion activity, while endoreduplication starts when cell divi-
sion rates decline until the end of the cell expansion (Beem-
ster et al. 2005). 
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Leaf growth plasticity in response to environment 
 
The phenomenon of growth plasticity originates from the 
ability of plants to acclimate and adapt to different environ-
mental conditions. While the organ shape usually remains 
unaltered, the size might vary tremendously, because, under 
unfavorable conditions, plant growth is usually slowed 
down to allow acclimation processes to take place. Various 
growth parameters respond differentially and in whole 
plants, the cell division rate is usually affected by extreme 
conditions only. At the organ level, the reduction of leaf 
area is caused by a decrease in cell number per leaf because 
final leaf area and final cell number are strongly correlated 
(Dale 1992; Granier et al. 2000; Tardieu and Granier 2000; 
Cookson et al. 2005), whereas cell size is reduced, main-
tained, or increased based on the type of stress (Granier and 
Tardieu 1999; Cookson et al. 2005; Cookson and Granier 
2006). Observations of different stress responses suggest 
that an increase in cell size can be expected when cell divi-
sion is more affected than tissue expansion, as reported in 
maize and Arabidopsis leaves exposed to water deficit, low 

phosphorus, or low nitrogen (MacAdam et al. 1989; Tardieu 
et al. 2000; Assuero et al. 2004) and to low incident light 
(Cookson and Granier 2006). On the contrary, a decrease in 
cell size can be expected when tissue expansion is more af-
fected than cell division, as reported for water deficit occur-
ring after cessation of cell division in leaves (Lecoeur et al. 
1995; Granier and Tardieu 1999; Aguirrezabal et al. 2006). 
   Under salt stress, epidermal cell density is remarkably 
lower than that of non-stressed plants (Burssens et al. 2000). 
The fast growth responses to stress appear to be mediated 
directly by cell cycle regulators. The activity of the A-type 
cyclin-dependent kinase, CDKA;1 has been shown to be 
highly responsive to environmental cues, such as water de-
ficit (Schuppler et al. 1998) and low temperature (Granier 
et al. 2000). Cyclins are essential for CDK activation and 
have, therefore, been the prime suspects as regulators that 
couple control of proliferation to the multitude of environ-
mental and developmental pathways that affect growth (Po-
tuschak and Doerner 2001). Promoter activities and trans-
cript levels of the cyclins CYCA2;1 and CYCB1;1 respond 
fast and transiently and mediate primary growth responses 
to salt stress (Burssens et al. 2000). Cyclins also respond 
readily to plant growth hormones that might act as links 
between developmental programs and cell division activity. 
D-type cyclins have been implicated as direct sensors of en-
vironmental mitogenic cues. Application of brassinosteroid 
hormones is sufficient to induce CYCD3;1 transcription (Hu 
et al. 2000). GA and abscisic acid (ABA) have been repor-
ted to affect G1-to-S progression. In water-submerged rice 
(Oryza sativa) plants, GAs induce expression of CDKA and 
CDK-activating kinase (CAK) genes (Lorbiecke and Sauter 
1999). ABA inhibits cell division in Arabidopsis by decrea-
sing the amount of CDKA;1 mRNAs and induce expres-
sion of the CDK inhibitor gene, ICK1 (Hemerly et al. 1993; 
Wang et al. 1998). 

During environmental stresses, growth retardation is 
caused by fast and sometimes transient cell cycle arrest 
(Burssens et al. 2000). In Arabidopsis, shading diminished 
the relative cell division rate and extended duration of cell 
division was insufficient to compensate for the decrease in 
cell division rate, hence the low final cell number. The re-
duction in epidermal cell numbers is accompanied by an in-
crease in cell size (Cookson and Granier 2006). In Arabi-
dopsis, shading also cuts down the number of layers of pali-
sade cells (Kim et al. 2005). These changes at the cellular 
level are reflected in variation of specific leaf weight that 
was reduced by the shade treatment (Cookson and Granier 
2006). In addition to the direct effects on cell division and 
expansion rates, the developmental timing of transition 
from proliferation to expansion might also be altered under 
stress. During normal leaf development, the young leaf pri-
mordium is initially in the meristematic state and after a 
species-specific period of time, the cell proliferation phase 
is followed by the cell expansion phase. Because the dura-
tion of cell division increases by the shading treatment, the 
Arabidopsis leaves act as sink in comparison to those grown 
under high light intensity. During cell proliferation, the cell 
growth depends on cytoplasmic growth while the cell ex-
pansion is mediated by vacuole expansion. After cell divi-
sion has ceased, cells expand and the leaves start to photo-
synthesize and become carbon source (Cookson and Gra-
nier 2006). 

Somatic polyploidy, due to endoreduplication, is a fac-
tor that controls cell size. The cell size of Arabidopsis 
plants decreases under water deficit and is correlated with 
the reduction in the endoreduplication factor (Cookson et al. 
2006). However, cell size reduction in plants grown under 
drought conditions is known to be a ploidy-independent 
process and to be mediated by diminished cell wall extensi-
bility and/or turgor (Van Volkenburgh and Boyer 1985; Van 
Volkenburgh 1999). In favor of a ploidy-independent pro-
cess of cell size control, shade treatment increases cell size 
despite a decrease in endoreduplication (Cookson et al. 
2006). Although the environmental conditions studied 
might have reduced the endoreduplication factor, it might 

Fig. 3 Measuring leaf growth in Arabidopsis. (A) Leaf series of Arabi-
dopsis wild-type and ron2-1 mutant (Cnops et al. 2004; Nelissen et al. 
2007). (B) Arabidopsis leaves cleared from chlorophyll and drawings of 
upper epidermis visualized from cleared first leaves of wild-type and 
ron2-1 mutant plants using differential interference contrast microscopy 
(Cnops et al. 2004; Nelissen et al. 2007). (C) Transverse sections through 
an expanded first leaf of an Arabidopsis wild type. 
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not necessarily be associated with changes in cell size, but 
might, to some extent, be due to decreased cell growth, 
which may be controlled by a low metabolic activity of the 
cells under stress (Cookson et al. 2006). 

Reduced leaf expansion and cell division rates have also 
been observed under water deficit treatments (Granier and 
Tardieu 1999; Granier et al. 2000), whereas the effects of 
water deficit on the duration of leaf expansion and cell size 
are not consistent from one study to another (Rawson and 
Turner 1982; Granier and Tardieu 1999). In Arabidopsis, 
the plasticity of the duration of the expansion phase also 
affects the plasticity of the final leaf area. The decrease in 
leaf expansion rate caused by water deficit is, at least partly, 
compensated by an increase in its duration (Aguirrezabal et 
al. 2006). Proteins and enzymes implicated in the control of 
the expansion rate and its response to drought stress have 
been reported (Wu and Cosgrove 2000), but, little attention 
has been given to the molecular and biochemical events in-
volved (Aguirrezabal et al. 2006). Similarly, in Arabidopsis, 
the effect on the rate and duration of leaf expansion is op-
posite in response to temperature variation (Granier et al. 
2002) and reduced incident light (Chenu et al. 2005; Cook-
son and Granier 2006). Under water deficit, the plasticity of 
the final rosette leaf area is caused by that in the area of 
individual leaves; however, leaf number is slightly affected. 
Thus, processes of leaf production and expansion are un-
coupled to some extent (Aguirrezabal et al. 2006). The rea-
son for the relationship between the control of whole-organ 
and individual cell expansion under different environmental 
conditions might be the correlation between plasticity of 
cell size and changes in duration of leaf expansion (Cook-
son et al. 2006). 

Plant resistance to fluctuations in environmental condi-
tions is an important agronomical factor. In addition, the 
plasticity in plant growth and development might be uti-
lized to optimize organ size and shape. However, to fully 
implement this potential in biotechnology and floriculture, 
the molecular and genetic regulations of the growth plasti-
city still calls for better characterization to allow identifica-
tion of the key regulators. 
 
GENETIC AND EPIGENETIC CONTROL OF LEAF 
GROWTH 
 
Cell cycle genes 
 
One of the big questions in leaf organ formation is how size 
and shape are determined. For a long time, cell expansion 
and its direction have been thought to be the major deter-
minants. More recently, also cell division activity, rate of 
cell division, and termination of division activity have been 
found to be important for leaf morphology. Furthermore, 
the formative cell divisions are considered to be a major 
factor in morphogenesis. Thus, it is interesting to consider 
the role of cell cycle in the regulation of plant development 
in light of transgenic lines that over- or underexpress cell 
cycle regulatory genes. Mutant approaches have been hard 
to apply in cell cycle research because mutations in essen-
tial cell cycle genes are often obscured by redundancy 
(Thomas 1993; Himanen et al. 2003) or the phenotypes are 
too severe and might provoke embryonic lethality. Effects 
on growth might also arise from mutations in metabolic 
pathways and are difficult to distinguish from those directly 
related to cell division control (Traas and Laufs 1998). 

CDKA;1 is a key regulator of the plant cell cycle, it is 
constitutively produced, but its kinase activity is regulated 
by (de)phosphorylations and interactions with regulatory 
subunits, such as cyclins, CDK subunits (CKS) and inhibi-
tors (CKI). The expression of a dominant negative mutation 
in CDKA;1 under the cauliflower mosaic virus 35S promo-
ter (CaMV35S-cdc2a.N147) is embryo lethal in Arabidopsis 
and only when expressed under an embryo-specific promo-
ter of the albumin gene 2S2, embryos, albeit distorted, were 
formed (Hemerly et al. 1995, 2000). In tobacco, expression 
of the heterologous CaMV35S-cdc2a.N147 inhibited cell 

division activities in the transgenic plants, resulting in nor-
mally differentiated leaves with fewer, but enlarged cells 
(Hemerly et al. 1995). In Arabidopsis, overexpression of 
CKS reduces leaf size and root growth rates, caused by 
increased cell cycle duration and reduced meristems (De 
Veylder et al. 2001a); overexpression of CAK diminishes 
CDK activity and early differentiation of the Arabidopsis 
root initial cells (Umeda et al. 2000); and overexpression of 
the Arabidopsis Kip related protein 1 (KRP1) and KRP2 
genes strongly inhibit mitotic cell divisions and cause ser-
rated leaf morphology with increased cell size (Wang et al. 
2000; De Veylder et al. 2001b). In all these cases, cell divi-
sion activity is reduced because of impaired CDKA;1 acti-
vity and, in at least some cases, has early differentiation as a 
consequence. 

D-type cyclins are mitogen responsive, promoting cell 
cycle activation at the G1-to-S transition together with 
CDKA;1. A number of D-type cyclins have been ectopically 
expressed in plants, allowing comparison of their pheno-
types with those of the experiments with CDKA;1. Ectopic 
expression of CYCD3;1 reduces cell size and alters cell 
cycle duration. In developing and mature leaves, the total 
cell number is increased, but cells are unable to fully dif-
ferentiate (Dewitte et al. 2003). However, the ectopically 
induced cells in the leaves acquire the correct cell identity. 
The transcription factor AINTEGUMENTA with APE-
TALA2 domain regulates the number of cells incorporated 
into developing leaves. Its overexpression causes extra cell 
divisions in association with high CYCD3;1 expression, 
suggesting that CYCD3;1 could also function at mitosis 
(Schnittger et al. 2003). Driving cells over the G1-to-S tran-
sition might also commit these cells irreversibly to mitosis. 
Overexpression of CYCD2;1 in Arabidopsis promotes cell 
production through enhanced CDK activity and shortening 
of the G1 phase duration (Qi and John 2007). Moreover, the 
increased cell numbers do not result in enhanced organ 
growth because the cell expansion is inhibited. Thus, the 
final cell size appears to be controlled at the levels of cell 
cycle and tissue rather than by cell-autonomous control of 
expansion (Qi and John 2007). E2F/DP transcription factors 
act downstream of D-type cyclins, but ectopic expression of 
E2F alone only increases the cell number in the cotyledons. 
The combination of overexpression of the dimer-forming 
E2F/DP transcription factors triggers cells to divide ectopic-
ally during leaf development and to inhibit differentiation 
(De Veylder et al. 2002). The mitotic B-type cyclins pro-
mote the G2-to-M transition of the cell cycle. In the re-
duced CYCB1;1 expression (rcb) mutant, the expression of 
the mitotic CYCB1;1 is abolished from the Arabidopsis 
shoot and root meristems (Himanen et al. 2003), but, no 
severe growth defects are observed, except in the inflores-
cence stems. 

Unlike the growth rate and cell numbers, pattern forma-
tion appears to be regulated outside from the core cell cycle 
and rather to be linked at the organismal level. However, 
plant morphogenesis is determined by the oriented cell divi-
sion and cell expansion patterns. The plane of cell division 
is involved in the direction of cell expansion and is, thus, an 
important morphogenetic factor. In plant cells, the cell 
division plane is specified during the G2 phase by assembly 
of the preprophase band at the site of future cell plate for-
mation. Although the mechanism is unknown, activities of 
cytoskeleton and vesicle transport are seemingly comprised 
(Torres Ruiz and Jürgens 1994). Developmental cell divi-
sions are often asymmetric and the orientation of the cell 
division as well as the cell fate is determined by positional 
cues (Ruth et al. 1985; van den Berg et al. 1995). 

Endoreduplication is an alternative mode of the cell 
cycle in which DNA replication is not followed by nuclear 
and cellular division, resulting in polyploidization of the 
cell. A positive correlation between nuclear DNA content 
and volume has been observed in epidermal cells of young 
leaves of both endopolyploid and non-endopolyploid spe-
cies. Moreover, nuclear size and DNA content are positively 
correlated and mature cell volume of epidermal cells with-

232



International Journal of Plant Developmental Biology 1(2), 226-238 ©2007 Global Science Books 

 

out vacuoles does not depend on the endopolyploidization 
state of the species (Melargano et al. 1993; Jovtchev et al. 
2006). The alteration of the endocycle is associated with 
changes in final cell and organ sizes and supports the cell 
theory of organ size control (Sugimoto-Shirasu et al. 2002; 
Castellano et al. 2004). 

Taken together, modifications in cell cycle machinery 
might provide opportunities to affect the growth rates, cell 
numbers, and their size. Because endoreduplication cycles 
might contribute to a faster growth in endopolyploid than in 
non-endopolyploid species of the same basic genome size, 
thereby modifying the ploidy levels, identification of the 
regulators might provide opportunities for optimizing many 
aspects of crop performance. 
 
Forward and reverse genetics 
 
The intrinsic leaf size is determined by the number of cells 
produced by cell division activities during the early stages 
of primordium formation (Mizukami and Fischer 2000). 
The core cell cycle machinery is regulated by upstream 
developmental and environmental cues. Key components of 
these signaling pathways need to be identified to understand 
the molecular mechanisms that control leaf size by regu-
lating cell number. The main approach so far has been 
mutational analysis or so-called forward genetics, in which 
mutations are induced either by chemicals, radiation or 
heterologous DNA, such as transposons or the Agrobacte-
rium tumefaciens T-DNA. The corresponding genes are 
cloned either by fine mapping and candidate gene approach, 
designated map-based cloning or by polymerase chain reac-
tion methods that make use of the known DNA sequence of 
the heterologous DNA, designated gene tagging (Fig. 4). 
For example, the collection of EMS-induced leaf mutants in 
Arabidopsis, representing 94 gene loci (Fig. 5A-S) (Berná 
et al. 1999), is an important resource for gene identification 
in leaf growth ad development and several genes have been 
cloned today (Pérez-Pérez et al. 2002, 2004; Cnops et al. 
2004; Nelissen et al. 2005; Hricová et al. 2006; Fleury et al. 
2007). 

A number of transcription factors and transcriptional co-
activators have been reported to affect leaf shape and size 
by regulating cell numbers (Mizukami and Fischer 2000; 
Kim et al. 2003; Kim and Kende 2004; Horiguchi et al. 
2005). The leaf lamina width of the respective knockdown 
mutants is reduced, whereas that of overexpression lines is 
increased. So far, no link to core cell cycle regulation has 
been studied or demonstrated for these transcription factors. 
In addition, interference with ribosome biogenesis and, 
hence, cellular growth also affects cell number in leaves 
(Van Lijsebettens et al. 1994; Ito et al. 2000). New sig-
naling-type proteins have been identified and found to act in 
the same genetic pathway, i.e. TRN1, encoding a LRR-type 
protein without kinase domain, and TRN2, a tetraspanin 
protein containing membrane spanning domains. These pro-
teins affect cell numbers in the leaf lamina, lamina sym-
metry, and venation patterning and, hence, coordinate early 
patterning events during leaf growth (Cnops et al. 2006). 
The TRN2 gene has a function in the peripheral zone of the 
SAM where it controls cell numbers (Chiu et al. 2007). 
Genes have been cloned that influence leaf size by regula-
ting cell expansion. One of the expansin genes has been 
overexpressed to modulate cell wall extensibility and has 
resulted in increased leaf size (Cho and Cosgrove 2000). 
Knockdown mutants in the ANGUSTI-FOLIA (AN) gene, 
coding for a CtBP transcriptional co-repressor, resulted in 
reduced leaf width because of decreased polar cell expan-
sion as a consequence of abnormal arrangement of cortical 
microtubuli (Folkers et al. 2002; Kim et al. 2002). Polar 
cell expansion in the leaf length direction is also influenced 
by the ROTUNDIFOLIA3 (ROT3) gene that codes for a 
cytochrome P450 steroid hydroxylase with a steroid sub-
strate recognition site and might be involved in steroid bio-
synthesis (Kim et al. 1998). The pathways for polar cell ex-
pansion in the width and length directions, identified by the 

an and rot3 mutations, respectively, are independent (Tsuge 
et al. 1996). In the meantime, a new collection of leaf 
mutants has been described and their growth defects in 
terms of cell division and expansion are being characterized 
(Horiguchi et al. 2006). 

In the future, reverse genetics will become more impor-
tant to study leaf organ formation: starting from genes iden-
tified in silico from the genome sequence, differentially ex-
pressed in microarray analyses (Beemster et al. 2005) 
through homology with other organisms (Nelissen et al. 
2005), or identified by protein analyses (Fig. 4). These 
genes, functionally characterized by investigating their cor-
responding mutants, can be purchased from the stock cen-
ters. Indeed, today, insertion alleles are accessible for nearly 
every gene in the Arabidopsis genome and can be looked 
for on the website of The Arabidopsis Information Resource 
(TAIR) (http://www.arabidopsis.org/index.jsp), and reques-
ted. 
 
Epigenetic control 
 
Chromatin modification results either in transcription acti-
vation or repression and might act upstream of transcription 
factors and the core cell cycle. There is also accumulating 
evidence that chromatin is reactive to environmental stimuli, 
such as light (Offermann et al. 2006) and, hence, might 
operate as an interface that receives signals from the envi-
ronment and transduces them into transcriptional activity 
(for review, see Nelissen et al. 2007). One of the intriguing 
questions in chromatin biology is to what extent the chro-
matin-modifying complexes are gene specific. 

From several leaf mutants of the EMS collection (Berná 
et al. 1999), genes have been identified with a function in 
chromatin modification. The four ELONGATA (ELO) loci 
(Fig. 5) correspond to Elongator, a histone acetyl transfer-
ase (HAT) complex with a conserved subunit structure com-
parable to that of yeast (Nelissen et al. 2005). In yeast, 
Elongator has been shown to associate with the RNA poly-
merase II (RNAPII) transcription elongation complex. HAT 
activity results in the acetylation of histone H3 in the nuc-
leosomes and is postulated to make the DNA more acces-
sible for transcription through RNAPII (Otero et al. 1999; 
Hawkes et al. 2002). In plants, we have shown that the 

Fig. 4 Forward and reverse genetics. Forward genetics starts from a 
mutation, induced by radiation, chemicals, or heterologous DNA inser-
tions (T-DNA and transposons) to clone the corresponding gene. For re-
verse genetics, the starting point is the known gene sequence, derived 
from experimental mRNA or protein sequence, from the genome sequence 
(in silico), or through homology with other organisms to look for the cor-
responding mutant in existing collections. 
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Elongator complex has a conserved structure and has a 
function in leaf and root growth by regulating the cell num-
bers. Indeed, knockdown mutants in the ELO genes form 
narrow leaves (Fig. 5H) with reduced root growth (Nelissen 
et al. 2005). The elo4 mutation is allelic to the drl1-2 muta-
tion as predicted also from the similar narrow-leaf pheno-
type. The DRL1 gene is the homolog of the yeast KTI12/ 
TOT4 gene that is a putative regulator of Elongator (Nelis-
sen et al. 2003). The ELO2 gene, encoding the largest sub-
unit of the Elongator complex, modulates ABA and drought 
responses in plants, indicating a role for Elongator in sen-
sing the environment and adjusting plant growth and deve-
lopment to adverse conditions (Chen et al. 2006). Elongator 
controls cell proliferation through metabolism rather than 
action on the core cell cycle machinery. Indeed, the elo mu-
tants have unaltered flow cytometry profiles (Nelissen et al. 
2005), but a different growth response when the sucrose 
concentrations are increased in the medium and the sugar 
metabolism-related genes have a genotype-dependent ex-
pression (Falcone et al. 2007). 

Another mutant, hub1-1 (previously designated ang4; 
Berná et al. 1999), is a narrow-leaf mutant (Fig. 5I) with 
decreased cell numbers in both leaf epidermis and palisade 
cell layers (Fleury et al. 2007). The mutant has a severely 
reduced cell division rate during the early stages of leaf 
development because of a block at the G2-to-M transition 
and, therefore, a prolonged cell cycle duration. In hub1-1, 
the timing of cell proliferation and growth is not altered 
during the leaf development and the leaf growth ceases 18 
days after sowing, similarly as for the wild type, thus before 
the intrinsic organ size has been reached. Although irregular 
cell sizes have been observed in the palisade parenchyma of 
the leaf sections, the average cell size in the leaf epidermis 
remains unchanged when compared to the wild type. Endo-

reduplication levels are increased in the leaves, which might 
explain that the epidermal cell size is not reduced. Instead, 
in the roots, the average cell length is reduced by 50%, sug-
gesting that HUB1 might also govern cell growth. Molecu-
lar characterization of HUB1 has revealed a role in histone 
H2B monoubiquitination that has been associated with 
chromatin activation and transcriptional programming 
through RNAPII in other organisms (Wood et al. 2003; Zhu 
et al. 2005; Fleury et al. 2007). In contrast to single trans-
cription factors that control specific growth parameters 
during leaf growth (Mizukami and Fischer 2000; Horiguchi 
et al. 2005), HUB1 might be a novel upstream regulator of 
organ growth and development. 

In summary, we have identified two conserved histone-
modifying complexes in plants that control leaf and root 
growth by cell proliferation and postulate that their intrinsic 
activity contributes to leaf size and shape that are species 
specific. In addition, the histone-modifying complexes 
might act as an interface between the environment and 
RNAPII to adjust transcription, hence contributing to 
plasticity in leaf formation. 
 
FUTURE PERSPECTIVES AND APPLICATIONS 
 
Unraveling the complex regulatory networks of leaf initi-
ation from SAM and leaf growth has pointed out intricate 
transcriptional interactions that orchestrate the develop-
mental decisions (Byrne 2005). Cell division and expansion 
are regulated downstream of the transcriptional network to 
provide the actual building blocks of the organs. Much less 
explored and understood processes are those underlying the 
actual growth related to biosynthetic components that are 
required for both meristem-associated and vacuole-associ-
ated growth (Chen et al. 2001; Fleming 2006). Such pro-
cesses could represent transcriptional programming, ribo-
somal biogenesis, and other metabolic pathways (Van Lijse-
bettens et al. 1994; Fleury et al. 2007). Furthermore, epige-
netic control appears to emerge as a higher upstream level 
to coordinate cell division and growth during organ deve-
lopment (Nelissen et al. 2005; Fleury et al. 2007). 

Leaves are the sites of primary production in plants; 
indeed, by the process of photosynthesis, atmospheric CO2 
is converted into organic compounds that are the basis for 
more complex molecules. Leaves are shaped as flat organs 
to maximize light capture that is influenced by phyllotaxis, 
leaf emergence rate, leaf size and shape, and also affects 
biomass production. So, developmental genes with a func-
tion in either of these leaf parameters could be of interest in 
crops and vegetables to increase biomass or even seed yield. 
In addition, variation in leaf shape might be of commercial 
value in ornamentals and horticultural varieties, such as 
lettuce, in which area, size, and color are traits of interest. 
The genes that control leaf serration and compound leaf for-
mation might have an impact on this market in the future. 
The vegetable growing and supply industry is an intensive, 
innovative, high-value agricultural sector. To provision a 
large range of markets an extensive portfolio of products is 
essential. For various growing areas, growth seasons, and 
market segments and destinations, specific and sophistica-
ted vegetable hybrids and varieties are needed. Currently, 
companies specialized in production of vegetable varieties 
for the professional growers focus on developing varieties 
that create value through increased yield, insect and disease 
resistances, and improved qualities, such as taste, color, size, 
and longer shelf and field life (http://www.nunhems.com/ 
default.asp). 

As fossil fuel is running out of supply, the need for al-
ternative types of energy is becoming central. The conver-
sion of solar energy by plants into green biomass or wood, 
and seed yield are the basis for bioethanol and biodiesel, 
respectively, and provides an important alternative to fossil 
fuel. Therefore, genes that determine aspects of plant pro-
duction, i.e. leaf size, phyllotaxis, wood quality, oil compo-
sition, will be explored in the near future to improve quality 
of energy crops, such as the C4 grasses Miscanthus or Sorg-

Fig. 5 Arabidopsis (L.) Heynh. leaf mutant classes of Ler ecotype from 
an EMS-mutagenized collection. (kindly provided by Prof. J.L. Micol).
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hum bicolor (sorghum) and the poplar (Populus species) 
trees. Transgene technology or marker-assisted breeding 
might be used to change traits in plants and be more gene-
rally applicable for modification of qualitative traits in com-
mercial varieties because it only requires one gene of inter-
est, its cloning into a suitable plant transformation vector, 
and its introduction into the plant (Van Camp 2005). How-
ever, especially for food and fodder purposes, a general 
consensus is still lacking that genetically modified orga-
nisms are safe and acceptable. In ornamentals and fiber 
crops, such as cotton (Gossypium hirsutum), a genetical 
modification approach could be more acceptable as the 
preferred way to proceed. An alternative method is the mar-
ker-assisted breeding in which promising endogenous al-
leles are followed in breeding programs by using molecular 
markers to trace them and to speed up the selection proce-
dure. In any case, the two mentioned technologies have the 
potential to generate crops and varieties that are better sui-
ted for their production process and adapted to the needs of 
market and consumer. 
 
ACKNOWLEDGEMENTS 
 
We would like to thank M. Tsiantis (Oxford University, UK) and 
J.L. Micol (Elche, Spain) for providing unpublished pictures, and 
M. De Cock for help in preparing the manuscript. This research 
was supported by the European Research Training Network 
HPRN-CT-2002-00267 (DAGOLIGN). K.H. is indebted to the 
Institute for the Promotion of Innovation by Science and Tech-
nology in Flanders for a postdoctoral fellowship and G.D.A. to the 
Vlaamse Interuniversitaire Raad for a scholarship. 
 
REFERENCES 
 
Aguirrezabal L, Bouchier-Combaud S, Radziejwoski A, Dauzat M, Cook-

son SJ, Granier C (2006) Plasticity to soil water deficit in Arabidopsis tha-
liana: dissection of leaf development into underlying growth dynamic and 
cellular variables reveals invisible phenotypes. Plant, Cell and Environment 
29, 2216-2227 

Assuero SG, Mollier A, Pellerin S (2004) The decrease in growth of phospho-
rus-deficient maize leaves is related to a lower cell production. Plant, Cell 
and Environment 27, 887-895 

Autran D, Jonak C, Belcram K, Beemster GTS, Kronenberger J, Grand-
jean O, Inzé D, Traas J (2002) Cell numbers and leaf development in Arabi-
dopsis. A functional analysis of the STRUWWELPETER gene. The EMBO 
Journal 21, 6036-6049 

Barton MK, Poethig RS (1993) Formation of the shoot apical meristem in 
Arabidopsis thaliana: an analysis of development in the wild type and in the 
shoot meristemless mutant. Development 119, 823-831 

Bäurle I, Laux T (2003) Apical meristems: the plant’s fountain of youth. Bio-
Essays 25, 961-970 

Beemster GTS, De Veylder L, Vercruysse S, West G, Rombaut D, Van Hum-
melen P, Galichet A, Gruissem W, Inzé D, Vuylsteke M (2005) Ge-
nome-wide analysis of gene expression profiles associated with cell cycle 
transitions in growing organs of Arabidopsis. Plant Physiology 138, 734-743 

Bellaoui M, Pidkowich MS, Samach A, Kushalappa K, Kohalmi SE, Mod-
rusan Z, Crosby WL, Haughn GW (2001) The Arabidopsis BELL1 and 
KNOX TALE homeodomain proteins interact through a domain conserved 
between plants and animals. The Plant Cell 13, 2455-2470 

Berná G, Robles P, Micol JL (1999) A mutational analysis of leaf morphoge-
nesis in Arabidopsis thaliana. Genetics 152, 729-742 

Bharathan G, Goliber TE, Moore C, Kessler S, Pham T, Sinha NR (2002) 
Homologies in leaf form inferred from KNOXI gene expression during deve-
lopment. Science 296, 1858-1860 

Bhatt AM, Etchells JP, Canales C, Lagodienko A, Dickinson H (2004) VAA-
MANA – a BEL1-like homeodomain protein, interacts with KNOX proteins 
BP and STM and regulates inflorescence stem growth in Arabidopsis. Gene 
328, 103-111 

Boudolf V, Vlieghe K, Beemster GTS, Magyar Z, Torres Acosta JA, Maes S, 
Van Der Schueren E, Inzé D, De Veylder L (2004) The plant-specific cyc-
lin-dependent kinase CDKB1;1 and transcription factor E2Fa-DPa control 
the balance of mitotically dividing and endoreduplicating cells in Arabidopsis. 
The Plant Cell 16, 2683-2692 

Bowman JL (2004) Establishment of polarity in lateral organs of seed plants. 
In: Lindsey K (Ed) Polarity in Plants (Annual Plant Reviews, Vol 12), Black-
well Publishing, Oxford, pp 288-316 

Brand U, Fletcher JC, Hobe M, Meyerowitz EM, Simon R (2000) Depen-
dence of stem cell fate in Arabidopsis on a feedback loop regulated by CLV3 
activity. Science 289, 617-619 

Burssens S, Himanen K, van de Cotte B, Beeckman T, Van Montagu M, 
Inzé D, Verbruggen N (2000) Expression of cell cycle regulatory genes and 
morphological alterations in response to salt stress in Arabidopsis thaliana. 
Planta 211, 632-640 

Byrne ME (2005) Networks in leaf development. Current Opinion in Plant 
Biology 8, 59-66 

Byrne ME, Barley R, Curtis M, Arroyo JM, Dunham M, Hudson A, Mar-
tienssen RA (2000) Asymmetric leaves1 mediates leaf patterning and stem 
cell function in Arabidopsis. Nature 408, 967-971 

Byrne ME, Simorowski J, Martienssen RA (2002) ASYMMETRIC LEAVES1 
reveals knox gene redundancy in Arabidopsis. Development 129, 1957-1965 

Castellano MM, Boniotti MB, Caro E, Schnittger A, Gutierrez C (2004) 
DNA replication licensing affects cell proliferation or endoreplication in a 
cell type-specific manner. The Plant Cell 16, 2380-2393 

Chen J-G, Shimomura S, Sitbon F, Sandberg G, Jones AM (2001) The role 
of auxin-binding protein 1 in the expansion of tobacco leaf cells. The Plant 
Journal 28, 607-617 

Chen Z, Zhang H, Jablonowski D, Zhou X, Ren X, Hong X, Schaffrath R, 
Zhu J-K, Gong Z (2006) Mutation in ABO1/ELO2, a subunit of Holo-Elon-
gator, increase abscisic acid sensitivity and drought tolerance in Arabidopsis 
thaliana. Molecular and Cellular Biology 26, 6902-6912 

Chenu K, Franck N, Dauzat J, Barczi J-F, Ray H, Lecoeur J (2005) Integ-
rated responses of rosette organogenesis, morphogenesis and architecture to 
reduced incident light in Arabidopsis thaliana results in higher efficiency of 
light interception. Functional Plant Biology 32, 1123-1134 

Chiu W-H, Chandler J, Cnops G, Van Lijsebettens M, Werr W (2007) Muta-
tions in the TORNADO2 gene affect cellular decisions in the peripheral zone 
of the shoot apical meristem of Arabidopsis thaliana. Plant Molecular Bio-
logy 63, 731-744 

Cho H-T, Cosgrove DJ (2000) Altered expression of expansin modulates leaf 
growth and pedicel abscission in Arabidopsis thaliana. Proceedings of the 
National Academy of Sciences USA 97, 9783-9788 

Chuck G, Lincoln C, Hake S (1996) KNAT1 induces lobed leaves with ectopic 
meristems when overexpressed in Arabidopsis. The Plant Cell 8, 1277-1289 

Clark SE, Williams RW, Meyerowitz EM (1997) The CLAVATA1 gene en-
codes a putative receptor kinase that controls shoot and floral meristem size 
in Arabidopsis. Cell 89, 575-585 

Cnops G, Jover-Gil S, Peters JL, Neyt P, De Block S, Robles P, Ponce MR, 
Gerats T, Micol JL, Van Lijsebettens M (2004) The rotunda2 mutants 
identify a role for the LEUNIG gene in vegetative leaf morphogenesis. Jour-
nal of Experimental Botany 55, 1529-1539 

Cnops G, Neyt P, Raes J, Petrarulo M, Nelissen H, Malenica N, Luschnig C, 
Tietz O, Ditengou F, Palme K, Azmi A, Prinsen E, Van Lijsebetttens M 
(2006) The TORNADO1 and TORNADO2 genes function in several patter-
ning processes during early leaf development in Arabidopsis thaliana. The 
Plant Cell 18, 852-866 

Coen ES, Romero JM, Doyle S, Elliott R, Murphy G, Carpenter R (1990) 
floricaula: A homeotic gene required for flower development in Antirrhinum 
majus. Cell 63, 1311-1322 

Cole M, Nolte C, Werr W (2006) Nuclear import of the transcription factor 
SHOOT MERISTEMLESS depends on heterodimerization with BLH pro-
teins expressed in discrete sub-domains of the shoot apical meristem of Ara-
bidopsis thaliana. Nucleic Acids Research 34, 1281-1292 

Cookson SJ, Granier C (2006) A dynamic analysis of the shade-induced plas-
ticity in Arabidopsis thaliana rosette leaf development reveals new compo-
nents of the shade-adaptative response. Annals of Botany 97, 443-452 

Cookson SJ, Radziejwoski A, Granier C (2006) Cell and leaf size plasticity in 
Arabidopsis: what is the role of endoreduplication? Plant, Cell and Environ-
ment 29, 1273-1283 

Cookson SJ, Van Lijsebettens M, Granier C (2005) Correlation between leaf 
growth variables suggest intrinsic and early controls of leaf size in Arabidop-
sis thaliana. Plant, Cell and Environment 28, 1355-1366 

Dale JE (1992) How do leaves grow? BioScience 42, 423-432 
De Veylder L, Beeckman T, Beemster GTS, Krols L, Terras F, Landrieu I, 

Van Der Schueren E, Maes S, Naudts M, Inzé D (2001b) Functional analy-
sis of cyclin-dependent kinase inhibitors of Arabidopsis. The Plant Cell 13, 
1653-1667 

De Veylder L, Beeckman T, Beemster GTS, de Almeida Engler J, Ormenese 
S, Maes S, Naudts M, Van Der Schueren E, Jacqmard A, Engler G, Inzé 
D (2002) Control of proliferation endoreduplication and differentiation by the 
Arabidopsis E2Fa/DPa transcription factor. The EMBO Journal 21, 
1360-1368 

De Veylder L, Beemster GTS, Beeckman T, Inzé D (2001a) CKS1At overex-
pression in Arabidopsis thaliana inhibits growth by reducing meristem size 
and inhibiting cell-cycle progression. The Plant Journal 25, 617-626 

Dewitte W, Riou-Khamlichi C, Scofield S, Healy JMS, Jacqmard A, Kilby 
NJ, Murray JAH (2003) Altered cell cycle distribution, hyperplasia, and in-
hibited differentiation in Arabidopsis caused by the D-type cyclin CYCD3. 
The Plant Cell 15, 79-92 

Donnelly PM, Bonetta D, Tsukaya H, Dengler RE, Dengler NG (1999) Cell 
cycling and cell enlargement in developing leaves of Arabidopsis. Develop-
mental Biology 215, 407-419 

Endrizzi K, Moussian B, Haecker A, Levin JZ, Laux T (1996) The SHOOT 

235



Genetic and epigenetic control of leaf size and shape. Himanen et al. 

 

MERISTEMLESS gene is required for maintenance of undifferentiated cells 
in Arabidopsis shoot and floral meristems and acts at a different regulatory 
level than the meristem genes WUSCHEL and ZWILLE. The Plant Journal 
10, 967-979 

Falcone A, Nelissen H, Fleury D, Van Lijsebettens M, Bitonti MB (2007) 
Cytological investigations of the Arabidopsis thaliana elo1 mutant give new 
insights into leaf lateral growth and Elongator function. Annals of Botany 100, 
261-370 

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

Fleming AJ (2002) The mechanism of leaf morphogenesis. Planta 216, 17-22 
Fleming AJ (2006) The integration of cell proliferation and growth in leaf mor-

phogenesis. Journal of Plant Research 110, 31-36 
Fletcher JC, Brand U, Running MP, Simon R, Meyerowitz EM (1999) Sig-

naling of cell fate decisions by CLAVATA3 in Arabidopsis shoot systems. 
Science 283, 1911-1914 

Fleury D, Himanen K, Cnops G, Nelissen H, Boccardi TM, Maere S, Beem-
ster GTS, Neyt P, Anami S, Robles P, Micol JL, Inzé D, Van Lijsebettens 
M (2007) The Arabidopsis thaliana homolog of yeast BRE1 has a function in 
cell cycle regulation during early leaf and root growth. The Plant Cell 19, 
417-432 

Folkers U, Kirik V, Schöbinger U, Falk S, Krishnakumar S, Pollock MA, 
Oppenheimer DG, Day I, Reddy AR, Jürgens G, Hülskamp M (2002) The 
cell morphogenesis gene ANGUSTIFOLIA encodes a CtBP/BARS-like pro-
tein and is involved in the control of the microtubule cytoskeleton. The 
EMBO Journal 21, 1280-1288 

Frugis G, Giannino D, Mele G, Nicolodi C, Chiappetta A, Bitonti MB, In-
nocenti AM, Dewitte W, Van Onckelen H, Mariotti D (2001) Overex-
pression of KNAT1 in lettuce shifts leaf determinate growth to a shoot-like 
indeterminate growth associated with an accumulation of isopentenyl-type 
cytokinins. Plant Physiology 126, 1370-1380 

Furner IJ, Pumfrey JE (1992) Cell fate in the shoot apical meristem of Arabi-
dopsis thaliana. Development 115, 755-764 

Granier C, Aguirrezabal L, Chenu K, Cookson SJ, Dauzat M, Hamard P, 
Thioux J-J, Rolland G, Bouchier-Combaud S, Lebaudy A, Muller B, 
Simonneau T, Tardieu F (2006) PHENOPSIS, an automated platform for 
reproducible phenotyping of plant responses to soil water deficit in Arabi-
dopsis thaliana permitted the identification of an accession with low sensi-
tivity to soil water deficit. The New Phytologist 169, 623-635 

Granier C, Massonnet C, Turc O, Muller B, Chenu K, Tardieu F (2002) In-
dividual leaf development in Arabidopsis thaliana: a stable ther-
mal-time-based programme. Annals of Botany 89, 595-604 

Granier C, Tardieu F (1999) Water deficit and spatial pattern of leaf develop-
ment. Variability in responses can be simulated using a simple model of leaf 
development. Plant Physiology 119, 609-619 

Granier C, Turc O, Tardieu F (2000) Co-ordination of cell division and tissue 
expansion in sunflower, tobacco, and pea leaves: dependence or indepen-
dence of both processes? Journal of Plant Growth Regulation 19, 45-54 

Green P (1976) Growth and cell pattern formation on an axis: critique of con-
cepts, terminology and modes of study. Botanical Gazette 137, 187-202 

Hagemann W, Gleissberg S (1996) Organogenetic capacity of leaves: the sig-
nificance of marginal blastozones in angiosperms. Plant Systematics and 
Evolution 199, 121-152 

Hareven D, Gutfinger T, Parnis A, Eshed Y, Lifschitz E (1996) The making 
of a compound leaf: genetic manipulation of leaf architecture in tomato. Cell 
84, 735-744 

Hawkes NA, Otero G, Winkler GS, Marshall N, Dahmpus ME, Krappmann 
D, Scheidereit C, Thomas CL, Schiavo G, Erdjument-Bromage H, 
Tempst P, Svejstrup JQ (2002) Purification and characterization of the 
human elongator complex. The Journal of Biological Chemistry 277, 
3047-3052 

Hay A, Barkoulas M, Tsiantis M (2006) ASYMMETRIC LEAVES1 and auxin 
activities converge to repress BREVIPEDICELLUS expression and promote 
leaf development in Arabidopsis. Development 133, 3955-3961 

Hay A, Kaur H, Phillips A, Hedden P, Hake S, Tsiantis M (2002) The gib-
berellin pathway mediates KNOTTED1-type homeobox function in plants 
with different body plans. Current Biology 12, 1557-1565 

Hay A, Tsiantis M (2006) The genetic basis for differences in leaf form 
between Arabidopsis thaliana and its wild relative Cardamine hirsuta. Na-
ture Genetics 38, 942-947 

Hemerly A, de Almeida Engler J, Bergounioux C, Van Montagu M, Engler 
G, Inzé D, Ferreira P (1995) Dominant negative mutants of the Cdc2 kinase 
uncouple cell division from iterative plant development. The EMBO Journal 
14, 3925-3936 

Hemerly AS, Ferreira P, de Almeida Engler J, Van Montagu M, Engler G, 
Inzé D (1993) cdc2a expression in Arabidopsis is linked with competence for 
cell division. The Plant Cell 5, 1711-1723 

Hemerly AS, Ferreira PCG, Van Montagu M, Engler G, Inzé D (2000) Cell 
division events are essential for embryo patterning and morphogenesis: stu-
dies on dominant-negative cdc2aAt mutants of Arabidopsis. The Plant Jour-
nal 23, 123-130 

Hewelt A, Prinsen E, Schell J, Van Onckelen H, Schmülling T (1994) Pro-
moter tagging with a promoterless ipt gene leads to cytokinin-induced phe-
notypic variability in transgenic tobacco plants: implications of gene dosage 
effects. The Plant Journal 6, 879-891 

Himanen K, Reuzeau C, Beeckman T, Melzer S, Grandjean O, Corben L, 
Inzé D (2003) The Arabidopsis locus RCB mediates upstream regulation of 
mitotic gene expression. Plant Physiology 133, 1862-1872 

Hofer J, Gourlay C, Michael A, Ellis THN (2001) Expression of a class 1 
knotted1-like homeobox gene is down-regulated in pea compound leaf pri-
mordia. Plant Molecular Biology 45, 387-398 

Hofer J, Turner L, Hellens R, Ambrose M, Matthews P, Michael A, Ellis N 
(1997) UNIFOLIATA regulates leaf and flower morphogenesis in pea. Cur-
rent Biology 7, 581-587 

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

Horiguchi G, Kim G-T, Tsukaya H (2005) The transcription factor AtGRF5 
and the transcription coactivator AN3 regulate cell proliferation in leaf pri-
mordia of Arabidopsis thaliana. The Plant Journal 43, 68-78 

Hricová A, Quesada V, Micol JL (2006) The SCABRA2 nuclear gene encodes 
the plastid RpoTp RNA polymerase which is required for chloroplast bio-
genesis and mesophyll cell proliferation in Arabidopsis. Plant Physiology 
141, 942-956 

Hu Y, Bao F, Li J (2000) Promotive effect of brassinosteroids on cell division 
involves a distinct CycD3-induction pathway in Arabidopsis. The Plant Jour-
nal 24, 693-701 

Irish VF, Sussex IM (1992) A fate map of the Arabidopsis embryonic shoot 
apical meristem. Development 115, 745-753 

Ito T, Kim G-T, Shinozaki K (2000) Disruption of an Arabidopsis cytoplasmic 
ribosomal protein S13-homologous gene by transposon-mediated mutagene-
sis causes aberrant growth and development. The Plant Journal 22, 257-264 

Janssen B-J, Lund L, Sinha N (1998) Overexpression of a homeobox gene, 
LeT6, reveals indeterminate features in the tomato compound leaf. Plant Phy-
siology 117, 771-786 

Jasinski S, Piazza P, Craft J, Hay A, Woolley L, Rieu I, Phillips A, Hedden 
P, Tsiantis M (2005) KNOX action in Arabidopsis is mediated by coordinate 
regulation of cytokinin and gibberellin activities. Current Biology 15, 
1560-1565 

Jovtchev G, Schubert V, Meister A, Barow M, Schubert I (2006) Nuclear 
DNA content and nuclear and cell volume are positively correlated in angio-
sperms. Cytogenetic and Genome Research 114, 77-82 

Kaplan DR, Hagemann W (1991) The relationship of cell and organism in 
vascular plants. BioScience 41, 693-703 

Kerstetter RA, Bollman K, Taylor RA, Bomblies K, Poethig RS (2001) 
KANADI regulates organ polarity in Arabidopsis. Nature 411, 706-709 

Kim G-T, Shoda K, Tsuge T, Cho K-H, Uchimiya H, Yokoyama R, Nishitani 
K, Tsukaya H (2002) The ANGUSTIFOLIA gene of Arabidopsis, a plant 
CtBP gene, regulates leaf-cell expansion, the arrangement of cortical micro-
tubules in leaf cells and expression of a gene involved in cell-wall formation. 
The EMBO Journal 21, 1267-1279 

Kim G-T, Tsukaya H, 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 and 
Development 12, 2381-2391 

Kim G-T, Yano S, Kozuka T, Tsukaya H (2005) Photomorphogenesis of 
leaves: shade-avoidance and differentiation of sun and shade leaves. Photo-
chemical and Photobiological Sciences 4, 770-774 

Kim JH, Choi D, Kende H (2003) The AtGRF family of putative transcription 
factors is involved in leaf and cotyledon growth in Arabidopsis. The Plant 
Journal 36, 94-104 

Kim JH, Kende H (2004) A transcriptional coactivator AtGIF1 is involved in 
regulating leaf growth and morphology in Arabidopsis. Proceedings of the 
National Academy of Sciences USA 101, 13374-13379 

Laufs P, Dockx J, Kronenberger J, Traas J (1998) MGOUN1 and MGOUN2: 
two genes required for primordium initiation at the shoot apical and floral 
meristems in Arabidopsis thaliana. Development 125, 1253-1260 

Laux T, Mayer KFX, Berger J, Jürgens G (1996) The WUSCHEL gene is 
required for shoot and floral meristem integrity in Arabidopsis. Development 
122, 87-96 

Lecoeur J, Wery J, Turc O, Tardieu F (1995) Expansion of pea leaves sub-
jected to short water deficit: cell number and cell size are sensitive to stress at 
different periods of leaf development. Journal of Experimental Botany 46, 
1093-1101 

Lee H-C, Chiou D-W, Chen W-H, Markhart AH, Chen Y-H, Lin T-Y (2004) 
Dynamics of cell growth and endoreduplication during orchid flower deve-
lopment. Plant Science 166, 659-667 

Lincoln C, Long J, Yamaguchi J, Serikawa K, Hake S (1994) A knotted1-like 
homeobox gene in Arabidopsis is expressed in the vegetative meristem and 
dramatically alters leaf morphology when overexpressed in transgenic plants. 
The Plant Cell 6, 1859-1876 

Long JA, Moan EI, Medford JI, Barton MK (1996) A member of the 
KNOTTED class of homeodomain proteins encoded by the STM gene of 

236



International Journal of Plant Developmental Biology 1(2), 226-238 ©2007 Global Science Books 

 

Arabidopsis. Nature 379, 66-69 
Long JA, Barton MK (1998) The development of apical embryonic pattern in 

Arabidopsis. Development 125, 3027-3035 
Lorbiecke R, Sauter M (1999) Adventitious root growth and cell-cycle induc-

tion in deepwater rice. Plant Physiology 119, 21-29 
Lucas WJ (1995) Plasmodesmata: intercellular channels for macromolecular 

transport in plants. Current Opinion in Cell Biology 7, 673-680 
MacAdam JW, Volenec JJ, Nelson CJ (1989) Effects of nitrogen on meso-

phyll cell division and epidermal cell elongation in tall fescue leaf blades. 
Plant Physiology 89, 549-556 

Marx GA (1987) A suite of mutants that modify pattern formation in pea leaves. 
Plant Molecular Biology Reporter 5, 311-335 

Mayer KFX, Schoof H, Haecker A, Lenhard M, Jürgens G, Laux T (1998) 
Role of WUSCHEL in regulating stem cell fate in the Arabidopsis shoot 
meristem. Cell 95, 805-815 

McConnell JR, Emery J, Eshed Y, Bao N, Bowman J, Barton MK (2001) 
Role of PHABULOSA and PHAVOLUTA in determining radial patterning in 
shoots. Nature 411, 709-713 

Medford JI, Behringer FJ, Callos JD, Feldmann KA (1992) Normal and ab-
normal development in the Arabidopsis vegetative shoot apex. The Plant Cell 
4, 631-643 

Melaragno JE, Mehrotra B, Coleman AW (1993) Relationship between endo-
polyploidy and cell size in epidermal tissue of Arabidopsis. The Plant Cell 5, 
1661-1668 

Meyerowitz EM (1997) Genetic control of cell division patterns in developing 
plants. Cell 88, 299-308 

Mizukami Y, Fischer RL (2000) Plant organ size control: AINTEGUMENTA 
regulates growth and cell numbers during organogenesis. Proceedings of the 
National Academy of Sciences USA 97, 942-947 

Nelissen H, Clarke JH, De Block M, De Block S, Vanderhaeghen R, Zielin-
ski RE, Dyer T, Lust S, Inzé D, Van Lijsebettens M (2003) DRL1, a homo-
log of the yeast TOT4/KTI12 protein, has a function in meristem activity and 
organ growth in plants. The Plant Cell 15, 639-654 

Nelissen H, Fleury D, Bruno L, Robles P, De Veylder L, Traas J, Micol JL, 
Van Montagu M, Inzé D, Van Lijsebettens M (2005) The elongata mutants 
identify a functional Elongator complex in plants with a role in cell prolifer-
ation during organ growth. Proceedings of the National Academy of Sciences 
USA 102, 7754-7759 

Nelissen H, Boccardi TM, Himanen K, Van Lijsebettens M (2007) Impact of 
core histone modifications on transcriptional regulation and plant growth. 
Critical Reviews in Plant Science 26, 243-263 

Offermann S, Danker T, Dreymüller D, Kalamajka R, Töpsch S, Weyand K, 
Peterhänsel C (2006) Illumination is necessary and sufficient to induce his-
tone acetylation independent of transcriptional activity at the C4-specific 
phosphoenolpyruvate carboxylase promoter in maize. Plant Physiology 141, 
1078-1088 

Ori N, Eshed Y, Chuck G, Bowman JL, Hake S (2000) Mechanisms that con-
trol knox gene expression in the Arabidopsis shoot. Development 127, 
5523-5532 

Otero G, Fellows J, Li Y, de Bizemont T, Dirac AMG, Gustafsson CM, 
Erdjument-Bromage H, Tempst P, Svejstrup JQ (1999) Elongator, a mul-
tisubunit component of a novel RNA polymerase II holoenzyme for trans-
criptional elongation. Molecular Cell 3, 109-118 

Penkov D, Tanaka S, Di Rocco G, Berthelsen J, Blasi F, Ramirez F (2000) 
Cooperative interactions between PBX, PREP, and HOX proteins modulate 
the activity of the �2(V) collagen (COL5A2) promoter. The Journal of Biolo-
gical Chemistry 275, 16681-16689 

Pérez-Pérez JM, Ponce MR, Micol JL (2002) The UCU1 Arabidopsis gene 
encodes a SHAGGY/GSK3-like kinase required for cell expansion along the 
proximodistal axis. Developmental Biology 242, 161-173 

Pérez-Pérez JM, Ponce RM, Micol JL (2004) The ULTRACURVATA2 gene of 
Arabidopsis encodes an FK506-binding protein involved in auxin and bras-
sinosteroid signaling. Plant Physiology 134, 101-117 

Potuschak T, Doerner P (2001) Cell cycle controls: genome-wide analysis in 
Arabidopsis. Current Opinion in Plant Biology 4, 501-506 

Pyke KA, Marrison JL, Leech RM (1991) Temporal and spatial development 
of the cells of the expanding first leaf of Arabidopsis thaliana (L.) Heynh. 
Journal of Experimental Botany 42, 1407-1416 

Qi R, John PCL (2007) Expression of genomic AtCYCD2;1 in Arabidopsis in-
duces cell division at smaller cell sizes: implications for the control of plant 
growth. Plant Physiology 144, 1587-1597 

Rademacher EH, Weijers D (2007) Got root? - Initiation of the embryonic 
root meristem. International Journal of Plant Developmental Biology 1, 122-
126 

Rawson HM, Turner NC (1982) Recovery from water stress in five sunflower 
(Helianthus annuus L.) cultivars. I. Effects of the timing of water application 
on leaf area and seed production. Australian Journal of Plant Physiology 9, 
437-448 

Reinhardt D, Pesce E-R, Stieger P, Mandel T, Baltensperger K, Bennett M, 
Traas J, Friml J, Kuhlemeier C (2003) Regulation of phyllotaxis by polar 
auxin transport. Nature 426, 255-260 

Rupp H-M, Frank M, Werner T, Strnad M, Schmülling T (1999) Increased 
steady state mRNA levels of the STM and KNAT1 homeobox genes in cyto-

kinin overproducing Arabidopsis thaliana indicate a role for cytokinins in the 
shoot apical meristem. The Plant Journal 18, 557-563 

Ruth J, Klekowski EJ, Stein OL (1985) Impermanent initials of shoot apex 
and diplontic selection in a juniper chimera. American Journal of Botany 72, 
1127-1135 

Sachs T (1969) Regeneration experiments on the determination of the form of 
leaves. Israel Journal of Botany 18, 21-30 

Sakamoto T, Kamiya N, Ueguchi-Tanaka M, Iwahori S, Matsuoka M 
(2001) KNOX homeodomain protein directly suppresses the expression of a 
gibberellin biosynthetic gene in the tobacco shoot apical meristem. Genes 
and Development 15, 581-590 

Sakamoto T, Sakakibara H, Kojima M, Yamamoto Y, Nagasaki H, Inukai Y, 
Sato Y, Matsuoka M (2006) Ectopic expression of the KNOTTED1-like 
homeobox protein induces expression of cytokinin biosynthesis genes in rice. 
Plant Physiology 142, 54-62 

Sawa S, Watanabe K, Goto K, Kanaya E, Morita RH, Okada K (1999) 
FILAMENTOUS FLOWER, a meristem and organ identity gene of Arabi-
dopsis, encodes a protein with a zinc finger and HMG-related domains. 
Genes and Development 13, 1079-1088 

Schneeberger R, Tsiantis M, Freeling M, Langdale JA (1998) The rough 
sheath2 gene negatively regulates homeobox gene expression during maize 
leaf development. Development 125, 2857-2865 

Schnittger A, Weinl C, Bouyer D, Schöbinger U, Hülskamp M (2003) Mis-
expression of the cyclin-dependent kinase inhibitor ICK1/KRP1 in sin-
gle-celled Arabidopsis trichomes reduces endoreduplication and cell size and 
induces cell death. The Plant Cell 15, 303-315 

Schoof H, Lenhard M, Haecker A, Mayer KFX, Jürgens G, Laux T (2000) 
The stem cell population of Arabidopsis shoot meristem is maintained by a 
regulatory loop between the CLAVATA and WUSCHEL genes. Cell 100, 
635-644 

Schuppler U, He P-H, John PCL, Munns R (1998) Effect of water stress on 
cell division and cell-division-cycle 2-like cell-cycle kinase activity in wheat 
leaves. Plant Physiology 117, 667-678 

Siegfried KR, Eshed Y, Baum SF, Otsuga D, Drews GN, Bowman JL (1999) 
Members of the YABBY gene family specify abaxial cell fate in Arabidopsis. 
Development 126, 4117-4128 

Smith HMS, Hake S (2003) The interaction of two homeobox genes, BREVI-
PEDICELLUS and PENNYWISE, regulates internode patterning in the Arabi-
dopsis inflorescence. The Plant Cell 15, 1717-1727 

Sugimoto-Shirasu K, Roberts K (2003) "Big it up": endoreduplication and 
cell-size control in plants. Current Opinion in Plant Biology 6, 544-553 

Sugimoto-Shirasu K, Stacey NJ, Corsar J, Roberts K, McCann MC (2002) 
DNA topoisomerase VI is essential for endoreduplication in Arabidopsis. 
Current Biology 12, 1782-1786 

Sussex IM (1955) Morphogenesis in Solanum tuberosum L.: experimental in-
vestigation of leaf dorsoventrality and orientation in the juvenile shoot. Phy-
tomorphology 5, 286-300 

Sussex IM (1989) Developmental programming of the shoot meristem. Cell 56, 
225-229 

Tardieu F, Granier C (2000) Quantitative analysis of cell division in leaves: 
methods, developmental patterns and effects of environmental conditions. 
Plant Molecular Biology 43, 555-567 

Tardieu F, Reymond M, Hamard H, Granier C, Muller B (2000) Spatial dis-
tributions of expansion rate, cell division rate and cell size in maize leaves: a 
synthesis of the effects of soil water status, evaporative demand and tempera-
ture. Journal of Experimental Botany 51, 1505-1514 

Telfer A, Bollman KM, Poethig RS (1997) Phase change and the regulation of 
trichome distribution in Arabidopsis thaliana. Development 124, 645-654 

Thomas JH (1993) Thinking about genetic redundancy. Trends in Genetics 9, 
395-398 

Timmermans MCP, Hudson A, Becraft PW, Nelson T (1999) ROUGH 
SHEATH2: A Myb protein that represses knox homeobox genes in maize 
lateral organ primordia. Science 284, 151-153 

Torres-Ruiz RA, Jürgens G (1994) Mutations in the FASS gene uncouple pat-
tern formation and morphogenesis in Arabidopsis development. Development 
120, 2967-2978 

Traas J, Laufs P (1998) Cell cycle mutants in higher plants: a phenotypical 
overview. In: Francis D, Dudits D, Inzé D (Eds) Plant Cell Division (Portland 
Press Research Monograph X), Portland Press, London, UK, pp 319-336 

Trotochaud AE, Hao T, Wu G, Yang Z, Clark SE (1999) The CLAVATA1 
receptor-like kinase requires CLAVATA3 for its assembly into a signaling 
complex that includes KAPP and a Rho-related protein. The Plant Cell 11, 
393-405 

Tsiantis M, Hay A (2003) Comparative plant development: the time of the 
leaf? Nature Reviews Genetics 4, 169-180 

Tsiantis M, Schneeberger R, Golz JF, Freeling M, Langdale JA (1999) The 
maize rough sheath2 gene and leaf development programs in monocot and 
dicot plants. Science 284, 154-156 

Tsuge T, Tsukaya H, 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 (2002) Interpretation of mutants in leaf morphology: genetic evi-
dence for a compensatory system in leaf morphogenesis that provides a new 

237



Genetic and epigenetic control of leaf size and shape. Himanen et al. 

 

link between cell and organismal theories. International Review of Cytology 
217, 1-39 

Tsukaya H (2003) Organ shape and size: a lesson from studies of leaf morpho-
genesis. Current Opinion in Plant Biology 6, 57-62 

Umeda M, Umeda-Hara C, Uchimiya H (2000) A cyclin-dependent ki-
nase-activating kinase regulates differentiation of root initial cells in Arabi-
dopsis. Proceedings of the National Academy of Sciences USA 97, 
13396-13400 

van den Berg C, Willemsen V, Hendriks G, Weisbeek P, Scheres B (1997) 
Short-range control of cell differentiation in the Arabidopsis root meristem. 
Nature 390, 287-289 

Van Camp W (2005) Yield enhancement genes: seeds for growth. Current Opi-
nion in Biotechnology 16, 147-153 

Van Lijsebettens M, Clarke J (1998) Leaf development in Arabidopsis. Plant 
Physiology and Biochemistry 36, 47-60 

Van Lijsebettens M, Vanderhaeghen R, De Block M, Bauw G, Villarroel R, 
Van Montagu M (1994) An S18 ribosomal protein gene copy encoded at the 
Arabidopsis PFL locus affects plant development by its specific expression in 
meristems. The EMBO Journal 13, 3378-3388 

Van Volkenburgh E (1999) Leaf expansion - an integrating plant behaviour. 
Plant, Cell and Environment 22, 1463-1473 

Van Volkenburgh E, Boyer JS (1985) Inhibitory effects of water deficit on 
maize leaf elongation. Plant Physiology 77, 190-194 

Vollbrecht E, Veit B, Sinha N, Hake S (1991) The developmental gene 
Knotted-1 is a member of a maize homeobox gene family. Nature 350, 
241-243 

Waites R, Selvadurai HRN, Oliver IR, Hudson A (1998) The PHANTASTICA 

gene encodes a MYB transcription factor involved in growth and dorsoven-
trality of lateral organs in Antirrhinum. Cell 93, 779-789 

Wang H, Qi Q, Schorr P, Cutler AJ, Crosby WL, Fowke LC (1998) ICK1, a 
cyclin-dependent protein kinase inhibitor from Arabidopsis thaliana interacts 
with both Cdc2a and CycD3, and its expression is induced by abscisic acid. 
The Plant Journal 15, 501-510 

Wang H, Zhou Y, Gilmer S, Whitwill S, Fowke LC (2000) Expression of the 
plant cyclin-dependent kinase inhibitor ICK1 affects cell division plant 
growth and morphology. The Plant Journal 24, 613-623 

Weigel D, Alvarez J, Smyth DR, Yanofsky MF, Meyerowitz EM (1992) 
LEAFY controls floral meristem identity in Arabidopsis. Cell 69, 843-859 

Weigel D, Jürgens G (2002) Stem cells that make stems. Nature 415, 751-754 
Wood A, Krogan NJ, Dover J, Schneider J, Heidt J, Boateng MA, Dean K, 

Golshani A, Zhang Y, Greenblatt JF, Johnston M, Shilatifard A (2003) 
Bre1, an E3 ubiquitin ligase required for recruitment and substrate selection 
of Rad6 at a promoter. Molecular Cell 11, 267-274 

Wu Y, Cosgrove DJ (2000) Adaptation of roots to low water potentials by 
changes in cell wall extensibility and cell wall proteins. Journal of Experi-
mental Botany 51, 1543-1553 

Wyrzykowska J, Pien S, Shen WH, Fleming AJ (2002) Manipulation of leaf 
shape by modulation of cell division. Development 129, 957-964 

Yanai O, Shani E, Dolezal K, Tarkowski P, Sablowski R, Sandberg G, Sa-
mach A, Ori N (2005) Arabidopsis KNOXI proteins activate cytokinin bio-
synthesis. Current Biology 15, 1566-1571 

Zhu B, Zheng Y, Pham A-D, Mandal SS, Erdjument-Bromage H, Tempst P, 
Reinberg D (2005) Monoubiquitination of human histone H2B: the factors 
involved and their roles in HOX gene regulation. Molecular Cell 20, 601-611 

 
 

238


