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Regulation of cell size and cell number by LANCEOLATAT gene in Arabidopsis
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The processes for leaf development in dicotyledonous plants are surprisingly complex, while the
mechanism of controlling and coordinating them is poorly understood. To characterize the funda-
mental features of the leaf development of Arabidopsis, we first attempted to isolate mutants that alter
leaf morphology. Here, leaf morphological mutant of Arabidopsis, lanceolatal (lanl) which has small
and narrow leaves have isolated and characterized. To clarify the function of LANT in organ develop-
ment, we characterized lanl-7 mutant using an anatomical and genetic approach. The lanl-7 mutant
had reduced size of foliage leaves and reduced dimensions of stems. A reduction both in cell size
and in cell number was evident at the cellular level in the lanl mutant, revealing that LANI gene
appears to affect cell division at an earlier stage and cell elongation throughout the development of
leaf primordia. From the analysis of heterogeneous plant with lanl mutation and 355-AG transgenic
plant, AG gene is revealed to regulate leaf morphology under the control of 355 promoter. Thus,
MADS-box gene was revealed to have some relationship to that of LANT gene at certain stage in leaf

development processes.
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Introduction

The specific pattern and morphology of a given multi-
cellular organism are attributable, in part, to mechanisms
that regulate the shape, size, and number of its cells [12].

How are the patterns of cell division and cell elongation
controlled with such precision? How does the embryo gen-
erate such a diversity of cell types? How do cells in such
close physical proximity maintain distinct programs of de-
velopment? The answers to such questions had remained
elusive for decades. However, with the advance of techni-
ques for genetic and molecular analysis, these mysteries
have been unfolding. Genes acting as master regulators of
cell division and cell elongation have now been identified
as the main switches controlling pattern formation in
plants and animals.

Our focus of this study is to identify the genes that con-
trol leaf development. In early stages of a plant’s life cycle,
growth is accomplished principally by initiation of new
leaves by the shoot apex [4]. Subsequent shaping of leaves
in later development also involves biophysical forces.
Therefore, the process of leaf expansion, namely, the corre-
lation between cell division and elongation, plays an im-
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portant role in establishing leaf morphology [1,2]. The rates
of cell division and elongation at each stage contribute to
the final shape of a leaf [13,15,16] and play important roles
throughout leaf development. Nonetheless, the mecha-
nisms that control these basic aspects of leaf development
are poorly understood, because the pattern of growth with-
in the lamina is surprisingly complex [13]. Several recent
molecular genetic studies, including studies of cell pro-
liferation, cell differentiation, and the cell elongation pat-
tern in leaves, have helped us to understand the complex-
ity of leaf shape.

The present paper reports the results of our analyses of
the development of leaf cells that occur during the ex-
pansion of the true leaves of the wild type Arabidopsis, and
the mutants with altered leaf morphology. Our study gives
full details of the characterization of mutants Arabidopsis,
named lancelolatal (lanl). The analysis of this leaf morpho-
logical mutant should dissect the regulations of cell divi-
sion and cell elongation in leaf development.

Materials and Methods

Plant growth conditions, mutant alleles and strains
The following plants were used: Arabidopsis thaliana (L.)
Heynh. ecotype Columbia wild type, mutant lancelolatal
(lan1), and tT-2 and tT-3 (transgenic Arabidopsis 355 - AG),
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supplied by Dr. Itoh of Kyoto University).

Plants were grown onto small plastic pots with rock-
wool and/or vermiculite. Normally, plants were grown at
22T under continuous fluorescent illumination as de-
scribed previously [7]. Seven lanl mutants were identified
from mutants collection of Dr. Kranz (Enkheim ecotype)
[3]. Allelism test was performed by crossing each allele.
lan1-7 mutant allele was back crossed into the wild-type
Columbia background for further analyses. To analyze
double mutants, the following developmental mutant lines
were used for construction: lanl-7 and tT-2 and #T-3
(transgenic Arabidopsis with 355 Cauliflower Mosaic Virus
promoter - AGAMOUS (355-AG), supplied by Dr. Itoh of
Kyoto University).

Genetic Mapping

The marker line used for genetic mapping was W100
(an, apl, er, py, hy2, gll, bp, cer2, msl, tt3) derived from
ecotype Landsberg. Recombination frequencies were
determined by analyzing F2 progeny using the method of
Suiter et al. [14].

Anatomy

For anatomical studies, all organs were fixed overnight
in FAA, which contained 5% (v/v) acetic acid, 45% (v/v)
ethanol, and 5% (v/v) formaldehyde and they were then
dehydrated in a graded ethanol series at room temperature.
Completely dehydrated tissues were preincubated in a sol-
ution of 50% (v/v) Technovit 7100 (Kulzer & Co. GmbH
Wehrheim, FRG) and in ethanol for about 1 hour and then
washed in 100% Technovit resin. Next, the samples were
dipped in 100% resin and the samples were incubated over-
night in air. Hardening of resin and embedding in 100%
Technovit 7100 resin were achieved by the method de-
scribed in the manual from the supplier of the Technovit
7100 resin. Sections of 6 mm thickness were cut with
Histoknives (Kulzer & Co. GmbH) on an Rotary microtome
HM325 (Carl Zeiss, FRG) affixed to glass slides, and stained
with 0.1% (w/v) toluidine blue in 0.1 M phosphate buffer
(pH 7.0) at 50T for 30 seconds. Specimens were then photo-
graphed under bright-field illumination.

Results

Genetic analysis of /ancelolata? mutant
To characterize the fundamental features of the leaf de-
velopment of Arabidopsis, we first attempted to isolate mu-

tants that alter leaf morphology. Seven mutants with leaves
of greatly reduced size were identified from Dr. Krancz’
collection and were revealed to be same locus through allel-
ism test by crossing each other. These mutants have narrow
and short leaves compared with wild type Columbia (Fig.
1 and Table 1) and was named lancelolatal (lanl). The
wild-type gene is, thus, named LANCELOLATAI (LANI).
The lan1-7 mutant, which was one of the severest alleles of
lan1 mutant, was chosen for detailed studies.

The chromosomal location of the lanl locus was de-
termined by use of markers that represented the five link-
age groups in Arabidopsis. From the result the lanl locus
was calculated to be located between py and er locus in
chromosome?2,

In order to determine where the LANT gene acts, leaves,
stems, and roots were measured. All the true leaves of the
lan1-7 mutant are narrower and shorter than those of wild
type (Fig. 1A and B). However, the growth of primary root
of lanl-7 mutant was not significantly different from that
of wild type (Fig. 1C and D).

To determine the developmental stage at which the
LANT gene exerts its effect on leaf blade morphogenesis,

Fig. 1. Morphology of Arabidopsis thaliana plants. A,B. The
gross morphology of wild-type (A) and lanl-7 mutant
plant (B). The plants were photographed 4 weeks after
sowing of seeds. C,D. Roots of wild-type (C} and
lan1-7 mutant plant(D). Bars, 1 cm.



Table 1. Leaf size of the wild type, and the lanl mutant

Direction wild type (Col) lan1-7
Leaf-width® 6.9x0.1 (n=5) 24201 (n=b)
Leaf-length’ 10.8:0.7 (n=5) 4.0:0.3 (n=5)

*All measurements are in mm. Size of the fifth rosette leaf
was measured at fully expanded stage.
t, standard deviations. n, number of plants examined.

the growth (the width and length) of the fifth leaf of the
Columbia wild type and lanl-7 mutant was analyzed at
fully expanded stage. The leaf width and length of lanl
mutant showed 35% and 37% growth of wild type, re-
spectively, in developmental stage (Table 1). The leaf ex-
pansion of lanl-7 mutant completed 15 to 18 days after
sowing, whereas that of wild type still prolonged.

Anatomical analysis of leaves and stems

At least two factors, the size of cells and the number of
cells, were predicted to cause the phenotype of the leaf of
lan1 mutant. In order to identify which factors contributed
to the phenotype of the leaf blade of lanl mutant, anatomi-
cal analysis was performed in a comparison with the wild
type. Throughout leaf development, the first layer of pal-
isade cells consisted of a neatly aligned and organized ar-
rangement of cells (Fig. 2). Therefore, these cells were used
for enumeration and characterization of cells in the
leaf-width and length direction on the sections. The width
of palisade cells of lanl-7 mutant on transverse sections re-
duced and was 67% of that of wild type at fully expanded
stage (Fig. 2A and B). The length and thickness of palisade
cells of lan1 mutant on longitudinal sections also reduced
and was 60% of that of wild type at same stage (Fig. 2C
and D, Table 2). Palisade cell number of the fifth rosette
leaf of lanl-7 mutants aligned in the leaf-width direction
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and in the leaf-length direction reduced and was 55% and
63% of that of wild type, respectively (Table 2). Palisade
cell number of the fifth rosette leaf of lanl-7 mutant
aligned in the leaf-thickness direction was the same as in
the wild type (Fig. 2). Thus, the number of total cells in
the lan1-7 mutant leaf blade was smaller than in the wild
type (Fig. 2). These anatomical results suggested that re-
duction of both size and cell number affected leaf morpho-
logical changes in lanl-7 mutant.

The length of internodes for lanl-7 mutant was not so
different from that of wild type at matured stage (Fig. 1).
However, the diameter was narrower than that of wild
type (Fig. 2E and F). To clarify whether the defect of in-
ternodes is caused by a decrease in cell number or in-
adequate cell size, an anatomical study was performed of
sections of first internodes of Type 2 metamer from the
wild type and the lanImutant. The diameter of pith cell of
lan1-7 mutant was not so different, but the cell length was
slightly increased compare to that of wild type (Fig. 2E
and F, arrow). Cell number was also reduced (Fig. 2F).
These results suggest that not only cell size but cell num-
bers were changed by the lanl-7 mutation also in intern-
odes, as in the leaves.

AGAMOUS gene affects the morphology of curled
leaf of /an1 mutant

When MADS-box gene, such as AGAMOUS (AG) and
APETALLA3 gene was expressed in leaf, the morphology
of leaves resembled to leaves of lanl mutant [6]. In order
to investigate the relationship between LANT and AG, het-
erogeneous plant with lanl-7 mutation and 355-AG trans-
genic plant was constructed. Two 355-AG transgenic lines,
tT-2 and tT-3 lines were used making heterogeneous plant.
One of 355-AG transgenic plant, tT-2line, had leaky pheno

PN R A
Fig. 2. Anatomical analysis of Arabidopsis thaliana plants. A,B. Transverse sections of the fifth leaf of wild-type (A) and lan1-7 mu-
tant plant (B). C,D. Longitudinal sections of the fifth leaf of wild-type (C) and lan1-7 mutant plant (D). E,F. Transverse sec-
tions of the internodes of wild-type (E) and lanl-7 mutant plant (F). Bars, 100 mm.
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Table 2. Anatomical analysis of the fifth rosette leaf of the
wild type and the [anl mutant

Direction’ wild type (Col) lan1-7

Cell size aligned in
leaf-width direction
leaf-length direction
leaf-thickness direction

38.0% 9.6 (n=3) 254+ 72 (n=3)
421£10.6 (n=3) 254+ 71 (n=3)
370t 82 (n=3) 223+ 59 (n=3)
Cell number aligned in

leaf-width direction
leaf-length direction

1580+ 0.1 (n=2) 865+ 7.7 (n=4)
22804139 (n=3) 142.7+14.0 (n=3)

All measurements are in mm.

*Cells in the first layer of the palisade cells aligned in each
direction were analyzed. %, standard deviations of measure-
ments performed on more than 150 cells in each plant. n,
number of plants examined.

type that had little bit curled leaves. The other, -3 line,

. had severely curled leaves. Leaves of all F1 progeny of

lanl-7 and #T-2 line were severely curled (Fig. 3D, arrow),
such as in {T-3 line (Fig. 3C, arrow). Therefore, these data
represented that function of AG gene may have relation-
ship to that of LANI gene at certain stage in leaf develop-

ment processes.

Discussion

The /an1 phenotype and leaf development

The recessive lanl mutation displays a complex pheno-
type in which most of the organ types of the plant except
root are affected, indicating that the wild-type LANI gene

R i s 2 BRI

Fig. 3. Leaf morphology of Arabidopsis thaliana plants. A-D.
Morphology of wild-type (A), lanl-7 mutant (B), 355
AG transgenic plant, T-3 (C), and heterogeneous F1
plant between lgnl mutation and 355-AG transgenic
plant, {T-2 (D). The plants were photographed 3 weeks
after sowing of seeds on MS agar medium. Arrow
indicates curled shape of leaves. Bars, 1 cm.

is necessary during various stages of development in
Arabidopsis. The lanl plants bloom earlier and form narrow
rosette leaves and their internodes than do wild-type plants.
The total number of cells forming the leaf blade in the lanl
mutant appeared to be smaller than the wild type. The size
of cells forming the leaf blade in the lanlmutant also ap-
peared to be smaller than the wild type. Thus, all of the
morphological characteristics of the leaves of lanl mutant
can be explained by a defect in cell division and cell ex-
pansion in the leaf blade.

The quantitative aspects of cell division and cell ex-
pansion are less well understood. In most cases, cell ex-
pansion precedes cell division in leaf development [1].
Thus, LANI gene possibly is a key regulator in the leaf
development. The leaf expansion in the lanl mutant have
stopped 15 to 20 days after sowing, whereas 35 to 40 days
in the wild type. This may result from.a defect in
Arabidopsis development not only altered cell division and
cell expansion in leaf blade but also altered initiation of leaf

development.

LANT belongs to a new category of leaf develop-
mental genes

Some genes have been identified within the genetic net-
work that controls the development of leaves of Arabidopsis.
ANGUSTIFOLIA (AN) and ROTUNDIFOLIA3 (ROT3) genes
are responsible for the polarity-specific elongation of leaves
[7-9]. The LANT gene, studied here, is different from these
known genes, regulating both cell division and cell elonga-
tion. curly leaf mutant has similar morphology of leaves of
lan1 mutant [5]. From the result of mapping of LANI locus,
location of CURLY LEAF (CLF) locus was revealed to be
much closed to LANT locus. Thus, we should consider the
possibility that these two mutations are in same locus.
However, the function of the LANI gene within the net-
work of leaf development is different from that of other
known genes such KNOTTED1, AN, AN3, and ROT3 [7-12].

Although the expression of AG gene was different from
LAN1 gene, the morphology of curled and narrow leaf was
similar between 355-AG transgenic plant and lanl mutant.

- Recently, the expression of AG gene in leaf tissue is thought

to be suppressed by CLF gene [5]. This suppression process
indicated that AG gene possibly affect the morphology of
curled leaf. From the analysis of heterogeneous plant with
lan1 mutation and 355-AG transgenic plant, AG gene affects
the change of leaf morphology under the control of 355



Journal of Life Science 2007, Vol.17. No. 1 5

Genes Dev. 12, 2381-2391.
Kim, G. -T., H. Tsukaya, Y. Saito, and H. Uchimiya. 1999.
Changes in the shapes of leaves and flowers upon

promoter. Thus, MADS-box gene was revealed to have
some relationship to the morphology of curled leaf in lanl 8.
mutant, directly or indirectly.
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