
 

The Plant Cell, Vol. 10, 1427–1437, September 1998, www.plantcell.org © 1998 American Society of Plant Physiologists

 

Localized Upregulation of a New Expansin Gene Predicts the 
Site of Leaf Formation in the Tomato Meristem

 

Didier Reinhardt, Franz Wittwer, Therese Mandel, and Cris Kuhlemeier

 

1

 

Institute of Plant Physiology, University of Berne, Altenbergrain 21, CH-3013 Berne, Switzerland

 

Expansins are extracellular proteins that increase plant cell wall extensibility in vitro and are thought to be involved in
cell expansion. We showed in a previous study that administration of an exogenous expansin protein can trigger the ini-
tiation of leaflike structures on the shoot apical meristem of tomato. Here, we studied the expression patterns of two
tomato expansin genes, 

 

LeExp2

 

 and 

 

LeExp18. LeExp2

 

 is preferentially expressed in expanding tissues, whereas

 

LeExp18

 

 is expressed preferentially in tissues with meristematic activity. In situ hybridization experiments showed that

 

LeExp18

 

 expression is elevated in a group of cells, called I

 

1

 

, which is the site of incipient leaf primordium initiation.
Thus, 

 

LeExp18

 

 expression is a molecular marker for leaf initiation, predicting the site of primordium formation at a time
before histological changes can be detected. We propose a model for the regulation of phyllotaxis that postulates a
crucial role for expansin in leaf primordium initiation.

INTRODUCTION

 

In tomato, leaves are positioned in a spiral phyllotaxis, with a
divergence angle of 

 

z

 

135

 

8

 

. This highly regular pattern origi-
nates from the apex of the plant, where leaf primordia are
initiated at the peripheral zone of the shoot apical meristem
(reviewed in Steeves and Sussex, 1989; Lyndon, 1990;
Jean, 1994). At predictable sites on the meristem, groups of
cells become engaged in the formation of a bulge that un-
dergoes morphogenesis to become a leaf (Poethig, 1997).
All three layers that have been described in the shoot apical
meristem, that is, the epidermal (L1), the subepidermal (L2),
and the corpus (L3) layers, contribute to the leaf (Szymkowiak
and Sussex, 1996).

What are the cellular events that induce the local bulging
of meristem tissue? Primordium initiation could be driven
by a local increase in the rate of cell division or by a reorien-
tation of the plane of cell division, followed by expansion
and differentiation processes in the proliferating tissue
(Meyerowitz, 1997). Alternatively, bulging could be driven by
local expansion of primordium initials, followed by division
of the expanded cells.

Several lines of evidence suggest that local growth pro-
cesses in plants can be initiated by cell expansion, with cell
division being a secondary event (reviewed in Jacobs,
1997). There is also evidence concerning the importance of
cell expansion in the earliest steps of primordium formation.
First, when cell division in wheat seedlings was inhibited by

 

g

 

 irradiation, primordium initiation continued through local
cell expansion (Foard, 1971). Second, transformed tobacco

plants with downregulated cell cycle activity had smaller
meristems with fewer cells than the controls had, as was ex-
pected, but they formed leaves of almost normal shape and
size, and at normal rates. In the mature leaves, decreased
cell number was compensated by increased cell size
(Hemerly et al., 1995). From these experiments, we con-
cluded that regulation of cell expansion rather than cell divi-
sion determines the rate of primordium initiation and the
final shape and size of the plant and its organs.

Although the role of hormones in the regulation of cell
expansion is well documented (Kende and Zeevaart, 1997),
the downstream events that drive and control the actual ex-
pansion process are not understood in detail (reviewed in
Cosgrove, 1997). Recently, a cell wall protein that exhibits in
vitro wall expansion activity was identified and purified
(McQueen-Mason et al., 1992), and it has been designated
“expansin.” Because no hydrolytic activity could be at-
tributed to expansin, it is thought that expansins act by
disrupting hydrogen bonds between microfibrils and the
surrounding matrix in the cell wall, thus allowing them to slip
(McQueen-Mason and Cosgrove, 1994). In a previous study,
we tested the hypothesis that changes in the wall extensibil-
ity of meristem cells can initiate primordium formation. Us-
ing purified expansin, we showed that the exogenous
application of this protein can induce local growth on the
meristem, resulting in the formation of bulges that resemble
early primordia (Fleming et al., 1997). In some cases, these
bulges grew out to leaflike structures with several character-
istics of young leaves, such as formation of trichomes, ex-
pression of a leaf marker gene, dorsoventrality, and the
ability to influence the positioning of future primordia. There-
fore, exogenously applied expansin is sufficient to mimic at
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least some aspects of the endogenous processes involved
in leaf primordium initiation.

Expansins are encoded by gene families with up to a
dozen members (Cosgrove, 1997). Some of them are ex-
pressed in several organs and tissue types, whereas others
show very tight specificity in their spatial and temporal ex-
pression patterns (Cho and Kende, 1997; Rose et al., 1997),
suggesting that regulation of cell wall extensibility could be
controlled at least in part by differential regulation of the dif-
ferent expansin genes. Although purified expansin protein
from a given species can be active on cell walls from differ-
ent plants, suggesting that specificity is low (McQueen-
Mason et al., 1992), it is not known whether the different ex-
pansin genes found in a given species encode proteins with
different “loosening activities” or with different specificities
toward different components of the cell wall.

Here, we report the cloning of a tomato expansin cDNA,

 

LeExp18. LeExp18

 

 is highly expressed in meristematic tissues.
The expression of 

 

LeExp18

 

 in the shoot apical meristem cor-
relates with areas of incipient leaf primordium formation and
is thus the earliest positive molecular marker for leaf primor-
dium initiation described to date. Considering the in vitro and
in vivo activities of expansin, 

 

LeExp18

 

 may play a crucial role
in the temporal and spatial regulation of primordium initiation.

 

RESULTS

Cloning of a Tomato Expansin cDNA and Genomic 
Analysis of Tomato Expansins

 

Exogenously applied expansin protein can initiate primor-
dium formation on the shoot apical meristem of tomato
plants (Fleming et al., 1997). To study the function of endog-
enous expansin in primordium initiation, we decided to
clone expansin cDNAs that are expressed in the apex of to-
mato plants and to study their regulation. Using degenerate
primers matching conserved sequences in the coding region
of the cucumber 

 

expansin1

 

 gene, we amplified a fragment of
a putative tomato expansin by reverse transcription–poly-
merase chain reaction. The amplification product was used
as a probe to isolate a full-length cDNA, named 

 

LeExp18.
LeExp18

 

 represents a new tomato expansin gene exhibiting
all of the basic features of expansin, as described by
Shcherban et al. (1995). The open reading frame of the

 

LeExp18

 

 cDNA codes for a polypeptide of 255 amino acids
(Figure 1A). The predicted protein contains a putative signal
sequence of 18 amino acids and all of the cysteines and
tryptophans that are conserved between expansins (Figure
1A; Shcherban et al., 1995). 

 

LeExp18

 

 is most closely related
to the fruit-specific 

 

LeExp1

 

 (Rose et al., 1997), with 79%
amino acid identity.

Genomic DNA gel blot analysis was performed to deter-
mine the number of expansin genes in the tomato genome.

Probes were derived from 

 

LeExp18

 

 and from 

 

LeExp2

 

, a par-
tial cDNA isolated from leaf RNA (kindly provided by S.
McQueen-Mason, University of York, York, UK, who is work-
ing on a complete analysis of the expansin gene family in to-
mato). Probes derived from the 3

 

9

 

 noncoding regions of

 

LeExp2

 

 and 

 

LeExp18

 

 detected single bands and occasional
weaker bands (Figure 1B). Most likely, 

 

LeExp2

 

 and 

 

LeExp18

 

are single-copy genes. The patterns of the bands detected
with the two probes are different, confirming that both
probes are gene specific.

A probe containing part of the coding region of 

 

LeExp18

 

was used to estimate the number of 

 

LeExp18

 

-related genes
in the tomato genome. After hybridization and washing at
high stringency, we observed a banding pattern that was
indistinguishable from the pattern seen with the 

 

LeExp18

 

 3

 

9

 

probe (Figure 1B, third gel; cf. with second gel). After low-
stringency hybridization with the 

 

LeExp18

 

 coding region
probe, we detected several additional bands in the different
samples, none of which comigrated with 

 

LeExp2

 

 bands (Fig-
ure 1B, fourth gel; cf. with first gel). Thus, 

 

LeExp18

 

 and

 

LeExp2

 

 are sufficiently divergent even in the coding region
to prevent cross-hybridization. We conclude that 

 

LeExp18

 

 is
a member of a small subfamily of expansins within a larger
expansin family.

 

LeExp2

 

 and 

 

LeExp18

 

 Are Differentially Regulated

 

Expression levels of 

 

LeExp2

 

 and 

 

LeExp18

 

 mRNAs were de-
termined by RNA gel blot analysis by using the probes de-
rived from their 3

 

9

 

 noncoding regions. Samples were
isolated from the root, stem, expanding leaves, leaf primor-
dia (P

 

4

 

 to P

 

6

 

), vegetative apex (including the three youngest
leaf primordia, P

 

1

 

 to P

 

3

 

), and developing flowers at various
stages. 

 

LeExp18

 

 was detected primarily in apical tissues
such as the vegetative apex, in developing flowers, in leaf
primordia, and in the upper stem. Notably, 

 

LeExp18

 

 expres-
sion was low in leaves and in the lower stem tissue (Figure
1C). In contrast, 

 

LeExp2

 

 was expressed primarily in the
stem, in maturing flowers, in expanding leaves, and in leaf
primordia; however, 

 

LeExp2

 

 was not expressed in the vege-
tative apex. No expression of either 

 

LeExp2

 

 or 

 

LeExp18

 

could be detected in roots (Figure 1C).
From the experiments described above, we conclude that

 

LeExp2

 

 expression coincides primarily with expansion
(leaves, stems, and flowers), whereas 

 

LeExp18

 

 expression is
associated with meristematic activity (apex, leaf primordia,
and developing flowers), although there is some overlapping
expression of both expansins in leaf primordia, flowers, and
the stem. In this context, it is interesting that all of these
plant parts combine expansion and meristematic activity.
The stem retains meristematic activity in the cambium, and
the young leaves of tomato are known to retain meristematic 
features for prolonged times during leaflet formation (Hareven
et al., 1996; Chen et al., 1997).
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Both 

 

LeExp2

 

 and 

 

LeExp18

 

 were expressed in floral apices
at various stages of development (Figure 1C). The increase
in expression of 

 

LeExp2

 

 with age could mean that also in
floral apices, 

 

LeExp 2

 

 expression is concentrated in expand-
ing tissues.

 

Expansin Genes Are Expressed in the Meristem

 

To determine the cellular localization of expansin gene ex-
pression within the shoot apex, we performed in situ hybrid-
izations. Figures 2A to 2H show consecutive longitudinal
sections through a vegetative apex. These sections were hy-
bridized with a 

 

35

 

S-labeled probe derived from the coding
region of 

 

LeExp18.

 

 At left in Figures 2A to 2H, the youngest
primordium (P

 

1

 

) can be seen. The hybridization signal was
distributed throughout the meristem and young primordia,
and it extended into subepidermal tissues of the young stem
(Figures 2A to 2H). Interestingly, the levels of expansin sig-
nal were elevated opposite to the youngest primordium (P

 

1

 

)
(Figures 2C to 2F, arrowheads). Assuming that P

 

2

 

 is toward
the observer and that the direction of the phyllotaxis is
clockwise, this is the region in which the next primordium (I

 

1

 

)
is expected to be initiated. However, from longitudinal sections,
it is very difficult to establish the position of I

 

1

 

 with confidence.
In contrast to vegetative meristems, expression of 

 

LeExp18

 

in floral apices was much more diffuse, and no specific up-
regulation at the sites of organ initiation could be observed
(Figures 2I to 2L).

 

LeExp18

 

 Is Specifically Upregulated at the Site of 
Incipient Primordium Initiation

 

To determine the exact position of the local elevation in ex-
pansin mRNA, we analyzed a series of transverse sections.

 

(lanes 1), EcoRV (lanes 2), HindIII (lanes 3), XbaI (lanes 4), or BamHI
(lanes 5). After electrophoresis and blotting, the DNA was probed
with radiolabeled probes from 

 

LeExp2

 

 and 

 

LeExp18

 

, as indicated.
LeExp2 3

 

9

 

 and LeExp18 3

 

9

 

 designate the gene-specific probes from
the 3

 

9

 

 untranslated regions. LeExp18 coding designates the probe
from the coding region. Hybridization with this probe was performed
under conditions of normal stringency (65

 

8

 

C) or low stringency
(50

 

8

 

C).

 

(C)

 

 Expression of 

 

LeExp18

 

 and 

 

LeExp2

 

 in different tomato tissues.
Total RNA (5 

 

m

 

g) was isolated from roots, lower stems (downward
from 3 cm below the apex) and upper stems (0.2 to 1.2 mm below
the summit of the apex), leaves (3 to 5 cm in length), leaf primordia
(P

 

4

 

 to P

 

6

 

), vegetative apices (including the three youngest primordia
P

 

1

 

 to P

 

3

 

), flowers at the stage of sepal initiation (sepal stage), and
maturing flower buds of different lengths (1 or 10 mm). The blots
were analyzed with probes specific for 

 

LeExp18

 

, 

 

LeExp2

 

, or the 26S
subunit of rRNA.

 

Figure 1.

 

Characterization of LeExp18.

 

(A)

 

Amino acid sequence alignment for cucumber expansin1
(CsExp1, previously designated CuExS1) with the tomato expansins
isolated from the apex (LeExp18) and from fruits (LeExp1). Con-
served positions with identical amino acids are marked with aster-
isks, and conservative substitutions are marked with dots. Dashes
indicate gaps that were introduced to facilitate alignment. The num-
bering refers to the individual sequences.

 

(B)

 

 DNA gel blot analysis of tomato genomic DNA with probes from

 

LeExp2

 

 and 

 

LeExp18.

 

 DNA samples were digested with EcoRI
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Figures 3A to 3P show a series of consecutive cross-sec-
tions of a vegetative tomato apex that were hybridized with
a 

 

35

 

S-labeled probe derived from the 

 

LeExp18

 

 3

 

9

 

 end. The
oldest primordium (P

 

3

 

) is in the lower half of the images (in-
dicated in Figures 3A and 3H). The younger primordia (P

 

2

 

and P

 

1

 

) follow in a counterclockwise, spiral phyllotaxis, with
a divergence angle of 

 

z

 

135

 

8

 

, so that the site of incipient pri-
mordium initiation (I

 

1

 

) can be predicted (indicated by arrow-
heads in Figures 3D to 3J). In the sections from the top of
the apex (Figures 3A to 3C), 

 

LeExp18

 

 was only expressed

Figure 2. Expression of Expansin in the Vegetative Apex and in Developing Flowers of Tomato.

(A) to (H) Consecutive longitudinal sections (7 mm) of a vegetative apex were analyzed by in situ hybridization. The sections were hybridized with
a probe derived from the coding region of LeExp18. The sections exhibit an apex with the meristem dome in the center (M in [A]) and the young-
est primordium (indicated with P1 in [A] and [D]) to the left. The site of increased signal levels is indicated by arrowheads in (C) to (F). Bar in (A) 5
100 mm.
(I) to (L) Longitudinal sections of tomato flowers at different stages of development were analyzed by in situ hybridization, using the same probe
as given in (A) to (H). A, axillary meristem; Ca, carpel primordium; F, floral meristem; I, inflorescence meristem; Pe, petal primordium; Se, sepal
primordium; St, stamen primordium. Bar in (I) 5 100 mm.
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at low levels. Low levels of expansin signal could also be
seen throughout the meristem, with a concentration of sig-
nal localized at I

 

1

 

. The elevated level is present in seven con-
secutive sections (Figures 3D to 3J). Considering that the
thickness of the sections is 7 

 

m

 

m, we can estimate that the
region of elevated expansin expression corresponds to an
approximately circular area on the flank of the meristem with
a diameter of 

 

z

 

50 mm.
The tissue with elevated expansin expression comprises

all three meristem layers (cf. Figures 2D and 3H) and ex-
tends almost to the center of the meristem proper. Apart
from the meristem, LeExp18 was also expressed in primor-
dia and in the cortical tissues of the young stem (Figures 3L
to 3P). The expression pattern in primordia comprised a
U-shaped area that included the central tissues forming the
vasculature and the adaxial margins of the leaf primordia,
where leaflets and the leaf blade develop. The ring-shaped
region of expansin expression in the stem coincides with
developing vascular bundles and may reflect procambium
activity. Therefore, high expression of LeExp18 coincides
with tissues showing meristematic activity, such as the
shoot apical meristem, the leaf margins, and the procam-
bium, whereas expanding tissues, such as the central pith
tissue in the stem and the adaxial and abaxial side of the ra-
chis, exhibit low levels of LeExp18 expression. This is in
contrast to the idea that expansin expression is associated
with cell elongation in tissues such as leaves, hypocotyls,
and grass internodes (Cho and Kende, 1997; Cosgrove,
1997). LeExp18 may therefore fulfill a specific function in
meristematic tissues, particularly in leaf primordium initiation.

Elevated Levels of LeExp18 Expression at I1 Do Not 
Coincide with Markers for Cell Division and General
Cell Metabolism

Our previous results indicate that LeExp18 is expressed in
meristematic areas and upregulated at the site of incipient
primordium formation on the shoot apical meristem. To de-
termine how specific this expression pattern is, we com-
pared LeExp18 expression with the expression of marker
genes for cell division and general cell metabolism.

In a dividing cell population, such as an actively growing
meristem, cell growth occurs mainly during the G1 phase.
Cells enter the S phase only briefly before mitosis to repli-
cate the genome (Fosket, 1994). During the S phase, genes
for chromosomal proteins, such as the histones, are tran-
scriptionally upregulated. Therefore, histone gene expres-
sion can be used as a marker for cell division activity in the
meristem (Fleming et al., 1993; Brandstädter et al., 1994).
We analyzed the levels of histone H4 mRNA in series of con-
secutive transverse sections. Figures 4A to 4D show four
consecutive cross-sections that correspond to the sections
shown in Figures 3E to 3H, that is, Figure 4A is the fifth sec-
tion from the top. The four youngest primordia and the posi-
tion of incipient primordium formation (I 1, indicated by

arrowheads) are indicated in Figures 4A and 4D. In general,
the distribution of histone H4 signal was consistent with his-
tone expression patterns described earlier (Fleming et al.,
1993; Brandstädter et al., 1994) and correlated with the most
actively proliferating regions of the apex (Steeves and Sussex,
1989). Within the meristem, the signal was low in the upper-
most sections (data not shown), whereas it was high in the
organogenic region of the meristem (Figures 4A to 4D).
Although histone H4 was distributed in a patchy pattern,
presumably representing clusters of cells in the S phase
(Fleming et al., 1993; Brandstädter et al., 1994), this pattern
was random. Notably, levels of H4 signal were not elevated
at I1 (Figures 4A to 4D; I1 is indicated by arrowheads), indi-
cating that cell division activity was not significally increased
at this position. Therefore, the local elevation of LeExp18 ex-
pression at I1 does not coincide with increased cell division
activity (cf. Figures 3E to 3H and Figures 4A to 4D).

A particular pattern of mRNA distribution observed by us-
ing in situ hybridization analysis may have been caused by
specific differential regulation. However, uneven distribution
can also be caused by differences in cell size or general
metabolic activity (for a discussion, see Mandel et al., 1995).
Thus, to determine whether a given mRNA pattern is the re-
sult of specific regulation, we must compare the signal to a
constitutive control. Previously, we used staining with acri-
dine orange as a marker for RNA distribution in sections of
shoot apical meristems (Fleming et al., 1993). These experi-
ments clearly demonstrated that a gradient of RNA signal in-
tensity can be observed, with the highest signal being in the
meristem proper. We argued that this gradient largely re-
flects differences in cell size, because in highly expanded
cells, the signal per volume unit is “diluted” by the volume of
the vacuoles (Mandel et al., 1995). The distribution of the
mRNA for a ribosomal protein, Rpl2, essentially reflected to-
tal RNA detected with acridine orange and was used previ-
ously as a reliable constitutive control for general metabolic
activity (Fleming et al., 1993).

Figures 4E to 4H show a series of consecutive cross-sec-
tions of an apex probed with rpl2. The sections are compa-
rable to the sections depicted in Figures 3F to 3I and exhibit
an apex with five primordia in clockwise phyllotaxis (Figure
4H). The highest levels of rpl2 signal were detected through-
out the meristem proper and the youngest primordia (P1 and
P2) and in the margins of older primordia (P4 and P5). At
lower levels, rpl2 was also expressed in the developing vas-
culature of primordia. The same pattern was found in exper-
iments in which total RNA in consecutive transverse
sections was stained with acridine orange (data not shown).
Analysis of rpl2 expression in the apex demonstrates that
general metabolic activity in the meristem is evenly distrib-
uted and is increased only in developing primordia (e.g., P2

in Figure 4H). In contrast, LeExp18 expression is increased
at I1 but is relatively low in young primordia (cf. Figures 4H
and 3H). This shows that the local elevation of LeExp18 ex-
pression does not reflect increased metabolic activity but is
the result of specific upregulation at the site of incipient
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Figure 3. Specific Upregulation of LeExp18 Expression at the Site of Incipient Primordium Formation (I1).

Consecutive transverse sections (7 mm) of a tomato apex were analyzed by in situ hybridization. The sections were hybridized with a probe spe-
cific for LeExp18. (A) is the top section; (P) is the bottom section. Bar in (A) 5 100 mm.
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primordium formation. Therefore, we postulate that the pat-
tern of LeExp18 expression reflects the regulation of phyllo-
taxis in the meristem and that LeExp18 serves a specific
function in leaf primordium initiation.

DISCUSSION

Differential Expression of Expansin Genes

We have isolated a tomato expansin cDNA, LeExp18, that
represents a member of a small multigene subfamily of the
tomato expansin genes. The tomato expansin family also
includes LeExp2, an expansin cDNA isolated from leaves,
and the fruit-specific LeExp1 cDNA, which may play a role
during fruit softening (Rose et al., 1997). The existence of
multiple expansin genes could signify that the individual
proteins have distinct biochemical properties. Currently, how-
ever, neither sequence comparisons nor the limited functional
data available indicate that expansins have distinct bio-
chemical specificities; therefore, the major significance of
the presence of multiple genes may be that distinctly ex-
pressed genes can regulate cell expansion in place and time.

The RNA gel blots shown in Figure 1C demonstrate that
the LeExp2 and LeExp18 genes are differentially expressed.
LeExp2 is not expressed in the shoot apical meristem but is
predominantly active in more mature tissues. In flowers,
LeExp2 expression increases during maturation. In contrast,
LeExp18 expression is highest in the shoot apex and in flow-
ers, with low expression in maturing leaves. Our research in-
terest centers on the vegetative shoot apical meristem;
therefore, we analyzed the expression of LeExp18 in this or-
gan. Expansin gene expression was compared with the ex-
pression pattern of the housekeeping genes encoding
ribosomal protein Rpl2 and histone H4. A comparison with
housekeeping genes is essential, because differences in cell
size and general metabolic activity can cause large apparent
deviations from a uniform signal intensity (for a detailed dis-
cussion, see Mandel et al., 1995).

As can be seen from the hybridization patterns obtained
with rpl2 (Figures 4E to 4H), the small cells present in the
shoot apical meristem, the young leaf primordia, and the
meristematic zones at the margins of older primordia display
the highest signal density. In contrast, the larger cells of the
midrib and the stem pith tissue, for instance, have fewer sil-

ver grains per square micrometer. The distribution of the hy-
bridization signal coincides with the staining pattern seen
with acridine orange, which is a general dye for nucleic ac-
ids (data not shown). Thus, the signal distribution seen with
rpl2 reflects the general RNA distribution in the shoot apex
and serves as a useful baseline against which the expres-
sion of other genes can be compared. Histone H4 is ex-
pressed in patches of cells throughout the apex, presumably
reflecting those cells that are in S phase and actively divid-
ing. It can also be seen that the areas of high cell division
activity are the same areas that have high rpl2 expression.
Thus, rpl2 is a general marker for small cells with high meta-
bolic activity, whereas histone H4 expression defines the
subset of the rpl2-expressing cells that are in S phase.

In the apex, the expression patterns of LeExp18 observed
in in situ experiments exhibited two main features. First,
LeExp18 expression in general coincided with small, rapidly
dividing cells in the meristem, in leaf primordia, and in the
vascular tissues of the young stem. Second, LeExp18 ex-
pression was elevated at the site of incipient primordium
formation (I1) when compared with other regions in the mer-
istem. This distribution was surprising considering the pos-
tulated function of expansins in cell elongation and cell
enlargement, as discussed below (Cosgrove, 1997). Expres-
sion in the floral meristems was more diffuse, and no specific
upregulation at the site of incipient primordium formation
could be observed (Figures 2I to 2L).

Role of Expansin in Leaf Primordium Formation

The action of expansin and the expression of expansin
genes are commonly associated with cell expansion in rap-
idly growing tissues, for example, in the unidirectional elon-
gation of hypocotyls (Cosgrove, 1997) and grass internodes
(Cho and Kende, 1997) or in expanding leaves (Keller and
Cosgrove, 1995). This association may well hold for LeExp2,
which is highly expressed in stems, maturing leaves, and
flowers but is absent from meristematic tissues. However,
LeExp18-expressing cells are small and actively dividing,
and in these cells, upregulation of expansin expression is
accompanied by isodiametrical cell expansion and cell divi-
sion.

The differences in expression pattern of LeExp18 and his-
tone H4 invite a discussion of the relative importance of cell
expansion versus cell division in primordium initiation.

(A) to (C) Sections from the top of the apex, exhibiting the apical meristem dome (M in [A]) and two primordia (P3 and P2 in [A]). The youngest
primordium cannot be seen at this level.
(D) to (J) Sections including the region of primordium initiation. The sections represent the meristem in the center and the three youngest primor-
dia in counterclockwise phyllotaxis (P3, P2, and P1 in [H]), with P1 being the youngest primordium. The site of incipient primordium formation is
indicated by arrowheads in (D) to (J).
(K) to (P) Sections from the lower apex, representing young stem tissue.

Figure 3. (continued).
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Whereas LeExp18 expression was clearly elevated in I1 rela-
tive to the surrounding tissue, no obvious increase in histone
H4 expression was observed. Although the difference be-
tween the two expression patterns was clear, we could not
rule out subtle differences in expression level of histone H4
in various parts of the meristem. However, Lyndon (1968,
1970a, 1970b), in a careful study of division rates in vegeta-
tive pea apices, found that primordium initiation was not ac-
companied by significantly increased cell division rates. He
concluded that primordium initiation is likely to be driven by
changes in the orientation of cell division rather than by an
increase in division rates. Recent work from several labora-
tories suggests, however, that plants are surprisingly toler-
ant of serious perturbations of both the rate and the
orientation of cell division. Expression of a dominant nega-
tive form of the cell cycle regulator cdc2 led to a reduction of
the rate of cell division without major effects on organogen-
esis (Hemerly et al., 1995). Similarly, the tangled mutation in

maize, which interferes with the correct orientation of the
cell plate, only affected the tissue anatomy in leaves without
affecting the process of leaf formation or overall leaf shape
(Smith et al., 1996). In our recent experiments, application of
purified expansin protein to the I2 position led to the forma-
tion of bulges and leaflike organs, indicating that a local ele-
vation of expansin levels can induce organogenesis (Fleming
et al., 1997). For these reasons, we favor a model in which
leaf initiation is triggered by a localized upregulation of cell
expansion. In this scenario, cell division is required primarily
to subdivide the expanding tissue into smaller units but not
to determine shape. In essence, both the rate and the orien-
tation of cell division would be controlled by the localization
of the tissue expansion.

In Figure 5, we propose a model for leaf initiation. In the
first step, signaling from existing primordia, whether based
on chemical gradients (Meinhardt, 1996), physical forces
(Selker et al., 1992; Green et al., 1996), or both, specifies the

Figure 4. Expression in the Tomato Apex of Marker Genes for Cell Division and for General Metabolism.

(A) to (D) A series of consecutive transverse sections was analyzed by in situ hybridization. The sections were hybridized with a probe for the his-
tone H4 transcript. The meristem is shown in the center (M in [A]), and primordia can be seen in counterclockwise phyllotaxis (P4, P3, P2, and P1

in [A] and/or [D], with P1 being the youngest). The site of incipient primordium formation is indicated by arrowheads. (A) is the fifth section from
the top of the apex; (D) is the eighth section from the top. Bar in (A) 5 100 mm.
(E) to (H) A series of consecutive transverse sections was analyzed by in situ hybridization. The sections were hybridized with the rpl2 probe.
The meristem is shown in the center (M in [E]), and primordia can be seen in clockwise phyllotaxis (P5, P4, P3, P2, and P1 in [E] and/or [H], with
P1 being the youngest). The site of incipient primordium formation is indicated by arrowheads. (E) is the sixth section from the top of the apex;
(H) is the ninth section from the top. Bar in (E) 5 100 mm.
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I1 region of the meristem (Figure 5A). This leads to differen-
tial activation or inactivation of regulatory genes in selected
cells (Figure 5B, specification indicated by red triangles).
Homeobox proteins of the Knotted class were shown in
maize and Arabidopsis to be absent from the incipient pri-
mordia (Smith et al., 1992; Lincoln et al., 1994; Long et al.,
1996). This expression pattern makes them excellent candi-
dates to be controlled by a phyllotaxis-regulating mecha-
nism. However, all Knotted-type genes described in tomato
until now are ubiquitously expressed in the meristem
(Hareven et al., 1996; Chen et al., 1997), and the compara-
ble tomato gene(s) may as yet be undiscovered. Regional
expression of regulatory genes could induce the regional ex-
pression of target genes, with LeExp18 prominent among
them. Expression of LeExp18 will lead to bulging, which in
turn activates a new genetic program and subsequent orga-
nogenesis (Figure 5C).

We intend to use cell biological and genetic approaches
to study the expression and the function of expansins in the

expectation that this will shed light on the mechanisms un-
derlying phyllotaxis.

METHODS

Plant Growth

Seeds of Lycopersicon esculentum cv Moneymaker were sown in
soil and grown under defined conditions (258C at 60% humidity, with
16 hr of light and 8 hr of dark) until the fifth to seventh plastochron
stage was reached (Fleming et al., 1993). Apices were dissected and
used for in situ hybridization or RNA extraction.

Cloning of an Expansin cDNA

Total RNA was isolated from tomato meristems (including P1), as de-
scribed by Fleming et al. (1996). After reverse transcription, poly-
merase chain reaction amplification was performed using two
degenerate primers (sense primer 59-ATGGGIGGIGCNTGYGGNTA-39

and antisense primer 59-TGCCARTTYTGNCCCCARTT-39) to con-
served sequences in the coding region of cucumber expansin1
(Fleming et al., 1997). The resulting band with the expected length of
z500 bp was used as a probe to screen a cDNA library derived from
tomato shoots (kindly provided by A. Schaller, ETH Zürich, Switzer-
land). We isolated several positive clones, of which four were se-
quenced and confirmed to be identical to the probe used. One clone,
LeExp18, was analyzed further and used to generate probes. The se-
quence of LeExp18 has GenBank accession number AJ004997.

Source of cDNAs Used for the Generation of
Radiolabeled Probes

For the generation of a nonspecific expansin probe, we subcloned a
156-bp fragment from the LeExp18 cDNA clone (nucleotides 194 to
350). As a gene-specific sequence from LeExp2, the 39 untranslated
region of the LeExp2 cDNA (kindly provided by S. McQueen-Mason,
University of York, York, UK) containing nucleotides 659 to 906 (247
bp) was subcloned. The 39 probe from LeExp18 consisted of the 39

untranslated region of the LeExp18 cDNA spanning nucleotides 853
to 1130 (277 bp). Probes for these sequences were used in RNA and
DNA gel blot analyses and in in situ hybridization experiments. The
histone H4 cDNA was kindly provided by K. Theres (University of
Cologne, Cologne, Germany). The cDNA of rpl2 was described by
Fleming et al. (1993).

DNA Gel Blot Analysis

High molecular weight total genomic DNA was isolated from young
tomato plants, as described previously (Op den Camp and Kuhlemeier,
1997). DNA (10 mg) was digested with EcoRI, EcoRV, HindIII, XbaI, or
BamHI, electrophoresed on 0.75% agarose gels, and transferred
to Nytran N membranes (Schleicher & Schuell). Blotting and hybrid-
ization procedures were performed under standard conditions
(Sambrook et al., 1989). Blots were hybridized at 658C (39 probes) or
508C (coding region probe), with randomly labeled probes made
from the subcloned expansin cDNA fragments described above. The

Figure 5. Model for the Regulation of Phyllotaxis in Tomato.

(A) An apex is represented showing the meristem (big circle) with the
central zone (small circle) and the two youngest primordia (P2 and
P1) in counterclockwise phyllotaxis. The area between the two cir-
cles represents the tissue from which the primordium initials are re-
cruited (peripheral zone). The site of incipient primordium formation
(I1) can be predicted from the positions of P2 and P1. According to
the model, signals emanating from the existing primordia (blue gra-
dients) determine the position of I1. Due to unequal signaling from
the existing primordia, the cells selected to initiate a primordium are
closer to P2 than to P1.
(B) The selected cells at I1 acquire a state of new identity repre-
sented by red triangles. This new identity is signified by upregulation
of LeExp18. The LeExp18 protein increases tissue extensibility and
will induce the tissue to form a bulge. At the same time, the influence
of P2 and P1 decreases, as illustrated by the reduced range of the
blue gradients. From the position of the LeExp18-expressing cells,
the position of I2 can be deduced.
(C) The bulging tissue has undergone morphogenesis, and the re-
sulting primordium is now called P1. This newly formed primordium
is the source of signaling to subsequent primordium formation at I1
(former I2), whereas the influence of P2 (former P1) decreases further,
and P3 (former P2) has almost no effect. The state in (C) is equivalent
to the state in (A).
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final wash was in 0.2 3 SSC (1 3 SSC is 0.15 M NaCl and 0.015 M
sodium citrate) and 0.1% SDS at 658C (39 probes) or 508C (coding re-
gion probe).

RNA Gel Blot Analysis

RNA gel blot analysis was performed essentially as described by Op
den Camp and Kuhlemeier (1997). Total RNA from various parts of
tomato plants was isolated as described by Fleming et al. (1993). To
isolate 5 mg of total RNA, we extracted 150 apices (including the
three youngest primordia) and 450 primordia (P4 to P6). RNA was
quantified spectrophotometrically at 260 nm, and 5-mg portions were
run on a 1.0% agarose–glyoxal gel after glyoxylation. RNA blotting
and hybridization procedures were performed under standard condi-
tions (Sambrook et al., 1989). Blots were hybridized at 658C, with
randomly labeled probes from the expansin cDNAs described above
or with a probe from a rRNA (Fleming et al., 1993). The final wash was
in 0.1 3 SSC and 0.1% SDS at 658C.

In Situ Hybridizations

In situ hybridization experiments were performed according to the
protocol described by Fleming et al. (1993), with minor modifications.
From embedded tomato apices, we cut consecutive longitudinal or
transverse sections (7 mm) and used them for in situ hybridization.
Before exposure, slides were treated with a solution of 50 mg/mL
RNase A (rather than 1 mg/mL) and finally washed in 2 3 SSC at
room temperature and in 0.1 3 SSC at 428, each for 30 min. After de-
velopment, the slides were stained in toluidine blue and viewed on an
LSM 310 microscope (Carl Zeiss AG, Oberkochen, Germany). Im-
ages were taken under bright-field light (shown in false green color)
and overlayed with epifluorescence images taken under polarized
light exhibiting the silver grain signal (shown in false red color). In all
cases, control hybridizations were performed with the corresponding
sense probes, and in all instances, the signal obtained was negligible
compared with that obtained using the antisense probe.
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