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Leaves are made in an iterative pattern by the shoot apical

meristem. The mechanism of this pattern formation has

fascinated biologists, mathematicians and poets for

centuries. Over the past year, fundamental insights into the

molecular basis of this process have been gained. Patterns of

auxin polar transport dictate when and where new leaf

primordia are formed on the surface of the apical meristem.

Subsequent events are still obscure but appear to involve both

alteration of cell wall characteristics (to facilitate a new vector of

growth) and a cascade of spatially co-ordinated transcription

factor activity (to determine the fate of cells that are

incorporated into new lateral organs). The co-ordinated

signalling events involved in these processes are beginning

to be elucidated.
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‘‘Wüsst’ ich genau, wie dieses Blatt aus seinem Zweig

herauskam, schwieg ich auf ewige Zeit still, denn ich

wüsste genug.’’

‘‘If I knew how a leaf from a branch grew precisely,

forever silent would I remain, for my knowledge would

suffice’’

Hugo von Hoffmannsthal
encedirect.com
Introduction
Immediately after germination, plants have an apparently

simple structure. During the subsequent lifetime of the

plant, this structure can become exquisitely ornate. This

is as a result of the ability of the plant to continually

generate organs from a specialised structure, the apical

meristem. The most common organ formed is the leaf.

These organs are not generated in a random fashion,

rather in a consistent pattern over space and time, produc-

ing the regular architecture of the plant. The meristem is,

thus, a pattern-generating machine. Recent research,

described in this review, has provided key insights into

the operation of this machine.

Meristems provide a field of cells from
which leaves can be made
The shoot apical meristem consists of a population of cells

that functions to maintain itself and, at periodic intervals,

to generate a new organ (a leaf primordium) from its

lateral boundary (Figure 1). This process of organ forma-

tion involves loss of cells from the meristem; yet, under

normal circumstances, meristem size is maintained, with

a tendency towards meristem enlargement as the plant

ages. This indicates that a mechanism exists whereby

meristem size is sensed and whereby alteration from a set

norm leads to automatic re-adjustment. Investigations of

the wuschel (wus) and clavata3 (clv3) mutants of Arabidopsis
have provided key insights into the molecular processes

that underpin this mechanism, with the following para-

digm emerging [1,2]. Cells towards the centre of the

meristem express a homeodomain transcription factor

termed WUS. This protein acts at a distance to promote

the expression of a gene that encodes a small secreted

peptide, CLV3, in the cells situated above the WUS-

expressing domain. CLV3 acts to promote cell prolifera-

tion and growth and also feeds back to suppress WUS gene

expression, thus suppressing growth. The interaction of

WUS and CLV3 acts to maintain meristem size. How this

size is initially set and the nature of the signalling process

between these two proteins is still open to discussion.

The WUS–CLV paradigm provides a mechanism by

which a meristem of particular size is maintained, but

does not provide information on how particular regions of

the meristem are selected for leaf formation. Recent data

have indicated that the plant growth regulator auxin plays

a central role in this process.

Auxin and patterning in the apical meristem
Auxin is a small molecule that has long been implicated in

the control of plant growth. In the past few years, tre-

mendous advances have been made in our understanding
Current Opinion in Plant Biology 2005, 8:53–58
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Figure 1
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The apical meristem is a pattern-generating machine. The WUS/CLV

engine (yellow) maintains a supply (arrows) of cellular material to

the rest of the meristem (blue) to maintain its size and shape.

At periodic intervals (termed plastochron), meristem tissue becomes

determined to form a leaf primordium at a site termed incipient

primordium1 (l1; mauve). The position of l1 is determined by the

positions of the previously formed leaf primordia, in this example

P1 and P2 (green).
of the molecular action of this growth factor [3]. One key

facet of auxin biology is that movement of the growth

regulator occurs in a vectorial fashion. The pioneering

studies of Rubery and Sheldrake [4] led to a model in

which polar auxin transport could be mediated via asym-

metric localisation of an auxin-efflux carrier. This model

was the focus of experimental investigation for almost 30

years, with various physiological and biochemical data to

support it. In the past few years, results from molecular

genetic analyses have identified key components of the

system. Most notably, research has led to the character-

isation of a series of PINFORMED (PIN) proteins whose

expression is intimately related to polar auxin transport

[5]. Although these proteins show many of the character-

istics expected of auxin-efflux carriers, there is still some

discussion as to whether they represent the actual carrier

or whether they are auxin-efflux regulators [6��]. Irre-

spective of this important point, disruption of PIN genes

(either singularly or in multiple knockout mutants) dis-

rupts polar auxin transport ([5,6��,7]; see review by

Weijers and Jürgens, this issue). Recently, the PIN1

efflux carrier was shown to be expressed in a specific

pattern in the shoot apical meristem [8��]. The protein is

restricted to cells of the outer cell layer (L1 or outer

tunica). The cells in this layer are characterised by a

precise and consistent pattern of anticlinal cell division,

leading to a layer of cells on the outside of the meristem

dome. PIN protein is localised within these tunica cells in

an asymmetric pattern that is thought to indicate the

direction of flux of auxin through these cells. Remarkably,

the polarity of PIN protein localisation within this cell

layer is such that the predicted flux of auxin congregates
Current Opinion in Plant Biology 2005, 8:53–58
on one region of the meristem, the region that is destined

to alter its vector of growth to generate a leaf primordium

[8��].

The observed pattern of PIN protein distribution in the

apex fits with a model in which auxin flux towards the

meristem from adjacent tissue is restricted to the outer

cell layer (the epidermis, L1-derived cells; Figure 2). If a

young primordium acts as a sink for auxin, then auxin will

be diverted from the neighbouring epidermis, creating a

local minimum concentration of auxin within the apical

meristem adjacent to the primordium. Depending on the

pattern of previously formed primordia around the meri-

stem and their relative strength as sinks for auxin (which

might itself be dependent on factors such as distance from

the meristem, primordium size and so on), a pattern of

auxin minima will be generated around the meristem

leading, de facto, to an area of auxin maximum in a region

most distant from the strongest auxin sinks. If a local

elevated level of auxin leads to organ initiation, leaf

formation will occur at a site most distant from the most

recently formed primordia. Formation of a primordium

leads automatically to a new auxin sink and, thus, to the

establishment of a new pattern of auxin minima within

the meristem.

Several data support this model. Localised application of

auxin is sufficient to trigger primordium formation [9] and

the pattern of auxin efflux carriers in newly formed

primordia is consistent with their acting as auxin sinks

[10��]. Ablation of the L1 layer blocks primordium for-

mation [11] and genetic ablation of PIN genes leads to the

formation of inflorescence meristems that do not form

lateral organs [7]. Local application of auxin to these

naked stems is sufficient to restore lateral organ formation

[9]. Finally, in addition to the efflux-associated PIN

proteins, an auxin influx-associated protein (AUX1)

shows a pattern of expression in meristem L1 cells that

is consistent with a flux of auxin being directed towards

the site of incipient leaf formation [8��].

On the basis of the auxin-patterning model, several

mechanisms can be envisaged by which the pattern of

organ formation could be altered. For example, increasing

the field of cells from which primordium formation can

occur (i.e. increasing the meristem size) might alter the

position and number of sites of auxin minima. Indeed,

altered meristem size is frequently associated with altered

phyllotaxy [12,13�]. The finding that the ABPHYL1 gene

(mutation of which leads to increased meristem size and

altered phyllotaxy) encodes a protein that has the poten-

tial to impinge on the perception of cytokinin indicates a

role for this growth regulator in setting the field size

within which the auxin-patterning system can function

[13�]. The ABPHYL1 expression pattern suggests that the

protein might function to set field-size at a relatively early

stage of embryo development when the gene is expressed
www.sciencedirect.com
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Figure 2
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Channelled flux of auxin determines the incipient primordium1 (l1)

position. Auxin moves towards the meristem from more proximal

tissue predominantly in the outer cell layers (arrows). Newly formed

primordia (P1, P2) act as sinks and draw auxin towards them.

By default, the region of the meristem furthest away from newly

formed primordia becomes a locus of auxin maximum. The localised

accumulation of auxin within the meristem determines the site of

incipient leaf formation.

Figure 3

Current Opinion in Plant Biology

EXP

KNOX

Early events in primordium formation. Selection of leaf initiation site

is accompanied by changes in gene expression that allow outward

growth of the tissue (e.g. upregulation of expansin gene expression

[EXP]) and a cascade of transcription factors that lead to acquisition

of appropriate tissue identity (e.g. downregulation of KNOX genes).

The extent of meristem tissue incorporated into the new primordium

is delineated by factors including CUC/CUP proteins (black circles)

and PRS/NS gene products (red circles).
throughout the meristem. At later developmental stages,

ABPHYL1 expression becomes restricted to the region of

the incipient primordium, implying that any influence on

meristem size must be indirect.

Parameters that alter either the transport dynamics of the

pattern-generating machine or the sensitivity of the field

of cells to the organogenic signal might lead to altered

phyllotaxy without overt change in meristem size. The

BELLRINGER (BLL) protein might belong to this

category. BLL encodes a TALE homeodomain protein

that can interact with members of the KNOTTED-like

homeobox (KNOX) family of homeodomain transcription

factors [14]. As KNOX proteins have been implicated in

defining the competence of meristem cells to form leaves

[15], the observed influence of altered BLL expression on

phyllotaxis might occur via a KNOX-mediated influence

on competence for organogenesis.

The initial events of leaf morphogenesis
and differentiation
A long-held view was that altered pattern of cell division

is a key effector in leaf initiation. Indeed, it is intuitive

that increased cell proliferation is a driving force for

growth. Local promotion of cell proliferation within the

meristem alone does not, however, lead to leaf initiation

[16], neither does disruption of cell-division pattern dis-

rupt meristem function [17]. By contrast, local alteration

of cell wall extensibility by altered expression of the cell

wall protein expansin is sufficient to induce leaf initiation

[18], and expansin genes are specifically expressed at the
www.sciencedirect.com
site of incipient leaf formation [19,20]. These data fit with

the view that, providing sufficient turgor pressure and

metabolic activity are present, it is the architecture of the

cell wall that restrains plant growth ([21]; Figure 3).

Whether expansin is an endogenous target of auxin dur-

ing leaf formation is unknown. In the context of cell wall

architecture, it has been suggested that biophysical pat-

terns function not only at the local level in the execution

of the organogenic program, but also that they could form

the basis of pattern formation itself within the entire

meristem [22]. Certainly, theoretical considerations indi-

cate that the rapid establishment of energetically stable

physical configurations could function as a robust means

of dictating patterns of organogenesis [23]. However, ex-

perimental data to support these theories remain limited.

The formation of an organ implies that something must

control the amount of meristem tissue that is incorporated

into the new leaf primordium. Appropriate expression of

the CUP-SHAPED COTYLEDON (CUC)/CUPULIFOR-
MIS (CUP) family of transcription factors is necessary

in the presumptive boundary tissue to prevent the for-

mation of fused organs [24,25]. The mechanism by which

these boundaries are set (i.e. the relationship with the

predicted auxin maxima that define sites of leaf initiation)

is unknown. The observation that the CUP protein can

interact with a TCP-domain protein [25] provides an

initial lead to a possible mechanism by which boundary-

defining gene products might exert their influence, as
Current Opinion in Plant Biology 2005, 8:53–58
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TCP-domain proteins have been implicated in various

aspects of the control of growth [26].

Investigation of leaf lateral boundary formation has

revealed a potentially significant difference between

monocot and dicot species. It appears that, in monocots,

the extent of the lateral leaf margin is set very early

within the meristem during the process of leaf inception,

whereas in dicots, leaf lateral margin growth is defined

essentially post-primordium inception. Thus, the NAR-
ROWSHEATH mutations in maize (NS1 and NS2) lead to

narrower leaves, whereas mutation of the orthologous

gene in Arabidopsis (PRESSED FLOWER [PRS]) leads in

leaf tissue only to loss of stipules (i.e. small lateral

appendages at the base of the leaf) [27]. These data

are consistent with the view that the majority of the

dicot leaf structure is derived from the distal region of the

incipient primordium, whereas the monocot leaf is

derived mainly from the proximal part of the incipient

leaf [28].

Although the lateral boundaries of a leaf can be set very

early in leaf formation, the final size of a leaf appears to be

dependent on the action of genes expressed over a longer

period of developmental time. The recent characterisa-

tion of the product of the novel ARGOS gene promises to

shed light on this fundamental question of size control

[29�]. It is noticeable that the expression of the ARGOS
gene is auxin sensitive, again implying a role for this

ubiquitous growth regulator in leaf patterning.

Leaf morphogenesis is normally concomitant with differ-

entiation. Even before overt formation of a primordium,

changes in gene expression occur at the site of incipient

leaf formation. Thus, decreased expression of KNOX
genes presages the site of primordium formation [15].

How or whether this pattern of gene expression is linked

to the flux of auxin that is predicted to dictate the site of

leaf initiation is unclear. What is clear, however, is that an

altered pattern of KNOX gene expression is able to set in

train a cascade of transcription factor switching, whose

appropriate patterning is required for growth and differ-

entiation of the leaf (described in the review by Byrne,

this issue). The process of differentiation and morpho-

genesis in the incipient leaf can be separated. Thus,

altered cell division pattern in the meristem leads to

altered KNOX gene expression in the absence of mor-

phogenesis [17].

Once a cell has left the domain of the apical meristem,

drastic and rapid processes of differentiation occur. The

most obvious involve a rapid increase in cell size, as a

consequence of vacuolation, and the synthesis of the

photosynthetic machinery that allows the cell to become

autotrophic. Our understanding of this switch from het-

erotrophic to autotrophic metabolism, which appears to

be a key element in the transition from meristem to non-
Current Opinion in Plant Biology 2005, 8:53–58
meristem state (as distinct from a meristematic to non-

meristematic state), remains negligible.

Signalling from meristem to leaf and
back again
Spatially restricted expression of the related PHABU-

LOSA (PHB)/PHAVULOSA (PHV) homeodomain leu-

cine zipper proteins along the plant radial axis is required

for the acquisition of adaxial/abaxial identity in the leaf

[30]. Because the encoded proteins contain a potential

site for sterol or lipid binding, it has been proposed that

sterol-like compounds might act as a signal emanating

from the meristem to the leaf [30]. In this model, binding

of a sterol would lead to protein activation and to the

acquisition of adaxial identity in a gradient following that

of the sterol activator. More recently, microRNAs (miR-

NAs) have been identified that can bind to the mRNAs

that encode PHB/PHV [31]. Binding of the miRNAs can

target these transcripts for degradation [32��]. If miRNAs

were present in a gradient across the leaf, this would

provide a post-transcriptional mechanism for generating a

gradient of PHB/PHV protein. Intriguingly, the binding

site of miRNA covers the region encoding the sterol-

binding site alluded to above. Data have been reported

which indicate that miRNAs are present in a gradient

between the meristem and the leaf, and that misexpres-

sion of these miRNAs leads to altered morphogenesis

[33�,34�]. Coupled with data showing miRNA-regulated

expression of transcription factor genes that influence

other aspects of leaf growth [35��], a novel level of

regulation of leaf formation and growth is being revealed.

Inappropriate patterns of early leaf differentiation can

lead to cessation of meristem growth and primordium

formation [36]. Because the events of differentiation

occur in the leaf but the observed altered growth response

occurs in the meristem, signalling from leaf to meristem

must occur. The nature of this signal is unknown. It is

interesting to note that the PLASTOCHRON1 gene of rice

is expressed in young primordia but leads to altered

meristem size and rate of primordium initiation [37]. This

gene encodes a cytochrome P450 enzyme whose endo-

genous substrate is unknown. Nevertheless, it provides

further evidence of events in newly formed leaves signal-

ling back to the organogenic centre of the meristem.

In addition to the movement of small molecules, many

macromolecules can move within the shoot apex. Recent

data suggest that diffusion via plasmodesmata might be

the default process for many proteins [38], with selected

proteins showing more restricted or directional move-

ment [39]. As several of these proteins clearly have the

potential to be important information carriers, it seems

that signalling within the apex might be very complex. In

addition, signal movement to the apex from the rest of the

plant might be gated, with plasmodesmata acting as

gatekeepers [40]. How such supracellular regulation of
www.sciencedirect.com
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macromolecular signals is integrated with the other sig-

nalling processes that are involved in meristem function

and leaf formation remains unclear.

Conclusions
Research from the past year has provided major insights

into the patterning mechanism involved in primordium

formation at the shoot apex. At the same time, intriguing

hints have been discovered that point to novel and com-

plex signalling mechanisms both within the meristem and

between the meristem and newly formed primordia.

Deciphering these clues will lead to fundamental

advances in our understanding of the intricate yet robust

system that underlies leaf formation and the promise that,

in the foreseeable future, our knowledge will ‘suffice’.
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