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SAM cellular organization and regulatory control
Shoot stem cells are the source of all aboveground tissues of a plant
and are embedded in the SAM (Fig. 1B). This dome-shaped
structure is organized in three clonally distinct layers: L1 and L2
cells constitute the two outermost layers and divide exclusively
anticlinal, with L1 facing the environment and L2 located directly
underneath. By contrast, cells of the L3 layer located below L2
divide in all orientations. Thus, individual cell layers give rise
to independent cell lineages and contribute differentially to

developing organs. At the centre of the meristem, stem cells
divide only rarely, and part of their progeny is displaced laterally
towards the peripheral zone (PZ), which exhibits a much higher cell
division rate (Reddy et al., 2004). As a consequence of this division
activity, cells are continuously pushed further towards the
periphery, where they are eventually recruited to form the lateral
organs or the vascular tissues and the stem.

Molecular studies have defined additional, distinct functional
domains within the SAM (Fig. 1B). The organizing centre (OC)

Overlap central zone/
organizing centre

Central zone (stem cells)

Organizing centre

Rib meristem
Peripheral zone
Boundary domain
Lateral organ primordia

Cell proliferationOrgan initiation

L3WUS/

WUS CLV3

SAM
stem cell fate

HAM1-2

CLV1
CLV2/CRN

Quiescent centre
Stele initials
Stele 
Cortex/endodermis initials
Endodermis
Cortex
Epidermis initials
Epidermis
Lateral root cap initials
Lateral root cap
Columella initials
Columella 

RAM
stem cell fate

ACR4/CLV1

CLE40

HAM2/

C

B

A

E

D

 
WOX5

Key

Key

Fig. 1. Plant meristems: tissue structure, cellular organization and common gene regulatory networks. (A) Arabidopsis thaliana plant 25 days after
germination, with a close-up view of the inflorescence shoot apical meristem (SAM, left) and the root apical meristem (RAM, right). (B) Schematic representation of
a longitudinal section through the SAM, showing the different functional domains. (C) In the SAM, WUS is expressed in the organizing centre (OC), and
WUS protein moves symplastically through plasmodesmata to the overlying domain (the central zone, CZ) to instruct stem cell fate. WUS directly or indirectly
promotes the expression of CLV3, which encodes a small secreted peptide that signals through intracellular signal transduction pathways, involving CLV1 and
CLV2/CRN to restrictWUS expression in the underlying cells. In the OC, HAM1 and HAM2 form a protein complex with WUS and act together to control stem cell
fate. (D) Schematic representation of a longitudinal section through the RAM, illustrating the different root cell lineages. (E) In the RAM, WOX5 is expressed
specifically in the QC.WOX5 physically interacts with HAM2 to instruct distal stem cell fate non-cell-autonomously. The activity of the small peptide CLE40, which
acts together with the CLV1/ACR4 receptor complex, restricts WOX5 expression. Note that a WOX-HAM/CLE genetic module functions in both the SAM and the
RAM to control stem cell fate. Black arrow, gene regulation; blue arrow, intercellular protein movement; green arrow, receptor-ligand interaction; red arrow,
biological process.

2238

REVIEW Development (2015) 142, 2237-2249 doi:10.1242/dev.117614

D
E
V
E
LO

P
M

E
N
T



Adaxial and abaxial polarity

Formation of adaxial and abaxial polarity











lateral-organ primordia [10]. It is tempting to speculate

that these expression patterns reflect communication

pathways between cells of the apical meristem and the

lateral organs, and mark the functional concentration of

the putative ligand.

A striking feature of phb-1d mutants is the

development of axillary meristems, which normally

are found only adaxially in the leaf axil, around the

entire circumference at the base of the adaxialized

leaves. The presence of these meristems suggests that

their formation is associated with adaxial cell fate [9].

Conversely, the absence of axillary meristems in loss-

of-function rev mutants [13] could be interpreted as 

a partial loss of adaxial identity. As REV encodes a

closely related HD-ZIP family member [14] and is

expressed adaxially in lateral organs [15], it is likely

that REV acts with PHB and PHV to promote adaxial

identity in lateral organs. This is consistent with 

the presence of a link between the development of

axillary meristems and the differentiation of adaxial

leaf tissues [16,17].

The view from below: establishment of abaxial identity
The meristem-based signalling model predicts

concentration-dependent suppression of abaxial

promoting factors by interpreters of the signal. In 

the absence of the signal, for example when the leaf

anlage is separated from the meristem, leaves

develop with uniform abaxial characteristics,

implying that abaxial-promoting factors remain

active throughout leaf development. Members of the

YABBY and KANADI gene families are candidate

abaxial promoting factors because they have been

implicated in the promotion of abaxial cell fates, as

observed in loss-of function or gain-of-function

mutant alleles, or both (Fig. 4) [18–23].

A common theme among the YABBYs and

KANADIs, as with PHB and its closely related genes,

is one of redundancy (Table 1). The Arabidopsis

YABBY gene family comprises six members that

probably encode transcriptional regulators

[18–20,23,24]. Each member of the family is expressed

in a polar manner in one or more above-ground lateral

organs, and in every asymmetrical above-ground

lateral organ at least one family member is expressed.

Three members (FILAMENTOUS FLOWER [FIL],

YABBY2 [YAB2], YAB3) are expressed in a polar

manner in all lateral organs produced by the apical

and flower meristems [18,19]. By contrast, CRABS

CLAW (CRC) [20,24,25] and INNER NO OUTER

(INO) [23] are more specialized, because their

expression is restricted to the carpels and nectaries or

outer integuments, respectively. The KANADI 

genes, members of the GARP gene family, encode

transcriptional regulators. Although the GARP gene

family has many members, only three closely related
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Fig. 3. Specification of adaxial identity in the leaves of seed plants. In
Antirrhinum leaves (a), as in Arabidopsis leaves, polarity is manifested by
development of an adaxial palisade mesophyll and an abaxial spongy
mesophyll. In many genera, including Arabidopsis and Antirrhinum, leaf
vasculature also has a characteristic polarity, with xylem (x) towards the
adaxial side and phloem (p) towards the abaxial side (green, adaxial;
red, abaxial). Leaves of loss-of-function Antirrhinum phan mutants can be
said to be abaxialized on the basis of their epidermal cellular morphology
(b) [6]. In addition, radial phan leaves have a central xylem array
surrounded by phloem elements (b). The phenotype of gain-of-function
Arabidopsis phb-1d mutants is the converse of that of phan mutants [9].
The radial leaves of phb-1d homozygotes can be described as adaxialized
on the basis of epidermal cell features such as colour and an abundance of
trichomes (c). Strikingly, the arrangement of vasculature in some leaves of
phb-1d mutants is the opposite of that in phan: there is a central phloem
element surrounded by strands of xylem. Lateral organs in both mutants
lack blade outgrowth (b,c), supporting the idea that lamina formation
depends on a juxtaposition of adaxial and abaxial fates [6]. Both genes
promote adaxial fates, but only PHB expression is localized to the adaxial
regions of developing lateral organs [7,10]. pm, palisade mesophyll;
sm, spongy mesophyll. (a) and (b) courtesy of Andrew Hudson.



Phenotypes due to phan mutant and HD-ZIPIII gain-of-function
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Patterning of the floral meristem





Floral meristem development









AG:GFP SEP3:GFP





�27





agamous mutant flowers are indeterminate







Feedback regulated control of meristem growth


