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Abstract The shoot apical meristems (SAM) produce new cells for new organs and tissues continuously, 

and their activity depends on regulatory genes that balance between proliferation of meristems and organogenesis. 

Cells originated from SAMs of non-photosynthetic capacity can form vegetative organs of photosynthetic capacity. 

During the transition from vegetative to reproductive development, SAMs change to infIuorescence meristems, and 

ultimately fIoral meristems. Before the phase of fIoral determination, the status of SAMs is affected by environmen

tal signals and transcriptional networks largel. Mainly using Arabidopsis as a modal plant, the complex and different 

transcriptional networks with maintenance and transition of the SAM are discussed in this review. In the fIower and 

inflorescence reversion, the positioning of these stem cells within the SAM is also regulated by a set of genes, which 

displày spatially distinct pattems of expression . The transition and harmony of deterrninate and indeterminate mer

is tems 缸e a major deterrninant function of organogenesis and of plant architecture. 
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Shoot apical meristems (SAM) have been the fo

cus of many studies during plant development. The SAM 

make 由e shoot functions through the following aspects: 

ini tiating new organs and tissues , communicating sig

nals to the rest of the plant, and maintaining itself as a 

formative region. The early state of the apical meristems 

describes a set of ti ssues and organs with distinct 

characteristics. Moreover, processes in vegetative mer

istems may affect processes in later types of meristems 

(infIorescence meristems and fIoral meristems). In the 

whole development, transcriptional networks 缸einvolved

in the initiation, maintenance and transition of the SAMs 

Because the meristems are able to alter their activity in 

response to both internal and external factors during 

growing and development, they provide the develop

mental flexibility required to deal with continuous 

diversification. Research over the last decade has led to 

tremendous advance in the cellular dynarnics and char

acterization and function of the transcriptional networks 

in the SAM. In this review, encircling the characteristic 

of the SAM , we provide an overview focusing on 

maintenance, transition and reversion of the SAM be

tween vegetative and reproductive development, or 

reversely from fIoral to vegetative development. Mean

while its regulation mechanism and function of the SAM 

are discussed from another angle. 

1 Shoot Apical Meristem 
The SAM contains a group of pluripotent cells , 

which generate the daughter cells from the main shoots 

of the plant. The SAM is typically a small, dome-shaped 

group of cells. Both the size and shape of SAMs vary 

greatly at different points in development and among 

vanous speCles. 

Two different concepts have been used to define 

regions of the SAM. One concept is layers and another 

is zones. The SAM contains three celllayers (Ll, L2 , 

and L3) [IJ. As shown in Fig.l , the Ll is the outermost 

layer, and the L1 forms the epiderrnis in different p征ts

of the shoot. Cells in the second layer from the surface, 
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the L2, divide markedly in the anticlinal plane but also depend on the local environment, such as branches and 

divide in the periclinal plane when organs 缸e forrning. 

Cells in the third layer from the surface, or L3 , divide in 

both anticlinal and periclinal planes and provide cells for 

the interior of stems and organs. The concept that the 

SAM have three celllayers has been important for un

derstanding shoot development. 

inflorescence that grow to variable lengths. The inde

terrninate meristems growth is sustained by small groups 

of self renewing cells that are functionally similar to 

mammalian stem cells [41 . These cells are located in the 

CZ, while some of their descendants are displaced to 

the PZ , recruiting to form new organ primordia . 

Moreover, Ll has been shown to be necessary for the 

maintenance of indeterrninacy in the underlying layers. 

The semidominant Extra celllayersl (Xcll ) in maize 

which mutation produces multiple epidermallayers by 

overproduction of a normal gene [51 may provide a link 

between Ll division and meristem maintenance. The 

positioning of deterrninate and indeterrninate meristems 

varies between species and is a m句or deterrninacy of 

plant architecture. 

SHOOT MERISTEMLESS (STM) and WUSCHEL 

(WUS) are two central regulatory genes in shoot mer

istem development. STM and WUS genes function dur

ing meristem development are required not only for the 

establishment of the shoot meristem durin g 

embryogenesis, but also for subsequent meristems main-

、J

Zones is another concept used to define regions of 

the SAM. There are three meristem zones: the central 

zone (CZ) , the peripheral zone (PZ) , and the rib zone 

(RZ). The CZ, which is a group of cells located at the 

end of the apical meristem, includes cells all three layers. 

Central zone cells are thought to function as stem cells, 

however, these cells are not permanent unlike mamma

lian stem cells [21. Cells in the PZ arise 仕om cells of the 

CZ. The PZ' s main function is forming lateral organs 

that are positioned at precise points. At the base of the 

SAM, a transition zone between the apical meristem and 

shoot, is another set of cells, the RZ. Cells in the RZ are 

arranged in longitudinal files and contribute to tissues in 

the center of the stem. Like the cells of the PZ, cells in 

the RZ -are thought to be derived from impermanent ini

tials in the CZ. Two concepts of layers and zones relate 

to each other, various zones contain cells from all three 

cells layers. 

tenance [6-81. STM encodes a homeodomain protein ex- J 

pressed throughout the meristem and delays differentia-

tion to allow enough cells to bulk up before organogen-

esis [91 . WUS also encodes a homeodomain protein and 

2 M aintenance ofthe ShootApical Meristem is essential to specify the stem cells in the CZ. WUS is 

The SAMs function as the main source of new required to maintain stem cells in all layers of the CZ, 

cells to sustain plant growth. Generally , the SAM is but it is expressed only in a few L3 cells in the CZ [101 

considered to be deterrninate characteristic. A deterrni- (Fig.l) . Although both STM and WUS are essential for 

nate meristem produces a predictable size and form plant meristem maintenance, so f;缸 the evidence suggests 由at

body, such as the flower, whereas indeterminate mer- WUS has a more prorninent role and central regulator in 

istems produce parts of the plant whose size and form the control of meristem size and stability. To balance 

cz 
the recruitrnent of cells from the meristem with the sup

ply of new meristem cells, a constant and precise pat

tern of WUS expression must be maintained within a 

group of cells that proliferate continuously , whereas 

many multiple regulatory genes act to repress WUS out

side its normal expression domain. 

One of the mechanisms 出at regulate WUS expres-

sion is the CLA弘4.TA (CLV) signaling pathway, which -" 

Fig 1 Structure of the SAM and the expression domains of represses WUS [111. The signal is the secreted polypep-

several crucial SAM-related genes [31 tide CLV3 , which is produced in the Ll and L21ayers of 
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the CZ and moves into the inner layers, where it is per

ceived by a receptor including the CLVl and CLV2 

polypeptides (Fig.l). Recent studies demonstrated that 

a hydroxyl12-amino acid peptide derived from the con

served CLE [CLV3IENDOSPERM SURROUNDING 

REGION (ESR)] motif of CLV3 promotes cell differen

tiation [31. Along with the CLV genes , WUS plays a key 

role in maintaining a group of undifferentiated cells in 

the shoot meristem [121. 

3 Transition of the Shoot Apical Meristem 
1n the original developmental phase of the shoot 

meristem, one aspect that has received rather limited 

attention is that SAM is heterotrophic, in contrast to the 

majority of cells and tissues which rapidly undergo diι 

ferentiation to form photosynthetically active , au

totrophic organs. 

The cells of the SAM are heterotrophic, it is dem

onstrated 出at they do not contain chlorophyll under f1uo

rescent illumination [131. The inability of the SAM per

forms photosynthesis, but the cells rapidly acquire pho

tosynthetic capacity as they leave the SAM domain , 

however it is not clear how SAM achieve transition 仕om

non-photosynthetic to photosynthetic capacity. 

The SAM function is defined a series of transcrip

tional networks by the让 spatial and temporal control [141. 

The positioning of the stem cells within the SA孔1: is regu

lated by genes including WUS and CLV which display 

spatially distinct patterns of expression [151. However, 

none of these pa忧.ems directly links to transition by genes 

from non-photosynthetic to photosynthetic capacity , 

except increased CLV3 signaling restricts meristem 

growth and promotes allocation of peripheral meristem 

cells into organ primordia [161. The meristem domain it

self is initially defined by expression of ST.,M-like KNOX 

homeobox genes [ 101 • Repression of STM-like gene ex

pression within the SAM is associated with the determi

nati ve meristem cells to form a leaf primordium [171. These 

transcription factors are not simply linked to 由e meta

bolic switch. Furthermore, in a number of SAMs, STM

like gene expression can extend into the sub-meristem 

region of the stem where, for example, chlorophyll is 

accumulated clearly. So, the transition from heterotrophic 

to autotrophic grow由 is not simply regulated by a KNOX 

gene-dependent mechanism. Other genes, such as 

AINTEGUMENTA , are expressed very early in the leaf 

primordia. 

Although SAM cells do not contain chlorophyll, 

they contain proplastids. Moreover, the transition from 

meristem to primordium appears to be entwined with 

plastid differentiation and the acquisition of photosyn

thetic capacity , suggesting that a switch in carbohy

drate metabolism , accompanying with plastid 

differentiation, might be involved in the change of cell 

identity. Some data indicated that carbohydrate metabo

lism is indeed linked with the earliest phase of commit

ment by meristem cells to form a leaf [181. 1n addition, 

investigations suggest that stem cell niches are charac

terized by oxidizing enzyme activities, which have been 

proposed to play a role in the metabolism of growth. 

1t is clear that the SAM is metabolically distinct 

from the adjacent tissue. The mechanism controlling 

the switch of metabolism is unclear. The advent of highly 

sensitive and powerful tools for the analysis of extremely 

small samples means that it is possible to attempt to 

answer these fundamental questions. 

4 Transition from Vegetative to Floral 
Meristems 

During early plant growth, leaf primordia are pro

duced on the periphery of a vegetative meristem. When 

the shoot apex of a plant is induced to f1ower, the apical 

meristem switches to become an inflorescence 

meristem. Then, f10ral meristems are produced as small 

bulges on the periphery of the inf10rescence meristem. 

The balance between shoot meristem activity and organ 

initiation is maintained during most of the plant's growth, 

but it is eventually inclined to organogenesis during f10-

ral development [191. 

Flowering plants have two types of inf1orescence: 

indeterminate inf1orescence, in which the inf10rescence 

grows indefinitel y, and determinate inf1orescence, in 

which a terminal f10wer is produced. The indeterminate 

type is thought to have evolved from the determinate. It 

is worthy to mention that soybean (Glycine max ) is 

attributive to indeterminate inflorescence, and inflorescence 
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meristems come of the SAM of stem shoot, but, strictly development. In addition to being activated by LFY, AP 1/ 

speaking, it has the two or three distinct types of stem 

shoot in the different species synchronously . The time 

of keeping vegetative development of the SAM in the 

indeterminate stem termination of soybean is longer than 

that of deterrninate stem terrnination type. Soybean va

riety with indeterminate stem termination produces new 

leaves in the terrninal after f1owering, so during matura

tion its terminal does not produced pods generally , but 

soybean with deterrninate stem terrnination terminat臼

development in the way of producing pods in the 

terminal. So, different podding-habits are distinguished 

in soybean. 

In te rm inal flower 1 in Arabidopsis and 

centroradialis in Antirrhinum, inf10rescences that are 

normally indeterminate are converted to a determi

nate architec ture. CENTRORADIALIS (CEN) [20) and 

TERMINAL FLOWER 1 (TFLl )[21) were shown to be 

homologous, however, unlike CEN, TFLl is also ex

pressed during the vegetative phase, where it delays the 

comrnitment to inf10rescence development and thus af

fects the timing of the formation of the inf10rescence 

menstem. 

The suppression of indeterminate growth during 

f10ral development depends on f10ral specific regulatory 

genes, whose expression is embedded within a network 

of gene expression that is initiated at the transition of 

reproductive development. The transition from vegeta

tive to reproductive development is controlled by mul

tiple environmental and endogenous signals that ulti

mately converge on key regulators of f10ral identity : 

APETALAl (AP1)/CAULIFLOWER (CAL) and LEAFY 

(LF盯 [22 .2 3 )

AP 1 and CAL are necessary for the transition from 

inf10rescence to f10ral meristem. Consistent with their 

role in f10ral meristems, AP 1 and CAL are expressed as 

soon as the f10ral primordium emerges from the inf1o

rescence meristem [241. LFY also encodes a transcrip

tional regulator that specifies f10ral identity and conse

quently promotes determinacy [251. LFYaccelerates the 

transition from inf10rescence to f10ral meristem largely 

by activating AP 1 [261, but subsequently has a central 

and AP l -independent role in controll ing floral 

CAL are redundantly activated by the FLOWERING 

LOCUS T(Fl丁 gene [271. Recent evidence suggests that 

FT in Arabidopsis is expressed in leaves and that its 

protein is transported to the apex as a mobile f10wering 

signal that is produced in response to long days [28). To 

maintain the indeterminate inf10rescence meristem, the 

expression of LFY and AP l/CAL in the inf10rescence 

meristem is prevented by TERMINAL FLOWER (TFL), 

which encodes a homologue of FT but has the opposite 

function, i.e. it antagonizes f10ral development [29.30). 

The interactions among FT, AP l/CAL, LFY, and 

TFL not only divide where f10ral meristems develop, 

but also establish regulatory programme that ensure a 

sharp and stable transition to f10ral identi ty. After the 

initial activation by FT, AP l/CAL and LFY reinforce each 

other's expression by antagonizing TFL [3 1). However , 

activity of LFY and AP 1 is not directly inhibited by TFLl , 

but their up-regulation is markedly delayed [32) . 

5 Flower and Inflorescence Reversion 
Flower and inf10rescence reversion are defined a 

、J

switch from floral development back to vegetative ...J 

development, thus rendering f10wering an ongoing 

growth pattem rather than a terminal act of the meristem. 

There are three distinct types: (1 ) inf10rescence 

reversion in which vegetative development occurs after, 

or within inflorescence development ; (2) flow er 

reversion , in which the form of the f10wer itself is al

tered and incomplete, with some parts replaced with 

leaves, or there may be proliferation after the formation 

of the normal f10ral organs; and (3) whole-plant rever

sion (WPR), in which the plant as a whole can be re

versed from reproductive to vegetative status even it 

has bloomed ~33 ， 34) ， 

Flowering reversion has been studied in detail in at 

least three plant species , The first is Arabidopsis 

thaliana . Reversions seen in 由is species are from f10wer 

to inf10rescence development and are not true rever

sions to leaf production , mechanism of f10ral mainte

nance derived from this concept are relevant to studies 

of reversion to leaf production in any of the conditions. 

The second species is Impatiens balsamina, in which 
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the terminal flower reverts to leaf production consis

tently when transfering from inductive short days (SD) 

to long days (LD) . One difference between A. thaliana 

and 1. balsamina reversions is the expression pattern of 

LFYand its Impatiens homologue IMP-LFY. IMP-LFY 

is not up-regulated during flowering and the expression 

level remains constant through vegetative growth , 

flowering , and reversion. The low level expression may 

be insufficient either to activate or to repress the Impa

tiens homologues of AGAMOUS (AG) [351, and a low 

level of LFY expression is key to a number of the in

stances of reversion. The third species is Glycine max. 

The similar reversion phenomenon emerges in the spe

cial varieties when inductive flowering conditions are 

removed [36,
371. Flowering reversion in Glycine mωcan 

be partitioned WPR and partial reversion (PR)[371, PR 

include floral reversion (FR) and inflorescence rever

sion (IR) , sequentially IR consists of terminal inflores

cence reversion (TIR) and lateral inflorescence rever

sion (LIR). Branches and leaves were produced in the 

trifid bract of reversed inflorescence where produced 

__ customary flowers. With the increment of days of LD 

treatment, reversed terminal inflorescence have more 

nodes , and produce flowers with prominent and 

numberous leave-like bracts, it maybe result that veg

etative development and reproduced development com

pete one another. 

The reason why reversion occurs during plant 

development has three aspects: First, the different parts 

of the flower organs are equivalent to the branches and 

the leaves of a shoot. Second, the induction of these 

new meristem types depends on many environmental 

signals. Third, the transition to flowering is the culmi

nation of a complex interaction of genes. Thereinto, the 

flowering time genes control the response to the 

environmental, endogenous and hormonal signals. The 

reverted meristem, whilst producing leaves, ret创ns some 

level of floral determination, and rapid re-flowering oc

curs on when it is transfered back to inductive condi

tions [38J . The leaves act as a source of determination 

signal to the SAM and this signal is constantly neces

sary up to a certain stage. Meristems not receiving 

enough signal from the leaves will revert to vegetative 

growth [391. Thus, both the flowering and reverting lines 

require the leaf-derived signal to complete action. 

Most species are less prone to reversion because 

signals from the leaf are always constant, and the path

ways inducing flower development have a high level of 

redundancy that generates the meristem autonomy even 

when leaf-derived signals are weak. Therefore, subop

timal signal levels do not result in reversion rather slower 

flowering and abnormal flowers. 

Reversion requires a flexibility of plant to switch 

from floral to vegetative or inflorescence development. 

Moreover, reversion is always to a distinct, specific and 

not mixed meristem type [401 . In these instances rever

sion has been proposed to regular plant development 

and plays a crucial role in the research of plant architec

ture and genes function . 

6 Conclusions 
Maintenance, transition and reversion of the SAM 

during development are determinative for plant archi

tecture and are dependent on genetic control. In previ

ous studies, genetic control of vegetative and reproduc

tive meristem 缸e main questions of researching devel

opment at all times, what is more, genes that affect the 

key aspects of flowers have been isolated and studied in 

Arabidopsis in detail. However, physiological and bio

chemical studies of gene action are still unknown, many 

new problems have been raised by these investigations. 

For example, how are environmental signals connected 

to the activation of meristem identity genes? In addition, 

the mechanisms of molecular level and signal conduc

tion with reversion should be useful to further investigate. 
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茎顶端分生组织在植物发育过程中的

保持 、 转变和逆转
姜娇 1 ， 2 祖 伟 1 吴存祥 2 *

c 东北农业大学农学院， 哈尔滨 150030 ; 2 中国农业科学院作物科学研究所，北京 100081)

摘要 顶端分生组织(shoot apical meristems , SAM)为产生新的器官和组织而不断提供新的

细胞，它的活性依赖于平衡分生组织细胞的增殖和器官发生之间关系的调控基因 。 来自不具备光合

能力的顶端分生组织的细胞可形成具有光合能力的营养器官。 在从营养生长到生殖发育的转变过

程中，茎顶端分生组织，转变为花序分生组织，最终形成花分生组织 。在进入开花决定状态以前， SAM

的状态很大程度上受到环境信号和转录调控因子的影响 。 以模式植物拟南芥为主，对在顶端分生组

织的保持和转变中复杂同时又有差异的基因调控网络进行讨论。 在花和花序分生组织逆转过程中，

SAM 中的细胞也受到相关基因的调控，且表达方式存在明显的时空差异。 因此，具有决定性的和未

决定性双重特性的分生组织之间的转变和相王协调，对于器官发生和形态建成起到至关重要的作用 。

关键词 顶端分生组织;发育;保持;转变;逆转
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