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Plant development depends on the activity of various types of

meristems that generate organs such as leaves and floral

organs throughout the life cycle. Grass species produce com-

plex inflorescences and unique flowers. The grass inflores-

cence is composed of different types of branches, including

a specialized branch called a spikelet. The spikelet is a special

unit of the inflorescence and forms one to several florets,

depending on the species. In the floret, floral organs such as

perianth organs, carpels and stamens are formed. In

Arabidopsis, because the inflorescence meristem (IM) forms

the floral meristems (FMs) directly on its flanks, the change of

meristem fate is relatively simple. In contrast, in grasses, dif-

ferent types of meristem, such as the IM, the branch meristem

(BM), the spikelet pair meristem (SPM) in some grasses, the

spikelet meristem (SM) and the FM, are responsible for the

elaboration of their complex inflorescences and flowers.

Therefore, sequential changes of meristem fate are required,

and a number of genes involved in the specification of the fate

of each meristem have been identified. In this review, we

focus on the following issues concerning the fate of the re-

productive meristems in two grass species, maize (Zea mays)

and rice (Oryza sativa): (i) meristem regulation during inflor-

escence development; (ii) specification and fate change of the

BM and the SM; (iii) determinacy of the FM; and (iv) com-

munication between the meristem and lateral organs.

Keywords: flower � inflorescence � maize � meristem � rice �

spikelet.

Abbreviations: AM, axillary meristem; BM, branch meristem;

FM, floral (flower) meristem; IM, inflorescence meristem; pBM,

primary branch meristem; QTL, quantitative trait locus; SAM,

shoot apical meristem; sBM, secondary branch meristem; SM,

spikelet meristem; SPM, spikelet pair meristem; RAM, root

apical meristem; TTP, trehalose-6-phosphate phosphatase.

Introduction

The plant body plan is governed by the activities of the shoot

apical meristem (SAM) and the root apical meristem (RAM),

which are formed during embryogenesis. All shoot parts of the

plant, such as leaves, stems and flowers, develop from the SAM,

whereas the root system is formed from the RAM. Post-

embryonic development depends on the function of the meri-

stems; therefore, regulation of meristem maintenance and fate

is very important for plant growth.

In the vegetative phase, the SAM sequentially initiates leaf

primordia. The axillary meristems (AMs) are formed in the leaf

axils, and then develop the secondary shoots, or tillers. After

transition from the vegetative to the reproductive phase, the

vegetative SAM changes its fate, and converts into the inflor-

escence meristem (IM). In some species, the IM initiates the

floral (flower) meristem (FM) directly, in the axil of a bract. For

example, in Arabidopsis, transition of the meristem appears to

be simple, as if the FM was directly formed from the IM because

of suppression of bract growth. Unlike Arabidopsis, there are

several intermediate types of meristem between the IM and the

FM in the grasses, as described in the next section. Therefore,

the transitions of meristem fate are complex, and involve a

number of genes regulating this process. Grass inflorescences,

such as the rice panicle and maize tassel, consist of a main axis,

long branches and spikelets. These unique inflorescence units

develop from specialized meristems: the branch meristem (BM)

and the spikelet meristem (SM).

In the accompanying manuscript, Pautler et al. (2013) de-

scribe the genetic and hormonal regulation of the shoot meri-

stem, as well as the transition from vegetative to inflorescence

fate. In this review, we focus on the inflorescence, first consider-

ing the regulation of the initiation and determinacy of the BM.

In the next section, we describe the genes involved in changes in

meristem fate: transition from the BM to the SM and from the

SM to the FM, respectively, and in determinacy of the SM. Then,

we focus on the genes involved in both the regulation of

determinacy of the FM and specification/development of

floral organs. Finally, we briefly mention the communication

between the meristem and lateral organ primordia. Although

there are several excellent reviews on grass meristems

(Bortiri and Hake 2007, Thompson and Hake 2009, Yoshida

and Nagato 2011), the accumulation of the papers describing
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meristem function and flower development has been very

rapid. We have tried to summarize the related studies, including

new findings. Genes mentioned in this review are listed in

Table 1.

Inflorescence Development and Meristem

Transitions in Grasses

Grass inflorescences are complex, and formed from several

types of meristem. After transition from the vegetative phase

to the reproductive phase, the SAM converts into the IM, which

initiates the BMs and forms the main axis of the inflorescence

(Fig. 1A). The BMs initiate the SMs, which then initiate the FMs.

The FM produces the floret, which consists of floral organs

(carpel, stamen and lodicule) and two outer organ types

(palea and lemma) enclosing the floral organs. The spikelet is

composed of one to several florets and two glumes that enclose

them. Thus, the SM initiates the glume primordia in addition to

the FM. Although this is a general scheme of the inflorescence

and flower development in grasses, various modifications result

in diverse structures of the inflorescence, depending on species.

In maize, for example, several major differences occur. First,

there are two types of inflorescence: the male inflorescence, or

Table 1 Genes appearing in this review

Rice Maize Arabidopsis

Meristem regulation during inflorescence development

ramosa1 (ra1)

ramosa2 (ra2)

ramosa3 (ra3)

ABERRANT SPIKELET AND PANICLE1 (ASP1) ramosa enhancer locus2 (rel2) TOPLESS (TPL)

Tunicate1 (Tu1)/zmm19

RFL/ABBERANT PANICLE ORGANIZATION2 (APO2) zfl1, zfl2 LEAFY (LFY)

TAWAWA1 (TAW1)

OsPINOID barren inflorescence2 (bif2) PINOID (PID)

LAX PANICLE1 (LAX1) barren stalk1 (ba1)

MONOCULUM1 (MOC1)/SMALL PANICLE (SPA) LATERAL SUPPRESSOR (LAS)

LAX PANICLE2 (LAX2)

GRAIN NUMBER 1a (GN1a)/OsCKX2 CYTOKININ OXIDASE (CKX)

DENSE AND ERECT PANICLE (DEP1)/DENCE PANICLE1 (DN1)

WEALTHY FARMER’S PANICLE (WFP)/IDEAL PLANT

ARCHITECTURE (IPA1)/SQUAMOSA PROMOTER BINDING

PROTEIN-LIKE 14 (OsSPL14)

fasciated ear2 (fea2) CLAVATA2 (CLV2)

ABBERANT PANICLE ORGANIZATION1 (APO1)/STRONG

CULM2 (SCM2)

UNUSUAL FLORAL ORGANS (UFO)

Specification of the spikelet meristem identity

FRIZZY PANICLE (FZP) branched silkless1 (bd1) PUCHI

OsIDS1 indeterminate spikelet1 (ids1)/

Tasselseed6 (Ts6)

TARGET OF EAT1 (TOE1),

TOE2, TOE3

supernumerary bract (snb) sister of indeterminate

spikelet1 (sid1)

TARGET OF EAT1 (TOE1),

TOE2, TOE3

miR172a, miR172b tasselseed4 (ts4) miR172

LEAFY HULL STERILE1 (LHS1)/OsMADS1 SEP-like

MOSAIC FLORAL ORGAN1 (MFO1)/OsMADS6 bearded-ear (bde)/zag3 AGL6-like

OsMADS3 zmm2, zmm23 AGAMOUS (AG)

OsMADS58 zag1 AGAMOUS (AG)

OsMADS13 zag2 SEEDSTICK (STK)

OsMADS17 AGL6-like

DROOPING LEAF (DL) ZmDL CRABS CLAW (CRC)

Communication between the meristem and lateral organs

TOBGARI-BOUSHI1 (TOB1) zyb14 FILAMENTOUS FLOWER

(FIL), YAB3
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tassel, which forms long branches; and the female inflorescence,

or ear, which does not (Fig. 1A). Secondly, the IM initiates a

novel kind of meristem, the spikelet pair meristems (SPMs),

that are responsible for making paired spikelets typical of the

Andropogoneae. SPMs are made in the tassel after the forma-

tion of several BMs with an indeterminate fate. The SPMs sub-

sequently divide into two SMs (Fig. 1A, C). Next, the SM

initiates two FMs (Fig. 1A, E). The two FMs normally develop

florets in the tassel, whereas the lower FM aborts in the ear,

such that only one floret is formed in the female spikelet

(Fig. 1B, E, F) (for reviews, see McSteen et al. 2000, Bommert

et al. 2005, Thompson and Hake 2009).

In rice, the SMs are initiated from the primary or secondary

BMs, which are formed from the IM or primary BMs (pBMs),

respectively (Fig. 1A, D). The SM initiates one fertile floret, two

sterile lemmas and two glumes (Fig. 1B, G, H) (for reviews, see

Bommert et al. 2005, Thompson and Hake 2009). The glumes

are highly reduced, and are called rudimentary glumes. The

sterile lemma, a tiny flap-like organ, is thought to be a reduced

lemma of two sterile lateral florets, and develops as a lateral

Fig. 1 Transition of the reproductive meristems, and the flower and inflorescence in rice and maize. (A) Transition of the meristems. A dashed

arrow indicates multiple formation of the meristem. (B) Schematic representation of the spikelet of rice (upper) and maize (male, middle; female,

lower). (C) Schematic representation of the ear in maize. (D) Schematic representation of the primary branch of a rice panicle. (E) Spikelet of a

maize ear at the early developmental stage. (F) Mature maize male flower. (G) Cross-section of a rice flower at the initiation stage of the stamen.

(H) Mature flower of rice. BM, branch meristem; ca, carpel; FM, flower meristem; gl, glume; IM, inflorescence meristem; le, lemma; lo, lodicule; pa,

palea; pi, pistil; rg, rudimentary glume; sl, sterile lemma; SM, spikelet meristem; SPM, spikelet pair meristem; st, stamen.

315Plant Cell Physiol. 54(3): 313–324 (2013) doi:10.1093/pcp/pct016 ! The Author 2013.

Inflorescence architecture, flower development and meristem fate

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
c
p
/a

rtic
le

/5
4
/3

/3
1
3
/1

9
3
5
1
2
8
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



organ of the SM between the fertile floret and the rudimentary

glume (Yoshida et al. 2009). Because the SM initiates a single

FM, the transition from the SM to FM is less clear in rice,

compared with maize.

Meristem Regulation During Inflorescence

Development

The ramosa pathway

Branch formation in the inflorescence is a key determinant of

plant architecture. The branching pattern of the rice panicle is

created by the formation of pBMs from the inflorescence meri-

stem, and secondary BMs (sBM) from the pBMs (Fig. 1A). In

maize, several long branches are formed from BMs in the tassel,

but these are completely absent in the female inflorescence and

allow efficient seed packing (Fig. 1A, C) (Sigmon and

Vollbrecht 2010). BMs and SPMs are formed around the same

time, and are virtually indistinguishable at initiation. Each SPM

forms two SMs, and each SM forms two FMs upon which a

determinate fate is imposed.

Three classical mutants of maize, ramosa1 (ra1), ra2 and ra3,

are characterized by increased long branches in the tassel and

ear; thus, these genes function to enforce the determinacy of

SPMs to limit the production of long branches (Fig. 2A–D). ra1

and ra2 encode putative transcription factors of the C2H2 zinc

finger and lateral organ boundary (LOB) domain-containing

families, respectively (Vollbrecht et al. 2005, Bortiri et al.

2006). Interestingly, ra3 encodes a trehalose-6-phosphate phos-

phatase (TPP), an enzyme that catalyzes the production of

trehalose sugar (Satoh-Nagasawa et al. 2006). Genetic analysis

has placed all three genes into a pathway, with ra2 and ra3

acting in parallel upstream of ra1 (Satoh-Nagasawa et al. 2006).

The three genes are expressed in overlapping, but distinct, do-

mains, either within or directly subtending the SPMs and SMs

that they regulate, pointing to non-cell-autonomous signals

emanating from these domains.

Two possible mechanisms for a mobile signal regulating SPM

determinacy include an RA3-dependent sugar signal, or an

RA1-dependent protein or small molecule signal. TPP catalyzes

the final step in the production of trehalose: removal of a phos-

phate group from the intermediate metabolite trehalose-

6-phosphate (T6P) (Paul et al. 2008). Both trehalose and T6P

have been proposed to act as sugar signals, due to their low

abundances relative to primary metabolites. These molecules

have been shown to regulate enzymes involved in central

carbon metabolism, and may serve to couple sugar availability

and plant growth (Paul et al. 2008). ra3 is a member of a large

TPP gene family, whose members possess unique and diverse

expression patterns in Arabidopsis, indicating that some degree

of subfunctionalization has occurred (Vandesteene et al. 2012).

It is not feasible to measure changes in T6P and trehalose levels

within these specific domains in situ. Nevertheless, key ques-

tions, such as whether the enzymatic activity of RA3 is required

for function, can be addressed. An alternative hypothesis pos-

itions RA3 as a transcriptional regulator, as proposed for the

glycolytic enzymeHEXOKINASE1 in Arabidopsis (Cho et al. 2006,

Satoh-Nagasawa et al. 2006). Transcriptome profiling by digital

gene expression (DGE) signatures revealed a list of differentially

expressed genes that could be responsible for mediating the ra3

phenotype (Eveland et al. 2010). Candidate genes included those

involved in primary carbonmetabolism as well as those involved

in hormone response pathways, such as ethylene response

factor (ERF) family members. Overall, this study suggests an

interesting link between sugar sensing, hormone signaling, and

growth and development (Eveland et al. 2010, Eveland and

Jackson 2012).A hint at the mechanism of action of RA1

comes from the identification of ramosa enhancer locus2

(rel2) that encodes a TOPLESS (TPL)-like co-repressor

(Gallavotti et al. 2010). RA1 and REL2 physically interact through

the C-terminal EAR domains of RA1 (Gallavotti et al. 2010).

Therefore, it is likely that this complex plays a role in repressing

transcription of target genes. A rice mutant named aberrant

spikelet and panicle1 (asp1), which displays a range of vegetative

and reproductive defects (Fig. 2E, F), encodes the rice ortholog

of REL2 (Yoshida et al. 2012). Several of the mutant phenotypes,

as well as molecular knowledge of TPL function in Arabidopsis,

strongly implicate defects in auxin signaling in the genesis of the

asp1 phenotype (Yoshida et al. 2012). Consistent with this idea,

hormones have long been known to modify the number of long

branches in the maize tassel upon exogenous application,

including auxin and gibberellic acid (Nickerson 1959, McSteen

2006). Therefore, hormone biosynthesis and signaling compo-

nents are potential downstream effectors of the ramosa path-

way. Moving forward, it will be important to determine direct

transcriptional targets of RA1 through methods such as chro-

matin immunoprecipitation-sequencing (ChIP-seq).

Tunicate

The classical pod corn mutant of maize, Tunicate1 (Tu1), has

pleiotropic inflorescence phenotypes, but is most obviously

characterized by elongated glumes that completely enclose

the seeds (Han et al. 2012). This dominant mutant is caused

by a chromosomal rearrangement, resulting in the MADS-box

gene ZMM19 gaining a novel expression pattern from a neigh-

boring gene (Han et al. 2012. Wingen et al. 2012). Ectopic

expression of ZMM19 in a ramosa-like domain confers indeter-

minacy to SPMs and results in the production of long branches.

Therefore, when misexpressed in the Tu1 mutant, ZMM19

plays a role in promoting growth and indeterminacy, in oppos-

ition to the ramosa genes (Han et al. 2012). The fact that a gene

not normally expressed in the inflorescence can dictate such

dramatic changes in inflorescence architecture is indicative of

the modularity underlying developmental programs.

Genes regulating determinacy, maintenance and

initiation of the BM

While the ramosa pathway defines the principal mechanism of

branch meristem regulation in maize, several additional genetic

316 Plant Cell Physiol. 54(3): 313–324 (2013) doi:10.1093/pcp/pct016 ! The Author 2013.
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factors can modulate the number of long branches produced in

grass inflorescences. Constitutive overexpression of several

TERMINAL FLOWER-related (TFL) genes in maize increases in-

determinacy of axillary meristems in the inflorescence, consist-

ent with TFL function in Arabidopsis (Bradley et al. 1997,

Danilevskaya et al. 2010). Branch number is decreased in the

mutant or transgenic knockdowns of the rice LEAFY homolog

RFL/ABBERANT PANICLE ORGANIZATION2 (APO2) (Rao et al.

2008, Ikeda-Kawakatsu et al. 2012) as well as double mutants of

the duplicated maize orthologs zfl1 and zfl2 (Bomblies et al.

2003). These phenotypes imply close integration of flowering

time regulation and inflorescence architecture; for example,

there may be a competency period for production of branches,

such that the number produced depends on the rate of pro-

gression through the transition. This idea is supported in recent

studies of rice TAWAWA1 (TAW1), which encodes a nuclear

protein with an ALOG domain. In taw1-D gain-of-function al-

leles, IM activity is promoted and spikelet development is

delayed, leading to prolonged branch formation. In contrast,

loss of TAW1 function leads to a reduction in IM indeterminacy,

and small inflorescences (Yoshida et al. 2013).

Inflorescence architecture is also dependent on the initi-

ation and maintenance of the AMs. There are a number of

mutants in maize and rice that display a defect in forming

BMs and SMs, leading to a reduced number of long branches,

or even a completely barren inflorescence. barren inflorescence2

(bif2), which encodes a maize ortholog of the Arabidopsis

serine-threonine kinase PINOID, fails to initiate all axillary meri-

stems of the inflorescence (McSteen et al. 2007). Mutants of the

orthologous basic helix–loop–helix (bHLH) transcription fac-

tors BARREN STALK1 (BA1) and LAX PANICLE1 (LAX1), of

maize and rice, respectively, fail to initiate AMs in both the

vegetative and reproductive phases (Komatsu et al. 2003a,

Gallavotti et al. 2004). Branching is also reduced inmonoculum1

(moc1)/small panicle (spa) and lax2mutants of rice (Fig. 2E, G),

in addition to reduced tillering (Komatsu et al. 2003a, Li et al.

2003; Tabuchi et al. 2011).MOC1/SPA and LAX2 encode a GRAS

family transcription factor and a novel nuclear protein,

Fig. 2 Branching mutants of maize and rice. (A–D) Maize ears. (A) Wild type, (B) ramosa1 (ra1), (C) ra2 and (D) ra3. (E–I) Rice panicles. (E) Wild

type (Taichung 65), (F) aberrant spikelet and panicle1 (asp1), (G) lax panicle2 (lax2), (H) wild type (Koshihikari) and (I) Dense panicle1 (Dn1) on

the Koshihikari background. Images were kindly provided by Drs. Akiko Yoshida (F), Yutaka Sato (G) and Fumio Taguchi-Shiobara (H, I).

317Plant Cell Physiol. 54(3): 313–324 (2013) doi:10.1093/pcp/pct016 ! The Author 2013.

Inflorescence architecture, flower development and meristem fate

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
c
p
/a

rtic
le

/5
4
/3

/3
1
3
/1

9
3
5
1
2
8
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



respectively. Combinations of lax2 mutants with lax1 or moc1

mutants show enhanced sparse panicle phenotypes, suggesting

synergistic genetic interaction between these genes (Tabuchi

et al. 2011).

Quantitative trait loci (QTLs) and genome-wide association

studies examining inflorescence architecture traits in maize

have hinted at the contribution of other loci, such as liguleless1,

which do not have strong loss-of-function branching pheno-

types (Brown et al. 2011). It is important to pursue these types

of powerful approaches in parallel with forward genetic studies,

as genetic redundancy can limit the utility of traditional

screens.

Inflorescence architecture and yield

Meristematic activity in the inflorescence has a profound influ-

ence on grain yield. Characteristics such as the size and deter-

minacy of the IM, BMs and SMs may drastically affect the

number of spikelets, and eventually mature grains, per plant.

Grain number per plant is a continuous trait that can be mod-

ified by a large number of genes controlling a range of devel-

opmental and physiological responses. Positional cloning has

been successfully employed to identify several genes underlying

yield QTLs in rice, and a few of these cases are highlighted

below.

A major yield QTL on chromosome 1, GRAIN NUMBER 1a

(GN1a), was fine-mapped to a single open reading frame encod-

ing a cytokinin oxidase gene, OsCKX2 (Ashikari et al. 2005).

High-yielding rice cultivars had less CKX2 activity, and therefore

higher cytokinin levels, particularly in the IM of the panicle. This

results in increased meristematic activity and a higher number

of long branches and spikelets, leading to higher grain yield per

panicle (Ashikari et al. 2005). A dominant-negative truncation

of a phosphatidylethanolamine-binding protein (PEBP) under-

lies a yield QTL at the DENSE AND ERECT PANICLE (DEP1)/

DENSE PANICLE1 (DN1) locus (Huang et al. 2009, Taguchi-

Shiobara et al. 2011). This mutation is responsible for creating

high-yielding inflorescence architecture in many japonica rice

varieties (Fig. 2H, I).

Another grain yield QTL called WEALTHY FARMER’S

PANICLE (WFP)/IDEAL PLANT ARCHITECTURE (IPA1) corres-

ponds to Squamosa Promoter Binding Protein-Like 14

(OsSPL14) (Jiao et al. 2010, Miura et al. 2010). High branching

accessions overexpress OsSPL14 in the panicle in a domain

associated with BMs (Miura et al. 2010). A single point muta-

tion that relieves OsSPL14 from its miR156-mediated repression

is sufficient to decrease plant tiller number, while increasing

panicle branching and grain number, thus creating the ‘ideal

plant’ for agriculture (Jiao et al. 2010).

Many forward genetic screens uncover strong loss-of-

function mutants with very severe phenotypes. While these

‘monstrous’ mutants are useful for uncovering the normal func-

tion of genes, they rarely provide useful substrate for breeding

efforts, because they frequently display negative pleiotropic

traits. For example, the increase in size of the IM in maize

fasciated ear mutants is accompanied by a decrease in the

length of the ear, as well as disorganized seed rows, which

limit the number of seeds per ear. Reverse genetic resources,

such as TILLING, can facilitate the discovery of hypomorphic

alleles, which may have a beneficial effect on crop yield (Weil

2009). Bommert et al. (2013) isolated a weak allele of the fasci-

ated ear mutant fea2 and showed that this allele increases

kernel row number and kernels per ear, without causing a fa-

sciated IM or shorter ear. Furthermore, this study implicated

natural variation in fea2 expression in modifying meristem size

in diverse inbred lines of maize (Bommert et al. 2013).

Dominant mutant alleles of the aberrant panicle organiza-

tion1 (apo1) gene of rice produce extra primary and secondary

branches in the inflorescence, whereas loss-of-function alleles

display the opposite phenotype (Ikeda et al. 2007,

Ikeda-Kawakatsu et al. 2009). The contrasting effect on branch-

ing is explained by significantly different rates of cell division in

each respective mutant (Ikeda-Kawakatsu et al. 2009). The

beneficial panicle architecture of the gain-of-function mutant

is associated with other negative traits, such as fewer panicles

per plant. However, positional cloning of a QTL for culm

strength, STRONG CULM2 (SCM2), identified a dominant

allele of apo1 that conferred the improved panicle, without

decreasing panicle number (Ookawa et al. 2010). The plant

architecture QTLs described above reinforce the value of

exploiting natural variation for yield improvement.

Specification of Spikelet Meristem Identity

Transition from the BM to the SM

The branched silkless1 (bd1) and FRIZZY PANICLE (FZP) genes

regulate the transition from the BM to the SM inmaize and rice,

respectively (Chuck et al. 2002, Komatsu et al. 2003b). In both

bd1 and fzp mutants, indeterminate branches are formed in-

stead of spikelets (Fig. 3). Thus, it is likely that these two genes

control the determinacy of the BM and establish the identity of

the SM. bd1 and FZP encode orthologous transcription factors

in the AP2/ERF family. These two genes are expressed at the

junction of the SM and the initiation site of the glume, but are

not expressed in the meristem per se. This finding raises the

possibility that the expression domain of these two genes might

be important for the establishment of the SM identity.

In Arabidopsis, the PUCHI gene is the ortholog of bd1 and

FZP. A partial conversion from FM to IM is observed in the

puchi mutant, in addition to other phenotypes (Karim et al.

2009). It seems likely that a fundamental function of these

genes in controlling meristem transitions and/or determinacy

is conserved in both grasses and Arabidopsis.

Identity of the SM and its determinacy

In maize, the transition from the SM to the FM is regulated by

indeterminate spikelet1 (ids1), and its close paralog, sister of

indeterminate spikelet1 (sid1) (Fig. 3) (Chuck et al. 1998,

Chuck et al. 2008). In the ids1 mutant, a few extra florets are
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formed within a spikelet, in both the tassel and the ear, sug-

gesting that the regulation of SM determinacy is compromised

(Chuck et al. 1998). In the ids1 sid1 double mutant, glumes

(bracts) are continuously formed, implying that the transition

of the SM to the FM is strongly inhibited (Chuck et al. 2008).

Therefore, ids1 and sid1 redundantly act to control the transi-

tion from the SM to the FM, and the determinacy of the SM.

The ids1 and sid1 genes also encode AP2/ERF transcription

factors, but they belong to a class different from that of bd1

(Chuck et al. 1998, Chuck et al. 2008).

In rice, supernumerary bract (snb) and OsIDS1 have func-

tions similar to those of ids1 and sid1 in maize (Fig. 3) (Lee

et al. 2007, Lee and An 2012). The snb mutant displays

repetitious production of rudimentary glumes (bracts) or

extra lemma/palea, and, in rare cases, forms two florets in

a spikelet (Lee et al. 2007). These phenotypes are enhanced

in the snb osids1 double mutant, suggesting that the transi-

tion from the SM to the FM is extremely delayed, and that

SM determinacy is compromised (Lee and An 2012). SNB

and OsIDS1 encode homologs of sid1 and ids1 (Lee et al.

2007, Lee and An 2012), thus, the genetic mechanism con-

trolling the transition from the SM to the FM appears to be

conserved between maize and rice.

The classical maize mutants, tasselseed4 (ts4) and

Tasselseed6 (Ts6), have been characterized as defective in

sex determination (Chuck et al. 2007). These two mutants

exhibit similar phenotypes: a failure in carpel abortion in the

male flower and an increase in meristem branching. Gene

isolation revealed that ts4 encodes a member of the miR172

microRNA family that restricts the function of AP2 domain

transcription factors. ids1 is more broadly expressed in the

ts4 mutant, compared with the wild type, and the branching

and sex determination phenotypes of ts4 are almost com-

pletely suppressed by ids1 mutation. Therefore, ids1 is likely

to be a key target of miR172. The dominant Ts6 mutant, on

the other hand, has a mutation in the binding site of miR172

in the ids1 gene. This mutation probably results in ectopic

expression of ids1 in the TS6 mutant, because of the release

from repression by miR172 (Chuck et al. 2007). In rice, over-

expression of the OsmiR172 genes largely phenocopies the

snb osids1 double mutant (Zhu et al. 2009, Lee and An

2012). These observations indicate that the function of

IDS1-like genes and their proper regulation by miR172 play

important roles in specifying the fate of the SM in both

maize and rice (Fig. 3).

In rice, LEAFY HULL STERILE1 (LHS1)/OsMADS1 is involved

in SM identity, because loss-of-function mutants show reitera-

tive formation of lemma/palea or extra floret formation in

spikelets, in addition to defects in the identity of the lemma/

palea (Jeon et al. 2000). lhs1 phenotypes, including loss of de-

terminacy of the SM, are enhanced by mutation in theMOSAIC

FLORAL ORGAN1 (MFO1)/OsMADS6 gene (Ohmori et al. 2009,

Li et al. 2010) (see below).

Whereas many of the mutations already described are in

genes encoding specific transcription factors, more general

transcriptional machinery is also important in control of meri-

stem fate. Mutation in ABERRANT SPIKELET AND PANICLE1

(ASP1) causes pleiotropic phenotypes in spikelet development

and inflorescence architecture (Yoshida et al. 2012). These

phenotypes are closely associated with various defects in meri-

stem function, such as precocious transition of the BM to SM,

partial failure in maintenance of the BM and SM, and disturbed

initiation of the AM. In a rare case, a reversion from the SM

to the BM is observed. ASP1 encodes a transcriptional

co-repressor, similar to Arabidopsis TPL. Therefore, it is likely

that derepression of multiple genes in the asp1 mutant causes

the various defects in meristem fates.

In maize, the INDETERMINATE FLORAL APEX1 (IFA1) and

REVERSED GERM ORIENTATION1 (RGO1) genes are also re-

sponsible for determinacy of the SM (Laudencia-Chingcuanco

and Hake 2002, Kaplinsky and Freeling 2003). In ifa1 and rgo1

mutants, the SPM and the SM initiate extra SMs and FMs,

respectively. Double mutants of rgo1 and ids1 show a more

severe phenotype than either single mutant, and produce

extra branches in the SPM (Kaplinsky and Freeling 2003).

Reversion of the SM to SPM or BM fate is also observed in

the double mutant of ifa1 and ids1(Laudencia-Chingcuanco

and Hake 2002). Thus, IDS1, IFA1 and RGO1 redundantly

Fig. 3 Genes responsible for transition of meristem fate in maize and

rice. Orthologs are indicated in blue. BM, branch meristem; FM, flower

meristem; IM, inflorescence meristem; SM, spikelet meristem.
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regulate the fate of the reproductive meristems in maize; how-

ever the latter two genes have not yet been cloned.

Floral Meristem Determinacy

The vegetative SAM initiates leaf primordia, whereas the FM

initiates floral organs. Apart from the type of lateral organs that

these meristems produce, the essential difference between the

SAM and the FM is determinacy. The SAM and IM are indeter-

minate, because the meristems continue to replace stem cells

and repeatedly to initiate lateral organs and AMs. In contrast,

the FM is determinate, because the stem cells are consumed

by the formation of the final floral organs, such as the carpel

and the ovule.

Function of C-Class MADS-box genes

In Arabidopsis, AGAMOUS (AG), which encodes a C-class

MADS-box transcription factor, is a key gene responsible for

meristem determinacy (for reviews, see Barton 2010, Sun and

Ito 2010). agmutants produce indeterminate flowers in which a

set of floral organs (sepal–petal–petal) are repeatedly formed

(Bowman et al. 1989, Yanofsky et al. 1990). WUSCHEL (WUS)

expression persists in the FM of the agmutant at a late stage of

flower development, whereas it disappears after formation of

the carpel in the wild type (Lenhard et al. 2001, Lohmann et al.

2001). Therefore, in the FM, AG regulates meristem determin-

acy by repressing WUS. KNUCKLES (KNU), which encodes a

transcriptional repressor, has an important role to mediate

the repression of WUS by AG (Sun et al. 2009). A recent

study suggests the possibility that AG in turn directly represses

WUS (Liu et al. 2011).

C-class MADS-box genes have increased in number during

evolution of the grasses. Maize has at least three AG orthologs,

and, among them, zag1 has shown to be partially responsible for

FM determinacy, as multiple carpels are formed in the zag1 ear

(Mena et al. 1996, Zanis 2007). Rice has two AG orthologs,

OsMADS3 and OsMADS58, and their functions are diversified

(Yamaguchi et al. 2006). Whereas FM determinacy is partially

compromised in an osmads3mutant, a severe loss of determin-

acy, similar to that of zag1, was observed in knockdown lines of

OsMADS58. In these lines, a set of floral organs (lodicules, sta-

mens and partial carpels) is repeatedly formed in the flower,

and an FM-like structure remains, even in the mature flower

(Yamaguchi et al. 2006). Although in a different genetic back-

ground, an osmads58mutation has little effect on floral pheno-

types, but dramatically enhances the indeterminate phenotype

of the osmads3 single mutant, suggesting the importance of

OsMADS58 in FM determinacy in rice (Dreni et al. 2011).

Taken together, the evidence suggests that C-class MADS-box

genes play crucial roles in regulating the determinacy of the FM

in both maize and rice.

OsMADS13, a MADS-box gene in the D-class lineage, is

required for specification of the ovule (Lopez-Dee et al. 1999,

Dreni et al. 2007, Yamaki et al. 2011). In the osmads13 mutant,

determinacy is partially lost, because OSH1 expression is pro-

longed and multiple pistils are formed. Mutation of osmads13

enhances the indeterminate phenotype observed in the

osmads3 or osmads3 osmads58 double mutant (Dreni et al.

2011).

Additional genes responsible for FM determinacy

MADS-box genes in the AGL6 subfamily, including riceMOSAIC

FLORAL ORGAN1 (MFO1)/OsMADS6 and maize bearded-ear

(bde)/zag3, are also responsible for FM determinacy (Ohmori

et al. 2009, Thompson et al. 2009, Li et al. 2010). Mutation in

MFO1 causes production of extra carpels and spikelets in the

center of the flower in rice (Ohmori et al. 2009, Li et al. 2010).

OsMADS17, a close paralog of MFO1, seems to have a weaker

function similar to that ofMFO1, because RNA silencing of this

gene enhances abnormal flower phenotypes in the mfo1

mutant, but does not cause any obvious phenotype in the

wild type (Ohmori et al. 2009). In the maize bde mutant, the

upper FM forms extra floral organs, whereas the lower FM ini-

tiates additional FMs (Thompson et al. 2009). An evo–devo

study has indicated that AGL6-like genes are expressed similarly

in the FM in all grass species, whereas they are expressed dif-

ferently in the floral organ primordia depending on the species

(Reinheimer and Kellogg 2009). Thus, it is possible that the

regulation of meristem determinacy is the ancestral function

of AGL6-like genes in grasses.

Mutation of C-class MADS-box genes enhances the floral

phenotype of mfo1 and bde in both rice and maize

(Thompson et al. 2009, Li et al. 2011). In maize, it has been

demonstrated that BDE protein physically interacts with

ZAG1 protein (Thompson et al. 2009). In rice, in contrast, it

has been reported that C-class genes are regulated byMFO1 (Li

et al. 2010). However, this is inconsistent with the results of

another group who found that the expression levels of two

C-class genes are unchanged in the mfo1 mutant, as compared

with the wild type (Ohmori et al. 2009). More detailed analysis

is required to resolve this discrepancy. Combination of muta-

tions in MFO1 and OsMADS13 enhances defects in FM deter-

minacy in each single mutant (Li et al. 2011). As described

above, LHS1 is also involved in FM determinacy, and lhs1 mu-

tations enhance the mfo1 phenotype (Jeon et al. 2000, Ohmori

et al. 2009, Li et al. 2010), suggesting that multiple MADS-box

genes redundantly regulate determinacy of the FM in rice.

In rice, carpel identity is specified by a YABBY gene,

DROOPING LEAF (DL), whereas this identity is regulated by

AG orthologs in eudicots (Yamaguchi et al. 2004). Because spa-

tial expression patterns of DL orthologs in maize and wheat

resemble that of DL in rice, the function of DL orthologs is likely

to be conserved in grasses (Ishikawa et al. 2009). In

loss-of-function dlmutants, the carpels are homeotically trans-

formed into variable numbers of stamens, and OSH1 continues

to be expressed after production of central stamens

(Yamaguchi et al. 2004). Therefore, DL is also partially involved

in the regulation of FM determinacy. Furthermore, the
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indeterminate nature of dl is also promoted when combined

with mfo1 (Li et al. 2011).

ABERRANT PANICLE ORGANIZATION1 (APO1), which en-

codes an F-BOX protein similar to Arabidopsis UFO, has pleio-

tropic functions in both inflorescence and flower development

(Ikeda et al. 2005, Ikeda et al. 2007). One function of APO1 is the

regulation of determinacy, as carpels are reiteratively formed in

the apo1 mutant. APO1 promotes the expression of OsMADS3,

and this may partially explain the loss of determinacy of the FM

in apo1mutants. Defects in floral determinacy observed in each

single mutant are strongly enhanced in dl apo1 double mutants,

in addition to homeotic change of stamens into lodicules (Ikeda

et al. 2007).

Communication Between the Meristem and

Lateral Organs

Signal from the meristem to lateral organs

Gene activity in the meristem is not restricted to the meristem

itself, but also affects lateral organ development. Pioneering

surgical experiments indicated that the leaf primordium de-

velops into a radially symmetric abaxialized leaf, when an inci-

sion is made between the meristem center and the incipient

leaf (P0) (Sussex 1951, Sussex 1954). This result suggests that a

putative signal arising in the meristem specifies adaxial identity

in the leaf primordia. Recent laser ablation studies have demon-

strated the importance of the L1 layer of the meristem for the

movement of the putative signaling molecule (Reinhardt et al.

2003, Reinhardt et al. 2005). This signaling seems to be transi-

ent, because the leaf develops normally without abaxialization

when the incision is made between the meristem and an older

leaf primordium (P2).

Molecular markers of adaxial and abaxial identity are ex-

pressed at early stages of stamen development in rice, with

patterns similar to those observed in leaf development

(Toriba et al. 2010). Subsequently, however, the expression pat-

terns change, suggesting that rearrangement of adaxial–abaxial

domains occurs. The former patterning probably depends on a

signal from the meristem, whereas the latter patterning may

result after release from the control of the meristem (Toriba

et al. 2011). Therefore, the rearrangement of adaxial–abaxial

polarity in the stamen might represent the transition from

meristem-dependent development to organ-autonomous de-

velopment. Although the molecular nature of this signal is still

unknown,MIR390 is a candidate for the signal from the SAM to

the leaf primordia in Arabidopsis (Chitwood et al. 2009).

Identification of the signal is critical for elucidation of themech-

anism underlying communication between the meristem and

lateral organs.

Signal from lateral organs to the meristem

Conversely, meristem activity is likely to be also affected by a

signal from the lateral organs. Recent studies suggest that a class

of YABBY (YAB) genes are involved in this process (Goldshmidt

et al. 2008, Tanaka et al. 2012a).

In Arabidopsis, FILAMENTOUS FLOWER (FIL) and its related

YABBY genes (YAB2, YAB3 and YAB5) regulate leaf develop-

ment, including establishment of adaxial–abaxial polarity and

lamina expansion (Stahle et al. 2009, Sarojam et al. 2010). In

addition, mutations in these genes result in defects associated

with meristem function. For example, the expression domain of

CLAVATA3 andWUS is markedly expanded in the SAM of fil or

fil yab3 mutants, whereas the primary SAM fails to be main-

tained in triple and quadruple mutants of these YABBY genes.

In rice, mutation in the TONGARI-BOUSHI1 (TOB1) gene

results in pleiotropic defects in spikelet development, such as

reduction in palea and lemma growth, formation of a seamless

lemma/palea-like organ and production of two florets within a

spikelet (Tanaka et al. 2012a, Tanaka et al. 2012b). In severe

cases, the SM is arrested after formation of the sterile lemma.

Formation of seamless organs and spikelets containing two

florets is likely to be associated with a disorganized meristem.

TOB1 corresponds to OsYABBY5 (Toriba et al. 2007), which

belongs to the same subclass as FIL and YAB3.

Both rice TOB1 and Arabidopsis YABBY genes are expressed

in lateral organs, but not in the meristem (Goldshmidt et al.

2008, Tanaka et al. 2012a). The meristem defects observed in

the above YABBY mutants are therefore likely to be caused by

non-cell-autonomous action of the YABBY genes from the lat-

eral organs. In Arabidopsis, mobility of YABBY protein or

mRNA is not detected (Goldshmidt et al. 2008). Therefore,

the FIL-clade YABBY genes are involved in communication be-

tween lateral organs and the meristem, possibly by producing a

downstream signaling molecule that travels from the lateral

organ to the meristem.

Perspective

In the past decade, much progress has been made towards

understanding the molecular mechanisms underlying regula-

tion of the fate, determinacy and maintenance of grass meri-

stems. Many genes responsible for these activities have been

isolated, and their functions have been revealed, together with

genetic relationships between the genes. As discussed in the

accompanying manuscript (Pautler et al. 2013), identification of

positive regulators of stem cell maintenance, such as WUS, is

also critical for understanding the determinacy of the FM. In

Arabidopsis, determinacy is achieved by the repression of the

positive regulator WUS by AG, after specification of the carpel.

Although Class C genes such as rice OsMADS58 and maize zag1

are partially involved in this process, these genes do not specify

the carpel in grasses, and meristems still persist after carpel

specification by DL. Therefore, a complex mechanism

might be required for repressing the putative WUS-like positive

factor.

Furthermore, the genetic mechanism that regulates com-

munication between the meristem and lateral organs is an
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intriguing question in meristem biology. What genes are

involved in the production and transduction of the signal con-

necting meristemmaintenance and lateral organ development?

Little is known about these important questions, even in

Arabidopsis. We are expecting that increasing molecular gen-

etic studies of maize and rice will contribute to understanding

these issues.
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