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Abstract The grass family (Poaceae) of the monocoty-
ledons includes about 10,000 species and represents one of
the most important taxa among angiosperms. Their flower
morphology is remarkably different from those of other
monocotyledons and higher eudicots. The peculiar floral
structure of grasses is the floret, which contains carpels and
stamens, like eudicots, but lacks petals and sepals. The
reproductive organs are surrounded by two lodicules,
which correspond to eudicot petals, and by a palea and
lemma, whose correspondence to eudicot organs remains
controversial. The molecular and genetic analysis of floral
morphogenesis and organ specification, primarily per-
formed in eudicot model species, led to the ABCDE model
of flower development. Several genes required for floral
development in grasses correspond to class A, B, C, D, and
E genes of eudicots, but others appear to have unique and
diversified functions. In this paper, we outline the present
knowledge on the evolution and diversification of grass
genes encoding MIKC-type MADS-box transcription fac-
tors, based on information derived from studies in rice,
maize, and wheat. Moreover, we review recent advances in
studying the genes involved in the control of flower
development and the extent of structural and functional
conservation of these genes between grasses and eudicots.
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Introduction

Grasses belong to the Poaceae family, which includes
about 10,000 species and represents one of the most
interesting angiosperm taxa in terms of morphological
diversity, systematics, ecology, and economic importance
(Grass phylogeny working group 2001). Grasses are
widespread throughout the world and include staple
crops such as wheat, rice, maize, barley, oat, and sugar
cane.

The Poaceae are monocotyledons, flowering plants that
evolved from an ancestral monocotyledon lineage during
the late Cretaceous, 60-80 million years ago (mya)
(Bremer 2002; Magallon and Sanderson 2005). The grass
inflorescence is composed of spikelets, each containing
1-40 florets (Schmidt and Ambrose 1998), wherein sepals
are replaced by the leaf-like floral organs palea and
lemma, and petals by lodicules that consist of fleshly or
scale-like organs (Bommert et al. 2005; Zanis 2007).
Genetic and molecular studies have allowed the identifi-
cation of several genes that play key roles in regulating
inflorescence architecture and floral organ identity and
development (Bommert et al. 2005; Doust 2007; Kellogg
2007; Zanis 2007; Thompson and Hake 2009). These
results provide a framework for comparing flower mor-
phogenetic and developmental aspects among grass spe-
cies and in relation to well-characterized nongrass model
species.

The elaboration of the ABC model of floral development
based on homeotic floral mutants of Arabidopsis and
Antirrhinum has been one of the most significant advances
in plant biology (Coen and Meyerowitz 1991). It explains
how the combined functions of three classes of homeotic
genes (A, B, and C) determine the organ identities (sepals,
petals, stamens, and carpels) of the four concentric floral
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whorls. The class A action specifies the sepal identity in the
first whorl; the class A and B joint activities control the
petal identity in the second whorl; the class B and C
activities control the stamen identity in the third whorl; the
class C activity specifies the carpels in the fourth whorl. In
Arabidopsis, the class A genes include APETALAI (API)
and APETALA2 (AP2), the class B genes APETALA3 (AP3)
and PISTILLATA (PI), whereas the C function is provided
by the single gene AGAMOUS (AG) (recently reviewed in
Causier et al. 2010). Except for the class A gene AP2, all
ABC genes encode MADS-box transcription factors of the
MIKC type. The ABC model was later extended to include
two more functions, yielding the “ABCDE model”
(Theissen 2001). In Arabidopsis, the D function controls
the ovule development and is contributed, redundantly with
AG, by three further AG-like genes: SEEDSTICK (STK),
SHATTERPROOFI, and 2 (SHPI and SHP2). The E
function is required for sepal, petal, stamen, and carpel
development and is provided by the SEPALLATA genes
(SEPI1, SEP2, SEP3, and SEP4), a set of four similar and
redundant MIKC-type MADS-box genes, previously
identified as AGL2-like. Analysis of the E-function proteins
has shown that they act as “bridging molecules” and
mediate the physical interactions between A- and B-,
B- and C-, and C- and the ovule-specific D-class proteins.
Based on these findings, a quaternary model has been
proposed for the ABCDE functions of the MADS-domain
proteins (reviewed in Immink et al. 2010).

The extent to which models based on eudicot flower
development can be applied to grasses is an important issue
from both evolutionary and applied points of view. Several
genes required for floral development in grasses have been
identified, cloned, and characterized by forward and
reverse genetic approaches. Not surprisingly, most of them
are homologous to class A, B, C, D, and E genes previously
cloned from eudicots. However, experiments based on
forward genetic strategies have also identified some floral
regulators that do not have a functional eudicot counterpart
and appear to have unique functions in grass floral
development.

This paper provides an update of the present knowledge
on the evolution and diversification of grass genes encod-
ing MIKC-type MADS-box transcription factors, incorpo-
rating information based on comprehensive studies
concerning their cloning and characterization in rice,
maize, and wheat. Moreover, we review recent progress in
elucidating the genetic and molecular mechanisms
involved in the control of grass flower development. An
understandable presentation of these results requires a
summing up of the evolutionary history of the MIKC-type
MADS-box gene family in flowering plants, of the phy-
logeny of grasses, and of the structural features of the grass
inflorescence.
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Evolution of floral MADS-box gene family
in angiosperms

The prominent role of MIKC-type MADS-box genes in
flower and ovule development has been established in
model eudicot species. Phylogenetic studies have shown
that MIKC-type MADS-box genes can be clustered into
several major clades, or subfamilies, each enclosing genes
produced by duplication events. On the basis of sequence
similarity, 13 MIKC-type MADS-box gene subfamilies
have been identified among eudicotyledonous angio-
sperms; each subfamily has been named after the first
identified clade member (Becker and Theissen 2003). The
class A, B, C, D, and E genes of different plant species
can be assigned to separate subfamilies, named after the
enclosed genes of Arabidopsis and Antirrhinum: API1/
SQUAMOSA-like (class A), AP3/DEFICIENS-like or PI/
GLOBOSA-like (Class B), AG-like (class C and D), and
AGL2-like (SEP) (class E). The establishment of different
gene clades of the MIKC-type MADS-box gene family has
been shown to correlate with the occurrence of major plant
groups. Thus, it has been proposed that the duplication and
diversification of these genes may have played an impor-
tant role in the innovation of the regulatory network that
determines floral morphology (Zahn et al. 2005; Veron
et al. 2007; Litt and Kramer 2010). For example, gymno-
sperms (the closest living relatives of flowering plants)
have a single B-function gene, whereas all angiosperms
have at least two of them (AP3-like and Pl-like genes).
Evidently, the two B-function gene lineages with homologs
of AP3 and PI originated from the duplication of a single
ancestral B-function gene, preceding the origin of the
angiosperms, estimated approximately 260-290 mya (Kim
et al. 2004). A similarly ancient duplication event in the
C-function lineage has led to two lineages in angiosperms,
one including AG homologs with roles in stamen and
carpel identity, the other one with ovule-specific D function
(Kramer et al. 2004). Likewise, gene duplications formed
the SEP groups SEP1/2/4 (AGL2/3/4) and SEP3 (AGL9) in
angiosperms (Zahn et al. 2005). The corresponding dupli-
cations of these key floral organ identity genes before the
angiosperms’ origin may have somehow promoted diver-
sification and innovation in the plant reproductive program,
ultimately resulting in the origin of the flower itself. Sim-
ilarly, within each of the API, AP3, AG, and SEP1/2/4
(AGL2/3/4) lineages, additional gene duplications have
occurred before the diversification of extant core eudicots
to create the gene lineages euFUL, euAPl and AGL79
(API), euAP3 and TM6 (AP3), euAG and PLE (AG), AGL2,
AGL3, and FBP9 (SEP1/2/4) (Litt and Irish 2003; Kramer
et al. 2004; Kim et al. 2004; Stellari et al. 2004; Zahn et al.
2005; Shan et al. 2007). Phylogenetically, close paralogs
have similar but distinct expression patterns, suggesting that
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they perform related but distinct functions. Moreover,
several floral organ identity genes, such as AP/ and AP3 of
Arabidopsis, appear as novel genes generated in pre-core
eudicot duplication events (see below). In fact, due to
frameshift mutations, the C-terminal regions of their
encoded proteins are no longer homologous to those of the
paleoAP1 and paleoAP3 proteins (Vandenbussche et al.
2003; Litt and Irish 2003). Considering that the core eudi-
cots are a successful group with very elaborate and highly
derived floral structures, many authors have suggested that
the origin of the core eudicot-specific floral structures may
have been caused by the inclusion of more regulatory genes
and their complex interactions with the already well-orga-
nized regulatory network for floral development in basal
eudicots (Irish 2006; Kramer and Zimmer 2006). Under-
standing the role of gene duplication in floral diversification
represents the key to comprehending the evolution of the
angiosperms and, among them, of the grasses.

Many gene duplications have arisen simultaneously via
polyploidy, an important force throughout angiosperm
evolution (Soltis et al. 2009). Genomic analyses showed
the occurrence of polyploidization before or coincident
with the origin of angiosperms and indicated that many
lineages have since undergone additional whole-genome
duplication (WGD) events (reviewed in Soltis et al. 2009
and Van de Peer et al. 2009). Sequence analysis of the
whole Arabidopsis genome detected three ancient poly-
ploidy events: the o duplication, which occurred within the
Brassicales, and the more ancient f§ and y duplications. The
7 event has been dated before the origin of angiosperms
and the f event just before or coincident with the diver-
gence of the major core eudicot lineages (Bowers et al.
2003). The whole-genome sequences of Populus tricho-
carpa (poplar), Vitis vinifera (grapevine), and Carica
papaya (papaya) have supplied new evidence on number
and timing of early WGDs in angiosperm evolution and
confuted previous interpretations (Tuskan et al. 2006;
Jaillon et al. 2007; Ming et al. 2008). On the basis of
several large-scale phylogenetic studies, Vitis is considered
an early diverging rosid, sister to both Arabidopsis and
poplar (Jansen et al. 2006, 2007). Jaillon et al. (2007)
suggested that the common ancestor of grapevine, poplar,
and Arabidopsis was an ancient hexaploid species (this is
now considered the y event), which possibly arose after the
split between monocots and eudicots. Further independent
genome duplications took place later in Brassicales (« and
p) and in Populus lineages. Although papaya is not closely
related to grapevine, its genome shows a triplicate structure
similar to that of grapevine (Ming et al. 2008). Papaya
belongs to the order Brassicales and has been estimated to
have diverged from Arabidopsis only about 70 mya (Ming
et al. 2008). The most parsimonious explanation would be
that the hexaploid origin (leading to a triplicate genome

structure) is ancestral and shared between grapevine and
papaya. Additional duplications in Arabidopsis do not
appear shared with papaya, meaning that the Arabidopsis
lineage underwent two genome duplications (x and f3) after
its divergence from the papaya lineage. The recent com-
pletion of the soybean genome sequence (Schmutz et al.
2010) has brought new evidence to the hexaploid nature of
the common ancestor of most eudicot species; soybean
underwent two additional rounds of WGD: an allotetra-
ploidization specific of the soybean lineage would have
occurred approximately 13 mya, after a previous duplica-
tion that affected the legumes’ progenitor (see below)
about 60 mya (Bertioli et al. 2009).

The exact timing and nature of the events giving rise to
the ancestral triplicate genome structure is still debated
(Soltis et al. 2009; Van de Peer et al. 2009). For instance,
although there is some evidence for an older duplication in
the rice genome (Paterson et al. 2005), which might be
shared by all monocots (Velasco et al. 2007), conclusive
evidence of ancestral hexaploidy common to eudicots and
monocots is still lacking (Jaillon et al. 2007; Tang et al.
2008). On the basis of extensive collections of expressed
sequence tag (EST) data, a genome duplication has also
been proposed to have occurred early in the evolution of
magnoliids, at least 100 mya (Bell et al. 2005), in partic-
ular in the common ancestor of tulip poplar (Liriodendron
tulipifera) and avocado (Persea americana) (Cui et al.
2006). However, since there is no genomic assembly for
any magnoliid species yet, it has not been possible to
investigate whether this large-scale gene duplication
corresponds to the hexaploidy event or represents an
independent WGD in the magnoliid lineage. Thus,
although some monocot and magnoliid species do show
traces of duplications early in their evolution, it has yet to
be established whether they share the same hexaploidy
event with other monocots and magnoliids and, if not so,
which and how many lineages share the old duplications
proposed in these groups. What is clear, however, based on
a recent analysis considering collinearity between tomato
(Solanum lycopersicum) and the triplicate regions in
grapevine, is that the hexaploidy occurred before the split
between asterids and rosids and therefore pre-dates the
divergence of most eudicot lineages (Tang et al. 2008).

Besides the more ancient duplication events shared by
most angiosperms, many plant lineages show traces of
additional, more recent WGD events (Soltis et al. 2009;
Van de Peer et al. 2009). As previously described for the
Brassicaceae, some of the most diverse and species-rich
clades, such as the families Poaceae (see below), Fabaceae,
Solanaceae, and Asteraceae, have been suggested to have
undergone a WGD before their diversification, although the
exact timing has yet to be determined (Soltis et al. 2009;
Van de Peer et al. 2009). Interestingly, many independent
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WGDs, such as those in cereals (e.g., rice and sorghum),
legumes (e.g., soybean and Medicago truncatula), tomato,
lettuce (Lactuca sativa), cotton (Gossypium hirsutum),
poplar, and banana (Musa spp.), appear to have occurred
about 50-70 mya (Van de Peer et al. 2009). Recently, it
has been suggested that these duplication events were
related to the Cretaceous—Tertiary extinction event, which
was the most recent large-scale mass extinction of plant
and animal species, including the dinosaurs (Fawcett et al.
2009). However, one should be cautious when linking
polyploidization events with adaptation or species diver-
sification, as these are often difficult to test and require
further investigation (Van de Peer et al. 2009).

As described, genome evolution in angiosperms has
been complex, with a number of rounds of genome dupli-
cations followed, in some cases, by gene deletions, making
difficult the identification of strictly homologous (same
function) genes. Thus, while there is considerable interest
in identifying homologous genes controlling floral devel-
opment between grasses and higher eudicots such as
Arabidopsis, the identification of strictly homologous genes
is not always straightforward. In an effort to distinguish
homology relationships in multigene families, Fitch (1970)
used the terms “orthology” and “paralogy”. Orthology
refers to genes that diverged through speciation, whose
homology can be traced through speciation events, such
that the history of the orthologous genes would reflect the
species history. Paralogy, in contrast, refers to the homol-
ogy between genes deriving from duplication events. These
two concepts are often confused, but their correct usage is
critical for providing insight into the conservation of gene
structure and function between species. Since the definition
of paralogy does not refer to speciation events, genes in
different organisms that arose from gene duplication in an
ancestral genome should be considered as paralogous
(Sonnhammer and Koonin 2002). However, when multiple
gene copies are compared between different species, often
they include both orthologous and paralogous genes, due to
gene duplications following speciation events. In these
cases, there is orthology between clades of paralogous
genes, which have been termed co-orthologs by
Sonnhammer and Koonin (2002). The orthology assign-
ments of genes can be made even more complex by gene
loss following gene duplication. After duplication, in fact, a
copy of a particular gene may have been retained at a locus
in a species, but lost in the second one, whereas the second
copy may have been retained in both species at orthologous
locations. Therefore, loss of orthologous copies may result
in paralogues rather than orthologs being compared in
genomic analyses. Understanding both the evolution-
ary history of the gene phylogeny as well as species phy-
logeny is essential to differentiate orthologous (speciation)
and paralogous (gene duplications) evolutionary events.
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Several additional terms that have been proposed to
distinguish various subtypes of orthology and paralogy
include the already cited co-orthologs, outparalogues, and
inparalogues (Sonnhammer and Koonin 2002). The term
co-orthologs is referred to paralogous genes produced by
duplications of orthologous genes subsequent to a given
speciation event (also called lineage-specific expansions
of paralogous families), which is commonly observed
between distantly related species (e.g., rice and Arabidop-
sis). The terms outparalogues and inparalogues are intro-
duced to distinguish paralogues that originated before a
given speciation event from those that originated afterward.

Evolutionary history of the grasses

The evolutionary and phylogenetic relationships among the
approximately 10,000 extant species of grasses have long
been debated. The most comprehensive overview of grass
phylogenetic relationships stemmed from the successful
collaboration of the Grass Phylogeny Working Group
(2001) (GPWG), which, using both morphological and
molecular data and 62 exemplar species, recognized 12
monophyletic subfamilies within the Poaceae family, with
Sanchez-Ken et al. (2007) later adding the subfamily Mic-
rairoideae. Further analyses confirmed the major relation-
ships found by the GPWG, showing additionally that the
outgroup families Ecdeiocoleaceae and Joinvilleaceae form
a clade sister to the Poaceae, whereas Flagellariaceae
clusters into a clade, named graminid, which includes
Poaceae, Ecdeiocoleaceae, and Joinvilleaceae and is sister
to the Restionaceae (Marchant and Briggs 2007) (Fig. 1).
The three earliest-divergent lineages of basal grasses—
Anomochlooideae (Anomochloa and Streptochaeta), Pha-
roideae (Pharus), and Puelioideae (Puelia and Guaduella),
previously included in the subfamily Bambusoideae—
comprise few species and are generally herbaceous plants of
tropical forest understoreys. The great radiation of species
occurred in the “crown group” of grasses, which diverged
approximately 50-70 mya (GPWG 2001; Bremer 2002). A
wide clade (the BEP clade) comprises the basal sister sub-
families Bambusoideae (bamboos) and Ehrhartoideae
(including rice and wild rice) and the Pooideae (including
wheat, oats, barley, etc.) (Fig. 1). This large group of
approximately 4,200 species is sister to the PACCMAD
clade, which includes the subfamilies Panicoideae, Arun-
dinoideae, Chloridoideae, Centothecoideae, Micrairoideae,
Aristidoideae, and Danthonioideae (Sanchez-Ken et al.
2007). The large subfamily Panicoideae includes two tribes,
the Paniceae, containing the millets, and the Andropogo-
neae, containing sorghum, maize, and sugar cane.

Studies on the phylogeny of grasses based on morpho-
logical and paleontological information have been integrated
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by genomic data of some major cereal grasses (see Doust
2007 and Bolot et al. 2009 for reviews). Molecular analyses
have revealed that a WGD pre-dates the divergence of the
wild relatives of modern cereal grasses. During the first third
of their subsequent evolution, there was little molecular
divergence (Paterson et al. 2004), whereas marked genomic
divergence occurred in the last two-thirds of the 50-70
million years since the main cereal grass lineages separated
(Paterson et al. 2004), resulting in genome size differences
ranging from the 420 Mb genome of rice to the approx.
17,000 Mb genome of wheat (Goff et al. 2002). Integration
of data from independent analyses of gene duplications
within the genomes and of chromosomal synteny between
the four major cereals (wheat, rice, maize and sorghum) led
to the identification of seven shared duplications in the four
compared species and the definition of five ancestral chro-
mosomal groups (Salse et al. 2008). The characterization of
the seven paleo-duplications and the relationships between
conserved regions allowed the identification of the evolu-
tionary events that shaped the grass genomes since their
divergence from a putative ancestor species with an haploid
number of five chromosomes (n = 5) (Bolot et al. 2009).
After a WGD event (n = 5 + 5 = 10 chromosomes) about
50-70 mya, the ancestral genome underwent two inter-
chromosomal translocations and fusions that resulted in an
n = 12 intermediate ancestor, (5 + 5 4+ 2 = 12 chromo-
somes, A1-A12). Rice retained the 12 original haploid
chromosome number, whereas the other grass genomes
underwent further rearrangements of chromosome number
and structure. In rice, additional segmental duplications,
including the recent duplications (7-8 mya) over approxi-
mately 3 Mb at the terminal ends of chromosomes 11 and 12,
occurred without modifying the basic structure of 12 chro-
mosomes. The maize and sorghum karyotypes evolved from

the ancestor with 12 chromosomes through two chromo-
somal fusions (between A3 and A10, A7 and A9) that
resulted in a Panicoideae ancestor with n = 10 (5 + 5 +
2 — 2) chromosomes (Salse et al. 2008). Whereas the sor-
ghum karyotype remained similar to that of the ancestral
species, with n = 10 chromosomes, maize underwent a
WGD event about 11 mya, resulting in an intermediate with
n = 20 chromosomes (Gaut and Doebley 1997; Gaut 2001;
Swigonova et al. 2004). After this tetraploidization, a num-
ber of chromosomal fusions led to the maize karyotype
including 10 chromosomes, n = 10 (5 +5 + 2 — 2) x
2—10). Atleast 17 chromosomal fusions must have occurred
to explain the paralogous relationships that can be detected
today among the maize chromosomes (Bolot et al. 2009).
The intermediate ancestral genome with 12 chromosomes
of the Triticeae underwent five chromosomal fusions
(A5 + A10, A6 + A8, A9 + Al12, A3 + All, and
A4 + A7) that resulted in a basic number of n =7
(5 + 5+ 2 —5) chromosomes for the wheat and barley
karyotypes. The analysis of the recently released genome of
Brachypodium distachyon, which is the first member of the
Pooidae subfamily to be sequenced, is consistent with an
evolutionary model that shaped the five Brachypodium
chromosomes from a five-chromosome ancestral genome
through a 12-chromosome intermediate involving seven
major chromosome fusions (The International Brachypodium
Initiative 2010).

Spikelets and florets, the structural units of the grass
inflorescence

One of the most striking features of grasses is their com-
plex floral and inflorescence structure, which includes

@ Springer



252

Sex Plant Reprod (2011) 24:247-282

multiple meristem types, as revealed by mutants affecting
discrete stages of inflorescence development in maize, rice,
and wheat (for reviews see Bommert et al. 2005; Kellogg
2007; Thompson and Hake 2009).

After flag leaf initiation, the shoot apical meristem
(SAM) of wheat shifts from the vegetative to reproductive
phase, elongates to form a collar (the first reproductive
primordium), and becomes an inflorescence meristem (IM)
(Hay and Ellis 1998). This then forms a double-ridge
structure, which represents the beginning of spikelet initi-
ation. The upper part of the double-ridge, which consists of
two upheavals, then acquires spikelet meristem (SM)
identity and forms a spikelet; the lower part, originally a
leaf meristem, disappears as growth proceeds. Spikelets are
arranged to form two opposite rows along the rachis
(Fig. 2a); their number is determined by the timing of
terminal spikelet initiation, which depends upon the
genotype and environmental conditions. The spikelet is
composed of multiple florets (usually six to eight) joined
alternately on opposite sides of an axis (rachilla); some of
those in apical positions can be sterile due to hypoplasia.

In rice, the inflorescence meristem (IM) produces sev-
eral primary branch meristems (PBMs) before terminating;
each of them initiates secondary branches (SBM) as axil-
lary meristems. Thus, the IM degenerates after making
PBMs, and the internodes of both primary and secondary
branches elongate to form the panicle architecture. The
spikelet meristem (SM) initiates from SBM or directly
from PBM, which then forms floret meristems (FMs)
(Fig. 2b). Each rice spikelet contains a single fertile floret
subtended by two pairs of small bracts called empty glumes
(or sterile lemma) and rudimentary glumes, as described in
more detail below.

Maize is a monoecious plant with two inflorescence
types: the ear, which arises in the axil of a vegetative leaf
and produces the female flowers, and the tassel, which
develops the male flowers and is located at the apex of the
plant. The tassel IM first initiates several lateral meristems
(BMs) that become long branches and then switch to form
transient spikelet pair meristems (SPMs) and produce a
pair of SMs; these are transient as well and form the bracts,
which are sterile leaves, and two floral meristems (FMs)
(Fig. 2¢). The unbranched ear does not produce BMs, and
only one of the two FMs develops into a fertile flower
(Fig. 2d).

The spikelet meristem is unique to all grasses except
the subfamily Anomochlooideae (see below), which is
sister to all of the Poaceae (Fig. 1), but the spikelet
determinacy differs by species: in wheat, for example, the
SMs are indeterminate (Murai et al. 2002), whereas in
maize, spikelet and spikelet pair meristems are considered
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Fig. 2 Inflorescence development in wheat (a), rice (b) and maize
tassel (c¢) and ear (d). Left, diagram illustrating the different
meristems formed during the inflorescence development in each
species; right, schematic drawing of the inflorescence of the three
species. a Wheat inflorescence meristem (IM) transits from the shoot
apical meristem (SAM) directly to form indeterminate spikelet
meristem (SM) as lateral branch, which will form several floral
meristems (FMs). b In rice, the IM initiates primary branch meristems
(PBMs) and this initiates the secondary branch meristems (SBMs).
The SMs initiate from SBMs or directly from PBMs and then form
floret meristems (FMs). ¢ The maize tassel IM first initiates several
lateral meristems (BMs) that become long branches; the IM later
switches to producing spikelet pair meristems (SPMs). SPMs produce
a pair of SMs, which in turn form two floral meristems (FMs). d The
maize ear is unbranched and does not produce BMs; in addition only
one of the two produced FMs develops into a fertile flower



Sex Plant Reprod (2011) 24:247-282

253

Fig. 3 Spikelet (a), single floret organs (b) and diagrammatic p

representation of a transverse section through a wheat floret (c).
The wheat inflorescence (spike or head) develops at the tip of a stem
and is composed of spikelets, which include florets. The florets join
the axis (rachilla) alternately on opposite sides and are encompassed
by two small bracts (glumes). Each spikelet encloses multiple florets
(usually six to eight); some of those in apical position can be sterile,
due to hypoplasia. The reproductive organs of each floret are
enveloped by two leaf-like structures, lemma and palea, and at the
base of the ovary, there are two small glandular organs, the lodicules,
that, swelling at anthesis, spread the palea and lemma apart to open
the floret for wind pollination. The reproductive organs of the floret
comprise three stamens and a pistil, which is a unilocular carpel and
consists of the ovary containing the ovule and two filamentous styles,
each terminating with a feathery stigma. In b, the single floret organs
have been detached from the rachilla. Glu glumes, Pa palea, Le
lemma, Lo lodicules, St stamens, Pi pistil, Sti stigma, Ra rachilla, Ca
carpel

determinate, because they produce a defined number of
organs (Vollbrecht et al. 2005).

The spikelet represents the basic unit of the grass inflo-
rescence architecture (Fig. 3); itis a compact axillary branch
composed of one to many florets, subtended by glumes,
which can be large and encompass the entire set of florets, as
in maize and sorghum, or severely reduced structures at the
base of the floret, as in rice. The two glumes encompass a
characteristic and species-specific number of florets, e.g.,
two florets per spikelet in maize, just one in barley. Some
species (e.g., wheat, Fig. 3) have multiple florets enclosed
by the glume pair, some of them being sterile. Although rice
is occasionally and erroneously described as having single-
flowered spikelets, different developmental genetic studies
(Prasad et al. 2001; Komatsu et al. 2003) have indicated that
the rice spikelet contains three florets subtended by two tiny
rudimentary glumes. The uppermost floret is bisexual and
fertile, whereas the lower two florets are strongly reduced
and sterile. The typical grass florets (Fig. 3) consist of: (1)
the lemma, often considered a bract in whose axil the flower
arises; (2) the palea, a bract-like organ, occasionally inter-
preted as prophyll of the floral branch subtended by the
lemma; (3) two (rarely three or more) lodicules, small scale-
like or fleshy organs that swell up at anthesis to open the
floret and exert the anthers; in some grasses, for instance
bamboos, there are three lodicules that alternate with the
anthers, whereas in most grasses (e.g., wheat, Fig. 3), the
medial (adaxial) lodicule aborts, leaving only the two
abaxial lodicules adjacent to the lemma; (4) the stamens, the
male reproductive organs, generally occur in one (e.g.,
wheat, Fig. 3) or two (e.g., rice) whorls of three; (5) the
female reproductive unit (gynoecium) is composed of three
fused carpels, generally with two stigmas and a single ovary.
In rice, the lower sterile florets develop only a reduced
lemma, known as empty glume or sterile lemma.

Grasses exhibit a variety of sexual systems, including
bisexual, unisexual (staminate and pistillate), and sterile

florets. Unisexual florets have evolved independently on
multiple occasions within grasses, with as many as six
estimated transitions in the species belonging to the Chlo-
ridoideae subfamily alone (Columbus 1999). Plants that
make unisexual florets are most commonly monoecious,
with male and female florets on separate inflorescences of
the same plant (e.g., maize, subfamily Panicoideae; Lith-
achne, sub. Bambusoideae; Pharus, sub. Pharoideae);
dioecious, with male and female florets on separate plants
(Bouteloua dioica, Distichlis spicata, sub. Chloridoideae);
or andromonoecious, with male and perfect flowers on the
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same plant (e.g., Sorghum, sub. Panicoideae). Maize is the
only grass wherein significant genetic and molecular data
on sex determination are available (see Malcomber and
Kellogg 2006; Thompson and Hake 2009 for reviews); like
other grasses with unisexual florets, its florets are initially
bisexual, but then the development of carpel and stamen
primordia arrests in male and female florets, respectively.

Phylogenetic and morphological studies of grasses and
other monocots have improved our understanding on the
origin of the grass spikelet and its organs. The grass
spikelet was probably derived from an ancestral monocot
flower consisting of a perianth containing either two whorls
of tepals or an outer whorl of sepals and an inner whorl of
petals, perhaps similar to the perianth of Joinvillea and
Ecdeiocolea (Rudall et al. 2005; Zanis 2007), whose
families (Joinvilleaceae and Ecdeiocoleaceae) are closely
related to Poaceae (Fig. 1). The androecium likely con-
tained two whorls with three stamens each, the gynoecium
contained an ovary with three stigmas. The earliest grasses
had three stigmas, a relict of the three fused carpels
inherited from their ancestors; this number was reduced to
two after the speciation event that led to the genus Pharus
(Pharoideae subfamily in Fig. 1) (Kellogg 2001). Like their
nongrass ancestors, the earliest species also had six sta-
mens; it is not clear from the grass phylogeny when the
shift from six to three occurred, probably after the diver-
gence of the Puelia/Guaduella group (Puelioideae sub-
family in Fig. 1) (Kellogg 2001). Before or soon after the
origin of the grasses, the perianth was highly modified,
resulting in floret organs such as palea, lemma, and lodi-
cules. Lodicules are present in the male floret of Pharus but
not in the genera Streptochaeta and Anomochloa, the ear-
liest lineage of the grasses (Anomoclooideae subfamily in
Fig. 1). Moreover, neither Streptochaeta nor Anomochloa
have structures that are clearly homologous with glumes,
lemma or palea, and thus, neither can be described as
possessing typical grass spikelets. The inflorescence
structures of these two species are difficult to interpret
when compared to the ancestral monocot condition or to
the morphology of their sister taxa in the spikelet-bearing
grasses. The inflorescence branches of both Streptochaeta
and Anomochloa have been interpreted either as (1) partial
inflorescences and termed pseudospikelets (Soderstrom
1981) or spikelet equivalents (Judziewicz et al. 1999) or as
(2) highly modified spikelets (Sajo et al. 2008).

The inflorescence of Streptochaeta bears multiple, spi-
rally arranged, primary branches, each terminating in a
flower with six stamens and a three carpellary gynoecium
(Whipple et al. 2007; Preston et al. 2009). The fertile floral
organs of Streptochaeta are thus similar in position and
number to those of many other monocots, including the
sister groups of the grasses. Outside the stamens, there is a
set of three bracts, which are comparable in position and
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number, but not phyllotaxis, to the inner perianth whorl of
other monocots (Whipple et al. 2007). In addition, these
extrastaminal bracts express the AP3/DEF-like and Pl/
GLO-like genes (B-class genes), which are markers of the
extrastaminal domain in many angiosperms (Whipple et al.
2007) (see below). Thus, the extrastaminal bracts in
Streptochaeta and the lodicules in the spikelet-bearing
grasses are comparable to inner tepals. Below the three
extrastaminal bracts, inflorescence branches of Strepto-
chaeta bear eight or nine additional bracts. The bracts are
conventionally numbered from the base of the branch, so
those comprising the inner perianth (three extrastaminal
bracts) are numbered 10-12 or 9-11. The homologies of
the bracts, in particular eight or nine of the more proximal,
are unclear and have been the subject of much discussion
(Soderstrom 1981; Sajo et al. 2008). The most proximal
bracts (numbered 1 and 2) are more or less opposite each
other, whereas bracts 3, 4, and 5 (if present) are arranged as
a spiral. Opposite and above bract 5, there is a large bract
that develops a long awn (bract 6). The awn extends during
development to become filamentous and twisted (hence the
name Streptochaeta) and ultimately becomes entangled
with other awns of the inflorescence; it is presumed to be
an adaptation for dispersal. Bract 6 is adaxial to the main
inflorescence axis, above it there are five to six more bracts
(bracts 7-11/12) in two whorls or spirals. At maturity, the
floral branch disarticulates below the basal bracts along a
distinct abscission zone (Sajo et al. 2008; Preston et al.
2009).

Soderstrom (1981) postulated that all the bracts in
Streptochaeta would be homologous to floral bracts of
conventional monocots, and that none of them constitutes a
perianth. His interpretation thus suggested that the primary
inflorescence branch would be actually a complex of
branches. While Soderstrom (1981) interpreted the inflo-
rescence branch of Streptochaeta as a largely vegetative
shoot, Sajo et al. (2008), investigating floral development
of Streptochaeta spicata Schrad. ex Nees, proposed that the
inflorescence branch is actually a highly modified spikelet.
In their interpretation, bracts 1-5 would correspond to
empty glumes, bracts 68 to lemma/palea and outer tepals,
and bracts 9-11 to lodicules and inner tepals of grass
spikelets and nongrass monocots, respectively. These
conclusions were consistent with the gene expression
analyses of the AP3-like, PI-like, API/FRUITFULL-like
and LEAFY HULL STERILEI-like MADS-box genes in
Streptochaeta angustifolia and a nongrass outgroup (Join-
villea ascendens) reported by Whipple et al. (2007) and
Preston et al. (2009) (see below) and indicate that the
highly modified spikelet of Streptochaeta could be con-
sidered as morphologically intermediate between the true
spikelets of grasses and reproductive units of their close
relatives.
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MIKC-type genes of the MADS-box family in grasses

Although different MIKC-type genes have been isolated
from several grass species (Bommert et al. 2005; Whipple
and Schmidt 2006; Dwivedi et al. 2008), the most com-
prehensive cloning and characterization of genes encoding
MADS-box transcription factors have been carried out in
rice, maize, and sorghum (Munster et al. 2002; Lee et al.
2003a; Arora et al. 2007; Zhao et al. 2010), thanks to the
completion of their whole-genome sequencing, and in
wheat, wherein Paolacci et al. (2007) carried out an
extensive screening for MIKC-type cDNAs.

The evolutionary relationships between MIKC-type
genes of grasses and Arabidopsis were assessed through
phylogenetic reconstruction based on the alignment of 134
amino acid sequences deduced from the nucleotide
sequences of 34 genes of Arabidopsis (Parenicova et al.
2003), 31 of rice (Lee et al. 2003a; Arora et al. 2007), 40 of
maize (Munster et al. 2002; Zhao et al. 2010), and 29 of
wheat (Paolacci et al. 2007) (Fig. 4). This analysis identi-
fied putative co-orthologs of MIKC-type genes in Arabid-
opsis and grasses, thus providing a minimal estimate for the
number of MIKC-type genes in the most recent ancestor of
monocots and eudicots which, according to molecular
evolution inference, existed about 125-150 mya (Soltis
et al. 2008; Bell et al. 2010). Minimal clades containing
only genes from grasses (maize, rice, and wheat) were also
recognized within the phylogenetic tree; they allowed for
the assessment of the number of MIKC-type genes that
would have been present in the common ancestor of these
grass species (orthologous or outparalogous genes).
Moreover, phylogenetic analysis identified within each
grass species the putative paralogous genes (inparalogues),
which most likely originated by duplication events occur-
ring after the separation of their lineages. All the rice,
wheat, and maize genes were assigned to 11 of the 13
known plant subclasses of MIKC-type genes, except
OsMADS32, TaWM16, and ZmMADS2/ZmMADS14, which
formed a separate clade, referred to as OsMADS32 in
Fig. 4. More extensive analyses would be needed to verify
whether the Arabidopsis co-orthologs of these genes have
been lost or are present only in monocot or grass genomes.
So far, FLC- and AGLI15-like genes have been found only
in Arabidopsis and other Brassicaceae species (Becker and
Theissen 2003). Co-orthologs of these genes have not been
found in any grass species, even in the sequenced genomes
of rice, maize, and sorghum (Becker and Theissen 2003;
Arora et al. 2007; Zhao et al. 2010). These results dem-
onstrate that the complexity of the MIKC branch of the
MADS-box family of wheat, maize, and rice is similar to
that of eudicots and that at least 11 different MIKC-type
genes were already present in the last common ancestor of
monocots and eudicots about 125-150 mya. Moreover, it is

evident that several gene duplications occurred in the ori-
ginal grass lineage before maize, rice, and wheat diverged.
Phylogenetic analysis identified 24 minimal clades con-
taining putative orthologs of all the three grass species,
whereas two clades included only genes of maize and rice
(GGM13 subfamily in Fig. 4) and three clades only genes
of rice and wheat (AGL17 and SOC] subfamilies in Fig. 4).
The lack of wheat orthologs in the two minimal clades
belonging to the subfamily GGMI13 might be ascribed
either to incomplete MIKC gene sampling in that species or
to their deletion after wheat speciation. Due to the com-
prehensive analysis of the MADS-box gene family in the
maize genome (Zhao et al. 2010), the absence of the maize
orthologs in the two minimal clades of the AGLI7 sub-
family and in one clade of the SOC! subfamily can only be
explained by their loss during maize evolution. On the
basis of these lines of evidence, at least 24 (probably 29)
MIKC genes would have been present in the common
ancestor of maize, rice, and wheat, before their divergence
about 50-70 mya (Bremer 2002). This represents a sig-
nificant increase in comparison to the 11 MIKC-type genes
that would have been present about 125-150 mya in the
common ancestor of monocots and eudicots. Most likely,
the increase of MIKC genes in the progenitor of grass
species was caused by multiple duplications followed by
diversification and could have been a key factor in the
evolution of the complex inflorescences and floral struc-
tures common to the species of the Poaceae family. Several
studies found evidence that most duplications would result
from the whole-genome duplication event that occurred
before the origin of the Poaceae 50-70 mya (Preston and
Kellogg 2007; Xu and Kong 2007). Arora et al. (2007)
located 30 MADS-box genes lying on segmental duplicated
regions of rice chromosomes, whereas only 16 were found
to have been retained, suggesting that relevant changes
leading to the loss of some duplicated genes might have
taken place following segmental duplications. All but one
of the paralogous gene pairs are of MIKC-type; most of
them exhibit divergent expression patterns, probably
because they underwent neofunctionalization or subfunc-
tionalization, although functional analyses are needed to
test this hypothesis. Furthermore, comparative genomic
studies have shown that after gene duplication, exonization
of intron sequences and pseudoexonization of exon
sequences would have contributed to the divergence of
duplicated genes in sequence structure and possibly gene
function (Xu and Kong 2007). These observations and the
distinct Poaceae floral structures imply that the duplication
of MIKC-type homeotic floral genes of the MADS-box
family may have contributed to the formation of a more
complex gene network controlling floral development and
leading to the origin/diversification of more advanced
regulatory and morphogenetic systems.
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On the basis of these indications, it is possible to present ~ Class A genes
the functional and evolutionary conservation of each class
of ABCDE genes in grasses, focusing the attention on  Of the two class A genes of Arabidopsis (AP1 and AP2),
maize and rice, wherein the function of some floral MADS- only API encodes a MADS-box transcription factor; it has
box genes has been defined using mutant phenotypes. In  two distinct roles: the class A function for the identity of
contrast, the putative functions of the wheat homeotic floral sepals and petals and the specification of the floral meristem
genes will be deduced on the basis of both similar  identity (Mandel et al. 1992). Phylogenetic reconstructions

expression pattern and sequence clustering with charac-  of Arabidopsis genes encoding MADS-box factors have
terized MADS-box sequences from Arabidopsis, maize and ~ shown that AP forms the clusters of AP1/SQUA-like genes
rice. with CAULIFLOWER (CAL), FRUITFULL (FUL), and
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AGAMOUS-LIKE 79 (AGL79) (Fig. 4). APl and CAL
would derive from the polyploidization (probably the «
event), that took place at the base of the Brassicaceae
evolution (Litt and Irish 2003). CAL and FUL are involved
redundantly with AP/ in establishing the floral meristem
(Kempin et al. 1995); besides this function, FUL is also
involved in fruit development and specifies valve identity
(Gu et al. 1998). The function of AGL79 is unknown,
although DEFH2S, its orthologous gene of Antirrhinum
majus, plays a dual role during the development of both
inflorescences and carpels (Muller et al. 2001). Several
studies have indicated that the API/SQUA subfamily
experienced frequent gene duplications and the acquisition
of novel sequence structures, which make difficult to elu-
cidate the evolutionary history of this subfamily (see Litt
2007 for review). Recent phylogenetic analyses of AP1/
SQUA-like genes have shown that within the core eudicots
there are three major clades: euAP! (including AP/ and
CAL), euFUL (including FUL), and AGL79 (comprising the
Arabidopsis gene AGL79) (Shan et al. 2007). These three
clades were probably generated through two very close
duplication events preceding the diversification of core
eudicots but following the split of Buxaceae and core
eudicots. Moreover, phylogenetic analyses and sequence
comparisons indicated that the angiosperm taxa that
diverged before the two close duplications at the base of
core eudicots carried only genes of FUL-like type. Notably,
these genes showed much higher sequence similarity to the
genes of the euFUL clade than to those of the euAP1 and
AGL79 clades, suggesting a corresponding higher func-
tional similarity of the FUL-like genes from early diverging
eudicots, monocots, and basal angiosperms to the genes of
the euFUL clade. The ancestral genes giving rise to the
euAPI and AGL79 clades may have been generated from an
euFUL or FUL-like gene through two independent dupli-
cation events (Litt and Irish 2003; Litt 2007; Shan et al.
2007). Based on these observations and on the expression
analyses of the FUL-like, euFFUL, and euAP1 genes, it has
been proposed that the ancestral function of API1/SQUA-
like genes was the specification of floral meristem identity
or phase change to reproduction, whereas their role in the
specification of sepal, petal, and fruit valve identity was
acquired later (Theissen et al. 2000; Litt 2007; Shan et al.
2007). So far, only in Arabidopsis has it been reported that
the loss of an AP1/SQUA-like gene (euAPl, euFUL, or
FUL-like) results in loss of identity of both the first- and
second-whorl organs, suggesting that the A function per-
formed by the API/SQUA-like genes may be confined to
Arabidopsis or to the Brassicaceae family. The observation
that AP/ and CAL stem from a gene duplication that
occurred within the Brassicaceae supports further the
hypothesis that AP/ may have acquired the class A function
very recently. Therefore, one may expect that API/SQUA-

like genes play a role in specifying floral meristem identity
or in the transition from the vegetative to reproductive
phase in grasses, but not in identity determination of the
floral organs in the outermost whorls.

Previous phylogenetic analyses of FUL-like genes in
grasses indicated the existence of three distinct clades:
FULI, FUL2, and FUL3 (Preston and Kellogg 2006, 2007).
Accordingly, the 11 FUL-like genes of wheat, maize, and
rice form three subclades, each containing at least one gene
for each of the three grass species (Fig. 4). This clustering
has been explained by two duplication events that took
place in their common ancestor (Preston and Kellogg 2006,
2007). Apparently, the first duplication occurred around the
base of the monocots giving rise to the FUL3 clade, the
second occurred later, likely during a whole-genome
duplication (polyploidization) at or near the base of
grasses, giving rise to the FULI and FUL2 clades. The
FULI- and FUL2-like genes of rice (OsMADSI4 and
OsMADS15) were located in regions of the chromosomes 3
and 7 identified as segmental duplications, providing
genomic evidence that the gene duplication identified by
phylogenetic analysis corresponds to a genome-wide
duplication event (Preston and Kellogg 2007; Xu and Kong
2007). The presence of two maize genes in the FULI and
FUL2 clades (Fig. 4), also observed in other subclasses of
the grass MIKC-type MADS-box family, may reflect the
duplication of the maize genome after its speciation, which
occurred about 11 mya (Gaut 2001, Swigonova et al.
2004).

The rice FUL3-like gene OsMADSIS (Fig. 4) was
expressed in roots, leaves, inflorescences, and developing
kernels, but not in young seedlings; its expression was
detected 4 weeks after germination in leaves and surged
when the plant reached the reproductive stage (Fornara et al.
2004). Functional analysis showed that RNAi-mediated
silencing of OsMADSI8 did not result in detectable phe-
notypic alteration, indicating that this gene is probably
redundant with one or more of the other API/SQUA-like
genes found in rice. Over-expression of OsMADSIS8 resul-
ted in an early flowering phenotype and induced precocious
initiation of axillary shoot meristems, suggesting that this
gene is able to promote the differentiation program of the
vegetative shoot. The expression pattern of TaAPI-2, the
wheat FUL3-like gene, is similar to that of its rice ortholog
OsMADS18, with high levels of transcripts in roots, stems,
leaves, in spikes at different stage of development and in
different spikelet organs at heading time (glumes, lemma,
and palea). A low level of expression of TaAP1-2 has also
been detected in coleoptiles 20 days after germination,
developing caryopses, reproductive spikelet organs (sta-
mens and pistils), and lodicules (Paolacci et al. 2007).

Expression of TaAPI-I, the wheat FULI-like gene
(Fig. 2), was absent in roots, coleoptiles, and caryopses
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collected 20 days after anthesis (DAA) but was high in
leaves, stems, 5 DAA caryopses, and in all spikelet organs
at heading time (Paolacci et al. 2007). Conversely, its rice
ortholog OsMADSI4 was expressed only in inflorescence
and developing caryopses (Pelucchi et al. 2002). The
expression pattern of the two genes was different during
flower development; in situ hybridization showed that in
rice the expression started in the spikelet meristem, later
was limited to the primordia of flower vegetative organs
and finally switched to reproductive organs but was shut
down in the vegetative organs (Pelucchi et al. 2002).
Moreover, TaAPI-1 is closely related to the wheat homo-
eologous genes TaVRN-Al, TaVRN-BI, and TaVRN-DI
(Fu et al. 2005) and to VRNI of the diploid wheat
T. monococcum (Yan et al. 2003), which are involved in
the transition from the vegetative to the reproductive phase
induced by the vernalization.

OsMADSI5 (rice FUL2-like gene) expression was ini-
tially observed throughout the spikelet meristem, but after
initiation of the spikelet organs, its transcripts were found
only in the vegetative organs, i.e., lodicules, palea, lemma,
and glumes (Kyozuka et al. 2000). The expression pattern
of TaAPI-3 was similar to that of its orthologous Os-
MADSI5: it was expressed in all spike developmental
stages and in the vegetative organs of the spikelets, but at
lower level in the lodicules (Paolacci et al. 2007).

The FUL2-like genes of maize ZAPI and ZmMADS3
(Fig. 4) are characterized by distinct expression patterns; in
fact, ZAP1 was expressed only in the nonreproductive
organs of the spikelet (glumes, lemma, and palea) (Mena
et al. 1995), whereas ZmMADS3 was expressed in both
vegetative and inflorescence tissues (Heuer et al. 2001).
During flower development, ZmMADS3 was expressed at
intermediate stages in all the organ primordia of the ear
spikelets, whereas at later stages, its expression was
restricted to mature pistils. In the tassel, after organ dif-
ferentiation, ZmMADS3 was expressed only in the stamens.
Among vegetative tissues, ZmMADS3 was expressed in
stem nodes and displayed a gradient, with highest expres-
sion in the uppermost node. Constitutive expression of
ZmMADS3 resulted in undifferentiated floral organs in the
male spikelets and reduced male inflorescence branching
(Heuer et al. 2001). This phenotype has been attributed to
some interference with other MADS-box proteins, for
example through inappropriate dimerization at particular
stages of development. This interference hypothesis pre-
dicts that the maize FUL2-like genes’ expression must be
switched off during certain stages of floral meristem dif-
ferentiation, or that FUL2-like genes and interacting pro-
teins should be co-expressed only in specific floral organs.

As a whole, the function of API/SQUA-like genes in
grasses is still unclear, as compared to other classes of
MIKC-type MADS-box genes. Based on the available
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information, the grass API/SQUA-like genes would
accomplish a general role in floral transition and/or in floral
meristem identity. However, on the basis of TaAPI-3,
OsMADS15, and ZAPI expression patterns, a specific role
in the identity of the nonreproductive organs of spikelet (A
function genes) cannot be excluded for the FUL2-like
genes.

Class B genes

In Arabidopsis, the class B genes AP3 and PI, required to
specify petal and stamen identity, belong to the AP3/DEF-
and PI/GLO-like gene groups, respectively (Fig. 4). All the
single mutants of these genes display the same homeotic
transformation of petals to sepals in the second whorl and
of stamens to carpels in the third whorl (Jack et al. 1992;
Goto and Meyerowitz 1994). This is consistent with the
activity of their encoded proteins as obligate heterodimers
(Goto and Meyerowitz 1994). The expression of either
B-function gene is initiated independently in the second
and third floral whorls, but the maintenance of high levels
of AP3 and PI transcripts by auto-regulation depends upon
the presence of the heterodimeric protein complex (Honma
and Goto 2000; Lamb et al. 2002). While the AP3/DEF and
PI/GLO subfamilies originated from a gene duplication
event after the separation of the lineages leading to the
extant gymnosperms and angiosperms approximately
260-290 mya (Kim et al. 2004), it has become clear that in
many species the B function has further been shaped and
complicated by other rounds of gene duplications in both
gene subfamilies (recently reviewed in Litt and Kramer
2010 and Rijpkema et al. 2010). One of the duplications in
the AP3/DEF subfamily, which coincided with the radia-
tion of the core eudicots and resulted in the euAP3 lineage
(to which AP3 belongs) and TM6 lineage (named after
tomato MADS-box gene 6), is of special interest for the
evolution of the core eudicot flower (Kramer et al. 1998).
The euAP3 and TM6 proteins can easily be distinguished
by their distinct C-terminal motifs, the so called enAP3 and
paleoAP3 motifs. The TM6 lineage proteins share the
paleoAP3 C-terminal motif with proteins found throughout
the angiosperms (magnolids, monocots, and lower eudi-
cots), whereas the proteins containing the euAP3 motif are
found only in core eudicots. Remarkably, the euAP3
C-terminal motif seems to have originated from the
paleoAP3 motif by a frameshift mutation (Kramer et al.
2006); thus, the euAP3 lineage, which is unique to higher
eudicots, represents a divergent paralogous group. Many
core eudicots have retained copies of both genes euAP3
and TM6, whereas Arabidopsis and Antirrhinum have lost
TM6 (Kramer et al. 1998); as a consequence, function and
regulation of TM6-like genes were not included in the
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original ABC model. Recent studies have indicated that in
species wherein both gene lineages are maintained, aspects
of the B function appear to be partitioned between TM6-
and euAP3-like genes. The euAP3-like genes appear
mainly involved in the control of petal identity and
development, whereas the TM6-like genes, redundantly
with euAP3-like genes, participate in the control of stamen
development (de Martino et al. 2006; Rijpkema et al.
20006).

Phylogenetic analysis indicated that the AP3/DEF sub-
family includes a single grass clade clustering TaAP3 of
wheat and its putative orthologs SILKY of maize and
OsMADS16 of rice, whereas the PI/GLO subfamily is split
into two grass clades, one comprising TaPIl-1 (wheat),
OsMADS4 (rice), and ZMM18/ZMM?29 (maize), the other
including TaPI-2, OsMADS?2 (rice), and ZMM16 (maize)
(Fig. 4). The presence of at least a PI/GLO-like gene from
wheat, rice, and maize in each of the two PI/GLO grass
clades suggests that a duplication, likely ascribable to the
WGD event that took place before the origin of the Poaceae
50-70 mya, occurred in the common ancestor of these
three species. Accordingly, the PI/GLO-like genes of rice
(OsMADS2 and OsMADS4) were located in regions of
chromosomes 1 and 5 identified as segmental duplications
(Arora et al. 2007; Xu and Kong 2007). The two very
similar genes of maize ZMMI18/ZMM?2, clustered in the
clade including 7aPI-1 and OsMADS4, were mapped in
close vicinity in the long arm of chromosome 8 (Munster
et al. 2001), suggesting that they likely originated by a gene
duplication event less than 11 mya, i.e., after the segmental
allotetraploidization event that shaped the maize genome.

The putative B-function genes of wheat TaAP3 (AP3/
DEF subfamily), TaPI-1, and TaPI-2 (PI/GLO subfamily)
were expressed in spikes, 5 DAA (Days After Anthesis)
developing caryopses, lodicules, stamens, and pistils from
fully emerged spikes (heading stage) (Paolacci et al. 2007).
The expression pattern of TaAP3 was slightly different
from that of its ortholog genes of maize (SILKY) and rice
(OsMADS16/SUPERWOMAN1), which were expressed in
lodicules and stamen primordia from their initiation to the
later stages of their development, but not in developing
carpels (Ambrose et al. 2000; Nagasawa et al. 2003). Thus,
the expression of TaAP3 in mature female organs is note-
worthy and would need further investigations. TaPI-1 and
TaPI-2 showed an expression pattern that was similar to
that of their ortholog genes of maize (ZMM18/ZMM29 for
TaPI-1 and ZMM 16 for TaPI-2) (Munster et al. 2001) and
of rice (OsMADS4 for TaPI-1 and OsMADS2 for TaPI-2)
(Kyozuka et al. 2000); however, low levels of ZMM16
transcripts were also detected in vegetative tissues of
maize.

The analysis of floral homeotic mutants for AP3/DEF-
like genes in maize and rice and of PI/GLO-like genes in

rice showed that the function of class B genes is conserved
in grass species. In silky mutants of maize and osmadsi6/
superwomanl (spwl) of rice, stamens were replaced by
carpels and lodicules by bracts that resemble palea/lemma
(Ambrose et al. 2000; Nagasawa et al. 2003). These
homeotic mutations were similar to those caused by
mutations in class B genes of Arabidopsis, where sepals
replaced petals in the second whorl and carpels replaced
stamens in the third whorl. These observations first sug-
gested the hypothesis of a homologous relationship
between lodicules and petals and of the evolutionary con-
servation of the B-function genes in grass flowers.
Although the AP3/DEF-like genes from rice and maize
appeared to have conserved functions in organ identity
specification in the second and third whorls, they seemed to
accomplish additional functions in flower development, at
least in rice (Nagasawa et al. 2003). In spw/ mutants, the
number of organs in the second whorl was higher than in
the wild type, and they were completely sterile because no
functional carpel was formed in the fourth whorl, whereas
apetala3 mutants of Arabidopsis were female fertile (Jack
et al. 1992). The sterility of spw/ mutants seemed to be
related to overproduction of undifferentiated nucellar tissue
(Nagasawa et al. 2003). It is noteworthy to mention that
cell proliferation was also affected in Arabidopsis class B
mutants apetala3 and pistillata; however, in these mutants,
there was a reduced organ number in the third whorl,
whereas the organ number in the second whorl was not
affected (Jack et al. 1992; Sakai et al. 2000). To this extent,
the OsMADS16/SUPERWOMANI gene appears to have a
specific function, distinct from that of AP3 and PI, in the
regulation of whorl-specific proliferation.

As in Arabidopsis and Antirrhinum, rice, maize, and
wheat possess a single copy of AP3/DEF-like genes,
whereas the PI/GLO-like genes are duplicated (Fig. 4),
though it is not clear whether this duplication has any
functional relevance. In transgenic rice plants, whose
OsMADS4 expression had been reduced by antisense sup-
pression, lodicules were changed to palea/lemma-like
structures and stamens were changed to carpel-like struc-
tures, suggesting functional conservation of the PI co-
ortholog of rice (Kang et al. 1998). However, it was not
clear whether the observed phenotype of these antisense
lines originated from reduced levels of OsMADS4 alone or
from the additional nonspecific suppression of OsMADS2.
Later, Prasad and Vijayraghavan (2003) reported the down-
regulation of OsMADS2 by an RNAi approach. In wild-
type rice plants, OsMADS2 was specifically expressed in
lodicules, stamens, and pistil. In these knock-down plants,
only mRNA levels of OsMADS2 were reduced, while
OsMADS4 was normally expressed. Interestingly, in these
RNAi lines, only the lodicule identity was affected,
whereas stamens were normal, indicating that OsMADS2
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was only necessary to specify the identity of the lodicules,
which were significantly enlarged in these transgenic rice
plants and had characteristics of the marginal region of
palea (mrp), similar but not identical to the homeotic
transformation of whorl 2 organs that was observed in the
spwl mutant. On the basis of these results and of the
observation that OsMADS2 RNAI plants are fertile, Prasad
and Vijayraghavan (2003) suggested that OsMADS2 would
not be redundant with OsMADS4, the first being required
for lodicules specification, the second for stamen identity.
From these results, however, it is unclear whether
OsMADS?2 plays any role in stamen development and what
roles OsMADS4 plays in lodicule and stamen development.
More recently, Yoshida et al. (2007) generated RNAIi
transgenic plants whose OsMADS4 and OsMADS2 were
suppressed independently in order to produce a detailed
comparison of their phenotypes with that of the spwl
mutant. They observed that, because of anther abnormali-
ties, OsMADS2 RNAIi plants had much lower seed fertility
(<10%) than wild-type plants, whereas OsMADS4 RNAi
plants showed normal lodicules or stamens and were
completely fertile, implying the involvement of OsMADS2
in stamen development. Moreover, although the lodicules
in the OsMADS2 RNAI plants were largely modified with a
substantial apical growth, they differed from the organs
derived from the homeotic transformation of whorl 2 in the
spwl mutant, because they retained a wild-type-like mor-
phology, with a wide base and rough surface, indicating
that the lodicule identity was not completely lost. Fur-
thermore, yeast two-hybrid experiments using the two PI/
GLO-like proteins of rice indicated that SPW1, the rice
AP3-like protein, interacted with both OsMADS4 and
OsMADS2. In contrast with the hypothesis of Prasad and
Vijayraghavan (2003), these results clearly indicated the
unequal redundancy of the class B genes of rice. OsMADS2
plays an important role in lodicule development, but Os-
MADS4 also supports the specification of the lodicule
identity, while both genes are roughly equally important in
stamen development. Consistent with their redundant
functions, the double-knockdown plants (OsMADS?2
RNAi + OsMADS4 RNAi) exhibited a complete spwl
phenotype, with homeotic conversion of the lodicules into
palea-like organs (mrp-like organs) and stamens into car-
pel-like organs (Yao et al. 2008). Since duplication of Pl/
GLO subfamily genes is common within grasses, it would
be interesting to verify whether the unequal contribution of
the rice PI/GLO-like genes in the identity and development
of the floral organs of the second and third whorls occurred
also in other grass species, including wheat and maize.
Pistillody, consisting in the homeotic transformation of
stamens into pistil-like structures, was observed in allo-
plasmic lines of the hexaploid 7. aestivum carrying the
cytoplasm of the wild relative Aegilops crassa (Murai et al.
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2002). The gene responsible for this phenotype has yet to
be identified; however, the three wheat class B genes
TaAP3 (AP3/DEF subfamily), TaPI-1, and TaPI-2 (PI/
GLO subfamily), which were normally expressed in stamen
primordia, were down-regulated in the organs of the third
whorl of the pistillody line (Hama et al. 2004). Then, the
pistillody phenotype in alloplasmic wheat would be caused
by alterations in the expression patterns of AP3/DEF- and
PI/GLO-like genes, suggesting that in wheat, like in eudi-
cot species, the class B genes are responsible for stamen
development.

As described previously, in Arabidopsis, the proteins
encoded by AP3 and PI form heterodimers that would act
as transcriptional regulators. Whipple et al. (2004) inves-
tigated the relationship between SILKYI (SII), the AP3/
DEF-like gene of maize, and ZMM]I16, the maize co-
ortholog of PI; in vitro the proteins encoded by these genes
formed a heterodimer that bound to DNA. Remarkably, the
heterodimer between the proteins encoded by ZMM16 and
by AP3 of Arabidopsis (the SI1 co-ortholog) was also able
to bind DNA, as was the heterodimer between SI1 and PI.
Finally, the expression of SI/ driven by the AP3 promoter
in an ap3 mutant line of Arabidopsis resulted in partial
rescue of the mutant phenotype, with both petal and stamen
development being restored (although neither organ was
completely normal). Similarly, ZMM16 was able to rescue
partially a pi mutant. The reported results reveal the
remarkable degree of conservation and of functional
homology between monocots and eudicots of the B-func-
tion genes, despite 150-200 mya of divergent evolution
and the dissimilarity of the second-whorl structures that
they control (petals, inner tepals, and lodicules).

Further evidence that the apparently very different
organs of the second whorl are actually homologous was
provided by the expression analysis of class B genes in
three species representing the morphological transition
from the typical monocot flower to the grass floret: Elegia
elephas (Restionaceae), Joinvillea ascendens (Joinvillea-
ceae), and Streptochaeta angustifolia (Anomochlooideae
subfamily of the Poaceae) (Whipple et al. 2007). Specifi-
cally, the flowers of E. elephas and J. ascendens are acti-
nomorphic, possessing two trimerous whorls of tepals and
three or six stamens, respectively (Wipple et al. 2007),
whereas in the early diverging grass S. angustifolia, there
are 11 or 12 bracts subtending the androecium. The
arrangement of the six or seven inner bracts (6—11/12) has
been interpreted as the first and second perianth whorls
(Whipple et al. 2007; Sajo et al. 2008). In situ RNA
hybridization analysis of AP3/DEF- and PI/GLO-like
genes in these three species showed that the B-class genes
were consistently expressed in stamens and in the organ
whorl just outside the stamens, represented by the inner
tepals in E. elephas and J. ascendens and by the inner three
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bracts 9—11 (or 10-12) in S. angustifolia (Whipple et al.
2007). These data suggest that the inner three bracts of
Streptochaeta are second-whorl organs, possibly a transi-
tional form preceding the evolution of actual lodicules in
grasses, and that both these different second-whorl organs
evolved by modification of the inner tepals of a typical
monocot flower. Although this evidence suggests a con-
served role of the class B genes in establishing the second-
whorl identity in both grass and nongrass monocots, the
evolutionary pathway leading to the distinct morphology of
the lodicules has yet to be explained. The identification of
the gene targets of the class B MADS-box transcription
factors could represent a significant contribution to the
understanding of the evolutionary modifications affecting
second-whorl organs.

In order to evaluate homologies between the outer sterile
organs of grass spikelets and inflorescence structure of
nongrass monocot flowers, Preston et al. (2009) analyzed
the expression patterns of API/FUL-like and LHSI-like
genes in the early diverging grass S. angustifolia, and in the
nongrass outgroup J. ascendens. The AP1/FUL-like genes
were expressed in all floral organs except bracts in most
monocots and in all bract-like structures in the spikelet-
bearing grasses (Preston and Kellogg 2006, 2007), whereas
the LHSI-like genes were known to be expressed always in
lemma and palea, but never in the glumes of the analyzed
grass species (see below) (Malcomber and Kellogg 2004).
On the basis of these observations, Preston et al. (2009)
proposed these two groups of MADS-box genes as useful
markers for interpreting the Streptochaeta inflorescence.
J. ascendens has a single AP1/FUL-like gene (JaFUL), co-
orthologous to the grass FULI-/FUL2-like genes (Preston
et al. 2009). These genes stem from a duplication event
preceding the origin of extant grasses, but following the
divergence of Joinvilleaceae (and presumably Ecdeicolea-
ceae) from the ancestor of grasses (Preston and Kellogg
2006). Moreover, this species has a single LHSI-like gene
(JaLHSI) co-orthologous to the grass members of the
LHSI and OsMADSS5 clades (see below) (Preston et al.
2009). As for the API/FUL-like genes of grasses, the gene
duplication event that produced the LHS! and OsMADS5
clades is estimated to have occurred prior to the origin of
extant grasses and after the divergence of immediate grass
relatives Joinvilleaceae and Ecdeicoleaceae (see below)
(Preston et al. 2009). Streptochaeta has retained only one
(SaFUL2) of the two API-FUL-like genes carried by most
grass species following the AP1/FUL duplication event that
produced the FULI and FUL2 clades prior to the diver-
gence of grasses (Preston and Kellogg 2006). The single
copy of AP1/FUL in Streptochaeta could be ascribed either
to the duplication occurring after the split of Anomoch-
looideae from the rest of grasses or, as supported by the
phylogenetic analyses of Preston and Kellogg (2006), to

the loss or rapid divergence of FULI following the dupli-
cation event. In situ RNA hybridization analyses showed
that JaFUL was expressed only in floral organs of J.
ascendens, supporting the hypothesis that API/FUL-like
genes mark the floral boundary in nongrass monocots, and
that JaLHSI was expressed in the inner and outer tepals,
stamens and pistil (Preston et al. 2009). In S. angustifolia,
SaFUL2 was expressed in all the 11 (or 12) bracts of the
primary inflorescence branch, but not in the suppressed
floral bract below the abscission zone. In contrast, SaLHS
was only expressed in the inner bracts 6-11 (or 12).
Together, these data are consistent with the hypothesis that
bracts 1-5 of S. angustifolia primary inflorescence bran-
ches are homologous to the glumes of grass spikelets and
that bracts 6-8 of S. angustifolia correspond to lemma/
palea of grass spikelets and to the outer tepals of close
grass relatives.

Since petals are replaced by sepals in class B mutants of
eudicots, the loss-of-function phenotypes of rice and maize
class B genes have been considered as evidence that palea
and lemma are homologous to sepals (Kang et al. 1998;
Ambrose et al. 2000). However, further investigations
would be necessary, as comparative morphology studies
have suggested that palea is a prophyll-like structure,
whereas lemma is a bract-like structure. On the other hand,
genetic analysis showed that in mutants, osmadl6 (spwl)
of rice and si/ of maize, lodicules were transformed into
palea/lemma-like structures. On the basis of the analogy
with the class B mutants of Arabidopsis, Ambrose et al.
(2000) argued that this homeotic transformation implied
that palea and lemma correspond to sepals in grasses.
Nagasawa et al. (2003) put forward the alternative possi-
bility that the organs formed in the second whorl of spw]
mutants might not correspond to palea, but to novel bract-
like structures that do not develop into normal spikelets but
arise only in mutants with removed class B activity. Unlike
the ectopic expression of AG, which affects the identity of
both sepals and petals, the ectopic expression of Os-
MADS3, the rice co-orthologous gene of AG, did not cause
any morphological alteration in palea and lemma but did
cause the lodicules to be transformed into stamen-like
structures (Kyozuka and Shimamoto 2002). This finding
supports the idea that palea and lemma of grasses are dif-
ferent from the sepals of eudicots. The identification of
genes whose silencing is able to disrupt completely the
structures of palea and lemma will be needed to understand
the nature of these structures.

Class C and class D genes

Phylogenetic analysis of MIKC-type MADS-box genes
belonging to the AGAMOUS (AG) clade showed that gene
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duplications were critical for shaping this subfamily
(Kramer et al. 2004; Zahn et al. 2006). An ancient dupli-
cation after the divergence of the angiosperm and gym-
nosperm lineages resulted in the C-lineage, including the
C-function genes involved in stamen and carpel develop-
ment, and the D lineage, comprising the D-function genes
involved in ovule identity determination (Kramer et al.
2004; Yamaguchi et al. 2006; Dreni et al. 2007). As this
classification has been used in many phylogenetic studies,
we decided to adopt the same nomenclature; however,
since gene orthology does not always coincide with func-
tional equivalence, as suggested by Zahn et al. (2006), this
type of classification might be somewhat misleading.
Arabidopsis has three genes of the C-lineage: AG, SHPI
(SHATTERPROOF) and SHP2 (Fig. 4). The typical class
C gene of Arabidopsis AG is involved in: specification of
stamen and carpel identity, control of floral determinacy
and negative regulation of A function gene activity in
whorls 3 and 4 (Yanofsky et al. 1990; Coen and Meyero-
witz 1991). The additional C-lineage genes of Arabidopsis
SHPI and SHP2 share largely redundant functions in
specifying the fruit dehiscence zone and are involved with
AG in carpel development (Liljegren et al. 2000; Pinyopich
et al. 2003). SEEDSTIK (STK) is the only Arabidopsis gene
belonging to the D lineage (Fig. 4). It is involved in ovule
development and is required for seed dispersal of mature
fruits (Pinyopich et al. 2003). Moreover, STK acts redun-
dantly with SHPI, SHP2, and AG in promoting ovule
identity (Pinyopich et al. 2003). Mutant analysis has shown
that all the four Arabidopsis genes of the AG subfamily,
which includes both the C- and D-lineages, are involved in
ovule identity determination; consequently, a clear-cut
distinction between the functional roles of the C- and
D-lineages is not universally feasible. Since some of the
C-function genes contribute to ovule development, the
D-function genes may be considered as a more specialized
version of the C-function genes (Zahn et al. 2006).

In grasses, phylogenetic analysis identified four AG-like
subclades, each containing at least one gene of maize, rice,
and wheat. Two subclades (1 and 2 in Fig. 4), being related
to STK of Arabidopsis, were assigned to the D lineage,
while the other two subclades (3 and 4 in Fig. 4) were
assigned to the C-lineage because they were related to the
C-function genes AG, SHPI, and SHP2 of Arabidopsis.
Accordingly, the putative D-lineage gene TaAG-3 of wheat
appeared orthologous to the genes ZAG2/ZMM1 of maize
and OsMADSI3 of rice (subclade 1 in Fig. 4), whereas
TaAG-4 would be orthologous to OsMADS21 of rice and
ZMM?25 of maize (subclade 2 in Fig. 4). Both the other
grass subclades contain putative C-lineage genes from the
three grass species: one subclade comprising 7aAG-1 of
wheat, OSMADS58 of rice and ZAGI of maize, the other
including TaAG-2 of wheat, OSMADS3 of rice and ZMM?2/
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ZMM?23 of maize (Fig. 4). These observations are consis-
tent with the results obtained by Kramer et al. (2004) and
Dreni et al. (2007) and can be explained by a major gene
duplication event that occurred in both grass C and D
clades before the separation of the maize, rice, and wheat
lineages. Comparative genomic studies in rice indicate that
the duplication that gave rise to the two C clades of grasses
would have been produced by the WGD event that
occurred 50-70 mya before the origin of the Poaceae (Xu
and Kong 2007). Accordingly, the C-lineage genes of rice
OsMADS3 and OsMADS58 were located in regions of the
chromosomes 1 and 5, which have been identified as seg-
mental duplications (Arora et al. 2007; Xu and Kong
2007). Analogously, the C-lineage genes ZAGI and ZMM?2
of maize were located in regions of the chromosomes 6 and
8, which were duplicated before the segmental tetraploid-
ization event that generated the maize genome (Theissen
et al. 1995; Munster et al. 2002). On the other hand, the
presence of two closely related maize genes in both the first
D subclade (ZAG2/ZMM1) and the fourth C subclade
(ZMM2/ZMMM?23) of grasses may be explained by the
allotetraploidization event that took place 11 mya in the
maize lineage (Munster et al. 2002). Previous phylogenetic
analyses showed some conflicting results in the placement
of the genes ZAG2/ZMM1 of maize and OsMADS13 of rice
in both the C-lineage (or AG clade sensu Zahn et al. 2006)
and D lineage (or AGLII clade sensu Zahn et al. 2006).
However, phylogenetic analyses performed by us (Fig. 4)
and by Kramer et al. (2004), Yamaguchi et al. (2006) and
Dreni et al. (2007) showed that the orthologous genes
OsMADS13 and ZAG2/ZMM]1 cluster together with the
orthologous genes OsMADS21 and ZMM?25 within the D
lineages. In contrast, Zahn et al. (2006) placed the orthol-
ogous genes OsMADSI3 and ZAG2/ZMMI into the
C-lineage (AG clade). Since the correct placement of these
genes within the C- or D-lineages would be relevant to
infer their evolutionary relationships, more extensive
analyses would be needed to assess whether, according to
the first hypothesis, the members of the grass AG subclades
1 and 2 (Fig. 4) are the result of a more recent duplication
preceding the divergence of the Poaceae or, according to
the second hypothesis by Zahn et al. (2006), the genes of
subclade 1 were produced by a more ancient duplication
within the C-lineage.

According to their putative function as class C genes,
the expression of OsMADS3 and OsMADS58 was restricted
to stamens, carpels, and ovule primordia, although their
temporal expression was quite different (Yamaguchi et al.
2006). OsMADS3 was repressed in differentiated organs,
whereas OsMADS58 remained expressed during differen-
tiation and development (Yamaguchi et al. 2006). A knock-
out line of OsMADS3 showed the homeotic transformation
of stamens into lodicules, whereas carpels developed
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almost normally (Yamaguchi et al. 2006). On the contrary,
OsMADS58 RNAIi knock-down lines showed indeterminate
development of floral organs, producing a reiterated set of
floral organs consisting of lodicules, stamens/ectopic lod-
icules, and carpel-like organs. The morphology of the
carpels was severely affected; they developed into thick
cup-like structures without fusing along their margins
and no differentiation of stigmatic tissue was observed
(Yamaguchi et al. 2006). Unexpectedly, the analysis of the
osmads3 and osmads58 mutants showed that these genes
were also involved in controlling the number of lodicules,
since additional ectopic lodicules developed in whorl two
of the mutant flowers. However, osmads3 mutant lines
developed a number of ectopic lodicules higher than
osmads58, indicating that OsMADS3 played a more rele-
vant role than OsMADSS58 in controlling lodicule forma-
tion. The introduction of the OsMADS58 RNAIi construct
into the milder osmads3-2 mutant showed that the
observed defect in indeterminacy was very similar to that
of the osmads58 knock-down line, indicating the weak
contribution of OsMADS3 to meristem determinacy. The
study of these mutants showed that both OsMADS3 and
OsMADS58 performed some functions typical of class C
gene activity, similar to those observed for AG, although
they were functionally diversified, with predominant
functions in different whorls. OsMADS3 had a stronger role
in repressing the ectopic development of additional lodi-
cules and in specifying stamen identity, whereas
OsMADS58 was more relevant in conferring floral meri-
stem determinacy and in regulating carpel morphogenesis.
The mechanism underlying this functional diversification
of the class C genes in rice may be partially explained by
the variation in their temporal expression, as reported
above. However, the predominant function of OsMADS58
in floral meristem determinacy cannot be explained by its
temporal expression profile alone because it was expressed
at the same rate in both whorls 3 and 4. Another hypothesis
is that differences in the proteins interacting with the two
MADS-domain proteins encoded by these genes may have
led to their functional diversification. In other terms,
OsMADS3 and OsMADSS58 proteins may interact specifi-
cally and independently with different factors that are
preferentially expressed in whorl 3 and whorl 4, respec-
tively. The exact molecular mechanism underlying the
functional diversification of OsMADS3 and OsMADS58
during rice evolution remains an interesting research topic.

As previously described, phylogenetic analysis suggests
that multiple class C genes arose by gene duplication
before the species of the grass family diverged. The sub-
functionalization of class C genes may have been closely
associated with this gene duplication event. In maize, a
loss-of-function mutant of ZAGI showed a phenotype
similar to that of the OsMADS58 RNAi knock-down lines

of rice (Mena et al. 1996). In the zag/ mutant line, floral
meristem determinacy was partially lost and carpels were
not fused in the female flowers, whereas stamens were
almost normal in male flowers, suggesting that other class
C genes, such as ZMM2 and ZMM?23, orthologs to
OsMADS3, may be responsible for stamen specification.
The expression pattern of ZAGI and ZMM?2 was consistent
with this hypothesis (Schmidt et al. 1993; Mena et al.
1996); both floral-specific genes were expressed in the
tassel as well as in the ear; however, the relative abundance
of their transcripts in the developing male and female
inflorescences was different. ZAGI expression was higher
in developing ears than in tassels, whereas ZMM?2 tran-
scripts were more abundant in the tassel. Moreover, both
genes were expressed in carpels and stamens, but ZMM?2
showed a higher expression in the stamens (Mena et al.
1996). The preferential expression of ZAG! in carpels and
ZMM?2 in stamens could explain the phenotype of zagl
mutant plants, in which only carpel development was dis-
turbed, and could suggest the potential involvement of
ZMM? in stamen identity determination. In this context, it
would be interesting to determine the phenotypes produced
by single or double loss-of-function mutations of ZMM?2
and ZMM?23. Thus, the subfunctionalization of class C
genes may have begun before the divergence of rice and
maize, but its differential fine tuning may be responsible
for the slight divergences observed between osmads58 and
zagl mutants (Yamaguchi et al. 2006).

The expression of the two putative class C genes of
wheat TaAG-1 and TaAG-2 increased during spike devel-
opment, and their transcripts were detected only in stamens
and pistils of the spikelet organs at heading time (Paolacci
et al. 2007). However, the expression of TaAG-2 was ten
times higher in stamens than in pistils, whereas the
expression of TaAG-I was similar in both organs.

Interestingly, on the basis of the results reported previ-
ously, mutants for class C genes of rice and maize were
affected for carpel development but did not show any clear
homeotic conversion of this organ, whereas stamens were
transformed into lodicules. Thus, the genetic control for
carpel specification in grasses seems different from that of
Arabidopsis and other eudicots although more recent
analysis of osmads3 osmads58 double mutants reported by
Dreni et al. (2011) indicate that the two rice class C genes
might redundantly regulate inner floral organ identity,
including the carpel (see below).

OsMADS13 and OsMADS21 of rice are the only grass
genes putatively assigned to the D lineage whose func-
tional analysis has been reported (Dreni et al. 2007).
OsMADS13 was specifically expressed in the ovule pri-
mordia and along their development, with a pattern very
similar to that of STK, the class D gene of Arabidopsis
(Lopez-Dee et al. 1999). Inside the ovule, OsMADS13 was
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expressed in both integuments and nucellus tissues and,
after anthesis, in developing seeds (Lopez-Dee et al. 1999).
Interestingly, the expression pattern of OsMADSI3 was
very similar to its orthologous maize gene ZAG2 (Schmidt
et al. 1993), whose expression was detected in the carpel
primordium and persisted during all stages of ovule
development. Like OsMADSI3, ZAG2 was also expressed
in the epidermal cells on the inner side of the carpel wall
(Schmidt et al. 1993). The osmads13 knock-out mutant was
completely female sterile, and its ovules were converted
into a reiteration of ectopic carpels or into more amorphous
structures with carpel identity (Dreni et al. 2007).
OsMADS?21 accumulated at very low levels in developing
anthers, carpels, styles/stigmas, and ovules (Dreni et al.
2007); this low, diffuse expression throughout the two
inner whorls of the flower was different from that of other
genes of the D lineage, such as STK, OsMADSI3, and
ZAG2, which were all specifically expressed in the ovule.
During later stages of flower development, OsMADS21
expression was particularly evident in the inner cell layers
of the ovary and in the ovule integuments, where it over-
lapped with that of OsMADSI3 (Dreni et al. 2007),
although steady-state mRNA levels of OsMADS2I tran-
scripts seemed lower than those of OsMADSI3. Interest-
ingly, knock-out analysis showed that the osmads2 mutant
had a normal phenotype; moreover, analysis of the
osmadsi3/osmads2] double mutant revealed that loss of
the OsMADS21 function did not modify the osmadsi3
phenotype (Dreni et al. 2007). These data suggest that only
OsMADS13 plays a role in ovule identity determination
and that OsMADS21 has probably lost this function during
evolution. Moreover, the presence of carpels inside carpels
showed the indeterminate development of the osmadsi3
flower and demonstrated that OsMADSI3 was also
involved in floral meristem determinacy.

The putative D-lineage wheat genes TaAG-3 and
TaAG-4 showed very divergent expression patterns (Pa-
olacci et al. 2007). The temporal expression of TaAG-4
was similar to that of OsMADS2I, its orthologous rice
gene: it was higher during late stages of spike develop-
ment, very weak in stamens, very high in pistils and 5
DAA caryopses, but fading in 20 DAA caryopses (Paol-
acci et al. 2007). By contrast, TaAG-3 was expressed in
vegetative tissues such as coleoptiles of seedlings 20 days
after germination, developing spikes, caryopses 5 DAA
and in all the spikelet organs, suggesting a functional
divergence from its orthologs in other grass species. In
fact, as described above, the TaAG-3 orthologous genes
OsMADS13 of rice (Lopez-Dee et al. 1999) and ZAG2 of
maize (Schmidt et al. 1993) were specifically expressed in
ovules. Since the duplication that produced TaAG-4 and
TaAG-3 probably occurred before the divergence of wheat
from rice and maize, as indicated by phylogenetic
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analysis, their functions may have diversified during the
independent evolution of these species.

Class E genes

In Arabidopsis, the SEPALLATA (SEP) genes of class E are
involved in the specification of sepal, petal, stamen, carpel,
and ovule identity (Pelaz et al. 2000; Ditta et al. 2004).
Their encoded proteins interact with the class A, B, C, and
D gene products to form higher order MADS-box protein
complexes (Honma and Goto 2001; Pelaz et al. 2001;
Favaro et al. 2003), which regulate the formation of floral
organ identity (floral quartet model, Theissen and Saedler
2001). In these complexes the B-, C-, and D-function
proteins are considered important for organ-specific gene
regulation, whereas the E-function proteins would act as
mediators for the formation of the protein complexes
(Melzer et al. 2009; Immink et al. 2009).

Phylogenetic analysis clustered the class E genes into
the SEP subfamily (previously AGL2 subfamily), which
has two major clades, one of them (clade I) including the
SEP1/2/4-like genes (AGL2/3/4 clade sensu Zahn et al.
2005 or LOFSEP clade sensu Malcomber and Kellogg
2005), the other one (clade II) comprising the SEP3-like
genes (AGL9 clade sensu Zahn et al. 2005 or SEP3 clade
sensu Malcomber and Kellogg 2005) (Fig. 4). The two
clades were generated by a gene duplication probably
predating the origin of the most recent common ancestor of
the extant angiosperms (Zahn et al. 2005). Five distinct
subclades, named on the basis of the included rice gene,
have been identified in grasses (Malcomber and Kellogg
2005; Paolacci et al. 2007). Each subclade includes the
orthologous genes of wheat, rice and maize (Fig. 4), most
likely because the common ancestor of these three species
contained at least five SEP-like genes. The major clade I
(SEP1/2/4-like genes) clusters three grass lineages: the
subclade 1, including OsMADS]1 (also known as LHSI) of
rice, two closely related genes of wheat (TaSEP-I and
TaSEP-2) and two of maize (ZMMS8 and ZMM114); the
subclade 2, grouping OsMADS5 of rice, TaSEP-6 of wheat
and ZMM3 of maize; the subclade 3, containing Os-
MADS34 of rice, TaSEP-5 of wheat and ZMM24/ZMM31
of maize (Fig. 4). This clustering could be explained by
two duplication events that took place in the common
ancestor of the three grass species (Zahn et al. 2005;
Malcomber and Kellogg 2005; Xu and Kong 2007).
Apparently, the first duplication occurred around the base
of the monocots, probably after the split of Arecales from
other commelinids (Xu and Kong 2007), giving rise to the
grass subclade 3 (OsMADS34 subclade in Malcomber and
Kellogg 2005). The second occurred later, just before the
diversification of the Poaceae (Xu and Kong 2007), and
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gave rise to the subclades 1 and 2 (LHSI and OsMADSS
subclades, respectively, in Malcomber and Kellogg 2005).
The second major clade (clade II, SEP3-like genes)
includes the remaining two grass subclades: the subclade 4
contains OsMADS7 (also known as OsMADS45) of rice,
TaSEP-4 of wheat and ZMM6 of maize, whereas the
subclade 5 includes OsMADS8 (also known as
OsMADS24) of rice, TaSEP-3 of wheat and two closely
related maize genes ZMM7/ZMM27 (Fig. 4). These two
grass lineages of SEP-like genes originated from a dupli-
cation event at or near the base of grasses, likely as the
result of the WGD event that occurred 50-70 mya before
the origin of the Poaceae (Xu and Kong 2007). OsMADS7/
45 (grass subclade 4) and OsMADS8/24 (grass subclade 5)
were located in regions of chromosomes 8 and 9 identified
as segmental duplications, providing genomic evidence
that the gene duplication identified by phylogenetic anal-
yses corresponded to a genome-wide duplication event (Xu
and Kong 2007; Arora et al. 2007). Likewise, the presence
of two maize genes in the subclades 1, 3, and 5, also
observed in other subclasses of the grass MIKC-type
MADS-box family, may reflect the duplication of the
maize genome after its divergence from other grass species.
As for ZMMS8 and ZMM1I4 (subclade 1 in Fig. 4), this
observation is supported by the mapping of the two genes
into syntenic duplicated regions of maize chromosomes 1
and 9 (Cacharon et al. 1999). The presence of two wheat
genes in subclade 1 (TaSEP-1 and TaSEP-2) also suggests
that they would be paralogous genes produced by a
duplication that occurred after wheat speciation.

Rice OsMADSI was the first SEP-like gene whose
function was partially characterized in grasses. OsMADSI
was first expressed in the spikelet meristem before the
glume primordia emerge and then restricted to lemma and
palea, with weak expression in the carpel (Chung et al.
1994; Prasad et al. 2001). In rice mutations at amino acid
positions 24 and 27 in the MADS domain of OsMADSI
caused the leafy hull sterile 1 (Ihsl) phenotype, which had
flowers with lemma, palea and lodicules transformed into
leaf-like organs, a decreased number of stamens and,
occasionally, an extra pistil or floret (Jeon et al. 2000).
Since the /hsl mutation was caused by a semi-dominant
allele, the observed phenotype might not reflect the precise
function of OsMADSI. More recently, osmadsl Tosl7
knock-out and RNAi knock-down lines were reported
(Agrawal et al. 2005; Prasad et al. 2005). Both osmadsi
mutants showed phenotypes similar to lhsl, with elongated
and leaf-like lemma and palea. The lemma was more
affected than the palea and mimicked glumes, whereas the
palea was never glume like. These phenotypic differences
indicate that OsMADSI seems to function mostly as a
lemma identity gene, since its inhibition results in loss of
lemma identity, whereas ectopic expression of OsMADSI

causes homeotic transformation of glumes into lemma-like
organs (Prasad et al. 2001). However, severe loss-of-
function OsMADSI mutants had underdeveloped palea and
lemma and displayed complete homeotic transformation of
the organs of the three inner whorls (lodicules, stamens,
and carpels) into lemma- and palea-like structures, and a
loss of determinacy of the flower meristem (Agrawal et al.
2005). If palea/lemma are considered equivalent to sepals,
this phenotype strikingly resembles that of the sepl/2/3
triple mutant of Arabidopsis, where petals, stamens, and
carpels were all converted into sepal-like organs, and
flower development became indeterminate (Pelaz et al.
2000), which led to the definition of the class E floral
homeotic function (Theissen 2001). However, there is a
contradiction between the E function role of OsMADS! and
the observation that it is not expressed in lodicules and
stamens; this might be explained by a very early action of
OsMADS]I in the spikelet primordium, before the devel-
opment of organ primordia. The effect of OsMADS] at this
stage may be required for the specification of floral organs
at later stages of ontogeny (Prasad et al. 2005). Because
OsMADSI protein physically interacts with the AP1-like
proteins OsMADS14 and OsMADS15 (Lim et al. 2000), it
may be involved in the formation of a complex with pro-
teins encoded by class A genes. An alternative explanation
for the homeotic transformations of the inner floral whorls
might be that at early stages of floret development Os-
MADS]I activates accessory factors that control organo-
genesis in these whorls. One such gene might be OsMGH3,
which encodes a flower-specific GH3-type factor of rice
(Prasad et al. 2005) and is first expressed in young floret
meristems, then in all the organs of the four whorls. Down-
regulation of OsMADS]I resulted in a drastic decrease of
OsMGH3 expression, whereas ectopic expression of
OsMADSI induced OsMGH3 expression in leaves, indi-
cating that OsMADSI (possibly indirectly) regulates this
gene. The phenotypic effects observed in osmads] mutants
indicate its relatedness to the Arabidopsis SEP genes.
However, regardless of whether OsMADS1 has a function
as cofactor or regulator of accessory factors, it is clear that
early effects of OsMADSI are crucial for the specification
of floral organs at later stages of development.

On the basis of phylogenetic analyses, the paralogous
genes TaSEP-1/TaSEP-2 of wheat and ZMMS8/ZMM 14 of
maize are orthologs to OsMADSI (Fig. 4). The expression
patterns of TaSEP-I and TaSEP-2 were similar; their
transcripts were detected at low levels in such vegetative
tissues as coleoptile, leaf, and stem, at moderate levels in
developing caryopses and at very high levels in spikes at
heading time, but only TaSEP-1 was expressed in roots. In
spikelets at heading time, the transcription levels of two
wheat paralogous genes were very high in lemma and
palea, moderate in stamens and pistils, and very low in
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lodicules and glumes (Paolacci et al. 2007). Their expres-
sion patterns differed from that of the rice ortholog
OsMADSI1 (LHSI), whose transcripts, as previously
reported, were found only in spikes. In particular, it was
strongly expressed in palea and lemma, weakly in pistils,
and was not detectable in glumes, lodicules, and stamens
(Chung et al. 1994; Prasad et al. 2001). However, the
higher transcription of TaSEP-1 and TaSEP-2 in lemma
and palea suggests their involvement in controlling the
identity and development of these organs, as shown for
their rice orthologous OsMADS1/LHSI.

Interestingly, the three homoeologous wheat sequences
of WLHSI, a gene corresponding to TaSEP-2, showed
genetic and epigenetic alterations (Shitsukawa et al. 2007).
The gene located in chromosome 4A (WLHSI-A) had a
structural alteration containing a large novel sequence in
place of the K domain, which in rice is essential for pro-
tein—protein interaction between OsMADSI and other
MADS-box proteins (Lim et al. 2000). Yeast two-hybrid
and three-hybrid analyses showed that the protein encoded
by the other two homoeologous genes located in chromo-
somes 4B (WLHSI-B) and 4D (WLHS1-D), which had an
intact MIKC modular structure, interacted with class B
gene products forming a heterodimer; by contrast,
WLHSI-A did not interact with any MADS-box gene
product. Furthermore, over-expression of WLHSI-A did not
induce any morphological change in transgenic Arabidop-
sis plants, whereas transgenic plants over-expressing
WLHSI-B or WLHI-D showed early flowering. These
observations suggest that the protein encoded by WLSHI-
A, lacking the K domain, has lost the normal MADS
function (Shitsukawa et al. 2007). Moreover, real time PCR
analysis indicated that the expression of WLHSI-B was
down-regulated, compared with its homoeologous gene
WLHS1-D. Transient promoter assay demonstrated that the
promoter regions of WLHSI-B possessed transcriptional
activation functions, indicating that alteration of the cis-
element was not the cause of WLHSI-B silencing. Using a
bisulfite genome sequencing analysis, Shitsukawa et al.
(2007) examined the methylation levels of the 5" CpG and
CpNpG islands of the WLHSI homoeologs. This analysis
indicated that gene-specific hypermethylation was present
in exon 1 of WLHS-B, which seemed to be associated with
the down-regulation of this gene. Consequently, of the
three WLSHI homoeologous genes present in hexaploid
wheat, WLHS-D provides the largest contribution to their
function.

Also the expression pattern of ZMMS8 and ZMM 14 was
different from that of OsMADSI. Similar to rice, ZMMS8
and ZMM1I14 expression was restricted to inflorescence
tissues. They were first expressed throughout the upper
floret meristem when the primordium of the lower floret
became visible (Cacharrén et al. 1999; Malcomber and
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Kellogg 2004). Unlike OsMADSI1, ZMMS8 was expressed at
the same level in all floral organs of the upper floret in
mature spikelets (Cacharron et al. 1999). ZMM 14 was also
expressed in all floral organs of the upper floret, but its
expression in the pistil was more pronounced than that of
ZMMS8 (Cacharrén et al. 1999). ZMMS8 and ZMM 14 were
never detected in the lower floret. ZMM 14 was closely
linked to INDETERMINATE FLORAL APEXI (IFAI) on
maize chromosome 1 (Cacharrén et al. 1999); ifal mutants
made extra spikelets and extra flowers in the spikelets and
often had proliferating gynoecial tissue (Laudencia-
Chingcuanco and Hake 2002). This phenotype was con-
sistent with [hsl, but whether a mutated ZMM 14 caused
ifal has yet to be demonstrated. ZMMS8 and ZMM 14 have
been hypothesized to act as selector genes involved in
distinguishing the upper and lower floret in maize (Cach-
arrén et al. 1999).

The different patterns detected in rice, wheat, and maize
indicate that LHSI expression has diversified during the
evolution of the grass family, acquiring diversified func-
tions in different grass species. Notably, Malcomber and
Kellogg (2004) examined LHSI expression in several dis-
tantly related grass species; their data support the LHSI
role in specifying the determinacy of the spikelet meristem
and in determining the lemma and palea identity. Fur-
thermore, they noticed that the expression of LHS!I ortho-
logs varied from species to species with the developmental
pattern of the florets. In spikelets of several species such as
maize, whose florets develop basipetally, LHS! orthologs
were expressed only in the terminal floret, whereas in the
species with spikelets whose florets develop acropetally,
including most likely also wheat, the same genes were
expressed in multiple florets. LHSI expression limited to
the upper flowers appears as the ancestral state, whereas its
expression in all flowers would be derived later. Thus,
differences in the expression of the LHSI-like genes may
be associated with the developmental patterns of the
spikelet, and these genes may have been involved in
morphological diversification of the inflorescence during
the evolution of grass species.

As described previously, the phylogenetic tree shown in
Fig. 4 reveals a close relationship between the Arabidopsis
SEP3 gene and the monocot branch that includes
OsMADS7/45 (grass subclade 4) and OsMADSS8/24 (grass
subclade 4). There is evidence that in Arabidopsis SEP3 is
the most important among the class E SEP genes (reviewed
by Melzer et al. 2009), accordingly OsMADS7/45 and
OsMADSS8/24 appear as candidates, more likely than Os-
MADS]1, in providing the class E gene function in rice, at
least in terms of phylogenetic relationships. As shown by
northern blot analysis, the expression of OsMADS7/45 and
OsMADSS8/24 was restricted to reproductive organs such as
inflorescences and developing seeds (Pelucchi et al. 2002).
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In situ RNA hybridization analyses showed that during
flower development the expression of OsMADS7/45 and
OsMADSS8/24 was first detected in spikelet meristems; in
later stages, it was not detected in lemma and palea pri-
mordia, but transcripts of both genes were found to accu-
mulate in developing lodicules, stamens, and carpels
during spikelet development (Pelucchi et al. 2002; Cui
et al. 2010). The expression patterns of these two genes
were thus similar to those of SEPI, SEP2, and SEP3 in
Arabidopsis, suggesting that OsMADS7 and OsMADSS8
play a corresponding role in rice. In agreement with their
expression pattern, the morphogenetic alterations caused
by knockdown of both OsMADS7 and OsMADSS8 were
restricted to the organs of the innermost three whorls (Cui
et al. 2010). Specifically, lodicules, stamens, and carpels
were transformed into palea/lemma-like structures,
whereas glumes, lemma, and palea were not affected.
Flower apical meristems in the center of the transgenic
carpels were reverted into reproductive meristems, which
developed into stamen-like structures or carpel-like struc-
tures. As none of the single gene knockdowns causes any
morphological change (Cui et al. 2010), the phenotypes of
double mutants suggest strongly that OsMADS7 and
OsMADSS8 would be functionally redundant, with either of
them required for the proper development of organ iden-
tities in the inner three floral whorls and for the mainte-
nance of flower meristem determinacy. Furthermore, the
knockdown OsMADS7/8 transgenic plants were delayed in
flowering time by approximately 2 weeks, but not in the
transition from shoot meristem to inflorescence meristem,
thus resembling sep1/2/3 loss-of-function mutants in Ara-
bidopsis (Pelaz et al. 2000).

As summarized in the “floral quartet model”, the SEP
proteins form higher order complexes together with class
A, B, or C proteins to control various transcriptional pro-
grams required and sufficient for specifying floral organ
identity in eudicots (Theissen 2001; Theissen and Saedler
2001). The SEP-like proteins OsMADS7 and OsMADSS8
had an interaction profile similar to the SEP proteins of
Arabidopsis; they interacted with the SQUA-like protein
OsMADS18 (similar to AP1), with OSMADS16 (similar to
AP3) and with the AG-like protein OsMADS13 (similar to
STK) (Kater et al. 2006; Favaro et al. 2002). In Arabid-
opsis, all the AG-like proteins interacted with SEP3. Fur-
thermore, exchange experiments showed that the rice SEP-
like proteins OsMADS7 and OsMADSS8 also interacted
with STK from Arabidopsis and with FBP7 from Petunia,
indicating that the interactions between SEP and class D
proteins are evolutionarily conserved (Favaro et al. 2002,
2003). It is therefore highly probable that the two SEP3 co-
orthologs of rice also interact with the other members of
the rice AG-like gene clade. Protein interaction

experiments in vitro and in vivo showed that OsMADS7,
OsMADSS, and OsMADSI1 share similar interaction pat-
terns, with all three proteins able to form homodimers and
heterodimers with each other (Cui et al. 2010). Moreover,
the results of Cui et al. (2010) showed that some pheno-
types caused by silencing of the SEP3 co-orthologs
(OsMADS7 and OsMADSS8) resembled those of the class B
(OsMADSI6) or class C (OsMADS3 and OsMADS58) gene
mutants (Nagasawa et al. 2003; Yamaguchi et al. 2006).
These data suggest that “floral quartet” complexes, similar
to those deduced in eudicot species (Honma and Goto
2001; Favaro et al. 2003), may also be formed to control
flower development in rice. More data on protein—protein
and protein—DNA interactions are required to clarify this
issue.

The expression of TaSEP-3 and TaSEP-4 of wheat was
very similar to that of their respective rice orthologous
genes OsMADSS and OsMADS?7. Their transcription was
restricted to spikes and developing caryopses, and in
spikelets at heading time, their expression was restricted to
lodicules, stamens, and pistils. A lower amount of TaSEP-4
transcripts was also detected in the palea (Paolacci et al.
2007). Yeast two- and three-hybrid experiments showed
that the protein encoded by the gene WSEP, corresponding
to TaSEP-4 (orthologous to OsMADS?7), formed a complex
with class A, B, and C genes of wheat and that over-
expression of the same gene in Arabidopsis caused early
flowering and terminal flower formation (Shitsukawa et al.
2007). These characteristics were similar to the phenotypes
caused by ectopic expression of Arabidopsis SEP3, or its
counterparts of Petunia and lily (Pelaz et al. 2001; Ferrario
et al. 2003; Tzeng et al. 2003). Furthermore, transgenic
Arabidopsis plants over-expressing TaMADS1, which cor-
responds to TaSEP3 (orthologous to OsMADSS), showed a
phenotype displaying early flowering and formation of a
terminal flower, similar to that obtained with the over-
expression of WSEP (Zhao et al. 2000).

The expression patterns of the SEP-like genes belonging
to the grass subclades 2 and 3 (Fig. 4) were quite hetero-
geneous. Both TaSEP-5 and TaSEP-6 were expressed in
coleoptiles, leaves, stems, spikes, and developing caryop-
ses, but TaSEP-5 expression was much higher at all
developmental stages of spikes (Paolacci et al. 2007). At
heading time TaSEP-5 and TaSEP-6 were expressed in all
floral organs of the spikelets, but at very high level in
glumes, lemma, and palea, indicating that they could be
involved mainly in the development of the outer sterile
organs of the spikelet (Paolacci et al. 2007). The expression
pattern of TaSEP-5 was similar to that of its rice ortholog
OsMADS34, which was initially expressed throughout the
floral meristem and subsequently in palea, lemma, and in
the sporogenic tissue of the anthers in the mature flower
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(Pelucchi et al. 2002). In contrast, the expression pattern of
TaSEP-6 differed from its rice ortholog OsMADS5, whose
transcripts were not detected in vegetative tissues and
developing caryopses but were restricted only to stamens
and pistils (Malcomber and Kellogg 2005). In case of the
loss-of-function of OsMADSS, the only deviation from the
wild-type phenotype found in the whole plant was that
lodicules were attached to the lemma and palea, suggesting
that the gene was not required for class E function
(Agrawal et al. 2005), even though it may contribute to it in
a redundant way. In this context, it may be worthwhile to
observe that simultaneous knockdown of the four rice SEP-
like genes OsMADSI, OsMADSS5, OsMADS7, and Os-
MADSS led to homeotic transformation of all floral organs
except the lemma into leaf-like organs (Cui et al. 2010).
This mimicked the phenotype observed with the sepl sep2
sep3 sep4 quadruple mutant of Arabidopsis and suggests
that the four rice genes cover the full class E floral
homeotic function, even though we cannot completely
exclude the possibility that a quintuple mutant also com-
prising OsMADS34 would not reveal an even more severe
class E loss-of-function phenotype. More recently, Gao
et al. (2010) showed that OsMADS34 was a key regulator
of rice inflorescence and spikelet architecture. Compared
with the wild type, osmads34 mutants developed altered
inflorescence morphology, with an increased number of
primary branches and a decreased number of secondary
branches. In addition, they displayed a decreased spikelet
number and altered spikelet morphology, with lemma/leaf-
like elongated sterile lemmas. This phenotypic analysis
suggests that OsMADS34 is able to regulate the inflores-
cence architecture by restricting the primary branch num-
ber and preventing the early differentiation of primary
branch meristems into secondary branches/spikelets.
Although OsMADS34 expression was detected in the floral
meristem, no defects of floral organs were observed in
osmads34 mutants. However, compared with the osmadsl
single mutant, the osmadsl osmads34 double mutant dis-
played increased defects of the inner floral organs, sug-
gesting that OsMADS34 was also involved, redundantly
with OsMADS], in the identity determination of the inner
flower organs (Gao et al. 2010).

In conclusion, based on mutant analyses in rice and
phylogenetic, expression, and protein interaction studies,
the putative co-orthologs of the Arabidopsis class E genes
may be more likely the grass genes of the subclades 4 and
5, even though the other grass SEP-like genes may act
redundantly or in an interdependent way to provide the
same floral homeotic function.

The characterization of the rice mosaic floral organsl
(mfol) and the maize bearded-ear (bde) mutants indicated
that the AGL6-like genes might be involved in the regu-
lation of floral organ identity and floral meristem
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determinacy in grasses, acting as class E genes like the
SEP genes (Ohmori et al. 2009; Li et al. 2009; Thompson
et al. 2009). Phylogenetic analysis showed that AGL6-like
genes are sister to the SEP-like genes (Zahn et al. 2005),
but, whereas the AGL6-like genes were identified in both
angiosperms and gymnosperms, SEP-like genes were
identified only in angiosperms. Consequently, either an
ancestor of SEP-like genes existed in the common
ancestor of angiosperms and gymnosperms but was lost in
extant gymnosperms or AGL6-like genes are basal mem-
bers compared with the clade of angiosperm SEP-like
genes (Becker and Theissen 2003; Zahn et al. 2005).
Although AGL6-like genes are ancient and widely dis-
tributed in seed plants, their role in development has long
remained elusive due to a lack of phenotypes in single
loss-of-function mutants. The Arabidopsis genome con-
tains two closely related AGL6-like genes, AGL6 and
AGLI3 (Fig. 4), probably produced by a recent duplica-
tion event (Becker and Theissen 2003) and whose func-
tion has yet to be ascertained. The main grass clade
included in the AGL6 subfamily (Fig.4) contains
OsMADS6 of rice, TaAGL6 of wheat and ZAG3 and
ZAG5 of maize, two closely paralogous maize genes
duplicated in the tetraploidization event that produced the
maize genome after its divergence from the other grass
species (Mena et al. 1995; Reinheimer and Kellogg 2009).
The clustering of OsMADS17, a second rice gene diver-
gent from the other AGL6-like grass genes (Fig. 4), could
be explained either by a gene duplication that occurred
after rice speciation, which was followed by a high rate of
molecular evolution, or by a more ancient gene duplica-
tion that occurred before the diversification of the grass
species. This second hypothesis assumes that OsMADS17
has been retained only in the rice genome, whereas its
orthologous genes of wheat and maize got lost during
their evolution (Reinheimer and Kellogg 2009). This is
supported by the finding that the Sorghum genome con-
tains two AGL6-like genes, SbMADS6 and SbMADSI7,
which are orthologs to OsMADS6 and OsMADSI7,
respectively (Li et al. 2009).

The expression of grass AGL6-like genes seems largely
restricted to inflorescence (Reinheimer and Kellogg 2009).
In situ RNA hybridizations showed that ZAG3 was
expressed in upper and lower floral meristems of both
tassel and ear. In the tassel, ZAG3 was expressed in
developing lodicules and palea, but not in lemma and
stamens, whereas it was detected in carpel primordia and
later is strongly expressed in the inner integument and in
the region underlying the ovule primordium (Thompson
et al. 2009). The characterization of the ZAG3 mutant
named bearded-ear (bde) showed that this gene plays
pleiotropic roles in controlling floral meristem determi-
nacy, organ specification, and sex determination
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(Thompson et al. 2009). The bde mutation affected floral
development differently in the upper and lower meristem.
The upper floral meristem initiated extra floral organs that
were often mosaic or fused, whereas the lower floral
meristem initiated additional floral meristems, indicating
that in the upper floret ZAG3 was required to specify floral
organ number and fate, and in the lower floret, it was
required to regulate floral meristem determinacy. Unfor-
tunately, no data on functional and expression studies are
available for the other AGL6-like maize gene ZAGS5. In
rice, the two AGL6-like genes OsMADS6 and OsMADSI17
had similar expression patterns (Ohmori et al. 2009). Both
genes were first expressed in the floral meristem and later
in palea, lodicules, and pistil and at lower levels in stamens
(Ohmori et al. 2009). Only OsMADS17 was expressed in
the lemma (Ohmori et al. 2009). The characterization of an
OsMADS6 mutant named mosaic floral organsl (mfol)
indicated this gene as a key regulator of floral organ
identity and floral meristem determinacy in rice (Ohmori
et al. 2009). The mfol mutants showed altered flower
morphology with disturbed palea identity, homeotic
transformation of lodicules into glume-like or mosaic
organs and occasionally abnormal carpel development
(Ohmori et al. 2009). Furthermore, the determinacy of the
floral meristem was lost and extra carpels or spikelets
developed in mfol florets (Ohmori et al. 2009). Suppres-
sion of the other AGL6-like gene OsMADSI17 did not cause
any morphological abnormality in the wild-type back-
ground, but it increased the phenotypic effect in the mfol
background, indicating that OsMADS17 has a minor but
redundant function with OsMADS6 (Ohmori et al. 2009).
Strikingly, the mutation of the SEP-like gene OsMADSI/
LHS1 increased the defect in osmads6/mfol flowers
(Ohmori et al. 2009; Li et al. 2009). In the severe pheno-
types of the osmadsl/osmads6 double mutants, the floral
organs of whorls 2 and 3 were transformed into glume-like
organs or completely repressed during flower development.
In addition, osmadsl/osmads6 flowers displayed more
severe defects caused by loss of meristem determinacy.
Taking into account the similarities and differences
between single mutants for OsMADSI and OsMADS6,
these genes likely play both cooperative and independent
roles in the floral organ identity control and in the estab-
lishment and determinacy of the floral meristem.
Recently, Li et al. (2011a) investigated the genetic
interaction between OsMADS6 and the floral homeotic
genes OsMADS16/SPWI1 (class B), OsMADS3 and Os-
MADSS58 (class C), OsMADSI3 (class D) and DROOP-
ING LEAF (DL), a non-MADS-box gene involved in
carpel specification (see below). They demonstrated that
the interactions of OsMADS6 with these floral homeotic
genes play key roles in specifying flower development
and determining floral meristem fate in rice. The analysis

of double mutants indicated that OsMADS6 specifies the
palea identity, most likely through repressing the
expression of DL in the palea, regulates the lodicule
development by interacting with SPWI, defines the sta-
men, carpel, and meristem identities with OsMADS3
and OsMADSS58, specifies the carpel/ovule development
and the floral meristem determinacy together with
OsMADSI13, and acts synergistically with DL in termi-
nating the floral meristem. Moreover, expression analyses
revealed that in the osmads6 mutant, the transcript levels
of class B (OsMADS4 and SPWI), class C (OsMADS3
and OsMADSS5S8), and class E (OsMADS7 and OsMADSS)
genes were reduced at early flower development stages.
This suggests that OsMADS6 may be an upstream regu-
lator that activates the expression of these six floral
homeotic genes during early flower development. Con-
sequently, in addition to its interaction with class A
(OsMADS14 and OsMADSI15), class B (OsMADS4 and
SPW1), class D (OsMADS13), and class E (OsMADS7
and OsMADSS) proteins (Moon et al. 1999; Favaro et al.
2002; Lee et al. 2003b; Seok et al. 2010), OsMADS6
regulates also the expression of some of their encoding
genes, thus providing novel insights into the molecular
mechanism by which AGL6-like genes regulate flower
development.

The expression of TaAGL6 of wheat was very similar to
that of its orthologous genes of maize (ZAG3) and rice
(OsMADS6); its transcription was restricted to spikes and
developing caryopses, and in spikelets at heading time, its
expression was restricted to palea, lodicules, and pistils
(unpublished results), indicating that TaAGL6, like its
orthologous genes of maize and rice, may be important for
the identity specification and/or development of these floral
organs.

Considering the importance of AGL6-like genes during
flower development in grasses, as determined by the
characterization of loss-of-function mutants in maize and
rice, Reinheimer and Kellogg (2009) reconstructed the
evolutionary history of AGL6-like genes in grasses and
analyzed gene expression patterns during spikelet and flo-
ret development. They found that the AGL6-like genes of
grasses had discrete expression domains, acquired
sequentially in evolutionary time. Expression of AGL6-like
genes in the carpel, and particularly in the inner integument
of the ovule, seems to be rather ancient and closely related
to the expression of the AGL6-like genes in the mega
sporangium and integument of gymnosperms (Mouradov
et al. 1998; Shindo et al. 1999; Winter et al. 1999). On the
other hand, angiosperms have acquired the new expression
pattern in floral meristems and in second-whorl organs in
monocots. Expression in the palea (presumptive first
whorl) is a novel trait that correlates with the origin of the
grass spikelet.
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Non-MADS-box genes involved in grass floral
development

While research results evidence that MIKC-type MADS-
box genes play a very important role in floral organ identity
and patterning, it is not equally clear to what extent the
different aspects of the eudicot ABCDE model are con-
served and can be transferred to grasses. It would be
incorrect to assume a priori that only MADS-box genes
control flower development in grasses.

As described previously, none of the mutants for class C
genes of rice exhibited evident homeotic conversions of the
carpel, and only carpel development was affected, whereas
the stamens were clearly transformed into lodicules
(Yamaguchi et al. 2006); thus other genes appear to reg-
ulate carpel identity. DROOPING LEAF (DL), belonging to
the YABBY transcription factor family, has been suggested
as one such candidate gene in determining carpel identity
in rice (Nagasawa et al. 2003; Yamaguchi et al. 2004,
2006). The same could be true for other grasses including
maize and wheat, wherein some similarities were observed
(Mena et al. 1996; Ishikawa et al. 2009).

The leaves of the rice dl mutant drooped, instead of
standing erect, as in the wild type. The drooping leaf
phenotype was caused by the absence of the midrib, a
strong structure enabling the leaves to stand erect. DL was
expressed in the central region of the leaf primordia and
seemed to promote cell proliferation along the adaxial-
abaxial axis, which may be required to yield the number of
cells necessary for the construction of the midrib structure
(Yamaguchi et al. 2004). Floral homeotic phenotypes
wherein carpels were replaced by stamens were identified
subsequently; this abnormality has always resulted in
association with the drooping leaf phenotype. Flowers of
severe rice homeotic d/ mutants showed the complete
conversion of the carpels into stamens, with defects in the
flower structure restricted to whorl 4 (Nagasawa et al.
2003; Yamaguchi et al. 2004). This homeotic transforma-
tion in rice dl mutants contrasts strongly with the standard
floral homeotic mutants for class C genes of Arabidopsis,
in which defects always affected both whorls 3 and 4. DL
encodes a YABBY protein, a putative transcription factor
specific to plants, and was expressed in the presumptive
region (the carpel anlagen) where the carpel primordia
initiate (Yamaguchi et al. 2004). Shortly after DL induc-
tion, the carpel primordia began to form and DL expression
continued in the carpel primordia. Thus, both phenotype
and expression analyses suggest that DL function would be
necessary for carpel specification. This was the first indi-
cation that a YABBY gene controlled flower organ specifi-
cation, like MADS-box genes. The DL gene would have
two additional functions in the control of rice flower
development: floral meristem determinacy and antagonistic
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regulation with class B genes. As already described, di
mutants had carpels replaced by stamens, suggesting that
class B genes were ectopically expressed in whorl 4.
Conversely, stamens were replaced by ectopic carpels in
mutants for the spwi gene, suggesting that in these mutants
DL is also expressed in whorl 3. These predictions were
confirmed by verifying the spatial expression pattern of
both genes in the spw/ and d/ mutants; in other words, DL
was ectopically expressed in whorl 3 of the spwl mutant,
and SPWI was ectopically expressed in whorl 4 of the dl
mutant (Nagasawa et al. 2003; Yamaguchi et al. 2004),
indicating the mutual antagonistic regulation of DL and
SPWI. The ectopic expression of OsMADSI6 (SPWI)
caused the transformation of carpels into stamens in whorl
4 (Lee et al. 2003b), most likely due to DL repression in
whorl 4 by the ectopic expression of OsMADSI6 in the
transgenic lines. DL expression was maintained in carpels
of rice plants wherein OsMADS3 and OsMADS58 had both
been inactivated and abnormal carpel-like organs still
developed in these double mutant lines (Yamaguchi et al.
2006), demonstrating that DL may function independently
of class C genes. It is not yet clear whether carpel devel-
opment depends on DL expression per se, or DL is mainly
responsible for preventing B-function gene expression in
whorl 4. Recent experiments combining mutations of class
C and D and dl genes in rice have provided new insights
into the molecular mechanisms that regulate reproductive
floral organ development and floral meristem determinacy,
and in particular, have shed some new light on the relative
contribution of MADS-box genes and DL in the specifi-
cation of carpel identity (Li et al. 2011b; Dreni et al. 2011)
(see below).

Mutants showing phenotypes similar to those of rice d/
were observed in several grass species, such as Pennisetum
americanum and Panicum aestivum (Rao et al. 1988; Fla-
dung et al. 1991). Moreover, DL orthologs of maize and
wheat were expressed in carpel primordia with a similar
pattern (Bommert et al. 2005; Ishikawa et al. 2009). These
observations suggest that the DL functions, which consist
in controlling carpel specification and midrib development,
have been conserved throughout the grass family evolution.
CRABS CLAW (CRC) of Arabidopsis, the co-ortholog of
DL, shares its same functions in meristem determinacy and
regulation of class B genes. However, unlike dl mutants,
the crc mutation affected carpel development but did not
result in homeotic transformations of carpels and showed
normal leaves (Bowman and Smyth 1999). Consequently,
during grass evolution DL may have been recruited for
accomplishing new critical functions, such as the control of
carpel identity and midrib formation.

The rice mutant aberrant panicle organization 1 (apol)
resembles class C mutants, suggesting that APO! regulates
class C genes or that it has some class C function. The apol
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mutant formed small inflorescences with reduced numbers
of branches and spikelets, indicating that APOI increases
the spikelet number by suppressing the precocious con-
version of inflorescence meristems into spikelet meristems
(Ikeda et al. 2005, 2007). In addition, apol mutants
exhibited abnormal floral organ identity and a loss of floral
determinacy. Stamens were frequently replaced by lodi-
cules, and carpels were produced indeterminately. The DL
gene was expressed in ectopic carpels, and ectopic glumes
with partial carpelloid characters were occasionally pro-
duced outside the fourth whorl (Ikeda et al. 2005, 2007).
These mutant phenotypes, together with the reduced
expression of the class C gene OsMADS3 (lkeda et al.
2005), suggest that APOI regulates positively the class C
genes. Considering the precocious formation of spikelet
meristems and prolonged formation of lodicules and car-
pels, APOI is likely involved in the temporal regulation of
meristem identity. Interestingly, apol/spwl (super-
womanl) double mutants generated novel phenotypes in
comparison to those observed in each single mutant (Ikeda
et al. 2007). The apol/spwl flowers formed a few narrow
bracts resembling palea/lemma in whorls 2, identical to
those observed in the same whorl in spwi flowers. How-
ever, unlike spw/ flowers wherein carpels replaced stamens
due to ectopic expression of DL, apol/spwl formed the
same narrow organs of whorl 2 in whorl 3 (Ikeda et al.
2007). The phenotype observed for the double mutant
apol/spwl indicated that DL was not expressed in whorl 3,
even when SPWI activity was lost, and thus APOI activity
was required for the expression of DL in whorl 3. These
results suggest that APOI activates MADS-box class C
genes and DL but does not affect the class B gene SPW1.

APOI encodes an F-box protein closely related to Ara-
bidopsis UNUSUAL FLORAL ORGANS (UFO). The F-box
motif provides substrate specificity for the large protein
complexes SCFs (SKP1-cullin-F-box), which have E3
ubiquitin ligase activity and target proteins for degradation.
Although phylogenetic analysis indicated that APOI is co-
ortholog of UFO (Ikeda et al. 2007), the loss-of-function
phenotypes differed largely between ufo and apol mutants.
Both UFO and APOIl were expressed in inflorescence
meristems (Ikeda et al. 2007; Lee et al. 1997), but apol
formed small panicles with reduced numbers of branches
and spikelets (Ikeda et al. 2007), whereas ufo produced
more co-florescences than the wild type (Wilkinson and
Haughn 1995). This different behavior indicated that APO!
and UFO had opposite effects on the fate of the inflores-
cence meristem. As for floral organ identity, APO/ inter-
acts with class C (OsMADS3) genes and DL, while UFO
and its orthologous genes in eudicot species are required to
activate class B genes (Weigel and Meyerowitz 1993). In
contrast to apol mutants, which resembled class C
mutants, the ufo mutants were very similar to the class B

mutants, showing a reduced number of petals and stamens
and a phenotype consistent with a lower level of AP3
expression during early stages of flower development
(Wilkinson and Haughn 1995; Levin and Meyerowitz
1995). Moreover, ectopic expression of UFO (35S:UFO)
resulted in the partial conversion of sepals of the first whorl
to petals and of carpels of the fourth whorl to stamens;
these organ identity conversions resembled those in
35S:AP3 and 35S:PI (Lee et al. 1997). Thus, both UFO and
APOI play key roles in inflorescence architecture and floral
development and likely have similar biochemical func-
tions, whereas their roles in the inflorescence and floral
regulatory network diverged considerably during evolu-
tion. Seemingly, the UFO co-ortholog of rice APOI has
acquired novel functions by recruiting different target
proteins.

OPEN BEAK (OPB) is the only other identified gene
involved in the regulation of the rice floral organ identity
genes (Horigome et al. 2009). The opb mutants exhibited
pleiotropic defects that affected leaf morphogenesis, inflo-
rescence architecture, and floral organ identity. Abnormal
cell proliferation was observed in their epidermal and
mesophyll tissues of the second and third leaves and in the
parenchyma cells of the glumes. In addition, the determi-
nacy of rachis and floral meristems was reduced because of
prolonged meristematic activity. Ectopic and increased
expression of the class 1 knox genes (OSHI, OSH6, and
OSH15) was observed in the flower primordia of the opb
mutants, and over-expression of OSHI was detected in the
second and third leaf. Thus, the abnormal cell proliferation
observed in the opb mutants was probably caused by
ectopic expression of classl knox genes, which are regu-
lated negatively by OPB. The opb mutants also showed
defects in floral organ identity, resulting in the development
of mosaic organs such as gluminous lodicules, staminoid
lodicules, and pistiloid stamens. Concomitantly, the
expression of the class B gene SUPERWOMANI (SPWI)
decreased; since the expression domains of OPB and SPW1
overlapped, OPB would be required for the proper
expression of SPWI. This function of OPB is probably
independent of its function in cellular proliferation. The
appearance of mosaic organs was restricted to whorls 2 and
3. In particular, the formation of a gluminous lodicule
suggests that the balance between the expression of the
genes potentially involved in the development of the outer
sterile organs of the spikelet (putative class A genes) and
the expression of the class B genes is disturbed in whorl 2,
and a pistiloid stamen would result from the unbalanced
expression of class B and C genes in whorl 3. Then, the
mosaic organs of the opb mutants may be explained by the
down-regulation of SPWI, which entails relatively abun-
dant expression of class A and C genes in whorls 2 and 3,
respectively.
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The map-based cloning of OPB showed that it encodes a
transcription factor containing a zinc-finger motif; in line
with its presumed function, it was expressed in leaf pri-
mordia, inflorescence meristems, rachis branch meristems,
floral meristems, and floral organ primordia (Horigome
et al. 2009). The protein encoded by OPB showed 78.4%
and 69.1% sequence similarity, respectively, with the
proteins encoded by the genes JAGGED (JAG) and NUB-
BIN (NUB) of Arabidopsis, which are highly similar and
functionally redundant (Dinneny et al. 2006). Plants with
the jag mutation showed abnormal lateral organs, such as
serrated leaves, narrow floral organs, and petals containing
fewer cells larger than normal (Dinneny et al. 2004; Ohno
et al. 2004). JAG would thus suppress the precocious
maturation of tissues and promote cell proliferation in
lateral organs (Dinneny et al. 2004). Furthermore, ectopic
expression of JAG resulted in leaf fusion and ectopic leaf-
like outgrowths (Dinneny et al. 2004; Ohno et al. 2004).
These jag phenotypes differed from those observed in the
opb mutants, wherein cell proliferation was not suppressed,
whereas the pattern of cell proliferation was modified.
Moreover, jag affected the morphology of floral organs but
not their identity, whereas the identity of the organs in
whorls 2 and 3 was modified in the opb mutants. Also the
expression domains of JAG and NUB differed from those
of OPB. During the vegetative phase, both JAG and OPB
were expressed in leaf primordia, but not in the SAM or in
mature leaves, and during the reproductive phase, JAG was
neither expressed in inflorescence meristems nor in floral
meristems at early stages, whereas OPB expression was
evident. Like JAG, NUB expression took place in organ
primordia but not in the SAM and later was restricted to the
adaxial side of lateral organs. Expression domain and
function of NUB were fully included in those of JAG. In
fact, the nub single mutant did not display any abnormal
phenotype. However, the phenotype exhibited by the jag
nub double mutant represented a more severe version of the
Jjag single mutant, indicating the functional redundancy of
the two genes, although with a stronger action of JAG
(Dinneny et al. 2006). The phenotypic differences between
the jag/nub and the opb mutants suggest that OPB has
acquired novel functions during evolution by recruiting
new target genes, such as the class 1 knox genes and the
floral homeotic gene SPW1I.

As previously discussed, the evolutionary relationship
between lemma and palea of grasses and their relationships
to eudicot floral organs have been interpreted variously and
widely debated. In the palealess (pal) mutant of rice, the
palea was replaced by two leaf-like structures, whereas the
other floral organs (lemma, lodicules, stamens, and carpels)
remained normal (Luo et al. 2005). The pal mutation was
mapped within a 35-kb region located in chromosome 6,
wherein none of the predicted genes belongs to the MADS-
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box gene family or to any other gene families of tran-
scription factors, such as AP2 or YABBY, which have been
associated with floral organ identity in both grasses and
higher eudicots. In a survey of all the predicted genes
within the 35-kb region, Luo et al. (2005) found a candi-
date gene for PAL encoding a putative unknown tran-
scription factor. They suggested that the gene responsible
for the pal phenotype could be a palea identity gene and
thus may represent a class A function gene in rice. If true,
this would suggest that grasses either have evolved a dis-
tinct mechanism to specify a peculiar organ or that the
outer first whorl is specified differently than in eudicots.
Identification and functional studies of the PAL gene will
provide further molecular evidence for these hypotheses.
Considering the pal phenotype, in which only the palea was
replaced by two leaf-like structures, while lemma and other
floral organs were unaffected, and on the basis of the
observation that in the spw/ mutant, the lodicules were
transformed into organs resembling palea more than
lemma, Luo et al. (2005) have suggested that lemma and
palea are not homologous organs and that palea could be
the evolutionary equivalent of the eudicot sepal. On the
other hand, the replacement of the palea by two leaf-like
organs in the pal mutant would suggest that the palea might
be composed of two fused perianth parts which, along with
the lemma, would represent a modified trimerous calyx
(Zanis 2007). The isolation and characterization of the PAL
gene in other grasses and outgroups may shed light on the
origin and evolution of the outermost whorls of the grass
floret.

The cloning and characterization of the rice gene
RETARDED PALFEAI (REPI), which has a specific role in
the regulation of palea development (Yuan et al. 2009),
showed that in the repl mutant, palea growth was delayed
and reduced and cell differentiation was strongly affected.
Furthermore, the reduced palea had five vascular bundles,
similar to the vascular pattern of the wild-type lemma,
indicating partial loss of palea identity in the rep/ mutant.
REPI was expressed only in the palea primordium during
early flower development, but it was radially dispersed in
stamens and vascular bundles of lemma and palea during
later floral stages. REPI encodes a putative protein
belonging to a plant-specific TCP transcription factor
family (Yuan et al. 2009), whose members were previously
identified only in angiosperms and are essential in speci-
fying plant morphology by regulating cell proliferation and
differentiation (Navaud et al. 2007). The detection of
reduced cell size in the palea of repl mutants implies a role
of REP1 similar to other TCP proteins in regulating cell
expansion and differentiation. Further experiments with
cell proliferation markers will be necessary to verify
whether this observation excludes a role for REPI in reg-
ulating cell division, as for other reported TCP proteins.
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The reported examples of non-MADS-box gene mutants
affecting grass floral identity and development have elu-
cidated the importance and need of a forward genetic
strategy—in addition to the more common reverse genetic
approach—to study grass flowering. Unfortunately, grass
floral organs are tightly enclosed in the developing spikelet,
making large-scale mutant screenings difficult; conse-
quently, many interesting grass mutants carrying florets
with altered structures may have been missed. Future for-
ward genetic studies will be important for understanding
which of the pathways regulating flower development are
novel and specific to grasses and which of them have been
conserved during evolution and are similar to those of
model eudicot species.

Conservation and diversification of the ABCDE eudicot
model of floral development in grasses

The ABCDE model, which explains the specification of
floral organ identity in Arabidopsis in terms of gene
interactions, represents a useful framework for interpreting
the genetic control of flower development in a wide variety
of species including rice and maize (Ferrario et al. 2004;
Theissen and Melzer 2007; Soltis et al. 2007; Thompson
and Hake 2009; Litt and Kramer 2010). In the present
review, the current knowledge on the flower identity genes
discovered and studied in rice, maize, and wheat has been
integrated into a comprehensive modified ABCDE model,
in the attempt to adapt it to the peculiarities of flower
development in each of these grass species (Fig. 5). When
loss-of-function mutants were not available, gene functions
have been postulated on the basis of sequence similarity
and comparison of expression patterns with characterized
genes and of protein interaction analyses. Considering the
grass ABCDE MADS-box genes included in the models, it
is evident that further research efforts are needed to
understand their functions, particularly in maize and wheat.
In rice, suitable loss-of-function mutants are available for
the genes of class B OsMADS16 (SPW1), OsMADS2, and
OsMADS4, of class C OsMADS3 and OsMADS58, of class
D OsMADSI3, and of class E OsMADSI (LHSI), Os-
MADS7/8 (SEP-like genes), and OsMADS6 (AGL6-like
gene). Currently, only the functions of the genes SILKYI
(class B), ZAGI (class C), and ZAG3 (class E) have been
characterized in maize, whereas no loss-of-function
mutants are available in wheat.

The comparison between the ABCDE model based on
Arabidopsis and the adapted models of rice, maize, and
wheat indicate that the regulation of flower development in
grasses is somewhat different from higher eudicots. Patterns
of gene expression and phenotypes of the available mutants
appear consistent with the predictions on their functions

based on studies in eudicot model species. This appears
mostly true for the genes responsible of the class B-, C-, and
D-organ identity functions. In fact, since the reproductive
organs are considered homologous throughout all angio-
sperms, a single ancestral genetic mechanism controlling
their specification may have been conserved even in
divergent angiosperm groups. However, the function of the
class C genes in grasses puts forward some questions. For
instance, mutations of these genes in rice and maize affect
carpel development but do not cause its clear homeotic
conversion, whereas stamens are clearly transformed into
lodicules. Thus, in grasses, the genetic control for carpel
specification seems different from Arabidopsis and other
eudicots. According to Yamaguchi et al. (2006), DROOP-
ING LEAF (DL), which in rice encodes a member of the
plant-specific YABBY family of transcription factors,
specifies carpel identity and meristem determinacy and its
loss-of-function mutations cause complete homeotic trans-
formation of carpels into stamens. The DL orthologous
genes of grasses would have acquired critical functions for
carpel specification during their evolution (Yamaguchi et al.
2004; Fourquin et al. 2005; Ishikawa et al. 2009). In addi-
tion, the grass co-orthologs of the genes of class C AGA-
MOUS (AG) and of class B PISTILLATA (PI) of
Arabidopsis are duplicated, and analysis of their mutants in
rice and maize showed that in grasses, both B and C func-
tions may be partially subfunctionalized to distinct genes.
For instance, rice has two AG homologs, OsMADS3 and
OsMADS58 (Fig. 5); Yamaguchi et al. (2006) observed that
in OsMADS3 mutants, almost all stamens were homeoti-
cally transformed into lodicules, but they had only minor
defects in floral meristem determinacy. Contrastingly,
OsMADS58 RNAi knockdown mutants had only minor
defects in floral organ identity, but were greatly affected in
floral meristem determinacy. Thus, OsMADS3 appears to
have a central role in specifying stamen identity, whereas
OsMADS58 would have a central role in floral meristem
determinacy. Moreover, mutant analysis of the PI-like
genes of rice OsMADS2 and OsMADS4 (Fig. 5) indicated
unequal redundancy of their class B function. Besides its
major role in specifying lodicule identity, OsMADS2 also
shows a contribution to stamen development equivalent to
that of OsMADS4. As in Arabidopsis, some grass species
such as wheat, rice, and maize possess a single copy of the
APETALA3-like gene, whose function seems conserved
across eudicots and grasses. Mutations of the AP3
co-orthologs SILKYI of maize and SUPERWOMANI
(SPWI) of rice result in homeotic transformations of sta-
mens into carpels and lodicules into palea-like organs.
Thus, as in eudicots, AP3-like genes are required to promote
whorl 2 and 3 identities in grasses.

Two recently published papers have investigated the
genetic interactions between the rice genes of class C and
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Fig. 5 Comparison of the
ABCDE models for floral organ
identity of Arabidopsis (a) and
of some grass species such as
rice (b), maize (c), and wheat
(d). According to the basic ABC
model, the class A genes specify
the organs of whorl 1, class A
and B of whorl 2, class B and C

(@) Arabidopsis

of whorl 3, and class C of whorl :::Ienlil on

4. The extended ABCDE model

includes class D genes

promoting ovule identity and

class E genes acting as cofactors Whorls

for the class A, B, C, and D Floral

genes and required for the organs

development of all the

categories of floral organs. The

function domains are indicated

by colors: A = red, .

B = yellow, C = blue, (b) Rice

D = pink, and E = light-blue.
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D and DL and have provided new insights into the con-
servation/diversification of the molecular mechanisms that
regulate flower development in rice and Arabidopsis (Li
et al. 2011b; Dreni et al. 2011).

Through double mutant analysis, Li et al. (2011b)
investigated the genetic interactions among OsMADS3
(class C gene), OsMADSI3 (class D gene), and DL in
specifying floral organ identities and floral meristem
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determinacy. The osmadsi3/osmads3 double mutant dis-
played loss of floral meristem determinacy and generated
abundant carpelloid structures containing severe defective
ovules in the flower center, which were not detectable in
each of the single mutants. In addition, in situ hybridization
and yeast two-hybrid analyses revealed that OsMADS13
and OsMADS3 neither regulated each other’s transcription
nor interacted at the protein level. Consequently, OsMADS3
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would play a synergistic role with OsMADS13 in both ovule
development and floral meristem termination. These results
confirm that the C- and D-class genes retained their func-
tions in grasses, even though, after duplication within the
AG clade, they underwent multiple subfunctionalization
and several neofunctionalization events. Strikingly, the
osmads3/dl double mutant displayed a severe loss of floral
meristem determinacy and produced supernumerary whorls
of lodicule-like organs at the fourth whorl. In addition, since
the osmads3 single mutant showed normal expression pat-
tern of the DL gene and OsMADS3 expression was detected
in ectopic stamens of dl flowers, OsMADS3 and DL would
not affect their mutual transcription. These results indicate
that OsMADS3 and DL play a redundant role in terminating
floral meristem, although through distinct pathways. On the
contrary, the comparison between the characteristics of the
osmads13/dl double mutant and those of the two single gene
mutants suggest that DL and OsMADSI3 may be involved
in the same pathway specifying the identity of carpel/ovule
and floral meristem. The defective phenotype of osmadsi3/
dl flowers appeared identical to that of the single mutant dl
and no obvious OsMADSI3 expression was detectable in dl
flowers; on the contrary, DL transcripts were ectopically
detected in osmads13, thus suggesting that DL may directly
or indirectly regulate OsMADS13 expression.

Even more recently, Dreni et al. (2011) carried out a
more detailed and extensive analysis of the four rice genes
of the AG subfamily (OsMADS3, OsMADS58, OsMADS13,
and OsMADS2]) and of their interaction using mutant
plants for single and multiple genes. They found that the
osmads3 single mutant showed a milder phenotype than
that reported by Yamaguchi et al. (2006) and osmads58
mutant flowers do not have significant developmental
defects. On the contrary, the phenotypic effect was very
dramatic in the osmads3 osmads58 double mutants, which
showed complete loss of sexual organ identity and massive
accumulation of lodicules in the third and fourth floral
whorls. Interestingly, most osmads3 osmads58 double
mutant flowers developed one to three palea-like structures
replacing the carpel, and again a large number of ectopic
lodicules developed in the center of the flower. These
osmads3 osmads58 double mutant phenotypes revealed
that a double knockout of OsMADS3 and OsMADS58
produced a rice mutant flower in which reproductive organ
identity was completely lost and the floral meristem
became indeterminate, a phenotype very similar to that of
the ag mutant in Arabidopsis. Therefore, in contrast with
previous reports, these findings clearly indicate that
OsMADS58 and OsMADS3 redundantly determine stamen
and carpel identity, even though partial subfunctionaliza-
tion was confirmed between the two genes; thus, the C
function may also be highly conserved in monocotyle-
donous plants. Furthermore, the osmadsi3 osmads3 and

osmadsl3 osmads58 double mutants displayed a more
severe loss of floral meristem determinacy than that
observed in each of three single mutants, confirming that
OsMADS13, together with OsMADS3 and OsMADSSS,
plays an important role in floral meristem determinacy. On
the contrary, analysis of single and multiple mutants car-
rying the mutated osmads21 gene showed that this gene has
marginal, if any, role in the formation of reproductive
organs and floral meristem determinacy and does not seem
to contribute to the C and D functions.

Moreover, on the basis of expression analysis of DL in
osmads3 osmads58 double mutants and osmads3 osmads13
osmads58 triple mutants, Dreni et al. (2011) proposed that
DL cannot specify carpel identity without OsMADS3 and
OsMADS58; thus, it is possible that DL does not possess
any C function and its function would be limited to a
negative regulator of class B gene expression in the fourth
whorl. This specific DL function can explain the d/ mutant
phenotype, since the simultaneous expression of B- and
C-function genes in the fourth whorl leads to stamen for-
mation. On the other hand, a full C function of the DL gene
would have caused a different phenotype in the dl mutant,
because the lack of C function would have determined the
conversion of the stamens (third whorl) and carpels (fourth
whorl) into sterile perianth organs, such as palea and
lodicules.

Although the results of Dreni et al. (2011) provided
important new insights into the function of the four rice
genes of the AG subfamily in reproductive organ devel-
opment, more extensive experiments combining mutations
of class B, C, and D and dl genes in rice will be necessary
to clarify the true function of MADS-box genes and DL in
the specification of reproductive floral organs.

Although in grasses sound functional data for class E
genes are available only in rice, it is tempting to draw some
deductions from the models of wheat and maize shown in
Fig. 5, which are based on phylogenetic and expression
data. In particular, the genes responsible for the E function
appear conserved among grasses and eudicots, at least for
some SEP-like genes such as OsMADSI (LHSI),
OsMADS7, and OsMADSS of rice and TaSEP-1/TaSEP-2,
TaSEP-3, and TaSEP-4 of wheat. Mutant analysis and
detailed studies of the spatial and temporal mRNA
expression and protein interaction patterns, corresponding
to the different rice SEP-like genes (Cui et al. 2010; Gao
et al. 2010), have indicated the conservation of SEP-like
gene function in specifying floral determinacy and organ
identities, since the separation of eudicots and monocots
about 125-150 mya (Soltis et al. 2008; Bell et al. 2010),
but have also revealed grass-specific neo- and sub-func-
tionalization events, thus indicating an unexpected evolu-
tionary dynamic of SEP-like genes. The situation in
Arabidopsis is largely dominated by functional redundancy
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among the four SEP genes, whereas in rice, the mutant
phenotypes of OsMADSI and OsMADS7/8 are strikingly
similar, indicating that these genes do not act redundantly,
like SEP1/2/3/4, but in an interdependent way. According
to Cui et al. (2010), the functional interdependence of
OsMADSI and OsMADS7/8 may reflect a dosage effect
during spikelet meristem development. Assuming that the
genes are functionally almost equivalent, but dosage-
dependent partial knock-down of either OsMADS7 or
OsMADSS8 may still leave enough protein, whereas
knockdown of both genes or of OsMADSI may reduce
OsMADS1/7/8 products in the spikelet meristem cells
below a critical threshold for proper SEP-like protein
function. Both osmads] and osmads7/8 mutants reveal
some aspects of the severe and complete sep phenotype
when the four SEP-like genes (OsMADS1/5/7/8) are down-
regulated, suggesting that these class E rice genes have
undergone subfunctionalization but retain partially over-
lapping functions.

The characterization of the rice mfol/osmads6 and
maize bde/zag3 mutants has provided key insights into the
role of AGL6-like genes. Several lines of evidence have
indicated that these genes play a very similar functional
role to that of class E (SEP) genes. Both the AGL6-like
genes of rice (OsMADS6) and maize (ZAG3) regulate the
development of all four whorls of floral organs and the
floral meristem determinacy (Ohmori et al. 2009; Li et al.
2009, 2011a; Thompson et al. 2009). As previously
described, in rice, osmads6 osmadsl double mutants dis-
play more glume-like organs inside the flower, a phenotype
that is similar to that of the sepl/2/3 triple mutant of
Arabidopsis, which exhibits sepal-like floral organs, and to
that of the sep1/2/3/4 quadruple mutant that exhibits leaf-
like floral organs. Furthermore, AGL6-like genes of grasses
have an expression pattern similar to that of the SEP genes
(Reinheimer and Kellogg 2009; Ohmori et al. 2009; Li
et al. 2009; Thompson et al. 2009), indicating that their
products may function in multiple complexes interacting
with B-, C-, and D-class proteins to promote floral meri-
stem determinacy and to regulate floral organ development.
For instance, OsMADS6 is able to form protein complexes
with rice B and D proteins in yeast cells (Favaro et al.
2002; Lee et al. 2003b), which resembles the complex
formation of SEP proteins with class A, B, C, and D pro-
teins in Arabidopsis and other eudicot species. Moreover,
physical interaction both in yeast and plant between ZAG3
and ZAGl1 (class C protein) in maize has also been reported
(Thompson et al. 2009). The conclusion that AGL6-like
genes from rice and maize resemble class E genes is con-
sistent with the finding that the Petunia AGL6-like gene
PhAGL6 functions redundantly with the SEP-like genes
FBP2 and FBP5 in petal and anther development (Rijpk-
ema et al. 2009). Conservation of a SEP-like function in
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Petunia, maize, and rice AGL6-like genes indicates that
comparative functional analyses for the class E genes
should also include members of the AGL6 subfamily.
Little is known on the genes controlling the specification
of the nonreproductive organs of the grass floret, in par-
ticular whether and how MADS-box genes are involved. A
major exception is the role of the class B genes in con-
trolling lodicule identity, although even the interpretation
of their action remains controversial. Consequently, it
would be interesting to know how genes predicted to have
a role in the control of first- and second-whorl organ
identities (specifically A- and E-class genes) actually affect
flower development in grasses. The A function has been
well studied and documented in Arabidopsis, although it
seems confined to this species or to the Brassicaceae family
(Litt 2007). Moreover, some lines of evidence suggest that
the AP1/SQUA-like genes may have changed their function
during angiosperm evolution and, in that case, their func-
tion inferred from Arabidopsis should not be extended to
all angiosperms (Litt and Irish 2003; Litt 2007). In addi-
tion, the correspondence of the eudicot sepals to the grass
lemma/palea has long been controversial and remains
unclear. As mentioned previously, the interpretation of the
nonreproductive structures unique to grasses is difficult
because homeotic mutations of class B and C genes of
maize generate leaf-like organs with intermediate charac-
teristics (Ambrose et al. 2000). In rice, however, mutations
of the class B gene SPWI transform lodicules into palea-
like organs (Nagasawa et al. 2003). A recent hypothesis
suggests that lemma arose from reduction and fusion of
bracts that formed outside the flower in the common
ancestor of the grasses and of their sister lineages, meaning
palea would be the only floral organ homologous to sepals
(Whipple and Schmidt 2006). Moreover, homeotic con-
version of the carpel into a palea-like organ, as recently
observed in the osmads3 osmads58 double mutants by
Dreni et al. (2011), confirmed that only the palea, and not
the lemma, can be considered as a first-whorl organ. So far,
no class A gene with functional equivalence (i.e., speci-
fying the identity of lemma and palea) to the corresponding
genes of higher eudicots has been identified in grasses.
Considering the complex rounds of gene duplications of
the API and FUL lineages in both grasses and higher eu-
dicots and their structural and functional diversification, the
class A function as observed in Arabidopsis cannot be
simply extended to the grasses. Based on available infor-
mation, the grass API/SQUA-like genes appear more
involved in floral transition and/or in floral meristem
identity than in floral organ identity. Other MADS-box
genes, such as the class E genes OsMADS1 and OsMADS6,
or genes encoding other transcription factors, such as
PALFALESS and RETARDED PALEAI, may be involved
in specifying the organ identity of the outermost whorl
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(Fig. 5). Although the existence of A function genes (sensu
strictu) in grass species has not been demonstrated, on the
basis of the expression analyses of the API/SQUA-like
genes belonging to the FUL2 grass clade (TaAPI-3 in
wheat, OsMADSI5 in rice and ZAPI in maize), a specific
role in the identity and/or development of the nonrepro-
ductive organs of spikelets cannot be excluded for the grass
FUL2-like genes. As previously described, investigations
on the molecular evolution and expression of the grass
AGL6-like genes have suggested that expression in the
inner integument of the ovule is likely an ancient expres-
sion pattern in seed plants, but expression in the palea
might reflect a new expression domain in grasses (Rein-
heimer and Kellogg 2009). Therefore, further investigation
on the role of the rice AGL6-like gene OsMADS6 in con-
trolling palea identity and its relationship with other rice
genes involved in the development of the nonreproductive
spikelet organs, such as PALI, REPI, and OsMADSI, may
help to gain more insights into the mechanism of grass
flower formation.

The diversification between Arabidopsis and grass spe-
cies for floral identity genes suggests that the regulation of
homeotic gene expression would not be tightly conserved
between eudicots and monocots. In Arabidopsis, the gene
network leading to proper flower patterning is being dis-
covered, and several genes regulating the expression of
floral homeotic genes have been found, including LEAFY
(LFY) and UNUSUAL FLORAL ORGAN (UFO) (reviewed
in Liu and Mara 2010). LFY activates directly the class A
gene APETALAI (API), but also the class B gene AP3 and
the class C gene AG together with UFO and WUSCHEL
(Parcy et al. 1998; Wagner et al. 1999; Lohmann et al.
2001). The expression of SUPERMAN (SUP) is required
for the proper patterning of the boundary between whorls 3
and 4; in fact, it restricts the expression of class B genes to
whorls 2 and 3 by down-regulating them in whorl 4
(Bowman et al. 1992; Sakai et al. 1995). RABBIT EARS
(RBE), which encodes a SUP-like zinc-finger protein, acts
downstream of UFO to promote the development of whorl
2 organs by repressing AG expression in this whorl (Takeda
et al. 2004; Krizek et al. 2006). In grasses, mechanisms of
organ identity gene regulation are almost unknown and the
only available data come from the characterization of the
rice genes OPEN BEAK (OPB) and ABERRANT PANICLE
ORGANIZATION 1 (APOI), which would be involved in
the regulation of class B and C genes, respectively. As
previously described, the phenotype of apol mutants
resembles that of class C mutants, showing extra lodicules
at the expense of stamens; in addition, they make extra
carpels, implicating apol in flower meristem determinacy,
another class C function. Consistent with this phenotype,
the expression of the class C gene OsMADS3 is reduced in
apol mutants, indicating that APO! regulates positively

class C gene expression. APOI encodes an F-box protein,
similar to UFO of Arabidopsis, which instead is required to
activate class B genes. Thus, whereas UFO and APO1 both
play key roles in floral development and likely have similar
biochemical functions, their roles in the floral regulatory
network appear to have diverged during the evolution of
monocots and eudicots. In contrast, the opb mutants
showed defects in floral organ identity mainly in the second
and third whorls, wherein different types of mosaic organs
develop, including gluminous and staminoid lodicules, and
pistiloid stamens. These mutant phenotypes, together with
the reduced expression of the class B gene SPW1I, indicate
that OPB increases the expression of the class B genes. The
gene OPB encodes a transcription factor with a zinc-finger
motif co-orthologous to the Arabidopsis pair of paralogous
genes JAGGED and NUBBIN. As previously discussed, the
functions of OPB divergent from those of its co-ortholo-
gous genes of Arabidopsis would suggest a significant role
in determining the peculiar morphology and flower mor-
phogenesis of grasses.

Conclusions

The genetic and molecular mechanisms involved in the
control of flower development have mainly been studied in
eudicot model species, such as Arabidopsis thaliana,
Antirrhinum majus, and Petunia hybrida. Consequently, it
is not surprising that current knowledge on flower devel-
opment and morphogenesis in grasses lags behind. How-
ever, as shown in this review, the knowledge on the genes
and their interactions controlling grass flower development
is moving forward rapidly, aided by the genomic tools that
are becoming increasingly available. In rice and maize,
new exciting discoveries elucidating the developmental
mechanisms in grasses can be expected in the very near
future, thanks to the progress in functional genomics.
These advances may contribute significantly to the under-
standing of the evolution of development patterns in higher
plants. Last but not least, the grass family includes the
agronomically and economically most important crops, and
inflorescences and flowers are closely related to grain
productivity. Consequently, in the long run, these studies
may contribute to their substantial yield increase.
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