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ABSTRACT

Evolutionary developmental studies have shown that large transcription factor families underlie key morphological features. The
duplication and diversification of these transcription factor families has been important to provide material for the generation of new
interacting partners where duplicates could take on a new role or a sub-function of the original protein. Arguably one of the most
important of these transcription factor families in plants is the MADS-box family of transcription factors. MADS-box genes are an ancient
group found in animals, plants and fungi but have duplicated and diversified much more in plants than in animals and fungi. The plant
MADS-box genes can be further sub-divided into Type I, Type II MIKCc and Type II MIKC* MADS-box-genes. The Type II MIKCc
MADS-box genes are best known for their role in the ABC model of floral organ identity. MIKCc MADS-box genes are also important
for flowering time, fruit, endosperm and seed development. There have been many Type II MIKCc studies performed across the land
plants however, comparatively little is known about the Type II MIKC* and Type I MADS-box genes. Therefore, recent functional
analyses of the previously uncharacterized MIKC* and Type I MADS-box genes are particularly exciting. Recent genome analyses have
shown that MIKC* and Type I MADS-box genes can also be found in Physcomitrella patens and Selaginella moellendorffii. Phylogenetic,
functional and expression analyses of MADS-box genes across the land plants will provide insight into the role of all types of MADS-box

genes in the evolution and development of land plant body plans.
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INTRODUCTION

Large families of transcription factors have been the focus
of evolutionary developmental (evo-devo) studies. In ani-
mals, the duplication and loss of members of the large
homeobox (HOX) transcription factor family have been im-
plicated in the evolution and development of diverse animal
body plans (Swalla 2006). The animal regulatory protein
paired box gene 6 (PAXG6) has been co-opted multiple times
during eye evolution to specify a light gathering cell that
has then been elaborated into multiple different types of
eyes (Gehring 2005). These studies in eye evolution and
development also illustrate that complex organs such as
eyes do not arise de novo but are built using existing buil-
ding blocks that are co-opted for new or modified functions.

In addition, transcription factors are usually part of a large
regulatory network with each protein having several inter-
acting partners (Davidson ef al. 2002). These proteins are
usually composed of multiple domains. The domains within
the protein determine the interactions of these proteins
within regulatory networks and the addition or loss of do-
mains can modify the interactions within the regulatory net-
work (Galant and Carroll 2002; Veron et al. 2007). The ani-
mal MADS-box protein myocyte enhancer factor-2 (MEF2)
is part of a core regulatory network with other transcription
factors and signaling proteins that directs heart development
(Olson 2006). The duplication and diversification of the
MEF2 regulatory network has been important for the
evolution and development of the heart from a simple pump
to a complex 4-chambered muscle. The duplication and div-

Received: 15 May, 2009. Accepted: 21 April, 2010.




International Journal of Plant Developmental Biology 4 (Special Issue 1), 30-37 ©2010 Global Science Books

ersification of transcription factor families has been impor-
tant to provide material for the generation of new interac-
ting partners where duplicates could take on a new role or a
sub-function of the original protein.

One of the best-known regulatory families underlying
plant development is the MADS-box family of transcription
factors. This family has been particularly well studied for
its role in the ABC model of floral organ specification
(Krizek and Fletcher 2005). However, the MADS-box floral
organ specification genes make up a small portion of this
gene family in flowering plants (Parenicova et al. 2003).
The complete MADS-box gene family is now known from
the genomes of the flowering plants Arabidopsis thaliana
(Arabidopsis), Oryza sativa (rice) and Populus trichocarpa
(poplar) (AGI 2000; Goff et al. 2002; Yu et al. 2002; Pare-
nicova et al. 2003; Leseberg et al. 2006; Tuskan et al. 2006;
Arora et al. 2007). Functional studies in Arabidopsis have
shown that MADS-box genes have important roles in
development besides floral organ specification (Theissen et
al. 2000). In addition, the recent completion of the land
plant genomes from the bryophyte, Physcomitrella patens
and the lycophyte, Selaginella moellendorffii, has provided
insights into the evolution of the MADS-box family of
transcription factors and will be integral for future studies
on the role of MADS-box genes in land plant evolution and
development (Rensing ef al. 2008).

There have been extensive studies on MADS-box genes
in the land plants but these have focused on the MIKCc
type of MADS-box gene, particularly the floral organ iden-
tity genes in angiosperms. These Type II MIKCc MADS-
box genes have been identified across the land plants al-
though little is known of their function outside of the angio-
sperms (Munster et al. 1997; Hasebe et al. 1998; Winter et
al. 1999; Krogan and Ashton 2000; Carlsbecker et al. 2003;
Jager et al 2003; Tanabe et al. 2003). I will briefly review
the background of these important Type II MIKCc MADS-
box genes with particular emphasis on functional charac-
terizations and protein-protein-interactions. These analyses
illustrate how duplications and diversifications within the
MIKCc group may provide starting material for the elabo-
ration of key morphological features. Recent functional
analyses of the previously uncharacterized Type II MIKC*
and Type I MADS-box genes are particularly exciting.
Recent genome analyses have shown that MIKC* and Type
I MADS-box genes can also be found in mosses and lyco-
phytes. Comparative expression analyses, phylogenetic ana-
lyses, functional analyses and protein-protein interaction
studies will elucidate the function of the MIKC* and Type I
MADS-box genes and provide insight into their contribu-
tion to land plant evolution and development.

MADS-BOX TRANSCRIPTION FACTORS
Antiquity of the MADS domain

The MADS-box family of transcription factors is an ancient
family of proteins found in animals, plants and fungi (Alva-
rez-Buylla et al. 2000). The MADS acronym is derived
from the first 4 founding members of this family: Mini
Chromosome Maintenance from yeast, AGAMOUS from
Arabidopsis, DEFICIENS from Antirrhinum majus and
Serum Response Factor from humans (Norman et al. 1988;
Passmore et al. 1988; Schwarz-Sommer et al. 1990; Som-
mer et al. 1990; Yanofsky et al. 1990). In animals and fungi,
there are no more than 10 MADS-box genes found in any
one species (Riano-Pachon et al. 2008; Riechmann et al.
2000). However in the flowering plant genomes of Arabi-
dopsis, rice and poplar 75-107 MADS-box genes have been
identified (AGI 2000; Goff et al. 2002; Yu et al. 2002; Pare-
nicova et al. 2003; Leseberg et al. 2006; Tuskan et al. 2006;
Arora et al. 2007). The large number of MADS-box genes
found in flowering plants is proposed to have arisen by
duplication and diversification of function (Purugganan et
al. 1995).
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MADS-box protein classification

MADS-box proteins from animals, plants and fungi all
share a 55-60 amino acid conserved DNA-binding domain
called the MADS domain (Norman ef al. 1988; Passmore et
al. 1988; Schwarz-Sommer et al. 1990; Sommer et al.
1990; Yanofsky et al. 1990). The MADS domain is typic-
ally found at the N terminus of the protein. An ancient dup-
lication in the last common ancestor of these 3 eukaryotic
kingdoms is proposed to have given rise to 2 lineages of
MADS-box proteins: Type I and Type II (Fig. 1) (Alvarez-
Buylla et al. 2000). Animal, plant and fungal Type I and
Type II MADS-box proteins were first distinguished by
amino acid synapomorphies in the MADS DNA binding
domain. Type I MADS-box proteins have an SRF-like
MADS domain while Type II MADS-box proteins have a
MEF2-like MADS domain (Shore and Sharrocks 1995).
There are no other conserved domains outside of the MADS
domain shared between animals, plants and fungi (Alvarez-
Buylla ez al. 2000).

In plants, Type I and Type II MADS-box genes can be
further distinguished by the protein domains C terminal to
the MADS domain and the intron-exon structure of Type I
and Type II genes (Fig. 1) (Alvarez-Buylla ef al. 2000;
Kaufmann et al. 2005). The plant Type 11 MADS-box pro-
teins, or MIKC proteins, have a well-defined structure
(Alvarez-Buylla et al. 2000; Kaufmann et al. 2005). In
addition to the MADS domain, there is an approximately 70
amino acid K domain recognized by its regularly spaced
hydrophobic residues that is proposed to form a coiled-coil
structure (Ma ef al. 1991; Davies and Schwarz-Sommer
1994; Riechmann and Meyerowitz 1997). The MADS and
K domains are divided by a less well-conserved intervening
region or | region of variable length. At the C terminus of
the protein is the aptly named C domain. The K domain is
involved in protein-protein interactions while the I region
may confer some specificity to the protein-protein interac-
tions. The function of the C region is less well defined
however, it has been suggested that this region is important
as a trans-activation domain and has been shown to be
important for ternary complex formation (Riechmann and
Meyerowitz 1997; Egea-Cortines ef al. 1999). The protein
domains C-terminal to the MADS-domain in Type I are less
well defined however, shared motifs of unknown function
have been recognized in some of these proteins (Parenicova
et al. 2003). Type I MADS-box genes are composed of one
or two exons while Type I MADS-box genes are composed
of 5-11 exons (Kaufmann ef al. 2005).

Phylogenetic and sequence analyses in Arabidopsis and
the moss, Physcomitrella patens have revealed that the Type
I and Type II MADS-box proteins can be further subdivided
based on sequence and/or shared motifs (Henschel et al.
2002; Parenicova et al. 2003). The Type II MADS-box
genes can be further subdivided into MIKC classic
(MIKCc) and MIKC* based on the intron-exon structure of
their coding sequences (Henschel et al. 2002; Kofuji et al.
2003). The MIKC* MADS-box genes have a longer I
domain encoded by multiple exons instead of 1 exon (Hen-
schel et al. 2002). MIKCc and MIKC* (also known as Md)
MADS-box genes can also be distinguished by phylogene-
tic analyses using the MADS domain alone (Parenicova et
al. 2003). The Type I MADS domain proteins were divided
into 3 groups: Ma, MJ, and My, based on phylogenetic
analyses of the MADS domain and some conserved motifs
in the C-terminal region (Parenicova et al. 2003).

MIKC CLASSIC MADS-BOX GENES

The role of MIKCc MADS-box genes in flower
development

MIKCc MADS-box genes are the best-characterized
MADS-box genes in any land plant. and are well known for
their role in flower development (Krizek and Fletcher 2005).
The ABC model of floral organ identity describes how dif-
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Fig. 1 The evolution of MADS-box proteins in the land plants. The Type I (M) and Type II (MIKC) protein structures are mapped onto a generalized
land plant phylogeny. The Type I and Type II MADS-box proteins have similar DNA binding MADS (M) domain but differ in the domains 3’ to the M
domain. The C-terminal domain of the Type I proteins is not well defined. The region 3’ to the MADS domain of Type II proteins have 3 recognizable
domains: I, K and C. There are 2 kinds of Type Il MADS-box proteins: MIKCc and MIKC* and 3 kinds of Type I MADS-box proteins: Ma, My and Mp.
An ancient duplication gave rise to the Type I and Type II lineages so both types of proteins should be found in the green plants although only MIKCc
have been isolated from the charophycean green algae. MIKCc MADS-box proteins have been identified throughout the land plants. Genomic and
phylogenetic analyses have identified MIKC* in the bryophyte Physcomitrella patens, the lycophyte Lycopodium annotinum and the angiosperms
Arabidopsis thaliana, Oryza sativa and Populus trichocarpa suggesting that MIKC* MADS-box proteins were present in the last common ancestor of
bryophytes and vascular plants. Ma. MADS-box genes have been identified in the bryophyte P. patens, the lycophyte Selaginella moellendorffii and the
angiosperms A. thaliana, O. sativa and P. trichocarpa also suggesting that Ma. MADS-box proteins were present in the last common ancestor of
bryophytes and vascular plants. My MADS-box proteins have been identified in the lycophyte S. moellendorffii and the angiosperms A. thaliana, O. sativa
and P. trichocarpa suggesting that My MADS-box proteins were present in the last common ancestor of vascular plants. M proteins have only been
identified in the angiosperms A. thaliana, O. sativa and P. trichocarpa.

ferent combinations of MADS-box proteins are necessary  served across the 2 major groups of angiosperms: monocots
for specifying the 4 floral organ identities sepals, petals, and eudicots (Bowman 1997; Ambrose er al. 2000). Net-
stamens and carpels (Bowman et al. 1989; Meyerowitz ef al.  work analyses have also shown that the ABC model of
1991). A loss of A, B or C class gene function results in the  floral organ identity is a modular gene regulatory network
homeotic conversion of floral organs and a loss of all ABC  providing theoretical support for the conservation of the
functions in Arabidopsis results in a flower composed ABC model of floral organ identity (Mendoza et al. 1999;
entirely of leaves. Although there is a large amount of floral ~ Espinosa-Soto et al. 2004). Morphological, functional and
diversity in the angiosperms, all flowers have the same  theoretical analyses on floral organ development suggest
basic ground plan of sepals, petals, stamens and carpels. that the basic ground plan of the flower is relatively con-
Comparative studies across the angiosperms have shown  served due to developmental drive.

that the ABC model of floral organ identity is largely con-
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Duplication and diversification of MIKCc clades

MIKCc MADS-box genes have been isolated from charo-
phycean green algae that are sister to all land plants, and
ancient duplications and subsequent diversifications have
given rise to distinct clades (Karol ef al. 2001; Tanabe ef al.
2005; Riano-Pachon ef al. 2008). Phylogenetic analyses of
MIKCc MADS-box indicates that there are 12 clades: A, B,
C, E, Bs, SVP, SOCI, FLC, XAL1, ANRI, AGLI15 and
AGLS6 in flowering plants (Purugganan et al. 1995; Zhang
and Forde 1998; Michaels and Amasino 1999; Winter et al.
1999; Hartmann et al. 2000; Samach et al. 2000; Becker
and Theissen 2003; Nam et al. 2003; Veron et al. 2007,
Tapia-Lopez er al. 2008). These clades have been given
numerous terminologies. The above terminology for the
MIKCc clades is based on known functions of proteins
within the clade such as the A, B, C and E floral organ
identity proteins as well as the founding members of each
clade: B-sister (Bs), SHORT VEGETATIVE PHASE (SVP),
SUPPRESSOR OF OVEREXPRESSION OF CONSTANS
(SOC1), XAANTAL (XAL), and ANR1, AGL6 and AGL15
clades. At least 7 out of these 12 clades existed in the last
common ancestor of seed plants (Fig. 1) (Becker and Theis-
sen 2003).

Proteins from the A, B, C and E clades function in a
combinatorial manner to specify the four floral organs
(Purugganan et al. 1995; Pelaz et al. 2000; Honma and
Goto 2001). Proteins from the SVP, FLC, SOC1, AGL15
and XAL1 clades are important for regulating the transition
from vegetative to reproductive development (Michaels and
Amasino 1999; Hartmann et al. 2000; Samach et al. 2000;
Adamczyk et al. 2007; Tapia-Lopez et al. 2008). Proteins in
the SVP clade are also important for flower development
(Gregis et al. 2006, 2008). AGLI1S5 also plays a role in
embryo development (Heck ef al. 1995). Proteins from the
ANRI1 clade are important for root development while ana-
lyses of AGL6 indicate it has a role in floral patterning
(Rounsley ef al. 1995; Zhang and Forde 1998; Rijpkema et
al. 2009).

MIKCc MADS-box genes have been isolated from the
pteridophyte, Ceratopteris richardii and this fern’s MIKCc
MADS-box genes form distinct clades that do not cluster
with any of the seed plant MIKCc MADS-box clades (Mun-
ster et al. 1997). MIKCc MADS-box genes have also been
isolated from the charophycean green algae and phylogene-
tic analyses indicate that these genes do not cluster with any
of the MIKCc MADS-box genes isolated from the lyco-
phyte, Lycopodium annotinum, the fern C. richardii, and
various gymnosperms or angiosperms (Tanabe et al. 2005).
Phylogenetic analyses of MIKCc MADS-box genes from
the completed genome sequences of the moss Physcomit-
rella patens and the lycophyte Selaginella moellendorffii
may help to elucidate the evolution of the MIKCc MADS-
box genes in land plants. In P. patens, only 6 out of the 23
MADS-box genes are MIKCc (Rensing et al. 2008). More
whole genome data from across the land plants and phylo-
genetic analyses will help to elucidate the evolution of par-
ticular MIKCc clades. Understanding the evolution of the A,
B, C and E clades may provide insight into the origin of the
flower.

The ABC MADS-box protein-protein interaction net-
work is an important developmental module necessary for
the specification of the basic floral ground plan (Veron ef al.
2007). Phylogenetic analyses and comparative protein inter-
action studies have shown that protein-protein interaction
networks of MIKCc MADS-box proteins in general have
been important for their evolution (Veron et al. 2007).
These analyses show that the general increase in the number
of MIKCc MADS-box genes in angiosperms has been due
to whole genome duplications, the protein-protein interac-
tion network has high inter-clade connectivity and dup-
licates are retained after whole genome duplications (Veron
et al. 2007). Veron et al. (2007) suggested that these dup-
licates are retained due to their ability to form higher order
complexes with members of diverse clades and this has
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facilitated the subsequent diversification of duplicate genes
(Veron et al. 2007). For example, MADS-box interactions
studies in tomato have shown that there has been conserva-
tion as well as divergence in the protein interaction network
compared to Arabidopsis and petunia networks (Leseberg et
al. 2008). This diversification in interacting partners is par-
ticularly seen in MADS-box genes that underlie specific
functions in tomato such as fruit ripening (Vrebalov et al.
2002; Leseberg et al. 2008).

Duplication and diversification of genes within A and C
clades in Arabidopsis have been important for the specifica-
tion of flower meristem identity, fruit and ovule develop-
ment. Duplication and diversification within the A clade has
given rise to CAULIFLOWER (CAL) and FRUITFULL
(FUL) in Arabidopsis (Purugganan et al. 1995). CAL is
functionally redundant with the A class gene APETALAI
(4AP1I) in specifying floral meristem identity (Kempin et al.
1995). While FUL has a role in floral meristem identity it
also has diversified into a new role in fruit differentiation
(Gu et al. 1998; Ferrandiz et al. 2000). Within the C clade,
duplications have given rise to two functionally redundant
proteins SHATTERPROOF 1 and 2 (SHP1 and SHP2) that
are important for patterning the fruit (Purugganan et al.
1995; Liljegren et al. 2000). These functional studies in
Arabidopsis have illustrated the importance of duplication
and diversification of MADS-box proteins in plant evolu-
tion and their roles in flower development. Across the an-
giosperms, duplications within the A, B and C floral organ
identity clades have also occurred and have important func-
tional implications (Litt and Irish 2003; Kramer et al. 2004;
Irish and Litt 2005). Not only the presence of particular
clades but their regulatory networks have been important
for morphological evolution at least within the angiosperms.

MIKC* MADS-BOX GENES
Antiquity of MIKC* MADS-box genes

MIKC* MADS-box genes were first identified in the moss
Physcomitrella patens (Henschel et al. 2002). Phylogenetic
analyses at the time indicated that there was only one other
MIKC* MADS-box protein, LAMBI, identified from the
lycophyte, Lycopodium annotinum (Svensson et al. 2000;
Henschel ef al. 2002). Phylogenetic analyses of MADS-
box genes from Arabidopsis revealed the presence of 6
MIKC* MADS-box genes (AGL30, AGL65, AGL66, AGL67,
AGLY94 and AGL104) present in the genome (AGI 2000;
Parenicova et al. 2003). The identification of MIKC*
MADS-box genes in bryophytes, lycophytes and angio-
sperms indicates that an MIKC* MADS-box gene was pre-
sent in the last common ancestor of bryophytes and flower-
ing plants (Fig. 1).

Role of MIKC* MADS-box genes in plant
development

The role of MIKC* MADS-box genes have recently been
studied in Arabidopsis. Transcriptome analyses and RT-
PCR have shown that MIKC* MADS-box genes are pref-
erentially expressed in Arabidopsis pollen (Kofuji e al.
2003; Honys and Twell 2004). MIKC* MADS-box genes
bind a particular CArG box motif that is predominantly
found in late stage pollen specific genes (Verelst et al.
2007). MIKC* mutants have reduced pollen germination
that results in reduced fertility (Verelst et al. 2007,
Adamczyk and Fernandez 2009). AGL104-GUS expression
is detected throughout pollen development from the single
nuclear stage to the deposition of the sperm cells in the
female gametophyte (Reddy and Ambrose, unpublished
data). MIKC* MADS-box genes form 2 monophyletic sub-
groups P (AGL30, AGL65 and AGL94) and S (AGL6G,
AGL67 and AGL104) (Nam et al. 2004; Adamczyk and Fer-
nandez 2009). Yeast-2-hybrid and bimolecular fluorescence
complementation protein interaction studies have shown
that MIKC* MADS-box genes form heterodimers and
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heterodimers are only formed between members of the S
and P MIKC* groups in Arabidopsis (de Folter et al. 2005;
Verelst et al. 2007; Adamczyk and Fernandez 2009). Func-
tional analyses have shown that there is functional redun-
dancy within the S and P MIKC* subgroups (Verelst et al.
2007; Adamczyk and Fernandez 2009). Recent studies have
also shown that these MIKC* MADS-box genes are part of
a large pollen regulatory network, that is composed of ad-
ditional MADS-box genes, particularly Type I MADS-box
genes (Verelst ef al. 2007; Adamczyk and Fernandez 2009).
Therefore similar to MIKCc MADS-box gene duplications,
MIKC* duplicates maintain their interaction partners. It is
not known whether maintenance of S and P MIKC* inter-
actions has facilitated the neo- or sub- functionalization of
Arabidopsis MIKC* paralogs.

There are 23 MADS-box genes in the Physcomitrella
patens genome and astoundingly 12 of these are MIKC*
(Rensing et al. 2008). RT-PCR demonstrated that 2 MIKC*
MADS-box genes, PPM6 and PPM7, are expressed through-
out Physcomitrella patens development but are more highly
expressed in protonemata compared to gametophores and
sporophytes (Riese et al. 2005). Phylogenetic analyses of
Arabidopsis and P. patens MADS-box genes are necessary
to determine if the P. patens MIKC* MADS-box genes
cluster with the Arabidopsis S and P MIKC* subgroups and
whether there are novel subgroups in P. patens. Although
there is little information on MIKC* MADS-box genes in P.
patens, it is enticing to hypothesize on an ancestral function
of MIKC* MADS-box genes in land plants. In Arabidopsis,
MIKC* MADS-box genes are important for pollen tube
germination and growth. In Arabidopsis, the pollen grain is
the male gametophyte that germinates and grows by tip
growth. Bryophytes, as represented by P. patens, have a
dominant gametophyte life cycle and some cells of the
gametophyte such as the protonemata grow by tip growth
(Menand et al. 2007). Functional analyses of MIKC* ortho-
logs in P. patens will allow us to determine whether MIKC*
MADS-box genes had an ancestral function in tip growth,
gametophyte development or specifically in male reproduc-
tive development.

TYPE | MADS-BOX GENES

Until recently, the only MADS-box genes that had been
functionally characterized in any land plant species were
the Type II MIKCc MADS-box genes and expression and
phylogenetic analyses of Type I MADS-box genes sug-
gested that these were non-functional (De Bodt 2003;
Kofuji 2003). Genomic analyses in Arabidopsis indicated a
higher birth and death rate of Type I MADS-box genes
which means there was rapid duplication of these genes but
these duplicates were not maintained (Nam ez al. 2004).
Phylogenetic analyses also suggested that Type I and Type

II MADS-box genes have evolved differently (De Bodt et al.

2003; Nam et al. 2004). Closely related Type I MADS-box
genes are clustered on the Arabidopsis chromosomes indi-
cating that these were generated by recent segmental
duplications as opposed to whole genome duplications (De
Bodt et al. 2003; Nam et al. 2004; Veron et al. 2007).

Type | functional analyses in Arabidopsis

Recently, 5 Type | MADS-box proteins have been function-
ally characterized: AGL23, AGL28, AGL61 DIANA (DIA),
AGL62 and AGL80 (FEM111) (Portereiko et al. 2006; Yoo
et al. 2006; Bemer et al. 2008; Colombo et al. 2008; Kang
et al. 2008; Steffen et al. 2008). These characterized Type I
MADS-box proteins belong to 2 of the 3 sub-groups of
Type I MADS-box proteins. AGL23, AGL28, DIA and
AGL62 belong to the Ma. subgroup while FEM111 belongs
to the My sub-group (Parenicova 2003). Over-expression
analyses of AGL28 suggest that it promotes flowering while
functional analyses of AGL23, DIA, AGL62 and FEM111
show that they all have a role in female gametophyte and/or
endosperm development (Portereiko ef al. 2006; Yoo et al.
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2006; Bemer et al. 2008; Colombo et al. 2008; Kang et al.
2008; Steffen ef al. 2008).

AGL23::GUS is expressed in the functional megaspore
and maintained until female gametophyte development is
complete (Colombo et al. 2008). After fertilization,
AGL23:: GUS expression is detected in the embryo and
endosperm until the torpedo stage of embryogenesis (Col-
ombo ef al. 2008). Loss-of-function analyses indicate that
AGL23 is necessary for the proper progression of mega-
gametogenesis (Colombo et al. 2008). FEM111-GFP ex-
pression is detected in the central cell and the endosperm
before cellularization and in fem 111 the central cell does not
develop properly and subsequent development of the endo-
sperm does not occur (Portereiko et al. 2006). DIA is also
expressed in the central cell and endosperm (Bemer et al.
2008; Steffen et al. 2008). The dia central cell does not
develop properly and subsequent endosperm development
does not occur (Bemer et al. 2008; Steffen et al. 2008).
Ectopic expression of female gametophyte synergid and
antipodal marker genes in dia central cells suggest that the
dia central cell identity is mis-specified (Steffen ez al. 2008).
Protein-protein interaction studies demonstrated that DIA
and FEMI111 interact (Bemer ef al. 2008; Steffen et al.
2008). AGL62 expression is detected in the developing
endosperm until the cellularization stage (Kang et al. 2008).
In agl62, the endosperm cellularizes prematurely suggesting
that AGL62 is important for the timing of endosperm cel-
lularization (Kang et al. 2008).

The role of Type | MADS-box genes in land plant
development

It appears that no Type I mutants were identified previously
by forward genetic screens as they are lethal or affect dis-
crete developmental processes (Portereiko er al. 2006;
Bemer et al. 2008; Colombo et al. 2008; Kang et al. 2008;
Steffen et al. 2008). Expression analyses suggest that ad-
ditional Type I MADS-box genes are involved in gameto-
phyte and/or endosperm development. Transcriptome analy-
ses show that of the MADS-box genes preferentially ex-
pressed in the endosperm, a majority are Type | MADS-box
genes (Day et al. 2008). Expression analyses also indicate a
role for the My MADS-box gene PHERESI (AGL37) in
endosperm development (Kohler et al. 2003). Expression
studies have also shown that Type I Ma MADS-box genes,
AGL29 and AGL97, are expressed in pollen (male gameto-
phyte) (Adamczyk and Fernandez 2009). More recent ex-
pression analyses show that the Type I genes PHERESI,
PHERES?2, AGL35, AGL36, AGL40, AGL62 and AGL90 are
upregulated in incompatible interspecific crosses (Walia et
al. 2009). These results indicate that the down regulation of
these genes is necessary for proper seed development.

Although there are no defined domains C-terminal to
the MADS domain of Type I proteins, there are conserved
motifs that suggest that these regions could act as transcrip-
tion activation domains or form coiled-coil structures (De
Bodt et al. 2003; Parenicova et al. 2003). Protein-protein
interaction and genetic studies show that Type I Ma and My
proteins preferentially form heterodimers (de Folter et al.
2005; Bemer et al. 2008; Steffen ez al. 2008). Functional
analyses of the domain C terminal to the MADS domain in
Type I proteins and additional protein interaction studies
will help to determine if Type I proteins are part of large
regulatory networks. Comparative functional analyses of
Type I MADS-box proteins across the land plants may help
to explain why Type I and Type Il MADS-box proteins ap-
pear to have distinct evolutionary trajectories.

The recent completion of the bryophyte genome, P
patens, and the lycophyte, S. moellendorffii, has provided
some insight into the evolution of Type I MADS-box genes
in land plants (Fig. 1) (Rensing et al. 2008). Preliminary
analyses indicate that only the Ma subgroup is present in P,
patens while the Mo and My subgroups are found in S.
moellendorffii genome (Ambrose, unpublished data). These
preliminary analyses indicate that the Ma Type I MADS-
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box genes can be found in the most recent common ances-
tor of bryophytes and vascular plants while the My can be
found in the common ancestor of the vascular plants. Ad-
ditional genome sequences and comprehensive phylogene-
tic analyses are needed to assess the evolution of the Type I
MADS-box genes across the land plants. Functional analy-
ses in P. patens will help to determine the ancestral function
of Mo MADS-box genes and interaction and functional stu-
dies need to be performed to determine if Mo and My also
preferentially form heterodimers in S. moellendorffii. In
Arabidopsis, Ma and My proteins preferentially interact and
are important for female gametophyte and/or endosperm
development, Functional analyses will help to elucidate if a
Ma - My regulatory module is present in lycophytes and
whether this regulatory module was important for subse-
quent seed evolution.

It is likely that Type I proteins found in P. patens and S.
moellendorffii have been lost during land plant evolution
and will have unique functions in these species. Preliminary
in situ hybridization results show a Type I protein in P.
patens to be expressed specifically in the archegonia and
antheridia, two structures not found in seed plants (Am-
brose, unpublished data). Identification and phylogenetic
analyses of Type I MADS-box proteins across the land
plants will be imperative to understanding their roles in land
plant evolution and development.

CONCLUDING REMARKS

Large regulatory networks underlie morphological features
and regulatory networks evolve by the loss and gain of
protein domains (Veron et al. 2007). MADS-box proteins
are modular in organization although Type I and Type II
MADS-box genes differ in the domains C-terminal to the
MADS domain. Type II MADS-box proteins are necessary
for the specification of modular structures such as flowers
in angiosperms and fruits in Arabidopsis (Krizek and Flet-
cher 2005). The duplication and subsequent diversification
of Type II MADS-box genes is facilitated by the higher
order complexes that it forms (Veron et al. 2007; Leseberg
2008). Although, Type I MADS-box genes, by definition,
do not have a recognizable I or K domain, regions neces-
sary for protein-protein interactions in Type Il MADS, there
are conserved domains that could form coiled-coil struc-
tures (Parenicova et al. 2003). Protein-protein interaction
studies and genetic studies show that Type I proteins do
form heterodimers and these heterodimers are important for
their function (de Folter et al. 2005; Bemer et al. 2008;
Steffen et al. 2008). Functional analyses indicate that Type I
MADS-box genes are also important for specifying another
modular structure, the female gametophyte (Friedman and
Williams 2003). Phylogenetic studies indicate that Type I
and Type II proteins have evolved differently (De Bodt et al.
2003; Nam et al. 2004; Veron et al. 2007). Type II regu-
latory networks have facilitated the diversification of this
group of MADS-box genes. Functional and interaction ana-
lyses of Type I proteins should reveal the role of regulatory
networks in the evolution of Type I proteins and the mor-
phological innovations they underlic. A majority of the
MADS-box genes that have been functionally characterized
are Type II MIKCc. Surprisingly not all of the Type 11
MIKCc genes have been functionally characterized even in
Arabidopsis. Recent functional analyses of an Arabidopsis
B-sister MADS-box gene, GORDITA, has shown a novel
role fora MADS-box gene in the regulation of organ growth
(Prasad et al. 2010). There have been many Type 11 MIKCc
studies performed across the land plants however, little is
known about the Type II MIKC* and Type I MADS-box
genes. To understand the role of MADS-box genes in the
land plants, genetic functional systems need to be deve-
loped not only in additional angiosperm species but also in
lycophyte, fern and gymnosperm species. Broad compara-
tive functional analyses of Type II MIKC* and Type I
MADS-box proteins across the land plants will help to elu-
cidate their role in the evolution and development of land

35

plants.
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